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realized using capacitor elements, distributed capacitance, networks, arrays, series and parallel

combinations of capacitances, and the like. The capacitance maybe fixed or variable and may be

uscd to vary impedance matching as well as resonant frequency opcrating conditions.

[00162] Itis to be understood that the inductance and capacitance in an

electromagnetic resonator 102 may be lumped,distributed, or a combination of lumped and

distributed inductance and capacitance and that electromagnetic resonators may berealized by

combinations of the various elements, techniques and effects described herein.

[00163] Electromagnetic resonators 102 may be include inductors, inductances,

capacitors, capacitances, as well as additional circuit elements such asresistors, diodes, switches,

amplifiers, diodes, transistors, transformers, conductors, connectors andthe like.

[00164] Resonant Frequency of an Electromagnetic Resonator

[00165] An electromagnetic resonator 102 may have a characteristic, natural, or

resonant frequency determinedby its physical properties. This resonant frequencyis the

frequency at which the energy stored by the resonator oscillates between that stored by the

electric field, Wz, (We=q°/2C, where gq is the charge on the capacitor, C) and that stored by the

magnetic field, Wr, (Wp=Li’/2, wherei is the current through the inductor, Z) of the resonator.

In the absence of any losses in the system, energy would continually be exchanged between the

electric field in the capacitor 104 and the magnetic field in the inductor 108. The frequency at

which this energy is exchanged may be called the characteristic frequency, the natural frequency,

or the resonant frequency of the resonator, and is given by a,

w=2nf = le’

[00166] The resonant frequency of the resonator may be changed by tuning the

inductance, L, and/or the capacitance, C, of the resonator. The resonator frequency may be

design to operate at the so-called ISM (Industrial, Scientific and Medical) frequencies as

specified by the FCC. The resonator frequency may be chosen to mect certain ficld limit

specifications, specific absorption rate (SAR) limit specifications, electromagnetic compatibility

(EMC) spccifications, clectromagnetic interference (EMI) specifications, componentsize, cost or

performance specifications, and the like.

[00167] Quality Factor of an Electromagnetic Resonator
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[00168] The energy in the resonators 102 shown in Fig. 6 may decay orbe lost by

intrinsic losses including absorptive losses (also called ohmic orresistive losses) and/or radiative

losses. The Quality Factor, or Q, of the resonator, which characterizes the energy decay,is

inversely proportional to these losses. Absorptive losses may be caused by the finite conductivity

of the conductor used to form the inductor as well as by losses in other elements, components,

connectors, and the like, in the resonator. An inductor formed from lowloss materials may be

referred to as a “high-Q inductive element’ and elements, components, connectors andthe like

with low losses may be referred to as having “high resistive Q’s’’. In general, the total absorptive

loss for a resonator may be calculated as the appropriate series and/or parallel combination of

resistive losses for the various elements and components that make up the resonator. Thatis, in

the absence of any significant radiative or component/connection losses, the Q of the resonator

may be given by, Qaas,

aoL

Quns = RRabs

where @, is the resonant frequcncy, LZ, is the total inductance of the resonator and the resistance

for the conductor used to form the inductor, for example, may be given by R,,, =/p/A, (/is the

length of the wire, is the resistivity of the conductor matcrial, and 4 is the cross-scctional arca

over which current flowsin the wire). For alternating currents, the cross-sectional area over

which current flows may beless than the physical cross-sectional area of the conductor owing to

the skin effect. Therefore, high-O magnetic resonators may be composed of conductors with high

conductivity, relatively large surface areas and/or with specially designed profiles (e.g. Litz wire)

to minimize proximity effects and reduce the AC resistance.

[00169] The magnetic resonator structures may include high-Q inductive elements

composed ofhigh conductivity wire, coated wire, Litz wire, ribbon, strapping or plates, tubing,

paint, gels, traces, and the like. The magnetic resonators may be self-resonant, or they may

include external coupled elements such as capacitors, inductors, switches, diodes, transistors,

transformers, and the like. The magnetic resonators may include distributed. and lumped

capacitance and inductance. In general, the QO of the resonators will be determined by the Q’s of

all the individual components of the resonator.

[00170] Because Q is proportional to inductance, 1, resonators may be designed to

increase Z, within certain other constraints. One way to increase L, for example, is to use more
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than one turn of the conductor to form the inductor in the resonator. Design techniques and trade-

offs may depend on the application, and a wide variety of structures, conductors, components,

and resonant frequcncics may be chosen in the design of high-Q magnctic resonators.

[00171] Inthe absence of significant absorption losses, the O of the resonator may be

determined primarily by the radiation losses, and given by, Q.,, = @L/R,,, , where Ryaa is the

radiative loss of the resonator and may dependon the size of the resonator relative to the

frequency, @, or wavelength, A, of operation. For the magnetic resonators discussed above,

radiative losses may scale as R,,, ~(x/4)* (characteristic of magnetic dipole radiation), where x

is a characteristic dimension of the resonator, such as the radius of the inductive element shown

in Fig. 6b, and where 4=c/ f , where c is the speed of light andfis as defined above. The size

of the magnetic resonator may be muchless than the wavelength of operation so radiation losses

may be very small. Such structures may be referred to as sub-wavelength resonators. Radiation

may be a loss mechanism for non-radiative wireless energy transfer systems and designs may be

chosento reduce or minimize R,<g. Note that a high-Q,aq may be desirable for non-radiative

wireless energy transfer schemes.

[00172] Note too that the design of resonators for non-radiative wireless energy

transfer differs from antennas designed for communication or far-field energy transmission

purposes. Specifically, capacitively-loaded conductive loops may be used as resonant antennas

(for example in cell phones), but those operate in the far-field regime wherethe radiation Q’s are

intentionally designed to be small to make the antenna efficient at radiating energy. Such designs

are not appropriate for the efficient near-field wireless energy transfer technique disclosed in this

application.

[00173] The quality factor of a resonator including both radiative and absorption

losses is Q=L/(R,,, + R,,,)- Note that there may be a maximum Q valucfor a particular

resonator and that resonators may be designed with special consideration given to the size of the

resonator, the materials and elements used to construct the resonator, the operating frequency,

the connection mechanisms,andthe like, in order to achieve a high-Q resonator. Fig. 7 shows a

plot of Q of an exemplary magnetic resonator (in this case a coil with a diameter of 60 cm made

of copper pipe with an outside diameter (OD) of 4 cm) that may be used for wireless power

transmission at MHz frequencies. The absorptive O (dashed line) 702 increases with frequency,
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while the radiative Q (dotted line) 704 decreases with frequency, thus leading the overall Q to

peak 708 at a particular frequency. Note that the Q of this exemplary resonator is greater than

100 over a wide frequency range. Magnetic resonators may be designed to have high-Q over a

range of frequencies and system operating frequency may set to any frequency in that range.

[00174] Whenthe resonator is being described in termsof loss rates, the O may be

defined using the intrinsic decay rate, 27} as described previously. The intrinsic decay rate is the

rate at which an uncoupled and undriven resonator loses energy. For the magnetic resonators

described above, the intrinsic loss rate may be given byT =(R,,. + R,,,)/2L, and the qualityabs

factor, Q, of the resonator is given by Q=0@/2T.

[00175] Note that a quality factor related only to a specific loss mechanism may be

denoted a8 Ownechanism, if the resonator is not specified, or aS Q7, mechanism, If the resonatoris

specified (e.g. resonator 1). For example, Q),aq7is the quality factor for resonator 1 related to its

radiation losses.

[00176] Electromagnetic Resonator Near-Fields

[00177] The high-Q clectromagnctic resonators used in the near-ficld wireless cnergy

transfer system disclosed here may be sub-wavelength objects. That is, the physical dimensions

of the resonator may be much smaller than the wavelength corresponding to the resonant

frequency. Sub-wavelength magnetic resonators may have most of the energy in the region

surrounding the resonator stored in their magnetic near-ficlds, and these ficlds may also be

described as stationary or non-propagating because they do not radiate away from the resonator.

The extent of the near-ficld in the arca surrounding the resonatoris typically sct by the

wavelength, so it may extend well beyond the resonator itself for a sub-wavelength resonator.

The limiting surface, where the ficld behavior changes from near-ficld behavior to far-ficld

behavior may be called the “radiation caustic”.

[00178] The strength of the ncar-ficld is reduced the farther one gets away from the

resonator. While the field strength of the resonator near-fields decays away from the resonator,

the fields may still interact with objects brought into the general vicinity of the resonator. The

degree to whichthe fields interact depends on a variety of factors, some of which may be

controlled and designed, and some of which may not. The wireless energy transfer schemes

described herein may be realized whenthe distance between coupled resonators is such that one

resonator lies within the radiation caustic of the other.
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[00179] The near-field profiles of the electromagnetic resonators may be similar to

those commonly associated with dipole resonators or oscillators. Such field profiles may be

described as omni-directional, meaning the magnitudes of the ficlds arc non-zcroin all directions

away from the object.

[00180] Characteristic Size of An Electromagnetic Resonator
 

[00181] Spatially separated and/or offset magnetic resonators of sufficient Q may

achieve efficient wireless energy transfer over distances that are much larger than have been seen

in the prior art, even if the sizes and shapes of the resonator structures are different. Such

resonators may also be operated to achieve more efficient energy transfer than was achievable

with previous techniques over shorter range distances. We describe such resonators as being

capable of mid-range energytransfer.

[00182] Mid-range distances may be defined as distancesthat are larger than the

characteristic dimension of the smallest of the resonators involved in the transfer, where the

distance is measured from the center of one resonator structure to the center of a spatially

separated second resonatorstructure. In this definition, two-dimensional resonators are spatially

separated whenthe areas circumscribed by their inductive elements do not intersect and three-

dimensional resonators are spatially separated when their volumes do not intersect. A two-

dimensionalresonatoris spatially separated from a three-dimensional resonator whenthe area

circumscribed by the former is outside the volumeofthe latter.

[00183] Fig. 8 shows some example resonators with their characteristic dimensions

labeled. It is to be understood that the characteristic sizes 802 of resonators 102 may be defined

in terms ofthe size of the conductor and the area circumscribed or enclosed by the inductive

element in a magnetic resonator and the length of the conductor forming the capacitive element

of an electric resonator. Then, the charactcristic size 802 of a resonator 102, x44, may be equal

to the radius of the smallest sphere that can fit around the inductive or capacitive element of the

magnetic or electric resonator respectively, and the center of the resonator structure is the center

of the sphere. The characteristic thickness 804,feza,, of a resonator 102 may be the smallest

possible height of the highest point of the inductive or capacitive element in the magnetic or

capacitive resonator respectively, measured from a flat surface on whichit is placed. The

characteristic width 808 of a resonator 102, Werar, may be the radius of the smallest possible

circle through which the inductive or capacitive element of the magnetic or electric resonator
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respectively, may pass while traveling in a straight line. For example, the characteristic width

808 of a cylindrical resonator may be the radius of the cylinder.

[00184]=In this inventive wircless cnergy transfer technique, energy may be exchanged

efficiently over a wide range of distances, but the techniqueis distinguished by the ability to

exchange useful energy for powering or recharging devices over mid-range distances and

between resonators with different physical dimensions, components and orientations. Note that

while & may be small in these circumstances, strong coupling andefficient energy transfer may

be realized by using high-Q resonators to achieve a high U, U =kJ/Q,O, . Thatis, incrcascs in QO

may be uscdto at Icast partially overcome decreases in A, to maintain uscful energy transfer

efficiencies.

[00185]=Notc too that whilc the near-field of a single resonator may be described as

omni-directional, the efficiency of the energy exchange between two resonators may depend on

the relative position and oricntation of the resonators. That is, the efficiency of the energy

exchange may be maximized for particular relative orientations of the resonators. The sensitivity

of the transfer efficiency to the relative position and orientation of two uncompensated

resonators may be captured in the calculation of either & or «. While coupling may be achieved

between resonators that arc offsct and/or rotated relative to cach other, the efficiency of the

exchange may depend onthe details of the positioning and on any feedback, tuning, and

compensation techniques implemented during operation.

[00186] High-Q Magnetic Resonators

[00187] In the near-field regime of a sub-wavelength capacitively-loaded loop

magnetic resonator (x«A), the resistances associated with a circular conducting loop inductor

composed ofN turns of wire whose radiusis larger than the skin depth, are approximately

Ry = u,Po/2-Nx/a and R,,, =2/6-7,N? (wx/c), wherep is the resistivity of the conductor

material and 7, ~ 1202 © is the impedanceof free space. . The inductance, Z, for such a N-turn

loop is approximately N’ times the inductance of a single-turn loop given previously. The quality

factor of such a resonator, O= wl. /(R,, + Ria), is highest for a particular frequency determined

by the system parameters (Fig. 4). As described previously, at lower frequencies the Q is

determined primarily by absorption losses and at higher frequencies the Q is determined

primarily by radiation losses.
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[00188] Note that the formulas given above are approximate and intended to illustrate

the functional dependenceofRass, R-aq and L on the physical parameters of the structure. More

accurate numcrical calculations of thesc paramctcrs that take into account deviations from the

strict quasi-static limit, for example a non-uniform current/charge distribution along the

conductor, may be useful for the precise design of a resonatorstructure.

[00189] Note that the absorptive losses may be minimized by using low loss

conductors to form the inductive elements. The loss of the conductors may be minimized by

using large surface area conductors such as conductive tubing, strapping, strips, machined

objects, plates, and the like, by using specially designed conductors such as Litz wire, braided

wires, wires of any cross-section, and other conductors with low proximity losses, in which case

the frequency scaled behavior described above may bedifferent, and by using low resistivity

materials such as high-purity copper and silver, for example. One advantage of using conductive

tubing as the conductor at higher operating frequenciesis that it may be cheaper and lighter than

a similar diameter solid conductor, and may havesimilar resistance because most of the current

is traveling along the outer surface of the conductor owing to the skin effect.

[00190] To get a rough estimate of achievable resonator designs made from copper

wire or copper tubing and appropriate for operation in the microwave regime, one may calculate

the optimum Q and resonant frequency for a resonator composed of one circular inductive

element (N=/) of copper wire (p=/.69-10° Qm) with various cross sections. Then for an

inductive element with characteristic size x=/ cm and conductor diameter a2=1 mm, appropriate

for a cell phone for example, the quality factor peaks at Q=1225 whenf=380 MHz. For x=30 cm

and a=2 mm, an inductive element size that might be appropriate for a laptop or a houschold

robot, O=//03 atf=17 MHz. For a larger source inductive element that might be located in the

ceiling for cxamplc, x=1 m and a=4 mm, QO maybe as high as O=1315 atf=5 MHz. Note that a

numberofpractical examples yield expected quality factors of O=/000-1500 at AXx=50-80.

Measurements of a wider variety of coil shapes, sizes, materials and operating frequencies than

described above show that Q’s >100 maybe realized for a variety ofmagnetic resonator

structures using commonly available materials.

[00191] As described above, the rate for energy transfer between two resonators of

characteristic size x; and x2, and separated by a distance D between their centers, may be given

by « . To give an example of howthe defined parameters scale, consider the cell phone, laptop,
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and ceiling resonator examples from above,at three (3) distances; D/x=10,8, 6. In the examples

considered here, the source and device resonators are the samesize, x;=x2, and shape, and are

oriented as shownin Fig. 1(b). In the cell phone example, @/ 2=3033, 1553, 655 respectively.

In the laptop example, @/ 24 =7131, 3651, 1540 respectively and for the ceiling resonator

example, @/2« =6481, 3318, 1400. The corresponding coupling-to-loss ratios peak at the

frequency wherethe inductive element Q peaks and are «/T' =0.4, 0.79, 1.97 and 0.15, 0.3, 0.72

and 0.2, 0.4, 0.94 for the three inductive element sizes and distances described above. An

example using different sized inductive elements is that of an x;=1 m inductor(e.g. source in the

ceiling) and an x7=30 cm inductor (e.g. household robot on the floor) at a distance D=3 m apart

(e.g. room height). In this example, the strong-coupling figure of merit, UV =«/./U.P, =0.88, for

an efficiency of approximately 14%, at the optimal operating frequency of/=6.4 MHz.Here,the

optimal system operating frequency lies between the peaks of the individual resonator Q’s.

[00192] Inductive clements may be formed for usc in high-Q magnetic resonators. We

have demonstrated a variety of high-O magnetic resonators based on copper conductorsthat are

formed into inductive clements that enclose a surface. Inductive clements may be formed using a

variety of conductors arranged in a variety of shapes, enclosing any size or shaped area, and they

may be single turn or multiple turn clements. Drawings of cxcmplary inductive clements 900A-B

are shown in Fig. 9. The inductive elements may be formed to enclosea circle, a rectangle, a

square, a triangle, a shape with rounded corncrs, a shape that follows the contour of a particular

structure or device, a shape that follows,fills, or utilizes, a dedicated space within a structure or

device, and the like. The designs may be optimized for size, cost, weight, appearance,

performance, and thelike.

[00193] These conductors may be bent or formedinto the desired size, shape, and

numberof turns. However, it may bedifficult to accurately reproduce conductor shapes andsizes

using manualtechniques.In addition, it may be difficult to maintain uniform or desired center-

to-center spacings between the conductor segments in adjacent turns of the inductive elements.

Accurate or uniform spacing may be important in determining the self capacitance of the

structure as well as any proximity effect induced increases in ACresistance, for example.

[00194] Molds may be used to replicate inductor elements for high-Q resonator

designs. In addition, molds may be used to accurately shape conductors into any kind of shape
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without creating kinks, buckles or other potentially deleterious effects in the conductor. Molds

may be used to form the inductor elements and then the inductor elements may be removed from

the forms. Once removed,these inductive clements may be built into cnclosurcs or devices that

may house the high-Q magnetic resonator. The formed elements mayalso or instead remain in

the mold used to form them.

[00195] The molds may be formed using standard CNC (computer numerical control)

routing or milling tools or any other known techniques for cutting or forming grooves in blocks.

The molds may also or instead be formed using machining techniques, injection molding

techniques, casting techniques, pouring techniques, vacuum techniques, thermoforming

techniques, cut-in-place techniques, compression forming techniques andthe like.

[00196] The formed element may be removed from the mold or it may remain in the

mold. The mold maybe altered with the inductive element inside. The mold may be covered,

machined, attached, painted and the like. The mold and conductor combination may be

integrated into another housing, structure or device. The grooves cut into the molds may be any

dimension and may be designed to form conducting tubing, wire, strapping, strips, blocks, and

the like into the desired inductor shapes and sizes.

[00197] The inductive elements used in magnetic resonators may contain more than

one loop and may spiral inward or outward or up or downor in some combination ofdirections.

In general, the magnetic resonators may have a variety of shapes, sizes and numberofturns and

they may be composedofa variety of conducing materials.

[00198] The magnetic resonators may be free standing or they may be enclosed in an

enclosure, container, sleeve or housing. The magnetic resonators may include the form used to

makethe inductive element. These various forms and enclosures may be composed of almost

any kind of material. Low loss materials such as Teflon, REXOLITE,styrene, and the like may

be preferable for some applications. These enclosures may contain fixtures that hold the

inductive elements.

[00199] Magnetic resonators may be composedof self-resonant coils of copper wire or

coppertubing. Magnetic resonators composed of self resonant conductive wire coils may include

a wire of length /, and cross section radius a, wound into a helical coil of radius x, height 4, and

numberof turns N, which may for example be characterized as N=VI? —A? /22x.
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[00200] A magnetic resonator structure may be configured so that x is about 30 cm, #

is about 20 cm, a is about 3 mm andNis about 5.25, and, during operation, a power source

coupled to the magnetic resonator may drive the resonator at a resonant frequency,f, wherefis

about 10.6 MHz. Where x is about 30 cm, / is about 20 cm, a is about | cm and N is about 4, the

resonator may be driven at a frequency, /; wherefis about 13.4 MHz. Where x is about 10 cm, A

is about 3 cm, a is about 2 mm and Nis about 6, the resonator may be driven at a frequency,/;

wherefis about 21.4 MHz.

[00201] High-Q inductive elements may be designed using printed circuit board traces.

Printed circuit board traces may have a variety of advantages compared to mechanically formed

inductive elements including that they may be accurately reproduced and easily integrated using

established printed circuit board fabrication techniques, that their AC resistance may be lowered

using custom designed. conductor traces, and that the cost of mass-producing them may be

significantly reduced.

[00202] High-Q inductive elements may be fabricated using standard PCB techniques

on any PCB material such as FR-4 (epoxy E-glass), multi-functional epoxy, high performance

epoxy, bismalaimide triazine/epoxy, polyimide, Cyanate Ester, polytetraflouroethylene (Teflon),

FR-2, FR-3, CEM-1, CEM-2, Rogers, Resolute, and the like. The conductor traces may be

formed on printed circuit board materials with lower loss tangents.

[00203] The conducting traces may be composed of copper, silver, gold, aluminum,

nickel and the like, and they may be composed ofpaints, inks, or other cured materials. The

circuit board may be flexible and it may be a flex-circuit. The conducting traces may be formed

by chemical deposition, etching, lithography, spray deposition, cutting, and the like. The

conducting traces may be applied to form the desired patterns and they may be formed using

crystal and. structure growth techniques.

[00204] The dimensions of the conducting traces, as well as the number of layers

containing conducting traces, the position, size and shape of those traces and the architecture for

interconnecting them may be designed to achieve or optimize certain system specifications such

as resonator QO, Oy), resonator size, resonator material and fabrication costs, U, U,), and the like.

[00205] As an example, a three-turn high-Q inductive element 1001A was fabricated

on a four-layer printed circuit board using the rectangular copper trace pattern as shown in Fig.

10(a). The coppertrace is shown in black and the PCB in white. The width and thickness of the
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coppertraces in this cxample was approximatcly 1 cm (400 mils) and 43 y» m (1.7 mils)

respectively. The edge-to-edge spacing between turns of the conducting trace on a single layer

was approximately 0.75 cm (300 mils) and each board layer thickness was approximately 100

m (4 mils). The pattern shownin Fig. 10(a) was repeated on each layer of the board and the

conductors were connected in parallel. The outer dimensions of the 3-loop structure were

approximately 30 cm by 20 cm. The measured inductance of this PCB loop was 5.3 4 H.A

magnetic resonator using this inductor element and tunable capacitors had a quality factor, Q, of

550 at its designed resonance frequency of 6.78 MHz. The resonant frequency could be tuned by

changing the inductance and capacitance values in the magnetic resonator.

[00206] As another example, a two-turn inductor 1001B wasfabricated on a four-layer

printed circuit board using the rectangular coppertrace pattern shown in Fig. 10(b). The copper

trace is shown in black and the PCB in white. The width and height of the coppertraces in this

example were approximately 0.75 cm (300 mils) and 43 « m (1.7 mils) respectively. The edge-

to-cdge spacing between turns of the conducting trace on a single layer was approximatcly 0.635

cm (250 mils) and each board layer thickness was approximately 100. m (4 mils). The pattern

shownin Fig. 10(b) was repeated on each layer of the board and the conductors were connected

in parallel. The outer dimensions of the two-loop structure were approximately 7.62 cm by 26.7

cm. The measured inductance of this PCB loop was 1.3 yu H. Stacking two boards together with

a vertical separation of approximately 0.635 cm (250 mils) and connecting the two boards in

series produced a PCB inductor with an inductance of approximately 3.4 4 H. A magnetic

resonator using this stacked inductor loop and tunable capacitors had a quality factor, O, of 390

at its designed resonance frequency of 6.78 MHz. The resonant frequency could be tuned by

changing the inductance and capacitance values in the magnetic resonator.

[00207] The inductive elements may be formed using magnetic materials of any size,

shape thickness, and the like, and of materials with a wide range of permeability and loss values.

These magnetic materials may be solid blocks, they may enclose hollow volumes, they may be

formed from many smaller pieces of magnetic material tiled and or stacked together, and they

may be integrated with conducting sheets or enclosures made from highly conducting materials.

Wires may be wrapped around the magnetic materials to generate the magnetic near-field. These

wires may be wrapped around one or more than oneaxis ofthe structure. Multiple wires may be
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wrapped around the magnetic materials and combined in parallel, or in series, or via a switch to

form customized near-field patterns.

[00208] The magnetic resonator may include 15 turns of Litz wire wound around a

19.2 cm x 10 cm x 5 mm tiled block of 3F3 ferrite material. The Litz wire may be wound around

the ferrite material in any direction or combination of directions to achieve the desire resonator

performance. The numberof turns of wire, the spacing betweenthe turns, the type of wire, the

size and shape of the magnetic materials and the type of magnetic material are all design

parameters that may be varied or optimized for different application scenarios.

[00209] High-O Magnetic resonators using magnetic material structures

[00210] It may be possible to use magnetic materials assembled to form an open

magnetic circuit, albeit one with an air gap on the order of the size of the whole structure, to

realize a magnetic resonatorstructure. In these structures, high conductivity materials are wound

arounda structure made from magnetic material to form the inductive element of the magnetic

resonator. Capacitive elements may be connected to the high conductivity materials, with the

resonant frequency then determined as described above. These magnetic resonators have their

dipole momentin the plane of the two dimensional resonatorstructures, rather than

perpendicularto it, as is the case for the capacitively-loaded inductor loop resonators.

[00211] <A diagram of a single planar resonator structure is shown in Fig. 11(a). The

planar resonator structure is constructed of a core of magnetic material 1121, such as ferrite with

a loop or loops of conducting material 1122 wrapped around the core 1121. The structure may be

used as the source resonator that transfers power and the device resonator that captures energy.

Whenused as a source, the ends of the conductor may be coupled to a power source. Alternating

electrical current flowing through the conductor loops excites alternating magnetic fields. When

the structure is being used to reccive power, the ends of the conductor may be coupled to a

powerdrain or load. Changing magnetic fields induce an electromotive force in the loop or loops

of the conductor wound around the core magnetic material. The dipole moment of these types of

structures is in the plane of the structures and is, for example, directed along the Y axis for the

structure in Figure 11(a). Two such structures have strong coupling when placed substantially in

the same plane (i.e. the X,Y plane of Figure 11). The structures of Figure 11(a) have the most

favorable orientation when the resonators are aligned in the same plane along their Y axis.
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[00212] The geometry and the coupling orientations of the described planar resonators

may be preferable for some applications. The planar or flat resonator shape may be easier to

integrate into many clectronic devices that are relatively flat and planar. The planar resonators

maybe integrated into the whole back or side of a device without requiring a change in geometry

of the device. Due to the flat shape of many devices, the natural position of the devices when

placed on a surfaceis to lay with their largest dimension being parallel to the surface they are

placed on. A planar resonator integrated into a flat device is naturally parallel to the plane of the

surface and is in a favorable coupling orientation relative to the resonators of other devices or

planar resonator sources placed on a flat surface.

[00213] As mentioned, the geometry of the planar resonators may allow easier

integration into devices. Their low profile may allow a resonator to be integrated into or as part

of a complete side of a device. When a whole side of a device is covered by the resonator,

magnetic flux can flow through the resonator core without being obstructed by lossy material

that may be part of the device or device circuitry.

[00214] The core of the planar resonator structure may be of a variety of shapes and

thicknesses and may be flat or planar such that the minimum dimension does not exceed 30% of

the largest dimension of the structure. The core may have complex geometries and may have

indentations, notches, ridges, and the like. Geometric enhancements may be used to reduce the

coupling dependence on orientation and they may be used to facilitate integration into devices,

packaging, packages, enclosures, covers, skins, and the like. Two exemplary variations of core

geometries are shownin Figure 11(b). For example, the planar core 1131 may be shaped such

that the ends are substantially wider than the middle of the structure to create an indentation for

the conductor winding. The core material may be ofvarying thickness with ends that are thicker

and wider than the middle. The core material 1132 may have any number of notches or cutouts

1133 of various depths, width, and shapes to accommodate conductor loops, housing, packaging,

and the like.

[00215] The shape and dimensions of the core may be further dictated by the

dimensions and characteristics of the device that they are integrated into. The core material may

curve to follow the contours of the device, or may require non-symmetric notches or cutouts to

allow clearance for parts of the device. The core structure may be a single monolithic piece of

magnetic material or may be composed ofa plurality of tiles, blocks, or pieces that are arranged
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together to form the larger structure. The different layers, tiles, blocks, or pieces of the structure

may be of similar or may be of different materials. It may be desirable to use materials with

different magnetic permeability in different locations of the structurc. Core structures with

different magnetic permeability may be useful for guiding the magnetic flux, improving

coupling, and affecting the shape or extent of the active area of a system.

[00216] The conductor of the planar resonator structure may be woundat least once

aroundthe core. In certain circumstances, it may be preferred to windat least three loops. The

conductor can be any good conductor including conducting wire, Litz wire, conducting tubing,

sheets, strips, gels, inks, traces and the like.

[00217] The size, shape, or dimensions ofthe active area of source may be further

enhanced,altered, or modified with the use of materials that block, shield, or guide magnetic

fields. To create non-symmetric active area around a source once side of the source may be

covered with a magnetic shield to reduce the strength of the magnetic fields in a specific

direction. The shield may be a conductor or a layered combination of conductor and magnetic

material which can be used to guide magnetic fields away from a specific direction. Structures

composed of layers of conductors and magnetic materials may be used to reduce energy losses

that may occur due to shielding of the source.

[00218] The plurality ofplanar resonators may be integrated or combined into one

planar resonator structure. A conductor or conductors may be wound around a core structure

such that the loops formed by the two conductors are not coaxial. An example of such a structure

is shown in Figure 12 where two conductors 1201,1202 are wrapped around a planar rectangular

core 1203 at orthogonal angles. The core may be rectangular or it may have various geometries

with several extensions or protrusions. The protrusions may be useful for wrapping of a

conductor, reducing the weight, size, or mass of the core, or may be used to enhance the

directionality or omni-directionality of the resonator. A multi wrapped planar resonator with four

protrusions is shown by the innerstructure 1310 in Figure 13, where four conductors 1301, 1302,

1303, 1304 are wrapped around the core. The core may have extensions 1305,1306,1307,1308

with one or more conductor loops. A single conductor may be wrapped around a core to form

loops that are not coaxial. The four conductor loops of Figure 13, for example, may be formed

with one continuous piece of conductor, or using two conductors where a single conductoris

used to makeall coaxial loops.
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[00219] Non-uniform or asymmetric field profiles around the resonator comprising a

plurality of conductor loops may be generated by driving some conductor loops with non-

identical paramctcrs. Some conductor loops of a source resonator with a plurality of conductor

loops maybe driven by a power source with a different frequency, voltage, power level, duty

cycle, and the like all of which may be used to affect the strength of the magnetic field generated

by each conductor.

[00220] The planar resonator structures may be combined with a capacitively-loaded

inductor resonator coil to provide an omni-directional active area all around, including above and

below the source while maintaining a flat resonator structure. As shown in Figure 13, an

additional resonator loop coil 1309 comprising of a loop or loops of a conductor, may be placed

in a commonplaneas the planar resonator structure 1310. The outer resonator coil provides an

active area that is substantially above and belowthe source. The resonator coil can be arranged

with any numberofplanar resonator structures and arrangements described herein.

[00221] The planar resonator structures may be enclosed in magnetically permeable

packaging or integrated into other devices. The planar profile of the resonators within a single,

commonplane allows packaging and integration into flat devices. A diagram illustrating the

application of the resonators is shown in Figure 14. A flat source 1411 comprising one or more

planar resonators 1414 each with one or more conductor loops may transfer power to devices

1412,1413 that are integrated with other planar resonators 1415,1416 and placed within an active

area 1417 of the source. The devices may comprise a plurality of planar resonators such that

regardless of the orientation of the device with respect to the source the active area of the source

does not change. In addition to invariance to rotational misalignment, a flat device comprising of

planar resonators may be turned upside down without substantially affecting the active area since

the planar resonatoris still in the planc of the source.

[00222] Another diagram illustrating a possible use of a powertransfer system using

the planar resonator structures is shown in Figure 15. A planar source 1521 placed on top of a

surface 1525 may create an active area that covers a substantial surface area creating an

“energized surface” arca. Devices such as computers 1524, mobile handscts 1522, games, and

other electronics 1523 that are coupled to their respective planar device resonators may receive

energy from the source when placed within the active area of the source, which may be

anywhere on top of the surface. Several devices with different dimensions may be placed in the
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active area and used normally while charging or being powered from the source without having

strict placementor alignment constraints. The source may be placed underthe surface ofa table,

countertop, desk, cabinct, and the like, allowing it to be complctcly hidden while energizing the

top surface of the table, countertop, desk, cabinet and the like, creating an active area on the

surface that is much larger than the source.

[00223] The source mayinclude a display or other visual, auditory, or vibration

indicators to show the direction of charging devices or what devices are being charged, error or

problems with charging, power levels, charging time, and the like.

[00224] The source resonators and circuitry may be integrated into any number of

other devices. The source may be integrated into devices such as clocks, keyboards, monitors,

picture frames, and the like. For example, a keyboard integrated with the planar resonators and

appropriate power and control circuitry may be used as a source for devices placed around the

keyboard such as computer mice, webcams, mobile handsets, and the like without occupying any

additional desk space.

[00225] While the planar resonator structures have been described in the context of

mobile devices it should be clear to those skilled in the art that a flat planar source for wireless

powertransfer with an active area that extends beyond its physical dimensions has many other

consumerand industrial applications. The structures and configuration may be useful for a large

number of applications where electronic or electric devices and a powersource are typically

located, positioned, or manipulated in substantially the same plane and alignment. Some ofthe

possible application scenarios include devices on walls, floor, ceilings or any other substantially

planar surfaces.

[00226] Flat source resonators may be integrated into a picture frame or hung on a

wall thereby providing an active area within the plane of the wall where other electronic devices

such as digital picture frames, televisions, lights, and the like can be mounted and powered

without wires. Planar resonators may be integrated into a floor resulting in an energized floor or

active area on the floor on which devices can be placed to receive power. Audio speakers, lamps,

heaters, and the like can be placed within the active are and reccive powerwirclessly.

[00227] The planar resonator may have additional components coupled to the

conductor. Components such as capacitors, inductors, resistors, diodes, and the like may be
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coupled to the conductor and may be used to adjust or tune the resonant frequency and the

impedance matching for the resonators.

[00228] A planar resonator structure of the type described above and shown in Fig.

11(a), may be created, for example, with a quality factor, QO, of 100 or higher and even QO of

1,000 or higher. Energy may be wirelessly transferred from one planar resonator structure to

another over a distance larger than the characteristic size of the resonators, as shownin Fig.

11(c).

[00229] In addition to utilizing magnetic materials to realize a structure with properties

similar to the tnductive element in the magnetic resonators, it may be possible to use a

combination of good conductor materials and magnetic material to realize such inductive

structures. Fig. 16(a) shows a magnetic resonator structure 1602 that may include one or more

enclosures made of high-conductivity materials (the inside ofwhich would be shielded. from AC

electromagnetic fields generated outside) surroundedbyat least one layer of magnetic material

and linked by blocks ofmagnetic material 1604.

A structure may include a high-conductivity sheet of material covered on one side by a

layer of magnetic material. The layered structure may instead be applied conformally to an

electronic device, so that parts of the device may be covered by the high-conductivity and

magnetic material layers, while other parts that need to be easily accessed (such as buttons or

screens) may be left uncovered. The structure may also or instead include only layers or bulk

pieces ofmagnetic material. Thus, a magnetic resonator may be incorporated into an existing

device without significantly interfering with its existing functions and with little or no need for

extensive redesign. Moreover, the layers of good conductor and/or magnetic material may be

made thin enough (of the order of a millimeter or less) that they would add little extra weight and

volume to the completed device. An oscillating current applicd to a length of conductor wound

aroundthe structure, as shown by the square loop in the center of the structure in Figure 16 may

be used. to excite the electromagnetic fields associated with this structure.

[00230] Quality factor of the structure

[00231]<Astructure of the type described above may be created with a quality factor,

Q, of the order of 1,000 or higher. This high-Q is possible even if the losses in the magnetic

material are high, if the fraction ofmagnetic energy within the magnetic material is small

compared to the total magnetic energy associated with the object. For structures composed of
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layers conducting materials and magnetic materials, the losses in the conducting materials may

be reduced by the presence of the magnetic materials as described previously. In structures

where the magnetic matcrial laycr’s thickness is of the order of 1/100 of the largest dimension of

the system (e.g., the magnetic material may be of the order of 1 mm thick, while the area of the

structure is of the order of 10 cm x 10 cm), and the relative permeability is of the order of 1,000,

it is possible to make the fraction ofmagnetic energy contained within the magnetic material

only a few hundredthsofthe total magnetic energy associated with the object or resonator. To

see how that comesabout, note that the expression for the magnetic energy contained in a

volumeis U,, = (, drB(r)’ /(244,4,), $0 as long as B (rather than 7) is the main field conserved

across the magnetic material-air interface (whichis typically the case in open magnetic circuits),

the fraction of magnetic energy containedin the high-z, region may be significantly reduced

compared to whatit is in air.

[00232] Ifthe fraction ofmagnetic cnergy in the magnctic matcrial is denoted byfrac,

and the loss tangent of the material is tand, then the Q of the resonator, assuming the magnetic

material is the only source of losses, is O=//(frac x tand). Thus, even for loss tangents as high as

0.1, itis possible to achieve Q’s of the order of 1,000 for these types of resonatorstructures.

[00233] Ifthe structurc is driven with N turns of wire woundaroundit, the losscs in

the excitation inductor loop can be ignored ifNis sufficiently high. Fig. 17 shows an equivalent

circuit 1700 schematic for these structures and the scaling of the loss mechanisms and inductance

with the numberofturns, NV, wound around a structure made of conducting and magnetic

material. If proximity effects can be neglected (by using an appropriate winding, or a wire

designed to minimize proximity effects, such as Litz wire andthe like), the resistance 1702 due

to the wire in the looped conductor scales linearly with the length of the loop, which is in turn

proportional to the numberof turns. On the other hand, both the equivalent resistance 1708 and

equivalent inductance 1704 of these special structures are proportional to the square of the

magnetic field inside the structure. Since this magnetic field is proportional to N, the equivalent

resistance 1708 and equivalent inductance 1704 are both proportional to N’. Thus, for large

enough N,the resistance 1702 of the wire is much smaller than the equivalent resistance 1708 of

=L,/R,.the magnetic structure, and the O of the resonator asymptotes to Q,
wax.
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[00234] Fig. 16 (a) shows a drawing of a copper and magnetic material structure 1602

driven by a square loop of current around the narrowed segment at the center of the structure

1604 and the magnetic ficld streamlines gencrated by this structure 1608. This exemplary

structure includes two 20 cm x 8 cm x 2 cm hollow regions enclosed with copper and then

completely covered with a 2 mm layer ofmagnetic material having the properties “/ =1,400,

“i =5, and o =0.5S/m. These two parallelepipeds are spaced 4 cm apart and are connected by a

2comx4cm x 2 cm block of the same magnetic material. The excitation loop is wound around

the center of this block. At a frequency of 300 kHz, this structure has a calculated QO of 890. The

conductor and magnetic material structure may be shaped to optimize certain system parameters.

For example, the size of the structure enclosed by the excitation loop may be small to reduce the

resistance of the excitation loop, or it may be large to mitigate losses in the magnetic matcrial

associated with large magnetic fields. Note that the magnetic streamlines and Q’s associated with

the same structure composed of magnetic material only would be similar to the layer conductor

and magnetic material design shownhere.

[00235] Electromagnetic Resonators Interacting with Other Objects

[00236] For electromagnetic resonators, extrinsic loss mechanismsthat perturb the

intrinsic Q may includc absorption losscs inside the matcrials of ncarby cxtrancous objccts and

radiation losses related to scattering of the resonant fields from nearby extraneousobjects.

Absorption losses may be associated with materials that, over the frequency range ofinterest,

have non-zero, but finite, conductivity, o , (or equivalently a non-zero andfinite imaginary part

of the dielectric permittivity), such that electromagnetic fields can penetrate it and induce

currents in it, which then dissipate energy throughresistive losses. An object may be described

as lossy if it at least partly includes lossy materials.

[00237] Consider an object including a homogeneousisotropic material of

conductivity,o and magnetic permeability, 42. The penetration depth of electromagnetic fields

insidethis object is given by the skin depth, 5 =./2/@o . The powerdissipated inside the object,

P,, can be determined from P, = [, dro |E//= [. dr|J|? /o where we made usc of Ohm’s law,
J =oE, and where E is the electric field and J is the current density.

[00238] If over the frequency range of interest, the conductivity, o , of the material

that composes the object is low cnough that the matcrial’s skin depth, 6, may be considered
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long, G.c. 6 is longer than the objects’ characteristic size, or 6 is longer than the characteristic

size of the portion of the object that is lossy) then the electromagnetic fields, E and H, where

His the magnetic field, may penetrate significantly into the object. Then, these finite-valued

ficlds may give risc to a dissipated powerthat scales as P, ~ oV,, (EP), where V7, is the volume

of the object that is lossy and ( E I’) is the spatial average of the electric-field squared, in the
volume under consideration. Therefore, in the low-conductivity limit, the dissipated powerscales

proportionally to the conductivity and goes to zero in the limit of a non-conducting (purely

dielectric) material.

[00239] If over the frequency range of interest, the conductivity, o , of the material

that composes the object is high enough that the material’s skin depth may be considered short,

then the electromagnetic fields, E and H, may penetrate only a short distance into the object

(namely they stay close to the ‘skin’ of the material, where 5 is smaller than the characteristic

thickness of the portion of the object that is lossy). In this case, the currents induced inside the

material may be concentrated very close to the material surface, approximately within a skin

depth, and their magnitude may be approximated by the product of a surface current density

(mostly determined by the shape of the incident electromagnetic fields and, as long as the

thickness of the conductor is much larger than the skin-depth, independent of frequency and

conductivity to first order) K(x, y) (where x and y are coordinates parameterizing the surface)

and a function decaying exponentially into the surface: cxp(—z/6)/6 (where z denotes the

coordinate locally normalto the surface): J(x, yv,z) = K(x, y)exp(—z/6d)/6. Then,the

dissipated power, P,, may be estimated by,

P, =" dt| I(t)? /o =(sdxdy | K(x, y) |’ )(gdzexp(2z/ 5)/ (05")) = uw / 80 (sdxdy| K(x, y) |?)

[00240] Therefore, in the high-conductivity limit, the dissipated power scales inverse

proportionally to the square-root of the conductivity and goes to zero in the limit of a perfectly-

conducting material.

[00241] Ifover the frequency range of interest, the conductivity, o , of the material

that composesthe objectis finite, then the material’s skin depth, 6, may penetrate somedistance

49

Momentum Dynamics Corporation
Exhibit 1002

Page 1020



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1021

WO 2010/093997 PCT/US2010/024199

into the object and some amount ofpower maybe dissipated inside the object, depending also on

the size of the object and the strength of the electromagnetic fields. This description can be

gencralized to also describe the gencral case of an object including multiple different matcrials

with different properties and conductivities, such as an object with an arbitrary inhomogeneous

and anisotropic distribution of the conductivity inside the object.

[00242] Note that the magnitude of the loss mechanisms described above may depend

on the location and orientation of the extraneous objects relative to the resonator fields as well as

the material composition of the extraneous objects. For example, high-conductivity materials

may shift the resonant frequency of a resonator and detuneit from other resonant objects. This

frequency shift may be fixed by applying a feedback mechanism to a resonator that correctsits

frequency, such as through changes in the inductance and/or capacitance of the resonator. These

changes maybe realized using variable capacitors and inductors, in some cases achieved by

changes in the geometry of components in the resonators. Other novel tuning mechanisms,

described below, may also be used to change the resonator frequency.

[00243] Where external losses are high, the perturbed Q may be low and steps may be

taken to limit the absorption of resonator energy inside such extraneous objects and materials.

Because of the functional dependence of the dissipated power on the strength of the electric and

magnetic fields, one might optimize system performance by designing a system so that the

desired coupling is achieved with shorter evanescent resonantfield tails at the source resonator

and longer at the device resonator, so that the perturbed Q of the source in the presence of other

objects is optimized (or vice versa if the perturbed Q of the device needs to be optimized).

[00244] Note that many commonextraneous materials and objects such as people,

animals, plants, building materials, and the like, may have low conductivities and therefore may

havelittle impact on the wireless energy transfer scheme disclosed here. An importantfact

related to the magnetic resonator designs we describe is that their electric fields may be confined

primarily within the resonatorstructureitself, so it should be possible to operate within the

commonly accepted guidelines for human safety while providing wireless power exchange over

mid range distances.

[00245] Electromagnetic Resonators with Reduced Interactions

[00246] Onefrequency range ofinterest for near-field wireless power transmission is

between 10 kHz and 100 MHz. In this frequency range, a large variety of ordinary non-metallic
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materials, such as for example several types of wood and plastic may haverelatively low

conductivity, such that only small amounts of power may be dissipated inside them. In addition,

materials with low loss tangents, tanA, where tanA=e"/eé’, and &” and «’ are the imaginary

and real parts of the permittivity respectively, may also have only small amounts of power

dissipated inside them. Metallic materials, such as copper, silver, gold, and the like, with

relatively high conductivity, may also have little power dissipated in them, because

electromagnetic fields are not able to significantly penetrate these materials, as discussed earlier.

These very high and very low conductivity materials, and low loss tangent materials and objects

may have a negligible impact on the losses of a magnetic resonator.

[00247] However, in the frequency range of interest, there are materials and objects

such as someelectronic circuits and some lower-conductivity metals, which may have moderate

(in general inhomogeneous and anisotropic) conductivity, and/or moderate to high loss tangents,

and which may haverelatively high dissipative losses. Relatively larger amounts of power may

be dissipated inside them. These materials and objects may dissipate enough energy to reduce

Oy) by non-trivial amounts, and maybereferred to as “lossy objects”.

[00248] One way to reduce the impact of lossy materials on the QO») of a resonatoris to

usc high-conductivity matcrials to shape the resonator ficlds such that they avoid the lossy

objects. The process of using high-conductivity materials to tailor electromagnetic fields so that

they avoid lossy objects in their vicinity may be understood by visualizing high-conductivity

materials as materials that deflect or reshape the fields. This picture is qualitatively correct as

long as the thickness of the conductoris larger than the skin-depth because the boundary

conditions for electromagnetic fields at the surface of a good conductor force the electric field to

be nearly completely perpendicular to, and the magnetic ficld to be nearly completely tangential

to, the conductor surface. Therefore, a perpendicular magnetic field or a tangential electric field

will be “deflected away” from the conducting surface. Furthermore, cven a tangential magnetic

field or a perpendicular electric field may be forced to decrease in magnitude on one side and/or

in particular locations of the conducting surface, depending on the relative position of the

sources of the fields and the conductive surface.

[00249] Asan example, Fig. 18 showsa finite element method (FEM) simulation of

two high conductivity surfaces 1802 above and belowalossy dielectric material 1804 in an

external, initially uniform, magnetic ficld of frequency /— 6.78 MHz. The system is azimuthally
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symmetric around the r=0 axis. In this simulation, the lossy dielectric material 1804 is

sandwiched between two conductors 1802, shown as the white lines at approximately z =
 +0.01m. In the absenceofthe conducting surfaces above and below thediclectric disk, the

magnetic field (represented by the drawn magnetic field lines) would have remained essentially

uniform (field lines straight and parallel with the z-axis), indicating that the magnetic field would

have passedstraight through the lossy dielectric material. In this case, power would have been

dissipated in the lossy dielectric disk. In the presence of conducting surfaces, however, this

simulation shows the magnetic field is reshaped. The magnetic field is forced to be tangential to

surface of the conductor and so is deflected around those conducting surfaces 1802, minimizing

the amount of powerthat may be dissipated in the lossy dielectric material 1804 behind or

between the conducting surfaces. As used herein, an axis of electrical symmetry refers to any

axis about which a fixed or time-varying electrical or magnetic field is substantially symmetric

during an exchange of energy as disclosed herein.

[00250] A similar effect is observed even if only one conducting surface, above or

below,the dielectric disk, is used. If the dielectric disk is thin, the fact that the electric field is

essentially zero at the surface, and continuous and smooth close to it, means that the electric field

is very low everywhere close to the surface (i.e. within the dielectric disk). A single surface

implementation for deflecting resonator fields away from lossy objects may be preferred for

applications where oneis not allowed to cover both sides of the lossy material or object (e.g. an

LCDscreen). Note that even a very thin surface of conducting material, on the order of a few

skin-depths, may be sufficient (the skin depth in pure copperat 6.78 MHz is ~20 wm, and at

250 kHz is ~100 w m) to significantly improve the Q,) of a resonator in the presence of lossy

materials.

[00251] Lossy extrancous materials and objects may be parts of an apparatus, in which

a high-Q resonatoris to be integrated. The dissipation of energy in these lossy materials and

objects may be reduced by a numberof techniques including:

e by positioning the lossy matcrials and objects away from the resonator, or, in

special positions andorientations relative to the resonator.

e by using a high conductivity material or structure to partly or entirely cover lossy

matcrials and objects in the vicinity of a resonator
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e by placing a closed surface (such as a sheet or a mesh) of high-conductivity

matcrial around a lossy object to completcly cover the lossy object and shape the

resonator fields such that they avoid the lossy object.

e by placing a surface (such as a sheet or a mesh) of a high-conductivity material

around only a portion of a lossy object, such as along the top, the bottom, along

the side, and the like, of an object or material.

e by placing even a single surface (such as a sheet or a mesh) of high-conductivity

matcrial above or below or on oncside of a lossy object to reduce the strength of

the fields at the location of the lossy object.

[00252] Fig. 19 shows a capacitively-loaded loop inductor forming a magnetic

resonator 102 and a disk-shaped surface of high-conductivity material 1802 that completely

surrounds a lossy object 1804 placed inside the loop inductor. Note that some lossy objects may

be components, such as electronic circuits, that may need to interact with, communicate with, or

be connected to the outside environment and thus cannot be completely electromagnetically

isolated. Partially covering a lossy material with high conductivity materials may still reduce

extraneous losses while enabling the lossy material or object to function properly.

[00253] Fig. 20 shows a capacitively-loaded loop inductor that is used as the resonator

102 and a surface of high-conductivity material 1802, surrounding only a portion of a lossy

object 1804, that is placed inside the inductor loop.

[00254] Extraneous losses may be reduced, but may not be completely eliminated, by

placing a single surface of high-conductivity material above, below, on the side, and the like, of a

lossy object or material. An example is shown in Fig. 21, where a capacitively-loaded loop

inductor is used as the resonator 102 and a surface of high-conductivity material 1802 is placed

inside the inductor loop undera lossy object 1804 to reduce the strength of the fields at the

location of the lossy object. It may be preferable to cover only one side of a material or object

because of considerations of cost, weight, assembly complications, air flow, visual access,

physical access, and the like.

[00255] <A single surface of high-conductivity material may be used to avoid objects

that cannot or should not be covered from both sides (e.g. LCD or plasma screens). Such lossy

objects may be avoided using optically transparent conductors. High-conductivity optically

opaque materials may instead be placed on only a portion of the lossy object, instead of, or in
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addition to, optically transparent conductors. The adequacy of single-sided vs. multi-sided

covering implementations, and the design trade-offs inherent therein may depend on the details

of the wircless cnergy transfer sccnario and the propcrtics of the lossy matcrials and objccts.

[00256] Below wedescribe an example using high-conductivity surfaces to improve

the Q-insensitivity, O,,,, of an integrated magnetic resonator used in a wireless energy-transfer

system. Fig. 22 showsa wireless projector 2200. The wireless projector may include a device

resonator 102C, a projector 2202, a wireless network/video adapter 2204, and power conversion

circuits 2208, arranged as shown. The device resonator 102C may include a three-turn conductor

loop, arranged to enclose a surface, and a capacitor network 2210. The conductor loop may be

designed so that the device resonator 102C hasa high QO (c.g., >100) at its operating resonant

frequency. Prior to integration in the completely wireless projector 2200, this device resonator

102C has a Q of approximately 477 at the designed operating resonant frequency of 6.78 MHz.

Uponintegration, and placing the wireless network/video adapter card 2204 in the center of the

resonator loop inductor, the resonator Qymregratea) WAS decreased to approximately 347. At least

some ofthe reduction from Q to Ovnegrated) WAS attributed to losses in the perturbing wireless

network/video adapter card. As described above, electromagnetic fields associated with the

magnetic resonator 102C may induce currents in and on the wireless network/video adapter card

2204, which maybedissipated in resistive losses in the lossy materials that compose the card.

Weobserved that Ovntegrateq) of the resonator may be impacted differently depending on the

composition, position, and orientation, of objects and materials placed in its vicinity.

[00257] Inacompletely wireless projector example, covering the network/video

adapter card with a thin copper pocket(a folded sheet of copper that covered the top and the

bottom of the wireless network/video adapter card, but not the communication antenna)

improved the Qgategratea) Of the magnetic resonator to a Oymegrated + copper pocket) Of approximately

444. In other words, most of the reduction in O¢gniegratea) due to the perturbation caused by the

extraneous network/video adapter card could be eliminated using a copper pocket to deflect the

resonator fields away from the lossy materials.

[00258] In another completely wireless projector example, covering the network/video

adapter card with a single copper sheet placed beneath the card provided a QO¢ntegrated + coppersheet)

approximately equal to Ognregrated + copper pocket). In that example, the high perturbed Q ofthe
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system could be maintained with a single high-conductivity sheet used to deflect the resonator

fields away from the lossy adapter card.

[00259] It may be advantagcous to position or oricnt lossy matcrials or objects, which

are part of an apparatus including a high-Q electromagnetic resonator, in places wherethefields

produced by the resonatorare relatively weak, so that little or no power may be dissipated in

these objects and so that the Q-insensitivity, @,), may be large. As was shown earlier, materials

of different conductivity may respond differently to electric versus magnetic fields. Therefore,

according to the conductivity of the extraneous object, the positioning technique may be

specialized to oneor the otherfield.

[00260] Fig. 23 shows the magnitude ofthe electric 2312 and magnetic fields 2314

along a line that contains the diameter of the circular loop inductor andthe electric 2318 and

magnetic fields 2320 along the axis of the loop inductor for a capacitively-loaded circular loop

inductor of wire of radius 30 cm, resonant at 10 MHz.It can be seen that the amplitude of the

resonant near-fields reach their maxima close to the wire and decay away from the loop, 2312 ,

2314 . In the plane of the loop inductor 2318, 2320, the fields reach a local minimum at the

center of the loop. Therefore, given the finite size of the apparatus, it may be that the fields are

weakest at the extrema of the apparatus or it may be that the field magnitudes have local minima

somewhere within the apparatus. This argument holds for any other type of electromagnetic

resonator 102 and any type of apparatus. Examples are shown in Figs. 24a and 24b, where a

capacitively-loaded inductor loop forms a magnetic resonator 102 and an extraneous lossy object

1804 is positioned where the electromagnetic fields have minimum magnitude.

[00261] Ina demonstration example, a magnetic resonator was formed using a three-

turn conductor loop, arranged to enclose a square surface (with rounded corners), and a capacitor

network. The QO of the resonator was approximately 619 at the designed operating resonant

frequency of 6.78 MHz. The perturbed QO of this resonator depended on the placementof the

perturbing object, in this case a pocket projector, relative to the resonator. When the perturbing

projector was located inside the inductor loop and at its center or on top of the inductor wire

turns, Orojector) WAS approximately 96, lower than when the perturbing projector was placed

outside of the resonator, in which case Orojector) WaS approximately 513. These measurements

support the analysis that showsthe fields inside the inductor loop may be larger than those

outside it, so lossy objects placed inside such a loop inductor may yield lower perturbed Q’s for

nN nN
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the system than whenthe lossy object is placed outside the loop inductor. Depending on the

resonator designs and the material composition and orientation of the lossy object, the

arrangement shown in Fig. 24b mayyicld a higher Q-inscnsitivity, Orojecior), than the

arrangement shownin Fig. 24a.

[00262] High-Q resonators may be integrated inside an apparatus. Extraneous

materials and objects of high dielectric permittivity, magnetic permeability, or electric

conductivity may be part of the apparatus into which a high-Q resonatoris to be integrated. For

these extraneous materials and objects in the vicinity of a high-Q electromagnetic resonator,

depending ontheir size, position and orientation relative to the resonator, the resonatorfield-

profile may be distorted and deviate significantly from the original unperturbed field-profile of

the resonator. Such a distortion of the unperturbed fields of the resonator may significantly

decrease the Q to a lower Ow), even if the extraneous objects and materials are lossless.

[00263] It may be advantageous to position high-conductivity objects, which are part

of an apparatus including a high-Q electromagnetic resonator, at orientations such that the

surfaces of these objects are, as much as possible, perpendicular to the electric field lines

produced by the unperturbed resonator and parallel to the magnetic field lines produced by the

unperturbed resonator, thus distorting the resonant field profiles by the smallest amount possible.

Other commonobjects that may be positioned perpendicular to the plane of a magnetic resonator

loop include screens (LCD, plasma,etc), batteries, cases, connectors, radiative antennas, and the

like. The Q-insensitivity, Og), of the resonator may be muchlarger than if the objects were

positioned at a different orientation with respect to the resonatorfields.

[00264] Lossy extraneous materials and objects, which are not part of the integrated

apparatus including a high-Q resonator, may be located or brought in the vicinity of the

resonator, for example, during the use of the apparatus. It may be advantageousin certain

circumstances to use high conductivity materials to tailor the resonator fields so that they avoid

the regions where lossy extraneous objects may be located or introduced to reduce power

dissipation in these materials and objects and to increase Q-insensitivity, O,,), An example is

shown in Fig. 25, where a capacitively-loaded loop inductor and capacitor are used as the

resonator 102 and a surface of high-conductivity material 1802 is placed above the inductor loop

to reduce the magnitude ofthe fields in the region above the resonator, where lossy extraneous

objects 1804 maybe located or introduced.
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[00265] Note that a high-conductivity surface brought in the vicinity of a resonator to

reshapethe fields may also lead to Oycond. sunfacey<Q. The reduction in the perturbed Q may be due

to the dissipation of cnergy inside the lossy conductor or to the distortion of the unperturbed

resonatorfield profiles associated with matching the field boundary conditions at the surface of

the conductor. Therefore, while a high-conductivity surface may be used to reduce the

extraneouslosses due to dissipation inside an extraneous lossy object, in some cases, especially

in some of those where this is achieved by significantly reshaping the electromagnetic fields,

using such a high-conductivity surface so that the fields avoid the lossy object may result

effectively in QO+ cond. surfacey<Q,p) rather than the desired result Oy + cond. surface)? Op).

[00266] As described above,in the presence of loss inducing objects, the perturbed

quality factor of a magnetic resonator may be improvedif the electromagnetic fields associated

with the magnetic resonator are reshaped to avoid the loss inducing objects. Another way to

reshape the unperturbed resonatorfields is to use high permeability materials to completely or

partially enclose or cover the loss inducing objects, thereby reducing the interaction of the

magnetic field with the loss inducing objects.

[00267] Magnetic field shielding has been described previously, for example in

Electrodynamics 3” Ed., Jackson, pp. 201-203. There, a spherical shell of magnetically

permeable material was shownto shield its interior from external magnetic fields. For example,

if a shell of inner radius a, outer radius 4, and relative permeability x, is placed in aninitially

uniform magnetic field Ho, then the field inside the shell will have a constant magnitude,

911,Ho/| (24, +1)(m, +2)-2(a/b)(uw, -1)'] , which tends to 9H,/241, (1-(a/6)') if u>>1. This result
showsthat an incident magnetic field (but not necessarily an incident electric field) may be

greatly attenuated inside the shell, even if the shell is quite thin, provided the magnetic

permeability is high enough. It may be advantageous in certain circumstancesto use high

permeability materials to partly or entirely cover lossy materials and objects so that they are

avoided by the resonator magnetic fields and so that little or no poweris dissipated in these

materials and objects. In such an approach, the Q-insensitivity, Oj), may be larger than if the

materials and objects were not covered, possibly larger than 1.

[00268] It may be desirable to keep both the electric and magnetic fields away from

loss inducing objects. As described above, one way to shape the fields in such a manneris to use
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high-conductivity surfaces to either completely or partially enclose or cover the loss inducing

objects. A layer of magnetically permeable material, also referred to as magnetic material, (any

matcrial or mcta-matcrial having a non-trivial magnetic permeability), may be placed on or

around the high-conductivity surfaces. The additional layer of magnetic material may present a

lowerreluctance path (compared to free space) for the deflected magnetic field to follow and

may partially shield the electric conductor underneath it from the incident magnetic flux. This

arrangement may reduce the losses due to induced currents in the high-conductivity surface.

Under some circumstancesthe lower reluctance path presented by the magnetic material may

improve the perturbed Q of the structure.

[00269] Fig. 26a shows an axially symmetric FEM simulation of a thin conducting

2604 (copper) disk (20 cm in diameter, 2 cm in height) exposedto an initially uniform,

externally applied magnetic field (gray flux lines) along the z-axis. The axis of symmetry is at

r=0. The magnetic streamlines shown originate at z =—co, where they are spaced from 7=3 cm to

7=10 cm in intervals of 1 cm. The axes scales are in meters. Imagine, for example, that this

conducing cylinder encloses loss-inducing objects within an area circumscribed by a magnetic

resonator in a wireless energy transfer system such as shown in Fig. 19.

[00270] This high-conductivity enclosure may increase the perturbing Q of the lossy

objects and therefore the overall perturbed Q of the system, but the perturbed Q maystill be less

than the unperturbed Q because of induced losses in the conducting surface and changes to the

profile of the electromagnetic fields. Decreases in the perturbed Q associated with the high-

conductivity enclosure may be at least partially recovered by including a layer of magnetic

material along the outer surface or surfaces of the high-conductivity enclosure. Fig. 26b shows

an axially symmetric FEM simulation of the thin conducting 2604A (copper) disk (20 cm in

diameter, 2 cm in height) from Fig. 26a, but with an additional layer of magnetic material placed

directly on the outer surface of the high-conductivity enclosure. Note that the presence of the

magnetic material may provide a lower reluctance path for the magnetic field, thereby at least

partially shielding the underlying conductor and reducing losses due to induced eddy currents in

the conductor.

[00271] Fig. 27 depicts a variation (in axi-symmetric view) to the system shown in

Fig. 26 where notall of the lossy material 2708 may be covered by a high-conductivity surface

2706. In certain circumstances it may be useful to cover only one side of a material or object,
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such as due to considerations of cost, weight, assembly complications, air flow, visual access,

physical access, and the like. In the exemplary arrangement shown in Fig. 27, only one surface of

the lossy matcrial 2708 is covered and the resonator inductor loop is placed on the opposite sidc

of the high-conductivity surface.

[00272] Mathematical models were used to simulate a high-conductivity enclosure

made of copper and shapedlike a 20 cm diameter by 2 cm high cylindrical disk placed within an

area circumscribed by a magnetic resonator whose inductive element was a single-turn wire loop

with loop radius =11 cm and wire radius a= 1 mm. Simulations for an applied 6.78 MHz

electromagnetic field suggest that the perturbing quality factor of this high-conductivity

enclosure, OQjciosue)> 1S 1,870. When the high-conductivity enclosure was modified to include a

0.25 cm-thick layer ofmagnetic material with real relative permeability, 4c’ = 40, and imaginary

relative permeability, ” =10 *, simulations suggest the perturbing quality factor is increased to

OQenciosure+magnetic marerial) 797060.

[00273] The improvement in performance dueto the addition of thin layers of

magnetic material 2702 may be even more dramatic if the high-conductivity enclosurefills a

larger portion of the area circumscribed by the resonator’s loop inductor 2704. In the cxample

above, if the radius of the inductor loop 2704 is reduced so that it is only 3 mm away from the

surface of the high-conductivity enclosure, the perturbing quality factor may be improved from

670 (conducting enclosure only) to 2,730 (conducting enclosure with a thin layer ofmagnetic

matcrial) by the addition of a thin laycr of magnctic matcrial 2702around the outside of the

enclosure.

[00274] The resonator structure may be designed to have highly confined electric

fields, using shielding, or distributed capacitors, for example, which may yield high, even when

the resonator 1s very close to materials that would typically induce loss.

[00275] Coupled Electromagnetic Resonators

[00276] Thecfficicncy of energy transfer between two resonators may be determined

by the strong-coupling figure-of-merit, U=x//T,T, = (2x/Jo.a, )Q.Q; . In magnetic resonator

implementations the coupling factor between the two resonators may be related to the inductance

of the inductive elements in each of the resonators, L; and £2, and the mutual inductance, M,
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between them by «,, =@M/2,LL, . Note that this expression assumesthere is negligible

coupling through electric-dipole coupling. For capacitively-loaded inductor loop resonators

where the inductor loops are formed by circular conducting loops with N turns, separated by a

distance D, and oriented as shownin Fig. 1(b), the mutual inductanceis

M=2/4-u,N.N,(x,x,) / D> where x, , N, and x, , N, are the characteristic size and number of

turns of the conductor loop of the first and sccond resonators respectively. Note that this is a

quasi-static result, and so assumesthat the resonator’s size is much smaller than the wavelength

and the resonators’ distance is much smaller than the wavelength, but also that their distance is at

least a few times their size. For these circular resonators operated in the quasi-static limit and at
. . . 3 .

mid-range distances, as described above, k =2«/ Ja, ~ (Ju, /D) . Strong coupling (a large

U) between resonators at mid-range distances may be established when the quality factors of the

resonators are large enough to compensate for the small & at mid-range distances

[00277] For electromagnetic resonators, if the two resonators include conducting parts,

the coupling mechanism may be that currents are induced on one resonator due to electric and

magnetic ficlds generated from the other. The coupling factor may be proportional to the flux of

the magnetic field produced from the high-Q inductive element in one resonator crossing a

closed area of the high-Q inductive element of the second resonator.

[00273] Coupled Electromagnetic Resonators with Reduced Interactions

[00279] As described carlicr, a high-conductivity material surface may be used to

shape resonatorfields such that they avoid lossy objects, p, in the vicinity of a resonator, thereby

reducing the overall cxtrancous losscs and maintaining a high Q-insensitivity Og + cond. surface) OF

the resonator. However, such a surface may also lead to a perturbed coupling factor, kg | cona.

surface), between resonators that is smaller than the perturbed coupling factor, kj) and depends on

the size, position, and orientation ofthe high-conductivity material relative to the resonators. For

example, if high-conductivity materials are placed in the plane and within the arca circumscribed

by the inductive element of at least one of the magnetic resonators in a wireless energy transfer

system, some of the magnetic flux through the area of the resonator, mediating the coupling, may

be blocked and & may be reduced.

[00280] Consider again the example ofFig. 19. In the absence of the high-conductivity

disk enclosure, a certain amountof the external magnetic flux may cross the circumscribed area
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of the loop. In the presence of the high-conductivity disk enclosure, some of this magnetic flux

may be deflected or blocked and may no longercross the area of the loop, thus leading to a

smaller perturbed coupling factor 42% + cond. surfaces). However, because the deflected magnctic-

field lines may follow the edges of the high-conductivity surfaces closely, the reduction in the

flux through the loop circumscribing the disk may be less than the ratio of the areas of the face of

the disk to the area of the loop.

[00281] One mayuse high-conductivity material structures, either alone, or combined

with magnetic materials to optimize perturbed quality factors, perturbed coupling factors, or

perturbedefficiencies.

[00282] Consider the example of Fig. 21. Let the lossy object have a size equal to the

size of the capacitively-loaded inductor loop resonator, thus filling its area A 2102. A high-

conductivity surface 1802 may be placed underthe lossy object 1804. Let this be resonator 1 ina

system of two coupled resonators 1 and 2, and let us consider how Ujxobject + cond. surface) SCales

compared to U2 as the area A, 2104 of the conducting surface increases. Without the conducting

surface 1802 below the lossy object 1804, the k-insensitivity, Pr2onjecy, may be approximately

one, but the Q-insensitivity, Ozonjecy, may be small, so the U-insensitivity 2y2cajecr) may be small.

[00283] Where the high-conductivity surface below the lossy object covers the entire

area of the inductor loop resonator (4;=A), Kr2(bject — cond. surface) May approach zero, becauselittle

flux is allowed to cross the inductor loop, so U1x(onject + cond. surface) MAY approach zero. For

intermediate sizes of the high-conductivity surface, the suppression of extrinsic losses and the

associated Q-insensitivity, @z/object + cond. surface), May be large enough compared to O@y/ovjecr, while

the reduction in coupling may not be significant and the associated k-insensitivity, Bj2/ojecr + cond.

swfaceMay be not much smaller than {72/c4jecr, So that the overall Uj2object + cond. surface) May be

increased compared to Uj24jecy. The optimal degree of avoiding of extraneous lossy objects via

high-conductivity surfaces in a system ofwireless energy transfer may depend on the details of

the system configuration and the application.

[00284] Wedescribe using high-conductivity materials to either completely or

partially enclose or cover loss inducing objects in the vicinity of high-Q resonators as one

potential method to achieve high perturbed Q’s for a system. However, using a good conductor

alone to cover the objects may reduce the coupling of the resonators as described. above, thereby

reducing the efficiency of wireless powertransfer. As the area of the conducting surface
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approachesthe area of the magnetic resonator, for example, the perturbed coupling factor, ky),

may approach zero, making the use of the conducting surface incompatible with efficient

wircless powcrtransfer.

[00285] One approach to addressing the aforementioned problem is to place a layer of

magnetic material around the high-conductivity materials because the additional layer of

permeable material may present a lowerreluctance path (compared to free space) for the

deflected magnetic field to follow and may partially shield the electric conductor underneath it

from incident magnetic flux. Under some circumstances the lower reluctance path presented by

the magnetic material may improve the electromagnetic coupling of the resonator to other

resonators. Decreases in the perturbed coupling factor associated with using conducting materials

to tailor resonator fields so that they avoid lossy objects in and around high-Q magnetic

resonators may be at least partially recovered by including a layer of magnetic material along the

outer surface or surfaces of the conducting materials. The magnetic materials may increase the

perturbed coupling factor relative to its initial unperturbed value.

[00286] Note that the simulation results in Fig. 26 show that an incident magnetic field

may be deflected less by a layered magnetic material and conducting structure than by a

conducting structure alone. If a magnetic resonator loop with a radius only slightly larger than

that of the disks shown in Figs. 26(a) and 26(b) circumscribedthe disks,it is clear that more flux

lines would be captured in the case illustrated in Fig. 26(b) than in Fig. 26(a), and therefore kyzisin

would be larger for the case illustrated in Fig. 26(b). Therefore, including a layer of magnetic

material on the conducting material may improve the overall system performance. System

analyses may be performed to determine whether these materials should be partially, totally, or

minimally integrated into the resonator.

[00287] As described above, Fig. 27 depicts a layered conductor 2706 and magnetic

material 2702 structure that may be appropriate for use when not all of a lossy material 2708

may be covered by a conductor and/or magnetic material structure. It was shownearlier that for a

copper conductor disk with a 20 cm diameter and a 2 cm height, circumscribed by a resonator

with an inductor loop radius of 11 cm and a wire radius a=1 mm,the calculated perturbing Q for

the copper cylinder was 1,870. If the resonator and the conducting disk shell are placed in a

uniform magnetic field (aligned along the axis of symmetry of the inductor loop), we calculate

that the copper conductor has an associated coupling factor insensitivity of 0.34. For comparison,
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we model the same arrangement but include a 0.25 cm-thick layer of magnetic material with a

real relative permeability, 4’ =40, and an imaginary relative permeability, 4” -10 7 . Using the

same model and parameters described above, we find that the coupling factor insensitivity is

improved to 0.64 by the addition of the magnetic material to the surface of the conductor.

[00288] Magnetic materials may be placed within the area circumscribed by the

magnetic resonator to increase the coupling in wircless cnergy transfer systems. Consider a solid

sphere of a magnetic material with relative permeability, x, placed in an initially uniform

magnetic field. In this example, the lower reluctance path offered by the magnetic material may

cause the magnetic field to concentrate in the volume of the sphere. We find that the magnetic

flux through the areca circumscribed by the cquator of the sphere is enhanced by a factor of

3, /(u, +2), by the addition of the magnetic material. Ifu,>>/, this enhancement factor may be

close to 3.

[00289] One can also show that the dipole moment of a system comprising the

magnetic sphere circumscribed by the inductive element in a magnetic resonator would haveits

magnetic dipole enhanced by the same factor. Thus, the magnetic sphere with high permeability

practically triples the dipole magnetic coupling of the resonator. It is possible to keep most of

this increase in coupling ifwe use a spherical shell of magnetic material with inner radius a, and

outer radius 5, even if this shell is on top of block or enclosure made from highly conducting

materials. In this case, the enhancementin the flux through the equatoris

For 44=1,000 and (a/b)=0.99, this enhancementfactoris still 2.73, so it possible to significantly

improve the coupling even with thin layers of magnetic material.

[00290] As described above,structures containing magnetic materials may be used to

realize magnetic resonators. Fig. 16(a) showsa 3 dimensional model of a copper and magnetic

material structure 1600 driven by a square loop of current around the choke point at its center.

Fig. 16(b) showsthe interaction, indicated by magnetic field streamlines , between two identical
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structures 1600A-B with the same properties as the one shownin Fig. 16(a). Because of

symmetry, and to reduce computational complexity, only one half of the system is modeled. If

we fix the relative oricntation between the two objects and vary their center-to-centcr distance

(the image shownis at a relative separation of 50 cm), wefind that, at 300 kHz, the coupling

efficiency varies from 87% to 55% as the separation between the structures varies from 30 cm to

60 cm. Each of the example structures shown 1600 A-B includes two 20 cm x 8 cm x 2cm

parallelepipeds made of copper joined by a 4 cm x 4 cm x 2 cm block of magnetic material and

entirely covered with a 2 mm layer of the same magnetic material (assumed to have

t=1,400+j5). Resistive losses in the driving loop are ignored. Each structure has a calculated O

of 815.

[00291] ELECTROMAGNETIC RESONATORS AND IMPEDANCE MATCHING

[00292] Impedance Matching Architectures for Low-Loss Inductive Elements

[00293] For purposes of the present discussion, an inductive element may be any coil

or loop structure (the ‘loop’) of any conducting material, with or without a (gapped or ungapped)

core made of magnetic material, which may also be coupled inductively or in any other

contactless way to other systems. The element is inductive because its impedance, including both

the impedance of the loop and the so-called ‘reflected’ impedances of any potentially coupled

systems, has positive reactance, X, and resistance, R.

[00294] Consider an external circuit, such as a driving circuit or a driven load or a

transmission line, to which an inductive element may be connected. The external circuit (e.g. a

driving circuit) may be delivering powerto the inductive element and the inductive element may

be delivering powerto the external circuit (e.g. a driven load). The efficiency and amount of

powerdelivered between the inductive element and the external circuit at a desired frequency

may depend on the impedance of the inductive element relative to the properties of the external

circuit. Impedance-matching networks and external circuit control techniques may be used to

regulate the power delivery between the external circuit and the inductive element, at a desired

frequency,f

[00295] The external circuit may be a driving circuit configured to form a amplifier of

class A, B, C, D, DE, E, F andthe like, and may deliver power at maximum efficiency (namely

with minimum losses within the driving circuit) whenit is driving a resonant network with

specific impedance Z,, where Z, may be complex and * denotes complex conjugation. The
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external circuit may be a driven load configured to form a rectifier of class A, B, C, D, DE, E, F

and the like, and may receive power at maximum efficiency (namely with minimum losses

within the driven load) whenit is driven by a resonant network with specific impedance Z,,

where Z, may be complex. The external circuit may be a transmission line with characteristic

impedance, Z,, and may exchange power at maximum efficiency (namely with zero reflections)

when connected to an impedance Z,. Wewill call the characteristic impedance Z, of an external

circuit the complex conjugate of the impedance that may be connected to it for power exchange

at maximum cfficicncy.

[00296] ‘Typically the impedance of an inductive element, R+/X, may be much

different from Z,. For example, if the inductive clement has low loss (a high Y/R), its resistance,

R, may be much lower than the real part of the characteristic impedance, Zo, of the external

circuit. Furthermore, an inductive clement by itsclf may not be a resonant nctwork. An

impedance-matching network connected to an inductive element may typically create a resonant

network, whose impedance may be regulated.

[00297] Therefore, an impedance-matching network may be designed to maximize the

efficicncy of the powerdelivered between the external circuit and the inductive clement

(including the reflected impedances of any coupled systems). The efficiency of delivered power

may be maximized by matching the impedanceofthe combination of an impedance-matching

network and an inductive element to the characteristic impedance of an external circuit (or

transmission line) at the desired frequency.

[00298] An impedance-matching network may be designed to deliver a specified

amount of powcr between the external circuit and the inductive clement (including the reflected

impedances of any coupled systems). The delivered power may be determined by adjusting the

complex ratio of the impedance of the combination of the impedance-matching network and the

inductive element to the impedanceofthe external circuit (or transmission line) at the desired

frequency.

[00299] Impedance-matching networks connected to inductive elements maycreate

magnetic resonators. For some applications, such as wireless powertransmission using strongly-

coupled magnetic resonators, a high Q may bedesired for the resonators. Therefore, the

inductive element may be chosento have low losses (high X/R).
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[00300] Since the matching circuit may typically include additional sources of loss

inside the resonator, the components of the matching circuit may also be chosen to have low

losses. Furthermore, in high-power applications and/or duc to the high resonator Q, large

currents may run in parts of the resonator circuit and large voltages may be present across some

circuit elements within the resonator. Such currents and voltages may exceed the specified

tolerances for particular circuit elements and may be too high for particular components to

withstand. In somecases, it may be difficult to find or implement components, such as tunable

capacitors for example, with size, cost and performance (loss and current/voltage-rating)

specifications sufficient to realize high-O and high-power resonator designs for certain

applications. We disclose matching circuit designs, methods, implementations and techniques

that may preserve the high Q for magnetic resonators, while reducing the component

requirements for low loss and/or high current/voltage-rating.

[00301] Matching-circuit topologies may be designed that minimize the loss and

current-rating requirements on some of the elements of the matching circuit. The topology of a

circuit matching a low-loss inductive element to an impedance, Z,, may be chosen so that some

of its components lie outside the associated high-Q resonator by being in series with the external

circuit. The requirements for low series loss or high current-ratings for these components may be

reduced. Relieving the low series loss and/or high-current-rating requirement on a circuit

element may beparticularly useful when the element needs to be variable and/or to have a large

voltage-rating and/or low parallel loss.

[00302] Matching-circuit topologies may be designed that minimize the voltage rating

requirements on some of the elements of the matching circuit. The topology of a circuit matching

a low-loss inductive element to an impedance, Z,, may be chosen so that some of its components

lie outside the associated high-Q resonator by beingin parallel with Z,. The requirements for low

parallel loss or high voltage-rating for these components may be reduced. Relieving the low

parallel loss and/or high-voltage requirement on a circuit element may be particularly useful

whenthe element needs to be variable and/or to have a large current-rating and/or low series

loss.

[00303] The topology of the circuit matching a low-loss inductive element to an

external characteristic impedance, Z), may be chosen so that the field pattern of the associated

resonant modeandthus its high Q are preserved upon coupling of the resonator to the external
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impedance. Otherwise inefficient coupling to the desired resonant mode may occur (potentially

due to coupling to other undesired resonant modes), resulting in an effective lowering of the

resonator Q.

[00304] For applications where the low-loss inductive element or the external circuit,

may exhibit variations, the matching circuit may need to be adjusted dynamically to match the

inductive element to the external circuit impedance, Z,, at the desired frequency,/ Since there

may typically be two tuning objectives, matching or controlling both the real and imaginary part

of the impedance level, Zp, at the desired frequency, f; there may be two variable elements in the

matching circuit. For inductive elements, the matching circuit may need to includeat least one

variable capacitive element.

[00305] <A low-loss inductive element may be matched by topologies using two

variable capacitors, or two networks ofvariable capacitors. A variable capacitor may, for

example, be a tunable butterfly-type capacitor having, e.g., a center terminal for connection to a

groundor other lead of a power source or load, and at least one other terminal across which a

capacitance of the tunable butterfly-type capacitor can be varied or tuned, or any other capacitor

having a user-configurable, variable capacitance.

[00306] <A low-loss inductive element may be matched by topologies using one, or a

network of, variable capacitor(s) and one, or a network of, variable inductor(s).

[00307] <A low-loss inductive element may be matched by topologies using one, or a

networkof, variable capacitor(s) and one, or a network of, variable mutual inductance(s), which

transformer-couple the inductive element either to an external circuit or to other systems.

[00308] In some cases, it may be difficult to find or implement tunable lumped

elements with size, cost and performance specifications sufficient to realize high-Q, high-power,

and potentially high-speed, tunable resonator designs. The topology of the circuit matching a

variable inductive element to an external circuit may be designed so that some ofthe variability

is assigned. to the external circuit by varying the frequency, amplitude, phase, waveform, duty

cycle, and the like, of the drive signals applied to transistors, diodes, switches and the like, in the

external circuit.

[00309] The variations in resistance, R, and inductance, L, of an inductive element at

the resonant frequency maybe only partially compensated or not compensated at all. Adequate

system performance may thus be preserved by tolerances designed into other system components
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or specifications. Partial adjustments, realized using fewer tunable components or less capable

tunable components, maybe sufficient.

[00310] Matching-circuit architectures may be designed that achieve the desired

variability of the impedance matching circuit under high-power conditions, while minimizing the

voltage/current rating requirements on its tunable elements and achieving a finer (i.e. more

precise, with higher resolution) overall tunability. The topology of the circuit matching a variable

inductive element to an impedance, Zp), may include appropriate combinations and placements of

fixed and variable elements, so that the voltage/current requirements for the variable components

may be reduced and the desired tuning range may be covered with finer tuning resolution. The

voltage/current requirements may be reduced on components that are not variable.

[00311] The disclosed impedance matching architectures and techniques may be used

to achieve the following:

e To maximize the powerdelivered to, or to minimize impedance mismatches between, the

source low-loss inductive elements (and any other systems wirelessly coupled to them)

from the power driving generators.

e To maximize the power delivered from, or to minimize impedance mismatches between,

the device low-loss inductive elements (and any other systems wirelessly coupled to

them) to the power driven loads.

e To deliver a controlled amount of powerto, or to achieve a certain impedance

relationship between, the source low-loss inductive elements (and any other systems

wirelessly coupled to them) from the powerdriving generators.

e To deliver a controlled amount ofpower from, or to achieve a certain impedance

relationship between, the device low-loss inductive elements (and any other systems

wirelessly coupled to them) to the powerdriven loads.

[00312] TOPOLOGIES FOR PRESERVATION OF MODE PROFILE (HIGH-Q)

[00313] The resonator structure may be designed to be connected to the generator or

the load wirelessly Gndirectly) or with a hard-wired connection (directly).

[00314] Consider a general indirectly coupled matching topology such as that shown

by the block diagram in Fig. 28(a). There, an inductive element 2802 , labeled as (R,L) and

represented by the circuit symbol for an inductor, may be any of the inductive elements

discussed in this disclosure or in the references provided herein, and where an impedance-
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matching circuit 2402 includes or consists of parts A and B. B maybethe part of the matching

circuit that connects the impedance 2804 , Z,, to the rest of the circuit (the combination ofA and

the inductive clement (A+(R,Z)) via a wireless connection (an inductive or capacitive coupling

mechanism).

[00315] The combination of A and the inductive element 2802 may form a resonator

102, which in isolation may support a high-Q resonator electromagnetic mode, with an

associated current and charge distribution. The lack of a wired connection between the external

circuit, Z) and B, and the resonator, A + (&,L), may ensure that the high-Q resonator

electromagnetic mode andits current/charge distributions may take the form ofits intrinsic (in-

isolation) profile, so long as the degree of wireless coupling is not too large. That is, the

electromagnetic mode, current/charge distributions, and thus the high-Q of the resonator may be

automatically maintained using an indirectly coupled matching topology.

[00316] This matching topology maybe referred to as indirectly coupled, or

transformer-coupled, or inductively-coupled, in the case where inductive coupling is used

between the external circuit and the inductor loop. This type of coupling scenario was used to

couple the power supply to the source resonator and the device resonator to the light bulb in the

demonstration of wireless energy transfer over mid-range distances described in the referenced

Sciencearticle.

[00317] Next consider examples in which the inductive element may include the

inductive element and any indirectly coupled systems. In this case, as disclosed above, and again

because of the lack of a wired connection between the external circuit or the coupled systems and

the resonator, the coupled systems may not, with good approximation for not-too-large degree of

indirect coupling, affect the resonator electromagnetic modeprofile and the current/charge

distributions of the resonator. Therefore, an indirectly-coupled matching circuit may work

equally well for any general inductive element as part of a resonator as well as for inductive

elements wirelessly-coupled to other systems, as defined herein. Throughoutthis disclosure, the

matching topologies we disclose refer to matching topologies for a general inductive element of

this type, that is, where any additional systems maybe indirectly coupled to the low-loss

inductive element, and it is to be understood that those additional systems do not greatly affect

the resonator electromagnetic modeprofile and the current/charge distributions of the resonator.
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[00318] Based on the argument above, in a wireless power transmission system of any

number of coupled source resonators, device resonators and intermediate resonators the wireless

magnetic (inductive) coupling between resonators docs not affect the electromagnetic mode

profile and the current/charge distributions of each one of the resonators. Therefore, when these

resonators have a high (unloaded and unperturbed) Q, their (unloaded and unperturbed) Q may

be preserved in the presence of the wireless coupling. (Note that the loaded Q of a resonator may

be reduced in the presence of wireless coupling to another resonator, but we may beinterested in

preserving the unloaded Q, which relates only to loss mechanismsand not to coupling/loading

mechanisms.)

[00319] Consider a matching topology such as is shownin Fig. 28(b). The capacitors

shownin Fig. 28(b) may represent capacitor circuits or networks. The capacitors shown may be

used to form the resonator 102 and to adjust the frequency and/or impedanceof the source and

device resonators. This resonator 102 may be directly coupled to an impedance, Zo, using the

ports labeled “terminal connections” 2808. Fig. 28(c) shows a generalized directly coupled

matching topology, where the impedance-matching circuit 2602 includes or consists of parts A,

B and C.Here, circuit elements in A, B and C may beconsidered part of the resonator 102 as

well as part of the impedance matching 2402 (and frequency tuning) topology. B and C may be

the parts of the matching circuit 2402 that connect the impedance Z» 2804 (or the network

terminals) to the rest of the circuit (A and the inductive element) via a single wire connection

each. Note that B and C could be empty (short-circuits). Ifwe disconnect or open circuit parts B

and C (namely those single wire connections), then, the combination ofA and the inductive

element (R,L) may form the resonator.

[00320] The high-Q resonator electromagnetic mode may be such that the profile of

the voltage distribution along the inductive element has nodes, namely positions where the

voltage is zero. One node may be approximately at the center of the length of the inductive

element, such as the center of the conductor used to form the inductive element, (with or without

magnetic materials) and at least one other node may be within A. The voltage distribution may

be approximately anti-symmetric along the inductive element with respect to its voltage node. A

high Q may be maintained by designing the matching topology (A, B, C) and/or the terminal

voltages (V1, V2) so that this high-Q resonator electromagnetic modedistribution may be

approximately preserved on the inductive element. This high-Q resonator electromagnetic mode
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distribution may be approximately preserved on the inductive element by preserving the voltage

node (approximately at the center) of the inductive element. Examples that achieve these design

goals arc provided hercin.

[00321] A,B, and C maybe arbitrary (namely not having any special symmetry), and

V1 and V2 may be chosen so that the voltage across the inductive element is symmetric (voltage

node at the center inductive). These results may be achieved using simple matchingcircuits but

potentially complicated terminal voltages, because a topology-dependent common-modesignal

(V1+¥V2)/2 may be required on both terminals.

[00322] Consider an ‘axis’ that connects all the voltage nodes of the resonator, where

again one nodeis approximately at the center of the length of the inductive element and the

others within A. (Note that the ‘axis’ is really a set of points (the voltage nodes) within the

electric-circuit topology and may not necessarily correspond to a linear axis of the actual

physical structure. The ‘axis’ may align with a physical axis in cases where the physical structure

has symmetry.) Two points of the resonator are electrically symmetric with respect to the ‘axis’,

if the impedances seen between each of the two points and a point on the ‘axis’, namely a

voltage-node point of the resonator, are the same.

[00323] BandCmay be the same (C=B), and the two terminals may be connected to

any two points of the resonator (A + (R,L)) that are electrically symmetric with respect to the

‘axis’ defined above and driven with opposite voltages (V2=-V1) as shownin Fig. 28(d). The

two electrically symmetric points of the resonator 102 may be twoelectrically symmetric points

on the inductor loop. The two electrically symmetric points of the resonator may be two

electrically symmetric points inside A. If the two electrically symmetric points, (to which each of

the equal parts B and C is connected), are inside A, A may need to be designed so that these

electrically-symmetric points are accessible as connection points within the circuit. This

topology may be referred to as a ‘balanced drive’ topology. These balanced-drive examples may

have the advantage that any common-modesignal that may be present on the ground line, due to

perturbations at the external circuitry or the power network, for example, may be automatically

rejected (and may not reach the resonator). In some balanced-drive examples, this topology may

require more components than other topologies.

[00324] In other examples, C may be chosento be a short-circuit and the

corresponding terminal to be connected to ground (V=0) and to any point on the electric-
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symmetry (zero-voltage) ‘axis’ of the resonator, and B to be connected to any other point of the

resonator not on the electric-symmetry ‘axis’, as shown in Fig. 28(e). The ground-connected

point on the clectric-symmctry ‘axis’ may be the voltage node on the inductive clement,

approximately at the center of its conductor length. The ground-connected point on the electric-

symmetry ‘axis’ may be inside the circuit A. Where the ground-connected point on the electric-

symmetry ‘axis’ is inside A, A may need to be designed to include one such point on the

electrical-symmetric ‘axis’ that is electrically accessible, namely where connection is possible.

[00325] This topology maybereferred to as an ‘unbalanced drive’ topology. The

approximately anti-symmetric voltage distribution of the electromagnetic mode along the

inductive element may be approximately preserved, even though the resonator may not be driven

exactly symmetrically. The reason is that the high Q and the large associated R-vs.-Zo mismatch

necessitate that a small current may run through B and ground, comparedto the much larger

current that may flow inside the resonator, (A+(R,L)). In this scenario, the perturbation on the

resonator mode may be weak andthe location of the voltage node maystay at approximately the

center location of the inductive element. These unbalanced-drive examples may have the

advantage that they may be achieved using simple matching circuits and that there is no

restriction on the driving voltage at the V1 terminal. In some unbalanced-drive examples,

additional designs may be required to reduce common-modesignals that may appearat the

ground terminal.

[00326] The directly-coupled impedance-matching circuit, generally including or

consisting ofparts A, B and C, as shown in Fig. 28(c), may be designed so that the wires and

components of the circuit do not perturb the electric and magnetic field profiles of the

electromagnetic mode of the inductive element and/or the resonator and thus preserve the high

resonator Q. The wires and metallic components of the circuit may be oriented to be

perpendicular to the electric field lines of the electromagnetic mode. The wires and components

of the circuit may be placed in regions where the electric and magnetic field of the

electromagnetic mode are weak.

[00327] TOPOLOGIES FOR ALLEVIATING LOW-SERIES-LOSS AND HIGH-CURRENT-RATING
 

REQUIREMENTS ON ELEMENTS

[00328] Ifthe matching circuit used to match a small resistance, R, of a low-loss

inductive element to a larger characteristic impedance, Z,, of an external circuit may be
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considered lossless, then /7 Z, =1,R <> 1, /1,=.R/Z, and the current flowing through the

terminals is much smaller than the current flowing through the inductive element. Therefore,

elements connected immediately in series with the terminals (such as in directly-coupled B, C

(Fig. 28(c))) may not carry high currents. Then, even if the matching circuit has lossy elements,

the resistive loss present in the elements in serics with the terminals may not result in a

significant reduction in the high-Q of the resonator. That is, resistive loss in those series elements

may not significantly reduce the efficiency of power transmission from Z;, to the inductive

element or vice versa. Therefore, strict requirements for low-series-loss and/or high current-

ratings may not be necessary for these components. In gencral, such reduced requirements may

lead to a wider selection of components that may be designed into the high-Q and/or high-power

impedance matching and resonator topologics. These reduced requirements may be especially

helpful in expanding the variety of variable and/or high voltage and/or low-parallel-loss

components that may be used in these high-Q and/or high-power impedance-matching circuits.

[00329] TOPOLOGIES FOR ALLEVIATING LOW-PARALLEL-LOSS AND HIGH-VOLTAGE-

RATING REQUIREMENTS ON ELEMENTS

[00330] If, as above, the matching circuit used to match a small resistance, R, of a low-

loss inductive clement to a larger charactcristic impedance, Zo, of an cxtcrnal circuit is losslcss,

then using the previous analysis,

Me, Vroat Fl 12,2. UnR+ IX) fR/Z,-Z,/X = fZ,/RI(X/R),

and, for a low-loss (high-X/R) inductive element, the voltage across the terminals may be

typically much smaller than the voltage across the inductive element. Therefore, elements

connected immediately in parallel to the terminals may not need to withstand high voltages.

Then, even if the matching circuit has lossy elements, the resistive loss present in the clements in

parallel with the terminals may not result in a significant reduction in the high-Q of the

resonator. That is, resistive loss in those parallel clements may not significantly reduce the

efficiency ofpower transmission from Z, to the inductive element or vice versa. Therefore,strict

requirements for low-parallcl-loss and/or high voltage-ratings may not be necessary for these

components. In general, such reduced requirements may lead to a wider selection of components

that may be designed into the high-Q and/or high-power impedance matching and resonator

topologies. These reduced requirements may be especially helpful in expanding the variety of
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variable and/or high current and/or low-series-loss components that may be used in these high-QO

and/or high-power impedance-matching and resonator circuits.

[00331] Notc that the design principles above may reduce currents and voltages on

various elements differently, as they variously suggest the use of networks in series with Zo (such

as directly-coupled B, C) or the use of networksin parallel with Zo. The preferred topology for a

given application may depend on the availability of low-series-loss/high-current-rating or low-

parallel-loss/high-voltage-rating elements.

[00332] COMBINATIONS OF FIXED AND VARIABLE ELEMENTS FOR ACHIEVING FINE

TUNABILITY AND ALLEVIATING DIGU-RATING REQUIREMENTS ON VARIABLE ELEMENTS

[00333] Circuit topologies

[00334] Variable circuit elements with satisfactory low-loss and high-voltage or

current ratings may be difficult or expensive to obtain. In this disclosure, we describe

impedance-matching topologies that may incorporate combinations of fixed and variable

elements, such that large voltages or currents may be assignedto fixed elements in the circuit,

which may be more likely to have adequate voltage and current ratings, and alleviating the

voltage and current rating requirements on the variable elements in the circuit.

[00335] Variable circuit elements may havetuning ranges larger than those required

by a given impedance-matching application and, in those cases, fine tuning resolution may be

difficult to obtain using only such large-range elements. In this disclosure, we describe

impedance-matching topologies that incorporate combinations ofboth fixed and variable

elements, such that finer tuning resolution may be accomplished with the same variable

elements.

[00336] Therefore, topologies using combinations of both fixed. and variable elements

may bring two kinds of advantages simultaneously: reduced voltage across, or current through,

sensitive tuning components in the circuit and finer tuning resolution. Note that the maximum

achievable tuning range may be related to the maximum reduction in voltage across, or current

through, the tunable components in the circuit designs.

[00337] Elementtopologies

[00338] A single variable circuit-element (as opposed to the network of elements

discussed above) may be implemented by a topology using a combination of fixed and variable

components, connected in series or in parallel, to achieve a reduction in the rating requirements
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of the variable components and a finer tuning resolution. This can be demonstrated

mathematically by the fact that:

If Moral = X  prvedl| + Xivartable| >
then Ax,|‘otal| / Xiotai| = AXcatiable / (%joved + Xvariable| ) 9

and x / xX = Xvariable / CXiced + Xvesiabte ) ?variable total

where Xubscripi| 1S any clement valuc (c.g. capacitance, inductance), X is voltage or current, and

the “+ sign” denotes the appropriate (series-addition or parallel-addition) combination of

elements. Note that the subscript format for Xjsubscrip|, is chosen to easily distinguish it from the

radius of the area enclosed by a circular inductive element(e.g. x, x7, etc.).

[00339] Furthermore, this principle may be used to implementa variable electric

elementof a certain type (e.g. a capacitance or inductance) by using a variable element of a

different type, if the latter is combined appropriately with other fixed clements.

[00340] Inconclusion, one may apply a topology optimization algorithm that decides

on the required number, placement, type and values of fixed and variable elements with the

required tunable range as an optimization constraint and the minimization of the currents and/or

voltages on the variable clements as the optimization objective.

[00341] EXAMPLES

[00342] In the following schematics, we show different specific topology

implementations for impedance matching to and resonator designs for a low-loss inductive

clement. In addition, we indicate for cach topology: which of the principles described above arc

used, the equations giving the values of the variable elements that may be used to achieve the

matching, and the range of the complex impedances that may be matched (using both

inequalities and a Smith-chart description). For these examples, we assume that Z, is real, but an

extension to a charactcristic impedance with a non-zcro imaginary part is straightforward,asit

implies only a small adjustment in the required values of the components of the matching

network. Wewill use the convention that the subscript, 7, on a quantity implies normalization to

(division by) Zo.

[00343] Fig. 29 shows two examplesof a transformer-coupled impedance-matching

circuit, where the two tunable elements are a capacitor and the mutual inductance between two

Momentum Dynamics Corporation
Exhibit 1002

Page 1046



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1047

WO 2010/093997 PCT/US2010/024199

inductive elements. If we define respectively X2=wLz2 for Fig. 29(a) and X2=wL2-1/wCz for Fig.

29(b), and X = wL, then the required values of the tunable elements are:

1

— X+RX.2n

oM =/Z,RA+X2).

aC,

For the topology of Fig. 29(b), an especially straightforward design may be to choose X2=0. In

that casc, thesc topologics may match the impedancessatisfying the incqualitics:

R,>0, X,>0,

which are shownby the area enclosed by the bold lines on the Smith chart of Fig. 29(c).

[00344] Givenawell pre-chosen fixed M, one can also use the above matching

topologies with a tunable C2 instead.

[00345] Fig. 30 shows six examples(a)-(f) of directly-coupled impedance-matching

circuits, where the two tunable elements are capacitors, and six examples (h)-(m) of directly-

coupled impedance-matching circuits, where the two tunable elements are one capacitor and one

inductor. For the topologies of Figs. 30(a),(b),(c),(h),(i),(), a common-mode signal may be

required at the two terminals to preserve the voltage node of the resonator at the center of the

inductive element and thus the high Q. Note that these examples may be described as

implementations of the general topology shownin Fig. 28(c). For the symmetric topologies of

Figs. 30(d),(e),(f),(k),C),(m), the two terminals may need to be driven anti-symmetrically

(balanced drive) to preserve the voltage node of the resonator at the center of the inductive

element and thus the high Q. Note that these examples may be described as implementations of

the general topology shown in Fig. 28(d). It will be appreciated that a network of capacitors, as

used herein, may in general refer to any circuit topology including one or more capacitors,

including without limitation any of the circuits specifically disclosed herein using capacitors, or

any other equivalent or different circuit structure(s), unless another meaningis explicitly

provided or otherwise clear from the context.

[00346] Let us define respectively Z=R+jaL for Figs. 30(a),(d),(h),(k),

Z=R+j0L+1/@C;for Figs. 30(b),(e),(@),(), and Z=(R+j@L)||(1/joCs) for Figs. 30(c),(),G),(m),
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where the symbol“|” means“the parallel combination of’, and then R =Rce{Z}, X =Im{Z}.

Then, for Figs.30(a)-(f) the required values of the tunable elements may be given by:

Xx ~Jx?R, —R°(1-R,)
OR

R, eC,

1-XaC,—R,’

°

aoc, =

and these topologies can match the impedancessatisfying the inequalities:

R, <1, Xx, 2 VR, C1-&,)

which are shownby the area enclosed by the bold lines on the Smith chart of Fig. 30(g).

For Figs.30(h)-(m) the required values of the tunable elements may be given by:

X +4X7?R,—R°(1-R,)
OOaR

_1-Xa@C,—R,
R,aG, ,

°

aL, =

[00347] Fig. 31 shows three examples(a)-(c) of directly-coupled impedance-matching

circuits, where the two tunable elements are capacitors, and three examples (e)-(g) of directly-

coupled impedance-matching circuits, where the two tunable elements are one capacitor and one

inductor. For the topologies of Figs. 31(a),(b),(c),(e),(f),(g), the ground terminal is connected

between two equal-value capacitors, 2C,, (namely on the axis of symmetry of the main

resonator) to preserve the voltage node of the resonatorat the center of the inductive element and

thus the high Q. Note that these examples may be described as implementations of the general

topology shown in Fig. 28(c).

[00348] Let us define respectively Z=R+joL for Figs. 31(a),(e), Z=R+}@L+1/joC;for

Figs. 31(b),(), and Z=(R+joL)||U4@C;) for Fig. 31(c),(g), and then R=Re{Z}, X¥ =Im{Z}.

Then, for Figs.31(a)-(c) the required valucs of the tunable clements may be given by:
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x5PR, —R*(4-R,)
aC, = :

' X? +R?

 

RaC, _— nat, ;
1-XYal _*,

2

 

and these topologies can match the impedancessatisfying the inequalities:

R,<1, x,>|* -e-r)
1-R,

which are shownbythe area enclosed by the bold lines on the Smith chart of Fig. 31(d).

For Figs.31(e)-(g) the required values of the tunable elements may be given by:

Xi SYR, RGR)
wC, =—2—_________,

 

 

X?4R

1- Xa, - R,
@Ll, =— 2

° Re,

[00349] Fig. 32 shows three examples(a)-(c) of directly-coupled impedance-matching

circuits, where the two tunable clements are capacitors, and three examples (c)-(g) of directly-

coupled impedance-matching circuits, where the two tunable elements are one capacitor and one

inductor. For the topologies of Figs. 32(a),(b),(c),(c),(f),(g), the ground terminal may be

connected at the center of the inductive element to preserve the voltage node of the resonator at

that point and thus the high Q. Notc that these example may be described as implementations of

the general topology shown in Fig. 28(e).

[00350] Let us define respectively Z=R+j@L for Fig. 32(a), Z=R+joL+1/4@Cs;for Fig.

32(b), and Z=(R+j@L)||\(14j@Cs) for Fig. 32(c), and then R =Re{Z}, X =Im{Z}. Then, for

Figs.32(a)-(c) the required values of the tunable elements may be given by:
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2 2

yy [RH2R?2-R,)
4—-R,

eC, = ——____4—_—_7 X?+R

Ral.
oC, =—______,

1-Xa - R, + R,X@C,
2° 21+k)

’

 

where &is defined by Af’ =—kL’, where L' is the inductance of each half of the inductor loop

and Af‘ is the mutual inductance betweenthe two halves, and these topologies can match the

impedancessatisfying the inequalities:

R,<2, X,>J2R,(2-R,)

which are shownby the area enclosed by the bold lines on the Smith chart of Fig. 32(d).

For Figs.32(e)-(g) the required values of the tunable elements may be given by:

2 2

yy [OR = 22’2-R,)
4—R,

oC, =$$
X? +R

’

[00351] Inthe circuits of Figs. 30, 31, 32, the capacitor, C2, or the inductor, La, is (or

the two capacitors, 2C2, or the two inductors, L2/2, arc) in scrics with the terminals and may not

need to have very low series-loss or withstand a large current.

[00352] Fig. 33 shows six examples(a)-(f) of directly-coupled impedance-matching

circuits, where the two tunable elements are capacitors, and six examples (h)-(m)ofdirectly-

coupled impedance-matching circuits, where the two tunable clements are onc capacitor and onc

inductor. For the topologies of Figs. 33(a),(b),(c),(h),(i),Q), a common-modesignal may be

required at the two terminals to preserve the voltage node of the resonator at the center of the

inductive element and thus the high Q. Note that these examples may be described as

implementations of the gencral topology shown in Fig. 28(c), where B and C are short-circuits

and A is not balanced. For the symmetric topologies of Figs. 33(d),(e),(f),(k),(D),(m), the two

terminals may need to be driven anti-symmetrically (balanced drive) to preserve the voltage node
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of the resonator at the center of the inductive element and thus the high Q. Note that these

examples may be described as implementations of the general topology shown in Fig. 28(d),

where B and C arc short-circuits and A is balanccd.

[00353] Let us define respectively Z=R+jo@L for Figs. 33(a),(d),(h),(k),

Z=R+joL+1/joCs for Figs. 33(b),(e),(@),(), and Z=(R+j@L)||(1/joCs3) for Figs. 33(c),().q),(m),

and then R=Re{Z}, X =Im{Z}. Then,for Figs.33(a)-(f) the required values of the tunable

elements may be given by:

1
oC, ==.,

'  X-Z,JR,0-R,)

oc, -2 [4_4.
“ Z2ONR° n

and these topologics can match the impedancessatisfying the incqualitics:

R,<1, X,>JR,0—R,)

which are shownbythe area enclosed by the bold lines on the Smith chart of Fig. 33(g).

For Figs.35(h)-(m) the required values of the tunable elements may be given by:

1
oC, =——_———.,,

'  X+Z,4R,0-R,)
Z

oL, = 7
—-]
Rn

[00354] Fig. 34 showsthree examples (a)-(c) of directly-coupled impedance-matching

circuits, where the two tunable elements are capacitors, and three examples (e)-(g) of directly-

coupled impedance-matching circuits, where the two tunable elements are one capacitor and one

inductor. For the topologies of Figs. 34(a),(b),(c),(e),(f),(g), the ground terminal is connected

between two cqual-valuc capacitors, 2C2, (namcly on the axis of symmetry of the main

resonator) to preserve the voltage node of the resonator at the center of the inductive element and
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thus the high Q. Note that these examples may be described as implementations of the general

topology shown in Fig. 28(e).

[00355] Let us define respectively Z=R+jwL for Fig. 34(a),(c), Z=R+j@L+1/4wCs for

Fig. 34(b),(f), and Z=(R+j@L)||\(1/j@Cs) for Fig. 34(c),(g), and then R=Re{Z}, X¥ =Im{Z}.

Then, for Figs.34(a)-(c) the required values of the tunable elements may be given by:

1

OG = 1-R °
xX-z,pp2-R)

wc,- 2. [Ea.
2Z, VR

and these topologies can match the impedancessatisfying the inequalities:

R,<1, X,>.|*% @-R)
1-R,

which are shownbythe area enclosed by the bold lines on the Smith chart of Fig. 34(d).

For Figs.34(¢)-(g) the required values of the tunable elements may be given by:

 

1

oa = 1-R ’
X+Z, |-—"(2-R,)

R,

22

aL, = Tr .
—-1
R

[00356] Fig. 35 shows three examples of directly-coupled impedance-matching

circuits, where the two tunable elements are capacitors. For the topologies of Figs. 35, the

ground terminal may be connected at the center of the inductive element to preserve the voltage

node of the resonator at that point and thus the high Q. Note that these cxamples may be

described as implementations of the general topology shown in Fig. 28(e).
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[00357] Let us define respectively Z=R+j@L for Fig. 35(a), Z=R+j@L+1/j@C; for Fig.

35(b), and Z=(R+j@L)||(1/j@Cs) for Fig. 35(c), and then R =Re{Z}, X =Im{Z}. Then, the

required values of the tunable elements may be given by:

2
we,=$<,

X(1+a)-JZ,RA-R,)+a7)

oC, =——__—_____,
X(l+a)+JZ,R(4—R,+a’)

 
R

2Z,-R 1+k

half of the inductive element and AZ’ is the mutual inductance between the two halves. These

topologics can match the impedancessatisfying the incqualitics:

where a =
 

and k is defined by M7’ =—kL’, where L' is the inductance of each

R,<2&@2<R <4,
y

y > [RG ARIA-R)
Ft 2-YR,

where

16k +k
=——_ <l

PTS DRL 

which are shownbythe area enclosed by the bold lines on the three Smith charts shownin Fig.

35(d) for k=0, Fig. 35(e) for k=0.05, and. Fig. 35(f) for k=1. Note that for 0<k<1 there are two

disconnected regions of the Smith chart that this topology can match.

[00358] In the circuits of Figs. 33, 34, 35, the capacitor, C2, or the inductor, Lz, is (or

oneof the two capacitors, 2C2, or one of the two inductors, 2L2, are) in parallel with the

terminals and thus may not necd to have a high voltage-rating. In the case of two capacitors, 2C2,

or two inductors, 2L2, both may not need to have a high voltage-rating, since approximately the

same current flows through them and thus they cxpcricnce approximatcly the same voltage

across them.

[00359] For the topologies of Figs. 30-35, where a capacitor, C3, is used, the use of the

capacitor, C3, may lead to finer tuning of the frequency and the impedance.For the topologies of
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Figs. 30-35, the use of the fixed capacitor, C3, in series with the inductive element may ensure

that a large percentage of the high inductive-element voltage will be acrossthis fixed capacitor,

C3, thus potentially alleviating the voltage rating requirements for the othcr clements of the

impedance matchingcircuit, some of which may bevariable. Whether or not such topologies are

preferred depends onthe availability, cost and specifications of appropriate fixed and tunable

components.

[00360] ‘In all the above examples, a pair of equal-value variable capacitors without a

common terminal may be implemented using ganged-type capacitors or groups or arrays of

varactors or diodes biased and controlled to tune their values as an ensemble. A pair of equal-

value variable capacitors with one common terminal can be implemented using a tunable

butterfly-type capacitor or any other tunable or variable capacitor or group or array of varactors

or diodes biased and controlled to tune their capacitance values as an ensemble.

[00361] Another criterion which may be considered upon the choice of the impedance

matching network is the response of the network to different frequencies than the desired

operating frequency. The signals generated in the external circuit, to which the inductive element

is coupled, may not be monochromatic at the desired frequency but periodic with the desired

frequency, as for example the driving signal of a switching amplifier or the reflected signal of a

switching rectifier. In some such cases, it may be desirable to suppress the amountof higher-

order harmonics that enter the inductive element (for example, to reduce radiation of these

harmonics from this element). Then the choice of impedance matching network may be onethat

sufficiently suppresses the amount of such harmonics that enters the inductive element.

[00362] The impedance matching network may be such that the impedance seen by the

external circuit at frequencies higher than the fundamental harmonic is high, when the external

periodic signalis a signal that can be considered to behave as a voltage-source signal (such as the

driving signal of a class-D amplifier with a series resonant load), so that little current flows

through the inductive element at higher frequencies. Among the topologies of Figs. 30-35, those

which use an inductor, L2, may then be preferable, as this inductor presents a high impedanceat

high frequencies.

[00363] The impedance matching network may be such that the impedance seen by the

external circuit at frequencies higher than the fundamental harmonic is low, when the external

periodic signal is a signal that can be considered to behave as a current-source signal, so that
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little voltage is induced across the inductive element at higher frequencies. Among the topologies

of Figs. 30-35, those which use a capacitor, C2, are then preferable, as this capacitor presents a

low impcdanceat high frequcncics.

[00364] Fig. 36 shows four examples of a variable capacitance, using networks of one

variable capacitor and the rest fixed capacitors. Using these network topologies, fine tunability of

the total capacitance value may be achieved. Furthermore,the topologies of Figs. 36(a),(c),(d),

may be used to reduce the voltage across the variable capacitor, since most of the voltage may be

assigned acrossthe fixed capacitors.

[00365] Fig. 37 shows two examplesof a variable capacitance, using networks of one

variable inductor and fixed capacitors. In particular, these networks may provide

implementations for a variable reactance, and, at the frequency of interest, values for the variable

inductor may be used suchthat each network corresponds to a net negative variable reactance,

which maybe effectively a variable capacitance.

[00366] Tunable elements such as tunable capacitors and tunable inductors may be

mechanically-tunable, electrically-tunable, thermally-tunable and the like. The tunable elements

may be variable capacitors or inductors, varactors, diodes, Schottky diodes, reverse-biased PN

diodes, varactor arrays, diode arrays, Schottky diode arrays andthe like. The diodes may be Si

diodes, GaN diodes, SiC diodes, and the like. GaN and SiC diodes may be particularly attractive

for high powerapplications. The tunable elements may be electrically switched capacitor banks,

electrically-switched mechanically-tunable capacitor banks, electrically-switched varactor-array

banks, electrically-switched transformer-coupled inductor banks, and the like. The tunable

elements may be combinations of the elements listed above.

[00367] As described above, the efficiency of the power transmission between coupled

high-Q magnetic resonators may be impacted by how closely matched the resonators are in

resonant frequency and how well their impedances are matched to the power supplies and power

consumers in the system. Because a variety of external factors including the relative position of

extraneous objects or other resonators in the system, or the changing of thoserelative positions,

may alter the resonant frequency and/or input impedance of a high-Q magnetic resonator, tunable

impedance networks may be required to maintain sufficient levels of power transmission in

various environments or operating scenarios.
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[00368] The capacitance values of the capacitors shown may be adjusted to adjust the

resonant frequency and/or the impedance of the magnetic resonator. The capacitors may be

adjusted clectrically, mechanically, thermally, or by any other known methods. They may be

adjusted manually or automatically, such as in response to a feedback signal. They may be

adjusted to achieve certain power transmission efficiencies or other operating characteristics

between the power supply and the power consumer.

[00369] The inductance values of the inductors and inductive elements in the resonator

may be adjusted to adjust the frequency and/or impedance of the magnetic resonator. The

inductance may be adjusted using coupled circuits that include adjustable components such as

tunable capacitors, inductors and switches. The inductance may be adjusted using transformer

coupled tuning circuits. The inductance may be adjusted by switching in and out different

sections of conductor in the inductive elements and/or using ferro-magnetic tuning and/or mu-

tuning, and the like.

[00370] The resonant frequency of the resonators may be adjusted to or may be

allowed to change to lower or higher frequencies. The input impedance of the resonator may be

adjusted to or may be allowed to changeto lower or higher impedance values. The amount of

powerdelivered by the source and/or received by the devices may be adjusted to or may be

allowed to change to loweror higher levels ofpower. The amount of power delivered to the

source and/or received by the devices from the device resonator may be adjusted to or may be

allowed to change to loweror higher levels ofpower. The resonator input impedances, resonant

frequencies, and powerlevels may be adjusted depending on the power consumer or consumers

in the system and depending on the objects or materials in the vicinity of the resonators. The

resonator input impedances, frequencies, and power levels may be adjusted manually or

automatically, and may be adjusted in response to feedback or control signals or algorithms.

[00371] Circuit elements may be connecteddirectly to the resonator, that is, by

physical electrical contact, for example to the ends of the conductor that forms the inductive

element and/or the terminal connectors. The circuit elements may be soldered to, welded to,

crimped to, glued to, pinched to, or closely position to the conductor or attached using a variety

of electrical components, connectors or connection techniques. The power supplies and the

power consumers may be connected to magnetic resonators directly or indirectly or inductively.
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Electrical signals may be supplied to, or taken from, the resonators through the terminal

connections.

[00372]  Itis to be understood by onc of ordinary skill in the art that in real

implementationsof the principles described herein, there may be an associated tolerance, or

acceptable variation, to the values of real components (capacitors, inductors, resistors and the

like) from the values calculated via the herein stated equations, to the values of real signals

(voltages, currents and the like) from the values suggested by symmetry or anti-symmetry or

otherwise, and to the values of real geometric locations of points (such as the point of connection

of the ground terminal close to the center of the inductive elementor the ‘axis’ points and the

like) from the locations suggested by symmetry or otherwise.

[00373] Examples

[00374] SYSTEM BLOCK DIAGRAMS

[00375] Wedisclose examples of high-Q resonators for wireless power transmission

systems that may wirelessly power or charge devices at mid-range distances. High-Q resonator

wireless power transmission systems also may wirelessly power or charge devices with magnetic

resonators that are different in size, shape, composition, arrangement, and the like, from any

source resonators in the system.

[00376] Fig. 1(a)(b) showshigh level diagrams of two exemplary two-resonator

systems. These exemplary systems each have a single source resonator 102S or 1048S and a

single device resonator 102D or 104D.Fig. 38 showsa high level block diagram of a system

with a few more features highlighted. The wirelessly powered or charged device 2310 may

include or consist of a device resonator 102D, device power and control circuitry 2304, and the

like, along with the device 2308 or devices, to which either DC or AC or both AC and DC power

is transferred. The energy or power source for a system may include the source power and

control circuitry 2302, a source resonator 1028S, and the like. The device 2308 or devices that

receive power from the device resonator 102D and powerand control circuitry 2304 may be any

kind of device 2308 or devices as described previously. The device resonator 102D and circuitry

2304 delivers powerto the device/devices 2308 that may be used to recharge the battery of the

device/devices, power the device/devices directly, or both when in the vicinity of the source

resonator 1028S.
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[00377] The source and device resonators may be separated by many meters or they

may be very close to each other or they may be separated by any distance in between. The source

and device resonators may be offsct from cach otherlatcrally or axially. The source and device

resonators may be directly aligned (nolateral offset), or they may be offset by meters, or

anything in between. The source and device resonators may be oriented so that the surface areas

enclosed by their inductive elements are approximately parallel to each other. The source and

device resonators may be oriented so that the surface areas enclosed by their inductive elements

are approximately perpendicular to each other, or they may be oriented for any relative angle (0

to 360 degrees) between them.

[00378] The source and device resonators may be free standing or they may be

enclosed in an enclosure, container, sleeve or housing. These various enclosures may be

composed of almost any kind ofmaterial. Low loss tangent materials such as Teflon,

REXOLITE,styrene, and the like may bepreferable for some applications. The source and

device resonators may be integrated in the power supplies and power consumers. For example,

the source and device resonators may be integrated into keyboards, computer mice, displays, cell

phones,etc. so that they are not visible outside these devices. The source and device resonators

may be separate from the power supplies and power consumers in the system and may be

connected by a standard or custom wires, cables, connectors or plugs.

[00379] The source 102S may be powered from a number of DC or AC voltage,

current or power sources including a USB port of a computer. The source 1025 may be powered

from the electric grid, from a wall plug, from a battery, from a power supply, from an engine,

from a solar cell, from a generator, from another source resonator, and the like. The source

powerand control circuitry 2302 may include circuits and components to isolate the source

electronics from the powersource, so that any reflected poweror signals are not coupled out

through the source input terminals. The source power and control circuits 2302 may include

powerfactor correction circuits and may be configured to monitor power usage for monitoring

accounting,billing, control, and like functionalities.

[00380] The system may be operated bi-directionally. That is, energy or powerthatis

generated or stored in a device resonator may be fed back to a power source including the

electric grid, a battery, any kind of energy storage unit, and the like. The source power and

control circuits may include powerfactor correction circuits and may be configured to monitor
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powerusage for monitoring accounting, billing, control, and like functionalities for bi-directional

energy flow. Wireless energy transfer systems may enable or promote vehicle-to-grid (V2G)

applications.

[00381] The source and the device may have tuning capabilities that allow adjustment

of operating points to compensate for changing environmental conditions, perturbations, and

loading conditions that can affect the operation of the source and device resonators and the

efficiency of the energy exchange. The tuning capability may also be used to multiplex power

delivery to multiple devices, from multiple sources, to multiple systems, to multiple repeaters or

relays, and the like. The tuning capability may be manually controlled, or automatically

controlled and may be performed continuously, periodically, intermittently or at scheduled times

or intervals.

[00382] The device resonator and the device powerand control circuitry may be

integrated into any portion of the device, such as a battery compartment, or a device cover or

sleeve, or on a mother board, for example, and may be integrated alongside standard

rechargeable batteries or other energy storage units. The device resonator may include a device

field reshaper which may shield any combination of the device resonator elements and the device

powerand control electronics from the electromagnetic fields used for the powertransfer and

which may deflect the resonator fields away from the lossy device resonator elements as well as

the device power and control electronics. A magnetic material and/or high-conductivity field

reshaper may be used to increase the perturbed quality factor QO of the resonator and increase the

perturbed coupling factor of the source and device resonators.

[00383] The source resonator and the source power and control circuitry may be

integrated into any type of furniture, structure, mat, rug, picture frame (including digital picture

frames, electronic frames), plug-in modules, electronic devices, vehicles, and the like. The

source resonator may include a source field reshaper which may shield any combination of the

source resonator elements and the source powerand control electronics from the electromagnetic

fields used for the powertransfer and which may deflect the resonator fields away from the lossy

source resonator elements as well as the source power and control electronics. A magnetic

material and/or high-conductivity field reshaper may be used to increase the perturbed quality

factor Q of the resonator and increase the perturbed coupling factor of the source and device

resonators.
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[00384] A block diagram of the subsystemsin an example of a wirelessly powered

device is shown in Fig. 39. The power and control circuitry may be designed to transform the

alternating current power from the device resonator 102D and convert it to stable direct current

powersuitable for powering or charging a device. The power and control circuitry may be

designed to transform an alternating current power at one frequency from the device resonator to

alternating current powerat a different frequency suitable for powering or charging a device. The

powerand control circuitry may include or consist of impedance matchingcircuitry 2402D,

rectification circuitry 2404, voltage limiting circuitry (not shown), current limiting circuitry (not

shown), AC-to-DC converter 2408 circuitry, DC-to-DC converter 2408 circuitry, DC-to-AC

converter 2408 circuitry, AC-to-AC converter 2408 circuitry, battery charge control circuitry

(not shown), andthe like.

[00385] The impedance-matching 2402D network may be designed to maximize the

powerdelivered between the device resonator 102D and the device power and control circuitry

2304 at the desired frequency. The impedance matching elements may be chosen and connected

such that the high-Q of the resonators is preserved. Depending on the operating conditions, the

impedance matching circuitry 2402D maybe varied or tuned to control the powerdelivered from

the source to the device, from the source to the device resonator, between the device resonator

and the device powerand control circuitry, and the like. The power, current and voltage signals

may be monitored at any point in the device circuitry and feedback algorithmscircuits, and

techniques, may be used to control components to achieve desired signal levels and system

operation. The feedback algorithms may be implemented using analog or digital circuit

techniques andthe circuits may include a microprocessor, a digital signal processor, a field

programmable gate array processor andthelike.

[00386] The third block of Fig. 39 showsa rectifier circuit 2404 that may rectify the

AC voltage power from the device resonator into a DC voltage. In this configuration, the output

of the rectifier 2404 maybe the input to a voltage clamp circuit. The voltage clamp circuit (not

shown) maylimit the maximum voltage at the input to the DC-to-DC converter 2408D or DC-to-

AC converter 2408D.In general, it may be desirable to use a DC-to-DC/AC converter with a

large input voltage dynamic range so that large variations in device position and operation may

be tolerated while adequate poweris delivered to the device. For example, the voltage level at

the output of the rectifier may fluctuate and reach high levels as the power input and load
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characteristics of the device change. As the device performsdifferent tasks it may have varying

power demands. The changing power demands can cause high voltages at the output of the

rectificr as the load characteristics change. Likewisc as the device and the device resonator are

brought closer and further away from the source, the powerdelivered to the device resonator

may vary and cause changesin the voltage levels at the output of the rectifier. A voltage clamp

circuit may prevent the voltage output from the rectifier circuit from exceeding a predetermined

value which is within the operating range of the DC-to-DC/AC converter. The voltage clamp

circuitry may be used to extend the operating modes and ranges of a wireless energy transfer

system.

[00387] The next block of the power and control circuitry of the device is the DC-to-

DC converter 2408D that may produce a stable DC output voltage. The DC-to-DC converter

may be a boost converter, buck converter, boost-buck converter, single ended primary

inductance converter (SEPIC), or any other DC-DC topologythat fits the requirements of the

particular application. If the device requires AC power, a DC-to-AC converter may be

substituted for the DC-to-DC converter, or the DC-to-DC converter may be followed by a DC-

to-AC converter. If the device contains a rechargeable battery, the final block of the device

powerand control circuitry may be a battery charge control unit which may manage the charging

and maintenanceof the battery in battery powered devices.

[00388] The device power and control circuitry 2304 may contain a processor 2410D,

such as a microcontroller, a digital signal processor, a field programmable gate array processor, a

microprocessor, or any other type of processor. The processor may be used to read or detect the

state or the operating point of the power and control circuitry and the device resonator. The

processor may implement algorithmsto interpret and adjust the operating point of the circuits,

elements, components, subsystems and resonator. The processor maybe used to adjust the

impedance matching, the resonator, the DC to DC converters, the DC to AC converters, the

battery charging unit, the rectifier, and the like of the wirelessly powered device.

[00389] The processor may have wireless or wired data communication links to other

devices or sources and may transmit or receive data that can be used to adjust the operating point

of the system. Any combination of power, voltage, and current signals at a single, or over a range

of frequencies, may be monitored at any point in the device circuitry. These signals may be

monitored using analog or digital or combined analog and digital techniques. These monitored
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signals may be used in feedback loops or may be reported to the user in a variety of known ways

or they may be stored andretrieved at later times. These signals may be used to alert a user of

systcm failures, to indicate performance, or to provide audio, visual, vibrational, and the like,

feedback to a user of the system.

[00390] Fig. 40 shows components of source powerand control circuitry 2302 of an

exemplary wireless powertransfer system configured to supply powerto a single or multiple

devices. The source power and control circuitry 2302 of the exemplary system may be powered

from an AC voltage source 2502 such as a homeelectrical outlet, a DC voltage source such as a

battery, a USB port of a computer, a solar cell, another wireless power source, and the like. The

source powerand control circuitry 2302 may drive the source resonator 102S with alternating

current, such as with a frequency greater than 10 kHz andless than 100 MHz. The source power

and control circuitry 2302 may drive the source resonator 102S with alternating current of

frequency less than less than 10 GHz. The source powerand control circuitry 2302 may include

a DC-to-DC converter 2408S, an AC-to-DC converter 2408S, or both an AC-to-DC converter

2408S and a DC-to-DC 24088 converter, an oscillator 2508, a power amplifier 2504, an

impedance matching network 2402S, and the like.

[00391] The source power and control circuitry 2302 may be powered from multiple

AC-or-DCvoltage sources 2502 and may contain AC-to-DC and DC-to-DC converters 24085 to

provide necessary voltage levels for the circuit components as well as DC voltages for the power

amplifiers that may be used to drive the source resonator. The DC voltages may be adjustable

and may be used to control the output power level of the power amplifier. The source may

contain power factor correction circuitry.

[00392] The oscillator 2508 output may be used as the input to a power amplifier 2504

that drives the source resonator 102S. The oscillator frequency may be tunable and the amplitude

of the oscillator signal may be varied as one meansto control the output powerlevel from the

power amplifier. The frequency, amplitude, phase, waveform, and. duty cycle of the oscillator

signal may be controlled by analog circuitry, by digital circuitry or by a combination of analog

and digital circuitry. The control circuitry may include a processor 2410S, such as a

microprocessor, a digital signal processor, a field programmable gate array processor, and the

like.
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[00393] The impedance matching blocks 2402 of the source and device resonators

may be used to tune the powerand control circuits and the source and device resonators. For

cxample, tuning of these circuits may adjust for perturbation of the quality factor Q of the source

or device resonators due to extraneous objects or changes in distance between the source and

device in a system. Tuning of these circuits may also be used to sense the operating environment,

control power flow to one or more devices, to control power to a wireless power network, to

reduce power whenunsafe or failure mode conditions are detected, and the like.

[00394] Any combination ofpower, voltage, and current signals may be monitored at

any point in the source circuitry. These signals may be monitored using analog ordigital or

combined analog and digital techniques. These monitored signals may be used in feedback

circuits or may be reported to the user in a variety of known ways or they may be stored and

retrieved at later times. These signals may be usedto alert a user to system failures,to alert a

user to exceeded safety thresholds, to indicate performance,or to provide audio, visual,

vibrational, and the like, feedback to a user of the system.

[00395] The source power and control circuitry may contain a processor. The

processor may be used to read the state or the operating point of the power and control circuitry

and the source resonator. The processor may implement algorithms to interpret and adjust the

operating point of the circuits, elements, components, subsystems and resonator. The processor

may be used to adjust the impedance matching, the resonator, the DC-to-DC converters, the AC-

to-DC converters, the oscillator, the power amplifier of the source, and the like. The processor

and adjustable components of the system may be used to implement frequency and/or time

powerdelivery multiplexing schemes. The processor may have wireless or wired data

communication links to devices and other sources and may transmit or receive data that can be

used to adjust the operating point of the system.

[00396] Although detailed and specific designs are shown in these block diagrams,it

should be clear to those skilled in the art that many different modifications and rearrangements

of the components and building blocks are possible within the spirit of the exemplary system.

The division of the circuitry was outlined for illustrative purposes and it should. be clear to those

skilled in the art that the components of each block may be further divided into smaller blocks or

merged or shared. In equivalent examples the power and control circuitry may be composed of

individual discrete components or larger integrated circuits. For example, the rectifier circuitry
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may be composed ofdiscrete diodes, or use diodes integrated on a single chip. A multitude of

other circuits and integrated devices can be substituted in the design depending on designcriteria

such as poweror sizc or cost or application. The wholc of the power and control circuitry or any

portion of the source or device circuitry may be integrated into one chip.

[00397] The impedance matching network of the device and or source may include a

capacitor or networks of capacitors, an inductor or networks of inductors, or any combination of

capacitors, inductors, diodes, switches, resistors, and the like. The componentsof the impedance

matching network may be adjustable and variable and may be controlled to affect the efficiency

and operating point of the system. The impedance matching may be performed by controlling the

connection point of the resonator, adjusting the permeability of a magnetic material, controlling a

bias field, adjusting the frequency of excitation, and the like. The impedance matching may use

or include any number or combination of varactors, varactor arrays, switched elements, capacitor

banks, switched and tunable elements, reverse bias diodes, air gap capacitors, compression

capacitors, BZT electrically tuned capacitors, MEMS-tunable capacitors, voltage variable

dielectrics, transformer coupled tuning circuits, and the like. The variable components may be

mechanically tuned, thermally tuned, electrically tuned, piezo-eclectrically tuned, and the like.

Elements of the impedance matching maybe silicon devices, gallium nitride devices, silicon

carbide devices and the like. The elements may be chosen to withstand high currents, high

voltages, high powers, or any combination of current, voltage and power. The elements may be

chosen to be high-Q elements.

[00398] The matching and tuning calculations of the source may be performed on an

external device through a USBport that powers the device. The device may be a computer a

PDAor other computational platform.

[00399] A demonstration system used a source resonator, coupled to a device

resonator, to wirelessly power/recharge multiple electronic consumer devices including, but not

limited to, a laptop, a DVD player, a projector, a cell-phone, a display, a television, a projector, a

digital picture frame, a light, a TV/DVDplayer, a portable music player, a circuit breaker, a

hand-held tool, a personal digital assistant, an external battery charger, a mouse, a keyboard, a

camera, an active load, and the like. A variety of devices may be powered simultaneously from a

single device resonator. Device resonators may be operated. simultaneously as source resonators.
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The powersupplied to a device resonator may pass through additional resonators before being

delivered to its intended device resonator.

[00400] Monitoring, Feedback and Control
 

[00401] So-called port parameter measurement circuitry may measure or monitor

certain power, voltage, and current, signals in the system and processors or control circuits may

adjust certain settings or operating parameters based on those measurements. In addition to these

port parameter measurements, the magnitude and phase ofvoltage and current signals, and the

magnitude of the powersignals, throughout the system may be accessed to measure or monitor

the system performance. The measuredsignals referred to throughoutthis disclosure may be any

combination of the port parameter signals, as well as voltage signals, current signals, power

signals, and the like. These parameters may be measured using analog or digital signals, they

may be sampled and processed, and they may bedigitized or converted using a number of known

analog anddigital processing techniques. Measured or monitored signals may be used in

feedback circuits or systems to control the operation of the resonators and/or the system. In

general, we refer to these monitored or measured signals as reference signals, or port parameter

measurements or signals, although they are sometimesalso referred to as error signals, monitor

signals, feedback signals, and the like. We will refer to the signals that are used to control circuit

elements such as the voltages used to drive voltage controlled capacitors as the control signals.

[00402] In some cases the circuit elements may be adjusted to achieve a specified or

predetermined impedance value for the source and device resonators. In other cases the

impedance may be adjusted to achieve a desired impedance value for the source and device

resonators when the device resonator is connected. to a power consumer or consumers. In other

cases the impedance may be adjusted to mitigate changes in the resonant frequency, or

impedance or powerlevel changes owing to movement of the source and/or device resonators, or

changes in the environment (such as the movement ofinteracting materials or objects) in the

vicinity of the resonators. In other cases the impedance of the source and device resonators may

be adjusted to different impedance values.

[00403] The coupled resonators may be made of different materials and may include

different circuits, components and structural designs or they may be the same. The coupled

resonators may include performance monitoring and measurementcircuitry, signal processing

and control circuitry or a combination ofmeasurement and control circuitry. Someorall of the
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high-Q magnetic resonators may include tunable impedancecircuits. Someorall of the high-Q

magnetic resonators may include automatically controlled tunable impedance circuits.

[00404]=Fig. 41 shows a magnetic resonator with port parametcr mcasurement

circuitry 3802 configured to measure certain parameters of the resonator. The port parameter

measurementcircuitry may measure the input impedanceof the structure, or the reflected power.

Port parameter measurementcircuits may be included in the source and/or device resonator

designs and may be used to measure two port circuit parameters such as S-parameters (scattering

parameters), Z-parameters (impedance parameters), Y-parameters (admittance parameters), T-

parameters (transmission parameters), H-parameters (hybrid parameters), ABCD-parameters

(chain, cascade or transmission parameters), and the like. These parameters may be used to

describe the electrical behavior of linear electrical networks when various types of signals are

applied.

[00405] Different parameters may be used to characterize the electrical network under

different operating or coupling scenarios. For example, S-parameters may be used to measure

matched and unmatched loads. In addition, the magnitude and phase of voltage and current

signals within the magnetic resonators and/or within the sources and devices themselves may be

monitored at a variety of points to yield system performance information. This information may

be presented to users of the system via a user interface such as a light, a read-out, a beep, a noise,

a vibration or the like, or it may be presented as a digital signal or it may be provided to a

processor in the system and used in the automatic control of the system. This information may be

logged, stored, or may be used by higher level monitoring and control systerns.

[00406] Fig. 42 showsa circuit diagram of a magnetic resonator where the tunable

impedance network maybe realized with voltage controlled capacitors 3902 or capacitor

networks. Such an implementation may be adjusted, tuned or controlled by electrical circuits

and/or computer processors, such as a programmable voltage source 3908, andthe like. For

example, the voltage controlled capacitors may be adjusted in response to data acquired by the

port parameter measurementcircuitry 3802 and processed by a measurement analysis and control

algorithm subsystem 3904. Reference signals may be derived from the port parameter

measurement circuitry or other monitoring circuitry designed to measure the degree of deviation

from a desired system operating point. The measured reference signals may include voltage,
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current, complex-impedance,reflection coefficient, powerlevels and the like, at one or several

points in the system andat a single frequency or at multiple frequencies.

[00407] The reference signals may be fed to mcasurement analysis and control

algorithm subsystem modules that may generate control signals to change the values of various

components in a tunable impedance matching network. The control signals may vary the

resonant frequency and/or the input impedance of the magnetic resonator, or the powerlevel

supplied by the source, or the powerlevel drawn by the device, to achieve the desired power

exchange between power supplies/generators and powerdrains/loads.

[00408] Adjustment algorithms may be usedto adjust the frequency and/or impedance

of the magnetic resonators. The algorithms may take in reference signals related to the degree of

deviation from a desired operating point for the system and output correction or control signals

related to that deviation that control variable or tunable elements of the system to bring the

system back towards the desired operating point or points. The reference signals for the magnetic

resonators may be acquired while the resonators are exchanging powerin a wireless power

transmission system, or they may be switched out of the circuit during system operation.

Corrections to the system may be applied or performed continuously, periodically, upon a

threshold crossing, digitally, using analog methods, andthelike.

[00409] Fig. 43 showsan end-to-end wireless power transmission system. Both the

source and the device may include port measurementcircuitry 3802 and a processor 2410. The

box labeled “coupler/switch” 4002 indicates that the port measurementcircuitry 3802 may be

connected to the resonator 102 by a directional coupler or a switch, enabling the measurement,

adjustment and control of the source and. device resonators to take place in conjunction with, or

separate from, the powertransfer functionality.

[00410] The port parameter measurement and/or processing circuitry may reside with

some,any, or all resonators in a system. The port parameter measurementcircuitry may utilize

portions of the power transmission signal or may utilize excitation signals over a range of

frequencies to measure the source/device resonator response (i.e. transmission and reflection

between any twoports in the system), and may contain amplitude and/or phase information.

Such measurements may be achieved with a swept single frequency signal or a multi-frequency

signal. The signals used to measure and monitor the resonators and the wireless power

transmission system may be generated by a processor or processors and standard input/output
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(I/O) circuitry including digital to analog converters (DACs), analog to digital converters

(ADCs), amplifiers, signal generation chips, passive components andthe like. Measurements

may be achicved using test cquipment such as a nctwork analyzer or using customizcd circuitry.

The measured reference signals may be digitized by ADCs and processed using customized

algorithms running on a computer, a microprocessor, a DSP chip, an ASIC, andthe like. The

measured reference signals may be processed in an analog control loop.

[00411] The measurementcircuitry may measure any set of two port parameters such

as S-parameters, Y-parameters, Z-parameters, H-parameters, G-parameters, T-parameters,

ABCD-parameters, and the like. Measurement circuitry may be used to characterize current and

voltage signals at various points in the drive and resonator circuitry, the impedance and/or

admittance of the source and device resonators at opposite ends of the system,i.e. looking into

the source resonator matching network (“port 1” in Fig. 43) towards the device and vice versa.

[00412] The device may measure relevant signals and/or port parameters, interpret the

measurementdata, and adjust its matching network to optimize the impedance looking into the

coupled system independently of the actions of the source. The source may measure relevant port

parameters, interpret the measurement data, and adjust its matching network to optimize the

impedance looking into the coupled system independently of the actions of the device.

[00413] Fig. 43 showsa block diagram of a source and device in a wireless power

transmission system. The system may be configured to execute a control algorithm that actively

adjusts the tuning/matching networksin either of or both the source and device resonators to

optimize performance in the coupled system. Port measurement circuitry 3802S may measure

signals in the source and communicate those signals to a processor 2410. A processor 2410 may

use the measured signals in a performance optimization or stabilization algorithm and generate

control signals based on the outputs of those algorithms. Control signals may be applied to

variable circuit elements in the tuning/impedance matching circuits 2402S to adjust the source’s

operating characteristics, such as powerin the resonator and coupling to devices. Control signals

may be applied to the power supply or generator to turn the supply on or off, to increase or

decrease the powerlevel, to modulate the supply signal and the like.

[00414] The power exchanged between sources and devices may depend on a variety

of factors. These factors may include the effective impedanceof the sources and devices, the Q’s

of the sources and devices, the resonant frequencies of the sources and devices, the distances
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between sources and devices, the interaction of materials and objects in the vicinity of sources

and devices andthe like. The port measurement circuitry and processing algorithms may work in

concert to adjust the resonator paramctcrs to maximize powcrtransfer, to hold the powertransfer

constant, to controllably adjust the powertransfer, and the like, under both dynamic and steady

state operating conditions.

[00415] Some,all or none of the sources and devices in a system implementation may

include port measurementcircuitry 3802S and processing 2410 capabilities. Fig. 44 shows an

end-to-end wireless powertransmission system in which only the source 1028S contains port

measurement circuitry 3802 and a processor 2410S. In this case, the device resonator 102D

operating characteristics may be fixed or may be adjusted by analog control circuitry and without

the need for control signals generated by a processor.

[00416] Fig. 45 shows an end-to-end wireless power transmission system. Both the

source and the device may include port measurementcircuitry 3802 but in the system of Fig. 45,

only the source contains a processor 2410S. The source and device may be in communication

with each other and the adjustment of certain system parameters may be in response to control

signals that have been wirelessly communicated, such as though wireless communications

circuitry 4202, between the source and the device. The wireless communication channel 4204

may be separate from the wireless powertransfer channel 4208, or it may be the same. Thatis,

the resonators 102 used for power exchange may also be used to exchange information. In some

cases, information may be exchanged by modulating a component a source or device circuit and

sensing that change with port parameter or other monitoring equipment.

[00417] Implementations where only the source contains a processor 2410 may be

beneficial for multi-device systems where the source can handle all of the tuning and adjustment

“decisions” and simply communicate the control signals back to the device(s). This

implementation may make the device smaller and cheaper because it may eliminate the needfor,

or reduce the required. functionality of, a processor in the device. A portion of or an entire data

set from each port measurement at each device maybe sent back to the source microprocessor

for analysis, and the control instructions may be sent back to the devices. These communications

may be wireless communications.

[00418] Fig. 46 shows an end-to-end wireless power transmission system. In this

example, only the source contains port measurementcircuitry 3802 and a processor 2410S. The
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source and device may be in communication, such as via wireless communication circuitry 4202,

with each other and the adjustment of certain system parameters may be in responseto control

signals that have been wirelessly communicated between the source and the device.

[00419] Fig. 47 shows coupled electromagnetic resonators 102 whose frequency and

impedance may be automatically adjusted using a processor or a computer. Resonant frequency

tuning and continuous impedance adjustment of the source and device resonators may be

implemented with reverse biased diodes, Schottky diodes and/or varactor elements contained

within the capacitor networks shown as Cl, C2, and C3 in Fig. 47. Thecircuit topology that was

built and demonstrated and is described here is exemplary and is not meant to limit the

discussion of automatic system tuning and control in any way. Othercircuit topologies could be

utilized with the measurement and control architectures discussed in this disclosure.

[00420] Device and source resonator impedances and resonant frequencies may be

measured with a network analyzer 4402A-B,or by other means described above, and

implemented with a controller, such as with Lab View 4404. The measurementcircuitry or

equipment may output data to a computeror a processor that implements feedback algorithms

and dynamically adjusts the frequencies and impedances via a programmable DC voltage source.

[00421] In one arrangement, the reverse biased diodes (Schottky, semiconductor

junction, and the like) used to realize the tunable capacitance drew very little DC current and

could be reverse biased by amplifiers having large series output resistances. This implementation

may enable DC control signals to be applied directly to the controllable circuit elements in the

resonator circuit while maintaining a very high-Q in the magnetic resonator.

[00422] C2 biasing signals may be isolated from C1 and/or C3 biasing signals with a

DC blocking capacitor as shown in Fig. 47, if the required DC biasing voltages are different. The

output of the biasing amplifiers may be bypassed to circuit ground to isolate RF voltages from

the biasing amplifiers, and to keep non-fundamental RF voltages from being injected into the

resonator. The reverse bias voltages for some of the capacitors may instead be applied through

the inductive element in the resonatoritself, because the inductive element acts as a short circuit

at DC.

[00423] The port parameter measurement circuitry may exchange signals with a

processor (including any required ADCs and DACs) as part of a feedback or control system that

is used to automatically adjust the resonant frequency, input impedance, energy stored or
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captured by the resonator or power delivered by a source or to a device load. The processor may

also send control signals to tuning or adjustment circuitry in or attached to the magnetic

resonator.

[00424] Whenutilizing varactors or diodes as tunable capacitors, it may be beneficial

to place fixed capacitors in parallel and in series with the tunable capacitors operating at high

reverse bias voltages in the tuning/matching circuits. This arrangement may yield improvements

in circuit and system stability and in power handling capability by optimizing the operating

voltages on the tunable capacitors.

[00425] Varactors or other reverse biased diodes may be used as a voltage controlled

capacitor. Arrays ofvaractors may be used when higher voltage compliance or different

capacitance is required than that of a single varactor component. Varactors may be arranged in

an N by M array connected serially and in parallel and treated as a single two terminal

component with different characteristics than the individual varactors in the array. For example,

an N by N array of equal varactors where components in each row are connected in parallel and

components in each column are connected in series may be used as a two terminal device with

the same capacitance as any single varactor in the array but with a voltage compliancethat is N

times that of a single varactor in the array. Depending on the variability and differences of

parameters of the individual varactors in the array additional biasing circuits composed of

resistors, inductors, and the like may be needed. A schematic of a four by four array of unbiased

varactors 4502 that may be suitable for magnetic resonator applications is shown in Fig. 48.

[00426] Further improvements in system performance mayberealized by careful

selection of the fixed value capacitor(s) that are placed in parallel and/or in series with the

tunable (varactor/diode/capacitor) elements. Multiple fixed capacitors that are switched in or out

of the circuit may be able to compensate for changes in resonator Q’s, impedances, resonant

frequencies, power levels, coupling strengths, and the like, that might be encountered in test,

development and operational wireless powertransfer systems. Switched capacitor banks and

other switched element banks may be used to assure the convergence to the operating

frequencies and impedance values required. by the system design.

[00427] An exemplary control algorithm for isolated and coupled magnetic resonators

may be described for the circuit and system elements shownin Fig. 47. One control algorithm

first adjusts each of the source and deviceresonator loops “in isolation”, that is, with the other
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resonators in the system “shorted out”’ or “removed” from the system. For practical purposes, a

resonator can be “shorted out”? by making it resonant at a much lower frequency such as by

maximizing the valuc of C1 and/or C3. This step cffectively reduces the coupling between the

resonators, thereby effectively reducing the system to a single resonator at a particular frequency

and impedance.

[00428] Tuning a magnetic resonatorin isolation includes varying the tunable

elements in the tuning and matching circuits until the values measured by the port parameter

measurement circuitry are at their predetermined, calculated or measuredrelative values. The

desired values for the quantities measured by the port parameter measurementcircuitry may be

chosen based on the desired matching impedance, frequency, strong coupling parameter, and the

like. For the exemplary algorithms disclosed below, the port parameter measurementcircuitry

measures S-parameters over a range of frequencies. The range of frequencies used to

characterize the resonators may be a compromise between the system performance information

obtained and computation/measurementspeed. For the algorithms described below the frequency

range may be approximately +/- 20% of the operating resonant frequency.

[00429] Each isolated resonator may be tuned as follows.First, short out the resonator

not being adjusted. Next minimize C1, C2, and C3, in the resonator that is being characterized

and adjusted. In most cases there will be fixed circuit elements in parallel with C1, C2, and C3,

so this step does not reduce the capacitance values to zero. Next, start increasing C2 until the

resonator impedance is matched to the “target” real impedanceat any frequency in the range of

measurement frequencies described above. Theinitial “target” impedance may be less than the

expected operating impedance for the coupled system.

[00430] C2 may be adjusted until the initial “target” impedanceis realized for a

frequency in the measurement range. Then C1 and/or C3 may beadjusted until the loop is

resonantat the desired operating frequency.

[00431] Each resonator maybe adjusted according to the above algorithm. After

tuning each resonatorin isolation, a second feedback algorithm may be applied to optimize the

resonant frequencies and/or input impedancesfor wirelessly transferring power in the coupled

system.

[00432] The required adjustments to Cl and/or C2 and/or C3 in each resonator in the

coupled system may be determined by measuring and processing the values of the real and
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imaginary parts of the input impedance from either and/or both “port(s)” shown in Fig. 43. For

coupled resonators, changing the input impedance of one resonator may changethe input

impedance of the other resonator. Control and tracking algorithms may adjust onc port to a

desired operating point based on measurements at that port, and then adjust the other port based

on measurements at that other port. These steps may be repeated until both sides converge to the

desired operating point.

[00433] S-parameters may be measuredat both the source and device ports and the

following series of measurements and adjustments may be made. In the description that follows,

Zo 1s an input impedance and maybethe target impedance. In some cases Zo is 50 ohmsoris

near 50 ohms. Z; and Zare intermediate impedance values that may be the same value as Zo or

may be different than Zp. Re{value} meansthe real part of a value and Im{value} means the

imaginary part of a value.

[00434] An algorithm that may be used to adjust the input impedance and resonant

frequency of two coupled resonatorsis set forth below:

1) Adjust each resonator“in isolation” as described above.

2) Adjust source C1/C3 until, at @,, Re{S11} = (Z +/- ere) as follows:

- If Re{S11 @a@, } > (Zi + ere), decrease C1/C3. If Re{S11 @a@, } < (Zo - Epo),

increase C1/C3.

3) Adjust source C2 until, at @,, Im{S11} =(+/- em) as follows:

-IfIm{S1l1 @ @,} > em, decrease C2. If Im{S11 @ w,} <- em, increase C2.

4) Adjust device C1/C3 until, at wo, Re {S22} = (Z2 +/- &p-) as follows:

- If Re {S22 @ @,} > (Zo + Ere), decrease C1/C3. If Re {S22 @ @,} < (Zo - Ee),

increase C1/C3.

5) Adjust device C2 until, at @,, Im{S22} = 0 as follows:

- If Im{S22 @ @,} > etm, decrease C2. If Im{S22 @ w,} <-em, increase C2.
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[00435] We have achieved a working system by repeating steps 1-4 until both

(Re {S11}, Im{S11}) and (Re {S22}, Im{S22}) converge to ((Zo +/- Ere), (+/- €1m)) at @,, where

Zo is the desired matching impedance and @, is the desired operating frequency. Here, €im

represents the maximum deviation of the imaginary part, at @,, from the desired value of 0, and

ERe represents the maximum deviation of the real part from the desired value of Zo. It is

understoodthat €y,, and ere can be adjusted to increase or decrease the numberof steps to

convergence at the potential cost of system performance(efficiency). It is also understood that

steps 1-4 can be performed in a variety of sequences and a variety of ways other than that

outlined above(i.e. first adjust the source imaginary part, then the source real part; or first adjust

the device real part, then the device imaginary part, etc.) The intermediate impedances Z, and Z2

may be adjusted during steps 1-4 to reduce the numberof steps required for convergence. The

desire or target impedance value may be complex, and may vary in time or under different

operating scenarios.

[00436] Steps 1-4 may be performedin any order, in any combination and any number

of times. Having described the above algorithm, variations to the steps or the described

implementation may be apparent to one of ordinary skill in the art. The algorithm outlined above

may be implemented with any equivalent linear network port parameter measurements (i.¢., Z-

parameters, Y-parameters, T-parameters, H-parameters, ABCD-parameters, etc.) or other

monitor signals described above, in the same way that impedance or admittance can be

alternatively used to analyze a linear circuit to derive the sameresult.

[00437] The resonators may need to be retuned owing to changesin the “loaded”

resistances, Rs and Rd, caused by changes in the mutual inductance M (coupling) between the

source and. device resonators. Changesin the inductances, Ls and Ld, of the inductive elements

themselves may be caused by the influence of external objects, as discussed earlier, and may also

require compensation. Such variations may be mitigated by the adjustment algorithm described

above.

[00438] A dircctional coupler or a switch maybe used to conncct the port parameter

measurement circuitry to the source resonator and tuning/adjustment circuitry. The port

parameter measurementcircuitry may measure propertics of the magnctic resonator whileit is

exchanging powerin a wireless powertransmission system, or it may be switched out of the
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circuit during system operation. The port parameter measurementcircuitry may measure the

parameters and the processor may control certain tunable elements of the magnetic resonatorat

start-up, or at certain intervals, or in response to changesin certain system opcrating parameters.

[00439] A wireless power transmission system may include circuitry to vary or tune

the impedance and/or resonant frequency of source and device resonators. Note that while tuning

circuitry is shown in both the source and device resonators, the circuitry may instead be included

in only the source or the device resonators, or the circuitry may be included in only someofthe

source and/or device resonators. Note too that while we mayrefer to the circuitry as “tuning” the

impedance and or resonant frequency of the resonators, this tuning operation simply meansthat

various electrical parameters such as the inductance or capacitance of the structure are being

varied. In some cases, these parameters may be varied to achieve a specific predetermined value,

in other cases they may be varied in response to a control algorithm or to stabilize a target

performance value that is changing. In somecases, the parameters are varied as a function of

temperature, of other sources or devices in the area, of the environment, at the like.

[00440] Applications

[00441] For eachlisted application, it will be understood by one of ordinary skill-in-

the-art that there are a variety ofways that the resonator structures used to enable wireless power

transmission may be connected or integrated with the objects that are supplying or being

powered. The resonator may be physically separate from the source and device objects. The

resonator may supply or remove powerfrom an object using traditional inductive techniques or

through direct electrical connection, with a wire or cable for example. The electrical connection

may be from the resonator output to the AC or DC powerinput port on the object. The electrical

connection may be from the output powerport of an object to the resonator input.

[00442] FIG. 49 shows a source resonator 4904 that is physically separated from a

powersupply and a device resonator 4902 that is physically separated from the device 4900, in

this illustration a laptop computer. Power may be supplied to the source resonator, and power

may be taken from the device resonator directly, by an electrical connection. One of ordinary

skill in the art will understand. from the materials incorporated by reference that the shape, size,

material composition, arrangement, position and orientation of the resonators above are provided

by way of non-limiting example, and that a wide variation in any and all of these parameters

could be supported by the disclosed technology for a variety of applications.
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[00443] Continuing with the example of the laptop, and without limitation, the device

resonator may be physically connected to the device it is powering or charging. For example, as

shown in FIG. 50a and FIG. 50b, the device resonator 5002 may be (a) integrated into the

housing of the device 5000 or (b) it may be attached by an adapter. The resonator 5002 may

(FIG. 50b-d) or may not (FIG. 50a) be visible on the device. The resonator maybe affixed to the

device, integrated into the device, plugged into the device, and thelike.

[00444] The source resonator may be physically connected to the source supplying the

powerto the system. As described abovefor the devices and device resonators, there are a

variety of ways the resonators may be attached to, connected to or integrated with the power

supply. One of ordinary skill in the art will understand that there are a variety of ways the

resonators may be integrated in the wireless powertransmission system, and that the sources and

devices may utilize similar or different integration techniques.

[00445] Continuing again with the example of the laptop computer, and without

limitation, the laptop computer may be powered, charged or recharged by a wireless power

transmission system. A source resonator may be used to supply wireless power and a device

resonator may be used to capture the wireless power. A device resonator 5002 may be integrated

into the edge of the screen (display) as illustrated in FIG. 50d, and/or into the base of the laptop

as illustrated in FIG. 50c. The source resonator 5002 may be integrated into the base of the

laptop and the device resonator may be integrated into the edge of the screen. The resonators

may also or instead be affixed to the power source and/or the laptop. The source and device

resonators may also or instead be physically separated from the power supply and the laptop and

may beelectrically connected by a cable. The source and device resonators may also or instead

be physically separated from the power supply and the laptop and maybe electrically coupled

using a traditional inductive technique. Oneof ordinary skill in the art will understand that, while

the preceding examples relate to wireless power transmission to a laptop, that the methods and

systems disclosed for this application may be suitably adapted for use with other electrical or

electronic devices. In general, the source resonator may be external to the source and supplying

powerto a device resonator that in turn supplies power the device, or the source resonator may

be connected to the source and supplying powerto a device resonator that in turn supplies power

to a portion of the device, or the source resonator may internal to the source and supplying power
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to a device resonator that in turn supplies power to a portion of the device, as well as any

combination of these.

[00446] In some systems, the source, or source resonator may be movable or active

and maytrack, follow, or attach to the source or source resonator. For a movable device it may

be preferable to maintain alignment between the source resonator and the device resonator to

maximize powertransfer efficiency. As a device moves a source or a source resonator may track

the position of the device or device resonator and adjust its position to ensure optimum or

improved alignment. The device tracking by the source may be automatic. A source may

include sensors for determining the position of the device and meansfor adjusting its position,

such as by actuators, motors, magnets, and the like. The source may sense the position of the

device by measuring powerefficiency, magnetic fields, signals generated by the device, optical

recognition, and the like. In some embodiments the source maypartially attach to the device. A

source and device may include magnets whichattach the source and device together. A

magnetic attachment may be functional through a supporting structure such as a table. The

magnetic attachmentwill attach the source through the supporting structure making a freely

movable source to follow the device as it moves. For example, continuing with the laptop

example, a source mounted on a freely movable structure may be mounted under a supporting

structure such as a table surface, dock, box, and the like. A laptop, with a magnetic attachment

placed on top of the table surface will attract the source below the supporting structure and result

in proper alignment. Furthermore, as the laptop with the device resonator is moved,or slid on

top of the supporting structure, the freely movable source and source resonator may follow the

device resonator of the laptop due to the magnetic attraction between the source and the device

without requiring active movement mechanisms. In some embodiments, a combination of active

and passive movement mechanisms maybe used, such that for example, movethe source into

initial alignment with the device whereupon magnetic attachment meansensures that the source

may passively follow the device as it moves.

[00447] A system or method disclosed herein may provide powerto an electrical or

electronics device, such as, and not limited to, phones, cell phones, cordless phones, smart

phones, PDAs, audio devices, music players, MP3 players, radios, portable radios andplayers,

wireless headphones, wireless headsets, computers, laptop computers, wireless keyboards,

wireless mouse,televisions, displays, flat screen displays, computer displays, displays embedded

106

Momentum Dynamics Corporation
Exhibit 1002

Page 1077



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1078

WO 2010/093997 PCT/US2010/024199

in furniture, digital picture frames, electronic books,(e.g. the Kindle, e-ink books, magazines,

and the like), remote control units (also referred to as controllers, game controllers, commanders,

clickers, and the like, and used for the remote control of a plurality of clectronics deviccs, such

as televisions, video games, displays, computers, audio visual equipment, lights, and the like),

lighting devices, cooling devices, air circulation devices, purification devices, personal hearing

aids, powertools, security systems, alarms, bells, flashing lights, sirens, sensors, loudspeakers,

electronic locks, electronic keypads, light switches, other electrical switches, and the like. Here

the term electronic lock is used to indicate a door lock which operates electronically (e.g. with

electronic combo-key, magnetic card, RFID card, and the like) which is placed on a doorinstead

of a mechanical key-lock. Such locks are often battery operated, risking the possibility that the

lock might stop working when a battery dies, leaving the user locked-out. This may be avoided

where the battery is either charged or completely replaced by a wireless power transmission

implementation as described herein.

[00448] Here, the term light switch (or other electrical switch) is meant to indicate any

switch (e.g. on a wall of a room) in onepart of the room that turns on/off a device (e.g. light

fixture at the center of the ceiling) in another part of the room. To install such a switch by direct

connection, one would have to run a wireall the way from the device to the switch. Once such a

switch is installed at a particular spot, it may be very difficult to move. Alternately, one can

envision a ‘wireless switch’, where “wireless” means the switching (on/off) commandsare

communicated wirelessly, but such a switch has traditionally required a battery for operation. In

general, having too many battery operated switches around a house may be impractical, because

those many batteries will need to be replaced periodically. So, a wirelessly communicating

switch may be more convenient, providedit is also wirelessly powered. For example, there

already exist communications wireless door-bells that are battery powered, but whereonestill

has to replace the battery in them periodically. The remote doorbell button may be made to be

completely wireless, where there may be no need to ever replace the battery again. Note that

here, the term ‘cordless’ or ‘wireless’ or ‘communications wireless’ is used to indicate that there

is a cordless or wireless communicationsfacility between the device and anotherelectrical

component, such as the base station for a cordless phone, the computer for a wireless keyboard,

and the like. One skilled in the art will recognize that any electrical or electronics device may

include a wireless communicationsfacility, and that the systems and methods described herein
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may be used to add wireless powertransmission to the device. As described herein, powerto the

electrical or electronics device may be delivered from an external or internal source resonator,

and to the device or portion of the device. Wircless powcr transmission may significantly reduce

the need to charge and/or replace batteries for devices that enter the near vicinity of the source

resonator and thereby may reduce the downtime, cost and disposal issues often associated with

batteries.

[00449] The systems and methods described herein may provide powerto lights

without the need for either wired poweror batteries. That is, the systems and methods described

herein may provide powerto lights without wired connection to any power source, and provide

the energy to the light non-radiatively across mid-range distances, such as across a distance of a

quarter of a meter, one meter, three meters, and the like. A ‘light’ as used herein may refer to the

light sourceitself, such as an incandescentlight bulb, florescent light bulb lamps, Halogen

lamps, gas discharge lamps, fluorescent lamps, neon lamps, high-intensity discharge lamps,

sodium vapor lamps, Mercury-vapor lamps, electroluminescent lamps, light emitting diodes

(LED)lamps, andthe like; the light as part of a light fixture, such as a table lamp, a floor lamp, a

ceiling lamp,track lighting, recessed light fixtures, and the like; light fixtures integrated with

other functions, such as a light/ceiling fan fixture, and illuminated picture frame, and the like. As

such, the systems and methods described herein may reduce the complexity for installing a light,

such as by minimizing the installation of electrical wiring, and allowing the user to place or

mountthe light with minimal regard to sources ofwired power. Forinstance, a light may be

placed anywhere in the vicinity of a source resonator, where the source resonator may be

mounted in a plurality of different places with respect to the location of the light, such as on the

floor of the room above,(e.g. as in the case of a ceiling light and especially when the room above

is the attic); on the wall of the next room, on the ceiling of the room below,(e.g. as in the case of

a floor lamp); in a component within the room orin the infrastructure of the room as described

herein; and the like. For example, a light/cciling fan combination is often installed in a master

bedroom, and the master bedroom often has the attic aboveit. In this instance a user may more

easily install the light/ceiling fan combination in the master bedroom, such as by simply

mountingthe light/ceiling fan combination to the ceiling, and placing a source coil (plugged into

the house wired AC power) in the attic above the mounted fixture. In another example, the light

may be an external light, such as a flood light or security light, and the source resonator mounted
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inside the structure. This way of installing lighting may be particularly beneficial to users who

rent their homes, because now they may be able to mount lights and such other electrical

components without the necd to install new electrical wiring. The control for the light may also

be communicated by near-field communications as described herein, or by traditional wireless

communications methods.

[00450] The systems and methods described herein may provide powerfrom a source

resonator to a device resonatorthat is either embedded into the device component, or outside the

device component, such that the device component maybe a traditional electrical componentor

fixture. For instance, a ceiling lamp may be designedorretrofitted with a device resonator

integrated into the fixture, or the ceiling lamp may bea traditional wired fixture, and plugged

into a separate electrical facility equipped with the device resonator. In an example, the electrical

facility may be a wireless junction box designed to have a device resonator for receiving wireless

power, say from a source resonator placed on the floor of the room above(e.g. the attic), and

which contains a numberoftraditional outlets that are powered from the device resonator. The

wireless junction box, mounted on the ceiling, may now provide powerto traditional wired

electrical components on the ceiling (e.g. a ceiling light, track lighting, a ceiling fan). Thus, the

ceiling lamp may now be mounted to the ceiling without the need to run wires through the

infrastructure of the building. This type of device resonatorto traditional outlet junction box may

be used in a plurality of applications, including being designed for the interior or exterior of a

building, to be made portable, made for a vehicle, and the like. Wireless power may be

transferred through common building materials, such as wood, wall board, insulation, glass.

brick, stone, concrete, and the like. The benefits of reduced installation cost, re-configurability,

and increased application flexibility may provide the user significant benefits over traditional

wired installations. The device resonator for a traditional outlet junction box may include a

plurality of electrical components for facilitating the transfer of power from the device resonator

to the traditional outlets, such as power source electronics which convert the specific frequencies

needed to implementefficient powertransfer to line voltage, power capture electronics which

may convert high frequency AC to usable voltage and frequencies (AC and/or DC), controls

which synchronize the capture device and the power output and which ensure consistent, safe,

and maximally efficient powertransfer, and the like.
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[00451] The systems and methods described herein may provide advantagesto lights

or electrical components that operate in environments that are wet, harsh, controlled, and the

like, such has outside and cxposcd to the rain, in a pool/sauna/showcr, in a maritime application,

in hermetically sealed components, in an explosive-proof room, on outside signage, a harsh

industrial environmentin a volatile environment(e.g. from volatile vapors or airborne organics,

such as in a grain silo or bakery) , and the like. For example, a light mounted under the water

level of a pool is normally difficult to wire up, and is required to be water-sealed despite the need

for external wires. But a pool light using the principles disclosed herein may more easily be

made water sealed, as there may be no external wires needed. In another example, an explosion

proof room, such as containing volatile vapors, may not only need to be hermetically sealed, but

may need to haveall electrical contacts (that could create a spark) sealed. Again, the principles

disclosed herein may provide a convenient way to supply sealed electrical components for such

applications.

[00452] The systems and methodsdisclosed herein may provide power to game

controller applications, such as to a remote handheld game controller. These gamecontrollers

may have beentraditionally powered solely by batteries, where the game controller’s use and

powerprofile caused frequent changingof the battery, battery pack, rechargeable batteries, and

the like, that may not have been ideal for the consistent use to the gamecontroller, such as during

extended game play. A device resonator may be placed into the game controller, and a source

resonator, connected to a power source, may be placed in the vicinity. Further, the device

resonator in the game controller may provide power directly to the game controller electronics

without a battery; provide powerto a battery, battery pack, rechargeable battery, and the like,

which then provides powerto the game controller electronics; and the like. The game controller

may utilize multiple battery packs, where each battery pack is equipped with a device resonator,

and thus may be constantly recharging while in the vicinity of the source resonator, whether

plugged into the game controller or not. The source resonator may be resident in a main game

controller facility for the game, where the main game controller facility and source resonator are

supplied power from AC ‘house’ power; resident in an extension facility form AC power, such

as in a source resonator integrated into an ‘extension cord’; resident in a game chair, whichis at

least one of plugged into the wall AC, plugged into the main game controller facility, powered
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by a battery pack in the gamechair; and the like. The source resonator may be placed and

implemented in any of the configurations described herein.

[00453] The systems and mcthods disclosed hercin may integrate device resonators

into battery packs, such as battery packs that are interchangeable with other battery packs. For

instance, some portable devices may use up electrical energy at a high rate such that a user may

need to have multiple interchangeable battery packs on hand for use, or the user may operate the

device out of range of a source resonator and need additional battery packs to continue operation,

such as for powertools, portable lights, remote control vehicles, and the like. The use of the

principles disclosed herein may not only provide a way for device resonator enabled battery

packs to be recharged while in use and in range, but also for the recharging of battery packs not

currently in use and placed in range of a source resonator. In this way, battery packs may always

be ready to use whena user runs downthe charge of a battery pack being used. For example, a

user may be working with a wireless powertool, where the current requirements may be greater

than can be realized through direct powering from a source resonator. In this case, despite the

fact that the systems and methods described herein may be providing charging powerto the in-

use battery pack while in range, the battery pack maystill run down, as the power usage may

have exceededthe recharge rate. Further, the user may simply be moving in and out of range, or

be completely out of range while using the device. However, the user may have placed additional

battery packsin the vicinity of the source resonator, which have been recharged while not in use,

and are now chargedsufficiently for use. In another example, the user may be working with the

powertool away from the vicinity of the source resonator, but leave the supplemental battery

packs to chargein the vicinity of the source resonator, such as in a room with a portable source

resonator or extension cord source resonator, in the user’s vehicle, in user’s tool box, and the

like. In this way, the user may not have to worry abouttaking the time to, and/or remembering to

plug in their battery packs for future use. The user may only have to change out the used battery

pack for the charged battery pack and place the used onein the vicinity of the source resonator

for recharging. Device resonators may be built into enclosures with knownbattery form factors

and footprints and may replace traditional chemical batteries in known devices and applications.

For example, device resonators may be built into enclosures with mechanical dimensions

equivalent to AA batteries, AAA batteries, D batteries, 9V batteries, laptop batteries, cell phone

batteries, and the like. The enclosures may include a smaller “button battery” in addition to the
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device resonator to store charge and provide extended operation, either in terms of time or

distance. Other energy storage devices in addition to or instead of button batteries may be

integrated with the device resonators and any associated power conversion circuitry. These new

energy packs may provide similar voltage and current levels as provided by traditional batteries,

but may be composed of device resonators, power conversion electronics, a small battery, and

the like. These new energy packs maylast longer than traditional batteries because they may be

more easily recharged and may be recharging constantly when they are located in a wireless

powerzone. In addition, such energy packs may belighter than traditional batteries, may be safer

to use and store, may operate over wider temperature and humidity ranges, may be less harmful

to the environment when thrown away, and the like. As described herein, these energy packs

may last beyond the life of the product when used in wireless power zones as described herein.

[00454] The systems and methods described herein may be used to powervisual

displays, such as in the case of the laptop screen, but more generally to include the great variety

and diversity of displays utilized in today’s electrical and electronics components, such as in

televisions, computer monitors, desktop monitors, laptop displays, digital photo frames,

electronic books, mobile device displays (e.g. on phones, PDAs, games, navigation devices,

DVDplayers), and the like. Displays that may be powered through one or more ofthe wireless

powertransmission systems described herein may also include embeddeddisplays, such as

embeddedin electronic components (e.g. audio equipment, home appliances, automotive

displays, entertainment devices, cash registers, remote controls), in furniture, in building

infrastructure, in a vehicle, on the surface of an object (e.g. on the surface of a vehicle, building,

clothing, signs, transportation), and the like. Displays may be very small with tiny resonant

devices, such as in a smart card as described herein, or very large, such as in an advertisement

sign. Displays powered using the principles disclosed herein may also be any one ofa plurality

of imaging technologies, such as liquid crystal display (LCD), thin film transistor LCD, passive

LCD,cathoderay tube (CRT), plasma display, projector display (e.g. LCD, DLP, LCOS),

surface-conduction electron-emitter display (SED), organic light-emitting diode (OLED), and the

like. Source coil configurations may include attaching to a primary power source, such as

building power, vehicle power, from a wireless extension cord as described herein, and the like;

attached. to component power, such as the base of an electrical component (e.g. the base of a

computer, a cable box for a TV); an intermediate relay source coil; and the like. For example,
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hanging a digital display on the wall may be very appealing, such as in the case of a digital photo

frame that receives its information signals wirelessly or through a portable memory device, but

the need for an unsightly powcr cord may makcit aesthetically unpleasant. However, with a

device coil embedded in the digital photo frame, such as wrapped within the frame portion, may

allow the digital photo frame to be hung with no wiresat all. The source resonator may then be

placed in the vicinity of the digital photo frame, such as in the next room on the otherside of the

wall, plugged directly into a traditional poweroutlet, from a wireless extension cord as described

herein, from a central source resonator for the room, and the like.

[00455] The systems and methods described herein may provide wireless power

transmission between different portions of an electronics facility. Continuing with the example

of the laptop computer, and without limitation, the screen of the laptop computer may require

powerfrom the base of the laptop. In this instance, the electrical powerhas beentraditionally

routed via direct electrical connection from the base of the laptop to the screen over a hinged

portion of the laptop between the screen and the base. When a wired connection is utilized, the

wired connection may tend to wear out and break, the design functionality of the laptop

computer may be limited by the required direct electrical connection, the design aesthetics of the

laptop computer may belimited by the required direct electrical connection, and thelike.

However, a wireless connection may be made between the base and the screen. In this instance,

the device resonator may be placed in the screen portion to powerthe display, and the base may

be either powered by a second device resonator, by traditional wired connections, by a hybrid of

resonator-battery- direct electrical connection, and the like. This may not only improve the

reliability of the power connection due to the removalofthe physical wired connection, but may

also allow designers to improvethe functional and/or aesthetic design of the hinge portion of the

laptop in light of the absence of physical wires associated with the hinge. Again, the laptop

computer has been used hereto illustrate how the principles disclosed herein may improve the

design of an electric or electronic device, and should not be taken as limiting in any way. For

instance, many otherelectrical devices with separated physical portions could benefit from the

systems and methods described herein, such as a refrigerator with electrical functions on the

door, including an ice maker, a sensor system,a light, and the like; a robot with movable

portions, separated by joints; a car’s power system and a componentin the car’s door; and the

like. The ability to provide powerto a device via a device resonator from an external source
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resonator, or to a portion of the device via a device resonator from either external or internal

source resonators, will be recognized by someoneskilled in the art to be widely applicable across

the range of electric and electronic devices.

[00456] The systems and methods disclosed herein may provide for a sharing of

electrical power between devices, such as between charged devices and uncharged devices. For

instance a charged up device or appliance mayact like a source and send a predetermined

amount of energy, dialed in amount of energy, requested and approved amountof energy, and

the like, to a nearby device or appliance. For example, a user may have a cell phone and a digital

camera that are both capable of transmitting and receiving power through embedded source and

device resonators, and one of the devices, say the cell phone, 1s found to be low on charge. The

user may then transfer charge from the digital camera to the cell phone. The source and device

resonators in these devices may utilize the same physical resonator for both transmission and

reception, utilize separate source and device resonators, one device may be designed to receive

and transmit while the other is designed to receive only, one device may be designed to transmit

only and the other to receive only, and thelike.

[00457] To prevent complete draining the battery of a device it may havea setting

allowing a user to specify how much of the power resource the receiving device is entitled to. It

may be useful, for example, to put a limit on the amount ofpower available to external devices

and to have the ability to shut down power transmission when battery powerfalls below a

threshold.

[00458] The systems and methods described herein may provide wireless power

transfer to a nearby electrical or electronics component in association with an electrical facility,

where the source resonatoris in the electrical facility and the device resonatoris in the

electronics component. The source resonator may also be connected to, plugged into, attached to

the electrical facility, such as through a universal interface (e.g. a USB interface, PC card

interface), supplemental electrical outlet, universal attachment point, and the like, of the

electrical facility. For example, the source resonator may be inside the structure of a computer on

a desk, or be integrated into some object, pad, and the like, that is connected to the computer,

such as into one of the computer’s USB interfaces. In the example of the source resonator

embedded in the object, pad, and the like, and powered through a USBinterface, the source

resonator may then be easily added to a user’s desktop without the need for being integrated into
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any other electronics device, thus conveniently providing a wireless energy zone around which a

plurality of electric and/or electronics devices may be powered. The electrical facility may be a

computer, a light fixturc, a dedicated source resonator clectrical facility, and the likc, and the

nearby components may be computerperipherals, surrounding electronics components,

infrastructure devices, and the like, such as computer keyboards, computer mouse, fax machine,

printer, speaker system, cell phone, audio device, intercom, music player, PDA,lights, electric

pencil sharpener, fan, digital picture frame, calculator, electronic games, and the like. For

example, a computer system may be the electrical facility with an integrated source resonator

that utilizes a ‘wireless keyboard’ and ‘wireless mouse’, where the use of the term wireless here

is meant to indicate that there is wireless communication facility between each device and the

computer, and where each device muststill contain a separate battery power source. As a result,

batteries would need to be replaced periodically, and in a large company, may result in a

substantial burden for support personnel for replacementofbatteries, cost of batteries, and

properdisposal ofbatteries. Alternatively, the systems and methods described herein may

provide wireless power transmission from the main body of the computer to each of these

peripheral devices, including not only powerto the keyboard and mouse, but to other peripheral

components suchas a fax, printer, speaker system, and the like, as described herein. A source

resonator integrated into the electrical facility may provide wireless power transmission to a

plurality ofperipheral devices, user devices, and the like, such that there is a significant

reduction in the need to charge and/or replace batteries for devices in the near vicinity of the

source resonator integrated electrical facility. The electrical facility may also provide tuning or

auto-tuning software, algorithms, facilities, and the like, for adjusting the powertransfer

parameters betweenthe electrical facility and the wirelessly powered device. For example, the

electrical facility may be a computer on a user’s desktop, and the source resonator may be either

integrated into the computer or plugged into the computer (e.g. through a USB connection),

where the computer provides a facility for providing the tuning algorithm (e.g. through a

software program running on the computer).

[00459] The systems and methods disclosed herein may provide wireless power

transfer to a nearby electrical or electronics component in association with a facility

infrastructure component, where the source resonator is in, or mounted on, the facility

infrastructure component and the device resonator is in the electronics component. For instance,
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the facility infrastructure component may be a piece of furniture, a fixed wall, a movable wall or

partition, the ceiling, the floor, and the source resonator attached or integrated into a table or

desk (c.g. just bclow/above the surface, on the side, integrated into a table top or table Icg), a mat

placed on the floor (e.g. below a desk, placed on a desk), a mat on the garage floor (e.g. to charge

the car and/or devices in the car), in a parking lot/garage (e.g. on a post near wherethe caris

parked), a television (e.g. for charging a remote control), a computer monitor(e.g. to

power/charge a wireless keyboard, wireless mouse, cell phone), a chair (e.g. for powering

electric blankets, medical devices, personal health monitors), a painting, office furniture,

common household appliances, and the like. For example, the facility infrastructure component

may bea lighting fixture in an office cubical, where the source resonator and light within the

lighting fixture are both directly connected to the facility’s wired electrical power. However,

with the source resonator now providedin the lighting fixture, there would be no need to have

any additional wired connections for those nearby electrical or electronics components that are

connected to, or integrated with, a device resonator. In addition, there may be a reduced need for

the replacement of batteries for devices with device resonators, as described herein.

[00460] The use of the systems and methods described herein to supply power to

electrical and electronic devices from a central location, such as from a source resonator in an

electrical facility, from a facility infrastructure componentandthe like, may minimize the

electrical wiring infrastructure of the surrounding work area. For example, in an enterprise office

space there are typically a great numberof electrical and electronic devices that need to be

powered by wired connections. With utilization of the systems and methods describedherein,

much of this wiring may be eliminated, saving the enterprise the cost of installation, decreasing

the physical limitations associated with office walls having electrical wiring, minimizing the

need for poweroutlets and powerstrips, and the like. The systems and methods described herein

may save moneyfor the enterprise through a reduction in electrical infrastructure associated with

installation, re-installation (¢.g., reconfiguring office space), maintenance,andthe like. In

another example, the principles disclosed herein may allow the wireless placement of an

electrical outlet in the middle of a room. Here, the source could be placed on the ceiling of a

basement below the location on the floor above where onedesires to put an outlet. The device

resonator could be placed on the floor of the room right aboveit. Installing a new lighting fixture
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(or any otherelectric device for that matter, e.g. camera, sensor, etc., in the center of the ceiling

may now be substantially easier for the same reason).

[00461] In anothcr cxamplc, the systems and methods described herein may provide

power “‘through” walls. For instance, suppose one has an electric outlet in one room (e.g. on a

wall), but one wouldlike to have an outlet in the next room, but without the need to call an

electrician, or drill through a wall, or drag a wire around the wall, or the like. Then one might put

a source resonator on the wall in one room, and a device resonator outlet/pickup on the other side

of the wall. This may powera flat-screen TV or stereo system or the like (e.g. one may not want

to have an ugly wire climbing up the wall in the living room, but doesn’t mind havinga similar

wire going up the wall in the next room, e.g. storage room or closet, or a room with furniture that

blocks view of wires running along the wall). The systems and methods described herein may be

used to transfer power from an indoor source to various electric devices outside of homes or

buildings without requiring holes to be drilled through, or conduits installed in, these outside

walls. In this case, devices could be wirelessly powered outside the building without the aesthetic

or structural damage orrisks associated with drilling holes through walls and siding. In addition,

the systems and methods described herein may provide for a placement sensorto assist in

placing an interior source resonator for an exterior device resonator equippedelectrical

component. For example, a home owner may place a security light on the outside of their home

whichincludes a wireless device resonator, and now needs to adequately or optimally position

the source resonator inside the home. A placement sensor acting between the source and device

resonators may better enable that placement by indicating when placement is good, or to a degree

of good, such asin a visual indication, an audio indication, a display indication, and the like. In

another example, and in a similar way, the systems and methods described herein may provide

for the installation of equipment on the roof of a homeor building, such as radio transmitters and

receivers, solar panels and the like. In the case of the solar panel, the source resonator may be

associated with the panel, and power may be wirelessly transferred to a distribution panel inside

the building without the need for drilling through the roof. The systems and methods described

herein may allow for the mounting of electric or electrical components across the walls of

vehicles (such as through the roof) without the need to drill holes, such as for automobiles, water

craft, planes, trains, and the like. In this way, the vehicle’s walls may be left intact without holes

being drilled, thus maintaining the value of the vehicle, maintaining watertightness, eliminating
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the need to route wires, and the like. For example, mounting a siren or light to the roof of a

police car decreases the future resale of the car, but with the systems and methods described

hercin, any light, horn, siren, and the likc, may be attached to the roof without the necd to drill a

hole.

[00462] The systems and methods described herein may be used for wireless transfer

ofpower from solar photovoltaic (PV) panels. PV panels with wireless power transfer capability

may have several benefits including simpler installation, more flexible, reliable, and

weatherproof design. Wireless power transfer may be used to transfer power from the PV panels

to a device, house, vehicle, and the like. Solar PV panels may have a wireless source resonator

allowing the PV panelto directly power a device that is enabled to receive the wireless power.

For example, a solar PV panel may be mounted directly onto the roof of a vehicle, building, and

the like. The energy captured by the PV panel may be wirelessly transferred directly to devices

inside the vehicle or underthe roof of a building. Devices that have resonators can wirelessly

receive power from the PV panel. Wireless powertransfer from PV panels may be used to

transfer energy to a resonator that is coupled to the wired electrical system of a house, vehicle,

and the like allowing traditional powerdistribution and powering of conventional devices

without requiring any direct contact between the exterior PV panels and the internal electrical

system.

[00463] With wireless powertransfer significantly simpler installation of rooftop PV

panels is possible because power may be transmitted wirelessly from the panel to a capture

resonator in the house, eliminating all outside wiring, connectors, and conduits, and any holes

through the roof or walls of the structure. Wireless powertransfer used with solar cells may have

a benefit in that it can reduced roof danger since it eliminates the need for electricians to work on

the roof to interconnect panels, strings, and junction boxes. Installation of solar panels integrated

with wireless power transfer may require less skilled labor since fewer electrical contacts need to

be made.Less site specific design may be required with wireless powertransfer since the

technology gives the installer the ability to individually optimize and position each solar PV

panel, significantly reducing the need for expensive engineering and panel layout services. There

may not be needto carefully balance the solar load on every panel and no need for specialized

DC wiring layout and interconnections.
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[00464] For rooftop or on-wall installations of PV panels, the capture resonator may

be mounted on the undersideof the roof, inside the wall, or in any other easily accessible inside

space within a foot or two of the solar PV pancl. A diagram showing a possible gencral rooftop

PV panel installation is shown in Figure 51. Various PV solar collectors may be mounted in top

of a roof with wireless power capture coils mountedinside the building under the roof. The

resonator coils in the PV panels can transfer their energy wirelessly through the roof to the

wireless capture coils. The captured energy from the PV cells may be collected and coupled to

the electrical system of the house to powerelectric and electronic devices or coupled to the

powergrid when more powerthan neededis generated. Energy is captured from the PV cells

without requiring holes or wires that penetrate the roof or the walls of the building. Each PV

panel may have a resonator that is coupled to a corresponding resonator on the interior of the

vehicle or building. Multiple panels may utilize wireless power transfer between each other to

transfer or collect power to one or a couple of designated panels that are coupled to resonators on

the interior of the vehicle of house. Panels may have wireless power resonators on their sides or

in their perimeter that can couple to resonators located in other like panels allowing transfer of

power from panel to panel. An additional bus or connection structure may be provided that

wirelessly couples the power from multiple panels on the exterior of a building or vehicle and

transfers powerto one or a more resonators on the interior of building or vehicle.

[00465] For example, as shown in Fig. 51, a source resonator 5102 may be coupled to

a PV cell 5100 mounted on top of roof 5104 of a building. A corresponding capture resonator

5106 is placed inside the building. The solar energy captured by the PV cells can then be

transferred between the source resonators 5102 outside to the device resonators 5106 inside the

building without having direct holes and connections through the building.

[00466] Each solar PV panel with wireless power transfer may have its own inverter,

significantly improving the economics of these solar systems by individually optimizing the

power production efficiency of each panel, supporting a mix of panel sizes and typesin a single

installation, including single panel “pay-as-you-grow” system expansions. Reduction of

installation costs may makea single panel economicalfor installation. Eliminating the need for

panel string designs and careful positioning and orienting of multiple panels, and eliminating a

single point of failure for the system.
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[00467] Wireless power transfer in PV solar panels may enable more solar deployment

scenarios because the weather-sealed solar PV panels eliminate the need to drill holes for wiring

through scaled surfaces such as car roofs and ship decks, and climinate the requirementthat the

panels beinstalled in fixed locations. With wireless powertransfer, PV panels may be deployed

temporarily, and then moved or removed, without leaving behind permanentalterations to the

surrounding structures. They may be placed out in a yard on sunny days, and moved aroundto

follow the sun, or brought inside for cleaning or storage, for example. For backyard or mobile

solar PV applications, an extension cord with a wireless energy capture device may be thrown on

the ground or placed nearthe solar unit. The capture extension cord can be completely sealed

from the elements and electrically isolated, so that it may be used in any indoor or outdoor

environment.

[00468] With wireless powertransfer no wires or external connections may be

necessary and the PV solar panels can be completely weather sealed. Significantly improved

reliability and lifetime of electrical components in the solar PV power generation and

transmission circuitry can be expected since the weather-sealed enclosures can protect

components from UV radiation, humidity, weather, and the like. With wireless powertransfer

and weather-sealed enclosures it may be possible to use less expensive components since they

will no longer be directly exposed to external factors and weather elements and it may reduce the

cost of PV panels.

[00469] Power transfer between the PV panels and the capture resonators inside a

building or a vehicle may be bidirectional. Energy may be transmitted from the housegrid to the

PV panels to provide power when the panels do not have enough energy to perform certain tasks

such. Reverse power flow can be used to melt snow from the panels, or power motors that will

position the panels in a more favorable positions with respect to the sun energy. Once the snow is

melted or the panels are repositioned and the PV panels can generate their own energy the

direction of power transfer can be returned to normaldelivering power from the PV panels to

buildings, vehicles, or devices.

[00470] PV panels with wireless power transfer may include auto-tuning on

installation to ensure maximum andefficient powertransfer to the wireless collector. Variations

in roofing materials or variations in distances between the PV panels and the wireless power

collector in different installations may affect the performanceor perturb the properties of the
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resonators of the wireless powertransfer. To reduce the installation complexity the wireless

powertransfer components may include a tuning capability to automatically adjust their

opcrating point to compensate for any cffects duc to materials or distance. Frequency,

impedance, capacitance, inductance, duty cycle, voltage levels and the like may be adjusted to

ensure efficient and safe power transfer

[00471] The systems and methods described herein may be used to provide a wireless

power zone on a temporary basis or in extension oftraditional electrical outlets to wireless power

zones, such as throughthe use of a wireless power extension cord. For example, a wireless

power extension cord may be configured as a plug for connecting into a traditional poweroutlet,

a long wire suchasin a traditional power extension cord, and a resonant source coil on the other

end (e.g. in place of, or in addition to, the traditional socket end of the extension The wireless

extension cord may also be configured where there are source resonators at a plurality of

locations along the wireless extension cord. This configuration may then replace anytraditional

extension cord where there are wireless power configured devices, such as providing wireless

powerto a location where there is no convenient poweroutlet (e.g. a location in the living room

where there’s no outlet), for temporary wireless power where there is no wired power

infrastructure (e.g. a construction site), out into the yard wherethere are no outlets (e.g. for

parties or for yard grooming equipmentthat is wirelessly powered to decrease the chances of

cutting the traditional electrical cord), and the like. The wireless extension cord may also be used

as a drop within a wall or structure to provide wireless power zones within the vicinity of the

drop. For example, a wireless extension cord could be run within a wall of a new or renovated

room to provide wireless power zones without the need for the installation of traditional

electrical wiring and outlets.

[00472] The systems and methods described herein may beutilized to provide power

between moving parts or rotating assemblies of a vehicle, a robot, a mechanical device, a wind

turbine, or any other type of rotating device or structure with moving parts such as robot arms,

construction vehicles, movable platforms and the like. Traditionally, power in such systems may

have been provided byslip rings or by rotary joints for example. Using wireless power transfer

as described herein, the design simplicity, reliability and longevity of these devices may be

significantly improved because powercan be transferred over a range of distances without any

physical connections or contact points that may wear down or out with time. In particular, the
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preferred coaxial and parallel alignment of the source and device coils may provide wireless

power transmission that is not severely modulated by the relative rotational motion of the two

coils.

[00473] The systems and methods described herein may beutilized to extend power

needs beyondthe reach of a single source resonator by providing a series of source-device-

source-device resonators. For instance, suppose an existing detached garage has noelectrical

powerand the owner now wantsto install a new powerservice. However, the owner may not

want to run wires all over the garage, or have to break into the walls to wire electrical outlets

throughoutthe structure. In this instance, the owner may elect to connect a source resonator to

the new powerservice, enabling wireless powerto be supplied to device resonator outlets

throughout the back of the garage. The owner may theninstall a device-source ‘relay’ to supply

wireless power to device resonator outlets in the front of the garage. That is, the power relay may

now receive wireless power from the primary source resonator, and then supply available power

to a second source resonator to supply powerto a second set of device resonators in the front of

the garage. This configuration may be repeated again and again to extendthe effective range of

the supplied wireless power.

[00474] Multiple resonators may be used to extend power needs around an energy

blocking material. For instance, it may be desirable to integrate a source resonator into a

computer or computer monitor such that the resonator may power devices placed around and

especially in front of the monitor or computer such as keyboards, computer mice, telephones,

and the like. Due to aesthetics, space constraints, and the like an energy source that may be used

for the source resonator may only be located or connected to in the back of the monitor or

computer. In many designs of computer or monitors metal components and metal containing

circuits are used in the design and packaging which maylimit and prevent powertransfer from

source resonator in the back of the monitor or computer to the front of the monitor or computer.

An additional repeater resonator may be integrated into the base or pedestal of the monitor or

computer that couples to the source resonator in the back of the monitor or computer and allows

powertransfer to the spacein front of the monitor or computer. The intermediate resonator

integrated into the base or pedestal of the monitor or computer does not require an additional

powersource, it captures power from the source resonator and transfers powerto the front

around the blocking or powershielding metal components of the monitor or computer.

122

Momentum Dynamics Corporation
Exhibit 1002

Page 1093



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1094

WO 2010/093997 PCT/US2010/024199

[00475] The systems and methods described herein maybe built-into, placed on, hung

from, embedded into, integrated into, and the like, the structural portions of a space, such as a

vchicle, office, homc, room, building, outdoor structure, road infrastructure, and the like. For

instance, one or more sources maybe built into, placed on, hung from, embedded or integrated

into a wall, a ceiling or ceiling panel, a floor, a divider, a doorway, a stairwell, a compartment, a

road surface, a sidewalk, a ramp, a fence, an exterior structure, and the like. One or more sources

may be built into an entity within or around a structure, for instance a bed, a desk, a chair, a rug,

a mirror, a clock, a display, a television, an electronic device, a counter, a table, a piece of

furniture, a piece of artwork, an enclosure, a compartment, a ceiling panel, a floor or door panel,

a dashboard, a trunk, a wheel well, a post, a beam, a support or any like entity. For example, a

source resonator may be integrated into the dashboard of a user’s car so that any device that is

equipped with or connected to a device resonator may be supplied with power from the

dashboard source resonator. In this way, devices brought into or integrated into the car may be

constantly charged or powered while in the car.

[00476] The systems and methods described herein may provide power through the

walls of vehicles, such as boats, cars, trucks, busses, trains, planes, satellites and the like. For

instance, a user may not wantto drill through the wall of the vehicle in order to provide power to

an electric device on the outside of the vehicle. A source resonator may be placed inside the

vehicle and a device resonator may be placed outside the vehicle (e.g. on the opposite side of a

window,wall or structure). In this way the user may achieve greater flexibility in optimizing the

placement, positioning and attachment of the external device to the vehicle, (such as without

regard to supplying or routing electrical connectionsto the device). In addition, with the

electrical power supplied wirelessly, the external device may be sealed suchthat it is watertight,

makingit safe if the electric device is exposed to weather (e.g. rain), or even submerged under

water. Similar techniques may be employed in a variety of applications, such as in charging or

powering hybrid vehicles, navigation and communications equipment, construction equipment,

remote controlled or robotic equipmentand the like, where electrical risks exist because of

exposed conductors. The systems and methods described herein may provide powerthrough the

walls of vacuum chambers or other enclosed spaces such as those used in semiconductor growth

and processing, material coating systems, aquariums, hazardous materials handling systems and
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the like. Power may be provided to translation stages, robotic arms, rotating stages, manipulation

and collection devices, cleaning devices and thelike.

[00477] The systems and methods described hercin may provide wireless power to a

kitchen environment, such as to counter-top appliances, including mixers, coffee makers,

toasters, toaster ovens, grills, griddles, electric skillets, electric pots, electric woks, waffle

makers, blenders, food processors, crock pots, warming trays, induction cooktops,lights,

computers, displays, and the like. This technology may improve the mobility and/or positioning

flexibility of devices, reduce the number of power cords stored on and strewn across the counter-

top, improve the washability of the devices, and the like. For example, an electric skillet may

traditionally have separate portions, such as one that is submersible for washing and onethat is

not submersible becauseit includes an external electrical connection (e.g. a cord or a socket for a

removable cord). However, with a device resonator integrated into the unit, all electrical

connections maybe sealed, and so the entire device may now be submersedfor cleaning. In

addition, the absence of an external cord may eliminate the need for an available electrical wall

outlet, and there is no longer a need for a powercord to be placed across the counter or for the

location of the electric griddle to be limited to the location of an available electrical wall outlet.

[00478] The systems and methods described herein may provide continuous

power/charging to devices equipped with a device resonator because the device doesn’t leave the

proximity of a source resonator, such as fixed electrical devices, personal computers, intercom

systems, security systems, household robots, lighting, remote control units, televisions, cordless

phones, and the like. For example, a household robot (e.g. ROOMBA) could be powered/charged

via wireless power, and thus work arbitrarily long without recharging. In this way, the power

supply design for the household robot may be changed to take advantage of this continuous

source of wireless power, such as to design the robot to only use power from the source resonator

without the need for batteries, use power from the source resonator to recharge the robot’s

batteries, use the power from the source resonator to trickle charge the robot’s batteries, use the

powerfrom the source resonator to charge a capacitive energy storage unit, and the like. Similar

optimizations of the power supplies and power circuits may be enabled, designed, and realized,

for any andall of the devices disclosed herein.

[00479] The systems and methods described herein may be able to provide wireless

powerto electrically heated blankets, heating pads/patches, and the like. These electrically

124

Momentum Dynamics Corporation
Exhibit 1002

Page 1095



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1096

WO 2010/093997 PCT/US2010/024199

heated devices may find a variety of indoor and outdoor uses. For example, hand and foot

warmers supplied to outdoor workers such as guards, policemen, construction workers and the

like might be remotcly powered from a source resonator associated with or built into a ncarby

vehicle, building, utility pole, traffic light, portable power unit, and the like.

[00480] The systems and methods described herein may be used to power a portable

information device that contains a device resonator and that may be powered up whenthe

information device is near an information source containing a source resonator. Forinstance, the

information device may be a card (e.g. credit card, smart card, electronic card, and the like)

carried in a user’s pocket, wallet, purse, vehicle, bike, and the like. The portable information

device may be powered up whenitis in the vicinity of an information source that then transmits

information to the portable information device that may contain electronic logic, electronic

processors, memory, a display, an LCD display, LEDs, RFID tags, and the like. For example, the

portable information device may bea credit card with a display that "turns on" whenit is near an

information source, and provide the user with some information suchas, “You just received a

coupon for 50% off your next Coca Cola purchase’. The information device may store

information such as coupon or discount information that could be used on subsequent purchases.

The portable information device may be programmedby the user to contain tasks, calendar

appointments, to-do lists, alarms and reminders, and the like. The information device may

receive up-to-date price information and inform the user of the location and price of previously

selected or identified items.

[00481] The systems and methods described herein may provide wireless power

transmission to directly power or recharge the batteries in sensors, such as environmental

sensors, security sensors, agriculture sensors, appliance sensors, food spoilage sensors, power

sensors, and the like, which may be mounted internal to a structure, external to a structure, buried

underground, installed in walls, and the like. For example, this capability may replace the need to

dig out old sensors to physically replace the battery, or to bury a new sensor because the old

sensor is out ofpower and no longer operational. These sensors may be charged up periodically

through the use of a portable sensor source resonator charging unit. For instance, a truck carrying

a source resonator equipped powersource, say providing ~kW of power, may provide enough

power to a ~mW sensorin a few minutes to extend the duration of operation of the sensor for

more than a year. Sensors may also be directly powered, such as powering sensors that are in
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places whereitis difficult to connect to them with a wire but they are still within the vicinity of a

source resonator, such as devices outside of a house (security camera), on the other side of a

wall, on an clectric lock on a door, and the like. In another cxample, scnsors that may need to be

otherwise supplied with a wired power connection may be powered through the systems and

methods described herein. For example, a ground fault interrupter breaker combines residual

current and over-current protection in one device for installation into a service panel. However,

the sensortraditionally has to be independently wired for power, and this may complicate the

installation. However, with the systems and methods described herein the sensor may be

powered with a device resonator, where a single source resonator is provided within the service

panel, thus simplifying the installation and wiring configuration within the service panel. In

addition, the single source resonator may power device resonators mounted on either side of the

source resonator mounted within the service panel, throughout the service panel, to additional

nearby service panels, and the like. The systems and methods described herein may be employed

to provide wireless power to any electrical component associated with electrical panels, electrical

rooms, powerdistribution andthe like, such as in electric switchboards, distribution boards,

circuit breakers, transformers, backup batteries, fire alarm control panels, and the like. Through

the use of the systems and methods describedherein, it may be easierto install, maintain, and

modify electrical distribution and protection components and system installations.

[00482] In another example, sensors that are powered by batteries may run

continuously, without the need to changethe batteries, because wireless power may be supplied

to periodically or continuously rechargeor trickle charge the battery. In such applications, even

low levels ofpower may adequately recharge or maintain the chargein batteries, significantly

extendingtheir lifetime and usefulness. In somecases, the battery life may be extendedto be

longer than the lifetime of the device it is powering, makingit essentially a battery that “lasts

forever”.

[00483] The systems and methods described herein may be used for charging

implanted medical device batteries, such as in an artificial heart, pacemaker, heart pump, insulin

pump, implanted coils for nerve or acupressure/acupuncture point stimulation, and the like. For

instance, it may not be convenient or safe to have wires sticking out of a patient because the

wires may be a constant source of possible infection and may generally be very unpleasant for

the patient. The systems and methods described herein may also be used to charge or power
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medical devices in or on a patient from an external source, such as from a bed or a hospital wall

or ceiling with a source resonator. Such medical devices may be easierto attach, read, use and

monitor the patient. The systems and methods described hercin may case the need for attaching

wires to the patient and the patient’s bed or bedside, making it more convenient for the patient to

movearoundand get up out of bed without the risk of inadvertently disconnecting a medical

device. This may, for example, be usefully employed with patients that have multiple sensors

monitoring them, such as for measuring pulse, blood pressure, glucose, and the like. For medical

and monitoring devices that utilize batteries, the batteries may need to be replaced quite often,

perhaps multiple times a week. This may presentrisks associated with people forgetting to

replace batteries, not noticing that the devices or monitors are not working because the batteries

have died, infection associated with improper cleaning of the battery covers and compartments,

andthe like.

[00484] The systems and methods described herein may reducethe risk and

complexity of medical device implantation procedures. Today many implantable medical devices

such as ventricular assist devices, pacemakers, defibrillators and the like, require surgical

implantation due to their device form factor, which is heavily influenced by the volume and

shape of the long-life battery that is integrated in the device. In one aspect, there is described

herein a non-invasive method of recharging the batteries so that the battery size may be

dramatically reduced, and the entire device may be implanted, such as via a catheter. A catheter

implantable device may include an integrated capture or device coil. A catheter implantable

capture or device coil may be designed so that it may be wired internally, such as after

implantation. The capture or device coil may be deployed via a catheter as a rolled up flexible

coil (e.g. rolled up like two scrolls, easily unrolled internally with a simple spreader mechanism).

The powersource coil may be worn in a vestor article of clothing thatis tailored to fit in such a

way that places the source in proper position, may be placed in a chair cushion or bed cushion,

may be integrated into a bed or piece of furniture, and thelike.

[00485] The systems and methods described herein may enable patients to have a

“sensor vest’, sensor patch, and the like, that may includeat least one of a plurality ofmedical

sensors and a device resonator that may be powered or charged whenit is in the vicinity of a

source resonator. Traditionally, this type of medical monitoring facility may have required

batteries, thus making the vest, patch, and the like, heavy, and potentially impractical. But using

127

Momentum Dynamics Corporation
Exhibit 1002

Page 1098



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1099

WO 2010/093997 PCT/US2010/024199

the principles disclosed herein, no batteries (or a lighter rechargeable battery) may be required,

thus making such a device more convenient and practical, especially in the case where such a

medical device could be held in place without straps, such as by adhesive, in the abscncc of

batteries or with substantially lighter batteries. A medical facility may be able to read the sensor

data remotely with the aim of anticipating (e.g. a few minutes aheadof) a stroke, a heart-attack,

or the like. Whenthe vest is used by a person in a location remote from the medical facility, such

as in their home, the vest may then be integrated with a cell-phone or communications device to

call an ambulance in case of an accident or a medical event. The systems and methods described

herein may beofparticular value in the instance whenthe vest is to be used by an elderly person,

wheretraditional non-wireless recharging practices (e.g. replacing batteries, plugging in at night,

and the like) may not be followed as required. The systems and methods described herein may

also be used for charging devices that are used by or that aid handicapped or disabled people

who mayhavedifficulty replacing or rechargingbatteries, or reliably supplying power to devices

they enjoy or rely on.

[00486] The systems and methods described herein may be used for the charging and

powering ofartificial limbs. Artificial limbs have become very capable in terms of replacing the

functionality of original limbs, such as arms, legs, hands and feet. However,an electrically

poweredartificial limb may require substantial power, (such as 10-20W) which maytranslate

into a substantial battery. In that case, the amputee may be left with a choice between a light

battery that doesn’t last very long, and a heavy battery that lasts much longer, but is more

difficult to ‘carry’ around. The systems and methods described herein may enabletheartificial

limb to be powered with a device resonator, where the source resonatoris either carried by the

user and attached to a part of the body that may more easily support the weight (such as on a belt

aroundthe waist, for example) or located in an external location where the user will spend an

adequate amount of time to keep the device charged or powered, such as at their desk, in their

car, in their bed, and the like.

[00487] The systems and methods described herein may be used for charging and

powering of electrically powered. exo-skeletons, such as those used in industrial and military

applications, and for elderly/weak/sick people. An electrically powered exo-skeleton may

provide up to a 10-to-20 times increase in “‘strength’’ to a person, enabling the person to perform

physically strenuous tasks repeatedly without much fatigue. However, exo-skeletons may require
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more than 100W of power under certain use scenarios, so battery powered operation may be

limited to 30 minutesor less. The delivery ofwireless power as described herein may provide a

uscr of an cxo-skelcton with a continuous supply of power both for powcring the structural

movements of the exo-skeleton and for powering various monitors and sensorsdistributed

throughoutthe structure. For instance, an exo-skeleton with an embedded device resonator(s)

may be supplied with power from a local source resonator. For an industrial exo-skeleton, the

source resonator may be placed in the walls of the facility. For a military exo-skeleton, the

source resonator may be carried by an armored vehicle. For an exo-skeleton employedto assist a

caretaker of the elderly, the source resonator(s) may be installed or placed in or the room(s) of a

person’s home.

[00488] The systems and methods described herein may be used for the

powering/charging of portable medical equipment, such as oxygen systems, ventilators,

defibrillators, medication pumps, monitors, and equipment in ambulances or mobile medical

units, and the like. Being able to transport a patient from an accident scene to the hospital, or to

movepatients in their beds to other roomsor areas, and bring all the equipmentthat is attached

with them and have it powered the whole time offers great benefits to the patients’ health and

eventual well-being. Certainly one can understand the risks and problems caused by medical

devices that stop working because their battery dies or because they must be unplugged while a

patient is transported or moved in any way. For example, an emergency medical team on the

scene of an automotive accident might need to utilize portable medical equipment in the

emergency care of patients in the field. Such portable medical equipment must be properly

maintained so that there is sufficient battery life to power the equipment for the duration of the

emergency. However,it is too often the case that the equipment is not properly maintained so

that batteries are not fully charged and in somecases, necessary equipmentis not available to the

first responders. The systems and methods described herein may provide for wireless power to

portable medical equipment (and associated sensor inputs on the patient) in such a way that the

charging and maintaining ofbatteries and powerpacksis provided automatically and without

humanintervention. Such a system also benefits from the improved mobility of a patient

unencumbered by a variety ofpower cords attached to the many medical monitors and devices

used in their treatment.
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[00489] The systems and methods described herein may be usedto for the

powering/charging of personal hearing aids. Personal hearing aids need to be small andlight to

fit into or around the car of a person. The size and weight restrictions limit the size ofbattcrics

that can be used. Likewise, the size and weightrestrictions of the device make battery

replacementdifficult due to the delicacy of the components. The dimensions of the devices and

hygiene concems makeit difficult to integrate additional charging ports to allow recharging of

the batteries. The systems and methods described herein may be integrated into the hearing aid

and may reduce the size of the necessary batteries which may allow even smaller hearing aids.

Usingthe principles disclosed herein, the batteries of the hearing aid may be recharged without

requiring external connections or charging ports. Charging and device circuitry and a small

rechargeable battery may be integrated into a form factor of a conventional hearing aid battery

allowingretrofit into existing hearing aids. The hearing aid may be recharged while it is used and

worn by a person. The energy source may beintegrated into a pad or a cup allowing recharging

when the hearing is placed on such a structure. The charging source may beintegrated into a

hearing aid dryer box allowing wireless recharging while the hearing aid is drying or being

sterilized. The source and device resonator may be used to also heat the device reducing or

eliminating the need for an additional heating element. Portable charging cases powered by

batteries or AC adaptors may be used as storage and charging stations.

[00490] The source resonator for the medical systems described above may bein the

main body of someorall of the medical equipment, with device resonators on the patient’s

sensors and devices; the source resonator may be in the ambulance with device resonators on the

patient’s sensors and. the main body of someorall of the equipment; a primary source resonator

may be in the ambulancefor transferring wireless power to a device resonator on the medical

equipment while the medical equipmentis in the ambulance and a second source resonatoris in

the main body of the medical equipment and a second device resonator on the patient sensors

when the equipment is away from the ambulance; and the like. The systems and methods

described herein may significantly improve the ease with which medical personnelare able to

transport patients from one location to another, where power wires and the need to replace or

manually charge associated batteries may now be reduced.

[00491] The systems and methods described herein may be used for the charging of

devices inside a military vehicle or facility, such as a tank, armored carrier, mobile shelter, and
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the like. For instance, when soldiers come back into a vehicle after “action” or a mission, they

may typically start charging their electronic devices. If their electronic devices were equipped

with device resonators, and there was a source resonator inside the vehicle, (c.g. integrated in the

seats or on the ceiling of the vehicle), their devices would start charging immediately. In fact, the

same vehicle could provide power to soldiers/robots (e.g. packbot from iRobot) standing outside

or walking beside the vehicle. This capability may be useful in minimizing accidental battery-

swapping with someoneelse (this maybe a significant issue, as soldiers tend to trust only their

own batteries); in enabling quicker exits from a vehicle under attack; in powering or charging

laptops or other electronic devices inside a tank, as too many wires inside the tank may present a

hazard in terms of reduced ability to move around fast in case of “trouble” and/or decreased

visibility; and the like. The systems and methods described herein may provide a significant

improvement in association with powering portable power equipment in a military environment.

[00492] The systems and methods described herein may provide wireless powering or

charging capabilities to mobile vehicles such as golf carts or other types ofcarts, all-terrain

vehicles, electric bikes, scooters, cars, mowers, bobcats and other vehicles typically used for

construction and landscaping andthe like. The systems and methods described herein may

provide wireless powering or charging capabilities to miniature mobile vehicles, such as mini-

helicopters, airborne drones, remote control planes, remote control boats, remote controlled or

robotic rovers, remote controlled or robotic lawn mowers or equipment, bomb detection robots,

and the like. For instance, mini-helicopter flying above a military vehicle to increase its field of

view can fly for a few minutes on standard batteries. If these mini-helicopters were fitted with a

device resonator, and the control vehicle had a source resonator, the mini-helicopter might be

able to fly indefinitely. The systems and methods described herein may provide an effective

alternative to recharging or replacing the batteries for use in miniature mobile vehicles. In

addition, the systems and methods described herein may provide power/charging to even smaller

devices, such as microelectromechanical systems (MEMS), nano-robots, nano devices, and the

like. In addition, the systems and methods described herein may be implemented byinstalling a

source device in a mobile vehicle or flying device to enable it to serve as an in-field or in-flight

re-charger, that may position itself autonomously in proximity to a mobile vehicle that is

equipped with a device resonator.
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[00493] The systems and methods described herein may be used to provide power

networks for temporaryfacilities, such as military camps,oil drilling setups, remote filming

locations, and the likc, where electrical poweris required, such as for powcr gencrators, and

where powercables are typically run around the temporaryfacility. There are many instances

whenit is necessary to set up temporary facilities that require power. The systems and methods

described herein may enable a more efficient way to rapidly set up and tear down these facilities,

and may reduce the numberofwires that must be run throughoutthe faculties to supply power.

Forinstance, when Special Forces moveinto an area, they may erect tents and drag many wires

around the camp to provide the required electricity. Instead, the systems and methods described

herein may enable an army vehicle, outfitted with a power supply and a source resonator, to park

in the center of the camp, and provide all the power to nearby tents where the device resonator

may be integrated into the tents, or some other piece of equipment associated with each tent or

area. A series of source-device-source-device resonators may be used to extend the powerto

tents that are farther away. That is, the tents closest to the vehicle could then provide powerto

tents behind them. The systems and methods described herein may provide a significant

improvement to the efficiency with which temporaryinstallations may be set up and torn down,

thus improving the mobility of the associated facility.

[00494] The systems and methods described herein may be used in vehicles, such as

for replacing wires, installing new equipment, powering devices brought into the vehicle,

charging the battery of a vehicle (c.g. for a traditional gas powered engine, for a hybrid car, for

an electric car, and the like), powering devices mounted to the interior or exterior of the vehicle,

powering devices in the vicinity of the vehicle, and the like. For example, the systems and

methods described herein may be used to replace wires such as those are used to powerlights,

fans and sensors distributed throughout a vehicle. As an example, a typical car may have 50kg of

wires associated with it, and the use of the systems and methods described herein may enable the

elimination of a substantial amount of this wiring. The performance of larger and more weight

sensitive vehicles such as airplanes or satellites could benefit greatly from having the number of

cables that must be run throughout the vehicle reduced. The systems and methods described

herein may allow the accommodation of removable or supplemental portions of a vehicle with

electric and electrical devices without the need for electrical harnessing. For example, a

motorcycle may have removableside boxesthat act as a temporary trunk space for when the
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cyclist is going on a long trip. These side boxes may haveexteriorlights, interior lights, sensors,

auto equipment, andthe like, and if not for being equipped with the systems and methods

described herein might require electrical connections and harnessing.

[00495] An in-vehicle wireless power transmission system may charge or power one

or more mobile devices used in a car: mobile phone handset, Bluetooth headset, blue tooth hands

free speaker phone, GPS, MP3player, wireless audio transceiver for streaming MP3 audio

through car stereo via FM, Bluetooth, and the like. The in vehicle wireless power source may

utilize source resonators that are arranged in any of several possible configurations including

charging pad on dash, charging pad otherwise mounted on floor, or between seat and center

console, charging “cup” or receptacle that fits in cup holder or on dash, and the like.

[00496] The wireless power transmission source may utilize a rechargeable battery

system suchthat said supply battery gets charged wheneverthe vehicle poweris on such that

whenthe vehicle is tumed off the wireless supply can draw power from the supply battery and

can continue to wirelessly charge or power mobile devices that are still in the car.

[00497] The plug-in electric cars, hybrid cars, and the like, of the future need to be

charged, and the user may need to plug in to an electrical supply when they get home orto a

charging station. Based on a single over-night recharging, the user may be able to drive up to 50

miles the next day. Therefore, in the instance of a hybrid car, if a person drives less than 50 miles

on most days, they will be driving mostly on electricity. However, it would be beneficial if they

didn’t have to rememberto plug in the car at night. That is, it would be nice to simply drive into

a garage, and havethe car take care of its own charging. To this end, a source resonator may be

built into the garage floor and/or garage side-wall, and the device resonator may be built into the

bottom (or side) of the car. Even a few kW transfer may be sufficient to recharge the car over-

night. The in-vehicle device resonator may measure magnetic field properties to provide

feedback to assist in vehicle (or any similar device) alignment to a stationary resonating source.

The vehicle may use this positional feedback to automatically position itself to achieve optimum

alignment, thus optimum powertransmission efficiency. Another method may be to use the

positional feedback to help the human operator to properly position the vehicle or device, such as

by making LED’s light up, providing noises, and the like whenit is well positioned. In such

cases where the amount ofpower being transmitted could present a safety hazard to a person or

animalthat intrudes into the active field volume, the source or receiver device may be equipped
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with an active light curtain or some other external device capable of sensing intrusion into the

active field volume, and capable of shutting off the source device and alert a human operator. In

addition, the source device may be equipped with self-scnsing capability such that it may detect

that its expected powertransmission rate has been interrupted by an intruding element, and in

such case shut off the source device and alert a human operator. Physical or mechanical

structures such as hinged doorsor inflatable bladder shields may be incorporated as a physical

barrier to prevent unwantedintrusions. Sensors such as optical, magnetic, capacitive, inductive,

and the like may also be used to detect foreign structures or interference between the source and

device resonators. The shape of the source resonator may be shaped such to prevent water or

debris accumulation. The source resonator may be placed in a cone shaped enclosure or may

have an enclosure with an angled top to allow water and debris to roll off. The source of the

system may use battery powerofthe vehicle or its own battery powerto transmit its presence to

the source to initiate power transmission.

[00498] The source resonator may be mounted on an embedded or hanging post, on a

wall, on a stand, and the like for coupling to a device resonator mounted on the bumper, hood,

body panel, andthe like, of an electric vehicle. The source resonator may be enclosed or

embeddedinto a flexible enclosure such as a pillow,a pad, a bellows, a spring loaded enclosure

and thelike so that the electric vehicle may make contact with the structure containing the source

coil without damaging the car in any way. The structure containing the source may prevent

objects from getting between the source and device resonators. Because the wireless power

transfer may be relatively insensitive to misalignments between the source and device coils, a

variety of flexible source structures and parking procedures may be appropriate for this

application.

[00499] The systems and methods described herein may be usedto trickle charge

batteries of electric, hybrid or combustion engine vehicles. Vehicles may require small amounts

of powerto maintain or replenish battery power. The power maybe transferred wirelessly from a

source to a device resonator that may be incorporated into the front grill, roof, bottom, or other

parts of the vehicle. The device resonator may be designed to fit into a shape of a logo on the

front of a vehicle or around the grill as not to obstruct air flow throughthe radiator. The device

or source resonator may have additional modesofoperation that allow the resonator to be used

as a heating element which can be used to melt of snow or ice from the vehicle.
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[00500] An electric vehicle or hybrid vehicle may require multiple device resonators,

such as to increase the ease with which the vehicle may come in proximity with a source

resonator for charging (i.c. the greater the numberand varicd position of device resonators arc,

the greater the chancesthat the vehicle can pull in and interface with a diversity of charging

stations), to increase the amount of powerthat can be delivered in a period of time(e.g.

additional device resonators may be required to keep the local heating due to charging currents to

acceptable levels), to aid in automatic parking/docking the vehicle with the charging station, and

the like. For example, the vehicle may have multiple resonators (or a single resonator) with a

feedback system that provides guidance to either the driver or an automated parking/docking

facility in the parking of the vehicle for optimized charging conditions(1.¢., the optimum

positioning of the vehicle’s device resonator to the charging station’s source resonator may

provide greater powertransfer efficiency). An automated parking/docking facility may allow for

the automatic parking of the vehicle based on how well the vehicle is coupled.

[00501] The power transmission system may be used to power devices and peripherals

of a vehicle. Power to peripherals may be provided while a vehicle is charging, or while not

charging, or power may bedelivered to conventional vehicles that do not need charging. For

example, power maybe transferred wirelessly to conventional non-electric cars to powerair

conditioning, refrigeration units, heaters, lights, and the like while parked to avoid running the

engine which may be important to avoid exhaust build up in garage parking lots or loading

docks. Power may for example be wirelessly transferred to a bus while it is parked to allow

powering of lights, peripherals, passenger devices, and the like avoiding the use of onboard

engines or power sources. Power may bewirelessly transferred to an airplane while parked on

the tarmac or in a hanger to powerinstrumentation, climate control, de-icing equipment, and the

like without having to use onboard engines or power sources.

[00502] Wireless power transmission on vehicles may be used to enable the concept of

Vehicle to Grid (V2G). Vehicle to grid is based on utilizing electric vehicles and plug-in hybrid

electric vehicles (PHEV)as distributed energy storage devices, charged at night whentheelectric

grid is underutilized, and available to discharge back into the grid during episodes of peak

demand that occur during the day. The wireless powertransmission system on a vehicle and the

respective infrastructure may be implemented in such a wayas to enable bidirectional energy

flow—sothat energy can flow back into the grid from the vehicle—without requiring a plug in
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connection. Vastfleets of vehicles, parked at factories, offices, parking lots, can be viewed as

“peaking power capacity” by the smart grid. Wireless power transmission on vehicles can make

such a V2G vision a reality. By simplifying the process of connecting a vchicle to the grid, (i.c.

by simply parking it in a wireless charging enabled parking spot), it becomes much morelikely

that a certain numberofvehicles will be “‘dispatchable” when the grid needs to tap their power.

Without wireless charging, electric and PHEV ownerswill likely charge their vehicles at home,

and park them at work in conventional parking spots. Who will want to plug their vehicle in at

work, if they do not need charging? With wireless charging systems capable of handling 3 kW,

100,000 vehicles can provide 300 Megawatts back to the grid—ausing energy generated the night

before by cost effective base load generating capacity. It is the streamlined ergonomicsof the

cordless self charging PHEV andelectric vehicles that make it a viable V2G energy source.

[00503] The systems and methods described herein may be used to powersensors on

the vehicle, such as sensors in tires to measure air-pressure, or to run peripheral devices in the

vehicle, such as cell phones, GPS devices, navigation devices, game players, audio or video

players, DVD players, wireless routers, communications equipment, anti-theft devices, radar

devices, and the like. For example, source resonators described herein may be built into the main

compartment of the car in order to supply powerto a variety of devices located both inside and

outside of the main compartment of the car. Where the vehicle is a motorcycle or the like,

devices described herein may be integrated into the body of the motorcycle, such as under the

seat, and device resonators may be provided in a user’s helmet, such as for communications,

entertainment, signaling, and the like, or device resonators may be providedin the user’s jacket,

such as for displaying signals to other drivers for safety, and the like.

[00504] The systems and methods described herein may be used in conjunction with

transportation infrastructure, such as roads,trains, planes, shipping, and the like. For example,

source resonators may be built into roads, parking lots, rail-lines, and the like. Source resonators

may bebuilt into traffic lights, signs, and the like. For example, with source resonators

embedded into a road, and device resonators built into vehicles, the vehicles may be provided

poweras they drive along the road or as they are parked in lots or on the side of the road. The

systems and methods described herein may provide an effective way for electrical systems in

vehicles to be powered and/or charged while the vehicle traverses a road network, or a portion of

a road network.In this way, the systems and methods described herein may contribute to the
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powering/charging of autonomous vehicles, automatic guided vehicles, and the like. The systems

and methods described herein may provide powerto vehicles in places where they typically idle

or stop, such as in the vicinity oftraffic lights or signs, on highway ramps,or in parkinglots.

[00505] The systems and methods described herein may be usedin an industrial

environment, such as inside a factory for powering machinery, powering/charging robots,

powering and/or charging wireless sensors on robot arms, powering/charging tools and the like.

For example, using the systems and methods described herein to supply power to devices on the

arms of robots may help eliminate direct wire connections across the joints of the robot arm. In

this way, the wearing out of such direct wire connections may be reduced,andthe reliability of

the robot increased. In this case, the device resonator may be out on the arm of the robot, and the

source resonator may beat the base of the robot, in a central location near the robot, integrated

into the industrial facility in which the robot is providing service, and the like. The use of the

systems and methods described herein may help eliminate wiring otherwise associated with

powerdistribution within the industrial facility, and thus benefit the overall reliability of the

facility.

[00506] The systems and methods described herein may be used for underground

applications, such as drilling, mining, digging, and the like. For example, electrical components

and sensors associated with drilling or excavation may utilize the systems and methods described

herein to eliminate cabling associated with a digging mechanism,a drilling bit, and the like, thus

eliminating or minimizing cabling near the excavation point. In another example, the systems

and methods described herein may be used to provide powerto excavation equipment in a

mining application where the power requirements for the equipment may be high and the

distances large, but where there are no people to be subjected to the associated requiredfields.

For instance, the excavation area may have device resonator powered digging equipment that has

high power requirements and may be digging relatively far from the source resonator. As a result

the source resonator may need to provide high field intensities to satisfy these requirements, but

personnel are far enough away to be outside these high intensity fields. This high power, no

personnel, scenario may be applicable to a plurality of industrial applications.

[00507| The systems and methods described herein mayalso use the near-field non-

radiative resonant scheme for information transfer rather than, or in addition to, powertransfer.

For instance, information being transferred by near-field non-radiative resonance techniques may
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not be susceptible to eavesdropping and so may provide an increased level of security compared

to traditional wireless communication schemes. In addition, information being transferred by

near-ficld non-radiative resonance techniques may not interfere with the EM radiative spectrum

and so may not be a source of EM interference, thereby allowing communications in an extended

frequency range and well within the limits set by any regulatory bodies. Communication services

may be provided between remote, inaccessible or hard-to-reach places such as between remote

sensors, between sections of a device or vehicle, in tunnels, caves and wells (e.g. oil wells, other

drill sites) and between underwater or underground devices, and the like. Communications

services may be provided in places where magnetic fields experience less loss than electric

fields.

[00508] The systems and methods described herein may enable the simultaneous

transmission of power and communication signals between sources and devices in wireless

powertransmission systems, or it may enable the transmission ofpower and communication

signals during different time periodsor at different frequencies. The performance characteristics

of the resonator may be controllably varied to preferentially support or limit the efficiency or

range of either energy or information transfer. The performance characteristics of the resonators

may be controlled to improve the security by reducing the range of information transfer, for

example. The performance characteristics of the resonators may be varied continuously,

periodically, or according to a predetermined, computed or automatically adjusted algorithm. For

example, the power and information transfer enabled by the systems and methods described

herein may be provided in a time multiplexed or frequency multiplexed manner. A source and

device may signal each other by tuning, changing, varying, dithering, and the like, the resonator

impedance which may affect the reflected impedance of other resonators that can be detected.

The information transferred as described herein may include information regarding device

identification, device power requirements, handshaking protocols, andthelike.

[00509] The source and device may sense, transmit, process and utilize position and

location information on any other sources and/or devices in a power network. The source and

device may capture or use information such as elevation,tilt, latitude and longitude, and the like

from a variety of sensors and sources that may be built into the source and device or may be part

of a component the source or device connect. The positioning and orientation information may

include sources such as global positioning sensors (GPS), compasses, accelerometers, pressure
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sensors, atmospheric barometric sensors, positioning systems which use Wi-Fi or cellular

network signals, and the like. The source and device may use the position and location

information to find nearby wireless powcrtransmission sources. A source may broadcast or

communicate with a central station or database identifying its location. A device may obtain the

source location information from the central station or database or from the local broadcast and

guide a user or an operator to the source with the aid of visual, vibrational, or auditory signals.

Sources and devices may be nodes in a power network, in a communications network, in a sensor

network, in a navigational network, and the like or in kind of combined functionality network.

[00510] The position and location information may also be used to optimize or

coordinate powerdelivery. Additional information about the relative position of a source and a

device may be used to optimize magnetic field direction and resonator alignment. The orientation

of a device and a source which may be obtained from accelerometers and magnetic sensors, and

the like, for example, may be used to identify the orientation of resonators and the most

favorable direction of a magnetic field such that the magnetic flux is not blocked by the device

circuitry. With such information a source with the most favorable orientation, or a combination

of sources, may be used. Likewise, position and orientation information may be used to move or

provide feedback to a user or operator of a device to place a device in a favorable orientation or

location to maximize power transmission efficiency, minimize losses, and thelike.

[00511] The source and device may include power metering and measuring circuitry

and capability. The power metering may be used to track how much power wasdelivered to a

device or how much power wastransferred by a source. The power metering and power usage

information may be used in fee based power delivery arrangements for billing purposes. Power

metering maybe also be used to enable powerdelivery policies to ensure poweris distributed to

multiple devices according to specific criteria. For example, the power metering may be used to

categorize devices based on the amount of power they received and priority in power delivery

may be given to those having received the least power. Power metering may be used to provide

tiered delivery services such as “guaranteed power”and “best effort power” which maybe billed

at separate rates. Power metering may be used toinstitute and enforce hierarchical power

delivery structures and may enable priority devices to demand and receive- more power under

certain circumstances or use scenarios.
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[00512] Power metering may be used to optimize powerdelivery efficiency and

minimize absorption andradiation losses. Information related to the power received by devices

may be used by a source in conjunction with information about the powcr output of the source to

identify unfavorable operating environments or frequencies. For example, a source may compare

the amount of power which wasreceived by the devices and the amount of power whichit

transmitted to determineifthe transmission losses may be unusually or unacceptably large.

Large transmission losses may be due to an unauthorized device receiving power from the source

and the source and other devices mayinitiate frequency hopping of the resonance frequency or

other defensive measures to prevent or deter unauthorized use. Large transmission losses may be

due to absorption losses for example, and the device and source may tuneto alternate resonance

frequencies to minimize such losses. Large transmission losses may also indicate the presence of

unwanted or unknown objects or materials and the source may turn downoroff its powerlevel

until the unwanted or unknownobject is removedoridentified, at which point the source may

resume powering remote devices.

[00513] The source and device may include authentication capability. Authentication

may be used to ensure that only compatible sources and devices are able to transmit and receive

power. Authentication may be used to ensure that only authentic devices that are of a specific

manufacturer and not clones or devices and sources from other manufacturers, or only devices

that are part of a specific subscription or plan, are able to receive power from a source.

Authentication may be based on cryptographic request and respond protocols or it may be based

on the unique signatures of perturbations of specific devices allowing them to be used and

authenticated based on properties similar to physically unclonable functions. Authentication may

be performed locally between each source and device with local communication or it may be

used with third person authentication methods where the source and device authenticate with

communications to a central authority. Authentication protocols may use position information to

alert a local source or sources of a genuine device.

[00514] The source and device may use frequency hopping techniques to prevent

unauthorized use of a wireless power source. The source may continuously adjust or change the

resonant frequency of powerdelivery. The changes in frequency may be performedin a

pseudorandom or predetermined mannerthat is known, reproducible, or communicated to

authorized device but difficult to predict. The rate of frequency hopping and the numberof
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various frequencies used may be large and frequent enoughto ensure that unauthorized useis

difficult or impractical. Frequency hopping may be implemented by tuning the impedance

network, tuning any of the driving circuits, using a plurality of resonators tuncd or tunable to

multiple resonant frequencies, and thelike.

[00515] The source may havea user notification capability to show the status of the

source as to whetherit is coupled to a device resonator and transmitting power, if it is in standby

mode,or if the source resonator is detuned or perturbed by an external object. The notification

capability may include visual, auditory, and vibrational methods. The notification may be as

simple as three color lights, one for each state, and optionally a speaker to provide notification in

case of an error in operation. Alternatively, the notification capability may involve an interactive

display that showsthe status of the source and optionally provides instructions on how to fix or

solve any errors or problemsidentified.

[00516] As another example, wireless power transfer may be used to improvethe

safety of electronic explosive detonators. Explosive devices are detonated with an electronic

detonator, electric detonator, or shock tube detonator. The electronic detonator utilizes stored

electrical energy (usually in a capacitor) to activate the igniter charge, with a low energytrigger

signal transmitted conductively or by radio. The electric detonator utilizes a high energy

conductive trigger signal to provide both the signal and the energy required to activate the igniter

charge. A shock tube sends a controlled explosion through a hollow tube coated with explosive

from the generator to the igniter charge. There are safety issues associated with the electric and

electronic detonators, as there are cases of stray electromagnetic energy causing unintended

activation. Wireless powertransfer via sharply resonant magnetic coupling can improvethe

safety of such systems.

[00517] Using the wireless power transfer methods disclosed herein, one can build an

electronic detonation system that has no locally stored energy, thus reducing the risk of

unintended activation. A wireless power source can be placed in proximity (within a few meters)

of the detonator. The detonator can be equipped with a resonant capture coil. The activation

energy can be transferred when the wireless power source has been triggered. The triggering of

the wireless power source can be initiated by any number of mechanisms: radio, magnetic near

field radio, conductive signaling, ultrasonics, laser light. Wireless power transfer based. on

resonant magnetic coupling also has the benefit of being able to transfer power through materials
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such as rock, soil, concrete, water, and other dense materials. The use ofvery high Q coils as

receivers and sources, having very narrow band response and sharply tuned to proprietary

frequencies, further ensure that the detonator circuits cannot capture stray EMTandactivate

unintentionally.

[00518] The resonator of a wirelessly powered device may be external, or outside of

the device, and wired to the battery of the device. The battery of the device may be modified to

include appropriate rectification and control circuitry to receive the alternating currents of the

device resonator. This can enable configurations with larger external coils, such as might be built

into a battery door of a keyboard or mouse,or digital still camera, or even larger coils that are

attached to the device but wired back to the battery/converter with ribbon cable. The battery door

can be modified to provide interconnection from the external coil to the battery/converter (which

will need an exposed contact that can touch the battery door contacts.

[00519] Stranded Printed Circuit Board Traces

[00520] Asdescribed in previous sections, high-Q inductive elements in magnetic

resonators may be formed from litz wire conductors. Litz wires are bundles of thinner, insulated

wires woven together in specially designed patterns so that the thinner individual wires do not

occupy the sameradial position within the larger bundle over any significant length. The weave

pattern and the use of multiple smaller diameter wires effectively increases the skin depth and

decreases the AC resistance of the wire over a range of frequencies.

[00521] High-Q inductive elements in magnetic resonators may also be formed from

printed circuit board (PCB) traces. Printed circuit board traces may havea variety of attractive

features including accurate reproducibility, easy integration, and cost effective mass-production.

In this section, we disclose low AC resistance stranded PCB traces, comprising multiple

narrowerinsulated traces, potentially distributed over multiple board layers, that do not maintain

fixed positions within the weave pattern, and that may be fabricated using standard fabrication

techniques. The AC resistance of these stranded traces may be determined by the number, the

size, and the relative spacing of the narrower individual traces in the designed weave pattern, as

well as by the numberofboard layers on which the weave patterns are printed and

interconnected. Individual trace insulation may be provided byair, by circuit board materials, by

coatings, by flexible sheets, by cured materials, and the like.
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[00522] In embodiments, stranded trace weave patterns for PCB fabrication may be

designed to be easily reproducible and scalable, as well as to achieve high individualtrace

densitics. The achicvable trace density may be determined by the narrowness of the individual

traces, by the geometry of the weave pattern, and by the need to incorporate other, potentially

larger structures or features, such as “vias” for example, in the weave pattern. In embodiments,

methods and designsthat place all the vias or through-holes used to connect individual traces

between multiple layers of a PCB may be preferably placed on the outer perimeters of the multi-

trace weave pattern. The outer location of the vias enables easy scaling and replication of the

pattern as well as tight and uniform individual trace placement and density since the normally

larger feature sized vias are not used within the weavepattern itself, potentially disrupting the

uniformity of the pattern and the density of the weave.

[00523] As usedin the description of this section, the term ‘stranded trace’ means a

conductor formed from a group of multiple smaller or narrower individualtraces, trace segments,

or wires. In this section we describe techniques for routing individual traces on a multilayer

PCBto form stranded traces that have a lower AC resistance than a solid conductor trace of

equivalent size would have.

[00524] The braiding of the individual traces on the layered PCB board may be

accomplished by routing each individual trace of a stranded trace in a specific pattern such thatit

undulates across and through the various layers of the PCB. The weave pattern of the individual

traces may be designed so that all the individual traces in a stranded trace have substantially the

same impedance. That is, an alternating current applied to the stranded trace will flow in

substantially equal amounts in each of the individual traces. Because the current may be

distributed uniformly across the strands, the AC resistance may be reduced. Note that the

stranded conductor may be optimally designed for minimized resistance for specific AC

frequencies. In embodiments, system trade-offs such as numberandsize of individualtraces,

numbersof layers of the PCB, connection complexities, board space, and the like, may be

considered to determine the optimum weavepattern and design.

[00525] In this section we may discuss examples whichutilize a layered PCB board

with a specific number of layers. The specific numberof layers in an example is used to clarify

the methods and designs and should not be considered as limiting. The methods and designs can

be extended and scaled to PCBs with more or fewerlayers.
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[00526] In this section we may discuss and describe examples which refer to specific

layered PCB technologies or implementations. All of the techniques, methods, algorithms, and

implementations described hercin may be gencric and may be applicable to a wide range of

layered printed circuit board technologies and implementations including flex circuit boards and

the like.

[00527] The method of routing individual traces to form a stranded trace comprises

routing individual traces or segments of traces on different layers of a PCB and varying the

relative location of each individual trace or segment within the resulting stranded trace. Each

individual trace of a stranded trace may alter its position on each PCB layer, or the individual

trace may alternate between two or morepositions within a pattern on different PCB layers. It

may be preferable that each individualtrace of a stranded trace undulate throughall the various

layers of the layered PCB.

[00528] In layered PCB technologies, traces may be routed through to different

conductor or PCB layers with vias or through-holes. The dimensions of the vias may belarger

than the possible minimum dimensionsof the individual traces, the minimum spacing between

individual traces, or the skin depth of AC currents at the frequencies of interest. In

embodiments, the designed weave patterns and routing methods may berealized by placing the

vias on the outside edges or the exterior of the stranded traces or weave patterns. In

embodiments, it may be possible to pack the individual traces as closely as feasible given the

fabrication constraints on the individual traces and trace spacing andstill achieve AC resistance

values suitable for high-Q inductive elements.

[00529] The methods and designs for forming stranded traces on a PCB may comprise

a specific routing of individual conductor traces on each layer and specific routing between each

layer of the PCB.

[00530] The routing methods and designs may beillustrated and described with an

example shownin Figure 52 which demonstrates some of the main characteristics of the methods

and designs. Figure 52 depicts an exemplary weave pattern for individual traces that may be

formed on each layer of a four layer printed circuit board. Connecting the individual traces

across the four layers of the board may form a stranded trace comprising seven individualtraces.

These seven individual traces may be arranged in the pattern shown and maybe repeated to the

desired length of the stranded trace. The individual traces on each layer are depicted by the
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black lines in Figure 52(a) and the vias are represented by the black dots on either side of the

traces. Figure 52(a) depicts the individual layers of conductors side by side for clarity. Ina

PCB,the four layers arc stacked, one on top of the other, and separated by the insulator laycrs of

the PCB. The vias on the sides of the stranded conductor may be shared through (or across)all

of the layers. For this exemplary embodiment, the first bottom via 5201 in Figure 52 is the same

via when the layers are stacked on top of one another. The two numbersnext to each via

represent the layers with individual traces that are connected by that via. For example, the first

bottom via 5201, which is labeled as 4-1 connects the individual trace segments on the fourth

conducting layer andthe first conducting layer that are connected to that via.

[00531] Figure 52(b) showsan isometric three dimensional view of the pattern from

Figure 52(a). Individual traces on each layer are depicted with black lines and the connections

made bythe vias between the layers are depicted with dashed and dotted lines. The fourlayers

ofpatterns in this example are stacked on top one another. The spacing and scale ofthe layers,

as well as the separation between individual traces on each layer have been exaggerated to

improve the clarity of the figure. The vias connect individual trace segments between two

layers. In this example,all individual trace segments from eachlayer traverse the width of the

stranded trace and are routed with the vias to an adjacentlayer.

[00532] A stranded trace may beflanked by rows of vias on both sides of the weave

pattern. On each PCBlayer, the individual traces may traverse the width of the effective

stranded trace. Each individual trace segment may be routed from a via on oneside of the

stranded trace to a via on the other side of the stranded trace. On each PCBlayer, each routed

individual trace may be routed from a via that connects that individual trace to an individual

trace on another PCB layer. The individual traces may be routed in a mannersuchthat they

traverse the width of the effective stranded trace and also traverse a distance with respect to the

axis of the stranded trace. The axis of the strandedtrace is the virtual line that runs along the

length of the stranded trace and is parallel to the rows of vias that flank the stranded trace. The

axis of an exemplary strandedtrace is illustrated in Figure 52(a) with an arrow 5203.

[00533] In embodiments, cach individual trace may be routed in effectively a

substantially diagonal direction with respect to the axis of the stranded trace. In each

conducting layer of the PCB,the individual traces may be routed in substantially the same

direction. In the exemplary embodiment of Figure 52(a), and 52(b), all the individualtraces of
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Layer 1 maybe routed in a substantially diagonal direction from the vias on one side of the

stranded trace to the vias on the other side. At the vias, the individual traces may be routed to

another layer of the PCB. All of the individual traccs from a layer may be routed to another

layer, with a similar, different, translated, reversed and the like, weave pattern at the vias. On the

next layer, the individual traces may again be routed, for example, in a substantially diagonal

pattern, from the vias on oneside of the stranded trace to the vias on the other side of the

stranded trace and so on to other layers. This pattern may continue until the individual traces

have traversed all or some of the conducting layers of the PCB, whereupon the individualtraces

may return to the starting conducing layer or an intermediate conducting layer. The individual

traces may undulate in such a manner for any number of cycles, depending on the weave pattern,

the number of conducting layers in the PCB,the desired length of the stranded trace, and the like.

In embodiments, the end points of the stranded traces may be designed to reside of the top and/or

bottom layers of the PCBs so they are accessible for easy connection to other circuit elements or

conductors.

[00534] In embodiments, on each sequential conductorlayer, individual traces may be

routed in a substantially diagonal direction with respect to the axis of the stranded trace. In

embodiments, on each subsequent conductor layer, individual conductor traces may be routed in

a substantially orthogonal direction to that of the previous conductor layer. This pattern can be

seen in Figure 52(a) and Figure 52(b). The individual traces in Layer 1 are routed ina

substantially diagonal direction traversing the stranded trace from left to right in the Figure. In

the subsequent layer, Layer 2, the individual traces are routed in a substantially diagonal

direction that is substantially orthogonal to the conductor traces of Layer 1, and are routed from

right to left of the stranded trace.

[00535] The routing or path of one individual conductor trace through the various

conductor layers may be more easily distinguishable in Figure 53(a) , where the path of one of

the individualtraces is highlighted by a dotted black line. Starting with the bottom via 5201, that

connects Layer 4 and Layer1, the individual trace is routed from the left side of the stranded

trace to a via on the right side that connects Layer 1 and Layer 2. In this exemplary embodiment,

all the individual traces on Layer | are routed from vias that connect Layer 4 and Layer | and a

via that connects Layer 1 and Layer 2. The individualtrace is routed to Layer 2 by the via and

routed right to left in Layer 2 to a via that connects Layers 2 and 3. On Layer 2 the individual
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trace is routed to a via that connects Layers 3 and 4. On Layer4 the individual trace is routed to a

via that connects Layers 4 and 1, bringing the individual trace back to the first layer. The pattern

can be repeated as many times as required for a specific length of the stranded trace.

[00536] An isometric view of the routing or path of one individual conductortrace

through the conductor layers of one example embodimentis depicted in Figure 53(b). The path

of one of the individual traces is highlighted by a thick black line. The individual trace traverses

the width of the stranded trace on each layer from one via on one side of the stranded trace to a

via on the other side of the stranded trace. The individualtrace is routed to other layers by the

vias. After traversing all of the four layers the individual trace returns to the starting layer and

the pattern continues.

[00537] While the example routing patterns shown in Figure 52 and Figure 53 feature

90 degree angles in the individualtraces that form the weave pattern, and is based on a rectilinear

routing pattern for the individual traces, various other weave and routing patterns may be used.

In exemplary embodiments, other weave and routing patterns may yield individual trace patterns

that may be along substantially diagonal directions with respect to the axis of the stranded trace.

For example, the individual traces may bendat shallower angles (such as 45 degrees) to help

reduce the gap betweentraces. In some embodiments, it may be advantageous to make each

individual trace a slanted straight line connected directly between two vias. In other

embodiments, various curves of the individual traces may be used whenthe stranded trace does

not follow a straight line path along the circuit board, but turns or loops in a direction, for

example. Several alternative exemplary diagonal weave and routing patterns for individual

traces are shown in Figure 54, but many other patterns can be derived. In some applications

some of the diagonal routing methods may bepreferable. For example, for the routing shown in

Figure 54(a), the individual traces are straight lines which may be preferable because it may

result in the shortest overall conductor length while maintaining consistent spacing between

adjacent individual traces. In embodiments, the weave pattern may differ between someorall

of the conductor layers ina PCB. For the exemplary stranded trace shown in Figure 52, the

weave pattern on the even layers differs from the weave pattern on the odd layers. In the

exemplary stranded trace shown in Figure 52 the individualtraces are routed a distance of four

vias in the direction of the axis of the stranded trace in the odd layers while only a distance of

three vias in the even layers.
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[00538] As exemplified in Figure 52, the schemeof the present invention concentrates

the vias on either side of the array or group of individual traces. Thus, the vias (which may have

larger minimum feature sizcs than traccs and gaps between traces) do not take up space within or

between the individual traces. This arrangement of the vias may lead to a higher overall density

of traces and therefore to a lower AC resistance per cross-sectional area.

[00539] The exemplary routed structures described above can be generalized for

stranded traces that comprise a various number of conducting layers of a layered PCB as well as

various numbers of individual traces. The general characteristics of the routing method may be

characterized by an integer N, representing the number of conductorlayers, and an integer AZ,

representing the numberof individual conductor traces that make up the strandedtrace.

[00540] For the designs and methodsdisclosed here, it may be preferable to have an

even numberof conductor layers. For some specific weave and routing patterns vias that

connect traces on two layers may be used. A stranded trace with NV conductor layers should have

N types of vias connecting the different layers if each via connects only two layers. Each type of

via is distinguished or differentiated by the layers that it connects. If each via connects only two

layers, for an individual conductorto traverse all of the N layers of a PCB board, there should be

N types of vias in the stranded trace. Preferably, there may be N/2 types of vias on either side of

the stranded trace, arranged in a fixed repeating order. In the exemplary pattern shown in Figure

52, of the four types ofvias, two types ofvias, those that connect Layers 4 and 1 and Layers 2

and 3 are located only on oneside of the stranded trace while the other two types ofvias, those

that connect Layers 1 and 2 and Layers 3 and 4 are located on the other side of the stranded

trace. On each layer, an individual trace may preferably be routed in a substantially diagonal

direction with respect to the axis of the stranded trace such that it has a displacement of a

distance equivalent to at least N/2 vias. All individual conducting traces on a layer may havethe

same displacement in the axis of the strandedtrace.

[00541] The numberof individual traces that make make-up a stranded trace may beat

least partially determined by the total displacement, sometimes characterized by the number of

vias that are passed by, that an individual trace makesafter traveling through all the conductor

layers of a PCB. If the displacement, after all the layers have been traversed, is D vias, then the

stranded trace may be comprised of up to D/(N/2) individual traces. This relationship can be

seen in the example in Figure 53. The individual trace represented by the dotted line is displaced
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a distance equivalent to14 vias along the axis of the strandedtrace after traversing through all of

the conductor layers. Since the example had N=4 layers, the total numberof individual

conductors that make up the stranded conductor is M=/4/2=7.

[00542] A strandedtrace can be optimized by considering the numberof individual

traces includedin the strand. The larger the numberof individual traces, the longer each

individual trace spends on any one layer which may reduce the effectiveness of the weaving

pattern on reducing skin/proximity effects.

[00543] Ifthe numberof individual traces and the number of conductorlayers are

chosen appropriately, it may be possible to ensure that each individual trace will be displaced the

same distance in each layer along the axis of the stranded conductor. A sufficient condition for

this to occur is to choose M(N/2) suchthatit is divisible by N and to choose M suchthat

(M/2)mod(N/2) and N/2 are co-prime where “‘mod” is the modulo operation.

[00544] Figure 55 showsanother example ofa partial pattern of weaved individual

traces of the proposed methods. The Figure depicts the individual traces ofthe first layer of a ten

layer stranded trace design. The ten layer stranded trace consists of 136 separate conductors.

The parameters of the stranded trace may allow complete symmetry in all ten layers of the

stranded conductor. Each conductor layer pattern may be a translated mirror image ofthe

previous layer. That is, the pattern of traces on odd-numbered layers may be the samepattern as

the first layer translated in such a waythat the ends of the individual trace segments are

connected to the correct vias. The patterns for the even-numbered layers can be recovered by

reflection symmetry and similar translations for this example.

[00545] Figure 56 is a cross-sectional view representing the conducting layers of a

multi-layered PCB. The individual trace segments on each layer (not visible), and therefore the

currents they conduct, may flow primarily into the page but they have an additional sideways

displacement along each layer, as indicated by the horizontal arrowsin the figure. This

horizontal displacement enables each trace to move from one side of the weave pattern on a

given layer to the opposite side of the weave pattern. Once an individual trace segment reaches

the edge of the weave pattern on a particular layer, it is connected by a via (indicated by vertical

arrows) to another trace segment on the next layer of the board and makes its way back across

the weavepattern in the opposite direction. This pattern repeats itself so that each individual

trace spends an approximately equal amount of time at each position along the cross-section of
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the weave pattern. Alternatively, the individual traces may be routed between the layers in a

non-sequential manner. Any permutation of the order of layers may be used. It may be

preferable that cach individual trace follow the same order or permutation of laycrs in a strand of

traces. Note that the pattern may be continued by connecting trace segments on the bottom layer

to trace segments on the top layer, or by routing the traces up and down followingthe alternate

permutations described above.

[00546] Preferably, the cross-sectional dimensionsof the individual traces that make

up the stranded trace on a PCB are small enough (preferably smaller than one skin-depth

6 =,./2/ ap,t,o ) that they render the losses induced by one individual trace or segment onits

neighbors small compared to the losses of an isolated individual trace or segment (which for an

individual trace smaller than a skin-depth will be closc to the direct current (DC) losscs). The

braiding of the strands helps to ensure that all the strands may have substantially the same

impedance,so that if the same voltage is applicd across the bundled strands (i.c., the strands are

driven in parallel), the strands may individually conduct substantially the same current. Because

the AC current may be distributed uniformly across the strands, the AC resistance may be

minimized further.

[00547] Asan illustration of the above, finite clement analysis simulations were

performed on stranded traces made of individual copper traces of square cross-section, driven at

250kHz. The simulations were performed on stranded traces that have varying aspect ratios as

well different dimensions of the individual conductors. The cross sections of the stranded traces,

showing the cross-section of the individual traces tn gray are shownin Figure 58. At this

frequency, the skin depth of pure copper is ~131um. If we arrange individual traces that are 152

um x 152 um in cross-section 5801 (a little larger than one skin depth) into a square array of 8

layers such that the gap between nearest traces both along and between the layers is 76 um as in

Figure 58(a), we find that the resistance per meter of a stranded trace conductor braided similarly

to the pattern in Figure 52 may be 18.7 mQ/m, whichis 64% higher than the DCresistance per

length of this structure ,11.4 mQ/m. Bycontrast, the resistance per length of this structure if the

traces are not braided, orall parallel to the axis of the stranded trace is 31.2 mQ/m, nearly 3

times the DC value.
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[00548] Ifwe make the individual traces of the stranded trace 76 um x 76 Um in cross

section 5802 and arrange them into a square array of 16 layers such that the gap betweentracesis

38um as in Figure 58(b) (the overall cross-section being thus essentially unchanged from the

previous example), we find that the AC resistance of a braided structure may be 13.2 mQ/m,

about 16% higher than the DC value.

[00549]=In the case wherethe cross-scctional dimensions of the traccs cannot be made

much smaller than the skin-depth (¢.g., because of limitations in manufacturing), the proximity

losscs may be reduced byincrcasing the aspect ratio of the individual traces. The aspect ratio in

this context is the effective width of the stranded conductor on a single trace divided by the

thickness of the stack of conducting and insulating layers that make up the stranded trace. In

some cases, the thickness of the stranded trace is given roughly by the thickness of the PCB.

Simulations show that if the aspect ratio of the strand of 152 um x 152 um traces described

above is changed so that there are twice as many trace segments on each layer, but half as many

layers as depicted in Figure 58(c), the AC resistance at 250 kHz may be reduced from 18.7mQ/m

to 16.0mQ/m. For the structure with 76 um x 76 um traces, again keeping the numberof

individual conductors the same, but reducing the thickness of the structure by a factor of two as

depicted in Figure 58(d) lowers the AC resistance from 13.2mQ/m to 12.6mQ/m. The DC

resistance per length in both cases is 11.4m&2/m. In embodiments, the preferable aspect ratio of

the stranded trace may be application dependent. In embodiments, a varicty of factors may be

considered in determining the best weave patterns for specific high-Q inductive element designs.

[00550] A benefit of the proposed approachis that the vias used in the stranded traces

may perforate the board completely. That is, there is no need for partial vias or buried vias.

Using vias that perforate the board completely may simplify the manufacturing process. For

example, several boards can be stacked together and perforated at the same time. Partial vias, or

vias that go through only a few consecutive layers of a PCB typically require perforation prior to

assembly of the individual layers. Likewise, buried vias, or vias that connect or go through some

internal layers of a PCB require perforation and preparation prior to assembly of the outer layers

of the PCB during manufacturing.

[00551] Another benefit of the methods and designs described herein is that the

location of vias at the outer edges of the weave pattern may allow for smaller separations

between multi-turn or higher density stranded trace patterns. When two stranded traces run near
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each other on a PCB,or whena single stranded trace is shaped, patterned, folded, turned, and/or

routed so that different sections of the stranded trace run near each other on the PCB, the

separation between these traces may be reduced by reusing or interspacing the nearby vias. For

example, Figure 57 showsthe top layer of a PCB with two stranded traces 5701, 5702 that share

the same row ofvias wherein, for clarity, the vias of the right stranded trace 5702 are depicted as

white filled circles while the vias of the left stranded trace 5701 are depicted as black circles.

The vias 5703 between the two stranded traces 5701, 5702,are all in the same row and there is

substantially no spacing between the two stranded traces. With the use ofburied or blind vias,

which individually do not traverse or go through the whole thicknessorall the layers of a PCB

may be stacked on top of each other and the density of the routing of the individual conductor

traces can be further increased since the spacing between the vias may not needto be increased

to accommodate the vias of an adjacent stranded trace.

[00552] It will be clear to those skilled in the art that many changes and modifications

can be made to the examples shown within the spirit of the invention. For example, although

through vias which perforate the PCB may be used with the methods, blind vias or buried vias

may also be used. It may be possible to have more than one via stacked on top of another, and

onevia location may be used to connect more than two sets of conductor layers together which

may be usedto increase the density of the conductortraces in the stranded trace. Likewise,

although examples use vias that connected only two board (conductor) layers together, the

routing method may be modified such that each conductor trace is routed on multiple layers

simultaneously. Other modification in the spirit of the proposed methods may include routing

individual conductortraces from onevia to multiple vias, routing from multiple vias to one via

on each layer, using multiple conductor traces to route from one via to another on each conductor

layer, or any combination thereof.

[00553] In some embodiments it may be beneficial to misalign the conductor traces

between the layers to ensure that the traces all present substantially the same impedance.

[00554] The stranded traces may be useful in a large diverse set of applications and

may serve as a substitute in any application that typically used traditional braided litz wire. The

stranded trace may be routed in a loop or loops ofvarious shapes and dimensionsto create a coil

that may be used in magnetic field power transfer systems such as traditional induction based

powertransfer systems or near-field magnetic resonance power transfer systems. In some
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embodiments and applications where the stranded trace may be used as part of a resonator, the

trace dimensions, aspect ratio, routing pattern, and the like may be chosen and optimized to

maximize the Q of the resonator. In embodiments, the resonant frequency of the high-Q

resonator may be chosen to take advantage of specific weave patterns and/or stranded trace

designs.

[00555] In embodiments, the PCB stranded trace loops may be routed such that a core

of magnetic material may be placed in the middle of the loop to create a cored loop. The PCB

may have a numberof cutouts, channels, pockets, mounts, or holes to accommodate a core.

[00556] In embodiments, the PCB of the stranded trace may further be used to carry

and integrate other electronics or electronic components. Electronics to poweror drive a

resonator formed by the stranded trace may be located on the same PCBasthetraces.

[00557] Adjustable Source Size

[00558] The efficiency ofwireless powertransfer methods decreases with the

separation distance between a source and a device. The efficiency ofwireless power transfer at

certain separations between the source and device resonators may be improved with a sourcethat

has an adjustable size. The inventors have discovered that the efficiency ofwireless power

transfer at fixed separations can be optimized by adjusting the relative size of the source and

device resonators. For a fixed size and geometry of a device resonator, a source resonator may

be sized to optimize the efficiency of wireless powertransfer at a certain separations, positions,

and/or orientations. When the source and device resonators are close to each other, power

transfer efficiency may be optimized whenthe characteristic sizes or the effective sizes of the

resonators are similar. At larger separations, the powertransfer efficiency may be optimized by

increasing the effective size of the source resonator relative to the device resonator. The source

may be configured to change or adjust the source resonator size as a device movescloser or

further away from the source, so as to optimize the powertransfer efficiency or to achieve a

certain desired powertransfer efficiency.

[00559] In examplesin this section we may describe wireless powertransfer systems

and methods for which only the source has an adjustable size. It is to be understood that the

device mayalso be of an adjustable size and achieve many of the same benefits. In some

systems both the source and the device may be of an adjustable size, or in other systems only the

source, or only the device may be of an adjustable size. Systems with only the source being of

153

Momentum Dynamics Corporation
Exhibit 1002

Page 1124



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1125

WO 2010/093997 PCT/US2010/024199

an adjustable size may be more practical in certain situations. In many practical designs the

device size may be fixed or constrained, such as by the physical dimensionsof the device into

which the device resonator must be integrated, by cost, by weight, and the likc, making an

adjustable size device resonator impractical or more difficult to implement. It should be

apparentto those skilled in the art, however, that the techniques described herein can be used in

systems with an adjustable size device, an adjustable size source, or both.

[00560] ‘In this section we mayreferto the “effective size’’ of the resonator rather than

the “physical size” of the resonator. The physical size of the resonator may be quantified by the

characteristic size of the resonator (the radius of the smallest circle than encompasses an

effectively 2-D resonator, for example). The effective size refers to the size or extent of the

surface area circumscribed by the current-carrying inductive element in the resonator structure.

If the inductive element comprises a series of concentric loops with decreasing radii, connected

to each other by a collection of switches, for example, the physical size of the resonator may be

given by the radius of the largest loop in the structure, while the effective size of the resonator

will be determined by the radius of the largest loop that is “switched into” the inductor and is

carrying current.

[00561] In some embodiments,the effective size of the resonator may be smaller than

the physical size of the resonator, for example, when a small part of the conductor comprising

the resonator is energized. Likewise, the effective size of the resonator may be larger than the

physical size of the resonator. For example, as described below in one of the embodiments of

the invention, when multiple individual resonators with given physical sizes are arranged to

create a resonatorarray, grid, multi-element pattern, and the like, the effective size of the

resonator array may be larger than the physical size of any of the individual resonators.

[00562] The relationship between wireless powertransfer efficiency and source-device

resonator separation is shown in Figure 59(a). The plot in Figure 59(a) showsthe wireless power

transfer efficiency for the configuration shown in Figure 59(b) where the source 5902 and device

5901 capacitively loaded conductor loop resonators are on axis 5903 (centered) and parallel to

each other. The plot is shown for a fixed size 5 cm by 5 cm device resonator 5901 and three

different size source resonators 5902, 5 cm x 5 cm, 10 cm x 10 cm and 20 cm x 20 cm fora

range of separation distances 5906. Note that the efficiency of wireless powertransfer at

different separations may depend ontherelative sizes of the source and device resonators. That
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is, the size of the source resonatorthat results in the most efficient wireless power transfer may

be different for different separations between the source and the device resonators. For the

configuration captured by the plot in Figure 59(a), for cxample, at smaller scparations the

efficiency is highest when the source and device resonators are sized to be substantially equal.

For larger separations, the efficiency of wireless powertransfer is highest when the source

resonatoris substantially larger than the device resonator.

[00563] The inventors have discovered that for wireless power transfer systems in

which the separation between the source and device resonators changes, there may be a benefit to

a source that can be configured to have various effective resonator sizes. As a device is brought

closer to or further away from the source, the source resonator may changeits effective resonator

size to optimize the powertransfer efficiency or to operate in a range of desired transfer

efficiencies. Such adjustmentofthe effective resonator size may be manual or automatic and

may be part of the overall system control, tracking, operating, stabilization and optimization

architectures.

[00564] <A wireless power transfer system with an adjustable source size may also be

beneficial when all devices that are to be powered by the source do not have similarly sized

device resonators. At a fixed separation between a source and a device, devices with two

different sizes of device resonators may realize maximum transfer efficiency for different sized

source resonators. Then, depending on the charging protocols and the device power

requirements andhierarchies, the source mayalter its size to preferentially charge or power one

of the devices, a class of devices,all of the devices, and the like.

[00565] Furthermore, an additional benefit from an adjustable size source may be

obtained when a single source may be required to simultaneously power multiple devices. As

more devices require power, the spatial location or the area circumscribed by the source

resonator or the active area of the source resonator may need to change. For example, if multiple

devices are positioned. in an area but are separated from each other, the source may need to be

enlarged in order to energize the larger area that includesall the multiple devices. As the number

of devices requiring power changes, or their spatial distribution and locations change with

respect to the source, an adjustable size source may changeits size to change the characteristics

and the spatial distribution of the magnetic fields around the source. For example, when a

source is required to transfer powerto a single device, a relatively smaller source size with the
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appropriate spatial distribution of the magnetic field may be used to achieve the desired wireless

powertransfer efficiency. When the source is required to transfer power to multiple devices, a

larger source size or a source with a different spatial distribution of the magnetic ficld may be

beneficial since the devices may be in multiple locations around the source. As the number of

devices that require power changes,ortheir distributions or power requirements change, an

adjustable size source may changeits size to adjust, maximize, optimize, exceed, or meetits

operating parameters and specifications.

[00566] Another possible benefit of an adjustable source size may be in reducing

powertransfer inefficiencies associated with uncertainty or variability of the location of a device

with respect to the source. For example, a device with a certain lateral displacement relative to

the source may experience reduced powertransfer efficiencies. The plot in Figure 60(a) shows

the wireless powertransfer efficiency for the configuration shown in Figure 60(b) where the

source 6002 and device 6001 capacitively loaded conductor loop resonators are parallel to each

other but havea lateral offset 6008 between their center axes 6006, 6005. The plot in Figure

60(a) shows powertransfer efficiency for a 5 cm x 5 cm device resonator 6001 separated from a

parallel oriented 5 cm x 5 cm source resonator 6002 (bold line) or a 20 cm x 20 cm source

resonator 6002 (dotted line) by 2 cm 6008. Note that at a lateral offset 6007 of approximately 5

cm from the 5 cm x 5 cm source resonator (from the center of the device resonator to the center

of the source resonator), there is a “dead spot” in the powertransfer efficiency. That is, the

transfer efficiency is minimized or approacheszero at a particular source-device offset. The

dashedline in Figure 60(a) showsthat the wireless powertransfer efficiency for the same device

at the same separation and same lateral offset but with the source size adjusted to 20 cm by 20

cm may be greater than 90%. The adjustment of the source size from 5 cm x 5 cm to 20 cm x

20 cm movesthe location of the “dead spot” from a lateral offset of approximately 5 cm to a

lateral offset of greater than 10 cm. In this example, adjusting the source size increases the

wireless powertransfer efficiency from almost zero to greater than 90%. Note that the 20 cm x

20 cm sourceis less efficient transferring power to the 5 cm x 5 cm device resonator when the

two resonators are on axis, or centered, or are laterally offset by less than approximately 2 to 3

cm. In embodiments, a change in source size may be used to move the location of a charging or

powering dead spot, or transfer efficiency minimum,allowing greater positioning flexibility for

and/or higher coupling efficiency to, a device.
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[00567] In some embodiments, a source with an adjustable size may be implemented

as a bank of resonators of various sizes that are selectively driven by a power source or by power

and control circuitry. Based on predetermined requirements, calculated requirements, from

information from a monitoring, sensing or feedback signal, communication, and the like, an

appropriately sized source resonator may bedriven by a power source and/or by power and

control circuitry and that size may be adjusted as the requirements or distances between the

source and the device resonators change. A possible arrangement of a bank of differently sized

resonators is shown in Figure 61 which depicts a bank ofthree differently sized resonators. In

the example of Figure 61, the three resonators 6101, 6102, 6103 are arranged concentrically and

coupled to power and control circuitry 6104. The bank of resonators may have other

configurations and arrangements. The different resonators may be placed side by side as in

Figure 62, arranged in an array, and thelike.

[00568] Each resonator in a multi-size resonator bank may have its own power and

control circuitry, or they each may be switched in and selectively connected to one or more

powerand control circuits by switches, relays, transistors, and the like. In some systems, each

of the resonators may be coupled to powerand controlcircuitry inductively. In other systems,

each of the resonators may be coupled to power and control circuitry through additional

networksof electronic components. A three resonator configuration with additional circuitry

6201, 6202, 6203 is shown in Figure 62. In some systems, the additionalcircuitry 6201, 6202,

6203 may be used for impedance matching between each of the resonators 6101, 6102, 6103 and

the power and control circuitry 6204. In some systems it may be advantageous to make each of

the resonators and its respective additional circuitry have the sameeffective impedance as seen

from the power and control circuitry. It some embodiments the effective impedance of each

resonator and additional impedance matching network may be matchedto the characteristic

impedance of the power source or the power and control circuitry. The same effective

impedanceforall of the resonators may make switching between resonators in a resonator bank

easier, more efficient, or quicker and may require less tuning or tunable components in the power

and control circuitry.

[00569] In some embodiments of the system with a bank ofmulti-sized resonators, the

additional circuitry 6201, 6202, 6203 may also include additional transistors, switches, relays,

and the like, which disable, deactivate, or detune a resonator when not driven or powered by the
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powerand control circuitry. In some embodiments of the system, not all of the resonators in a

resonator bank of a source may be powered or driven simultaneously. It such embodiments of

the system, it may be desirable to disablc, or dctune the non-active resonators to reduce cnergy

losses in powertransfer due to energy absorption by the unpoweredresonators of the source.

The unpowered resonators of the source may be deactivated or detuned from the resonant

frequency of the other resonators by open circuiting, disrupting, grounding, or cutting the

conductor of the resonator. Transistors, switches, relays and the like may be usedto selectively

open or close electrical paths in the conductor part of a resonator. An unpowered resonator may

be likewise detuned or deactivated by removing or adding capacitance or inductanceto the

resonator with switches, transistors, relays, and the like. In some embodiments, the natural state

of individual resonators may beto be detuned from the system operating frequency and to use

signals or power from the drive signal to appropriately tune the resonatoras it is activated in the

bank.

[00570] In some embodiments of a system of a source with a bank ofmulti-sized

resonators, multiple resonators may be driven by one or more power and control circuits

simultaneously. In some embodiments of the system powered resonators may be driven out of

phase to extend or direct the wireless powertransfer. Constructive and destructive interference

between the oscillating magnetic fields of multiple resonators driven in-phase or out ofphase or

at any relativephase or phases may be used to create specific “hotspots” or areas of concentrated

magnetic energy. In embodiments, the position of these hotspots may be variable and may be

movedaround to achieve the desired wireless powertransfer efficiencies to devices that are

moving around or to address devicesat different locations, orientations, and the like. In

embodiments, the multi-sized source resonator may be adjusted to implement a power

distribution and/or sharing algorithm and/or protocol.

[00571] In some embodiments of a bank of multi-sized resonators, the resonators may

all have substantially similar parameters and characteristics despite the differences in their size.

For example, the resonators may all have similar impedance, resonant frequency, quality factor,

wire gauge, winding spacing, numberof turns, power levels, and the like. The properties and

characteristics of the resonators may be within 20% of their values.

[00572] In other embodiments of a bank of multi-sized resonators, the resonators may

have non-identical parameters and characteristics tailored or optimized for the size of each

138

Momentum Dynamics Corporation
Exhibit 1002

Page 1129



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1130

WO 2010/093997 PCT/US2010/024199

resonator. For example, in some embodiments the numberof turns of a conductorfor the larger

resonator may be less than for the smallest resonator. Likewise, since the larger resonator may

be intended for powcring devicesthat arc at a distance from the resonator, the unloaded

impedance of the large resonator may be different than that of the small resonator that is intended

for powering devices that are closer to the resonator to compensate for the differences in

effective loading on the respective resonators due to the differences in separation. In other

embodiments, the resonators may havedifferent or variable Q’s, they may have different shapes

and thicknesses, they may be composedof different inductive and capacitive elements and

different conducting materials. In embodiments, the variable source may be custom designed for

a specific application.

[00573] In other embodiments, a source with an adjustable size may be realized as an

array or grid of similarly sized resonators. Power and control circuitry of the array may

selectively drive one or more resonators to change the effective size of the resonator. For

example, a possible configuration of a grid of resonators is shown in Figure 63. A grid of

similarly sized resonators 6301 may be arranged in a grid and coupled to one or more power and

control circuits (not shown). Each of the resonators 6301 of the array can be individually

powered or any numberofthe resonators may be powered simultaneously. In the array, the

effective size of the resonator may be changed by controlling the number, location, and driving

characteristics (e.g. drive signal phase, phase offset, amplitude, and the like) of the powered

resonators. For example, for the array of resonators in Figure 63, the effective size of the

resonator may be controlled by changing which individual resonators of the array are powered.

The resonator may poweronly one of the resonators resulting in an effective resonator size 6304

which is equal to the size of one of the individual resonators. Alternatively, four of the

individual resonators in the upperleft portion of the array may be energized simultaneously

creating an effective resonator size 6303 that may be approximately twice the size of each of the

individual resonators. All of the resonators may also be energized simultaneously resulting in an

effective resonator size 6302 that may be approximately three (3) times larger than the physical

size each of the individual resonators.

[00574] In embodiments, the size of the array of individual resonators may be scaled

to any size. In larger embodiments it may be impractical to have power and control circuitry for

every individual resonator due to cost, wiring constraints, and the like. A switching bar of a
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cross-switch may be used to connect any of the individual resonators to as few power and control

circuits as needed.

[00575] In cmbodiments ofthe array of individual resonators, the pattern of the

individual energized resonators may be modified or optimized. The shape ofthe effective

resonator may be rectangular, triangular, square, circular, or any arbitrary shape.

[00576] In embodiments ofarrays of resonators, which resonators get energized may

depend onthe separation or distance, the lateral offset, the orientation, and the like, between the

device resonator and the source resonator. The number of resonators that may be driven may, for

example, depend on the distance and/or the orientation between the device resonators and the

source resonators, the numberof device resonators, their various power requirements, and the

like. The location of the energized resonators in the array or grid may be determined according

to the lateral position of the device with respect to the source. For example, in a large array of

smaller individual resonators that may cover a floor of a room or a surface of a desk, the number

of energized resonators may change as the distance between the device and the floor or desk

changes. Likewise, as the device is moved around a room or a desk the location of the energized

resonators in the array may change.

[00577] In another embodiment, an adjustable size source resonator may be realized

with an array ofmulti-sized resonators. Several small equally sized resonators may be arranged

to make a small assembly of small resonators. The small array may be surroundedbyalarger

sized resonator to make a larger assembly. The larger assembly mayitselfbe arranged in an

array forming a yet larger array with an even larger resonator that may surround the larger array

whichitselfmay be arranged in an array, and so on. In this arrangement, the source resonator

comprises resonators ofvarious physical sizes distributed throughout the array. An example

diagram of an arrangement of resonators is shown in Figure 64. Smaller resonators 6401 may

be arranged in twoby twoarrays and surrounded by another resonator with a larger physical size

6402, forming an assembly of resonators. That assembly of resonators may be arranged in a two

by two array and surrounded by a resonator with an even larger physical size 6403. The pattern

can be repeated to make a larger array. The numberof times each resonator or assembly of

resonators is repeated may be configured and optimized and may or may not be symmetric. In

the example of Figure 64, each resonator and assembly may be repeated in a two by twoarray,

but any other dimension of array may be suitable. Note that the arrays may be circular, square,
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rectangular, triangular, diamond shaped, and the like, or any combination of shapes and sizes.

The use ofmulti-sized resonators in an array may havea benefit in that it may not require that

multiple resonators be energized to result in a larger cffective resonator. This featurc may

simplify the power and control circuitry of the source.

[00578] In embodiments, an adjustable source size may also be realized using planar

or cored resonator structures that have a core ofmagnetic material wrapped with a capacitively

loaded conductor, examples ofwhich are shown in Figures 11, 12, and 13 and described herein.

In one embodiment, as depicted in Figure 65(a), an adjustable source maybe realized with a core

of magnetic material 6501 and a plurality of conductors 6502, 6503, and 6504 wrapped around

the core such that the loops of the different conductors do not overlap. The effective size of the

resonator may be changed or adjusted by energizing a different numberof the conductors. A

larger effective resonator may be realized when several adjacent conductors are driven or

energized simultaneously.

[00579] Another embodimentof an adjustable size source with a cored resonatoris

shownin Figure 65(b) where a core of magnetic material 6505 is wrapped with a plurality of

overlapping conductors 6506, 6507, 6508. The conductors may be wrapped such that each

extends a different distance across the magnetic core 6505. For example, for the resonator in

Figure 65(b), conductor 6508 covers the shortest distance or part of the core 6505 while

conductors 6507 and 6506 each cover a longer distance. The effective size of the resonator may

be adjusted by energizing a different conductor, with the smallest effective size occurring when

the conductor that covers the smallest distance of the magnetic core is energized and the largest

effective size when the conductor covering the largest distance of the core is energized. Each of

the conductors may be wrappedto achieve similar inductances, impedances, capacitances, and

the like. The conductors may all be the same length with the covering distance modified by

changing the density or spacing between the multiple loops of a conductor. In some

embodiments, each conductor may be wrapped with equal spacing thereby requiring conductors

of different lengths for each winding. In other embodiments the number of conductors and the

wrapping of each conductor may be further optimized with non constant or varying wrapping

spacing, gauge, size, and the like.

[00580] Another embodimentof an adjustable size source with a cored resonatoris

shownin Figure 65(c) where multiple magnetic cores 6509, 6510, 6511 are gapped, or not
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touching, and wrapped with a plurality of conductors 6512, 6513, 6514. Each of the magnetic

cores 6509, 6510, 6511 is separated with a gap 6515, 6516 and a conductor is wrapped around

cach magnetic core, extending past the gap and aroundthe adjacent magnetic core. Conductors

that do not span a gap between two magnetic cores, such as the conductor 6513 in Figure 65(c),

may be used in some embodiments. The effective size of the resonator may be adjusted by

simultaneously energizing a different numberofthe conductors wrapped around the core. The

conductors that are wrapped around the gaps between the magnetic cores may be energized

guiding the magnetic field from one core to another extending the effective size of the resonator.

[00581] Asthose skilled in the art will appreciate, the methods and designs depicted in

Figure 65 may be extendedto planar resonators and magnetic cores having various shapes and

protrusions which may enable adjustable size resonators with a variable size in multiple

dimensions. For example, multiple resonators may be wrapped aroundthe extensions of the core

shapedas in Figure 13, enabling an adjustable size resonator that has a variable size in two or

more dimensions.

[00582] In embodiments an adjustable size source resonator may comprise control and

feedback systems, circuits, algorithms, and architectures for determining the most effective

source size for a configuration of devices or objects in the environment. The control and

feedback systems may use a variety of sensors, communication channels, measurements, and the

like for determining the most efficient source size. In embodiments data from sensors,

measurementcircuitry, communication channels and the like may be processed by a variety of

algorithmsthat select the appropriate source size.

[00583] In embodiments the source and device may comprise a wireless

communication channel such as Bluetooth, WiFi, near-field communication, or modulation of

the magnetic field which may be used to communicate information allowing selection of the

most appropriate or most efficient source size. The device, for example, may communicate

received. power, current, or voltage to the source, which may be used by the source to determine

the efficiency of power transfer. The device may communicate its position or relative position

which may beused to calculate the separation distance between the source and device and used

to determine the appropriate size of the source.

[00584] In embodiments the source may measure parameters of the resonator or the

characteristics of the power transfer to determine the appropriate source size. The source may
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employ any numberof electric or electronic sensors to determine parameters of various

resonators or various configurations of source resonators of the source. The source may monitor

the impedance, resistance, resonant frequency, the magnitude and phasc ofcurrents and voltages,

and the like, of each configuration, resonator, or size of the source. These parameters, or

changes in these parameters, may be used by the source to determine the most effective source

size. For example, a configuration of the source which exhibits the largest impedance difference

between its unloaded state and present state may be the most appropriate or the most efficient for

the state of the system.

[00585] The operating parameters andthe size of the source may be changed

continuously, periodically, or on demand, such as in response to a request by the device or by an

operator of the system. A device may request or prompt the source to seek the most appropriate

source size during specific time intervals, or when the poweror voltage at the device drops

below a threshold value.

[00586] Figure 66 depicts a possible way a wireless power transfer system may use an

adjustable source size 6604 comprising twodifferent sized resonators 6601, 6605 during

operation in several configurations and orientations of the device resonator 6602 in one possible

system embodiment. When a device with a small resonator 6602 is aligned and in close

proximity, the source 6604 may energize the smaller resonator 6605 as shown in Figure 66(a).

Whena device with a small resonator 6602 is aligned and positioned further away, the source

6604 may energize the larger resonator 6601 as shownin Figure 66(b). When a device with a

small resonator 6602 is misaligned, the source 6604 may energize the larger resonator 6602 as

shown in Figure 66(c). Finally, when a device with a large resonator 6602 is present, the source

6604 may energize the larger resonator 6601 as shown in Figure 66(d) to maximize the power

transfer efficiency.

[00587] In embodiments an algorithm for determining the appropriate source size may

be executed on a processor, gate array, or ASIC that is part of the source, connected to the

source, or is in communication with the source. In embodiments, the algorithm may sequentially

energize all, or a subset of possible source configurations or sizes, measure operating

characteristics of the configurations and choose the source size with the most desirable

characteristics.

[00588] Wireless Power Transfer with Immersed Resonators
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[00589] In embodiments, wireless power transfer systems may be designed to operate

whenone, two or more resonators are immersedin liquids, slurries, mud,ice, salt solutions, and

the like, embedded in matcrials or surrounded by matcrials that may be lossy, and/or electrically

conducting. In embodiments, power maybe transferred wirelessly between one or more

resonators that are under water, underground, in streams, in pavement, in cement, in slurries, in

mud, in mixtures ofmaterials, in pools of any type of liquid or viscous materials, in wells such as

water wells, gas wells, oil wells and the like.

[00590] In embodiments, the source and/or device resonators of the wireless power

transfer systems may be designed to reduce the magnitude of the electric field in or at lossy or

conducting materials or objects that may be in the regions surroundingthe resonators, especially

those materials and regions nearest to the resonator, so as to achieve a desirable perturbed Q. In

embodiments, enclosures with certain dimensions and positions relative to the conducting loops

and electrical components of magnetic resonators may be used to improvethe perturbed Q

relative to an enclosure-free implementation. Such enclosures may support higher perturbed Q

resonators in immersed resonator applications by providing spacing between locations where the

electric field strength is relatively high and where the lossy or conducting materials may be

located. For example, in applications where the resonator may be immersed in water, salt water,

oil, gas, or other lossy materials, it may be beneficial to package a magnetic resonator to ensure a

minimum separation distance between the lossy materials and the electrical components of the

resonator.

[00591] The packaging,structure, materials, and the like of the resonator may be

designed to provide a spacing or “keep away” zone from the conducting loops in the magnetic

resonator. In some embodiments the keep away zone maybe less than a millimeter around the

resonator. In other embodiments the keep away zone maybeless than 1 cm or less than 10 cm

around the resonator. In embodiments the size of the keep away zone may dependon the levels

of powertransferred, the lossiness of the surrounding material, operating frequency of the

resonator, size of the resonator, and the like. In embodiments, the size of the keep away zone

may berestricted by physical constraints of the application and the keep away zone may be

designed suchthat the perturbed Q of the resonator due to the lossy material outside of the keep

away zoneis at least 50% of the unperturbed Q of the resonator. In embodiments, the keep away
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zone may be designed such that the perturbed Q of the resonator is greater than 1% of the

unperturbed Q.

[00592] In cmbodiments the keep away zonc around the resonator may be provided by

packaging that surrounds the resonator and mayalso surround the power and control circuitry of

the resonator. Preferably the packaging may be constructed from non-lossy materials such as

certain plastics, composites, plastic composites, Teflon, Rexolite, ABS, ceramics, stone, and the

like. The resonator and circuitry may be encased in such packaging or the packaging may

provide an outer barrier with another non-lossy material filling the keep away zone within the

packaging. Alternatively, the keep-away zoneinside the packaging may comprise vacuum,air,

gas, sand, and the like. In embodiments the keep away zone may be provided by the components

of the resonator or the circuitry. In embodiments the elements of the resonators and circuitry

may provide a sufficient keep away zone for some applications, or the components of a resonator

may be chosen to naturally provide for a large enough keep away zone. For example, in some

applications the electrical insulation on a conductor of a resonator may provide a suitable keep

away zone and may not require additional separation. Diagrams of a resonator 6704 with

packaging 6702 providing a keep away 6710 zone around the resonator are shown in Figure 67.

A resonator 6704 may be completely surrounded by an enclosure 6702 that provides separation

and a keep away zone as shownin Figure 67(a). In other embodiments the packaging 6702 may

surround and follow the shape of the resonator 6704 to provide a keep away zone around the

inside and outside edges of a resonator as shown in Figure 67(b).

[00593] In an exemplary embodiment, depicted in Figure 68, a 15 cmx 15cm x5 mm

slab ofmagnetic material 6804 excited at 100kHz by 10 6806 turns of conductors evenly spaced

by 1 cm woundalong one of the longer dimensions and immersed in a medium 6808 with

resistivity p = 0.2 Q-m was modeled in a finite element analysis to show the effect of adding a

keep away zone. When there was no keep away zone, the perturbing Q due to the lossy medium

was 66. With the addition of a keep away zone 6802 shapedlike a parallelepiped extending 1 cm

from each face of the magnetic material, the perturbing Q wasraised to 86. When the shortest

distance between the magnetic material 6804 and the edge of the keep away zone 6802 was

increased to 2.5 cm, the perturbing Q was calculated to be 119, and whenthis distance was

increased to 10 cm, the perturbing Q improved to 318.
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[00594] In embodiments the keep away zone may not provide for a uniform keep away

zone around the resonator but may be non uniform and maybe larger or thicker in areas of the

resonator that may have larger cxtcrnal electrical ficlds which may be near the capacitors or ncar

the conductor windings or near the corners of the resonator, for example. This may be illustrated

by extending the example above, and exploiting the fact that the electric field may be largest

along the directions transversing the magnetic moment of the structure. As depicted in Figure 69,

if the keep away zone along the magnetic momentof the resonator is reduced from 10 cm to 1

cm while the keep away zonealongall other directions is kept at 10 cm, the perturbing Q is

reduced from 318 to 255, while the volume occupied by the resonator and the keep away zone

6802 is reduced by more than 51% compared to the case where the keep away zone was 10 cm

all around the resonator.

[00595] In embodiments, the resonant frequencies of the wireless powertransfer

system may be chosen to improvethe perturbed Q of the system. For example, even though the

intrinsic Q of an exemplary resonator may improveat higher frequencies, the perturbed Q may

decrease at higher frequencies. Therefore, in exemplary embodiments, it may be preferable to

choose operating frequencies that are lower than the frequency corresponding to the maximized

intrinsic Q. In embodiments, the operating frequency may be chosen to be twoto ten times

lower than the optimum-Q frequency. In other embodiments, the operating frequency may be

chosen to be 10 to 100 times lower than the optimum-Q frequency. In yet other embodiments,

the operating frequency may be chosento be one hundred to ten thousand times lower than the

optimum-Q frequency. In embodiments, the operating frequency may be between 100 kHz and

500 kHz. In other embodiments, the operating frequency may be chosen to be between 10 kHz

and 100 kHz. In yet other embodiments, the operating frequency may be between 500 kHz and

30 MHz.

[00596] In an exemplary embodiment, a capacitively-loaded conducting loop resonator

with a loop radius of 15 cm, a resonant frequency of 100 kHz, and surroundedbya fluid with

resistivity p = 30 Q-m was modeled to show the impact of resonator and enclosure design on

perturbed Q. The modeled embodimentis shownin Figure 67(a). The capacitively-loaded

conducting loop 6704 is enclosed in a box 6702 filled with air 6708. The spacing betweenthe

outer edge of the conducting loop or coil 6704 in Figure 67(a) and the outer edge of the

enclosure 6702 is the keep away zone. This spacing 6708 maybefilled with air, it may befilled
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by the enclosure material itself, and/or it may be filled by preferably non-lossy materials such as

plastic, composites, plastic composites, ceramics, stone, air, gas, sand, and the like. In

embodiments, the loss tangent for the enclosure matcrial may be low cnoughthat it docs not

perturb the Q of the resonator. In embodiments, the loss tangent of the material may be low

enoughthat it improves the perturbed Q of the enclosed resonatorrelative to the perturbed Q

when the resonator is immersed directly in surrounding materials.

[00597] For the exemplary system shown in Figure 67(a), the intrinsic Q of the

resonators increased as the numberof turns of the resonator coil increased. However, the

perturbed Q of the resonators decreased as the numberof turns increased. The perturbed Q could

be increased by increasing the size of the keep out zone 6710 between the edges of the coil 6704

and the edges of the enclosure 6702. In this exemplary embodiment, the perturbed Q of the 4-

turn resonator was improved by morethan a factor of two (2), for keep out zones larger than 1

cm, and approachedits intrinsic Q when the spacing exceeded approximately 2.5 cm. Therefore,

enclosures with keep out zones greater than 1 cm may enable efficient wireless power transfer

even when the source and device resonators are immersed in or may bein the vicinity of lossy

materials.

[00598] Someapplications for wireless powertransfer where at least one of the

resonators is immersed in some material other than air may be currently enabled using directly

wired solutions. For example, electrical wires may run along the bottom of a pond, through

building materials, down a well shaft, through the hull of a boat, and the like. However, these

wires, and the connectors that may be used to provide electrical continuity across different

segments of the wiring may be proneto failure and may be expensive and/or difficult to replace

whenthey do fail. In addition, they may be difficult or impossible to install because of

positional and rotational uncertainties in the installation process and because that process may

compromise the integrity of the structures that support the resonators. Wireless power transfer

may be advantageousin these applications because it may accommodate gaps between the

energy sources and the energy consuming devices or connections, thereby eliminating the need

for wiring or electrical connectors in places where such wiring or connectors may be stressed,

dangerous,or failure prone.

[00599] Figure 70 shows an exemplary embodiment of a wireless powertransfer

system for an underwater sensor application. In this example, a wireless power source 7008 is
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housed in an annular housing 7004 that surrounds tubing 7002 that may house the wiring used to

supply power from a remote generator to the source as well as being used to guide the source

resonator 7008 to the gencral vicinity of the undcrwatcr scnsor 7010. This tubing 7002 may be

made from a variety ofmaterials includingsteel, plastic, rubber, metal, and the like and may

contain a variety of electronic components, strength members, tubes, valves, conduits and the

like. The source 7008 may be used to wirelessly transfer power to a device resonator 7012 that

may be coupled to a sensor 7010. In embodiments, multiple sensors may be arranged at different

locations and depths and the wireless power source 7008 may beflexibly positioned to address

multiple sensors simultaneously or oneat a time.

[00600] Figure 71 shows two exemplary embodiments of capacitively-loaded

conducting loop source resonators, one comprising magnetic materials (Figure 71(b)), situated in

a rotationally symmetric enclosure 7004. In the embodiment shownin Figure 71(b), the

resonators may have dipole momentsthat are aligned either parallel to the tubing, defined here as

the z-axis (i.e. resonator 7104), or parallel to the x-axis or y-axis (i.e. resonator 7104 and 7110

respectively) depending on the orientation of the conductor loop 7106 that is wrapped around the

core of magnetic material 7108. In this exemplary embodiment, the highest energy transfer

efficiency may be realized when the similarly-sized source and device resonators have z-directed

dipole moments and the resonators are aligned. However, for this dipole orientation, the

efficiency may vary through zeroat relatively small translational misalignments of these

resonators, as shown in Figure 72, before recovering and falling offwith larger offsets. Ifboth

resonators are y-directed, the maximum coupling efficiency may not be as high as for the z-

oriented dipoles, but the transfer efficiency only goes to zero whenthe resonators are relatively

far apart. A resonator that comprises orthogonally wrapped capacitively-loaded conducting

loops, and can be modeled as having both z-directed and y-directed dipoles as shown in Figure

12, may yield the highest transfer efficiencies over a range of operating scenarios. In

embodiments, the orthogonal loops may be used simultaneously, or a selector or switch may be

used to select between y-directed and z-directed dipole resonators to achieve the optimum

performance. Note that different system considerations may impact which type of resonatoris

comprised by the source resonator and the device resonator.

[00601] When the source or device resonators are installed, positioned or activated,

there may be uncertainty in the offset and rotation of the source resonators relative to the device
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resonators. Exemplary positional and rotational uncertainties are depicted in Figure 73(a) and

73(b). Source 7008 and device 7012 resonators may haverotational misalignment as shown in

Figure 73(a) or latcral or vertical misalignment as shown in Figure 73(b). For single resonator

designs, misalignment of resonators may decrease the efficiency of powertransfer. In

embodiments, the source and device resonator sizes and materials and the alignmentoftheir

dipole moments relative to their physical dimensions may be chosen to maximizethe range of

positional and rotational misalignments over whichsufficiently efficient energy transfer may be

realized.

[00602] In other embodiments, the potential reduced efficiency associated with

positional and rotational uncertainty may be unacceptable. In those embodiments, a number of

source resonators may be incorporated in a housing, increasing the probability that at least one of

those source resonators is located close enoughto the device resonator to yield adequate

performance. Exemplary implementations of such a source array are shown in Figure 71.

Multiple resonators may be arrangedin a circular fashion in an annular housing 7004 such that a

resonator is located every several degrees around the housing such that regardless of the

rotational uncertainty at least one source and device may havepartial alignment. In addition

multiple circular arrangements of resonators may be combined to increase the vertical height of

the resonator array. An increase in vertical length of a source may increase the system’s ability

to tolerate vertical misalignments (along the z axis). In embodiments, the outer radius of the

annular housing maybe increased to increase the systemm’s ability to tolerate horizontal

misalignments (along the y-axis). Note that a variety of source resonator designs and array

patterns may be used to implementthis concept. The array patterns that are shown here are not

meant to be limiting in any way. An array may comprise capacitively loaded loop resonators

(Figure 71(a)). An array may comprise planar resonators. In some embodiments planar

resonators comprising a conductor wrapped around a core of magnetic material may be used. In

an array of planar resonators the conductors of some resonators may be wrapped in orthogonal

directions for different resonators as depicted in Figure 71(b).

[00603] In addition, the enclosure housing the resonators may be any shape and. size

and may beapplication specific. In some applications, the enclosures may be shaped as cubes,

rectangular boxes, bulbs, balls, cylinders, sheets, and the like, and may be hollow, solid, or may

comprise different materials in their centers. In embodiments, the primary housing and array
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design considerations may be housing strength, size, appearance, steerability, controllability,

water, wind or earth resistance, and thelike.

[00604]=In cmbodiments, the multiple source resonators may be connected via

switches so that after the source resonator array is installed or positioned, only one, or a few of

the source resonators may be energized to achieve wireless powertransfer. The system

monitoring and control capabilities discussed herein may be used to determine which source

resonators may be energized and included in the wireless powertransfer system. In

embodiments, the Q of the unused resonators may be spoiled or reduced to minimize interactions

between these resonators and the energized resonators. The resonator Q’s may bealtered by

remotely controllable switches, fuses, connections, and the like.

[00605] Note that the designs described above for source resonators may also be for

device resonators.

[00606] In embodiments,a variety of resonator designs for wireless powertransfer

may be selected. In an exemplary well drilling application, the source and device resonators may

comprise capacitively-loaded conducting loops with air cores or with cores that comprise

magnetic materials, as shown in Figure 68. The resonators may include conducting surfaces to

redirect and/or guide the resonator fields to reduce the impact of steel or metallic tubing,

structures, instruments, casings, and the like. The conducting surfaces and magnetic materials

may be shaped to follow the form of certain well structures, such as being bowed outward to

conform to the circular tubing and casings that may run up the center of the well. In

embodiments, the surface of the magnetic material closest to structures made of metal or steel

may comprise a layer of a higher conductivity material so as to reduce losses due to eddy

currents on lossier structures. The shapes and sizes of the conducting materials may be the same

as for the magnetic materials, or they may be different. In embodiments, conducting layers may

conform to the surface of the magnetic materials or to the inside surfaces of an enclosure or to a

feature that has been built into the enclosure. In embodiments, conducting layers may be

attached to magnetic materials or separate from them. In embodiments, field shaping may be

used. to direct resonator fields away for lossy materials or structures and/or to direct or guide

resonator fields towards other resonators in the powertransfer system. In embodiments,

capacitively-loaded conducting loops wrapped around magnetic materials such as shown in
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Figures 11-14 and Figurel16 may be selected for transferring power from a main borehole in a

well to a lateral borehole.

[00607]  WNotc that a wircless transfer system for immersed resonator applications may

comprise any combination of resonators, enclosures, arrays, electronics, monitoring and control

methods as described herein. In embodiments, device resonators may also beinstalled in arrays,

with a subset of the available resonators selected for the wireless powertransfer system.

[00608] While the invention has been described in connection with certain preferred

embodiments, other embodiments will be understood by one of ordinary skill in the art and are

intended to fall within the scope of this disclosure, which is to be interpreted in the broadest

sense allowable by law.

[00609] All documents referenced herein are hereby incorporated by reference.
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CLAIMS

Whatis claimedis:

1. A wireless powertransfer system comprising:

at least one source magnetic resonator comprising a_capacitively-loaded

conducting loop coupled to a power source and configured to gencrate an oscillating

magnetic field; and

at lIcast onc device magnctic resonator, distal from said source resonators,

comprising a capacitively-loaded conducting loop configured to convert said oscillating

magnetic fields into electrical energy;

wherein at least one said resonator has a keep-out zone around the resonator that

surrounds the resonator with a layer of non-lossy material.

2. The system of claim 1, wherein the keep-out zone extends at a symmetric distance around

the resonator.

3. The system of claim 1, wherein the keep-out zone extends at a asymmetric distance

aroundthe resonator.

4. The system of claim 3, wherein the keep-out zone is largest around regions of the

resonator where the electric fields are the largest.

5. The system of claim 1, wherein the smallest keep-out zone exceeds 0.25 mm.

6. The system of claim 1, wherein the smallest keep-out zone exceeds 1 cm.

7. The system of claim 1, wherein the smallest keep-out zone exceeds 10 cm.
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The system of claim 1, wherein the smallest keep-out zone is approximately 1.0% of the

characteristic size of the resonator.

The system of claim 1, wherein the smallest kecp-out zone is approximately 0.1% of the

characteristic size of the resonator.

The system of claim 1, wherein the magnetic resonator further comprises a magnetic

material.

The system of claim 1, whercin at Ilcast onc magnctic resonator has an intrinsic Q greater

than 100.

The system of claim 10, wherein at least one magnetic resonator is immersed in water.

The system of claim 10, wherein at least one magnetic resonator is immersed in oil.

The system of claim 10, wherein at Icast onc magnetic resonator is immersed in carthen

materials.

The system of claim 10, wherein at least one magnetic resonator is located in a well.

The system of claim 10, wherein at least one magnetic resonator is located inside a living

creature.

A method for wireless powcr transfer comprising:

energizing at least one source magnetic resonator comprising a capacitively-

loaded conducting loop to generate an oscillating magnetic ficld; and

providing at least one device magnetic resonator, distal from said source

resonators, comprising a capacitively-loaded conducting loop configured to convert said

oscillating magnetic fields into electrical energy;
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maintaining a keep-out zone aroundat least one resonator to maintain a separation

distance between the resonator and lossy material of the environment.

The method of claim 17, wherein the keep-out zone extends at a symmetric distance

around the resonator.

The method of claim 17, wherein the keep-out zone extends at an asymmetric distance

around the resonator.

The method of claim 17, wherein the smallest keep out zone exceeds 0.25 mm.

The method of claim 17, wherein the smallest keep out zone exceeds | cm.

The method of claim 17, wherein the smallest keep out zone exceeds 10 cm.

The method of claim 17, wherein the smallest keep out zone is approximately 1.0% of the

characteristic size of the resonator.

The method of claim 17, wherein the smallest keep out zone is approximately 0.1% of the

characteristic size of the resonator.

The method of claim 17, wherein the magnetic resonator further comprises a magnetic

matcrial.

The method of claim 17, whercin at Icast onc magnetic resonator has an intrinsic Q

greater than 100.

The method of claim 26, wherein at least one magnetic resonator is immersed in water.

The method of claim 26, wherein at least one magnetic resonator is immersed in oil.
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The method of claim 26, wherein at least one magnetic resonator is immersed in earthen

materials.

The method of claim 26, wherein at least one magnetic resonatoris located in a well.

The method of claim 26, wherein at least one magnetic resonator is located inside a living

creature.

A source for wireless power transfer in a shaft comprising

a capacitively-loaded conducting loop wrapped around a core of magnetic

material and coupled to a power source and configured to generate an oscillating

magnetic field;

wherein the conducting loops are oriented to be coaxial with length of the shaft.

The source of claim 32, further comprising a plurality of capacitively-loaded conducting

loops wrapped around cores of magnetic material arranged around the diameter of the

shaft.

Momentum Dynamics Corporation
Exhibit 1002

Page 1146



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1147

PCT/US2010/024199WO 2010/093997

1/77

uogdwinsuosJamod0}

ZJO}eUOsaJAOIASC
N\

dzolI‘sl
Z

|,JO}eUOSeLADYNOS  
N\

Sc0lN\
0001

AjddnsJamod0}
(2)

Momentum Dynamics Corporation
Exhibit 1002

Page 1147



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1148

WO 2010/093997

Fig.2

102

resonator1

2/77

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1148



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1149

WO 2010/093997

Fig.3 resonator1

102

3/77

 

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1149



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1150

WO 2010/093997 PCT/US2010/024199

4/77

—

wer ote —7-7 ~~ —

oe wee CG
-

- .
¢ se

, s‘
, sy’ x

é s
t — a‘ Qo ‘

t ~—' _—
t *‘

<= og \x
t x

KO ao, .l ” ‘
. 1 ‘‘

OD //‘ \

o — ‘

402 <=}resonator1
 

N
Oo—

Momentum Dynamics Corporation
Exhibit 1002

Page 1150



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1151

WO 2010/093997

Fig.5

Q9 08
~SG

5/77

co in wtoO oO oO

uu Aoual|e

mMS 2

PCT/US2010/024199

10

strong-couplingfactorU=k(Q_Q_)'?

Momentum Dynamics Corporation
Exhibit 1002

Page 1151



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1152

WO 2010/093997

6/77

x

—___>

—
©- ~——

——

S

A
oe

f fen \
LO pp \\pore yy

. pa Ml oa
oo ff =
r=

' fd
i /fo™ Ss
AL oO
VwAf =—

oN
“NY

ond - S

o oO
TT“, ee”

8

102C

PCT/US2010/024199

 

 
a
N
oO—

Momentum Dynamics Corporation
Exhibit 1002

Page 1152



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1153

WO 2010/093997 PCT/US2010/024199

 

  
 

T/7TT

foe)
Oo
~~

ch

Oopod

N
Oo
re

<
oO

~ U
oom

™ ptad 4

° rs a
OO = 1 <>

o— mn 71 om
LL ed le &

oes yo pond
— 1 ee
om 1 io

“espe

\%
4 pea

“fF
oSpa

 
10°; 10'

1
a

cosetpol

( Jojory Ayypenb

Momentum Dynamics Corporation
Exhibit 1002

Page 1153



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1154

PCT/US2010/024199WO 2010/093997

8/77

Y}PIMonsuajoeseyo

 

v08

SSOUYOIU]OnsWa}OeueYyo

 

cOL

 
ezisonsua}oeJeYyo

Momentum Dynamics Corporation
Exhibit 1002

Page 1154



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1155

WO 2010/093997

Fig.9

 

9/77

 
900B

PCT/US2010/024199

900A

Momentum Dynamics Corporation
Exhibit 1002

Page 1155



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1156

WO 2010/093997

Fig.10

<—
Q
oS=

 
PCT/US2010/024199

10/77

 
a—
S
Oo—

Momentum Dynamics Corporation
Exhibit 1002

Page 1156



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1157

WO 2010/093997 PCT/US2010/024199

11/77

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1157



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1158

PCT/US2010/024199WO 2010/093997

12/77

COS

 
Exhibit 1002

Page 1158

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1159

WO 2010/093997 PCT/US2010/024199

13/77

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1159



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1160

PCT/US2010/024199WO 2010/093997

14/77

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1160



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1161

PCT/US2010/024199WO 2010/093997

15/77

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1161



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1162

WO 2010/093997

Fig.16

1600

1608

 

16/77

 
1602

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1162



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1163

WO 2010/093997

Fig.17

1700

1704

1702

Rize~N

17/77

 
1708

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1163



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1164

PCT/US2010/024199WO 2010/093997

18/77

 
 
 

nee: peaEEO grenannnnnengineeetnecannenaens

 

Hennaetitanvese ARSeanennneniensseanheei meeneet

RRRnnanenaaannneten ene,nonemeeeine ARERR

 

 

aeroneet sreeOOODUOOE
queennatenn nora,

 

_v08loeASDESSOF 
cO8L

oeSeMiQjirs600Bugonpucs-Apyhiy   
VO

 

Momentum Dynamics Corporation
Exhibit 1002

Page 1164



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1165

WO 2010/093997

Fig.19
1804

102

N
oO
©—_—

19/77

 

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1165



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1166

WO 2010/093997

Fig.20

1804

1802

N
oO—

20/77

 

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1166



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1167

WO 2010/093997

Fig.21

1804

N
©—

1802

21/77

 
PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1167



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1168

PCT/US2010/024199WO 2010/093997

22/77

Ol2zsJoyoedeo
802¢SJOUOAU0D00c2

Zzs0}09fod
Wd£€~Wd€Z~C7‘si4 Oc0L

woE¢~

vOC?SpeoJajdepeOSPIA/JOMJOUSSO[OJIM
Momentum Dynamics Corporation

Exhibit 1002

Page 1168



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1169

WO 2010/093997

2318

2312

is)Cire} (gisq

 

Pre] (aisqe

23/77

AxichDistonce

 
 

 
[ree] (sae

 

PCT/US2010/024199

So
N
oO
N

stance
0

AxialDi

AxialDistance

Momentum Dynamics Corporation
Exhibit 1002

Page 1169



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1170

WO 2010/093997

Fig.24

102 lossyobject1804

lossyobject1804

24/77

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1170



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1171

WO 2010/093997

Fig.25 1804

N
oO
ce—

25/77

 
PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1171



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1172

PCT/US2010/024199WO 2010/093997

26/77

 zo.shoO00SOul|LUeONSpjeyoyoubew
  

 
;5‘&‘&‘&‘&‘&‘‘5‘5‘5‘5‘5‘5‘5‘5‘&‘&‘&‘&‘‘5‘5‘5‘5‘5‘5‘5é»&‘i:‘4é

  
Soul|les}splaysneubew

ANSUSDXNyoneuBeyauNLUBARS97‘SI4

 GO'O-
€az09¢

$0°0-oC
::

7092

seececnctrsrecsccchccctseced
Ve092

Momentum Dynamics Corporation
Exhibit 1002

Page 1172



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1173

WO 2010/093997

Fig.27
Axisofsymmetry

Lossymaterial 2708

Goodelectrical conductor

27/77

2706

 oesinless eeSoCoSe  
on

 
oeae vses SF  
oeCo

 
 

Be
 
 on 

ox 
 a

ioe
ceesae

oy
  

   
 
  
  

 
     
   

Renee
sis

 escesseeso
Se aei
a 

Be

 
eeeaiehaiasinbesessabaaiuiabel

  

feria
wma

Magnet
5

2702

 
 

PCT/US2010/024199

p

Currention 2704

Momentum Dynamics Corporation
Exhibit 1002

Page 1173



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1174

PCT/US2010/024199WO 2010/093997

28/77

 
(p)

(8)

peouejequnSIxeANOWWAS—zopz sixeANO@LUWAS
 

C08S

-¢—,or4ZvO82‘——ITu2~s08zAEl‘A7\a(q)uol|2euU02covecOveJEUILLUO}()a:
(e)CO8TSvO8Z

‘A

¥"Z\[—"ZOvZ

Exhibit 1002

Page 1174

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1175

WO 2010/093997

Fig.29

~
ne

 
29/77

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1175



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1176

WO 2010/093997 PCT/US2010/024199

30/77

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1176



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1177

Fig.30

WO 2010/093997 PCT/US2010/024199

31/77

 
 

~~
ll

So
+

no

~

M3 Re
ae

>
I

ll

°+ SS

n° ~ _ Hl
SN nO

+

I © Su

So mo

= Ss

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1177



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1178

WO 2010/093997 PCT/US2010/024199

 
32/77

an
Re

mo ” y ye
x S S S

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1178



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1179

WO 2010/093997

 
Fig.32

N~
—™

ak
RS— (R,L)/2

(R,L)/2

 

33/77

PCT/US2010/024199

N nN
= >
Q NI
a Ss

(R,£)/2 (R,L)/2

(R,L)/2

 

 
 

Momentum Dynamics Corporation
Exhibit 1002

Page 1179



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1180

WO 2010/093997

34/77

  al
Re

1Ny -
ll

wo
+

+

NSO
Sr a

o So

PCT/US2010/024199

 
—
rd

fe

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1180



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1181

WO 2010/093997 PCT/US2010/024199

35/77

 
3 3

+ +

nS ~ _ ° .%, no|
I il I il

So nO
¥ + y +

sw So

3 NNo N SO So so

oc —
—— ee)

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1181



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1182

WO 2010/093997

 
Fig.34

36/77

PCT/US2010/024199

~
ad

 
2C,

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1182



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1183

WO 2010/093997

37/77

(R,L)/2 (R,L)/2

N N~ ~—

a Q
& &

 
~N N~~ ~~
o~ oN

~ ~
ad ae— —

w Noo
ll

So

PCT/US2010/024199

k=1

k=0.05

k=0

Momentum Dynamics Corporation
Exhibit 1002

Page 1183



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1184

WO 2010/093997 PCT/US2010/024199

38/77

—, —,

2 O——— —

=, —,

& LS

Momentum Dynamics Corporation
Exhibit 1002

Page 1184



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1185

WO 2010/093997

Fig.37

39/77

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1185



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1186

PCT/US2010/024199WO 2010/093997

40/77

BUASC]DSOIBMO-4|AISSBIGHA,/ASHTON)

    

|soyeuosey

 

ndbE4;-.no:.et)pueJanod[SAGsored|80E¢vOE?d20l
gE‘sl4

JoyeuoserBOIS
/

$2é01

ADHIONGOUP’)“|puesomod

 

20S/
COES

Exhibit 1002

Page 1186

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1187

PCT/US2010/024199WO 2010/093997

41/77

802/

as0re/FELBAUIODedjojoueJBWBAUCSOf

vore/WhehiJOSSB014ieeeeeeeieeee6€‘slJ
ac0reWOMANHulsey|souepadustdoLve

JAMELBOI

d2olAOL)

 
Exhibit 1002

Page 1187

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1188

PCT/US2010/024199WO 2010/093997

42/77

 

S$2é0lICIBUOSS94BOUNOS

Sc0reBUNUDIeHY|Souepedult
JOVEHIOSO JanpidunyJaModOv‘sI4 JO88000|eueeueeewnudl JOLIGALIODOOO"JO;0UB IBLIQAUCD|OLOOSOLVZ

BUNSay1000

Exhibit 1002

Page 1188

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1189

WO 2010/093997

Fig.41

Parameter

43/77

~

o
ES
25
aSa
gO
=

 
3802

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1189



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1190

PCT/US2010/024199

44/77

WO 2010/093997

806€vO6E
aanosabeyo,sjqewwesbod

wUyobhyjouyuoypuesisAjeuyjuawainseal\|Annoyjuaweinses||Jajaweled

DO909SEsoc
o8760

Voltage
Controlled

Capacitor

JowoedegHOd
paljo.juoDabeyjop, 

COL

Cy‘sl4

Exhibit 1002

Page 1190

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1191

WO 2010/093997

CY)
J

20
LL

PCT/US2010/024199

2410D
Port 2

Measurement

Circuitry 3802D
Coupler/

SwitchLoad/Drain
4002

4008 Impedance Matching
2402D 102D

1028 ee

  
doo7] sounesg

Impedance Matching Circuit
2402S

4004
4002

YOUMS
fjiaidnog 3802S

AJUNDND
juewainseay|

b WOd

2410S
JIOSSBI0Old 
 

Momentum Dynamics Corporation
Exhibit 1002

Page 1191



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1192

PCT/US2010/024199WO 2010/093997

46/77

 
COOP~=sSORESOLvZ

dzovrz

 
YNUDHulyojeysouepsdul|/Buiuny

UNDBuiyojeyysouepeduy|/Buiuny

urelq/pecyJOModeolAeq

JOSS390) d

 

Device Loop

doo] aoin0s

YOUMS

/4a\dnog

Asynoug

  8007dcorScOLsjeubig
aauqjAiddnsJOModaaJnog

vO0rlA3q,,.901NOS,,vr‘sid

Momentum Dynamics Corporation
Exhibit 1002

Page 1192



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1193

PCT/US2010/024199WO 2010/093997

47/77

az0zppepSZ0zr/

  AdinougAyinoiguoyWeoIUNWWODuOeoIUNWLWODSSOSz00rszogeSSO|OJIMSc0vé8027\ 
dzore/

 

dz00r      <Uv2>yngSo9yNaIDO3o%5LecBuiyjen|S&|Suusrewon3gZegesouepsdu||&®|souepediy|sc=g8°]3663g|16se||<88a6/Buunyz9/Buuny20=oOa8=
sjeubis

uresq/pecydzoLSZOLaAJEMOd/A\ddngsolaeqJaMOd
80JN0S

 

«99|A9Q

«2IINOS,,

Gp‘slJ   

Momentum Dynamics Corporation
Exhibit 1002

Page 1193



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1194

PCT/US2010/024199WO 2010/093997

48/77

dz0zrSz0zr7v0er.   
AyyinaiiguoHesjunwWwo5SSABlIN

AunuOHeTIUNUUO4SSajaHy,

 

Sc00vSZ08E 
   
   

    
   4 rereRaut)°S|wnioHG|o®3NeoTRonn,2&Wnigiee7Buryoyey]45SuRyoRe0Iwe=%2D8aeeaouepadiu|8®souepediy4|HOd,,|£63BWACjBuun=oiBuun:|iee<3saao]|i~=
 

seubiseaugjAiddnglamoedSunes

 

dz0lSz0l
cQIIARQ,,

/
pOO0r

   
gainog,

  

Or‘sI4

Momentum Dynamics Corporation
Exhibit 1002

Page 1194



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1195

PCT/US2010/024199WO 2010/093997

49/77

JezhyeuryOMEN

 (SWULGB|ejonucapue4YIegpseySNGUEAJouOReTLSUUELyMalLAGE)iaainossheyo,OC)eideuweBoi
}

 
806E

 VF\A

(149)1HodjezhjeuyOMIBN

 

L=== ===

Momentum Dynamics Corporation
Exhibit 1002

Page 1195



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1196

WO 2010/093997

Fig.48
4502

50/77

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1196



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1197

PCT/US2010/024199WO 2010/093997

51/77

v06rotSSH|s\Q\Q\

A\ddnssamode0}

  
 \eyacO6P

0067 pbBoOLEDAEAacnctoncnotggge
ge

Momentum Dynamics Corporation
Exhibit 1002

Page 1197



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1198

WO 2010/093997

Fig.50

device resonatoris insidethelaptop

5002

5000

5000

5000

(notvisible)

52/77

a
JA,

lt

5002

5002

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1198



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1199

PCT/US2010/024199WO 2010/093997

53/77

  
aS a

SSSSSS
a

SH

YROTTTRVOVETTOEEIEODETTOTOTIED
;

MLAAAILIALAILIALYORIOLE
ay

ainjde4SSOpPOIAA
SS

  
 

Arndt

SREEEEEEEEEE
SH

 

ners

=
{Soy

aS

 

 

SAANSos

Momentum Dynamics Corporation
Exhibit 1002

Page 1199



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1200

PCT/US2010/024199WO 2010/093997

54/77

 
oor
becl®@

 
LO¢S

 LOS

ZJ0Ae72-4“1Sivrt®@eZZLadre@SZabLpre@AZLiyre@eZZIepre@e-2ob@re@eZ?et@re®@®Ceat@roLyEZ

LO¢S

|JoAe7
CbGullre@elrs@etro@Z-4re®@ztre@Lere®@eIrc®@Z4re@

tet

JOJONPUOD pspuedj}s JO sixe

 

 

 
€0¢S 

Exhibit 1002

Page 1200

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1201

55/77

 
neaget¢JaAe7anewaleeeeet|JoAe7aN

q2¢‘slJ



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1202

PCT/US2010/024199WO 2010/093997

56/77

 
Exhibit 1002

Page 1202

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1203

WO 2010/093997 PCT/US2010/024199

57/77

Fig.53b 
5305

Momentum Dynamics Corporation
Exhibit 1002

Page 1203



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1204

PCT/US2010/024199WO 2010/093997

58/77

 vS‘dl4

zobpre®@@<z
rare@ram

ré@,eh|rt@@ZzehL-
 

re@@62oVp.re®@@<zzhibre®@<zGhVPrt@@cz

Exhibit 1002

Page 1204

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1205

PCT/US2010/024199WO 2010/093997

59/77

90-50980-20@Or-60@20-00-20@50-5080-20@Or-60@z0-ToP0-£0@90-50@80-20@oT-60@z9-Tor0-20@50-0@20-L0@OT-60@ZO-Tor0-20@90-50@80-20@oT-60@Z0-T0r0-20@

TO-OT @60-20@50-70@46-90@60-20TO-OT@£0-z0@50-0@20-30@60-20TO-OT@20-70@40-0@20-90@50-80TO-OT@£0-20@50-0@20-90@60-20T0-OT@£0-20@10-0@10-90@60-30 GG‘slJ

Momentum Dynamics Corporation
Exhibit 1002

Page 1205



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1206

WO 2010/093997

Fig.56

—

Oo 02 03 04 05 06

60/77

07 08 09 10

PCT/US2010/024199

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1206



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1207

WO 2010/093997 PCT/US2010/024199

61/77

co
Co
nm
Lo

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1207



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1208

WO 2010/093997 PCT/US2010/024199

62/77

— st
ro - ce

oO o — _
> > oO o
oO © > >
_ SO oO wo

| |

 
Layer8 Layer1 Layer16

 
S nM©

Oo — —) oO
LO Oo © =

~~ LO

Momentum Dynamics Corporation
Exhibit 1002

Page 1208



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1209

PCT/US2010/024199WO 2010/093997

63/77

 
906S

(e)(w9)uoneuedasOE2Oe?SlOlwoozXWogZ=ezisounosW2Q|XWOO]=SsZISSQUuNOS===eLUDGXWOG=9ZISSONOSae6S‘slJ

 
ADUSID LYS

Momentum Dynamics Corporation
Exhibit 1002

Page 1209



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1210

PCT/US2010/024199WO 2010/093997

64/77

€009

 (2){W3)FSLO[eaeqOl8gv
8009

woggXwWoQg=ezissonos.WD©XWOG=OZISSOIMOSa
09‘sI4

 
AQUBID WEF

Momentum Dynamics Corporation
Exhibit 1002

Page 1210



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1211

WO 2010/093997

Fig.61

6101 6102

61047

65/77

6103

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1211



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1212

WO 2010/093997

Fig.62

oO
i)—
co

66/77

PCT/US2010/024199

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1212



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1213

PCT/US2010/024199WO 2010/093997

67/77

cOE9

 

geeSPa,. .* «,
oy

¢*++¢
%.

 
PPOrireeeerys0*"a0O0OQooeeee,

--«*
o*Seem

eeenemeemmnmneneeet

eUUEe

oe? —*.,

* +© a **wee

PS delalallalaleelatelabiaiaielatahe

?

*e,

°

Oeummeememmeeeeeeeee®%,o*Seonnex
*

%e

soggy’Se,s*‘aeas?eee€9‘sIJ
*

vO0e9

Momentum Dynamics Corporation
Exhibit 1002

Page 1213



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1214

WO 2010/093997

Fig.64

©
So
ss
co

68/77

PCT/US2010/024199

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1214



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1215

PCT/US2010/024199WO 2010/093997

69/77

G0S9

 6090159LbS9wieCs_Ati*OALNokonofhehe!nerefenor2?9069Z0S98059ennnnsein,iTnIanSTOin,OY
   

LOS9Z0S9€0S90S9GQ‘slJ

Exhibit 1002

Page 1215

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1216

WO 2010/093997

6601
6602

Fig.66
6601

 

 
Oo
oO
oO

70/77

N oS
Q oO
8s oO

=—,

© ---4----4-------~~

STo)
co

—

OH iiial

~N
oO
©
oO

 
 

PCT/US2010/024199

6604

Momentum Dynamics Corporation
Exhibit 1002

Page 1216



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1217

WO 2010/093997

 
PCT/US2010/024199

71/77

Momentum Dynamics Corporation
Exhibit 1002

Page 1217



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1218

WO 2010/093997

6808

72/77

 
PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1218



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1219

WO 2010/093997 PCT/US2010/024199

73/77

 
=
©
©
co

6802

Momentum Dynamics Corporation
Exhibit 1002

Page 1219



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1220

WO 2010/093997

oO
oS
©
e

Fig.70

T4/T7

 

PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1220



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1221

WO 2010/093997 PCT/US2010/024199

15/77

 
7108 7110

Fig.71

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1221



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1222

PCT/US2010/024199WO 2010/093997

76/77

PS

pajoeuip-,—— 
 

 

ZBuojeJeSHOpePz  
Adualois4>

Exhibit 1002

Page 1222

Momentum Dynamics Corporation



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1223

WO 2010/093997

Fig.73 
PCT/US2010/024199

Momentum Dynamics Corporation
Exhibit 1002

Page 1223



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1224

A,

INTERNATIONAL SEARCH REPORT

CLASSIFICATION OF SUBJECT MATTER

IPC(8) - HO1F 27/42 (2010.01)
USPC - 307/104

According to International Patent Classification (IPC) or to both national classification and IPC
FIELDS SEARCHED

International application No.
PCT/US 10/24199

Minimum documentation searched (classification system followed by classification symbols)
IPC(8): HOTF 27/42 (2010.01)
USPC: 307/104
 

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
IPC(8): HO1F 27/42 (2010.01) (text search) :
USPC: 307/104; 340/855.8 (text search)

Electronic data base consulted during the international search (name ofdata base and, where practicable, search terms used)
PubWEST (PGPB, USPT, EPAB, JPAB); Google Patent; Google Scholar: Search Terms:wireless power transmission coil magnetic field
capacitive coupling dielectric ring electric conductive wire loop wireless resonant ferromagnetic medium contact-less powerfrequency
amplitude

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

US 2007/0222542 A1 (Joannopoulos) 27 September 2007 (27.09.2007), entire document,
especially; para. [0001] through [0045], Fig. 1-6B

Citation of document, with indication, where appropriate, of the relevant passages Relevantto claim No.

1-11, 16-26, 31

12-15, 27-30

US 2008/0012569 A1 (Hall et al.) 17 January 2008 (17.01.2008), entire document,
especially; para. [0034] through [0055], Fig. 1-14

US 2008/0030415 A1 (Homanet al.) 07 February 2008 (07.02.2008),
para. [0005}, (0042) through [0073], Fig. 9, 10

14, 15, 29, 30

12, 13, 27, 28

US 2008/0278264 A1 (Karalis et al.) 13 November 2008 (13.11.2008), entire document

US 2009/0015075 A1 (Cooket al.) 15 January 2009 (15.01.2009), entire document

C] Further documents are listed in the continuation of Box C. 
“Ar

“—

“LW

«Q”

“pr

Special categories of cited documents:
documentdefining the general state of the art which is not considered
to be of particular relevance
earlier application or patent but published on orafter the international
filing date
document which may throw doubts on priority claim(s)or whichis
cited to establish the publication date of anothercitation or other
specia] reason (as specified)
document referring to an oral disclosure, use, exhibition or othermeans

document publishedpriorto the internationalfiling date but later than
the priority date claime

Date of the actual completion of the international search

03 May 2010 (03.05.2010)

Nameand mailing address of the ISA/US
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450
Facsimile No. 571-273-3201

Form PCT/ISA/2 10 (second sheet) (July 2009)

CL]
later document publishedafter the internationalfiling date or priority
date andnot in conflict with the application but cited to understand
the principle or theory underlying the invention
documentofparticular relevance; the claimedinvention cannot be
considered nove! or cannot be considered to involve an inventive
step when the documentis taken alone
documentof particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art
document memberofthe samepatent family

Date of mailing of the international search report

14 MAY 2010
Authorized officer:

Lee W. Young
PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

 
Momentum Dynamics Corporation

Exhibit 1002

Page 1224



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1225

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Nuniber

WO 2007/008646 A2

(51) International Patent Classification: Not classified (81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(43) International Publication Date

18 January 2007 (18.01.2007)

 
(21) International Application Number: AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,

PCT/US2006/026480 CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES,FI,
(22) International Filing Date: 5 July 2006 (05.07.2006) GB, GD, GE, GH, GM, HN, HR, HU,ID,IL, IN,IS,JP,

KR, KG,KM,KN,KP, KR, KZ, LA, LC, LK, LR, LS, LT,
(25) Filing Language: English LU, LV, LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA,

oo ; NG, NI, NO, NZ, OM,PG, PH, PL,PT, RO, RS, RU, SC,
(26) Publication Language: English SD, SH, SG, SK, SL, SM, SY, TJ, TM, TN, TR, TL, ‘TZ,
(30) Priority Data: UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

60/698,442 12 July 2005 (12.07.2005) US
(84) Designated States (unless otherwise indicated, for every

(71) Applicant(for all designated States except US): MASS- kind ofregional protection available): ARIPO (BW, GH,
ACHUSETTS INSTITUTE OF TECHNOLOGY GM,KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
[US/US]: 77 Massachusetts Avenuc, Cambridge, MA ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
02139 (US). European (AT, BE, BG, CH, CY, CZ, DE, DK, FE, ES,FI,

FR, GB, GR, HU, LB,IS, IT, LL, LU, LV, MC, NL, PL, P'L,
RO,SE,SI, SK, TR), OAPT (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NH, SN, TD, TG).

(72) Inventors; and
(75) Inventors/Applicants (for US only): JOANNOPOU-

LOS, Jolin, D. [US/US]; 64 Douglas Road, Belmont, MA
02478 (US). KARALITS, Arsteidis [GR/US]; 70 Pacific
Street, Apt. #907, Cambridge, MA 02139 (US). SOLA- Published:
JACIC, Marin [HU/US]; 67 Fairfax Street, Somerville, without international search report and to be republished
MA 02744 (US) , , , upon receipt ofthat report

(74) Agents: CONNORS,Matthew, E. et al.; Gauthier & Con- For two-letter codes and other abbreviations, refer to the "Guid-
nors LLP, 225 Franklin Street, Suite 2300, Boston, MA—ance Notes on Cades and Abbreviations" appearing at the begin-
02110 (US). ning ofeach regular issue of the PCT Gazette.

(54) Title: WIRELESS NON-RADIATIVE ENERGY TRANSFER

 
—_— 2
= 1—

—

= to power to power
>= supply consumption
— D

NN

—_ (57) Abstract: The electromagnetic energy transfer device includes a first resonator structure receiving energy from an external
powersupply. The first resonator structure hasa first Q-factor. A second resonatorstructure is positioned distal from thefirst res-

\® onator structure, and supplies useful working power to an external load. The second resonatorstructure has a second Q-factor. The
distance between the two resonators can be larger than the characteristic size of each resonator. Non-radiative energy transfer be-
tween the first resonator structure and the second resonatorstructure is mediated through coupling of their resonant-field evanescent

WO2007/00864
Momentum Dynamics Corporation

Exhibit 1002

Page 1225



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1226

WO 2007/008646 PCT/US2006/026480

10

15

20

25

30

35

WIRELESS NON-RADIATIVE ENERGY TRANSFER

PRIORITY INFORMATION

This application claims priority from provisional application Ser. No. 60/698,442

filed July 12, 2005, which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

The invention relates to the field of oscillatory resonant electromagnetic modes,

and in particular to oscillatory resonant electromagnetic modes, with localized slowly

evanescentfield patterns, for wireless non-radiative energy transfer.

In the early days of electromagnetism, before the electrical-wire grid was

deployed, serious interest and effort was devoted towards the development of schemes to

transport energy over long distances wirelessly, without any carrier medium. These efforts

appear to have met with little, if any, success. Radiative modes of omni-directional

antennas, which work very well for information transfer, are not suitable for such energy

transfer, because a vast majority of energy is wasted into free space. Directed radiation

modes, using lasers or highly-directional antennas, can be efficiently used for energy

transfer, even for long distances (transfer distance Lyrans»Lpgy, where Lpsy is the

characteristic size of the device), but require existence of an uninterruptible line-of-sight
and a complicated tracking system in the case of mobile objects.

Rapid development of autonomous electronics of recent years (e.g. laptops, cell-

phones, house-hold robots, that all typically rely on chemical energy storage) justifies

revisiting investigation of this issue. Today, the existing electrical-wire grid carries energy

almost everywhere; even a medium-range wireless non-radiative energy transfer would be

quite useful, One scheme currently used for some important applications relies on

induction, butit is restricted to very close-range (Lrrans«Lpey) energy transfers.

SUMMARY OF THE INVENTION

According to one aspect of the invention, there is provided an electromagnetic

energy transfer device. The electromagnetic energy transfer device includes a first

resonator structure receiving energy from an external power supply. Thefirst resonator
structure has a first Q-factor. A second resonator structure is positioned distal from the

first resonator structure, and supplies useful working power to an external load. The

second resonator structure has a second Q-factor. The distance between the two resonators

can be larger than the characteristic size of each resonator. Non-radiative energy transfer
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between the first resonator structure and the second resonator structure is mediated

through coupling of their resonant-field evanescenttails.

According to another aspect of the invention, there is provided a method of

transferring electromagnetic energy. The method includes providing a first resonator

structure receiving energy from an external power supply. The first resonator structure

has a first Q-factor. Also, the method includes a second resonator structure being

positioned distal from the first resonator structure, and supplying useful working power to

an external load. The second resonator structure has a second Q-factor. The distance

between the two resonators can be larger than the characteristic size of each resonator.

Furthermore, the method includes transferring non-radiative energy between the first

resonator structure and the second resonator structure through coupling of their resonant-

field evanescenttails.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating an exemplary embodiment of the

invention;

FIG. 2A is a numerical FDTD result for a high-index disk cavity of radius r along

with the electric field; FIG. 2B a numerical FDTD result for a medium-distance coupling

between two resonant disk cavities: initially, all the energy is in one cavity (left panel);

after some time both cavities are equally excited (right panel).

FIG. 3 is schematic diagram demonstrating two capacitively-loaded conducting-

wire loops;

FIGs. 4A-4B are numerical FDTD results for reduction in radiation-Q of the

resonant disk cavity due to scattering from extraneous objects;

FIG, 5 is a numerical FDTD result for medium-distance coupling between two

resonant disk cavities in the presence of extraneous objects; and

FIGs. 6A-6B are graphs demonstrating efficiencies of converting the supplied

powerinto useful work (7,), radiation and ohmic loss at the device (72), and the source

(7s), and dissipation inside a human (7,), as a function of the coupling-to- «/7q ; in panel

(a) J is chosen so as to minimize the energy stored in the device, while in panel (b) Jj, is

chosen so as to maximize the efficiency 7,, for each x/I7 .

DETAILED DESCRIPTION OF THE INVENTION

In contrast to the currently existing schemes, the invention provides the feasibility

of using long-lived oscillatory resonant electromagnetic modes, with localized slowly

evanescent field patterns, for wireless non-radiative energy transfer. The basis of this
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technique is that two same-frequency resonant objects tend to couple, while interacting

weakly with other off-resonant environmental objects. The purpose of the invention .is to

quantify this mechanism using specific examples, namely quantitatively address the

following questions: up to which distances can such a scheme be efficient and how

sensitive is it to external perturbations. Detailed theoretical and numerical analysis show

that a mid-range (Lrrans =few*Lpgy) wireless energy-exchange can actually be achieved,

while suffering only modest transfer and dissipation of energy into other off-resonant

objects.

The omnidirectional but stationary (non-lossy) nature of the near field makesthis

mechanism suitable for mobile wireless receivers. It could therefore have a variety of

possible applications including for example, placing a source connected to the wired

electricity network on the ceiling of a factory room, while devices, such as robots, vehicles,

computers, or similar, are roaming freely within the room. Other possible applications

include electric-engine buses, RFIDs, and perhaps even nano-robots.

The range and rate of the inventive wireless energy-transfer scheme are thefirst

subjects of examination, without considering yet energy drainage from the system for use

into work. An appropriate analytical framework for modeling the exchange of energy

between resonant objects is a weak-coupling approach called “coupled-mode theory”.

FIG. 1 is a schematic diagram illustrating a general description of the invention. The

invention uses a source and device to perform energy transferring. Both the source 1 and

device 2 are resonator structures, and are separated a distance D from each other. In this

arrangement, the electromagnetic field of the system of source 1 and device 2 is

approximated by F(r,t)= a)(t)Fi(v)+a2(t)F2(r), where F72(r)=[E72(r) Hi,2(r)] are the

eigenmodes of source 1 and device 2 alone, and then the field amplitudes a;(t) and a2(t)

can be showntosatisfy the “coupled-mode theory”: ,

a=~i(Q, — Ty ay + ik] .Qy + Ika
day
dt = —i(@, —i2 ag +iko2a9 +ikyay

where @,2 are the individual eigen-frequencies, [1,2 are the resonance widths due to the

objects’ intrinsic (absorption, radiation etc.) losses, «12,21 are the coupling coefficients, and

K11,22 Model the shift in the complex frequency of each object due to the presence of the

other.

The approach of Eq. 1 has been shown, on numerous occasions, to provide an

excellent description of resonant phenomena for objects of similar complex eigen-

frequencies (namely |@-@2|«|X12,2:| and I)+I>), whose resonances are reasonably well

1)
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defined (namely Ij,2&Im{x71,22}«|42,27]) and in the weak coupling limit (namely

|X12,22|«@},2). Coincidentally, these requirements also enable optimal operation for energy

transfer. Also, Eq. (1) show that the energy exchange can be nearly perfect at exact

resonance (@;=@, and [j=J/>), and that the losses are minimal when the “coupling-time”

is much shorter than all “loss-times”. Therefore, the invention requires resonant modes of

high Q=a@/(2T) for low intrinsic-loss rates J}2, and with evanescent tails significantly

longer than the characteristic sizes L; and Lz of the two objects for strong coupling rate

|*12,27] over large distances D, where D is the closest distance between the two objects.

This is a regime of operation that has mort been studied extensively, since one usually

prefers short tails, to minimize interference with nearby devices.

Objects of nearly infinite extent, such as dielectric waveguides, can support guided

modes whose evanescenttails are decaying exponentially in the direction away from the

object, slowly if tuned close to cutoff, and can have nearly infinite 0. To implement the

inventive energy-transfer scheme, such geometries might be suitable for certain

applications, but usually finite objects, namely ones that are topologically surrounded
everywhere by air, are more appropriate.

Unfortunately, objects of finite extent cannot support electromagnetic states that

are exponentially decaying in all directions in air, since in free space: kK? =a*/c?.
Because of this, one can show that they cannot support states of infinite Q. However, very

long-lived (so-called “high-Q”) states can be found, whose tails display the needed

exponential-like decay away from the resonant object over long enough distances before

they turn oscillatory (radiative). The limiting surface, where this change in the field

behavior happens, is called the “radiation caustic”, and, for the wireless energy-transfer

scheme to be based on the near field rather than the far/radiation field, the distance

between the coupled objects must be such that one lies within the radiation caustic of the

other.

The invention is very general and any type of resonant structure satisfying the

above requirements can be used for its implementation. As examples and for definiteness,

one can choose to work with two well-known, but quite different electromagnetic resonant

systems: dielectric disks and capacitively-loaded conducting-wire loops. Even without

optimization, and despite their simplicity, both will be shown to exhibit fairly good

performance. Their difference lies mostly in the frequency range of applicability due to

practical considerations, for example, in the optical regimedielectrics prevail, since

conductive materials are highly lossy.
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Consider a 2D dielectric disk cavity of radius r and permittivity « surrounded by air

that supports high-Q whispering-gallery modes, as shown in FIG. 2A. Such a cavity is

studied using both analytical modeling, such as separation of variables in cylindrical

coordinates and application of boundary conditions, and detailed numerical finite-

difference-time-domain (FDTD) simulations with a resolution of 30pts/r. Note that the

physics of the 3D case should not be significantly different, while the analytical

complexity and numerical requirements would be immensely increased. The results of the

two methods for the complex eigen-frequencies and the field patterns of the so-called

“leaky” eigenmodes are in an excellent agreement with each other for a variety of

geometries and parametersofinterest.

The radial modal decay length, which determines the coupling strength
«=| k2;/=|K72|, is on the order of the wavelength, therefore, for near-field coupling to take

place between cavities whose distance is much larger than their size, one needs

subwavelength-sized resonant objects (r«d). High-radiation-Q and  long-tailed

subwavelength resonances can be achieved, when the dielectric permittivity ¢ is as large as

practically possible and the azimuthal field variations (of principal number m) are slow

(namely mm is small). ,

One such TE-polarized dielectric-cavity mode, which has the favorable

characteristics Q,aa=1992 and A/r = 20 using €=147.7 and m=2, is shown in FIG. 2A,

and will be the “test” cavity 18 for all subsequent calculations for this class of resonant

objects. Another example of a suitable cavity has Qjaa=9J00 and A/r=10 using

€ = 65.61 and m=3. These values of ¢ mightat first seem unrealistically large. However,
not only are there in the microwave regime (appropriate for meter-range coupling

applications) many materials that have both reasonably high enough dielectric constants

and low losses, for example, Titania: € ~ 96, Im{Eé}/e = 107; Barium tetratitanate: ¢ = 37,

Imf{ej/e ~ 107; Lithium tantalite: ¢ = 40, Imf{e}/e = 107; etc.), but also ¢ could instead

signify the effective index of other known subwavelength (//r»1) surface-wave systems,

such as susface-plasmon modes on surfaces of metal-like (negative-c) materials or

metallodielectric photonic crystals.

With regards to material absorption, typical loss tangents in the microwave(e.g.

those listed for the materials above) suggest that Qons~éAmf{e}~10000. Combining the

effects of radiation and absorption, the above analysis implies that for a properly designed

resonant device-object d a value of Qy~2000 should be achievable.Note though, that the

resonant source s will in practice often be immobile, and the restrictions on its allowed

geometry and size will typically be much less stringent than the restrictions on the design
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of the device; therefore, it is reasonable to assumethat the radiative losses can be designed

to be negligible allowing for Q,~10000, limited only by absorption. ,

To calculate now the achievable rate of energy transfer, one can place two of the

cavities 20, 22 at distance D between their centers, as shown in FIG, 2B. The normal
modes of the combined system are then an even and an odd superposition of the initial

modes and their frequencies are split by the coupling coefficient x, which we want to

calculate. Analytically, coupled-mode theory gives for dielectric objects

Kyo =an!2.|drt (r)E2(r)e (r)/fa?r|z, (ry é(r), where &,2(r) denote the dielectric
functions of only object 1 alone or 2 alone excluding the background dielectric (free

space) and &r) the dielectric function of the entire space with both objects present.

Numerically, one can find x using FDTD simulations either by exciting one of the cavities

and calculating the energy-transfer time to the other or by determining the split normal-

mode frequencies. For the “test” disk cavity the radius rc of the radiation caustic is

rc =11r, and for non-radiative coupling D<rc, therefore here one can choose D/r=10,

7, 5, 3. Then, for the mode of FIG. 3, which is odd with respect to the line that connects

the two cavities, the analytical predictions are @2K=1602, 771, 298, 48, while the

numerical predictions are @2K=1717, 770, 298, 47 respectively, so the two methods

agree well. The radiation fields of the two initial cavity modes interfere constructively or

destructively depending on their relative phases and amplitudes, leading to increased or

decreased net radiation loss respectively, therefore for any cavity distance the even and

odd normal modes have Qs that are one larger and one smaller than the initial single-

cavity Q=1992 (a phenomenon not captured by coupled-mode theory), but in a way that

the average J’ is always approximately /=a@2Q. Therefore, the corresponding coupling-to-

loss ratios are AT=1,16, 2.59, 6.68, 42.49, and although they do not fall in the ideal
operating regime Tl, the achieved values are still large enough to be useful for
applications. .

Consider a loop 10 or 12 of N coils of radius r of conducting wire with circular

cross-section of radius a surroundedby air, as shown in FIG, 3. This wire has inductance

L=u,N*r[In (8r/ a)-2| , Where 4, is the magnetic permeability of free space, so

connecting it to a capacitance C will make the loop resonant at frequency @=1/ VLC .

The nature of the resonance lies in the periodic exchange of energy from the electric field

inside the capacitor due to the voltage across it to the magnetic field in free space due to

the current in the wire. Losses in this resonant system consist of ohmic loss inside the wire

and radiative loss into free space.
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For non-radiative coupling one should use the near-field region, whose extent is set

roughly by the wavelength A, therefore the preferable operating regime is that where the

loop is small (7«). In this limit, the resistances associated with the two loss channels are

respectively Rep, =fHp0@!2-Nria and Ryog =216-NoN? (ar! cy , where p is the

resistivity of the wire material and 7, ~120z © is the impedance of free space. The

quality factor of such a resonance is then OQ = @L/(Rynm + Rraq ) and is highest for some

frequency determined by the system parameters: at lower frequencies it is dominated by

ohmic loss and at higher frequencies by radiation.

To get a rough estimate in the microwave, one can use one coil (W=/) of copper

(9=1.69-10%Qm) wire and then for r=Icm and a=Imm, appropriate for example for a cell

phone, the quality factor peaks to Q=1225 at f=380MHz, for r=30cm and a=2mmfor a

laptop or a household robot Q=1103 atf=17MHz, while for r=Im and a=4mm(that could

be a source loop on a room ceiling) Q=/315 at f=5MHz. So in general, expected quality

factors are Q=1000-1500 at A/4r=50-80, namely suitable for near-field coupling.

The rate for energy transfer between two loops 10 and 12 at distance D between

their centers, as shown in FIG.3, is given by Kj2 =@M /2,jI4Iy , where M is the mutual

inductance of the two loops 10 and 12. In the limit r«D«A one can use the quasi-static
3

result M =2/4-uU,N{No (4m) 1D? , Which means that w12« ~(D/{nr ) . For
example, by choosing again D/r=10, 8, 6 one can get for two loops of r=Jcm, same as

used before, that w/2x=3033, 1553, 655 respectively, for the r=30cm that w/2x=7131,

3651, 1540, and for the r=Im that @/2x=6481, 3318, 1400. The corresponding coupling-

to-loss ratios peak at the frequency where peaks the single-loop @ and are «/I'=0.4, 0.79,

1.97 and 0.15, 0.3, 0.72 and 0.2, 0.4, 0.94 for the three loop-kinds and distances. An

example of dissimilar loops is that of a r=Jm (source on the ceiling) loop and a r=30cm

(household robot on the floor) loop at a distance D=3m (room height) apart, for which

K/,/V\'> =0.88 peaks at f=6.4)4Hz, in between the peaks of the individual Q’s. Again,

these values are not in the optimal regime x/I»/, but will be shownto be sufficient.
It is important to appreciate the difference between this inductive scheme and the

already used close-range inductive schemes for energy transfer in that those schemes are

non-resonant. Using coupled-mode theory it is easy to show that, keeping the geometry

and the energy stored at the source fixed, the presently proposed resonant-coupling

inductive mechanism allows for Q approximately 1000 times more powerdelivered for
work at the device than the traditional non-resonant mechanism, and this is why mid-range

energy transfer is now possible. Capacitively-loaded conductive loops are actually being
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widely used as resonant antennas (for example in cell phones), but those operate in the far-

field regime with r/A~/, and the radiation Q’s are intentionally designed to be small to

make the antenna efficient, so they are not appropriate for energy transfer.

Clearly, the success of the inventive resonance-based wireless energy-transfer

scheme depends strongly on the robustness of the objects’ resonances. Therefore, their

sensitivity to the near presence of random non-resonant extraneous objects is another

aspect of the proposed scheme that requires analysis. The interaction of an extraneous

object with a resonant object can be obtained by a modification of the coupled-mode-

theory model in Eq. (1), since the extraneous object either does not have a well-defined

resonance or is far-off-resonance, the energy exchange between the resonant and

extraneous objects is minimal, so the term x72 in Eq. (1) can be dropped. The appropriate

analytical model for the field amplitude in the resonant object a@;(t) becomes:

daa(a - Ty Jay + i14

Namely, the effect of the extraneous object is just a perturbation on the resonance

of the resonant object and it is twofold: First, it shifts its resonant frequency through the

real part of «7; thus detuning it from other resonant objects. This is a problem that can be

fixed rather easily by applying a feedback mechanism to every device that corrects its

frequency, such as through small changes in geometry, and matches it to that of the

source. Second, it forces the resonant object to lose modal energy due to scattering into

radiation from the extraneous object through the induced polarization or currents in it, and

due to material absorption in the extraneous object through the imaginary part of 47;. This

reduction in Q can be a detrimental effect to the functionality of the energy-transfer

scheme, because it cannot be remedied, so its magnitude must be quantified.

In the first example of resonant objects that have been considered, the class of

dielectric disks, small, low-index, low-material-loss or far-away stray objects will induce

small scattering and absorption. To examine realistic cases that are more dangerous for

reduction in Q, one can therefore place the “test” dielectric disk cavity 40 close to: a)

another off-resonance object 42, such as a human being, of large Refe/=49 and Imfe/=16

and of samesize but different shape, as shown in FIG. 4A; and b) a roughened surface 46,

such as a wall, of large extent but of small Refé}=2.5 and Im{e} =0.05, as shownin FIG.
4B. ,

Analytically, for objects that interact with a small perturbation the reduced value of

radiation-Q due to scattering could be estimated using the polarization

(2)
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[a'r Pyi (rl? cfd?r |B; (r)-Re{ey (ry induced by the resonant cavity 1 inside the
extraneous object X=42 or roughened surface X=46. Since in the examined cases either

the refractive index or the size of the extraneous objects is large, these first-order

perturbation-theory results would not be accurate enough, thus one can only rely on

numerical FDTD simulations. The absorption-Q inside these objects can be estimated

through Im {iq ,}= a 12-[a?r|Ey (r)? Im{ey (r)}/far [Ey (rP e(r).
Using these methods, for distances D/r=10, 7, 5, 3 between the cavity and

extraneous-object centers one can find that Q,ag=1992 is respectively reduced to

Orvaa=1988, 1258, 702, 226, and that the absorption rate inside the object is Q,4,=312530,

86980, 21864, 1662, namely the resonance of the cavity is not detrimentally disturbed

from high-index and/or high-loss extraneous objects, unless the (possibly mobile) object

comes very close to the cavity. For distances D/r=10, 7, 5, 3, O of the cavity to the

roughened surface we find respectively Qraa=2101, 2257, 1760, 1110, 572, and

Qaps>4000, namely the influence on the initial resonant mode is acceptably low, even in
the extreme case when the cavity is embedded on the surface. Note that a close proximity

of metallic objects could also significantly scatter the resonant field, but one can assume

for simplicity that such objects are not present.

Imagine now a combined system where a resonant source-object s is used to

wirelessly transfer energy to a resonant device-object d but there is an off-resonance
extraneous-object e present. One can see that the strength ofall extrinsic loss mechanisms

from e is determined by|E,(r.)|, by the square of the small amplitude of thetails of the

resonant source, evaluated at the position r, of the extraneous object. In contrast, the

coefficient of resonant coupling of energy from the source to the device is determined by

the same-order tail amplitude |E,(ra)|, evaluated at the position rg of the device, but this

time it is not squared! Therefore, for equal distances of the source to the device and to the

extraneous object, the coupling time for energy exchange with the device is much shorter
than the time needed for the losses inside the extraneous object to accumulate, especially if
the amplitude of the résonant field has an exponential-like decay away from the source.

One could actually optimize the performance by designing the system so that the desired

coupling is achieved with smaller tails at the source and longer at the device, so that

interference to the source from the other objects is minimal.

The above ‘concepts can be verified in the case of dielectric disk cavities by a

simulation that combines FIGs. 2A-2B and 4A-4B, namely that of two (source-device)

“test” cavities 50 placed J0r apart, in the presence of a same-size extraneous object 52 of

é=49 between them, and at a distance 5r from a large roughened surface 56 of e=2.5, as
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shown in FIG. 5. Then, the original values of Q=1992, w/2x=1717 (and thus x«/T'=/].16)

deteriorate to O=765, w/2x=965 (and thus x/T=0.79), This change is acceptably small,

considering the extent of the considered external perturbation, and, since the system

design has not been optimized, the final value of coupling-to-loss ratio is promising that

this scheme can be useful for energy transfer.

In the second example of resonant objects being considered, the conducting-wire

loops, the influence of extraneous objects on the resonances is nearly absent. The reason

for this is that, in the quasi-static regime of operation (r«A) that is being considered, the

near field in the air region surrounding the loop is predominantly magnetic, since the

electric field is localized inside the capacitor. Therefore, extraneous objects that could

interact with this field and act as a perturbation to the resonance are those having

significant magnetic properties (magnetic permeability Refu/>J or magnetic loss

Im{u}>0). Since almost all common materials are non-magnetic, they respond to magnetic
fields in the same way as free space, and thus will not disturb the resonance of a

conducting-wire loop. The only perturbation that is expected to affect these resonancesis a

close proximity of large metallic structures.

An extremely important implication of the above fact relates to safety

considerations for human beings. Humans are also non-magnetic and can sustain strong

magnetic fields without undergoing any risk. This is clearly an advantage of this class of

resonant systems for many real-world applications. On the other hand, dielectric systems

of high (effective) index have the advantages that their efficiencies seem to be higher,

judging from the larger achieved values of «/T, and that they are also applicable to much

smaller length-scales, as mentioned before.

Consider now again the combined system of resonant source s and device d in the

presence of a human / and a wall, and nowlet us study the efficiency of this resonance-

based energy-transfer scheme, when energy is being drained from the device for use into

operational work. One can use the parameters found before: for dielectric disks,

absorption-dominated loss at the source O,~10", tadiation-dominated loss at the device

Qa~10' (which includes scattering from the human and the wall), absorption of the source-
and device-energy at the human Qs, Q¢.n ~1 0*-10° depending on his/her not-very-close

distance from the objects, and negligible absorption loss in the wall; for conducting-wire

loops, Q,~Q4~10°, and perturbations from the human and the wall are negligible. With

corresponding loss-rates [=w/2Q, distance-dependent coupling «x, and the rate at which

working power is extracted Ij,, the coupled-mode-theory equation for the device field-

amplitude is
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da . . .

==-1 (a-iTg ag +ika, -Tg_pag -Tyag :f

Different temporal schemes can be used to extract power from the device and their

efficiencies exhibit different dependence on the combined system parameters. Here, one

can assume steady state, such that the field amplitude inside the source is maintained

constant, namely a,(t)=A,e", so then the field amplitude insidethe device is adt)=Age'™

with Ag=ix(Lat+Jantly)As. Therefore, the power lost at the source is P.=2I,)Asl’, at the

deviceit is Py=2Ty\Ad|’, the powerabsorbed at the human is Py=2TynlAs|+2Iy-n|Aal*, and

the useful extracted power is Py=2J%,|Aq|*. From energy conservation, the total power

entering the system is Prog= Pst+Pyt+P;,+P,. Denote the total loss-rates rier =I, +lya

and 1? -1,+Ig_,-. Depending on the targeted application, the work-drainage rate

should be chosen either TI, = ry to minimize the required energy stored in the resonant

objects or Ty, =IJ14+ «2/retriet > 19 such that the ratio of useful-to-lost powers ,

namely the efficiency 4,=P,/Proa!, is maximized for some value of x. The efficiencies 4

for the two different choices are shown in FIGs. 6A and 6B respectively, as a function of

the x/I7 figure-of-merit which in turn depends on the source-device distance.

FIGs. 6A-6B show that for the system of dielectric disks and the choice of

optimized efficiency, the efficiency can be large, e.g., at least 40%. ‘The dissipation of

energy inside the human is small enough,less than 5%, for values x/Zqg>J and Q,>I1 0°,

namely for medium-range source-device distances (D#/r<10) and most human-

source/device distances (D;/r>8). For example, for Dr=/0 and D,/r=8, if JOW must be

delivered to the load, then, from FIG. 6B, ~0.4W will be dissipated inside the human, ~4W

will be absorbed inside the source, and ~2.6W will be radiated to free space. For the
system of conducting-wire loops, the achieved efficiency is smaller, ~20% for x/I7~1, but

the significant advantage is that there is no dissipation of energy inside the human,as

explained earlier.

Even better performance should be achievable through optimization of the resonant

object designs. Also, by exploiting the earlier mentioned interference effects between the

radiation fields of the coupled objects, such as continuous-wave operation at the frequency

of the normal mode that has the larger radiation-Q, one could further improve the overall
system functionality, Thus the inventive wireless energy-transfer scheme is promising for

many modern applications. Although all considerations have been for a static geometry,
all the results can be applied directly for the dynamic geometries of mobile objects, since

(3)
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the energy-transfer time. «~' ~ 144s, which is much shorter than any timescale associated

with motions of macroscopic objects.

The invention provides a resonance-based scheme for mid-range wireless non-

radiative energy transfer. Analyses of very simple implementation geometries provide

encouraging performance characteristics for the potential applicability of the proposed

mechanism. For example, in the macroscopic world, this scheme could be used to deliver

power to robots and/or computers in a factory room, or electric buses on a highway

(source-cavity would in this case be a “pipe” running above the highway). In the

microscopic world, where much smaller wavelengths would be used and smaller powers

are needed, one could use it to implement optical inter-connects for CMOSelectronics or

else to transfer energy to autonomous nano-objects, without worrying much about the

relative alignment between the sources and the devices; energy-transfer distance could be

even longer compared to the objects’ size, since Im{e(@)} of dielectric materials can be

much lowerat the required optical frequencies than it is at microwave frequencies.

As a venue of future scientific research, different material systems should be

investigated for enhanced performance ordifferent range of applicability. For example, it

might be possible to significantly improve performance by exploring plasmonic systems.

These systems can often have spatial variations of fields on their surface that are much

shorter than the free-space wavelength, and it is precisely this feature that enables the

required decoupling of the scales: the resonant object can be significantly smaller than the

exponential-like tails of its field. Furthermore, one should also investigate using acoustic

resonances for applications in which source and device are connected via a common
condensed-matter object.

Although the present invention has been shown and described with respect to

several preferred embodiments thereof, various changes, omissions and additions to the

form anddetail thereof, may be madetherein, without departing from the spirit and scope
of the invention.

Whatis claimed is:
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CLAIMS

1. A methodoftransferring energy comprising:

providinga first resonator structure receiving energy from an external power

supply, said first resonator structure havinga first resonant frequency Ww, andafirst Q-

factor Q:, and characteristic size L;, and

providing a second resonator structure being positioned distal from said first

resonatorstructure, at closest distance D, said second resonator structure having a second

resonant frequency @2, and a second Q-factor Q», and characteristic size L2

wherein the two said frequencies , and Wz are close to within the narrowerof the

two resonance widths I°,, and Ia,

transferring energy non-radiatively between said first resonator structure and said

second resonatorstructure, said energy transfer being mediated through coupling of their

resonant-field evanescenttails, and the rate of energy transfer between said first resonator

and said second resonator being denoted by ,

wherein non-radiative means D is smaller than each of the resonant wavelengths A1

and A2, wherein c is the propagation speed of radiation in the surrounding medium.

2. The method of claim 1, wherein said method comprising said resonators with ,
Q:1>100, and Q2>100, and «/sqrt(Iy*I2)>0.2,0.5,1,2,5, and D/L2>1,2,3,5.

3. The method of claim 1, wherein said method comprising said resonators with

Qi>200, and Q.>200, and «/sqrt(T'y*I2)>0.2,0.5,1,2,5, and D/L2>1,2,3,5.

4, The method of claim1, said method comprising said resonators with Q,>500, and

Q2>500, and «/sqri(T1*T2)>0.2,0.5,1,2,5, and D/L2>1,2,3,5.

5. The method of claim 1, said method comprising said resonators with Q;>1000, and

Q2>1000, and «/sqrt(I"}+I2)>0.2,0.5,1,2,5, and D/L2>1,2,3,5.

6. An energy transfer device comprising:

a first resonator structure receiving energy from an external powersupply, said

first resonator structure having a first resonant frequency 1, and a first Q-factor Qi, and

characteristic size Li, and

a secondresonatorstructure being positioned distal from said first resonator

structure, at closest distance D, said second resonator structure having a second resonant

frequency 2, and a second Q-factor Qz, and characteristic size Lo,

wherein the two said frequencies @ and @z are close to within the narrowerof the

two resonance widths I;, and I,
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wherein non-radiative energy transfer between said first resonator structure and

said second resonator structure is mediated through coupling of their resonant-field

evanescenttails, and the rate of energy transfer between said first resonator and said

second resonator is denoted by ,

wherein non-radiative means D is smaller than each of the resonant wavelengths A;

and A2, wherein c is the propagation speed of radiation in the surrounding medium.

7. The energy transfer device of claim 6, said method comprising said resonators with

Q:i>200, and Q2>200, and «/sqrt(7*I"2)>0.2,0.5,1,2,5, and D/L2>1,2,3,5.

8. The energy transfer device of claim 7, wherein said resonantfield in said deviceis

electromagnetic.

9. The energy transfer device of claim 8 and said first resonator structure comprises a

dielectric sphere, where the characteristic size L; is the radius of the sphere.

10. The energy transfer device of claim 8, and said first resonator structure comprises a

metallic sphere, where the characteristic size L, is the radius of the sphere.

11. The energy transfer device of claim 8, and said first resonator structure comprises a

metallodielectric sphere, where the characteristic size L; is the radius of the sphere.

12. The energy transfer device of claim 8, and said first resonator structure comprises a

plasmonic sphere, where the characteristic size L; is the radius of the sphere.

13. The energy transfer device of claim 8, and said first resonator structure comprises a

polaritonic sphere, where the characteristic size L; is the radius of the sphere.

14, The energy transfer device of claim 8, and said first resonator structure comprises a

capacitively-loaded conducting-wire loop, where the characteristic size L, is the radius of

the loop.

15. The energy transfer device of claim 8, and said second resonatorstructure

comprises a dielectric sphere, where the characteristic size Lz is the radius of the sphere.

16. The energy transfer device of claim 8, and said second resonatorstructure

comprises a metallic sphere where the characteristic size L2 is the radius of the sphere.
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17. The energy transfer device of claim 8, and said second resonator structure

comprises a metallodielectric sphere where the characteristic size Lz is the radius of the

sphere.

18. The energy transfer device of claim 8, and said second resonator structure

comprises a plasmonic sphere where the characteristic size Lz is the radius of the sphere.

19. The energy transfer device of claim 8, and said second resonatorstructure

comprises a polaritonic sphere where the characteristic size Lz is the radius of the sphere.

20. The energy transfer device of claim 8, and said second resonator structure

comprises a capacitively-loaded conducting-wire loop where the characteristic size Lzis

the radius of the loop.

21, The energy transfer device of claim 7, wherein said resonantfield in said deviceis

acoustic.
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DESCRIPTION

METHOD AND APPARATUS FOR CONTACTLESS POWER TRANSFER

CROSS-REFERENCE TO RELATED APPLICATION

The present application claims the benefit of U.S. Provisional Application Serial No.

61/059,663, filed June 6, 2008, which is hereby incorporated by reference herein in its

entirety, including any figures, tables, or drawings.

BACKGROUNDOF INVENTION

In recent years, inductive charging technology has become a leading candidate to

eliminate power cables. Inductive power systems and other contactless power systems

typically use one or more transmitters to send power to one or more receivers. Electronic

devices with contactless power receivers can be powered or charged by being positioned in

close proximity to a contactless power transmitter. Such systems have been designed and

implemented.

Contemporary contactless power systems are make use of switch-mode inverters,

such as the Class, D, DE, E, E|, F, F!, EF, EF2, EF3, Phi. The switch-modeinverter converts

DC voltage that is provided by a DC voltage source to into a high frequency signal that

enables efficient coupling of one or more primary coils to one or more secondary coils. The

secondary coils are ultimately connected to one more loads. In the case of a contactless power

transfer system the load of an inverter is typically a portable electronic device or some other

load device with a variable power requirement. In many instances the load has an input

impedancethat is variable. The load can use energy orit can be designed to store energy. The

load can comprise a voltage regulator and / or a power management system for regulating and

relaying the power to an energy consuming or energy storing element. The impedanceofthe

load helps determine the loading condition.

A typical switch-mode inverter comprises an active device, a supply network, and a

load network with output terminals for connecting to a load.

The active device is typically a transistor and operates as a switch. The switch

alternates between a conductive and non-conductive state. A contro] signal from a gate drive

or clock can be used to operate the switch. The switch is connected to a supply network and a

load network. The switching of the active devices helps form an AC signal at the output of

the load network.
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The supply network relays power from a source the DC voltage source to a terminal

of the active device. The DC voltage source can have an output voltage that is variable. The

supply network can be a simple inductor and typically comprises passive components. In

some cases it may comprise an active device or variable elements for active reconfiguration

of the supply network. A reconfiguration of the supply network can be performed depending

on the load conditions in order to optimize efficiency or regulate the power which is

delivered from the source.

The load network relays powerto the load device from a terminal of the active device

and supply network. The load network typically comprises passive components. In some

cases it may contain an active device or variable for active reconfiguration of the load

network. A reconfiguration of the load network may be performed depending on the load
conditions in order to optimize efficiency and / or regulate the power delivered to the load.

The load network includes one or more primary coils for inductively coupling to one

or more secondary coils. Because of size mismatches and restrictions on the use ofbulky core

materials, the coupling between the primary and secondary coils can be weak thereby

reducing efficiency, power delivery, or both.

In order to compensate for weak coupling between primary and secondary coils,

typical inductive charge systems typically operate at frequencies greater than 50kHz. At these

higher operating frequencies soft-switching inverters, such as the Class E, E™, are preferred

because they are more efficient than hard-switching inverters. High efficiency is preferable

for environmental and regulatory reasons as well as practical reasons such as minimizing heat

dissipation.

Soft-switching describes a mode of operation where an active device, such as a

transistor, will switch when either the voltage or current across the transistor is zero. Soft-

switching eliminates losses that normally occur with hard switching due to switch

capacitance and the overlap ofvoltage and current in the switch. For example, in the case of

zero voltage switching, the voltage across a transistor to swings to zero before the device

turns on and current flows. Likewise, at turn-off, the voltage differential across the active

device swings to zero beforeit is driven to a non-conductive state.

A practical system is preferably capable of matching the power supplied to the power

demanded by a load device. This is important because many load devices have variable

powerrequirements. If the power delivered does not match power required, the excess energy

can be dissipated as heat. A load device can have an input impedancethat is variable because

of a power requirementthat is variable (see Figure 5 for a graph of resistance versus changing

2
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time for a typical cell phone battery). The input impedance of the load device can change by

an order of magnitude. The input impedance of a voltage regulator connected to a portable

electronic device can change by two orders of magnitude. The variable impedance of a load

device makes the implementation of contactless power system difficult.

The following two characteristics of soft-switched inverters found in typical

contactless power system make the adaptation to a load device with a variable impedance

challenging: 1. Most switch-mode inverters have high efficiency over a narrow range of

impedances. As an example, a class E inverter typically operates under, high-efficiency soft-

switched conditions over a factor of two in load impedance (see Figure 3) (Raab, 1978). (see

Figure 2 for a graph of efficiency versus normalized resistance for typical switch-mode

inverters); 2. The output power vs. load impedancerelationship of a switch-mode inverter is

different than the output powervs. load impedancerelationship of a DC supply (See figure 4

for a graph of powerdelivery vs. load resistance for a DC supply and an inverter). Because of

this, a load device’s pre-existing power management control system can fail to appropriately

regulate the power delivered to the load device which can lead to componentfailure.

Due to the above described characteristics a contactless power system is likely to

encounter one or more of the following problems: 1) over-voltage and/or under-voltage

conditions throughout the circuit; 2) excess or inadequate power delivery to individual loads

3) poweroscillations; 4) heat problems; and 5) low efficiency.

Notably, a class D inverter architecture does not share the unfavorable characteristics

and resulting problemsof the other soft-switched inverters. Class D inverters are optimized

for driving an impedance looking into the load network that has zero-phase angle (ZPA), and

works for positive phase angles. Zero phase angle operation can be maintained by eliminating

the reactance in a circuit of by using a combination ofcontrol functionalities, including, but

not limited to, frequency, and tank circuit control (see Figures 7 and 8). A contactless power

system with other soft-switched inverter architectures would be expected to make use of

similar control functionality because of their sensitivity to the input impedance of the load(s).
£6

(Laouamer, R., et al., A youlti-resonant converter for non-contact charging with

electromagnetic coupling,” in Proc. 23rd International Conference on Electronics, Control

and Instrumentation, Nov 1997, Vol. 2, pp. 792 — 797; Abe, H., e al, “A non-contact

charger using a resonant converter with parallel capacitor of the secondary coil,” in Proc.

Applied Power Electronics Conference and Exposition, 15-19 Feb 1998, Vol. 1, pp. 136 —

141; Joung, G. B. et al., “An energy transmission system for an artificial heart using leakage

inductance compensation of transcutaneous transformer,” [KEE Transactions on Power

3
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Electronics, Vol. 13, pp. 1013 — 1022 Nov 1998; Lu, Y., et al., “Gapped air-cored power
9

converter for intelligent clothing power transfer,” in Proc. 7 International Conference on

Power Electronics and Drive Systems, 27-30 Nov. 2007, pp. 1578 — 1584; Jang, Y., et al.,

“A contactless electrical energy transmission system for portable-telephone battery chargers,”

IEEE Transactions on Industrial Electronics, Vol. 3, pp. 520 — 527, June 2003; Wang, C., et

ai., “Power transfer capability and bifurcation phenomenaof loosely coupled inductive power

transfer system,” JEEE Transactions on Industrial Electronics, Vol. 51, pp. 148 — 157, Feb.

2004; Wang, C., et al, “Investigating an LCL load resonant inverter for inductive power

transfer applications,” JEEE Transactions on Power Electronics, Vol. 19, pp. 995 — 1002,

July 2004; Wang, C., et al, “Design consideration for a contactless electric vehicle battery

charger,” JEEE Transactions on Industrial Electronics, Vol. 52, pp. 1308 — 1314, Oct. 2005)

Control functionality adds to the cost and complexity of a system and detracts from the

commercial viability.

To enable better control functionality and to ensure proper operation of the system,

communication systems between the power supply and the load have been proposed (see

Figures 6 and 9). Such communication systems also add undesirable cost to the system.

The previously described control functionality has been implemented in both

contactless power transmitters and contactless power receivers. Control functionality in the

receiver has been considered of particular importance when multiple loads require power

from the same transmitter. To support multiple loads, it has been proposed that receiver units

incorporate mechanisms such as, but not limited to, variable inductance and duty cycling.

These mechanisms allow multiple loads to receive power from the same source by giving

load devices a mechanism to protect themselves from over-voltage and/or current conditions

(Figure 6). These mechanisms are of high importance because loads without such

mechanisms will continue to receive power even when they no longer require power. The

powerwill be dissipated as heat in the load device. Contemporary batteries will not charge at

temperatures over 50°C. These systems also add undesirable cost to the system.

SUMMARYOF THE INVENTION

Embodiments of the subject invention pertain to a method and apparatus for

contactless powertransfer. A specific embodimentrelates to an impedance transformation

network, a new class of load network for application to a contactless power system.

Embodiments of the impedance transformation network enables a contactless power system

to operate without encountering the common problems of: 1) over-voltage and/or under-

4
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voltage conditions; 2) over-power and/or under-power conditions; 3) power oscillations; and

4) high heat dissipation.

Embodiments of the impedance transformation network enables the contactless power

system to avoid one or more of the four common problems described above, without any

feedback, communication, and/or control functionality. The pre-existing power and battery

charge managementcircuitry for a load, which may include a voltage regulator, can regulate

the power output of a contactless power system under normal modes of operation. In

accordance with embodiments of the invention, contactless power systems can be combined

with very simple controls to improve the performance of the system. In this preferred mode

ofoperation, a contactless power system can predictably and reliably deliver power to a load

across a wide range of load impedances.

Embodiments of the invention provide one or more of, and a preferred embodiment of

the invention provides each of, the following four functions:

1) Reactance shifting and phase angle control: a reactance is added to the resistance

looking from the switch-mode supply through the load network. The reactance is shifted such

that the phase angle looking from the switch-modeinverter into the load network is within a

range that provides substantially soft-switching operation of the active device either when

connected to or disconnected from one or more loads. Embodiments of the invention use the

phase angle to control the power delivered by the inverter. Such embodiments can take

advantage of the correlation between phase angle and load resistance. Changes in load

resistance are transformed into a shift in the phase angle looking into the impedance

transformation network. The output power response is more pronounced with respect to

phase than with respect to load resistance (see Figure 12). This enables the invention to match

powerdelivery and more closely mimic the response ofa traditional DC supply (see Figure

13). In this method of operation, the contactless power system can deliver the necessary

amount of power to the load. The soft-switching operation of the active device is preferably

maintained for all load impedances.

If the inverter is designed for soft switching when the impedance looking into the load

network from the active device is inductive, then the impedance transformation network is

configured such that the impedanceof the phase angle looking from the active device into the

load network is positively correlated with the effective resistance of the load({s). If the

effective resistance of the load increases, then the impedance transformation network is

configured such that the phase angle looking from the active device through the load network

increases. If the effective resistance of the load decreases, then the impedance transformation

5
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network is configured such that the phase angle looking from the active device through the

load network decreases. In a specific embodiment the reference phase angle is 40 degrees or

greater, and in another 45 degrees or greater. In further embodiments, increases in load

resistance can increase the phase angle up to 85 degrees.

If the inverter is designed for soft switching when the impedance looking into the load

network from the active device is capacitive, than the impedance transformation network can

be configured such that impedance of the phase angle looking from the active device into the

load network is negatively correlated with the effective resistance requirement of the load. If

the effective resistance of the load increases, then the impedance transformation network is

configured such that the phase angle looking from the active device through the load network

decreases. If the effective resistance of the load decreases, then the impedance transformation

network is configured such that the phase angle looking from the active device through the

load network increases.

The effective resistance is a combination of the resistances of the loads looking from

the terminals of the secondary coils toward the load. The loads can be seen as in series or

parallel. The loads can be seen as the series or parallel combination of the inverse of the

individual load resistances. In the generalized form, the effective load resistance of any close

proximity contactless power system via magnetic induction that incorporates m primary coils

and n secondary coils can be described by:

> ' oh rol fy F peel —Lep ily —l5 ,
in = ddaas [Z “Ee | jf} ae “| Lagi t

F if i ry i e
gill (gu iu- ,

wil =

jel, +A, fora=b

aMay otherwise

= zit + Lin larag

Zin: Input impedance looking into the primary coil

lin: Vector of1’s of length M
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lum: M XM matrix of 1’s

Z: Impedance matrix

Z.»: Element ab of the impedance matrix

Z': Sub-matrix of 7.

Z": Sub-matrix of Z

Zz": Sub-matrix of Z

M,y: Mutual inductance between the a" and b™ coil

j: imaginary number

a: coil index

b: coil index

a: radian frequency

R,: Parasitic resistance ofthe a” coil

L,: Self inductance ofthe a" coil

Typically, the power requirement of the device is negatively correlated with load

resistance. As the resistance of the load increases the power required by the load decreases.

2) Resistance isolation: the resistance looking from the switch-mode supply through

the load network can be minimally affected by changes in load resistance (sce Figure 10);

Embodiments of the invention can isolate the switch-mode supply from changes in

load resistance in order to improve the predictability and stability of the output power. The

isolation from changes can be accomplished by the implementation one or more filter

networks such that the range of resistances presented by load appear much narrowerat the

output terminals of a switch-mode inverter. The switch-mode supply should see a resistance

such that it is in a high efficiency mode of operation (see Figure 2).

3) Frequency filtering: a filter removes extra harmonics, effectively “cleaning” the

power signal before it enters the primary or secondary coil. In one embodiment this

frequency filter incorporates an inductor and a capacitor with a “low Q”value. In another

embodiment this frequency filter incorporates an inductor and a capacitor, the filter being

considered to have a high Q value.

4) Coupling: at least one primary coil in the load network is inductively coupled to

one or more secondary coils of the same load network. The primary coils can be configured

in a spiral configuration and maybe designed with a variable pitch in order to create an even
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magnetic field distribution. The primary coils can be arranged in an array pattern with each

coil in the array wound with an irregular shape so that the array has a substantially even

magnetic field distribution. The secondary coils can be coupled to the primary coil in any

position or orientation. The secondary coil can be adapted to attach to a load. In a preferred

embodiment the secondary coil is adapted to attach to a portable electronic device. In specific

embodiments, both the primary coil and the secondary coil are the same size to maximize

coupling. In this example, and other specific embodiments, the receiver coil is significantly

smaller than the primary coil, in order to allow the user to place the device in any orientation.

It is desirable for the secondary coil to be much smaller than the primary coil, but the

efficiency and powertransfer capabilities start to degrade significantly if the receiver is too

small, due to poor coupling. In this example the secondary is wound along a single path with

minimal spacing between turns in order to minimize the occupied volume and ease

integration.

The voltage and current characteristics of the primary coil and the secondary coil can

be described using the following equations [7][12]:

 

  

dl, dl,
Ka M,— tM, a Q)

dl dl
Vy = M,, * + M,, 2 (2)at at

M,, =k/M,™M,, (3)

Where

V1 is the voltage at the transmitting coil

I, is the currentat the transmitting coil

V2 is the voltage at the receiving coil

L, is the current at the receiving coil

Mj, is the self inductanceofthe transmitting coil

Mno2 is the self inductance of the receiving, coil

M2 = Mo, is the mutual inductance of the two coils

k is the coupling coefficient between the two coils
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By Ohm’s law:

v (4)

(5)

Solving equations (1-3)

_ o'M Rk,

R. +(oM,, +X), y (6)
clo, 2Malem+¥,)J) OM,

® R. +(oM,, +X y

 
i

The above equations neglect any 2™ order effects such as skin depth and proximity

effects. A more in-depth analysis accounting for the above effects can be utilized. In an

embodiment, litz wires can be used to mitigate such effects to the extent that they do not

create significant discrepancies.

By using the combination of resistance isolation and phase angle control, a reliable,

stable transmitter can power a variable load. First, the inverter preferably will not fail or

overheat when the secondary coil is removed from the primary coil. Although a load

detection scheme can be used to turn off the transmitter and reduce unloaded powerlosses, it

can still be desirable for the unloaded power consumption to be sufficiently low. Since the

coil voltage is unique to each load resistance as shown in Figure 49, load detection and status

can be easily acquired. To avoid false detection, the load detection and status can be verified

by analyzing the supply current via a current sense resistor. Limiting unloaded powerloss can

be achieved by ensuring the unloaded transmitting load network has effective impedance

similar to a high load resistance case (high impedance with large phase angle). From the

schematic of the class E circuit in Figure 44, it can be deduced that most of the powerlost is

due to the primary coil and inductor parasitic resistances as they are in the path of power

transfer. Therefore, one way to reduce the unloaded powerloss is to use an inductor with

lowerparasitic resistance.
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BRIEF DESCRIPTION OF DRAWINGS

The foregoing and other objects, features, and advantages of the present invention, as

well as the invention itself, will be more fully understood from the following description of

various embodiments, when read together with the accompanying drawings.

Figure 1 shows a typical contactless power system that uses an inverter to drive a

primary coil that may couple to one or more secondary coils and loads.

Figure 2 shows the operating efficiency versus load resistance seen by an inverter

(Class E) that is driving load resistances from .1 to 10, a span that reaches two orders of

magnitude, where the high efficiency operating range for the inverter is identified, and the

operating range of a typical portable electronic device is identified.

Figure 3 shows the powerin (Pi) and power out (Po) versus load resistance seen by

an inverter (Class E) that is driving load resistances from .1 to 10, a span that reaches two

orders of magnitude, where the high cfficiency operating range for the inverter is identified,

and the operating range ofa typical portable electronic device is identified.

Figure 4 shows the powerdelivered to a variable load resistance from two different

sources: a tuned switch-mode inverter supply and a fixed voltage DC supply, illustrating that

powerdelivered to the load across a range of impedancesis very different depending on the

source, and that the range of output power can be much smaller with switch-mode inverters.

Figure 5 shows the load resistance of a Motorola Razr during the charge cycle,

illustrating that during the charge cycle, the resistance can change by greater than one order

of magnitude.

Figure 6 shows a block diagram of a typical prior art contactless power systcm,

including commonly proposed and implemented communication and control functionality.

Figure 7 showsa logic diagram, which is continucd in Figure 8, of a typical prior art

contactless power system, including commonly proposed and implemented control

functionality.

Figure 8 showsa continuation ofthe logic diagram of Figure 7.

Figure 9 shows a block diagram ofa typical prior art wireless power system with

communication capability.

Figure 10 shows the correlation between load resistance and the resistance looking

from the inverter in accordance with an embodiment of the subject method, where the load

resistance is transformed such that the resistance seen by the switch-mode supplyis relatively

constant, and in particular, the resistance from the supply is seen as between 2 and 6 ohms

while the resistance of the load is varied from 5-500 ohms.

10
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Figure 11 showsthe operating efficiency and power output of a class E inverter that

is driving a fixed resistance with a phase angle ranging from -90 to 90 degrees, where the

operating region for an embodiment of the invention is indicated.

Figures 12A and 12B show the power output of a class E inverter in response to

variable load resistance and variable phase, respectively, showing a calculation of output

range and compares them against each other.

Figure 13 shows the power delivered to a variable load resistance from three different

sources: an inverter, a fixed voltage DC supply, and a switch-mode inverter operating in

accordance with an embodimentof the invention.

Figure 14 shows the decoupling, or degradation of coupling efficiency between the

load and the transmitter for various filter networks.

Figure 15 showsa block diagram of a system in accordance with an embodiment of

the subject invention, where the block diagram showsthe direction of power flow and the

various networks that can be used.

Figure 16 shows a typical load resistance vs. time plot as seen from the input of a

rectifier feeding into a device.

Figure 17 showsthe real and reactive components of the impedance as seen looking

into the receiver side impedance transformation network, where the impedance characteristic

at this point is measured from a system operating in accordance with a preferred embodiment

of the invention.

Figure 18 showsthe real and reactive components of the impedance as looking into

the primary coil, where the impedance characteristic at this point is measured from a system

operating in accordance with a preferred embodiment of the invention .

Figure 19 showsthe real and reactive components of the impedance as seen from the

transmitter side load-transformation network, where the impedance characteristic at this point

is measured from a system operating in accordance with a preterred embodiment of the

invention.

Figure 20 showsthe real and reactive components of the impedance as seen from the

transmitter-side, phase shift network, where the impedance characteristic at this point is

measured from a system operating in accordance with a preferred embodiment of the

invention.

Figure 21 shows the phase angle of the impedanceas it is seen from the inverter,

where the impedance characteristic at this point is measured from a system operating in

accordance with a preferred embodimentofthe invention.
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Figure 22 shows the actual power delivery and efficiency of a system that is

operating in accordance with a preferred embodimentofthe invention.

Figures 23A-23C show the actual power delivery and efficiency for another system

in accordance with the invention. The experimental results are from a 12V supply system.

Efficiency peaks at main power delivery band, which is approximately 25-100 load

resistance, are shown. Powerdelivery drops rapidly after 100©, when the system goes into

low load condition or trickle charge condition. Although the efficiency at high load

resistance is poor, the absolute power loss is kept at about 1.75W, while power delivery

continues to drop. This powerlossis distributed in the system and little or no heat issucs are

observed (especially at the receiver) during the lowload operation.

Figure 24 shows the phase angle of the impedance as it is seen from the inverter,

where the impedance characteristic at this point is measured from a system operating in the

non-preferred mode of operation.

Figure 25 shows the actual power delivery and efficiency of a system that is

operating in the non- preferred modeof operation.

Figures 26A-26B show the instantaneous peak power loss for hard switching

topologies, knownin the art, as they are compared to soft-switching topologies, known in the

art, where Figure 26A showsa “hard switching” topology power loss waveform for a bridge

MOSFET (320 W/div) showing high instantaneous peak power loss during each switching

cycle, and Figure 26B shows a “soft switching” topology power supply with the samerating

as that in Figure 26A.

Figure 27 showsthe real and reactive components of the impedance as scen looking

into the receiver side impedance transformation network, where the impedance characteristic

at this point is measured from a system operating in an undesirable range.

Figure 28 showsthe real and reactive components of the impedance as looking into

the primary coil, where the impedance characteristic at this point is measured from a system

operating in an undesirable range.

Figure 29 showsthe real and reactive components of the impedance as seen from the

transmitter side load-transformation network, where the impedance characteristic at this point

is measured from a system operating in an undesirable range.

Figure 30 showsthe real and reactive components of the impedance as seen from the

transmitter-side, phase shift network, where the impedance characteristic at this point is

measured from a system operating in an undesirable range.
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Figure 31 showsthe circuitry shown in Figure 68 with dotted lines, labeled A and B,

around portions of the circuitry to show one embodiment of how the circuitry can be split

between a transmitter unit, for example a transmitter pad, and a receiver unit.

Figure 32 showsthe block diagram of Figure 15 with dotted lines, labeled A and B,

aroundportions of the block diagram elements to show how the block diagram elements can

be split between a transmitter unit, for example a transmitter pad, and a receiver unit, in

accordance with the embodiment shown in Figure 31.

Figure 33 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B, C,

and D, around portions of the circuitry to show one embodiment of how the circuitry can be

split between a transmitter unit, for example a transmitter pad, and a receiver unit.

Figure 34 showsthe block diagram of Figure 15 with dotted lines, labeled A, B, C,

and D, around portions of the block diagram elements to show how the block diagram

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver

unit, in accordance with the embodiment shownin Figure 33.

Figure 35 showsthe circuitry shown in Figure 68 with dotted lines, labeled A, B, C,

and D, around portions of the circuitry to show one embodiment of how the circuitry can be

split between a transmitter unit, for example a transmitter pad, and a receiver unit.

Figure 36 showsthe block diagram of Figure 15 with dotted lines, labeled A, B, C,

and D, around portions of the block diagram elements to show how the block diagram

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver

unit, in accordance with the embodiment shown in Figure 35.

Figure 37 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B,C,

and D, around portions of the circuitry to show one embodiment of howthecircuitry can be

split between a transmitter unit, for example a transmitter pad, and a receiver unit.

Figure 38 showsthe block diagram of Figure 15 with dotted lines, labeled A, B, C,

and D, around portions of the block diagram clements to show how the block diagram

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver

unit, in accordance with the embodiment shownin Figure 37.

Figure 39 showsthe circuitry shown in Figure 68 with dotted lines, labeled A, B, C,

and D, around portions of the circuitry to show one embodiment of how the circuitry can be

split between a transmitter unit, for example a transmitter pad, and a receiver unit.

Figure 40 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C,

and D, around portions of the block diagram elements to show how the block diagram
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elements can be split between a transmitter unit, for cxample a transmitter pad, and a receiver

unit, in accordance with the embodiment shown in Figure 39.

Figure 41 shows a typical inductive coupling system.

Figure 42 shows someofthe possible topologies for a single-clement transformation

network.

Figure 43 shows someofthe possible topologies for a single-clement transformation

network.

Figure 44 shows a typical Class E driver using parallel-parallel transformation

network.

Figure 45 showsa dual channel class E driver that can be used in accordance with an

embodimentof the invention.

Figure 46 shows an impedance response looking into receiver with different parallel

capacitor value.

Figure 47 shows an optimum receiver capacitor value across a range of load

resistances to achieve maximum R looking into the transmitter coil.

Figures 48A-48B show a coupling efficiency and transformed impedance looking

into the primary coil.

Figure 49 shows a normalize primary coil voltage across a range ofload resistances.

Figure 50 shows a load network reactance with different transmitter capacitor.

Figure 51 shows an amplitude and phase of impedance of unloaded transmitter load

network with different Cy.

Figure 52 shows an impedance looking into transmitter load network.

Figure 53 showsa phase looking into transmitter load network.

Figure 54 shows a powerdelivered into the transmitting load network if transmitter is

an ideal sine voltage source.

Figure 55 showsa transistor drain voltage where Cghunt = 19nF.

Figure 56 showsa dual channel class E driver.

Figure 57 shows a primary coil — 10 turns (embedded into the table top) and

secondary coil -- 5 turns (taped up).

Figure 58 shows a powerdelivery and efficiency of 120V system with a peak power

of 295W.

Figure 59 shows a temperature of transistor and inductor with natural convection

cooling and forced cooling.

Figure 60 shows a dual channel class E with forced air cooling.
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Figure 61 shows a waveform ofthe class E driver.

Figures 62A-62B show power delivered to load with respect to load resistance. Peak

power occurs at approximately 50Q load resistance for dual channel at 69W for dual channel

and 75Q for single channel at 10Wfor single channel.

Figure 63 shows system efficiency with respect to load resistance with both peak

efficiency of 64.5% for single channel and 76% of dual channel at approximately 70Q load

resistance.

Figure 64 shows transmitter efficiency with respect to load resistance. Peak

transmitter efficiency occurs across the band of 60Q to 100Q load resistance at 90% for dual

channel and 79% for single channel.

Figure 65 shows system efficiency with respect to load resistance with both cases

achieving high efficiency at heavy load and alsoillustratin that a single channel modeis more

efficient at low powerdelivery state.

Figure 66 shows primary coil RMS voltage having a unique load resistance for each

value.

Figure 67 shows receiver DC voltage converging to approximately 70V for dual

channel and 37V for single channel.

Figure 68 shows a generalized contactless power system with a single transistor

power amplifer in a single ended configuration.

Figure 69 shows a generalized contactless powcr system with two, single transistor

power amplifiers in a push-pull configuration.

Figure 70 shows a generalized contactless power with a two transistor power

amplifier in a single ended configuration.

Figure 71 shows a generalized contactless power system with two, two transistor

power ampliferrs in a push-pull configuration.

Figure 72 shows different supply network configurations that are used to connect a

DC supply voltage to a terminal ofthe active device of a power amplifier.

Figure 73 shows the functions of a impedance transformation network for a single

ended system in block diagram format. The fucntional blocks are arranged in no particular

order and there can be multiples of the same functional blocks.

Figure 74 shows the functions of a impedance transformation network for a push-pull

system in block diagram format. The fucntional blocks are arranged in no particular order and

there can be multiples of the same functional blocks.
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Figure 75 showsvarious circuit elements arranged to achieve the fuction of reactance

shifting. These circuit elements, or variants thereof, can add or remove the mangitude of

reactance looking into the impedance transformation network. Inductive elements increase

reactance. Capacitive elements decrease reactance.

Figure 76 showsvarious circuit elements arranged to achieve the fuction of frequency

filtering. Two notchfilters are shown that can remove unwanted harmonics from the signal.

A combination of other filter types can be used to achieve frequencyfiltering.

Figure 77 shows various circuit elements arranged to adjust the correlation between

the equivelent resistance and the phase of the load. Inductive elements will tend to result in a

positive correlation between phase and load resistance. Capacitive elements will tend to result

in a negative correlation between phase and load resistance. These elements can also serve

the purpose of resistance compression.

Figure 78 shows primary to secondary coil configurations. The impedance

transformation network may comprise a single primary and a single secondary.

Alternatively, the impedance transformation network may comprise one or more primary

coils coupled to one or more secondary coils. The inductance of the primary and/or secondary

coil(s) can be used to compress resistance and change the phase vs. resistance relationship.

Figure 79 show various circuit elements arranged to compress the resistance seen

looking into the impedance transformation network. Either capacitive or inductive elements

can be used.

Figure 80 shows a typical configuration of an impedance tranformation network

connected to an active device.

Figure 81 shows a typical configuration of an impedance tranformation network

connected to an active device.

Figure 82 shows a typical configuration of an impedance tranformation network

connected to an active device.

Figure 83 shows a typical configuration of an impedance tranformation network

connected to an active device.

DETAILED DISCLOSURE

Contactless power systems typically use high frequency power electronics to deliver

power to one or more loads. Figure 1 shows the fundamental components of many contactless

power systems. A contactless power supply gencrally draws its power from the electrical grid

through a standard wall outlet 10. The power from the wall is typically AC so it is generally
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converted to DC voltage by an AC to DC converter 11. In order to shrink the size of

components it is desirable to work at a high frequency, so the DC voltage is switched by an

inverter 12. The high frequency signal, such as a high frequency voltage signal or high

frequency current signal, is fed into one or more primary coils 13. The high frequencysignal

may pass through one or morefilters before it feeds in to the primary 13. The primary coil 13

couples with one or more secondary coils 14. The secondary coil 14 will receive the high

frequency powersignal and will feed that into a rectifier 15, which will then output power to

the load 16. One or morefilter networks may be present between the secondary coil 14,

rectifier 15, and load 16. Voltage regulation and battery charge managementcircuitry may be

considered part of load 16.

The incorporation of a switch-mode inverter can make it difficult to deliver the

correct amount of powerto the load or loads. This is partially attributable to the limited range

of load resistances that enable high-efficiency operation. Figure 2 showsthe high efficiency

operating range 20 of an inverter as it compares to the operating range 21 of a typical battery

operated device. The operating range of resistances of the battery operated device is

substantially wider than the high efficiency operating range or the inverter. Figure 3 shows

the relation of input power 34 and output power 33 of an inverter across a range of

resistances. The lost power can be calculated by subtracting output power 33 from input

power 34. The powerlossis significant outside the high efficiency operating region 31.

Switch-mode inverters are difficult to implement in contactless power systems with

variable loads because the output power responserelative to load resistance is very different

than a DC supply’s output power responserelative to load resistance. Figure 3 showsoutput

power 33 increasing with load resistance until it reaches a center value and decreases again.

This is different than a typical constant-voltage DC supply whose powerdelivery follows the

relationship P=V“%2/R. The difference is illustrated in Figure 4 where we can see that the

powerdelivery from a DC supply 41 will decrease rapidly with an increase in load resistance.

By contrast, the output power from an inverter 42 will increase with load resistance and will

later drop as load resistance continues to increase. The drop in power delivery 42 is markedly

slower than the drop in power delivery 41. Although Figure 4 shows the curve for one

example of a tuned switch-mode inverter supply, other tuned inverters can have different
curves.

Portable electronic devices display a wide range of input resistances. Figure 5 shows

the effective resistance 51 looking into a Motorola Razr during the charge cycle. Figure 5
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showsthe wide dynamic range of the load 52, and in this case it is greater than one order of

magnitude.

The aforementioned challenges of efficiency and powerdelivery can be overcome by

implementing a variety of communications and controls. Figure 6 shows a contactless

charging system that is an elaboration of the basic components and systems showin Figure 1.

The grayed blocks are components that are found in a basic contactless power system. The

white boxes are components that enhance the performance of a typical contactless power

system. It show a transmitter control 60 which can alter the phase, duty cycle, frequency, tank

circuit impedance, or rail voltage depending on loading conditions. There is a detection

circuit 61 that draws information from various parts of the circuit and feeds that information

back into the controller 60. It show contactless communication links 62 on both the

transmitter side 66 and receiver side 67. The communication link can work in conjunction

with the detection mechanisms 61 to help the controller 60 make the most appropriate

adjustments to the system. The receiver side 67 also has a controller 63 which can adjust the

resonant frequency, duty cycle 65, or perform other functionality to regulate power being

delivered to the load. A front end regulator 64 is added to provide an additional level of

protection to the load.

With a system such as the one in Figure 6 in place, designers can implement control

logic such as that shown in Figure 7 and Figure 8 taken from a prior art system. We can see

from Figure 8 433, 434, 436, 438, 440, 442 some of the logic functionality that designers

have built into contemporary contactless power systems. We can see from 432 that this

system includes memoryin order to achieve the desired functionality. Figure 9 shows another

prior art system that uses a communication mechanism 91 on the receiver and a

communication mechanism 90 on the transmitter. The communication, logic, and use of

memory add additional cost to the system and require a large number of sensing points to be

considered.

In order to stay within the high-efficiency operating region 20 and to match the power

delivery of DC supply 41 several steps can be taken. Figure 10 showsthe resistance seen by

the switch-mode supply 100 as it compares to actual load resistance. From 100, we can see

that the resistance appears to vary from 2 to 6 ohmsover a range from 5 to 500 ohms. This

enables the switch-mode supply to stay in the high efficiency region 20 shown in Figure 2,

regardiess of load resistance.

Compressing the resistance will not solve the problem of improper power delivery.

Figure 2 shows that if we keep the resistance in a narrowband, power output changes
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minimally. In fact, the compression would exacerbate the power delivery discrepancy shown

in Figure 4 where we sec that power output response to load resistance from a switch-mode

supply 42 does not match the power output response to load resistance from a constant

voltage, DC supply. If too much poweris delivered, the device may be destroyed,if toolittle

is delivered it may not function.

In order to address the challenge, the phase angle of the load can be affected in order

to affect the power output of the switch-mode supply, in accordance with embodiments ofthe

invention. Figure 11 shows, for class E inverters, that an increase or decrease in phase

correlates with an increase or decrease in output power. Input power 111 and output power

110 matched closely for a phase angle in the range of about +45 to +80 degrees. Even though

efficiency 112 drops considerably as the phase angle approaches +90 degrees, the absolute

power lost remains low. The use of phase angle control enables a +/-70% usable range of

output power 113 with very low absolute powerloss.

Embodiments of the invention use phase angle control to power a battery operated

device. Conventional voltage regulators increase the resistance so that the power output of a

DC supply is reduced 41. Figures 12A-12B show, for class E inverters, the difference

between usingtraditional resistance controlled output powervs. using phase controlled output

power in accordance with embodiments of the invention. Referring to Figure 12A, in a

resistance controlled scheme, input power 122 matches power out 123 for a very small

dynamic range 125 of output power. This shows that varying the resistance is an ineffective

way of controlling output power. The usable range of power levels for a resistance controlled

scheme is only about +/- 9% 125 of the center value. Outside of this range the high absolute

losses are high and can create harmful heat and wear and tear on components. Referring to

Figure 12B, in a phase controlled scheme, input power 121 matches power out 120 for a

much wider dynamic range of output power 124. This shows that varying the phase

dramatically increases the output power range. The usable range of powerlevels is +/- 70%

124 of the center value. Even though resistance may drop overthis range, the absolute power

losses are relatively lowin this band 124. Efficiency can be low,but total dissipated poweris

very low. The low absolute power loss avoids the problem of overheating and device

damage.

By combining the resistance compression and the phase control, the contactless

system can achieve a poweroutput response to load resistance that is very similar to that of a

conventional DC supply. Figure 13 shows the power output response of a DC supply 130, an

inverter 131, and an inverter in accordance with an embodiment of the subject method of
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operation 132. The output power in response to load resistance of the inverter in accordance

with the embodiment of the subject method of operation 132 is much closer to the output

powera device should expect from a constant voltage DC supply 130.

An additional challenge to designing and implementing a contactless power system is

that multiple loads may draw power from a single source. This is problematic when different

devices have different power requirements. For instance, a fully discharged cell phone may

require 10-15 times the power of a fully charged ccll phone. Embodiments of the subject

method of operation can provide a mechanism to protect individual devices from damage if

the power output exceeds the device requirement. Loads that no longer require power can be

decoupled from the primary coil. De-coupling can include degradation in coupling efficiency

so that the load is effectively isolated from the transmitter. This can be accomplished by

using pre-existing voltage regulator behavior. As a voltage regulator increases the effective

input resistance, coupling efficiency drops and vice-versa.

Figure 14 shows the decoupling effect for various receiver circuits. A parallel

capacitor can be selected to tune the decoupling point, which is the point when efficiency of

receiver is at 50%. For this case, the decoupling point for 100nF capacitor is at 700,

whereas the decoupling point for 150nF capacitor is at 3209. We can sce that for various

configurations 141,142, 143 the rate of decoupling occurs at varying rates. 143 shows a curve

that is a good fit for a single device charger that can regulate power output from the

transmitter. 141 shows a curve that is good fit for a multi-device charger where individual

loads may needto be isolated from the source. Although not shown in Figure 14, when the

capacitor valve is changed the power received is also changed.

In order to accomplish this method of operation without any communication and

control functionality, other than the pre-existing control found in today’s voltage regulators,

embodiments of the subject system can use a series of carefully tuned transformation

networks that transform, compress, and shift the impedance of the load. Through thesefilter

networks the resistance can be compressed, the phase angle manipulated, and the loads

allowed to decouple from the primary.

Example 1:

A high power, high-efficiency contactless power transfer system using the impedance

transformation network and has been designed and fabricated using the subject impedance

transformation network. The contactless transfer system requires minimal control to achieve

the desired power delivery profile across a wide range of load resistances, while maintaining

high efficiency to which helps to prevent overheating of components. This embodiment of the
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subject system includes more than one active device with independent gate drive to control

powerdelivery. The systcm is able to achieve power delivery of 295W to a load of 50Q with

a DC voltage of 121.5V and current of 2.43A. The input current was current-limited at 3.25A.

The system efficiency at maximum power output is 75.7%. The system operates at a

minimum of 77% efficiency across load resistances ranging from 609 to 140Q which

corresponds to a high output powerstate. The system can be scaled to achieve higher output

powerif the current limit is removed. Higher efficiency and better power delivery can be

achieved by using components with lowerparasitic resistance.

The DC source voltage is the 600W CSI12005S power supply by Circuit Specialists,

Inc rated at 120V at 5A. The active devices are transistors, specifically the transistors are part

TIRFP21N60L from International Rectifier.

A pair of coils was fabricated using 16 AWG magnet wire for the set-up. The primary

coil is 21em by 21cm with 10 turns with variable spacing between turns while the secondary

coil is 13cm by 13cm with 5 turns wound along the same path. Figure 57 shows the primary

coil embeddedin plastic with the secondary coil placed on top. The primary and secondary

coils are separated by a gap of 10mm. The primary coil is designed with the appropriate

spacing between the turns to achieve only 5% powervariation of the received poweratall

different locations. In this example, the coupling is approximately constant regardless of the

receiver position provided that the entire secondary coil is within the outer perimeter of the

primary coil. The self inductance of the primary coil is 31.95uH with a parasitic resistance of

0.32Q and secondary coil is 12.52u.H with a parasitic resistance of 0.20. Mutual inductance

between the coils is 7.454uH with a coupling coefficient of 0.373. The measurements were

taken using the HP4192A LF Impedance Analyzer.

In order to reduce losses through parasitic resistance, low loss Polypropylene

capacitors are used. In order to strike a balance between size and efficiency, 1140-101K-RC

by Bourns Jw Miller is selected to be Low. Since most of the losses of the transmitter are from

the parasitic resistance of Low, a larger and more efficient inductor can be replaced, if space

permits. The fabricated dual channel driver with a dimension of 10cm x 8.5cm is shown in

Figure 56. There are a lot of empty spaces; therefore its size can be further reduced. Louw takes

up a significant amount of space due to the requirement for low parasitic resistance so as to

maintain sufficiently high efficiency and powerdelivery.

Peak drain voltage is only 460V, which is approximately 25% lower than the rated

voltage of the transistor used. Figure 58 showsthe efficiency and power delivery of the 120V

system with respect to load resistance. The power delivery of the system can be scaled by
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varying the supply voltage as long as the DC powersupply driving system is able to provide

sufficient power and the drain voltage across the transistor stays within its breakdown

voltage.

The efficiency of the single channel is approximately 10-15% lower for the same load

resistance because the current is flowing through a single L,y inductor instead of a pair of

them, which means the parasitic resistance is doubled, thus resulting in a low system and

transmitter efficiency as shown in Figure 63 and Figure 64, respectively. However, when the

system goes into light load modeortrickle charge mode, it would be desirable to go into the

single channel mode. It can be seen from Figure 65 that the system efficiency is

approximately 15% higher than the dual channel mode for delivering the same amount of

power below 10W.Instead of operating at high load resistance for a dual channel mode

resulting in high receiver DC voltage as shown in Figure 67, it is possible to achieve similar

powerdelivery at much lowerload resistance for a single channel mode resulting in lower

receiver DC voltage as lower load resistance would result in higher system efficiency. In

addition, a typical buck regulator has higher DC-DC efficiency when the input voltage is

lower. Therefore, a load resistance detection scheme can be used to determine the switch over

point from dual channelto single channel. It can be seen from Figure 62 that a power delivery

of 10W occurs at 500Q load resistance of the dual channel mode making it a good switch

over point. It can be concluded that a 500Q load resistance would translate to an approximate

primary coil RMS voltage of 20V for the dual channel mode as shown in Figure 66.

Likewise, if the power requirementfor the single channel modeis too high, it can be switched

to dual channel mode. It can be inferred from Figure 62 that the switch over point would be

approximately 75Q, which translates to a RMS coil voltage of 22V from Figure 65. The coil

voltage can be read using an ADC where the DC voltage at the input of the ADC can be

transformed from the coil voltage by rectification and stepping down using a potential

divider.

In a specific embodiment, for size and efficiency considerations, capacitors can be

used for the network. This is because resistors dissipate power and a low loss inductor would

be large in size, Alternative embodiments can incorporate resistors and inductors. Although, a

multi-element transformation network might achieve a more appropriate response, for

simplicity and low components count, an embodiment of the system uscs a single-element

transformation network. Four topologies are shown in Figures 42 and 43.

A series capacitor only introduces a negative reactance and does not change the real

part of the impedance. A parallel capacitor affects both the real and imaginary part of the
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impedance. For simplicity, the receiver input impedance can be modeled using a variable

resistor load such that equation (7) illustrates the transformation performed bythe parallel

capacitor.

R oCR’
z. .TeeCR iseOR ”)

Equation (7) shows that the resistance is “compressed” non-linearly by a factor of

1/(1+@°C?R’). Thus, the effective resistance decreases with increasing load resistance. At

high load resistance, the transformed resistance is small. Therefore, a significant part of the

powerreceived is dissipated across the secondary coil as heat. This phenomenonis actually

desirable if the receiver is in a state that requires very little power or during trickle charge.

Therefore, it has a “decoupling” effect regulating the power delivery with increasing load

resistance. However, this should preferably occur only when the transmitter is designed to

use limited power at this state of operation as heating would become anissue if too much

poweris being dissipated across the secondary coil. By using a parallel capacitor, a reactive

term can be introduced. The reactive term decreases nonlinearly from null with

increasing load resistance with an asymptote of-1/@C | which can be useful in compensating

the secondary coil inductance.

From equation (6) it can be observed that the resistance looking into the transmitter

coil can be reduced significantly with the increase of resistance looking from the receiver coil

into the receiver. Due to loose coupling between the coils, the resistance looking into the

primary coil can be further reduced as the mutual inductance can berelatively low. If the total

resistance looking into the primary coil is comparable to the parasitic resistance of the

primary coil, limited power is transmitted to the receiver as most of the powcr would be

dissipated across the primary coil as heat. Therefore, it would be preferred for a power

transmission via loosely coupled coils to have a parallel capacitor on the secondary coil. By

substituting equation (7) into equation (6),
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For the transmitter transformation network, a series or parallel topology can be used.

nN m
 

 
(8)

 

However, to maintain an idcal efficiency above 95%, the allowable variation of load

resistance of an ideal class E inverter can be kept within +55% and -37% [F. H. Raab,

“Effects of circuit variations on the class E tuned power amplifier,” JEEE Journal of Solid-

State Circuits, vol. 13, pp. 239 — 247, Apr 1978.]. Therefore, if the variation of resistance

with respect to load resistance looking into the transmitter is too large, it can be preferable to

use a parallel capacitor instead of a series capacitor. A capacitor value can be selected that

ensures that the transmitter would not suffer immediate failure when there is no secondary

coil as well as having an increasing reactance trend with increasing load resistance. Having

an increasing reactance trend with increasing load resistance can ensure the preferred power

delivery trend.

Figure 15 shows an example configuration of a system that can work in this mode of

operation in accordance with an embodiment of the subject invention. Other circuit

configurations can also be utilized to work in this mode of operation in accordance with the

subject invention. The grayed boxes, which include an AC/DC converter 150, switch-mode

inverter 151, primary coil 154, secondary coil 156, rectifier stage 158, rcgulator stage 159,

and load 1500, are components of a typical contactless power system, for example, as shown

in Figure 1. In order to achieve the method of opcration in accordance with the subject

invention, this system uses four transformation networks, including receiver-side impedance

transformation network 157, coupling network 155, transmitter-side impedance

transformation network 153, phase shift network 152. Mcasuring the impedance at probe

points looking into the rectifier stage 1503, receiver-side impedance transformation network

1504, primary coil 1505, transmittcr-side impedance transformation network 1506, and phase

shift network 1507, facilitate a better understanding of the operation.

Figure 16 shows a simulated load resistance vs. time 160 measured looking into the

rectifier stage from probe 1503. The swing from 0-500 ohmsis well outside usable operating
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range of an inverter 20 and 31, shown in Figure 2 and Figure 3, respectively. It would be

desirable to compress the resistance into a useable operating range 20, 31. At this stage there

is no reactive component which is introduced by the impedance transformation network 157

in order to use the phase angle method of power control in accordance with embodiments of

the invention.

Figure 17 shows the transformed load resistance 170 looking into the receiver-side

impedance transformation stage from probe 1504. The objective of this stage is to achieve the

decoupling effect shown in Figure 14. This decoupling effect is automatic decoupling where

the degradation of coupling efficiency between the contactless power transmitter and the

load(s) effectively decouples the receiver from the transmitter. Figure 17 also shows the

reactive component 171 introduced by the impedance transformation network 157. The

introduction of the reactive component 171 compresses the resistance looking into the

receiver in order to stay within the useable operating range of the inverter identified in Figure

2. Additional reactive components will be further added on the transmitter side for

implementing the phase-angle method of control in accordance with the invention. At this

stage the reactive component 171 decreases with respect to load resistances, which means

that phase angle is decreasing with respect to load resistance. From Figure 11, we can seethat

the working range 114 requires an increase in phase angle for inductive load, to reduce power

output. Impedance transformation networks 153 on the transmitter side can compensate from

the phase angle introduced by the impedance transformation network 157,

Figure 18 shows the impedance transformation that is the result of the coupling

network 155 and is measured looking into the primary coil 154 from probe 1505. The

objective is to maximize the real part 170 shown in Figure 17, which has been compressed to

the point where parasitic losses would become less dominant. Increasing the resistance can

improve the efficiency of the circuit. The real part 180 is much greater at this stage and has

been increased to maximize power delivery through to the secondary coil 156 and minimize

the losses from other parasitic upstream stages closer to the wall outlet, or AC/DC 150. The

negative aspect, however, is that magnitude change of the real component 180 is too large

when compared to the working region of a switch-mode supply 20and 31, shown in Figure 2

and Figure 3, respectively. This can be corrected by the upstream transformation networks,

such as impedance transformation network 153. The reactive component 181 still trends

downward with load resistance and can also be corrected by upstream transformation

networks.
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Figure 19 shows the impedance transformation that is the result of impedance

transformation network 153 and is measured looking into the impedance transformation

network 153 from probe 1506. The objective is to compress the real component 180 such that

it falls within the operating range 20and 31, defined in Figure 2 and Figure 3, respectively.

The second objective is to transform the reactive component 181 such that the increase in

load resistance increases the reactive component and phase angle. The real part 190 is

compressed back within the operating range of a switch-mode inverter 20 and 31. The

reactive part 191 has been corrected such that it trends upward with increasing load

resistance. This corresponds to an increasing phase angle and decreased power delivery as

load resistance increases. The reactive part 191 is ncgative at this stage and this would

correspond to a negative phase angle. From Figure 11, it can be seen, for a class E inverter,

that a negative phase angle corresponds with poor efficiency and high actual powerlosses.

The sameis true for class D and Phi inverters. The trend is undesirable at this stage because

an increase in phase angle on the negative slope of 110 would increase power output. The

reactive component can be shifted by phase shift network 152, for example, so that is falls

within the working region 114.

Figure 20 shows the impedance transformation that is the result of the phase shift

network 152 and is measured looking into the phasc shift nctwork 152 from probe 1507. The

objective is to keep the real part 190 in the operating range of the switch-mode inverter and

shift the reactive part 191 into the operating range of the switch-mode inverter. The real part

200 is within the operating range of resistances of a switch-mode inverter 20 and 31, from

Figure 2 and Figure 3, respectively. The reactive part 201 now falls in the correct operating

region 114 shown in Figure 11. Confirmation that the phase angle and trend are correct can

be shown by converting 200 and 201 into a phase angle plot, as shown in Figure 21. The

phase angle 216 is within the operating region 114 and increases with respect to load

resistance. The phase angle 210 has a dip at very low impedances and in specific

embodimentsthe initial dip in phase can be avoided.

Figure 22 showsactual expcrimental data taken from the system shownin Figure 15.

After the 30 Ohm inflection point 220, power output decreases with load impedance and the

system achieves high operating efficiency. Because a typical portable electronic device will

operate at impedances greater than 30 ohms when the supply voltage is sufficiently high, this

is an example cf a preferred powerdelivery vs. load resistance vs. efficiency plot.

Example 2:

A primary coil parallel capacitor value in a specific embodiment can meet two
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constraints.

Figure 24 offers a contrast to the preferred phase angle vs. load resistance trend

shown in Figure 21. The reference phase angle is approximately 80 degrees and decreases

with load resistance. The phase angle 240 decreases with load resistance.

Figure 25 shows the result of this mode of operation when there are no

communication and control mechanisms in place. The power output increases with load

resistance, which is exactly opposite the response of a fixed voltage DC supply 130 whichis

shownin Figure 13.

Figure 27 shows the real and reactive components of the impedance as seen looking

into the receiver side impedance transformation network, where the impedance characteristic

at this point is measured from a system operating in an undesirable range.

Figure 28 shows the real and reactive components of the impedance as looking into

the primary coil, where the impedance characteristic at this point is measured from a system

operating in an undesirable range.

Figure 29 shows the real and reactive components of the impedance as seen from the

transmitter side load-transformation network, where the impedance characteristic at this point

is measured from a system operating in an undesirable range.

Figure 30 showsthe real and reactive components of the impedance as seen from the

transmitter-side, phase shift network, where the impedance characteristic at this point is

measured from a system operating in an undesirable range.

Figures 31-40 show a variety of ways that the components of various embodiments of

the subject invention can be located, for example proximate the transmitter coil, proximate

the receiver coil, or separate from both.

Figure 31 shows the circuitry shown in Figure 68 with dotted lines, labeled A and B,

around portions of the circuitry to show one embodiment of how the circuitry can be split

between a transmitter unit, for example a transmitter pad, and a receiver unit.

Figure 32 showsthe block diagram of Figure 15 with dotted lines, labeled A and B,

around portions of the block diagram elements to show how the block diagram elements can

be split between a transmitter unit, for example a transmitter pad, and a receiver unit, in

accordance with the embodiment shown in Figure 31.

Figure 33 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B, C,

and D, around portionsof the circuitry to show one embodiment of how thecircuitry can be

split between a transmitter unit, for example a transmitter pad, and a receiver unit.
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Figure 34 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C,

and D, around portions of the block diagram elements to show how the block diagram

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver

unit, in accordance with the embodiment shown in Figure 33.

Figure 35 showsthe circuitry shown in Figure 68 with dotted lines, labeled A, B, C,

and D, around portions of the circuitry to show one embodiment of howthe circuitry can be

split between a transmitter unit, for example a transmitter pad, and a receiver unit.

Figure 36 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C,

and D, around portions of the block diagram elements to show howthe block diagram

elements can be split betwcen a transmitter unit, for example a transmitter pad, and a receiver

unit, in accordance with the embodiment shownin Figure 35.

Figure 37 showsthe circuitry shown in Figure 68 with dotted lines, labeled A, B, C,

and D, around portions of the circuitry to show one embodiment of how thecircuitry can be

split between a transmitter unit, for example a transmitter pad, and a receiver unit.

Figure 38 showsthe block diagram of Figure 15 with dotted lines, labeled A, B, C,

and D, around portions of the block diagram elements to show how the block diagram

clements can be split between a transmitter unit, for example a transmitter pad, and a receiver

unit, in accordance with the embodiment shown in Figure 37.

Figure 39 showsthe circuitry shown in Figure 68 with dotted lines, labeled A, B, C,

and D, around portions of the circuitry to show one embodiment of how the circuitry can be

split between a transmitter unit, for example a transmitter pad, and a receiver unit.

Figure 40 showsthe block diagram of Figure 15 with dotted lines, labeled A, B,C,

and D, around portions of the block diagram elements to show how the block diagram

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver

unit, in accordance with the embodiment shown in Figure 39.

Figure 41 showsa typical inductive coupling system.

Figures 42-83 show various components and systems or subsystems that can be

utilized with various embodiments of the invention, and/or data corresponding to various

embodiments of the invention.

Figure 42 shows some of the possible topologies for a single-element transformation

network.

Figure 43 shows some of the possible topologies for a single-element transformation

network.
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Figure 44 shows a typical Class E driver using parallel-parallel transformation

network.

Figure 45 shows a dual channel class E driver that can be used in accordance with an

embodimentof the invention.

Figure 46 shows an impedance response looking into receiver with different parallel

capacitor value.

Figure 47 shows an optimum receiver capacitor value across a range of load

resistances to achieve maximum R looking into the transmitter coil.

Figures 48A-48B show a coupling efficiency and transformed impedance lookinginto

the primary coil.

Figure 49 showsa normalize primary coil voltage across a range of load resistances.

Figure 50 showsa load network reactance with different transmitter capacitor.

Figure 51 shows an amplitude and phase of impedance of unloaded transmitter load

network with different Cy.

Figure 52 shows an impedance looking into transmitter load network.

Figure 53 showsa phase looking into transmitter load network.

Figure 54 shows a powerdclivered into the transmitting load network if transmitter is

an ideal sine voltage source.

Figure 55 showsa transistor drain voltage where Cghunt = 19nF.

Figure 56 showsa dual channel class E driver.

Figure 57 shows a primary coil — 10 turns (embedded into the table top) and

secondary coil — 5 turns (taped up).

Figure 58 shows a powerdelivery and efficiency of 120V system with a peak power

of 295W.

Figure 59 shows a tempcrature of transistor and inductor with natural convection

cooling and forced cooling.

Figure 60 shows a dual channel class E with forced air cooling.

Figure 61 shows a waveformof the class E driver.

Figures 62A-62B show powerdelivered to load with respect to load resistance. Peak

poweroccurs at approximately 50Q load resistance for dual channel at 69W for dual channel

and 75Q. for single channel at 10W for single channel.

Figure 63 shows system efficiency with respect to load resistance with both peak

efficiency of 64.5% for single channel and 76%of dual channel at approximately 70Q load

resistance.
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Figure 64 shows transmitter efficiency with respect to load resistance. Peak

transmitter efficiency occurs across the band of 6002 to 100Q load resistance at 90% for dual

channel and 79% for single channel.

Figure 65 shows system efficiency with respect to load resistance with both cases

achieving high efficiency at heavy load and also illustratin that a single channel mode is more

efficient at low power delivery state.

Figure 66 shows primary coil RMS voltage having a unique load resistance for each

value.

Figure 67 shows receiver DC voltage converging to approximately 70V for dual

channel and 37¥Vfor single channel.

Figure 68 shows a generalized contactless power system with a single transistor

power amplifer in a single ended configuration.

Figure 69 shows a generalized contactless power system with two, single transistor

power amplifiers in a push-pull configuration.

Figure 70 shows a generalized contactless power with a two transistor power

amplifier in a single ended configuration.

Figure 71 shows a generalized contactless power system with two, two transistor

power ampliferrs in a push-pull configuration.

Figure 72 shows different supply network configurations that are used to connect a

DC supply voltage to a terminal of the active device of a power amplifier.

Figure 73 shows the functions of a impedance transformation network for a single

ended system in block diagram format. The fucntional blocks are arranged in no particular

order and there can be multiples of the same functional blocks.

Figure 74 showsthe functions of a impedance transformation network for a push-pull

system in block diagram format. The fucntional blocks are arranged in no particular order and

there can be multiples of the same functional blocks.

Figure 75 shows various circuit elements arranged to achieve the fuction of reactance

shifting. These circuit elements, or variants thereof, can add or remove the mangitude of

reactance looking into the impedance transformation network. Inductive elements increase

reactance, Capacitive elements decrease reactance.

Figure 76 shows various circuit elements arranged to achieve the fuction of frequency

filtering. Two notch filters are shown that can remove unwanted harmonics from the signal.

A combination of other filter types can be used to achieve frequencyfiltering.
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Figure 77 shows various circuit elements arranged to adjust the correlation between

the equivelent resistance and the phase of the load. Inductive elements will tend to result in a

positive correlation between phase and load resistance. Capacitive elements will tend to result

in a negative correlation between phase and load resistance. These elements can also serve

the purpose of resistance compression.

Figure 78 shows primary to secondary coil configurations. The impedance

transformation network may comprise a single primary and a single secondary.

Alternatively, the impedance transformation network may comprise one or more primary

coils coupled to one or more secondary coils. The inductance of the primary and/or secondary

coil(s) can be used to compress resistance and change the phasevs. resistance relationship.

Figure 79 show various circuit elements arranged to compress the resistance sccn

looking into the impedance transformation network. Either capacitive or inductive elements

can be used.

Figure 80 shows a typical configuration of an impedance tranformation network

connected to an active device.

Figure 81 shows a typical configuration of an impedance tranformation network

connected to an active device.

Figure 82 shows a typical configuration of an impedance tranformation network

connected to an active devicc.

Figure 83 shows a typical configuration of an impedance tranformation network

connected to an active device.

Specific embodiments pertain to a method and a circuit for inductive powertransfer,

incorporating an impedance transformation network, where the impedance transformation

network has an input port for coupling to an active device for creating a signal at a sclectcd

operating frequency, an output port for coupling to a load having a variable impedance; and a

reactive network coupled between the input port and the output port, where the reactive

network includes a primary coil; and a secondary coil, where the primary coil is inductively

coupled to the secondary coil, where when the output is coupled to the load having a variable

impedance and the input port is coupled to the active device that creates a signal at the

selected operating frequency, a phase angle of an impedance looking into the impedance

transformation network through the input port is inductive and negatively correlated with the

amount of power delivered to the load. A real part of the impedance looking into the

impedance transformation network through the imput port can be in a range between a

minimum real part and a maximumreal part. The maximumreal part can be less than or
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equal to one order of magnitude greater than the minimum real part. Further embodiments

can incorporate at least one additional input port, at least one additional output port, at least

one additional primary coil, and/or at least one additional secondary coil. The output port can

be adapted for couplingto at least two loads.

In an embodiment, the phase angle of the impedance looking into the impedance

transformation network through the input port is positively correlated with the resistance of

the load. In another embodiment, the phase angle of the impedance looking into the

impedance transformation network through the input port is positively correlated with an

equivalent resistance of the load. In a specific embodiment, the phase angle of the impedance

looking into the impedance transformation network through the input port is positively

correlated with an equivalent resistance of the load, wherein when the impedance looking to

the primary coil, Zin, is explained by:

 git pltyr=

wil eri

gw, +A, ftorass
Zach —_

que Map otherwise

FIV . liaee EP A 2lars

Zin: Input impedance looking into the primary coil

lim: Vector of 1’s of length M

Imm: M X M matrix of 1’s

Z: Impedance matrix.

Zap. Element ab of the impedance matrix

Z) : Sub-matrix of Z

Z": Sub-matrix of Z

ZI". Sub-matrix of Z
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M.p: Mutual inductance between the a” and b” coil

j: imaginary number

a: coil index

b: coil index

@: radian frequency

R,: Parasitic resistance of the a" coil

L,: Self inductance of the a" coil

The reactive network can have at least one shunt network with a negative reactance

that is connected betweena first terminal of the secondary coil and a second terminal of the

secondary coil. The at least one shunt network with a negative reactance can have a

capacitor. The active device can have a transistor. In a specific embodiment, active device

includes a switching component that operates substantially as a switch; and a capacitance in

parallel with the switching component. The input port can be coupled to a voltage source or

input port can be coupled to a current source. A supply network can be connected between

the input port and a voltage source, where the supply network includes at least one inductor.

The supply network connected between the input port and a voltage source can be configured

to reject harmonics not intended to reach the load. In specific embodiments, the supply

network connected between the input port and a voltage source can include elements of the

supply network, load network, and the active device so as to represent at least one class D

inverter or variant, at least one class DE inverter or variant, at least one class E inverter or

variant, at least one class E™ inverter or variant at least one class F inverter or variant, at least

one class F” inverter or variant, at least one class EF’ inverteror variant, or at least one class

Phi inverter or variant.

The signal from the active device can be an AC signal and/or a periodic signal. When

the active device is coupled to the input port, a voltage source is coupled to the input port,

and the load is coupled to the output port, the phase angle of the impedance looking into the

impedance transformation network through the input port can be within a range such that

substantially zero voltage-switching of the active device occurs. Regarding this range, in

specific embodiments switching of the active device can occur when the voltage is within a

range of 10% of a peak voltage and zero voltage, switching of the active device can occur

whenthe voltage is within a range of 5% of a peak voltage and zero voltage, and/or switching
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of the active device occurs when the voltage is within a range of 1% of a peak voltage and

zero voltage.

In another embodiment, when the active device creating a signal at the selected

operating frequency is coupled to the input port, a voltage source is coupled to the input port,

and the load is coupled to the output port, the phase angle of the impedance looking into the

impedance transformation network through the input port is within a range such that

substantially zero voltage derivative switching of the active device occurs. Regarding this

range, in specific embodiments, switching of the active device occurs when the slope of the

voltage is within a range of -1 and +1, switching of the active device occurs when the slope

of the voltage is within a range of -0.5 and +0.5, and/or switching of the active device occurs

when the slope of the voltage is within a range of -0.1 and +0.1. In a further specific

embodiment, when the active device creating a signal at the selected operating frequency is

coupled to the input port, a voltage source is coupled to the input port, and the load is coupled

to the output port, the phase angle of the impedance looking into the impedance

transformation network through the input port is within a range such that substantially zero

voltage-switching and substantially zero voltage derivation switching of the active device

occurs. Such switching of the active device can occur when the voltage is within a range of

10% of a peak voltage and zero and whentheslope of the voltage is within a range of -1 and

+1, when the voltage is within a range of 5% of a peak voltage and zero and when the slope

of the voltage is within a range of -0.5 and +0.5, and/or when the voltage is within a range of

1% of a peak voltage and zero and when the slope of the voltage is within a range of -0.1 and

+0.1.

When the active device creating a signal at the selected operating frequency is

coupled to the input port, a voltage source is coupled to the input port, and the load is

coupled to the output port, a real component of the impedance looking into the impedance

transformation network through the input port can be within a range such that substantially

zero voltage-switching of the active device occurs. Switching of the active device occurs

when the voltage is within a range of 10% of a peak voltage and zero voltage, switching of

the active device occurs when the voltage is within a range of 5% of a peak voltage and zero

voltage, and/or switching of the active device occurs when the voltage is within a range of

1% of a peak voltage and zero voltage. When the active device creating a signal at the

selected operating frequency is coupled to the input port, a voltage source is coupled to the

input port, and the load is coupled to the output port, the phase angle of the impedance

looking into the impedance transformation network through the input port is within a range

34

Momentum Dynamics Corporation
Exhibit 1002

Page 1285



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1286

10

15

20

25

30

WO 2009/149464 PCT/US2009/046648

such that substantially zero voltage derivative switching of the active device occurs.

Switching of the active device occurs when the slope of the voltage is within a range of -1

and +1, switching of the active device occurs when the slope of the voltage is within a range

of -0.5 and +0.5, and/or switching of the active device occurs when the slope ofthe voltageis

within a range of -0.1 and +0.1.

When the active device creating a signal at the selected operating frequency is

coupled to the input port, a voltage source is coupled to the input port, and the load is coupled

to the output port, a phase angle of the impedance looking into the impedance transformation

network through the input port can be within a range such that substantially zero current-

switching of the active device occurs. Switching of the active device occurs whenthe current

is within a range of 10% of a peak current and zero current, switching of the active device

occurs when the current is within a range of 5% of a peak current and zero current, and/or

switching of the active device occurs when the current is within a range of 1% of a peak

current and zero current. When the active device creating a signal at the selected operating

frequency is coupled to the input port, a voltage source is coupled to the input port, and the

load is coupled to the output port, the phase angle of the impedance looking into the

impedance transformation network through the input port can be within a range such that

substantially zero current derivative switching of the active device occurs. Switching of the

active device occurs when the slope ofthe current is within a range of -1 and +1, switching of

the active device occurs when the slope of the current is within a range of -0.5 and +0.5,

and/or switching of the active device occurs when the slope of the current is within a range of

-0.1 and +0.1.

When the active device creating a signal at the selected operating frequency is

coupled to the input port, a voltage source is coupled to the input port, and the load is

coupled to the output port, a real component of the impedance looking into the impedance

transformation network through the input port can be within a range such that substantially

zero current-switching of the active device occurs. Switching of the active device occurs

when the current is within a range of 10% ofa peak current and zero current, switching of the

active device occurs when the current is within a range of 5% of a peak current and zero

current, and/or switching of the active device occurs when the current is within a range of 1%

of a peak current and zero current. When the active device creating a signal at the selected

operating frequency is coupled to the input port, a voltage source is coupled to the input port,

and the load is coupled to the output port, the phase angle of the impedance looking into the

impedance transformation network through the input port can be within a range such that
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substantially zero current derivative switching of the active device occurs. Switching of the

active device occurs when the slope of the current is within a range of -1 and +1, switching of

the active device occurs when the slope of the current is within a range of -0.5 and +0.5,

and/or switching of the active device occurs when the slope of the current is within a range of

-0.1 and +0.1.

When the active device creating a signal at the selected operating frequency is

coupledto the input port, a voltage is coupled to the input port, and the load is coupled to the

output port, the real part of the impedance looking into the impedance transformation

network through the input port can be within a range such that the maximumreal part of the

impedance looking into the impedance transformation network through the input port is no

more than two orders of magnitude greater than the minimum real part of the impedance

looking into the impedance transformation network through the input port. A supply network

can be connected between the input port and a voltage source, where the supply network is

configured to reject harmonics not intended to reach the load. At least one load having a

time-dependent impedance connected to the output port. In another embodiment, the system

can be adapted least one load having a time dependent non-negative real resistance can be

connected to the output port. In a specific embodiment where the phase angle of the

impedance looking into the impedance transformation network through the input port is

inductive, the phase angle of the impedance looking into the impedance transformation

network through the input port is between 40 and 85 degrees.

In an embodiment with a shunt network connected between the first terminal of the

secondary coil and the second terminal of the secondary coil, where the shunt network has a

negative reactance, the shunt network can be configured such that the resistance looking from

the secondary coil towards the load is between an upper bound and a lower bound, wherein

the difference between the upper bound and lower bound is less than the difference between

the maximum load resistance and minimum resistance. In specific embodiments, the upper

bound is 1000 ohms and the lower bound is .01 ohms when the maximumload resistance is

100,000 ohms and the minimum loadresistance is | ohms, the upper bound is 10 ohms and

the lower bound is 1 ohm when the maximum load resistance is 100,000 ohms and the

minimum load resistance is 1 ohms, the upper bound is 10,000 ohms and the lower boundis

500 ohms when the maximum load resistance is 100,000 ohms and the minimum load

resistance is 1 ohms, or the upper bound is 1,000,000 ohms and the lower bound is 800,000

ohms when the maximum load resistance is 10,000,000 ohms and the minimum load

resistance is 1 ohms. In a further specific embodiment, the at least one shunt network has a

36

Momentum Dynamics Corporation
Exhibit 1002

Page 1287



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1288

10

15

20

25

30

WO 2009/149464 PCT/US2009/046648

negative reactive value such that the phase angle looking into the primary coil is positively

correlated with the load resistance. In a further specific embodiment, the at least one shunt

network is configured to have a negative reactive value such that the phase angle looking into

the primary coil is negatively correlated with the load resistance, where the reactive network

further utilizes at least one additional shunt network connected between a first terminal of the

primary coil and a second terminal of the primary coil, the at least one additional shunt

network having a positive reactive value such that the phase angle looking into the impedance

transformation network through the input port is positively correlated with the load

resistance.

The reactive network can further include at least one additional shunt network

connected between a first terminal of the primary coil and a second terminal of the primary

coil.

The reactive network can include at least one reactive component connected to the

primary coil, where the at least one reactive component has a reactance that shifts the phase

angle looking into the impedance transformation network through the input port can be

within a range such that substantially zero-voltage switching of the active device occurs. In

specific embodiments, the impedance transformation network is configured such that the

range of resistances looking into the impedance transformation network through the input

port is between an upper bound and a lower bound, where the difference between the upper

bound and lower bound is less than the difference between the maximum load resistance and

the minimum load resistance. In various embodiments, the upper bound is 1000 ohms and

the lowcr bound is .01 ohms when the maximum load resistance is 100,000 ohms and the

minimum load resistance is 1 ohms, the upper bound is 10 ohms and the lower boundis 1

ohm when the maximum loadresistance is 100,000 ohms and the minimum load resistance is

1 ohms, the upper bound is 10,000 ohms and the lower bound is 500 ohms when the

maximum load resistance is 100,000 ohms and the minimum load resistance is 1 ohms, and

the upper boundis 1,000,000 ohmsand the lower bound is 800,000 ohms when the maximum

load resistance is 10,000,000 ohmsand the minimum loadresistance is 1 ohms.

The at least one filter network having a positive reactance can be connected in series

with the primary coil, where a reactance of the at least one filter network divided by a

resistance looking from the filter network towards the load has a value between 1.5 and 10.

The impedance transformation network can be configured to couple to two active

devices via a single input port. The input port can haveat least two input ports for coupling

to at least two active devices.
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A rectifier can be positioned between the impedance transformation network and the

load.

The primary coil can be connected in series with at least one reactive component and

the secondary coil can be connected in series with at least one additional reactive component.

In another embodiment, the primary coil is connected in series with at least one reactive

component and at least one additional reactive component is connected between a first

terminal of the secondary coil and a second terminal of the secondary coi]. In yet another

embodiment, at least one other reactive component is connected between a first terminal of

the primary and a second terminal of the primary coil and the secondary coil is connected in

series with at least one additional reactive component. In further embodiments, at least one

other reactive component is connected between a first terminal of the primary coil and a

second terminal of the primary coil and at least one additional reactive component is

connected between a first terminal of the secondary coil and a second terminal of the

secondary coil.

The primary coil can be a single primary coil inductively coupled to at least two

secondary coils. In another embodiment, at least two primary coils are inductively coupled to

the secondary coils. In various other embodiments, m primary coils are inductively coupled

to n secondary coils, where m>] and n>1.

A specific embodiment relates to a circuit for inductive power transfer having an

impedance transformation network, incorporating an input port for coupling to an active

device for creating a signal at a selected operating frequency, an output port for coupling to a

load having a variable impedance; and a reactive network coupled between the input port and

the output port, wherein the reactive network has a primary coil; and a secondary coil, where

the primary coil is inductively coupled to the secondary coil, such that when the output is

coupled to the load having a variable impedance and the input port is coupled to the active

device that creates a signal at the selected operating frequency, a phase angle of an

impedance looking into the impedance transformation network through the input port is

capacitive and positively correlated with the amount of powerdelivered to the load.

Another embodiment pertains to a circuit for inductive power transfer, having a

primary impedance transformation network, where the primary impedance transformation

network has an input port for coupling to a active device that creates a signal at a selected

operating frequency, a primary coil for coupling to a secondary coil, and a reactive network

coupled to the input port and coupled to the primary coil, where the reactive network

incorporates at least one capacitor, and at least one inductor, such that when the primary coil
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is coupled to the secondary coil and the input port is coupled to the active device that creates

a signal at the selected operating frequency, a phase angle of an impedance looking into the

primary impedance transformation network through the inputport is inductive and negatively

correlated with the amount of power inductively transferred from the primary coil.

Another embodiment relates to a circuit for inductive power transfer, having a

primary impedance transformation network, where the primary impedance transformation

network includes an input port for coupling to an one active device that creates a signal at a

selected operating frequency, a primary coil for coupling to a secondary coil, a reactive

network coupled to the input port and coupled to the primary coil, where the reactive network

incorporates at least one capacitor, at least one inductor, such that when the primary coil is

coupled to the secondary coil and the input port is coupled to the active device that creates a

signal at the selected operating frequency, a phase angle of an impedance looking into the

primary impedance transformation network through the input port is capacitive and positively

correlated with the amount of power inductively transferred from the primary coil.

A further embodiment pertains to a circuit for inductive power transfer, having a

secondary side impedance transformation network, where the secondary side impedance

transformation network incorporates at least one secondary coil for coupling to at least one

’ primary coil, at least one output port for coupling to at least one load having a variable

impedance; and a secondaryside reactive network coupled to the output port and coupled to

the secondary coil, where the reactive network incorporates at least one capacitor, such that

when the sccondarycoil is coupled to the primary coil, where the primary coil is coupled to a

primary side reactive network, where the primary side reactive network has an input port for

connection to at least one active device that creates a signal at a selected operating frequency,

the a phase angle of an impedance lookinginto the primary side reactive network through the

input port is inductive and positively correlated with the amount of power inductively

transferred from the primary coil.

A further embodiment is directed to a circuit for inductive power transfer, having a

secondary side impedance transformation network, wherein the secondary side impedance

transformation network has at least one secondary coil for coupling to at least one primary

coil, at least one output port for coupling to at least one load having a variable impedance;

and a secondary side reactive network coupled to the at least one output port and coupled to

the at least one sccondary coil, wherein the reactive network includes at least one capacitor,

such that when the secondary coil is coupled to the primary coil, where the primary coil is

coupled to a primary side reactive network, where the primary side reactive network has an

39

Momentum Dynamics Corporation
Exhibit 1002

Page 1290



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1291

10

15

20

25

WO 2009/149464 PCT/US2009/046648

input port for connection to at least one active device that creates a signal at a selected

operating frequency, the a phase angle of an impedance looking into the primary side reactive

network through the input port is capacitive and negatively correlated with the amount of

powerinductively transferred from the primarycoil.

An embodiment of the invention is directed to an apparatus for wireless power

transfer, having a rectifier stage, where the rectifier stage is adapted to interconnect with a

load; a first impedance transformation network (FITN), where the first impedance

transformation network interconnects with the rectifier stage and transforms the impedance

looking into the rectifier stage such that the impedance looking into the FITN is such that the

load decouples from the primary coil; a secondary coil, where the secondary coil is

interconnected with the FITN such that the power coupled from the primary coil to the

secondary coil is received by the FITN; a primary coil, where the primary coil is positioned

with respect to the secondary coil such that the primary coil is coupled to the secondary coil,

wherein the interaction between the primary coil and secondary coil is such that the

impedance looking into the primary coil has a resistance large enough to maximize power

delivery through to the secondary coil; a second impedance transformation network (SITN),

where the SITN interconnects with the primary coil and transforms the impedance looking

into the primary coil such that the resistance looking into the SITN toward the load is within

a usable operating range of the tuned switch-mode inverter, large enough to maximize power

delivery through to the secondarycoil; a phase shifting network, where the phase shifting

network interconnects with the SITN and transforms the impedance looking into the SITN

such that the impedance looking into the phase shifting network has a resistance in the

operating range of the tuned switch-mode inverter and a reactive part in the operating range

of the tuned switch-mode inverter; a tuned switch-mode inverter, where the tuned switch-

modeinverter is interconnected with the phase shifting network; and a power source, where

the power source is interconnected with the tuned switch-mode inverter. In this embodiment,

the load can have a load resistance that can range from 0 to 500 ohms.

An embodimentis an apparatus for wireless power transfer, having a rectifier stage,

where the rectifier stage is adapted to interconnect with a load; a secondary coil, where the

secondary coil is interconnected with the rectifier stage; a primary coil, where the primary

coil is coupled to the secondary coil; a tuned switch-mode supply, wherein the tuned switch-

mode supply is interconnected to the primary coil; a power supply, where the power supply

supplies power to the tuned switch-mode supply; a first circuitry interconnected between the

tuned switch-mode supply and the primary coil; and a second circuitry interconnected
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between the secondary coil and the rectifier stage, such that power output to the load

decreases as the impedance ofthe load increases,

Another embodiment is an apparatus for wireless power transfer, having a rectifier

stage, where the rectifier stage is adapted to interconnect with a load; a secondarycoil, where

the secondary coil is interconnected with the rectifier stage; a primary coil, where the primary

coil is coupled to the secondary coil; a tuned switch-mode supply, where the tuned switch-

mode supply is interconnected to the primary coil; a power supply, where the power supply

supplies powerto the tuned switch-mode supply; a first circuitry interconnected between the

tuned switch-mode supply and the primary coil; and a second circuitry interconnected

between the secondary coil and the rectifier stage, such that power output to the load is

adjusted as the phase angle of the load changes.

All patents, patent applications, provisional applications, and publications referred to

or cited hercin 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.

It should be understood that the examples and embodiments described herein are for

illustrative purposes only and that various modifications or changes in light thereof will be

suggested to persons skilled in the art and are to be included within the spirit and purview of

this application.

41

Momentum Dynamics Corporation
Exhibit 1002

Page 1292



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1293

10

15

20

25

30

WO 2009/149464 PCT/US2009/046648

CLAIMS

1. A circuit for inductive power transfer, comprising:

an impedance transformation network, wherein the impedance transformation

network comprises:

an input port for coupling to an active device for creating a signal at a selected

operating frequency,

an output port for coupling to a load having a variable impedance; and

a reactive network coupled between the input port and the output port, wherein the

reactive network comprises:

a primarycoil;

a secondary coil, wherein the primary coil is inductively coupled to the

secondary coil, wherein when the output is coupled to the load having a variable

impedance and the input port is coupled to the active device that creates a signal at the

selected operating frequency, a phase angle of an impedance looking into the

impedance transformation network through the input port is inductive and negatively

correlated with the amount of powerdelivcred to the load.

2. The circuit according to claim 1, wherein a real part of the impedance looking into

the impedance transformation network through the input port is in a range between a

minimum real part and a maximum real part.

3. The circuit according to claim 2, wherein the maximum real part is less than or

equal to one order of magnitude greater than the minimum realpart.

4. The circuit according to claim 1, further comprising at least one additional input

port.

5. The circuit according to claim 1, further comprising at least one additional output

port.

6. The circuit according to claim 1, further comprising at least one additional primary

coil.
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7. The circuit according to claim 1, further comprising at least one additional

secondary coil.

8. The circuit according to claim 1, wherein the output port is for couplingto at least

5 two loads.

9. The circuit according to claim 1, wherein the phase angle of the impedance looking

into the impedance transformation network through the input port is positively correlated

with the resistanceofthe load.

10

10. The circuit according to claim 1, wherein the phase angle of the impedance

looking into the impedance transformation network through the input port is positively

correlated with an equivalent resistance of the load.

15 11. The circuit according to claim i, wherein the phase angle of the impedance

looking into the impedance transformation network through the input port is positively

correlated with an equivalent resistance of the load, wherein when the impedance looking to

the primarycoil, Zin, is explained by:

r -_ a vrpl dT peg P-LPI —l 5 5Zig = {ling (Z™ — (BZTZ a}

 gill yppllyyroy

re f rif
v9if ee!

goth, + A, fora h
Linh =

qe Map otherwise

rei oer
BE’ = ZAIN + Zadarn

20 Zin: Input impedance lookinginto the primary coil

lim: Vector of 1’s of length M

lum: M XM matrix of 1’s
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Z: Impedance matrix

Zap: Element ab of the impedance matrix

Z' : Sub-matrix of Z

Z": Sub-matrix of Z

Z™: Sub-matrix of Z

M,»: Mutual inductance between the a® and b"coil

j: imaginary number

a: coil index

b: coil index

ow: radian frequency

R,: Parasitic resistance of the a” coil

L,: Self inductance of the a“ coil

12. The circuit according to claim 1, wherein the reactive network further comprises

at least one shunt network with a negative reactance that is connected betweenafirst terminal

of the secondary coil and a second terminal of the secondary coil.

13. The circuit according to claim 12, wherein the at least one shunt network with a

negative reactance comprises a capacitor.

14. The circuit according to claim 1, wherein the active device comprises a transistor.

15. The circuit according to claim 1 wherein the active device comprises:

a switching componentthat operates substantially as a switch; and

a capacitancein parallel with the switching component.

16. The circuit according to claim 1 wherein the input port is coupled to a voltage
source.

17. The circuit according to claim 1, wherein the input port is coupled to a current
source.
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18. The circuit according to claim 1 comprising a supply network connected between

the input port and a voltage source, wherein the supply network comprises at least one

inductor.

19. The circuit according to claim | comprising a supply network connected between

the input port and a voltage source, wherein the supply network is configured to reject

harmonics not intended to reach the Joad.

20. The circuit according to claim 1, comprising a supply network connected between

the input port and a voltage source, wherein the elements of the supply network, load

network, and the active device represent at least one class D inverter or variant.

21. The circuit according to claim 1, comprising a supply network connected between

the input port and a voltage source, wherein the elements of the supply network, load

network, and the active device represent at least one class DE inverter or variant.

22. The circuit according to claim 1, comprising a supply network connected between

the input port and a voltage source, wherein the elements of the supply network, load

network, and the active device represent at least one class E inverter or variant.

23. The circuit according to claim 1, comprising a supply network connected between

the input port and a voltage source, wherein the elements of the supply network, load

network, and the active device representat least one class E”' inverter or variant.

24. The circuit according to claim 1, comprising a supply network connected between

the input port and a voltage source, wherein the elements of the supply network, load

network, and the active device represent at least one class F inverter or variant.

25. The circuit according to claim 1, comprising a supply network connected between

the input port and a voltage source, wherein the elements of the supply network, load

network, and the active device represent at least one class F? inverter or variant.
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26, The circuit according to claim 1, comprising a supply network connected between

the input port and a voltage source, wherein the elements of the supply network, load

network, and the active device represent at least one class EF"| inverter or variant.

27. The circuit according to claim 1, comprising a supply network connected between

the input port and a voltage source, wherein the elements of the supply network, load

network, and the active device represent at least onc class Phi inverter or variant.

28. The circuit according to claim 1, wherein the signal is an AC signal.

29. The circuit according to claim 1, wherein the signal is a periodic signal.

30. The circuit according to claim 1, wherein when the active device creating a signal

at the sclected operating frequency is coupled to the input port, a voltage source is coupled to

the input port, and the load is coupled to the output port, the phase angle of the impedance

looking inte the impedance transformation network through the input port is within a range

such that substantially zero voltage-switching of the active device occurs.

31. The circuit according to claim 30, wherein switching of the active device occurs

whenthe voltage is within a range of 10% of a peak voltage and zero veltage.

32. The circuit according to claim 30, wherein switching of the active device occurs

whenthe voltage is within a range of 5% of a peak voltage and zero voltage.

33. The circuit according to claim 30, wherein switching of the active device occurs

when the voltage is within a range of 1% of a peak voltage and zero voltage.

34. The circuit according to claim 1, wherein when the active device creating a signal

at the selected operating frequency is coupled to the input port, a voltage source is coupled to

the input port, and the load is coupled to the output port, the phase angle of the impedance

looking into the impedance transformation network through the input port is within a range

such that substantially zero voltage derivative switching of the active device occurs.

46

Momentum Dynamics Corporation
Exhibit 1002

Page 1297



Momentum Dynamics Corporation 
Exhibit 1002 

Page 1298

10

15

20

25

30

WO 2009/149464 PCT/US2009/046648

35. The circuit according to claim 34, wherein switching of the active device occurs

whenthe slope of the voltage is within a range of -1 and +1.

36. The circuit according to claim 34, wherein switching of the active device occurs

whenthe slope ofthe voltage is within a range of -0.5 and +0.5.

37. The circuit according to claim 34, wherein switching of the active device occurs

when the slope of the voltage is within a range of -0.1 and +0.1.

38. The circuit according to claim 1, wherein when the active device creating a signal

at the selected operating frequency is coupled to the input port, a voltage source is coupled to

the input port, and the load is coupled to the output port, the phase angle of the impedance

looking into the impedance transformation network through the input port is within a range

such that substantially zero voltage-switching and substantially zero voltage derivation

switching of the active device occurs.

39. The circuit according to claim 38, wherein switching of the active device occurs

when the voltage is within a range of 10% of a peak voltage and zero and when the slope of

the voltage is within a range of -] and +1.

40. The circuit according to claim 38, wherein switching of the active device occurs

when the voltage is within a range of 5% of a peak voltage and zero and when theslope of

the voltage is within a range of -0.5 and +0.5.

41. The circuit according to claim 38, wherein switching of the active device occurs

when the voltage is within a range of 1% of a peak voltage and zero and when the slope of

the voltage is within a range of -0.1 and +0.1.

42. The circuit according to claim 1, wherein when the active device creating a signal

at the selected operating frequency is coupled to the input port, a voltage source is coupled to

the input port, and the load is coupled to the output port, a real component of the impedance

looking into the impedance transformation network through the input port is within a range

such that substantially zero voltage-switching of the active device occurs.
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43. The circuit according to claim 42, wherein switching of the active device occurs

when the voltage is within a range of 10% of a peak voltage and zero voltage.

44, The circuit according to claim 42, wherein switching of the active device occurs

whenthe voltage is within a range of 5% of a peak voltage and zero voltage.

45. The circuit according to claim 42, wherein switching of the active device occurs

when the voltage is within a range of 1% of a peak voltage and zero voltage.

46. The circuit according to claim 1, wherein when the active device creating a signal

at the selected operating frequency is coupled to the input port, a voltage source is coupled to

the input port, and the load is coupled to the output port, the phase angle of the impedance

looking into the impedance transformation network through the input port is within a range

such that substantially zero voltage derivative switching of the active device occurs.

47. The circuit according to claim 46, wherein switching of the active device occurs

when the slope of the voltage is within a range of-1 and +1.

48. The circuit according to claim 46, wherein switching of the active device occurs

whenthe slope of the voltage is within a range of -0.5 and +0.5.

49. The circuit according to claim 46, wherein switching of the active device occurs

when the slope of the voltage is within a range of -0.1 and +0.1.

50. The circuit according to claim 1, wherein whenthe active device creating a signal

at the selected operating frequency is coupled to the input port, a voltage source is coupled to

the input port, and the load is coupled to the output port, a phase angle of the impedance

looking into the impedance transformation network through the input port is within a range

such that substantially zero current-switching of the active device occurs.

51. The circuit according to claim 50, wherein switching of the active device occurs

whenthe current is within a range of 10% of a peak current and zero current.
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52. The circuit according to claim 50, wherein switching of the active device occurs

whenthe current is within a range of 5% of a peak current and zero current.

53. The circuit according to claim 50, wherein switching of the active device occurs

whenthe current is within a range of 1% of a peak current and zero current.

54. The circuit according to claim 1, wherein when the active device creating a signal

at the selected operating frequency is coupled to the input port, a voltage source is coupled to

the input port, and the load is coupled to the output port, the phase angle of the impedance

looking into the impedancetransformation network through the input port is within a range

such that substantially zero current derivative switching of the active device occurs.

55. The circuit according to claim 54, wherein switching of the active device occurs

whenthe slope of the current is within a range of -1 and +1.

56. The circuit according to claim 54, wherein switching of the active device occurs

when the slope of the current is within a range of -0.5 and +0.5.

57. The circuit according to claim 54, wherein switching ofthe active device occurs

whenthe slope of the current is within a range of -0.1 and +0.1.

58. The circuit according to claim 1, wherein when the active device creating a signal

at the selected operating frequency is coupled to the input port, a voltage source is coupled to

the input port, and the load is coupled to the output port, a real component of the impedance

looking into the impedance transformation network through the input port is within a range

such that substantially zero current-switching of the active device occurs.

59. The circuit according to claim 58, wherein switching of the active device occurs

when the current is within a range of 10% of a peak current and zero current.

60. The circuit according to claim 58, wherein switching of the active device occurs

whenthe current is within a range of 5% of a peak current and zero current.
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61. The circuit according to claim 58, wherein switching of the active device occurs

whenthe current is within a range of 1% of a peak current and zero current.

62. The circuit according to claim 1, whcrein when the active device creating a signa!

at the selected operating frequency is coupled to the input port, a voltage source is coupled to

the input port, and the load is coupled to the output port, the phase angle of the impedance

looking into the impedance transformation network through the input port is within a range

such that substantially zero current derivative switching ofthe active device occurs.

63. The circuit according to claim 62, wherein switching of the active device occurs

when the slope of the current is within a range of -1 and +1.

64. The circuit according to claim 62, wherein switching ofthe active device occurs

whenthe slope of the current is within a range of -0.5 and +0.5.

65. The circuit according to claim 62, wherein switching of the active device occurs

when the slope of the current is within a range of -0.1 and +0.1.

66. The circuit according to claim 1, wherein when the active device creating a signal

at the selected operating frequency is coupled to the input port, a voltage is coupled to the

input port, and the load is coupled to the output port, the real part of the impedance looking

into the impedance transformation network through the input port is within a range such that

the maximum real part of the impedance looking into the impedance transformation network

through the input port is no more than two orders of magnitude greater than the minimum real

part of the impedance looking into the impedance transformation network through the input

port.

67. The circuit according to any of claims 27 — 31, comprising a supply network

connected between the input port and a voltage source, wherein the supply network is

configured to reject harmonics not intended to reach the load.

68. The circuit according to claim 1, comprising at least one load connected to the

output port, the load having a time-dependent impedance.
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69, The circuit according to claim 1, comprising at least one load connected to the

output port, the load having a time dependent non-negative real resistance.

70. The circuit according to claim 1, wherein the phase angle of the impedance

looking into the impedance transformation network through the input port is inductive.

71. The circuit according to claim 1, wherein the phase angle of the impedance

looking into the impedance transformation network through the input port is between 40 and

85 degrees.

72. The circuit according to claim 12, wherein the shunt network is configured such

that the resistance looking from the secondary coil towards the load is between an upper

bound and a lower bound, wherein the difference between the upper bound and lower bound

is less than the difference between the maximum load resistance and minimum resistance.

73. The circuit according to claim 72, wherein the upper bound is 1000 ohms and the

lower bound is .01 ohms when the maximum load resistance is 100,000 ohms and the

minimum load resistance is 1 ohms.

74. The circuit according to claim 72, wherein the upper bound is 10 ohms and the

lower bound is 1 ohm when the maximum load resistance ts 100,000 ohms and the minimum

load resistance is 1 ohms.

75. The circuit according to claim 72, wherein the upper bound is 10,000 ohms and

the lower bound is 500 ohms when the maximum load resistance is 100,000 ohms and the

minimum load resistance is 1 ohms.

76. The circuit according to claim 72, wherein the upper boundis 1,000,000 ohms and

the lower bound is 800,000 ohms when the maximum load resistance is 10,000,000 ohms and

the minimum load resistance is 1 ohms.

77. The circuit according to claim 12, wherein the at least one shunt network has a

negative reactive value such that the phase angle looking into the primary coil is positively

correlated with the load resistance.
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78. The circuit according to claim 12, wherein the at least one shunt network is

configured to have a negative reactive value such that the phase angle looking into the

primary coil is negatively correlated with the load resistance, wherein the reactive network

further comprises at least one additional shunt network connected between a first terminal of

the primarycoil and a second terminal of the primary coil, wherein the at least one additional

shunt network has a positive reactive value such that the phase angle looking into the

impedance transformation network through the input port is positively correlated with the

load resistance.

79. The circuit according to claim 1, wherein the reactive network further comprises

at least one additional shunt network connected between a first terminal of the primary coil

and a second terminal of the primary coil.

80. The circuit according to claim 78, wherein the at least one additional shunt

network has a positive reactive value such that the phase angle looking into the impedance

transformation network through the input port is positively correlated with the load

resistance.

81. The circuit according to claim 1, wherein the reactive network comprises at least

one reactive component connected to the primary coil, wherein the at least one reactive

component has a reactance that shifts the phase angle looking into the impedance

transformation network through the input port is within a range such that substantially zero-

voltage switching of the active device occurs.

82. The circuit according to claim 1, wherein impedance transformation network is

configured such that the range of resistances looking into the impedance transformation

network through the input port is between an upper bound and a lower bound, wherein the

difference between the upper bound and lower bound is less than the difference between the

maximum load resistance and the minimum load resistance.

83. The circuit according to claim 82, wherein the upper bound is 1000 ohms and the

lower bound is .01 ohms when the maximum load resistance is 100,000 ohms and the

minimum load resistance is 1 ohms.
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84. The circuit according to claim 82, wherein the upper bound is 10 ohms and the

lower bound is 1 ohm when the maximum load resistance is 100,000 ohms and the minimum

load resistance is 1 ohms.

85. The circuit according to claim 82, wherein the upper bound is 10,000 ohms and

the lower bound is 500 ohms when the maximum load resistance is 100,000 ohms and the

minimum load resistance is 1 ohms.

86. The circuit according to claim 82, wherein the upper boundis 1,000,000 ohms and

the lower bound is 800,000 ohms when the maximum load resistance is 10,000,000 ohms and

the minimumload resistance is ] ohms.

87. The circuit according to claim 1, wherein at least one filter network having a

positive reactance is connected in series with the primary coil, wherein a reactance of the at

least one filter network divided by aresistance looking from the filter network towards the

load has a value between 1.5 and 10.

88. The circuit according to claim 1, wherein the impedance transformation network

is configured to couple to two active devices via a single input port.

89. The circuit according to claim 1, wherein the input port comprises at least two

input ports for coupling to at least two active devices.

90. The circuit according to claim 1, wherein the load is resistive.

91. The circuit according to claim 1, wherein the load is reactive.

92. The circuit according to claim 1, wherein the load comprisesresistive and reactive

components.

93. The circuit according to claim 1, wherein a rectifier is positioned between the

impedance transformation networkandthe load.
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94. The circuit according to claim 93, wherein the load comprises a portable

electronic device.

95. The circuit according to claim 94, wherein the load comprises:

a voltage regulator;

a powcr management system; and

a battery.

96. The circuit according to claim 1, wherein the primary coil is connected in series

with at least one reactive component and the secondary coil is connected in series with at

least one additional reactive component.

97. The circuit according to claim 1, wherein the primary coil is connected in series

with at least one reactive component and at Icast one additional reactive component is

connected between a first terminal of the secondary coil and a second terminal of the

secondary coil.

98. The circuit according to claim 1, wherein at least one other reactive componentis

connected between a first terminal of the primary and a second terminal of the primary coil

and the secondary coil is connected in series with at least one additional reactive component.

99. The circuit according to claim 1, wherein at least one other reactive componentis

connected between a first terminal of the primary coil and a second terminal of the primary

coil and at least one additional reactive component is connected between a first terminal of

the secondarycoil and a second terminal of the secondarycoil.

100. The circuit according to claim 1, wherein the primary coil is a single primary coil

inductively coupled to at least two secondary coils.

101. The circuit according to claim 1, whercin the at least two primary coils are

inductively coupled to the secondarycoils.

102. The circuit according to claim 1, wherein m primary coils are inductively

coupled to n secondary coils, where m>1 and n>1.
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103. A circuit for inductive powertransfer, comprising:

an impedance transformation network, wherein the impedance transformation

network comprises:

an input port for coupling to an active device for creating a signal at a selected

operating frequency,

an output port for coupling to a load having a variable impedance; and

a reactive network coupled between the input port and the output port, whcrein the

reactive network comprises:

a primary coil;

a secondary coil, wherein the primary coil is inductively coupled to the

sccondary coil, wherein when the output is coupled to the load having a variable

impedance and the input port is coupled to the active device that creates a signal at the

selected operating frequency, a phase angle of an impedance looking into the

impedance transformation network through the input port is capacitive and positively

correlated with the amount of powerdelivered to the load.

104. A circuit for inductive power transfer, comprising:

a primary impedance transformation network, wherein the primary impedance

transformation network comprises:

an input port for coupling to a active device that creates a signal at a sclected

operating frequency,

a primary coil for coupling to a secondary coil

a reactive network coupled to the input port and coupled to the primary coil,

whercin the reactive network comprises:

at least one capacitor

at least one inductor

wherein when the primary coil is coupled to the secondary coil and the input port is

coupled to the active device that creates a signal at the selected operating frequency, a phase

angle of an impedance looking into the primary impedance transformation network through

the input port is inductive and negatively correlated with the amount of power inductively

transferred from the primary coil.
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105. A circuit for inductive powertransfer, comprising:

a primary impedance transformation network, wherein the primary impedance

transformation network comprises:

an input port for coupling to an one active device that creates a signal at a

selected operating frequency,

a primarycoil for coupling to a secondarycoil

a reactive network coupled to the input port and coupled to the primary coil,

wherein the reactive network comprises:

at least one capacitor

at least one inductor

wherein when the primary coil is coupled to the secondary coil and the input port is

coupled to the active device that creates a signal at the selected operating frequency, a phase

angle of an impedance looking into the primary impedance transformation network through

the input port is capacitive and positively correlated with the amount of power inductively

transferred from the primary coil.

106. A circuit for inductive powertransfer, comprising:

a secondary side impedance transformation network, wherein the secondary side

impedance transformation network comprises:

at least one secondary coil for coupling to at least one primary coil

at least one output port for coupling to at least one load having a variable

impedance; and

a secondary side reactive network coupled to the output port and coupled to

the secondary coil, wherein the reactive network comprises:

at least one capacitor

wherein when the secondary coil is coupled to the primary coil wherein the primary

coil is coupled to a primary side reactive network

wherein the primary side reactive network comprises an input port for connection to

at least one active device that creates a signal at a selected operating frequency

the a phase angle of an impedance looking into the primary side reactive network

through the input port is inductive and positively correlated with the amount of power

inductively transferred from the primary coil.
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107. A circuit for inductive power transfer, comprising:

a secondary side impedance transformation network, wherein the secondary side

impedance transformation network comprises:

at least one secondary coil for coupling to at least one primary coil

at least one output port for coupling to at least one load having a variable

impedance; and

a secondary side reactive network coupled to the at least one output port and

coupled to the at least one secondary coil, wherein the reactive network comprises:

at least one capacitor

wherein when the secondary coil is coupled to the primary coil wherein the primary

coil is coupled to a primary side reactive network

wherein the primary side reactive network comprises an input port for connection to

at least one active device that creates a signal at a selected operating frequency

the a phase angle of an impedance looking into the primary side reactive network

through the input port is capacitive and negatively correlated with the amount of power

inductively transferred from the primary coil.

108. An apparatus for wireless power transfer, comprising:

arectifier stage, wherein the rectifier stage is adapted to interconnect with a load;

a first impedance transformation network (FITN), wherein the first impedance

transformation network interconnects with the rectifier stage and transforms the impedance

looking into the rectifier stage such that the impedance looking into the FITN is such that the

load decouples from the primary coil;

a secondary coil, wherein the secondary coil is interconnected with the FITN such that

the power coupled from the primary coil to the secondary coil is received by the FITN;

a primary coil, wherein the primary coil is positioned with respect to the secondary

coil such that the primary coil is coupled to the secondary coil, wherein the interaction

between the primary coil and secondary coil is such that the impedance looking into the

primary coil has a resistance large enough to maximize power delivery through to the

secondarycoil;

a second impedance transformation network (SITN), wherein the SITN interconnects

with the primary coil and transforms the impedance looking into the primary coil such that

the resistance looking into the SITN toward the load is within a usable operating range of the
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tuned switch-mode inverter, large enough to maximize power delivery through to the

secondary coil;

a phase shifting network, wherein the phase shifting network interconnects with the

SITN and transforms the impedance looking into the SITN such that the impedance looking

into the phase shifting network has a resistance in the operating range of the tuned switch-

modeinverter and a reactive part in the operating range of the tuned switch-mode inverter;

a tuned switch-mode inverter, wherein the tuned switch-mode inverter is

interconnected with the phase shifting network; and

a power source, wherein the power source is interconnected with the tuned switch-

mode inverter.

109. The apparatus according to claim 108, wherein the load has a load resistance

that can range from 0 to 500 ohms.

110. An apparatus for wireless powertransfer, comprising:

a rectifier stage, wherein the rectifier stage is adapted to interconnect with a load;

a secondary coil, wherein the secondary coil is interconnected with the rectifier stage;

a primary coil, wherein the primary coil is coupled to the secondary coil;

a tuned switch-mode supply, wherein the tuned switch-mode supply is interconnected

to the primary coil;

a power supply, wherein the power supply supplies power to the tuned switch-mode

supply;

a first circuitry interconnected between the tuned switch-mode supply and the primary

coil; and

a second circuitry interconnected between the secondary coil and the rectifier stage,

wherein poweroutput to the load decreases as the impedance of the load increases.

111. An apparatus for wireless power transfer, comprising:

arectifier stage, wherein the rectifier stage is adapted to interconnect with a load;

a secondary coil, wherein the secondary coil is interconnected with the rectifier stage;

a primary coil, wherein the primary coil is coupled to the secondary coil;

a tuned switch-mode supply, wherein the tuned switch-mode supply is interconnected

to the primary coil;
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a power supply, wherein the power supply supplies power to the tuned switch-mode

supply;

a first circuitry interconnected between the tuned switch-mode supply and the primary

coil; and

a second circuitry interconnected between the secondary coil and the rectifier stage,

wherein power output to the load is adjusted as the phase angle of the load changes.
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