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ABSTRACT 

A wireless power system for powering a television includes 
a source resonator, configured to generate an oscillating 
magnetic field, and at least one television component 
attached to at least one device resonator, wherein the at least 
one device resonator is configured to wirelessly receive 
power from the source resonator via the oscillating magnetic 
field when the distance between the source resonator and the 
at least one device resonator is more than 5 cm, and wherein 
at least one television component draws at least 10 Watts of 
power. 
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BACKGROUND 

0017 Field 
0018. This disclosure relates to wireless energy transfer, 
also referred to as wireless power transmission. 
(0019. Description of the Related Art 
0020 Energy or power may be transferred wirelessly 
using a variety of known radiative, or far-field, and non 
radiative, or near-field, techniques. For example, radiative 
wireless information transfer using low-directionality anten 
nas, such as those used in radio and cellular communications 
systems and home computer networks, may be considered 
wireless energy transfer. However, this type of radiative 
transfer is very inefficient because only a tiny portion of the 
Supplied or radiated power, namely, that portion in the 
direction of, and overlapping with, the receiver is picked up. 
The vast majority of the power is radiated away in all the 
other directions and lost in free space. Such inefficient power 
transfer may be acceptable for data transmission, but is not 
practical for transferring useful amounts of electrical energy 
for the purpose of doing work, Such as for powering or 
charging electrical devices. One way to improve the transfer 
efficiency of some radiative energy transfer schemes is to 
use directional antennas to confine and preferentially direct 
the radiated energy towards a receiver. However, these 
directed radiation schemes may require an uninterruptible 
line-of-sight and potentially complicated tracking and steer 
ing mechanisms in the case of mobile transmitters and/or 
receivers. In addition, such schemes may pose hazards to 
objects or people that cross or intersect the beam when 
modest to high amounts of power are being transmitted. A 
known non-radiative, or near-field, wireless energy transfer 
scheme, often referred to as either induction or traditional 
induction, does not (intentionally) radiate power, but uses an 
oscillating current passing through a primary coil, to gen 
erate an oscillating magnetic near-field that induces currents 
in a near-by receiving or secondary coil. Traditional induc 
tion schemes have demonstrated the transmission of modest 
to large amounts of power, however only over very short 
distances, and with very small offset tolerances between the 
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primary power Supply unit and the secondary receiver unit. 
Electric transformers and proximity chargers are examples 
of devices that utilize this known short range, near-field 
energy transfer scheme. 
0021. Therefore a need exists for a wireless power trans 
fer scheme that is capable of transferring useful amounts of 
electrical power over mid-range distances or alignment 
offsets. Such a wireless power transfer scheme should enable 
useful energy transfer over greater distances and alignment 
offsets than those realized with traditional induction 
schemes, but without the limitations and risks inherent in 
radiative transmission schemes. 

SUMMARY 

0022. There is disclosed herein a non-radiative or near 
field wireless energy transfer scheme that is capable of 
transmitting useful amounts of power over mid-range dis 
tances and alignment offsets. This inventive technique uses 
coupled electromagnetic resonators with long-lived oscilla 
tory resonant modes to transfer power from a power Supply 
to a power drain. The technique is general and may be 
applied to a wide range of resonators, even where the 
specific examples disclosed herein relate to electromagnetic 
resonators. If the resonators are designed such that the 
energy stored by the electric field is primarily confined 
within the structure and that the energy stored by the 
magnetic field is primarily in the region surrounding the 
resonator. Then, the energy exchange is mediated primarily 
by the resonant magnetic near-field. These types of resona 
tors may be referred to as magnetic resonators. If the 
resonators are designed such that the energy stored by the 
magnetic field is primarily confined within the structure and 
that the energy stored by the electric field is primarily in the 
region Surrounding the resonator. Then, the energy exchange 
is mediated primarily by the resonant electric near-field. 
These types of resonators may be referred to as electric 
resonators. Either type of resonator may also be referred to 
as an electromagnetic resonator. Both types of resonators are 
disclosed herein. 

0023 The omni-directional but stationary (non-lossy) 
nature of the near-fields of the resonators we disclose 
enables efficient wireless energy transfer over mid-range 
distances, over a wide range of directions and resonator 
orientations, suitable for charging, powering, or simultane 
ously powering and charging a variety of electronic devices. 
As a result, a system may have a wide variety of possible 
applications where a first resonator, connected to a power 
Source, is in one location, and a second resonator, potentially 
connected to electrical/electronic devices, batteries, power 
ing or charging circuits, and the like, is at a second location, 
and where the distance from the first resonator to the second 
resonator is on the order of centimeters to meters. For 
example, a first resonator connected to the wired electricity 
grid could be placed on the ceiling of a room, while other 
resonators connected to devices, such as robots, vehicles, 
computers, communication devices, medical devices, and 
the like, move about within the room, and where these 
devices are constantly or intermittently receiving power 
wirelessly from the source resonator. From this one 
example, one can imagine many applications where the 
systems and methods disclosed herein could provide wire 
less power across mid-range distances, including consumer 
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electronics, industrial applications, infrastructure power and 
lighting, transportation vehicles, electronic games, military 
applications, and the like. 
0024 Energy exchange between two electromagnetic 
resonators can be optimized when the resonators are tuned 
to Substantially the same frequency and when the losses in 
the system are minimal. Wireless energy transfer systems 
may be designed so that the "coupling-time between reso 
nators is much shorter than the resonators’ “loss-times'. 
Therefore, the systems and methods described herein may 
utilize high quality factor (high-Q) resonators with low 
intrinsic-loss rates. In addition, the systems and methods 
described herein may use Sub-wavelength resonators with 
near-fields that extend significantly longer than the charac 
teristic sizes of the resonators, so that the near-fields of the 
resonators that exchange energy overlap at mid-range dis 
tances. This is a regime of operation that has not been 
practiced before and that differs significantly from tradi 
tional induction designs. 
0025. It is important to appreciate the difference between 
the high-Q magnetic resonator scheme disclosed here and 
the known close-range or proximity inductive schemes, 
namely, that those known Schemes do not conventionally 
utilize high-Q resonators. Using coupled-mode theory 
(CMT), (see, for example, Waves and Fields in Optoelec 
tronics, H. A. Haus, Prentice Hall, 1984), one may show that 
a high-Q resonator-coupling mechanism can enable orders 
of magnitude more efficient power delivery between reso 
nators spaced by mid-range distances than is enabled by 
traditional inductive schemes. Coupled high-Q resonators 
have demonstrated efficient energy transfer over mid-range 
distances and improved efficiencies and offset tolerances in 
short range energy transfer applications. 
0026. The systems and methods described herein may 
provide for near-field wireless energy transfer via strongly 
coupled high-Q resonators, a technique with the potential to 
transfer power levels from picowatts to kilowatts, safely, and 
over distances much larger than have been achieved using 
traditional induction techniques. Efficient energy transfer 
may be realized for a variety of general systems of strongly 
coupled resonators, such as Systems of strongly coupled 
acoustic resonators, nuclear resonators, mechanical resona 
tors, and the like, as originally described by researchers at 
M.I.T. in their publications, “Efficient wireless non-radiative 
mid-range energy transfer”. Annals of Physics, Vol. 323, 
Issue 1, p. 34 (2008) and “Wireless Power Transfer via 
Strongly Coupled Magnetic Resonances’, Science, Vol. 317, 
no. 5834, p. 83, (2007). Disclosed herein are electromag 
netic resonators and systems of coupled electromagnetic 
resonators, also referred to more specifically as coupled 
magnetic resonators and coupled electric resonators, with 
operating frequencies below 10 GHz. 
0027. This disclosure describes wireless energy transfer 
technologies, also referred to as wireless power transmission 
technologies. Throughout this disclosure, we may use the 
terms wireless energy transfer, wireless power transfer, 
wireless power transmission, and the like, interchangeably. 
We may refer to Supplying energy or power from a source, 
an AC or DC source, a battery, a source resonator, a power 
Supply, a generator, a Solar panel, and thermal collector, and 
the like, to a device, a remote device, to multiple remote 
devices, to a device resonator or resonators, and the like. We 
may describe intermediate resonators that extend the range 
of the wireless energy transfer system by allowing energy to 
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hop, transfer through, be temporarily stored, be partially 
dissipated, or for the transfer to be mediated in any way, 
from a source resonator to any combination of other device 
and intermediate resonators, so that energy transfer net 
works, or strings, or extended paths may be realized. Device 
resonators may receive energy from a source resonator, 
convert a portion of that energy to electric power for 
powering or charging a device, and simultaneously pass a 
portion of the received energy onto other device or mobile 
device resonators. Energy may be transferred from a source 
resonator to multiple device resonators, significantly extend 
ing the distance over which energy may be wirelessly 
transferred. The wireless power transmission systems may 
be implemented using a variety of system architectures and 
resonator designs. The systems may include a single source 
or multiple sources transmitting power to a single device or 
multiple devices. The resonators may be designed to be 
Source or device resonators, or they may be designed to be 
repeaters. In some cases, a resonator may be a device and 
Source resonator simultaneously, or it may be Switched from 
operating as a source to operating as a device or a repeater. 
One skilled in the art will understand that a variety of system 
architectures may be supported by the wide range of reso 
nator designs and functionalities described in this applica 
tion. 

0028. In the wireless energy transfer systems we 
describe, remote devices may be powered directly, using the 
wirelessly Supplied power or energy, or the devices may be 
coupled to an energy storage unit Such as a battery, a 
Super-capacitor, an ultra-capacitor, or the like (or other kind 
of power drain), where the energy storage unit may be 
charged or re-charged wirelessly, and/or where the wireless 
power transfer mechanism is simply supplementary to the 
main power source of the device. The devices may be 
powered by hybrid battery/energy storage devices such as 
batteries with integrated Storage capacitors and the like. 
Furthermore, novel battery and energy storage devices may 
be designed to take advantage of the operational improve 
ments enabled by wireless power transmission systems. 
0029. Other power management scenarios include using 
wirelessly Supplied power to recharge batteries or charge 
energy storage units while the devices they power are turned 
off, in an idle state, in a sleep mode, and the like. Batteries 
or energy storage units may be charged or recharged at high 
(fast) or low (slow) rates. Batteries or energy storage units 
may be trickle charged or float charged. Multiple devices 
may be charged or powered simultaneously in parallel or 
power delivery to multiple devices may be serialized such 
that one or more devices receive power for a period of time 
after which other power delivery is switched to other 
devices. Multiple devices may share power from one or 
more sources with one or more other devices either simul 
taneously, or in a time multiplexed manner, or in a frequency 
multiplexed manner, or in a spatially multiplexed manner, or 
in an orientation multiplexed manner, or in any combination 
of time and frequency and spatial and orientation multiplex 
ing. Multiple devices may share power with each other, with 
at least one device being reconfigured continuously, inter 
mittently, periodically, occasionally, or temporarily, to oper 
ate as wireless power sources. It would be understood by one 
of ordinary skill in the art that there are a variety of ways to 
power and/or charge devices, and the variety of ways could 
be applied to the technologies and applications described 
herein. 
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0030 Wireless energy transfer has a variety of possible 
applications including for example, placing a source (e.g. 
one connected to the wired electricity grid) on the ceiling, 
under the floor, or in the walls of a room, while devices such 
as robots, vehicles, computers, PDAS or similar are placed 
or move freely within the room. Other applications may 
include powering or recharging electric-engine vehicles, 
Such as buses and/or hybrid cars and medical devices, such 
as wearable or implantable devices. Additional example 
applications include the ability to power or recharge autono 
mous electronics (e.g. laptops, cell-phones, portable music 
players, household robots, GPS navigation systems, dis 
plays, etc), sensors, industrial and manufacturing equip 
ment, medical devices and monitors, home appliances and 
tools (e.g. lights, fans, drills, saws, heaters, displays, tele 
visions, counter-top appliances, etc.), military devices, 
heated or illuminated clothing, communications and navi 
gation equipment, including equipment built into vehicles, 
clothing and protective-wear Such as helmets, body armor 
and vests, and the like, and the ability to transmit power to 
physically isolated devices such as to implanted medical 
devices, to hidden, buried, implanted or embedded sensors 
or tags, to and/or from roof-top Solar panels to indoor 
distribution panels, and the like. 
0031. In one aspect, disclosed herein is a system includ 
ing a source resonator having a Q-factor Q and a charac 
teristic size, coupled to a power generator with direct 
electrical connections; and a second resonator having a 
Q-factor Q and a characteristic size X coupled to a load 
with direct electrical connections, and located a distance D 
from the Source resonator, wherein the Source resonator and 
the second resonator are coupled to exchange energy wire 
lessly among the Source resonator and the second resonator 
in order to transmit power from the power generator to the 
load, and wherein VQ, Q is greater than 100. 
0032 Q may be greater than 100 and Q may be less than 
100. Q may be greater than 100 and Q may be greater than 
100. A useful energy exchange may be maintained over an 
operating distance from 0 to D, where D is larger than the 
Smaller of X and X2. At least one of the source resonator and 
the second resonator may be a coil of at least one turn of a 
conducting material connected to a first network of capaci 
tors. The first network of capacitors may include at least one 
tunable capacitor. The direct electrical connections of at 
least one of the source resonator to the ground terminal of 
the power generator and the second resonator to the ground 
terminal of the load may be made at a point on an axis of 
electrical symmetry of the first network of capacitors. The 
first network of capacitors may include at least one tunable 
butterfly-type capacitor, wherein the direct electrical con 
nection to the ground terminal is made on a center terminal 
of the at least one tunable butterfly-type capacitor. The direct 
electrical connection of at least one of the source resonator 
to the power generator and the second resonator to the load 
may be made via a second network of capacitors, wherein 
the first network of capacitors and the second network of 
capacitors form an impedance matching network. The 
impedance matching network may be designed to match the 
coil to a characteristic impedance of the power generator or 
the load at a driving frequency of the power generator. 
0033. At least one of the first network of capacitors and 
the second network of capacitors may include at least one 
tunable capacitor. The first network of capacitors and the 
second network of capacitors may be adjustable to change 
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an impedance of the impedance matching network at a 
driving frequency of the power generator. The first network 
of capacitors and the second network of capacitors may be 
adjustable to match the coil to the characteristic impedance 
of the power generator or the load at a driving frequency of 
the power generator. At least one of the first network of 
capacitors and the second network of capacitors may include 
at least one fixed capacitor that reduces a voltage across the 
at least one tunable capacitor. The direct electrical connec 
tions of at least one of the source resonator to the power 
generator and the second resonator to the load may be 
configured to Substantially preserve a resonant mode. At 
least one of the source resonator and the second resonator 
may be a tunable resonator. The source resonator may be 
physically separated from the power generator and the 
second resonator may be physically separated from the load. 
The second resonator may be coupled to a power conversion 
circuit to deliver DC power to the load. The second resonator 
may be coupled to a power conversion circuit to deliver AC 
power to the load. The second resonator may be coupled to 
a power conversion circuit to deliver both AC and DC power 
to the load. The second resonator may be coupled to a power 
conversion circuit to deliver power to a plurality of loads. 
0034. In another aspect, a system disclosed herein 
includes a source resonator having a Q-factor Q and a 
characteristic size X, and a second resonator having a 
Q-factor Q and a characteristic size X, and located a 
distance D from the source resonator; wherein the source 
resonator and the second resonator are coupled to exchange 
energy wirelessly among the source resonator and the sec 
ond resonator, and wherein WQQ is greater than 100, and 
wherein at least one of the resonators is enclosed in a low 
loss tangent material. 
0035. In another aspect, a system disclosed herein 
includes a source resonator having a Q-factor Q and a 
characteristic size X, and a second resonator having a 
Q-factor Q and a characteristic size X, and located a 
distance D from the source resonator; wherein the source 
resonator and the second resonator are coupled to exchange 
energy wirelessly among the source resonator and the sec 
ond resonator, and wherein VQ, Q is greater than 100; and 
wherein at least one of the resonators includes a coil of a 
plurality of turns of a conducting material connected to a 
network of capacitors, wherein the plurality of turns are in 
a common plane, and wherein a characteristic thickness of 
the at least one of the resonators is much less than a 
characteristic size of the at least one of the resonators. 
0036 Throughout this disclosure we may refer to the 
certain circuit components such as capacitors, inductors, 
resistors, diodes, Switches and the like as circuit components 
or elements. We may also refer to series and parallel 
combinations of these components as elements, networks, 
topologies, circuits, and the like. We may describe combi 
nations of capacitors, diodes, Varactors, transistors, and/or 
Switches as adjustable impedance networks, tuning net 
works, matching networks, adjusting elements, and the like. 
We may also refer to “self-resonant’ objects that have both 
capacitance, and inductance distributed (or partially distrib 
uted, as opposed to solely lumped) throughout the entire 
object. It would be understood by one of ordinary skill in the 
art that adjusting and controlling variable components 
within a circuit or network may adjust the performance of 
that circuit or network and that those adjustments may be 
described generally as tuning, adjusting, matching, correct 

Dec. 15, 2016 

ing, and the like. Other methods to tune or adjust the 
operating point of the wireless power transfer system may be 
used alone, or in addition to adjusting tunable components 
Such as inductors and capacitors, or banks of inductors and 
capacitors. 
0037 Unless otherwise defined, all technical and scien 

tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
disclosure belongs. In case of conflict with publications, 
patent applications, patents, and other references mentioned 
or incorporated herein by reference, the present specifica 
tion, including definitions, will control. 
0038 Any of the features described above may be used, 
alone or in combination, without departing from the scope of 
this disclosure. Other features, objects, and advantages of 
the systems and methods disclosed herein will be apparent 
from the following detailed description and figures. 

BRIEF DESCRIPTION OF DRAWINGS 

0039 FIG. 1A and FIG. 1B are schematic diagrams 
showing exemplary wireless power systems that include a 
Source resonator and device resonator separated by a dis 
tance. 

0040 FIG. 2 is a schematic diagram that shows an 
exemplary resonator. 
0041 FIG. 3 is a schematic diagram that shows an 
exemplary resonator in the presence of a "loading object. 
0042 FIG. 4 is a schematic diagram that shows an 
exemplary resonator in the presence of a “perturbing 
object. 
0043 FIG. 5 is a plot of efficiency, m, vs. strong coupling 
factor, 

U=KAVTT =kWOQ. 

0044 FIG. 6A is a schematic circuit diagram of one 
example of a resonator, FIG. 6B is a schematic diagram that 
shows one example of a capacitively-loaded inductor loop 
magnetic resonator, FIG. 6C is a schematic diagram that 
shows a self-resonant coil with distributed capacitance and 
inductance: FIG. 6D is a schematic diagram that shows 
electric and magnetic field lines associated with an exem 
plary magnetic resonator; and FIG. 6E is a schematic 
diagram that shows one example of an electric resonator. 
004.5 FIG. 7 is a plot of the “quality factor, Q (solid 
line), as a function of frequency, for an exemplary resonator 
that may be used for wireless power transmission at MHz 
frequencies. 
0046 FIG. 8 is a schematic diagram that shows a reso 
nator structure with its characteristic size, thickness and 
width indicated. 
0047 FIGS. 9A and 9B are schematic diagrams that show 
exemplary inductive loop elements. 
0048 FIGS. 10A and 10B are schematic diagrams that 
show two examples of trace structures formed on printed 
circuit boards and used to realize the inductive element in 
magnetic resonator structures. 
0049 FIG. 11A is a schematic diagram that shows a 
perspective view of a planar magnetic resonator; FIG. 11B 
is a schematic diagram that shows a perspective view of a 
two planar magnetic resonator with various geometries; and 
FIG. 11C is a schematic that shows a perspective view of a 
two planar magnetic resonators separated by a distance D. 
0050 FIG. 12 is a schematic diagram showing a perspec 
tive view of an example of a planar magnetic resonator. 
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0051 FIG. 13 is a schematic diagram showing a perspec 
tive view of a planar magnetic resonator arrangement with 
a circular resonator coil. 
0052 FIG. 14 is a schematic diagram showing a perspec 
tive view of an active area of a planar magnetic resonator. 
0053 FIG. 15 is a schematic diagram showing an appli 
cation of the wireless power transfer system with a source at 
the center of a table powering several devices placed around 
the source. 
0054 FIG. 16A is a schematic diagram that shows a 3D 

finite element model of a copper and magnetic material 
structure driven by a square loop of current around the choke 
point at its center; and FIG. 16B is a schematic diagram that 
shows the interaction, as indicated by the calculated mag 
netic field streamlines, between two of the structures shown 
in FIG. 16A. 
0055 FIG. 17 is a schematic diagram that shows an 
equivalent circuit representation of a magnetic resonator 
including a conducting wire wrapped N times around a 
structure, possibly containing magnetically permeable mate 
rial. 
0056 FIG. 18 is a plot that shows a Finite Element 
Method (FEM) simulation of two high conductivity surfaces 
above and below a disk composed of lossy dielectric mate 
rial, in an external magnetic field of frequency 6.78 MHz. 
0057 FIG. 19 is a schematic diagram that shows a 
magnetic resonator with a lossy object in its vicinity com 
pletely covered by a high-conductivity Surface. 
0058 FIG. 20 is a schematic diagram that shows a 
magnetic resonator with a lossy object in its vicinity par 
tially covered by a high-conductivity Surface. 
0059 FIG. 21 is a schematic diagram that shows a 
magnetic resonator with a lossy object in its vicinity placed 
on top of a high-conductivity Surface. 
0060 FIG. 22 is a schematic diagram that shows a 
completely wireless projector. 
0061 FIG. 23 is a set of plots that show the magnitude of 
the electric and magnetic fields along a line that contains the 
diameter of a circular loop inductor and along the axis of the 
loop inductor. 
0062 FIG. 24A is a schematic diagram that shows a 
magnetic resonator and its enclosure along with a necessary 
but lossy object placed in the corner of the enclosure, as far 
away from the resonator structure as possible; and FIG. 24B 
is a schematic diagram that shows a magnetic resonator and 
its enclosure along with a necessary but lossy object placed 
in the center of the surface enclosed by the inductive element 
in the magnetic resonator. 
0063 FIG. 25 is a schematic diagram that shows a 
magnetic resonator with a high-conductivity Surface above it 
and a lossy object, which may be brought into the vicinity 
of the resonator, but above the high-conductivity sheet. 
0064 FIG. 26A shows an axially symmetric FEM simu 
lation of a thin conducting (copper) cylinder or disk (20 cm 
in diameter, 2 cm in height) exposed to an initially uniform, 
externally applied magnetic field (gray flux lines) along the 
Z-axis; and FIG. 26B shows the same structure and exter 
nally applied field as in FIG. 26A, except that the conducting 
cylinder has been modified to include a 0.25 mm layer of 
magnetic material (not visible) with u', 40, on its outside 
Surface. 

0065 FIG. 27 is a schematic diagram that shows an 
axially-symmetric view of a variation of the system shown 
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in FIGS. 26A and 26B, in which only one surface of the 
lossy material is covered by a layered structure of copper 
and magnetic materials. 
0.066 FIG. 28A is a schematic diagram that shows a 
matching circuit including an indirect coupling to a high-Q 
inductive element. 
0067 FIG. 28B is a schematic diagram that shows a 
magnetic resonator that includes a conductor loop inductor 
and a tunable impedance network. 
0068 FIG. 28C is a schematic diagram that shows a 
matching circuit directly coupled to a high-Q inductive 
element. 
0069 FIG. 28D is a schematic diagram that shows a 
symmetric matching circuit directly coupled to a high-Q 
inductive element and driven anti-symmetrically (balanced 
drive). 
0070 FIG. 28E is a schematic diagram that shows a 
matching circuit directly coupled to a high-Q inductive 
element and connected to ground at a point of symmetry of 
the main resonator (unbalanced drive). 
(0071 FIGS. 29A and 29B are schematic diagrams that 
show two matching circuits transformer-coupled (i.e. indi 
rectly or inductively) to a high-Q inductive element; FIG. 
29C is a Smitch chart that shows the complex impedances 
(arising from L and R of the inductive element) that may be 
matched to an arbitrary real impedance Zo by the matching 
circuit of FIG. 31B in the case (pL-1/coC. 
(0072 FIGS. 30A-30F are schematic diagrams that show 
matching circuits directly coupled to a high-Q inductive 
element and including capacitors in series with Z. FIG. 30G 
is a Smith chart showing the complex impedances that may 
be matched by the matching circuits of FIGS. 30A-30F. 
FIGS. 30H-30M are schematic diagrams that show matching 
circuits directly coupled to a high-Q inductive element and 
including inductors in series with Zo. 
(0073 FIGS. 31A-31C are schematic diagrams that show 
matching circuits directly coupled to a high-Q inductive 
element and including capacitors in series with Z. FIG.31D 
is a Smitch chart showing the complex impedances that may 
be matched by the matching circuits of FIGS. 31A-31C. 
FIGS. 31E-31G are schematic diagrams that show matching 
circuits directly coupled to a high-Q inductive element and 
including inductors in series with Zo. 
0074 FIGS. 32A-32C are schematic diagrams that show 
matching circuits directly coupled to a high-Q inductive 
element and including capacitors in series with Z. FIG. 32D 
is a Smith chart showing complex impedances that may be 
matched by the matching circuits of FIGS. 32A-32C. FIGS. 
32E-32G are schematic diagrams that show matching cir 
cuits directly coupled to a high-Q inductive element and 
including inductors in series with Zo. 
(0075 FIGS. 33A-33F are schematic diagrams that show 
matching circuits directly coupled to a high-Q inductive 
element and including capacitors in parallel with Zo. FIG. 
33G is a Smith chart showing the complex impedances that 
may be matched by the matching circuits of FIGS. 33A-33F. 
FIGS. 33H-33M are schematic diagrams that show matching 
circuits directly coupled to a high-Q inductive element and 
including inductors in parallel with Zo. 
0076 FIGS. 34A-34C are schematic diagrams that show 
matching circuits directly coupled to a high-Q inductive 
element and including capacitors in parallel with Zo. FIG. 
34D is a Smith chart showing the complex impedances that 
may be matched by the matching circuits of FIGS. 34A-34C. 
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FIGS. 34E-34G are schematic diagrams that show matching 
circuits directly coupled to a high-Q inductive element and 
including inductors in parallel with Zo. 
0077 FIGS. 35A-35C are schematic diagrams that show 
matching circuits directly coupled to a high-Q inductive 
element and including capacitors in parallel with Z. FIGS. 
35D-35F are Smith charts showing the complex impedances 
that may be matched by the matching circuits of FIGS. 
35A-35C, respectively. 
0078 FIGS. 36A-36D are schematic diagrams of net 
works of fixed and variable capacitors designed to produce 
an overall variable capacitance with finer tuning resolution 
and some with reduced Voltage on the variable capacitor. 
0079 FIGS. 37A and 37B are schematic diagrams that 
show networks of fixed capacitors and a variable inductor 
designed to produce an overall variable capacitance. 
0080 FIG. 38 is a schematic diagram that shows a 
wireless power transmission system. 
0081 FIG. 39 is a schematic diagram that shows an 
exemplary wirelessly powered device. 
0082 FIG. 40 is a schematic diagram that shows the 
Source of an exemplary wireless power transfer system. 
0083 FIG. 41 is a schematic diagram of a magnetic 
resonator that includes port parameter measurement cir 
cuitry that may be configured to measure certain electrical 
signals and may measure the magnitude and phase of 
signals. 
0084 FIG. 42 is a schematic diagram of a magnetic 
resonator where the tunable impedance network is realized 
with Voltage controlled capacitors. 
0085 FIG. 43 is a schematic diagram that shows an 
end-to-end wireless power transmission system in which 
both the Source and the device contain port measurement 
circuitry and a processor. 
I0086 FIG. 44 is a schematic diagram that shows an 
end-to-end wireless power transmission system in which 
only the source contains port measurement circuitry and a 
processor. 
0087 FIG. 45 is a schematic diagram that shows an 
end-to-end wireless power transmission system in which 
both the Source and the device contain port measurement 
circuitry but only the Source contains a processor. 
0088 FIG. 46 is a schematic diagram that shows an 
end-to-end wireless power transmission system in which 
only the source contains port measurement circuitry and a 
processor. 
0089 FIG. 47 is a schematic diagram that shows coupled 
magnetic resonators whose frequency and impedance may 
be automatically adjusted using algorithms implemented 
using a processor or a computer. 
0090 FIG. 48 is a schematic diagram that shows a 
varactor array. 
0091 FIG. 49 is a schematic diagram that shows a device 
(laptop computer) being wirelessly powered or charged by a 
Source, where both the source and device resonator are 
physically separated from, but electrically connected to, the 
Source and device. 
0092 FIG. 50A is a schematic diagram that shows a 
wirelessly powered or charged laptop application where the 
device resonator is inside the laptop case and is not visible. 
0093 FIG.50B is an illustration of a wirelessly powered 
or charged laptop application where the resonator is under 
neath the laptop base and is electrically connected to the 
laptop power input by an electrical cable. 
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0094 FIG. 50C is a schematic diagram that shows a 
wirelessly powered or charged laptop application where the 
resonator is attached to the laptop base. 
(0095 FIG. 50D is a schematic diagram that shows a 
wirelessly powered or charged laptop application where the 
resonator is attached to the laptop display. 
0096 FIG. 51 is a schematic diagram that shows rooftop 
PV panels with wireless power transfer. 

DETAILED DESCRIPTION 

0097. As described above, this disclosure relates to 
coupled electromagnetic resonators with long-lived oscilla 
tory resonant modes that may wirelessly transfer power from 
a power Supply to a power drain. However, the technique is 
not restricted to electromagnetic resonators, but is general 
and may be applied to a wide variety of resonators and 
resonant objects. Therefore, we first describe the general 
technique, and then disclose electromagnetic examples for 
wireless energy transfer. 
0098 Resonators 
0099. A resonator may be defined as a system that can 
store energy in at least two different forms, and where the 
stored energy is oscillating between the two forms. The 
resonance has a specific oscillation mode with a resonant 
(modal) frequency, f, and a resonant (modal) field. The 
angular resonant frequency, co, may be defined as co-27tf. 
the resonant wavelength, w, may be defined as w-c/f, where 
c is the speed of light, and the resonant period, T. may be 
defined as T=1/f-27 L/o). In the absence of loss mechanisms, 
coupling mechanisms or external energy Supplying or drain 
ing mechanisms, the total resonator stored energy, W. would 
stay fixed and the two forms of energy would oscillate, 
wherein one would be maximum when the other is minimum 
and vice versa. 

0100. In the absence of extraneous materials or objects, 
the energy in the resonator 102 shown in FIG. 2 may decay 
or be lost by intrinsic losses. The resonator fields then obey 
the following linear equation: 

da(t) 
(it 

0101 where the variable a(t) is the resonant field ampli 
tude, defined so that the energy contained within the reso 
nator is given by la(t). T is the intrinsic energy decay or 
loss rate (e.g. due to absorption and radiation losses). 
0102 The Quality Factor, or Q-factor, or Q, of the 
resonator, which characterizes the energy decay, is inversely 
proportional to these energy losses. It may be defined as 
Q-CoW/P, where P is the time-averaged power lost at steady 
state. That is, a resonator 102 with a high-Q has relatively 
low intrinsic losses and can store energy for a relatively long 
time. Since the resonator loses energy at its intrinsic decay 
rate, 2, its Q, also referred to as its intrinsic Q, is given by 
Q=()/2. The quality factor also represents the number of 
oscillation periods, T, it takes for the energy in the resonator 
to decay by a factor of e. 
0103) As described above, we define the quality factor or 
Q of the resonator as that due only to intrinsic loss mecha 
nisms. A Subscript index Such as Q, indicates the resonator 
(resonator 1 in this case) to which the Q refers. FIG. 2 shows 
an electromagnetic resonator 102 labeled according to this 
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convention. Note that in this figure, there are no extraneous 
objects or additional resonators in the vicinity of resonator 
1 

0104 Extraneous objects and/or additional resonators in 
the vicinity of a first resonator may perturb or load the first 
resonator, thereby perturbing or loading the Q of the first 
resonator, depending on a variety of factors such as the 
distance between the resonator and object or other resonator, 
the material composition of the object or other resonator, the 
structure of the first resonator, the power in the first reso 
nator, and the like. Unintended external energy losses or 
coupling mechanisms to extraneous materials and objects in 
the vicinity of the resonators may be referred to as “per 
turbing the Q of a resonator, and may be indicated by a 
Subscript within rounded parentheses, (). Intended external 
energy losses, associated with energy transfer via coupling 
to other resonators and to generators and loads in the 
wireless energy transfer system may be referred to as 
“loading the Q of the resonator, and may be indicated by a 
Subscript within square brackets, . 
0105. The Q of a resonator 102 connected or coupled to 
a power generator, g, or load 302, 1, may be called the 
“loaded quality factor” or the “loaded Q and may be 
denoted by Q or Q, as illustrated in FIG. 3. In general, 
there may be more than one generator or load 302 connected 
to a resonator 102. However, we do not list those generators 
or loads separately but rather use 'g' and “1” to refer to the 
equivalent circuit loading imposed by the combinations of 
generators and loads. In general descriptions, we may use 
the subscript “1” to refer to either generators or loads 
connected to the resonators. 
0106. In some of the discussion herein, we define the 
“loading quality factor” or the “loading Q' due to a power 
generator or load connected to the resonator, as ÖQ, where, 
1/öC=1/Q-1/Q. Note that the larger the loading Q, ÖQ. 
of a generator or load, the less the loaded Q, Q deviates 
from the unloaded Q of the resonator. 
0107 The Q of a resonator in the presence of an extra 
neous object 402, p, that is not intended to be part of the 
energy transfer system may be called the “perturbed quality 
factor” or the “perturbed Q” and may be denoted by Q as 
illustrated in FIG. 4. In general, there may be many extra 
neous objects, denoted as p1, p2, etc., or a set of extraneous 
objects {p}, that perturb the Q of the resonator 102. In this 
case, the perturbed Q may be denoted 'is', ...) or Q(t): 
For example, Q may denote the perturbed quality 
factor of a first resonator in a system for wireless power 
exchange in the presence of a brick and a piece of wood, and 
Q. may denote the perturbed quality factor of a 
second resonator in a system for wireless power exchange in 
an office environment. 
0108. In some of the discussion herein, we define the 
“perturbing quality factor” or the “perturbing Q' due to an 
extraneous object, p, as ÖQ, where 1/öO=1/Q-1/Q. 
As stated before, the perturbing quality factor may be due to 
multiple extraneous objects, p1, p.2, etc. or a set of extra 
neous objects, {p}. The larger the perturbing Q, 8Q of an 
object, the less the perturbed Q, Q deviates from the 
unperturbed Q of the resonator. 
0109. In some of the discussion herein, we also define 
9. QeyQ and call it the “quality factor insensitivity” or 
the "Q-insensitivity” of the resonator in the presence of an 
extraneous object. A subscript index, such as 0, indicates 
the resonator to which the perturbed and unperturbed quality 
factors are referring, namely, 0, EQ, (Q. 
0110. Note that the quality factor, Q, may also be char 
acterized as “unperturbed, when necessary to distinguish it 
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from the perturbed quality factor, Q, and “unloaded”, 
when necessary to distinguish it from the loaded quality 
factor, Q Similarly, the perturbed quality factor, Q may 
also be characterized as “unloaded', when necessary to 
distinguish them from the loaded perturbed quality factor, 
QoIII 
0111 
0112 Resonators having substantially the same resonant 
frequency, coupled through any portion of their near-fields 
may interact and exchange energy. There are a variety of 
physical pictures and models that may be employed to 
understand, design, optimize and characterize this energy 
exchange. One way to describe and model the energy 
exchange between two coupled resonators is using coupled 
mode theory (CMT). 
0113. In coupled mode theory, the resonator fields obey 
the following set of linear equations: 

Coupled Resonators 

da, (t) 
(it 

Era 

where the indices denote different resonators and K, are the 
coupling coefficients between the resonators. For a recipro 
cal system, the coupling coefficients may obey the relation 
K. K. Note that, for the purposes of the present speci 
fication, far-field radiation interference effects will be 
ignored and thus the coupling coefficients will be considered 
real. Furthermore, since in all Subsequent calculations of 
system performance in this specification the coupling coef 
ficients appear only with their square, K, we use K, to 
denote the absolute value of the real coupling coefficients. 
0114. Note that the coupling coefficient, K, from the 
CMT described above is related to the so-called coupling 
factor, k, between resonators m and n by k=2K/ 
Vcoco. We define a “strong-coupling factor. U, as the 
ratio of the coupling and loss rates between resonators mand 
n, by UK/VT.I., k, VQ, Q, 
0115 The quality factor of a resonatorm, in the presence 
of a similar frequency resonator n or additional resonators, 
may be loaded by that resonator n or additional resonators, 
in a fashion similar to the resonator being loaded by a 
connected power generating or consuming device. The fact 
that resonatorm may be loaded by resonator n and vice versa 
is simply a different way to see that the resonators are 
coupled. 
0116. The loaded Q’s of the resonators in these cases may 
be denoted as Q, and Q, For multiple resonators or 
loading Supplies or devices, the total loading of a resonator 
may be determined by modeling each load as a resistive loss, 
and adding the multiple loads in the appropriate parallel 
and/or series combination to determine the equivalent load 
of the ensemble. 

0117. In some of the discussion herein, we define the 
"loading quality factor or the "loading Q of resonator m 
due to resonator n as ÖQ, where 1/8O, =1/Q-1/Q, 
Note that resonator n is also loaded by resonator m and its 
"loading Q is given by 

1/69, F1/9,n-1/9, 

0118 When one or more of the resonators are connected 
to power generators or loads, the set of linear equations is 
modified to: 
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dio = -i(con - in)a(t)+ 2. Knnan (t) - Knan (t) + V2Kn Shn (t) 

Sin (t) = V2K, an (t) - Sin (t) 

0119 where s(t) and s(t) are respectively the ampli 
tudes of the fields coming from a generator into the resonator 
m and going out of the resonator m either back towards the 
generator or into a load, defined so that the power they carry 
is given by Is...(t) and Is (t). The loading coefficients 
K., relate to the rate at which energy is exchanged between 
the resonator m and the generator or load connected to it. 
0120 Note that the loading coefficient, K, from the 
CMT described above is related to the loading quality factor, 
ÖQ, defined earlier, by 8Q, (t),12K, 
10121) We define a "strong-loading factor”, U, as the 
ratio of the loading and loss rates of resonatorm, UK, 
T, Q,/6Q,t). 
0122 FIG. 1A shows an example of two coupled reso 
nators 1000, a first resonator 102S, configured as a source 
resonator and a second resonator 102D, configured as a 
device resonator. Energy may be transferred over a distance 
D between the resonators. The source resonator 102S may 
be driven by a power supply or generator (not shown). Work 
may be extracted from the device resonator 102D by a power 
consuming drain or load (e.g. a load resistor, not shown). Let 
us use the subscripts 's' for the source, “d for the device, 
''g' for the generator, and “1” for the load, and, since in this 
example there are only two resonators and K.K., let us 
drop the indices on K., k, and Us, and denote them as K. 
k, and U, respectively. 
0123. The power generator may be constantly driving the 
Source resonator at a constant driving frequency, f, corre 
sponding to an angular driving frequency, (), where ()–2tf. 
I0124. In this case, the efficiency, m=ls,’ is...', of the 
power transmission from the generator to the load (via the 
Source and device resonators) is maximized under the fol 
lowing conditions: The Source resonant frequency, the 
device resonant frequency and the generator driving fre 
quency have to be matched, namely 

() () (). 

Furthermore, the loading Q of the source resonator due to 
the generator, ÖQ has to be matched (equal) to the loaded 
Q of the source resonator due to the device resonator and the 
load, Q, and inversely the loading Q of the device 
resonator due to the load, ÖQ has to be matched (equal) 
to the loaded Q of the device resonator due to the source 
resonator and the generator, Qi namely 

69-19sia and 69-II-9-Iss 
These equations determine the optimal loading rates of the 
Source resonator by the generator and of the device resonator 
by the load as 

Uat-K, Ta-g/ogari-V1+U- 
V1+(KVTT) =Q/öQ-K, T =U. 

Note that the above frequency matching and Q matching 
conditions are together known as “impedance matching in 
electrical engineering. 
0125 Under the above conditions, the maximized effi 
ciency is a monotonically increasing function of only the 
strong-coupling factor, UK/WTT kVQQ, between the 
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source and device resonators and is given by, m-U/(1+ 
V +U), as shown in FIG. 5. Note that the coupling 
efficiency, m, is greater than 1% when U is greater than 0.2, 
is greater than 10% when U is greater than 0.7, is greater 
than 17% when U is greater than 1, is greater than 52% when 
U is greater than 3, is greater than 80% when U is greater 
than 9, is greater than 90% when U is greater than 19, and 
is greater than 95% when U is greater than 45. In some 
applications, the regime of operation where UD1 may be 
referred to as the "strong-coupling regime. 
I0126 Since a large U-K/VTT (2KfWoo)WQQ is 
desired in certain circumstances, resonators may be used that 
are high-Q. The Q of each resonator may be high. The 
geometric mean of the resonator Q's, WQQ may also or 
instead be high. 
I0127. The coupling factor, k, is a number between Osks 1, 
and it may be independent (or nearly independent) of the 
resonant frequencies of the Source and device resonators, 
rather it may determined mostly by their relative geometry 
and the physical decay-law of the field mediating their 
coupling. In contrast, the coupling coefficient, K-kVoco/2, 
may be a strong function of the resonant frequencies. The 
resonant frequencies of the resonators may be chosen pref 
erably to achieve a high Q rather than to achieve a low T. as 
these two goals may be achievable at two separate resonant 
frequency regimes. 
I0128. A high-Q resonator may be defined as one with 
Q>100. Two coupled resonators may be referred to as a 
system of high-Q resonators when each resonator has a Q 
greater than 100, Q-100 and Q-100. In other implemen 
tations, two coupled resonators may be referred to as a 
system of high-Q resonators when the geometric mean of the 
resonator Q's is greater than 100, WQQd100. 
I0129. The resonators may be named or numbered. They 
may be referred to as Source resonators, device resonators, 
first resonators, second resonators, repeater resonators, and 
the like. It is to be understood that while two resonators are 
shown in FIG. 1A-FIG. 1B, and in many of the examples 
below, other implementations may include three (3) or more 
resonators. For example, a single source resonator 102S may 
transfer energy to multiple device resonators 102D or mul 
tiple devices. Energy may be transferred from a first device 
to a second, and then from the second device to the third, and 
So forth. Multiple sources may transfer energy to a single 
device or to multiple devices connected to a single device 
resonator or to multiple devices connected to multiple 
device resonators. Resonators may serve alternately or 
simultaneously as Sources, devices, or they may be used to 
relay power from a source in one location to a device in 
another location. Intermediate electromagnetic resonators 
may be used to extend the distance range of wireless energy 
transfer systems. Multiple resonators may be daisy chained 
together, exchanging energy over extended distances and 
with a wide range of sources and devices. High power levels 
may be split between multiple sources 102S, transferred to 
multiple devices and recombined at a distant location. 
0.130. The analysis of a single source and a single device 
resonator may be extended to multiple source resonators 
and/or multiple device resonators and/or multiple interme 
diate resonators. In Such an analysis, the conclusion may be 
that large strong-coupling factors. U, between at least 
some or all of the multiple resonators is preferred for a high 
system efficiency in the wireless energy transfer. Again, 
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implementations may use source, device and intermediate 
resonators that have a high Q. The Q of each resonator may 
be high. The geometric mean WQQ, of the Q's for pairs of 
resonators m and n, for which a large U is desired, may 
also or instead be high. 
0131 Note that since the strong-coupling factor of two 
resonators may be determined by the relative magnitudes of 
the loss mechanisms of each resonator and the coupling 
mechanism between the two resonators, the strength of any 
or all of these mechanisms may be perturbed in the presence 
of extraneous objects in the vicinity of the resonators as 
described above. 
0132 Continuing the conventions for labeling from the 
previous sections, we describek as the coupling factor in the 
absence of extraneous objects or materials. We denote the 
coupling factor in the presence of an extraneous object, p, as 
k, and call it the “perturbed coupling factor” or the 
“perturbed k”. Note that the coupling factor, k, may also be 
characterized as “unperturbed, when necessary to distin 
guish from the perturbed coupling factor k. 
I0133) We define Ök=k-k and we call it the “pertur 
bation on the coupling factor” or the “perturbation onk” due 
to an extraneous object, p. 
10134) We also define B=k/k and we call it the “cou 
pling factor insensitivity” or the “k-insensitivity”. Lower 
indices, such as f12, indicate the resonators to which the 
perturbed and unperturbed coupling factor is referred to, 
namely f12)=k12/k12. 
0135 Similarly, we describe U as the strong-coupling 
factor in the absence of extraneous objects. We denote the 
strong-coupling factor in the presence of an extraneous 
object, p, as U. UkVQQ2. and call it the 
“perturbed strong-coupling factor or the “perturbed U”. 
Note that the strong-coupling factor U may also be charac 
terized as “unperturbed', when necessary to distinguish 
from the perturbed strong-coupling factor U. Note that the 
strong-coupling factor U may also be characterized as 
“unperturbed, when necessary to distinguish from the per 
turbed strong-coupling factor U. 
10136. We define ÖU=U-U and call it the “perturba 
tion on the strong-coupling factor” or the “perturbation on 
U” due to an extraneous object, p. 
10137 We also define E=U/U and call it the “strong 
coupling factor insensitivity” or the “U-insensitivity”. 
Lower indices, such as E2 indicate the resonators to 
which the perturbed and unperturbed coupling factor refers, 
namely E12)=U12)/U12. 
0.138. The efficiency of the energy exchange in a per 
turbed system may be given by the same formula giving the 
efficiency of the unperturbed system, where all parameters 
Such as strong-coupling factors, coupling factors, and qual 
ity factors are replaced by their perturbed equivalents. For 
example, in a system of wireless energy transfer including 
one source and one device resonator, the optimal efficiency 
may calculated as m-Uy/(1+V 1+U). Therefore, in 
a system of wireless energy exchange which is perturbed by 
extraneous objects, large perturbed strong-coupling factors, 
U, between at least some or all of the multiple resona 
tors may be desired for a high system efficiency in the 
wireless energy transfer. Source, device and/or intermediate 
resonators may have a high Q. 
0.139. Some extraneous perturbations may sometimes be 
detrimental for the perturbed strong-coupling factors (via 
large perturbations on the coupling factors or the quality 
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factors). Therefore, techniques may be used to reduce the 
effect of extraneous perturbations on the system and pre 
serve large strong-coupling factor insensitivities. 
0140. Efficiency of Energy Exchange 
0.141. The so-called “useful energy in a useful energy 
exchange is the energy or power that must be delivered to a 
device (or devices) in order to power or charge the device. 
The transfer efficiency that corresponds to a useful energy 
exchange may be system or application dependent. For 
example, high power vehicle charging applications that 
transfer kilowatts of power may need to be at least 80% 
efficient in order to Supply useful amounts of power resulting 
in a useful energy exchange Sufficient to recharge a vehicle 
battery, without significantly heating up various components 
of the transfer system. In some consumer electronics appli 
cations, a useful energy exchange may include any energy 
transfer efficiencies greater than 10%, or any other amount 
acceptable to keep rechargeable batteries “topped off and 
running for long periods of time. For Some wireless sensor 
applications, transfer efficiencies that are much less than 1% 
may be adequate for powering multiple low power sensors 
from a single source located a significant distance from the 
sensors. For still other applications, where wired power 
transfer is either impossible or impractical, a wide range of 
transfer efficiencies may be acceptable for a useful energy 
exchange and may be said to Supply useful power to devices 
in those applications. In general, an operating distance is any 
distance over which a useful energy exchange is or can be 
maintained according to the principles disclosed herein. 
0142. A useful energy exchange for a wireless energy 
transfer in a powering or recharging application may be 
efficient, highly efficient, or efficient enough, as long as the 
wasted energy levels, heat dissipation, and associated field 
strengths are within tolerable limits. The tolerable limits 
may depend on the application, the environment and the 
system location. Wireless energy transfer for powering or 
recharging applications may be efficient, highly efficient, or 
efficient enough, as long as the desired system performance 
may be attained for the reasonable cost restrictions, weight 
restrictions, size restrictions, and the like. Efficient energy 
transfer may be determined relative to that which could be 
achieved using traditional inductive techniques that are not 
high-Q systems. Then, the energy transfer may be defined as 
being efficient, highly efficient, or efficient enough, if more 
energy is delivered than could be delivered by similarly 
sized coil structures in traditional inductive schemes over 
similar distances or alignment offsets. 
0143. Note that, even though certain frequency and Q 
matching conditions may optimize the system efficiency of 
energy transfer, these conditions may not need to be exactly 
met in order to have efficient enough energy transfer for a 
useful energy exchange. Efficient energy exchange may be 
realized so long as the relative offset of the resonant fre 
quencies (ICD-(t),1)/Voc),) is less than approximately the 
maximum among 1/Q, 1/Q, and k, The Q match 
ing condition may be less critical than the frequency match 
ing condition for efficient energy exchange. The degree by 
which the strong-loading factors, U of the resonators due 
to generators and/or loads may be away from their optimal 
values and still have efficient enough energy exchange 
depends on the particular system, whether all or some of the 
generators and/or loads are Q-mismatched and so on. 
0144. Therefore, the resonant frequencies of the resona 
tors may not be exactly matched, but may be matched within 
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the above tolerances. The strong-loading factors of at least 
Some of the resonators due to generators and/or loads may 
not be exactly matched to their optimal value. The voltage 
levels, current levels, impedance values, material param 
eters, and the like may not be at the exact values described 
in the disclosure but will be within some acceptable toler 
ance of those values. The system optimization may include 
cost, size, weight, complexity, and the like, considerations, 
in addition to efficiency, Q, frequency, strong coupling 
factor, and the like, considerations. Some system perfor 
mance parameters, specifications, and designs may be far 
from optimal in order to optimize other system performance 
parameters, specifications and designs. 
0145. In some applications, at least some of the system 
parameters may be varying in time, for example because 
components, such as sources or devices, may be mobile or 
aging or because the loads may be variable or because the 
perturbations or the environmental conditions are changing 
etc. In these cases, in order to achieve acceptable matching 
conditions, at least some of the system parameters may need 
to be dynamically adjustable or tunable. All the system 
parameters may be dynamically adjustable or tunable to 
achieve approximately the optimal operating conditions. 
However, based on the discussion above, efficient enough 
energy exchange may be realized even if some system 
parameters are not variable. In some examples, at least some 
of the devices may not be dynamically adjusted. In some 
examples, at least Some of the sources may not be dynami 
cally adjusted. In some examples, at least some of the 
intermediate resonators may not be dynamically adjusted. In 
Some examples, none of the system parameters may be 
dynamically adjusted. 
0146 Electromagnetic Resonators 
0147 The resonators used to exchange energy may be 
electromagnetic resonators. In Such resonators, the intrinsic 
energy decay rates, Tm, are given by the absorption (or 
resistive) losses and the radiation losses of the resonator. 
0148. The resonator may be constructed such that the 
energy stored by the electric field is primarily confined 
within the structure and that the energy stored by the 
magnetic field is primarily in the region Surrounding the 
resonator. Then, the energy exchange is mediated primarily 
by the resonant magnetic near-field. These types of resona 
tors may be referred to as magnetic resonators. 
014.9 The resonator may be constructed such that the 
energy stored by the magnetic field is primarily confined 
within the structure and that the energy stored by the electric 
field is primarily in the region Surrounding the resonator. 
Then, the energy exchange is mediated primarily by the 
resonant electric near-field. These types of resonators may 
be referred to as electric resonators. 
0150. Note that the total electric and magnetic energies 
stored by the resonator have to be equal, but their localiza 
tions may be quite different. In some cases, the ratio of the 
average electric field energy to the average magnetic field 
energy specified at a distance from a resonator may be used 
to characterize or describe the resonator. 
0151 Electromagnetic resonators may include an induc 
tive element, a distributed inductance, or a combination of 
inductances with inductance, L, and a capacitive element, a 
distributed capacitance, or a combination of capacitances, 
with capacitance, C. A minimal circuit model of an electro 
magnetic resonator 102 is shown in FIG. 6A. The resonator 
may include an inductive element 108 and a capacitive 
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element 104. Provided with initial energy, such as electric 
field energy stored in the capacitor 104, the system will 
oscillate as the capacitor discharges transferring energy into 
magnetic field energy stored in the inductor 108 which in 
turn transfers energy back into electric field energy stored in 
the capacitor 104. 
0152 The resonators shown in FIG. 6B, FIG. 6C, and 
FIG. 6D may be referred to as magnetic resonators. Mag 
netic resonators may be preferred for wireless energy trans 
fer applications in populated environments because most 
everyday materials including animals, plants, and humans 
are non-magnetic (i.e., Las 1), so their interaction with mag 
netic fields is minimal and due primarily to eddy currents 
induced by the time-variation of the magnetic fields, which 
is a second-order effect. This characteristic is important both 
for safety reasons and because it reduces the potential for 
interactions with extraneous environmental objects and 
materials that could alter system performance. 
0153 FIG. 6D shows a simplified drawing of some of the 
electric and magnetic field lines associated with an exem 
plary magnetic resonator 102. The magnetic resonator 102 
may include a loop of conductor acting as an inductive 
element 108 and a capacitive element 104 at the ends of the 
conductor loop. Note that this drawing depicts most of the 
energy in the region Surrounding the resonator being stored 
in the magnetic field, and most of the energy in the resonator 
(between the capacitor plates) stored in the electric field. 
Some electric field, owing to fringing fields, free charges, 
and the time varying magnetic field, may be stored in the 
region around the resonator, but the magnetic resonator may 
be designed to confine the electric fields to be close to or 
within the resonator itself, as much as possible. 
0154 The inductor 108 and capacitor 104 of an electro 
magnetic resonator may be bulk circuit elements, or the 
inductance and capacitance may be distributed and may 
result from the way the conductors are formed, shaped, or 
positioned, in the structure. For example, the inductor 108 
may be realized by shaping a conductor to enclose a surface 
area, as shown in FIG. 6B, FIG. 6C, and FIG. 6D. This type 
of resonator 102 may be referred to as a capacitively-loaded 
loop inductor. Note that we may use the terms “loop” or 
"coil to indicate generally a conducting structure (wire, 
tube, strip, etc.), enclosing a surface of any shape and 
dimension, with any number of turns. In FIG. 6B, the 
enclosed surface area is circular, but the Surface may be any 
of a wide variety of other shapes and sizes and may be 
designed to achieve certain system performance specifica 
tions. As an example to indicate how inductance scales with 
physical dimensions, the inductance for a length of circular 
conductor arranged to form a circular single-turn loop is 
approximately, 

8x 
L = axin 2). C 

where Lo is the magnetic permeability of free space, X, is the 
radius of the enclosed circular Surface area and, a, is the 
radius of the conductor used to form the inductor loop. A 
more precise value of the inductance of the loop may be 
calculated analytically or numerically. 
0.155 The inductance for other cross-section conductors, 
arranged to form other enclosed Surface shapes, areas, sizes, 
and the like, and of any number of wire turns, may be 
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calculated analytically, numerically or it may be determined 
by measurement. The inductance may be realized using 
inductor elements, distributed inductance, networks, arrays, 
series and parallel combinations of inductors and induc 
tances, and the like. The inductance may be fixed or variable 
and may be used to vary impedance matching as well as 
resonant frequency operating conditions. 
0156 There are a variety of ways to realize the capaci 
tance required to achieve the desired resonant frequency for 
a resonator structure. Capacitor plates 110 may be formed 
and utilized as shown in FIG. 6B, or the capacitance may be 
distributed and be realized between adjacent windings of a 
multi-loop conductor 114, as shown in FIG. 6C. The capaci 
tance may be realized using capacitor elements, distributed 
capacitance, networks, arrays, series and parallel combina 
tions of capacitances, and the like. The capacitance may be 
fixed or variable and may be used to vary impedance 
matching as well as resonant frequency operating condi 
tions. 
O157. It is to be understood that the inductance and 
capacitance in an electromagnetic resonator 102 may be 
lumped, distributed, or a combination of lumped and dis 
tributed inductance and capacitance and that electromag 
netic resonators may be realized by combinations of the 
various elements, techniques and effects described herein. 
0158 Electromagnetic resonators 102 may be include 
inductors, inductances, capacitors, capacitances, as well as 
additional circuit elements such as resistors, diodes, 
Switches, amplifiers, diodes, transistors, transformers, con 
ductors, connectors and the like. 
0159 Resonant Frequency of an Electromagnetic Reso 
natOr 

0160 An electromagnetic resonator 102 may have a 
characteristic, natural, or resonant frequency determined by 
its physical properties. This resonant frequency is the fre 
quency at which the energy stored by the resonator oscillates 
between that stored by the electric field, We (W-q/2C, 
where q is the charge on the capacitor, C) and that stored by 
the magnetic field, W. (Wa-Li/2, where i is the current 
through the inductor, L) 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 charac 
teristic frequency, the natural frequency, or the resonant 
frequency of the resonator, and is given by (), 

| 1 
(a) = 2it f = LC 

0161 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 meet certain field limit speci 
fications, specific absorption rate (SAR) limit specifications, 
electromagnetic compatibility (EMC) specifications, elec 
tromagnetic interference (EMI) specifications, component 
size, cost or performance specifications, and the like. 
0162 Quality Factor of an Electromagnetic Resonator 
0163 The energy in the resonators 102 shown in FIG. 
6A-FIG. 6E may decay or be lost by intrinsic losses includ 
ing absorptive losses (also called ohmic or resistive losses) 
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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 low loss materials may be referred to 
as a “high-Q inductive element” and elements, components, 
connectors and the like with low losses may be referred to 
as having “high resistive Q’s'. In general, the total absorp 
tive 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 resona 
tor. That is, in the absence of any significant radiative or 
component/connection losses, the Q of the resonator may be 
given by, Qs. 

COL 

Rabs 

where (), is the resonant frequency, L, is the total inductance 
of the resonator and the resistance for the conductor used to 
form the inductor, for example, may be given by Rilp/A, 
(1 is the length of the wire, p is the resistivity of the 
conductor material, and A is the cross-sectional area over 
which current flows in the wire). For alternating currents, the 
cross-sectional area over which current flows may be less 
than the physical cross-sectional area of the conductor 
owing to the skin effect. Therefore, high-Q magnetic reso 
nators may be composed of conductors with high conduc 
tivity, relatively large surface areas and/or with specially 
designed profiles (e.g. Litz wire) to minimize proximity 
effects and reduce the AC resistance. 
0164. The magnetic resonator structures may include 
high-Q inductive elements composed of high conductivity 
wire, coated wire, Litz wire, ribbon, strapping or plates, 
tubing, paint, gels, traces, and the like. The magnetic reso 
nators 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 Q of the resonators will be 
determined by the Q’s of all the individual components of 
the resonator. 
0.165 Because Q is proportional to inductance, L, reso 
nators may be designed to increase L, within certain other 
constraints. One way to increase L, for example, is to use 
more 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, conduc 
tors, components, and resonant frequencies may be chosen 
in the design of high-Q magnetic resonators. 
0166 In the absence of significant absorption losses, the 
Q of the resonator may be determined primarily by the 
radiation losses, and given by, Q, CoL/R, where R, is 
the radiative loss of the resonator and may depend on the 
size of the resonator relative to the frequency, (), or wave 
length, W., of operation. For the magnetic resonators dis 
cussed above, radiative losses may scale as R,-(X/N) 
(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. 6Bb, and where 
w-c/f, where c is the speed of light and f is as defined above. 
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The size of the magnetic resonator may be much less 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 chosen to reduce or minimize R. Note that a high-Q rad 
may be desirable for non-radiative wireless energy transfer 
schemes. 

0167. 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 where the 
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 trans 
fer technique disclosed in this application. 
0168 The quality factor of a resonator including both 
radiative and absorption losses is Q-coL/(R+R). Note 
that there may be a maximum Q value for 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, and the 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 Q (dashed 
line) 702 increases with frequency, 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 oper 
ating frequency may set to any frequency in that range. 
0169. When the resonator is being described in terms of 
loss rates, the Q may be defined using the intrinsic decay 
rate, 2, 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 by T(R+R)/2L, and 
the quality factor, Q, of the resonator is given by Q=()/2. 
0170 Note that a quality factor related only to a specific 
loss mechanism may be denoted as Q, if the reso 
nator is not specified, or as Q, if the resonator is 
specified (e.g. resonator 1). For example, Q, is the quality 
factor for resonator 1 related to its radiation losses. 

0171 
0172. The high-Q electromagnetic resonators used in the 
near-field wireless energy transfer system disclosed here 
may be sub-wavelength objects. That is, the physical dimen 
sions of the resonator may be much smaller than the wave 
length corresponding to the resonant frequency. Sub-wave 
length magnetic resonators may have most of the energy in 
the region Surrounding the resonator stored in their magnetic 
near-fields, and these fields may also be described as sta 
tionary or non-propagating because they do not radiate away 
from the resonator. The extent of the near-field in the area 
Surrounding the resonator is typically set by the wavelength, 
so it may extend well beyond the resonator itself for a 
Sub-wavelength resonator. The limiting Surface, where the 
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field behavior changes from near-field behavior to far-field 
behavior may be called the “radiation caustic’. 
0173 The strength of the near-field 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 which the 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 when the distance between coupled resonators is 
Such that one resonator lies within the radiation caustic of 
the other. 
0.174. The near-field profiles of the electromagnetic reso 
nators 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 fields are non-zero in all directions away from the object. 
0.175 Characteristic Size of an Electromagnetic Resona 
tOr 

0176 Spatially separated and/or offset magnetic resona 
tors 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 energy transfer. 
0177 Mid-range distances may be defined as distances 
that 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 reso 
nator structure. In this definition, two-dimensional resona 
tors are spatially separated when the areas circumscribed by 
their inductive elements do not intersect and three-dimen 
sional resonators are spatially separated when their volumes 
do not intersect. A two-dimensional resonator is spatially 
separated from a three-dimensional resonator when the area 
circumscribed by the former is outside the volume of the 
latter. 
0.178 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 of the size of the conductor and the area circum 
scribed 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 char 
acteristic size 802 of a resonator 102, X, 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 struc 
ture is the center of the sphere. The characteristic thickness 
804, t, 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 which it is placed. The 
characteristic width 808 of a resonator 102, w, may be 
the radius of the smallest possible circle through which the 
inductive or capacitive element of the magnetic or electric 
resonator respectively, may pass while traveling in a straight 
line. For example, the characteristic width 808 of a cylin 
drical resonator may be the radius of the cylinder. 
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0179. In this inventive wireless energy transfer tech 
nique, energy may be exchanged efficiently over a wide 
range of distances, but the technique is 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 orien 
tations. Note that while k may be small in these circum 
stances, strong coupling and efficient energy transfer may be 
realized by using high-Q resonators to achieve a high U. 
UkVQQ. That is, increases in Q may be used to at least 
partially overcome decreases ink, to maintain useful energy 
transfer efficiencies. 

0180. Note too that while the near-field of a single 
resonator may be described as omni-directional, the effi 
ciency of the energy exchange between two resonators may 
depend on the relative position and orientation of the reso 
nators. That is, the efficiency of the energy exchange may be 
maximized for particular relative orientations of the reso 
nators. The sensitivity of the transfer efficiency to the 
relative position and orientation of two uncompensated 
resonators may be captured in the calculation of either k or 
K. While coupling may be achieved between resonators that 
are offset and/or rotated relative to each other, the efficiency 
of the exchange may depend on the details of the positioning 
and on any feedback, tuning, and compensation techniques 
implemented during operation. 
0181 High-Q Magnetic Resonators 
0182. In the near-field regime of a sub-wavelength 
capacitively-loaded loop magnetic resonator (x<0), the 
resistances associated with a circular conducting loop induc 
tor composed of N turns of wire whose radius is larger than 
the skin depth, are approximately R. Vupc)/2NX/a and 
RTL/6 mN (cox/c), where p is the resistivity of the 
conductor material and mas 120 USD is the impedance of free 
space. The inductance, L, for Such a N-turn loop is approxi 
mately N times the inductance of a single-turn loop given 
previously. The quality factor of Such a resonator, Q-(DL/ 
(R+R.) 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 deter 
mined primarily by radiation losses. 
0183) Note that the formulas given above are approxi 
mate and intended to illustrate the functional dependence of 
R. R. and L on the physical parameters of the structure. 
More accurate numerical calculations of these parameters 
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 resOnatOr Structure. 

0184. 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, strap 
ping, 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 be different, 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 frequencies is that it may 
be cheaper and lighter than a similar diameter Solid conduc 
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tor, and may have similar resistance because most of the 
current is traveling along the outer Surface of the conductor 
owing to the skin effect. 
0185. To get a rough estimate of achievable resonator 
designs made from copper wire or copper tubing and appro 
priate 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=1.) 
of copper wire (p=1.69; 10 S2m) with various cross sec 
tions. Then for an inductive element with characteristic size 
X=1 cm and conductor diameter a 1 mm, appropriate for a 
cell phone for example, the quality factor peaks at Q=1225 
when f=380 MHz. For X=30 cm and a-2 mm, an inductive 
element size that might be appropriate for a laptop or a 
household robot, Q=1103 at f=17 MHz. For a larger source 
inductive element that might be located in the ceiling for 
example, x=1 m and a 4 mm, Q may be as high as Q=1315 
at f=5 MHz. Note that a number of practical examples yield 
expected quality factors of Q-1000-1500 at A/xs50-80. 
Measurements of a wider variety of coil shapes, sizes, 
materials and operating frequencies than described above 
show that Qs>100 may be realized for a variety of magnetic 
resonator structures using commonly available materials. 
0186. As described above, the rate for energy transfer 
between two resonators of characteristic size X and X, and 
separated by a distance D between their centers, may be 
given by K. To give an example of how the defined param 
eters scale, consider the cell phone, laptop, 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 same size, XX, and shape, 
and are oriented as shown in FIG. 1B. In the cell phone 
example, ()/2K=3033, 1553, 655 respectively. In the laptop 
example, ()/2K=7131, 3651, 1540 respectively and for the 
ceiling resonator example, ()/2k=6481, 3318, 1400. The 
corresponding coupling-to-loss ratios peak at the frequency 
where the inductive element Q peaks and are K/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 X-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, U-K/WTT=0.88, for an efficiency 
of approximately 14%, at the optimal operating frequency of 
f=6.4 MHz. Here, the optimal system operating frequency 
lies between the peaks of the individual resonator Qs. 
0187 Inductive elements may be formed for use in 
high-Q magnetic resonators. We have demonstrated a vari 
ety of high-Q magnetic resonators based on copper conduc 
tors that are formed into inductive elements that enclose a 
Surface. Inductive elements 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 elements. Drawings of exemplary inductive elements 
900A-B are shown in FIG. 9A-FIG. 9B. The inductive 
elements may be formed to enclose a circle, a rectangle, a 
square, a triangle, a shape with rounded corners, 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 the like. 
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0188 These conductors may be bent or formed into the 
desired size, shape, and number of turns. However, it may be 
difficult to accurately reproduce conductor shapes and sizes 
using manual techniques. 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 AC 
resistance, for example. 
0189 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 
without creating kinks, buckles or other potentially delete 
rious 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 
elements may be built into enclosures or devices that may 
house the high-Q magnetic resonator. The formed elements 
may also or instead remain in the mold used to form them. 
0190. 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, ther 
moforming techniques, cut-in-place techniques, compres 
sion forming techniques and the like. 
0191 The formed element may be removed from the 
mold or it may remain in the mold. The mold may be 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 hous 
ing, 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. 
0.192 The inductive elements used in magnetic resona 
tors may contain more than one loop and may spiral inward 
or outward or up or down or in some combination of 
directions. In general, the magnetic resonators may have a 
variety of shapes, sizes and number of turns and they may 
be composed of a variety of conducing materials. 
0193 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 make the 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. 
0194 Magnetic resonators may be composed of self 
resonant coils of copper wire or copper tubing. Magnetic 
resonators composed of self resonant conductive wire coils 
may include a wire of length 1, and cross section radius a, 
wound into a helical coil of radius X, heighth, and number 
of turns N, which may for example be characterized as N= 
VP-h/2.x. 
0.195 A magnetic resonator structure may be configured 
so that X is about 30 cm, h is about 20 cm, a is about 3 mm 
and N is about 5.25, and, during operation, a power Source 
coupled to the magnetic resonator may drive the resonator at 
a resonant frequency, f, where f is about 10.6 MHz. Where 
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X is about 30 cm, h is about 20 cm, a is about 1 cm and N 
is about 4, the resonator may be driven at a frequency, f, 
where f is about 13.4 MHZ. Where x is about 10 cm, h is 
about 3 cm, a is about 2 mm and N is about 6, the resonator 
may be driven at a frequency, f, where f is about 21.4 MHz. 
0196. 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 estab 
lished 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. 
0.197 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 perfor 
mance epoxy, bismalaimide triazine/epoxy, polyimide, 
Cyanate Ester, polytetraflouroethylene (Teflon), FR-2, FR-3, 
CEM-1, CEM-2, Rogers, Resolute, and the like. The con 
ductor traces may be formed on printed circuit board mate 
rials with lower loss tangents. 
0198 The conducting traces may be composed of copper, 
silver, gold, aluminum, nickel and the like, and they may be 
composed of paints, 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. 
0199 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 Q. 
Q, resonator size, resonator material and fabrication costs, 
U, U and the like. 
0200. As an example, a three-turn high-Q inductive ele 
ment 1001A was fabricated on a four-layer printed circuit 
board using the rectangular copper trace pattern as shown in 
FIG. 10A. The copper trace is shown in black and the PCB 
in white. The width and thickness of the copper traces in this 
example was approximately 1 cm (400 mils) and 43 um (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 um (4 mils). The pattern shown in FIG. 
10A 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 uH. 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. 
0201 As another example, a two-turn inductor 1001B 
was fabricated on a four-layer printed circuit board using the 
rectangular copper trace pattern shown in FIG. 10B. The 
copper trace is shown in black and the PCB in white. The 
width and height of the copper traces in this example were 
approximately 0.75 cm (300 mils) and 43 um (1.7 mils) 
respectively. The edge-to-edge spacing between turns of the 
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conducting trace on a single layer was approximately 0.635 
cm (250 mils) and each board layer thickness was approxi 
mately 100 um (4 mils). The pattern shown in FIG. 10B 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 uH. Stacking 
two boards together with a vertical separation of approxi 
mately 0.635 cm (250 mils) and connecting the two boards 
in series produced a PCB inductor with an inductance of 
approximately 3.4 uH. A magnetic resonator using this 
stacked inductor loop and tunable capacitors had a quality 
factor, Q, 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. 

0202 The inductive elements may be formed using mag 
netic 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 conduct 
ing 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 one axis of the 
structure. Multiple wires may be wrapped around the mag 
netic materials and combined in parallel, or in series, or via 
a Switch to form customized near-field patterns. 
0203 The magnetic resonator may include 15 turns of 
Litz wire wound around a 19.2 cmx10 cmx5 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 
number of turns of wire, the spacing between the 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. 
0204 High-Q Magnetic Resonators. Using Magnetic 
Material Structures 
0205. 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 resonator structure. In these structures, 
high conductivity materials are wound around a 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 reso 
nant frequency then determined as described above. These 
magnetic resonators have their dipole moment in the plane 
of the two dimensional resonator structures, rather than 
perpendicular to it, as is the case for the capacitively-loaded 
inductor loop resonators. 
0206. A diagram of a single planar resonator structure is 
shown in FIG. 11A. The planar resonator structure is con 
structed 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 reso 
nator that captures energy. When used as a Source, the ends 
of the conductor may be coupled to a power Source. Alter 
nating electrical current flowing through the conductor loops 
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excites alternating magnetic fields. When the structure is 
being used to receive power, the ends of the conductor may 
be coupled to a power drain 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 FIG. 11A. Two such structures have 
strong coupling when placed Substantially in the same plane 
(i.e. the X,Y plane of FIG. 11). The structures of FIG. 11A 
have the most favorable orientation when the resonators are 
aligned in the same plane along their Y axis. 
0207. 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 electronic devices that are 
relatively flat and planar. The planar resonators may be 
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 surface is 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. 
0208. As mentioned, the geometry of the planar resona 
tors 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. 
0209. 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 shown in 
FIG. 11B. 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 of varying 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. 
0210. 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 
of a plurality of tiles, blocks, or pieces that are arranged 
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 structure. Core structures with different 
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magnetic permeability may be useful for guiding the mag 
netic flux, improving coupling, and affecting the shape or 
extent of the active area of a system. 
0211. The conductor of the planar resonator structure 
may be wound at least once around the core. In certain 
circumstances, it may be preferred to wind at 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. 
0212. The size, shape, or dimensions of the 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 conduc 
tors and magnetic materials may be used to reduce energy 
losses that may occur due to shielding of the source. 
0213. The plurality of planar resonators may be inte 
grated 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 
FIG. 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 geom 
etries with several extensions or protrusions. The protru 
sions 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 pro 
trusions is shown by the inner structure 1310 in FIG. 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 FIG. 13, for 
example, may be formed with one continuous piece of 
conductor, or using two conductors where a single conductor 
is used to make all coaxial loops. 
0214 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 parameters. Some conductor loops of a source 
resonator with a plurality of conductor loops may be 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. 

0215. 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 FIG. 13, an additional resonator loop 
coil 1309 comprising of a loop or loops of a conductor, may 
be placed in a common plane as the planar resonator 
structure 1310. The outer resonator coil provides an active 
area that is substantially above and below the source. The 
resonator coil can be arranged with any number of planar 
resonator structures and arrangements described herein. 
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0216. 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, 
common plane allows packaging and integration into flat 
devices. A diagram illustrating the application of the reso 
nators is shown in FIG. 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 resonator is still in the plane of the Source. 
0217. Another diagram illustrating a possible use of a 
power transfer system using the planar resonator structures 
is shown in FIG. 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 area. 
Devices such as computers 1524, mobile handsets 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 
active area and used normally while charging or being 
powered from the source without having strict placement or 
alignment constraints. The Source may be placed under the 
Surface of a table, countertop, desk, cabinet, and the like, 
allowing it to be completely 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. 
0218. The source may include 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. 
0219. The source resonators and circuitry may be inte 
grated 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, web 
cams, mobile handsets, and the like without occupying any 
additional desk space. 
0220 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 
power transfer with an active area that extends beyond its 
physical dimensions has many other consumer and industrial 
applications. The structures and configuration may be useful 
for a large number of applications where electronic or 
electric devices and a power source are typically located, 
positioned, or manipulated in Substantially the same plane 
and alignment. Some of the possible application scenarios 
include devices on walls, floor, ceilings or any other Sub 
stantially planar Surfaces. 
0221 Flat source resonators may be integrated into a 
picture frame or hung on a wall thereby providing an active 
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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 receive power wirelessly. 
0222. The planar resonator may have additional compo 
nents coupled to the conductor. Components such as capaci 
tors, inductors, resistors, diodes, and the like may be coupled 
to the conductor and may be used to adjust or tune the 
resonant frequency and the impedance matching for the 
reSOnatOrS. 

0223) A planar resonator structure of the type described 
above and shown in FIG. 11A, may be created, for example, 
with a quality factor, Q, of 100 or higher and even Q 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 shown in 
FIG 11C. 

0224. In addition to utilizing magnetic materials to real 
ize a structure with properties similar to the inductive 
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. 16A 
shows a magnetic resonator structure 1602 that may include 
one or more enclosures made of high-conductivity materials 
(the inside of which would be shielded from AC electro 
magnetic fields generated outside) Surrounded by at least 
one layer of magnetic material and linked by blocks of 
magnetic material 1604. 
0225. 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 mag 
netic 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 of magnetic 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 applied to a length of conductor 
wound around the structure, as shown by the square loop in 
the center of the structure in FIG. 16A-FIG. 16B may be 
used to excite the electromagnetic fields associated with this 
Structure. 

0226 Quality Factor of the Structure 
0227. A structure 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 of magnetic 
energy within the magnetic material is Small compared to the 
total magnetic energy associated with the object. For struc 
tures composed of 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 mate 
rial layers thickness is of the order of /100 of the largest 
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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 cmx10 cm), and the relative permeability 
is of the order of 1,000, it is possible to make the fraction of 
magnetic energy contained within the magnetic material 
only a few hundredths of the total magnetic energy associ 
ated with the object or resonator. To see how that comes 
about, note that the expression for the magnetic energy 
contained in a volume is U, drB(r)/(2ulo), so as long as 
B (rather than H) is the main field conserved across the 
magnetic material-air interface (which is typically the case 
in open magnetic circuits), the fraction of magnetic energy 
contained in the high-L region may be significantly reduced 
compared to what it is in air. 
0228 If the fraction of magnetic energy in the magnetic 
material is denoted by frac, and the loss tangent of the 
material is tan Ö, then the Q of the resonator, assuming the 
magnetic material is the only source of losses, is Q=1/(fracx 
tan Ö). Thus, even for loss tangents as high as 0.1, it is 
possible to achieve Q’s of the order of 1,000 for these types 
of resonator structures. 

0229. If the structure is driven with N turns of wire 
wound around it, the losses in the excitation inductor loop 
can be ignored if N is sufficiently high. FIG. 17 shows an 
equivalent circuit 1700 schematic for these structures and 
the Scaling of the loss mechanisms and inductance with the 
number of turns, N, 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 
and the 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 number of turns. On the 
other hand, both the equivalent resistance 1708 and equiva 
lent inductance 1704 of these special structures are propor 
tional 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 the magnetic structure, and the Q of the 
resonator asymptotes to Q, CoL/R. 
0230 FIG. 16A shows a drawing of a copper and mag 
netic material structure 1602 driven by a square loop of 
current around the narrowed segment at the center of the 
structure 1604 and the magnetic field streamlines generated 
by this structure 1608. This exemplary structure includes 
two 20 cmx8 cmx2 cm hollow regions enclosed with copper 
and then completely covered with a 2 mm layer of magnetic 
material having the properties u', 1,400, u",5, and O-0.5 
S/m. These two parallelepipeds are spaced 4 cm apart and 
are connected by a 2 cm x4 cmx2 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 Q 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 material 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 shown here. 
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0231 Electromagnetic Resonators Interacting with Other 
Objects 
0232 For electromagnetic resonators, extrinsic loss 
mechanisms that perturb the intrinsic Q may include absorp 
tion losses inside the materials of nearby extraneous objects 
and radiation losses related to scattering of the resonant 
fields from nearby extraneous objects. Absorption losses 
may be associated with materials that, over the frequency 
range of interest, have non-Zero, but finite, conductivity, O, 
(or equivalently a non-Zero and finite imaginary part of the 
dielectric permittivity). Such that electromagnetic fields can 
penetrate it and induce currents in it, which then dissipate 
energy through resistive losses. An object may be described 
as lossy if it at least partly includes lossy materials. 
0233 Consider an object including a homogeneous iso 
tropic material of conductivity, O and magnetic permeability, 
L. The penetration depth of electromagnetic fields inside this 
object is given by the skin depth, 8-V2/ouo. The power 
dissipated inside the object, P. can be determined from 
P?dro El’? dr|Ji°/o where we made use of Ohm’s law, 
J=OE, and where E is the electric field and J is the current 
density. 
0234. If over the frequency range of interest, the conduc 

tivity, O, of the material that composes the object is low 
enough that the materials skin depth, Ö, may be considered 
long, (i.e. Ö is longer than the objects characteristic size, or 
8 is longer than the characteristic size of the portion of the 
object that is lossy) then the electromagnetic fields, E and H. 
where H is the magnetic field, may penetrate significantly 
into the object. Then, these finite-valued fields may give rise 
to a dissipated power that scales as PA-OV (|E|), where 
V, is the volume of the object that is lossy and (IEI”) is the 
spatial average of the electric-field squared, in the Volume 
under consideration. Therefore, in the low-conductivity 
limit, the dissipated power scales proportionally to the 
conductivity and goes to Zero in the limit of a non-conduct 
ing (purely dielectric) material. 
0235 If over the frequency range of interest, the conduc 

tivity, O, of the material that composes the object is high 
enough that the materials skin depth may be considered 
short, then the electromagnetic fields, E and H. may pen 
etrate only a short distance into the object (namely they stay 
close to the skin of the material, where 6 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 electromag 
netic 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: exp(-Z/Ö)/ö (where 
Z denotes the coordinate locally normal to the surface): 
J(x,y,z)=K(x,y)exp(-Z/Ö)/6. Then, the dissipated power, P. 
may be estimated by, 

P = far J(r) for a ?aid K(x, y) fier 
O y S 
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0236. Therefore, in the high-conductivity limit, the dis 
sipated power scales inverse proportionally to the square 
root of the conductivity and goes to zero in the limit of a 
perfectly-conducting material. 
0237 If over the frequency range of interest, the conduc 

tivity, O, of the material that composes the object is finite, 
then the material's skin depth, Ö, may penetrate some 
distance into the object and some amount of power may be 
dissipated inside the object, depending also on the size of the 
object and the strength of the electromagnetic fields. This 
description can be generalized to also describe the general 
case of an object including multiple different materials with 
different properties and conductivities, such as an object 
with an arbitrary inhomogeneous and anisotropic distribu 
tion of the conductivity inside the object. 
0238. 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 detune it from other 
resonant objects. This frequency shift may be fixed by 
applying a feedback mechanism to a resonator that corrects 
its frequency, such as through changes in the inductance 
and/or capacitance of the resonator. These changes may be 
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. 
0239 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 resonant field 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). 
0240 Note that many common extraneous materials and 
objects such as people, animals, plants, building materials, 
and the like, may have low conductivities and therefore may 
have little impact on the wireless energy transfer scheme 
disclosed here. An important fact related to the magnetic 
resonator designs we describe is that their electric fields may 
be confined primarily within the resonator structure itself, so 
it should be possible to operate within the commonly 
accepted guidelines for human safety while providing wire 
less power exchange over mid range distances. 
0241 Electromagnetic Resonators with Reduced Interac 
tions 

0242 One frequency range of interest for near-field wire 
less power transmission is between 10 kHz and 100 MHz. In 
this frequency range, a large variety of ordinary non-metallic 
materials, such as for example several types of wood and 
plastic may have relatively low conductivity, such that only 
Small amounts of power may be dissipated inside them. In 
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addition, materials with low loss tangents, tan A, where tan 
A-6"/e, and e" and e 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. 
0243 However, in the frequency range of interest, there 
are materials and objects such as some electronic circuits 
and some lower-conductivity metals, which may have mod 
erate (in general inhomogeneous and anisotropic) conduc 
tivity, and/or moderate to high loss tangents, and which may 
have relatively high dissipative losses. Relatively larger 
amounts of power may be dissipated inside them. These 
materials and objects may dissipate enough energy to reduce 
Q by non-trivial amounts, and may be referred to as “lossy 
objects'. 
0244 One way to reduce the impact of lossy materials on 
the Q of a resonator is to use high-conductivity materials 
to shape the resonator fields 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 conductor is 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 
field 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, even 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 rela 
tive position of the sources of the fields and the conductive 
Surface. 

0245. As an example, FIG. 18 shows a finite element 
method (FEM) simulation of two high conductivity surfaces 
1802 above and below a lossy dielectric material 1804 in an 
external, initially uniform, magnetic field of frequency f6. 
78 MHz. The system is azimuthally 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-0.01 m. In the absence 
of the conducting surfaces above and below the dielectric 
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 passed straight 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 power that may be dissipated in the lossy dielec 
tric material 1804 behind or between the conducting sur 
faces. As used herein, an axis of electrical symmetry refers 
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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. 
0246 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 reso 
nator fields away from lossy objects may be preferred for 
applications where one is not allowed to cover both sides of 
the lossy material or object (e.g. an LCD screen). 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 copper at 6.78 MHz is -20 lum, and at 250 kHz is -100 
um) to significantly improve the Q of a resonator in the 
presence of lossy materials. 
0247 Lossy extraneous materials and objects may be 
parts of an apparatus, in which a high-Q resonator is to be 
integrated. The dissipation of energy in these lossy materials 
and objects may be reduced by a number of techniques 
including: 
by positioning the lossy materials and objects away from the 
resonator, or, in special positions and orientations relative to 
the resonator. 
by using a high conductivity material or structure to partly 
or entirely cover lossy materials and objects in the vicinity 
of a resonator 
by placing a closed surface (such as a sheet or a mesh) of 
high-conductivity material around a lossy object to com 
pletely cover the lossy object and shape the resonator fields 
such that they avoid the lossy object. 
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. 
by placing even a single Surface (such as a sheet or a mesh) 
of high-conductivity material above or below or on one side 
of a lossy object to reduce the strength of the fields at the 
location of the lossy object. 
0248 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 sur 
rounds 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, commu 
nicate with, or be connected to the outside environment and 
thus cannot be completely electromagnetically isolated. Par 
tially covering a lossy material with high conductivity 
materials may still reduce extraneous losses while enabling 
the lossy material or object to function properly. 
0249 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. 
0250 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 under a lossy object 
1804 to reduce the strength of the fields at the location of the 
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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. 
0251 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 conduc 
tors. High-conductivity optically opaque materials may 
instead be placed on only a portion of the lossy object, 
instead of, or in addition to, optically transparent conduc 
tors. The adequacy of single-sided VS. multi-sided covering 
implementations, and the design trade-offs inherent therein 
may depend on the details of the wireless energy transfer 
scenario and the properties of the lossy materials and 
objects. 
0252 Below we describe an example using high-conduc 

tivity surfaces to improve the Q-insensitivity, 0, of an 
integrated magnetic resonator used in a wireless energy 
transfer system. FIG. 22 shows a 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 has a high Q (e.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. Upon integration, and placing the 
wireless network/video adapter card 2204 in the center of 
the resonator loop inductor, the resonator Q was 
decreased to approximately 347. At least some of the reduc 
tion from Q to Q 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 may be 
dissipated in resistive losses in the lossy materials that 
compose the card. We observed that Q of the 
resonator may be impacted differently depending on the 
composition, position, and orientation, of objects and mate 
rials placed in its vicinity. 
0253) In a completely wireless projector example, cov 
ering 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 Q of the 
magnetic resonator to a Qoireece occer of approxi 
mately 444. In other words, most of the reduction in Q 
tegrated) 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. 
0254. In another completely wireless projector example, 
covering the network/video adapter card with a single cop 
per sheet placed beneath the card provided a Q. 
copper sheet) approximately equal to Qintegrated copper pocket). 
In that example, the high perturbed Q of the system could be 
maintained with a single high-conductivity sheet used to 
deflect the resonator fields away from the lossy adapter card. 
0255. It may be advantageous to position or orient lossy 
materials or objects, which are part of an apparatus including 
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a high-Q electromagnetic resonator, in places where the 
fields produced by the resonator are relatively weak, so that 
little or no power may be dissipated in these objects and so 
that the Q-insensitivity, e) 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 one or the other 
field. 

(0256 FIG. 23 shows the magnitude of the electric 2312 
and magnetic fields 2314 along a line that contains the 
diameter of the circular loop inductor and the 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 elec 
tromagnetic resonator 102 and any type of apparatus. 
Examples are shown in FIG. 24A and FIG. 24B, where a 
capacitively-loaded inductor loop forms a magnetic resona 
tor 102 and an extraneous lossy object 1804 is positioned 
where the electromagnetic fields have minimum magnitude. 
0257. In a 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 Q of the resonator was approxi 
mately 619 at the designed operating resonant frequency of 
6.78 MHz. The perturbed Q of this resonator depended on 
the placement of 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, Q was 
approximately 96, lower than when the perturbing projector 
was placed outside of the resonator, in which case Q 
was approximately 513. These measurements Support the 
analysis that shows the 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 the 
system than when the lossy object is placed outside the loop 
inductor. Depending on the resonator designs and the mate 
rial composition and orientation of the lossy object, the 
arrangement shown in FIG. 24B may yield a higher Q-in 
sensitivity, 0, than the arrangement shown in FIG. 
24A. 

0258 High-Q resonators may be integrated inside an 
apparatus. Extraneous materials and objects of high dielec 
tric permittivity, magnetic permeability, or electric conduc 
tivity may be part of the apparatus into which a high-Q 
resonator is to be integrated. For these extraneous materials 
and objects in the vicinity of a high-Q electromagnetic 
resonator, depending on their size, position and orientation 
relative to the resonator, the resonator field-profile may be 
distorted and deviate significantly from the original unper 
turbed field-profile of the resonator. Such a distortion of the 
unperturbed fields of the resonator may significantly 
decrease the Q to a lower Q, even if the extraneous objects 
and materials are lossless. 
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0259. It may be advantageous to position high-conduc 
tivity 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 common objects 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, 0, of the 
resonator may be much larger than if the objects were 
positioned at a different orientation with respect to the 
resonator fields. 

0260 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 advantageous in 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, 0. 
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 of 
the fields in the region above the resonator, where lossy 
extraneous objects 1804 may be located or introduced. 
0261 Note that a high-conductivity surface brought in 
the vicinity of a resonator to reshape the fields may also lead 
to Q, (Q. The reduction in the perturbed Q may 
be due to the dissipation of energy inside the lossy conductor 
or to the distortion of the unperturbed resonator field 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 extraneous 
losses 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 Q. 
cond, surface)<Q rather than the desired result Q. 
surface)>Q. 
0262. As described above, in the presence of loss induc 
ing objects, the perturbed quality factor of a magnetic 
resonator may be improved if the electromagnetic fields 
associated with the magnetic resonator are reshaped to avoid 
the loss inducing objects. Another way to reshape the 
unperturbed resonator fields 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. 
0263 Magnetic field shielding has been described previ 
ously, for example in Electrodynamics 3" Ed., Jackson, pp. 
201-203. There, a spherical shell of magnetically permeable 
material was shown to shield its interior from external 
magnetic fields. For example, if a shell of inner radius a, 
outer radius b, and relative permeability L, is placed in an 
initially uniform magnetic field Ho, then the field inside the 
shell will have a constant magnitude, 9LH/(2L +1)(L+2)- 
20a/b)(L-1), which tends to 9Ho/2u, (1-(a/b)) if L>1. 
This result shows that an incident magnetic field (but not 
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necessarily an incident electric field) may be greatly attenu 
ated inside the shell, even if the shell is quite thin, provided 
the magnetic permeability is high enough. It may be advan 
tageous in certain circumstances to 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 power is dissipated in these 
materials and objects. In Such an approach, the Q-insensi 
tivity, 0, may be larger than if the materials and objects 
were not covered, possibly larger than 1. 
0264. 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 
manner is to use high-conductivity Surfaces to either com 
pletely or partially enclose or cover the loss inducing 
objects. A layer of magnetically permeable material, also 
referred to as magnetic material, (any material or meta 
material 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 lower 
reluctance 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 cir 
cumstances the lower reluctance path presented by the 
magnetic material may improve the perturbed Q of the 
Structure. 

0265 FIG. 26A shows an axially symmetric FEM simu 
lation of a thin conducting 2604 (copper) disk (20 cm in 
diameter, 2 cm in height) exposed to 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 -o, where they are spaced 
from r-3 cm to r=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 cir 
cumscribed by a magnetic resonator in a wireless energy 
transfer system such as shown in FIG. 19. 
0266 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 may still be 
less than the unperturbed Q because of induced losses in the 
conducting Surface and changes to the profile of the elec 
tromagnetic fields. Decreases in the perturbed Q associated 
with the high-conductivity enclosure may be at least par 
tially 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. 
0267 FIG. 27 depicts a variation (in axi-symmetric view) 
to the system shown in FIG. 26A-FIG. 26B where not all of 
the lossy material 2708 may be covered by a high-conduc 
tivity surface 2706. In certain circumstances it may be useful 
to cover only one side of a material or object, Such as due 
to considerations of cost, weight, assembly complications, 
air flow, visual access, physical access, and the like. In the 



US 2016/0362015 A1 

exemplary arrangement shown in FIG. 27, only one surface 
of the lossy material 2708 is covered and the resonator 
inductor loop is placed on the opposite side of the high 
conductivity Surface. 
0268 Mathematical models were used to simulate a 
high-conductivity enclosure made of copper and shaped like 
a 20 cm diameter by 2 cm high cylindrical disk placed within 
an area circumscribed by a magnetic resonator whose induc 
tive element was a single-turn wire loop with loop radius 
r=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, 8Q 
sure), is 1,870. When the high-conductivity enclosure was 
modified to include a 0.25 cm-thick layer of magnetic 
material with real relative permeability, u', 40, and imagi 
nary relative permeability, u", 10°, simulations suggest the 
perturbing quality factor is increased to ÖQese 
material))=5,060. 
0269. The improvement in performance due to the addi 
tion of thin layers of magnetic material 2702 may be even 
more dramatic if the high-conductivity enclosure fills a 
larger portion of the area circumscribed by the resonators 
loop inductor 2704. In the example 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 (con 
ducting enclosure only) to 2,730 (conducting enclosure with 
a thin layer of magnetic material) by the addition of a thin 
layer of magnetic material 2702 around the outside of the 
enclosure. 
0270. 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 is very close to materials that would typically 
induce loss. 
0271 Coupled Electromagnetic Resonators 
0272. The efficiency of energy transfer between two 
resonators may be determined by the strong-coupling figure 
of-merit, U-K/VTI-(2K/VooD)VQ 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 L, and 
the mutual inductance, M, between them by K-CoM/2 
WLL. Note that this expression assumes there is negligible 
coupling through electric-dipole coupling. For capacitively 
loaded inductor loop resonators where the inductor loops are 
formed by circular conducting loops with Nturns, separated 
by a distance D, and oriented as shown in FIG. 1B, the 
mutual inductance is M=TL/4"|LoNN.(xx)/D where x, N. 
and X, N are the characteristic size and number of turns of 
the conductor loop of the first and second resonators respec 
tively. Note that this is a quasi-static result, and so assumes 
that the resonator's size is much smaller than the wavelength 
and the resonators distance is much smaller than the wave 
length, 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 mid-range distances, as described above, k 2K/ 
Wo, co-V(xx/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 k at mid-range distances 
0273 For electromagnetic resonators, if the two resona 
tors include conducting parts, the coupling mechanism may 
be that currents are induced on one resonator due to electric 
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and magnetic fields 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 resona 
tor crossing a closed area of the high-Q inductive element of 
the second resonator. 
0274 Coupled Electromagnetic 
Reduced Interactions 
0275. As described earlier, a high-conductivity material 
Surface may be used to shape resonator fields such that they 
avoid lossy objects, p, in the vicinity of a resonator, thereby 
reducing the overall extraneous losses and maintaining a 
high Q-insensitivity 0, of the resonator. How 
ever, Such a surface may also lead to a perturbed coupling 
factor, k, a between resonators that is Smaller 
than the perturbed coupling factor, k and depends on the 
size, position, and orientation of the high-conductivity mate 
rial relative to the resonators. For example, if high-conduc 
tivity materials are placed in the plane and within the area 
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 k may be 
reduced. 
0276 Consider again the example of FIG. 19. In the 
absence of the high-conductivity disk enclosure, a certain 
amount of the external magnetic flux may cross the circum 
scribed area 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 longer cross the area of 
the loop, thus leading to a smaller perturbed coupling factor 
k12 . However, because the deflected mag 
netic-field lines may follow the edges of the high-conduc 
tivity 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. 
0277 One may use high-conductivity material structures, 
either alone, or combined with magnetic materials to opti 
mize perturbed quality factors, perturbed coupling factors, 
or perturbed efficiencies. 
(0278 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 under the 
lossy object 1804. Let this be resonator 1 in a system of two 
coupled resonators 1 and 2, and let us consider how U. 
(object-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-insensitiv 
ity, B12, may be approximately one, but the Q-insen 
sitivity, 0, may be small, so the U-insensitivity 
E12(e) may be small. 
(0279. Where the high-conductivity surface below the 
lossy object covers the entire area of the inductor loop 
resonator (A.A), k12te site may approach Zero, 
because little flux is allowed to cross the inductor loop, so 
U12 tead a may approach Zero. For intermediate 
sizes of the high-conductivity Surface, the Suppression of 
extrinsic losses and the associated Q-insensitivity, 0. 
cond. surface), may be large enough compared to 0, 
while the reduction in coupling may not be significant and 
the associated k-insensitivity, f12(east may be 
not much smaller than B12to so that the Overall U12 
(object-cond, surface) may be increased compared to U12. 
The optimal degree of avoiding of extraneous lossy objects 
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via high-conductivity Surfaces in a system of wireless 
energy transfer may depend on the details of the system 
configuration and the application. 
0280 We describe 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. How 
ever, 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 power transfer. 
As the area of the conducting Surface approaches the area of 
the magnetic resonator, for example, the perturbed coupling 
factor, k may approach Zero, making the use of the 
conducting Surface incompatible with efficient wireless 
power transfer. 
0281 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 lower reluctance path 
(compared to free space) for the deflected magnetic field to 
follow and may partially shield the electric conductor under 
neath it from incident magnetic flux. Under some circum 
stances 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 mate 
rials. The magnetic materials may increase the perturbed 
coupling factor relative to its initial unperturbed value. 
0282. Note that the simulation results in FIG. 26A-FIG. 
26B 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 FIG. 26A and FIG. 26B circumscribed the disks, 
it is clear that more flux lines would be captured in the case 
illustrated in FIG. 26B than in FIG. 26A, and therefore ke 
would be larger for the case illustrated in FIG. 26B. There 
fore, including a layer of magnetic material on the conduct 
ing 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. 
(0283. 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 shown earlier 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, we 
model the same arrangement but include a 0.25 cm-thick 
layer of magnetic material with a real relative permeability, 
u', 40, and an imaginary relative permeability, u", 10°. 
Using the same model and parameters described above, we 
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find that the coupling factor insensitivity is improved to 0.64 
by the addition of the magnetic material to the surface of the 
conductor. 
0284. Magnetic materials may be placed within the area 
circumscribed by the magnetic resonator to increase the 
coupling in wireless energy transfer systems. Consider a 
Solid sphere of a magnetic material with relative permeabil 
ity, L, 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 area circumscribed by the equator of the sphere is 
enhanced by a factor of 3L/L+2), by the addition of the 
magnetic material. If L>1, this enhancement factor may be 
close to 3. 
0285 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 have its 
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 if we use a spherical 
shell of magnetic material with inner radius a, and outer 
radius b, even if this shell is on top of block or enclosure 
made from highly conducting materials. In this case, the 
enhancement in the flux through the equator is 

For L1,000 and (a/b)=0.99, this enhancement factor is still 
2.73. So it possible to significantly improve the coupling 
even with thin layers of magnetic material. 
0286 AS described above, structures containing mag 
netic materials may be used to realize magnetic resonators. 
FIG. 16A shows a 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. 16B shows 
the interaction, indicated by magnetic field streamlines, 
between two identical structures 1600A-B with the same 
properties as the one shown in FIG. 16A. Because of 
symmetry, and to reduce computational complexity, only 
one half of the system is modeled. If we fix the relative 
orientation between the two objects and vary their center 
to-center distance (the image shown is at a relative separa 
tion of 50 cm), we find 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 cmx8 
cmx2 cm parallelepipeds made of copper joined by a 4 cmx4 
cmx2 cm block of magnetic material and entirely covered 
with a 2 mm layer of the same magnetic material (assumed 
to have L.1,400+5). Resistive losses in the driving loop are 
ignored. Each structure has a calculated Q of 815. 
0287 Electromagnetic Resonators and Impedance 
Matching 
0288. Impedance Matching Architectures for Low-Loss 
Inductive Elements 
0289 For purposes of the present discussion, an induc 
tive element may be any coil or loop structure (the loop) 
of any conducting material, with or without a (gapped or 
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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 imped 
ance, 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. 
0290 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 power to the 
inductive element and the inductive element may be deliv 
ering power to the external circuit (e.g. a driven load). The 
efficiency and amount of power delivered 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. 
0291. The external circuit may be a driving circuit con 
figured to form a amplifier of class A, B, C, D, DE, E, F and 
the like, and may deliver power at maximum efficiency 
(namely with minimum losses within the driving circuit) 
when it is driving a resonant network with specific imped 
ance Zo, where Zo may be complex and * denotes complex 
conjugation. The 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) when 
it is driven by a resonant network with specific impedance 
Zo, where Z may be complex. The external circuit may be 
a transmission line with characteristic impedance, Zo, and 
may exchange power at maximum efficiency (namely with 
Zero reflections) when connected to an impedance Zo. We 
will 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 efficiency. 
0292 Typically the impedance of an inductive element, 
R+X, may be much different from Z. For example, if the 
inductive element has low loss (a high X/R), its resistance, 
R, may be much lower than the real part of the characteristic 
impedance, Zo of the external circuit. Furthermore, an 
inductive element by itself may not be a resonant network. 
An impedance-matching network connected to an inductive 
element may typically create a resonant network, whose 
impedance may be regulated. 
0293. Therefore, an impedance-matching network may 
be designed to maximize the efficiency of the power deliv 
ered between the external circuit and the inductive element 
(including the reflected impedances of any coupled sys 
tems). The efficiency of delivered power may be maximized 
by matching the impedance of the combination of an imped 
ance-matching network and an inductive element to the 
characteristic impedance of an external circuit (or transmis 
sion line) at the desired frequency. 
0294. An impedance-matching network may be designed 

to deliver a specified amount of power between the external 
circuit and the inductive element (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 
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network and the inductive element to the impedance of the 
external circuit (or transmission line) at the desired fre 
quency. 
0295 Impedance-matching networks connected to induc 
tive elements may create magnetic resonators. For some 
applications, such as wireless power transmission using 
strongly-coupled magnetic resonators, a high Q may be 
desired for the resonators. Therefore, the inductive element 
may be chosen to have low losses (high X/R). 
0296. Since the matching circuit may typically include 
additional sources of loss inside the resonator, the compo 
nents of the matching circuit may also be chosen to have low 
losses. Furthermore, in high-power applications and/or due 
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 par 
ticular circuit elements and may be too high for particular 
components to withstand. In some cases, 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-Q and high-power resonator designs for certain appli 
cations. 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. 
0297 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 imped 
ance, Zo, 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 be particularly 
useful when the element needs to be variable and/or to have 
a large Voltage-rating and/or low parallel loss. 
0298 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, Zo 
may be chosen so that Some of its components lie outside the 
associated high-Q resonator by being in parallel with Zo. 
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 when the element needs 
to be variable and/or to have a large current-rating and/or 
low series loss. 
0299 The topology of the circuit matching a low-loss 
inductive element to an external characteristic impedance, 
Zo, may be chosen so that the field pattern of the associated 
resonant mode and thus its high Q are preserved upon 
coupling of the resonator to the external impedance. Other 
wise inefficient coupling to the desired resonant mode may 
occur (potentially due to coupling to other undesired reso 
nant modes), resulting in an effective lowering of the reso 
nator Q. 
0300 For applications where the low-loss inductive ele 
ment 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 imped 
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ance, Zo, at the desired frequency, f. Since there may 
typically be two tuning objectives, matching or controlling 
both the real and imaginary part of the impedance level, Zo 
at the desired frequency, f, there may be two variable 
elements in the matching circuit. For inductive elements, the 
matching circuit may need to include at least one variable 
capacitive element. 
0301 A low-loss inductive element may be matched by 
topologies using two variable capacitors, or two networks of 
variable capacitors. A variable capacitor may, for example, 
be a tunable butterfly-type capacitor having, e.g., a center 
terminal for connection to a ground or 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. 
0302) 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). 
0303 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 mutual inductance(s), 
which transformer-couple the inductive element either to an 
external circuit or to other systems. 
0304. In some cases, it may be difficult to find or imple 
ment tunable lumped elements with size, cost and perfor 
mance 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 of the 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. 
0305. The variations in resistance, R, and inductance, L, 
of an inductive element at the resonant frequency may be 
only partially compensated or not compensated at all. 
Adequate system performance may thus be preserved by 
tolerances designed into other system components or speci 
fications. Partial adjustments, realized using fewer tunable 
components or less capable tunable components, may be 
sufficient. 

0306 Matching-circuit architectures may be designed 
that achieve the desired variability of the impedance match 
ing circuit under high-power conditions, while minimizing 
the Voltage/current rating requirements on its tunable ele 
ments 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, Zo 
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. 
0307 The disclosed impedance matching architectures 
and techniques may be used to achieve the following: 
To maximize the power delivered to, or to minimize imped 
ance mismatches between, the source low-loss inductive 
elements (and any other systems wirelessly coupled to them) 
from the power driving generators. 
To maximize the power delivered from, or to minimize 
impedance mismatches between, the device low-loss induc 
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tive elements (and any other systems wirelessly coupled to 
them) to the power driven loads. 
To deliver a controlled amount of power to, or to achieve a 
certain impedance relationship between, the Source low-loss 
inductive elements (and any other systems wirelessly 
coupled to them) from the power driving generators. 
To deliver a controlled amount of power 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 power driven loads. 
(0308 Topologies for Preservation of Mode Profile (High 
Q) 
0309 The resonator structure may be designed to be 
connected to the generator or the load wirelessly (indirectly) 
or with a hard-wired connection (directly). 
0310 Consider a general indirectly coupled matching 
topology Such as that shown by the block diagram in FIG. 
28A. There, an inductive element 2802, labeled as (RL) 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 
matching circuit 2402 includes or consists of parts A and B. 
B may be the part of the matching circuit that connects the 
impedance 2804, Z, to the rest of the circuit (the combi 
nation of A and the inductive element (A+(RL)) via a 
wireless connection (an inductive or capacitive coupling 
mechanism). 
0311. 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, Zo and B, and 
the resonator, A+(RL), may ensure that the high-Q resona 
tor electromagnetic mode and its current/charge distribu 
tions may take the form of its intrinsic (in-isolation) profile, 
So long as the degree of wireless coupling is not too large. 
That is, the electromagnetic mode, current/charge distribu 
tions, and thus the high-Q of the resonator may be auto 
matically maintained using an indirectly coupled matching 
topology. 
0312 This matching topology may be 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 Science 
article. 
0313 Next consider examples in which the inductive 
element may include the inductive element and any indi 
rectly 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 resona 
tor electromagnetic mode profile 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. Throughout this disclosure, the matching 
topologies we disclose refer to matching topologies for a 
general inductive element of this type, that is, where any 
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additional systems may be indirectly coupled to the low-loss 
inductive element, and it is to be understood that those 
additional systems do not greatly affect the resonator elec 
tromagnetic mode profile and the current/charge distribu 
tions of the resonator. 

0314 Based on the argument above, in a wireless power 
transmission system of any number of coupled source reso 
nators, device resonators and intermediate resonators the 
wireless magnetic (inductive) coupling between resonators 
does 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 be interested in preserving the unloaded Q, which 
relates only to loss mechanisms and not to coupling/loading 
mechanisms.) 
0315 Consider a matching topology such as is shown in 
FIG. 28B. The capacitors shown in FIG. 28B may represent 
capacitor circuits or networks. The capacitors shown may be 
used to form the resonator 102 and to adjust the frequency 
and/or impedance of the source and device resonators. This 
resonator 102 may be directly coupled to an impedance, Zo 
using the ports labeled “terminal connections' 2808. FIG. 
28C shows a generalized directly coupled matching topol 
ogy, where the impedance-matching circuit 2602 includes or 
consists of parts A, B and C. Here, circuit elements in A, B 
and C may be considered 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). If we discon 
nect or open circuit parts B and C (namely those single wire 
connections), then, the combination of A and the inductive 
element (RL) may form the resonator. 
0316 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 mode distribution may be approximately 
preserved on the inductive element. This high-Q resonator 
electromagnetic mode 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 are provided 
herein. 

0317 A, B, and C may be 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 matching circuits but potentially 
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complicated terminal Voltages, because a topology-depen 
dent common-mode signal (V1+V2)/2 may be required on 
both terminals. 

0318 Consider an axis that connects all the voltage 
nodes of the resonator, where again one node is approxi 
mately 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. 
0319 B and C may be the same (C–B), and the two 
terminals may be connected to any two points of the 
resonator (A+(RL)) that are electrically symmetric with 
respect to the axis defined above and driven with opposite 
voltages (V2=-V1) as shown in FIG. 28D. The two elec 
trically symmetric points of the resonator 102 may be two 
electrically 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 
mode signal 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 topolo 
gies. 
0320 In other examples, C may be chosen to be a 
short-circuit and the corresponding terminal to be connected 
to ground (V-0) and to any point on the electric-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. 28E. The ground-con 
nected point on the electric-symmetry axis may be the 
Voltage node on the inductive element, 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 electri 
cally accessible, namely where connection is possible. 
0321. This topology may be referred 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, compared to the much larger current that may 
flow inside the resonator, (A+(RL)). In this scenario, the 
perturbation on the resonator mode may be weak and the 
location of the Voltage node may stay 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 
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restriction on the driving Voltage at the V1 terminal. In some 
unbalanced-drive examples, additional designs may be 
required to reduce common-mode signals that may appear at 
the ground terminal. 
0322 The directly-coupled impedance-matching circuit, 
generally including or consisting of parts A, B and C, as 
shown in FIG. 28C, 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. 
0323 Topologies for Alleviating Low-Series-Loss and 
High-Current-Rating Requirements on Elements 
0324. If the matching circuit used to match a small 
resistance, R., of a low-loss inductive element to a larger 
characteristic impedance, Zo of an external circuit may be 
considered lossless, then IZZo-IRIZ/I VR/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. 28C)) 
may not carry high currents. Then, even if the matching 
circuit has lossy elements, the resistive loss present in the 
elements in series 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 require 
ments for low-series-loss and/or high current-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 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. 
0325 Topologies for Alleviating Low-Parallel-Loss and 
High-Voltage-Rating Requirements on Elements 
0326 If, as above, the matching circuit used to match a 
Small resistance, R., of a low-loss inductive element to a 
larger characteristic impedance, Zo of an external circuit is 
lossless, then using the previous analysis, 

and, for a low-loss (high-X/R) inductive element, the volt 
age across the terminals may be typically much smaller than 
the voltage across the inductive element. Therefore, ele 
ments 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 pres 
ent in the elements in parallel with the terminals may not 
result in a significant reduction in the high-Q of the reso 
nator. That is, resistive loss in those parallel elements may 
not significantly reduce the efficiency of power transmission 
from Zo to the inductive element or vice versa. Therefore, 
strict requirements for low-parallel-loss and/or high Voltage 
ratings may not be necessary for these components. In 
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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 resona 
tor topologies. These reduced requirements may be espe 
cially helpful in expanding the variety of variable and/or 
high current and/or low-series-loss components that may be 
used in these high-Q and/or high-power impedance-match 
ing and resonator circuits. 
0327 Note 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 networks in 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. 
0328 Combinations of Fixed and Variable Elements for 
Achieving Fine Tunability and Alleviating High-Rating 
Requirements on Variable Elements 
0329. Circuit Topologies 
0330 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 imped 
ance-matching topologies that may incorporate combina 
tions of fixed and variable elements, such that large Voltages 
or currents may be assigned to 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. 
0331 Variable circuit elements may have tuning 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 of both fixed and variable 
elements, such that finer tuning resolution may be accom 
plished with the same variable elements. 
0332 Therefore, topologies using combinations of both 
fixed and variable elements may bring two kinds of advan 
tages 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. 
0333 Element Topologies 
0334. 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 of the variable compo 
nents and a finer tuning resolution. This can be demonstrated 
mathematically by the fact that: 

If total fixedits variables 

then total/storal Avivariable? (vi?ixedits variable), 

and Xvariable/Xotal variable (fixed-Xvariable), 

where x is any element value (e.g. capacitance, 
inductance), X is Voltage or current, and the "+ sign denotes 
the appropriate (series-addition or parallel-addition) combi 
nation of elements. Note that the subscript format for 
X, is chosen to easily distinguish it from the radius 
of the area enclosed by a circular inductive element (e.g. X, 
X1, etc.). 



US 2016/0362015 A1 

0335 Furthermore, this principle may be used to imple 
ment a variable electric element of 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 elements. 
0336. In conclusion, one may apply a topology optimi 
Zation algorithm that decides on the required number, place 
ment, 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 elements as the optimization objective. 

EXAMPLES 

0337. In the following schematics, we show different 
specific topology implementations for impedance matching 
to and resonator designs for a low-loss inductive element. In 
addition, we indicate for each topology: which of the prin 
ciples described above are 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 Zo is real, 
but an extension to a characteristic impedance with a non 
Zero imaginary part is straightforward, as it implies only a 
Small adjustment in the required values of the components of 
the matching network. We will use the convention that the 
Subscript, n, on a quantity implies normalization to (division 
by) Zo. 
0338 FIG. 29A-FIG. 29C show two examples of a trans 
former-coupled impedance-matching circuit, where the two 
tunable elements are a capacitor and the mutual inductance 
between two inductive elements. If we define respectively 
X=(pL for FIG. 29A and X=(DL-1/oC, for FIG. 29B, 
and X=(oL, then the required values of the tunable elements 
a. 

1 
CoC = 

X + RX2, 

0339 For the topology of FIG. 29B, an especially 
straightforward design may be to choose X-0. In that case, 
these topologies may match the impedances satisfying the 
inequalities: 

which are shown by the area enclosed by the bold lines on 
the Smith chart of FIG. 29C. 
0340 Given a well pre-chosen fixed M, one can also use 
the above matching topologies with a tunable C instead. 
(0341 FIG.30A-FIG. 30F show six examples of directly 
coupled impedance-matching circuits, where the two tun 
able elements are capacitors, and FIG. 30H-FIG. 30M show 
six examples of directly-coupled impedance-matching cir 
cuits, where the two tunable elements are one capacitor and 
one inductor. For the topologies of FIG. 30A-FIG. 30C and 
FIG. 30H-FIG.30J, 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 general topology shown in FIG. 28C. 
For the symmetric topologies of FIG. 30D-FIG. 30F and 
FIG. 30K-FIG. 30M, the two terminals may need to be 

28 
Dec. 15, 2016 

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. 28D. 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 with 
out limitation any of the circuits specifically disclosed herein 
using capacitors, or any other equivalent or different circuit 
structure(s), unless another meaning is explicitly provided or 
otherwise clear from the context. 

(0342. Let us define respectively Z-R+jcoL for FIG.30A, 
FIG. 30D, FIG. 30H, and FIG. 30K, Z=R+coL+1/icoC for 
FIG. 30B, FIG. 30E, FIG. 30I, and FIG. 30L, and Z=(R+ 
joL)|(1/icoC) for FIG. 30C, FIG. 30F, FIG. 30J, and FIG. 
30M, where the symbol “I” means “the parallel combination 
of, and then R=Re {Z}, X=Im{Z}. Then, for FIG. 30A 
FIG. 30F the required values of the tunable elements may be 
given by: 

X - VX2 R - R2(1-R) 
— , , , 

RoC 
1 - X (oC - R, 

and these topologies can match the impedances satisfying 
the inequalities: 

which are shown by the area enclosed by the bold lines on 
the Smith chart of FIG. 30G. For FIG. 3OH-FIG. 3OM the 
required values of the tunable elements may be given by: 

CoC = X 2 + R2 

1-X coC - R, ol. = -- . . 

(0343 FIG. 31A-FIG. 31C show three examples of 
directly-coupled impedance-matching circuits, where the 
two tunable elements are capacitors, and FIG. 31E-FIG. 31G 
show three examples of directly-coupled impedance-match 
ing circuits, where the two tunable elements are one capaci 
tor and one inductor. For the topologies of FIG. 31A-FIG. 
31C and FIG. 31E-FIG. 31G, the ground terminal is con 
nected between two equal-value capacitors, 2C, (namely 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 thus the high Q. Note that these examples may 
be described as implementations of the general topology 
shown in FIG. 28E. 

(0344) Let us define respectively Z-R+coL for FIG. 31A 
and FIG. 31E, Z=R+coL+1/icoC for FIG.31B and FIG.31F, 
and Z=(R+joL)|(1/icoC) for FIG. 31C and FIG. 31G, and 
then R=Re{Z}, X=Im{Z}. Then, for FIG.31A-FIG. 31C the 
required values of the tunable elements may be given by: 

1 
X - VX2 R - R(4- R,) 
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-continued 
RC 

(oC2 = (C- 

1-XoC - 

and these topologies can match the impedances satisfying 
the inequalities: 

R 
1 - R. ( n) 

which are shown by the area enclosed by the bold lines on 
the Smith chart of FIG. 31 D. For FIG. 31E-FIG. 31G the 
required values of the tunable elements may be given by: 

R, s 1, X, 2 

1 
X + WX2 R - R2 (1 - R.) 2 

CoC = X 2 + R2 

1 - XaC - 
-- 2 

COL2 = R, coC 

(0345 FIG. 32A-FIG. 32C shows three examples of 
directly-coupled impedance-matching circuits, where the 
two tunable elements are capacitors, and FIG.32E-FIG. 32G 
shows three examples of directly-coupled impedance 
matching circuits, where the two tunable elements are one 
capacitor and one inductor. For the topologies of FIG. 
32A-FIG. 32C and FIG. 32E-FIG. 32G, 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 example may be described 
as implementations of the general topology shown in FIG. 
28E. 
0346 Let us define respectively Z=R+joL for FIG. 32A, 
Z=R+jcoL+1/icoC for FIG. 32B, and Z=(R+jcoL)|(1/icoC) 
for FIG. 32C, and then R=Re{Z}, X=Im{Z}. Then, for FIG. 
32A-FIG. 32C the required values of the tunable elements 
may be given by: 

RoC 
R 

1-XoC - + 
(oC2 = RX coC 

2(1 + k) 

where k is defined by M=-kL', where L' is the inductance 
of each half of the inductor loop and M is the mutual 
inductance between the two halves, and these topologies can 
match the impedances satisfying the inequalities: 

which are shown by the area enclosed by the bold lines on 
the Smith chart of FIG. 32D. For FIG. 32E-FIG. 32G the 
required values of the tunable elements may be given by: 

CoCl 
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0347. In the circuits of FIG. 30A-FIG. 30M, FIG. 31A 
FIG. 31G, FIG. 32A-FIG. 32G, the capacitor, C, or the 
inductor, L, is (or the two capacitors, 2C, or the two 
inductors, L/2, are) in series with the terminals and may not 
need to have very low series-loss or withstand a large 
Current. 

(0348 FIG. 33A-FIG. 33F shows six examples of 
directly-coupled impedance-matching circuits, where the 
two tunable elements are capacitors, and FIG. 33H-FIG. 
33M shows six examples of directly-coupled impedance 
matching circuits, where the two tunable elements are one 
capacitor and one inductor. For the topologies of FIG. 
33A-FIG. 33C and FIG. 33H-FIG. 33J, 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 
shown in FIG. 28C, where B and C are short-circuits and A 
is not balanced. For the symmetric topologies of FIG. 
33D-Fig. F and FIG.33K-FIG.33M, 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. 28D, where B and C are 
short-circuits and A is balanced. 
(0349 Let us define respectively Z-R+jcoL for FIG.33A, 
FIG. 33D, FIG. 33H, and FIG. 33K, Z=R+coL+1/icoC for 
FIG. 33B, FIG. 33E, FIG. 33I, and FIG. 33L, and Z=(R+ 
joL)|(1/icoC) for FIG. 33C, FIG. 33F, FIG. 33J, and FIG. 
33M, and then R=Re{Z}, X=Im{Z}. Then, for FIG. 33A 
FIG. 33F the required values of the tunable elements may 
be given by: 

and these topologies can match the impedances satisfying 
the inequalities: 

Rs 1, XevR,(1-R) 

which are shown by the area enclosed by the bold lines on 
the Smith chart of FIG. 33G. For FIG. 35H-FIG. 35M the 
required values of the tunable elements may be given by: 

1 
C = - –, 

(O- X + Z, WR, (1 - R.) 

Zo 
COL2 = 

1 
- - 1 
R 

0350 FIG. 34A-FIG. 34C shows three examples of 
directly-coupled impedance-matching circuits, where the 
two tunable elements are capacitors, and FIG. 34E-FIG.34G 
shows three examples of directly-coupled impedance 
matching circuits, where the two tunable elements are one 
capacitor and one inductor. For the topologies of FIG. 
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34A-FIG.34C and FIG. 34E-FIG.34G, 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 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. 28E. 
0351) Let us define respectively Z-R+coL for FIG. 34A 
and FIG.32E, Z=R+jcoL+1/icoC, for FIG.34B and FIG.34F, 
and Z=(R+joL)|(1/(DC) for FIG. 34C and FIG. 34G, and 
then R=Re{Z}, X=Im{Z}. Then, for FIG.34A-FIG.34C the 
required values of the tunable elements may be given by: 

1 
CoC = 

- R. 
(2 - R.) 

and these topologies can match the impedances satisfying 
the inequalities: 

R, s 1, X - (2 - R 3. n - in - V R, n) 

which are shown by the area enclosed by the bold lines on 
the Smith chart of FIG. 34D. For FIG. 34E-FIG. 34G the 
required values of the tunable elements may be given by: 

1 
CoC = 

- R. 
X + Z, (2 - R) 

2Zo 
COL2 = 

1 
- - 1 

0352 FIG. 35A-FIG. 35C shows three examples of 
directly-coupled impedance-matching circuits, where the 
two tunable elements are capacitors. For the topologies of 
FIG. 35A-FIG. 35C, 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 examples may be described as implementations of 
the general topology shown in FIG. 28E. 
0353 Let us define respectively Z=R+jcoL for FIG. 35A, 
Z=R+joL+1/coC for FIG. 35B, and Z=(R+joL)|(1/()C) 
for FIG. 35C, and then R=Re{Z}, X=Im{Z}. Then, the 
required values of the tunable elements may be given by: 

2 
(oC = - –, 

X (1 + a) - VZ, R(4- R,)(1 + a2) 
2 

(oC2 = - –, 
X (1 + a) + v Z, R(4- R,)(1 + a2) 

where 

R k 
d = 2Z - R - 14. 
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and k is defined by M=-kL', where L' is the inductance of 
each half of the inductive element and M' is the mutual 
inductance between the two halves. These topologies can 
match the impedances satisfying the inequalities: 

Rs 2 & 

R (4- R) (2 - R) 
X - , 2-yR, 

where 

s Rs 4, i 

1 - 6k + k? 
y = 1 . . . .2 s1 

which are shown by the area enclosed by the bold lines on 
the three Smith charts shown in FIG. 35.D for k=0, FIG. 35E 
for k=0.05, and FIG. 35F for k=1. Note that for 0<k<1 there 
are two disconnected regions of the Smith chart that this 
topology can match. 
0354) In the circuits of FIG. 33A-FIG. 33M, FIG. 34A 
FIG.34G, and FIG. 35A-FIG. 35F, the capacitor, C, or the 
inductor, L, is (or one of the two capacitors, 2C, or one of 
the two inductors, 2L, are) in parallel with the terminals and 
thus may not need to have a high Voltage-rating. In the case 
of two capacitors, 2C, or two inductors, 2L, both may not 
need to have a high Voltage-rating, since approximately the 
same current flows through them and thus they experience 
approximately the same Voltage across them. 
0355 For the topologies of FIG. 30A-FIG. 30M, FIG. 
31A-FIG. 31G, FIG. 32A-FIG. 32G, FIG. 33A-FIG. 33M, 
FIG. 34A-FIG. 34G, and FIG. 35A-FIG. 35F, where a 
capacitor, Cs, is used, the use of the capacitor, Cs, may lead 
to finer tuning of the frequency and the impedance. For the 
topologies of FIG. 30A-FIG. 30M, FIG. 31A-FIG. 31G, 
FIG. 32A-FIG. 32G, FIG. 33A-FIG. 33M, FIG. 34A-FIG. 
34G, and FIG. 35A-FIG. 35F, the use of the fixed capacitor, 
Cs, in series with the inductive element may ensure that a 
large percentage of the high inductive-element voltage will 
be across this fixed capacitor, Cs, thus potentially alleviating 
the Voltage rating requirements for the other elements of the 
impedance matching circuit, some of which may be variable. 
Whether or not such topologies are preferred depends on the 
availability, cost and specifications of appropriate fixed and 
tunable components. 
0356. 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. 

0357 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 
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of a Switching rectifier. In some such cases, it may be 
desirable to suppress the amount of 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 one that 
Sufficiently Suppresses the amount of Such harmonics that 
enters the inductive element. 
0358. 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 signal is 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 FIG. 30A-FIG. 30M, 
FIG. 31A-FIG. 31G, FIG. 32A-FIG. 32G, FIG. 33A-FIG. 
33M, FIG. 34A-FIG. 34G, and FIG. 35A-FIG. 35F, those 
which use an inductor, L. may then be preferable, as this 
inductor presents a high impedance at high frequencies. 
0359 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 little Voltage is 
induced across the inductive element at higher frequencies. 
Among the topologies of FIG. 30A-FIG. 30M, FIG. 31A 
FIG. 31G, FIG. 32A-FIG. 32G, FIG. 33A-FIG. 33M, FIG. 
34A-FIG. 34G, and FIG. 35A-FIG. 35F, those which use a 
capacitor, C, are then preferable, as this capacitor presents 
a low impedance at high frequencies. 
0360 FIG. 36A-FIG. 36D shows four examples of a 
variable capacitance, using networks of one variable capaci 
tor and the rest fixed capacitors. Using these network 
topologies, fine tunability of the total capacitance value may 
beachieved. Furthermore, the topologies of FIG. 36A, FIG. 
36C, and FIG. 36D, may be used to reduce the voltage across 
the variable capacitor, since most of the Voltage may be 
assigned across the fixed capacitors. 
0361 FIG. 37A-FIG. 37B shows two examples of a 
variable capacitance, using networks of one variable induc 
tor 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 such that each network corresponds to a net negative 
variable reactance, which may be effectively a variable 
capacitance. 
0362 Tunable elements such as tunable capacitors and 
tunable inductors may be mechanically-tunable, electrically 
tunable, thermally-tunable and the like. The tunable ele 
ments may be variable capacitors or inductors, Varactors, 
diodes, Schottky diodes, reverse-biased PN diodes, varactor 
arrays, diode arrays, Schottky diode arrays and the like. The 
diodes may be Si diodes, GaN diodes, SiC diodes, and the 
like. GaN and SiC diodes may be particularly attractive for 
high power applications. 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. 
0363 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 
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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 those relative 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. 
0364 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 electrically, 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. 
0365. The inductance values of the inductors and induc 
tive 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. 
0366. 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 change to lower or higher 
impedance values. The amount of power delivered by the 
source and/or received by the devices may be adjusted to or 
may be allowed to change to lower or higher levels of power. 
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 lower or higher levels of 
power. The resonator input impedances, resonant frequen 
cies, and power levels 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. 
0367 Circuit elements may be connected directly 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 tech 
niques. The power Supplies and the power consumers may 
be connected to magnetic resonators directly or indirectly or 
inductively. Electrical signals may be Supplied to, or taken 
from, the resonators through the terminal connections. 
0368. It is to be understood by one of ordinary skill in the 
art that in real implementations of 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 
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values of real geometric locations of points (such as the 
point of connection of the ground terminal close to the center 
of the inductive element or the axis points and the like) 
from the locations suggested by symmetry or otherwise. 

Examples 

System Block Diagrams 

0369. We disclose 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. 
0370 FIG. 1A-FIG. 1B shows high level diagrams of two 
exemplary two-resonator systems. These exemplary systems 
each have a single source resonator 102S or 104S and a 
single device resonator 102D or 104D. FIG.38 shows a 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 102S, and the like. 
The device 2308 or devices that receive power from the 
device resonator 102D and power and control circuitry 2304 
may be any kind of device 2308 or devices as described 
previously. The device resonator 102D and circuitry 2304 
delivers power to 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 102S. 

0371. 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 offset from each other 
laterally or axially. The Source and device resonators may be 
directly aligned (no lateral 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 ori 
ented 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. 
0372. 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 com 
posed of almost any kind of material. Low loss tangent 
materials such as Teflon, REXOLITE, styrene, and the like 
may be preferable 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. 
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0373 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 102S 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 power and control circuitry 2302 may include circuits 
and components to isolate the Source electronics from the 
power Source, so that any reflected power or signals are not 
coupled out through the source input terminals. The source 
power and control circuits 2302 may include power factor 
correction circuits and may be configured to monitor power 
usage for monitoring accounting, billing, control, and like 
functionalities. 
0374. The system may be operated bi-directionally. That 

is, energy or power that is 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 
power factor correction circuits and may be configured to 
monitor power usage for monitoring accounting, billing, 
control, and like functionalities for bi-directional energy 
flow. Wireless energy transfer systems may enable or pro 
mote vehicle-to-grid (V2G) applications. 
0375. The source and the device may have tuning capa 

bilities that allow adjustment of operating points to com 
pensate for changing environmental conditions, perturba 
tions, 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 con 
trolled, or automatically controlled and may be performed 
continuously, periodically, intermittently or at Scheduled 
times or intervals. 

0376. The device resonator and the device power and 
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 power and 
control electronics from the electromagnetic fields used for 
the power transfer 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 Q of the resonator and 
increase the perturbed coupling factor of the source and 
device resonators. 

0377 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 com 
bination of the Source resonator elements and the source 
power and control electronics from the electromagnetic 
fields used for the power transfer and which may deflect the 
resonator fields away from the lossy Source resonator ele 
ments as well as the source power and control electronics. A 
magnetic material and/or high-conductivity field reshaper 
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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. 

0378. A block diagram of the subsystems in 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 power suitable 
for powering or charging a device. The power and control 
circuitry may be designed to transforman alternating current 
power at one frequency from the device resonator to alter 
nating current power at a different frequency Suitable for 
powering or charging a device. The power and control 
circuitry may include or consist of impedance matching 
circuitry 2402D, rectification circuitry 2404, voltage limit 
ing circuitry (not shown), current limiting circuitry (not 
shown), AC-to-DC converter 2408 circuitry, DC-to-DC con 
verter 2408 circuitry, DC-to-AC converter 2408 circuitry, 
AC-to-AC converter 2408 circuitry, battery charge control 
circuitry (not shown), and the like. 
0379 The impedance-matching 2402D network may be 
designed to maximize the power delivered 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 may be varied or tuned to control the power delivered 
from the source to the device, from the source to the device 
resonator, between the device resonator and the device 
power and control circuitry, and the like. The power, current 
and Voltage signals may be monitored at any point in the 
device circuitry and feedback algorithms circuits, and tech 
niques, 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 and the circuits may include a micropro 
cessor, a digital signal processor, a field programmable gate 
array processor and the like. 
0380. The third block of FIG. 39 shows a 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 may be the input to a voltage clamp 
circuit. The Voltage clamp circuit (not shown) may limit 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 
power is 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 characteristics of the 
device change. As the device performs different tasks it may 
have varying power demands. The changing power demands 
can cause high Voltages at the output of the rectifier as the 
load characteristics change. Likewise as the device and the 
device resonator are brought closer and further away from 
the source, the power delivered to the device resonator may 
vary and cause changes in 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 predeter 
mined value which is within the operating range of the 
DC-to-DC/AC converter. The voltage clamp circuitry may 
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be used to extend the operating modes and ranges of a 
wireless energy transfer system. 
0381. 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 con 
verter may be a boost converter, buck converter, boost-buck 
converter, single ended primary inductance converter 
(SEPIC), or any other DC-DC topology that fits the require 
ments 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 power and 
control circuitry may be a battery charge control unit which 
may manage the charging and maintenance of the battery in 
battery powered devices. 
0382. 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 algorithms 
to interpret and adjust the operating point of the circuits, 
elements, components, Subsystems and resonator. The pro 
cessor may be used to adjust the impedance matching, the 
resonator, the DC to DC converters, the DC to AC convert 
ers, the battery charging unit, the rectifier, and the like of the 
wirelessly powered device. 
0383. 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 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 and retrieved at later times. These signals may be 
used to alert a user of system failures, to indicate perfor 
mance, or to provide audio, visual, vibrational, and the like, 
feedback to a user of the system. 
0384 FIG. 40 shows components of source power and 
control circuitry 2302 of an exemplary wireless power 
transfer system configured to Supply power to 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 home electrical 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 power and control circuitry 2302 may drive the 
source resonator 102S with alternating current, such as with 
a frequency greater than 10 kHz and less 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 power and 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 2408S converter, an oscillator 2508, 
a power amplifier 2504, an impedance matching network 
2402S, and the like. 
0385. The source power and control circuitry 2302 may 
be powered from multiple AC-or-DC voltage sources 2502 
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and may contain AC-to-DC and DC-to-DC converters 
2408S 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. 
0386 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 
means to control the output power level 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. 
0387. The impedance matching blocks 2402 of the source 
and device resonators may be used to tune the power and 
control circuits and the Source and device resonators. For 
example, 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 when unsafe or 
failure mode conditions are detected, and the like. 
0388 Any combination of power, voltage, and current 
signals may be monitored at any point in the source circuitry. 
These signals may be monitored using analog or digital 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 used to 
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. 
0389. The source power and control circuitry may con 
tain 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 algo 
rithms to interpret and adjust the operating point of the 
circuits, elements, components, Subsystems and resonator. 
The processor may be used to adjust the impedance match 
ing, 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 
power delivery 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. 
0390 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 
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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 may be composed of discrete 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 design criteria Such as power or size or 
cost or application. The whole of the power and control 
circuitry or any portion of the source or device circuitry may 
be integrated into one chip. 
0391 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 components of 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 ele 
ments, capacitor banks, Switched and tunable elements, 
reverse bias diodes, air gap capacitors, compression capaci 
tors, 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-electrically tuned, and the like. Elements of the 
impedance matching may be 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. 
0392 The matching and tuning calculations of the source 
may be performed on an external device through a USB port 
that powers the device. The device may be a computer a 
PDA or other computational platform. 
0393 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/DVD player, 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. The power Supplied to a device resonator may 
pass through additional resonators before being delivered to 
its intended device resonator. 

0394 Monitoring, Feedback and Control 
0395. 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 of Voltage and 
current signals, and the magnitude of the power signals, 
throughout the system may be accessed to measure or 
monitor the system performance. The measured signals 
referred to throughout this disclosure may be any combina 
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tion of the port parameter signals, as well as Voltage signals, 
current signals, power signals, and the like. These param 
eters may be measured using analog or digital signals, they 
may be sampled and processed, and they may be digitized or 
converted using a number of known analog and digital 
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 sometimes also 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. 
0396. 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 imped 
ance may be adjusted to achieve a desired impedance value 
for the source and device resonators when the device reso 
nator 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 power 
level changes owing to movement of the Source and/or 
device resonators, or changes in the environment (Such as 
the movement of interacting 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. 
0397. 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 mea 
Surement circuitry, signal processing and control circuitry or 
a combination of measurement and control circuitry. Some 
or all of the high-Q magnetic resonators may include tunable 
impedance circuits. Some or all of the high-Q magnetic 
resonators may include automatically controlled tunable 
impedance circuits. 
0398 FIG. 41 shows a magnetic resonator with port 
parameter measurement circuitry 3802 configured to mea 
Sure certain parameters of the resonator. The port parameter 
measurement circuitry may measure the input impedance of 
the structure, or the reflected power. Port parameter mea 
Surement circuits 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-pa 
rameters (admittance parameters). T-parameters (transmis 
sion parameters), H-parameters (hybrid parameters), 
ABCD-parameters (chain, cascade or transmission param 
eters), and the like. These parameters may be used to 
describe the electrical behavior of linear electrical networks 
when various types of signals are applied. 
0399. Different parameters may be used to characterize 
the electrical network under different operating or coupling 
scenarios. For example, S-parameters may be used to mea 
Sure matched and unmatched loads. In addition, the magni 
tude 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 
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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 systems. 
0400 FIG. 42 shows a circuit diagram of a magnetic 
resonator where the tunable impedance network may be 
realized with voltage controlled capacitors 3902 or capacitor 
networks. Such an implementation may be adjusted, tuned 
or controlled by electrical circuits and/or computer proces 
sors, such as a programmable voltage source 3908, and the 
like. For example, the Voltage controlled capacitors may be 
adjusted in response to data acquired by the port parameter 
measurement circuitry 3802 and processed by a measure 
ment analysis and control algorithm subsystem 3904. Ref 
erence 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, current, complex-impedance, reflection 
coefficient, power levels and the like, at one or several points 
in the system and at a single frequency or at multiple 
frequencies. 
04.01 The reference signals may be fed to measurement 
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 power 
level supplied by the source, or the power level drawn by the 
device, to achieve the desired power exchange between 
power Supplies/generators and power drains/loads. 
0402. Adjustment algorithms may be used to 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 ortunable elements of the 
system to bring the system back towards the desired oper 
ating point or points. The reference signals for the magnetic 
resonators may be acquired while the resonators are 
exchanging power in 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, and the like. 
0403 FIG. 43 shows an end-to-end wireless power trans 
mission system. Both the Source and the device may include 
port measurement circuitry 3802 and a processor 2410. The 
box labeled “coupler/switch' 4002 indicates that the port 
measurement circuitry 3802 may be connected to the reso 
nator 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 power transfer functionality. 
04.04 The port parameter measurement and/or processing 
circuitry may reside with Some, any, or all resonators in a 
system. The port parameter measurement circuitry 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. transmis 
sion and reflection between any two ports in the system), and 
may contain amplitude and/or phase information. Such 
measurements may be achieved with a swept single fre 
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quency 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 (I/O) circuitry 
including digital to analog converters (DACs), analog to 
digital converters (ADCs), amplifiers, signal generation 
chips, passive components and the like. Measurements may 
be achieved using test equipment such as a network analyzer 
or using customized circuitry. The measured reference sig 
nals may be digitized by ADCs and processed using cus 
tomized algorithms running on a computer, a microproces 
sor, a DSP chip, an ASIC, and the like. The measured 
reference signals may be processed in an analog control 
loop. 
04.05 The measurement circuitry 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. 
0406. The device may measure relevant signals and/or 
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 
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. 
04.07 FIG. 43 shows a 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 networks in either of or 
both the source and device resonators to optimize perfor 
mance 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 power in 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 power level, to modulate the Supply signal 
and the like. 

0408. The power exchanged between sources and devices 
may depend on a variety of factors. These factors may 
include the effective impedance of the sources and devices, 
the Q’s of the sources and devices, the resonant frequencies 
of the sources and devices, the distances between sources 
and devices, the interaction of materials and objects in the 
vicinity of sources and devices and the like. The port 
measurement circuitry and processing algorithms may work 
in concert to adjust the resonator parameters to maximize 
power transfer, to hold the power transfer constant, to 
controllably adjust the power transfer, and the like, under 
both dynamic and steady state operating conditions. 
04.09. Some, all or none of the sources and devices in a 
system implementation may include port measurement cir 
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cuitry 3802S and processing 2410 capabilities. FIG. 44 
shows an end-to-end wireless power transmission system in 
which only the source 102S 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. 
0410 FIG. 45 shows an end-to-end wireless power trans 
mission system. Both the Source and the device may include 
port measurement circuitry 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 com 
municated, such as though wireless communications cir 
cuitry 4202, between the source and the device. The wireless 
communication channel 4204 may be separate from the 
wireless power transfer channel 4208, or it may be the same. 
That is, 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. 
0411 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 
need for, or reduce the required functionality of a processor 
in the device. A portion of oran entire data set from each port 
measurement at each device may be 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. 

0412 FIG. 46 shows an end-to-end wireless power trans 
mission system. In this example, only the Source contains 
port measurement circuitry 3802 and a processor 2410S. The 
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 
response to control signals that have been wirelessly com 
municated between the source and the device. 
0413 FIG. 47 shows coupled electromagnetic resonators 
102 whose frequency and impedance may be automatically 
adjusted using a processor or a computer. Resonant fre 
quency tuning and continuous impedance adjustment of the 
Source and device resonators may be implemented with 
reverse biased diodes, Schottky diodes and/or varactor ele 
ments contained within the capacitor networks shown as C1, 
C2, and C3 in FIG. 47. The circuit 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. Other circuit topologies could be 
utilized with the measurement and control architectures 
discussed in this disclosure. 

0414 Device and Source resonator impedances and reso 
nant frequencies may be measured with a network analyzer 
4402A-B, or by other means described above, and imple 
mented with a controller, such as with Lab View 4404. The 
measurement circuitry or equipment may output data to a 
computer or a processor that implements feedback algo 
rithms and dynamically adjusts the frequencies and imped 
ances via a programmable DC voltage source. 




































