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WIRELESS POWER APPARATUS AND
METHODS

RELATED APPLICATIONS

[0001] This application is related to co-owned and
co-pending U.S. patent application Ser. No. 11/408,793 Filed
Apr. 21,2006 and entitled “Method and System for Powering
an Electronic Device Via a Wireless Link”, and U.S. patent
application Ser. No. 11/654,883 filed Jan. 17, 2007 entitled
“Method and Apparatus for Delivering Energy to an Electri-
cal or Electronic Device Via a Wireless Link™, each of the
foregoing incorporated herein by reference in its entirety.
[0002] This application claims priority from provisional
application No. 60/904,628, filed Mar. 2, 2007; the disclosure
of which is herewith incorporated herein by reference.

COPYRIGHT

[0003] A portion of the disclosure of this patent document
contains material that is subject to copyright protection. The
copyright owner has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the Patent and Trademark Office patent
files or records, but otherwise reserves all copyright rights
whatsoever.

[0004] All figures, tables, and Exhibits are Copyright©
2006, 2007 Third Option, LL.C. All rights reserved.

BACKGROUND

[0005] Delivery of power to portable devices often uses
wires of various types to carry out the power delivery. Devices
such as cell phones, portable computers, or any other device
that can operate from stored power such as a battery, all
require and use such a source of power to operate the device
and/or charge the battery.

SUMMARY
[0006] Techniques of wireless power transfer are disclosed
herein.
DETAILED DESCRIPTION
[0007] Embodiments describe the use of wireless power

transfer to a receiving source.

[0008] As used herein, the terms “wireless power” and
“wireless energy” include without limitation any form of
power or energy, including that associated with electric fields,
magnetic fields, electromagnetic energy, or otherwise, that is
transmitted between one point, area, location or device and
another without having to use a wire line connection.

[0009] An embodiment discloses a wireless powering and
charging system. An embodiment describes using a transmit-
ter of a size allowing itto be embedded into another item, e.g.,
a desk or a shelf, or plugged into a wall, or embedded into
another structure or surface such as a wall, floor, door, etc. A
receiver is associated with a small mobile unit or client device
carried by the user, or mounted on a portable device, vehicle,
or with a stationary device such as a lamp, toaster, flat-screen
TV on a wall, computer or computerized device, PDA, per-
sonal media device, etc. When the receiver is in range of the
transmitter, power is delivered to the mobile unit.

[0010] In one embodiment, a wireless powering-charging
system is disclosed, based on a transmitter that sends a sub-
stantially unmodulated signal or beacon (e.g., the carrier
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only). A receiver may be tuned to extract energy from the
radiated field of the transmitter. The receiver powers an elec-
tronic device or charges a battery.

[0011] Other embodiments may use beacons that are
slightly modulated.

[0012] Multiple receivers may be used. Multiple transmit-
ters may be used to transmit to one or multiple receivers.
[0013] The antenna used by this system allows an efficient
means of energy transmission and reception. The antenna is
preferably of a small size to allow it to fit into a mobile,
handheld device where the available space for the antenna
may be limited. An embodiment describes a high efficiency
antenna for the specific characteristics and environment for
the power being transmitted and received.

[0014] Antenna theory suggests that a highly efficient but
small antenna will typically have a narrow band of frequen-
cies over which it will be efficient. Many of skill in the art
have, therefore, avoided the use of these antennas, to enable
more flexible transmit and/or receive characteristics. In an
embodiment, an adaptive tuning circuit is used in certain
configurations to allow tuning of an efficient yet narrowband
antenna.

[0015] Oneembodiment describes an efficient power trans-
fer between two antennas by storing energy in the near field of
the transmitting antenna, rather than sending the energy into
free space in the form of a travelling electromagnetic wave.
This embodiment increases the quality factor (Q) of the
antennas.

[0016] This can reduce radiation resistance (R,) and loss
resistance (R)).
[0017] Inoneembodiment,two high-Q antennas are placed

such that they react similarly to a loosely coupled trans-
former, with one antenna inducing power into the other. The
antennas preferably have Qs that are greater than 1000.
[0018] Another embodiment describes maximum Permis-
sible Exposure (MPE) where the maximum exposure limits
are defined by European and US standards (as well as others).
They are defined in terms of power density limits (W/m?),
magnetic field limits (A/m) and electric field limits (V/m).
The limits are related through the impedance of free space,
377 W.

[0019] Inthe US, the applicable standard is FCC CFR Title
47: §2.1091 Radiofrequency radiation exposure evaluation:
mobile devices. A mobile device is a transmitting device
designed to be used in such a way that the separation distance
of at least 20 cm is normally maintained between the trans-
mitter’s radiating structure(s) and the body of the user or
nearby persons. The limits to be used for evaluation are speci-
fied in §1.310 of Title 47.—§1.1310 Radiofrequency radia-
tion exposure limits (see Table 1).

[0020] Table 1: FCC limits for radiation exposure Limits
FOR MAXIMUM PERMISSIBLE EXPOSURE (MPE)

TABLE 1

FCC limits for radiation exposure
LIMITS FOR MAXIMUM PERMISSIBLE EXPOSURE (MPE)

Electric Magnetic
Frequency field field Power Averaging
range strength strength density time
(MHz) (V/im) (A/m) (mW/cm?) (minutes)
(A) Limits for Occupational/Controlled Exposures
0.3-3.0 614 1.63 *(100) 6
3.0-30 1842/1 4.691 *(300.1) 6
30-300 614 0.163 1.0 6
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TABLE 1-continued

FCC limits for radiation exposure
LIMITS FOR MAXIMUM PERMISSIBLE EXPOSURE (MPE)

Electric Magnetic

Frequency field field Power Averaging
range strength strength density time

(MHz) (V/m) (A/m) (mW/cm?) (minutes)
300-1500 1/300 6
1500-100,000 5 6

(B) Limits for General Population/Uncontrolled Exposure

0.3-1.34 614 1.63 *(100) 30
1.34-30 824/1 2.191 *(180.£%) 30
30-300 27.5 0.073 0.2 30
300-1500 1/1500 30
1500-100,000 1.0 30

f = frequency in MHz

* = Plane-wave equivalent power density

NOTE 1 TO TABLE 1:

Occupational/controlled limits apply in situations in which persons are
exposed as a consequence of their employment provided those persons are
fully aware of the potential for exposure and can exercise control over their
exposure. Limits for occupational/controlled exposure also apply in situa-
tions when an individual is transient through a location where occupational/
controlled limits apply provided he or she is made aware of the potential for

exposure.
NOTE 2 TO TABLE 1:

General population/uncontrolled exposures apply in situations in which the
general public may be exposed, or in which persons that are exposed as a
consequence of their employment may not be fully aware of the potential for
or can not exercise control over their exposure.

[0021] InEurope,the applicable standard is EN60215. This
has been derived from the ICNIRP (International Commis-
sion on Non-lonizing Radiation Protection) guidelines
[ICN], The limits are given in Table 2.

[0022] Table 2: European limits for radiation exposure
TABLE 2
European limits for radiation exposure
Table 2: European limits for radiation exposure
Electric Magnetic
Frequency field field Power Averaging
range strength strength density time
(MHz) (V/im) (A/m) (W/m?) (min)
0.15-1 87 0.73/f — 6
1-10 87/f12 0.73/f — 6
10-400 28 0.073 2 6
400-2000  1375f'7 0.0037 f2 17200 6
2000-300,000 61 0.16 10 6
[0023] The power density limits and magnetic field limits

are of particular interest in one embodiment. Using the data
from Table 1 and Table 2, limit curves can be determined.
FIG. 1 shows a plot of power density with the FCC limit curve
100, and the EN curve 102. FIG. 2 shows a plot of maximum
H field, with the FCC curve 200, and the EN curve 202.
[0024] FIGS. 1 and 2 illustrate how the US limits are more
generous at frequencies below 30 MHz and could offset the
effect of reduced antenna efficiency at low frequency. This
study tests a range of frequencies to see which frequencies are
the best for wireless power transfer.

[0025] This application also provides an exemplary theo-
retical analysis of various aspects of wireless energy and
power transfer.
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[0026] Embodiments disclosed herein describe antenna
types.
[0027] A loop antenna is a “magnetic” antenna and may be

less sensitive to changes in its surroundings than a dipole,
which is an “electric” antenna. The loop antenna may have
certain advantages when the device is exposed to changes in
its surroundings, e.g., when placed on a table, held in the
hand, or put in a pocket, based on stray capacitance, or other
effects. In an embodiment, an air loop antenna is used.
Another embodiment may use a loop antenna with a ferrite
core, or others may be used.

[0028] In one embodiment, an air loop antenna may be
preferred over a loop antenna with a ferrite core. The air loop
antenna may be more resistant to detuning from permanent
magnets or other magnetic influences in its vicinity. The air
loop antenna will, in general, be more efficient than the ferrite
loop antenna, since the ferrite core can cause losses. The
ferrite antenna is often heavier, and cannot typically have
components placed “inside” it. In contrast, other components
can be placed inside the loop of an air loop antenna. The
form-factor of the loop may be modified or otherwise adapted
to fit within a form-factor of certain portable devices being
charged.

[0029] The same type of antenna may be used for both
transmitter and receiver. The transmit and receive antennas
can be the same or different sizes.

[0030] An embodiment describes a tuning circuit that
becomes part of the antenna circuit. A typical loop antenna is
inherently inductive. A capacitive element may be used in the
tuning circuit to induce resonance in the antenna. Even
though a loop antenna is less sensitive to changes in its sur-
roundings than a dipole antenna, it will still be detuned to
some degree by changes in its surroundings. Therefore, it may
be desirable in certain embodiments to adaptively tune either
the transmitter antenna or the receiver antenna or both, to
maintain the quality of the link therebetween.

[0031] Adaptive tuning is achieved in one embodiment by
changing the value of a capacitive element used in series with
the loop antenna to adjust the resonant frequency of the cir-
cuit. The adaptive tuning circuit at the transmitter and/or at
the receiver. A goal is to choose tuning components with high
quality factors (Q) to ensure that that the Q of the overall
receiver circuit is degraded as little as possible. In an embodi-
ment, high Q is used to maximize efficiency, even at the cost
of narrow bandwidth.

[0032] FIG. 3 illustrates an air loop antenna of an embodi-
ment. The antenna may have maximum dimensions of 5 cm
(i.e. aradius r of 2.5 cm) and N turns of wire 300 of diameter
2b,,=500 um is used for one embodiment. The antenna can,
for example, be placed around the perimeter of a mobile
device. The loop will be assumed circular, but can be of other
shapes. A capacitor 302 is used with the loop inductive reso-
nator to bring the loop antenna to resonance. The capacitor
value may be defined as:

Lc

[0033] By calculating the inductance ofthe air loop antenna
using the Equation and a wire diameter of 500 um, the
required capacitance can be calculated for any of a number of
frequencies.
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[0034] Inone embodiment, the capacitor 302 can be a high
Q fixed chip capacitor in parallel with a high Q varactor diode
operating as a voltage-tunable capacitor to bring the receiver
air loop to resonance and to maintain tuning. FIG. 4 shows a
schematic of the series-resonant circuit formed with tuning
circuit 400, that itself is formed of variable capacitance 402,
in series with its equivalent series resistance 404. A fixed
capacitor is shows as 406 in series with its ESR 408. The
antenna overall ohmic resistance 410 is shown separated as
radiation resistance 410 in series with overall antenna resis-
tance 412. Load resistance 414 and inductance 416 are also
shown.

[0035] Inthe circuit, the symbols have the following mean-
ings:
[0036] V,: The induced voltage across the loop antenna
[0037] L, The inductance of the loop antenna
[0038] R, ,.R, ,.R, ,.Receive-antennaloss (ohmic)

resistance, radiation resistance and overall antenna

resistance (the sum of the previous two)

[0039] C,..R..,. ... The capacitance of the tuning var-
actor and its associated Equivalent Series Resistance
(ESR)

[0040] Cg, R, 4. The fixed capacitance and its asso-
ciated ESR
[0041] R, .

[0042] One embodiment selects a tuning range of roughly
+/-5 percent of the chosen operating frequency, so as to cover
variations in the capacitance and detuning from external fac-
tors. The varactor’s tuning range could be approximately
+/-10 percent the fixed capacitance value. Components used
preferably have a high Q, so that they degrade the overall Q of
the circuit as little as possible.

[0043] In one embodiment, tuning is carried out solely at

: The load resistance
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[0046] At a lower operating frequency such as 1.3 MHz, a
larger fixed capacitor will be required. For example, the loop
antenna with the dimensions given in FIG. 3 with 5 turns of
loop antenna would require a fixed capacitance of about 3 nF.
Capacitance variations of +/-1 percent (30 pF) are typical for
these types of capacitors. As will be shown, this exceeds the
tuning range of most available tunable capacitors. Therefore,
atlow frequencies, one embodiment locates the adaptive tun-
ing only in the transmitter.

[0047] Increasing the operating frequency or increasing the
number of turns allows reducing the size of the fixed capaci-
tance. A larger number of turns may make the packaging more
difficult. Therefore, with a large number of turns, practical
implementation for certain types of applications could
become difficult. A higher frequency therefore might allow
certain benefits in applications where this factor might other-
wise be limiting.

[0048] However, at frequencies of 250 MHz and above, the
size of fixed capacitor required is extremely small—e.g. on
the order of 1 pF for N=1, and even less for more turns. At
these frequencies, the fixed capacitor can be eliminated alto-
gether in some cases, and only a very small tuning capacitor
used. This physical limit on capacitor size also places a limit
on the frequencies that can be used, for given loop dimen-
sions. A smaller receiver loop size would allow a higher
frequency or more loops to be used.

[0049] Exemplary high Q/low ESR capacitors with capaci-
tances from the low picofarad to the low nanofarad range can
be obtained commercially, e.g, from AVX Corp. Details of
some potentially suitable AVX capacitors are tabulated in
Table 3, although any number of other devices may be used.

the transmitter. In this embodiment, no varactor diode need be [0050] Table 3
TABLE 3
Capacitor Capacitance
Family Range of Voltage
(all AVX) Family Tolerance Q ESR Rating Dimensions
HQ series, 3.3pFto +/-0.25 pF  Varies according  Varies according 600Vto 9.4 mm x
E case 6800 pF to +/-1% to capacitance to capacitance 7200V 9.9 mm x
and frequency - and frequency - 3.3 mm
see FIG. 19 see FIG. 20
SQAQor 0.1 pF to +-1% Claimed greater ~ Approx 0.004at 50V 2.79 mm x
CDR! 5100 pF than 10000 at 1 1 MHz 2.79 mm x
series, style MHz 2.59 mm
13 or14

located at the receiver and the transmitter tracks the receiver
resonant frequency. This is dependent on how much resonant
frequency of the receiver loop is affected by changes in the
environment near the loop. The opposite configuration can
also be used.

[0044] At higher frequencies, or with larger loop dimen-
sions, or with more loop turns, a very small capacitance may
be required to bring the loop to resonance. In an embodiment,
only a varactor diode or only a fixed capacitor would be used
without the other.

[0045] Another effectto be considered is the self-resonance
of'the loop, especially at higher frequencies. This effect will
occur as inter-winding capacitance and stray capacitances on
the loop antenna come into resonance with the inductance of
the winding itself. This decreases as frequency increases.

[0051] Note that in general, Q ESR and C are related by the
following equation:

1
WResrQ

[0052] Another embodiment uses MEMS (Microelectro-
mechanical Systems) varactors. This may lower the power
consumption.

[0053] The circuit of FIG. 4 at resonance is analyzed to
evaluate performance. In a first approach, the varactor will be
replaced by a fixed value capacitor one-tenth the size of the
main fixed capacitor. The AVX data will be used for both
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capacitors. The tuning circuit 100 in FIG. 4 is modeled as a
single R/C impedance. Values used are:

[0054] 1. is the current in the receiver loop
[0055] P, isthe power at the load resistor
[0056] C.,, is the equivalent series capacitance of the fixed

capacitor and varactor, and
[0057] R,,, is the equivalent series resistance of the fixed
capacitor and varactor.

[0058] At resonance, the reactances can be neglected since
XL=-Xc. Only the resistive (real) losses in the circuit are
considered.

[0059] The inventors found that when the resistances of the
tuned antenna are matched to the load resistance, the maxi-
mum amount of power P, is available at the load. In other
words, the optimum condition is when
[0060] RL__ +Rr . +R_ =Rload ,. The values may
vary by 20% while still staying within “optimum” resonance.
[0061] Intheembodiment, therefore, the transmitter circuit
is modeled as a resonant loop where the loop is power-
matched to the source. An exemplary air loop antenna with
maximum dimensions of 20 cm (i.e. a radius r of 10 cm), a
wire radius of 1 mm and a single turn (N=1) is used for an
embodiment, although other types, sizes and dimensions of
antenna may be used for the transmitter in other embodi-
ments.

[0062] In one embodiment, the transmitter antenna could,
for example, sit vertically on a bench or a table inside a home,
within a wall, around a wall power outlet, on or within a
garage floor, behind a refrigerator, etc. To simplify calcula-
tions, the loop will be assumed circular, as FIG. 3. A single
wire loop transmitting antenna of FIG. 3, having a wire diam-
eter of 10 cm radius, wire radius of 1 mm, has an inductance
of approximately 840 nH. Different frequencies will require
different capacitance values for resonance with this antenna.
For example, 1.3 Mhz will require a capacitor of 17.85 nF;
13.56 Mhz will require 164.1 pF; 64 Mhz will require 7.365
pF; 250 Mhz will require 0.483 pF and 500 Mhz will require
0.121 pF.

[0063] A number of different antennas are described as
embodiments herein. For testing of the embodiments, the
antennas were built of 1.5 mm?® copper wire and fixed onto a
wooden frame.

[0064] The transmit antenna has a radius of 0.2 m, 6 turns,
and 3 Mhz operating frequency. The matching is realized with
two tunable capacitors. The receiving antenna has a radius of
0.1 m. Before considering power transfer/pathgain, the anten-
nas were tuned and measured independently. The resulting
characteristics are summarized in Table 6.

TABLE 6
Transmitting Receiving
antenna (TX) antenna (RX)

Measured unmatched characteristics @ 3 MHz

R [Q] 23 1.7
L [pH] 43 12.5
Used matching network
C, [pF] 36.5 33
C, [PF] 27.6 187
Match [dB] -24 -24
3 dB-bandwidth [kHz] 34 90
Quality factor Q 89 33
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[0065] A quality factor increase may further increase power
transfer. The quality factor, for example, can be increased
using a Matlab simulation. The mathematical investigations
done for the simulation, leads to the following approximation
for the path gain:

oy = — 20
16x6 [m(sz -2)]
[0066] where:
[0067] a=loop radius [m]
[0068] b=wire radius [m]
[0069] Q,~unloaded quality factor
[0070] x=distance between transmitter and receiver

antenna [m]

[0071] The Equation above shows that for a practical
antenna, the loop radius has a high impact on the path gain.

SECOND EMBODIMENT ANTENNAS

[0072] FIG. 5Sillustrates a second embodiment of the anten-
nas. This embodiment obtains a maximized power transfer
between a coupling loop 500 to which the transmitted power
502 is delivered. The coupling loop radiates to a resonator 510
with optimized Q. This embodiment uses a coupling loop
which acts as a resonator instead of a coupling network made
of'two capacitors. This reduces losses by omitting a matching
network. The coupling between the coupling loop and the
antenna can be conceptualized as an ideal transformer.
[0073] The antenna may be made out of e.g., copper tube or
the like in order to decrease the loss resistance by increasing
the wire surface. In addition, the surface may be plated with
silver (Ag) or another such high conductance material well
known in the art. With this type of construction, a quality
factor in the order of 1 is achieved, as described in greater
detail below. The resonator part of the antenna may also be
optimized for a high quality factor (Q). This is done by
increasing the number of turns, increasing the surface of the
wire and reducing dielectric losses due to isolation or the
mounting of the antenna.

[0074] To tune the resonance frequency of the antennas,
tunable capacitors 504, 512 may be integrated at the bottom
of'both antennas. The capacitors may be metal plates that are
tunable by using three screws 514 to change the distance
between the two plates of the capacitor. The capacitors domi-
nate the self-capacitance (CS) of the antennas. Table 6A
illustrates the characteristics of these antennas.

TABLE 6A
Transmitting Receiving
antenna (TX) antenna (RX)
Radius [m] 0.085 0.085
Length [m] 0.078 0.078
Number of turns 7 7
Operating frequency [MHz] Resonance Resonance

[0075] The exemplary embodiments of the antennas are
built of copper tube with an outer diameter of 6.0 mm. The
surface is silver-plated. This protects the copper from corro-
sion and slightly increases the conductivity of the surface.
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[0076] With an exemplary plate-distance of the tuneable
capacitor of 8 mm, the resulting calculated resonance fre-
quency is 14.4 MHz.

[0077] Using a Q of 1300, pathgain is approx. —10dB, at 1
m, which corresponds to a factor of 0.1. In other words, a
transmitting power of 10 watts must be used to receive 1 W at
the receiver.

[0078] The system should be defined around the unloaded
Q (Q,,) of the antennas. starting with:

1 Equation 1-1

0= L
W =B C’

[0079] The total loss resistance of either the Tx or Rx
antenna can be defined by:

1 L Equation 1-2
o RIEE

[0080] At resonance, it can be written as
P,,=P-R. Equation 1-3
[0081] The resulting current in the TX-antenna can now be

specified by
Py, Equation 1-4
I=\ =% -

[0082] Using Equation 1-2, the current can be rewritten as

Equation 1-5

C
I= | P Quif -

[0083] The magnitude of the H-field generated by the cur-
rent in the TX-antenna in a distance x is

AI-N

2-4/ (rf‘ +xz)3

Equation 1-6
Hx) =

and induces a voltage
Ud) =20 o N1 71 H ()
[0084] inthe RX-antenna. The parameterr, is the radius,

N the number of turns of the loop-antenna. The available
output power P, can now be calculated with

Equation 1-7

Uind (x)2 Equation 1-8
Poul(x) = .
ot (%) AR
Equation 1-9
Qut c !
Pou¥) = Upa 0 - 524 7 -
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[0085] Finally, pathgain is defined as

Pout (%) ) Equation 1-10

NX)gg = 10'10g10(P—_ -

[0086] To further simplify and understand the behaviour
of Equation 1-10 and Equation 1-9, models for [ and C
are needed. The capacitance can simply be defined over
the resonance frequency

Cc= 21 ] Equation 1-11
ws- L
[0087] Forthe inductivity, an empiric formula was found

to be the most accurate for the type of antenna used in
this system.

pr- N
= 00r, tia

Equation 1-12

[0088] The parameter 1, is the width of the antenna.
[0089] Under the assumption that the separation x between
the antennas is large compared to the radius of the antennas
rA (x>rA), and with Equation 1-11 and Equation 1-12, Equa-
tion 1-10 can be written as:

rf‘ 'Q§1(0-9m + ZA)2 Equation 1-13

n(x)gg = 10- 10%10[ 3%

[0090] The term in brackets in 1-13 is the linear pathgain.
Note that this linear pathgain is not a direct function of the
frequency or the number of turns, although these parameters
are implicitly contained in the quality factor. The pathgain is
approximately proportional to loop radius rAS, if the loop
radius is much larger than the loop length 1,. It is inversely
proportional to the separation x° between the antennas. It is
also proportional to the quality factor Q.

[0091] For a given antenna dimension, as the quality factor
is increased, the pathgain is improved. This is validated in an
embodiment via simulation. The above equations were simu-
lated using Matlab® to test antennas with different sizes and
quality factors. The following parameter set was defined to
run the script:

[0092] % Parameter definitions

[0093] Q=1000; % target unloaded quality factor [1]
[0094] N=7,% number of turns [1]

[0095] r_loop=85e-3; % radius of loop antenna [m]
[0096] r_wire=3e-3; % radius of wire [m]

[0097] pitch=12e-3; % distance between two turns (center
to center) [m]

[0098] freq=13.0e6; % system frequency [Hz]

[0099] dist=1:0.1:3; % distance of antennas [m]

[0100] P_in=1% input power [W]

[0101] The resulting simulation showed a pathgain varia-
tion

[0102] of -60 dB per decade which is caused by the term x°

in Equation 1-13. If Q is doubled, for example from 1000 to
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2000, pathgain increases by 6 dB. If the distance is doubled,
pathgain decreases by 18 dB. The exemplary defined param-
eters are valid for both TX- and RX-antennas, and hence can
assist with forming an optimal antenna for the parameters.

[0103] The simulation also calculates the reactive voltages.
The reactive voltages occurring at the inductance and the
capacitance are directly proportional to the quality factor and
proportional to the square root of the transmitting power as set
forth in Equation 1-14.

Upc=@.fPirR

[0104] Both reactive voltages will be very high in a practi-
cal implementation, thus planning for those voltages becomes
more critical. With a Q of 1000 and a transmitting power of 10
W, the voltages may be 2.7 kV. If a plate capacitor is used with
a plate distance of 0.01 m, the resulting field strength is 270
kV/m. Capacitors that can withstand these high voltages
become critical. For example, it may be necessary to use 2000
v or 3000 V or higher voltage withstanding capacitors. It is
believed that at least one reason why systems of this type did
not operate properly in the past is that they were not properly
sized for the amount of reactive voltage at was actually
present. In fact, the unexpectedly high voltage above 2 KV is
found as part of these reactive voltages even when much
smaller voltages are being transmitted. This unexpectedly
high voltage needs to be handled by the circuit components.
[0105] Definition of the Quality Factor also becomes
important, because a major focus of the antenna design pro-
cess is on optimizing the quality factor. Accordingly, the
following describes an in-depth analysis of Q.

[0106] The fundamental equation about the quality factoris
given by Equation 1-1 above.

Equation 1-14

» 1 L Equation 1-1
N Qu = R
[0107] FIG. 6 illustrates a plot of Q vs frequency for a

number of different frequencies.

[0108] Note that the proportion of L. and C is important in
this equation. For a given resonance frequency, there are an
infinite number of possible L-C combinations. However,
higher Q is obtained when the inductance L is as high as
possible compared to the capacitance.

[0109] The quality factor is also inversely proportional to
the resistance R. This resistance consists of a loss resistance
(R,) and a radiation resistance (R,). Both should be minimized
in order to increase the quality factor.

[0110] The loss resistance is dependent of the material used
to build the antenna, and due to the skin effect of frequency
used for the system. A highly conductive material with good
skin effect is preferable.

[0111] A high resonance frequency increases losses and
hence decreases the quality factor. This is why the curve of
FIG. 6 decreases at the upper end of the frequency-scale.
However, a lower resonance frequency is obtained by increas-
ing the capacitance. This decreases the L/C ratio, and since L.
is independent of the frequency, this lowers Q. Hence, the
FIG. 6 curve shows how Q decreases at both the upper and
lower end of the frequency-scale, making an ideal quality
factor around a frequency of 29 MHz for the given antenna
dimensions.
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[0112] This shows an ideal frequency or frequency range
for each antenna geometry.

[0113] The resonance frequency of 13 MHz used during
testing described herein is below this ideal frequency. This is
because self resonance, which is the resonance frequency
without the tunable capacitor, below the resonator of the
antennas is around 35 MHz. If the resonator is used at this
frequency without the tunable capacitor, the sensitivity of the
antenna against close-by objects may become significant.
[0114] An embodiment minimizes this effect and at the
same time makes it possible to change the resonance fre-
quency. A tunable capacitor of a value which dominates the
self-capacitance of the resonator is used for this purpose. The
added capacitance lowers the resonance frequency of the
antenna.

[0115] Quality factor typically cannot be measured
directly. Instead, the definition

wo

- 2 Equation 2- 1
Aw

Q

may be used as a starting point, where m, is the center or
resonance frequency and Aw corresponds to the 3 dB-band-
width. Q can therefore be found by measuring the two param-
eters m, and Am.

[0116] The 3 dB-bandwidth can be found as follows. The
impedance Z of a first order series RL.C-circuit is given by

1 i R
M Z=R+ jol+ ——. Equation 2-2
JjoC

[0117] With the help of
o 1 Equation 2-3
viLe
and
1 L Equation 2-4
Q = E E 5
[0118] theinductance L and capacitance C canbe written

in terms of Q and w,,.

L= @ Equation 2-5
wo
_ 1 Equation 2-6
= ora
[0119] IfEquation2-5and Equation 2-6isused in Equa-

tion 2-2, impedance can be expressed with

Z=R+,;-QR(§O - U)' Equation 2-7

[0120] The quality factor Q can also be used to define the
bandwidth (like in Equation 2-1)
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[0121] The impedance phaseis given by the inverse tangent

of'the imaginary part of Z, divided by the real part of Z. In this
division, R cancels out. If in addition Equation 2-8 is used and
the function is evaluated at the upper cut-off frequency, then
the phase is given by

Equation 2-9

[0122] If the expression in the bracket is simplified, the
phase gets dependent only from Q.

Equation 2-10

1+ —

A, 1
go(w0+ Tw) :tanl[Q+ 3 Ql ]
20

[0123] If Q increases, the function in the bracket tends 1.

Aoy T Equation 2-11
go(wo + 7) =tan (1) = rE

[0124] The result from Equation 2-11 corresponds to an
angle of 90 degrees which implies that the imaginary part of
Z. is equal to the real part of Z. Those two points can then be
found with a network analyzer, and then Equation 2-1 can be
used to calculate Q. Hence, using this framework, the Q value
of such an antenna can be actually determined.

[0125] A second embodiment of the antenna is shown in
FIG. 7. A coupling loop 700 is placed approximately 0.1 m
away from the main part of the antenna 710. A plate capacitor
is formed between two copper plates 721, 722. Screws 723,
724, 725 are formed of a capacitively-inert material such as
polyimide. These screws are used to adjust the capacitance
provided by the tuneable capacitor 720 and in turn adjust the
resonance frequency of the antenna.

[0126] A glass body 730 or other dielectric may be below
the antenna to minimize losses due to obstacles below the
antenna.

[0127] Moreover, as described above, surface conductionis
important to maximize Q. A silver plating or other non-cor-
rosive material, may be applied to protect the copper from
corrosion.

[0128] The coupling loop 700 may be formed of the same
copper tube material, but has only one turn and about half the
diameter of the antenna. The coupling loop is placed around
0.1 m away from the antenna to get a 50 W matching.
[0129] The following explains how the resonance fre-
quency of the antenna parts can be determined. In the follow-
ing equations, L is the inductance of the resonator itself, Cs is
the self-capacitance of the resonator and CT is the tuneable
capacitor associated with the resonator, Rr is the radiation
resistance, Rl the loss resistance of the resonator.
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Hom-N7rj
BT

where:

Equation 3-1

ra = loop radius

N = number of turns
4 = length of antenna
o = 1.2566-107°

2
e 2ra-8
Cy = A0 ]

1,{%+ /(%)2—1

where:

Equation 3-2

p =pitch of the antenna,
corresponds to the distance between
two turns plus the diameter of a turn
gy =8.8542-10712
Note: see[GRA] for a derivation of this formula

_ £0 -A
T Ta
where:

Equation 3-3

A =area of the plate capacitor

d = distance between the plates

Note: this is an approximate formula because
fringingis neglected. The real capacitance
is higher than the calculated.

1 Equation 3-4

fo= 2n-NL-(Cr + Cs)

2 .
PR EL Equation 3-5
R, =320"N (T]

where:

A = wavelength at the frequency fy

N-m-r .
Ro=125.—"A. M
F or

where:

Equation 3-6

o = conductivity of the metal used for the
antenna, 45 - 10° S/m used for calculations

rw = radius of the copper tube

[0130] Table 8 shows the values obtained for the current
values of antenna parameters.
TABLE 8

L [nH] (calculated value) 9.05

Cg [pF] (calculated value) 1.9

Cr [pF] (calculated value with the plate- 6.2-18.6

distance varying from 5 mm-15 mm)

R, [Ohm)] 0.0028

R, [Ohm] 0.264

fres [MHz] (measured) 12.5

Quality factor Q (calculated) 2780

Quality factor Q (measured) 1300
[0131] An exemplary test arrangement for the pathgain-

measurement may be carried out to obtain the actual values.
This measurement may completely decouple the transmitter
from the receiver, to avoid power transfer on the surface of the
coaxial shields and on the power lines. A signal generator and
a battery powered spectrum analyzer may be used on the
transmitter and the receiver side respectively.
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[0132] To measure the quality of the matching, the energy
returning from the transmitting antenna is measured with a
power meter which was connected through a directional cou-
pler. The forward coupling port of the directional coupler was
terminated with a 50 W load. During the measurements, the
matching was at least 20 dB. Matching can be varied by
adjusting the distance between the antenna and the coupling
loop.

[0133] On the receiver side, the spectrum analyzer is
directly connected to the receiving antenna.

[0134] The same resonance frequencies are used for both
antennas. Detuning results in a dramatically reduced power
transfer. The receiving antenna may use a tuning aid, e.g., a
Teflon bar that is selectively insertable into the tunable
capacitor of the antenna, resulting in a resonance-shift of
approximately 40 kHz, or may use an adjustable capacitor as
previously described. For each distance measured, the receiv-
ing antenna is tuned to receive the maximum power available.
The transmitting antenna is tuned by slightly adjusting the
signal generator’s frequency.

[0135] Table 9 shows the resulting measured pathgains.
TABLE 9
Level at Level at Pathgain
Distance [m] receiver [dBm] transmitter [dBm] [dB]
1.1 33 12.5 -9.2
1.5 -3.7 12.5 -16.2
2.0 -10.5 12.5 -23.0
2.5 -18.5 12.5 -31.0
3.0 -25.3 12.5 -37.8

[0136] Moreover, since the reactive voltage can easily
exceed several kV, it may be useful to test the antenna proto-
types to determine that reactive voltage, in order to allow
determination of proper sizing for the capacitors. An electri-
cally decoupled system may be used. A source signal from the
signal generator is amplified by a 50 dB RF amplifier. The 20
dB attenuator in-between is used to limit the available power
on the TX antenna.

[0137] The 3 dB attenuator after the amplifier is used to
protect the amplifier in case of a mismatched antenna. To
measure the quality of the matching, a power meter is used to
show the energy returning from the antenna. On the receiver
side, a small light bulb (50 W/3 W) may be used to indicate the
received power. Tuning and matching was realized by using
the tuning aid, by varying the frequency of the signal genera-
tor and by varying the distance between the antennas and the
coupling loop.

[0138] The results are summarized in the Table 10:
TABLE 10
Distance [m] 1.2
Pathgain in dB -11
Transmitting power [W] 10
Receiving power [W] 0.8
Approximate reactive voltage [kV] 3.1
Approximate field strength in the 310

tuneable capacitor [kV/m]

[0139] In one embodiment, sensitivity to close-by objects
or humans may cause a shift of the resonance frequency due
to e.g., stray capacitance. This may be mitigated by a shield,
e.g., a slotted or other shield, disposed around the antenna.
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[0140] Inanother embodiment, a piece of mica which has a
high dielectric strength and very good isolating capabilities is
used in place of the polyimide screws noted above. This also
raises the quality factor. It is postulated suggesting that less
energy is absorbed by the mica compared to the polymer.
[0141] Inanother configuration, very thin pieces of mica or
Teflon are used to hold the capacitor and limit transmitting
power.

[0142] There is a tradeoff between Q and bandwidth. Due
to the high quality factor, the bandwidth of the exemplary
second antennas is somewhat narrow, e.g., around 9 kHz at a
resonance frequency of 13 MHz. This results in certain tuning
requirements, because both antennas have to work on almost
exactly the same resonance frequency. Hence, in another
embodiment, the antenna sensitivity to approaching objects
as described above is reduced using the shield described
above. An electronic tuning circuit may be used to automati-
cally tune the antenna circuit(s) to maintain coherence. The
detuning issue becomes especially important in a system like
this where the Q is very narrow. This narrow Q implies narrow
bandwidth, which requires that the tuning be closer.

[0143] To further evaluate the effects of various external or
design factors on Q, various aspects of the experimental setup
are considered, including e.g. the glass body under the
antenna, the piece of mica in the capacitor, the losses of the
coupling loop, and the losses of all the objects within the near
field of the antenna.

[0144] To evaluate these factors, the environment of the
antenna should be as ideal as possible. Therefore, the exem-
plary antenna was suspended with two thin nylon strings. Two
coupling loops are used to measure transmission (S 12/S21)
instead of reflection (S 11). The coupling loops were placed
on both sides of the antenna, about 0.6 m away from the
antenna, to achieve an undercritical coupling. That is, when
an equal amount of power is dissipated in the external circuit
asinthe resonator itself, the coupling is said to be critical (and
the antenna is matched). An undercritical coupling means that
more power is dissipated in the resonator than in the external
circuit, while an overcritical coupling means that more power
is lost in the external circuit than in the resonator.

[0145] The theoretically expected Q for this embodiment is
2877. The realized Q of 2263 is 78.6% of the theoretical
value. The theoretical value was almost reached in this test. It
was also noted that higher Q, however, may make the antenna
more susceptible to influence by its environment. Thus, in
practice, the Q will likely always be lower than the theoretical
value.

[0146] A second measurement showed another character-
istic of the quality factor. The loaded quality factor QL should
be half of the unloaded quality factor (Qul) under the condi-
tion when the resonator is critically coupled.

[0147] The foregoing transmitter and receiver apparatus
(e.g., antenna. and any associated electronic or electrical
components) may also be combined in another embodiment
as a transceiver: i.e. a device adapted to both transmit and
receive power. This may comprise for example a common
form factor (e.g., a single unit or “box” having both transmit
and receive antennas and circuitry disposed therein). More-
over, the device may be used as a repeater to receive energy
from one source via the receive antenna, and then transmit the
received power to another source (or back to the same on)
using the transmit antenna. These events (transmission and
reception) may occur at the same time or with one delayed
relative to each other. Values can be modified depending on
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the polarization, strength, geometry, relative spacing and
placement, and other factors associated with the transmit and
receive antennas, or may also be conducted according to any
number of well known multiple access schemes such as e.g.,
frequency division or FDMA (e.g. wherein the resonant fre-
quency of the first antenna (receiver or transmitter) is differ-
ent or separated from that of the second antenna (transmitter
or receiver). As yet another option, the two antennas may use
the same or different frequency, and be time-divided or slot-
ted as to their operation (e.g., TDMA).

[0148] In another alternative, a “CSMA” like approach
may be used (whether with our without “collision detection™),
such as where one device actively or passively detects or
senses the activity of the other, and adjusts its behavior
accordingly. In one such embodiment, the transmitter, before
transmitting, detects the state of the receiver (e.g., whether in
resonance, generating current, etc.) and uses this as a gating
criterion for transmission).

[0149] Another embodiment uses a “resonant frequency
hopping” approach, wherein multiple access or other aims,
such as defeating or mitigating Rayleigh or antenna diversity
fading or other such issues, is accomplished by way of peri-
odically or deterministically or psuedorandomly hopping the
resonant frequency as a function of time. For example, the
transmitter and receiver may “seed” corresponding determin-
istic algorithms so as to mutually generate a common hop
sequence that allows them to maintain synchronized. Alter-
natively. “in-band” (e.g., modulated power signal) signaling
may be used to transmit the hop sequence in advance (or as it
proceeds) to the receiver from the transmitter; e.g . . . . “I will
hop to frequency X at next interval, and frequency X+Y after
that .. .”, and so forth. A separate low power transmitter, e.g.,
RF or Bluetooth, can be used to synchronize the specific
information. Clocking information may also be sent in an
analogous way.

[0150] In another embodiment, a passive “collision detec-
tion” or CD approach is used, such as where the transmitter
attempts to transmit, and determines whether an interfering
operation is occurring at the same time. For example, the
determination may be by detecting a resonant frequency, a
transmission efficiency, a feedback from a receiver, or some
other detection. This interfering operation may be caused by
the operation of the receiver, a parasitic or stray capacitance
effect, a loss of tuning, or other similar effect.

[0151] The transmitter may take an action at that point to
avoid the issue.
[0152] Inanembodiment, sincethe interference is typically

temporary, the transmitter can terminate the ongoing trans-
mission and retry a later time. One example of this is via a
random backoff via an anti-collision algorithm. One embodi-
ment allows the power has transmitted to be stored in a stor-
age part such as a battery. Because of this, the device can the
power transmission can be stopped temporarily; while still
allowing the powered device to operate.

[0153] The transmitter can attempt to tune itself to a difter-
ent resonant frequency so as to mitigate the interference and/
or attempt to tune or otherwise vary the operation of the
receiver.

[0154] Another option is to increase the gain so as to
increase an energy transfer rate. This may operate to “blast
through” the interference as it were).
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[0155] A system of adjusting polarization or orientation of
transmitter and/or receiver can be used, such as via a motor
drive or similar mechanism that physically alters the position
of the antenna(s).

[0156] Any combination of the above can alternatively be
used. These features can be implemented at the transmitter,
and/or at the receiver basis, or in tandem or coordination
between the transmitter and receiver.

[0157] Another embodiment uses signaling information
between the devices that relates to the level or rate of power
transfer as determined by the receiver (e.g., “here’s what ’'m
actually receiving, so you can compare this to what you are
actually sending to tune yourself, transmitter””). Moreover,
the aforementioned multiple access schemes can be imple-
mented in this fashion; e.g., backoff or CD based on a drop in
receiver received power as communicated back to the trans-
mitter via a communication channel.

[0158] As yet another alternative embodiment, multiple
transmitters and/or receivers may be used, and the aforemen-
tioned features implemented as between the multiple trans-
mitters (and/or receivers). For example, the FDMA, TDMA,
CSMA or CD techniques may be applied as between two
potentially conflicting transmitters.

[0159] The foregoing functions may be implemented at an
electrical or electronic component level; e.g., via simple gate
logic or the like implemented as anything from discrete com-
ponents through highly integrated circuits, as computer pro-
grams or applications running on e.g., a micro-controller or
digital processor, via firmware disposed on a IC, manually, or
in hardware to the degree applicable (e.g. electromechanical
tuners, motors, etc.).

[0160] Moreover, the present application contemplates the
dynamic alteration or variation of one or more antenna or
circuit parameters by environmental characteristics. For
example, this can change antenna characteristics. The char-
acteristics that can be changed can include tuning capaci-
tance, resistance value, radius of the loop or coil, e.g. via a
thermal effect that causes elongation or contraction of the
material used to form the antenna loop(s), thereby changing
its effective radius, the properties of the antenna or compo-
nents in proximity thereto (e.g. by selectively applying a
particular electric field or magnetic field, alignment of dipoles
within the material or components might be selectively
altered, thereby affecting the properties of the antenna), as
well as electrical or electronic processing such as power
signal processing, filtration, modulation, and others.

[0161] For example, in one embodiment, the (predomi-
nantly) magnetic field of the transmitter is modulated or
impressed with information so as to transfer information,
along with power.

[0162] In another embodiment this information comprises
control signaling between the receiver and transmitter,
thereby obviating any separate data or communications link
(and hence simplifying the system and making it more
robust). For instance, the transmitter may modulate the trans-
mitted narrowband signal as a function of time, e.g., via an
amplitude modulation, phase modulation. sideband or fre-
quency modulation; e.g., GMSK or sideband shift up or down
to encode a data “0” or “1”, pseudo-noise modulation. or
other technique. This allows transfer of information relating
to inter alia transmitter parameters (such as resonant fre-
quency. polarization, etc. that might otherwise allow the
receiver to better “lock on” to the transmitter to optimize
power transfer. Duty cycle, clock, or timing information
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might also be encoded: e.g., windows during which the trans-
mitter will be operational, to synchronize time frames of
reference etc.

[0163] The theoretical limits on antenna performance are
explained herein. Aspects such as the antenna efficiency,
quality factor (bandwidth) and size are considered. In addi-
tion, a model for the radio wave propagation in the near-field
and in the far-field is established.

[0164] An electrically small antenna is an antenna that can
be fitted into a fraction of a radiansphere, which is a sphere of
radius rmax

, _£ i (eq A-1)
Tk T2 T 2nf T2

[0165] where:

[0166] Kk is the wavenumber in m-1

[0167] 1is the wavelength in m

[0168] c is the speed of light 299792458 ms-1

[0169] fis the frequency in Hz, and

[0170] dmax is the diameter of the radiansphere

[0171] The antennas used for this application will be elec-

trically small in almost all cases (i.e. kr<1), where kr=d/lo.
[0172] Electrically small antennas are not typically self-
resonant. For low frequencies, the antennas are either capaci-
tive (dipole antenna) or inductive (loop antenna). They can be
approximated for example by a first-order series RC or par-
allel RL circuit. They are brought to resonance by tuning with
a reactor of an opposite kind.

[0173] Theequivalent circuit of such an antenna is shown in
FIG. 8 for the capacitive case. One main element of the
antenna is the radiation resistance Rr. In the equivalent cir-
cuit, this resistor models the radiated power. The loss resistor
RL accounts for the conduction and dielectric losses of the
antenna. The capacitor C represents the reactive component
of the antenna. This, together with the external matching
inductor L forms a resonant circuit, which is tuned to the
operating frequency. This circuit can also be modeled as an
equivalent representation as a parallel resonant circuit.

(eq A-2)

) @l VIC

R0+jwoL:[RL+Rr]—j ! woz;
Ra

where:

R, is the source resistence in )

R, is the antenna resistence in {1

Ry, is the loss resistence in )

R, is the radiation resistence in ()

w, is the resonance frequency in rads™"

L is the matching inductance in H

C is the antenna capacitance in F

[0174] For maximum power transfer, the antenna and
matching network impedance is complex conjugate matched
at resonance to the antenna impedance.

[0175] A similar circuit can be derived for the case of an
inductive antenna.
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[0176] Applicants believe that there are fundamental limits
on the efficiency and quality Factor of such an antenna. If a
certain antenna performance is required, the size of an
antenna cannot be reduced to an arbitrary value. Like the
well-known Shannon limit in communication theory, which
relates channel capacity to bandwidth and dynamic range,
there is also a fundamental limit in antenna theory that relates
minimum antenna size to the radiation quality factor.

[0177] There have been many attempts to calculate the
theoretical limits on antenna size. The fundamental work was
done by Chu [CHU] and Harrington [HAR]. Their theory
states that the antenna is completely enclosed by a sphere of
radius r, The field outside the sphere, can be expressed as a
sum of weighted spherical waves propagating radially out-
ward. Each wave (mode) exhibits power orthogonality and
therefore carries power independently from the others.
[0178] It can be mathematically proven that a particular
field outside the sphere can be generated with an infinite
number of different source distributions. The field outside the
sphere is therefore independent from a particular implemen-
tation of the antenna. From Chu’s calculation it has been
shown that an antenna that excites only one mode (either
TEO1 or TMO1) achieves the lowest possible radiation quality
factor of any linearly polarized antenna. Based on the above-
described fundamental work. Hansen derived an approximate
analytical expression for this quality factor Qr [HAN], which
has been cited many times in the literature. Mclean further
developed and corrected the work from Hansen [MLE], giv-
ing an exact expression for the radiation quality factor Qr of
a linear polarized antenna:

W, . Equation 3
Zw?, W, > W, (capactive antenna)
(g = r
' Ve P
Zw?, Wi > W,(inductive antenna)
_L
TR ke
[0179] where
[0180] Q. is the radiation quality factor (unitless)
[0181] w is the radian frequency in rads™!
[0182] W, is the time-averaged, non-propagating stored

electric energy in J
[0183] W,,is the time-averaged non-propagating, stored
magnetic energy in J
[0184] P, is the radiated power in W
[0185] This equation shows that the dominant term for
electrically small antennas (k; <<l) is the cubic term. How-
ever, for large antennas (k; >>1) the radiation quality factor
will be governed by the linear term.
[0186] A physical implementation of an antenna exhibits
losses, i.e. its radiation efficiency is smaller than unity due to
non-ideal conductors and dielectrics. The reduction of the
efficiency has an impact on the overall quality factor, called
the antenna quality factor. Assuming the antenna is power-
matched to the source, the antenna quality factor Qa results
in:

'Q,7n,Q,
[0187]
[0188]

[0189]
[0190]

where:

Q,, is the antenna quality factor (unitless)
where:
Q" is the antenna quality factor (unitless)
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[0191] Threeimportant relations can be derived from Equa-
tion A3 and Equation A4:

[0192] For Small antennas the efficiency is proportional
to the cube of the relative antenna size and therefore also
proportional to the cube of the antenna size and to the
cube of the frequency:

.o (kn)?ocr oc
[0193] For large antennas the efficiency is proportional

to the relative antenna size and therefore also propor-
tional to the antenna size and the frequency:

Equation 5

n,ockrocroe f Equation 6

[0194] Ingeneral, the radiation efficiency is proportional

to the antenna quality factor:
Q"

[0195] For the antenna models in FIG. 4 and FIG. 5 the

values for radiation quality factor Q, and radiation effi-
ciency m, are given as:

Equation 7

Im{Z,} 1 Equation 8
Oreap = m = m
Im{Y,} R, Equation 9
Qrind = RelY.] ~ wiL
P, R, Equation 10
P T RARL
[0196] where:
[0197] m, is the radiation efficiency (unitless)
[0198] Z,, is the antenna input impedance in
[0199] Y, is the antenna input admittance in Q*
[0200] P, is the radiated power at resonance in W
[0201] P,,is the power input to the antenna at resonance
inW
[0202] This shows that for a given radiation efficiency,

reducing antenna size leads to increased antenna quality fac-
tor. For a given antenna size, decreasing radiation efficiency
results in lower antenna quality factor. Consequently, for a
given radiation efficiency, a higher antenna quality factor is
the penalty for a small antenna size.

[0203] The antenna quality factor decreases with increas-
ing frequency and increasing antenna size when the radiation
for the wireless powering and charging system the antenna
efficiency is the most important criterion, as this determines
how much power can be transmitted between two antennas.
Equation 5 illustrates that the antenna efficiency is propor-
tional to the cube of the relative antenna size and therefore
also proportional to the cube of the absolute antenna size.
Increasing the size by a factor of 10 results in an improvement
of antenna efficiency of 30 dB (factor 1000), assuming that
the antenna quality factor is kept constant.

[0204] Equation 7 shows that the antenna quality factor is
proportional to the antenna efficiency. Increasing by 10 times
the antenna quality factor yields an increase of the antenna
efficiency of 10 dB (factor 10), assuming a constant relative
antenna size. Antenna efficiency is proportional to the cube of
the frequency. An increase by a factor of 10 in the frequency
leads to an improvement of the antenna efficiency by 30 dB
(factor 1000), assuming that the antenna size and the antenna
quality factor are kept constant.
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[0205] Unlike the fundamental limits on efficiency and
quality factor that have been described above, the gain does
not present a physical limit. However, as opposed to the gain,
there is a good knowledge of the directivity that can be
achieved with certain antenna types. The directivity is linked
to the gain as follows:

G=hD (Al1)

[0206] According to Balanis [BAL], the directivity of a
small dipole is D=1.5. The same directivity applies also to a
small loop. This similarity becomes clear when the principle
of duality of the electric and magnetic field is applied, as a
small loop can be described with the help of a magnetic
dipole.
[0207] Higher directivities can be expected from antennas
that are not electrically small. This is the case e.g. for the
dipole as can be seen from FIG. Al. If the maximum antenna
dimension is in the order of a wavelength, the directivity is
higher than that of the small dipole. However, for the wireless
powering and charging system this is only the case for fre-
quencies above 1 GHz.
[0208] Radio Wave Propagation
[0209] The characteristics of an antenna show a strong
dependence on the point (in terms of distance) where their
fields are observed. A distinction between near field and far
field is often made. In the near-field region, the electromag-
netic energy is mainly stored and not radiated (stationary
wave). The boundary for this region is usually defined as:
[0210] Near-field: In the near-field region the electro-
magnetic energy is mainly stored and not radiated (sta-
tionary wave). The boundary for this region is usually
defined as:

A
kr<<1 << —,
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[0211] where;
[0212] k is the wave number, and
[0213] rthe observation distance to the antenna.
[0214] In the far-field region most of the electromagnetic

energy is radiated and not stored. The boundary for this area
is usually defined as:
[0215] ¥ Far-field: In the far-field region most of the
electromagnetic energy is radiated and not stored. The
boundary for this area is usually defined as:

A
kr>>1 >> —.
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[0216] Between the near-field and the far-field a transition
from a stationary into a propagating wave occurs. This is the
so-called transition region.

[0217] For a distance of 0.5 to 5 m to the antenna the
boundary between the near-field and the far-field is in the
frequency range of 10 to 100 MHz.

[0218] Allradio waves propagate in a very different manner
in the near-field and in the far-field. From radio communica-
tion theory the Friis transmission equation is well known. It
describes the ratio of received power to power of a transmit
antenna. assuming a certain receive and transmit antenna
gain, as well as a certain separation between these antennas:
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Pry A2 Equation 12
P GTXGRX(m)
[0219] This equation is only valid in the Far-field. For a

more general treatment of energy transmission between two
antennas, a new equation is developed that also covers the
near-field.

[0220] The radiated fields of an electrically small dipole
will be considered As a basis for this general radio wave
propagation model. The dipole can also be used to model a
loop antenna because of the principle of duality of the electric
and magnetic field. Because of this, the electric field compo-
nent of a dipole corresponds to the magnetic field component
of the loop and vice versa.

[0221] Equation 13 and Equation 14 show the components
of the electric and the magnetic field of a small dipole. The
radial component of the electric field has been omitted, as it
accounts only for the reactive energy that is stored in the
near-field.

Equation 13

b klolsinO[ L 1 ] i
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[0222] In these equations, r is the distance to the antenna

and not the antenna radius. After some algebraic manipula-
tions, the following simplified equations for the field magni-
tude can be obtained:

1 1 Equation 15
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[0223] The received power from a co-polarized antenna,

that is, one in which the transmit and the receive antenna are
parallel to each other, is proportional to the time averaged
value of the incident field squared as described above. Thus,
the path gain can be calculated as follows

G _ Prxg _ GTXGRX[ 1 1 N 1 ] Equation 17
e R N N U
Prxy  GrGre[ 1 1 Equation 18
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[0224] Equation 17 is the propagation law for like antennas

(propagation from a dipole to another co-polarized dipole or
propagation from a loop to another co-polarized loop). Equa-
tion 18 is the propagation law for unlike antennas (propaga-
tion from a dipole to a co-polarized loop or propagation from
aloop to aco-polarized dipole). The path gain in the near-field
is much higher than what would be expected by applying the
far-field theory (Friis equation). For the transmission between
like antennas in the near-field a path loss of 60 dB/decade can
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be seen, whereas the transmission between unlike antennas in
the near-field has a path loss of 40 dB/decade. This is con-
trasted to the path loss of 20 dB/decade that is seen in the
far-field.

[0225] These equations can be used to determine additional
antennas and characteristics that can be used for this purpose.
[0226] Although only a few embodiments have been dis-
closed in detail above, other embodiments are possible and
the inventors intend these to be encompassed within this
specification. The specification describes specific examples
to accomplish a more general goal that may be accomplished
in another way. This disclosure is intended to be exemplary,
and the claims are intended to cover any modification or
alternative which might be predictable to a person having
ordinary skill in the art.

[0227] Forexample, other antenna forms and selections can
beused. The term “power” as used herein can refer to any kind
of energy, power or force transfer of any type. The receiving
source can be any device that operates from stored energy,
including a computer or peripheral, communicator, automo-
bile, or any other device. Myriad applications of the foregoing
transmitter, receiver and transceiver apparatus of the inven-
tion are recognized. By way of example and without limita-
tion, such applications include: (i) powering or charging por-
table computers. PMDs. client devices. cellular phones. etc.;
(i) powering or charging flat screen or wall-mounted televi-
sions or displays; (iii) powering or charging refrigerators
(e.g., by placing a transmitter on the wall behind the refrig-
erator. and a receiver in the refrigerator proximate to the
transmitter); (iv) powering or charging electric cars; e.g., by
placing or building in a transmitter in the floor of a garage, and
placing a receiver on the bottom of the car: (v) powering or
charging home or office lighting: e.g. incandescent, fluores-
cent or LED-based lamps with no cords: (vi) powering or
charging home or office appliances such as toasters, blenders,
clocks, televisions, microwave ovens, printers, computers,
etc.: (vil) powering or charging multiple devices simulta-
neously (e.g., through the use of a substantially omni-direc-
tional transmitter arrangement); and (viii) powering or charg-
ing devices where the presence of electrical conductors with
voltage would represent a hazard; e.g., near water, near chil-
dren, etc.

[0228] As used herein, the terms “electrical component”
and “electronic component” are used interchangeably and
refer to, without limitation, components adapted to provide
some electrical or electronic function, including without limi-
tation inductive reactors (“‘choke coils™), transformers, filters,
gapped core toroids, inductors, capacitors, resistors, opera-
tional amplifiers, varactors, MEMS devices, FETs and other
transistors and diodes, whether discrete components or inte-
grated circuits, whether alone or in combination.

[0229] As used herein, the term “integrated circuit (IC)”
refers to any type of device having any level of integration
(including without limitation ULSL, VLSI, and LSI) and irre-
spective of process or base materials (including, without limi-
tation Si, SiGe, CMOS and GAs). ICs may include, for
example, memory devices (e.g., DRAM, SRAM, DDRAM,
EEPROM/Flash, ROM), digital processors, SoC devices,
FPGAs, ASICs, ADCs, DACs and other devices, as well as
any combinations thereof.

[0230] Asused herein, the term “digital processor” is meant
generally to include all types of digital processing devices
including, without limitation, digital signal processors
(DSPs), reduced instruction set computers (RISC), general-



US 2008/0211320 Al

purpose (CISC) processors, microprocessors, gate arrays
(e.g., FPGAs), Reconfigurable Compute Fabrics (RCFs), and
application-specific integrated circuits (ASICs). Such digital
processors may be contained on a single unitary IC die, or
distributed across multiple components.

[0231] As used herein, the terms “computing device”, “cli-
ent device”, and “end user device” include, but are not limited
to, personal computers (PCs) and minicomputers, whether
desktop, laptop, or otherwise, set-top boxes such as the
Motorola DCT2XXX15XXX and Scientific Atlanta Explorer
2XXX13XXX/4XXX18XXX series digital devices, personal
digital assistants (PDAs) such as the Blackberry® or
“Palm®” family of devices, handheld computers, personal
communicators, J2ME equipped devices, cellular telephones,
or literally any other device capable of using power, or inter-
changing data with a network.

[0232] As used herein, the term “memory” includes any
type of integrated circuit or other storage device adapted for
storing digital data including, without limitation, ROM,
PROM, EEPROM, DRAM, SDRAM, DDR/2 SDRAM,
EDOIFPMS, RLDRAM, SRAM, “flash” memory (e.g.,
NANDINOR), and PSRAM.

[0233] Also, the inventors intend that only those claims
which use the words “means for” are intended to be inter-
preted under 35 USC 112, sixth paragraph. Moreover, no
limitations from the specification are intended to be read into
any claims, unless those limitations are expressly included in
the claims.

[0234] The operations and/or flowcharts described herein
may be carried out on a computer, or manually. If carried out
on a computer, the computer may be any kind of computer,
either general purpose, or some specific purpose computer
such as a workstation. The computer may be an Intel (e.g.,
Pentium or Core 2 duo) or AMD based computer, running
Windows XP or Linux, or may be a Macintosh computer. The
computer may also be a handheld computer, such as a PDA,
cellphone, or laptop.

[0235] Moreover, the method steps and operations
described herein can be carried out on a dedicated machine
that does these functions.

[0236] The programs may be written in C or Python, or
Java, Brew or any other programming language. The pro-
grams may be resident on a storage medium, e.g., magnetic or
optical, e.g. the computer hard drive, a removable disk or
media such as a memory stick or SD media, wired or wireless
network based or Bluetooth based Network Attached Storage
(NAS), or other removable medium or other removable
medium. The programs may also be run over a network, for
example, with a server or other machine sending signals to the
local machine, which allows the local machine to carry out the
operations described herein.

[0237] Where a specific numerical value is mentioned
herein, it should be considered that the value may be
increased or decreased by 20%, while still staying within the
teachings of the present application, unless some different
range is specifically mentioned. Where a specified logical
sense is used, the opposite logical sense is also intended to be
encompassed.

What is claimed is:

1. A method, comprising:

inducing power into a near field magnetic field of a trans-
mitting antenna; and

operating the transmitting antenna along with a receiving
antenna, to couple the power magnetically to a receiving
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antenna that has at least one characteristic that is
matched to the transmitting antenna; and

tuning at least one of said antennas to improve a matching

therebetween.

2. A method as in claim 1, wherein said matching com-
prises matching impedances between said antennas.

3. A method as in claim 2, wherein said tuning comprises
using an adjustable capacitor in the at least one of said anten-
nas and electrically adjusting a capacitance value of the
adjustable capacitor to a desired value.

4. A method as in claim 3, wherein said tuning comprises
adjusting a distance between plates in a capacitor.

5. A method as in claim 4, wherein said adjusting com-
prises using screws made of a non-electrical material.

6. A method as in claim 3, wherein said adjustable capaci-
tor comprises an electrically adjustable capacitor, and said
tuning comprises automatically tuning.

7. A method as in claim 6, wherein said electrically adjust-
able capacitor comprises a varactor diode.

8. A method as in claim 3, further comprising a fixed value
capacitor in addition to said adjustable capacitor.

9. A method as in claim 8, wherein said variable capacitor
has 10% of a capacitance value of the fixed value capacitor.

10. A method as in claim 2, further comprising detecting a
temporary situation that reduces matching between the trans-
mitter and receiver, and carrying out at least one operation
responsive to said detecting.

11. A method as in claim 10, wherein said detecting is
carried out at the transmitter.

12. A method as in claim 11, wherein said least one opera-
tion comprises terminating power transmission until the tem-
porary situation is terminated.

13. A method as in claim 2 wherein said tuning comprises
using an electrically adjustable capacitor in the at least one
antenna and electrically adjusting a capacitance value of the
electrically-adjustable capacitor to a desired value and
wherein said at least one operation comprises changing a
value of said adjustable capacitor.

14. A method as in claim 1, wherein said transmitter and
said receiver are both formed of antennas made of circular
shaped loops of electrically conductive material.

15. A method as in claim 1, wherein said operating com-
prises storing energy in and near field of the transmitting
antenna and inducing said energy into the receiving antenna.

16. A method as in claim 1, wherein each of said antennas
have a Q of at least 1000.

17. A method as in claim 1, wherein each of said antennas
are magnetic antennas which are tuned to within 10% of their
resonant values.

18. A method as in claim 2, wherein said antennas include
capacitors therein, and further comprising sizing said capaci-
tors to withstand at least 2 KV of reactive voltage.

19. A wireless power transmitter, comprising:

a power transmitter, that produces power to be transmitted

wirelessly over a magnetic link; and

an inductive loop antenna part, having at least one capaci-

tive part connected to said inductive loop part, wherein
said capacitive part is sized to withstand at least 2 KV of
reactive voltage.

20. A transmitter as in claim 19, further comprising a
receiver with a receiving antenna that is matched to the trans-
mitting antenna.

21. A transmitter as in claim 19, further comprising a
tuning part that allows tuning said antenna.
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22. A transmitter as in claim 21, wherein said tuning part
comprises an adjustable capacitor.

23. A transmitter as in claim 22, wherein said adjustable
capacitor comprises a capacitor with plates whose distance
can be adjusted.

24. A transmitter as in claim 23, wherein said capacitor has
screws made of a non-electrical material.

25. A transmitter as in claim 21, wherein said tuning part
comprises an electrically adjustable capacitor.

26. A transmitter as in claim 25, wherein said tuning part
comprises a varactor diode.

27. A transmitter as in claim 25, further comprising a fixed
value capacitor in addition to said adjustable capacitor.

28. A transmitter as in claim 27, wherein said variable
capacitor that has 10% of a capacitance value of the fixed
value capacitor.

29. A transmitter as in claim 20, further comprising a part
that detects a reduction of matching between the transmitter
and receiver, and carries out at least one operation responsive
to the detecting.

30. A transmitter as in claim 29, wherein said device ter-
minates power transmission until the temporary situation is
terminated.

31. A transmitter as in claim 29, further comprising an
adjustable capacitor in at least one antenna and said device
electrically adjusts a capacitance value of the electrically-
adjustable capacitor to a desired value to change a value of
said adjustable capacitor to improve said matching.

32. A transmitter as in claim 19, wherein said antenna is
made of circular shaped loop of electrically conductive mate-
rial.

33. A transmitter as in claim 19, wherein said antenna has
a Q of at least 1000.

34. A transmitter as in claim 19, wherein said antenna is a
magnetic antenna which is tuned to within 10% ofits resonant
value.

35. A transmitter as in claim 19, wherein said antenna has
a first part, connected to the power transmitter, and forming a
coupling loop, and a second part, electrically unconnected to
said coupling loop, into which power is electrically induced.

36. A transmitter as in claim 19, wherein at least part of said
antenna is electrically decoupled from said power transmitter.

37. A transmitter as in claim 19, wherein at least part of said
antenna is coated with an anti corrosion material.

38. A wireless power receiver, comprising:

an inductive loop antenna part, having at least one capaci-

tive part connected to said inductive loop part, wherein
said capacitive part is sized to withstand at least 2 KV of
reactive voltage; and

a power receiver, coupled to receive power from said

inductive loop antenna part, that has been transmitted
wirelessly over a magnetic link.

39. A receiver as in claim 38, wherein said inductive loop
antenna part forms a receiving antenna, and further compris-
ing a transmitter with a transmitting antenna that is matched
to the receiving antenna.

40. A receiver as in claim 38, further comprising a tuning
part that allows tuning said antenna.

41. A receiver as in claim 40, wherein said tuning part
comprises an adjustable capacitor.

42. A receiver as in claim 41, wherein said adjustable
capacitor comprises a capacitor with plates whose distance
can be adjusted.
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43. A receiver as in claim 42, wherein said capacitor has
screws made of a non-electrical material.

44. A receiver as in claim 40, wherein said tuning part
comprises an electrically adjustable capacitor.

45. A receiver as in claim 44, wherein said tuning part
comprises a varactor diode.

46. A receiver as in claim 44, further comprising a fixed
value capacitor in addition to said adjustable capacitor.

47. A receiver as in claim 46, wherein said variable capaci-
tor that has 10% of a capacitance value of the fixed value
capacitor.

48. A receiver as in claim 39, further comprising a part that
detects a reduction of matching between the receiver and
transmitter, and carries out at least one operation responsive
to the detecting.

49. A receiver as in claim 48, wherein said device termi-
nates power transmission until the temporary situation is
terminated.

50. A receiver as in claim 48, further comprising an adjust-
able capacitor in at least one antenna and said device electri-
cally adjusts a capacitance value of the electrically-adjustable
capacitor to a desired value to change a value of said adjust-
able capacitor to improve said matching.

52. A receiver as in claim 38, wherein said antenna is made
of a circular shaped loop of electrically conductive material.

53. A receiver as in claim 38, wherein said antenna has a Q
of at least 1000.

54. A receiver as in claim 38, wherein said antenna is a
magnetic antenna which is tuned to within 10% ofits resonant
value.

55. A receiver as in claim 38, wherein at least part of said
antenna is coated with an anti corrosion material.

56. A wireless power transmitter, comprising:

a power transmitter connection, that receives energy to be

transmitted wirelessly over a magnetic link;

a first coupling antenna part, electrically connected to

receive said energy; and

a second antenna part, electrically disconnected from said

first coupling part and from said power transmitter con-
nection, and operating to transmit, magnetically, said
energy.

57. A transmitter as in claim 56, wherein at least one of said
antenna parts includes an inductive loop antenna part, having
at least one capacitive part connected to said inductive loop
part, wherein said capacitive part is sized to withstand at least
2 KV of reactive voltage.

58. A transmitter as in claim 56, further comprising a
tuning part that allows tuning said antenna.

59. A transmitter as in claim 58, wherein said tuning part
comprises an adjustable capacitor.

60. A transmitter as in claim 56, wherein said adjustable
capacitor comprises a capacitor with plates whose distance
can be adjusted.

61. A transmitter as in claim 58, wherein said tuning part
comprises an electrically adjustable capacitor.

62. A transmitter as in claim 61, wherein said tuning part
comprises a varactor diode.

63. A transmitter as in claim 61, further comprising a fixed
value capacitor in addition to said adjustable capacitor.

64. A transmitter as in claim 63, wherein said variable
capacitor that has 10% of a capacitance value of the fixed
value capacitor.
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65. A method, comprising:

transmitting power from a transmitting antenna to a receiv-

ing antenna;

automatically detecting a detuning event that detunes a

relationship between said transmitting antenna and
receiving antenna; and

responsive to said detecting, automatically taking an action

to change a characteristic of said transmitting.

66. A method as in claim 65, wherein said action comprises
terminating device power transmission during a time of the
detuning event.

67. A transmitter as in claim 65, wherein said action com-
prises electronically tuning one of said antennas to a different
resonance value.

68. A wireless power transmitter, comprising:

a power transmitter connection, that receives energy to be

transmitted wirelessly over a magnetic link;

at least one antenna part formed of a single loop of con-

ductive material; and

a capacitor part, having a value to match an L and C value

of the antenna to a frequency of said power transmitter.

69. A transmitter as in claim 68, wherein said antenna
includes a first coupling antenna part, electrically connected
to receive said energy; and

a second antenna part, electrically disconnected from said

first coupling part and from said power transmitter con-
nection, and operating to transmit, magnetically, said
energy.

70. A transmitter as in claim 68, wherein said capacitor part
is sized to withstand 2 KV of reactive voltage.

71. A method, comprising:

magnetically transmitting power from a transmitting

antenna to a receiving antenna, where each of said anten-
nas has a Q value for a specified frequency, greater than
1000; and

tuning said antennas to maintain resonance at said speci-

fied frequency.

72. A method comprising:

forming aradiated magnetic field with energy therein using

atransmitting antenna with a Q value greater than 1000;
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extracting energy from the radiated field of the transmitting
antenna, at a receiving antenna location that is uncon-
nected to said transmitting antenna by any wires; and

using said energy in an electronic device that is uncon-
nected to said transmitting antenna by any wires.

73. A method as in claim 72, further comprising adaptively

tuning circuit one of said antennas.

74. A method as in claim 73 wherein said adaptive tuning is
carried out automatically by an electric circuit associated
with at least one of said antennas.

75. A method as in claim 72, further comprising matching
a resistance of a receiving antenna to the load resistance.

76. A method as in claim 72, further comprising shielding
at least one of said antennas against external influences to
resonance.

77. A method as in claim 76, wherein said shield is against
stray capacitance.

78. An apparatus comprising:

a receiving antenna, operative to extract energy from a
radiated field at a receiving antenna location that is
unconnected to any transmitting antenna by any wires;
and

a power system, using said energy in an electronic device
that is unconnected to said transmitting antenna by any
wires.

79. An apparatus as in claim 78, further comprising an
adaptive tuning circuit, changing a tuning value of one of said
antennas.

80. An apparatus as in claim 79 wherein said adaptive
tuning circuit is an automatic tuning circuit associated with at
least one of said antennas.

81. An apparatus as in claim 78, further comprising a
matching circuit that matches a resistance of a receiving
antenna to the load resistance.

82. An apparatus as in claim 78, further comprising a shield
that shields at least one of said antennas against external
influences to resonance.

83. An apparatus as in claim 82, wherein said shield is a
slotted shield.



