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WIRELESS POWER APPARATUS AND FIG . 6 plots high quality factor ( Q ) versus frequency , 
METHODS illustrating optimization of power transfer by using antenna 

design , in accordance with the second set of exemplary 
RELATED APPLICATIONS embodiments of the present invention . 

5 FIG . 7 illustrates a physical implementation of an 
This application is related to co - owned and co - pending antenna , in accordance with the second set of exemplary 

U . S . patent application Ser . No . 11 / 408 , 793 Filed Apr . 21 , embodiments of the present invention . 
2006 and entitled “ Method and System for Powering an FIG . 8 illustrates a circuit diagram of an electrically small 
Electronic Device Via a Wireless Link ” , and U . S . patent antenna , operating in a capacitive mode , in accordance with 
application Ser . No . 11 / 654 , 883 filed Jan . 17 , 2007 entitled the second set of exemplary embodiments of the present 
“ Method and Apparatus for Delivering Energy to an Elec - invention . 
trical or Electronic Device Via a Wireless Link ” , each of the 
foregoing incorporated herein by reference in its entirety . DETAILED DESCRIPTION 

This application claims priority from provisional appli 
cation No . 60 / 904 , 628 , filed Mar . 2 , 2007 ; the disclosure of 15 Embodiments describe the use of wireless power transfer 
which is herewith incorporated herein by reference . to a receiving source . 

As used herein , the terms “ wireless power ” and “ wireless COPYRIGHT energy ” include without limitation any form of power or 

A portion of the disclosure of this patent document 20 energy , including that associated with electric fields , mag 
netic fields , electromagnetic energy , or otherwise , that is contains material that is subject to copyright protection . The transmitted between one point , area , location or device and copyright owner has no objection to the facsimile reproduc another without having to use a wire line connection . tion by anyone of the patent document or the patent disclo 

sure , as it appears in the Patent and Trademark Office patent An embodiment discloses a wireless powering and charg 
files or records , but otherwise reserves all copyright rights 25 ing system . An embodiment describes using a transmitter of 
whatsoever . a size allowing it to be embedded into another item , e . g . , a 

All figures , tables , and Exhibits are Copyright © 2006 , desk or a shelf , or plugged into a wall , or embedded into 
2007 Third Option , LLC . All rights reserved . another structure or surface such as a wall , floor , door , etc . 

A receiver is associated with a small mobile unit or client 
BACKGROUND 30 device carried by the user , or mounted on a portable device , 

vehicle , or with a stationary device such as a lamp , toaster , 
Delivery of power to portable devices often uses wires of flat - screen TV on a wall , computer or computerized device , 

various types to carry out the power delivery . Devices such PDA , personal media device , etc . When the receiver is in 
as cell phones , portable computers , or any other device that range of the transmitter , power is delivered to the mobile 
can operate from stored power such as a battery , all require 35 unit . 
and use such a source of power to operate the device and / or In one embodiment , a wireless powering - charging system 
charge the battery . is disclosed , based on a transmitter that sends a substantially 

unmodulated signal or beacon ( e . g . , the carrier only ) . A 
SUMMARY receiver may be tuned to extract energy from the radiated 

40 field of the transmitter . The receiver powers an electronic 
Techniques of wireless power transfer are disclosed device or charges a battery . 

herein . Other embodiments may use beacons that are slightly 
modulated . 

BRIEF DESCRIPTION OF THE DRAWINGS Multiple receivers may be used . Multiple transmitters 
45 may be used to transmit to one or multiple receivers . 

FIG . 1 plots maximum power density versus frequency The antenna used by this system allows an efficient means 
under the FCC and EN limits , respectively , illustrating how of energy transmission and reception . The antenna is pref 
the US limits for radiation exposure are more generous at erably of a small size to allow it to fit into a mobile , handheld 
frequencies below 30 MHz and could offset the effect of device where the available space for the antenna may be 
reduced antenna efficiency at low frequency . 50 limited . An embodiment describes a high efficiency antenna 

FIG . 2 plots maximum magnetic field strength versus for the specific characteristics and environment for the 
frequency under the FCC and EN limits , respectively , illus - power being transmitted and received . 
trating how the US limits for radiation exposure are more Antenna theory suggests that a highly efficient but small 
generous at frequencies below 30 MHz and could offset the antenna will typically have a narrow band of frequencies 
effect of reduced antenna efficiency at low frequency 55 over which it will be efficient . Many of skill in the art have , 

FIG . 3 illustrates a simplified schematic diagram of an air therefore , avoided the use of these antennas , to enable more 
loop antenna , in accordance with a first set of exemplary flexible transmit and / or receive characteristics . In an 
embodiments of the present invention . embodiment , an adaptive tuning circuit is used in certain 

FIG . 4 illustrates a circuit diagram of a series - resonant configurations to allow tuning of an efficient yet narrowband 
circuit , operating to bring a receiving loop antenna to 60 antenna . 
resonance and to maintain tuning , in accordance with the One embodiment describes an efficient power transfer 
first set of exemplary embodiments of the present invention between two antennas by storing energy in the near field of 

FIG . 5 illustrates a simplified schematic diagram of a the transmitting antenna , rather than sending the energy into 
wireless powering - charging system , configured to obtain a free space in the form of a travelling electromagnetic wave . 
maximized power transfer between transmitting and receiv - 65 This embodiment increases the quality factor ( Q ) of the 
ing antennas , in accordance with a second set of exemplary antennas . This can reduce radiation resistance ( R ) and loss 
embodiments of the present invention . resistance ( R1 ) . 
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87 / 81 / 2 

In one embodiment , two high - Q antennas are placed such Table 2 : European limits for radiation exposure 
that they react similarly to a loosely coupled transformer , 
with one antenna inducing power into the other . The anten TABLE 2 
nas preferably have Qs that are greater than 1000 . European limits for radiation exposure 

Another embodiment describes maximum Permissible Table 2 : European limits for radiation exposure 
Exposure ( MPE ) where the maximum exposure limits are 

Electric Magnetic defined by European and US standards ( as well as others ) . Frequency field field Power Averaging 
They are defined in terms of power density limits ( W / m² ) , range strength strength density time 
magnetic field strength limits ( A / m ) and electric field 10 ( MHz ) ( V / m ) ( A / m ) ( W / m2 ) ( min ) 
strength limits ( V / m ) . The limits are related through the 0 . 15 - 1 87 0 . 73 / f 
impedance of free space , 377 W . 1 - 10 0 . 73 / f 

10 - 400 28 28 0 . 073 In the US , the applicable standard is FCC CFR Title 47 : 400 - 2000 1375 f1 / 2 0 . 0037 f1 / 2 f / 200 
$ 2 . 1091 Radiofrequency radiation exposure evaluation : 2000 - 300 , 000 61 0 . 16 10 

mobile devices . A mobile device is a transmitting device 15 
designed to be used in such a way that the separation The power density limits and magnetic field limits are of 
distance of at least 20 cm is normally maintained between particular interest in one embodiment . Using the data from 
the transmitter ' s radiating structure ( s ) and the body of the Table 1 and Table 2 , limit curves can be determined . FIG . 1 
user or nearby persons . The limits to be used for evaluation shows a plot of power density with the FCC limit curve 100 , 
are specified in $ 1 . 310 of Title 47 . - $ 1 . 1310 Radiofrequency 20 and the EN curve 102 . FIG . 2 shows a plot of maximum H 
radiation exposure limits ( see Table 1 ) . field , with the FCC curve 200 , and the EN curve 202 . 

FIGS . 1 and 2 illustrate how the US limits are more Table 1 : FCC limits for radiation exposure Limits FOR generous at frequencies below 30 MHz and could offset the 
MAXIMUM PERMISSIBLE EXPOSURE ( MPE ) effect of reduced antenna efficiency at low frequency . This 

25 study tests a range of frequencies to see which frequencies 
TABLE 1 are the best for wireless power transfer . 

This application also provides an exemplary theoretical 
FCC limits for radiation exposure analysis of various aspects of wireless energy and power 

LIMITS FOR MAXIMUM PERMISSIBLE EXPOSURE ( MPE ) transfer . 
– 30 Embodiments disclosed herein describe antenna types . 

A loop antenna is a “ magnetic ” antenna and may be less Electric Magnetic sensitive to changes in its surroundings than a dipole , which 
Frequency field field Power Averaging is an “ electric ” antenna . The loop antenna may have certain 
range strength strength density time advantages when the device is exposed to changes in its 
( MHz ) ( V / m ) ( A / m ) ( mW / cm ) ( minutes ) 5 surroundings , e . g . , when placed on a table , held in the hand , 

or put in a pocket , based on stray capacitance , or other 
( A ) Limits for Occupational / Controlled Exposures effects . In an embodiment , an air loop antenna is used . 

Another embodiment may use a loop antenna with a ferrite 
0 . 3 - 3 . 0 614 1 . 63 * ( 100 ) core , or others may be used . 
3 . 0 - 30 1842 / f 4 . 691 * ( 300 . 1 ) In one embodiment , an air loop antenna may be preferred 

40 over a loop antenna with a ferrite core . The air loop antenna 30 - 300 61 . 4 0 . 163 1 . 0 
may be more resistant to detuning from permanent magnets 300 - 1500 1 / 300 or other magnetic influences in its vicinity . The air loop 

1500 - 100 , 000 antenna will , in general , be more efficient than the ferrite ( B ) Limits for General Population / Uncontrolled Exposure loop antenna , since the ferrite core can cause losses . The 
45 ferrite antenna is often heavier , and cannot typically have 

0 . 3 - 1 . 34 1 . 63 * ( 100 ) 30 components placed " inside ” it . In contrast , other compo 
1 . 34 - 30 824 / 1 2 . 191 * ( 180 . 1 ) nents can be placed inside the loop of an air loop antenna . 
30 - 300 0 . 073 0 . 2 The form - factor of the loop may be modified or otherwise 
300 - 1500 1 / 1500 30 adapted to fit within a form - factor of certain portable devices 

1500 - 100 , 000 30 30 50 being charged . 
The same type of antenna may be used for both trans 

f = frequency in MHz mitter and receiver . The transmit and receive antennas can 
* = Plane - wave equivalent power density be the same or different sizes . 
NOTE 1 TO TABLE 1 : An embodiment describes a tuning circuit that becomes 

a 55 part of the antenna circuit . A typical loop antenna is inher 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 situations when an individual is transient through a tuning circuit to induce resonance in the antenna . Even 
location where occupational / controlled limits apply provided he or she is made aware of though a loop antenna is less sensitive to changes in its the potential for exposure . 
NOTE 2 TO TABLE 1 : surroundings than a dipole antenna , it will still be detuned to 

5 

614 
30 

27 . 5 30 

1 . 0 

4 

* 

60 son 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 . 

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 . 

In Europe , the applicable standard is EN60215 . This has Adaptive tuning is achieved in one embodiment by chang 
been derived from the ICNIRP ( International Commission 65 ing the value of a capacitive element used in series with the 
on Non - Ionizing Radiation Protection ) guidelines [ ICN ) , loop antenna to adjust the resonant frequency of the circuit . 
The limits are given in Table 2 . The adaptive tuning circuit at the transmitter and / or at the 
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receiver . A goal is to choose tuning components with high + / - 10 percent the fixed capacitance value . Components used 
quality factors ( Q ) to ensure that that the Q of the overall preferably have a high Q , so that they degrade the overall Q 
receiver circuit is degraded as little as possible . In an of the circuit as little as possible . 
embodiment , high Q is used to maximize efficiency , even at In one embodiment , tuning is carried out solely at the 
the cost of narrow bandwidth . 5 transmitter . In this embodiment , no varactor diode need be 

FIG . 3 illustrates an air loop antenna of an embodiment . located at the receiver and the transmitter tracks the receiver The antenna may have maximum dimensions of 5 cm ( i . e . a resonant frequency . This is dependent on how much reso 
radius r of 2 . 5 cm ) and N turns of wire 300 of diameter nant frequency of the receiver loop is affected by changes in 
25 , = 300 um is used for one embodiment . The antenna can , the environment near the loop . The opposite configuration 
for example , be placed around the perimeter of a mobile 10 can also be used . 
device . The loop will be assumed circular , but can be of At higher frequencies , or with larger loop dimensions , or other shapes . A capacitor 302 is used with the loop inductive with more loop turns , a very small capacitance may be 
resonator to bring the loop antenna to resonance . The required to bring the loop to resonance . In an embodiment , capacitor value may be obtained from the well known only a varactor diode or only a fixed capacitor would be used 
resonance equation : 15 without the other . 

Another effect to be considered is the self - resonance of 
the loop , especially at higher frequencies . This effect will 

w2 = 72 occur as inter - winding capacitance and stray capacitances on 
the loop antenna come into resonance with the inductance of 

20 the winding itself . This decreases as frequency increases . 
where w denotes the angular frequency of resonance , L At a lower operating frequency such as 1 . 3 MHz , a larger 

the inductance and C the capacitance . fixed capacitor will be required . For example , the loop 
By calculating the inductance of the air loop antenna antenna with the dimensions given in FIG . 3 with 5 turns of 

using the Equation and a wire diameter of 500 urn , the loop antenna would require a fixed capacitance of about 3 
required capacitance can be calculated for any of a number 25 nF . Capacitance variations of + / - 1 percent ( 30 pF ) are 
of frequencies . typical for these types of capacitors . As will be shown , this 

In one embodiment , the capacitor 302 can be a high Q exceeds the tuning range of most available tunable capaci 
fixed chip capacitor in parallel with a high Q varactor diode tors . Therefore , at low frequencies , one embodiment locates 
operating as a voltage - tunable capacitor to bring the receiver the adaptive tuning only in the transmitter . 
air loop to resonance and to maintain tuning . FIG . 4 shows 30 Increasing the operating frequency or increasing the num 
a schematic of the series - resonant circuit formed with tuning ber of turns allows reducing the size of the fixed capacitance . 
circuit 400 , that itself is formed of variable capacitance 402 , A larger number of turns may make the packaging more 
in series with its equivalent series resistance 404 . A fixed difficult . Therefore , with a large number of turns , practical 
capacitor is shows as 406 in series with its ESR 408 . The implementation for certain types of applications could 
antenna overall ohmic resistance 410 is shown separated as 35 become difficult . A higher frequency therefore might allow 
radiation resistance 410 in series with overall antenna resis - certain benefits in applications where this factor might 
tance 412 . Load resistance 414 and inductance 416 are also otherwise be limiting . 
shown . However , at frequencies of 250 MHz and above , the size 

In the circuit , the symbols have the following meanings : of fixed capacitor required is extremely small - e . g . on the 
Vo : The induced voltage across the loop antenna 40 order of 1 pF for N = 1 , and even less for more turns . At these 
Lyr : The inductance of the loop antenna frequencies , the fixed capacitor can be eliminated altogether 
Rz _ x Rr _ nx Ra rx : Receive - antenna loss ( ohmic ) resis in some cases , and only a very small tuning capacitor used . 

tance , radiation resistance and overall antenna resis This physical limit on capacitor size also places a limit on 
tance ( the sum of the previous two ) the frequencies that can be used , for given loop dimensions . 

Cyar , Rosy var : The capacitance of the tuning varactor and 45 A smaller receiver loop size would allow a higher frequency 
its associated Equivalent Series Resistance ( ESR ) or more loops to be used . 

Cfixs Resr lix : The fixed capacitance and its associated ESR Exemplary high Q / low ESR capacitors with capacitances 
Ricad rx : The load resistance from the low picofarad to the low nanofarad range can be 
One embodiment selects a tuning range of roughly + / - 5 obtained commercially , e . g , from AVX Corp . Details of 

percent of the chosen operating frequency , so as to cover 50 some potentially suitable AVX capacitors are tabulated in 
variations in the capacitance and detuning from external Table 3 , although any number of other devices may be used . 
factors . The varactor ' s tuning range could be approximately Table 3 

TABLE 3 
Capacitor 
Family 
( all AVX ) 

Capacitance 
Range of 
Family 

Voltage 
Tolerance e ESR Rating Dimensions 

HQ series , 
E case 

3 . 3 pF to 
6800 pF 

+ / - 0 . 25 pF 
to + / - 1 % 

9 . 4 mm x 
9 . 9 mm x 
3 . 3 mm 

Varies according 
to capacitance 
and frequency - 
see FIG . 19 
Claimed greater 
than 10000 at 1 
MHz 

Varies according 600 V to 
to capacitance 7200 V 
and frequency - 
see FIG . 20 
Approx 0 . 004 at 50 V 
1 MHz 

+ / - 1 % 0 . 1 pF to 
5100 pF 

SQ AQ or 
CDR 
series , style 
13 or 14 

2 . 79 mm x 
2 . 79 mm x 
2 . 59 mm 
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Note that in general , Q ESR and C are related by the 
following equation : 

TABLE 6 

Transmitting 
antenna ( TX ) 

mitting Receiving 
antenna ( RX ) 

5 
C = 

23 

187 
- 24 - 24 

89 

a 02 7 ( x ) = _ 

25 

Measured unmatched characteristics @ 3 MHz 
wRese 

R [ 2 ] 1 . 7 
L [ uH ] 43 12 . 5 

Used matching network 
Another embodiment uses MEMS ( Microelectromechani 

cal Systems ) varactors . This may lower the power consump - 10 Cs [ pF ] 36 . 5 33 
27 . 6 Cp [ pF ] tion . Match [ dB ] 

The circuit of FIG . 4 at resonance is analyzed to evaluate 3 dB - bandwidth [ kHz ] 34 
performance . In a first approach , the varactor will be Quality factor Q 
replaced by a fixed value capacitor one - tenth the size of the 
main fixed capacitor . The AVX data will be used for both A quality factor increase may further increase power 
capacitors . The tuning circuit 100 in FIG . 4 is modeled as a transfer . The quality factor , for example , can be increased 
single R / C impedance . Values used are : using a Matlab simulation . The mathematical investigations 

Iyx is the current in the receiver loop . done for the simulation , leads to the following approxima 
20 tion for the path gain : Pyx is the power at the load resistor . 

Cser is the equivalent series capacitance of the fixed 
capacitor and varactor , and 

n ( x ) = 
Rser is the equivalent series resistance of the fixed capaci 16801n ( 80 - 2 ) tor and varactor . 
At resonance , the reactances can be neglected since 

X , = - X . Only the resistive ( real ) losses in the circuit are Where : 
considered . a = loop radius [ m ] 

The inventors found that when the resistances of the tuned 30 b = wire radius [ m ] 
antenna are matched to the load resistance , the maximum O unloaded quality factor 
amount of power P , is available at the load . In other words , X = distance between transmitter and receiver antenna [ m ] the optimum condition is when The Equation above shows that for a practical antenna , the 
RL _ rX + Rr _ rx + Rser = Rload _ rx . The values may vary by 20 % , loop radius has a high impact on the path gain . 

while still staying within “ optimum ” resonance . 
In the embodiment , therefore , the transmitter circuit is Second Embodiment Antennas 

modeled as a resonant loop where the loop is power - matched 
to the source . An exemplary air loop antenna with maximum FIG . 5 illustrates a second embodiment of the antennas . dimensions of 20 cm ( i . e . a radius r of 10 cm ) , a wire radius 40 40 This embodiment obtains a maximized power transfer of 1 mm and a single turn ( N = 1 ) is used for an embodiment , between a coupling loop 500 to which the transmitted power although other types , sizes and dimensions of antenna may a may 502 is delivered . The coupli 502 is delivered . The coupling loop radiates to a resonator 
be used for the transmitter in other embodiments . 510 with optimized Q . This embodiment uses a coupling 

In one embodiment , the transmitter antenna could , for loop which acts as a resonator instead of a coupling network 
example , sit vertically on a bench or a table inside a home , 43 made of two capacitors . This reduces losses by omitting a 
within a wall , around a wall power outlet , on or within a matching network . The coupling between the coupling loop 
garage floor , behind a refrigerator , etc . To simplify calcula - and the antenna can be conceptualized as an ideal trans 
tions , the loop will be assumed circular , as FIG . 3 . A single former . 
wire loop transmitting antenna of FIG . 3 , having a wire o The antenna may be made out of e . g . , copper tube or the 
diameter of 10 cm radius , wire radius of 1 mm , has an 30 like in order to decrease the loss resistance by increasing the inductance of approximately 840 nH . Different frequencies wire surface . In addition , the surface may be plated with will require different capacitance values for resonance with silver ( Ag ) or another such high conductance material well 
this antenna . For example , 1 . 3 MHz will require a capacitor known in the art . With this type of construction , a quality of 17 . 85 nF ; 13 . 56 MHz will require 164 . 1 pF ; 64 MHz will 55 factor in the order of 103 is achieved , as described in greater require 7 . 365 pF ; 250 MHz will require 0 . 483 pF and 500 detail below . The resonator part of the antenna may also be MHz will require 0 . 121 pF . optimized for a high quality factor ( Q ) . This is done by 

A number of different antennas are described as embodi increasing the number of turns , increasing the surface of the 
ments herein . For testing of the embodiments , the antennas wire and reducing dielectric losses due to isolation or the 
were built of 1 . 5 mm - copper wire and fixed onto a wooden 60 mounting of the antenna . 
frame . To tune the resonance frequency of the antennas , tunable 

The transmit antenna has a radius of 0 . 2 m , 6 turns , and capacitors 504 , 512 may be integrated at the bottom of both 
3 MHz operating frequency . The matching is realized with antennas . The capacitors may be metal plates that are 
two tunable capacitors . The receiving antenna has a radius of tunable by using three screws 514 to change the distance 
0 . 1 m . Before considering power transfer / pathgain , the 65 between the two plates of the capacitor . The capacitors 
antennas were tuned and measured independently . The dominate the self - capacitance ( Cs ) of the antennas . Table 6A 
resulting characteristics are summarized in Table 6 . illustrates the characteristics of these antennas . 
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in the RX - antenna . The parameter ra is the radius , N the 
number of turns of the loop - antenna . The available output 

Receiving power Pout can now be calculated with 
antenna ( RX ) 

Transmitting 
antenna ( TX ) 

5 0 . 085 
0 . 078 

0 . 085 
0 . 078 Equation 1 - 8 

Radius [ m ] 
Length [ m ] 
Number of turns 
Operating frequency [ MHz ] 

Pour ( x ) = Vind ( x ) 2 Pout ( x ) = 4 . R 
Resonance Resonance 

Equation 1 - 9 Pau ( x ) = Umatwy . ve The exemplary embodiments of the antennas are built of 10 
copper tube with an outer diameter of 6 . 0 mm . The surface 
is silver - plated . This protects the copper from corrosion and Finally , pathgain is defined as 
slightly increases the conductivity of the surface . 

With an exemplary plate - distance of the tuneable capaci 
tor of 8 mm , the resulting calculated resonance frequency is 15 Equation 1 - 10 
14 . 4 MHz . 
Using a Q of 1300 at both transmit and receive antenna , 

pathgain is approx . - 10 dB , at 1 m , which corresponds to a To further simplify and understand the behavior of Equation factor of 0 . 1 . In other words , a transmitting power of 10 20 1 - 10 and Equation 1 - 9 , models for L and C are needed . The 
watts must be used to receive 1 W at the receiver . capacitance can simply be defined over the resonance fre The system should be defined around the unloaded Q quency 
( Quy ) of the antennas , starting with : 

( 9 ) = 10 - logol Pource ) 

25 Equation 1 - 11 
Equation 1 - 1 w . L 

For the inductivity , an empiric formula was found to be the 
most accurate for the type of antenna used in this system . The total loss resistance of either the Tx or Rx antenna can 

be defined by : 
30 

Equation 1 - 12 
L = 

un •N22 
0 . 9rA + la Equation 1 - 2 

R = JIC 35 
The parameter 14 is the width of the antenna . 
Under the assumption that the separation x between the At resonance , it can be written as antennas is large compared to the radius of the antennas rs 

( x > ra ) , and with Equation 1 - 11 and Equation 1 - 12 , Equation 
Pin = 1 ? . R . Equation 1 - 3 40 1 - 10 can be written as : 

The resulting current in the TX - antenna can now be speci 
fied by 

Equation 1 - 13 
n ( x ) dR = 10 logio ( na . Qu ( 0 . 9ra + la ) 16 . 76 

Equation 1 - 4 45 - - 1 = 1 

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

Equation 1 - 5 
C . . . VE 1 = , | PinQulv 

55 

The magnitude of the H - field generated by the current in the 
TX - antenna in a distance x is 

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 

50 are implicitly contained in the quality factor . The pathgain is 
approximately proportional to loop radius rå , if the loop 
radius is much larger than the loop length 14 . It is inversely 
proportional to the separation x between the antennas . It is 
also proportional to the quality factor Qui . 

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 
simulated using Matlab to test antennas with different 
sizes and quality factors . The following parameter set was 

60 defined to run the script : 
% Parameter definitions 
Q = 1000 ; % target unloaded quality factor [ 1 ] 
N = 7 ; % number of turns [ 1 ] 
r _ loop = 85e - 3 ; % radius of loop antenna [ m ] 

65 r _ wire = 3e - 3 ; % radius of wire [ m ] 
pitch = 12e - 3 ; % distance between two turns ( center to 

center ) [ m ] 

Equation 1 - 6 H ( x ) = _ À L . N 
2 . VOX + x2 ) 

and induces a voltage 

Uind ( x ) = 27tfres : N : arx ? Ho ‘ H ( x ) Equation 1 - 7 
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freq = 13 . 0e6 ; % system frequency [ Hz ] end of the frequency - scale , making an ideal quality factor 
dist = 1 : 0 . 1 : 3 ; % distance of antennas [ m ] around a frequency of 29 MHz for the given antenna 
P _ in = 1 % input power [ W ] dimensions . 
The resulting simulation showed a pathgain variation This shows an ideal frequency or frequency range for 
of - 60 dB per decade which is caused by the term x° in 5 each antenna geometry . 

Equation 1 - 13 . If Q is doubled , for example from 1000 to The resonance frequency of 13 MHz used during testing 
2000 , pathgain increases by 6 dB . If the distance is doubled , described herein is below this ideal frequency . This is 
pathgain decreases by 18 dB . The exemplary defined param because self resonance , which is the resonance frequency 
eters are valid for both TX - and RX - antennas , and hence can without the tunable capacitor , below the resonator of the 
assist with forming an optimal antenna for the parameters . 10 antennas is around 35 MHz . If the resonator is used at this 

The simulation also calculates the reactive voltages . The frequency without the tunable capacitor , the sensitivity of 
reactive voltages occurring at the inductance and the capaci the antenna against close - by objects may become signifi 
tance are directly proportional to the quality factor and cant . proportional to the square root of the transmitting power as An embodiment minimizes this effect and at the same 
set forth in Equation 1 - 14 . 15 time makes it possible to change the resonance frequency . A 

Uzc = Qu Pin ' R Equation 1 - 14 tunable capacitor of a value which dominates the self 
capacitance of the resonator is used for this purpose . The Both reactive voltages will be very high in a practical added capacitance lowers the resonance frequency of the 

implementation , thus planning for those voltages becomes antenna . 
more critical . With a Q of 1000 and a transmitting power of 20 Quality factor typically cannot be measured directly . 
10 W , the voltages may be 2 . 7 kV . If a plate capacitor is used Instead , the definition 
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 Equation 2 - 1 to use 2000 V or 3000 V or higher voltage withstanding 25 
capacitors . It is believed that at least one reason why systems 
of this type did not operate properly in the past is that they may be used as a starting point , where 4 , is the center or were not properly sized for the amount of reactive voltage resonance frequency and Aw corresponds to the 3 dB that was actually present . In fact , the unexpectedly high bandwidth . Q can therefore be found by measuring the two voltage above 2 KV is found as part of these reactive 30 parameters w , and Aw . voltages even when much smaller voltages are being trans The 3 dB - bandwidth can be found as follows . The imped mitted . This unexpectedly high voltage needs to be handled ance Z of a first order series RLC - circuit is given by by the circuit components . 

Definition of the Quality Factor also becomes important , 
because a major focus of the antenna design process is on 35 
optimizing the quality factor . Accordingly , the following Z = R + jwL + Equation 2 - 2 

WL + juc describes an in - depth analysis of Q . 
The fundamental equation about the quality factor is 

given by Equation 1 - 1 above . With the help of 

?? 

40 

Quæ ve 
and 

45 

Equation 1 - 1 Equation 2 - 3 wo = Jic 
and 

FIG . 6 illustrates a plot of Q vs frequency for a number Equation 2 - 4 
of different frequencies . 

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 , 50 The inductance L and capacitance C can be written in terms 
higher Q is obtained when the inductance L is as high as of O and a 
possible compared to the capacitance . 

The quality factor is also inversely proportional to the 
resistance R . This resistance consists of a loss resistance ( R1 ) Equation 2 - 5 
and a radiation resistance ( R . ) . Both should be minimized in 55 
order to increase the quality factor . 1 The loss resistance is dependent of the material used to Equation 2 - 6 

OR . wo 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 . 60 If Equation 2 - 5 and Equation 2 - 6 is used in Equation 2 - 2 , 

A high resonance frequency increases losses and hence impedance can be expressed with 
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 increasing the Z = R + j . QR — Equation 2 - 7 
capacitance . This decreases the L / C ratio , and since L is 65 - ) . 
independent of the frequency , this lowers Q . Hence , the FIG . 
6 curve shows how Q decreases at both the upper and lower 

L = Sell 
C = 

00 
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The quality factor can also be used to define the bandwidth 
( like in Equation 2 - 1 ) L - MON•N22 Equation 3 - 1 

L = 79ra tla 

Equation 2 - 8 5 
where : 

ra = loop radius 
N = number of turns 
la = length of antenna 
Mo = 1 . 2566 - 10 - 6 

10 772 . 2rA • ER Equation 3 - 2 Cs = 

The impedance phase is 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 het 1 - 1 

15 
Eau ion 2 - 9 

?? lows y - ( 4 
where : 
p = pitch of the antenna , 

corresponds to the distance between 
two turns plus the diameter of a turn 

Ej = 8 . 8542 - 10 - 12 
Note : see [ GRA ] for a derivation of this formula 

- veien 20 Wo + 
wo 
wo 

Wo + 
= tan 

wo 

20 Equation 3 - 3 C7 = EA If the expression in the bracket is simplified , the phase 
gets dependent only from Q . 

d 
where : 
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 . 

?? Equation 2 - 10 25 W + | = tan store y - - ( 0 10 1 + 

Equation 3 - 4 
If Q increases , the function in the bracket tends to 1 . 27 . VL . ( Cz + Cs ) 30 

R = 32079N + ( * ) volevo + ac ) = tan – " ( 1 ) = 
N . TA Duo 

w T . 

Equation 3 - 5 
Equation 2 - 11 

where : 
a = wavelength at the frequency fo 

35 35 
The result from Equation 2 - 11 corresponds to an angle of Equation 3 - 6 

90 degrees which implies that the imaginary part of Z is R = 1 . 25 . 
w V 0 . 

equal to the real part of Z . Those two points can then be where : 
found with a network analyzer , and then Equation 2 - 1 can be o = conductivity of the metal used for the 
used to calculate Q . Hence , using this framework , the Q40 antenna , 45 – 100 S / m used for calculations 
value of such an antenna can be actually determined . rw = radius of the copper tube 

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 Table 8 shows the values obtained for the current values 
formed between two copper plates 721 , 722 . Screws 723 , * of antenna parameters . 
724 , 725 are formed of a capacitively - inert material such as 
polyimide . These screws are used to adjust the capacitance TABLE 8 
provided by the tuneable capacitor 720 and in turn adjust the L ?uH ] ( calculated value ) 9 . 05 
resonance frequency of the antenna . Cs [ pF ] ( calculated value ) 

A glass body 730 or other dielectric may be below the C [ pF ] ( calculated value with the plate 6 . 2 - 18 . 6 
distance varying from 5 mm - 15 mm ) antenna to minimize losses due to obstacles below the R , [ Ohm ] 0 . 0028 

antenna . R ] [ Ohm ] 0 . 264 
Moreover , as described above , surface conduction is fR65 [ MHz ] ( measured ) 

2780 important to maximize Q . A silver plating or other non - 55 Quality factor Q ( calculated ) 
Quality factor Q ( measured ) 1300 corrosive material , may be applied to protect the copper 

from corrosion . 
The coupling loop 700 may be formed of the same copper An exemplary test arrangement for the pathgain - measure 

tube material , but has only one turn and about half the ment may be carried out to obtain the actual values . This 
diameter of the antenna . The coupling loop is placed around 60 measurement may completely decouple the transmitter from 
0 . 1 m away from the antenna to get a 50 Ohm matching the receiver , to avoid power transfer on the surface of the 

The following explains how the resonance frequency of coaxial shields and on the power lines . A signal generator 
the antenna parts can be determined . In the following and a battery powered spectrum analyzer may be used on the 
equations , L is the inductance of the resonator itself , Cs is transmitter and the receiver side respectively . 
the self - capacitance of the resonator and Cy is the tuneable 65 To measure the quality of the matching , the energy 
capacitor associated with the resonator , R , is the radiation returning from the transmitting antenna is measured with a 
resistance , R , the loss resistance of the resonator . power meter which was connected through a directional 

50 1 . 9 

12 . 5 
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coupler . The forward coupling port of the directional coupler I n another configuration , very thin pieces of mica or 
was terminated with a 50 Ohm load . During the measure Teflon are used to hold the capacitor and limit transmitting 
ments , the matching was at least 20 dB ( return loss ) . power . 
Matching can be varied by adjusting the distance between There is a tradeoff between Q and bandwidth . Due to the 
the antenna and the coupling loop . 5 high quality factor , the bandwidth of the exemplary second 
On the receiver side , the spectrum analyzer is directly antennas is somewhat narrow , e . g . , around 9 kHz at a 

connected to the receiving antenna . resonance frequency of 13 MHz . This results in certain 
The same resonance frequencies are used for both anten tuning requirements , because both antennas have to work on 

almost exactly the same resonance frequency . Hence , in nas . Detuning results in a dramatically reduced power trans 
fer . The receiving antenna may use a tuning aid , e . g . , a 10 another embodiment , the antenna sensitivity to approaching 

objects as described above is reduced using the shield Teflon bar that is selectively insertable into the tunable described above . An electronic tuning circuit may be used to capacitor of the antenna , resulting in a resonance - shift of automatically tune the antenna circuit ( s ) to maintain coher approximately 40 kHz , or may use an adjustable capacitor as ence . The detuning issue becomes especially important in a previously described . For each distance measured , the 15 the 15 system like this where the Q is very narrow . This narrow Q 
receiving antenna is tuned to receive the maximum power implies narrow bandwidth , which requires that the tuning be 
available . The transmitting antenna is tuned by slightly more accurate . 
adjusting the signal generator ' s frequency . To further evaluate the effects of various external factors 

Table 9 shows the measured pathgains . or design factors on Q , various aspects of the experimental 
20 setup are considered , including e . g . the glass body under the 

TABLE 9 antenna , the piece of mica in the capacitor , the losses of the 
coupling loop , and the losses of all the objects within the 

Level at Level at Pathgain near field of the antenna . Distance [ m ] receiver [ dBm ] transmitter [ dBm ] [ dB ] To evaluate these factors , the environment of the antenna 
1 . 1 3 . 3 12 . 5 - 9 . 2 25 should be as ideal as possible . Therefore , the exemplary - 3 . 7 12 . 5 - 16 . 2 antenna was suspended with two thin nylon strings . Two - 10 . 5 12 . 5 - 23 . 0 

- 18 . 5 12 . 5 - 31 . 0 coupling loops are used to measure transmission ( S 12 / S21 ) 
- 25 . 3 12 . 5 - 37 . 8 instead of reflection ( S 11 ) . The coupling loops were placed 

on both sides of the antenna , about 0 . 6 m away from the 
Moreover , since the reactive voltage can easily exceed 30 antenna , to achieve an undercritical coupling . That is , when 

an equal amount of power is dissipated in the external circuit several kV , it may be useful to test the antenna prototypes to as in the resonator itself , the coupling is said to be critical determine that reactive voltage , in order to allow determi ( and the antenna is matched ) . An undercritical coupling nation of proper sizing for the capacitors . An electrically means that more power is dissipated in the resonator than in 
decoupled system may be used . A source signal from the 35 the external circuit , while an overcritical coupling means 
signal generator is amplified by a 50 dB RF amplifier . The that more power is lost in the external circuit than in the 
20 dB attenuator in - between is used to limit the available resonator . 
power on the TX antenna . The theoretically expected Q for this embodiment is 2877 . 

The 3 dB attenuator after the amplifier is used to protect The realized Q of 2263 is 78 . 6 % of the theoretical value . The 
the amplifier in case of a mismatched antenna . To measure 40 theoretical value was almost reached in this test . It was also 
the quality of the matching , a power meter is used to show noted that higher Q , however , may make the antenna more 
the energy returning from the antenna . On the receiver side , susceptible to influence by its environment . Thus , in prac 
a small light bulb ( 50 Ohm / 3 W ) may be used to indicate the tice , the Q will likely always be lower than the theoretical 
received power . Tuning and matching was realized by using value . 
the tuning aid , by varying the frequency of the signal 45 A second measurement showed another characteristic of 
generator and by varying the distance between the antennas the quality factor . The loaded quality factor & should be 
and the coupling loop . half of the unloaded quality factor ( Q . ) under the condition 

The results are summarized in the Table 10 : when the resonator is critically coupled . 
The foregoing transmitter and receiver apparatus ( e . g . , 

TABLE 10 50 antenna , and any associated electronic or electrical compo 
nents ) may also be combined in another embodiment as a 

Distance [ m ] 1 . 2 transceiver : i . e . a device adapted to both transmit and Pathgain in dB - 11 
Transmitting power [ W ] receive power . This may comprise for example a common 10 
Receiving power [ W ] 0 . 8 form factor ( e . g . , a single unit or “ box ” having both transmit 
Approximate reactive voltage [ kV ] 3 . 1 55 and receive antennas and circuitry disposed therein ) . More 
Approximate field strength in the 310 over , the device may be used as a repeater to receive energy 
tuneable capacitor [ kV / m ] from one source via the receive antenna , and then transmit 

the received power to another source ( or back to the same 
In one embodiment , sensitivity to close - by objects or on ) using the transmit antenna . These events ( transmission 

humans may cause a shift of the resonance frequency due to 60 and reception ) may occur at the same time or with one 
e . g . , stray capacitance . This may be mitigated by a shield , delayed relative to each other . Values can be modified 
e . g . , a slotted or other shield , disposed around the antenna . depending on the polarization , strength , geometry , relative 

In another embodiment , a piece of mica which has a high spacing and placement , and other factors associated with the 
dielectric strength and very good isolating capabilities is transmit and receive antennas , or may also be conducted 
used in place of the polyimide screws noted above . This also 65 according to any number of well known multiple access 
raises the quality factor . It is postulated suggesting that less schemes such as e . g . , frequency division or FDMA ( e . g . , 
energy is absorbed by the mica compared to the polymer . wherein the resonant frequency of the first antenna ( receiver 
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or transmitter ) is different or separated from that of the ally receiving , so you can compare this to what you are 
second antenna ( transmitter or receiver ) . As yet another actually sending to tune yourself , transmitter ” ) . Moreover , 
option , the two antennas may use the same or different the aforementioned multiple access schemes can be imple 
frequency , and be time - divided or slotted as to their opera - mented in this fashion ; e . g . , backoff or CD based on a drop 
tion ( e . g . , TDMA ) . 5 in receiver received power as communicated back to the 

In another alternative , a “ CSMA ” like approach may be transmitter via a communication channel . 
used ( whether with our without " collision detection ” ) , such As yet another alternative embodiment , multiple trans 
as where one device actively or passively detects or senses mitters and / or receivers may be used , and the aforemen the activity of the other , and adjusts its behavior accordingly . tioned features implemented as between the multiple trans 
In one such embodiment , the transmitter , before transmit - 10 mitters ( and / or receivers ) . For example , the FDMA , TDMA , ting , detects the state of the receiver ( e . g . , whether in CSMA or CD techniques may be applied as between two resonance , generating current , etc . ) and uses this as a gating 
criterion for transmission ) . potentially conflicting transmitters . 

Another embodiment uses a “ resonant frequency hop The foregoing functions may be implemented at an elec 
ping ” approach , wherein multiple access or other aims , such 15 tric 15 trical or electronic component level ; e . g . , via simple gate 
as defeating or mitigating Rayleigh or antenna diversity logic or the like implemented as anything from discrete 
fading or other such issues , is accomplished by way of components through highly integrated circuits , as computer 
periodically or deterministically or psuedorandomly hop - programs or applications running on e . g . , a micro - controller 
ping the resonant frequency as a function of time . For or digital processor , via firmware disposed on a IC , manu 
example , the transmitter and receiver may “ seed ” corre - 20 ally , or in hardware to the degree applicable ( e . g . , electro 
sponding deterministic algorithms so as to mutually generate mechanical tuners , motors , etc . ) 
a common hop sequence that allows them to maintain Moreover , the present application contemplates the 
synchronized . Alternatively . “ in - band ” ( e . g . , modulated dynamic alteration or variation of one or more antenna or 
power signal ) signaling may be used to transmit the hop circuit parameters by environmental characteristics . For 
sequence in advance ( or as it proceeds ) to the receiver from 25 example , this can change antenna characteristics . The char 
the transmitter ; e . g . , " I will hop to frequency X at next acteristics that can be changed can include tuning capaci 
interval , and frequency X + Y after that . . . " , and so forth . A tance , resistance value , radius of the loop or coil , e . g . via a separate low power transmitter , e . g . , RF or Bluetooth , can be thermal effect that causes elongation or contraction of the used to synchronize the specific information . Clocking material used to form the antenna loop ( s ) , thereby changing information may also be sent in an analogous way . 30 its effective radius , the properties of the antenna or compo In another embodiment , a passive “ collision detection ” or nents in proximity thereto ( e . g by selectively applying a CD approach is used , such as where the transmitter attempts 
to transmit , and determines whether an interfering operation particular electric field or magnetic field , alignment of 
is occurring at the same time . For example , the determina dipoles within the material or components might be selec 
tion may be by detecting a resonant frequency , a transmis - 35 is . 35 tively altered , thereby affecting the properties of the 
sion efficiency , a feedback from a receiver , or some other antenna ) , as well as electrical or electronic processing such 
detection . This interfering operation may be caused by the as power signal processing , filtration , modulation , and oth 
operation of the receiver , a parasitic or stray capacitance ers . 

effect , a loss of tuning , or other similar effect . For example , in one embodiment , the ( predominantly ) 
The transmitter may take an action at that point to avoid 40 magnetic field of the transmitter is modulated or impressed 

the issue . with information so as to transfer information , along with 
In an embodiment , since the interference is typically power . 

temporary , the transmitter can terminate the ongoing trans - In another embodiment this information comprises con 
mission and retry a later time . One example of this is via a trol signaling between the receiver and transmitter , thereby 
random backoff via an anti - collision algorithm . One 45 obviating any separate data or communications link ( and 
embodiment allows the power has transmitted to be stored in hence simplifying the system and making it more robust ) . 
a storage part such as a battery . Because of this , the device For instance , the transmitter may modulate the transmitted 
can the power transmission can be stopped temporarily ; narrowband signal as a function of time , e . g . , via an ampli while still allowing the powered device to operate . tude modulation , phase modulation , sideband or frequency The transmitter can attempt to tune itself to a different 50 modulation ; e . g . , GMSK or sideband shift up or down to resonant frequency so as to mitigate the interference and / or encode a data “ O ” or “ 1 ” , pseudo - noise modulation , or other 
attempt to tune or otherwise vary the operation of the technique . This allows transfer of information relating to 
receiver . inter alia transmitter parameters ( such as resonant frequency , Another option is to increase the gain so as to increase an 
energy transfer rate . This may operate to “ blast through ” the 55 s polarization , etc . that might otherwise allow the receiver to 

better “ lock on ” to the transmitter to optimize power trans interference as it were ) . 
A system of adjusting polarization or orientation of trans fer . Duty cycle , clock , or timing information might also be 

mitter and / or receiver can be used , such as via a motor drive encoded : e . g . , Windows during which the transmitter will be 
or similar mechanism that physically alters the position of operational , to synchronize time frames of reference etc . 
the antenna ( s ) . 60 The theoretical limits on antenna performance are 
Any combination of the above can alternatively be used explained herein . Aspects such as the antenna efficiency , 

These features can be implemented at the transmitter , and / or quality factor ( bandwidth ) and size are considered . In addi 
at the receiver basis , or in tandem or coordination between tion , a model for the radio wave propagation in the near - field 
the transmitter and receiver . and in the far - field is established . 

Another embodiment uses signaling information between 65 An electrically small antenna is an antenna that can be 
the devices that relates to the level or rate of power transfer fitted into a fraction of a radiansphere , which is a sphere of 
as determined by the receiver ( e . g . , " here ' s what I ' m actu - radius rmos 
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Each wave ( mode ) exhibits power orthogonality and there 
1 C ( eq A - 1 ) fore carries power independently from the others . 

I ' max = K = 276 = 2n1f It can be mathematically proven that a particular field 
outside the sphere can be generated with an infinite number 

5 of different source distributions . The field outside the sphere 
where : k is the wavenumber in m - 1 is therefore independent from a particular implementation of 
A is the wavelength in m the antenna . From Chu ' s calculation it has been shown that 
c is the speed of light 299792458 ms - 1 an antenna that excites only one mode ( either TE01 or 
f is the frequency in Hz , and TM01 ) achieves the lowest possible radiation quality factor 
dmor is the diameter of the radiansphere 10 of any linearly polarized antenna . Based on the above 
The antennas used for this application will be electrically described fundamental work . Hansen derived an approxi 

small in almost all cases ( i . e . k * r < 1 ) , where k * r = d * Ta with mate analytical expression for this quality factor Q , [ HAN ) , 
r and d the radius and diameter , respectively , of a sphere which has been cited many times in the literature . Mclean 
encompassing the antenna structure . further developed and corrected the work from Hansen 

Electrically small antennas are not typically self - resonant . 15 [ MLE ] , giving an exact expression for the radiation quality 
For low frequencies , the antennas are either capacitive factor Q , of a linear polarized antenna : 
( dipole antenna ) or inductive ( loop antenna ) . They can be 
approximated for example by a first - order series RC or 
parallel RL circuit . They are brought to resonance by tuning Equation 3 , We > Wm ( capactive antenna ) 
with a reactor of an opposite kind . 

The equivalent circuit of such an antenna is shown in FIG . , Wm > We ( inductive antenna ) 
8 for the capacitive case . One main element of the antenna 
is the radiation resistance R . . . In the equivalent circuit , this 1 1 
resistor models the radiated power P , . The loss resistor R , = ( kr ) 3 + kr 
accounts for the conduction and dielectric losses of the 25 
antenna . The capacitor C represents the reactive component where : of the antenna . This , together with the external matching Q , is the radiation quality factor ( unitless ) inductor L forms a resonant circuit , which is tuned to the w is the radian frequency in rads operating frequency . This circuit can also be modeled as an W 30 equivalent representation as a parallel resonant circuit . is the time - averaged , non - propagating , stored electric 

energy in J 
Wm is the time - averaged , non - propagating , stored mag 

netic energy in J ( eq A - 2 ) P , is the radiated power in W 
35 This equation shows that the dominant term for electrically 

where : small antennas ( k * r < < 1 ) is the cubie term . However , for 
large antennas ( k * r > > 1 ) the radiation quality factor will be Ro is the source resistence in 12 governed by the linear term . 

Ra is the antenna resistence in 12 A physical implementation of an antenna exhibits losses , 
40 i . e . its radiation efficiency is smaller than unity due to R? is the loss resistence in 12 non - ideal conductors and dielectrics . The reduction of the 

R , is the radiation resistence in 12 efficiency has an impact on the overall quality factor , called 
the antenna quality factor . Assuming the antenna is power w , is the resonance frequency in rads - 1 matched to the source , the antenna quality factor Qa results 

L is the matching inductance in H 

20 Pi 

Ro + joyl = ( 2x + B ) - Piese - Varie 

45 in : 
C is the antenna capacitance in F 

For maximum power transfer , the antenna and matching 
network impedance is complex conjugate matched at reso - 50 
nance to the antenna impedance . 

A similar circuit can be derived for the case of an 
inductive antenna . 

Applicants believe that there are fundamental limits on 
the efficiency and quality Factor of such an antenna . If a 55 
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 60 
relates minimum antenna size to the radiation quality factor . 

There have been many attempts to calculate the theoreti 
cal limits on antenna size . The fundamental work was done 
by Chu ' CHU ] and Harrington JHAR ) . Their theory states 
that the antenna is completely enclosed by a sphere of radius 65 
r , The field outside the sphere , can be expressed as a sum of 
weighted spherical waves propagating radially outward . 

Qn = n , Q , 
where : 
On is the antenna quality factor ( unitless ) 
Eq A4 
where : 
Qr is the radiation quality factor ( unitless ) 
Three important relations can be derived from Equation 

A3 and Equation A4 : 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 : 

nroe ( kr ) ? < < po ? cxf3 Equation 5 
For large antennas the efficiency is proportional to the 
relative antenna size and therefore also proportional to the 
antenna size and the frequency : 

mrockroraf Equation 6 
In general , the radiation efficiency is proportional to the 
antenna quality factor : 

n , aga Equation 7 
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R Om - Im { Ya } 

10 

27 

30 

For the antenna models in FIG . 4 and FIG . 5 the values for wireless powering and charging system this is only the case 
radiation quality factor Q , and radiation efficiency n , are for frequencies above 1 GHz . 
given as : Radio Wave Propagation 

The characteristics of an antenna show a strong depen 
5dence on the point ( in terms of distance ) where their fields 

Im { Za } 1 Equation 8 are observed . A distinction between ne are observed . A distinction between near field and far field 
is often made . In the near - field region , the electromagnetic 

Equation 9 energy is mainly stored and not radiated ( stationary wave ) . 
Drina = Re { Y ) = WOL The boundary for this region is usually defined as : 

10 Near - field : In the near - field region the electromagnetic Equation 10 = E R energy is mainly stored and not radiated ( stationary 
wave ) . The boundary for this region is usually defined 
as : 

where : 
n , is the radiation efficiency ( unitless ) 
Z , is the antenna input impedance in 2 kr < < lar < < Y , is the antenna input admittance 2 - 1 
P , is the radiated power at resonance in W 
Pin is the power input to the antenna at resonance in W 20 where : This shows that for a given radiation efficiency , reducing k is the wave number , and antenna size leads to increased antenna quality factor . For a r is the observation distance to the antenna given antenna size , decreasing radiation efficiency results in In the far - field region most of the electromagnetic energy lower antenna quality factor . Consequently , for a given is radiated and not stored . The boundary for this area is radiation efficiency , a higher antenna quality factor is the 3 10 25 usually defined as : penalty for a small antenna size . 

The antenna quality factor decreases with increasing Far - field : In the far - field region most of the electromag 
netic energy is radiated and not stored . The boundary frequency and increasing antenna size when the radiation for this area is usually defined as : efficiency is kept constant . For the wireless powering and 

charging system the antenna efficiency is the most important zo 
criterion , as this determines how much power can be trans 
mitted between two antennas . Equation 5 illustrates that the kr > > 1 Hr > > 

antenna efficiency is proportional 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 Between the near - field and the far - field a transition from 
10 results in an improvement of antenna efficiency of 30 dB » a stationary into a propagating wave occurs . This is the 
( factor 1000 ) , assuming that the antenna quality factor is so - called transition region . 
kept constant . For a distance of 0 . 5 to 5 m to the antenna the boundary 

Equation 7 shows that the antenna quality factor is between the near - field and the far - field is in the frequency 
proportional to the antenna efficiency . Increasing by 10 range of 10 to 100 MHz . 
times the antenna quality factor yields an increase of the All radio waves propagate in a very different manner in 
antenna efficiency of 10 dB ( factor 10 ) , assuming a constant the near - field and in the far - field . From radio communication 
relative antenna size . Antenna efficiency is proportional to theory the Friis transmission equation is well known . It 
the cube of the frequency . An increase by a factor of 10 in describes the ratio of received power to power of a transmit 
the frequency leads to an improvement of the antenna - antenna , assuming a certain receive and transmit antenna 
efficiency by 30 dB ( factor 1000 ) , assuming that the antenna to gain , as well as a certain separation between these antennas : 
size and the antenna quality factor are kept constant . 

Unlike the fundamental limits on efficiency and quality 
factor that have been described above , the gain does not Equation 12 
present a physical limit . However , as opposed to the gain , se 
there is a good knowledge of the directivity that can be 
achieved with certain antenna types . The directivity is linked This equation is only valid in the Far - field . For a more to the gain as follows : general treatment of energy transmission between two 

antennas , a new equation is developed that also covers the G = n * D 
Where n is the antenna radiation efficiency The radiated fields of an electrically small dipole will be 

According to Balanis [ BAL ] , the directivity of a small considered as a basis for this general radio wave propagation 
dipole is D = 1 . 5 . The same directivity applies also to a small model . The dipole can also be used to model a loop antenna 
loop . This similarity becomes clear when the principle of because of the principle of duality of the electric and 
duality of the electric and magnetic field is applied , as a 60 magnetic field . Because of this , the electric field component 
small loop can be described with the help of a magnetic of a dipole corresponds to the magnetic field component of 
dipole . the loop and vice versa . 

Higher directivities can be expected from antennas that Equation 13 and Equation 14 show the components of the 
are not electrically small . This is the case e . g . for the dipole electric and the magnetic field of a small dipole . The radial 
as can be seen from Figure Al . If the maximum antenna 65 component of the electric field has been omitted , as it 
dimension is in the order of a wavelength , the directivity is accounts only for the reactive energy that is stored in the 
higher than that of the small dipole . However , for the near - field . 

= Gri Germania 

( A11 ) 55 near - field . 
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1 

| Eelé « ( kr ) 2 – ( kr ) 4 + ( krjów 

* * * * Pex . 4 

Granite = Pengan Grau warto 

ing portable computers . PMDs . client devices . cellular 
Equation 13 phones . etc . ; ( ii ) powering or charging flat screen or wall 

mounted televisions or displays ; ( iii ) powering or charging 
Equation 14 refrigerators ( e . g . , by placing a transmitter on the wall 

5 behind the refrigerator . 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 

In these equations , r is the distance to the antenna and not the floor of a garage , and placing a receiver on the bottom 
the antenna radius . After some algebraic manipulations , the of the car : ( v ) powering or charging home or office lighting : 
following simplified equations for the field magnitude can 10 e . g . , incandescent , fluorescent or LED , based lamps with no 
be obtained : cords : ( vi ) powering or charging home or office appliances 

such as toasters , blenders , clocks , televisions , microwave 
ovens , printers , computers , etc . : ( vii ) powering or charging Equation 15 

ito Prx , E 15 multiple devices simultaneously ( e . g . , through the use of a 
substantially omni - directional transmitter arrangement ) ; and 

Equation 16 ( viii ) powering or charging devices where the presence of 
electrical conductors with voltage would represent a hazard ; 
e . g . , near water , near children , etc . 

20 As used herein , the terms " electrical component ” and The received power from a co - polarized antenna , that is , “ electronic component ” are used interchangeably and refer one in which the transmit and the receive antenna are to , without limitation , components adapted to provide some parallel to each other , is proportional to the time averaged electrical or electronic function , including without limitation value of the incident field squared as described above . Thus , inductive reactors ( “ choke coils ” ) , transformers , filters , the path gain can be calculated as follows 25 gapped core toroids , inductors , capacitors , resistors , opera 
tional amplifiers , varactors , MEMS devices , FETs and other 
transistors and diodes , whether discrete components or inte 

G Gpath , Ego = Prx = _ Prxe – G7zGrx [ 1 . 11 Equation 17 4 líkr ) 2 – ( kr ) 4 + ( kr ) 6 ] grated circuits , whether alone or in combination . 
As used herein , the term “ integrated circuit ( IC ) ” refers to 

Equation 18 30 any type of device having any level of integration ( including 
without limitation ULSI , VLSI , and LSI ) and irrespective of 
process or base materials ( including , without limitation Si , 

Equation 17 is the propagation law for like antennas Sige , CMOS and GAs ) . ICs may include , for example , 
( propagation from a dipole to another co - polarized dipole or 35 memory devices ( e . g . , DRAM , SRAM , DDRAM , 
propagation from a loop to another co - polarized loop ) . EEPROM / Flash , ROM ) , digital processors , SoC devices , 
Equation 18 is the propagation law for unlike antennas FPGAs , ASICS , ADCs , DACs and other devices , as well as 
( propagation from a dipole to a co - polarized loop or propa - any combinations thereof . 
gation from a loop to a co - polarized dipole ) . The path gain As used herein , the term “ digital processor ” is meant 
in the near - field is much higher than what would be expected 40 generally to include all types of digital processing devices 
by applying the far - field theory ( Friis equation ) . For the including , without limitation , digital signal processors 
transmission between like antennas in the near - field a path ( DSPs ) , reduced instruction set computers ( RISC ) , general 
loss of 60 dB / decade can be seen , whereas the transmission purpose ( CISC ) processors , microprocessors , gate arrays 
between unlike antennas in the near - field has a path loss of ( e . g . , FPGAs ) , Reconfigurable Compute Fabrics ( RCFs ) , 
40 dB / decade . This is contrasted to the path loss of 20 45 and application - specific integrated circuits ( ASICs ) . Such 
dB / decade that is seen in the far - field . digital processors may be contained on a single unitary IC 

These equations can be used to determine additional die , or distributed across multiple components . 
antennas and characteristics that can be used for this pur - As used herein , the terms " computing device ” , “ client 
pose . device ” , and “ end user device ” include , but are not limited 

Although only a few embodiments have been disclosed in 50 to , personal computers ( PCs ) and minicomputers , whether 
detail above , other embodiments are possible and the inven - desktop , laptop , or otherwise , set - top boxes such as the 
tors intend these to be encompassed within this specifica - Motorola DCT2XXX15XXX and Scientific Atlanta 
tion . The specification describes specific examples to Explorer 2XXX13XXX / 4XXX18XXX series digital 
accomplish a more general goal that may be accomplished devices , personal digital assistants ( PDAs ) such as the 
in another way . This disclosure is intended to be exemplary , 55 Blackberry® or “ Palm® ” family of devices , handheld com 
and the claims are intended to cover any modification or puters , personal communicators , J2ME equipped devices , 
alternative which might be predictable to a person having cellular telephones , or literally any other device capable of 
ordinary skill in the art . using power , or interchanging data with a network . 

For example , other antenna forms and selections can be As used herein , the term “ memory ” includes any type of 
used . The term " power " as used herein can refer to any kind 60 integrated circuit or other storage device adapted for storing 
of energy , power or force transfer of any type . The receiving digital data including , without limitation , ROM , PROM , 
source can be any device that operates from stored energy , EEPROM , DRAM , SDRAM , DDR / 2 SDRAM , 
including a computer or peripheral , communicator , automo - EDOIFPMS , RLDRAM , SRAM , “ flash ” memory ( e . g . , 
bile , or any other device . Myriad applications of the fore - NANDINOR ) , and PSRAM . 
going transmitter , receiver and transceiver apparatus of the 65 Also , the inventors intend that only those claims which 
invention are recognized . By way of example and without use the words “ means for ” are intended to be interpreted 
limitation , such applications include : ( i ) powering or charg - under 35 use 112 , sixth paragraph . Moreover , no limitations 
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from the specification are intended to be read into any 4 . The method as in claim 3 , wherein said tuning com 
claims , unless those limitations are expressly included in the prises adjusting a distance between plates in the adjustable 
claims . capacitor . 

The operations and / or flowcharts described herein may be 5 . The method as in claim 3 , wherein said adjustable 
carried out on a computer , or manually . If carried out on a 5 capacitor comprises an electrically adjustable capacitor , and 
computer , the computer may be any kind of computer , either said tuning comprises automatically tuning . 
general purpose , or some specific purpose computer such as 6 . The method as in claim 5 , wherein said electrically 
a workstation . The computer may be an Intel ( e . g . , Pentium adjustable capacitor comprises a varactor diode . 
or Core 2 duo ) or AMD based computer , running Windows 7 . The method as in claim 3 , further comprising a fixed 
XP or Linux , or may be a Macintosh computer . The com - 10 value capacitor in addition to said adjustable capacitor . 
puter may also be a handheld computer , such as a PDA , 8 . The method as in claim 7 , further comprising a variable 
cellphone , or laptop . Moreover , the method steps and opera - capacitor that has 8 - 12 % of a capacitance value of the fixed 
tions described herein can be carried out on a dedicated value capacitor . 
machine that does these functions . 9 . The method as in claim 1 , further comprising detecting 

The programs may be written in C or Python , or Java , 15 an object in response to detecting a reduction in matching 
Brew or any other programming language . The programs between the transmitter and the receiver . 
may be resident on a storage medium , e . g . , magnetic or 10 . The method as in claim 1 , wherein the capacitor 
optical , e . g . the computer hard drive , a removable disk or comprises an electrically - adjustable capacitor , and wherein 
media such as a memory stick or SD media , wired or said tuning comprises electrically adjusting a capacitance 
wireless network based or Bluetooth based Network 20 value of the electrically - adjustable capacitor in the trans 
Attached Storage ( NAS ) , or other removable medium or mitter to a desired value . 
other removable medium . The programs may also be run 11 . The method as in claim 1 , wherein said transmitting 
over a network , for example , with a server or other machine comprises storing energy in a near field of the transmitter 
sending signals to the local machine , which allows the local and inducing said energy into the receiver . 
machine to carry out the operations described herein . 25 12 . The method as in claim 1 , wherein inductive loop 

Where a specific numerical value is mentioned herein , it antenna has a Q of at least 1000 . 
should be considered that the value may be increased or 13 . The method as in claim 1 , wherein the inductive loop 
decreased by 20 % , while still staying within the teachings of antenna is a magnetic antenna which is tuned to within 10 % 
the present application , unless some different range is spe - of its resonant value . 
cifically mentioned . Where a specified logical sense is used , 30 14 . The method as in claim 2 , wherein the transmitter 
the opposite logical sense is also intended to be encom - includes at least one additional capacitor therein , and further 
passed . comprising sizing the capacitor and the additional capacitor 
What is claimed is : to withstand at least 2 KV of reactive voltage . 
1 . A method of transferring power , comprising : 15 . A wireless power transmitter , comprising : 
transmitting power from a transmitter to a receiver , 35 a coupling loop driven by a source ; 

wherein the transmitter comprises a resonating circuit magnetically coupled to the coupling 
a coupling loop driven by a source , and loop , and spaced apart from the coupling loop , the 
a resonating circuit magnetically coupled to the coupling resonating circuit comprising an inductive loop antenna 

loop , and spaced apart from the coupling loop , the and a capacitor electrically coupled to the inductive 
resonating circuit comprising loop antenna , the inductive loop antenna spaced apart 

an inductive loop antenna , and from the coupling loop , the coupling loop configured to 
a capacitor electrically coupled to the inductive loop inductively excite the resonating circuit , and the cou 

antenna , the inductive loop antenna spaced apart from pling loop further configured to provide matching 
the coupling loop , the coupling loop configured to between the source and the resonating circuit based at 
inductively excite the resonating circuit , and the cou - 45 least in part on the spacing between the coupling loop 
pling loop further configured to provide matching and the resonating circuit , the resonating circuit con 
between the source and the resonating circuit based at figured to generate a magnetic field based on being 
least in part on the spacing between the coupling loop excited by the coupling loop to transmit power suffi 
and the resonating circuit , the resonating circuit con cient to charge or power a load of a receiver ; 
figured to generate a magnetic field based on being 50 a receiving signaling information circuit configured to 
excited by the coupling loop to transmit power suffi receive signaling information from the receiver , the 
cient to charge or power a load of the receiver ; signaling information indicating a level of received 

receiving signaling information from the receiver , the power as determined by the receiver , and the receiving 
signaling information indicating a level of received signaling information circuit further configured to com 
power as determined by the receiver ; 55 pare the level of the received power to a level of the 

comparing the level of the received power to a level of the transmitted power ; and 
transmitted power , and a tuning circuit configured to tune the resonant frequency 

tuning the resonant frequency of the transmitter based at of the inductive loop antenna based at least in part on 
least in part on the comparison of the level of the the comparison of the level of the received power to the 
received power to the level of the transmitted power . 60 level of the transmitted power . 

2 . The method as in claim 1 , wherein said tuning com - 16 . The transmitter as in claim 15 , wherein said tuning 
prises matching impedances between the transmitter and the circuit comprises an adjustable capacitor . 
receiver . 17 . The transmitter as in claim 16 , wherein said adjustable 

3 . The method as in claim 2 , wherein the capacitor capacitor comprises a capacitor with plates whose relative 
comprises an adjustable capacitor , and wherein said tuning 65 distance can be adjusted . 
comprises electrically adjusting a capacitance value of the 18 . The transmitter as in claim 15 , wherein said tuning 
adjustable capacitor in the transmitter . circuit comprises an electrically adjustable capacitor . 

40 
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19 . The transmitter as in claim 18 , wherein said tuning and the coupling loop further configured to provide 
circuit comprises a varactor diode . matching between the source and the resonating circuit 

20 . The transmitter as in claim 18 , further comprising a based at least in part on the spacing between the 
fixed value capacitor in addition to said adjustable capacitor . coupling loop and the resonating circuit , the resonating 

21 . The transmitter as in claim 20 , wherein the adjustable 5 circuit configured to generate a magnetic field based on 
capacitor is a variable capacitor that has 8 - 12 % of a capaci being excited by the coupling loop to transmit power 
tance value of the fixed value capacitor . sufficient to charge or power a load of the receiver ; 

22 . The transmitter as in claim 15 , further comprising a a signaling information receiver configured to receive 
detection circuit configured to detect , during operation , signaling information from the receiver , the signaling 
interference caused by an object reducing the matching 10 information indicating a level of received power as 
between the inductive loop antenna and a receiving antenna , determined by the receiver , and the signaling informa 
the detection circuit further configured to terminate power tion receiver further configured to compare the level of 
transmission until the reduction of matching is terminated . the received power to a level of the transmitted power ; 

23 . The transmitter as in claim 15 , wherein the capacitor and 
comprises an electrically - adjustable capacitor connected to 15 a controller configured to tune the resonant frequency of 
the inductive loop antenna and wherein said tuning circuit the power transmitter based at least in part on the 
electrically adjusts a capacitance value of the electrically comparison of the level of the received power to the 
adjustable capacitor to improve said matching . level of the transmitted power . 

24 . The transmitter as in claim 15 , wherein said inductive 29 . A wireless power transmitter , comprising : 
loop antenna has a Q of at least 1000 . means for transmitting power to a receiver , wherein the 

25 . The transmitter as in claim 15 , wherein said inductive transmitting means comprises a coupling loop driven 
loop antenna is a magnetic antenna which is tuned to within by a source ; and 
10 % of its resonant value . a resonating circuit magnetically coupled to the coupling 

26 . The transmitter as in claim 15 , wherein at least part of loop , and spaced apart from the coupling loop , the 
said inductive loop antenna is electrically decoupled from 25 resonating circuit comprising 
said power transmitter . an inductive loop antenna and a capacitor electrically 

27 . A system for transferring power , the system compris coupled to the inductive loop antenna , the inductive 
loop antenna spaced apart from the coupling loop , the 

means for transmitting power to a receiver , wherein the coupling loop configured to inductively excite the 
transmitting means comprises a coupling loop driven 30 resonating circuit and the coupling loop further con 
by a source ; and figured to provide matching between the source and the 

a resonating circuit magnetically coupled to the coupling resonating circuit based at least in part on the spacing 
loop and spaced apart from the coupling loop , the between the coupling loop and the resonating circuit , 
resonating circuit comprising the resonating circuit configured to generate a magnetic 

an inductive loop antenna ; and 35 field based on being excited by the coupling loop to 
a capacitor electrically coupled to the inductive loop transmit power sufficient to charge or power a load of 

antenna , the inductive loop antenna spaced apart from the receiver ; 
the coupling loop , the coupling loop configured to a receiving signaling information circuit configured to 
inductively excite the resonating circuit and the cou receive signaling information from the receiver , the 
pling loop further configured to provide matching 40 signaling information indicating a level of received 
between the source and the resonating circuit based at power as determined by the receiver , and the receiving 
least in part on the spacing between the coupling loop signaling information circuit further configured to com 
and the resonating circuit , the resonating circuit con pare the level of the received power to a level of the 
figured to generate a magnetic field based on being transmitted power , and 
excited by the coupling loop to transmit power suffi - 45 a tuning circuit configured to tune the resonant frequency 
cient to charge or power a load of the receiver ; of the inductive loop antenna based at least in part on 

means for receiving signaling information from the the comparison of the level of the received power to the 
receiver , the signaling information indicating a level of level of the transmitted power . 
received power as determined by the receiver , 30 . The method as in claim 1 , wherein the magnetic field 

means for comparing the level of the received power to a 50 modulates the signaling information , and wherein receiving 
level of the transmitted power , and signaling information comprises demodulating the modu 

means for tuning the resonant frequency of the transmit lated magnetic field . 
ting means based at least in part on the comparison of 31 . The transmitter as in claim 15 , wherein the magnetic 
the level of the received power to the level of the field modulates the signaling information , and wherein the 
transmitted power . 55 receiving signaling information circuit is further configured 

28 . A system for transferring power , the system compris - to demodulate the modulated magnetic field . 
32 . A wireless power transmitter , comprising : 

a power transmitter configured to transmit power to a a coupling loop driven by a source ; 
receiving antenna of a receiver , wherein the power a resonating circuit magnetically coupled to the coupling 
transmitter comprises a coupling loop driven by a 60 loop , and spaced apart from the coupling loop , the 
source , and a resonating circuit magnetically coupled to resonating circuit comprising 
the coupling loop , and spaced apart from the coupling an inductive loop antenna ; and 
loop , the resonating circuit and comprising an inductive a capacitor electrically coupled to the inductive loop 
loop antenna and a capacitor electrically coupled to the antenna , the coupling loop configured to inductively 
inductive loop antenna , the inductive loop antenna 65 excite the resonating circuit and the coupling loop 
spaced apart from the coupling loop , the coupling loop further configured to provide matching between the 
configured to inductively excite the resonating circuit source and the resonating circuit based at least in part 
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on the spacing between the coupling loop and the 42 . The transmitter as in claim 32 , wherein the coupling 
resonating circuit , the resonating circuit configured to between the coupling loop and the resonating circuit is 
generate a magnetic field based on being excited by the greater than the coupling between the resonating circuit and coupling loop to transmit power sufficient to charge or a receive antenna of the receiver . power a load of a receiver . 

33 . The transmitter as in claim 32 , wherein the capacitor 43 . The transmitter as in claim 32 , wherein the coupling 
is a fixed capacitor , and wherein the resonating circuit between the coupling loop and resonating circuit substan 
further comprises a tunable capacitor . tially behaves as an ideal transformer as compared to 

34 . The transmitter as in claim 33 , wherein the tunable coupling between the resonating circuit and a receive 
capacitor has a tuning range of about $ 10 percent of a fixed 10 antenna of the receiver that behaves as a loosely coupled 

10 transformer . capacitance value of the fixed capacitor . 
35 . The transmitter as in claim 33 , wherein the fixed 44 . The transmitter as in claim 32 , wherein the coupling 

capacitor is larger in size than the tunable capacitor . loop has less turns than the inductive loop of the resonating 
36 . The transmitter as in claim 32 , further comprising a circuit . 

second capacitor electrically coupled to the coupling loop , 15 45 . The transmitter as in claim 32 , wherein the coupling 
wherein the coupling loop further comprises a tunable 15 loop is at a fixed distance from the resonating circuit and is 

closer to the resonating circuit as compared to distances capacitor . 
37 . The transmitter as in claim 36 , wherein a quality factor between the resonating circuit and a receive antenna of the 

is selected to be inversely proportional to a loss resistance receiver . 
46 . The transmitter as in claim 32 , wherein the resonating and a radiation resistance . 

38 . The transmitter as in claim 32 , wherein the inductive 20 circuit is not electrically connected to a load that uses power 
loop antenna comprises a wire having a plurality of turns , received from the coupling loop . 

and wherein the quality factor is selected to be proportional 47 . The transmitter as in claim 32 , further comprising a 
to the number of the turns and a surface area of the wire , and tuning circuit configured to tune the resonant frequency of 
inversely proportional to a dielectric loss of the wire . the inductive loop antenna , the tuning circuit comprising a 

39 . The transmitter as in claim 32 , wherein a quality factor fixed capacitor in parallel with a varactor diode . 
of the resonating circuit comprises loaded and unloaded 48 . The transmitter as in claim 32 , further comprising a 
quality factors , and wherein the loaded quality factor has a tuning circuit configured to tune the resonant frequency of 
value half that of the unloaded quality factor . the inductive loop antenna , the tuning circuit comprising 

40 . The transmitter as in claim 33 , wherein the tunable 30 comprises an electrically adjustable variable capacitor and a 
capacitor of the resonating circuit has a value greater than a 30 fixed value capacitor . 
self - capacitance of the resonating circuit . 49 . The transmitter as in claim 48 , wherein the variable 

41 . The transmitter as in claim 36 , wherein each of the capacitor has 8 - 12 % of a capacitance value of the fixed value 
tunable capacitors has a tuning range of about 15 percent of capacitor . 
the resonant frequency . * * * * * 
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