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(57) ABSTRACT 

Described herein are embodiments of a receiving assembly 
for a mobile device for receiving poWer Wirelessly from at 
least one high-Q resonator that includes a receiving high-Q 
resonator part, tuned to magnetic resonance at a speci?ed 
frequency, said receiving resonator part including a conduc 
tive loop extending around space and material not exceeding 
the siZe of the mobile device, and saidreceiving resonatorpart 
including a capacitive structure coupled to said conductive 
loop; and at least one mobile electronic item, powered by 
poWer that is Wirelessly received by said receiving high-Q 
resonator part. 

Device 

To power 
supply consumption 



Patent Application Publication Oct. 21, 2010 Sheet 1 0f 14 US 2010/0264745 A1 

Source Device 

To power 4 > To power 
supply consumption 

D 
<—> <—> 

L L 
1 FIG. 1 2 

FIG. 2 



Patent Application Publication Oct. 21, 2010 Sheet 2 0f 14 US 2010/0264745 A1 

FIG. 4 



Patent Application Publication Oct. 21, 2010 Sheet 3 0f 14 US 2010/0264745 A1 

FIG. 5 



Patent Application Publication Oct. 21, 2010 Sheet 4 0f 14 US 2010/0264745 A1 

FIG_ 6 

FIG. 7 



Patent Application Publication Oct. 21, 2010 Sheet 5 0f 14 US 2010/0264745 A1 

Oscillator at 
fixed frequency 

i 
Frequency RGSQnant 
Adjustor Object 

Frequency 
Monitor 

FIG. 8A 

Frequency Device 
Adjustor Object ‘ 

Load 
Efficiency 
Monitor 

FIG. 8B 





Patent Application Publication Oct. 21, 2010 Sheet 7 0f 14 US 2010/0264745 A1 

Om .0 _ u_ Q0 5% as $5 $88 $5 N 8:: Rama 3 3a 2? mg: 88¢ 55 m 2n \\ K 

m. P 3: #5 $8 8% 5m: 2 

NM ms 58 gm 5 5m 23 N 8 x: RENO 3 Na $2 88 38w 2% m ON u \\ J“ 



Patent Application Publication Oct. 21, 2010 Sheet 8 0f 14 US 2010/0264745 A1 

Cd Id 

%Rw 
Ld 

\NW” 

Ls 

v96) 

Rd Rs 

FIG. 10 

radiation loss 

1 

_ 9. O 

- - - - - - - B 7. 6. 5. 4. 3. 2 O O O O O O O 

0.1 

QQCQQEQV 0:9 P666260 

5 10 2030 50 100 3 

FIG. 11 



Patent Application Publication Oct. 21, 2010 Sheet 9 0f 14 US 2010/0264745 A1 

NH .QE 

mam 



Patent Application Publication Oct. 21, 2010 Sheet 10 0f 14 US 2010/0264745 A1 



Patent Application Publication Oct. 21, 2010 Sheet 11 0f 14 US 2010/0264745 A1 

Light-bulb m0 m6 

{4° 

.5 

A 

w 
P 

M (9' 
LL 

v 

U) 



Patent Application Publication Oct. 21, 2010 Sheet 12 0f 14 US 2010/0264745 A1 

I I I l I I | | 

Theory 
0.14 . Experiment 

0.12 

60 80 100 120 140 160 180 220 240 

Distance (cm) 

FIG. 15 



Patent Application Publication Oct. 21, 2010 Sheet 13 0f 14 US 2010/0264745 A1 

100 120 140 160 180 200 220 240 
Distance (cm) 

80 



Patent Application Publication Oct. 21, 2010 Sheet 14 0f 14 US 2010/0264745 A1 

% Theory 
0 From experimenta|1< 
0 Experimental 

120 140 160 180 220 240 

Distance (cm) 

0.7 

_ _ _ _ _ 6. 5. 4. 3. 2 O O O O 0 556cm; F 

FIG. 17 



US 2010/0264745 A1 

RESONATORS FOR WIRELESS POWER 
APPLICATIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 12/688,339 (’339 application) ?led Jan. 
15, 2010, the entirety of Which is incorporated herein by 
reference. The ’339 application is a continuation to US. 
patent application Ser. No. 12/055,963 (’963 Application), 
?led Mar. 26, 2008 the entirety of Which is incorporated 
herein by reference. The ’963 application claims the bene?t 
of the following provisional applications, each of Which is 
incorporated herein by reference in its entirety: U.S. Provi 
sional Patent Application 60/ 908,383 ?led Mar. 27, 2007; and 
US. Provisional Patent Application 60/908,666, ?led Mar. 
28, 2007. 
[0002] The ’963 application is a continuation-in-part of 
co-pending United States patent application entitled WIRE 
LESS NON-RADIATIVE ENERGY TRANSFER ?led on 
Jul. 5, 2006 and having Ser. No. 11/481,077 (’077 Applica 
tion), the entirety of Which is incorporated herein by refer 
ence. The ’077 Application claims the bene?t of provisional 
application Ser. No. 60/698,442 ?led Jul. 12, 2005 (’442 
Application), the entirety of Which is incorporated herein by 
reference. 
[0003] The ’963 application, pursuant to U.S.C. §120 and 
U.S.C. §363, is a continuation-in-part of International Appli 
cation No. PCT/US2007/070892, ?led Jun. 11, 2007, Which 
is incorporated herein by reference in its entirety, and Which 
claims priority to the following provisional applications, each 
of Which is incorporated herein by reference in its entirety: 
US. Provisional PatentApplication 60/ 908,383 ?led Mar. 27, 
2007; and US. Provisional Patent Application 60/908,666, 
?led Mar. 28, 2007. 

STATEMENT REGARDING GOVERNMENT 
FUNDING 

[0004] This invention Was made With government support 
aWarded by the National Science Foundation under Grant No. 
DMR 02-13282. The government has certain rights in this 
invention. 

BACKGROUND 

[0005] The disclosure relates to Wireless energy transfer. 
Wireless energy transfer may for example, be useful in such 
applications as providing poWer to autonomous electrical or 
electronic devices. 
[0006] Radiative modes of omni-directional antennas 
(Which Work very Well for information transfer) are not suit 
able for such energy transfer, because a vast majority of 
energy is Wasted into free space. Directed radiation modes, 
using lasers or highly-directional antennas, can be ef?ciently 
used for energy transfer, even for long distances (transfer 
distance LTRANS>>LDEV, Where LDEV is the characteristic 
siZe of the device and/or the source), but require existence of 
an uninterruptible line-of-sight and a complicated tracking 
system in the case of mobile objects. Some transfer schemes 
rely on induction, but are typically restricted to very close 
range (LTRANS<<LDEV) or loW poWer (~mW) energy trans 
fers. 
[0007] The rapid development of autonomous electronics 
of recent years (eg laptops, cell-phones, house-hold robots, 
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that all typically rely on chemical energy storage) has led to 
an increased need for Wireless energy transfer. 

SUMMARY 

[0008] The inventors have realiZed that resonant objects 
With coupled resonant modes having localiZed evanescent 
?eld patterns may be used for non-radiative Wireless energy 
transfer. Resonant objects tend to couple, While interacting 
Weakly With other off-resonant environmental objects. Typi 
cally, using the techniques described beloW, as the coupling 
increases, so does the transfer e?iciency. In some embodi 
ments, using the beloW techniques, the energy-transfer rate 
can be larger than the energy-loss rate. Accordingly, ef?cient 
Wireless energy-exchange can be achieved betWeen the reso 
nant objects, While suffering only modest transfer and dissi 
pation of energy into other off-resonant objects. The nearly 
omnidirectional but stationary (non-lossy) nature of the near 
?eld makes this mechanism suitable for mobile Wireless 
receivers. Various embodiments therefore have a variety of 
possible applications including for example, placing a source 
(eg one connected to the Wired electricity netWork) on the 
ceiling of a factory room, While devices (robots, vehicles, 
computers, or similar) are roaming freely Within the room. 
Other applications include poWer supplies for electric-engine 
buses and/or hybrid cars and medical implantable devices. 

[0009] In some embodiments, resonant modes are so-called 
magnetic resonances, for Which mo st of the energy surround 
ing the resonant objects is stored in the magnetic ?eld; i.e. 
there is very little electric ?eld outside of the resonant objects. 
Since most everyday materials (including animals, plants and 
humans) are non-magnetic, their interaction With magnetic 
?elds is minimal. This is important both for safety and also to 
reduce interaction With the extraneous environmental objects. 

[0010] In one aspect, an apparatus is disclosed for use in 
Wireless energy transfer, Which includes a ?rst resonator 
structure con?gured to transfer energy With a second resona 
tor structure over a distance D greater than a characteristic 
siZe L2 of the second resonator structure. In some embodi 
ments, D is also greater than one or more of: a characteristic 
siZe Ll of the ?rst resonator structure, a characteristic thick 
ness T1 of the ?rst resonator structure, and a characteristic 
Width W l of the ?rst resonator structure. The energy transfer 
is mediated by evanescent-tail coupling of a resonant ?eld of 
the ?rst resonator structure and a resonant ?eld of the second 
resonator structure. The apparatus may include any of the 
folloWing features alone or in combination. 

[0011] In some embodiments, the ?rst resonator structure is 
con?gured to transfer energy to the second resonator struc 
ture. In some embodiments, the ?rst resonator structure is 
con?gured to receive energy from the second resonator struc 
ture. In some embodiments, the apparatus includes the second 
resonator structure. 

[0012] In some embodiments, the ?rst resonator structure 
has a resonant angular frequency 001, a Q-factor Q1, and a 
resonance Width 171, the second resonator structure has a 
resonant angular frequency 002, a Q-factor Q2, and a reso 
nance Width 172, and the energy transfer has a rate K. In some 
embodiments, the absolute value of the difference of the 
angular frequencies m1 and (n2 is smaller than the broader of 
the resonant Widths I71 and 172. 
[0013] In some embodiments Ql>100 and Q2>100, 
Ql>300 and Q2>300, Ql>500 and Q2>500, or Ql>1000 and 
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Q2>1000. In some embodiments, Ql>100 or Q2>100, 
Ql>300 or Q2>300, Ql>500 or Q2>500, or Ql>1000 or 
Q2>1000. 
[0014] In some embodiments, the coupling to loss ratio 

In some such embodiments, D/L2 may be as large as 2, as 
large as 3, as large as 5, as large as 7, or as large as 10. 

[0015] In some embodiments, Ql>1000 and Q2>1000, and 
the coupling to loss ratio 

> 25, or 

In some such embodiments, D/L2 may be as large as 2, as 
large as 3, as large as 5, as large as 7, as large as 10. 
[0016] In some embodiments, QKIw/2K is less than about 
50, less than about 200, less than about 500, or less than about 
1000. In some such embodiments, D/L2 is as large as 2, as 
large as 3, as large as 5, as large as 7, or as large as 10. 
[0017] In some embodiments, the quantity K/y/IIFZ is 
maximized at an angular frequency a; With a frequency Width 
F around the maximum, and the absolute value of the differ 
ence of the angular frequencies m1 and (1a is smaller than the 
Width F, and the ab solute value of the difference of the angu 
lar frequencies m2 and (1a is smaller than the Width F. 
[0018] In some embodiments, the energy transfer operates 
With an ef?ciency Swork greater than about 1%, greater than 
about 10%, greater than about 30%, greater than about 50%, 
or greater than about 80%. 
[0019] In some embodiments, the energy transfer operates 
With a radiation loss 11m d less than about 10%. In some such 
embodiments the coupling to loss ratio 

[0020] In some embodiments, the energy transfer operates 
With a radiation loss 11m d less than about 1%. In some such 
embodiments, the coupling to loss ratio 

[0021] In some embodiments, in the presence of a human at 
distance of more than 3 cm from the surface of either resonant 
object, the energy transfer operates With a loss to the human 
11h of less than about 1%. In some such embodiments the 
coupling to loss ratio 

K 
>1. 

[0022] In some embodiments, in the presence of a human at 
distance of more than 10 cm from the surface of either reso 
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nant object, the energy transfer operates With a loss to the 
humannh of less than about 0.2%. In some such embodiments 
the coupling to loss ratio 

K 
>1. 

[0023] In some embodiments, during operation, a device 
coupled to the ?rst or second resonator structure With a cou 
pling rate Fwork receives a usable poWer Pwork from the reso 
nator structure. 

[0024] In some embodiments, Pwork is greater than about 
0.01 Watt, greater than about 0.1 Watt, greater than about 1 
Watt, or greater than about 10 Watt. 

[0026] In some embodiments, the device includes an elec 
trical or electronic device. In some embodiments, the device 
includes a robot (e. g. a conventional robot or a nano-robot). In 
some embodiments, the device includes a mobile electronic 
device (eg a telephone, or a cell-phone, or a computer, or a 
laptop computer, or a personal digital assistant (PDA)). In 
some embodiments, the device includes an electronic device 
that receives information Wireles sly (e. g. a Wireless keyboard, 
or a Wireless mouse, or a Wireless computer screen, or a 

Wireless television screen). In some embodiments, the device 
includes a medical device con?gured to be implanted in a 
patient (eg an arti?cial organ, or implant con?gured to 
deliver medicine). In some embodiments, the device includes 
a sensor. In some embodiments, the device includes a vehicle 
(eg a transportation vehicle, or an autonomous vehicle). 
[0027] In some embodiments, the apparatus further 
includes the device. 
[0028] In some embodiments, during operation, a poWer 
supply coupled to the ?rst or second resonator structure With 
a coupling rate PM”, 1y drives the resonator structure at a 
frequency f and supplies poWer Prom]. In some embodiments, 
the absolute value of the difference of the angular frequencies 
u):2s'cf and (n1 is smaller than the resonant Width 171, and the 
absolute value of the difference of the angular frequencies 
u):2s'cf and (n2 is smaller than the resonant Width 172. In some 
embodiments, f is about the optimum e?iciency frequency. 
[0029] In some embodiments, if the poWer supply is 
coupled to the ?rst resonator, then 1/2§[(I7SM Z I71)2—1]/ (K/ 
mfél or MéKFSMPPZy/FQAH/(K/ 171172 224, or 1/s§ 
[(FSuPPb/Fl)2—1]/(K/\/FlI72)2§8, and, if the device is 
coupled to the second resonator, then 1/2§[(I7SM Z I72)2—1]/ 
(K/m2é2, or 1A;[(I7SuPPb/I72)2—1]/(K/ I71I72)2§4, or 
1/s§[(I“SZ,PPb/I“2)2—1]/(K/y/l“ll“2)2é8. 
[0030] In some embodiments, the apparatus further 
includes the poWer source. 

[0031] In some embodiments, the resonant ?elds are elec 
tromagnetic. In some embodiments, f is about 50 GHZ or less, 
about 1 GHZ or less, about 100 MHZ or less, about 10 MHZ or 
less, about 1 MHZ or less, about 100 KHZ or less, or about 10 
kHZ or less. In some embodiments, f is about 50 GHZ or 
greater, about 1 GHZ or greater, about 100 MHZ or greater, 
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about 10 MHZ or greater, about 1 MHZ or greater, about 100 
kHZ or greater, or about 10 kHZ or greater. In some embodi 
ments, f is Within one of the frequency bands specially 
assigned for industrial, scienti?c and medical (ISM) equip 
ment. 

[0032] In some embodiments, the resonant ?elds are pri 
marily magnetic in the area outside of the resonant objects. In 
some such embodiments, the ratio of the average electric ?eld 
energy to average magnetic ?led energy at a distance DP from 
the closest resonant object is less than 0.01, or less than 0.1 . In 
some embodiments, LR is the characteristic siZe of the closest 
resonant object and DP/LR is less than 1.5, 3, 5, 7, or 10. 
[0033] In some embodiments, the resonant ?elds are acous 
tic. In some embodiments, one or more of the resonant ?elds 
include a Whispering gallery mode of one of the resonant 
structures. 

[0034] In some embodiments, one of the ?rst and second 
resonator structures includes a self resonant coil of conduct 
ing Wire, conducting LitZ Wire, or conducting ribbon. In some 
embodiments, both of the ?rst and second resonator struc 
tures include self resonant coils of conducting Wire, conduct 
ing LitZ Wire, or conducting ribbon. In some embodiments, 
both of the ?rst and second resonator structures include self 
resonant coils of conducting Wire or conducting LitZ Wire or 
conducting ribbon, and Q l>300 and Q2>300. 
[0035] In some embodiments, one or more of the self reso 
nant conductive Wire coils include a Wire of length l and cross 
section radius a Wound into a helical coil of radius r, height h 
and number of turns N. In some embodiments, N: 

[0036] In some embodiments, for each resonant structure r 
is about 30 cm, h is about 20 cm, a is about 3 mm and N is 
about 5.25, and, during operation, a poWer source coupled to 
the ?rst or second resonator structure drives the resonator 
structure at a frequency f. In some embodiments, f is about 
10.6 MHZ. In some such embodiments, the coupling to loss 
ratio 

K K 
215, or 25,0r 

In some such embodiments D/LR is as large as about 2, 3, 5, or 
8. 
[0037] In some embodiments, for each resonant structure r 
is about 30 cm, h is about 20 cm, a is about 1 cm andN is about 
4, and, during operation, a poWer source coupled to the ?rst or 
second resonator structure drives the resonator structure at a 

frequency f. In some embodiments, f is about 13.4 MHZ. In 
some such embodiments, the coupling to loss ratio 

K K 
— 270, 

V111"; 
z 19, or 28,0r 

In some such embodiments D/LR is as large as about 3, 5, 7, or 
10. 
[0038] In some embodiments, for each resonant structure r 
is about 10 cm, h is about 3 cm, a is about 2 mm andN is about 
6, and, during operation, a poWer source coupled to the ?rst or 
second resonator structure drives the resonator structure at a 
frequency f. In some embodiments, f is about 21.4 MHZ. In 
some such embodiments, the coupling to loss ratio 
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215, or 26, or 

In some such embodiments D/LR is as large as about 3, 5, 7, or 
10. 

[0039] In some embodiments, one of the ?rst and second 
resonator structures includes a capacitively loaded loop or 
coil of conducting Wire, conducting LitZ Wire, or conducting 
ribbon. In some embodiments, both of the ?rst and second 
resonator structures include capacitively loaded loops or coils 
of conducting Wire, conducting LitZ Wire, or conducting rib 
bon. In some embodiments, both of the ?rst and second reso 
nator structures include capacitively loaded loops or coils of 
conducting Wire or conducting LitZ Wire or conducting rib 
bon, and Ql>300 and Q2>300. 
[0040] In some embodiments, the characteristic siZe LR of 
the resonator structure receiving energy from the other reso 
nator structure is less than about 1 cm and the Width of the 
conducting Wire or LitZ Wire or ribbon of said object is less 
than about 1 mm, and, during operation, a poWer source 
coupled to the ?rst or second resonator structure drives the 
resonator structure at a frequency f. In some embodiments, f 
is about 380 MHZ. In some such embodiments, the coupling 
to loss ratio 

K K 
K 2 14.9, — z 3.2, 

m m m 
> 0.4. 2 1.2, or _ 

l“1172 

In some such embodiments, D/LR is as large as about 3, about 
5, about 7, or about 10. 

[0041] In some embodiments, the characteristic siZe of the 
resonator structure receiving energy from the other resonator 
structure LR is less than about 10 cm and the Width of the 
conducting Wire or LitZ Wire or ribbon of said object is less 
than about 1 cm, and, during operation, a poWer source 
coupled to the ?rst or second resonator structure drives the 
resonator structure at a frequency f. In some embodiments, f 
is about 43 MHZ. In some such embodiments, the coupling to 
loss ratio 

K 

2 15.9, z 1.8, or 

In some such embodiments, D/LR is as large as about 3, about 
5, about 7, or about 10. 

[0042] In some embodiments, the characteristic siZe LR of 
the resonator structure receiving energy from the other reso 
nator structure is less than about 30 cm and the Width of the 
conducting Wire or LitZ Wire or ribbon of said object is less 
than about 5 cm, and, during operation, a poWer source 
coupled to the ?rst or second resonator structure drives the 
resonator structure at a frequency f. In some such embodi 
ments, f is about 9 MHZ. In some such embodiments, the 
coupling to loss ratio 

2 17.8, > 2.7 27.1, or > 67.4, 
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In some such embodiments, D/LR is as large as about 3, about 
5, about 7, or about 10. 
[0043] In some embodiments, the characteristic siZe of the 
resonator structure receiving energy from the other resonator 
structure LR is less than about 30 cm and the Width of the 
conducting Wire or LitZ Wire or ribbon of said object is less 
than about 5 mm, and, during operation, a poWer source 
coupled to the ?rst or second resonator structure drives the 
resonator structure at a frequency f. In some embodiments, f 
is about 17 MHZ. In some such embodiments, the coupling to 
loss ratio 

— 26.3, — 21-3, — 

V111"; V r1r2 V l"1T2 
z 0.5., or 

In some such embodiments, D/LR is as large as about 3, about 
5, about 7, or about 10. 
[0044] In some embodiments, the characteristic siZe LR of 
the resonator structure receiving energy from the other reso 
nator structure is less than about 1 m, and the Width of the 
conducting Wire or LitZ Wire or ribbon of said object is less 
than about 1 cm, and, during operation, a poWer source 
coupled to the ?rst or second resonator structure drives the 
resonator structure at a frequency f. In some embodiments, f 
is about 5 MHZ. In some such embodiments, the coupling to 
loss ratio 

K 26.8, K 21.4, K 20.5, K 20.2. 
VHF; V111"; VH1"; VHF; 

In some such embodiments, D/LR is as large as about 3, about 
5, about 7, or about 10. 
[0045] In some embodiments, during operation, one of the 
resonator structures receives a usable poWer PW from the other 
resonator structure, an electrical current IS ?oWs in the reso 
nator structure Which is transferring energy to the other reso 
nant structure, and the ratio 

is less than about 5 Amps/V Watts or less than about 2 Amps/ 
W. In some embodiments, during operation, one of the 
resonator structures receives a usable poWer PW from the other 
resonator structure, a voltage differenceVS appears across the 
capacitive element of the ?rst resonator structure, and the 
ratio 

is less than about 2000 Volts/MW or less than about 4000 
Volts/V Watts. 
[0046] In some embodiments, one of the ?rst and second 
resonator structures includes a inductively loaded rod of con 
ducting Wire or conducting LitZ Wire or conducting ribbon. In 
some embodiments, both of the ?rst and second resonator 
structures include inductively loaded rods of conducting Wire 
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or conducting LitZ Wire or conducting ribbon. In some 
embodiments, both of the ?rst and second resonator struc 
tures include inductively loaded rods of conducting Wire or 
conducting LitZ Wire or conducting ribbon, and Q l>300 and 
Q2>300. 
[0047] In some embodiments, the characteristic siZe of the 
resonator structure receiving energy from the other resonator 
structure LR is less than about 10 cm and the Width of the 
conducting Wire or LitZ Wire or ribbon of said object is less 
than about 1 cm, and, during operation, a poWer source 
coupled to the ?rst or second resonator structure drives the 
resonator structure at a frequency f. In some embodiments, f 
is about 14 MHZ. In some such embodiments, the coupling to 
loss ratio 

22, or K 232, K 25.8, K K 20.6. 

V111"; VH1"; V111"; VH1"; 

In some such embodiments, D/LR is as large as about 3, about 
5, about 7, or about 10. 

[0048] In some embodiments, the characteristic siZe LR of 
the resonator structure receiving energy from the other reso 
nator structure is less than about 30 cm and the Width of the 
conducting Wire or LitZ Wire or ribbon of said object is less 
than about 5 cm, and, during operation, a poWer source 
coupled to the ?rst or second resonator structure drives the 
resonator structure at a frequency f. In some such embodi 

ments, f is about 2.5 MHZ. In some such embodiments, the 
coupling to loss ratio 

2 105, z 6.6, or 
K K K K 

2 19, z 2.2. 
W15 W15 W15 W15 

In some such embodiments, D/LR is as large as about 3, about 
5, about 7, or about 10. 

[0049] In some embodiments, one of the ?rst and second 
resonator structures includes a dielectric disk. In some 

embodiments, both of the ?rst and second resonator struc 
tures include dielectric disks. In some embodiments, both of 
the ?rst and second resonator structures include dielectric 

disks, and Ql>300 and Q2>300. 
[0050] In some embodiments, the characteristic siZe of the 
resonator structure receiving energy from the other resonator 
structure is LR and the real part of the permittivity of said 
resonator structure 6 is less than about 150. In some such 
embodiments, the coupling to loss ratio 

In some such embodiments, D/LR is as large as about 3, about 
5, about 7, or about 10. 

[0051] In some embodiments, the characteristic siZe of the 
resonator structure receiving energy from the other resonator 
structure is LR and the real part of the permittivity of said 
resonator structure e is less than about 65. In some such 

embodiments, the coupling to loss ratio 
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K K K 
2 2.3, or — z 0.5. 

In some such embodiments, D/LR is as large as about 3, about 
5, about 7. 
[0052] In some embodiments, at least one of the ?rst and 
second resonator structures includes one of: a dielectric mate 

rial, a metallic material, a metallodielectric object, a plas 
monic material, a plasmonodielectric object, a superconduct 
ing material. 
[0053] In some embodiments, at least one of the resonators 
has a quality factor greater than about 5000, or greater than 
about 10000. 
[0054] In some embodiments, the apparatus also includes a 
third resonator structure con?gured to transfer energy With 
one or more of the ?rst and second resonator structures, Where 
the energy transfer betWeen the third resonator structure and 
the one or more of the ?rst and second resonator structures is 
mediated by evanescent-tail coupling of the resonant ?eld of 
the one or more of the ?rst and second resonator structures 
and a resonant ?eld of the third resonator structure. 
[0055] In some embodiments, the third resonator structure 
is con?gured to transfer energy to one or more of the ?rst and 
second resonator structures. 
[0056] In some embodiments, the ?rst resonator structure is 
con?gured to receive energy from one or more of the ?rst and 
second resonator structures. 
[0057] In some embodiments, the ?rst resonator structure is 
con?gured to receive energy from one of the ?rst and second 
resonator structures and transfer energy to the other one of the 
?rst and second resonator structures. 
[0058] Some embodiments include a mechanism for, dur 
ing operation, maintaining the resonant frequency of one or 
more of the resonant objects. In some embodiments, the feed 
back mechanism comprises an oscillator With a ?xed fre 
quency and is con?gured to adjust the resonant frequency of 
the one or more resonant objects to be about equal to the ?xed 
frequency. In some embodiments, the feedback mechanism is 
con?gured to monitor an ef?ciency of the energy transfer, and 
adjust the resonant frequency of the one or more resonant 
objects to maximize the e?iciency. 
[0059] In another aspect, a method of Wireless energy trans 
fer is disclosed, Which method includes providing a ?rst reso 
nator structure and transferring energy With a second resona 
tor structure over a distance D greater than a characteristic 
siZe L2 of the second resonator structure. In some embodi 
ments, D is also greater than one or more of: a characteristic 
siZe L 1 of the ?rst resonator structure, a characteristic thick 
ness T1 of the ?rst resonator structure, and a characteristic 
Width W 1 of the ?rst resonator structure. The energy transfer 
is mediated by evanescent-tail coupling of a resonant ?eld of 
the ?rst resonator structure and a resonant ?eld of the second 
resonator structure. 

[0060] In some embodiments, the ?rst resonator structure is 
con?gured to transfer energy to the second resonator struc 
ture. In some embodiments, the ?rst resonator structure is 
con?gured to receive energy from the second resonator struc 
ture. 

[0061] In some embodiments, the ?rst resonator structure 
has a resonant angular frequency 001, a Q-factor Q1, and a 
resonance Width T1, the second resonator structure has a 
resonant angular frequency 002, a Q-factor Q2, and a reso 
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nance Width F2, and the energy transfer has a rate K. In some 
embodiments, the absolute value of the difference of the 
angular frequencies m1 and (n2 is smaller than the broader of 
the resonant Widths F1 and F2. 
[0062] In some embodiments, the coupling to loss ratio 

>2, or 
K K K K 

>05, >1, >5. 
V FIFZ V FIFZ V FIFZ V FIFZ 

In some such embodiments, D/L2 may be as large as 2, as 
large as 3, as large as 5, as large as 7, or as large as 10. 
[0063] In another aspect, an apparatus is disclosed for use 
in Wireless information transfer Which includes a ?rst reso 
nator structure con?gured to transfer information by transfer 
ring energy With a second resonator structure over a distance 
D greater than a characteristic siZe L2 of the second resonator 
structure. In some embodiments, D is also greater than one or 
more of: a characteristic siZe Ll of the ?rst resonator struc 
ture, a characteristic thickness T 1 of the ?rst resonator struc 
ture, and a characteristic Width W 1 of the ?rst resonator struc 
ture. The energy transfer is mediated by evanescent-tail 
coupling of a resonant ?eld of the ?rst resonator structure and 
a resonant ?eld of the second resonator structure. 

[0064] In some embodiments, the ?rst resonator structure is 
con?gured to transfer energy to the second resonator struc 
ture. In some embodiments, the ?rst resonator structure is 
con?gured to receive energy from the second resonator struc 
ture. In some embodiments the apparatus includes, the second 
resonator structure. 

[0065] In some embodiments, the ?rst resonator structure 
has a resonant angular frequency 001, a Q-factor Q1, and a 
resonance Width T1, the second resonator structure has a 
resonant angular frequency 002, a Q-factor Q2, and a reso 
nance Width F2, and the energy transfer has a rate K. In some 
embodiments, the absolute value of the difference of the 
angular frequencies m1 and (n2 is smaller than the broader of 
the resonant Widths F1 and F2. 
[0066] In some embodiments, the coupling to loss ratio 

In some such embodiments, D/L2 may be as large as 2, as 
large as 3, as large as 5, as large as 7, or as large as 10. 
[0067] In another aspect, a method of Wireless information 
transfer is disclosed, Which method includes providing a ?rst 
resonator structure and transferring information by transfer 
ring energy With a second resonator structure over a distance 
D greater than a characteristic siZe L2 of the second resonator 
structure. In some embodiments, D is also greater than one or 
more of: a characteristic siZe Ll of the ?rst resonator struc 
ture, a characteristic thickness T l of the ?rst resonator struc 
ture, and a characteristic Width W 1 of the ?rst resonator struc 
ture. The energy transfer is mediated by evanescent-tail 
coupling of a resonant ?eld of the ?rst resonator structure and 
a resonant ?eld of the second resonator structure. 

[0068] In some embodiments, the ?rst resonator structure is 
con?gured to transfer energy to the second resonator struc 
ture. In some embodiments, the ?rst resonator structure is 
con?gured to receive energy from the second resonator struc 
ture. 
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