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Efficient Near-Field Wireless Energy Transfer Using Adiabatic System

Variations

CROSS REFERENCE TO RELATED APPLICATIONS
Pursuant to U.S.C. § 119(e), this application claims priority to U.S. Provisional
Application Serial No. 61/101,809, filed October 1, 2008. The contents of the prior

application is incorporated herein by reference in its entirety.

BACKGROUND

The disclosure relates to wireless energy transfer. Wireless energy transfer can
for example, be useful in such applications as providing power to autonomous electrical
or electronic devices.

Radiative modes of omni-directional antennas (which work very well for
information transfer) are not suitable for such energy transfer, because a vast majority of
energy is wasted into free space. Directed radiation modes, using lasers or highly-
directional antennas, can be efficiently used for energy transfer, even for long distances
(transfer distance Lyrans»Lprv, Where Lpgpy is the characteristic size of the device and/or
the source), but may 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 (Lrrans«Lpgv) or low power
(~mW) energy transfers.

The rapid development of autonomous electronics of recent years (e.g. laptops,
cell-phones, house-hold robots, that all typically rely on chemical energy storage) has led
to an increased need for wireless energy transfer.

SUMMARY

Disclosed is a method for transferring energy wirelessly. The method includes 1)
transferring energy wirelessly from a first resonator structure to an intermediate resonator
structure, wherein the coupling rate between the first resonator structure and the

intermediate resonator structure is K, ; ii) transferring energy wirelessly from the

intermediate resonator structure to a second resonator structure, wherein the coupling rate

1
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between the intermediate resonator structure and the second resonator structure is K, ;

and iii) during the wireless energy transfers, adjusting at least one of the coupling rates
K, and K, to reduce energy accumulation in the intermediate resonator structure and
improve wireless energy transfer from the first resonator structure to the second resonator
structure through the intermediate resonator structure.

Embodiments of the method may include one or more of the following features.

The adjustment of at least one of the coupling rates k;, and k,, can be selected

to minimize energy accumulation in the intermediate resonator structure and cause
wireless energy transfer from the first resonator structure to the second resonator
structure.

The adjustment of at least one of the coupling rates k;, and k,, can be selected
to maintain energy distribution in the field of the three-resonator system in an eigenstate
having substantially no energy in the intermediate resonator structure. For example, the
adjustment of at least one of the coupling rates k;, and k,, can further cause the
eigenstate to evolve substantially adiabatically from an initial state with substantially all
energy in the resonator structures in the first resonator structure to a final state with
substantially all of the energy in the resonator structures in the second resonator structure.

The adjustment of at least one of the coupling rates k;, and k,, can be selected
to include adjustments of both coupling rates k;, and k,, during wireless energy
transfer.

The resonator structures can each have a quality factor larger than 10.

The first and second resonator structures can each have a quality factor greater
than 50.

The first and second resonator structures can each have a quality factor greater
than 100.

The resonant energy in each of the resonator structures can include

electromagnetic fields. For example, the maximum value of the coupling rate «,, and

the maximum value of the coupling rate k,, for inductive coupling between the



WO 2010/039967 PCT/US2009/059244

Attorney Docket No. 01997-0366WO1
MIT Case No 13441 (WiT MIT 4)

intermediate resonator structure and each of the first and second resonator structures can
each be larger than twice the loss rate I' for each of the first and second resonators.
Moreover, The maximum value of the coupling rate x;, and the maximum value of the
coupling rate k, for inductive coupling between the intermediate resonator structure and
each of the first and second resonator structures can each be larger than four (4) times the
loss rate I' for each of the first and second resonators.

Each resonator structure can have a resonant frequency between 50 KHz and 500
MHz.

The maximum value of the coupling rate x;, and the maximum value of the
coupling rate k7, can each be at least five (5) times greater than the coupling rate
between the first resonator structure and the second resonator structure.

The intermediate resonator structure can have a rate of radiative energy loss that

is at least twenty (20) times greater than that for either the first resonator structure or the

second resonator structure.
The first and second resonator structures can be substantially identical.

The adjustment of at least one of the coupling rates k;, and k,, can be selected
to cause peak energy accumulation in the intermediate resonator structure to be less than
five percent (5%) of the peak total energy in the three resonator structures.

The adjustment of at least one of the coupling rates x;, and «;, can be selected
to cause peak energy accumulation in the intermediate resonator structure during the

wireless energy transfers to be less than ten percent (10%) of the peak total energy in the

three resonator structures.

Adjusting at least one of the coupling rates x;, and k,, can include adjusting a
relative position and/or orientation between one or more pairs of the resonator structures.
Moreover, adjusting at least one of the coupling rates k;, and k,, can include adjusting a
resonator property of one or more of the resonator structures, such as mutual inductance.

The resonator structures can include a capacitively loaded loop or coil of at least

one of a conducting wire, a conducting Litz wire, and a conducting ribbon.
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The resonator structures can include an inductively loaded rod of at least one of a
conducting wire, a conducting Litz wire, and a conducting ribbon.

The wireless energy transfers are non-radiative energy transfers mediated by a
coupling of a resonant field evanescent tail of the first resonator structure and a resonant
field evanescent tail of the intermediate resonator structure and a coupling of the resonant
field evanescent tail of the intermediate resonator structure and a resonant field
evanescent tail of the second resonator structure.

The adjustment of the at least one of the coupling rates can define a first mode of
operation, wherein the reduction in the energy accumulation in the intermediate resonator
structure is relative to energy accumulation in the intermediate resonator structure for a
second mode of operation of wireless energy transfer among the three resonator

structures having a coupling rate x’,, for wireless energy transfer from the first resonator
structure to the intermediate resonator structure and a coupling rate x’,, for wireless

energy transfer from the intermediate resonator structure to the second resonator structure

with 7, and x’,, each being substantially constant during the second mode of wireless

energy transfer, and wherein the adjustment of the coupling rates «;, and k., in the first

. K., K., < (K"2+K"2)/2 .
mode of operation can be selected to '8’ 52 \/ 18 B2 . Moreover, the first

mode of operation can have a greater efficiency of energy transferred from the first
resonator to the second resonator compared to that for the second mode of operation.
Further, the first and second resonator structures can be substantially identical and each

one can have a loss rate 1',, the intermediate resonator structure can have a loss rate I,

and wherein I, /T, can be greater than 50.

Also, a ratio of energy lost to radiation and total energy wirelessly transferred
between the first and second resonator structures in the first mode of operation is less
than that for the second mode of operation. Moreover, the first and second resonator

structures can be substantially identical and each one can have a loss rate I', and a loss
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rate only due to radiation I', , ,, the intermediate resonator structure can have a loss rate
I, and a loss rate only due to radiation I, and wherein T, , /T, >T, ., /T, .

The first mode of operation the intermediate resonator structure interacts less with
extraneous objects than it does in the second mode of operation.
During the wireless energy transfer from the first resonator structure to the second

resonator structure at least one of the coupling rates can be adjusted so that x;, << k, at
a start of the energy transfer and x;, >> k,, by a time a substantial portion of the energy

has been transferred from the first resonator structure to the second resonator structure.

The coupling rate x,, can be maintained at a fixed value and the coupling rate
K, 1s increased during the wireless energy transfer from the first resonator structure to

second resonator structure.

The coupling rate x;, can be maintained at a fixed value and the coupling rate
K, 1s decreased during the wireless energy transfer from the first resonator structure to

second resonator structure.
During the wireless energy transfer from the first resonator structure to second

resonator structure, the coupling rate k;, can be increased and the coupling rate x,, is

decreased.

The method may further include features corresponding to those listed for one or
more of the apparatuses and methods described below.

In another aspect, disclosed is an apparatus including: first, intermediate, and
second resonator structures, wherein a coupling rate between the first resonator structure

and the intermediate resonator structure is K;, and a coupling rate between the

intermediate resonator structure and the second resonator structure is K, ; and

means for adjusting at least one of the coupling rates x;, and k,, during wireless energy

transfers among the resonator structures to reduce energy accumulation in the
intermediate resonator structure and improve wireless energy transfer from the first
resonator structure to the second resonator structure through the intermediate resonator

structure.
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Embodiments for the apparatus can include one or more of the following features.

The means for adjusting can include a rotation stage for adjusting the relative
orientation of the intermediate resonator structure with respect to the first and second
resonator structures.

The means for adjusting can include a translation stage for moving the first and/or
second resonator structures relative to the intermediate resonator structure.

The means for adjusting can include a mechanical, electro-mechanical, or
electrical staging system for dynamically adjusting the effective size of one or more of
the resonator structures.

The apparatus may further include features corresponding to those listed for the
method described above, and one or more of the apparatuses and methods described
below.

In another aspect, a method for transferring energy wirelessly includes 1):
transferring energy wirelessly from a first resonator structure to a intermediate resonator
structure, wherein the coupling rate between the first resonator structure and the

intermediate resonator structure is K, ; ii) transferring energy wirelessly from the

intermediate resonator structure to a second resonator, wherein the coupling rate between

the intermediate resonator structure and the second resonator structure is K, ; and iii)

during the wireless energy transfers, adjusting at least one of the coupling rates x;, and
K, to cause an energy distribution in the field of the three-resonator system to have

substantially no energy in the intermediate resonator structure while wirelessly
transferring energy from the first resonator structure to the second resonator structure
through the intermediate resonator structure.

Embodiments for the method above can include one or more of the following
features.

Having substantially no energy in the intermediate resonator structure can mean
that peak energy accumulation in the intermediate resonator structure is less than ten
percent (10%) of the peak total energy in the three resonator structures throughout the

wireless energy transfer.
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Having substantially no energy in the intermediate resonator structure can mean
that peak energy accumulation in the intermediate resonator structure is less than five
percent (5%) of the peak total energy in the three resonator structures throughout the
wireless energy transfer.

The adjustment of at least one of the coupling rates k;, and k,, can be selected
to maintain the energy distribution in the field of the three-resonator system in an
eigenstate having the substantially no energy in the intermediate resonator structure.

The adjustment of at least one of the coupling rates k;, and k,, can be selected
to further cause the eigenstate to evolve substantially adiabatically from an initial state
with substantially all energy in the resonator structures in the first resonator structure to a
final state with substantially all of the energy in the resonator structures in the second
resonator structure.

The adjustment of at least one of the coupling rates x;, and &, can include
adjustments of both coupling rates x;, and &, during wireless energy transfers.

The resonant energy in each of the resonator structures comprises electromagnetic
fields. For example, the maximum value of the coupling rate k;, and the maximum
value of the coupling rate k,, for inductive coupling between the intermediate resonator

structure and each of the first and second resonator structures can each be larger than
twice the loss rate I" for each of the first and second resonators. Moreover, the maximum
value of the coupling rate k;, and the maximum value of the coupling rate k,, for
inductive coupling between the intermediate resonator structure and each of the first and
second resonator structures can each be larger than four (4) times the loss rate 1" for each
of the first and second resonators.

The resonator structure can have a resonant frequency between 50 KHz and 500
MHz.

The maximum value of the coupling rate x;, and the maximum value of the
coupling rate k7, can each be at least five (5) times greater than the coupling rate

between the first resonator structure and the second resonator structure.
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The intermediate resonator structure can have a rate of radiative energy loss that
is at least twenty (20) times greater than that for either the first resonator structure or the
second resonator structure.

The first and second resonator structures can be substantially identical.

Adjusting at least one of the coupling rates x;, and k,, can include adjusting a

relative position and/or orientation between one or more pairs of the resonator structures.

Adjusting at least one of the coupling rates x;, and k,, can include adjusting a

resonator property of one or more of the resonator structures, such as mutual inductance.

The resonator structures can include a capacitively loaded loop or coil of at least
one of a conducting wire, a conducting Litz wire, and a conducting ribbon.

The resonator structures can include an inductively loaded rod of at least one of a
conducting wire, a conducting Litz wire, and a conducting ribbon.

The wireless energy transfers can be non-radiative energy transfers mediated by a
coupling of a resonant field evanescent tail of the first resonator structure and a resonant
field evanescent tail of the intermediate resonator structure and a coupling of the resonant
field evanescent tail of the intermediate resonator structure and a resonant field
evanescent tail of the second resonator structure.

The first and second resonator structures can each have a quality factor greater
than 50.

The first and second resonator structures can each have a quality factor greater

than 100.

The adjustment of at least one of the coupling rates k;, and k,, can be selected

to cause the energy distribution in the field of the three-resonator system to have
substantially no energy in the intermediate resonator structure improves wireless energy
transfer between the first and second resonator structures.

The adjustment of the at least one of the coupling rates can be selected to define a
first mode of operation, wherein energy accumulation in the intermediate resonator
structure during the wireless energy transfer from the first resonator structure to second

resonator structure is smaller than that for a second mode of operation of wireless energy
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transfer among the three resonator structures having a coupling rate x’, for wireless

energy transfer from the first resonator structure to the intermediate resonator structure

and a coupling rate x’,, for wireless energy transfer from the intermediate resonator
structure to the second resonator structure with x’,, and x’;, each being substantially

constant during the second mode of wireless energy transfer, and wherein the adjustment

of the coupling rates k;, and k,, in the first mode of operation can be selected to satisfy

52 s 2
lB’KBZ <\/(K lB+KBZ)/2 .

K,

The first mode of operation can have a greater efficiency of energy transferred
from the first resonator to the second resonator compared to that for the second mode of
operation.

The first and second resonator structures can be substantially identical and each

one can have a loss rate 1',, the intermediate resonator structure can have a loss rate I,

and wherein I, /T, can be greater than 50.

A ratio of energy lost to radiation and total energy wirelessly transferred between
the first and second resonator structures in the first mode of operation can be less than
that for the second mode of operation.

The first and second resonator structures can be substantially identical and each

one can have a loss rate I', and a loss rate only due to radiation I, _,, the intermediate
resonator structure can have a loss rate I'; and a loss rate only due to radiation I' ,, and
wherein Ty, /T3 >T, ., /T, .

The first mode of operation the intermediate resonator structure interacts less with
extraneous objects than it does in the second mode of operation.

During the wireless energy transfer from the first resonator structure to the second
resonator structure at least one of the coupling rates can be adjusted so that x;, << k, at

a start of the energy transfer and x;, >> k,, by a time a substantial portion of the energy

has been transferred from the first resonator structure to the second resonator structure.
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The coupling rate x,, can be maintained at a fixed value and the coupling rate
kK, can be increased during the wireless energy transfer from the first resonator structure

to second resonator structure.

The coupling rate x;, can be maintained at a fixed value and the coupling rate
K, can be decreased during the wireless energy transfer from the first resonator structure

to second resonator structure.
During the wireless energy transfer from the first resonator structure to second

resonator structure, the coupling rate k;, can be increased and the coupling rate x,, can

be decreased.

The method may further include features corresponding to those listed for the
apparatus and method described above, and one or more of the apparatuses and methods
described below.

In another aspect, disclosed is an apparatus including: first, intermediate, and
second resonator structures, wherein a coupling rate between the first resonator structure

and the intermediate resonator structure is K;, and a coupling rate between the

intermediate resonator structure and the second resonator structure is K, ; and

means for adjusting at least one of the coupling rates x;, and k,, during wireless energy

transfers among the resonator structures to cause an energy distribution in the field of the
three-resonator system to have substantially no energy in the intermediate resonator
structure while wirelessly transferring energy from the first resonator structure to the
second resonator structure through the intermediate resonator structure.

Embodiments for the apparatus can include one or more of the following features.

Having substantially no energy in the intermediate resonator structure can mean
that peak energy accumulation in the intermediate resonator structure is less than ten
percent (10%) of the peak total energy in the three resonator structures throughout the
wireless energy transfers.

Having substantially no energy in the intermediate resonator structure can mean

that peak energy accumulation in the intermediate resonator structure is less than five

10
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percent (5%) of the peak total energy in the three resonator structures throughout the
wireless energy transfers.

The means for adjusting can be configured to maintain the energy distribution in
the field of the three-resonator system in an eigenstate having the substantially no energy
in the intermediate resonator structure.

The means for adjusting can include a rotation stage for adjusting the relative
orientation of the intermediate resonator structure with respect to the first and second
resonator structures.

The means for adjusting can include a translation stage for moving the first and/or
second resonator structures relative to the intermediate resonator structure.

The means for adjusting can include a mechanical, electro-mechanical, or
electrical staging system for dynamically adjusting the effective size of one or more of
the resonator structures.

The resonator structures can include a capacitively loaded loop or coil of at least
one of a conducting wire, a conducting Litz wire, and a conducting ribbon.

The resonator structures can include an inductively loaded rod of at least one of a
conducting wire, a conducting Litz wire, and a conducting ribbon.

A source can be coupled to the first resonator structure and a load can be coupled
to the second resonator structure.

The apparatus may further include features corresponding to those listed for the
apparatus and methods described above, and the apparatus and method described below.

In another aspect, disclosed is a method for transferring energy wirelessly that
includes: 1) transferring energy wirelessly from a first resonator structure to a
intermediate resonator structure, wherein the coupling rate between the first resonator

structure and the intermediate resonator structure is K, ; ii) transferring energy wirelessly

from the intermediate resonator structure to a second resonator, wherein the coupling rate
between the intermediate resonator structure and the second resonator structure with a

coupling rate is kj,; and iii) during the wireless energy transfers, adjusting at least one of

the coupling rates k;, and k,, to define a first mode of operation in which energy

11
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accumulation in the intermediate resonator structure is reduced relative to that for a
second mode of operation of wireless energy transfer among the three resonator
structures having a coupling rate x’,, for wireless energy transfer from the first resonator
structure to the intermediate resonator structure and a coupling rate x’,, for wireless
energy transfer from the intermediate resonator structure to the second resonator structure

with 7, and x’,, each being substantially constant during the second mode of wireless

energy transfer, and wherein the adjustment of the coupling rates «;, and k;, in the first

. o KKy <A JIK K, 2
mode of operation can be selected to satisfy ~'8° 52 \/ /

The method may further include features corresponding to those listed for the
apparatuses and methods described above.

In another aspect, disclosed is an apparatus that includes: first, intermediate, and
second resonator structures, wherein a coupling rate between the first resonator structure

and the intermediate resonator structure is K;, and a coupling rate between the
intermediate resonator structure and the second resonator structure is K, ; and means for
adjusting at least one of the coupling rates x;, and k, during wireless energy transfers

among the resonator structures to define a first mode of operation in which energy
accumulation in the intermediate resonator structure is reduced relative to that for a
second mode of operation for wireless energy transfer among the three resonator
structures having a coupling rate x’,, for wireless energy transfer from the first resonator

structure to the intermediate resonator structure and a coupling rate x’,, for wireless

energy transfer from the intermediate resonator structure to the second resonator structure

with 7, and x’,, each being substantially constant during the second mode of wireless

energy transfer, and wherein the adjustment of the coupling rates x,, and «, in the first

,K < (K.’2+K.’2)/2
mode of operation can be selected to satisfy Kip» K2 \/ 1557 B2 .

12
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The apparatus may further include features corresponding to those listed for the
apparatuses and methods described above.

Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art. Although
methods and materials similar or equivalent to those described herein can be used in the
practice or testing of the present disclosure, suitable methods and materials are described
below. All publications, patent applications, patents, and other references mentioned
herein are incorporated by reference in their entirety. In case of conflict, the present
specification, including definitions, will control. In addition, the materials, methods, and
examples are illustrative only and not intended to be limiting.

The details of one or more embodiments are set forth in the accompanying
drawings and the description below, including the documents appended hereto. Other

features and advantages will be apparent from this disclosure and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a schematic of an example wireless energy transfer scheme.

Figs. 2(a)-(b) show the efficiency of power transmission 77, for (a) U =1 and (b)
U =3, as a function of the frequency detuning D and for different values of the loading

rate U .

Fig. 2(c) shows the optimal (for zero detuning and under conditions of impedance

matching) efficiency for energy transfer 7. and power transmission 7., as a function of

the coupling-to-loss figure-of-merit U .

Fig. 3 shows an example of a self-resonant conducting-wire coil.

Fig. 4 shows an example of a wireless energy transfer scheme featuring two self-
resonant conducting-wire coils.

Fig. 5 is a schematic of an experimental system demonstrating wireless energy
transfer.

Fig. 6 shows a comparison between experimental and theoretical results for the

coupling rate of the system shown schematically in Fig. 5.

13
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Fig. 7 shows a comparison between experimental and theoretical results for the
strong-coupling factor of the system shown schematically in Fig. 5.

Fig. 8 shows a comparison between experimental and theoretical results for the
power-transmission efficiency of the system shown schematically in Fig. 5.

Fig. 9 shows an example of a capacitively-loaded conducting-wire coil, and
illustrates the surrounding field.

Fig. 10 shows an example wireless energy transfer scheme featuring two
capacitively-loaded conducting-wire coils, and illustrates the surrounding field.

Fig. 11 illustrates an example circuit model for wireless energy transfer.

Fig. 12 shows the efficiency, total (loaded) device Q, and source and device
currents, voltages and radiated powers (normalized to 1Watt of output power to the load)
as functions of the resonant frequency, for a particular choice of source and device loop
dimensions, wp and N and different choices of Ny4=1,2,3.4,5,6,10.

Fig.13 shows the efficiency, total (loaded) device Q, and source and device
currents, voltages and radiated powers (normalized to 1Watt of output power to the load)
as functions of frequency and wp for a particular choice of source and device loop
dimensions, and number of turns N, and Ng.

Fig. 14 shows an example of an inductively-loaded conducting-wire coil.

Fig. 15 shows (a) an example of a resonant dielectric disk, and illustrates the
surrounding field and (b) a wireless energy transfer scheme featuring two resonant
dielectric disks, and illustrates the surrounding field.

Fig. 16 shows a schematic of an example wireless energy transfer scheme with
one source resonator and one device resonator exchanging energy indirectly through an
intermediate resonator.

Fig. 17 shows an example of a wireless energy transfer system: (a) (Left)
Schematic of loops configuration in two-object direct transfer. (Right) Time evolution of
energies in the two-object direct energy transfer case. (b) (Left) Schematic of three-loops
configuration in the constant-k case. (Right) Dynamics of energy transfer for the
configuration in (b. Left). Note that the total energy transferred E is 2 times larger than

in (a. Right), but at the price of the total energy radiated being 4 times larger. (c) (Left)

14
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Loop configuration at t=0 in the adiabatic-k scheme. (Center) Dynamics of energy
transfer with adiabatically rotating loops. (Right) Loop configuration at t=tgrr. Note that
E» is comparable to (b. Right), but the radiated energy is now much smaller: In fact, it is
comparable to (a. Right).

Fig. 18 shows a schematic of an example wireless energy transfer scheme with
one source resonator and one device resonator exchanging energy indirectly through an
intermediate resonator, where an adjustment system is used to rotate the resonator
structures to dynamically adjust their coupling rates.

Fig. 19 shows an example of a temporal variation of the coupling rates in a
wireless energy transfer system as in Fig. 18 to achieve an adiabatic transfer of energy
from the source object R; to the device object R,.

Fig. 20 shows the energy distribution in a wireless energy transfer system as in
Fig. 18 as a function of time when the coupling rates are time-varying, for ['a=0, k/
I's=10, k1g=ksin[mt/2terr)], and kgr=kcos[mt/2tgrr)].

Figs. 21(a)-(f) show a comparison between the adiabatic-x and constant-k energy
transfer schemes, in the general case: (a) Optimum E, (%) in adiabatic-k transfer, (b)
Optimum E; (%) in constant-k transfer, (c) (E2).diabatic-x /(E2)constant-x, (d) Energy lost (%)
at optimum adiabatic-x transfer, (e) Energy lost (%) at optimum constant-x transfer, (f)
(Eiost) constant-/ (Elost) adiabatic--

Fig. 22(a)-(e) show a comparison between radiated energies in the adiabatic-x and

constant-k energy transfer schemes: (a) Ea(%) in the constant-scheme for I'g /I'A=500
and F:;d =0, (b) E;.d(%) in the adiabatic-k scheme for I'g /I'A =500 and F:; =0, (¢) (Eraq)
constant-i/ (Exad) adiabatic-x fOr I'p /T'a =50, (d) (Erad) constant-1/(Erad) adiabatic-« for I's /T'a =500, (e)
[(Exad) constant-x/(Exad) adiabatic-x] as function of k/I'z and I'g /T s, for T2, =0.

Figs. 23(a)-(b) show schematics for frequency control mechanisms.
Figs. 24(a)-(c) illustrate a wireless energy transfer scheme using two dielectric

disks in the presence of various extraneous objects.
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DETAILED DESCRIPTION

Efficient wireless energy-transfer between two similar-frequency resonant objects
can be achieved at mid-range distances, provided these resonant objects are designed to
operate in the ‘strong-coupling’ regime. ‘Strong coupling’ can be realized for a wide
variety of resonant objects, including electromagnetic resonant objects such as
inductively-loaded conducting rods and dielectric disks. Recently, we have demonstrated
wireless energy transfer between strongly coupled electromagnetic self-resonant
conducting coils and capacitively-loaded conducting coils, bearing high-Q
electromagnetic resonant modes. See, for example, the following commonly owned U.S.
Patent Applications, all of which are incorporated herein by reference: U.S. Application
Serial No. 11/481,077, filed on July 5, 2006, and published as U.S. Patent Publication
No. US 2007-0222542 A1; U.S. Application Serial No. 12/055,963, filed on March 26,
2008, and published as U.S. Patent Publication No. US 2008-0278264 Al; and U.S.
Patent Application Serial No. 12/466,065, filed on May 14, 2009, and published as U.S.
Patent Publication No. . In general, the energy-transfer efficiency between
similar-frequency, strongly coupled resonant objects decreases as the distance between
the objects is increased.

In this work, we explore a further scheme of efficient energy transfer between
resonant objects that extends the range over which energy may be efficiently transferred.
Instead of transferring energy directly between two resonant objects, as has been
described in certain embodiments of the cross-referenced patents, in certain
embodiments, an intermediate resonant object, with a resonant frequency equal or nearly-
equal to that of the two energy-exchanging resonant objects is used to mediate the
transfer. The intermediate resonant object may be chosen so that it couples more strongly
to each of the resonant objects involved in the energy transfer than those two resonant
objects couple to each other. One way to design such an intermediate resonator is to make
it larger than either of the resonant objects involved in the energy transfer. However,
increasing the size of the intermediate resonant object may lower its quality factor, or Q,

by increasing its radiation losses. Surprisingly enough, this new “indirect” energy transfer
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scheme may be shown to be very efficient and only weakly-radiative by introducing a
meticulously chosen time variation of the resonator coupling rates.

The advantage of this method over the prior commonly owned wireless energy
transfer techniques is that, in certain embodiments, it can enable energy to be transferred
wirelessly between two objects with a larger efficiency and/or with a smaller radiation
loss and/or with fewer interactions with extraneous objects.

Accordingly, in certain embodiments, we disclose an efficient wireless energy
transfer scheme between two similar resonant objects, strongly coupled to an
intermediate resonant object of substantially different properties, but with the same
resonance frequency. The transfer mechanism essentially makes use of the adiabatic
evolution of an instantaneous (so called ‘dark’) resonant state of the coupled three-object
system. Our analysis is based on temporal coupled mode theory (CMT), and is general.
Of particular commercial interest is the application of this technique to strongly-coupled
electromagnetic resonators used for mid-range wireless energy transfer applications. We
show that in certain parameter regimes of interest, this scheme can be more efficient,
and/or less radiative than other wireless energy transfer approaches.

While the technique described herein is primarily directed to tangible resonator
structures, the technique shares certain features with a quantum interference phenomenon
known in the atomic physics community as Electromagnetically Induced Transparency
(EIT). In EIT, three atomic states participate. Two of them, which are non-lossy, are
coupled to one that has substantial losses. However, by meticulously controlling the
mutual couplings between the states, one can establish a coupled system which is overall
non-lossy. This phenomena has been demonstrated using carefully timed optical pulses,
referred to as probe laser pulses and Stokes laser pulses, to reduce the opacity of media
with the appropriate collection of atomic states. A closely related phenomenon known as
Stimulated Raman Adiabatic Passage (STIRAP) may take place in a similar system;
namely, the probe and Stokes laser beams may be used to achieve complete coherent
population transfer between two molecular states of a medium. Hence, we may refer to

the currently proposed scheme as the “EIT-like” energy transfer scheme.
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In certain embodiments, we disclose an efficient near-field energy transfer
scheme between two similar resonant objects, based on an EIT-like transfer of the energy
through a mediating resonant object with the same resonant frequency. In embodiments,
this EIT-like energy transfer may be realized using electromagnetic resonators as have
been described in the cross-referenced patents, but the scheme is not bound only to
wireless energy transfer applications. Rather, this scheme is general and may find
applications in various other types of coupling between general resonant objects. In
certain embodiments described below, we describe particular examples of
electromagnetic resonators, but the nature of the resonators and their coupling
mechanisms could be quite different (e.g. acoustic, mechanical, etc.). To the extent that
many resonant phenomena can be modeled with nearly identical CMT equations, similar

behavior to that described herein would occur.

1. Efficient energy-transfer by two ‘strongly coupled’ resonances

Fig. 1 shows a schematic that generally describes one example of the invention, in
which energy is transferred wirelessly between two resonant objects. Referring to Fig. 1,

energy is transferred over a distance D, between a resonant source object having a

characteristic size 1, and a resonant device object of characteristic size r,. Both objects

are resonant objects. The wireless near-field energy transfer is performed using the field
(e.g. the electromagnetic field or acoustic field) of the system of two resonant objects.
The characteristic size of an object can be regarded as being equal to the radius of
the smallest sphere which can fit around the entire object. The characteristic thickness of
an object can be regarded as being, when placed on a flat surface in any arbitrary
configuration, the smallest possible height of the highest point of the object above a flat
surface. The characteristic width of an object can be regarded as being the radius of the
smallest possible circle that the object can pass through while traveling in a straight line.
For example, the characteristic width of a cylindrical object is the radius of the cylinder.
Initially, we present a theoretical framework for understanding near-field wireless
energy transfer. Note however that it is to be understood that the scope of the invention

is not bound by theory.
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Different temporal schemes can be employed, depending on the application, to
transfer energy between two resonant objects. Here we will consider two particularly
simple but important schemes: a one-time finite-amount energy-transfer scheme and a

continuous finite-rate energy-transfer (power) scheme.

1.1 Finite-amount energy-transfer efficiency

Let the source and device objects be 1, 2 respectively and their resonance modes,

which we will use for the energy exchange, have angular frequencies @, , , frequency-
widths due to intrinsic (absorption, radiation etc.) losses 1" , and (generally) vector fields

E, (r) , normalized to unity energy. Once the two resonant objects are brought in

proximity, they can interact and an appropriate analytical framework for modeling this
resonant interaction is that of the well-known coupled-mode theory (CMT). This model
works well, when the resonances are well defined by having large quality factors and
their resonant frequencies are relatively close to each other. In this picture, the field of the

system of the two resonant objects 1, 2 can be approximated by
F(r,r)=a,(1)F, (r)+a, (1)F, (r), where a,, (1) are the field amplitudes, with |aL2 (t)|2

equal to the energy stored inside the object 1, 2 respectively, due to the normalization.

—iot

Then, using ¢~ time dependence, the field amplitudes can be shown to satisfy, to

lowest order:

d , ) . .
E(’ll (t): — (a)l —il, )al (t)+”(11a1 (t)+lK'12a2 (t)

d , ) . .
Eaz (t): — (602 _lrz)az (t)+”(21a1 (t)+”(22a2 (t)

ey

where &, ,, are the shifts in each object’s frequency due to the presence of the other,

which are a second-order correction and can be absorbed into the resonant frequencies

(eigenfrequencies) by setting @, , = @, + K, 5, and k,,, are the coupling coefficients,

which from the reciprocity requirement of the system satisfy &,, =K, =K.
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The resonant modes of the combined system are found by substituting

[a;(t),a,(t)] = [A1, A;]e '@t They have complex resonant frequencies

o, =0, t+/(Aw, ) +K° (2a)

where @, = [(a)1 +@,)-i(T, +T, )]/2, Aw, = [(a)1 —w,)-i([,-T, )]/2 and whose

splitting we denote as 6y = @, — w_, and corresponding resonant field amplitudes

_ A K
Ve=| ' = . 2b
N @

Awlz i\/(Awlz )2 +K°

Note that, at exact resonance w; = w, = wy and for [ =T, = [}, we get Aw4, = 0,

0r = 2k, and then

o, =0, tk-il’,

{4

namely we get the known result that the resonant modes split to a lower frequency even

mode and a higher frequency odd mode.

Assume now that at time ¢ = 0 the source object 1 has finite energy |a,(0)|?, while
the device object has |a,(0)|* = 0. Since the objects are coupled, energy will be
transferred from 1 to 2. With these initial conditions, Eqgs.(1) can be solved, predicting

the evolution of the device field-amplitude to be

S )

|a1 (O)| —5—Es1n 5 e
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The energy-transfer efficiency will be g = |a,(t)|?/|a;(0)]?. The ratio of energy

converted to loss due to a specific loss mechanism in resonators 1 and 2, with respective
. t

loss rates l-‘1,loss and F2,loss will be Mioss,E = fo dT[Zrl,losslal (T)lz + 21_‘2,loss|a2 (T)lz]/

|a;(0)|2. Note that, at exact resonance w; = w, = w, (an optimal condition), Eq.(3) can

be written as

a,(T) sin( I—AZT)
@ () Vi-a?

where = kt , A7t = 2x/(l, — ) and U = 2k /(I + ).

o T pmiont 4)

In some examples, the system designer can adjust the duration of the coupling ¢ at
will. In some examples, the duration 7 can be adjusted to maximize the device energy

(and thus efficiency ng). Then, it can be inferred from Eq.(4) that g is maximized for

tan™' (U 1-A’ )
T = &)
1-A°
resulting in an optimal energy-transfer efficiency
U’ 2tan” (U 1—A2)
. I.)= 6a

which is a monotonically increasing function of the coupling-to-loss ratio U =

2k /(I7 + I,) and tends to unity when U > 1 = |A|™! > 1. Therefore, the energy
transfer is nearly perfect, when the coupling rate is much faster than all loss rates

(rc/Ty » > 1). In Fig.2(c) we show the optimal energy-transfer efficiency when I} =T, =
[\ oA=0:

U? 2tan"'U
1T..,A=0)= e _ 6b
5 ( ) e Xp{ T J (6b)

In a real wireless energy-transfer system, the source object can be connected to a

power generator (not shown in Fig.1), and the device object can be connected to a power
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consuming load (e.g. a resistor, a battery, an actual device, not shown in Fig.1). The
generator will supply the energy to the source object, the energy will be transferred
wirelessly and non-radiatively from the source object to the device object, and the load
will consume the energy from the device object. To incorporate such supply and
consumption mechanisms into this temporal scheme, in some examples, one can imagine
that the generator is very briefly but very strongly coupled to the source at time ¢t = 0 to
almost instantaneously provide the energy, and the load is similarly very briefly but very
strongly coupled to the device at the optimal time t = t, to almost instantaneously drain
the energy. For a constant powering mechanism, at time t = t, also the generator can
again be coupled to the source to feed a new amount of energy, and this process can be

repeated periodically with a period ¢,.

1.2 Finite-rate energy-transfer (power-transmission) efficiency

Let the generator be continuously supplying energy to the source object 1 at a rate

K, and the load continuously draining energy from the device object 2 at a rate i,. Field

2
!
amplitudes “*12 () are then defined, so that |Sﬂ’2 ( )| is equal to the power ingoing to
(for the + sign) or outgoing from (for the - sign) the object 1, 2 respectively, and the CMT

equations are modified to
d . . . .
Eal (t): —1 (a)l _lrl)al (t)+”(11a1 (t)+”(12‘12 (t)_ Ka, (t)+ 25,5, (t)

d . . . .
Eaz (t) =-1 ((02 —il, )az (t)'HKzlal (t)+ 1Ky, a, (t)_ K,a, (t) (7)

54 (1)=2K0, (1) = 5., (1)
5., (1)=42K,0, (1)
where again we can set W, = w1, + Kqq 22 and Ky = K1, = K.
Assume now that the excitation is at a fixed frequency o, namely has the form
S;1(t) = S;1e7¥t, Then the response of the linear system will be at the same frequency,
namely a, ,(¢) = Ay 6”@ and s_ ,(¢) = S_; ,e7'“". By substituting these into Eqs.(7),
using 61 ; = W — W 3, and solving the system, we find the field-amplitude transmitted to

the load (S, scattering-matrix element)
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g = S, 2K\ KK,
o S+1 (1—‘14"(1_1.51)(1—‘2""(2_1.52)""(2 (8)
3 2iU YU U,
(1+U, -iD))(1+U, —-iD,)+U*
and the field-amplitude reflected to the generator (S, scattering-matrix element)
S ELZ (Fl — K _ié‘l)(rz""(‘z _1.52)""(2
! S (F1+K]—i6;)(F2+K2—i52)+K2 9)

_(-U,-iD,))(1+U,~iD,)+U?
(1+U,-iD,)(1+U, —iD,)+U*

where Dy = 6, 2/T17, U, S k1,/T1and U = K/ \/ﬁ . Similarly, the scattering-
matrix elementsS;,, S, are given by interchanging 1 < 2 in Eqgs.(8),(9) and, as expected
from reciprocity, S,1 = S;,. The coefficients for power transmission (efficiency) and
reflection and loss are respectively 7p = [S,112 = |S_51%/1S+11% and |S14]% =
|S—1|2/|S+1|2 and 1 —[S511% — |S14]* = QLA |* + 2F2|A2|2)/|S+1|2-

In some implementations, the parameters D, ,, U, , can be designed (engineered),
since one can adjust the resonant frequencies w, , (compared to the desired operating
frequency w) and the generator/load supply/drain rates k; ,. Their choice can target the
optimization of some system performance-characteristic of interest.

In some examples, a goal can be to maximize the power transmission (efficiency)
Np = |S31|? of the system, so one would require

e (DI,Z)_UP (UI,Z)_O (10)

Since Sy; (from Eq.(8)) is symmetric upon interchanging 1 < 2, the optimal
values for D, , (determined by Eqs.(10)) will be equal, namely D; = D, = D,,, and
similarly U; = U, = U,,. Then,

_ 2iUU,
(14U, -iD, ) +U> (11

21

and from the condition ny(D,) = 0 we get that, for fixed values of U and U, the

efficiency can be maximized for the following values of the symmetric detuning
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H _EJUP-(1+U,), if U>1+U,

’ 0, if U<1+U, (12)

which, in the case U > 1 + U,,, can be rewritten for the two frequencies at which the

efficiency peaks as

o = ol tol, NI

n

= r,+r, TI,+T,

\/Kz—(F1+K'1)(F2+K2), (13)

whose splitting we denote as §p = @, — @_. Note that, at exact resonance w,; = w,, and

for Iy =T, =T, and k; = K, = Ko, we get §p = 24/k2 — ([, + Ko)? < 8, namely the
transmission-peak splitting is smaller than the normal-mode splitting. Then, by
substituting D, into 17p from Eq.(12), from the condition 175(U,) = 0 we get that, for

fixed value of U, the efficiency can be maximized for

Eq(12)
U,=v1+U> = D,=0 (14)
which is known as ‘critical coupling” condition, whereas for U, < U, the system is
called ‘undercoupled’ and for U, > U, it is called ‘overcoupled’. The dependence of
the efficiency on the frequency detuning D, for different values of U, (including the

‘critical-coupling’ condition) are shown in Fig. 2(a,b). The overall optimal power

efficiency using Eqs.(14) is

2
U, -1 U
e i

- Uo*+1 - 1+ \/1+U2

which is again only a function of the coupling-to-loss ratio U = k/,/I;I’, and tends to

15)

unity when U >> 1, as depicted in Fig. 2(c).
In some examples, a goal can be to minimize the power reflection at the side of

the generator |S;|? and the load |S,,|?, so one would then need

Siim =0= (13U, -iD,)(1£U, —iD,)+U"* =0,
| (16)
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The equations above present ‘impedance matching’ conditions. Again, the set of
these conditions is symmetric upon interchanging 1 <> 2, so, by substituting D; = D, =
D, and U; = U, = U, into Egs.(16), we get

(1-iD,) -U>+U? =0,

7)
from which we easily find that the values of D, and U,, that cancel all reflections are
again exactly those in Eqs.(14).

It can be seen that, the two goals and their associated sets of conditions (Eqs.(10)
and Eqgs.(16)) result in the same optimized values of the intra-source and intra-device
parameters D; ,, U; . Note that for a lossless system this would be an immediate
consequence of power conservation (Hermiticity of the scattering matrix), but this is not
apparent for a lossy system.

Accordingly, for any temporal energy-transfer scheme, once the parameters
specific only to the source or to the device (such as their resonant frequencies and their
excitation or loading rates respectively) have been optimally designed, the efficiency
monotonically increases with the ratio of the source-device coupling-rate to their loss
rates. Using the definition of a resonance quality factor Q = w/2I" and defining by
analogy the coupling factor k = 1/Q, = 2k/\/w,w>, it is therefore exactly this ratio

K
U= = k10
VI, vz (18)

that has been set as a figure-of-merit for any system under consideration for wireless

energy-transfer, along with the distance over which this ratio can be achieved (clearly, U
will be a decreasing function of distance). The operating regime U > 1 is sometimes
called ‘strong-coupling’ regime and is a sufficient condition for efficient energy-transfer.
In particular, for U > 1 we get, from Eq.(15), np. > 17%, large enough for many
practical applications. Note that in some applications, U>0.1 may be sufficient. In
applications where it is impossible or impractical to run wires to supply power to a
device, U<0.1 may be considered sufficient. One skilled in the art will recognize that the

sufficient U is application and specification dependent. The figure-of-merit U may be
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called the strong-coupling factor. We will further show how to design systems with a
large strong-coupling factor.

To achieve a large strong-coupling factor U, in some examples, the energy-
transfer application preferably uses resonant modes of high quality factors Q,
corresponding to low (i.e. slow) intrinsic-loss rates I'. This condition can be satisfied by
designing resonant modes where all loss mechanisms, typically radiation and absorption,
are sufficiently suppressed.

This suggests that the coupling be implemented using, not the lossy radiative far-
field, which should rather be suppressed, but the evanescent (non-lossy) stationary near-
field. To implement an energy-transfer scheme, usually more appropriate are finite
objects, namely ones that are topologically surrounded everywhere by air, into where the
near field extends to achieve the coupling. Objects of finite extent do not generally

support electromagnetic states that are exponentially decaying in a/l directions in air

away from the objects, since Maxwell’s Equations in free space imply that k*=®"/c”,
where k is the wave vector, o the angular frequency, and ¢ the speed of light, because of
which one can show that such finite objects cannot support states of infinite Q, rather
there always is some amount of radiation. However, very long-lived (so-called “high-Q”)
states can be found, whose tails display the needed exponential or exponential-like decay
away from the resonant object over long enough distances before they turn oscillatory
(radiative). The limiting surface, where this change in the field behavior happens, is
called the “radiation caustic”, and, for the wireless energy-transfer scheme to be based on
the near field rather than the far/radiation field, the distance between the coupled objects
must be such that one lies within the radiation caustic of the other. One typical way of
achieving a high radiation-Q (Qy,q) is to design subwavelength resonant objects. When
the size of an object is much smaller than the wavelength of radiation in free space, its
electromagnetic field couples to radiation very weakly. Since the extent of the near-field
into the area surrounding a finite-sized resonant object is set typically by the wavelength,
in some examples, resonant objects of subwavelength size have significantly longer

evanescent field-tails. In other words, the radiation caustic is pushed far away from the
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object, so the electromagnetic mode enters the radiative regime only with a small
amplitude.

Moreover, most realistic materials exhibit some nonzero amount of absorption,
which can be frequency dependent, and thus cannot support states of infinite (), rather
there always is some amount of absorption. However, very long-lived (“high-Q”) states
can be found, where electromagnetic modal energy is only weakly dissipated. Some
typical ways of achieving a high absorption-Q (Q,ps) 1S to use materials which exhibit
very small absorption at the resonant frequency and/or to shape the field to be localized
more inside the least lossy materials.

Furthermore, to achieve a large strong-coupling factor U, in some examples, the
energy-transfer application may use systems that achieve a high coupling factor k,
corresponding to strong (i.e. fast) coupling rate x, over distances larger than the
characteristic sizes of the objects.

Since finite-sized subwavelength resonant objects can often be designed to have

high (), as was discussed above and will be seen in examples later on, such objects may

typically be chosen for the resonant device-object. In these cases, the electromagnetic
field is, in some examples, of a quasi-static nature and the distance, up to which sufficient
coupling can be achieved, is dictated by the decay-law of this quasi-static field.

Note that in some examples, the resonant source-object may be immobile and thus
less restricted in its allowed geometry and size. It can be therefore chosen to be large
enough that the near-field extent is not limited by the wavelength, and can thus have
nearly infinite radiation-(). Some objects of nearly infinite extent, such as dielectric
waveguides, can support guided modes, whose evanescent tails are decaying
exponentially in the direction away from the object, slowly if tuned close to cutoff,
therefore a good coupling can also be achieved over distances quite a few times larger

than a characteristic size of the source- and/or device-object.

2 ‘Strongly-coupled’ resonances at mid-range distances for realistic systems

In the following, examples of systems suitable for energy transfer of the type
described above are described. We will demonstrate how to compute the CMT

parameters w, 5, (1, and k described above and how to choose or design these
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parameters for particular examples in order to produce a desirable figure-of-merit
U=x«//Iil, = k\/Q,Q, at a desired distance D. In some examples, this figure-of-merit
is maximized when w; , are tuned close to a particular angular frequency wy;.

2.1 Self-resonant conducting coils

In some examples, one or more of the resonant objects are self-resonant conducting

coils. Referring to Fig. 3, a conducting wire of length, 1, and cross-sectional radius, a, is
=NI> —h? ) 2mr

number of turns), surrounded by air. As described below, the wire has distributed

wound into a helical coil of radius, r, and height, h, (namely with N

inductance and distributed capacitance, and therefore it supports a resonant mode of
angular frequency @, The nature of the resonance lies in the periodic exchange of energy

from the electric field within the capacitance of the coil, due to the charge distribution

X . e 1 o (X)L
p(x) across it, to the magnetic field in free space, due to the current distribution i(x) in

the wire. In particular, the charge conservation equation V- j=iwp implies that: (i) this
periodic exchange is accompanied by a 77/2 phase-shift between the current and the
charge density profiles, namely the energy W contained in the coil is at certain points in

time completely due to the current and at other points in time completely due to the

charge, and (i1) if pi(x) and I(x) are respectively the linear charge and current

94, = %Idx|pl (x)| is the maximum

densities in the wire, where X runs along the wire,
amount of positive charge accumulated in one side of the coil (where an equal amount of

negative charge always also accumulates in the other side to make the system neutral)

4 I, =max{|l(x)|}

an is the maximum positive value of the linear current distribution,

then 1, = “9o . Then, one can define an effective total inductance L and an effective

total capacitance C of the coil through the amount of energy W inside its resonant mode:
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o=t Idxdx’—J(X)"'(,X)
2 4rl? [x—x

; (19)

1__1 2Idxdx,p(X)P€X)
C  dze,q, [x—x

20)

where #o and 0 are the magnetic permeability and electric permittivity of free space.

With these definitions, the resonant angular frequency and the effective

impedance can be given by the formulas respectively.
Losses in this resonant system consist of ohmic (material absorption) loss inside
the wire and radiative loss into free space. One can again define a total absorption

resistance R, from the amount of power absorbed inside the wire and a total radiation
resistance R,,; from the amount of power radiated due to electric- and magnetic-dipole

radiation:

2
l . Irms (21)
27a [02

_142 -
Pabs =510Rabs = Rabs = gc

1
Prad 2to rad ~ [ _ -

67

5 4
IR0 = R - o (%J + C"T\/H : (22)

where ¢ =1/ Jie, and §, =.Ju, /€, are the light velocity and light impedance in free

space, the impedance ¢, is {, = 1/06 = Jji,w /20 with o the conductivity of the

conductor and § the skin depth at the frequency w, 12, = %jdx|l (x)

rms

2
,p= _[dx rp; (x)

is the electric-dipole moment of the coil and m = %J-dx rx j(x) is the magnetic-dipole

moment of the coil. For the radiation resistance formula Eq.(22), the assumption of

operation in the quasi-static regime ( i, r < A =27c¢/ @) has been used, which is the
desired regime of a subwavelength resonance. With these definitions, the absorption and

radiation quality factors of the resonance may be given by Q,; =7/ R ;¢ and

Qrud =72 R, respectively.
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From Eq.(19)-(22) it follows that to determine the resonance parameters one

simply needs to know the current distribution j in the resonant coil. Solving Maxwell’s

equations to rigorously find the current distribution of the resonant electromagnetic
eigenmode of a conducting-wire coil is more involved than, for example, of a standard
LC circuit, and we can find no exact solutions in the literature for coils of finite length,
making an exact solution difficult. One could in principle write down an elaborate
transmission-line-like model, and solve it by brute force. We instead present a model that
is (as described below) in good agreement (~5%) with experiment. Observing that the
finite extent of the conductor forming each coil imposes the boundary condition that the
current has to be zero at the ends of the coil, since no current can leave the wire, we
assume that the resonant mode of each coil is well approximated by a sinusoidal current
profile along the length of the conducting wire. We shall be interested in the lowest
mode, so if we denote by x the coordinate along the conductor, such that it runs from

—1/2 to +1/2, then the current amplitude profile would have the form
I(x)=1,cos(7x/1), where we have assumed that the current does not vary significantly
along the wire circumference for a particular x, a valid assumption provided a < r. It
immediately follows from the continuity equation for charge that the linear charge

density profile should be of the form p, (x)= p, sin(zx/l), and thus

!
q, = _[Olzdxpo sin(7zx/ l)| = p,l/ 7 . Using these sinusoidal profiles we find the so-called
“self-inductance” L, and “self-capacitance” C of the coil by computing numerically the

integrals Eq.(19) and (20); the associated frequency and effective impedance are @, and

7 respectively. The “self-resistances” R, are given analytically by Eq.(21) and (22)

2
S

2
2 N)(12N*~1)-sin(zN)ZN (4N -1
jm|=1, (lNﬂ'rz) + cos(@N ) ysin(x NN )hr , and therefore the
m (16N*-8N*+1)7

I, cos (7zx/l)|2 =17,

, RN
using 1, =7_[_”2dx

associated (J; factors can be calculated.
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The results for two examples of resonant coils with subwavelength modes of
Ay /7 > 70 (i.e. those highly suitable for near-field coupling and well within the quasi-
static limit) are presented in Table 1. Numerical results are shown for the wavelength
and absorption, radiation and total loss rates, for the two different cases of
subwavelength-coil resonant modes. Note that, for conducting material, copper

(06=5.998+10"-7 S/m) was used. It can be seen that expected quality factors at microwave

frequencies are @, , > 1000 and @, , > 5000.

Table 1
single coil A/ f (MHz) Qs rad Qs a0 Q,
r=30cm, h=20cm, a=1cm, N=4 74.7 13.39 4164 8170 2758
r=10cm, h=3cm, a=2mm, N=6 140 21.38 43919 3968 3639

Referring to Fig. 4, in some examples, energy is transferred between two self-
resonant conducting-wire coils. The electric and magnetic fields are used to couple the
different resonant conducting-wire coils at a distance D between their centers. Usually,
the electric coupling highly dominates over the magnetic coupling in the system under
consideration for coils with 4> 2r and, oppositely, the magnetic coupling highly

dominates over the electric coupling for coils with & <« 2r. Defining the charge and

current distributions of two coils 1,2 respectively as p, , (x) and Jio (x), total charges
and peak currents respectively as ¢;, and 1 ,, and capacitances and inductances

respectively as C, and L, ,, which are the analogs of p(x), j(x)., ¢,. I,, C and L

for the single-coil case and are therefore well defined, we can define their mutual

capacitance and inductance through the total energy:

W =W, +W, +%(qfq2 +30, )/ M +%(1{‘<12 +I50)M,,
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=1/ M =—— [ axdx ’pl(x)pz(x)u

XdX’ Jl (X)'JZ’(X )M , (23)
OQqu -

- M= 47;10112 ”

where W, =1¢7/C =L1I'L, W,=1¢5/C,=11;I, and the retardation factor of
u =exp (ia)|x—x'|/ c) inside the integral can been ignored in the quasi-static regime

D < A of interest, where each coil is within the near field of the other. With this

definition, the coupling factor is given by k =/C,C5 /M +M; /L L, .

Therefore, to calculate the coupling rate between two self-resonant coils, again

the current profiles are needed and, by using again the assumed sinusoidal current

profiles, we compute numerically from Eq.(23) the mutual capacitance M ; and

inductance M ; between two self-resonant coils at a distance D between their centers,

and thus k = 1/Q, is also determined.

Table 2
pair of coils D/r Q Q.=1/k U
r=30cm, h=20cm, 2758 38.9 709
a=lcm, N=4 5 2758 139.4 19.8
Afr =75 7 2758 333.0 8.3
abs rad

o = 8170, 5™ = 4164 IT7q 2758 818.9 34
r=10cm, h=3cm, 3639 61.4 59.3
a=2mm, N=6 5 3639 232.5 15.7

' Afr= 14do 7 3639 5875 6.2
= 3968, Q" = 43919 ™0 [ 3639 1580 23

Referring to Table 2, relevant parameters are shown for exemplary examples
featuring pairs or identical self resonant coils. Numerical results are presented for the
average wavelength and loss rates of the two normal modes (individual values not
shown), and also the coupling rate and figure-of-merit as a function of the coupling

distance D, for the two cases of modes presented in Tablel. It can be seen that for
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medium distances D /r = 10 — 3 the expected coupling-to-loss ratios are in the range
U~2-70.

2.1.1 Experimental Results

An experimental realization of an example of the above described system for
wireless energy transfer consists of two self-resonant coils, one of which (the source coil)
is coupled inductively to an oscillating circuit, and the second (the device coil) is coupled
inductively to a resistive load, as shown schematically in Fig. 5. Referring to Fig. 5, A is
a single copper loop of radius 25cm that is part of the driving circuit, which outputs a sine
wave with frequency 9.9MHz. s and d are respectively the source and device coils
referred to in the text. B is a loop of wire attached to the load ("light-bulb"). The various
k ’s represent direct couplings between the objects. The angle between coil d and the
loop A is adjusted so that their direct coupling is zero, while coils s and d are aligned
coaxially. The direct coupling between B and A and between B and s is negligible.

The parameters for the two identical helical coils built for the experimental
validation of the power transfer scheme were h=20cm, a =3 mm, r =30 cm and
N =15.25. Both coils are made of copper. Due to imperfections in the construction, the
spacing between loops of the helix is not uniform, and we have encapsulated the

uncertainty about their uniformity by attributing a 10% (2 cm) uncertainty to /. The
expected resonant frequency given these dimensions is f, =10.56%+0.3 MHz, which is
approximately 5% off from the measured resonance at around 9.90 MHz.

The theoretical Q for the loops is estimated to be ~ 2500 (assuming perfect
copper of resistivity p =1/0 =1.7x10"°Qm) but the measured value is 950+50 . We

believe the discrepancy is mostly due to the effect of the layer of poorly conducting
copper oxide on the surface of the copper wire, to which the current is confined by the

short skin depth (~ 204 m) at this frequency. We have therefore used the experimentally
observed Q (and I', =I', =1"=@/(2Q) derived from it) in all subsequent computations.

The coupling coefficient x can be found experimentally by placing the two self-
resonant coils (fine-tuned, by slightly adjusting #, to the same resonant frequency when

isolated) a distance D apart and measuring the splitting in the frequencies of the two
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resonant modes in the transmission spectrum. According to Eq.(13) derived by coupled-
mode theory, the splitting in the transmission spectrum should be &, = 2vx? —T , when

Ka g are kept very small by keeping A and B at a relatively large distance. The
comparison between experimental and theoretical results as a function of distance when
the two the coils are aligned coaxially is shown in Fig. 6.

Fig. 7 shows a comparison of experimental and theoretical values for the strong-
coupling factor U = k/I" as a function of the separation between the two coils. The
theory values are obtained by using the theoretically obtained x and the experimentally
measured I'. The shaded area represents the spread in the theoretical U due to the ~ 5%

uncertainty in Q. As noted above, the maximum theoretical efficiency depends only on

the parameter U , which is plotted as a function of distance in Fig. 7. U 1is greater than 1
even for D =2.4m (eight times the radius of the coils), thus the sytem is in the strongly-
coupled regime throughout the entire range of distances probed.

The power-generator circuit was a standard Colpitts oscillator coupled inductively
to the source coil by means of a single loop of copper wire 25cm in radius (see Fig. 5).
The load consisted of a previously calibrated light-bulb, and was attached to its own loop
of insulated wire, which was in turn placed in proximity of the device coil and
inductively coupled to it. Thus, by varying the distance between the light-bulb and the

device coil, the parameter U, = k;; /1" was adjusted so that it matched its optimal value,

given theoretically by Eq.(14) as U, =v1+U?” . Because of its inductive nature, the loop

connected to the light-bulb added a small reactive component to k;; which was

compensated for by slightly retuning the coil. The work extracted was determined by
adjusting the power going into the Colpitts oscillator until the light-bulb at the load was
at its full nominal brightness.

In order to isolate the efficiency of the transfer taking place specifically between
the source coil and the load, we measured the current at the mid-point of each of the self-

resonant coils with a current-probe (which was not found to lower the Q of the coils

noticeably.) This gave a measurement of the current parameters /, and I, defined above.
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The power dissipated in each coil was then computed from B, =I'LI[, >, and the

efficiency was directly obtained from 77 = F, / (F, + P, + F;) . To ensure that the

experimental setup was well described by a two-object coupled-mode theory model, we
positioned the device coil such that its direct coupling to the copper loop attached to the
Colpitts oscillator was zero. The experimental results are shown in Fig. 8, along with the
theoretical prediction for maximum efficiency, given by Eq.(15).

Using this example, we were able to transmit significant amounts of power using
this setup from the source coil to the device coil, fully lighting up a 60W light-bulb from
distances more than 2m away, for example. As an additional test, we also measured the
total power going into the driving circuit. The efficiency of the wireless power-
transmission itself was hard to estimate in this way, however, as the efficiency of the
Colpitts oscillator itself is not precisely known, although it is expected to be far from
100%. Nevertheless, this gave an overly conservative lower bound on the efficiency.
When transmitting 60W to the load over a distance of 2m, for example, the power
flowing into the driving circuit was 400W. This yields an overall wall-to-load efficiency
of ~15% , which is reasonable given the expected ~ 40% efficiency for the wireless
power transmission at that distance and the low efficiency of the driving circuit.

From the theoretical treatment above, we see that in typical examples it is
important that the coils be on resonance for the power transmission to be practical. We

found experimentally that the power transmitted to the load dropped sharply as one of the

coils was detuned from resonance. For a fractional detuning Af/f, of a few times the
inverse loaded Q, the induced current in the device coil was indistinguishable from

noise.

The power transmission was not found to be visibly affected as humans and
various everyday objects, such as metallic and wooden furniture, as well as electronic
devices large and small, were placed between the two coils, even when they drastically
obstructed the line of sight between source and device. External objects were found to
have an effect only when they were closer than 10cm from either one of the coils. While

some materials (such as aluminum foil, styrofoam and humans) mostly just shifted the
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resonant frequency, which could in principle be easily corrected with a feedback circuit

of the type described earlier, others (cardboard, wood, and PVC) lowered ) when placed

closer than a few centimeters from the coil, thereby lowering the efficiency of the
transfer.

This method of power transmission is believed safe for humans. When
transmitting 60W (more than enough to power a laptop computer) across 2m, we
estimated that the magnitude of the magnetic field generated is much weaker than the
Earth’s magnetic field for all distances except for less than about 1cm away from the
wires in the coil, an indication of the safety of the scheme even after long-term use. The
power radiated for these parameters was ~ 5 W, which is roughly an order of magnitude
higher than cell phones but could be drastically reduced, as discussed below.

Although the two coils are currently of identical dimensions, it is possible to make
the device coil small enough to fit into portable devices without decreasing the efficiency.
One could, for instance, maintain the product of the characteristic sizes of the source and
device coils constant.

These experiments demonstrated experimentally a system for power transmission
over medium range distances, and found that the experimental results match theory well
in multiple independent and mutually consistent tests.

The efficiency of the scheme and the distances covered can be improved by

silver-plating the coils, which may increase their @, or by working with more elaborate

geometries for the resonant objects. Nevertheless, the performance characteristics of the
system presented here are already at levels where they could be useful in practical

applications.

2.2 Capacitively-loaded conducting loops or coils

In some examples, one or more of the resonant objects are capacitively-loaded
conducting loops or coils. Referring to Fig. 9 a helical coil with N turns of conducting
wire, as described above, is connected to a pair of conducting parallel plates of area A
spaced by distance d via a dielectric material of relative permittivity ¢, and everything is

surrounded by air (as shown, N=1 and 4=0). The plates have a capacitance
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C, =€,€A/d , which is added to the distributed capacitance of the coil and thus

modifies its resonance. Note however, that the presence of the loading capacitor may

modify the current distribution inside the wire and therefore the total effective inductance

L and total effective capacitance C of the coil may be different respectively from L,
and C,, which are calculated for a self-resonant coil of the same geometry using a

sinusoidal current profile. Since some charge may accumulate at the plates of the

external loading capacitor, the charge distribution p inside the wire may be reduced, so
C < (,, and thus, from the charge conservation equation, the current distribution j may

flatten out, so L > L;. The resonant frequency for this system may be

w= 1/,/L(C+Cp) <w,=1/{LC, ,and I(x)—> 1, cos(zx/)= C—>C,=
w— o, as Cp—>0.

In general, the desired CMT parameters can be found for this system, but again a
very complicated solution of Maxwell’s Equations is required. Instead, we will analyze

only a special case, where a reasonable guess for the current distribution can be made.

When Cp > C, >(C, then a)zl/,/LCp <o, and Z = L/Cp < Z_, while all the

charge is on the plates of the loading capacitor and thus the current distribution is
constant along the wire. This allows us now to compute numerically L from Eq.(19). In

the case h=0 and N integer, the integral in Eq.(19) can actually be computed
analytically, giving the formula I = ,uor[ln (8r/a)- 2] NZ. Explicit analytical formulas

are again available for R from Eq.(21) and (22), since /,,,, =1,,

p| =( and
|m| =I,N xr? (namely only the magnetic-dipole term is contributing to radiation), so we

can determine also Q,, =L/ R, and Q,,; = ®L/ R, ;. Atthe end of the

calculations, the validity of the assumption of constant current profile is confirmed by

checking that indeed the condition €, > C, & @ < @ is satisfied. To satisfy this

condition, one could use a large external capacitance, however, this would usually shift

the operational frequency lower than the optimal frequency, which we will determine
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shortly; instead, in typical examples, one often prefers coils with very small self-

capacitance C to begin with, which usually holds, for the types of coils under

consideration, when N =1, so that the self-capacitance comes from the charge
distribution across the single turn, which is almost always very small, or when N >1 and
h > 2Na , so that the dominant self-capacitance comes from the charge distribution
across adjacent turns, which is small if the separation between adjacent turns is large.
The external loading capacitance C, provides the freedom to tune the resonant
frequency (for example by tuning A or d ). Then, for the particular simple case 7=0,

for which we have analytical formulas, the total Q = @L/(Rp + R,4q ) becomes highest

— 4

¢t £, 1

W, = |— 2 ,
9 w N20 oNp?

3
6[ 9 aaQNQ]%
27,

at the optimal frequency

reaching the value

Qrnax =

r

ln[ﬁ]—Q .
a

At lower frequencies Q is dominated by ohmic loss and at higher frequencies by

radiation. Note, however, that the formulas above are accurate as long as Wy <K O, and,

as explained above, this holds almost always when N =1, and is usually less accurate
when N >1, since h =0 usually implies a large self-capacitance. A coil with large A

can be used, if the self-capacitance needs to be reduced compared to the external

capacitance, but then the formulas for L and @), O, are again less accurate. Similar

qualitative behavior is expected, but a more complicated theoretical model is needed for
making quantitative predictions in that case.
The results of the above analysis for two examples of subwavelength modes of

A /r > 70 (namely highly suitable for near-field coupling and well within the quasi-

static limit) of coils with N =1 and £ =0 at the optimal frequency Eq.(24) are presented

in Table 3. To confirm the validity of constant-current assumption and the resulting
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analytical formulas, mode-solving calculations were also performed using another
completely independent method: computational 3D finite-element frequency-domain
(FEFD) simulations (which solve Maxwell’s Equations in frequency domain exactly

apart for spatial discretization) were conducted, in which the boundaries of the conductor
were modeled using a complex impedance (, = W boundary condition, valid as
longas ¢, /¢, <1 (<] 07 for copper in the microwave). Table 3 shows Numerical

FEFD (and in parentheses analytical) results for the wavelength and absorption, radiation
and total loss rates, for two different cases of subwavelength-loop resonant modes. Note
that copper was used for the conducting material (6=5.998-10"S/m). Specific parameters
of the plot in Fig. 4 are highlighted in bold in the table. The two methods (analytical and
computational) are in good agreement and show that, in some examples, the optimal

frequency is in the low-MHz microwave range and the expected quality factors are

Q. > 1000 and @, > 10000.

Table 3

single coil Afr f Qraa Qavs Q

r=30cm, a=2cm
e=10, A=138cm?, 111.4 (112.4) | 8.976 (8.897) | 29546 (30512) | 4886 (5117) | 4193 (4381)

d=4mm

r=10cm, a=2mm
£=10, A=3.14cm’, 69.7 (70.4) 43.04 (42.61) | 10702 (10727) | 1545 (1604) 1350 (1395)

d=1mm

Referring to Fig. 10, in some examples, energy is transferred between two
capacitively-loaded coils. For the rate of energy transfer between two capacitively-loaded
coils 1 and 2 at distance D between their centers, the mutual inductance M; can be

evaluated numerically from Eq.(23) by using constant current distributions in the case

W< @,. Inthe case h=0, the coupling may be only magnetic and again we have an

analytical formula, which, in the quasi-static limit r«D«4 and for the relative orientation
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3
shown in Fig. 10,is M} =@, /2-(nn )2 N1N2/D3, which means that k o ( nrn /D)

may be independent of the frequency @ and the number of turns Ny, N>, Consequently,

the resultant coupling figure-of-merit of interest is

1,1’1’
\/E3 7[2770 iZ'NlNz
U=kyOo0, = :

D an,r 8 r ¥
o N +Z2n | L | N?
1|3 2 edn

Jj=1.2 a;

which again is more accurate for N, =N, =1.
From Eq.(26) it can be seen that the optimal frequency @; , where the figure-of-

merit is maximized to the value U,

is close to the frequency @, at which Q,Q), is

maximized, since k does not depend much on frequency (at least for the distances D«/ of
interest for which the quasi-static approximation is still valid). Therefore, the optimal

frequency @, = @,, may be mostly independent of the distance D between the two

coils and may lie between the two frequencies @, and @, at which the single-coil Q;
and (), respectively peak. For same coils, this optimal frequency is given by Eq.(24) and

then the strong-coupling factor from Eq.(26) becomes

3
Urna.x - kaa.x ~ [%] ’ %[27T2770

27)

(m2N2%

In some examples, one can tune the capacitively-loaded conducting loops or coils,
so that their angular resonant frequencies are close to @, within I';;, which is half the
angular frequency width for which U >U . /2.

Referring to Table 4, numerical FEFD and, in parentheses, analytical results based
on the above are shown for two systems each composed of a matched pair of the loaded
coils described in Table 3. The average wavelength and loss rates are shown along with

the coupling rate and coupling to loss ratio figure-of-merit U = x / I" as a function of

the coupling distance D, for the two cases. Note that the average numerical I'__; shown
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are slightly different from the single-loop value of Figure 3. Analytical results for I", _,

are not shown but the single-loop value is used. (The specific parameters corresponding

to the plot in Fig. 10 are highlighted with bold in the table.) Again we chose N =1 to

make the constant-current assumption a good one and computed M ; numerically from

Eq.(23). Indeed the accuracy can be confirmed by their agreement with the
computational FEFD mode-solver simulations, which give x through the frequency
splitting of the two normal modes of the combined system (0, =2k from Eq.(4)). The
results show that for medium distances D /r = 10 — 3 the expected coupling-to-loss

ratios are in the range U ~ 0.5 — 50.

Table 4
payr of coils Bir D= Gho= o 3 &1
r=3cm, 3=2cm 3 1216 GREE3T) 874687
=10, A=138am’, d=dmm 3 4194 I8 (248} HER T ¢ )]
3y ER k)
7 4155 589 {548} T1{6.8)
E {177 1939 {LEEEY ER R
1=I fom a=Imm 3 135 RRERL Y
=1 31:3 I e’ ‘d—’lmm 5 P13 313336} 3738
L £33 Ta4 0025 17961310
e 1351 1595 (2617} 0.71¢0.53)

2.2.1 Derivation of optimal power-transmission efficiency

Referring to Fig. 11, to rederive and express Eq.(15) in terms of the parameters
which are more directly accessible from particular resonant objects, such as the
capacitively-loaded conducting loops, one can consider the following circuit-model of the

system, where the inductances L., L; represent the source and device loops respectively,
R, R, their respective losses, and C' ,(; are the required corresponding capacitances to
achieve for both resonance at frequency w. A voltage generator V, is considered to be

connected to the source and a load resistance Rl to the device. The mutual inductance is

denoted by M.

Then from the source circuit at resonance (wL =1/wC ):
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V, = IR — jwMl, = EVg I = > I| R +5]wMIdIs, (28)
and from the device circuit at resonance (wl; =1/ wC,):
0=1,(R, + R)~ jwMI = juMI =1I,(R, +R,) (29)

So by substituting Eq.(29) to Eq.(28) and taking the real part (for time-averaged

power) we get:

P _Re{lv*f}_lf
g 9 978 917s

2 1.2

R+ S| (B, + B) =P+ P+ B (30)
where we identified the power delivered by the generator Pg = Re {V;I . /2 ,the power
lost inside the source Ps =

2 2
I| R, /2, the power lost inside the device P, = |Id| R, /2

2
and the power delivered to the load F, = |I d| R, /2. Then, the power transmission

efficiency is:

P R 29 R
p = FI =— ’ = —1 . 31)
g . (R .+ Rl
e R+ (R + R LR 4 (R, +R
I s 2 s 1
d (wM
If we now choose the load impedance R, to optimize the efficiency by
7, (Rl ) =0, we get the optimal load impedance
2
oM
R. _ 1+ u (32)
Rd Rst
and the maximum possible efficiency
2
- oM /R R
R./R,+1

1+\/1+(a)M/ RR, )2
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To check now the correspondence with the CMT model, note that K, = Rl /2L T
Iy=R;/2L;, T, =R, /2L,,and K wM /2\(LL;,sothen U, =k, /', =R /R,
and U =x/yI'’T", =@M / \|R R, . Therefore, the condition Eq.(32) is identical to the

condition Eq.(14) and the optimal efficiency Eq.(33) is identical to the general Eq.(15).
Indeed, as the CMT analysis predicted, to get a large efficiency, we need to design a

system that has a large strong-coupling factor U.

2.2.2 Optimization of U

The results above can be used to increase or optimize the performance of a
wireless energy transfer system, which employs capacitively-loaded coils. For example,
from the scaling of Eq.(27) with the different system parameters, one sees that to
maximize the system figure-of-merit U, in some examples, one can:

-- Decrease the resistivity of the conducting material. This can be achieved, for
example, by using good conductors (such as copper or silver) and/or lowering the
temperature. At very low temperatures one could use also superconducting materials to
achieve extremely good performance.

-- Increase the wire radius a. In typical examples, this action can be limited by
physical size considerations. The purpose of this action is mainly to reduce the resistive
losses in the wire by increasing the cross-sectional area through which the electric current
is flowing, so one could alternatively use also a Litz wire, or ribbon, or any low AC-
resistance structure, instead of a circular wire.

-- For fixed desired distance D of energy transfer, increase the radius of the loop
r. In typical examples, this action can be limited by physical size considerations.

-- For fixed desired distance vs. loop-size ratio D/r, decrease the radius of the loop
r. In typical examples, this action can be limited by physical size considerations.

-- Increase the number of turns N. (Even though Eq.(27) is expected to be less
accurate for N >1, qualitatively it still provides a good indication that we expect an

improvement in the coupling-to-loss ratio with increased N.) In typical examples, this
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action can be limited by physical size and possible voltage considerations, as will be
discussed in following paragraphs.

-- Adjust the alignment and orientation between the two coils. The figure-of-
merit is optimized when both cylindrical coils have exactly the same axis of cylindrical
symmetry (namely they are “facing” each other). In some examples, particular mutual
coil angles and orientations that lead to zero mutual inductance (such as the orientation
where the axes of the two coils are perpendicular and the centers of the two coils are on
one of the two axes) should be avoided.

-- Finally, note that the height of the coil /4 is another available design parameter,
which can have an impact on the performance similar to that of its radius r, and thus the
design rules can be similar.

The above analysis technique can be used to design systems with desired
parameters. For example, as listed below, the above described techniques can be used to
determine the cross sectional radius a of the wire used to design a system including two
same single-turn loops with a given radius in order to achieve a specific performance in
terms of U = x /I ata given D /r between them, when the loop material is copper
(0=5.998-10"S/m):

D/r=5 UZ2>10, r =30cm = a > 9mm
D/r=5 UZ>10,r =5em = a > 3.Tmm
D /r=5 UZ2>20, r=30cm = a > 20mm
D/r=5 UZ2>20,r=>5m= a>83mm
D/r=10, U >1, r =30cm = a > Tmm
D/r=10, U >1, r =5cm = a > 2.8mm
D/r=10, U >3, r =30cm = a > 25mm
D/r=10, U >3, r =5em = a > 10mm

Similar analysis can be done for the case of two dissimilar loops. For example, in
some examples, the device under consideration may be identified specifically (e.g. a
laptop or a cell phone), so the dimensions of the device object (r;, hy,az, N,;) may be
restricted. However, in some such examples, the restrictions on the source object (

r,,hg,a,, N ) may be much less, since the source can, for example, be placed under the
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floor or on the ceiling. In such cases, the desired distance between the source and device

may be fixed; in other cases it may be variable. Listed below are examples (simplified to

the case N, =N, =1 and h, =h; =0) of how one can vary the dimensions of the source

object to achieve a desired system performance in terms of U , = r / 4 /FSF , when the
material is again copper (6=5.998-10S/m):

D =15m, U, > 15, r, =30cm, a, = 6mm = r, = 1.158m, a, > 5mm
D =15m, U, > 30, r, =30cm, a, =6mm = r, =1.15m, a_ > 33mm
D=15mU_, > 1 r, =5cm, a, = 4dmm = r, = 1.119m, a_ > Tmm
D=15m, U, > 2, r, =5cm, a; =4mm = r, = 1.119m, a, > 52mm
D =2m, U, >10, r, = 30cm, a; = 6mm = r, = 1.518m, a, > Tmm
D =2m, U, >20, r, =30cm, a, = 6mm = r, = 1.514m, a, > 50mm
D =2m, U, >0.5 r, =bcm, a;, = 4mm = r, = 1.491m, a, > Smm
D =2m, U, >1 r,=5cm, a, =4mm = r, = 1.491m, a > 36mm

2.2.3 Optimization of k

As described below, in some examples, the quality factor Q of the resonant

objects may be limited from external perturbations and thus varying the coil parameters

may not lead to significant improvements in . In such cases, one can opt to increase

the strong-coupling factor U by increasing the coupling factor k. The coupling does not
depend on the frequency and may weakly depend on the number of turns. Therefore, in
some examples, one can:

-- Increase the wire radii a; and a.. In typical examples, this action can be limited
by physical size considerations.

-- For fixed desired distance D of energy transfer, increase the radii of the coils r;

and r;. In typical examples, this action can be limited by physical size considerations.
-- For fixed desired distance vs. coil-sizes ratio D/,[rr, , only the weak

(logarithmic) dependence of the inductance remains, which suggests that one should
decrease the radii of the coils r; and ;. In typical examples, this action can be limited by

physical size considerations.
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-- Adjust the alignment and orientation between the two coils. In typical
examples, the coupling is optimized when both cylindrical coils have exactly the same
axis of cylindrical symmetry (namely they are “facing” each other). Particular mutual
coil angles and orientations that lead to zero mutual inductance (such as the orientation
where the axes of the two coils are perpendicular and the centers of the two coils are on

one of the two axes) should obviously be avoided.

-- Finally, note that the heights of the coils /4, and 5, are other available design
parameters, which can have an impact to the coupling similar to that of their radii r; and
r2, and thus the design rules can be similar.

Further practical considerations apart from efficiency, e.g. physical size

limitations, will be discussed in detail below.

2.2.4 Optimization of overall system performance

In embodiments, the dimensions of the resonant objects may be determined by the
particular application. For example, when the application is powering a laptop or a cell-
phone, the device resonant object cannot have dimensions that exceed those of the laptop

or cell-phone respectively. For a system of two loops of specified dimensions, in terms

of loop radii 7, , and wire radii @, , the independent parameters left to adjust for the
system optimization are: the number of turns N_,, the frequency f, the power-load
consumption rate k; = R, / 2L, and the power-generator feeding rate « . Rg /2L,

where R, is the internal (characteristic) impedance of the generator.
In general, in various examples, the dependent variable that one may want to
increase or optimize may be the overall efficiency 7. However, other important

variables may need to be taken into consideration upon system design. For example, in
examples featuring capacitively-loaded coils, the designs can be constrained by, the

currents flowing inside the wires /_, and other components and the voltages across the

capacitors V. These limitations can be important because for ~Wart power applications

the values for these parameters can be too large for the wires or the capacitors

respectively to handle. Furthermore, the total loaded (by the load) quality factor of the
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device Q,y=@/2(T,+T,)=l,/(R,+R,) and the total loaded (by the generator)

quality factor of the source Q= @/2 (Fs +T, )= ) (Rs +R, ) are quantities that

should be preferably small, because to match the source and device resonant frequencies

to within their (’s, when those are very large, can be challenging experimentally and

more sensitive to slight variations. Lastly, the radiated powers P, , and F,,, may need

to be minimized for concerns about far-field interference and safety, even though, in
general, for a magnetic, non-radiative scheme they are already typically small. In the
following, we examine then the effects of each one of the independent variables on the
dependent ones.

We define a new variable wp to express the power-load consumption rate for

some particular value of U through U, = x; /T, = \/1 +wp-U? . Then, in some examples,

values which may impact the choice of this rate are: U; =1 < wp =0 to minimize the

required energy stored in the source (and therefore /, and V), U, = NI+ U2 >1euwp=1
to maximize the efficiency, as seen earlier, or U, > 1 & wp > 1 to decrease the required
energy stored in the device (and therefore I, and V) and to decrease or minimize Q -

Similar is the impact of the choice of the power-generator feeding rate U g = By /T,

with the roles of the source/device and generator/load reversed.

In some examples, increasing N, and N, may increase ), and (J,, and thus U
and the efficiency significantly. It also may decrease the currents /_and /,, because the
2
inductance of the loops may increase, and thus the energy W, , =L, , |I .. d| /2 required

for given output power F, can be achieved with smaller currents. However, in some

examples, increasing N, and thus Q, can increase Q ii)> Farea and the voltage across the

S, Fa

device capacitance V,. Similar can be the impact of increasing N_ on Qie1> Piraa and

V.. As a conclusion, in some examples, the number of turns N, and N, may be chosen
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large enough (for high efficiency) but such that they allow for reasonable voltages,
loaded Q’s and/or powers radiated.

With respect to the resonant frequency, again, there may be an optimal one for
efficiency. Close to that optimal frequency Q i and/or Qs[g] can be approximately
maximum. In some examples, for lower frequencies the currents may typically get larger
but the voltages and radiated powers may get smaller. In some examples, one may
choose the resonant frequency to maximize any of a number of system parameters or
performance specifications, such as efficiency.

One way to decide on an operating regime for the system may be based on a

graphical method. Consider two loops of
r,=25cm, r, =15¢cm, h, =h, =0, a, =a, =3mm and distance D =2m between them. In
Fig. 12, we plot some of the above dependent variables (currents, voltages and radiated

powers normalized to / Watt of output power) in terms of frequency f and N,, given
some choice for wp and N, . Fig. 12 depicts the trend of system performance explained
above. In Fig. 13, we make a contour plot of the dependent variables as functions of both
frequency and wp but for both N_ and N, fixed. For example, in embodiments, a
reasonable choice of parameters for the system of two loops with the dimensions given
above may be: N, =2, N, =6, f=10MHz and wp=10, which gives the following
performance characteristics: 7 =20.6% , Qd[l] =1264, I =7.2A,1, =14A,

V. =2.55kV, V, =2.30kV, P

s,rad

=0.15W, P, ., =0.006W . Note that the results in Figs.
12, 13 and the calculated performance characteristics are made using the analytical
formulas provided above, so they are expected to be less accurate for large values of
N_, N,, but still may give a good estimate of the scalings and the orders of magnitude.

Finally, in embodiments, one could additionally optimize for the source

dimensions, if, for example, only the device dimensions are limited. Namely, one can add

r, and a, in the set of independent variables and optimize with respect to these all the
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dependent variables of the system. In embodiments, such an optimization may lead to

improved results.

2.3 Inductively-loaded conducting rods

A straight conducting rod of length 2/ and cross-sectional radius a has distributed
capacitance and distributed inductance, and therefore can support a resonant mode of
angular frequency @. Using the same procedure as in the case of self-resonant coils, one
can define an effective total inductance L and an effective total capacitance C of the rod
through formulas Eqgs.(19) and (20). With these definitions, the resonant angular

frequency and the effective impedance may be given again by the common formulas
w=1/~LC and Z = \|L/C respectively. To calculate the total inductance and

capacitance, one can assume again a sinusoidal current profile along the length of the
conducting wire. When interested in the lowest mode, if we denote by x the coordinate

along the conductor, such that it runs from —/ to +h, then the current amplitude profile

may have the form I(x)=1,cos(7x/2h), since it has to be zero at the open ends of the

rod. This is the well-known half-wavelength electric dipole resonant mode.

In some examples, one or more of the resonant objects may be inductively-loaded
conducting rods. Referring to Fig. 14, a straight conducting rod of length 2/ and cross-
sectional radius a, as in the previous paragraph, is cut into two equal pieces of length A,

which may be connected via a coil wrapped around a magnetic material of relative
permeability 4, and everything is surrounded by air. The coil has an inductance L.,
which is added to the distributed inductance of the rod and thus modifies its resonance.

Note however, that the presence of the center-loading inductor may modify the current

distribution inside the wire and therefore the total effective inductance I. and total

effective capacitance C of the rod may be different respectively from L, and C,, which

are calculated for a self-resonant rod of the same total length using a sinusoidal current
profile, as in the previous paragraph. Since some current may be running inside the coil

of the external loading inductor, the current distribution j inside the rod may be reduced,
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so L< L, and thus, from the charge conservation equation, the linear charge distribution
p; may flatten out towards the center (being positive in one side of the rod and negative

in the other side of the rod, changing abruptly through the inductor), so C > C, . The

resonant frequency for this system may be w =1/ ,/(L +L, C <w,=1/L,C,,and
I1(x)—>1,cos(nx/2h)= L>L,= 0—>ao,as [, >0.

In general, the desired CMT parameters can be found for this system, but again a
very complicated solution of Maxwell’s Equations is generally required. In a special

case, a reasonable estimate for the current distribution can be made. When L, > L > L,

then w=1/,/L.C <@, and Z =,[L./C > Z_, while the current distribution is triangular

along the rod (with maximum at the center-loading inductor and zero at the ends) and
thus the charge distribution may be positive constant on one half of the rod and equally
negative constant on the other side of the rod. This allows us to compute numerically C

from Eq.(20). In this case, the integral in Eq.(20) can actually be computed analytically,
giving the formula 1/C =1/ (ms‘oh)[ln (h/ a)—l] . Explicit analytical formulas are again

available for R from Eq.(21) and (22), since /,,,, =1,

p| =gq,h and |m| =0 (namely
only the electric-dipole term is contributing to radiation), so we can determine also

Q. =1/CR, and O,

(¢

s 7 =1/ WCR, ;. At the end of the calculations, the validity of the

assumption of triangular current profile may be confirmed by checking that indeed the

condition L. > L, & w< @, is satisfied. This condition may be relatively easily

satisfied, since typically a conducting rod has very small self-inductance L, to begin
with.

Another important loss factor in this case is the resistive loss inside the coil of the
external loading inductor L. and it may depend on the particular design of the inductor.
In some examples, the inductor may be made of a Brooks coil, which is the coil geometry
which, for fixed wire length, may demonstrate the highest inductance and thus quality

factor. The Brooks coil geometry has Np. turns of conducting wire of cross-sectional
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radius ap. wrapped around a cylindrically symmetric coil former, which forms a coil

with a square cross-section of side 7., where the inner side of the square is also at radius
. . . 2
rg. (and thus the outer side of the square is at radius 2ry, ), therefore Ny, = (ry./2ap.)" .

The inductance of the coil is then L. =2.02851,rp. N5, = 2.0285,13. /8a%,. and its

2
. R.~L by |14 2600 (a_&) . .
resistance o, 7 7 | , where the total wire length is

Ige =27 (3rp./2)Np. = 37zr§C / 4a123C and we have used an approximate square-root law

for the transition of the resistance from the dc to the ac limit as the skin depth varies with

frequency.

The external loading inductance L. provides the freedom to tune the resonant
frequency. For example, for a Brooks coil with a fixed size rp,, the resonant frequency

can be reduced by increasing the number of turns N, by decreasing the wire cross-

sectional radius ag,.. Then the desired resonant angular frequency @ =1/,/L.C may be

1/4
achieved for ap, = (2.0285 ,uorl_gca)2 C ) and the resulting coil quality factor may be

Q. = 0.169,Ltoarlgzca)/\/1+ wzuoa\/2.0285,uo (rpe /4)5 C . Then, for the particular simple

case L. > L, for which we have analytical formulas, the total

o=1/wC (Rc + R, ps T Ry ) becomes highest at some optimal frequency w,,, reaching

Q 2
the value @), that may be determined by the loading-inductor specific design. For

example, for the Brooks-coil procedure described above, at the optimal frequency

1/4
Qo ©Q, =08 ( uoozrgc /C . Atlower frequencies it is dominated by ohmic loss

inside the inductor coil and at higher frequencies by radiation. Note, again, that the above

formulas are accurate as long as @, < @, and, as explained above, this may be easy to

design for by using a large inductance.
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The results of the above analysis for two examples, using Brooks coils, of

subwavelength modes of A /h > 200 (namely highly suitable for near-field coupling and

well within the quasi-static limit) at the optimal frequency w,, are presented in Table 5.

Q
Table 5 shows in parentheses (for similarity to previous tables) analytical results
for the wavelength and absorption, radiation and total loss rates, for two different cases of
subwavelength-rod resonant modes. Note that copper was used for the conducting
material (6=5.998-10S/m). The results show that, in some examples, the optimal

frequency may be in the low-MHz microwave range and the expected quality factors may

be Q,, > 1000 and Q,_, > 100000.

Table 5

single rod A/h f (MHz) Qroa Qoo Q

h=30cm, a=2cm 6
(403.8) 2.477) 2.72%10%) | (7400) | (7380)

p=1, rg.=2cm, ag=0.88mm, Ng.=129
h=10cm, a=2mm
u=1, rge=5mm, ag=0.25mm, (214.2) (14.010) (6.92%10°) | (3908) | (3886)
Nz.=103

In some examples, energy may be transferred between two inductively-loaded
rods. For the rate of energy transfer between two inductively-loaded rods 1 and 2 at

distance D between their centers, the mutual capacitance M. can be evaluated
numerically from Eq.(23) by using triangular current distributions in the case @ << @,. In

this case, the coupling may be only electric and again we have an analytical formula,

which, in the quasi-static limit ~«D«/ and for the relative orientation such that the two

rods are aligned on the same axis, is 1/ M =1/2z¢,, - (I )2 / D?, which means that

3
k o< ( hy | D) is independent of the frequency w. One can then get the resultant

strong-coupling factor U.
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It can be seen that the frequency @y, , where the figure-of-merit is maximized to

the value U is close to the frequency @, , where @@, is maximized, since k does

max ?
not depend much on frequency (at least for the distances D« of interest for which the

quasi-static approximation is still valid). Therefore, the optimal frequency @, = @,

may be mostly independent of the distance D between the two rods and may lie between
the two frequencies @, and @, at which the single-rod (J; and Q) respectively peak.
In some typical examples, one can tune the inductively-loaded conducting rods, so that
their angular eigenfrequencies are close to @y, within I';;, which is half the angular
frequency width for which U >U . /2.

Referring to Table 6, in parentheses (for similarity to previous tables) analytical
results based on the above are shown for two systems each composed of a matched pair
of the loaded rods described in Table 5. The average wavelength and loss rates are

shown along with the coupling rate and coupling to loss ratio figure-of-merit U = x / T'
as a function of the coupling distance D, for the two cases. Note that for I'__, the single-
rod value is used. Again we chose L, > L to make the triangular-current assumption a

good one and computed M -~ numerically from Eq.(23). The results show that for

medium distances D /h = 10 — 3 the expected coupling-to-loss ratios are in the range

U~ 0.5-100.
Table 6
pair of rods D/h Q.=1/k U

h=30cm, a=2cm 3 (70.3) (105.0)
p=1, rge=2cm, ap=0.88mm, Np.=129 (389) (19.0)
A/h = 404 7 (1115) (6.62)
Q = 7380 10 (3321) (2.22)
h=10cm, a=2mm 3 (120) (32.4)
p=1, rpc=5mm, ap=0.25mm, Np.=103 5 (664) (5.85)
7 (1900) (2.05)

A/h =214
) =~ 3886 10 (5656) (0.69)
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2.4 Dielectric disks

In some examples, one or more of the resonant objects are dielectric objects, such
as disks. Consider a two dimensional dielectric disk object, as shown in Fig. 15(a), of
radius r and relative permittivity ¢ surrounded by air that supports high-Q “whispering-
gallery” resonant modes. The loss mechanisms for the energy stored inside such a
resonant system are radiation into free space and absorption inside the disk material.
High-Qrad and long-tailed subwavelength resonances can be achieved when the dielectric
permittivity ¢ is large and the azimuthal field variations are slow (namely of small
principal number m). Material absorption is related to the material loss tangent: Qabs
~Re{e}/Im{e}. Mode-solving calculations for this type of disk resonances were
performed using two independent methods: numerically, 2D finite-difference frequency-
domain (FDFD) simulations (which solve Maxwell’s Equations in frequency domain
exactly apart for spatial discretization) were conducted with a resolution of 30pts/r;

analytically, standard separation of variables (SV) in polar coordinates was used.

Table 7
sumgle sk & i £ @
Ee{ej=147.7, m=1 2043 {23.08) 18103 {18875 I0RE (1020 1561 {3663)

Re{si=036, 073 16698 {10087y | 5078 01681 | 476p1a8aD)

The results for two TE-polarized dielectric-disk subwavelength modes of
A/r>10 are presented in Table 7. Table 7 shows numerical FDFD (and in parentheses
analytical SV) results for the wavelength and absorption, radiation and total loss rates, for
two different cases of subwavelength-disk resonant modes. Note that disk-material loss-
tangent Im{e}/Re{e}=10"" was used. (The specific parameters corresponding to the plot
in Fig. 15(a) are highlighted with bold in the table.) The two methods have excellent
agreement and imply that for a properly designed resonant low-loss-dielectric

object values of Q , 22000 and Q,, ~10000 are achievable. Note that for the 3D
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case the computational complexity would be immensely increased, while the physics
would not be significantly different. For example, a spherical object of e=147.7 has a
whispering gallery mode with m=2, Q,,,=13962, and Mr=17.

The required values of &, shown in Table 7, might at first seem unrealistically
large. However, not only are there in the microwave regime (appropriate for
approximately meter-range coupling applications) many materials that have both
reasonably high enough dielectric constants and low losses (e.g. Titania, Barium
tetratitanate, Lithium tantalite etc.), but also ¢ could signify instead the effective index of
other known subwavelength surface-wave systems, such as surface modes on surfaces of
metallic materials or plasmonic (metal-like, negative-¢) materials or metallo-dielectric
photonic crystals or plasmono-dielectric photonic crystals.

To calculate now the achievable rate of energy transfer between two disks 1 and
2, as shown in Fig. 15(b) we place them at distance D between their centers.
Numerically, the FDFD mode-solver simulations give x through the frequency splitting
of the normal modes of the combined system ( d; =2k from Eq.(4)), which are even and
odd superpositions of the initial single-disk modes; analytically, using the expressions for
the separation-of-variables eigenfields E12a) CMT gives k through

2
H

K= /2 j d’re, (r)EL(DE, (r)/ j d’re(0)]E, (1)

where ¢; @) and ex) are the dielectric functions that describe only the disk j (minus the
constant ¢, background) and the whole space respectively. Then, for medium distances
D/r =10-3 and for non-radiative coupling such that D<2r., where rc = mA /27 is the
radius of the radiation caustic, the two methods agree very well, and we finally find , as
shown in Table 8, strong-coupling factors in the range U ~1-50. Thus, for the analyzed
examples, the achieved figure-of-merit values are large enough to be useful for typical

applications, as discussed below.
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Table 8
v dhsks B | st | Q= w2 s fF
Refgj=147.7, m=2 3 | e 1955 565 (375 323 (3503
241t 1348 2980 {2984 S505.8)
7 2196 1804 TERT {7 2322}
g 2817 1a581 1734 (ot 498 (Lo
Re{zb=85.48, w=3 3 T 55 144 (149} F0H 13433
Air s 10 s | w0 | <54 : T35
T | #87 | s8i6 .64 (055

Note that even though particular examples are presented and analyzed above as
examples of systems that use resonant electromagnetic coupling for wireless energy
transfer, those of self-resonant conducting coils, capacitively-loaded resonant conducting
coils, inductively-loaded resonant conducting rods and resonant dielectric disks, any
system that supports an electromagnetic mode with its electromagnetic energy extending
much further than its size can be used for transferring energy. For example, there can be
many abstract geometries with distributed capacitances and inductances that support the
desired kind of resonances. In some examples, the resonant structure can be a dielectric
sphere. In any one of these geometries, one can choose certain parameters to increase

and/or optimize U or, if the Q ’s are limited by external factors, to increase and/or

optimize for k or, if other system performance parameters are of importance, to optimize

those.

Hlustrative example
In one example, consider a case of wireless energy transfer between two identical

resonant conducting loops, labeled by L; and L,. The loops are capacitively-loaded and
couple inductively via their mutual inductance. Let ry denote the loops’ radii, Ny their
numbers of turns, and b, the radii of the wires making the loops. We also denote by D>

the center-to-center separation between the loops.
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Resonant objects of this type have two main loss mechanisms: ohmic absorption
and far-field radiation. Using the same theoretical method as in previous sections, we find

that for ra=7cm, bao=6mm, and Na=15 turns, the quality factors for absorption, radiation

and total loss are respectively, Q, , =72f /T, , =3.19x10%,
Qurad =71 4 = 2.6x10° and Q, =7z f /T, =2.84x10" at a resonant frequency

f=18x 10’ Hz (remember that L; and L, are identical and have the same properties).

[, s> I 4. are respectively the rates of absorptive and radiative loss of L; and L, and

the rate of coupling between L; and L, is denoted by &;, .

When the loops are in fixed distinct parallel planes separated by Dy, =1.4m and
have their centers on an axis (C) perpendicular to their planes, as shown in Fig. 17a(Left),

the coupling factor for inductive coupling (ignoring retardation effects) is

k, =k, /f =7.68x10", independent of time, and thus the strong-coupling factor is
U, =k,0,=2.18. This configuration of parallel loops corresponds to the largest

possible coupling rate &, at the particular separation Dj,.

We find that the energy transferred to L, is maximum at time T, = kt, =
tan~1(2.18) = 1.14 = t, = 4775(1/f) from Eq.(5), and constitutes g, = 29% of
the initial total energy from Eq.(6a), as shown in Fig. 17a(Right). The energies radiated
and absorbed are respectively 0,4 £(£.) = 7.2% and 14p5 g (£.) = 58.1% of the initial
total energy, with 5. 8% of the energy remaining in L;.

We would like to be able to further increase the efficiency of energy transfer
between these two resonant objects at their distance D;,. In some examples, one can use
an intermediate resonator between the source and device resonators, so that energy is
transferred more efficiently from the source to the device resonator indirectly through the

intermediate resonator.
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3. Efficient energy-transfer by a chain of three ‘strongly coupled’ resonances

Fig. 16 shows a schematic that generally describes one example of the invention,

in which energy is transferred wirelessly among three resonant objects. Referring to Fig.

16, energy is transferred, over a distance D, from a resonant source object R; of
characteristic size 7, to a resonant intermediate object R of characteristic size r;, and
then, over an additional distance Dj,, from the resonant intermediate object Rp to a

resonant device object R of characteristic size r,, where D, +D,, =D . As described

above, the source object R can be supplied power from a power generator that is coupled
to the source object R;. In some examples, the power generator can be wirelessly, e.g.,
inductively, coupled to the source object R;. In some examples, the power generator can
be connected to the source object R; by means of a wire or cable. Also, the device object
R» can be connected to a power load that consumes energy transferred to the device
object R,. For example, the device object can be connected to e.g. a resistor, a battery, or
other device. All objects are resonant objects. The wireless near-field energy transfer is
performed using the field (e.g. the electromagnetic field or acoustic field) of the system
of three resonant objects.

Different temporal schemes can be employed, depending on the application, to
transfer energy among three resonant objects. Here we will consider a particularly simple

but important scheme: a one-time finite-amount energy-transfer scheme

3.1 Finite-amount energy-transfer efficiency

Let again the source, intermediate and device objects be 1, B, 2 respectively and

their resonance modes, which we will use for the energy exchange, have angular

frequencies @, , , , frequency-widths due to intrinsic (absorption, radiation etc.) losses

I', s, and (generally) vector fields F, , (r), normalized to unity energy. Once the three

resonant objects are brought in proximity, they can interact and an appropriate analytical
framework for modeling this resonant interaction is again that of the well-known
coupled-mode theory (CMT), which can give a good description of the system for

—iot

resonances having quality factors of at least, for example, 10. Then, using ¢ time
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dependence, for the chain arrangement shown in Fig.16, the field amplitudes can be

shown to satisfy, to lowest order:

d ) ) ) )

Eai (t): - (wl —il, )al (t)"'”(llal (t)+lKlBaB (t)

d

EaB (t) =i (wB —il' )aB (t)+iKBBaB (t)"' iKp @ (t)+il<'32612 (t) (34)
d ) ) ) )

Eaz (t) =1 (wz —il, )az (t)+ 1Ky,a, (t)+lKZBaB (t)

where K, z;,, are the shifts in each object’s frequency due to the presence of the other,
which are a second-order correction and can be absorbed into the eigenfrequencies by
setting @, 5, = @, 5, + K, gz, and K;; are the coupling coefficients, which from the
reciprocity requirement of the system must satisfy &; = k. Note that, in some examples,
the direct coupling coefficient k;, between the resonant objects 1 and 2 may be much

smaller than the coupling coefficients k;, and kj, between these two resonant objects

with the intermediate object B, implying that the direct energy transfer between 1 and 2 is

substantially dominated by the indirect energy transfer through the intermediate object. In

some examples, if the coupling rates ki, and k7, are at least 5 times larger than the

direct coupling rate k;,, using an intermediate resonator may lead to an improvement in

terms of energy transfer efficiency, as the indirect transfer may dominate the direct

transfer. Therefore, in the CMT Eqs.(34) above, the direct coupling coefficient &, has

been ignored, to analyze those particular examples.

The three resonant modes of the combined system are found by substituting
[a;(t) ag(t),a,()] = [A4, Ag, A,]e~'®t. When the resonators 1 and 2 are at exact
resonance w; = W, = wy and for [; = I, = [4, the resonant modes have complex

resonant frequencies

D, =w,, i\/(AwAB Y +x2 +x2, and @, =@, —i", (35a)
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where ®,, =[(a)A+a)B)—i(FA+FB)]/2, Aw,, =[(a)A—wB)—i(FA—FB)]/2 and

whose splitting we denote as 6 = @, — @_, and corresponding resonant field

amplitudes
B A iz B A —Kp,
Vi=|A, | =| A0, 1\/(Aa)AB Y +x5+k, |and Vi =| 4, | =| 0 (35b)
A + Ky, Az ds Kip

Note that, when all resonators are at exact resonance w; = w,(= w,) = wg and for

[, = I(=Ty) = I, we get Awpg = 0, 8z = 24/K?5 + K&, and then

@, =0, Tr\JKiy +k;, —il', and @, =@, —il", (36a)
Al Ki A —Kp,

Vaz| A, | =|Ff6S+2, |and Vi =| A, | =| 0 |, (36b)
A, 5 Kg> A, ds Kis

namely we get that the resonant modes split to a lower frequency, a higher frequency and

a same frequency mode.

Assume now that at time t = 0 the source object 1 has finite energy |a;(0)|?, while
the intermediate and device objects have |ag(0)|?> = |a,(0)|?> = 0. Since the objects are
coupled, energy will be transferred from 1 to B and from B to 2. With these initial
conditions, Eqs.(34) can be solved, predicting the evolution of the field-amplitudes. The
energy-transfer efficiency will be 7z = |a,(t)|?/|a,(0)]?. The ratio of energy converted
to loss due to a specific loss mechanism in resonators 1, B and 2, with respective loss

rates I 1oss, [B10ss and I7 1055 Will be

~ t
Nioss g = fo dT[2F1’1055|a1(T)|2 + 21-‘B,loss|aB(7:)|2 + 21-‘2,losslaz (‘L’)|2]/|a1(0)|2. At exact
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resonance w; = w,(= wy) = wg (an optimal condition) and in the special symmetric

case I} =TI, = I’y and k15 = Kp, = Kk, the field amplitudes are

-1 . | sin(W1=AT 5 i
al(T):Ee_lwAte_T/U ASln( ~ )+COS( 1—A2T)+€_AT (37a)
V1I-A
iy #j5 SInW1=A’T)
NS G70)
~ g~ ] ,‘, — AT = ~ -~
a,(T)= %e‘i“’Ate_T/U A sm(\/lii T) +cos(N1—A*T)—e (37¢)
1-A

where T = V2kt, A1 = 22k /(Iy — I) and U = 2\2k /(I + I}).

~ 1
a,(T) :56

In some examples, the system designer can adjust the duration of the coupling ¢ at
will. In some examples, the duration 7 can be adjusted to maximize the device energy
(and thus efficiency 7jg). Then, in the special case above, it can be inferred from Eq.(37¢)

that 7 is maximized for the T = T, that satisfies

(3-0(1-3)] Sini/Lll_‘;: D (1-a0) eos -2 T)-e =0 @9

In general, this equation may not have an obvious analytical solution, but it does admit a

simple solution in the following two cases:

WhenTy =I5 © A= 0,0 =2k /I, the energy transfer from resonator 1 to resonator

2 1s maximized at
7.(A=0)=2tan'U (39)

resulting in an energy-transfer efficiency

~ ~ 2
e~ U* 2tan™' U
e (E,AZO):[WCXP(—T}} s (40)

which has the form of the two-object energy-transfer efficiency of Eq.(6b) but squared.
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When T, = 0 © A~' = U = 2v2k/Tg, the energy transfer from resonator 1 to resonator

2 1s maximized at

i(A_IZU)Z{ﬁU/ U;—<1£U>1 (41)

resulting in an energy-transfer efficiency

. 1 [1+exp(—ﬁ/m)}z,lj>l.

n (LA™ =U)=Z ) 42)
LU <1

In both cases, and in general for any A, the efficiency is an increasing function of I,
Therefore, once more resonators that have high quality factors are preferred. In some
examples, one may design resonators with J>50. In some examples, one may design

resonators with 0>100.

Hlustrative example
Returning to our illustrative example, in order to improve the ~29% efficiency of

the energy transfer from L; to L, while keeping the distance Dy, separating them fixed,
we propose to introduce an intermediate resonant object that couples strongly to both L,
and L,, while having the same resonant frequency as both of them. In one example, we
take that mediator to also be a capacitively-loaded conducting-wire loop, which we label
by L. We place Ly at equal distance (D;p=Dg»=D;2/2=0.7m) from L, and L, such that its
axis also lies on the same axis (C), and we orient it such that its plane is parallel to the
planes of L; and L,, which is the optimal orientation in terms of coupling. A schematic
diagram of the three-loops configuration is depicted in Fig. 17b(Left).

In order for Ly to couple strongly to L; and L, its size needs to be substantially
larger than the size of L; and L,. However, this increase in the size of Ly has considerable
drawback in the sense that it may also be accompanied by significant decrease in its
radiation quality factor. This feature may often occur for the resonant systems of this
type: stronger coupling can often be enabled by increasing the objects’ size, but it may
imply stronger radiation from the object in question. Large radiation may often be

undesirable, because it could lead to far-field interference with other RF systems, and in
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some systems also because of safety concerns. For r3=70cm, bg=1.5cm, and Ng=1 turn,

weget Qp  =7f /T, =700, Qy ., =%f/1;,,=400,s0 Q,=7f /1", =380, and
ks =K,/ Tf =k, =0.0056, 50 U=22k/(T,+T,)=5.94 and
A" =2J2k/(T', -T,)=6.1, at f =1.8x10" Hz. Note that since the coupling rates i,

and kg, are =70 times larger than k,,, indeed we can ignore the direct coupling between
L, and L,, and focus only on the indirect energy transfer through the intermediate loop
Lz, therefore the analysis of the previous section can be used.

The optimum in energy transferred to L, occurs at time T, = \/Ek't* =321>
t. = 129(1/f), calculated from Eq.(38), and is equal to fjg, = 61.5% of the initial
energy from Eq.(37c). [Note that, since Q4 > Qp, we could have used the analytical
conclusions of the case A~* = U and then we would have gotten a very close
approximation of T, = 3.19 from Eq.(41).] The energy radiated is fj,qq £ (t.) = 31.1%,
while the energy absorbed is f,ps £ (t.) = 3.3%, and 4.1% of the initial energy is left in
L;. Thus, the energy transferred, now indirectly, from L, to L, has increased by factor of
2 relative to the two-loops direct transfer case. Furthermore, the transfer time in the three-
loops case is now =35 times shorter than in the two-loops direct transfer, because of the
stronger coupling rate. The dynamics of the energy transfer in the three-loops case is
shown in Fig. 17b(Right).

Note that the energy radiated in the three-loop system has undesirably increased
by factor of 4 compared to the two-loop system. We would like to be able to achieve a
similar improvement in energy-transfer efficiency, while not allowing the radiated energy
to increase. In this specification, we disclose that, in some examples, this can be achieved
by appropriately varying the values of the coupling strengths between the three

resonators.
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4. Efficient energy-transfer by a chain of three resonances with adiabatically varying

coupling strengths

Consider again the system of a source resonator Ry, a device resonator R, and an
intermediate resonator Rg. For the purposes of the present analysis, R; and R, will be

assumed to have negligible mutual interactions with each other, while each of them can

be strongly coupled to Rg, with coupling rates &, and K3, respectively. Note that, in

some examples of wireless energy transfer systems, for the resonant object Ry to be able
to have strong coupling with other resonant objects, it may be accompanied with inferior
loss properties compared to Ry and R,, usually in terms of substantially larger radiation
losses.

It was seen in a previous section that, when the resonators 1 and 2 are at exact

resonance w; = w, = wy and for [} = I, = [, the system supports a resonant state

(eigenstate) with resonant frequency (eigenfrequency) @, = @, —il", and resonant field

. = T o .
amplitudes V, =[-kp, 0 k5] / 1,’(123 + Kéz , where here we normalized it. This

eigenstate ‘7ds we call the “dark state” in analogy with atomic systems and the related
phenomenon of Electromagnetically Induced Transparency (EIT), wherein complete
population transfer between two quantum states through a third lossy state, coupled to
each of the other two states, is enabled. The dark state is the most essential building block
of our proposed efficient weakly-radiative energy-transfer scheme, because it has no

energy at all in the intermediate (lossy) resonator Rg, i.e. ag(t)=0 V t whenever the three-
object system is in state ‘7ds. In fact, if I'a — 0, then this state is completely lossless, or if
I'araa — 0, then this state is completely non-radiative. Therefore, we disclose using
predominantly this state to implement the wireless energy transfer. By doing that, the
proposed energy transfer scheme can be made completely lossless, in the limit 'y —0,

no matter how large is the loss rate I';, as shown in Fig. 20, or completely non-radiative,

in the limit I's ;.a — 0, no matter how large is the radiative loss rate I’ . Since the

B.,rad

energy transfer efficiency increases as the quality factors of the first (source) and second

(device) resonances increase, one may design these resonators to have a high quality
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factor. In some examples, one may design resonators with (J,>50. In some examples, one
may design resonators with J,>100.

Let us demonstrate how it is possible to use the dark state for energy transfer with

minimal loss. From the expression of ‘7ds one can see that, if the three-object system is in

the state ‘7ds , then, in general, there is energy in the source resonator with field amplitude

proportional to the coupling rate k3, between the device resonator and the intermediate
resonator, and there is also energy in the device resonator with field amplitude

proportional to the coupling rate k;; between the source resonator and the intermediate

resonator. Then, K;3=0 corresponds to all the system’s energy being in R;, while kz,=0

corresponds to all the system’s energy being in R,.

So, the important considerations necessary to achieve efficient weakly-radiative

energy transfer, consist of preparing the system initially in state ‘7ds and varying the

coupling rates in time appropriately to evolve this state ‘7ds in a way that will cause

energy transfer. Thus, if at t=0 all the energy is in Ry, then one should have

K1p(t=0)<< Kp,(t=0), for example K;(t=0)=0 and Kg,(t=0) # 0. In order for the total
energy of the system to end up in R,, at a time tgr when the full variation of the coupling
rates has been completed, we should have K;z(t= tgr)>> Kpa(t= tgr), for example

Kip(t=tgrr) # 0 and Kp,(t=tgrr)=0. This ensures that the initial and final states of the three-

object system are parallel to ‘7ds . However, a second important consideration is to keep

the three-object system at all times in ‘7ds (t), even as K;p(t) and Kg(t) are varied in time,
This is crucial in order to prevent the system’s energy from getting into any of the two
other eigenstates Vi and thus getting into the intermediate object Rp, which may be

highly radiative or lossy in general, as in the example of Fig. 17. This consideration

requires changing K;g(t) and Kg(t) slowly enough so as to make the entire three-object

system adiabatically follow the time evolution of ‘7ds (t). The criterion for adiabatic

following can be expressed, in analogy to the population transfer case as
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<|@, -, (43)

7 |4V
| dr

where ‘Z_r are the remaining two eigenstates of the system, with corresponding

eigenvalues @, , as shown earlier. Note that any functional dependence of the coupling

rates with time (with duration parameter tgr) will work, provided it satisfies the
adiabaticity criterion Eq.(43) above. The time functional can be linear, sinusoidal (as in
the illustrative example to follow) or the temporal analog of a Butterworth (maximally
flat) taper, a Chebyshev taper, an exponential taper and the like.

Referring to Fig. 18, an example coupling rate adjustment system 300 for
adjusting coupling rates for the one or more of the resonator structures Ry, Ry, or Rg is

shown. As described, the coupling rates between the first and intermediate resonator

structures and the intermediate and second resonator structures are characterized by &,
and k7, respectively. These coupling rates, k;, and k3, , are several times (e.g., 70

times) greater than the coupling rate &;, between the first and second resonator structure.

In some examples, the coupling rate adjustment system can be a mechanical, electrical, or
electro-mechanical system for dynamically adjusting, e.g., rotating, or effecting a
translational movement, of the one or more resonator structures with respect to each

other.

In some examples, the coupling rate &, is much smaller than the coupling rate

the coupling rate K, at the beginning of the energy transfer. By the end, i.e., when a

substantial amount of energy has been transferred from the first resonator structure R; to

the second resonator structure, R,, the coupling rate &, is much greater than the
coupling rate K3, . In some examples, the coupling rate &, can be set to a fixed value
while the coupling rate k7, is being varied from its maximum to its minimum value. In
some examples, the coupling rate k7, can be set to a fixed value while the coupling rate

K, 1s being varied from its minimum to its maximum value. In some examples, the
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coupling rate K, can be varied from a minimum to a maximum value while the coupling

rate Ky, is being varied from its maximum to minimum value.

Referring now to Fig. 19, a graph for implementing an example coupling rate
adjustment system 300 is shown. As shown, in some examples, the coupling rate K, is
set at its minimum value at time, t=0, and increased as a function of time (see, for
example, equation 44), while the coupling rate k7, is at its maximum value at t=0 and
decreased as a function of time (see, for example, equation 45). Accordingly, at the
beginning (t=0), the value of k; is much smaller than the value of k,. In some
examples, the value of kj; can be selected to be any value much smaller than the value

of ky,. During the wireless energy transfer, the value of &, is increased, while the

value of k3, is decreased. After a predetermined amount of time tgrr has elapsed (e.g.,
after a substantial amount of energy has been transferred to the second resonator), the
value of k;; becomes much greater than the value of &, .

In some implementations, the coupling rate adjustment system 300 can effect an
adjustment of coupling rates between the resonator structures by changing a relative
orientation of one or more of the resonator structures with respect to each other. For

example, referring again to Fig. 18, the first and second resonator structures, R; and R»,

can be rotated about their respective axes (e.g., varying angles 6, and 6,), with respect to

the intermediate resonator structure Ry to simultaneously change x;; and &5, .

Alternatively, the orientation of the intermediate resonator structure, Rg, can be adjusted,

e.g., rotated about an axis, with respect to the first and second resonator structures to

simultaneously change K, and Kj,. Alternatively, the orientation of only the first
resonator structure R; can be rotated about its respective axis to change X, while the
orientations of R, and Rp are fixed and thus &3, is fixed to a value intermediate between
the minimum and maximum values of k. Alternatively, the orientation of only the

second resonator structure R, can be rotated about its respective axis to change &, ,
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while the orientations of R; and Rp are fixed and thus &, is fixed to a value intermediate

between the minimum and maximum values of K, .

In some implementations, the coupling rate adjustment system 300 can effect an
adjustment of coupling rates between the resonator structures by translationally moving
one or more of the resonator structures with respect to each other. For example, the
positions of the first and second resonator structures, R; and R, can be adjusted, e.g.,

moved along an axis, with respect to the intermediate resonator structure Rg to
simultaneously change X;; and Kj,. Alternatively, a position of the intermediate
resonator structure, Rg, can be adjusted, e.g., moved along an axis, with respect to the
first and second resonator structures to simultaneously change &, and k3, .
Alternatively, a position of only the first resonator structure, R;, can be adjusted, e.g.,
moved along an axis, with respect to the intermediate Rp resonator structure to change

K, , while the positions of R, and Ry are fixed and thus &3, is fixed to a value

intermediate between the minimum and maximum values of &, . Alternatively, a
position of only the second resonator structure, R,, can be adjusted, e.g., moved along an

axis, with respect to the intermediate Rg resonator structure to change K5, , while the
positions of R; and Rg are fixed and thus K, is fixed to a value intermediate between the

minimum and maximum values of k3, .

In some examples, the coupling rate adjustment system 300 can dynamically
adjust an effective size of the resonator objects to effect adjustments in the coupling rates

K, and K, similar to that described above. The effective size can be adjusted by

changing a physical size of the resonator objects. For example, the physical size can be
adjusted by effecting mechanical changes in area, length, or other physical aspect of one
or more of the resonator structures. The effective size can also be adjusted through non-
mechanical changes, such as, but not limited to, applying a magnetic field to change the
permeability of the one or more of the resonator structures.

In principle, one would think of making the transfer time tgrr as long as possible

to ensure adiabaticity. However there is limitation on how slow the transfer process can
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optimally be, imposed by the losses in R; and R,. Such a limitation may not be a strong
concern in typical atomic EIT case, because the initial and final states there can be chosen
to be non-lossy ground states. However, in our case, losses in R; and R; are not
avoidable, and can be detrimental to the energy transfer process whenever the transfer

time tgpr is not less than 1/I'4. This is because, even if the three-object system is carefully

kept in ‘7ds at all times, the total energy of the system will decrease from its initial value

as a consequence of losses in R; and R,. Thus the duration of the transfer may be a
compromise between these two limits: the desire to keep tgr long enough to ensure near-
adiabaticity, but short enough not to suffer from losses in R; and Ro.

Given a particular functional variation of the coupling rates with time with
variation duration parameter tgrr, one may calculate the optimal energy transfer efficiency
in the following way: First, for each tgrr, determine the optimal time ¢,, at which the
energy at R, is maximized and the transfer process may be be terminated. Then find the
optimal variation time tgrr+ based on the counteracting mechanisms discussed above. The
optimal efficiency of energy transfer #jg;r . can then be calculated. In most cases, this
procedure may need to be done numerically using the CMT Eqs.(34) as analytical
solutions may not be possible. With respect to optimizing the functional dependence of

the coupling rates with time, one may choose one that minimizes the coupling of energy
to the eigenstates Vi for a given tgrr, which may lead to the temporal analog of a

Chebyshev taper.
In some examples, the optimal tgrr may not be long enough for the adiabadicity

criterion of Eq.(43) to be always satisfied. In those cases, some energy may get into at
least one of the lossy states ‘Z_r . Still significant improvement in efficiency and radiation

loss may be achieved by the mode of operation where the coupling rates are variable,

compared to the mode of operation where the coupling rates are constant, provided the
maximum energy that enters the states ‘Z_r is much less in the variable rate scenario than

in the constant rate scenario. In examples, using the proposed scheme of time-varying
coupling rates may be advantageous as long as the maximum energy stored in the

intermediate resonator is substantially small. In some examples, substantially small may
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be at most 5% of the peak total energy of the system. In some examples, substantially
small may be at most 10% of the peak total energy of the system.

We can now also see why the mode of operation of the system where the coupling
rates are kept constant in time may cause a considerable amount of lost (and especially
radiated) energy, compared to the proposed mode of operation where the coupling rates

are varied adiabatically in time. The reason is that, when K;g=Kg,=const, the energies in

R, and R, will always be equal to each other if the three-object system is to stay in ‘7ds .

So one cannot transfer energy from R; to R, by keeping the system purely in state ‘7ds ;
note that even the initial state of the system, in which all the energy is in R; and there is

no energy in Rs, cannot be solely in V,_ for fixed nonzero K5 and Kg», and has nonzero

components along the eigenstates V, which implies a finite energy will build up in Rg,
and consequently result in an increased radiation, especially if ', >T", ., which may

be the case if the resonator Rp is chosen large enough to couple strongly to R; and R», as

explained earlier.

Hlustrative example
The previous analysis explains why a considerable amount of energy was radiated

when the inductive coupling rates of the loops were kept constant in time, like in Fig.
17b. Let us now consider the modifications necessary for an adiabatically-varied-« three-
loops indirect transfer scheme, as suggested in the previous section, aiming to reduce the
total radiated energy back to its reasonable value in the two-loops direct transfer case
(Fig.17a), while maintaining the total energy transfer at level comparable to the constant-
K three-loops indirect transfer case (Fig. 17b). In one example, shown in Fig. 17¢c(Left
and Right), we will keep the orientation of Ly fixed, and start initially (t=0) with L;
perpendicular to Ly for K;3=0 and L, parallel to Ly for Kg,=max, then uniformly rotate L;
and L,, at the same rates, until finally, at (t=tgr), L; becomes parallel to Ly for K;g=max
and L, perpendicular to Ly for k5,=0, where we stop the rotation process. In this

example, we choose a sinusoidal temporal variation of the coupling rates:
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K, (t)=rxsin(7mt/ 2t,,,) (44)
Ky, (t)=Kcos(zt/2t,,) (45)

for O<t<tprr, and k; =K, /7 f =k, =0.0056 as before. By using the same CMT

analysis as in Eq. (34), we find, in Fig. 17c(Center), that for an optimal tg;7. =
1989(1/f), an optimum transfer of fjg; . = 61.2% can be achieved at t, = 1796(1/
f), with only 8.2% of the initial energy being radiated, 28.6% absorbed, and 2% left in
L;. This is quite remarkable: by simply rotating the loops during the transfer, the energy
radiated has dropped by factor of 4, while keeping the same 61% level of the energy
transferred.

This considerable decrease in radiation may seem surprising, because the
intermediate resonator Ly, which mediates all the energy transfer, is highly radiative (=
650 times more radiative than L; and L;), and there is much more time to radiate, since
the whole process lasts 14 times longer than in Fig. 17b. Again, the clue to the physical
mechanism behind this surprising result can be obtained by observing the differences
between the curves describing the energy in Rp in Fig. 17b and Fig. 17c. Unlike the case
of constant coupling rates, depicted in Fig. 17b, where the amount of energy ultimately
transferred to L, goes first through the intermediate loop Lp, with peak energy storage in
Ly as much as 30% of the peak total energy of the system, in the case of time-varying
coupling rates, shown in Fig. 17c, there is almost little or no energy in Ly at all times
during the transfer. In other words, the energy is transferred quite efficiently from L; to
L,, mediated by L without considerable amount of energy ever being in the highly
radiative intermediate loop L. (Note that direct transfer from L, to L, is identically zero
here since L, is always perpendicular to L, so all the energy transfer is indeed mediated
through Lg). In some examples, improvement in efficiency and/or radiated energy can
still have been accomplished if the energy transfer had been designed with a time tgy
smaller than its optimal value (perhaps to speed up the process), if the maximum energy
accumulated inside the intermediate resonator was less than 30%. For example,
improvement can have been achieved for maximum energy accumulation inside the

intermediate resonator of 5% or even 10%.
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An example implementation of the coupling rate adjustment system 300 is
described below, where the resonators are capacitively-loaded loops, which couple to
each other inductively. At the beginning (t=0), the coupling rate adjustment system 300
sets the relative orientation of the first resonator structure L; to be perpendicular to the
intermediate resonator structure L. At this orientation, the value of the coupling rate

K,z between the first and intermediate resonator structure is at its minimum value. Also,

the coupling rate adjustment system 300 can set the relative orientation of the second

resonator structure L, to be parallel to the intermediate resonator structure L. At this

orientation, the value of the coupling rate K3, is at a maximum value. During wireless

energy transfer, the coupling rate adjustment system 300 can effect the rotation of the

first resonator structure L; about its axis so that the value of k|, is increased. In some

examples, the coupling rate adjustment system 300 can also effect the rotation of the

second resonator structure, L,, about its axis so that the value of k3, is decreased. In

some examples, a similar effect can be achieved by fixing L; and L to be perpendicular
to each other and rotating only Ly to be parallel to L, and perpendicular to L; at t=0 and
parallel to L; and perpendicular to L, at t=tgr. In some examples, a similar effect can be
achieved by fixing Lg and one of L; and L, (e.g., L;) at a predetermined orientation (e.g.
at 45 degrees with respect to the intermediate resonator Lg) and rotating only the other of
L, and L, (e.g., L, from parallel to Ly at t=0 to perpendicular to Ly at t=tgy).

Similarly, in some implementations, at the beginning (t=0), the coupling rate
adjustment system 300 can set the position of the first resonator structure L, at a first

large predetermined distance from the intermediate resonator structure Ly so that the
value of the coupling rate K, is at its minimum value. Correspondingly, the coupling

rate adjustment system 300 can set the position of the second resonator structure L, at a

second small predetermined distance from the intermediate resonator structure Ly so that
the value of the coupling rate K, between the first and intermediate resonator structure

is at its maximum value. During wireless energy transfer, the coupling rate adjustment

system 300 can affect the position of the first resonator structure L, to bring it closer to
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Lz so that the value of &, is increased. In some examples, the coupling rate adjustment
system 300 can also effect the position of the second resonator structure, L, to take it
away from Ly so that the value of k3, is decreased. In some examples, a similar effect
can be achieved by fixing L, and L, to be at a fixed distance to each other and effecting
the position of only Ly to be close to L, and away from L; at t=0 and close to L, and
away from L, at t=tgrr. In some examples, a similar effect can be achieved by fixing Ly
and one of L; and L, (e.g., L;) at a predetermined (not too large but not too small)
distance and effecting the position only the other of L; and L, (e.g., L, from close to Ly at

t=0 to away from Ly at t=tgy).

5. Comparison of static and adiabatically dvnamic systems

In the abstract case of energy transfer from R; to R,, where no constraints are

and T

abs ?

imposed on the relative magnitude of x, I'%,, ['2 | T4 it is not certain that

abs
the adiabatic-k (EIT-like) system will always perform better than the constant-x one, in
terms of the transferred and radiated energies. In fact, there could exist some range of the
A B
F Fabs

abs ?

parameters (, T, T

vad > L rad > ), for which the energy radiated in the constant-K
transfer case is less than that radiated in the EIT-like case. For this reason, we investigate
both the adiabatic-K and constant-k transfer schemes, as we vary some of the crucial
parameters of the system. The percentage of energies transferred and lost

(radiated+absorbed) depends only on the relative values of x, I', =I'%  +T and

rad X

[,=T% +I" . Hence we first calculate and visualize the dependence of these energies

rad

on the relevant parameters K/I's and I'g /T'a, in the contour plots shown in Fig. 21.

The way the contour plots are calculated is as follows. For each value of (k/I'y, I's
/T'4) in the adiabatic case, where K;g(t) and Kp,(t) are given by Eq. (44)-(45), one tries
range of values of tgry. For each tgir, the maximum energy transferred E,(%) over O< t
<tgrr, denoted by max(E,, tgry), is calculated together with the total energy lost at that

maximum transfer. Next the maximum of max(E,, tgrr) over all values of tgr7 is selected
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and plotted as single point on the contour plot in Fig. 21a. We refer to this point as the
optimum energy transfer (%) in the adiabatic-K case for the particular (K/I'g, I's/I's)
under consideration. We also plot in Fig. 21d the corresponding value of the total energy
lost (%) at the optimum of E,. We repeat these calculations for all pairs (k/I'g, I'z /I'4)
shown in the contour plots. In the constant-K transfer case, for each (k/I'g, I' /I'4), the
time evolution of E»(%) and E,. are calculated for O<t<2/k, and optimum transfer, shown
in Fig. 21b, refers to the maximum of E;(t) over O<t<2/k. The corresponding total energy
lost at optimum constant-transfer is shown in Fig. 21e. Now that we calculated the
energies of interest as functions of (k/I'g, I's /I'4), we look for ranges of the relevant
parameters in which the adiabatic-k transfer has advantages over the constant-k one. So,
we plot the ratio of (Ez)agiabatic-«/(E2)constancx in Fig. 21¢, and (Ejost)constantx / (Elost) adiabatic-

« in Fig. 21f. We find that, for I's /I'4>50, the optimum energy transferred in the
adiabatic-K case exceeds that in the constant-K case, and the improvement factor can be
larger than 2. From Fig. 21f, one sees that the adiabatic-k scheme can reduce the total
energy lost by factor of 3 compared to the constant-k scheme, also in the range I's /T's
>50. As in the constant-K case, also in the adiabatic-K case the efficiency increases as the
ratio of the maximum value, K, of the coupling rates to the loss rate of the intermediate
object (and thus also the first and second objects for I's /I'4>1) increases. In some
examples, one may design a system so that K is larger than each of I's and I's. In some
examples, one may design a system so that K is at least 2 times larger than each of I's and
I's. In some examples, one may design a system so that K is at least 4 times larger than
each of I'g and I'4.

Although one may be interested in reducing the total energy lost (radiated +
absorbed) as much as possible in order to make the transfer more efficient, the
undersirable nature of the radiated energy may make it important to consider reducing the
energy radiated. For this purpose, we calculate the energy radiated at optimum transfer in

both the adiabatic-k and constant-k schemes, and compare them. The relevant parameters

in this case are K/I'g, I'g /T A, F:;d /T'a, and Ff;d /I's. The problem is more complex
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because the parameter space is now 4-dimensional. So we focus on those particular cross
sections that can best reveal the most important differences between the two schemes.
From Fig. 21c and 21f, one can guess that the best improvement in both E; and Ejo
occurs for I'g /I'4=500. Moreover, knowing that it is the intermediate object Ry that
makes the main difference between the adiabatic-x and constant-K schemes, being
“energy-empty” in the adiabatic-K case and “energy-full” in the constant-k one, we first
look at the special situation where I, =0. In Fig. 22a and Fig. 22b, we show contour
plots of the energy radiated at optimum transfer, in the constant-K and adiabatic-K

schemes respectively, for the particular cross section having I's /['4=500 and ', =0.

Comparing these two figures, one can see that, by using the adiabatic-k scheme, one can
reduce the energy radiated by factor of 6.3 or more.

To get quantitative estimate of the radiation reduction factor in the general case where

[, ..« # 0, we calculate the ratio of energies radiated at optimum transfers in both

schemes, namely,

constant—x’

o T «( «( -
e 2] e e e
(Emd )adlabauc—l( ;dwbjw FB ‘ aadmbauc K ‘ +‘ aladlabam—l( ‘ +‘ Cédlabauc K ‘2 (46)

md

which depends only on T'2, /T, the time-dependent mode amplitudes, and the optimum

transfer times in both schemes. The latter two quantities are completely determined by

k/I's and I's /T'a. Hence the only parameters relevant to the calculations of the ratio of
radiated energies are T2, /T2, k/T'g and I's /T, thus reducing the dimensionality of the
investigated parameter space from down to 3. For convenience, we multiply the first

relevant parameter I /%, by I'p/T's which becomes (-, /Ts)/(T .2, /Ta), i.e. the ratio

of quantities that specify what percentage of each object’s loss is radiated. Next, we
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calculate the ratio of energies radiated as function of (I'>, /T'g)/(I'2,/T's) and ¥/T's in the

two special cases I's /I'a=50, and I's /I'4=500, and plot them in Fig. 22¢ and Fig. 22d,

respectively. We also show, in Fig. 22e, the dependence of (E .d)constant-« /(Erad)EIT-1ike ON

Kk/I's and I's /T s, for the special case Ff;d =0. As can be seen from Fig. 22¢-22d, the
adiabatic-k scheme is less radiative than the constant-k scheme whenever I'2,/T'g is

larger than F:; ./T'a, and the radiation reduction ratio increases as I's /I's and k/I's are

increased (see fig. 22¢). In some examples, the adiabatic-K scheme is less radiative than

A

the constant-k scheme whenever I'>, /T is larger than about 20. In some examples, the

Fi

adiabatic-k scheme is less radiative than the constant-k scheme whenever I'>, /T, is

Fi

larger than about 50.

It is to be understood that while three resonant objects are shown in the previous
examples, other examples can feature four or more resonant objects. For example, in
some examples, a single source object can transfer energy to multiple device objects
through one intermediate object. In some examples, energy can be transferred from a
source resonant object to a device resonant object, through two or more intermediate

resonant objects, and so forth.

6. System Sensitivity to Extraneous Objects

In general, the overall performance of an example of the resonance-based wireless
energy-transfer scheme depends strongly on the robustness of the resonant objects’
resonances. Therefore, it is desirable to analyze the resonant objects' sensitivity to the
near presence of random non-resonant extraneous objects. One appropriate analytical
model is that of “perturbation theory” (PT), which suggests that in the presence of an
extraneous perturbing object p the field amplitude a;(¢) inside the resonant object 1

satisfies, to first order:
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d . . . .
%:—z(a)l—zl“l)al+z(5K11(p)+zéT1(p))al (47)

where again w4 is the frequency and Iy the intrinsic (absorption, radiation etc.) loss rate,
while 8% 4(p) is the frequency shift induced onto 1 due to the presence of p and 8Ty is
the extrinsic due to p (absorption inside p, scattering from p etc.) loss rate. ;) is
defined as 6I'y(,) =1I'y(p) —I'y, where I'y(p,) is the total perturbed loss rate in the
presence of p. The first-order PT model is valid only for small perturbations.
Nevertheless, the parameters 8K11(p), 0I'; () are well defined, even outside that regime, if
a; 1s taken to be the amplitude of the exact perturbed mode. Note also that interference

effects between the radiation field of the initial resonant-object mode and the field
scattered off the extraneous object can for strong scattering (e.g. off metallic objects)
result in total I'yyaq(p) that are smaller than the initial T’y paq (namely OI'y raqp) i8
negative).

It has been shown that a specific relation is desired between the resonant
frequencies of the source and device-objects and the driving frequency. In some
examples, all resonant objects must have the same eigenfrequency and this must be equal
to the driving frequency. In some implementations, this frequency-shift can be “fixed”
by applying to one or more resonant objects and the driving generator a feedback
mechanism that corrects their frequencies. In some examples, the driving frequency from
the generator can be fixed and only the resonant frequencies of the objects can be tuned
with respect to this driving frequency.

The resonant frequency of an object can be tuned by, for example, adjusting the
geometric properties of the object (e.g. the height of a self-resonant coil, the capacitor
plate spacing of a capacitively-loaded loop or coil, the dimensions of the inductor of an
inductively-loaded rod, the shape of a dielectric disc, etc.) or changing the position of a
non-resonant object in the vicinity of the resonant object.

In some examples, referring to Fig. 23a, each resonant object is provided with an
oscillator at fixed frequency and a monitor which determines the eigenfrequency of the
object. At least one of the oscillator and the monitor is coupled to a frequency adjuster

which can adjust the frequency of the resonant object. The frequency adjuster determines
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the difference between the fixed driving frequency and the object frequency and acts, as
described above, to bring the object frequency into the required relation with respect to
the fixed frequency. This technique assures that all resonant objects operate at the same
fixed frequency, even in the presence of extraneous objects.

In some examples, referring to Fig. 23(b), during energy transfer from a source
object to a device object, the device object provides energy or power to a load, and an
efficiency monitor measures the efficiency of the energy-transfer or power-transmission.
A frequency adjuster coupled to the load and the efficiency monitor acts, as described
above, to adjust the frequency of the object to maximize the efficiency.

In other examples, the frequency adjusting scheme can rely on information
exchange between the resonant objects. For example, the frequency of a source object
can be monitored and transmitted to a device object, which is in turn synched to this
frequency using frequency adjusters, as described above. In other embodiments the
frequency of a single clock can be transmitted to multiple devices, and each device then
synched to that frequency using frequency adjusters, as described above.

Unlike the frequency shift, the extrinsic perturbing loss due to the presence of
extraneous perturbing objects can be detrimental to the functionality of the energy-
transfer scheme, because it is difficult to remedy. Therefore, the total perturbed quality
factors Qp) (and the corresponding perturbed strong-coupling factor U,y should be
quantified.

In some examples, a system for wireless energy-transfer uses primarily magnetic
resonances, wherein the energy stored in the near field in the air region surrounding the
resonator is predominantly magnetic, while the electric energy is stored primarily inside
the resonator. Such resonances can exist in the quasi-static regime of operation (r«4) that
we are considering: for example, for coils with # < 2r, most of the electric field is
localized within the self-capacitance of the coil or the externally loading capacitor and,
for dielectric disks, with € >> 1 the electric field is preferentially localized inside the disk.
In some examples, the influence of extraneous objects on magnetic resonances is nearly
absent. The reason is that extraneous non-conducting objects p that could interact with

the magnetic field in the air region surrounding the resonator and act as a perturbation to
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the resonance are those having significant magnetic properties (magnetic permeability
Re{u}>1 or magnetic loss Im{u}>0). Since almost all every-day non-conducting
materials are non-magnetic but just dielectric, they respond to magnetic fields in the same
way as free space, and thus will not disturb the resonance of the resonator. Extraneous
conducting materials can however lead to some extrinsic losses due to the eddy currents
induced inside them or on their surface (depending on their conductivity). However,
even for such conducting materials, their presence will not be detrimental to the
resonances, as long as they are not in very close proximity to the resonant objects.

The interaction between extraneous objects and resonant objects is reciprocal,
namely, if an extraneous object does not influence a resonant object, then also the
resonant object does not influence the extraneous object. This fact can be viewed in light
of safety considerations for human beings. Humans are also non-magnetic and can
sustain strong magnetic fields without undergoing any risk. A typical example, where
magnetic fields B~IT are safely used on humans, is the Magnetic Resonance Imaging
(MRI) technique for medical testing. In contrast, the magnetic near-field required in
typical embodiments in order to provide a few Watts of power to devices is only B~/ 0T,
which is actually comparable to the magnitude of the Earth’s magnetic field. Since, as
explained above, a strong electric near-field is also not present and the radiation produced
from this non-radiative scheme is minimal, the energy-transfer apparatus, methods and
systems described herein is believed safe for living organisms.

An advantage of the presently proposed technique using adiabatic variations of
the coupling rates between the first and intermediate resonators and between the
intermediate and second resonators compared to a mode of operation where these
coupling rates are not varied but are constant is that the interactions of the intermediate
resonator with extraneous objects can be greatly reduced with the presently proposed
scheme. The reason is once more the fact that there is always a substantially small
amount of energy in the intermediate resonator in the adiabatic-Kk scheme, therefore there
is little energy that can be induced from the intermediate object to an extraneous object in

its vicinity. Furthermore, since the losses of the intermediate resonator are substantially
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avoided in the adiabatic-K case, the system is less immune to potential reductions of the

quality factor of the intermediate resonator due to extraneous objects in its vicinity.

6.1 Capacitively-loaded conducting loops or coils

In some examples, one can estimate the degree to which the resonant system of a
capacitively-loaded conducting-wire coil has mostly magnetic energy stored in the space
surrounding it. If one ignores the fringing electric field from the capacitor, the electric
and magnetic energy densities in the space surrounding the coil come just from the
electric and magnetic field produced by the current in the wire; note that in the far field,
these two energy densities must be equal, as is always the case for radiative fields. By
using the results for the fields produced by a subwavelength (r < A ) current loop
(magnetic dipole) with 7 =0, we can calculate the ratio of electric to magnetic energy

densities, as a function of distance Dp from the center of the loop (in the limit r <« Dp )

and the angle 8 with respect to the loop axis:

1Y, »

2 1+— [sin" @
We (x) — & E(x)| — ( xzj . x—Zﬁ&

2 >
W (¥) g, H () %+i4 4cos” O+ 1—L2+i4 sin® @

X° x X X (48)
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where the second line is the ratio of averages over all angles by integrating the electric

and magnetic energy densities over the surface of a sphere of radius D,,. From Eq.(48) it

is obvious that indeed for all angles in the near field ( x <« 1) the magnetic energy density
is dominant, while in the far field ( x > 1) they are equal as they should be. Also, the
preferred positioning of the loop is such that objects which can interfere with its
resonance lie close to its axis (8 =0), where there is no electric field. For example, using
the systems described in Table 4, we can estimate from Eq.(48) that for the loop of

r=30cm at adistance D, =10r=3m the ratio of average electric to average magnetic
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energy density would be ~12% and at D, =3r =90cm it would be ~1%, and for the
loop of r=10cm at a distance D, =10r=1m the ratio would be ~33% and at

Dp =3r =30cm it would be ~ 2.5% . At closer distances this ratio is even smaller and

thus the energy is predominantly magnetic in the near field, while in the radiative far
field, where they are necessarily of the same order (ratio— 1), both are very small,
because the fields have significantly decayed, as capacitively-loaded coil systems are
designed to radiate very little. Therefore, this is the criterion that qualifies this class of
resonant system as a magnetic resonant system.

To provide an estimate of the effect of extraneous objects on the resonance of a
capacitively-loaded loop including the capacitor fringing electric field, we use the

perturbation theory formula, stated earlier,
or Labs(p) =@ /4 Id3rIm {8p (r)HE1 (r)‘2 / W with the computational FEFD results for

the field of an example like the one shown in the plot of Fig. 5 and with a rectangular
object of dimensions 30cm x 30cm x 1.5m and permittivity e=49+16i (consistent with

human muscles) residing between the loops and almost standing on top of one capacitor

(~3cm away from it) and find 6Q ~ 10° and for ~10cm away

abs(human)
6Qabs< human) ™ 5-10°. Thus, for ordinary distances (~/m) and placements (not

immediately on top of the capacitor) or for most ordinary extraneous objects p of much

smaller loss-tangent, we conclude that it is indeed fair to say that 6Qabs(p) — 00. The

only perturbation that is expected to affect these resonances is a close proximity of large
metallic structures.

Self-resonant coils can be more sensitive than capacitively-loaded coils, since for
the former the electric field extends over a much larger region in space (the entire coil)
rather than for the latter (just inside the capacitor). On the other hand, self-resonant coils
can be simple to make and can withstand much larger voltages than most lumped
capacitors. Inductively-loaded conducting rods can also be more sensitive than

capacitively-loaded coils, since they rely on the electric field to achieve the coupling.
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6.2 Dielectric disks

For dielectric disks, small, low-index, low-material-loss or far-away stray objects
will induce small scattering and absorption. In such cases of small perturbations these
extrinsic loss mechanisms can be quantified using respectively the analytical first-order

perturbation theory formulas

|:5Q1,md(p)}_1 = 2‘TLmd(p) / @ Jd?’r [Re{gp (r)}‘E1 (r)Hz/W

|:5Q1,abs(p)}_1 = QérLabs(p) /@ = Jd?’r Im{gp (r)HE1 (r)‘z/QW

2
where W = Id3re (r)‘E1 (r )‘ / 2 is the total resonant electromagnetic energy of the

unperturbed mode. As one can see, both of these losses depend on the square of the
resonant electric field tails E1 at the site of the extraneous object. In contrast, the

coupling factor from object 1 to another resonant object 2 is, as stated earlier,
k, =2k, | Joo, = jd%ez(r)Ez(r)El(r) / Jd3r€(r)|El(r)|2

and depends linearly on the field tails E; of 1 inside 2. This difference in scaling gives us

confidence that, for, for example, exponentially small field tails, coupling to other

resonant objects should be much faster than all extrinsic loss rates ( K}, > d° 1o (p) ), at

least for small perturbations, and thus the energy-transfer scheme is expected to be sturdy
for this class of resonant dielectric disks.

However, we also want to examine certain possible situations where extraneous
objects cause perturbations too strong to analyze using the above first-order perturbation
theory approach. For example, we place a dielectric disk close to another off-resonance
object of large Re{¢}, Im{e} and of same size but different shape (such as a human being

h), as shown in Fig. 24a, and a roughened surface of large extent but of small Re{¢},

Im{e} (such as a wall w), as shown in Fig. 24b. For distances D, ,/r=10-3 between

the disk-center and the “human’-center or “wall”, the numerical FDFD simulation results

presented in Figs. 24a and 24b suggest that, the disk resonance seems to be fairly robust,
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since it is not detrimentally disturbed by the presence of extraneous objects, with the
exception of the very close proximity of high-loss objects. To examine the influence of
large perturbations on an entire energy-transfer system we consider two resonant disks in
the close presence of both a “human” and a “wall”. Comparing Table § to the table in
Figure 24c, the numerical FDFD simulations show that the system performance
deteriorates from U~1 — 50 to Ugyy)~0.5 — 10, i.e. only by acceptably small amounts.
In general, different examples of resonant systems have different degree of
sensitivity to external perturbations, and the resonant system of choice depends on the
particular application at hand, and how important matters of sensitivity or safety are for
that application. For example, for a medical implantable device (such as a wirelessly
powered artificial heart) the electric field extent must be minimized to the highest degree
possible to protect the tissue surrounding the device. In such cases where sensitivity to

external objects or safety is important, one should design the resonant systems so that the
ratio of electric to magnetic energy density w, / w,, is reduced or minimized at most of

the desired (according to the application) points in the surrounding space.

7 Applications

The non-radiative wireless energy transfer techniques described above can enable
efficient wireless energy-exchange between resonant objects, while suffering only modest
transfer and dissipation of energy into other extraneous off-resonant objects. The
technique is general, and can be applied to a variety of resonant systems in nature. In this
Section, we identify a variety of applications that can benefit from or be designed to
utilize wireless power transmission.

Remote devices can be powered directly, using the wirelessly supplied power or
energy to operate or run the devices, or the devices can be powered by or through or in
addition to a battery or energy storage unit, where the battery is occasionally being
charged or re-charged wirelessly. The devices can be powered by hybrid battery/energy
storage devices such as batteries with integrated storage capacitors and the like.
Furthermore, novel battery and energy storage devices can be designed to take advantage

of the operational improvements enabled by wireless power transmission systems.
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Devices can be turned off and the wirelessly supplied power or energy used to
charge or recharge a battery or energy storage unit. The battery or energy storage unit
charging or recharging rate can be high or low. The battery or energy storage units can
be trickle charged or float charged. It would be understood by one of ordinary skill in the
art that there are a variety of ways to power and/or charge devices, and the variety of
ways could be applied to the list of applications that follows.

Some wireless energy transfer examples that can have a variety of possible
applications include for example, placing a source (e.g. one connected to the wired
electricity network) on the ceiling of a room, while devices such as robots, vehicles,
computers, PDAs or similar are placed or move freely within the room. Other
applications can include powering or recharging electric-engine buses and/or hybrid cars
and medical implantable devices. Additional example applications include the ability to
power or recharge autonomous electronics (e.g. laptops, cell-phones, portable music
players, house-hold robots, GPS navigation systems, displays, etc), sensors, industrial and
manufacturing equipment, medical devices and monitors, home appliances (e.g. lights,
fans, heaters, displays, televisions, counter-top appliances, etc.), military devices, heated
or illuminated clothing, communications and navigation equipment, including equipment
built into vehicles, clothing and protective-wear such as helmets, body armor and vests,
and the like, and the ability to transmit power to physically isolated devices such as to
implanted medical devices, to hidden, buried, implanted or embedded sensors or tags, to
and/or from roof-top solar panels to indoor distribution panels, and the like.

A number of examples of the invention have been described. Nevertheless, it will
be understood that various modifications can be made without departing from the spirit

and scope of the invention.
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WHAT IS CLAIMED IS:

1. A method for transferring energy wirelessly, the method comprising:

transferring energy wirelessly from a first resonator structure to an intermediate resonator
structure, wherein the coupling rate between the first resonator structure and the

intermediate resonator structure is K, ;
transferring energy wirelessly from the intermediate resonator structure to a second
resonator structure, wherein the coupling rate between the intermediate resonator

structure and the second resonator structure is K;,; and

during the wireless energy transfers, adjusting at least one of the coupling rates x;, and
K, to reduce energy accumulation in the intermediate resonator structure and improve

wireless energy transfer from the first resonator structure to the second resonator

structure through the intermediate resonator structure.

2. The method of claim 1, wherein the adjustment of at least one of the coupling
rates K, and k7, minimizes energy accumulation in the intermediate resonator structure

and causes wireless energy transfer from the first resonator structure to the second

resonator structure.

3. The method of claims 1 or 2, wherein the adjustment of at least one of the

coupling rates k;, and k,, maintains energy distribution in the field of the three-

resonator system in an eigenstate having substantially no energy in the intermediate

resonator structure.

4. The method of claim 3, wherein the adjustment of at least one of the coupling

rates ki, and k,, further causes the eigenstate to evolve substantially adiabatically from

an initial state with substantially all energy in the resonator structures in the first
resonator structure to a final state with substantially all of the energy in the resonator

structures in the second resonator structure.
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5. The method of any of claims 1 to 4, wherein the adjustment of at least one of the

coupling rates k;, and k,, comprises adjustments of both coupling rates «;, and k,

during wireless energy transfer.

6. The method of claim 1, wherein the resonator structures each have a quality factor

larger than 10.

7. The method of any of the preceding claims, wherein resonant energy in each of

the resonator structures comprises electromagnetic fields.

8. The method of claim 7, wherein the maximum value of the coupling rate x;, and
the maximum value of the coupling rate k,, for inductive coupling between the

intermediate resonator structure and each of the first and second resonator structures are

each larger than twice the loss rate I' for each of the first and second resonators.

9. The method of claim 8, wherein the maximum value of the coupling rate x;, and
the maximum value of the coupling rate k,, for inductive coupling between the

intermediate resonator structure and each of the first and second resonator structures are

each larger than four (4) times the loss rate I' for each of the first and second resonators.

10. The method of claim 7, wherein each resonator structure has a resonant frequency

between 50 KHz and 500 MHz.

11. The method of any of the preceding claims, wherein the maximum value of the

coupling rate x;, and the maximum value of the coupling rate k,, are each at least five

(5) times greater than the coupling rate between the first resonator structure and the

second resonator structure.
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12. The method of any of the preceding claims, wherein the intermediate resonator
structure has a rate of radiative energy loss that is at least twenty (20) times greater than

that for either the first resonator structure or the second resonator structure.

13. The method of claim 1, wherein the first and second resonator structures are

substantially identical.

14. The method of any of the preceding claims, wherein the adjustment of at least one

of the coupling rates k;, and k,, causes peak energy accumulation in the intermediate

resonator structure to be less than five percent (5%) of the peak total energy in the three

resonator structures.

15. The method of any of the preceding claims, wherein adjusting at least one of the

coupling rates k;, and k,, comprises adjusting a relative position and/or orientation

between one or more pairs of the resonator structures.

16. The method of any of the preceding claims, wherein adjusting at least one of the

coupling rates k;, and k,, comprises adjusting a resonator property of one or more of

the resonator structures.

17. The method of claim 16, wherein the resonator property comprises mutual
inductance.
18. The method of any of the preceding claims, wherein at least one of the resonator

structures comprises a capacitively loaded loop or coil of at least one of a conducting

wire, a conducting Litz wire, and a conducting ribbon.
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19. The method of any of the preceding claims, wherein at least one of the resonator
structures comprises an inductively loaded rod of at least one of a conducting wire, a

conducting Litz wire, and a conducting ribbon.

20. An apparatus comprising:

first, intermediate, and second resonator structures, wherein a coupling rate between the

first resonator structure and the intermediate resonator structure is &;, and a coupling

rate between the intermediate resonator structure and the second resonator structure is

K., and

B2 >
means for adjusting at least one of the coupling rates x;, and k,, during wireless energy
transfers among the resonator structures to reduce energy accumulation in the
intermediate resonator structure and improve wireless energy transfer from the first
resonator structure to the second resonator structure through the intermediate resonator

structure.

21. The apparatus of claim 20, wherein the means for adjusting comprises a rotation
stage for adjusting the relative orientation of the intermediate resonator structure with

respect to the first and second resonator structures.

22. The apparatus of claim 20, wherein the means for adjusting comprises a
translation stage for moving the first and/or second resonator structures relative to the

intermediate resonator structure.
23. The apparatus of claim 20, wherein the means for adjusting comprises a
mechanical, electro-mechanical, or electrical staging system for dynamically adjusting

the effective size of one or more of the resonator structures.

24. The method of claim 4, wherein the adjustment of at least one of the coupling

rates K, and k, causes peak energy accumulation in the intermediate resonator
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structure during the wireless energy transfers to be less than ten percent (10%) of the

peak total energy in the three resonator structures.

25. The method of any of claims 1-19 and 24, wherein the wireless energy transfers
are non-radiative energy transfers mediated by a coupling of a resonant field evanescent
tail of the first resonator structure and a resonant field evanescent tail of the intermediate
resonator structure and a coupling of the resonant field evanescent tail of the intermediate

resonator structure and a resonant field evanescent tail of the second resonator structure.

26. The method of claim 25, wherein the first and second resonator structures each

have a quality factor greater than 50.

27. The method of claim 25, wherein the first and second resonator structures each

have a quality factor greater than 100.

28. A method for transferring energy wirelessly, the method comprising:
transferring energy wirelessly from a first resonator structure to a intermediate resonator
structure, wherein the coupling rate between the first resonator structure and the

intermediate resonator structure is K, ;

transferring energy wirelessly from the intermediate resonator structure to a second
resonator, wherein the coupling rate between the intermediate resonator structure and the

second resonator structure is K, ; and

during the wireless energy transfers, adjusting at least one of the coupling rates x;, and
K, to cause an energy distribution in the field of the three-resonator system to have

substantially no energy in the intermediate resonator structure while wirelessly
transferring energy from the first resonator structure to the second resonator structure

through the intermediate resonator structure.
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29. The method of claim 28, wherein having substantially no energy in the
intermediate resonator structure means that peak energy accumulation in the intermediate
resonator structure is less than ten percent (10%) of the peak total energy in the three

resonator structures throughout the wireless energy transfer.

30. The method of claim 28, wherein having substantially no energy in the
intermediate resonator structure means that peak energy accumulation in the intermediate
resonator structure is less than five percent (5%) of the peak total energy in the three

resonator structures throughout the wireless energy transfer.

31. The method of any of claims 28 to 30, wherein the adjustment of at least one of

the coupling rates k;, and k,, maintains the energy distribution in the field of the three-

resonator system in an eigenstate having the substantially no energy in the intermediate

resonator structure.

32. The method of claim 31, wherein the adjustment of at least one of the coupling

rates ki, and k,, further causes the eigenstate to evolve substantially adiabatically from

an initial state with substantially all energy in the resonator structures in the first
resonator structure to a final state with substantially all of the energy in the resonator

structures in the second resonator structure.

33. The method of any of claims 28 to 32, wherein the adjustment of at least one of

the coupling rates k;, and k,, comprises adjustments of both coupling rates x;, and «;,

during wireless energy transfers.

34. The method of any of claims 28 to 33, wherein resonant energy in each of the

resonator structures comprises electromagnetic fields.
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35. The method of claim 34, wherein the maximum value of the coupling rate «;,
and the maximum value of the coupling rate x,, for inductive coupling between the

intermediate resonator structure and each of the first and second resonator structures are

each larger than twice the loss rate I' for each of the first and second resonators.

36. The method of claim 34, wherein the maximum value of the coupling rate «;,
and the maximum value of the coupling rate x,, for inductive coupling between the

intermediate resonator structure and each of the first and second resonator structures are

each larger than four (4) times the loss rate I' for each of the first and second resonators.

37. The method of any of claims 34 to 36, wherein each resonator structure has a

resonant frequency between 50 KHz and 500 MHz.

38. The method of any of claims 28 to 37, wherein the maximum value of the

coupling rate x;, and the maximum value of the coupling rate k,, are each at least five

(5) times greater than the coupling rate between the first resonator structure and the

second resonator structure.

39. The method of any of claims 28 to 38, wherein the intermediate resonator
structure has a rate of radiative energy loss that is at least twenty (20) times greater than

that for either the first resonator structure or the second resonator structure.

40. The method of any of claims 28 to 39, wherein the first and second resonator

structures are substantially identical.

41. The method of any of claims 28 to 40, wherein adjusting at least one of the

coupling rates k;, and k,, comprises adjusting a relative position and/or orientation

between one or more pairs of the resonator structures.
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42. The method of any of claims 28-41, wherein adjusting at least one of the coupling

rates K, and k, comprises adjusting a resonator property of one or more of the

resonator structures.

43. The method of claim 42, wherein the resonator property comprises mutual
inductance.
44, The method of any of claims 28 to 43, wherein at least one of the resonator

structures comprises a capacitively loaded loop or coil of at least one of a conducting

wire, a conducting Litz wire, and a conducting ribbon.

45. The method of any of claims 28 to 44, wherein at least one of the resonator
structures comprises an inductively loaded rod of at least one of a conducting wire, a

conducting Litz wire, and a conducting ribbon.

46. The method of any of claims 28 to 45, wherein the wireless energy transfers are
non-radiative energy transfers mediated by a coupling of a resonant field evanescent tail
of the first resonator structure and a resonant field evanescent tail of the intermediate
resonator structure and a coupling of the resonant field evanescent tail of the intermediate

resonator structure and a resonant field evanescent tail of the second resonator structure.

47. The method of claim 46, wherein the first and second resonator structures each

have a quality factor greater than 50.

48. The method of claim 47, wherein the first and second resonator structures each

have a quality factor greater than 100.

49. The method of any of claims 28 to 48, wherein the adjustment of at least one of

the coupling rates k;, and k,, to cause the energy distribution in the field of the three-
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resonator system to have substantially no energy in the intermediate resonator structure

improves wireless energy transfer between the first and second resonator structures.

50.  An apparatus comprising:
first, intermediate, and second resonator structures, wherein a coupling rate between the

first resonator structure and the intermediate resonator structure is &;, and a coupling

rate between the intermediate resonator structure and the second resonator structure is

K., and

B2>
means for adjusting at least one of the coupling rates x;, and k,, during wireless energy
transfers among the resonator structures to cause an energy distribution in the field of the
three-resonator system to have substantially no energy in the intermediate resonator
structure while wirelessly transferring energy from the first resonator structure to the

second resonator structure through the intermediate resonator structure.

51. The apparatus of claim 50, wherein having substantially no energy in the
intermediate resonator structure means that peak energy accumulation in the intermediate
resonator structure is less than ten percent (10%) of the peak total energy in the three

resonator structures throughout the wireless energy transfers.

52. The apparatus of claim 50, wherein having substantially no energy in the
intermediate resonator structure means that peak energy accumulation in the intermediate
resonator structure is less than five percent (5%) of the peak total energy in the three

resonator structures throughout the wireless energy transfers.
53. The apparatus of any of claims 50 to 52, wherein the means for adjusting is

configured to maintain the energy distribution in the field of the three-resonator system in

an eigenstate having the substantially no energy in the intermediate resonator structure.
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54. The apparatus of any of claims claim 50 to 53, wherein the means for adjusting
comprises a rotation stage for adjusting the relative orientation of the intermediate

resonator structure with respect to the first and second resonator structures.

55. The apparatus of any of claims 50 to 54, wherein the means for adjusting
comprises a translation stage for moving the first and/or second resonator structures

relative to the intermediate resonator structure.

56. The apparatus of any of claims 50 to 55, wherein the means for adjusting
comprises a mechanical, electro-mechanical, or electrical staging system for dynamically

adjusting the effective size of one or more of the resonator structures.

57. The apparatus of any of claims 50 to 56, wherein at least one of the resonator
structures comprises a capacitively loaded loop or coil of at least one of a conducting

wire, a conducting Litz wire, and a conducting ribbon.

58. The apparatus of any of claims 50 to 57, wherein at least one of the resonator
structures comprises an inductively loaded rod of at least one of a conducting wire, a

conducting Litz wire, and a conducting ribbon.

59. The apparatus of any of claims 50 to 58, further comprising a source coupled to

the first resonator structure and a load coupled to the second resonator structure.

60. The method of any of claims 1-19 and 24-27, wherein the adjustment of the at
least one of the coupling rates defines a first mode of operation,

wherein the reduction in the energy accumulation in the intermediate resonator structure
is relative to energy accumulation in the intermediate resonator structure for a second
mode of operation of wireless energy transfer among the three resonator structures having

a coupling rate x’,, for wireless energy transfer from the first resonator structure to the

intermediate resonator structure and a coupling rate x’,, for wireless energy transfer
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from the intermediate resonator structure to the second resonator structure with k7, and
k5, each being substantially constant during the second mode of wireless energy

transfer, and

wherein the adjustment of the coupling rates k;, and &, in the first mode of operation

e Ko K < K +K' 2
satisfies 187782 \/ /

61. The method of claim 60, wherein the first mode of operation has a greater
efficiency of energy transferred from the first resonator to the second resonator compared

to that for the second mode of operation.

62. The method of claim 61, wherein the first and second resonator structures are

substantially identical and each one has a loss rate I',, the intermediate resonator

structure has a loss rate T, and wherein I, /T, is greater than 50.

63. The method of claim 60, wherein a ratio of energy lost to radiation and total
energy wirelessly transferred between the first and second resonator structures in the first

mode of operation is less than that for the second mode of operation.

64. The method of claim 63, wherein the first and second resonator structures are

substantially identical and each one has a loss rate 1", and a loss rate only due to

radiation I', _,, the intermediate resonator structure has a loss rate 1, and a loss rate

only due to radiation I, ., and wherein I, , /T, >T, ., /T, .

65. The method of claim 60, wherein in the first mode of operation the intermediate
resonator structure interacts less with extraneous objects than it does in the second mode

of operation.
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66. The method of any of claims 1-19, 24-27, and 60-65, wherein during the wireless
energy transfer from the first resonator structure to the second resonator structure at least
one of the coupling rates is adjusted so that k,, << k,, at a start of the energy transfer
and k,; >> K, by a time a substantial portion of the energy has been transferred from the

first resonator structure to the second resonator structure.

67.  The method of claim 66, wherein the coupling rate k,, is maintained at a fixed
value and the coupling rate k;, is increased during the wireless energy transfer from the

first resonator structure to second resonator structure.

68. The method of claim 66, wherein the coupling rate k;, is maintained at a fixed
value and the coupling rate k, is decreased during the wireless energy transfer from the

first resonator structure to second resonator structure.

69. The method of claim 66, wherein, during the wireless energy transfer from the

first resonator structure to second resonator structure, the coupling rate k;, is increased

and the coupling rate x,, is decreased.

70. The method of any of claims 28-49, wherein the adjustment of the at least one of
the coupling rates defines a first mode of operation,

wherein energy accumulation in the intermediate resonator structure during the wireless
energy transfer from the first resonator structure to second resonator structure is smaller
than that for a second mode of operation of wireless energy transfer among the three

resonator structures having a coupling rate x”’,, for wireless energy transfer from the first
resonator structure to the intermediate resonator structure and a coupling rate x’,, for

wireless energy transfer from the intermediate resonator structure to the second resonator

structure with x’, and x’,, each being substantially constant during the second mode of

wireless energy transfer, and
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wherein the adjustment of the coupling rates k;, and k,, in the first mode of operation

e Ko K < K +K' 2
satisfies 187782 \/ /

71. The method of claim 70, wherein the first mode of operation has a greater
efficiency of energy transferred from the first resonator to the second resonator compared

to that for the second mode of operation.

72. The method of claim 71, wherein the first and second resonator structures are

substantially identical and each one has a loss rate I',, the intermediate resonator

structure has a loss rate I'y, and wherein ', /T, is greater than 50.

73. The method of claim 70, wherein a ratio of energy lost to radiation and total
energy wirelessly transferred between the first and second resonator structures in the first

mode of operation is less than that for the second mode of operation.

74. The method of claim 73, wherein the first and second resonator structures are

substantially identical and each one has a loss rate I', and a loss rate only due to

radiation I', _,, the intermediate resonator structure has a loss rate 1, and a loss rate

only due to radiation I, ., and wherein I, , /T, >T, ., /T, .

75. The method of claim 70, wherein in the first mode of operation the intermediate
resonator structure interacts less with extraneous objects than it does in the second mode

of operation.
76. The method of any of claims 28-49 and 70-75, wherein during the wireless energy

transfer from the first resonator structure to the second resonator structure at least one of

the coupling rates is adjusted so that k;, << k;, at a start of the energy transfer and
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K, >> K, by a time a substantial portion of the energy has been transferred from the

first resonator structure to the second resonator structure.

77.  The method of claim 76, wherein the coupling rate k,, is maintained at a fixed
value and the coupling rate k;, is increased during the wireless energy transfer from the

first resonator structure to second resonator structure.

78.  The method of claim 76, wherein the coupling rate k;, is maintained at a fixed
value and the coupling rate k, is decreased during the wireless energy transfer from the

first resonator structure to second resonator structure.

79. The method of claim 76, wherein, during the wireless energy transfer from the

first resonator structure to second resonator structure, the coupling rate k;, is increased

and the coupling rate x,, is decreased.

80. A method for transferring energy wirelessly, the method comprising:
transferring energy wirelessly from a first resonator structure to a intermediate resonator
structure, wherein the coupling rate between the first resonator structure and the

intermediate resonator structure is K, ;
transferring energy wirelessly from the intermediate resonator structure to a second
resonator, wherein the coupling rate between the intermediate resonator structure and the

,;and

second resonator structure with a coupling rate is &
during the wireless energy transfers, adjusting at least one of the coupling rates x;, and
K, to define a first mode of operation in which energy accumulation in the intermediate

resonator structure is reduced relative to that for a second mode of operation of wireless

energy transfer among the three resonator structures having a coupling rate x’,; for

wireless energy transfer from the first resonator structure to the intermediate resonator
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structure and a coupling rate x’,, for wireless energy transfer from the intermediate
resonator structure to the second resonator structure with x’,, and x’,, each being

substantially constant during the second mode of wireless energy transfer, and

wherein the adjustment of the coupling rates k;, and k,, in the first mode of operation

e Ko K < K +K' 2
satisfies 187782 \/ /

81. An apparatus comprising:

first, intermediate, and second resonator structures, wherein a coupling rate between the

first resonator structure and the intermediate resonator structure is &;, and a coupling

rate between the intermediate resonator structure and the second resonator structure is
Ky, and

means for adjusting at least one of the coupling rates x;, and k,, during wireless energy
transfers among the resonator structures to define a first mode of operation in which
energy accumulation in the intermediate resonator structure is reduced relative to that for

a second mode of operation for wireless energy transfer among the three resonator

structures having a coupling rate x’,, for wireless energy transfer from the first resonator
structure to the intermediate resonator structure and a coupling rate x’,, for wireless
energy transfer from the intermediate resonator structure to the second resonator structure
with 7, and x’,, each being substantially constant during the second mode of wireless
energy transfer, and

wherein the adjustment of the coupling rates k,, and &, in the first mode of operation

e K Ky < K‘ +K' 2
satisfies 187782 \/ /
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