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function of the relative distance DI r between two identical loops with r = 30cm and 

a=2cm. 

Fig. 22(b) illustrates the strong-coupling factor U and the strong-interference 

factor V as a curve in the U -V plane, parametrized with the relative distance DI r 

between the two loops, for the cases with interference and eigenfrequency f-ri (solid), 

with interference and eigenfrequency fu ( dashed), and without interference and 

eigenfrequency fu ( dotted). 

Fig. 22( c) shows the efficiency enhancement ratio of the solid curve in Fig. 22(b) 

relative to the dashed and dotted curves in Fig. 22(b ). 

Fig. 23 shows the radiation efficiency as a function of the resonant 

eigenfrequency of two identical capacitively-loaded conducting single-tum loops. Results 

for two different loop dimensions are shown and for two relative distances between the 

identical loops. For each loops dimension and distance, four different cases are examined: 

without far-field interference (dotted), with far-field interference but no driving­

frequency detuning (dashed) and with driving-frequency detuning to maximize either the 

efficiency (solid) or the ratio of efficiency over radiation ( dash-dotted). 

Fig. 24 shows CMT results for (a) the coupling factor k and (b) the strong­

coupling factor U , for three different m values of subwavelength resonant modes of two 

same dielectric disks at distance DI r = 5 ( and also a couple more distances for m = 2 ), 

when varying their E in the range 250 ~ E ~ 35. Note that disk-material loss-tangent 

tan 8 = 6-1 o-6 
E - 2·10--4 was used. ( c) Relative U error between CMT and numerical 

FEFD calculations of part (b ). 

Fig. 25 shows Antenna Theory (AT) results for (a) the normalized interference 

term 2A/ ,Jov»2 and (b) magnitude of the strong-interference factor IVI, as a function of 

frequency, for the exact same parameters as in Fig.24. ( c) Relative V error between AT 

and numerical FEFD calculations of part (b). 

Fig. 26 shows results for the overall power transmission as a function of 

frequency, for the same set of resonant modes and distances as in Figs.24 and 25, based 

on the predictions including interference (solid lines) and without interference, just from 

U ( dotted lines). 
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Fig. 27 (a) shows the frequencies fu and hi, where the strong-coupling factor U 

and the power-transmission efficiency T/ are respectively maximized, as a function of the 

transfer distance between the m = 2 disks of Fig. 15. Fig. 27(b) shows the efficiencies 

achieved at the frequencies of (a) and, in inset, the enhancement ratio of the optimal (by 

definition) efficiency for hi versus the achievable efficiency at fu. Fig. 27(c) shows the 

D -parametrized path of the transmission efficiency for the frequency choices of (a) on 

the U - V efficiency map. 

Fig. 28 shows results for the radiation efficiency as a function of the transfer 

distance at resonant frequency fu, when the operating frequency is detuned (solid line), 

when it is not ( dashed line), and when there is no interference whatsoever ( dotted line). In 

the inset, we show the corresponding radiation suppression factors. 

Figs. 29(a)-(b) show schematics for frequency control mechanisms. 

Figs. 30(a)-(c) illustrate a wireless energy transfer scheme using two dielectric 

disks in the presence of various extraneous objects. 

DETAILED DESCRIPTION 

1. Efficient energy-transfer by '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 'i and a resonant device object of characteristic size r2 • Both objects 

are resonant objects. The wireless non-radiative 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 
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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. 

It is to be understood that while two resonant objects are shown in the example of 

Fig. 1, and in many of the examples below, other examples can feature three or more 

resonant objects. For example, in some examples, a single source object can transfer 

energy to multiple device objects. In some examples, energy can be transferred from a 

first resonant object to a second resonant object, and then from the second resonant object 

to a third resonant object, and so forth. 

Initially, we present a theoretical framework for understanding non-radiative 

wireless energy transfer. Note however that it is to be understood that the scope of the 

invention is not bound by theory. 

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 

eigemodes, which we will use for the energy exchange, have angular frequencies OJ1.2 , 

frequency-widths due to intrinsic (absorption, radiation etc.) losses r 1 2 and (generally) 

vector fields F1,2 ( 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). 

In this picture, the field of the system of the two resonant objects 1, 2 can be 

approximated by F( r,t) = a 1 (t )F1 ( r )+ a2 (t )F2 ( r), where a1,2 (t) are the field 

amplitudes, with la1,2 ( t )12 equal to the energy stored inside the object 1, 2 respectively, 

due to the normalization. Then, using e -irot time dependence, the field amplitudes can be 

shown to satisfy, to lowest order: 
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:t al (t) = -i( ml -ffl )al (t )+ iK11a1 (t )+ iK12a2 (t) 

:t a2 (t) = -i( m2 -ff 2 )a2 (t )+ iK21a1 (t) + iK22a2 (t) 

where Ku_22 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 m1,2 ➔ m1,2 + Ku,22 , and K 12,21 are the coupling coefficients, which from the 

reciprocity requirement of the system must satisfy K 21 = K 12 = K . 

The normal modes of the combined system are found, by substituting 

[a1 (t), a2 (t)] = [Ai,A 2 ]e-iwt, to have complex frequencies 

(1) 

(2) 

whose splitting we denote as oE = W+ - w_. Note that, at exact resonance w 1 = w2 and 

for f 1 = f 2 , we get oE = 2K. 

Assume now that at time t = 0 the source object 1 has finite energy la1 (0) 12
, while 

the device object has la2 (0) 12 = 0. Since the objects are coupled, energy will be 

transferred from 1 to 2. With these initial conditions, Eqs.(1) can be solved, predicting 

the evolution of the device field-amplitude to be 

The energy-transfer efficiency will be 1JE = la2 (t) 12 /la1 (0) 12
. Note that, at exact 

resonance w1 = w 2 and in the special case f 1 = f 2 = r0 , Eq.(3) can be written as 

sin(UT)-e-r 

where T = r0 t and U = Kjf0 . 
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“a (1) =—i(e iT, Ja, (1) +ix,4, (1) + ix, (6)
“a. (z) = -i(@, —iT',)a, (t)+ix,,4, (7) +1K,,d, (z)

where «,,, are the shifts in each object’s frequency due to the presenceofthe other,

which are a second-order correction and can be absorbed into the eigenfrequencies by

setting @,, > @,.+K,,>,,and «,,,, are the coupling coefficients, which from the

reciprocity requirementof the system mustsatisfy «,,=K,. =K.

The normal modes of the combined system are found, by substituting

[a,(t), a2(t)] = [A;, Az]e7®, to have complex frequencies

2
t
KO (2)
 

a -At® jth, @, — @, jaa,
~ 2 2 2 2

whosesplitting we denote as 6g = ®, — @_. Note that, at exact resonance @, = w,2 and

for T, =T,, we get dg = 2k.

Assumenow that at time t = 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 | to 2. With these initial conditions, Eqs.(1) can be solved, predicting

the evolution of the device field-amplitude to be

 
 a. t ; Feat,2 ) ~ Esin(He a, (3)ja,(0)] 6, 2

The energy-transferefficiency will be 7g = |a,(t)|*/l|a,(0)|*. Note that, at exact

resonance W, = @, and in the special case T, = FT, = Py, Eq.(3) can be written as

a,(T . rHS( ) = sin(UT)e7 (4)
la, (0)

where T = [gt and U = k/To.
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In some examples, the system designer can adjust the duration of the coupling t at 

will. In some examples, the duration t can be adjusted to maximize the device energy 

(and thus efficiency 1JE)- Then, in the special case f 1 = f 2 = f 0 , it can be inferred from 

Eq.(4) that 1JE is maximized for 

(5) 

resulting in an optimal energy-transfer efficiency 

(6) 

which is only a function of the coupling-to-loss ratio U = Kjf0 and tends to unity when 

U » 1, as depicted in Fig.2(c). In general, also for f 1 -=I= f 2 , the energy transfer is nearly 

perfect, when the coupling rate is much faster than all loss rates (K/f1,2 » 1). 

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

power generator (not shown in Fig. I), and the device object can be connected to a power 

consuming load (e.g. a resistor, a battery, an actual device, not shown in Fig.I). 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 t*. 

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

amplitudes 5
±1,2 (t) are then defined, so that ls±1

,
2 (t )12 is equal to the power ingoing to 
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In some examples, the system designer can adjust the duration of the coupling t at

will. In some examples, the duration ¢ can be adjusted to maximize the device energy

(and thus efficiency 7,). Then, in the special case [, = [, = Tg, it can be inferred from

Eq.(4) that 7, is maximized for

_ tan'U

 

T. (5)
U

resulting in an optimal energy-transfer efficiency

ue 2tan|U
.= T.)= ~exp| —————— 6The =e (T.) = of 7 (6)

which is only a function of the coupling-to-loss ratio U = «/T, and tends to unity when

U > 1, as depicted in Fig.2(c). In general, also for T, # I, the energytransfer is nearly

perfect, when the coupling rate is muchfaster than all loss rates (K/T,2 > 1).

Ina 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

consuming load (e.g. a resistor, a battery, an actual device, not shownin 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 consumethe energy from the device object. To incorporate such supply and

consumption mechanisms into this temporal scheme, in some examples, one can imagine

that the generatoris 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 optimaltime 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 periodf,.

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

Let the gencrator be continuously supplying energy to the source object | at a rate

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

; , ao(@). aeamplitudes Sa12 (:) are then defined, so that Sans ( ) | is equal to the power ingoing to
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(for the+ sign) or outgoing from (for the - sign) the object 1, 2 respectively, and the CMT 

equations are modified to 

:t al (t) = -i( 0)1 -irl )al (t) + iK11a1 (t )+ iK12a2 (t )-Klal (t) +ffe:s+l (t) 

:t a2 (t) = -i( m2 -ff 2 )a2 (t) + iK21a1 (t) +iK22a2 (t )-K2a2 (t) 

s_1 (t) = ffe;a1 (t )-s+1 (t) 

S_2 (t) = ~a2 (t) 

where again we can set w 1,2 ➔ w 1,2 + K11,22 and K21 = K12 = K. 

(7) 

Assume now that the excitation is at a fixed frequency w, namely has the form 

s+1 (t) = S+1 e-iwt. Then the response of the linear system will be at the same frequency, 

namely a1,2(t) = A 1 ,2 e-iwt and s_1,2(t) = S_ 1,2 e-iwt_ By substituting these into Eqs.(7), 

using 81,2 = w - w1,2, and solving the system, we find the field-amplitude transmitted to 

the load (S21 scattering-matrix element) 

S =S_2 _ 2iK~ 
21 - s+l - (r1 +K1 -i81)(r2 +K2 -i82)+K2 

2iU✓U1U2 

and the field-amplitude reflected to the generator (S11 scattering-matrix element) 

s = s_1 = (r1 -K1 -t0i)(r2 +K2 -to2)+K
2 

11 
- s+l (r1 +Kl -i81)(r2 +K2 -ioJ+K2 

(1-Ul -iD1 )(1 +U2 -iD2) +U2 

(l+U1 -iD1)(l+U2 -iDJ+U2 

(8) 

(9) 

where D1 ,2 = 81,2/f1,2, U1,2 = K1,2/f1,2 and U = K/Jr1r 2. Similarly, the scattering­

matrix elementsS12 , S22 are given by interchanging 1 - 2 in Eqs.(8),(9) and, as expected 

from reciprocity, S21 = S12 . The coefficients for power transmission ( efficiency) and 

reflection and loss are respectively 1}p = 1S21 12 = 1S-212 /IS+1 l
2 and 1S11 12 = 

IS-1l 2/IS+11 2 and 1-1S2112 -1S111 2 = (Zf1IA11 2 + 2f2IA2l 2)/IS+11 2. 

In practice, in some implementations, the parameters D1,2, U1,2 can be designed 

( engineered), since one can adjust the resonant frequencies w 1 ,2 ( compared to the desired 
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(for the + sign) or outgoing from (for the - sign) the object 1, 2 respectively, and the CMT

equations are modified to

d . . r . .

a(t) =-i(@, -iT, )a, (t) +i«,,4, (t)+ik,,a, (t)— Ka, (t)+¥2K5,, (¢)
d . . . rye

ae (t) =—i(@, -iT, )a, (t) +ik,,a, (t)+ ix,,a, (t)—K,a,(t) (7)
Sy (t) =,/2K,a, (t) —S. (t)

s(t) = (2K,4, (7)

where again we Can set @,2 7 @1> + Ky122 and Kz, = Ky2 = K.

Assume nowthat the excitation is at a fixed frequency w, namely has the form

$41(t) = S,,e7'*, Then the response of the lincar system will be at the same frequency,

namely a;2(t) = A,2,e %* and s_y2(f) = S_12e @*. By substituting these into Eqs.(7),

using 6,5 = @ — @12, and solving the system, we find the field-amplitude transmitted to

the load (S,, scattering-matrix element)

Sy 21K KK,
S.,  (U, +6, —i5, (1, + «, —i5,)+

 

Sy, =
+1

 

   

(8)
_ 2iUJUU,;
~ (14+U, -iD,)(1+U, -iD,)+U’

andthe field-amplitude reflected to the generator (5,, scattering-matrix element)

5 Sa (0, —«, -i0, )(T, +«, —id,) +?
nS, (T, +k, —16, \r, K> id, ) K (0)

(1-U, -iD, )(1+U, -iD,)+U*
~ (14U, -iD,)(14U, -iD, )+U*

 

where Dy. = 642/Ty2. Ui2 = K12/Ty2 and U = K/VTTo. Similarly, the scattcring-

matrix elementsS,,, S22 are given by interchanging | < 2 in Eqs.(8),(9) and, as expected

from reciprocity, $3, = S12. The coefficients for power transmission (efficiency) and

reflection and loss are respectively np = |S2,]7 = |S_2|*/1S4,/% and [S,,/7 =

[S_4|*/1Sa11? and 1 — IS211? _ [S44]? = (27, JA, |? + 21 |Az17)/1S421.

In practice, in some implementations, the parameters D,>, U; can be designed

(engineered), since one can adjust the resonant frequencies w,,. (compared to the desired
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operating frequency cu) and the generator/load supply/drain rates K 1 ,2 . 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) 

f/p = 1S21 12 of the system, so one would require 

Since S21 (from Eq.(8)) is symmetric upon interchanging 1 - 2, the optimal 

values for D1 ,2 (determined by Eqs.(10)) will be equal, namely D1 = D2 = D0 , and 

similarly U1 = U2 = U0 . Then, 

S _ 2iUUO 
21 

- (l+Uo -iD0)
2 

+U2 

and from the condition rJ~(D0 ) = 0 we get that, for fixed values of U and U0 , the 

efficiency can be maximized for the following values of the symmetric detuning 

D =±,Ju2
-(l+U0 )

2
, if U>I+U0 

0 

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

efficiency peaks as 

{JJ_ 

(10) 

(11) 

(12) 

(13) 

whose splitting we denote as op = W+ - w_. Note that, at exact resonance w 1 = w 2 , and 

for f 1 = f 2 = r0 and K 1 = K 2 = K 0 , we get Op = 2-J K 2 - (f0 + K 0 )
2 < oE, namely the 

transmission-peak splitting is smaller than the normal-mode splitting. Then, by 

substituting D0 into f/p from Eq.(12), from the condition rJ~(U0 ) = 0 we get that, for 

fixed value of U, the efficiency can be maximized for 

Eq.(12) 

⇒ D
0

• =0 (14) 

which is known as 'critical coupling' condition, whereas for U0 < U0 * the system is 

called 'undercoupled' and for U0 > U0 * it is called 'overcoupled'. The dependence of 

the efficiency on the frequency detuning D0 for different values of U0 (including the 
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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 powertransmission (efficiency)

Np = |S2,|? of the system, so one would require

hp (D,, ) =p (U.2) =0

 

(10)

Since S3, (from Eq.(8)) is symmetric upon interchanging | <> 2, the optimal

values for D,, (determined by Eqs.(10)) will be equal, namely D, = D2 = Dg, and

similarly U; = Uz = U,. Then,

_ 2iUU,

“ (14U,-iD,y +U? (11)

and from the condition 7,(D,) = 0 wegetthat, for fixed values of U and U,, the

efficiency can be maximized for the following valucs of the symmetric detuning

2 2 . 5

p, -*NU —(14+U,), if U>1+U, |
0, if U<1+U, (12)

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

efficiency peaks as

2/1 J, 5Q. Ol, +a + ik’ —(T,+«,)(T,+«,),
~ r+, r+, “ (13)

whosesplitting we denote as dp = @, — @_. Note that, at exact resonance w, = W,, and

forl, =, =T, and k, = Ky = Kg, we get dp = 2,/K? — (Tg + kg)? < 5;, namely the

transmission-peak splitting is smaller than the normal-modesplitting. Then, by

substituting D, into 7p from Eq.(12), from the condition 7p,(U,) = 0 we getthat, for

fixed value of U, the efficiency can be maximized for

— Eq(12)
= fr =

U 1+U => D,=9 (14)
which is known as ‘critical coupling’ condition, whereas for U, < U,. the system is

called ‘undercoupled’ and for U, > U,, itis called ‘overcoupled’. The dependence of

the efficiency on the frequency detuning Dg for different values of U, (including the
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'critical-coupling' condition) are shown in Fig. 2(a,b). The overall optimal power 

efficiency using Eqs.(14) is 

(15) 

which is again only a function of the coupling-to-loss ratio U = K/Jr1r2 and tends to 

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 1S1112 and the load 1S22 12
, so one would then need 

(16) 

The equations above present 'impedance matching' conditions. Again, the set of 

these conditions is symmetric upon interchanging 1 +---+ 2, so, by substituting D1 = D2 = 
D0 and U1 = U2 = U0 into Eqs.(16), we get 

( . )2 2 2 1-zDO -Uo +U =0, 

from which we easily find that the values of D0 and U0 that cancel all reflections are 

again exactly those in Eqs.(14). 

(17) 

It can be seen that, for this particular problem, the two goals and their associated 

sets of conditions (Eqs.(10) and Eqs.(16)) result in the same optimized values of the intra­

source and intra-device parameters D1 ,2 , U1 ,2 . 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/2f and defining by 

analogy the coupling factor k = 1/QK = 2K/✓w1w2 , it is therefore exactly this ratio 
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‘critical-coupling’ condition) are shown in Fig. 2(a,b). The overall optimal power

efficiency using Eqs.(14) is

 U..-1 uCpx =I) (DU) = 2 [-—_] >Un tl qavieu?, (15)

which is again only a function of the coupling-to-loss ratio U = «/,/T,T, and tends to

unity when U >1, as depicted in Fig. 2(c).

In some examples, a goal can be to minimize the powerreflection at the side of

the generator |S,,|? and the load |S2.|7, so one would then need

Sy=0= (1FU, -iD, )(14U, -iD,)+U’ =0,il, ( 1 )¢ ) a6)
The equations above present ‘impedance matching’ conditions. Again, the set of

these conditions is symmetric upon interchanging | < 2, so, by substituting D, = D, =

D, and U, = U, = U, into Eqs.(16), we get

(1-iD,) —U? +U? =0,
(17)

from which weeasily find that the values of Dg and U, that cancel all reflections are

again exactly those in Eqs.(14).

It can be seen that, for this particular problem, the two goals and their associated

sets of conditions (Eqs.(10) and Eqs.(16)) result in the same optimized values ofthe 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/2T and defining by

analogy the coupling factor k = 1/Q,. = 2k/JV@,@z, it is therefore exactly this ratio
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(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 desired optimal regime U > 1 is called 

'strong-coupling' regime and it is a necessary and sufficient condition for efficient 

energy-transfer. In particular, for U > 1 we get, from Eq.(15), 1]p* > 17%, large enough 

for practical applications. The figure-of-merit U is 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 r. 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 all directions in air 

away from the objects, since Maxwell's Equations in free space imply that k 2 =al /c2
, 

where k is the wave vector, co the angular frequency, and c the speed oflight, 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 tum 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 (Qract) is to design subwavelength resonant objects. When 
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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 

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 Q, 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 (Qabs) is 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 preferably uses systems that achieve a high coupling factor k, 

corresponding to strong (i.e. fast) coupling rate K, over distances larger than the 

characteristic sizes of the objects. 

Since finite-sized subwavelength resonant objects can often be accompanied with 

a highQ, as was discussed above and will be seen in examples later on, such an object 

will typically be the appropriate choice for the possibly-mobile resonant device-object. 

In these cases, the electromagnetic field is, in some examples, of 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, though, that in some examples, the resonant source-object will be immobile 

and thus less restricted in its allowed geometry and size. It can be therefore chosen large 

enough that the near-field extent is not limited by the wavelength, and can thus have 

nearly infinite radiation-Q. 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, 
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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 1 ,2 , Q1 ,2 and k described above and how to choose or design these 

parameters for particular examples in order to produce a desirable figure-of-merit 

U = K/,jr1r2 = k,JQ1 Q2 at a desired distance D. In some examples, this figure-of-merit 

is maximized when w 1 ,2 are tuned close to a particular angular frequency Wu. 

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 

wound into a helical coil of radius r and height h ( namely with N = .J l2 
- h 

2 
/ 

27rr 

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

inductance and distributed capacitance, and therefore it supports a resonant mode of 

angular frequency co . 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 

p ( x) across it, to the magnetic field in free space, due to the current distribution j ( x) m 

the wire. In particular, the charge conservation equation V · j = iwp implies that: (i) this 

periodic exchange is accompanied by a rr /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 (ii) if Pt ( x) and I ( x) are respectively the linear charge and current densities 

in the wire, where x runs along the wire, q O = ½ f dx IPz ( x )I is the maximum 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) and 

I = max {II (x )I} 0 is the maximum positive value of the linear current distribution, then 
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10 = wq0 . 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: 

W = _!_ 12 L ⇒ L = ---1:!E_ ff dxdx' j ( x). j ( x') 
2 ° 41rl; lx-x'I 

W = _!_q2 _!_ ⇒ _!_ = l ff dxdx' p( x) p( x') 
2 ° C C 41rE

0
q; lx-x'I 

where µ 0 and Ea 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 w = 1 / .JYc and z = .J LI C 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 Rahs from the amount of power absorbed inside the wire and a total radiation 

resistance Rrad from the amount of power radiated due to electric- and magnetic-dipole 

radiation: 

where c = 1 / .J µ 0 c:0 and ( 0 = .J µ 0 I E0 are the light velocity and light impedance in free 

space, the impedance (c is (c = 1 / CYD = .J µ 0 w / 2CY with a the conductivity of the 

conductor and b the skin depth at the frequency w , i;ms = 7 f dx II ( x )12 , p = J dx r pz ( x) 

is the electric-dipole moment of the coil and m = ½ f dx r x 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 ( h, r « }~ = 21rc I OJ) has been used, which is the 

desired regime of a subwavelength resonance. With these definitions, the absorption and 
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1, = wq, . Then, one can define an effective total inductance / and an effective total

capacitance C’ ofthe coil through the amount of cnergy W inside its resonant mode:

weirs t-tej axdxIO)-I)
2° 4nl; |x —x'| (19)

lta]
>=

C 478,45

]
qd —

C (20)

where “ and“°are the magnetic permeability and electric permittivity of free space.

With these definitions, the resonant angular frequency and the effective

impedancecan begiven by the formulas “ — V/VLO and Z=yb/C 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 anda total radiation

resistance R,,7 from the amount of powerradiated due to electric- and magnetic-dipole

radiation:

2
_ 172 ae: .

Fabs = 10 abs > Rabs * Se ona 2 (21)o

_ a
@o @./imPrad = AISRad => Ryad ~ = (ott ; evil 5 (22) 

where c=1/J/p,6, and ¢, =./u4,/6, are the light velocity and light impedance in free

space, the impedance ¢, is ¢. =1/c6 = Jpi,w/2c0 with o the conductivity of the

conductor and 6 the skin depth at the frequency w, 7, = Al dx|I (x)p= fax rp; (x) 

is the electric-dipole momentofthe coil and m = +f dx ¥xj (x) is the magnetic-dipole
momentof the coil. For the radiation resistance formula Eq.(22), the assumption of

operation in the quasi-static regime (/,r « A = 2z¢/@) has been used, whichis the

desired regime of a subwavelength resonance. With these definitions, the absorption and
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radiation quality factors of the resonance are given by Qabs = Z I Rahs and 

Qrad = Z I Rrad respectively. 

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 

-l I 2 to +l I 2 , then the current amplitude profile would have the form 

/ ( x) = /
0 

cos ( ;rx I l), 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 1 ( x) = p
0 

sin ( ;rx I l), and thus 

l/2 
q

0 
= f

0 
dxp

0 
lsin(;rx/ z)I = pJ I ;r. Using these sinusoidal profiles we find the so-called 

"self-inductance" Ls and "self-capacitance" Cs of the coil by computing numerically the 

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

Zs respectively. The "self-resistances" Rs are given analytically by Eq.(21) and (22) 

') 

· 2 -lfl/
2 I ·/ 12-.l 2 11- (2.. )2 (4Ncos(nN) J~ usmg Irms - f I dx Io cos(;rx, l) - 1 Io, p -qo h + ( r2 ) r and 

-l,2 ~ Jr 4/v -1 ;r 
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I I (2 2)2 (cos(nN)(l2N
2

-l)-sin(nN)1rN(4N
2

-l) J2 

rn = / 0 -1V 1rr + ( 4 2 ) hr , and therefore the 
Jr l6N -8N +l Jr 

associated Qs factors can be calculated. 

The results for two examples of resonant coils with subwavelength modes of 

,\ / r ;;:=:-: 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 

(cr=5.998•1W'-7 S/m) was used. It can be seen that expected quality factors at microwave 

frequencies are Qs,abs ;;:=:-: 1000 and Qs,rad ;;:=:-: 5000 . 

Table 1 

single coil As IT I f(MHz) 
Qs,rad Qs,abs Q 

r=30cm, h=20cm, a=lcm, N=4 74.7 13.39 4164 8170 2758 

r=l0cm, 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 h » 2r and, oppositely, the magnetic coupling highly 

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

current distributions of two coils 1,2 respectively as p 1,2 ( x) and k2 ( x) , total charges 

and peak currents respectively as q1,2 and 11,2 , and capacitances and inductances 

respectively as C1,2 and L1,2 , which are the analogs of p ( x) , j ( x) , q 
O 

, I
O 

, 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: 
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h , 1 2; 1 2 1 2; 1 2 d h d · f: f w ere W1 = 2 q1 C1 = 2 / 1 Li , W2 = 2 q2 C2 = 2 I 2 Li an t e retar ahon actor o 

u = exp(iwlx-x'I/ 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 = .J C1 C2 / Af c +ML I .J L1 L 2 . 

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 A1 c,s and 

inductance A1 L,s between two self-resonant coils at a distance D between their centers, 

and thus k = 1/QK is also determined. 

Table 2 

pair of coils D/r Q ~=1/k u 

r=30cm, h=20cm, 
3 2758 38.9 70.9 

a=lcm, N=4 5 2758 139.4 19.8 

A/ r ;,:; 75 7 2758 333.0 8.3 
Qfbs ;,:; 8170, Q;ad ;,:; 4164 10 2758 818.9 3.4 

r=l0cm, h=3cm, 
3 3639 61.4 59.3 

a=2mm, N=6 5 3639 232.5 15.7 
J.,/r;,:; 140 7 3639 587.5 6.2 

Qfbs ;,:; 3968, QJ'ad ;,:; 43919 10 3639 1580 2.3 

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 Table 1. It can be seen that for 
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W =W,+W, +2(a!a2 +g2n)/ Me +i(RL, +13h,)M,

> 1/Me -—!_ffaxaxAWA), M,=—2—| dxdx'WX)() 3)
ATE,NY> |x —x| , 4x11, [x—x'|

where W, =ta iC, = Lk. Ww, =tq iC, =155L, and the retardation factor ofNie

u=exp(i@|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 A = JCC, /Mo+M,/JLL, .

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 MM, , between twoself-resonant coils at a distance D between their centers,

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

Table 2

pair of coils 

 
r=30c0m, h=20cm, | 38.9 70.9

139.4 19.8
a=lom, N=4
Afr 75

Qo? = 8170, QF = 4164

 

 

 

  

r=10cm, h=3ecm,
a=2mm, N=6
Afr =140

Qe’ = 3968, Ql? ~ 43919

 

    
 

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 Tabicl. It can be scen that for
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medium distances D / r = 10 - 3 the expected coupling-to-loss ratios are in the range 

U rv 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 of the type described above, 

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 = 20 cm, a = 3 mm, r = 3 0 cm and 

N = 5.25. 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 h . The 

expected resonant frequency given these dimensions is f~ = 10.56 ± 0.3 MHz, which is 

about 5% off from the measured resonance at around 9.90MHz. 

The theoretical Q for the loops is estimated to be ~ 2500 (assuming perfect 

copper of resistivity p = l /CY= 1.7 x 10-sn m) 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 ( ~ 20µm) at this frequency. We have therefore used the experimentally 

observed Q (and r 1 = r 2 = r = cv/(2Q) derived from it) in all subsequent computations. 

The coupling coefficient K can be found experimentally by placing the two self­

resonant coils (fine-tuned, by slightly adjusting h, 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 ;sP = 2.J K 2 
- r 2 

, when 

KA,B are kept very small by keeping A and Bat 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 =KI r as a function of the separation between the two coils. The 

theory values are obtained by using the theoretically obtained K and the experimentally 

measured r . 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 is 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 tum 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 B = KB Ir was adjusted so that it matched its optimal value, 

given theoretically by Eq.(14) as UB* = .J1+u2
• Because of its inductive nature, the loop 

connected to the light-bulb added a small reactive component to KB 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 11 and 12 defined above. 

The power dissipated in each coil was then computed from Pi.2 = rL I 11•2 1
2

, and the 
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efficiency was directly obtained from 77 = P8 I (Pi+~+~). 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 rv 15%, which is reasonable given the expected rv 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 !J..fifo 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 

resonant frequency, which could in principle be easily corrected with a feedback circuit 

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

improved by silver-plating the coils, which should increase their Q, 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 e, and everything is 

surrounded by air (as shown, N=l and h=O). The plates have a capacitance 

C P = E0 E A Id , which is added to the distributed capacitance of the coil and thus 

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

modifies significantly the current distribution inside the wire and therefore the total 
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effective inductance L and total effective capacitance C of the coil are different 

respectively from Ls and Cs, which are calculated for a self-resonant coil of the same 

geometry using a sinusoidal current profile. Since some charge is accumulated at the 

plates of the external loading capacitor, the charge distribution p inside the wire is 

reduced, so C <Cs, and thus, from the charge conservation equation, the current 

distribution j flattens out, so L > Ls . The resonant frequency for this system is 

w = 1/ ,JL(C + cp) < ws = 1/ .JLSCS, and I(x) ➔ Io cos(;irxll) ⇒ C ➔ cs ⇒ 

m ➔ ms , as C P ➔ 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 » cs > C' then OJ~ 1/ .JLc p « OJS and z ~ .JL IC p «Zs' 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 L = µ 0 r [ 1n ( 8r I a)- 2] N 2 
. Explicit analytical formulas 

are again available for R from Eq.(21) and (22), since Inns= I
0

, IPI ~ 0 and 

1ml = I 0 N ;irr2 (namely only the magnetic-dipole term is contributing to radiation), so we 

can determine also Qabs = OJL I Rahs and Qrad = oJL I Rrad . At the end of the 

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

checking that indeed the condition CP » Cs <=>OJ« OJs 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 

shortly; instead, in typical examples, one often prefers coils with very small self­

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

consideration, when N = I, so that the self-capacitance comes from the charge 

distribution across the single turn, which is almost always very small, or when N > I and 
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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 P provides the freedom to tune the resonant 

frequency (for example by tuning A or d ). Then, for the particular simple case h = 0, 

for which we have analytical formulas, the total Q = coL I ( Rahs + Rrad) becomes highest 

at the optimal frequency 

reaching the value 

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

radiation. Note, however, that the formulas above are accurate as long as oJQ « cos and, 

as explained above, this holds almost always when N = l , and is usually less accurate 

when N > l, since h = 0 usually implies a large self-capacitance. A coil with large h 

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

capacitance, but then the formulas for L and OJQ, Qmax 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 

,\ / r ;?: 70 (namely highly suitable for near-field coupling and well within the quasi-

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

in Table 3. To confirm the validity of constant-current assumption and the resulting 

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 C:c = .J µ 0 w / 2o- boundary condition, valid as 
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h>>2Na_, so that the dominant self-capacitance comes from the charge distribution

across adjacent turns, which is small if the separation between adjacent turnsis 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 h=0,

for which we have analytical formulas, the total Q = aL / (Ryps t+ Rrad ) becomes highest

at the optimal frequency

 

    

4 fo

Wy = © fet . (24)
mt YN20 aNr?

reaching the value
3Zar2 5A

Qo oe onyoaNy. In Sr — 2). (25)
max TH l o a

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

radiation. Note, however, that the formulas above are accurate as long as Wo « @, and,

as explained above, this holds almost always when N =1, and is usually Icss accurate

when N >1, since # =O usually implies a large self-capacitance. A coil with large A

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

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

qualitative behavior is expected, but a more complicated theoretical modelis 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

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 ¢, = .f//4,w /2o0 boundary condition,valid as
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long as (c / (
0 
~ 1 (<10-5 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 for conducting material copper (()=5.998·107S/m) was used. 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 

Qabs ~ 1000 and Qrad ~ 10000. 

Table 3 

single coil 2/r f 
Qrad Qabs Q 

r=30cm, a=2cm 

E=l0, A=138cm2, 111.4 (112.4) 8.976 (8.897) 29546 (30512) 4886 (5117) 4193 (4381) 

d=4mm 
r=l0cm, a=2mm 

£=10, A=3.14cm2, 69.7 (70.4) 43.04 (42.61) 10702 (10727) 1545 (1604) 1350 (1395) 

d=lmm 

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 ML can be 

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

m « ms . In the case h = 0 , the coupling is only magnetic and again we have an 

analytical formula, which, in the quasi-static limit r«D«)_ and for the relative orientation 

shown in Fig. 10, is Af L:::::; 1rµ0 /2-(r1r2 )2 N1N 2 I D
3

, which means that k oc { ,J;;;; / D )3 
is independent of the frequency wand the number of turns N1, N2. Consequently, the 

resultant coupling figure-of-merit of interest is 

r::::-
2r; _'\}_l1l_2_NN 

Jr o /4 1 2 

[ 
4 Jl/2 ' 1rr; r. 8 s r. 2 IT ✓ 0 

·-

1 Nj +-Jr T/0 (_l_J Nj 
.H,2 )~a- aj 3 2 
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long as ¢, /¢, <1 (<10°for copperin the microwave). Table 3 shows Numerical

FEFD (andin parentheses analytical) results for the wavelength and absorption, radiation

and total loss rates, for two different cases of subwavelength-loop resonant modes. Note

that for conducting material copper (o=5.998-10’S/m) was used. 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 showthat, in some examples, the optimal

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

Qins = 1000 and Q,,, > 10000.rad

Table 3

 

single coil ir f Dead Qavs Q  

r=30cem, a=2em

e=10, A=138em’, 111.4 (112.4) 8.976 (8.897) 29546 (30512)|4886 (5117) 4193 (4381)
d=4mm

r=10cm, a=2mm

s=10, A=3.14cem’, 69.7 (70.4) 43.04 (42.61) 10702 (10727)|1545 (1604) 1350 (1395)      
d=lmm 

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 betweentheir centers, the mutual inductance M, can be

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

a<a«a,. Inthe case 4=0, the coupling is only magnetic and again we have an

analytical formula, which, in the quasi-static limit r«D«Aand for the relative orientation

3

shown in Fig. 10, is M47 > aU, /2-(Hr y N, No / D>, which meansthat & x ( HPD | D)
is independentof the frequency @ and the numberofturnsNV, No, Consequently, the

resultant coupling figure-of-merit of interest is

 

 er) m1,U=kjOO, -| nn>A (26)dD d an r, & 5 KF, 4 >
I] —2N+>m7,| | N;
jap| VAG a, 3 AL ’
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which again is more accurate for N1 = N 2 =I. 

From Eq.(26) it can be seen that the optimal frequency OJu, where the figure-of­

merit is maximized to the value U max , is close to the frequency mQ
1
Q

2 
at which Q1 Q2 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 O.Ju •~ 0JQ
1
Q

2 
is mostly independent of the distance D between the two coils and 

lies between the two frequencies mQ
1 

and mQ
2 

at which the single-coil Q1 and Q2 

respectively peak. For same coils, this optimal frequency is given by Eq.(24) and then 

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

U = kQ ~ ..!_ . ~ 21r2, cm .zv-
[ ]

3 [ 2 ? ]½ 
max max D 7 Tio r (27) 

In some examples, one can tune the capacitively-loaded conducting loops or coils, 

so that their angular eigenfrequencies are close to mu within r u , which is half the 

angular frequency width for which U > U max I 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 = r., / r as a function of 

the coupling distance D, for the two cases. Note that the average numerical r rad shown 

are slightly different from the single-loop value of Figure 3, analytical results for r rad 

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 = I to 

make the constant-current assumption a good one and computed Af L numerically from 

Eq.(23). Indeed the accuracy can be confirmed by their agreement with the 

computational FEFD mode-solver simulations, which give "-· through the frequency 

splitting of the two normal modes of the combined system ( t5E = 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. 
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r=30.:m, ~=2cm 
.i::=10, A=138cm\ d=4nnn 

r=l(ksn, a=2mm 
;,:= 1 n .. A=:; t4r:rn". A= ltnm 

7' -Ca: 70 

Q""'""' Ei.J,6 

3 

5 

li} 

3 

5 

lG 

Table 4 

30719 4216 

419'4 

29128 4185 

4177 

1:0955 B55 

1351 

135] 

1U756 135J 

2.2.1 Derivation of optimal power-transmission efficiency 

235 (148) 17.S (17.6) 

58-9 (646) 

1539 0828} 

85.4(91.3) 15_9 ,)5.3) 

313 (356) 

754(925) l _79 (1.51) 

1895 (2:617} 0.71 (D-53) 

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 Ls , Ld represent the source and device loops respectively, 

Rs , Rd their respective losses, and Cs , Cd are the required corresponding capacitances to 

achieve for both resonance at frequency w. A voltage generator V
9 

is considered to be 

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

denoted by Af. 

Then from the source circuit at resonance ( wLs = 1 / wCs ): 

and from the device circuit at resonance ( wLd = 1 / wCd ): 

0 = Id (Rd+ R 1)- jwl'v1Is ⇒ jw1'v1Is = Id (Rd+ Ri) 

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

power) we get: 

where we identified the power delivered by the generator P = Re {v* I / 2} ,the power g g s 
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Table 4
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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-modelof the

system, where the inductances L,,L, represent the source and device loops respectively,

R,,R, their respective losses, and C’,,C, are the required corresponding capacitances to

achieve for both resonanceat frequency w. A voltage generator V, is considered to be

connected to the source and a load resistance Rf, to the device. The mutual inductanceis

denoted by M.

Then from the source circuit at resonance (wh, =1/w,):

r . 1 _i« 1 2 1. *

V, =1R, — jwMI, > =Vi1, = si R, +> jwMIjI,, (28)g ~ 9 s

and from the device circuit at resonance (wl, =1/wC,):

0=7,(R,+R,)—jwMl, > jwMT, =1,(R,+R,) (29)
So by substituting Eq.(29) to Eq.(28) and taking the real part (for time-averaged

power) we get:

P= RelEVs1 | —ly8 2 g 2
$  

2 1 2

R, +54] (2, +RJ=PL+PL +R, (30)8

where we identified the power delivered by the generator P, = Re {vj7a/ 2\ ,the power
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lost inside the source~ = 11/ Rs/ 2, the power lost inside the device Pd= 11d12 
Rd/ 2 

and the power delivered to the load ~ = 11 d 1
2 

R1 / 2 . Then, the power transmission 

efficiency is: 

( )

2 
R +R . 

d l R + (R +R) 
2 s d l 

(wlvl) 

If we now choose the load impedance Rl to optimize the efficiency by 

17~ ( R1 ) = 0 , we get the optimal load impedance 

and the maximum possible efficiency 

( mAf }2 
l+---

RsRd 

To check now the correspondence with the CMT model, note that Kz = R1 / 2Ld, 

rel= Rel /2Ld, rs= Rs /2Ls, and K = wM /2.JLsLel, so then ul = Kz /rd= Rz / Rd 

and U =KI .Jr sr d = mAf I .J Rs Rd • 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 ofEq.(27) with the different system parameters, one sees that to 

maximize the system figure-of-merit U, in some examples, one can: 
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Ls - R, / 2, the powerlost inside the device P, = IZ, R,/2  lost inside the source P=

2

and the powerdelivered to the load F = |!| R, / 2. Then, the powertransmission
efficiencyis:

F, fy ” fy ‘
p= P = = . (31)

g
2 2

r+(n +r) Wet)nesteer)  d (wu)é

Ifwe now choosethe load impedance f, to optimizethe efficiency by

> (R,) =0, we get the optimal load impedance
5

MYRef,Lom) (32)
R, RR,

and the maximum possible efficiency

— Ral Ral OM / IRR,
(33)

  "ps = -

P R,.7R, +1 1+\i+(omJR)
To check now the correspondence with the CMT model, note that K, = f, [224?

Ty = R,/2L,,T, = R,/2L,,and kh =wM /2JL,L,,sothen U, =, /T, =, / R,

and V=x/ JTI, =@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 CMTanalysis 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:
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-- 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 a ribbon 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, typically 

especially for the device. 

-- For fixed desired distance vs. loop-size ratio Dir, 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 > l, 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 

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 h is another available design parameter, 

which can have an impact to 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 which one should use when designing 
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as system two same single-tum loops with a given radius in order to achieve a specific 

performance in terms of U = K, / r at a given D / r between them, when the material is 

copper (a=5.998·107S/m): 

D / r = 5, U 2: 10, r = 30cm ⇒ a 2: 9mm 

D / r = 5, U 2: 10, r = 5cm ⇒ a 2: 3.7mm 

D / r = 5, U 2: 20, r = 30cm ⇒ a 2: 20mni 

D / r = 5, U 2: 20, r = 5cm ⇒ a 2: 8.3mrn 

D / r = 10, U 2: 1, r = 30cm ⇒ a 2: 7 mm 

D / r = 10, U 2: 1, r = 5cm ⇒ a 2: 2.8mm 

D / r = 10, U 2: 3, r = 30cm ⇒ a 2: 25mm 

D / r = 10, U 2: 3, r = 5cm ⇒ a 2: 10mm 

Similar analysis can be done for the case of two dissimilar loops. For example, in 

some examples, the device under consideration is very specific (e.g. a laptop or a cell 

phone), so the dimensions of the device object (rd, hd, ad, Nd ) are very restricted. 

However, in some such examples, the restrictions on the source object (r
3
,h

8
, a

3
,N

3
) are 

much less, since the source can, for example, be placed under the floor or on the ceiling. 

In such cases, the desired distance is often well defined, based on the application ( e.g. 

D ~ Im for charging a laptop on a table wirelessly from the floor). Listed below are 

examples (simplified to the case Ns =Nd= I and hs = hd = 0) of how one can vary the 

dimensions of the source object to achieve the desired system performance in terms of 

usd = I',; I .Jrsr d 'when the material is again copper (a=5.998·10 7S/m): 

D = 1.5m, usd 2: 15, rd = 30cm, ad = 6mm ⇒ Ts = 1.158m, as 2: 5mm 

D = 1.5rn, usd 2: 30, Td = 30cm, ad = 6mm ⇒ rs = 1.15m, as 2: 33mm 

D = 1.5rn, usd 2: 1, Td = 5cm, ad = 4mm ⇒ 7~ = 1.119m, as 2: 7mm 

D = 1.5rn, usd 2: 2, Td = 5cm, ad = 4mm ⇒ rs = 1.119m, as 2: 52mm 

D = 2rn, usd 2: 10, rd = 30cm, ad = 6mm ⇒ Ts = 1.518m, as 2: 7rnrn 

D = 2rn, U > 20 T = 30cm a = 6mm ⇒ T = 1.514m a > 50rnni 
sd - ' d ' d s ' s -

D = 2rn, usd 2: 0.5, Td = 5cm, ad = 4mm ⇒ 7~ = 1.491m, as 2: 5mm 

D = 2rn, Usd 2: 1, Td = 5cm, ad = 4mm ==}- Ts = 1.491m, as 2: 36mm 
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2.2.3 Optimization ofk 

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

objects is limited from external perturbations and thus varying the coil parameters cannot 

lead to improvement in Q . 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 the number of turns. Therefore, in some examples, one can: 

-- Increase the wire radii a1 and a2 . 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 r1 

and r2 • In typical examples, this action can be limited by physical size considerations, 

typically especially for the device. 

-- For fixed desired distance vs. coil-sizes ratio DIN,,, only the weak 

(logarithmic) dependence of the inductance remains, which suggests that one should 

decrease the radii of the coils n and r2 . In typical examples, this action can be limited by 

physical size considerations. 

-- 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 h1 and ~ are other available design 

parameters, which can have an impact to the coupling similar to that of their radii n 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 perfonnance 

In many cases, the dimensions of the resonant objects will be set by the particular 

application at hand. For example, when this application is powering a laptop or a cell­

phone, the device resonant object cannot have dimensions larger than those of the laptop 
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or cell-phone respectively. In particular, for a system of two loops of specified 

dimensions, in terms ofloop radii rs,d and wire radii as,d, the independent parameters left 

to adjust for the system optimization are: the number of turns Ns,d , the frequency f, the 

power-load consumption rate Kz = Rz / 2Ld and the power-generator feeding rate 

r,,9 = R9 / 2L
3

, where Rg is the internal (characteristic) impedance of the generator. 

In general, in various examples, the primary dependent variable that one wants to 

increase or optimize is the overall efficiency 17. However, other important variables need 

to be taken into consideration upon system design. For example, in examples featuring 

capacitively-loaded coils, the design can be constrained by, for example, the currents 

flowing inside the wires Is,d and the voltages across the capacitors V,,d . These 

limitations can be important because for ~Watt 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 device 

Qd[l] = OJ! 2(r d + r 1 ) = OJLd I (Rd+ R1 ) and the total loaded (by the generator) quality 

factor of the source Qs[g] = OJ I 2 (rs + r g) = OJ Ls I ( Rs + Rg) are quantities that should be 

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

their Q's, when those are very large, can be challenging experimentally and more 

sensitive to slight variations. Lastly, the radiated powers ?,,,rad and ~,rad should 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 u1 = Kz /rd = .J1 + wp. u2 . Then, in some examples, 

values which impact the choice of this rate are: Uz = l <=> wp = 0 to minimize the 

required energy stored in the source (and therefore Is and V, ), Uz = ✓1 + u2 > 1 <=> wp = I 

to maximize the efficiency, as seen earlier, or Uz » 1 <=> wp » 1 to decrease the required 
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energy stored in the device ( and therefore Id and Vd ) and to decrease or minimize Qd[I] . 

Similar is the impact of the choice of the power-generator feeding rate U
9 

= K
9 

/rs, 

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

In some examples, increasing Ns and Nd increases Q, and Qd , and thus U and 

the efficiency significantly, as seen before. It also decreases the currents Is and Id, 

because the inductance of the loops increases, and thus the energy ~,d = Ls,d IIs,d 1

2 
/ 2 

required for given output power Pi can be achieved with smaller currents. However, in 

some examples, increasing Nd and thus Qd can increase Qd[l], ~,rad and the voltage 

across the device capacitance Vd . Similar can be the impact of increasing Ns on Qs[g] , 

P,,rad and V:, . As a conclusion, in some examples, the number of turns Ns and Nd 

should be chosen 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 is an optimal one for 

efficiency. Close to that optimal frequency Qd[l] and/or Qs[g] can be approximately 

maximum. In some examples, for lower frequencies the currents typically get larger but 

the voltages and radiated powers get smaller. In some examples, one should pick either 

the frequency that maximizes the efficiency or somewhat lower. 

One way to decide on an operating regime for the system is based on a graphical 

method. Consider two loops of 1~ = 25cm, rd= 15cm, hs = hd = 0, as = ad = 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 J Watt of output power) in 

terms of frequency f and Nd, given some choice for wp and Ns. 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 Ns and Nd fixed. 

For example, a reasonable choice of parameters for the system of two loops with the 

dimensions given above are: Ns = 2, Nd= 6 ,f=JOMHz and wp=JO, which gives the 

following performance characteristics: 77 = 20.6%, Qd[I] = 1264, Is = 7.2A, Id = 1 .4A, 
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~ = 2.55kV, vd = 2.30kV, ~.rad = 0.15W, ~,rad= 0.006W. Note that the results in Figs. 

12, 13 and the just above calculated performance characteristics are made using the 

analytical formulas provided above, so they are expected to be less accurate for large 

values of Ns, Nd , but still they give a good estimate of the scalings and the orders of 

magnitude. 

Finally, one could additionally optimize for the source dimensions, since usually 

only the device dimensions are limited, as discussed earlier. Namely, one can add rs and 

as in the set of independent variables and optimize with respect to these too for all the 

dependent variables of the problem (we saw how to do this only for efficiency earlier). 

Such an optimization would lead to improved results. 

In this description, we propose that, if one ensures operation in the strongly­

coupled regime at mid-range distances, at least medium-power transmission ( ~ W) at mid­

range distances with high efficiency is possible. 

2.3 Inductively-loaded conducting rods 

A straight conducting rod of length 2h and cross-sectional radius a has distributed 

capacitance and distributed inductance, and therefore it supports a resonant mode of 

angular frequency co. 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 Eqs.(19) and (20). With these definitions, the resonant angular 

frequency and the effective impedance are given again by the common formulas 

w = l / .JLc and Z = .J 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 -h to +h , then the current amplitude profile 

would have the form / ( x) = /
0 

cos ( ;rx I 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 are inductively-loaded 

conducting rods. Referring to Fig. 14, a straight conducting rod of length 2h and cross­

sectional radius a, as in the previous paragraph, is cut into two equal pieces of length h, 
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which are connected via a coil wrapped around a magnetic material of relative 

permeability f.,l, and everything is surrounded by air. The coil has an inductance Le, 

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 modifies significantly the 

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

total effective capacitance C of the rod are different respectively from Ls and Cs, 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 is running inside the coil of the 

external loading inductor, the current distribution j inside the rod is reduced, so L <Ls, 

and thus, from the charge conservation equation, the linear charge distribution p 1 flattens 

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 >Cs. The resonant frequency 

forthissystemis w=l/,J(L+Lc)C <ws =l/.JLsCs ,and I(x) ➔ I0 cos(1rx/2h) ⇒ 

L ➔ Ls ⇒ m ➔ ms , as LC ➔ 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 Lc »Ls> L, 

then m ~ l I .Ji:c « ms and Z ~ .J Lc IC » Zs , 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 is 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 l / C = l / ( 1r&0 h) [ ln ( h I a)- l] . Explicit analytical formulas are again 

available for R from Eq.(21) and (22), since Irms = / 0 , IPI = q0 h and 1ml = 0 (namely 

only the electric-dipole term is contributing to radiation), so we can determine also 

Qabs = l / mCRabs and Qrad = l I mCRrad . At the end of the calculations, the validity of the 

assumption of triangular current profile is confirmed by checking that indeed the 
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condition Le » Ls <=> m « ms is satisfied. This condition is relatively easily satisfied, 

since typically a conducting rod has very small self-inductance Ls to begin with. 

Another important loss factor in this case is the resistive loss inside the coil of the 

external loading inductor Le and it depends on the particular design of the inductor. In 

some examples, the inductor is made of a Brooks coil, which is the coil geometry which, 

for fixed wire length, demonstrates the highest inductance and thus quality factor. The 

Brooks coil geometry has N Be turns of conducting wire of cross-sectional radius a Be 

wrapped around a cylindrically symmetric coil former, which forms a coil with a square 

cross-section of side 'Be , where the inner side of the square is also at radius rBc ( and thus 

the outer side of the square is at radius 2rBc ), therefore N Be ;:;:; ( 'Be I 2a Be )2 . The 

' resistance Re;:;:; -1..~ 1 + µ 0

2
ox, ( a

2
Bc )~ , where the total wire length is 

CT 7Wic 

lBc;:;:; 2;r(3rsc !2)NBc ;:;:; 3,njc / 4ajc and we have used an approximate square-root law 

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

frequency. 

The external loading inductance Le provides the freedom to tune the resonant 

frequency. For example, for a Brooks coil with a fixed size 'Be, the resonant frequency 

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

sectional radius a Be . Then the desired resonant angular frequency m = 1 / ,J Le C is 

achieved for a Be ;:;:; ( 2.0285 µ
0
rlcm2C t 4 

and the resulting coil quality factor is 

case Le » Ls, for which we have analytical formulas, the total 

Q = 1 / mC ( Re + Rabs + Rrad ) becomes highest at some optimal frequency w Q , reaching 

the value Q , both determined by the loading-inductor specific design. For example, 
1nax 
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condition L, > Ll, << o< @, is satisfied. This condition is 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 4, and it depends on the particular design of the inductor. In

some examples, the inductor is made of a Brooks coil, which is the coil geometry which,

for fixed wire length, demonstrates the highest inductance and thus quality factor. The

Brooks coil geometry has Nz. turns of conducting wire of cross-sectional radius a,,

wrapped arounda cylindrically symmetric coil former, which forms a coil with a square

cross-section of side rg, where the inner side of the square is also at radius rp. (and thus

. . . 2

the outerside of the square is at radius 2r,, ), therefore Np. * (Tp. /2ay,) . The

inductance of the coil is then Z, = 2.02850,1Npe » 2.0285u,rpe | 8aige and its

l
resistance R, » +—*Oo fa, 2Re

i Lt,OO
 2

(“) , wherethe total wire length is
[pe © 20 (Brg. /2)Npe 327pe / daz. 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 r,, the resonant frequency

can be reduced by increasing the number of turns Ny. by decreasing the wire cross-

sectional radius ap.. Then the desired resonant angular frequency @=1/.fL,C is

< 1/4

achieved for a; * (2.0285Mle?C) and the resulting coil quality factor is

_= 0.169yz or,.@/ 1+ 7 u,04{2.0285 re / 4) C. Then, for the particular simple€ ow" Be Ho Ha\FBe Pp Pp

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

O=1/aC (Re + Raps + Read ) becomes highest at some optimal frequency Wo» reaching

the value @_,. both determined by the loading-inductor specific design. For example,
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for the Brooks-coil procedure described above, at the optimal frequency 

Ii4 
Q ~ Q ~ 0.8 (µ, a

2
rB

3 
/ c) 1 

• At lower frequencies it is dominated by ohmic loss max c o c 

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

formulas are accurate as long as OJQ « OJs and, as explained above, this is easy to design 

for by using a large inductance. 

The results of the above analysis for two examples, using Brooks coils, of 

subwavelength modes of,\/ h 2: 200 (namely highly suitable for near-field coupling and 

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

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-loop resonant modes. Note that for conducting material copper 

(a=5.998·107S/m) was used. The results show that, in some examples, the optimal 

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

Qabs 2 1000 and Qrad 2 100000. 

Table 5 

single rod ).jh f(MHz) 
Qrad Qabs Q 

h=30cm, a=2cm 

µ=l, rBc=2cm, aBc=0.88mm, NBc=l29 
(403.8) (2.477) (2.72*106

) (7400) (7380) 

h= 10cm, a=2mm 

µ=l, rBc=5mm, aBc=0.25mm, (214.2) (14.010) (6.92*105
) (3908) (3886) 

NBc=l03 

In some examples, energy is 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 Mc can be evaluated numerically from 

Eq.(23) by using triangular current distributions in the case OJ« OJs. In this case, the 

coupling is only electric and again we have an analytical formula, which, in the quasi­

static limit h«D«Jc and for the relative orientation such that the two rods are aligned on the 

same axis, is 1 /Mc ~ l I 21r&0 · ( h1 h2 )
2 

I D 3 
, which means that k oc ( .J h1 h2 ID )3 is 

independent of the frequency cv. One can then get the resultant strong-coupling factor U. 
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It can be seen that the optimal frequency OJu , where the figure-of-merit is 

maximized to the value Umax , is close to the frequency wGQ
2 

, where Q1 Q2 is maximized, 

since k does not depend much on frequency ( at least for the distances D«A of interest for 

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

Wu ~ wQ
1
Q

2 
is mostly independent of the distance D between the two rods and lies 

between the two frequencies wQ
1 

and wQ
2 

at which the single-rod Qi and Q2 respectively 

peak. In some typical examples, one can tune the inductively-loaded conducting rods, so 

that their angular eigenfrequencies are close to Wu within r u , which is half the angular 

frequency width for which U > U max / 2 . 

Referring to Table 6, in parentheses (for similarity to previous tables) analytical 

results based on the above are sho\\'n 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 = K, / [' 

as a function of the coupling distance D, for the two cases. Note that for rrad the single­

rod value is used. Again we chose Le » Ls to make the triangular-current assumption a 

good one and computed A1 c 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 QK =l/ k u 
h=30cm, a=2cm 3 (70.3) (105.0) 

µ=l, rBc=2cm, aBc=0.88mm, NBc=l29 5 (389) (19.0) 

}./ h ;,: 404 7 (1115) (6.62) 

Q;,: 7380 10 (3321) (2.22) 

h= 10cm, a=2mm 3 (120) (32.4) 

5 (664) (5.85) 
µ=l, fBc=5mm, aBc=0.25mm, NBc=l03 

7 (1900) (2.05) 
}./h;,:214 

Q;,: 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 rand relative permittivity e 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 e 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 

The results for two TE-polarized dielectric-disk subwavelength modes of 

A Ir 2 IO 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} = 10-4 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 Qrad 2 2000 and Qabs - I 0000 are achievable. Note that for the 3D case the 

computational complexity would be immensely increased, while the physics would not be 

significantly different. For example, a spherical object of 1.:= 147. 7 has a whispering 

gallery mode with m=2, Qrad= 13962, and "A/r= 17. 
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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 dimensionaldielectric 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 arc radiation into frec space and absorption inside the disk material.

High-QOrad and long-tailed subwavelength resonances can be achieved whenthe dielectric

permittivity ¢ is large and the azimuthal field variations are slow (namely of small

principal number #7). 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

 

siighe disk

Releii4i7, m= ESS (OSTSs POSS (LEae} Tae Ploes}     Reiei=S5.6. 0-3 250) 1S 49087) S078 O15) 2755 (SGP) 

The results for two TE-polarized dielectric-disk subwavelength modes of

A/r=l0 are presented in Table 7. Table 7 shows numerical FDFD (and in parentheses

analytical SV) results for the wavelength and absorption, radiation andtotal 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 cxeclicnt

agreement and imply that for a properly designed resonant low-loss-dielectric object

values of Q.,, 2 2000 and Q,,. ~ 10000 are achievable. Note that for the 3D case the

computational complexity would be immensely increased, while the physics would not be

significantly different. For example, a spherical object of ¢=/47.7 has a whispering

gallery mode with m=2, Oraa=13962, and d/r=17.
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The required values of c, 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 c 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-c) 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. l 5(b) we place them at distance D between their centers. 

Numerically, the FDFD mode-solver simulations give K through the frequency splitting 

of the normal modes of the combined system ( oE = 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 E1,2cr) CMT gives K through 

K = m1 I 2-f d 3
rE2 (r)E;(r)E1 (r) / J d 3r&(r)IE1 (r)l

2
, 

where r:1 (r) and t:(r) are the dielectric functions that describe only the diskj (minus the 

constant c0 background) and the whole space respectively. Then, for medium distances 

D/r =10-3 and for non-radiative coupling such that D< 2rc, where re= m;l.,/21r 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 

2478 1989 

2-Hl 1946 

'.::196 18(.14 769. 7 (770.l) 

1681 FU{l60l) 

4455 144 (140) 

9240 4824 

91.87 ;4&5 (7417} 0.64(065} 

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. 

3 Coupled-Mode Theory for prediction of far-field radiation interference 

The two objects in an energy-transfer system generate radiation, which can 

sometimes be a significant part of the intrinsic losses, and can interfere in the far field. In 

the previous Sections, we analyzed systems, where this interference phenomenon was not 

in effect. In this description, we will repeat the analysis, including the interference 

effects and will show how it can be used to further enhance the power transmission 

efficiency and/or the radiated power. 
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Table 8

 

gwo disks

Rejel-147.5, m=2 

 

 

PTL (102)

1 £149}

  

     
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

muchfurther 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 cxamples, the resonant structure can be a diclectric

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

those.

3 Coupled-Mode Theory for prediction of far-field radiation interference

The two objects in an energy-transfer system generate radiation, which can

sometimes be a significant part of the intrinsic losses, and can interfere in the far field. In

the previous Sections, we analyzed systems, wherethis interference phenomenon was not

in effect. In this description, we will repeat the analysis, including the interference

effects and will showhowit can be used to further enhance the power transmission

efficicncy and/or the radiated power.
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The coupled-mode equations ofEqs.(1) fail to predict such an interference 

phenomenon. In fact, the inability to predict interference phenomena has often been 

considered inherent to coupled-mode theory (CMT). However, we show here that 

making only a simple extension to this model, it can actually very successfully predict 

such interference. The root of the problem stems from the fact that the coupling 

coefficients were tacitly assumed to be real. This is usually the case when dealing with 

proper (real) eigenmodes of a Hermitian (lossless) operator. However, this assumption 

fails when losses are included, as is for example the current case dealing with generally 

non-proper (leaky, radiative) eigenmodes of a non-Hermitian (lossy) operator. In this 

case, the coupling-matrix elements will generally be complex and their imaginary parts 

will be shown to be directly related to far-field radiation interference. 

Imagine a system of many resonators in proximity to each other. When their 

resonances have close enough frequencies compared to their coupling rates, the CMT 

assumption is that the total-system field If/ is approximately determined only by these 

resonances as the superposition l/; ( t) = Ln an ( t )l/Jn, where 1/Jn is the eigenfield of the 

resonance n normalized to unity energy, and an is the field amplitude inside it, which 

corresponds, due to the normalization, to 1Unl 2 stored energy. The fundamental Coupled­

Mode Equations (CME) ofCMT are then those of the evolution of the vector a= {Un} 

d - -
-a= -if!• a+ iK · a 
dt 

where the frequency matrix fl and the coupling matrix R are found usually using a 

Perturbation Theory (PT) approach. 

(34) 

We restate here one of the many perturbative formulations of CMT in a system of 

ElectroMagnetic (EM) resonators: Letµ = µa and E = Ea + Ln En be the magnetic­

permeability and dielectric-permittivity functions of space that describe the whole 

system, where En is the permittivity of only the dielectric, reciprocal and generally 

anisotropic object n of volume Vn, in excess to the constant µa, Ea background space. 

Each resonator n, when alone in the background space, supports a resonant eigenmode of 

complex frequency iln = Wn - ifn and field profiles 1/Jn = [En, Hn] normalized to unity 

energy, satisfying the equations V X En = iilnµoHn and V X Hn = -iiln(Ea + En)En, 
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and the boundary condition fix En = 0 on the potential metallic surface Sn of object n. 

The whole system fields l/J = [E, H] satisfy the equations V x E = -µ~Hand V x H = at 

E ~ E, and the boundary condition fi X E = 0 on S = Ln Sn. Then, start by expanding at 

V · (E x H,;:;:- - E,;:;:- x H) and integrating over all space, apply the CMT superposition 

assumption, and finally use the PT argument that, when the coupling-rates between the 

resonators are small compared to their frequencies, within a sum only terms of lowest 

order in this small perturbation need to be kept. The result is the CME ofEq.(34), with 
- -1- -- -1 -
il = w- · il0 • W, K = w- · K 0 , where il0 = diag{.Qn}, 

n i 
K =-n f dv(E--& -E )+-~dan·(E-xH ) 

o,nm 4 n m m 4 'f n m (35) 
Vm Sm 

W = _!_ f dv(E- · & · E + H- · µ · H ) nm 4 n m n m 

~ 00 

and where l/Jn = [E,;:;:-, H,;:;:-] satisfy the time-reversed equations (where .nn ~ -.Qn)- The 

choice of these fields in the analysis rather than l/J:i = [E;';_, H;';_] allows to treat also lossy 

(due to absorption and/or radiation) but reciprocal systems (so K is complex symmetric 

but non-Hermitian). In the limit, though, of weak loss (high-Q resonances), these two sets 

of fields can be approximately equal. Therefore, again to lowest order, W ::::: i, due to the 

unity-energy normalization, so fl ::::: fl0 and for K the off-diagonal terms 

l f ( * ) K ,...,K ,...,_ E · · nm ,..., o,mn ,..., 
4 

dv n J m , 

vm (37) 

where Jm includes both the volume-polarization currents )p,m = -i!1mEmEm in Vm and 

the surface electric currents Js,m = fi X Hm on Sm, while the diagonal terms Knn are 

higher-order small and can often lead to anomalous coupling-induced frequency shifts. 

The term ofEq.(37) can generally be complex Knm = Knm + iAnm and, even though the 

physical interpretation of its real part is well understood, as describing the coupling 

between the resonators, it is not so the case for its imaginary part 
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where integration by parts was used for the V </Jn term and the continuity equation 

V · J = iwp, with p being the volume charge density. 

Towards understanding this term, let us consider two resonators 1, 2 and evaluate 

from Eqs.(34) the total power lost from the system 

Pzoss = - :t (laJ +laJ) 
(39) 

=2r1 laJ +2r2 laJ +4A12 Re{a;a2 } 

Clearly, the term involving an interaction between the two objects should not 

relate to material absorption, since this is a very localized process inside each object. We 

therefore split this lost power into absorbed and radiated in the following way 

(40) 

(41) 

so A12 is associated with the radiation from the two-object system. However, we have a 

tool to compute this radiated power separately: Antenna Theory (AT). 

Let ( 0 = -J µ 0 / E0 and c0 = 1/-J µ 0 E O be the background impedance and light-

velocity, and f = (g, f) = fv dv'r (r')e-ik-rr the moment of the current-distribution 4-

vector Jv = (c0 p, J) of an electromagnetic resonator, where unity-energy normalization is 
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Am =—Rey | dv[ioA, -V¢,] -J,
Vn

1 elkltm tal ?
=—Re [a | ¢,_——__ iou,3,+—V||-J,

4 i i. 4z|r., —Y, Ey (38)

Oo pp . ik|t,—T,|
=— dv| dvRe et4,5,-J,,

loz; 7 Ey 4z\r,, —Y,  mt

where integration by parts was used for the V@, term and the continuity equation

V -J = iwp, with p being the volume charge density.

Towards understandingthis term, let us consider two resonators 1, 2 and evaluate

from Eqs.(34) the total powerlost from the system

Pu. =—& (lal +e’)
=2F, |a,) +21,|a,[ +4A,, Re{a‘a,}

(39)

Clearly, the term involving an interaction between the two objects should not

relate to material absorption, since this is a very localized process inside each object. We

therefore split this lost power into absorbed and radiated in the following way

  

  

Pos = 20ans al +225ans a,| (40)

Pog = 2Dyaa li] +203,04 (a2) + 4A12 Re {aa} (41)
so Ay» is associated with the radiation from the two-object system. However, we have a

tool to compute this radiated power separately: Antenna Theory (AT).

Let Go = vf Ho/€o and Cg = 1/,/ Ug Eo be the background impedanceandlight-

velocity, and f = (g,f) = Sy dv'J’ (rje—*" the moment of the current-distribution 4-

vector J/” = (cop,J) of an electromagnetic resonator, where unity-energy normalization is
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again assumed for r and g = k · f, as can be shown using the continuity equation and 

integration by parts. The power radiated from one EM resonator is: 

(42) 

where 1[12 = f* · f = lfl 2 
- lgl 2

. The power radiated from an 'array' of two resonators 

1 and 2, at vector-distance D between their centers, is given by: 

(43) 

where fi* · [ 2 =fl· f 2 - Bl· g 2 . Thus, by comparing Eqs.(41) and (43), using Eq.(42), 

namely A12 is exactly the interference term in AT. By substituting for the 4-vector 

current-moments and making the change of variables r1 = r{, r2 = r~ + D, 

(45) 

where we evaluated the integral over all angles of k with r 2 - r1 . 
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again assumed for J” and g = k- f, as can be shown using the continuity equation and

integration by parts. The powerradiated from one EM resonatoris:

2

af = £°,($a0|¢P)laf (42)
where |f|? = f* - f = |fI? — |g|*. The powerradiated from an ‘array’ of two resonators

P d 2DaaFa  

1 and 2, at vector-distance D between their centers, is given by:

2

Ck —ik-D |?Pag ==dlaf,+a,fe"|
327

“gk (PaQ Al la? +(PaQ|4/)
322° +2Re{pdQf,- fe*?aia,

2

  a, (43)

where ff - fo = f{ - f2 — gi - gz. Thus, by comparing Eqs.(41) and (43), using Eq.(42),

_ sk? Reipdon’ he™Paia,}
Ay = 64a Re{aa,} (44)

namely Aj, is exactly the interference term in AT. By substituting for the 4-vector

current-moments and making the change ofvariables rm, = rj, % =1r5+D,

-ik(ry mst ) 2
 

 

%

2 Rex J av J dvJ, - Jy $ dQe (aay
Sok ne)

A =
12 2 *

647 Re ay ay

Res J dv f dv; “Jy —7—44 2
Sok WOW Ir, ~ r|

= *

16z Refa ay}
where we evaluated the integral overall angles of k with r, — r,.
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Note now that Eqs.(38) and (45) will become identical, ifwe can take the currents 

JI,2 to be real. This is indeed the case for eigenmodes, where the field solution in 

bounded regions (such as those where the currents are flowing) is always stationary (in 

contrast to the leaky part of the eigenmode, which is radiative) and for high enough Q it 

can be chosen so that it is approximately real in the entire bounded region. Therefore, 

from either Eq.(38) or ( 45) we can write 

(46) 

and from Eq.(44), using Eq.(42), we can define the interference factor 

pdnJ/ ·J;e-ik·D 

(47) 

We have shown that, in the high-Q limit, both PT and AT give the same 

expression for the imaginary part Anm of the coupling coefficient, which thus physically 

describes within CMT the effects of far-field radiation interference. Again, this 

phenomenon was so far not considered to be predictable from CMT. 

4 Efficiency enhancement and radiation suppression by far-field destructive interference 

Physically, one can expect that far-field radiation interference can in principle be 

engineered to be destructive, resulting in reduced overall radiation losses for the two­

object system and thus in enhanced system efficiency. In this section, we show that, 

indeed, in the presence of far-field interference, energy transfer can be more efficient and 

with less radiated power than what our previous model predicts. 

Once more, we will treat the same temporal energy-transfer schemes as before 

(finite-amount and finite-rate), so that a direct comparison can be made. 

4.1 Finite-amount energy-transfer efficiency 

Considering again the source and device objects 1,2 to include the interference 

effects, the same CMT equations as in Eq.(1) can be used, but with the substitutions 

Knm ➔ Knm = Knm + iAnm; n, m = 1,2. The real parts K11,22 can describe, as before, 

the shift in each object's resonance frequency due to the presence of the other; the 

imaginary parts A11,22 can describe the change in the losses of each object due to the 
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Note now that Eqs.(38) and (45) will become identical, if we can take the currents

Jz to be real. This is indeed the case for eigenmodes, wherethe field solution in

bounded regions (such as those where the currents are flowing) is always stationary (in

contrast to the leaky part of the eigenmode, whichis radiative) and for high enough Q it

can be chosen so thatit is approximately real in the entire bounded region. Therefore,

from either Eq.(38) or (45) we can write

 sin (k Yr, —r,|)
In (46)

 k

Ap = == J dv! advJJ,
and from Eq.(44), using Eq.(42), we can define the interference factor

Ao pdOr; -fre*?
~ PiwaPona ¢dary$aoal|Al (47)
 

rad,12

 

We have shownthat, in the high-Q limit, both PT and AT give the same

expression for the imaginary part A,,,,, of the coupling coefficient, which thus physically

describes within CMTthe effects of far-field radiation interference. Again, this

phenomenon was so far not considered to be predictable from CMT.

4 Efficiency enhancementand radiation suppression by far-field destructive interference

Physically, one can expect that far-field radiation interference can in principle be

engineered to be destructive, resulting in reduced overall radiation losses for the two-

object system and thus in enhanced system efficiency. In this section, we show that,

indeed, in the presenceof far-field interference, energy transfer can be moreefficient and

with less radiated power than what our previous madel predicts.

Once more, we will treat the same temporal energy-transfer schemes as before

(finite-amountandfinite-rate), so that a direct comparison can be made.

Considering again the source and device objects 1,2 to include the interference

effects, the same CMT equations as in Eq.(1) can be used, but with the substitutions

Kom 7 Kam = nm + (Apm; 1,m = 1,2. The real parts x1122 can describe, as before,

the shift in each object’s resonance frequency dueto the presence of the other; the

imaginary parts A,22 can describe the change in the losses of each object due to the
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presence of the other ( due to absorption in it or scattering from it, in which latter case 

losses could be either increased or decreased); both of these are second-order effects and, 

for the purposes of our mathematical analysis, can again be absorbed into the complex 

eigenfrequencies by setting w 1 ,2 ➔ w 1 ,2 + K 11,22 and f 1 ,2 ➔ f 1 ,2 - A11,22 . The real parts 

K12,21 can denote, as before, the coupling coefficients; the imaginary parts A12,21 can 

describe the far-field interference, as was shown in Section 3; again, from reciprocity 

K12 = K21 = K = K + iA (note that for a Hermitian problem, the additional requirement 

K12 = K;1 would impose K to be real, which makes sense, since without losses there 

cannot be any radiation interference). 

Substituting K ➔ K + iA into Eq.(2), we can find the normal modes of the system 

including interference effects. Note that, when the two objects are at exact resonance 

w1 = w 2 = w 0 and f 1 = f 2 = f 0 , the normal modes are found to be 

(48) 

which is exactly the typical case for respectively the odd and even normal modes 

of a system of two coupled objects, where for the even mode the objects' field­

amplitudes have the same sign and thus the frequency is lowered and the radiative far­

fields interfere constructively so loss is increased, while for the odd mode the situation is 

the opposite. This is another confirmation for the fact that the coefficient A can describe 

the far-field interference phenomenon under examination. 

To treat now again the problem of energy transfer to object 2 from 1, but in the 

presence of radiative interference, again simply substitute K ➔ K + iA into Eq.(3). Note 

that, at exact resonance w1 = w 2 and, in the special case f 1 = f 2 = f 0 , we can just 

substitute into Eq.(4) U ➔ U + iV, where U = K/f0 and V = A/f0 , and then, with 

T = f 0 t, the evolution of the device field-amplitude becomes 

a2 (T) . [(U 'V)T] -T 
la1 (0) I = sm + i • e (49) 

Now the efficiency 1JE = la2 (t) 12 /la1 (0) 12 can be optimized for the normalized 

time T* which is the solution of the transcendental equation 
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presence of the other (due to absorption in it or scattering fromit, in which latter case

losses could be either increased or decreased); both of these are second-order effects and,

for the purposes of our mathematical analysis, can again be absorbedinto the complex

eigenfrequencies by setting @,> > W12 + Ky122 andl,. > Ty,2 — Ay22. Thereal parts

K4221 can denote, as before, the coupling coefficients; the imaginary parts Aj)21 can

describe the far-field interference, as was shown in Section 3; again, from reciprocity

Ky. = Ko, = K = & + iA (note that for a Hermitian problem,the additional requirement

Ky2 = Kz, would impose K to be real, which makes sense, since without losses there

cannot be any radiation interference).

Substituting k > x + iA into Eq.(2), we can find the normal modesof the system

including interference effects. Note that, when the two objects are at exact resonance

@, = Wz =@, andl, =T, = Ip, the normal modesare found to be

M, = (Wo +4) — HFA) and 2 = (==MN, yg.

whichis exactly the typical case for respectively the odd and even normal modes

of a system of two coupled objects, where for the even modethe objects’ field-

amplitudes have the same sign and thus the frequencyis lowered and the radiative far-

fields interfere constructively so loss is increased, while for the odd mode the situation is

the opposite. This is another confirmation for the fact that the coefficient A can describe

the far-field interference phenomenon under examination.

To treat nowagain the problem of energy transfer to object 2 from 1, but in the

presence of radiative interference, again simply substitute k > x + iA into Eq.(3). Note

that, at exact resonance w, = wz and, in the special case T, = T, = Ty, we can just

substitute into Eq.(4) U ~ U + iV, where U = k/T, and V = A/Tog. andthen, with

T = Tot, the evolution of the device field-amplitude becomes

22(T) = sin[(U + iV)T]-e7? a
|a,(0)| (49)

Now theefficiency 7, = |a,(t)|*/|a,(0)|? can be optimized for the normalized

time T,, which is the solution of the transcendental equation
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Re{(U + iV) · cot[(U + iV)T*]} = 1 
(50) 

and the resulting optimal energy-transfer efficiency depends only on U, V and is 

depicted in Fig. 16(c), evidently increasing with V for a fixed U. 

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

Similarly, to treat the problem of continuous powering of object 2 by 1, in the 

presence of radiative interference, simply substitute U ➔ U + iV into the equations of 

Section 1.2, where V = A/)r1 r2 we call the strong-interference factor and quantifies the 

degree of far-field interference that the system experiences compared to loss. In practice, 

the parameters D1,2 , U1,2 can be designed (engineered), since one can adjust the resonant 

frequencies w 1 ,2 ( compared to the desired operating frequency co) and the generator/load 

supply/drain rates K 1,2 . 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) 

f/p = 1S21 12 of the system. The symmetry upon interchanging 1 ~ 2 is then preserved 

and, using Eq.(11 ), the field-amplitude transmission coefficient becomes 

2i(U + iV)U0 s -------------
21 - (1 + U0 - iD0 ) 2 + (U + iV) 2 (51) 

and from rJ~(D0 ) = 0 we get that, for fixed U, V and U0 , the efficiency can be 

maximized for the symmetric detuning 

(
0 + 2vn) 2-/a COS 

3 
; V = 0, 1, 

Do = .------- .-------
✓ P +) pz _ a3 + ✓P -) pz _ a3 

if uz/3 - vz/3 > (1 + Uo)z/3 

if uz/3 - vz/3 ::::; (1 + Uo)z/3 (52) 

where a = [U 2 
- V 2 

- (1 + U0 )
2 ]/3, P = UV(l + U0 ), 0 = tan-1

) a 3 /(32 - 1 and 

u 2/ 3 - v 2/ 3 > (1 + U0 )
2/ 3 

¢:::} a 3 - p2 > 0 ¢:::} a > 0. Note that, in the first case, the 

two peaks of the transmission curve are not equal for V > 0, but the one at higher 

frequencies (v = 0 ⇒ positive detuning) corresponding to the odd system normal mode is 

higher, as should be expected, since the odd mode is the one that radiates less. Finally, 
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by substituting D0 into YJp from Eq.(52), then from YJ~(U0 ) = 0 we get that, for fixed U 

and V, the efficiency can be maximized for 

The dependence of the efficiency on D0 for different U0 (including the new 

'critical-coupling' condition) are shown in Figs. 16(a,b). The overall optimal power 

efficiency using Eqs.(53) is 

uz + vz 
YJP* = YJp(Do*, Uo*) = (Uo* + 1)2 + uzvz 

(53) 

(54) 

which depends only on U, IVI and is depicted in Figs. 16 (c,d), increasing with IVI for a 

fixed U, and actually YJp ➔ 1 as IVI ➔ 1 for all values of U. 

In some examples, a goal can be to minimize the power reflection at the side of 

the generator 1S11 12 and the load 1S22 12
. The symmetry upon interchanging 1 ~ 2 is 

again preserved and, using then Eq.(17), one would require the 'impedance matching' 

condition 

(1 - iD0 )
2 

- UJ + (U + iV) 2 = 0 

from which again we easily find that the values of D0 and U0 that cancel all 

reflections are exactly those in Eqs.(53). 

(55) 

In some examples, it can be of interest to minimize the power radiated from the 

system, since e.g. it can be a cause of interference to other communication systems, while 

still maintaining good efficiency. In some examples, the two objects can be the same, 

and then, using Eq.(41), we find 

p 4U0 (11 + U0 - iD0 l2 + IU + iVl 2
) QQ - 2V(V + VU0 + UD0 ) 

_ rad rad 

Y/rnd = IS+1 l2 = I (1 + Uo - iDo) 2 + (U + iV) 2 l2 ( 56) 

Then, to achieve our goal, we maximize YJpfYJrad and find that this can be 

achieved for 
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by substituting D, into np from Eq.(52), then from np>(U,) = 0 wegetthat, for fixed U

and V,the efficiency can be maximized for

Up. =(A +U20 — V2) and Do. = UV.
(53)

The dependence ofthe efficiency on D, for different U, (including the new

‘critical-coupling’ condition) are shown in Figs. 16(a,b). The overall optimal power

efficiency using Eqs.(53)is

U*+V?

Nps = Np(Doz, Uo.) = (,.41)2+U2V2(54)
which depends only on U, |V| and is depicted in Figs. 16 (c,d), increasing with |V| for a

fixed U, and actually np — 1 as [V| >1forall values of U.

In some examples, a goal can be to minimize the powerreflection at the side of

the generator |S,,|* and the load |S.,..|?._ The symmetry upon interchanging 1 @ 2 is

again preserved and, using then Eq.(17), one would require the ‘impedance matching’

condition

(1 — iD)? —UZ + (U + iV)? =0 (55)
from which again weeasily find that the values of D, and U, that cancel all

reflections are exactly those in Eqs.(53).

In some examples,it can be of interest to minimize the powerradiated from the

system, since e.g. it can be a cause of interference to other communication systems, while

still maintaining good efficiency. In some examples, the two objects can be the same,

and then, using Eq.(41), we find

P 4U9(|1 + Up —iDol? + |U + iVI2) -2- — 2V(V + VU, + UDp)
q = rad =ragoo.

rad~S441? [1 + Up —iD,2 + U +E (56)

 

Then, to achieve our goal, we maximize 7p/7;,q and find that this can be

achieved for

Upas = (1 + U2 —V2,,U2 +02 —2VVpaq and Dow = UVyad:

60

Momentum Dynamics Corporation
Exhibit 1002

Page 546



WO 2009/140506 PCT/US2009/043970 

(57) 

where Vrad = A/-Jri,radfz,rad, as defined in Eq.(47), we call the interference factor and 

quantifies the degree of far-field interference that the system experiences compared to the 

d . . 1 h V, V Q1 rad Qz rad V d V V, h 111 . d. . . ra iahve oss, t us rad = -'--·- ~ , an = rad w en a oss 1s ra iahve, 1n 
Q1 Qz 

which case Eq.(57) reduces to Eq.(53). 

In this description, we suggest that, for any temporal energy-transfer scheme and 

given some achieved coupling-to-loss ratio, the efficiency can be enhanced and the 

radiation can be suppressed by shifting the operational frequency away from exact 

resonance with each object's eigenfrequency and closer to the frequency of the odd 

normal-mode, which suffers less radiation due to destructive far-field interference. It is 

the parameters 

K 
U = -- = k-JQ1Q2 

-Jr1r2 
and 

(58) 

that are the figures-of-merit for any system under consideration for wireless energy­

transfer, along with the distance over which largeU, IVI can be achieved. Clearly, also 

IV I can be a decreasing function of distance, since two sources of radiation distant by 

more than a few wavelengths do not interfere substantially. It is important also to keep in 

mind that the magnitude of V depends on the degree to which radiation dominates the 

objects' losses, since it is only these radiative losses that can contribute to interference, as 

expressed from Vrad ~ V. 

To achieve a large strong-interference factor V, in some examples, the energy­

transfer application preferably uses again subwavelength resonances, because, for a given 

source-device distance, the interference factor Vrad will increase as frequency decreases, 

since naturally the odd mode of two coupled objects, distant much closer than a 

wavelength, will not radiate at all. 

To achieve a large strong-interference factor V, in some examples, the energy­

transfer application preferably uses resonant modes of high factors QI Qra<l . This 

condition can be satisfied by designing resonant modes where the dominant loss 
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(57)

where Vragq = A/Traal2raq, a8 defined in Eq.(47), we call the interference factor and

quantifies the degree of far-field interference that the system experiences compared to the

radiative loss, thus Vpazq = V [seSaree > V, and V = V-aq whenall loss is radiative, in4 2

which case Eq.(57) reduces to Eq.(53).

In this description, we suggest that, for any temporal energy-transfer scheme and

given some achieved coupling-to-loss ratio, the efficiency can be enhanced and the

radiation can be suppressed by shifting the operational frequency away from exact

resonance with each object’s eigenfrequency and closer to the frequency of the odd

normal-mode, which suffers less radiation due to destructive far-field interference. It is

the parameters

 
 

Q.Kk

U= = k./Q,Q@ and V=—— = YS,
we rac Qirad Qarad (58)VMit2 Naber,

that are the figures-of-merit for any system under consideration for wireless energy-

   

transfer, along with the distance over which largeU/, |V| can be achieved. Clearly, also

|V| can be a decreasing function of distance, since two sources ofradiation distant by

more than a few wavelengths do not interfere substantially. It is important also to keep in

mind that the magnitude of V depends on the degree to which radiation dominates the

objects’ losses, since it is only these radiative losscs that can contribute to interference, as

expressed from Vaq = V.

To achievea large strong-interference factor VY, in some examples, the energy-

transfer application preferably uses again subwavelength resonances, because, for a given

source-device distance, the interference factor V,.q will increase as frequency decreases,

since naturally the odd mode of two coupled objects, distant much closer than a

wavelength, will not radiateatall.

To achieve a large strong-interference factor V, in some examples, the energy-

transfer application preferably uses resonant modesofhigh factors O/Q.,,. This

condition can be satisfied by designing resonant modes where the dominantloss
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mechanism is radiation. As frequency decreases, radiation losses always decrease and 

typically systems are limited by absorption losses, as discussed earlier, so QI Qrad 

decreases; thus, the advantage of interference can be insignificant at some point 

compared to the deterioration of absorption-Q. 

Therefore, IVI will be maximized at some frequency wv, dependent on the 

source-device distance, and this optimal frequency will typically be different than Wu, the 

optimal frequency for U. As seen above, the problem of maximizing the energy-transfer 

efficiency can require a modified treatment in the presence of interference. The choice of 

eigenfrequency for the source and device objects as Wu, where U is maximum, can not be 

a good one anymore, but also V needs to be considered. The optimization of efficiency 

occurs then at a frequency w 11 between w u and wv and is a combined problem, which 

will be demonstrated below for few examples of electromagnetic systems. 

Moreover, note that, at some fixed distance between the source and device 

objects, the figures U, V can not be maximized for the same set of system parameters; in 

that case, these parameters could be chosen so that the efficiency of Eq.(54) is 

maximized. 

In the following section, we calculate a magnitude of efficiency improvement and 

radiation reduction for realistic systems at mid-range distances between two objects, by 

employing this frequency detuning and by doing a joint optimization for U, V. 

5 Far-field interference at mid-range distances for realistic systems 

In the case of two objects 1, 2 supporting radiative electromagnetic resonant 

modes of the same eigenfrequency w1 = w 2 = w 0 and placed at distance D between their 

arbitrarily-chosen centers, so that they couple in the near field and interfere in the far 

field, the interference factor Vrad is predicted from antenna theory (AT) to be that in 

Eq.(47). 

We have also seen above how to compute the resonance quality factors Q and 

Qrad, for some example structures, and thus we can compute the factor QI Qrad . 

We will demonstrate the efficiency enhancement and the radiation suppression 

due to interference for the two examples of capacitively-loaded conducting loops and 
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dielectric disks. The degree of improvement will be shown to depend on the nature of the 

system. 

5.1 Capacitively-loaded conducting loops 

Consider two loops 1, 2 of radius r with N turns of conducting wire with circular 

cross-section of radius a at distance D, as shown in Fig. 10. It was shown in Section 2.2 

how to calculate the quality, coupling and strong-coupling factors for such a system. 

Their coupling factor is shown in Fig. 17(a) as a function of the relative distance 

D Jr, for three different dimensions of single-tum (N = 1) loops. Their strong-coupling 

factor at the eigenfrequency mQ
1
Q

2 
is shown in Fig. 17(b ). The approximate scaling 

k, U oc (r ID )3, indicated by Eqs.(26) and (27), is apparent. 

We compute the interference parameter between two coupled loops at distance D, 

using the AT analysis Eq.(47), leading to 

Consider two loops 1, 2 of radius r with N turns of conducting wire with circular 

cross-section of radius a at distance D, as shown in Fig. 10. It was shown in Section 2.2 

how to calculate the quality, coupling and strong-coupling factors for such a system. 

Their coupling factor is shown in Fig. 17(a) as a function of the relative distance D Jr, for 

three different dimensions of single-tum (N = 1) loops. Their strong-coupling factor at 

the eigenfrequency mQiQ
2 

is shown in Fig. 17(b). The approximate scaling 

k,U oc (r I D)3, indicated by Eqs.(26) and (27), is apparent. We compute the interference 

parameter between two coupled loops at distance D, using the AT analysis Eq.(47), 

leading to 

V,ad =-
3

- 3 [sin(kD)-(kD)cos(kD)], 
(kD) (59) 

for the orientation of optimal coupling, where one loop is above the other. Their 

interference factor is shown in Fig. 18 as a function of the normalized distance D / A, 

where it can be seen that this factor has nulls only upon reaching the radiative regime. 

Since the resonant loops are highly subwavelength (in many examples Ajr ~ 50), at 

mid-range distances (D Jr::; 10), we expect D /A::; 0.2 and thus the interference factor to 

be very large (Vrad ~ 0.8). 
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At a fixed resonant frequency, in some examples, the factor QI Qrad can be increased 

by increasing the radii r of the loops. In some examples, the factor QI Qrad can be 

increased by increasing the number N of turns of the loops. In some examples, the factor 

QI Qrad can be increased by increasing the radius a of the conducting wire of the loops or 

by using Litz wire or a ribbon to reduce the absorption losses and thus make radiation 

more dominant loss mechanism. 

We also plot in Fig. 19, for the example r = 30cm and a= 2cm, the strong-coupling 

factor U, the interference factor Vrad and the strong-interference factor Vas a function of 

the resonant eigenfrequency of the loops, for a fixed distance D = Sr. Indeed, for this 

example, Vrad decreases monotonically with frequency in this subwavelength regime and 

is always great than 0.8, but V exhibits a maximum, since the term Q /Qrad is increasing 

towards 1 with frequency, as losses become more and more radiation dominated. It can 

be seen that the resonant eigenfrequencies fu and fv, at which U and V become 

maximum respectively, are different. This implies that the efficiency will now not 

necessarily peak at the eigenfrequency f u, at which U is maximized, as would be the 

assumption based on prior knowledge, but at a different one [17 between fu and fv- This 

is shown below. 

In Fig. 20 the efficiency YJp is plotted as a function of the resonant eigenfrequency 

of the loops for two different examples ofloop dimensions r = 30cm, a= 2cm and 

r = lm, a= 2cm, at two different loop distances D = Sr and D = 10r, and for the 

cases: 

(i) (solid lines) including interference effects and detuning the driving frequency from the 

resonant frequency by D0 = UV from Eq.(53) to maximize the power-transmission 

efficiency and similarly using U0 from Eq.(53), which thus implies optimal efficiency as 

in Eq.(54). 

(ii) (dash-dotted lines) including interference effects and detuning the driving frequency 

from the resonant frequency by D0 = UVrad from Eq.(57) to maximize the ratio of power 

transmitted over power radiated and similarly using U0 from Eq.(57). 

(iii) (dashed lines) including interference effects but not detuning the driving frequency 

from the resonant frequency and using U0 from Eq.(14), as one would do to maximize 
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efficiency in the absence of interference. 

(iv) (dotted lines) truly in the absence of interference effects and thus maximizing 

efficiency by not detuning the driving frequency from the resonant frequency and using 

U0 from Eq.(14), which thus implies efficiency as in Eq.(15). 

In Fig. 21 we show the amount of driving-frequency detuning that is used in the 

presence of interference either to maximize efficiency (case (i) (solid lines) of Fig. 20 -

D0 = UV) or to maximize the ratio of power transmitted over power radiated (case (ii) 

(dash-dotted lines) of Fig. 20 - D0 = UVract)- Clearly, this driving-frequency detuning 

can be a non-trivial amount. 

It can be seen from Fig. 20 that, for all frequencies, the efficiency of case (i) 

(solid lines) is larger than the efficiency of case (iii) (dashed lines) which is in tum larger 

than the efficiency of case (iv) (dotted lines). Therefore, in this description, we suggest 

that employing far-field interference improves on the power-transmission efficiency 

(improvement from (iv) (dotted) to (iii) (dashed)) and, furthermore, employing 

destructive far-field interference, by detuning the driving frequency towards the low­

radiation-loss odd normal mode, improves on the power-transmission efficiency even 

more (improvement from (iii) (dashed) to (i) (solid)). 

If [11 is the eigenfrequency, at which the efficiency of case (i) (solid) is optimized, 

then, in some examples, the resonant eigenfrequency can be designed to be larger than [11 , 

namely in a regime where the system is more radiation dominated. In this description, we 

suggest that at such eigenfrequencies, there can be a significant improvement in 

efficiency by utilizing the destructive far-field interference effects and driving the system 

at a frequency close to the odd normal mode. This can be seen again from Fig. 20 by 

comparing the solid lines to the corresponding dashed lines and the dotted lines. 

In general, one would tend to design a system resonant at the frequency f u where 

the strong-coupling factor U is maximal. However, as suggested above, in the presence 

of interference, Fig. 20 shows that the maximum of 17p is at an eigenfrequency fr, 

different than fu- In some examples, [11 > fu- This is because at higher 

eigenfrequencies, losses are determined more by radiation than absorption, therefore 

destructive radiation interference can play a more significant role in reducing overall 

losses and thus fv > fu and the efficiency in increased at [11 > fu- In this description, we 
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suggest that, in some examples, the resonant eigenfrequency can be designed to be close 

to the frequency [17 that optimizes the efficiency rather than the different f u. In 

particular, in Fig. 22(a) are plotted these two frequencies [17 (solid line) and fu (dashed 

line) as a function of relative distance D Jr of two r = 30cm loops. In Fig. 22(b) we 

show a graded plot of the optimal efficiency from Eq.(54) in the U - V plane. Then, we 

superimpose the U - V curve of case (i) (solid), parametrized with distance D, for two 

r = 30cm loops resonant at the optimal frequency [17 for each D. From the path of this 

curve onto the graded plot the efficiency as a function of distance can be extracted for 

case (i) (solid). We then also superimpose in Fig. 22(b) the U - V curve of case (iii) 

(dashed), parametrized with distance D, for two r = 30cm loops resonant at fu, and the 

U range of case (iv) (dotted), parametrized with distance D, for two r = 30cm loops 

resonant at fu (note that in this last case there is no interference and thus V = 0). In Fig. 

22( c) we then show the efficiency enhancement factor achieved by the solid curve of Fig. 

22(b ), as a function of distance D Jr, compared to best that can be achieved without 

driving-frequency detuning (dashed) and without interference whatsoever (dotted). The 

improvement by employing interference can reach a factor of 2 at large separation 

between the loops. 

In Fig. 23 we plot the radiation efficiency Y/rad, using Eq.(39), as a function of the 

eigenfrequency of the loops for the two different loop dimensions, the two different 

distances and the four different cases examined in Fig. 20. It can be seen from Fig. 23 

that, for all frequencies, Y/rad of case (ii) (dash-dotted lines) is smaller than Y/rad of case 

(i) (solid lines) which is in tum smaller than Y/rad of case (iii) ( dashed lines) and this 

smaller than Y/rad of case (iv) ( dotted lines). Therefore, in this description, we suggest that 

employing far-field interference suppresses radiation (improvement from (iv) (dotted) to 

(iii) (dashed)) and, furthermore, employing destructive far-field interference, by detuning 

the driving frequency towards the low-radiation-loss odd normal mode, suppress 

radiation efficiency even more (improvement from (iii) (dashed) to (i) (solid) and (ii) 

( dash-dotted)), more so in case (ii), specifically optimized for this purpose. 

In some examples, the resonant eigenfrequency can be designed to be larger than 

[ 17 , namely in a regime where the system is more radiation dominated. In this description, 

we suggest that at such eigenfrequencies, there can be a significant suppression in 
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radiation by utilizing the destructive far-field interference effects and driving the system 

at a frequency close to the odd normal mode. The case (ii)=(dash-dotted) accomplishes 

the greatest suppression in radiation and, as can be seen in Fig. 20, there is a range of 

eigenfrequencies ( close to f v ), for which the efficiency that this configuration can 

achieve is only little compromised compared to the maximum possible of configuration 

(i). 

In one example, two single-tum loops ofr = 30cm and a= 2cm are at a 

distance D /r = 5 in the orientation shown in Fig. 10 and they are designed to resonate at 

30MHz. In the absence of interference, the power-transmission efficiency is 59% and the 

radiation efficiency is 38%. In the presence of interference and without detuning the 

driving frequency from 30MHz, the power-transmission efficiency is 62% and the 

radiation efficiency is 32%. In the presence of interference and detuning the driving 

frequency from 30MHz to 31.3MHz to maximize efficiency, the power-transmission 

efficiency is increased to 75% and the radiation efficiency is suppressed to 18%. 

In another example, two single-tum loops ofr = 30cm and a= 2cm are at a 

distance D /r = 5 in the orientation shown in Fig. 10 and they are designed to resonate at 

10MHz. In the absence of interference or in the presence of interference and without 

detuning the driving frequency from 10MHz, the power-transmission efficiency is 

approximately 81 % and the radiation efficiency is approximately 4%. In the presence of 

interference and detuning the driving frequency from 10MHz to 10.22MHz to maximize 

transmission over radiation, the power-transmission efficiency is 42%, reduced by less 

than a factor of 2, while the radiation efficiency is 0.4%, suppressed by an order of 

magnitude. 

In another example, two single-tum loops of r = 1m and a = 2cm are at a 

distance D /r = 5 in the orientation shown in Fig. 10 and they are designed to resonate at 

10MHz. In the absence of interference, the power-transmission efficiency is 48% and the 

radiation efficiency is 4 7%. In the presence of interference and without detuning the 

driving frequency from 10MHz, the power-transmission efficiency is 54% and the 

radiation efficiency is 3 7%. In the presence of interference and detuning the driving 

frequency from 10MHz to 14.8MHz to maximize efficiency, the power-transmission 

efficiency is increased to 66% and the radiation efficiency is suppressed to 24%. 
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In another example, two single-tum loops of r = lm and a = 2cm are at a 

distance D /r = 5 in the orientation shown in Fig. 10 and they are designed to resonate at 

4MHz. In the absence of interference or in the presence of interference and without 

detuning the driving frequency from 4MHz, the power-transmission efficiency is 

approximately 71 % and the radiation efficiency is approximately 8%. In the presence of 

interference and detuning the driving frequency from 4MHz to 5.06MHz to maximize 

transmission over radiation, the power-transmission efficiency is 40%, reduced by less 

than a factor of 2, while the radiation efficiency is approximately 1 %, suppressed by 

almost an order of magnitude. 

5 .2 Dielectric disks 

Consider two dielectric disks 1 and 2 of radius r and dielectric permittivity E 

placed at distance D between their centers, as shnwn in Fig. 15(b ). Their coupling as a 

function of distance was calculated in Section 2.4, using analytical and finite-element­

frequency-domain (FEFD) methods, and is shown in Fig. 24. 

To compute the interference factor between two coupled disks at distance D, we 

again use two independent methods to confirm the validity of our results: numerically, 

the FEFD calculations again give A ( and thus V) by the splitting of the loss-rates of the 

two normal modes; analytically, calculation of the AT prediction ofEq.(47) gives 

m=l: 
2 

V,ad = (kD) JI (kD) 

V,-a<l =-
8

-" fa(kD)J0 (kD)+[(kD}2 -6 JJ1 (kD)} (60) 
( kD)" l 

m=2: 

m=3: V,ad = (k~)5 {[24(kD}3-320(kD)]J0 (kD)+[3(kD}4-128(kD)
2 
+640]J1 (kD)} 

The results for the interference of two same disks, for exactly the same parameters 

for which the coupling was calculated in Fig. 24, are presented in Fig. 25, as a function of 

frequency (due to varying E) at fixed distances. It can be seen that also the strong­

interference factor 1i · can have nulls, which can occur even before the system enters the 

radiative-coupling regime, namely at smaller frequencies than those of U at the same 

distances, and it decreases with frequency, since then the objects become more and more 

absorption dominated, so the benefit from radiative interference is suppressed. Both the 
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above effects result into the fact that, for most distances, U (from Fig. 24(b )) and V (from 

Fig. 25(b)) can be maximized at different values of the frequency (fu and fv 

respectively), and thus different can also be the optimal frequency f 17 for the final energy­

transfer efficiency ofEq.(54), which is shown in Fig. 26 again for the same set of 

parameters. From this plot, it can be seen that interference can significantly improve the 

transfer efficiency, compared to what Eq.(15) would predict from the calculated values of 

the coupling figure-of-merit U. 

Furthermore, not only does a given energy-transfer system perform better than 

what a prediction which ignores interference would predict, but also our optimization 

design will typically lead to different optimal set of parameters in the presence of 

interference. For example, for the particular distance Dir= 5, it turns out from Fig. 26 

that the m = l resonant modes can achieve better efficiency than the m = 2 modes within 

the available range of E, by making use of strong interference which counteracts their 

weaker U, as viewed in Fig. 24, from which one would have concluded the opposite 

performance. Moreover, even within the same m-branch, one would naively design the 

system to operate at the frequency f u, at which U is maximum. However, the 

optimization design changes in the presence of interference, since the system should be 

designed to operate at the different frequency f 17 , where the overall efficiency 1J peaks. In 

Fig. 27(a), we first calculate those different frequencies where the strong-coupling factor 

U and the efficiency 1J (which includes interference) peak, as distance Dis changing for 

the choice of them= 2 disk of Fig. 24, and observe that their difference is actually 

significant. Then, in Fig. 27(b) we show the peak efficiency for the various frequency 

choices. For large distances, where efficiency is small and could use a boost, the 

improvement factor reaches a significant 2 for the particular system under examination. 

The same result is shown in Fig. 27(c) as a plot of the path of the efficiency on the U - V 

map, as distance is changing. Similar results are derived for the modes of different m­

order. Physically, moving to higher frequencies increases role of radiative losses 

compared to absorption and thus interference can have a greater influence. At the 

optimal frequency [17 radiated power including interference is close to what it is at fu, but 

absorbed power is much less, therefore the efficiency has been improved. 
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In some examples, instead of improving efficiency, one might care more about 

minimizing radiation. In that case, we calculate at the frequency f u how much power is 

radiated when optimized under the conditions Eq.(57) compared to the power radiated 

when simply operating on resonance (Do = 0) in the cases with and without interference 

(the latter case can be describing a case where the two disks do not interfere, because 

they are dissimilar, or due to decoherence issues etc.). We find in Fig. 28 that radiation 

can be suppressed by a factor of 1. 6 by detuning the operating frequency towards the odd 

sub-radiant mode. 

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 a1(t) inside the resonant object 1 

satisfies, to first order: 

(61) 

where again w1 is the frequency and f 1 the intrinsic (absorption, radiation etc.) loss rate, 

while OKu(p) is the frequency shift induced onto 1 due to the presence of p and oT l(p) is 

the extrinsic due to p (absorption inside p, scattering from p etc.) loss rate. oT1 (p) is 

defined as oT1(p) = r 1 (p) - r 1 , where r 1 (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 ◊Ku(p), oT l(p) are well defined, even outside that regime, if 

a1 is 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 r 1,rad(p) that are smaller than the initial r 1,rad (namely or 1,rad(p) is 

negative). 
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In some examples, instead of improving efficiency, one might care more about

minimizing radiation. In that case, we calculate at the frequency f,, how much poweris

radiated when optimized underthe conditions Eq.(57) compared to the powerradiated

when simply operating on resonance (D, = 0) in the cases with and without interference

(the lattcr case can be describing a case where the two disks do not interfere, because

they are dissimilar, or due to decoherence issues etc.). We find in Fig. 28 that radiation

can be suppressed by a factor of 1.6 by detuning the operating frequency towards the odd

sub-radiant mode.

6 System Sensitivity to Extrancous Objects

In gencral, the overall performance of an cxample of the resonance-based wireless

energy-transfer scheme dependsstrongly 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

modelis that of “perturbation theory” (PT), which suggests that in the presence of an

extraneous perturbing object p the field amplitude a;(t) inside the resonant object 1

satisfies, to first order:

AL = -i( co =iJey +i(OK; 109) +O)es (61)
where again w, is the frequency and IT, the intrinsic (absorption, radiation etc.) loss rate,

while 5k,1(p) is the frequency shift induced onto | due to the presence of p and 6Ty;p) is

the extrinsic due to p (absorption inside p, scattering from p etc.) loss rate. dTyy) is

defined as 61(py) =Vgqyy —T1, where Ty(,) 1s the total perturbed loss rate in the

presence of p. The first-order PT model is valid only for small perturbations.

Nevertheless, the parameters 6Ki4(p), 61yp) are well defined, even outside that regime,if

@, is 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 Typaacp) that are smaller than the initial Ty;aq (namely OVy+aacpy is

negative).
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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 examples, when trying to optimize efficiency or 

suppress radiation by employing far-field interference, all resonant objects must have the 

same eigenfrequency and the driving frequency must be detuned from them by a 

particular amount. 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. 29a, 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 

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. 29(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 
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can be monitored and transmitted to a device object, which is in tum 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 Q(p) (and the corresponding perturbed strong-coupling factor U(p) and the 

perturbed strong-interference factor V(p)) 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«A) that 

we are considering: for example, for coils with h « 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 E » 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 

the resonance are those having significant magnetic properties (magnetic permeability 

Re{µ}> 1 or magnetic loss Im{µ}>O). 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 
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sustain strong magnetic fields without undergoing any risk. A typical example, where 

magnetic fields B~ 1 Tare 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~ 10-4 T, 

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. 

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 h = 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 0 with respect to the loop axis: 

.co IE( x)l2 - (1 +7 }in' 0 . x ~ 2;r DP 

I ( )1
2 

( l 1 \ 2 ( l 1 \ ,., ' )~ µo H x 2 + 4 j4cos 0+ 1-2 + 4 jsin~ 0 
X X X X 

g}-,ve ( x )dS l -1-_l 
- ' 2 D 

⇒ SP . :::: X . : X === 2;ir _____ !!__ 

4f Wm ( X) d5' I + 12 + -~t }, 

SP X X 

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 DP. From Eq.(62) it 

is obvious that indeed for all angles in the near field ( x « 1) the magnetic energy density 
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sustain strong magnetic fields without undergoing any risk. A typical example, where

magnetic fields B~/T are safely used on humans, is the Magnetic Resonance Imaging

(MRJ) 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~10°T,

whichis actually comparable to the magnitude of the Earth’s magnetic field. Since, as

explained above,a strong clectric ncar-ficld 1s also not present and the radiation produced

from this non-radiative scheme is minimal, the energy-transfer apparatus, methods and

systems described hereinis believed safe for living organisms.

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

surroundingit. 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 (7 « /4 ) current loop

(magnetic dipole) with 4 =0, we can calculate the ratio of electric to magnetic energy

densities, as a function of distance D,, from the center of the loop (in the limit r« D,,)

and the angle @ with respect to the loop axis:
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where the secondline is the ratio of averages overall angles by integrating the electric

and magnetic energy densities over the surface of a sphere of radius D,,. From Eq.(62) it

is obvious that indeed for all angles in the near field (x <1) the magnetic energy density
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is dominant, while in the far field ( x » l) 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 ( 0 = 0 ), where there is no electric field. For example, using 

the systems described in Table 4, we can estimate from Eq.(62) that for the loop of 

r = 30cm at a distance DP = l Or = 3m the ratio of average electric to average magnetic 

energy density would be ~ 12% and at DP = 3r = 90cm it would be ~ 1 % , and for the 

loop of r = 10cm at a distance DP = l Or = Im 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, 

bT l,abs( P) = w1 / 4 · f d3r Im { & P ( r)} IE1 ( r )12 /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 c=49+ 16i (consistent with 

human muscles) residing between the loops and almost standing on top of one capacitor 

( ~3cm away from it) and find 8Qabs( human) •~ 10.5 and for~ J 0cm away 

8Qabs( human) ~ 5 · 10.s. Thus, for ordinary distances ( ~ J 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 8Qabs(p) -----)- oo. 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) 

74 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 560



WO 2009/140506 PCT/US2009/043970 

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. 

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 

[ b'Ql,rad(p) rl = 2br l,rad(p) / 0)1 oc f d3r[ Re{sp ( r )} IE1 ( r )IJ2 /w 
[ b'Ql,abs(p) rl = 2br l,abs(p) I 0)1 = f d3rlm {sp ( r )} IE1 (rt /2w 

where lV = f d3r & ( r) IE1 ( r )12 / 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 El at the site of the extraneous object. In contrast, the 

coupling factor from object 1 to another resonant object 2 is, as stated earlier, 

k12 = 2K12 I .Jm,,cv2 ~ f d 3rE2 (r)E; (r)E1 (r) / f d 3rs(r)IE1 (r)l
2 

and depends linearly on the field tails E1 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 ( K12 » bf' 1,2( 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 oflarge Re{e}, Im{e} and of same size but different shape (such as a human being 

h ), as shown in Fig. 30a, and a roughened surface of large extent but of small Re { c}, 
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Im{e} (such as a wall w), as shown in Fig. 30b. For distances Dh w Ir= 10-3 between 

the disk-center and the "human"-center or "wall", the numerical FDFD simulation results 

presented in Figs. 30a and 30b suggest that, the disk resonance seems to be fairly robust, 

since it is not detrimentally disturbed by the presence of extraneous objects, with the 

exception of the ve,y 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 8 to the table in 

Figure 30c, the numerical FDFD simulations show that the system performance 

deteriorates from U~l - 50 to U(hw)~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 we I wm 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. 
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Furthermore, novel battery and energy storage devices can be designed to take advantage 

of the operational improvements enabled by wireless power transmission systems. 

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. 

In some examples, far-field interference can be utilized by a system designer to 

suppress total radiation loss and/or to increase the system efficiency. In some examples, 

systems operating optimally closer to the radiative regime can benefit more from the 

presence of far-field interference, which leads to reduced losses for the sub-radiant 

normal mode of the coupled objects, and this benefit can be substantial. 

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. An apparatus for use in wireless energy transfer, the apparatus comprising: 

a first resonator structure configured for energy transfer with a second resonator 

structure, over a distance D larger than a characteristic size ½ of said first resonator 

structure and larger than a characteristic size L2 of said second resonator structure, 

wherein the energy transfer has a rate K and is mediated by evanescent-tail 

coupling of a resonant field of the first resonator structure and a resonant field of the 

second resonator structure, wherein 

said resonant field of the first resonator structure has a resonance angular 

frequency Wi , a resonance frequency-width r 1 , and a resonance quality factor 

Q1 = w1 / 2r1 at least larger than 300, and 

said resonant field of the second resonator structure has a resonance angular 

frequency w2 , a resonance frequency-width r 2 , and a resonance quality factor 

Q2 = w2 I 2r 2 at least larger than 300, 

wherein the absolute value of the difference of said angular frequencies w1 and 

oJ2 is smaller than the broader of said resonant widths r 1 and r 2 , and the quantity 

KI ,Jr1r 2 is at least larger than 20, 

and further comprising a power supply coupled to the first structure and 

configured to drive the first resonator structure or the second resonator structure at an 

angular frequency away from the resonance angular frequencies and shifted towards a 

frequency corresponding to an odd normal mode for the resonator structures to reduce 

radiation from the resonator structures by destructive far-field interference. 

2. The apparatus of claim 1, wherein the power supply is configured to drive the first 

resonator structure or the second resonator structure at the angular frequency away from 

the resonance angular frequencies and shifted towards the frequency corresponding to an 

odd normal mode for the resonator structures to substantially suppress radiation from the 

resonator structures by destructive far-field interference. 
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3. A method for wireless energy transfer involving a first resonator structure 

configured for energy transfer with a second resonator structure, over a distance D larger 

than a characteristic size L1 of said first resonator structure and larger than a 

characteristic size L2 of said second resonator structure, wherein the energy transfer has a 

rate K and is mediated by evanescent-tail coupling of a resonant field of the first 

resonator structure and a resonant field of the second resonator structure, wherein said 

resonant field of the first resonator structure has a resonance angular frequency Wi , a 

resonance frequency-width r 1 , and a resonance quality factor Q1 = m1 I 2r1 at least larger 

than 300, and said resonant field of the second resonator structure has a resonance 

angular frequency m2 , a resonance frequency-width r 2 , and a resonance quality factor 

Q2 = m2 I 2r 2 at least larger than 300, wherein the absolute value of the difference of said 

angular frequencies m1 and m2 is smaller than the broader of said resonant widths r 1 and 

r 2 , and the quantity KI .Jr 1 r 2 is at least larger than 20, the method comprising: 

driving the first resonator structure or the second resonator structure at an angular 

frequency away from the resonance angular frequencies and shifted towards a frequency 

corresponding to an odd normal mode for the resonator structures to reduce radiation 

from the resonator structures by destructive far-field interference. 

4. The method of claim 3, wherein the first resonator structure or the second 

resonator structure is driven at the angular frequency away from the resonance angular 

frequencies and shifted towards the frequency corresponding to an odd normal mode for 

the resonator structures to substantially suppress radiation from the resonator structures 

by destructive far-field interference. 

5. An apparatus for use in wireless energy transfer, the apparatus comprising: 

a first resonator structure configured for energy transfer with a second resonator 

structure, over a distance D larger than a characteristic size Li of said first resonator 

structure and larger than a characteristic size L2 of said second resonator structure, 

wherein the energy transfer has a rate K and is mediated by evanescent-tail 
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coupling of a resonant field of the first resonator structure and a resonant field of the 

second resonator structure, wherein 

said resonant field of the first resonator structure has a resonance angular 

frequency m1 , a resonance frequency-width r 1 , and a resonance quality factor 

Q1 = m1 I 2r1 at least larger than 300, and 

said resonant field of the second resonator structure has a resonance angular 

frequency m2 , a resonance frequency-width r 2 , and a resonance quality factor 

Q2 = m2 I 2r 2 at least larger than 300, 

wherein the absolute value of the difference of said angular frequencies cq and 

m2 is smaller than the broader of said resonant widths r 1 and r 2 , and the quantity 

KI .Jr1r 2 is at least larger than 20, 

and wherein for a desired range of the distances D, the resonance angular 

frequencies for the resonator structures increase transmission efficiency Tby accounting 

for radiative interference, wherein the increase is relative to a transmission efficiency T 

calculated without accounting for the radiative interference. 

6. The apparatus of claim 5, wherein the resonance angular frequencies for the 

resonator structures are selected by optimizing the transmission efficiency T to account 

for both a resonance quality factor U and an interference factor V. 

7. A method for designing a wireless energy transfer apparatus, the apparatus 

including a first resonator structure configured for energy transfer with a second 

resonator structure, over a distance D larger than a characteristic size L1 of said first 

resonator structure and larger than a characteristic size L2 of said second resonator 

structure, wherein the energy transfer has a rate K and is mediated by evanescent-tail 

coupling of a resonant field of the first resonator structure and a resonant field of the 

second resonator structure, wherein said resonant field of the first resonator structure has 

a resonance angular frequency m1 , a resonance frequency-width r 1 , and a resonance 

quality factor Q1 = m1 I 2r1 at least larger than 300, and said resonant field of the second 
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resonator structure has a resonance angular frequency w2 , a resonance frequency-width 

r 2 , and a resonance quality factor Q2 = w2 I 2r 2 at least larger than 300, wherein the 

absolute value of the difference of said angular frequencies w1 and w2 is smaller than the 

broader of said resonant widths r I and r 2 , and the quantity KI .Jr Ir 2 is at least larger 

than 20, the method comprising: 

selecting the resonance angular frequencies for the resonator structures to 

substantially optimize the transmission efficiency by accounting for radiative interference 

between the resonator structures. 

8. The method of claim 7, wherein the resonance angular frequencies for the 

resonator structures are selected by optimizing the transmission efficiency T to account 

for both a resonance quality factor U and an interference factor V. 

9. An apparatus for use in wireless energy transfer, the apparatus comprising: 

a first resonator structure configured for energy transfer with a second resonator 

structure over a distance D, 

wherein the energy transfer is mediated by evanescent-tail coupling of a resonant 

field of the first resonator structure and a resonant field of the second resonator structure, 

with a coupling factor k, wherein 

said resonant field of the first resonator structure has a resonance angular 

frequency w1 , a resonance frequency-width r 1 , and a resonance quality factor 

Q1 = w1 / 2r 1 , and is radiative in the far field, with an associated radiation quality factor 

Ql,rad 2 QI ' and 

said resonant field of the second resonator structure has a resonance angular 

frequency oJ2 , a resonance frequency-width r 2 , and a resonance quality factor 

Q2 = oJ2 I 2r 2 , and is radiative in the far field, with an associated radiation quality factor 

Q2,rad 2 Q2' 

wherein an absolute value of a difference of said angular frequencies w1 and w2 
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is smaller than broader of said resonant widths r 1 and r 2 , and an average resonant 

angular frequency is defined as m
0 

= .J m1 m2 , corresponding to an average resonant 

wavelength A
0 

= 2:1rc I 0J
0

, where c is the speed of light in free space, and a strong­

coupling factor being defined as U = k.JQ1Q2 , 

wherein the apparatus is configured to employ interference between said radiative 

far fields of the resonant fields of the first and second resonator, with an interference 

factor V,,ad , to reduce a total amount of radiation from the apparatus compared to an 

amount of radiation from the apparatus in the absence of interference, a strong-

interference factor being defined as V = vrad.J(Q1 / Ql,rad)(Q2 / Q2,rad) · 

10. The apparatus of claim 9, wherein Q1 / Q1,rad 2 0.01 and Q2 I Q2,rad 2 0.01. 

11. The apparatus of claim 9, wherein Q1 / Q,rad 2 0.1 and Q2 I Q2,rad 2 0.1. 

12. The apparatus of claim 9, wherein DI A
0 

is larger than 0.001 and the strong-

interference factor Vis larger than 0.01. 

13. The apparatus of claim 9, wherein DI A
0 

is larger than 0.001 and the strong-

interference factor Vis larger than 0 .1. 

14. The apparatus of claim 9, further comprising the second resonator structure. 

15. The apparatus of claim 9, wherein, during operation, a power generator is coupled 

to one of the first and second resonant structure, with a coupling rate Kg , and is 

configured to drive the resonator structure, to which it is coupled, at a driving frequency 

f, corresponding to a driving angular frequency m = 21[ f , 

wherein Ug is defined as Kg /r1 , if the power generator is coupled to the first 

resonator structure and defined as Kg Ir 2 , if the power generator is coupled to the second 
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resonator structure. 

16. The apparatus of claim 15, wherein the driving frequency is different from the 

resonance frequencies of the first and second resonator structures and is closer to a 

frequency corresponding to an odd normal mode of the system of the two resonator 

structures, 

wherein the detuning of the first resonator from the driving frequency is defined 

as D1 = ( OJ - OJ1 ) / r 1 and the detuning of the second resonator structure from the driving 

frequency is defined as D2 = ( OJ - OJ2 ) / r 2 . 

17. The apparatus of claim 16, wherein D1 is approximately equal to UV,aa and D2 is 

approximately equal to uv,,ad . 

18. The apparatus of claim 15, wherein Ug is chosen to maximize the ratio of the 

energy-transfer efficiency to the radiation efficiency. 

19. The apparatus of claim 1 7, wherein U g is approximately equal to 

11 + u 2 
- v 2 u 2 + v 2 

- 2vv "\J rad rad · 

20. The apparatus of claim 15, whereinfis at least larger than 100 kHz and smaller 

than 500MHz. 

21. The apparatus of claim 15, wherein f is at least larger than 1 MHz and smaller than 

50MHz. 

22. The apparatus of claim 15, further comprising the power generator. 

23. The apparatus of claim 15, wherein, during operation, a power load is coupled to 

the resonant structure to which the power generator is not coupled, with a coupling rate 
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K 1 , and is configured to receive from the resonator structure, to which it is coupled, a 

usable power, 

wherein U1 is defined as K 1 I r I , if the power load is coup led to the first resonator 

structure and defined as K 1 Ir 2 , if the power load is coupled to the second resonator 

structure. 

24. The apparatus of claim 23, wherein U1 is chosen to maximize the ratio of the 

energy-transfer efficiency to the radiation efficiency. 

25. The apparatus of claim 24, wherein the driving frequency is different from the 

resonance frequencies of the first and second resonator structures and is closer to a 

frequency corresponding to an odd normal mode of the system of the two resonator 

structures, 

wherein the detuning of the first resonator from the driving frequency is defined 

as DI = ( OJ - OJI)/ r I and is approximately equal to UV,ad, and the detuning of the second 

resonator structure from the driving frequency is defined as D2 = ( OJ - OJ2) / r 2 and is 

approximately equal to uv,ad' 

and Uz is approximately equal to .J1 + U 2 
- vr;du2 + V 2 

- 2VV,ad 

26. The apparatus of claim 9, wherein at least one of the first and second 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. 

27. The apparatus of claim 26, where the characteristic size of said loop or coil is less 

than 30 cm and the width of said conducting wire or Litz wire or ribbon is less than 2cm. 

28. The apparatus of claim 26, where the characteristic size of said loop or coil is less 

than lm and the width of said conducting wire or Litz wire or ribbon is less than 2cm. 
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29. The apparatus of claim 9, further comprising a feedback mechanism for 

maintaining the resonant frequency of one or more of the resonant objects. 

30. The apparatus of claim 29, wherein the feedback mechanism comprises an 

oscillator with a fixed driving frequency and is configured to adjust the resonant 

frequency of the one or more resonant objects to be detuned by a fixed amount with 

respect to the fixed frequency. 

31. An apparatus for use in wireless energy transfer, the apparatus comprising: 

a first resonator structure configured for energy transfer with a second resonator 

structure over a distance D, 

wherein the energy transfer is mediated by evanescent-tail coupling of a resonant 

field of the first resonator structure and a resonant field of the second resonator structure, 

with a coupling factor k, wherein 

said resonant field of the first resonator structure has a resonance angular 

frequency £Vi , a resonance frequency-width r 1 , and a resonance quality factor 

Q1 = oJ1 I 2r 1 , and is radiative in the far field, with an associated radiation quality factor 

Ql,rad 2 Ql , and 

said resonant field of the second resonator structure has a resonance angular 

frequency m2 , a resonance frequency-width r 2 , and a resonance quality factor 

Q2 = m2 I 2r 2 , and is radiative in the far field, with an associated radiation quality factor 

Q2,rad 2 Q2' 

wherein an absolute value of a difference of said angular frequencies m1 and m2 

is smaller than the broader of said resonant widths r 1 and r 2 , and an average resonant 

angular frequency is defined as OJ
0 

= .J m1 m2 , corresponding to an average resonant 

wavelength .l
0 

= 2trc I OJ
0

, where c is the speed of light in free space, and a strong­

coupling factor is defined as U = k.JQ1Q2 , 

wherein the apparatus is configured to employ interference between said radiative 

far fields of the resonant fields of the first and second resonator, with an interference 
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factor V,ad , to increase efficiency of energy transfer for the apparatus compared to 

efficiency for the apparatus in the absence of interference, the strong-interference factor 

being defined as V = V,ad .J( Q1 I Ql,ra<l) ( Q2 I Q2,rad) • 

32. The apparatus of claim 31, wherein QI Ql,rad z: 0.05 and Q2 / Q2,rad z: 0.05. 

33. The apparatus of claim 31, wherein Q1 / QI.rad z: 0.5 and Q2 / Q2,rad z: 0.5. 

34. The apparatus of claim 31, wherein DI A
0 

is larger than 0.01 and the strong-

interference factor Vis larger than 0.05. 

35. The apparatus of claim 31, wherein D ! A
0 

is larger than 0.01 and the strong-

interference factor Vis larger than 0.5. 

36. The apparatus of claim 31, further comprising the second resonator structure. 

3 7. The apparatus of claim 31, wherein, during operation, a power generator is 

coupled to one of the first and second resonant structure, with a coupling rate Kg , and is 

configured to drive the resonator structure, to which it is coupled, at a driving frequency 

f, corresponding to a driving angular frequency OJ = 2Jr f , 

wherein Ug is defined as Kg /r1 , if the power generator is coupled to the first 

resonator structure and defined as Kg Ir 2 , if the power generator is coupled to the second 

resonator structure. 

38. The apparatus of claim 37, wherein the driving frequency is different from the 

resonance frequencies of the first and second resonator structures and is closer to a 

frequency corresponding to an odd normal mode of the system of the two resonator 

structures, 

wherein the detuning of the first resonator from the driving frequency is defined 
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as D1 = ( m - m1 ) / r 1 and the detuning of the second resonator structure from the driving 

frequency is defined as D2 = ( m - m2 ) / r 2 • 

39. The apparatus of claim 38, wherein D1 is approximately equal to UV and D2 is 

approximately equal to UV . 

40. The apparatus of claim 37, wherein Ug is chosen to maximize the energy-transfer 

efficiency. 

41. The apparatus of claim 39, wherein Ug is approximately equal to 

42. The apparatus of claim 37, whereinfis at least larger than 100 kHz and smaller 

than 500MHz. 

43. The apparatus of claim 37, whereinfis at least larger than 1MHz and smaller than 

50MHz. 

44. The apparatus of claim 37, further comprising the power generator. 

45. The apparatus of claim 37, wherein, during operation, a power load is coupled to 

the resonant structure to which the power generator is not coupled, with a coupling rate 

K 1 , and is configured to receive from the resonator structure, to which it is coupled, a 

usable power, 

wherein U1 is defined as K 1 /r1 , if the power load is coupled to the first resonator 

structure and defined as K 1 Ir 2 , if the power load is coupled to the second resonator 

structure. 
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46. The apparatus of claim 45, wherein U1 is chosen to maximize the energy-transfer 

efficiency. 

4 7. The apparatus of claim 46, wherein the driving frequency is different from the 

resonance frequencies of the first and second resonator structures and is closer to a 

frequency corresponding to an odd normal mode of the system of the two resonator 

structures, 

wherein the detuning of the first resonator from the driving frequency is defined 

as D1 = ( OJ - OJ1 ) / r 1 and is approximately equal to UV , and the detuning of the second 

resonator structure from the driving frequency is defined as D2 = ( OJ - OJ2 ) / r 2 and is 

approximately equal to UV , 

and ul is approximately equal to .J( 1 + U 2
) ( 1- V 2

) . 

48. The apparatus of claim 31, wherein at least one of the first and second 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. 

49. The apparatus of claim 48, where the characteristic size of said loop or coil is less 

than 30 cm and the width of said conducting wire or Litz wire or ribbon is less than 2cm. 

50. The apparatus of claim 48, where the characteristic size of said loop or coil is less 

than lm and the width of said conducting wire or Litz wire or ribbon is less than 2cm. 

51. The apparatus of claim 31, further comprising a feedback mechanism for 

maintaining the resonant frequency of one or more of the resonant objects. 

52. The apparatus of claim 51, wherein the feedback mechanism comprises an 

oscillator with a fixed driving frequency and is configured to adjust the resonant 

frequency of the one or more resonant objects to be detuned by a fixed amount with 
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respect to the fixed frequency. 

53. The apparatus of claim 51, where the feedback mechanism is configured to 

monitor an efficiency of the energy transfer, and adjust the resonant frequency of the one 

or more resonant objects to maximize the efficiency. 

54. The apparatus of claim 31, wherein the resonance angular frequencies for the 

resonator structures are selected to optimize the energy-transfer efficiency by accounting 

for both the strong-coupling factor U and the strong-interference interference factor V. 

55. A method for wireless energy transfer, the method comprising: 

providing a first resonator structure configured for energy transfer with a second 

resonator structure over a distance D, 

wherein the energy transfer is mediated by evanescent-tail coupling of a resonant 

field of the first resonator structure and a resonant field of the second resonator structure, 

with a coupling factor k, wherein 

said resonant field of the first resonator structure has a resonance angular 

frequency m1 , a resonance frequency-width r 1 , and a resonance quality factor 

Q1 = m1 I 2r 1 , and is radiative in the far field, with an associated radiation quality factor 

Ql,rad 2: QI, and 

said resonant field of the second resonator structure has a resonance angular 

frequency m2 , a resonance frequency-width r 2 , and a resonance quality factor 

Q2 = m2 I 2r 2 , and is radiative in the far field, with an associated radiation quality factor 

Q2,rad 2: Ql ' 

wherein an absolute value of a difference of said angular frequencies m1 and m2 

is smaller than broader of said resonant widths r 1 and r 2 , and an average resonant 

angular frequency is defined as m
0 

= ,J m1 m2 , corresponding to an average resonant 

wavelength A
0 

= 21rc I m
0 

, where c is the speed of light in free space, and the strong­

coupling factor is defined as U = k,JQ1Q2 , and 
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employing interference between said radiative far fields of the resonant fields of 

the first and second resonator, with an interference factor Vrad, to reduce a total amount of 

radiation from the first and second resonator compared to an amount of radiation from the 

first and second resonator in the absence of interference, a strong-interference factor 

being defined as V = vrad -J( QI / Ql,rad) ( Q2 / Q2,rad) · 

56. The method of claim 55, wherein Q1 / Ql,rad z 0.01 and Q2 / Q2,rad z 0.01. 

57. The method of claim 55, wherein, during operation, a power generator is coupled 

to one of the first and second resonant structure and is configured to drive the resonator 

structure, to which it is coupled, at a driving frequency f, corresponding to a driving 

angular frequency OJ = 2Jr f , 

wherein the driving frequency is different from the resonance frequencies of the 

first and second resonator structures and is closer to a frequency corresponding to an odd 

normal mode of the system of the two resonator structures. 

58. The method of claim 57, wherein, during operation, a power load is coupled to the 

resonant structure to which the power generator is not coupled and is configured to 

receive from the resonator structure, to which it is coupled, a usable power. 

59. A method for wireless energy transfer, the method comprising: 

providing a first resonator structure configured for energy transfer with a second 

resonator structure over a distance D, 

wherein the energy transfer is mediated by evanescent-tail coupling of a resonant 

field of the first resonator structure and a resonant field of the second resonator structure, 

with a coupling factor k, wherein 

said resonant field of the first resonator structure has a resonance angular 

frequency oJ1 , a resonance frequency-width r 1 , and a resonance quality factor 

Q1 = OJ1 I 2r 1 , and is radiative in the far field, with an associated radiation quality factor 
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Ql,rad 2 Ql ' and 

said resonant field of the second resonator structure has a resonance angular 

frequency oJ2 , a resonance frequency-width r 2 , and a resonance quality factor 

Q2 = oJ2 I 2r 2 , and is radiative in the far field, with an associated radiation quality factor 

Q2,rad 2 Q2' 

wherein an absolute value of the difference of said angular frequencies m1 and m2 

is smaller than the broader of said resonant widths r 1 and r 2 ,and an average resonant 

angular frequency is defined as m
0 

= .J m1 m2 , corresponding to an average resonant 

wavelength .il
0 

= 21rc I 0J
0 

, where c is the speed of light in free space, and the strong­

coupling factor is defined as U = k .J Q1Q2 , and 

employing interference between said radiative far fields of the resonant fields of 

the first and second resonator, with an interference factor Vrad, to increase efficiency of 

energy transfer between the first and second resonator compared to efficiency of energy 

transfer between the first and second resonator in the absence of interference, a strong-

interference factor being defined as V = ~ad ,J( Ql / Q,rad) ( Q2 / Q2,rad) · 

60. The method of claim 59, wherein Q1 / Ql,rad 2 0.05 and Q2 I Q2,rad 2 0.05. 

61. The method of claim 59, wherein, during operation, a power generator is coupled 

to one of the first and second resonant structure and is configured to drive the resonator 

structure, to which it is coupled, at a driving frequency f, corresponding to a driving 

angular frequency m = 21r f , 

wherein the driving frequency is different from the resonance frequencies of the 

first and second resonator structures and is closer to a frequency corresponding to an odd 

normal mode of the system of the two resonator structures. 

62. The method of claim 61, wherein, during operation, a power load is coupled to the 

resonant structure to which the power generator is not coupled and is configured to 
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receive from the resonator structure, to which it is coupled, a usable power. 

63. The method of claim 59, wherein the resonance angular frequencies for the 

resonator structures are selected to optimize the energy-transfer efficiency by accounting 

for both the strong-coupling factor U and the strong-interference interference factor V. 
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WO93/23908 PCT/NZ93/00031 

- 1 -

5 A NON-CONTACT POWER DISTRIBUTION SYSTEM 

TECHNICAL FIELD OF THE INVENTION 

10 This invention relates to the provision of inductively coupled electric power across a 

gap to mobile or portable power consuming devices such as vehicles. It more 

particularly relates to those inductively coupled systems that employ resonant circuits, 

and most particularly to ways to maintain mutually consistent resonant frequencies in 

both primary and secondary circuits. 

15 

BACKGROUND 

Modem semiconductor developments have made feasible the provision of inductively 

coupled power to moving vehicles, and have permitted the use of resonant LC circuits 

20 in either or both the primary and the secondary circuits. Resonance provides - among 

other advantages - (a) large circulating currents despite relatively small power supplies, 

(b) relatively low emission of electromagnetic fields at harmonics of the operating 

frequency, (c) small ferromagnetic cores, if any, and (d) novel means for control of the 

electromagnetic coupling across spaces. 

25 

Clearly the system will be most efficient when all resonant circuits resonate naturally at 

substantially the same frequency, and substantially in phase. Despite careful tuning at 

the time of installation, effects on inductance and also on the operating parameters of 

switches c~used by varying loads can cause operating frequencies to change. This 

30 variability owes its origin in part to combined use in preferred embodiments of the 

invention of the trackway conductor as both the resonating inductor and as the emitter 

of changing magnetic fields. The resonant induct:or is actually the distributed 

inductance of the trackway and is inherently vulnerable to induced currents in adjacent 

secondary coils, which vary according to consumption. The preferred prior-art 

35 switching power supply simply detects each zero crossing within the current in the 

resonant circuit and causes immediate switching transitions. It has no means to 
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determine the actual operating frequency - apart from a momentarily applied start-up 
oscillator. 

5 The tightness of primary-secondary coupling may give rise to more than one condition 

for which the entire system appears to be in resonance but generally only one of these 

conditions correlates to a frequency at which optimal power transfer can take place. 

Because the efficiency of power transfer will fall if the resonant frequencies are not 

10 well matched, it is hence desirable to maintain a relatively constant operating frequency 
during all reasonable conditions of use. 

OBJECT 

15 It is an object of the present invention to provide an improved system for the 
maintenance of consistent resonating frequencies within an inductively coupled power 

transfer system~ or one which will at least provide the public with a useful choice. 

20 

STATEMENT OF INVENTION 

In one aspect the invention provides a non-contact power distribution system for 

causing electric power to be transferred from a primary resonant circuit capable of 

generating an alternating magnetic field to at least one movable body provided with at 

least one secondary resonant circuit incorporating an inductive coil for intercepting said 

25 magnetic field and thereby generating an electromotive force, characterised in that said 

power distribution system includes means to maintain the resonant frequency of the 

primary resonant circuit and the secondary resonant circuits at or close to a consistent 

frequency. 

30 In another aspect the invention provides a non-contact power supply for causing electric 

power to be transferred from a primary resonant circuit to at least one movable body 
provided with at least one secondary resonant circuit incorporating an inductive coil for 

intercepting a magnetic field and thereby generating an electromotive force, said power 

supply comprising a switching power supply which generates a high-frequency 

35 resonant current, characterised in that there is means to maintain the frequency of the 

resonant current at or close to a predetermined frequency. 
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DRAWINGS 

The following is a description of several preferred forms of the invention, given by way 
of example only, with reference to the accompanying diagrams. These examples relate 
in particular to a system for distributing power to moving trolleys running on rails · 
adjacent to primary conductors, though it is of course applicable to other power 
consumers such as lamps or battery chargers. 

Fig 1: is a circuit diagram illustrating an induction line which can be tuned by a tuning 
capacitor. 

Fig 2: is a circuit diagram of an induction line which can be tuned by means of 
adjustable coils. 

15 ~: is an illustration of a solution using switched inductors to vary the resonant 
inductance by small increments. 

20 

25 

30 

35 

Eu: is an illustration of a system to provide a frequency-stable source for the 
primary power supply rather than allowing it to drift in frequency. 

.Ei&.2: is an illustration of one means for tuning (or frequency-tracking) within the 
secondary circuits- such as the trolleys themselves. 

Fig 6: is an illustration of a "dummy trolley" or artificial secondary resonant circuit 
within or near the power supply, used to effect control and optionally act as a 
sensor of induction line parameters. 

Fig 7: is a circuit that tests the present operating frequency and continually adjusts 
tuning of the power supply. It is based on a proportional-integral controller and 
uses capacitors and switches in parallel with the main resonant capacitor. 

Fig 8a-c: shows diagrammatic graphs of phase angle (Y axis) against frequency 
(X axis) in circuits that are (8a) under-coupled, (8b) critically coupled, and (8c) 
over-coupled. 

Fig 9a-c: shows the use of zero-inductance cables in principle (9a), and in practice 
(9b and 9c) to link spaced-apart nodes of a circuit 
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having multiple resonant elements, and thereby restrict oscillation modes. 

PREFERRED EMBODIMENTS 

All embodiments have the common objective of providing a consistent resonant 

frequency across the power distribution system. Advantages of providing a system­

wide resonant frequency include: 

1. 

2. 
3. 
4. 
5. 

all resonant circuits have substantially zero power factor - they act like pure 

resistances. 

The Q of the system is raised. 

Aberrant modes of oscillation are inhibited. 
Coupling is enhanced. 
Power transfer is enhanced. 

Some of a number of possible solutions to the problem of ensuring a.consistent resonant 

frequency across an entire system are illustrated by the preferred embodiments 

described herein. In ~ummary the embodiments to be described are:-

1. Tune the primary loop with a small switched capacitor across the main resonant 
capacitor. This method endeavours to keep the system resonant frequency 

constant. (Fig 1, Fig 7) 

2. 

3. 

4. 

Tune the primary loop using a pair of variable inductances; one in series with 

each side of the primary loop. This method also endeavours to keep the system 

resonant frequency constant. (Fig 2) 

Using switched inductors, (egswitched by SCR devices) to vary the resonant 

inductance by small increments. This solution endeavours to keep the system 

resonant frequency constant. (Fig 3) 

Render the primary power supply a frequency-stable source rather than drift in 

frequency as set by track inductance parameters. This approach will keep the 

system resonant frequency constant. (Fig 4) 
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5. Add tuning (or frequency-tracking) means on the secondary circuits- the 

trolleys themselves. This system has a variable overall frequency. (Fig 5) 

6. 

7. 

8. 

Use a "dummy trolley" or artificial secondary resonant circuit at or near the 

power supply to effect control. This system also has a variable overall 
frequency. (Fig 6) 

Use switched capacitances ·within the power supply to vary the resonant 
capacitance by small increments. (Dithering or pulsed control provides finer 
control). (Fig 7) 

Use zero-inductance cables to link spaced-apart nodes having similar amplitude 

and phase of a circuit, usually at capacitors, and thereby restrict oscillation 
modes. (Fig 9a-c) 

Embodiments shown in Figs 1, 2, 3 and 6 assume the presence of a master controller, 

not illustrated therein, to monitor the frequency of the resonant current in the primary 
circuit and take suitable steps to alter specific lumped circuit parameters (one or both of 

20 L and C) should the frequency drift away from a target range. This controller may be a 
type of phase-locked loop, although a preferable form is a proportional controller of the 
type shown in Fig 7. 

25 

30 

Embodiment 1- see Fig 1. 

An induction line 100 is provided by a pair of litz wire cables 101 and 102, together 

with a coil 103 and a main capacitor 104. (The power source is not shown but would be 

connected across inductor 103). In this example an auxiliary capacitor 116 is provided 
in parallel with the main capacitor, and can be switched in or out of the circuit by an 

appropriate switch 117, in order to vary the resonant frequency of the induction line. 

By providing an auxiliary capacitor 116, it is possible to tune the resonant frequency of 

the induction line in order to accommodate changes to tr.e frequency resulting from the 

number of movement of movable bodies, (typically electrically powered trolleys) on the 

induction line. The frequency change is a result of changing inductance, hence a shift 
35 in the frequency of resonance. If a substantially constant primary frequency is 

maintained, secondary circuits should not require re-tuning. 

SUBSTITUTE SHEET 
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It will be appreciated that the capacitor 116 can ·be in series, instead of in parallel with 

the main capacitor (where a switch would instead bypass it), and it could comprise one 

or more variable capacitors, so that the resonant frequency of the line can be tuned by 

5 varying the capacitance of the auxiliary capacitor 116. In another version the two 

capacitors may be replaced by one variable capacitor. 

Embodiment 2 

10 Fig 2 shows a similar induction line 200, having a pair of litz wire cables 201 and 202 

forming a loop, a main coil 203, and a main capacitor 204. A tuning coil arrangement 

205 and 206 is provided, so that the resonant frequency of the induction line can be 

tuned by varying the mutual inductance of coils 205 and 206. This can be achieved in 

a number of ways; using either electrical or mechanical adjustments. The simplest 

15 solution is to provide one coil within the other, each wound on a cylindrical (preferably 

plastics) former, with the inner coil capable of being moved relative to the outer coil. 

This can be achieved in a number of different ways. For example, the inner coil could 

be telescoped in or out with respect to the outer coil, so that there is a different degree 

of overlap, and hence a different resulting frequency of the induction line as the 

20 inductance of the coils is varied. Alternatively, the resonant frequency can be tuned, 

by rotating the inner coil with respect to the outer coil. This is the preferred 

arrangement, in which the length of the inner coil is shorter than the internal diameter 

of the outer coil, so that the inner coil can be rotated about its midpoint relative to the 

position of the outer coil. · Thus maximum inductance can be achieved when the inner 

25 coil has its longitudinal axis aligned with the longitudinal axis of the outer coil, and 

minimum inductance can be achieved when the inner coil has its longitudinal axis at 

right angles to the longitudinal axis of the outer coil. 

By this means, the resonant frequency of the induction line 201-202 can be varied, to 

30 take account of an increase or decrease in the number of vehicles on the induction line, 

and the amount of power that the or each vehicle draws from the induction line. 

Embodiment 3 

35 Fig 3 illustrates the principles of this modification, in which part of the main resonant 

conductor is illustrated as 301, having a group of discrete inductances (302,302', 302" 
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etc) placed in series with it. Each inductance has a shorting switch, such as a solid­

state switch 303, 303 ', 303,, etc) in series with it. Here we show the use of back-to­

back SCR devices as the solid-state switches, although other devices are usable, such 

as TRIACs, or MOSFET devices (preferable on the grounds of a low ON resistance and . 

therefore a low I2R heat loss). A gate power supply (304,304', 304" etc) is provided 

for each SCR device and an isolated drive input is used to connect a control signal. 

Preferably the values of the inductances are graded in an increasing series, so that a 

wider range of compensating inductance is available yet with fine increments. 

Preferably, track symmetry is maintained by making equal changes to the inductance of 

both legs of the track. In use, a steady gate current is caused to flow through a 

particular SCR 303x whenever a particular incremental inductance 302x is not required, 

as determined by a frequency monitoring device. 

Embodiment 4 

The prior-art method of allowing the resonant power supply to detect zero-crossing 

points of the resonant current in the primary circuit, and switch over at that moment, 

20 resulting in a resonant power supply whose actual operating frequency is set by 

instantaneous values of L and C and therefore can drift may be replaced by a method in 

which the switch-over points are determined by an external, independent, and stable 

clock. Although the resonant circuit may no longer emulate a pure resistance 

whenever the operating frequency is not the same as its resonant frequency, and 

25 therefore a power factor component will arise, this is minimal when measured at the 

switching devices on a single-cycle basis. In order to compensate for possibly 

troublesome power factor effects, switched inductances or capacitances may also be 

introduced into the circuit as per embodiments in Figs 3 or 7 above. This method does 

not require any re-tuning on the part of individual trolleys, and it is insensitive to the 

30 effects of over-critical damping on the power factor around resonance (See Fig 8). It 

has the further advantage for airports and the like that any radiated electromagnetic 

interference is of a constant frequency, which may be placed where it does not interfere 

with identified devices. 

35 In more detail, Fig 4 shows a simplified diagram 400 of a constant-frequency resonant 

power supply, with two solid-state switches 401,401' alternately connecting each side 
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of the resonant line 402 to one power rail 403; meanwhile a DC return is provided 

through the centre-tapped choke 404. A capacitor 405 is the resonating capacitor. A 

crystal-controlled oscillator with an optional divider chain 406 (crystal: 409) generates 

5 complementary 10 KHz drive pulses to the solid-state switches. (10 KHz is a prefell'ed . 

frequency; some other frequency may be used) Optionally, to take account of thermal 

effects on resonant components for example, a frequency may be generated which is 

stable in the short term but is varied in accordance with (for example) ambient or local 

temperatures. 

10 

Embodiment S 

In this embodiment the primary circuit resonant frequency is allowed to find its own 

stable level, while the onus is put on each of the consumer devices to individually track 

15 that frequency by causing their own secondary resonant circuit parameters to change in 

order to match it. 

Advantages of this approach include (a) smaller currents are involved, (b) the system is 

more robust in that it has inherent redundancy, (c) the sensing process is located within 

20 the devices responsible for variations in load and (d) possible voltage limits are less 

likely to be exceeded - especially by transients - as the secondary resonant circuit will 

tend to minimise the peak amplitude of any transients generated by switching 

capacitors. 

25 Fig 5 shows a secondary resonant circuit 500, together with a frequency monitor 510 

(which may comprise a phase-locked loop, a circuit like that shown in Fig 7, or a pre­

programmed set of cause/effect combinations - a lookup table), a series of incremental 

capacitors 502, 502', 502" etc, and series switches 504,. 504', 504" etc, which in use 

are switched by the controller so that the resonant frequency of the entire circuit 500 is 

30 caused to closely track the operating frequency of the primary circuit 501. 

Embodiment 6 

The specialised secondary circuit or 11dummy trolley" embodiment shown in Fig 6 is a 

35 hybrid in that it is like an on-trolley frequency shifter as in the previous embodiment, 

but, being located adjacent to the switching power supply it may be under the control of 
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a master controller and furthermore can be used as a line monitoring device. 

While secondary circuits are normally provided about a resonant inductive power 

transfer system as mobile consumers, a dedicated and fixed secondary circuit,. 
preferably located at or within the main switching power supply and inductively 

coupled to the power supply output can be used to (a) monitor system performance and 

(b) modify the characteristics of the primary loop with relatively little cost. 

10 Fig. 6 shows a typical specialised secondary resonant circuit or "dummy trolley" (611-

613), coupled to an inductively powered track system 600. (603 is the main resonant 

capacitor, 604 is the centre-tapped powering inductor, while the inductor 605 provides a 
constant current supply from the DC source 606. 607 and 608, the switching devices, 

are controlled by a controller 609). Secondary inductor 611 is coupled at primary 
15 inductor 610 to the primary resonant circuit 601, and the tuning capacitor 612 

completes the resonant circuit in this secondary resonant circuit. Capacitor 612 is 

shown as a variable device; a master controller may vary this capacitor as for 
embodiments 1, 5 and 7, in order to tune the "dummy trolley" and thereby affect 

resonance in the primary circuit. As this circuit is electrically isolated from the 

20 primary, one side of it may be connected or referenced to system ground, and a test 
point 613 can be used to provide signals proportional to the resonant circuit current. 

Means may be provided to cause the input power to the switching or resonant power 
supply to be cut if the circulating resonant current becomes too high. The preferred 

turns ratio of inductance 611 compared to inductance 600 is preferably greater than 1, 

25 to provide for relatively low-current switching in the dummy trolley, to effect a varying 
capacitance 612 by, for example, switching in or out increments of capacitance. 

30 

35 

This mode of coupling can give a relatively high-voltage induced resonating current 

which is rather more amenable to control in a low-loss manner with solid-state switches 

such as MOSFET devices or high-voltage bipolar transistors. The I of I2R losses is 
made smaller for a given power. As these active devices are incorporated within a 

secondary resonant circuit they are relatively speaking better protected from transients 

in the primary resonant circuit. This method is generally preferable over methods that 

modify frequency by action directly within the primary circuit. 

This method, involving a resonant circuit adjacent to and under direct control of the 
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master frequency controller, also has the advantage that changes can be caused to 

happen rapidly, thus immediately compensating for shifts in primary frequency because 

the slave resonant circuit is within or close to the resonant power supply and its 

5 controller. 

Calculations on the "effective capacitance" that can be provided by a dummy trolley. 

For a realistic example (see Fig. 5) in which the secondary inductance 611 of the 

10 dummy trolley is 300 µH, tuned to resonance by a capacitor 612 of 0.9 µF, the mutual 

inductance Mis 10 µH, w (frequency) is 2 *pi* 104, and in which a switch 614 can 

render the resonant circuit open-circuit. •.. 

The impedance reflected into the track is 

15 

where Z2 = j(wL2 - 1/wC2) 

20 In the case where C2 (612) is switched out of circuit (open circuit) ... 

25 

30 

22' =-j. 20.9 X 10-3 

=> C2' = 759 µF 

In comparison to the case where C2 is switched into circuit ... 

22' = -j. 1.165 

=> C2' = 46.9 µF 

Thus a 0.9 microfarad capacitor can simulate a very much greater capacitor to the 

primary track. 

35 Embodiment7 
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One embodiment of frequency control includes a plurality of capacitor pairs placed 

across the solid-state switches of the switching power supply. These capacitors are 

provided with values in an arithmetic series, so that a digital approximation to a given 

5 value could be created and held. 

Surprisingly it has been found that, as the frequency of the resonating system takes 

some time to adjust to a new frequency, it is possible to use just one additional 

capacitor pair across the solid-state switches and vary the duty cycle over which the 

10 pair is connected into the circuit in order to achieve a fine control over frequency. The 

time course of frequency change, as a result of an imposed step alteration in L or C in 

this type of resonant inductive power distribution system, is relatively long - at least 

several to ten milliseconds - especially where one or more secondary resonant circuits 

are carrying resonant cmrent at a first frequency and will tend to continue to resonate at 

15 that first frequency. 

In order to gain a finer and more continuous control of frequency than might be 

provided by long-term introduction of relatively large increments of inductance or 

capacitance, these increments may be repetitively switched in and out of the system for 

20 even single-cycle durations whereupon the mean frequency will assume an intermediate 

value. 

Fig 7 illustrates at 701 a resonant power supply similar to that of Fig 6 in which one 

additional pair of semiconductor switches 712, 713 are switched ON or OFF by gate 

25 control buffer 711 (e.g. integrated circuit type ICL 7667) in order to insert capacitors 

714 and 715 into the resonant circuit. 

The control section is illustrated at 700. A square-wave version of the resonant voltage 

picked off from across the capacitor 716 (typically converted by limiting and a Schmitt 

30 trigger, as is well known in the art) is applied to the input. This will be approximately 

10 KHz for preferred systems. The signal is fed to a frequency-to-voltage converter 

702, preferably having a time constant of about 10 mS. The frequency-dependent 

output of this stage is taken to a proportional-integral controller section 703 for which 

feedback components 704 determine its response characteristics. A steady voltage is 

35 fed in at Vref to provide a reference for the circuit. The output is fed to a voltage-to­

frequency converter 705; the output of which is at nominally 1.28 MHz and which is 
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fed to an 8-bit binary divider 706 for a division of 256. A reset input to this divider is 

created from the positive-going edges of the input squ~-wave signal, as a brief pulse 

(preferably less than 0.5µS) within a one-shot device.'708. ·. 

Thus the divider 706 creates a square-wave signal of nominally 5 KHz frequency. This 

is fed to the D input of a flip flop 707, while the original signal is fed to the clock input. 

Thus the Q output of the flipflop is either high (when the track frequency is too low and 

capacitance is to be removed) or low (when the track frequency is too high and extra 

10 capacitance is required). This signal is fed to the buffer711 and on to both MOSFET 

or IGBT transistors 712 and 713 and hence causes the capacitors 714 and 715 to be 

brought into or out of circuit. 

There are, of course, many other ways in which frequency control might be 

15 implemented. 

Fig 8a, b, and c illustrate measurements of the relationship of phase angle (Y axis) 

against frequency (X axis) for a resonant power distribution system having both 

resonant primary and resonant secondary circuits. The nominal resonant frequency is 10 

20 KHz. Points where the zero phase angle line is crossed represent true or false resonant 

modes. 

Measurements and computer modelling of an inductive power transfer system show that 

as the coupling between primary and secondary circuits rises (e.g. from that shown in 

25 Fig 8a towards Fig 8b) towards a critical value (Fig 8b ), the phase angle against 

frequency graph develops a kink, tending to the horizontal. With over-critical coupling, 

a graph of phase (Y) against frequency (X) will show a brief reversal of direction about 

the zero point (Fig 8c) if the circuit under test is swept through resonance. Critical 

coupling i_s defined as the condition wherein the plot runs horizontally about the 

30 resonance point, while in under-critical coupling the plot crosses the zero phase line 

once. The switching resonant power supply may, with critical coupling conditions, 

show an instability in operating frequency since the u;_,ure resistance" or zero power­

factor conditions are satisfied at more than one frequency.) 

35 Embodiment 8 
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In this embodiment a primary circuit having more than one resonating capacitor spaced 

apart from one another (a practice used to extend track length among other reasons) has 

been constrained to minimise a possible variety of oscillation frequencies. Any Land C 

pair may form a resonant circuit, and if typical manufacturing tolerances or track_ 

inductance variations are considered, it will be apparent that a number of possible 

resonant frequencies may be adopted, by various combinations of adjacent inductance 

and capacitance. If the capacitors were to be tied together, more particularly at points 

where the amplitude and phase are similar, the possible modes of oscillation would be 

10 restricted 2.ero-inductance cables may be used to link spaced-apart nodes of the power 

supply and thereby restrict possible modes of oscillation. 

A zero-inductance cable (e.g. 910 or 924) is typically one having a pair of physically 

symmetrical conductors, electrically insulated from one another yet closely coupled 

15 magnetically. A close approach to the ideal is a length of litz wire with conductors 

randomly allocated to one group or the other, hence interspersed Multiple-conductor 

telephone cable, for which colour-coding facilitates grouping, is a more realistic type of 

cable. In use, a cU1Tent in one conductor flows against a cU1Tent of opposite sense in the 

other conductor so that the magnetic fields are substantially cancelled out by each other 

20 and the conductor appears to have substantially no intrinsic inductance. 

Fig 9 shows three examples of the use of zero-inductance cables to link spaced-apart 

nodes of a circuit and thereby restrict oscillation modes. Fig 9a illustrates a single 

primary conductor module having two capacitors 906 and 907 separated by intrinsic 

25 inductance 905 and 909 within primary conductors. The zero-inductance cable 910 

joins the capacitors, and a crossover at 911 is provided because the phase of the current 

at top left (see the vectors labelled V) will be opposite to the phase of the current at top 

right, in resonance, but the same as the phase of the cUITent at bottom right. Preferably 

capacitors are matched reasonably well at the time of assembly, so that difference 

30 currents flowing through the zero-inductance cable are minimised, and so that 

remaining currents in the zero-inductance cable comprise dynamic corrections to cancel 

out imbalances. 

35 
Fig 9b illustrates an extended zero-inductance cable joining the ends of a modular 

primary track so that the capacitor/generator pair 922 is effectively locked to the 

voltage across the far capacitor 923. Intermediate modules (like 921) are shown with 
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connectors to adjacent modules. 

Fig 9c illustrates a special case of 9b, in which an almost continuous loop track 940 

5 forms a ring and is energised by a power supply 949. (lypical manufacturing processes _ 

commonly have conveyer devices travelling in a closed circuit of this style). In order to 

match the nodes at the capacitors at the beginning (943) and the end (947), a simple 

connection or cable including a cross-over 950, completes the circuit of the entire track 

conductors 941 and 942. Intermediate primary conductor modules are not shown here. 

10 

15 

20 

25 

30 

35 

Finally,, it will be appreciated that various alterations and modifications may be made to 

the foregoing without departing from the scope of this invention as set forth in the 

following claims. 
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CLAIMS 

1. A non-contact power distribution system for causing electric power to be 

5 transferred from a primary resonant circuit capable of generating an alternating 

magnetic field to at least one movable body provided with at least one secondary 

resonant circuit incorporating an inductive coil for intercepting said magnetic field and 

thereby generating an electromotive force, characterised in that said power distribution 

system includes means to maintain the resonant frequency of the primary resonant 

10 circuit and the secondary resonant circuits at or close to a consistent frequency. 

2. A non-contact power supply for causing electric power to be transferred from a 

primary resonant circuit to at least one movable body provided with at least one 

secondary resonant circuit incorporating an inductive coil for intercepting a magnetic 

15 field and thereby generating an electromotive force, said power supply comprising a 

switching power supply which generates a high-frequency resonant current, 

characterised in that there is means to maintain the frequency of the resonant current at 

or close to a predetermined frequency. 

20 3. A non-contact power supply as claimed in claim 2, characterised in that the 

switching power supply is driven by a stable oscillator. 

4. A non-contact power distribution system as claimed in claim 1, in which the 

primary resonant circuit comprises one or more elongated primary conductors having 

25 more than one resonating capacitor for each elongated primary conductor, located at 

physically separated sites about the elongated primary conductor(s), characterised in 

that the capacitors are electrically connected at nodes of like phase by a zero-inductance 

cable. 

30 5. A non-contact power distribution system as claimed in claim 1, characterised in 

that the primary resonant circuit includes means to vary the resonating inductance 

included in the circuit so that the resonant frequency remains substantially stable. 

6. A non-contact power distribution system as claimed in claim 5, characterised in 

35 that the means to vary the resonating inductance in the primary inductive circuit 

comprise a first inductance in series with one primary conductor, mutually coupled by a 
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variable amount to a second inductance in series with a second primary inductor. 

7. A non-contact power distribution system as claimed in claim 5, characterised in 
5 that the means to vary the resonating inductance in the primary inductive circuit_ 

comprises one or more discrete inductances in series with each primary conductor, each 

discrete inductance being capable of being switched in or out of circuit with an 

associated switch driven by a controlling device. 

10 8. A non-contact power distribution system as claimed in claim 1, characterised in 

that the primary resonant circuit includes means to· vary the resonating capacitance 

included in the circuit so that the resonant frequency remains substantially stable. 

9. A non-contact power distribution system as claimed in claim 8, characterised in 
15 that the means to vary the resonating capacitance comprises one or more extra 

capacitances capable of being connected by a corresponding switch into the primary 

resonant circuit. 

10 A non-contact power distribution equipment as claimed in claim 1, characterised 

20 in that a dedicated secondary resonant circuit having inductance and capacitance is 

coupled to the primary circuit and is capable of having its resonant frequency altered by 

adjustments to the inductance or the capacitance so as to cause, via the coupling to the 

primary circui4 the resonant frequency of the primary circuit to be maintained at a 

substantially constant value. 
25 

30 

11 A non-contact power distribution equipment as claimed in claim 1, characterised 

in that the or each secondary resonant circuit is provided with means to detect the 

frequency of the primary resonant circuit and means to alter the resonant frequency of 
. the secondary circuit(s) to substantially match the frequency of the primary circuit. 

12. A non-contact power distribution system as claimed in claim 11, characterised 

in that the secondary circuit is equipped with means for including or excluding 

additional resonating capacitance. 

35 13. A non-contact power distribution system as claimed in claim 11, characterised 

in that the secondary circuit is equipped with means for including or excluding 
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additional resonating inductance. 

14. A non-contact power distribution system as claimed in claim 11, characterised 

in that the secondary circuit is equipped with means for determining the power factor of. 

the secondary cireuit, together with resonance altering means capable of controlling the 

inclusion or exclusion of additional resonating capacitance or inductance. 

15. A non-contact power distribution system as claimed in claim 11, characterised 

10 in that the secondary circuit is equipped with means for determining the power factor of 

the secondary cireuit, together with resonance altering means capable of controlling the 

inclusion or inclusion or exclusion of additional resonating inductance. 

15 

20 

25 

30 

35 
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DESCRIPTION 

METHOD AND APPARATUS FOR CONTACTLESS POWER TRANSFER 

CROSS-REFERENCE TO RELATED APPLICATION 

The present application claims the benefit of U.S. Provisional Application Serial No. 

61/059,663, filed June 6, 2008, which is hereby incorporated by reference herein in its 

entirety, including any figures, tables, or dra"vings. 

BACKGROUND OF INVENTION 

In recent years, inductive charging technology has become a leading candidate to 

eliminate power cables. Inductive power systems and other contactless power systems 

typically use one or more transmitters to send power to one or more receivers. Electronic 

devices with contactless power receivers can be powered or charged by being positioned in 

15 close proximity to a contactless power transmitter. Such systems have been designed and 

implemented. 

Contemporary contactless power systems are make use of switch-mode inverters, 

such as the Class, D, DE, E, ff 1
, F, F 1

, EF, EF2, EF3, Phi. The switch-mode inverter conve1is 

DC voltage that is provided by a DC voltage source to into a high frequency signal that 

20 enables efficient coupling of one or more primary coils to one or more secondary coils. The 

secondary coils are ultimately connected to one more loads. In the case of a contactless power 

transfer system the load of an inverter is typically a portable electronic device or some other 

load device with a variable power requirement. In many instances the load has an input 

impedance that is variable. The load can use energy or it can be designed to store energy. The 

25 load can comprise a voltage regulator and / or a power management system for regulating and 

relaying the power to an energy consuming or energy storing element. The impedance of the 

load helps determine the loading condition. 

30 

A typical switch-mode inverter comprises an active device, a supply network, and a 

load network with output terminals for connecting to a load. 

The active device is typically a transistor and operates as a switch. The switch 

alternates between a conductive and non-conductive state. A control signal from a gate drive 

or clock can be used to operate the switch. The switch is connected to a supply network and a 

load network. The switching of the active devices helps form an AC signal at the output of 

the load network. 

1 
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The supply network relays power from a source the DC voltage source to a terminal 

of the active device. The DC voltage source can have an output voltage that is variable. The 

supply network can be a simple inductor and typically comprises passive components. In 

some cases it may comprise an active device or variable elements for active reconfiguration 

5 of the supply network. A reconfiguration of the supply network can be performed depending 

on the load conditions in order to optimize efficiency or regulate the power which is 

delivered from the source. 

The load network relays power to the load device from a terminal of the active device 

and supply network. The load network typically comprises passive components. In some 

10 cases it may contain an active device or variable for active reconfiguration of the load 

network. A reconfiguration of the load network may be performed depending on the load 

conditions in order to optimize efficiency and/ or regulate the power delivered to the load. 

The load network includes one or more primary coils for inductively coupling to one 

or more secondary coils. Because of size mismatches and restrictions on the use of bulky core 

15 materials, the coupling between the primary and secondary coils can be weak thereby 

reducing efficiency, power delivery, or both. 

In order to compensate for weak coupling between primary and secondary coils, 

typical inductive charge systems typically operate at frequencies greater than 50k.Hz. At these 

higher operating frequencies soft-switching inverters, such as the Class E, ff 1, are preferred 

20 because they are more efficient than hard-switching inverters. High efficiency is preferable 

for environmental and regulatory reasons as well as practical reasons such as minimizing heat 

dissipation. 

Soft-switching describes a mode of operation where an active device, such as a 

transistor, will switch when either the voltage or current across the transistor is zero. Soft-

25 switching eliminates losses that normally occur with hard switching due to switch 

capacitance and the overlap of voltage and current in the switch. For example, in the case of 

zero voltage switching, the voltage across a transistor to swings to zero before the device 

turns on and current flows. Likewise, at turn-off, the voltage differential across the active 

device swings to zero before it is driven to a non-conductive state. 

30 A practical system is preferably capable of matching the power supplied to the power 

demanded by a load device. This is important because many load devices have variable 

power requirements. If the power delivered does not match power required, the excess energy 

can be dissipated as heat. A load device can have an input impedance that is variable because 

of a power requirement that is variable (see Figure 5 for a graph of resistance versus changing 

2 
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time for a typical cell phone battery). The input impedance of the load device can change by 

an order of magnitude. The input impedance of a voltage regulator connected to a portable 

electronic device can change by two orders of magnitude. The variable impedance of a load 

device makes the implementation of contactless power system difficult. 

The following two characteristics of soft-switched inverters found in typical 

contactless power system make the adaptation to a load device with a variable impedance 

challenging: 1. Most switch-mode inverters have high efficiency over a narrow range of 

impedances. As an example, a class E inverter typically operates under, high-efficiency soft­

switched conditions over a factor of two in load impedance (see Figure 3) (Raab, 1978). (see 

10 Figure 2 for a graph of efficiency versus normalized resistance for typical switch-mode 

inverters); 2. The output power vs. load impedance relationship of a switch-mode inverter is 

different than the output power vs. load impedance relationship of a DC supply (See figure 4 

for a graph of power delivery vs. load resistance for a DC supply and an inverter). Because of 

this, a load device's pre-existing power management control system can fail to appropriately 

15 regulate the power delivered to the load device which can lead to component failure. 

20 

Due to the above described characteristics a contactless power system is likely to 

encounter one or more of the following problems: 1) over-voltage and/or under-voltage 

conditions throughout the circuit; 2) excess or inadequate power delivery to individual loads 

3) power oscillations; 4) heat problems; and 5) low efficiency. 

Notably, a class D inverter architecture does not share the unfavorable characteristics 

and resulting problems of the other soft-switched inverters. Class D inverters are optimized 

for driving an impedance looking into the load network that has zero-phase angle (ZP A), and 

works for positive phase angles. Zero phase angle operation can be maintained by eliminating 

the reactance in a circuit of by using a combination of control functionalities, including, but 

25 not limited to, frequency, and tank circuit control (see Figures 7 and 8). A contactless power 

system with other soft-switched inverter architectures would be expected to make use of 

similar control functionality because of their sensitivity to the input impedance of the load(s). 

(Laouamer, R., et al., " A multi-resonant converter for non-contact charging with 

electromagnetic coupling," in Proc. 23rd International Conference on Electronics, Control 

30 and Instrumentation, Nov 1997, Vol. 2, pp. 792 - 797; Abe, H., et al., "A non-contact 

charger using a resonant converter with parallel capacitor of the secondary coil," in Proc. 

Applied Power Electronics Conference and Exposition, 15-19 Feb 1998, Vol. 1, pp. 136 -

141; Joung, G. B. et al., "An energy transmission system for an artificial heart using leakage 

inductance compensation of transcutaneous transformer, " IEEE Transactions on Power 

3 
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Electronics, Vol. 13, pp. 1013 - 1022 Nov 1998; Lu, Y., et al., "Gapped air-cored power 

converter for intelligent clothing power transfer," in Proc. ih International Conference on 

Power Electronics and Drive Systems, 27-30 Nov. 2007, pp. 1578 - 1584; Jang, Y., et al., 

"A contactless electrical energy transmission system for portable-telephone battery chargers," 

5 IEEE Transactions on Industrial Electronics, Vol. 3, pp. 520 - 527, June 2003; Wang, C., et 

al., "Power transfer capability and bifurcation phenomena of loosely coupled inductive power 

transfer system," IEEE Transactions on Industrial Electronics, Vol. 51, pp. 148 - 157, Feb. 

2004; Wang, C., et al., "Investigating an LCL load resonant inverter for inductive power 

transfer applications," IEEE Transactions on Power Electronics, Vol. 19, pp. 995 - 1002, 

10 July 2004; Wang, C., et al., "Design consideration for a contactless electric vehicle battery 

charger," IEEE Transactions on Industrial Electronics, Vol. 52, pp. 1308 - 1314, Oct. 2005) 

Control functionality adds to the cost and complexity of a system and detracts from the 

commercial viability. 

To enable better control :functionality and to ensure proper operation of the system, 

15 communication systems between the power supply and the load have been proposed (see 

Figures 6 and 9). Such communication systems also add undesirable cost to the system. 

The previously described control functionality has been implemented in both 

contactless power transmitters and contactless power receivers. Control :functionality in the 

receiver has been considered of particular importance when multiple loads require power 

20 from the same transmitter. To support multiple loads, it has been proposed that receiver units 

incorporate mechanisms such as, but not limited to, variable inductance and duty cycling. 

These mechanisms allow multiple loads to receive power from the same source by giving 

load devices a mechanism to protect themselves from over-voltage and/or current conditions 

(Figure 6). These mechanisms are of high importance because loads without such 

25 mechanisms will continue to receive power even when they no longer require power. The 

power will be dissipated as heat in the load device. Contemporary batteries will not charge at 

temperatures over 50°C. These systems also add undesirable cost to the system. 

30 

SUMMARY OF THE INVENTION 

Embodiments of the subject invention pertain to a method and apparatus for 

contactless power transfer. A specific embodiment relates to an impedance transformation 

network, a new class of load network for application to a contactless power system. 

Embodiments of the impedance transformation network enables a contactless power system 

to operate without encountering the common problems of: 1) over-voltage and/or under-
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voltage conditions; 2) over-power and/or under-power conditions; 3) power oscillations; and 

4) high heat dissipation. 

Embodiments of the impedance transformation network enables the contactless power 

system to avoid one or more of the four common problems described above, without any 

5 feedback, communication, and/or control functionality. The pre-existing power and battery 

charge management circuitry for a load, which may include a voltage regulator, can regulate 

the power output of a contactless power system under normal modes of operation. In 

accordance with embodiments of the invention, contactless power systems can be combined 

with very simple controls to improve the performance of the system. In this preferred mode 

10 of operation, a contactless power system can predictably and reliably deliver power to a load 

across a wide range of load impedances. 

Embodiments of the invention provide one or more of, and a preferred embodiment of 

the invention provides each of, the following four functions: 

1) Reactance shifting and phase angle control: a reactance is added to the resistance 

15 looking from the switch-mode supply through the load network. The reactance is shifted such 

that the phase angle looking from Lhe switch-mode inverter into the load network is within a 

range that provides substantially soft-switching operation of the active device either when 

connected to or disconnected from one or more loads. Embodiments of the invention use the 

phase angle to control the power delivered by the inverter. Such embodiments can take 

20 advantage of the correlation between phase angle and load resistance. Changes in load 

resistance are transfonned into a shift in the phase angle looking into the impedance 

transformation network. The output power response is more pronounced with respect to 

phase than with respect to load resistance (see Figure 12). This enables the invention to match 

power delivery and more closely mimic the response of a traditional DC supply (see Figure 

25 13 ). In this method of operation, the contactless power system can deliver the necessary 

amount of power to the load. The soft-switching operation of the active device is preferably 

maintained for all load impedances. 

If the inverter is designed for soft switching when the impedance looking into the load 

network from the active device is inductive, then the impedance transformation network is 

30 configured such that the impedance of the phase angle looking from the active device into the 

load network is positively correlated with the effective resistance of the load(s). If the 

effective resistance of the load increases, then the impedance transformation network is 

configured such that the phase angle looking from the active device through the load network 

increases. If the effective resistance of the load decreases, then the impedance transformation 

5 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 643



5 

WO 2009/149464 PCT/US2009/046648 

network is configured such that the phase angle looking from the active device through the 

load network decreases. In a specific embodiment the reference phase angle is 40 degrees or 

greater, and in another 45 degrees or greater. In further embodiments, increases in load 

resistance can increase the phase angle up to 85 degrees. 

If the inverter is designed for soft switching when the impedance looking into the load 

network from the active device is capacitive, than the impedance transformation network can 

be configured such that impedance of the phase angle looking from the active device into the 

load network is negatively correlated with the effective resistance requirement of the load. If 

the effective resistance of the load increases, then the impedance transformation network is 

10 configured such that the phase angle looking from the active device through the load network 

decreases. If the effective resistance of the load decreases, then the impedance transformation 

network is configured such that the phase angle looking from the active device through the 

load network increases. 

The effective resistance is a combination of the resistances of the loads looking from 

15 the terminals of the secondary coils toward the load. The loads can be seen as in series or 

parallel. The loads can be seen as the series or parallel combination of the inverse of the 

individual load resistances. In the generalized form, the effective load resistance of any close 

proximity contactless power system via magnetic induction that incorporates m primary coils 

and n secondary coils can be described by: 

20 

{ 

I 

+ 

+ 

Zin: Input impedance looking into the primary coil 

11M: Vector of 1 's oflength M 
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IMM: M X M matrix of 1 's 

Z: Impedance matrix 

Zab: Element ab of the impedance matrix 

Z1 
: Sub-matrix of Z 

5 zn: Sub-matrix of Z 

zrn: Sub-matrix of Z 

Mab: Mutual inductance between the a th and b th coil 

j: imaginary number 

a: coil index 

10 b: coil index 

ro: radian frequency 

Ra: Parasitic resistance of the a th coil 

La: Self inductance of the a th coil 

PCT/US2009/046648 

Typically, the power requirement of the device is negatively correlated with load 

15 resistance. As the resistance of the load increases the power required by the load decreases. 

2) Resistance isolation: the resistance looking from the switch-mode supply through 

the load network can be minimally affected by changes in load resistance (see Figure 1 O); 

Embodiments of the invention can isolate the switch-mode supply from changes in 

load resistance in order to improve the predictability and stability of the output power. The 

20 isolation from changes can be accomplished by the implementation one or more filter 

networks such that the range of resistances presented by load appear much narrower at the 

output terminals of a switch-mode inverter. The switch-mode supply should see a resistance 

such that it is in a high efficiency mode of operation (see Figure 2). 

3) Frequency filtering: a filter removes extra harmonics, effectively "deaning" the 

25 power signal before it enters the primary or secondary coil. In one embodiment this 

frequency filter incorporates an inductor and a capacitor with a "low Q" value. In another 

embodiment this frequency filter incorporates an inductor and a capacitor, the filter being 

considered to have a high Q value. 

4) Coupling: at least one primary coil in the load network is inductively coupled to 

30 one or more secondary coils of the same load network. The primary coils can be configured 

in a spiral configuration and maybe designed with a variable pitch in order to create an even 
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magnetic field distribution. The primary coils can be arranged in an array pattern with each 

coil in the array wound ,vith an irregular shape so that the array has a substantially even 

magnetic field distribution. The secondary coils can be coupled to the primary coil in any 

position or orientation. The secondary coil can be adapted to attach to a load. In a preferred 

5 embodiment the secondary coil is adapted to attach to a portable electronic device. In specific 

embodiments, both the plimary coil and the secondary coil are the same size to maximize 

coupling. In this example, and other specific embodiments, the receiver coil is significantly 

smaller than the plimary coil, in order to allow the user to place the device in any olientation. 

It is desirable for the secondary coil to be much smaller than the primary coil, but the 

10 efficiency and power transfer capabilities start to degrade significantly if the receiver is too 

small, due to poor coupling. In this example the secondary is wound along a single path with 

minimal spacing between turns in order to minimize the occupied volume and ease 

integration. 

The voltage and current characteristics of the primary coil and the secondary coil can 

15 be described using the following equations [7][12]: 

20 Where 

V 1 is the voltage at the transmitting coil 

11 is the current at the transmitting coil 

V2 is the voltage at the receiving coil 

h is the current at the receiving coil 

25 Mu is the selfinductance of the transmitting coil 

M 22 is the self inductance of the receiving coil 

30 

M 12 = M 21 is the mutual inductance of the two coils 

k is the coupling coefficient between the two coils 
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By Ohm's law: 

(4) 

Z,x = Rrx + JXrx 

(5) 

5 Solving equations (1-3) 

(6) 

The above equations neglect any 2nd order effects such as skin depth and proximity 

effects. A more in-depth analysis accounting for the above effects can be utilized. In an 

10 embodiment, litz wires can be used to mitigate such effects to the extent that they do not 

create significant discrepancies. 

By using the combination of resistance isolation and phase angle control, a reliable, 

stable transmitter can power a variable load. First, the inverter preferably will not fail or 

overheat when the secondary coil is removed from the primary coil. Although a load 

15 detection scheme can be used to turn off the transmitter and reduce unloaded power losses, it 

can still be desirable for the unloaded power consumption to be sufficiently low. Since the 

coil voltage is unique to each load resistance as shown in Figure 49, load detection and status 

can be easily acquired. To avoid false detection, the load detection and status can be verified 

by analyzing the supply current via a current sense resistor. Limiting unloaded power loss can 

20 be achieved by ensuring the unloaded transmitting load network has effective impedance 

similar to a high load resistance case (high impedance with large phase angle). From the 

schematic of the class E circuit in Figure 44, it can be deduced that most of the power lost is 

due to the primary coil and inductor parasitic resistances as they are in the path of power 

transfer. Therefore, one way to reduce the unloaded power loss is to use an inductor with 

25 lower parasitic resistance. 
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BRIEF DESCRIPTION OF DRAWINGS 

The foregoing and other objects, features, and advantages of the present invention, as 

well as the invention itself, will be more fully understood from the following description of 

various embodiments, when read together with the accompanying drawings. 

5 Figure 1 shows a typical contactless power system that uses an inverter to drive a 

primary coil that may couple to one or more secondary coils and loads. 

Figure 2 shows the operating efficiency versus load resistance seen by an inverter 

(Class E) that is driving load resistances from .1 to 10, a span that reaches two orders of 

magnitude, where the high efficiency operating range for the inverter is identified, and the 

IO operating range of a typical portable electronic device is identified. 

15 

Figure 3 shows the power in (Pi) and power out (Po) versus load resistance seen by 

an inverter (Class E) that is driving load resistances from .1 to 10, a span that reaches two 

orders of magnitude, where the high efficiency operating range for the inverter is identified, 

and the operating range of a typical portable electronic device is identified. 

Figure 4 shows the power delivered to a variable load resistance from two different 

sources: a tuned switch-mode inverter supply and a fixed voltage DC supply, illustrating that 

power delivered to the load across a range of impedances is very different depending on the 

source, and that the range of output power can be much smaller with switch-mode inverters. 

Figure 5 shows the load resistance of a Motorola Razr during the charge cycle, 

20 illustrating that during the charge cycle, the resistance can change by greater than one order 

of magnitude. 

Figure 6 shows a block diagram of a typical prior art contactless power system, 

including commonly proposed and implemented communication and control functionality. 

Figure 7 shows a logic diagram, which is continued in Figure 8, of a typical prior art 

25 contactless power system, including commonly proposed and implemented control 

functionality. 

30 

Figure 8 shows a continuation of the logic diagram of Figure 7. 

Figure 9 shows a block diagram of a typical prior art wireless power system with 

communication capability. 

Figure 10 shows the correlation between load resistance and the resistance looking 

from the inverter in accordance with an embodiment of the subject method, where the load 

resistance is transformed such that the resistance seen by the switch-mode supply is relatively 

constant, and in particular, the resistance from the supply is seen as between 2 and 6 ohms 

while the resistance of the load is varied from 5-500 ohms. 
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Figure 11 shows the operating efficiency and power output of a class E inverter that 

is driving a fixed resistance with a phase angle ranging from -90 to 90 degrees, where the 

operating region for an embodiment of the invention is indicated. 

Figures 12A and 12B show the power output of a class E inverter in response to 

5 variable load resistance and variable phase, respectively, showing a calculation of output 

range and compares them against each other. 

Figure 13 shows the power delivered to a variable load resistance from three different 

sources: an inverter, a fixed voltage DC supply, and a switch-mode inverter operating in 

accordance with an embodiment of the invention. 

10 Figure 14 shows the decoupling, or degradation of coupling efficiency between the 

load and the transmitter for various filter networks. 

Figure 15 shows a block diagram of a system in accordance with an embodiment of 

the subject invention, where the block diagram shows the direction of power flow and the 

various networks that can be used. 

15 Figure 16 shows a typical load resistance vs. time plot as seen from the input of a 

rectifier feeding into a device. 

Figure 17 shows the real and reactive components of the impedance as seen looking 

into the receiver side impedance transformation network, where the impedance characteristic 

at this point is measured from a system operating in accordance with a preferred embodiment 

20 of the invention. 

Figure 18 shows the real and reactive components of the impedance as looking into 

the primary coil, where the impedance characteristic at this point is measured from a system 

operating in accordance with a preferred embodiment of the invention . 

Figure 19 shows the real and reactive components of the impedance as seen from the 

25 transmitter side load-transformation network, where the impedance characteristic at this point 

is measured from a system operating in accordance with a preferred embodiment of the 

invention. 

Figure 20 shows the real and reactive components of the impedance as seen from the 

transmitter-side, phase shift network, where the impedance characteristic at this point is 

30 measured from a system operating in accordance with a preferred embodiment of the 

invention. 

Figure 21 shows the phase angle of the impedance as it is seen from the inverter, 

where the impedance characteristic at this point is measured from a system operating in 

accordance with a preferred embodiment of the invention. 

11 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 649



WO 2009/149464 PCT/US2009/046648 

Figure 22 shows the actual power delivery and efficiency of a system that is 

operating in accordance with a preferred embodiment of the invention. 

Figures 23A-23C show the actual power delivery and efficiency for another system 

in accordance with the invention. The experimental results are from a 12V supply system. 

5 Efficiency peaks at main power delivery band, which is approximately 25-100.Q load 

resistance, are shown. Power delivery drops rapidly after 100.Q, when the system goes into 

low load condition or trickle charge condition. Although the efficiency at high load 

resistance is poor, the absolute power loss is kept at about 1.75W, while power delivery 

continues to drop. This power loss is distributed in the system and little or no heat issues are 

10 observed ( especially at the receiver) during the low load operation. 

Figure 24 shows the phase angle of the impedance as it is seen from the inverter, 

where the impedance characteristic at this point is measured from a system operating in the 

non-preferred mode of operation. 

Figure 25 shows the actual power delivery and efficiency of a system that 1s 

15 operating in the non- preferred mode of operation. 

Figures 26A-26B show the instantaneous peak power loss for hard switching 

topologies, known in the art, as they are compared to soft-switching topologies, known in the 

art, where Figure 26A shows a "hard switching" topology power loss waveform for a bridge 

MOSFET (320 W/div) showing high instantaneous peak power loss during each svvitching 

20 cycle, and Figure 26B shows a "soft switching" topology power supply with the same rating 

as that in Figure 26A. 

Figure 27 shows the real and reactive components of the impedance as seen looking 

into the receiver side impedance transformation network, where the impedance characteristic 

at this point is measured from a system operating in an undesirable range. 

25 Figure 28 shows the real and reactive components of the impedance as looking into 

the primary coil, where the impedance characteristic at this point is measured from a system 

operating in an undesirable range. 

Figure 29 shows the real and reactive components of the impedance as seen from the 

transmitter side load-transformation network, where the impedance characteristic at this point 

30 is measured from a system operating in an undesirable range. 

Figure 30 shows the real and reactive components of the impedance as seen from the 

transmitter-side, phase shift network, where the impedance characteristic at this point is 

measured from a system operating in an undesirable range. 
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Figure 31 shows the circuitry shmvn in Figure 68 with dotted lines, labeled A and B, 

around portions of the circuitry to show one embodiment of how the circuitry can be split 

between a transmitter unit, for example a transmitter pad, and a receiver unit. 

Figure 32 shows the block diagram of Figure 15 with dotted lines, labeled A and B, 

5 around portions of the block diagram elements to show how the block diagram elements can 

be split between a transmitter unit, for example a transmitter pad, and a receiver unit, in 

accordance with the embodiment shown in Figure 31. 

Figure 33 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B, C, 

and D, around portions of the circuitry to show one embodiment of how the circuitry can be 

10 split between a transmitter unit, for example a transmitter pad, and a receiver unit. 

Figure 34 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C, 

and D, around portions of the block diagram elements to show how the block diagram 

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver 

unit, in accordance with the embodiment shown in Figure 33. 

15 Figure 35 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B, C, 

a.,11d D, around portions of the circuitry to show one embodiment of how the circuitry can be 

split between a transmitter unit, for example a transmitter pad, and a receiver unit. 

Figure 36 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C, 

and D, around portions of the block diagram elements to show how the block diagram 

20 elements can be split between a transmitter unit, for example a transmitter pad, and a receiver 

unit, in accordance with the embodiment shown in Figure 35. 

Figure 37 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B, C, 

and D, around portions of the circuitry to show one embodiment of how the circuitry can be 

split between a transmitter unit, for example a transmitter pad, and a receiver unit. 

25 Figure 38 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C, 

and D, around portions of the block diagram elements to show how the block diagram 

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver 

unit, in accordance with the embodiment shown in Figure 3 7. 

Figure 39 shows the circuitry shmvn in Figure 68 with dotted lines, labeled A, B, C, 

30 and D, around portions of the circuitry to show one embodiment of how the circuitry can be 

split between a transmitter unit, for example a transmitter pad, and a receiver unit. 

Figure 40 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C, 

and D, around portions of the block diagram elements to show how the block diagram 
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elements can be split between a transmitter unit, for example a transmitter pad, and a receiver 

unit, in accordance with the embodiment shown in Figure 39. 

Figure 41 shows a typical inductive coupling system. 

Figure 42 shows some of the possible topologies for a single-element transformation 

5 network. 

Figure 43 shows some of the possible topologies for a single-element transformation 

network. 

Figure 44 shows a typical Class E driver using parallel-parallel transfonnation 

network. 

10 Figure 45 shows a dual channel class E d1i.ver that can be used in accordance with an 

embodiment of the invention. 

Figure 46 shows an impedance response looking into receiver with different parallel 

capacitor value. 

Figure 47 shows an optimum receiver capacitor value across a range of load 

15 resistances to achieve maximum R looking into the transmitter coil. 

20 

Figures 48A-48B show a coupling efficiency and transformed impedance looking 

into the primary coil. 

Figure 49 shows a normalize primary coil voltage across a range of load resistances. 

Figure 50 shows a load network reactance with different transmitter capacitor. 

Figure 51 shows an amplitude and phase of impedance of unloaded transmitter load 

network with different Ctx. 

Figure 52 shows an impedance looking into transmitter load network. 

Figure 53 shows a phase looking into transmitter load network. 

Figure 54 shows a power delivered into the transmitting load network if transmitter is 

25 an ideal sine voltage source. 

Figure 55 shows a transistor drain voltage where Cshunt = l 9nF. 

Figure 56 shows a dual channel class E driver. 

Figure 57 shows a primary coil - 10 turns ( embedded into the table top) and 

secondary coil- 5 turns (taped up). 

30 Figure 58 shows a power delivery and efficiency of 120V system with a peak power 

of295W. 

Figure 59 shows a temperature of transistor and inductor with natural convection 

cooling and forced cooling. 

Figure 60 shows a dual channel class E with forced air cooling. 
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Figure 61 shows a waveform of the class E driver. 

Figures 62A-62B show power delivered to load with respect to load resistance. Peak 

power occurs at approximately 500 load resistance for dual channel at 69W for dual channel 

and 75Q for single channel at lOW for single channel. 

5 Figure 63 shows system efficiency with respect to load resistance with both peak 

efficiency of 64.5% for single channel and 76% of dual channel at approximately 70Q load 

resistance. 

Figure 64 shows transmitter efficiency with respect to load resistance. Peak 

transmitter efficiency occurs across the band of 60.Q to 1 00Q load resistance at 90% for dual 

10 channel and 79% for single channel. 

Figure 65 shows system efficiency with respect to load resistance with both cases 

achieving high efficiency at heavy load and also illustratin that a single channel mode is more 

efficient at low power delivery state. 

Figure 66 shows primary coil RMS voltage having a unique load resistance for each 

15 value. 

Figure 67 shows receiver DC voltage converging to approximately 70V for dual 

channel and 3 7V for single channel. 

Figure 68 shows a generalized contactless power system with a single transistor 

power amplifer in a single ended configuration. 

20 Figure 69 shows a generalized contactless power system with two, single transistor 

power amplifiers in a push-pull configuration. 

Figure 70 shows a generalized contactless power with a two transistor power 

amplifier in a single ended configuration. 

Figure 71 shows a generalized contactless power system with two, two transistor 

25 power arnpliferrs in a push-pull configuration. 

Figure 72 shows different supply network configurations that are used to connect a 

DC supply voltage to a tem1inal of the active device of a power amplifier. 

Figure 73 shows the functions of a impedance transformation network for a single 

ended system in block diagram format. The fucntional blocks are arranged in no particular 

30 order and there can be multiples of the same functional blocks. 

Figure 74 shows the functions of a impedance transformation network for a push-pull 

system in block diagram format. The fucntional blocks are arranged in no particular order and 

there can be multiples of the same functional blocks. 
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Figure 75 shows various circuit elements arranged to achieve the fuction of reactance 

shifting. These circuit elements, or variants thereof, can add or remove the rnangitude of 

reactance looking into the impedance transformation network. Inductive elements increase 

reactance. Capacitive elements decrease reactance. 

5 Figure 76 shows various circuit elements arranged to achieve the fuction of frequency 

filtering. Two notch filters are shown that can remove unwanted harmonics from the signal. 

A combination of other filter types can be used to achieve frequency filtering. 

Figure 77 shows various circuit elements arranged to adjust the correlation between 

the equivelent resistance and the phase of the load. Inductive elements will tend to result in a 

10 positive correlation between phase and load resistance. Capacitive elements will tend to result 

in a negative correlation between phase and load resistance. These elements can also serve 

the purpose of resistance compression. 

Figure 78 shows primary to secondary coil configurations. The impedance 

transformation network may comprise a single primary and a single secondary. 

15 Alternatively, the impedance transfmmation network may comprise one or more primary 

coils coupled to one or more secondary coils. The inductance of the primary and/or secondary 

coil(s) can be used to compress resistance and change the phase vs. resistance relationship. 

Figure 79 show various circuit elements arranged to compress the resistance seen 

looking into the impedance transformation neh:vork. Either capacitive or inductive elements 

20 can be used. 

Figure 80 shows a typical configuration of an impedance tranfonnation network 

connected to an active device. 

Figure 81 shows a typical configuration of an impedance tranformation network 

connected to an active device. 

25 Figure 82 shows a typical configuration of an impedance tranformation network 

30 

connected to an active device. 

Figure 83 shows a typical configuration of an impedance tranformation network 

connected to an active device. 

DETAILED DISCLOSURE 

Contactless power systems typically use high frequency power electronics to deliver 

power to one or more loads. Figure 1 shows the fundamental components of many contactless 

power systems. A contactless power supply generally draws its power from the electrical grid 

through a standard wall outlet 10. The power from the wall is typically AC so it is generally 
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converted to DC voltage by an AC to DC converter 11. In order to shrink the size of 

components it is desirable to work at a high frequency, so the DC voltage is switched by an 

inverter 12. The high frequency signal, such as a high frequency voltage signal or high 

frequency current signal, is fed into one or more primary coils 13. The high frequency signal 

5 may pass through one or more filters before it feeds in to the primary 13. The primary coil 13 

couples with one or more secondary coils 14. The secondary coil 14 will receive the high 

frequency power signal and will feed that into a rectifier 15, which will then output power to 

the load 16. One or more filter networks may be present between the secondary coil 14, 

rectifier 15, and load 16. Voltage regulation and battery charge management circuitry may be 

10 considered part ofload 16. 

The incorporation of a switch-mode inverter can make it difficult to deliver the 

correct amount of power to the load or loads. This is partially attributable to the limited range 

of load resistances that enable high-efficiency operation. Figure 2 shows the high efficiency 

operating range 20 of an inverter as it compares to the operating range 21 of a typical battery 

15 operated device. The operating range of resistances of the battery operated device is 

substantially wider than the high efficiency operating range or the inverter. Figure 3 shows 

the relation of input power 34 and output power 33 of an inverter across a range of 

resistances. The lost power can be calculated by subtracting output power 33 from input 

power 34. The power loss is significant outside the high efficiency operating region 31. 

20 Switch-mode inverters are difficult to implement in contactless power systems with 

variable loads because the output power response relative to load resistance is very different 

than a DC supply's output power response relative to load resistance. Figure 3 shows output 

power 33 increasing with load resistance until it reaches a center value and decreases again. 

This is different than a typical constant-voltage DC supply whose power delivery follows the 

25 relationship P=VA2/R. The difference is illustrated in Figure 4 where we can see that the 

power delivery from a DC supply 41 will decrease rapidly with an increase in load resistance. 

By contrast, the output power from an inverter 42 will increase with load resistance and will 

later drop as load resistance continues to increase. The drop in power delivery 42 is markedly 

slower than the drop in power delivery 41. Although Figure 4 shows the curve for one 

30 example of a tuned switch-mode inverter supply, other tuned inverters can have different 

curves. 

Portable electronic devices display a wide range of input resistances. Figure 5 shows 

the effective resistance 51 looking into a Motorola Razr during the charge cycle. Figure 5 
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shows the wide dynamic range of the load 52, and in this case it is greater than one order of 

magnitude. 

The aforementioned challenges of efficiency and power delivery can be overcome by 

implementing a variety of communications and controls. Figure 6 shows a contactless 

5 charging system that is an elaboration of the basic components and systems show in Figure 1. 

The grayed blocks are components that are found in a basic contactless power system. The 

white boxes are components that enhance the performance of a typical contactless power 

system. It show a transmitter control 60 which can alter the phase, duty cycle, frequency, tank 

circuit impedance, or rail voltage depending on loading conditions. There is a detection 

10 circuit 61 that draws information from various parts of the circuit and feeds that information 

back into the controller 60. It show contactless communication links 62 on both the 

transmitter side 66 and receiver side 67. The communication link can work in conjunction 

with the detection mechanisms 61 to help the controller 60 make the most appropriate 

adjustments to the system. The receiver side 67 also has a controller 63 which can adjust the 

15 resonant frequency, duty cycle 65, or perform other functionality to regulate power being 

delivered to the load. A front end regulator 64 is added to provide an additional level of 

protection to the load. 

With a system such as the one in Figure 6 in place, designers can implement control 

logic such as that shown in Figure 7 and Figure 8 taken from a prior art system. We can see 

20 from Figure 8 433, 434, 436, 438, 440, 442 some of the logic functionality that designers 

have built into contemporary con tactless power systems. We can see from 432 that this 

system includes memory in order to achieve the desired functionality. Figure 9 shows another 

prior art system that uses a communication mechanism 91 on the receiver and a 

communication mechanism 90 on the transmitter. The communication, logic, and use of 

25 memory add additional cost to the system and require a large number of sensing points to be 

considered. 

In order to stay within the high-efficiency operating region 20 and to match the power 

delivery of DC supply 41 several steps can be taken. Figure 10 shows the resistance seen by 

the switch-mode supply 100 as it compares to actual load resistance. From 100, we can see 

30 that the resistance appears to vary from 2 to 6 ohms over a range from 5 to 500 ohms. This 

enables the switch-mode supply to stay in the high efficiency region 20 shown in Figure 2, 

regardless of load resistance. 

Compressing the resistance will not solve the problem of improper power delivery. 

Figure 2 shows that if we keep the resistance in a narrowband, power output changes 
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minimally. In fact, the compression would exacerbate the power delivery discrepancy shown 

in Figure 4 where we see that power output response to load resistance from a switch-mode 

supply 42 does not match the power output response to load resistance from a constant 

voltage, DC supply. If too much power is delivered, the device may be destroyed, if too little 

5 is delivered it may not function. 

In order to address the challenge, the phase angle of the load can be affected in order 

to affect the power output of the switch-mode supply, in accordance with embodiments of the 

invention. Figure 11 shows, for class E inverters, that an increase or decrease in phase 

coITelates with an increase or decrease in output power. Input power 111 and output power 

10 110 matched closely for a phase angle in the range of about +45 to +80 degrees. Even though 

efficiency 112 drops considerably as the phase angle approaches +90 degrees, the absolute 

power lost remains low. The use of phase angle control enables a +/-70% usable range of 

output power 113 with very low absolute power loss. 

Embodiments of the invention use phase angle control to power a battery operated 

15 device. Conventional voltage regulators increase the resistance so that the power output of a 

DC supply is reduced 41. Figures 12A-12B show, for class E inverters, the difference 

between using traditional resistance controlled output power vs. using phase controlled output 

power in accordance with embodiments of the invention. Referring to Figure 12A, in a 

resistance controlled scheme, input power 122 matches power out 123 for a very small 

20 dynamic range 125 of output power. This shows that varying the resistance is an ineffective 

way of controlling output power. The usable range of power levels for a resistance controlled 

scheme is only about +/- 9% 125 of the center value. Outside of this range the high absolute 

losses are high and can create harmful heat and wear and tear on components. Referring to 

Figure 12B, in a phase controlled scheme, input power 121 matches power out 120 for a 

25 much wider dynamic range of output power 124. This shows that varying the phase 

dramatically increases the output power range. The usable range of power levels is +/- 70% 

124 of the center value. Even though resistance may drop over this range, the absolute power 

losses are relatively low in this band 124. Efficiency can be low, but total dissipated power is 

very low. The low absolute power loss avoids the problem of overheating and device 

30 damage. 

By combining the resistance compression and the phase control, the contactless 

system can achieve a power output response to load resistance that is very similar to that of a 

conventional DC supply. Figure 13 shows the power output response of a DC supply 130, an 

inverter 131, and an inverter in accordance with an embodiment of the subject method of 

19 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 657



WO 2009/149464 PCT/US2009/046648 

operation 132. The output power in response to load resistance of the inverter in accordance 

with the embodiment of the subject method of operation 132 is much closer to the output 

power a device should expect from a constant voltage DC supply 130. 

An additional challenge to designing and implementing a contactless power system is 

5 that multiple loads may draw power from a single source. This is problematic when different 

devices have different power requirements. For instance, a fully discharged cell phone may 

require 10-15 times the power of a fully charged cell phone. Embodiments of the subject 

method of operation can provide a mechanism to protect individual devices from damage if 

the power output exceeds the device requirement. Loads that no longer require power can be 

10 decoupled from the primary coil. De-coupling can include degradation in coupling efficiency 

so that the load is effectively isolated from the transmitter. This can be accomplished by 

using pre-existing voltage regulator behavior. As a voltage regulator increases the effective 

input resistance, coupling efficiency drops and vice-versa. 

Figure 14 shows the decoupling effect for various receiver circuits. A parallel 

15 capacitor can be selected to tune the decoupling point, which is the point when efficiency of 

receiver is at 50%. For this case, the decoupling point for l00nF capacitor is at 7000, 

whereas the decoupling point for 150nF capacitor is at 320Q. We can see that for various 

configurations 141,142, 143 the rate of decoupling occurs at varying rates. 143 shows a curve 

that is a good fit for a single device charger that can regulate power output from the 

20 transmitter. 141 shows a curve that is good fit for a multi-device charger where individual 

loads may need to be isolated from the source. Although not shown in Figure 14, when the 

capacitor valve is changed the power received is also changed. 

In order to accomplish this method of operation without any communication and 

control functionality, other than the pre-existing control found in today's voltage regulators, 

25 embodiments of the subject system can use a series of carefully tuned transformation 

networks that transform, compress, and shift the impedance of the load. Through these filter 

networks the resistance can be compressed, the phase angle manipulated, and the loads 

allowed to decouple from the primary. 

30 

Example 1: 

A high power, high-efficiency contactless power transfer system using the impedance 

transformation network and has been designed and fabricated using the subject impedance 

transformation network. The contactless transfer system requires minimal control to achieve 

the desired power delivery profile across a wide range of load resistances, while maintaining 

high efficiency to which helps to prevent overheating of components. This embodiment of the 
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subject system includes more than one active device with independent gate drive to control 

power delivery. The system is able to achieve power delivery of 295W to a load of 500 with 

a DC voltage of 121.5V and current of 2.43A The input current was current-limited at 3.25A. 

The system efficiency at maximum power output is 75.7%. The system operates at a 

5 minimum of 77% efficiency across load resistances ranging from 600 to 1400. which 

corresponds to a high output power state. The system can be scaled to achieve higher output 

power if the current limit is removed. Higher efficiency and better power delivery can be 

achieved by using components with lower parasitic resistance. 

The DC source voltage is the 600W CSI12005S power supply by Circuit Specialists, 

10 Inc rated at 120V at 5A. The active devices are transistors, specifically the transistors are part 

IRFP21N60L from International Rectifier. 

A pair of coils was fabricated using 16 AWG magnet wire for the set-up. The primary 

coil is 21 cm by 21 cm with 10 turns with variable spacing between turns while the secondary 

coil is 13cm by 13cm with 5 turns wound along the same path. Figure 57 shows the primary 

15 coil embedded in plastic with the secondary coil placed on top. The primary and secondary 

coils are separated by a gap of 10mm. The primary coil is designed with the appropriate 

spacing between the turns to achieve only 5% power variation of the received power at all 

different locations. In this example, the coupling is approximately constant regardless of the 

receiver position provided that the entire secondary coil is within the outer perimeter of the 

20 primary coil. The self inductance of the primary coil is 31.95µH with a parasitic resistance of 

0.320 and secondary coil is 12.52µH with a parasitic resistance of 0.2Q. Mutual inductance 

between the coils is 7.454uH with a coupling coefficient of 0.373. The measurements were 

taken using the HP4192A LF Impedance Analyzer. 

In order to reduce losses through parasitic resistance, low loss Polypropylene 

25 capacitors are used. In order to strike a balance between size and efficiency, 1140-lOlK-RC 

by Bourns Jw Miller is selected to be Lout• Since most of the losses of the transmitter are from 

the parasitic resistance of Lout, a larger and more efficient inductor can be replaced, if space 

permits. The fabricated dual channel driver with a dimension of 10cm x 8.5cm is shown in 

Figure 56. There are a lot of empty spaces; therefore its size can be further reduced. Lout takes 

30 up a significant amount of space due to the requirement for low parasitic resistance so as to 

maintain sufficiently high efficiency and power delivery. 

Peak drain voltage is only 460V, which is approximately 25% lower than the rated 

voltage of the transistor used. Figure 58 shows the efficiency and power delivery of the 120V 

system with respect to load resistance. The power delivery of the system can be scaled by 
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varying the supply voltage as long as the DC power supply driving system is able to provide 

sufficient power and the drain voltage across the transistor stays within its breakdown 

voltage. 

The efficiency of the single channel is approximately 10-15% lower for the same load 

5 resistance because the current is flowing through a single Lout inductor instead of a pair of 

them, which means the parasitic resistance is doubled, thus resulting in a low system and 

transmitter efficiency as shown in Figure 63 and Figure 64, respectively. However, when the 

system goes into light load mode or trickle charge mode, it would be desirable to go into the 

single channel mode. It can be seen from Figure 65 that the system efficiency is 

10 approximately 15% higher than the dual channel mode for delivering the same amount of 

power below 10W. Instead of operating at high load resistance for a dual channel mode 

resulting in high receiver DC voltage as shown in Figure 67, it is possible to achieve similar 

power delivery at much lower load resistance for a single channel mode resulting in lower 

receiver DC voltage as lower load resistance would result in higher system efficiency. In 

15 addition, a typical buck regulator has higher DC-DC efficiency when the input voltage is 

lower. Therefore, a load resistance detection scheme can be used to detennine the switch over 

point from. dual channel to single channel. It can be seen from Figure 62 that a power delivery 

of 1 OW occurs at 5000 load resistance of the dual channel mode making it a good switch 

over point. It can be concluded that a 5000 load resistance would translate to an approximate 

20 primary coil RMS voltage of 20V for the dual channel mode as shown in Figure 66. 

Likewise, if the power requirement for the single channel mode is too high, it can be switched 

to dual channel mode. It can be inferred from Figure 62 that the switch over point would be 

approximately 750, which translates to a RMS coil voltage of 22V from Figure 65. The coil 

voltage can be read using an ADC where the DC voltage at the input of the ADC can be 

25 transformed from the coil voltage by rectification and stepping down using a potential 

divider. 

In a specific embodiment, for size and efficiency considerations, capacitors can be 

used for the network. This is because resistors dissipate power and a low loss inductor would 

be large in size. Alternative embodiments can incorporate resistors and inductors. Although, a 

30 multi-element transformation network might achieve a more appropriate response, for 

simplicity and low components count, an embodiment of the system uses a single-element 

transformation network. Four topologies are shown in Figures 42 and 43. 

A series capacitor only introduces a negative reactance and does not change the real 

part of the impedance. A parallel capacitor affects both the real and imaginary part of the 
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impedance. For simplicity, the receiver input impedance can be modeled using a variable 

resistor load such that equation (7) illustrates the transformation performed by the parallel 

capacitor. 

Z_=----
,, l+w2 C 2 R 2 

R 
(7) 

Equation (7) shows that the resistance is "compressed" non-linearly by a factor of 

1 / (1 + m 2 C 2 R 2
). Thus, the effective resistance decreases with increasing load resistance. At 

high load resistance, the transfom1ed resistance is small. Therefore, a significant part of the 

power received is dissipated across the secondary coil as heat. This phenomenon is actually 

desirable if the receiver is in a state that requires very little power or during trickle charge. 

10 Therefore, it has a "decoupling" effect regulating the power delivery with increasing load 

resistance. However, this should preferably occur only when the transmitter is designed to 

use limited power at this state of operation as heating would become an issue if too much 

power is being dissipated across the secondary coil. By using a parallel capacitor, a reactive 

term can be introduced. The reactive term decreases nonlinearly from null with 

15 increasing load resistance with an asymptote of-1 I wC which can be useful in compensating , 

the secondary coil inductance. 

From equation (6) it can be observed that the resistance looking into the transmitter 

coil can be reduced significantly with the increase of resistance looking from the receiver coil 

into the receiver. Due to loose coupling between the coils, the resistance looking into the 

20 primary coil can be further reduced as the mutual inductance can be relatively low. If the total 

resistance looking into the primary coil is comparable to the parasitic resistance of the 

primary coil, limited power is transmitted to the receiver as most of the power would be 

dissipated across the primary coil as heat. Therefore, it would be preferred for a power 

transmission via loosely coupled coils to have a parallel capacitor on the secondary coil. By 

25 substituting equation (7) into equation (6), 
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For the transmitter transformation network, a series or parallel topology can be used. 

However, to maintain an ideal efficiency above 95%, the allowable variation of load 

resistance of an ideal class E inverter can be kept within +55% and -37% [F. H. Raab, 

5 "Effects of circuit variations on the class E tuned power amplifier," IEEE Journal of Solid­

State Circuits, vol. 13, pp. 239 - 247, Apr 1978.]. Therefore, if the variation of resistance 

with respect to load resistance looking into the transmitter is too large, it can be preferable to 

use a parallel capacitor instead of a series capacitor. A capacitor value can be selected that 

ensures that the transmitter would not suffer immediate failure when there is no secondary 

10 coil as well as having an increasing reactance trend with increasing load resistance. Having 

an increasing reactance trend with increasing load resistance can ensure the preferred power 

delivery trend. 

Figure 15 shows an example configuration of a system that can work in this mode of 

operation in accordance with an embodiment of the subject invention. Other circuit 

15 configurations can also be utilized to work in this mode of operation in accordance with the 

subject invention. The grayed boxes, which include an AC/DC converter 150, switch-mode 

inverter 151, primary coil 154, secondary coil 156, rectifier stage 158, regulator stage 159, 

and load 1500, are components of a typical contactless power system, for example, as shown 

in Figure 1. In order to achieve the method of operation in accordance with the subject 

20 invention, this system uses four transformation networks, including receiver-side impedance 

transformation network 157, coupling network 155, transmitter-side impedance 

transformation network 153, phase shift network 152. Measuring the impedance at probe 

points looking into the rectifier stage 1503, receiver-side impedance transformation network 

1504, primary coil 1505, transmitter-side impedance transformation network 1506, and phase 

25 shift network 1507, facilitate a better understanding of the operation. 

Figure 16 shows a simulated load resistance vs. time 160 measured looking into the 

rectifier stage from probe 1503. The swing from 0-500 ohms is well outside usable operating 
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For the transmitter transformation network, a series or parallel topology can be used.

However, to maintain an ideal efficiency above 95%, the allowable variation of load

resistance of an ideal class E inverter can be kept within +55% and -37% [F. H. Raab,

“Effects of circuit variations on the class E tuned power amplifier,” JEEE Journal of Solid-

State Circuits, vol. 13, pp. 239 — 247, Apr 1978.]. Therefore, if the variation of resistance

with respect to load resistance looking into the transmitter is too large, it can be preferable to

use a parallel capacitor instead of a series capacitor. A capacitor value can be selected that

ensures that the transmitter would not suffer immediate failure when there is no secondary

coil as well as having an increasing reactance trend with increasing load resistance. Having

an increasing reactance trend with increasing load resistance can ensure the preferred power

deliverytrend.

Figure 15 shows an example configuration of a system that can work in this mode of

operation in accordance with an embodiment of the subject invention. Other circuit

configurations can also be utilized to work in this mode of operation in accordance with the

subject invention. The grayed boxes, which include an AC/DC converter 150, switch-mode

inverter 151, primary coil 154, secondary coil 156, rectifier stage 158, regulator stage 159,

and load 1500, are components of a typical contactless power system, for example, as shown

in Figure 1. In order to achieve the method of operation in accordance with the subject

invention, this system uses four transformation networks, including receiver-side impedance

transformation network 157, coupling network 155, transmitter-side impedance

transformation network 153, phase shift network 152. Measuring the impedance at probe

points looking into the rectifier stage 1503, receiver-side impedance transformation network

1504, primary coil 1505, transmitter-side impedance transformation network 1506, and phase

shift network 1507, facilitate a better understanding of the operation.

Figure 16 shows a simulated load resistance vs. time 160 measured looking into the

rectifier stage from probe 1503. The swing from 0-500 ohmsis well outside usable operating
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range of an inverter 20 and 31, sho\\rn in Figure 2 and Figure 3, respectively. It would be 

desirable to compress the resistance into a useable operating range 20, 31. At this stage there 

is no reactive component which is introduced by the impedance transformation network 157 

in order to use the phase angle method of power control in accordance with embodiments of 

5 the invention. 

Figure 1 7 shows the transformed load resistance 170 looking into the receiver-side 

impedance transformation stage from probe 1504. The objective of this stage is to achieve the 

decoupling effect shown in Figure 14. This decoupling effect is automatic decoupling where 

the degradation of coupling efficiency between the contactless power transmitter and the 

10 load(s) effectively decouples the receiver from the transmitter. Figure 17 also shows the 

reactive component 171 introduced by the impedance transformation network 157. The 

introduction of the reactive component 171 compresses the resistance looking into the 

receiver in order to stay within the useable operating range of the inverter identified in Figure 

2. Additional reactive components will be further added on the transmitter side for 

15 implementing the phase-angle method of control in accordance with the invention. At this 

stage the reactive component 171 decreases with respect to load resistances, which means 

that phase angle is decreasing with respect to load resistance. From Figure 11, we can see that 

the working range 114 requires an increase in phase angle for inductive load, to reduce power 

output. Impedance transformation networks 153 on the transmitter side can compensate from 

20 the phase angle introduced by the impedance transformation network 157. 

Figure 18 shows the impedance transformation that is the result of the coupling 

network 155 and is measured looking into the primary coil 154 from probe 1505. The 

objective is to maximize the real part 170 sho\\'Il in Figure 17, which has been compressed to 

the point where parasitic losses would become less dominant. Increasing the resistance can 

25 improve the efficiency of the circuit. The real part 180 is much greater at this stage and has 

been increased to maximize power delivery through to the secondary coil 156 and minimize 

the losses from other parasitic upstream stages closer to the wall outlet, or AC/DC 150. The 

negative aspect, however, is that magnitude change of the real component 180 is too large 

when compared to the working region of a switch-mode supply 20and 31, shown in Figure 2 

30 and Figure 3, respectively. This can be corrected by the upstream transformation networks, 

such as impedance transformation network 153. The reactive component 181 still trends 

downward with load resistance and can also be corrected by upstream transformation 

networks. 
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Figure 19 shows the impedance transformation that is the result of impedance 

transformation network 153 and is measured looking into the impedance transformation 

network 153 from probe 1506. The objective is to compress the real component 180 such that 

it falls within the operating range 20and 31, defined in Figure 2 and Figure 3, respectively. 

5 The second objective is to transform the reactive component 181 such that the increase in 

load resistance increases the reactive component and phase angle. The real part 190 is 

compressed back within the operating range of a switch-mode inverter 20 and 31. The 

reactive part 191 has been corrected such that it trends upward with increasing load 

resistance. This corresponds to an increasing phase angle and decreased power delivery as 

10 load resistance increases. The reactive part 191 is negative at this stage and this would 

correspond to a negative phase angle. From Figure 11, it can be seen, for a class E inverter, 

that a negative phase angle corresponds with poor efficiency and high actual power losses. 

The same is true for class D and Phi inverters. The trend is undesirable at this stage because 

an increase in phase angle on the negative slope of 110 would increase power output. The 

15 reactive component can be shifted by phase shift network 152, for example, so that is falls 

within the working region 114. 

Figure 20 shows the impedance transformation that is the result of the phase shift 

network 152 and is measured looking into the phase shift network 152 from probe 1507. The 

objective is to keep the real part 190 in the operating range of the switch-mode inverter and 

20 shift the reactive part 191 into the operating range of the switch-mode inverter. The real part 

200 is within the operating range of resistances of a switch-mode inverter 20 and 31, from 

Figure 2 and Figure 3, respectively. The reactive part 201 now falls in the correct operating 

region 114 shown in Figure 11. Confirmation that the phase angle and trend are correct can 

be shown by converting 200 and 201 into a phase angle plot, as shown in Figure 21. The 

25 phase angle 210 is within the operating region 114 and increases with respect to load 

resistance. The phase angle 210 has a dip at very low impedances and in specific 

embodiments the initial dip in phase can be avoided. 

Figure 22 shows actual experimental data taken from the system shown in Figure 15. 

After the 30 Ohm inflection point 220, power output decreases with load impedance and the 

30 system achieves high operating efficiency. Because a typical portable electronic device will 

operate at impedances greater than 30 ohms when the supply voltage is sufficiently high, this 

is an example of a preferred power delivery vs. load resistance vs. efficiency plot. 

Example 2: 

A primary coil parallel capacitor value m a specific embodiment can meet two 
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constraints. 

Figure 24 offers a contrast to the preferred phase angle vs. load resistance trend 

shown in Figure 21. The reference phase angle is approximately 80 degrees and decreases 

with load resistance. The phase angle 240 decreases with load resistance. 

Figure 25 shows the result of this mode of operation when there are no 

communication and control mechanisms in place. The power output increases with load 

resistance, which is exactly opposite the response of a fixed voltage DC supply 130 which is 

shown in Figure 13. 

Figure 27 shows the real and reactive components of the impedance as seen looking 

10 into the receiver side impedance transformation network, where the impedance characteristic 

at this point is measured from a system operating in an undesirable range. 

Figure 28 shows the real and reactive components of the impedance as looking into 

the primary coil, where the impedance characteristic at this point is measured from a system 

operating in an undesirable range. 

15 Figure 29 shows the real and reactive components of the impedance as seen from the 

transmitter side load-transformation network, where the impedance characteristic at this point 

is measured from a system operating in an undesirable range. 

Figure 30 shows the real and reactive components of the impedance as seen from the 

transmitter-side, phase shift network, where the impedance characteristic at this point is 

20 measured from a system operating in an undesirable range. 

Figures 31-40 show a variety of ways that the components of various embodiments of 

the subject invention can be located, for example proximate the transmitter coil, proximate 

the receiver coil, or separate from both. 

Figure 31 shows the circuitry shown in Figure 68 with dotted lines, labeled A and B, 

25 around portions of the circuitry to show one embodiment of how the circuitry can be split 

between a transmitter unit, for example a transmitter pad, and a receiver unit. 

Figure 32 shows the block diagram of Figure 15 with dotted lines, labeled A and B, 

around portions of the block diagram elements to show how the block diagram elements can 

be split between a transmitter unit, for example a transmitter pad, and a receiver unit, in 

30 accordance with the embodiment shown in Figure 31. 

Figure 33 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B, C, 

and D, around portions of the circuitry to show one embodiment of how the circuitry can be 

split between a transmitter unit, for example a transmitter pad, and a receiver unit. 
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Figure 34 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C, 

and D, around portions of the block diagram elements to show how the block diagram 

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver 

unit, in accordance with the embodiment shown in Figure 33. 

5 Figure 35 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B, C, 

and D, around portions of the circuitry to show one embodiment of how the circuitry can be 

split between a transmitter unit, for example a transmitter pad, and a receiver unit. 

Figure 36 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C, 

and D, around portions of the block diagram elements to show how the block diagram 

10 elements can be split between a transmitter unit, for example a transmitter pad, and a receiver 

unit, in accordance with the embodiment shown in Figure 35. 

Figure 37 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B, C, 

and D, around portions of the circuitry to show one embodiment of how the circuitry can be 

split between a transmitter unit, for example a transmitter pad, and a receiver unit. 

15 Figure 38 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C, 

and D, around portions of the block diagram elements to show how the block diagram 

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver 

unit, in accordance with the embodiment shown in Figure 3 7. 

Figure 39 shows the circuitry shown in Figure 68 with dotted lines, labeled A, B, C, 

20 and D, around portions of the circuitry to show one embodiment of how the circuitry can be 

split between a transmitter unit, for example a transmitter pad, and a receiver unit. 

Figure 40 shows the block diagram of Figure 15 with dotted lines, labeled A, B, C, 

and D, around portions of the block diagram elements to show how the block diagram 

elements can be split between a transmitter unit, for example a transmitter pad, and a receiver 

25 unit, in accordance with the embodiment shown in Figure 39. 

30 

Figure 41 shows a typical inductive coupling system. 

Figures 42-83 show various components and systems or subsystems that can be 

utilized with various embodiments of the invention, and/or data corresponding to various 

embodiments of the invention. 

Figure 42 shows some of the possible topologies for a single-element transformation 

network. 

Figure 43 shows some of the possible topologies for a single-element transformation 

network. 
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Figure 44 shows a typical Class E driver using parallel-parallel transformation 

network. 

Figure 45 shows a dual channel class E driver that can be used in accordance with an 

embodiment of the invention. 

5 Figure 46 shows an impedance response looking into receiver with different parallel 

capacitor value. 

Figure 47 shows an optimum receiver capacitor value across a range of load 

resistances to achieve maximum R looking into the transmitter coil. 

Figures 48A-48B show a coupling efficiency and transformed impedance looking into 

10 the primary coil. 

15 

Figure 49 shows a normalize primary coil voltage across a range of load resistances. 

Figure 50 shows a load network reactance with different transmitter capacitor. 

Figure 51 shows an amplitude and phase of impedance of unloaded transmitter load 

network with different Ctx. 

Figure 52 shows an impedance looking into transmitter load network. 

Figure 53 shows a phase looking into transmitter load network. 

Figure 54 shows a power delivered into the transmitting load network if transmitter is 

an ideal sine voltage source. 

Figure 55 shows a transistor drain voltage where Cshunt = 19nF. 

20 Figure 56 shows a dual channel class E driver. 

Figure 57 shows a primary coil - 10 turns ( embedded into the table top) and 

secondary coil - 5 turns (taped up). 

Figure 58 shows a power delivery and efficiency of 120V system with a peak power 

of295W. 

25 Figure 59 shows a temperature of transistor and inductor with natural convection 

cooling and forced cooling. 

Figure 60 shows a dual channel class E with forced air cooling. 

Figure 61 shows a waveform of the class E driver. 

Figures 62A-62B show power delivered to load with respect to load resistance. Peak 

30 power occurs at approximately 500 load resistance for dual channel at 69W for dual channel 

and 750 for single channel at l0W for single channel. 

Figure 63 shows system efficiency with respect to load resistance with both peak 

efficiency of 64.5% for single channel and 76% of dual channel at approximately 700 load 

resistance. 

29 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 667



WO 2009/149464 PCT/US2009/046648 

Figure 64 shows transmitter efficiency with respect to load resistance. Peak 

transmitter efficiency occurs across the band of 60Q to 1000 load resistance at 90% for dual 

channel and 79% for single channel. 

Figure 65 shows system efficiency with respect to load resistance with both cases 

5 achieving high efficiency at heavy load and also illustratin that a single channel mode is more 

efficient at low power delivery state. 

Figure 66 shows primary coil RMS voltage having a unique load resistance for each 

value. 

Figure 67 shows receiver DC voltage converging to approximately 70V for dual 

10 channel and 3 7V for single channel. 

15 

Figure 68 shows a generalized contactless power system with a single transistor 

power amplifer in a single ended configuration. 

Figure 69 shows a generalized contactless power system with two, single transistor 

power amplifiers in a push-pull configuration. 

Figure 70 shows a generalized contactless power with a two transistor power 

amplifier in a single ended configuration. 

Figure 71 shows a generalized contactless power system with two, two transistor 

power ampliferrs in a push-pull configuration. 

Figure 72 shows different supply network configurations that are used to connect a 

20 DC supply voltage to a terminal of the active device of a power amplifier. 

Figure 73 shows the functions of a impedance transformation network for a single 

ended system in block diagram format. The fucntional blocks are arranged in no particular 

order and there can be multiples of the same functional blocks. 

Figure 74 shows the functions of a impedance transformation network for a push-pull 

25 system in block diagram format. The fucntional blocks are arranged in no particular order and 

there can be multiples of the same functional blocks. 

Figure 75 shows various circuit elements arranged to achieve the fuction of reactance 

shifting. These circuit elements, or variants thereof, can add or remove the mangitude of 

reactance looking into the impedance transformation network. Inductive elements increase 

30 reactance. Capacitive elements decrease reactance. 

Figure 76 shows various circuit elements arranged to achieve the fuction of frequency 

filtering. Two notch filters are shown that can remove unwanted harmonics from the signal. 

A combination of other filter types can be used to achieve frequency filtering. 
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Figure 77 shows various circuit elements arranged to adjust the correlation between 

the equivelent resistance and the phase of the load. Inductive elements will tend to result in a 

positive correlation between phase and load resistance. Capacitive elements will tend to result 

in a negative correlation between phase and load resistance. These elements can also serve 

5 the purpose of resistance compression. 

Figure 78 shows primary to secondary coil configurations. The impedance 

transformation network may comprise a single primary and a single secondary. 

Alternatively, the impedance transformation network may comprise one or more primary 

coils coupled to one or more secondary coils. The inductance of the primary and/or secondary 

10 coil( s) can be used to compress resistance and change the phase vs. resistance relationship. 

Figure 79 show various circuit elements arranged to compress the resistance seen 

looking into the impedance transformation network. Either capacitive or inductive elements 

can be used. 

Figure 80 shows a typical configuration of an impedance tranformation network 

15 connected to an active device. 

Figure 81 shows a typical configuration of an impedance tranformation network 

connected to an active device. 

Figure 82 shows a typical configuration of an impedance tranformation network 

connected to an active device. 

20 Figure 83 shows a typical configuration of an impedance tranformation network 

connected to an active device. 

Specific embodiments pertain to a method and a circuit for inductive power transfer, 

incorporating an impedance transformation network, where the impedance transformation 

network has an input port for coupling to an active device for creating a signal at a selected 

25 operating frequency, an output port for coupling to a load having a variable impedance; and a 

reactive network coupled between the input port and the output port, where the reactive 

network includes a primary coil; and a secondary coil, where the primary coil is inductively 

coupled to the secondary coil, where when the output is coupled to the load having a variable 

impedance and the input port is coupled to the active device that creates a signal at the 

30 selected operating frequency, a phase angle of an impedance looking into the impedance 

transformation network through the input port is inductive and negatively correlated with the 

amount of power delivered to the load. A real part of the impedance looking into the 

impedance transformation network through the input port can be in a range between a 

minimum real part and a maximum real part. The maximum real part can be less than or 
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equal to one order of magnitude greater than the minimum real part. Further embodiments 

can incorporate at least one additional input port, at least one additional output port, at least 

one additional primary coil, and/or at least one additional secondary coil. The output port can 

be adapted for coupling to at least two loads. 

In an embodiment, the phase angle of the impedance looking into the impedance 

transformation network through the input port is positively correlated with the resistance of 

the load. In another embodiment, the phase angle of the impedance looking into the 

impedance transformation network through the input port is positively correlated with an 

equivalent resistance of the load. In a specific embodiment, the phase angle of the impedance 

10 looking into the impedance transformation network through the input port is positively 

correlated with an equivalent resistance of the load, wherein when the impedance looking to 

the primary coil, Zin, is explained by: 

= { l1Af 

[ 
+ 

!1 + 

Zin: Input impedance looking into the primary coil 

15 1 iM: Vector of 1 's oflength M 

lMM: M X M matrix of l's 

Z: Impedance matrix 

Zab: Element ab of the impedance matrix 

Z 1 
: Sub-matrix of Z 

20 zII: Sub-matrix of Z 

zm: Sub-matrix of Z 
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Mab: Mutual inductance between the ath and bth coil 

j: imaginary number 

a: coil index 

b: coil index 

5 co: radian frequency 

Ra: Parasitic resistance of the ath coil 

La: Self inductance of the ath coil 

PCT/US2009/046648 

The reactive network can have at least one shunt network with a negative reactance 

that is connected between a first terminal of the secondary coil and a second terminal of the 

10 secondary coil. The at least one shunt network with a negative reactance can have a 

capacitor. The active device can have a transistor. In a specific embodiment, active device 

includes a switching component that operates substantially as a switch; and a capacitance in 

parallel with the switching component. The input port can be coupled to a voltage source or 

input port can be coupled to a current source. A supply network can be connected between 

15 the input port and a voltage source, where the supply network includes at least one inductor. 

The supply network connected between the input port and a voltage source can be configured 

to reject harmonics not intended to reach the load. In specific embodiments, the supply 

network connected between the input port and a voltage source can include elements of the 

supply network, load network, and the active device so as to represent at least one class D 

20 inverter or variant, at least one class DE inverter or variant, at least one class E inverter or 

variant, at least one class ff 1 inverter or variant at least one class F inverter or variant, at least 

one class F 1 inverter or variant, at least one class EF1 inverter or variant, or at least one class 

Phi inverter or variant. 

The signal from the active device can be an AC signal and/or a periodic signal. When 

25 the active device is coupled to the input port, a voltage source is coupled to the input port, 

and the load is coupled to the output port, the phase angle of the impedance looking into the 

impedance transformation network through the input port can be within a range such that 

substantially zero voltage-switching of the active device occurs. Regarding this range, in 

specific embodiments switching of the active device can occur when the voltage is within a 

30 range of 10% of a peak voltage and zero voltage, switching of the active device can occur 

when the voltage is within a range of 5% of a peak voltage and zero voltage, and/or switching 
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of the active device occurs when the voltage is within a range of 1 % of a peak voltage and 

zero voltage. 

In another embodiment, when the active device creating a signal at the selected 

operating frequency is coupled to the input port, a voltage source is coupled to the input port, 

5 and the load is coupled to the output port, the phase angle of the impedance looking into the 

impedance transformation network through the input port is within a range such that 

substantially zero voltage derivative switching of the active device occurs. Regarding this 

range, in specific embodiments, switching of the active device occurs when the slope of the 

voltage is within a range of -1 and + 1, switching of the active device occurs when the slope 

10 of the voltage is within a range of -0.5 and +0.5, and/or switching of the active device occurs 

when the slope of the voltage is within a range of -0.1 and +0.1. In a further specific 

embodiment, when the active device creating a signal at the selected operating frequency is 

coupled to the input port, a voltage source is coupled to the input port, and the load is coupled 

to the output port, the phase angle of the impedance looking into the impedance 

15 transformation network through the input port is within a range such that substantially zero 

voltage-switching and substantially zero voltage derivation switching of the active device 

occurs. Such switching of the active device can occur when the voltage is within a range of 

10% of a peak voltage and zero and when the slope of the voltage is within a range of -1 and 

+ 1, when the voltage is within a range of 5% of a peak voltage and zero and when the slope 

20 of the voltage is within a range of -0.5 and +0.5, and/or when the voltage is within a range of 

1 % of a peak voltage and zero and when the slope of the voltage is within a range of -0.1 and 

+0.1. 

\\Then the active device creating a signal at the selected operating frequency is 

coupled to the input port, a voltage source is coupled to the input port, and the load is 

25 coupled to the output port, a real component of the impedance looking into the impedance 

transformation network through the input port can be within a range such that substantially 

zero voltage-switching of the active device occurs. Switching of the active device occurs 

when the voltage is within a range of 10% of a peak voltage and zero voltage, switching of 

the active device occurs when the voltage is within a range of 5% of a peak voltage and zero 

30 voltage, and/or switching of the active device occurs when the voltage is within a range of 

1 % of a peak voltage and zero voltage. When the active device creating a signal at the 

selected operating frequency is coupled to the input port, a voltage source is coupled to the 

input port, and the load is coupled to the output port, the phase angle of the impedance 

looking into the impedance transformation network through the input port is within a range 
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such that substantially zero voltage derivative switching of the active device occurs. 

Switching of the active device occurs when the slope of the voltage is within a range of -1 

and + 1, switching of the active device occurs when the slope of the voltage is within a range 

of -0.5 and +0.5, and/or switching of the active device occurs when the slope of the voltage is 

5 within a range of -0.1 and +0.1. 

When the active device creating a signal at the selected operating frequency is 

coupled to the input port, a voltage source is coupled to the input port, and the load is coupled 

to the output port, a phase angle of the impedance looking into the impedance transformation 

network through the input port can be within a range such that substantially zero current-

! 0 switching of the active device occurs. Switching of the active device occurs when the current 

is within a range of 10% of a peak current and zero current, switching of the active device 

occurs when the current is within a range of 5% of a peak current and zero current, and/or 

switching of the active device occurs when the current is within a range of 1 % of a peak 

current and zero current. When the active device creating a signal at the selected operating 

15 frequency is coupled to the input port, a voltage source is coupled to the input port, and the 

load is coupled to the output port, the phase angle of the impedance looking into the 

impedance transformation network through the input port can be within a range such that 

substantially zero cun-ent derivative switching of the active device occurs. Switching of the 

active device occurs when the slope of the current is within a range of -1 and + 1, switching of 

20 the active device occurs when the slope of the current is within a range of -0.5 and +0.5, 

and/or switching of the active device occurs when the slope of the cun-ent is within a range of 

-0.1 and +0.1. 

When the active device creating a signal at the selected operating frequency is 

coupled to the input port, a voltage source is coupled to the input port, and the load is 

25 coupled to the output port, a real component of the impedance looking into the impedance 

transformation network through the input port can be within a range such that substantially 

zero current-switching of the active device occurs. Switching of the active device occurs 

when the current is within a range of 10% of a peak current and zero current, switching of the 

active device occurs when the current is within a range of 5% of a peak current and zero 

30 current, and/or switching of the active device occurs when the current is within a range of 1 % 

of a peak current and zero current. When the active device creating a signal at the selected 

operating frequency is coupled to the input port, a voltage source is coupled to the input port, 

and the load is coupled to the output port, the phase angle of the impedance looking into the 

impedance transformation network through the input port can be within a range such that 
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substantially zero current derivative switching of the active device occurs. Switching of the 

active device occurs when the slope of the current is within a range of -1 and + 1, switching of 

the active device occurs when the slope of the current is within a range of -0.5 and +0.5, 

and/or switching of the active device occurs when the slope of the current is within a range of 

5 -0.1 and +0.1. 

When the active device creating a signal at the selected operating frequency is 

coupled to the input port, a voltage is coupled to the input port, and the load is coupled to the 

output port, the real part of the impedance looking into the impedance transformation 

network through the input port can be within a range such that the maximum real part of the 

10 impedance looking into the impedance transformation network through the input port is no 

more than two orders of magnitude greater than the minimum real part of the impedance 

looking into the impedance transformation network through the input port. A supply network 

can be connected between the input port and a voltage source, where the supply network is 

configured to reject harmonics not intended to reach the load. At least one load having a 

15 time-dependent impedance connected to the output port. In another embodiment, the system 

can be adapted least one load having a time dependent non-negative real resistance can be 

connected to the output port. In a specific embodiment where the phase angle of the 

impedance looking into the impedance transformation network through the input port is 

inductive, the phase angle of the impedance looking into the impedance transformation 

20 network through the input port is between 40 and 85 degrees. 

In an embodiment with a shunt network connected between the first terminal of the 

secondary coil and the second terminal of the secondary coil, where the shunt network has a 

negative reactance, the shunt network can be configured such that the resistance looking from 

the secondary coil towards the load is between an upper bound and a lower bound, wherein 

25 the difference between the upper bound and lower bound is less than the difference between 

the maximum load resistance and minimum resistance. In specific embodiments, the upper 

bound is 1000 ohms and the lower bound is .01 ohms when the maximum load resistance is 

100,000 ohms and the minimum load resistance is 1 ohms, the upper bound is 10 ohms and 

the lower bound is 1 ohm when the maximum load resistance is 100,000 ohms and the 

30 minimum load resistance is 1 ohms, the upper bound is I 0,000 ohms and the lower bound is 

500 ohms when the maximum load resistance is 100,000 ohms and the minimum load 

resistance is 1 ohms, or the upper bound is 1,000,000 ohms and the lower bound is 800,000 

ohms when the maximum load resistance is 10,000,000 ohms and the minimum load 

resistance is 1 ohms. In a further specific embodiment, the at least one shunt network has a 
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negative reactive value such that the phase angle looking into the primary coil is positively 

correlated with the load resistance. In a further specific embodiment, the at least one shunt 

network is configured to have a negative reactive value such that the phase angle looking into 

the primary coil is negatively correlated with the load resistance, where the reactive network 

5 further utilizes at least one additional shunt network connected between a first terminal of the 

primary coil and a second terminal of the primary coil, the at least one additional shunt 

network having a positive reactive value such that the phase angle looking into the impedance 

transformation network through the input port is positively correlated with the load 

resistance. 

10 The reactive network can further include at least one additional shunt network 

connected between a first terminal of the primary coil and a second terminal of the primary 

coil. 

The reactive network can include at least one reactive component connected to the 

primary coil, where the at least one reactive component has a reactance that shifts the phase 

15 angle looking into the impedance transformation network through the input port can be 

within a range such that substantially zero-voltage switching of the active device occurs. In 

specific embodiments, the impedance transformation network is configured such that the 

range of resistances looking into the impedance transformation network through the input 

port is between an upper bound and a lower bound, where the difference between the upper 

20 bound and lower bound is less than the difference between the maximum load resistance and 

the minimum load resistance. In various embodiments, the upper bound is 1000 ohms and 

the lower bound is .01 ohms when the maximum load resistance is 100,000 ohms and the 

minimum load resistance is 1 ohms, the upper bound is 10 ohms and the lower bound is 1 

ohm when the maximum load resistance is 100,000 ohms and the minimum load resistance is 

25 1 ohms, the upper bound is 10,000 ohms and the lower bound is 500 ohms when the 

maximum load resistance is 100,000 ohms and the minimum load resistance is 1 ohms, and 

the upper bound is 1,000,000 ohms and the lower bound is 800,000 ohms when the maximum 

load resistance is 10,000,000 ohms and the minimum load resistance is 1 ohms. 

The at least one filter network having a positive reactance can be connected in series 

30 with the primary coil, where a reactance of the at least one filter network divided by a 

resistance looking from the filter network towards the load has a value between 1.5 and 10. 

The impedance transformation network can be configured to couple to two active 

devices via a single input port. The input port can have at least two input ports for coupling 

to at least two active devices. 
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A rectifier can be positioned between the impedance transformation network and the 

load. 

The primary coil can be connected in series with at least one reactive component and 

the secondary coil can be connected in series with at least one additional reactive component. 

5 In another embodiment, the primary coil is connected in series with at least one reactive 

component and at least one additional reactive component is connected between a first 

terminal of the secondary coil and a second terminal of the secondary coil. In yet another 

embodiment, at least one other reactive component is connected between a first terminal of 

the primary and a second terminal of the primary coil and the secondary coil is connected in 

10 series with at least one additional reactive component. In further embodiments, at least one 

other reactive component is connected between a first terminal of the primary coil and a 

second terminal of the primary coil and at least one additional reactive component is 

connected between a first terminal of the secondary coil and a second terminal of the 

secondary coil. 

15 The primary coil can be a single primary coil inductively coupled to at least two 

secondary coils. In another embodiment, at least two primary coils are inductively coupled to 

the secondary coils. In various other embodiments, m primary coils are inductively coupled 

to n secondary coils, where m> 1 and n> 1. 

A specific embodiment relates to a circuit for inductive power transfer having an 

20 impedance transformation network, incorporating an input port for coupling to an active 

device for creating a signal at a selected operating frequency, an output port for coupling to a 

load having a variable impedance; and a reactive network coupled between the input port and 

the output port, wherein the reactive network has a primary coil; and a secondary coil, where 

the primary coil is inductively coupled to the secondary coil, such that when the output is 

25 coupled to the load having a variable impedance and the input port is coupled to the active 

device that creates a signal at the selected operating frequency, a phase angle of an 

impedance looking into the impedance transformation network through the input port is 

capacitive and positively correlated with the amount of power delivered to the load. 

Another embodiment pertains to a circuit for inductive power transfer, having a 

30 primary impedance transformation network, where the primary impedance transformation 

network has an input port for coupling to a active device that creates a signal at a selected 

operating frequency, a primary coil for coupling to a secondary coil, and a reactive network 

coupled to the input port and coupled to the primary coil, where the reactive network 

incorporates at least one capacitor, and at least one inductor, such that when the primary coil 
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is coupled to the secondary coil and the input port is coupled to the active device that creates 

a signal at the selected operating frequency, a phase angle of an impedance looking into the 

primary impedance transformation network through the input port is inductive and negatively 

correlated with the amount of power inductively transferred from the primary coil. 

Another embodiment relates to a circuit for inductive power transfer, having a 

primary impedance transformation network, where the primary impedance transformation 

network includes an input port for coupling to an one active device that creates a signal at a 

selected operating frequency, a primary coil for coupling to a secondary coil, a reactive 

network coupled to the input port and coupled to the primary coil, where the reactive network 

10 incorporates at least one capacitor, at least one inductor, such that when the primary coil is 

coupled to the secondary coil and the input port is coupled to the active device that creates a 

15 

signal at the selected operating frequency, a phase angle of an impedance looking into the 

primary impedance transformation network through the input port is capacitive and positively 

correlated with the amount of power inductively transferred from the primary coil. 

A further embodiment pertains to a circuit for inductive power transfer, having a 

secondary side impedance transformation network, where the secondary side impedance 

transformation network incorporates at least one secondary coil for coupling to at least one 

· primary coil, at least one output port for coupling to at least one load having a variable 

impedance; and a secondary side reactive network coupled to the output port and coupled to 

20 the secondary coil, where the reactive network incorporates at least one capacitor, such that 

when the secondary coil is coupled to the primary coil, where the primary coil is coupled to a 

primary side reactive network, where the primary side reactive network has an input port for 

connection to at least one active device that creates a signal at a selected operating frequency, 

the a phase angle of an impedance looking into the primary side reactive network through the 

25 input port is inductive and positively correlated with the amount of power inductively 

transferred from the primary coil. 

A further embodiment is directed to a circuit for inductive power transfer, having a 

secondary side impedance transformation network, wherein the secondary side impedance 

transformation network has at least one secondary coil for coupling to at least one primary 

30 coil, at least one output port for coupling to at least one load having a variable impedance; 

and a secondary side reactive network coupled to the at least one output port and coupled to 

the at least one secondary coil, wherein the reactive network includes at least one capacitor, 

such that when the secondary coil is coupled to the primary coil, where the primary coil is 

coupled to a primary side reactive network, where the primary side reactive network has an 
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input port for connection to at least one active device that creates a signal at a selected 

operating frequency, the a phase angle of an impedance looking into the primary side reactive 

network through the input port is capacitive and negatively correlated with the amount of 

power inductively trai'1sferred from the primary coil. 

An embodiment of the invention is directed to an apparatus for wireless power 

transfer, having a rectifier stage, where the rectifier stage is adapted to interconnect with a 

load; a first impedance transformation network (FITN), where the first impedance 

transformation network interconnects with the rectifier stage and transforms the impedance 

looking into the rectifier stage such that the impedance looking into the FITN is such that the 

10 load decouples from the primary coil; a secondary coil, where the secondary coil is 

interconnected with the FITN such that the power coupled from the primary coil to the 

secondary coil is received by the FITN; a primary coil, where the primary coil is positioned 

with respect to the secondary coil such that the primary coil is coupled to the secondary coil, 

wherein the interaction between the primary coil and secondary coil is such that the 

15 impedance looking into the primary coil has a resistance large enough to maximize power 

delivery through to the secondary coil; a second impedance transformation network (SITN), 

where the SITN interconnects with the primary coil and transforms the impedance looking 

into the primary coil such that the resistance looking into the SITN toward the load is within 

a usable operating range of the tuned switch-mode inverter, large enough to maximize power 

20 delivery through to the secondary coil; a phase shifting network, where the phase shifting 

network interconnects with the SITN and transforms the impedance looking into the SITN 

such that the impedance looking into the phase shifting network has a resistance in the 

operating range of the tuned switch-mode inverter and a reactive part in the operating range 

of the tuned switch-mode inverter; a tuned svvitch-mode inverter, where the tuned switch-

25 mode inverter is interconnected with the phase shifting network; and a power source, where 

the power source is interconnected with the tuned switch-mode inverter. In this embodiment, 

the load can have a load resistance that can range from 0 to 500 ohms. 

An embodiment is an apparatus for wireless power transfer, having a rectifier stage, 

where the rectifier stage is adapted to interconnect with a load; a secondary coil, where the 

30 secondary coil is interconnected with the rectifier stage; a primary coil, where the primary 

coil is coupled to the secondary coil; a tuned switch-mode supply, wherein the tuned switch­

mode supply is interconnected to the primary coil; a power supply, where the power supply 

supplies power to the tuned switch-mode supply; a first circuitry interconnected between the 

tuned switch-mode supply and the primary coil; and a second circuitry interconnected 
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between the secondary coil and the rectifier stage, such that power output to the load 

decreases as the impedance of the load increases. 

Another embodiment is an apparatus for wireless power transfer, having a rectifier 

stage, where the rectifier stage is adapted to interconnect with a load; a secondary coil, where 

5 the secondary coil is interconnected with the rectifier stage; a primary coil, where the primary 

coil is coupled to the secondary coil; a tuned switch-mode supply, where the tuned switch­

mode supply is interconnected to the primary coil; a power supply, where the power supply 

supplies power to the tuned switch-mode supply; a first circuitry interconnected between the 

tuned switch-mode supply and the primary coil; and a second circuitry interconnected 

10 between the secondary coil and the rectifier stage, such that power output to the load is 

adjusted as the phase angle of the load changes. 

15 

20 

All patents, patent applications, provisional applications, and publications referred to 

or cited herein are incorporated by reference in their entirety, including all figures and tables, 

to the extent they are not inconsistent with the explicit teachings of this specification. 

It should be understood that the examples and embodiments described herein are for 

illustrative purposes only and that various modifications or changes in light thereof will be 

suggested to persons skilled in the art and are to be included within the spirit and purview of 

this application. 
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CLAIMS 

1. A circuit for inductive power transfer, comprising: 

an impedance transformation network, wherein the impedance transformation 

5 net\vork comprises: 

an input port for coupling to an active device for creating a signal at a selected 

operating :frequency, 

an output port for coupling to a load having a variable impedance; and 

a reactive network coupled between the input port and the output port, wherein the 

] 0 reactive network comprises: 

15 

a primary coil; 

a secondary coil, wherein the primary coil is inductively coupled to the 

secondary coil, wherein when the output is coupled to the load having a variable 

impedance and the input port is coupled to the active device that creates a signal at the 

selected operating :frequency, a phase angle of an impedance looking into the 

impedance transformation network through the input port is inductive and negatively 

correlated with the an1ount of power delivered to the load. 

2. The circuit according to claim 1, wherein a real part of the impedance looking into 

20 the impedance transformation network through the input port is in a range between a 

minimum real part and a maximum real part. 

25 

3. The circuit according to claim 2, wherein the maximum real part is less than or 

equal to one order of magnitude greater than the minimum real part. 

4. The circuit according to claim 1, further comprising at least one additional input 

port. 

5. The circuit according to claim 1, further comprising at least one additional output 

30 port. 

6. The circuit according to claim 1, further comprising at least one additional primary 

coil. 
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7. The circuit according to claim 1, further comprising at least one additional 

secondary coil. 

8. The circuit according to claim 1, wherein the output port is for coupling to at least 

5 two loads. 

10 

15 

9. The circuit according to claim 1, wherein the phase angle of the impedance looking 

into the impedance transformation network through the input port is positively correlated 

with the resistance of the load. 

10. The circuit according to claim 1, wherein the phase angle of the impedance 

looking into the impedance transformation network through the input port is positively 

correlated with an equivalent resistance of the load. 

11. The circuit according to claim 1, wherein the phase angle of the impedance 

looking into the impedance transformation network through the input port is positively 

correlated with an equivalent resistance of the load, wherein when the impedance looking to 

the primary coil, Zin, is explained by: 

{ 

[ 
+ =b 

+ ltJ 

20 Zin: Input impedance looking into the primary coil 

l1M: Vector of l's oflengthM 

lMM: M X M matrix of 1 's 
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Z: Impedance matrix 

Zab: Element ab of the impedance matrix 

Z1 
: Sub-matrix of Z 

zn: Sub-matrix of Z 

PCT/US2009/046648 

5 zm: Sub-matrix of Z 

Mab: Mutual inductance between the ath and bth coil 

j: imaginary number 

a: coil index 

b: coil index 

10 co: radian frequency 

Ra: Parasitic resistance of the ath coil 

La: Self inductance of the a th coil 

12. The circuit according to claim 1, wherein the reactive network further comprises 

15 at least one shunt network with a negative reactance that is connected between a first terminal 

of the secondary coil and a second terminal of the secondary coil. 

20 

25 

30 

13. The circuit according to claim 12, wherein the at least one shunt network with a 

negative reactance comprises a capacitor. 

source. 

source. 

14. The circuit according to claim 1, wherein the active device comprises a transistor. 

15. The circuit according to claim 1 wherein the active device comprises: 

a switching component that operates substantially as a switch; and 

a capacitance in parallel with the switching component. 

16. The circuit according to claim 1 wherein the input port is coupled to a voltage 

1 7. The circuit according to claim 1, wherein the input port is coupled to a current 
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18. The circuit according to claim 1 comprising a supply network connected between 

the input port and a voltage source, wherein the supply network comprises at least one 

inductor. 

19. The circuit according to claim 1 comprising a supply network connected between 

the input port and a voltage source, wherein the supply network is configured to reject 

harmonics not intended to reach the load. 

20. The circuit according to claim 1, comprising a supply network connected between 

the input port and a voltage source, wherein the elements of the supply network, load 

network, and the active device represent at least one class D inverter or variant. 

21. The circuit according to claim 1, comprising a supply network connected between 

15 the input port and a voltage source, wherein the elements of the supply network, load 

network, and the active device represent at least one class DE inverter or variant. 

22. The circuit according to claim 1, comprising a supply network connected between 

the input port and a voltage source, wherein the elements of the supply network, load 

20 network, and the active device represent at least one class E inverter or variant. 

25 

30 

23. The circuit according to claim 1, comprising a supply network connected between 

the input port and a voltage source, wherein the elements of the supply network, load 

network, and the active device represent at least one class ff 1 inverter or variant. 

24. The circuit according to claim 1, comprising a supply network connected between 

the input port and a voltage source, wherein the elements of the supply network, load 

network, and the active device represent at least one class F inverter or variant. 

25. The circuit according to claim 1, comprising a supply network connected between 

the input port and a voltage source, wherein the elements of the supply network, load 

network, and the active device represent at least one class F 1 inverter or variant. 

45 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 683



5 

10 

WO 2009/149464 PCT/US2009/046648 

26. The circuit according to claim 1, comprising a supply network connected between 

the input port and a voltage source, wherein the elements of the supply network, load 

network, and the active device represent at least one class EP-1 inverter or variant. 

27. The circuit according to claim 1, comprising a supply network connected between 

the input port and a voltage source, wherein the elements of the supply network, load 

network, and the active device represent at least one class Phi inverter or variant. 

28. The circuit according to claim 1, wherein the signal is an AC signal. 

29. The circuit according to claim 1, wherein the signal is a periodic signal. 

30. The circuit according to claim 1, wherein when the active device creating a signal 

at the selected operating frequency is coupled to the input port, a voltage source is coupled to 

15 the input port, and the load is coupled to the output port, the phase angle of the impedance 

looking into the impedance transformation network through the input port is within a range 

such that substantially zero voltage-switching of the active device occurs. 

31. The circuit according to claim 30, wherein switching of the active device occurs 

20 when the voltage is within a range of 10% of a peak voltage and zero voltage. 

25 

32. The circuit according to claim 30, wherein switching of the active device occurs 

when the voltage is within a range of 5% of a peak voltage and zero voltage. 

33. The circuit according to claim 30, wherein switching of the active device occurs 

when the voltage is within a range of 1 % of a peak voltage and zero voltage. 

34. The circuit according to claim 1, wherein when the active device creating a signal 

at the selected operating frequency is coupled to the input port, a voltage source is coupled to 

30 the input port, and the load is coupled to the output port, the phase angle of the impedance 

looking into the impedance transformation network through the input port is within a range 

such that substantially zero voltage derivative switching of the active device occurs. 
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35. The circuit according to claim 34, wherein switching of the active device occurs 

when the slope of the voltage is within a range of -1 and + 1. 

36. The circuit according to claim 34, wherein switching of the active device occurs 

5 when the slope of the voltage is within a range of -0.5 and +0.5. 

37. The circuit according to claim 34, wherein switching of the active device occurs 

when the slope of the voltage is within a range of-0.1 and +0.1. 

10 38. The circuit according to claim 1, wherein when the active device creating a signal 

at the selected operating frequency is coupled to the input port, a voltage source is coupled to 

the input port, and the load is coupled to the output port, the phase angle of the impedance 

looking into the impedance transformation network through the input port is within a range 

such that substantially zero voltage-switching and substantially zero voltage derivation 

15 switching of the active device occurs. 

20 

39. The circuit according to claim 38, wherein switching of the active device occurs 

when the voltage is within a range of 10% of a peak voltage and zero and when the slope of 

the voltage is within a range of -1 and +I. 

40. The circuit according to claim 38, wherein switching of the active device occurs 

when the voltage is within a range of 5% of a peak voltage and zero and when the slope of 

the voltage is within a range of -0.5 and +0.5. 

25 41. The circuit according to claim 38, wherein switching of the active device occurs 

when the voltage is within a range of 1 % of a peak voltage and zero and when the slope of 

the voltage is within a range of -0.1 and +0.1. 

42. The circuit according to claim 1, wherein when the active device creating a signal 

30 at the selected operating frequency is coupled to the input port, a voltage source is coupled to 

the input port, and the load is coupled to the output port, a real component of the impedance 

looking into the impedance transformation network through the input port is within a range 

such that substantially zero voltage-switching of the active device occurs. 
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43. The circuit according to claim 42, wherein switching of the active device occurs 

when the voltage is within a range of 10% of a peak voltage and zero voltage. 

44. The circuit according to claim 42, wherein switching of the active device occurs 

5 when the voltage is within a range of 5% of a peak voltage and zero voltage. 

45. The circuit according to claim 42, wherein switching of the active device occurs 

when the voltage is within a range of 1 % of a peak voltage and zero voltage. 

10 46. The circuit according to claim 1, wherein when the active device creating a signal 

15 

at the selected operating frequency is coupled to the input port, a voltage source is coupled to 

the input port, and the load is coupled to the output port, the phase angle of the impedance 

looking into the impedance transformation network through the input port is within a range 

such that substantially zero voltage derivative switching of the active device occurs. 

4 7. The circuit according to claim 46, wherein switching of the active device occurs 

when the slope of the voltage is within a range of -1 and + 1. 

48. The circuit according to claim 46, wherein switching of the active device occurs 

20 when the slope of the voltage is within a range of -0.5 and +0.5. 

49. The circuit according to claim 46, wherein switching of the active device occurs 

when the slope of the voltage is within a range of -0.1 and +0.1. 

25 50. The circuit according to claim 1, wherein when the active device creating a signal 

30 

at the selected operating frequency is coupled to the input port, a voltage source is coupled to 

the input port, and the load is coupled to the output port, a phase angle of the impedance 

looking into the impedance transformation network through the input port is within a range 

such that substantially zero current-switching of the active device occurs. 

51. The circuit according to claim 50, wherein switching of the active device occurs 

when the current is within a range of 10% of a peak current and zero current. 

48 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 686



WO 2009/149464 PCT/US2009/046648 

52. The circuit according to claim 50, wherein switching of the active device occurs 

when the current is within a range of 5% of a peak current and zero current. 

53. The circuit according to claim 50, wherein switching of the active device occurs 

5 when the current is within a range of 1 % of a peak current and zero current. 

54. The circuit according to claim 1, wherein when the active device creating a signal 

at the selected operating frequency is coupled to the input port, a voltage source is coupled to 

the input port, and the load is coupled to the output port, the phase angle of the impedance 

10 looking into the impedance transformation network through the input port is "Within a ra._"'lge 

such that substantially zero current derivative switching of the active device occurs. 

15 

55. The circuit according to claim 54, wherein switching of the active device occurs 

when the slope of the current is within a range of -1 and + 1. 

56. The circuit according to claim 54, wherein switching of the active device occurs 

when the slope of the current is within a range of -0.5 and +0.5. 

57. The circuit according to claim 54, wherein switching of the active device occurs 

20 when the slope of the current is within a range of -0.1 and +0.1. 

58. The circuit according to claim 1, wherein when the active device creating a signal 

at the selected operating frequency is coupled to the input port, a voltage source is coupled to 

the input port, and the load is coupled to the output port, a real component of the impedance 

25 looking into the impedance transformation network through the input port is within a range 

such that substantially zero current-switching of the active device occurs. 

30 

59. The circuit according to claim 58, wherein switching of the active device occurs 

when the current is within a range of 10% of a peak current and zero current. 

60. The circuit according to claim 58, wherein switching of the active device occurs 

when the current is ·within a range of 5% of a peak current and zero current. 
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61. The circuit according to claim 58, wherein switching of the active device occurs 

when the current is within a range of 1 % of a peak current and zero current. 

62. The circuit according to claim 1, wherein when the active device creating a signal 

5 at the selected operating frequency is coupled to the input port, a voltage source is coupled to 

the input port, and the load is coupled to the output port, the phase angle of the impedance 

looking into the impedance transformation network through the input port is within a range 

such that substantially zero current derivative switching of the active device occurs. 

10 63. The circuit according to claim 62, wherein switching of the active device occurs 

15 

when the slope of the current is within a range of -1 and + 1. 

64. The circuit according to claim 62, wherein switching of the active device occurs 

when the slope of the current is within a range of -0.5 and +0.5. 

65. The circuit according to claim 62, wherein switching of the active device occurs 

when the slope of the current is within a range of-0.1 and +0.1. 

66. The circuit according to claim 1, wherein when the active device creating a signal 

20 at the selected operating frequency is coupled to the input port, a voltage is coupled to the 

input port, and the load is coupled to the output port, the real part of the impedance looking 

into the impedance transformation network through the input port is within a range such that 

the maximum real part of the impedance looking into the impedance transformation network 

through the input port is no more than two orders of magnitude greater than the minimum real 

25 part of the impedance looking into the impedance transformation network through the input 

port. 

67. The circuit according to any of claims 27 - 31, comprising a supply network 

connected between the input port and a voltage source, wherein the supply network is 

30 configured to reject harmonics not intended to reach the load. 

68. The circuit according to claim 1, comprising at least one load connected to the 

output port, the load having a time-dependent impedance. 
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69. The circuit according to claim 1, comprising at least one load connected to the 

output port, the load having a time dependent non-negative real resistance. 

70. The circuit according to claim 1, wherein the phase angle of the impedance 

5 looking into the impedance transformation network through the input port is inductive. 

15 

20 

71. The circuit according to claim 1, wherein the phase angle of the impedance 

looking into the impedance transformation network through the input port is between 40 and 

85 degrees. 

72. The circuit according to claim 12, wherein the shunt network is configured such 

that the resistance looking from the secondary coil towards the load is between an upper 

bound and a lower bound, wherein the difference between the upper bound and lower bound 

is less than the difference between the maximum load resistance and minimum resistance. 

73. The circuit according to claim 72, wherein the upper bound is 1000 ohms and the 

lower bound is .01 ohms when the maximum load resistance is 100,000 ohms and the 

minimum load resistance is 1 ohms. 

74. The circuit according to claim 72, wherein the upper bound is 10 ohms and the 

lower bound is 1 ohm when the maximum load resistance is 100,000 ohms and the minimum 

load resistance is 1 ohms. 

75. The circuit according to claim 72, wherein the upper bound is 10,000 ohms and 

25 the lower bound is 500 ohms when the maximum load resistance is 100,000 ohms and the 

minimum load resistance is 1 ohms. 

76. The circuit according to claim 72, wherein the upper bound is 1,000,000 ohms and 

the lower bound is 800,000 ohms when the maximum load resistance is 10,000,000 ohms and 

30 the minimum load resistance is 1 ohms. 

77. The circuit according to claim 12, wherein the at least one shunt network has a 

negative reactive value such that the phase angle looking into the primary coil is positively 

correlated with the load resistance. 
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78. The circuit according to claim 12, wherein the at least one shunt network is 

configured to have a negative reactive value such that the phase angle looking into the 

primary coil is negatively correlated with the load resistance, wherein the reactive network 

5 further comprises at least one additional shunt network connected between a first terminal of 

the primary coil and a second terminal of the primary coil, wherein the at least one additional 

shunt network has a positive reactive value such that the phase angle looking into the 

impedance transformation network through the input port is positively correlated with the 

load resistance. 

10 

15 

20 

79. The circuit according to claim 1, wherein the reactive network further comprises 

at least one additional shunt network connected between a first terminal of the primary coil 

and a second terminal of the primary coil. 

80. The circuit according to claim 78, wherein the at least one additional shunt 

network has a positive reactive value such that the phase angle looking into the impedance 

transformation network through the input port is positively correlated with the load 

resistance. 

81. The circuit according to claim 1, wherein the reactive network comprises at least 

one reactive component connected to the primary coil, wherein the at least one reactive 

component has a reactance that shifts the phase angle looking into the impedance 

transformation network through the input port is within a range such that substantially zero­

voltage switching of the active device occurs. 

82. The circuit according to claim 1, wherein impedance transformation network is 

configured such that the range of resistances looking into the impedance transformation 

network through the input port is between an upper bound and a lower bound, wherein the 

difference between the upper bound and lower bound is less than the difference between the 

30 maximum load resistance and the minimum load resistance. 

83. The circuit according to claim 82, wherein the upper bound is 1000 ohms and the 

lower bound is .01 ohms when the maximum load resistance is 100,000 ohms and the 

minimum load resistance is 1 ohms. 

52 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 690



5 

10 

WO 2009/149464 PCT/US2009/046648 

84. The circuit according to claim 82, wherein the upper bound is 10 ohms and the 

lower bound is 1 ohm when the maximum load resistance is 100,000 ohms and the minimum 

load resistance is 1 ohms. 

85. The circuit according to claim 82, wherein the upper bound is 10,000 ohms and 

the lower bound is 500 ohms when the maximum load resistance is 100,000 ohms and the 

minimum load resistance is 1 ohms. 

86. The circuit according to claim 82, wherein the upper bound is 1,000,000 ohms and 

the lower bound is 800,000 ohms when the maximum load resistance is 10,000,000 ohms and 

the minimum load resistance is 1 ohms. 

87. The circuit according to claim 1, wherein at least one filter network having a 

15 positive reactance is connected in series with the primary coil, wherein a reactance of the at 

least one filter network divided by a resistance looking from the filter network towards the 

load has a value between 1.5 and 10. 

88. The circuit according to claim 1, wherein the impedance transformation network 

20 is configured to couple to two active devices via a single input port. 

25 

89. The circuit according to claim 1, wherein the input port comprises at least two 

input ports for coupling to at least two active devices. 

90. The circuit according to claim 1, wherein the load is resistive. 

91. The circuit according to claim 1, wherein the load is reactive. 

92. The circuit according to claim 1, wherein the load comprises resistive and reactive 

30 components. 

93. The circuit according to claim 1, wherein a rectifier is positioned between the 

impedance transfonnation network and the load. 
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94. The circuit according to claim 93, wherein the load comprises a portable 

electronic device. 

95. The circuit according to claim 94, wherein the load comprises: 

a voltage regulator; 

a power management system; and 

a battery. 

96. The circuit according to claim 1, wherein the primary coil is connected in series 

10 with at least one reactive component and the secondary coil is connected in series with at 

least one additional reactive component. 

97. The circuit according to claim 1, wherein the primary coil is connected in series 

with at least one reactive component and at least one additional reactive component is 

15 connected between a first terminal of the secondary coil and a second terminal of the 

secondary coil. 

98. The circuit according to claim 1, wherein at least one other reactive component is 

connected between a first terminal of the primary and a second terminal of the primary coil 

20 and the secondary coil is connected in series with at least one additional reactive component. 

99. The circuit according to claim 1, wherein at least one other reactive component is 

connected between a first terminal of the primary coil and a second terminal of the primary 

coil and at least one additional reactive component is connected between a first terminal of 

25 the secondary coil and a second terminal of the secondary coil. 

30 

100. The circuit according to claim 1, wherein the primary coil is a single primary coil 

inductively coupled to at least two secondary coils. 

101. The circuit according to claim 1, wherein the at least two primary coils are 

inductively coupled to the secondary coils. 

102. The circuit according to claim 1, wherein m primary coils are inductively 

coupled to n secondary coils, where m> 1 and n> 1 . 
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103. A circuit for inductive power transfer, comprising: 

an impedance transformation network, wherein the impedance transformation 

5 network comprises: 

an input port for coupling to an active device for creating a signal at a selected 

operating frequency, 

an output port for coupling to a load having a variable impedance; and 

a reactive network coupled between the input port and the output port, wherein the 

10 reactive network comprises: 

15 

20 

25 

a primary coil; 

a secondary coil, wherein the pnmary coil is inductively coupled to the 

secondary coil, wherein when the output is coupled to the load having a variable 

impedance and the input port is coupled to the active device that creates a signal at the 

selected operating frequency, a phase angle of an impedance looking into the 

impedance transformation network through the input port is capacitive and positively 

correlated with the amount of power delivered to the load. 

104. A circuit for inductive power transfer, comprising: 

a primary impedance transformation network, wherein the primary impedance 

transformation network comprises: 

an input port for coupling to a active device that creates a signal at a selected 

operating frequency, 

a primary coil for coupling to a secondary coil 

a reactive network coupled to the input port and coupled to the primary coil, 

wherein the reactive network comprises: 

at least one capacitor 

at least one inductor 

wherein when the primary coil is coupled to the secondary coil and the input port is 

30 coupled to the active device that creates a signal at the selected operating frequency, a phase 

angle of an impedance looking into the primary impedance transformation network through 

the input port is inductive and negatively correlated with the amount of power inductively 

transferred from the primary coil. 
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105. A circuit for inductive power transfer, comprising: 

a primary impedance transformation network, wherein the primary impedance 

transformation network comprises: 

an input port for coupling to an one active device that creates a signal at a 

selected operating frequency, 

a primary coil for coupling to a secondary coil 

a reactive network coupled to the input port and coupled to the primary coil, 

wherein the reactive network comprises: 

at least one capacitor 

at least one inductor 

wherein when the primary coil is coupled to the secondary coil and the input port is 

coupled to the active device that creates a signal at the selected operating frequency, a phase 

angle of an impedance looking into the primary impedance transformation network through 

the input port is capacitive and positively correlated with the amount of power inductively 

15 transferred from the primary coil. 

106. A circuit for inductive power transfer, comprising: 

a secondary side impedance transformation network, wherein the secondary side 

impedance transformation network comprises: 

20 at least one secondary coil for coupling to at least one primary coil 

25 

30 

at least one output p01i for coupling to at least one load having a variable 

impedance; and 

a secondary side reactive network coupled to the output port and coupled to 

the secondary coil, wherein the reactive network comprises: 

at least one capacitor 

wherein when the secondary coil is coupled to the primary coil wherein the primary 

coil is coupled to a primary side reactive network 

wherein the primary side reactive network comprises an input port for connection to 

at least one active device that creates a signal at a selected operating frequency 

the a phase angle of an impedance looking into the primary side reactive network 

through the input port is inductive and positively correlated with the amount of power 

inductively transferred from the primary coil. 
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107. A circuit for inductive power transfer, comprising: 

a secondary side impedance transformation network, wherein the secondary side 

impedance transformation network comprises: 

at least one secondary coil for coupling to at least one primary coil 

at least one output port for coupling to at least one load having a variable 

impedance; and 

a secondary side reactive network coupled to the at least one output port and 

coupled to the at least one secondary coil, wherein the reactive network comprises: 

at least one capacitor 

wherein when the secondary coil is coupled to the primary coil wherein the primary 

coil is coupled to a primary side reactive network 

wherein the primary side reactive network comprises an input port for connection to 

at least one active device that creates a signal at a selected operating frequency 

the a phase angle of an impedance looking into the primary side reactive network 

15 through the input port is capacitive and negatively correlated with the amount of power 

inductively transferred from the primary coil. 

20 

108. An apparatus for wireless power transfer, comprising: 

a rectifier stage, wherein the rectifier stage is adapted to interconnect with a load; 

a first impedance transformation network (FITN), wherein the first impedance 

transformation network interconnects with the rectifier stage and transforms the impedance 

looking into the rectifier stage such that the impedance looking into the FITN is such that the 

load decouples from the primary coil; 

a secondary coil, wherein the secondary coil is interconnected with the FITN such that 

25 the power coupled from the primary coil to the secondary coil is received by the FITN; 

a primary coil, wherein the primary coil is positioned with respect to the secondary 

coil such that the primary coil is coupled to the secondary coil, wherein the interaction 

between the primary coil and secondary coil is such that the impedance looking into the 

primary coil has a resistance large enough to maximize power delivery through to the 

30 secondary coil; 

a second impedance transformation network (SITN), wherein the SITN interconnects 

with the primary coil and transforms the impedance looking into the primary coil such that 

the resistance looking into the SITN toward the load is within a usable operating range of the 
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tuned switch-mode inverter, large enough to maximize power delivery through to the 

secondary coil; 

a phase shifting network, wherein the phase shifting network interconnects with the 

SITN and transforms the impedance looking into the SITN such that the impedance looking 

5 into the phase shifting network has a resistance in the operating range of the tuned switch­

mode inverter and a reactive part in the operating range of the tuned switch-mode inverter; 

a tuned switch-mode inverter, wherein the tuned switch-mode inverter is 

interconnected with the phase shifting network; and 

a power source, wherein the power source is interconnected with the tuned switch-

10 mode inverter. 

15 

109. The apparatus according to claim 108, wherein the load has a load resistance 

that can range from 0 to 500 ohms. 

110. An apparatus for wireless power transfer, comprising: 

a rectifier stage, wherein the rectifier stage is adapted to interconnect with a load; 

a secondary coil, wherein the secondary coil is interconnected with the rectifier stage; 

a primary coil, wherein the primary coil is coupled to the secondary coil; 

a tuned switch-mode supply, wherein the tuned switch-mode supply is interconnected 

20 to the primary coil; 

a power supply, wherein the power supply supplies power to the tuned switch-mode 

supply; 

a first circuitry interconnected between the tuned switch-mode supply and the primary 

coil; and 

25 a second circuitry interconnected between the secondary coil and the rectifier stage, 

30 

wherein power output to the load decreases as the impedance of the load increases. 

111. An apparatus for wireless power transfer, comprising: 

a rectifier stage, wherein the rectifier stage is adapted to interconnect with a load; 

a secondary coil, wherein the secondary coil is interconnected with the rectifier stage; 

a primary coil, wherein the primary coil is coupled to the secondary coil; 

a tuned switch-mode supply, wherein the tuned switch-mode supply is interconnected 

to the primary coil; 
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a power supply, wherein the power supply supplies power to the tuned switch-mode 

supply; 

a first circuitry interconnected between the tuned switch-mode supply and the primary 

coil; and 

5 a second circuitry interconnected between the secondary coil and the rectifier stage, 

wherein power output to the load is adjusted as the phase angle of the load changes. 
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Phase of impedance Looking into the load network of dual transistor inverter 
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Impedance looking into the transmitting coil with 100nF shunt capacitor 
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Impedance Looking into the the load network of dual transistor inver1er 
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Generali2:ed Form -- Class D, OE and Variants in a push-pull configuration 
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DESCRIPTION 

METHOD AND APPARATUS FOR PRODUCING SUBSTANTIALLY 

UNIFORM MAGNETIC FIELD 

CROSS-REFERENCE TO RELATED APPLICATION 

The present application claims the benefit of U.S. Provisional Application Se1ial No. 

61/056,354, filed May 27, 2008, which is hereby incorporated by reference herein in its 

10 entirety, including any figures, tables, or drawings. 

BACKGROUND OF INVENTION 

In recent years, consumer electronics devices such as cell phones, personal digital 

assistants (PDAs), and laptops are using more wireless components such as a Bluetooth 

15 headset, wireless mouse, and wireless LAN. However, the wired power line remains to 

impair wireless freedom. Many designs and research has been conducted to provide solutions 

to get rid of this wire. Inductive wireless power transmission appears to be the most 

promising solution to this problem. 

In wireless power charging, AC current passes through a transmitter coil, inducing 

20 magnetic flux on and/or above the surface of a power platform. A receiver coil generates 

voltage when magnetic flux passing through the receiver coil's loop(s) changes. In many 

cases, the transmitter coil and the receiver coil are not of the same size. 

However, when the transmitter coil and receiver coil have significantly different sizes, 

the voltage generated on the receiving side can be greatly affected by the receiver coil's 

25 placement on the surface of the transmitter coil. 

30 

Specifically, a typical transmitter coil has a non-uniform magnetic field across its 

surface area, which may cause voltage variation and impedance matching difficulty. 

A normal spiral coil as shown in Figure 1 usually has constant gap between adjacent 

loops. For example, the circular spiral coil of Figure 1 follows the equation of 

P = Po +!0 · (1) 

where p is the radius, 0 is the angle, p 0 is the initial radius and l is a constant. h1 Figure 1, the 

distance between adjacent wires is a constant 2pl. 
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The magnetic field near the surface for the coil shown in Figure 1 is shown in Figure 

2, which illustrates a high magnetic field strength at the center of the coil. Each loop of the 

coil contributes magnetic field in the area it encloses, and the magnetic field in the center is 

the superposition of magnetic field contributions from all the loops. 

For a regular coil, the density of magnetic flux generated in the coil has a maximum 

value at a position closest to the coil, and has a minimum value at a position at the center of 

the coil. Thus, the charging efficiency may be abruptly deteriorated leading to significant 

variation in charging efficiency. 

One approach to solve this problem is discussed in WO2007/013725Al (Gwon et al.), 

10 which discloses a wireless charger having decreased variation of charging efficiency. 

According to Gwon et al., a smaller coil is placed in the center of an outer coil, which 

reinforces the magnetic flux density in the center of the outer and inner coils. Thus the entire 

magnetic flux density is flattened as a whole in comparison to the magnetic flux density 

formed by only the outer coil. Though the design disclosed in Gwon et al. reduces the effect 

15 of variation of the magnetic flux density of the outer coil, the variation can still be significant. 

In addition, when the receiver coil is much smaller than the transmitter coil, the location of 

the receiver coil can often affect its performance. 

In a similar approach, WO2007/019806Al (Hui et al.) provides a design of an 

auxiliary winding for improved performance of a planar inductive charging platform. 

20 According to Hui et al. an auxiliary winding is introduced to compensate the magnetic field 

generated by a principle winding. The design taught by Hui et al. uses a similar mechanism 

as that taught by Gwon et al. in that separate coils are used to improve charging efficiency. 

25 

Thus, there exists in the art a need for improved inductive wireless power 

transmission. 

BRIEF SUMMARY 

Embodiments of the subject invention relate to a method and apparatus for providing 

a planar spiral transmitter coil that produces a substantially uniform magnetic field over a 

region of interest near the surface of the coil. Embodiments of the invention provide a planar 

30 inductive wireless power transmission system incorporating a planar spiral transmitter coil 

and a receiver coil. 

According to embodiments of the invention, a single coil design can provide 

improved charging efficiency to a wireless power transmission apparatus. 
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Coils in accordance with embodiments of the invention can provide for a system that 

uses near-field coupling to transfer power. Advantageously, embodiments of the invention 

do not require the alignment of the two axes of two coils. Certain embodiments of the 

invention provide improved robustness for wireless power transfer. 

According to an embodiment of the invention, a single spiral coil can be used to 

provide a uniform magnetic field across the coil's surface area for location-independent 

planar wireless power charging. Embodiments of the invention generate a uniform magnetic 

field across an area that enables uniform wireless power transfer insensitive to the location of 

the device being charged. 

10 In one embodiment, a circular spiral coil can be used. In another embodiment, a 

15 

20 

25 

rectangular spiral coil can be used. Other shapes can also be utilized for the coil, such as 

elliptical, rectangular, hexagonal, and other polygonal shapes. The spiral coil can be 

designed to have a non-constant gap between adjacent loops such that the gap between 

adjacent loops decreases towards the outer loops. 

1. 

BRIEF DESCRIPTION OF DRAWINGS 

Figure 1 shows a normal spiral coil having a constant gap between adjacent loops. 

Figure 2 shows a plot of the magnetic field of the normal spiral coil shown in Figure 

Figure 3 shows a spiral coil according to an embodiment of the invention. 

Figure 4 shows a plot of the magnetic field of the spiral coil shown in Figure 3. 

Figure 5 shows a rectangular spiral coil according to an embodiment of the invention. 

Figure 6 shows a plot of the magnetic field of the rectangular spiral coil shown in 

Figure 5. 

DETAILED DISCLOSURE 

Embodiments of the subject invention relate to a spiral coil that can generate a 

substantially uniform magnetic field near the surface of the coil, across at least a portion of 

the surface area of the coil. Embodiments provide a location-independent planar wireless 

30 power charging system. Embodiments of the spiral coil can generate a substantially uniform 

magnetic field near the surface of the coil, across a portion of the surface area of the coil. A 

wireless power transmission system in accordance with an embodiment of the invention can 

have performance insensitive to the placement of the receiver coil within the substantially 
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uniform magnetic fie1d. The transmitter coil can be driven by a driver. In specific 

embodiments, the driver is a current source or a voltage source. 

Specific embodiments can provide magnetic fields where the magnitude of the 

magnetic field in a direction perpendicular to the plane of the coil is substantially uniform 

- h . f . h h MAX - 1tfJN . l h 1 0 '"' h . :> over t e reg10n o mterest sue t at ----- 1s ess t an or equa to .L over t e region 
AVERAGE 

of interest, where MAX and MIN are the maximum magnitude, and minimum magnitude, of 

MAX+MLN 
the magnet field over the region of interest, respectively, and AVERAGE is 

2 

]1,,tAX - ~MIN 
Further specific embodiments can have the ------ of less than or equal to 0.1 over the 

AVJ!,JUGE 

MAX-MIN 
region of interest and the ----- is less than or equal to 0.05 over the region of 

AVERAGE 

10 interest. 

In an embodiment of a wireless power charging system, AC current passes through a 

transmitter coil, inducing magnetic flux on the surface of a power platform. In a specific 

embodiment, the frequency of the transmitter is between lkHz and 10MHz. In a preferred 

embodiment, the frequency of the transmitter is in the range 100 kHz to 400 kHz, and in 

15 another embodiment, less than 1 MHz. In specific embodiments, the region of interest can be 

a plane parallel to the plane of the coil offset from the plane of the coil by less than R, less 

than 30 cm, and/or less than 10 cm. The region of interest can cover a portion of, or all of the 

area of the coil. A receiver coil generates voltage when magnetic flux passing through the 

loop of the receiver coil changes. In specific embodiments, the transmitter coil and the 

20 receiver coil are not of the same size. A normal coil in accordance with an embodiment of the 

subject charging system can have a uniform magnetic field across its surface area, which 

reduces voltage variation and improves impedance matching. In a specific embodiment, the 

uniformity of the magnetic field can be less than 10% across the surface area of the coil, 

where the surface of the coil is the area enclosed by the outennost turn of the coil. 

25 

30 

According to embodiments of the invention, to generate a more uniform field near 

the surface of the spiral coil, the distance between two adjacent loops can be adjusted. To 

reduce the magnetic field density at the center, the density of the inner loops should be less 

than the outer loops. In a specific embodiment, the gap between two adjacent coils decreases 

continuously toward the outer loops of the coil. A formula that describes the curve of a 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 787



5 

WO 2009/155000 PCT/US2009/045339 

5 

circular spiral inductor according to an embodiment of the invention is 

p(0) =Po+ l(0)0 (2) 

where l(0) is a function of 0. 0 can vary from Oto 2nN, where N is the number of 

turns of the coil. In an embodiment, the derivative of l( 0) is positive and decreases as 0 

increases. Specific functions allow l(fJ), the distance between adjacent loops, to be adjusted, 

and can allow the field across the surface of the coil to be substantially uniform. In another 

embodiment, the derivative of l(0) is such that the spacing between adjacent loops can 

10 decrease or remain the same as 0 increases such that as the coil moves from the innermost 

15 

radius to the outermost radius the spacing decreases. 

According to an embodiment of the invention, a circular spiral coil, which can be used 

to obtain the formula for l( 0), is 

0 
p(0) = r + (1- (1-

2
nN)4)(R- r) (3) 

where R is the outermost radius, r is the innermost radius, and N is the total turns of the coil. 

l( 0) can be obtained by setting the right side of equation (2) equal to the right side of equation 

(3) and solving l(0), where r has the same meaning as p 0 • According to one embodiment, r 

20 is 1/4 to 1/3 of R. In another embodiment, the coil can be elliptical with appropriate 

modifications to equations (2) and (3 ). 

Figure 3 shows a coil with non-constant gap between adjacent loops, in accordance 

with an embodiment of the subject invention. The curvature of the spiral coil of Figure 3 

follows equation 3, in which R = 200 mm, r = 50 mm, and N = 8. Figure 4 shows the 

25 magnetic field strength in a perpendicular direction across the surface area of the coil of 

Figure 3. As shown in Figure 4, the uniformity of the magnetic field for the coil of Figure 3 is 

significantly improved over the uniformity of the magnetic field for the coil of Figure 1. 

For a rectangular spiral inductor, narrower gaps can be used between adjacent loops 

as the loops become farther from the center. According to an embodiment of the present 

30 invention, the gap between adjacent loops can be derived from 

p(2nn)- p[2(n - l)Jr], n=l, 2, ... , N. (4) 
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where p is the same function as Equation 3. Figure 5 shows a rectangular spiral coil 

according to an embodiment of the invention. The design of the coil of Figure 5 follows 

equation 4, in which R = 200 mm, r = 50 mm, and N = 8mm. The magnetic field strength in a 

perpendicular direction for the coil of Figure 5 is shown in Figure 6. 

5 The results, as shown in Figures 4 and 6, demonstrate that a substantially uniform 

magnetic field of spiral coil can be generated in accordance with embodiments of the 

invention. 

Additional embodiments utilize polygonal coils, such as rectangles, squares, 

hexagons, and other multisided shapes, to produce the magnetic fields. The spacing between 

10 adjacent coils can decrease or stay the same at each comer of the polygon such that the 

spacing decreases as the coil goes from the innennost radius to the outermost radius. In 

specific embodiments, the spacing can continuously decrease, the spacing can be the same 

between two comers (along one side of the polygonal) and decrease from before each comer 

to after each corner, the spacing can remain the same for a portion or all of a loop (as shown 

15 in Figure 5) and have decreases as the coil moves outward, and/or combinations of these 

changes. 

In specific embodiments, a receiver coil can be inductively coupled to the transmitter 

coil so as to transfer power to the receiver coil. Embodiments can use receiver coils that have 

areas such that the transmitter coil area is 2 to 12 times as large, 2 to 8 times as large, or 2 to 

20 4 times as large as the receiver coil area. 

All patents, patent applications, provisional applications, and publications referred to 

or cited herein are incorporated by reference in their entirety, including all figures and tables, 

to the extent they are not inconsistent with the explicit teachings of this specification. 

It should be understood that the examples and embodiments described herein are for 

25 illustrative purposes only and that various modifications or changes in light thereof will be 

suggested to persons skilled in the art and are to be included within the spirit and purview of 

this application. 
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CLAIMS 

1 . An apparatus for producing a magnetic field, comprising: 

PCT/US2009/045339 

a coil, wherein the coil is a planar spiral coil, where the coil has at least two loops, 

wherein a spacing between adjacent loops decreases continuously from an inner loop toward 

an outer loop of the coil, and 

a driver, wherein the driver drives the coil to produce a magnetic field, wherein a 

magnitude of the magnetic field in a direction perpendicular to a plane of the coil is 

substantially uniform over a region of interest. 

2. The apparatus according to claim 1, wherein the magnitude of the magnetic field in 

a direction perpendicular to the plane of the coil is substantially uniform over the region of 

· h h MAX - 1'1.IN . I h 1 0 2 h . f . h mterest sue t at ------ 1s ess t an or equa to . over t e reg10n o mterest, w ere 
AVERAGE . 

MAX and MIN are the maximum magnitude, and minimum magnitude, of the magnet field 

MAX +A11lV 
over the region of interest, respectively, and A VERA.GE is ------

2 

MAX-lt1LV 
3. The apparatus according to claim 2, wherein the ------ is less than or equal 

AVERAGE 

to 0.1 over the region of interest. 

1\JAX-1i1LV 
4. The apparatus according to claim 2, wherein the ------ is less than or equal 

AVERAGE 

to 0.05 over the region of interest. 

5. The apparatus according to claim 1, wherein the magnetic field is time-varying. 

6. The apparatus according to claim 5, wherein the time-varying magnetic field has a 

frequency in the range 1 kHz to 10 MHz. 
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7. The apparatus according to claim 5, wherein the time-varying magnetic field has a 

frequency in the range 100 kHz to 400 kHz. 

8. The apparatus according to claim 5, wherein the time varying magnetic field has a 

frequency less than or equal to 1 MHz. 

9. An apparatus according to claim 1, wherein the coil is a planar elliptical spiral coil. 

10. The apparatus according to claim 1, wherein the coil is a planar circular spiral 

coil, wherein the coil follows the equation: 

p(0) = Po +!(0)0 

where p ( 0) is the radius of the coil, po is the initial radius of the coil, 0 is the angle 'Arith 

respect to the initial radius of the coil, and /(0) is a function of 0. 

11. The apparatus according to claim 10, wherein a derivative of l ( 0) is positive. 

12. The apparatus according to claim 11, wherein the derivative of /(0) decreases as 

(} increases over at least a portion of the coil. 

13. The apparatus according to claim 12, wherein the derivative of /(0) decreases as 

e increases over the coil. 

14. The apparatus according to claim 1, wherein the spiral coil further follows the 

equation: 

0 4 
p(B)=r+(l-(1---) )(R-r) 

2:rrN 

where R is an outermost radius of the coil, r is the initial radius of the coil, and N is a number 

ofloops of the coil. 

15. The apparatus according to claim 1, wherein the region of interest is a second 

plane parallel to a plane of the coil. 
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16. The apparatus according to claim 15, wherein the second plane is offset from the 

plane of the coil by a distanced. 

l 7. The apparatus according to claim 16, wherein d is less than 30 cm. 

18. The apparatus according to claim 16, wherein dis less than 10 cm. 

19. The apparatus according to claim 16, wherein d is less than R, where R is an 

outermost radius of the coil. 

20. The apparatus according to claim 15, wherein the region of interest is a region 

covering at least a portion of an area of the coil. 

21. The apparatus according to claim 15, wherein the region of interest is a region 

covering an area of the coil. 

22. The apparatus according to claim 1, wherein the coil is a polygonal spiral coil. 

23. The apparatus according to claim 1, wherein the coil is a rectangular spiral coil. 

24. An apparatus for producing a magnetic field, comprising: 

a coil, wherein the coil is a planer polygonal spiral coil wherein the coil has at least 

two loops, wherein a spacing between adjacent loops either stays the same or decreases at 

each comer of the polygonal going from an inner loop toward an outer loop of the coil; and 

a driver, wherein the driver drives the coil to produce a magnetic field, wherein a 

magnitude of the magnetic field in a direction perpendicular to a plane of the coil 

substantially is uniform over a region of interest. 

25. The apparatus according to claim 24, wherein the magnitude of the magnetic field 

in a direction perpendicular to the plane of the coil is substantially uniform over the region of 
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. h h lvfAX - A1IN . I h I 0 ,.., h . f . h mterest sue t at ----- 1s ess t an or equa to .L. over t e region o mterest, w ere 
AVERAGE 

MAX and MIN are the maximum magnitude, and minimum magnitude, of the magnet field 

}vfAX +AUN 
over the region of interest, respectively, and AVERAGE is -----

2 

MAX-J1L¥ 
26. The apparatus according to claim 25, wherein the ----- is less than or 

AVERAGE 

equal to 0.1 over the region of interest. 

A1AX-MLV 
27. The apparatus according to claim 25, wherein the ----- is less than or 

AVERAGE 

equal to 0.05 over the region of interest. 

28. The apparatus according to claim 24, wherein the magnetic field is time-varying. 

29. The apparatus according to claim 28, wherein the time-varying magnetic field has 

a frequency in the range 1 kHz to 10 MHz. 

30. The apparatus according to claim 25, wherein the time-varying magnetic field has 

a frequency in the range 100 kHz to 400 kHz. 

31. The apparatus according to claim 25, wherein the time varying magnetic field has 

a frequency less than or equal to 1 MHz. 

32. The apparatus according to claim 24, wherein the spacing between adjacent loops 

follows the equation: 

p(2mr)- p[2(n -1),r], n = 1, 2, ... , N, where p is the function 

0 4 
p(0)=r+(1-(1---) )(R-r) 

2ffN 

where R is an outermost radius of the coil, r is an innermost radius of the coil, and N is a 

number of loops of the coil. 
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33. The apparatus according to claim 24, wherein the region of interest is a second 

plane parallel to the plane of the coil. 

34. The apparatus according to claim 33, wherein the second plane is offset from the 

plane of the coil by a distance d. 

35. The apparatus according to claim 34, wherein dis less than 30 cm. 

36. The apparatus according to claim 34, wherein d is less than 10 cm. 

37. The apparatus according to claim 34, wherein d is less than R, where R is an 

outermost radius of the coil. 

38. The apparatus according to claim 33, wherein the region of interest is a region 

covering at least a portion of an area of the coil. 

39. The apparatus according to claim 33, wherein the region of interest is a region 

covering an area of the coil. 

40. The apparatus according to claim 24, wherein the polygonal coil is a square coil. 

41. The apparatus according to claim 24, wherein the polygonal coil is a hexagonal 

coil. 

42. An apparatus for producing a magnetic field, comprising: 

a coil, wherein the coil is a planar spiral coil, where the coil has at least two loops, 

wherein a spacing between starting points of adjacent loops decreases from an inner loop 

toward an outer loop of the coil, and 

a driver, wherein the driver drives the coil to produce a magnetic field, wherein a 

magnitude of the magnetic field in a direction perpendicular to the plane of the coil is 

b . ll . .i:- h . f . h h l11AX - lvflN . l h l su stant1a y un11_orm over t e region o mterest sue t at ----- 1s ess t an or equa 
AVERAGE 
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to 0.2 over the region of interest, where MAX and MIN are the maximum magnitude, and 

minimum magnitude, of the magnet field over the region of interest, respectively, and 

AVERAGE . A1AX +AHN h . . d f h . fi ld . d. . 1s ,.. , w ere1n a magmtu e o t e magnetic 1e 111 a irect10n 
L 

perpendicular to a plane of the coil is substantially uniform over a region of interest. 

43. A method for producing a magnetic field, comprising: 

providing a coil, wherein the coil is a planar spiral coil, where the coil has at least two 

loops, wherein a spacing between adjacent loops decreases continuously from an inner loop 

toward an outer loop of the coil, and 

driving the coil to produce a magnetic field, wherein a magnitude of the magnetic 

field in a direction perpendicular to a plane of the coil is substantially uniform over a region 

of interest. 

44. The method according to claim 43, wherein the magnitude of the magnetic field 

in a direction perpendicular to the plane of the coil is substantially uniform over the region of 

. h h 1v1AX -l'vfIN . I h l 0,., h . f. h mterest sue t at ------ 1s ess t an or equa to .L. overt e reg10n o mterest. w ere 
AVERAGE C 

MAX and MIN are the maximum magnitude, and minimum magnitude, of the magnet field 

MAX+MIN 
over the region of interest, respectively, and A VERA GE is ------

2 

l'vfAX - A1LV 
45. The method according to claim 44, wherein the ------ is less than or equal 

AVERAGE 

to 0.1 over the region of interest. 

lvU¥-}vfLV 
46. The method according to claim 44, wherein the ------ is less than or equal 

AVERAGE 

to 0.05 over the region of interest. 

47. The method according to claim 44, wherein the magnetic field is time-varying. 
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48. The method according to claim 4 7, wherein the time-varying magnetic field has a 

frequency in the range 1 kHz to 10 MHz. 

49. The method according to claim 47, wherein the time-varying magnetic field has a 

frequency in the range 100 kHz to 400 kHz. 

50. The method according to claim 47, wherein the time varying magnetic field has a 

frequency less than or equal to 1 iY1Hz. 

51. An method according to claim 43, wherein the coil is a planar elliptical spiral 

coil. 

52. The method according to claim 43, wherein the coil is a planar circular spiral coil, 

wherein the coil follows the equation: 

p(0) =Po+ 1(0)0 

where p ( 0) is the radius of the coil, p 0 is the initial radius of the coil, B is the angle with 

respect to the initial radius of the coil, and l ( 0) is a function of 0. 

53. The method according to claim 52, wherein a derivative of l(0) is positive. 

54. The method according to claim 53, wherein the derivative of /( 0) decreases as 0 

increases over at least a portion of the coil. 

55. The method according to claim 54, wherein the derivative of 1(0) decreases as 0 

increases over the coil. 

56. The method according to claim 43, wherein the spiral coil further follows the 

equation: 

0 4 
p(0)=r+(l-(l-

2
nN) )(R-r) 
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where R is an outermost radius of the coil, r is the initial radius of the coil, and N is a number 

ofloops of the coil. 

57. The method according to claim 43, wherein the region of interest is a second 

plane parallel to a plane of the coil. 

58. The method according to claim 57, wherein the second plane is offset from the 

plane of the coil by a distance d. 

59. The method according to claim 58, wherein dis less than 30 cm. 

60. The method according to claim 58, wherein d is less than 10 cm. 

61. The method according to claim 58, wherein d is less than R, where R is an 

outem1ost radius of the coil. 

62. The method according to claim 57, wherein the region of interest is a region 

covering at least a portion of an area of the coil. 

63. The method according to claim 57, wherein the region of interest is a region 

covering an area of the coil. 

64. The method according to claim 43, wherein the coil is a polygonal spiral coil. 

65. The method according to claim 43, wherein the coil is a rectangular spiral coil. 

66. An method for producing a magnetic field, comprising: 

producing a coil, wherein the coil is a planer polygonal spiral coil wherein the coil 

has at least two loops, wherein a spacing between adjacent loops either stays the same or 

decreases at each comer of the polygonal going from an inner loop toward an outer loop of 

the coil; and 
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driving the coil to produce a magnetic field, wherein a magnitude of the magnetic 

field in a direction perpendicular to a plane of the coil substantially is uniform over a region 

of interest. 

67. The method according to claim 66, wherein the magnitude of the magnetic field 

in a direction perpendicular to the plane of the coil is substantially uniform over the region of 

. h h ~MAX - AfIN . 1 h 1 0 2 h . f . 1 mterest sue t at ----- 1s ess t an or equa to . overt e region o mterest, w1ere 
AVERAGE . 

MAX and MIN are the maximum magnitude, and minimum magnitude, of the magnet field 

]IAA:X: + AfIN 
over the region of interest, respectively, and AVERAGE is -----

2 

A1AX-lvfLV 
68. The method according to claim 67, wherein the ----- is less than or equal 

AVERAGE 

to 0.1 over the region of interest. 

MAX-AfLV 
69. The method according to claim 67, wherein the ----- is less than or equal 

AVERAGE 

to 0.05 over the region of interest. 

70. The method according to claim 66, wherein the magnetic field is time-varying. 

71. The method according to claim 70, wherein the time-varying magnetic field has a 

frequency in the range 1 kHz to 10 MHz. 

72. The method according to claim 67, wherein the time-varying magnetic field has a 

frequency in the range 100 kHz to 400 kHz. 

73. The method according to claim 67, wherein the time varying magnetic field has a 

frequency less than or equal to 1 MHz. 
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74. The method according to claim 66, wherein the spacing between adjacent loops 

follows the equation: 

p(2mr)- p[2(n- l)n-L n = 1, 2, ... , N, where p is the function 

0 4 
p(0)=r+(l-(1-

7 
]\T) )(R-r) 

-1[ 

where R is an outermost radius of the coil, r is an innermost radius of the coil, and N is a 

number ofloops of the coil. 

75. The method according to claim 66, wherein the region of interest is a second 

plane parallel to the plane of the coil. 

76. The method according to claim 75, wherein the second plane is offset from the 

plane of the coil by a distance d. 

77. The method according to claim 76, wherein dis less than 30 cm. 

78. The method according to claim 76, wherein d is less than 10 cm. 

79. The method according to claim 7 6, wherein d is less than R, where R is an 

outermost radius of the coil. 

80. The method according to claim 75, wherein the region of interest is a region 

covering at least a portion of an area of the coil. 

81. The method according to claim 75, wherein the region of interest is a region 

covering an area of the coil. 

82. The method according to claim 66, wherein the polygonal coil is a square coil. 

83. The method according to claim 66, wherein the polygonal coil is a hexagonal 

coil. 
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84. An method for producing a magnetic field, comprising: 

providing a coil, wherein the coil is a planar spiral coil, where the coil has at least two 

loops, wherein a spacing between starting points of adjacent loops decreases from an inner 

loop toward an outer loop of the coil, and 

driving the coil to produce a magnetic field, wherein a magnitude of the magnetic 

field in a direction perpendicular to the plane of the coil is substantially uniform over the 

· f · h h MAX-AfIN . 1 h l O 2 h . , reg10n o mterest sue t at ------ 1s ess t an or equa to . over t e region of 
AVERAGE 

interest, where MAX and MIN are the maximum magnitude, and minimum magnitude, of the 

fi ld h . f . . 1 d AVERAG . A1AX + 1\llIN magnet 1e over t e region o mterest, respective y, an E 1s 
2 

, 

wherein a magnitude of the magnetic field in a direction perpendicular to a plane of the coil is 

substantially uniform over a region of interest. 

85. A system for inductive power transfer, comprising: 

an apparatus for producing a magnetic field according to any of claims 1-42; and 

a receiver coil, wherein when the receiver coil is positioned proximate the apparatus 

for producing the magnetic field, power is inductively transfer to the receiver coil. 

86. The system according to claim 85, wherein the coil has an area in the range of 2 

to 12 times as large as an area of the receiver coil. 

87. A method for inductively transferring power, comprising: 

implementing the method according to any of claims 43-84; and 

providing a receiver coil proximate to the coil such that power is inductively coupled 

to the receiver coil. 

88. The method according to claim 87, wherein the coil has an area in the range of 2 

to 12 times as large as an area of the receiver coil. 
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DESCRIPTION 

PCT/US2009/056804 

METHOD AND APPARATUS FOR LOAD DETECTION FOR A PLANAR WIRELESS 

POWER SYSTEM 

CROSS-REFERENCE TO RELATED APPLICATION 

The present application claims the benefit of U.S. Application Serial No. 12/209,784, 

filed September 12, 2008, which is hereby incorporated by reference herein in its entirety, 

including any figures, tables, or drawings. 

BACKGROUND OF INVENTION 

Portable electronic devices such as laptop computers, LCD digital photo frames, 

mobile phones, and mp3 players require power to operate. Often, these devices use 

rechargeable batteries to provide power. The batteries are typically recharged by plugging a 

charger into the portable device or by removing the battery from the portable device and 

separately recharging the battery using a wired charger. 

The cables that once restricted electronic devices are gradually being rendered 

unnecessary by wireless communication technology, and as the circuits that constitute the 

electronic devices shrink, only the power cords and batteries continue to restrict the 

portability of mobile electronic devices. 

Current trends are leading towards going completely wireless. This means that 

portable devices can remain portable and can avoid having to 'plug-in' for power charging. 

Electro-magnetic inductive charging uses a coil to create an electromagnetic field across a 

charging station surface. The device then converts power from the electromagnetic field back 

into usable electricity, which is put to work charging the battery. Two coils are brought close 

to each other and when current is passed through one, the generated magnetic flux causes 

electromotive force to be generated in the other. 

In order to reduce unnecessary generation of magnetic flux, for example when no 

receiver is positioned to receive the magnetic flux or when the battery associated with the 

receiver is already charged, techniques to determine whether a valid load is placed in position 

with respect to the transmitting coil and to determine the charging status of the load have 

been developed. In order to determine if a valid load is placed on the transmitting coil and to 

determine the charging status, a communication link is often used between the transmitting 
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unit and the receiving unit. Such a link is often also used to determine whether multiple loads 

are placed on the transmitter. However, a communication link adds cost and size to the 

system, which is not desirable for a compact receiving unit to be integrated inside a portable 

device. Alternatively to a communication system, such as a complex DSP system, can be 

used to extract system operating parameters from the transmitter to determine the operating 

status of the system. However, such systems are typically complicated and consume large 

amounts of power which reduce system efficiency and increase system cost. 

Accordingly, there still exists a need in the art for an efficient method and apparatus 

to determine whether a valid load is positioned to be charged and the charging status of the 

load. 

BRIEF SUMMARY 

Embodiments of the subject invention relate to a method and apparatus for 

determining information regarding a load in a planar wireless power transfer system by 

extracting system operating parameters from one or more test points in the transmitter circuit. 

As shown in Figure 1, a specific embodiment showing three test points in the transmitter 

circuit from which operating parameters can be extracted. The transmitter circuit is designed 

to produce a magnetic field, by driving the transmitter coil, which inductively couples to a 

receiver coil such that power is provided to a receiver. By extracting operating parameters 

from the transmitter circuit, the receiver does not need to incorporate sophisticated signal 

processing and can be manufactured with low cost. 

Test point 1 in Figure l shows where the supply current of the system can be 

measured. The embodiment shown in Figure 1 is to use a current sense resistor and a 

differential amplifier located on the high side of the power supply to measure the transmitter 

supply current. In an alternative embodiment, the transmitter supply current can be measured 

on the low side of the power supply. Other techniques can also be used. The output voltage 

of the differential amplifier, which is proportional to the supply current, is then fed into the 

analog-to-digital conversion (ADC) port of a processor. 

Test point 2 in Figure 1 shows where the RMS coil voltage can be measured. The 

embodiment shown in Figure 1 extracts the RMS coil voltage by rectifying the coil voltage 

across a diode and holding the charge using a charge holding capacitor. A resistor can be 

added in parallel to the capacitor to control the response time of the circuit. Other techniques 

can also be used to extract the RMS coil voltage. The rectified DC voltage is then fed into 
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the ADC port of a processor. 

Test point 3 in Figure 1 shows where the RMS coil current of the coil can be 

measured. The RMS coil current can be extracted before or after the coil. The embodiment 

shown in Figure 1, which is positioned after the coil, transforms the coil current to its voltage 

equivalent by using a current sense resistor and a differential amplifier. A diode charge 

holding capacitor is then used to further extract the RMS coil current. A resistor can be added 

in parallel to the capacitor to control the response time of the circuit. The rectified DC 

voltage is then fed into the ADC port of a processor. Other techniques can also be used to 

extract the RMS coil current. 

BRIEF DESCRIPTION OF DRAWINGS 

Figure 1 shows a system block diagram for system operating parameters extraction in 

accordance with an embodiment of the subject invention. 

Figure 2 shows measurement results of RMS coil voltage and supply cmTent space 

diagram in accordance with an embodiment of the subject invention. 

Figure 3 shows measurement results of RMS coil cmrent and supply current space 

diagram in accordance with an embodiment of the subject invention. 

Figure 4 shows simulation results of system operation for different number of loads 

in accordance with an embodiment of the subject invention. 

Figure 5 shows power delivery versus transmitting coil voltage in accordance with 

an embodiment of the subject invention. 

DETAILED DISCLOSURE 

Embodiments of the subject invention relate to a method and apparatus for 

determining information regarding a load in a planar wireless transfer system by extracting 

system operating parameters from one or more test points in the transmitter circuit. As 

shown in Figure 1, a specific embodiment showing three test points in the transmitter circuit 

from which operating parameters can be extracted. The transmitter circuit is designed to 

produce a magnetic field, by driving the transmitter coil, which inductively couples to a 

receiver coil such that power is provided to a receiver. By extracting operating parameters 

from the transmitter circuit, the receiver does not need to incorporate sophisticated signal 

processing and can be manufactured with low cost. 

Test point 1 in Figure 1 shows where the supply current of the system can be 
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measured. The embodiment shown in Figure 1 is to use a current sense resistor and a 

differential arnp]ifier located on the high side of the power supply to measure the transmitter 

supply current. In an alternative embodiment, the transmitter supply current can be measured 

on the low side of the power supply. Other techniques can also be used. The output voltage 

of the differential amplifier, which is proportional to the supply current, is then fed into the 

analog-to-digital conversion (ADC) port of a processor. 

Test point 2 in Figure 1 shows where the RMS coil voltage can be measured. The 

embodiment shown in Figure 1 extracts the RMS coil voltage by rectifying the coil voltage 

across a diode and holding the charge using a charge holding capacitor. A resistor can be 

added in parallel to the capacitor to control the response time of the circuit. Other techniques 

can also be used to extract the RMS coil voltage. As an example, the real time AC voltage 

can be measured with a fast enough ADC. The rectified DC voltage is then fed into the ADC 

port of a processor. 

Test point 3 in Figure 1 shows where the RMS coil current of the coil can be 

measured. The RMS coil current can be extracted before or after the coil. The embodiment 

shown in Figure 1, which is positioned after the coil, transforms the coil current to its voltage 

equivalent by using a current sense resistor and a differential amplifier. A diode charge 

holding capacitor is then used to further extract the RMS coil current. The diode can be 

removed by using a fast ADC. A resistor can be added in parallel to the capacitor to control 

the response time of the circuit. The rectified DC voltage is then fed into the ADC port of a 

processor. Other techniques can also be used to extract the RMS coil current. As an example, 

a loop can be used to measure the AC current. 

Figure 2 shows the coil RMS voltage and supply cunent space diagram of the 

operation of an embodiment of a planar wireless power transfer system measured in 

accordance with an embodiment of the invention. Figure 3 shows the coil RMS current and 

supply current space diagram of the operation of the wireless power transfer system measured 

in accordance with an embodiment of the invention. As the threshold and location of the 

various regions in the space diagrams of Figure 2 and Figure 3 depend primarily on the size 

of the transmitter coil and supply voltage of the transmitter, each transmitter can have 

different thresholds and locations of regions. In a specific embodiment, the coil voltage or 

the coil current can be used to track the charge status of the load and/or whether the load is 

operation properly. The method and system are able to determine invalid load conditions 

such as no load and metal sheet, and distinguish them clearly from normal operation with 
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valid load. This is because the distance between the invalid load conditions and valid load 

conditions is large in either the coil RMS voltage and supply current space diagram or coil 

RMS current and supply current space diagram. In one embodiment, the system extracts 

supply current and coil RMS voltage. In another embodiment, the system extracts supply 

current and coil RMS current. In a further embodiment, the system extracts all three of the 

parameters. Measurements of these parameters at a point in time can be used to determine 

whether there is a valid load or not proximate the transmitter coil, or whether there is a fault 

conditioning by comparing the measurements to a known space diagram such as in Figure 2 

or Figure 3. 

In addition, it is possible to differentiate the number of loads being placed on the 

transmitting pad by comparing with either space diagram. An example is shown in Figure 4. 

It should be noted that there are overlaps of certain load conditions but they occur at very 

light loads (low current). Light load operation does not occur during the power-up state. 

Therefore, the system is able to easily detect the number of loads on the transmitting coil 

when powering up. Adding or removing a receiver from the transmitting coil can also be 

detected by observing any sharp transitions in either space diagram. The direction of the 

transition can be used to determine if a receiver is added or removed from the transmitting 

coil. 

Power delivered and other system operating parameters can be determined by the coil 

RMS voltage. Fi!:,ll.lre 5 shows the direct correlation between the coil RMS voltage and the 

power delivered to the load. Figure 5 was produced by using a variable resistor as the load, 

which models the behavior of a battery charging for the portion of the curve below about 

70V. As the battery begins charging the space diagram would read about 70V, 6W and 

would tend to go down and to the left as charging proceeded. In this way, measuring the coil 

voltage over a period of time and comparing with a curve such as shown in Figure 5 for the 

receiver, a determination of the charging status of the load, and/or type of load, can be made. 

In another embodiment, a plot of transmitter coil current versus power delivered to load (W) 

can be used to also determine the charge status of a load, and/or the type ofload, based on the 

measurement of coil current over a period of time. In this way, having prior knowledge of 

the coil voltage versus power delivered, or the coil current versus power delivered, for a 

receiver can allow the determination of the charging status for the receiver by measuring coil 

voltage, or coil current, respectively. 
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In a further embodiment, power delivered can be determined by measuring the coil 

voltage or the coil current and using, for example, a look up table and microprocessor to 

determine power delivered, and charge status from following power delivered. 

The information regarding the load can be used to modify the behavior of the 

transmitter. As examples, if a faulty load is determined the transmitter can be shut off to 

prevent damage, if a charged load is determined, the transmitter can shut off and come on in 

intervals to check for new loads, if no load is determined then the transmitter can be shut off 

until a load is determined. 

All patents, patent applications, provisional applications, and publications referred to 

or cited herein are incorporated by reference in their entirety, including all figures and tables, 

to the extent they are not inconsistent with the explicit teachings of this specification. 

It should be understood that the examples and embodiments described herein are for 

illustrative purposes only and that various modifications or changes in light thereof will be 

suggested to persons skilled in the art and are to be included within the spirit and purview of 

this application. 
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CLAIMS 

1. A method of determining information regarding a load for a planar wireless power 

transfer system, comprising: 

driving a transmitter coil of a planar wireless power transfer system with a 

drive amplifier; 

measuring a transmitter coil voltage provided to the transmitter coil by the 

drive amplifier; and 

determining information regarding a load positioned proximate the transmitter 

coil. 

2. A method of determining information regarding a load for planar wireless power 

transfer system, comprising: 

driving a transmitter coil of a planar wireless power transfer system with a 

drive amplifier; 

measuring a transmitter coil current passing through the transmitter coil; and 

determining information regarding a load positioned proximate the transmitter 

coil. 

3. The method according to claim 1, wherein determining information regarding the 

load proximate the transmitter coil comprises comparing the transmitter coil voltage over a 

period of time with an a priori curve in the transmitter coil voltage and power delivered to 

load space. 

4. The method according to claim 2, wherein determining information regarding the 

load proximate the transmitter coil comprises comparing the transmitter coil current over a 

period of time with a priori curve in the transmitter coil current and power delivered to load 

space. 

5. The method according to claim 1, further comprising: 

measuring a transmitter supply current provided to the drive amplifier. 
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6. The method according to claim 2, further comprising: 

measuring a transmitter supply current provided to the drive amplifier. 

7. The method according to claim 1, wherein the information regarding the load is the 

charging status of the load. 

8. The method according to claim 5, wherein the transmitter supply current is 

measured on a high side of a power supply, wherein the power supply supplies power to the 

drive amplifier. 

9. The method according to claim 8, wherein the transmitter supply current 1s 

measured via a current sensing resistor. 

10. The method according to claim 9, wherein the transmitter supply current is 

measured via an amplifier across the current sensing resistor. 

11. The method according to claim 5, wherein the transmitter supply current is 

measured on a low side of a power supply, wherein the power supply supplies power to the 

driver amplifier. 

12. The method according to claim 11, wherein the transmitter supply current 1s 

measured via a current sensing resistor. 

13. The method according to claim 12, wherein the transmitter supply current 1s 

measured via an amplifier across the current sensing resistor. 

14. The method according to claim 6, wherein the transmitter coil current is measured 

on high side of the transmitting coil. 

15. The coil method according to claim 14, wherein the transmitter coil current is 

measured via a current sensing resistor. 
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16. The method according to claim 15, wherein the transmitter coil current is 

measured via an amplifier across the current sensing resistor. 

17. The method according to claim 16, wherein an output of the amplifier is input into 

a rectification circuit. 

18. The method according to claim 17, wherein the rectification circuit comprises a 

diode and a charge holding capacitor. 

19. The method according to claim 6, wherein the transmitter coil current is measured 

at a low side of the transmitting coil. 

20. The method according to claim 19, wherein the transmitter coil current 1s 

measured via a current sensing resistor. 

21. The method according to claim 20, wherein the transmitter coil current 1s 

measured via an amplifier across the current sensing resistor. 

22. The method according to claim 21, wherein an output of the amplifier is input to a 

rectification circuit. 

23. The method according to claim 22, wherein the rectification circuit comprises a 

diode and a charge holding capacitor. 

24. The method according to claim 5, wherein the transmitter coil voltage is measured 

at a high side of the transmitter coil. 

25. The coil method according to claim 24, wherein the transmitter coil voltage is 

measured via a rectification circuit. 

26. The method according to claim 25, wherein the rectification circuit comprises a 

diode and a charge holding capacitor. 
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27. The method according to claim 5, wherein information regarding the load is 

determined via analysis of the transmitter supply current and the transmitter coil voltage 

space. 

28. The method according to claim 6, wherein infonnation regarding the load is 

determined via analysis of the transmitter supply current and the transmitter coil current 

space. 

29. The method according to claim 5, further comprising: 

measuring a transmitter coil current passing through the transmitter coil. 

30. The method according to claim 29, wherein information regarding the load is 

determined via analysis of the transmitter supply current, the transmitter coil voltage, and the 

transmitter coil current space. 

31. The method according to claim 5, wherein the transmitter supply current is 

measured over a period of time, wherein the transmitter coil voltage is measured over the 

period of time. 

32. The method according to claim 6, wherein the transmitter supply current is 

measured over a period of time, wherein the transmitter coil current is measured over a period 

of time. 

33. The method according to claim 5, wherein the information regarding the load 

comprises the charge status of the load. 

34. The method according to claim 6, wherein the information regarding the load 

comprises the charge status of the load. 

35. The method according to claim 5, wherein the information regarding the load 

comprises whether load operating properly. 
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36. The method according to claim 6, wherein the information regarding the load 

comprises whether the load is operating properly. 

37. The method according to claim 5, wherein the information regarding the load 

comprises whether a valid load is proximate the transmitter coil. 

38. The method according to claim 6, wherein the information regarding the load 

comprises whether a valid load is proximate the transmitter coil. 

39. The method according to claim 5, wherein the transmitter supply current and the 

transmitter coil voltage are measured at a point in time, wherein the information regarding the 

load is whether there is no load, a valid load, or a faulty load. 

40. The method according to claim 6, wherein the transmitter supply current and the 

transmitter coil current are measured at a point in time, wherein the information regarding the 

load is whether there is no load, a valid load, or a faulty load. 

41. The method according to claim 5, wherein the transmitter supply current and the 

transmitter coil voltage are measured at a point in time, wherein the information regarding the 

load is whether the load is operating properly. 

42. The method according to claim 6, wherein the transmitter supply cmTent and the 

transmitter coil current are measured at a point in time, wherein the information regarding the 

load is whether the load is operating properly. 

43. The method according to claim 31, wherein the information regarding the load 

comprises the charge status of the load. 

44. The method according to claim 32, wherein the information regarding the load 

comprises the charge status of the load. 
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(57) Abstract: Described herein are improved capabilities for a source resonator having a Q- factor Qi>100 and a characteristic
size xX; coupled to an cnergysourcc, and a second resonator having a Q-factor Q2>100 and a charactcristic size x; coupled to an
energy drain located a distance D from the source resonator, where the source resonator and the second resonator are coupled to
exchange energy wirelessly among the source resonator and the second resonator.
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WIRELESS ENERGY TRANSFER SYSTEMS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to the following U.S. patent applications, each 

of which is hereby incorporated by reference in its entirety: 

[0002] U.S. App. No. 61/100,721 filed September 27,2008; U.S. App. No. 

61/108,743 filed October 27, 2008; U.S. App. No. 61/147,386 filed January 26, 2009; U.S. App. 

No. 61/152,086 filed February 12, 2009; U.S. App. No. 61/178,508 filed May 15, 2009; U.S. 

App. No. 61/182,768 filed June 1, 2009; U.S. App. No. 61/121,159 filed December 9, 2008; U.S. 

App. No. 61/142,977 filed January 7, 2009; U.S. App. No. 61/142,885 filed January 6, 2009; 

U.S. App. No. 61/142,796 filed January 6, 2009; U.S. App. No. 61/142,889 filed January 6, 

2009; U.S. App. No. 61/142,880 filed January 6, 2009; U.S. App. No. 61/142,818 filed January 

6, 2009; U.S. App. No. 61/142,887 filed January 6, 2009; U.S. App. No. 61/156,764 filed March 

2, 2009; U.S. App. No. 61/143,058 filed January 7, 2009; U.S. App. No. 61/152,390 filed 

February 13, 2009; U.S. App. No. 61/163,695 filed March 26, 2009; U.S. App. No. 61/172,633 

filed April 24, 2009; U.S. App. No. 61/169,240 filed April 14, 2009, and U.S. App. No. 

61/173,747 filed April 29, 2009. 

BACKGROUND 

[0003] 

[0004] 

Field: 

This disclosure relates to wireless energy transfer, also referred to as wireless 

power transmission. 

[0005] Description of the Related Art: 

[0006] Energy or power may be transferred wirelessly using a variety of known 

radiative, or far-field, and non-radiative, or near-field, techniques. For example, radiative 

wireless information transfer using low-directionality antennas, such as those used in radio and 

cellular communications systems and home computer networks, may be considered wireless 

energy transfer. However, this type of radiative transfer is very inefficient because only a tiny 

portion of the supplied or radiated power, namely, that portion in the direction of, and 
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overlapping with, the receiver is picked up. The vast majority of the power is radiated away in all 

the other directions and lost in free space. Such inefficient power transfer may be acceptable for 

data transmission, but is not practical for transferring useful amounts of electrical energy for the 

purpose of doing work, such as for powering or charging electrical devices. One way to improve 

the transfer efficiency of some radiative energy transfer schemes is to use directional antennas to 

confine and preferentially direct the radiated energy towards a receiver. However, these directed 

radiation schemes may require an uninterruptible line-of-sight and potentially complicated 

tracking and steering mechanisms in the case of mobile transmitters and/or receivers. In addition, 

such schemes may pose hazards to objects or people that cross or intersect the beam when 

modest to high amounts of power are being transmitted. A known non-radiative, or near-field, 

wireless energy transfer scheme, often referred to as either induction or traditional induction, 

does not (intentionally) radiate power, but uses an oscillating current passing through a primary 

coil, to generate an oscillating magnetic near-field that induces currents in a near-by receiving or 

secondary coil. Traditional induction schemes have demonstrated the transmission of modest to 

large amounts of power, however only over very short distances, and with very small offset 

tolerances between the primary power supply unit and the secondary receiver unit. Electric 

transformers and proximity chargers are examples of devices that utilize this known short range, 

near-field energy transfer scheme. 

[0007] Therefore a need exists for a wireless power transfer scheme that is capable of 

transferring useful amounts of electrical power over mid-range distances or alignment offsets. 

Such a wireless power transfer scheme should enable useful energy transfer over greater 

distances and alignment offsets than those realized with traditional induction schemes, but 

without the limitations and risks inherent in radiative transmission schemes. 

SUMMARY 

[0008] There is disclosed herein a non-radiative or near-field wireless energy transfer 

scheme that is capable of transmitting useful amounts of power over mid-range distances and 

alignment offsets. This inventive technique uses coupled electromagnetic resonators with long­

lived oscillatory resonant modes to transfer power from a power supply to a power drain. The 

technique is general and may be applied to a wide range of resonators, even where the specific 

examples disclosed herein relate to electromagnetic resonators. If the resonators are designed 
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such that the energy stored by the electric field is primarily confined within the structure and that 

the energy stored by the magnetic field is primarily in the region surrounding the resonator. 

Then, the energy exchange is mediated primarily by the resonant magnetic near-field. These 

types of resonators may be referred to as magnetic resonators. If the resonators are designed such 

that the energy stored by the magnetic field is primarily confined within the structure and that the 

energy stored by the electric field is primarily in the region surrounding the resonator. Then, the 

energy exchange is mediated primarily by the resonant electric near-field. These types of 

resonators may be referred to as electric resonators. Either type of resonator may also be referred 

to as an electromagnetic resonator. Both types of resonators are disclosed herein. 

[0009] The omni-directional but stationary (non-lossy) nature of the near-fields of the 

resonators we disclose enables efficient wireless energy transfer over mid-range distances, over a 

wide range of directions and resonator orientations, suitable for charging, powering, or 

simultaneously powering and charging a variety of electronic devices. As a result, a system may 

have a wide variety of possible applications where a first resonator, connected to a power source, 

is in one location, and a second resonator, potentially connected to electrical/electronic devices, 

batteries, powering or charging circuits, and the like, is at a second location, and where the 

distance from the first resonator to the second resonator is on the order of centimeters to meters. 

For example, a first resonator connected to the wired electricity grid could be placed on the 

ceiling of a room, while other resonators connected to devices, such as robots, vehicles, 

computers, communication devices, medical devices, and the like, move about within the room, 

and where these devices are constantly or intermittently receiving power wirelessly from the 

source resonator. From this one example, one can imagine many applications where the systems 

and methods disclosed herein could provide wireless power across mid-range distances, 

including consumer electronics, industrial applications, infrastructure power and lighting, 

transportation vehicles, electronic games, military applications, and the like. 

[0010) Energy exchange between two electromagnetic resonators can be optimized 

when the resonators are tuned to substantially the same frequency and when the losses in the 

system are minimal. Wireless energy transfer systems may be designed so that the "coupling­

time" between resonators is much shorter than the resonators' "loss-times". Therefore, the 

systems and methods described herein may utilize high quality factor (high-Q) resonators with 

low intrinsic-loss rates. In addition, the systems and methods described herein may use sub-
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wavelength resonators with near-fields that extend significantly longer than the characteristic 

sizes of the resonators, so that the near-fields of the resonators that exchange energy overlap at 

mid-range distances. This is a regime of operation that has not been practiced before and that 

differs significantly from traditional induction designs. 

[0011] It is important to appreciate the difference between the high-Q magnetic 

resonator scheme disclosed here and the known close-range or proximity inductive schemes, 

namely, that those known schemes do not conventionally utilize high-Q resonators. Using 

coupled-mode theory (CMT), (see, for example, Waves and Fields in Optoelectronics, H.A. 

Haus, Prentice Hall, 1984), one may show that a high-Q resonator-coupling mechanism can 

enable orders of magnitude more efficient power delivery between resonators spaced by mid­

range distances than is enabled by traditional inductive schemes. Coupled high-Q resonators 

have demonstrated efficient energy transfer over mid-range distances and improved efficiencies 

and offset tolerances in short range energy transfer applications. 

[0012] The systems and methods described herein may provide for near-field wireless 

energy transfer via strongly coupled high-Q resonators, a technique with the potential to transfer 

power levels from picowatts to kilowatts, safely, and over distances much larger than have been 

achieved using traditional induction techniques. Efficient energy transfer may be realized for a 

variety of general systems of strongly coupled resonators, such as systems of strongly coupled 

acoustic resonators, nuclear resonators, mechanical resonators, and the like, as originally 

described by researchers at M.I.T. in their publications, "Efficient wireless non-radiative mid­

range energy transfer", Annals of Physics, vol. 323, Issue 1, p. 34 (2008) and "Wireless Power 

Transfer via Strongly Coupled Magnetic Resonances", Science, vol. 317, no. 5834, p. 83, (2007). 

Disclosed herein are electromagnetic resonators and systems of coupled electromagnetic 

resonators, also referred to more specifically as coupled magnetic resonators and coupled electric 

resonators, with operating frequencies below 10 GHz. 

[0013) This disclosure describes wireless energy transfer technologies, also referred 

to as wireless power transmission technologies. Throughout this disclosure, we may use the 

terms wireless energy transfer, wireless power transfer, wireless power transmission, and the 

like, interchangeably. We may refer to supplying energy or power from a source, an AC or DC 

source, a battery, a source resonator, a power supply, a generator, a solar panel, and thermal 

collector, and the like, to a device, a remote device, to multiple remote devices, to a device 
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resonator or resonators, and the like. We may describe intermediate resonators that extend the 

range of the wireless energy transfer system by allowing energy to hop, transfer through, be 

temporarily stored, be partially dissipated, or for the transfer to be mediated in any way, from a 

source resonator to any combination of other device and intermediate resonators, so that energy 

transfer networks, or strings, or extended paths may be realized. Device resonators may receive 

energy from a source resonator, convert a portion of that energy to electric power for powering 

or charging a device, and simultaneously pass a portion of the received energy onto other device 

or mobile device resonators. Energy may be transferred from a source resonator to multiple 

device resonators, significantly extending the distance over which energy may be wirelessly 

transferred. The wireless power transmission systems may be implemented using a variety of 

system architectures and resonator designs. The systems may include a single source or multiple 

sources transmitting power to a single device or multiple devices. The resonators may be 

designed to be source or device resonators, or they may be designed to be repeaters. In some 

cases, a resonator may be a device and source resonator simultaneously, or it may be switched 

from operating as a source to operating as a device or a repeater. One skilled in the art will 

understand that a variety of system architectures may be supported by the wide range of 

resonator designs and functionalities described in this application. 

[0014) In the wireless energy transfer systems we describe, remote devices may be 

powered directly, using the wirelessly supplied power or energy, or the devices may be coupled 

to an energy storage unit such as a battery, a super-capacitor, an ultra-capacitor, or the like (or 

other kind of power drain), where the energy storage unit may be charged or re-charged 

wirelessly, and/or where the wireless power transfer mechanism is simply supplementary to the 

main power source of the device. The devices may be powered by hybrid battery/energy storage 

devices such as batteries with integrated storage capacitors and the like. Furthermore, novel 

battery and energy storage devices may be designed to take advantage of the operational 

improvements enabled by wireless power transmission systems. 

[0015] Other power management scenarios include using wirelessly supplied power 

to recharge batteries or charge energy storage units while the devices they power are turned off, 

in an idle state, in a sleep mode, and the like. Batteries or energy storage units may be charged or 

recharged at high (fast) or low (slow) rates. Batteries or energy storage units may be trickle 

charged or float charged. Multiple devices may be charged or powered simultaneously in parallel 
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or power delivery to multiple devices may be serialized such that one or more devices receive 

power for a period of time after which other power delivery is switched to other devices. 

Multiple devices may share power from one or more sources with one or more other devices 

either simultaneously, or in a time multiplexed manner, or in a frequency multiplexed manner, or 

in a spatially multiplexed manner, or in an orientation multiplexed manner, or in any 

combination of time and frequency and spatial and orientation multiplexing. Multiple devices 

may share power with each other, with at least one device being reconfigured continuously, 

intermittently, periodically, occasionally, or temporarily, to operate as wireless power sources. It 

would be understood by one of ordinary skill in the art that there are a variety of ways to power 

and/or charge devices, and the variety of ways could be applied to the technologies and 

applications described herein. 

[0016] Wireless energy transfer has a variety of possible applications including for 

example, placing a source ( e.g. one connected to the wired electricity grid) on the ceiling, under 

the floor, or in the walls of a room, while devices such as robots, vehicles, computers, PDAs or 

similar are placed or move freely within the room. Other applications may include powering or 

recharging electric-engine vehicles, such as buses and/or hybrid cars and medical devices, such 

as wearable or implantable devices. Additional example applications include the ability to power 

or recharge 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 and tools ( e.g. lights, fans, drills, 

saws, 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. 

[0017] In one aspect, a system disclosed herein includes a source resonator having a 

Q-factor Q 1 and a characteristic size x 1, coupled to a power generator, and a second resonator 

having a Q-factor Q2 and a characteristic size x2, coupled to a load located a distance D from the 

source resonator, wherein the source resonator and the second resonator are coupled to exchange 
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energy wirelessly among the source resonator and the second resonator, and wherein .JQ1Q2 > 

100. 

[0018) Q1 may be less than 100. Q2 may be less than 100. The system may include a 

third resonator having a Q-factor Q3 configured to transfer energy non-raditively with the source 

. ,JQQ >100 ~ >100 and second resonators, wherem 1 3 and V~2 ~ 3 . Q3 may be less than 100. 

[0019) The source resonator may be coupled to the power generator with direct 

electrical connections. The system may include an impedance matching network wherein the 

source resonator is coupled and impedance matched to the power generator with direct electrical 

connections. The system may include a tunable circuit wherein the source resonator is coupled to 

the power generator through the tunable circuit with direct electrical connections. The tunable 

circuit may include variable capacitors. The tunable circuit may include variable inductors. At 

least one of the direct electrical connections may be configured to substantially preserve a 

resonant mode of the source resonator. The source resonator may have a first terminal, a second 

terminal, and a center terminal, and an impedance between the first terminal and the center 

terminal and between the second terminal and the center terminal may be substantially equal. 

The source resonator may include a capacitive loaded loop having a first terminal, a second 

terminal, and a center terminal, wherein an impedance between the first terminal and the center 

terminal and between the second terminal and the center terminal are substantially equal. The 

source resonator may be coupled to an impedance matching network and the impedance 

matching network further comprises a first terminal, a second terminal, and a center terminal, 

wherein an impedance between the first terminal and the center terminal and between the second 

terminal and the center terminal are substantially equal. 

[0020] The first terminal and the second terminal may be directly coupled to the 

power generator and driven with oscillating signals that are near 180 degrees out of phase. The 

source resonator may have a resonant frequency m1 and the first terminal and the second 

terminal may be directly coupled to the power generator and driven with oscillating signals that 

are substantially equal to the resonant frequency oJ1 • The center terminal may be connected to an 

electrical ground. The source resonator may have a resonant frequency m1 and the first terminal 

and the second terminal may be directly coupled to the power generator and driven with a 
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frequency substantially equal to the resonant frequency m1 • The system may include a plurality 

of capacitors coupled to the power generator and the load. The source resonator and the second 

resonator may each be enclosed in a low loss tangent material. The system may include a power 

conversion circuit wherein the second resonator is coupled to the power conversion circuit to 

deliver DC power to the load. The system may include a power conversion circuit wherein the 

second resonator is coupled to the power conversion circuit to deliver AC power to the load. The 

system may include a power conversion circuit, wherein the second resonator is coupled to the 

power conversion circuit to deliver both AC and DC power to the load. The system may include 

a power conversion circuit and a plurality of loads, wherein the second resonator is coupled to 

the power conversion circuit, and the power conversion circuit is coupled to the plurality of 

loads. The impedance matching network may include capacitors. The impedance matching 

network may include inductors. 

[0021] Throughout this disclosure we may refer to the certain circuit components 

such as capacitors, inductors, resistors, diodes, switches and the like as circuit components or 

elements. We may also refer to series and parallel combinations of these components as 

elements, networks, topologies, circuits, and the like. We may describe combinations of 

capacitors, diodes, varactors, transistors, and/or switches as adjustable impedance networks, 

tuning networks, matching networks, adjusting elements, and the like. We may also refer to 

"self-resonant" objects that have both capacitance, and inductance distributed (or partially 

distributed, as opposed to solely lumped) throughout the entire object. It would be understood by 

one of ordinary skill in the art that adjusting and controlling variable components within a circuit 

or network may adjust the performance of that circuit or network and that those adjustments may 

be described generally as tuning, adjusting, matching, correcting, and the like. Other methods to 

tune or adjust the operating point of the wireless power transfer system may be used alone, or in 

addition to adjusting tunable components such as inductors and capacitors, or banks of inductors 

and capacitors. 

[0022] 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 to which this 

disclosure belongs. In case of conflict with publications, patent applications, patents, and other 

references mentioned or incorporated herein by reference, the present specification, including 

definitions, will control. 
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[0023] Any of the features described above may be used, alone or in combination, 

without departing from the scope of this disclosure. Other features, objects, and advantages of 

the systems and methods disclosed herein will be apparent from the following detailed 

description and figures. 

BRIEF DESCRIPTION OF FIGURES 

[0024] Fig. 1 (a) and (b) depict exemplary wireless power systems containing a 

source resonator 1 and device resonator 2 separated by a distance D. 

[0025] Fig. 2 shows an exemplary resonator labeled according to the labeling 

convention described in this disclosure. Note that there are no extraneous objects or additional 

resonators shown in the vicinity of resonator 1. 

[0026] Fig. 3 shows an exemplary resonator in the presence of a "loading" object, 

labeled according to the labeling convention described in this disclosure. 

[0027] Fig. 4 shows an exemplary resonator in the presence of a "perturbing" object, 

labeled according to the labeling convention described in this disclosure. 

[0028] Fig. 5 shows a plot of efficiency, 17, vs. strong coupling factor, 

U=Kj.Jrsrd =k.JQsQd. 

[0029] Fig. 6 (a) shows a circuit diagram of one example of a resonator (b) shows a 

diagram of one example of a capacitively-loaded inductor loop magnetic resonator, (c) shows a 

drawing of a self-resonant coil with distributed capacitance and inductance, ( d) shows a 

simplified drawing of the electric and magnetic field lines associated with an exemplary 

magnetic resonator of the current disclosure, and ( e) shows a diagram of one example of an 

electric resonator. 

[0030] Fig. 7 shows a plot of the "quality factor", Q (solid line), as a function of 

frequency, of an exemplary resonator that may be used for wireless power transmission at MHz 

frequencies. The absorptive Q (dashed line) increases with frequency, while the radiative Q 

(dotted line) decreases with frequency, thus leading the overall Q to peak at a particular 

frequency. 

[0031] Fig. 8 shows a drawing of a resonator structure with its characteristic size, 

thickness and width indicated. 

[0032] Fig. 9 (a) and (b) show drawings of exemplary inductive loop elements. 
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[0033] Fig. 10 (a) and (b) show two examples of trace structures formed on printed 

circuit boards and used to realize the inductive element in magnetic resonator structures. 

[0034] Fig. 11 (a) shows a perspective view diagram of a planar magnetic resonator, 

(b) shows a perspective view diagram of a two planar magnetic resonator with various 

geometries, and c) shows is a perspective view diagram of a two planar magnetic resonators 

separated by a distance D. 

[0035] 

[0036] 

Fig. 12 is a perspective view of an example of a planar magnetic resonator. 

Fig. 13 is a perspective view of a planar magnetic resonator arrangement with 

a circular resonator coil. 

[0037] Fig. 14 is a perspective view of an active area of a planar magnetic resonator. 

[0038] Fig. 15 is a perspective view of an application of the wireless power transfer 

system with a source at the center of a table powering several devices placed around the source. 

[0039] Fig. 16(a) shows a 3D finite element model of a copper and magnetic material 

structure driven by a square loop of current around the choke point at its center. In this example, 

a structure may be composed of two boxes made of a conducting material such as copper, 

covered by a layer of magnetic material, and connected by a block of magnetic material. The 

inside of the two conducting boxes in this example would be shielded from AC electromagnetic 

fields generated outside the boxes and may house lossy objects that might lower the Q of the 

resonator or sensitive components that might be adversely affected by the AC electromagnetic 

fields. Also shown are the calculated magnetic field streamlines generated by this structure, 

indicating that the magnetic field lines tend to follow the lower reluctance path in the magnetic 

material. Fig. l 6(b) shows interaction, as indicated by the calculated magnetic field streamlines, 

between two identical structures as shown in (a). Because of symmetry, and to reduce 

computational complexity, only one half of the system is modeled (but the computation assumes 

the symmetrical arrangement of the other half). 

[0040] Fig. 17 shows an equivalent circuit representation of a magnetic resonator 

including a conducting wire wrapped N times around a structure, possibly containing 

magnetically permeable material. The inductance is realized using conducting loops wrapped 

around a structure comprising a magnetic material and the resistors represent loss mechanisms in 

the system (Rwire for resistive losses in the loop, Rµ denoting the equivalent series resistance of 

the structure surrounded by the loop). Losses may be minimized to realize high-Q resonators. 
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[0041] Fig. 18 shows a Finite Element Method (FEM) simulation of two high 

conductivity surfaces above and below a disk composed of lossy dielectric material, in an 

external magnetic field of frequency 6.78 MHz. Note that the magnetic field was uniform before 

the disk and conducting materials were introduced to the simulated environment. This simulation 

is performed in cylindrical coordinates. The image is azimuthally symmetric around the r= 0 

axis. The lossy dielectric disk has Er = 1 and er= 10 S/m. 

[0042] Fig. 19 shows a drawing of a magnetic resonator with a lossy object in its 

vicinity completely covered by a high-conductivity surface. 

[0043] Fig. 20 shows a drawing of a magnetic resonator with a lossy object in its 

vicinity partially covered by a high-conductivity surface. 

[0044] Fig. 21 shows a drawing of a magnetic resonator with a lossy object in its 

vicinity placed on top of a high-conductivity surface. 

[0045] Fig. 22 shows a diagram of a completely wireless projector. 

[0046] Fig. 23 shows the magnitude of the electric and magnetic fields along a line 

that contains the diameter of the circular loop inductor and along the axis of the loop inductor. 

[0047] Fig. 24 shows a drawing of a magnetic resonator and its enclosure along with 

a necessary but lossy object placed either (a) in the comer of the enclosure, as far away from the 

resonator structure as possible or (b) in the center of the surface enclosed by the inductive 

element in the magnetic resonator. 

[0048] Fig. 25 shows a drawing of a magnetic resonator with a high-conductivity 

surface above it and a lossy object, which may be brought into the vicinity of the resonator, but 

above the high-conductivity sheet. 

[0049] Fig. 26(a) shows an axially symmetric FEM simulation of a thin conducting 

( copper) cylinder or disk (20 cm in diameter, 2 cm in height) exposed to an initially uniform, 

externally applied magnetic field (gray flux lines) along the z-axis. The axis of symmetry is at 

r=0. The magnetic streamlines shown originate atz = -oo, where they are spaced from r=3 cm to 

r=IO cm in intervals of 1 cm. The axes scales are in meters. Fig. 26 (b) shows the same structure 

and externally applied field as in (a), except that the conducting cylinder has been modified to 

include a 0.25 mm layer of magnetic material (not visible) with µ: =40, on its outside surface. 

Note that the magnetic streamlines are deflected away from the cylinder significantly less than in 

(a). 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 833



WO 2010/036980 PCT/US2009/058499 
12 

[0050] Fig. 27 shows an axi-symmetric view of a variation based on the system 

shown in Fig. 26. Only one surface of the lossy material is covered by a layered structure of 

copper and magnetic materials. The inductor loop is placed on the side of the copper and 

magnetic material structure opposite to the lossy material as shown. 

[0051] Fig. 28 (a) depicts a general topology of a matching circuit including an 

indirect coupling to a high-Q inductive element. 

[0052] Fig. 28 (b) shows a block diagram of a magnetic resonator that includes a 

conductor loop inductor and a tunable impedance network. Physical electrical connections to this 

resonator may be made to the terminal connections. 

[0053] Fig. 28 ( c) depicts a general topology of a matching circuit directly coupled to 

a high-Q inductive element. 

[0054] Fig. 28 ( d) depicts a general topology of a symmetric matching circuit directly 

coupled to a high-Q inductive element and driven anti-symmetrically (balanced drive). 

[0055] Fig. 28 ( e) depicts a general topology of a matching circuit directly coupled to 

a high-Q inductive element and connected to ground at a point of symmetry of the main 

resonator (unbalanced drive). 

[0056] Figs. 29(a) and 29(b) depict two topologies of matching circuits transformer-

coupled (i.e. indirectly or inductively) to a high-Q inductive element. The highlighted portion of 

the Smith chart in ( c) depicts the complex impedances ( arising from L and R of the inductive 

element) that may be matched to an arbitrary real impedance Z0 by the topology of Fig. 3l(b) in 

the case mL2=1/mC2. 

[0057] Figs. 30(a),(b),(c),(d),(e),(t) depict six topologies of matching circuits directly 

coupled to a high-Q inductive element and including capacitors in series with Z0 . The topologies 

shown in Figs. 30(a),(b),(c) are driven with a common-mode signal at the input terminals, while 

the topologies shown in Figs 30(d),(e),(t) are symmetric and receive a balanced drive. The 

highlighted portion of the Smith chart in 30(g) depicts the complex impedances that may be 

matched by these topologies. Figs. 30(h),(i),G),(k),(l),(m) depict six topologies of matching 

circuits directly coupled to a high-Q inductive element and including inductors in series with Z0 . 

[0058] Figs. 31 ( a ),(b ),( c) depict three topologies of matching circuits directly coupled 

to a high-Q inductive element and including capacitors in series with Z 0 . They are connected to 

ground at the center point of a capacitor and receive an unbalanced drive. The highlighted 
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portion of the Smith chart in Fig. 31 ( d) depicts the complex impedances that may be matched by 

these topologies. Figs. 31(e),(f),(g) depict three topologies of matching circuits directly coupled 

to a high-Q inductive element and including inductors in series with Z0 . 

[0059] Figs. 32(a),(b),(c) depict three topologies of matching circuits directly coupled 

to a high-Q inductive element and including capacitors in series with Z 0 . They are connected to 

ground by tapping at the center point of the inductor loop and receive an unbalanced drive. The 

highlighted portion of the Smith chart in ( d) depicts the complex impedances that may be 

matched by these topologies, ( e ),( f),(g) depict three topologies of matching circuits directly 

coupled to a high-Q inductive element and including inductors in series with Z 0• 

[0060] Figs. 33(a),(b),(c),(d),(e),(f) depict six topologies of matching circuits directly 

coupled to a high-Q inductive element and including capacitors in parallel with Z 0 • The 

topologies shown in Figs. 33(a),(b),(c) are driven with a common-mode signal at the input 

terminals, while the topologies shown in Figs 33(d),(e),(f) are symmetric and receive a balanced 

drive. The highlighted portion of the Smith chart in Fig. 33(g) depicts the complex impedances 

that may be matched by these topologies. Figs. 33(h),(i),G),(k),(1),(m) depict six topologies of 

matching circuits directly coupled to a high-Q inductive element and including inductors in 

parallel with Za. 

[0061] Figs. 34(a),(b),(c) depict three topologies of matching circuits directly coupled 

to a high-Q inductive element and including capacitors in parallel with Z0 . They are connected to 

ground at the center point of a capacitor and receive an unbalanced drive. The highlighted 

portion of the Smith chart in (d) depicts the complex impedances that may be matched by these 

topologies. Figs. 34(e),(f),(g) depict three topologies of matching circuits directly coupled to a 

high-Q inductive element and including inductors in parallel with Z 0 . 

[0062] Figs. 35(a),(b),(c) depict three topologies of matching circuits directly coupled 

to a high-Q inductive element and including capacitors in parallel with Z0 . They are connected to 

ground by tapping at the center point of the inductor loop and receive an unbalanced drive. The 

highlighted portion of the Smith chart in Figs. 35(d),(e), and (f) depict the complex impedances 

that may be matched by these topologies. 

[0063] Figs. 36(a),(b),(c),(d) depict four topologies of networks of fixed and variable 

capacitors designed to produce an overall variable capacitance with finer tuning resolution and 

some with reduced voltage on the variable capacitor. 
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[0064] Figs. 37(a) and 37(b) depict two topologies of networks of fixed capacitors 

and a variable inductor designed to produce an overall variable capacitance. 

[0065] Fig. 38 depicts a high level block diagram of a wireless power transmission 

system. 

[0066] 

[0067] 

transfer system. 

Fig. 39 depicts a block diagram of an exemplary wirelessly powered device. 

Fig. 40 depicts a block diagram of the source of an exemplary wireless power 

[0068] Fig. 41 shows an equivalent circuit diagram of a magnetic resonator. The slash 

through the capacitor symbol indicates that the represented capacitor may be fixed or variable. 

The port parameter measurement circuitry may be configured to measure certain electrical 

signals and may measure the magnitude and phase of signals. 

[0069] Fig. 42 shows a circuit diagram of a magnetic resonator where the tunable 

impedance network is realized with voltage controlled capacitors. Such an implementation may 

be adjusted, tuned or controlled by electrical circuits including programmable or controllable 

voltage sources and/or computer processors. The voltage controlled capacitors may be adjusted 

in response to data measured by the port parameter measurement circuitry and processed by 

measurement analysis and control algorithms and hardware. The voltage controlled capacitors 

may be a switched bank of capacitors. 

[0070] Fig. 43 shows an end-to-end wireless power transmission system. In this 

example, both the source and the device contain port measurement circuitry and a processor. The 

box labeled "coupler/switch" indicates that the port measurement circuitry may be connected to 

the resonator by a directional coupler or a switch, enabling the measurement, adjustment and 

control of the source and device resonators to take place in conjunction with, or separate from, 

the power transfer functionality. 

[0071] Fig. 44 shows an end-to-end wireless power transmission system. In this 

example, only the source contains port measurement circuitry and a processor. In this case, the 

device resonator operating characteristics may be fixed or may be adjusted by analog control 

circuitry and without the need for control signals generated by a processor. 

[0072] Fig. 45 shows an end-to-end wireless power transmission system. In this 

example, both the source and the device contain port measurement circuitry but only the source 

contains a processor. Data from the device is transmitted through a wireless communication 
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channel, which could be implemented either with a separate antenna, or through some 

modulation of the source drive signal. 

[0073] Fig. 46 shows an end-to-end wireless power transmission system. In this 

example, only the source contains port measurement circuitry and a processor. Data from the 

device is transmitted through a wireless communication channel, which could be implemented 

either with a separate antenna, or through some modulation of the source drive signal. 

[0074] Fig. 47 shows coupled magnetic resonators whose frequency and impedance 

may be automatically adjusted using algorithms implemented using a processor or a computer. 

[0075] 

[0076] 

Fig. 48 shows a varactor array. 

Fig. 49 shows a device (laptop computer) being wirelessly powered or 

charged by a source, where both the source and device resonator are physically separated from, 

but electrically connected to, the source and device. 

[0077] Fig. 50 (a) is an illustration of a wirelessly powered or charged laptop 

application where the device resonator is inside the laptop case and is not visible. 

[0078] Fig. 50 (b) is an illustration of a wirelessly powered or charged laptop 

application where the resonator is underneath the laptop base and is electrically connected to the 

laptop power input by an electrical cable. 

[0079] Fig. 50 ( c) is an illustration of a wirelessly powered or charged laptop 

application where the resonator is attached to the laptop base. 

[0080] Fig. 50 ( d) is an illustration of a wirelessly powered or charged laptop 

application where the resonator is attached to the laptop display. 

[0081] Fig. 51 is a diagram of rooftop PV panels with wireless power transfer. 

DETAILED DESCRIPTION 

[0082] As described above, this disclosure relates to coupled electromagnetic 

resonators with long-lived oscillatory resonant modes that may wirelessly transfer power from a 

power supply to a power drain. However, the technique is not restricted to electromagnetic 

resonators, but is general and may be applied to a wide variety of resonators and resonant 

objects. Therefore, we first describe the general technique, and then disclose electromagnetic 

examples for wireless energy transfer. 

[0083] Resonators 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 837



WO 2010/036980 PCT/US2009/058499 
16 

[0084] A resonator may be defined as a system that can store energy in at least two 

different forms, and where the stored energy is oscillating between the two forms. The resonance 

has a specific oscillation mode with a resonant (modal) frequency,f, and a resonant (modal) 

field. The angular resonant frequency, w, may be defined as OJ= 2Jrf, the resonant wavelength, 

A, may be defined as A = c/ f , where c is the speed of light, and the resonant period, T, may be 

defined as T = 1/ f = 2:Jrj OJ. In the absence of loss mechanisms, coupling mechanisms or external 

energy supplying or draining mechanisms, the total resonator stored energy, W, would stay fixed 

and the two forms of energy would oscillate, wherein one would be maximum when the other is 

minimum and vice versa. 

[0085] In the absence of extraneous materials or objects, the energy in the resonator 

102 shown in Fig. 1 may decay or be lost by intrinsic losses. The resonator fields then obey the 

following linear equation: 

da(t) ·( ·r) ( ) --= -z OJ - l a t 
dt , 

where the variable a(t) is the resonant field amplitude, defined so that the energy contained 

within the resonator is given by la(t)l 2
• Fis the intrinsic energy decay or loss rate (e.g. due to 

absorption and radiation losses). 

[0086] The Quality Factor, or Q-factor, or Q, of the resonator, which characterizes 

the energy decay, is inversely proportional to these energy losses. It may be defined as 

Q=w*W/P, where Pis the time-averaged power lost at steady state. That is, a resonator 102 with 

a high-Q has relatively low intrinsic losses and can store energy for a relatively long time. Since 

the resonator loses energy at its intrinsic decay rate, 21 , its Q, also referred to as its intrinsic Q, 

is given by Q = OJ/2r . The quality factor also represents the number of oscillation periods, T, it 

takes for the energy in the resonator to decay by a factor of e. 

[0087] As described above, we define the quality factor or Q of the resonator as that 

due only to intrinsic loss mechanisms. A subscript index such as Q1 , indicates the resonator 

(resonator 1 in this case) to which the Q refers. Fig. 2 shows an electromagnetic resonator 102 

labeled according to this convention. Note that in this figure, there are no extraneous objects or 

additional resonators in the vicinity of resonator 1. 
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[0088] Extraneous objects and/or additional resonators in the vicinity of a first 

resonator may perturb or load the first resonator, thereby perturbing or loading the Q of the first 

resonator, depending on a variety of factors such as the distance between the resonator and object 

or other resonator, the material composition of the object or other resonator, the structure of the 

first resonator, the power in the first resonator, and the like. Unintended external energy losses or 

coupling mechanisms to extraneous materials and objects in the vicinity of the resonators may be 

referred to as "perturbing" the Q of a resonator, and may be indicated by a subscript within 

rounded parentheses, (). Intended external energy losses, associated with energy transfer via 

coupling to other resonators and to generators and loads in the wireless energy transfer system 

may be referred to as "loading" the Q of the resonator, and may be indicated by a subscript 

within square brackets, []. 

[0089] The Q of a resonator 102 connected or coupled to a power generator, g, or 

load 302, /,maybe called the "loaded quality factor" or the "loaded Q" and may be denoted by 

QfgJ or QrIJ, as illustrated in Fig. 3. In general, there may be more than one generator or load 302 

connected to a resonator 102. However, we do not list those generators or loads separately but 

rather use "g" and "/" to refer to the equivalent circuit loading imposed by the combinations of 

generators and loads. In general descriptions, we may use the subscript"/" to refer to either 

generators or loads connected to the resonators. 

[0090] In some of the discussion herein, we define the "loading quality factor" or the 

"loading Q" due to a power generator or load connected to the resonator, as 5Q[IJ, where, 

1/ 5Qu1 = 1/Qu1 -1/Q. Note that the larger the loading Q, 5Q[IJ, of a generator or load, the less the 

loaded Q, Q[IJ, deviates from the unloaded Q of the resonator. 

[0091] The Q of a resonator in the presence of an extraneous object 402, p, that is not 

intended to be part of the energy transfer system may be called the "perturbed quality factor" or 

the "perturbed Q" and may be denoted by Q(p), as illustrated in Fig. 4. In general, there may be 

many extraneous objects, denoted as pl ,p2, etc., or a set of extraneous objects {p}, that perturb 

the Q of the resonator 102. In this case, the perturbed Q may be denoted Q(p1 ~p2+ .. .) or Q({pJ)· For 

example, Q1rbrick+wood) may denote the perturbed quality factor of a first resonator in a system for 

wireless power exchange in the presence of a brick and a piece of wood, and Q2({officeJ) may 
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denote the perturbed quality factor of a second resonator in a system for wireless power 

exchange in an office environment. 

[0092] In some of the discussion herein, we define the "perturbing quality factor" or 

the "perturbing Q" due to an extraneous object, p, as 5Q(p), where lj5(4p) = 1/Q(p) -1/Q. As 

stated before, the perturbing quality factor may be due to multiple extraneous objects, pl, p2, etc. 

or a set of extraneous objects, {p}. The larger the perturbing Q, <JQ(JJ,, of an object, the less the 

perturbed Q, Q(pJ, deviates from the unperturbed Q of the resonator. 

[0093] In some of the discussion herein, we also define ®cp) = Q(p) IQ and call it the 

"quality factor insensitivity" or the "Q-insensitivity" of the resonator in the presence of an 

extraneous object. A subscript index, such as 0 1(p), indicates the resonator to which the 

perturbed and unperturbed quality factors are referring, namely, 0 1(p) = Q1(p) I Q1 • 

[0094] Note that the quality factor, Q, may also be characterized as "unperturbed", 

when necessary to distinguish it from the perturbed quality factor, Q(JJ!, and "unloaded", when 

necessary to distinguish it from the loaded quality factor, Qfl1- Similarly, the perturbed quality 

factor, Q(JJ!, may also be characterized as "unloaded", when necessary to distinguish them from 

the loaded perturbed quality factor, Q(pJfIJ· 

[0095] Coupled Resonators 

[0096] Resonators having substantially the same resonant frequency, coupled through 

any portion of their near-fields may interact and exchange energy. There are a variety of physical 

pictures and models that may be employed to understand, design, optimize and characterize this 

energy exchange. One way to describe and model the energy exchange between two coupled 

resonators is using coupled mode theory (CMT). 

[0097] 

equations: 

In coupled mode theory, the resonator fields obey the following set of linear 

dam(t) 

dt 
i(wm-irm)am(t)+i I: Kmnan(t) 

nc1=m 

where the indices denote different resonators and and Kmn are the coupling coefficients between 

the resonators. For a reciprocal system, the coupling coefficients may obey the relation Kmn = Knm • 

Note that, for the purposes of the present specification, far-field radiation interference effects 
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will be ignored and thus the coupling coefficients will be considered real. Furthermore, since in 

all subsequent calculations of system performance in this specification the coupling coefficients 

appear only with their square, K';,"', we use Kmn to denote the absolute value of the real coupling 

coefficients. 

[0098] Note that the coupling coefficient, K mn , from the CMT described above is 

related to the so-called coupling factor, kmn, between resonators m and n by kmn = 2Km11 / .J mmm,, . 

We define a "strong-coupling factor", U ,,,,, , as the ratio of the coupling and loss rates between 

resonators m and n, by umn = Kmnl ..Jrrnrn =krnn ✓QmQn . 

[0099] The quality factor of a resonator m, in the presence of a similar frequency 

resonator n or additional resonators, may be loaded by that resonator n or additional resonators, 

in a fashion similar to the resonator being loaded by a connected power generating or consuming 

device. The fact that resonator m may be loaded by resonator n and vice versa is simply a 

different way to see that the resonators are coupled. 

[00100] The loaded Q's of the resonators in these cases may be denoted as Qm[nJ and 

Qn[mJ• For multiple resonators or loading supplies or devices, the total loading of a resonator may 

be determined by modeling each load as a resistive loss, and adding the multiple loads in the 

appropriate parallel and/or series combination to determine the equivalent load of the ensemble. 

[00101] In some of the discussion herein, we define the "loading quality factor" or the 

"loading Qm" of resonator rn due to resonator n as b'Qm[nl, where ljt5Q,,,[nl =1/Qm[nJ -1/Qm. Note 

that resonator n is also loaded by resonator rn and its "loading Qn'' is given by 

[00102] When one or more of the resonators are connected to power generators or 

loads, the set of linear equations is modified to: 

where s+m(t) and s_m(t) are respectively the amplitudes of the fields coming from a generator into 

the resonator m and going out of the resonator rn either back towards the generator or into a load, 

defined so that the power they carry is given by ls+m (t )12 and ls-m (t )12. The loading coefficients 
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will be ignored and thus the coupling coefficients will be considered real. Furthermore, since in

all subsequent calculations of system performancein this specification the coupling coefficients

appear only with their square, «?~.»weuse «x, to denote the absolute value of the real coupling

coefficients.

[0098] Note that the coupling coefficient, «,, from the CMT described above ismn?

related to the so-called coupling factor, kin,, between resonators m and n by K,,,, =2&yy, /af O,Q, «

Wedefine a “strong-coupling factor’, U_, as the ratio of the coupling andloss rates betweenit?

resonators m and n, by U,,, =k,/VULV, =KmnV¥Q2,2, -

[0099] The quality factor of a resonator m, in the presence of a similar frequency

resonator m or additional resonators, may be loaded bythat resonator » or additional resonators,

in a fashion similar to the resonator being loaded by a connected power generating or consuming

device. The fact that resonator m may be loaded byresonator ” and vice versa is simply a

different way to see that the resonators are coupled.

[00100] The loaded Q’s of the resonators in these cases may be denoted as Omjnj and

O..jm]. For multiple resonators or loading supplies or devices, the total loading of a resonator may

be determined by modeling each load as a resistive loss, and adding the multiple loads in the

appropriate parallel and/or series combination to determine the equivalent load of the ensemble.

[00101] Insome of the discussion herein, we define the “loading quality factor” or the

“loading Q,,” of resonator m due to resonator 7 as 6Q,,,,,, where Y5Q,,, =YOnn —YQ,, - Note

that resonator7 is also loaded by resonator m and its “loading Q,”’ is given by

YSQomy =YQnm — YQ, -

[00102] When one or moreof the resonators are connected to power generators or

loads, the set of linear equations is modified to:

da, (t yf . .Mim) =a (Om —D mp Jam (+i DY Kyndn © Kman © + f2Km Stm(O
dt nem

Sim () =f 2Kdm (O- S4mO

where s:,,(f) and s_,(t) are respectively the amplitudes of the fields coming from a generator into

3

the resonator m and going out of the resonator meither back towards the generatororinto a load,

So (tyf and |S G yf . The loading coefficients defined so that the power they carry is given by
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Km relate to the rate at which energy is exchanged between the resonator m and the generator or 

load connected to it. 

[00103] Note that the loading coefficient, Km, from the CMT described above is 

related to the loading quality factor, 8Qm[l], defined earlier, by oQm[l] = wm/ 2Km . 

[00104] We define a "strong-loading factor", Um[z]' as the ratio of the loading and loss 

rates Of resonator m, U m[l] = Km Jr m = Qm/ 8Qm[l] · 

[00105] Fig. l(a) shows an example of two coupled resonators 1000, a first resonator 

102S, configured as a source resonator and a second resonator 102D, configured as a device 

resonator. Energy may be transferred over a distance D between the resonators. The source 

resonator 102S may be driven by a power supply or generator (not shown). Work may be 

extracted from the device resonator 102D by a power consuming drain or load ( e.g. a load 

resistor, not shown). Let us use the subscripts "s" for the source, "d" for the device, "g" for the 

generator, and "l" for the load, and, since in this example there are only two resonators and 

Ksd=Kds, let us drop the indices on Ksd, ksd, and Usd, and denote them as K, k, and U, respectively. 

[00106] The power generator may be constantly driving the source resonator at a 

constant driving frequency,!, corresponding to an angular driving frequency, m, where OJ=21rf. 

[00107] In this case, the efficiency, 17 = ls-d 12 /ls+s 12 
, of the power transmission from 

the generator to the load (via the source and device resonators) is maximized under the following 

conditions: The source resonant frequency, the device resonant frequency and the generator 

driving frequency have to be matched, namely 

Furthermore, the loading Q of the source resonator due to the generator, 8Qs[gJ, has to be 

matched ( equal) to the loaded Q of the source resonator due to the device resonator and the load, 

Qs[dIJ , and inversely the loading Q of the device resonator due to the load, 8Qd[lJ, has to be 

matched ( equal) to the loaded Q of the device resonator due to the source resonator and the 

generator, Qd[sgJ, namely 

8Qs[g] = Qs[dl] and 8Qd[l] = Qd[sg] · 
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These equations determine the optimal loading rates of the source resonator by the generator and 

of the device resonator by the load as 

ud[l] =Kd/rd =Qd/SQd[l] = ✓l+U2 = ✓l+(K/Jrsrd r =Qs/SQs[g] =K)rs =Us[g]' 

Note that the above frequency matching and Q matching conditions are together known as 

"impedance matching" in electrical engineering. 

[00108] Under the above conditions, the maximized efficiency is a monotonically 

increasing function of only the strong-coupling factor, U = Kj ,Jr,rd = k,JQ.Qd , between the source 

and device resonators and is given by, 'I = u2j ( 1 + .../1 + u 2 r , as shown in Fig. 5. Note that the 

coupling efficiency, 17, is greater than 1 % when U is greater than 0.2, is greater than 10% when 

U is greater than 0.7, is greater than 17% when U is greater than 1, is greater than 52% when U is 

greater than 3, is greater than 80% when U is greater than 9, is greater than 90% when U is 

greater than 19, and is greater than 95% when U is greater than 45. In some applications, the 

regime of operation where U> 1 may be referred to as the "strong-coupling" regime. 

[00109] Since a large u = 4-Jrsr d = ( 2Kj ,Jmswd ),JQsQd is desired in certain 

circumstances, resonators may be used that are high-Q. The Q of each resonator may be high. 

The geometric mean of the resonator Q's, ,JQsQd may also or instead be high. 

[00110] The coupling factor, k, is a number between O::::: k::::: 1, and it may be 

independent (or nearly independent) of the resonant frequencies of the source and device 

resonators, rather it may determined mostly by their relative geometry and the physical decay-

law of the field mediating their coupling. In contrast, the coupling coefficient, K = kJ msmd /2, 

may be a strong function of the resonant frequencies. The resonant frequencies of the resonators 

may be chosen preferably to achieve a high Q rather than to achieve a low r, as these two goals 

may be achievable at two separate resonant frequency regimes. 

[00111] A high-Q resonator may be defined as one with Q> 100. Two coupled 

resonators may be referred to as a system ofhigh-Q resonators when each resonator has a Q 

greater than 100, Qs> 100 and Qd> l 00. In other implementationss, two coupled resonators may be 

referred to as a system ofhigh-Q resonators when the geometric mean of the resonator Q's is 

greater than 100, ..jQsQd > 100. 
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[00112] The resonators may be named or numbered. They may be referred to as source 

resonators, device resonators, first resonators, second resonators, repeater resonators, and the 

like. It is to be understood that while two resonators are shown in Fig. 1, and in many of the 

examples below, other implementations may include three (3) or more resonators. For example, a 

single source resonator 102S may transfer energy to multiple device resonators 102D or multiple 

devices. Energy may be transferred from a first device to a second, and then from the second 

device to the third, and so forth. Multiple sources may transfer energy to a single device or to 

multiple devices connected to a single device resonator or to multiple devices connected to 

multiple device resonators. Resonators 102 may serve alternately or simultaneously as sources, 

devices, or they may be used to relay power from a source in one location to a device in another 

location. Intermediate electromagnetic resonators 102 may be used to extend the distance range 

of wireless energy transfer systems. Multiple resonators 102 may be daisy chained together, 

exchanging energy over extended distances and with a wide range of sources and devices. High 

power levels may be split between multiple sources 102S, transferred to multiple devices and 

recombined at a distant location. 

[00113] The analysis of a single source and a single device resonator may be extended 

to multiple source resonators and/or multiple device resonators and/or multiple intermediate 

resonators. In such an analysis, the conclusion may be that large strong-coupling factors, Umn, 

between at least some or all of the multiple resonators is preferred for a high system efficiency in 

the wireless energy transfer. Again, implementations may use source, device and intermediate 

resonators that have a high Q. The Q of each resonator may be high. The geometric mean .jQmQn 

of the Q's for pairs of resonators m and n, for which a large U mn is desired, may also or instead 

be high. 

[00114] Note that since the strong-coupling factor of two resonators may be 

determined by the relative magnitudes of the loss mechanisms of each resonator and the coupling 

mechanism between the two resonators, the strength of any or all of these mechanisms may be 

perturbed in the presence of extraneous objects in the vicinity of the resonators as described 

above. 

[00115] Continuing the conventions for labeling from the previous sections, we 

describe k as the coupling factor in the absence of extraneous objects or materials. We denote the 
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coupling factor in the presence of an extraneous object, p, as k(p), and call it the "perturbed 

coupling factor" or the "perturbed Ir'. Note that the coupling factor, k, may also be characterized 

as "unperturbed", when necessary to distinguish from the perturbed coupling factor k(p)· 

[00116] We define Jk(p/=k(pJ-k and we call it the "perturbation on the coupling factor" 

or the "perturbation on k" due to an extraneous object, p. 

[00117] We also define /J(p/=k(p/k and we call it the "coupling factor insensitivity" or 

the "k-insensitivity". Lower indices, such as /Jn(p), indicate the resonators to which the perturbed 

and unperturbed coupling factor is referred to, namely /Jn(p/=kn(p/k12-

[00l18] Similarly, we describe U as the strong-coupling factor in the absence of 

extraneous objects. We denote the strong-coupling factor in the presence of an extraneous object, 

p, as U(p), U(p) = k(p),JQ1(p)Q2(p) , and call it the "perturbed strong-coupling factor" or the 

"perturbed U'. Note that the strong-coupling factor U may also be characterized as 

"unperturbed", when necessary to distinguish from the perturbed strong-coupling factor U(pJ• 

Note that the strong-coupling factor U may also be characterized as "unperturbed", when 

necessary to distinguish from the perturbed strong-coupling factor U(p)• 

[00119] We define JU(p/=U(p)-U and call it the "perturbation on the strong-coupling 

factor" or the "perturbation on U' due to an extraneous object,p. 

[00120] We also defineS(pJ=U(p/U and call it the "strong-coupling factor insensitivity" 

or the "CT-insensitivity". Lower indices, such as Sn(p), indicate the resonators to which the 

perturbed and unperturbed coupling factor refers, namely Sn(p/=Un(p/U12-

[00121] The efficiency of the energy exchange in a perturbed system may be given by 

the same formula giving the efficiency of the unperturbed system, where all parameters such as 

strong-coupling factors, coupling factors, and quality factors are replaced by their perturbed 

equivalents. For example, in a system of wireless energy transfer including one source and one 

device resonator, the optimal efficiency may calculated as 17(p) = [ U(p)/( 1 + ,J1 +U(p/) r 
Therefore, in a system of wireless energy exchange which is perturbed by extraneous objects, 

large perturbed strong-coupling factors, U mn(p), between at least some or all of the multiple 

resonators may be desired for a high system efficiency in the wireless energy transfer. Source, 

device and/or intermediate resonators may have a high qP) . 
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[00122] Some extraneous perturbations may sometimes be detrimental for the 

perturbed strong-coupling factors (via large perturbations on the coupling factors or the quality 

factors). Therefore, techniques may be used to reduce the effect of extraneous perturbations on 

the system and preserve large strong-coupling factor insensitivites. 

[00123] 

[00124] 

Efficiency of Energy Exchange 

The so-called "useful" energy in a useful energy exchange is the energy or 

power that must be delivered to a device ( or devices) in order to power or charge the device. The 

transfer efficiency that corresponds to a useful energy exchange may be system or application 

dependent. For example, high power vehicle charging applications that transfer kilowatts of 

power may need to be at least 80% efficient in order to supply useful amounts of power resulting 

in a useful energy exchange sufficient to recharge a vehicle battery, without significantly heating 

up various components of the transfer system. In some consumer electronics applications, a 

useful energy exchange may include any energy transfer efficiencies greater than 10%, or any 

other amount acceptable to keep rechargeable batteries "topped off' and running for long periods 

of time. For some wireless sensor applications, transfer efficiencies that are much less than 1 % 

may be adequate for powering multiple low power sensors from a single source located a 

significant distance from the sensors. For still other applications, where wired power transfer is 

either impossible or impractical, a wide range of transfer efficiencies may be acceptable for a 

useful energy exchange and may be said to supply useful power to devices in those applications. 

In general, an operating distance is any distance over which a useful energy exchange is or can 

be maintained according to the principles disclosed herein. 

[00125] A useful energy exchange for a wireless energy transfer in a powering or 

recharging application may be efficient, highly efficient, or efficient enough, as long as the 

wasted energy levels, heat dissipation, and associated field strengths are within tolerable limits. 

The tolerable limits may depend on the application, the environment and the system location. 

Wireless energy transfer for powering or recharging applications may be efficient, highly 

efficient, or efficient enough, as long as the desired system performance may be attained for the 

reasonable cost restrictions, weight restrictions, size restrictions, and the like. Efficient energy 

transfer may be determined relative to that which could be achieved using traditional inductive 

techniques that are not high-Q systems. Then, the energy transfer may be defined as being 

efficient, highly efficient, or efficient enough, if more energy is delivered than could be delivered 
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by similarly sized coil structures in traditional inductive schemes over similar distances or 

alignment offsets. 

[00126] Note that, even though certain frequency and Q matching conditions may 

optimize the system efficiency of energy transfer, these conditions may not need to be exactly 

met in order to have efficient enough energy transfer for a useful energy exchange. Efficient 

energy exchange may be realized so long as the relative offset of the resonant frequencies 

(I OJm - OJ,, 11,JmmOJn) is less than approximately the maximum among l!Qm(p), l!Qn(p) and kmn(pJ• 

The Q matching condition may be less critical than the frequency matching condition for 

efficient energy exchange. The degree by which the strong-loading factors, Um[i], of the 

resonators due to generators and/or loads may be away from their optimal values and still have 

efficient enough energy exchange depends on the particular system, whether all or some of the 

generators and/or loads are Q-mismatched and so on. 

[00127] Therefore, the resonant frequencies of the resonators may not be exactly 

matched, but may be matched within the above tolerances. The strong-loading factors of at least 

some of the resonators due to generators and/or loads may not be exactly matched to their 

optimal value. The voltage levels, current levels, impedance values, material parameters, and the 

like may not be at the exact values described in the disclosure but will be within some acceptable 

tolerance of those values. The system optimization may include cost, size, weight, complexity, 

and the like, considerations, in addition to efficiency, Q, frequency, strong coupling factor, and 

the like, considerations. Some system performance parameters, specifications, and designs may 

be far from optimal in order to optimize other system performance parameters, specifications and 

designs. 

[00128] In some applications, at least some of the system parameters may be varying 

in time, for example because components, such as sources or devices, may be mobile or aging or 

because the loads may be variable or because the perturbations or the environmental conditions 

are changing etc. In these cases, in order to achieve acceptable matching conditions, at least 

some of the system parameters may need to be dynamically adjustable or tunable. All the system 

parameters may be dynamically adjustable or tunable to achieve approximately the optimal 

operating conditions. However, based on the discussion above, efficient enough energy exchange 

may be realized even if some system parameters are not variable. In some examples, at least 
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some of the devices may not be dynamically adjusted. In some examples, at least some of the 

sources may not be dynamically adjusted. In some examples, at least some of the intermediate 

resonators may not be dynamically adjusted. In some examples, none of the system parameters 

may be dynamically adjusted. 

[00129] Electromagnetic Resonators 

[00130] The resonators used to exchange energy may be electromagnetic resonators. 

In such resonators, the intrinsic energy decay rates, ~ 1, are given by the absorption ( or resistive) 

losses and the radiation losses of the resonator. 

[00131] The resonator may be constructed such that the energy stored by the electric 

field is primarily confined within the structure and that the energy stored by the magnetic field is 

primarily in the region surrounding the resonator. Then, the energy exchange is mediated 

primarily by the resonant magnetic near-field. These types of resonators may be referred to as 

magnetic resonators. 

[00132] The resonator may be constructed such that the energy stored by the magnetic 

field is primarily confined within the structure and that the energy stored by the electric field is 

primarily in the region surrounding the resonator. Then, the energy exchange is mediated 

primarily by the resonant electric near-field. These types of resonators may be referred to as 

electric resonators. 

[00133] Note that the total electric and magnetic energies stored by the resonator have 

to be equal, but their localizations may be quite different. In some cases, the ratio of the average 

electric field energy to the average magnetic field energy specified at a distance from a resonator 

may be used to characterize or describe the resonator. 

[00134] Electromagnetic resonators may include an inductive element, a distributed 

inductance, or a combination of inductances with inductance, L, and a capacitive element, a 

distributed capacitance, or a combination of capacitances, with capacitance, C. A minimal circuit 

model of an electromagnetic resonator 102 is shown in Fig. 6a. The resonator may include an 

inductive element 108 and a capacitive element 104. Provided with initial energy, such as 

electric field energy stored in the capacitor 104, the system will oscillate as the capacitor 

discharges transferring energy into magnetic field energy stored in the inductor 108 which in tum 

transfers energy back into electric field energy stored in the capacitor 104. 
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[00135] The resonators 102 shown in Figs. 6(b )( c )( d) may be referred to as magnetic 

resonators. Magnetic resonators may be preferred for wireless energy transfer applications in 

populated environments because most everyday materials including animals, plants, and humans 

are non-magnetic (i.e., µr:::::1), so their interaction with magnetic fields is minimal and due 

primarily to eddy currents induced by the time-variation of the magnetic fields, which is a 

second-order effect. This characteristic is important both for safety reasons and because it 

reduces the potential for interactions with extraneous environmental objects and materials that 

could alter system performance. 

[00136] Fig. 6d shows a simplified drawing of some of the electric and magnetic field 

lines associated with an exemplary magnetic resonator 102B. The magnetic resonator 102B may 

include a loop of conductor acting as an inductive element 108 and a capacitive element 104 at 

the ends of the conductor loop. Note that this drawing depicts most of the energy in the region 

surrounding the resonator being stored in the magnetic field, and most of the energy in the 

resonator (between the capacitor plates) stored in the electric field. Some electric field, owing to 

fringing fields, free charges, and the time varying magnetic field, may be stored in the region 

around the resonator, but the magnetic resonator may be designed to confine the electric fields to 

be close to or within the resonator itself, as much as possible. 

[00137] The inductor 108 and capacitor 104 of an electromagnetic resonator 102 may 

be bulk circuit elements, or the inductance and capacitance may be distributed and may result 

from the way the conductors are formed, shaped, or positioned, in the structure. For example, the 

inductor 108 may be realized by shaping a conductor to enclose a surface area, as shown in Figs. 

6(b)(c)(d). This type of resonator 102 may be referred to as a capacitively-loaded loop inductor. 

Note that we may use the terms "loop" or "coil" to indicate generally a conducting structure 

(wire, tube, strip, etc.), enclosing a surface of any shape and dimension, with any number of 

turns. In Fig. 6b, the enclosed surface area is circular, but the surface may be any of a wide 

variety of other shapes and sizes and may be designed to achieve certain system performance 

specifications. As an example to indicate how inductance scales with physical dimensions, the 

inductance for a length of circular conductor arranged to form a circular single-tum loop is 

approximately, 

8x 
L = µ 0x(ln--2), 

a 
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where µ 0 is the magnetic permeability of free space, x, is the radius of the enclosed circular 

surface area and, a, is the radius of the conductor used to form the inductor loop. A more precise 

value of the inductance of the loop may be calculated analytically or numerically. 

[00138] The inductance for other cross-section conductors, arranged to form other 

enclosed surface shapes, areas, sizes, and the like, and of any number of wire turns, may be 

calculated analytically, numerically or it may be determined by measurement. The inductance 

may be realized using inductor elements, distributed inductance, networks, arrays, series and 

parallel combinations of inductors and inductances, and the like. The inductance may be fixed or 

variable and may be used to vary impedance matching as well as resonant frequency operating 

conditions. 

[00139] There are a variety of ways to realize the capacitance required to achieve the 

desired resonant frequency for a resonator structure. Capacitor plates 110 may be formed and 

utilized as shown in Fig. 6b, or the capacitance may be distributed and be realized between 

adjacent windings of a multi-loop conductor 114, as shown in Fig. 6c. The capacitance may be 

realized using capacitor elements, distributed capacitance, networks, arrays, series and parallel 

combinations of capacitances, and the like. The capacitance may be fixed or variable and may be 

used to vary impedance matching as well as resonant frequency operating conditions. 

[00140] It is to be understood that the inductance and capacitance in an 

electromagnetic resonator 102 may be lumped, distributed, or a combination of lumped and 

distributed inductance and capacitance and that electromagnetic resonators may be realized by 

combinations of the various elements, techniques and effects described herein. 

[00141] Electromagnetic resonators 102 may be include inductors, inductances, 

capacitors, capacitances, as well as additional circuit elements such as resistors, diodes, switches, 

amplifiers, diodes, transistors, transformers, conductors, connectors and the like. 

[00142] 

[00143] 

Resonant Frequency of an Electromagnetic Resonator 

An electromagnetic resonator 102 may have a characteristic, natural, or 

resonant frequency determined by its physical properties. This resonant frequency is the 

frequency at which the energy stored by the resonator oscillates between that stored by the 

electric field, WE, (WE=q2/2C, where q is the charge on the capacitor, C) and that stored by the 

magnetic field, W8 , (W8 =Li2/2, where i is the current through the inductor, L) of the resonator. 

In the absence of any losses in the system, energy would continually be exchanged between the 
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electric field in the capacitor 104 and the magnetic field in the inductor 108. The frequency at 

which this energy is exchanged may be called the characteristic frequency, the natural frequency, 

or the resonant frequency of the resonator, and is given by OJ, 

m=2af =&-. 
[00144] The resonant frequency of the resonator may be changed by tuning the 

inductance, L, and/or the capacitance, C, of the resonator. The resonator frequency may be 

design to operate at the so-called ISM (Industrial, Scientific and Medical) frequencies as 

specified by the FCC. The resonator frequency may be chosen to meet certain field limit 

specifications, specific absorption rate (SAR) limit specifications, electromagnetic compatibility 

(EMC) specifications, electromagnetic interference (EMI) specifications, component size, cost or 

performance specifications, and the like. 

[00145] Quality Factor of an Electromagnetic Resonator 

[00146] The energy in the resonators 102 shown in Fig. 6 may decay or be lost by 

intrinsic losses including absorptive losses (also called ohmic or resistive losses) and/or radiative 

losses. The Quality Factor, or Q, of the resonator, which characterizes the energy decay, is 

inversely proportional to these losses. Absorptive losses may be caused by the finite conductivity 

of the conductor used to form the inductor as well as by losses in other elements, components, 

connectors, and the like, in the resonator. An inductor formed from low loss materials may be 

referred to as a "high-Q inductive element" and elements, components, connectors and the like 

with low losses may be referred to as having "high resistive Q's". In general, the total absorptive 

loss for a resonator may be calculated as the appropriate series and/or parallel combination of 

resistive losses for the various elements and components that make up the resonator. That is, in 

the absence of any significant radiative or component/ connection losses, the Q of the resonator 

may be given by, Qabs, 

mL 
Qabs =R, 

abs 

where OJ, is the resonant frequency, L, is the total inductance of the resonator and the resistance 

for the conductor used to form the inductor, for example, may be given by Rahs = l p / A , (l is the 

length of the wire, p is the resistivity of the conductor material, and A is the cross-sectional area 

over which current flows in the wire). For alternating currents, the cross-sectional area over 
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which current flows may be less than the physical cross-sectional area of the conductor owing to 

the skin effect. Therefore, high-Q magnetic resonators may be composed of conductors with high 

conductivity, relatively large surface areas and/or with specially designed profiles ( e.g. Litz wire) 

to minimize proximity effects and reduce the AC resistance. 

[00147] The magnetic resonator structures may include high-Q inductive elements 

composed of high conductivity wire, coated wire, Litz wire, ribbon, strapping or plates, tubing, 

paint, gels, traces, and the like. The magnetic resonators may be self-resonant, or they may 

include external coupled elements such as capacitors, inductors, switches, diodes, transistors, 

transformers, and the like. The magnetic resonators may include distributed and lumped 

capacitance and inductance. In general, the Q of the resonators will be determined by the Q's of 

all the individual components of the resonator. 

[00148] Because Q is proportional to inductance, L, resonators may be designed to 

increase L, within certain other constraints. One way to increase L, for example, is to use more 

than one tum of the conductor to form the inductor in the resonator. Design techniques and trade­

offs may depend on the application, and a wide variety of structures, conductors, components, 

and resonant frequencies may be chosen in the design of high-Q magnetic resonators. 

[00149] In the absence of significant absorption losses, the Q of the resonator may be 

determined primarily by the radiation losses, and given by, Qrad = mL/ Rrad , where Rrad is the 

radiative loss of the resonator and may depend on the size of the resonator relative to the 

frequency, OJ, or wavelength,}~, of operation. For the magnetic resonators discussed above, 

radiative losses may scale as Rrad ~ (x/ }~)4 (characteristic of magnetic dipole radiation), where x 

is a characteristic dimension of the resonator, such as the radius of the inductive element shown 

in Fig. 6b, and where;!,= c If, where c is the speed oflight andfis as defined above. The size 

of the magnetic resonator may be much less than the wavelength of operation so radiation losses 

may be very small. Such structures may be referred to as sub-wavelength resonators. Radiation 

may be a loss mechanism for non-radiative wireless energy transfer systems and designs may be 

chosen to reduce or minimize Rrad- Note that a high-Qrad may be desirable for non-radiative 

wireless energy transfer schemes. 

[00150] Note too that the design of resonators for non-radiative wireless energy 

transfer differs from antennas designed for communication or far-field energy transmission 
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purposes. Specifically, capacitively-loaded conductive loops may be used as resonant antennas 

(for example in cell phones), but those operate in the far-field regime where the radiation Q's are 

intentionally designed to be small to make the antenna efficient at radiating energy. Such designs 

are not appropriate for the efficient near-field wireless energy transfer technique disclosed in this 

application. 

[00151] The quality factor of a resonator including both radiative and absorption 

losses is Q = mL/(Rabs + Rrad). Note that there may be a maximum Q value for a particular 

resonator and that resonators may be designed with special consideration given to the size of the 

resonator, the materials and elements used to construct the resonator, the operating frequency, 

the connection mechanisms, and the like, in order to achieve a high-Q resonator. Fig. 7 shows a 

plot of Q of an exemplary magnetic resonator (in this case a coil with a diameter of 60 cm made 

of copper pipe with an outside diameter (OD) of 4 cm) that may be used for wireless power 

transmission at MHz frequencies. The absorptive Q (dashed line) 702 increases with frequency, 

while the radiative Q (dotted line) 704 decreases with frequency, thus leading the overall Q to 

peak 708 at a particular frequency. Note that the Q of this exemplary resonator is greater than 

100 over a wide frequency range. Magnetic resonators may be designed to have high-Q over a 

range of frequencies and system operating frequency may set to any frequency in that range. 

[00152] When the resonator is being described in terms ofloss rates, the Q may be 

defined using the intrinsic decay rate, 2I', as described previously. The intrinsic decay rate is the 

rate at which an uncoupled and undriven resonator loses energy. For the magnetic resonators 

described above, the intrinsic loss rate may be given by r = ( Rahs + Rrad) /2L , and the quality 

factor, Q, of the resonator is given by Q=m/2r. 

[00153] Note that a quality factor related only to a specific loss mechanism may be 

denoted as Qmechanism, if the resonator is not specified, or as Q1,mechanism, if the resonator is 

specified (e.g. resonator 1). For example, Q1,radis the quality factor for resonator 1 related to its 

radiation losses. 

[00154] Electromagnetic Resonator Near-Fields 

[00155] The high-Q electromagnetic resonators used in the near-field wireless energy 

transfer system disclosed here may be sub-wavelength objects. That is, the physical dimensions 

of the resonator may be much smaller than the wavelength corresponding to the resonant 
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frequency. Sub-wavelength magnetic resonators may have most of the energy in the region 

surrounding the resonator stored in their magnetic near-fields, and these fields may also be 

described as stationary or non-propagating because they do not radiate away from the resonator. 

The extent of the near-field in the area surrounding the resonator is typically set by the 

wavelength, so it may extend well beyond the resonator itself for a sub-wavelength resonator. 

The limiting surface, where the field behavior changes from near-field behavior to far-field 

behavior may be called the "radiation caustic". 

[00156] The strength of the near-field is reduced the farther one gets away from the 

resonator. While the field strength of the resonator near-fields decays away from the resonator, 

the fields may still interact with objects brought into the general vicinity of the resonator. The 

degree to which the fields interact depends on a variety of factors, some of which may be 

controlled and designed, and some of which may not. The wireless energy transfer schemes 

described herein may be realized when the distance between coupled resonators is such that one 

resonator lies within the radiation caustic of the other. 

[00157] The near-field profiles of the electromagnetic resonators may be similar to 

those commonly associated with dipole resonators or oscillators. Such field profiles may be 

described as omni-directional, meaning the magnitudes of the fields are non-zero in all directions 

away from the object. 

[00158] Characteristic Size of An Electromagnetic Resonator 

[00159] Spatially separated and/or offset magnetic resonators of sufficient Q may 

achieve efficient wireless energy transfer over distances that are much larger than have been seen 

in the prior art, even if the sizes and shapes of the resonator structures are different. Such 

resonators may also be operated to achieve more efficient energy transfer than was achievable 

with previous techniques over shorter range distances. We describe such resonators as being 

capable of mid-range energy transfer. 

[00160] Mid-range distances may be defined as distances that are larger than the 

characteristic dimension of the smallest of the resonators involved in the transfer, where the 

distance is measured from the center of one resonator structure to the center of a spatially 

separated second resonator structure. In this definition, two-dimensional resonators are spatially 

separated when the areas circumscribed by their inductive elements do not intersect and three­

dimensional resonators are spatially separated when their volumes do not intersect. A two-

Momentum Dynamics Corporation 
Exhibit 1002 

Page 854



WO 2010/036980 PCT/US2009/058499 
33 

dimensional resonator is spatially separated from a three-dimensional resonator when the area 

circumscribed by the former is outside the volume of the latter. 

[00161] Fig. 8 shows some example resonators with their characteristic dimensions 

labeled. It is to be understood that the characteristic sizes 802 of resonators 102 may be defined 

in terms of the size of the conductor and the area circumscribed or enclosed by the inductive 

element in a magnetic resonator and the length of the conductor forming the capacitive element 

of an electric resonator. Then, the characteristic size 802 of a resonator 102, Xchar, may be equal 

to the radius of the smallest sphere that can fit around the inductive or capacitive element of the 

magnetic or electric resonator respectively, and the center of the resonator structure is the center 

of the sphere. The characteristic thickness 804, fchar, of a resonator 102 may be the smallest 

possible height of the highest point of the inductive or capacitive element in the magnetic or 

capacitive resonator respectively, measured from a flat surface on which it is placed. The 

characteristic width 808 of a resonator 102, w char, may be the radius of the smallest possible 

circle through which the inductive or capacitive element of the magnetic or electric resonator 

respectively, may pass while traveling in a straight line. For example, the characteristic width 

808 of a cylindrical resonator may be the radius of the cylinder. 

[00162] In this inventive wireless energy transfer technique, energy may be exchanged 

efficiently over a wide range of distances, but the technique is distinguished by the ability to 

exchange useful energy for powering or recharging devices over mid-range distances and 

between resonators with different physical dimensions, components and orientations. Note that 

while k may be small in these circumstances, strong coupling and efficient energy transfer may 

be realized by using high-Q resonators to achieve a high U, U = k,JQsQd . That is, increases in Q 

may be used to at least partially overcome decreases in k, to maintain useful energy transfer 

efficiencies. 

[00163] Note too that while the near-field of a single resonator may be described as 

omni-directional, the efficiency of the energy exchange between two resonators may depend on 

the relative position and orientation of the resonators. That is, the efficiency of the energy 

exchange may be maximized for particular relative orientations of the resonators. The sensitivity 

of the transfer efficiency to the relative position and orientation of two uncompensated 

resonators may be captured in the calculation of either k or K . While coupling may be achieved 

between resonators that are offset and/or rotated relative to each other, the efficiency of the 
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exchange may depend on the details of the positioning and on any feedback, tuning, and 

compensation techniques implemented during operation. 

[00164] High-O Magnetic Resonators 

[00165] In the near-field regime of a sub-wavelength capacitively-loaded loop 

magnetic resonator (x«A), the resistances associated with a circular conducting loop inductor 

composed of N turns of wire whose radius is larger than the skin depth, are approximately 

Rahs = .J µopOJ 12 . Nx I a and Rrad = ff I 6. r1o1V2 
( OJX IC r ' where p is the resistivity of the conductor 

material and 17
0 
~ 120.n- n is the impedance of free space .. The inductance, L, for such a N-tum 

loop is approximately N 2 times the inductance of a single-tum loop given previously. The quality 

factor of such a resonator, Q = mL I ( Rahs + Rrad) , is highest for a particular frequency determined 

by the system parameters (Fig. 4). As described previously, at lower frequencies the Q is 

determined primarily by absorption losses and at higher frequencies the Q is determined 

primarily by radiation losses. 

[00166] Note that the formulas given above are approximate and intended to illustrate 

the functional dependence of Rahs, Rrad and L on the physical parameters of the structure. More 

accurate numerical calculations of these parameters that take into account deviations from the 

strict quasi-static limit, for example a non-uniform current/charge distribution along the 

conductor, may be useful for the precise design of a resonator structure. 

[00167] Note that the absorptive losses may be minimized by using low loss 

conductors to form the inductive elements. The loss of the conductors may be minimized by 

using large surface area conductors such as conductive tubing, strapping, strips, machined 

objects, plates, and the like, by using specially designed conductors such as Litz wire, braided 

wires, wires of any cross-section, and other conductors with low proximity losses, in which case 

the frequency scaled behavior described above may be different, and by using low resistivity 

materials such as high-purity copper and silver, for example. One advantage of using conductive 

tubing as the conductor at higher operating frequencies is that it may be cheaper and lighter than 

a similar diameter solid conductor, and may have similar resistance because most of the current 

is traveling along the outer surface of the conductor owing to the skin effect. 

[00168] To get a rough estimate of achievable resonator designs made from copper 

wire or copper tubing and appropriate for operation in the microwave regime, one may calculate 
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the optimum Q and resonant frequency for a resonator composed of one circular inductive 

element (N=l) of copper wire (p=l.69·10-8 Qm) with various cross sections. Then for an 

inductive element with characteristic size x= 1 cm and conductor diameter a= 1 mm, appropriate 

for a cell phone for example, the quality factor peaks at Q=1225 whenf=380 MHz. For x=30 cm 

and a= 2 mm, an inductive element size that might be appropriate for a laptop or a household 

robot, Q= 1103 at f= 17 MHz. For a larger source inductive element that might be located in the 

ceiling for example, x=l m and a=4 mm, Q may be as high as Q=1315 atf=5 MHz. Note that a 

number of practical examples yield expected quality factors of Q-;:::-:,1000-1500 at JJx-;:::-:,50-80. 

Measurements of a wider variety of coil shapes, sizes, materials and operating frequencies than 

described above show that Q's > 100 may be realized for a variety of magnetic resonator 

structures using commonly available materials. 

[00169] As described above, the rate for energy transfer between two resonators of 

characteristic size x 1 and x 2, and separated by a distance D between their centers, may be given 

by K . To give an example of how the defined parameters scale, consider the cell phone, laptop, 

and ceiling resonator examples from above, at three (3) distances; D/,y-=10, 8, 6. In the examples 

considered here, the source and device resonators are the same size, x 1=x2 , and shape, and are 

oriented as shown in Fig. l(b). In the cell phone example, OJ! 2K =3033, 1553, 655 respectively. 

In the laptop example, OJ I 2K =7131, 3651, 1540 respectively and for the ceiling resonator 

example, OJ I 2K =6481, 3318, 1400. The corresponding coupling-to-loss ratios peak at the 

frequency where the inductive element Q peaks and are K Ir =0.4, 0.79, 1.97 and 0.15, 0.3, 0.72 

and 0.2, 0.4, 0.94 for the three inductive element sizes and distances described above. An 

example using different sized inductive elements is that of an x 1 = 1 m inductor ( e.g. source in the 

ceiling) and an x2 =30 cm inductor ( e.g. household robot on the floor) at a distance D=3 m apart 

( e.g. room height). In this example, the strong-coupling figure of merit, U =KI ✓r1r2 =0.88, for 

an efficiency of approximately 14%, at the optimal operating frequency off=6.4 MHz. Here, the 

optimal system operating frequency lies between the peaks of the individual resonator Q's. 

[00170] Inductive elements may be formed for use in high-Q magnetic resonators. We 

have demonstrated a variety ofhigh-Q magnetic resonators based on copper conductors that are 

formed into inductive elements that enclose a surface. Inductive elements may be formed using a 

variety of conductors arranged in a variety of shapes, enclosing any size or shaped area, and they 

may be single tum or multiple tum elements. Drawings of exemplary inductive elements 900A-B 
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are shown in Fig. 9. The inductive elements may be formed to enclose a circle, a rectangle, a 

square, a triangle, a shape with rounded comers, a shape that follows the contour of a particular 

structure or device, a shape that follows, fills, or utilizes, a dedicated space within a structure or 

device, and the like. The designs may be optimized for size, cost, weight, appearance, 

performance, and the like. 

[00171] These conductors may be bent or formed into the desired size, shape, and 

number of turns. However, it may be difficult to accurately reproduce conductor shapes and sizes 

using manual techniques. In addition, it may be difficult to maintain uniform or desired center­

to-center spacings between the conductor segments in adjacent turns of the inductive elements. 

Accurate or uniform spacing may be important in determining the self capacitance of the 

structure as well as any proximity effect induced increases in AC resistance, for example. 

[00172] Molds may be used to replicate inductor elements for high-Q resonator 

designs. In addition, molds may be used to accurately shape conductors into any kind of shape 

without creating kinks, buckles or other potentially deleterious effects in the conductor. Molds 

may be used to form the inductor elements and then the inductor elements may be removed from 

the forms. Once removed, these inductive elements may be built into enclosures or devices that 

may house the high-Q magnetic resonator. The formed elements may also or instead remain in 

the mold used to form them. 

[00173] The molds may be formed using standard CNC ( computer numerical control) 

routing or milling tools or any other known techniques for cutting or forming grooves in blocks. 

The molds may also or instead be formed using machining techniques, injection molding 

techniques, casting techniques, pouring techniques, vacuum techniques, thermoforming 

techniques, cut-in-place techniques, compression forming techniques and the like. 

[00174] The formed element may be removed from the mold or it may remain in the 

mold. The mold may be altered with the inductive element inside. The mold may be covered, 

machined, attached, painted and the like. The mold and conductor combination may be 

integrated into another housing, structure or device. The grooves cut into the molds may be any 

dimension and may be designed to form conducting tubing, wire, strapping, strips, blocks, and 

the like into the desired inductor shapes and sizes. 

[00175] The inductive elements used in magnetic resonators may contain more than 

one loop and may spiral inward or outward or up or down or in some combination of directions. 
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In general, the magnetic resonators may have a variety of shapes, sizes and number of turns and 

they may be composed of a variety of conducing materials. 

[00176] The magnetic resonators may be free standing or they may be enclosed in an 

enclosure, container, sleeve or housing. The magnetic resonators may include the form used to 

make the inductive element. These various forms and enclosures may be composed of almost 

any kind of material. Low loss materials such as Teflon, REXOLITE, styrene, and the like may 

be preferable for some applications. These enclosures may contain fixtures that hold the 

inductive elements. 

[00177] Magnetic resonators may be composed of self-resonant coils of copper wire or 

copper tubing. Magnetic resonators composed of self resonant conductive wire coils may include 

a wire of length l, and cross section radius a, wound into a helical coil of radius x, height h, and 

number of turns N, which may for example be characterized as N = .J !2 
- h2 I 2trx . 

[00178] A magnetic resonator structure may be configured so that x is about 30 cm, h 

is about 20 cm, a is about 3 mm and N is about 5.25, and, during operation, a power source 

coupled to the magnetic resonator may drive the resonator at a resonant frequency,f, wherefis 

about 10.6 MHz. Where x is about 30 cm, h is about 20 cm, a is about 1 cm and N is about 4, the 

resonator may be driven at a frequency,f, wherefis about 13.4 MHz. Where xis about 10 cm, h 

is about 3 cm, a is about 2 mm and N is about 6, the resonator may be driven at a frequency,f, 

wherefis about 21.4 MHz. 

[00179] High-Q inductive elements may be designed using printed circuit board traces. 

Printed circuit board traces may have a variety of advantages compared to mechanically formed 

inductive elements including that they may be accurately reproduced and easily integrated using 

established printed circuit board fabrication techniques, that their AC resistance may be lowered 

using custom designed conductor traces, and that the cost of mass-producing them may be 

significantly reduced. 

[00180] High-Q inductive elements may be fabricated using standard PCB techniques 

on any PCB material such as FR-4 (epoxy E-glass), multi-functional epoxy, high performance 

epoxy, bismalaimide triazine/epoxy, polyimide, Cyanate Ester, polytetraflouroethylene (Teflon), 

FR-2, FR-3, CEM-1, CEM-2, Rogers, Resolute, and the like. The conductor traces may be 

formed on printed circuit board materials with lower loss tangents. 
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[00181] The conducting traces may be composed of copper, silver, gold, aluminum, 

nickel and the like, and they may be composed of paints, inks, or other cured materials. The 

circuit board may be flexible and it may be a flex-circuit. The conducting traces may be formed 

by chemical deposition, etching, lithography, spray deposition, cutting, and the like. The 

conducting traces may be applied to form the desired patterns and they may be formed using 

crystal and structure growth techniques. 

[00182] The dimensions of the conducting traces, as well as the number oflayers 

containing conducting traces, the position, size and shape of those traces and the architecture for 

interconnecting them may be designed to achieve or optimize certain system specifications such 

as resonator Q, Q(p), resonator size, resonator material and fabrication costs, U, U(p), and the like. 

[00183] As an example, a three-tum high-Q inductive element 1001A was fabricated 

on a four-layer printed circuit board using the rectangular copper trace pattern as shown in Fig. 

IO(a). The copper trace is shown in black and the PCB in white. The width and thickness of the 

copper traces in this example was approximately 1 cm (400 mils) and 43 µ m (1.7 mils) 

respectively. The edge-to-edge spacing between turns of the conducting trace on a single layer 

was approximately 0.75 cm (300 mils) and each board layer thickness was approximately 100 µ 

m (4 mils). The pattern shown in Fig. IO(a) was repeated on each layer of the board and the 

conductors were connected in parallel. The outer dimensions of the 3-loop structure were 

approximately 30 cm by 20 cm. The measured inductance of this PCB loop was 5 .3 µ H. A 

magnetic resonator using this inductor element and tunable capacitors had a quality factor, Q, of 

550 at its designed resonance frequency of 6.78 MHz. The resonant frequency could be tuned by 

changing the inductance and capacitance values in the magnetic resonator. 

[00184] As another example, a two-tum inductor 1001B was fabricated on a four-layer 

printed circuit board using the rectangular copper trace pattern shown in Fig. 1 0(b ). The copper 

trace is shown in black and the PCB in white. The width and height of the copper traces in this 

example were approximately 0.75 cm (300 mils) and 43 µ m (1.7 mils) respectively. The edge­

to-edge spacing between turns of the conducting trace on a single layer was approximately 0.635 

cm (250 mils) and each board layer thickness was approximately 100 µ m ( 4 mils). The pattern 

shown in Fig. 1 0(b) was repeated on each layer of the board and the conductors were connected 

in parallel. The outer dimensions of the two-loop structure were approximately 7.62 cm by 26.7 
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cm. The measured inductance of this PCB loop was 1.3 µ H. Stacking two boards together with 

a vertical separation of approximately 0.635 cm (250 mils) and connecting the two boards in 

series produced a PCB inductor with an inductance of approximately 3 .4 µ H. A magnetic 

resonator using this stacked inductor loop and tunable capacitors had a quality factor, Q, of 390 

at its designed resonance frequency of 6. 78 MHz. The resonant frequency could be tuned by 

changing the inductance and capacitance values in the magnetic resonator. 

[00185] The inductive elements may be formed using magnetic materials of any size, 

shape thickness, and the like, and of materials with a wide range of permeability and loss values. 

These magnetic materials may be solid blocks, they may enclose hollow volumes, they may be 

formed from many smaller pieces of magnetic material tiled and or stacked together, and they 

may be integrated with conducting sheets or enclosures made from highly conducting materials. 

Wires may be wrapped around the magnetic materials to generate the magnetic near-field. These 

wires may be wrapped around one or more than one axis of the structure. Multiple wires may be 

wrapped around the magnetic materials and combined in parallel, or in series, or via a switch to 

form customized near-field patterns. 

[00186] The magnetic resonator may include 15 turns of Litz wire wound around a 

19.2 cm x 10 cm x 5 mm tiled block of 3F3 ferrite material. The Litz wire may be wound around 

the ferrite material in any direction or combination of directions to achieve the desire resonator 

performance. The number of turns of wire, the spacing between the turns, the type of wire, the 

size and shape of the magnetic materials and the type of magnetic material are all design 

parameters that may be varied or optimized for different application scenarios. 

[00187] 

[00188] 

High-O Magnetic resonators using magnetic material structures 

It may be possible to use magnetic materials assembled to form an open 

magnetic circuit, albeit one with an air gap on the order of the size of the whole structure, to 

realize a magnetic resonator structure. In these structures, high conductivity materials are wound 

around a structure made from magnetic material to form the inductive element of the magnetic 

resonator. Capacitive elements may be connected to the high conductivity materials, with the 

resonant frequency then determined as described above. These magnetic resonators have their 

dipole moment in the plane of the two dimensional resonator structures, rather than 

perpendicular to it, as is the case for the capacitively-loaded inductor loop resonators. 
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[00189] A diagram of a single planar resonator structure is shown in Fig. 1 l(a). The 

planar resonator structure is constructed of a core of magnetic material 1121, such as ferrite with 

a loop or loops of conducting material 1122 wrapped around the core 1121. The structure may be 

used as the source resonator that transfers power and the device resonator that captures energy. 

When used as a source, the ends of the conductor may be coupled to a power source. Alternating 

electrical current flowing through the conductor loops excites alternating magnetic fields. When 

the structure is being used to receive power, the ends of the conductor may be coupled to a 

power drain or load. Changing magnetic fields induce an electromotive force in the loop or loops 

of the conductor wound around the core magnetic material. The dipole moment of these types of 

structures is in the plane of the structures and is, for example, directed along the Y axis for the 

structure in Figure 11 (a). Two such structures have strong coupling when placed substantially in 

the same plane (i.e. the X,Y plane of Figure 11). The structures of Figure 1 l(a) have the most 

favorable orientation when the resonators are aligned in the same plane along their Y axis. 

[00190] The geometry and the coupling orientations of the described planar resonators 

may be preferable for some applications. The planar or flat resonator shape may be easier to 

integrate into many electronic devices that are relatively flat and planar. The planar resonators 

may be integrated into the whole back or side of a device without requiring a change in geometry 

of the device. Due to the flat shape of many devices, the natural position of the devices when 

placed on a surface is to lay with their largest dimension being parallel to the surface they are 

placed on. A planar resonator integrated into a flat device is naturally parallel to the plane of the 

surface and is in a favorable coupling orientation relative to the resonators of other devices or 

planar resonator sources placed on a flat surface. 

[00191] As mentioned, the geometry of the planar resonators may allow easier 

integration into devices. Their low profile may allow a resonator to be integrated into or as part 

of a complete side of a device. When a whole side of a device is covered by the resonator, 

magnetic flux can flow through the resonator core without being obstructed by lossy material 

that may be part of the device or device circuitry. 

[00192] The core of the planar resonator structure may be of a variety of shapes and 

thicknesses and may be flat or planar such that the minimum dimension does not exceed 30% of 

the largest dimension of the structure. The core may have complex geometries and may have 

indentations, notches, ridges, and the like. Geometric enhancements may be used to reduce the 
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coupling dependence on orientation and they may be used to facilitate integration into devices, 

packaging, packages, enclosures, covers, skins, and the like. Two exemplary variations of core 

geometries are shown in Figure 1 l(b). For example, the planar core 1131 may be shaped such 

that the ends are substantially wider than the middle of the structure to create an indentation for 

the conductor winding. The core material may be of varying thickness with ends that are thicker 

and wider than the middle. The core material 113 2 may have any number of notches or cutouts 

1133 of various depths, width, and shapes to accommodate conductor loops, housing, packaging, 

and the like. 

[00193] The shape and dimensions of the core may be further dictated by the 

dimensions and characteristics of the device that they are integrated into. The core material may 

curve to follow the contours of the device, or may require non-symmetric notches or cutouts to 

allow clearance for parts of the device. The core structure may be a single monolithic piece of 

magnetic material or may be composed of a plurality of tiles, blocks, or pieces that are arranged 

together to form the larger structure. The different layers, tiles, blocks, or pieces of the structure 

may be of similar or may be of different materials. It may be desirable to use materials with 

different magnetic permeability in different locations of the structure. Core structures with 

different magnetic permeability may be useful for guiding the magnetic flux, improving 

coupling, and affecting the shape or extent of the active area of a system. 

[00194] The conductor of the planar resonator structure may be wound at least once 

around the core. In certain circumstances, it may be preferred to wind at least three loops. The 

conductor can be any good conductor including conducting wire, Litz wire, conducting tubing, 

sheets, strips, gels, inks, traces and the like. 

[00195] The size, shape, or dimensions of the active area of source may be further 

enhanced, altered, or modified with the use of materials that block, shield, or guide magnetic 

fields. To create non-symmetric active area around a source once side of the source may be 

covered with a magnetic shield to reduce the strength of the magnetic fields in a specific 

direction. The shield may be a conductor or a layered combination of conductor and magnetic 

material which can be used to guide magnetic fields away from a specific direction. Structures 

composed of layers of conductors and magnetic materials may be used to reduce energy losses 

that may occur due to shielding of the source. 
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[00196] The plurality of planar resonators may be integrated or combined into one 

planar resonator structure. A conductor or conductors may be wound around a core structure 

such that the loops formed by the two conductors are not coaxial. An example of such a structure 

is shown in Figure 12 where two conductors 1201,1202 are wrapped around a planar rectangular 

core 1203 at orthogonal angles. The core may be rectangular or it may have various geometries 

with several extensions or protrusions. The protrusions may be useful for wrapping of a 

conductor, reducing the weight, size, or mass of the core, or may be used to enhance the 

directionality or omni-directionality of the resonator. A multi wrapped planar resonator with four 

protrusions is shown by the inner structure 1310 in Figure 13, where four conductors 1301, 1302, 

1303, 1304 are \-\rrapped around the core. The core may have extensions 1305,1306,1307,1308 

with one or more conductor loops. A single conductor may be wrapped around a core to form 

loops that are not coaxial. The four conductor loops of Figure 13, for example, may be formed 

with one continuous piece of conductor, or using two conductors where a single conductor is 

used to make all coaxial loops. 

[00197] Non-uniform or asymmetric field profiles around the resonator comprising a 

plurality of conductor loops may be generated by driving some conductor loops with non­

identical parameters. Some conductor loops of a source resonator with a plurality of conductor 

loops may be driven by a power source with a different frequency, voltage, power level, duty 

cycle, and the like all of which may be used to affect the strength of the magnetic field generated 

by each conductor. 

[00198] The planar resonator structures may be combined with a capacitively-loaded 

inductor resonator coil to provide an omni-directional active area all around, including above and 

below the source while maintaining a flat resonator structure. As shown in Figure 13, an 

additional resonator loop coil 1309 comprising of a loop or loops of a conductor, may be placed 

in a common plane as the planar resonator structure 1310. The outer resonator coil provides an 

active area that is substantially above and below the source. The resonator coil can be arranged 

with any number of planar resonator structures and arrangements described herein. 

[00199] The planar resonator structures may be enclosed in magnetically permeable 

packaging or integrated into other devices. The planar profile of the resonators within a single, 

common plane allows packaging and integration into flat devices. A diagram illustrating the 

application of the resonators is shown in Figure 14. A flat source 1411 comprising one or more 
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planar resonators 1414 each with one or more conductor loops may transfer power to devices 

1412, 1413 that are integrated with other planar resonators 1415, 1416 and placed within an active 

area 1417 of the source. The devices may comprise a plurality of planar resonators such that 

regardless of the orientation of the device with respect to the source the active area of the source 

does not change. In addition to invariance to rotational misalignment, a flat device comprising of 

planar resonators may be turned upside down without substantially affecting the active area since 

the planar resonator is still in the plane of the source. 

[00200] Another diagram illustrating a possible use of a power transfer system using 

the planar resonator structures is shown in Figure 15. A planar source 1521 placed on top of a 

surface 1525 may create an active area that covers a substantial surface area creating an 

"energized surface" area. Devices such as computers 1524, mobile handsets 1522, games, and 

other electronics 1523 that are coupled to their respective planar device resonators may receive 

energy from the source when placed within the active area of the source, which may be 

anywhere on top of the surface. Several devices with different dimensions may be placed in the 

active area and used normally while charging or being powered from the source without having 

strict placement or alignment constraints. The source may be placed under the surface of a table, 

countertop, desk, cabinet, and the like, allowing it to be completely hidden while energizing the 

top surface of the table, countertop, desk, cabinet and the like, creating an active area on the 

surface that is much larger than the source. 

[00201] The source may include a display or other visual, auditory, or vibration 

indicators to show the direction of charging devices or what devices are being charged, error or 

problems with charging, power levels, charging time, and the like. 

[00202] The source resonators and circuitry may be integrated into any number of 

other devices. The source may be integrated into devices such as clocks, keyboards, monitors, 

picture frames, and the like. For example, a keyboard integrated with the planar resonators and 

appropriate power and control circuitry may be used as a source for devices placed around the 

keyboard such as computer mice, webcams, mobile handsets, and the like without occupying any 

additional desk space. 

[00203] While the planar resonator structures have been described in the context of 

mobile devices it should be clear to those skilled in the art that a flat planar source for wireless 

power transfer with an active area that extends beyond its physical dimensions has many other 
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consumer and industrial applications. The structures and configuration may be useful for a large 

number of applications where electronic or electric devices and a power source are typically 

located, positioned, or manipulated in substantially the same plane and alignment. Some of the 

possible application scenarios include devices on walls, floor, ceilings or any other substantially 

planar surfaces. 

[00204] Flat source resonators may be integrated into a picture frame or hung on a 

wall thereby providing an active area within the plane of the wall where other electronic devices 

such as digital picture frames, televisions, lights, and the like can be mounted and powered 

without wires. Planar resonators may be integrated into a floor resulting in an energized floor or 

active area on the floor on which devices can be placed to receive power. Audio speakers, lamps, 

heaters, and the like can be placed within the active are and receive power wirelessly. 

[00205] The planar resonator may have additional components coupled to the 

conductor. Components such as capacitors, inductors, resistors, diodes, and the like may be 

coupled to the conductor and may be used to adjust or tune the resonant frequency and the 

impedance matching for the resonators. 

[00206] A planar resonator structure of the type described above and shown in Fig. 

1 l(a), may be created, for example, with a quality factor, Q, of 100 or higher and even Q of 

1,000 or higher. Energy may be wirelessly transferred from one planar resonator structure to 

another over a distance larger than the characteristic size of the resonators, as shown in Fig. 

ll(c). 

[00207] In addition to utilizing magnetic materials to realize a structure with properties 

similar to the inductive element in the magnetic resonators, it may be possible to use a 

combination of good conductor materials and magnetic material to realize such inductive 

structures. Fig. 16(a) shows a magnetic resonator structure 1602 that may include one or more 

enclosures made of high-conductivity materials (the inside of which would be shielded from AC 

electromagnetic fields generated outside) surrounded by at least one layer of magnetic material 

and linked by blocks of magnetic material 1604. 

A structure may include a high-conductivity sheet of material covered on one side by a 

layer of magnetic material. The layered structure may instead be applied conformally to an 

electronic device, so that parts of the device may be covered by the high-conductivity and 

magnetic material layers, while other parts that need to be easily accessed (such as buttons or 
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screens) may be left uncovered. The structure may also or instead include only layers or bulk 

pieces of magnetic material. Thus, a magnetic resonator may be incorporated into an existing 

device without significantly interfering with its existing functions and with little or no need for 

extensive redesign. Moreover, the layers of good conductor and/or magnetic material may be 

made thin enough ( of the order of a millimeter or less) that they would add little extra weight and 

volume to the completed device. An oscillating current applied to a length of conductor wound 

around the structure, as shown by the square loop in the center of the structure in Figure 16 may 

be used to excite the electromagnetic fields associated with this structure. 

[00208] Quality factor of the structure 

[00209] A structure of the type described above may be created with a quality factor, 

Q, of the order of 1,000 or higher. This high-Q is possible even if the losses in the magnetic 

material are high, if the fraction of magnetic energy within the magnetic material is small 

compared to the total magnetic energy associated with the object. For structures composed of 

layers conducting materials and magnetic materials, the losses in the conducting materials may 

be reduced by the presence of the magnetic materials as described previously. In structures 

where the magnetic material layer's thickness is of the order of 1/100 of the largest dimension of 

the system (e.g., the magnetic material may be of the order of 1 mm thick, while the area of the 

structure is of the order of 10 cm x 10 cm), and the relative permeability is of the order of 1,000, 

it is possible to make the fraction of magnetic energy contained within the magnetic material 

only a few hundredths of the total magnetic energy associated with the object or resonator. To 

see how that comes about, note that the expression for the magnetic energy contained in a 

volume is Um= fv drB(r)2 / (2Aµ0 ), so as long as B (rather than H) is the main field conserved 

across the magnetic material-air interface (which is typically the case in open magnetic circuits), 

the fraction of magnetic energy contained in the high-µr region may be significantly reduced 

compared to what it is in air. 

[00210] If the fraction of magnetic energy in the magnetic material is denoted by frac, 

and the loss tangent of the material is tam5, then the Q of the resonator, assuming the magnetic 

material is the only source oflosses, is Q= 1/(frac x tanb). Thus, even for loss tangents as high as 

0 .1, it is possible to achieve Q's of the order of 1,000 for these types of resonator structures. 
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[ 00211] If the structure is driven with N turns of wire wound around it, the losses in 

the excitation inductor loop can be ignored if N is sufficiently high. Fig. 17 shows an equivalent 

circuit 1700 schematic for these structures and the scaling of the loss mechanisms and inductance 

with the number of turns, N, wound around a structure made of conducting and magnetic 

material. If proximity effects can be neglected (by using an appropriate winding, or a wire 

designed to minimize proximity effects, such as Litz wire and the like), the resistance 1702 due 

to the wire in the looped conductor scales linearly with the length of the loop, which is in tum 

proportional to the number of turns. On the other hand, both the equivalent resistance 1708 and 

equivalent inductance 1704 of these special structures are proportional to the square of the 

magnetic field inside the structure. Since this magnetic field is proportional to N, the equivalent 

resistance 1708 and equivalent inductance 1704 are both proportional to N 2
• Thus, for large 

enough N, the resistance 1702 of the wire is much smaller than the equivalent resistance 1708 of 

the magnetic structure, and the Q of the resonator asymptotes to Qmax = wL µ I R.u . 

[00212] Fig. 16 (a) shows a drawing of a copper and magnetic material structure 1602 

driven by a square loop of current around the narrowed segment at the center of the structure 

1604 and the magnetic field streamlines generated by this structure 1608. This exemplary 

structure includes two 20 cm x 8 cm x 2 cm hollow regions enclosed with copper and then 

completely covered with a 2 mm layer of magnetic material having the properties µ; =1,400, 

µ; = 5 , and a-= 0.5 Sim. These two parallelepipeds are spaced 4 cm apart and are connected by a 

2 cm x 4 cm x 2 cm block of the same magnetic material. The excitation loop is wound around 

the center of this block. At a frequency of 300 kHz, this structure has a calculated Q of 890. The 

conductor and magnetic material structure may be shaped to optimize certain system parameters. 

For example, the size of the structure enclosed by the excitation loop may be small to reduce the 

resistance of the excitation loop, or it may be large to mitigate losses in the magnetic material 

associated with large magnetic fields. Note that the magnetic streamlines and Q's associated with 

the same structure composed of magnetic material only would be similar to the layer conductor 

and magnetic material design shown here. 

[00213] Electromagnetic Resonators Interacting with Other Obiects 

[00214] For electromagnetic resonators, extrinsic loss mechanisms that perturb the 

intrinsic Q may include absorption losses inside the materials of nearby extraneous objects and 
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radiation losses related to scattering of the resonant fields from nearby extraneous objects. 

Absorption losses may be associated with materials that, over the frequency range of interest, 

have non-zero, but finite, conductivity, CJ , ( or equivalently a non-zero and finite imaginary part 

of the dielectric permittivity), such that electromagnetic fields can penetrate it and induce 

currents in it, which then dissipate energy through resistive losses. An object may be described 

as lossy if it at least partly includes lossy materials. 

[00215] Consider an object including a homogeneous isotropic material of 

conductivity, CJ and magnetic permeability,µ . The penetration depth of electromagnetic fields 

inside this object is given by the skin depth, o = ,J2/ coµCJ . The power dissipated inside the object, 

~' can be determined from~= fvdro- IE 1
2 = fvdr I J 1

2 /a- where we made use of Ohm's law, 

J = o-E, and where E is the electric field and J is the current density. 

[ 00216] If over the frequency range of interest, the conductivity, CJ , of the material 

that composes the object is low enough that the material's skin depth, 8, may be considered 

long, (i.e. 8 is longer than the objects' characteristic size, or 8 is longer than the characteristic 

size of the portion of the object that is lossy) then the electromagnetic fields, E and H, where 

H is the magnetic field, may penetrate significantly into the object. Then, these finite-valued 

fields may give rise to a dissipated power that scales as Pd ~ rrV01 (IEl2
), where T:, is the volume 

of the object that is lossy and (1 E 12) is the spatial average of the electric-field squared, in the 

volume under consideration. Therefore, in the low-conductivity limit, the dissipated power scales 

proportionally to the conductivity and goes to zero in the limit of a non-conducting (purely 

dielectric) material. 

[00217] If over the frequency range of interest, the conductivity, CJ , of the material 

that composes the object is high enough that the material's skin depth may be considered short, 

then the electromagnetic fields, E and H, may penetrate only a short distance into the object 

(namely they stay close to the 'skin' of the material, where 8 is smaller than the characteristic 

thickness of the portion of the object that is lossy). In this case, the currents induced inside the 

material may be concentrated very close to the material surface, approximately within a skin 

depth, and their magnitude may be approximated by the product of a surface current density 

(mostly determined by the shape of the incident electromagnetic fields and, as long as the 
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thickness of the conductor is much larger than the skin-depth, independent of frequency and 

conductivity to first order) K(x,y) (where x and y are coordinates parameterizing the surface) 

and a function decaying exponentially into the surface: exp(-z I <5) I <5 (where z denotes the 

coordinate locally normal to the surface): J(x,y,z) = K(x,y)exp(-z I <5)/ <5. Then, the 

dissipated power, ~, may be estimated by, 

Pd = ,v dr I J(r) 1
2 /CJ= (sdxdy I K(x,y) 1

2 )C0c1z exp(2z / 8) I (CJ62
)) = .J µw I 8CJ (s dxdy I K(x,y) 1

2
) 

[00218] Therefore, in the high-conductivity limit, the dissipated power scales inverse 

proportionally to the square-root of the conductivity and goes to zero in the limit of a perfectly­

conducting material. 

[00219] If over the frequency range of interest, the conductivity, CJ , of the material 

that composes the object is finite, then the material's skin depth, <5, may penetrate some distance 

into the object and some amount of power may be dissipated inside the object, depending also on 

the size of the object and the strength of the electromagnetic fields. This description can be 

generalized to also describe the general case of an object including multiple different materials 

with different properties and conductivities, such as an object with an arbitrary inhomogeneous 

and anisotropic distribution of the conductivity inside the object. 

[00220] Note that the magnitude of the loss mechanisms described above may depend 

on the location and orientation of the extraneous objects relative to the resonator fields as well as 

the material composition of the extraneous objects. For example, high-conductivity materials 

may shift the resonant frequency of a resonator and detune it from other resonant objects. This 

frequency shift may be fixed by applying a feedback mechanism to a resonator that corrects its 

frequency, such as through changes in the inductance and/or capacitance of the resonator. These 

changes may be realized using variable capacitors and inductors, in some cases achieved by 

changes in the geometry of components in the resonators. Other novel tuning mechanisms, 

described below, may also be used to change the resonator frequency. 

[00221] Where external losses are high, the perturbed Q may be low and steps may be 

taken to limit the absorption of resonator energy inside such extraneous objects and materials. 

Because of the functional dependence of the dissipated power on the strength of the electric and 
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magnetic fields, one might optimize system performance by designing a system so that the 

desired coupling is achieved with shorter evanescent resonant field tails at the source resonator 

and longer at the device resonator, so that the perturbed Q of the source in the presence of other 

objects is optimized (or vice versa if the perturbed Q of the device needs to be optimized). 

[00222] Note that many common extraneous materials and objects such as people, 

animals, plants, building materials, and the like, may have low conductivities and therefore may 

have little impact on the wireless energy transfer scheme disclosed here. An important fact 

related to the magnetic resonator designs we describe is that their electric fields may be confined 

primarily within the resonator structure itself, so it should be possible to operate within the 

commonly accepted guidelines for human safety while providing wireless power exchange over 

mid range distances. 

[00223] Electromagnetic Resonators with Reduced Interactions 

[00224] One frequency range of interest for near-field wireless power transmission is 

between 10 kHz and 100 MHz. In this frequency range, a large variety of ordinary non-metallic 

materials, such as for example several types of wood and plastic may have relatively low 

conductivity, such that only small amounts of power may be dissipated inside them. In addition, 

materials with low loss tangents, tan Ll, where tan Ll = s" Is', and s" and s' are the imaginary 

and real parts of the permittivity respectively, may also have only small amounts of power 

dissipated inside them. Metallic materials, such as copper, silver, gold, and the like, with 

relatively high conductivity, may also have little power dissipated in them, because 

electromagnetic fields are not able to significantly penetrate these materials, as discussed earlier. 

These very high and very low conductivity materials, and low loss tangent materials and objects 

may have a negligible impact on the losses of a magnetic resonator. 

[00225] However, in the frequency range of interest, there are materials and objects 

such as some electronic circuits and some lower-conductivity metals, which may have moderate 

(in general inhomogeneous and anisotropic) conductivity, and/or moderate to high loss tangents, 

and which may have relatively high dissipative losses. Relatively larger amounts of power may 

be dissipated inside them. These materials and objects may dissipate enough energy to reduce 

Q(p) by non-trivial amounts, and may be referred to as "lossy objects". 

[00226] One way to reduce the impact of lossy materials on the Q(JJ1 of a resonator is to 

use high-conductivity materials to shape the resonator fields such that they avoid the lossy 
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objects. The process of using high-conductivity materials to tailor electromagnetic fields so that 

they avoid lossy objects in their vicinity may be understood by visualizing high-conductivity 

materials as materials that deflect or reshape the fields. This picture is qualitatively correct as 

long as the thickness of the conductor is larger than the skin-depth because the boundary 

conditions for electromagnetic fields at the surface of a good conductor force the electric field to 

be nearly completely perpendicular to, and the magnetic field to be nearly completely tangential 

to, the conductor surface. Therefore, a perpendicular magnetic field or a tangential electric field 

will be "deflected away" from the conducting surface. Furthermore, even a tangential magnetic 

field or a perpendicular electric field may be forced to decrease in magnitude on one side and/or 

in particular locations of the conducting surface, depending on the relative position of the 

sources of the fields and the conductive surface. 

[00227] As an example, Fig. 18 shows a finite element method (FEM) simulation of 

two high conductivity surfaces 1802 above and below a lossy dielectric material 1804 in an 

external, initially uniform, magnetic field of frequency~ 6. 78 MHz. The system is azimuthally 

symmetric around the r=O axis. In this simulation, the lossy dielectric material 1804 is 

sandwiched between two conductors 1802, shown as the white lines at approximately z == 

±0.0lm. In the absence of the conducting surfaces above and below the dielectric disk, the 

magnetic field (represented by the drawn magnetic field lines) would have remained essentially 

uniform ( field lines straight and parallel with the z-axis ), indicating that the magnetic field would 

have passed straight through the lossy dielectric material. In this case, power would have been 

dissipated in the lossy dielectric disk. In the presence of conducting surfaces, however, this 

simulation shows the magnetic field is reshaped. The magnetic field is forced to be tangential to 

surface of the conductor and so is deflected around those conducting surfaces 1802, minimizing 

the amount of power that may be dissipated in the lossy dielectric material 1804 behind or 

between the conducting surfaces. As used herein, an axis of electrical symmetry refers to any 

axis about which a fixed or time-varying electrical or magnetic field is substantially symmetric 

during an exchange of energy as disclosed herein. 

[00228] A similar effect is observed even if only one conducting surface, above or 

below, the dielectric disk, is used. If the dielectric disk is thin, the fact that the electric field is 

essentially zero at the surface, and continuous and smooth close to it, means that the electric field 

is very low everywhere close to the surface (i.e. within the dielectric disk). A single surface 
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implementation for deflecting resonator fields away from lossy objects may be preferred for 

applications where one is not allowed to cover both sides of the lossy material or object (e.g. an 

LCD screen). Note that even a very thin surface of conducting material, on the order of a few 

skin-depths, may be sufficient (the skin depth in pure copper at 6.78 MHz is ~20 µ m, and at 250 

kHz is ~ 100 µ m) to significantly improve the Q(pJ of a resonator in the presence of lossy 

materials. 

[00229] Lossy extraneous materials and objects may be parts of an apparatus, in which 

a high-Q resonator is to be integrated. The dissipation of energy in these lossy materials and 

objects may be reduced by a number of techniques including: 

• by positioning the lossy materials and objects away from the resonator, or, in 

special positions and orientations relative to the resonator. 

• by using a high conductivity material or structure to partly or entirely cover lossy 

materials and objects in the vicinity of a resonator 

• by placing a closed surface (such as a sheet or a mesh) of high-conductivity 

material around a lossy object to completely cover the lossy object and shape the 

resonator fields such that they avoid the lossy object. 

• by placing a surface (such as a sheet or a mesh) of a high-conductivity material 

around only a portion of a lossy object, such as along the top, the bottom, along 

the side, and the like, of an object or material. 

• by placing even a single surface (such as a sheet or a mesh) of high-conductivity 

material above or below or on one side of a lossy object to reduce the strength of 

the fields at the location of the lossy object. 

[00230] Fig. 19 shows a capacitively-loaded loop inductor forming a magnetic 

resonator 102 and a disk-shaped surface of high-conductivity material 1802 that completely 

surrounds a lossy object 1804 placed inside the loop inductor. Note that some lossy objects may 

be components, such as electronic circuits, that may need to interact with, communicate with, or 

be connected to the outside environment and thus cannot be completely electromagnetically 

isolated. Partially covering a lossy material with high conductivity materials may still reduce 

extraneous losses while enabling the lossy material or object to function properly. 
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[00231] Fig. 20 shows a capacitively-loaded loop inductor that is used as the resonator 

102 and a surface of high-conductivity material 1802, surrounding only a portion of a lossy 

object 1804, that is placed inside the inductor loop. 

[00232] Extraneous losses may be reduced, but may not be completely eliminated, by 

placing a single surface of high-conductivity material above, below, on the side, and the like, of a 

lossy object or material. An example is shown in Fig. 21, where a capacitively-loaded loop 

inductor is used as the resonator 102 and a surface of high-conductivity material 1802 is placed 

inside the inductor loop under a lossy object 1804 to reduce the strength of the fields at the 

location of the lossy object. It may be preferable to cover only one side of a material or object 

because of considerations of cost, weight, assembly complications, air flow, visual access, 

physical access, and the like. 

[00233] A single surface of high-conductivity material may be used to avoid objects 

that cannot or should not be covered from both sides ( e.g. LCD or plasma screens). Such lossy 

objects may be avoided using optically transparent conductors. High-conductivity optically 

opaque materials may instead be placed on only a portion of the lossy object, instead of, or in 

addition to, optically transparent conductors. The adequacy of single-sided vs. multi-sided 

covering implementations, and the design trade-offs inherent therein may depend on the details 

of the wireless energy transfer scenario and the properties of the lossy materials and objects. 

[00234] Below we describe an example using high-conductivity surfaces to improve 

the Q-insensitivity, <9(p), of an integrated magnetic resonator used in a wireless energy-transfer 

system. Fig. 22 shows a wireless projector 2200. The wireless projector may include a device 

resonator 102C, a projector 2202, a wireless network/video adapter 2204, and power conversion 

circuits 2208, arranged as shown. The device resonator 102C may include a three-tum conductor 

loop, arranged to enclose a surface, and a capacitor network 2210. The conductor loop may be 

designed so that the device resonator 102C has a high Q (e.g., >100) at its operating resonant 

frequency. Prior to integration in the completely wireless projector 2200, this device resonator 

102C has a Q of approximately 4 77 at the designed operating resonant frequency of 6. 78 MHz. 

Upon integration, and placing the wireless network/video adapter card 2204 in the center of the 

resonator loop inductor, the resonator Q(integrared! was decreased to approximately 347. At least 

some of the reduction from Q to Q(imegrated) was attributed to losses in the perturbing wireless 

network/video adapter card. As described above, electromagnetic fields associated with the 
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magnetic resonator 102C may induce currents in and on the wireless network/video adapter card 

2204, which may be dissipated in resistive losses in the lossy materials that compose the card. 

We observed that Q(integrated) of the resonator may be impacted differently depending on the 

composition, position, and orientation, of objects and materials placed in its vicinity. 

[00235] In a completely wireless projector example, covering the network/video 

adapter card with a thin copper pocket ( a folded sheet of copper that covered the top and the 

bottom of the wireless network/video adapter card, but not the communication antenna) 

improved the Q(integrated) of the magnetic resonator to a Q(integrated + copper pocket) of approximately 

444. In other words, most of the reduction in Q(integrated) due to the perturbation caused by the 

extraneous network/video adapter card could be eliminated using a copper pocket to deflect the 

resonator fields away from the lossy materials. 

[00236] In another completely wireless projector example, covering the network/video 

adapter card with a single copper sheet placed beneath the card provided a Q(integrated + copper sheet) 

approximately equal to Q(integrated + copper pocket)• In that example, the high perturbed Q of the 

system could be maintained with a single high-conductivity sheet used to deflect the resonator 

fields away from the lossy adapter card. 

[00237] It may be advantageous to position or orient lossy materials or objects, which 

are part of an apparatus including a high-Q electromagnetic resonator, in places where the fields 

produced by the resonator are relatively weak, so that little or no power may be dissipated in 

these objects and so that the Q-insensitivity, e(pJ, may be large. As was shown earlier, materials 

of different conductivity may respond differently to electric versus magnetic fields. Therefore, 

according to the conductivity of the extraneous object, the positioning technique may be 

specialized to one or the other field. 

[00238] Fig. 23 shows the magnitude of the electric 2312 and magnetic fields 2314 

along a line that contains the diameter of the circular loop inductor and the electric 2318 and 

magnetic fields 2320 along the axis of the loop inductor for a capacitively-loaded circular loop 

inductor of wire of radius 30 cm, resonant at 10 MHz. It can be seen that the amplitude of the 

resonant near-fields reach their maxima close to the wire and decay away from the loop, 2312, 

2314 . In the plane of the loop inductor 2318, 2320, the fields reach a local minimum at the 

center of the loop. Therefore, given the :fmite size of the apparatus, it may be that the fields are 

weakest at the extrema of the apparatus or it may be that the field magnitudes have local minima 
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somewhere within the apparatus. This argument holds for any other type of electromagnetic 

resonator 102 and any type of apparatus. Examples are shown in Figs. 24a and 24b, where a 

capacitively-loaded inductor loop forms a magnetic resonator 102 and an extraneous lossy object 

1804 is positioned where the electromagnetic fields have minimum magnitude. 

[00239] In a demonstration example, a magnetic resonator was formed using a three­

tum conductor loop, arranged to enclose a square surface ( with rounded comers), and a capacitor 

network. The Q of the resonator was approximately 619 at the designed operating resonant 

frequency of 6.78 MHz. The perturbed Q of this resonator depended on the placement of the 

perturbing object, in this case a pocket projector, relative to the resonator. When the perturbing 

projector was located inside the inductor loop and at its center or on top of the inductor wire 

turns, Q(projector) was approximately 96, lower than when the perturbing projector was placed 

outside of the resonator, in which case Q(projector) was approximately 513. These measurements 

support the analysis that shows the fields inside the inductor loop may be larger than those 

outside it, so lossy objects placed inside such a loop inductor may yield lower perturbed Q's for 

the system than when the lossy object is placed outside the loop inductor. Depending on the 

resonator designs and the material composition and orientation of the lossy object, the 

arrangement shown in Fig. 24b may yield a higher Q-insensitivity, e(projector), than the 

arrangement shown in Fig. 24a. 

[00240] High-Q resonators may be integrated inside an apparatus. Extraneous 

materials and objects of high dielectric permittivity, magnetic permeability, or electric 

conductivity may be part of the apparatus into which a high-Q resonator is to be integrated. For 

these extraneous materials and objects in the vicinity of a high-Q electromagnetic resonator, 

depending on their size, position and orientation relative to the resonator, the resonator field­

profile may be distorted and deviate significantly from the original unperturbed field-profile of 

the resonator. Such a distortion of the unperturbed fields of the resonator may significantly 

decrease the Q to a lower Q(p), even if the extraneous objects and materials are lossless. 

[00241] It may be advantageous to position high-conductivity objects, which are part 

of an apparatus including a high-Q electromagnetic resonator, at orientations such that the 

surfaces of these objects are, as much as possible, perpendicular to the electric field lines 

produced by the unperturbed resonator and parallel to the magnetic field lines produced by the 

unperturbed resonator, thus distorting the resonant field profiles by the smallest amount possible. 
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Other common objects that may be positioned perpendicular to the plane of a magnetic resonator 

loop include screens (LCD, plasma, etc), batteries, cases, connectors, radiative antennas, and the 

like. The Q-insensitivity, B(p), of the resonator may be much larger than if the objects were 

positioned at a different orientation with respect to the resonator fields. 

[00242] Lossy extraneous materials and objects, which are not part of the integrated 

apparatus including a high-Q resonator, may be located or brought in the vicinity of the 

resonator, for example, during the use of the apparatus. It may be advantageous in certain 

circumstances to use high conductivity materials to tailor the resonator fields so that they avoid 

the regions where lossy extraneous objects may be located or introduced to reduce power 

dissipation in these materials and objects and to increase Q-insensitivity, g(p). An example is 

shown in Fig. 25, where a capacitively-loaded loop inductor and capacitor are used as the 

resonator 102 and a surface of high-conductivity material 1802 is placed above the inductor loop 

to reduce the magnitude of the fields in the region above the resonator, where lossy extraneous 

objects 1804 may be located or introduced. 

[00243] Note that a high-conductivity surface brought in the vicinity of a resonator to 

reshape the fields may also lead to Q(cond. surface!<Q. The reduction in the perturbed Q may be due 

to the dissipation of energy inside the lossy conductor or to the distortion of the unperturbed 

resonator field profiles associated with matching the field boundary conditions at the surface of 

the conductor. Therefore, while a high-conductivity surface may be used to reduce the 

extraneous losses due to dissipation inside an extraneous lossy object, in some cases, especially 

in some of those where this is achieved by significantly reshaping the electromagnetic fields, 

using such a high-conductivity surface so that the fields avoid the lossy object may result 

effectively in Q(p + cond. surfaceJ<Q(p) rather than the desired result Q(p + cond. surface;>Q(pJ· 

[00244] As described above, in the presence ofloss inducing objects, the perturbed 

quality factor of a magnetic resonator may be improved if the electromagnetic fields associated 

with the magnetic resonator are reshaped to avoid the loss inducing objects. Another way to 

reshape the unperturbed resonator fields is to use high permeability materials to completely or 

partially enclose or cover the loss inducing objects, thereby reducing the interaction of the 

magnetic field with the loss inducing objects. 

[00245] Magnetic field shielding has been described previously, for example in 

Electrodynamics 3rd Ed., Jackson, pp. 201-203. There, a spherical shell of magnetically 
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permeable material was shown to shield its interior from external magnetic fields. For example, 

if a shell of inner radius a, outer radius b, and relative permeability µr, is placed in an initially 

uniform magnetic field Ho, then the field inside the shell will have a constant magnitude, 

9AH0/[(2A +l)(A +2)-2(a/b)3 (A-1)2], which tends to 9H0/2A (1-(a/b)3) if~tr>>l. This result 

shows that an incident magnetic field (but not necessarily an incident electric field) may be 

greatly attenuated inside the shell, even if the shell is quite thin, provided the magnetic 

permeability is high enough. It may be advantageous in certain circumstances to use high 

permeability materials to partly or entirely cover lossy materials and objects so that they are 

avoided by the resonator magnetic fields and so that little or no power is dissipated in these 

materials and objects. In such an approach, the Q-insensitivity, e(p), may be larger than if the 

materials and objects were not covered, possibly larger than 1. 

[00246] It may be desirable to keep both the electric and magnetic fields away from 

loss inducing objects. As described above, one way to shape the fields in such a manner is to use 

high-conductivity surfaces to either completely or partially enclose or cover the loss inducing 

objects. A layer of magnetically permeable material, also referred to as magnetic material, (any 

material or meta-material having a non-trivial magnetic permeability), may be placed on or 

around the high-conductivity surfaces. The additional layer of magnetic material may present a 

lower reluctance path ( compared to free space) for the deflected magnetic field to follow and 

may partially shield the electric conductor underneath it from the incident magnetic flux. This 

arrangement may reduce the losses due to induced currents in the high-conductivity surface. 

Under some circumstances the lower reluctance path presented by the magnetic material may 

improve the perturbed Q of the structure. 

[00247] Fig. 26a shows an axially symmetric FEM simulation of a thin conducting 

2604 (copper) disk (20 cm in diameter, 2 cm in height) exposed to an initially uniform, 

externally applied magnetic field (gray flux lines) along the z-axis. The axis of symmetry is at 

r=0. The magnetic streamlines shown originate at z = -oo, where they are spaced from r=3 cm to 

r= 10 cm in intervals of 1 cm. The axes scales are in meters. Imagine, for example, that this 

conducing cylinder encloses loss-inducing objects within an area circumscribed by a magnetic 

resonator in a wireless energy transfer system such as shown in Fig. 19. 
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[00248] This high-conductivity enclosure may increase the perturbing Q of the lossy 

objects and therefore the overall perturbed Q of the system, but the perturbed Q may still be less 

than the unperturbed Q because of induced losses in the conducting surface and changes to the 

profile of the electromagnetic fields. Decreases in the perturbed Q associated with the high­

conductivity enclosure may be at least partially recovered by including a layer of magnetic 

material along the outer surface or surfaces of the high-conductivity enclosure. Fig. 26b shows 

an axially symmetric FEM simulation of the thin conducting 2604A (copper) disk (20 cm in 

diameter, 2 cm in height) from Fig. 26a, but with an additional layer of magnetic material placed 

directly on the outer surface of the high-conductivity enclosure. Note that the presence of the 

magnetic material may provide a lower reluctance path for the magnetic field, thereby at least 

partially shielding the underlying conductor and reducing losses due to induced eddy currents in 

the conductor. 

[00249] Fig. 27 depicts a variation (in axi-syrnmetric view) to the system shown in 

Fig. 26 where not all of the lossy material 2708 may be covered by a high-conductivity surface 

2706. In certain circumstances it may be useful to cover only one side of a material or object, 

such as due to considerations of cost, weight, assembly complications, air flow, visual access, 

physical access, and the like. In the exemplary arrangement shown in Fig. 27, only one surface of 

the lossy material 2708 is covered and the resonator inductor loop is placed on the opposite side 

of the high-conductivity surface. 

[00250] Mathematical models were used to simulate a high-conductivity enclosure 

made of copper and shaped like a 20 cm diameter by 2 cm high cylindrical disk placed within an 

area circumscribed by a magnetic resonator whose inductive element was a single-tum wire loop 

with loop radius r=l 1 cm and wire radius a= 1 mm. Simulations for an applied 6.78 MHz 

electromagnetic field suggest that the perturbing quality factor of this high-conductivity 

enclosure, c5Q(enclosure), is 1,870. When the high-conductivity enclosure was modified to include a 

0 .25 cm-thick layer of magnetic material with real relative permeability,µ; = 40 , and imaginary 

relative permeability, µ; = 10-2
, simulations suggest the perturbing quality factor is increased to 

c5Q( enclosure+magnetic material) =5 ,060 · 

[00251] The improvement in performance due to the addition of thin layers of 

magnetic material 2702 may be even more dramatic if the high-conductivity enclosure fills a 
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larger portion of the area circumscribed by the resonator's loop inductor 2704. In the example 

above, if the radius of the inductor loop 2704 is reduced so that it is only 3 mm away from the 

surface of the high-conductivity enclosure, the perturbing quality factor may be improved from 

670 (conducting enclosure only) to 2,730 (conducting enclosure with a thin layer of magnetic 

material) by the addition of a thin layer of magnetic material 2702around the outside of the 

enclosure. 

[00252] The resonator structure may be designed to have highly confined electric 

fields, using shielding, or distributed capacitors, for example, which may yield high, even when 

the resonator is very close to materials that would typically induce loss. 

[00253] Coupled Electromagnetic Resonators 

[00254] The efficiency of energy transfer between two resonators may be determined 

by the strong-coupling figure-of-merit, U = 4 .Jrsr d = ( 24 .Jwswd ).JQsQd . In magnetic resonator 

implementations the coupling factor between the two resonators may be related to the inductance 

of the inductive elements in each of the resonators, L 1 and L 2 , and the mutual inductance, Af, 

between them by Ki2 = m1\1 I 2.JLi~ . Note that this expression assumes there is negligible 

coupling through electric-dipole coupling. For capacitively-loaded inductor loop resonators 

where the inductor loops are formed by circular conducting loops with N turns, separated by a 

distance D, and oriented as shown in Fig. 1 (b ), the mutual inductance is 

1tf = Jt I 4 · µ
0
N 1N 2 ( x1x2 )2 I D 3 where x1 , ~ and x2 , N 2 are the characteristic size and number of 

turns of the conductor loop of the first and second resonators respectively. Note that this is a 

quasi-static result, and so assumes that the resonator's size is much smaller than the wavelength 

and the resonators' distance is much smaller than the wavelength, but also that their distance is at 

least a few times their size. For these circular resonators operated in the quasi-static limit and at 

mid-range distances, as described above, k = 2K I .Jm10J2 -( .Jx1X2 /n r. Strong coupling (a large 

U) between resonators at mid-range distances may be established when the quality factors of the 

resonators are large enough to compensate for the small k at mid-range distances 

[00255] For electromagnetic resonators, if the two resonators include conducting parts, 

the coupling mechanism may be that currents are induced on one resonator due to electric and 

magnetic fields generated from the other. The coupling factor may be proportional to the flux of 
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the magnetic field produced from the high-Q inductive element in one resonator crossing a 

closed area of the high-Q inductive element of the second resonator. 

[00256] Coupled Electromagnetic Resonators with Reduced Interactions 

[00257] As described earlier, a high-conductivity material surface may be used to 

shape resonator fields such that they avoid lossy objects, p, in the vicinity of a resonator, thereby 

reducing the overall extraneous losses and maintaining a high Q-insensitivity e(p + cond. surface) of 

the resonator. However, such a surface may also lead to a perturbed coupling factor, k(p + cond. 

surface), between resonators that is smaller than the perturbed coupling factor, k(p) and depends on 

the size, position, and orientation of the high-conductivity material relative to the resonators. For 

example, if high-conductivity materials are placed in the plane and within the area circumscribed 

by the inductive element of at least one of the magnetic resonators in a wireless energy transfer 

system, some of the magnetic flux through the area of the resonator, mediating the coupling, may 

be blocked and k may be reduced. 

[00258] Consider again the example of Fig. 19. In the absence of the high-conductivity 

disk enclosure, a certain amount of the external magnetic flux may cross the circumscribed area 

of the loop. In the presence of the high-conductivity disk enclosure, some of this magnetic flux 

may be deflected or blocked and may no longer cross the area of the loop, thus leading to a 

smaller perturbed coupling factor k12(p + cond. surfaces)• However, because the deflected magnetic­

field lines may follow the edges of the high-conductivity surfaces closely, the reduction in the 

flux through the loop circumscribing the disk may be less than the ratio of the areas of the face of 

the disk to the area of the loop. 

[00259] One may use high-conductivity material structures, either alone, or combined 

with magnetic materials to optimize perturbed quality factors, perturbed coupling factors, or 

perturbed efficiencies. 

[00260] Consider the example of Fig. 21. Let the lossy object have a size equal to the 

size of the capacitively-loaded inductor loop resonator, thus filling its area A 2102. A high­

conductivity surface 1802 may be placed under the lossy object 1804. Let this be resonator 1 in a 

system of two coupled resonators 1 and 2, and let us consider how U1 ](object+ cond. surface) scales 

compared to U12 as the area As 2104 of the conducting surface increases. Without the conducting 

surface 1802 below the lossy object 1804, the k-insensitivity, /J12(object), may be approximately 

one, but the Q-insensitivity, 8 1(object), may be small, so the U-insensitivity Sn(object) may be small. 
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[00261] Where the high-conductivity surface below the lossy object covers the entire 

area of the inductor loop resonator (As=A), k12(object + cond. surface) may approach zero, because little 

flux is allowed to cross the inductor loop, so U12(object + cond. surface) may approach zero. For 

intermediate sizes of the high-conductivity surface, the suppression of extrinsic losses and the 

associated Q-insensitivity, el(object-'- cond. swface), may be large enough compared to B1(object), while 

the reduction in coupling may not be significant and the associated k-insensitivity, /J12(abject + cond. 

surface), may be not much smaller than /J12(object), so that the overall U12(object + cond. surface) may be 

increased compared to U12(object)• The optimal degree of avoiding of extraneous lossy objects via 

high-conductivity surfaces in a system of wireless energy transfer may depend on the details of 

the system configuration and the application. 

[00262] We describe using high-conductivity materials to either completely or 

partially enclose or cover loss inducing objects in the vicinity ofhigh-Q resonators as one 

potential method to achieve high perturbed Q's for a system. However, using a good conductor 

alone to cover the objects may reduce the coupling of the resonators as described above, thereby 

reducing the efficiency of wireless power transfer. As the area of the conducting surface 

approaches the area of the magnetic resonator, for example, the perturbed coupling factor, k(p), 

may approach zero, making the use of the conducting surface incompatible with efficient 

wireless power transfer. 

[00263] One approach to addressing the aforementioned problem is to place a layer of 

magnetic material around the high-conductivity materials because the additional layer of 

permeable material may present a lower reluctance path ( compared to free space) for the 

deflected magnetic field to follow and may partially shield the electric conductor underneath it 

from incident magnetic flux. Under some circumstances the lower reluctance path presented by 

the magnetic material may improve the electromagnetic coupling of the resonator to other 

resonators. Decreases in the perturbed coupling factor associated with using conducting materials 

to tailor resonator fields so that they avoid lossy objects in and around high-Q magnetic 

resonators may be at least partially recovered by including a layer of magnetic material along the 

outer surface or surfaces of the conducting materials. The magnetic materials may increase the 

perturbed coupling factor relative to its initial unperturbed value. 

[00264] Note that the simulation results in Fig. 26 show that an incident magnetic field 

may be deflected less by a layered magnetic material and conducting structure than by a 
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conducting structure alone. If a magnetic resonator loop with a radius only slightly larger than 

that of the disks shown in Figs. 26( a) and 26(b) circumscribed the disks, it is clear that more flux 

lines would be captured in the case illustrated in Fig. 26(b) than in Fig. 26(a), and therefore k(disk) 

would be larger for the case illustrated in Fig. 26(b ). Therefore, including a layer of magnetic 

material on the conducting material may improve the overall system performance. System 

analyses may be performed to determine whether these materials should be partially, totally, or 

minimally integrated into the resonator. 

[00265] As described above, Fig. 27 depicts a layered conductor 2706 and magnetic 

material 2702 structure that may be appropriate for use when not all of a lossy material 2708 

may be covered by a conductor and/or magnetic material structure. It was shown earlier that for a 

copper conductor disk with a 20 cm diameter and a 2 cm height, circumscribed by a resonator 

with an inductor loop radius of 11 cm and a wire radius a= 1 mm, the calculated perturbing Q for 

the copper cylinder was 1,870. If the resonator and the conducting disk shell are placed in a 

uniform magnetic field ( aligned along the axis of symmetry of the inductor loop), we calculate 

that the copper conductor has an associated coupling factor insensitivity of 0.34. For comparison, 

we model the same arrangement but include a 0.25 cm-thick layer of magnetic material with a 

real relative permeability,µ;= 40, and an imaginary relative permeability, 11; = 10-2
• Using the 

same model and parameters described above, we find that the coupling factor insensitivity is 

improved to 0.64 by the addition of the magnetic material to the surface of the conductor. 

[00266] Magnetic materials may be placed within the area circumscribed by the 

magnetic resonator to increase the coupling in wireless energy transfer systems. Consider a solid 

sphere of a magnetic material with relative permeability, /lr, placed in an initially uniform 

magnetic field. In this example, the lower reluctance path offered by the magnetic material may 

cause the magnetic field to concentrate in the volume of the sphere. We find that the magnetic 

flux through the area circumscribed by the equator of the sphere is enhanced by a factor of 

3 µr / (A + 2) , by the addition of the magnetic material. If /lr> > 1, this enhancement factor may be 

close to 3. 

[00267] One can also show that the dipole moment of a system comprising the 

magnetic sphere circumscribed by the inductive element in a magnetic resonator would have its 

magnetic dipole enhanced by the same factor. Thus, the magnetic sphere with high permeability 

practically triples the dipole magnetic coupling of the resonator. It is possible to keep most of 
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this increase in coupling if we use a spherical shell of magnetic material with inner radius a, and 

outer radius b, even if this shell is on top of block or enclosure made from highly conducting 

materials. In this case, the enhancement in the flux through the equator is 

For µr=l,000 and (a/b)=0.99, this enhancement factor is still 2.73, so it possible to significantly 

improve the coupling even with thin layers of magnetic material. 

[00268] As described above, structures containing magnetic materials may be used to 

realize magnetic resonators. Fig. 16(a) shows a 3 dimensional model of a copper and magnetic 

material structure 1600 driven by a square loop of current around the choke point at its center. 

Fig. l 6(b) shows the interaction, indicated by magnetic field streamlines , between two identical 

structures 1600A-B with the same properties as the one shown in Fig. 16(a). Because of 

symmetry, and to reduce computational complexity, only one half of the system is modeled. If 

we fix the relative orientation between the two objects and vary their center-to-center distance 

(the image shown is at a relative separation of 50 cm), we find that, at 300 kHz, the coupling 

efficiency varies from 87% to 55% as the separation between the structures varies from 30 cm to 

60 cm. Each of the example structures shown 1600 A-B includes two 20 cm x 8 cm x 2cm 

parallelepipeds made of copper joined by a 4 cm x 4 cm x 2 cm block of magnetic material and 

entirely covered with a 2 mm layer of the same magnetic material ( assumed to have 

µr=l,400+j5). Resistive losses in the driving loop are ignored. Each structure has a calculated Q 

of 815. 

[00269] ELECTROMAGNETIC RESONATORS AND IMPEDANCE MATCHING 

[00270] Impedance Matching Architectures for Low-Loss Inductive Elements 

[00271] For purposes of the present discussion, an inductive element may be any coil 

or loop structure (the 'loop') of any conducting material, with or without a (gapped or ungapped) 

core made of magnetic material, which may also be coupled inductively or in any other 

contactless way to other systems. The element is inductive because its impedance, including both 
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the impedance of the loop and the so-called 'reflected' impedances of any potentially coupled 

systems, has positive reactance, X, and resistance, R. 

[00272] Consider an external circuit, such as a driving circuit or a driven load or a 

transmission line, to which an inductive element may be connected. The external circuit ( e.g. a 

driving circuit) may be delivering power to the inductive element and the inductive element may 

be delivering power to the external circuit ( e.g. a driven load). The efficiency and amount of 

power delivered between the inductive element and the external circuit at a desired frequency 

may depend on the impedance of the inductive element relative to the properties of the external 

circuit. Impedance-matching networks and external circuit control techniques may be used to 

regulate the power delivery between the external circuit and the inductive element, at a desired 

frequency,f. 

[00273] The external circuit may be a driving circuit configured to form a amplifier of 

class A, B, C, D, DE, E, F and the like, and may deliver power at maximum efficiency (namely 

with minimum losses within the driving circuit) when it is driving a resonant network with 

specific impedance z;, where Z
0 

may be complex and* denotes complex conjugation. The 

external circuit may be a driven load configured to form a rectifier of class A, B, C, D, DE, E, F 

and the like, and may receive power at maximum efficiency (namely with minimum losses 

within the driven load) when it is driven by a resonant network with specific impedance z; , 
where Z

0 
may be complex. The external circuit may be a transmission line with characteristic 

impedance,Z
0

, and may exchange power at maximum efficiency (namely with zero reflections) 

when connected to an impedance z; . We will call the characteristic impedance Z 
O 

of an 

external circuit the complex conjugate of the impedance that may be connected to it for power 

exchange at maximum efficiency. 

[00274] Typically the impedance of an inductive element, R+JX, may be much 

different from z;. For example, if the inductive element has low loss (a highX/R), its resistance, 

R, may be much lower than the real part of the characteristic impedance, Z 0 , of the external 

circuit. Furthermore, an inductive element by itself may not be a resonant network. An 

impedance-matching network connected to an inductive element may typically create a resonant 

network, whose impedance may be regulated. 
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[00275] Therefore, an impedance-matching network may be designed to maximize the 

efficiency of the power delivered between the external circuit and the inductive element 

(including the reflected impedances of any coupled systems). The efficiency of delivered power 

may be maximized by matching the impedance of the combination of an impedance-matching 

network and an inductive element to the characteristic impedance of an external circuit ( or 

transmission line) at the desired frequency. 

[00276] An impedance-matching network may be designed to deliver a specified 

amount of power between the external circuit and the inductive element (including the reflected 

impedances of any coupled systems). The delivered power may be determined by adjusting the 

complex ratio of the impedance of the combination of the impedance-matching network and the 

inductive element to the impedance of the external circuit ( or transmission line) at the desired 

frequency. 

[00277] Impedance-matching networks connected to inductive elements may create 

magnetic resonators. For some applications, such as wireless power transmission using strongly­

coupled magnetic resonators, a high Q may be desired for the resonators. Therefore, the 

inductive element may be chosen to have low losses (high X/R). 

[00278] Since the matching circuit may typically include additional sources of loss 

inside the resonator, the components of the matching circuit may also be chosen to have low 

losses. Furthermore, in high-power applications and/or due to the high resonator Q, large 

currents may run in parts of the resonator circuit and large voltages may be present across some 

circuit elements within the resonator. Such currents and voltages may exceed the specified 

tolerances for particular circuit elements and may be too high for particular components to 

withstand. In some cases, it may be difficult to find or implement components, such as tunable 

capacitors for example, with size, cost and performance (loss and current/voltage-rating) 

specifications sufficient to realize high-Q and high-power resonator designs for certain 

applications. We disclose matching circuit designs, methods, implementations and techniques 

that may preserve the high Q for magnetic resonators, while reducing the component 

requirements for low loss and/or high current/voltage-rating. 

[00279] Matching-circuit topologies may be designed that minimize the loss and 

current-rating requirements on some of the elements of the matching circuit. The topology of a 

circuit matching a low-loss inductive element to an impedance, Z 0, may be chosen so that some 
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of its components lie outside the associated high-Q resonator by being in series with the external 

circuit. The requirements for low series loss or high current-ratings for these components may be 

reduced. Relieving the low series loss and/or high-current-rating requirement on a circuit 

element may be particularly useful when the element needs to be variable and/or to have a large 

voltage-rating and/or low parallel loss. 

[00280] Matching-circuit topologies may be designed that minimize the voltage rating 

requirements on some of the elements of the matching circuit. The topology of a circuit matching 

a low-loss inductive element to an impedance, Z 0, may be chosen so that some of its components 

lie outside the associated high-Q resonator by being in parallel with Z 0• The requirements for low 

parallel loss or high voltage-rating for these components may be reduced. Relieving the low 

parallel loss and/or high-voltage requirement on a circuit element may be particularly useful 

when the element needs to be variable and/or to have a large current-rating and/or low series 

loss. 

[00281] The topology of the circuit matching a low-loss inductive element to an 

external characteristic impedance, Z0 , may be chosen so that the field pattern of the associated 

resonant mode and thus its high Qare preserved upon coupling of the resonator to the external 

impedance. Otherwise inefficient coupling to the desired resonant mode may occur (potentially 

due to coupling to other undesired resonant modes), resulting in an effective lowering of the 

resonator Q. 

[00282] For applications where the low-loss inductive element or the external circuit, 

may exhibit variations, the matching circuit may need to be adjusted dynamically to match the 

inductive element to the external circuit impedance, Z0 , at the desired frequency,f. Since there 

may typically be two tuning objectives, matching or controlling both the real and imaginary part 

of the impedance level, Z0 , at the desired frequency,!, there may be two variable elements in the 

matching circuit. For inductive elements, the matching circuit may need to include at least one 

variable capacitive element. 

[00283] A low-loss inductive element may be matched by topologies using two 

variable capacitors, or two networks of variable capacitors. A variable capacitor may, for 

example, be a tunable butterfly-type capacitor having, e.g., a center terminal for connection to a 

ground or other lead of a power source or load, and at least one other terminal across which a 
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capacitance of the tunable butterfly-type capacitor can be varied or tuned, or any other capacitor 

having a user-configurable, variable capacitance. 

[00284] A low-loss inductive element may be matched by topologies using one, or a 

network of, variable capacitor(s) and one, or a network of, variable inductor(s). 

[00285] A low-loss inductive element may be matched by topologies using one, or a 

network of, variable capacitor(s) and one, or a network of, variable mutual inductance(s), which 

transformer-couple the inductive element either to an external circuit or to other systems. 

[00286] In some cases, it may be difficult to find or implement tunable lumped 

elements with size, cost and performance specifications sufficient to realize high-Q, high-power, 

and potentially high-speed, tunable resonator designs. The topology of the circuit matching a 

variable inductive element to an external circuit may be designed so that some of the variability 

is assigned to the external circuit by varying the frequency, amplitude, phase, waveform, duty 

cycle, and the like, of the drive signals applied to transistors, diodes, switches and the like, in the 

external circuit. 

[00287] The variations in resistance, R, and inductance, L, of an inductive element at 

the resonant frequency may be only partially compensated or not compensated at all. Adequate 

system performance may thus be preserved by tolerances designed into other system components 

or specifications. Partial adjustments, realized using fewer tunable components or less capable 

tunable components, may be sufficient. 

[00288] Matching-circuit architectures may be designed that achieve the desired 

variability of the impedance matching circuit under high-power conditions, while minimizing the 

voltage/current rating requirements on its tunable elements and achieving a finer (i.e. more 

precise, with higher resolution) overall tunability. The topology of the circuit matching a variable 

inductive element to an impedance, Z0 , may include appropriate combinations and placements of 

fixed and variable elements, so that the voltage/current requirements for the variable components 

may be reduced and the desired tuning range may be covered with finer tuning resolution. The 

voltage/current requirements may be reduced on components that are not variable. 

[00289] The disclosed impedance matching architectures and techniques may be used 

to achieve the following: 
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• To maximize the power delivered to, or to minimize impedance mismatches between, the 

source low-loss inductive elements (and any other systems wirelessly coupled to them) 

from the power driving generators. 

• To maximize the power delivered from, or to minimize impedance mismatches between, 

the device low-loss inductive elements (and any other systems wirelessly coupled to 

them) to the power driven loads. 

• To deliver a controlled amount of power to, or to achieve a certain impedance 

relationship between, the source low-loss inductive elements (and any other systems 

wirelessly coupled to them) from the power driving generators. 

• To deliver a controlled amount of power from, or to achieve a certain impedance 

relationship between, the device low-loss inductive elements (and any other systems 

wirelessly coupled to them) to the power driven loads. 

[00290] TOPOLOGIES FOR PRESERVATION OF MODE PROFILE (HIGH-Q) 

[00291] The resonator structure may be designed to be connected to the generator or 

the load wirelessly (indirectly) or with a hard-wired connection (directly). 

[00292] Consider a general indirectly coupled matching topology such as that shown 

by the block diagram in Fig. 28(a). There, an inductive element 2802, labeled as (R,L) and 

represented by the circuit symbol for an inductor, may be any of the inductive elements 

discussed in this disclosure or in the references provided herein, and where an impedance­

matching circuit 2402 includes or consists of parts A and B. B may be the part of the matching 

circuit that connects the impedance 2804, Z 0 , to the rest of the circuit (the combination of A and 

the inductive element (A+(R,L)) via a wireless connection (an inductive or capacitive coupling 

mechanism). 

[00293] The combination of A and the inductive element 2802 may form a resonator 

102, which in isolation may support a high-Q resonator electromagnetic mode, with an 

associated current and charge distribution. The lack of a wired connection between the external 

circuit, Z 0 and B, and the resonator, A+ (R,L), may ensure that the high-Q resonator 

electromagnetic mode and its current/charge distributions may take the form of its intrinsic (in­

isolation) profile, so long as the degree of wireless coupling is not too large. That is, the 

electromagnetic mode, current/charge distributions, and thus the high-Q of the resonator may be 

automatically maintained using an indirectly coupled matching topology. 
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[00294] This matching topology may be referred to as indirectly coupled, or 

transformer-coupled, or inductively-coupled, in the case where inductive coupling is used 

between the external circuit and the inductor loop. This type of coupling scenario was used to 

couple the power supply to the source resonator and the device resonator to the light bulb in the 

demonstration of wireless energy transfer over mid-range distances described in the referenced 

Science article. 

[00295] Next consider examples in which the inductive element may include the 

inductive element and any indirectly coupled systems. In this case, as disclosed above, and again 

because of the lack of a wired connection between the external circuit or the coupled systems and 

the resonator, the coupled systems may not, with good approximation for not-too-large degree of 

indirect coupling, affect the resonator electromagnetic mode profile and the current/charge 

distributions of the resonator. Therefore, an indirectly-coupled matching circuit may work 

equally well for any general inductive element as part of a resonator as well as for inductive 

elements wirelessly-coupled to other systems, as defined herein. Throughout this disclosure, the 

matching topologies we disclose refer to matching topologies for a general inductive element of 

this type, that is, where any additional systems may be indirectly coupled to the low-loss 

inductive element, and it is to be understood that those additional systems do not greatly affect 

the resonator electromagnetic mode profile and the current/charge distributions of the resonator. 

[00296] Based on the argument above, in a wireless power transmission system of any 

number of coupled source resonators, device resonators and intermediate resonators the wireless 

magnetic (inductive) coupling between resonators does not affect the electromagnetic mode 

profile and the current/charge distributions of each one of the resonators. Therefore, when these 

resonators have a high (unloaded and unperturbed) Q, their (unloaded and unperturbed) Q may 

be preserved in the presence of the wireless coupling. (Note that the loaded Q of a resonator may 

be reduced in the presence of wireless coupling to another resonator, but we may be interested in 

preserving the unloaded Q, which relates only to loss mechanisms and not to coupling/loading 

mechanisms.) 

[00297] Consider a matching topology such as is shown in Fig. 28(b ). The capacitors 

shown in Fig. 28(b) may represent capacitor circuits or networks. The capacitors shown may be 

used to form the resonator 102 and to adjust the frequency and/or impedance of the source and 

device resonators. This resonator 102 may be directly coupled to an impedance, Z0, using the 
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ports labeled "terminal connections" 2808. Fig. 28(c) shows a generalized directly coupled 

matching topology, where the impedance-matching circuit 2602 includes or consists of parts A, 

B and C. Here, circuit elements in A, B and C may be considered part of the resonator 102 as 

well as part of the impedance matching 2402 (and frequency tuning) topology.Band C may be 

the parts of the matching circuit 2402 that connect the impedance Z0 2804 ( or the network 

terminals) to the rest of the circuit (A and the inductive element) via a single wire connection 

each. Note that Band C could be empty (short-circuits). Ifwe disconnect or open circuit parts B 

and C (namely those single wire connections), then, the combination of A and the inductive 

element (R,L) may form the resonator. 

[00298] The high-Q resonator electromagnetic mode may be such that the profile of 

the voltage distribution along the inductive element has nodes, namely positions where the 

voltage is zero. One node may be approximately at the center of the length of the inductive 

element, such as the center of the conductor used to form the inductive element, (with or without 

magnetic materials) and at least one other node may be within A. The voltage distribution may 

be approximately anti-symmetric along the inductive element with respect to its voltage node. A 

high Q may be maintained by designing the matching topology (A, B, C) and/or the terminal 

voltages (V 1, V2) so that this high-Q resonator electromagnetic mode distribution may be 

approximately preserved on the inductive element. This high-Q resonator electromagnetic mode 

distribution may be approximately preserved on the inductive element by preserving the voltage 

node ( approximately at the center) of the inductive element. Examples that achieve these design 

goals are provided herein. 

[00299] A, B, and C may be arbitrary (namely not having any special symmetry), and 

VI and V2 may be chosen so that the voltage across the inductive element is symmetric (voltage 

node at the center inductive). These results may be achieved using simple matching circuits but 

potentially complicated terminal voltages, because a topology-dependent common-mode signal 

(V 1 + V2 )/2 may be required on both terminals. 

[00300] Consider an 'axis' that connects all the voltage nodes of the resonator, where 

again one node is approximately at the center of the length of the inductive element and the 

others within A. (Note that the 'axis' is really a set of points (the voltage nodes) within the 

electric-circuit topology and may not necessarily correspond to a linear axis of the actual 

physical structure. The 'axis' may align with a physical axis in cases where the physical structure 
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has symmetry.) Two points of the resonator are electrically symmetric with respect to the 'axis', 

if the impedances seen between each of the two points and a point on the 'axis', namely a 

voltage-node point of the resonator, are the same. 

[00301] Band C may be the same (C=B), and the two terminals may be connected to 

any two points of the resonator (A+ (R,L)) that are electrically symmetric with respect to the 

'axis' defined above and driven with opposite voltages (V2=-Vl) as shown in Fig. 28(d). The 

two electrically symmetric points of the resonator 102 may be two electrically symmetric points 

on the inductor loop. The two electrically symmetric points of the resonator may be two 

electrically symmetric points inside A. If the two electrically symmetric points, (to which each of 

the equal parts B and C is connected), are inside A, A may need to be designed so that these 

electrically-symmetric points are accessible as connection points within the circuit. This 

topology may be referred to as a 'balanced drive' topology. These balanced-drive examples may 

have the advantage that any common-mode signal that may be present on the ground line, due to 

perturbations at the external circuitry or the power network, for example, may be automatically 

rejected (and may not reach the resonator). In some balanced-drive examples, this topology may 

require more components than other topologies. 

[00302] In other examples, C may be chosen to be a short-circuit and the 

corresponding terminal to be connected to ground (V=O) and to any point on the electric­

symmetry (zero-voltage) 'axis' of the resonator, and B to be connected to any other point of the 

resonator not on the electric-symmetry 'axis', as shown in Fig. 28(e). The ground-connected 

point on the electric-symmetry 'axis' may be the voltage node on the inductive element, 

approximately at the center of its conductor length. The ground-connected point on the electric­

symmetry 'axis' may be inside the circuit A. Where the ground-connected point on the electric­

symmetry 'axis' is inside A, A may need to be designed to include one such point on the 

electrical-symmetric 'axis' that is electrically accessible, namely where connection is possible. 

[00303] This topology may be referred to as an 'unbalanced drive' topology. The 

approximately anti-symmetric voltage distribution of the electromagnetic mode along the 

inductive element may be approximately preserved, even though the resonator may not be driven 

exactly symmetrically. The reason is that the high Q and the large associated R-vs.-Z0 mismatch 

necessitate that a small current may run through B and ground, compared to the much larger 

current that may flow inside the resonator, (A+(R,L)). In this scenario, the perturbation on the 
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resonator mode may be weak and the location of the voltage node may stay at approximately the 

center location of the inductive element. These unbalanced-drive examples may have the 

advantage that they may be achieved using simple matching circuits and that there is no 

restriction on the driving voltage at the VI terminal. In some unbalanced-drive examples, 

additional designs may be required to reduce common-mode signals that may appear at the 

ground terminal. 

[00304] The directly-coupled impedance-matching circuit, generally including or 

consisting of parts A, Band C, as shown in Fig. 28(c), may be designed so that the wires and 

components of the circuit do not perturb the electric and magnetic field profiles of the 

electromagnetic mode of the inductive element and/or the resonator and thus preserve the high 

resonator Q. The wires and metallic components of the circuit may be oriented to be 

perpendicular to the electric field lines of the electromagnetic mode. The wires and components 

of the circuit may be placed in regions where the electric and magnetic field of the 

electromagnetic mode are weak. 

[00305] TOPOLOGIES FOR ALLEVIATING LOW-SERIES-LOSS AND HIGH-CURRENT-RATING 

REQUIREMENTS ON ELEMENTS 

[00306] If the matching circuit used to match a small resistance, R, of a low-loss 

inductive element to a larger characteristic impedance, Z 0 , of an external circuit may be 

considered lossless, then I~" Z 
O 

= l~R ~ I z
0 

I IR = ,JR I Z 
O 

and the current flowing through the 

terminals is much smaller than the current flowing through the inductive element. Therefore, 

elements connected immediately in series with the terminals (such as in directly-coupled B, C 

(Fig. 28(c))) may not carry high currents. Then, even if the matching circuit has lossy elements, 

the resistive loss present in the elements in series with the terminals may not result in a 

significant reduction in the high-Q of the resonator. That is, resistive loss in those series elements 

may not significantly reduce the efficiency of power transmission from Z0 to the inductive 

element or vice versa. Therefore, strict requirements for low-series-loss and/or high current­

ratings may not be necessary for these components. In general, such reduced requirements may 

lead to a wider selection of components that may be designed into the high-Q and/or high-power 

impedance matching and resonator topologies. These reduced requirements may be especially 

helpful in expanding the variety of variable and/or high voltage and/or low-parallel-loss 

components that may be used in these high-Q and/or high-power impedance-matching circuits. 
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[00307] TOPOLOGIES FOR ALLEVIATING LOW-PARALLEL-LOSS AND HIGH-VOLTAGE­

RA TING REQUIREMENTS ON ELEMENTS 

[00308] If, as above, the matching circuit used to match a small resistance, R, of a low­

loss inductive element to a larger characteristic impedance, Z0 , of an external circuit is lossless, 

then using the previous analysis, 

I Vzo I ~oad l=I Izo zo I IR(R + JX) 1~ ,JR! zo ·Zo Ix= ,Jzo IR 1 ( x IR), 

and, for a low-loss (high-X/R) inductive element, the voltage across the terminals may be 

typically much smaller than the voltage across the inductive element. Therefore, elements 

connected immediately in parallel to the terminals may not need to withstand high voltages. 

Then, even if the matching circuit has lossy elements, the resistive loss present in the elements in 

parallel with the terminals may not result in a significant reduction in the high-Q of the 

resonator. That is, resistive loss in those parallel elements may not significantly reduce the 

efficiency of power transmission from Z0 to the inductive element or vice versa. Therefore, strict 

requirements for low-parallel-loss and/or high voltage-ratings may not be necessary for these 

components. In general, such reduced requirements may lead to a wider selection of components 

that may be designed into the high-Q and/or high-power impedance matching and resonator 

topologies. These reduced requirements may be especially helpful in expanding the variety of 

variable and/or high current and/or low-series-loss components that may be used in these high-Q 

and/or high-power impedance-matching and resonator circuits. 

[00309] Note that the design principles above may reduce currents and voltages on 

various elements differently, as they variously suggest the use of networks in series with Z0 (such 

as directly-coupled B, C) or the use of networks in parallel with Z0 • The preferred topology for a 

given application may depend on the availability of low-series-loss/high-current-rating or low­

parallel-loss/high-voltage-rating elements. 

[ 00310] COMB INA TIO NS OF FIXED AND VARIABLE ELEMENTS FOR ACHIEVING FINE 

TUNABILITY AND ALLEVIATING HIGH-RA TING REQUIREMENTS ON VARIABLE ELEMENTS 

[00311] Circuit topologies 

[00312] Variable circuit elements with satisfactory low-loss and high-voltage or 

current ratings may be difficult or expensive to obtain. In this disclosure, we describe 

impedance-matching topologies that may incorporate combinations of fixed and variable 

elements, such that large voltages or currents may be assigned to fixed elements in the circuit, 
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which may be more likely to have adequate voltage and current ratings, and alleviating the 

voltage and current rating requirements on the variable elements in the circuit. 

[00313] Variable circuit elements may have tuning ranges larger than those required 

by a given impedance-matching application and, in those cases, fine tuning resolution may be 

difficult to obtain using only such large-range elements. In this disclosure, we describe 

impedance-matching topologies that incorporate combinations of both fixed and variable 

elements, such that finer tuning resolution may be accomplished with the same variable 

elements. 

[00314] Therefore, topologies using combinations of both fixed and variable elements 

may bring two kinds of advantages simultaneously: reduced voltage across, or current through, 

sensitive tuning components in the circuit and finer tuning resolution. Note that the maximum 

achievable tuning range may be related to the maximum reduction in voltage across, or current 

through, the tunable components in the circuit designs. 

[00315] 

[00316] 

Element topologies 

A single variable circuit-element ( as opposed to the network of elements 

discussed above) may be implemented by a topology using a combination of fixed and variable 

components, connected in series or in parallel, to achieve a reduction in the rating requirements 

of the variable components and a finer tuning resolution. This can be demonstrated 

mathematically by the fact that: 

If xltotall = xlfixedl + xlvariable ' 

then Axltotal I xltotall = A,"\;lvariablel / ( xlfuedl + -Xivariablel) ' 

and xvariable / xtotal = xvariable / (Xfixed + xvariable)' 

where x1subscriptl is any element value ( e.g. capacitance, inductance), X is voltage or current, and 

the"+ sign" denotes the appropriate (series-addition or parallel-addition) combination of 

elements. Note that the subscript format for x1subscript, is chosen to easily distinguish it from the 

radius of the area enclosed by a circular inductive element (e.g. x, x1 , etc.). 

[00317] Furthermore, this principle may be used to implement a variable electric 

element of a certain type (e.g. a capacitance or inductance) by using a variable element of a 

different type, if the latter is combined appropriately with other fixed elements. 
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[00318] In conclusion, one may apply a topology optimization algorithm that decides 

on the required number, placement, type and values of fixed and variable elements with the 

required tunable range as an optimization constraint and the minimization of the currents and/or 

voltages on the variable elements as the optimization objective. 

[00319] EXAMPLES 

[00320] In the following schematics, we show different specific topology 

implementations for impedance matching to and resonator designs for a low-loss inductive 

element. In addition, we indicate for each topology: which of the principles described above are 

used, the equations giving the values of the variable elements that may be used to achieve the 

matching, and the range of the complex impedances that may be matched (using both 

inequalities and a Smith-chart description). For these examples, we assume that Z0 is real, but an 

extension to a characteristic impedance with a non-zero imaginary part is straightforward, as it 

implies only a small adjustment in the required values of the components of the matching 

network. We will use the convention that the subscript, n, on a quantity implies normalization to 

( division by) Z0 . 

[00321] Fig. 29 shows two examples of a transformer-coupled impedance-matching 

circuit, where the two tunable elements are a capacitor and the mutual inductance between two 

inductive elements. If we define respectively X2=coL2 for Fig. 29(a) and X 2=coL2-1/coC2 for Fig. 

29(b ), and X = wL, then the required values of the tunable elements are: 

1 
0£1=----

x +RX2n 

mM = ✓ZOR(l+X~n). 

For the topology of Fig. 29(b), an especially straightforward design may be to choose X2=0. In 

that case, these topologies may match the impedances satisfying the inequalities: 

which are shown by the area enclosed by the bold lines on the Smith chart of Fig. 29( c ). 

[00322] Given a well pre-chosen fixed M, one can also use the above matching 

topologies with a tunable C2 instead. 
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[00323] Fig. 30 shows six examples (a)-(f) of directly-coupled impedance-matching 

circuits, where the two tunable elements are capacitors, and six examples (h)-(m) of directly­

coupled impedance-matching circuits, where the two tunable elements are one capacitor and one 

inductor. For the topologies of Figs. 30(a),(b),(c),(h),(i),G), a common-mode signal may be 

required at the two terminals to preserve the voltage node of the resonator at the center of the 

inductive element and thus the high Q. Note that these examples may be described as 

implementations of the general topology shown in Fig. 28(c). For the symmetric topologies of 

Figs. 30(d),(e),(f),(k),(l),(m), the two terminals may need to be driven anti-symmetrically 

(balanced drive) to preserve the voltage node of the resonator at the center of the inductive 

element and thus the high Q. Note that these examples may be described as implementations of 

the general topology shown in Fig. 28(d). It will be appreciated that a network of capacitors, as 

used herein, may in general refer to any circuit topology including one or more capacitors, 

including without limitation any of the circuits specifically disclosed herein using capacitors, or 

any other equivalent or different circuit structure(s ), unless another meaning is explicitly 

provided or otherwise clear from the context. 

[00324] Let us define respectively Z=R+jcoL for Figs. 30(a),(d),(h),(k), 

Z=R+jcoL+ l/jcoC3 for Figs. 30(b),(e),(i),(l), and Z=(R+jcoL)ll(l/jcoC3) for Figs. 30(c),(f),G),(m), 

where the symbol "II" means "the parallel combination of', and then R = Re{Z}, X = Im{Z}. 

Then, for Figs.30(a)-(f) the required values of the tunable elements may be given by: 

and these topologies can match the impedances satisfying the inequalities: 

which are shown by the area enclosed by the bold lines on the Smith chart of Fig. 30(g). 
For Figs.30(h)-(m) the required values of the tunable elements may be given by: 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 897



WO 2010/036980 PCT/US2009/058499 
76 

[00325] Fig. 31 shows three examples (a)-(c) of directly-coupled impedance-matching 

circuits, where the two tunable elements are capacitors, and three examples ( e )-(g) of directly­

coupled impedance-matching circuits, where the two tunable elements are one capacitor and one 

inductor. For the topologies of Figs. 31(a),(b),(c),(e),(f),(g), the ground terminal is connected 

between two equal-value capacitors, 2C1, (namely on the axis of symmetry of the main 

resonator) to preserve the voltage node of the resonator at the center of the inductive element and 

thus the high Q. Note that these examples may be described as implementations of the general 

topology shown in Fig. 28( e ). 

[00326] Let us define respectively Z=R+jcoL for Figs. 31(a),(e), Z=R+jcoL+ 1/jcoC3 for 

Figs. 31(b),(f), and Z=(R+jcoL)ll(l/jcoC3) for Fig. 31(c),(g), and then R = Re{Z}, X = Im{Z}. 

Then, for Figs.31(a)-(c) the required values of the tunable elements may be given by: 

1 ✓ 0 2 X-- x~R -R (4-R) 
2 n n 

aJCl = -----J--, ---­
X:.., + R"' 

and these topologies can match the impedances satisfying the inequalities: 

R 'o 1 X 2 ✓ R" (2 - R ) 
n ' n l-R n 

n 

which are shown by the area enclosed by the bold lines on the Smith chart of Fig. 31 ( d). 
For Figs.31 ( e )-(g) the required values of the tunable elements may be given by: 
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l-XmC - Rn 
I 2 

PCT/US2009/058499 

[00327] Fig. 32 shows three examples (a)-(c) of directly-coupled impedance-matching 

circuits, where the two tunable elements are capacitors, and three examples ( e )-(g) of directly­

coupled impedance-matching circuits, where the two tunable elements are one capacitor and one 

inductor. For the topologies of Figs. 32(a),(b),(c),(e),(f),(g), the ground terminal may be 

connected at the center of the inductive element to preserve the voltage node of the resonator at 

that point and thus the high Q. Note that these example may be described as implementations of 

the general topology shown in Fig. 28( e ). 

[00328] Let us define respectively Z=R+jcoL for Fig. 32(a), Z=R+jcoL+ 1/jcoC3 for Fig. 

32(b), and Z=(R+jcoL)ll(l/jcoC3) for Fig. 32(c), and then R = Re{Z}, X = Im{Z}. Then, for 

Figs.32(a)-(c) the required values of the tunable elements may be given by: 

where k is defined by _i\;f' = -kL', where L' is the inductance of each half of the inductor loop 

and M ' is the mutual inductance between the two halves, and these topologies can match the 

impedances satisfying the inequalities: 

R,, ~ 2, X,, 2 .J2Rn (2 - Rn) 

which are shown by the area enclosed by the bold lines on the Smith chart of Fig. 32(d). 
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For Figs.32(e)-(g) the required values of the tunable elements may be given by: 

X+ 
X 2 R,, -2R2 (2-R,,) 

4-R 
coCl == --'------"---

X2 + R2 

[00329] In the circuits of Figs. 30, 31, 32, the capacitor, C2, or the inductor, L2, is (or 

the two capacitors, 2C2, or the two inductors, L2/2, are) in series with the terminals and may not 

need to have very low series-loss or withstand a large current. 

[00330] Fig. 33 shows six examples (a)-(f) of directly-coupled impedance-matching 

circuits, where the two tunable elements are capacitors, and six examples (h)-(m) of directly­

coupled impedance-matching circuits, where the two tunable elements are one capacitor and one 

inductor. For the topologies of Figs. 33(a),(b),(c),(h),(i),G), a common-mode signal may be 

required at the two terminals to preserve the voltage node of the resonator at the center of the 

inductive element and thus the high Q. Note that these examples may be described as 

implementations of the general topology shown in Fig. 28( c ), where B and C are short-circuits 

and A is not balanced. For the symmetric topologies of Figs. 33(d),(e),(f),(k),(l),(m), the two 

terminals may need to be driven anti-symmetrically (balanced drive) to preserve the voltage node 

of the resonator at the center of the inductive element and thus the high Q. Note that these 

examples may be described as implementations of the general topology shown in Fig. 28( d), 

where B and C are short-circuits and A is balanced. 

[00331] Let us define respectively Z=R+jcoL for Figs. 33(a),(d),(h),(k), 

Z=R+jcoL+ l/jcoC3 for Figs. 33(b),(e),(i),(l), and Z=(R+jcoL)ll(l/jcoC3) for Figs. 33(c),(f),G),(m), 

and then R = Re{Z}, X = Im{Z}. Then, for Figs.33(a)-(f) the required values of the tunable 

elements may be given by: 

and these topologies can match the impedances satisfying the inequalities: 
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which are shown by the area enclosed by the bold lines on the Smith chart of Fig. 33(g). 

For Figs.35(h)-(m) the required values of the tunable elements may be given by: 

rr=-;· 
\/~ ~ 

[00332] Fig. 34 shows three examples (a)-(c) of directly-coupled impedance-matching 

circuits, where the two tunable elements are capacitors, and three examples ( e )-(g) of directly­

coupled impedance-matching circuits, where the two tunable elements are one capacitor and one 

inductor. For the topologies of Figs. 34(a),(b),(c),(e),(f),(g), the ground terminal is connected 

between two equal-value capacitors, 2C2, (namely on the axis of symmetry of the main 

resonator) to preserve the voltage node of the resonator at the center of the inductive element and 

thus the high Q. Note that these examples may be described as implementations of the general 

topology shown in Fig. 28( e ). 

[00333] Let us define respectively Z=R+jcoL for Fig. 34(a),(e), Z=R+jcoL+ 1/jcoC3 for 

Fig. 34(b),(f), and Z=(R+jcoL)ll(l/jcoC3) for Fig. 34(c),(g), and then R = Re{Z}, X = Im{Z}. 

Then, for Figs.34(a)-(c) the required values of the tunable elements may be given by: 

1 
mC =---~=~---, 1 ff-R X-Z __ n (2-R) 

a R ,, 
n 

mC =-1-t I 2 2Z R ' o n 

and these topologies can match the impedances satisfying the inequalities: 
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R < I X :> ✓ R,, (2 - R ) 
n ' n l-R n 

n 

which are shown by the area enclosed by the bold lines on the Smith chart of Fig. 34(d). 
For Figs.34(e)-(g) the required values of the tunable elements may be given by: 

[00334] Fig. 35 shows three examples of directly-coupled impedance-matching 

circuits, where the two tunable elements are capacitors. For the topologies of Figs. 35, the 

ground terminal may be connected at the center of the inductive element to preserve the voltage 

node of the resonator at that point and thus the high Q. Note that these examples may be 

described as implementations of the general topology shown in Fig. 28( e ). 

[00335] Let us define respectively Z=R+jcoL for Fig. 35(a), Z=R+jcoL+ 1/jcoC3 for Fig. 

35(b), and Z=(R+jcoL)ll(l/jcoC3) for Fig. 35(c), and then R = Re{Z}, X = Im{Z}. Then, the 

required values of the tunable elements may be given by: 

2 
OJCI =---------.========, 

X (I + a) -,J Z 
0
R ( 4 - R

11 
)(1 + a 2 ) 

2 

OJC
2 

= X(l+a)+.jZ
0
R(4-Rn)(l+a2

), 

where a= R -~ and k is defined by Af' = -kL', where L' is the inductance of each 
2Z

0 
-R l+k 

half of the inductive element and Al' is the mutual inductance between the two halves. These 
topologies can match the impedances satisfying the inequalities: 

R <2&3._<R <4 n- - n- ' r 
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Rn(4-Rn)(2-Rn) 

2-yRn 

1-6k+k2 
1 r=----< 

1+2k+k2 -

PCT/US2009/058499 

which are shown by the area enclosed by the bold lines on the three Smith charts shown in Fig. 

35(d) for k=0, Fig. 35(e) for k=0.05, and Fig. 35(£) for k=l. Note that for 0<k<l there are two 

disconnected regions of the Smith chart that this topology can match. 

[00336] In the circuits of Figs. 33, 34, 35, the capacitor, C2, or the inductor, L2, is (or 

one of the two capacitors, 2C2, or one of the two inductors, 2L2 , are) in parallel with the 

terminals and thus may not need to have a high voltage-rating. In the case of two capacitors, 2C2 , 

or two inductors, 2L2, both may not need to have a high voltage-rating, since approximately the 

same current flows through them and thus they experience approximately the same voltage 

across them. 

[00337] For the topologies of Figs. 30-35, where a capacitor, C3 , is used, the use of the 

capacitor, C3, may lead to finer tuning of the frequency and the impedance. For the topologies of 

Figs. 30-35, the use of the fixed capacitor, C3 , in series with the inductive element may ensure 

that a large percentage of the high inductive-element voltage will be across this fixed capacitor, 

C3 , thus potentially alleviating the voltage rating requirements for the other elements of the 

impedance matching circuit, some of which may be variable. Whether or not such topologies are 

preferred depends on the availability, cost and specifications of appropriate fixed and tunable 

components. 

[00338] In all the above examples, a pair of equal-value variable capacitors without a 

common terminal may be implemented using ganged-type capacitors or groups or arrays of 

varactors or diodes biased and controlled to tune their values as an ensemble. A pair of equal­

value variable capacitors with one common terminal can be implemented using a tunable 

butterfly-type capacitor or any other tunable or variable capacitor or group or array of varactors 

or diodes biased and controlled to tune their capacitance values as an ensemble. 

[00339] Another criterion which may be considered upon the choice of the impedance 

matching network is the response of the network to different frequencies than the desired 
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operating frequency. The signals generated in the external circuit, to which the inductive element 

is coupled, may not be monochromatic at the desired frequency but periodic with the desired 

frequency, as for example the driving signal of a switching amplifier or the reflected signal of a 

switching rectifier. In some such cases, it may be desirable to suppress the amount of higher­

order harmonics that enter the inductive element (for example, to reduce radiation of these 

harmonics from this element). Then the choice of impedance matching network may be one that 

sufficiently suppresses the amount of such harmonics that enters the inductive element. 

[00340] The impedance matching network may be such that the impedance seen by the 

external circuit at frequencies higher than the fundamental harmonic is high, when the external 

periodic signal is a signal that can be considered to behave as a voltage-source signal (such as the 

driving signal of a class-D amplifier with a series resonant load), so that little current flows 

through the inductive element at higher frequencies. Among the topologies of Figs. 30-35, those 

which use an inductor, L2, may then be preferable, as this inductor presents a high impedance at 

high frequencies. 

[00341] The impedance matching network may be such that the impedance seen by the 

external circuit at frequencies higher than the fundamental harmonic is low, when the external 

periodic signal is a signal that can be considered to behave as a current-source signal, so that 

little voltage is induced across the inductive element at higher frequencies. Among the topologies 

of Figs. 30-35, those which use a capacitor, C2, are then preferable, as this capacitor presents a 

low impedance at high frequencies. 

[00342] Fig. 36 shows four examples of a variable capacitance, using networks of one 

variable capacitor and the rest fixed capacitors. Using these network topologies, fine tunability of 

the total capacitance value may be achieved. Furthermore, the topologies of Figs. 36(a),(c),(d), 

may be used to reduce the voltage across the variable capacitor, since most of the voltage may be 

assigned across the fixed capacitors. 

[00343] Fig. 37 shows two examples of a variable capacitance, using networks of one 

variable inductor and fixed capacitors. In particular, these networks may provide 

implementations for a variable reactance, and, at the frequency of interest, values for the variable 

inductor may be used such that each network corresponds to a net negative variable reactance, 

which may be effectively a variable capacitance. 
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[00344] Tunable elements such as tunable capacitors and tunable inductors may be 

mechanically-tunable, electrically-tunable, thermally-tunable and the like. The tunable elements 

may be variable capacitors or inductors, varactors, diodes, Schottky diodes, reverse-biased PN 

diodes, varactor arrays, diode arrays, Schottky diode arrays and the like. The diodes may be Si 

diodes, GaN diodes, SiC diodes, and the like. GaN and SiC diodes may be particularly attractive 

for high power applications. The tunable elements may be electrically switched capacitor banks, 

electrically-switched mechanically-tunable capacitor banks, electrically-switched varactor-array 

banks, electrically-switched transformer-coupled inductor banks, and the like. The tunable 

elements may be combinations of the elements listed above. 

[00345] As described above, the efficiency of the power transmission between coupled 

high-Q magnetic resonators may be impacted by how closely matched the resonators are in 

resonant frequency and how well their impedances are matched to the power supplies and power 

consumers in the system. Because a variety of external factors including the relative position of 

extraneous objects or other resonators in the system, or the changing of those relative positions, 

may alter the resonant frequency and/or input impedance of a high-Q magnetic resonator, tunable 

impedance networks may be required to maintain sufficient levels of power transmission in 

various environments or operating scenarios. 

[00346] The capacitance values of the capacitors shown may be adjusted to adjust the 

resonant frequency and/or the impedance of the magnetic resonator. The capacitors may be 

adjusted electrically, mechanically, thermally, or by any other known methods. They may be 

adjusted manually or automatically, such as in response to a feedback signal. They may be 

adjusted to achieve certain power transmission efficiencies or other operating characteristics 

between the power supply and the power consumer. 

[00347] The inductance values of the inductors and inductive elements in the resonator 

may be adjusted to adjust the frequency and/or impedance of the magnetic resonator. The 

inductance may be adjusted using coupled circuits that include adjustable components such as 

tunable capacitors, inductors and switches. The inductance may be adjusted using transformer 

coupled tuning circuits. The inductance may be adjusted by switching in and out different 

sections of conductor in the inductive elements and/or using ferro-magnetic tuning and/or mu­

tuning, and the like. 
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[00348] The resonant frequency of the resonators may be adjusted to or may be 

allowed to change to lower or higher frequencies. The input impedance of the resonator may be 

adjusted to or may be allowed to change to lower or higher impedance values. The amount of 

power delivered by the source and/or received by the devices may be adjusted to or may be 

allowed to change to lower or higher levels of power. The amount of power delivered to the 

source and/or received by the devices from the device resonator may be adjusted to or may be 

allowed to change to lower or higher levels of power. The resonator input impedances, resonant 

frequencies, and power levels may be adjusted depending on the power consumer or consumers 

in the system and depending on the objects or materials in the vicinity of the resonators. The 

resonator input impedances, frequencies, and power levels may be adjusted manually or 

automatically, and may be adjusted in response to feedback or control signals or algorithms. 

[00349] Circuit elements may be connected directly to the resonator, that is, by 

physical electrical contact, for example to the ends of the conductor that forms the inductive 

element and/or the terminal connectors. The circuit elements may be soldered to, welded to, 

crimped to, glued to, pinched to, or closely position to the conductor or attached using a variety 

of electrical components, connectors or connection techniques. The power supplies and the 

power consumers may be connected to magnetic resonators directly or indirectly or inductively. 

Electrical signals may be supplied to, or taken from, the resonators through the terminal 

connections. 

[00350] It is to be understood by one of ordinary skill in the art that in real 

implementations of the principles described herein, there may be an associated tolerance, or 

acceptable variation, to the values of real components ( capacitors, inductors, resistors and the 

like) from the values calculated via the herein stated equations, to the values of real signals 

(voltages, currents and the like) from the values suggested by symmetry or anti-symmetry or 

otherwise, and to the values of real geometric locations of points (such as the point of connection 

of the ground terminal close to the center of the inductive element or the 'axis' points and the 

like) from the locations suggested by symmetry or otherwise. 

[00351] Examples 

[00352] SYSTEM BLOCK DIAGRAMS 

[00353] We disclose examples ofhigh-Q resonators for wireless power transmission 

systems that may wirelessly power or charge devices at mid-range distances. High-Q resonator 
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wireless power transmission systems also may wirelessly power or charge devices with magnetic 

resonators that are different in size, shape, composition, arrangement, and the like, from any 

source resonators in the system. 

[00354] Fig. l(a)(b) shows high level diagrams of two exemplary two-resonator 

systems. These exemplary systems each have a single source resonator 102S or 104S and a 

single device resonator 102D or 104D. Fig. 38 shows a high level block diagram of a system 

with a few more features highlighted. The wirelessly powered or charged device 2310 may 

include or consist of a device resonator 102D, device power and control circuitry 2304, and the 

like, along with the device 2308 or devices, to which either DC or AC or both AC and DC power 

is transferred. The energy or power source for a system may include the source power and 

control circuitry 2302, a source resonator 102S, and the like. The device 2308 or devices that 

receive power from the device resonator 102D and power and control circuitry 2304 may be any 

kind of device 2308 or devices as described previously. The device resonator 102D and circuitry 

2304 delivers power to the device/devices 2308 that may be used to recharge the battery of the 

device/devices, power the device/devices directly, or both when in the vicinity of the source 

resonator 102S. 

[00355] The source and device resonators may be separated by many meters or they 

may be very close to each other or they may be separated by any distance in between. The source 

and device resonators may be offset from each other laterally or axially. The source and device 

resonators may be directly aligned (no lateral offset), or they may be offset by meters, or 

anything in between. The source and device resonators may be oriented so that the surface areas 

enclosed by their inductive elements are approximately parallel to each other. The source and 

device resonators may be oriented so that the surface areas enclosed by their inductive elements 

are approximately perpendicular to each other, or they may be oriented for any relative angle (0 

to 360 degrees) between them. 

[00356] The source and device resonators may be free standing or they may be 

enclosed in an enclosure, container, sleeve or housing. These various enclosures may be 

composed of almost any kind of material. Low loss tangent materials such as Teflon, 

REXOLITE, styrene, and the like may be preferable for some applications. The source and 

device resonators may be integrated in the power supplies and power consumers. For example, 

the source and device resonators may be integrated into keyboards, computer mice, displays, cell 
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phones, etc. so that they are not visible outside these devices. The source and device resonators 

may be separate from the power supplies and power consumers in the system and may be 

connected by a standard or custom wires, cables, connectors or plugs. 

[00357) The source 102S may be powered from a number of DC or AC voltage, 

current or power sources including a USB port of a computer. The source 102S may be powered 

from the electric grid, from a wall plug, from a battery, from a power supply, from an engine, 

from a solar cell, from a generator, from another source resonator, and the like. The source 

power and control circuitry 2302 may include circuits and components to isolate the source 

electronics from the power source, so that any reflected power or signals are not coupled out 

through the source input terminals. The source power and control circuits 2302 may include 

power factor correction circuits and may be configured to monitor power usage for monitoring 

accounting, billing, control, and like functionalities. 

[00358] The system may be operated bi-directionally. That is, energy or power that is 

generated or stored in a device resonator may be fed back to a power source including the 

electric grid, a battery, any kind of energy storage unit, and the like. The source power and 

control circuits may include power factor correction circuits and may be configured to monitor 

power usage for monitoring accounting, billing, control, and like functionalities for bi-directional 

energy flow. Wireless energy transfer systems may enable or promote vehicle-to-grid (V2G) 

applications. 

[00359] The source and the device may have tuning capabilities that allow adjustment 

of operating points to compensate for changing environmental conditions, perturbations, and 

loading conditions that can affect the operation of the source and device resonators and the 

efficiency of the energy exchange. The tuning capability may also be used to multiplex power 

delivery to multiple devices, from multiple sources, to multiple systems, to multiple repeaters or 

relays, and the like. The tuning capability may be manually controlled, or automatically 

controlled and may be performed continuously, periodically, intermittently or at scheduled times 

or intervals. 

[00360] The device resonator and the device power and control circuitry may be 

integrated into any portion of the device, such as a battery compartment, or a device cover or 

sleeve, or on a mother board, for example, and may be integrated alongside standard 

rechargeable batteries or other energy storage units. The device resonator may include a device 
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field reshaper which may shield any combination of the device resonator elements and the device 

power and control electronics from the electromagnetic fields used for the power transfer and 

which may deflect the resonator fields away from the lossy device resonator elements as well as 

the device power and control electronics. A magnetic material and/or high-conductivity field 

reshaper may be used to increase the perturbed quality factor Q of the resonator and increase the 

perturbed coupling factor of the source and device resonators. 

[00361] The source resonator and the source power and control circuitry may be 

integrated into any type of furniture, structure, mat, rug, picture frame (including digital picture 

frames, electronic frames), plug-in modules, electronic devices, vehicles, and the like. The 

source resonator may include a source field reshaper which may shield any combination of the 

source resonator elements and the source power and control electronics from the electromagnetic 

fields used for the power transfer and which may deflect the resonator fields away from the lossy 

source resonator elements as well as the source power and control electronics. A magnetic 

material and/or high-conductivity field reshaper may be used to increase the perturbed quality 

factor Q of the resonator and increase the perturbed coupling factor of the source and device 

resonators. 

[00362] A block diagram of the subsystems in an example of a wirelessly powered 

device is shown in Fig. 39. The power and control circuitry may be designed to transform the 

alternating current power from the device resonator 102D and convert it to stable direct current 

power suitable for powering or charging a device. The power and control circuitry may be 

designed to transform an alternating current power at one frequency from the device resonator to 

alternating current power at a different frequency suitable for powering or charging a device. The 

power and control circuitry may include or consist of impedance matching circuitry 2402D, 

rectification circuitry 2404, voltage limiting circuitry (not shown), current limiting circuitry (not 

shown), AC-to-DC converter 2408 circuitry, DC-to-DC converter 2408 circuitry, DC-to-AC 

converter 2408 circuitry, AC-to-AC converter 2408 circuitry, battery charge control circuitry 

(not shown), and the like. 

[00363] The impedance-matching 2402D network may be designed to maximize the 

power delivered between the device resonator 102D and the device power and control circuitry 

2304 at the desired frequency. The impedance matching elements may be chosen and connected 

such that the high-Q of the resonators is preserved. Depending on the operating conditions, the 
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impedance matching circuitry 2402D may be varied or tuned to control the power delivered from 

the source to the device, from the source to the device resonator, between the device resonator 

and the device power and control circuitry, and the like. The power, current and voltage signals 

may be monitored at any point in the device circuitry and feedback algorithms circuits, and 

techniques, may be used to control components to achieve desired signal levels and system 

operation. The feedback algorithms may be implemented using analog or digital circuit 

techniques and the circuits may include a microprocessor, a digital signal processor, a field 

programmable gate array processor and the like. 

[00364] The third block of Fig. 39 shows a rectifier circuit 2404 that may rectify the 

AC voltage power from the device resonator into a DC voltage. In this configuration, the output 

of the rectifier 2404 may be the input to a voltage clamp circuit. The voltage clamp circuit (not 

shown) may limit the maximum voltage at the input to the DC-to-DC converter 2408D or DC-to­

AC converter 2408D. In general, it may be desirable to use a DC-to-DC/AC converter with a 

large input voltage dynamic range so that large variations in device position and operation may 

be tolerated while adequate power is delivered to the device. For example, the voltage level at 

the output of the rectifier may fluctuate and reach high levels as the power input and load 

characteristics of the device change. As the device performs different tasks it may have varying 

power demands. The changing power demands can cause high voltages at the output of the 

rectifier as the load characteristics change. Likewise as the device and the device resonator are 

brought closer and further away from the source, the power delivered to the device resonator 

may vary and cause changes in the voltage levels at the output of the rectifier. A voltage clamp 

circuit may prevent the voltage output from the rectifier circuit from exceeding a predetermined 

value which is within the operating range of the DC-to-DC/AC converter. The voltage clamp 

circuitry may be used to extend the operating modes and ranges of a wireless energy transfer 

system. 

[00365] The next block of the power and control circuitry of the device is the DC-to­

DC converter 2408D that may produce a stable DC output voltage. The DC-to-DC converter 

may be a boost converter, buck converter, boost-buck converter, single ended primary 

inductance converter (SEPIC), or any other DC-DC topology that fits the requirements of the 

particular application. If the device requires AC power, a DC-to-AC converter may be 

substituted for the DC-to-DC converter, or the DC-to-DC converter may be followed by a DC-
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to-AC converter. If the device contains a rechargeable battery, the final block of the device 

power and control circuitry may be a battery charge control unit which may manage the charging 

and maintenance of the battery in battery powered devices. 

[00366] The device power and control circuitry 2304 may contain a processor 2410D, 

such as a microcontroller, a digital signal processor, a field programmable gate array processor, a 

microprocessor, or any other type of processor. The processor may be used to read or detect the 

state or the operating point of the power and control circuitry and the device resonator. The 

processor may implement algorithms to interpret and adjust the operating point of the circuits, 

elements, components, subsystems and resonator. The processor may be used to adjust the 

impedance matching, the resonator, the DC to DC converters, the DC to AC converters, the 

battery charging unit, the rectifier, and the like of the wirelessly powered device. 

[00367] The processor may have wireless or wired data communication links to other 

devices or sources and may transmit or receive data that can be used to adjust the operating point 

of the system. Any combination of power, voltage, and current signals at a single, or over a range 

of frequencies, may be monitored at any point in the device circuitry. These signals may be 

monitored using analog or digital or combined analog and digital techniques. These monitored 

signals may be used in feedback loops or may be reported to the user in a variety of known ways 

or they may be stored and retrieved at later times. These signals may be used to alert a user of 

system failures, to indicate performance, or to provide audio, visual, vibrational, and the like, 

feedback to a user of the system. 

[00368] Fig. 40 shows components of source power and control circuitry 2302 of an 

exemplary wireless power transfer system configured to supply power to a single or multiple 

devices. The source power and control circuitry 2302 of the exemplary system may be powered 

from an AC voltage source 2502 such as a home electrical outlet, a DC voltage source such as a 

battery, a USB port of a computer, a solar cell, another wireless power source, and the like. The 

source power and control circuitry 2302 may drive the source resonator 102S with alternating 

current, such as with a frequency greater than 10 kHz and less than 100 MHz. The source power 

and control circuitry 2302 may drive the source resonator 102S with alternating current of 

frequency less than less than 10 GHz. The source power and control circuitry 2302 may include 

a DC-to-DC converter 2408S, an AC-to-DC converter 2408S, or both an AC-to-DC converter 
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2408S and a DC-to-DC 2408S converter, an oscillator 2508, a power amplifier 2504, an 

impedance matching network 2402S, and the like. 

[00369] The source power and control circuitry 2302 may be powered from multiple 

AC-or-DC voltage sources 2502 and may contain AC-to-DC and DC-to-DC converters 2408S to 

provide necessary voltage levels for the circuit components as well as DC voltages for the power 

amplifiers that may be used to drive the source resonator. The DC voltages may be adjustable 

and may be used to control the output power level of the power amplifier. The source may 

contain power factor correction circuitry. 

[00370] The oscillator 2508 output may be used as the input to a power amplifier 2504 

that drives the source resonator 102S. The oscillator frequency may be tunable and the amplitude 

of the oscillator signal may be varied as one means to control the output power level from the 

power amplifier. The frequency, amplitude, phase, waveform, and duty cycle of the oscillator 

signal may be controlled by analog circuitry, by digital circuitry or by a combination of analog 

and digital circuitry. The control circuitry may include a processor 2410S, such as a 

microprocessor, a digital signal processor, a field programmable gate array processor, and the 

like. 

[00371] The impedance matching blocks 2402 of the source and device resonators 

may be used to tune the power and control circuits and the source and device resonators. For 

example, tuning of these circuits may adjust for perturbation of the quality factor Q of the source 

or device resonators due to extraneous objects or changes in distance between the source and 

device in a system. Tuning of these circuits may also be used to sense the operating environment, 

control power flow to one or more devices, to control power to a wireless power network, to 

reduce power when unsafe or failure mode conditions are detected, and the like. 

[00372] Any combination of power, voltage, and current signals may be monitored at 

any point in the source circuitry. These signals may be monitored using analog or digital or 

combined analog and digital techniques. These monitored signals may be used in feedback 

circuits or may be reported to the user in a variety of known ways or they may be stored and 

retrieved at later times. These signals may be used to alert a user to system failures, to alert a 

user to exceeded safety thresholds, to indicate performance, or to provide audio, visual, 

vibrational, and the like, feedback to a user of the system. 
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[00373] The source power and control circuitry may contain a processor. The 

processor may be used to read the state or the operating point of the power and control circuitry 

and the source resonator. The processor may implement algorithms to interpret and adjust the 

operating point of the circuits, elements, components, subsystems and resonator. The processor 

may be used to adjust the impedance matching, the resonator, the DC-to-DC converters, the AC­

to-DC converters, the oscillator, the power amplifier of the source, and the like. The processor 

and adjustable components of the system may be used to implement frequency and/or time 

power delivery multiplexing schemes. The processor may have wireless or wired data 

communication links to devices and other sources and may transmit or receive data that can be 

used to adjust the operating point of the system. 

[00374] Although detailed and specific designs are shown in these block diagrams, it 

should be clear to those skilled in the art that many different modifications and rearrangements 

of the components and building blocks are possible within the spirit of the exemplary system. 

The division of the circuitry was outlined for illustrative purposes and it should be clear to those 

skilled in the art that the components of each block may be further divided into smaller blocks or 

merged or shared. In equivalent examples the power and control circuitry may be composed of 

individual discrete components or larger integrated circuits. For example, the rectifier circuitry 

may be composed of discrete diodes, or use diodes integrated on a single chip. A multitude of 

other circuits and integrated devices can be substituted in the design depending on design criteria 

such as power or size or cost or application. The whole of the power and control circuitry or any 

portion of the source or device circuitry may be integrated into one chip. 

[00375] The impedance matching network of the device and or source may include a 

capacitor or networks of capacitors, an inductor or networks of inductors, or any combination of 

capacitors, inductors, diodes, switches, resistors, and the like. The components of the impedance 

matching network may be adjustable and variable and may be controlled to affect the efficiency 

and operating point of the system. The impedance matching may be performed by controlling the 

connection point of the resonator, adjusting the permeability of a magnetic material, controlling a 

bias field, adjusting the frequency of excitation, and the like. The impedance matching may use 

or include any number or combination of varactors, varactor arrays, switched elements, capacitor 

banks, switched and tunable elements, reverse bias diodes, air gap capacitors, compression 

capacitors, BZT electrically tuned capacitors, MEMS-tunable capacitors, voltage variable 
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dielectrics, transformer coupled tuning circuits, and the like. The variable components may be 

mechanically tuned, thermally tuned, electrically tuned, piezo-electrically tuned, and the like. 

Elements of the impedance matching may be silicon devices, gallium nitride devices, silicon 

carbide devices and the like. The elements may be chosen to withstand high currents, high 

voltages, high powers, or any combination of current, voltage and power. The elements may be 

chosen to be high-Q elements. 

[00376] The matching and tuning calculations of the source may be performed on an 

external device through a USB port that powers the device. The device may be a computer a 

PDA or other computational platform. 

[00377] A demonstration system used a source resonator, coupled to a device 

resonator, to wirelessly power/recharge multiple electronic consumer devices including, but not 

limited to, a laptop, a DVD player, a projector, a cell-phone, a display, a television, a projector, a 

digital picture frame, a light, a TV/DVD player, a portable music player, a circuit breaker, a 

hand-held tool, a personal digital assistant, an external battery charger, a mouse, a keyboard, a 

camera, an active load, and the like. A variety of devices may be powered simultaneously from a 

single device resonator. Device resonators may be operated simultaneously as source resonators. 

The power supplied to a device resonator may pass through additional resonators before being 

delivered to its intended device resonator. 

[00378] ~A1onitoring. Feedback and Control 

[00379] So-called port parameter measurement circuitry may measure or monitor 

certain power, voltage, and current, signals in the system and processors or control circuits may 

adjust certain settings or operating parameters based on those measurements. In addition to these 

port parameter measurements, the magnitude and phase of voltage and current signals, and the 

magnitude of the power signals, throughout the system may be accessed to measure or monitor 

the system performance. The measured signals referred to throughout this disclosure may be any 

combination of the port parameter signals, as well as voltage signals, current signals, power 

signals, and the like. These parameters may be measured using analog or digital signals, they 

may be sampled and processed, and they may be digitized or converted using a number of known 

analog and digital processing techniques. Measured or monitored signals may be used in 

feedback circuits or systems to control the operation of the resonators and/or the system. In 

general, we refer to these monitored or measured signals as reference signals, or port parameter 
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measurements or signals, although they are sometimes also referred to as error signals, monitor 

signals, feedback signals, and the like. We will refer to the signals that are used to control circuit 

elements such as the voltages used to drive voltage controlled capacitors as the control signals. 

[00380] In some cases the circuit elements may be adjusted to achieve a specified or 

predetermined impedance value for the source and device resonators. In other cases the 

impedance may be adjusted to achieve a desired impedance value for the source and device 

resonators when the device resonator is connected to a power consumer or consumers. In other 

cases the impedance may be adjusted to mitigate changes in the resonant frequency, or 

impedance or power level changes owing to movement of the source and/or device resonators, or 

changes in the environment (such as the movement of interacting materials or objects) in the 

vicinity of the resonators. In other cases the impedance of the source and device resonators may 

be adjusted to different impedance values. 

[00381] The coupled resonators may be made of different materials and may include 

different circuits, components and structural designs or they may be the same. The coupled 

resonators may include performance monitoring and measurement circuitry, signal processing 

and control circuitry or a combination of measurement and control circuitry. Some or all of the 

high-Q magnetic resonators may include tunable impedance circuits. Some or all of the high-Q 

magnetic resonators may include automatically controlled tunable impedance circuits. 

[00382] Fig. 41 shows a magnetic resonator with port parameter measurement 

circuitry 3802 configured to measure certain parameters of the resonator. The port parameter 

measurement circuitry may measure the input impedance of the structure, or the reflected power. 

Port parameter measurement circuits may be included in the source and/or device resonator 

designs and may be used to measure two port circuit parameters such as S-parameters (scattering 

parameters), Z-parameters (impedance parameters), Y -parameters ( admittance parameters), T­

parameters (transmission parameters), H-parameters (hybrid parameters), ABCD-parameters 

( chain, cascade or transmission parameters), and the like. These parameters may be used to 

describe the electrical behavior of linear electrical networks when various types of signals are 

applied. 

[00383] Different parameters may be used to characterize the electrical network under 

different operating or coupling scenarios. For example, S-parameters may be used to measure 

matched and unmatched loads. In addition, the magnitude and phase of voltage and current 
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signals within the magnetic resonators and/or within the sources and devices themselves may be 

monitored at a variety of points to yield system performance information. This information may 

be presented to users of the system via a user interface such as a light, a read-out, a beep, a noise, 

a vibration or the like, or it may be presented as a digital signal or it may be provided to a 

processor in the system and used in the automatic control of the system. This information may be 

logged, stored, or may be used by higher level monitoring and control systems. 

[00384] Fig. 42 shows a circuit diagram of a magnetic resonator where the tunable 

impedance network may be realized with voltage controlled capacitors 3902 or capacitor 

networks. Such an implementation may be adjusted, tuned or controlled by electrical circuits 

and/or computer processors, such as a programmable voltage source 3908, and the like. For 

example, the voltage controlled capacitors may be adjusted in response to data acquired by the 

port parameter measurement circuitry 3802 and processed by a measurement analysis and control 

algorithm subsystem 3904. Reference signals may be derived from the port parameter 

measurement circuitry or other monitoring circuitry designed to measure the degree of deviation 

from a desired system operating point. The measured reference signals may include voltage, 

current, complex-impedance, reflection coefficient, power levels and the like, at one or several 

points in the system and at a single frequency or at multiple frequencies. 

[00385] The reference signals may be fed to measurement analysis and control 

algorithm subsystem modules that may generate control signals to change the values of various 

components in a tunable impedance matching network. The control signals may vary the 

resonant frequency and/or the input impedance of the magnetic resonator, or the power level 

supplied by the source, or the power level drawn by the device, to achieve the desired power 

exchange between power supplies/generators and power drains/loads. 

[00386] Adjustment algorithms may be used to adjust the frequency and/or impedance 

of the magnetic resonators. The algorithms may take in reference signals related to the degree of 

deviation from a desired operating point for the system and output correction or control signals 

related to that deviation that control variable or tunable elements of the system to bring the 

system back towards the desired operating point or points. The reference signals for the magnetic 

resonators may be acquired while the resonators are exchanging power in a wireless power 

transmission system, or they may be switched out of the circuit during system operation. 
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Corrections to the system may be applied or performed continuously, periodically, upon a 

threshold crossing, digitally, using analog methods, and the like. 

[00387] Fig. 43 shows an end-to-end wireless power transmission system. Both the 

source and the device may include port measurement circuitry 3802 and a processor 2410. The 

box labeled "coupler/switch" 4002 indicates that the port measurement circuitry 3802 may be 

connected to the resonator 102 by a directional coupler or a switch, enabling the measurement, 

adjustment and control of the source and device resonators to take place in conjunction with, or 

separate from, the power transfer functionality. 

[00388] The port parameter measurement and/or processing circuitry may reside with 

some, any, or all resonators in a system. The port parameter measurement circuitry may utilize 

portions of the power transmission signal or may utilize excitation signals over a range of 

frequencies to measure the source/device resonator response (i.e. transmission and reflection 

between any two ports in the system), and may contain amplitude and/or phase information. 

Such measurements may be achieved with a swept single frequency signal or a multi-frequency 

signal. The signals used to measure and monitor the resonators and the wireless power 

transmission system may be generated by a processor or processors and standard input/output 

(I/O) circuitry including digital to analog converters (DACs), analog to digital converters 

(ADCs), amplifiers, signal generation chips, passive components and the like. Measurements 

may be achieved using test equipment such as a network analyzer or using customized circuitry. 

The measured reference signals may be digitized by ADCs and processed using customized 

algorithms running on a computer, a microprocessor, a DSP chip, an ASIC, and the like. The 

measured reference signals may be processed in an analog control loop. 

[00389] The measurement circuitry may measure any set of two port parameters such 

as S-parameters, Y-parameters, Z-parameters, H-parameters, G-parameters, T-parameters, 

ABCD-parameters, and the like. Measurement circuitry may be used to characterize current and 

voltage signals at various points in the drive and resonator circuitry, the impedance and/or 

admittance of the source and device resonators at opposite ends of the system, i.e. looking into 

the source resonator matching network ("port 1" in Fig. 43) towards the device and vice versa. 

[00390] The device may measure relevant signals and/or port parameters, interpret the 

measurement data, and adjust its matching network to optimize the impedance looking into the 

coupled system independently of the actions of the source. The source may measure relevant port 
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parameters, interpret the measurement data, and adjust its matching network to optimize the 

impedance looking into the coupled system independently of the actions of the device. 

[00391] Fig. 43 shows a block diagram of a source and device in a wireless power 

transmission system. The system may be configured to execute a control algorithm that actively 

adjusts the tuning/matching networks in either of or both the source and device resonators to 

optimize performance in the coupled system. Port measurement circuitry 3802S may measure 

signals in the source and communicate those signals to a processor 2410. A processor 2410 may 

use the measured signals in a performance optimization or stabilization algorithm and generate 

control signals based on the outputs of those algorithms. Control signals may be applied to 

variable circuit elements in the tuning/impedance matching circuits 2402S to adjust the source's 

operating characteristics, such as power in the resonator and coupling to devices. Control signals 

may be applied to the power supply or generator to turn the supply on or off, to increase or 

decrease the power level, to modulate the supply signal and the like. 

[00392] The power exchanged between sources and devices may depend on a variety 

of factors. These factors may include the effective impedance of the sources and devices, the Q's 

of the sources and devices, the resonant frequencies of the sources and devices, the distances 

between sources and devices, the interaction of materials and objects in the vicinity of sources 

and devices and the like. The port measurement circuitry and processing algorithms may work in 

concert to adjust the resonator parameters to maximize power transfer, to hold the power transfer 

constant, to controllably adjust the power transfer, and the like, under both dynamic and steady 

state operating conditions. 

[00393] Some, all or none of the sources and devices in a system implementation may 

include port measurement circuitry 3802S and processing 2410 capabilities. Fig. 44 shows an 

end-to-end wireless power transmission system in which only the source 102S contains port 

measurement circuitry 3802 and a processor 2410S. In this case, the device resonator 102D 

operating characteristics may be fixed or may be adjusted by analog control circuitry and without 

the need for control signals generated by a processor. 

[00394] Fig. 45 shows an end-to-end wireless power transmission system. Both the 

source and the device may include port measurement circuitry 3802 but in the system of Fig. 45, 

only the source contains a processor 2410S. The source and device may be in communication 

with each other and the adjustment of certain system parameters may be in response to control 
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signals that have been wirelessly communicated, such as though wireless communications 

circuitry 4202, between the source and the device. The wireless communication channel 4204 

may be separate from the wireless power transfer channel 4208, or it may be the same. That is, 

the resonators 102 used for power exchange may also be used to exchange information. In some 

cases, information may be exchanged by modulating a component a source or device circuit and 

sensing that change with port parameter or other monitoring equipment. 

[00395] Implementations where only the source contains a processor 2410 may be 

beneficial for multi-device systems where the source can handle all of the tuning and adjustment 

"decisions" and simply communicate the control signals back to the device(s). This 

implementation may make the device smaller and cheaper because it may eliminate the need for, 

or reduce the required functionality of, a processor in the device. A portion of or an entire data 

set from each port measurement at each device may be sent back to the source microprocessor 

for analysis, and the control instructions may be sent back to the devices. These communications 

may be wireless communications. 

[00396] Fig. 46 shows an end-to-end wireless power transmission system. In this 

example, only the source contains port measurement circuitry 3802 and a processor 2410S. The 

source and device may be in communication, such as via wireless communication circuitry 4202, 

with each other and the adjustment of certain system parameters may be in response to control 

signals that have been wirelessly communicated between the source and the device. 

[00397] Fig. 47 shows coupled electromagnetic resonators 102 whose frequency and 

impedance may be automatically adjusted using a processor or a computer. Resonant frequency 

tuning and continuous impedance adjustment of the source and device resonators may be 

implemented with reverse biased diodes, Schottky diodes and/or varactor elements contained 

within the capacitor networks shown as Cl, C2, and C3 in Fig. 47. The circuit topology that was 

built and demonstrated and is described here is exemplary and is not meant to limit the 

discussion of automatic system tuning and control in any way. Other circuit topologies could be 

utilized with the measurement and control architectures discussed in this disclosure. 

[00398] Device and source resonator impedances and resonant frequencies may be 

measured with a network analyzer 4402A-B, or by other means described above, and 

implemented with a controller, such as with Lab View 4404. The measurement circuitry or 
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equipment may output data to a computer or a processor that implements feedback algorithms 

and dynamically adjusts the frequencies and impedances via a programmable DC voltage source. 

[00399] In one arrangement, the reverse biased diodes (Schottky, semiconductor 

junction, and the like) used to realize the tunable capacitance drew very little DC current and 

could be reverse biased by amplifiers having large series output resistances. This implementation 

may enable DC control signals to be applied directly to the controllable circuit elements in the 

resonator circuit while maintaining a very high-Qin the magnetic resonator. 

[00400] C2 biasing signals may be isolated from Cl and/or C3 biasing signals with a 

DC blocking capacitor as shown in Fig. 47, if the required DC biasing voltages are different. The 

output of the biasing amplifiers may be bypassed to circuit ground to isolate RF voltages from 

the biasing amplifiers, and to keep non-fundamental RF voltages from being injected into the 

resonator. The reverse bias voltages for some of the capacitors may instead be applied through 

the inductive element in the resonator itself, because the inductive element acts as a short circuit 

at DC. 

[00401] The port parameter measurement circuitry may exchange signals with a 

processor (including any required ADCs and DACs) as part of a feedback or control system that 

is used to automatically adjust the resonant frequency, input impedance, energy stored or 

captured by the resonator or power delivered by a source or to a device load. The processor may 

also send control signals to tuning or adjustment circuitry in or attached to the magnetic 

resonator. 

[00402] When utilizing varactors or diodes as tunable capacitors, it may be beneficial 

to place fixed capacitors in parallel and in series with the tunable capacitors operating at high 

reverse bias voltages in the tuning/matching circuits. This arrangement may yield improvements 

in circuit and system stability and in power handling capability by optimizing the operating 

voltages on the tunable capacitors. 

[00403] Varactors or other reverse biased diodes may be used as a voltage controlled 

capacitor. Arrays of varactors may be used when higher voltage compliance or different 

capacitance is required than that of a single varactor component. Varactors may be arranged in 

an N by M array connected serially and in parallel and treated as a single two terminal 

component with different characteristics than the individual varactors in the array. For example, 

an N by N array of equal varactors where components in each row are connected in parallel and 
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components in each column are connected in series may be used as a two terminal device with 

the same capacitance as any single varactor in the array but with a voltage compliance that is N 

times that of a single varactor in the array. Depending on the variability and differences of 

parameters of the individual varactors in the array additional biasing circuits composed of 

resistors, inductors, and the like may be needed. A schematic of a four by four array of unbiased 

varactors 4502 that may be suitable for magnetic resonator applications is shown in Fig. 48. 

[00404] Further improvements in system performance may be realized by careful 

selection of the fixed value capacitor(s) that are placed in parallel and/or in series with the 

tunable (varactor/diode/capacitor) elements. Multiple fixed capacitors that are switched in or out 

of the circuit may be able to compensate for changes in resonator Q's, impedances, resonant 

frequencies, power levels, coupling strengths, and the like, that might be encountered in test, 

development and operational wireless power transfer systems. Switched capacitor banks and 

other switched element banks may be used to assure the convergence to the operating 

frequencies and impedance values required by the system design. 

[00405] An exemplary control algorithm for isolated and coupled magnetic resonators 

may be described for the circuit and system elements shown in Fig. 47. One control algorithm 

first adjusts each of the source and device resonator loops "in isolation", that is, with the other 

resonators in the system "shorted out" or "removed" from the system. For practical purposes, a 

resonator can be "shorted out" by making it resonant at a much lower frequency such as by 

maximizing the value of Cl and/or C3. This step effectively reduces the coupling between the 

resonators, thereby effectively reducing the system to a single resonator at a particular frequency 

and impedance. 

[00406] Tuning a magnetic resonator in isolation includes varying the tunable 

elements in the tuning and matching circuits until the values measured by the port parameter 

measurement circuitry are at their predetermined, calculated or measured relative values. The 

desired values for the quantities measured by the port parameter measurement circuitry may be 

chosen based on the desired matching impedance, frequency, strong coupling parameter, and the 

like. For the exemplary algorithms disclosed below, the port parameter measurement circuitry 

measures S-parameters over a range of frequencies. The range of frequencies used to 

characterize the resonators may be a compromise between the system performance information 
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obtained and computation/measurement speed. For the algorithms described below the frequency 

range may be approximately +/- 20% of the operating resonant frequency. 

[00407] Each isolated resonator may be tuned as follows. First, short out the resonator 

not being adjusted. Next minimize C 1, C2, and C3, in the resonator that is being characterized 

and adjusted. In most cases there will be fixed circuit elements in parallel with Cl, C2, and C3, 

so this step does not reduce the capacitance values to zero. Next, start increasing C2 until the 

resonator impedance is matched to the "target" real impedance at any frequency in the range of 

measurement frequencies described above. The initial "target" impedance may be less than the 

expected operating impedance for the coupled system. 

[00408] C2 may be adjusted until the initial "target" impedance is realized for a 

frequency in the measurement range. Then Cl and/or C3 may be adjusted until the loop is 

resonant at the desired operating frequency. 

[00409] Each resonator may be adjusted according to the above algorithm. After 

tuning each resonator in isolation, a second feedback algorithm may be applied to optimize the 

resonant frequencies and/or input impedances for wirelessly transferring power in the coupled 

system. 

[00410] The required adjustments to Cl and/or C2 and/or C3 in each resonator in the 

coupled system may be determined by measuring and processing the values of the real and 

imaginary parts of the input impedance from either and/or both "port(s)" shown in Fig. 43. For 

coupled resonators, changing the input impedance of one resonator may change the input 

impedance of the other resonator. Control and tracking algorithms may adjust one port to a 

desired operating point based on measurements at that port, and then adjust the other port based 

on measurements at that other port. These steps may be repeated until both sides converge to the 

desired operating point. 

[00411] S-parameters may be measured at both the source and device ports and the 

following series of measurements and adjustments may be made. In the description that follows, 

Z0 is an input impedance and may be the target impedance. In some cases Z0 is 50 ohms or is 

near 50 ohms. Z 1 and Z2 are intermediate impedance values that may be the same value as Z0 or 

may be different than Z0 . Re {value} means the real part of a value and Im {value} means the 

imaginary part of a value. 
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[00412] An algorithm that may be used to adjust the input impedance and resonant 

frequency of two coupled resonators is set forth below: 

1) Adjust each resonator "in isolation" as described above. 

2) Adjust source Cl/C3 until, at w
0

, Re{Sll} = (Z1 +/- ERe) as follows: 

- IfRe{Sl 1 @co
0 

} > (Z1 + ERe), decrease Cl/C3. If Re{Sl 1 @w
0 

} < (Zo - ERe), 

increase C 1/C3. 

3) Adjust source C2 until, at W
0

, Im{Sll} = (+/- E1m) as follows: 

- Iflm {Sl 1 @ W
0

} > E1m, decrease C2. Iflm{S 11 @ W
0

} < - E1m, increase C2. 

4) Adjust device Cl/C3 until, at mo, Re{S22} = (Z2 +/- ERe) as follows: 

- IfRe{S22@ co
0

} > (Z2 + ERe), decrease Cl/C3. IfRe{S22@ W
0

} < (Zo - ERe), 

increase C 1/C3. 

5) Adjust device C2 until, at w
0 

, Im { S22} = 0 as follows: 

- Iflm {S22@ W
0

} > E1m, decrease C2. Iflm{S22@ W
0

} < -E1m, increase C2. 

[00413] We have achieved a working system by repeating steps 1-4 until both 

(Re{Sll}, Im{Sll}) and (Re{S22}, Im{S22}) converge to ((Zo +/- ERe), (+/- E1m)) at W
0

, where 

Z0 is the desired matching impedance and w
0 

is the desired operating frequency. Here, Eim 

represents the maximum deviation of the imaginary part, at w
0

, from the desired value of 0, and 

ERe represents the maximum deviation of the real part from the desired value of Z0. It is 

understood that Eim and ERe can be adjusted to increase or decrease the number of steps to 

convergence at the potential cost of system performance (efficiency). It is also understood that 

steps 1-4 can be performed in a variety of sequences and a variety of ways other than that 

outlined above (i.e. first adjust the source imaginary part, then the source real part; or first adjust 

the device real part, then the device imaginary part, etc.) The intermediate impedances Z 1 and Z2 

may be adjusted during steps 1-4 to reduce the number of steps required for convergence. The 

desire or target impedance value may be complex, and may vary in time or under different 

operating scenarios. 
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[00414] Steps 1-4 may be performed in any order, in any combination and any number 

of times. Having described the above algorithm, variations to the steps or the described 

implementation may be apparent to one of ordinary skill in the art. The algorithm outlined above 

may be implemented with any equivalent linear network port parameter measurements (i.e., Z­

parameters, Y-parameters, T-parameters, H-parameters, ABCD-parameters, etc.) or other 

monitor signals described above, in the same way that impedance or admittance can be 

alternatively used to analyze a linear circuit to derive the same result. 

[00415] The resonators may need to be retuned owing to changes in the "loaded" 

resistances, Rs and Rd, caused by changes in the mutual inductance M ( coupling) between the 

source and device resonators. Changes in the inductances, Ls and Ld, of the inductive elements 

themselves may be caused by the influence of external objects, as discussed earlier, and may also 

require compensation. Such variations may be mitigated by the adjustment algorithm described 

above. 

[00416] A directional coupler or a switch may be used to connect the port parameter 

measurement circuitry to the source resonator and tuning/adjustment circuitry. The port 

parameter measurement circuitry may measure properties of the magnetic resonator while it is 

exchanging power in a wireless power transmission system, or it may be switched out of the 

circuit during system operation. The port parameter measurement circuitry may measure the 

parameters and the processor may control certain tunable elements of the magnetic resonator at 

start-up, or at certain intervals, or in response to changes in certain system operating parameters. 

[00417] A wireless power transmission system may include circuitry to vary or tune 

the impedance and/or resonant frequency of source and device resonators. Note that while tuning 

circuitry is shown in both the source and device resonators, the circuitry may instead be included 

in only the source or the device resonators, or the circuitry may be included in only some of the 

source and/or device resonators. Note too that while we may refer to the circuitry as "tuning" the 

impedance and or resonant frequency of the resonators, this tuning operation simply means that 

various electrical parameters such as the inductance or capacitance of the structure are being 

varied. In some cases, these parameters may be varied to achieve a specific predetermined value, 

in other cases they may be varied in response to a control algorithm or to stabilize a target 

performance value that is changing. In some cases, the parameters are varied as a function of 

temperature, of other sources or devices in the area, of the environment, at the like. 
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[00418] Applications 

[00419] For each listed application, it will be understood by one of ordinary skill-in­

the-art that there are a variety of ways that the resonator structures used to enable wireless power 

transmission may be connected or integrated with the objects that are supplying or being 

powered. The resonator may be physically separate from the source and device objects. The 

resonator may supply or remove power from an object using traditional inductive techniques or 

through direct electrical connection, with a wire or cable for example. The electrical connection 

may be from the resonator output to the AC or DC power input port on the object. The electrical 

connection may be from the output power port of an object to the resonator input. 

[00420] FIG. 49 shows a source resonator 4904 that is physically separated from a 

power supply and a device resonator 4902 that is physically separated from the device 4900, in 

this illustration a laptop computer. Power may be supplied to the source resonator, and power 

may be taken from the device resonator directly, by an electrical connection. One of ordinary 

skill in the art will understand from the materials incorporated by reference that the shape, size, 

material composition, arrangement, position and orientation of the resonators above are provided 

by way of non-limiting example, and that a wide variation in any and all of these parameters 

could be supported by the disclosed technology for a variety of applications. 

[00421] Continuing with the example of the laptop, and without limitation, the device 

resonator may be physically connected to the device it is powering or charging. For example, as 

shown in FIG. 50a and FIG. 50b, the device resonator 5002 may be (a) integrated into the 

housing of the device 5000 or (b) it may be attached by an adapter. The resonator 5002 may 

(FIG. 50b-d) or may not (FIG. 50a) be visible on the device. The resonator may be affixed to the 

device, integrated into the device, plugged into the device, and the like. 

[00422] The source resonator may be physically connected to the source supplying the 

power to the system. As described above for the devices and device resonators, there are a 

variety of ways the resonators may be attached to, connected to or integrated with the power 

supply. One of ordinary skill in the art will understand that there are a variety of ways the 

resonators may be integrated in the wireless power transmission system, and that the sources and 

devices may utilize similar or different integration techniques. 

[00423] Continuing again with the example of the laptop computer, and without 

limitation, the laptop computer may be powered, charged or recharged by a wireless power 
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transmission system. A source resonator may be used to supply wireless power and a device 

resonator may be used to capture the wireless power. A device resonator 5002 may be integrated 

into the edge of the screen (display) as illustrated in FIG. 50d, and/or into the base of the laptop 

as illustrated in FIG. 50c. The source resonator 5002 may be integrated into the base of the 

laptop and the device resonator may be integrated into the edge of the screen. The resonators 

may also or instead be affixed to the power source and/or the laptop. The source and device 

resonators may also or instead be physically separated from the power supply and the laptop and 

may be electrically connected by a cable. The source and device resonators may also or instead 

be physically separated from the power supply and the laptop and may be electrically coupled 

using a traditional inductive technique. One of ordinary skill in the art will understand that, while 

the preceding examples relate to wireless power transmission to a laptop, that the methods and 

systems disclosed for this application may be suitably adapted for use with other electrical or 

electronic devices. In general, the source resonator may be external to the source and supplying 

power to a device resonator that in tum supplies power the device, or the source resonator may 

be connected to the source and supplying power to a device resonator that in tum supplies power 

to a portion of the device, or the source resonator may internal to the source and supplying power 

to a device resonator that in tum supplies power to a portion of the device, as well as any 

combination of these. 

[00424] A system or method disclosed herein may provide power to an electrical or 

electronics device, such as, and not limited to, phones, cell phones, cordless phones, smart 

phones, PDAs, audio devices, music players, MP3 players, radios, portable radios and players, 

wireless headphones, wireless headsets, computers, laptop computers, wireless keyboards, 

wireless mouse, televisions, displays, flat screen displays, computer displays, displays embedded 

in furniture, digital picture frames, electronic books, ( e.g. the Kindle, e-ink books, magazines, 

and the like), remote control units ( also referred to as controllers, game controllers, commanders, 

clickers, and the like, and used for the remote control of a plurality of electronics devices, such 

as televisions, video games, displays, computers, audio visual equipment, lights, and the like), 

lighting devices, cooling devices, air circulation devices, purification devices, personal hearing 

aids, power tools, security systems, alarms, bells, flashing lights, sirens, sensors, loudspeakers, 

electronic locks, electronic keypads, light switches, other electrical switches, and the like. Here 

the term electronic lock is used to indicate a door lock which operates electronically ( e.g. with 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 926



WO 2010/036980 PCT/US2009/058499 
105 

electronic combo-key, magnetic card, RFID card, and the like) which is placed on a door instead 

of a mechanical key-lock. Such locks are often battery operated, risking the possibility that the 

lock might stop working when a battery dies, leaving the user locked-out. This may be avoided 

where the battery is either charged or completely replaced by a wireless power transmission 

implementation as described herein. 

[00425] Here, the term light switch ( or other electrical switch) is meant to indicate any 

switch (e.g. on a wall of a room) in one part of the room that turns on/off a device (e.g. light 

fixture at the center of the ceiling) in another part of the room. To install such a switch by direct 

connection, one would have to run a wire all the way from the device to the switch. Once such a 

switch is installed at a particular spot, it may be very difficult to move. Alternately, one can 

envision a 'wireless switch', where "wireless" means the switching ( on/off) commands are 

communicated wirelessly, but such a switch has traditionally required a battery for operation. In 

general, having too many battery operated switches around a house may be impractical, because 

those many batteries will need to be replaced periodically. So, a wirelessly communicating 

switch may be more convenient, provided it is also wirelessly powered. For example, there 

already exist communications wireless door-bells that are battery powered, but where one still 

has to replace the battery in them periodically. The remote doorbell button may be made to be 

completely wireless, where there may be no need to ever replace the battery again. Note that 

here, the term 'cordless' or 'wireless' or 'communications wireless' is used to indicate that there 

is a cordless or wireless communications facility between the device and another electrical 

component, such as the base station for a cordless phone, the computer for a wireless keyboard, 

and the like. One skilled in the art will recognize that any electrical or electronics device may 

include a wireless communications facility, and that the systems and methods described herein 

may be used to add wireless power transmission to the device. As described herein, power to the 

electrical or electronics device may be delivered from an external or internal source resonator, 

and to the device or portion of the device. Wireless power transmission may significantly reduce 

the need to charge and/or replace batteries for devices that enter the near vicinity of the source 

resonator and thereby may reduce the downtime, cost and disposal issues often associated with 

batteries. 

[00426] The systems and methods described herein may provide power to lights 

without the need for either wired power or batteries. That is, the systems and methods described 
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herein may provide power to lights without wired connection to any power source, and provide 

the energy to the light non-radiatively across mid-range distances, such as across a distance of a 

quarter of a meter, one meter, three meters, and the like. A 'light' as used herein may refer to the 

light source itself, such as an incandescent light bulb, florescent light bulb lamps, Halogen 

lamps, gas discharge lamps, fluorescent lamps, neon lamps, high-intensity discharge lamps, 

sodium vapor lamps, Mercury-vapor lamps, electroluminescent lamps, light emitting diodes 

(LED) lamps, and the like; the light as part of a light fixture, such as a table lamp, a floor lamp, a 

ceiling lamp, track lighting, recessed light fixtures, and the like; light fixtures integrated with 

other functions, such as a light/ceiling fan fixture, and illuminated picture frame, and the like. As 

such, the systems and methods described herein may reduce the complexity for installing a light, 

such as by minimizing the installation of electrical wiring, and allowing the user to place or 

mount the light with minimal regard to sources of wired power. For instance, a light may be 

placed anywhere in the vicinity of a source resonator, where the source resonator may be 

mounted in a plurality of different places with respect to the location of the light, such as on the 

floor of the room above, (e.g. as in the case of a ceiling light and especially when the room above 

is the attic); on the wall of the next room, on the ceiling of the room below, (e.g. as in the case of 

a floor lamp); in a component within the room or in the infrastructure of the room as described 

herein; and the like. For example, a light/ceiling fan combination is often installed in a master 

bedroom, and the master bedroom often has the attic above it. In this instance a user may more 

easily install the light/ceiling fan combination in the master bedroom, such as by simply 

mounting the light/ceiling fan combination to the ceiling, and placing a source coil (plugged into 

the house wired AC power) in the attic above the mounted fixture. In another example, the light 

may be an external light, such as a flood light or security light, and the source resonator mounted 

inside the structure. This way of installing lighting may be particularly beneficial to users who 

rent their homes, because now they may be able to mount lights and such other electrical 

components without the need to install new electrical wiring. The control for the light may also 

be communicated by near-field communications as described herein, or by traditional wireless 

communications methods. 

[00427] The systems and methods described herein may provide power from a source 

resonator to a device resonator that is either embedded into the device component, or outside the 

device component, such that the device component may be a traditional electrical component or 
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fixture. For instance, a ceiling lamp may be designed or retrofitted with a device resonator 

integrated into the fixture, or the ceiling lamp may be a traditional wired fixture, and plugged 

into a separate electrical facility equipped with the device resonator. In an example, the electrical 

facility may be a wireless junction box designed to have a device resonator for receiving wireless 

power, say from a source resonator placed on the floor of the room above (e.g. the attic), and 

which contains a number of traditional outlets that are powered from the device resonator. The 

wireless junction box, mounted on the ceiling, may now provide power to traditional wired 

electrical components on the ceiling (e.g. a ceiling light, track lighting, a ceiling fan). Thus, the 

ceiling lamp may now be mounted to the ceiling without the need to run wires through the 

infrastructure of the building. This type of device resonator to traditional outlet junction box may 

be used in a plurality of applications, including being designed for the interior or exterior of a 

building, to be made portable, made for a vehicle, and the like. Wireless power may be 

transferred through common building materials, such as wood, wall board, insulation, glass. 

brick, stone, concrete, and the like. The benefits of reduced installation cost, re-configurability, 

and increased application flexibility may provide the user significant benefits over traditional 

wired installations. The device resonator for a traditional outlet junction box may include a 

plurality of electrical components for facilitating the transfer of power from the device resonator 

to the traditional outlets, such as power source electronics which convert the specific frequencies 

needed to implement efficient power transfer to line voltage, power capture electronics which 

may convert high frequency AC to usable voltage and frequencies (AC and/or DC), controls 

which synchronize the capture device and the power output and which ensure consistent, safe, 

and maximally efficient power transfer, and the like. 

[00428] The systems and methods described herein may provide advantages to lights 

or electrical components that operate in environments that are wet, harsh, controlled, and the 

like, such has outside and exposed to the rain, in a pool/sauna/shower, in a maritime application, 

in hermetically sealed components, in an explosive-proof room, on outside signage, a harsh 

industrial environment in a volatile environment ( e.g. from volatile vapors or airborne organics, 

such as in a grain silo or bakery), and the like. For example, a light mounted under the water 

level of a pool is normally difficult to wire up, and is required to be water-sealed despite the need 

for external wires. But a pool light using the principles disclosed herein may more easily be 

made water sealed, as there may be no external wires needed. In another example, an explosion 
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proof room, such as containing volatile vapors, may not only need to be hermetically sealed, but 

may need to have all electrical contacts (that could create a spark) sealed. Again, the principles 

disclosed herein may provide a convenient way to supply sealed electrical components for such 

applications. 

[00429] The systems and methods disclosed herein may provide power to game 

controller applications, such as to a remote handheld game controller. These game controllers 

may have been traditionally powered solely by batteries, where the game controller's use and 

power profile caused frequent changing of the battery, battery pack, rechargeable batteries, and 

the like, that may not have been ideal for the consistent use to the game controller, such as during 

extended game play. A device resonator may be placed into the game controller, and a source 

resonator, connected to a power source, may be placed in the vicinity. Further, the device 

resonator in the game controller may provide power directly to the game controller electronics 

without a battery; provide power to a battery, battery pack, rechargeable battery, and the like, 

which then provides power to the game controller electronics; and the like. The game controller 

may utilize multiple battery packs, where each battery pack is equipped with a device resonator, 

and thus may be constantly recharging while in the vicinity of the source resonator, whether 

plugged into the game controller or not. The source resonator may be resident in a main game 

controller facility for the game, where the main game controller facility and source resonator are 

supplied power from AC 'house' power; resident in an extension facility form AC power, such 

as in a source resonator integrated into an 'extension cord'; resident in a game chair, which is at 

least one of plugged into the wall AC, plugged into the main game controller facility, powered 

by a battery pack in the game chair; and the like. The source resonator may be placed and 

implemented in any of the configurations described herein. 

[00430] The systems and methods disclosed herein may integrate device resonators 

into battery packs, such as battery packs that are interchangeable with other battery packs. For 

instance, some portable devices may use up electrical energy at a high rate such that a user may 

need to have multiple interchangeable battery packs on hand for use, or the user may operate the 

device out of range of a source resonator and need additional battery packs to continue operation, 

such as for power tools, portable lights, remote control vehicles, and the like. The use of the 

principles disclosed herein may not only provide a way for device resonator enabled battery 

packs to be recharged while in use and in range, but also for the recharging of battery packs not 
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currently in use and placed in range of a source resonator. In this way, battery packs may always 

be ready to use when a user runs down the charge of a battery pack being used. For example, a 

user may be working with a wireless power tool, where the current requirements may be greater 

than can be realized through direct powering from a source resonator. In this case, despite the 

fact that the systems and methods described herein may be providing charging power to the in­

use battery pack while in range, the battery pack may still run down, as the power usage may 

have exceeded the recharge rate. Further, the user may simply be moving in and out of range, or 

be completely out of range while using the device. However, the user may have placed additional 

battery packs in the vicinity of the source resonator, which have been recharged while not in use, 

and are now charged sufficiently for use. In another example, the user may be working with the 

power tool away from the vicinity of the source resonator, but leave the supplemental battery 

packs to charge in the vicinity of the source resonator, such as in a room with a portable source 

resonator or extension cord source resonator, in the user's vehicle, in user's tool box, and the 

like. In this way, the user may not have to worry about taking the time to, and/or remembering to 

plug in their battery packs for future use. The user may only have to change out the used battery 

pack for the charged battery pack and place the used one in the vicinity of the source resonator 

for recharging. Device resonators may be built into enclosures with known battery form factors 

and footprints and may replace traditional chemical batteries in known devices and applications. 

For example, device resonators may be built into enclosures with mechanical dimensions 

equivalent to AA batteries, AAA batteries, D batteries, 9V batteries, laptop batteries, cell phone 

batteries, and the like. The enclosures may include a smaller "button battery" in addition to the 

device resonator to store charge and provide extended operation, either in terms of time or 

distance. Other energy storage devices in addition to or instead of button batteries may be 

integrated with the device resonators and any associated power conversion circuitry. These new 

energy packs may provide similar voltage and current levels as provided by traditional batteries, 

but may be composed of device resonators, power conversion electronics, a small battery, and 

the like. These new energy packs may last longer than traditional batteries because they may be 

more easily recharged and may be recharging constantly when they are located in a wireless 

power zone. In addition, such energy packs may be lighter than traditional batteries, may be safer 

to use and store, may operate over wider temperature and humidity ranges, may be less harmful 
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to the environment when thrown away, and the like. As described herein, these energy packs 

may last beyond the life of the product when used in wireless power zones as described herein. 

[00431] The systems and methods described herein may be used to power visual 

displays, such as in the case of the laptop screen, but more generally to include the great variety 

and diversity of displays utilized in today's electrical and electronics components, such as in 

televisions, computer monitors, desktop monitors, laptop displays, digital photo frames, 

electronic books, mobile device displays ( e.g. on phones, PD As, games, navigation devices, 

DVD players), and the like. Displays that may be powered through one or more of the wireless 

power transmission systems described herein may also include embedded displays, such as 

embedded in electronic components ( e.g. audio equipment, home appliances, automotive 

displays, entertainment devices, cash registers, remote controls), in furniture, in building 

infrastructure, in a vehicle, on the surface of an object ( e.g. on the surface of a vehicle, building, 

clothing, signs, transportation), and the like. Displays may be very small with tiny resonant 

devices, such as in a smart card as described herein, or very large, such as in an advertisement 

sign. Displays powered using the principles disclosed herein may also be any one of a plurality 

of imaging technologies, such as liquid crystal display (LCD), thin film transistor LCD, passive 

LCD, cathode ray tube (CRT), plasma display, projector display (e.g. LCD, DLP, LCOS), 

surface-conduction electron-emitter display (SED), organic light-emitting diode (OLED), and the 

like. Source coil configurations may include attaching to a primary power source, such as 

building power, vehicle power, from a wireless extension cord as described herein, and the like; 

attached to component power, such as the base of an electrical component ( e.g. the base of a 

computer, a cable box for a TV); an intermediate relay source coil; and the like. For example, 

hanging a digital display on the wall may be very appealing, such as in the case of a digital photo 

frame that receives its information signals wirelessly or through a portable memory device, but 

the need for an unsightly power cord may make it aesthetically unpleasant. However, with a 

device coil embedded in the digital photo frame, such as wrapped within the frame portion, may 

allow the digital photo frame to be hung with no wires at all. The source resonator may then be 

placed in the vicinity of the digital photo frame, such as in the next room on the other side of the 

wall, plugged directly into a traditional power outlet, from a wireless extension cord as described 

herein, from a central source resonator for the room, and the like. 
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[00432] The systems and methods described herein may provide wireless power 

transmission between different portions of an electronics facility. Continuing with the example 

of the laptop computer, and without limitation, the screen of the laptop computer may require 

power from the base of the laptop. In this instance, the electrical power has been traditionally 

routed via direct electrical connection from the base of the laptop to the screen over a hinged 

portion of the laptop between the screen and the base. When a wired connection is utilized, the 

wired connection may tend to wear out and break, the design functionality of the laptop 

computer may be limited by the required direct electrical connection, the design aesthetics of the 

laptop computer may be limited by the required direct electrical connection, and the like. 

However, a wireless connection may be made between the base and the screen. In this instance, 

the device resonator may be placed in the screen portion to power the display, and the base may 

be either powered by a second device resonator, by traditional wired connections, by a hybrid of 

resonator-battery- direct electrical connection, and the like. This may not only improve the 

reliability of the power connection due to the removal of the physical wired connection, but may 

also allow designers to improve the functional and/or aesthetic design of the hinge portion of the 

laptop in light of the absence of physical wires associated with the hinge. Again, the laptop 

computer has been used here to illustrate how the principles disclosed herein may improve the 

design of an electric or electronic device, and should not be taken as limiting in any way. For 

instance, many other electrical devices with separated physical portions could benefit from the 

systems and methods described herein, such as a refrigerator with electrical functions on the 

door, including an ice maker, a sensor system, a light, and the like; a robot with movable 

portions, separated by joints; a car's power system and a component in the car's door; and the 

like. The ability to provide power to a device via a device resonator from an external source 

resonator, or to a portion of the device via a device resonator from either external or internal 

source resonators, will be recognized by someone skilled in the art to be widely applicable across 

the range of electric and electronic devices. 

[00433] The systems and methods disclosed herein may provide for a sharing of 

electrical power between devices, such as between charged devices and uncharged devices. For 

instance a charged up device or appliance may act like a source and send a predetermined 

amount of energy, dialed in amount of energy, requested and approved amount of energy, and 

the like, to a nearby device or appliance. For example, a user may have a cell phone and a digital 
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camera that are both capable of transmitting and receiving power through embedded source and 

device resonators, and one of the devices, say the cell phone, is found to be low on charge. The 

user may then transfer charge from the digital camera to the cell phone. The source and device 

resonators in these devices may utilize the same physical resonator for both transmission and 

reception, utilize separate source and device resonators, one device may be designed to receive 

and transmit while the other is designed to receive only, one device may be designed to transmit 

only and the other to receive only, and the like. 

[00434] To prevent complete draining the battery of a device it may have a setting 

allowing a user to specify how much of the power resource the receiving device is entitled to. It 

may be useful, for example, to put a limit on the amount of power available to external devices 

and to have the ability to shut down power transmission when battery power falls below a 

threshold. 

[00435] The systems and methods described herein may provide wireless power 

transfer to a nearby electrical or electronics component in association with an electrical facility, 

where the source resonator is in the electrical facility and the device resonator is in the 

electronics component. The source resonator may also be connected to, plugged into, attached to 

the electrical facility, such as through a universal interface ( e.g. a USB interface, PC card 

interface), supplemental electrical outlet, universal attachment point, and the like, of the 

electrical facility. For example, the source resonator may be inside the structure of a computer on 

a desk, or be integrated into some object, pad, and the like, that is connected to the computer, 

such as into one of the computer's USB interfaces. In the example of the source resonator 

embedded in the object, pad, and the like, and powered through a USB interface, the source 

resonator may then be easily added to a user's desktop without the need for being integrated into 

any other electronics device, thus conveniently providing a wireless energy zone around which a 

plurality of electric and/or electronics devices may be powered. The electrical facility may be a 

computer, a light fixture, a dedicated source resonator electrical facility, and the like, and the 

nearby components may be computer peripherals, surrounding electronics components, 

infrastructure devices, and the like, such as computer keyboards, computer mouse, fax machine, 

printer, speaker system, cell phone, audio device, intercom, music player, PDA, lights, electric 

pencil sharpener, fan, digital picture frame, calculator, electronic games, and the like. For 

example, a computer system may be the electrical facility with an integrated source resonator 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 934



WO 2010/036980 PCT/US2009/058499 
113 

that utilizes a 'wireless keyboard' and 'wireless mouse', where the use of the term wireless here 

is meant to indicate that there is wireless communication facility between each device and the 

computer, and where each device must still contain a separate battery power source. As a result, 

batteries would need to be replaced periodically, and in a large company, may result in a 

substantial burden for support personnel for replacement of batteries, cost of batteries, and 

proper disposal of batteries. Alternatively, the systems and methods described herein may 

provide wireless power transmission from the main body of the computer to each of these 

peripheral devices, including not only power to the keyboard and mouse, but to other peripheral 

components such as a fax, printer, speaker system, and the like, as described herein. A source 

resonator integrated into the electrical facility may provide wireless power transmission to a 

plurality of peripheral devices, user devices, and the like, such that there is a significant 

reduction in the need to charge and/or replace batteries for devices in the near vicinity of the 

source resonator integrated electrical facility. The electrical facility may also provide tuning or 

auto-tuning software, algorithms, facilities, and the like, for adjusting the power transfer 

parameters between the electrical facility and the wirelessly powered device. For example, the 

electrical facility may be a computer on a user's desktop, and the source resonator may be either 

integrated into the computer or plugged into the computer ( e.g. through a USB connection), 

where the computer provides a facility for providing the tuning algorithm ( e.g. through a 

software program running on the computer). 

[00436] The systems and methods disclosed herein may provide wireless power 

transfer to a nearby electrical or electronics component in association with a facility 

infrastructure component, where the source resonator is in, or mounted on, the facility 

infrastructure component and the device resonator is in the electronics component. For instance, 

the facility infrastructure component may be a piece of furniture, a fixed wall, a movable wall or 

partition, the ceiling, the floor, and the source resonator attached or integrated into a table or 

desk ( e.g. just below/above the surface, on the side, integrated into a table top or table leg), a mat 

placed on the floor ( e.g. below a desk, placed on a desk), a mat on the garage floor ( e.g. to charge 

the car and/or devices in the car), in a parking lot/garage ( e.g. on a post near where the car is 

parked), a television ( e.g. for charging a remote control), a computer monitor ( e.g. to 

power/charge a wireless keyboard, wireless mouse, cell phone), a chair (e.g. for powering 

electric blankets, medical devices, personal health monitors), a painting, office furniture, 
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common household appliances, and the like. For example, the facility infrastructure component 

may be a lighting fixture in an office cubical, where the source resonator and light within the 

lighting fixture are both directly connected to the facility's wired electrical power. However, 

with the source resonator now provided in the lighting fixture, there would be no need to have 

any additional wired connections for those nearby electrical or electronics components that are 

connected to, or integrated with, a device resonator. In addition, there may be a reduced need for 

the replacement of batteries for devices with device resonators, as described herein. 

[00437] The use of the systems and methods described herein to supply power to 

electrical and electronic devices from a central location, such as from a source resonator in an 

electrical facility, from a facility infrastructure component and the like, may minimize the 

electrical wiring infrastructure of the surrounding work area. For example, in an enterprise office 

space there are typically a great number of electrical and electronic devices that need to be 

powered by wired connections. With utilization of the systems and methods described herein, 

much of this wiring may be eliminated, saving the enterprise the cost of installation, decreasing 

the physical limitations associated with office walls having electrical wiring, minimizing the 

need for power outlets and power strips, and the like. The systems and methods described herein 

may save money for the enterprise through a reduction in electrical infrastructure associated with 

installation, re-installation (e.g., reconfiguring office space), maintenance, and the like. In 

another example, the principles disclosed herein may allow the wireless placement of an 

electrical outlet in the middle of a room. Here, the source could be placed on the ceiling of a 

basement below the location on the floor above where one desires to put an outlet. The device 

resonator could be placed on the floor of the room right above it. Installing a new lighting fixture 

(or any other electric device for that matter, e.g. camera, sensor, etc., in the center of the ceiling 

may now be substantially easier for the same reason). 

[00438] In another example, the systems and methods described herein may provide 

power "through" walls. For instance, suppose one has an electric outlet in one room (e.g. on a 

wall), but one would like to have an outlet in the next room, but without the need to call an 

electrician, or drill through a wall, or drag a wire around the wall, or the like. Then one might put 

a source resonator on the wall in one room, and a device resonator outlet/pickup on the other side 

of the wall. This may power a flat-screen TV or stereo system or the like ( e.g. one may not want 

to have an ugly wire climbing up the wall in the living room, but doesn't mind having a similar 
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wire going up the wall in the next room, e.g. storage room or closet, or a room with furniture that 

blocks view of wires running along the wall). The systems and methods described herein may be 

used to transfer power from an indoor source to various electric devices outside of homes or 

buildings without requiring holes to be drilled through, or conduits installed in, these outside 

walls. In this case, devices could be wirelessly powered outside the building without the aesthetic 

or structural damage or risks associated with drilling holes through walls and siding. In addition, 

the systems and methods described herein may provide for a placement sensor to assist in 

placing an interior source resonator for an exterior device resonator equipped electrical 

component. For example, a home owner may place a security light on the outside of their home 

which includes a wireless device resonator, and now needs to adequately or optimally position 

the source resonator inside the home. A placement sensor acting between the source and device 

resonators may better enable that placement by indicating when placement is good, or to a degree 

of good, such as in a visual indication, an audio indication, a display indication, and the like. In 

another example, and in a similar way, the systems and methods described herein may provide 

for the installation of equipment on the roof of a home or building, such as radio transmitters and 

receivers, solar panels and the like. In the case of the solar panel, the source resonator may be 

associated with the panel, and power may be wirelessly transferred to a distribution panel inside 

the building without the need for drilling through the roof. The systems and methods described 

herein may allow for the mounting of electric or electrical components across the walls of 

vehicles (such as through the roof) without the need to drill holes, such as for automobiles, water 

craft, planes, trains, and the like. In this way, the vehicle's walls may be left intact without holes 

being drilled, thus maintaining the value of the vehicle, maintaining watertightness, eliminating 

the need to route wires, and the like. For example, mounting a siren or light to the roof of a 

police car decreases the future resale of the car, but with the systems and methods described 

herein, any light, horn, siren, and the like, may be attached to the roof without the need to drill a 

hole. 

[00439] The systems and methods described herein may be used for wireless transfer 

of power from solar photovoltaic (PV) panels. PV panels with wireless power transfer capability 

may have several benefits including simpler installation, more flexible, reliable, and 

weatherproof design. Wireless power transfer may be used to transfer power from the PV panels 

to a device, house, vehicle, and the like. Solar PV panels may have a wireless source resonator 
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allowing the PV panel to directly power a device that is enabled to receive the wireless power. 

For example, a solar PV panel may be mounted directly onto the roof of a vehicle, building, and 

the like. The energy captured by the PV panel may be wirelessly transferred directly to devices 

inside the vehicle or under the roof of a building. Devices that have resonators can wirelessly 

receive power from the PV panel. Wireless power transfer from PV panels may be used to 

transfer energy to a resonator that is coupled to the wired electrical system of a house, vehicle, 

and the like allowing traditional power distribution and powering of conventional devices 

without requiring any direct contact between the exterior PV panels and the internal electrical 

system. 

[00440] With wireless power transfer significantly simpler installation of rooftop PV 

panels is possible because power may be transmitted wirelessly from the panel to a capture 

resonator in the house, eliminating all outside wiring, connectors, and conduits, and any holes 

through the roof or walls of the structure. Wireless power transfer used with solar cells may have 

a benefit in that it can reduced roof danger since it eliminates the need for electricians to work on 

the roof to interconnect panels, strings, and junction boxes. Installation of solar panels integrated 

with wireless power transfer may require less skilled labor since fewer electrical contacts need to 

be made. Less site specific design may be required with wireless power transfer since the 

technology gives the installer the ability to individually optimize and position each solar PV 

panel, significantly reducing the need for expensive engineering and panel layout services. There 

may not be need to carefully balance the solar load on every panel and no need for specialized 

DC wiring layout and interconnections. 

[00441] For rooftop or on-wall installations of PV panels, the capture resonator may 

be mounted on the underside of the roof, inside the wall, or in any other easily accessible inside 

space within a foot or two of the solar PV panel. A diagram showing a possible general rooftop 

PV panel installation is shown in Figure 51. Various PV solar collectors may be mounted in top 

of a roof with wireless power capture coils mounted inside the building under the roof. The 

resonator coils in the PV panels can transfer their energy wirelessly through the roof to the 

wireless capture coils. The captured energy from the PV cells may be collected and coupled to 

the electrical system of the house to power electric and electronic devices or coupled to the 

power grid when more power than needed is generated. Energy is captured from the PV cells 

without requiring holes or wires that penetrate the roof or the walls of the building. Each PV 
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panel may have a resonator that is coupled to a corresponding resonator on the interior of the 

vehicle or building. Multiple panels may utilize wireless power transfer between each other to 

transfer or collect power to one or a couple of designated panels that are coupled to resonators on 

the interior of the vehicle of house. Panels may have wireless power resonators on their sides or 

in their perimeter that can couple to resonators located in other like panels allowing transfer of 

power from panel to panel. An additional bus or connection structure may be provided that 

wirelessly couples the power from multiple panels on the exterior of a building or vehicle and 

transfers power to one or a more resonators on the interior of building or vehicle. 

[00442] For example, as shown in Fig. 51, a source resonator 5102 may be coupled to 

a PV cell 5100 mounted on top of roof 5104 of a building. A corresponding capture resonator 

5106 is placed inside the building. The solar energy captured by the PV cells can then be 

transferred between the source resonators 5102 outside to the device resonators 5106 inside the 

building without having direct holes and connections through the building. 

[00443] Each solar PV panel with wireless power transfer may have its own inverter, 

significantly improving the economics of these solar systems by individually optimizing the 

power production efficiency of each panel, supporting a mix of panel sizes and types in a single 

installation, including single panel "pay-as-you-grow" system expansions. Reduction of 

installation costs may make a single panel economical for installation. Eliminating the need for 

panel string designs and careful positioning and orienting of multiple panels, and eliminating a 

single point of failure for the system. 

[00444] Wireless power transfer in PV solar panels may enable more solar deployment 

scenarios because the weather-sealed solar PV panels eliminate the need to drill holes for wiring 

through sealed surfaces such as car roofs and ship decks, and eliminate the requirement that the 

panels be installed in fixed locations. With wireless power transfer, PV panels may be deployed 

temporarily, and then moved or removed, without leaving behind permanent alterations to the 

surrounding structures. They may be placed out in a yard on sunny days, and moved around to 

follow the sun, or brought inside for cleaning or storage, for example. For backyard or mobile 

solar PV applications, an extension cord with a wireless energy capture device may be thrown on 

the ground or placed near the solar unit. The capture extension cord can be completely sealed 

from the elements and electrically isolated, so that it may be used in any indoor or outdoor 

environment. 
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[00445] With wireless power transfer no wires or external connections may be 

necessary and the PV solar panels can be completely weather sealed. Significantly improved 

reliability and lifetime of electrical components in the solar PV power generation and 

transmission circuitry can be expected since the weather-sealed enclosures can protect 

components from UV radiation, humidity, weather, and the like. With wireless power transfer 

and weather-sealed enclosures it may be possible to use less expensive components since they 

will no longer be directly exposed to external factors and weather elements and it may reduce the 

cost of PV panels. 

[00446] Power transfer between the PV panels and the capture resonators inside a 

building or a vehicle may be bidirectional. Energy may be transmitted from the house grid to the 

PV panels to provide power when the panels do not have enough energy to perform certain tasks 

such. Reverse power flow can be used to melt snow from the panels, or power motors that will 

position the panels in a more favorable positions with respect to the sun energy. Once the snow is 

melted or the panels are repositioned and the PV panels can generate their own energy the 

direction of power transfer can be returned to normal delivering power from the PV panels to 

buildings, vehicles, or devices. 

[00447] PV panels with wireless power transfer may include auto-tuning on 

installation to ensure maximum and efficient power transfer to the wireless collector. Variations 

in roofing materials or variations in distances between the PV panels and the wireless power 

collector in different installations may affect the performance or perturb the properties of the 

resonators of the wireless power transfer. To reduce the installation complexity the wireless 

power transfer components may include a tuning capability to automatically adjust their 

operating point to compensate for any effects due to materials or distance. Frequency, 

impedance, capacitance, inductance, duty cycle, voltage levels and the like may be adjusted to 

ensure efficient and safe power transfer 

[00448] The systems and methods described herein may be used to provide a wireless 

power zone on a temporary basis or in extension of traditional electrical outlets to wireless power 

zones, such as through the use of a wireless power extension cord. For example, a wireless 

power extension cord may be configured as a plug for connecting into a traditional power outlet, 

a long wire such as in a traditional power extension cord, and a resonant source coil on the other 

end (e.g. in place of, or in addition to, the traditional socket end of the extension The wireless 
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extension cord may also be configured where there are source resonators at a plurality of 

locations along the wireless extension cord. This configuration may then replace any traditional 

extension cord where there are wireless power configured devices, such as providing wireless 

power to a location where there is no convenient power outlet ( e.g. a location in the living room 

where there's no outlet), for temporary wireless power where there is no wired power 

infrastructure (e.g. a construction site), out into the yard where there are no outlets (e.g. for 

parties or for yard grooming equipment that is wirelessly powered to decrease the chances of 

cutting the traditional electrical cord), and the like. The wireless extension cord may also be used 

as a drop within a wall or structure to provide wireless power zones within the vicinity of the 

drop. For example, a wireless extension cord could be run within a wall of a new or renovated 

room to provide wireless power zones without the need for the installation of traditional 

electrical wiring and outlets. 

[00449] The systems and methods described herein may be utilized to provide power 

between moving parts or rotating assemblies of a vehicle, a robot, a mechanical device, a wind 

turbine, or any other type of rotating device or structure with moving parts such as robot arms, 

construction vehicles, movable platforms and the like. Traditionally, power in such systems may 

have been provided by slip rings or by rotary joints for example. Using wireless power transfer 

as described herein, the design simplicity, reliability and longevity of these devices may be 

significantly improved because power can be transferred over a range of distances without any 

physical connections or contact points that may wear down or out with time. In particular, the 

preferred coaxial and parallel alignment of the source and device coils may provide wireless 

power transmission that is not severely modulated by the relative rotational motion of the two 

coils. 

[00450] The systems and methods described herein may be utilized to extend power 

needs beyond the reach of a single source resonator by providing a series of source-device­

source-device resonators. For instance, suppose an existing detached garage has no electrical 

power and the owner now wants to install a new power service. However, the owner may not 

want to run wires all over the garage, or have to break into the walls to wire electrical outlets 

throughout the structure. In this instance, the owner may elect to connect a source resonator to 

the new power service, enabling wireless power to be supplied to device resonator outlets 

throughout the back of the garage. The owner may then install a device-source 'relay' to supply 
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wireless power to device resonator outlets in the front of the garage. That is, the power relay may 

now receive wireless power from the primary source resonator, and then supply available power 

to a second source resonator to supply power to a second set of device resonators in the front of 

the garage. This configuration may be repeated again and again to extend the effective range of 

the supplied wireless power. 

[00451] Multiple resonators may be used to extend power needs around an energy 

blocking material. For instance, it may be desirable to integrate a source resonator into a 

computer or computer monitor such that the resonator may power devices placed around and 

especially in front of the monitor or computer such as keyboards, computer mice, telephones , 

and the like. Due to aesthetics, space constraints, and the like an energy source that may be used 

for the source resonator may only be located or connected to in the back of the monitor or 

computer. In many designs of computer or monitors metal components and metal containing 

circuits are used in the design and packaging which may limit and prevent power transfer from 

source resonator in the back of the monitor or computer to the front of the monitor or computer. 

An additional repeater resonator may be integrated into the base or pedestal of the monitor or 

computer that couples to the source resonator in the back of the monitor or computer and allows 

power transfer to the space in front of the monitor or computer. The intermediate resonator 

integrated into the base or pedestal of the monitor or computer does not require an additional 

power source, it captures power from the source resonator and transfers power to the front 

around the blocking or power shielding metal components of the monitor or computer. 

[00452] The systems and methods described herein may be built-into, placed on, hung 

from, embedded into, integrated into, and the like, the structural portions of a space, such as a 

vehicle, office, home, room, building, outdoor structure, road infrastructure, and the like. For 

instance, one or more sources may be built into, placed on, hung from, embedded or integrated 

into a wall, a ceiling or ceiling panel, a floor, a divider, a doorway, a stairwell, a compartment, a 

road surface, a sidewalk, a ramp, a fence, an exterior structure, and the like. One or more sources 

may be built into an entity within or around a structure, for instance a bed, a desk, a chair, a rug, 

a mirror, a clock, a display, a television, an electronic device, a counter, a table, a piece of 

furniture, a piece of artwork, an enclosure, a compartment, a ceiling panel, a floor or door panel, 

a dashboard, a trunk, a wheel well, a post, a beam, a support or any like entity. For example, a 

source resonator may be integrated into the dashboard of a user's car so that any device that is 
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equipped with or connected to a device resonator may be supplied with power from the 

dashboard source resonator. In this way, devices brought into or integrated into the car may be 

constantly charged or powered while in the car. 

[00453] The systems and methods described herein may provide power through the 

walls of vehicles, such as boats, cars, trucks, busses, trains, planes, satellites and the like. For 

instance, a user may not want to drill through the wall of the vehicle in order to provide power to 

an electric device on the outside of the vehicle. A source resonator may be placed inside the 

vehicle and a device resonator may be placed outside the vehicle ( e.g. on the opposite side of a 

window, wall or structure). In this way the user may achieve greater flexibility in optimizing the 

placement, positioning and attachment of the external device to the vehicle, (such as without 

regard to supplying or routing electrical connections to the device). In addition, with the 

electrical power supplied wirelessly, the external device may be sealed such that it is water tight, 

making it safe if the electric device is exposed to weather (e.g. rain), or even submerged under 

water. Similar techniques may be employed in a variety of applications, such as in charging or 

powering hybrid vehicles, navigation and communications equipment, construction equipment, 

remote controlled or robotic equipment and the like, where electrical risks exist because of 

exposed conductors. The systems and methods described herein may provide power through the 

walls of vacuum chambers or other enclosed spaces such as those used in semiconductor growth 

and processing, material coating systems, aquariums, hazardous materials handling systems and 

the like. Power may be provided to translation stages, robotic arms, rotating stages, manipulation 

and collection devices, cleaning devices and the like. 

[00454] The systems and methods described herein may provide wireless power to a 

kitchen environment, such as to counter-top appliances, including mixers, coffee makers, 

toasters, toaster ovens, grills, griddles, electric skillets, electric pots, electric woks, waffle 

makers, blenders, food processors, crock pots, warming trays, induction cooktops, lights, 

computers, displays, and the like. This technology may improve the mobility and/or positioning 

flexibility of devices, reduce the number of power cords stored on and strewn across the counter­

top, improve the washability of the devices, and the like. For example, an electric skillet may 

traditionally have separate portions, such as one that is submersible for washing and one that is 

not submersible because it includes an external electrical connection (e.g. a cord or a socket for a 

removable cord). However, with a device resonator integrated into the unit, all electrical 
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connections may be sealed, and so the entire device may now be submersed for cleaning. In 

addition, the absence of an external cord may eliminate the need for an available electrical wall 

outlet, and there is no longer a need for a power cord to be placed across the counter or for the 

location of the electric griddle to be limited to the location of an available electrical wall outlet. 

[00455] The systems and methods described herein may provide continuous 

power/charging to devices equipped with a device resonator because the device doesn't leave the 

proximity of a source resonator, such as fixed electrical devices, personal computers, intercom 

systems, security systems, household robots, lighting, remote control units, televisions, cordless 

phones, and the like. For example, a household robot ( e.g. ROOMBA) could be powered/charged 

via wireless power, and thus work arbitrarily long without recharging. In this way, the power 

supply design for the household robot may be changed to take advantage of this continuous 

source of wireless power, such as to design the robot to only use power from the source resonator 

without the need for batteries, use power from the source resonator to recharge the robot's 

batteries, use the power from the source resonator to trickle charge the robot's batteries, use the 

power from the source resonator to charge a capacitive energy storage unit, and the like. Similar 

optimizations of the power supplies and power circuits may be enabled, designed, and realized, 

for any and all of the devices disclosed herein. 

[00456] The systems and methods described herein may be able to provide wireless 

power to electrically heated blankets, heating pads/patches, and the like. These electrically 

heated devices may find a variety of indoor and outdoor uses. For example, hand and foot 

warmers supplied to outdoor workers such as guards, policemen, construction workers and the 

like might be remotely powered from a source resonator associated with or built into a nearby 

vehicle, building, utility pole, traffic light, portable power unit, and the like. 

[00457] The systems and methods described herein may be used to power a portable 

information device that contains a device resonator and that may be powered up when the 

information device is near an information source containing a source resonator. For instance, the 

information device may be a card ( e.g. credit card, smart card, electronic card, and the like) 

carried in a user's pocket, wallet, purse, vehicle, bike, and the like. The portable information 

device may be powered up when it is in the vicinity of an information source that then transmits 

information to the portable information device that may contain electronic logic, electronic 

processors, memory, a display, an LCD display, LEDs, RFID tags, and the like. For example, the 
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portable information device may be a credit card with a display that "turns on" when it is near an 

information source, and provide the user with some information such as, "You just received a 

coupon for 50% off your next Coca Cola purchase". The information device may store 

information such as coupon or discount information that could be used on subsequent purchases. 

The portable information device may be programmed by the user to contain tasks, calendar 

appointments, to-do lists, alarms and reminders, and the like. The information device may 

receive up-to-date price information and inform the user of the location and price of previously 

selected or identified items. 

[00458] The systems and methods described herein may provide wireless power 

transmission to directly power or recharge the batteries in sensors, such as environmental 

sensors, security sensors, agriculture sensors, appliance sensors, food spoilage sensors, power 

sensors, and the like, which may be mounted internal to a structure, external to a structure, buried 

underground, installed in walls, and the like. For example, this capability may replace the need to 

dig out old sensors to physically replace the battery, or to bury a new sensor because the old 

sensor is out of power and no longer operational. These sensors may be charged up periodically 

through the use of a portable sensor source resonator charging unit. For instance, a truck carrying 

a source resonator equipped power source, say providing ~kW of power, may provide enough 

power to a ~mW sensor in a few minutes to extend the duration of operation of the sensor for 

more than a year. Sensors may also be directly powered, such as powering sensors that are in 

places where it is difficult to connect to them with a wire but they are still within the vicinity of a 

source resonator, such as devices outside of a house (security camera), on the other side of a 

wall, on an electric lock on a door, and the like. In another example, sensors that may need to be 

otherwise supplied with a wired power connection may be powered through the systems and 

methods described herein. For example, a ground fault interrupter breaker combines residual 

current and over-current protection in one device for installation into a service panel. However, 

the sensor traditionally has to be independently wired for power, and this may complicate the 

installation. However, with the systems and methods described herein the sensor may be 

powered with a device resonator, where a single source resonator is provided within the service 

panel, thus simplifying the installation and wiring configuration within the service panel. In 

addition, the single source resonator may power device resonators mounted on either side of the 

source resonator mounted within the service panel, throughout the service panel, to additional 
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nearby service panels, and the like. The systems and methods described herein may be employed 

to provide wireless power to any electrical component associated with electrical panels, electrical 

rooms, power distribution and the like, such as in electric switchboards, distribution boards, 

circuit breakers, transformers, backup batteries, fire alarm control panels, and the like. Through 

the use of the systems and methods described herein, it may be easier to install, maintain, and 

modify electrical distribution and protection components and system installations. 

[00459] In another example, sensors that are powered by batteries may run 

continuously, without the need to change the batteries, because wireless power may be supplied 

to periodically or continuously recharge or trickle charge the battery. In such applications, even 

low levels of power may adequately recharge or maintain the charge in batteries, significantly 

extending their lifetime and usefulness. In some cases, the battery life may be extended to be 

longer than the lifetime of the device it is powering, making it essentially a battery that "lasts 

forever". 

[00460] The systems and methods described herein may be used for charging 

implanted medical device batteries, such as in an artificial heart, pacemaker, heart pump, insulin 

pump, implanted coils for nerve or acupressure/acupuncture point stimulation, and the like. For 

instance, it may not be convenient or safe to have wires sticking out of a patient because the 

wires may be a constant source of possible infection and may generally be very unpleasant for 

the patient. The systems and methods described herein may also be used to charge or power 

medical devices in or on a patient from an external source, such as from a bed or a hospital wall 

or ceiling with a source resonator. Such medical devices may be easier to attach, read, use and 

monitor the patient. The systems and methods described herein may ease the need for attaching 

wires to the patient and the patient's bed or bedside, making it more convenient for the patient to 

move around and get up out of bed without the risk of inadvertently disconnecting a medical 

device. This may, for example, be usefully employed with patients that have multiple sensors 

monitoring them, such as for measuring pulse, blood pressure, glucose, and the like. For medical 

and monitoring devices that utilize batteries, the batteries may need to be replaced quite often, 

perhaps multiple times a week. This may present risks associated with people forgetting to 

replace batteries, not noticing that the devices or monitors are not working because the batteries 

have died, infection associated with improper cleaning of the battery covers and compartments, 

and the like. 
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[00461] The systems and methods described herein may reduce the risk and 

complexity of medical device implantation procedures. Today many implantable medical devices 

such as ventricular assist devices, pacemakers, defibrillators and the like, require surgical 

implantation due to their device form factor, which is heavily influenced by the volume and 

shape of the long-life battery that is integrated in the device. In one aspect, there is described 

herein a non-invasive method of recharging the batteries so that the battery size may be 

dramatically reduced, and the entire device may be implanted, such as via a catheter. A catheter 

implantable device may include an integrated capture or device coil. A catheter implantable 

capture or device coil may be designed so that it may be wired internally, such as after 

implantation. The capture or device coil may be deployed via a catheter as a rolled up flexible 

coil (e.g. rolled up like two scrolls, easily unrolled internally with a simple spreader mechanism). 

The power source coil may be worn in a vest or article of clothing that is tailored to fit in such a 

way that places the source in proper position, may be placed in a chair cushion or bed cushion, 

may be integrated into a bed or piece of furniture, and the like. 

[00462] The systems and methods described herein may enable patients to have a 

'sensor vest', sensor patch, and the like, that may include at least one of a plurality of medical 

sensors and a device resonator that may be powered or charged when it is in the vicinity of a 

source resonator. Traditionally, this type of medical monitoring facility may have required 

batteries, thus making the vest, patch, and the like, heavy, and potentially impractical. But using 

the principles disclosed herein, no batteries ( or a lighter rechargeable battery) may be required, 

thus making such a device more convenient and practical, especially in the case where such a 

medical device could be held in place without straps, such as by adhesive, in the absence of 

batteries or with substantially lighter batteries. A medical facility may be able to read the sensor 

data remotely with the aim of anticipating ( e.g. a few minutes ahead of) a stroke, a heart-attack, 

or the like. When the vest is used by a person in a location remote from the medical facility, such 

as in their home, the vest may then be integrated with a cell-phone or communications device to 

call an ambulance in case of an accident or a medical event. The systems and methods described 

herein may be of particular value in the instance when the vest is to be used by an elderly person, 

where traditional non-wireless recharging practices ( e.g. replacing batteries, plugging in at night, 

and the like) may not be followed as required. The systems and methods described herein may 

also be used for charging devices that are used by or that aid handicapped or disabled people 
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who may have difficulty replacing or recharging batteries, or reliably supplying power to devices 

they enjoy or rely on. 

[00463] The systems and methods described herein may be used for the charging and 

powering of artificial limbs. Artificial limbs have become very capable in terms of replacing the 

functionality of original limbs, such as arms, legs, hands and feet. However, an electrically 

powered artificial limb may require substantial power, (such as 10-20W) which may translate 

into a substantial battery. In that case, the amputee may be left with a choice between a light 

battery that doesn't last very long, and a heavy battery that lasts much longer, but is more 

difficult to 'carry' around. The systems and methods described herein may enable the artificial 

limb to be powered with a device resonator, where the source resonator is either carried by the 

user and attached to a part of the body that may more easily support the weight (such as on a belt 

around the waist, for example) or located in an external location where the user will spend an 

adequate amount of time to keep the device charged or powered, such as at their desk, in their 

car, in their bed, and the like. 

[00464] The systems and methods described herein may be used for charging and 

powering of electrically powered exo-skeletons, such as those used in industrial and military 

applications, and for elderly/weak/sick people. An electrically powered exo-skeleton may 

provide up to a 10-to-20 times increase in "strength" to a person, enabling the person to perform 

physically strenuous tasks repeatedly without much fatigue. However, exo-skeletons may require 

more than 1 00W of power under certain use scenarios, so battery powered operation may be 

limited to 30 minutes or less. The delivery of wireless power as described herein may provide a 

user of an exo-skeleton with a continuous supply of power both for powering the structural 

movements of the exo-skeleton and for powering various monitors and sensors distributed 

throughout the structure. For instance, an exo-skeleton with an embedded device resonator(s) 

may be supplied with power from a local source resonator. For an industrial exo-skeleton, the 

source resonator may be placed in the walls of the facility. For a military exo-skeleton, the 

source resonator may be carried by an armored vehicle. For an exo-skeleton employed to assist a 

caretaker of the elderly, the source resonator( s) may be installed or placed in or the room( s) of a 

person's home. 

[00465] The systems and methods described herein may be used for the 

powering/charging of portable medical equipment, such as oxygen systems, ventilators, 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 948



WO 2010/036980 PCT/US2009/058499 
127 

defibrillators, medication pumps, monitors, and equipment in ambulances or mobile medical 

units, and the like. Being able to transport a patient from an accident scene to the hospital, or to 

move patients in their beds to other rooms or areas, and bring all the equipment that is attached 

with them and have it powered the whole time offers great benefits to the patients' health and 

eventual well-being. Certainly one can understand the risks and problems caused by medical 

devices that stop working because their battery dies or because they must be unplugged while a 

patient is transported or moved in any way. For example, an emergency medical team on the 

scene of an automotive accident might need to utilize portable medical equipment in the 

emergency care of patients in the field. Such portable medical equipment must be properly 

maintained so that there is sufficient battery life to power the equipment for the duration of the 

emergency. However, it is too often the case that the equipment is not properly maintained so 

that batteries are not fully charged and in some cases, necessary equipment is not available to the 

first responders. The systems and methods described herein may provide for wireless power to 

portable medical equipment ( and associated sensor inputs on the patient) in such a way that the 

charging and maintaining of batteries and power packs is provided automatically and without 

human intervention. Such a system also benefits from the improved mobility of a patient 

unencumbered by a variety of power cords attached to the many medical monitors and devices 

used in their treatment. 

[00466] The systems and methods described herein may be used to for the 

powering/charging of personal hearing aids. Personal hearing aids need to be small and light to 

fit into or around the ear of a person. The size and weight restrictions limit the size of batteries 

that can be used. Likewise, the size and weight restrictions of the device make battery 

replacement difficult due to the delicacy of the components. The dimensions of the devices and 

hygiene concerns make it difficult to integrate additional charging ports to allow recharging of 

the batteries. The systems and methods described herein may be integrated into the hearing aid 

and may reduce the size of the necessary batteries which may allow even smaller hearing aids. 

Using the principles disclosed herein, the batteries of the hearing aid may be recharged without 

requiring external connections or charging ports. Charging and device circuitry and a small 

rechargeable battery may be integrated into a form factor of a conventional hearing aid battery 

allowing retrofit into existing hearing aids. The hearing aid may be recharged while it is used and 

worn by a person. The energy source may be integrated into a pad or a cup allowing recharging 
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when the hearing is placed on such a structure. The charging source may be integrated into a 

hearing aid dryer box allowing wireless recharging while the hearing aid is drying or being 

sterilized. The source and device resonator may be used to also heat the device reducing or 

eliminating the need for an additional heating element. Portable charging cases powered by 

batteries or AC adaptors may be used as storage and charging stations. 

[00467] The source resonator for the medical systems described above may be in the 

main body of some or all of the medical equipment, with device resonators on the patient's 

sensors and devices; the source resonator may be in the ambulance with device resonators on the 

patient's sensors and the main body of some or all of the equipment; a primary source resonator 

may be in the ambulance for transferring wireless power to a device resonator on the medical 

equipment while the medical equipment is in the ambulance and a second source resonator is in 

the main body of the medical equipment and a second device resonator on the patient sensors 

when the equipment is away from the ambulance; and the like. The systems and methods 

described herein may significantly improve the ease with which medical personnel are able to 

transport patients from one location to another, where power wires and the need to replace or 

manually charge associated batteries may now be reduced. 

[00468] The systems and methods described herein may be used for the charging of 

devices inside a military vehicle or facility, such as a tank, armored carrier, mobile shelter, and 

the like. For instance, when soldiers come back into a vehicle after "action" or a mission, they 

may typically start charging their electronic devices. If their electronic devices were equipped 

with device resonators, and there was a source resonator inside the vehicle, ( e.g. integrated in the 

seats or on the ceiling of the vehicle), their devices would start charging immediately. In fact, the 

same vehicle could provide power to soldiers/robots ( e.g. packbot from iRobot) standing outside 

or walking beside the vehicle. This capability may be useful in minimizing accidental battery­

swapping with someone else ( this may be a significant issue, as soldiers tend to trust only their 

own batteries); in enabling quicker exits from a vehicle under attack; in powering or charging 

laptops or other electronic devices inside a tank, as too many wires inside the tank may present a 

hazard in terms of reduced ability to move around fast in case of "trouble" and/or decreased 

visibility; and the like. The systems and methods described herein may provide a significant 

improvement in association with powering portable power equipment in a military environment. 
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[00469] The systems and methods described herein may provide wireless powering or 

charging capabilities to mobile vehicles such as golf carts or other types of carts, all-terrain 

vehicles, electric bikes, scooters, cars, mowers, bobcats and other vehicles typically used for 

construction and landscaping and the like. The systems and methods described herein may 

provide wireless powering or charging capabilities to miniature mobile vehicles, such as mini­

helicopters, airborne drones, remote control planes, remote control boats, remote controlled or 

robotic rovers, remote controlled or robotic lawn mowers or equipment, bomb detection robots, 

and the like. For instance, mini-helicopter flying above a military vehicle to increase its field of 

view can fly for a few minutes on standard batteries. If these mini-helicopters were fitted with a 

device resonator, and the control vehicle had a source resonator, the mini-helicopter might be 

able to fly indefinitely. The systems and methods described herein may provide an effective 

alternative to recharging or replacing the batteries for use in miniature mobile vehicles. In 

addition, the systems and methods described herein may provide power/charging to even smaller 

devices, such as microelectromechanical systems (MEMS), nano-robots, nano devices, and the 

like. In addition, the systems and methods described herein may be implemented by installing a 

source device in a mobile vehicle or flying device to enable it to serve as an in-field or in-flight 

re-charger, that may position itself autonomously in proximity to a mobile vehicle that is 

equipped with a device resonator. 

[00470] The systems and methods described herein may be used to provide power 

networks for temporary facilities, such as military camps, oil drilling setups, remote filming 

locations, and the like, where electrical power is required, such as for power generators, and 

where power cables are typically run around the temporary facility. There are many instances 

when it is necessary to set up temporary facilities that require power. The systems and methods 

described herein may enable a more efficient way to rapidly set up and tear down these facilities, 

and may reduce the number of wires that must be run throughout the faculties to supply power. 

For instance, when Special Forces move into an area, they may erect tents and drag many wires 

around the camp to provide the required electricity. Instead, the systems and methods described 

herein may enable an army vehicle, outfitted with a power supply and a source resonator, to park 

in the center of the camp, and provide all the power to nearby tents where the device resonator 

may be integrated into the tents, or some other piece of equipment associated with each tent or 

area. A series of source-device-source-device resonators may be used to extend the power to 
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tents that are farther away. That is, the tents closest to the vehicle could then provide power to 

tents behind them. The systems and methods described herein may provide a significant 

improvement to the efficiency with which temporary installations may be set up and tom down, 

thus improving the mobility of the associated facility. 

[00471] The systems and methods described herein may be used in vehicles, such as 

for replacing wires, installing new equipment, powering devices brought into the vehicle, 

charging the battery of a vehicle ( e.g. for a traditional gas powered engine, for a hybrid car, for 

an electric car, and the like), powering devices mounted to the interior or exterior of the vehicle, 

powering devices in the vicinity of the vehicle, and the like. For example, the systems and 

methods described herein may be used to replace wires such as those are used to power lights, 

fans and sensors distributed throughout a vehicle. As an example, a typical car may have 50kg of 

wires associated with it, and the use of the systems and methods described herein may enable the 

elimination of a substantial amount of this wiring. The performance of larger and more weight 

sensitive vehicles such as airplanes or satellites could benefit greatly from having the number of 

cables that must be run throughout the vehicle reduced. The systems and methods described 

herein may allow the accommodation of removable or supplemental portions of a vehicle with 

electric and electrical devices without the need for electrical harnessing. For example, a 

motorcycle may have removable side boxes that act as a temporary trunk space for when the 

cyclist is going on a long trip. These side boxes may have exterior lights, interior lights, sensors, 

auto equipment, and the like, and if not for being equipped with the systems and methods 

described herein might require electrical connections and harnessing. 

[00472] An in-vehicle wireless power transmission system may charge or power one 

or more mobile devices used in a car: mobile phone handset, Bluetooth headset, blue tooth hands 

free speaker phone, GPS, MP3 player, wireless audio transceiver for streaming MP3 audio 

through car stereo via FM, Bluetooth, and the like. The in vehicle wireless power source may 

utilize source resonators that are arranged in any of several possible configurations including 

charging pad on dash, charging pad otherwise mounted on floor, or between seat and center 

console, charging "cup" or receptacle that fits in cup holder or on dash, and the like. 

[00473] The wireless power transmission source may utilize a rechargeable battery 

system such that said supply battery gets charged whenever the vehicle power is on such that 
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when the vehicle is turned off the wireless supply can draw power from the supply battery and 

can continue to wirelessly charge or power mobile devices that are still in the car. 

[00474] The plug-in electric cars, hybrid cars, and the like, of the future need to be 

charged, and the user may need to plug in to an electrical supply when they get home or to a 

charging station. Based on a single over-night recharging, the user may be able to drive up to 50 

miles the next day. Therefore, in the instance of a hybrid car, if a person drives less than 50 miles 

on most days, they will be driving mostly on electricity. However, it would be beneficial if they 

didn't have to remember to plug in the car at night. That is, it would be nice to simply drive into 

a garage, and have the car take care of its own charging. To this end, a source resonator may be 

built into the garage floor and/or garage side-wall, and the device resonator may be built into the 

bottom (or side) of the car. Even a few kW transfer may be sufficient to recharge the car over­

night. The in-vehicle device resonator may measure magnetic field properties to provide 

feedback to assist in vehicle ( or any similar device) alignment to a stationary resonating source. 

The vehicle may use this positional feedback to automatically position itself to achieve optimum 

alignment, thus optimum power transmission efficiency. Another method may be to use the 

positional feedback to help the human operator to properly position the vehicle or device, such as 

by making LED's light up, providing noises, and the like when it is well positioned. In such 

cases where the amount of power being transmitted could present a safety hazard to a person or 

animal that intrudes into the active field volume, the source or receiver device may be equipped 

with an active light curtain or some other external device capable of sensing intrusion into the 

active field volume, and capable of shutting off the source device and alert a human operator. In 

addition, the source device may be equipped with self-sensing capability such that it may detect 

that its expected power transmission rate has been interrupted by an intruding element, and in 

such case shut off the source device and alert a human operator. Physical or mechanical 

structures such as hinged doors or inflatable bladder shields may be incorporated as a physical 

barrier to prevent unwanted intrusions. Sensors such as optical, magnetic, capacitive, inductive, 

and the like may also be used to detect foreign structures or interference between the source and 

device resonators. The shape of the source resonator may be shaped such to prevent water or 

debris accumulation. The source resonator may be placed in a cone shaped enclosure or may 

have an enclosure with an angled top to allow water and debris to roll off. The source of the 
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system may use battery power of the vehicle or its own battery power to transmit its presence to 

the source to initiate power transmission. 

[00475] The source resonator may be mounted on an embedded or hanging post, on a 

wall, on a stand, and the like for coupling to a device resonator mounted on the bumper, hood, 

body panel, and the like, of an electric vehicle. The source resonator may be enclosed or 

embedded into a flexible enclosure such as a pillow, a pad, a bellows, a spring loaded enclosure 

and the like so that the electric vehicle may make contact with the structure containing the source 

coil without damaging the car in any way. The structure containing the source may prevent 

objects from getting between the source and device resonators. Because the wireless power 

transfer may be relatively insensitive to misalignments between the source and device coils, a 

variety of flexible source structures and parking procedures may be appropriate for this 

application. 

[00476] The systems and methods described herein may be used to trickle charge 

batteries of electric, hybrid or combustion engine vehicles. Vehicles may require small amounts 

of power to maintain or replenish battery power. The power may be transferred wirelessly from a 

source to a device resonator that may be incorporated into the front grill, roof, bottom, or other 

parts of the vehicle. The device resonator may be designed to fit into a shape of a logo on the 

front of a vehicle or around the grill as not to obstruct air flow through the radiator. The device 

or source resonator may have additional modes of operation that allow the resonator to be used 

as a heating element which can be used to melt of snow or ice from the vehicle. 

[00477] An electric vehicle or hybrid vehicle may require multiple device resonators, 

such as to increase the ease with which the vehicle may come in proximity with a source 

resonator for charging (i.e. the greater the number and varied position of device resonators are, 

the greater the chances that the vehicle can pull in and interface with a diversity of charging 

stations), to increase the amount of power that can be delivered in a period of time ( e.g. 

additional device resonators may be required to keep the local heating due to charging currents to 

acceptable levels), to aid in automatic parking/docking the vehicle with the charging station, and 

the like. For example, the vehicle may have multiple resonators (or a single resonator) with a 

feedback system that provides guidance to either the driver or an automated parking/docking 

facility in the parking of the vehicle for optimized charging conditions (i.e., the optimum 

positioning of the vehicle's device resonator to the charging station's source resonator may 
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provide greater power transfer efficiency). An automated parking/docking facility may allow for 

the automatic parking of the vehicle based on how well the vehicle is coupled. 

[00478] The power transmission system may be used to power devices and peripherals 

of a vehicle. Power to peripherals may be provided while a vehicle is charging, or while not 

charging, or power may be delivered to conventional vehicles that do not need charging. For 

example, power may be transferred wirelessly to conventional non-electric cars to power air 

conditioning, refrigeration units, heaters, lights, and the like while parked to avoid running the 

engine which may be important to avoid exhaust build up in garage parking lots or loading 

docks. Power may for example be wirelessly transferred to a bus while it is parked to allow 

powering of lights, peripherals, passenger devices, and the like avoiding the use of onboard 

engines or power sources. Power may be wirelessly transferred to an airplane while parked on 

the tarmac or in a hanger to power instrumentation, climate control, de-icing equipment, and the 

like without having to use onboard engines or power sources. 

[00479] Wireless power transmission on vehicles may be used to enable the concept of 

Vehicle to Grid (V2G). Vehicle to grid is based on utilizing electric vehicles and plug-in hybrid 

electric vehicles (PHEV) as distributed energy storage devices, charged at night when the electric 

grid is underutilized, and available to discharge back into the grid during episodes of peak 

demand that occur during the day. The wireless power transmission system on a vehicle and the 

respective infrastructure may be implemented in such a way as to enable bidirectional energy 

flow-so that energy can flow back into the grid from the vehicle-without requiring a plug in 

connection. Vast fleets of vehicles, parked at factories, offices, parking lots, can be viewed as 

"peaking power capacity" by the smart grid. Wireless power transmission on vehicles can make 

such a V2G vision a reality. By simplifying the process of connecting a vehicle to the grid, (i.e. 

by simply parking it in a wireless charging enabled parking spot), it becomes much more likely 

that a certain number of vehicles will be "dispatchable" when the grid needs to tap their power. 

Without wireless charging, electric and PHEV owners will likely charge their vehicles at home, 

and park them at work in conventional parking spots. Who will want to plug their vehicle in at 

work, if they do not need charging? With wireless charging systems capable of handling 3 kW, 

100,000 vehicles can provide 300 Megawatts back to the grid-using energy generated the night 

before by cost effective base load generating capacity. It is the streamlined ergonomics of the 

cordless self charging PHEV and electric vehicles that make it a viable V2G energy source. 
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[00480] The systems and methods described herein may be used to power sensors on 

the vehicle, such as sensors in tires to measure air-pressure, or to run peripheral devices in the 

vehicle, such as cell phones, GPS devices, navigation devices, game players, audio or video 

players, DVD players, wireless routers, communications equipment, anti-theft devices, radar 

devices, and the like. For example, source resonators described herein may be built into the main 

compartment of the car in order to supply power to a variety of devices located both inside and 

outside of the main compartment of the car. Where the vehicle is a motorcycle or the like, 

devices described herein may be integrated into the body of the motorcycle, such as under the 

seat, and device resonators may be provided in a user's helmet, such as for communications, 

entertainment, signaling, and the like, or device resonators may be provided in the user's jacket, 

such as for displaying signals to other drivers for safety, and the like. 

[00481] The systems and methods described herein may be used in conjunction with 

transportation infrastructure, such as roads, trains, planes, shipping, and the like. For example, 

source resonators may be built into roads, parking lots, rail-lines, and the like. Source resonators 

may be built into traffic lights, signs, and the like. For example, with source resonators 

embedded into a road, and device resonators built into vehicles, the vehicles may be provided 

power as they drive along the road or as they are parked in lots or on the side of the road. The 

systems and methods described herein may provide an effective way for electrical systems in 

vehicles to be powered and/or charged while the vehicle traverses a road network, or a portion of 

a road network. In this way, the systems and methods described herein may contribute to the 

powering/charging of autonomous vehicles, automatic guided vehicles, and the like. The systems 

and methods described herein may provide power to vehicles in places where they typically idle 

or stop, such as in the vicinity of traffic lights or signs, on highway ramps, or in parking lots. 

[00482] The systems and methods described herein may be used in an industrial 

environment, such as inside a factory for powering machinery, powering/charging robots, 

powering and/or charging wireless sensors on robot arms, powering/charging tools and the like. 

For example, using the systems and methods described herein to supply power to devices on the 

arms of robots may help eliminate direct wire connections across the joints of the robot arm. In 

this way, the wearing out of such direct wire connections may be reduced, and the reliability of 

the robot increased. In this case, the device resonator may be out on the arm of the robot, and the 

source resonator may be at the base of the robot, in a central location near the robot, integrated 
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into the industrial facility in which the robot is providing service, and the like. The use of the 

systems and methods described herein may help eliminate wiring otherwise associated with 

power distribution within the industrial facility, and thus benefit the overall reliability of the 

facility. 

[00483] The systems and methods described herein may be used for underground 

applications, such as drilling, mining, digging, and the like. For example, electrical components 

and sensors associated with drilling or excavation may utilize the systems and methods described 

herein to eliminate cabling associated with a digging mechanism, a drilling bit, and the like, thus 

eliminating or minimizing cabling near the excavation point. In another example, the systems 

and methods described herein may be used to provide power to excavation equipment in a 

mining application where the power requirements for the equipment may be high and the 

distances large, but where there are no people to be subjected to the associated required fields. 

For instance, the excavation area may have device resonator powered digging equipment that has 

high power requirements and may be digging relatively far from the source resonator. As a result 

the source resonator may need to provide high field intensities to satisfy these requirements, but 

personnel are far enough away to be outside these high intensity fields. This high power, no 

personnel, scenario may be applicable to a plurality of industrial applications. 

[00484] The systems and methods described herein may also use the near-field non­

radiative resonant scheme for information transfer rather than, or in addition to, power transfer. 

For instance, information being transferred by near-field non-radiative resonance techniques may 

not be susceptible to eavesdropping and so may provide an increased level of security compared 

to traditional wireless communication schemes. In addition, information being transferred by 

near-field non-radiative resonance techniques may not interfere with the EM radiative spectrum 

and so may not be a source of EM interference, thereby allowing communications in an extended 

frequency range and well within the limits set by any regulatory bodies. Communication services 

may be provided between remote, inaccessible or hard-to-reach places such as between remote 

sensors, between sections of a device or vehicle, in tunnels, caves and wells ( e.g. oil wells, other 

drill sites) and between underwater or underground devices, and the like. Communications 

services may be provided in places where magnetic fields experience less loss than electric 

fields. 
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[00485] The systems and methods described herein may enable the simultaneous 

transmission of power and communication signals between sources and devices in wireless 

power transmission systems, or it may enable the transmission of power and communication 

signals during different time periods or at different frequencies. The performance characteristics 

of the resonator may be controllably varied to preferentially support or limit the efficiency or 

range of either energy or information transfer. The performance characteristics of the resonators 

may be controlled to improve the security by reducing the range of information transfer, for 

example. The performance characteristics of the resonators may be varied continuously, 

periodically, or according to a predetermined, computed or automatically adjusted algorithm. For 

example, the power and information transfer enabled by the systems and methods described 

herein may be provided in a time multiplexed or frequency multiplexed manner. A source and 

device may signal each other by tuning, changing, varying, dithering, and the like, the resonator 

impedance which may affect the reflected impedance of other resonators that can be detected. 

The information transferred as described herein may include information regarding device 

identification, device power requirements, handshaking protocols, and the like. 

[00486] The source and device may sense, transmit, process and utilize position and 

location information on any other sources and/or devices in a power network. The source and 

device may capture or use information such as elevation, tilt, latitude and longitude, and the like 

from a variety of sensors and sources that may be built into the source and device or may be part 

of a component the source or device connect. The positioning and orientation information may 

include sources such as global positioning sensors (GPS), compasses, accelerometers, pressure 

sensors, atmospheric barometric sensors, positioning systems which use Wi-Fi or cellular 

network signals, and the like. The source and device may use the position and location 

information to find nearby wireless power transmission sources. A source may broadcast or 

communicate with a central station or database identifying its location. A device may obtain the 

source location information from the central station or database or from the local broadcast and 

guide a user or an operator to the source with the aid of visual, vibrational, or auditory signals. 

Sources and devices may be nodes in a power network, in a communications network, in a sensor 

network, in a navigational network, and the like or in kind of combined functionality network. 

[00487] The position and location information may also be used to optimize or 

coordinate power delivery. Additional information about the relative position of a source and a 
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device may be used to optimize magnetic field direction and resonator alignment. The orientation 

of a device and a source which may be obtained from accelerometers and magnetic sensors, and 

the like, for example, may be used to identify the orientation of resonators and the most 

favorable direction of a magnetic field such that the magnetic flux is not blocked by the device 

circuitry. With such information a source with the most favorable orientation, or a combination 

of sources, may be used. Likewise, position and orientation information may be used to move or 

provide feedback to a user or operator of a device to place a device in a favorable orientation or 

location to maximize power transmission efficiency, minimize losses, and the like. 

[00488] The source and device may include power metering and measuring circuitry 

and capability. The power metering may be used to track how much power was delivered to a 

device or how much power was transferred by a source. The power metering and power usage 

information may be used in fee based power delivery arrangements for billing purposes. Power 

metering may be also be used to enable power delivery policies to ensure power is distributed to 

multiple devices according to specific criteria. For example, the power metering may be used to 

categorize devices based on the amount of power they received and priority in power delivery 

may be given to those having received the least power. Power metering may be used to provide 

tiered delivery services such as "guaranteed power" and "best effort power" which may be billed 

at separate rates. Power metering may be used to institute and enforce hierarchical power 

delivery structures and may enable priority devices to demand and receive- more power under 

certain circumstances or use scenarios. 

[00489] Power metering may be used to optimize power delivery efficiency and 

minimize absorption and radiation losses. Information related to the power received by devices 

may be used by a source in conjunction with information about the power output of the source to 

identify unfavorable operating environments or frequencies. For example, a source may compare 

the amount of power which was received by the devices and the amount of power which it 

transmitted to determine if the transmission losses may be unusually or unacceptably large. 

Large transmission losses may be due to an unauthorized device receiving power from the source 

and the source and other devices may initiate frequency hopping of the resonance frequency or 

other defensive measures to prevent or deter unauthorized use. Large transmission losses may be 

due to absorption losses for example, and the device and source may tune to alternate resonance 

frequencies to minimize such losses. Large transmission losses may also indicate the presence of 
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unwanted or unknown objects or materials and the source may tum down or off its power level 

until the unwanted or unknown object is removed or identified, at which point the source may 

resume powering remote devices. 

[00490] The source and device may include authentication capability. Authentication 

may be used to ensure that only compatible sources and devices are able to transmit and receive 

power. Authentication may be used to ensure that only authentic devices that are of a specific 

manufacturer and not clones or devices and sources from other manufacturers, or only devices 

that are part of a specific subscription or plan, are able to receive power from a source. 

Authentication may be based on cryptographic request and respond protocols or it may be based 

on the unique signatures of perturbations of specific devices allowing them to be used and 

authenticated based on properties similar to physically unclonable functions. Authentication may 

be performed locally between each source and device with local communication or it may be 

used with third person authentication methods where the source and device authenticate with 

communications to a central authority. Authentication protocols may use position information to 

alert a local source or sources of a genuine device. 

[00491] The source and device may use frequency hopping techniques to prevent 

unauthorized use of a wireless power source. The source may continuously adjust or change the 

resonant frequency of power delivery. The changes in frequency may be performed in a 

pseudorandom or predetermined manner that is known, reproducible, or communicated to 

authorized device but difficult to predict. The rate of frequency hopping and the number of 

various frequencies used may be large and frequent enough to ensure that unauthorized use is 

difficult or impractical. Frequency hopping may be implemented by tuning the impedance 

network, tuning any of the driving circuits, using a plurality of resonators tuned or tunable to 

multiple resonant frequencies, and the like. 

[00492] The source may have a user notification capability to show the status of the 

source as to whether it is coupled to a device resonator and transmitting power, if it is in standby 

mode, or if the source resonator is detuned or perturbed by an external object. The notification 

capability may include visual, auditory, and vibrational methods. The notification may be as 

simple as three color lights, one for each state, and optionally a speaker to provide notification in 

case of an error in operation. Alternatively, the notification capability may involve an interactive 
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display that shows the status of the source and optionally provides instructions on how to fix or 

solve any errors or problems identified. 

[00493] As another example, wireless power transfer may be used to improve the 

safety of electronic explosive detonators. Explosive devices are detonated with an electronic 

detonator, electric detonator, or shock tube detonator. The electronic detonator utilizes stored 

electrical energy (usually in a capacitor) to activate the igniter charge, with a low energy trigger 

signal transmitted conductively or by radio. The electric detonator utilizes a high energy 

conductive trigger signal to provide both the signal and the energy required to activate the igniter 

charge. A shock tube sends a controlled explosion through a hollow tube coated with explosive 

from the generator to the igniter charge. There are safety issues associated with the electric and 

electronic detonators, as there are cases of stray electromagnetic energy causing unintended 

activation. Wireless power transfer via sharply resonant magnetic coupling can improve the 

safety of such systems. 

[00494] Using the wireless power transfer methods disclosed herein, one can build an 

electronic detonation system that has no locally stored energy, thus reducing the risk of 

unintended activation. A wireless power source can be placed in proximity ( within a few meters) 

of the detonator. The detonator can be equipped with a resonant capture coil. The activation 

energy can be transferred when the wireless power source has been triggered. The triggering of 

the wireless power source can be initiated by any number of mechanisms: radio, magnetic near 

field radio, conductive signaling, ultrasonics, laser light. Wireless power transfer based on 

resonant magnetic coupling also has the benefit of being able to transfer power through materials 

such as rock, soil, concrete, water, and other dense materials. The use of very high Q coils as 

receivers and sources, having very narrow band response and sharply tuned to proprietary 

frequencies, further ensure that the detonator circuits cannot capture stray EMI and activate 

unintentionally. 

[00495] The resonator of a wirelessly powered device may be external, or outside of 

the device, and wired to the battery of the device. The battery of the device may be modified to 

include appropriate rectification and control circuitry to receive the alternating currents of the 

device resonator. This can enable configurations with larger external coils, such as might be built 

into a battery door of a keyboard or mouse, or digital still camera, or even larger coils that are 

attached to the device but wired back to the battery/converter with ribbon cable. The battery door 
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can be modified to provide interconnection from the external coil to the battery/converter (which 

will need an exposed contact that can touch the battery door contacts. 

[00496] While the invention has been described in connection with certain preferred 

embodiments, other embodiments will be understood by one of ordinary skill in the art and are 

intended to fall within the scope of this disclosure, which is to be interpreted in the broadest 

sense allowable by law. 

[00497] All documents referenced herein are hereby incorporated by reference. 
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CLAIMS 

What is claimed is: 

1. A system, comprising: 

a source resonator having a Q-factor Qi and a characteristic size xi, coupled to a power 

generator, and a second resonator having a Q-factor Q2 and a characteristic size x2 , coupled to a 

load located a distance D from the source resonator, wherein the source resonator and the second 

resonator are coupled to exchange energy wirelessly among the source resonator and the second 

resonator, and wherein .JQ1Q2 > 100. 

2. The system of claim 1, wherein Qi< 100. 

3. The system of claim 1, wherein Q2 < 100. 

4. The system of claim 1 further comprising, a third resonator having a Q-factor Q3 

configured to transfer energy non-raditively with the source and second resonators, wherein 

,JQ1Q3 > 100 and ,JQ2Q3 > 100. 

5. The system of claim 4, wherein Q3 < 100. 

6. The system of claim 1, wherein the source resonator is coupled to the power generator 

with direct electrical connections. 

7. The system of claim 1, further comprising an impedance matching network wherein the 

source resonator is coupled and impedance matched to the power generator with direct electrical 

connections. 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 963



WO 2010/036980 PCT/US2009/058499 
142 

8. The system of claim 1, further comprising a tunable circuit wherein the source resonator 

is coupled to the power generator through the tunable circuit with direct electrical connections. 

9. The system of claim 6, 7, or 8 where at least one of the direct electrical connections is 

configured to substantially preserve a resonant mode of the source resonator. 

10. The system of claim 6, wherein the source resonator has a first terminal, a second 

terminal, and a center terminal, and wherein an impedance between the first terminal and the 

center terminal and between the second terminal and the center terminal are substantially equal. 

11. The system of claim 6, wherein the source resonator includes a capacitive loaded loop 

having a first terminal, a second terminal, and a center terminal, and wherein an impedance 

between the first terminal and the center terminal and between the second terminal and the center 

terminal are substantially equal. 

12. The system of claim 6, wherein the source resonator is coupled to an impedance 

matching network and the impedance matching network further comprises a first terminal, a 

second terminal, and a center terminal, and wherein an impedance between the first terminal and 

the center terminal and between the second terminal and the center terminal are substantially 

equal. 

13. The system of claim 10, 11, or 12, wherein the first terminal and the second terminal are 

directly coupled to the power generator and driven with oscillating signals that are near 180 

degrees out of phase. 

14. The system of claim 10, 11, or 12, wherein the source resonator has a resonant frequency 

w1 and the first terminal and the second terminal are directly coupled to the power generator and 

driven with oscillating signals that are substantially equal to the resonant frequency w1 . 
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15. The system of claim 10, 11, or 12, wherein the center terminal is connected to an 

electrical ground. 

16. The system of claim 15, wherein the source resonator has a resonant frequency oJ1 and 

the first terminal and the second terminal are directly coupled to the power generator and driven 

with a frequency substantially equal to the resonant frequency cq . 

17. The system of claim 2, including a plurality of capacitors coupled to the power generator 

and the load. 

18. The system of claim 1, wherein the source resonator and the second resonator are each 

enclosed in a low loss tangent material. 

19. The system of claim 1, further comprising a power conversion circuit wherein the second 

resonator is coupled to the power conversion circuit to deliver DC power to the load. 

20. The system of claim 1, further comprising a power conversion circuit wherein the second 

resonator is coupled to the power conversion circuit to deliver AC power to the load. 

21. The system of claim 1, further comprising a power conversion circuit, wherein the second 

resonator is coupled to the power conversion circuit to deliver both AC and DC power to the 

load. 

22. The system of claim 1, further comprising a power conversion circuit and a plurality of 

loads, wherein the second resonator is coupled to the power conversion circuit, and the power 

conversion circuit is coupled to the plurality of loads. 

23. The system of claim 7, wherein the impedance matching network comprises capacitors. 
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24. The system of claim 7, wherein the impedance matching network comprises inductors. 

25. The system of claim 8, wherein the tunable circuit comprises variable capacitors. 

26. The system of claim 8, wherein the tunable circuit comprises variable inductors. 
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