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function of the relative distance D/r» between two identical loops with » =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 D/ r

between the two loops, for the cases with interference and eigenfrequency f, (solid),
with interference and eigenfrequency f,; (dashed), and without interference and

eigenfrequency f,; (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-turn 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 £ and (b) the strong-
coupling factor U , for three different m values of subwavelength resonant modes of two
same dielectric disks at distance D /» =5 (and also a couple more distances for m=2),
when varying their € in the range 250 > ¢ > 35. Note that disk-material loss-tangent
tan & = 610 °e —2:10" 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/ Jo,w, and (b) magnitude of the strong-interference factor ’V [ , 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 f;; and f,, where the strong-coupling factor U

and the power-transmission efficiency 7 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 f, versus the achievable efficiency at f,;. 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 f,;, 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 7 and a resonant device object of characteristic size 7, . 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 o, , ,
frequency-widths due to intrinsic (absorption, radiation etc.) losses I', , and (generally)
vector fields F,, (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,7)=a, (¢)F, (r)+a,(¢)F,(r), where a,, (¢) are the ficld
amplitudes, with lal_/2 (t)]2 equal to the energy stored inside the object 1, 2 respectively,

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

shown to satisfy, to lowest order:
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d . . . .
Eal (t) =—i (a)1 —iI )at1 (t)+ iK,a, (t)+ iK,a, (Z)

%az (1) = —i(@, —iT", Yy (¢) + ixya, (1) + ircpas (1)

(M

where «, ,, are the shifts in each object’s frequency due to the presence of the other,
which are a second-order correction and can be absorbed into the eigenfrequencies by

setting @, , = @, , + K,

10 » and &, ,, are the coupling coefficients, which from the

reciprocity requirement of the system must satisfy x,, =x,, =x .

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

[a;(£), ay ()] = [Ay, A,]e™ ¥t to have complex frequencies

2
= :a)1+a)2_ir1+r2i\/[a)l—w2_irl—rz] 2 @)

N 2 2 2 2

whose splitting we denote as 6y = @, — @_. Note that, at exact resonance w; = w, and

forI; =T, we get 6 = 2k.

Assume now 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 1 to 2. With these initial conditions, Egs.(1) can be solved, predicting

the evolution of the device field-amplitude to be

I“1+I“2t
a, (I) 2K Si [5‘5{)67 ‘ (3)

The energy-transfer efficiency will be n; = |a,(t)]|?/]a, (0)|?. Note that, at exact

resonance w; = w, and in the special case I} =TI, = T, Eq.(3) can be written as

C;Q (T) = sin(UT)-e‘T C))

where T = It and U = k/T,.
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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 7 can be adjusted to maximize the device energy
(and thus efficiency ng). Then, in the special case I} = I', = I, it can be inferred from

Eq.(4) that nz is maximized for

_ tan ' U

T. 5
0 &)
resulting in an optimal energy-transfer efficiency
U’ 2tan' U
- = ]—; - ~ X - ___ 6

which is only a function of the coupling-to-loss ratio U = k /T, and tends to unity when
U > 1, as depicted in Fig.2(¢). In general, also for I} # I',, the energy transfer is nearly
perfect, when the coupling rate is much faster than all loss rates («/I'; , > 1).

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

repeated periodically with a period ¢..

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

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

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

Si10 ("f)l2

amplitudes a2 (3) are then defined, so that 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

%al (1) =i (0, T, )a (1) + irc (£) + incnas (1) — it (¢) + 2R (1)
%az (1) = —i(, i, Ya, (1) + ixya, (£) +ircpa, (1)~ xya, (£) -

5, (t) =.2Kxa, (t) -5, (t)
5 5 (t) =.4/2x,a, (z‘)
where again we can set w; , = w1, + K112 and Ky = Ky = K.
Assume now that the excitation is at a fixed frequency @, namely has the form
S41(t) = S,,e7 it Then the response of the linear system will be at the same frequency,
namely a, ,(t) = A;,e”f and s_; ,(t) = S_; ,e~*“t. By substituting these into Eqs.(7),
using §; , = w — w1, and solving the system, we find the field-amplitude transmitted to

the load (S, scattering-matrix element)

S, 2iKx K K,
Sy=——= - — 2
S, (F1+K1—z§1)(F2+K2—z§2)+K @®)
B 2iUJUU,
(1+U,—iD)(1+U, —iD,)+U"*
and the field-amplitude reflected to the generator (S;; scattering-matrix element)
g - S, (T, -, —i8,)(T, +x, —i8, )+~
s, (T4 —is (T, +x, —i5, )+ &7 ©

(1-U,-iD)(1+U, —iD,)+U?
- (1+U, —iD(1+U, —iD,}+U?>
1 1 2 2

where Dy, =61,/ 2, U1 =K1, /Tiand U = }c/m . Similarly, the scattering-
matrix elementsS,,, S,, arc given by interchanging 1 <« 2 in Eqs.(8),(9) and, as expected
from reciprocity, S,1 = S;». The coefficients for power transmission (efficiency) and
reflection and loss are respectively 1, = [S5;1%2 = [S_51%/1S+11% and |51 % =
15—1|2/l5+1|2 and 1 — '5'21'2 - ISHIZ = (ZFﬂAl‘z + 2F2|A2f2)/l5+112-

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 w) and the generator/load supply/drain rates k; ,. Their choice can
target the optimization of some system performance-characteristic of interest:
In some examples, a goal can be to maximize the power transmission (efficiency)

np = |S,11? of the system, so one would require

77}; (D1,2 ) = 771; (Ul,z) =0

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

(1+U,-iD,) +U an
and from the condition np(D,) = 0 we get that, for fixed values of U and U, the
efficiency can be maximized for the following values of the symmetric detuning

2 2 .
D, :i,/U —(1+U,)", if U>1+U,

0, if U<1+U, (12)
which, in the case U > 1 + U,, can be rewritten for the two frequencies at which the
efficiency peaks as

2yrr,

. :a)Iz +a,I + 1+ 2 \/K‘Z—(l—'l-{-f(‘l)(rq-{-x‘z),
- ' +T, r+r, - (13)

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

forT; =T, =T, and K; = K, = Kg, we get 8p = 2/ k2 — (T, + K )2 < &g, namely the
transmission-peak splitting is smaller than the normal-mode splitting. Then, by
substituting D, into np from Eq.(12), from the condition n,(U,) = 0 we get that, for

fixed value of U, the efficiency can be maximized for

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

the efficiency on the frequency detuning D, for different values of U, (including the
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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 v oY
Hox =1 D*,U* = Q = R
T =1 (D Usr) Uy +1 [1+JL+U2]

(15)

which is again only a function of the coupling-to-loss ratio U = k/,/I';I’, 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 |S;;|? and the load |S,,|?, so one would then need

S =0=(1FU,—iD,)(1+U, —iD,)+U* =0, 16

The equations above present ‘impedance matching’ conditions. Again, the set of
these conditions is symmetric upon interchanging 1 <> 2, so, by substituting D; = D, =
D, and U; = U, = U, into Egs.(16), we get

(1-iD,) U +U” =0,

(17)
from which we easily find that the values of D, and U, that cancel all reflections are
again exactly those in Eqs.(14).

It can be seen that, for this particular problem, the two goals and their associated
sets of conditions (Egs.(10) and Eqgs.(16)) result in the same optimized values of the intra-
source and intra-device parameters D, 5, 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 /\/w,w,, it is therefore exactly this ratio
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K
U =——==kJ/Q:Q
VIl te (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), np. > 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 @,
corresponding to low (i.e. slow) intrinsic-loss rates I'. This condition can be satisfied by
designing resonant modes where all loss mechanisms, typically radiation and absorption,
are sufficiently suppressed.

This suggests that the coupling be implemented using, not the lossy radiative far-
field, which should rather be suppressed, but the evanescent (non-lossy) stationary near-
field. To implement an energy-transfer scheme, usually more appropriate are finite
objects, namely ones that are topologically surrounded everywhere by air, into where the
near field extends to achieve the coupling. Objects of finite extent do not generally
support electromagnetic states that are exponentially decaying in a// directions in air
away from the objects, since Maxwell's Equations in free space imply that k>’=w’/c?,
where k is the wave vector, ® the angular frequency, and ¢ the speed of light, because of
which one can show that such finite objects cannot support states of infinite Q, rather
there always is some amount of radiation. However, very long-lived (so-called “high-0O”)
states can be found, whose tails display the needed exponential or exponential-like decay
away from the resonant object over long enough distances before they turn oscillatory
(radiative). The limiting surface, where this change in the field behavior happens, is
called the “radiation caustic”, and, for the wircless 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 (Qraq) 1s 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 O, rather
there always is some amount of absorption. However, very long-lived (“high-(0”) states
can be found, where electromagnetic modal energy is only weakly dissipated. Some
typical ways of achieving a high absorption-Q (Q,ps) 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 x, over distances larger than the
characteristic sizes of the objects.

Since finite-sized subwavelength resonant objects can often be accompanied with
a high (), 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 clectromagnetic 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,

24

Momentum Dynamics Corporation
Exhibit 1002
Page 510



WO 2009/140506 PCT/US2009/043970

therefore a good coupling can also be achieved over distances quite a few times larger

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

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

In the following, examples of systems suitable for energy transfer of the type
described above are described. We will demonstrate how to compute the CMT
parameters w; 5, @1 > and k described above and how to choose or design these

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

U=k/ \/ ILn = k\/ Q10 at a desired distance D. In some examples, this figure-of-merit
is maximized when w; , are tuned close to a particular angular frequency wy,.

2.1 Self-resonant conducting coils

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

coils. Referring to Fig. 3, a conducting wire of length | and cross-sectional radius a is

wound into a helical coil of radius r and height h (namely with N =ANI—h* [2mr
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 @ . The nature of the resonance lies in the periodic exchange of energy

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

X . . . T ji(x) .
» ( ) across it, to the magnetic field in free space, due to the current distribution J( ) n

the wire. In particular, the charge conservation equation V-] =iwp implies that: (1) this
periodic exchange is accompanied by a 7 /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 (i) if i (x) and ! (x) are respectively the linear charge and current densities

1
9o =3 j dx[p ! (x)' is the maximum amount of

in the wire, where * runs along the wire,
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

1, =max | (x)|} . ) - . o
is the maximum positive value of the linear current distribution, then
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I, = wq, . Then, one can define an effective total inductance . and an effective total

capacitance C' of the coil through the amount of energy W inside its resonant mode:
!
W=tI2L= L= o [[ dxax o 30)-1(x)
2

471: Ix—x/|

(19)

ﬂdxd p(x) p(x')
|x—x/| 9 20)

L N
2 °C C 4msyq
where 0 and o are the magnetic permeability and electric permittivity of free space.

With these definitions, the resonant angular frequency and the effective

w=1/JLC .4 Z=AL/C

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

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

2
Irms (21)
Ta ]g

2 4
wlp'] + @ylm| , 22)
C

abs = f; abs = atbs é/c >

_ 142 -~
Prad :EIORFad :->Rrad ~ = [ C

where ¢ =1/ Ji,e, and ¢, =/, /&, are the light velocity and light impedance in free
space, the impedance ¢, is . =1/06 = Ju,w /20 with o the conductivity of the

conductor and & the skin depth at the frequency w, I, =1 J. dx[[ (x) ‘P p= fdx rp;(x)

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

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

operation in the quasi-static regime ( /z,7 < A =27z¢/ @) has been used, which is 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 Qs =Z/ R, and
O,ud =Z /R,y 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

—{/2 to +1/2, then the current amplitude profile would have the form

I(x)=1,cos(7x/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 g, (x) = p, sin(7zx/1), and thus

q, = J‘éizdxpo ]sin (zx/1 )l = p,l/ = . Using these sinusoidal profiles we find the so-called

“self-inductance” L, and “self-capacitance” C_ of the coil by computing numerically the
integrals Eq.(19) and (20); the associated frequency and effective impedance are @, and

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

2
. {72 2 4N ¢ N <
using 72 :%J‘_szxm cos(mc/l)lz - %Ioz . [p] =q, (%Iz) +[(141;02;E;3;)rj and
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cos(zN)(12N?-1)-sin(zN)z N
(16N —8N*+1)7

L 2
2 4AN*—1
]m] =1, (% N;rrz) +[ ( ) hrj , and therefore the

associated Q. factors can be calculated.

The results for two examples of resonant coils with subwavelength modes of
A, /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

(6=5.998+10"-7 S/m) was used. It can be seen that expected quality factors at microwave

frequencies are ngabs > 1000 and stm 4 = 5000.
Table 1
single coil As [T f(MHz) Qo Q. e Q
=30cm, h=20cm, a=1cm, N=4 74.7 13.39 4164 8170 2758
=10cm, h=3cm, a=2mm, N=6 140 21.38 43919 3968 3639

Referring to Fig. 4, in some examples, energy is transferred between two self-
resonant conducting-wire coils. The electric and magnetic fields are used to couple the
different resonant conducting-wire coils at a distance D between their centers. Usually,
the electric coupling highly dominates over the magnetic coupling in the system under
consideration for coils with ~>> 27 and, oppositely, the magnetic coupling highly

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

current distributions of two coils 1,2 respectively as p , (x) and Ji2 (x), total charges
and peak currents respectively as ¢, , and 7, ,, and capacitances and inductances
respectively as C;, and L, , , which are the analogs of p(x), j(x), ¢,. /,, 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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1 * * 1 * %
W=w+Ww, +E(Q1§]2 +9291)/Mc +E(I112 +12[1)ML
4ze, 4,9, IX—X'I

1 21 (%) o (X) M (%) 3 ()
= 1/1‘/1C ——deXdX ;u, ML —Tlljz.”.dXdX vu ) (23)

where W, = %qlz /C = %11211 . W, :%qg /1 Cy :%IQZLZ and the retardation factor of

u= exp(ia)lx—x'

/ c) inside the integral can been ignored in the quasi-static regime

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

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

Therefore, to calculate the coupling rate between two self-resonant coils, again
the current profiles are needed and, by using again the assumed sinusoidal current

profiles, we compute numerically from Eq.(23) the mutual capacitance M . and
inductance M; . between two self-resonant coils at a distance D between their centers,

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

Table 2

pair of coils D/r Q Q. =1/k 7
=30cm, h=20cm, 3 2758 38.9 70.9
a=lcm, N=4 5 2758 139.4 19.8

. Ar=TS 7 2758 333.0 83
Q" = 8170, " ~ 4164 |7 g 2758 818.9 3.4
r=10cm, h=3cm, 3 363 61.4 59.3
a=2mm, N=6 5 363 232.5 15.7

, Afr = 1%10 7 3639 587.5 6.2

abs rad __

S 3968, 5T = 43919 70 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 Tablel. It can be seen that for
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medium distances D /r = 10 — 3 the expected coupling-to-loss ratios are in the range
U~2-70.

2.1.1 Experimental Results

An experimental realization of an example of the above described system for
wireless energy transfer consists of two self-resonant coils 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, A4 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 « 's represent direct couplings between
the objects. The angle between coil ¢ and the loop A4 is adjusted so that their direct
coupling is zero, while coils s and d are aligned coaxially. The direct coupling between
B and A4 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 2 =20cm, ¢ =3 mm, » =30 c¢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 /. 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 9.90 MHz.

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

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

short skin depth ( ~ 20 m) at this frequency. We have therefore used the experimentally
observed Q (and I') =T", =I' = @/(2Q) derived from it) in all subsequent computations.

The coupling coefficient x can be found experimentally by placing the two self-
resonant coils (fine-tuned, by slightly adjusting /4, to the same resonant frequency when

isolated) a distance D apart and measuring the splitting in the frequencies of the two

30

Momentum Dynamics Corporation
Exhibit 1002
Page 516



WO 2009/140506 PCT/US2009/043970

resonant modes in the transmission spectrum. According to Eq.(13) derived by coupled-
mode theory, the splitting in the transmission spectrum should be &8, = 2vVx> —I'* , when

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

Fig. 7 shows a comparison of experimental and theoretical values for the strong-
coupling factor U =« /I" as a function of the separation between the two coils. The
theory values are obtained by using the theoretically obtained x and the experimentally
measured I . The shaded areca 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 25¢m in radius (see Fig. 5).
The load consisted of a previously calibrated light-bulb, and was attached to its own loop
of insulated wire, which was in turn placed in proximity of the device coil and
inductively coupled to it. Thus, by varying the distance between the light-bulb and the

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

given theoretically by Eq.(14) as U,. =+1+U” . Because of its inductive nature, the loop
connected to the light-bulb added a small reactive component to x,, which was

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

In order to isolate the efficiency of the transfer taking place specifically between
the source coil and the load, we measured the current at the mid-point of each of the self-
resonant coils with a current-probe (which was not found to lower the Q of the coils

noticeably.) This gave a measurement of the current parameters /, and /, defined above.

The power dissipated in each coil was then computed from B, =TL|/ , [, and the
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efficiency was directly obtained from 7 = F, /(£ + P, + F,) . To ensure that the

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

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

From the theoretical treatment above, we see that in typical examples it is
important that the coils be on resonance for the power transmission to be practical. We
found experimentally that the power transmitted to the load dropped sharply as one of the
coils was detuned from resonance. For a fractional detuning Af7f, 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 1s much weaker than the
Earth's magnetic field for all distances except for less than about 1cm away from the
wires in the coil, an indication of the safety of the scheme even after long-term use. The
power radiated for these parameters was ~ 5 W, which is roughly an order of magnitude
higher than cell phones but could be drastically reduced, as discussed below.

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

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

The efficiency of the scheme and the distances covered can be appreciably

improved by silver-plating the coils, which should increase their O, or by working with

more claborate gecometries 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 & turns of conducting
wire, as described above, is connected to a pair of conducting parallel plates of area 4
spaced by distance d via a dielectric material of relative permittivity ¢, and everything is

surrounded by air (as shown, N=7 and £=0). The plates have a capacitance

C

p= &g,6A4/d , which is added to the distributed capacitance of the coil and thus

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

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 L, and C_, 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 < C,, and thus, from the charge conservation equation, the current

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

w = 1/JL(C'+CP) <w, =1/LC, ,and I(x) —>1,cos(zx/l)= C—>C,=
o—>0,a C,—>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 C, > C > C, then wzl/,/LCp <o, and Z~ [L/C, < Z_, while all the

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

the case #=0 and N integer, the integral in Eq.(19) can actually be computed
analytically, giving the formula L = 2, r []n(Sr/ a) — 2]]\72 . Explicit analytical formulas

are again available for R from Eq.(21) and (22), since 7, =1,, ‘pl ~ 0 and

Im] =I,N. 72 (namely only the magnetic-dipole term is contributing to radiation), so we

can determine also O, =@wL/ R, and O, .4 = @L /R, ;. Atthe end of the

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

checking that indeed the condition C, > C, <> @ < w; 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 C, to begin with, which usually holds, for the types of coils under

consideration, when N =1, so that the self-capacitance comes from the charge

distribution across the single turn, which is almost always very small, or when N >1 and
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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,, provides the freedom to tune the resonant

frequency (for example by tuning A4 or d). Then, for the particular simple case #=0,

for which we have analytical formulas, the total O =wL/ (Ra bs T Ryqa ) becomes highest

at the optimal frequency

)

w — |5 1 , (24)

reaching the value

(25)

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 By <K O and,

as explained above, this holds almost always when N =1, and is usually less accurate
when N >1, since # =0 usually implies a large self-capacitance. A coil with large %
can be used, if the self-capacitance needs to be reduced compared to the external

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

qualitative behavior is expected, but a more complicated theoretical model is needed for
making quantitative predictions in that case.

The results of the above analysis for two examples of subwavelength modes of
A/r > 70 (namely highly suitable for near-field coupling and well within the quasi-
static limit) of coils with N =1 and /% =0 at the optimal frequency Eq.(24) are presented
in Table 3. To confirm the validity of constant-current assumption and the resulting
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 ¢, = 4/p1,w /20 boundary condition, valid as
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long as ¢, /¢, < 1 (<107 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 (6=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 show that, in some examples, the optimal
frequency is in the low-MHz microwave range and the expected quality factors are

Q,,. > 1000 and Q_, > 10000.

Table 3

-y

single coil Afr Qraa s Q

r=30cm, a=2cm
e=10, A=138cm>, 1114 (112.4) 8.976 (8.897) | 29546 (30512) | 4886 (5117) 4193 (4381)

d=4mm

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

d=1lmm

Referring to Fig. 10, in some examples, energy is transferred between two
capacitively-loaded coils. For the rate of energy transfer between two capacitively-loaded
coils 1 and 2 at distance D between their centers, the mutual inductance M; can be
evaluated numerically from Eq.(23) by using constant current distributions in the case

o< o, . Inthe case & =0, the coupling is only magnetic and again we have an

analytical formula, which, in the quasi-static limit r«D«4 and for the relative orientation
3

shown in Fig. 10, is M = mu,, /2-(}"1r2 )2 NN, /D3 , which means that % OC( nr /D)

is independent of the frequency @ and the number of turns ¥, N, Consequently, the

resultant coupling figure-of-merit of interest is

/\/— 3 7[2?7 \}FII/‘Z NA]

1. o ﬂ =72

U=£kJOQ0, NL I;ZJ : o P vz °
72-?70 7 5 Ty 72

[ egmn(2] s

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

merit is maximized to the value U

max ?

is close to the frequency @y, at which Q@Q, 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 @, = @y 18 mostly independent of the distance D between the two coils and
lies between the two frequencies @, and @, at which the single-coil O; and O,

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

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

%

(27)

3 272
erax = kaax ~ (%] : %[271—2770 O-a/?j]v

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

Referring to Table 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 figurc-of-merit U = « / T as a function of
the coupling distance D, for the two cases. Note that the average numerical I',, shown
are slightly different from the single-loop value of Figure 3, analytical results for T"_,

are not shown but the single-loop value is used. (The specific parameters corresponding
to the plot in Fig. 10 are highlighted with bold in the table.) Again we chose N =1 to
make the constant-current assumption a good one and computed A/; numerically from
Eq.(23). Indeed the accuracy can be confirmed by their agreement with the
computational FEFD mode-solver simulations, which give x through the frequency
splitting of the two normal modes of the combined system (J; =2x 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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Table 4

paar of conls

=18, A=L.

r=¥em, a=2cm

8em’, d=dmm
:1 bl

=10 a=2mum

==10, A=F Hdrw® d=Tnun

2 i

Th

071 (535

2.2.1 Derivation of optimal power-transmission efficiency

Referring to Fig. 11, to rederive and express Eq.(15) in terms of the parameters

which are more directly accessible from particular resonant objects, such as the

capacitively-loaded conducting loops, one can consider the following circuit-model of the

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

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

achieve for both resonance at frequency w. A voltage generator V), is considered to be

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

denoted by M.

Then from the source circuit at resonance (wl, =1/ wC,):

{/7

¢ =

. 1.+ 1 2 1. ®
LR, — jwMI, = ZV,I, = 51151 R, + = jwMII,

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

0=1,(R, +R)— jwMI = juMI =1,(R, +R,)

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

power) we get:

P :Re{lv*f}z
g 9 9°s

1

2

I

)

gRs+%!Id]2(Rd+Rl):*Ps+Pd+lD€’

where we identified the power delivered by the generator Pg = Re {V;IS / 2} ,the power
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1

S

’ R, /2, the power lost inside the device P, = II 412 R, /2

lost inside the source P =

2
and the power delivered to the load P, = ]I d‘ R, /2. Then, the power transmission

efficiency is:

P[ Rl 29 RI
g

2 2
R +(R, +R,) MRS_'_(Rd_}_Rl)
(wM’)

If we now choose the load impedance R, to optimize the efficiency by

7 (Rz) =0, we get the optimal load impedance

Re_ |, (oM)

= 32
Rd Rst ( )
and the maximum possible efficiency
R./R,—1 oM /(R R
Mpx = : . = . (33)
R./R,+1

2
1+ \/1 +(M /JRR,)
To check now the correspondence with the CMT model, note that x, = R, /2L g >

I'y=R,/2L;,T, =R, /2L, ,and k = wM /2[L,L; . sothen U, =x, /T, =R / R,

5

and U =x/JI' .T', =M /R R, . Therefore, the condition Eq.(32) is identical to the

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

system that has a large strong-coupling factor U.

2.2.2 Optimization of U

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

maximize the system figure-of-merit U, in some examples, one can:
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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 D/r, decrease the radius of the loop
r. In typical examples, this action can be limited by physical size considerations.

-- Increase the number of turns N. (Even though Eq.(27) is expected to be less
accurate for N >1, qualitatively it still provides a good indication that we expect an
improvement in the coupling-to-loss ratio with increased N.) In typical examples, this
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 % 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-turn loops with a given radius in order to achieve a specific
performance interms of U = k / " ata given D /r between them, when the material is
copper (6=15.998-10"S/m):

D/r=5 U=>10, r = 30cm = a > 9mm

D/r=5 UZ>10, r =5cm = a > 3.7Tmm

D/r=5 U2>20,r=30cm = a>20mm

D/r=5 U2>20,r=>5m=a>83mm

D/r=10, U >1,r =30cm = a > Tmm

D/r=10, U > 1, r = 5cm = a > 2.8mm

D/r=10, U > 3, r = 30cm = a > 25mm

D/r=10, U >3, r = 5cm = a > 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 (1, h,,a,, N, ) are very restricted.

However, in some such examples, the restrictions on the source object (7, h,,a,, N, ) 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 ~1m for charging a laptop on a table wirelessly from the floor). Listed below are

examples (simplified to the case N, =N, =1 and A, = h; =0 ) of how one can vary the
dimensions of the source object to achieve the desired system performance in terms of

U

a=Hr/ ,/FSI‘ ; » when the material is again copper (6=5.998-10"S/m):

D =15m, U_, >15, r, = 30cm, a,
D =15m, U_, > 30, r, = 30cm, a,

D=15mU_, >1, r, =5cm, a, = 4mm = r, = 1.119m, a, = Tmm

= 6mm = r, = 1.158m, a_ > Smm

= 6mm = T, = 1.15m, a, > 33mm

D =15m, U, =2 r, =bcm, a, =4mm = r, =1.119m, a_ > 52mm
D =2m, U, >10, r, = 30cm, a,
D =2m, Usd > 20, T, = 30cm, a,
D =2m, U, > 0.5, r, =5cm, a, =4mm = r, = 1.491m, a_ > Smm

= 6mm = r, = 1.518m, a, > 7mm

= 6mm = 7, = 1.514m, a, > 50mm

D=2m, U_, >1 r, =5cm, a, = 4mm = r. = 1.491m, a_ > 36mm
sd d d s s
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2.2.3 Optimization of k

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 a; and a,. In typical examples, this action can be limited
by physical size considerations.

-- For fixed desired distance D of energy transfer, increase the radii of the coils 7,
and 7. 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 D/,/r» , only the weak

(logarithmic) dependence of the inductance remains, which suggests that one should
decrease the radii of the coils ; and r,. 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 4, and %, are other available design
parameters, which can have an impact to the coupling similar to that of their radii »; and
72, and thus the design rules can be similar.

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

limitations, will be discussed in detail below.

2.2.4 Optimization of overall system performance

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 of loop radii r, , and wire radii a_, , the independent parameters left

to adjust for the system optimization are: the number of turns N, , , the frequency £, the
power-load consumption rate x; = K, / 2L, and the power-generator feeding rate

Kk, = R, / 2L, , where R, 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 77. 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 7, , and the voltages across the capacitors 7, ,. 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
o) = w/2(T, +T,)=wL,/(R, +R,) and the total loaded (by the generator) quality

factor of the source Qp=@/2 (FS +T, ) =wL,/ (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 P, , and P, ., should be

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

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

some particular value of U through U/, =«, /T, = \1+wp-0U? . Then, in some examples,

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

required energy stored in the source (and therefore 7, and V), U, = VI+U? >l uwp=1

to maximize the efficiency, as seen earlier, or U; > 1 <> wp > 1 to decrease the required
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energy stored in the device (and therefore 7, and V) and to decrease or minimize QO ]

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

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

In some examples, increasing N, and N, increases (O, and Q,, and thus U and

the efficiency significantly, as seen before. It also decreases the currents 7, and 7,

because the inductance of the loops increases, and thus the energy W, , =L , |/, , |2 /2

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

some examples, increasing N, and thus Q, can increase Q > B and the voltage

Jrad
across the device capacitance V,. Similar can be the impact of increasing N, on QSM ,

P

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

With respect to the resonant frequency, again, there is an optimal one for

efficiency. Close to that optimal frequency Q 1] 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 r, =25cm, r, =15cm, h, =h, =0, a, =a, =3mm and
distance D =2m between them. In Fig. 12, we plot some of the above dependent
variables (currents, voltages and radiated powers normalized to / Watt of output power) in

terms of frequency f and N, given some choice for wp and N, . Fig. 12 depicts the

trend of system performance explained above. In Fig. 13, we make a contour plot of the

dependent variables as functions of both frequency and wp but for both N and N, fixed.
For example, a reasonable choice of parameters for the system of two loops with the
dimensions given above are: N, =2, N, =6, f=10MHz and wp=10, which gives the

following performance characteristics: 7 =20.6%, Qdm =1264, [, =724,1, =144,
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V,=2.55kV,V, =230kV, P

) vaa = 0.15W, P, . =0.006/% . 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 N, N, 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 », and
a, 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 2/ and cross-sectional radius a has distributed
capacitance and distributed inductance, and thercfore it supports a resonant mode of
angular frequency @ . Using the same procedure as in the case of self-resonant coils, one
can define an effective total inductance L and an effective total capacitance C of the rod
through formulas Eqgs.(19) and (20). With these definitions, the resonant angular
frequency and the effective impedance are given again by the common formulas
w=1/LC and Z = \[L /C respectively. To calculate the total inductance and
capacitance, one can assume again a sinusoidal current profile along the length of the
conducting wire. When interested in the lowest mode, if we denote by x the coordinate
along the conductor, such that it runs from —/ to +/%, then the current amplitude profile

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

the rod. This is the well-known half-wavelength electric dipole resonant mode.
In some examples, one or more of the resonant objects are inductively-loaded
conducting rods. Referring to Fig. 14, a straight conducting rod of length 2% and cross-

sectional radius a, as in the previous paragraph, is cut into two equal pieces of length 2,
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which are connected via a coil wrapped around a magnetic material of relative
permeability x4, and everything is surrounded by air. The coil has an inductance L.,
which is added to the distributed inductance of the rod and thus modifies its resonance.
Note however, that the presence of the center-loading inductor 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 L, and C,, which
are calculated for a self-resonant rod of the same total length using a sinusoidal current
profile, as in the previous paragraph. Since some current is running inside the coil of the

external loading inductor, the current distribution j inside the rod is reduced, so L< L,
and thus, from the charge conservation equation, the linear charge distribution p, 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 > C, . The resonant frequency

for this system is w =1/ /(L + L,)C <w, =1/JL,C, ,and I(x)— I, cos(7x/2h)=
Lo>L = ow—>w,as L, —>0.

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

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

then w=1/|L.C < ®, and Z =~ JL./C > Z_, while the current distribution is triangular

along the rod (with maximum at the center-loading inductor and zero at the ends) and
thus the charge distribution 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 1/ C =1/ (7, 1) [ln (h/a)— 1] . Explicit analytical formulas are again

available for R from Eq.(21) and (22), since /,,,, =1, lp[ =q,h and [ml =0 (namely

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

O =1/ 0CR . and Q, ., =1/ wCR, ;. Atthe end of the calculations, the validity of the

s

assumption of triangular current profile is confirmed by checking that indeed the
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condition L. > L <> w < w, 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 L. 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 Ny, turns of conducting wire of cross-sectional radius ay,

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

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

inductance of the coil is then L. = 2.0285u0rBC]\7§c ~ 2.0285,1101*30 /Sa?;c and its

2
/ - . .
é EZ‘ \/ 1+ ‘u"g)a (a§ ) , where the total wire length is

resistance R. =

lp. = ZE(SI‘BC / 2) Np. =~ 373;}%6 / 4a§c 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 7y, , the resonant frequency

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

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

1/4
achieved for a;. = (2.0285 @ C ) and the resulting coil quality factor is

0. ~0.169,0r5.0/ \/1 + wzyoa\/2.0285;ta (;‘BC / 4)5 C . Then, for the particular simple
case L, > L, for which we have analytical formulas, the total
O =1/ @C(R. + Ryps + Ryyq ) becomes highest at some optimal frequency W, > reaching

the value ), both determined by the loading-inductor specific design. For example,

47

Momentum Dynamics Corporation
Exhibit 1002
Page 533



WO 2009/140506 PCT/US2009/043970

for the Brooks-coil procedure described above, at the optimal frequency
23 A\ ¢ g it : :
Q.. ~Q ~08 ( oy, | C ) . At lower frequencies it is dominated by ohmic loss

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

formulas are accurate as long as @, < @, and, as explained above, this 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 A /A > 200 (namely highly suitable for near-field coupling and
well within the quasi-static limit) at the optimal frequency Wy 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
(0=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

Q.,. > 1000 and Q_, > 100000 .
Table 5
single rod Alh f(MHz) Q. Qe Q
h=30cm, a=2cm i
(403.8) (2.477) (2.72*%10%) | (7400) | (7380)
p=1, rg.=2cm, ag.~0.88mm, Np.~=129
h=10cm, a=2mm
p=1, rg=5mm, ap,=0.25mm, (214.2) (14.010) (6.92%10%) | (3908) | (3886)
Np=103

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 M, can be evaluated numerically from

Eq.(23) by using triangular current distributions in the case @ < @, . In this case, the

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

static limit 2z«D«/ and for the relative orientation such that the two rods are aligned on the
~ 3
same axis, is 1/ M- =1/27¢, -(hhy )2 / D”, which means that & o (,/hlhz / D) is

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

maximized to the value U

max » 18 close to the frequency @y, . where @@, 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

@y ~ @y, 18 mostly independent of the distance D between the two rods and lies
between the two frequencies @y and @, at which the single-rod Q; and Q5 respectively

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

that their angular eigenfrequencies are close to @, within I';;, which is half the angular
frequency width for which U >U_,, /2.

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

shown along with the coupling rate and coupling to loss ratio figure-of-merit U = k / T’
as a function of the coupling distance D, for the two cases. Note that for I, the single-
rod value is used. Again we chose L, > L_ to make the triangular-current assumption a
good one and computed M - numerically from Eq.(23). The results show that for

medium distances I /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 -1 ,-f A U
h=30cm, a=2cm 3 (70.3) (105.0)
p=1, rp.=2cm, ap,~0.88mm, Np=129 (389) (19.0)
A/h =~ 404 (1115) (6.62)
Q ~ 7380 10 (3321) (2.22)
h=10cm, a=2mm (120) (32.4)
664 .

p=1, rg;=5Smm, ap.=0.25mm, Np.=103 (664) (5.85)
‘ 7 (1900) (2.05)

A/h =214
Q =~ 3886 10 (5656) (0.69)

49

Momentum Dynamics Corporation
Exhibit 1002
Page 535



WO 2009/140506 PCT/US2009/043970

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 7 and relative permittivity ¢ surrounded by air that supports high-Q “whispering-
gallery” resonant modes. The loss mechanisms for the energy stored inside such a
resonant system are radiation into free space and absorption inside the disk material.
High-Qrad and long-tailed subwavelength resonances can be achieved when the dielectric
permittivity ¢ is large and the azimuthal field variations are slow (namely of small
principal number m). Material absorption is related to the material loss tangent: Qabs

~Re{e}/Im{e}. Mode-solving calculations for this type of disk resonances were

performed using two independent methods: numerically, 2D finite-difference frequency-
domain (FDFD) simulations (which solve Maxwell’s Equations in frequency domain
exactly apart for spatial discretization) were conducted with a resolution of 30pts/r;

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

Table 7
stagle disk kir g o= ¥
Re{e}=147.7, sw=1 20.0% 20,00 IRIOS (1BHTE 108 (1O3} 1661 {10635
Refs}=856 o3 SRIE {FAS 10098 {1004 SOTH 316D AVRG{AI62)

The results for two TE-polarized dielectric-disk subwavelength modes of
A/r =210 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 {&}/Re{e}=10" was used. (The specific parameters corresponding to the plot
in Fig. 15(a) are highlighted with bold in the table.) The two methods have excellent
agreement and imply that for a properly designed resonant low-loss-dielectric object

values of O, >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 e=/47.7 has a whispering

gallery mode with m=2, Q,.a=13962, and Ar=17.
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The required values of &, shown in Table 7, might at first seem unrealistically
large. However, not only are there in the microwave regime (appropriate for
approximately meter-range coupling applications) many materials that have both
reasonably high enough dielectric constants and low losses (e.g. Titania, Barium
tetratitanate, Lithium tantalite etc.), but also ¢ could signify instead the effective index of
other known subwavelength surface-wave systems, such as surface modes on surfaces of
metallic materials or plasmonic (metal-like, negative-¢) materials or metallo-dielectric
photonic crystals or plasmono-dielectric photonic crystals.

To calculate now the achievable rate of energy transfer between two disks 1 and
2, as shown in Fig. 15(b) we place them at distance D between their centers.
Numerically, the FDFD mode-solver simulations give x through the frequency splitting

of the normal modes of the combined system (o, = 2x 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 E1,2ar) CMT gives « through

K=w/2- I d’re, (r)E,(NE, (r)/ J. d’re(r) [E1 (r)l2 ,
where ¢ @ and ¢ are the dielectric functions that describe only the disk j (minus the
constant &, background) and the whole space respectively. Then, for medium distances

D/r =10-3 and for non-radiative coupling such that D< 2r., where o = m1 /27 is the

radius of the radiation caustic, the two methods agree very well, and we finally find , as
shown in Table &, 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
e deskos iy =i 3T @ d IR &iF
Reiz}=147.7, m=2 3 2478 1589
A i e M ) 1411 1943
B 10063 7 2186 1844
1€ 17 1683 1714 {1401
3 FAT2 2455 143 (1403
5 340 ETSe
7 a187 3R1G 85 (747 068 (G&

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 Qs 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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The coupled-mode equations of Eqgs.(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 y is approximately determined only by these
resonances as the superposition Y(t) = X, a,, (t)y,,, where P, is the eigenfield of the
resonance n normalized to unity energy, and a,, is the field amplitude inside it, which
corresponds, due to the normalization, to |a,|? stored energy. The fundamental Coupled-

Mode Equations (CME) of CMT are then those of the evolution of the vector @ = {a,,}

iaz—iﬁ-aww’l_(-a

dt (34)
where the frequency matrix Q and the coupling matrix K are found usually using a
Perturbation Theory (PT) approach.

We restate here one of the many perturbative formulations of CMT in a system of
ElectroMagnetic (EM) resonators: Let 4 = y, and € = €, + 3, €, be the magnetic-
permeability and dielectric-permittivity functions of space that describe the whole
system, where €, is the permittivity of only the dielectric, reciprocal and generally
anisotropic object n of volume V;,, in excess to the constant yu,, €, background space.
Each resonator n, when alone in the background space, supports a resonant eigenmode of
complex frequency Q,, = w,, —il}, and field profiles y,, = [E,,, H,,] normalized to unity

energy, satisfying the equations VX E,, = iQ, u,H,, and Vx H,, = —iQ,, (¢, + €,)E,,,
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and the boundary condition fi X E,, = O on the potential metallic surface S,, of object n.

The whole system fields i = [E, H] satisfy the equations VX E = —u % Hand VX H =

€ % E, and the boundary condition i X E = 0 on S = },, S,,. Then, start by expanding

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 of Eq.(34), with
~1.K,, where Q, = diag{Q,},

Vj v(E, ¢, E, +i§idaﬁ-(Eanm) o5

J' (E,-c-E,+H, u-H,)

m

Q=W1.0,-W,

71 |

K,,

(36)

and where ¢,, = [E;;, H,;] satisfy the time-reversed equations (where Q,, —» —(Q,,). The

choice of these fields in the analysis rather than y;; = [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 = 1, due to the

unity-energy normalization, so @ = Q, and for K the off-diagonal terms
K ~K, ~~[av(E -3 )

m 0,mn~4J. V( 0 m), n+m 37
where J,, includes both the volume-polarization currents J,, ., = —iQ, €4 Eq, in V,, and
the surface electric currents J;,,, = i X H,,, on S,,,, while the diagonal terms K,,,, are
higher-order small and can often lead to anomalous coupling-induced frequency shifts.
The term of Eq.(37) can generally be complex Ky, = kpm + iApm 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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m

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

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

d 2
Boss :_E(lal +10212)

=2, |a| +2T,|a| +4A,, Re{aa,

(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

P, =20 a1l2 + 20, s a2|2 (40)
P.=2I'1,., allz +21°, .4 azlz +4A, Re{a;az} 1

so A4, 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 {, = \JUo/€, and ¢, = 1/,/ o€, be the background impedance and light-
velocity, and f = (g,f) = fv dv']Y (r'")e T’ the moment of the current-distribution 4-

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

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

2
df =£2(faolf )l

where |f|? = f* - f = |f|? — |g|?. The power radiated from an ‘array’ of two resonators

Prad = 2 rma’

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

B = ;;—f;cﬁdﬁlal fi+a, fze—fk-Dlz
ok ($aQlAf Yl +(pacl Al el )
3272'2 ) Re{(ﬁdﬂfi* ] f;e_l-k.])a;kaz}

where fi" - fo = f{ - £, — g1 - g». Thus, by comparing Eqs.(41) and (43), using Eq.(42),

A ¢k’ Re{(j}del*-Jge_ik'Dafaz}
12 7 6472 Re{a;az} (44)

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

current-moments and making the change of variablesr; =r{, 1, =1, + D,

—z‘k-(rz - ) *

%
5 Res | dv | val -qunge aja,
Sok n n
Ap=—"" 2
64 Re ayan
Re | av | avgy, -J a;a
vy 1 2 192
sk ) l"z - ‘”1!
= *
167 Re{al az}

where we evaluated the integral over all angles of K with r, — 1.
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Note now that Eqs.(38) and (45) will become identical, if we can take the currents
J7 > 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

A, :ikjdvjdvjl-sz
1677 ¢ r, | (46)

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

. _ Au _ @de; .fze—fk-n
rad, 12 —
Ve

\/rl,mdrz‘,rad J@ dQ|f]|21ﬁdQ

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

2

47

expression for the imaginary part A,,,,, 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 + iApm; n,m = 1,2, The real parts x4 », can describe, as before,
the shift in each object’s resonance frequency due to the presence of the other; the

imaginary parts A;1 », 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
cigenfrequencies by setting w; , = Wy, + K1 and I, = I ; — Agq 5, The real parts
K131 can denote, as before, the coupling coefficients; the imaginary parts A;; ,1 can
describe the far-field interference, as was shown in Section 3; again, from reciprocity
K, = K,1 = K = K + iA (note that for a Hermitian problem, the additional requirement
Ki, = K3 would impose K to be real, which makes sense, since without losses there
cannot be any radiation interference).

Substituting k — k + {A 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
w; = W, = w, and I} =TI, =T, the normal modes are found to be

Q, =(wg+K)—i(Ty —A) and Q_ = (wg — k) —i(Ty + A), 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 kK — k + iA into Eq.(3). Note
that, at exact resonance w; = w, and, in the special case I = I, = I,, we can just
substitute into Eq.(4) U — U + iV, where U = x/T, and V = A/T,, and then, with
T = I, t, the evolution of the device field-amplitude becomes

22 _ sin[(U +iV)T]-e T
lai (0)] (49)
Now the efficiency 17z = |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/ \/E 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 Dy ,, U; , can be designed (engineered), since one can adjust the resonant
frequencies w1 , (compared to the desired operating frequency w) and the generator/load
supply/drain rates k; ,. Their choice can target the optimization of some system
performance-characteristic of interest.

In some examples, a goal can be to maximize the power transmission (efficiency)
np = |S21]? 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)U,

S =
L7 (14 Uy —iDg)? + (U + iV)?2 (51)

and from np(D,) = 0 we get that, for fixed U, V and U,, the efficiency can be
maximized for the symmetric detuning

0+ 2vr
2+v/a cos (T);v =0,1, if U3 —V?2/3>(1+Uy)?3

3\/;3+ 52—a3+i/3—\/m if UM3—v23<@+uyrs O

where ¢ = [U?2 —-V?2 -1+ U,)?%1/3,B=UV(1+U,),8 =tan"1Ja3/B%2 — 1 and
U2/3 —y?/3 > (1+U,)%% < a® — p? >0 o a > 0. Note that, in the first case, the

D

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 D, into 1, from Eq.(52), then from n,(U,) = 0 we get that, for fixed U

and V, the efficiency can be maximized for

Up. = (A +UD(1 —V2) and Dy, = UV.

(53)
The dependence of the 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
uz+ve
Nps = Np(Dos, Ugs) = (Ug. + )2 + UZV2 (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| — 1 for all values of U.

In some examples, a goal can be to minimize the power reflection at the side of
the generator |S;;|? and the load |S,,|2. The symmetry upon interchanging 1 < 2 is
again preserved and, using then Eq.(17), one would require the ‘impedance matching’

condition

o 2 552 N2 —
(1 —1iDy) Ug + WU +iV) 0 (55)

from which again we casily find that the values of D, and U, that cancel all
reflections are exactly those in Egs.(53).

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, Aolll+Uo—iDol?+|U + iV[Z)QLd —2V(V + VU, + UDy)
= — ra
fraa =15 2 [(1 + Uy — iDg)% + (U + iV)2[2 (56)

Then, to achieve our goal, we maximize 1p /M a4 and find that this can be

achieved for

Ugsr =1+ U2 —V2,U2+V2—2VV,qq and Dg.. = UVypqq,
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(57)

where Viaq = A//T1 radl2rad, s 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 Vi,q =V /%% >V, and V = V,.,q when all loss is radiative, in
1 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;
Ql,rad Qz,rad (5 8)

K

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 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 Vg = 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 V.,4 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 O/ Q. ,. This

condition can be satisfied by designing resonant modes where the dominant loss
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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 Q/Q_,

decreases; thus, the advantage of interference can be insignificant at some point
compared to the deterioration of absorption-Q.

Therefore, |V] will be maximized at some frequency wy,, dependent on the
source-device distance, and this optimal frequency will typically be different than w;, 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 wy, 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,, between wy and wy and is a combined problem, which
will be demonstrated below for few examples of clectromagnetic 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 w; = w, = w, 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 Vi.,4 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

QOrad, for some example structures, and thus we can compute the factor @/ Q, ;.

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 » 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 /r, for three different dimensions of single-turn (N = 1) loops. Their strong-coupling

factor at the eigenfrequency @y, is shown in Fig. 17(b). The approximate scaling

k,U o (r / 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

Consider two loops 1, 2 of radius » 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 /r, for
three different dimensions of single-turn (N = 1) loops. Their strong-coupling factor at

the eigenfrequency Dp0, is shown in Fig. 17(b). The approximate scaling

kU o< (r/ 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
——2_[sin(kD)—(kD)cos(kD)],

rad ( kD ) 3

(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 A/r = 50), at
mid-range distances (D/r < 10), we expect D /A < 0.2 and thus the interference factor to

be very large (V,,q = 0.8).
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At a fixed resonant frequency, in some examples, the factor @/ Q_, can be increased
by increasing the radii  of the loops. In some examples, the factor O/ Q,_, can be

increased by increasing the number N of turns of the loops. In some examples, the factor

Q/Q., 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 = 2¢m, the strong-coupling
factor U, the interference factor V,.,4 and the strong-interference factor V as a function of
the resonant eigenfrequency of the loops, for a fixed distance D = 5r. Indeed, for this
example, V.,q decreases monotonically with frequency in this subwavelength regime and
is always great than 0.8, but V exhibits a maximum, since the term Q/Q,q 1S increasing
towards ¥ with frequency, as losses become more and more radiation dominated. It can
be seen that the resonant eigenfrequencies f;; and f;,, at which U and V become
maximum respectively, are different. This implies that the efficiency will now not
necessarily peak at the eigenfrequency fy, at which U is maximized, as would be the
assumption based on prior knowledge, but at a different one f,, between f;; and fi,. This
1s shown below.

In Fig. 20 the efficiency 7p is plotted as a function of the resonant eigenfrequency
of the loops for two different examples of loop dimensions r = 30cm, a = 2cm and
r = 1m, a = 2cm, at two different loop distances D = 5r and D = 10r, and for the
cases:
(1) (solid lines) including interference effects and detuning the driving frequency from the
resonant frequency by D, = UV from Eq.(53) to maximize the power-transmission
efficiency and similarly using U, from Eq.(53), which thus implies optimal efficiency as
in Eq.(54).
(i1) (dash-dotted lines) including interference effects and detuning the driving frequency
from the resonant frequency by D, = UV,..4 from Eq.(57) to maximize the ratio of power
transmitted over power radiated and similarly using U, from Eq.(57).
(iii) (dashed lines) including interference effects but not detuning the driving frequency

from the resonant frequency and using U, from Eq.(14), as one would do to maximize

64

Momentum Dynamics Corporation
Exhibit 1002
Page 550



WO 2009/140506 PCT/US2009/043970

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
U, 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 -
D, = UV) or to maximize the ratio of power transmitted over power radiated (case (ii)
(dash-dotted lines) of Fig. 20 - D, = UV,.,4). 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 turn 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 (1) (solid)).

If f;, 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 f,,
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; where
the strong-coupling factor U is maximal. However, as suggested above, in the presence

of interference, Fig. 20 shows that the maximum of 7, is at an eigenfrequency f,
different than f;. In some examples, f, > f,. 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 f; > f;, and the efficiency in increased at f;, > f;,. 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 f, that optimizes the efficiency rather than the different f;. In
particular, in Fig. 22(a) are plotted these two frequencies f;, (solid line) and f;; (dashed
line) as a function of relative distance D /r 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 f,, 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 (1) (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 f;;, and the
U range of case (iv) (dotted), parametrized with distance D, for two r = 30cm loops
resonant at f;; (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 /r, 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 7,4, 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, 1,4 of case (ii) (dash-dotted lines) is smaller than 1.,4 of case
(1) (solid lines) which is in turn smaller than 7,4 of case (iii) (dashed lines) and this
smaller than 7,4 of case (iv) (dotted lines). Therefore, in this description, we suggest that
employing far-field interference suppresses radiation (improvement from (iv) (dotted) to
(ii1) (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 (i1), specifically optimized for this purpose.

In some examples, the resonant eigenfrequency can be designed to be larger than
[»» 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;,), for which the efficiency that this configuration can
achieve is only little compromised compared to the maximum possible of configuration
(1).

In one example, two single-turn loops of r = 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-turn loops of r = 30cm and a = 2cm arc 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-turn 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 47%. In the presence of interference and without detuning the
driving frequency from 10MHz, the power-transmission efficiency is 54% and the
radiation efficiency is 37%. 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-turn loops of r = 1m and a = 2c¢m 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 5.06 MHz 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 » and dielectric permittivity €
placed at distance D between their centers, as shown 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 ¥) by the splitting of the loss-rates of the
two normal modes; analytically, calculation of the AT prediction of Eq.(47) gives

m=1: V., :ﬁ@(w)
m=2: V= (;)3 {3(/«1))‘10 (kD)+| (kDY =6 | (kD)} (60)

3
I

Vg = &{[24(;«1))3 ~320(kD) |, (kD) +| 3(kD)' =128 kD)’ +640 |, (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 €) at fixed distances. It can be seen that also the strong-
interference factor ' 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 ¥ (from
Fig. 25(b)) can be maximized at different values of the frequency (fy and fy,
respectively), and thus different can also be the optimal frequency f,, for the final energy-
transfer efficiency of Eq.(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 D7 = 5, it turns out from Fig. 26
that the m = 1 resonant modes can achieve better efficiency than the m = 2 modes within
the available range of €, 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 frequencyfy, 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,), where the overall efficiency 1 peaks. In
Fig. 27(a), we first calculate those different frequencies where the strong-coupling factor
U and the efficiency n (which includes interference) peak, as distance D is changing for
the choice of the m = 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 - ¥
map, as distance is changing. Similar results are derived for the modes of different -
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 f, radiated power including interference is close to what it is at f;;, 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; how much power is
radiated when optimized under the conditions Eq.(57) compared to the power radiated
when simply operating on resonance (D, = 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
extrancous perturbing object p the field amplitude «a,(?) inside the resonant object 1
satisfies, to first order:

d
PR CTRY T PR

where again w; is the frequency and I the intrinsic (absorption, radiation etc.) loss rate,
while 644 (p) 18 the frequency shift induced onto 1 due to the presence of p and 6T () is
the extrinsic due to p (absorption inside p, scattering from p etc.) loss rate. 8I'(y) is
defined as &T'y(p) =Ty —I'y, where T’y is the total perturbed loss rate in the
presence of p. The first-order PT model is wvalid only for small perturbations.
Nevertheless, the parameters 6k1p), 611 (p) are well defined, even outside that regime, if
a; 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 extrancous object can for strong scattering (e.g. off metallic objects)

result in total I'y aqcp) that are smaller than the initial T'y,q (namely OI'y raq(p) 18

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 cigenfrequency 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 turn synched to this
frequency using frequency adjusters, as described above. In other embodiments the
frequency of a single clock can be transmitted to multiple devices, and each device then
synched to that frequency using frequency adjusters, as described above.

Unlike the frequency shift, the extrinsic perturbing loss due to the presence of
extraneous perturbing objects can be detrimental to the functionality of the energy-
transfer scheme, because it is difficult to remedy. Therefore, the total perturbed quality
factors Q(p) (and the corresponding perturbed strong-coupling factor U,y and the
perturbed strong-interference factor Vi) 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«A4) that
we are considering: for example, for coils with 4 <« 27, most of the electric field is
localized within the self-capacitance of the coil or the externally loading capacitor and,
for dielectric disks, with € >> 1 the electric field is preferentially localized inside the disk.
In some examples, the influence of extraneous objects on magnetic resonances is nearly
absent. The reason is that extraneous non-conducting objects p that could interact with
the magnetic field in the air region surrounding the resonator and act as a perturbation to
the resonance are those having significant magnetic properties (magnetic permeability
Refu}>1 or magnetic loss Im{u}>0). Since almost all every-day non-conducting
materials are non-magnetic but just dielectric, they respond to magnetic ficlds in the same
way as free space, and thus will not disturb the resonance of the resonator. Extrancous
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 extrancous 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~1T are safely used on humans, is the Magnetic Resonance Imaging
(MRI) technique for medical testing. In contrast, the magnetic near-field required in
typical embodiments in order to provide a few Watts of power to devices is only B~/07T,
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 (7 <« A4) current loop
(magnetic dipole) with # =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 » < D, )

and the angle € with respect to the loop axis:

2 (l+ijsin2t9
W, () HixW 1 1) 2 1 1Y, ., A
m ﬂol (J‘)I —2+—4J4cos g+ 1——2+—4Jsm é
X~ x x~ X
;ﬁ)wg{x\}dS s '
— Sy - X s x 27Z-D:p_
E@ w, (x)dS 4 1 +_3 A

where the second line is the ratio of averages over all angles by integrating the electric

and magnetic energy densities over the surface of a sphere of radius D, . From Eq.(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 > 1) they are equal as they should be. Also, the
preferred positioning of the loop is such that objects which can interfere with its
resonance lie close to its axis (@ = 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 adistance D, =10r =3m the ratio of average electric to average magnetic
energy density would be ~12% and at D, =3r=90cm it would be ~1%, and for the
loop of r=10cm at a distance D, =10r =1m the ratio would be ~33% and at

D, =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,
T abs () = /4- J‘ d3rIm { g, (r)} 'El (r)|2 /W with the computational FEFD results for

the field of an example like the one shown in the plot of Fig. 5 and with a rectangular
object of dimensions 30cm x 30cm x 1.5m and permittivity e=49+16i (consistent with

human muscles) residing between the loops and almost standing on top of one capacitor

(~3cm away from it) and find 5(;)@53( ~ 10° and for ~/0cm away

human)
§Qabs( human) ™ 5-10°. Thus, for ordinary distances (~/m) and placements (not

immediately on top of the capacitor) or for most ordinary extraneous objects p of much

smaller loss-tangent, we conclude that it is indeed fair to say that §Qabs( p) > OC. 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)
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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 Diclectric disks

For diclectric 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

{SQlﬂbs(p)}_l = Qérl,abs(p) /@ = j-dgr Im {5p (r)}]El (r)lQ/QW'

2
where W = I d’re (r) lEl (r)l / 2 1is the total resonant electromagnetic energy of the

unperturbed mode. As one can see, both of these losses depend on the square of the
resonant electric field tails E1 at the site of the extraneous object. In contrast, the

coupling factor from object 1 to another resonant object 2 is, as stated earlier,
2 * 2 2
k,=2K,/oo, = jd‘rgz (m)E,(m)E, (1r)/ Id&'g(r) lEl (r)]

and depends /inearly on the field tails E; of 1 inside 2. This difference in scaling gives us

confidence that, for, for example, exponentially small field tails, coupling to other

resonant objects should be much faster than all extrinsic loss rates (x5 > dI', 2(;0) ), 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 extrancous
objects cause perturbations too strong to analyze using the above first-order perturbation
theory approach. For example, we place a dielectric disk close to another off-resonance
object of large Re{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{e},
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Im{e} (such as a wall w), as shown in Fig. 30b. For distances D,/ =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 very close proximity of high-loss objects. To examine the influence of
large perturbations on an entire energy-transfer system we consider two resonant disks in
the close presence of both a “human” and a “wall”. Comparing Table 8 to the table in
Figure 30c, the numerical FDFD simulations show that the system performance
deteriorates from U~1 — 50 to U,y ~0.5 — 10, i.¢. only by acceptably small amounts.
In general, different examples of resonant systems have different degree of
sensitivity to external perturbations, and the resonant system of choice depends on the
particular application at hand, and how important matters of sensitivity or safety are for
that application. For example, for a medical implantable device (such as a wirelessly
powered artificial heart) the electric field extent must be minimized to the highest degree
possible to protect the tissue surrounding the device. In such cases where sensitivity to
external objects or safety is important, one should design the resonant systems so that the

ratio of electric to magnetic energy density w, /w,, is reduced or minimized at most of

the desired (according to the application) points in the surrounding space.

7 Applications

The non-radiative wireless energy transfer techniques described above can enable
efficient wireless energy-exchange between resonant objects, while suffering only modest
transfer and dissipation of energy into other extraneous off-resonant objects. The
technique is general, and can be applied to a variety of resonant systems in nature. In this
Section, we identify a variety of applications that can benefit from or be designed to
utilize wireless power transmission.

Remote devices can be powered directly, using the wirelessly supplied power or
energy to operate or run the devices, or the devices can be powered by or through or in
addition to a battery or energy storage unit, where the battery is occasionally being
charged or re-charged wirelessly. The devices can be powered by hybrid battery/energy

storage devices such as batteries with integrated storage capacitors and the like.
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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 clectronics (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 (¢.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 L, of said first resonator
structure and larger than a characteristic size L, of said second resonator structure,

wherein the energy transfer has a rate x 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 @, , a resonance frequency-width I'|, and a resonance quality factor
O, =, /2T, atleast larger than 300, and
said resonant field of the second resonator structure has a resonance angular
frequency o, , a resonance frequency-width I',, and a resonance quality factor
O, = w, /2T, at least larger than 300,
wherein the absolute value of the difference of said angular frequencies @, and

o, 1s smaller than the broader of said resonant widths I', and I',, and the quantity
x/4JT" I, 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 L, of said first resonator structure and larger than a
characteristic size L, of said second resonator structure, wherein the energy transfer has a

rate x 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 o, a
resonance frequency-width I',, and a resonance quality factor O, = @, /2", at least larger

than 300, and said resonant field of the second resonator structure has a resonance

angular frequency @, , a resonance frequency-width I',, and a resonance quality factor
O, = w, /2I', at least larger than 300, wherein the absolute value of the difference of said

angular frequencies @, and @, is smaller than the broader of said resonant widths I"; and

I',, and the quantity x//I'/I', 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 L, of said first resonator
structure and larger than a characteristic size L, of said second resonator structure,

wherein the energy transfer has a rate x 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 o, , a resonance frequency-width I',, and a resonance quality factor
O, =, /2T, atleast larger than 300, and
said resonant field of the second resonator structure has a resonance angular
frequency o, , a resonance frequency-width I',, and a resonance quality factor
O, = w, /2I', at least larger than 300,
wherein the absolute value of the difference of said angular frequencies o, and

o, is smaller than the broader of said resonant widths I', and I',, and the quantity

x/4JT'\I', 1s 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 7' by accounting
for radiative interference, wherein the increase is relative to a transmission efficiency 7

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 L, of said first
resonator structure and larger than a characteristic size L, of said second resonator

structure, wherein the energy transfer has a rate « and is mediated by evanescent-tail
coupling of a resonant ficld of the first resonator structure and a resonant ficld of the
second resonator structure, wherein said resonant field of the first resonator structure has

a resonance angular frequency ,, a resonance frequency-width I',, and a resonance

quality factor Q, =@, /2T, at least larger than 300, and said resonant field of the second
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resonator structure has a resonance angular frequency @, , a resonance frequency-width
I",, and a resonance quality factor O, = w, /2I', at least larger than 300, wherein the

absolute value of the difference of said angular frequencies @, and @, is smaller than the
broader of said resonant widths I', and I',, and the quantity x//I",I", 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 £, wherein

said resonant field of the first resonator structure has a resonance angular

frequency o, , a resonance frequency-width I',, and a resonance quality factor
O, =w, /2T";, and is radiative in the far field, with an associated radiation quality factor

Ql,rad >, and

said resonant field of the second resonator structure has a resonance angular

frequency o, , a resonance frequency-width I',, and a resonance quality factor
O, =w,/2I',, and is radiative in the far field, with an associated radiation quality factor

QZ,rad = Qg »

wherein an absolute value of a difference of said angular frequencies @, and @,
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is smaller than broader of said resonant widths I'; and I',, and an average resonant
angular frequency is defined as @, = \/w®, , corresponding to an average resonant
wavelength A =27c/ @, , where c is the speed of light in free space, and a strong-

coupling factor being defined as U = k,/Qle \

wherein the apparatus is configured to employ interference between said radiative
far fields of the resonant ficlds of the first and second resonator, with an interference

factor V.

. » 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' =V_, \/( O/ O )(Q2 / Qz,md) .
10. The apparatus of claim 9, wherein O, /Q, ., 20.01 and Q,/Q, , >0.01.
11.  The apparatus of claim 9, wherein Q,/Q,,,>0.1 and Q,/Q, ., >0.1.

12. The apparatus of claim 9, wherein D/ A is larger than 0.001 and the strong-

interference factor V' is larger than 0.01.

13. The apparatus of claim 9, wherein D/ A, is larger than 0.001 and the strong-

interference factor ¥ is 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 «_, and is

configured to drive the resonator structure, to which it is coupled, at a driving frequency

/> corresponding to a driving angular frequency o =271,

wherein U, is defined as «, /T, if the power generator is coupled to the first

resonator structure and defined as x, /I',, 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 D, =(w—w,)/T, and the detuning of the second resonator structure from the driving

frequency is defined as D, =(w—w,)/T,.

17. The apparatus of claim 16, wherein D, is approximately equal to UV _, and D, is
approximately equal to UV_,.
18. The apparatus of claim 15, wherein U, is chosen to maximize the ratio of the

energy-transfer efficiency to the radiation efficiency.

19. The apparatus of claim 17, wherein U, is approximately equal to

N1+U2 V22U V2 207, .

20. The apparatus of claim 15, wherein f'is at least larger than 100 kHz and smaller
than S00MHz.

21. The apparatus of claim 15, wherein f1is at least larger than 1MHz 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

83

Momentum Dynamics Corporation
Exhibit 1002
Page 569



WO 2009/140506 PCT/US2009/043970

k, , and is configured to receive from the resonator structure, to which it is coupled, a
usable power,

wherein U, is defined as «, /T',, if the power load is coupled to the first resonator
structure and defined as «, /I, , if the power load is coupled to the second resonator

structure.

24. The apparatus of claim 23, wherein U, 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 D, =(w—w,)/T, and is approximately equal to UV, and the detuning of the second
resonator structure from the driving frequency is defined as D, =(w -, )/T", and is

approximately equal to UV,

rad ?

and U, is approximately equal to \/1 +U =V U +V>=2VV., .

i rad

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 1m 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 &, wherein

said resonant field of the first resonator structure has a resonance angular

frequency ), , a resonance frequency-width I',, and a resonance quality factor
O, =w, /2T';, and 1s radiative in the far field, with an associated radiation quality factor

O e 20> and

said resonant field of the second resonator structure has a resonance angular

frequency o, , a resonance frequency-width I',, and a resonance quality factor
O, = w, /2I',, and is radiative in the far field, with an associated radiation quality factor
QZ,rad 2 Q2 s

wherein an absolute value of a difference of said angular frequencies @, and o,
is smaller than the broader of said resonant widths I'; and I',, and an average resonant
angular frequency is defined as o, = M , corresponding to an average resonant
wavelength 4 =27c/ @, , where c 1s the speed of light in free space, and a strong-
coupling factor is defined as U = k@ ,

wherein the apparatus is configured to employ interference between said radiative

far fields of the resonant ficlds of the first and second resonator, with an interference
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factor V.

rad *

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, (0 / 0 )(©:/ O ) -

32. The apparatus of claim 31, wherein O, /0, ., =0.05 and Q,/Q, , >0.05.

=205.

,rad —

33. The apparatus of claim 31, wherein @,/ Q, ., >20.5 and Q,/Q,

34. The apparatus of claim 31, wherein D/ A, is larger than 0.01 and the strong-

interference factor Vis larger than 0.05.

35. The apparatus of claim 31, wherein D/ A, is larger than 0.01 and the strong-

interference factor V7 is larger than 0.5.

36. The apparatus of claim 31, further comprising the second resonator structure.

37. 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 «, , and is
configured to drive the resonator structure, to which it is coupled, at a driving frequency
/. corresponding to a driving angular frequency @ =271,

wherein U, is defined as «, /T';, if the power generator is coupled to the first
resonator structure and defined as «, /T',, 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 D, =(w—w,)/T, and the detuning of the second resonator structure from the driving

frequency is defined as D, = (0w -, )/T,.

39. The apparatus of claim 38, wherein D, is approximately equal to UV and D, is

approximately equal to UV .

40. The apparatus of claim 37, wherein U, is chosen to maximize the energy-transfer
efficiency.
41. The apparatus of claim 39, wherein U, is approximately equal to

J(1+U2)(1—V2).

42. The apparatus of claim 37, wherein fis at least larger than 100 kHz and smaller

than 500MHz.

43. The apparatus of claim 37, wherein f'is 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

x, , and is configured to receive from the resonator structure, to which it is coupled, a

usable power,

wherein U, is defined as «, /I',, if the power load is coupled to the first resonator
structure and defined as «, /I, , if the power load is coupled to the second resonator

structure.
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46. The apparatus of claim 45, wherein U, is chosen to maximize the energy-transfer
efficiency.
47. 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 D, =(w—w)/T, and is approximately equal to UV, and the detuning of the second

resonator structure from the driving frequency is defined as D, =(@w—,)/T", and is

approximately equal to UV,

and U, is approximately equal to \/(1 +U? )(l -V? ) .

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 1m 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 £, wherein

said resonant field of the first resonator structure has a resonance angular

frequency o, , a resonance frequency-width I',, and a resonance quality factor
Q, =0, /2T, , and is radiative in the far field, with an associated radiation quality factor

Ql,rsd 2 Qz , and

said resonant field of the second resonator structure has a resonance angular

frequency w,, a resonance frequency-width I',, and a resonance quality factor
O, = o, /2I',, and is radiative in the far field, with an associated radiation quality factor
Qz,md 2 Qz p

wherein an absolute value of a difference of said angular frequencies @, and o,
is smaller than broader of said resonant widths I', and I',, and an average resonant
angular frequency is defined as o, = m , corresponding to an average resonant

wavelength 4 =27c/w,, where ¢ is the speed of light in free space, and the strong-

coupling factor is defined as U = k,/QLQ2 , 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 V.

Ta

+» 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 =V, \/(Ql /O 1 )(Qz / QZ,rad) .

56. The method of claim 55, wherein @, /Q, ., 20.01 and Q,/Q, ., 20.01.

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 o =277,

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 £, wherein

said resonant field of the first resonator structure has a resonance angular

frequency o), , a resonance frequency-width I',, and a resonance quality factor

=, /2I', , and is radiative in the far field, with an associated radiation quality factor
1 { 1 q Y

90

Momentum Dynamics Corporation

Exhibit 1002
Page 576



WO 2009/140506 PCT/US2009/043970

Ql,rad =@, and

said resonant field of the second resonator structure has a resonance angular

frequency o, , a resonance frequency-width I',, and a resonance quality factor
O, =w, /2I",, and is radiative in the far field, with an associated radiation quality factor
Q2,rad 20,,

wherein an absolute value of the difference of said angular frequencies @, and w,

is smaller than the broader of said resonant widths I, and I', ,and an average resonant

angular frequency is defined as @, = \Jw®, , corresponding to an average resonant

wavelength 4 =27c/ @, , where c is the speed of light in free space, and the strong-

coupling factor is defined as U = k/Q 0O, , and

employing interference between said radiative far fields of the resonant fields of

the first and second resonator, with an interference factor V.

Ta

4 » 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' =V, \/( O/ O )( 0,/ Qz,rad) .

60.  The method of claim 59, wherein Q, /Q, , >0.05 and Q,/Q, , >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 w=27f,

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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A NON-CONTACT POWER DISTRIBUTION SYSTEM

TECHNICAL FIELD OF THE INVENTION

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.

BACKGROUND

Modern semiconductor developments have made feasible the provision of inductively
coupled power to moving vehicles, and have permitted the use of resonant LC circuits
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.

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 caused by varying loads can cause operating frequencies to change. This
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 inductor 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
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.

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
well matched, it is hence desirable to maintain a relatively constant operating frequency
during all reasonable conditions of use.

OBJECT

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.

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
lIeast 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 circuit and the secondary resonant circuits at or close to a consistent

frequency.

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
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.

is a circuit diagram illustrating an induction line which can be tuned by a tuning
capacitor.

F
n

is a circuit diagram of an induction line which can be tuned by means of
adjustable coils.

’E
34

gj.

is an illustration of a solution using switched inductors to vary the resonant
inductance by small increments.

£

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.

is an illustration of one means for tuning (or frequency-tracking) within the
secondary circuits- such as the trolleys themselves.

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.

*%1.
S\

i 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.

nop W N

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 summary the embodiments to be described are:-

L

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)

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, (eg switched 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 ﬁ'equency constant. (Fig4)
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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. 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)

7. Use switched capacitances within the power supply to vary the resonant
capacitance by small increments. (Dithering or pulsed control provides finer
control). (Fig7) '

8. 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
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.

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 accommeodate changes to the 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
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
varying the capacitance of the auxiliary capacitor 116. In another version the two
capacitors may be replaced by one variable capacitor.

Embodiment 2

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 capacitof 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
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
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
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
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

Fig3 ilhistrates the principles of this modification, in which part of the main resonant
conductor is illustrated as 301, having a group of dismte 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 I°R 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,
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
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
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.

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
complementary 10 KHz drive pulses to the solid-state switches. (10 KHz is a preferred
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.
Embodiment 5

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
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
the devices responsible for variations in load and (d) possible voltage limits are less
Iikely 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. '

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
caused to closely track the operating frequency of the primary circuit 501.

Embodiment 6

The specialised secondary circuit or "dummy trolley” embodiment shown in Fig 6is a
hybrid in thatit 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.

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
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
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,
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.

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-iroltage bipolar transistors. The I of I’°R 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
controlier. '
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
dummy trolley is 300 uH, tuned to resonance by a capacitor 612 of 0.9 UF, the mutual
inductance M is 10 uH, w (frequency) is 2 * pi * 10% and in which a switch 614 can
render the resonant circuit open-circuit....
The impedance reflected into the track is

Z2’' = (w'm?) [ Z2
where Z2 = j(wL2-1/wC2)
In the case where C2 (612) is switched out of circuit (open circuit)...

Z2’ =-j. 209x103

=>C2’ =759 uF
In comparison to the case where C2 is switched into circuit ...

Z2’ =-. 1.165

=>C2’ =469 pF

Thus a 0.9 microfarad capacitor can simulate a very much greater capacitor to the

Embodiment 7
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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
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
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 current at a first frequency and will tend to continue to resonate at
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
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
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
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
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

Momentum Dynamics Corporation
Exhibit 1002
Page 622



WO 93/23908 . PCT/NZ93/00031

10

15

20

25

30

35

' (preferably less than 0.5uS) within a one-shot device708. -

-12-

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 sqqgg?wave signal, as a brief pulse

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
capacitance is required). This signal is fed to the buffer 711 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
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
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

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 is defined as the condition wherein the plot runs horizontally about the
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 operaﬁng frequency since the "pure resistance” or zero power-
factor conditions are satisfied at more than one frequency.)

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. AnyL and 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
restricted. Zero-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
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 current in one conductor flows against a current of opposite sense in the
other conductor so that the magnetic fields are substantially cancelled out by each other
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
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 current at bottom right. Preferably
capacitors are matched reasonably well at the time of assembly, so that difference
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.

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 95, in which an almost continuous loop track 940
forms a ring and is energised by a power supply 949. (Typical 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.

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
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
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
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.

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
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.

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
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
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.

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
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
Tesonant circuit.

10 A non-contact power distribution equipment as claimed in claim 1, characterised
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 circuit, the resonant frequency of the primary circuit to be maintained at a
substantially constant value.

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. '

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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14. A non-contact power distribution system as claimed in claim 11, characterised
5 in that the secondary circuit is equipped with means for determining the power factor of
the secondary circuit, 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 circuit, together with resonance altering means capable of controlling the
inclusion or inclusion or exclusion of additional resonating inductance.
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(57) Abstract: 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 enable a contactless power system to operate without encounter-
ing the common problems of: 1) over-voltage and/or under-voltage conditions; 2) over-power and/or under-power conditions; 3)
power oscillations; and 4) high heat dissipation.
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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 drawings.

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
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, E‘I, F, F', EF, EF2, EF3, Phi. The switch-mode inverter converts
DC voltage that is provided by a DC voltage source to into a high frequency signal that
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
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.

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.
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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
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
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
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 50kHz. At these
higher operating frequencies soft-switching inverters, such as the Class E, E", are preferred
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-
switching eliminates losses that normally occur with hard switching due to switch
capacitance and the overlap of voltage and current in the switch. For exampile, 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.

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. 1f 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
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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
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
regulate the power delivered to the load device which can lead to component failure.

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 (ZPA), 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
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).

113

(Laouamer, R., er al, A multi-resonant converter for non-contact charging with
electromagnetic coupling,” in Proc. 23rd International Conference on Electronics, Control
and Instrumentation, Nov 1997, Vol. 2, pp. 792 — 797, Abe, H., ef 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. ef al., “An energy transmission system for an artificial heart using leakage

inductance compensation of transcutaneous transformer,” IEEE Transactions on Power
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Electronics, Vol. 13, pp. 1013 — 1022 Nov 1998; Lu, Y., er al., “Gapped air-cored power
converter for intelligent clothing power transfer,” in Proc. 7" 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,”
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,” IEEFE Transactions on Power Electronics, Vol. 19, pp. 995 — 1002,
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,
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
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
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.

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
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
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
looking from the switch-mode supply through the load network. The reactance is shifted such
that the phase angle looking from the 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
advantage of the correlation between phase angle and load resistance. Changes in load
resistance are transformed 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
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
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
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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
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
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:
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Zin: Input impedance looking into the primary coil

1m: Vector of 1’s of length M
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Tvv: M X M matrix of 1’s

Z: Impedance matrix

Z.: Element ab of the impedance matrix
Z' : Sub-matrix of Z

7" Sub-matrix of Z

7" Sub-matrix of Z

M,,: Mutual inductance between the a™ and b™ coil
j: imaginary number

a: coil index

b: coil index

: radian frequency

R,: Parasitic resistance of the a™ coil

L,: Self inductance of the a™ coil

Typically, the power requirement of the device is negatively correlated with load
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 10);

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
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 “cleaning” the
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
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 with 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
embodiment the secondary coil is adapted to attach to a portable electronic device. In specific
embodiments, both the primary 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 primary coil, in order to allow the user to place the device in any orientation.
It is desirable for the secondary coil to be much smaller than the primary coil, but the
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 ecase
integration.
The voltage and current characteristics of the primary coil and the secondary coil can

be described using the following equations [7]{12]:

dr,
Vl =M11_-—L+‘M12 - (1)
t dt
dl
v, :ﬂ/fz) —]+M22 : (2)
dt dt

M, = kM, M, (3)
Where
V is the voltage at the transmitting coil
1 is the current at the transmitting coil
V., is the voltage at the receiving coil
I 1s the current at the receiving coil
My, is the self inductance of the transmitting coil
My, is the self inductance of the receiving coil
M, = My is the mutual inductance of the two coils

k is the coupling coefficient between the two coils

Momentum Dynamics Corporation
Exhibit 1002
Page 646



10

15

25

WO 2009/149464 PCT/US2009/046648

By Ohm’s law:

|4 4

B )
Solving equations (1-3)
_ o' MR
R,i +(0)M2: + X, )2 (6)
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The above equations neglect any 2™ order effects such as skin depth and proximity
effects. A more in-depth analysis accounting for the above effects can be utilized. In an
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
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
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

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.

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
operating range of a typical portable electronic device is identified.

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,
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
contactless power system, including commonly proposed and implemented control
functionality.

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
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.

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.

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
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
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
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.
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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.
Efficiency peaks at main power delivery band, which is approximately 25-100Q load
resistance, are shown. Power delivery drops rapidly after 10002, 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
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 is
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 switching
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.

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
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.

12

Momentum Dynamics Corporation
Exhibit 1002
Page 650



10

20

25

30

WO 2009/149464 PCT/US2009/046648

Figure 31 shows the circuitry shown 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,
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
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.

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
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.

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 37.

Figure 39 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 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
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 transformation
network.

Figure 45 shows a dual channel class E driver 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
resistances to achieve maximum R looking into the transmitter coil.

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 Cy

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 Cgpype = 19nF.

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
of 295W.

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 50Q load resistance for dual channel at 69W for dual channel
and 75Q for single channel at 10W 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 70Q2 load
resistance.

Figure 64 shows transmitter efficiency with respect to load resistance. Peak
transmitter efficiency occurs across the band of 60Q to 100 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
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
channel and 37V for single channel.

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
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
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 mangitude of
reactance looking into the impedance transformation network. Inductive elements increase
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.

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
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
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
connected to an active device.

Figure 81 shows a typical configuration of an impedance franformation network
connected to an active device.

Figure 82 shows a typical configuration of an impedance tranformation network
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
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
considered part of load 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
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.

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
relationship P=V/2/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
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
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
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
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
from Figure 8 433, 434, 436, 438, 440, 442 some of the logic functionality that designers
have built into contemporary contactless 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
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
that the resistance appears to vary from 2 to 6 ochms 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
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
correlates with an increase or decrease in output power. Input power 111 and output power
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
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
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
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
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
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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
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
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
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 100nF capacitor is at 700,
whereas the decoupling point for 150nF capacitor is at 320£2. 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
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,
embodiments of the subject system can use a series of carcfully 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.

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 50Q with
a DC voltage of 121.5V and current of 2.43 A. The input current was current-limited at 3.25A.
The system efficiency at maximum power output is 75.7%. The system operates at a
minimum of 77% efficiency across load resistances ranging from 60 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 CSI112005S power supply by Circuit Specialists,
Inc rated at 120V at SA. 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 21em by 21cm 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
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
primary coil. The self inductance of the primary coil is 31.95uH with a parasitic resistance of
0.32Q and secondary coil is 12.52uH with a parasitic resistance of .2€). 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
capacitors are used. In order to strike a balance between size and efficiency, 1140-101K-RC
by Bourns Jw Miller is selected to be Loy Since most of the losses of the transmitter are from
the parasitic resistance of Loy, 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. L, takes
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
resistance because the current is flowing through a single Lo, 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
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
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 determine the switch over
point from dual channel to single channel. It can be seen from Figure 62 that a power delivery
of T0W occurs at 500Q load resistance of the dual channel mode making it a good switch
over point. It can be concluded that a 500€2 load resistance would translate to an approximate
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 75Q, 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
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
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.

R . wCK’

Z,= p T
1+w"CR 1+ C'R”

()

Equation (7) shows that the resistance is “compressed” non-linearly by a factor of

1/(1+@*C*R?) . Thus, the effective resistance decreases with increasing load resistance. At

high load resistance, the transformed 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.
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

increasing load resistance with an asymptote of =1/ @C  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
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

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,
“Effects of circuit variations on the class E tuned power amplifier,” /EEE 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
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
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 ohms is well outside usable operating
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range of an inverter 20 and 31, shown 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
the invention.

Figure 17 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
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 info 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
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
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 shown in Figure 17, which has been compressed to
the point where parasitic losses would become less dominant. Increasing the resistance can
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
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.
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
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
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
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
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
system achieves high operating efficiency. Because a typical portable electronic device will
operate at impedances greater than 30 ochms 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 in 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 136 which is
shown in Figure 13.

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.

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
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.

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,
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, 1n
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
clements 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.

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
elements can be split between a transmitter unit,