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ABSTRACT

A power surface or chamber having nearly constant electro-
magnetic field distribution in 3D comprising at least one
primary coil and one primary resonance array made of several
coils connected in parallel for generating the electromagnetic
field distribution; a single power driver circuit for activating
the coils; and a secondary coil and an optional secondary
resonance coil to recover the generated electromagnetic field
and power up an electric device.
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SPECIFICATIONS OF THE IMPLEMENTED SPIRAL COILS

SYMBOL/PARAMETER L L) L3 L4 Law
L INDUCTANCE (iH) 374 0.96 0.89 054 93
R PARASITICRESISTANCE(R) 04 0.05 0.15 077 0.1
dq OUTER DIAMETER (mm) 70 150 M5 105 54
d INNER DIAMETER {mm) W5 50 18 3 8
W LINE WIDTH {um) 2000 1000 2000 254 N/A
g LINE SPACING (um) 380 1000 380 254 WA
N NUMBER OF TURNS (N) 8 3 5 8 14

TYPE OF COIL PRINTED  PRINTED PRINTED PRINTED WIRE WOUND

FIG. 10

COIL COUPLING COEFFICIENTS AND MUTUAL INDUCTANCES AT 13,56 MHz

SYMBOL L1, Ly Loi L3 L3, g L1, L3 ERY| L iy

Kij 0.2 0.056 0.15 0.025 ¢.003 0.0056
M j ieH] 0.379 0.061 0.104 0.045 0.004 0.004
Dij (mm) 5 40 i 5 47 2
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SPECIFICATIONS OF THE IMPLEMENTED SPIRAL COILS

PARAMETER L L 3 4
INDUCTANCE, L (i) 374 168 08 34
PARASITIC RESISTANCE, R(0) 04 005 0.03 02
OUTER DIAMETER g {rm) 70 1% Y %
INNER DIAMETER ¢ {mm) 25 07 0 3
LINE WIDTH, W ) 2 10 05 0.5
LINE SPACING, S () 30 1000 20 20
NUMBER OF TURNS (N) B 3 8

TYPE OF COLL PRINTED PRINTED WIREWOUND  WIRE WOUND

FIG. 17

140
120 ; ;
100 f/ :
S Y/ I P
= U Y
E Jem<d<hem \
= 60 OPTIMUM DISTANCE \
. 7=69% \
20 \k\
G

0 2 4 6 8 10 12 14 18
DISTANCE IN Z DIRECTION {cm)

FIG. 18



Patent Application Publication  Jun. 16,2016 Sheet 18 of 20 US 2016/0172104 A1

- BOTTOM SURFACE ONLY
e 30 CHAMBER {BOTH SURFACES)

""""" TOP SURFACE ONLY
120
100 =
80 / T P BN
s > e e
= /] ~ o i~ \
_é 60 /l \\\ ’ .
= / / R \\
[ o N A
"iU &i - e \., \‘\
.v"‘v \-\
20 ’’’’’ - - T
0

0 Z 4 6 8 10 12 14 16
DISTANCE IN Z DIRECTION (em)

FIG. 19A

PDL (i)
/

0 10 22 3% 4 s e W &8 W
ANGULAR MISALIGNMENT ()

L)

FIG. 198



US 2016/0172104 Al

Jun. 16,2016 Sheet 19 of 20

Patent Application Publication

A0S o
EI04 M %
LI T pEH
021n04 | cwuwﬁ&
e 1)
moP<¢3®mm.AT,Hy<owm&Dmo 7 3
At bt
N

Wiy TN sy 0
WL TN T 3V
,,,,,,,, N

" ZHAOS Tl

...... “ Ll 3Ty
A T YN0
YN INLOMON OO | g2id
073000 Q3 ¢ | ISV

MUYy

E&

5@W.1,%<m>

| g S g ey S L



Patent Application Publication  Jun. 16,2016 Sheet 20 of 20 US 2016/0172104 A1

SPECIFICATIONS OF THE PROPOSED POWER SYSTEMS

PARAMETERS 2D SURFACE 3D CHAMBER
NUMBER OF COILS IN ARRAY 9 18
TYPE OF INDUCTIVE LINK 4501 4001
RESONANCE FREQUENGY 13.56 MHz 13.56 MHz
SIZE OF THE CHAMBER 27497 el 27407416 emd
EFFECTIVE AREANVOLUME 225225 0m2 225'22.5414 ¢m3
MAXIMUM PDL VARIATION 10% (0.2 dB) 6% (0.1 dB)
TRANSMISSION COEFFICIENT 1048 1248
POWER TRANSFER EFFICIENCY 63% {d=dem) 59%
FOM (PTE x PDLx didoR) 788 21
NUMBER OF CONDUCTIVE LAYERS 4 PARALLEL LAYERS 4 PARALLEL LAYERS FOR EACH SURFACE
TYPES OF TRANSMITTER COLLS PRINTED/SQUARE PRINTED/SQUARE

FIG. 21
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SMART MULTICOIL
INDUCTIVELY-COUPLED ARRAY FOR
WIRELESS POWER TRANSMISSION

TECHNICAL FIELD

[0001] The invention relates to wireless power transmis-
sion and more particularly to a multicoil inductively-coupled
array.

BACKGROUND OF THE ART

[0002] Nowadays power transmission systems based on
inductive coupling are becoming increasingly popular to
charge a wide variety of battery powered devices, ranging
from handheld electronics, such as cell phones, tablets and
computer mouses, to electric vehicles. Key characteristics for
such systems are ease of use, high energy transfer efficiency,
short charging time and low-cost.

[0003] On the other hand, there are several applications in
which an electronic device cannot use batteries as a primary
source of energy. Implantable devices and smart animal
research systems are examples of such applications. In these
systems, power is delivered wirelessly in air or across the skin
through an inductive link formed by mutually coupled coils to
limit risks of infection and any dangerous tethering associ-
ated with transcutaneous wires.

[0004] Increasing power transfer efficiency (PTE) and
improving robustness of such links contribute to the develop-
ment of several useful applications, such as various types of
battery-less microsensors.

[0005] Multicoil topologies, for example, three-coil and
four-coil topologies, have recently demonstrated higher P IE
over longer separation distances. Moreover, multicoil struc-
tures are known to provide more degrees of freedom, and can
compensate for effects of low coil coupling coefficient (k),
and low coil quality factor (Q), which greatly facilitates opti-
mization of the power link. Additionally, multicoil links pro-
vide better immunity to variation of the operating frequency.

[0006] However, it is established that achieving excellent P
IE and high power delivered to the load (PDL) commands the
size of the Transmit (TX) coil to be determined based on the
size of the Receive (RX) coil and a set of rules. Therefore,
arrays including several unit size TX coils have been utilized
to transmit power and provide free positioning to a smaller
RX coil, without compromising P IE and PDL. Such power
transmission arrays have used different types of coil arrange-
ments, including structures made of an array of several indi-
vidual 2-coil overlapping inductive links to provide a uniform
electromagnetic field above a surface, and resonance-based
arrays made of several non-overlapping floating coils. In the
latter array structure, magnetic coupling propagates all along
the array through adjacent coils.

[0007] Different techniques have been used to avoid driv-
ing every coil of an array at the same time to save power as
well as to increase PTE. A magnetic sensor can be used to
detect the location of a small magnet enclosed with the
receiver. Then, a dedicated control system activates the subset
ofcoils that encompasses the detected magnet to power up the
device attached to the receiver. Frequency selection can be
employed to localize transmitted power through a subset of
active coils towards the receiver. Thus, each coil of the array
is tuned to a different resonance frequency, which is challeng-
ing to implement and yields limited efficiency, since the reso-
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nance frequency on the RX side is fixed and cannot track the
selected frequency on the TX side.

SUMMARY

[0008] A novel resonance-based multicoil structure to
wirelessly charge or power up an apparatus with high effi-
ciency and free positioning capability in 2D and 3D is pre-
sented. The proposed structure consists of a novel multicoil
inductive link, which primary resonator is made of several
identical coil elements connected in parallel, and arranged in
an array. Such an array presents several key features that
benefit the design and the implementation of power transmis-
sion surfaces and chambers to deliver nearly constant power
in 2D and 3D.

[0009] The proposed approach 1) can deliver power with
superior efficiency over longer separation distances without
the need for a closed loop power management unit, 2) can
naturally track the receiver position and localize transmitted
power through nearby coil array elements without the need
for complex control and detection circuitry, and 3) can
accommodate either short range or long range power trans-
mission applications, simply by slightly modifying the
receiver topology. Such characteristics provide superior
power, size and/or cost efficiency compared to other solu-
tions.

[0010] According to one broad aspect of the present inven-
tion, there is provided a power transmission system for wire-
lessly charging a power storage unit. The system comprises a
power driver circuit; a wireless power transmitter (TX) hav-
ing a transmitter primary inductive unit (I.1) coupled to the
power driver circuit and configured to generate an alternating
magnetic field; a transmitter primary resonator (L.2) receiving
electrical power from the transmitter primary inductive unit
(L1) by electromagnetic induction, the transmitter primary
resonator (L.2) including n substantially identical inductive
elements electrically connected in parallel to form an array, a
subset m of the n substantially identical inductive elements
being in mutual inductance with the transmitter primary
inductive unit; a wireless power receiver (RX) having a
receiver secondary inductive unit (L4) for receiving electric
power by magnetic field resonance, wherein the wireless
power transmitter (1X) and the wireless power receiver (RX)
are tuned to a same resonance frequency; a power storage unit
electrically connected to and being supplied by the wireless
power receiver (RX).

[0011] In one embodiment, the wireless power receiver
(RX) further comprises a receiver secondary resonator (L3),
wherein the transmitter primary resonator (L.2) and the
receiver secondary resonator (L.3) are in mutual inductance.
[0012] According to another broad aspect of the present
invention, there is provided a power surface or chamber hav-
ing nearly constant electromagnetic field distribution in 3D
comprising: at least one primary coil and one primary reso-
nance array made of several coils connected in parallel for
generating the electromagnetic field distribution; a single
power driver circuit for activating the coils; and a secondary
coil and an optional secondary resonance coil to recover the
generated electromagnetic field and power up an electric
device.

[0013] According to another broad aspect of the present
invention, there is provided a power transmission system for
wirelessly charging a load comprising: a power driver circuit;
a wireless power transmitter having: a transmitter primary
inductive unit coupled to the power driver circuit and config-
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ured to generate an alternating magnetic field; a transmitter
primary resonator receiving electrical power from the trans-
mitter primary inductive unit by electromagnetic induction,
the transmitter primary resonator including n inductive ele-
ments electrically connected in parallel to form an array, a
subset m of the n inductive elements being in mutual induc-
tance with the transmitter primary inductive unit; a wireless
power receiver having: a receiver secondary inductive unit for
receiving electric power by magnetic field resonance; a load
electrically connected to and being supplied by the wireless
power receiver; wherein the wireless power transmitter and
the wireless power receiver are in mutual inductance.

[0014] In one embodiment, the wireless power receiver
further comprises a receiver secondary resonator in mutual
inductance with the receiver secondary inductive unit.
[0015] In one embodiment, the inductive element is a coil.
[0016] In one embodiment, the array of n inductive ele-
ments forms a power surface.

[0017] In one embodiment, two arrays of n inductive ele-
ments are provided facing one another at a distance from one
another to form a power chamber.

[0018] In one embodiment, at least two of the n inductive
elements overlap.

[0019] Inone embodiment, the transmitter primary resona-
tor further includes groups of inductive elements electrically
connected in parallel to form parallel groups of arrays.
[0020] Inoneembodiment, the loadis a power storage unit.
[0021] In one embodiment, the inductive elements of the
transmitter primary resonator have matching electrical char-
acteristics.

[0022] In one embodiment, the inductive elements of the
transmitter primary resonator are tuned to a same resonance
frequency.

[0023] In one embodiment, the wireless power transmitter
and the wireless power receiver are tuned to a same resonance
frequency.

[0024] According to yet another broad aspect of the present
invention, there is provided a power transmission system
having nearly constant electromagnetic field distribution in
3D comprising: at least one primary coil and one primary
resonance array made of several coils connected in parallel
for generating the electromagnetic field distribution; a power
driver circuit for activating the coils; and a secondary coil to
recover the generated electromagnetic field and power up an
electric device.

[0025] Inone embodiment, the power transmission system
is one of a power surface and a power chamber.

[0026] Inoneembodiment, the power transmission system
further includes a secondary resonance coil.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Having thus generally described the nature of the
invention, reference will now be made to the accompanying
drawings, showing by way of'illustration a preferred embodi-
ment thereof and in which:

[0028] FIG. 1 (prior art) is a representation of a conven-
tional multicoil inductive link circuit;

[0029] FIG. 2 includes FIG. 2A and FIG. 2B and shows the
proposed inductive array principle, FIG. 2A shows a structure
to deliver nearly constant power distribution in 2D and FIG.
2B shows a structure to deliver nearly constant power distri-
bution in 3D;

[0030] FIG.3includes FIG.3A, FIG. 3B, FIG. 3C and FIG.
3D in which FIG. 3 A shows a parallel multicoil array includ-
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ing 2 parallel coil elements (L.,,,and L,,) and its circuit rep-
resentation is shown in FIG. 3B, FIG. 3C shows a parallel
multicoil array including 4 parallel coil elements for [,;1<i=<4
and its circuit representation is shown in FIG. 3D;

[0031] FIG. 4 includes FIG. 4A and FIG. 4B which show
circuit equivalents of multicoil parallel array inductive links
for two possible locations of the receiver in FIG. 3A, in FIG.
4A, both the primary coil and the secondary resonance coil
have mutual inductance with the same primary resonance
coil, in FIG. 4B the primary coil and the secondary resonance
coil have mutual inductance with individual primary reso-
nance coils;

[0032] FIG. 5 includes FIG. 5A and FIG. 5B which are
graphs showing results of a simulation of the effect of adding
multiple coils in parallel over, in FIG. 5A, the transmission
coefficient, and in FIG. 5B, the power transfer efficiency,
while the source resistor (Rg) is swept from 1Qto 50Q, at R,
equals 50€2 and 100€2;

[0033] FIG. 6 shows a measurement scheme for testing the
inductive link, L., (primary coil) and L, (secondary coil) are
connected to a network analyzer, while L,, (primary reso-
nance coil array) and I; (secondary resonance coil) are tuned
at a frequency of 13.56 MHz;

[0034] FIG. 7 is a graph showing the measured transmis-
sion coefficients (S21) as a function of separation distance for
a 4-coil and a 3-coil chamber configuration compared with a
prior art 2-coil inductive link (all measurements use
R~R;=50€Q2), and PDL for a 4-coil link (R~20€,
R,;=100€);

[0035] FIG. 8 includes FIG. 8A and FIG. 8B in which FIG.
8A is a graph showing the measurement (d=4 cm) and simu-
lation (k,, 5=0.05) results for transmission coefficients
(R=R;=50Q), and FIG.8 B is a graph showing the measure-
ment (d=4 cm) and simulation (k,, ;=0.05) results for PTE
and PDL while R equals 1Q and 2022 (R;=100L2), as a
function of number of additional paralleled coils at 13.56
MHz;

[0036] FIG. 9 includes FIG. 9A and FIG. 9B which are
graphs of simulation and measurement results showing the
adaptive behavior of the coil array, FIG. 9A shows the mea-
sured transmission coefficient as a function of the number of
loads (d=4 cm, R=R,;=50Q), FIG. 9B is a graph for PDL and
PTE, as a function of number of loads;

[0037] FIG. 10 contains a table which shows specifications
of the implemented spiral coils;

[0038] FIG. 11 contains a Table which shows coil coupling
coefficients and mutual inductances at 13.56 MHz;

[0039] FIG. 12 includes FIG. 12A and FIG. 12B in which
conceptual schematics of the resonator based power transmit-
ter array are shown for non-overlapped resonator coil ele-
ments structures (FIG. 12A) and for 50% overlapped resona-
tor coil element structures (FIG. 12B), both figures showing
the position of the receiver L.3;

[0040] FIG. 13 includes FIG. 13A, FIG. 13B, FIG. 13C,
FIG. 13D and FIG. 13E in which FIG. 13 A presents a single
transmitter coil and the effective power transmission (maxi-
mum flux) area, FIG. 13B presents two 50% overlapped
transmitter coils the effective area of which is twice the area
of'asingle coil, FIG. 13C presents a first FR4 array including
5 overlapping coils, tiled over 2 conductive layers, FIG. 13D
presents a second FR4 array including 4 coils, tiled over two
conductive layers, and FIG. 13E presents the FR4 layers of
FIG. 13C and FIG. 13D superimposed to implement a surface
with uniform power transmission density;
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[0041] FIG. 14 includes FIG. 14A and FIG. 14B in which
FIG. 14 A shows a schematic of a 4-coil inductive link includ-
ing two resonator coils (primary and secondary resonator) in
addition to a primary and a secondary coil, in which the
primary resonator includes several coils in parallel, and FIG.
14B shows an example block diagram of the uniform 3D
power transmission approach which includes a power source,
aprimary coil, two secondary resonance coil arrays (1.2, i=1,
2, ..., 18) connected in parallel, a secondary resonator, a
secondary coil, and a load resistor (modeled as R, ), based on
the 4-coil inductive link of FIG. 14A;

[0042] FIG. 15 includes FIG. 15A and FIG. 15B in which
FIG. 15A shows an equivalent circuit model of the parallel
multicoil array including 9 parallel coil elements 1.2/, 1=i<9
for the 2D approach, and FIG. 15B shows the equivalent
circuit model of the parallel multicoil array including 18
parallel coil elements, [.27 , 1=i<18, separated into two par-
alleled surfaces, each including 9 coil elements, for the 3D
approach;

[0043] FIG. 16 includes FIG. 16A (Prior Art) and FIG. 16B
which show the equivalent circuit models of 3-coil inductive
links in which the primary resonator includes several coils
arranged in a float structure (Prior Art) in FIG. 16A and in a
parallel structure in FIG. 16B;

[0044] FIG. 17 presents a table of the specifications of the
coils used in an example embodiment;

[0045] FIG. 18 shows the PDL of the power surface as a
function distance in z direction (d) in the example embodi-
ment of FIG. 17,

[0046] FIG. 19 includes FIG. 19A and FIG. 19B in which
FIG. 19A is a graph of the measured power delivered to the
load along z axis (d) when both power surfaces are placed at
the bottom/top and when one surfaces is at the top and the
other is at the bottom of the cage (proposed 3D configura-
tion), and FIG. 19B is a graph of the power delivered to load
as a function of receiver angular misalignment, for the 3D
power chamber prototype (R, =100€);

[0047] FIG. 20 is an example block diagram of the power
transmission system which includes the following compo-
nents : Class E power amplifier, inductive link (2D (d=4 cm)
and 3D), rectifier, super capacitor, regulator and end load, the
power input and the PTE of each block are indicated;

[0048] FIG. 21 is a table of the specifications of the
example block diagram of FIG. 20;

DETAILED DESCRIPTION

[0049] An inductive power transmission system which
achieves nearly constant power delivery with high efficiency
above a surface is proposed. The proposed system can either
optimally accommodate long range applications, like smart
monitoring systems for animal research, when in a four-coil
configuration, or short range applications, like charging
handheld electronic devices, when in a three-coil configura-
tion. The prototype can switch between both transmission
ranges simply by changing the receiver topology. The pro-
posed system naturally localizes the transmitted power
towards the receiver location to save energy.

[0050] FIG. 1 (prior art) presents a conventional four-coil
inductive link. In this structure, the transmitter (TX) is com-
posed of one primary coil (L,) and one primary resonance coil
(L,), while the receiver (RX) is composed of one secondary
resonance coil (L;) and one secondary coil (L,). The resona-
tors are tuned to a same resonance frequency. A three-coil
configuration can be obtained by removing one resonance
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coil either in the TX (for example, by removing the primary
resonance coil) or in the RX (for example, by removing the
secondary resonance coil).

[0051] The present system delivers power in 2D and in 3D.
FIG. 2A illustrates the proposed multicoil power transmis-
sion structure, which is based on a 4-coil inductive link whose
primary resonator uses a coil array composed of several iden-
tical coil elements connected in parallel, instead of a large
single coil. In such a parallel arrangement, the coils in the
array have identical electromagnetic field patterns, while one
has mutual inductance with the primary coil. Such a structure
enables building surfaces or chambers to deliver nearly con-
stant power in 2D (FIG. 2A) and in 3D (FIG. 2B) by lever-
aging ease of use, simplicity as well as higher PTE and PDL
across longer separation distances, thanks to a multicoil reso-
nance-based topology and to a parallel primary resonance
coil array.

[0052] A 4-coil inductive link topology is suited for long
transmission range applications, such as animal research
devices, because the maximum power efficiency of such a
link is located at separation distances of several cm away from
the TX. A 3-coil topology is suited for short range applica-
tions, such as wireless smart phone battery chargers, since
such a link presents higher P IE than 2-coils and 4-coils link
topologies, for separation distances of less than 1 cm. It is
seen in FIG. 1 that removing or adding the secondary reso-
nator enables to switch between a 3-coil and a 4-coil topol-
ogy, respectively, while the power transmitter array topology
remains unchanged. Thus, the proposed array can be used
with different receiver topologies in order to address applica-
tions with different power transmission ranges.

[0053] The proposed method 1) requires only a single pri-
mary coil, 2) facilitates systematic calibration and tuning
because it presents the same coupling for every pair of
receiver coil and transmitter coils of the array, 3) naturally
localizes power towards a receiver using a limited number of
primary coil elements to save energy without the need for a
complex detection circuitry to locate the receiver, 4) is scal-
able by changing n, the number of parallel coil elements in the
primary resonance array, and 5) is switchable from a four-coil
to a three-coil topology by removing the secondary resonator
on the RX side in order to provide optimal PTE and PDL both
for short and long range power transmission applications.
[0054] FIG. 3 shows electrical circuit models of the pro-
posed multicoil structure for different numbers of coil ele-
ments in the primary resonance array. The primary resonance
coil of the transmitter uses n coil elements (L.,;), which are
electrically connected in parallel by wires to form an array.
Note that i is an integer between 1 and n. FIG. 3A uses 2
primary resonance coil elements (n=2), while FIG. 3B uses
four primary resonance coil element (n=4). In such array
configurations, only one coil element has a mutual inductance
with the primary coil.

[0055] The proposed link is modeled, and the low coil
coupling coefficient (k) between the primary and the second-
ary coils is assessed by calculating the equivalent inductance
for an array of n identical primary resonance coil elements
connected in parallel. The equivalent circuit of such an array
slightly differs depending on the location of the primary coil.
FIG. 4A presents the equivalent circuits of the link shown in
FIG. 3A, when the receiver coils are located above L, ,, while
FIG. 4B presents the equivalent circuits for the same link, but
when the receiver coils are located above L,,. Thus, two
possible locations of the receiver (RX) above the primary
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resonators present two different equivalent circuits illustrated
in FIG. 4A and FIG. 4B. The equivalent inductances of the
primary resonance array are calculated for both locations of
the receiver coils, and are given by Eq. (1) and Eq. (2),
respectively, with L, =T ,,=[,, M, ,,=M,, and M,, =M,
3=M,;.

Laegn = U)II(Lz — (M1 + Mp3) M

15— Ly X (M + M)
T 2xLy = (Myp + My3)

Lyegs = (Lo = M2)I(Lp — Ma3) (2)

13— Lo X (Miz + M) + Mia X M
2xLy = (M + Mp3)

[0056] Ifthemutual couplings M|, and M, ; are assumed to
be small, the following approximation can be made.

M 3xMy3=0 = Lyeon=Locyn (€))

[0057] Eq. (3) shows that changing the location of the
receiver coils does not have a significant effect on the equiva-
lent inductance of the primary resonance coil array as well on
the coupling and PTE. Then, if more than two coils are con-
nected in parallel (n>2), such as in the case shown in FIG. 3B,
the equivalent inductances are given by

L2 )

Lyegt o = (=27 1L = (W12 + Mag))

_ L3 — Iy X (Myz + Ma3)

T axLy—(n—1)X (M2 + Ma3)
Ly )
Loegsn-coit = (m)”(l/z = Mp)|l(Ly — M23)
_ L3 — Ly X (Myy + Mp) + Mpp X M3
XLy —(n=1)X(Miz + M23) + (n=2) X M1 X M3/L»

Ly -coit = Loegan-coit (6)

[0058] where L, =L,, M, ,,;=M,, and M,, ;=M,; for 1=i
=n. Since mutual couplings M, , and M,; are assumed to be
small, product M, ,xM,; tends to 0. Thus, it can be shown that
Eq. (5) can be approximated by Eq. (4), which yields Eq. (6),
suggesting that the location of the receiver has practically no
impact on the performance of the link.

[0059] Such a behavior can be verified by assessing the
effect ofthe number of coils in the primary resonance array on
the link coupling and on the P IE of the equivalent circuit
model depicted in FIG. 4. The scattering parameter S21, also
referred as the transmission coeflicient, can measure the end-
to-end link coupling between a generic transmitter and a
generic receiver. Therefore, it is used to measure the link
coupling of the proposed multicoil structure. Note that in the
case of a 2-coil inductive link, the transmission coefficient is
equivalent to the well-known coil coupling coefficient (k),
which measures the coupling between two coils. The trans-
mission coefficient and the PTE of the proposed inductive
structure are defined as follow
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8§21 = 20X log(V,pu/ Vi) @
2 7 3
pre= Lo =(h) x G ®
Py Vs Ry
[0060] whereV _,/V  in (7) and (8) are obtained by circuit

analysis from simplified circuits shown in FIGS. 4A and 4B,
which is presented in (9)

Vou _ Rp JoMi 2 JoMp s JoMsy ()]
Vs Zin joMip+Zy  joMpz+Z;  joMss+ 2,
[0061] InFIG.4,thevalueof L, cor@d Loyp 0 o ©F

the corresponding equivalent circuits are calculated using
equations (4) and (5), respectively. Since V, /V depends on
Loeyapcoin @9 Lsy oz 0z Which values are strongly related
to n, (7) and (8) are used to plot PTE and S21 against n, the
number of coil elements in the primary resonance array.
[0062] The resulting expressions are plotted in FIG. 5 forn
ranging from 1 to 10, and for a frequency of 13.56 MHz. The
characteristics of the coil employed for this simulation are
presented in the Table shown in FIG. 10. In this simulation, a
reasonable assumption is made that the coupling coefficient
between L, and L,, is the same as the coupling coefficient
between L; and L, (k; »,=k;,=0.2), and k,, ;=0.05. Note that
L, is a wire wound planar coil used for demonstrating the
3-coil link configuration which uses L., [.,; and L, ;.

[0063] FIG. 5 shows the simulation results obtained with
MatlabTM software for Eq. (7) and Eq. (8) for a link having
a primary resonance array which is using up to 10 coil ele-
ments. Equations developed for identical inductances are
applied to the general equations of transmission coefficient
Eq. (7) and power efficiency Eq. (8). FIG. 5A illustrates the
transmission coefficient as a function of n, the number of coil
elements connected in parallel. It is worth noting that similar
results are obtained when 1) both the primary coil and the
secondary resonance coil have mutual inductances with the
same primary resonance coil, and when 2) the primary coil
and the secondary resonance coil have mutual inductances
with different primary resonance coils in the array. In FIG. 5,
resistors Rg and R;, are swept in order to assess the effect of
varying the source resistor and the load values over the per-
formance of the link. It can be seen that these two parameters
have significant effect when R ¢ is big (FIG. 5). However, if R
is small, simulation shows that increasing the number of
parallel coil elements in the primary resonance array has little
effect on the PTE and S21. Thus, utilizing a power driver
circuit with a low output resistor should significantly decrease
the dependency of the proposed link performance over the
number of coil elements in the array, as S21 and P stay nearly
constant. This suggests that highly scalable and energy-effi-
cient 2D and 3D power transfer systems can be obtained
based on the proposed parallel array structure, if a power
driver circuit with a sufficiently low output resistor is
employed.

[0064] Prototypes were built. The implemented prototypes
use printed spiral coils fabricated through standard printed
circuit board processes. The table presented in FIG. 10 shows
specifications of the coils employed in the power chamber
prototype. Also, the table presented in FIG. 11 presents the
coil coupling coeflicients (k,;), the mutual inductances
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between the coils (M, ;) at a frequency of 13.56 MHz, and the
distances between them (d, ). Note that

kij:Vj/Vix(L/Lj)oj (10)

[0065] whereV /V, can be measured using a Network Ana-
lyzer. These small measured M, ; values confirm the assump-
tion made to derive (3) and (6) i.e. M,,xM,;=0. Different
Class E power amplifiers with measured output resistor val-
ues of 20Q2 and 8Q are employed to drive the 4-coil link at
13.56 MHz and the 3-coil link at 200 kHz, respectively.

[0066] Experimental results are obtained by measuring the
output of the prototypes under test using a network analyzer
(such as Agilent HP 8753E). FIG. 6 illustrates the connec-
tions between the network analyzer and the test setup.

[0067] Inductors L., and L, (or L, in the case of a 3-coil
link configuration) are directly connected to the network ana-
lyzer. The resistance of the ports of the network analyzer is
50€2. Hence, measurement results can directly be compared
with simulation results presented in FIG. 5, for the case
R;=R =50Q, since identical source and load resistors are
employed in both cases. As for other types of inductive links,
source and load resistors have a significant effect on S21 and
PTE of'the array. For example, a coil array having a transmis-
sion coefficient of =13 dB and n=4 can exhibit a PTE of only
24%, if the network analyzer has R ;=R .=50Q, while the same
link can exhibita PTE close to 80%, if R, =1Q and R ;=100€.
For representative results, the effect of the source resistor of
the network analyzer is removed by mathematically convert-
ing the scattering parameters to Z parameters. Then, a repre-
sentative value of the PTE of the link under test is obtained by
adjusting the results according to realistic values of R and
R;.

[0068] A power transmission surface prototype based on
the proposed array structure was built. The primary resonance
coil array was enclosed in a fiberglass box to comply with
smart animal research systems requirements. The primary
resonance array is composed of four coil elements (n=4). The
primary coil L, is located directly beneath L.,,, and has
mutual inductance with L, only, in this case. Thus, the pri-
mary resonance array covers an area that is four times bigger
than a unit coil element, while it is driven by only one primary
coil ;. The four coil elements L, in the array have identical
electromagnetic field patterns, while only one of them has
mutual coupling with the primary coil. Identical S21 are
measured when the receiver is located at the center of every
four primary resonance coils, the transmission coefficient
being equal to -7.6 dB at d=4 cm. The separation distance
between each adjacent neighbor coils is 1 mm. The measured
transmission coefficients between adjacent neighbor coils is
-9.5 dB. Thus, the electromagnetic field is fairly constant
everywhere above the primary resonance coil array. There is
more variation in the coil coupling for the 3-coil link than for
the 4-coil link. The maximum transmission coefficient equals
-7 dB, while it reaches —11 dB right between adjacent neigh-
bor coils, and —13 dB in the worst case above the array.

[0069] FIG. 7 shows the transmission coefficients against
the separation distance between the coil array and the
receiver, while the receiver is located in the center of one coil
element [,, of the array. Note that the transmission coefficient
corresponds to S21, the scattering parameter between ports 1
and 2 of the network analyzer (see FIG. 6). For this prototype,
maximum coil coupling is obtained at a distance of 4 cm.

Jun. 16, 2016

Moreover, identical transmission coefficients are measured
for every four pairs RX-1,,, where i is an integer between 1
and 4.

[0070] The measured transmission coefficients for both
4-coil and 3-coil chamber configurations are compared in
FIG. 8. The transmission coefficient of a conventional 2-coil
link is also reported in FIG. 8 for comparison, which link is
using [, and L, as the primary and the secondary coil. The
required PDL in short range applications, like power charg-
ers, is typically on the order of a few Watts, while it is on the
order of a few 100 mW for long range applications, such as
implantable devices. Additionally, wireless chargers operate
at a frequency between 100 and 205 kHz to comply with
standards. Therefore, the performance of the 3-coil chamber
configuration is measured for operating frequencies of 13.56
MHz as well as of 200 kHz (FIG. 8). The receiver employed
for the 3-coil configuration includes one 20AW6-wire wound
planar coil. As shown in FIG. 8, a maximum transmission
coefficient of -7 dB is measured for the 3-coil configuration,
at 200 kHz (using L,, L,; and L,;), and a slightly lower
transmission coefficient is measured at 13.56 MHz (using L,
L,; and L;) while the maximum transmission coefficient
occurs for separation distances of less than 1 cm. The mea-
sured PTE and PDL of the 3-coil power chamber are 83.3%
(Rs=1Q and R,=10Q) and 3.87 W (Rg=8Q and R,=10Q),
respectively which is suitable to accommodate various short
range applications.

[0071] FIG. 8 also presents the measured performance of
the 4-coil chamber configuration for an operating frequency
0t 13.56 MHz. The receiver employed for the 4-coil configu-
ration includes two printed planar coils whose specifications
are reported in FIG. 10. A maximum transmission coefficient
of -8 dB is measured for this configuration at d=4 cm. The
measured PTE and PDL of the 4-coil power chamber are 76%
and 115 mW, respectively, for R =1Q and R, =100Q, which is
suitable to accommodate various applications.

[0072] It was shown by simulation that R should be kept
small in order to limit the effect of increasing n on the coil
coupling, PTE and PDL. The transmission coefficient was
experimentally measured as a function of the number of par-
allel coil elements in the primary resonance array for the
presented power chamber, in a 4-coil configuration. The
transmission coefficient is reported in FIG. 9A for 1=n=4 and
R;=R~50Q2. Measurements confirm that increasing n
decreases the transmission coefficient measured and simu-
lated between each coil elements [,; and the receiver, when
R, is significant. The transmission coefficient decreases by
1.2 dB when going from n=1 to n=2, while it decreases by
only 0.6 dB and 0.2 dB, when adding a third and a fourth coil,
respectively. Measurement results reported in FIG. 9A can be
directly compared with simulation results presented in FIG.
5A. An offset between measured and simulated results is
attributable to the fact that coil coupling coeflicients k, 5,k ,
and k,, , are not modeled for simplicity. Note that coil ele-
ments L,, are identical, and tuned at a center frequency of
13.56 MHz.

[0073] InFIG. 9B, PTE and PDL are measured as a func-
tion of the number of parallel coil elements in the array for a
4-coil chamber configuration, and compared with the simu-
lation results for the two following cases: 1) R~1€Q,
R,;=100€2 and 2) R =20€2, R;=100£2. Since the network ana-
lyzer has R =500, the normalized performance of the link is
assessed by replacing the 50-Q resistor with a 1-Q resistor in
the calculation after measuring the scattering parameters of
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the link. Measurement results show that increasing the num-
ber of parallel coil element L,, does not significantly affect the
PTE and PDL if Rg is small (Rs<10£2). Then, PTE drops by
10% when R ;=20€2, for instance. Thus, the effect of increas-
ing n assessed with calculation and simulation in FIG. 9 is
confirmed with measurement results.

[0074] Simulations demonstrate that the level of electrical
field has a 20 dB increase above the areas where there is an
inductively coupled load compared to areas where there is no
such a load. Hence, since the density of power can be defined

by ExH, orP=KE% 21, Where 1, is impedance in free space

T . . . . .
and K is the pointing vector, the transmitted power is local-
ized at the location of the receiver coil.

[0075] The PDL of a load under observation decreases
proportionally when placing additional loads above the other
coil elements of the primary resonance array, which suggests
that the transmitted power is distributed across the coil ele-
ments of the array that are mutually coupled to a receiver.
Such a mechanism allows a power transmission system to
localize its transmitted power for saving a significant amount
of energy without the need for complex detection and control
circuitry.

[0076] FIG.12presents a cross sectional view of the power
links for non-overlapped resonators (FIG. 12A) and 50%
overlapped resonators (FIG. 12B). A 50% overlap for the
resonators allows adjusting the effective areas of two neigh-
boring transmitter coils which provides a uniform power
transmission. FIG. 12 shows the locations of the receivers
above the transmitter resonators. The receivers are labelled
P1 -P4 when the receiver is centered above a transmitter
resonator and the receivers are labelled P11-P33, when the
receiver is above and between two center positions P1-P2,
P2-P3 and P3-P4, respectively.

[0077] FIG. 13 illustrates the effect of the coil overlapping
technique. The simplified model of a single transmitter coil
and its effective area (in dashed lines) is presented in FIG.
13A. Two coils overlapping by 50% are shown in FIG. 13B.
Two FR4 printed circuit boards (PCB) each including coils
implemented within two conductive layers (FIG. 13C and
FIG. 13D) are superimposed to form an array of 9 overlapped
transmitter coils (FIG. 13E). The schematic of the printed
transmitter coils on the two FR4 layers are illustrated in FIGS.
13C and 13D. Combination of these two layers results FIG.
13E, which provides a homogenous electromagnetic field for
wireless power transmission. This figure shows the quality of
adjacent neighbor effective areas. The thickness of a FR4
board is 1.5 mm, and the distance between them is 1.5 mm.
[0078] Anexampleblock diagram of the uniform 3D power
transmission approach is presented in FIG. 14. The 2D power
surface is formed by removing the two surface of the 3D
structure. FIG. 14A shows a schematic of a 4-coil inductive
link including two resonator coils (primary and secondary
resonator) in addition to a primary and a secondary coil, in
which the primary resonator includes several coils in parallel.
The complete wireless power transmission link (FIG. 14B)
includes: a power transmitter including a primary coil and a
primary resonator made of several overlapped coils tiled over
two parallel surfaces, and a power receiver including a sec-
ondary resonator, a secondary coil, and a load (modeled by
Rp).

[0079] FIG. 15 shows the equivalent circuit models of the
power transmitter and the power receiver for the 2D and 3D
approaches. Each surface includes 9 overlapped primary
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resonators which coil elements are connected in parallel by
wires. In the 3D power system, two power surfaces are con-
nected in parallel facing each other with the receiver ,ocated
between them. The power chamber includes 18 primary reso-
nators, all connected in parallel. In this example, the primary
coil, the secondary coil and all resonators (primary and sec-
ondary) are tuned at a frequency of 13.56 MHz.

[0080] Additionally, a parallel connection between all
overlapped coils in the transmitter array (primary resonator)
provides natural power localization of the transmitted power
towards the receiver. In the 2D power system, the delivered
power is transmitted only from the primary resonator located
under the power receiver. In the 3D power chamber, when the
receiver is located in the middle of two overlapped primary
resonators, both top and bottom resonators are activated natu-
rally and contribute to transfer power. In this case, the power
transfer efficiency and power delivered to the load are con-
stant and provides a uniform power transmission in z direc-
tion.

[0081] In the 3D power chamber, the top surface compen-
sates the power delivery drop because of the distance incre-
ment from the bottom surface. Depending on the location of
the receiver, the top or bottom surfaces have more or less
contribution on transmitting power. When the receiver is at
the same distance from the bottom and top surfaces, the
bottom and top primary resonators transmit half of the deliv-
ered power to the receiver. The distance between the surfaces
is set to have almost constant power delivery in z direction.
This gap is calculated by summing the curves of power deliv-
ery as a function of distance (z direction) from above and
under the bottom and top surfaces, respectively.

[0082] It is well known that the optimal sizes of the trans-
mitter and the receiver coils of an inductive link are function
of the separation distance between them, which value
depends on the target application. For handheld electronic
device charging systems, the distance between the transmitter
and receiver is usually less than 1 cm. PTE above 80% and
PDL of several Watts can be reached for such a short separa-
tion distance, and the power carrier frequency is usually cho-
sen between 100-205 kHz. Charging systems usually employ
a 2-coil link topology. The power surface/chamber prototype
benefits from 3-coil and 4-coil link topologies for more flex-
ibility. In order to accommodate both short range and long
range applications.

[0083] In order to compare the proposed prototype with
previously published systems, a new figure of merit (FOM) is
proposed and is presented in Eq. (11). The FOM is based on
relevant indicators of the performance of the inductive link,
such as PTE and PDL as well as on geometrical parameters,
such as the distance between the RX and TX coils and their
diameter. Both the PTE and PDL are considered in this FOM
since optimal PTE and PDL are usually reached for different
sets of parameters. The FOM is defined as follows:

PTEX PDLXd an
FOM = ——""—
dor
[0084] where the d; is the diameter of the receiver coil,

and d is the separation distance between the primary resonant
coil L,; and the secondary resonant coil L;. Note that param-
eter d is assumed to be 0.1 cm. Also, d, equals the diameter
of the secondary resonator coil (L;) for the 4-coil surface
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structure. The proposed prototype exhibits superior FOM for
both short-and long-range power transmission applications.
[0085] Natural power localization occurs with the present
system. The present approach does not require any control
and detection circuitry to find the location of the load, since it
can naturally localize its transmitted power towards a receiver
through a subset of coil elements.

[0086] As will be readily understood, a plurality of types of
inductive elements could be used with the present approach.
It is contemplated that groups of inductive elements electri-
cally connected in parallel could themselves be connected in
parallel to allow a single power supply to supply multiple
surfaces and/or chambers. Arrays of paralleled resonators can
therefore be separated in different groups of resonators which
are paralleled by wire. The coils can be in single, overlapped
and non-overlapped configurations and different coil sizes
and shapes may be used in each group. The resonator groups
can be provided at a distance from one another and there is no
need to have mutual inductance between the groups. For
example, the inductive elements could be grouped in k indi-
vidual arrays of p inductive elements connected in parallel
with wires to implement multiple charging zones activated by
a same primary coil and tuned at the same frequency.

[0087] The inductive elements could be any type of coil,
such as printed, wirewound or litz wire coils.

EXAMPLES

[0088] In a 3-coil example configuration, at a carrier fre-
quency of 200 kHz, the chamber prototype presents a PTE of
83.3% and a PDL of 3.87 W, which is perfectly suitable for
short range applications. In a 4-coil example configuration, at
13.56 MHz, the proposed chamber prototype presents a PTE
of 76% and 53% for separation distances of 4 cm and 8 cm,
respectively. Moreover, the chamber prototype can achieve
high PDL of 115 mW and 80 mW across separation distances
of' 4 cm and 8 cm, respectively.

[0089] Another example of a comparison between a prior
art system and the invention is described in relation with FIG.
16. A wireless mobile unit in the form of a portable device or
electrical vehicle with receiver (Rx) coil is inductively pow-
ered by an array of transmitter coils that cover a surface, such
as a table, a road or a car parking. A chain of transmitter
resonators can be employed for providing the electromag-
netic field for a larger area than the optimized single trans-
mitter resonator. An array of transmitter coils in the form of a
square or chain is used instead of a large single transmitter to
keep the efficiency high. A chain of transmitter coils is the
simplest model for analyzing transmitter behavior. This type
of array can be configured in a resonance based structure. The
transmitter resonators can be provided in float or parallel
configurations. FIG. 16 presents the equivalent models of
these two approaches. Both approaches take advantages of
the 3-coil power inductive link principle which includes
driver coil L1, primary resonators [.21-1.24 (transmitter reso-
nators) and receiver coil 3. The primary resonator is
extended to several resonators in order to cover a larger area.
These additional resonators are electromagnetically coupled
(float resonators, FIG. 16 A-Prior Art) or paralleled by wire
(parallel resonators, FIG. 16B).

[0090] The 3-coil structure is efficient for short rage appli-
cations while a 4-coil structure is used to transmit power
across further distances. In the 4-coil structure, a secondary
resonator is used on the receiver side.
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[0091] A power surface was implemented using printed
spiral coils. The specifications of the coils are presented in
FIG. 17. The implemented power surface includes 9 over-
lapped resonators connected in parallel. Four conductive lay-
ers are printed on two FR4 PCB layers with a separation
distance of 1.5 mm between conductive traces. One 82-pF
capacitor is connected in parallel with each primary resonator
and mounted on the PCBs. A variable capacitor is connected
in parallel with the primary resonator elements for enabling to
fine tuning the resonance frequency. Wire wound coils are
used on the receiver side (1.3 and [.4). The power delivered to
the load (PDL) is measured for the power surface prototype at
a typical distance of d=4 cm. The transmission coefficient
(S21) of the link is measured with a network analyzer. S21
equal 10+0.2 dB at d=4 cm, within the effective area of the
array. The measured dimension of the effective area is 22.5x
22.5 cm®. When the receiver is located within this effective
area, it receives maximum power, and the PDL stays within
10% (12 mW) of the maximum delivered power everywhere
within this area. The measured PDL and P IE of the link are
120 mW and 69%, respectively. A resistor of 100Q2 is utilized
to model the typical load attached to the receiver, and the
frequency of the power carrier is 13.56 MHz. A Class E power
amplifier is utilized to drive the primary coil. FIG. 18 presents
the measured PDL of one power surface as a function the
distance between the primary resonator array and the second-
ary resonator coil. As it can be seen, the optimum separation
distance is 3 cm=d=5 ¢m, which reach to the maximum PDL
and PTE.

[0092] Two of such power surfaces are employed to form a
3D power chamber. The 3D power chamber prototype
includes 18 overlapped primary resonator coil elements
equally separated in the bottom and top surfaces (each of
which includes 9 overlapped primary resonator coil ele-
ments). Both surfaces are connected in parallel to form a
single primary resonator coil array. The separation distance
between both surfaces is 16 cm. The measured effective vol-
ume of the 3D power chamber is 22.5x22.5x14 cm>. Like for
the measured surface, the transmission coefficient (S21) of
the 3D power link with a network analyzer equals 12+0.1 dB
and is uniform within inside the effective volume. A maxi-
mum variation of 6% (6 mW) of the PDL is measured every-
where inside the effective volume of the 3D chamber. Nearly
identical PDL levels around 100 mW are measured for all
three locations, while the measured PTE equals 59%.

[0093] FIG. 19A presents the PDL of an example 3D power
chamber system as a function of separation distance (d). The
3D power chamber provides nearly constant PDL across the
z direction (1 cm=d=<15 cm). In this case, when d increases,
less power is delivered from the bottom surface, while the top
surface compensates for this power delivery drop. As a result,
the PDL and the PTE of'the 3D power chamber is not sensitive
to the location and motion of the receiver inside the effective
volume of the 3D power chamber.

[0094] FIG. 19A shows the measured PDL provided by the
3D power chamber, including 18 primary resonators as a
function of d for three scenarios: 1) Only the PDL of the
bottom surface is considered, 2) Only the PDL of the top
surface is considered, and 3) PDL is measured for the whole
chamber including both surfaces (bottom and top). When the
PDL of only one power surface (top or bottom) is considered,
it can be seen that the measured PDL presents a peak at an
optimal distance of around 4 cm from the surface in the z
direction. However, for the 3D chamber including both sur-
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faces, the measured PDL is the sum of the PDL of both
individual surfaces, and remains almost constant along z.

[0095] Rotation and angular misalignment of the receiver
coil is unavoidable in this application. FIG. 19B presents the
measured PDL of the 3D power chamber as a function of the
angle while the receiver is rotated inside the chamber. It
shows that the PDL of the 3D power chamber is not sensitive
to the angular misalignment up to an angle of 30° . Moreover,
the link keep deliver significant power until it reaches a mis-
alignment angle as high 80°.

[0096] The whole wireless power transmission chain
includes a power driver circuit, a 3D inductive link, and a
power recovery circuit. The power recovery circuit includes a
rectifier and a regulator, which recover the power transmitted
by the surface/chamber and converts it into DC supply volt-
age. A super-capacitor is connected after the rectifier in order
to store the received power and avoid PDL variations, and to
decrease the DC voltage ripple.

[0097] FIG. 20 presents an example block diagram of a
power link. The input power and the power transfer efficiency
of each block are indicated in FIG. 20 for both approaches.
The regulated DC power is 60 mW at d=4 cm for a single
surface and S0 mW inside the 3D chamber, respectively. FIG.
21 summarizes the specifications of the proposed power sur-
face, and 3D power chamber illustrated in FIG. 20. The figure
of merit (FOM) is calculated for both 2D and 3D approaches
and is presented in FIG. 21. The 3D power chamber has a
FOM almost 3 times bigger than prior art systems.

[0098] The proposed approach 1) provides nearly-uniform
power delivery in 3D, 2) provides natural power localization
(avoids using detection mechanism for power localization),
3) is robust against angular misalignment of the receiver up to
80°, 4) does not need any closed-loop power control mecha-
nism, and 5) provides high power delivery and power effi-
ciency.

[0099] Insummary, there is provided a power transmission
system for wirelessly charging a load comprising: a power
driver circuit; a wireless power transmitter having: a trans-
mitter primary inductive unit coupled to the power driver
circuit and configured to generate an alternating magnetic
field; a transmitter primary resonator receiving electrical
power from the transmitter primary inductive unit by electro-
magnetic induction, the transmitter primary resonator includ-
ing n inductive elements electrically connected in parallel to
form an array, a subset m of the n inductive elements being in
mutual inductance with the transmitter primary inductive
unit; a wireless power receiver having: a receiver secondary
inductive unit for receiving electric power by magnetic field
resonance; a load electrically connected to and being supplied
by the wireless power receiver; wherein the wireless power
transmitter and the wireless power receiver are in mutual
inductance.

[0100] Depending on the application, the wireless power
receiver can include an optional receiver secondary resonator
in mutual inductance with the receiver secondary inductive
unit.

[0101] For most applications, the inductive element is a
coil.
[0102] In an example embodiment, the inductive elements

of' the transmitter primary resonator have matching electrical
characteristics. In an example embodiment, the inductive ele-
ments of the transmitter primary resonator are tuned to a same
resonance frequency.
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[0103] Optionally, at least two of then inductive elements
overlap.
[0104] In one embodiment, the array of n inductive ele-

ments forms a power surface. In another embodiment, two
arrays of n inductive elements are provided facing one
another at a distance from one another to form a power cham-
ber.

[0105] Optionally, the transmitter primary resonator fur-
ther includes groups of inductive elements electrically con-
nected in parallel to form parallel groups of arrays.

[0106] In one embodiment, the wireless power transmitter
and the wireless power receiver are tuned to a same resonance
frequency.

[0107] Inan example application, the load is a power stor-
age unit.
[0108] Another way of summarizing the present power sur-

face or chamber is that the power transmission system has
nearly constant electromagnetic field distribution in 3D com-
prising: at least one primary coil and one primary resonance
array made of several coils connected in parallel for generat-
ing the electromagnetic field distribution; a power driver cir-
cuit for activating the coils; and a secondary coil and optional
secondary resonance coil to recover the generated electro-
magnetic field and power up an electric device.

[0109] An example application for this power transfer sys-
tem is neural stimulation experiment setups targeting freely-
moving rodents where a power-hungry headstage in mounted
on the head of the animal and stimulates (optically or electri-
cally) the neurons while recording the neural activity from
multiple readout channels.

[0110] The embodiments described above are intended to
be exemplary only. The scope of the invention is therefore
intended to be limited solely by the appended claims.

1. A power transmission system for wirelessly charging a
load comprising:

a power driver circuit;

a wireless power transmitter having:

a transmitter primary inductive unit coupled to said
power driver circuit and configured to generate an
alternating magnetic field;

a transmitter primary resonator receiving electrical
power from the transmitter primary inductive unit by
electromagnetic induction, said transmitter primary
resonator including n inductive elements electrically
connected in parallel to form an array, a subset m of
said n inductive elements being in mutual inductance
with said transmitter primary inductive unit;

a wireless power receiver having:

areceiver secondary inductive unit for receiving electric
power by magnetic field resonance;

a load electrically connected to and being supplied by said

wireless power receiver;

wherein said wireless power transmitter and said wireless

power receiver are in mutual inductance.

2. The resonance-based inductive power transmission sys-
tem as claimed in claim 1, wherein said wireless power
receiver further comprises

a receiver secondary resonator in mutual inductance with

said receiver secondary inductive unit.

3. The resonance-based inductive power transmission sys-
tem as claimed in claim 1, wherein said inductive element is
a coil.
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4. The resonance-based inductive power transmission sys-
tem as claimed in claim 1, wherein said array of n inductive
elements forms a power surface.

5. The resonance-based inductive power transmission sys-
tem as claimed in claim 1, further comprising two of said
array of n inductive elements provided facing one another at
a distance from one another to form a power chamber.

6. The resonance-based inductive power transmission sys-
tem as claimed in claim 1, wherein at least two of said n
inductive elements overlap.

7. The resonance-based inductive power transmission sys-
tem as claimed in claim 1, wherein said transmitter primary
resonator further includes groups of inductive elements elec-
trically connected in parallel to form parallel groups of arrays.

8. The resonance-based inductive power transmission sys-
tem as claimed in claim 1, wherein said load is a power
storage unit.

9. The resonance-based inductive power transmission sys-
tem as claimed in claim 1, wherein said n inductive elements
of'said transmitter primary resonator have matching electrical
characteristics.
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10. The resonance-based inductive power transmission
system as claimed in claim 1, wherein said n inductive ele-
ments of said transmitter primary resonator are tuned to a
same resonance frequency.

11. The resonance-based inductive power transmission
system as claimed in claim 1, wherein said wireless power
transmitter and said wireless power receiver are tuned to a
same resonance frequency.

12. A power transmission system having nearly constant
electromagnetic field distribution in 3D comprising:

at least one primary coil and one primary resonance array

made of several coils connected in parallel for generat-
ing said electromagnetic field distribution;

a power driver circuit for activating said coils; and

a secondary coil to recover said generated electromagnetic

field and power up an electric device.

13. The power transmission system of claim 12, wherein
said power transmission system is one of a power surface and
a power chamber.

14. The power transmission system of claim 12, further
including a secondary resonance coil.
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