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1 

POWER COUPLING 

BACKGROUND TO THE INVENTION 

The present invention relates to a system for coupling 

electrical power from a source to a load. 

Commonly, electrical equipment is connected to a power 

source by means of a plug and socket or by other 

arrangements involving direct physical contact between 

10 conductors, as in, for example, a domestic light fitting. 

There are a number of situations in which the use of 

these conventional power coupling systems is inappropriate. 

In medical electronics, the need to ensure the safety of 

patients connected to the equipment often makes it 

15 undesirable that there should be a direct connection from 

equipment to the mains. In hazardous areas such as mines, 

oil refineries and chemical plants, there are considerable 

risks associated with the possibility of sparks occurring 

as contact is made. Even in domestic settings such as the 

20 kitchen or bathroom, the presence of water makes the use of 

conventional plugs and sockets potentially hazardous. 

SUMMARY OF THE INVENTION 

According to a first aspect of the present invention, 

25 there is provided a power coupling system comprising a 

source unit arranged to be connected to a power supply and 

including a first winding and a load unit including a 

second winding, in use power being inductively coupled from 

the first winding to the second winding, and 

30 the source unit and load unit being readily separable, 

characterised in that the second winding is connected in a 

resonant circuit, and in that an AC voltage applied to the 

first winding is tuned to the resonant frequency of the 

load circuit including the secondary winding leakage 

35 inductance. 

Preferably the system includes a variable tuning 

circuit arranged to control the frequency of the voltage 
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applied to the first winding in dependence upon the said 
resonant frequency of the load circuit. 

The power supply system of the present invention 
replaces conventional direct conduction of current from the 

5 source to the load by inductive coupling between a primary 

winding connected to the source, and a secondary winding 

connected to the load. The primary and secondary windings 

are not formed around a common core as in a conventional 

transformer, but are located in physically separable units 

10 and power is inductively coupled across an air-gap. Since 

there is no requirement for a direct physical connection, 

the different units can be entirely encapsulated, making 

the system safe for use in hazardous environments such as 

those discussed above. 
15 It has previously been suggested, in a few specialised 

fields of application, to use inductive coupling of a power 

source to a load. For example, it has been proposed to 

provide a charger for an electric vehicle in which a 

primary winding in the charging unit is brought into the 

20 proximity of a secondary winding of a circuit connected to 

the vehicle batteries. The system operates at the mains 

frequency of SO Hz. However, such systems suffer a number 

of serious limitations and so hitherto have not found wide 

acceptance. By comparison with conventional transformers 

25 in which the two windings are formed on a common core, the 

amount of flux leakage is greatly increased and so the 

efficiency with which power is coupled across the system is 

very poor. In practice, therefore, such systems have only 

been used where the power requirement of the load is small. 

30 The present invention overcomes these disadvantages to 
provide a power coupling system of sufficiently high 

efficiency to be of use in a wide range of applications. 

This achieved by providing in the source unit a control 

circuit arranged to drive the primary winding at a 

35 frequency substantially matched to the resonant frequency 

of the load circuit including the secondary winding leakage 

inductance. Operation in this manner provides power 
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coupling with high efficiency despite the presence of 

significant leakage inductances. At the same time, the 

relatively high frequencies involved makes it possible to 

reduce the size of the windings to the extent that a load 

5 unit can readily be accommodated within many otherwise 

conventional items of electrical equipment. Because it 

relies upon tuning to a resonant frequency within a certain 

range, a system embodying the present invention will not in 

general couple power, e.g., to a metal object which 

10 accidentally comes into contact with the source. The 

system therefore offers improved safety. 

Preferably the control means include a detector 

responsive to the phase difference between voltage and 

current in the source circuit or between the source unit 

15 voltage and the load unit current as referred to the source 

unit and arranged to produce a control output dependent on 
that difference. 

Preferably the source unit includes an inverter 

switched at a frequency determined by the control means. 

20 Using the system of the preferred aspects of the 

present invention, as the load unit is brought nearer the 

source unit the load impedance is reflected into the source 

circuit, reducing the phase difference between voltage and 

current in that circuit. A phase comparator detects this 
25 change and in response to it changes the operating 

frequency of the inverter so that it becomes closer to the 
load circuit resonant frequency. As a result, the load 

circuit driving impedance is reduced, as the frequency of 

the inverter approaches the resonant frequency of the load 

30 circuit. 

Preferably the control circuit is arranged to drive 

the primary circuit at a high frequency in the absence of 

a load, and to reduce the operating frequency of the 

inverter as the load approaches. With no load present 
35 operating at high frequency, the primary reactance is high 

resulting in low primary current and low resultant magnetic 

field strength. 
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This control arrangement can adjust the operation of 
the inverter to suit a wide range of load impedances and 

air gaps. When the source unit has "acquired" the load 

unit it will operate with afr gaps of Oto about 10% of the 

5 total magnetic path length. Circuit efficiency is high 

when operating in this resonant mode, and with appropriate 

design of the magnetic core components, stray magnetic 

fields can be reduced to acceptable levels both when the 

load unit is present and absent. When no load is present 

10 the primary current is small. 

Preferably the load winding is formed on a core having 

a re-entrant portion and the source winding is formed on a 

core having at least a portion which in use locates in the 

re-entrant portion of the load core as the load and source 

15 are brought together. 

Possible applications for the power transfer system 

include emergency lighting in hazardous areas, plug-in 

lighting systems for such areas, rechargeable lanterns and 

torches for marine and industrial use and lanterns or 

20 emergency lamps for domestic use, and ultra low leakage 

power supplies for electronic equipment in, e.g., medical 

applications. In the case of lighting, luminaries 

incorporating a non-contact power supply system can be re

lamped without it being necessary for the entire power 

25 system to be shut down. The power transfer system is also 

of particular value in enabling isolation from the effects 

of large supply transients and common-mode effects which 

are common, for example, in electric railways. 

The systems embodying the present invention are 
30 particularly useful in enabling the coupling of both power 

and data between units which move with respect to each 

other. Such a system may be used, for example, with a 

button or other equipment mounted on a sliding door. 

Another important field is in the use of transducers 
35 mounted in a rotating wheel or a rotating turbine. Systems 

embodying the present invention facilitate the transmission 

of electrical power from a fixed power supply to the load 
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unit which is mounted with the rotating transducer inside 

the wheel or turbine. 

As will be described in further detail below, power 

coupling systems embodying the present invention can 

5 readily be adapted for the transmission of data using 

frequency-shift keying techniques without disturbing the 

transmission of power. 

According to a second aspect of the present invention, 

there is provided a method of coupling power inductively 

10 from a source to a load characterised by bringing separable 

respective source and load units into proximity, the load 

unit including a winding connected in a resonant circuit, 

and driving the source at a frequency substantially matched 

to the resonance frequency of the load, including the load 

15 winding leakage inductance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A system in accordance with the present invention will 

now be described in further detail with reference to the 

20 accompanying drawings, in which: 

Figure 1 is a simplified circuit diagram; 

Figure 2 is a diagram showing a rechargeable lantern 

incorporating the circuit of Figure 1; 

Figure 3 is a diagram showing a lumped-circuit model 

25 of the transformer; 

30 

Figure 4 shows the control characteristic in a first 

embodiment; 

Figure Si and 5ii shows a current monitoring circuit 

for a third embodiment; 

Figure 6 shows current waveforms for the circuit of 

Figure Si and Sii; 

Figure 7 shows the control characteristics of a second 

embodiment; and 

Figure Ba is a schematic a bridge inverter for use in 

35 a source unit and Figures Sbi, Sbii and Bci-Bciv are 

detailed circuit diagrams; 
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alternative 
configurations for the cores and windings in the source and 

load units; 

Figure 10 is a circuit diagra~ of a load unit adapted 

5 for transmitting a simple logic signal; 

Figure 11 is a circuit diagram of a load unit adapted 

for a continuous data transmission; 
Figure 12 is a diagram showing schematically a power 

coupling system for use underwater; and 

10 Figure 13 is a diagram showing schematically a source 

and load unit used to provide a power connection to a 

wheelchair battery charger. 

DESCRIPTION OF EXAMPLES 

15 A power coupling system comprises a source unit 1 and 

a load unit 2, each of which is normally contained within 

a separate housing. The load unit may, for example, be 

incorporated in the base of a housing of a rechargeable 

electric lantern L. The source unit 1 in this case is 

20 located in the housing of a charging unit for the lantern. 

The source unit comprises a primary winding 3 formed 

on an associated core 4. The winding is driven via a half
bridge inverter 5. Alternatively, for circuits handling 

higher power levels, a full bridge inverter may be used. 

25 A control circuit 6 including a current monitor CM and 

phase comparator 7 controls the frequency of switching of 

the inverter 5. The phase comparator employs exclusive-OR 

logic devices to provide an output which, after filtering, 

increases linearly from Oas the phase difference between 

30 the input signals arises. Phase comparison might 
alternatively be carried out using other logic devices in 

an equivalent circuit, or integrated circuits such as 

phase-lock loops. An appropriate device of this latter 

sort is device 74HC4046A from the standard 74 Series Logic 
35 family. The control circuit may be constructed using 

conventional discrete logic and linear components, or 
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alternatively may be formed as an ASIC, or a thick film 

hybrid assembly. 

The load unit 2 includes a secondary winding 8 on an 

associated core 9, together with a rectifier and any 

5 further smoothing and regulating circuitry required by the 

particular load. A series resonating capacitor CR is 

connected between the secondary winding and the output 

circuitry. 

As will be described in further detail below, the 
10 reactance of the resonating capacitor, in conjunction with 

the leakage inductance and any load inductances associated 

with the secondary winding creates a resonant circuit. The 

control circuit 5 in the source unit is effective to 

control the frequency of the source so that it generally 

15 corresponds to the resonant frequency of the load circuit. 

The frequency of operation of the source will typically be 

within 10% of the resonance frequency and may match the 
resonance frequency to within 1%. Typical frequencies of 

operation are from around 100 kHz to 1 or 2 MHz, according 

20 to the power requirements of a particular load. 

Figure Ba shows in further detail the half bridge 

inverter 5 of the source unit 1. Parasitic transistor 

elements are shown in broken lines. The transistor 

switches in the two arms of the bridge are both power 

25 MOSFETs. Suitable devices for a 200 W load are available 

30 

as model no. IRF 840 manufactured by International 

Rectifier. Such devices of fer high switching speeds but in 

conventional use suffer the disadvantage of significant 

power dissipation in the switches. 
As conventionally operated, Mosfet switches Ql and Q2 

are driven by anti-phase square wave signals so that the 

switches conduct alternately. Capacitors Cla and Clb are 

relatively large so that the voltage at point X remains 

sensibly constant at Vd/2. This implies that 

35 IL/{4fC1) << Vd 
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where IL is the load current as shown 
on the diagram, f is the switching frequency and C1 = C1a 

= C1b. 

Suppose that switch Ql is conducting and load current 

5 is flowing as shown in the diagram. 

The parasitic capacitance CQl of switch Ql will be 

uncharged (voltage across switch effectively= 0) while CQ2 

will be charged to Vd. 

Now let Q1 be turned off and Q2 be turned on. The 
10 voltage at point Y must fall from Vd to effectively zero. 

CQl must charge to voltage Vd while CQ2 must discharge to 

zero. The charge and discharge currents must flow via Q2 

and power dissipation can be high. 

When, at the end of the next half cycle of operation, 
15 Q2 turns off and Q1 turns on, a similar action occurs but 

with energy being dissipated by Q1. 

In contrast with the mode of operation described 

above, · if the load is highly inductive then, when Q1 is 

turned off the load current will continue to flow, the 

20 driving force being provided by the energy stored in the 

magnetic field associated with the inductive load. Current 

transfers from switch Q1 to capacitors CQ1 and CQ2, 

charging Q1 and discharging Q2. When the voltage at Y 

falls to just below zero, diode D2 conducts "catching" the 

25 voltage at Y and preventing further fall in voltage. 

Transistor Q2 can now be turned on without power loss since 

the switching action will occur with diode D2 conducting 

and, therefore, almost zero voltage across the transistor. 

The current through the load will then fall to zero at a 

30 rate set by the circuit parameters and then reverse in 

polarity, flowing via Q2. 

In systems embodying the present invention, by using 

a load coupling transformer with low magnetising inductance 

the magnetising current is made high and operation in the 

35 mode just described can be ensured. The circuit therefore 

operates with near-zero switching losses in Q1 and Q2. The 

increased magnetising current leads to increased on-state 
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losses in the switches and in the transformer primary 

winding resistance but this is offset by the reduction in 

switching loses, especially at high switching frequencies 

as are used in NCET. 

5 Figure 2 shows one construction for the transformer 

cores, and the location of the cores in relation to the 

housing for the source unit and load unit. The use of a 

shape having a re-entrant portion for one of the cores and 

a complementary projecting shape for the other of the cores 

1.0 serves to reduce the stray flux as the load and source unit 

are brought together. This increases the efficiency of the 

system, and also serves to reduce radio-frequency 

interference. 

Figures 9a to 9c show further alternative 

1.5 constructions for the transformer cores. Again the shape 

and configuration of the cores is chosen to maximise the 

efficiency with which the flux is coupled across the air 
gap. In Figure 9a, the ferrite core 91 is U-shaped with a 

winding, indicated by the hatching, formed around the base 

20 of the U. The second core 92 is also generally u-shaped 

but with smaller dimensions than the first core so that it 

fits within the re-entrant portion of the first core. The 

tips of the arms of the smaller U-shaped core 92 are cut 
away as shown in the Figure so that the surface of the arm 

25 is closer to the winding on the first core 91. in the region 

towards the edge of that winding. This serves to increase 

the uniformity of the field and reduce the flux leakage in 

that region towards the edge of the winding. Either of the 

cores may be used as the primary, that is to say for the 
30 source unit, but it is preferred to use the smaller core 92 

for the source because the source magnetic assembly is then 

contained by the load assembly and stray field leakage is 

reduced. 

Figure 9b shows another arrangement for the cores. In 

35 this example, the cores are generally cylindrical. The 

first larger core 93 again has a re-entrant portion which 
receives the second smaller core 94. The arms of the core 
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93 bounding the re-entrant portion are generally annular in 

plan. The outer edges of the smaller core 94 and the 

opposing portions of the larger core 93 are cut away as 

shown. 

In the core structure shown in Figure 9c, a dual E

core structure 95, 96 is used for one of the windings, say 

the primary, and the other winding 97 on ferrite core 98 is 

inserted into a slot formed between the two E-cores. This 

arrangement is particularly suitable for a power coupling 

10 systems to be used as a substitute for a conventional plug 

and socket for users having limited dexterity. The load 

15 

20 

25 

unit incorporating the secondary winding can then be formed 

as a simple card or plate which is dropped into the slot 

provided in the source unit. 

If the transformer comprising the primary and 

secondary winding is considered as a lumped circuit element 

as shown in Figure 3, the inductance at the secondary 

output terminals as seen by the secondary-side circuitry is 
given by: 

Lout = Ll2 + Lm2 in parallel with Lll * [ :;r·5 

( 1) 

The secondary winding open-circuit voltage is given by: 

V2 (oc) = V'1.Lm1 ~ [ Lm2] 
Lm1+Ll1 Lml 

(2) 

The resonant frequency of the secondary circuit is: 

I RES= 
21t,/LoutCR 

1 

(3) 

The air-gap between the two parts of the transformer 

controls the primary and secondary magnetising inductances 

Lm1 and Lm2 and the leak~ge inductances Ll1 and Ll2. As 

the air-gap is changed, the open-circuit secondary voltage, 
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the source impe9ance presented to the secondary circuit and 
the resonant frequency of the secondary circuit will all 
vary. 

On the primary side, the low magnetising inductance of 

5 the primary winding requires a high magnetising current in 

phase-quadrature with the applied voltage. If a square

wave drive voltage is employed the current will not only be 

in quadrature but will be of triangular waveform. 

The transformer primary voltage and current are 
10 monitored by the source unit control circuitry which 

includes a phase comparator to provide a signal which is a 

function of the phase difference between voltage and 

current. In a first embodiment, this signal is used to 

modify the operating frequency of the source unit inverter 

15 so that the relation is as shown in Figure 4. 

The circuit operation is arranged so that if power is 

applied to the source unit with no load unit present, the 

inverter operates at a frequency lower than the resonant 

frequency defined in Equation 3, and with the primary 

20 current lagging the applied voltage by, sensibly, 90°. As 

the load unit is brought near to the source unit, a 
capacitive impedance is reflected into the primary circuit 

and the phase difference is reduced. This causes the 

operating frequency of the inverter to be increased so that 

25 it becomes closer to the secondary circuit resonant 
frequency. In consequence the load circuit driving 
impedance is reduced. The control circuit adjusts the 
inverter drive so that operation occurs close to the 

resonant frequency using an exclusive - OR type phase 

30 comparator with the inputs being the sense of the voltage 

applied to the primary winding (source unit) and the 

inverse of the sense (polarity} of the primary current. 

This produces a 50% duty-cycle output when the current lags 

the voltage by 90° increasing linearly with phase to 100% 

35 duty-cycle when the current is in-phase with the voltage. 

The output of the phase comparator is filtered to produce 

a de level which is used as the input to a voltage 
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controlled oscillator (VCO), the output of which controls 
the power MOSFET switches in the source unit. 

In a second embodiment of the control system, 

operation takes place so that with no load present the 

5 frequency at which the primary is driven is higher than the 

resonant frequency of the load. As before, the magnetising 

current for square-wave excitation is of triangular wave 

shape and lags the driving voltage by 90°. The current 
amplitude required is less than in the first embodiment 

10 because of the increased operating frequency. This second 

embodiment uses an exclusive OR type phase comparator with 

the inputs being the sense of the voltage applied to the 

primary winding (source unit) and the sense (polarity) of 

the primary current. This produces a 50% duty-cycle when 

15 the current lags the voltage by 90° decreasing linearly 

with phase to 0% duty-cycle when the current is in-phase 

with the voltage. The output of the phase comparator is 

filtered to produce a de level to which is used as the 

input to a voltage controlled oscillator (VCO) the outpu_t 
20 of which controls the power MOSFET switches in the source 

unit. The control characteristic for this second 

embodiment is as shown in Figure 7. 

A third embodiment of the control system (Figures Si 

and Sii) includes, in the primary current monitoring 

25 circuit, two cascaded differentiator circuits and voltage 

amplifiers before the phase comparator. Consider with 

reference to Figure 6 the operation of the circuit with a 

light load. For the triangular magnetising current 

component, the first differential will be a square-wave 

30 leading the triangular current by 90°. The second 

differential consists of spikes of alternating polarity 

leading a further 90° on the current signal. The referred 

load current signal, being near-sinusoidal, will be 

unmodified in shape by the differentiators but will undergo 

35 phase inversion. The output signal from the 
differentiator-amplifier system, which will be as shown in 
Figure 6(H), is fed via a limiting amplifier, Figure 6{I), 
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to the phase comparator together with a signal developed 

from the drive voltage. The output of the comparator 

controls the operating frequency of the inverter, moving 

the frequency towards resonance. 

5 Shown in Figure 8cii is a low cost realisation of the 

double differentiator circuit which uses~ CMOS 4069 

unbuffered inverters in the linear mode. These devices are 

taken from the 4000 series of CMOS logic devices. The 4069 

used in the linear mode has poor de performance and 

10 requires the output to be ac coupled. The same technique 

may be used with high performance ac amplifiers/video 

amplifiers to produce a high frequency (>500 kHz) 

controller. 

The input signal to the cascaded differentiators is 

15 taken from winding T1C, (Figure Sci) which is a current 

transformer placed in series with the primary winding (see 

Figure Sb) with auxiliary load current compensation by 

means of current transformer T3. Resistors R19, R23, R24 

and capacitor C25 act as a burden across which a voltage 

20 approximately proportional to the primary current is 

generated. This voltage is used to drive the 

differentiator circuits. Sketch waveforms are included in 
Figure Sci. 

The output of the second differentiator {IC2B) is 

25 amplified using a voltage comparator and Schmitt-triggered 

inverter to produce a digital waveform representing the 

polarity of the secondary (load unit) resonant current. 

This waveform IRES is applied to the clear direct (CD) 

input of a D-latch ( IC5B) a 4013 device which is gated 

30 (Clocked) by the inverted output of the VCO (IC6) of a 4046 

CMOS phase-locked-loop. The Q output of IC5B is a pulse 

train with a duty-cycle dependent upon the phase-lag 

between the clock (CLK) and Clear Direct (CD) inputs and 

hence on the phase-lag between the secondary circuit 

35 resonant current and the primary voltage. ICSB is used as 

an edge triggered phase comparator the output of which is 
zero if the signal applied to the CD input leads that 
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applied to the clock (CLK} input and rises linearly from 

zero output for in-phase signals to 25% duty-cycle when the 

signal applied to the CD input lags that applied to the CLK 

input by 90%. 

The D-latch ICSA is used to provide primary side 

current limiting by forcing the frequency of operation to 

increase if the sensed primary current exceeds a pre

determined threshold. If this occurs the output of IC3A 

goes low forcing the Q output of ICSA low and the output of 

10 IC7A high. The Q is set back to a logic 1 synchronously 

with the resonant circuit once the overcurrent condition 

has been removed. 

The output of IC7A (the phase comparator output if not 

in an overcurrent condition) is buffered and filtered and 

15 compared with a pre-set reference. The difference between 

the filtered output of the phase comparator and the 
reference is inverted and amplified by IC30D and used to 

control the VCO in IC6. The output of IC6 is buffered and 

used to drive transformer T4 which gates the power MOSFETs 

20 M1 and M2 shown in Figure Sbi. This example of the third 
embodiment uses a closed feedback loop with the phase of 

the resonant circuit current (with respect to the primary 

voltage) being maintained close to a pre-set level 

preferably close to zero to provide a low impedance output. 
25 A second input to the VCO may be included using the 

OR-ing diode D17 shown in Figure 8ciii. This allows a 

second control-loop to be included which monitors the 

output voltage and modifies the frequency of oscillation to 

achieve output regulation; the phase-controlled loop 

30 ensuring that operation below resonance does not occur. 

The capacitor C38 shown in Figure 8bii may be included 

to reduce the operating frequency range required to achieve 

output V regulation for a given load/supply voltage range. 

C38 changes the power circuit to a parallel loaded circuit 
35 at high operating frequencies, giving better control of the 

output voltage under light load. 
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Using this approach, it is possible to detect the 

phase of the referred load current even when it is small 

compared with the magnetising current. Very light loads 

are therefore acquired by the primary circuit so that 

5 efficient operation at near-resonant frequency occurs for 

a very wide range of load and coupling conditions. 

The control arrangement can adjust the operation of 

the inverter to suit a wide range of load impedances and 

air-gaps. When the source unit has acquired the load unit 

10 it will operate with air-gaps of O to about 10% of the 

total magnetic path length. Circuit efficiency is high, 

producing power outputs~ 1kw at efficiencies greater than 

90%, with near-unity power factors, e.g. greater than 94% 

at 2.5kw output, when operating in this resonant mode and 

15 stray magnetic fields are reduced to acceptable levels by 

appropriate design of the magnetic core components. Power 

efficiency in this context is defined as the ratio of de 

power output in the load to de power input in the source. 

20 

When no load is present the primary current is small. 

The power coupling circuit may also be used for 

signalling from the source unit to the load unit. Figure 

10 shows a load unit which in this example is designed to 

provide a DC output. This circuit has been modified to 

allow information about momentary operation of a switch, 

25 that is simple transient logic information, to be 

transmitted from the load unit to the source unit. 

In the secondary circuit, capacitor CR resonates with 

the secondary-side leakage inductance and wiring parasitic 

inductance. Capacitor Cl acts as an AC short-circuit and 
30 isolates the smoothing inductor L1 from the resonant 

circuit. 

Resistor Rl and transistor Ql (Ql is a MOSFET) are 

added to the output circuit to enable transmission of the 

signal from load unit to source unit. When Ql is 

35 momentarily turned on, current flows via Rl and Q1, 
increasing the loading as seen by the primary unit. This 

increase is arranged, by choice of R1 to be substantially 
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greater than the maximum increase resulting from normal 
load changes. A simple threshold detector in the source 

unit is used to sense changes in the current demand within 

that unit, and thereby to recover information about 

5 operation of switch Q1 in the load unit. 

10 

One possible use for such an arrangement is the 

transmission of information relating to the operation of a 

push-button switch mounted, for example, in a sliding door 

in a railway carriage. Because of the movement of the door 

conventional wired connections present considerable 

problems, and these can be overcome by using an inductive 

connection with the circuit as described above. 

Figure 11 shows a further example of a load circuit 

modified to allow digital data transmission from the load 

15 to the source. Additional components are capacitor CR2, 

transistors Ql and Q2, and drive transformer TRl. Ql and 

Q2 are again Mosfets. All other components are as in the 

original circuit described above with reference to Figure 
10. 

20 Transistors Ql and Q2 form a bi-directional switch 

(Bright switch) which is controlled by the data signal via 
transformer TRl which provides signal isolation. With the 

switch undriven and non-conducting, the secondary resonant 

circuit consists essentially of capacitor CRl and the 

25 coupling transformer secondary leakage inductance. When 

the switch conducts, capacitor CR2 is connected in parallel 

with CR1 and the resonant frequency falls. 

The primary {source) unit control circuitry contains 

a phase-locked loop {PLL) which monitors the phase 

30 difference between the primary winding voltage and the 

secondary winding current as referred to the primary. The 

PLL produces an output voltage proportional to phase 

difference which controls the frequency of a voltage

controlled oscillator (VCO} so that the primary unit 
35 inverter is driven at the resonant frequency of the 

secondary circuit. 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1036



WO 94/28560 PCT /GB94/01068 

17 

As the secondary (load) side switch, formed by 

transistors Ql and Q2, is operated, the resonant frequency 

of the secondary circuit changes and the PLL output voltage 

changes in order to move the drive frequency to the 

5 required value. The PLL output voltage is passed, via a 

filter serving to remove system noise, to a logic output 

stage and the signals controlling Ql and Q2 in the 

secondary unit are thereby recovered in the primary unit. 

With such a circuit, the maximum data transmission rate is 

10 approximately 10% of the lower of the two resonant 

frequencies of the load circuit. 

Load and source units embodying the present invention 

can be used to provide a universal power coupling system 

enabling a variety of source voltages and load voltages to 

15 be handled using standard components. All that is required 

for such a set is that the load and source units should 

operate within a defined maximum power level, in a certain 

frequency range, and at a certain flux density. The 

control electronics in each source unit can then be 

20 designed to sense the presence of a~resonant load circuit 

tuned in the correct frequency range, and then to adjust 

the drive frequency of the primary unit inverter to the 
actual resonant frequency. The ratings of the power stage 

electronic components would be determined primarily from 

25 the power output required and the supply voltage to be 
used. 

The physical size of the magnetic coupling components 

is chosen with reference to the frequency of operation and 

the maximum power to be transmitted. In any given source 

30 unit, the number of turns forming the primary winding is 

chosen as a function of the supply voltage, frequency of 

operation and magnetic circuit dimensions and parameters. 

A number of different primary units may be constructed to 

operate, for example, one from a 240V SOHz supply and 

35 another from, say, a SOV DC supply. The units operate at 

the same frequency and the same magnetic flux density and 
have magnetic assemblies of the same dimensions. The 
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difference in supply is then 11 transparent" to the load 
units which receive the same driving conditions from either 

source unit. 

For the secondary {load) units, the dimensions and 

5 number of secondary winding turns are functions of the 

power level, frequency, flux density, and of the structural 

dimensions of the source unit. The number of turns on the 

secondary winding is selected to produce a correct desired 

output voltage when coupled to the standard AC magnetic 

10 field of the source units. A range of secondary units can 

be designed, all of the same physical dimensions and 

requiring magnetic fields of the same frequency and 

strength, but providing different output voltages. When 

secondary-side power processing electronics is added the 
15 range of outputs can be very wide, e.g: SV@ SOA de; 100V 

@ 2.SA de; SOOOV@ SOmA de; 240V, SOHz ac .... Since for a 

given frequency of operation, flux density and physical 

size and form, any secondary "plug" will correctly couple 

to any primary II socket" a non-contact plug and socket range 

20 can be provided which operates from various input voltages 
and, if the plug is hard wired to the load, always provides 

the correct drive voltage for the load. 
Such a system of universal connectors may be of 

particular value for use with underwater power tools. 

25 Equally any single load unit/source unit system embodying 

· the present invention can offer significant advantages in 

this context. Conventional so-called wet-mating assemblies 

used hitherto require complex sealing systems which exclude 

the water from contact with the power conductors. With 
30 such conventional assemblies it is not safe to mate or 

separate the connectors with the power turned on. In 

practice often a key interlock system is used, with a diver 

having in his possession a key necessary to operate a 
surf ace power supply while he makes the physical connection 

35 between the plug and socket assemblies, and the diver then 

having to return to the surface to return the key before 
the power can be turned on. 
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All these practical problems can be avoided using the 

non-contact power transfer system of the present invention. 

With this system true wet-mating is possible: the load unit 

and source unit can be mated or separated under water and 

5 with the power applied. The physical arrangement for the 

mating can be a simple clip arrangement and there is no 

need to exclude water. 

With a set of universal wet-mating connections, there 

is the further advantage that a range of different tools 

10 having different power supply requirements can be plugged 

in to a single source unit without the user having to 

ensure correct matching of a particular tool to a 

particular power source. Thus, in the example shown 

schematically in Figure 12, a first tool 121 operating at 

15 12V and a second tool 122 operating at 240V both are wired 

to a respective secondary unit 123, 124 which generates the 

correct voltage when mated with the source unit 126. Power 

to the source unit 126 is supplied from a surface generator 
127. 

20 A further example of possible fields of use for 

systems embodying the present invention, is in the 

provision of connectors for a power supply for charging the 

battery of an electrically operated wheelchair. Often a 

user of the wheelchair will have limited strength or 
25 dexterity. Accordingly manipulation of a conventional plug 

and socket for connecting a charger to the wheelchair 

battery can present considerable difficulties. These 

difficulties can be overcome by replacing the conventional 

plug and socket with a non-contact load unit/source unit 
30 constructed in accordance with the present invention. The 

load unit which is a charging circuit 131 for the battery 

132 on the wheelchair 133 may include a slotted double-E 

coil as discussed with respect to Figure 9c above. This 

provides the "socket" the source unit 134 is the "plug" 

35 used to make the connection. This "plug" containing the 

source coil is card-shaped and is connected to the mains at 
its remote end. The user then simply has to drop the card 
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into the socket 135 in the load unit to establish a 
connection to the mains. Alternatively other non-contact 

assemblies may be used in different configurations. 

The tables below show components for Figure 5 and 

5 Figure 8 respectively. 
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TABLE 1 

RESISTORS 

R25 1000 2% 0.SW 

R26 1SKO 1% 0.125W 

5 R17 22KO 1% 0.125W 

R28 22KO 1% 0.125W 

R37 1.0KO 2% 0.125W 
-

R38 1KO 2% 0.125W 

R39 1.SMO 2% 0.125W 

10 R40 820KO 2% 0.125W 

R41 1KO 2% 0.125W 

CAPACITORS 

C36 2n2 10% CERAMIC 

C37 150pF 2% CERAMIC 

15 C38 8.2pF 0.25P CERAMIC 

C39 47pF 2% CERAMIC 

C40 8.2pF 0.25P CERAMIC 

C45 l0pF 2% CERAMIC 

DIODES 

20 Dl.4, D15, D18, D19 1N4148 

D13, D16 BZX79C6V2 

INTEGRATED CIRCUITS 

IC2 LM6364 IC4 LM311N 

IC3 LM6364 res 40106 

25 
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TABLE 2 

Ref Value Tolerance Limits 

R3 lOK 2% 0.125W 

R4 100K 5% lW 

RS 100K 5% 1W 

R6 47 5% 0.25W 

R7 47 5% 0.25W 

R18 lOK 5% 0.125W 

R19 33 2% 0.125W 

R20 lOK 2% 0.125W 

R21 lKS 2% 0.125W 

R22 820K 5% 0.125W 

R23 33 2% 0.125W 

R24 33 2% 0.125W 

R25 47K 2% 0.125W 

R26 47K 2% 0.125W 

R27 10K 1% 0.125W 

R28 10K 1% 0.125W 

R29 10K 1% 0.125W 

R30 10K 5% 0.125W 

R31 lOOK 5% 0.125W 

R32 1K 5% 0.25W 

R33 10K 5% 0.125W 

R34 10K POT 

R35 10K 2% 0.125W 

R36 lOK 2% 0.125W 

R37 150K 2% 0.125W 

RS4 lOK 2% 0.125W 

RSS 2K7 2% 0.125W 

R56 lK 5% o.sw 
RS7 lOK 5% 0.125W 

RSS 15K 2% 0.125W 

R59 100K 2% 0.125W 

R60 lOK 5% 0.125W 

R61 18K 2% 0.125W 

R62 10K 2% 0.125W 
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Ref Value Tolerance Limits Cormnents 

R63 10k 2% 0.125W 

R64 10K 2% 0.125W 

R65 15K 2% 0.125W 

R66 1K 5% 0.25W 

R67 1K 5% 0.125W 

R68 330 5% o.sw 
R69 100 5% o.sw 
R70 10K 5% 0.125W 

R71 10K 5% 0.125W 

R72 10K 5% 0.125W 

cs 470µF 200V >1A ripple current 

C9 470µF 200V >lA ripple current 

C11 1µF 630V Siemens MkP 

C12 0.22µF 400V Siemens MkT 

C13 0.22µF 400V Siemens MkT 

C14 15nF 2kV Philips 378 Series 

C15 1SnF 2kV Philips 378 Series 

C16 lSnF 2kV Philips 378 Series 

C17 lSnF 2kV Philips 378 Series 

C18 2µ2F 250V Philips 378 Series 

C19 2µ2F 250V Philips 378 Series 

C20 2µ2F 250V Philips 378 Series 

C23 22µF 35V 

C24 lOµF 16V Tantalum 

C25 1nF 5% Ceramic 

C26 33pF 2% Philips 680 Series 
C27 2p2F 0.25pF Philips 680 Series 

C28 33pF 2% Philips 680 Series 

C29 2p2F 0.2SpF Philips 680 Series 

C30 100nF 

C31 lnF 

C36 100nF 10% Ceramic 

C37 330pF 5% Ceramic 

C38 47nF 1kV Philips 378 Series 

C39 100nF Ceramic 

SUBSTITUTE SHEET (RULE 26) 
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C40 

C41 

C42 

D2 

D3 

D4 

Value 

lOOnF 

lOOnF 

33pF 

24 

Tolerance Limits 

10% 

45V 

Comments 

Ceramic 

Ceramic 

Ceramic 

1N4148 

1N4148 

80SQ045 

PCT /GB94/01068 

Fitted for low volt-cq> 

and 175°C junction 

temperature 

D5 

D6 

D7 

D11 

D12 

D13 

D14 

D15 

D17 

D18 

Ml 
M2 

M3 

M4 

MS 

M6 

soov 
soov 
20V 

20V 

20V 

20V 

80SQ045 

BOSQ845 

BOSQ845 

UF4001 

UF4001 

UF4001 

UF4001 

1N4148 

1N4148 

1N4148 

IRF840 

IRF840 

ZVP2106A 

ZVN2106A 

ZVN2106A 

ZVN2106A 

Q7 BC556 

Ref Comments 

ICl 78Ml50.SA+15V regulator 

IC2 4000 Series 4069 inverter 

IC3 LM324 op-amp 

IC4 4000 Series 40106 inverter 

ICS 4000 Series 4013 D-latch 

IC6 4000 Series 4046 phase-lock loop 

IC7 4000 Series 4093 NAND 

ICB LM311 comparator 

SUBSTITUTE SHEET (RULE 26) 
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T2 

T3 
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SOµH differential-mode choke 

1:1:30 current transformer wound on Philips 3C85 

U10 core using 0.315mm enamelled copper wire 

Power transformer 

3:20 current transformer wound as T1 

48:48:48 gate drive transformer wound on Philips 

3C85 U10 core using O. 224mm enamelled copper wire 

SUBSTITUTE SHEET (RULE 26) 
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CLAIMS 

PCT /GB94/01068 

1. A power coupling system comprising a source unit (1) 

arranged to be connected to a power supply and including a 

5 first winding (P) and a load unit (2) including a second 

winding (S), in use power being inductively coupled from 

the first winding to the second winding, and the source 

unit (1) and load unit (2) being readily separable, 

characterised in that the second winding is connected 

10 in a resonant circuit, and in that an AC voltage applied to 

the first winding (P) is tuned to the resonant frequency of 

the load circuit including the secondary winding leakage 

inductance. 

2. A system according to claim 1, including a variable 

15 tuning circuit arranged to control the frequency of the 

voltage applied to the first winding in dependence upon the 

said resonant frequency of the load circuit. 

3. A system according to claim 2, in which the tuning 

circuit (6) includes a phase-locked loop responsive to the 

20 phase difference between voltage and current in the source 

circuit or between the source unit voltage and the load 

unit current as referred to the source unit and arranged to 

control the frequency of the AC voltage accordingly. 

4. A system according to claim 3, in which the source 

25 unit {l) includes an inverter (5) switched at a frequency 

determined by the tuning circuit. 

5. A system according to claim 4, in which each arm of 

the inverter includes a field-effect transistor (FET) (Q1, 

Q2, Fig 8), each FET being arranged to be turned on when 

30 the voltage across the FET is substantially zero. 

6. A system according to any one of claims 2 to 5, in 

which the tuning circuit (6) is arranged to drive the 

source unit circuit at a high frequency in the absence of 

a load,and to reduce the frequency as the load approaches. 

3 5 7 . A system according to any one of the preceding claims, 

in which one winding (P) is formed on a core (4) having a 

re-entrant portion and the core (9) for the other winding 
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has at least one part which is dimensioned to fit within 

the re-entrant portion of the core as the load and source 

units are brought together. 

8 . A system according to claim 7, in which both the 

5 source core (4) and the load core (9) are generally u
shaped. 

9 . A system according to claim 7, in which both the 

source core {93) and the load core (94) are generally 

cylindrical, with one of the cores {93) including a 

10 generally annular extension defining the re-entrant 

portion. 

10. A system according to any one of the preceding claims, 

in which one of the source and load windings is positioned 

around a slot for receiving the other of the source and 

15 load windings. 

11. A system according to any one of the preceding claims, 

in which the resonant circuit in the load unit (2) includes 

a switched component (R1. Fig. 10) which, when connected in 

the resonant circuit, changes the resonant frequency of the 

20 circuit, in use, the source unit {1) detecting the change 

in resonant frequency of the load unit (2), the switching 

of the switch component thereby being used to transmit a 

signal from the load to the source. 

12. A system according to claim 11, in which the switch 

25 {Q1, Q2, Fig. 11) for the switched component is responsive 

to a pulsed data stream, the load unit thereby transmitting 

data to the source unit. 

13. A system according to any one of claims 2 to 12, in 

which the tuning circuit (6) includes a differentiator 

30 arranged to detect the phase of a quasi-sinusoidal 

component of the source unit winding current. 

14. A system according to any one of the preceding claims, 

in which the source unit and load unit are sealed within 

respective water-tight housings. 
35 15. A power coupling system comprising at least one source 

unit and a plurality of load units arranged to be coupled 

individually to the at least one source unit, the at least 
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one source unit and any one of the load uni ts together 

forming a system in accordance with any one of the 

preceding claims, different load units being arranged to 

provide different respective drive voltages when coupled to 

5 the at least one source unit. 

16. A system according to claim 15, including a plurality 

of source units, each source unit being arranged to be 

coupled to a different respective power supply and to 

generate a common standard coupling field for the load 
10 units. 

1 7. A power coupling system comprising a plurality of 

source units and at least one load unit arranged to be 

coupled to any one of the source units, any one of the 

source units and the at least one load unit together 

15 forming a system in accordance with any one of the 

preceding claims, the plurality of source units being 

arranged to be connected to different respective power 

supplies, and to generate a common standard coupling field 

for the load unit. 

20 18. A method of coupling power inductively from a source 

to a load characterised by bringing separable respective 

source and load units into proximity, the load winding 

being connected in a resonant circuit and driving the 

source at a frequency substantially matching the resonant 

25 frequency of the load including the load winding leakage 

inductance. 

30 

19. A method according to claim 18, further comprising 

tuning automatically the frequency of operation of the 

source unit to match the said resonant frequency. 

20. A source unit (1) for use in a system according to any 

one of the claims 1 to 17. 

21. A load unit (2) for use in a system according to any 

one of the claims 1 to 17. 

22. A charger for a battery including a load unit 

35 according to claim 21 arranged to couple the charger to a 

source unit connected to a power supply. 
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23. An electric wheelchair including a charger according 

to claim 22. 

24. A lamp including a load unit according to claim 21 

arranged to couple the lamp to a source unit connected to 

5 a power supply. 

25. An electrically-powered transducer for a rotating 

member including a power coupling system according to any 

one of claims 1 to 17. 

26. A system according to any one of claims 1 to 17 in 

1 0 which one of the load and source uni ts is mounted for 

rotation and the other is fixed. 

27. A system according to claim 26, in which the load unit 

is mounted on a wheel or turbine. 

28. A system according to any one of claims 25 to 27 in 

15 which one of the windings is formed on a bobbin-shaped core 

which in use rotates about its central axis. 

29. A system according to claim 28, in which the other 

core is generally U-shaped. 

30. An inductive non-contact power coupling system having 

20 a power efficiency~ 90% for output powers~ 1kw. 
31. A power coupling system comprising a source unit (1) 

arranged to be connected to a power supply and including a 

first winding (P) and a load unit {2) including a second 

winding (5), in use power being inductively coupled from 

25 the first winding to the second winding, 

characterised in that the first and second windings 

are separated by an air-gap 1 the second winding being 

connected in a resonant circuit, and in that an AC voltage 
applied to the first winding (P) is tuned to the resonant 

30 frequency of the load circuit including the secondary 

winding leakage inductance. 

32. A system according to claim 31, including a variable 

tuning circuit arranged to control the frequency of the 

voltage applied to the first winding in dependence upon the 

35 said resonant frequency of the load circuit. 
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International application No. International filing date (day/month/year) Priority date (day/month/year) 
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International Patent Classification (!PC) or both national classification and IPC 
I PC(8) - H04B 5/00 (2011.01) 
USPC - 307/104 
Applicant WITRICITY CORPORATION 

I. This opinion contains indications relating to the following items: 

Box No. I Basis of the opinion 

Box No. II Priority 

Box No. III Non-establishment of opinion with regard to novelty, inventive step and industrial applicability 

Box No. IV Lack of unity of invention 

p 

.. 

.. IZI 
□ 
□ 
□ 
~ Box No. V Reasoned statement under Rule 43bis. I ( a )(i) with regard to novelty, inventive step or industrial applicability; 

citations and explanations supporting such statement 

□ 
□ 
□ 

Box No. VI Certain documents cited 

Box No. VII Certain defects in the international application 

Box No. VIII Certain observations on the international application 

2. FURTHERACTION 

.. 

If a demand for international preliminary examination is made, this opinion will be considered to be a written opinion of the 
International Preliminary Examining Authority ("IPEA") except that this does not apply where the applicant chooses an Authority 
other than this one to be the IPEA and the chosen !PEA has notified the International Bureau under Rule 66.lbis(b) that written 
opinions of this International Searching Authority will not be so considered. 

If this opinion is, as provided above, considered to be a written opinion of the !PEA, the applicant is invited to submit to the IPEA 
a written reply together, where appropriate, with amendments, before the expiration of3 months from the date of mailing of Form 
PCT/ISA/220 or before the expiration of22 months from the priority date, whichever expires later. 

For further options, see Form PCT/ISA/220. 

3. For further details, see notes to Form PCT/ISA/220. 

Name and mailing address of the ISA/US Date of completion of this opinion Authorized officer: 
Ma~ Stop PCT, Atbl: ISA/US Blaine R. Copenheaver .. Commissioner for Patents 27 June 2011 
P.O. Box 1450, Alexandria, Virginia 22313-1450 

PCT Helpdesk: 571-272-4300 
Facsimile No. 571-273-3201 PCT OSP: 571-272-777 4 
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Basis of this opinion 

I. With regard to the language, this opinion has been established on the basis of: 

~ the international application in the language in which it was filed. 

International application No. 
PCT/US2011/027868 

" 

□ a translation of the international application into ____________ which is the language of a 
translation furnished for the purposes of international search (Rules I 2.3(a) and 23. l(b)). 

2. D This opinion has been established taking into account the rectification of an obvious mistake authorized by or notifi~d 
to this Authority under Rule 91 (Rule 43bis.l(a)) 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this opinion has been 
established on the basis of a sequence listing filed or furnished: 

a. (means) 

D on paper 

D in electronic form 

b. (time) 

D in the international application as filed 

D together with the international application in electronic form 

D subsequently to this Authority for the purposes of search 

4. D In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required 
statements that the information in the subsequent or additional copies is identical to that in the application as filed or 
does not go beyond the application as filed, as appropriate, were furnished. • 

5. Additional comments: 

,. 
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Box No. V Reasoned statement under Rule 43bis.l(a)(i) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement " 

I. Statement 

Novelty (N) Claims 3, 5-10, 13, 16, 18-19 YES 

Claims 1-2, 4, 11-12, 14-15, 17 NO 

Inventive step (IS) Claims 20-25 YES 

Claims 1-19 NO 

,,, 
Industrial applicability (IA) Claims 1-25 YES 

Claims None NO 

2. Citations and explanations: 

Claims 1·2, 4, 11·12, 14-15, 17 lack novelty under PCT Article 33(2) as being anticipated by Bruhn. 

Regarding claim 1, Bruhn disdoses a wireless power converter (apparatus for wireless energy transmission, para 0017, Fig. 9) comprising 
at least one receiving magnetic resonator 130, 132 configured to capture electrical energy received wirelessly (resonator is "electrically 
isolated", i.e. galvanically isolated from the primary and secondary circuits, Fig. 9, para 0034) through a first oscillating magnetic field " 
(developed by generator 16 and primary winding 18, Fig. 9, para 0034) characterized by a first plurality of parameters (operating at the 
fundamental frequency, para 0017, 0031, Fig. 9); and at least one transferring magnetic resonator 126, 128 (Fig. 9) configured to generate 
(through resonance, para 0017-0018, Fig. 9) a second oscillating magnetic field (transferred to the secondary winding 20, para 0017-0018, 
0031, Fig. 9) characterized by a second plurality of parameters different from the first plurality of parameters (different at least for operating 
at the second harmonic or other multiple of the fundamental frequency, para 0017-0018), wherein the electrical energy from the at least 
one receiving magnetic resonator 130, 132 is used to energize the at least one transferring magnetic resonator 126, 128 (Fig. 9) to 
generate the second oscillating magnetic field (energy coupling is present between the first and second magnetic resonators when they 
are arranged in the near field, as they are here; the free-space wavelength at even the 60th harmonic of the shortest wavelength 
contemplated (at 5 MHz) would be 1 meter, such that the spacing here would be understood to be "sub-wavelength" or 'near-field", para 
0018, Fig. 9). 

Regarding claim 2, Bruhn discloses wherein the first plurality of parameters includes a first frequency (operating at the fundamental 
frequency, para 0017, 0031, Fig. 9) different from a second frequency of the second plurality of parameters (different at least for operating 
at the second harmonic or other multiple of the fundamental frequency, para 0017--0018). 

Regarding claim 4, Bruhn discloses wherein the second frequency is approximately an integer multiple of the first frequency (second 
resonator has twice the resonant frequency of first resonator, para 0018). 

Regarding claim 11, Bruhn discloses wherein the at least one receiving magnetic resonator 130, 132 is configurable to capture energy 
from magnetic fields with different parameters (resonator 130 can receive energies with different frequencies, para 0017--0018, 0040, Fig. 
9). 

Regarding claim 12, Bruhn discloses wherein the at least one transferring magnetic resonator 126, 128 is configurable to generate 
magnetic fields with different parameters (resonator 126 can generate and transmit energy with different frequencies, para 0017-0018, 
0040, Fig. 9). .. 
Regarding claim 14, Bruhn discloses a system (para 0017, 0043) comprising a source resonator 126, 128 configured to generate a first 
oscillating magnetic field (transferred to the secondary winding 20, para 0017-0018, 0031, Fig. 9) characterized by a first plurality of 
parameters (operating at the fundamental frequency, para 0017, 0031, Fig. 9); a device resonator 130, 132 configured to capture electrical 
energy received wirelessly (resonator is "electrically isolated', i.e. galvanically isolated from the primary and secondary circuits, Fig. 9, 
para 0034) through a second oscillating magnetic field (developed by generator 16 and primary winding 18, Fig. 9, para 0034) 
characterized by a second plurality of parameters different from the first plurality of parameters (different at least for operating at the 
second harmonic or other multiple of the fundamental frequency, para 0017-0018); and a wireless power converter (apparatus for wireless 
energy transmission, para 0017, Fig. 9) including conversion circuitry (circuits as seen in Fig. 9) configured to capture energy from the 
second oscillating magnetic field (developed by generator 16 and primary winding 18, Fig. 9, para 0034) and to energize the source 
resonator 126, 128 to generate the first oscillating magnetic field (transferred to the secondary winding 20, energy coupling is present 
between the first and second magnetic resonators when they are arranged in the near field, as they are here: the free-space wavelength 
at even the 60th harmonic of the shortest wavelength contemplated (at 5 MHz) would be 1 meter, such that the spacing here would be 
understood to be "sub-wavelength" or 'near-field", para 0017-0018, 0031, Fig. 9). "' 

Regarding claim 15, Bruhn discloses wherein the first plurality of parameters (operating at the fundamental frequency, para 0017, 0031, 
Fig. 9) and the second plurality of parameters are different in at least a frequency (different at least for operating at the second harmonic or 
other multiple of the fundamental frequency, para 0017--0018). 
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" Regarding claim 17, Bruhn discloses wherein the wireless power converter (apparatus for wireless energy transmission, para 0017, Fig. 9) 
is powered by electrical energy captured by the device resonator 130, 132 (transferred to the secondary winding 20, energy coupling is 
present between the first and second magnetic resonators when they are arranged in the near field, as they are here: the free-space 
wavelength at even the 60th harmonic of the shortest wavelength contemplated (at 5 MHz) would be 1 meter, such that the spacing here 
would be understood to be "sub-wavelength' or "near-field', para 0017-0018, 0031, Fig. 9). 

Claim 3 lacks an inventive step under PCT Article 33(3) as being obvious over Bruhn. 

Regarding claim 3, Bruhn discloses the invention above, the invention above, and discloses a first frequency (operating at the fundamental 
frequency, para 0017, 0031, Fig. 9) and a second frequency (different at least for operating at the second harmonic or other multiple of the 
fundamental frequency, para 0017-0018), but does not disclose wherein the first frequency is approximately an integer multiple of the 
second frequency. It would have been obvious to one of ordinary skill in the art at the time of the invention to provide a first frequency !hat 
is approximately an integer multiple of the second frequency, in order to provide a system that can handle different power levels for 
providing wireless energy to multiple devices, and because discovering the optimal value of a result effective variable involves only routine 
skill in the art. 

Claims 5, 8-10, 16, 18 lack an inventive step under PCT Article 33(3) as being obvious over Bruhn in view of Cook et al. (hereinafter 
referred to as Cook). 

Regarding claim 5, Bruhn discloses the invention above, but does not specifically disclose wherein the first plurality of parameters includes 
a first magnitude different from a second magnitude of the second plurality of parameters. Cook is in the field of wireless power systems 
(para 0044) and teaches wherein the first plurality of parameters includes a first magnitude different from a second magnitude of the 
second plurality of parameters (transmit power converter unit converts the supply voltage and frequency, such as 110V/60Hz, into another 
voltage [different voltage] and into another frequency, such as under 50Hz, that is more appropriate for wireless transmission, para " 
0155-0158). It would have been obvious to one of ordinary skill in the art at the time of the invention to combine the different magnitudes 
as taught in Cook with the invention of Bruhn in order to provide an efficient power transfer system to charge electronic devices (see Cook, 
para 0017, 0042). 

Regarding claim 8, Bruhn discloses the invention above, and further discloses electrical energy captured by the at least one receiving 
magnetic resonator 130 (resonator 130 captures energy developed by generator 16 and primary winding 18, Fig. 9, para 0034), but does 
not specifically disclose a first converter circuit configured to convert the electrical energy into a direct current signal. Cook teaches a first 
converter circuit 1550 configured to convert the electrical energy into a direct current signal (a DC/DC or DC/AC converter 1550 converts 
the electrical energy received by resonator antenna into direct current, para 0194-0195, Fig. 15). It would have been obvious to one of 
ordinary skill in the art at the time of the invention to combine the direct current conversion as taught in Cook with the invention of Bruhn in 
order to provide an efficient power transfer system to charge electronic devices (see Cook, para 0017, 0042). 

Regarding claim 9, Bruhn discloses the invention above, and further discloses wherein the alternating current signal (power source 1 s~ 
provides AC current signal, Fig. 9, para 0040) is used to energize the at least one transferring magnetic resonator 126, 128 (energy 
coupling is present between the first and second magnetic resonators when they are arranged in the near field, as they are here: the 
free-space wavelength at even the 60th hannonic of the shortest wavelength contemplated (at 5 MHz) would be 1 meter, such that the 
spacing here would be understood to be "sub-wavelength" or 'near-field', para 0018, Fig. 9), but does not disclose a second converter 
circuit configured to convert the direct current signal from the first converter circuit into an alternating current signal. Cook teaches a 
second converter circuit (two converter circuits for converting current signals, para 0194-0195, as shown in Fig. 15) configured to convert 
the direct current signal from the first converter circuit into an alternating current signal (a DC/DC or DC/AC converter 1550 can convert the 
electrical energy received by resonator antenna into alternating current, para 0194-0195, Fig. 15). It would have been obvious to one of 
ordinary skill in the art at the time of the invention to combine the direct current conversion as taught in Cook with the invention of Bruhn in 
order to provide an efficient power transfer system to charge electronic devices (see Cook, para 0017, 0042). 

Regarding claim 10, Bruhn discloses the invention above, and further discloses at least one receiving magnetic resonator 130, 132 
(resonator is "electrically isolated', i.e. galvanically isolated from the primary and secondary circuits, Fig. 9, para 0034) and at least one 
transferring magnetic resonator 126, 128 (Fig. 9), but does not disclose wherein at least one of the resonators has a quality factor 0> 100. 
Cook teaches a resonator with a quality factor O> 100 (magnetic resonant antennas used in system must provide a Q-factor as high as 
possible, and can provide a-factors up to 300, para OOS0-0061 ). It would have been obvious to one of ordinary skill in the art at the time of 
the invention to combine the high quality factor resonator as taught in Cook with the invention of Bruhn in order to provide a very efficient 
wireless power transmission system with minimal power losses (see Cook, para 0047). 

Regarding claim 16, Bruhn discloses the invention above, but does not specifically disclose wherein the first plurality of parameters and the 
second plurality of parameters of the oscillating magnetic fields are different in at least a magnitude. Cook teaches wherein the first 
plurality of parameters and the second plurality of parameters of the oscillating magnetic fields are different in at least a magnitude 
(transmit power converter unit converts the supply voltage and frequency, such as 110V/60Hz, into another voltage [different voltage] and 
into another frequency, such as under 50Hz, that is more appropriate for wireless transmission, para 0155-0158). It would have been 
obvious to one of ordinary skill in the art at the time of the invention to combine the different magnitudes as taught in Cook with the 
invention of Bruhn in order to provide an efficient power transfer system to charge electronic devices (see Cook, para 0017, 0042). ~ 
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Regarding claim 18, Bruhn discloses the invention above, and further discloses the source resonator 126, 128 and the device resonator 
130, 132 (Fig. 9), but does not disclose wherein at least one of the resonators has a quality factor 0> 100. Cook teaches a resonator with a 
quality factor 0>100 (magnetic resonant antennas used in system must provide a O-factor as high as possible, and can provide O-fac\ors 
up to 300, para 0060-0061 ). It would have been obvious to one of ordinary skill in the art at the time of the invention to combine the high 
quality factor resonator as taught in Cook with the invention of Bruhn in order to provide a very efficient wireless power transmission 
system with minimal power losses (see Cook, para 0047). 

Claims 6-7 lack an inventive step under PCT Article 33(3) as being obvious over Bruhn in view of Keyes, IV et al. (hereinafter referred to as 
Keyes). 

Regarding claim 6, Bruhn discloses the invention above, and discloses wherein the first plurality of parameters includes a first frequency 
(operating at the fundamental frequency, para 0017, 0031, Fig. 9) different from a second frequency of the second plurality of parameters 
(different at least for operating at the second harmonic or other multiple of the fundamental frequency, para 0017-001 B), but does not 
disclose a frequency hopping sequence. Keyes is in the field of wireless energy transfer systems (para 0008-0009, Fig. 43), and teaches a 
frequency hopping sequence (power transmitted wlrelessly using frequency hopping technique, para 0056-0058). It would have been,. 
obvious to one of ordinary skill in the art at the time of the invention to combine the frequency hopping sequence as taught in Keyes with 
the invention of Bruhn in order to avoid wireless interference (see Keyes, para 0056). 

Regarding claim 7, Bruhn discloses the invention above, and discloses wherein the first plurality of parameters (operating at the 
fundamental frequency, para 0017, 0031, Fig. 9) includes a sequence different from a second sequence of the second plurality of 
parameters (different at least for operating at the second harmonic or other multiple of the fundamental frequency, para 0017-0018), but 
does not disclose an on/off sequence. Keyes teaches an on/off sequence (wireless reception of on or off control commands for wireless 
base units, para 0094). II would have been obvious to one of ordinary skill in the art at the time of the invention to combine the on/off 
sequence as taught in Keyes with the invention of Bruhn in order to provide a method of wlrelessly powering devices on and off (see 
Keyes, para 0007-0008). 

Claims 13, 19 lack an inventive step under PCT Article 33(3) as being obvious over Bruhn in view of Lee. 

Regarding claim 13, Bruhn discloses the invention above, and discloses a loop inductor 130 (Fig. 9), but does not disclose wherein the at 
least one receiving magnetic resonator and the at least one transferring resonator share a loop inductor. Lee is in the field of wireless 
power converters (para 0001) and teaches wherein the at least one receiving magnetic resonator and the at least one transferring 
resonator share a loop inductor (transmitter and receiver are combined, para 0048, and constructed by winding transmission coil outputting 
power generated from electromagnetic wave generating source, para 0051, Fig. 10). It would have been obvious to one of ordinary skill in 
the art at the time of the invention to combine the shared loop as taught in Lee with the invention of Bruhn to provide a more efficient 
wireless power system for transferring power by maximizing generation and reception of electromagnetic waves in the resonance circuit 
(see Lee, para 0051). 

Regarding claim 19, Bruhn discloses the invention above, and discloses a loop inductor 130 (Fig. 9), but does not disclose wherein the 
source resonator and the device resonator include a shared loop inductor. Lee teaches wherein the at least one receiving magnetic 
resonator and the at least one transferring resonator share a loop inductor (transmitter and receiver are combined, para 0048, and ~ 
constructed by winding transmission coil outputting power generated from electromagnetic wave generating source, para 0051, Fig. 10). It 
would have been obvious to one of ordinary skill in the art at the time of the invention to combine the shared loop as taught in Lee with the 
invention of Bruhn to provide a more efficient wireless power system for transferring power by maximizing generation and reception of 
electromagnetic waves in the resonance circuit (see Lee, para 0051). 

Claims 20-25 meet the criteria set out in PCT Article 33(2)-(3), because the prior art does not teach or fairly suggest: 

Regarding claim 20, a method of wireless power conversion comprising: providing a configurable magnetic resonator; tuning the 
configurable magnetic resonator to capture a first oscillating magnetic field characterized by a first plurality of parameters; converting the 
oscillating magnetic field into electrical energy; storing the electrical energy as stored energy in an energy storage element; tuning the 
configurable magnetic resonator to generate a second oscillating magnetic field characterized by a second plurality of parameters; and 
energizing the configurable magnetic resonator using the stored energy to produce the second oscillating magnetic field. ,,. 

Claims 21-25 meet the criteria due to their dependence on novel claim 20. 

The prior art, as shown below, details some aspects of the invention, however, none of the prior art teaches all the missing limitations 
either alone or in combination as specified. 
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Bruhn (US 2009/0085408 A1) teaches a method of wireless power conversion (method for wireless energy transmission, para 0017, Fig. 
9) comprising providing a configurable magnetic resonator 130, 132 (resonators can be configured for different frequencies, para 0017, 
Fig. 9); tuning the configurable magnetic resonator 130, 132 to capture (resonator is "electrically isolated", i.e. galvanically isolated from 
the primary and secondary circuits, Fig. 9, para 0034) a first oscillating magnetic field (developed by generator 16 and primary windin!t-,18, 
Fig. 9, para 0034) characterized by a first plurality of parameters (operating at the fundamental frequency, para 0017, 0031, Fig. 9); 
converting the oscillating magnetic field into electrical energy (magnetic field converted induces voltage to provide current flow, para 0005, 
0017-0018); tuning a [different, second] configurable magnetic resonator 126, 128 (Fig. 9) to generate (through resonance, para 
0017-0018, Fig. 9) a second oscillating magnetic field (transferred to the secondary winding 20, para 0017-0018, 0031, Fig. 9) 
characterized by a second plurality of parameters (different at least for operating at the second harmonic or other multiple of the 
fundamental frequency, para 0017-0018); and energizing the [different, second] configurable magnetic resonator to produce the second 
oscillating magnetic field (energy coupling is present between the first and second magnetic resonators when they are arranged in the near 
field, as they are here: the free-space wavelength at even the 60th harmonic of the shortest wavelength contemplated (at 5 MHz) would 
be 1 meter, such that the spacing here would be understood to be 'sub-wavelength" or 'near-field', para 0018, Fig. 9), but does not 
disclose tuning a magnetic resonator to capture energy, storing the energy, and then tuning the same magnetic resonator to generate 
energy using the stored energy to wirelessly transfer power. 

Cook (US 2009/0243397 A 1) teaches a method (para 0249) of wireless power conversion (wireless power system including power ., 
converter, para 0153-0158, Fig. 13, Fig. 15) comprising providing a configurable magnetic resonator (resonant magnetic antenna is 
adjustable to provide different operational parameters and configurations, para 0143-0144, 0210); tuning the configurable magnetic 
resonator (resonator receives tuning through tuning network, para 0194, Fig. 15) to capture a first oscillating magnetic field (receive 
antenna unit is a resonant magnetic antenna for receiving energy in form of magnetic field, para 0143-0144, 0191, Fig. 15) characterized 
by a first plurality of parameters (energy is in form of magnetic field which is oscillating or resonating and characterized by parameters such 
as frequency, para 0143-0144, 0157); converting the oscillating magnetic field into electrical energy (power converter receives energy in 
form of magnetic field and converts to DC current to be used by devices, para 0129, 0143-0144); tuning a [different, second] configurable 
magnetic resonator (resonator receives tuning through tuning network, para 0175, Fig. 13) to generate a second oscillating magnetic field 
characterized by a second plurality of parameters (energy transmitted is in form of magnetic field and is characterized by parameters such 
as frequency, para 0143-0144, 0156); and energizing the [different, second] configurable magnetic resonator using the stored energy to 
produce the second oscillating magnetic field (wireless energy transfer system relays energy from the energy receiver which receives 
power source supply and sends it to the energy receiver which powers the device, para 0129, 0143-0144), but does not disclose tuning a 
magnetic resonator to capture energy, storing the energy, and then tuning the same magnetic resonator to generate energy using the.., 
stored energy to wirelessly transfer power. · 

Iverson (US 2008/0036588 A 1) teaches storing the electrical energy as stored energy in an energy storage element 302 (energy 
harvesting unit 302 stores the energy electromagnetically received by antenna coil 106 from master antenna coil 104, para 0005, 0019, 
Fig. 3), and using the stored energy (stored energy is used to power remote unn 306 and to transmit message wirelessly through antenna 
106, para 0005, 0019, Fig. 3), but does not disclose tuning a magnetic resonator to capture energy, storing the energy, and then tuning the 
same magnetic resonator to generate energy using the stored energy to wirelessly transfer power. 

Claims 1-25 meet the criteria set out in PCT Article 33(4), and thus have industrial applicability because the subject matter claimed can be 
made or used in industry. 

.. 

• 
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(57) Abstract: Disclosed is a method for transferring energy wirelessly including transferring energy wirelessly from a first res
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during the wireless energy transfers, adjusting at least one of the coupling rates KJB and Km to reduce energy accumulation in the 
intermediate resonator structure and improve wireless energy transfer from the first resonator structure to the second resonator 
structure through the intermediate resonator structure. 
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Efficient Near-Field Wireless Energy Transfer Using Adiabatic System 

Variations 

CROSS REFERENCE TO RELATED APPLICATIONS 

Pursuant to U.S.C. § 119(e), this application claims priority to U.S. Provisional 

Application Serial No. 61/101,809, filed October 1, 2008. The contents of the prior 

application is incorporated herein by reference in its entirety. 

BACKGROUND 

The disclosure relates to wireless energy transfer. Wireless energy transfer can 

for example, be useful in such applications as providing power to autonomous electrical 

or electronic devices. 

Radiative modes of omni-directional antennas (which work very well for 

information transfer) are not suitable for such energy transfer, because a vast majority of 

energy is wasted into free space. Directed radiation modes, using lasers or highly

directional antennas, can be efficiently used for energy transfer, even for long distances 

(transfer distance LTR.A.Ns»LDEV, where LDEV is the characteristic size of the device and/or 

the source), but may require existence of an uninterruptible line-of-sight and a 

complicated tracking system in the case of mobile objects. Some transfer schemes rely 

on induction, but are typically restricted to very close-range (LrR.4Ns«LDEv) or low power 

(~mW) energy transfers. 

The rapid development of autonomous electronics of recent years (e.g. laptops, 

cell-phones, house-hold robots, that all typically rely on chemical energy storage) has led 

to an increased need for wireless energy transfer. 

SUMMARY 

Disclosed is a method for transferring energy wirelessly. The method includes i) 

transferring energy wirelessly from a first resonator structure to an intermediate resonator 

structure, wherein the coupling rate between the first resonator structure and the 

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

intermediate resonator structure to a second resonator structure, wherein the coupling rate 
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between the intermediate resonator structure and the second resonator structure is K82 ; 

and iii) during the wireless energy transfers, adjusting at least one of the coupling rates 

f<i.s and K82 to reduce energy accumulation in the intermediate resonator structure and 

improve wireless energy transfer from the first resonator structure to the second resonator 

structure through the intermediate resonator structure. 

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

The adjustment of at least one of the coupling rates f<i.s and K82 can be selected 

to minimize energy accumulation in the intermediate resonator structure and cause 

wireless energy transfer from the first resonator st1ucture to the second resonator 

structure. 

The adjustment of at least one of the coupling rates f<i.s and K82 can be selected 

to maintain energy distribution in the field of the three-resonator system in an eigenstate 

having substantially no energy in the intermediate resonator structure. For example, the 

adjustment of at least one of the coupling rates f<i.s and K82 can further cause the 

eigenstate to evolve substantially adiabatically from an initial state with substantially all 

energy in the resonator structures in the first resonator structure to a final state with 

substantially all of the energy in the resonator structures in the second resonator structure. 

The adjustment of at least one of the coupling rates f<i.s and K82 can be selected 

to include adjustments of both coupling rates f<i.s and K82 during wireless energy 

transfer. 

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

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

than 50. 

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

than 100. 

The resonant energy in each of the resonator structures can include 

electromagnetic fields. For example, the maximum value of the coupling rate f<i.s and 

the maximum value of the coupling rate K82 for inductive coupling between the 
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intermediate resonator structure and each of the first and second resonator structures can 

each be larger than twice the loss rate r for each of the first and second resonators. 

Moreover, The maximum value of the coupling rate Ki_B and the maximum value of the 

coupling rate KB 2 for inductive coupling between the intermediate resonator structure and 

each of the first and second resonator structures can each be larger than four ( 4) times the 

loss rate r for each of the first and second resonators. 

Each resonator st1ucture can have a resonant frequency between 50 KHz and 500 

MHz. 

The maximum value of the coupling rate K1B and the maximum value of the 

coupling rate KB 2 can each be at least five (5) times greater than the coupling rate 

between the first resonator structure and the second resonator structure. 

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

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

second resonator structure. 

The first and second resonator structures can be substantially identical. 

The adjustment of at least one of the coupling rates Ki_B and KB 2 can be selected 

to cause peak energy accumulation in the intermediate resonator structure to be less than 

five percent (5%) of the peak total energy in the three resonator structures. 

The adjustment of at least one of the coupling rates Ki_B and KB 2 can be selected 

to cause peak energy accumulation in the intermediate resonator structure during the 

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

three resonator structures. 

Adjusting at least one of the coupling rates Ki_B and KB2 can include adjusting a 

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

Moreover, adjusting at least one of the coupling rates Ki_B and KB2 can include adjusting a 

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

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

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

conducting wire, a conducting Litz wire, and a conducting ribbon. 

The wireless energy transfers are non-radiative energy transfers mediated by a 

coupling of a resonant field evanescent tail of the first resonator stmcture and a resonant 

field evanescent tail of the intermediate resonator stmcture and a coupling of the resonant 

field evanescent tail of the intermediate resonator stmcture and a resonant field 

evanescent tail of the second resonator stmcture. 

The adjustment of the at least one of the coupling rates can define a first mode of 

operation, wherein the reduction in the energy accumulation in the intermediate resonator 

structure is relative to energy accumulation in the intermediate resonator st1ucture for a 

second mode of operation of wireless energy transfer among the three resonator 

structures having a coupling rate K '1s for wireless energy transfer from the first resonator 

structure to the intermediate resonator stmcture and a coupling rate K 's2 for wireless 

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

with K'rn and K's 2 each being substantially constant during the second mode of wireless 

energy transfer, and wherein the adjustment of the coupling rates '½s and K2B in the first 

mode of operation can be selected to Kis' Ks 2 < { K' ~s+ K's~ )/
2 . Moreover, the first 

mode of operation can have a greater efficiency of energy transferred from the first 

resonator to the second resonator compared to that for the second mode of operation. 

Further, the first and second resonator structures can be substantially identical and each 

one can have a loss rate rA, the intermediate resonator st1ucture can have a loss rate rs, 

and wherein rs /rA can be greater than 50. 

Also, a ratio of energy lost to radiation and total energy wirelessly transferred 

between the first and second resonator stmctures in the first mode of operation is less 

than that for the second mode of operation. Moreover, the first and second resonator 

structures can be substantially identical and each one can have a loss rate rA and a loss 
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rate only due to radiation rA,rad, the intermediate resonator structure can have a loss rate 

rB and a loss rate only due to radiation rB,rad and wherein rB,rad /rs > rA,rad Jr A . 

The first mode of operation the intermediate resonator structure interacts less with 

extraneous objects than it does in the second mode of operation. 

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

resonator structure at least one of the coupling rates can be adjusted so that Ki.s << Ks2 at 

a start of the energy transfer and K 1B >> Ks 2 by a time a substantial p011ion of the energy 

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

The coupling rate Ks 2 can be maintained at a fixed value and the coupling rate 

K1B is increased during the wireless energy transfer from the first resonator structure to 

second resonator structure. 

The coupling rate Ki.s can be maintained at a fixed value and the coupling rate 

Ks 2 is decreased during the wireless energy transfer from the first resonator structure to 

second resonator structure. 

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

resonator structure, the coupling rate Ki.s can be increased and the coupling rate Ks 2 is 

decreased. 

The method may further include features corresponding to those listed for one or 

more of the apparatuses and methods described below. 

In another aspect, disclosed is an apparatus including: first, intermediate, and 

second resonator structures, wherein a coupling rate between the first resonator structure 

and the intermediate resonator structure is KiB and a coupling rate between the 

intermediate resonator structure and the second resonator structure is Ks 2 ; and 

means for adjusting at least one of the coupling rates Ki.s and Ks2 during wireless energy 

transfers among the resonator structures to reduce energy accumulation in the 

intermediate resonator structure and improve wireless energy transfer from the first 

resonator structure to the second resonator structure through the intermediate resonator 

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

The means for adjusting can include a rotation stage for adjusting the relative 

orientation of the intermediate resonator structure with respect to the first and second 

resonator structures. 

The means for adjusting can include a translation stage for moving the first and/or 

second resonator structures relative to the intermediate resonator structure. 

The means for adjusting can include a mechanical, electro-mechanical, or 

electrical staging system for dynamically adjusting the effective size of one or more of 

the resonator structures. 

The apparatus may further include features corresponding to those listed for the 

method described above, and one or more of the apparatuses and methods described 

below. 

In another aspect, a method for transfe1ring energy wirelessly includes i): 

transferring energy wirelessly from a first resonator st1ucture to a intermediate resonator 

structure, wherein the coupling rate between the first resonator structure and the 

intermediate resonator structure is K"is; ii) transfening energy wirelessly from the 

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

the intermediate resonator structure and the second resonator structure is K82 ; and iii) 

during the wireless energy transfers, adjusting at least one of the coupling rates K"is and 

K82 to cause an energy distribution in the field of the three-resonator system to have 

substantially no energy in the intermediate resonator structure while wirelessly 

transferring energy from the first resonator structure to the second resonator structure 

through the intermediate resonator structure. 

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

features. 

Having substantially no energy in the intermediate resonator structure can mean 

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

percent ( 10%) of the peak total energy in the three resonator structures throughout the 

wireless energy transfer. 
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Having substantially no energy in the intermediate resonator stmcture can mean 

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

percent (5%) of the peak total energy in the three resonator stmctures throughout the 

wireless energy transfer. 

The adjustment of at least one of the coupling rates '½s and K82 can be selected 

to maintain the energy distribution in the field of the three-resonator system in an 

eigenstate having the substantially no energy in the intermediate resonator structure. 

The adjustment of at least one of the coupling rates K18 and K82 can be selected 

to further cause the eigenstate to evolve substantially adiabatically from an initial state 

with substantially all energy in the resonator structures in the first resonator structure to a 

final state with substantially all of the energy in the resonator stmctures in the second 

resonator st1ucture. 

The adjustment of at least one of the coupling rates '½s and K82 can include 

adjustments of both coupling rates '½s and K82 during wireless energy transfers. 

The resonant energy in each of the resonator stluctures comprises electromagnetic 

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

value of the coupling rate K82 for inductive coupling between the intermediate resonator 

stmcture and each of the first and second resonator structures can each be larger than 

twice the loss rate r for each of the first and second resonators. Moreover, the maximum 

value of the coupling rate '½s and the maximum value of the coupling rate K82 for 

inductive coupling between the intermediate resonator structure and each of the first and 

second resonator structures can each be larger than four ( 4) times the loss rate r for each 

of the first and second resonators. 

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

MHz. 

The maximum value of the coupling rate '½s and the maximum value of the 

coupling rate K82 can each be at least five (5) times greater than the coupling rate 

between the first resonator stmcture and the second resonator stmcture. 
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The intermediate resonator structure can have a rate of radiative energy loss that 

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

second resonator structure. 

The first and second resonator structures can be substantially identical. 

Adjusting at least one of the coupling rates Kie and Ks2 can include adjusting a 

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

Adjusting at least one of the coupling rates J<i.s and Ks2 can include adjusting a 

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

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

one of a conducting wire, a conducting Litz wire, and a conducting ribbon. 

The resonator structures can include an inductively loaded rod of at least one of a 

conducting wire, a conducting Litz wire, and a conducting ribbon. 

The wireless energy transfers can be non-radiative energy transfers mediated by a 

coupling of a resonant field evanescent tail of the first resonator structure and a resonant 

field evanescent tail of the intermediate resonator structure and a coupling of the resonant 

field evanescent tail of the intermediate resonator structure and a resonant field 

evanescent tail of the second resonator strncture. 

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

than 50. 

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

than 100. 

The adjustment of at least one of the coupling rates J<i.s and Ks 2 can be selected 

to cause the energy distiibution in the field of the three-resonator system to have 

substantially no energy in the intermediate resonator structure improves wireless energy 

transfer between the first and second resonator structures. 

The adjustment of the at least one of the coupling rates can be selected to define a 

first mode of operation, wherein energy accumulation in the intermediate resonator 

structure during the wireless energy transfer from the first resonator structure to second 

resonator structure is smaller than that for a second mode of operation of wireless energy 
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transfer among the three resonator structures having a coupling rate K'IB for wireless 

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

and a coupling rate K 's 2 for wireless energy transfer from the intermediate resonator 

structure to the second resonator structure with K'1s and K's 2 each being substantially 

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

of the coupling rates '½s and Ks2 in the first mode of operation can be selected to satisfy 

( K'
2 

+K'
2 )/2 IB B2 

The first mode of operation can have a greater efficiency of energy transferred 

from the first resonator to the second resonator compared to that for the second mode of 

operation. 

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

one can have a loss rate rA, the intermediate resonator st1ucture can have a loss rate rs, 

and wherein rs /rA can be greater than 50. 

A ratio of energy lost to radiation and total energy wirelessly transferred between 

the first and second resonator structures in the first mode of operation can be less than 

that for the second mode of operation. 

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

one can have a loss rate rA and a loss rate only due to radiation rA,rad, the intermediate 

resonator structure can have a loss rate rs and a loss rate only due to radiation rs.rad and 

The first mode of operation the intermediate resonator structure interacts less with 

extraneous objects than it does in the second mode of operation. 

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

resonator structure at least one of the coupling rates can be adjusted so that '½s << Ks2 at 

a start of the energy transfer and K1s >> Ks 2 by a time a substantial portion of the energy 

has been transferred from the first resonator structure to the second resonator structure. 
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transfer among the three resonator structures having a coupling rate K’IB for wireless

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

and a coupling rate K132 for wireless energy transfer from the intermediate resonator

structure to the second resonator structure with K33 and If};2 each being substantially

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

of the coupling rates K13 and K32 in the first mode of operation can be selected to satisfy

KTB’KBZ< (K3T8+K,B:)/2

The first mode of operation can have a greater efficiency of energy transferred

from the first resonator to the second resonator compared to that for the second mode of

operation.

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

one can have a loss rate FA , the intermediate resonator structure can have a loss rate F3 ,

and wherein PB /FA can be greater than 50.

A ratio of energy lost to radiation and total energy wirelessly transferred between

the first and second resonator structures in the first mode of operation can be less than

that for the second mode of operation.

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

one can have a loss rate FA and a loss rate only due to radiation FA”, , the intermediate

resonator structure can have a loss rate PB and a loss rate only due to radiation FEW, and

wherein FEW/1TB > FA’W /FA .

The first mode of operation the intermediate resonator structure interacts less with

extraneous objects than it does in the second mode of operation.

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

resonator structure at least one of the coupling rates can be adjusted so that K13 << K32 at

a start of the energy transfer and K13 >> K32 by a time a substantial portion of the energy

has been transferred from the first resonator structure to the second resonator structure.
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The coupling rate K82 can be maintained at a fixed value and the coupling rate 

KIB can be increased during the wireless energy transfer from the first resonator structure 

to second resonator structure. 

The coupling rate Kj 8 can be maintained at a fixed value and the coupling rate 

K82 can be decreased during the wireless energy transfer from the first resonator structure 

to second resonator structure. 

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

resonator structure, the coupling rate K18 can be increased and the coupling rate K82 can 

be decreased. 

The method may further include features corresponding to those listed for the 

apparatus and method described above, and one or more of the apparatuses and methods 

described below. 

In another aspect, disclosed is an apparatus including: first, intermediate, and 

second resonator structures, wherein a coupling rate between the first resonator structure 

and the intermediate resonator structure is Kj 8 and a coupling rate between the 

intermediate resonator structure and the second resonator structure is K82 ; and 

means for adjusting at least one of the coupling rates Kj 8 and K82 during wireless energy 

transfers among the resonator structures to cause an energy distribution in the field of the 

three-resonator system to have substantially no energy in the intermediate resonator 

structure while wirelessly transferring energy from the first resonator structure to the 

second resonator structure through the intermediate resonator structure. 

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

Having substantially no energy in the intermediate resonator structure can mean 

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

percent ( 10%) of the peak total energy in the three resonator structures throughout the 

wireless energy transfers. 

Having substantially no energy in the intermediate resonator structure can mean 

that peak energy accumulation in the intermediate resonator structure is less than five 
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percent (5%) of the peak total energy in the three resonator structures throughout the 

wireless energy transfers. 

The means for adjusting can be configured to maintain the energy distribution in 

the field of the three-resonator system in an eigenstate having the substantially no energy 

in the intermediate resonator structure. 

The means for adjusting can include a rotation stage for adjusting the relative 

orientation of the intermediate resonator structure with respect to the first and second 

resonator structures. 

The means for adjusting can include a translation stage for moving the first and/or 

second resonator structures relative to the intermediate resonator structure. 

The means for adjusting can include a mechanical, electro-mechanical, or 

electrical staging system for dynamically adjusting the effective size of one or more of 

the resonator structures. 

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

one of a conducting wire, a conducting Litz wire, and a conducting ribbon. 

The resonator structures can include an inductively loaded rod of at least one of a 

conducting wire, a conducting Litz wire, and a conducting ribbon. 

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

to the second resonator structure. 

The apparatus may further include features corresponding to those listed for the 

apparatus and methods described above, and the apparatus and method described below. 

In another aspect, disclosed is a method for transfeITing energy wirelessly that 

includes: i) transfeITing energy wirelessly from a first resonator structure to a 

intermediate resonator structure, wherein the coupling rate between the first resonator 

structure and the intermediate resonator structure is '<is; ii) transferring energy wirelessly 

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

between the intermediate resonator structure and the second resonator structure with a 

coupling rate is Ks 2 ; and iii) during the wireless energy transfers, adjusting at least one of 

the coupling rates Km and Ks 2 to define a first mode of operation in which energy 
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accumulation in the intermediate resonator structure is reduced relative to that for a 

second mode of operation of wireless energy transfer among the three resonator 

structures having a coupling rate K'18 for wireless energy transfer from the first resonator 

structure to the intermediate resonator structure and a coupling rate K '82 for wireless 

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

with K'18 and K'82 each being substantially constant during the second mode of wireless 

energy transfer, and wherein the adjustment of the coupling rates Kis and K82 in the first 

mode of operation can be selected to satisfy '½s, Ks2 < ( K' :s+ K's~ )/2 

The method may further include features corresponding to those listed for the 

apparatuses and methods described above. 

In another aspect, disclosed is an apparatus that includes: first, intermediate, and 

second resonator structures, wherein a coupling rate between the first resonator structure 

and the intermediate resonator structure is '½s and a coupling rate between the 

intermediate resonator structure and the second resonator structure is K82 ; and means for 

adjusting at least one of the coupling rates '½s and K82 during wireless energy transfers 

among the resonator structures to define a first mode of operation in which energy 

accumulation in the intermediate resonator structure is reduced relative to that for a 

second mode of operation for wireless energy transfer among the three resonator 

structures having a coupling rate K'18 for wireless energy transfer from the first resonator 

structure to the intermediate resonator structure and a coupling rate K '82 for wireless 

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

with K'18 and K'82 each being substantially constant during the second mode of wireless 

energy transfer, and wherein the adjustment of the coupling rates K.12 and K82 in the first 

mode of operation can be selected to satisfy '½s' Ks2 < ( K' :s + K's~ ) / 2 
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The apparatus may further include features corresponding to those listed for the 

apparatuses and methods described above. 

Unless otherwise defined, all technical and scientific terms used herein have the 

same meaning as commonly understood by one of ordinary skill in the art. Although 

methods and materials similar or equivalent to those described herein can be used in the 

practice or testing of the present disclosure, suitable methods and materials are described 

below. All publications, patent applications, patents, and other references mentioned 

herein are incorporated by reference in their entirety. In case of conflict, the present 

specification, including definitions, will control. In addition, the materials, methods, and 

examples are illustrative only and not intended to be limiting. 

The details of one or more embodiments are set fmih in the accompanying 

drawings and the description below, including the documents appended hereto. Other 

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

BRIEF DESCRIPTION OF THE DRAWINGS 

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

Figs. 2(a)-(b) show the efficiency of power transmission l]p for (a) U = l and (b) 

U = 3, as a function of the frequency detuning D
0 

and for different values of the loading 

rate U
0

• 

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

matching) efficiency for energy transfer l]E* and power transmission 17P*, as a function of 

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

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

Fig. 4 shows an example of a wireless energy transfer scheme featuring two self

resonant conducting-wire coils. 

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

transfer. 

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

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

strong-coupling factor of the system shown schematically in Fig. 5. 

Fig. 8 shows a comparison between experimental and theoretical results for the 

power-transmission efficiency of the system shown schematically in Fig. 5. 

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

illustrates the surrounding field. 

Fig. 10 shows an example wireless energy transfer scheme featuring two 

capacitively-loaded conducting-wire coils, and illustrates the surrounding field. 

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

Fig. 12 shows the efficiency, total (loaded) device Q, and source and device 

currents, voltages and radiated powers (normalized to 1 Watt of output power to the load) 

as functions of the resonant frequency, for a particular choice of source and device loop 

dimensions, wp and Ns and different choices of N<l=l,2,3,4,5,6,10. 

Fig.13 shows the efficiency, total (loaded) device Q, and source and device 

currents, voltages and radiated powers (normalized to 1 Watt of output power to the load) 

as functions of frequency and wp for a particular choice of source and device loop 

dimensions, and number of turns Ns and Nd. 

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

Fig. 15 shows (a) an example of a resonant dielectric disk, and illustrates the 

surrounding field and (b) a wireless energy transfer scheme featuring two resonant 

dielectric disks, and illustrates the surrounding field. 

Fig. 16 shows a schematic of an example wireless energy transfer scheme with 

one source resonator and one device resonator exchanging energy indirectly through an 

intermediate resonator. 

Fig. 17 shows an example of a wireless energy transfer system: (a) (Left) 

Schematic of loops configuration in two-object direct transfer. (Right) Time evolution of 

energies in the two-object direct energy transfer case. (b) (Left) Schematic of three-loops 

configuration in the constant-K case. (Right) Dynamics of energy transfer for the 

configuration in (b. Left). Note that the total energy transferred E2 is 2 times larger than 

in ( a. Right), but at the price of the total energy radiated being 4 times larger. ( c) (Left) 
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Loop configuration at t=0 in the adiabatic-K scheme. (Center) Dynamics of energy 

transfer with adiabatically rotating loops. (Right) Loop configuration at t=tErT- Note that 

E2 is comparable to (b. Right), but the radiated energy is now much smaller: In fact, it is 

comparable to (a. Right). 

Fig. 18 shows a schematic of an example wireless energy transfer scheme with 

one source resonator and one device resonator exchanging energy indirectly through an 

intermediate resonator, where an adjustment system is used to rotate the resonator 

structures to dynamically adjust their coupling rates. 

Fig. 19 shows an example of a temporal variation of the coupling rates in a 

wireless energy transfer system as in Fig. 18 to achieve an adiabatic transfer of energy 

from the source object R 1 to the device object R2 . 

Fig. 20 shows the energy distribution in a wireless energy transfer system as in 

Fig. 18 as a function of time when the coupling rates are time-varying, for r A=0, Kj 

r B=lO, Krn=Ksin[rrt/(2tmT)], and KB2=Kcos[rrt/(2tmT)]. 

Figs. 21 (a)-(f) show a comparison between the adiabatic-K and constant-K energy 

transfer schemes, in the general case: (a) Optimum E2 (%) in adiabatic-K transfer, (b) 

Optimum E2 (%) in constant-K transfer, (c) (E2)adiabatic-K/(E2)constant-K, (d) Energy lost(%) 

at optimum adiabatic-K transfer, (e) Energy lost(%) at optimum constant-K transfer, (f) 

(Etost) constant-K/(Etost) adiabatic-K• 

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

constant-K energy transfer schemes: (a) Erad(%) in the constant-scheme for f B If A=500 

and r;!d =0, (b) Erad( % ) in the adiabatic-K scheme for f B /f A =500 and rr~d =0, ( c) (Erad) 

constant-.J(Erad) adiabatic-K for r B Jr A =50, ( d) (Erad) constant-.J(Erad) adiabatic-K for r B /f A =500, ( e) 

[(Erad) constant-K/(Erad) adiabatic-Kl as function of Kif B and f B Jr A, for r;!d =0. 

Figs. 23(a)-(b) show schematics for frequency control mechanisms. 

Figs. 24(a)-(c) illustrate a wireless energy transfer scheme using two dielectric 

disks in the presence of various extraneous objects. 
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DETAILED DESCRIPTION 

Efficient wireless energy-transfer between two similar-frequency resonant objects 

can be achieved at mid-range distances, provided these resonant objects are designed to 

operate in the 'strong-coupling' regime. 'Strong coupling' can be realized for a wide 

variety of resonant objects, including electromagnetic resonant objects such as 

inductively-loaded conducting rods and dielectric disks. Recently, we have demonstrated 

wireless energy transfer between strongly coupled electromagnetic self-resonant 

conducting coils and capacitively-loaded conducting coils, bearing high-Q 

electromagnetic resonant modes. See, for example, the following commonly owned U.S. 

Patent Applications, all of which are incorporated herein by reference: U.S. Application 

Serial No. 11/481,077, filed on July 5, 2006, and published as U.S. Patent Publication 

No. US 2007-0222542 Al; U.S. Application Serial No. 12/055,963, filed on March 26, 

2008, and published as U.S. Patent Publication No. US 2008-0278264 Al; and U.S. 

Patent Application Serial No. 12/466,065, filed on May 14, 2009, and published as U.S. 

Patent Publication No. _____ . In general, the energy-transfer efficiency between 

similar-frequency, strongly coupled resonant objects decreases as the distance between 

the objects is increased. 

In this work, we explore a further scheme of efficient energy transfer between 

resonant objects that extends the range over which energy may be efficiently transferred. 

Instead of transferring energy directly between two resonant objects, as has been 

described in certain embodiments of the cross-referenced patents, in certain 

embodiments, an intermediate resonant object, with a resonant frequency equal or nearly

equal to that of the two energy-exchanging resonant objects is used to mediate the 

transfer. The intermediate resonant object may be chosen so that it couples more strongly 

to each of the resonant objects involved in the energy transfer than those two resonant 

objects couple to each other. One way to design such an intermediate resonator is to make 

it larger than either of the resonant objects involved in the energy transfer. However, 

increasing the size of the intermediate resonant object may lower its quality factor, or Q, 

by increasing its radiation losses. Surprisingly enough, this new "indirect" energy transfer 
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scheme may be shown to be very efficient and only weakly-radiative by introducing a 

meticulously chosen time variation of the resonator coupling rates. 

The advantage of this method over the prior commonly owned wireless energy 

transfer techniques is that, in certain embodiments, it can enable energy to be transferred 

wirelessly between two objects with a larger efficiency and/or with a smaller radiation 

loss and/or with fewer interactions with extraneous objects. 

Accordingly, in certain embodiments, we disclose an efficient wireless energy 

transfer scheme between two similar resonant objects, strongly coupled to an 

intermediate resonant object of substantially different properties, but with the same 

resonance frequency. The transfer mechanism essentially makes use of the adiabatic 

evolution of an instantaneous (so called 'dark') resonant state of the coupled three-object 

system. Our analysis is based on temporal coupled mode theory (CMT), and is general. 

Of paiticular commercial interest is the application of this technique to strongly-coupled 

electromagnetic resonators used for mid-range wireless energy transfer applications. We 

show that in certain parameter regimes of interest, this scheme can be more efficient, 

and/or less radiative than other wireless energy transfer approaches. 

While the technique described herein is primarily directed to tangible resonator 

structures, the technique shares certain features with a quantum interference phenomenon 

known in the atomic physics community as Electromagnetically Induced Transparency 

(EIT). In EIT, three atomic states participate. Two of them, which are non-lossy, are 

coupled to one that has substantial losses. However, by meticulously controlling the 

mutual couplings between the states, one can establish a coupled system which is overall 

non-lossy. This phenomena has been demonstrated using carefully timed optical pulses, 

referred to as probe laser pulses and Stokes laser pulses, to reduce the opacity of media 

with the appropriate collection of atomic states. A closely related phenomenon known as 

Stimulated Raman Adiabatic Passage (STIRAP) may take place in a similar system; 

namely, the probe and Stokes laser beams may be used to achieve complete coherent 

population transfer between two molecular states of a medium. Hence, we may refer to 

the currently proposed scheme as the "EIT-like" energy transfer scheme. 
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In certain embodiments, we disclose an efficient near-field energy transfer 

scheme between two similar resonant objects, based on an EIT-like transfer of the energy 

through a mediating resonant object with the same resonant frequency. In embodiments, 

this EIT-like energy transfer may be realized using electromagnetic resonators as have 

been described in the cross-referenced patents, but the scheme is not bound only to 

wireless energy transfer applications. Rather, this scheme is general and may find 

applications in vaiious other types of coupling between general resonant objects. In 

certain embodiments described below, we describe particular examples of 

electromagnetic resonators, but the nature of the resonators and their coupling 

mechanisms could be quite different (e.g. acoustic, mechanical, etc.). To the extent that 

many resonant phenomena can be modeled with nearly identical CMT equations, similar 

behavior to that described herein would occur. 

1. Efficient energy-transfer by two 'strongly coupled' resonances 

Fig. 1 shows a schematic that generally describes one example of the invention, in 

which energy is transferred wirelessly between two resonant objects. Refening to Fig. 1, 

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

characteristic size 1j_ and a resonant device object of characteristic size r2 • Both objects 

are resonant objects. The wireless near-field energy transfer is performed using the field 

(e.g. the electromagnetic field or acoustic field) of the system of two resonant objects. 

The characteristic size of an object can be regarded as being equal to the radius of 

the smallest sphere which can fit around the entire object. The characteristic thickness of 

an object can be regarded as being, when placed on a flat surface in any arbitrary 

configuration, the smallest possible height of the highest point of the object above a flat 

surface. The characteristic width of an object can be regarded as being the radius of the 

smallest possible circle that the object can pass through while traveling in a straight line. 

For example, the characteristic width of a cylindrical object is the radius of the cylinder. 

Initially, we present a theoretical framework for understanding near-field wireless 

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

is not bound by theory. 

18 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1094



WO 2010/039967 PCT/US2009/059244 

Attorney Docket No. 01997-0366WO1 

MIT Case No 13441 (WiT MIT 4) 

Different temporal schemes can be employed, depending on the application, to 

transfer energy between two resonant objects. Here we will consider two particularly 

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

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

1.1 Finite-amount energy-transfer efficiency 

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

which we will use for the energy exchange, have angular frequencies m1,2 , frequency-

widths due to intlinsic (absorption, radiation etc.) losses r 1,2 and (generally) vector fields 

F1,2 (r ), normalized to unity energy. Once the two resonant objects are brought in 

proximity, they can interact and an appropliate analytical framework for modeling this 

resonant interaction is that of the well-known coupled-mode theory (CMT). This model 

works well, when the resonances are well defined by having large quality factors and 

their resonant frequencies are relatively close to each other. In this picture, the field of the 

system of the two resonant objects 1, 2 can be approximated by 

F (r, t) = a1 (t )F1 (r )+ a2 (t )F2 (r), where a1,2 (t) are the field amplitudes, with ia1,2 (t )12 

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

Then, using e-ioJt time dependence, the field amplitudes can be shown to satisfy, to 

lowest order: 

!!:_a., (t)=-i(m1 -ir1 )a1 (t)+iKj 1a1 (t)+iKj 2 a2 (t) 
dt 

:t a2 (t) = -i ( m2 - ir 2 )a2 (t )+ iK21 a., (t )+ iK22a2 (t) 
(1) 

where K11.22 are the shifts in each object's frequency due to the presence of the other, 

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

(eigenfrequencies) by setting l½,2 ➔ l½,2 + K11,22 , and K12,21 are the coupling coefficients, 

which from the reciprocity requirement of the system satisfy K21 = R; 2 = K. 

19 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1095



WO 2010/039967 PCT/US2009/059244 

Attorney Docket No. 01997-0366WO1 

MIT Case No 13441 (WiT MIT 4) 

The resonant modes of the combined system are found by substituting 

[a1 (t), a 2 (t)] = [Ai, A 2 ]e-iwt_ They have complex resonant frequencies 

splitting we denote as OE = ii>+ - w_, and coffesponding resonant field amplitudes 

Note that, at exact resonance w 1 = w 2 = WA and for r 1 = r 2 = rA, we get Llw12 = 0, 

OE = 2K, and then 

(2a) 

(2b) 

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

mode and a higher frequency odd mode. 

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

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

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

the evolution of the device field-amplitude to be 

(3) 
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The energy-transfer efficiency will be 17 E = I a 2 ( t) 12 / I a1 ( 0) 12. The ratio of energy 

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

loss rates f1,1oss and f2,1oss will be 11loss,E = J; dr[Zf1,1ossla1 (r)l 2 + 2f2,tossla2(r)l 2]/ 

la1 (O) 12
. Note that, at exact resonance w 1 = w 2 = wA (an optimal condition), Eq.(3) can 

be written as 

a2 (T) = sin { ~T) e-r1u e-im,r 

la1 (o)I ✓1-ti2 
(4) 

where= Kt, Ll- 1 = 2K/(I'z - fi) and U = 2K/(I'1 + I'2 ). 

In some examples, the system designer can adjust the duration of the coupling t at 

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

(and thus efficiency rJE). Then, it can be inferred from Eq.(4) that 11E is maximized for 

tan-1(u~) 
4 = ✓1-!12 

resulting in an optimal energy-transfer efficiency 

which is a monotonically increasing function of the coupling-to-loss ratio U = 
2K/(I'1 + I'2 ) and tends to unity when U » 1 ~ ILll-1 » 1. Therefore, the energy 

transfer is nearly perfect, when the coupling rate is much faster than all loss rates 

(5) 

(6a) 

(K/f1,2 » 1). In Fig.2(c) we show the optimal energy-transfer efficiency when f1 = f 2 = 

rA ¢::? Ll = o: 

(6b) 

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

power generator (not shown in Fig. I), and the device object can be connected to a power 
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The energy—transfer efficiency will be my E 16120:) [Z/Ia1(0)lz. The ratio of energy

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

loss rates FLloss and F2,1053 W1“ be 771035}: = f0 dT[2F1,lossia1(7v-)i2 + 2F2,lossiaz (T)|2]/

1611(0) i2. Note that, at exact resonance (U1 2 (02 = cuA (an optimal condition), Eq.(3) can

be written as

am:fl <4>
[a1(0)| x/l— A2

where E Kt ,A‘1 = ZK/(FZ — Fl) and U = ZK/(F1 + 1}).

 

In some examples, the system designer can adjust the duration of the coupling t at

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

(and thus efficiency 175). Then, it can be inferred from Eq.(4) that 175 is maximized for

tan‘1 ( l— A2 )
T, = (5)

l — A2

resulting in an optimal energy—transfer efficiency

, U2 2tan—1(U 1—A3)
7 *E7, T, z—ex —— 6a

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

2K/ (F1 + F2) and tends to unity when U >> 1 : [AI—1 >> 1. Therefore, the energy

transfer is nearly perfect, when the coupling rate is much faster than all loss rates

(K/F1112 >> 1). In Fig.2(c) we show the optimal energy-transfer efficiency when I‘1 = P2 2

FA (=> A = 0:

 V U2 2tan‘1Ui

77E(Y;,A—0)—1+Uzexp{—T]. (6b)
In a real wireless energy-transfer system, the source object can be connected to a

power generator (not shown in Fig. l), and the device object can be connected to a power
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consuming load (e.g. a resistor, a battery, an actual device, not shown in Fig.1). The 

generator will supply the energy to the source object, the energy will be transferred 

wirelessly and non-radiatively from the source object to the device object, and the load 

will consume the energy from the device object. To incorporate such supply and 

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

that the generator is very briefly but very strongly coupled to the source at time t = 0 to 

almost instantaneously provide the energy, and the load is similarly very bliefly but very 

strongly coupled to the device at the optimal time t = t* to almost instantaneously drain 

the energy. For a constant poweling mechanism, at time t = t* also the generator can 

again be coupled to the source to feed a new amount of energy, and this process can be 

repeated periodically with a period t*. 

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

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

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

amplitudes s±i,2 (t) are then defined, so that ls±1,2 (t )12 is equal to the power ingoing to 

(for the+ sign) or outgoing from (for the - sign) the object 1, 2 respectively, and the CMT 

equations are modified to 

:t Cli (t) = -i ( f½ -ir1 )Cli (t )+ iKi 1a 1 (t )+ iKi 2a2 (t )- Kia1 (t )+ JlK:s+1 (t) 

:t a2 (t) = -i ( co2 -ir 2 )a2 (t )+ iK21 Cli (t )+ iK22a2 (t )- K2a2 (t) 

s_1 (t) = J2K; a1 (t )- s+1 (t) 

s_2 (t )= Jiic;a2 (t) 

where again we can set w1 ,2 ➔ w1,2 + K 11,22 and K 21 = K 12 = K. 

(7) 

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

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

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

using 8 1,2 = w - w 1 ,2 , and solving the system, we find the field-amplitude transmitted to 

the load (S21 scatteiing-matiix element) 
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S ,., 2iK,JK1K2 
S21 =----=::::... - --------------

S +1 (r1 +K1 -i81 )(r2 +K2 -i82)+K2 

2iU ,Ju1u2 

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

s = s_1 = (r1 -Ki -iq )(r2 + K2 -i82 )+ K2 
II s+l (rl +Ki -iq)(r2 +K2 -i82)+K2 

(1-Ul -iDI )(1 +U2 -iD2 )+U 2 

(1+u1 -iDi)(1+u2 -iD2)+u2 

(8) 

(9) 

where D1,2 = 81,2/f1,2, U1,2 = K1,2/f1,2 and U = K/,Jr1r2. Similarly, the scatteiing

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

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

reflection and loss are respectively 1Jp = 1S21 12 = 1S_212 / 1S+1 I 2 and 1S11 12 = 

IS-11 2/IS+11 2 and 1-1S211 2 -1S111 2 = (2f1IA11 2 + 2f2IA21 2)/IS+11 2. 

In some implementations, the parameters D1,2, U1,2 can be designed (engineered), 

since one can adjust the resonant frequencies w1 ,2 ( compared to the desired operating 

frequency w) and the generator/load supply/drain rates K1,2. Their choice can target the 

optimization of some system performance-characteristic of interest. 

In some examples, a goal can be to maximize the power transmission (efficiency) 

1Jp = 1S21 12 of the system, so one would require 

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

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

similarly U1 = U2 = U0 • Then, 

S = 2iUUO 
21 (1 +U

0 
-iD

0 
)2 +U 2 

and from the condition 17~(D0 ) = 0 we get that, for fixed values of U and U0 , the 

efficiency can be maximized for the following values of the symmetlic detuning 
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5_G Zix' K3K;

821 E H = . H . 2

5+1 (FIT—KI _161 )(r2+K2_562)+K (8)
_ ZiU UlU2

(1+UI —iD,)(1+UZ —;D,)+U2

and the field—amplitude reflected to the generator (511 scattering-matrix element)

S _ S,1_(F1_K1 _551)(r2+K2 _562)+K2
“—5“—(F1+K1_i§1)(r2+K-2_552)+K2 (9)

_ (1—U1—171)1)(1+U2 —iD2)+U2

(1+U1 —z'D1)(1+U2 —1'D2)+U2

Where D1,2 E 6112 /F112, U12 E K112 /F12 and U E K/m. Similarly, the scattering—

matrix elementsSlz, 522 are given by interchanging l <—> 2 in Eqs.(8),(9) and, as expected

from reciprocity, $21 = 512. The coefficients for power transmission (efficiency) and

reflection and loss are respectively m; E I521|2 = IS_2|2/|S+1[2 and I511]2 =

iS—1|2/|S+1i2 and 1 _|521i2 _|511|2 =(2F1iAii2 + zrziA2i2)/i5+iiz-

In some implementations, the parameters D12, U12 can be designed (engineered),

since one can adjust the resonant frequencies (U12 (compared to the desired operating

frequency co) and the generator/load supply/drain rates K112. 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)

771;. E 152112 of the system, so one would require

771; (D1; ) = 771; (U12 ) = 0
(10)

Since 321 (from Eq.(8)) is symmetric upon interchanging l <—> 2, the optimal

values for 191,2 (determined by Eqs.(10)) will be equal, namely D1 = Dz E D0, and

similarly U1 = U2 E U0. Then,

521 =L
(1+Uo—iiDO)“+U2 (11)

and from the condition 7]}; (Do) 2 0 we get that, for fixed values of U and U0, the

efficiency can be maximized for the following values of the symmetric detuning
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D
0 

= ±'1u2 -(l+UJ
2

, if U > l+U0 

0, if U sl+U
0 

(12) 

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

efficiency peaks as 

(13) 

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

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

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

substituting D0 into 1]p from Eq.(12), from the condition 17~(U0 ) = 0 we get that, for 

fixed value of U, the efficiency can be maximized for 

Eq.(12) 

⇒ D0 * =0 (14) 

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

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

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

'c1itical-coupling' condition) are shown in Fig. 2(a,b). The overall optimal power 

efficiency using Eqs.(14) is 

(15) 

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

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

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

the generator 1S11 12 and the load 1S22 1
2 , so one would then need 

(16) 
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1) Zi‘/U2—(1+Uo)2, if U>1+U0
0 0, if U $1+U0’ (12)

which, in the case U > 1 + U0, can be rewritten for the two frequencies at which the

efficiency peaks as

ZJFFa; =—a)1r‘2+w3r1 i—12 «de —(1“1 +K‘1)(l_‘¢ +19),
_ F1+T2 FI+F2 “ ‘ (13)

whose splitting we denote as 6? E 5+ — 5_. Note that, at exact resonance (1)1 = (oz, and

for F1 2 F2 E To and K1 = K2 E K0, we get 6P 2 ZVW < 65, namely the

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

substituting DO into m: from Eq.(12), from the condition 111905) = O we get that, for

fixed value of U , the efficiency can be maximized for

7 EqflZ}

Ugo: 1+U‘ 2) Doi=0 (14)

which is known as ‘critical coupling’ condition, whereas for U0 < U03 the system is

called ‘undercoupled’ and for U0 > Um it is called ‘overcoupled’. The dependence of

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

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

efficiency using Eqs.(l4) is

U i—i U
as DMUOt = 0 = — ,”P m 0 ) not“ [Hm] (15)

which is again only a function of the coupling-to-loss ratio U = K/‘ll F1 F2 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 [511 l2 and the load 152212, so one would then need

Sum=0=>(1$U1—iD1)(1iU2—iD2)+U2=0, ( 6)‘ 1
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The equations above present 'impedance matching' conditions. Again, the set of 

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

(1- iD )
2 

- U 2 + U 2 = 0 
0 0 ' 

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

again exactly those in Eqs.(14). 

(17) 

It can be seen that, the two goals and their associated sets of conditions (Eqs.(10) 

and Eqs.(16)) result in the same optimized values of the intra-source and intra-device 

parameters D1 ,2 , U1,2 . Note that for a lossless system this would be an immediate 

consequence of power conservation (Hermiticity of the scattering matrix), but this is not 

apparent for a lossy system. 

Accordingly, for any temporal energy-transfer scheme, once the parameters 

specific only to the source or to the device (such as their resonant frequencies and their 

excitation or loading rates respectively) have been optimally designed, the efficiency 

monotonically increases with the ratio of the source-device coupling-rate to their loss 

rates. Using the definition of a resonance quality factor Q = w/2f and defining by 

analogy the coupling factor k = 1/QK = 2K/✓w1w2 , it is therefore exactly this ratio 

K 
U = -- = k✓Q1Q2 

✓r1r2 (18) 

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

energy-transfer, along with the distance over which this ratio can be achieved (clearly, U 

will be a decreasing function of distance). The operating regime U > 1 is sometimes 

called 'strong-coupling' regime and is a sufficient condition for efficient energy-transfer. 

In particular, for U > 1 we get, from Eq.(15), rJp* > 17%, large enough for many 

practical applications. Note that in some applications, U>0.1 may be sufficient. In 

applications where it is impossible or impractical to run wires to supply power to a 

device, U<0.1 may be considered sufficient. One skilled in the art will recognize that the 

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

large strong-coupling factor. 

To achieve a large strong-coupling factor U, in some examples, the energy

transfer application preferably uses resonant modes of high quality factors Q, 

corresponding to low (i.e. slow) intrinsic-loss rates r. This condition can be satisfied by 

designing resonant modes where all loss mechanisms, typically radiation and absmption, 

are sufficiently suppressed. 

This suggests that the coupling be implemented using, not the lossy radiative far

field, which should rather be suppressed, but the evanescent (non-lossy) stationary near

field. To implement an energy-transfer scheme, usually more appropriate are finite 

objects, namely ones that are topologically surrounded everywhere by air, into where the 

near field extends to achieve the coupling. Objects of finite extent do not generally 

support electromagnetic states that are exponentially decaying in all directions in air 

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

where k is the wave vector, co the angular frequency, and c the speed of light, because of 

which one can show that such finite objects cannot support states of infinite Q, rather 

there always is some amount of radiation. However, very long-lived (so-called "high-Q") 

states can be found, whose tails display the needed exponential or exponential-like decay 

away from the resonant object over long enough distances before they tum oscillatory 

(radiative). The limiting surface, where this change in the field behavior happens, is 

called the "radiation caustic", and, for the wireless energy-transfer scheme to be based on 

the near field rather than the far/radiation field, the distance between the coupled objects 

must be such that one lies within the radiation caustic of the other. One typical way of 

achieving a high radiation-Q ( Qrad) is to design subwavelength resonant objects. When 

the size of an object is much smaller than the wavelength of radiation in free space, its 

electromagnetic field couples to radiation very weakly. Since the extent of the near-field 

into the area smrounding a finite-sized resonant object is set typically by the wavelength, 

in some examples, resonant objects of subwavelength size have significantly longer 

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

amplitude. 

Moreover, most realistic materials exhibit some nonzero amount of absorption, 

which can be frequency dependent, and thus cannot support states of infinite Q, rather 

there always is some amount of absorption. However, very long-lived ("high-Q") states 

can be found, where electromagnetic modal energy is only weakly dissipated. Some 

typical ways of achieving a high absorption-Q (Qabs) is to use materials which exhibit 

very small absorption at the resonant frequency and/or to shape the field to be localized 

more inside the least lossy materials. 

Furthermore, to achieve a large strong-coupling factor U, in some examples, the 

energy-transfer application may use systems that achieve a high coupling factor k, 

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

characteristic sizes of the objects. 

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

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

typically be chosen for the resonant device-object. In these cases, the electromagnetic 

field is, in some examples, of a quasi-static nature and the distance, up to which sufficient 

coupling can be achieved, is dictated by the decay-law of this quasi-static field. 

Note that in some examples, the resonant source-object may be immobile and thus 

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

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

nearly infinite radiation-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, 

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 w1 ,2 , Q1 ,2 and k described above and how to choose or design these 
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parameters for particular examples in order to produce a desirable figure-of-merit 

U = K/-Jr1r2 = k-JQ1 Q2 at a desired distance D. In some examples, this figure-of-merit 

is maximized when w1 ,2 are tuned close to a particular angular frequency Wu. 

2.1 Self-resonant conducting coils 

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

coils. Referring to Fig. 3, a conducting wire of length, 1, and cross-sectional radius, a, is 

wound into a helical coil of radius, r, and height, h, (namely with N = -Jz2 
- h

2 
/ 2nr 

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 OJ. The nature of the resonance lies in the periodic exchange of energy 

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

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

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

periodic exchange is accompanied by a rr /2 phase-shift between the current and the 

charge density profiles, namely the energy W contained in the coil is at certain points in 

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

charge, and (ii) if Pz (x) and 1 ( x) are respectively the linear charge and current 

densities in the wire, where x runs along the wire, q0 = ½ f dx IPz ( x )I is the maximum 

amount of positive charge accumulated in one side of the coil ( where an equal amount of 

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

d Io = max -01 ( x ~} . h . . . 1 f h 1· d. .b . an is t e maximum positive va ue o t e inear current istn ut10n, 

then 10 = W%. Then, one can define an effective total inductance L and an effective 

total capacitance C of the coil through the amount of energy W inside its resonant mode: 

28 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1104



WO 2010/039967 PCT/US2009/059244 

Attorney Docket No. 01997-0366WO1 

MIT Case No 13441 (WiT MIT 4) 

W =l._l2L ⇒ L=~ ff dxdx'j(x)-j(x') 
2 ° 4Jr{}; lx-x'I 

W =l._q22_⇒ 2_= 1 JJ dxdx'p(x)p(x') 
2 ° C C 4JrE

0
q; Ix - x'I 

where µ0 and co are the magnetic permeability and electric permittivity of free space. 

With these definitions, the resonant angular frequency and the effective 

impedance can be given by the formulas w = l / ,Jrc and z = ,JL / C respectively. 

Losses in this resonant system consist of ohmic (material absorption) loss inside 

the wire and radiative loss into free space. One can again define a total absorption 

resistance Rahs from the amount of power absorbed inside the wire and a total radiation 

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

radiation: 

where c = 1 / .Jµ
0
c

0 
and So= ,Jµ0 I £ 0 are the light velocity and light impedance in free 

space, the impedance C:c is C:c = 1 / iTD = ,J µ 0 w / 2iT with CY the conductivity of the 

conductor and 6 the skin depth at the frequency w , {;ms = T f dxlI ( x )12 , p = J dx rpz ( x) 

is the electric-dipole moment of the coil and m =½ J dx rxj(x) is the magnetic-dipole 

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

operation in the quasi-static regime ( h, r « A = 2Jrc I OJ) has been used, which is the 

desired regime of a subwavelength resonance. With these definitions, the absorption and 

radiation quality factors of the resonance may be given by Qabs = Z I Rahs and 

Qrad = Z I Rrad respectively. 
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1131:: L: fl‘dxdx’—J(X)'J(,X)
2 47:1; 1x—xl (19)7

,p(X)p(X’),

[X—X

 

——j dXdX
 

(20)

where #0 and 80 are the magnetic permeability and electric permittivity of free space.

With these definitions, the resonant angular frequency and the effective

, _ 7 r I = I ‘
impedance can be given by the formulas w _ 1/ LC and Z L/ C respectively.

Losses in this resonant system consist of ohmic (material absorption) loss inside

the wire and radiative loss into free space. One can again define a total absorption

resistance Ram from the amount of power absorbed inside the wire and a total radiation

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

radiation:

2

l . Irms (21)o 2
4.361 [0

  _l 2

Pabs =§I0Rabs : Robs 2” é’c

  

ran 2p ELIERmmed zé [”114] + ‘2’ [ml , (22)
where c : l / , [p050 and {:0 = J'uo / 80 are the light velocity and light impedance in free

space, the impedance CC is (C = l / 06 = Juaw / 20 with a the conductivity of the

conductor and 5 the skin depth at the frequency w , [Ems = fl‘dxll (/012 , p = [dx rpl (r)

is the electric—dipole moment of the coil and m : %jdx r><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 (11,, r << 2, = 27:01 (1)) has been used, which is the

desired regime of a subwavelength resonance. With these definitions. the absorption and

radiation quality factors of the resonance may be given by Qabs = Z / Ram and

de = Z / Rrad respectively.

Momentum Dynamics Corporation
Exhibit 1002

Page 1105



WO 2010/039967 PCT/US2009/059244 

Attorney Docket No. 01997-0366WO1 

MIT Case No 13441 (WiT MIT 4) 

From Eq.(19)-(22) it follows that to determine the resonance parameters one 

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

equations to rigorously find the current distribution of the resonant electromagnetic 

eigenmode of a conducting-wire coil is more involved than, for example, of a standard 

LC circuit, and we can find no exact solutions in the literature for coils of finite length, 

making an exact solution difficult. One could in principle write down an elaborate 

transmission-line-like model, and solve it by brute force. We instead present a model that 

is (as described below) in good agreement ( ~5%) with experiment. Observing that the 

finite extent of the conductor forming each coil imposes the boundary condition that the 

current has to be zero at the ends of the coil, since no current can leave the wire, we 

assume that the resonant mode of each coil is well approximated by a sinusoidal current 

profile along the length of the conducting wire. We shall be interested in the lowest 

mode, so if we denote by x the coordinate along the conductor, such that it runs from 

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

I (x) = /
0 

cos (1rx I l), where we have assumed that the current does not vary significantly 

along the wire circumference for a particular x, a valid assumption provided a « r . It 

immediately follows from the continuity equation for charge that the linear charge 

density profile should be of the form p 1 (x) = p
0 

sin (.1rx I l), and thus 

q0 = f ~ 12 
d.x p O I sin ( Jr x I l ~ = p JI Jr . Using these sinusoidal profiles we find the so-called 

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

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

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

( )

2 
. 2 _ 1 l/2 2 _ 1 2 _ 2 2 4N cos(nN) 

using Irm,--1 f dxlI0 cos(.1rxll)I - 1 / 0 , IPl-q0 {-h) + ( 2 ) r 
· -l/2 ~ Jr 4N -1 Jr 

and 

I I- {2-- 2)2 (cos(1rN)(12N
2
-l)-sin(1rN)1rN(4N

2
-l) )

2 

m - / 0 NJrr + ( 4 , ) hr , and therefore the 
Jr 16N -8N"+l Jr 

associated Qs factors can be calculated. 
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The results for two examples of resonant coils with subwavelength modes of 

,\3 / r 2 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 

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

frequencies are Qs,abs 2_ 1000 and Qs,rad 2 5000 . 

Table 1 

single coil A Ir s I f (MHz) 
Qs,rad Qs,abs Qs 

r=30c1n, h=20cm, a=lcm, N=4 74.7 13.39 4164 8170 2758 

r=l0cm, h=3cm, a=2n1m, N=6 140 21.38 43919 3968 3639 

Refen-ing to Fig. 4, in some examples, energy is transferred between two self

resonant conducting-wire coils. The electric and magnetic fields are used to couple the 

different resonant conducting-wire coils at a distance D between their centers. Usually, 

the electric coupling highly dominates over the magnetic coupling in the system under 

consideration for coils with h » 2r and, oppositely, the magnetic coupling highly 

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

cun-ent distiibutions of two coils 1,2 respectively as p 1•2 { x) and 1.2 { x), total charges 

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

respectively as C1.2 and ½.z, which are the analogs of p {x), j{x), q
0

, [
0

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

As / r 2 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

(625.998'1OA-7 S/m) was used. It can be seen that expected quality factors at microwave

 

  

 

frequencies are Q3 abs 2 1000 and Q3 ma 2 5000 .

Table 1

single coil as 1* f (MHz) [ a...” I Q. .1. Q,
r=30cm, h=20cm, a=lcm, N=4 74.7 13.39 8170 2758

r=10cm, h=3cm, a=2mm, N=6 140 21.38 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 [1 >> Zr and, oppositely, the magnetic coupling highly

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

current distributions of two coils 1.2 respectively as p112 (X) and jL2 (x) , total charges

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

0respectively as Cu and L12, which are the analogs of p(x), j(x), 610, I , C and I.

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

capacitance and inductance through the total energy:

1 =l< i< 1

W EWIi'i'Wz +—(C/iq2 +Cf25h)/MC +22 (ifr2 +I:I1)ML
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_l 2 _l 2 _l 2 _l 2 · where W1 - 2 q1 I C1 - 2 / 1 Li_ , W2 - 2 q2 I C2 - 2 I 2 Li and the retardation factor of 

u = exp (icvlx - x'I / c) inside the integral can been ignored in the quasi-static regime 

D « 2 of interest, where each coil is within the near field of the other. With this 

definition, the coupling factor is given by k = .Jc1c2 IM c +ML I .J ½½ . 

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 c.s and 

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

and thus k = 1/QK is also determined. 

Table 2 

pair of coils D/r Q q,=l/k u 

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

a=lcm, N==4 5 2758 139.4 19.8 

J./ r"" 75 7 2758 333.0 8.3 
Q:'s ""8170, Q;ad ""4164 10 2758 818.9 3.4 

r= 10cm, h=3cm, 
3 3639 61.4 59.3 

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

Q:'s "" 3968, Q;ad ""43919 10 3639 1580 2.3 

Referring to Table 2, relevant parameters are shown for exemplary examples 

featuring pairs or identical self resonant coils. Nume1ical 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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:1/MC=;I dxdx'mm MLZLT CZXEZX,LWL£,(23)
‘ Alimoqlqg lX—X 4;?11172 [X—X  

where W1 2%q12/C1 2%11211, W2 2%q22/C2 %I§L7 and the retardation factor of

u =exp (iwIX—X'I/c) inside the integral can been ignored in the quasi—static regime

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

definition, the coupling factor is given by k = ‘fClCz / MC +114L / LIL2 .

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 Mas and

inductance ML 5 between two self—resonant coils at a distance D between their centers,

and thus k = 1/QK is also determined.

Table 2
 

 
 

  
 

 

   
  

 

pair of coils D / ‘7’ Q I Q): : l / k 1 U  
 

1:30cm, h=20cm,
a=lcm, N:4

if?" z 75

Q 5 z 8170, :Smd z 4164

 

 
r=10cm, h=3cm, 593

a=2mm, N=6 15.7

ill/F 7’ : l40 6.2 

(9:55 z 3968, Qgfld 2 43919

   
Referring to Table 2, relevant parameters are shown for exemplary examples

featuring pairs or identical self resonant coils. Numerical results are presented for the

average wavelength and loss rates of the two normal modes (individual values not

shown), and also the coupling rate and figure—of—merit as a function of the coupling

distance D, for the two cases of modes presented in 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 rv 2 - 70, 

2.1.1 Experimental Results 

An experimental realization of an example of the above described system for 

wireless energy transfer consists of two self-resonant coils, one of which (the source coil) 

is coupled inductively to an oscillating circuit, and the second (the device coil) is coupled 

inductively to a resistive load, as shown schematically in Fig. 5. Referring to Fig. 5, A is 

a single copper loop of radius 25cm that is part of the driving circuit, which outputs a sine 

wave with frequency 9.9MHz. s and d are respectively the source and device coils 

referred to in the text. B is a loop of wire attached to the load ("light-bulb"). The vaiious 

K's represent direct couplings between the objects. The angle between coil d and the 

loop A is adjusted so that their direct coupling is zero, while coils s and d are aligned 

coaxially. The direct coupling between B and A and between B and s is negligible. 

The parameters for the two identical helical coils built for the experimental 

validation of the power transfer scheme were h = 20 cm, a = 3 mm, r = 30 cm and 

N = 5.25. Both coils are made of copper. Due to imperfections in the construction, the 

spacing between loops of the helix is not uniform, and we have encapsulated the 

uncertainty about their uniformity by attributing a 10% ( 2 cm) uncertainty to h . The 

expected resonant frequency given these dimensions is f 0 = l 0.56 ± 0.3 MHz, which is 

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

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

copper of resistivity p = l I CJ= 1.7 x 1 o-s Q m) but the measured value is 950 ± 50 . We 

believe the discrepancy is mostly due to the effect of the layer of poorly conducting 

copper oxide on the surface of the copper wire, to which the current is confined by the 

short skin depth ( ~ 20µ m) at this frequency. We have therefore used the experimentally 

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

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

resonant coils (fine-tuned, by slightly adjusting h, to the same resonant frequency when 

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

33 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1109



WO 2010/039967 PCT/US2009/059244 

Attorney Docket No. 01997-0366WO1 

MIT Case No 13441 (WiT MIT 4) 

resonant modes in the transmission spectrum. According to Eq.(13) derived by coupled

mode theory, the splitting in the transmission spectrum should be 8P = 2.J K 2 
- r 2 

, when 

KA,B are kept very small by keeping A and Bat a relatively large distance. The 

comparison between experimental and theoretical results as a function of distance when 

the two the coils are aligned coaxially is shown in Fig. 6. 

Fig. 7 shows a comparison of experimental and theoretical values for the strong

coupling factor U = KI r as a function of the separation between the two coils. The 

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

measured r. The shaded area represents the spread in the theoretical U due to the ,.__, 5% 

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

the parameter U , which is plotted as a function of distance in Fig. 7. U is greater than 1 

even for D = 2.4m (eight times the radius of the coils), thus the sytem is in the strongly

coupled regime throughout the entire range of distances probed. 

The power-generator circuit was a standard Colpitts oscillator coupled inductively 

to the source coil by means of a single loop of copper wire 25cm in radius (see Fig. 5). 

The load consisted of a previously calibrated light-bulb, and was attached to its own loop 

of insulated wire, which was in 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 B = KB I[' was adjusted so that it matched its optimal value, 

given theoretically by Eq.(14) as U B* = .J1 + U 2 
• Because of its inductive nature, the loop 

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

compensated for by slightly retuning the coil. The work extracted was determined by 

adjusting the power going into the Colpitts oscillator until the light-bulb at the load was 

at its full nominal brightness. 

In order to isolate the efficiency of the transfer taking place specifically between 

the source coil and the load, we measured the current at the mid-point of each of the self

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

noticeably.) This gave a measurement of the current parameters / 1 and / 2 defined above. 
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The power dissipated in each coil was then computed from ~ 2 = rL I / 1 2 1
2 

, and the 
, ' 

efficiency was directly obtained from 1] = PB I(~+ P2 +PB). To ensure that the 

experimental setup was well desclibed 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 expelimental 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 dliving 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 4flfo 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 

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

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

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

transfer. 

This method of power transmission is believed safe for humans. When 

transmitting 60W (more than enough to power a laptop computer) across 2m, we 

estimated that the magnitude of the magnetic field generated is much weaker than the 

Earth's magnetic field for all distances except for less than about 1cm away from the 

wires in the coil, an indication of the safety of the scheme even after long-term use. The 

power radiated for these parameters was ~ 5 W, which is roughly an order of magnitude 

higher than cell phones but could be drastically reduced, as discussed below. 

Although the two coils are currently of identical dimensions, it is possible to make 

the device coil small enough to fit into portable devices without decreasing the efficiency. 

One could, for instance, maintain the product of the characteristic sizes of the source and 

device coils constant. 

These experiments demonstrated experimentally a system for power transmission 

over medium range distances, and found that the experimental results match theory well 

in multiple independent and mutually consistent tests. 

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

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

geometries for the resonant objects. Nevertheless, the performance characteristics of the 

system presented here are already at levels where they could be useful in practical 

applications. 

2.2 Capacitively-loaded conducting loops or coils 

In some examples, one or more of the resonant objects are capacitively-loaded 

conducting loops or coils. Referring to Fig. 9 a helical coil with N turns of conducting 

wire, as described above, is connected to a pair of conducting parallel plates of area A 

spaced by distanced via a dielectric mate1ial of relative permittivity t:, and everything is 

surrounded by air (as shown, N=l and h=O). The plates have a capacitance 
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C P = £0 £A Id , which is added to the distributed capacitance of the coil and thus 

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

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

L and total effective capacitance C of the coil may be different respectively from Ls 

and Cs , which are calculated for a self-resonant coil of the same geometry using a 

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

external loading capacitor, the charge distribution p inside the wire may be reduced, so 

C <Cs, and thus, from the charge conservation equation, the current distribution j may 

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

w = 1/ ,JL(C +GP)< ws = 1/ ...JLsCs, and I(x) ➔ I0 cos(1rxll) ⇒ C ➔ Cs ⇒ 

OJ➔ OJS' as CP ➔O. 

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 cmTent distiibution can be made. 

When cp »cs> C, then m"" 1/ ,JLc P « (JJS and Z "",JLt cp «Zs, while all the 

charge is on the plates of the loading capacitor and thus the current distribution is 

constant along the wire. This allows us now to compute numerically L from Eq.(19). In 

the case h = 0 and N integer, the integral in Eq.(19) can actually be computed 

analytically, giving the formula L = µ 0 r[ln(8rl a )-2JN2 . Explicit analytical formulas 

are again available for R from Eq.(21) and (22), since l,ms = /0 , IPI ""0 and 

1ml = /0 N1rr2 (namely only the magnetic-dipole term is contributing to radiation), so we 

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

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

checking that indeed the condition C P » Cs {::=} OJ« OJs is satisfied. To satisfy this 

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

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

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

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

distribution across the single turn, which is almost always very small, or when N > 1 and 

h » 2Na , so that the dominant self-capacitance comes from the charge dist1ibution 

across adjacent turns, which is small if the separation between adjacent turns is large. 

The external loading capacitance C P provides the freedom to tune the resonant 

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

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

at the optimal frequency 

reaching the value 

Q = ~ 21r2T/ _cr_a __ 
[ 

2N2 l½ 
mruc 71r o r [8rl ln-;; -2. 

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

radiation. Note, however, that the formulas above are accurate as long as OJQ << OJs and, 

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

when N > 1, since h = 0 usually implies a large self-capacitance. A coil with large h 

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

capacitance, but then the formulas for L and OJQ, Qmax are again less accurate. Similar 

qualitative behavior is expected, but a more complicated theoretical model is needed for 

making quantitative predictions in that case. 

The results of the above analysis for two examples of subwavelength modes of 

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

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

in Table 3. To confirm the validity of constant-current assumption and the resulting 
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shortly; instead, in typical examples, one often prefers coils with very small self—

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

consideration, when N = l , so that the self—capacitance comes from the charge

distribution across the single turn, which is almost always very small, or when N > 1 and

h >> ZNa , 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 Cp provides the freedom to tune the resonant

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

for which we have analytical formulas, the total Q = wL/ (Ram +Rmd ) becomes highest

at the optimal frequency

 
2/

14 /7

at, = L 5—0- 1 , (.24)
W 20 a.N?3

reaching the value

3
2 2 % ,

Q :EMU‘M’N -1n8—7—2. (25)
max 77? 0 7‘ a  

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

radiation. Note, however, that the formulas above are accurate as long as (0Q << ms and,

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

when N > 1 , since I? = 0 usually implies a large self—capacitance. A coil with large I:

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

capacitance, but then the formulas for L and (0Q, Qmax are again less accurate. Similar

qualitative behavior is expected, but a more complicated theoretical model is needed for

making quantitative predictions in that case.

The results of the above analysis for two examples of subwavelength modes of

A / r 2 70 (namely highly suitable for near—field coupling and well within the quasi—

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

in Table 3. To confirm the validity of constant—current assumption and the resulting
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analytical formulas, mode-solving calculations were also performed using another 

completely independent method: computational 3D finite-element frequency-domain 

(FEFD) simulations (which solve Maxwell's Equations in frequency domain exactly 

apait for spatial discretization) were conducted, in which the boundaries of the conductor 

were modeled using a complex impedance C:c = .J µ
0
w / 2a boundary condition, valid as 

long as (c / (
0 

« 1 ( <10-5 for copper in the microwave). Table 3 shows Numerical 

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

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

that copper was used for the conducting material (()=5.998-107S/m). Specific parameters 

of the plot in Fig. 4 are highlighted in bold in the table. The two methods (analytical and 

computational) are in good agreement and show that, in some examples, the optimal 

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

Qabs 2: 1000 and Qrad 2: 10000 . 

Table 3 

single coil }.jr f 
Qmd Qabs Q 

r=30cm, a=2cm 

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

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

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

d=lmm 

Referring to Fig. 10, in some examples, energy is transferred between two 

capacitively-loaded coils. For the rate of energy transfer between two capacitively-loaded 

coils 1 and 2 at distance D between their centers, the mutual inductance ML can be 

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

OJ« OJs. In the case h = 0, the coupling may be only magnetic and again we have an 

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

39 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1115



WO 2010/039967 PCT/US2009/059244 

Attorney Docket No. 01997-0366WO1 

MIT Case No 13441 (WiT MIT 4) 

shown in Fig. 10, is ML<:::; 1rµ0 /2· (1ir2 )2 N1N2 I D 3 , which means that k ex (N, / D )3 
may be independent of the frequency wand the number of turns N 1, N 2. Consequently, 

the resultant coupling figure-of-merit of interest is 

K
2T/ ./½ · N N 

a A 1 2 

which again is more accurate for N 1 = N 2 = l. 

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

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

2 
at which Q1Q2 is 

maximized, since k does not depend much on frequency (at least for the distances D«Jc of 

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

frequency Wu <:::; mQ
1
Q

2 
may be mostly independent of the distance D between the two 

coils and may lie between the two frequencies mQ
1 

and mQ
2 

at which the single-coil Q1 

and Q2 respectively peak. For same coils, this optimal frequency is given by Eq.(24) and 

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

U = kQ ~ .!._ . ~ 2112TJ era 1\/ [ lg [ 2 r2 l;\ 
max max D 7 o r 

(27) 

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

so that their angular resonant frequencies are close to % within r u , which is half the 

angular frequency width for which U > U max / 2 . 

Referring to Table 4, numerical FEFD and, in parentheses, analytical results based 

on the above are shown for two systems each composed of a matched pair of the loaded 

coils described in Table 3. The average wavelength and loss rates are shown along with 

the coupling rate and coupling to loss ratio figure-of-merit U = K, / r as a function of 

the coupling distance D, for the two cases. Note that the average numerical ['rad shown 
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3

shown in Fig. 10, is ML z 2% 121m? NINZ /D3, which means that k oz ( F112 /D)

may be independent of the frequency a) and the number of turns N1, N2, Consequently,

the resultant coupling figure—of—merit of interest is

 
3 2 \i’irz . ,

fl 7: 770 ’1 NIAE
UZk Qin z '

D 4 Hz ’
/ my r. 8 r.H{ zfiv—JNj+—7rsflo{j] N;j=L2 aj 3

(26)

 

 

which again is more accurate for N, = N2 =1 .

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

merit is maximized to the value U is close to the frequency (09in at which @1622 is
max 7

maximized, since k does not depend much on frequency (at least for the distances D«,3t of

interest for which the quasi— static approximation is still valid). Therefore, the optimal

frequency a)” z leQz may be mostly independent of the distance D between the two

coils and may lie between the two frequencies CUQI and (0Q, at which the single—coil Q1

and Q3 respectively peak. For same coils, this optimal frequency is given by Eq.(24) and

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

37/

0a2N2 J/ 7’F

r 3
3

Umax I mm: x [5] $[2772’00
 

(27)

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

so that their angular resonant frequencies are close to 60H within TU , which is half the

angular frequency width for which U > Umax 1’ 2 .

Referring to Table 4, numerical FEFD and, in parentheses, analytical results based

on the above are shown for two systems each composed of a matched pair of the loaded

coils described in Table 3. The average wavelength and loss rates are shown along with

the coupling rate and coupling to loss ratio figure—of—merit U = r; / F as a function of

the coupling distance D, for the two cases. Note that the average numerical Fwd shown
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are slightly different from the single-loop value of Figure 3. Analytical results for r rad 

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

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

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

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

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

splitting of the two normal modes of the combined system ( 8E = 2K from Eq. ( 4)). The 

results show that for medium distances D / r = 10 - 3 the expected coupling-to-loss 

ratios are in the range U ~ 0.5 - 50. 

r=30{:m. a=2£m 
s=lO, A=lJ.8.::m1

, d=-hn.m 
)__/y ,::~ 112 

t= 1 Ocnt a=ln11n 
-s=lO, A=3.14cnl. d=lmr.<1 

3 

7 

w 
3 

3 

7 

Table 4 

3{F29 4216 

4194 

Wl.28 4185 

2:8&33 4177 

H)9:55 U:55 

1()740 1351 

W759 1351 

1351 

2.2.1 Derivation of optimal pmver-transmission efficiency 

62.t: (63.71 67.4 (68.7) 

589 (646) 7.1 (6.8) 

B5.4 (91.3} 15.9(15.3) 

313 (356} 432 (3.92) 

754 {925) L79 {1.51) 

1895 (ltSl7) !)71 (0.53) 

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

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

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

system, where the inductances Ls, Ld represent the source and device loops respectively, 

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

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

is considered to be 

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

denoted by M. 

Then from the source circuit at resonance ( wL = l / wC ): 
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are slightly different from the single-loop value of Figure 3. Analytical results for T‘md

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 = l to

make the constant—current assumption a good one and computed ML numerically from

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

computational FEFD mode—solver simulations, which give 1% through the frequency

splitting of the two normal modes of the combined system (5E = 211' from Eq.(4)). The

results show that for medium distances D / 4r = 10 — 3 the expected coupling—to—loss

ratios are in the range U N 0.5 — 50 .

 
 

pair cf saris j' “ LE .‘ £15535 ‘ Q = {SEEK 

 

  
‘ ‘2 .. V .. -§ .V.t.,.(1\

r=3éfirmj a=2cm - ._. «' A ~ barf: \fvjj;‘3

'3, {£25111le 7, -. — i , : ._ 31.5; (Egfi)

 

  
 

  

 
 

i=l£1cm1 3:313:11

5:143, fix=3 lit-311‘, d=§tnm
" ' EU
 

  
  

2.2.] Derivation 0 0 timal Giver—transmission e ~371313911417 ' 

Referring to Fig. ll, 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 L3 , Ld represent the source and device loops respectively,

R8 , Rd their respective losses, and C , Cd are the required corresponding capacitances to

achieve for both resonance at frequency a). A voltage generator Vg is considered to be

connected to the source and a load resistance R1 to the device. The mutual inductance is

denoted by M.

Then from the source circuit at resonance (wL = 1 / cuC ):
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1 r* 11 12 1 * V = IR - jwJMid ⇒ - !I I = - I R + - jwNlldI , 
g ss 2 gs 2s s 2 s 

and from the device circuit at resonance ( wLd = l / wC d ): 

0 = Id (Rd+ Rl)- jw1VlI
8 

==? jwl•llI
8 

= Id (Rd+ Rl) 

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

power) we get: 

where we identified the power delivered by the generator P
9 

= Re { V
9
* I

8 
/ 2 ,the power 

lost inside the source ~ = 1Isl2 
R

8 
/ 2, the power lost inside the device Pd = 1Idl2 

Rd / 2 

and the power delivered to the load Pz = 1Idl2 Ilz / 2. Then, the power transmission 

efficiency is: 

- Pz 
1]p =- = p 

g 

(29) 

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

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

(mM)2 
l+---

RsRd 

and the maximum possible efficiency 
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v 7 _ ~ . 1 ft: 7 l. 2 1 ,( *
v9 i 13133 —_;w1’tfld :» 51913 7 EM R3 + Egmfldrs,

and from the device circuit at resonance (cold 2 l ./ de ):

0 : {11(31): + 125) i jwM'Is ;» 31111113 : 1d (Rd + RI)

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

power) we get:

Pg _ li,e{%l/;:15} _ a1]2 113 +5142 (11d + 1g) _ P5 + Pd + Pl,
where we identified the power delivered by the generator Pg 2 Ro {17:18 ,1' 2 ,the power

2 2

lost inside the source P5 = IISI R8 / 2, the power lost inside the device Pd 2 11d] Rd / 2
2 ,

and the power delivered to the load PI : [Id' R2 / 2 . Then, the power transmission

efficiency is:

29

R; ( ) R1
UP 2

i
p 2

g Rs+(Rd+Rl MRSHRNLR,
(MM

8

  Id

If we now choose the load impedance R1 to optimize the efficiency by

7714131): 0 , we get the optimal load impedance

  
2

R 1. (BM1* : 1 +( )
Rd RSRd

and the maximum possible efficiency

_Rl*/Rd—1_ (0M1 RSRJ
 

m— — 7

P RIJRJH 1+1/1+(a)M/‘/R5Rd )
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To check now the correspondence with the CMT model, note that r;,l = Rz / 2Ld, 

rd = Rd I 2Ld' rs = Rs I 2Ls ' and K, w ]1/[ I 2,J LsLd ' so then ul = Kz I rd = Rz I Rd 

and U = Kl .Jrsrd = WM I .JRsRd . Therefore, the condition Eq.(32) is identical to the 

condition Eq.(14) and the optimal efficiency Eq.(33) is identical to the general Eq.(15). 

Indeed, as the CMT analysis predicted, to get a large efficiency, we need to design a 

system that has a large strong-coupling factor U. 

2.2.2 Optimization of U 

The results above can be used to increase or optimize the performance of a 

wireless energy transfer system, which employs capacitively-loaded coils. For example, 

from the scaling of Eq.(27) with the different system parameters, one sees that to 

maximize the system figure-of-merit U, in some examples, one can: 

-- Decrease the resistivity of the conducting material. This can be achieved, for 

example, by using good conductors (such as copper or silver) and/or lowering the 

temperature. At very low temperatures one could use also superconducting materials to 

achieve extremely good performance. 

-- Increase the wire radius a. In typical examples, this action can be limited by 

physical size considerations. The purpose of this action is mainly to reduce the resistive 

losses in the wire by increasing the cross-sectional area through which the electric current 

is flowing, so one could alternatively use also a Litz wire, or ribbon, or any low AC

resistance structure, instead of a circular wire. 

-- For fixed desired distance D of energy transfer, increase the radius of the loop 

r. In typical examples, this action can be limited by physical size considerations. 

-- For fixed desired distance vs. loop-size ratio Dir, decrease the radius of the loop 

r. In typical examples, this action can be limited by physical size considerations. 

-- Increase the number of turns N. (Even though Eq.(27) is expected to be less 

accurate for N > 1, qualitatively it still provides a good indication that we expect an 

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

discussed in following paragraphs. 

-- Adjust the alignment and orientation between the two coils. The figure-of

merit is optimized when both cylindrical coils have exactly the same axis of cylindrical 

symmetry (namely they are "facing" each other). In some examples, particular mutual 

coil angles and orientations that lead to zero mutual inductance ( such as the orientation 

where the axes of the two coils are perpendicular and the centers of the two coils are on 

one of the two axes) should be avoided. 

-- Finally, note that the height of the coil h is another available design parameter, 

which can have an impact on the performance similar to that of its radius r, and thus the 

design rules can be similar. 

The above analysis technique can be used to design systems with desired 

parameters. For example, as listed below, the above described techniques can be used to 

determine the cross sectional radius a of the wire used to design a system including two 

same single-tum loops with a given radius in order to achieve a specific performance in 

terms of U = r;, / r at a given D / r between them, when the loop material is copper 

(a-=5. 998 -107 Sim): 

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

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

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

D / r = 5, U 2 20, r = 5cm ⇒ a 2 8 .3mm 

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

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

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

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

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

some examples, the device under consideration may be identified specifically (e.g. a 

laptop or a cell phone), so the dimensions of the device object (rd, hd, ad, Nd) may be 

restricted. However, in some such examples, the restrictions on the source object ( 

rs, hs, as, Ns) may be much less, since the source can, for example, be placed under the 

44 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1120



WO 2010/039967 PCT/US2009/059244 

Attorney Docket No. 01997-0366WO1 

MIT Case No 13441 (WiT MIT 4) 

floor or on the ceiling. In such cases, the desired distance between the source and device 

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

the case Ns = Nd = l and hs = hd = 0) of how one can vary the dimensions of the source 

object to achieve a desired system performance in terms of Usd = K / ,Jr sr d , when the 

material is again copper (a=5.998-107Slm): 

D = 1.5m, Usd 2:: 15, rd = 30cm, ad = 6mm ⇒ rs = 1.158m, as 2:: -5mrn 

D = 1.5m, Usd 2:: 30, rd = 30cm, ad = 6m:m ⇒ rs = 1.15m, as 2:: 33mni 

D = 1.5m U > 1. r = 5cni. a = 4mm ⇒ r = 1.119m a > 7mm ' sd - , d , d s ' s -

D = 1.5m, Usd 2:: 2, rd = 5cm, ad = 4mm ⇒ rs = 1.119m, as 2:: 52mm 

D = 2m, Usd 2:: 10, rd = 30cm, ad = 6mm ⇒ rs = L518m, as 2:: 7mm 

D = 2m, Usd 2:: 20, rd = 30cm, ad = 6mm ⇒ rs = 1.514m, as 2:: 50mm 

D = 2m, Usd 2:: 0.5, rd = 5cm, ad = 4rnm ⇒ rs = 1.491m, as 2:: 5mm 

D = 2m, usd 2:: 1, 'la, = 5cm, ad = 4nim ⇒ rs = 1.491m, as 2:: 36mm 

2.2.3 Optimization ofk 

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

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

may not lead to significant improvements in 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 may weakly depend on the number of turns. Therefore, in 

some examples, one can: 

-- Increase the wire radii a1 and a2 . In typical examples, this action can be limited 

by physical size considerations. 

-- For fixed desired distance D of energy transfer, increase the radii of the coils r1 

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

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

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

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

physical size considerations. 
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-- Adjust the alignment and orientation between the two coils. In typical 

examples, the coupling is optimized when both cylindrical coils have exactly the same 

axis of cylindrical symmetry (namely they are "facing" each other). Particular mutual 

coil angles and orientations that lead to zero mutual inductance (such as the orientation 

where the axes of the two coils are perpendicular and the centers of the two coils are on 

one of the two axes) should obviously be avoided. 

-- Finally, note that the heights of the coils hi and hi are other available design 

parameters, which can have an impact to the coupling similar to that of their radii r1 and 

r2 , and thus the design rules can be similar. 

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

limitations, will be discussed in detail below. 

2.2.4 Optimization of overall system performance 

In embodiments, the dimensions of the resonant objects may be determined by the 

particular application. For example, when the application is powering a laptop or a cell

phone, the device resonant object cannot have dimensions that exceed those of the laptop 

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

of loop radii 1~,d and wire radii as,d , the independent parameters left to adjust for the 

system optimization are: the number of turns Ns,d, the frequency f, the power-load 

consumption rate Kz = R1 / 2Ld and the power-generator feeding rate K = R / 2L , . g g s 

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

In general, in various examples, the dependent variable that one may want to 

increase or optimize may be the overall efficiency '1. However, other important 

variables may need to be taken into consideration upon system design. For example, in 

examples featuring capacitively-loaded coils, the designs can be constrained by, the 

currents flowing inside the wires Is,d and other components and the voltages across the 

capacitors Vs,d. These limitations can be important because for~ Watt power applications 

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

respectively to handle. Furthermore, the total loaded (by the load) quality factor of the 
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device Qd~] = ml 2(rd + r 1 ) = mLd I (Rd+ R1 ) and the total loaded (by the generator) 

quality factor of the source Qs[g l = m I 2 (rs +rs ) = mLS I ( Rs + Rg ) are quantities that 

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

to within their Q's, when those are very large, can be challenging expe1imentally and 

more sensitive to slight variations. Lastly, the radiated powers ~.rad and ~.rad may need 

to be minimized for concerns about far-field interference and safety, even though, in 

general, for a magnetic, non-radiative scheme they are already typically small. In the 

following, we examine then the effects of each one of the independent variables on the 

dependent ones. 

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

some particular value of U through Ul = Kl / rd = .Ji + wp . u2 . Then, in some examples, 

values which may impact the choice of this rate are: Uz = l {::::} wp = 0 to minimize the 

required energy stored in the source (and therefore Is and V: ), Ul = ✓1 + u2 > 1 ¢:::} wp = l 

to maximize the efficiency, as seen earlier, or Uz » l {::::} wp » l to decrease the required 

energy stored in the device (and therefore Id and Vd) and to decrease or minimize Q411 . 

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

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

In some examples, increasing Ns and Nd may increase Qs and Qd, and thus U 

and the efficiency significantly. It also may decrease the currents Is and Id, because the 

inductance of the loops may increase, and thus the energy Ws,d = Ls,d IIs,d 1

2 
/ 2 required 

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

examples, increasing Nd and thus Qd can increase Qd[I], ~.rad and the voltage across the 

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

V: . As a conclusion, in some examples, the number of turns Ns and Nd may be chosen 
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large enough (for high efficiency) but such that they allow for reasonable voltages, 

loaded Q's and/or powers radiated. 

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

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

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

but the voltages and radiated powers may get smaller. In some examples, one may 

choose the resonant frequency to maximize any of a number of system parameters or 

performance specifications, such as efficiency. 

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

graphical method. Consider two loops of 

r,, = 25cm, rd = 15cm, hs = hd = 0, as = ad = 31111n and distance D = 2m between them. In 

Fig. 12, we plot some of the above dependent variables (currents, voltages and radiated 

powers normalized to 1 Watt of output power) in terms of frequency f and Nd, given 

some choice for wp and Ns. Fig. 12 depicts the trend of system performance explained 

above. In Fig. 13, we make a contour plot of the dependent variables as functions of both 

frequency and wp but for both Ns and Nd fixed. For example, in embodiments, a 

reasonable choice of parameters for the system of two loops with the dimensions given 

above may be: Ns = 2, Nd = 6 ,f=lOMHz and -i,vp=lO, which gives the following 

performance characteristics: T/ = 20.6%, Qd[l] = 1264, Is= 7.2A, Id= I.4A, 

V:, = 2.55kV, vd = 2.30kV, ~.rad= 0.lSW, ~,rad = 0.006W. Note that the results in Figs. 

12, 13 and the calculated performance characteristics are made using the analytical 

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

Ns, Nd, but still may give a good estimate of the scalings and the orders of magnitude. 

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

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

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

improved results. 

2.3 Inductively-loaded conducting rods 

A straight conducting rod of length 2h and cross-sectional radius a has dist1ibuted 

capacitance and distributed inductance, and therefore can support a resonant mode of 

angular frequency m. Using the same procedure as in the case of self-resonant coils, one 

can define an effective total inductance L and an effective total capacitance C of the rod 

through formulas Eqs.(19) and (20). With these definitions, the resonant angular 

frequency and the effective impedance may be given again by the common formulas 

w = 1 / JYc 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 -h to +h, then the current amplitude profile 

may have the form / ( x) = / 
0 

cos ( Jr x I 2h), since it has to be zero at the open ends of the 

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

In some examples, one or more of the resonant objects may be inductively-loaded 

conducting rods. Referling to Fig. 14, a straight conducting rod oflength 2h and cross

sectional radius a, as in the previous paragraph, is cut into two equal pieces of length h, 

which may be connected via a coil wrapped around a magnetic material of relative 

permeabilityµ, and everything is surrounded by air. The coil has an inductance Le , 

which is added to the distributed inductance of the rod and thus modifies its resonance. 

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

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

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

are calculated for a self-resonant rod of the same total length using a sinusoidal current 

profile, as in the previous paragraph. Since some cmTent may be running inside the coil 

of the external loading inductor, the current distlibution j inside the rod may be reduced, 
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so L < Ls , and thus, from the charge conservation equation, the linear charge distribution 

Pl may flatten out towards the center (being positive in one side of the rod and negative 

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

resonant frequency for this system may be w = 1 / .J( L + Le C < w 8 = 1 / .J L8 C8 , and 

J ( x) ➔ I
O 

cos ( Jrx 12h) ⇒ L ➔ L5 ⇒ OJ➔ ms, as Lc ➔ 0. 

In general, the desired CMT parameters can be found for this system, but again a 

very complicated solution of Maxwell's Equations is generally required. In a special 

case, a reasonable estimate for the cun-ent distribution can be made. When Lc >> L
5 

> L , 

then OJ z 11 .Ji:c « OJ
5 

and Z z ,J Lc IC » Zs , while the current distribution is triangular 

along the rod (with maximum at the center-loading inductor and zero at the ends) and 

thus the charge distribution may be positive constant on one half of the rod and equally 

negative constant on the other side of the rod. This allows us to compute numerically C 

from Eq.(20). In this case, the integral in Eq.(20) can actually be computed analytically, 

giving the formula 1 / C = 1 / (JrE
0

h )[ ln (h I a )-1]. Explicit analytical formulas are again 

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

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

Qabs = 11 mCRabs and Qrad = 11 mCRrad. At the end of the calculations, the validity of the 

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

condition Lc » Ls {::::} OJ« OJ
5 

is satisfied. This condition may be relatively easily 

satisfied, since typically a conducting rod has very small self-inductance Ls to begin 

with. 

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

external loading inductor Lc and it may depend on the particular design of the inductor. 

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

which, for fixed wire length, may demonstrate the highest inductance and thus quality 

factor. The Brooks coil geometry has NBc turns of conducting wire of cross-sectional 
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radius a8 c wrapped around a cylindrically symmetric coil former, which forms a coil 

with a square cross-section of side r8 c , where the inner side of the square is also at radius 

') 

r8 c (and thus the outer side of the square is at radius 2r8 c ), therefore N Be ::::: (r8 c I 2a8 c t. 

_ 1 lBc AOXF aBc 
( 

2 

resistance Re; - <Y Jra~ 1 +-2- 2) , where the total wire length is 

!Be ::::: 21r(3rBc I 2 )N Be ::::: 31rrJc I 4at and we have used an approximate square-root law 

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

frequency. 

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

frequency. For example, for a Brooks coil with a fixed size r8 c, the resonant frequency 

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

sectional radius a8 c. Then the desired resonant angular frequency OJ= 1/ .JL:c may be 

( )

1/4 
achieved for a8 c::::: 2.0285µ

0
rJco?C and the resulting coil quality factor may be 

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

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

the value Qmax, that may be determined by the loading-inductor specific design. For 

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

( 

1/4 
Qmax ~ Qc ~ 0.8 µ

0
a 2r;c / 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 OJQ << ms and, as explained above, this may be easy to 

design for by using a large inductance. 
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radius (136 wrapped around a cylindrically symmetric coil former, which forms a coil

with a square cross—section of side r86 , where the inner side of the square is also at radius

. . . v 2

rag (and thus the outer Side of the square is at radius 2ch ), therefore NBC : (ch I 2036) .

The inductance of the coil is then LC = 2.02851uoqchZBC z 2.0285fl“ r136 / Sagc and its

 
 2

. RC gig; 14.1%“ (Cl—Br) . .re81stance 0' 2m; 2 2 , Where the total Wire length is

[Be 2 27?: (3136 / 2)NBC 2 3m}; [451336 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‘,7 provides the freedom to tune the resonant

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

can be reduced by increasing the number of turns NBC by decreasing the wire cross—

sectional radius age . Then the desired resonant angular frequency a) = l/ LCC may be

7 1,14

achieved for aBC 2* (2.0285#0133660“C) and the resulting coil quality factor may be

QC z 0.169y00récw/1f1+ wzyaaxf20285flo (ch / 4)5 C . Then, for the particular simple

case LC >> LS , for which we have analytical formulas, the total

Q = l/ (0C (RC +Rabs + Rmd) becomes highest at some optimal frequency to reachingQ 5

the value Qmax , that may be determined by the loading-inductor specific design. For

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

. 1/4

Qmax “2: QC :3 0.8010027; / 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 (HQ << (Us and, as explained above, this may be easy to

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

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

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

Table 5 shows in parentheses (for similarity to previous tables) analytical results 

for the wavelength and absorption, radiation and total loss rates, for two different cases of 

subwavelength-rod resonant modes. Note that copper was used for the conducting 

material ((J=5.998-107Slm). The results show that, in some examples, the optimal 

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

be Qabs 2 1000 and Qrad 2 100000 . 

Table 5 

single rod J.,/ h f(MHz) Qrad Qabs Q 

h=30crn, a=2crn 
(2.72*106

) (403.8) (2.477) (7400) (7380) 
µ=l, fBc=2crn, aBc=0.88rnrn, NBc=l29 

h=l0crn, a=2IIlIIl 

µ=l, fBc=5rnrn, aBc=0.25IIlIIl, (214.2) (14.010) (6.92*105
) (3908) (3886) 

NBc=103 

In some examples, energy may be transferred between two inductively-loaded 

rods. For the rate of energy transfer between two inductively-loaded rods 1 and 2 at 

distance D between their centers, the mutual capacitance Mc can be evaluated 

numerically from Eq.(23) by using triangular current distributions in the case OJ« OJ5 • In 

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

which, in the quasi-static limit h«D«). and for the relative orientation such that the two 

rods are aligned on the same axis, is 1 /Mc :::::: 1 / 2JrE O • ( h1 h2 )2 1 D 3 , which means that 

k = (.~h1h2 ID f is independent of the frequency cv. One can then get the resultant 

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

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

2
, where Q1Q2 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 % ::::: mQ
1
Q

2 

may be mostly independent of the distance D between the two rods and may lie between 

the two frequencies OJQ
1 

and OJQ
2 

at which the single-rod Q 1 and Q2 respectively peak. 

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

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

frequency width for which U > U max I 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 / r 

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

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

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

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

U ~ 0.5 -100. 

Table 6 

pair of rods D/h QT<=I/k u 
h=30cm, a=2cm 3 (70.3) (105.0) 

µ=l, TBc=2cm, aBc=0.88mm, NBc=129 5 (389) (19.0) 

;l.,/ h ""404 
7 (1115) (6.62) 

Q ""7380 10 (3321) (2.22) 

h= 1 0cn1, a=2mm 3 (120) (32.4) 

µ=l, TBc=5mm, aBc=0.25mm, NBc=103 
5 (664) (5.85) 

7 (1900) (2.05) 
Ajh ""214 

Q ""3886 10 (5656) (0.69) 
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In some examples, one or more of the resonant objects are dielectric objects, such 

as disks. Consider a two dimensional dielectric disk object, as shown in Fig. 15(a), of 

radius r and relative permittivity e surrounded by air that supports high-Q "whispering

gallery" resonant modes. The loss mechanisms for the energy stored inside such a 

resonant system are radiation into free space and absorption inside the disk material. 

High-Qrad and long-tailed subwavelength resonances can be achieved when the dielectric 

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

principal number m). Material absorption is related to the material loss tangent: Qabs 

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

performed using two independent methods: numerically, 2D finite-difference frequency

domain (FDFD) simulations (which solve Maxwell's Equations in frequency domain 

exactly apart for spatial discretization) were conducted with a resolution of 30ptslr; 

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

Table 7 

q 
liJI03 {10075) 

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

Al r 2: 10 are presented in Table 7. Table 7 shows numerical FDFD (and in parentheses 

analytical SV) results for the wavelength and absorption, radiation and total loss rates, for 

two different cases of subwavelength-disk resonant modes. Note that disk-material loss

tangent Im{E}/Re{e}=l0-4 was used. (The specific parameters corresponding to the plot 

in Fig. 15(a) are highlighted with bold in the table.) The two methods have excellent 

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

object values of Qrad 2: 2000 and Qabs - 10000 are achievable. Note that for the 3D 
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2.4 Dielectric disks

In some examples, one or more of the resonant objects are dielectric objects, such

as disks. Consider a two dimensional dielectric disk object, as shown in Fig. 15(a), of

radius r and relative permittivity 8 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—de and long—tailed subwavelength resonances can be achieved when the dielectric

permittivity 8 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{8} i lm{8} . lVIode—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 3Opts/r;

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

Table 7

 

angle disk

Rafa-=1 31?, m=2 23.01 {Elififié L383 éififitl)

EL: {33:61:16. 232:} - 3 ’7 F"; 933$? €363}     
The results for two TIE—polarized dielectric—disk subwavelength modes of

21/ r 2 10 are presented in Table 7. Table 7 shows numerical FDFD (and in parentheses

analytical SV) results for the wavelength and absorption, radiation and total loss rates, for

two different cases of subwavelength-disk resonant modes. Note that disk-material loss-

tangent Im{e}/Re{e}=104 was used. (The specific parameters corresponding to the plot

in Fig. 15(a) are highlighted with bold in the table.) The two methods have excellent

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

object values of Q ad 2 2000 and Q33” ~ 10000 are achievable. Note that for the 3D
r
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case the computational complexity would be immensely increased, while the physics 

would not be significantly different. For example, a spherical object of E=l 47. 7 has a 

whispering gallery mode with m=2, Qrad=13962, and )..lr=17. 

The required values of£, shown in Table 7, might at first seem unrealistically 

large. However, not only are there in the microwave regime (appropriate for 

approximately meter-range coupling applications) many materials that have both 

reasonably high enough dielect1ic 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 K through the frequency splitting 

of the normal modes of the combined system (OE= 2K from Eq.(4)), which are even and 

odd superpositions of the initial single-disk modes; analytically, using the expressions for 

the separation-of-variables eigenfields E1,2cr) CMT gives K through 

K= ~ 12· f d 3r£2 (r)E;(r)E1 (r)/ f d 3r£(r)IE1 (r)l
2

, 

where Ej en and sen are the dielectric functions that describe only the disk j (minus the 

constant £0 background) and the whole space respectively. Then, for medium distances 

Dir =10-3 and for non-radiative coupling such that D<2rc, where re= mAJ 2,r is the 

radius of the radiation caustic, the two methods agree very well, and we finally find, as 

shown in Table 8, strong-coupling factors in the range U - 1- 50. Thus, for the analyzed 

examples, the achieved figure-of-merit values are large enough to be useful for typical 

applications, as discussed below. 
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743S (7417} 

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 dielectiic 

sphere. In any one of these geometries, one can choose certain parameters to increase 

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

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

those. 

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

resonant conducting loops, labeled by L 1 and L2 . The loops are capacitively-loaded and 

couple inductively via their mutual inductance. Let rA denote the loops' radii, NA their 

numbers of turns, and bA the radii of the wires making the loops. We also denote by D 12 

the center-to-center separation between the loops. 

56 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1132

WO 2010/039967 PCT/USZOO9IOS9244

Attorney Docket No. 01997-0366W0l

Ml'l‘ Case No 13441 (Wi’l‘ Ml'l‘ 4)

 

  

 

 
 
 

 

 
 
 

 

 

  

45.913; £24 <. . _;

2933:: {2:95.03 1 .55. {5.5)
Isa:- {W323 I 2 3 {2.2;
1114: {16931 this (rim

1 ' 39:: {34.5.}    
Note that even though particular examples are presented and analyzed above as

examples of systems that use resonant electromagnetic coupling for wireless energy

transfer, those of self—resonant conducting coils, capacitively—loaded resonant conducting

coils, inductively—loaded resonant conducting rods and resonant dielectric disks, any

system that supports an electromagnetic mode with its electromagnetic energy extending

much further than its size can be used for transferring energy. For example, there can be

many abstract geometries with distributed capacitances and inductances that support the

desired kind of resonances. In some examples, the resonant structure can be a dielectric

sphere. In any one of these geometries, one can choose certain parameters to increase

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

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

those.

Illustrative example

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

resonant conducting loops, labeled by L1 and L2. The loops are capacitively—loaded and

couple inductively via their mutual inductance. Let rA denote the loops’ radii, NA their

numbers of turns, and bA the radii of the wires making the loops. We also denote by D12

the center—to—center separation between the loops.
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Resonant objects of this type have two main loss mechanisms: ohmic absorption 

and far-field radiation. Using the same theoretical method as in previous sections, we find 

that for rA=7cm, bA=6mm, and NA=15 turns, the quality factors for absorption, radiation 

and total loss are respectively, QA,abs =Jrf lf'A,abs = 3.19x104
, 

QA,rad =Jrf lf'A,rad =2.6Xl08 and QA =Jrf !f'A =2.84Xl04 at a resonant frequency 

f = 1.8xl07 Hz (remember that L1 and L2 are identical and have the same properties). 

rA,abs , r A.rad are respectively the rates of absorptive and radiative loss of L1 and L2, and 

the rate of coupling between L1 and L2 is denoted by kj_2 • 

When the loops are in fixed distinct parallel planes separated by D 12 =1 .4m and 

have their centers on an axis (C) perpendicular to their planes, as shown in Fig. 17a(Left), 

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

k12 = kj_ 2 I Jr f = 7.68xl0-5
, independent of time, and thus the strong-coupling factor is 

U12 = k12QA = 2.18 . This configuration of parallel loops corresponds to the largest 

possible coupling rate kj_ 2 at the particular separation D 12. 

We find that the energy transferred to L2 is maximum at time T * = Kt* = 

tan-1 (2.18) = 1.14 ⇒ t* = 4775(1//) from Eq.(5), and constitutes fl£* = 29% of 

the initial total energy from Eq.(6a), as shown in Fig. 17a(Right). The energies radiated 

and absorbed are respectively 1Jrad,E(t*) = 7. 2% and 1Jabs,E(t*) = 58.1 % of the initial 

total energy, with 5. 8% of the energy remaining in L1. 

We would like to be able to further increase the efficiency of energy transfer 

between these two resonant objects at their distance D 12. In some examples, one can use 

an intermediate resonator between the source and device resonators, so that energy is 

transferred more efficiently from the source to the device resonator indirectly through the 

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

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

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

16, energy is transferred, over a distance D1B, from a resonant source object R1 of 

characteristic size r1 to a resonant intermediate object RB of characteristic size rB , and 

then, over an additional distance DB2 , from the resonant intermediate object RB to a 

resonant device object R2 of characteristic size r2 , where Drn + DB2 = D . As described 

above, the source object R 1 can be supplied power from a power generator that is coupled 

to the source object R 1. In some examples, the power generator can be wirelessly, e.g., 

inductively, coupled to the source object R 1• In some examples, the power generator can 

be connected to the source object R 1 by means of a wire or cable. Also, the device object 

R2 can be connected to a power load that consumes energy transferred to the device 

object R2 . For example, the device object can be connected to e.g. a resistor, a battery, or 

other device. All objects are resonant objects. The wireless near-field energy transfer is 

performed using the field ( e.g. the electromagnetic field or acoustic field) of the system 

of three resonant objects. 

Different temporal schemes can be employed, depending on the application, to 

transfer energy among three resonant objects. Here we will consider a particularly simple 

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

3 .1 Finite-amount energy-transfer efficiency 

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

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

frequencies m1,B,2 , frequency-widths due to intrinsic (absorption, radiation etc.) losses 

r 1,B,2 and (generally) vector fields F1,8 ,2 (r ), normalized to unity energy. Once the three 

resonant objects are brought in proximity, they can interact and an appropriate analytical 

framework for modeling this resonant interaction is again that of the well-known 

coupled-mode theory (CMT), which can give a good description of the system for 

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

shown to satisfy, to lowest order: 

.!!:_ Cli (t) = -i ( cq - if\ )al (t) + iKllaI (t )+ iKiBaB (t) 
dt 

:t aB (t) = -i ( {JJB -ir B )aB (t )+ iKBBaB (t )+ iKBilli (t )+ iKB2a2 (t) (34) 

:t a 2 (t) = -i ( m2 -ir 2 )a2 (t )+ iK22a 2 (t )+ iK2Bas (t) 

where Kn,ss,22 are the shifts in each object's frequency due to the presence of the other, 

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

setting cq_s,2 ➔ cq,s,2 + Ku,ss, 22 , and K,1 are the coupling coefficients, which from the 

reciprocity requirement of the system must satisfy K,1 = K1, . Note that, in some examples, 

the direct coupling coefficient 7<i2 between the resonant objects 1 and 2 may be much 

smaller than the coupling coefficients Km and Ks2 between these two resonant objects 

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

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

some examples, if the coupling rates Krn and Ks2 are at least 5 times larger than the 

direct coupling rate 7<i2 , using an intermediate resonator may lead to an improvement in 

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

transfer. Therefore, in the CMT Eqs.(34) above, the direct coupling coefficient 7<i2 has 

been ignored, to analyze those particular examples. 

The three resonant modes of the combined system are found by substituting 

[a 1 (t) aB(t), a2 (t)] = [A 1 , AB, A 2 ]e-iwt. When the resonators 1 and 2 are at exact 

resonance w1 = w 2 = wA and for f 1 = f 2 = rA, the resonant modes have complex 

resonant frequencies 
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whose splitting we denote as 8E = W+ - w_, and corresponding resonant field 

amplitudes 

Note that, when all resonators are at exact resonance w1 = w 2 ( = w A) = w B and for 

f 1 = f2(= rA) = f 8 , we get ~wAB = 0, 8E = 2,,JKf8 + K~ 2 , and then 

(36a) 

(36b) 

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

a same frequency mode. 

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

the intermediate and device objects have la8 (0) 12 = la2 (0) 12 = 0. Since the objects are 

coupled, energy will be transferred from 1 to B and from B to 2. With these initial 

conditions, Eqs.(34) can be solved, predicting the evolution of the field-amplitudes. The 

energy-transfer efficiency will be ifE = la2(t) 12 /la1 (0) 12. The ratio of energy converted 

to loss due to a specific loss mechanism in resonators 1, Band 2, with respective loss 

rates f1,1055 , f 8,1055 and f 2,1055 will be 

ifloss,E = J; dr[2r1,lossla1(r)l 2 + 2rB,losslas(r)l 2 + 2f2,lossla2(r)l 2]/la1(0)l2. At exact 
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Where was =[(a}A +wB)_i(FA "fl—lam];- ACOAB =|:(0)A —(03)—i(FA _r3 )1/2 and

Whose splitting we denote as 55 E (3+ — Q_, and corresponding resonant field

amplitudes

A1 K13 A1 _K32

V: = AB = AwAB $1/(ACIJAB )2 + K123 + K22 and 1715 = AB = 0 (35b)
A2 1- K32 142 a’x K13

Note that, when all resonators are at exact resonance (1)1 = m2(= (DA) = mg and for

F1 = F2(= FA) = TB, we get AmAB = 0, SE = 24kg + Kéz, and then

a1 = wA L/x-EB + K22 — iFA and Eds = (224 —2‘FA (36a)

A1 K13 A1 _K32

t1 = AB = $‘/KEB+K§2 and 17%. = AB = 0 , (36b)

A2 :— K32 A2 dx K13

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

a same frequency mode.

Assume now that at time t = 0 the source object 1 has finite energy [611(0) [2, while

the intermediate and device objects have laB(0)12 = Ia:2 (O) l2 = 0. Since the objects are

coupled, energy will be transferred from 1 to B and from B to 2. With these initial

conditions, Eqs.(34) can be solved, predicting the evolution of the field—amplitudes. The

energy—transfer efficiency will be 77,; E la2(t)12/1a1(0)12. The ratio of energy converted

to loss due to a specific loss mechanism in resonators 1, B and 2, with respective loss

rates 111055, [33,1055 and I'ZJOSS will be
A, t

172055,}: = In dT[ZF1,lossia1(1-)i2 + ZFB,lossiaB(T)l2 + 2F2,lossla2 (T)l2:[/ia1(0)i2- At exam:
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resonance w1 = w 2 (= wA) = w 8 (an optimal condition) and in the special symmetric 

case f 1 = f 2 = rA and K 18 = K 82 = K, the field amplitudes are 

(37a) 

(37b) 

(37c) 

In some examples, the system designer can adjust the duration of the coupling t at 

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

(and thus efficiency fl£). Then, in the special case above, it can be inferred from Eq.(37c) 

that fj E is maximized for the f = t that satisfies 

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

simple solution in the following two cases: 

When rA = f 8 {:::} K = 0, U = ./2K/f8 , the energy transfer from resonator 1 to resonator 

2 is maximized at 

(39) 

resulting in an energy-transfer efficiency 

_ (- - ) [ T.J2 ( 2 tanu_-
1 

{J J] 2

, 7] E I: , A = 0 = _ 
2 

exp _ 
l+U 

(40) 

which has the form of the two-object energy-transfer efficiency of Eq.(6b) but squared. 
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resonance col = w2(= (0,0 = mg (an optimal condition) and in the special symmetric

case F1 = F2 = FA and K18 = K332 = K, the field amplitudes are

6110:) = 16—iwAie_f/g 5—Sln(1_~A_ T) + C03(mf) + 6—52.: (37a)
2 J1 — A2

1 e—iwAze—f/z? SinN 1 — 32 7:)
— —~, 37b2 m < >

a2 (17’) zle_i‘0A‘e_T~/fi 3—sm(1_~A~T) +Cos(\/1—AZY~‘) —e_’3le (37C)
2 x/l—AZ

Where T E fixt, 5—1 = ZVIEK/(FB — 1:4) and if = ZfiK/U}, + PB).

as (f) =

In some examples, the system designer can adjust the duration of the coupling 15 at

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

(and thus efficiency 775). Then, in the special case above, it can be inferred from Eq.(37c)

that 175 is maximized for the 'f = i: that satisfies

[5— U (1— 52Us“?T+(1—Afi)[cos(\/1— Alf) — ez‘f] : 0. (38)
In general, this equation may not have an obvious analytical solution, but it does admit a

simple solution in the following two cases:

When PA = PB (E) Z = 0, U = V/EK/FB, the energy transfer from resonator l to resonator

2 is maximized at

T (A = 0) = Ztan’l U (39)

resulting in an energy—transfer efficiency
7

~2 —1 ~ “

fiE(Y:,A=O)=[ U exp[—M]] , (40)
 

1+(72 U

which has the form of the two—object energy—transfer efficiency of Eq.(6b) but squared.
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When rA = 0 ¢::} 3-i = iJ = 2../2K/f8 , the energy transfer from resonator 1 to resonator 

2 is maximized at 

resulting in an energy-transfer efficiency 

17E (t,1-1 = 0) =_!_· {[ 1 +exp(-Jr/ ✓02 -1 )T ,0 > 1 
4 

1,0 ::::;1 

In both cases, and in general for any 3, the efficiency is an increasing function of iJ. 

Therefore, once more resonators that have high quality factors are preferred. In some 

examples, one may design resonators with Q>50. In some examples, one may design 

resonators with Q> 100. 

Illustrative example 

(41) 

(42) 

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

the energy transfer from L 1 to L2, while keeping the distance D 12 separating them fixed, 

we propose to introduce an intermediate resonant object that couples strongly to both L 1 

and L2, while having the same resonant frequency as both of them. In one example, we 

take that mediator to also be a capacitively-loaded conducting-wire loop, which we label 

by LB. We place LB at equal distance (Drn=D82=D12/2=0.7m) from L 1 and L2 such that its 

axis also lies on the same axis (C), and we orient it such that its plane is parallel to the 

planes of L 1 and L2 , which is the optimal orientation in terms of coupling. A schematic 

diagram of the three-loops configuration is depicted in Fig. 17b(Left). 

In order for LB to couple strongly to L 1 and L 2 , its size needs to be substantially 

larger than the size of L 1 and ½• However, this increase in the size of LB has considerable 

drawback in the sense that it may also be accompanied by significant decrease in its 

radiation quality factor. This feature may often occur for the resonant systems of this 

type: stronger coupling can often be enabled by increasing the objects' size, but it may 

imply stronger radiation from the object in question. Large radiation may often be 

undesirable, because it could lead to far-field interference with other RF systems, and in 
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'When FA 2 0 (E) 3—1 = U = 2\/§K/I'B, the energy transfer from resonator l to resonator

2 is maximized at

22(5-1 =fi)={”fi/ UUjl’U >1 (41)
resulting in an energy—transfer efficiency

[1+exp(—zr/\/m)]2 ,l} > 1-
LUSl

nE(n,A—1=r,)= (42)
l

4

In both cases, and in general for any Z, the efficiency is an increasing function of U.

Therefore, once more resonators that have high quality factors are preferred. In some

examples, one may design resonators with Q>50. In some examples, one may design

resonators with Q>100.

Illustrative example

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

the energy transfer from L1 to L3, while keeping the distance D]; separating them fixed,

we propose to introduce an intermediate resonant object that couples strongly to both L1

and L2, while having the same resonant frequency as both of them. In one example, we

take that mediator to also be a capacitively—loaded conducting-Wire loop, which we label

by LB. We place LB at equal distance (D132D332D12/2=O.7m) from L1 and L2 such that its

axis also lies on the same axis (C), and we orient it such that its plane is parallel to the

planes of L1 and L3, which is the optimal orientation in terms of coupling. A schematic

diagram of the three—loops configuration is depicted in Fig. l7b(Left).

In order for L3 to couple strongly to L1 and L2, its size needs to be substantially

larger than the size of L1 and IQ. However, this increase in the size of LB has considerable

drawback in the sense that it may also be accompanied by significant decrease in its

radiation quality factor. This feature may often occur for the resonant systems of this

type: stronger coupling can often be enabled by increasing the objects’ size, but it may

imply stronger radiation from the object in question. Large radiation may often be

undesirable, because it could lead to far-field interference with other RF systems, and in
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some systems also because of safety concerns. For rB=70cm, bB=l.5cm, and NB=l tum, 

we get QB,abs = ;r f Ir B,abs = 7706, QB,rad = ;r f Ir B,rad = 400, so QB = Jr f Ir 8 = 380 , and 

ls_B = Km I Jrf = kB2 = 0.0056, so {j = 2✓2x I (r A+ rB) = 5.94 and 

x-l = 2✓2K I (r B -r A)= 6.1, at f = 1.8xl07 Hz. Note that since the coupling rates Krn 

and K 82 are ""70 times larger than K 12 , indeed we can ignore the direct coupling between 

L 1 and ½, and focus only on the indirect energy transfer through the intermediate loop 

LB, therefore the analysis of the previous section can be used. 

The optimum in energy transferred to L2 occurs at time t = -.f2Kt* = 3.21 ⇒ 

t* = 129(1/f), calculated from Eq.(38), and is equal to ifo* = 61.5% of the initial 

energy from Eq.(37c). [Note that, since QA » Q8 , we could have used the analytical 

conclusions of the case K- 1 = [J and then we would have gotten a very close 

approximation oft = 3.19 from Eq.(41).] The energy radiated is firact,E(t*) = 31.1 %, 

while the energy absorbed is fiabs,E(t*) = 3.3%, and 4.1 % of the initial energy is left in 

L 1• Thus, the energy transferred, now indirectly, from L 1 to Li has increased by factor of 

2 relative to the two-loops direct transfer case. Furthermore, the transfer time in the three

loops case is now ""35 times shorter than in the two-loops direct transfer, because of the 

stronger coupling rate. The dynamics of the energy transfer in the three-loops case is 

shown in Fig. 17b(Right). 

Note that the energy radiated in the three-loop system has undesirably increased 

by factor of 4 compared to the two-loop system. We would like to be able to achieve a 

similar improvement in energy-transfer efficiency, while not allowing the radiated energy 

to increase. In this specification, we disclose that, in some examples, this can be achieved 

by appropliately varying the values of the coupling strengths between the three 

resonators. 

63 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1139



WO 2010/039967 PCT/US2009/059244 

Attorney Docket No. 01997-0366WO1 

MIT Case No 13441 (WiT MIT 4) 

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

coupling strengths 

Consider again the system of a source resonator R 1, a device resonator R2 and an 

intermediate resonator RB, For the purposes of the present analysis, R 1 and R 2 will be 

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

be strongly coupled to RB, with coupling rates Km and KB 2 respectively. Note that, in 

some examples of wireless energy transfer systems, for the resonant object RB to be able 

to have strong coupling with other resonant objects, it may be accompanied with inferior 

loss properties compared to R 1 and R2 , usually in terms of substantially larger radiation 

losses. 

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

resonance w1 = w2 = WA and for f 1 = f 2 = rA, the system suppmts a resonant state 

(eigenstate) with resonant frequency ( eigenfrequency) mds = m4 - ir,4 and resonant field 

amplitudes vds = [-KB2 0 Km f / .J K?s + K~2 'where here we normalized it. This 

eigenstate Vds we call the "dark state" in analogy with atomic systems and the related 

phenomenon of Electromagnetically Induced Transparency (EIT), wherein complete 

population transfer between two quantum states through a third lossy state, coupled to 

each of the other two states, is enabled. The dark state is the most essential building block 

of our proposed efficient weakly-radiative energy-transfer scheme, because it has no 

energy at all in the intermediate (lossy) resonator RB, i.e. aB(t)=0 Vt whenever the three-

object system is in state ½s. In fact, if r A ➔ 0, then this state is completely lossless, or if 

r A,rad ➔ 0, then this state is completely non-radiative. Therefore, we disclose using 

predominantly this state to implement the wireless energy transfer. By doing that, the 

proposed energy transfer scheme can be made completely lossless, in the limit rA ➔0, 

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

in the limit r A,rad ➔ 0, no matter how large is the radiative loss rate r B,rad • Since the 

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

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

may design resonators with QA>lOO. 

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

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

the state Vds, then, in general, there is energy in the source resonator with field amplitude 

proportional to the coupling rate K82 between the device resonator and the intermediate 

resonator, and there is also energy in the device resonator with field amplitude 

proportional to the coupling rate K18 between the source resonator and the intermediate 

resonator. Then, Krn=O corresponds to all the system's energy being in R1, while K82=0 

corresponds to all the system's energy being in R 2 • 

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

energy transfer, consist of preparing the system initially in state ~s and varying the 

coupling rates in time appropriately to evolve this state Vds in a way that will cause 

energy transfer. Thus, if at t=O all the energy is in R 1, then one should have 

Krn(t=O)<< K82(t=0), for example Krn(t=O)=O and K82(t=0) -=I:- 0. In order for the total 

energy of the system to end up in R2 , at a time tErr when the full variation of the coupling 

rates has been completed, we should have Krn(t= tErr)>> K82(t= tErr), for example 

Krn(t=tErr) -=I:- 0 and K82(t=tErr)=0. This ensures that the initial and final states of the three-

object system are parallel to Vds . However, a second important consideration is to keep 

the three-object system at all times in Vds (t), even as Krn(t) and K82(t) are varied in time. 

This is crucial in order to prevent the system's energy from getting into any of the two 

other eigenstates V± and thus getting into the intermediate object R 8 , which may be 

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

requires changing Krn(t) and K82(t) slowly enough so as to make the entire three-object 

system adiabatically follow the time evolution of Vds (t). The criterion for adiabatic 

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

where V± are the remaining two eigenstates of the system, with corresponding 

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

rates with time (with duration parameter tmr) will work, provided it satisfies the 

adiabaticity criterion Eq.(43) above. The time functional can be linear, sinusoidal (as in 

the illustrative example to follow) or the temporal analog of a Butterworth (maximally 

flat) taper, a Chebyshev taper, an exponential taper and the like. 

Referring to Fig. 18, an example coupling rate adjustment system 300 for 

adjusting coupling rates for the one or more of the resonator structures R 1, R2, or R8 is 

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

structures and the intermediate and second resonator st1uctures are characterized by Kis 

and Ks 2 respectively. These coupling rates, Kw and Ks 2 , are several times (e.g., 70 

times) greater than the coupling rate Ki_2 between the first and second resonator structure. 

In some examples, the coupling rate adjustment system can be a mechanical, electrical, or 

electro-mechanical system for dynamically adjusting, e.g., rotating, or effecting a 

translational movement, of the one or more resonator structures with respect to each 

other. 

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

the coupling rate Ks2 at the beginning of the energy transfer. By the end, i.e., when a 

substantial amount of energy has been transferred from the first resonator structure R 1 to 

the second resonator structure, R2 , the coupling rate Km is much greater than the 

coupling rate Ks2 • In some examples, the coupling rate Km can be set to a fixed value 

while the coupling rate KB2 is being vaiied from its maximum to its minimum value. In 

some examples, the coupling rate Ks2 can be set to a fixed value while the coupling rate 

Kw is being varied from its minimum to its maximum value. In some examples, the 
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where I: are the remaining two eigenstates of the system, with corresponding

  

eigenvalues a): , as shown earlier. Note that any functional dependence of the coupling

rates with time (with duration parameter tEIT) will work, provided it satisfies the

adiabaticity criterion Eq.(43) above. The time functional can be linear, sinusoidal (as in

the illustrative example to follow) or the temporal analog of a Butterworth (maximally

flat) taper, a Chebyshev taper, an exponential taper and the like.

Referring to Fig. 18, an example coupling rate adjustment system 300 for

adjusting coupling rates for the one or more of the resonator structures R1, R3, or R3 is

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

structures and the intermediate and second resonator structures are characterized by K13

and K32 respectively. These coupling rates, "13 and K32, are several times (e.g., 70

times) greater than the coupling rate K12 between the first and second resonator structure.

In some examples, the coupling rate adjustment system can be a mechanical, electrical, or

electro-mechanical system for dynamically adjusting, e.g., rotating, or effecting a

translational movement, of the one or more resonator structures with respect to each

other.

In some examples, the coupling rate K1]; is much smaller than the coupling rate

the coupling rate K32 at the beginning of the energy transfer. By the end, i.e., when a

substantial amount of energy has been transferred from the first resonator structure R1 to

the second resonator structure, R2, the coupling rate K“, B is much greater than the

coupling rate K32. In some examples, the coupling rate K113 can be set to a fixed value

while the coupling rate K32 is being varied from its maximum to its minimum value. In

some examples, the coupling rate K32 can be set to a fixed value while the coupling rate

K13 is being varied from its minimum to its maximum value. In some examples, the
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coupling rate Km can be varied from a minimum to a maximum value while the coupling 

rate Ks 2 is being varied from its maximum to minimum value. 

Referring now to Fig. 19, a graph for implementing an example coupling rate 

adjustment system 300 is shown. As shown, in some examples, the coupling rate Km is 

set at its minimum value at time, t=0, and increased as a function of time (see, for 

example, equation 44), while the coupling rate Ks2 is at its maximum value at t=0 and 

decreased as a function of time (see, for example, equation 45). Accordingly, at the 

beginning (t=0), the value of Km is much smaller than the value of Ks2 • In some 

examples, the value of Km can be selected to be any value much smaller than the value 

of Ks2 • During the wireless energy transfer, the value of Km is increased, while the 

value of Ks2 is decreased. After a predetermined amount of time tErr has elapsed (e.g., 

after a substantial amount of energy has been transferred to the second resonator), the 

value of Kis becomes much greater than the value of Ks2 • 

In some implementations, the coupling rate adjustment system 300 can effect an 

adjustment of coupling rates between the resonator structures by changing a relative 

orientation of one or more of the resonator structures with respect to each other. For 

example, referring again to Fig. 18, the first and second resonator structures, R 1 and R2, 

can be rotated about their respective axes (e.g., varying angles 01 and 02 ), with respect to 

the intermediate resonator structure RB to simultaneously change Km and Ks2 • 

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

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

simultaneously change Km and Ks2 • Alternatively, the orientation of only the first 

resonator structure R 1 can be rotated about its respective axis to change Km, while the 

orientations of R2 and RB are fixed and thus Ks2 is fixed to a value intermediate between 

the minimum and maximum values of Km. Alternatively, the orientation of only the 

second resonator structure R2 can be rotated about its respective axis to change Ks2 , 
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while the orientations of R 1 and RB are fixed and thus K18 is fixed to a value intermediate 

between the minimum and maximum values of Ks2 • 

In some implementations, the coupling rate adjustment system 300 can effect an 

adjustment of coupling rates between the resonator structures by translationally moving 

one or more of the resonator structures with respect to each other. For example, the 

positions of the first and second resonator structures, R 1 and R2 , can be adjusted, e.g., 

moved along an axis, with respect to the intermediate resonator structure RB to 

simultaneously change Km and Ks2 • Alternatively, a position of the intermediate 

resonator structure, RB, can be adjusted, e.g., moved along an axis, with respect to the 

first and second resonator structures to simultaneously change K 18 and Ks 2 • 

Alternatively, a position of only the first resonator structure, R 1, can be adjusted, e.g., 

moved along an axis, with respect to the intermediate RB resonator structure to change 

K1B , while the positions of R 2 and RB are fixed and thus Ks2 is fixed to a value 

intermediate between the minimum and maximum values of K18 . Alternatively, a 

position of only the second resonator structure, R2, can be adjusted, e.g., moved along an 

axis, with respect to the intermediate RB resonator structure to change KB2 , while the 

positions of R 1 and RB are fixed and thus K1B is fixed to a value intermediate between the 

minimum and maximum values of Ks2 • 

In some examples, the coupling rate adjustment system 300 can dynamically 

adjust an effective size of the resonator objects to effect adjustments in the coupling rates 

K1s and Ks 2 similar to that described above. The effective size can be adjusted by 

changing a physical size of the resonator objects. For example, the physical size can be 

adjusted by effecting mechanical changes in area, length, or other physical aspect of one 

or more of the resonator structures. The effective size can also be adjusted through non

mechanical changes, such as, but not limited to, applying a magnetic field to change the 

permeability of the one or more of the resonator structures. 

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

to ensure adiabaticity. However there is limitation on how slow the transfer process can 
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optimally be, imposed by the losses in R 1 and R2 • Such a limitation may not be a strong 

concern in typical atomic EIT case, because the initial and final states there can be chosen 

to be non-lossy ground states. However, in our case, losses in R 1 and R2 are not 

avoidable, and can be detrimental to the energy transfer process whenever the transfer 

time tErr is not less than 1/f' A· This is because, even if the three-object system is carefully 

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

as a consequence of losses in R 1 and R2 . Thus the duration of the transfer may be a 

compromise between these two limits: the desire to keep tmT long enough to ensure near

adiabaticity, but sh01i enough not to suffer from losses in R 1 and R2 . 

Given a paiiicular functional variation of the coupling rates with time with 

variation duration parameter tmT, one may calculate the optimal energy transfer efficiency 

in the following way: First, for each tmT, determine the optimal time t*, at which the 

energy at R2 is maximized and the transfer process may be be terminated. Then find the 

optimal variation time tmT* based on the counteracting mechanisms discussed above. The 

optimal efficiency of energy transfer i'fEIT,E* can then be calculated. In most cases, this 

procedure may need to be done numerically using the CMT Eqs.(34) as analytical 

solutions may not be possible. With respect to optimizing the functional dependence of 

the coupling rates with time, one may choose one that minimizes the coupling of energy 

to the eigenstates V± for a given tErr, which may lead to the temporal analog of a 

Chebyshev taper. 

In some examples, the optimal tmT may not be long enough for the adiabadicity 

criterion of Eq.(43) to be always satisfied. In those cases, some energy may get into at 

least one of the lossy states V± . Still significant improvement in efficiency and radiation 

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

compared to the mode of operation where the coupling rates are constant, provided the 

maximum energy that enters the states V± is much less in the variable rate scenario than 

in the constant rate scenario. In examples, using the proposed scheme of time-varying 

coupling rates may be advantageous as long as the maximum energy stored in the 

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

small may be at most 10% of the peak total energy of the system. 

We can now also see why the mode of operation of the system where the coupling 

rates are kept constant in time may cause a considerable amount of lost (and especially 

radiated) energy, compared to the proposed mode of operation where the coupling rates 

are varied adiabatically in time. The reason is that, when Krn=KB2=const, the energies in 

R 1 and R2 will always be equal to each other if the three-object system is to stay in Vds. 

So one cannot transfer energy from R 1 to R2 by keeping the system purely in state Vds; 

note that even the initial state of the system, in which all the energy is in R 1 and there is 

no energy in R 3 , cannot be solely in Vds for fixed nonzero Krn and KB2, and has nonzero 

components along the eigenstates V± which implies a finite energy will build up in RB, 

and consequently result in an increased radiation, especially if r B,rad » r A,rad , which may 

be the case if the resonator RB is chosen large enough to couple strongly to R 1 and R2, as 

explained earlier. 

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

when the inductive coupling rates of the loops were kept constant in time, like in Fig. 

17b. Let us now consider the modifications necessary for an adiabatically-varied-K three

loops indirect transfer scheme, as suggested in the previous section, aiming to reduce the 

total radiated energy back to its reasonable value in the two-loops direct transfer case 

(Fig.17a), while maintaining the total energy transfer at level comparable to the constant

K three-loops indirect transfer case (Fig. 17b). In one example, shown in Fig. 17 c(Left 

and Right), we will keep the orientation of LB fixed, and start initially (t=O) with L 1 

perpendicular to LB for Krn=O and L2 parallel to LB for KB2=max, then uniformly rotate L 1 

and L2, at the same rates, until finally, at (t=tmr), L 1 becomes parallel to LB for Krn=max 

and Li perpendicular to LB for KB2=0, where we stop the rotation process. In this 

example, we choose a sinusoidal temporal variation of the coupling rates: 

70 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1146



WO 2010/039967 PCT/US2009/059244 

Attorney Docket No. 01997-0366WO1 

MIT Case No 13441 (WiT MIT 4) 

KlB (t) = Ksin(m I 2tEIT) 

K82 (t) = KCOS (Jrt f 2tEIT) 

(44) 

(45) 

for 0<t<tEIT, and krn = Ki_8 Inf= k82 = 0.0056 as before. By using the same CMT 

analysis as in Eq. (34), we find, in Fig. 17c(Center), that for an optimal tEIT* = 
1989 (1/ f), an optimum transfer of T7EIT,E* = 61.2% can be achieved at t* = 1796(1/ 

f), with only 8.2% of the initial energy being radiated, 28.6% absorbed, and 2% left in 

L 1• This is quite remarkable: by simply rotating the loops during the transfer, the energy 

radiated has dropped by factor of 4, while keeping the same 61 % level of the energy 

transferred. 

This considerable decrease in radiation may seem surprising, because the 

intermediate resonator LB, which mediates all the energy transfer, is highly radiative ("" 

650 times more radiative than L1 and L2), and there is much more time to radiate, since 

the whole process lasts 14 times longer than in Fig. 17b. Again, the clue to the physical 

mechanism behind this surprising result can be obtained by observing the differences 

between the curves describing the energy in RB in Fig. 17b and Fig. 17c. Unlike the case 

of constant coupling rates, depicted in Fig. 17b, where the amount of energy ultimately 

transferred to L 2 goes first through the intermediate loop LB, with peak energy storage in 

LB as much as 30% of the peak total energy of the system, in the case of time-varying 

coupling rates, shown in Fig. 17 c, there is almost little or no energy in LB at all times 

dming the transfer. In other words, the energy is transferred quite efficiently from L 1 to 

~, mediated by LB without considerable amount of energy ever being in the highly 

radiative intermediate loop LB. (Note that direct transfer from L 1 to~ is identically zero 

here since L 1 is always perpendicular to L2 , so all the energy transfer is indeed mediated 

through LB). In some examples, improvement in efficiency and/or radiated energy can 

still have been accomplished if the energy transfer had been designed with a time tEir 

smaller than its optimal value (perhaps to speed up the process), if the maximum energy 

accumulated inside the intermediate resonator was less than 30%. For example, 

improvement can have been achieved for maximum energy accumulation inside the 

intermediate resonator of 5% or even 10%. 
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An example implementation of the coupling rate adjustment system 300 is 

described below, where the resonators are capacitively-loaded loops, which couple to 

each other inductively. At the beginning (t=0), the coupling rate adjustment system 300 

sets the relative orientation of the first resonator structure L 1 to be perpendicular to the 

intermediate resonator structure LB. At this 01ientation, the value of the coupling rate 

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

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

resonator structure~ to be parallel to the intermediate resonator structure LB. At this 

orientation, the value of the coupling rate Ks2 is at a maximum value. During wireless 

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

first resonator structure L 1 about its axis so that the value of '½s is increased. In some 

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

second resonator structure, L2 , about its axis so that the value of Ks2 is decreased. In 

some examples, a similar effect can be achieved by fixing L 1 and L2 to be perpendicular 

to each other and rotating only LB to be parallel to L2 and perpendicular to L 1 at t=0 and 

parallel to L 1 and perpendicular to L2 at t=tErr• In some examples, a similar effect can be 

achieved by fixing LB and one of L 1 and L2 (e.g., L 1) at a predetennined orientation (e.g. 

at 45 degrees with respect to the intermediate resonator LB) and rotating only the other of 

L 1 and~ (e.g.,~ from parallel to LB at t=0 to perpendicular to LB at t=tErr). 

Similarly, in some implementations, at the beginning (t=0), the coupling rate 

adjustment system 300 can set the position of the first resonator structure L 1 at a first 

large predetermined distance from the intermediate resonator structure LB so that the 

value of the coupling rate KIE is at its minimum value. Correspondingly, the coupling 

rate adjustment system 300 can set the position of the second resonator structure L2 at a 

second small predetermined distance from the intermediate resonator structure LB so that 

the value of the coupling rate Ks 2 between the first and intermediate resonator structure 

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

system 300 can affect the position of the first resonator structure L 1 to bling it closer to 
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LB so that the value of Km is increased. In some examples, the coupling rate adjustment 

system 300 can also effect the position of the second resonator structure, G, to take it 

away from LB so that the value of Ks2 is decreased. In some examples, a similar effect 

can be achieved by fixing L 1 and L2 to be at a fixed distance to each other and effecting 

the position of only LB to be close to G and away from L 1 at t=O and close to L 1 and 

away from L2 at t=tErT- In some examples, a similar effect can be achieved by fixing LB 

and one of L 1 and L2 (e.g., L 1) at a predetermined (not too large but not too small) 

distance and effecting the position only the other of L 1 and L2 (e.g., L2 from close to LB at 

t=O to away from LB at t=tErr). 

5. Comparison of static and adiabatically dynamic systems 

In the abstract case of energy transfer from R 1 to R2, where no constraints are 

imposed on the relative magnitude of K, rr1d , r,!d , r:bs, and r:bs, it is not certain that 

the adiabatic-K (EIT-like) system will always perform better than the constant-Kone, in 

terms of the transferred and radiated energies. In fact, there could exist some range of the 

parameters (K, r;~ 'rr~d 'r:bs' r:bs ), for which the energy radiated in the constant-K 

transfer case is less than that radiated in the EIT-like case. For this reason, we investigate 

both the adiabatic-Kand constant-K transfer schemes, as we vary some of the crucial 

parameters of the system. The percentage of energies transferred and lost 

(radiated+absorbed) depends only on the relative values of K, rA = r:ad + r:bs and 

r B = r!d + r!bs . Hence we first calculate and visualize the dependence of these energies 

on the relevant parameters K/1 B and r B /1 A, in the contour plots shown in Fig. 21. 

The way the contour plots are calculated is as follows. For each value of (K/1 B, r B 

/1 A) in the adiabatic case, where Krn(t) and K82(t) are given by Eq. (44)-(45), one tries 

range of values of tEIT• For each tEIT, the maximum energy transferred E2(%) over 0< t 

<tEIT, denoted by max(E2, tErr), is calculated together with the total energy lost at that 

maximum transfer. Next the maximum of max(E2, tErr) over all values of tEIT is selected 
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and plotted as single point on the contour plot in Fig. 21a. We refer to this point as the 

optimum energy transfer(%) in the adiabatic-K case for the particular (K/r 8, r 8Jr A) 

under consideration. We also plot in Fig. 21d the corresponding value of the total energy 

lost(%) at the optimum of E 2 • We repeat these calculations for all pairs (K/r 8 , r 8 Jr A) 

shown in the contour plots. In the constant-K transfer case, for each (K/r 8 , r 8 Jr A), the 

time evolution of E2( % ) and Eiost are calculated for 0<t<2JK, and optimum transfer, shown 

in Fig. 21b, refers to the maximum of E 3(t) over 0<t<2JK. The corresponding total energy 

lost at optimum constant-transfer is shown in Fig. 21e. Now that we calculated the 

energies of interest as functions of (K/r 8 , r 8 JrA), we look for ranges of the relevant 

parameters in which the adiabatic-K transfer has advantages over the constant-Kone. So, 

we plot the ratio of (E2)adiabatic-il(E2)constant-K in Fig. 21 c, and (E1ost)constant-K J (E1ost) adiabatic-

K in Fig. 21f. We find that, for r 8 Jr A>50, the optimum energy transferred in the 

adiabatic-K case exceeds that in the constant-K case, and the improvement factor can be 

larger than 2. From Fig. 21f, one sees that the adiabatic-K scheme can reduce the total 

energy lost by factor of 3 compared to the constant-K scheme, also in the range r 8 Jr A 

>50. As in the constant-K case, also in the adiabatic-K case the efficiency increases as the 

ratio of the maximum value, K, of the coupling rates to the loss rate of the intermediate 

object ( and thus also the first and second objects for r 8 Jr A> 1) increases. In some 

examples, one may design a system so that K is larger than each of r 8 and r A· In some 

examples, one may design a system so that K is at least 2 times larger than each of r 8 and 

rA. In some examples, one may design a system so that K is at least 4 times larger than 

each of rB and r A· 

Although one may be interested in reducing the total energy lost (radiated + 

absorbed) as much as possible in order to make the transfer more efficient, the 

undersirable nature of the radiated energy may make it important to consider reducing the 

energy radiated. For this purpose, we calculate the energy radiated at optimum transfer in 

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

in this case are K/r B, r B 1r A, rr1d Jr A, and r!d 1r B· The problem is more complex 
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because the parameter space is now 4-dimensional. So we focus on those particular cross 

sections that can best reveal the most important differences between the two schemes. 

From Fig. 21c and 21f, one can guess that the best improvement in both E 2 and Eiost 

occurs for r B /f' Az500. Moreover, knowing that it is the intermediate object RB that 

makes the main difference between the adiabatic-Kand constant-K schemes, being 

"energy-empty" in the adiabatic-K case and "energy-full" in the constant-Kone, we first 

look at the special situation where f'r~d =0. In Fig. 22a and Fig. 22b, we show contour 

plots of the energy radiated at optimum transfer, in the constant-K and adiabatic-K 

schemes respectively, for the particular cross section having r B /f' A=500 and r;~ = 0. 

Comparing these two figures, one can see that, by using the adiabatic-K scheme, one can 

reduce the energy radiated by factor of 6.3 or more. 

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

r A,rad * 0, we calculate the ratio of energies radiated at optimum transfers in both 

schemes, namely, 

(46) 

which depends only on r,!d!rr~d, the time-dependent mode amplitudes, and the optimum 

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

Kif' B and r B /f' A· Hence the only parameters relevant to the calculations of the ratio of 

radiated energies are r,!d / r,1d , Kif' B and r B IC\, thus reducing the dimensionality of the 

investigated parameter space from down to 3. For convenience, we multiply the first 

relevant parameter r,!d / r;~ by r B/1 A which becomes ( r,!d If' B)/( rr~d /['A), i.e. the ratio 

of quantities that specify what percentage of each object's loss is radiated. Next, we 
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calculate the ratio of energies radiated as function of ( r,!d Jr B)J( r,~d Jr A) and K/r B in the 

two special cases r B Jr A=50, and r B Jr A=500, and plot them in Fig. 22c and Fig. 22d, 

respectively. We also show, in Fig. 22e, the dependence of (Eract)constant-K J(Eract)ErT-like on 

K/r B and r B JrA, for the special case r;!d = 0. As can be seen from Fig. 22c-22d, the 

adiabatic-K scheme is less radiative than the constant-K scheme whenever r!d Jr B is 

larger than r,:!d Jr A, and the radiation reduction ratio increases as r B Jr A and K/r B are 

increased (see fig. 22e). In some examples, the adiabatic-K scheme is less radiative than 

the constant-K scheme whenever rr!dJrr~d is larger than about 20. In some examples, the 

adiabatic-K scheme is less radiative than the constant-K scheme whenever rr!dJrr~d is 

larger than about 50. 

It is to be understood that while three resonant objects are shown in the previous 

examples, other examples can feature four or more resonant objects. For example, in 

some examples, a single source object can transfer energy to multiple device objects 

through one intermediate object. In some examples, energy can be transferred from a 

source resonant object to a device resonant object, through two or more inte1mediate 

resonant objects, and so forth. 

6. System Sensitivity to Extraneous Objects 

In general, the overall performance of an example of the resonance-based wireless 

energy-transfer scheme depends strongly on the robustness of the resonant objects' 

resonances. Therefore, it is desirable to analyze the resonant objects' sensitivity to the 

near presence of random non-resonant extraneous objects. One appropriate analytical 

model is that of "perturbation theory" (PT), which suggests that in the presence of an 

extraneous perturbing object p the field amplitude aI(t) inside the resonant object 1 

satisfies, to first order: 
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(47) 

where again w 1 is the frequency and f 1 the intrinsic (absorption, radiation etc.) loss rate, 

while OKu(p) is the frequency shift induced onto 1 due to the presence of p and of' l(p) is 

the extrinsic due to p (absorption inside p, scattering from p etc.) loss rate. of' l(p) is 

defined as of'1 (p) = f'1 (p) - f'1 , where f'1 (p) is the total perturbed loss rate in the 

presence of p. The first-order PT model is valid only for small perturbations. 

Nevertheless, the parameters OKu(p), of'1 (p) are well defined, even outside that regime, if 

a1 is taken to be the amplitude of the exact pe1iurbed mode. Note also that interference 

effects between the radiation field of the initial resonant-object mode and the field 

scattered off the extraneous object can for strong scattering (e.g. off metallic objects) 

result in total f' 1,rad(p) that are smaller than the initial f' 1,rad (namely of' 1,rad(p) is 

negative). 

It has been shown that a specific relation is desired between the resonant 

frequencies of the source and device-objects and the driving frequency. In some 

examples, all resonant objects must have the same eigenfrequency and this must be equal 

to the driving frequency. In some implementations, this frequency-shift can be "fixed" 

by applying to one or more resonant objects and the driving generator a feedback 

mechanism that corrects their frequencies. In some examples, the driving frequency from 

the generator can be fixed and only the resonant frequencies of the objects can be tuned 

with respect to this driving frequency. 

The resonant frequency of an object can be tuned by, for example, adjusting the 

geometric properties of the object (e.g. the height of a self-resonant coil, the capacitor 

plate spacing of a capacitively-loaded loop or coil, the dimensions of the inductor of an 

inductively-loaded rod, the shape of a dielectric disc, etc.) or changing the position of a 

non-resonant object in the vicinity of the resonant object. 

In some examples, referring to Fig. 23a, each resonant object is provided with an 

oscillator at fixed frequency and a monitor which determines the eigenfrequency of the 

object. At least one of the oscillator and the monitor is coupled to a frequency adjuster 

which can adjust the frequency of the resonant object. The frequency adjuster determines 
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the difference between the fixed driving frequency and the object frequency and acts, as 

described above, to b1ing the object frequency into the required relation with respect to 

the fixed frequency. This technique assures that all resonant objects operate at the same 

fixed frequency, even in the presence of extraneous objects. 

In some examples, referring to Fig. 23(b ), during energy transfer from a source 

object to a device object, the device object provides energy or power to a load, and an 

efficiency monitor measures the efficiency of the energy-transfer or power-transmission. 

A frequency adjuster coupled to the load and the efficiency monitor acts, as described 

above, to adjust the frequency of the object to maximize the efficiency. 

In other examples, the frequency adjusting scheme can rely on information 

exchange between the resonant objects. For example, the frequency of a source object 

can be monitored and transmitted to a device object, which is in tum synched to this 

frequency using frequency adjusters, as described above. In other embodiments the 

frequency of a single clock can be transmitted to multiple devices, and each device then 

synched to that frequency using frequency adjusters, as described above. 

Unlike the frequency shift, the extrinsic perturbing loss due to the presence of 

extraneous perturbing objects can be detrimental to the functionality of the energy

transfer scheme, because it is difficult to remedy. Therefore, the total perturbed quality 

factors Q(p) (and the corresponding perturbed strong-coupling factor U(p) 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«,,l) that 

we are considering: for example, for coils with h « 2r , most of the electric field is 

localized within the self-capacitance of the coil or the externally loading capacitor and, 

for dielectric disks, with E » 1 the electric field is preferentially localized inside the disk. 

In some examples, the influence of extraneous objects on magnetic resonances is nearly 

absent. The reason is that extraneous non-conducting objects p that could interact with 

the magnetic field in the air region surrounding the resonator and act as a perturbation to 
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the resonance are those having significant magnetic properties (magnetic permeability 

Re{µ}>l or magnetic loss Im{µ}>O). Since almost all every-day non-conducting 

materials are non-magnetic but just dielectric, they respond to magnetic fields in the same 

way as free space, and thus will not disturb the resonance of the resonator. Extraneous 

conducting materials can however lead to some extrinsic losses due to the eddy currents 

induced inside them or on their surface (depending on their conductivity). However, 

even for such conducting materials, their presence will not be detrimental to the 

resonances, as long as they are not in very close proximity to the resonant objects. 

The interaction between extraneous objects and resonant objects is reciprocal, 

namely, if an extraneous object does not influence a resonant object, then also the 

resonant object does not influence the extraneous object. This fact can be viewed in light 

of safety considerations for human beings. Humans are also non-magnetic and can 

sustain strong magnetic fields without undergoing any risk. A typical example, where 

magnetic fields B~lT 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~ 1 o-4T, 

which is actually comparable to the magnitude of the Earth's magnetic field. Since, as 

explained above, a strong electric near-field is also not present and the radiation produced 

from this non-radiative scheme is minimal, the energy-transfer apparatus, methods and 

systems described herein is believed safe for living organisms. 

An advantage of the presently proposed technique using adiabatic variations of 

the coupling rates between the first and intermediate resonators and between the 

intermediate and second resonators compared to a mode of operation where these 

coupling rates are not varied but are constant is that the interactions of the intermediate 

resonator with extraneous objects can be greatly reduced with the presently proposed 

scheme. The reason is once more the fact that there is always a substantially small 

amount of energy in the intermediate resonator in the adiabatic-K'. scheme, therefore there 

is little energy that can be induced from the intermediate object to an extraneous object in 

its vicinity. Fmthermore, since the losses of the intermediate resonator are substantially 
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avoided in the adiabatic-K case, the system is less immune to potential reductions of the 

quality factor of the intermediate resonator due to extraneous objects in its vicinity. 

6.1 Capacitively-loaded conducting loops or coils 

In some examples, one can estimate the degree to which the resonant system of a 

capacitively-loaded conducting-wire coil has mostly magnetic energy stored in the space 

surrounding it. If one ignores the fringing electric field from the capacitor, the electric 

and magnetic energy densities in the space surrounding the coil come just from the 

electric and magnetic field produced by the current in the wire; note that in the far field, 

these two energy densities must be equal, as is always the case for radiative fields. By 

using the results for the fields produced by a subwavelength ( r « A ) current loop 

(magnetic dipole) with h = 0, we can calculate the ratio of electric to magnetic energy 

densities, as a function of distance DP from the center of the loop (in the limit r « DP ) 

and the angle 0 with respect to the loop axis: 

we(x) 
Wm (x) 

£ 0 IE(x)i2 _ 
µ

0
IH(x)i2 -

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

and magnetic energy densities over the surface of a sphere of radius DP. From Eq.(48) it 

is obvious that indeed for all angles in the near field ( x « l) the magnetic energy density 

is dominant, while in the far field ( x » l) they are equal as they should be. Also, the 

preferred positioning of the loop is such that objects which can interfere with its 

resonance lie close to its axis ( 0 = 0 ), where there is no electric field. For example, using 

the systems described in Table 4, we can estimate from Eq.(48) that for the loop of 

r = 30cm at a distance DP= lOr = 3m the ratio of average electric to average magnetic 
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avoided in the adiabatic—K case, the system is less immune to potential reductions of the

quality factor of the intermediate resonator due to extraneous objects in its vicinity.

6.1 Capacitively—loaded conducting loops or coils

In some examples, one can estimate the degree to which the resonant system of a

capacitively-loaded conducting-wire coil has mostly magnetic energy stored in the space

surrounding it. If one ignores the fringing electric field from the capacitor, the electric

and magnetic energy densities in the space surrounding the coil come just from the

electric and magnetic field produced by the current in the wire; note that in the far field,

these two energy densities must be equal, as is always the case for radiative fields. By

using the results for the fields produced by a subwavelength (r << )1 ) current loop

(magnetic dipole) with h = 0 , we can calculate the ratio of electric to magnetic energy

densities, as a function of distance DP from the center of the loop (in the limit r << DP)

and the angle 6 with respect to the loop axis:

 

  

2 1+— Sinza

Jzflz x2 "=2”&
Wm lira-)2 1 1 1 1-2 ”m #0 A _f)+_4 400s 6+ 1——2+—4Jsm 6x“ x x x

(if, we (3)653 1 3, 3 a
’3‘: I .152" {22352-3-

tiwmmds 11123 i
in x3 x

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

and magnetic energy densities over the surface of a sphere of radius DP . From Eq.(48) it

is obvious that indeed for all angles in the near field (A: << 1) the magnetic energy density

is dominant, while in the far field (x >> 1) they are equal as they should be. Also, the

preferred positioning of the loop is such that objects which can interfere with its

resonance lie close to its axis (6 = 0), where there is no electric field. For example, using

the systems described in Table 4, we can estimate from Eq.(48) that for the loop of

r = 30cm at a distance DP =10r = 3m the ratio of average electric to average magnetic
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energy density would be ~ 12% and at DP= 3r = 90cm it would be ~ l % , and for the 

loop of r = 10cm at a distance DP= I Or= Im the ratio would be ~ 33% and at 

DP = 3r = 30cm it would be ~ 2.5% . At closer distances this ratio is even smaller and 

thus the energy is predominantly magnetic in the near field, while in the radiative far 

field, where they are necessarily of the same order (ratio ➔ 1 ), both are very small, 

because the fields have significantly decayed, as capacitively-loaded coil systems are 

designed to radiate very little. Therefore, this is the criterion that qualifies this class of 

resonant system as a magnetic resonant system. 

To provide an estimate of the effect of extraneous objects on the resonance of a 

capacitively-loaded loop including the capacitor fringing electric field, we use the 

perturbation theory formula, stated earlier, 

bl"" l,abs( P) = cq_ / 4 · J d3r Im { c P ( r) }IE1 (rt f ¥ with the computational FEFD results for 

the field of an example like the one shown in the plot of Fig. 5 and with a rectangular 

object of dimensions 30cm x 30cm x 1.5m and permittivity c:=49+ 16i (consistent with 

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

(~3cm away from it) and find !5Qabs(human) ~ 105 and for ~10cm away 

!5Qabs(human) ~ 5 · 105
• Thus, for ordinary distances ( ~Im) 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 !5Qabs(p) ---, oo. The 

only perturbation that is expected to affect these resonances is a close proximity of large 

metallic structures. 

Self-resonant coils can be more sensitive than capacitively-loaded coils, since for 

the former the electric field extends over a much larger region in space (the entire coil) 

rather than for the latter (just inside the capacitor). On the other hand, self-resonant coils 

can be simple to make and can withstand much larger voltages than most lumped 

capacitors. Inductively-loaded conducting rods can also be more sensitive than 

capacitively-loaded coils, since they rely on the electric field to achieve the coupling. 
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For dielectric disks, small, low-index, low-material-loss or far-away stray objects 

will induce small scattering and absorption. In such cases of small perturbations these 

extrinsic loss mechanisms can be quantified using respectively the analytical first-order 

perturbation theory formulas 

[ JQJ,md(r if = 2.Tl,md(r) / W, = f d 3
r [ Re{er (r)}IE1 (r ~J /w 

[ JQJ,abs(r) r = 2orl,ab.s(r) / "\ - f d3rlm {er (r )}IE1 H2 /2w 
where iv= f d 3r.s{r )IE1 (r )12 / 2 is the total resonant electromagnetic energy of the 

unperturbed mode. As one can see, both of these losses depend on the square of the 

resonant electric field tails E 1 at the site of the extraneous object. In contrast, the 

coupling factor from object 1 to another resonant object 2 is, as stated earlier, 

k12 = 2K12 ! ..Jw1012 z J d 3
r£2 (r)E;(r)E1(r) / J d 3r£(r)IE1(r)l

2 

and depends linearly on the field tails E1 of 1 inside 2. This difference in scaling gives us 

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

resonant objects should be much faster than all extrinsic loss rates ( K12 » br
112

(P) ), at 

least for small perturbations, and thus the energy-transfer scheme is expected to be sturdy 

for this class of resonant dielectric disks. 

However, we also want to examine certain possible situations where extraneous 

objects cause perturbations too strong to analyze using the above first-order perturbation 

theory approach. For example, we place a dielectric disk close to another off-resonance 

object of large Re{ c}, Im { c} and of same size but different shape ( such as a human being 

h ), as shown in Fig. 24a, and a roughened surface of large extent but of small Re{ c}, 

Im { c} ( such as a wall w ), as shown in Fig. 24b. For distances Dh.w Ir = l O - 3 between 

the disk-center and the "human"-center or "wall", the numerical FDFD simulation results 

presented in Figs. 24a and 24b suggest that, the disk resonance seems to be fairly robust, 
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since it is not detrimentally disturbed by the presence of extraneous objects, with the 

exception of the very close proximity of high-loss objects. To examine the influence of 

large perturbations on an entire energy-transfer system we consider two resonant disks in 

the close presence of both a "human" and a "wall". Comparing Table 8 to the table in 

Figure 24c, the numerical FDFD simulations show that the system performance 

deteriorates from U~l - 50 to U(hw)~0.5 - 10, i.e. only by acceptably small amounts. 

In general, different examples of resonant systems have different degree of 

sensitivity to external perturbations, and the resonant system of choice depends on the 

particular application at hand, and how important matters of sensitivity or safety are for 

that application. For example, for a medical implantable device (such as a wirelessly 

powered artificial heart) the electric field extent must be minimized to the highest degree 

possible to protect the tissue surrounding the device. In such cases where sensitivity to 

external objects or safety is important, one should design the resonant systems so that the 

ratio of electric to magnetic energy density we I wm is reduced or minimized at most of 

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

7 Applications 

The non-radiative wireless energy transfer techniques described above can enable 

efficient wireless energy-exchange between resonant objects, while suffering only modest 

transfer and dissipation of energy into other extraneous off-resonant objects. The 

technique is general, and can be applied to a variety of resonant systems in nature. In this 

Section, we identify a variety of applications that can benefit from or be designed to 

utilize wireless power transmission. 

Remote devices can be powered directly, using the wirelessly supplied power or 

energy to operate or run the devices, or the devices can be powered by or through or in 

addition to a battery or energy storage unit, where the battery is occasionally being 

charged or re-charged wirelessly. The devices can be powered by hybrid battery/energy 

storage devices such as batteries with integrated storage capacitors and the like. 

Furthermore, novel battery and energy storage devices can be designed to take advantage 

of the operational improvements enabled by wireless power transmission systems. 
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Devices can be turned off and the wirelessly supplied power or energy used to 

charge or recharge a battery or energy storage unit. The battery or energy storage unit 

charging or recharging rate can be high or low. The battery or energy storage units can 

be trickle charged or float charged. It would be understood by one of ordinary skill in the 

art that there are a variety of ways to power and/or charge devices, and the variety of 

ways could be applied to the list of applications that follows. 

Some wireless energy transfer examples that can have a variety of possible 

applications include for example, placing a source ( e.g. one connected to the wired 

electricity network) on the ceiling of a room, while devices such as robots, vehicles, 

computers, PDAs or similar are placed or move freely within the room. Other 

applications can include powering or recharging electric-engine buses and/or hyb1id cars 

and medical implantable devices. Additional example applications include the ability to 

power or recharge autonomous electronics (e.g. laptops, cell-phones, portable music 

players, house-hold robots, OPS navigation systems, displays, etc), sensors, industrial and 

manufacturing equipment, medical devices and monitors, home appliances ( e.g. lights, 

fans, heaters, displays, televisions, counter-top appliances, etc.), military devices, heated 

or illuminated clothing, communications and navigation equipment, including equipment 

built into vehicles, clothing and protective-wear such as helmets, body armor and vests, 

and the like, and the ability to transmit power to physically isolated devices such as to 

implanted medical devices, to hidden, buried, implanted or embedded sensors or tags, to 

and/or from roof-top solar panels to indoor distribution panels, and the like. 

A number of examples of the invention have been described. Nevertheless, it will 

be understood that various modifications can be made without departing from the spirit 

and scope of the invention. 
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1. A method for transferring energy wirelessly, the method comprising: 

transferring energy wirelessly from a first resonator structure to an intermediate resonator 

structure, wherein the coupling rate between the first resonator structure and the 

intermediate resonator structure is 7½ 8 ; 

transferring energy wirelessly from the intermediate resonator structure to a second 

resonator structure, wherein the coupling rate between the intermediate resonator 

structure and the second resonator structure is K82 ; and 

during the wireless energy transfers, adjusting at least one of the coupling rates 7½8 and 

K82 to reduce energy accumulation in the intermediate resonator structure and improve 

wireless energy transfer from the first resonator st1ucture to the second resonator 

structure through the intermediate resonator structure. 

2. The method of claim 1, wherein the adjustment of at least one of the coupling 

rates 7½ 8 and K82 minimizes energy accumulation in the intermediate resonator structure 

and causes wireless energy transfer from the first resonator structure to the second 

resonator structure. 

3. The method of claims 1 or 2, wherein the adjustment of at least one of the 

coupling rates 7½ 8 and K82 maintains energy distribution in the field of the three

resonator system in an eigenstate having substantially no energy in the intermediate 

resonator structure. 

4. The method of claim 3, wherein the adjustment of at least one of the coupling 

rates 7½ 8 and K82 further causes the eigenstate to evolve substantially adiabatically from 

an initial state with substantially all energy in the resonator structures in the first 

resonator structure to a final state with substantially all of the energy in the resonator 

structures in the second resonator structure. 
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5. The method of any of claims 1 to 4, wherein the adjustment of at least one of the 

coupling rates '<is and Ks 2 comprises adjustments of both coupling rates '<is and Ks 2 

during wireless energy transfer. 

6. The method of claim 1, wherein the resonator structures each have a quality factor 

larger than 10. 

7. The method of any of the preceding claims, wherein resonant energy in each of 

the resonator structures comprises electromagnetic fields. 

8. The method of claim 7, wherein the maximum value of the coupling rate '<is and 

the maximum value of the coupling rate Ks 2 for inductive coupling between the 

intermediate resonator structure and each of the first and second resonator structures are 

each larger than twice the loss rate r for each of the first and second resonators. 

9. The method of claim 8, wherein the maximum value of the coupling rate TC..s and 

the maximum value of the coupling rate Ks 2 for inductive coupling between the 

intermediate resonator structure and each of the first and second resonator structures are 

each larger than four ( 4) times the loss rate r for each of the first and second resonators. 

10. The method of claim 7, wherein each resonator structure has a resonant frequency 

between 50 KHz and 500 MHz. 

11. The method of any of the preceding claims, wherein the maximum value of the 

coupling rate TC..s and the maximum value of the coupling rate Ks2 are each at least five 

(5) times greater than the coupling rate between the first resonator structure and the 

second resonator structure. 
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12. The method of any of the preceding claims, wherein the intermediate resonator 

structure has a rate of radiative energy loss that is at least twenty (20) times greater than 

that for either the first resonator structure or the second resonator structure. 

13. The method of claim 1, wherein the first and second resonator structures are 

substantially identical. 

14. The method of any of the preceding claims, wherein the adjustment of at least one 

of the coupling rates !<is and Ks 2 causes peak energy accumulation in the intermediate 

resonator structure to be less than five percent (5%) of the peak total energy in the three 

resonator st1uctures. 

15. The method of any of the preceding claims, wherein adjusting at least one of the 

coupling rates !<is and Ks 2 comprises adjusting a relative position and/or orientation 

between one or more pairs of the resonator structures. 

16. The method of any of the preceding claims, wherein adjusting at least one of the 

coupling rates '<is and TC82 comprises adjusting a resonator property of one or more of 

the resonator structures. 

17. The method of claim 16, wherein the resonator property comprises mutual 

inductance. 

18. The method of any of the preceding claims, wherein at least one of the resonator 

structures comprises a capacitively loaded loop or coil of at least one of a conducting 

wire, a conducting Litz wire, and a conducting ribbon. 
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19. The method of any of the preceding claims, wherein at least one of the resonator 

structures comprises an inductively loaded rod of at least one of a conducting wire, a 

conducting Litz wire, and a conducting ribbon. 

20. An apparatus comprising: 

first, intermediate, and second resonator structures, wherein a coupling rate between the 

first resonator structure and the intermediate resonator structure is Kie and a coupling 

rate between the intermediate resonator structure and the second resonator structure is 

means for adjusting at least one of the coupling rates Kie and Ke2 dming wireless energy 

transfers among the resonator structures to reduce energy accumulation in the 

intermediate resonator structure and improve wireless energy transfer from the first 

resonator st1ucture to the second resonator structure through the intermediate resonator 

structure. 

21. The apparatus of claim 20, wherein the means for adjusting comprises a rotation 

stage for adjusting the relative orientation of the intermediate resonator structure with 

respect to the first and second resonator structures. 

22. The apparatus of claim 20, wherein the means for adjusting comprises a 

translation stage for moving the first and/or second resonator structures relative to the 

intermediate resonator structure. 

23. The apparatus of claim 20, wherein the means for adjusting comprises a 

mechanical, electro-mechanical, or electrical staging system for dynamically adjusting 

the effective size of one or more of the resonator structures. 

24. The method of claim 4, wherein the adjustment of at least one of the coupling 

rates Kie and Ke 2 causes peak energy accumulation in the intermediate resonator 
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structure during the wireless energy transfers to be less than ten percent (10%) of the 

peak total energy in the three resonator structures. 

25. The method of any of claims 1-19 and 24, wherein the wireless energy transfers 

are non-radiative energy transfers mediated by a coupling of a resonant field evanescent 

tail of the first resonator structure and a resonant field evanescent tail of the intermediate 

resonator structure and a coupling of the resonant field evanescent tail of the intermediate 

resonator structure and a resonant field evanescent tail of the second resonator structure. 

26. The method of claim 25, wherein the first and second resonator structures each 

have a quality factor greater than 50. 

27. The method of claim 25, wherein the first and second resonator structures each 

have a quality factor greater than 100. 

28. A method for transferring energy wirelessly, the method comprising: 

transferring energy wirelessly from a first resonator structure to a intermediate resonator 

structure, wherein the coupling rate between the first resonator structure and the 

intermediate resonator structure is 7½ 8 ; 

transferring energy wirelessly from the intermediate resonator structure to a second 

resonator, wherein the coupling rate between the intermediate resonator structure and the 

second resonator structure is K82 ; and 

during the wireless energy transfers, adjusting at least one of the coupling rates 7½ 8 and 

K82 to cause an energy distribution in the field of the three-resonator system to have 

substantially no energy in the intermediate resonator structure while wirelessly 

transferring energy from the first resonator structure to the second resonator structure 

through the intermediate resonator structure. 
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29. The method of claim 28, wherein having substantially no energy in the 

intermediate resonator structure means that peak energy accumulation in the intermediate 

resonator structure is less than ten percent (10%) of the peak total energy in the three 

resonator structures throughout the wireless energy transfer. 

30. The method of claim 28, wherein having substantially no energy in the 

intermediate resonator structure means that peak energy accumulation in the intermediate 

resonator structure is less than five percent (5%) of the peak total energy in the three 

resonator structures throughout the wireless energy transfer. 

31. The method of any of claims 28 to 30, wherein the adjustment of at least one of 

the coupling rates K18 and K82 maintains the energy distribution in the field of the three-

resonator system in an eigenstate having the substantially no energy in the intermediate 

resonator structure. 

32. The method of claim 31, wherein the adjustment of at least one of the coupling 

rates Ki.s and K82 further causes the eigenstate to evolve substantially adiabatically from 

an initial state with substantially all energy in the resonator structures in the first 

resonator structure to a final state with substantially all of the energy in the resonator 

structures in the second resonator structure. 

33. The method of any of claims 28 to 32, wherein the adjustment of at least one of 

the coupling rates K18 and K82 comprises adjustments of both coupling rates Ki.s and K 82 

dming wireless energy transfers. 

34. The method of any of claims 28 to 33, wherein resonant energy in each of the 

resonator st1uctures comprises electromagnetic fields. 
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35. The method of claim 34, wherein the maximum value of the coupling rate K"is 

and the maximum value of the coupling rate K82 for inductive coupling between the 

intermediate resonator structure and each of the first and second resonator structures are 

each larger than twice the loss rate r for each of the first and second resonators. 

36. The method of claim 34, wherein the maximum value of the coupling rate Kis 

and the maximum value of the coupling rate K82 for inductive coupling between the 

intermediate resonator structure and each of the first and second resonator structures are 

each larger than four ( 4) times the loss rate r for each of the first and second resonators. 

37. The method of any of claims 34 to 36, wherein each resonator structure has a 

resonant frequency between 50 KHz and 500 MHz. 

38. The method of any of claims 28 to 37, wherein the maximum value of the 

coupling rate Kis and the maximum value of the coupling rate K82 are each at least five 

(5) times greater than the coupling rate between the first resonator structure and the 

second resonator structure. 

39. The method of any of claims 28 to 38, wherein the intermediate resonator 

structure has a rate of radiative energy loss that is at least twenty (20) times greater than 

that for either the first resonator structure or the second resonator structure. 

40. The method of any of claims 28 to 39, wherein the first and second resonator 

structures are substantially identical. 

41. The method of any of claims 28 to 40, wherein adjusting at least one of the 

coupling rates Kis and K82 comprises adjusting a relative position and/or orientation 

between one or more pairs of the resonator structures. 
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42. The method of any of claims 28-41, wherein adjusting at least one of the coupling 

rates Kie and Ke 2 comprises adjusting a resonator property of one or more of the 

resonator structures. 

43. The method of claim 42, wherein the resonator property comprises mutual 

inductance. 

44. The method of any of claims 28 to 43, wherein at least one of the resonator 

structures comprises a capacitively loaded loop or coil of at least one of a conducting 

wire, a conducting Litz wire, and a conducting ribbon. 

45. The method of any of claims 28 to 44, wherein at least one of the resonator 

structures comprises an inductively loaded rod of at least one of a conducting wire, a 

conducting Litz wire, and a conducting ribbon. 

46. The method of any of claims 28 to 45, wherein the wireless energy transfers are 

non-radiative energy transfers mediated by a coupling of a resonant field evanescent tail 

of the first resonator structure and a resonant field evanescent tail of the intermediate 

resonator structure and a coupling of the resonant field evanescent tail of the intermediate 

resonator st1ucture and a resonant field evanescent tail of the second resonator structure. 

4 7. The method of claim 46, wherein the first and second resonator structures each 

have a quality factor greater than 50. 

48. The method of claim 47, wherein the first and second resonator structures each 

have a quality factor greater than 100. 

49. The method of any of claims 28 to 48, wherein the adjustment of at least one of 

the coupling rates K1s and Ke 2 to cause the energy distribution in the field of the three-
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resonator system to have substantially no energy in the intermediate resonator st1ucture 

improves wireless energy transfer between the first and second resonator structures. 

50. An apparatus comprising: 

first, intermediate, and second resonator structures, wherein a coupling rate between the 

first resonator structure and the intermediate resonator structure is KiB and a coupling 

rate between the intermediate resonator st1ucture and the second resonator structure is 

KB 2 ; and 

means for adjusting at least one of the coupling rates KiB and KB2 during wireless energy 

transfers among the resonator structures to cause an energy distribution in the field of the 

three-resonator system to have substantially no energy in the intermediate resonator 

structure while wirelessly transferring energy from the first resonator structure to the 

second resonator structure through the intermediate resonator structure. 

51. The apparatus of claim 50, wherein having substantially no energy in the 

intermediate resonator structure means that peak energy accumulation in the intermediate 

resonator structure is less than ten percent (10%) of the peak total energy in the three 

resonator structures throughout the wireless energy transfers. 

52. The apparatus of claim 50, wherein having substantially no energy in the 

intermediate resonator st1ucture means that peak energy accumulation in the intermediate 

resonator structure is less than five percent (5%) of the peak total energy in the three 

resonator structures throughout the wireless energy transfers. 

53. The apparatus of any of claims 50 to 52, wherein the means for adjusting is 

configured to maintain the energy distribution in the field of the three-resonator system in 

an eigenstate having the substantially no energy in the intermediate resonator structure. 
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54. The apparatus of any of claims claim 50 to 53, wherein the means for adjusting 

comprises a rotation stage for adjusting the relative orientation of the intermediate 

resonator structure with respect to the first and second resonator structures. 

55. The apparatus of any of claims 50 to 54, wherein the means for adjusting 

comprises a translation stage for moving the first and/or second resonator structures 

relative to the intermediate resonator structure. 

56. The apparatus of any of claims 50 to 55, wherein the means for adjusting 

comprises a mechanical, electro-mechanical, or electrical staging system for dynamically 

adjusting the effective size of one or more of the resonator structures. 

57. The apparatus of any of claims 50 to 56, wherein at least one of the resonator 

structures comprises a capacitively loaded loop or coil of at least one of a conducting 

wire, a conducting Litz wire, and a conducting ribbon. 

58. The apparatus of any of claims 50 to 57, wherein at least one of the resonator 

structures comprises an inductively loaded rod of at least one of a conducting wire, a 

conducting Litz wire, and a conducting ribbon. 

59. The apparatus of any of claims 50 to 58, further comprising a source coupled to 

the first resonator structure and a load coupled to the second resonator structure. 

60. The method of any of claims 1-19 and 24-27, wherein the adjustment of the at 

least one of the coupling rates defines a first mode of operation, 

wherein the reduction in the energy accumulation in the intermediate resonator structure 

is relative to energy accumulation in the intermediate resonator structure for a second 

mode of operation of wireless energy transfer among the three resonator structures having 

a coupling rate K'1s for wireless energy transfer from the first resonator structure to the 

intermediate resonator structure and a coupling rate K's 2 for wireless energy transfer 
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from the intermediate resonator structure to the second resonator structure with K'IB and 

K's 2 each being substantially constant during the second mode of wireless energy 

transfer, and 

wherein the adjustment of the coupling rates '<is and K2B in the first mode of operation 

satisfies '<is, Ks2 < { K' ~s+ K's~ )/2 

61. The method of claim 60, wherein the first mode of operation has a greater 

efficiency of energy transfeITed from the first resonator to the second resonator compared 

to that for the second mode of operation. 

62. The method of claim 61, wherein the first and second resonator structures are 

substantially identical and each one has a loss rate rA, the intermediate resonator 

structure has a loss rate rs, and wherein rs /rA is greater than 50. 

63. The method of claim 60, wherein a ratio of energy lost to radiation and total 

energy wirelessly transfeITed between the first and second resonator structures in the first 

mode of operation is less than that for the second mode of operation. 

64. The method of claim 63, wherein the first and second resonator structures are 

substantially identical and each one has a loss rate r,4 and a loss rate only due to 

radiation rA,rad, the intermediate resonator structure has a loss rate rs and a loss rate 

only due to radiation rS,rad and wherein rS,rad /rs > rA,rad /rA . 

65. The method of claim 60, wherein in the first mode of operation the intermediate 

resonator structure interacts less with extraneous objects than it does in the second mode 

of operation. 
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66. The method of any of claims 1-19, 24-27, and 60-65, wherein dming the wireless 

energy transfer from the first resonator structure to the second resonator structure at least 

one of the coupling rates is adjusted so that K1e << Ke2 at a start of the energy transfer 

and Kie >> Ke 2 by a time a substantial portion of the energy has been transferred from the 

first resonator structure to the second resonator st1ucture. 

67. The method of claim 66, wherein the coupling rate Ke2 is maintained at a fixed 

value and the coupling rate K1e is increased during the wireless energy transfer from the 

first resonator structure to second resonator structure. 

68. The method of claim 66, wherein the coupling rate Kie is maintained at a fixed 

value and the coupling rate Ke 2 is decreased during the wireless energy transfer from the 

first resonator structure to second resonator structure. 

69. The method of claim 66, wherein, during the wireless energy transfer from the 

first resonator structure to second resonator structure, the coupling rate KIE is increased 

and the coupling rate Ke 2 is decreased. 

70. The method of any of claims 28-49, wherein the adjustment of the at least one of 

the coupling rates defines a first mode of operation, 

wherein energy accumulation in the intermediate resonator structure during the wireless 

energy transfer from the first resonator structure to second resonator structure is smaller 

than that for a second mode of operation of wireless energy transfer among the three 

resonator st1uctures having a coupling rate K'rn for wireless energy transfer from the first 

resonator structure to the intermediate resonator structure and a coupling rate K 's 2 for 

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

structure with K'rn and K'e 2 each being substantially constant during the second mode of 

wireless energy transfer, and 
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wherein the adjustment of the coupling rates T<is and Ks2 in the first mode of operation 

K, IC < (,c' 21,B+ ,c'B~-· )/2. satisfies is ' sz 

71. The method of claim 70, wherein the first mode of operation has a greater 

efficiency of energy transferred from the first resonator to the second resonator compared 

to that for the second mode of operation. 

72. The method of claim 71, wherein the first and second resonator structures are 

substantially identical and each one has a loss rate rA, the intermediate resonator 

structure has a loss rate rs, and wherein rs /rA is greater than 50. 

73. The method of claim 70, wherein a ratio of energy lost to radiation and total 

energy wirelessly transferred between the first and second resonator structures in the first 

mode of operation is less than that for the second mode of operation. 

74. The method of claim 73, wherein the first and second resonator structures are 

substantially identical and each one has a loss rate r,4 and a loss rate only due to 

radiation rA,rad, the intermediate resonator structure has a loss rate rs and a loss rate 

only due to radiation rB,rad and wherein rB,rad /rs > rA,rad Jr A • 

75. The method of claim 70, wherein in the first mode of operation the intermediate 

resonator structure interacts less with extraneous objects than it does in the second mode 

of operation. 

76. The method of any of claims 28-49 and 70-75, wherein dming the wireless energy 

transfer from the first resonator structure to the second resonator structure at least one of 

the coupling rates is adjusted so that K1s << Ks2 at a start of the energy transfer and 
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'<is >> Ks 2 by a time a substantial portion of the energy has been transfen-ed from the 

first resonator structure to the second resonator structure. 

77. The method of claim 76, wherein the coupling rate Ks2 is maintained at a fixed 

value and the coupling rate '<is is increased during the wireless energy transfer from the 

first resonator structure to second resonator structure. 

78. The method of claim 76, wherein the coupling rate '<is is maintained at a fixed 

value and the coupling rate Ks 2 is decreased during the wireless energy transfer from the 

first resonator structure to second resonator structure. 

79. The method of claim 76, wherein, during the wireless energy transfer from the 

first resonator structure to second resonator structure, the coupling rate '<is is increased 

and the coupling rate Ks 2 is decreased. 

80. A method for transferring energy wirelessly, the method comprising: 

transferring energy wirelessly from a first resonator st1ucture to a intermediate resonator 

structure, wherein the coupling rate between the first resonator structure and the 

intermediate resonator structure is '<is ; 

transferring energy wirelessly from the intermediate resonator structure to a second 

resonator, wherein the coupling rate between the intermediate resonator structure and the 

second resonator structure with a coupling rate is Ks 2 ; and 

during the wireless energy transfers, adjusting at least one of the coupling rates T<i.s and 

Ks 2 to define a first mode of operation in which energy accumulation in the intermediate 

resonator structure is reduced relative to that for a second mode of operation of wireless 

energy transfer among the three resonator structures having a coupling rate K 'IB for 

wireless energy transfer from the first resonator st1ucture to the intermediate resonator 
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structure and a coupling rate K 's2 for wireless energy transfer from the intermediate 

resonator structure to the second resonator structure with K'IB and K's 2 each being 

substantially constant during the second mode of wireless energy transfer, and 

wherein the adjustment of the coupling rates '<is and Ks2 in the first mode of operation 

K, K < (,c' 21,s+ K's~-- )/2. satisfies is ' s 2 

81. An apparatus comprising: 

first, intermediate, and second resonator structures, wherein a coupling rate between the 

first resonator structure and the intermediate resonator structure is '<is and a coupling 

rate between the intermediate resonator structure and the second resonator structure is 

means for adjusting at least one of the coupling rates '<is and Ks2 during wireless energy 

transfers among the resonator structures to define a first mode of operation in which 

energy accumulation in the intermediate resonator structure is reduced relative to that for 

a second mode of operation for wireless energy transfer among the three resonator 

structures having a coupling rate K'1s for wireless energy transfer from the first resonator 

structure to the intermediate resonator structure and a coupling rate K 's2 for wireless 

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

with K'IB and K'82 each being substantially constant during the second mode of wireless 

energy transfer, and 

wherein the adjustment of the coupling rates K12 and Ks2 in the first mode of operation 
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structure and a coupling rate K“ ’32 for wireless energy transfer from the intermediate

resonator structure to the second resonator structure with K’IB and K932 each being

substantially constant during the second mode of wireless energy transfer, and

wherein the adjustment of the coupling rates K13 and K3: in the first mode of operation

K' KBZ< (K fB+KB;)/2satisfies “3 ’

81. An apparatus comprising:

first, intermediate, and second resonator structures, wherein a coupling rate between the

first resonator structure and the intermediate resonator structure is [(13 and a coupling

rate between the intermediate resonator structure and the second resonator structure is

K and82 ;

means for adjusting at least one of the coupling rates K13 and [(32 during wireless energy

transfers among the resonator structures to define a first mode of operation in which

energy accumulation in the intermediate resonator structure is reduced relative to that for

a second mode of operation for wireless energy transfer among the three resonator

structures having a coupling rate K’IB for wireless energy transfer from the first resonator

structure to the intermediate resonator structure and a coupling rate K’BZ for wireless

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

with K513 and K932 each being substantially constant during the second mode of wireless

energy transfer, and

wherein the adjustment of the coupling rates K12 and K32 in the first mode of operation

9 2 9 2

satisfies K13“ K32 < (K 13+K 32 )/2 .
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INDUCTIVE.POWER T~NSFER
0

APPARATLIS 

· Fielc:fofthe tnventio_il 

'This:irlventioo· te!ates tcr_apparatusJor gener~ting o,r teceiying n,~gnetic ·flu~.· Tfr~ inv~btion has 
• • • •••• .- • ~ ·-, • • • • -. ' • • : • • • • •• • • ; • < 

patti~ular, but riot sol¢; ~pplicatior{fo a low profile, iubstan,tiallyJla_t devic_e; su_ch as a0p_ad, for 

: pow~r;transfer using. an IDductive P.6.,;_,er Transfe((!PT) syst~m. 

10 Backgiound 

IPT systems, and use of.a.pad including one or more windings that may comprise the primary or: 

;secondary Windi~gs for inductive p~wer triuisfer, are introduced in our publish~d international 

patent application WO 2008/140333, the contents of which are incorporated herein by 

15 · reference. One particular application of IPT power transfer pads is electric vehicle charging. 

IPT power transfer pads are used both in the vehicle as a power "pick-up" device (i.e. the 

secondary side winding of the IPT system), and at a stationary location such as a garage floor 

as the "charging pad" (i.e. the primary side winding) from which power is sourced. 

20 In the development of pick-ups for inductively charging electric vehicles a problem of some 

concern is the clearance available under the vehicle. With conventional pick-up circuits power 

iri sufficient quantities can be provided at distances up to perhaps 100 mm at which time the 

coupling factor becomes so small that it becomes impractical. 

25 It is generally conceded that the power required to charge a typical electric vehicle overnight is 

about 2.0 kW, so that in an overnight charging mode some 24 kWH can be transferred. With 

modern electric vehicles this is enough energy to travel more than 100 km and is ideal for small 

vehicles used for tasks such as dropping children at schools, running errands, short commutes 

and the like. 

30 

Inductively coupled chargers commonly use two power pads that are circular in shape and may 

have dimensions of 400 mm diameter by 25 mm thick as shown in Figure 1. However; to use 

an inductive charger such as this the vehicle must be positioned relatively accurately over the 

charging pad - typically within 50 mm of perfect alignment - and the separation between the 

35 power pad on the vehicle and the power pad on the ground must be closely controlled. In 

principle inductive power transfer may be accomplished for vertical spacings between O mm and -. 

100 mm but if the system is set up for 100 mm it will have quite a large reduction in power at 
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120 mm and will be inoperable below 50 mm. This state of affairs occurs because both the Self 

inductance and the mutufil kiductance of the power pads vary widely as the dista.nce between· · 
- .· . . . . . .: . 

the pads changes. The self ir,ductance and.the mutual indl,lctance as a function of the._: 
- . . . ' -- . . 

separation for two identical cir9ulat pads that have·the .construction of Figure 1, are shown· in 

5. Figure 2. thus·at 100.}~m-the. power pad receiv~/:b/pick:-u~ may have a pick-upvoltage of 100· 

·. V and a:short circuit ctirrent ~f5.0 A for a power (~ting of 500 W. If the IPT system electronics .'.. 

:operates with.aQ·factbtof4, then 2 kV\/c~~be tfijlt)~ferred tothe battery though. there ~~e still .. 

difficulties to overcome in· producing the power needed at the appropriate battery voltage: 

10 The induced voltage in tt:te pick-up pad (i.e. the vehicle mounted power pad) is very separation . 

sensitive- corresponding to the.variation in mutu~I inductance shown in Figure 2 - so that at 

120 mm it is reduced by approximately 40% while at 50 mm it is increased by a factor of.2. A 

· reduction·in power means that the vehicle does notget fully charged in the usual time; but the 

more· challenging situation is that at smaller separations the power transferred may be so high 

15 that the components of the circuit are overloaded. Also, as the separation is reduced the self 

inductance of the pick-up coil also changes so that the circuit operates off-frequency putting 

· extra stress on the power supply. As the separation gets smaller still this stress on the power 

supply caused by the non-tuned pick-up on the primary side cannot be sustained and the 

system must be shut down. In practice it is feasible to operate with a separation between 40 

· 20 and 100 mm but a larger range is too difficult. 

A range of separation from 40 to 100 mm is quite small. If the vehicle has a relatively high 

ground clearance then either the power pad on the vehicle has to be lowered or the power pad 

on the ground has to be raised. Automatic systems for doing this compromise the reliability of 

25 the charging system. Alternatively the pad on the ground can be on a fixed but a raised 

platform but such a pad is a tripping hazard when a car is not being charged and this situation is 

generally to be avoided in a garage or other location involving vehicles and pedestrians. 

The known power pad construction of Figure 1 comprises an aluminium case 1 containing 

30 typically eight ferrite bars 2 and a coil 3. Current in the coil causes magnetic flux in the ferrite 

bars and this flux has flux lines that start on the ferrite bars and propagate to the.other end of · 

the bar in a path containing the coil that may be thought of as a semi-elliptical shape. The flux 

lines 4 for a single bar are shown in Figure 3. The flux lines leave the ferrite in an upward 

direction and propagate to the other end of the bar, entering it at right angles. No flux goes out 

35 the back of the pad as the solid aluminium backing plate 1 prevents it. In the actual pad the 

eight bars give a flux pattern-shown approximately in cross section in Figure 4. A simulation of 

the actual flux pattern is shown in Figure 4A. 
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From Figure 4A it can be:seen· that at the highest point the flux'lines are essentially horizqntal. · 

. Therefore, to get the maximum separation possible between the primary pad _and the secondary · 

· :\·;;i _pad. it Would be :advantageous to detect this horiz~ntal flux. However, the -horizontal flu~ is still . , · -· 

5 · relatively close to the pad (extending from the pad'approximatelyone quarter of the diameter of· __ --. -

,·.,. ·· . the pad)'and there·is no horizontal flux at all at the very centre of tt:te power pad,:Thl,.is·at the 

very pointwhere•maximum flux density would be ideal- the centre-the·actual usable·-, - -· ·· 

horizontal flux component is zero. 

--> · 10. ··• · summary 

15 

20 

It is an object of the invention to provide an improved apparatus or method for generating or 

receiving magnetic flux, or an improved IPT power transfer pad; or to at least provide a useful . 

alternative. 

Accordingly in one aspect the invention provides a magnetic flux pad having a front face and a 

back face for generating or receiving magnetic flux, the pad comprising: 

two pole areas for sending or receiving flux; 

a magnetically permeable core magnetically connecting the pole areas; 

a coil wound about the core; and 

whereby the flux enters the pad at one of the pole areas and exits the pad at the other 

pole area. 

In some embodiments a flux shaping means is provided such that flux is directed into a space 

25 beyond the front face of the pad. The flux shaping means may be located adjacent to the back 

face of the pad and may advantageously comprise a member, such as a plate, constructed from 

a flux repelling material. 

In some embodiments a flux shaping means is provided such that flux is substantially prevented 

30 from escaping from the core. The flux shaping means may comprise a flux repelling member 

located adjacent to the front face .of the pad. It may further comprise a flux repelling member · 

located adjacent to the rear face of the pad. 

The coil may comprise a plurality of coils. The coils may be connected electrically in parallel 

35 ·. and/or magnetically in series. 
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In another aspect the invention provides a magnetic flux pad having a front face and a back 

. face for generating a magnetic flux in a space beyond the front face of th~ pad, the pad 

comprising: 

· two pole areas for sending or receiving .flux; . 

5 · .. a magnetically permeable core magnetically connecting the pole areas; 

10 

a coil wound about the core; ·· 

a·flux repelling means provided adjacentto.arear face; and 

whereby the flux enters the pad at one of the pole areas and exits the pad at the other 

pole area. 

In a further aspect the invention provides an IPT power transfer pad including: a magnetic flux 

· carrying member having a high magnetic·permeability and two ends, each end being 

substantially adjacent a peripheral edge of the pad; and one or more windings provided about at 

least a part of the flux carrying member; and wherein said pad is configured such that magnetic 

15 flux exits or enters the flux carrying member substantially only at or adjacent to the ends. 

In a still further aspect the invention provides an IPT system including a first magnetic flux pad 

or I PT power transfer pad for connection to a power supply and a second magnetic flux pad or. 

IPT power transfer pad for connection to a load, the first and second magnetic flux pads or IPT 

20 power pads constructed according to any one of the above-described aspects and having one 

or more windings with the same number of turns, and wherein the number of turns is selected 

dependent on a required operating frequency 

In another aspect the invention provides an IPT system including a magnetic flux pad according 

25 to any one of the preceding statements. 

In some embodiments the system supplies power to an electric vehicle, such as an electric 

vehicle charging system. 

30 Further aspects of the invention will become apparent from the following description. 

Drawing Description 

One or more embodiments are described below by way of example with reference to the 

· 35 accompanying drawings, in which: 

. Figure 1 is a perspective view of part of a known form of IPT power transfer pad; 
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Figure 2 is a graph of ,inductance measurements and flux linkage efficiency with-respect to 

: h·eightdisplacemehtfor a pad such; as -that of Figure 1; 

Figure 3:js a diagrammatic elevation in cross section of a part of the pad of Figure t showing 

· flux- lines;- · 

5 · ·· · Figure 4 is a plan· view and. elevation of a cross section of the pad of Figure ·1 showing.flux:. 

·lines; •. <•·· 
· 'FigureAA is· an.elevation in cross section of a computer generated simulation oHhe m~gnetic 

field (indicated by flux lines} of the pad of Figure 1; · 

Figure 5 is a plan view and elevation in cross section of an embodiment of a new IPTpower 

1 O transfer pad; 

Figure 6 is a diagrammatic view of the pad of Figure 5 showing one example of a winding 

arrangement;• 

Figure 7 is a diagrammatic elevation in cross section of the pad of Figure 5, and showing flux 

lines; 

15 Figure 7A is an elevation in cross section of a computer generated simulation of the magnetic 

field (indicated by flux lines) of the pad of Figure 6; 

Figure 8 is a plan view of another embodiment of a new pad based on the design of the pad of 

Figure 5; 

Figure 9 is a graph of inductance measurements and flux linkage efficiency with respect to 

20 height displacement for a pad such as that of Figure 7; 

Figure 10 is a graph of inductance measurements and flux linkage efficiency with respect to 

height displacement for both the pad of Figure 1 (referred to as the Circular pad) and the pad of 

Figure 7 (referred to as the Polarised pad); 

Figure 11 is an isometric view of two separated ferrite cores showing an arrangement used for 

25 the purpose of simulating their performance in a power transfer system; 

Figure 12 is a computer generated flux plot in a pad as shown in Figure 11 with 25 A current in 

windings provided about the ferrite core; 

Figure 13 is a computer generated plot showing flux density in the ferrite core of the pad 

referred to in Figure 12 taken through an XY plane half way through the thickness {Z axis) of the 

30 ferrite core; 

Figure 14 is a plan view of the arrangement of Figure 11 illustrating the position ota cut plane 

through the XZ axis at a point half way through the width (Y axis) of the ferrite cores of the 

assembly; 

· Figure 15 is a computer generated flux plot on the cut plane of Figure 14 for a.100mm 

35 separation between the pads; 

Figure 16 is a computer generated flux plot on the cut plane of Figure 14 for a 200mm 

separation between the pads, and; 
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Figure :17 is: a computer generated plot showing flux density in the cut plane of Figure 14 for a, 

200mm s·eparation :between the pads. 

Description of One or More Embodiments 

5 , 

A new concept in IPT power transfer arrangements is now disclosed. The embodiments. 

· . described in this document relate to:flux .transmission and reception apparatus. These :are .. · 

commonly (although not necessarily) provided in the form of a discrete unit which may 

conveniently be referred to as power transfer pads i.e, arrangements that may be portable and 

10 which typically have a greater extent in two dimensions relative to a third dimension so that they 

may be used in applications such as electric vehicle charging where one pad is provided on a 

ground surface (such as a garage floor) and another in the vehicle. However, the disclosed · · 

subject matter may also be provided in other arrangements including permanent structures.such· 

as a roadway for example, and does not need to take the form of a pad. 

15 

Referring to the arrangement of Figure 5, a pad is shown which combines three leakage flux 

control techniques to produce a much enhanced performance. In this regard it uses a novel 

"flux pipe", generally referenced 10, to connect two separated pole area that provide flux 

transmitter/receiver portions that comprise pole areas 11 and 12. The flux pipe provides a 

20 generally elongate region of high permeance allowing a high flux concentration from which 

ideally no flux escapes. The flux pipe 10 has a core 14 of a material such as ferrite to attract flux 

to stay in the core. A back-plate 15 of aluminium is provided adjacent to a rear face of the pad 

and acts to 'frighten' or repel flux from leaking from the core 14. Above the core 14 there may 

be- a separate aluminium plate 16 adjacent to a front face of the pad to complete the same 

25 'frightening' or shaping task. Magnetic flux is attracted to the ferrite, and it is repulsed by the 

aluminium. With electric circuits there is a large difference betwe.en the conductivity of . 

conductors, typically 5.6 x 107 for copper; and air - in the order of 10·14 
- but this situation does 

not pertain with magnetic fields where the difference in permeability between ferrite and air is 

only the order of 10,000: 1. Thus in magnetic circuits leakage flux in air is always present and 

30 this has to be controlled to get the best outcome. 

35 

The ends of the core 14 comprise-the transmitter/receiverportions 11 and 12. The top plate 16 

does not cover the end portions 11 and 12, so the flux is directed upwardly from the ends to · 

provide flux in the space beyond the front face of the.pad as will be seen further below. 

Plate 16 cannot be electrically connected to the backing plate 15 or the combination would· 

constitute a short circuited tum. There is a winding on the flux core to electrically connect to the 
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· pick-up and the third flux control technique concerns this winding .. It is well known:that long • · 

: toroidal windings have zero or very small leakage flux outside them. In the situation here a 

toroidal winding covering the full length of the flux pipe would have too much inductance butther 

winding can be partitioned into several windings 17 that are magnetically in series but .. 

5 electrically in parallel, as shown in Figure 6. In practice two windings in rnagnetic series- ; 

. electrical parallel placed with one at ortoward each end of the flux .pipe is a good approximation , 

to a continuouswinding and in some circumstances may outperform a single winding; . 

. The provision of a winding arrangement that covers substantially the full length of the core 14 . 

10 means that little flux escapes from the core. For example, in the embodiment having two 

windings connected electrically in parallel (magnetically in series), the flux linkages in each 

winding must be the same so essentially no flux can escape from the core. Thus, plate 16, in 

this embodiment, is not essential. 

15 The flux paths from a pick-up as in Figure 5 are shown diagrammatically in Figure 7 by flux lines 

20. ln Figure 7 A a computer generated simulation of the magnetic field (indicated by flux lines 

20) of the pad of Figure 6 is shown. As before they are approximately semi-elliptical but-they 

are from a much larger base than the power pad ferrites of Figure 1 and therefore can operate 

over much larger separations. At the centre of the pick-up the flux paths are horizontal as 

20 required. A practical pick-up is shown in Figure 8, and measured self inductance and mutual 

inductance for this pick-up are illustrated in Figure 9. A performance comparison of the circular 

pad of figure 1 and the new pick up of figure 8 is shown in figure 1 a. The pad design of Figures 

5 and 8 is polarised so that the ends 11 and 12 must be aligned, but that is relatively easy to 

implement. 

25 

As shown in Figure 8, some embodiments may include pole areas 11 and 12 that include finger 

portions 13. These allow the flux to be distributed more widely while using a minimal quantity of 

permeable material, thus lowering weight and cost. 

30 A useful feature of the new pad design disclosed herein is that the winding number of the 

primary and secondary coils may in some embodiments be kept the same. This is quite different , 

from the conventional IPT system setup,·which normally has an elongated loop of one turn on 

the primary side and has a winding with·multiple turns on the secondary side. This setup has 

two significant features, 1) the magnetic structure of both the primary and the secondary of the •· 

35 charger pads are the same, and 2) the induced voltage and uncompensated power at the._· · 

secondary output (i.e. the pick-up pad) are independent of the operating frequency by varying . 

the number of turns in relation to the frequency change. 
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The uncompensated power (Su) and induced voltage (V6c}·of an IPT pick-up are commonly 

· · .known and are.expressed in equation 1 and 2, where kis the primary track current. L1 is. the 

, primary. track inductance and N, and N2 are the number of turns in the primary and secondary .. 

5 respectively.· N1 is equal to:N2 in this new pad design. 

10 

15 

20 

· Under these conditions the rated uncompensated power for the pick-up Su, the mutually coupled . 

voltage Voe and the terminal voltage on the primary V1 are given by 

And 

S == m:J,42 ·It 
u L2 

.J•(N1N2 )2 ·It 
OC--'-..:........"'-'---~ 

N2 
2 

oc f. N2 ·112 

Voe =j01-N1N 2 ·11 
2 .. 

ocf ,N ·11 

v; = j OJ • L, . 11 

ocf •N 2 ;11 

(1) 

(2) 

(3) 

Note that the short circuit current is proportional to M/L and is independent of the number of 

turns 

(4) 

where k is the magnetic coupling factor between the primary and the secondary. As mentioned 

earlier, the pick-up induced voltage and the uncompensated power are to be the same for a 

different operating frequency. This also means that the terminal voltage and the short circuit 

current are also equal. Equations 1 and 2 can be rewritten as shown in equations 5 and 6 

25 · respectively for the same uncompensated power and induced voltage but different operating 

frequency. 

30 

(5) 

(6) 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1212

W0 20101090538 PCTIN22010/000017

-‘; 'The uncompensated power (8“) and induced voltage (Vac)vof an IPT pick—up are commonly A-

'- known and are expressed in equation -1- and'2. whereiris the primary track current,- L1 is,-the

sprimary. track inductance and N1 and N2 are the number of turns in the primary and secondary l 1

'5 respectiveiy; N1 isequal to:N2 in this new pad design. , g:

‘ Underrthese‘ conditionsthe rated uncompensated powerfor the pick-up Sn; the mutually coupled .. -.

voltage V56 and the terminal voltage on the primary V1 are given by

S =_w:M2-va
. uA ‘ L2

24. 2

,10 . l. r _ 0c.f,(_7\,31v§) 1‘: (1)

°C f'N2 'Il2

Vac =jw ' NI‘NE 'Iir
_ A ’ 2 (2)

ocftN -I1

And . ‘

‘ VFW-Li ~11
2, (3)

. ocf-N -Il
15 5

Note that the short circuit current is proportional to MIL and is independent of the number of

turns

1m =1£=1.k (4)
L2

20

where k is the magnetic coupling factor between the primary and the secondary. As mentioned

earlier, the pick-up induced voltage and the uncompensated power are to be the same for a

different operating frequency. This also means that the terminal voltage and the short circuit
current are aiso equal. Equations 1 and 2 can be rewritten as shown in equations 5 and 6

25 respectively for the same uncompensated power and induced voltage but different operating

frequency.

wail; =22N5If v ,(5)

39f ‘ "mafig'mbizr‘" V ~ “(er
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From-equation 5: 

· Using equation 6 arid ·7: . 

5 (8) . 

Using .equation 3 and 6: 

(9) 

1 0 Equation 5 to 9 indicate that the pick-up uncompensated power and V oc will be the same for 

different frequency while the primary current is kept the same and the winding turns are varied· 

according to equation 8. For example, a charger pad with 15 turns on both primary and 

secondary, designed to operate at 38.4 kHz, would need to have the number of turns increased 

to 21 at 20 kHz in order to keep the pick-up V00 and uncompensated power the same. In other 

15 words, this feature enables charger pads with the same magnetic design to be used at a 

different frequency, and the pick-up output characteristic can be maintained the same simply by 

scaling the turns number accordingly. However, as shown in equation 10, the core flux is 

proportional to the number of turns and current, thus keeping the current constant and varying 

the number of turns will vary the core flux, and hence the flux density. By substituting equation 8 

20 into equation 10, it can be shown that the flux in the core is varying proportional to ✓{fJfb), which 

is equivalent to equation 8. Thus, if the operating frequency is scaled down, the cross sectional 

area of the ferrite core may need to be increased to avoid ferrite saturation. An increase of cross 

sectional area is preferably done by increasing the thickness of the ferrite core so the magnetic 

reluctance path of the charger pad remains nearly identical. 

25 

L·I N 2 ·I ¢=-=--
N N·Rm 

oc N·I 

where Rm is the. magnetic reluctance of the flux path. 

(10) 

30 The eddy current loss (P0 ) and hysteresis loss (Ph) equations for the core are shown in equation . 

11 and 12 in units of. W/m3
. If the ferrite core cross sectional area are kept the same, t.he ratio of, 

the eddy current loss and hysteresis loss for two different operating frequencies are given by 

equations 13 and 14. 
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From‘eq‘uationv 5: ' .

NijIFNafigut " """(7)"

 

_i,_=f9NaIaA:£F‘='\/Z " ' ”(95'N9 beJz, 'f9 f9 f9 ‘ ‘ ‘ a

71;: m3: (can i V 9
19 Marti \fifa U

Equation 5 to 9 indicate that the pick-up uncompensated power and V0.c will be the same for

using equation 3 and 6
 

different frequency While the primary current is kept the same and the winding turns are varied 7.

according to equation 8. Forexample, a charger pad with 15 turns on both primary and -

secondary, designed to operate at 36.4 kHz, would need to have the number of turns increased

to 21 at 20 kHz in order to keep the pick—up Va; and uncompensated power the same. In other

words, this feature enables charger pads with the same magnetic design to be used at a ' I

different freqUency, and the pick-up output characteristic can be maintained the same simply by

scaling the turns number accordingly However, as shown in equation 10, the core flux is

proportional to the number of turns and current, thus keeping the current constant and-varying

the number of turns will vary the core flux, and hence the flux density. By substituting equation 8

into equation to, it can be shown that the flux in‘the core is varying proportional to *Kfllfb), which

is equivalent to equation 8. Thus, if the. operating frequency is scaled down, the cross sectional
area of the ferrite core may need to be increased to avoid ferrite saturation. An increase of cross,

sectional area is preferably done by increasing the thickness of the ferrite core so the magnetic

reluctance path of the charger pad remains nearly identical.

  
¢__L-I_ Nz-I

N NR," . (10)

OCN‘I

where Rm is the. magnetic reiuctance of the flux path.

The eddy; current toss (Pa) and hysteresis loss (Ph) equations for the core are shown in equation.

11 and 12 in units of. Wlma. If the ferrite core cross sectional area are kept the same, the ratio of c

the eddy current loss and hysteresis toss for two different operating frequencies are given by,

equations 13 and 14.
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· - ·:-,J,2f2 . N2 I2f2 
p o:: B2 f2 oc -"'-- oc ------'~ 

e ..• _:. . . A2 . , ., ._ A2 . (11) 

(12) 

wher~ n i~ the Steinmetz coefficient for the m'aterial and is normally in the range of 1.6 - 2. 

Ph.b - J;, (Nbib)2 J;,N/ 
Ph.a - faCNaJJ2 = f

0
N} 

~1 

(13) 

(14) 

10 The above expressions suggest that for the same cross sectional area and volume, the 

hysteresis loss of the core will remain constant regardless of the frequency but the eddy current 

loss in the core will decrease proportionally to the. decrease of operating frequency. As the 

overall power loss in a ferrite core is dominated by its hysteresis loss, most of the attributes, . 

apart from the core flux density, of the charger pad will remain approximately the same with the 

15 operating frequency scaling process. 

However, as discussed earlier the trade off of operating at a lower frequency is the increase of 

flux density in the core by ✓(f8/fb)- Thus to accommodate the higher flux density the ferrite cross 

sectional area should be increased in order to keep the flux density the same. With this . 

20 increased volume of ferrite and keeping flux density constant, the power loss density in the 

ferrite core is expected to be lower as shown below. Equation 11 and 12 express the eddy 

current loss and hysteresis loss in tenns of watt per m3
, thus the total eddy current and 

hysteresis loss should take into account the ferrite volume (A*L) shown in equation 15 and 16 

respectively. 

25 

N 212 +2 A 
h Jb a 

N 2/2/,2 .A 
a a b (15) 

where L is the length of the charger pad ferrite core length and is kept constant. 
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5

 

  

"¢2foc'NH12f '

emf-Pri'flfi) oc/[N—‘AI] "i " <12)
'yiihere n is the Steinmetz coefficient for the material and is normally in the range of 1.6 —.- 2.!

2

£1. szlzfiiz =[Nbfb-J' =[If£12 ' ‘V ‘ ' ; .Pm Nazfzf: ’VNafa V fb fa (13)
=£ ‘ ' ' '

fa

P EMMA? = my . ‘
Pit-a . L(Narla)2 faNd? ‘ i (14)

=‘] ‘

10 The above expressions suggest that for the same cross sectional area and volume, the

. hysteresis loss of the core will remain constant regardless of the frequency but the eddy current

loss in the core will decrease proportionally to the decrease of operating frequency. As the

overall power loss in a ferrite core is dominated by its hysteresis loss, most of the attributes, ,

apart from the core flux density, of the charger pad will remain approximately the same with the

15 operating frequency scaling process.

However. as discussed earlier the trade off of operating at a lower frequency is the increase of

flux density in the core by \Kfa/fb). Thus to accommodate the higher flux density the ferrite cross

sectional area should be increased in order” to keep the flux density the same. With this.

20 increasedivolume of ferrite and keeping flux density constant, the power loss density in the

ferrite core is expected to be lower as shown below. Equation 11 and 12 express the eddy.

current loss and hysteresis loss in terms of watt per m3, thus the total eddy current and

hysteresis toss should take into account the ferrite volume (A*L) shown in equation 15 and 16

respectively. '
25

 

 

 

(15)

 

where L is the length of the charger pad ferrite core length and is kept constant.
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(16) 

Referring to the example dis'cussed earlier where a charger pad operating frequency. was scaled 

5 from 38.4 kHz to 20 kHz, the ferrite area will need to be increased by a factor of 1.385 ✓(38.4 

kHz/20 kHz) in order to keep the flux density the same. Thus the eddy current and hysteresis 

loss of the charger pad, operating at 20 kHz, will be reduced by 37.59% and 72.17% 

respectively, compared with operating at 38.4 kHz at the same core flux density.· 

10 A simulated example 

Referring now to Figures 11 to 17 a simulation of coupled power pads according to the invention· 

will be described to provide an example of a possible embodiment and its use. In this example 

a coupled system of power pads is simulated with the pick-up winding open circuited. Figure 11 

15 shows the arrangement of the ferrite core which is essentially 93 x 28 x 16 mm blocks of ferrite 

ground to give very close fitting, and then glued together. The ferrite is surrounded by an 

aluminium wall with an 8 mm gap between the ferrite and the aluminium, and is 5 mm above an 

aluminium backing plate. A flux plot for the driven pad (i.e. the pad connected to a power 

supply) is shown in Figure 12 for the situation where there are two coils driven magnetically in 

20 series, electrically in parallel with a current of 23 A. In these circumstances the flux density 

midway through the ferrite is shown in Figures 12 and 13. As shown the "flux pipe" is very 

effective in carrying the flux from one end of the pad to the other. Also, it can be seen from 

Figures 15 and 16 that there is essentially no leakage flux beyond the reg ion between the pads. 

25 For coupled pads a cut-plane is shown in Figure 14 and the other Figures use measurements 

along this cut-plane to illustrate the performance of the system. The flux lines at 100 .mm 

spacing between pads are given in Figure 15 and for 200 mm spacing in Figure 16. The flux 

density in the ferrites is shown in Figure 18. The constant flux density in the ferrites of Figure 18 

shows. that the flux pipe efficiently carries flux from one end of the pad to the other and t!iereby 

30 provides good magnetic coupling between the_ two pads. The maximum flux density in the 

. driven pad {in the ferrite) is approximately 0.2 T which is safely below saturation for this ferrite. 

The flux density in the pick-up pad is lower but will increase substantially to about the same as · 

the transmitter pad when the pick-up is resonated. 
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Therefore, the invention provides a low profile device, referred to herein as a pad, whi9h can b_e 

used as a magnetic flux generator that can be used to generate useful flux a significant distance 

from the device_, _ The device can also be used as a receiver of flux to thereby produce electric -

energy from the received field. The ability of the pad to generate or receive flux over a . · 

5 significant distance is particularly useful for charging or energising an electric vehicle: -

Although certain examples and embodiments have been disclos_ed herein it will be und~rstood 

that various modifications and additions that are within the scope and spirit of the invention will 

occur to those skilled in the art to which the invention relates. All such modifications and 

additions are intended to be included in the scope of the invention as if described specifically 

10 herein. 

15-

The word "comprise" and variations such as "comprising", unless the context clearly requires the 

contrary, is intended to be interpreted in an inclusive sense (i.e. as meaning "including, but not 

limited to"). 
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CLAIMS~.· 

1. A magnetic flux pad having a front face and a back face for generating or receiving 

magnetic flux, the pad comprising; 

· two pole areas for sending orreceiving flux; 

·. a magnetically permeable cme. magnetically connecting the pole areas; 

a coil wound aboutthe core; and 

whereby the- flux enters the pad at one of the pole areas and exits the pad at the . 

other pole area. 

2. A magnetic flux pad as claimed in claim 1 including a flux shaping means such that flux 

is directed into a space beyond the front face ofthe pad. 

3. A magnetic flux pad as claimed in claim 2 wherein the flux shaping means is located 

adjacent to the back face of the pad. 

4. A magnetic flux pad as claimed in claim 2 or claim 3 wherein the flux shaping means 

comprises a member constructed from a flux repelling material. 

20 5. A magnetic flux pad as claimed in claim 1 including a flux shaping means such that flux 

is substantially prevented from escaping from the core. 

25 

30 

6. A magnetic flux pad as claimed in claim 5 wherein the flux shaping means comprises a 

flux repelling member located adjacent to the front face of the pad. 

7 

8. 

9. 

A magnetic flux pad as claimed in claim 6 wherein the flux shaping means further 

comprises a flux repelling member located adjacent to the rear face of the pad. 

A magnetic flux pad as claimed in any one of the preceding claims wherein the coil 

comprises a plurality of coils. 

A magnetic flux pad as claimed in claim B wherein the coils are connected electrically in 

parallel. 

35 10. -A magnetic flux pad as claimed in claim 8 wherein the coils are connected magnetically 

in series. 
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11. · Amagnetic.flux pad as claimed in any one of the preceding claims wherein each polE! 

:·area inclt:des a plurality of fingers . 

. :12. ·· A magnetic flux pad having a front face and a back face for generating a magnetic flux in 

5 · a:·space beyond the frontface of the pad, the pad comprising: 

10 

15 

20 

25 

30 

35 

13. 

14. 

· two pole areas for sending or receiving flux; 

a magnetically permeable core magnetically connecting the pole areas; 

a coil wound about the core; 

a flux repelling means provided adjacent to a rear face; and 

whereby the flux enters the pad at one of the pole areas and exits the pad at the 

other pole area. 

An IPT power transfer pad including: a magnetic flux carrying member having a high. 

magnetic permeability and two ends, each end being substantially adjacent a peripheral 

edge of the pad; and one or more windings provided about at least a part of the flux 

carrying member; and wherein said pad is configured such that magnetic flux exits or 

enters the flux carrying member substantially only at or adjacent to the ends. 

An IPT system including a first magnetic flux pad or IPT power transfer pad for 

connection to a power supply and a second magnetic flux pad or IPT power transfer pad 

for connection to a load, the first and second magnetic flux pads or IPT power pads 

constructed according to any one of claims 1-13 and having one or more windings with 

the same number of turns, and wherein the number of turns is selected dependent on a 

required operating frequency. 

15. An I PT system including a magnetic flux pad or IPT power transfer pad according to any 

one of claims 1-13. 

16. 

17. 

18. 

An.lPT system as claimed in claim 14 or claim 15 wherein the system supplies power to 

an electric vehicle. 

A magnetic flux pad substantially. as herein described with reference to the 

accompanying drawings. 

An IPT system substantially as herein described with reference to the accompanying 

drawings. 
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FIGURE 1 

Circular pad inductance measurements VS Height 
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FIGURE 7A 
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Polarised pad inductance measurements VS Height 
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FIGURE 8

Polarised pad inductance measurements VS Height
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WO 2008/140333 A2 (AUK.LAND UNISERVICES LIMITED) 20 November 2008 
whole document 

WO 2007/126321 Al (AUKLAND UNISERVICES LIMITED) 8 November 2007 
whole document 
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* Special categories of cited documents: 
'"A" document defining the general state of the art which is "T" later document published after the international filing date or priority date and not in 

not considered to be of particular relevance conflict with the application but cited to understand the principle or theory 
underlying the invention 

"E" earlier application or patent but published on or after the "X" document of particular relevance; the claimed invention cannot be considered novel 
international filing date or cannot be considered to involve an inventive step when the document is taken 
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"L" document which may throw doubts on priority claim(s) "Y" document of particular relevance; the claimed ·invention cannot be considered to 

or which is cited to establish the publication date of involve an inventive step when the document is combined with one or more other 
another citation or other special reason ( as specified) such documents, such combination being obvious to a person skilled in the art . 

"O" docu111ent referring to an oral disclosure, use, exhibition 
"&" document member of the same patent family or other means 

"P" document published prior to the international filing date 
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Date of the actual completion of the international search Date of mailing of the international search report 
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E-mail address: pct@ipaustralia.gov.au (ISO 9001 Quality Certified Service) 
Facsimile No. +6 J 2 6283 7999 Telephone No: +61 2 6283 2599 

Form PCT/ISA/210 (second sheet) (July 2009) 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1230



INTERNATIONAL SEARCH REPORT 
International application No. 

PCT/NZ2010/000017 

Box No. II Observations where certain claims w:ere found unsearchable (Continuation of item 2 of first sheet) 

This international search report has not been establiJhed in respect of certain claims under Article 17(2)(a) for the following 
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l. ~ Claims Nos.: 17;1_8 

because they relate to subject matter not required to be searched by this Authority, namely: 
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drawings. 

2. D Claims Nos.: 

because they relate to parts of the international application that do not comply with the prescribed requirements to such 
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3. D Claims Nos.: 
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Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet) 

This International Searching Authority found multiple inventions in this international application, as follows: 
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2. 

3. 
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As all required additional search fees were timely paid by the applicant, this international search report covers all 
searchable claims. 
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As only some of the required additional search fees were timely paid by the applicant, this international search report 
covers only those claims for which fees .. were paid, specifically claims Nos.: 
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Remark on Protest . D The additional search fees were accompanied by the applicant's protest and, where applical>Je, 
the payment of a protest fee. 
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The additional search fees were accompanied by the applicant's protest but the applicable 
protest fee was not paid within'the time limit specified in the invitation, 
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Title: WIRELESS ENERGY TRANSFER WITH REDUCED FIELDS 

Mail Stop Amendment 
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P.O. Box 1450 

INFORMATION DISCLOSURE STATEMENT 

Alexandria, VA22313-1450 

PATENT 

In compliance with the duty imposed by 37 C.F.R. § 1.56, and in accordance with 37 C.F.R. §§ 

1.97 et. seq., the referenced materials are brought to the attention of the Examiner for consideration in 

connection with the above-identified patent application. 

Further, Applicants respectfully direct the Examiner's attention to the below-listed related non

published applications. These items, which refer to non-published applications that, at this time and 

according to each application's current prosecution history, may be related to the prosecution of the 

present case. Related published applications are provided on the accompanying form SB08 where 

applicable. Applicants' reference to the co-pending applications is not an admission of the materiality of 

any application or the prosecution history thereof, nor is it an admission that any of the below or attached 

co-pending applications constitute prior art. 

UN PUB. APPLICATION FILING DATE ATTORNEY 
NO. DOCKET NO. 

1. 12/639,718 December 16, 2009 WTCY-0026-P06 

2. 13/534,966 June 27, 2012 WTCY-007 6-P0 1 

3. 13/562,528 July 31, 2012 WTCY-0077-PO 1 

4. 13/562,553 July 31, 2012 WTCY-0078-PO 1 

5. 13/589,992 August 20, 2012 WTCY-0034-P03 

6. 13/603,002 September 4, 2012 WTCY-0057-P02 

7. 13/608,956 September 10, 2012 WTCY-0064-PO 1 
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INDUCTIVELY POWERED LIGHTING. 

TECHNICAL FIELD OF THE INVENTION 
This invention relates to the field of electrically driven lighting, to means for driving 

one or more lamps using inductive power transfer. and more particularly but not 

exclusively to the provision of emergency lights, indicating lights, and roadway signal 

15 lighting powered from adjacent concealed cables. 

BACKGROUND 
Transmission of electrical power to articles which consume power over significant gaps 

by means of inductive power transfer has become increasingly feasible with 

20 developments in resonant primary and resonant secondary conductors. means to control 

and limit the resonant secondaries, and suitable energising power supplies. 

There are a number of applications where even a fixed source of light is advantageously 

driven by an inductively powered source, rather than by simple direct connections using 

25 conductive materials. 

In most of the situations below, some of which are particularly adverse for conventional 

lighting, a particularly reliable lighting source is an advantage and in most of these 

situations the nature of inductive powering of lights will inherently enhance the 

30 reliability of a system over that using alternative power supplies such as direct 

connections, internal batteries, or solar cells with rechartable batteries. Some situations 

include: 

where electrical isolation is necessary. as in lights used in or near water such as in 

35 swimming pools or areas where people work in contact with water. 

where corrosive or conductive fluids are likely to occur, 
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where sparks may cause explosions, as in coal mines and in operating theatres or in 

certain other industrial sites where flammable powders, gases, or the like are found, 

where the added robustne~s of buried cables assists in maintaining power transfer 

5 during exceptional circumstances. 

where a surface on which lights are laid is prone to be replaced, such as on a roadway 

with a tar sealed surface. 

In our US patent 5,293,328 we describe an inductive power transfer system having 

JO particular application to a multiplicity of vehicles. 

OBJECT 
It is an object of the present invention to provide an improved system for the inductive 

transfer of electrical energy to a source of light or one which will at least provide the 

15 public with a useful choice. 

STATEMENT OF THE INVENTION 

In one aspect the invention provides an inductively powered lamp unit; the lamp unit 

20 including one or more lamps capable of radiating light and comprising means to 

collect inductively transferred power from an external alternating primary magnetic 

field; said collection means comprising a resonant circuit having a resonant period and 

including at least one inductance and at least one capacitance; wherein the at least one 

inductance has a winding adapted to be intersected by a portion of the alternating 

25 magnetic field and thereby collect power as a secondary current, means capable of 

limiting the maximum amount of secondary current circulating in the resonant circuit, 

means to transfer power at an output from the resonant circuit to the lamp or lamps, 

and means to control the power provided to the lamp or lamps. 

30 Preferably the means capable of limiting the amount of secondary current circulating in 

the resonant circuit comprises a shorting switch capable of closing a connection across 

the inductance; the shorting switch being controlled by a controller provided with 

means capable of sensing the magnitude of the output so that when the output exceeds a 

first, higher, predetermined threshold the shorting switch is closed for a period 

35 exceeding the resonant period of the circuit, or when the output falls below a second, 

lower, predetermined threshold the shorting switch is opened; 
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thereby limiting the secondary current flowing in the resonant circuit so that any 

magnetic flux generated by the secondary current does not have a significant 

counteracting effect on the primary field and so that the output of the resonant circuit is 

5 not able to exceed a predetermined maximum. 

Preferably the means capable of sensing the magnitude of the output is configured so as 

to sense an output current. 

10 Alternatively the means capable of sensing the magnitude of the output is configured so 

as to sense a relative or absolute output light intensity. 

Preferably the resonant inductance comprises one or more coils. each coil being 

wrapped around an elongated member composed of a ferromagnetic material having a 

15 midpoint, which member is orientated when the lamp unit is placed in position so as to 

lie with its midpoint substantially adjacent to a primary conductor (capable when 

energised of radiating a primary field), and substantiaHy at right angles to the direction 

of the primary conductor. 

20 Preferably the lamp unit has a low profile and at least one window capable of 

transmitting light; the unit being capable of being attached to the surface of a roadway; 

and wherein the lamp or lamps comprise one or more light-emitting diodes. 

It is also preferable that the lamp unit is packaged in a strong housing having a low 

25 profile and at least one window capable of transmitting light; the unit being capable of 

being attached onto the surface of a roadway, capable of withstanding loads applied by 

a road vehicle driving over it, and not capable of adversely affecting the integrity of the 

road vehicle nor deflecting the road vehicle from its course. 

30 Preferably the lamp unit also includes at least one retroreflector unit for passively 

reflecting the light of vehicle beams. 

In another aspect the invention provides a lighting installation comprising one or more 

inductively powered lamp units as described above, each affixed to a surface of a 

35 substrate, each lamp unit being capable of emitting light on being energised by 

inductive transfer of power across a space from a primary conductor located beneath the 
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surface of the substrate; the primary conductor carrying, when in use, an alternating 

current. 

5 Preferably the primary conductor radiates an external alternating magnetic field, at a 

frequency which is substantially the same as the resonant circuit in at least one of the 

lamp units; the frequency lying in the range of between 200 Hz and 2 MHz. 

Preferably the primary conductor is laid down within a substrate in the topology of a 

JO loop, connected at a first open end to a power supply and having a second, closed end, 

the loop comprising a pair of closely spaced conductors, though spread apart in an axis 

substantially perpendicular to the surface of the substrate at each site where a lamp unit 

is to be placed. 

15 Preferably the one or more inductively powered lamp units are placed upon the 

substrate so as to guide a moving person (whether on foot or steering a vehicle) to pass 

along a particular route. 

Preferably one or more lamp units may be selectively addressed using the primary 

20 conductor as a medium, so that the light radiated therefrom may be changed from time 

to time. 

Preferably selective addressing is accomplished by superimposing a message over the 

primary current, in the form of momentary variations of the amplitude of the primary 

25 current. 

30 

Preferably selective addressing is accomplished by superimposing a message over the 

primary current, in the form of momentary variations of the phase of the primary 

current. 

Preferably selective addressing is accomplished by superimposing a message over the 

primary current, in the form of information carried within a carrier frequency, separate 

from the frequency of the power for inductive transfer. 

35 Preferably selective addressing is accomplished by setting the frequency of the primary 

current so as to match the resonant frequency of the resonant circuit of the addressed 
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one or more lamp units which, for this purpose, may each be provided with one of a 

variety of resonant frequencies. 

5 In another aspect the invention provides an installation for laying out marking lights on 

a road, comprising a set of inductively powered roadway markers, a primary energising 

loop cable, and a power supply. 

Preferably the power supply is capable of energising the primary energising loop in 

10 response to an external triggering event. 

Preferably the power supply is capable of remotely controlling one or more lamp units 

by means of the primary energising loop. 

15 Preferably the power supply is capable of remotely controlling one or more lamp units 

by means of the primary energising loop in response to an external triggering event. 

In another aspect the invention provides an installation for laying out marking lights 

along a fire escape route or egress route in relation to a building, comprising a set of 

20 inductively powered lamp units, a primary energising loop cable capable of being 

buried within a substrate of the building, and a power supply having a battery backup; 

the installation being capable of being activated during an emergency. 

25 

30 

Preferably the primary alternating current is a sine wave. 

Preferably it has a frequency in the range of from 500 Hz to 1 MHz, although more 

preferably it has a frequency in the range of from about 10 KHz to about 50 KHz. 

Preferably the alternating current is generated within a resonant power converter. 

Preferably the concealed primary cable is electrically insulated and mechanically 

protected by being embedded within the substrate. Optionally it may be sealed into a 

slit cut into the substrate with a circular saw or the like. 

35 Preferably the concealed cable comprises a pair of conductors orientated substantially 

perpendicular to the surface of the substrate, although optiona11y a pair of conductors 
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may lie side by side within parallel slits. Preferably the cable is composed of a litz wire 

or other wire having a high surface-to-volume ratio such as a strip. 

5 In another aspect the invention provides a lamp unit within a strong housing, 

comprising a resonant secondary or pickup coil and capacitor, one or more 

light-emitting lamps, and optionally power conditioning means. 

10 

Optionally the lamp unit has a low profile and may be applied to a road surface. 

Optiona1ly the lamp unit also contains one or more retro-reflector modules. 

Preferably the power conditioning means comprises a current limit and optionally this 

may be built into light-emitting diodes or be an intrinsic property of metallic filament 

15 lamps. 

In the case of light-emitting diodes, a pair of lamps or of banks of lamps may be 

connected in inverse parallel in order to utilise both half-cycles of an AC waveform. 

20 In a further aspect the invention may provide a road-markings set of lamps comprising 

a series of lamp units, an embedded cable, and a power supply. 

25 

30 

35 

Optional1y this invention may be used to highlight dangerous portions of a highway. 

Optiona11y it may be energised by the proximity of a vehicle. 

In a related aspect the invention provides a pedestrian crossing, comprising means to 

detect the presence of a waiting pedestrian, sets of road markings, and a sequencer to 

energise the road markings lamps for a period of time before signaling to the pedestrian 

that a warning has been given. 

In a yet further aspect the invention may provide a fire escape indication set of lamps. 

Preferably the power supply for the invention is driven from a set of storage batteries so 

that it can operate in the at least temporary absence of a mains supply. 
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DRAWINGS 
The following is a description of a preferred form of the invention. given by way of 

example only. with reference to the accompanying diagrams. 

Fig 1: is an illustration of a section through a light housing above a pair of primary 

conductors embedded in a substrate. 

Fig 2: 

Fig 3: 

Fig 4: 

Fig 5: 

Fig 6: 

Fig 7: 

is a perspective view of a row of lights energised inductively by alternating 

current in a concealed cable. 

illustrates energisation using a cable carried within a single vertical slit. 

shows a typical circuit for use in a light housing of the present invention. 

shows a preferred circuit including control of the resonant pickup circuit. 

shows a preferred circuit like Fig 5, also including means for detecting and 

responding to control impulses. 

shows the interior of a roadway marker incorporating a pair of ferrite strips as 

pickup devices to collect inductive power. 

Fig 8: shows the disposition of the primary inductive loop in an installation. 

Fig 9: shows the flux about the primary conductors, entering the ferrite mainly at its 

ends. 

Fig I 0: shows options for controlling the output of individual lamp units by way of 

currents within the primary conductor. 
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PREFERRED EMBODIMENTS 

One application of this invention is for 'self-illuminated "cats-eye style" roadway 

5 reflectors'. This specification describes an installation for laying out a series of marking 

or warning lights (which may also include retro-reflectors) along a generally linear 

course, and particular applications for these lights include roadway lighting. Here they 

may be substituted for the well-known "cats-eye" retro-reflectors which are placed upon 

the road and being of low profile, may be driven over. Many applications beyond the 

JO known range of uses for "cats-eye" reflectors become available for a system of 

self-powered units. 

In relation to another application; fire egress lighting, the type of energisation used in 

this invention offers advantages over conventional lighting in that the invention is more 

15 resistant to fire damage than other types of emergency guidance and therefore will 

persist for a longer time. 

We shall describe a basic type of light unit and cabling, (Example 1) and a more 

advanced type of light unit (Example 2) as reduced to practice, but it should be realised 

20 that these examples are in no way limiting and that further examples, exploiting the 

characteristic features of the invention, may become obvious to the skilled reader. 

In principle, we feed alternating current at preferably about 36-40 KHz and at a 

sufficient current (typically 10-12A) into a cable buried within the substrate of the road 

25 or building or the like, and provide radiated magnetic flux from the cable at discrete 

sites for use in energising lamp units adapted for using inductive power transfer. 

Although it is convenient and effective to use resonating current and a resonant power 

supply to power the primary inductive loop (the cable) power of similar characteristics 

could be generated in other ways. 

30 

35 

Principles of resonant pickup of inductive power do apply for effective operation of the 

lamp units and the Examples illustrate this. 
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EXAMPLE 1. 
Our most basic system comprises: 

(a) A power supply 200, generating a sine-wave output of a desired power level at 

5 usually around 40 KHz into a (mainly inductive) resonating cable 201, and in the 

applications described herein here at a power level of perhaps up to 100-200 watts 

although much higher levels can be generated. 

{b) A cable 201 of up to 800-1000 m length having closed-loop topology which is 

JO placed alongside the intended position of a or each lamp unit 203,204. We prefer to use 

litz wire in installations where efficiency and long-term reliability at high loading levels 

is important, although for cheapness ordinary insulated copper { or aluminium) cables 

can be used. 

15 (c) One or more lamp units 203, 204, 100, laid out in a series like a chain, each of 

which units comprises a pickup coil preferably resonant at the power supply frequency, 

one or more lamps, and preferably power conditioning means. We generally prefer 

light-emitting diodes as they are reliable. 

20 The cable can be laid out as a single U-shaped loop or can be run out along several 

branches, though preferably as a single length without joins. A particular application 

may require tuning, as only one length has the correct resonant frequency and for this 

purpose the installer can either vary the resonating capacitors within the power supply 

or add toroids (including air gaps) over the cable to artificially increase its inductance 

25 and thereby simulate a longer cable than is actually present. We prefer to run the cable 

at a low power and at a low voltage, for safety's sake. 

As there are no exposed metallic conductors in an inductively powered lighting system, 

it may be used for long periods in a corrosive atmosphere or one where seawater is 

30 present. The relative absence of risk of sparks allows its use in inflammable or 

explosive situations. 

Fig I illustrates the road warning lamp 100 of Example 3 in place on a road surface 

I 02. In this drawing we have shown the energising cables l 09 in a parallel pair of slits 

35 108, although reading engineers prefer a single slit as 302 in Fig 3. The lamp 100 

comprises a tough housing 101, having a clear or translucent window in front of an 
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array of lights or preferably light-emitting diodes 103. These diodes derive their power 

from a secondary pickup coil 104 which is made resonant at about the preferred 

operating frequency by a capacitor 106, and the lamps are driven through a rectifier 

5 module 107. The slits 108 in the roadway 102 are preferably filled with a matrix. Fig 3 

illustrates the vertical wiring alternative, in which the secondary coil 304 is placed 

above the slit 302 containing the pair of wires 305. Preferably the slit is cut deeper at 

about the intended position of each lamp unit 306, so that one of the cables 308 may be 

brought deeper and so increase the inductive field available at that point. Between lamp 

JO units, the cable 305 has a reduced inductance where its conducting members are closer 

together and so an increased length of cable can be driven with a limited voltage. A 

further way to enhance the magnetic flux at a lamp site is to use a ferrite rod or peg as 

at 205 in Fig 2. This may limit the freedom of placement of lamp units. Ferrite may be 

incorporated within lamp units, as suggested by the core of the inductor 40 I. At least 

15 one conductor may, instead of being litz wire, be a flat strip of metal, as this will raise 

the amount of surface available for carrying skin-effect currents. 

Fig 4 shows one preferred circuit, in which 401 and 402 comprise a resonant circuit, 

403 is a rectifier to make a DC voltage, and 405 is a set of LED lamps in series. 404 

20 may be a shunt regulator acting as a current limiter, or a flasher module. Preferably, 404 

is a repetitively acting shorting switch (see 503 with 501, 502 in Fig 5). If a current 

limiter is not used, the operating current in the lamps may be set to the usual preferred 

value of around 20 mA by choosing from a range of lamp units or placing a lamp unit 

so as to give a predetermined brightness. 

25 

EXAMPLE 2. 
This portion of the specification describes a preferred inductively powered lamp unit. 

There are two versions, shown as Fig 5 (no ability for external control) and Fig 6 

having internal means for detecting and responding to control impulses. Certain parts of 

30 these two circuits have been discussed in relation to Fig 4. 

The non-controlJed circuit is shown as 500 in Fig 5. The resonant pickup coil 401 may 

actually comprise two coils 704 (as in Fig 7) wound around each ferrite strip 703, and if 

several coils are used they are placed in series. The capacitor(s) of the resonant circuit 

35 are shown at 402; here 247 nF and including provision (pads) on the circuit board for 

adding a small "tuning" capacitor. The resonant frequency is at about 40 KHz. The 
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bridge rectifier 403 is made up of four diodes (type BAT83). the output of which is 

passed through an inductor 501 (7.5 mH) and through a steering diode 502 (BAT83) to 

charge a capacitor 505 (33 µF, 25V). Power FET transistor 503 (type IFRD 110) is used 

5 as a shorting switch to short out the resonant circuit from time to time, each time lasting 

for a number of cycles. Means to control the shorting switch comprise the operational 

amplifier/comparator 506 (type MC33171) which has at its inverting input a zener 

diode 510 (type TC9491) as a voltage reference. The comparator compares the zener 

voltage with a proportion of the current passed through the output lamps at resistor 610 

10 (30 ohms) (via a lK resistor 509) and uses a diode 507 (type BAT83) in series with a 

68K resistor 508 as a non-inverting feedback loop, for hysteresis. This control circuit 

provides a controlled current centered on a design value and fluctuating to a smal1 

extent about that value when the resonant circuit is alternately shorted, then allowed to 

charge the capacitor 505. Typically, there are about 500 shorting events per second. 

15 

Providing current regulation of this type allows the lamp unit to emit substantially a 

controlled amount of light regardless of its position, within limits. Exact placement is 

not critical. It is not uncommon for a marker on a hot, tar-sealed road to be displaced 

laterally by tyres of heavy vehicles and this regulation provides some tolerance to 

20 displacement after positioning. 

25 

In our preferred circuit two chains (405) of high-intensity (orange) light-emitting diodes 

( type HLMT-CL00) are used to radiate light to one side of the lamp unit. Of course, 

other colours could be used. 

Variations to Fig 5 include (for example) monitoring the ambient light with a 

light-dependent resistor, so that the brightness of the marker is proportional to daylight, 

or regulating current in terms of actual light output rather than lamp current. 

30 Fig 6 illustrates one means 600 for rendering the circuit capable of being externally 

controlled. As suggested in Fig 10, it is possible to superimpose control signals over the 

resonant power circulating in the primary loop. This circuit is well-adapted for control 

by means of low-frequency tones or dua] tones. Fig 6. which is a development of Fig 5 

and includes the components of Fig 5, also includes means to short-circuit the pickup 

35 coil 401 from time to time (typically once per millisecond) and during that time read 

the current circulating in the primary loop. This circuit is tentative because it appears 
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that an application-specific integrated circuit will be an appropriate implementation. 

Box 602 represents a clock generator producing a pulse of 50 µsec every 1 msec. 

5 (There is no requirement to synchronise all c1ocks in all markers in an installation to 

pulse synchronously). Its output is passed to (a) an AND gate 606 shared by the 

comparator and supplying the gate of the power FET, 503. Its output also goes to the 

control input of a sample and hold circuit 603, which reads the current across a current 

sense resistor 601 inserted in the source lead of 503. At times when the switch 503 is 

JO closed, the resistor will, after a cycle or two at 40 KHz, or about 50 µsec, have a voltage 

on it representing the current in the primary inductive loop at that time. This voltage is 

taken to the signal input of the sample and hold circuit, and the output is passed to a 

circuit 604 which comprises a tone detector. 

15 In this simple example we have provided a resistor 605 between the tone detector 

output and an input of the comparator, so that activation of the tone detector has an 

effect on the setting of the comparator 506 and the mean brightness of the lamps is 

altered as a result of detecting a specific tone carried within the primary inductive loop. 

"Stealing time" from the action of the comparator as for Fig 5 is of little moment 

20 because the inherent regulation can compensate. Repetitive sampling at a rate of about 

1 KHz will satisfy the Nyquist criterion for control signals which are single or multiple 

tones of up to about 250 Hz. 

Clearly there are many possible options; such as whether or not the tone detector 

25 outputs switch from one state to another state on each tone detection, or change state 

only during a tone, and there may be more than one tone and hence more than one 

action, or the detector output may be treated as a code signal passed to a microprocessor 

which will execute one of a series of actions on the light output from the lamps 405. 

There may be a red series and a yellow ( or orange, green or blue or even infra-red) 

30 series of lamps which can be driven separately, or separately controllable lamps may 

face in various directions. 

HIGHWAY MARKERS 
In Fig 7, we show a highway marker 700 from above. The casing 701 encloses a pair 

35 of ferrite cores 703 (only one core and coil is labelled) which are on each side of a 

printed-circuit board 702 bearing the circuit of Fig 6 and along one edge a row of 
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light-emitting diodes 705. We have not also illustrated retro-reflectors in this diagram, 

but they may be interspersed with the diodes 705. 

5 Fig 8 shows part of a roadway installation in side view. A power supply 801 puts power 

into a loop of cable forming a primary inductive loop. In the portions where the two 

conductors are close together (802) the flux tends to cancel out and the cable radiated 

little flux. Hence it may be elongated. At positions (803) where a lamp unit (804) may 

be placed. the cable is spread apart, preferably using a spreader (805) to maintain 

JO spacing during and after installation. The end of the loop remote from the cable is 

shown at 806. 

If the power supply is a resonant power supply, and this type of energisation is 

economical and, by energising the cable with a sine wave, minimises problems of 

15 radiation of radio or electromagnetic energy, it is preferable to use litz wire for the 

cables. We prefer 4 mm2 litz wire. Our typical resonant power supplies are run at 24 

volts, which allows for battery backup and safe running and at 24 volts it can power 

about a 25 metre long primary inductive pathway, and about 10-14 amperes at a 40 kHz 

frequency circulates in the cable when in operation. Using a higher voltage allows 

20 longer primary inductive loops to be used. If an unusually short cable is used, its 

inductance may be boosted with a lumped inductance, trimmed to make the installation 

resonate at 40 kHz. 

EXAMPLE 3. 

25 Our basic system may be embellished by providing for control of the output of the lamp 

units, either as a group or individually. Preferably this control is more than simply 

turning the entire set on or off. One approach is to provide each lamp unit in an 

installation with control electronics that can detect signals of some sort radiated from 

the primary conductor cable, because this cable is already functionally connected with 

30 all operational lamps. 

It is possible to superimpose a message over the primary current, in the form of 

momentary variations of the amplitude of the primary current, which can be sensed 

within the or each lamp unit as changes in the operational settings of the regulating 

35 mechanism. Coding of the amplitude could follow any convenient code, such as the 

letters of the ASCII coding system, or Morse code, or some other system such as those 
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used in serial bus digital control, such as the I2C bus. This requires a small amount of 

complexity in each lamp unit that is capable of being addressed. Each "bit:" of the code 

would have to be sufficiently Jong in time to "catch" any lamp unit that at the time has 

5 shorted its inductive pickup coil, unless a separate data sensing arrangement was used. 

JO 

Information may be carried within a carrier frequency, separate from the frequency of 

the power for inductive transfer. 

Variations of the phase of the primary current are another way to transmit data. 

A cheap way of addressing lamp units is to make a variety of units each having a 

different resonant frequency. Then only those lamp unit that resonate at the frequency 

of the transmitted power can operate. If a resonant power supply is used. it might be 

provided with subsidiary switchable resonating capacitors. By this means it is possible 

15 to create a traveling wave of flashing lights, for decorative or directional purposes. 

FIRE EGRESS INDICATION LAMPS 

This is - as a preferred example - a fire-exit indicating network, which when energised 

20 provides a chain of illuminated beacons 203, 204 along the floor of a building. The 

beacons are intended to direct people to the nearest fire exit. In addition to the basic 

system above, we would usual1y include means to supply the power from batteries as in 

an emergency the mains power is likely to fail. and means to cause the power supply to 

start up when an emergency condition, such as a blackout at night, and/or a fire alarm is 

25 in effect. The energising cable 20 I is preferably embedded into a concrete or similar 

floor, and may be embedded at a depth of several inches as our inductive power transfer 

system is a loosely coupled one that tolerates spacings of that order. The energising 

cable is placed along the floors of passageways that lead to fire exits, preferably along 

the centre lines of the passageways. The drive voltage may be as low as 12 volts, 

30 depending on the power required. 

The lamp units are preferably'light-emitting diodes or the like, embedded in 

wear-resistant transparent or translucent housings so that they remain capable of 

emitting visible light even after years in position. Preferably the lit lamps display a 

35 clearly understood and preferably standardised direction so that people in panic are not 

confused. Optionally the lamps or the power supply may be operated in an 
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attention-getting flashing mode and optionally the lamp units may also generate audible 

signals. In fact, they may also generate vibrations so that blind people can locate and 

use the indicators. Our preferred lamp units may have bases about l O cm square -

5 containing the resonant pickup coil - with a height of perhaps 5 mm, and have a top 

made of a wear-resistant material such as polycarbonate or even glass. They may 

include other electronic devices such as a voltage sensor and a switch to short-circuit 

the coil when the voltage rises above a threshold. (This means of regulation limits the 

tendency of a resonant secondary to develop a large circulating current which tends to 

IO block the primary current from reaching past this secondary coil to reach others. On the 

other hand, as this application of inductive power transfer has substantially constant 

operating parameters, and it may be preferable to select a lamp unit for a particular 

position from a range of units having various brightnesses - actually flux collection and 

conversion capabilities. 

15 

These illuminated display devices may be glued onto a carpet, or let into holes cut in a 

carpet, or glued onto a hard surface, and need no electrical connections. Thus 

replacement of damaged or displaced units is not a skilled job. Typical buildings where 

the devices may be used include hotels, schools, hospitals, auditoriums, and other 

20 public buildings. 

Advantages of this device include that the system is located on or in floors where it is 

unlikely to be damaged until after surrounding structures have been destroyed, and the 

floor location is compatible with people who are keeping low or even forced to crawl in 

25 order to avoid smoke and fumes. (Conventional practices of placing often illuminated 

EXIT signs high up above doorways can lead to obscuration by smoke). 

The device has inherently a high reliability because the destruction of any lamp unit by 

flames or the like does not compromise the remainder - rendering its pickup coil an 

30 open circuit or a short circuit does not substantially affect the primary current and so the 

remainder of the lamp units may remain lit. 

Furthermore the lamp units themselves are electrically isolated, and the energising 

power supply is preferably provided with fault detection means so that it provides no 

35 electrical hazards in itself. 
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A variant of this device can be used in theatres, hotels, houses and the like, and would 

be energised steadily or on pressure on a sensing pressure pad, to better indicate the 

positions of stairs in the dark. 

ROADWAY - DETAILS 

A similar arrangement can be used on roadways to better indicate lanes routes hazards 

and other events to motorists. A particular application is in providing warnings at 

pedestrian crossings. In the pedestrian crossing application, the power supply is 

JO connected to a reliable source of AC power and is arranged to be energised when (for 

example) a person steps onto a contact pad at the kerbside, or when a conventional 

button is pushed. The energising cables are placed along selected patterns and may be 

embedded within slits cut with a diamond saw. As our inductive power transfer system 

uses only loose coupling, the cables may be several centimetres deep and even the later 

15 addition of further road surfaces will not affect coupling of power from the cables. The 

cables are preferably sealed in place, using a suitable adhesive or the like so that the 

installation is substantially permanent. 

The preferred slit dimensions for slits cut into roadways is 5 mm wide by 10 mm deep, 

20 rather than the more idealised parallel pair of slits shown in Fig 2. (Roads tend to crack 

and chip between paral1el, close slits). Therefore we have also made a modified 

arrangement in which one of the pair of wires forming the cable is above the other, as 

shown in Fig 3, and optionally in order to enhance the flux at the position of a lamp we 

make the slit deeper at that site and push one conductor further away from the road 

25 surf ace at that point. 

Preferably the cables are energised from a power supply operating at 12 or 24 volts, 

compatible with storage batteries fed from a wind generator or solar cells, although a 

higher voltage may be needed to inject resonant power into a longer run of cable, 

30 particularly if the more efficient litz wire is not available. 

The lamp units may be built into the existing "cats-eye" housings widely used on 

roadways to demarcate lanes by means of retro-reflective inserts. Glues or other means 

to mount these devices are well known and the dimensions of existing housings are 

35 adequate for housing the power pickup coils, control electronics, and lamps. In order to 

catch drivers' attention we expect that high-intensity beams from light-emitting diode 
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lamps will be used, aimed towards oncoming traffic. These lamps may be pulsed in a 

synchronised, attention-gathering manner by for example pulsing the power supply on 

and off. As the preferred resonant frequency is high, the decay time for power is small. 

5 Forty cycles of 40 KHz power= 1 millisecond. Alternatively the internal regulator 

within each housing may be arranged to operate in a cyclic manner, although this may 

not give as clear a signal of danger to an approaching driver. 

In the pedestrian crossing application, a vandal-proof warning device would preferably 

JO comprise (a) a sensing pad for detecting a waiting pedestrian, a sequencer to first 

energise the array of warning lamps for a suitable time, and then means to energise a 

"Cross now" or "Walk" signal of some type which may be (a) conventional illuminated 

signs, (b) audible, and/or (c) made of further lamps on the roadway, this time over the 

crossing itself and orientated so that they are visible to the pedestrian. 

15 
In cases where the currents in the buried cables are likely to affect inductive sensors 

used for controlling automatic traffic lights, the operating frequency can be selected to 

be separated from that used by the traffic light, and the relatively low harmonic content 

of the resonant power means that a simple trap tuned to the fundamental frequency 

20 should reject any interference to the traffic light sensor. 

In case further buried cables are used to provide power to moving vehicles according to 

our inductive power transfer principles, a separation in frequency should minimise any 

cross-interference between cables or affecting the pickup coils. It may well be 

25 preferable to adopt a different frequency of perhaps 40 KHz for these low-power 

lighting devices and run the vehicle power cables at 10 KHz, whereupon the tuned 

resonant circuits of the lighting devices should not develop any significant power when 

exposed to magnetic flux at a 10 KHz cycle rate. 

30 VARIATIONS 

In order to arrange for switching of lanes on a roadway, for example at a bridge where 

diurnal reversals in the flow of traffic promote the use of more lanes in one direction 

than another at one time, lane switching may be accomplished by linear arrays of 

illuminated housings which are laid on the road along predetermined lines or courses, 

35 and illuminated as required in order to steer cars into lanes. 
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These types of lights can also be used to demarcate sharp corners and the like and 

enhance areas of poor visibility. Here they have the advantage over conventional 

reflectors that by generating their own light they are effective outside (and particularly 

5 to either side of) the region illuminated by the headlights of a car. Preferably warning 

lights intended for motorists are intermittently energised by the approach of a motor 

vehicle, using a pressure pad or a proximity sensing device so that they can be 

maintained from a rechargeable storage battery with a solar cell as a source of power. 

When in operation, the bands of light emitted from the arrays of lamp units may extend 

10 far beyond the range of the driver's headlights. 

UNDERWATER VARIATIONS 

As inductive power transfer is inherently unaffected by non-magnetic materials that 

may appear or disappear in the gap, it may be used under water. Accordingly a series of 

15 housings containing lamps may be placed on the bottom (and sides, and edges) of a 

swimming pool to indicate lanes, and energised as required by buried cables concealed 

in the substance of the pool floor. These lamp units may be fixed in place, and various 

combinations energised by selecting particular runs of cable for various combinations 

of lamp unit spacing. Alternatively they may be clipped into retaining clips as and when 

20 required. Magnets, particularly magnets formed from ferrites, may be used to 

temporarily locate lamp units. Adjacent, magnetically soft ferrites may be included to 

act as flux concentrators. 

OPTIONS 
25 A light housing could be provided with more than one pickup coil and ancillary light 

sources, so that by changing the frequency of the power in the primary cable, different 

colours of light (for example) could be produced. Power modulation may also be 

arranged to select different lamps. Light emitting diodes are at present available in red, 

orange, yellow, green and blue, although the latter two are not particularly bright. Laser 

30 diodes of various visible colours may soon become cheap enough for use in this 

application, where their enhanced beam-forming ability will aid in the detection of 

these lights at a distance. Light-emitting diodes have an advantage in that their 

ON-voltage can be used to provide a degree of intrinsic regulation as shown in Figures 

3 and 4 where even the rectifier can be deleted if a second string of LEDs with the 

35 opposite polarity is placed across the first string. 
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As the light housings will general1y be fixed it is possible to extend the cable length by 

bringing the wires close together unless. at the site of a lamp. they are spread apart so 

that the magnetic field increases. To further enhance the field. a loop can be 

5 constructed in the primary cable, or a magnetically permeable coupler such as a ferrite 

can be used. 

In situations where lateral variations in lighting may extend beyond the "tram-track" 

layout of primary coils, one wire may be placed above the other, providing a more 

JO diffuse field. If this field is weaker, a ferrite flux concentrator may be provided to 

increase the power available within the secondary device. 

Movable lights may be mounted on a light track or on a surface such as a wall, ceiling, 

or table in such a way that they can be held in position without requiring direct 

15 electrical contact with the power source. In one example wall mountable lights can be 

mounted in one or more plastic channel members attached to the wall and may be 

allowed to slide along a channel member to a desired position whilst picking up 

inductive power from a primary circuit embedded in the wall or in the base of the 

channel member. As the attachment of the light to the surface does not require any 

20 direct electrical contacts whether sliding or stationary it is possible to adopt any number 

of different attachment means for the location or placement of the lights. The lights 

may take any desired shape or design. 

In the case of a photographic studio the lights may have a base containing the resonant 

25 pick-up and an arm or stem extending therefrom which a suitable reflector or light 

housing is mounted and containing the light source. In such a case it is preferable to 

position the primary resonant circuit (or circuits) in a sinuous pattern in the wall or 

ceiling so that the lamp bases can be placed anywhere on the surface and still receive 

enough resonant power to activate its light source. An advantage of placing the primary 

30 cables in a "slit configuration" as previously described is that the primary cables 

generate an external alternating magnetic field which is predominately parallel to the 

surface of the substrate, allowing 'the lamp base to be moved from side to side of the 

"slit" containing the pair of cables and still receive enough power for its light source. 

35 
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ADVANTAGES 
Inductively powered lamp units in accordance with this invention have a variety of uses 

where direct contact between the power cables and the lamp units is undesirable. 

5 Examples of such uses include lights used in or near water such as in swimming pools 

or areas where people work in contact with water, lights used in corrosive environments 

or where conductive fluids are likely to occur, lights used in mines and in operating 

theatres or in certain other industrial sites where flammable powders, gases, or the like 

are found, and lights used in roadways, or where the lights need to be moved relative to 

JO the power supply (eg in display areas or in photographic studios). 

15 

20 

25 

30 

35 

Finally, it will be appreciated that various alterations and modifications may be made to 

the foregoing without departing from the scope of this invention as set forth. 
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CLAIMS 

1. 

5 

10 

15 

20 2. 

25 

30 

35 

An inductively powered lamp unit; the lamp unit including one or more lamps 

capable of radiating light and comprising means to collect inductively 

transferred power from an external alternating primary magnetic field operating 

at at least one selected frequency; 

said collection means comprising a resonant circuit having a resonant period 

corresponding to a selected frequency and including at least one inductance and 

at least one capacitance; 

wherein the at least one inductance has a winding adapted to be intersected by a 

portion of the alternating magnetic field and thereby collect power as a 

secondary current, 

means capable of limiting the maximum amount of secondary current 

circulating in the resonant circuit. 

means to transfer power at an output from the resonant circuit to the lamp or 

lamps. 

and means to control the power provided to the lamp or lamps. 

An inductively powered lamp unit as claimed in claim 1 wherein the means 

capable of limiting the amount of secondary current circulating in the resonant 

circuit comprises a shorting switch capable of closing a connection across the 

inductance; 

the shorting switch being controlled by a controller provided with means 

capable of sensing the magnitude of the output so that when the output exceeds 

a first, higher. predetermined threshold the shorting switch is closed for a period 

exceeding the resonant period of the circuit, or when the output falls below a 

second, lower, predetermined threshold the shorting switch is opened; 

thereby limiting the secondary current flowing in the resonant circuit so that any 

magnetic flux generated by the secondary current does not have a significant 

counteracting effect on the primary field and so that the output of the resonant 

circuit is not able to exceed a predetermined maximum and so that the amount 

of light radiated from the inductively powered lamp unit is, above a lower limit 

of efficiency, substantially independent of the coupling efficiency between the 

external magnetic field and the resonant circuit. 
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3. An inductively powered lamp unit as claimed in claim 2 wherein the means 

capable of sensing the magnitude of the output is configured so as to sense an 

output current. 

4. An inductively powered lamp unit as claimed in claim 2 wherein the means 

capable of sensing the magnitude of the output is configured so as to sense an 

amount of emitted light. 

5. 

6. 

An inductively powered lamp unit as claimed in claim 2 wherein the resonant 

inductance comprises one or more coils. each coil being wrapped around an 

elongated member composed of a ferromagnetic material having a midpoint. 

which member is orientated when the lamp unit is placed in position so as to lie 

with its midpoint substantially adjacent to a primary conductor capable when 

energised of radiating a primary field, and substantially at right angles to the 

direction of the primary conductor. 

An inductively powered lamp unit as claimed in claim 4 wherein the lamp unit 

has a low profile and at least one window capable of transmitting light; the unit 

being capable of being attached to the surface of a roadway; and wherein the 

lamp or lamps comprise one or more light-emitting diodes. 

7. An inductively powered lamp unit as claimed in claim 1 wherein the means 

capable of limiting the amount of secondary current circulating in the resonant 

circuit comprises a shorting switch capable of closing a connection across the 

inductance; the shorting switch being controlled by a controller provided with 

means capable of sensing the magnitude of the output in comparison to a 

reference voltage and capable of sensing the phase of the secondary current, and 

capable of closing the shorting switch for a part of each cycle of the secondary 

current, as a in proportion to the difference between the output and the reference 

voltage, so that in use the magnitude of the output is held at a substantially 

constant level, and also so that the secondary current flowing in the resonant 

circuit is controlled and does not have a significant counteracting effect on the 

primary field, so that the output of the resonant circuit is not able to exceed a 

predetermined maximum. and so that the amount of light radiated from the 

inductively powered lamp unit is, above a lower limit of coupling efficiency, 
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substantiaJly independent of the coupling efficiency between the external 

magnetic field and the resonant circuit. 

A lighting installation comprising one or more inductively powered lamp units 

as claimed in claim 2, each affixed to a surf ace of a substrate, each lamp unit 

being capable of emitting light on being energised by inductive transfer of 

power across a space from a primary conductor located on or beneath the 

surface of the substrate; the primary conductor being capable of carrying an 

alternating current. 

A lighting installation as claimed in claim 8 wherein in use the primary 

conductor radiates an external alternating magnetic field which is predominately 

parallel to the surface of the substrate, at a frequency which is substantially the 

same as the selected resonant period of the resonant circuit in at least one of the 

lamp units; the frequency lying in the range of between 200 Hz and 2 MHz. 

A lighting installation as claimed in claim 9 wherein the primary conductor 

radiates an external alternating magnetic field at a frequency selected from a 

frequency range between IO kHz and 80 kHz. 

A lighting installation as claimed in claim I 0, wherein the light produced by the 

or each lamp unit is capable of being controlled by control signals superimposed 

from time to time on the alternating magnetic field radiated by the primary 

conductor. 
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Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to 
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US 4914539 A (TURNER et al) 3 April 1990 
A FIGURE2 1-11 

COLUMN 5 LINE 17 TO COLUMN 7 LINE 20 
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INTERNATIONAL SE" .CH REPORT 
Information on patent family members 

International Application No. 

PCT/NZ 95/00061 

This Annex lists the known "A" publication level patent family members relating to the patent documents cited 
in the above-mentioned international search report. The Australian Patent Office is in no way liable for these 
particulars which are merely given for the purpose of information. 

Patent Document Cited in Search Patent Family Member 
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WO 9511545 AU 80064/94 AU 80065/94 JP 7170681 

WO 9511544 

WO 9511544 AU 80064/94 AU 80065/94 JP 7170681 

WO 9511544 WO 9511545 

WO 9304527 AU 23966/92 NZ 239366 us 5450305 

us 5293308 AU 12373/92 CA 2106784 EP 577611 

MX 9201100 NZ 237572 WO 9217929 

us 4914539 NONE 
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Inductive power transfer across an extended gap 

TECHNICAL FIELD OF THE INVENTION 

This invention relates to the use of inductive power transfer to provide power across an 

5 extended gap between a primary inductive trackway and a secondary pickup device, for a range 

of purposes including motive power, battery charging and lighting including lighting using 

electroluminescent panels. 

BACKGROUND 

10 Inductive power transfer, although contactless, has in most applications in the prior art using 

primary pathways required that the configurations shall include ferromagnetic cores and that the 

secondary or pickup shall be quite closely placed in proximity to, or about the primary 

conductor. For example, Kelley in US 4833337 uses elongated ferrite inverted "U" cores and a 

ferrite member fixed to the primary pathway as well. Boys & Green (WO92/17929) use "E" 

15 cores with one primary conductor located inside each space between the three limbs of the "E". 

Bolger (US 3914562) teaches a 120 Hz primary inductive cable along a roadway; the cable 

having iron laminations along its entire length. These laminations face corresponding 

laminations within the moving vehicles that draw power from the tracks. These are expensive, 

heavy constructions which will exhibit magnetic attraction forces and any magnetostrictive 

20 effects within the cores will tend to cause noise. For transferring power to moving road vehicles, 

avoidance of core structures (at least in the primary pathway) and a wider tolerance in 

positioning is clearly useful. 
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Inductive power transfer systems in which various portions of the system are tuned to resonance 

are somewhat liable to instability should one or more resonant circuits assume a different 

resonant frequency to that of the system mean. Means to enhance stability are always useful, 

given that resonance is in most cases the preferred way to optimise the transfer of inductive 

5 power. 

There are many applications in attention-gathering fields (i.e. advertising) in which it will be 

useful to extend the gap over which a useful field can be transmitted under inductive power 

transfer principles. Advantages of doing this include the concealment of the power sources so 

that panels appear to magically light up without a visible connection. Hence the use of inductive 

10 power transfer, which itself may involve higher frequencies, as a way of driving 

electroluminescent panels across a gap and without bare wires or contacts is a useful venture. 

Electroluminescent panels have been available since at least 1957 as a source of lighting or of 

display and advertising material, yet they have proven to be difficult to drive at an acceptable 

level of brightness and at the same time retain a reasonably long life. Panels require a relatively 

15 high frequency (well above mains frequency) in order to glow at a useful level. Prior-art driving 

circuits such as dedicated chips rely on inverters to develop AC power at typically 800-1200 Hz, 

and up to typically 50 V peak-to-peak. Because the output of those inverters is substantially a 

square-wave waveform the phosphors of the panels are not excited optimally and brightness is 

not remarkable. Attempts to get more light with higher driving voltage usually results in 

20 breakdown of the dielectric and a failure of the panel, or a markedly curtailed life. There may be 

thermal runaway effects involved. 

OBJECT 

25 It is an object of this invention to provide an improved way to drive loads such as (but not 

limited to) electroluminescent panels across a gap using inductively transferred electric power, 

or at least to provide the public with a useful choice. 
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STATEMENT OF THE INVENTION 

In a first broad aspect the invention provides means for inductive power transfer across an 

extended gap between a primary conductor and a secondary resonant pickup circuit, the means 

comprising an intermediate resonant loop, resonant at a system-wide resonant frequency and 

5 capable of being positioned within an inductive power transfer system so that inductive power is 

capable of being coupled inductively from the primary inductive conductor through the 

intermediate resonant loop to the at least one secondary resonant pickup circuit capable of 

collecting the inductive power. 

Preferably the invention provides means for coupling inductive power as described in this 

Io section, wherein the intermediate resonant loop comprises a capacitance and an inductance, 

together resonant at the system-wide resonant frequency. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the inductance may comprise at least one lumped inductance and at least 

one extended inductance. 

15 Optionally the at least one element having inductance within the intermediate resonant loop may 

comprise at least one intermediate lumped inductance comprised of a sub-loop having one or 

more turns and at least one extended intermediate inductance being the inductance of the loop 

itself. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

20 this section, wherein the at least one lumped inductance is capable of receiving inductive power 

from a primary conductor. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the intermediate resonant loop is extended over a lateral distance so that 

one or more, spaced-apart, secondary resonant circuits may draw power from the intermediate 

25 resonant loop. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the intermediate resonant loop includes means to limit the amount of 

resonating current flowing. 
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Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the means to limit the amount of resonating current flowing includes 

means for at least partial decoupling of the intermediate loop from the primary conductor. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

5 this section, wherein the secondary resonant circuit provides motive power to an electrically 

powered vehicle. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the intermediate resonant circuit is extended over a lateral distance beneath 

at least a part of a route taken by a vehicle, so that the intermediate resonant circuit is capable of 

10 providing power to the vehicle when the vehicle is situated adjacent to the position of the 

intermediate resonant circuit. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the intermediate resonant circuit provides a charging current to one or more 

battery units within a vehicle when the vehicle is situated adjacent to the position of the 

15 intermediate resonant circuit, such as at a bus stop. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the intermediate resonant circuit provides frequency stability to an 

inductively powered system. 

Preferably the invention provides means for coupling inductive power as claimed in the 

20 preceding claim, wherein the intermediate resonant circuit includes active frequency-adjusting 

means or the like to overcome any system instability that may arise. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the intermediate resonant circuit provides a charging current to one or more 

battery units. 

25 Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the secondary resonant circuit provides electric power to a light source. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the electrically powered light source is an electroluminescent panel driven 
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with substantially sine-wave alternating current at an effective voltage and at an effective 

frequency. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the intermediate resonant loop comprises at least one element having 

5 inductance and at least one element having capacitance, together forming a circuit resonant 

substantially at the system-wide resonant frequency, and in which the intermediate resonant loop 

is capable of intercepting an inductive field from the primary inductive pathway and thereby 

having an effective resonating current induced within it, the inductive field developed about the 

intermediate resonant loop being in tum capable of inducing a current within the secondary 

1 o resonant circuit. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the at least one element having inductance within the intermediate resonant 

loop comprises at least one lumped inductance comprised of a coil made from a fraction of a 

tum to a plurality of turns, the or each lumped inductance being situated at one position or, if the 

15 intermediate resonant loop has more than one lumped inductance, is situated at spaced-apart 

positions around the intermediate resonant loop, and at least one extended intermediate 

inductance is comprised of the inductance of the loop itself. 

Preferably the invention provides means for coupling inductive power as described elsewhere in 

this section, wherein the orientation of the magnetic flux generated, when in use, about the 

20 intermediate lumped inductance is capable of enhancing the transfer of inductive power at that 

position. In another view, the inductive field developed, when in use, about the intermediate 

resonant loop may be caused to be concentrated at one or more predetermined positions by 

forming the intermediate resonant loop into a sub-loop having one or more turns at the or each 

position, so that the transfer of inductive power into or out of the inductive field developed, 

25 when in use, about the intermediate resonant loop is enhanced at the one or more predetermined 

positions. 

Preferably the invention provides means for coupling inductive power over an extended distance 

from a primary, energised, inductive pathway having at least one conductor capable of carrying 

an alternating current having a system-wide consistent frequency, to a secondary resonant circuit 

30 capable of collecting the inductive power, the means comprising an intermediate resonant loop 
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including at least one element having inductance and at least one element having a capacitance, 

together resonant at the system-wide resonant frequency, the intermediate resonant loop being 

capable of intercepting an inductive field from the primary inductive pathway and thereby 

having a current induced within it, the inductive field developed, when in use, about the 

5 intermediate resonant loop being in turn capable of inducing a current within the secondary 

resonant circuit so that in use it develops a substantial resonating current. 

Preferably the lumped inductance is capable of receiving inductive power from a primary 

conductor, optionally connected to a primary lumped inductance adjacent to the intermediate 

lumped inductance. 

IO Optionally the intermediate resonant loop may be extended over a lateral distance so that one or 

more, spaced-apart, secondary resonant circuits may draw power from the intermediate resonant 

loop. 

Alternatively, the invention provides means to extend the distance between a source of changing 

magnetic fields and a magnetic field pickup means (including a secondary resonant circuit) over 

15 which an effective transfer of inductive power can take place, the means comprising a 

intermediate resonant circuit placed about the source of changing magnetic fields so that in use 

it develops a substantial resonating current. 

Preferably the intermediate resonant loop of the invention is provided as an accessory to be 

overlaid upon a primary resonant pathway, so that it is capable of intercepting at least some of 

20 the magnetic flux surrounding one or more conductors of the primary pathway. 

Alternatively the intermediate resonant loop of the invention may be provided as an accessory to 

be laid over or about a secondary resonant circuit or pathway so that the loop collects a magnetic 

flux and forwards it to the secondary resonant circuit or pathway. 

Optionally the invention provides means to improve the frequency stability of an inductive 

25 power transfer system including a primary, energised, inductive pathway having at least one 

conductor capable of carrying an alternating current having a system-wide consistent frequency, 

and one or more secondary resonant circuits capable of collecting the inductive power, the 

means comprising an intermediate resonant loop including at least one element having 

inductance and at least one element having a capacitance, together resonant at the system-wide 
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resonant frequency, the intermediate resonant loop being capable of intercepting an inductive 

field from the primary inductive pathway and thereby having a current induced within it, the 

inductive field developed, when in use, about the intermediate resonant loop being in tum 

capable of inducing a current within the secondary resonant circuit so that in use it develops a 

5 substantial resonating current, wherein the stabilising property depends on the reversal of the 

effect of a detuning or destabilising event as it crosses an inductive link between conductors, so 

that the addition of a second inductive link inherent in the use of an intermediate link between a 

primary and a secondary circuit causes the destabilising effect to be reversed twice. 

In a second broad aspect the invention provides a power supply capable of receiving its electric 

1 o power through an intermediate resonant loop as described elsewhere in this section, the power 

supply being capable of generating a substantially sine-wave alternating current at an effective 

voltage and an effective frequency for use with a capacitative load such as one or more 

electroluminescent panels; the power supply being itself supplied with electric power through an 

intermediate loop as described elsewhere in this section. 

15 Preferably the invention provides a power supply as described elsewhere in this section, the 

power supply including a pair of switching devices driven in a complementary manner at the 

effective frequency, and includes an inductor capable of resonance at or about the effective 

frequency when connected to the capacitative load. 

Preferably the invention provides a power supply as described elsewhere in this section, wherein 

20 the one or more electroluminescent panels are connected in parallel with a frequency-adjusting 

capacitance. 

Preferably the invention provides a power supply as described elsewhere in this section, wherein 

the power supply includes a circuit comprising a first inductor of large inductance in series 

between a power supply and a centre tap of a second, resonating inductor of large inductance, 

25 the start and finish of the winding of the second inductor being connected to a second terminal 

of each of a pair of switches including current amplification properties, each first terminal of 

each switch being connected to the return line to the power supply, and each control terminal of 

each switch being connected via a resistor chain to the second terminal of the other switch, and 

the capacitative load being placed between the second terminals of the two switches. 
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Optionally the invention provides a power supply as described elsewhere in this section, 

wherein the circuit may be functionally enabled or disabled by connecting an intermediate point 

in one or both resistor chains to a potential capable of reversibly interrupting oscillation, thereby 

halting the supply of sine wave power. 

5 Optionally the invention provides a beverage dispenser including one or more 

electroluminescent panels within valves capable of controlling the flow of the beverage, wherein 

the electroluminescent panels are provided with power by a power supply as described 

elsewhere in this section from an inductive power distribution system over a space, the width of 

the space being enhanced by the inclusion of an intermediate resonant circuit, so that the 

Io effective distance between the electroluminescent panel and the source of inductive power may 

be increased. 

Preferably the invention provides a power supply wherein the power supply includes a circuit 

comprising a first inductor of large inductance in series between a power supply and a centre tap 

of a second, resonating inductor of large inductance, the start and finish of the winding of the 

15 second inductor being connected to a second terminal of each of a pair of switches including 

current amplification properties, each first terminal of each switch being connected to the return 

line to the power supply, and each control terminal of each switch being connected via a resistor 

chain to the second terminal of the other switch, and the capacitative load being placed between 

the second terminals of the two switches. 

20 Preferably the invention provides a power supply as described elsewhere in this section, wherein 

the circuit may be functionally enabled or disabled by connecting an intermediate point in one or 

both resistor chains to a potential capable of reversibly interrupting oscillation, thereby halting 

the supply of sine wave power. 

Optionally the power supply itself is supplied with electric power without the intervention of an 

25 intermediate loop as described elsewhere in this section. 

Optionally the power supply itself is supplied with electric power from a utility rather than from 

an inductive power transfer system, in which case the power supply includes a circuit 

comprising a first inductor of large inductance in series between a power supply and a centre tap 

of a second, resonating inductor of large inductance, the start and finish of the winding of the 

30 second inductor being connected to a second terminal of each of a pair of switches including 
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current amplification properties, each first terminal of each switch being connected to the return 

line to the power supply, and each control terminal of each switch being connected via a resistor 

chain to the second terminal of the other switch, and the capacitative load being placed between 

the second terminals of the two switches, but does not include a secondary resonant pickup 

5 circuit. 

IO 

Optionally the invention provides a power supply as described elsewhere in this section, 

wherein the power supply itself is supplied with electric power from a conventional utility 

supply and the resonant secondary pickup aspect itself is absent. 

Preferably the electric power is rectified. 

DRAWINGS 

The following is a description of a preferred form of the invention, given by way of example 

only, with reference to the accompanying diagrams. 

15 Fig 1: is a circuit diagram used to drive an electroluminescent panel with inductively 

transferred power, using an intermediate loop. 

Fig 2_: is a circuit diagram showing the intermediate loop or circuit. 

Fig J: is a prior-art diagram of a self-illuminated roadway stud, in section, when attached to a 

roadway. 

20 Fig 4: is a diagram of a self-illuminated roadway stud using an intermediate loop to continue 

the power supply connection after more layers of seal have been applied. 

25 

Fig ~: is a sectional diagram of a vehicle, driven with inductively transferred power and an 

intermediate loop as part of the trackway. 

Fig '2_: is a sectional diagram of a vehicle, driven with inductively transferred power and an 

intermediate loop included within the vehicle. 
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Fig 1: is a circuit diagram used to drive an electroluminescent panel with inductively 

transferred power, without using an intermediate loop. 

PREFERRED EMBODIMENT 

5 Application example 1: electroluminescent panel. 

The invention will be described in relation to a particular application; driving an 

electroluminescent panel incorporated into a the handle of a beer tap as used in bars, where the 

panel serves as a background for advertising material. Clearly, the invention can be applied to 

other situations. 

IO The circuit for driving an electroluminescent panel includes four sections:- (a) DC to AC 

conversion producing a sine wave output at an optimal frequency, capable of driving the panel 

more effectively, (b) power pickup means, (c) secondary control means operating on rectified 

power, and (d) .panel disabling means. Refer to Fig 1. 

Section (a) of the circuit is a DC to sine wave converter which is adapted for a capacitative load 

15 such as that of an electroluminescent panel 115; a device having usually one transparent 

conductive plane, a dielectric layer including one or more phosphors capable of emitting light 

when excited, and a second conductive plane, so comprising a capacitor. The light emitted from 

an energised panel could be regarded as a result of the existence of a "lossy dielectric" because a 

change in the voltage field between the planes is required to excite the phosphor. The panels 

20 used are made with flexible plastics materials by the New Zealand manufacturer of the 

advertising displays, using DuPont phosphors and chemicals. A typical panel has an area of 

about 50 cm2 and a capacitance of about 10 nF. 

We found that conventional excitation with approximately square wave waveforms from 

purpose-designed integrated-circuit (IC) excitation devices (e.g. the Supertex HV803) resulted 

25 in about 120 lux of emitted light, which is visible but not dramatic. Attempts to drive the panels 

harder, with more voltage, in order to get more light resulted in failure of either or both the 

panel and the IC driver and perhaps this is a result of the "impulse" nature of the step changes of 
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a square wave drive being poorly matched to the requirements of the phosphor in terms of 

perceptible light. Perhaps thermal runaway effects occur during the failure process. In order to 

exercise the dielectric of a panel, and so excite the phosphors as efficiently as possible, it seems 

preferable to apply an AC waveform having a constant rate of change; a sine wave. We have 

5 confirmed that panels driven with a sine wave circuit according to this invention can radiate a 

considerably increased amount of light over apparently a long period before degradation or 

failure occurs. Accordingly we have constructed a sine-wave power supply circuit capable of 

producing a reasonably pure sine wave when used with a capacitative load (including 

electroluminescent panels) yet having high conversion efficiency and a low parts count. 

10 Referring to Fig 1, 101 is a positive power input and 102 is a negative power input. 103 is an 

inductance of small physical size (total 13 x 13 x 9 mm) wound from 3500 turns of 0.05 mm 

insulated copper wire on an E-I ferrite coil former. It has an inductance of about 1.2 Henry. This 

part converts a voltage source such as our secondary pickup coil combination including a 

smoothing capacitor into a current source. 

15 The active components in the circuit comprise 104 and 105, two NPN transistors in a cross

coupled type of circuit. Suitable transistors are rated for 200V V ceo, 250 mA, and have a B of 

about 40. (Steering diodes 108 and 113 simply provide for circuit disabling - see section (d)). 

The emitters of the transistors are connected to supply line 102; their bases are connected at the 

first junction (between 106 and 107) of a resistor chain comprising 106 (47K), 107 (82K), and 

20 109 (330K); or 110, 111, and 112 for the other transistor. The top ends of these resistor chains 

are connected to the collectors of the opposite transistors. Also connected between the collectors 

are the ends of 113, a centre-tapped inductor otherwise like 103 which has the centre tap 

connected to 103, and optionally one or more capacitors such as 115, used for frequency

adjusting purposes to reach the about 1200 Hz desired frequency, and 116, one or more 

25 electroluminescent panels. 113 serves as a resonating inductance and as a DC feed or splitter. 

Note that the desired frequency (the "second frequency" of our claims) is not related to the "first 

frequency" used for power distribution which is typically in the range of from 10 kHz up to 

perhaps 30 kHz, depending on switching device ratings, harmonic considerations, and the like. 
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The operating frequency is trimmed by adjustment of capacitor 115 to run at about 1200 Hz 

with the about 10 nF preferred electroluminescent panel. The magnetising inductance of the 

centre tapped inductor, which serves as a DC feed and as part of a resonant circuit, is about 1.2 

Hy. In use the circuit is fed at about 50V DC which results in about 400 Lux of greenish light 

5 being emitted by the panel. For special effects such as flashing, the circuit can be switched off 

by disabling the base drives, actually by grounding the junction of the diodes 113 and 108 so 

interrupting signal and base current. On raising the diode voltage ( above about 1.5V, so that the 

diodes become non-conducting) the circuit rapidly (in about 2-3 cycles) builds up to its full 

amplitude of oscillation. The controller 128 provides this output. (We have not discussed in 

1 o detail any actual control signals for enabling or disabling the circuit. These may be internally 

generated by a simple free-running multivibrator, or may be picked up from an external source 

perhaps through the demodulation of control signals carried either though the primary conductor 

cable or as electromagnetic fields). Thus the circuit can be programmed to make the panel flash 

on and off, or be dimmed with a rapid enable/disable sequence. Brightness control is also 

15 possible by varying the applied voltage, as long as the ratings of the panel and other parts are not 

exceeded. The applied voltage could be varied by varying the reference voltage fed to the 

controller 127 for the shorting switch 124. Another mode of use of the comparator 128 is to 

inhibit the panel-driving converter when the bus voltage is under 40 volts, or enable it when the 

voltage is over 40 V. This has the effect in the target application of causing the panel to flash 

20 brightly and perhaps briefly, rather than fade into dimness, if the coupling to the pickup coil is 

reduced. In the target application this enhances human attention-gathering by the panel while in 

other applications this is a fail-safe feature for inadvertently reduced power transfer. 

Power section: Integration of this circuit with an inductive pickup secondary circuit (sections (b) 

and (c)) is preferably as follows: A pickup coil 120, resonant with capacitor 121, can collect 

25 inductive power in the form of a changing magnetic field and convert it into AC. Typically we 

generate 10-40 kHz AC in a primary conductor or primary coil 119 to provide a changing 

magnetic field. The circulating current in the resonant tank circuit 120-121 is rectified in the 

bridge rectifier 122 and passed thrnugh an inductance 123 of typically 560 µH, intended to limit 

the peak current passing through a control switch 124 which is capable of shorting out the 

30 pickup coil (ignoring two diode voltage drops, of course). If the shorting switch is in a high-
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impedance state, rectified current flows through the steering diode 124 and along the bus 131 to 

charge up the smoothing capacitor 126, across which the supply voltage is developed. In this 

circuit, one comparator determines whether the bus 101 voltage is over 50 volts, in which case 

its output on line 129 goes high and turns ON the switch 124, or under 49 volts, when its output 

5 goes low. This output controls the switch 124. The negative bus is connected to the inductor 

102. 

Novel means for enhancing the gap length 100 over which inductively coupled inductive power 

transfer or ICIPT can be transferred are provided as follows (see both Fig 1 and Fig 2). An at 

least several times increase of the distance over which effective amounts of inductive power can 

1 o be transferred is attainable. This aspect of the invention comprises placement of a simple 

intermediate resonant circuit 117, 118 having (in this example at least) no control means or 

active components or the like between a primary source of a changing magnetic field and the 

ultimate consumer or consumers. In Fig 1 this novel resonant circuit is represented by the 

capacitor 118 and the inductance 117. In Fig 2 the novel intermediate resonant circuit is 

15 represented by the capacitor 118, the lumped inductance 117, where power is transferred into the 

circuit from a source of inductive power passing through the inductor 119 which may be a 

straight conductor or a coil, and the elongated conductor 117 A. In practice, the elongated 

conductor might energise a number of pickups such as the four tank circuits, one labelled 120 

(inductor) and 121 (capacitor (each corresponding to a circuit such as that of Fig 1) and another 

20 labelled 120' and 121'. (See also Fig 5). 

The physical configuration of the intermediate circuit may be varied according to the 

application. Electrically it may be represented as inductor 117 and capacitor 118 in Fig 1. The 

intermediate pickup coil can develop higher circulating currents or at least a higher magnetic 

flux than a primary energised conductor, and so transfer power over a greater gap length 100. 

25 An interesting observation about the intermediate resonant circuit 1171118 is that the overall 

stability of a system having extra resonant, tuned circuits of this type is improved. If one circuit 

( say 120,121) is detuned away from resonance, its power factor changes in use so that for 

example the current leads the voltage. In a second circuit (say 117 and 118) inductively coupled 

to the first the power factor is reversed so that the voltage now leads the current. In situations 
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where one inductively coupled link exists, the reversal leads to instability, but in situations 

where a second inductively coupled link to a third circuit (119) also exists, the power factor 

relationship is again reversed and so the intermediate link leads to an improvement in frequency 

stability. Of course, this power supply may be used to drive an electroluminescent panel or 

5 similar device without the aid of an intermediate loop. Fig 7 shows such a power supply, 

practically identical to that of fig 1 but with the omission of the loop 117 and 118. Note that in 

Figs 1 and 7 the primary conductive pathway 119 need not have an actual discrete inductance, if 

sufficient current is flowing in a straight wire to provide an adequate flux. 

Advantages of this power supply include that it renders an electroluminescent panel a much 

10 brighter, and hence more useful device. Furthermore, the increased brightness for a given peak 

voltage obtained with sine-wave driving seems to result in a greatly increased panel life, 

although the exact improvement of lifetime remains to be defined. We had been causing panels 

and drivers to fail when testing the prior-art square-wave driver circuit at higher voltages. 

15 

Application example 2A: road studs. 

Fig 3 shows a prior-art view of a road stud (which is a device including a resonant secondary 

circuit, a control circuit to limit secondary current, and an array of light-emitting diodes intended 

as a self-lit "cat's eye" type of lane marker), in which the stud 300 is simply glued onto a road 

20 surface 303 above a previously cut slit containing primary inductive pathway conductors 304 

and 305. Typically, the conductors are spread apart within the space 306 so that the magnetic 

field surrounding the upper conductor 304 is not partially cancelled out by the reverse field in 

305. Inside the road stud there is a pickup inductor 301 (here shown side-on), resonating 

circuitry, power control and supply circuitry and a bank of light-emitting diodes 302 to provide a 

25 useful output. 

One problem with this device is that after the road receives each of an often needed re-sealing, 

the distance over which the inductive field must travel to· reach the stud becomes greater and 

may exceed the capability of a given field. (Studs can be hammered free of their adhesive and 
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perhaps re-used if still functional). The principle of the intermediate loop of the invention is 

shown in Fig 4, in which a greater thickness of road surface 303B has been added to the 

original, 302A. One way in which this invention can be used in practice is to cut a further slit in 

the new seal 303B with a diamond saw or the like, and insert an intermediate loop 401 made of 

5 a good conductor such as a litz wire (which has a high surface area and hence reduced losses at 

high frequency) with its resonating capacitor 402. The capacitor may be made as a flat, card-like 

object rather than the usual cylinder so that it falls into a narrow slit. 

In laboratory tests, an intermediate resonant circuit comprising a number of turns of wire wound 

over two ferrite strips together with appropriate tuning capacitors was made up. This circuit is 

1 o resonant at a system frequency and can be placed over a single wire of a primary conductive 

pathway. When the circuit is close to the single wire, the road stud can be excited to a level at 

which the control circuit becomes operative (perceived as an upper brightness limit) when it is 

about 10 cm away from the single wire. Without the intermediate resonant circuit, this distance 

is limited to about 3 cm. 

15 Advantages of this intermediate loop include that the road can be re-sealed more times before 

the original primary conductive trackway becomes useless. The "reach" of the magnetic flux can 

be extended with the aid of intermediate loops. We expect that a stack of more than one 

intermediate loop will also work although it is possible that current-limiting means, perhaps a 

saturable inductor, may be required. 

20 

Application example 2B: two road studs. 

One road stud close to the primary conductor can act as a intermediate resonant circuit for 

another road stud; here the intermediate circuit is not a simple passive inductor/capacitor circuit 

but is controlled by a shorting switch arrangement for decoupling the circuit in the event of too 

25 high a circulating voltage. This illustrates use of an intermediate loop incorporating a current 

limiting feature. Such a feature is useful in permitting primary current to pass an un-loaded 

intermediate loop and so reach further consuming devices. 
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Application example 3A: vehicle powered through an intermediate loop attached to the 

trackway. 

Fig 5 shows a vehicle 500, capable for example of running along an arrangement of rails 501, in 

which an electric motor 509 drives at last one wheel; the motor being fed from a set of motor 

5 control circuitry 508 which accepts AC power from a resonant pickup circuit comprised of a 

capacitor 506 and an inductor 507 preferably having a ferromagnetic core arranged so as to 

effectively intercept a flux from a supply. The primary conductor 503 running substantially 

parallel to the track has as an intermediate coupling arrangement a loop of wire (preferably a litz 

wire, because it may carry a high resonating current) including optionally one or more discrete 

10 inductances 504 and a tuning capacitor 505. The inductances 504 have two functions; they aid in 

causing the loop to be electrically resonant at a system-wide resonant frequency, and they act as 

concentrated sources of inductive fields to be picked up by the vehicle. In some transport 

systems there may be an arrangement wherein higher power levels are desirable at certain spots, 

such as for acceleration. Or, a vehicle may normally be powered by rechargeable batteries 510, 

15 to be charged at certain designated spots such as "bus stops" along a fixed route. Fig 5 could in 

fact be regarded as a sectional view through a bus stop having charging facilities. The 

intermediate loop allows effective charging to occur with an increased tolerance in the actual 

rest position. 

Advantages of this invention include that power transfer may occur over greater distances. Thus 

20 a driver need not be so precise in positioning the bus over a charging conductor for recharging a 

bus battery. Reduced vertical positioning constraints allow a vehicle with a softer suspension. 

A product carrying conveyor device can supply increased power where the rails make an ascent. 

Incidentally, there may be simple battery charger applications where the increased gap distance 

is an advantage and, of course, the constant-current nature of loosely coupled inductive power 

25 transfer is an asset in changing batteries. The intermediate loop may allow increased power to 

be drawn from a primary conductor. 

Application example 3B: vehicle powered through an on-board intermediate loop. 

This version of the invention is similar to the arrangement shown in Fig 5, except that the 

intermediate loop (including 603 the resonating capacitor, 604; a part of a transformer, and 507; 
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a pickup inductor, ) is now carried within (or upon) the vehicle and serves a different function. 

The capacitor 506 and the part-inductor 601 represent the original secondary pickup coil and 

resonating capacitor. We have included a ferromagnetic core 602 as a convenient way to 

produce a more economical transformer. 

5 In this example the advantage of the intermediate loop is that it acts as a system frequency 

stabilising device. Suppose for example that the vehicle resonant pickup comprised of 506 and 

601 has shifted away from the system-wide frequency and as a result the phase of the current 

within the pickup resonant circuit is leading the phase of the voltage. As is well-known, on the 

other side of a transformer device (including an inductive pickup device), the phase of the 

Io voltage will now tend to lead the phase of the current. This inversion of the order tends to cause 

system instability. If an intermediate loop is used, then within the primary conductor the original 

leading by the current is restored as a result of passage of the power through a second 

transformer device - or inductive coupling means in this case. Hence the detuning of the vehicle 

is less likely to cause system instability; and increased system stability is a resulting advantage. 

15 Intermediate loops may be constructed and sold as separate accessories suitable for use with 

inductive power transfer systems of various types. One of the variables to be considered when 

ordering loops is the existing resonant frequency of the system with which the intermediate 

loops are to be used. 

20 Application example 4: beer tap handles. 

This example integrates all the inventions described in this specification. Electrically, the beer 

tap handle circuit is that shown in Fig 1, where the luminescent panel 114 is incorporated in the 

handle of a beer tap to act as an advertising accessory and attract the attention of consumers. In 

this instance, the reduced coupling that occurs when the handle is operated by being pulled away 

25 from a rest position has the effect of causing the hitherto steadily lit panel to not simply go dim, 

but enter a flashing mode wherein the brightness of each flash (which is of a reasonably long 

duration, depending on the size of capacitor 126) is comparable to the steady illumination 

(typically 400 lux using the circuit of this invention) of the handle in its rest position. 
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The components ( apart from 119, 117, and 118) of Fig 1 are preferably installed in a concealed 

manner within each handle. Using surface-mount electronics size is not a problem. Refer to Fig 

2 for the physical appearance of an illuminated beer-tap handle for use in a bar. 

The pickup coil (120) comprises perhaps 20 turns on a C-shaped core which may be cut from a 

5 toroidal core. In the example this is oriented vertically (i.e. along the axis of the handle) in order 

to collect flux emanating from the intermediate resonant 118-117. In Fig 2, the rectangle 117 A 

may be physically within a panel that passes close to each beer handle circuit (here suggested by 

the tank circuits 120, 121 etc). In one corner a concentration of flux pick-up means 117 is 

provided and this is in use oriented close to a source of magnetic field such as a coil 119 driven 

1 o by a resonant power supply converter (not shown) with a sine wave at typically 40 kHz in this 

application. The tuning capacitor 118 is generally located close to this coil. The primary coil 119 

may be incorporated in a clip over the holder for the panel. In this particular application it is 

useful to be able to detach the panel including the coil 1171117 A/118 and as there are no direct 

connections to it, this can be done easily. In fact the componentry can be totally concealed. The 

I 5 panel can be detachable in this application to permit access to the tap mechanism and for 

cleaning. The detachable panel may be cleaned, for it has no active, sensitive parts or exposed 

electrical connections. 

When in place, this panel is held so that its particular pickup area 117 is in proximity to the 

energising primary coil, and its border is near one or more pickup coils, 120, 120' and so on; one 

20 on each beer tap. 

Advantages of this system containing a intermediate resonant circuit for powering 

electroluminescent panels in a consumer-accessible and often wet region include ( 1) that there is 

no need to place relatively obtrusive primary coils adjacent to each tap, with wiring, and rigidly 

held in close relationship to toroids around the beer handles, so affecting the ability to clean the 

25 taps, and (2) that the distance over which effective coupling occurs is greater, so that precise 

positioning is not required and so that electroluminescent panels remain lit during movement of 

the beer tap handles. Several beer taps may be driven from the one intermediate circuit. 
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VARIATIONS 

For a vehicle, the intermediate loop may be mounted over the fixed primary trackway within the 

road surface, for gap-widening purposes, or it may be mounted within the vehicle in relationship 

with the secondary pickup coil or coils, where it serves to increase stability. 

5 We have not yet explored the operation of a intermediate circuit under high power operating 

conditions or where several intermediate circuits are to be driven simultaneously from a single 

primary conductor. Intermediate resonant loops circuits may also need to include control 

circuits to limit the total circulating power. One possible example of a control "circuit" is a 

saturable ferrite core within the tuning inductance. Another is back-to-back Zener diodes 

10 connected across the tuning capacitor, selected so as to break down when the circulating voltage 

exceeds a predetermined limit. 

INDUSTRIAL APPLICATION 

(I) hnproved drive circuitry for electroluminescent panels increases the range of possible 

applications for such panels. Prior-art drivers resulted in about 120 lux of emitted light, which is 

15 visible but not dramatic. 400 Lux was available with the circuit of this invention. 

(2) Intermediate resonant circuits, by increasing the gap over which a given amount of power 

can be transferred inductively, can increase the number of applications for IPT. They can reduce 

the amount of primary current required, and/or reduce the size of a secondary pickup inductor, 

or they may reduce the requirements for precise alignment of the pickup coil with the primary 

20 conductor. For a road stud, which is an internally lit "cat's eye" device using light-emitting 

diodes, adequate function is obtained when it is about 10 cm away from the single wire. Without 

the intermediate resonant circuit, this distance is limited to about 3 cm. The intermediate 

resonant circuit itself is a simple and cheap device. 

Finally, it will be appreciated that various alterations and modifications may be made to the 

25 foregoing without departing from the scope of this invention as set forth in the following claims. 
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CLAIMS 

1. Means for coupling inductive power across an extended gap between a primary conductor and at 

least one secondary resonant pickup circuit capable of collecting the inductive power; the means 

comprising an intermediate resonant loop, resonant at a system-wide frequency and capable of being 

5 positioned within an inductive power transfer system so that inductive power is capable of being 

coupled inductively from the primary inductive conductor through the intermediate resonant loop to 

the at least one secondary resonant pickup circuit. 

2. Means for coupling inductive power as claimed in claim 1, wherein the intermediate resonant loop 

comprises a capacitance and an inductance, together capable of resonance at the system-wide 

10 resonant frequency. 

3. Means for coupling inductive power as claimed in claim 2, wherein the inductance within the 

intermediate resonant loop comprises at least one lumped inductance and at least one extended 

inductance. 

4. Means for coupling inductive power as claimed in claim 3, wherein the at least one inductance is 

15 capable of transferring inductive power. 

5. Means for coupling inductive power as claimed in claim 2, wherein the intermediate resonant loop is 

extended over a lateral distance so that one or more, spaced-apart, secondary resonant circuits may 

draw power from the intermediate resonant loop. 

6. Means for coupling inductive power as claimed in claim 5, wherein the intermediate resonant loop 

20 includes means to limit the amount of resonating current flowing. 

7. Means for coupling inductive power as claimed in claim 2, wherein the intermediate resonant circuit is 

extended over a lateral distance beneath at least a part of a route taken by a vehicle, so that the 

intermediate resonant circuit is capable of providing power to the vehicle when the vehicle is situated 

adjacent to the position of the intermediate resonant circuit. 

25 8. Means for coupling inductive power as claimed in claim 7, wherein the intermediate resonant circuit 

provides a charging current to one or more battery units within a vehicle when the vehicle is situated 

adjacent to the position of the intermediate resonant circuit. 
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9. Means for coupling inductive power as claimed in claim 2 wherein the secondary resonant pickup 

circuit includes an electrically powered light source. 

1 O. Means for coupling inductive power as claimed in claim 9, wherein the electrically powered light 

source is an electroluminescent panel and the secondary resonant pickup circuit includes means for 

5 generating an alternating current at an effective voltage and at an effective frequency. 
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examination must be filed if the applicant wishes to postpone the entry into the national phase untH 30 month!> from the priority 
date (in some Offices even later); otherwise, the applicant must, within '.W moni:hs from the priority date, perfom1 the prescribed 
acts fo:r entry into the national phase before those designated Offices. 

ln re:;pect of other designated Offices, the time limit of 30 montht. ( or later) will apply even lf no demand is fik.d within l 9 
months. 

For details about tht~ applicable tim;; limits, Office by Office, see www:wipo.int/pct/en/text's/time_limits.html and the 
PCT Applicants Guide, National Chapters. 

Name and mailing address ofthe ISA! 
M&il Stop PCT, Attn: ISMJS 
Commissioner for Patents 
P.O. BO)( 1450, A/axaooria, Virgir.ia 22313-i450 

Facsimile No. 67H!73-3201 

Form PCT/ISA/220 (July 2010) 

Authorized officer 

Blaine R Copenheaver 

PCT H~lpdask, S71·272-4300 

Telephone No. l"CTOSP: 57H!72-777 
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PATENT CGQFERATSQN TREATY

From the: INTERNATIQNAL SEARCHING AUFHGRETY

  
 FS?

NOTEFECATEQN 0F TEQXNSMITTAL OF
THE WTERNATEQNAL SEARCH REFGRT AND

THE WRETTEN OPENEON OF THE ENTERNATECNAL

SEARCHING AUTHGRITY, GK. THE fiECLARA’E‘SON

To: JGHN NQRTRUP
STRATEGES PATENTS}. RC.
GHQ CPA GLQBAL
PE). BGX SEQSS

MENNEAPOLES, MN 554%?

 

  
  

   

 

 
 
 

 

{PCT Rifle 44.1)

§5JuLzfifi‘
 

  
 Date of misiiing‘

qfiw/monfhé'ear}

  
   

 

Applicant” or agent‘s file reference
VQTCYQUSSPWQ

iniemaiionai application No.

967M320? 1l62?868

Appiicant WETEESEW CORPQRATEON

FOR FER-{HER ACTEQN See paragraphs E and 4 heéow

 
 

 
 
 

Intemationai {fling date
{dqvi'mom‘k/yegfi 

 

 

 
3i) Mam?) 24311

 

 

  

The appificaot is homo}; noi‘ifiad the: the intersaatiomi search {333011 and the written amnion oi the Entemafionai Searcéiing
Auflzofity have been estahiished and 2m: mansmitzod hemwiti‘z.  Fififing of ameneimems 3nd silaflemmst mack? Arfia‘fie 39:
Tho applicant §§ griziiisd, if he so Wishcs. to omens} the claims ofi'he intométionafi applicasitm (so: Rifle 463};

‘Wheu? The flint: Email; for faking such amondxxwms is nommiiy two months fx'om £311: (3an of transmimai of mo
émematéonoi search ropori.

'Where? Directiy :0 the Entemationai Bureau of WWO, 34 chemin dos Coiomhefies
E22} Gamma: 20, Swimfiand, Facsimiio No; +45 3 338 82 ’30

For mme (iotaiiod izasirucflons, 36:: PC?” Appiicrzm‘ ”s Guide, intomationai Phase, poa‘agrapizs $384 — 9.3! E. a  
2. {:3 The applicant is horoby szotiiieti that no imenmtiorsai seax'oh report win he ostabiishcd and that tho dociatation untiet

Articfio 17{2}{a) to ma: effect ms: aha: Milk?!) opinion of 1h: Emomaiiozm} Searching Authomy are mummified herewith.

3. fl With regard to any protest against paymen: of {an} addiréonai feefia} under Rule 4&2, the appfiicmt: is nofifiofi. shat:

E} she protosi togoihor Whiz she dooisiofl thoroon has boo}: irmwiziiflcd to the international Bureau aogeiher with any
s‘cquost ic- i‘orward the 18365 ofboth the psotcsi ami iho siwésion thereon to tho dosignaEE-d Ofiicofi.

::
E:

:l.E m éecision has béen maée yet on the, mom‘s; aha appiicam‘. Win he noflfieé as soon as a docision is made.
4. Roaminécm

The agzpiican‘: may submit comments on an informs} basié on the wxétien opinion of the insamatixma} Searching Authority to the
International Bureau. The Entomafionai Sin-eat: wiil send a copy of such comments to 353 designated Qffices uniess an
internationzi preliminary oxaminatioss rayon has boon or is to be csmhiishod. Foiiewing 1h: oxpimtion of 313 monihs from the.
priority date. fixese commom‘s wm aiso be mafia avaiiaoic to iho pubiic.

Shank/rafter tho expiration of 13 momhs from the priority date. tho intomationai appiication W11? be: pubiishod by tho
Entemationai Bureau. if 1}»: apgfiicam wishes to avoéd or postpone publication. 3 notice of Withdmwai of tho internationai
appiéoation, or of if}: priority ciaim. must reach the isflomaiéonai Bureau beforo the commotion 052.318 lochnicai preparations for
internationai gmxhiioation {Rifles Qfibifi‘: and 99135.3}.
Within 19 moasths 53mm tho priority date, but oniy fin rospcci’ ofsomo dooégmficd O‘fficoa a demand for intcmaiionai preliminary
cxaminafioza mus: be fiioé if {Em appiioam wishes to postpom: ms: Entry into the nationai phase unfii 3i} months from ihe pzéon'ty
(his {in 56553:: Offices evon {amt}; othorwiso, the apgsiicam must, within 253 mofiflis fiom the {Hindi}: date. perfom'z the grescribed
gas for amt}; ims Lin: national phase heforf: {hose designamd Gffices.

in rcfipos: of other deségnafied Gfiissos, tho iimr: limii of 3% mimihs (or Eater} wiii 3pm}! even if my «itmand is iii-22d Wii'zzin E9months. *

R}: details about the applicable time- iiméts. Office by Effie-s. sear: www.wipo.inh’pct’en/iext’sitimoulimiishtmfi and the
PCTAfipfiicanfl? Giss‘de, National Chapters.

i=EEll.aa:

 
  
  

  
  
  

  

  
 

  

 
 
 

  

Name and maiiing afidress of :he ISA} Authorized officer
Mail Stag) PCT. Aim: SSA/“US
Commissioner {0: Patents
Pf). Boa: MSG. Nexarsdria‘ Virginia 223134450
onsimifia No $?1-:373~32m

Form PCTEESAQEQ (31,133: 2mm If;

 
 
 

 
 

 

Biaino R. {Eoponhaavear
PCT Hexpdesk; 5734724320

Teiephme No. PC: 8555»: 531-272.??? 
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PATENT COOPERATION TREATY 

From the INTEfu'-i'ATIONAL SEARCHING AUTHORITY 

PCT .'!" 

To: JOHN NORTRUP 
STRATEGIC PATENTS, P.C. 
C/O CPA GLOBAL 
P.O. BOX 52050 NOTIFICATION OF TRANSMITTAL OF 

MlNNEAPOUS, MN 554-02 THE INTERNATIONAL SEARCH REPORT AND 
THE WRJTTEN OPIN10N OF THE INTERNATIONAL 
SEARCHING AUTHORITY, OR THE DECLARATION 

(PCT Rule 44. 1) 

Date of mailing 

JUL 2011 
,, 

(dayimonfh/year) 05 
Applicant's or agent's file reference 

\bJTCY0053PWO 
FOR FURTHER ACTION See paragraphs l and 4 below 

International application No. International filing date 

PCT/US2011/027868 
(dayimonthlyear) 1 o March 2011 

Applicant W!TR!CllY CORPORATION 

,. 

1.181 TI1e applic,mt is hereby notified that the international search report and the ,vritten opinion of the International Searching 
Authority have been established and are transmitted herewith. 

Filing of amendments and stat1eme:nt under Artide 19: 
The applicam is entitled, ifhe so wishes, to amend the claims of tile international application {see Rule 46): 

"\-Vhen? The time limit for filing such amendment.,; is normaUy two months from the date of transmittal of the 
international search report. 

Wiler,;? Directly to the International Bureau ofWlPO, 34 chemin des Coiombettes 
121 l Geneva 20, S'lll'itzerland, Facsimile No.: +41 22 338 82 70 

I<'or more detailed i.nstn1dfons, see PCT Applicant's Guide, International Phase, paragraphs 9.004 -· 9.01 l. 

2. D 111e applica."lt is hereby notified that no international search report win be established and that the declaration under 
Article l 7(2)(a) to that effect and the written opinion of the lntemationa! Searching Authority are transmitted herewith. 

3. D With regard to any prnte:st against payment of (an) additional foe(s) under Rule 40.2, the applicant is notified that: 

D the protest together ,:vith the decision thereon has been transmitted to the lntematimial Bureau together wit.¾ any 
request to foiward the texts of both the protest and the decision thereon to the designated Offices. 

0 no decision has been made yet on the protest; the applicant will be notified as soon as a decision is made. 

4. Remimie:rs 
·rhe applicant may submit coi:nments on an informal basis on the written opinion of the hiternationai Searching Authority to the 
International Bureau. The international Bureau will send a copy of such comments to all designated Offices unless an 
imemational preiiminary examination report has been or is to be est.'3biished. Following the expiration of 30 months from the 
prioiity date, these comments will also be made available to the public. 

Shortly after the expiration of 18 months from the priority date, the international application ,vii! be published by the 
International Bun:au. If the applicant wishes to avoid or postpone pub!ication, a notice ,:.,f withtlrnwa! of the international 
application, or of the priority claim, must reach the international Bureau before the ,~ompletion of the technical preparations for 
international publication (Rules 90bi>. l and 90bi5.3). 

Within 19 month~ from the priority date, but only in respe,~t of some designated Offices, a demand for international preliminary 
examination must be filed if the applicant wishes to postpone the entry into the national phase 1.mtH JO months from the priority 
date (in some Offices even later); otheiwise, the applicant must, within 20 months from the priority date, perform the prescribed 
a,:ts for entry into the national phase before those designated Offices. 
In respect of oilier designated Offices, the time limit of 30 months (or later) v,·ill apply even if no demand is filed within 19 
months. 
For detail:, about the applicable time limits, Office by Office, see 'WWw.wipo.int/pct/enitextsitime_limits.html and the 
PCT Applicant's Guide, National Chapters. 

Name and mailing address ofthe ISA/ 
Mail Stop PCT, Attn; ISAf;JS 
Commissi,:mm lor Pamr.ts 
P.O. Box 1450, t..iaxarn:lria, Virginia 22313-1450 

Facsimile No. 571-273-3201 

Form PCT/lSA/220 (July 2010) 

Authorized officer 

B!a,ne H. Copenheaver 

PCT Halp./,>Slt: 571-272-4:lOO 

Telephone No. PCTOSP: 57Ht72·7774 
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Applicant's or agent's file referem::e 

PATENT COOPERA'I'ION TREATY 

PCT 
INTERNATIONAL Sll:ARCH REPORT 

(PCT Articie 18 and Rules 43 and 44) 

F'OR FURTHER see Form PCT/ISN220 
WTCY0053PWO ACTION as weH as, where applk,able, itmn 5 below. 

Jntemational application No. Intem,dional filing date (day/month/year) (Earliest) Priority Date (day/month/year} 

PCT/US2011/0.27866 10 March 201 i 10 March 2010 

Applicant 
W!TRiCnY CORPORATION 

"' 

This international search report has been prepared by this International Searching Authority and is transmitted to the applicant 
according to ,-\rticle 18. A copy is being transmitted to the International Bureau. 

This internatiomli search report consists of a total of ~ sheets. 

D It is also accompanied by a copy of each prior art document cited in this report. 

L Basis ofthe repoR·t 

a. With regard to the language, the international search was carried out on the basis of: 

tzl the international application in the language in which it was filed. 

b. □ 

C. □ 

D a translation of ,he international appikation into ______________ which is the hmg-.Jage of 
a translation furnished for the purposes of international search (Rules 12.J(a) and 23J(b}). 

This international search report has been established taking into account the rectifkation of an obvious mistake 
authorized by or notified to this Authority under Rule 91 {Rule 43.6bis(a)). 

With regard to any nudeotide and/or amino add :!!equence disclosed in the international application, see Box No. I. 

2. D Cerfain dmim:!! were found smsearchabie (see Box No. H). 

3. D Unity ofbwentfon ill l2chlng (see Box No. Hi). 

4. Wit.ii regard to the tine, 

l'8I the text is approved as submitted by the appHca.'lt. 

D the text has been established by this Authority to read as follows: 

5. With regard to the abstract, 

IZJ the text is approved as submitted by me applicant. 

D the text has been es.tab ii shed, according to Rule 38.2, by this Authority as it appears in Box No. IV. The applicant 
may, within one month from the date ofmaHing of this international se;;rch report, submit comments to this Authority. 

6. With regard to the drawing11, 

a, the figure of the drawings to be published with the abstract is Figure No. _____ _ 

lZJ as suggested by the applicant. 

D as selected by this Authority, because the applicant failed to suggest a figure. 

D as selected by this Authority, because this figure better characterizes the invention. 

b, D none of the figures is: to be publishe.d with the abstract. 

Form PCT/!SA/'110 (first sheet) (July 2009) 
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INTERNATIONAL SEARCH R.KPORT International application No. 

PCT/US2011/027868 

A CLASSIFICATION OF SUBJECT MATIER 
IPC(8)- H04B 5/00 {2011.01) 
USPC- 307/104 

According to International Patent Classification (IPC} or to both national cfassification and IPC 

B. FIELDS SEARCHED i;,• 

Minimwn documentJ>tion searched (das:iifici.tion system followed by cfassification symbols) 
IPC(El} - H04B 5/00; H01F 38/00; H02J 17/00; HOW 7/00, 7/00 (201 Hn) 
USPC - 307 /104, 333/219, 230; 455/4 U 

Docwnentation sean:he.d other than minimum documentation to the extent that such documents are induded in the fields searched 

Electronic data base oonsulte.d during the international search (name of data base and, where practicable, search terms used) 

MicroPatent, Questel Orbit, USPTO EAST System (US-PGPlll3; USPAT; USOCR; EPO; JPO; DERWENT), Google Patent 

"' 

C DOCUMENTS CONSIDERED TO BE RELEVANT 

Category* Citation of document, :"3t.'l indication, where appropriate, of the relevant pa.s;sages Relevant to daim No. 

X US 2009/0085408 A1 {BRUHN} 02 April 2009 (02.04.2009} entire document i-4, 11-12, 14-15, 17 
-· ~~~~ 

y 5-10, 13, 16, 18-i9 

y US 2009/0243397 A1 (COOK et al} 01 October 2009 (01.10.2009) entire doc,imenf 5, 8-10. 16, 18 .. 
y US 2007/0021140 A1 (KEYES, IV et al) 25 January 2007 (25.01.2007} entire document 6-7 

y US 2008/0266748 A1 (LEE) 30 October 2008 (30.10.2008) entire document 13, 19 

A US 2008/0036588 A1 (!VERSON et al} 14 February 2008 {14J)2.2008) entire document 20-25 

A US 6,664,770 Bl {BARTELS} 16 December 2003 (HL 12.2003) entire documet:t 1-25 

A US 2004/0000974 A1 (ODENAAL et a!} 01 January 2004 (01.01.2004) entire document 1-25 

,, 

□ Further documents are listed in the continuation of Box C. □ 
" Special categories of cited documents; "T' later dooument published after the international filing date or priqf,ty 
"A" document defining the general state ofme art which is m,1 considered date and not in conilict with the apoiicatk,n but cited to um:fersrand 

to be cf particular relevance the principie or theory underlying the invention 
"E" earlier applicalfon or patent bm published on or after !he intemali,:mal "X" document of particulu relevance; the daimcd invention cannot be 

filing date considered novel or caru;ot be considered to involve M inventive 
"L" docttmen! which may throw doubts on priorlt>j' daim(s} or which is step wben the docu."nenl is taken alom~ 

cited u> es:ab!isf1 the publication date of another citation or oilier "Y" document of par'.iculfil" relevance; th"' daimctl invention ca1mot he spe.cia! reason {as specified) considered lo involve an inventive step when the document is 
"O" document referring to an oral disclosure, use, e;,;h1biti<cm er eth;;r combi11ed with one er more other such documents, such combinatio11 

means being obvious lo a person skilled in !he art 
"P" document published prior to the international filing date but later than "&" drn:;umem member ,1fthe sa.vne patent family !he priority date ,,iaim~.<1 

Date of the actual completion of the international search Date of mailing of the international search report 

27 June 2011 
0 5 JUL 2011 

Name and mailing addrei;s of the ISA/US Aumorized officer: 
Mail Slop PCT, Attn: !SAAJS, Commissioner for Patenis B!aine R Copenheaver 
P,O, Box 1450, Alexandria, Virginia 22313-1450 

PCT H;;!pdesi<: 571-2724300 
Fllcsimiie No, 571-273-3201 PCT OSf': :$71•272,7774 

form PCTilSA/210 (second sheet} (July 2009) 
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PA TF:NT COOP.E.R.ATION TREATY 

From the 
INTERNATIONAL SEARCHING AUTHORITY 

PCT To: JOHN NORTRUP 
STRATEGIC PATENTS, P.C. 
C/0 CPA GLOBAL 
P.O. BOX52050 
M!NNEAPOUS, MN 55402 

WRITTEN OPINION OF THE 
INTEfu'iATIONAL SEAR.CHING AUTHORITY 

(PCT Rule 43bis .1) 

Date of mailing 

05 JUL 2011 (day/month/year) 

Apphcani's or agent's file refon.-r1ce I<'OR HJR.THER ACTION 

WTCY0053PWO Sec paragraph 2 below 

International application No. International filing date (daylmomJ-,Jymr) Priority date (doylmcmth,'year) 

PCTiUS2011/027868 10 March 2011 10 March 2010 

International Patent Cla.,;sification (IPC) or both national classification and IPC 
iPC(8) - H04B 5/00 (201 i .01) 
USPC- 307/104 
Applicant W!TRICiTY CORPORATION 

l . This opinion contains indications relating to the foHowing items: 

Basis oft.1-J.c opinion 

Box No. 1I Priority 

Box No. Hi Non-estabfo,bment of opinion with regard to novelty, inventive step and industrial applicability 

Box No. lV Lack of unity of invention 

,,. 

~ 

□ 
□ 
□ 
~ Box No. V Reasoned statement under Rule 43bis. i(a)(i) with regard to novelty, inventive step orindustrial applicability; 

□ 
□ 
□ 

citations and explanations supporting such statement 

Box No. VI Certain documents cited 

Box No. VH Certain defects in the international application 

Box No. vm: Certain observations on the international application 

2. f'URTHER ACTION 

If a demand for international preliminary examination is made, this opinion will be considered to be a ,rntten opinion of the 
Intemationai Preliminary Examining Authority ("IPEA") except that this does not apply where the applicant chooses an Authority 
other than this one to be the IPEA and the chosen IPEA has notified the International Bureau under Rllle 66, lbis{b) that written 
opinions ofthis Jnternational Searching Authority wili not be so .::onsidered. 

Jf this opinfon is, as provided above, considered to be a wTitten opinion ofthe l'PEA, the applicant is invited to submit to the IPEA 
a written reply together, where appropriate, with amendments, before the expiration of 3 months from the date of mailing of form 
PCT/ISN220 or before the expiration of 22 months from the priority date, whichever expires later. 

For farther options, see Form PCT/!S/V220. 

3. For ftmher detail:,, see notes to Form PCT/ISA/220. 

Name and mailing address of the ISA/US Date of completion of this opinion Authorized officer: 
Mail Stop PCT, Attn: !S1VUS Blaine R. C-0penhsavsr .. 
Commissioner for Patents 27 June 2011 
P.O. Box M.50, Alei,;andria, Virginia 22313:-1450 

PCT H<\lpdellk 571-272-4300 
Facsimile No. 571-273-3201 PCT OSP: 571-272-7774 

Form PCT/!SiV237 (cover sheet) (July 2009) 
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PA?§§N’§C CQG?ERA?H§N TREA’E‘Y

From me
WRNATEGNAL SEARCHING AUTHQRm"

3 JQHN NQRTRUP ' N PS?
STRfiTEGiC PATENTS, RC.
CK} CPA GLGEAL
90¢ BQX 525353

MENNEAPQLES, MN 55432

’WEJ’ITEN {BFENION (3? THE
IN?ERNATEONAL SEARCHENG AWEGRETY

a?

{FCT Rois 435:5. 1) 
’ Date of maiiiag = ‘
: {dog’sfmanikéteaaé Q 3 a; u L. 2a i?

Applécam’s m- agent’s fiie refm‘rsce $539K {QFR’FKER ACS‘ION
WTCVQGSSPEVG See paragraph 2 beiow

Emematiomai application No. flntemasienai fiiing dais {doylkmmfifiwr} Ffiozi‘fy dis {dayfmarfiiiuyesr}

F‘CTILESZQT ’i}fi£?888 1% March 201 1 10 Marsh 2810

> EPC{&) _ H643 SIDE} {291152131}
USFG — BOWEM

Aggiicam WET¥§§C§W GORPCRATEGN

I» ' opinion contains indications relating to ma foEEowing items:

Box N0. 1 Basis of tho opinion

Box NI; 31 Frioriiy

East No 335 Nen~esiabiishmmt of opinion with regard to snovatEEy, invmfive $151; and industriai aogiécability

3031 N0. ‘3 Reasoned statement under Rule 43%;. Haw) with regard to noveity, inventive step or indumfiai apyficabiiity;
citations and exyianationg supgsofiégsg such summon:

Box No, Vi Certain documents: cited

This

25!

E

E

[:3 Box No. Lack ni’lmizy of invesiiion

E3

E3 Box No. Vii Certain siefects ia the imemafional appiioation

{3 Box No. VEEH Certain observations or: aha intemsfionai appiicatior:

2. FURYKER ACTEQN

if 2i demand for isatmafionai gareliminary examiiaazéon is mafia, ibis amnion mu bi: considm'csi to be a waiiten opinion of the
Intmationa‘s' Prciiminary Examining Amheriiy (“EBA”) except that {Egis dam not appky whore the aypiicam choosos an Authofity
other may: this one to be the EPEA and {he chasm-a iF‘EA has mm’ feed the immzatismi Banzai: under Rule {‘35, 13.32383} aha: writien
(minions of ibis Smematiomi Seamhing Authority Wit! moi be so semiazisesroc‘.~

if thés opinion is, as pmvideé mow, com-floored ‘10 he a mitten opinion of €313 EPEA, the appfimoi is inviied to submit to tho {PEA
a wfifim reply icgeihser, when”: agpmyfiaze, with amendments, before the exyimtion of 3 months from the dam oi‘mailiisg of Fomx
PCTIISAIEZO or hsforé the expiration of22 months from tho priority date, Whichever expires later.

Fm flamm— options, see Fonz} PCTGSN’EZQ.

3. For funhcr éciaifis, see notes to iron“ PCYXESAQEQ

‘ : ‘amo ans} mailing aééxsss of tho ESAKJS Bate of compiezion of this opiszien Authorized officer:
M333 $1033 53$}: Aim: 35941.33 ' * .

Commissioner for f‘aiemis .33? Juno 231 1 Siams R. CQWhfia‘vfif
{3.9 Tim? 3 $54), Aiexandm, Virginia 22333—145G PCT Helpdesk 5?1«2?2— an
Eacssmfie No. swam-32m ‘ ‘ ‘ _ . most» swan-ma

Form PCTIESAEEB? {cover sheet) (Etfiy 2&3}
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WR{TJ'EN OPINION OF THE 
iNH.:RNATIONAL SEARCHING AUTHORITY 

Basis of this opinion 

L With regard to the language, this opinion has been established on the basis of: 

[&I the international application in the language in which it was filed. 

International application No. 
PCT/US2011/027868 

□ a translation of the imemational application into _____________ which is the language of a 
translation furnished for the purpose:; ofintema,ional search {Rules 12.3{a) and 23.l{b)). 

2. D This opinion has been established taking into account the rectifo:ation of an obvious mfatake authorized by or notifiied 
to this Authority under Rule 91 (Rule 43bis. l(a)) 

3. With regard to any nucleotide and/or amino aeid sequence dis.dosed in the international application, this opinion ha.,; been 
established on the basis of a sequem.,e listing filed or fomished: 

a. (means) 

D onpaper 

D in electronic form 

b. (time) 

D in the internatiomil application as filed 

0 together with the international application in electronic form 

D subsequently to this Authority for the purposes of search 

4. D In addition, in the casi:: that more than one version or copy of a sequence listing has been med or furnished, the re.quired 
statements that the information in the subsequent or additional copie.s is identical to that in the application as filed or 
does not go beyond the application as filed, as appropriate, were furnished. 

5. Additional comments: 

Fonu PCT/JSA/237 {Box No" [) {July 2009) 
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“’RE’B‘TEN (BRENEGN Q5. THE inmmafiofiaE agrofication No.
ENTERNA‘HflNAL SEARQEUNG AM‘HQRHY 93315399115273“ 

Box N13. E Basis of this oginism

L Wét'a regard to the Eaugssagss, ibis opinion has been esmtsiishasi on the basis of:

m the: fimerisziiionaE ayplicarjon in the Eanguage in which it was flied.

m a L-ansiation of {he imematsena} appiioafion into _____. “n“... which is the ismguago of a
transhtxon fixmishedtor the puzposeg of :ntemazionai search {Ruies 12Ea) amt 231(k)}.

This oginion has been astabiéshcd taking into gamma: tho rectification of am obv§ous mkiakc authorizod by or aofifigd
10 this Amhorky under Rule 91 {Rule 435is.i(a}}

:3

3. Wéth regard to any Bucieotide 3mm amino 81cm sequcme {xésciosed in she iniemmionai application, this opioion has been
ostabiislmd on the basis of a ssqueuca Bisfing fifizsd or finished:

13. {means}

if} on paper

3 E in o§ecimn§c fmm

 E E in the intamatiomi appfiécaifion as filed

g i Sogcihoz wiih the intemaiionai apgziicatéon is. flea-ironic- form

{:1 subsequenfly to flais Authoriw for tho purposes of scam}:

4 {:3 in addizion, in the case. shat more than one vetsins or copy ofa sequent Eisiing has imam flied :3; fiswishcd, She rquimd
statemoms that the infomatonIf: the subsequent or additional copiezi is identical to ihatm the appiication as flied or
{loss not go beyond the appiioazion as flied as appropfia-os More: furnished ‘“

5‘ Addifiofifi comments:

3

i

 

Form PUW'SAI‘ZZé? {Box Noe, E} {July 2099)

Momentum Dynamics Corporation
Exhibit 1002

Page 1327



WRITTEN OPIJ'\:'l.ON OJ<' THE 
JNTERNATWNAL SEARCHJNG AUTHORITY 

Intemati.:mai application No. 

PCT/US2011/027868 

Box No. V Reason<!d §lat<!ment under Rule 43bis.1(a)(i) ""ith regard to novelty, inventive step or industriru applicability; 
eitatiom, and explanations supporting i.uch statement ,, 

L Statement 

Novelty (N) Claims 3, 5-10, 13, 16, 18-19 YES 

Claims 1-2, 4, 11-12, 14-15, 17 NO 

Inventive step (lS) Claims 20-25 YES 

C!ai1ns 1-19 NO 

"' Industrial applicability (IA) Claims H~S YES 

Claims None NO 

2. Citations and explanations: 

Claims 1-2, 4, 11-12, 14-15, 17 lack novelty under PCT Article 33(2} as being anticipated by Bruhn. 

Regarding c!aim 1, Bruhn discloses a 1'\/4reiess power converter {apparatus for wireless energy transmission, para 0017, Fig. 9) comprising 
at !east one receiving magnetic resonator 130, 132 configured to capture electrical energy received wirelessiy (resonator is 'electrically 
isolated', i.e. galvan!cally isolated from the primary and secondary circuits, Fig. 9, para 0034) thmugh a first oscillating magnetic iield ~ 
(developed by generator 16 and primary wlndlng 18, Fig. 9, para 0034) characterized by a first plurality of parameters (operating at the 
fundam.antal frequency, para 0017, 0031, Fig. 9); and al leas! one transferring magnetic rasonator 126, 128 {Fig. 9) configured to generate 
(through resonance, para 0017-0015, Fig. 9} a second osciila!ing magnetic lield (transferred to the secondary winding 20, para 0017·0018, 
0031, Fig. 9} characlmized by a second phmali!y oi parameters different from !he first ph.:ralify of parameters (different al !east lor operating 
at the second harmonic or other mult:p!e of the hmdamentai frequency, para 0017 -0018), wherein ihe electrical energy from th!:! a! iaasl 
one receiving magnetic resonator 130, 132 is used to energize the at leas! one transferring magnetic resonator 126, 128 (Fig. 9} to 
generate the second oscHlating magnetlc lield (energy col,piing is present beti.veen the first and second magnetic resonators when they 
are arranged in the near field, as they am hem: the free-space wavelength at even ttle 00th harmonic ot the shortest wave!ength 
contemplated (at 5 MHz} would be 1 meter, such that the spacing here would be understood to be "sub-wave!ength" or "near-field", para 
0018, Fig. 9}. 

Regarding claim 2, Bruhn disc!oses wherein the first plurality of parameters includes a first frequency (operating a! the fundamental 
frequency, para 0017, 0031, Fig. 9} dirlarent from a second frequency ol the second plurality ol parameters {different at least for operating 
at the second harmonic or other multiple of ihe 1undamenial frequency, para 0017-0018). 

Regarding daim 4 .• Bruhn disdooes wherein ttle second frequency is approximately an integer multiple of the first frequency (second 
resonator has ti.vice the resonant fraquency of first resonator, para 0018). 

Regarding claim 11, Bruhn discloses whemin the at least one receiving magnetic resonator 13D, 132 is conligura!:lle to capture energy 
from magnetic fields with dilierent parameters (resonator 130 can receive energies with different frequencies, para OOH--0018, 0040, Fig. 
9). 

Regarding claim 12, Bruhn discloses wherein the at least one transferring magnetec resonator 126, ·128 is configurable to generate 
magnetic fields with different parameters (resonator 128 can generate and transmit energy with diiierent frequencies, para 0017-0018, 
C-040, Fig. 9). 

Regarding claim 14, Bruhn discloses a system {para 0017, 0043) comprising a source resonator 126, 128 conligmed to generate a first 
oscillating magnetic lie!d {tral'lsferred to the secondary winding 20, para 0017-0018, C-031, Fig, 9) characterized by a first plurality of 
parameters {eparating at tha fundamental irequency, para 0017, 003·1, Fig, 9); a device resonator 130, 132 configured to capture electrical 
energy received wire!essiy (resonator is 'e!eclrica!ly iimiated', i.e. galvanical!y isolated from the primary and secondary ci,cuils, Fig. 9, 
para 0034) through a second oscillating magnetic field {developed by generator 16 and primary winding 18. Fig, 9, para 0034) 
characterized by a second plurality of parameters difierent from the first plurality oi parame!ers {different at ieast for operating at !he 
second harmonic or olher multiple of the fundamental frequency, para 0017-0018); and a wireless power converter {apparatus for wireless 
energy transmission, para 0017, Fig. 9) including conversion circuitry {circuits as seen in Fig. 9} oonUgumd to capture energy from the 
second oscmaling magnetic field {deveiopad by generator 16 and primary winding 18, Fig. 9, para 0034) and to energize the source 
resonator 126, 128 to generate the iirat oscillating magnetic field (transferred to '!he secondar;1 winding 20, energy coupling is present 
between the first and second magnetic resonators when lhey are arranged in the near fieid, as they are here: the free-space waveiength 
at even lhe 60!h harmonic ol the shortest wavelength contemplated (at 5 MHz) would ba 1 meter, such that the spacing here wou!d be 
understood to be 'sub-wavelength" or 'near-field', para 0017-0018, 0031, Rg. 9;. "' 

Regarding claim 15, Bruhn discloses wherein the first pluraiily of parameters (operating at the h.mdamenta; frequency, para 0017, 0031, 
Fig. 9) and the second plurality of parameters am different in at least a frequency (differan, at leas! lor operating at the second harmonic or 
o!her multiple of the !undamen!al frequency, para 0017-00m). 
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Regarding claim 17, Bruhn discloses wherein the wimiess power converter (apparatus for wireless energy transmission, para 0017, Fig. 9) 
is powered by e!ectrtcal energy captured by the device msonator 130, 132 (transterred to the secondary winding 20, energy coupling is 
present between Ille first and second magnetic: resonators when they are arranged in the near iie!d, as they are here: the free-space 
wavelength at even the 00th harmonic: of the shortest wavelength contemplated (at 5 MHz) would be 1 meter, such that the spacing hero 
would be understood to be •51.!b•wavelength' or •near-field\ para 0017-i)O"IS, 0031, Fig. 9}. 

Claim 3 lacks an inventive step under PCT Article 33(3) as being obvious over Bruhn" 

Regarding claim 3, Bruhn discloses tha invention above, the invention above, and disc!oses a ii.st irequsncy (operating at the fundamental 
frequency, para 0017, 0031, Flg. 9) am:! a second frequency (different at least for operating at fue second harmonic or other multiple of the 
fundamentai frequency, para 0017--0018), but does no! disclose t,'vllarein the first frequency Is approximately an integer multiple of the 
second frequency. l! would have ooe11 obvious to one of ordinary skm in the art a! the time of me inventton to provide a first frequency ttiat 
is approximately an integer multiple oi the second frequency, in order to provide a system thai can handle different power levels for 
providing wireless energy to mulllp!e devices, and because discovering the optimal value ol a result effeciive variable involves only mutine 
skill in ;he art. 

Claims 5, 8-10. 16, 18 lack an inventive step under PCT Article 33{3) as being obvious over Bruhn in view oi Cook et al. {hereinafter 
re!erred io as Cook). 

Regarding claim 5, Bmhn discloses ms inventton above, but does not specifa:a!ly disdose wherein the first plura!iiy of parameters !ncludes 
a first magnitude dilferent tmm a second magnitude of the second plurality of parame,ers. Cook is in the field of wireless power systems 
(para 0044} and teaches wherein !he first plurality of parameters inciude.s a first magnitude different from a second magnitude of the 
second piura!ily ot parameters (transmit power converter unit converts the supply voitage and frequency, such as i 10V/60Hz, into another 
vo!tage [different voltage} and into another frequency, such as under 50Hz, that is more appropriate for wire!ess transmission, para " 
0155-0i58). !t would have ooen obvious to one ot ordinary skill in tha art at the time of the invention to combine the diffem!ll magnitudes 
as taught in Cook w,th the invention of Bmhn in order to provide an efilcient power trans/er system to charge electronic devices (see Cook, 
para 0017, 0042}. 

Regarding c!atm 8. Bruhn disc!oses the inventton aoove, and further discloses eiectrical energy captured by the at least one receivlng 
magnetic resor,alor i 30 (resonator mo captures energy developed by generator 16 and primary winding 18, Fig. 9, para 0034), but does 
not specifically disclose a first converter circuit oon!igurod to convert the elecirical energy into a direct mment signal. Cook teaches a first 
converter circuit 1550 configured to convert the e!ectrical energy into a direct current signal {a DC/DC or DC/AC converter 1550 converts 
the eiectricai energy received by resor,ator aritemia into direct ClJ!TI,mt, para 0194--0195, Fig. 15). It would have been obvious to one of 
ordinaiy ski!! in the art at the time of the invention to combine the direct current conversion as taught in Cook with !he invention of Bruhn in 
order to provide an efficient power transfer system lo charge electronic devices (see Cook, para OOH, 0042). 

Regard,ng c!a,m 9, Bmhn discloses the invention above, and further discloses wherein the alternating current signa! (power source is~ 
provides AC current signal, Fig. 9. para 0040) is used to energize the al ieast one transferring magnetic resonator i 26. , 28 ( energy 
coupling is presenl between the first and second magnetic resonators when they are arranged !n the near field, as they are hero: the 
free-space wavelength at even the 60th harmonic of the shortest wavelength contemplated (at 5 MHz) would be 1 meter, such that the 
spacing here would be understood 10 be •sub-wavelength" or •near-field", para 001£1, Fig. 9), but does not disclose a second converter 
circuit configured to convert the direct current signal lrom the first converter circuit into an allemating current signa!. Cook teaches a 
second converter circuit (two converter circuiis !or converting current signals. para 0194-0195, as shown in F1g. 15} configured to convert 
the direct current signai from the first converter circuit into an alternating current signal {a DC/DC or OC/ AC converter 1550 can conven the 
electrical energy received by resonator antenna into alternating current, para 0194-0195, Fig. 15). It would have boon obvious to one of 
ordinary sl<il! in !he art at !he time of the invention to combine the direct CLment conversion as taught in Cook with the invention oi Bruhn in 
ordsr to provh:le an efficient power transfer system to charge electronic devices {see Cook, para 0017, 0042}. 

Regarding ciaim 10, Bruhn discloses the invenl!on above, and further discloses at leas! one receiving magnetic resonator mo, 132 
(resonator is "e!ectrically isolated', Le. ga!vanicaliy isolated irom the primary and secondary cercuits, Fig. 9, para 0034) arid at least one 
!ransiening magnetic resonator 126, 128 {Fig. 9), but does not disclose wherein at least one of the resonators has a quality !actor 0> 100. 
Cook teaches a resonator with a quali!y factor O:>iOO {magnetic resonant antennas used in system must provide a 0-factor as high as 
possible, and can provide Q-factors up to 301J, para 0000-0061 ). !t ,vould have been obvious to one of ordinary ski!! in lhe art at the time of 
!he invention to combine ihe h!gh quality fac!or resonator as taught in Cook with the invention of Bruhn in order to provide a very efficient 
wireless power lransmission system with minimal power losses (see Cook, para 0047}. 

Regarding ciaim 16, Bruhn discloses the invention above, but does not specifically disclose \'lotlerein the lirst plurality of parameters and !he 
second plurality oi parameters of !he oscillating magnetic: fie!ds are different in at least.a magnitude. Cook teaches wherein the iirsl 
p!um!!ty o! parameters and the secor,d plurality oi parameters ol the oscmaung magnetic fields are diilerent in at !east a magnitude 
{transmit power converter uni! converts !he supply voltage and frequency, such as 110V/60Hz, into another voltage [differer,! vo!lageJ and 
into another frequency, such as under 50Hz, that is mom appropriate for wireless transmission, para 0155-0158). II would have been 
obvious to one of ordinary skill in the art at the time of the invention to combine the different magnitudes as taughl in Cook with the 
invention of Bruhn in order to provide an efficient power transfer system to charge electronic devices (see Cook, para 0017, 0042). "' 
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Rogardiitg ciajm 1?, £3th Gissioses wherein the; wisesiass power converter {apoaratus for wireiess onstgy transmission, para 961?, Fig. 9)
is oswofiad by eieotrioai enesgy motto-so 2}}; the demos rosonator 13$, 13?. {traasieired to tho ssoondary winding 2i). snergy mowing is
{2:58am between me: first and mom magmatic resonators when they aie arrangoii its the new fieaid, as this}: are: hare; tho Eiee~spa§s
wavoiength at 633553?! Sins 68th harmooic of this sizoiiest waveierigth coniomgiatsid {at 5 Ritz) woutd ha i meter, such iiiat the: waging here:
“mold BB understooii to be ‘suhwwaveiength‘ or *near«iiairi‘, para mi Him 3. 6831, Fig. 9).

Qieim 8 Eacks an inventiwe stag: under PC“? Artiste 33$} as; being obvious over Bram.

Regarding claim a. Bmhn discicses aha invaritiori shows, the invoniion above, sin-2i disoiossss a iEis: ireouanoy {sweating a: the fundamental
iraquisncy. para em 2'. {3631, Fig. 9) arid a second iiequaocy (difisreni at least for oparating st ihs second harmonic or other muizipie of tho
iundamaritai iiequsocy, [saris {FOSIMBS‘ES}, but dogs; rim iiisoioss whsioiiz She firs? frequents}: is aogroximtety an iniegai muiiipia of the
second Eiequency. ii wouici hays bear: obvious to one of fiifiia’zary skiii in the an at {he time of this invention to provide a first frequency mat
is agoioximaiaiy an image.“ fiiuiiépies oi the second isequeocy‘, in order to omvixie a system ties: scan handis different oower iovais for
providing wireiess onergy to mistiioie devises and Exams discovaring the swims! vaiiie oi a steam! efieciive variabie invoives uni}: routines
skiit in E518 sis.

Ciaims 5, EM (3. is. w tack an invootivo stop isms: PCT Afiicie 33(3) as heing obvious ewe-i Simian 53} View of Cook 92 at, (hereinaitar
reformed is as {took}.

Rogaa’di’ng oiaim 5, Sushi: disoiosos sits irw-oniion above, taut does no: smiiicaiiy oisoioso wherein tho iiiss sluraiiiy of parameters iockidas
a first magnituoo diiiereni from a second magniiudo of the 56mm pEuraiéiy oi paiamsiors. Sock is in {he fieid of wimSess power systsms
{para {33443 ané ieaci‘ies whersirs ihe first pturaiiiy of parameteis inciudes a first magnitude different from a secono magnitude oi tot“:
53mm piuiaiiiy oi paramaters {aransmii power convene! uni: converts tho sums! voiiags ano frequency. such as iiiiiir‘fisiiz, into another
uoiiaga {figment voiiago} first} into anotheii‘raouancy. such as anti-oi 585-22. that is mom appropiiata for wirsiass iiansmission, "para *
m Sfiifl‘iSS}. it wouici have: been obvious to one at mamas? skiii iii the; 2m at this time of the invenfiion to somoioa the differenz magnitudos
as tango: in Cook Wiih the invention of 8mm in ordsi to provide: an aitiiziisrii slower transfer sysiem to charge eiactmnis davicss {see Cook,
para om 7”, (36352).

Regarding atom? 8. 8mm disoiosss ms invention shows and iktrthei disciosas eiectricai enorgy oapiuroo‘ by {he 3? toast one receiving
magnetic rasoisaior €30 {msonatoi €30 Gait-tunes energy deveioped :33; generator 16 and piimm’y winding 16. Fig. 9; para $034}, but does
not soaciiicaiiy discioss a iiist converiar ciicuii coniiguiisii to convert Baa otsoia‘ica! energy into a (firm: ourieni signai. {took 8eachos a first
convefier circuit i 556 coniigu rod io comer-l the oiecio‘cai energy into 3 {Shoes current signal (a DCKBC or ECIAC oorweitei 355i} converts
the eioctricai snergy iscsivzsii by resonaim ameniia into direm fitment, para aim-{3195, Fig. 15}. it wouid have been obvious to one of
ordinary skis: in the an at the iime of the inveriiion to combine tho direct current conversion as taught in Cook wiiti iiie invention of Eamon iii
order is movie‘s an afiiciont pews: Hamster system to charge aiscironic dairies-23 (see Cook. oar-a ($17, {3342},

Regarding ciaim 9. Emma oisciosos the invantéon abovo, am: iunhei disoios-ss wherein the sitemating current signai {oower source 16"
provides M2 current signai, Fig. 5. pore: 0645} is used to eneigize the 3! seats? ones transferring magnetic resonator 126. $28 {energy

- ooupting is preseam boiweim the firs: am seamed magnetic rasonaiors when may aie arranged in the near fieio, as; they aie here: the
frag-spam wavaiangiii at even ihe 66th harmonic of the shofiesi waveisngih oontemoiated {at 5 MHZ) wouid be ‘3 motor, such {has the
soacing hare weak: be understoosi so be ‘sub-waveiengti‘.‘ of ’neaI—tieio”, para (301%. Fig. $3), but class mt iiisciose a second converter
circuit; configures to comer: the direct current sigma! from the iiisst coovaiiar circuii into as; aiiemating current signai. (took taaohss a
second converter séiwii (two mavens: mamas Em oonvening carton: signats, para oioioiss, as shown in Fig. 15} ooniiguied to com-era I
the déisci cameras sigfiaj fmm ins firs: cameos! ciicziii imc an aitemotiiig current signs} (a 90193 or SWAG converts: 3 556 can comm! (he
eieo‘ifimi enemy received by resonate: antaima into aims-nailing (torrent, oars Gig-8‘! $52 Fig. '55}. it would have been obvimis to one of i
ordinary skit: in the art at E2143 firms of the invomion to combine the oiiec: cuirent convorsion as taught in Cook with ma {mention of 8mm in
oisiar io provids an efiiizisnt power transfer systom to ohaigse eiecimnic (Savings {see Cook. para 9017‘, W42). 1

Regarding sisim 13, 8mm discloses the invsntion above: anti iunhei discioses ai ieasi one receiving magnetic resonatoi 338. 132
(resonaior is *eiocirioetiy isoiateti'. is. gaivanicsjiy isotated irom the paimaiy and secondary osmosis, Fig. Q, para {3:334} and; at Seast fifié
iransieriing magnetic resonator $26, 1238 {Fig}. 3}, but does not disciose whersifi at toast one of the :‘eoofiators has a quality taotoi {him}. f
Cook teaches a resonato? with a quatiiy factor Q>t€ifi {magnetic iesooant aniemas user} is: system musi proviso a Q—iacior as high as i
possibie, ané oars provido Q~§aotois up $0 3-3;}. pave 93%«9S51 }. it wouid have been obvious ic- ons of ordinaiy skiii in am an at this time of
iii-rs invention to combina iine high quaiity iacios’ resonaior as tough: in Cook with the inventéoo of 8mm in order to piovids a very efiisient I
wiz’eiess oowoi transmission sysiom wiih minimai power tosses (see Cook. para 004?}.

Resgarding siaim 15, Bruin: oiisoiosss tho Enveniion above. 2313’: does not moificaiiy disciose wheiein the first pluraiity oi oarameiers anti 1318
‘ secomd oiuiatiiy oi oaiametezs of ins osciitatirsg magnolia iieids airs diffeieni in a3 teasta magnitude. Cook teaches wherein the firs:
‘ oiurai‘ity m" oarsmeieg and the seconsi gimaiii‘; oi parameters 0? the osciiiai’mg magnatis fields €158 Giflereni in at Seas: a magnitude
‘ (iransmii paws: cameos: uni: converts mo snooty voitage and iroquericy, such as: iiowooiiz, inio another voisage. {diiieiani woitago} and
f inm another frequency. such as under $8.82, this is more aporooriais ioi wireiess transmission, para {3155-0358}. B! wouid have been
obvious to one oi ordinary ski: in am am :32 the; time oi the invemiors to oombiree the (iiiieroré: magniiuéos as taugtai in Cook with tits
invomion of Bmhn in crass? to omvisfis an efficieni power iiarssfor system to charge eiscirofiic dogmas {see 430632, para. 803?. 0042).

a
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Regarding claim 18, Bruhn discloses the irwention above. and further discloses the source resonator 126, i 28 and the devica resonator 
130, 132 {Flg. 9}, but doss not disclose whem!ro at !east one of the resonators has a quality factor 0> 100. Cook teaches a resonator with a 
quality iaclor 0> 100 (magnetic resoroam antennas used i;; system must provide a Q-factor as high as possible, and can provide Q-factors 
up to 300, para 0060--'.X:>61 }. It would have been obvious to one ol ordinary skm in the art at the lime of !he invention to c.ombine tM high 
quality iactor resonator as taught In Cook with the invention of Bruhn ,n order to provide a very amcient wireless power transmlssion 
system with miriima! p,::,we, losses {see Cook, para 0047). 

Claims 6-7 lack an inventive step under PCT Article 33(3} as being obvious over Bmhn in view of Keyes, iV et at (herelnafter mierred to as 
Keyes}. 

Regarding claim 6. Bruhn discloses the invention aoove, and discloses wherein Iha first plurality of parameters includes a first frequency 
(operating at the fundamental frequency, para 0017, 0031, Fig. 9} different from a second frequency ol the second plurality of parameters 
(d!tterent al !east for operating at the second harmonic or other multiple of the fundamental frequency, para 0017--001 B). but does nol 
disclose a frequency hopping sequence. Keyes !s in the iieid of wireless energy transfer systems (para 0000-0009, Fig. 43), arn:! teaches a 
frequency hopping sequence (powertransmit!ed wiralessiy using frequency hopping technique, para 0056-0058}. !t would have been,. 
obvious to one of ordinary skill in the art at the lime ol the invention to combine !he frequency hopping sequence as taught 1n Keyes with 
the invention ol Bmtm in order to avoid wireless inter!erence {see Keyes, para 0056). 

Regarding claim 7, Bruhn discloses the invention above, and discloses wherein the first p!uralify of parameters (operating at the 
fundamenta, frequency, para 0017, 0031, Fig. !}) includes a sequence differem from a second sequence of the second p,urality ol 
parameters (di!leren! at least ior operating ai tne second harmonic or other multiple of the flindamen!ai frequency, para 0017-0018), but 
doos not disclose an on/of! sequence. Keyes teacnes an on/off sequence {wireless reception of on or off control commands for wireless 
base uniis, para 0094), It wouid have been obllious to one of o,tlinary ski!! in the art at the time of the invention to combine the on/off 
sequence as taught in Keyes with the invention of Bruhn ir1 order to provide a method ol wimlessly powering devices on and off {see 
Kayes, para 0007-0008), 

Claims 13, 19 !ack an inventive step under PCT Ar!icie 33(3} as bsing obvious over Bruhn ln view of lee. 

Regarding claim 13, Brohn discloses ths inven!ion aoove, and discloses a loop inductor 130 (Fig. 9), but does not d!sc!ose wherein the at 
least one ,eceiving magnetic resonator and the at !east one translerring resonator share a loop inductor. lee is In the fieid o1 wireless 
power convertsrs {para OOOi) and teaches wherein the at least one rncelving magnetic resonator and the at least one transiening 
resonator share a loop inductor {transmitter and receiver are comblned, para 0048, and oonslrucled by winding transmissiori coll outputting 
power generated from electromagnetic wave gensrating source, para 0051, Fig. 10). lt would have been obvious to one of ordinary skill in 
the art at !he time of the invention to combine the shared loop as taught in Lee with the invention oi Bruhn to provide a mom emcient 
wire!ess power system for tmnsfening power by maximizing generation and reception of electromagnetic waves in the resonance circu,t 
{see Lee. para 0051), 

Regarding claim 19, Bruhn discloses the inven!ion above, and discloses a loop !nduclor 130 (Fig. 9). but does not disclose wherein the 
source resonator and the device resonator include a shared loop iridllctor. Lee leaches wherein the at least one receiving magnetic 
resonator and the at least one transferring resonator sham a loop inductor {transmitter and receiver are combined, para 0048, and = 
constructed by winding transmission coil outputting power generated from electromagnetic wave generating source, para 0051, Fig" 10). 1t 
would have boon obvious to ooe of ordinary skm in the art at the time of Iha invention to combine the shared loop as taught in Lee with the 
lnvsntion of Bmhn !o provide a more efficient wireless power system for transferring power by maximizing gensrat!on and reception of 
electrornagne!lc waves in ioo resonance circuit (see Lee, para 0051}. 

Claims 20-25 moot the criteria set oul in PCT Article 33(2)·(3), because the prior art does 1101 teach or lairly suggest 

Regarding claim 20, a method of Wireless power conversion comprising: providing a coniigurablc magnetic resonator; tuning the 
configurable magneiic resonator to capture a first o:sci!!ating 1nagnetic field characterized by a first plurality of parameters; converting the 
oscmating magnetic field fnto electrical energy; s!oring the eledrica, energy as stored energy in an energy storage element; tuning the 
configurable magnetic resonator to generate a second osciila!ing magnetic field characterized by a second plurality of parameters; and 
energizing the oon!igmable magnetic resonator using the stored ermrgy to produce the second oscmat!ng magnetic i•eid, ,. 

Claims 21-25 meet the criteria due to their dependenre on novel claim 20. 

The prior art. as shown below, details some asfIBc!s of the invention, however, none of the prior art teaches all !he missing fimi!ations 
either alone or in combination as specified. 
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J: ".J, {,js:plsJ[OJl!./h~j;tl,k..!FIJ8~tlifC:::.jJ-'?{B"%:a:-{~~ 
Ta J: 5 le::: Ltc. 'b O)iJ,~o Gh -Cv 'ao .:CO)-~tl t L -C, 
ffetl ;t f'i!l'.'f!ffl.IJL5-317434%0fflfc::: f±. #mfMl~-jJ~~ ::z 
-1 ;v&1im ;t k.. 'b O)iJ~lffl~ e's ti, -c v 'a o 

[0 0 0 3] 1:ic0fflfc:::jffl~c'shtc.VA7Af±, .'AWIJ 
$:~tli t c 'b tc:::{,is:plsjtc:::~fro!c::::l!!l/hi2, j;tl,6ffi 1 0)-jJ~ 

~ ::z -1 Jv t, -t O)ffi 1 0)-jJ~· ::z -1 Jv c ~- :a:-Jr- L -C 
-'f:fr[c:::M~llii:'.~ e's haffi 2 0)-jJ~~::z -1 Jv c :a:-{]; ;t -C 
:f3 ".J , {,js:yj-..fc::: tlfiJ,tt,,tcffi 2 O).jJ{tt~ ::z -1 JvfC::. rWimlrEt• 
JJ&#t~T6::. t fc:::J: VJ. -=tO)~~c'shtc.rW:imJ~•JJiJi 

{,js:plsJO)ffi 1 O)CjJ~·:=r-1 Jv""-~~i¥]fc::.{A~6h, ffi 1 

0)-jJ~~::z-11VC"p}r~O)mJ11Jl~fC::.~~c'sh6 J: 5 !C:::fJ: 
0-Cv'ao 

[ o o o 4 l ::. O)ftll,, !f\!riffl-'¥4-285436%0®fUt, :71-$ 
O)~/±:l::z-1 ;viJ>G, ,M;ti2,j;tt,,fc.~:!i't1:~*fcj~~c'sh 
·n,, a 1;7-if o/ r :::i-1 ;v,-..•n &~~1¥Jfc:::1A*T av A 

7 AT, F,ey::z -11vffflO)*ffi1ffl-€i-:a:-ff.l~T~ 0 J:. 5 fc::: Lk.. 
'b O)iJ,lffl~ e's h -c1,,,60 
[0005] 

[58~iJ,Jilf#t LJ:. 5 c-t-0~,ffl] .l.~Lk..J: 5 tJ:, M~ 

~~~hklMO)ffljJ~•::z-11vOOTfflJJ1A*~fibh 
aCJJf~~VATAfc::::tav'-Cf±, fjljf::z-11v:a:-*ffitk~t 

L -c•JJ{A$Zl,;~~1¥Jfc:::1"J'bh00 Lt.r:• LtJ:;o, G, ::. 0) 

J: 5 fJ:vf:34EO)VA7A't'f'i, ~~{JlljO)::z,{ JvO)*ffi,1~7 

~-1;7~~~--z:-~tc'shak..lh, ~;t~fjljf::z.--f1vfffl0) 
Ji!§]ifl;o,~b--::i tc. I'.) ' cb Q 1,, 'f± ::z -1 JviJ,tA-f'h L tc. I'.) To 
c, filD ::z -1 ;vO);t§K-1 ::---,, ;9'':7 :!7 /' A t,,~fl::: L -C L j; 1,, ', 
::z -1 ;vO)*~tk~ii~ < fh-C L j; 5 o ::. O);'ffl*, ~{B"i.llJJ 
::::r-1 ;vfc:::.t3tt6~fB"•EE:otf.!X;< tct: I'..!, ~fB"::::r-11vfc:::mM 
~ htc.!FIJM~tiitJ: c:'0)$,J\lf@J.iJ,il:Jfio L tJ: < tJ: o t v, 5 
r"'i.ffl tJ, 1:: C a o 

[oooBl*58~0)§1¥J~,~~::::r-11vO)ffiM~~i/J 
L -c b' ::z -1 JvO)*ffitkfmn, < Th O ::. t tJ, tJ: < ' 'R~ 
L tc. •n1A~:a:-lr 5 ::. c iJ>--Z: ~ o •n1A~1/ AT A;f3 J: 
v•JJ{~~:1J~:a:-t8E~T 6::. c !c:::cb 00 ~ G fc:::f'i, .:CO) 

•JJ1A$1/ATA&1im;ttc..•~~•~•&m#tTo::.t 
[C:::cboo 
[0007] 

[mltf!&Jilf#tTa k../hO)-"'Ff&l 1-:~ § 1'19&~!:iXTa k.. 

lh,*56~0)ffilO)ffljJ~~VATA~,:xt~~-~tt,, 
k..lMO)fflJJ~M:::i-11v:a:-1im;t, -:1J:a:-*m::::r-1~ftll. 
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::iJ&~ffi:::i-11vcL-CCJJ~~~l¥J~~~~hafflJJ1A 
*1/A7AtC:::.:f31t'-C, M~*f15::::r.-{ JvcmM<'sh-C*ffi 

@J•:a:-mJ:iXT0ffi10)~~::z::-,,7::-,,,tt.AAre~m::i-1 
1vc.Mc'sh-C*ffi@J•&m!:iXTaffi20)~~::z ✓T✓ 

v c, Mic~f15 :=r -1 Jv(C:::;f3ft o•EE v--"".;V~::--/±:lT offi 
1 O)•EE•/±:l--¥f& t. AA~~fB° ::z -11vlc::..t3 ft o •EE v.A'.. 

1v&./±:lTaffi20)CEE./±:l--¥f&c,M~ffilO)fflEE. 
/±:l--¥r&fc:::-C•/±:l e's htdltEE v--"".1v:a:-.AJJ c L !~·/±:l• 
EE v.A'..1viJ,~!c::.~rW:i{i:a:- to J:. 5 tc:::AAiEffi 1 (,T)~~ ::z 1/ 

7::-,,,t0)~:!i&~~Taffil0)~:!i~---¥f&c,M~ffi 
2 O).EE./±:l--¥r&fc:::-C•l±'r e's htc.•EE v--"".1v:a:-.AJJ c 
L. ~-l±'rtEE v.A'..;viJ,;,t/c::.~rW:ifi:a:- co J: 5 fc:::Mtcffi 
2 O)~~:::i ✓-T- ✓vO)~:!i&~~Taffi 2 O)~:m:$1J.--¥ 

f& c, :a:-~To::. c a.-4\!ri~ c Too 
[0008]*58~0)ffi20)·jJ~*1/A7A~, M~ 

reuic'shk..l:xt(l)•jJ~•::z-11v&{im;t,-:1J&~ffi::z 
-11v, {t!!J;:a:-'3t{15::::r-11vc L-C.JJiJ,~~1¥J!c:::1A~~h 
6.JJfr-*1/A7AIC:::.:f3l;''"C, AAiE*f§°::z.-{ Jvcm~~ 

h-C*ffi@J.&:t$jJ:iXT0ffilO)~~:::I1/7/'-l;rc, AAre 
~ffi::z-11vc~M~h-C*ffi@J•:a:-mJ:iXT0ffi2(,T)~~ 
::z ::-,-7''::-,,,t c. AAtc'3tffi :::i -11v/c::..t3 ,t 6 •EE v.A'..1v&• 

l±lT a .EE./±:l--¥f& c, Mtc•EE·l±l-'¥r&fc::: -C~/±:l 6 h 
tc.CEE v--"".;v{r-7-.JJ c L, ~-1±\•EE v.A'..;vtJ,~/c::.~rW:i 

fl& c 6 J: 5 !c:::AAtcffi 1 :f3J:Vffi 2 O)~~::::r /'7/'VO) 

3A&-th~h~~T63A~--'¥f&c, &~-t"o::.c 
:a:-!f\!rMt-t-00 
[ooogJJ:~0)-~ AA~fflJJ~M::z-11vMc~A 

tJ: a, :xt~Wctli e's htc*fB° ::::r -11v:ta J:. V'3tfB" ::z -1 ;v t, 

M~~ffi::z-11vcWM~h-CffilO)*ffi@Jffla.-mJ:iXT0 
ffi 1 O):::i ✓T✓ -l3- c, M~'3tf15::::r.--f 1vc~M~h-Cffi 2 
O)*ffi@Jffl&Ti4!:iX-t" o ffi 2 0) ::z ::-,-7::---,,,t t, MtBW:!iffiiJ 
fjp--¥f&n::. G /±:lJJ ~ h0 $1JfjpfB"%a.-.AJJ c L, !*.AJJfB"% 
:a:-M~ffilO)*ffi§-~ttt~T6ffi%~ffi--¥f&c, AA~ 
ffi 2 O)*ffi@Jffl&Jr L -C'3tfB"6h6 Mic$1J.ffi%& .AJJ 
c L, !*.AJJ$1J.fB"%a.-Micffi 1 (,T)~~::::r ✓T✓v,-..W 

iJT6f15%~f15-"¥f&c, :a:-~ GfC:::~TobO)C L-C'bJ: 
1,,, 

0 

[ 0 0 1 0] *58~(,T)-'AJfiJ~~-f±. J::.JZ!!O)t,,fn,;,j, 
O)CjJ{~~1/ AT A a.-1im ;t O -~!FIJR~tli---C-cb--::, -c' AA 
ic'3tf15::z.-{ 1vc t bfC:::{2js:P'Jfc::::l:!I!.lh~j;tt,,, ~'3tf15::z,{ Jv 

:a:-:fr-L-C.JJ#tMa.-'3t~-C:'.±:.{21s:O)m•Lk..$:S&•'Ai¥J 
t=.!FIJRT 6 jf11J8--¥f& t , AA~*fB" ::z -1 ;vfc:::~M ~ h, {21s: 

yj-..;:p G MicwiJ8--¥r&fc:::•jJ a.-~M L -CJ!llJ$(tfJ{1'&$1J.T 
6 fliiJJP+f& c, a.-'ffT 6::. c :a:-/f;'fM c T 00 
[0011]*58~0)ffilO)•JJ1A*~$~,M~~

c'shk.l~O)•JJ~M::z~1vOO---C-,-:1J:a:-~ffi::z-1~ 
{-t!I.::iJ&xf~ ::::r-1 ;v c L -c•JJ:a:-~~1¥J!c:::f~~T 6•JJ1A 
*:;iJrtHc::::tav ,-c, AA~*fB° ::::r -1 ;v:ta J:. V~fB° ::z -1 ;vfc::.:ta 
,t o•EE v--"".1v&-=th~h-t±l L, ..:th~tt,,O)·/±:l•EE 
v--"".1viJ1m1c::.:1tirW:ifil! a.- c 6 J: 5 fc:::Mi:IB~f~ ::::r -1 ;v:f3 J: V 
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~ffl:::i~;v0*m:rtm~~----to=t~~-tToa 
[0012]*3B~O)ffi20Mh1A~JJ$~. M~~

e:.:htc 1 M0Mhf:tt~:::i~ 1vF1e19c\ -JJ~~{§":::i~ Jv, 

{i!!JJ~~f§°:::i~ Jvt L---CMh~-~1'1%:.{ii~ToMh{ii 
~JJr:td;:::t.:,1,,,---c, Mic~f§":::i~ 1vf;:::t.:,1toMEEv"""-1v~ 

~l±l L, ~t~/±lMEE v~1viJ,11n:.mtrWi1iii~ to J:: 5 r;::M 
~JE{§":::i~ ;v:t:,J::U~f§":::i~ JvO)*m:rtfi!'l~ffilJ•---to = 
t a:-~1-~tToo 
[ o o 1 3] ({1'cffl) *3B~f;::J::.:hl'i, ~f§":::i~ ;vtffl 

1 O)PJE£:::i ::,,--7"::,,---!f-r:.J:: ".J :t1s-m@JN:t.1,mJJJG6n. ~f§°:::i 
~;vtffi20PJ~:::i1/71/-!f-KJ::".J*m@JN~aJJJG~.:h 
---c:t:,".J, **•@J•O)*•~a•~~n~.:h0PJ~:::i::,,-
'f''::,,---!f-O)~ii~PJE12---to = t f;::J:: ".J ffi!J•PJ'mlf;::ts0---Cv' 
oo L td,0 -c, ~tl;:tf:f~~ :::i ~ 1vF1e190ffi~7.l,~!lro L 
---C, ~~ :::i ~ ;v0;J;ll1i:A 1/ .Y 7 tl 1/ 7 iJ,~{I::: L ---Cb, ~ 
0)~11:::r;::r,t c-c**•@Jm0*m:rt'ff!'l~ffi1J:/111J---t o = t iJ, 
"t"~, ~~:::,~ 1vFdJ!C:}.:,ltoM/J1A~~m,cmt:iritJ::ftD 
"t":f-'r 5 = t iJ,'t"~ oa 
[0014] 
[36~ 0)%1Jtli:0Jfc1'fi!'ll ;,xic, *36~ 0)%1Jtli:Jfc11i!'lfc--::i1,,,,---c 

~ffi a:-$:Jffl L -cm~---t oo 
[ 0 0 1 5] (%1@::/B'fi!'l l) ~ 1 f'i, *36~0ffi 1 0% 

1it!i:%'fi!'l0)·h~~1/~TA0ffl~-p)G~~T7Po/7~ 

"t"~o. =0fflh1AJE1/~TA~, ~f;$:0■l¾la:-ffl'A~ 

w1J/!/n:'lk~. ~J£---toM'AWIJ•~•rc~m 6no t,0 
"t",~{;$:O)-·Lk$~a:-M~l¥JK~RT0•M@JN3 

cwua~ut) j:\m~ 6 n, it• M@J n 3 t t ti ic f2fqi'] ic 
:f:!ll/l:Jib *no M1J~ffi$ 1 t, {;$:17'] fC:f:!ll/l:Jib *.:htc•m 
@JN 3 f;::Mh-'r{§"%~f~* L ---CjftlJ9!!roW~$1Jlffi!lT 0 !W!lro 
@JN 4 c~M*f*) j,m~ a: n. it.~!lm@JN 4 t t ti ic 
f$:yj-[;::~-~ no Mh~{§$ 2 t ~lfT oo 
[ o o 1 6] 11th~{§"$ 1 f'i, {$:Yl-:b>G{:tt~e:.:h01lth 

a:-~fB°Totc/l:JO)~ffi:::,~ /V l 1 t =ntcM,:Jljfcm~6 
nkAJE£:::i1/71/-!f-l 2 t:b>6tJ:oLC@JN C*m@J 
N) t, ~fB° :::i ~ ;v 1 1 ic -c~fB° a: no mEE v~;v~~ 

l±lT o m:EE~/:±:!@JN 1 3 t, !tMEE~/±l@JN 1 3 fc ---c~ 

/±l6ntdlEEv"""-Jv~J\.1Jt L, ~t~/±lffi'.EEv~;v:b,m 
[C~rl"IJ{il'[:a_, to J::? (CPJ~:::i 1/71/-l}- l 2 0)'$~:a_-pY~ 

---to'$-ii$1J•@JN 1 4 t. ~f§":::i~ 1v1 1 ic---c~fB°e:.:h 
o ffi'.EE ~x:mE:b> 6 ll[vfEf;::~vfET o~mE@JN 1 5 t :a.-lf---t 
oo 
[ o o 1 7 l 11th~{§"$ 2 f'i, {$:17'1 [Oll!/l:Jib *.:htc~fB° 

:::i~Nllt~fiK~~L,---C~li!l':6n,~~ffi:::i~;vl 
1~&-i¥.JKffi'.h~1A~ToJEffl:::i~;v21t=nKMr: 
c1u1cm~6nkAJE£:::i ::,,--'f''::,,---!f- 2 2 t 7.1,1c,tJ:0 L c@JN 

C*m@JN) t, zffi:::i~ 1v2 1 rct1Az6nom:EEv 
~;v:a_-~/:±:!ToMEE~/:±:!@JN 2 3 t, itm:EE~/:±:!@JN 2 
3 [C't~/:±:!2'.ntc11tEE v~;v:a_-}\.jJ t L, lit~/:±:!11tEE v 

~1v:t.1,m1c~rWi{il'i:a:- to J:: 5 [CATE£ :::i 1/71/-!f- 2 2 0'$ 
t:a:-AJE12---to'$-t00•@JM24t:a:-~---too 
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[ o o 1 8 ] *~fB° :::i ~ Jv l 1 , 2 1 f'i, jj6j :::i ~ ;vl'l,9"t" 

••1¥.JfcMhfii~iJ,PJ'ml"t"~nf:f ~-0 J:: 5 tJ: t, O):a:-Jtlv' 
-Ct,J::<.~;:t~@~:::i~N,aZ:::i~N~~-kO):::i 
~ ;v:a:-~fflTo = t :t.,,"t"~ oo 
[0019]~~0)J::5KaJJJG6.:hkMh1AJE1/~TA 

"t"f'i, !WJJJ@JN 4 iJ, G~M@JM 3 :a.-JWJJJ---t o tc /l:JO)Mh 
1.1:\1ltjJ~f§"$ 2 O)~{§" :::i ~ Jv 2 1 !C {:tt~ 6 .:ho t, ~{§" 

:::i~ Jv 2 1 7.!'i::>M1J~ffiit~ 1 O)~ffi:::i~ Jv l 1 [C •• 1¥) 

tcMjJ7.i:\{iiJE6.:hoo = 0 t ~, m;jJ;JtltzaO)mJfBt.[C 
M1J~ffi$1.t3J::Uffi'.hJEffl$20)**•@JN~*mL 
tc:ft'fi!'lfciJ:0 ---c 1,, 'nl:f, !W!!ro@JN 4 ti' 6f:tt~ 6 no m:h 
O)f~ t Ju c!='iJ,.M@JN 3 tc-cf5'!ffl 6.:h, :t1s-m L ---c1,,,,tsv' 

~-€i'fCf'i, Mh~{§"$1 0~{§":::i~ Jv 1 1 t =nicmm 
6nk*@JN (MEEv~=v~t1) "t"~~~.:hoo ~ffi 
:::i ~ Jv l 1 /C ---C ~{§" 6 .:htc ffi'.1J f:t~mE@JN 1 5 :a:-1r L, 't ~-@]· 3 ~f:tt~e:noo 
[ o o 2 o l v'*· m:h;Jtlt~~0~rBtlS1JcMh~ffi$ l 

.t3 J:: vtMhJE{B°=fm 2 O)**m@JN7.i"*m L tc:ft~"Z"ffi'.h 
1AziJ,{r::b.:h 't v, o :tkD t Too = = "t", JE1§ :::i ~ 1v 2 
1 t~{§":::i~;vl lfldjl7)fil,:mtl 7.1,~f~Tot, =nGz 
~ :::i ~ JvO);j;§liA 1/ ,Y 7 tl 1/ 7 7.i!~fl::: L, = .:h[C J:: ".J * 
• .,,"7 ;1--,51 'L~fl:::Too :ttm.,,"7 ;1--yiJ,~fl:::To 
t. 11t.1J;JtltJEtBt0)11tJ± v~;vn,,J-. 6 < tJ: VJ. = O)ffi'.J± v 

~1v0~{1:::7.!"ffljJ~fB°$ 1 .t3 J:: vtfflhJEfB°ffll 2 O)*fflEE 

~/±l@JN 1 3, 2 3 "t"~/:±16 noo 
[0021]11tEEv~N~~TT0t,'$-A~lffi!l@JNl 

4 f:t, fflEE~/:±:!@Jffl 1 3 0/:±:!h&£fc, -=c-0~/±lfflEE v 
~;v:b>~rWifil'ffctso J:: 5 f;::PJ~:::i ::,,--7"::,,---!f-1 2 0)'$-t:a:

AJE£T00 l'/il~fc, $A$U~@J· 2 4 f'i, 11tEE~/±l§J. 
2 3 0/±lh~£[c, ~O)~/:±!fflEEv~1v!.!'>~rr1:ifii1!:ictso 

J:: 5 [CAJ~:::i 1/7'1/-lj- 2 2 O)~:S,::a:-AJ~T0a =n[cJ:: 
VJ , z~ :::i ~ JvO);j;§liA 1/ .Jf 7 :7 1/ ~ 7.1,~fl::: L ---C ti, m 

tcMh:fJ;J\\'~1Et0~~~ic*~ Ltc:ft'ff!'l"t"Mh1A~a:-1i' 5 
= t :b>"t"~ 00 
[0022]8~0)J::5K,*%1it!i:%'ff!'l0Zh1Az1/~ 

TA "t"f:t, JEfB°MEE, ~fB°ffi'.1±0~/:±:!&-=c.:h~nJEfB° 
$, ~{§$ffik [C~lt 6ntcm:EE~/:±:!$"t"1Tv', ~{§ 

$, ~ffi$0)ffik0)*•@]·0):::,1/71/-!f-0)'$-A:a.-*• 
:rt'ff!'l &MU~T o J:: 5 tc@ !lmi¥.Jfcfffl'::iET o J:: 5 ic ts 0 -n, 
00"t" •• ~0:rt■"Z"M.1J1Azffifi::b.:hoo 

[ o o 2 3] tt.t3, 8L0m~"Z"f'i, ±f;$:~'mlO)Y!-1¥JrliU 
•&1i' 5~•tc~m e:n0¥atc--::i1,,,,---cm~ Ltd,, *36 
~fj:=ntc~1Ui::~no b0"t"fj:ts<. ~~i"i2.li!l':6nfc 1 
xt0m:.1Jf:tt;r,t:::i ~ ;v:a_-J§i., ,-c, ffi:'A.::r:.:f.;v~- ~-•1¥.J 
icfiiz---t o = t tc J:: ".J m:hf:ttir~&fi 5 = t ,a,PJ'mlfs~ti: 
"t"~.:h~~O)J::5~t,O)Kb~ffiAJ'ml"t"~o. 
[O O 2 4] (%1it!i:%a2) L~Lkffil0%1it!i:%8"t" 

~.zffi8.~ffl$ffikKnftL---C~~:::,~;vO)*•:rt 
a:a:-ffi!Jfffll---toJ:: 5 fctt0---Cv'oil', ~f§":::i~ 1vO)MJ±v 
~;v:a:-~/:±1 L ---c, ~O)~/:±:!Mf*fc£01,,,---c~~ :::i ~ ;vO) 
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*ffitk'fi!HrffiUm-t-o::. c:: 'b '"Z' ~ 60 
coo2s1~2~.*~~0)ffl20)~•w•O)•n~ 

*1/A7A(7)~~m~&~T7Po/7~--c'moo ~~ 
~- ~1r::~L,fdf~lO)~•w•O)m~c::~Cffl~fG1 
~C~%&fstL,'tmoo 
[0026]*%■<l)•n~*VA7A~. L~(l)ffil 

O)~•w•O)•n*f-gffll 21,n.1JO)mE£~t±1@JN2 3.:1'3J:V 

:$::!iffirJm@JN 2 4 &I& fJ ll,is~. •n~f15'§'~ 11JllJO):$::!iffr1J 
m@JN 1 4 titmEE~t±\@JN 1 3 i:-: t~t±I c'::ntc.mEE v..r-:::. 
;vr::.£--:51,, \t. PJR ::z Y-7'>-if- 1 2, 2 2 O)'.if:!i:&-tn 
-t';h,,ffiiJmT o J: 5 fCfJ:--:, 'tv \ oo -t O) tc. 100)f-i,i~ c L, 
't. mn~f"l§fffi 1 fJllHc. *f"l§ ::z ..{ Jv l 7 c:: ::z Y"r'Y-if- 1 

8 1.J, G tJ: 6 *ffi@JN c. •*W@JN fC'.if:S:ffrUm@JN 1 4 

1.J,G~t±12Sntc.mumm ~-&7 -1 - F/.;; o/ 7ffl ~- (mn~ 
mrm2wO)PJR::zY'TY-if-220)$a&oom-t-otc.100) 
$1J~J1"l§%) c:: L, 't~~T -5 7 -1- F/.;; o/ 7 f§"%*f"l§@J~ 
1 9 c:: &ffif ;t, •n~f15 2 fJ(IJfC, ~f15 ::z ..{ /V l 7 fC-'JLi'r 
ic:xt[ci] L tlft';i'i':c'::ntc.~f"l§::z..{ Jv 2 1 c:: ::z Y'TY-if- 2 s 
ti,Gt.t-5*ffl@JNc::. ~f§"::z..{ ;v2 7 &JrL,t~f"l§c'::n 
a':&::S:ffiU~@JN 1 4 i'.l'G*t±\ c'::ntc 7 -1- 1~-/.;; o/ ::'.lf"l§% 
&~~.-~fflffl%&00mffl%c::L'tPJE£::zY';rY-if-2 
2 .,..,.t±lhi""-5 7 -1- F/.;; o/ 7 f"l§%~f§"@JN 2 9 c &fim ;t 
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[Fortsetzung au/ der niichsten Seite] 

-----------------------------------------------
(54) Title: METHOD AND ASSEMBLY FOR THE WIRELESS SUPPLY OF ELECTRIC ENERGY TO A NUMBER OF AC
TUATORS, ACTUATOR AND PRIMARY WINDING THEREFOR AND SYSTEM FOR A MACHINE WITH A NUMBER OF 
ACTUATORS 

(54) Bezeichnung: VERFAHREN UND ANORDNUNG ZUR DRAHTLOSEN VERSORGUNG EINER VIELZAHL AKTOREN 
MIT ELEKTRISCHER ENERGIE, AKTOR UND PRIMARWICKLUNG HIERZU SOWIE SYSTEM FUR EINE EINE VIEL
ZAHL VON AKTOREN AUFWEISENDE MASCHINE 

1 

4 

2.1 3.1 
3.2 6-6 

2.2-oc:J 
;~3.3 

2.4~ OLJ 
2.S 3.S 
6c:( 

O'\ (57) Abstract: The invention relates to a method for the wireless supply of electric energy to a number of actuators (3.1 to 3.s). 
l- In said method, a medium-frequency, magnetic field, emitted by at least one primary winding (1, 1.1 to l.p) is transmitted to each 
l- respective actuator which has at least one secondary winding (2.1 to 2.s) and is then converted into electric energy. The invention 
Q also relates to an assembly for the wireless supply of electric energy to a number of actuators (3.1 to 3.s), using at least one primary 
0 winding (1, 1.1 to l.p), fed by a medium-frequency oscillator (4), whereby each actuator (3.1 to 3.s) has at least one secondary 

0 winding (2.1 to 2.s) which is suitable for absorbing energy from a medium-frequency magnetic field. The invention further relates 
> to an actuator and a primary winding for said assembly and a system for a machine which has a number of actuators. 
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(71) Anmelder (filir alle Bestimmungsstaaten mitAusnakme von
US): ABB RESEARCH LTD. [CHI‘CH]; Affolternstr. 4-4,
CPI-8050 Ziirich (CH).

(72) Erfmder; and
(75) Erfinder!Anmelder (nurfiir US): SCHEIBLE. Guntram
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SMAILUS, Bernd [DE/DE]; Mfihlweg 34, D-69502
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[Fortserzung aufder ndchsten Seize]

(54) Title: NIETHOD AND ASSENIBLY FOR THE WIRELESS SUPPLY OF ELECTRIC ENERGY TO A NUMBER OF AC—
TUATORS, ACTUATOR AND PRMARY WINDING THEREFOR AND SYSTEM FOR A MACHINE WITH A NUMBER OF
ACTUATORS

(54) Bezeichnung: VERFAHREN UND ANORDNUNG ZUR DRAHTLOSEN VERSORGUNG EINER VIELZAHL AKTOREN
NIIT ELEKTRISCHER ENERGIE, AKTOR UND PRIMARWICKLUNG HIERZU SOWIE SYSTEM FUR EINE EINE VIEL-
ZAHL VON AKTOREN AUFWEISENDE MASCHINE

 
(57) Abstract: The invention relates to a method for the Wireless supply of electn'c energy to a number of actuators (3.1 to 3s).

[\ In said method a medium—frequency magnetic field emitted by at least one primary winding (1.1.1 to 1.p) is transmitted to each

l\ respective actuator which has at least one secondary winding (2.1 to 2.s) and1s then converted into electric energy. The invention
6 also relates to an assembly for the wireless supply of electric energy to a number of actuators (3 1 to 3 S), using at least one primary
a winding (1 1.1 to 1.1)) fed by a medium~£requency oscillator (4), whereby each actuator (3.1 to 3s) has at least one secondary

winding (2.1 to 2.3) which is suitable for absorbing energy from a medium—frequency magnetic field. The invention further relates
to an actuator and a primary winding for said assembly and a system for a machine which has a number of actuators.

[Fortsetzung aufder néchsten Seize]
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(81) Bestimmungsstaaten (national): AE, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, CA, CH, CN, CR, CU, CZ, DE, 
DK, DM, EE, ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, 
IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, 
LU, LV, MA, MD, MG, MK, MN, MW, MX, NO, NZ, PL, 
PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, TR, TT, TZ, 
UA, UG, US, UZ, VN, YU, ZA, 'ZW. 

(84) Bestimmungsstaaten (regional): ARIPO-Patent (GH, 
GM, KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, 'ZW), eura
sisches Patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
europiiisches Patent (AT, BE, CH, CY, DE, DK, ES, FI, 
FR, GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI-Patent 

(BF, BJ, CF, CG, Cl, CM, GA, GN, GW, ML, MR, NE, 
SN, TD, TG). 

Veroffentlicht: 
Mit internationalem Recherchenbericht. 
Vor Ablauf der fiir Anderungen der Anspriiche geltenden 
Frist; Veroffentlichung wird wiederholt, falls Anderungen 
eintreffen. 

Zur Erkliirung der Zweibuchstaben-Codes, und der anderen 
Abkiirzungen wird auf die Erkliirungen ("Guidance Notes on 
Codes and Abbreviations'') am Anfangjeder regultirenAusgabe 
der PCT-Gazette verwiesen. 

(57) Zusammenfassung: Es wird ein Verfahren zur drahtlosen Versorgung einer Vielzahl Aktoren (3.1 bis 3.s) mit elektrischer En
ergie vorgeschlagen, wobei ein von mindestens einer Primiirwicklung (1, I.I bis l.p) abgestrahltes, mittelfrequentes magnetisches 
Feld zu jedem mindestens eine Sekundiirwicklung (2.1 bis 2.s) aufweisenden Aktor iibertragen und dort in elektrische Energie um
gewandelt wird. Des weiteren wird eine Anordnung zur drahtlosen Versorgung einer Vielzahl Aktoren (3.1 bis 3.s) mit elektrischer 
Energie unter Einsatz mindestens einer von einem mittelfrequenten Oszillator (4) gespeisten Primarwicklung (1, 1.1 bis l.p) vorge
schlagen, wobei jeder Aktor (3.1 bis 3.s) mindestens eine zur Energieaufnahme aus einem mittelfrequenten Magnetfeld geeignete 
Sekundiirwicklung (2.1 bis 2.s) aufweist. Ausserdem werden ein Aktor und eine Primarwicklung hierzu sowie ein System fiir eine 
eine Vielzahl von Aktoren aufweisende Maschine vorgeschlagen. 
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Verfahren und Anordnung zur drahtlosen Versorgung einer Vielzahl Aktoren mit 

elektrischer Energie. Aktor und Primarwicklunq hierzu sowie System fur eine eine 

Vielzahl van Aktoren aufweisende Maschine 

Beschreibunq 

Die Erfindung bezieht sich auf ein Verfahren und eine Anordnung zur drahtlosen Ver

sorgung einer Vielzahl Aktoren mit elektrischer Energie, auf einen Aktor und eine 

Primarwicklung hierzu sowie auf ein System tor eine eine Vielzahl von Aktoren auf

weisende Maschine. Die Erfindung kann beispielsweise zur elektrischen Energiever

sorgung van mikromechanischen, piezoelektrischen, elektrochemischen, magneto

striktiven, elektrostriktiven, elektrostatischen oder elektromagnetischen Aktoren ver

wendet werden, wie sie in Aktoren-Systemen oder Maschinen, beispielsweise bei 

Steuer/Regelsystemen, in Fernsteuersystemen, in der Robotertechnik, bei Herstel

lungsautomaten bzw. Fertigungsautomaten, als Anzeigeelemente und in Schutz- und 

Sicherheitssystemen (beispielsweise bei Freiluft- oder lnnenraum-Schaltanlagen) 

zum Einsatz gelangen. 

Aus der DE 44 42 677 A 1 sind ein Verfahren und eine Anordnung zum Versorgen 

eines elektrischen Verbrauchers mit einer elektrischen Versorgungsspannung oder 

einem elektrischen Versorgungsstrom bekannt, wobei Funkwellen eines Funksen

ders zu einem mit dem Verbraucher elektrisch verbundenen Funkempfanger Obertra

gen werden und vom Funkempfanger in die elektrische Versorgungsspannung bzw. 

den elektrischen Versorgungsstrom umgewandelt werden. Die Funkwellen konnen 

aus dem elektromagnetischen Hochfrequenzbereich (Radiowellen) oder auch aus 

dem Mikrowellenbereich (Richtfunk) kommen. 

Dabei ist es von Nachteil, daB aufgrund der hohen Frequenzen und dementspre

chend kleinen Antennen einerseits und der durch EMV-Vorschriften und Regeln tor 

Sicherheit und Gesundheitsschutz an Arbeitsplatzen mit Exposition durch elektrische, 
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magnetische oder elektromagnetische Felder beschrankten zulassigen Sendelei

stung andererseits nur sehr unzureichend geringe Abstande zwischen Funksender 

und Funkempfanger erzielbar sind. Das gleiche triffl fur die erzielbaren Leistungen 

zu, welche im Bereich weniger µW liegen, was meist unzureichend fur Aktaren ist. 

Der Erfindung liegt die Aufgabe zugrunde, ein kastengOnstiges und zuverlassiges 

Verfahren zur drahtlosen Versorgung einer Vielzah! Aktaren mit elektrischer Energie 

anzugeben. 

Des weiteren ist eine kastengunstige und zuverlassige Anordnung zur Durchfuhrung 

dieses Verfahrens anzugeben. 

Ferner soil ein hierzu geeigneter Aktor vorgeschlagen werden. 

Des weiteren soil eine hierzu geeignete Primarwicklung vorgeschlagen werden. 

Au!serdem soll ein System fur eine eine Vielzahl von Aktoren aufweisende Maschine 

angegeben werden. 

Diese Aufgabe wird bezOglich des Verfahrens erfindungsgema!s durch ein Verfahren 

zur drahtlosen Versorgung einer Vielzahl Aktaren mit elektrischer Energie gelost, 

wobei ein van mindestens einer Primarwicklung abgestrahltes, mittelfrequentes ma

gnetisches Feld zu jedem mindestens eine Sekundarwicklung aufweisenden Aktar 

Obertragen und dart in elektrische Energie umgewandelt wird. 

Unter den in diesem Zusammenhang interessierenden mittelfrequenten Schwingun

gen wird der Bereich van etwa 15 kHz bis etwa 15 MHz verstanden. 

Diese Aufgabe wird bezOglich der Vorrichtung erfindungsgemaf1 durch eine Anord

nung zur drahtlosen Versorgung einer Vielzahl Aktaren mit elektrischer Energie unter 

Einsatz mindestens einer von einem mittelfrequenten Oszillator gespeisten Primar

wicklung gelost, wobei jeder Aktor mindestens eine zur Energieaufnahme aus einem 

mittelfrequenten Magnetfeld geeignete Sekundarwicklung aufweist. 
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Die Aufgabe wird bezOglich des Aktors durch einen Aktor mit mehreren zur Energie

aufnahme aus einem mittelfrequenten Magnetfeld geeigneten, orthogonalen Sekun

darwicklungen gelost. 

Die Aufgabe wird bezOglich der Primarwicklung durch eine Primarwicklung, beste

hend aus mehreren separaten Wicklungsabschnitten gelost, welche jeweils aus meh

reren parallelen Leitem aufgebaut sind, wobei die einzelnen Wicklungsabschnitte 

Ober Verbindungselemente mechanisch und elektrisch miteinander verbunden sind 

und wobei bei einem Verbindungselement zwei Wicklungsabschnitte versetzt gegen

einander elektrisch miteinander verbunden sind, wodurch sich zwei freie, zum An

schlul1 van Verbindungsleitungen zu einem Generator oder Oszillator geeignete 

Wicklungsenden ergeben. 

Die Aufgabe wird alternativ bezuglich der Primarwicklung durch eine Primarwicklung, 

bestehend aus einem flexiblen, aus mehreren parallelen Leitem aufgebauten Kabel 

und einem Verbindungselement gelost, welches die beiden Kabelenden versetzt ge

geneinander elektrisch und mechanisch miteinander verbindet, wodurch sich zwei 

freie, zum Anschlul1 von Verbindungsleitungen zu einem Generator oder Oszillator 

geeignete Wicklungsenden ergeben. 

Die Aufgabe wird bezOglich des Systems durch ein System fur eine eine Vielzahl van 

Aktoren aufweisende Maschine, insbesondere Fertigungsautomat, gelost, wobei je

der Aktor mindestens eine zur Energieaufnahme aus einem mittelfrequenten Ma

gnetfeld geeignete Sekundarwicklung aufweist, wobei mindestei1s eine van einem 

mittelfrequenten Oszillator gespeiste Primarwicklung zur drahtlosen Versorgung der 

Aktoren mit elektrischer Energie vorgesehen ist und wobei jeder Aktor mit einer 

Empfangseinrichtung ausgestattet ist, welche Funksignale einer mit einem Prozel?,

rechner der Maschine verbundenen zentralen Sendeeinrichtung empfangt. 

Die mit der Erfindung erzielbaren Vorteile bestehen insbesondere darin, dal?, im Ver

gleich zu konventionellen Losungen mit Kabelanschlul?, zur elektrischen Energiever

sorgung der Aktoren der durch Planung, Material, Installation, Dokumentation und 

Wartung bedingte relativ hohe Kostenfaktor eines Kabelanschlusses entfallt. Es kon-

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1346



WO00/77910 4 PCT/EP00/05138 

nen keine Ausfalle aufgrund von KabelbrOchen oder schlechten, beispielsweise kor

rodierten Kontakten auftreten. 

Im Vergleich zur Verwendung von Batterien zur Energieversorgung von Aktoren ent

fallt der Wartungsaufwand und Kostenaufwand, der durch den erforderlichen Aus

tausch von Batterien - zumal an schwer zuganglichen Stellen - bedingt ist. 

Im angegebenen Mittelfrequenz-Bereich van etwa 15 kHz bis etwa 15 MHz sind die 

sich durch Skineffekte ergebenden Nachteile, beispielsweise die auftretenden Verlu

ste, noch handhabbar. Die elektromagnetischen Wellen werden aufgrund der im 

Vergleich zu den auftretenden Wellenlangen zu kleinen und deshalb als Antennen 

unwirksamen Primarwicklungen nicht abgestrahlt, wodurch ein einfacher Aufbau der 

Anordnungen ermoglicht wird. Eine EMV-Messung van eventuell abgestrahlten Sto

rungen mur.i nicht erfolgen. GOnstig wirkt sich zudem aus, daf1 mittelfrequente Ma

gnetfelder durch metallische Maschinen-Komponenten nur in geringem Ausmar.i ab

geschirmt werden, so daf1 vorteilhaft auch an unzuganglichen Stellen eines Aktoren

Systems bzw. einer Maschine ein zur Energieversorgung ausreichend starkes Ma

gnetfeld auftritt. 

Weitere Vorteile sind aus der nachstehenden Beschreibung ersichtlich. 

Vorteilhafte Ausgestaltungen der Erfindung sind in den UnteransprOchen gekenn

zeichnet. 

Die Erfindung wird nachstehend anhand der in der Zeichnung dargestellten Ausfuh

rungsbeispiele erlautert. Es zeigen: 

Fig.1 

Fig. 2 

ein Prinzipschaltbild der Anordnung zur drahtlosen elektrischen Ver

sorgung van Aktoren, 

ein Schaltbild zur Erlauterung des verwendeten Transformatorprin

zips, 
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Fig.3 

Fig.4 

Fig.5 

Fig.6 

Fig.7 

Fig.8 

Fig.9 

Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

5 PCT /EP00/05138 

eine erste praktische Ausfuhrungsform, 

eine zweite praktische AusfOhrungsform, 

eine dritte AusfOhrungsform mit orthogonalen Primarwicklungen, 

eine vierte AusfUhrungsform mit unterschiedlich gestalteten Primar

wicklungen, 

eine fOnfte Ausfuhrungsform mit bandformiger Primarwicklung, 

ein Ersatzschaltbild mit primarseitigen und sekundarseitigen Weiter

bildungen, 

eine Primarwicklung gemal!, sechster AusfOhrungsform, 

eine Detailansicht einer Ecke einer Primarwicklung gemal!i sechster 

AusfOhrungsform, 

eine Detailansicht der Wicklungseinspeisung bei der sechsten Aus

fOhrungsform, 

eine Primarwicklung gemal!i siebter Ausfuhrungsform, 

eine Detailansicht der Wicklungseinspeisung bei der siebten Ausfuh

rungsform, 

eine Detailansicht einer Ecke einer Primarwicklung gemal!i siebter 

AusfOhrungsform, 

eine Primarwicklung gemal!i achter AusfOhrungsform. 

In Fig. 1 ist ein Prinzipschaltbild der Anordnung zur drahtlosen elektrischen Versor

gung van Aktoren dargestellt. Es ist eine kreisformige, vorzugsweise aus mehreren 
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Windungen aufgebaute Primarwicklung 1 zu erkennen, welche eine Vielzahl - gege

benenfalls bis zu einigen Hundert - von Sekundarwicklungen 2.1, 2.2, 2.3 .... 2.s (s = 

beliebige ganze Zahl) umfa!1t, wobei jede Sekundarwicklung 2.1 bzw. 2.2 bzw. 

2.3 .... 2.s mit einem Aktor 3.1 bzw. 3.2 bzw. 3.3 .... 3.s verbunden ist. Die Primarwick

lung 1 ist an einen Oszillator 4 (Mittelfrequenz-Oszillator) angeschlossen. Der Oszil

lator 4 speist die Primarwicklung 1 mit einer mittelfrequenten Schwingung im Bereich 

von etwa 15 kHz bis etwa 15 MHz. Diese Mittelfrequenz w0rde zur Abstrahlung von 

elektromagnetischen Fe!dern filhren, deren Wellenlangen grof1er als 22 m bis 22 km 

sind und damit wesentlich gr6Ber als die Abmessungen der eingesetzten Primar

wicklung - kleiner als 2 m - , so daB die Primarwicklung nicht als Antenne tor derarti

ge elektromagnetische Strahlung wirkt. Es liegt also eine rein magnetische Kopplung 

(und keine wirksame elektromagnetische Kopplung) zwischen der Primarwicklung 

und den Sekundarwicklungen im Sinne eines Mittelfrequenz-Transformators var. 

Als Aktoren werden beispielsweise mikromechanische, piezoelektrische, elektroche

mische, magnetostriktive, elektrostriktive, elektrostatische oder elektromagnetische 

Aktoren eingesetzt. 

In Fig. 2 ist ein Schaltbild zur Erlauterung des verwendeten Transformatorprinzips 

dargestellt. Es sind wiederum die Primarwicklung 1 mit einspeisendem Oszillator 4 

und die Aktoren 3.1 .... 3.s mit den angeschlossenen Sekundarwicklungen 2.1 .... 2.s zu 

erkennen. 

In Fig. 3 ist eine erste praktische AusfOhrungsform dargestellt. Es ist ein Aktoren

System 5 - insbesondere eine Maschine bzw. ein lndustrieroboter bzw. Herstel

lungsautomat bzw. Fertigungsautomat - gezeigt, welches mit zahlreichen an unter

schiedliche, zumindest teilweise bewegliche Systemkomponenten montierten Akto

ren 3.1 .... 3.s versehen ist. Die Aktoren 3.1 ... 3.s dienen beispielsweise als Anzeigee

lemente, als Steuer/Regelelemente und als Schutz/Sicherheitselemente. Das Akto

ren-System 5 befindet sich zwischen zwei horizontal angeordneten Primarwicklungen 

1.1 und 1.2. Diese beiden Primarwicklungen 1.1, 1.2 liegen elektrisch parallel am 

Oszillator 4 (Generator) oder werden alternativ von zwei separaten Oszillatoren ge

speist. Zwischen beiden Primarwicklungen tritt ein relativ gleichmaf1iges Magnetfeld 

auf. Von Wichtigkeit ist es dabei, dal1 sich die Aktoren stets im sich zwischen beiden 
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Primarwicklungen 1.1, 1.2 ausbildenden magnetischen Feld befinden, so dar1 Ober 

ihre Sekundarwicklungen eine magnetische Ankopplung wirksam und demzufolge 

eine Energieeinspeisung moglich ist. 

Jeder Aktor ist mit einer Empfangseinrichtung und Sendeeinrichtung ausgestattet, die 

Funksignale hinsichtlich der Befehle an die Aktoren zur AusfOhrung bestimmter 

Handlungen empfangt und Funksignale hinsichtlich aktueller Aktor-lnformationen, wie 

die ROckmeldungen "gewOnschte Handlung erfolgreich/nicht erfolgreich ausgefOhrt" 

abgibt. Die Funksignale zu alien Aktoren bzw. von alien Aktoren werden von einer 

zentralen Sende/Empfangseinrichtung 9 abgegeben bzw. empfangen und van einem 

ProzeBrechner 10 (speicherprogrammierbare Steuerung) vorgegeben bzw. an diesen 

weitergeleitet. Vorzugsweise befindet sich die Sende/Empfangseinrichtung in unmit

telbarer Nahe des Aktoren-Systems 5, um eine optimale Funkverbindung mit den 

Aktoren zu gewahrleisten, wahrend der die Maschine steuernde ProzeBrechner 10 

auch entfernt vom Aktoren-System 5 angeordnet sein kann. Wie leicht erkennbar ist, 

ergibt sich durch das vorgeschlagene System eine kabellose Konfiguration der Akto

ren sowohl hinsichtlich ihrer elektrischen Energieversorgung als auch hinsichtlich der 

lnformationsObertragung vom und zum ProzeBrechner 10. 

In Fig. 4 ist eine zweite praktische AusfUhrungsform dargestellt. Bei dieser AusfOh

rungsform ist lediglich eine einzige Primarwicklung 1 vorgesehen, welche das Akto

ren-System 5 - insbesondere ein lndustrieroboter bzw. Herstellungsautomat bzw. 

Fertigungsautomat - mit den zahlreichen, an ihm montierten Aktoren 3.1 .... 3.s global 

umfaBt. 

In Fig. 5 ist eine dritte AusfOhrungsform mit drei orthogonal zueinander angeordneten 

Primarwicklungen dargestellt. Es ist ein Aktoren-System 5 gezeigt, welches von einer 

ersten vertikalen Primarwicklung 1.1, einer hierzu orthogonalen zweiten vertikalen 

Primarwicklung 1.2 und einer horizontalen dritten Primarwicklung 1.2 umschlossen 

ist. Bei dieser AusfOhrungsform mit drei orthogonalen Primarwicklungen ergibt sich 

eine besonders gleichmaBige und nicht gerichtete Ausbildung des magnetischen 

Feldes. Alternativ bzw. erganzend hierzu ist es auch moglich, jeden Aktor mit zwei 

oder drei orthogonalen Sekundarwicklungen auszurOsten. 
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Des weiteren ist auch eine AusfOhrungsform realisierbar, bei der lediglich zwei ortho

gonale Primarwicklungen vorgesehen sind. Selbstverstandlich sind auch Ausfuh

rungsformen realisierbar, welche mehrere Primarwicklungen 1.1 bis 1.p aufweisen, 

die nicht orthogonal angeordnet sind. 

In Fig. 6 ist eine vierte AusfOhrungsform mit mehreren unterschiedlich gestalteten 

Primarwicklungen dargestellt. Es handelt sich um ein relativ ausgedehntes Aktoren

System 5, bei dem die einzelnen Aktoren 3.1 .... 3.s nicht einigermal1en homogen Ober 

das System verteilt angeordnet sind, sondern lediglich an einigen bestimmten Berei

chen des Systems gehauft auftreten. Bei einer derartigen ausgedehnten Konfigurati

on ist aus Grunden der zu erzielenden magnetischen Feldstarke der Einsatz mehre

rer, gezielt angeordneter Primarwicklungen vorteilhaft, welche jeweils mindestens 

eine Sekundarwicklung eines Aktors lokal beeinflussen. 

Ein erster mit Aktoren bestockter Systembereich liegt dabei im Magnetfeld zwischen 

zwei horizontalen, rechteckformigen, sich einander gegenOberliegenden Primarwick

lungen 1.1, 1.2. Ein zweiter, hierzu benachbarter, mit Aktoren bestockter Systembe

reich liegt im Magnetfeld zwischen zwei horizontalen, kreisringfbrmigen oder ovalen, 

sich einander gegenOberliegender Primarwicklungen 1.3, 1.4. Ein dritter mit Aktoren 

bestockter Systembereich wird vom Magnetfeld einer Primarwicklung 1.5 beeinflul1t, 

wobei diese Primarwicklung um den Mittelschenkel eines E-fbrmigen Ferritkernes 

angeordnet ist, wodurch sich teilweise eine Abschirmung des Magnetfeldes und sich 

teilweise eine Verstarkung im interessierenden, lokal begrenzten Bereich ergibt 

("Spot-Wirkung"). Ein vierter mit Aktoren bestOckter Systembereich liegt im Einflul1-

bereich einer Primarwicklung 1.6. Die Magnetfelder der einzelnen Primarwicklungen 

1.1 bis 1.6 in den einzelnen Systembereichen sind jeweils gestrichelt angedeutet. 

In Fig. 7 ist eine fOnfte AusfOhrungsform mit bandformiger Primarwicklung dargestellt. 

Die bandformige Primarwicklung 1 ist an ihrem einen Ende am Oszillator 4 ange

schlossen, wahrend das weitere Ende zusammengeschaltet ist. Auf diese Weise er

gibt sich eine Doppelleitung mit zwei vom gleichen Strom mit entgegengesetzter 

Richtung durchflossenen Leitem, was das Magnetfeld zwischen beiden Leitem in 

gewunschter Weise verstarkt und das Magnetfeld im Bereich aul1erhalb der beiden 

Leiter abschwacht. Vorteilhaft wird die bandformige Primarwicklung 1 an der Maschi-
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ne derart installiert, dal1 sich die einzelnen Aktoren 3.1 bis 3.n im Bereich zwischen 

beiden Leitem der Doppelleitung befinden. 

Selbstverstandlich kann dabei jede Leitung der Doppelleitung aus mehreren Einzel

leitern bestehen, wobei die Einzelleiter beider Leitungen im Sinne einer Wicklung 

miteinander verbunden sind, so dal1 sich quasi eine Primarwicklung 1 wie unter Fig. 

4 beschrieben ergibt, welche extrem flach ausgebildet ist. 

In Fig. 8 ist ein Ersatzschaltbild mit primarseitigen und sekundarseitigen Weiterbil

dungen dargestellt. Wie zu erkennen ist, liegt die Primarwicklung 1 Ober einem Kom

pensationskondensator 6 am Oszillator 4, wodurch ein resonanter Betrieb des Oszil

lators erzielt wird. Lediglich beispielhaft ist die magnetische Kopplung zwischen Pri

marwicklung 1 und Sekundarwicklung 2.1 angedeutet. An die Sekundarwicklung 2.1 

ist ein AC/DC-Steller 7 angeschlossen, der einen zur Energieversorgung des Aktors 

3.1 dienenden Energiespeicher 8 speist. 

In Erweiterung des in Fig. 8 dargestellten Schaltbildes ist es auch moglich, einen 

Kompensationskondensator in der Anschlul1Ieitung zwischen Sekundarwicklung 2.1 

und AC/DC-Steller 7 vorzusehen. 

Wicklungen werden Oblicherweise durch Wickeln eines Leiters in mehreren Windun

gen gewOnschter Anzahl hergestellt. Bei grol1flachig auszubildenden Wicklungen 

kann dies Schwierigkeiten bereiten, beispielsweise bei nachtraglicher Integration ei

ner relativ grol1en Primarwicklung in einem Herstellungs- bzw. Fertigungsautomaten 

oder allgemein in einer Maschine. Unter "relativ grol1" ist zu verstehen, dal1 die Pri

marwicklung etwa die Gr511e des Herstellungsautomaten selbst aufweist. 

Nachstehend werden Primarwicklungen gemal1 sechster, siebter und achter AusfOh

rungsform angegeben, die ohne Schwierigkeiten auch nachtraglich in einer Anlage 

oder Maschine integriert werden konnen. 

Dabei kann die Primarwicklung aus mehreren separaten, jeweils aus mehreren pa

rallelen Leitem aufgebauten Wicklungsabschnitten bestehen, wobei die einzelnen 

Wicklungsabschnitte Ober Verbindungselemente mechanisch und elektrisch mitein-
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ander verbunden sind und wobei bei einem Verbindungselement zwei Wicklungsab

schnitte versetzt gegeneinander elektrisch miteinander verbunden sind, wodurch sich 

zwei freie, zum Anschlul1 van Verbindungsleitungen zu einem Generator oder Oszil

lator geeignete Wicklungsenden ergeben. 

Alternativ hierzu kann die Primarwicklung aus einem flexiblen, aus mehreren paral

lelen Leitem aufgebauten Kabel und einem Verbindungselement bestehen, welches 

die beiden Kabelenden versetzt gegeneinander elektrisch und mechanisch miteinan

der verbindet, wodurch sich zwei freie, zum Anschlul1 von Verbindungsleitungen zu 

einem Generator oder Oszillator geeignete Wicklungsenden ergeben. 

Die mit der sechsten, siebten und achten AusfOhrungsform erzielbaren Vorteile be

stehen insbesondere darin, dal1 die Primarwicklung auftrennbar ist und deshalb ein 

nachtraglicher Einbau der vorgeschlagenen Primarwicklung in einer Maschine in 

einfacher Art moglich ist. Die Primarwicklung wird erst in der Maschine selbst durch 

Verbinden der einzelnen Wicklungsabschnitte bzw. des flexiblen Kabels unter Ein

satz des mindestens einen Verbindungselementes hergestellt, wobei eine exakte 

Anpassung an die Maschine durch die Anzahl und Lage der Verbindungselemente 

und durch flexible Ausgestaltung der Wicklungsabschnitte, bestehend vorzugsweise 

aus flexiblem Flachbandkabel, ermoglicht wird. Der Einsatz von Flachbandkabel hat 

den weiteren Vorteil, dal1 das van der Primarwicklung produzierte Magnetfeld axial 

relativ breit ausgebildet ist, was die magnetische Ankopplung an weitere Wicklungen 

verbessert. 

In Fig. 9 ist eine Primarwicklung gemal1 sechster AusfOhrungsform dargestellt. Diese 

sechste AusfOhrungsform ist insbesondere tor eine vertikale Anordnung der Primar

wicklung geeignet. Die rechteckformige Primarwicklung weist vier separate Wick

lungsabschnitte 1a·, 1b', 1c', 1d' auf, die an den vier Ecken Ober Verbindungsele

mente 2a', 2b', 2c', 2d' elektrisch und mechanisch miteinander verbunden sind. For 

die Wicklungsabschnitte 1a' bis 1d' wird vorzugsweise flexibles mehradriges Flach

bandkabel mit mehreren parallelen Leitem eingesetzt. 

In Fig. 10 ist eine Detailansicht einer Ecke einer Primarwicklung gemal1 sechster 

AusfOhrungsform dargestellt. Das gezeigte Verbindungselement 2a · weist sieben 
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winkelf6rmig ausgebildete, in einer Reihe nebeneinander angeordnete und gegen

seitig elektrisch isolierte Kontaktstellen mit jeweils zwei Anschlussen fur die beiden 

Wicklungsabschnitte 1 a,, 1 b · auf. Die Abwinkelung der nebeneinander angeordneten 

Kontaktstellen erfolgt in zwei Ebenen. Zur elektrischen Kontaktierung weisen diese 

Kontaktstellen beispielsweise Offnungen mit Kontaktzungen auf, in welche die elek

trischen Leiter der Wicklungsabschnitte eingesteckt werden. 

In Fig. 11 ist eine Detailansicht der Wicklungseinspeisung bei der sechsten Ausfuh

rungsform dargestellt. Wie zu erkennen ist, sind die beiden Wicklungsabschnitte 1 a,, 

1d' versetzt gegeneinander in das Verbindungselement 2d' eingesteckt. Die jeweils 

freien Enden des Wicklungsabschnittes 1a· bzw. des Wicklungsabschnittes 1d' bil

den die Wicklungsenden und sind mit einer Verbindungsleitung 3, bzw. 4 · kontaktiert, 

welche andererseits mit einem Generator bzw. Oszillator verbunden sind. Die Kon

taktierung zwischen der Verbindungsleitung 4 · und dem Wicklungsabschnitt 1 d · er

folgt Ober das Verbindungselement 2d'. Die weitere elektrische Verbindung zwischen 

der Verbindungsleitung 3' und dem Wicklungsabschnitt 1a· erfolgt beispielsweise 

durch Verloten. 

Alternativ kann auch an der Wicklungseinspeisung ein Verbindungselement einge

setzt sein, das eine Kontaktstelle mehr aufweist, als dies der Anzahl der parallelen 

Leiter eines Wicklungsabschnittes entspricht. Dann konnen beide Kontaktierungen 

zwischen den Verbindungsleitungen 3', 4' und den Wicklungsabschnitten Ober das 

Verbindungselement selbst erfolgen. 

Die weiteren Verbindungselemente 2b', 2c'der Primarwicklung sind in der gemal!i 

Fig. 10 dargestellten Art und Weise mit den Wicklungsabschnitten verbunden. lnsge

samt ergibt sich eine Primarwicklung mit sieben Windungen. 

In Fig. 12 ist eine Primarwicklung gemaf5 siebter AusfOhrungsform dargestellt. Diese 

siebte AusfOhrungsform ist insbesondere fOr eine horizontale Anordnung der Primar

wicklung geeignet. Die rechteckf6rmige Primarwicklung weist vier separate Wick

lungsabschnitte 5a', 5b', 5c', 5d' auf, die an den vier Ecken Ober Verbindungsele

mente 6a', 6b', 6c', 6d' elektrisch und mechanisch miteinander verbunden sind. For 
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die Wicklungsabschnitte 5a · bis 5d · wird vorzugsweise mehradriges Flachbandkabel 

eingesetzt. 

In Fig. 13 ist eine Detailansicht der Wicklungseinspeisung bei der siebten AusfOh

rungsform dargestellt. Zur elektrischen Kontaktierung weisen die Verbindungsele

mente wiederum Offnungen mit Kontaktzungen auf, in welche die elektrischen Leiter 

der Wicklungsabschnitte eingefOhrt werden. Wie zu erkennen ist, sind die beiden 

Wicklungsabschnitte 5a', 5d' versetzt gegeneinander in das Verbindungselement 6d' 

eingesteckt. Die jeweils freien Enden des Wicklungsabschnittes 5a · bzw. des Wick

lungsabschnittes 5d' bilden die Wicklungsenden und sind mit einer Verbindungslei

tung a· bzw. T kontaktiert, welche andererseits mit einem Generator bzw. Oszillator 

verbunden sind. Da ein Verbindungselement 6d · eingesetzt ist, welches ein Kontakt

paar mehr aufweist als dies der Anzahl der parallelen Leiter der Wicklungsabschnitte 

entspricht, erfolgt die Kontaktierung zwischen der Verbindungsleitung T und dem 

Wicklungsabschnitt 5d' sowie die Kontaktierung zwischen der Verbindungsleitung s· 
und dem Wicklungsabschnitt 5a · Ober das Verbindungselement 6d ·. 

In Fig. 14 ist eine Detailansicht einer Ecke einer Primarwicklung gemaB siebter Aus

fOhrungsform dargestellt. Das gezeigte Verbindungselement 6a · weist fOnf winkel

formig ausgebildete, in einer Reihe nebeneinander angeordnete und gegenseitig 

elektrisch isolierte Kontaktstellen fur die beiden Wicklungsabschnitte 5a ·, 5b, auf, 

wobei die Abwinkelungen der nebeneinander angeordneten Kontaktstellen in einer 

Ebene erfolgen. Die elektrische und mechanische Verbindung der weiteren Wick

lungsabschnitte Ober die Verbindungselemente 6b · und 6c' erfolgt in gleicher Art und 

Weise. 

Vorstehend ist ausgefOhrt, daB fur die Wicklungsabschnitte 1 a· bis 1 d · und Sa· bis 

5d' vorzugsweise mehradriges, flexibles Flachbandkabel eingesetzt wird. Alternativ 

hierzu ist es insbesondere zur Bildung einer sehr leistungsstarken Primarwicklung mit 

relativ hohem Stromdurchgang moglich, die Wicklungsabschnitte aus mehreren ne

beneinander anzuordnenden, elektrisch gegeneinander zu isolierenden, starren Lei

terstaben aufzubauen. 
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Vorstehend werden rechteckformige Konfigurationen der Primarwicklung beschrie

ben, welche den Einsatz von Verbindungselementen mit rechtwinklig abgebogenen 

Kontaktstellen erfordern. Abweichend hiervon konnen selbstverstandlich auch andere 

Wicklungs-Konfigurationen (dreieckig, fOnfeckig usw.) realisiert werden. 

Im einfachsten Fall ist eine aus einem flexiblen Kabel 9', insbesondere Flachbandka

bel und einem einzigen Verbindungselement 1 o· bestehende Primarwicklung her

stellbar, wobei die beiden Enden des Kabels Ober das einzige Verbindungselement 

10' versetzt gegeneinander elektrisch miteinander verbunden sind, wodurch sich 

freie, zum Anschluf1 von Verbindungsleitungen 11 ·, 12' zu einem Generator oder 

Oszillator geeignete Wicklungsenden ergeben. Eine derartige Primarwicklung ist in 

Fig. 15 gezeigt. 
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PatentansprOche 

1. Verfahren zur drahtlosen Versorgung einer Vielzahl Aktoren (3.1 bis 3.s) 

mit elektrischer Energie, wobei ein van mindestens einer Primarwicklung (1, 1.1 bis 1.p) 

abgestrahltes, mittelfrequentes magnetisches Feld zu jedem mindestens eine Sekun

darwicklung (2.1 bis 2.s) aufweisenden Aktor Obertragen und dort in elektrische Energie 

umgewandelt wird. 

2. Anordnung zur drahtlosen Versorgung einer Vielzahl Aktoren (3.1 bis 3.s) 

mit elektrischer Energie unter Einsatz mindestens einer van einem mittelfrequenten Os

zillator (4) gespeisten Primarwicklung (1, 1.1 bis 1.p), wobei jeder Aktor (3.1 bis 3.s) 

mindestens eine zur Energieaufnahme aus einem mittelfrequenten Magnetfeld geeig

nete Sekundarwicklung (2.1 bis 2.s) aufweist. 

3. Anordnung nach Anspruch 2, gekennzeichnet durch eine einzige, die Se

kundarwicklungen (2.1 bis 2.s) der Aktoren (3.1 bis 3.s) global umfassende Primar

wicklung (1 ). 

4. Anordnung nach Anspruch 2, gekennzeichnet durch mindestens zwei par

allel nebeneinander angeordnete Primarwicklungen (1.1, 1.2), zwischen denen die Se

kundarwicklungen (2.1 bis 2.s) der Aktoren (3.1 bis 3.s) angeordnet sind. 

5. Anordnung nach Anspruch 2, gekennzeichnet durch zwei orthogonal zu

einander angeordnete Primarwicklungen (1.1, 1.2). 

6. Anordnung nach Anspruch 2, gekennzeichnet durch drei orthogonal zu

einander angeordnete Primarwicklungen (1.1, 1.2, 1.3). 
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7. Anordnung nach Anspruch 2, gekennzeichnet durch mindestens eine, 

mindestens eine Sekundarwicklung (2.1 bis 2.s) eines Aktors (3.1 bis 3.s) lokal beein

flussende Primarwicklung (1.1 bis 1.p). 

8. Anordnung nach Anspruch 2, gekennzeichnet durch eine in Form einer 

Doppelleitung ausgefOhrte Primarwicklung (1 ), wobei die Sekundarwicklungen (2.1 bis 

2.s) der Aktoren (3.1 bis 3.s) zwischen der Doppelleitung angeordnet sind. 

9. Anordnung nach einem der AnsprOche 2 bis 8, dadurch gekennzeichnet, 

daB mindestens eine Primarwicklung mit einem Ferritkern versehen ist. 

10. Anordnung nach einem der AnsprOche 2 bis 9, dadurch gekennzeichnet, 

daB die mindestens eine Primarwicklung mit einem Kompensationskondensator (6) be

schaltet ist. 

11. Aktor mit mehreren zur Energieaufnahme aus einem mittelfrequenten 

Magnetfeld geeigneten, orthogonalen Sekundarwicklungen (2.1 bis 2.s). 

12. Aktor nach Anspruch 11, dadurch gekennzeichnet, daB die Sekundar

wicklungen (2.1 bis 2.s) mit einem Kompensationskondensator (6) beschaltet sind. 

13. Aktor nach Anspruch 11 oder 12, dadurch gekennzeichnet, daB die Se

kundarwicklungen (2.1 bis 2.s) mit einem AC/DC-Steller beschaltet sind, welcher einen 

Energiespeicher (8) aufladt. 

14. System fur eine eine Vielzahl van Aktoren aufweisende Maschine, insbe

sondere Fertigungsautomat, 

- wobei jeder Aktor (3.1 bis 3.s) mindestens eine zur Energieaufnahme aus 

einem mittelfrequenten Magnetfeld geeignete Sekundarwicklung (2.1 bis 2.s) aufweist, 

- wobei mindestens eine van einem mittelfrequenten Oszillator (4) gespeiste 

Primarwicklung (1, 1.1 bis 1.p) zur drahtlosen Versorgung der Aktoren (3.1 bis 3.s) mit 

elektrischer Energie vorgesehen ist, 
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- wobei jeder Aktor mit einer Empfangseinrichtung ausgestattet ist, welche 

Funksignale einer mit einem Prozel5rechner der Maschine verbundenen zentralen Sen

deeinrichtung empfangt. 

15. System nach Anspruch 14, dadurch gekennzeichnet, dal5 die Aktoren mit 

Sendeeinrichtungen versehen sind, welche interessierende Aktor-lnformationen bein

haltende Funksignale an eine zentrale, mit dem Prozel5rechner verbundene Empfangs

einrichtung abgeben, so dal5 ein bidirektionaler lnformationsaustausch zwischen dem 

Prozel5rechner und den Aktoren moglich ist. 

16. Primarwicklung, bestehend aus mehreren separaten Wicklungsabschnit

ten (1a' bis 1d', 5a' bis 5d'), welche jeweils aus mehreren parallelen Leitem aufgebaut 

sind, wobei die einzelnen Wicklungsabschnitte Ober Verbindungselemente (2a' bis 2d', 

6a · bis 6d ') mechanisch und elektrisch miteinander verbunden sind und wobei bei ei

nem Verbindungselement zwei Wicklungsabschnitte versetzt gegeneinander elektrisch 

miteinander verbunden sind, wodurch sich zwei freie, zum Anschlul5 van Verbindungs

leitungen (3', 4', T, 8') zu einem Generator oder Oszillator geeignete Wicklungsenden 

ergeben. 

17. Primarwicklung, bestehend aus einem flexiblen, aus mehreren parallelen 

Leitem aufgebauten Kabel (9') und einem Verbindungselement (10'), welches die bei

den Kabelenden versetzt gegeneinander elektrisch und mechanisch miteinander ver

bindet, wodurch sich zwei freie, zum Anschlul5 van Verbindungsleitungen (11 ', 12') zu 

einem Generator oder Oszillator geeignete Wicklungsenden ergeben. 

18. Primarwicklung nach Anspruch 16 und/oder 17, dadurch gekennzeichnet, 

dal5 ein Verbindungselement (2a' bis 2d', 6a' bis 6d') aus mehreren in einer Reihe ne

beneinander angeordneten, elektrisch gegeneinander isolierten Kontaktstellen mit je

weils zwei AnschlOssen besteht. 

19. Primarwicklung nach Anspruch 18, dadurch gekennzeichnet, dal5 eine 

Abwinkelung der nebeneinander angeordneten Kontaktstellen in einer Ebene erfolgt. 
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20. Primarwicklung nach Anspruch 18, dadurch gekennzeichnet, daf5 eine 

Abwinkelung der nebeneinander angeordneten Kontaktstellen in zwei Ebenen erfolgt. 

21. Primarwicklung nach Anspruch 19 oder 20, dadurch gekennzeichnet, daB 

die Abwinkelungen rechtwinklig erfolgen. 

22. Primarwicklung nach Anspruch 16, dadurch gekennzeichnet, daB die An

zahl der Kontaktstellen eines Verbindungselementes (2a' bis 2c', 6a' bis 6c') gleich der 

Anzahl der parallelen Leiter eines Wicklungsabschnittes ist, mit Ausnahme des Verbin

dungselementes (2d', 6d') fur den AnschluB der gegeneinander zu versetzenden 

Wicklungsabschnitte (1a' und 1d', 5a' und 5d'), welches eine Kontaktstelle mehr auf

weist als dies der Anzahl der parallelen Leiter eines Wicklungsabschnittes entspricht. 
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IPK 7 H02J5/00 G05819/042 

Nach der lnternationalen Patentklassifikation (lPK) oder nach der nationalen Klassifikation und der IPK 

B. RECHERCHIERTE GEBIETE 

Recherchierter Mindestprufstoff (Klassifikationssystem und Klassifikationssymbole) 

IPK 7 H02J G05B 
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EPO-Internal 
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Kategorie0 Bezeichnung der VerOffentlichung, soweit erforderlich unter Angabe der in Betracht kommenden Teile Betr. Anspruch Nr. 

y WO 89 10030 A (MAGELLAN TECH PTY LTD 1 .11.12. 
;UNISCAN LTD (AU)) 14,15 
19. Oktober 1989 (1989-10-19) 
Seite 9, Zeile 7 - Zeile 33; Abbildungen 
lA,2,3 

---
y DE 195 28 341 C (ILG GMBH) 1.11. 12, 

10. Oktober 1996 (1996-10-10) 14,15 
Anspruch 3; Abbildung 1 

---
y DE 197 35 624 C (DAIMLER BENZ AG) 1.11.12. 

10. Dezember 1998 (1998-12-10) 14,15 
Seite 2, Absatz 4; Abbildung 1 

---
-/--
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Anmeldedatum veroffentlicht warden ist ·x• VerOffentlichung von besonderer Bedeutung; die beanspruchte Erfindung 

"L" Veroffentlichung, die geeignet ist. einen Prioritatsanspruch zweifelhaft er- kann allein aufgrund dieser VerOffentlichung nicht als neu oder auf 
scheinen zu !assen. oder durch die das Veroffentlichungsdatum einer erfinderischer Tatigkeit beruhend betrachtet werden 
anderen im Recherchenbericht genannten VerOffentlichung belegt werden "Y" VerOffentlichung von besonderer Bedeutung; die beanspruchte Erfindung 
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Feld I Bemerkungen zu den Anspruchen, die sich als nicht recherchierbar erwiesen haben (Fortsetzung von Punkt 2 auf Blatt 1) 

GemaB Artikel 17(2)a) wurde aus folgenden Grunden fur bestimmte AnsprOche kein Recherchenbericht erstellt: 

1. D AnsprOche Nr. 
weil sie sich aut Gegenstande beziehen, zu deren Recherche die Behorde nicht verpftichtet ist, namlich 

2. □ AnsprOche Nr. 
weil sie sich aut Teile der internationalen Anmeldung beziehen, die den vorgeschriebenen Antorderungen so wenig entsprechen, 
daB eine sinnvolle internationale Recherche nicht durchgefuhrt werden kann, namlich 

3. D AnsprOche Nr. 
weil es sich dabei um abhangige Anspruche handelt, die nicht entsprechend Satz 2 und 3 der Regel 6.4 a) abgefaBt sind. 

Feld II Bemerkungen bei mangelnder Einheitlichkeit der Erfindung (Fortsetzung von Punkt 3 auf Blatt 1) 

Die internationale Recherchenbehorde hat festgestellt. daB diese internationale Anmeldung mehrere Erfindungen enthalt: 

1. □ 

siehe Zusatzblatt 

Da der Anmelder alle erforderlichen zusatzlichen RecherchengebOhren rechtzeitig entrichtet hat, erstreckt sich dieser 
intemationale Recherchenbericht auf alle recherchierbaren AnsprOche. 

2_ D Da tor alle recherchierbaren AnsprOche die Recherche ohne einen Arbeitsautwand durchgefOhrt werden konnte, der eine 
zusatzliche RecherchengebOhr gerechtfertigt hatte, hat die Behorde nicht zur Zahlung einer solchen GebOhr aufgefordert. 

3. □ 

4.GJ 

Da der Anmelder nur einige der erforderlichen zusatzlichen RecherchengebOhren rechtzeitig entrichtet hat. erstreckt sich dieser 
internationale Recherchenbericht nur auf die AnsprOche, fur die GebOhren entrichtet warden sind, namlich auf die 
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1-15 

Bemerkungen hinsichtlich eines Widerspruchs D Die zusatzlichen GebOhren wurden vom Anmelder unter Widerspruch gezahlt. 

D Die Zahlung zusatzlicher RecherchengebOhren erfolgte ohne Widerspruch. 

Formblatt PCT/ISA/21 O (Fortsetzung von Blatt 1 (1 ))(Juli 1998) 
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lnternationales AktenzeichenPCT/EP 00 /05138 

WEITERE ANGABEN PCT/ISA/ 210 

Die internationale Recherchenbehorde hat festgestellt, daB diese 
internationale Anmeldung mehrere (Gruppen von) Erfindungen enthalt, 
namlich: 

1. AnsprLlche: 1-15 

Induktive Energie- und Oaten- Transport zu 
Werkzeugmaschinenaktoren 

2. AnsprLlche: 16-22 

Strukturelle Einzelheiten von induktiven Ubertragungsspulen 
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INTERNATIONALER RECHERCHENBERICHT 
Angaben zu VerOffentlicnungen, die zur selben Patenttamilie gehoren 

Im Recherchenbericht 
angefuhrtes Patentdokument 

WO 8910030 A 

DE 19528341 C 

DE 19735624 C 

I Datum der 
Veroffentlichung 

19-10-1989 

10-10-1996 

10-12-1998 

Formblatt PCT/ISN210 (Anhang Patentfamilie){Juli 1992) 

I 

I ationales Aktenzeichen 

PCT/EP 00/05138 
Mitglied(er) der I Datum der 
Patentfamilie Veroffentlichung 
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AU 624377 B 
AU 3429889 A 
CA 1338675 A 
CA 1340489 A 
DE 68920038 D 
DE 68920038 T 
EP 0409880 A 
EP 0609964 A 
JP 3505148 T 
US 5701121 A 
ZA 8902468 A 
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22-10-1996 
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26-01-1995 
03-08-1995 
30-01-1991 
10-08-1994 
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t-- 7 ✓ 7.-0) 2 ,x::11 ,vi::]![y1Jt;: 1 -::>:tim Lt:::.>¥-~ut&i 
~fflnlt L, Wiic.~jjj{§%1::nlt&ittWJllcfAJJij•im:~*O)f 
1 ;;1-- f t;:J11Ji~vffiJ,vffhtzi1/Jbo ffi'rtrJt= _ wric.fAJttJJ~tm~ 
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*0;z1 ,:;1-::.,,,:7··*-r~::;t::,,,i;:-c·~ o~fft;:£ t•:11trfliL 
~!mhFa~~lli:1Ji'"6~Fa~~~~~flTo=t~~ 
we c T 6 ~ffl>l<JJ'i 1 , 4 , 5 , 6 \ ,--5;hb>llen0cJl=t¥fM!'~ 
:1Jfi:z~~o 

rn1>1<rJI 1 3] ~e11/J,-7'$tL ;z-1 •:11-1/:7.-* 

-r~fli'"o1\-7f 1J •:1::)0)11/1,-:Y'b•t'>'f;t:VJ, Mlle. 
7...1 ·1/ + 1/:7'.*-rti-e□ ;tfiv r- ;z1 '1/ + 1/:7,·i-1-r "3 = c 
~f¥w! CT 6 ~f>l<JJI 1 Ar~ 1 2 \ 1--5::t1.b>llen0cJl=t¥fil!I!~ 
:1Jfi:z~~o 
[ ~BJjO)~i%11J'/;f:filtBJI] 
[0001] 

[ §'.EBJjO)jtT 6 ttff-r:frlff] *§'.EBJllj:, cJl=fifil!l!~1J{j::j¥~ 
~t=!ffli'" 6 t> O)c· &:i 6 o 

[0002] 

[ tE*O)fx#j] cJl=t¥fil!l!~1Jttf,1:i i- fiSffl Lt ~ffl{t 0 ;h ( 
t 1 6 W!Hi, :;/ ..:i:. - 1 ,--?~IIJtif 3 :;/~0)1cJi:ffl:i:£c·;t;:i 
•L J:xWl¥&o:J{&lli1Jt;:13JF>h tVit.::" ,f- Lt, 2 <Xi!!.~ 
@J/tfO}~mi.:15:rt c Lt tL Y' 1 ::;t- r'~rnt:15:rtiJ{ffl \, t:, 
flt~ t::." 
[0003] 

r ~BJlbif!!RR LJ: "3 ti'" o~lll JJ"M~Jm:rt t- '7 ✓ ;zc: 
J oltlt§n.m~~t,1m Lt.::cJl=t¥fil!I! ~t¥,¢.i:0)~:1Jf:r:zW1il'-r 
ti, ,f-0):&'.itti,¢.i: v7... c \ 1 J ~(;: J 1'.J ~~O),ffi;*a"J:xt 
~~1ff!;:,t6 = tfpt'>, 7.k£b 1'.J O)~mt L 'CO)ffl:i:&iii± 
§ 0J1--:)-:)&:Jo C ~--r:·~,t,c·2- o~Wl!t Lt ~ffli'" o 
t..:.irb(:., lli:1J~ffiJ{f,l:_l:;~c·;t;:io CC b (;:tl/t*O)J-'}J?¥b 
f&~-t!-f, liJ+H;:;t:;\,(l&(;:~Jf0)2no l 2V'J¥.1Jt0)~ 
m--r:-~J::;b•-:), \,;st .;s~f~*iJ'~ffic·~ 6 J 3 5 ow 
tJ.---'::O)~lli:1Jfti.J1,g,~t ~-:, t..:., LiP L, 1&~EEc·~lli 
1J fl::~ 1T) (;:tE \ 1 lli :h~im: l, 7( ~ < ~ •'.) , tE*cJl=t¥~ 
~~~O) 2{xi!!IJ@Jlttt•~ffl0n tv 1 0 _11·1 ::t- l"'~Witn 
:rtcU~mi.1ffe!~b1:k2- <~VJ "?'··1 ::;t- l"'~O)DZ~fRO)"lf 
1 ~:x: i * ~ < 'l;t: VJ ~fflatr~»it 1 7J;:JlJl.irtJ 0 h'l;t: \ 1 t t, 3 
r□9lli}9%~ Lt::." 
[ 0 0 0 4] -c-= 't'iiE*h·0 lli1J~EEb1 5 VJ,j_T0),7..1 

'1/ 1-1/ :7··~VffO'J~i;[$0)1J~{&~ (;: ~ffl 0 ht\ 1 6 µ't]JJ 
~vltttffi~'1Ft¥ffi!k~:hf:r::il~~t;:3lffiffli'" 6 = c ~~~1 L 
t::. o µ't]JJ~vfi:ttUi c Ii, µ't]JJ~?;[ffl;z 1 ·:1 + 1/ f~-r t 
LtFET0),7..1o/1-Yf*-rtFETO)~~Y1::;t
r' ~&!\ ,, ~i;[i'" 6-it1:71H;:it:t.( FE T0)7...1 ·:1+ 

1/7'*-r~ ;z1 ·:; 1-1/:7''0-t!-t FE T0),7..-{ ·:; 1-1/7'* 
-ri-1r L t~Wit~i;[~mi.T = t c·, FE TO)f,ff;\ 1::;t 1/tff; 

vti-tlJffl L (~vfi:$0)m~~1&~0-tt 6ttff1--c·;t;:io O m 
ti, ~~:9··1 :;t- r' ~li;J~L (·~,6 FE To:J{-t;b IJ (;:, 
;z 1 ·1/ + 1/ :7··*-r c ;z 1 '1/ + 1/ f*-=f-t;:.>tEliiJ (;:~jffnJO) 
7·· 1 :;t- l"' ~ tim Lt l µ'ti t. IIJfF ~ T 6 " 
[ o o o 5 l 11=1¥~1J1i:i¥~'/i:ti, 00:im:~Wl!~@Jfri'" 

6 ~m~t, Nrvfi:~iJJJt~r'6JJWl~~i!Jllt:.~ffiT 611/ 1,
:Y'riff t, 1::,,,1,-Y$b,t;,~JW1~~1Jz~t€t0h61 iX 
:111vt ux:111vb"G~~Lt..:.~:n~tt1J"9o 2,x:1 

!(3) 001-309580 (P2001-309580A) 

11v t iJ'JJ"~Jtr11Jf'ili:'/;f:JJ"M~IBBt t- 3::,,, ;zO) 1 oe:111v t 
c·m~0ho uxfflU@lfil%t, 2{)::11.1vt, 2<x:11 .1v 
t;:.>tE7itH:.t¥m 0 n 6 Ji r,/f~if ffl :1 1/7''1/"lf & U 2 {X :1 ·1 
1t-,O)lli1J~EE~~mi'" 0~1m$t --r:·mnx;2-n o 2 {):f!IJI@J 
H%t fpl'.;,'/;f:-:, "[ I., •6 0 =o.)11¥2{):ffllJt;:J('\( VJ lli-t!-~) fl1h~ 

:1J ~ii:kt;: L l@l~fr:(,l,;:0)1}]*~ J:Jf, JJ'-~~Jl~ r- 3 
1/ ,7..0)1J,=1fHI:: ~lzl6 t..::bbt:., 7J'R!f:3i'JL1iA r- 7 1/,7..0) U): 
:11 Jvt 2?x:11 JvcO)Fa'jO)i,m;h~5R(;:J6iffi.h1 ::,,,7·· 

:7 Y Y ;z t 2;:x:11 JH;:1Eli1J(c:1¥mi'" .b Jlffef~ifffl:11/ 
::l 1/»Jt t t;: J: VJ @l~fr:(,l,;;0)1J *~oz~ Lt\ \ .iS ◊ 
[ o o o 6 l t = 6 ti'• , MlleJl ffef ~i'i' ffl :1 ::.-, 7''1/'if (;: J: 

6 Ji ffef~i'i'zfi 3 t, M~c. 2 iX:J 1 Jl-O)lli1J~%t;t;z1 
•:; + 1/ :7-·~WJ!O) 2,)::11 t1,lli:1Ji~% t ti~'/;f: •), lE~i~ 

:lk2n-D\,ti00t;:.ffi..Z.t~·~%t'l;t:6, -f-O)t..:.irtJt;:, ~tl 
Fa'J~EE&:i -D 1., ,iiflliWJ~$l~flJJfl Lt.::tE*O)µ't]JJl~vfi:Jfl;z 
1 ·:1+::.-,:7··*-rO))jjZIIJf§~~JJA'"cUll'iJJJ~BrJfJ;z1 
•:; + 1/ :7··*-=f-0)::;t Yl!¥Fa'Jhi~i, >t..:.6b~i;[J-'JJI¥h'g < , 7·· 
1 ::;t- r~vlt:15:rtJ VJ tJJI¥~ --1::116 = t :o'c"~ 'f;t:iJ,-:, 
fO::.o 

[ 0 0 0 7 ] *§'.EBJ3ti, J::.lle~EE t;:3lth l 'l;t: 0 ht::. i, O) 
--r:·;t;:i VJ, -f-O)§a"Ji;;, 2,xl.llU@Jji!gO)~vfi:J'JJI¥~---'::fft.::11= 
tiffi!k~:h1:r:i¥~~~~1Jti'" 6 ,:_ c t;:;t;:i -Do 
[0008] 

[~ll~~i/'.i.tti'"ot..:.irtJO).cf.rll ~>1<rw l 0)9'EBJHi, m:vri: 
~iw~~tfri'"6~mt$t _ ~ewHm~m~~m~~1wt:. 
~ffiT611/J,-7'$t, ~c.11/l,-7'$h,Gi'6Jfflli~ 

~1J~~tfr0h6 loe:11 Jvc loC:11 lvb>b~~Lt::. 
~:n ~ lli:ni'" 6 2 ,x:11 ,vt :o"n"~t'ilTf'i~'f;t: t- 3::,,, ;z0)1Ji1 
llc.U):::11 Jvtc·m~0h6 UJ::{![IJ@lfilfc, M~c2IX::1 
1 Jv t , Mlle 2 oe :1 1 1 H:..>tElitH;: 1¥im 0 tL -D Ji ffef~irffl 
:11/7'.1/'if&V'Mllc. 2 {)::11 JvO)lli1J~EE~~i;[i'" 6~ 
vfi:$t c·mnJt0tt6 2 ,xfflU@J/t%t ~flT 611ot¥:f§~:1J1:r: 
z~~t:.;t:;1.,,l, ;z1 ·11-1/:7.*-r&UWillc.,7..1 ·1/1-1/ 

:7·*-=r-t;:.>tEJiiJ ~=~tim 0 ht..:. .y· 1 ::;t- l"' t iP G ~ 6 ll'il:Jffl 
~i;[~* ~ Mlle 2 ,x ::1 1 1vt;:N[.j!J t:.1¥m Lt tilJ.llx: 0 ht::. 

Mllc~im:$ c , Mlle. µ'ti M~trit~* t;:i;[;h 6 ~i;[ ~ ~ lli T 
o ~rnt.~9;11$ t, WI~c~vft:~9;11mO)~lli1§~,:.~-::n, ,t 
Mlleµ'tj1ffl~v1t~*O);z1 '1/ + 1/7.*-rO)ma11J1§~~1:..llx: 
To~IZl1J{§~~~$c iJ>G'i;f:6 = t ~Wffit L 2<Xi!l!I 
@J~O)~v[tffe!~i-~t:,Ll,~m$0)ok~~O)"lf1~~ 
,J,~ < t-·~, @J~fr:f,ls;O):wJ¥~J::.tf 6 = c h1c·~ 6 o 

[ o o o g ] l!t>1<rJI 2 0)9'EBJltL ~*JJ'i 1 o)9%BJlt:t3t \ 
(, Mlle. r- 31/ ;zO) 2,x:1111...•ti~::,,, ;;,-;;, '1/ 7°~1Fm 
x_, Mlle~f;[$U, Mlle l- 3 Y ,7..0)20::J 1 Jl,O)~Y:51 

-P 'Y 7°c·U'f;t:1., ,jjljf tt:1J~(;:@:JIJ t;:ft-:) If\ \(:.~jf[n](:. 
timi'" offi 1 &rYffi2 O)Mlleµ'tjJtJl~im~*(7JWJlle t- 31/ 
.7..0)2,x::111vt=ttm L (\•~1., ,~flli~ll'il±~t¥mL ( 
fr:i~~im:$~ti1Jftlti'" 6 = t i-ftwc t L, fr:~~im:T 6 c.:. 
t c·~~~i;[ J ') b tf~b>Y''/;f: < :wJI¥0) ffe: \ \~f;[ ~ fr ,Z 

6" 
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[ 0 0 1 0 ] ITTf"j:(Jfi 3 O)JEBJI LL ITTf"j:(Jlj 2 0)1eBJI i:: !:, \, • 

--c, ---=>O)wJ!c~i.m:~ffimM~llift% J: rJ w1!cffi 1 0)1<,J 
wr~i.m:~*O):z1 '1/ + ✓:7··*r0)~1:it1Jit%~~rnt L, w1 
!cffi 2 0)1<,JJJJ~m~*O) .. ::z 1 •;1 + ✓ ;,··*rO)Jjl:itJJft%tt 
w1!cffi 1 0)1<,JJJJ~I.m:~*O);z 1 '';/ + ✓:7.*r0),~1:it/Jf§% 

O)g]lift% t T 6-: t ~t~ffi t L, .~~t/Jft%~fflt$0)fm 
*fl:'..~ 1¼16-: t iic::•e:, iff;:..1 :Z HI:'.., JJ, . .Jfl{l:'..ii-C-•e: 6 ◊ 

[ o o 1 1 l ti!i*JJ. 4 0)1eBJit::L ITTf*JJ. 1 Ar~ 3 0) v,--5 
tth•0)1eBJI i::;t::; i.,, --c , w1ic~m~ffi$tL WI!c"'1M~im 
~*(:.TI[71Jt:.1im Lt.::~im:~lliJfHJfmiP½~ ')' Wille:~ 
i1it1'§!lliffil!J:JtO)jmj~t=~-t 6 ~B]::~--51,,-.--cWJ!c~ 
ft %~nx::gr, t=--c w1llc"'1Jmm~*O) :z 1 •;1 + ✓ :7··*r0) 
.~m1m(t%~~ffx:T 6 _: t ~ttffit L, fm•~@JJi!lHIJvtt· 
~t1i.~ffi$ ~ :fflfflt t· e: 6 o 

[ 0 0 1 2 ] fi!i*Jj::[ 5 O)JEBJit::L ITTf*Jlj 4 0)1eBJil:::tJ\, • 
--C, 1JU!c~lfit~lliJ+H~vtoAf~vtf1]H:t, WJ!c~i.m:~lliJ+H1£ 
vti::iMh-t> ~imt=xt L (JE~T 6 WJ!c~mt~ti::J+H1£vt0) 
jmj~cT>~ff iJiWJllc~ft %~fflt'&i (:: "( WJllc"'1JJU~:i.m:~* 
0) 7A •1 + ✓ :7··*r ~ IIBliJc::· e: 6 ~ff~= :t -c-·~t1-c-· e: 6 
fi:;J,O)~fft:.~6Himfii-C-•ib 6 = t ~ttt:&t L, ~mt~ 
W$r:·O)w~~~t;,-t-:. tif•c::·e: 6, 
[ 0 0 1 3 ] ITTJ*J:Ji 6 O)JEBJIU, ITTf*Jlj 1 Ar~ 3 i., ,")Jl 

iJ•O)JEBJit::;t::; \,i z, w1llc~m~wmn:t, w1tc.[A]JtJJ~m~ 
*t::Il[J1rH::1imLt.:: 1 ;x.:11 A)~Tl2<X:..11 Jvtfpt;,~ 
6h~1/~~51/:Zc.,ri~hL,1/~~51/:Z0)2~:..1 
11vcT>jmj~(::_;niyrJt::1imLt-:::fff.mt, wJllcffi:.mO)jmj~f'a'J 
O)~Ef~~i.m:T 6 t8ht::1Jullc.n r.,• 1/ ~ ~ 51/ :ZO) 2 ,x:1 
1 Jl .. (;:_Il[:9rJt:.1im Lt.::~i.m::Y·1 :;t- ft h•t_,:fflfflt~:h, 
willmmY'1 :;t- ffpt;,/:fjjJ ~h6 wJllc~iJit~W$0)/:fj 
::1J (::~"5·~ •--C .~1:it/Jft%~$ (:: --C 1¥Jllc"'1JJJ~im:~*O);z 
1 •;1+Y?.*rO)mtJJFs%~~-t6-:. t ~i~mt L, 
2 <Xf.llU@JJi!!O)~iJitw~~~::, T = t i}c·e: 6 o 

[ 0 0 1 4 ] ITTf*Jlj 7 O)JEBJIU, ITTl>.l<J:Ji 1 Ar~ 6 \, ,")Jl 
fJ>O)JEBJit::;t::;i., ,-c, w1llc,~~ifift%~Jvt$tL w1ic~im:~ 
ffi:gF,0)/:fjjJ t~i'f,~Eft ~ lt!liseL, 1Ji1llcl:t!lisemt!IU::~"5· 
1,,,--c1Jullc"'1JJJ~rn~*O):z1 •;J+ ✓,;,··*rO)i;gi1Jft%~ 
~ffx:T 6 = t ~~tffit L, 2 ;xfllU@JJil!O)~fm:tl~~ iJ.xG 
L--C, ~v[$0)1&~:.f'RO)-Jt1 ;<~1J,2- < -c-·e:, @Ill%~~ 
O)'§:JJ-¥~ J:::Jf 6-:. t ,j,t·e: 6 o 

[ 0 0 1 5 ] fi!i>.l<J:Ji 8 O)JEBJit:t, ~>.l<JJ. 2 Ar~ 7 \, ,")';h. 

fJ>O)JEBJit::;t::; i.,, z , w1!c"'1JJJ~m~* ~ ~111r-t 6 '1Fti 
f§!l!~::1Jf~~~ti'(::;t::;i., 1l' n;(::~:ii L~mt~itT L ~--:) 
ibo 1Ju!cffi 1 O)[A}JmI.m:~*~mno ~mfiit _ <XO)~ 
iJitO)t.::dbt::~:ii~fr :3 F.:.e: Willcffi 2 O)µ,}JJJ~1m:~*0)3,.· 
1 :;t- H::miltlir/lbo~lfitfiit :IJ,ffi~L < ~6~t1H::, 
Willc_ffi 1 O)[AjJJJ~im~*O);z 1 •';J + ✓' ;,-·*r~ :;t 7 i::-t 
o ~gt!Jft % ~ lli:h T 6 ffi 1 0) lJl:it/Jft %~fflt$ t , 1Ji1 llcffi 
2 0)1<,JJJJ~m~*O):z1 •;1 + ✓'f*r~ :;t 1/t::-t o !filifi 
ft%~ lli:hi" offi 2 O)mt/JFs%~nx:Mi t ~1fi"-£>-: t ~ 
~tffit l, 2 iX.ffl.iJ@JJltO)~mtffl*~~t:, L --C, ~im:$0) 

!(4) 001-309580 (P2001-309580A) 

1&~:.f'RO)-l}-1 -~·~ ;J,2- < '"("e: , @l/j!%~~0)5}J¥~ J::Jf 6 
-= t ,j>'"(·· e: 6 0 

r o o 1 6 l it*rwg v')JEaJiu, it*J:Jisic~o)1eaJii= 
;t::;i.,,--c, 1Jiillcffi l &tfi'ffi20)ij!mft%1:.fflt$tL $'c&::~ 
JM L~m~ 1ttT L--=>~ib om 1 O)[A]Jff~im~*~imn; 
~imiiit, ~v')~i;[O)t.::/lb&::~JM ~fr :3 r-(e: ffi 2 O)[AjJ!:JJ 
~m~*O) ;t· 1 :;t- r t::imntia/lb ; ~m 11 t ,j,ffi~ L < 
~ 6 ~t1Jt::!3(t o 1¥Jllc~m1'§!W$0)/:fjjJ~ff t "'1 t ~EE 
'('ibo~i'f,~fft' WJllc~iM~W$0)~/:fj{§-ry-C ~l:t~ 
L_ 1ruic.1:t!lisett51!t::~-5'vl--cITTJ!c[AJJJJ~im~*o):z.1 •';} 
+y;,··*rO),~fill1JFs%~~ffltTo 2:. t ~ttffit l, 20: 
mmnHtO)~fm:t1~~irax0 L--c, ~im&i0)1&~:.f'RO)-Jt1 ;,:: 
~1J,~ < c::·e:, @lll!~~O)'§:JJ-¥~ J:::tf o-: t ific•e: 6 0 

[ o o 1 7 ] tt*rio o crJ1eBJit:t, it;1trw s ic~0)1eBJI 
t::i:3 ~ ,z, WJllc.ffi 2 0)~11Jft%:i=.Jvt$t:t, n;(,;:_~:iffi L~ 
m~itT L ~~ib-£>ffi 1 O)µ,jJJJ~im~*~m:t1.0~im1iI 
t, 1XO)~iJitO)t,:::li:>t::~:il~fr :3 _rz~ ~ 2 0)1<,JJJJ~rn~ 
*0):9··1 :;t- ~ t::iJit.h.ftir/lb6 ~imfiit :/J>:ffl~ L < ~ 6 ~ 
:t{IJ (::, wJllcffi 2 0) [AJJJJ~m~*O) :Z 1 ';/ + >' :7' *T 1:- :;t 

1/(:.-c-·e: 6 ~ff t:::¾ -c--~~i Lt.::Jmt/Jft-ry-~ lli :hi" o-: t 
~~tffit L, 2<Xf!IJJ@Jfilj}O)~iJitfi*~ilaJ&t_, L Z, ~mt$ 
0):1n(~:.f'RO)-lj-,1 7..;·~ ;J, ~ < -c-·~, @]/j!.{}-~~O):W]-¥~ J:::tf 
0-= t ,j,t·e: 6 0 

( o o 1 s ] it*J:Ji 1 1 0)1eaJia , llt*rw 1 ic~0)1eaJI 
t::;t::;~ ,z, 1rullc~iM$t:t1rullc"'1:!tJJ~im~*~w1llc ~ 51/ 
:ZO) 2;7,.:11 ,i,t::TI[trH:: 1 ~tim Lt-.::~~~m&i1:-ffJJvt 
L ' 1¥JllclJfilfJJFa %~fflt $t:iWJllc~mt~W@JJi!% (7)~/±l{t % 
c~i'f,~ff t ~ l:t!liseL --CWJllcl:t!liselli::1J ~Wiic"'1JJJ~im:~ 
*O) :z 1 •y + ✓ ;,-·*r0)5filifiit% t -to 1:t~n:/J'::, ~ 
tJ , wJllc~~~EEt::L 1JrJllc"'1K~m~*O):Z.1 '1/ + >'f 

*rt:: 1Jr1llc.:z 1 •y + ✓ ;,··*rt:._;niy1J i::1.2tim 2- ntc: :9··.1 
:;t- f O)Jl[fl~rrit:Hfrll c l<,J t:1JfrlJO)~i1it:/J1fi:*~f'Ei!rrithl=L 
~w1JJJ[A]Kff~fm~*O):z1 "/ 1-Yf*rt::w1ic:'f1 :;t
~O)J11.1t~i:mb.2:1JfrlIO)~i.fit:h,;,.m.:t1.~1i\~fft·ib0-: t ~ 
1t~Jtt L, 2<Xiff1J@l/j!.{}-O)~i1itti~~~t:, L --C, ~ffi[$0) 

1&~:.f'RO)-Jt1 ;<~1J,~ <t·e:, @JJi!%~~0)x1J¥~J:::!f6 
-: .~ h'c· e: o " 
[ 0 0 1 9 ] fj">J<"J:fi 1 2 0)1eBJI(;L lli">J<"Jlj 1 , 4, 5, 

6 1,, ,")·t1.iPllci!G0)1eaJit::!31,, ,-c, w1llc~im:Miuw1llc."'1-M 
~iJit~*~WJllc ~ 51/ :ZO) 2;x.:..111vt::TI[trH:.1 "7fim 
Ltc:~~~iJiti'm~ffJJvt L, WJllc,'mt/Jft-ry-~Jvt$t:iwJ!c"'1 
nJJ~m~*O)Jl'1 ::r- r i::11wr~t11.h11m::t1.tiaii=>; ~tut=, 
1Ju!c"'1-M~tm:~*O) :z 1 •;1 + ✓ ;,··*r ~ :;t ✓ i:.-c-· e: o ~ 
EEt:: :i -c--~~i Lt,.::5fil11Jft%1:" lli::1JT o,~filt/Jfi%~fflt$~ 
1fT o-: t ~~ffit L, 2~f!I.U@l/l%0)~i1ittl*~~t:, L 
--c, ~lfit$0)1&~:.f'RO)-Jt 1 .::(~ + 2- < --c-~ , @IH%~~0) 
5l1¥~ --1:11 o c:::. t ,j,z·e:-£> ◊ 
( 0 0 2 0 ] fi>.l<JJ. 1 3 O)JEBJJ(j:, llJ!i"j:(Jlj 1 Ar~ 1 2 1, 1 

"5'hh'llc.~O)~aJit::;ai.,.-z, Willc11/)\-;,:gr,u_ :z1 
,y-f-1/?.*r~1r-to1\-7f 1J '1/ V:0)11/J'\-Yh•G 
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~ f), WI~c.A1 '1/ T ✓:7-·*-rU--l±·o;t'Jv r-A 1 rr ::.,-,:7·· 
~11' -3 ~ t ~:ttmc t L, 21X{_l!IJ@J/i'.j}O)~mtm~~~ 0 L 
-C, ~f1[$01&~;ftt0-it 1 :x: ~ 1J, ~ < "C ~ , @1£%~~0) 

J:JJ*~ J:Jf 6 ~ c iJ"--c~ 6 ◊ 
[0021] 
[~~0~~0ID~]~T-*~~0~~0ID~~~oo 

(;:~--:5\i 1'(ll.~BJIT 6 ◊ 

[ o o 2 2 l ( ~~ID~ 1 ) ~ 1 tt~:limIDJi& 1 0@1 N%ffi 
Jt\tb1~To ~im!-lmA t 1 ::.---,1-.;;-y>gj)B c t- 5 >AT 10 
l<.X:11 Jv L 1 ct· 1 ;;:{IDJ@J/i'{}G 1 ~ffiJlt L, t- 7 > A 

T 102iJ::i11v L 2 t ~w~itffl:1 f'r>-itc 1 t ll"tJ 
;M~ifi[~* ~ ffiJJx:T 6 F E T Q 1 c ~mt:f'9;!i0$ H 1 t !Jfil 
!bfi%!t.Jlt-$E 1 t-'fii-lmF c '-C2<.X@Jf-i}G 2 ~ffiJJx:9 
Go 
[ 0 0 2 3] ~i!JltffiiAtt00:im~:tJ~1 ::.,-,;-.;;-7'$B t;:f:!l 

Ml-L, 1 ::.,-,1-.;;-:9$Bt•r=:1ffl.1~1J(;:~~~h, 1JiJ~c.r=:1 
Jffl~:tJU t- 7 ✓ AT 10) 1 ,x:i 1 Ji, L 1 (;:~M;-~h 
GO t- 7 /AT 10)2;:x:11 JvL 2 '-:L ~~*titt=J.: 1) 
u.x:11 1v L 1 J.: 1J ~:tJ ~ '§lt~ L, 2 fX :11 ,v L 2 iilifftiffi 
O)~fH;F E TQ 1 t·-¥~~ifi[2':h, -¥im:~irit2':htc:~ 
EBi-'fitffiiF t•~it~n tOO:mt~EE~ :f:l:tJ9 G 0 

[0024] r-7 ✓AT101~::::J1~Llc:2fX::::J1 
JvL 2 ttii5lili 1 (;:*~~¾J(;:J: IJFJr5E0='f'..,,_,. •;,7-Ettc.:U 
~ra'i L, 1i'-Jjjfflni~t·~ GffiPx:t=~c-:i --Ci.- i 6 o 

[ 0 0 2 5] 2;:_x::::11 lv L 2 (;:jft:71jl;:ffm2'hG :1 >-r· 
>-itC 1 tiJ'i.Wf~itffl't'\b iJ, 2 ;:_x{fftl@Jli-i}G 2 c-Jf::Z IJ lli 
-tt 6 lHfJ~:tJ ~fi::k(;: L -C 1 iX{fflJ@Jli!%G 1 iJ'0 2 <X(![IJ@J 
jj!-i}G 2 A...O)~jJ{~~O)J:}JJ¥~ J::Jf--C \, ,,6 o 

[ o o 2 6 l <Xt=*~~~ 101l"tJM~mt!bf1"t=--=>1t ,t 
maJ19 6 , 
[0027] FETQUi, FET*-rPlcFET* 

-rP 1 t=;JE311H=~:nfti:lt=1tm~:htc:~!t.:7·1 :.t- r: D 1 
t i:P 0 ~ -:, l \, ' G O F E T Q 1 t= 00:Y'H= tim ~ :htc: ~im 
:f'9;!i0$ H 1 U F E T Q 1 (;:ifi[tL G ~ifi[ ~ ~lli L, WJ~c.:f'9;! 
/::l:lf°§%~~fil!bfi%:~Joc$E 1(;:/::1:11J96 o -~fil!b1a%~ 
$ E 1 tL ~ifi[:f'9;!ia-$ H 1 iJ, 0 0:f'9;!/::l:lfi %iJ"PJr5EO) L ~ 
It 1f[iJ.,::J.J: c·c:0ttU F E T*-r P 1 ~ :.t ✓ (::9 6 .~l?;!bfi % 
~ lli :tJ L , ~mt:f'9;!iaiff3 H 1 iJ:• 0 0{i %iJ"J'Jr5E 0) L ~ 1., •iii 
J.,::J.Tt·StttfF E T*-rP 1~:.t7(;:96.~fil!b{§-%~/::1:1 
1JT6o 
[ 0 0 2 8 l ~ttlif*~t::J.:-:i c U)::11 Jv L 1 iP0 2,x 

:11 Jv L 2 t::t~~ ~ t1.tc:®~1J 0)1~1-'tiJ'>, F ET Q 1 0) 
~~:5,.·1 :.t-f D 1 O)JlftnftiJ titi:tLtc:ffiltt::~~:7··1 :.t 
- f D 1 (;:a)ll!l:nftiJ~ifi[iJ,ffif;tl, ~c.JIIJi:nftiJ~ifi[~ ~ifi[ 

:f'9;!iaffiiH 1 ··e:f'9;!lli L, ~m1a%!t.JltffiiE 11.t~im:r~wffii 
H 1 iJ>00:f'9;!/::l:IFa%iJ,~c.L ~ Hii~,tLt6 t FE T* 
-rP 1 t:::.t>f§%~lli:tJ L -CF E T*-r P 1 U:.t>T 
Go 
[ 0 0 2 9 ] FE T*-r P 1 iJ":.t ✓'9 6 c ~1'JJ~!E.:Y1 

:.t- r D 1 ~mt:h ··n ,tc:~mttl:~!t.:7'1 :.t- f D 1 t=lt 

!(5) 001-309580 (P2001-309580A) 

,o:::.._ -CF E T*-r P 10!:f -3 i)>flttJtiJ,;J,~ Ii ,O)"(', FE T 
*-rP 10:.t;:.,flttJt~frLt FE TQ 10'/-Ah•G r 
v 1 /nfriJ t=imttG ◊ ~ v')ffij, F E T Q 1 t=~ifi[~i_\'[i)> 

imh-6-it-1 :7.Jv$t::F E T*-r0:.t>ffiltra'i~t·~ 6tc.:·~t 
ft< Ltc:ti -3 b•, FE TQ 1 --C•"O)m~~/J\2' < c·~, ~ 
mtti~~i~0 9 ~ t h"c·~ G 0 

[ 0 0 3 0 ] ~ttlii~~(;: J: -/·'( U-):::::11 Jv L 1 iJ,0 2 i.X 
:11 Jv L 2 t=t~~"2'i"1.0jfg~jJi)>~ft L -C 2 {X::::J 1 lv L 
2 t::f*~~ h6®~1Jb,1J,2' < ~ 6 c ~ifi[:f'9;!i0$H 1 iJ, 
Glli:1J~i1.G:f'9;!llifi-%{, 1J,2' < ~ •), ~IZ!bfi-%!t.Jt\t$E 
1 tl:~ifi[:f'9;!i0$ H 1 ii" G 0:f'9;!/::l:lfi %h>WJgc. L ~ ~ ,f(i J: IJ 
TiJ>6 c FE T*-rP 1 t;::.t71§%~lli:tJ L -CF ET* 
-rP Ui:.t7900 
[ 0 0 3 l l 2'0(::, 2;;::111!.--L2t::t*~2'tLG.iW~ 

1J0-tliittiJ,_5['1;,'t" 6 t FE T*-r P 1 0#!:E.:7'1 :.t- f 
D 1 t=i.t~:nfn10~EEb"iJ'h'6 tc:ld), wvt 2{x:11 ,v L 

2 t::ffi'~ ~ :htc:i.f~:tJ 0~tt;o,,tz'1;,9 -6 :;t --C'!i~:7·· 1 
:.t- r D 1 t::ti~ffi[!iifi[:h f, -'ifif-lmF 0AJJti-¥7&:~ 
im~IDt~6 ◊ -¥i&:~ifi[tl:11Jtl:-'fitiff3Ft•fii~:h6 o 

[ 0 0 3 2 ] ~ 2 ti, *~~IDJl'J 1 0) F ET Q 1 t::ir[h 
G ~im~ID s 1 :r .,f; L, WJfc.~mt~ff; s Ui ~t.:· 0 ;o,t:: 
JL 0 J:iJ, IJ fg10tc.:·~ID t ~ 6 o 

r o o 3 3 ] :. 01l"tJM~mffi¥0t:ii~tt, 1ruic.~im~:JB s 
1 TJ' FE T*-r P 1 0:.t ✓ L ~ 1, ,fi!iK ~.ffij_ -CF ET* 
-rP 1 iJ,;t7iJ,G:.t>t=~6ffi¥Fa.l~ t 1, WJ~c.~imi&:ID 
S 1 i;'> F E T*-r P 1 0:.t > L ~ Ii ,{i!i K J.: iJ Ti)> iJ F E 
T*-rP 1 h":.t>h>f:,:.t7t;:~6ffilirdl~ t 2, ooic.~mt 
~IDS 1 iJ, 0 t::~ 6 ffiltra'i~ t 3 , lJIJ§c.ll"tJJJJ~ifi[ffiJO) F E 
T*-r P 1 0:.t >flttJt~ R. o n, FE T Q 1 ~i.JftXLG ~ 
mt~ I , ~!E.:t"·1 :.t- f D l 0JllftnftiJ~EE~ V f c 9 i,;, 

t, ~mJJtHc'O)jf:Hi~WtL Tic.Ji 1 O)J: 5 (,::n~h 
Go 
[0034] 
rnn1 
w=l 1 1 ·V f d t+l 2

12 •Ron d t +j.;. 3
1 ·V f d t Jo Jt 1 t 2 

[ 0 0 3 5 ] :. 0) J.: j (;:, F E T Q 1 t::ifi[tt 6 ~mt~ :f'9;! 
llil, WJ~c.:f'9;!llifi%t::ll"tJJjLtdi-%t·FET*-rP 1 ~ 
~!3:!lJ9:ht::f, F ET Q 1 0':t!t.;1·· 1 :.t- f D 1 t;:~ifi[b> 
imh G Mrra'i ~ 3iff < 9 6 ,:_ t h'>t·· ~ , F E T Q 1 c·0w~ 
~-IJJ;i~--c··~ GD -co)*MIL ~;ttt0-it1 ;(~ 1J\2' < t·~ 
6 tc:/tJ, 21:Xf!U[il]Ji!%G 2 ~ 1J·,:lfHtc·~ 6 o 

[ o o 3 6 ] ( ~tiffi:IDJl'J 2 ) ~ 3 ti~tiffi:IDJiJ 2 0@1/i'%ffi 
nJt ~ jf;9 o ~i!Jltffii A , 1 ✓ J '\-y'-$ B , f' 7 ✓AT 1 0) 

u.x:111v L 1 h"0~ 6 1 o::f!ltl@J/i'tG 1 0mJJJt, !hf1"!i 
~1ifEIDJiJ 1 t ll"tJffi~0t·cgEJ;}9 6 o 

[ 0 0 3 7] r-7/AT 102~-J::11 JvL2Ulli:tJ~ 
iJ' 3--::>S G -t:::., Y-Y •y 7°Jj:r\ t ~"'") c b 0 , 2;)::11 
~L2iiliffti@0~-rl&U3c-t:>'.Y'-'.Y'o/7°ftiffi-r203 
--::>0ftiffi-r ~ fl L, 20:::11 Jv L 2 0~-r 1 -ftiffi-r 3 ra'J(,:: 
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.ftf.:FrH=~~ifffi0):::::11/71/'-l}-c 1 ~ttm-t 6 ◊ 2 ;x::::1 
11v L 2 O)~-=f 1 t=rnri;;iJt=~mt,tw'lilm 1 ~* L -z: 1<t11m 
~m~*~mfflt-st 6 FE TQ 1 0) r v11/~ttmL, 2 

{)\ ::::11 Jv L 2 O)~-=f 3 t::rnt3'rJ t=~mt,tW$ H 3 ~ 1)- L '( 
l<tl~m~*~m~-t6FETQ20)fv11/~~m-t 
,b" FETQl, Q20)~1/-;:zt:;J:1[1,,(;:tfmL, -'-¥-i'lt 
::::J1/71/'-l}-C80~§00~~mL, 2~::::J1~L20)~ 
T 3 t::L + 3-7::::11 Iv L 3 ~fr L --C-'-F-i'lt::::J ✓<y'-'y'-lj-C 

s 01E§fIDH=ttm-ot -iS ◊ 
r o o 3 s 1 <xt=, *~»firJfJ~20)ifJf'Ft=---:>P·oJlaJI-t 

-iSo FETQHL FET*-=fPlcFET*-=fPH: 
jf_~~mhfP10~m2':h~~1::Y1*-fDlt~G~ 
-:i'(l,1,b 0 FE TQ 1 t::rnt-;1rJ(::1fm~:ht.:~mtrnW$H 
1 U F ET Q 1 t::f;[:h6 ~tm ~t,tIB L, wricrnilif§-'%~ 
-~1Zi1Jfg;%1:=_~$E 1 t::t±l:1JT 6" 5gi!}fg;%1::nx.$E 1 
LL ~ifitrn1U$H 1 t•GJJrnIBfg;-',%;o>)1JrJE'.O) L ~ I, 1@:J::J 
J::.··c-J!):htfF E T*-=f P 1 ~ *✓·t::-t 6.~i1Jfg;%~ ili:h 
L, ~ifitrn1U$H 1 t•t-:,O){g;-',%t1JiJrJE'.JJ L~ 1,,ffiJ,JT--r· 
J!);fl.t;f FE T*-=f P 1 ~*7 t::-t ,b,;igi!}fg;%~IB:1Ji"" 
{;) 0 

[ 0 0 3 9 ] l<tltRt:: FE T Q 2 tL FE T*-=f P 2 .1::: F 
E T*-=f P 2 t::.ftf.-;1rJt::.i~fP10)1fmht,.:~1:=_;1·1 *- F 
D 2 t ;b>t;,~-, --C V,6 ◊ FE TQ 2 t::rntJ'rH::tim2' ht.: 
~ifitrn1U$H 2 U: FE T Q 2 t::ifit:h6 ~m~rnIB L, WI 
icrnIBfg;-'%~-~!Zi1J(g;%1:=_nlt$E 2 t::IB:1JT 6 0 .§!Zi1Jfg;% 
1::~$E 2tL ~f;[t,t1(]$H 2t>G0rnilift-J%iJ,JiJrJE'.0 
L ~ 1,, •fiiJ,ll-z:·J!):ntf FE T*-=f P 2 ~ * 1/(,::-t 6~ 
ft-'%~ IB:h L, ~f;[t,t1(]$H 2 iJ, G0ft-J%iJ,JiJrJE'.O) L ~ 
1, 1f(iJ,_:,/,Tc·J!)ttU FE T*-=f P 2 ~ *7 t::-t -iS.§gi!}fg;-',% 
~ ili:h-t 6 0 

[ 0 0 4 0] ~lt!H~~t::J::-:i'( ux:::::11 JvL l iJ>G 2{X 
::::111v L 2 0~-=f 2 - 1 i'a'it::f~~2'h6~~1J0:fii:l!ti 
iJ>, FE TQ 10~1:=_y··1 ::t- f D 1 O)JlfilhfP1t-&3&L 
t.:lk'H::~1:=_:$1" -1 *- f D 1 t::Jl[!lhfPJ~j;[t1ifith, WiicJIIJ[ 
hfP1~ifit~~ifft~1Cl$H 1 t::-z:t,tIB L, .~i1Jft%1::nlt$ 
E 1 U:~mrn1Cl$H 1 O)t,ttf:\fg-',%;,j>WJllc L~ 1,,{(i~~,Z 
,be FET*-=f P u::*1/fg-J%~IB:tJL-Z:FET*-=fP 
1 U* 1/T 6 o FE T*-=f P 1 f.;,::t 1/T 6 t ~=m~1:=_y·· 
1 ::t- FD 1 ~ With -Z: 1, ,t.:~ifittf~::$1-1 :::t- FD 1 t:: 
j:[:;I'( 'Z FE T*-=f P 1 O)(i --3 iJi:f:1£tJti;>1J,2' 1, 10)c·, FE 
T*-=f P 1 0* 1/:f:1£m~1r L "CF ET Q 1 0)1/-_;(7J•G 
Fv1 ✓-hfPJl::1;[:h60 --:.0ffi¥, ~nf!!JB~l l<tltR, FE 
T Q 1 t::~i;[~n'[;,j>V'[:h.b '-l}-1 7 JJ,.·$ t:: F E T*-=fO)* 

>"ffifi'Jl ~ -z:-~ 6 t.:'ft ~ < Lt,.: to ;,J>, F ET Q 1 c'O);jji 

*~,.f-2' < --c--~, ~mf~'*~i~G-t--:. c b,-z:-~ 6 o 

[ 0 0 4 1] ~lt!i~~t::J::-:i'( ux:::::11 JvL l iJ>G 2{X 
::::11 JJ,. L 2 t::~~2':t1.6~~1J;o,~fl:: L '( 2~::::11 Jv L 
2 t::i~~~h-iS~~:tJihJ,2' < 7.£6 t ~imrn1Cl$H 1 fp 
G ili:tJ 2' h6rnti:\{§% b !J", 2' < 7.£ 0 , ~i1J{t%1::Jvt$E 
1 U~ifitrn1Cl$H l ;a> t;,0)rnIBfg;-',%;o>WJllc L ~ I, 11@:J:: tJ 

!(6) 001-309580 (P2001-309580A) 

Th>6 t FE T*-=f Pl t::*7f§%~IB1J L Z FE T* 
-=f P Hi*7T6o 
[0042] 2'Gt::, 21X::::J1JLL2t::t~~2':ht.:~~ 

1J0:ffifib>Bz!f!i:T 6 c. FE T~-=f P 10)~1::Y 1 *- F 
D l t::tl:mhfPJO)~fEb>f:p;IJ•,b t,.:l:i), :JI}tf' 2 ;:7(::::J 1 Jv L 
2 i=~~ 2' ht-.:~~:tJ 0~tt_;1J, &!f!i:T 6 :£ c·#1:::7' 1 * 
- r o 1 i::tt~mttmt1.~1.- •◊ 

r o o 4 3 ] -h--=- O)ffif, ~~~t= J:: '? z ux::11 A 

L l b>G 2 :;.):::1111, L 2 0~ 2 - 3 i'a'it::f~~2':t1.t,.:@ 
~1J0:fii:l!ll!i, FE TQ 20~1:=_:7··1 *-VD 2 (l)Jlfilh 
fP1 c-ir!& L -Z: ·~ 1 6 t.:1:1), ~1:::7' -1 :::t- FD 2 t::J!lffhfPJ~ 
n'[;i)>;J1th, FE TQ 2, FE T*-=f P 2, ~1:=_y··-1 *
FD 2, ~iri[rn1(]$H 2, ~ft%1::nlt$E 2 tl:WJ~cF 
ET Q 1 , F E T*-=f P 1 , ~1:=_ y·· 1 *- f D 1 , ~7;[ 
rn1Cl$H l , .~!Zi1JFs%1::1£$E 1 t l<tliRO)WJlici!Jfi=~-fi' 
--3 0 

[0044] WJllcll.J{t~~,\PJ~LZ, FETQl, Q2 

01/-;:z c 2;:):::::11 Jv L 2 O)~-=f 2 F'ai0~EEt::!.i~i&:~ 
mt2'htc::~fEh>1:=_ t' T 3 -7 ::::1-1 Jv L 3 c-'-f'-iit::::J ::,,-.y· 
1/'-l}-C 8 t c•-'fi'lt2'h6 ◊ 
( o o 4 5] Em4!.i, 2,x::::111vL 20~-=r 1- 3F'd!O) 

!~~~~:tJtm:ID s 2 t , 2 ;x::i -11v L 2 ~mh6 ~t:m:tm: 
IDS3t, FETQl, Q20* ✓·L~~lf@:Kt~7FL 

'( 1.- •6 o ~f,if~-ifffiO) ::::J >"7''1/'-l}-C 101;~-z-, 2 ;x::1 
1 JL· L 2 0~ifit~ID s 3 ❖ :±ffi.A.-fs:~ID(::,j 0 , 2;:):::::11 
Iv L 2 O)~-=f 1 - 3 F'a'i (::!~~T -iS ~EE~BllB S 2 !.i-JE'.12: 
i'a'i O Vt·J!) 612:i'a'iz~A.--z:-:IE~ (;:~ll.J Lt.:tm:JB t 7.£ 6 o 

Jf:O)f,.:l:i), t'E:~O)tlfii!1J~;fJJl-?2U-:::::J ·1 lvF'a'i~fE~;ffjffi L. 
t,.: FE T0lmiuh:i:\c•tiF E TQ 1, Q 20*✓" L ~ 1,, 

{~Kt WJllc~fE~%S 2 t z J:tll!Q-t -iS c, FE T(l)&,[ll.J 
1s %tiiSl% S 4 0) J:: -3 (;:~ 1'.J , F E T Q l & U Q 2 ~ * 
>"T 6 Mri'a'i;IJ1mt- ,t:::l:i)~rn~JJ$;1J1J::.:b1 G~~, o 

r o o 4 6 ] L;iJ• L, rm 5 t::7F-ttRt:: FE To 1 ~vW::tL 
6~miSl7BS 5 c FE TQ 1, Q 20)*>L 2> l.- 1fiiK t 
~ J:t~ L, :£ t.: FE T Q 2 ~ imh 6 ~mt~% S 6 t F E 
T Q 1 , Q 2 0* ✓- L 2> 1.- 1fiiK c ~ J:tll!Qi'" .b Z:. t --c··, F 
ET Q 1, Q 2 0)5jZi1Jft%ti%.1z~yfJ S 7, S 8 (l)J:: -3 
t::,j •'.) , rm 4 CJ~% S 4 t::.l:[:;I'( '( FE T Q 1 , Q 2 Cl) F 
E T*-=f P l , P 2 O):::f 1/ffifi'a'ih1~ < 7.£ 6 o Lt,.:;o,-, 
'(, FE T~-=f P 1 , P 2 (::~V'[~j;[;IJ1ifith 6 ffiflfflb1~ 

< 7.£ •'.) , ~ili[JJJI¥iJ' J:::b16 o 

( o o 4 7 ] i t.::::t,:~~ID'f!',J 2 t::7Fi'° 2 {)\ ::::1 ·11vt>-t: ::,,-
51-51 •'J 7°h:i:\c'a1) 6 r- '7 > ;:z T 1 ~ ffl~ ·1t:::~im:~rn@J 
R%t ~nf!!ID:lm 1 t::7Fi"°.'¥im:~ifit@JR%t ~ J:t~-t 6 t, !<ti 
t:IB:tJ~~~ifit-tt~k, ~~tt@JR%ti.'¥@:~ifit@J/nt:: 
J:[:;.r--( '( F E T f;:~-t~ifi[CJft:f.;:f(i ~ 1J, 2' < '(' ~ 6 o F E 

T*-=f P 1, P 2h'*>Lt.:ffif(J)1i*U~mt(J)2jlH::.l:t 
171IT60c', *~nfil%fi'&2c'!:i, FET*-=f P 1, P 2 
t=im~Imz.'¥tm:~vW:@Jlnt=J:t,-z z ,1, 2' < z- 2>, ti*~ 
~ ½ 9,.: C. ;,j>"('~ 6 0 
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[ o o 4 8 l 'l;::;t::;, 1Z1 U::~-ttfillihlmIDt0~&::, ~ w~ 
i';-JflO) :11/j-'"1/-t}-C 1 ~ 2<J.'.:11 Jv L 2 0f!i\1l-r 1 - !!ffij-y 
2 Fe'll::Jt:,rH::fim L, Jtffef~i'i-fflc7J:1 :,,,7">-+J-c 9 ~ 2 
1x :11 ,v L 2 0~-=r 2 - )lffi-r 3 rm i::Jt,rrJ i::t¥ff L tc:. ~i'i
t IZl4 O)Jtffei'~i't-Jfl0):11/7". 1/-+J-C 1 t [C!J~O):WJ*?J,-1~ 

Gh-6 o ~ G&::, WJ~c:11/7"'1/-+J-C 1 ~FE TQ 1 &::Jt 
,r[J i::t¥m L, WJic :1 1/T. Y-t}- C 9 ~ F E T Q 2 Jt:-lif J t::f¥ 

itl l 7: t [C!J~03iJJ*?J'1~ G h -b o 

[ o o 4 9 l 'l;::;t::;, IZI 1 &::;t::;~ i'(Jlffef~i'i-ffl:1 Y7".Y-+J

c 1 ~ F ET Q 1 &::Jt,rrH::f¥®1: l t t [C!J~O)J.'}J*b,-fl t_:, 

il-6 o 

[ o o 5 o l ( ~:M!i;lf:{/t~ 3 ) 1Z17 li~:M!i%~ 3 0) @J lttm 
ff'<:~~ L, 3'c:im~illll ~ [l[ll'[~filll&::~-t o ~Wll$ A t ~ 
illll$A?J'G01l[im:A1:J ~1'6JJWJ~~i!lllt::~~T o 1 Y J\

:9$B t, 11/J'\-:$7$BO)ffiljttlf@_]lj!J,}J t, 11/J'\-:9 

$B:c'01'6Jmlitt~Wll~#'i-~~h0 t- 7 ✓" :Z T 1 0) l ;-)::1 

1 Jv L 1 t i'J'G 11XfIDJ@J/mG 1 umnJt~ h, }- 7 ✓ :Z T 
10-1:c 1/:9-:9 . .,, 7°":i'\0 2 .;x:111v L 2 t, Jtffef~i'i-m 
:11/71/-t}-C 1 c , ~ifit"f,!j;[j$H 1 , H 2 t , -~!Rlbf§~ 
~nlt$El, E2t, FETQl, Q2c+s-:7:J1 
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1,, ,--c~1iil!%1rn 1 o ~~aA-t-6 0 ~*a1~@1N%ffimt, lfi1t 
(;:-:)\, •--CU~1iil!%!iJ 9 t ll't1-~0c~lllt}T 6 o 

[ o o sol ~1if!f18!iJ9t·~~aALt..=J: 0 i=, FETQ 
1 , Q 2 t::tifi::tt 6 cg. ~imb'~ L < ~-:it..: ~t:: Jf h £ c':::t 
> L --Ci,, ,t,.: FE T*-=f- P 1 ~ :::t 7 t::i""" 6 ,!,Illfifg;{}~ l:t$§:: 
nC P 1 iJ•C:>/f:l:h L, ,f:hi t·:;:t7 L --C 1,,,t_: FE T*i'
p 2 !-:::t>t::-t-6l!IBlfifg;%~ l:t!l!StnC P 2 iJ,Gtl:\:hT 
6.£~-~0~-+;1Y~i.,~-~FETQ1,Q2~ 
i;[h6 ::g.~tifi:h•~ L < ~-:it..:ffift::-f:h£ c'::t > L --C ·~ ,t_: 
F E T*-=f-P 2 ~ :::t 7 t::-t-6 ijl:{lfifg; % ~ l:t$§::nC P 2 fp 
G ili:h L, -f:td. t·:;:t7 L --Ci, it_: FE T*-=f-P 1 ~ :::t 1/ 
t::i""" 6 ~IRlfifg;%!- l:t$§::nC P 1 fp G l±l::JJThtf, FE T 
*T P 1 , P 2 h"~~(:::::t >T 6..:. c ~ < ~ 1}, ~imtl 
~~~01±'6 0 

[ 0 0 8 l l Jf..:. t·, ~fif!i%Jl'J 1 ot·(;J:l:fil 1 30'J@llff} 
ffinlU::iH\--C J'J I,, Y t- r- 71/ ;;z CT 1 , CT 2 '[•~lfi L 
t_::::g.~tl:\fg-ry-~ :'f 1 :::t- f D 3 _ D 4 c·~iBz~i.l[ L t..:ili 
:h~, J:!Oi:>'iE~fE:7··1 :::t- f Z D 1, Z D 2 0::g./f:l::JJ 
~fE!-1:tlj!znC P 1 , C P 2 0'1Fl~J€:7..:hflli\FH::7..:h 
L, F E T Q 1 , Q 2 (::ifit:h 6 cg. ~imb'~ L < ~ -:i t..:ffif 
0JE'.~fE:7··1 ::t- f Z D 1, Z D 2 0::g.ili:tJ~fE~~ 
~EE t T 6 ~~~fEiJJJt E 1 , E 2 z l:tlj!zn C P 1 , C P 
2 0/:;()J!i:A:fJl!jjjj-=f-(::7..:tJt;:::g. t:z ti~ l --C, l:tlj!znC P 
1 , C P 2 0/f:l::JJ ~FE T~-=f-P 1 , P 2 0::g.,~l:{lfifg;{} 

!(9) 001-309580 (P2001-309580A) 

ti"""6:.t~, FET*i'-Pl, P2#~~~:::t>T6 
..:. cii~< ~ YJ, ~tifi:w~z~01±'--c~~t&zftt!2,x 
i!l.tl@lff:j}G 2 z 1J,~{l::t' 2- 6. 
( 0 0 8 2 ] l:fil 1 5 !;l:, *~nl!IJB!iJ 1 0 t::.B tt 6 FE T 

Q 1 zimho ~milt% s 1 1 , ~~~J±~E 1 0~~~ 
fEM 2 , l:tlj!znC P 1 0/f:l:hilt% S 1 2 t, FE T Q 2 
zimh6~i;[ilt%S 1 3, ~~J±i/!1E 20~~~EEM 
3' l:tlj!znC p 2 0tl:\:hilt%S 1 4 t zjy;T O FE T Q 
1 z im:h 6 ~i.l[i8{% S 1 1 0* 2- ~ c F E T Q 2 z iffiil. 
6 ~f;[~B(Jjj S 1 3 Cl)* 2- ~ t iJ'~ L < ~ 6 ~FJJ t 4 (;:t-3 
\, 1 --C l:tlj!znC P 1 0tl:\:h ~Lt:: L --CF E T*-=f- P 1 ~ :::t 
7 t:: L, l:tlj!znC P 2 0/f:l:h z H (;: L --CF E T*-=f- P 2 
z :::t 1/{::T 6:. t '[·FE T*i'-P 1 , P 2 :!J>~ffift:::::t > 
To..:. t:ti,~< ~ 0, ~imm~~~G1±'--c~~ttz:z~ts 
2;):f!l.ij@IJi':j}G 2 z;J,~11::-Z::'2- 6, 

( 0 0 8 3] (~1im%!iJl 1) l:fil 1 20@1/ff}ffllvtl:fil~J+) 
i, •--C~1iil!%1rn 1 1 !-l!iBAT 6 o ~*s'.J~@IH%fflnx:, lfif-t 
t;:--:)1, i--c t;t~fif!i%Jl'Jt 7 t ~~~0'1:·'@'lll1}T 0" 
( 0 0 8 4 ] ~1if!i%:lrn 9 -z::-~~B] L tc:: J: j (::, F E T Q 
1 , Q 2 t:: iMh 6 cg. ~i;[b,~ L < ~ -:i tc:: ~i:: 7c h £ t':::t 
1/ l --C\, ,t,.: FE TQ 1 ~ :::t7 i::-t o~lfifg{}z l:tlj!znC 
P 1 b·0ili:h L, -fh£-z::··:;:t7 L --ci.it_:: FE TQ 2 ~:::t 
;.,t-t-6 ijnfif.§%~ l:tlj!z*C P 2 iJ> G l±l:hT 6 ◊ £ t..= _ 
~0~-+;,1 YJvb~•i::FETQ 1, Q2i=imho::g.~ 
rnh•~L < ~-:it..:~t=+n£-z::··:::t>L--C\,,f_:: FE TQ 2 
z :::t 7 t:: T 6 .~jglfifg; % ~ J:tlj!zn C P 2 iJ, t:, l±l :h L , -f h 
£ -z·:::t7 L-z1., 1 t..: FE TQ 1 ~:::t >t::-t-6mRlfiFa%~ l:t 
qlznC P 1 b·Gili:hThkL FE TQ 1, Q 2b>~!F.f~;: 
:::t /T 6 ..:. t iJ1~ < ~ tJ , ~i.lft:tl~ ~ iial& t> 1±' .S ◊ 
( o o s 5 l +..:. '/:·, *~MK%!iJ 1 1 ttil:fil 1 2 0@1/i'! 

ffimtt::t-31, \--CF E TQ 1 , Q 2 t::imh.S~i;[iJ,~L < ~ 
6t2-~,J'Jl,,1/~r-71/ACT1, CT2~-/f:lL~ 
::g.~tl:\fg{}z :J' 1 :::t- f D 3, D 4 t·~iBz~tifi: Ltc::ili:h 
~)±, J:!~~JE'.~)±5'·1 :::t- f Z D 1, Z D 2 0::g./f:l:tJ~ 
J±z~MnAMPL 2~::g.~ffesML~FET.-=f-P 
1, P 20::g.,~~lfifg;-ry-f.;>, FET*-=f-P 1, P 2 z+H· 
:::t /c·2- 6 ~J±i;:~6 J: -3 t;:, J'J v 1/ r- J~ 71/ ACT 1 
0 1 'iX:J 1 Jv L 4 t 2,x:11 Jl,, L 6 c. 0:§t!l:t&tt, J'J 
l,,1/r-r-71/ACT20l'iX-31~L5c2~:J1~L 
7 t 0:§*Ut ~ ~9:5:ET 6 o 

[ 0 0 8 6 ] l:fil 1 6 (;l:, *~fim%Jl'J 1 1 t::.B !·t 6 F ET 
*T P 1 0~1fifg;%iBz% S 1 5 , FE T Q 1 zf;[:h.6 ~ 
imilt%S 1 6 _ JE'.~J±:7"1 :::t-fZDl0Y71/7°~EE 
N 1 c, FE T*-=f-P 20~tfif§%ilt%S 1 7, FE T 
Q 2 ztifi:ho ~tifi:ilt% s 1 s, JE'.~J±:7··1 :::t- ts z D 2 
<7):7 71/7°~,l±N 2 c, FE T~-=f-P 1, P 2 z+n~:::t 
1/--C-·2- 6 ~EEK t !-jf; L --Cv •6 ◊ FE T Q 1 !-im:h.6~ 
j;[i8(% S 1 6 0*2- ~ t FE T Q 2 ~mth.S ~im~% S 
1 s0*2- ~::: 7J'~L < ~offifFeJ t 5 i::Bi. i--c, FE T 
*T P 1 0 ~lfifg; %ilt% S 1 5 iJ> F E T*r P 1 , P 2 
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z+'ll'-:;;t:;.,,--c-·~ 6~KJ: IJ TiJ>-:, "(FE T*-=f-P Hi 
:;;t 7 t=i;:: ".), FE T*-=f- P 2 O),,jgl/J{g~~.ff; S 1 7 tf F 
E T*-=f-P 1, P 2 z+fr:;;t /('~ -b~EEK z~.z ""CF 
E T*-=f- P 2 l;:l::;;t ::,,,t=i;:: 6 .= t -e FE T*-=f- P 1 , P 2 

iJ'>lnJ~t=:;;t Yt 6 .= t iii;::< i;:: IJ , ~mt.f'l9z:z~ f:. i:t""C 
m:,:ttRZ~U'2<Xfl!!l@J/mG 2 z;J,~{tc·~ ,ti 0 

[ o o 8 7 l i;:: h , WI~c~SlID s 1 5 , s 1 7 tUi::~EE~ 
ff::57··1 :;;t- 'f Z D 1, Z D 2 0,:-; 5 ::,,,7~ffN 1, N 2 
t=,:; 7 ::,,,7"~il6 o 

[ O O 8 8 l ( ~»W~ 1 2 ) l:m l t=lf;-t@J/t%fflfftEill0 
J -3 t=, 1 -:)O)lnJJtj~fffJ§ FE T Q 1 z J:l:ft, ,"( ¥-~~iJit 
zfr-3 ;!-JJjif, FE TQ 1 c'O)~ffit.f'tt~z;J-,,~ < T 6fc:ln 
t=a FE TQ 1 t=~mtihlft:h0~im--tt1 Y Jvr:f=it=c·~ 0 
tc:ftft\i •Fa"IF ET Q 1 0) FE T*-=f-P 1 z:;;t:;.,,(;:-t 6£· 
~ iJ{ Ji) ,ti 0 

[ 0 0 8 9 ] IZ! l O)~jJit:.f'9!:±l.$H 1 t !!lIBI/J{g;~1::_nlt.$E 
1 c z, l;Rl l 3 O)~llf[:.f',!:±l.$ H 9 t ,~igi1Jfg;~1::_fflt,$ E 7 
t=~1z@'.~ffi;.z ""C, -~fll/J(g~1::_fft,$E 7 01tlli5tnC P 1 
0BJl!iJ...1JtFrm-=f-t::.f'im L ""C \i • -ti ~~~ffiWE 1 0~~~ 
EEz O V{tilit=-t 6 .= t t·, l:tlli5tnC P 1 L!:WI~c~mt--lJ-
1,:; Jvr:f=it::c·~ 0 t.__:·~tft\i •Fa"I FE T*-=f- P 1 z :;;t 1/t=-t 
-ti miJJfg~z :±::h L ""C, FE T Q 1 -C"O)~}Jit.f'l9z:z iJax C_:, 

tt'Zm:~Wtz~u 2~~f!tl@J1ttc 2 z 1J,~1t1:·~ 6 ◊ 
[ o o 9 o l J:::.~c.l2lr~0@J/mffllt'L 1/J{tt::-:)\i,""C!:L ~ 

:fim:JB:J'i& 1 &u-· s -z-,~~aJI L ""C 1.,, 0 0c"€rllli} -t 0 0 

[ 0 0 9 1 ] ( ~»W~ 1 3 ) i:m 1 t::lf;-t@J/t%fflnltl:m0 
J -3 t=, 1 -:)O)lnJJtj~fffJ§ FE T Q 1 z ffl\., ,"( ¥-~~iJit 
zfr-3 ;!-JJjif, FE TQ 1 c'O)~ffitcfit~z;J,~ < T 6fc:ln 
t=ttF ETQ 1 t=~mtiJ'mth0~im--tt1 Y Jvr:f=it=c·~ 6 
tc:ftfti,,f'a"IFETQ 10FET*-=f-P 1 z:;t:;.,,(;:-t6£· 
~iJ{Ji) 6 0 

[ 0 0 9 2 ] l:m 1 O)~j.ffc::.f'9!:±l.$H 1 t !!lIBI/J{g~1::_Jvt.$E 
1 t z, IZI 1 20~llfi:f§!:±l.$H 7 t,~fll/Jfg;~1::_fflt.$E 5 
t=~1z@'.~ffi;.z ""C, ~v[:.f',!:±l.$H 7 0)/J v:-:,,,1' 1' 5 :,.,;:z 
CT 1 O) l{):::::11 Jv L 4 t 2 {):::::11 fv L 5 O)~J::Ht z:k 
~ < T 6 C: cc·, iJ I.,· Y 1' 1' 5 /. ;:z CT 1 0 1 <X::::11 ;1., 

L 4 t::il[h-b ~iJitihJ,2- 1,, •~t·{; 2 <.X::11 Jv L 5 O)fM.9 

~ffil':k~ < i;J:: V), FETQ l 0F E T*-=f-P 1 z:;;tY 
t·~ -b!!l~I/JFa~:h'>~~gjnAM P 1 ;,j>t::,:±l1J2'tl6 ◊ Lt-.: 
iJ'-:,""C, ~iJit*-=f-P 1 tl:WI~c~llfi:--tt1 ,:-; ,vr:f=it=t·~ 6tc.:· 
ft ftl,.irffl:;;t Y t=i;:: 1L F ET Q 1 c·O)~mtti9z:z ~ t:, it 
'Z~18ff~ts2:;xf.!llJ@J/t%G 2 z1J~ftc·~ bo 
[ o o 9 3 l J:::.~c.l,-:J.7~0@J/t%ffllt'L 1/J{tt=-:)\i•""CtL ~ 

:fim:JB:!'W 1 &u-· 7 --c-·~jlaJ:J L ""C 1.,, ,ti 01:·'€r'llli}-t 6 0 

[0094] 
[ #_BJ}O)~JJ:m:] ~]!f5J<JJ[ 1 C)#,BJitL Th[iJit~WJ{z(:f!JffT 6 

~Wl{,$ t, WHlcTh1Li.ffc:~WJ{z 16JJWl~~~mH::~ffi;T 61 /"}\ 
-:7 Mi t , Wiic 1 ::,,, 1,- :7 Mi h• t:. 16JJW!i~~:h z 1:!~Ut 2- n 
6 u.x:::11 ,vt ux:::111kb•1'>~~lt-.=~:hz:±::h-t6 
2 <1x:::111v t ti•·n'-llfaJff~i;J:: 1' 5::,,, ;:z0WJ1c 1 <>z:::11 ,v t 

WO) )01-309580 (P2001-309580A) 

--c-·m1vt ~ tt b 1 .;:xf!IJJ@J im t , ~c 2 <X :::11 1v t _ WI~c 2 
;;::::11 ;t,(;:_;!iy1Jt=.f'iim2-hbJ'l-Wf~ifffl:::1 /r::,,,--tt&U-. 
oo~c 2 0::::11 ,1,0:±:::tJ~EEz~ffit-t 6~imMi t --c-·mnx:2-
no 2;.xf!!IJ@JNtt zlf96:.~¥tiM~::tJ1:iQi~~t::h1,·\ 
""C , ;:z 1 ·11-::,,, f*-=f-&U~c;:z 1 ·11-:/ -7'*-=f-t;:;J:tJ;IJ 
t=J2tim 2- ht-.: 7·· 1 :;;t- F t iP G i;:: -ti jl't}.!{ij~ffit~* z WI 
~c 2-rx:::11 ,v1::nu1J1-=tiim L 'Z:fffi.fit~t1.t.:Wigc~ffif.Mi 
t, ITTJgclnJJtj~im~*i=mn6 ~imz:.f'9!:±:-t 6 ~mt1Y{:HJ 
,,mt, WI~c~m:.f'9!:H1Mi0t§!lli1a%t=~-51, •'ZWigcll'tJJtJJ~ 
i.ffc:~*0;:z 1 ·11- y:7··*-=f-O)~jgl/Jt§~z.ttfft-t 6,~jgl/Jfg; 
~1::..fitMit iJ,t::,i;J::6 c.: t z~t L 2<Xf!!IJ@J/t%0)~ffif. 
tff9z:z~t:. L ""C, ~ffitMiCl)n:Z~1N0--tt1 ;(z;J,~ < --c-· 
2>, @JR%~fzl,;O)J,';IJ&sz J:Jf 6 = t ti";<·~ 0 t 1,,, -3 rJJ:m:t, 
2b Q 0 

[ o o 9 5 l it*ri 2 0#.aJitL lrn*ffl 1 0#.aJii=h 1,, 
""C, ITTfgi: r- 5::,,, ;:((1)2 tX:::11 Jvii-cY:7-:7 ·17°zfim 
.z _ ITTJgc~iJitMiii, Wigc 1' 5 ✓;z..02<.x:::11 ivo)-cY:7 
-:7 •:1 7°c·t;ti;::t- ,jjljf :±::1JtFrmt=m:trH::J'i-:)1ii: ,t=J2:nfnlt= 
tim9 6 ffi 1 &um 2 0oo~cll'tJJtj~im~*0 Wigc t- 5 ::,,, 
;z..0 2 <>z:::11 ,vi::ttm L "Ci: ,i;f::1, ,:§.f-l!!tFrmlnl±ztim L 'Z 

~im:~mMizfflJi.lt90 .= t z*~t L, ~~~i.fii:-t6 = 
t -c··¥-~~m J tJ 'b tff 9z:iJ•-j,·i;J:: < :tJJ&s0 ~ 1, •~i.ffc: z fr .z 
6 ::: 1,, :i x1J:m:iJ•10 6 0 

[ 0 0 9 6 ] iw*ffl 3 C)#,BJiii, lffi*JJ[ 2 0)#,BJI(;:jjl, \ 
""C, --:)O)ITTJgi:~iJit:.f'9!3;[1$C)1Y{:±l{§~ J I') Wigi:ffi 1 O)jl't} 
ttJJ~v[~*0;:z1 ·11- y_7·*-=f-C),~fll/J{g~z1::.nlt l, WI 
~cffi 2 O)lnJ.!tH~im~*0);:(1 '1/ 1- ::,,,_7·*-=f-C).~igiJJFa%U 
ITTfgi:ffi 1 0 lnJJj~il[~*Cl);:(--f •y 1-Y .?'*-=f-C)~l/]fg;% 
0tzif!ifg;~ t 9 o .= t z*t~t L, ~l!Jfg;%1::.Jrt$0rnf 
*{tz!Zl-ti .= c ;,j>'('~, f,ll;;:::1 ;:z 1'1t, ;MfHtfJ>c'~ 6 t 
1, , -3 x1J:m:h, 1i -b 0 

[ 0 0 9 7 ] iw*ffl 4 C)#,BJiii, lffi*JJ[ 1 JJ ~ 3 Cl) Vr-:)' 

ntP05£aJii=ht-•""C, "ir~c~ffit:.f'9!:HJMiti_ WigclnJM~m 
~*t=m:trH::timltc:~mt~lliJ=!=Hiivtti,G'd.' 1J, WI~c~ 
ffif.:.f'9!:±:mgm0jjljftFrmt::~9 b~EEt::£-:::n,, 'ZWJic~I/J 
Fa~1::.Jvt$t::""CWigi:lnJM~trit~*0;:z1 ·11- y:7··*-=f-0 
J!ljgl/Jfi~z.ttnx:-t 6 = t z*t~.t L, Mllii;::@Jlttfflnx:-z
~imf9!:HJMizfflJvtt·~ 6 t 1.,, -3 JJJ:m:iJ,10 6, 
[ o o 9 s l it*r!'l: 5 o)#.aJiu, iw*ffl 4 0#.aJii::h 1,, 

'Z, "iric~im~:±:mgm0gm1i!'H.t, WI~c~imf9!:±:mg 
mi=tmn0 ~i.m:t.:xt L 'Z #.1:£.9 b Wiic~i.m::.f'9!:±:mgm0 
jjlij)frjfiO)~ff iJ,Wiic~~I/J fi ~1::.nt,,m t= 'Z Wiiclnl JtJJ~ffif.~* 
0;:z.1 •y + Y.?'*-=f-z~jf)c·~ b ~EEt=:i 1:·~!IJi-z··~ 0 
ft1J,0~EEt::i;J::bti£tJtf&:""C'2bb = t z*t~t L, ~?lit1Y{ 
m,,m1:·0m9z:zi"¼G -t .= t ti,-z--~ -ti t 1, 1 :i~:m:iJ,106 0 

[ 0 0 9 9 ] Ii*J!'J: 6 C)#,BJIU, lrn3J<ffl lJJ ~ 3 \i ,-·:::i'tL 
iJ,0#.aJit:: h 1,, ""C , oo~c~iJit:.f'9!:HJMitL ITTJgc ln!ttJJ~im~ 
*t=Th[JrJt;:.f'tmLtc: 1 ,x:::11 A&U2,.x:::11 Jvtti,f:.i;J:: 
6b~::,,,1'1'5YAc,ITTJ~b~::,,,1'1'5::,,,;:z02<>z3 
1 Jv0jjljftFrmt::3t.JrH::tim Ltc:fftvt t , WJgcffttJtO)jj!jf~f'a"I 
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0~z~mr:-t 6 t-.:obt=WI~c.fl v ✓ t- t- 7 ✓ ;7.._(7) 2 ;x=z 
11vt=TI[JrH=ttm Lt-2:~mr::7·1 .::t- rt i.Pt:.mJrt~h, 
WI~~;my·1 :;t- fi;,(:,tl:\1J ~:h-5 1Ji1~c.~ifiL~n!$0tl:\ 
1J i=~--:::n, i--C ,~!Ztfifg;~1:Jvt$ t=-c ~c!AIJJJ~mr:~*0;7.._ 
1 •YT✓;,··*-=r0~Fa~z1:JvtTo.:. t z1~ffit L, 
2 <Xf!lU@IN%0~mtfiit".kz~0 T ~ c: iJ>c'~ o c: i., 1 3 ~JJ:m: 
if•S 6 0 

[ 0 1 0 0 ] fj>J<JJf 7 (7)jtHJJtL ~>J<JJf 1Ar~61, 1--5:h 
t•c7)jtSJH;:hi., i--C, WJ~c.~jgtfifg;~~i£$LJ:, WTic~im~ 
n!$0lli:h t~~~c: z Jt~L, 1Ji1~c.lt~mt:m:i;:~--J 
1i ,-cWJic!A!Jff~im~*0-::z1 •:1 T ✓;,··*-=r01,igtJJfg;%z 

~lrtT 6 C: c z1~ffic: L, 2 <X{IDJ@IN%0~imtl~z i~I::> 
L'C :mmt:$0hk~t'X0-Jf 1 ;(z;J,~ < c·~, @Ill%~~ 
0½t-¥z J::Jf -5.:. t JJ,-r:-~ -5 t \,, -3 :w)*iJ'«) o 0 

[ 0 1 0 1 ] fj>J<Jj::[ 8 (7)jtHJJtL ~>J<JJf 2 Ar~ 7 1, ,--::S:h 

JJ•01ea1H=h i.,) --c , WJ~c.!A!JtJJ~im~* z :riJx::g-t 6 ;;lltt 
tg!1!~1Jf~~~t;:t31,, •--C. n;(;:~:iffi L~mtz~T L --:::>--:::> 
s 6 WJ~cm 1 0!AltiJ1:mim~*~rnh0 ~rnfiic:, ;-x0:m 
i1[0tc::obt;:~:iffi~fr 3 FZe= Wiic._~ 2 (7)1l"ijJij~v[~*c7):7·· 

1 :;t- f i;:rn:hftftb') 6 ~mtfii c: iJ,ffi~ L < ~ 6 ffirlrJ (;:, 
wr~c.m 1 0!Alin:m1m~*0;7...1 --.1 T ✓:7'*-=r~ ::t7 i=-t 
6~fg;%~lli:1J-t6ffi 10~fflfg;~~Jrt$c:, WJ~c.ffi 
2 c7)1l"ijJij~jfi[~*c7)7'1 'YT ✓;,··*-=r~ :;t ✓i=-t 6 !!!Ktfi 
Fa%ztl:\:h-t6ffi20!IBI/JFa%~~$c:~flT6.:.t~ 
~Wit L, 2<XfflU@llf&0:mrnfJ~~~t;, L-C, :mmt:$0 
hk~tix0-it 1 x~ 1J,~ < -r:·~, @lll%~~0:w)$z J:Jf 6 
.:. t t,-r:·e= 6 ti,,, -3 ~J.J:m:t,s 6 0 

r o 1 o 2 1 i1>.1<rw g 01esJJtL ~>J<rJf s ic1x01esm= 
h ~ •--C, IJIJ~c.ffi 1 &U'ffi 2 (7)l;fflfg~~J£$LI:, n;(;:~ 

:iffi L:mtfL~t~T L --:>--:>-Ji-:, 6ffi 1 0!Al:lfff~mt~*zifiLh6 
~rnft t , ;x0:mtm0t-.:obt=~:iffi ~:fi-3 ,.,2- m 2 0!Al1tJJ 
:mrn~*0f1 ::t- r t=tmntiaob-5 ~rnfiit JJ,ffi~ L < 
~6ffir~rJt;:htt 6 ~c~mt~n1$0tl:\:h~EEc: !Alt ~EE 
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PATENT COOPERATION TREATY 

From the rNTERNATIONAL SEARCHrNG AUTHORITY 

To: JOHN MONOCELLO Ill PCT 
GTC LAW GROUP LLP & AFFILIATES 
C/O CPA GLOBAL 
P.O. BOX 52050 NOTIFICATION OF TRANSMITTAL OF 

MINNEAPOLIS, MN 55402 THE INTERNA TlONAL SEARCH REPORT AND 
THE WRITTEN OPINION OF THE INTERNATIONAL 
SEARCHING AUTHORITY, OR THE DECLARATION 

(PCT Rule 44.1) 

Date of mailing 

0 6 .IAN 2012 (day,inonth,year) 

Applicant's or agent's file reference 

WTCY-0048-PWO 
FOR FURTHER ACTION See paragraphs I and 4 below 

International application No. International filing date 

PCT/US2011/051634 
(dayimonthyear) 14 September 2011 

Applicant WITRICITY CORPORATION 

1. ~ The applicant is hereby notified that the international search report and the written opinion of the International Searching 
Authority have been established and are transmitted herewith. 

2. □ 

3. □ 

Filing of amendments and statement under Article 19: 
The applicant is entitled, ifhe so wishes, to amend the claims oflhe international application (see Rule 46): 

When? The time limit for filing such amendments is normally two months from the date of transmittal of the 
international search report. 

Where? Directly to the International Bureau ofWIPO, 34 chemin des Colombettes 
1211 Geneva 20, Switzerland, Facsimile No.: +4122338 82 70 

For more detailed instructions, see PCT Applicant's Guide, International Phase, paragraphs 9.004 - 9.011. 

The applicant is hereby notified that no international search report will be established and that the declaration under 
Article I 7(2)(a) to that effect and the written opinion of the International Searching Authority are transmitted herewith. 

With regard to any protest against payment of(an) additional fee(s) under Rule 40.2, the applicant is notified that: 

□ 
□ 

the protest together with the decision thereon has been transrnilled to the International Bureau together with any 
request to forward the texts of both the protest and the decision thereon to the designated Offices. 

no decision has been made yet on the protest; the applicant will be notified as soon as a decision is made. 

4. Reminders 
The applicant may submit comments on an informal basis on the written opinion of the International Searching Authority to the 
International Bureau. The International Bureau will send a copy of such comments to all designated Otrices unless an 
international preliminary examination report has been or is to be established. Following the expiration of 30 months from the 
priority date, these comments will also be made available to the public. 
Shortly after the expiration of 18 months from the priority date, the international application will be published by the 
International Bureau. If the applicant wishes to avoid or postpone publication, a notice of withdrawal of the international 
application, or of the priority claim, must reach the International Bureau before the completion of the technical preparations for 
international publication (Rules 90bis.l and 90bis.3). 

Within 19 months from the priority dale, but only in respect of some designated Offices, a demand for international preliminary 
examination must be filed if the applicant wishes to postpone the entry into the national phase until 30 months from the priority 
date (in some Offices even later); otherwise, the applicant must, within 20 months from the priority dale, perform the prescribed 
acts for entry into the national phase before those designated Offices. 
In respect of other designated Offices, the time limit of 30 months ( or later) will apply even if no demand is filed within 19 
months. 
For details about the applicable time limits, Office by Office, see www.wipo.int/pct/en/texts/time_limits.html and the 
PCT Applicant's Guide, National Chapters. 

Name and mailing address of the ISA/ 
Mail Stop PCT. Attn: ISA/US 
Commissioner for Patents 
P.O. Box 1450, Alexandria. Virqinia 22313-1450 

Facsimile No. 571-273-3201 

Form PCT/ISA/220 (July 2010) 

Authorized officer 

Blaine R. Copenheaver 

D PCT Helpdesl<: 571-272-4300 

Telephone No. PCT osP. 571-272-7774 

CPR ~L0bJi\L 

}' JAN O 9 2012 
RECEfVEO 

COdea---Verified 
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PATENT COOPERATION TREATY 

From the INTERNATIONAL SEARCHING AUTHORITY 

To: JOHN MONOCELLO Ill PCT 
GTC LAW GROUP LLP & AFFILIATES 
C/0 CPA GLOBAL 
P.O. BOX 52050 NOTIFICATION OF TRANSMJTT AL OF 

MINNEAPOLIS, MN 55402 THE INTERNATIONAL SEARCH REPORT AND 
'TT-IE WRITTEN OPINION OF THE INTERNATIONAL 
SEARCHING AUTHORITY, OR THE DECLARATION 

(PCT Rule 44.1) 

Date of mailing 

0 6 JAN 2012 (daymonthyear) 

Applicant's or agent's file reference 

WTCY-0048-PWO 
FOR FURTHER ACTION See paragraphs I and 4 below 

International application No. International filing date 

PCT/US2011/051634 
(day'month1year) 14 September 2011 

Applicant WITRICITY CORPORATION 

1. ~ The applicant is hereby notified that the international search report and the written opinion of the International Searching 
Authority have been established and arc transmitted herewith. 

Filing of amendments and statement under Article 19: 
The applicant is entitled, ifhe so wishes. to amend the claims of the international application (see Rule 46): 

When? The time limit for filing such amendments is normally two months from the date of transmittal of the 
international search report. 

Where? Directly to the International Bureau ofWJPO. 34 chemin des Colombettes 
1211 Geneva 20, Switzerland. Facsimile No.: +41 22 338 82 70 

For more detailed instructions, see PCT Applicant's Guide, International Phase, paragraphs 9 .004 - 9.011. 

2. D The applicant is hereby notified that no international search report will be established and that the declaration under 
Article I 7(2)(a) to that effect and the written opinion of the International Searching Authority are transmitted herewith. 

3. D With regard to any protest against payment of(an) additional fee(s) under Rule 40.2, the applicant is notified that: 

D the protest together with the decision thereon has been transmitted to the International Bureau together with any 
request to forward the texts of both the protest and the decision thereon to the designated Offices. 

D no decision has been made yet on the protest; the applicant will be notified as soon as a decision is made. 

4. Reminders 
The applicant may submit comments on an informal basis on the written opinion of the International Searching Authority to the 
International Bureau. The International Bureau will send a copy of such comments to all designated Otnces unless an 
international preliminary examination report has been or is to be established. Following the expiration of 30 months from the 
priority date, these comments will also be made available to the public. 
Shortly after the expiration of 18 months from the priority date, the international application will be published by the 
International Bureau. If the applicant wishes to avoid or postpone publication, a notice of withdrawal of the international 
application, or of the priority claim, must reach the International Bureau before the completion of the technical preparations for 
international publication (Rules 90bis.1 and 90bis.3). 
Within 19 months from the priority date, but only in respect of some designated Offices, a demand for international preliminary 
examination must be filed if the applicant wishes to postpone the entry into the national phase until 30 months from the priority 
date (in some Offices even later); otherwise, the applicant must, within 20 months from the priority dale, perform the prescribed 
acts for entry into the national phase before those designated Offices. 
In respect of other designated Offices, the time limit of 30 months (or later) will apply even if no demand is filed within 19 
months. 
For details about the applicable time limits, Office by Office, see www.wipo.int/pct/en/texts/time_limits.html and the 
PCT Applicant's Guide, National Chapters. 

Name and mailing address of the ISA/ 
Mail Stop PCT. Attn: ISA/US 
Commissioner for Patents 
P.O. Box 1450. Alexandria. Virqinia 22313-1450 

Facsimile No. 571-273-3201 

Fonn PCT/ISA/220 (July 2010) 

Authorized officer 

Blaine R. Copenheaver 

D PCT Helpdesk: 571-272-4300 

Telephone No. PCT osP: 571-272-7774 
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Applicant's or agent's file reference 

PATENT COOPERATION TREATY 

PCT 
INTERNATIONAL SEARCH REPORT 

(PCT Article 18 and Rules 43 and 44) 

FOR FURTHER see Form PCT/ISA/220 
WTCY-0048-PWO ACTION as well as, where applicable, item 5 below. 

International application No. International filing date (day/month/year) (Earliest) Priority Date (day/month/year) 

PCT/US2011/051634 14 September 2011 14 September 2010 

~f&ry CORPORATION 

This international search report has been prepared by this International Searching Authority and is transmitted to the applicant 
according to Article 18. A copy is being transmitted to the International Bureau. 

This international search report consists of a total of ~ts. 

D It is also accompanied by a copy of each prior art document cited in this report. 

I. Basis or the report 

a. With regard to the language, the international search was carried out on the basis of: 

~ the international application in the language in which it was filed. 

D a translation of the international application into ______________ which is the language of 
a translation furnished for the purposes of international search (Rules 12.3(a) and 23. l(b)). 

b. D This international search report has been established taking into account the rectification of an obvious mistake 
authorized by or notified to this Authority under Rule 91 (Rule 43.6bis(a)). 

c. D With regard to any nucleotide and/or amino acid sequence disclosed in the international application, see Box No. I. 

2. D Certain claims were found unsearchable (see Box No. II). 

3. D Unity of invention is lacking (see Box No. III). 

4. With regard to the title, 

IZJ the text is approved as submitted by the applicant. 

D the text has been established by this Authority to read as follows: 

5. With regard to the abstract, 

~ the text is approved as submitted by the applicant. 

D the text has been established, according to Rule 38.2, by this Authority as it appears in Box No. IV. The applicant 
may, within one month from the date of mailing of this international search report, submit comments to this Authority. 

6. With regard to the drawings, 

a. the figure of the drawings to be published with the abstract is Figure No. _3_0 ____ _ 

IZI as suggested by the applicant. 

D as selected by this Authority, because the applicant failed to suggest a figure. 

D as selected by this Authority, because this figure better characterizes the invention. 

b. D none of the figures is to be published with the abstract. 

Form PCT/ISA/2 IO (first sheet) (July 2009) 
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INTERNATIONAL SEARCH REPORT International application No. 

PCT /US2011/051634 

A. CLASSIFICATION OF SUBJECT MATTER 
IPC(8)- H02J 17/00 (2011.01) 
USPC- 307/104 

According to International Patent Classification (IPC) or to both national classification and IPC 

B. FIELDS SEARCHED 

Minimum documentation searched (classification system followed by classification symbols) 
IPC(8)- H01F 27/42; H01F 38/00, 38/14; H01P 7/08; H02J 7/02; H02J 17/00 (2011.01) 
USPC - 307/104; 320/108, 109; 333/219, 219.2; 336/92 

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 

PatBase, Google Scholar, Google Patents 

C. DOCUMENTS CONSIDERED TO BE RELEVANT 

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No. 

y US 2010/0181843 A1 (SCHATZ et al) 22 July 2010 (22.07.2010) entire document 1-27 

y US 2009/0134712 A1 (COOK et al) 28 May 2009 (28.05.2009) entire document 1-27 

A US 2008/0211320 A 1 (COOK et al) 04 September 2008 (04.09.2008) entire document 1-27 

A US 2010/0109445 A 1 (KURS et al) 06 May 2010 (06.05.2010) entire document 1-27 

□ Further documents are listed in the continuation of Box C. □ . Special categories of cited documents: "T' later document published after the international filing date oderiority 
"A" document defining the general state of the art which is not considered date and not in conflict with the aphlication but cited to un erstand 

to be of particular relevance the principle or theory underlying t e invention 
"E" earlier application or patent but published on or after the international 

filing date 
"X" document of particular relevance; the claimed invention cannot be 

considered novel or cannot be considered to involve an inventive 
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone 

cited to establish the flUblication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be special reason ( as specified) considered to involve an inventive step when the document is 
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination 

means being obvious to a person skilled in the art 
"P" document published prior to the international filing date but later than 

the priority date claimed "&" document member of the same patent family 

Date of the actual completion of the international search Date of mailing of the international search report 

22 December2011 06 JAN 2012 
Name and mailing address of the ISNUS Authorized officer: 

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Blaine R. Copenheaver 
P.O. Box 1450, Alexandria, Virginia 22313-1450 

PCT Helpdesk: 571-272-4300 
Facsimile No. 571-273-3201 PCT OSP: 571-272-7774 

Form PCT/ISA/210 (second sheet) (July 2009) 
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PATENT COOPERATION TREATY 

From the 
INTERNATIONAL SEARCHING AUTHORITY 

To: JOHN MONOCELLO Ill PCT 
GTC LAW GROUP LLP & AFFILIATES 
C/O CPA GLOBAL 
P.O. BOX 52050 
MINNEAPOLIS, MN 55402 

WRITTEN OPINION OF THE 
INTERNATIONAL SEARCHING AUTHORITY 

(PCT Rule 43bis.1) 

Date of mailing 

0 6 JAN 2012 (day/month/year) 

Applicant's or agent's file reference FOR FURTHER ACTION 

WTCY-0048-PWO 

International application No. International filing date (day/month/year} 

PCT/US2011 /051634 14 September 2011 

International Patent Classification (IPC) or both national classification and IPC 
IPC(8)- H02J 17/00 (2011.01) 
USPC - 307/104 
Applicant WITRICITY CORPORATION 

I. This opinion contains indications relating to the following items: 

IZI Box No. 

□ Box No. II 

Basis of the opinion 

Priority 

See paragraph 2 below 

Priority date (day/month/year) 

14 September 2010 

□ Box No. III 

□ Box No. IV 

Non-establishment of opinion with regard to novelty, inventive step and industrial applicability 

Lack of unity of invention 

~ Box No. V Reasoned statement under Rule 43 bis .1 ( a)( i) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

0 Box No. VI Certain documents cited 

0 Box No. VII Certain defects in the international application 

0 Box No. VIII Certain observations on the international application 

2. FURTHERACTION 

If a demand for international preliminary examination is made, this opinion will be considered to be a written opinion of the 
International Preliminary Examining Authority ("IPEA") except that this does not apply where the applicant chooses an Authority 
other than this one to be the IPEA and the chosen IPEA has notified the International Bureau under Rule 66. lbis(b) that written 
opinions of this International Searching Authority will not be so considered. 

If this opinion is, as provided above, considered to be a written opinion of the IPEA, the applicant is invited to submit to the IPEA 
a written reply together, where appropriate, with amendments, before the expiration of3 months from the date of mailing of Form 
PCT/ISA/220 or before the expiration of22 months from the priority date, whichever expires later. 

For further options, see Form PCT/ISA/220. 

Name and mailing address of the ISA/US Date of completion of this opinion Authorized officer: 
Mail Stop PCT, Attn: ISA/US Blaine R. Copenheaver Commissioner for Patents 22 December 2011 
P.O. Box 1450, Alexandria, Virginia 22313-1450 

PCT Helpdesk: 571-272-4300 
Facsimile No. 571-273-3201 PCT OSP: 571-272-7774 
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Box No. I 

WRITTEN OPINION OF THE 
INTERNATIONAL SEARCHING AUTHORITY 

Basis of this opinion 

International application No. 
PCT/US2011/051634 

l. With regard to the language, this opinion has been established on the basis of: 

[ZI 

□ 
lhe international application in the language in which it was filed. 

a translation of the international application into _____________ which is the language of a 
translation furnished for the purposes of international search (Rules 12.3(a) and 23. l(b)) 

2. □ This opinion has been established taking into account the rectification of an obvious mistake authorized by or notified 
to this Authority under Rule 91 (Rule 43bis.l(a)) 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this opinion has been 
established on the basis of a sequence listing filed or furnished: 

a. (means) 

0 on paper 

D in electronic form 

b. (time) 

D in the international application as filed 

D together with the international application in electronic form 

D subsequently to this Authority for the purposes of search 

4. □ In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished. the required 
statements that the information in the subsequent or additional copies is identical to that in the application as filed or 
does not go beyond the application as filed, as appropriate, were furnished. 

S. Additional comments: 
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WRITTEN OPINION OF THE 
INTERNATIONAL SEARCHING AUTHORITY 

International application No. 

PCT/US2011/051634 

Box No. V Reasoned statement under Rule 43bis.l(a)(i) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

I. Statement 

Novelty (N) Claims 1-27 YES 

Claims None NO 

Inventive step (IS) Claims None YES 

Claims 1-27 NO 

Industrial applicability (IA) Claims 1-27 YES 

Claims None NO 

2. Citations and explanations: 

Claims 1-27 lack an inventive step under PCT Article 33(3) as being obvious over Schatz et al., hereinafter referred to as Schatz, in view 
of Cook et al., hereinafter referred to as Cook. 

Regarding claim 1, Schatz disclose a system (par. 10, system) for wireless energy distribution over a defined area (par. 9, wireless energy 
transfer scheme the is capable of transmitting power over mid-range distance; abstract, wireless power transfer within refrigerator; par. 
645-646, wireless power transfer system integrated in the refrigerator door), the system (par. 10, system) comprising: a source resonator 
(par. 10, source resonator) coupled to an energy source (par. 10, resonator connected to power source) and generating an oscillating 
magnetic field with a frequency (par. 23, generate an oscillating magnetic field; par. 29-30, generating magnetic field with resonant 
frequency), at least one repeater resonator (par. 14, designed as repeater resonators; par. 141, multiple resonators daisy chained 
together) in proximity to the source resonator (par. 141, resonators maybe positioned in daisy chain fashion for exchanging energy from 
source in particular area); and at least two other repeater resonators (par. 14, designed as repeater resonators, which plurality implies 
multiple or at least two; par. 396, multiple repeaters; par. 141, multiple resonators daisy chained together) in proximity to at least one of the 
repeater resonators (par. 141, multiple resonators are daisy chained together, which implies in proximity to one another), wherein the 
repeater resonators provide an effective wireless energy transfer area (par. 141-142, repeater resonators transfer energy over a distances; 
par. 646-64 7, additional resonators within the refrigerator provide for wireless energy transfer within the area), but is silent on the 
particulars of at least one repeater positioned in a defined area and in proximity to the source, and having a resonant frequency; and at 
least two other repeater with a resonant frequency positioned in the defined area and in proximity to at least one of the repeater 
resonators, wherein the repeater resonators provide an effective wireless energy transfer area at least one of within or equal to the defined 
area. 
However, Cook in discussing wireless power range increase using parasitic antennas (title) disclose at least one repeater {120, parasitic 
antenna; par. 28, parasitic antenna that re-radiates) positioned in a defined area (par. 23, antennas are positioned within a room) and in 
proximity to a source (100, main antenna; fig. 1, depicts 120 in proximity to 100), and having a resonant frequency (par. 26, antenna 100 
having a resonant frequency); and at least two repeaters (120, 130) positioned in a defined area (par. 23, antennas are positioned within 
a room) and in proximity to at least one of a repeater resonators (fig. 1, depicts 120 and 130 within proximity of each other), wherein a 
repeater provides an effective wireless energy transfer area at least one of within or equal to the defined area (par. 29-32, parasitic 
antennas 120, 130 transmit within area). Therefore, it would have been obvious to one of ordinary skill in the art at the time of the invention 
to incorporate the aforementioned improvements of Cook with the invention of Schatz for the purpose of providing a local areas where 
power is more efficiently received (abstract - Cook) . 

Regarding claim 2, modified Schatz disclose the system of claim 1, Schatz further disclose wherein the defined area covered is at least 2 
square meters (par. 483, the defined area could be a floor, which inherently is greater in size that 2 square meters). 

Regarding claim 3, modified Schatz disclose the system of claim 1, Schatz further disclose wherein the defined area covered is at least 10 
square centimeters (par. 646, the defined area is refrigerator, which inherently is greater in size than 10 centimeters). 
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WRITTEN OPINION OF THE 
INTERNATIONAL SEARCHING AUTHORITY 

Supplemental Box 

In case the space in any of the preceding boxes is not sufficient. 
Continuation of 

International application No. 

PCT/US2011/P51634 

Regarding claim 4, modified Schatz disclose the system of claim 1, Schatz further disclose comprising at least one additional source 
resonator (par. 519, utilize source resonators; par. 600, source resonators; par. 646, another source resonator) that generates an 
oscillating magnetic field with the frequency (par. 23, generating an oscillating magnetic field; par. 113, inherently a resonator oscillates 
with a frequency), wherein the at least one additional source resonator is positioned in proximity to defined area (par. 646, additional 
source resonator can be integrated into the body of the refrigerator; par. 519, source resonators that are arranged in various configurations 
within an area). 

Regarding claim 5, modified Schatz disclose the system of claim 4, Schatz further disclose wherein the frequency and relative phase of 
the oscillating fields generated by the sources of the system are synchronized (par. 594, oscillating magnetic fields of resonators are driven 
in-phase). 

Regarding claim 6, modified Schatz disclose the system of claim 4, Schatz further disclose wherein the relative phase of the oscillating 
fields generated by the different sources of the system is adjustable (par. 594, oscillating field of multiple resonators can be adjusted either 
in-phase or out of phase). 

Regarding claim 7, modified Schatz disclose the system of claim 4, Schatz further disclose wherein at least one repeater resonator, 
comprises a capacitively loaded conducting loop (par. 166, capacitively-loaded loop inductor; par. 179, capacitively-loaded conductive 
loops). 

Regarding claim 8, modified Schatz disclose the system of claim 4, Schatz further disclose wherein at least one of the repeater resonators 
have an adjustable resonant frequency (par. 113, angular resonant frequency, varies based on resonant period; par. 173, resonant 
frequency of the resonator is tunable by changing the inductance or capacitor of the resonator). 

Regarding claim 9, modified Schatz disclose the system of claim 8, Schatz further disclose wherein the resonant frequency of the 
repeater resonators may be detuned from the frequency of the magnetic fields generated by the source resonators to change the 
distribution of the magnetic fields in the defined area (par. 593, resonators may be detuned from other resonators). 

Regarding claim 10, modified Schatz disclose the system of claim 9, Schatz further disclose wherein some repeaters are detun!;)d to 
maximize the magnetic fields in a region of the defined area (par. 593-594, detuned resonators in order to create specific hotspot areas of 
concentrated magnetic energy). 

Regarding claim 11, modified Schatz disclose the system of claim 10, Schatz further disclose wherein the detuning of repeaters is 
performed according to a network routing algorithm (par.593-597, detuning performed based on the drive signal to appropriately tune the 
resonator as it is activated in the bank, adjustments are also made based on a sharing algorithm; par. 387, power levels, frequencies and 
input impedances for resonators may be adjusted based on algorithm; par. 403, processor adjusts the resonator through algorithms). 

Regarding claim 12, modified Schatz disclose the system of claim 10, Schatz further disclose comprising a communication channel 
(4204, wireless communication channel) between the resonators of the system (par. 431, wireless communication channel may allow 
resonators 102 to exchange information). 

Regarding claim 13, modified Schatz disclose the system of claim 12, Schatz further disclose wherein the communication channel is used 
to coordinate detuning of the repeater resonators of the system to achieve a specific magnetic field distribution (par. 431-433, 
communication channel communicates controls to the resonator, which could include detuning of the resonator to achieve specific 
distribution). 

Regarding claim 14, modified Schatz disclose the system of claim 1, Schatz further disclose wherein the repeater resonators have a 
quality factor Q>100 (par. 19, Q sub1 and sub2 are greater than 100; par. 26, resonator with quality factor Q greater than one hundred; 
par. 235, quality factor, Q, of 100 or higher and even Q of 1000 or higher; par. 239, quality factor, Q, of order of 1000 or higher). 

Regarding claim 15, modified Schatz disclose the system of claim 10, modified Schatz further disclose wherein the repeater resonators 
further comprise pressure sensors (par. 533, pressure sensors) and wherein the information from the pressure sensors is used to change 
the magnetic field distribution (par. 533-534, information from sensors, such as pressure sensors, help to optimize magnetic field direction 
and resonator alignment). 

Regarding claim 16, modified Schatz disclose the system of claim 1, wherein the defined area is a floor (par. 17, applications could 
include under the floor; par. 232-233, active area on the floor). 

Regarding claim 17, modified Schatz disclose the system of claim 16, wherein the resonators are integrated into flooring material (par. 
233, integrated into a floor). 

Regarding claim 18, modified Schatz disclose the system of claim 1, modified Schatz further disclose wherein the defined area is a wall 
(par. 17, applications could include in the walls of a room; par. 232, walls). 

Regarding claim 19, modified Schatz disclose the system of claim 1, Schatz further disclose wherein the defined area is a ceiling (par. 
17, applications could include on the ceiling; par. 232, ceilings). 
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WRITTEN OPINION OF THE 
INTERNATIONAL SEARCHING AUTHORITY 

Supplemental Box 

In case the space in any of the preceding boxes is not sufficient. 
Continuation of: 

International application No. 
PCT/US2011/051634 

Regarding claim 20, Schatz disclose a wireless energy transfer flooring system (par. 483, wireless energy transfer may be integrated into 
the floor) comprising: at least one source resonator (par. 10, source resonator) coupled to an energy source (par. 10, resonator connected 
to power source) and generating an oscillating magnetic field with a frequency (par. 23, generate an oscillating magnetic field; par. 29-30, 
generating magnetic field with resonant frequency), at least one repeater resonator (par. 14, designed as repeater resonators; par. 141, 
multiple resonators daisy chained together) in proximity to the source resonator (par. 141, resonators maybe positioned in daisy chain 
fashion for exchanging energy from source in particular area); and at least two other repeater resonators (par. 14, designed as repeater 
resonators, which plurality implies multiple or at least two; par. 396, multiple repeaters; par. 141, multiple resonators daisy chained 
together} in proximity to at least one of the repeater resonators {par. 141, multiple resonators are daisy chained together, which implies in 
proximity to one another), wherein the resonant frequency of at least one of resonators is detuned from the frequency of the oscillating 
magnetic field of the at least one source to change the distribution of magnetic fields in the defined area (par. 589, in order to maximize 
distribution of magnetic fields around source operating parameters of resonators is adjusted, which implies detuned), but is silent on the 
particulars of at least one repeater positioned in a defined area and in proximity to the source, and having a resonant frequency; and at 
least two other repeater with a resonant frequency positioned in the defined area and in proximity to at least one of the repeater 
resonators, wherein the resonant frequency of at least one of the repeater resonators is detuned from the frequency of the oscillating 
magnetic field of the at least one source to change the distribution of magnetic fields in the defined area. 
However, Cook in discussing wireless power range increase using parasitic antennas {title) disclose at least one repeater (120, parasitic 
antenna; par. 28, parasitic antenna that re-radiates) positioned in a defined area (par. 23, antennas are positioned within a room) and in 
proximity to a source (100, main antenna; fig. 1, depicts 120 in proximity to 100), and having a resonant frequency (par. 26, antenna 100 
having a resonant frequency); and at least two repeaters (120, 130) positioned in a defined area (par. 23, antennas are positioned within 
a room) and in proximity to at least one of a repeater resonators (fig. 1, depicts 120 and 130 within proximity of each other), wherein the 
resonant frequency of at least one of the repeaters is detuned from a frequency of an oscillating magnetic field of a source (par. 68, 
detuning of resonant frequency of antennas, including parasitic antenna; par. 78, detuning of antenna to influence resonant frequency). 
Therefore, it would have been obvious to one of ordinary skill in the art at the time of the invention to incorporate the aforementioned 
improvements of Cook with the invention of Schatz for the purpose of providing a local areas where power is more efficiently received 
(abstract - Cook) . 

Regarding claim 21, modified Schatz disclose the system of claim 20, Schatz further disclose comprising a communication channel 
(4204, wireless communication channel) between the resonators of the system (par. 431, wireless communication channel may allow 
resonators 102 to exchange information). 

Regarding claim 22, modified Schatz disclose the system of claim 21, Schatz further disclose wherein the communication channel is used 
to coordinate detuning of the repeater resonators of the system to achieve a specific magnetic field distribution (par. 431-433, 
communication channel communicates controls to the resonator, which could include detuning of the resonator to achieve specific 
distribution). 

Regarding claim 23, modified Schatz disclose the system of claim 20, Schatz further disclose wherein the resonators are integrated into 
flooring material (par. 233, resonators maybe integrated into a floor). 
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Regarding claim 24, Schatz disclose a method of distributing wireless energy from at least one source resonator to a specific location 
within an area (abstract, source resonator distributing wireless energy to a refrigerator} having tunable repeater resonators (par. 20, 
resonators are tunable), the method comprising: determining a closest resonator to a specific location (par. 533, based on position and 
location information finding a nearby wireless power transmission source); tuning the resonant frequency of the repeater resonators to 
provide for an energy transfer path from the source (par. 538, the frequency is tuned to resonant frequency in order in order to transmit 
wireless power; par. 582-583, the source and device resonators are adjusted as move closer to each other), but is silent on determining a 
closest repeater resonators, and tuning the resonant frequency of the repeater resonators to provide for an energy transfer path to the 
closest repeater resonators. 
However, Cook in discussing wireless power range increase using parasitic antennas (title) disclose determining a closest repeater (par. 
28-30, parasitic antennas radiate within certain area based on location: fig. 1, depicts receivers 125-128 receiving power from there 
respective antennas), and tuning the resonant frequency of a repeater to provide for an energy transfer path to closest repeater (par. 26, 
parasitic, repeaters, are tuned to create areas of maximum power). Therefore, it would have been obvious to one of ordinary skill in the art 
at the time of the invention to incorporate the aforementioned improvements of Cook with the invention of Schatz for the purpose of 
providing a local areas where power is more efficiently received (abstract - Cook) . 

Regarding claim 25, modified Schatz disclose the method of claim 24, Schatz further disclose comprising detuning resonators (par. 250, 
detuning resonators; par. 593, detune resonators) that are not in the energy transfer path {par. 593, detune non-active resonators, which 
implies those not in energy path). 

Regarding claim 26, modified Schatz disclose the method of claim 24, Schatz further disclose wherein the energy transfer path is 
determined by a shortest path algorithm (par. 582, close to each other, power transfer efficiency; par. 596, devices are powered by 
resonators which are closer to them). 

Regarding claim 27, modified Schatz disclose the method of claim 24, wherein the energy transfer path is determined by a central 
control (par. 533, central station or database is in communication with source, which guides the user to the source; par. 537, central 
authority authenticates sources and devices). 

Claims 1-27 meet the criteria set out in PCT Article 33(4), and thus have industrial applicability because the subject matter claimed can be 
made or used in industry. 
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(57) Abstract: Various embodiments of a wirelessly pow
ered local computing environment are described. The wire
less powered local computing environment includes at least 
a near field magnetic resonance (NFMR) power supply ar
ranged to wirelessly provide power to any of a number of 
suitably configured devices. In the described embodiments, 
the devices arranged to receive power wirelessly from the 
NFMR power supply must be located in a region known as 
the near field that extends no further than a distance D of a 
fow times a characteristic size of the NFMR power supply 
transmission device. Typically, the distance D can be on 
the order of 1 meter or so. 
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[0001] 

WIRELESS POWER UTILIZATION IN A LOCAL COMPUTING 
ENVIRONMENT 

TECHNICAL FIELD 

The described embodiments relate generally to utilizing a wireless power 

5 transmission in a portable computing environment. 

BACKGROUND 

[0002] Historically, transferring power wirelessly has been successful for fairly 

limited applications. In particular, only those applications where a wireless power 

source and a wireless power receiver are located very close to each other have been 

10 successful. In this arrangement, the wireless power source and the wireless power 

receiver are typically coupled inductively by way of a magnetic field that can entangle 

both the power source and receiver. Although well suited for applications requiring 

relatively low power (on the order of mW), this same process is not suitable for those 

applications requiring either more power ( on the order of at least a few watts to 

15 hundreds of watts) or where the power source and power receiver are located further 

apart from each other, such as a few inches to a few feet. 

[0003] However, it has been discovered (see "Efficient wireless non-radiative 

mid-range energy transfer" by Karalis et al., Annals of Physics 323 (2008) pgs. 34 -

38) that useable power can be transferred wirelessly from a power source to a receiver 

20 located within a distance referred to as a near field. By near field it is meant that 

within a distance a few times larger than that of both objects involved in the transfer 

(about one meter or so for most applications) a relatively large amount of power (at 

least on the order of a few watts) can be transferred between a wireless source device 

and a receiver with an acceptable efficiency. In this way, a realistic and practical 

25 approach to wireless transferring useable amounts of power over distances suitable for 

limited applications can be realized. Typically, each battery powered device such as a 

wireless electronic device requires its own charger and power source, which is usually 

an alternating current (AC) power outlet. Such a wired configuration becomes 

unwieldy when many devices need charging. 

30 [0004] V aiious over-the-air or wireless power transmission between a transmitter 

and a receiver coupled to the electronic device to be charged have been carried out 

that generally fall into two categories. One category is based on the coupling of plane 

wave radiation between a transmit antenna and a receive antenna on the device to be 

1 
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charged. The receive antenna collects the radiated power and rectifies it for charging 

the battery. Antennas are generally of resonant length in order to improve the 

coupling efficiency. This approach suffers from the fact that the power coupling falls 

off quickly with distance between the antennas, so charging over reasonable distances 

5 (e.g., less than 1 to 2 meters) becomes difficult. 

[0005] Other techniques rely upon inductive coupling between a transmit antenna 

embedded, for example, in a "charging" mat or surface and a receive antenna (plus a 

rectifying circuit) embedded in the electronic device to be charged. This approach has 

the disadvantage that the spacing between transmit and receive antennas must be very 

10 close (e.g., within thousandths of meters). Though this approach does have the 

capability to simultaneously charge multiple devices in the same area, this area is 

typically very small and requires the user to accurately locate the devices to a specific 

area. 

[0006] With wireless power transmission there is a need for apparatuses and 

15 methods for transmitting and relaying wireless power at varying power levels and 

multiplexed times to increase power transmission efficiency. 

[0007] Fmthermore, what is desired are methods, systems, and apparatus for 

efficient and user friendly interaction between peripheral devices in a wirelessly 

powered local computing environment. In particular, in order to enhance the user's 

20 experience and provide efficient power utilization, cooperation between the plurality 

of peripheral devices in the context of the wireless power environment is desired. 

SUMMARY 

[0008] The present invention provides a system and method for utilizing wireless 

near field magnetic resonance (NFMR) power transmission in a computing 

25 environment. 

[0009] In various embodiments, methods, systems, and apparatus for interacting 

between a plurality of peripheral devices receiving power wirelessly from a wireless 

power supply is described. In one embodiment, a virtual charging area can be 

created. The vi1tual charging area can extend to about about one (1) meter from a 

30 central station that incorporates a NFMR power supply. The virtual charging area can 

define a region in which suitably configured peripheral devices, such as a mouse, 

keyboard, and so on can receive power by way of a NFMR channel formed between 

the NFRM power supply and a NFMR resonator circuit included in the peripheral 
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device. In this way, when both the NFMR power supply and the NFMR resonator 

circuit are tuned to each other, then useable power can be transferred over a power 

conduction channel formed between the two resonant devices. 

[0010] In some embodiments, at least one of the peripheral devices can have a 

5 tunable resonator circuit having at least one circuit element (such as a resistor, 

inductor, or capacitor) having a value that can be changed. In this way, the tunable 

resonator circuit can be de-coupled from the NFMR power supply by de-tuning the 

tunable resonator circuit in relation to the resonance frequency of the NFMR power 

supply. In this way, the effective Q value of the tunable circuit is reduced to the point 

10 that essentially no power is transferred. In one embodiment, at least one of the 

plurality of peripheral devices can include a secondary NFMR resonator circuit 

adapted to re-resonant power to another one of the plurality of peripheral devices by 

establishing a NFMR channel to the other peripheral device over which useable power 

can be transferred. In some embodiments, the NFMR power supply can eliminate any 

15 voids in the virtual charging area by modifying resonance characte1istics such as 

frequency. 

[0011] A method of wirelessly transmitting power can be performed by creating a 

first coupling mode region of an electromagnetic field within a near field of a power 

supply transmit antenna, coupling the electromagnetic field and a receiver antenna of 

20 a first receiver device within the coupling mode region, creating a second coupling 

mode region of the electromagnetic field different from the first coupling mode region 

within a near field of a transmit antenna of the first receiver device, coupling the 

electromagnetic field to a receive antenna of second receiver device in the near field 

of the transmit antenna of the first receiver device, wirelessly delivering power from 

25 the power supply to the first receiver device by way of the power supply transmit 

antenna using the first coupling mode region of the electromagnetic field; and 

wirelessly delivering at least some of the power wirelessly delivered to the first 

receiver device is wirelessly by re-transmitting the at least some power to the second 

receiver device by way of the first receiver transmit antenna using the second 

30 coupling mode region of the electromagnetic field. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The included drawings are for illustrative purposes and serve only to 

provide examples of possible structures and arrangements for the disclosed 
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embodiments. These drawings in no way limit any changes in form and detail that 

may be made to the described embodiments by one skilled in the art without departing 

from the spirit and scope of the embodiments. 

[0013] Fig. 1 illustrates representative tunable resonator circuits in accordance 

5 with the described embodiments. 

[0014] Fig. 2 shows representative vi1iual charging area in accordance with the 

described embodiments. 

[0015] Fig. 3 shows representative hybrid power circuit in accordance with the 

described embodiments. 

10 [0016] Fig. 4 shows representative time multiplexing for distiibuting power in 

accordance with the described embodiments. 

[0017] Fig. 5 illustrates a wireless transmission or charging system, in accordance 

with various exemplary embodiments. 

[0018] Fig. 6 shows a simplified schematic diagram of a wireless power transfer 

15 system. 

20 

[0019] Fig. 7 shows an antenna used in exemplary embodiments configured as a 

"loop" antenna that can also be referred to herein as a "magnetic" antenna. 

[0020] Fig. 8 shows a flowchart detailing process 800 in accordance with the 

described embodiments. 

DETAILED DESCRIPTION 

[0021] Various embodiments of a wirelessly powered local computing 

environment are described. The wireless powered local computing environment 

includes at least a near field magnetic resonance (NFMR) power supply arranged to 

wirelessly provide power to any of a number of suitably configured devices. In the 

25 described embodiments, the devices arranged to receive power wirelessly from the 

NFMR power supply can be located in a region known as the near field that extends 

no further than a distance D that can be a few times a characteristic size of the NFMR 

power supply transmission device. Typically, the distance D can be on the order of 1 

meter or so. 

30 [0022] Fig. 1 shows various representative tunable circuits in accordance with the 

described embodiments. The representative tunable circuits can include series RLC 

(resistor (R), inductor (L), capacitor(C)) circuit 102. In this arrangement, a resonant 

frequency can be tuned (i.e., changed) by changing any of the component values. For 
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example, circuit 102, capacitor C can be a variable capacitor used to tune circuit 102. 

Similarly, circuit 104 (known as a Hartlely oscillator) can be used as a tunable circuit 

in the described embodiments as can tuned LC circuit 106. 

[0023] Fig. 2 shows representative virtual charging area 200 in accordance with 

5 the described embodiments. Virtual charging area 200 provides region R of charging 

for suitably configured devices placed within the region R. NFMR power supply can 

be placed in central unit such as desktop computer. In this way, the desktop computer 

can provide the NFMR power supply with computing resources. It should be noted 

that the near field magnetic resonance (NFMR) power supply can include high Q 

10 circuit that relies upon near field magnetic coupling by way of a resonance channel 

formed between resonances of the power source and sink to transfer power. The 

NFMR power supply can be a standalone unit such as, for example, included in a desk 

top computer, laptop computer, tablet computer, and so on. In other embodiments, 

the NFMR power supply can take the form of a portable type unit such as a dongle 

15 that can be connected to a legacy device such as a desktop computer thereby 

providing the ability to retrofit devices. In still other embodiments, housing or a 

portion of a housing used to enclose the NFMR power source can act to extend a 

useful range of the NFMR power supply. 

[0024] In this way, suitably configured peripheral devices can be powered directly 

20 from the NFMR power supply. In so doing, the peripheral devices when tuned to the 

appropriate frequency can receive power wirelessly from the NFMR power supply. 

In so doing, the appropriately tuned peripheral device can be considered to be part of 

a resonance circuit that can include the NFMR power supply and any other peripheral 

devices so tuned. As part of such a circuit, each device has associated with it a 

25 corresponding load that can be sensed by the NFMR power supply. As such, the 

resonance circuit can have a characteristic load that can change by the addition or 

deletion of devices from the resonance circuit. For example, if a suitably configured 

device such as a portable media player is brought within range of the NFMR power 

supply, then the load associated with the portable media player can be sensed by the 

30 NFMR power supply when (and if) the portable media player is appropriately tuned. 

It should be noted that in some cases, the device being brought into the range of the 

NFMR power supply can communicate its initial presence using a standard 

communication protocol such as WiFi or Bluetooth. However, once incorporated into 

5 

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1412



WO 2011/062827 · · ~ PCT /US2010/056240 

the resonance circuit, the device can use a communication back channel described in 

detail below. Accordingly, any change in the characteristic load factor of the 

resonance circuit can convey information that can be used by the NFMR power 

supply to control the various devices in the resonance circuit by, for example, 

5 distributing power, and so on. 

[0025] In some embodiments, certain of the peripheral devices can be configured 

to include a re-resonator circuit that can receive power directly from the NFMR 

power supply. Such devices can also transfer a portion of the power received to other 

of the peripheral devices. For example, as shown in Fig. 2 vi1tual charging area 200 

10 includes central unit 202 ( desktop computer) that can include the NFMR power 

supply, keyboard 204, mouse 206, and portable media player 208. In one 

embodiment, keyboard 204 can be configured to receive power directly from the 

NFMR power supply included in desktop computer 202 as can mouse 206 and 

portable media player 208 (when located within range R). 

15 [0026] In some cases, the ability of desktop computer 202 to provide power 

directly to mouse 206, for example, can be reduced due to any number of factors. 

Such factors can include, for example, the addition of other devices into region R that 

require power from the NFMR power supply, obstacles interfering with the direct 

power channel formed between the NFMR and mouse 206, and so on. In this case, 

20 keyboard 204 can act as a re-resonator such that a portion of the power delivered to 

keyboard 204 from the NFMR power supply can be passed on by way of a re

resonator transmission unit (not shown) in keyboard 204. In this way, any power loss 

experienced by mouse 206 can be ameliorated by the power received from keyboard 

204. This aITangement can be transitory or can last for as long as mouse 206 is not 

25 able to receive adequate power directly from the NFMR power supply. In other cases, 

the locating of pmtable media player 208 within region R can reduce the amount of 

power available to keyboard 204 and mouse 206. In this case, if a battery in keyboard 

206 is fully charged (or additional charge is not necessary) then keyboard 206 can 

decouple a charging circuit while still maintaining a re-resonator circuit providing 

30 power to mouse 206. 

[0027] In some embodiments, dongle 210 can be connected to desktop computer 

202 (by way of a USB port or cable, for example). So connected, dongle 210 can, in 

tum, act as a range extender for the NFMR power supply. In this way, dongle 210 
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can extend a range that power can be provided by the NFMR power supply included 

in desktop computer 202. In some cases, dongle 210 can re-resonate power already 

received from the NFMR power supply while in other cases, dongle 210 can include 

its own NFMR power supply. By having its own NFMR power supply, dongle 210 

5 can provide additional power wirelessly to those devices within virtual charging 

region 200 separate from the power provided by the NFMR power supply included in 

desktop 202. It should be noted that in some embodiments, the housing of desktop 

computer 202 ( or a portion thereof) can be used as a resonator as part of the NFMR 

power supply. 

10 [0028] Fig. 3 shows representative hybrid power circuit 300 in accordance with 

the described embodiments. As described, hybrid power circuit 300 can match the 

low power delivery capability of the NFMR power supply to a large power 

requirement of required for long term storage devices, such as lithium ion polymer 

(LiPO) battery. Batteries in such devices as portable phones, portable media players, 

15 and so on, can require relatively large amount of power to charge that can be greater 

than that available from the NFMR power supply. Therefore, it is difficult to charge 

these high capacity batteries such as LiPO using the NFMR power supply. However, 

a short term charge storage device (such as a capacitor, ultra capacitor, and so on) that 

can be charged up by power delivered by the NFMR power supply can be used to 

20 temporarily store charge prior to being passed to the battery. In this way, once 

sufficient charge is stored in the short term charge storage device, the stored charge 

can be used to charge a long term charge storage device (such as a LiPO battery). For 

example, Fig. 3 shows representative hybrid power circuit 300 having capacitor 302, 

capacitor charging circuit 304 (that can receive power P from the NFMR power 

25 supply), long term power storage unit 306 (that can take the form of battery 306), and 

battery charging circuit 308. In the described embodiment, power P provided by the 

NFMR power supply can "trickle" charge capacitor 302. Once sufficient charge is 

stored in capacitor 302, capacitor charging circuit 304 can sense capacitor voltage VC 

and switch fully charged capacitor 302 to battery 306 by way of battery charging 

30 circuit 308. In this way, charge Q stored in capacitor 302 can be used to increase the 

charge of battery 306. Once capacitor 302 is discharged (as determined by capacitor 

charging circuit 304 ), capacitor 302 can again receive power P from the NFMR power 

supply. 
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[0029] One of the advantages of a wirelessly powered local computing 

environment is the potential to provide an enhanced user experience. For example, by 

doing away with clumsy and annoying cables and eliminating the need to replace 

batteries, an easy to use and efficient local computing environment can be provided to 

5 the user. However, in order to provide this enhanced user experience, it would be 

advantageous for the various devices that make up the wirelessly powered local 

computing environment to be able to interact with each other as well as with the 

NFMR power supply. Such interaction can include, for example, providing power by 

the NFMR power supply to any of the devices within range in whatever amount is 

10 required. For example, an amount of power transferred between the NFMR power 

supply (having a first resonator circuit) and receiving device (having a second 

resonator circuit) can be controlled by tuning (or de-tuning) the second resonator 

circuit along the lines described above. It should be noted that when a device is 

tuned, the tuned device can become part of the resonance circuit. As part of the 

15 resonance circuit, a load associated with the device can be "seen" by the NFMR 

power supply. This load can, in turn, be used by the NFMR power supply to 

determine the power requirements of the resonance circuit as well as how the required 

power must be distributed amongst the various devices included in the resonance 

circuit. On the other hand, when a device "de-tunes", then the device no longer 

20 resonates with the NFMR power supply and is effectively removed from the 

resonance circuit and receives little or no additional power. 

[0030] It should be noted that various environmental factors can have an effect on 

the efficiency of power transfer from the NFMR power supply to those devices 

included in the resonance circuit. For example, any object (metallic, for example) that 

25 can interfere with the magnetic coupling between the NFMR power supply and those 

device wirelessly receiving power can adversely affect both the amount of power 

supplied and the efficiency of the power transfer. This reduction in power transferred 

or power transfer efficiency can put an undue strain on the NFMR power supply as 

well as increase the likelihood that particular devices may not have sufficient power 

30 to operate at peak efficiency, to execute important functions, or in some cases, not be 

able to operate at all. In one embodiment, feedback provided by a device to the 

NFMR power supply indicating that the device requires more power or has 

experienced a reduction in power can cause the NFMR power supply to try to 
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ascertain the reason or reasons why the device has experienced this reduction in 

power. For example, if the device is moving within a void region (a void being 

defined as that region having a substantially reduced power transmission or efficiency 

factor), then the NFMR power supply can attempt to move the void region by 

5 modifying selected resonance factors (such as resonance frequency) thereby having 

the effect of moving the void region (hopefully beyond the range of the operating 

region of the devices wirelessly coupled to the NFMR power supply). In one 

embodiment, the NFMR power supply can determine that the power transfer 

efficiency has dropped below a threshold for a device(s) based upon, for example, 

10 feedback from the affected device(s). In response, the NFMR power supply can 

respond by modifying the frequency of the magnetic resonance signal until the power 

efficiency has recovered to above the threshold, by increasing power, or by, in some 

cases, causing less important or less used devices, to de-tune themselves (thereby 

removing themselves from the resonance circuit) so as to free up power that can be 

15 provided to those devices requiring more power. It should be noted that these 

operations can be carried out in the background in such a way that the user is unaware 

of the operations taking place. In still another embodiment, the power source can 

alter phase, frequency and or signal amplitude relative to other links in order to 

optimize power delivery. 

20 [0031] In order to provide more robust communication between the various 

devices coupled with the NFMR power supply, each device can provide affirmative 

feedback to the NFMR power supply using a direct communication channel such as 

Bluetooth or WiFi. It should be noted, however, that an indirect communication 

channel can also be used. Such an indirect communication channel can be formed 

25 using the resonance circuit load factor mediated by the number (and type) of devices 

wirelessly coupled with the NFMR power supply. Since each device has an 

associated resonance load (i.e., load perceived by the NFMR power supply when a 

device is tuned to the proper resonance frequency), an indirect communication 

channel mediated by load state of the device, or devices in the resonance circuit can 

30 be established with the NFMR power supply. For example, the NFMR power supply 

can characterize a particular load state of a resonance circuit by ascertaining the 

overall resonance load (i.e., sense load on resonant circuit). Any changes to the load 

state can indicate a change in the status of the resonance circuit which, in turn, can 
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infer that one or more of the devices previously included in the resonance circuit (i.e., 

tuned to the NFMR power supply resonant frequency) has dropped out, or de-tuned. 

In some cases, a Morse code like communication protocol can be established between 

the NFRM power supply and each of the devices. This Morse code like 

5 communication protocol can be based upon a device tuning and de-tuning itself using 

an identifiable pattern. In this way, a simple device identifier, for example, can be 

communicated to the NFMR power supply. Using this arrangement, a device that has 

determined to de-tune itself and to remove itself from the resonance circuit, can signal 

the NFMR power supply its intent as well as identify itself. In this way, the NFRM 

10 power supply can have a more clear understanding of the condition of the resonance 

circuit and the devices included therein. This device to device communication 

channel (also referred to as a back channel) can be capable of communicating simple 

information. Such information can include, for example, a device identifier, a 

synchronization flag, and so on. It should be noted that this communication channel 

15 is independent and separate from other communication channels provided by, for 

example, WiFi or Bluetooth. 

[0032] For example, if keyboard is using power wirelessly provide by the NFMR 

power supply to charge its battery, when the keyboard determines that the battery is 

substantially fully charged, then the keyboard can determine that power from the 

20 NFMR power supply is no longer required (at least until the battery discharges to a 

pre-set level). In this case, the keyboard can notify the NFMR power supply that it no 

longer requires power ( or at least until it signals that it requires power at some future 

point in time). In this case, the NFMR can redirect power away from the keyboard 

(using, for example, a different resonant frequency when the NFMR power supply is 

25 equipped to transmit power on a number of frequency ranges, or bands) or the 

keyboard can remove itself from the resonance circuit ( either on its own or as 

directed) by de-tuning itself. In this way, the load of the resonance circuit can be 

reduced allowing more power to be wirelessly delivered to the other devices in the 

resonance circuit. It should be noted that for efficiency and environmental reasons, 

30 the NFMR power supply will provide only as much power as is needed. For example, 

as battery charges up then less power is required. In this way, the charge state of the 

battery can be communicated to the NFMR power supply that can respond by 

reducing, or throttling back, the power provided to the keyboard. 
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[0033] It should be noted that while a device can be removed from the resonance 

circuit by the process of de-tuning, the device can be added to the resonance circuit by 

tuning it. By tuning (and conversely de-tuning) it is meant that circuit characteristics 

(such as resistance) can be changed resulting in the circuit Q increasing in the case of 

5 tuning or decreasing in the case of de-tuning. It should be noted that the relative 

increase or decrease in Q for a circuit can be dependent upon the circuit and 

applications to which the circuit is used. 

[0034] When a device is brought within range R of the power supply, then the 

load experienced by the power supply increases by that amount corresponding to the 

10 device. In this way, proximity detection can be thought as having taken place that can 

trigger an action to be taken. For example, if a portable media player is brought 

within range R of a desktop computer, then the proximity signal generated by the 

change in load experienced by the power supply can cause the desktop computer to 

initiate a synchronization process, for example, between the portable media player 

15 and the desktop computer. 

[0035] The communication channels established between the various devices in 

the resonance circuit can be used for the devices to determine amongst themselves 

which device takes priority with regards to power supplied by the NFMR power 

supply. In other cases, a host device (that includes the NFMR power supply and any 

20 associated computing resources) can act as aggregator. By aggregator, it is meant that 

the host device can determine the priority of those devices for receiving power, how 

much power to receive, and for how long. It should be noted that some devices and or 

some operations performed by a device can have a higher priority than other devices 

and or operations. For example, a high priority device(s) may require guaranteed 

25 power for operation (such as using a mouse vs charging a portable media player). The 

host device can use any suitable priority mechanism (round robin, for example). 

[0036] In another embodiment, the devices receiving power can communicate 

amongst themselves to determine which device has priority. The devices understand 

their own operating points, such as a minimum amount of power to perform certain 

30 function, maximum power required to perform all functions. In this way, each device 

can provide a desired amount of power, a list of functions that can be performed, and 

a minimum amount of power required for operation. The source can determine how 

much power can be delivered and which device can get the power it needs. In some 
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cases, the devices themselves set the priority, in other cases, the host device sets the 

priority. When a device is not receiving power, it removes itself from the resonance 

circuit by de-tuning, and returns to the circuit by re-tuning. 

[0037] It should be noted that the NFMR power supply can use any number of 

5 protocols to wirelessly provide power to the various devices included in the resonance 

circuit. For example, the NFMR power supply can include a plurality of resonator 

circuits each arranged to resonate at a particular frequency. In this way, the NFMR 

power supply can provide power orthogonally using different frequency bands. In 

this way, a device can have multiple resonant frequencies in order to take advantage 

10 of the frequency bands provided by the NFMR power supply. For example, the 

NFMR power supply can wirelessly provide power using multiple frequency bands 

where a number of devices can each tune themselves to a particular frequency. In this 

way, frequency shifting techniques can be used to more efficiently transfer power to 

the plurality of devices within range of the NFMR power supply. 

15 [0038] Other mechanisms for a single NFMR power supply to independently 

transmit power to more than one device includes time multiplexing as shown in Fig. 

4. As illustrated, devices 400, 402 and 404 can each take turns tuning and de-tuning 

themselves such that at any one time only one of the devices if receiving power. For 

example, during a period 1, device 400 receives power by tuning itself to at least one 

20 of the available resonant frequencies while devices 402 and 404 are de-tuned. Once 

device 400 has completed its power cycle, device 400 de-tunes itself and device 402 

tunes itself and receives power wirelessly from the NFMR power supply. Once device 

402 completes its power cycle, device 402 de-tunes itself and device 404 tunes itself 

to at least one of the resonance frequencies to receive power from the NFMR power 

25 supply. In other embodiments, the NFMR power supply can use frequency 

multiplexing in which the NFMR can toggle amongst a number of frequencies each 

one tuned to a particular device. The device can receive power only when the device 

resonates with a current frequency of the power supply. 

[0039] The closed loop control can also affect the modes of operation of the 

30 devices in the resonance circuit. For example, a keyboard can determine an amount 

of power received from the source which will depend upon the distance between the 

source and the keyboard (as well as the presence of any interfering objects). If the 

power received falls below a threshold, then the keyboard can use more battery power 
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or request that the source increase power. In some cases, if the power provided can 

not be increased to meet the current operating requirements of the keyboard, then the 

keyboard can take action to reduce its power requirements by, for example, reducing 

backlight, etc. It should be noted that as discussed above, the reduction on power 

5 received by the keyboard can be caused by many other factors other than an increase 

in distance. Such factors can include, for example, the presence of voids, objects, 

other devices added to the circuit, and so on. 

[0040] Fig. 5 illustrates a wireless transmission or charging system 500, in 

accordance with various exemplary embodiments. Input power 502 is provided to a 

10 transmitter 504 for generating a radiated field 506 for providing energy transfer. A 

receiver 508 couples to the radiated field 506 and generates an output power 510 for 

storing or consumption by a device (not shown) coupled to the output power 510. 

Both the transmitter 504 and the receiver 508 are separated by a distance 512. In one 

exemplary embodiment, transmitter 504 and receiver 508 are configured according to 

15 a mutual resonant relationship and when the resonant frequency of receiver 508 and 

the resonant frequency of transmitter 504 are very close, transmission losses between 

the transmitter 504 and the receiver 508 are minimal when the receiver 508 is located 

in the "near-field" of the radiated field 506. 

[0041] Transmitter 504 further includes a transmit antenna 514 for providing a 

20 means for energy transmission and receiver 508 further includes a receive antenna 

518 for providing a means for energy reception. The transmit and receive antennas 

are sized according to applications and devices to be associated therewith. As stated, 

an efficient energy transfer occurs by coupling a large portion of the energy in the 

near-field of the transmitting antenna to a receiving antenna rather than propagating 

25 most of the energy in an electromagnetic wave to the far field. When in this near

field a coupling mode may be developed between the transmit antenna 514 and the 

receive antenna 518. The area around the antennas 514 and 518 where this near-field 

coupling may occur is referred to herein as a coupling-mode region. 

[0042] Fig. 6 shows a simplified schematic diagram of a wireless power transfer 

30 system. The transmitter 604 includes an oscillator 622, a power amplifier 624 and a 

filter and matching circuit 626. The oscillator is configured to generate a desired 

frequency, which may be adjusted in response to adjustment signal 623. The 

oscillator signal may be amplified by the power amplifier 624 with an amplification 
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amount responsive to control signal 625. The filter and matching circuit 626 may be 

included to filter out harmonics or other unwanted frequencies and match the 

impedance of the transmitter 604 to the transmit antenna 514. 

[0043] The receiver 608 may include a matching circuit 632 and a rectifier and 

5 switching circuit 634 to generate a DC power output to charge a battery 636 as shown 

in FIG. 6 or power a device coupled to the receiver (not shown). The matching circuit 

632 may be included to match the impedance of the receiver 508 to the receive 

antenna 518. The receiver 508 and transmitter 504 may communicate on a separate 

communication channel 619 (e.g., Bluetooth, zigbee, cellular, etc). 

10 [0044] As illustrated in Fig. 7, antennas used in exemplary embodiments may be 

configured as a "loop" antenna 750, which may also be referred to herein as a 

"magnetic" antenna. Loop antennas may be configured to include an air core or a 

physical core such as a ferrite core. Air core loop antennas may be more tolerable to 

extraneous physical devices placed in the vicinity of the core. Furthermore, an air 

15 core loop antenna allows the placement of other components within the core area. In 

addition, an air core loop may more readily enable placement of the receive antenna 

518 (FIG. 5, 6) within a plane of the transmit antenna5 (FIG. 5, 6) where the coupled

mode region of the transmit antenna 514 (FIG. 5, 6) may be more powerful. 

[0045] As stated, efficient transfer of energy between the transmitter 104 and 

20 receiver 508 occurs during matched or nearly matched resonance between the 

transmitter 504 and the receiver 508. However, even when resonance between the 

transmitter 504 and receiver 508 are not matched, energy may be transferred at a 

lower efficiency. Transfer of energy occurs by coupling energy from the near-field of 

the transmitting antenna to the receiving antenna residing in the neighborhood where 

25 this near-field is established rather than propagating the energy from the transmitting 

antenna into free space. 

[0046] The resonant frequency of the loop or magnetic antennas is based on the 

inductance and capacitance. Inductance in a loop antenna is generally simply the 

inductance created by the loop, whereas, capacitance is generally added to the loop 

30 antenna's inductance to create a resonant structure at a desired resonant frequency. As 

a non-limiting example, capacitor 752 and capacitor 754 may be added to the antenna 

to create a resonant circuit that generates resonant signal 756. Accordingly, for larger 

diameter loop antennas, the size of capacitance needed to induce resonance decreases 
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as the diameter or inductance of the loop increases. Furthermore, as the diameter of 

the loop or magnetic antenna increases, the efficient energy transfer area of the near

field increases. Of course, other resonant circuits are possible. As another non

limiting example, a capacitor may be placed in parallel between the two terminals of 

5 the loop antenna. In addition, those of ordinary skill in the art will recognize that for 

transmit antennas the resonant signal 756 may be an input to the loop antenna 750. 

[0047] Exemplary embodiments of the invention include coupling power between 

two antennas that are in the near-fields of each other. As stated, the near-field is an 

area around the antenna in which electromagnetic fields exist but may not propagate 

10 or radiate away from the antenna. They are typically confined to a volume that is near 

the physical volume of the antenna. In the exemplary embodiments of the invention, 

magnetic type antennas such as single and multi-tum loop antennas are used for both 

transmit (Tx) and receive (Rx) antenna systems since magnetic near-field amplitudes 

tend to be higher for magnetic type antennas in comparison to the electric near-fields 

15 of an electric-type antenna (e.g., a small dipole). This allows for potentially higher 

coupling between the pair. Furthermore, "electric" antennas (e.g., dipoles and 

monopoles) or a combination of magnetic and electric antennas is also contemplated. 

[0048] The Tx antenna can be operated at a frequency that is low enough and with 

an antenna size that is large enough to achieve good coupling (e.g., >-4 dB) to a small 

20 Rx antenna at significantly larger distances than allowed by far field and inductive 

approaches mentioned earlier. If the Tx antenna is sized correctly, high coupling 

levels (e.g., -1 to -4 dB) can be achieved when the Rx antenna on a host device is 

placed within a coupling-mode region (i.e., in the near-field) of the driven Tx loop 

antenna. 

25 [0049] Fig. 8 shows a flowchart detailing process 800 in accordance with the 

described embodiments. Process 800 can begin at 802 by creating a first coupling 

mode region of an electromagnetic field within a near field of a power supply transmit 

antenna. Next at 804, the electromagnetic field and a receiver antenna of a first 

receiver device are coupled with the coupling mode region. At 806, a second 

30 coupling mode region of the electromagnetic field different from the first coupling 

mode region is created with a near field of a transmit antenna of the first receiver 

device. At 808, the electromagnetic field is coupled to a receive antenna of second 

receiver device in the near field of the transmit antenna of the first receiver device. At 
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810, power is wirelessly delivered from the power supply to the first receiver device 

by way of the power supply transmit antenna using the first coupling mode region of 

the electromagnetic field. At 812, at least some of the power wirelessly delivered to 

the first receiver device is wirelessly re-transmitted to the second receiver device by 

5 way of the first receiver transmit antenna using the second coupling mode region of 

the electromagnetic field. 
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WHAT IS CLAIMED IS: 

1. A wirelessly powered local computing environment, the local computing 

environment including a near field magnetic resonance wireless power supply 

affanged to use a resonance channel to transfer useable energy to resonance circuits 

5 within a near field distance D, the distance D defining an outermost range of the 

NFMR power supply, comprising: 

a central processing unit, the central processing unit providing processing 

resources to the NFMR power supply; and 

a plurality of peripheral devices each having a tunable resonance circuit 

10 suitably adapted to receive power wirelessly from the NFMR power supply, wherein 

when at least one of the plurality of devices is within range of the NFMR power 

supply, the device tunes the resonance circuit to at least one of the resonance 

frequencies of the NFMR power supply and subsequently de-tunes the resonance 

circuit to provide a device identification to the NFMR power supply using a change in 

15 a resonance circuit load factor. 

2. The local computing environment as recited in claim 1, wherein at least one of 

the peripheral devices includes a re-resonator circuit, the re-resonator circuit affanged 

to wirelessly provide a portion of the power received by the peripheral device from 

the NFMR power supply to at least one other peripheral client device. 

20 3. A battery charging circuit, comprising: 

a first node affanged to receive wirelessly provided power; 

a short term charge storage device having a first charge capacity; and 

a long term storage device having a second charge capacity, wherein the 

second charge capacity is substantially greater than the first charge capacity, wherein 

25 the long term storage device is charged by, 

30 

(A) st01ing charge coffesponding to the power wirelessly received at the first 

node into the short term charge storage device, 

(B) when the stored charge is equal to about the first charge capacity, then 

passing the stored charge from the short term storage device to the long 

term storage device, and 

(C) repeating (A) and (B) until the charge stored in the long term storage 

device is about equal to the second charge capacity. 
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4. The circuit as recited in claim 3, wherein the short term charge storage device 

is an ultracapacitor and wherein the long term charge storage device is a LiPO battery. 

5. A method of wirelessly transmitting power, comprising: 

creating a first coupling mode region of an electromagnetic field within a near 

5 field of a power supply transmit antenna; 

coupling the electromagnetic field and a receiver antenna of a first receiver 

device within the coupling mode region; 

creating a second coupling mode region of the electromagnetic field different 

from the first coupling mode region within a near field of a transmit antenna of the 

10 first receiver device; 

coupling the electromagnetic field to a receive antenna of second receiver 

device in the near field of the transmit antenna of the first receiver device; 

wirelessly delivering power from the power supply to the first receiver device 

by way of the power supply transmit antenna using the first coupling mode region of 

15 the electromagnetic field; and 

wirelessly delivering at least some of the power wirelessly delivered to the 

first receiver device is wirelessly by re-transmitting the at least some power to the 

second receiver device by way of the first receiver transmit antenna using the second 

coupling mode region of the electromagnetic field. 

20 6. The method as recited in claim 5, wherein the first receiver device is a 

keyboard. 

7. The method as recited in claim 6, wherein the second receiver device is a 

mouse. 

8. The method as recited in claim 7, wherein the power supply is included in a 

25 host computing device. 

9. The method as recited in claim 8, wherein the second coupling mode region is 

between the keyboard and the mouse. 

10. The method as recited in claim 9, wherein the first coupling mode region is 

between the host computing device and the keyboard. 

30 11. The method as recited in claim 9, wherein the first coupling mode region is 

between the host computing device and the mouse. 
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® Anlage zur Versorgung von Spielzeugen mit elektrischer Energie mit Hilfe eines Senders, der 
elektromagnetische Wellen aussendet, und eines Empfangers mit Antenne 

@ Mit einem Generator 1 und einer Antenne 2 wird ein 
Sendesignal erzeugt, das eine Modellflache 5 bestrahlt. 
Auf der Modellflache stehen Spielzeuge, in denen sowohl 
die Empfangsantennen 7 als auch je eine nachgeschaltete 
Elektronik integriert sind. Die Sendeenergie wird von der 
Empfangsantenne empfangen und entweder direkt an 
Gluhlampen 11 weitergeleitet, um diese zum Leuchten zu 
bringen, oder Ober die nachgeschaltete Elektronik, beste
hend aus dem Empfanger-Eingangskreis 8, dem Gleich
richter 9 und der Anpalselektronik 10, an die Licht emittie
renden Dioden 11 weitergegeben, um diese zum Leuch
ten anzu regen. 
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Beschreibung [0014] Dazu wird nach Fig. 1 eine Antenne 2 voh einem 
Generator 1 mit einem Sendestrom mit einer vorgegebenen 
Frequenz betrieben, so dass eine Modellflache 5 gleichma
Big aus Richtung 4 bestrahlt wird. Auf der Modellflache 5 

[0001] Die Erfindung betrifft eine Anlage zur drahtlosen 
Versorgung von Spielzeugen mit elektrischer Energie, die 
mit Hilfe eines Senders elektromagnetische Wellen tiber
tragt, die von einem Empfiinger mit einer Antenne empfan
gen wird, und die eine Lichtquelle zum Leuchten bringt. 
Wichtig bei dieser Art der Versorgung ist, <lass die Spiel
zeuge selbst keine eigene Stromversorgung, wie Batterien, 
Akkumulatoren o. a., benotigen, und <lass die Versorgung 
ortsunabhangig erfolgt. Eine weitere wesentliche Besonder
heit dieser Versorgungsart ist die einfache Erzeugung des 
Sendesignals <lurch einen Funktionsgenerator mit einer ein
stellbaren Frequenz. Der Antenneneingang des Empfangers 
ist auf die vorgegebene Frequenz optimiert. 

5 wird wie in Fig. 2 angedeutet, ein Spielzeug 6 angeordnet, in 
dem eine komplette Empfiingereinheit eischlieBlich der 
Empfangsantenne 7, integriert ist. Diese Empfiingereinheit 
besteht aus einer Empfangsantenne 7, und einer nachge
schalteten Elektronik, die wiederum aus dem Antennen-Ein-

10 gangskreis 8, dem Gleichrichter 9 und der AnpaBelektronik 
10 besteht. An dieser AnpaBelektronik sind die Lichtquellen 
11 angeschlossen. In Fig. 3 wird noch einmal gezeigt, wie in 
dem Ausfiihrungsbeispiel die Umwandlung Sendeenergie in 
Licht erfolgt. Die in der Antenne 7 aufgenommenen Energie 

[0002] Die drahtlose Energietibertragung mittels eines 
Wechselfeldes ist grundsatzlich aus EP-Bl-91-971 bekannt. 
Bei einer derartigen Anlage wird das Magnetfeld in parallel 
zu einer Fahrstrecke gefiihrten Stableitern erzeugt, wodurch 
Fahrspielzeuge geleitet werden konnen. 

15 wird an die nachgeschaltete Elektronik weitergegeben. Eine 
AnpaBelektronik 8 mit Schwingkreis (Ll, L2, C) sorgt da
fiir, <lass die Spannung bzw. der Strom die angeschlossene 
Lichtquelle 11 nicht tiberlastet. In einem einfachen Fall 
reicht fiir das Betreiben einer Licht emittierenden Diode ein 

20 angepaBter Vorwiderstand aus. Dazu muB die Sendeleistung 
des Generators 1 aus Fig. 1 so geregelt werden, daB die emp
fangene Energie gleichgerichtet wird und an den Anschltis
sen des Gleichrichters 9 konstant bleibt. Es sind aber auch 

[0003] Es wird ein weiteres Verfahren beschrieben, in dem 
"Steuersignale" tiber ein Sender/Empfanger-System tiber
tragen werden (DE 39 03 535 Al). Diese Steuersignale wer
den tiber eine Luftspule als Sender und einer Empfiinger
spule auf das Spielzeug tibertragen, dann aber mit relativ 25 

aufwendigen Mitteln (Bandfilter, Mikroprozessor, Signal
fonner usw.) fiir die Steuerung des Spielzeuges genutzt. Die 
Spielzeuge ihrerseits werden mit externen Spannungsquel
len betrieben. 
[0004] Ein weiteres Verfahren der drahtlosen Energie- 30 

tibertragung mittels induzierter Spannungen wird in der Pa
tentanmeldung 100 24 648.6 beschrieben. 
[0005] Alle diese Verfahren nutzen ftir die Ubertragung 
von Energie oder Informationen das Prinzip der Induktion. 
[0006] Der Erfindung liegt daher die Aufgabe zugrunde, 35 

in einem abgegrenzten Spielbereich, der Modellflache, mit 
Hilfe eines in der raumlichen Nahe (im Meter-Bereich) des 
Spielbereiches angeordneten Senders tiber eine Sendean
tenne Energie zu den in einem Spielzeug integrierten elektri
schen Verbraucher zu tibertragen. Die Spielzeuge brauchen 40 

dabei nicht tiber eigene Spannungsquellen zu verftigen. Die 
Energie wird vorzugsweise ftir die Beleuchtung der Spiel
zeuge genutzt. 
[0007] Bei Nutzung heutiger Technik, z. B. low-current
LEDs (lichtemittierende Dioden), werden ftir den Betrieb ei- 45 

ner LED nur noch ca. 2 mW benotigt. Bei einer erzielten 
Spannung von nur ca. 2 V kann eine low-current-LED 
schon mit einem Strom von 1 mA betrieben werden. Wenn 
es sich um eine rote LED handelt, kann diese Licht z. B. in 
einem Miniaturauto als Rticklicht genutzt werden. Das Licht 50 

kann mit einem passiven Lichtleiter (z. B. bestehend aus 
Acrylglas) anjeden gewtinschten Ort gelenkt werden. 
[0008] Zur Losung dieser Aufgabe werden die mit An
spruch 1-11 gekennzeichneten Merkmale und MaBnahmen 
vorgeschlagen. Der Gegenstand der Erfindung ist nachste- 55 

hend anhand eines Ausfi.ihrungsbeispieles, das in der Zeich
nung schematisch veranschaulicht ist, erlautert. In der 
Zeichnung zeigen: 
[0009] Fig. 0 Ubersicht, Prinzipbild; 
[0010] Fig. 1 Anordnung des Senders relativ zur Spielfla- 60 

che; 
[0011] Fig. 2 Schematische Darstellung des Empfangers; 
[0012] Fig. 3 Ausfiihrungsbeispiel der Umsetzung der 
empfangenen Energie in Licht. 
[0013] Bei dem nachstehend aufgefiihrten Ausfi.ihrungs- 65 

beispiel dient die erfindungsgemaBe Anordnung der drahtlo
sen Versorgung eines Spielzeuges mit Energie, die z. B. zum 
Betreiben einer Lichtquelle genutzt wird. 

weitere Ausfiihrungen der AnpaBelektronik denkbar, wie 
z. B. das Einfiihren einer Zenerdiode zur Spannungsstabili
sierung und/oder das Einfiihren eines Speicherkondensators 
zum Uberbri.icken von Spannungsschwankungen. 
[0015] Bei ausreichender Leistungstibertragung reicht 
auch der direkte AnschluB einer Gltihlampe an die Kontakte 
des Antennen-Eingangskreises 8 aus. In diesem Falle wird 
der Gleichrichter 9 und die AnpaBelektronik 10 nicht ge-
braucht. 

Figurenlegende 

1 Generator zur Versorgung der Sendeantenne 
2 Sendeantenne 
3 Durch den Sender verursachter Strahlenkegel 
strahlte Flache 
4 Abstrahlrichtung des Senders 
5 Spielflache/Modellflache 
6 Spielzeug 
7Empfangsantenne 
8 Gleichrichter 
9 AnpaBelektronik 
10 LichtqueUe 

Patentansprtiche 

und be-

1. Anlage zur Versorgung von Spielzeugen mit elektri
scher Energie, vorzugsweise zur Erzeugung von Licht, 
bestehend aus einem Sender, der ein Signal mit einer 
bestimmten Frequenz aussendet und mdst. einem mit 
einen Empfiinger ausgeri.isteten Spielzeug, dadurch 
gekennzeichnet, dass der Sender aus einem geringen 
Abstand (vorzugsweise im Meter-Bereich) auf eine 
Modellflache gerichtet wird, und <lass die auf dieser 
Flache positionierten und mit je einem Empfanger ver
sehenen Spielzeuge die vom Sender abgestrahlte Ener
gie tiber eine Antenne aufnehmen und diese aufgenom
mene Sendeenergie mittels einer elektronischen Schal
tung in Licht umwandeln. 
2. Anlage nach Anspruch 1, dadurch gekennzeichnet, 
<lass das Sendesignal eine in der Frequenz einstellbare 
Schwingung mit regelbarer Amplitude ist, die von ei
nem Generator erzeugt wird. 
3. Anlage nach Anspruch 1, dadurch gekennzeichnet, 
dass die Schwingung vorzugsweise eine Sinusschwin-

Momentum Dynamics Corporation 
Exhibit 1002 

Page 1436



DE 100 29 147 A 1 
3 4 

gung ist. 
4. Anlage nach Anspruch 1 und einem der folgenden, 
dadurch gekennzeichnet, dass die Sendefrequenz ab
hangig von der GroBe der mechanischen AusmaBe der 
Spielzeuge, in die die Empfangsantenne integriert ist, 5 

gewahlt wird. 
(Bei Spielzeugen, die eine GroBe von wenigen cm ha
ben, ist wegen der optimalen AntennengroBe eine Sen
defreq uenz im GHz-Bereich notwendig). 
5. Anlage nach Anspruch 1 und einem der folgenden, 10 

dadurch gekennzeichnet, dass die Empfindlichkeit des 
Empfiingers auf das Sendesignal maximal abgestimmt 
ist. 
6. Anlage nach Anspruch 1 und einem der folgenden, 
dadurch gekennzeichnet, dass der Sender so dimensio- 15 

niert ist, dass er im wesentlichen nur an die auf der Mo
dellflache gestellten Spielzeuge Energie sendet. 
7. Anlage nach Anspruch 1 und einem der folgenden, 
dadurch gekennzeichnet, dass der komplette Empfan
ger, einschlieBlich der Antenne mit nachgeschalteter 20 

Elektronik, im Spielzeug integriert wird. 
8. Anlage nach Anspruch 1 bis 7, dadurch gekenn
zeichnet, dass die aufgenommene Energie mit einem 
Speicher (z. B. Speicherkondensatoren, sog. gold caps, 
oder Akkumulatoren) zwischengespeichert, bzw. ge- 25 

puffert wird, so dass kurzzeitige Unterbrechungen der 
Energieilbertragung ilberbrilckt werden konnen. 
9. Anlage nach Anspruch 1 bis 7, dadurch gekenn
zeichnet, dass durch Ein- und Ausschalten des Sendesi
gnals der Eindruck einer blinkenden Lichtquelle ent- 30 

steht. 
10. Anlage nach Anspruch 1 und einem der folgenden, 
dadurch gekennzeichnet, dass das Licht der Lichtquelle 
mit Lichtleitem (z. B. speziell gewinkeltes Acrylglas) 
an die Stellen des Spielzeuges gelenkt wird, an denen 35 

das Licht erscheinen soll. 
11. Anlage nach Anspruch 1 und einem der folgenden, 
dadurch gekennzeichnet, dass auch andere Aggregate/ 
Komponenten als eine Lichtquelle, z. B. Relais, Moto
ren usw., mit Hilfe der ilbertragenen elektrischen Ener- 40 

gie betrieben werden. 

Hierzu 2 Seite(n) Zeichnungen 
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t roiJ-lrlt&:'~litt.~kilc>tto ·~1J5t~m 2;x::11 ,v t -H"iric 
'~JJ~'~fi 2 lP -1 Jt--l::~,;,U-; t- :h6 roiml?&:'iltEE::r-~}ll· 
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ififfit@lmi, 111:tJ~'ittffi 2 ;y~::1 -1 JL-0)--l.: > IJ-J --; 7 
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--c· 1 ;_:;,:if{lj;ip i~ 2 {7'/RtlJ"-fi~"Ct- 6 tf.1IJJ'~tJ !-t!ll1JIT~ -1t ,f;, 
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--c. ~1JJ11'%.ffi 1 ;11::1-1 ,~t 1 ;::,:mu1i~·1t1i::11 ,it(J) 
rm. &U'~1J)Z'~ffl 2,A::11 ,~ t 2;7-rnmri-ry-mfi:11 n 
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h;,;, 1ftEEt:~~s,.. 1 ·c JilJfrcmrJmi+ffe!¼!:l:, 1 >, \- 7@.lH-H: 
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1/18ii3 Sy;tem fa- v,1re!ess poNer and data transni ssi m 

t~nter your sea re.ti 

System for wireless power and data transmission 

German p,;ter:: DE20016655 U1 

MN Work Comp lav<1yers Representing Injured Workers 

02,'14/2002 

Ads by Go0,: le 

First System f~r 1Nir~ies~ pov~ier and doto ~t"'1.:'1"£mtsstcn v,dth a f.rsttrar.sce:1,.-er (·! 0) ha:ving o i::nritn::.!!ab!e p0'Liirer Sl:pp!y rneans (i:)} for 

prm-kHn:;:; a supply cf energy i'D, a s~1:>.mt'. ~t"'1.:'1'£CEhx=!r {20) ond ~t"'1.:'1"£mttti~g rneans (i 21 for the vvire!ess ar.d data er.ergytrnnsmlssion, 

wh~p •. 1h~ th,..1 ~~~:;Q~:d :.r~rn~c~:,~~r {:.?D) c~-;rnp:tsin~r p,.1c::-1:\~n9 rn*::-rn'":t {~-0, 32, :34) fs';r ~&:;~:-.,ing f:on-i the 1irstt:anse;~1i~~'$~:'" d!:-vic~ (i 0) ~/;::r:_.1t~ss:y 

tn:·msrrdtte\'"J er:er9ysupp!y, O(i8 r.1fthe r~~e:\Jlng rr:~ans (.30 . .32, :14) assoc;lat~d it.11th thB rec;tHi~~ ;2:::). c·m er:ergy sto:age tie\1k:8 (24) vi.•·tdc;h foi 

at!east pa:'l:ly~t~inng th~; wira:ass.!ytrar,:;,m:tted ::Jnd rect~~et":! ~up:::;;ypcv1er, ~ det❖-::t!on rn~~an~ (4U) fer detechn~1 a b(irder a pret":!-:;termined 

~_rr-:t1=.F1t uf5nGrgyarnrJi;nt ofe-rrnrgy, a conhc! de•?ke f)O) ufa fl::1ctlon :..i:.1tput :slgr;~: oHh~ dsfficttcn device {4C:), a n--:;,_r;;p:.1!ot8d var;able for 

cor:tro!::r:g the power supp!y rn~ans (16) gensr;,t8s ttJ5 ~r7~ttran~-ce-l•~r (i 0) and a tran7~n-ilttfng rn~ans (60) for wireless hansm!~sirm c-fthe 

control \1'3:'ls.ble for the first tr~r.s;..:eiver (!O}c 2nd Sygt~:-n iJr v,dr~;es& p•:)Wer cmd data lx~nsmisskm eccord!rig t-:. ds.::11 1, character:~d in that 

u-,G d-st-sctic-n de-\it:!: (40) co:-nprises s. sades drc~it-::on:pcsed ota v~:-lt:::ge st::1.bHl2lng me-:::n~. (42) ar.d :::_:1 s.:11n-:et~: {44) ::1.nd the current 

f!o1,,,Jng thrc,wJh tl1~ vclhsge-•stab:iiiir:g m~on:; (42) c~n flov1 v.i;th a pr~d~t~nn;ri~d cl:rrl::nt v,3~~;~. th;rd :SysWrn for w:r$1!$1S$ f).Ov1Jer an Cl data 

transmission acccrd:r:g to c!Oi~1 ·1, charoxt~ria:?.d i:1 tM~tthJ?..I! 1::~fz.ct:on m;:ians -i::ompr::-.;~s i3. !oo.d i:,a:;scd~t~~:1 ~ftmeter arid compar-:?. thJ?..I! voit~ge 

drop 2..t.:ra:-:;!=; ·tl:e- !02..:-J vo!tagQ tr.1 ~ f-'f~d~~~:mined ~~!tfSfJB \-B.!ue. ~Hh :Sf.';,;~.~n~ 1or \VkB!-2:!=;S pcwe-:· ~nd 1'Jr:.1ta trnn~:ni~::'.;i:J~'l ;':H':i';Grdh·:g ~Den~ 0:' 

cl;-;in:~ 1 trJ 3, ch2..rfS!;:"ed.wd :n ~hat !h~ 8:'n~~rgytrf!r:sk:- t~kes p!f!f:~ j~:d:.i;..-:~.iv~-:!y :~n!J th~ r~..-;~i'l:ng PH:wms ohhe ~at-=o~:d t.r8.n~mittng J r~cs:f,~:~g 

de\1c8 (30}::: resonant circuit (32, 34} 1.v!th a ~~d r8sont'lnt frequency. 5 , System for 'Wire-!e-&~ p-:-1.ver ar:d d::Jt~ tr&r:s:nis.sicn ac-:o:dlng to claim 

4, ch aracted28d ! r: that the c::: rrier freqw8ri,-:.,y c.f th8 i·e~p.ecti\ie trans ffiiss !or: m etSn s ( 12, Cf:), .Ar:C the res on ant freriu 8r: •:y ofth 8 1·-2s onBnt d i·-:u !t 

(:~,2) :~,4) is oboi;t 1 :~,Cl kHz 1)!:h ,':~·tstem fo:· vvire!ess power and data trar:smission w::cordkig to or:2 of d~im~ ·1 :r.i ::,, i::ha:-ar.teri2t~d :n m:2.1t th~ 

":i('-(.;:''J(id tr:o>r)C('-iV,c,":!' dBvir..e (20) r..r;rnp~::;:;~s a iBP'lpen]'t:H('- ;;e~:'S:J:- (80). ~~vh~n~in said c::.mtrr:! P'le~~ris ((SO!. 3 rrn::1.nip:J:atad \,1:1ri:r,ble ;]!'-:, ;1 f:.m;.t.'km 

Gfthe O~jtp:JtshJm1: r:fthc-1 d::-itadlrm !;w~~:.-:~40! ;:;:_:\d th~ :.B~nper:~t:g~ "H~w~o: SO) (pr~;dur.sjrJ. 7th Sy~h-1rr: fi:..r 1_;.;::c-1~c-1ss p:.1w::-,:- anti data 

transmlss.;on ar:ccrd:ng to or.e cf daiiYl~ ·1 !o 6, :;hara.-cterim-d ;n that iha tirsttrnr.s:;eivf.!-r (·l U; sr. lnterrogat:0:1 dm.~~::~; and the s~:-::ond 

transcet·w1r (ZOL ::Jn :mpL3nt3ble tmnspondar. 8th ·r:-an~ceh~-csr: ~n pi:.=irtku!sw ::Jn !11'!p;:3nt~b!e ti·:3nspcnder fu:· use in a SJ"t-1t,2m fer w!re;~:::~ p-::NV-$!-f 

and data hansm!~sirm accord::19 to or:e ofcl~Jffi:S 1 tr; 7, compri7~ing ~ recsivlng device (30) ~J:" recsJ,..~r;g from 1::1 remQie trn_nscelv,er (10) 

wir8!8s:slytn1.r:s:1""dttsd stJpply ~riergy or-:t=i ofsailj :-Gce-lvir-:g mear:s (30) ~.ss:.n.:!ats_lj witM th8 rn:.:trn9:· {22}, ;;r; e!1etgy~torag8 device (24) for at 

least p::1.rtiy 'Si6rlrig t:""i-s wkelesslytransm:tte;d end rect!f:e-d &UpPlypov-.ier; a de.tGd!ot·: m-sBns (40) ro~· de&~ctlng a bcrde:· « pre-d~t~:mined 

an-:0:.mt ofen81·gy::1.mount CJfenergy) ~ contrc! me:::_:-is (5D) prm,ided Ir. d:;1pending ot·: th& output signal ofthG detection dlc:vlcG (40): e 

mo.n:p~i;i:,t-:?.d var:ab!$1 ibr cor:trn:Hng a pcVl-::tr :.;t,ippjyd~vic~ (1 tt} gen0rntss th$1 rl::m-::-t~- trn.n~c~i\l€r {i Q} and~ tr~nsmttt:ng means U30} !Dr 

1.111ir0!ess:ytrn.n~rrdt:::mJ thJ?..I! i:.::nritrol \'oHl-3 t-::{th~ r~~1cte transc~lver. 9th ·rran~;:.~ivGr accorci!ng t-::{ ,::ia;m B charact0dmd :n that th$ d$1t$1Cticn 

Vs:1,,fr:~ (~~n; crnnpr:~-2:!=; ~ S8:'i8s c:r!';tdt :.~(:m'lptising a w.1!'l't!gf6 st:=bl:i.;,~ng m~an~ (;~2j 2..:-id ~n 2..m~netar (44) ;~:-id 'th8 p:·~d~:;;:rmine~~ b~f thf6 

-..1J;.~!t::.ge '.:.tabW7.ing m8~ns (42) V,;'lth a c:Jrrn:-it ~"~1;vjng c~n f."ornp~re <;Un8nt va:ue. ~ 0th Tr~nsr:e-:,~: at-=i';Grdi~:g tG dairr: 8. chara~~t8d-e"?Bd lr: th2..t 

the.detec.fion ir:8~:J~ c.or:-ipdses? fcad assod:::ted \.,nltmeter a:r:dto co:1.1pa:G th8 vo:tsge drop across the :oad volta,;t-3 to a pr8deterrr.ir:ed 

mB:ag~ vaJ:Je. 11th TranscaivB:- acccrd:r:g tc d~im ti •J~ HJ "::hor~cterized tn tMatt.hE E~a;-gytrim~ff:r !akr.s p!ac2 indl:ctvB:yimd t.hE re:.--eh,i~g 

devii::e (30} 0fth2 s~ccr:d tra:-isc~l\i-er (2G) :s a resn:-iarit circuit (32, :?,4; 1Nith a ~~>J r~:.:.onant tr-::quency. i 2th Send~-.~Jnd receiJ.:-ig de,~,:;.:. 

cu:(;o~d::\g to r:1,:y on* of d3inn, S to 1 ·j, !:.hfH;;d-ed;~d h'l rh3t 1h8 !'-=,fd.r..rmd tr;rn;;(.;f:;s$v::-,:- (2Q) ;1 temp~•atun~ ser:~o:· (BO!. v,thernin the ~oritrr.1! 

me~1ri~'; (fjf.:), ~ rr:anipuiaWd \•t:-~d;1btf6 :~s ;~ f:mclkm of:.he oi;~.pi;t ";;.ign~I Gfth* \"]e·!e~-;t:.m dc-1~/1~-;e (40) r:md the t*mpe~atu:-·e sBn$Of {80; ::) 

IJWM.freepatentsonl i ne.com-'DE2001665~iU 1.htm! 1/2 
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1/18ii3 System fa- v,1re!ess poNer and data transni ssi m 

The descdpticn tg:1ttw:3s n:3t n:3telect~-on!cs.Hyrec-ordgd, the ch~S:::-riptic-n te'.>l.t"r.ivss not ~-ecorded e!ectronicsi!yTha description te:xtw:::s not 

reccrded electron:ca!ly The descdptior. te~,:t ~-·u:,s not rGcorded e:ectrcnic~;:y The descdpticn t:?:1tt v ... 1~s net r,scorded edGctrnnic~::!!y lliG 

desc:tpbon tt?.xt i.No.:-.; notr~;::-Jrded efedrn?1l\.'~!!y, tl1~ c;~~cr!ptiv~ ttt1d: has b0S}:-'l $1nt0ri:..:-d els-ctrnriica:iy 

;earching for DE:20016655? 

'/'t:'e in!itaU Renewable Solo.r Energy sy.:;tems for Large Organizatioris. 

Hard 1Nater Conditioner & De:,caler System. Free Ship. On Sa!e $179. 

Until you have visited this site, ½'e teach h0v11 ¥thy and D!Y solar 

4~ Sclar_Enfat~y_Syst-::~n~s 
looking For Solar Energy Sy.;tems/ Find It At local.comi 

5. Find_DE200_16655 
Search for DE:20016655. Find Great Results on Y~hoo.com! 

WNW.freepatentsonl i ne.com-'DE2001665~iU 1.litm! 212 
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DER.WEN'!'= ?COJ--~:,6Qj19 
,AC.(> NO : 
DERWEN'l'--- 2CO::"';t"i.3 
WEEK: 

~~::/ ~~::t. r~ff;_ .f n t· t•/ Jr~:~ 1 ~::>s .~-~ f::n~~~r· g:~-l '-1 n:J <~.t: t.i} t.T~ :~tri ~~:ti.~ i~· ion ·:,~,~\f~~ 

()t~ ::.>r~~(:t t::r ::;~f r~·e~::e t -~}·t::d. f:~ ~::t~~-:: sry J..r.:·i;_tf} .l ;- t~t.:~~;ru.1 tt t z) "t"' 
producing control signal f0r sending 
transmitter/receiver depending on detector sJgnaL 

l?ATINT-FAM1.L¥: 

PUE-NO 

CIPS 
CIE'.S 

February 14, 2002 

!PC DATE 
G08Cl7/02 20060101 
H02J?/G2 20060101 

DE 

tJ{)\/~~::: .. T":{ w, TLt(~ t) y st..z:>fft t:ci,:::; a :f Jr Bt t: ra :ig·~nj_ tt f_:r /:rt:_:(~{:: i \!{~:-.r: ¼ti.·t: h r .. :. 

r-f~qt: ~~-a t~E:d ~~ :):pr:-} y :f: o:t fJ. t:.:pr~ l )/ i ng· c·~ sec~ort,j t 1,--~:: n ~:;tnit tf:- r:: / 1:-c~ c:::} i s;;lt:r 

and a ~ireless data and energy transmitter wi.th a tra~smitt0d 
energy receiver, a rsctifiex, a device fox storing 
·tr·:f-;:'~:::nr~3 t··:.:.Gti (::::lc=:CtJ':.l, an ~~•Jll".t .-f-ri l~vi~~l (tE~t~~c.tr..."?r;'l ~:i 1--:.:~'.~Jctl~~.tor 
~pro::lu(~j_n_J ~:.::.. ::::oI~-t:·r)1 .~;,i9·1\a.l :f.():r_· t~b\? f:L:rf~t t.r·t.~tr1~~n1:i.tt.~~~r-/Leci:::i\:\::=J·· 
and a transmitte~ for sending the signal to the first 
t.:c<;tn~~n\j_ t t.(.~;:.· ./ r,·(~G,e.__1i\•'·~i~:r.· 

{} t~) \~ :i t..:~t) .fa r~·(:-:-:;~..;.:1 .. :.ltf~Ci t~·l)~p-p.ly ,:JJ?."i:Lct: rc~r -~3tq?_Pl:/ i. n~r -~~;_ ~((~con<} 
r:t·~~-n.srnLttE~~-.r c~~~~·~~X/t:~r (~?OJ \~.nd. ~~ t .. ?:<~n.:~:.1~1:Ltt~~:::- i:ct :,:,}.I.r·:::-:~.r~s:::. <3~=::.t~~:. 
c:.tl(:1 ~~- :\ (:: r•;r~t t.1-:·-~~rr:.~~r:.L ~~ ~5 :L ~:;•t";: ~ T}le r:t :2{::Dr:.cl t ;:~ :~ nnr1.t ~_:t r;:r· ,/ ~r .~:: c;r": \ 1}.::;:- r.: />~~~ n .:_~-
_r f~c~:~ :;_ v c~r (30} .ft'>:~: ~:f1e t,.c.:._1n:~:·ff:.}.LLi~() ~~~.n.s~~.rg_y·_, f>. r·:::-1c-:: :L .. ~~.~=- (22};-- d-
device 124) fer a~ least partly storing tte transmitted 
energy, a detector (40) of the 0n2rgy level, a regulator !50) 
fc:.>t· ~;:::.·o:duc:incr f.;. c-,;-:·}t:r::.>1 siq'!'·l(':;.J .fD:r tl'~-t\ .f:i.t·.::.>t. 
z~ ~:- -~.n$fn J.t t-~~~ ~: ,/ ~:··~~~c~~~ .:~ \.•e:t: Ct::'.)-.4 ~:~ .. t r·f~. n ~~·n-:t t. t€~:c ( 6 G) f :::-t:· 8(~:\cJ ,i.r:.g· ti):.~: 
:~; :;_ 1:J n.a ~~ t.~ c'/ t.}:~r.: f i[ (~ t t:r (.it: Bn\:Lt tt~? r .. .,-.1:>:~c~e :~_.v::_:--:r " A.}J: I?J-1)}:.l?}~:1:;fI\E:}JT 
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c:.·::_;i\.T, :'-i: j_ $ <;~ .:. ~~,-) i r~c.lt'>d.~~~d :f Ct' ttt~~~ .f ::~ 1 }(>;-..: ::.. ~-~q ~ -~-
t, l:~ ,:)X~.t\!:\.it tf~t· / r:f: Cf~ i v::.~Y" 1 Cf}l~)(~(.: it:.l ~1-~:/ .?:en. i.J\r<l. (:CO.t,:> l") 1-~~~ t r.·a:r;::;r~'.).lV .. :t{~~-.t" 
for use in an inventive system. 

:.: ~(/:re, :\~"SP i~' ;:~ (':~~ e. ;;;~ f ;~ e,J n~ ,~-;} i Of;~~:c: ;\ {~[~Til ;;L nt :~:~· tH! ex· ' 
transmitter/receiver. 

CBOSBN·--· Lw9 • :L / :; 
DRAWIN.G: 
TI:'1':LE"" 
TERMS: 

S't:~~-~rI~!'··l ~:..TII~EI"'.E:SS ~gfJF~I.:t(;:{ t)i:t'TP~ lf\-~q};SJ,,JI 3S.I()N I)E~TmCT 
P_I:CI:~ I\lE; 1>.E;v·E~l..- :f<l::r:;tJ:L2\T:C I>"f•{(}[HJ::~}~~ CG-t~TPC·I., ~-; TG~n . .S.L: N·I) 
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() 

Notice 
Thi\., han.:~!afon i~: r:-,ai::h[ne-9ene,-mfKt H c:rnnot be g(i,,ic1n!fied 1hal it ts h,temg1ble, accwrate .. c.ornplE:t$, reHa.t.,k~ or lit for q)~lciftc 
puq)q~--es? cr1·1k.':a! decisk}nB. swch as t'Crnrn~rcfaHy rafevar:t ,)r fin~nciai d,edsh)n~i~ shouk~· rHJt t•e bas~Ki on ~Yt~~ .. (:h¾ne~·n,an~;!~ltion tJUt~)l;t_ 

.. J~f~ r:~ ~ 0J .. 1~&e ~ l.t~~vJlnflG:1k.~ ~ tjB.l.p ·" 

Description DE20016655 

< Detc/ Oms Page number i > 
B'v1!1,1 
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Ef<,M i ,;2 
Er1Eirciv and dattt transrrdssion. and a tram.1rniUinq / rtfCt~iv:n(l d(1vice for us(~ in such a svstcm, .... ~.. ~ ...... v.,, J 

Numi~row3 transponder systerns are k.rmwn tflt~t t-:onsist (!~'9tw1r1r.1Hy of .an interrogator and an in1p!tmtabl0, 
for example in a hurnan Cf .arfrrnal body transponder. · 
'( . j, ' • • ,. !'' l ,,! ' ' ,l . , ' '.. ' •t· r nowr1 i:ram;ponoor c.$n c.onmst Oi n1un.Ip e tK;tuators ants. rnrn:,:ors, r'un rne commarH)S arm ioi:rm,y sp&chw 
rjah'¾. 
The tJo!l:)8ti-d dat~-1 are Hien ~rnm~mitted f:·om the transpon_?e!· !O ti:e _interrogator and evnlu~tBd them. 
wch a trnnsponoer system is descnbec! tor exampte :n OE 19b 382 13th 

The povver supply of a transponder can be perfonneci using a separnts bf;lttery, or in case of a battery~frf~: 
transponder \l!S an egternaHy wupled supply energy. 
Such a battery--frcc- u-r:msponder for exarnple (iisclosed in EP o 442 390th 

it describes batt11ry!ess transponder 11as a rn~~nant circuit \tVhich ls tuned to !.hH frequency of tho 
transmission ~;iona! of the interrom1tc,r. 
Furtht:irmo:'fJ, .an onorcr1 storacie [s omvided wr1k:h is charaoo bv the liqr·it corrirv;, from the 1nV.:rtcig· t\tor '..;.~ ! ... ' ,... ,l' .,.,. . '~ ' ... , 

'Y'l"~"n;I ter "'icnrl ,·,::v-::Fflfld t:~t:l..;-;~ : ·-~-- ,.~x:,i ::-;t ; .. >,,._ ~ .... -;;~ ... ~ 

The energy stor2ue device- orovldes in the charned state. tt1e suool\..,. vo!taoe for !.hH transponder_ ..._~" , .-~~ • ,._.- • l . )' J -.;..; 

Further corrmrisinq a vaitagr:;!--!irnitlnQ means for knitirkg the vdl1R1e a.cross Hw omxgv storncw devlcr: ii, 
~ '( ..._ ~ ' ...,. -.,..I ~ ,• , . """ 

prov1d0d at a pn'?detenrnnea v,;ilue. 
\'Vitf'1 the kn()'Nn device and tho querv batteryi01:,s transpondi~rn it in not p,..x~:sblo to 
E~Al 1,3 ~ 

< [Jesc/ 0 ms Page number 2> 

to regulate horn the !ntern,w1tor prnvld-$d for the trnn$ponder as a function Qf en€-rfJY supp!y in ti1e 
transponder deterrnlnect and evaluated data. 

as 
8\,1l2, 1 

to prO\lide a supoly of enerov. whidi ls r~">Du!ated to a cortaln value, prtierab!y for me ops,rat!on of th~J 
~,·<:stlnnt~I<'"-""'~ tron~'"-"'ll"';,:·· ·r·p,,t·tlJir·f~(~ e:,q·::.,r·,•·n._· ,, . }....~.:t. s.~·} 'f v ...... -...;;;, ,;.,· -w;.,· ,.,;;x....~-.... .. -, Y ....,.,1 ........... 1 , ~.--..,.~ 'l;.-::.;s .t .. 1 '::!Ji, 

The gist of Hw in\iennon ls tr10 fact that in the seif-powerczi transceiv-8r a rnanipu!at(ii:i varial:;!c is 
(leterrnint'd, which is used to a controllable · 
6\J1!2.2 
Rec>eivinq means to settle SlJCh that thl.} wke!ess transcei'ver to the batterv-!et.s enen:w transfrnTs'd 
substantfol!v to tho informatic-n rooulred by the batterv~frce transmission I reception\Jevic1.:1 (:tVXQ'/ 
quantity. · ' , ' · ~-

Fbr this purpost~ a sysHJm for wireless povver and data lransrni.ssion is provided, v1hic11 preferably has a first 
and a second transr..)c.)iver. 
The first transceiver has a \/arlable po,,,ver .supply moans for providing a 
a✓112,3 
and power tmnsmis@on rneans i'or transmiU.\ng via a wireless data anc.t 
The secc:ind, uctvantagGously pos.verf:d w-ln1!ess transceiver compri~il.::S a n1ceiv(ng rne.1ns for receivln9 horn 
the first transrnittino / recehdnq means wirnk,,ss!y transrnitl.ed enerov R,poly. 
for recnfy'inq Hm transmittE~ \ia an RP carder sk1rml enernv of therec-.ei\~irn:i ()(;Vice ls a r0cWi€W, i,xeferably -....~ ..... ",,,.,. ..;..~ ' . ., 

a5::,sr:idated with a bridoe r@ctifie-r. 
An energy storacie dev·:cE} is used to the vvireiesslv transrnitted and rectifled st..,po!v (-H"10rqv ' . ..._ ,• ' . .} ..... ~ 
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E\11! 3.1 
.Arnount of eriQrcw- provided border energy otmntitv, 
.A regulahn9 device ls use-d to gensrate-, "in !'&Sponse to th~) output signal of H1t.;: dot€;.)Ction ffltJans o contrd 
signal for contm!ling the powor suprdv means of n-m fast transrniWno / receiving z:t::.Nil--:B, whtJn:in the 
control sl;wai vfa a'transrnltting rnei~11s is \Vire!ess to the flrnt transni"itting ! recehnng rritians transfersb!R 

Th_e d1Jlectk1_1'. 00vii..x;: has, a0xx..-irdin9 lo a first oltetnath1(3 embodirnsnt oI a st-t"ies circdt comprising a 
voH:agti stab1ktmg mHarm, and a current metec 
Th£i detection mew1s 8.lnd the control rnear1s cli'e able tc:J comp.are the GUff0nt novving thn::iu9h H1e voltage-· 
stabHi2ing device current \,Vith a predeterminB-d current va!w.:i, 
The predeterrnined current value ls preferably from the,} fast transc-£1\lfJf to o;x~ratri the rnqdroo supply 
energy, 

According to a further 0n-1bodirnent, the det&ctina rrmans to one of a load associat€-d voarrmtec 
Thti falling of me kad voltage in tum c~1n be ooinp;S!ted by rm::ans cl' the detection device or the contra! 
device v1lth a predeterm1ned voltage value, which ln tum refa.,'-Gts n1e time required by Hie second 
tr an~miftin,J / r.o.t:,:,,h,<,nn f't<";'l\,"lA;'~:, ~-q.<>f·,.·n,' '' ... , . -~.-- t~.~ ~ '· . . y..,,,...~ .. }, '"!::) .....,.\;_~:, )°\H-...' ..... •>' ...... ~.J ·· 

By the r,pcd-ai design of the detection device o.ccordng to tho above~descr!btici alternatives, it is pcx;;sible to 
regulate the po1Nor supp!y d{~-'Vioo of tl'w fast transmittcJr / receiver de'vice r.-uch that U10 transrnittQd output 
P·r,,;.,<p.r N>hSt<:\<)t,,•,l!,t ''5.f'f-~"'""'V'V~d.:: i.,.._ t(1l•".> P"'e~0-1J n-,~-:it i~ n:::,~'l<•<p:;.,·l ~i\l t~1'-" ,<.Vc.n,-v1d b··~hP1''•'·$.''{'!,c'., tr:'-n""'x..,.,·,1t«· , .. -i~, .... ~·} ,:K..,,i~ ... ~~,.~ .. ~ .. J..~.Cl.J:J -e,...,:,..J :M~v:~.\..:..,...l\..< .. ~ , .... tt:-·~~}.J _ }X..~-~ -.....~., ... "1~ ... N,v--.:... ~--'J ,c.c: • ..,..;,f,,;.,i,,,..,v)~, .. •. ~;i..~~ ...... 'J ts-......-':<....-" ,.._;..,~..._:"-~-.• lit_ ... ~. 

in this way it is possible to 
s1.m3.;~ 

Heat keE:iping in tt1r: second transcciver to a n-1inirnum, 
in addition, during battery operation of the first tran::.;celver c;an therefore its battery Hfo can be extendt:;zi, 
also, the transmission fa:;\d stnmgti1 ean be reducect to tr1e necessary degree, 

The t,vo transceivers use-Kl. in the nt1ar Held, a carrier frequency for the n-mrx~ctive transrni:~ion means and a 
n,1sonant fn~quency for thti resonant circt.dt can be serected, 'Which lie at ,a.round 130 kHz, 

The second battB-ryless lrnnscelvsr u&1d for exmnple as in a body imp!antab!e transponders, ii ls useful to 
measure \<Vlt!, an lmplanta.bie temperature sensor rnearures the temporatUPi3 in the vldnity of H1e 
trans-ponder, in order to avoid a critlc,Sll heating of tht1 environrnent. 
For this purpose HK: wntro! dB'-lice is de.signed such that H can generate a conlrnl signa! in detxindonce of 
tht:-i output signal of the detedkm device and the tt1mperf.l.turfi sensor, 
! n this way it is possltik\ ths trn.nsmit powe:r to reduce t1y means of thE} .. ./ariable po1,ver supply means in the 
fo'st transrnittin9 / rEK.:t:.ivinr:;i device, eV{N·1 \!vhoo aithough th0 transmitted zw1ei\.JY Js not tequlrod by the 
re:xmd transmitting/ receiving dovicc ot energy is exce0::Jed, but the ternperaturo in tt·io vlclnity of 
transponder reaches a critical value. 

As mentioned, it rm.1v, at the secrmd trm1srnlttinq / receiving device, be an irnpiantah!e transporider, and 
then tht1 first transcei~rer advantageously acts as interro9ator, . , 

At this point it should be rnenUonB!:i that tho t~cond transniittlng / i'•~CtJiving device tlccordlng to th~ various 
app!lcatlon 

< Dosc:JOrns. Page rn.imbor 5:> 
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~/·".\.-' !,·1.·~>>,,,··"~ ;:,r~h 1,::-,tms anc_.,! senr,_.,,or~.✓, .• V,,'it h t!V" t.,v,'A·'t'.'<tiv··,n qf t!v~ if:1'~.-«'l>'~tion of th,.,.. h-:imr},':.'>>·::.:t: '!'~ ~c;r'l':::,•··ir ~"rA '1ql" 'kA -C.S \;.' -, •• :~.<...d,V....,.,. .... -. ,. . •-v v«,'v..,._~ ,.,. , ~ ~ -....: " w , , .. ...,.-~5 ~._ , • • ~, ,., .... ,.,.. ·t- ,.-: ~ \..-':, ..,,,. . ...;...•"'-''. -...:.......: , .,;,.~ ....:. : ~ .. 

the subiect of the \nvontion. 

Thf} above objec;t is also acJ1iev0'd by a transmitting / 
as an implantal.1'ie, battervloss transponder. 
The t:ssontia! features of 'the batteryless 
8vil£Li 
that the char$l.ci:eristlc.l.i an) not repeated st lhis point 

! n the present example as thG fkst transmatlng / receiving means comprises a rntrleva\ msarm 1 O is usEfd, 
wMch r::omrnun\irc');tits for exampka with a t)attety•!e&s trarwpondf:r 20 1.lia a knov'<'n inductive c.'Oup!lng. 
V\#1f:roiri :.;aid irnp!antable batttwy!ess transponder 20 may be a trantponder to bo used in medical 
inkorpota!en nerve stiffHJlation, 

The interrogation clevkx1 cornprlses in addition to a known transmis~~cin rneans i ?, <~n,j rncelvln9 dovio8 14 
includes a variable powQ-r St,tpply means ·16, 1;,'vhich provtdes ttie supply enffffW for H1() transponder 20. 
The vviroloss pov,10r and data Hfu--1~,mis..skm bcitween the interrogator i◊ and the transponder 20 via a carder 
signrd having a h't;'l.1Uency of 130kHz: rm exampk':. 
The data can be transmitted, for example as a frequency-rnodu!ated signais via the transmitting means 'l 2 
tor transponde-r ;~o, 
For this purpose, tho transponder 20 corresponding dER-'<f..Xiln9 and d0rnodulatkm, vvhich arn not sho\vn. 

The transrnittt~:i RF signals an.~ coupled via a resonant frt."quency drcult 30, w-Yiicrl is constructed by a 
part:.iHe! circuit of a coil 32 and a capacitor ::34. 
Th0 rer,ona1,t frt'Jqrn.:irwy of the resonant circuit 30 is 
B.4!52 

< Desc/Oms P3.(JB number 6> 

EM!6,1 
thls example, i30 kHz., Tne injected HFE~:n:nnungen be rectlf!ed by a bridge rectifier 22, and then at !Gast 
parhaily loading a charging capacito( ;24, 
The charoino caoadtm 24 is u2-0d as an f}ntYgv storaae in the oowe:r supply of the transponder 2Dth 
A vo!tagC: stabl!!z.ing or voltage limiting el0mer1't 42, tf:e voHag.e drop tlGWSS MO chargirig capacitor 24 
voltage is stabihz-0d and llmH.txt 
1he voltage stal1H!zing element 4? rnay be realized for example as a Zener diode 42. 
The Zener diode 42 in the- present ex.ample i.s p~1rt of a detection device 40, furtt1er eornpr!slng a ,::.s-3,par.:itor 
o~nr1ected ln .series. with H,e Zoner diode 4:~ ct.irn.~nt blade 44. 
The amrn(iMr 44 of n·ie detection devie,'e t·ias thG tusk to rn1:it1surn the cmuz:;,nt. thtough the Zenor c.iiode 4? 
currenL. 
T"Hr measured current is a rrKJasure of \vhethGr tl'Hc; trant:;ponder 20 ls placed too muc11 or tco Htth:i power 
<'• • ,.,, , e ",,,.,.. ,. f,.("\.V t' -, ' l"" ,..,,,,.~t'o'" c·;"' •' ✓-"' ·1· o "'"'" ,...,,;"\1·i ✓-})!·•'1 .,,:,,,pl'-)} -,r,1;.,, ~} ,, '--·H1 dlt-, ,n ,.,,, r-....\,itc- ,h,, .:i,.,vh..1:.- ., c~"~' ,~'c\ .• ,:;, ,,c~, •. ..;,. 

tr: a control device 50 of the measured current \'{1th a predetermined currfrnt v~luo is compar1Jd to the 
rer.Juired rnapoinq of the transponder 20 si_Jpp\v em.xgv. 
In the control rneans 50 Ot ;?Jfon-iative.Jy, in the detection devici:: 40 of the measured curront frarn the 
ct.immt s,-::;-nsor 44 ',"llth the prrn:loterrninE>'<i current va!ue ls cornp{ttcd, 

From tho comparis-.on vaJur:, the control device 50 c.k.:terrnines a control signal which is transmitted via a 
transmtssion d•svfce 6{} lo the interrogation device 10, 
lncrt1ases as a functir.m of the actuatf().g signal, or !o\ivers the controllable pcwver supp-!}t device, the 
transmission povver of the inte-rrogatlon device rn 
In other words, U1e transniix~on po%ver of the, interrogator ·HJ is incrnasod, vvhon U\e current fklw!ng 
through the Zener (!\Ode 42 c:urrent falls below th◊ predetermined currl':..¥1t value, ¾VhHtr tho transmit~ion 
' ' '·,~ ,. ,. ·---i. ·l W) t'! , ,-, ........ , .. , .... •-c,''•",~t , .... v,·,--.,•,d'" -11, .. , ·,rc.~,-~.,J,_,,r·n''•·•r--,·l" ... ,.,.,•t ,,,.-1 f.) })OWet b ll1WfaE~, ,;",J )f;., ,!10 ,11.;-.;d,;,Uit;:t.i (,t.,Ht',l v., . .,:.,,b<;;'(p {. 1\:', f,,,_,<,.lt.,v,:~, Hh":ll.- \.,Ufft.~d HlU ... , 
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J\H}.1mativelv. the, detection means comorise a vortaqe meter and a load, wherein the voltage drop is 
<'>'lA'~<.'t rr""d .,;/ th,,~ k-, .... , .... ' fvom th.::. ,.,,,...dt•:o.,g·•,:, ',n,:,i't:»· ,_, 
} ~ ~ -...~(;-.."-(v,. c;,~\.,o: r.,::t_:., , o"-' )'-.-.>-.:::.l..,;._.,c ~ [, .,._~. ):,! \..,-. ~~ ~ } { $'.;.;, V ► ~ 

The measurefl vo!tago valuf? is tht;n C(m1prin):j with a predetermined volt.age •.ralue, which in turn 
corresponds to the requirsd by the transponder .20 supply energy, 

For example, th.:i tmtiy tempernture in the vicinity of the receiving rneans ~10 and the transmitting means 60 
of the transponder 20 ca,n n1easure a ternperature sensor 80 is providecL 
To avoid that the- .skln is heated in a critic~! vvay, the rneasur$>::l tcimperature vaiue is tdso wpp!ied to the 
(Ontrnl rnear~s 50 v,,;f1ich pr(xJuces now both the mea$t.ired tempen~hff(} as V<i(I!1 as from the (;LH-ront flowing 
through the Zener diode 42 pc\ver a contwr stgna!, whioh pov,,€W supply mern1r,, the controllable 1 B of the 
intt~ff(;,gator pn::mwtHd lo change the transmit p<::Nier fs such nm.t on the one hand, the environinerit c-..an not 
be heaV.:3d in a crH.ica! mannf.:r and also f;nsurc suffident emJrgy suppiy tor the transpcnder. 
The ~Jgna! generated by the control rn¼qns 50 in th~ extrerns Q.188 the contrd signal t.'Bn turn th(;\ 
intorrogator in ord0r to avoid darm1ge to the body in n10 vicinity ol' the tra.nr.,pondet. 
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the sensed current with a reference value (51 0). Voltage 
control maybe similarly implemented. Power is supplied 
to LED's (405), control data may also be conveyed 
through the inductive link. Applications include roadway 
markers, fire escape indicators, underwater or explosive 
environmental lighting. 
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Description 

TECHNICAL FIELD OF THE INVENTION 

[0001] This invention relates to the field of electrically 
driven lighting, to means for driving one or more lamps 
using inductive power transfer, and more particularly but 
not exclusively to the provision of emergency lights, in
dicating lights, and roadway signal lighting powered 
from adjacent concealed cables. 

BACKGROUND 

[0002] Transmission of electrical power to articles 
which consume power over significant gaps by means 
of inductive power transfer has become increasingly 
feasible with developments in resonant primary and res
onant secondary conductors, means to control and limit 
the resonant secondaries, and suitable energising pow
er supplies. 
[0003] There are a number of applications where 
even a fixed source of light is advantageously driven by 
an inductively powered source, rather than by simple di
rect connections using conductive materials. 
[0004] In most ofthe situations below, some of which 
are particularly adverse for conventional lighting, a par
ticularly reliable lighting source is an advantage and in 
most ofthese situations the nature of inductive powering 
of lights will inherently enhance the reliability of a system 
over that using alternative power supplies such as direct 
connections, internal batteries, or solar cells with re
chargeable batteries. Some situations include: where 
electrical isolation is necessary, as in lights used in or 
near water such as in swimming pools or areas where 
people work in contact with water, where corrosive or 
conductive fluids are likely to occur, where sparks may 
cause explosions, as in coal mines and in operating the
atres or in certain other industrial sites where flammable 
powders, gases, or the like are found, where the added 
robustness of buried cables assists in maintaining pow
er transfer during exceptional circumstances, where a 
surface on which lights are laid is prone to be replaced, 
such as on a roadway with a tar sealed surface. 
[0005] In our US patent 5,293,328 we describe an in
ductive power transfer system having particular appli
cation to a multiplicity of vehicles. 

OBJECT 

[0006] It is an object ofthe present invention to provide 
an improved system for the inductive transfer of electri
cal energy to a source of light or one which will at least 
provide the public with a useful choice. 

STATEMENT OF THE INVENTION 

[0007] In one aspect the invention provides an induc
tively powered lamp unit; the lamp unit including one or 

more lamps capable of radiating light and comprising 
means to collect inductively transferred power from an 
external alternating primary magnetic field; said collec
tion means comprising a resonant circuit having a res-

5 onant period and including at least one inductance and 
at least one capacitance; wherein the at least one in
ductance has a winding adapted to be intersected by a 
portion ofthe alternating magnetic field and thereby col
lect power as a secondary current, means capable of 

10 limiting the maximum amount of secondary current cir
culating in the resonant circuit, means to transfer power 
at an output from the resonant circuit to the lamp or 
lamps, and means to control the power provided to the 
lamp or lamps. 

15 [0008] Preferably the means capable of limiting the 
amount of secondary current circulating in the resonant 
circuit comprises a shorting switch capable of closing a 
connection across the inductance; the shorting switch 
being controlled by a controller provided with means ca-

20 pable of sensing the magnitude ofthe output so that 
when the output exceeds a first, higher, predetermined 
threshold the shorting switch is closed for a period ex
ceeding the resonant period ofthe circuit, or when the 
output falls below a second, lower, predetermined 

25 threshold the shorting switch is opened; thereby limiting 
the secondary current flowing in the resonant circuit so 
that any magnetic flux generated by the secondary cur
rent does not have a significant counteracting effect on 
the primary field and so that the output of the resonant 

30 circuit is not able to exceed a predetermined maximum. 
[0009] Preferably the means capable of sensing the 
magnitude ofthe output is configured so as to sense an 
output current. 
[001 0] Alternatively the means capable of sensing the 

35 magnitude ofthe output is configured so as to sense a 
relative or absolute output light intensity. 
[0011] Preferably the resonant inductance comprises 
one or more coils, each coil being u rapped around an 
elongated member composed of a ferromagnetic mate-

40 rial having a midpoint, which member is orientated when 
the lamp unit is placed in position so as to lie with its 
midpoint substantially adjacent to a primary conductor 
(capable when energised of radiating a primary field), 
and substantially at right angles to the direction of the 

45 primary conductor. 
[0012] Preferably the lamp unit has a low profile and 
at least one window capable of transmitting light; the unit 
being capable of being attached to the surface of a road
way; and wherein the lamp or lamps comprise one or 

50 more light-emitting diodes. 
[0013] It is also preferable that the lamp unit is pack
aged in a strong housing having a low profile and at least 
one window capable of transmitting light; the unit being 
capable ofbeing attached onto the surface of a roadway, 

55 capable ofwithstanding loads applied by a road vehicle 
driving over it, and not capable of adversely affecting 
the integrity of the road vehicle nor deflecting the road 
vehicle from its course. 
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(0014] Preferably the lamp unit also includes at least 
one retroreflector unit for passively reflecting the light of 
vehicle beams. 
(0015] In another aspect the invention provides a 
lighting installation comprising one or more inductively 
powered lamp units as described above, each affixed to 
a surface of a substrate, each lamp unit being capable 
of emitting light on being energised by inductive transfer 
of power across a space from a primary conductor lo
cated beneath the surface ofthe substrate; the primary 
conductor carrying, when in use, an alternating current. 
(0016] Preferably the primary conductor radiates an 
external alternating magnetic field, at a frequency which 
is substantially the same as the resonant circuit in at 
least one ofthe lamp units; the frequency lying in the 
range of between 200 Hz and 2 MHz. 
Preferably the primary conductor is laid down within a 
substrate in the topology of a loop, connected at a first 
open end to a power supply and having a second, closed 
end, the loop comprising a pair of closely spaced con
ductors, though spread apart in an axis substantially 
perpendicular to the surface of the substrate at each site 
where a lamp unit is to be placed. 
(0017] Preferably the one or more inductively pow
ered lamp units are placed upon the substrate so as to 
guide a moving person (whether on foot or steering a 
vehicle) to pass along a particular route. 
(0018] Preferably one or more lamp units may be se
lectively addressed using the primary conductor as a 
medium, so that the light radiated therefrom may be 
changed from time to time. 
(0019] Preferably selective addressing is accom
plished by superimposing a message over the primary 
current, in the form of momentary variations of the am
plitude of the primary current. 
(0020] Preferably selective addressing is accom
plished by superimposing a message over the primary 
current, in the form of momentary variations of the phase 
of the primary current. 
(0021] Preferably selective addressing is accom
plished by superimposing a message over the primary 
current, in the form of information carried within a carrier 
frequency, separate from the frequency of the power for 
inductive transfer. 
(0022] Preferably selective addressing is accom
plished by setting the frequency of the primary current 
so as to match the resonant frequency of the resonant 
circuit of the addressed one or more lamp units which, 
for this purpose, may each be provided with one of a 
variety of resonant frequencies. 
(0023] In another aspect the invention provides an in
stallation for laying out marking lights on a road, com
prising a set of inductively powered roadway markers, 
a primary energising loop cable, and a power supply. 
(0024] Preferably the power supply is capable of en
ergising the primary energising loop in response to an 
external triggering event. 
(0025] Preferably the power supply is capable of re-

motely controlling one or more lamp units by means of 
the primary energising loop. 
(0026] Preferably the power supply is capable of re
motely controlling one or more lamp units by means of 

5 the primary energising loop in response to an external 
triggering event. 
(0027] In another aspect the invention provides an in
stallation for laying out marking lights along a fire escape 
route or egress route in relation to a building, comprising 

10 a set of inductively powered lamp units, a primary ener
gising loop cable capable ofbeing buried within a sub
strate ofthe building, and a power supply having a bat
tery backup; the installation being capable of being ac
tivated during an emergency. 

15 (0028] Preferably the primary alternating current is a 
sine wave. 
(0029] Preferably it has a frequency in the range of 
from 500 Hz to 1 MHz, although more preferably it has 
a frequency in the range of from about 1 O KHz to about 

20 50 KHz. 
(0030] Preferably the alternating current is generated 
within a resonant power converter. 
(0031] Preferably the concealed primary cable is elec
trically insulated and mechanically protected by being 

25 embedded within the substrate. Optionally it maybe 
sealed into a slit cut into the substrate with a circular 
saw or the like. 
(0032] Preferably the concealed cable comprises a 
pair of conductors orientated substantially perpendicu-

30 lar to the surface ofthe substrate, although optionally a 
pair of conductors may lie side by side within parallel 
slits. Preferably the cable is composed of a litz wire or 
other wire having a high surface-to-volume ratio such 
as a strip. 

35 (0033] In another aspect the invention provides a 
lamp unit within a strong housing, comprising a resonant 
secondary or pickup coil and capacitor, one or more 
light-emitting lamps, and optionally power conditioning 
means. 

40 (0034] Optionally the lamp unit has a low profile and 
may be applied to a road surface. 
(0035] Optionally the lamp unit also contains one or 
more retro-reflector modules. 
(0036] Preferably the power conditioning means com-

45 prises a current limit and optionally this maybe built into 
light-emitting diodes or be an intrinsic property of metal
lic filament lamps. 
(0037] In the case of light-emitting diodes, a pair of 
lamps or of banks of lamps may be connected in inverse 

50 parallel in order to utilise both half-cycles of an AC wave
form. 
(0038] In a further aspect the invention may provide 
a road-markings set of lamps comprising a series of 
lamp units, an embedded cable, and a power supply. 

55 (0039] Optionally this invention may be used to high
light dangerous portions of a highway. 

3 

(0040] Optionally it may be energised by the proximity 
of a vehicle. 
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(0041] In a related aspect the invention provides ape
destrian crossing, comprising means to detect the pres
ence of a waiting pedestrian, sets of road markings, and 
a sequencer to energise the road markings lamps for a 
period oftime before signalling to the pedestrian that a 
warning has been given. 
(0042] In a yet further aspect the invention may pro
vide a fire escape indication set of lamps. 
(0043] Preferably the power supply for the invention 
is driven from a set of storage batteries so that it can 
operate in the at least temporary absence of a mains 
supply. 

DRAWINGS 

(0044] The following is a description of a preferred 
form of the invention, given by way of example only, with 
reference to the accompanying diagrams. 
(0045] Fig 1: is an illustration of a section through a 
light housing above a pair of primary conductors embed
ded in a substrate. 
(0046] is 2: is a perspective view of a row of lights en
ergised inductively by alternating current in a concealed 
cable. 
(0047] Fig 3: illustrates energisation using a cable car
ried within a single vertical slit. 
(0048] Fig 4: shows a typical circuit for use in a light 
housing of the present invention. 
(0049] Fig 5: shows a preferred circuit including con
trol of the resonant pickup circuit. 
(0050] Fig 6: shows a preferred circuit like Fig 5, also 
including means for detecting and responding to control 
impulses. 
(0051] Fig 7: shows the interior of a roadway marker 
incorporating a pair of ferrite strips as pickup devices to 
collect inductive power. 
(0052] Fig 8: shows the disposition of the primary in
ductive loop in an installation. 
(0053] Fig 9: shows the flux about the primary con
ductors, entering the ferrite mainly at its ends. 
(0054] Fig 1 O: shows options for controlling the output 
of individual lamp units by way of currents within the pri
mary conductor. 

PREFERRED EMBODIMENTS 

(0055] One application ofthis invention is for 'self-illu
minated "cats-eye style" roadway reflectors'. This spec
ification describes an installation for laying out a series 
of marking or warning lights (which may also include ret
ro-reflectors) along a generally linear course, and par
ticular applications for these lights include roadway 
lighting. Here they maybe substituted for the well-known 
"cats-eye" retro-reflectors which are placed upon the 
road and being of low profile, may be driven over. Many 
applications beyond the known range of uses for "cats
eye" reflectors become available for a system of self
powered units. 

(0056] In relation to another application; fire egress 
lighting, the type of energisation used in this invention 
offers advantages over conventional lighting in that the 
invention is more resistant to fire damage than other 

5 types of emergency guidance and therefore will persist 
for a longer time. 
(0057] We shall describe a basic type of light unit and 
cabling, (Example 1) and a more advanced type of light 
unit (Example 2) as reduced to practice, but it should be 

10 realised that these examples are in no way limiting and 
that further examples, exploiting the characteristic fea
tures ofthe invention, may become obvious to the skilled 
reader. 
(0058] In principle, we feed alternating current at pref-

15 erably about 3 6-40 KHz and at a sufficient current (typ
ically 10-12A) into a cable buried within the substrate 
ofthe road or building or the like, and provide radiated 
magnetic flux from the cable at discrete sites for use in 
energising lamp units adapted for using inductive power 

20 transfer. 
(0059] Although it is convenient and effective to use 
resonating current and aresonant power supply to pow
er the primary inductive loop (the cable) power of similar 
characteristics could be generated in other ways. 

25 (0060] Principles of resonant pickup of inductive pow
er do apply for effective operation of the lamp units and 
the Examples illustrate this. 

30 

EXAMPLE 1 

(0061] Our most basic system comprises: (a) A power 
supply 200, generating a sine-wave output of a desired 
power level at usually around 40 KHz into a (mainly in
ductive) resonating cable 201, and in the applications 

35 described herein here at a power level ofperhaps up to 
100-200 watts although much higher levels can be gen
erated. 

(b) A cable 201 of up to 800-1000 m length having 
40 closed-loop topology which is placed alongside the 

intended position of a or each lamp unit 203, 204. 
We prefer to use litz wire in installations where effi
ciency and long-term reliability at high loading lev
els is important, although for cheapness ordinary in-

45 sulated copper (or aluminium) cables can be used. 

(c) One or more lamp units 203, 204, 100, laid out 
in a series like a chain, each of which units compris
es a pickup coil preferably resonant at the power 

50 supply frequency, one or more lamps, and prefera
bly power conditioning means. We generally prefer 
light-emitting diodes as they are reliable. 

(0062] The cable can be laid out as a single U-shaped 
55 loop or can be run out along several branches, though 

preferably as a single length without joins. A particular 
application may require tuning, as only one length has 
the correct resonant frequency and for this purpose the 
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installer can either vary the resonating capacitors within 
the power supply or add toroids (including air gaps) over 
the cable to artificially increase its inductance and there
by simulate a longer cable than is actually present. 
We prefer to run the cable at a low power and at a low 
voltage, for safety's sake. 
(0063] As there are no exposed metallic conductors 
in an inductively powered lighting system, it may be 
used for long periods in a corrosive atmosphere or one 
where seawater is present. The relative absence of risk 
of sparks allows its use in inflammable or explosive sit
uations. 
(0064] Fig 1 illustrates the road warning lamp 1 00 of 
Example 3 in place on a road surface 102. In this draw
ing we have shown the energising cables 109 in a par
allel pair of slits 1 08, although roading engineers prefer 
a single slit as 302 in Fig 3. The lamp 1 00 comprises a 
tough housing 101, having a clear or translucent window 
in front of an array of lights or preferably light-emitting 
diodes 103. 
These diodes derive their power from a secondary pick
up coil 104 which is made resonant at about the pre
ferred operating frequency by a capacitor 106, and the 
lamps are driven through a rectifier module 107. The 
slits 108 in the roadway 102 are preferably filled with 
matrix. Fig 3 illustrates the vertical wiring alternative, in 
which the secondary coil 304 is placed above the slit 
302 containing the pair of wires 305. Preferably the slit 
is cut deeper at about the intended position of each lamp 
unit 306, so that one of the cables 308 may be brought 
deeper and so increase the inductive field available at 
that point. Between lamp units, the cable 305 has a re
duced inductance 
where its conducting members are closer together and 
so an increased length of cable can be driven with a lim
ited voltage. A further way to enhance the magnetic flux 
at a lamp site is to use a ferrite rod or peg as at 205 in 
Fig 2. This may limit the freedom of placement of lamp 
units. Ferrite may be incorporated within lamp units, as 
suggested by the core of the inductor 401. At least one 
conductor may, instead of being litz wire, be a flat strip 
of metal, as this will raise the amount of surface availa
ble for carrying skin-effect currents. 
(0065] Fig 4 shows one preferred circuit, in which 401 
and 402 comprise a resonant circuit, 403 is a rectifier to 
make a DC voltage, and 405 is a set of LED lamps in 
series. 404 may be a shunt regulator acting as a current 
limiter, or a flasher module. Preferably, 404 is a repeti
tively acting shorting switch (see 503 with 501, 502 in 
Fig 5). If a current limiter is not used, the operating cur
rent in the lamps may be set to the usual preferred value 
of around 20 mA by choosing from a range of lamp units 
or placing a lamp unit so as to give a predetermined 
brightness. 

EXAMPLE 2 

(0066] This portion of the specification describes a 

preferred inductively powered lamp unit. 
(0067] There are two versions, shown as Fig 5 (no 
ability for external control) and Fig 6 having internal 
means for detecting and responding to control impulses. 

5 Certain parts ofthese two circuits have been discussed 
in relation to Fig 4. 
(0068] The non-controlled circuit is shown as 500 in 
Fig 5. The resonant pickup coil 401 may actually com
prise two coils 704 (as in Fig 7) wound around each fer-

10 rite strip 703, and if several coils are used they are 
placed in series. The capacitor(s) ofthe resonant circuit 
are shown at 402; here 247 nF and including provision 
(pads) on the circuit board for adding a small "tuning" 
capacitor. The resonant frequency is at about 40 KHz. 

15 The bridge rectifier 403 is made up offour diodes (type 
BAT83), the output ofwhich is passed through an induc
tor 501 (7.5 mH) and through a steering diode 502 
(BAT83) to charge a capacitor 505 (33 µF, 25V). Power 
FET transistor 503 (type IFRDl10) is used as a shorting 

20 switch to short out the resonant circuit from time to time, 
each time lasting for a number of cycles. Means to con
trol the shorting switch comprise the operational ampli
fier/comparator 506 (type MC33171) which has at its in
verting input a zener diode 51 0 (type TC9491) as a volt-

25 age reference. The comparator compares the zener 
voltage with a proportion ofthe current passed through 
the output lamps at resistor 61 0 (30 ohms) (via a 1 K re
sistor 509) and uses a diode 507 (type BAT83) in series 
with a 68K resistor 508 as a non-inverting feedback 

30 loop, for hysteresis. This control circuit provides a con
trolled current centered on a design value and fluctuat
ing to a small extent about that value when the resonant 
circuit is alternately shorted, then allowed to charge the 
capacitor 505. Typically, there are about 500 shorting 

35 events per second. 
(0069] Providing current regulation of this type allows 
the lamp unit to emit substantially a controlled amount 
of light regardless of its position, within limits. Exact 
placement is not critical. It is not uncommon for a marker 

40 on a hot, tar-sealed road to be displaced laterally by 
tyres of heavy vehicles and this regulation provides 
some tolerance to displacement after positioning. 
(0070] In our preferred circuit two chains (405) of high
intensity (orange) light-emitting diodes (type 

45 HLMT-CL00) are used to radiate light to one side ofthe 
lamp unit. Of course, other colours could be used. 
(0071] Variations to Fig 5 include (for example) mon
itoring the ambient light with a light-dependent resistor, 
so that the brightness ofthe marker is proportional to 

50 daylight, or regulating current in terms of actual light out
put rather than lamp current. 
(0072] Fig 6 illustrates one means 600 for rendering 
the circuit capable ofbeing externally controlled. As sug
gested in Fig 10, it is possible to superimpose control 

55 signals over the resonant power circulating in the prima
ry loop. This circuit is well-adapted for control by means 
of low-frequency tones or dual tones. Fig 6, which is a 
development of Fig 5 and includes the components of 
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Fig 5, also includes means to short-circuit the pickup coil 
401 from time to time (typically once per millisecond) 
and during that time read the current circulating in the 
primary loop. This circuit is tentative because it appears 
that an application-specific integrated circuit will be an 
appropriate implementation. 
(0073] Box 602 represents a clock generator produc
ing a pulse of 50 µsec every 1 msec. 
(0074] (There is no requirement to synchronise all 
clocks in all markers in an installation to pulse synchro
nously). Its output is passed to (a) an AND gate 606 
shared by the comparator and supplying the gate ofthe 
power FET, 503. Its output also goes to the control input 
of a sample and hold circuit 603, which reads the current 
across a current sense resistor 601 inserted in the 
source lead of 503. At times when the switch 503 is 
closed, the resistor will, after a cycle or two at 40 KHz, 
or about 50 used, have a voltage on it representing the 
current in the primary inductive loop at that time. This 
voltage is taken to the signal input ofthe sample and hold 
circuit, and the output is passed to a circuit 604 which 
comprises a tone detector. 
(0075] In this simple example we have provided a re
sistor 605 between the tone detector output and an input 
ofthe comparator, so that activation ofthe tone detector 
has an effect on the setting ofthe comparator 506 and 
the mean brightness of the lamps is altered as a result 
of detecting a specific tone carried within the primary 
inductive loop. 
(0076] "Stealing time" from the action of the compa
rator as for Fig 5 is of little moment because the inherent 
regulation can compensate. Repetitive sampling at a 
rate of about 1 KHz will satisfy the Nyquist criterion for 
control signals which are single or multiple tones of up 
to about 250 Hz. 
(0077] Clearly there are many possible options; such 
as whether or not the tone detector outputs switch from 
one state to another state on each tone detection, or 
change state only during a tone, and there may be more 
than one tone and hence more than one action, or the 
detector output maybe treated as a code signal passed 
to a microprocessor which will execute one of a series 
of actions on the light output from the lamps 405. 
(0078] There may be a red series and a yellow (or or
ange, green or blue or even infra-red) series of lamps 
which can be driven separately, or separately controlla
ble lamps may face in various directions. 

HIGHWAY MARKERS 

(0079] In Fig 7, we show a highway marker 700 from 
above. The casing 701 encloses a pair of ferrite cores 
703 (only one core and coil is labelled) which are on 
each side of a printed-circuit board 702 bearing the cir
cuit of Fig 6 and along one edge a row of light-emitting 
diodes 705. We have not also illustrated retro-reflectors 
in this diagram, but they maybe interspersed with the 
diodes 705. 

(0080] Fig 8 shows part of a roadway installation in 
side view. A power supply 801 puts power into a loop of 
cable forming a primary inductive loop. In the portions 
where the two conductors are close together (802) the 

5 flux tends to cancel out and the cable radiated little flux. 
Hence it may be elongated. At positions (803) where a 
lamp unit (804) maybe placed, the cable is spread apart, 
preferably using a spreader (805) to maintain spacing 
during and after installation. The end ofthe loop remote 

10 from the cable is shown at 806. 
(0081] If the power supply is a resonant power supply, 
and this type of energisation is economical and, by en
ergising the cable with a sine wave, minimises problems 
of radiation of radio or electromagnetic energy, it is pref-

15 erable to use litz wire for the cables. We prefer 4 mm2 

litz wire. Our typical resonant power supplies are run at 
24 volts, which allows for battery backup and safe run
ning and at 24 volts it can power about a 25 metre long 
primary inductive pathway, and about 10-14 amperes at 

20 a 40 kHz frequency circulates in the cable when in op
eration. Using a higher voltage allows longer primary in
ductive loops to be used. If an unusually short cable is 
used, its inductance maybe boosted with a lumped in
ductance, trimmed to make the installation resonate at 

25 40 kHz. 

EXAMPLE 3 

(0082] Our basic system maybe embellished by pro-
30 viding for control ofthe output ofthe lamp units, either as 

a group or individually. Preferably this control is more 
than simply turning the entire set on or off. One ap
proach is to provide each lamp unit in an installation with 
control electronics that can detect signals of some sort 

35 radiated from the primary conductor cable, because this 
cable is already functionally connected with all opera
tional lamps. 
(0083] It is possible to superimpose a message over 
the primary current, in the form of momentary variations 

40 ofthe amplitude of the primary current, which can be 
sensed within the or each lamp unit as changes in the 
operational settings ofthe regulating mechanism. Cod
ing ofthe amplitude could follow any convenient code, 
such as the letters ofthe ASCII coding system, or Morse 

45 code, or some other system such as those used in serial 
bus digital control, such as the 12C bus. This requires a 
small amount of complexity in each lamp unit that is ca
pable ofbeing addressed. Each "bit:" ofthe code would 
have to be sufficiently long in time to "catch" any lamp 

50 unit that at the time has shorted its inductive pickup coil, 
unless a separate data sensing arrangement was used. 
(0084] Information may be carried within a carrier fre
quency, separate from the frequency ofthe power for in
ductive transfer. 

55 (0085] Variations of the phase of the primary current 
are another way to transmit data. 

6 

(0086] A cheap way ofaddressing lamp units is to 
make a variety of units each having a different resonant 
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frequency. Then only those lamp unit that resonate at 
the frequency of the transmitted power can operate. If 
a resonant power supply is used, it might be provided 
with subsidiary switchable resonating capacitors. By 
this means it is possible to create a traveling wave of
flashing lights, for decorative or directional purposes. 

FIRE EGRESS INDICATION LAMPS 

[0087] This is - as a preferred example - a fire-exit in
dicating network, which when energised provides a 
chain of illuminated beacons 203,204 along the floor of 
a building. The beacons are intended to direct people to 
the nearest fire exit. In addition to the basic system 
above, we would usually include means to supply the 
power from batteries as in an emergency the mains 
power is likely to fail, and means to cause the power 
supply to start up when an emergency condition, such 
as a blackout at night, and/or a fire alarm is in effect. 
The energising cable 201 is preferably embedded into 
a concrete or similar floor, and may be embedded at a 
depth of several inches as our inductive power transfer 
system is a loosely coupled one that tolerates spacings 
ofthat order. The energising cable is placed along the 
floors of passageways that lead to fire exits, preferably 
along the centre lines ofthe passageways. The drive 
voltage may be as low as 12 volts, depending on the 
power required. 
[0088] The lamp units are preferably light-emitting di
odes or the like, embedded in wear-resistant transpar
ent or translucent housings so that they remain capable 
of emitting visible light even after years in position. Pref
erably the lit lamps display a clearly understood and 
preferably standardised direction so that people in panic 
are not confused. Optionally the lamps or the power sup
ply may be operated in an attention-getting flashing 
mode and optionally the lamp units may also generate 
audible signals. In fact, they may also generate vibra
tions so that blind people can locate and use the indica
tors. Our preferred lamp units may have bases about 1 O 
cm square containing the resonant pickup coil - with a 
height of perhaps 5 mm, and have a top made of a wear
resistant material such as polycarbonate or even glass. 
They may include other electronic devices such as a 
voltage sensor and a switch to short-circuit the coil when 
the voltage rises above a threshold. (This means of reg
ulation limits the tendency of a resonant secondary to 
develop a large circulating current which tends to block 
the primary current from reaching past this secondary 
coil to reach others. On the other hand, as this applica
tion of inductive power transfer has substantially con
stant operating parameters, and it maybe preferable to 
select a lamp unit for a particular position from a range 
of units having various brightnesses - actually flux col
lection and conversion capabilities. 
[0089] These illuminated display devices may be 
glued onto a carpet, or let into holes cut in a carpet or 
glued onto a hard surface, and need no electrical con-

nections. Thus replacement of damaged or displaced 
units is not a skilled job. Typicalbuildings where the de
vices maybeused include hotels, schools, hospitals, au
ditoriums, and other public buildings. 

5 [0090] Advantages ofthis device include that the sys
tem is located on or in floors where it is unlikely to be 
damaged until after surrounding structures have been 
destroyed, and the floor location is compatible with peo
ple who are keeping low or even forced to crawl in order 

10 to avoid smoke and fumes. (Conventional practices of 
placing often illuminated EXIT signs high up above door
ways can lead to obscuration by smoke). 
[0091] The device has inherently a high reliability be
cause the destruction of any lamp unit by flames or the 

15 like does not compromise the remainder - rendering its 
pickup coil an open circuit or a short circuit does not sub
stantially affect the primary current and so the remainder 
of the lamp units may remain lit. 
[0092] Furthermore the lamp units themselves are 

20 electrically isolated, and the energising power supply is 
preferably provided with fault detection means so that it 
provides no electrical hazards in itself. 
[0093] A variant of this device can be used in theatres, 
hotels, houses and the like, and would be energised 

25 steadily or on pressure on a sensing pressure pad, to 
better indicate the positions of stairs in the dark. 

ROADWAY-DETAILS 

30 [0094] A similar arrangement can be used on road
ways to better indicate lanes routes hazards and other 
events to motorists. A particular application is in provid
ing warnings at pedestrian crossings. In the pedestrian 
crossing application, the power supply is connected to 

35 a reliable source of AC power and is arranged to be en
ergised when (for example) a person steps onto a con
tact pad at the kerbside, or when a conventional button 
is pushed. The energising cables are placed along se
lected patterns and maybe embedded within slits cut 

40 with a diamond saw. As our inductive power transfer 
system uses only loose coupling, the cables maybe sev
eral centimetres deep and even the later addition of fur
ther road surfaces will not affect coupling of power from 
the cables. The cables are preferably sealed in place, 

45 using a suitable adhesive or the like so that the instal
lation is substantially permanent. 
[0095] The preferred slit dimensions for slits cut into 
roadways is 5 mm wide by 1 O mm deep, rather than the 
more idealised parallel pair of slits shown in Fig 2. 

50 (Roads tend to crack and chip between parallel, close 
slits). Therefore we have also made a modified arrange
ment in which one of the pair of wires forming the cable 
is above the other, as shown in Fig 3, and optionally in 
order to enhance the flux at the position of a lamp we 

55 make the slit deeper at that site and push one conductor 
further away from the road surface at that point. 

7 

[0096] Preferably the cables are energised from a 
power supply operating at 12 or 24 volts, compatible 
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with storage batteries fed from a wind generator or solar 
cells, although a highervoltage may be needed to inject 
resonant power into a longer run of cable, particularly 
ifthe more efficient litz wire is not available. 
[0097] The lamp units may be built into the existing 
"cats-eye" housings widely used on roadways to demar
cate lanes by means of retro-reflective inserts. Glues or 
other means to mount these devices are well known and 
the dimensions of existing housings are adequate for 
housing the power pickup coils, control electronics, and 
lamps. In order to catch drivers' attention we expect that 
high-intensity beams from light-emitting diode lamps will 
be used, aimed towards oncoming traffic. These lamps 
may be pulsed in a synchronised, attention-gathering 
manner by for example pulsing the power supply on and 
off. As the preferred resonant frequency is high, the de
cay time for power is small. 
[0098] Forty cycles of 40 KHz power= 1 millisecond. 
Alternatively the internal regulator within each housing 
may be arranged to operate in a cyclic manner, although 
this may not give as clear a signal of danger to an ap
proaching driver. In the pedestrian crossing application, 
a vandal-proof warning device would preferably com
prise (a) a sensing pad for detecting a waiting pedestri
an, a sequencer to first energise the array of warning 
lamps for a suitable time, and then means to energise 
a "Cross now" or "Walk" signal of some type which may 
be (a) conventional illuminated signs, (b) audible, and/ 
or (c) made of further lamps on the roadway, this time 
over the crossing itself and orientated so that they are 
visible to the pedestrian. 
[0099] In cases where the currents in the buried ca
bles are likely to affect inductive sensors used for con
trolling automatic traffic lights, the operating frequency 
can be selected to be separated from that used by the 
traffic light, and the relatively low harmonic content of 
the resonant power means that a simple trap tuned to 
the fundamental frequency should reject any interfer
ence to the traffic light sensor. 
[0100] In case further buried cables are used to pro
vide power to moving vehicles according to our inductive 
power transfer principles, a separation in frequency 
should minimise any cross-interference between cables 
or affecting the pickup coils. It may well be preferable to 
adopt a different frequency of perhaps 40 KHz for these 
low-power lighting devices and run the vehicle power 
cables at 1 O KHz, whereupon the tuned resonant cir
cuits ofthe lighting devices should not develop any sig
nificant power when exposed to magnetic flux at a 1 O 

KHz cycle rate. 

VARIATIONS 

[0101] In order to arrange for switching of lanes on a 
roadway, for example at a bridge where diurnal revers
als in the flow of traffic promote the use of more lanes 
in one direction than another at one time, lane switching 
may be accomplished by linear arrays of illuminated 

housings which are laid on the road along predeter
mined lines or courses, and illuminated as required in 
order to steer cars into lanes. 
[0102] These types of lights can also be used to de-

5 marcate sharp corners and the like and enhance areas 
of poor visibility. Here they have the advantage over 
conventional reflectors that by generating their own light 
they are effective outside (and particularly to either side 
of) the region illuminated by the headlights of a car. Pref-

10 erably warning lights intended for motorists are intermit
tently energised by the approach of a motor vehicle, us
ing a pressure pad or a proximity sensing device so that 
they can be maintained from a rechargeable storage 
battery with a solar cell as a source of power. 

15 [0103] When in operation, the bands of light emitted 
from the arrays of lamp units may extend far beyond the 
range of the driver's headlights. 

20 

UNDERWATER VARIATIONS 

[0104] As inductive power transfer is inherently unaf
fected by non-magnetic materials that may appear or 
disappear in the gap, it may be used under water. Ac
cordingly a series of housings containing lamps may be 

25 placed on the bottom (and sides, and edges) of a swim
ming pool to indicate lanes, and energised as required 
by buried cables concealed in the substance of the pool 
floor. These lamp units may be fixed in place, and vari
ous combinations energised by selecting particular runs 

30 of cable for various combinations of lamp unit spacing. 
Alternatively they may be clipped into retaining clips as 
and when required. Magnets, particularly magnets 
formed from ferrites, may be used to temporarily locate 
lamp units. Adjacent, magnetically soft ferrites may be 

35 included to act as flux concentrators. 

OPTIONS 

[0105] A light housing could be provided with more 
40 than one pickup coil and ancillary light sources, so that 

by changing the frequency of the power in the primary 
cable, different colours of light (for example) could be 
produced. Power modulation may also be arranged to 
select different lamps. Light emitting diodes are at 

45 present available in red, orange, yellow, green and blue, 
although the latter two are not particularly bright. Laser 
diodes of various visible colours may soon become 
cheap enough for use in this application, where their en
hanced beam-forming ability will aid in the detection of 

50 these lights at a distance. Light-emitting diodes have an 
advantage in that their ON-voltage can be used to pro
vide a degree of intrinsic regulation as shown in Figures 
3 and 4 where even the rectifier can be deleted if a sec
ond string of LEDs with the opposite polarity is placed 

55 across the first string. 

8 

[0106] As the light housings will generally be fixed it 
is possible to extend the cable length by bringing the 
wires close together unless, at the site of a lamp, they 
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are spread apart so that the magnetic field increases. 
To further enhance the field, a loop can be constructed 
in the primary cable, or a magnetically permeable cou
pler such as a ferrite can be used. 
[0107] In situations where lateral variations in lighting 
may extend beyond the "tram-track" layout of primary 
coils, one wire may be placed above the other, providing 
a more diffuse field. If this field is weaker, a ferrite flux 
concentrator maybe provided to increase the power 
available within the secondary device. 
[0108] Movable lights may be mounted on a light track 
or on a surface such as awall, ceiling, or table in such a 
way that they can be held in position without requiring 
direct electrical contact with the power source. In one 
example wall mountable lights can be mounted in one 
or more plastic channel members attached to the wall 
and maybe allowed to slide along a channel member to 
a desired position whilst picking up inductive power from 
a primary circuit embedded in the wall or in the base of 
the channel member. As the attachment ofthe light to 
the surface does not require any direct electrical con
tacts whether sliding or stationary it is possible to adopt 
any number of different attachment means for the loca
tion or placement ofthe lights. The lights may take any 
desired shape or design. 
[0109] In the case of a photographic studio the lights 
may have a base containing the resonant pick-up and 
an arm or stem extending therefrom which a suitable 
reflector or light housing is mounted and containing the 
light source. In such a case it is preferable to position 
the primary resonant circuit (or circuits) in a sinuous pat
tern in the wall or ceiling so that the lamp bases can be 
placed anywhere on the surface and still receive enough 
resonant power to activate its light source. An advan
tage of placing the primary cables in a "slit configuration" 
as previously described is that the primary cables gen
erate an external alternating magnetic field which is pre
dominately parallel to the surface of the substrate, al
lowing the lamp base to be moved from side to side ofthe 
"slit" containing the pair of cables and still receive 
enough power for its light source. 

ADVANTAGES 

5 

[0112] Finally, it will be appreciated that various alter
ations and modifications may be made to the foregoing 
without departing from the scope of this invention as set 
forth. 

Claims 

1. An inductively powered lamp unit comprising: 
10 one or more lamps (103) for radiating light; 

collection means (104) to collect loosely coupled in
ductively transferred power from an external alter
nating primary magnetic field radiated from an in
ductive power distribution cable (201) operating at 

15 at least one selected frequency; 
wherein: 
said collection means comprises a resonant circuit 
(1 04, 1 06) having a'resonant period corresponding 
to a selected frequency and including at least one 

20 inductance (104) and at least one capacitance 

(1 06); 
and the at least one inductance (104) has a winding 
adapted to be intersected by a portion of the alter
nating magnetic field and thereby collecting power 

25 as a secondary current; 
and the lamp unit further comprises: 
means ( 403) to transfer power at an output from the 
resonant circuit (104) to the lamp or lamps (103); 
and control means to control the power provided to 

30 the lamp or lamps (103), said control means includ
ing means (404) for limiting the maximum amount 
of secondary current circulating in the resonant cir
cuit thereby to regulate current to said lamp or 
lamps to cause said lamp or lamps to emit a con-

35 trolled amount of light substantially independantly 
of the relative spacing between said lamp unit and 
said power distribution cable (201) when the cou
pling efficiency between said cable (201) and said 
collection means (104, 106) is above a set level. 

40 

2. A roadway marking system comprising: 
a power supply (200) for producing an alternating 
current at at least one selected frequency; 

[0110] Inductively powered lamp units in accordance 45 

with this invention have a variety of uses where direct 
contact between the power cables and the lamp units is 
undesirable. 

an inductive power distribution cable (201) connect
ed to the power supply and placed along or beneath 
an area of a roadway (102) to be marked, the induc
tive power distribution cable being a loop with both 
conductors positioned one above the other in a sub
stantially vertical slit in the roadway; [0111] Examples of such uses include lights used in 

or near water such as in swimming pools or areas where 50 

people work in contact with water, lights used in corro-
sive environments or where conductive fluids are likely 
to occur, lights used in mines and in operating theatres 
or in certain other industrial sites where flammable pow
ders, gases, or the like are found, and lights used in 55 

roadways, or where the lights need to be moved relative 
to the power supply (eg in display areas or in photo
graphic studios). 

9 

and at least one road warning lamp unit (204) locat
ed above or close to said power distribution cable; 
wherein the or each lamp unit comprises: 
one or more lamps (103) for radiating light; 
collection means (104) to collect loosely coupled in
ductively transferred power from an external alter
nating primary magnetic field from the inductive 
power distribution cable (201) operating at the at 
least one selected frequency; 
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wherein: 
said collection means comprises a resonant circuit 
(1 04, 106) having a resonant period corresponding 
to a selected frequency and including at least one 
inductance (104) and at least one capacitance 
(1 06); 
and the at least one inductance (104) has a winding 
adapted to be intersected by a portion ofthe alter
nating magnetic field and thereby collecting power 
as a secondary current; 
and each lamp unit further comprises: 
means (403) to transfer power at an output from the 
resonant circuit (104) to the lamp or lamps (103); 
and control means to control the power provided to 
the lamp or lamps (103), said controlmeans includ
ing means (404) for limiting the maximum amount 
of secondary current circulating in the resonant cir-

positioning the wiring (109) inside the groove so 
that, in use, the alternating inductive magnetic field 
is elongate and extends outside the groove. 

5 8. A method as claimed in claim 7, including the steps 
of positioning outside the groove a row of said dis
crete lamp units. 

9. A method as claimed in claim 7 or 8, including the 
10 step of forming the groove along a track selected 

from the group consisting of a road, a pathway, an 
aircraft runway, a quay, a corridor, a pedestrian 
crossing, a swimming pool wall and a swimming 
pool floor. 

15 

cuit thereby to regulate current to said lamp or 
lamps to cause said lamp or lamps to emit a con
trolled amount of light substantially independently 20 

of the relative spacing between said lamp unit and 
said power distribution cable (201) when the cou
pling efficiency between said cable (201) and said 
collection means (104, 106)is above a set level. 

25 

3. A roadway marking system as claimed in claim 2, 
wherein the cable (201) is spread apart at selected 
locations where lamp units (204) are to be located. 

4. A roadway marking system as claimed in claim 3, 30 

wherein the power supply (200) is capable of being 
controlled by control signals superimposed from 
time to time on the alternating magnetic field radi
ated by the inductive power distribution cable (201 ), 

5. 

6. 

7. 

and the at least one road warning lamp unit (204) 35 

is capable of detecting said control signals and var-
ying its light output in response thereto. 

A roadway marking system as claimed in any of 
claims 2 to 4 wherein the or each said lamp is a light 40 

emitting diode (103). 

A method of supplying electricity to a discrete lamp 
unit, comprising the steps of: 
forming a hole (108) in stationary material (105); 45 

positioning in the hole wiring (109) capable of gen-
erating an alternating inductive magnetic field out-
side the hole when an alternating electrical current 
is passed through the wiring; 
covering the wiring in the hole; and 50 

positioning remote from the wiring (109) the dis-
crete lamp unit which is adapted to provide illumi-
nation when energized inductively with an induced 
alternating electrical current generated by the in-
ductive magnetic field. 55 

A method as claimed in claim 6, including the steps 
offorming the hole (108) as an elongate groove, and 

10 
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