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WIRELESS CHARGING DEVICE

CROSS-REFERENCE TO RELATED APPLICATION

[001] The present PCT application claims priority to United States provisional
patent application 61/866,337 filed 15 August 2013, entitled “High Efficient Charging
System Based On Electromagnetic Parameters Analysis And Method Of Use” and to
United States provisional patent application 62/006,209 filed 1 June 2014, entitled
“Method And Apparatus For Efficient Delivery Of RF Energy In A Wireless Charging
Device”, the filing dates and full disclosures of which are incorporated herein by

reference in their entirety.

TECHNICAL FIELD

[002] This invention relates to a wireless charging of a device in general, and
more particularly to efficiently delivering energy using a radio frequency signal from a
transmitting device to a receiving device to be charged. It also relates to a receiver for
use with the wireless charging device and to a wireless charging system comprising the

wireless charging device and the receiver.

BACKGROUND

[003] Wireless charging systems exploit propagation of energy by a radio
frequency electromagnetic field between a transmitting unit and a receiving unit, which
may be embedded in a chargeable device or may be coupled to such a device when it is
required to charge it. The receiving unit has to cope with varying power levels in the

electromagnetic field and with varying distances to the transmitting unit.

[004] Commonly the impedance of the receiving unit is varied to compensate
for changing power levels and/or changes in the impedance in the receiving antenna that
may be caused by varying distances between the receiving and transmitting units.
Another possibility is that the receiving device includes a charging management unit for

controlling the charging current and voltage throughout the charging process.

SUMMARY

[005] In accordance with one aspect of the invention, there is provided a

wireless charging device comprising a transmitter coupled to at least one transmitting
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antenna and operable to cause the at least one transmitting antenna to emit
electromagnetic radiation; a conductive structure adapted to confine the electromagnetic
radiation to a charging zone; and a detector for detecting a degree of impedance

mismatch between the transmitter and the at least one transmitting antenna.

[006] By measuring the degree of impedance mismatch between the transmitter
and the at least one transmitting antenna, the transmitter can detect impedance
mismatches throughout an entire wireless charging system. This allows it to take
account of variations occurring in a receiver, for example due to changes in the battery
charge state without requiring any intelligence in the receiver itself. Thus, the receiver

can, if desired, be entirely non-active.

[007] By “confine”, we mean that the electromagnetic radiation is not free to
propagate beyond the charging zone as it would if propagating in free space. It does not
necessarily mean that no electromagnetic radiation propagates beyond the charging
zone, although that might be the case, for example, where the conductive structure is a

Faraday cage.

[008] In one embodiment, the conductive structure is a radiofrequency shielded
structure within which the at least one transmitting antenna is located, the charging zone

being located within an internal volume of the radiofrequency shielded structure.

[009] The radio frequency shielded structure may have a removable portion to
allow introduction of devices to be charged into the charging zone. The radiofrequency
structure could be a Faraday cage. The charging zone may occupy the entire internal
volume or only a portion of it. A device to be charged will usually be coupled to a
receiver for receiving the electromagnetic radiation before being introduced into the

internal volume of the radiofrequency shielded structure.

[0010] In another embodiment, the conductive structure defines a partially
enclosed volume within which the at least one transmitting antenna is located and which
has an open region allowing for introduction of a device to be charged into the partially
enclosed volume, the charging volume occupying at least part of the partially enclosed

volume.

[0011] The charging volume (also denoted hereinafter as: “charging zone”) may
be located entirely within the partially enclosed volume or it may extend beyond the

partially enclosed volume, for example in the vicinity of the open region.
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[0012] In yet another embodiment, the conductive structure is a planar structure
on which the at least one transmitting antenna is located, whereby the charging zone

occupies a volume surrounding the at least one transmitting antenna.

[0013] A device to be charged may be placed on the planar structure within the
charging zone. The charging zone may be entirely over the planar structure.

Alternatively, it might extend to the edge of the planar structure or beyond.

[0014] The charging zone preferably includes a region in which the
electromagnetic radiation is concentrated relative to the remainder of the charging zone.
We refer to this region as the maximal energy volume (MEV), which is described later
in this document and in detail in our PCT application, published as W02013/179284,

the contents of which are incorporated herein by reference.

[0015] The at least one antenna may comprise an array of antennae, each of
which may be selected for emitting electromagnetic radiation to modify the charging

zone.

[0016] Each antenna in the array may be coupled to a dedicated power amplifier
in the transmitter. Alternatively, each antenna in the array may be switchably coupled to
a single power amplifier. The modification of the charging zone may involve

modifications to the location and/or the shape of the charging zone.

[0017] The at least one antenna may be an adaptive impedance transmitting

antenna, the impedance of which is variable to modify the charging zone.

[0018] The modification of the charging zone may involve modifications to the

location and/or the shape of the charging zone.

[0019] Modification of the charging zone as mentioned above affects the degree
of coupling between the transmitting antenna and a receiver. Thus, the device can
enhance the strength of the coupling between a transmitter and receiver without
requiring exact placement of the receiver relative to the transmitting antenna and to take
account of other factors such as changes in ambient temperature or the presence of a

parasitic (i.e. non-chargeable) load in the charging zone.

[0020] The detector typically monitors incident power transmitted to the at least

one transmitting antenna and reflected power received from the at least one transmitting
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antenna, the ratio of these indicating the impedance mismatch between the transmitter

and the at least one transmitting antenna.

[0021] The ratio of reflected power to incident power is the same as the
reflection coefficient S11. The ratio may be calculated by a controller or it may be
derived by the detector itself, and may be referred to by the amplitude and/or the phase,
or both.

[0022] The wireless charging device typically further comprises a controller
coupled to the detector so as to receive a signal indicating the degree of impedance

mismatch from the detector.

[0023] The controller may be adapted to respond to calculate a reflection
coefficient S11 from the degree of impedance mismatch and to cause the device to
indicate the absence of a device to be charged in the charging zone if the reflection
coefficient S11 rises above a threshold value. As the impedance mismatch falls, the
value of S11 rises and tends towards zero decibels. This is because it is the logarithm of
the ratio of the reflected energy to the transmitted energy. As these two quantities

become close, the value of S11 tends to zero decibels.

[0024] The controller may be adapted to respond to the degree of impedance
mismatch falling below a threshold value by varying a transmission frequency at which
the transmitter causes the at least one transmitting antenna to emit electromagnetic
radiation over a frequency range and measuring the degree of impedance mismatch at a

plurality of frequencies across the frequency range.

[0025] The threshold value is a predetermined value that may be part of the
setting of the charging device. Alternatively, the threshold value may be set by the

controller according to the condition of the charging session.

[0026] S11 parameter is described in the literature in various manners. In
accordance with the present invention S11 is represented as a logarithmic ratio between
the reflected power and the incident power. Accordingly, the threshold value is also
represented as a logarithmic scale, and references that are made to values below or
beyond the threshold are also refer to the same logarithmic scale. Therefore, the
reflection coefficient S11 will usually be used as the measure of the degree of

impedance mismatch.
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[0027] The controller may be adapted to respond to the degree of impedance
mismatch falling below the threshold value at at least some of the plurality of
frequencies by causing the device to indicate the presence of a non-chargeable, parasitic
load in the charging zone. Thus, the controller may be adapted to respond in this way to
the degree of impedance mismatch falling below the threshold value at each of the

plurality of frequencies.

[0028] The controller may be adapted to respond to the degree of impedance
mismatch falling below the threshold at each of a set of the plurality of frequencies in a
frequency region narrower than the frequency range by commencing a charging process.
The frequency region defines a contiguous spread of frequencies within the frequency

range.

[0029] In this case, the controller may be further adapted on commencement of
the charging process to modify the power level at which the transmitter causes the at
least one transmitting antenna to emit electromagnetic radiation whilst monitoring the
degree of impedance mismatch to determine the power level at which the degree of

impedance mismatch exhibits a peak and then setting the power level to that value.

[0030] Furthermore, the controller may be adapted during the charging process
to monitor the degree of impedance mismatch and to respond to variations in the degree
of impedance mismatch in at least one of the following ways: a) by varying the power
level at which the transmitter causes the at least one transmitting antenna to emit
electromagnetic radiation; b) by varying the frequency at which the transmitter causes
the at least one transmitting antenna to emit electromagnetic radiation; c) by controlling
an adaptive impedance matching unit coupled to the transmitter and the transmitting
antenna to match the impedance of the transmitter and the transmitting antenna; and d)
by coupling at least one antenna of an antenna array to the transmitter and/or by

adapting the impedance of an adaptive impedance antenna.

[0031] By way of example, as charging of a battery connected to a receiver,
which is coupled electromagnetically to the wireless charging device, proceeds, the
impedance mismatch typically increases and the controller may respond to this by
changing/modifying the power level and/or the adaptive impedance matching at which
the transmitter causes the at least one transmitting antenna to emit electromagnetic

radiation.
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[0032] The controller may be adapted to respond to the degree of impedance
mismatch falling below the threshold at each of two sets of the plurality of frequencies,
each set being in a frequency region narrower than the frequency range by commencing

a multiple device charging process.

[0033] In this case, the controller may be further adapted on commencement of
the charging process to set the frequency and power level at which the transmitter
causes the at least one transmitting antenna to emit electromagnetic radiation to a value
between frequency values within each set at which the impedance mismatch exhibits a
peak. In addition to the change of the frequency and power level, the controller may
further adjust the adaptive impedance matching between the transmitter and the
transmitting antenna, and/or may further adapt the impedance of an adaptive impedance

antenna when such antenna is incorporated in the charging device.

[0034] The controller may be further adapted to respond to changes in
impedance mismatch by adjusting the frequency and power level at which the
transmitter causes the at least one transmitting antenna to emit electromagnetic radiation
to a value closer to one of the two peaks than the other, and/or by adapting the

impedance of an adaptive impedance antenna.

[0035] The controller may be further adapted to decrease the power level at
which the transmitter causes the at least one transmitting antenna to emit
electromagnetic radiation from a starting value for a predefined period of time before

returning the power level to the starting value.

[0036] This enables measurement of the insertion loss S21 entirely from the
wireless charging device without any interaction between this and the receiver, as will

be explained in detail later.

[0037] In a second aspect of the invention, there is provided a wireless charging
device for charging a chargeable unit, the device comprising a power transmitter
coupled to a transmitting antenna for transmitting energy to the chargeable unit, a
monitor for monitoring a reflection coefficient S11 of the transmitting antenna, and a
controller adapted to respond to the monitored S11 value in at least one of the following
ways: a) by varying the power level at which the power transmitter causes the
transmitting antenna to transmit energy; b) by varying the frequency at which the power

transmitter causes the transmitting antenna to transmit energy; c) by controlling an
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adaptive impedance matching unit coupled to the power transmitter and the transmitting
antenna to match the impedance of the transmitter and the transmitting antenna; and d)
by coupling at least one antenna of an antenna array to the power transmitter and/or by
adapting the impedance of an adaptive impedance antenna coupled to the power

transmitter.

[0038] In a third aspect of the invention, there is provided a receiver for use with
a wireless charging device according to either of the first and second aspects, the
receiver comprising a receiving antenna, a power conditioning circuit adapted to receive
an electrical signal from the receiving antenna and condition the electrical signal into a
form suitable for charging or powering a load, and a connector for coupling the power

conditioning circuit to the load, in use.

[0039] Typically, the power conditioning circuit conditions the alternative (AC)

electrical signal into a direct current (DC) suitable for charging a battery.

[0040] The power conditioning circuit may comprise an impedance matching

circuit having only passive electrical components.

[0041] The receiver may further comprise a switch for interrupting the reception

of the electrical output from the receiving antenna by the power conditioning circuit.

[0042] This is another way of enabling measurement of the insertion loss S21
entirely from the wireless charging device without any interaction between this and the

receiver, as will be explained in detail later.

[0043] In a fourth aspect of the invention, there is provided a wireless charging
system comprising a wireless charging device according to either of the first and second

aspects and at least one receiver according to the third aspect.

[0044] The charging zone includes a region in which the electromagnetic

radiation is concentrated relative to the remainder of the charging zone.

[0045] This region is the maximal energy volume mentioned above. It moves
and/or changes shape (along with the charging zone), along with the location of the
receiving unit within the charging zone, along with changes to the power level received
by the receiver (it is according to the operation point of the power conditioning circuit
in the receiver) and frequency at which the transmitter causes the at least one

transmitting antenna to emit electromagnetic radiation and the degree of impedance
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mismatch between the transmitter and the transmitting antenna, and/or according to the

adapted impedance of the adaptive impedance antenna during the charging process.

[0046] The controller in the wireless charging device may be further adapted to
monitor the charging state of a battery in a chargeable unit coupled to the receiver by
monitoring changes in the degree of impedance mismatch and to vary the power level
and/or frequency at which the transmitter causes the at least one transmitting antenna
and/or to adapt the adaptive impedance antenna, to emit electromagnetic radiation
and/or to control an adaptive impedance matching unit coupled to the transmitter and
the transmitting antenna to match the impedance of the transmitter and the transmitting

antenna.

[0047] The controller in the wireless charging device may be further adapted to
decrease the power level at which the transmitter causes the at least one transmitting
antenna to emit electromagnetic radiation from a starting value for a predefined period

of time before returning the power level to the starting value.

[0048] This enables measurement of the insertion loss S21 entirely from the
wireless charging device without any interaction between this and the receiver, as will

be explained in detail later.

[0049] The controller in the wireless charging device may be adapted to
determine an insertion loss S21 value by calculating the ratio of the difference in the
values of S11 during the predefined period and prior to the predefined period to the
value of S11 prior to the predefined period. The difference in the values of S11 during
the predefined period and prior to the predefined period provides an indication of the
energy actually received by a device being charged and calculation of the ratio of this
difference to the value of S11 prior to the predefined period results in an indication of

the insertion loss S21.

[0050] The invention provides a charging unit that, by detecting the degree of
impedance mismatch (typically by monitoring and analyzing the transmitted power and
the reflected power), can control the frequency and/or power of energy transmitted to a
receiver to ensure optimal coupling between the two, thereby ensuring efficient power

transfer from the charging unit to the receiver.

[0051] To address these and potentially other issues with currently available

solutions, one or more implementations of the current subject matter provide methods,
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systems, articles or manufacture, and the like that can, among other possible advantages,
provide non-active and basic designs for the charging units and chargeable devices that
eliminate the need for any active components within the receiving unit (CPU, controller,
and such). The system and method can use of passive and basic receiving unit without
the necessity to include active units or control units within the receiving unit. The
advantages of implementations of the current subject matter can include improved
energy transfer efficiency, reduced power consumption, and a reduction in size and
complexity of the circuitry and design of the device to be charged, as well as the

charging unit.

DESCRIPTION OF DRAWINGS

[0052] The accompanying drawings, which are incorporated in and constitute a
part of this specification, show certain aspects of the subject matter disclosed herein
and, together with the description, help explain some of the principles associated with

the disclosed implementations. In the drawings,

[0053] FIG. 1 is a schematic diagram illustrating the components of a wireless

charging system for wirelessly charging a device;

[0054] FIG. 2 is a schematic diagram illustrating the wireless charging system

of FIG. 1, with the device under charge or battery, positioned within the charging zone;

[0055] FIG. 3 is a schematic diagram illustrating the wireless charging system

of FIG. 1, with detailed component descriptions;

[0056] FIG. 4A is a schematic diagram illustrating a closed conductive wireless

charging device implementation of FIG. 3;

[0057] FIGs. 4B -1, 4B-2, 4C-1, and 4C-2 are schematic diagrams illustrating
the influence that environmental factors in the surroundings can have on the size, shape

and position of the charging zone and the maximal energy volume;

[0058] FIG. 5 is a schematic diagram illustrating a charging system comprising

a transmitting unit having two transmitting sub-units and two transmitting antennas;

[0059] FIG. 6 is a schematic diagram illustrating a wireless charging system

comprising an adaptive impedance transmitting antenna configured to allow changing
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the size and impedance of the antenna while maintaining the same distance from the

receiving antenna;

[0060] FIGs. 7 — 11 are Smith charts illustrating the antennas impedance and

graphs illustrating the units return loss of the charging system setup of FIG. 1;

[0061] FIGs. 12 - 16 are Smith charts illustrating the antennas impedance and
graphs illustrating the units return loss of the charging system setup of FIG. 2, in which

the device under charge is located within the charging zone;

[0062] FIGs. 17A and 17B are graphs illustrating the energy transfer efficiency
between the transmitting unit and receiving unit of the charging system of FIG. 3, in

accordance with the two setups illustrated in FIGs. 1 and 2 respectively;

[0063] FIGs. 18 to 26 are Smith charts illustrating the antennas impedance and
graphs illustrating the units return loss of the charging system setup of FIG. 5,
illustrating a charging system having a transmitting antenna array with two transmitting
sub units, when both units are located within the charging zone, and there is coupling

and mutual influence between the transmitting antennas and the receiving antenna;

[0064] FIGs. 27A and 27B are schematic diagrams illustrating the energy

transfer efficiency between the transmitting units and receiving unit;

[0065] FIGs. 28 - 32 are Smith charts illustrating the antennas impedance and

graphs illustrating the units return loss of the charging system setup of FIG. 6;

[0066] FIG. 33 is a graph illustrating the energy transfer efficiency between the

transmitting unit and receiving unit.

[0067] FIGs. 34 - 38 are schematic illustrations of the wireless charging system
of FIG. 1 following adaptive impedance matching process that is performed after the

electromagnetic parameters of the system are all set;

[0068] FIGs. 39 and 40 are graphs illustrating the return loss for two receivers,

in multiple devices under charge scenario;
[0069] FIG. 41 is a graph illustrating the transmitting unit return loss.

[0070] FIG. 42 is a graph illustrating the common compliance point that is ideal

to both receiving units on a return loss diagram.
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[0071] When practical, similar reference numbers denote similar structures,

features, or elements.
DETAILED DESCRIPTION

[0072] The subject matter described herein relates to a system and method for
wirelessly charging a device. Radio frequency energy can be delivered wirelessly to
provide power to a device. Electromagnetic energy can be transmitted from a charging
unit, received at a device being charged, and converted into direct current (DC) voltage
suitable for charging a battery on the device. There is a need to improve the power
transfer efficiency in wireless charging systems in order to minimize energy loss during
the energy transfer and the charging process. This can be implemented by controlling
and adapting the energy transfer process from a unit performing the charging to a device

being wirelessly charged.

[0073] Power transfer efficiency can be improved using adaptive impedance
matching circuits that can be used to adjust the impedance at an antenna of the device
receiving the electromagnetic energy to a variety of input power levels. Adaptive
impedance matching requires active procedures in order to keep the charging unit in its
optimal operation point in order to maintain the highest RF to DC conversion

efficiency.

[0074] There is a call in the industry to minimize the complexity of devices and
components used in wireless charging, as well as to minimize the power consumption of

receiving circuitry in devices to be charged.

[0075] Following is a description, by way of example only and with reference to
the accompanying figure which are a diagrammatic representation, of one method of

carrying the current subject matter into effect.

[0076] FIG. 1 is a schematic diagram illustrating the components of a wireless
charging system 100 for wirelessly charging a device. System 100 can include at least a

transmitting unit 101 and at least one receiving unit 102.

[0077] The transmitting unit 101 can be a charging device used to wirelessly
charge another device. Alternatively, the transmitting unit 101 can be a component of a
charging device. The transmitting unit 101 can include at least a transmitting antenna
110 and a transmitting sub-unit 112. The transmitting sub—unit 112 can be configured

and operable to generate Radio Frequency (RF) signals at various different frequencies

11
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within a frequency range, and to transfer the RF signals to the transmitting antenna 110.
The transmitting antenna 110 can then transmit the RF signals to a receiving antenna

120, physically residing within a charging zone.

[0078] The receiving unit 102 is a device that is chargeable. Alternatively, the
receiving unit 102 can be a component of or coupled to a device that can be charged
(device under charge “DUC”) 300. The receiving unit 102 can include at least a
receiving antenna 120 and a receiving sub-unit 122. Receiving unit 102 can be
functionally connected to an optional secondary cell or battery 124. The receiving unit
102 and the secondary cell 124 are preferably located within a device under charge
(DUC) 300. In alternative implementations, the receiving unit 102 and the secondary
cell 124 can be located outside a device under charge 300, and can be physically
connected by cables, or connectors and such, to the device under charge 300. The
receiving sub-unit 122 can be configured and operable to receive RF signals from the

receiving antenna 120 and can convert it into DC power.

[0079] The term '"receiving unit" refers to the unit and circuits that are
configured and operable to receive electromagnetic energy transmitted from a
transmitting unit, and to convert the received energy into a DC voltage suitable for

charging a secondary cell and/or operating an electronic device.

[0080] In FIG. 1 the device 300, as well as the battery 124, is shown positioned
outside of the charging zone 130 of the wireless charging system 100. In this setup the
device 300 that contains the receiving unit 102 is located outside the charging zone 130
that can be defined mainly with respect to transmitting antenna 110. In this scenario,
there is no coupling between the transmitting antenna 110 and the receiving antenna
120, and there is no interaction between the antennas. As a result, there may be no

functional charging taking place.

[0081] FIG. 2 is a schematic diagram illustrating part of the wireless charging
system of FIG. 1, with the device under charge 300 (or battery) positioned within the
charging zone 130. In this scenario, there is coupling and mutual influence between the
transmitting antenna 110 and the receiving antenna 120. In this manner, radio frequency
energy from the charging unit can be transmitted to the receiving unit with capabilities
of monitoring, adjusting, and controlling the energy transfer and the charging process of

a battery that is connected to the receiving unit in a near field and/or a coupling region.

12
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As long as the transmitting unit 101 in the charging unit, and the receiving unit 102
attached to/comprised within the device under charge are implemented using a
compatible wireless charging protocol, the receiving unit can be charged without a need
for connecting compatible connectors and interfaces for charging. Instead, the non-

active receiving unit need only be placed within the wireless charging zone 130.

[0082] The receiving unit 102 can be implemented such that the need for
active/adaptive/programmed elements can be eliminated in the receiving unit 102 of a
device to be charged. The energy transfer from the transmitting unit 101 to the
receiving unit 102, and the charging process of the secondary cell by the receiving unit
can be controlled and managed entirely by adapting the transmitting profile to the entire

system condition and requirement.

[0083] The energy transfer process from the transmitting unit 101 to the
receiving unit 102 in a wireless charging system can be controlled and adapted for
monitoring the entire charging process of the secondary cell by the receiving unit via a
control unit that is functionally positioned in the transmitting unit, preferably within a

wireless charging device.

[0084] Energy transfer efficiency can be improved by maintaining in real time,
maximal power transferring efficiency between the transmitting unit and the receiving
unit for any given situation and during the charging process. Thus, the charging process

can be updated in real time.

[0085] Power consumption can be reduced by eliminating active units in the
receiving unit required for operation of power circuits. When there is a presence of
active units, the receiver may consume more power than the amount of power that is
required for charging the battery. Therefore, non-active receiving components can allow
the power consumption to be substantially reduced. Furthermore, the power
consumption can be reduced because the charging process is not necessarily performed
using a constant amount of power. Rather, the charging can adjust and follow the
battery charging profile and condition in real time, and the power provided is the exact
amount of power required at a specific point in time. This leads to energy saving as no

excess power is wasted.

[0086] In order to fit into many smaller devices, the receiving unit 102 needs to

be as small as possible. For example, small enough to fit on a hearing aid that can fit

13
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into a person’s ear. Since active components require a controller/CPU for management,
it 1s difficult to design and implement active components in a small circuit or small
chip. Therefore, using passive receiving components can reduce circuit and chip size

requirements.

[0087] FIG. 3 is a schematic diagram illustrating the wireless charging system
of FIG. 1, with detailed component descriptions. The transmitting sub-unit 112 of the
transmitting unit 101 can include at least a transmitter 113, a controller 114, reflection
coefficient/return loss (S11) monitor (such as bi-directional coupler) 116, and an AIM
(Adaptive Impedance Matching) unit 118. The S11 monitor 116 can be operably
connected to the transmitter 113, and can receive signals and data from the transmitter
113. The S11 monitor can also be operably connected to the AIM unit 118 can receive
and send signals and data to and from the AIM unit 118. The S11 monitor can then use
the signals and data that it receives to measure and monitor the transmitter return loss
S11 from the transmitter 113 and/or from the transmitting antenna 110. The S11
monitor 116 can also be operably connected to the controller 114. The controller 114
and AIM unit 118 can in turn be operably connected to each other, thereby creating a
feedback loop between the S11 monitor 116, the controller 114 and the AIM unit 118,
whereby the S11 monitor 116, the AIM unit 118 and controller 114 can adapt the
impedance, and hence the S11 return loss of the transmitter 113. It is understood that the
transmitter 113, the S11 monitor 116, the controller 114 and the AIM unit 118 can be
implemented on one computing device including a processor and programmable
instructions. Alternatively the noted components may be implements on a number of
connected computing devices each including a processor and programmable

instructions.

[0088] In more detail, the transmitting sub-unit 112 comprises a transmitter 113
that is coupled via a S11 monitor 116 (a bi-directional coupler) and adaptive impedance
matching unit 118 to transmitting antenna 110. A controller 114 (such as a suitably
configured microcontroller or field programmable gate array) receives signals indicating
the value of S11 from the S11 monitor 116 and controls the frequency and power of the
signal issued by transmitter 113 to transmitting antenna 110 and adaptive impedance

matching unit 118 accordingly.

[0089] The controller 114 may also select different or additional transmitting

antenna elements for transmitting the signal from transmitter 113 when the transmitting
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antenna 110 is an array of antennas. Similarly, the impedance of the antenna 110 may
be varied when this is an adaptive impedance antenna. In either case, this leads to a

control over the shape and size of the charging zone.

[0090] By monitoring the value of S11 and its variations with frequency and/or
power, the controller 114 can determine if a device in the charging zone is a parasitic

load or a genuine device capable of being charged, i.e. a receiving unit 102.

[0091] The receiving unit 102 receives electromagnetic energy transmitted from
transmitting unit 101 (when it is in the charging zone) and converts it to a form suitable
for charging the secondary cell 124 in the receiver 123. The receiver 123 comprises a
power conditioning circuit, which carries out this function. Typically, the power
conditioning circuit comprises a passive circuit for matching the impedance of the
receiving antenna 120 to that of charging circuitry for charging the secondary cell 124.
The charging circuitry typically comprises active circuitry, such as a rectifier diode, for
rectifying the alternating current signal received from the antenna 120 and converting it

into a direct current suitable for charging the secondary cell 124.

[0092] The receiving sub-unit 122 of the receiving unit 102 can include at least
a receiver 123. The receiving sub-unit 122 can be connected to receiving antenna 120.
Receiving unit 102 can be functionally connected to the secondary cell/battery 124.
Also shown in this figure is the charging zone 130, within which the receiving antenna

should reside in order to enable the charging of the device under charge 300.

[0093] The components that can be included in the design of transmitting unit
101 can have respective impedances. For example, the transmitting antenna 110 can
have impedance denoted by "Zta", and the transmitter 113 can have impedance denoted
by "Ztran". The transmitting unit 101 can have total impedance denoted by "Ztx". As a
result of the mismatches between the impedances of different components that can be
part of the transmitting unit 101, as well as other factors, the transmitting unit 101 can
have a return loss, denoted by "S11", when transmitting a signal out from the
transmitting unit 101. In other words "S11" can denote the entire return loss of the

transmitting unit 101 when transmitting a signal or power.

[0094] Similarly, the components that can be included in the design of receiving
unit 102 can have respective impedances. For example, the receiving antenna 120 can

have impedance denoted by "Zra", and the receiver 123 (including battery 124) can
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have an impedance denoted by "Zrecv". The receiving unit 102 can have a total
impedance denoted by "Zrx". As a result of the mismatches between the impedances of
different components that can be part of the receiving unit 102, as well as other factors,
the receiving unit 102 can have a return loss, denoted by "S22", when receiving a signal.
In other words "S22" can denote the entire return loss of the receiving unit 102 when

receiving a signal or power.

[0095] It is important to note that the charging device does not actually make a
measurement of S22; it works by measurement of S11 alone. To measure S22 would
require additional functionality in the receiving unit 102 and communication between
the transmitting unit 101 and receiving unit 102. When there is no receiving unit 102 in
the charging zone, the entire transmitted energy from the transmitter 113 is reflected.
However, when a receiving unit 102 is present in the charging zone, it receives energy
from the transmitter 113 and the amount of reflected energy reduces significantly. This
is detectable from S11 alone using the S11 monitor 116 in transmitting sub-unit 112. It
is therefore not necessary to measure S22, although its behavior can be inferred (as

indicated in this specification) from measurement of S11.

[0096] In addition to the internal transmitting unit 101 loss (S11), and the
internal receiver unit 102 loss (S22), there can be additional losses due to mismatched
impedances between the transmitting unit 101 total impedance (Ztx) and receiver unit
102 total impedance (Zrx), when a signal is sent from the transmitting unit 101 to the
receiver unit 102. These insertion losses affect the transfer efficiency of signals between

the transmitting and receiving units, as can be denoted as "S21" and "S12", respectively.

[0097] At the beginning of the charging process the transmitting unit 101 can be
configured to a certain specific frequency and matched to a frequency of the receiving
unit 102. At this operating state the return loss S11 and S22 values can be small as the
return waves reflecting from the transmitting signals are minor. Accordingly, the values
of the transfer efficiencies S21 and S12 are high as the transmitted signals are fully or
almost fully transferred and received by the receiving antenna 120. During the charging
process as the secondary cell 124 accumulates charge and obtains resistance, the
impedance of the receiver 123 can change, and consequently the total impedance of the
receiving unit 102 (Zrx) also changes, and the value of the receiving unit loss S22
changes accordingly. Since in system 100 the receiver unit 102 and the transmitting unit

101 operate very close to each other, the change in the value of receiving unit loss S22
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affects the values of transmission efficiencies S21 and S12, as well as the value of the
transmitting unit loss S11. As a result, the system 100 can become impedance
unmatched, which can result in the bouncing back of transmitted signals, the loss

increases, and there is a reduction in efficiency of the charging process.

[0098] The total impedance of the receiving unit 102 (Zrt) can be affected by
many factors. Such factors can include any state change of the charging load (secondary
cell 124), or any offset of the receiving unit 102 from an operational or electrical change
(for example: current, voltage, or impedance) or mechanical change (for example:
temperature, other physical objects positioned in the proximity of the receiving antenna
that may cause changes in the antenna impedance (Zra) by virtue of their presence).
Thus, any change that occurs in the total impedance of the receiving unit (Zrt) can lead

to changes in the receiving unit’s return loss (S22).

[0099] Furthermore, a change to the receiving unit 102 return loss (522) can
change the coupling coefficient for transfer efficiency (S21) between the antennas and
the entire units. The altered coupling coefficient (S21') can be reflected to the
transmitting unit 101 and can consequently change the return loss (S11') and the
impedance of the transmitting unit 101 (Ztx'). Thus, the change of the impedance of the
transmitting unit (Ztx') due to a changed transmitting unit return loss (S11') can cause
impedance mismatch between the transmitter impedance (Ztran) and the transmitting

antenna (Zta).

[00100] In order to obviate this mismatched impedance state, and to keep the
system 100 in a matched, high transfer efficient status, a method can be implemented in
accordance with the current subject matter, to monitor and control the charging process
of the secondary cell 124, by decoding the behavioral electromagnetic connection
between the transmitting unit 101, and the receiving unit 102. This may be achieved by
the controller of the transmitting unit 101 monitoring the transmitting unit return loss
(S11 and S11") that leads to impedance mismatch between the transmitter impedance
(Ztran) and the transmitting antenna impedance (Zta). The controller can monitor the
loss of the secondary cell 124, the receiver 123, the receiving antenna 120, and the

entire state of the receiving unit 102.

[00101] The values of S11 measured by the S11 monitor 116 during the charging

process, can be delivered to the controller 114 that upon detection of a change in the
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value of this parameter can control the adaptive impedance matching (AIM) unit 118 to
match the impedance of the transmitting unit 101 such that the values of S11 and S22
will decrease. As a result, the coupling coefficient can be returned to a high transfer
efficiency (S21/S12) state. The controller 114 is further connected to the transmitter 113
and can be configured to control the transmitting profile according to the state of the
detected charging process and the specific needs of the secondary cell 124 and its

charging profile.

[00102] Therefore, based on the information obtained, the controller 114 can
track and make the necessary changes in the impedance matching network between the
transmitter 113 impedance (Ztrans') and the transmitting antenna 110 impedance (Zta').
In this way the receiving unit 102 can be supplied with the required amount of power to
charge the secondary cell 124 according to its new condition/requirement, and the
highest transfer efficiency coefficient (S21) can be achieved between the transmitting

and the receiving units and antennas (maintain the strong coupling coefficient).

[00103] FIG. 4A is a schematic diagram illustrating a closed conductive wireless
charging device implementation of FIG. 3. The system 400 includes a closed charging
device 410, which includes the transmitting unit 101 (not shown) of FIG. 3 with
transmitting antenna 110. A charging zone 130 is shown as a cylindrical volume. A
maximum energy volume (MEV) 132 is shown, which is the optimal charging volume.
The charging zone is the area or volume in which charging may occur (i.e. coupling
between the transmitting antenna 110 and the receiving antenna 120). In a closed
charging device 410, the dimensions and geometry of the device 410 can determine the
charging zone 130, based on the transmission frequency. Within the charging zone 130,
a maximal energy volume (MEV) 132 can develop, which is a volume where the
maximal energy can be concentrated from the total energy transmitted by the
transmitting antenna. Therefore, while charging may occur in the charging zone 130, the
maximal energy volume (MEV) 132 is the functional area in which the charging can
physically occur. The MEV 132 is also affected by the type of antennas in use i.e. their

impedance and the distance between the antennas, and the charging frequency.

[00104] The charging process can be performed in the closed wireless charging
device 410 as described in WO2013/179284 of the same inventor, incorporated herein
by reference. In accordance with other aspects of the invention the charging can be

conducted in a semi closed wireless charging device or on an open charging board as
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shown in FIGs. 4B-1, 4B-2, 4C-1, and 4C-2. These figures are schematic diagrams
illustrating the influence that environmental factors in the surroundings can have on the
size, shape and position of the charging zone 130 and the maximal energy volume MEV
132, for the same transmitting antenna 110 and receiving antenna 120 setup. FIGs. 4B-1
and 4B-2 illustrate an semi-closed charging device 420, with FIG. 4B-2 illustrating
charging zone 130 positions. FIGs. 4C-1 and 4C-2 illustrate a charging board 440, with
FIG. 4C-2 illustrating multiple charging zone 130 positions. In a closed charging
device the dimensions of the charging zone are limited by the size of the wireless
charging device relative to the semi-closed charging device and the open charging
board. FIGs. 4B-2 and 4C-2 illustrates how the charging zone 130 can be moved and/or
changed in volume under the influence of adjustments made by controller 114 to
accommodate different locations of a device to be charged within the charging zone

130.

[00105] In the closed electromagnetic conductive charging device 410, three
basic considerations can be taken into account: the inner cavity design of the closed
charging device (i.e. size and geometry) should be suitable for the transmitting
frequency, the closed charging device 410 should have dimensions suitable to fit the
secondary cell or the device under charge 300, and the dimensions of the inner cavity of
the closed charging device 410 should be suitable to accommodate the charging zone

130.

[00106] Another parameter that can be considered concerns the characteristics of
the transmitting antenna 110 and the receiving antenna 120. These antenna
characteristics can include being able to operate with the frequency chosen for
delivering the RF energy from the transmitting unit 101 to the receiving unit 102, and
being able to operate within the charging zone 130, such that the antennas can have a

mutual influence on each other within the charging zone.

[00107] According to another implementation of the current subject matter, the
transmitting unit 101 can recognize at least one device to be charged within the charging
zone 130. Therefore, the system and methods of the current subject matter can
recognize whether a charging device 410 is empty, or if a device to be charged is

present within the charging zone 130.
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[00108] When the transmitting unit 101 and the receiving unit 102 are not
adjacent to each other the transmitter 113 may not cause RF energy to be transmitted,

and the receiver 123 may not receive RF energy, and both of the return loss parameters

S11 and S22 values may be Odb.

[00109] When the transmitter 113 is connected to a transmitting antenna 110, a
charging zone 130 can be defined by the volume within which a possible connection
between the transmitting unit 101 and the receiver 102 may be established. This
potential volume depends on the “effective distance” between the transmitting antenna
110 and the receiving antenna 120. By “effective distance” as used herein is meant the
maximum distance between the transmitting antenna 110 and the receiving antenna 120,
in which the presence of the receiving antenna 120 can electromagnetically influence
the transmitting antenna 110, and vice versa. The effective distance is the outer
boundary defining the charging zone 130. The charging zone of the antennas may also
be affected by the surroundings of the antennas, where the same antennas in different
environments may yield different charging zones. For example, different environments
can include a closed metallic box, a semi closed metallic box, and open charging box, as
shown in FIGs. 4A-C respectively. This mutual influence between the transmitting
antenna 110 and the receiving antenna 120 can be used to identify different conditions

in the surroundings.

[00110] In a closed charging device 410, including a transmitting unit 101, but
having no device under charge 300 (DUC) or another object therewithin (i.e. no
receiving unit 102), the impedance (Zta) of the transmitting antenna 110 is unmatched.
The transmitting antenna 110 impedance (Zta) will be very low, and the transmitting

unit return loss S11 therefore tends to zero.

S11=0 dB(RL{db} = 18iog :—i} , where Pf is the forward power transmitted, and Pb is

the back power reflected back to the transmitting unit 101. (i.e. the transmitting antenna
110 may not be coupled to any consumer and therefore may be unmatched to the
transmitting unit 101). Thus, all the incident power (forward) that should be transmitted
is reflected (backward) to the transmitting unit 101. In this scenario, the device under
charge (DUC) 300 is positioned outside the charging device 410. Therefore, the

receiving antenna 120 is not coupled to any transmitting antenna 110 and therefore, the
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impedance of the receiving antenna (Zra) is unmatched. The receiving antenna

g
o

impedance Zra will be very high; S22= 0dB(RL{db} = 18s 3.

2y
3 |

[00111] When the transmitting unit return loss S11 value is zero, the controller
114 of the transmitting unit 101 interprets this situation as the absence of a device to be
charged in the vicinity. Furthermore, when the controller 114 determines that the value
of the transmitting unit return loss S11 equals zero, the controller can conclude that the

device to be charged 300 is outside of the charging zone 130 (S22=0db).

[00112] Upon placing the device under charge (DUC) 300, or a battery connected
to a receiving unit 102, into the closed charging device 410, the transmission of RF
energy from the transmitting unit 101 to the receiving unit 102 becomes possible. The
transmitting antenna 110 and the receiving antenna 120 can have mutual influence on
each other, and their impedances Zta and Zra can change. Coupling between the
antennas can be established and can lead to matching conditions between the
transmitting unit 101 and the receiving unit 102 that can enable maximal energy transfer

between the units in the following manner.

[00113] Once coupling between the transmitting antenna 110 and the receiving
antenna 120 occurs due to a mutual influence between the antennas, the impedance of
each antenna can change. The transmitting antenna 110 impedance Zta and the
receiving antenna 120 impedance Zra may not be reflected as an open/short circuit, but
rather as impedance that can lead to the creation of matching conditions between the

antennas.

[00114] This matching condition between the transmitting antenna 110 and the
receiving antenna 120 can decrease the insertion loss (fL{dd} = 1dlog Z—:} of the
energy path. Therefore, the ratio between the output power that is received in the
receiving antenna terminal and the input power that is being delivered to the

transmitting antenna terminal (-}, can increase such that the S21 value (db) can

become less negative (—0db).
[00115] The new transmitting antenna impedance condition Zta can lead to a
matching condition between the transmitting antenna 110 and the transmitting sub-unit

112. This matching condition can decrease the return loss S11 of the entire transmitting

unit 101. Therefore the ratio between the reflected power (backward) to the incident
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power (forward) (p—f} can decrease due to a reduction in the amount of power that is

being reflected. The transmitting unit 101 return loss S11 value (db) can become more
negative (<< 0 db) and more energy can be transferred from the transmitting unit 101 to

the transmitting antenna 110.

[00116] The new receiving antenna impedance Zra can lead to a matching
condition between the receiving antenna 120 and the receiving sub-unit 122 only when
the power conditioning circuit met its operation point. This matching condition can
decrease the return loss of the entire receiving unit 102. Therefore, the ratio between
the reflected received power (backward) to the incident received power (forward) can
decrease due to a reduction in the power that is reflected. Therefore, the S22 (db) value
becomes more negative (<< 0 db) and more energy can be transferred from the

receiving antenna to the receiving sub-unit.

[00117] Upon insertion of a receiving unit 102 into a charging device 410, 420,
or 440, that contains the transmitting unit 101, the coupling between the two units may
initially be poor. In this scenario it may not be possible to deliver energy efficiently
between the two units. Upon establishing mutual influence between the two units under
control by controller 114 of the transmitter 113 (for example, the power and/or
frequency of transmission) and/or selection of different or additional antennae in an
array of antennae and/or adjusting the impedance of the antenna and/or matching the
impedance of the transmitter 113 and antenna by way of the adaptive impedance

matching unit 118, the efficient transfer of energy can be allowed.

[00118] According to another implementation of the current subject matter, the
transmitting unit 101 can distinguish between a chargeable device and a non-chargeable
device. The transmitting unit 101 can recognize the presence of a chargeable device 300
comprising the receiving unit 102, and can distinguish between such a chargeable
device and other devices that are not competent for charging according to the system

and methods of the current subject matter.

[00119] When a device to be charged 300 is positioned in the charging zone 130,
both parameters S11 and S22 have frequency profiles as illustrated in FIGs. 14 and 16
respectively. Each profile correspond to the response from the receiving unit and the
transmitting unit, respectively. As shown in the figures, S11 as well as S22 have a peak

at the operating frequency, which is typically in the range of 2.4 to 2.4835 GHz, but in
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different embodiments a wider or narrower range could be used, potentially centered on

a different frequency.

[00120] In a scenario that a non-chargeable device is positioned in the charging
zone, the S11 profiles may also have a peak value, either in the transmitting frequency
or in other frequencies. Alternatively, if the object is absorbing the energy transmitted,
the profile may be constant and not frequency dependent. The transmitting unit 101 may
perform an identification process by performing a sweep by transmitting signals over a
spectrum of frequencies. Specifically, the controller 114 of the transmitting unit 101 is
adapted to respond to the degree of impedance mismatch falling below a threshold value
by varying a transmission frequency at which the transmitter causes the at least one
transmitting antenna to emit electromagnetic radiation over a frequency range and
measuring the degree of impedance mismatch at a plurality of frequencies across the
frequency range. This is performed in order to identify if a device contains a chargeable
receiving unit 102 based on the obtained signal being within a range that is defined to

correspond to the transmitting unit 101.

[00121] Thus, it is possible to distinguish a chargeable device from a non-
chargeable device by monitoring the S11 parameter. When the charging zone 130 is
empty, the S11 parameter is as shown in FIG 9. When a device to be charged is placed
in the charging zone 130, S11 changes. If the device placed in the charging zone 130 is
non-chargeable device there could be two possible scenarios. The first is that S11 will
have the same or substantially the same value over the entire frequency range. In this
case the device acts the same at all frequencies in the entire frequency range and
receives power regardless of the frequency and the transmitted power level. To
determine this, the controller 114 causes the transmitter 113 to conduct a frequency
sweep to see if S11 changes with frequency and to increase the power level of
transmitter 113 in order to see if S11 changes according to the changes of the power
level. Since the receiving unit 102 contains a rectifier unit, whose impedance depends
on the received power level, changes to the transmitted power level that cause the
rectifier unit to begin conducting reduce S22 and as a result S11 is also reduced.
However, if the value of S11 is invariant with frequency and power, the controller 114
can determine that the device in the charging zone is non-chargeable and merely a

parasitic load.
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[00122] The second scenario is that the measurement of S11 shows a response
that indicates that the device in the charging zone is chargeable (Fig 14) (i.e. the value
of S11 is not invariant with frequency and/or power). In this case, the controller 114
causes transmitter 113 to apply a power sweep at the frequency that gave the best S11
results. If the device is chargeable, the rectifier in the conduction of the receiving unit
102 will depend on the received power level and hence the value of S22 will vary with
the power level. This can be detected by the controller 114 as a variation in S11, which

confirms that the device in the charging zone is chargeable.

[00123] If the signal obtained is within the defined range that is suitable to the
profile of the receiving unit 102, there is an additional step in the identification process.

This step can be based on two parameters.

[00124] The first parameter is the compliance range of S11. In order to discover
the compliance range of S11, the controller 114 can check where the peak event is

located (i.e. what is the frequency range of the peak).

[00125] The controller 114 in the transmitting unit 101 is adapted to respond to a
reflection coefficient S11 from the degree of impedance mismatch and to cause the
charging device to indicate the absence of a device to be charged in the charging zone if
the reflection coefficient S11 rises above a defined threshold value. As has been
explained previously, the value of S11 tends to zero as more of the transmitted energy is
reflected (which occurs when there is no device to be charged in the charging zone)
because S11 is the ratio of the reflected and the transmitted energy expressed in

decibels.

[00126] When comparing S11 to threshold values, the controller 114 operates in
one of two ways. Initially, the value of S11 is compared to a predefine threshold in
order to detect a peak in the S11 frequency profile. In this case, the controller 114
causes the transmitter 113 to sweeping over the operating frequency band (typically 2.4
GHz to 2.4835GHz) and if it receives a S11 reading that is below the predefined
threshold. There can be several different predefined threshold levels that can be used for
comparison with S11 values by the controller 114 in order to increase the accuracy of

detection of a peak.

[00127] After the initial comparison has been made and a peak detected, the

controller 114 causes the transmitter 113 to sweep over the operating frequency band
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and compare the current S11 value to a previous value. In this case the system is
searching for changes in the S11 value in order to detect a peak in the S11 frequency

profile.

[00128] Thus, the comparison of S11 values against thresholds can be used to
determine if a device to be charged is present in the charging zone and furthermore to
detect (and allow adaptation to) the correct conditions for the charging process in terms
of frequency and/or power of transmission from transmitting antenna 110, impedance
matching between the transmitter 113 and transmitting antenna 110 (using the adaptive
impedance matching unit 118) and control of antenna impedance and/or selection of

antennas in an antenna array..

[00129] The threshold can be adapted in real time according to initial conditions

by continuing comparison of S11 values to previous values.

[00130] The second parameter is the duration of the compliance relative to the
frequency, which is determined in the following manner. If the S11 parameter is
disturbed during the entire compliance range it means that there is a constant
absorbance of energy with no dependence on the transmission frequency. Specifically,
the controller 114 of the transmitting unit 101 is adapted to respond to the degree of
impedance mismatch falling below the threshold value for the S11 return loss at each of
the plurality of frequencies thus causing the device to indicate the presence of a non-
chargeable, parasitic load in the charging zone. Such a behavior may be suitable for a

mass of plastic and/or metal and is unrelated to charging.

[00131] Furthermore, the controller 114 is adapted to respond to the degree of
impedance mismatch falling below the threshold at each of a set of the plurality of
frequencies in a frequency region narrower than the frequency range by commencing

the charging process.

[00132] Since the system is configured to operate at a certain power, the
receiving antenna 120 has an optimal operating point. Therefore, there is a specific
frequency at which the receiving unit 102 is configured to receive more RF energy than
at other frequencies. In other words, the system is frequency dependent, and thus, only
at a certain frequency will the system be at an optimal operation point. When the
receiving antenna 120 enters into the charging zone 130, a change in the S11 parameter

occurs and as a response, the transmitting unit 101 can elevate the transmission power
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that leads to an improvement in the S11value. This occurs as a result of the activation
of the power conditioning circuit that results in improving the transmission efficiency.
(As a result, the value of S22 parameter is also improved.) The difference between the
forward power and the reflected power at this point will be maximal. The change in S11
and S22 depending on the power value is possible only if the object to be charged that is
inserted into the charging zone comprises a valid receiving unit 102 of the current
subject matter. In all other non-chargeable objects the value of S11 will remain

unchanged.

[00133] According to another implementation of the current subject matter, the
system 100 can monitor the energy delivery between the transmitting unit 101 and the
receiving unit 102. This can be performed by monitoring and analyzing the S11 value,
where the lower the value of S11, the greater the amount of energy delivered and the
efficiency of energy transfer. The S11 parameter can be used in accordance with the
proposed subject manner, to measure the charging efficiency. Thus, there is a need to
make sure that the transmitted RF energy reaches the receiving unit and is not absorbed
by another unit (parasitic load) in the charging zone. This is because the S11 parameter
provides an indication of the amount of power that is received by the entire system
(including the device under charge) relative to the total transmitted power (the power
received by the system is the power that is not reflect back to the transmitter Preceive =
Ptotal - Preflect). The current subject matter can provide two exemplifying
configurations and methods that can allow monitoring the energy that is functionally

received by the receiving unit 102.

[00134] In the first configuration, S11 is monitored by changing the power in the
transmitting unit solely by the controller, which causes a diode or other rectifying unit
in the receiving unit 102 to reach its operating point (when the receiving unit 102 can
efficiently convert received RF energy to DC for charging a battery). In this
configuration, after the receiving unit 102 has reached its operating point with the
impedance of the system matched, the controller can be configured to serve as a
switching unit such that the controller can instruct the transmitting unit to decrease the
transmission power drastically. This ensures that the diode is out of its operating point
(522=0db), for a pre-determined period of time. In this configuration, the measured
value of S11 provides an indication of the total loss of the system (the loss occurs by

uptake of the charging device (loss occurs) that arises as a result of components of the
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device under charge (DUC) other than the receiving unit that is functionally
disconnected). The value obtained can be compared with the S11 value obtained in
maximal transmission power and the difference between the two values provides a

measure of the actual amount of energy received by the receiving unit.

[00135] In the second configuration, S11 value is monitored by switching off the
receiving antenna using a power management integrated circuit (PMIC) or a controller
in the receiving unit. In this configuration, once the receiving unit has reached the
optimal working mode (the diode reached the operation point) and the impedance of the
system is matched, the PMIC or another controller in the receiving unit is operated to
switch off the receiving antenna. The new S11° value obtained at this time point can
reflect the total loss of the system (the loss occurs due to the uptake of the charging
device and by components of the device under charge (DUC) other than the receiving
unit that is functionally disconnected). The S11° value obtained can be compared with
the S11 value obtained in maximal transmission power and the difference between the

two values provides the actual amount of energy received by the receiving unit.

[00136] In accordance with the current subject matter, the dimensions of the
charging device, whether it is a closed conductive box, a semi-closed box, or an open
charging board, are predetermined and thus can be considered to be constant
parameters. Consequently, the impedance of the antennas is determined mainly based
on the distance between the transmitting and the receiving antennas that can have an
effect on their mutual influence and impedance. This can be in addition to surrounding
factors such as metals and dielectric bodies within the surroundings that can have an
electromagnetic influence on antenna impedance. As such, the presence of the
conductive and dielectric components inside the charging zone can have an influence on
the antenna impedance and the coupling coefficients S12 and S21 between the antennas.
The conductive and dielectric components’ influences can also be considered as
constants. Any changes that occur in the impedance of the antennas can influence the
total impedance of the transmitting unit 101 and the receiving unit 102. These changes
can be interpreted by the controller of the transmitting unit 101 as constant conditions
and provided to the adaptive impedance matching unit of the transmitting sub-unit 112.
Adaptive impedance matching unit 118 takes into account the constant conditions that it
receives when adapting and matching the impedance of the transmitting unit 101 to the

receiving unit 102. When the transmitting unit 101 and the receiving unit 102 are
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optimally matched, the maximum energy volume (MEV) created is surrounding the
receiving unit 102 locates within the device under charge (DUC) 300, and the device

under charge 300 is most efficiently charged in this position.

[00137] Thus, the most influential parameters that determine the efficiency of the
charging can be the coupling coefficients S12 and S21 between the transmitting antenna
110 of the charging device and the receiving antenna 120 of the device under charge

300.

[00138] In order to obtain maximal energy transfer (charging efficiency), three
interactions may be taken into account: the interaction between the impedance of the
transmitting sub-unit and the impedance of the transmitting antenna Ztr—Zta, the
interaction between the receiving antenna and the rectifying unit ZrasZrec, and the
interaction between the impedance of the transmitting unit 101 and the receiving unit

102 Ztx—=Zrx.

[00139] The ability to adapt the charging system in order to obtain optimal
energy transfer and charging can be implemented by the ability to change the coupling
coefficients S21 and S12 between the transmitting antenna and the receiving antenna
using a mutual influence effect. In accordance with embodiments of the subject matter,
this may be achieved using various methods, for example using an antenna array or by
using an adjustable impedance antenna. It is understood that other methods that can
modifying the coupling between the two antennas are also within the scope of the

current subject matter as described in more detail below.

[00140] FIG. 5 is a schematic diagram illustrating a charging system 500
comprising a transmitting unit having two transmitting sub-units 112 and 112°. Each of
the transmitting sub-units can be configured to generate and transfer RF signals to the
transmitting antennas 110 and 110°, which are connected to transmitting sub-units 112
and 112°, respectively. The charging zone 130 can be defined respectively
corresponding to the transmitting antenna 110 and transmitting antenna 110". The
charging system 500 further includes a receiving unit 102 (not shown), including a
receiving sub-unit 122, located within the device under charge (DUC) 300. The device
under charge DUC 300 is placed within the charging zone 130. There can be a coupling
and mutual influence between the transmitting antenna 110 and the receiving antenna

120, as well as between the transmitting antenna 110" and the receiving antenna 120.
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[00141]

array (in this example the transmitting antennas 110 and 110'), each antenna within the

In a configuration where the transmitting unit can comprise an antenna

array can have a different impedance (Z) value with reference to the receiving unit,
since the distance of each antenna in the array is different or due to different
characteristic of the antennas. Upon an insertion of a device under charge (DUC) 300
into a closed, semi-closed, or open charging device, the charging system can measure
the respective S11 return loss impedance of each antenna in the array. The antenna that
provides the lowest S11 value (after tuning the frequency, the power level and the

impedance by the Adaptive Impedance Matching (AIM) unit 118) can be selected to

transmit the RF energy.
Antenna (A) Zta Zra S11
Al Ztal Zral S11(1)
A2 Zta2 Zra2 S11(2)
An Zta n Zra n S11(n)

(It is be noted that Zta influence Ztx, and Zra influence Zrx).

[00142]

comprising an adaptive impedance transmitting antenna 110’ (modified transmitting

FIG. 6 is a schematic diagram illustrating a wireless charging system 600

antenna) configured to allow changing the size and impedance of the transmitting
antenna 110°" while maintaining the same distance from the receiving antenna 120.
This can enable achieving the energy transfer that can optimize the efficiency of the
charging of a device under charge 300. The transmitting sub-unit 112 generates and
transfers the RF signal to the transmitting antenna 110". The charging zone 130 can be
defined respectively corresponding to the transmitting antenna 110". The device under
charge 300 contains a receiving sub unit 122, which can receive the RF signal from the

receiving antenna 120.

[00143]

improving the charging, and more accurately adjust the S11 value. The term “modified

A configuration using an adjustable transmitting antenna 110” can enable

transmitting antenna” as used herein refers to a transmitting antenna that can be

composed of more than one part that can be operably connected and disconnected in
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order to create different impedance characteristics of the antenna. By changing the size
of the transmitting antenna 110” the impedance (Zta) of the transmitting antenna can
change. Additionally, the transmitting antenna 110” can comprise branches that can be
functionally attached or detached from the other branches, where any combination of

“branches” can provide the transmitting antenna with a different impedance value (Zta).

[00144] In summary, the coupling between the transmitting antenna 110” and the
receiving antenna 120 and consequently the charging efficiency of a device under
charge 300 may be improved by selection and adjustment of the transmitting antennas
(to obtain best S11 and S21 values). The charging efficiency can also be improved by
adjusting the impedance matching between the transmitting sub-unit 112 for each
transmitting antenna configuration in order to obtain the best S11 (and S21) values.
Thus, upon positioning a device under charge (DUC) 300 in a charging device (closed,
semi-closed, open) the controller 114 can swift through every possible combination of
antennas available in the charging system (either a transmitting antenna array or a single
transmitting antenna) and can adapt the impedance to each of antenna. The best S11
value obtained can then be used by the controller to select the respective antenna to

transmit the RF energy to the device under charge (DUC) 300.

[00145] The transmitting and receiving antenna impedances for the charging
system setups provided in FIGs 1, 2, 5 and 6 can be illustrated as Smith charts and units
return loss graphs as illustrated in and described with reference to FIGs. 7 — 32 of the

accompanying drawings.

[00146] FIGs. 7 — 11 are Smith charts illustrating the antennas impedance and
graphs illustrating the units return loss of the charging system setup of FIG. 1. FIG. 7
illustrates the conditions of transmitting antenna 110 and receiving antenna 120, where
Zta 142 indicates the input impedance of transmitting antenna 110 and Zra 144 indicates
the input impedance of receiving antenna 120. In FIG. 7 the receiving unit 102 is
located outside of the charging zone 130. The impedance of each antenna can be
graphically displayed by Smith charts in FIGs. 8 and 10. The Smith chart is a graphical
aid or monogram designed for electrical and electronics engineers specializing in radio
frequency (RF) engineering to assist in solving problems with transmission lines and
matching circuits. The use of the Smith chart is still widely used, not only as a problem
solving aid, but also as a graphical demonstrator of how various RF parameters behave

at one or more frequencies. The Smith chart can be used to display multiple parameters
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'
including impedances, admittances, reflection coefficients, **na scattering parameters,
noise figure circles, constant gain contours and regions for unconditional stability,
including mechanical vibrations analysis. The Smith chart is most frequently used at or

within the unity radius region.

[00147] In FIGs. 8 and 10, the Zta impedance 1421 denotes the impedance of
transmitting antenna 110 and the Zra impedance 1441 denotes the impedance of
receiving antenna 120 according to the set up illustrated in FIG. 1. Assuming that both
the transmitting unit 101 and the receiving unit 102 are designed to match the
impedance that graphically, the Smith chart describes the center point Z0O 1401 of the
Smith chart for proper energy transfer and charging, as obtained when both antennas are
located within the charging zone and coupling and mutual influence between the
antennas occurs. However, when the receiving antenna is located outside the charging
zone, the Zta impedance 1421 can be characterized as a short circuit for the given
frequency band. Additionally, the Zra impedance 1441 can be characterized as an open
circuit for the given frequency band as shown in FIGs. 8 and 10 respectively. The
impedance conditions of these antennas illustrate that there is a mismatch condition
between the transmitting antenna 110 and the transmitting sub-unit 112, and another

mismatch between the receiving antenna 120 and the receiving sub-unit 122.

[00148] FIG. 9 illustrates the mismatch condition within the transmitting unit
101, between the transmitting antenna 110 and the transmitting sub-unit 112. The
transmitting unit return loss S11 1425 is graphically displayed in decibel units as the
ratio between the reflected power that is reflected back from the transmitting antenna to
the incident power that being delivered by the transmitting unit, due to impedance
mismatch between the transmitting antenna 110 and the transmitting sub-unit 112 for

the given frequency band.

[00149] FIG. 11 illustrates the mismatch condition within the receiving unit 102,
between the receiving antenna 120 and the receiving sub-unit 122. The return loss S22
of the receiving unit 1445 is graphically displayed in decibel units as the ratio between
the reflected power that is reflected back from the receiving unit to the incident power
being delivered by the receiving antenna, due to impedance mismatch between the

receiving antenna 120 and the receiving sub-unit 122 for the given frequency band.
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[00150] FIGs. 12 — 16 are Smith charts illustrating the antennas impedance and
graphs illustrating the units return loss of the charging system setup of FIG. 2, in which
the device under charge (DUC) 300 is located within the charging zone 130. FIG. 12
illustrates the conditions of transmitting antenna 110 and receiving antenna 120. As
shown in the FIG. 12, Zta 142 indicates the input impedance of the transmitting antenna
110, while Zra 144 indicates the input impedance of the receiving antenna 120. The
impedance of each of the antennas is graphically displayed by a Smith chart. The Zta
impedance 1421 is a graphical display of the transmitting antenna 110 impedance. The
Zra impedance 1441 is a graphical display of the receiving antenna 120 impedance in
the same system setup. Assuming that the transmitting unit 101 and the receiving unit
102 are designed to match the impedance value of Z0 that graphically describe by the
center point Z0 1401 of Smith chart for proper energy transfer and charging between the
units, coupling and mutual influence between the transmitting and receiving antennas
occur. Therefore, the Zta impedance 1421 characterized as match to the center point Z0
1401 of Smith chart for the given frequency band (FIG. 13), and Zra impedance 1441
characterize as match to the center point Z0 1401 of Smith chart for the given frequency
band (FIG. 15). As to the impedance conditions of the antennas on FIGs, 13 and 15
(based on the assumption that both units 101 and 102 are designed to match a specific
impedance that is graphically displayed as the center point Z0 1401 of Smith chart), a
match condition between the transmitting antenna 110 to the transmitting sub-unit 112
and a match condition between the receiving antenna 120 and the receiving sub-unit 122

occurs.

[00151] The match within the transmitting unit 101 is expressed by return loss
S11 1425 values (Figure 14) in decibel units. The return loss is the ratio between the
reflected power that reflects back from the transmitting antenna to the incident power
being delivered by the transmitting sub-unit, due to impedance match between the

transmitting antenna 110 and the transmitting sub-unit 112.

[00152] The match within the receiving unit 102 is expressed by return loss (S22)
1445 values (Figure 16) in decibel units and denoted as the ratio between the reflected
power that reflect back from the receiving sub-unit to the incident power being
delivered by the receiving antenna, due to impedance match between the receiving

antenna 120 and the receiving sub-unit 122.
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[00153] FIGs. 17A and 17B are graphs illustrating the energy transfer efficiency
between the transmitting unit 101 and receiving unit 102 of the charging system of FIG.
3 in accordance with the two setups illustrated in FIG. 1 and 2 respectively. (i.e. DUC
300 positioned outside the charging zone 130 (unmatched system (FIG. 17A)) and DUC
300 positioned within the charging zone 130 (matched system (FIG. 17B))). As shown
in these figures, the energy transfer efficiency demonstrated as insertion loss (S21) 1450
provides an indication of the ratio between the received power to the transmitted power,
i.e. the amount of energy received by the receiving unit 102 relative to the amount of
power being transmit by the transmitting unit 101. In a mismatch condition, where there
is no coupling and mutual influence condition between the transmitting antenna 110 and
the receiving antenna 120, the insertion loss 1450 value is very high as being
graphically displayed in FIG. 17A. i.e. the energy transfer efficiency S21 is extremely
low. However, in a match condition where there is a coupling and mutual influence
condition between the transmitting antenna 110 and the receiving antenna 120, the
insertion loss 1450 value is very low (as shown in FIG. 17B) i.e. the energy transfer

efficiency S21 is extremely high .

[00154] FIGs. 18 to 22 are Smith charts illustrating the antennas impedance and
graphs illustrating the units return loss of the charging system setup of FIG. 5,
illustrating a charging system having a transmitting antenna array with two transmitting
antennas 110 and 110°. Also shown, are the insertion loss values obtained by operation
of each of the transmitting units in the array (Figures 27A and 27B). In order to achieve
the energy transfer that results in the most efficient charging of the device under charge,
the transmitting unit of the charging system of the current subject matter is variable as is
described. It is understood that the transmitting antenna array may comprise a various

number of transmitting units and types thereof.

[00155] In this setup provided in FIG. 5, the condition of transmitting antenna
110, transmitting antenna 110’, and receiving antenna 120 in accordance with the setup
of FIG. 5 are illustrated in FIG. 18. Shown in FIG. 18, Ztal 142 indicates the input
impedance of transmitting antenna 110, Zta2 142’ indicates the input impedance of
transmitting antenna 110", and Zra 144 indicates the input impedance of the receiving

antenna 120, wherein the receiving unit is located within the charging zone 130.

[00156] FIGs. 19 and 21 are Smith chart illustrations of the impedance of each of

the antennas, wherein, Ztal impedance 1421-1 denotes the impedance of the
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transmitting antenna 110 matched to the center point Z0 1401 of Smith chart for a given
frequency band, and the Zra impedance 1441-1 denotes the impedance of the receiving
antenna 120 matched to the center point Z0 1401 of Smith chart for the same given
frequency band, according to the system setup describe in FIG. 5, assuming that both,
transmitting and receiving units, are designed to match the impedance described by the
center point Z0 1401 of Smith chart for proper energy transfer and charging, i.e. when
both units are located within the charging zone, and coupling and mutual influence

between the transmitting and the receiving antennas occur.

[00157] As to the impedance condition of the antennas in this setup, based on the
assumption that all units are designed to match a specific impedance that is graphically
displayed as the center point Z0 1401 of Smith chart, no suitable match condition
between the transmitting antenna 110 of the antenna array to the transmitting sub-unit
112 and the receiving antenna 120 and the receiving sub-unit 122 occurs. The match
condition within the transmitting unit 101, between the transmitting antenna 110 and the
transmitting sub-unit 112, is illustrated in FIG. 20. Return loss (S11) 1425-1 measured
in decibel units is the ratio between the reflected power that reflects back from the
transmitting antenna to the incident power delivered by the transmitting unit due to
unsuitable impedance matching between the transmitting antenna 110 and the
transmitting sub-unit 112. The receiving unit return loss (S22) 1445-1 illustrated in FIG.
22 is the ratio between the reflected power that reflect back from the receiving sub-unit
to the incident power delivered by the receiving antenna, due to unsuitable impedance

match between receiving antenna 120 and sub-receiving unit 122.

[00158] FIGs. 23 and 25 are Smith charts showing the impedance of transmitting
antenna 110° Zta2 1421-2 and receiving antenna 120 Zra 1441-2 respectively, assuming
that both units, transmitting unit 101" and receiving unit 102, are designed to match the
impedance graphically describe by the center point Z0 1401 of Smith chart for proper
energy transfer and charging, i.e. when both units are located within the charging zone,
and coupling and mutual influence between the antennas occurs. In other words, for the
setup illustrated in Figure 5, the Zta2 impedance 1421-2 is characterized as a match to
the center point Z0 1401 of the Smith chart for the given frequency band, while the Zra
impedance 1441-2 is characterized as match to the center point Z0 1401 of Smith chart
for the given frequency band, as illustrated in FIGs. 23 and 25, respectively. The

impedance condition of the antennas on FIGs. 23 and 25 according to the scenario
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describe in FIG. 5 is based on the assumption that both units 101" and 102 were
designed to match a specific impedance that is graphically displayed as the center point
Z0 1401 of Smith chart, a match condition between the transmitting antenna 110’ to the
transmitting sub-unit 112" and receiving antenna 120 and the receiving subunit 122

occurs.

[00159] The match condition within the transmitting unit 101", between the
transmitting antenna 110" and the transmitting sub-unit 112", is described in FIG. 24.
Transmitting unit 101° return loss 1425-2 (decibel units) is the ratio between the
reflected power that reflect back from the transmitting antenna to the incident power
that being delivered by the transmitting unit, duo to impedance match between the
transmitting antenna 110" and the transmitting sub-unit 112". Receiving unit return loss
1445-2 described in FIG. 26 (decibel units) is the ratio between the reflected power
being reflected back from the receiving unit to the incident power that being delivered
by the receiving antenna, due to impedance match between the receiving antenna 120

and the receiving sub-unit 122.

[00160] As mentioned above, FIGs. 27A and 27B schematically describe the
energy transfer efficiency between the transmitting unit 101 and receiving unit 102, and
the energy transfer efficiency between the transmitting unit 101' and the receiving unit
102 for the charging system setup illustrated in Figure 5. The energy transfer efficiency
is graphically shown as insertion loss 152-1 that indicates about the ratio between the
received power to the transmitted power, i.e. the amount of energy received by the
receiving unit 102 respectively to the amount of power that being transmit by the
transmitting unit 101. According to the unsuitable matching condition describe in FIGs.
20 and 22, where there is not suitable coupling and mutual influence condition between
the transmitting antenna 110 and the receiving antenna 120, the insertion loss 152-1 is
not very low as shown in FIG. 27A, i.e. the energy transfer efficiency S21 is not very

high.

[00161] According to the match condition describe on FIGs. 23 and 25, where
there is a coupling and mutual influence condition between the transmitting antenna
110" and the receiving antenna 120, the insertion loss 152-2 is very low as shown in Fig.
27B, i.e. energy transfer efficiency S21 is extremely high. In that case, the controller of
charging system 500 will determine that the transmitting unit 101" will transfer the RF

energy to receiving unit 102.
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[00162] FIGs. 28 to 32 illustrate the antennas impedance Smith charts
presentations and the units return loss of the charging system setup of FIG. 6. FIG. 28
illustrates the condition of transmitting antenna 110" and receiving antenna 120 in the
setup of FIG. 6. Ztaai 146 indicates the input impedance of the transmitting antenna
110" in a specific adjusted impedance state, and Zra 144 indicates the input impedance
of the receiving antenna 120, according to the scenario where the receiving unit 102 is

located within the charging zone 130.

[00163] FIGs. 29 and 31 are Smith chart illustrations of the impedance of each of
the antenna, respectively, wherein, the Ztaai impedance 1461 is a graphic display of the
transmitting antenna 110" numerous impedance adjustment states according to the
scenario described with reference to FIG. 6. The Zraai impedance 1441 is a graphic
display of the receiving antenna 120 impedance states respectively to the states of the
transmitting antenna 110" according to the scenario describe in FIG. 6, assuming that
both, transmitting unit 101 and receiving unit 102, are designed to match the impedance
that graphically describe by the center point Z0O 1401 of Smith chart for proper energy
transfer and charging, i.e. when both are locate within the charging zone, and coupling

and mutual influence between the antennas occurs.

[00164] Ztaai impedance 1461 is characterized as match to the center point Z0
1401 of Smith chart in certain antenna adaptive impedance state for the given frequency
band and Zraai impedance 1441 is characterize as match to the center point Z0 1401 of
Smith chart respectively to the adaptive impedance state of the transmitting antenna

110" for the given frequency band.

[00165] The impedance condition of the antennas on FIG. 29 and FIG. 31,
according to the setup of FIG. 6, and based on the assumption that both units were
designed to match a specific impedance that is graphically displayed as the center point
Z0 1401 of Smith chart, a several match condition between the transmitting antenna
110" to the transmitting sub- unit 112 and receiving antenna 120 and the receiving sub-

unit 122 occurs.

[00166] Several matching condition within the transmitting unit 101, between the
transmitting antenna 110" and the transmitting sub-unit 112, is described in FIG. 30.
Transmitting unit (Txaai) return loss 152aai is the ratio between the reflected power

being reflected back from the transmitting antenna to the incident power being delivered
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by the transmitting unit, due to several impedance matching states between the
transmitting antenna 110" and the transmitting sub-unit 112. Receiving unit return loss
1445 is the ratio between the reflected power that reflect back from the receiving unit to
the incident power that being delivered by the receiving antenna, duo to several
impedance matching states, respectively to the adaptive impedance state of the
transmitting antenna 110", between the receiving antenna 120 and the receiving unit 122

(FIG. 32).

[00167] FIG. 33 is a graph illustrating the energy transfer efficiency between the
transmitting unit 101 and receiving unit 102 respectively to the adaptive impedance
state of the transmitting antenna 110", regarding the charging scenarios describe in FIG.
6. The energy transfer efficiency S21 is graphically displayed as insertion loss 1448,
indicates about the ratio between the received power to the transmitted power, i.e. the
amount of energy received by the receiving unit 102 respectively to the amount of
power that being transmit by the transmitting unit 101 in several adaptive impedance
states of the transmitting antenna 110". According to several matching state conditions
described in FIGs. 29 and 31, where there are several coupling and mutual influence
conditions between the transmitting antenna 110" and the receiving antenna 120,
respectively to the adaptive impedance state of the transmitting antenna 110", the
insertion loss 1448 is very low as being graphically displayed in FIG. 33 for a certain
state of adaptive impedance of the transmitting antenna 110", i.e. energy transfer
efficiency S21 is very high. The controller of charging system 600 will determine that
the combination of the modified antenna 101" that provided the highest energy transfer

efficiency S21 value will transfer the RF energy to receiving unit 102.

[00168] FIGs. 34 to 38 are schematic illustrations of the wireless charging system
100 of FIG. 3 following adaptive impedance matching process that is performed after
the electromagnetic parameters of the system are all set. The impedance matching of the
charging system illustrated in these figures is configured to provide the final adaptation
of the electronic components of the wireless charging system so as to allow maximal
efficiency of the charging process in the preferred setup as selected according to the

electromagnetic components setup of the wireless charging system.

[00169] FIG. 34 is a Smith chart presentation of the impedance condition of the
transmitting unit before and after impedance matching. In this graphic presentation,

impedance of the transmitting unit Ztxaim is matched to the impedance that is
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graphically described by the center point Z0 1401 of the Smith chart for proper energy
transfer and charging, i.e. when both units, the transmitting unit 102 and the receiving
unit 102 are located within the charging zone and coupling and mutual influence
between the antennas occurs, while before the impedance matching Ztx 1491 is located
within the dashed circle 1490 around the Z0O point. In a similar manner, the impedance
condition of the receiving unit before and after impedance matching Zraim is presented
in FIG. 36. The impedance of the receiving unit Zraim is matched to the impedance that
graphically is described by the center point Z0 1401 of the Smith chart for proper
energy transfer and charging, i.e. when both units, the transmitting unit 102 and the
receiving unit 102 are locate within the charging zone and coupling and mutual
influence between the antennas occurs, while before the impedance matching Zrx 1495

is located within the dashed circle 1490 around the Z0 point.

[00170] FIGs. 35 and 37 are schematic illustrations of the return loss S11 of the
transmitting unit Tx and the return loss S22 of the receiving unit Rx respectively,
following adaptive impedance matching of the units (strict line) and before that in a
deferent partially matched situations (dashed lines). As shown in the figures, upon
matching of the impedance between the units, the S11 and the S22 levels (in decibels)
are improved in a manner that the energy transfer and the charging process in the
specific setup of the wireless charging system is optimal. As noted from the figures,
when the transmitting and receiving antennas are coupled, the energy transfers from the
transmitting unit to the receiving unit in a very narrow frequency band such that the
transmission pattern is characterized as a peak. Constant loss in the system is usually
expressed as a constant by a wide frequency band (—dB) value that reflects the loss. The
receiving unit 102 is adapted to a certain power i.e. the desired efficiency will be
obtained only when the inserted power is matched to the system impedance. In such
scenario, the compliance of the system is gradual until the opening point of the diode of
the power conditioning circuit in which the receiving unit is capable to uptake the
energy. Before the opening of the diode, the constant loss of the charging device and the
DUC are minor in any transmission values. Upon opening of the diode the absolute
values of S11 increase until full conduction is reached that reflects the optimal operating

point of the system.

[00171] During the charging process, while the system obtained a maximal

energy transfer condition (strict line), several changes may occur (dashed lines). The
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impedance of the secondary cell is changed during the charging process, those
impedance changes reflect and effect the matching condition between the receiving
antenna and the receiving unit i.e S22 is changed (dashed lines) due to the increasing of
the reflect power to the receiving antenna from the receiving unit. The changes
occurring in S22 reflect and affect S21 by decreasing the transfer efficiency S21 and
also the return loss of the transmitting unit S11, due to the coupling condition between
the antennas. The changes in the return loss S11 (dashed lines) leads to mismatch
between the transmitting antenna and the transmitting sub-unit in this scenario, the
adaptive impedance unit in the transmitting unit is adjusting the transmitting sub-unit
and the transmitting antenna to the new condition in order to maintain and restore the

maximal energy transfer efficiency condition with the receiving unit.

[00172] FIG. 38 describes the energy transfer efficiency between the transmitting
unit and the receiving unit respectively to the adaptive impedance state of the units until
the optimal impedance match is achieved. The energy transfer efficiency is graphically
displayed as insertion loss 1448, and is the ratio between the received power to the
transmitted power, i.e. the amount of energy received by the receiving unit 102
respectively to the amount of power that being transmit by the transmitting unit 101 in
several adaptive impedance state of the transmitting antenna. The insertion loss 1448 is
very low as graphically displayed in FIG. 38 upon reaching optimal adaptive impedance

match, i.e. energy transfer efficiency S21 is very high.

[00173] FIGs. 39 and 40 are graphs illustrating the return loss for two receiving
units, in multiple devices under a charge scenario. In this scenario there can be multiple
receiving units 102 in the charging zone. The transmitting unit can recognize the
compliance state (frequency and impedance) of each receiving unit separately
(illustrated in FIGs. 39 and 40 for two different receiving units) and can save the
recognized values. Thereafter, the impedance of the transmitting unit, using previously
described methods, can create a common compliance point that is ideal to both
receivers. FIG. 41 is a graph illustrating the transmitting unit return loss S11. FIG. 42
is a graph illustrating the common compliance point that is ideal to both receiving units
on a return loss diagram. At this point, the two receiving units can begin charging until
the transmitting unit detects changes in the S11 values. When such a change occurs, the
transmitting unit can again start checking the compliance of each of the receiving units

separately (as illustrated in FIGs. 39 and 40) and analyze the change in each of them
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(the charging state of each of the receiving units based on S11 values of each). In order
to maintain the amount of power required for each of the receivers, the transmitting unit
may perform changes and shift the common compliance point toward the receiving unit
that requires more power than the other. The controller 114 in the transmitting unit 102
is adapted to respond to the degree of impedance mismatch falling below the threshold
at each of two sets of the plurality of frequencies, each set being in a frequency region

narrower than the frequency range by commencing a multiple device charging process.

[00174] The transmitting unit may adapt the nature of the common transmission
at the overlapping area created between the two compliance points of each of the
receivers separately, so as to transmit the required power for each of the receivers
together. Each time that the transmitting unit measures a change, the measurement is
performed for each of the receiving units separately (according to the data obtained in
previous measurement of the same receiving unit) in order to view the changes in each
specific device under charge (DUC) and to analyze the required charging duration
required for each receiving unit. According to the analysis the transmitting unit changes
the transmitting parameters from the common compliance point toward the compliance
point of the receiving unit that requires more power and keeping transmitting a lower

power toward the other receiving unit according to its needs.

[00175] It should be clear that the description of the embodiments and attached
Figures set forth in this specification serves only for a better understanding of the
invention, without limiting its scope. It should also be clear that a person skilled in the
art, after reading the present specification could make adjustments or amendments to the
attached figures and above described embodiments that would still be covered by the

current subject matter.
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CLAIMS

A wireless charging device comprising a transmitter coupled to at least one
transmitting antenna and operable to cause the at least one transmitting antenna
to emit electromagnetic radiation; a conductive structure adapted to confine the
electromagnetic radiation to a charging zone; and a detector for detecting a
degree of impedance mismatch between the transmitter and the at least one

transmitting antenna.

A wireless charging device according to claim 1, wherein the conductive
structure is a radiofrequency shielded structure within which the at least one
transmitting antenna is located, the charging zone being located within an

internal volume of the radiofrequency shielded structure.

A wireless charging device according to claim 1, wherein the conductive
structure defines a partially enclosed volume within which the at least one
transmitting antenna is located and which has an open region allowing for
introduction of a device to be charged into the partially enclosed volume, the

charging volume occupying at least part of the partially enclosed volume.

A wireless charging device according to claim 1, wherein the conductive
structure is a planar structure on which the at least one transmitting antenna is
located, whereby the charging zone occupies a volume surrounding the at least

one transmitting antenna.

A wireless charging device according to claim 1, wherein the at least one
antenna comprises an array of antennae, each of which may be selected for

emitting electromagnetic radiation to modify the charging zone.
A wireless charging device according to any of the preceding claims, wherein

the at least one antenna is an adaptive impedance transmitting antenna, the

impedance of which is variable to modify the charging zone.
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7.

10.

11.

12.

A wireless charging device according to any of the preceding claims, wherein
the detector monitors incident power transmitted to the at least one transmitting
antenna and reflected power received from the at least one transmitting antenna,
the ratio of these indicating the impedance mismatch between the transmitter

and the at least one transmitting antenna.

A wireless charging device according to any of the preceding claims, wherein
the wireless charging device further comprises a controller coupled to the
detector so as to receive at least one signal indicating the degree of impedance

mismatch from the detector.

A wireless charging device according to claim 8, wherein the controller is
adapted to respond to a reflection coefficient S11 from the degree of impedance
mismatch and to cause the device to indicate the absence of a device to be
charged in the charging zone if the reflection coefficient S11 rises above a

threshold value.

A wireless charging device according to claim 8 or claim 9, wherein the
controller is adapted to respond to the degree of impedance mismatch falling
below a threshold value by varying a transmission frequency at which the
transmitter causes the at least one transmitting antenna to emit electromagnetic
radiation over a frequency range and measuring the degree of impedance

mismatch at a plurality of frequencies across the frequency range.

A wireless charging device according to claim 10, wherein the controller is
adapted to respond to the degree of impedance mismatch falling below the
threshold value at at least some of the plurality of frequencies by causing the
device to indicate the presence of a non-chargeable, parasitic load in the

charging zone.

A wireless charging device according to claim 10 or claim 11, wherein the
controller is adapted to respond to the degree of impedance mismatch falling
below the threshold at each of a set of the plurality of frequencies in a frequency

region narrower than the frequency range by commencing a charging process.
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13.

14.

15.

16.

A wireless charging device according to claim 12, wherein the controller is
further adapted on commencement of the charging process to modify the power
level at which the transmitter causes the at least one transmitting antenna to emit
electromagnetic radiation whilst monitoring the degree of impedance mismatch
to determine the power level at which the degree of impedance mismatch

exhibits a peak and then setting the power level to that value.

A wireless charging device according to claim 12 or claim 13, wherein the
controller is adapted during the charging process to monitor the degree of
impedance mismatch and to respond to variations in the degree of impedance
mismatch in at least one of the following ways:

a) by varying the power level at which the transmitter causes the at least one
transmitting antenna to emit electromagnetic radiation;

b) by varying the frequency at which the transmitter causes the at least one
transmitting antenna to emit electromagnetic radiation;

¢) by controlling an adaptive impedance matching unit coupled to the transmitter
and the transmitting antenna to match the impedance of the transmitter and the
transmitting antenna; and

d) by coupling at least one antenna of an antenna array to the transmitter and/or
by adapting the impedance of an adaptive impedance antenna coupled to the

transmitter.

A wireless charging device according to any of claims 10 to 14, wherein the
controller is adapted to respond to the degree of impedance mismatch falling
below the threshold at each of two sets of the plurality of frequencies, each set
being in a frequency region narrower than the frequency range by commencing a

multiple device charging process.

A wireless charging device according to claim 14, wherein the controller is
further adapted on commencement of the charging process to set the frequency
at which the transmitter causes the at least one transmitting antenna to emit
electromagnetic radiation to a value between frequency values within each set at

which the impedance mismatch exhibits a peak.
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17.

18.

19.

20.

A wireless charging device according to claim 14, wherein the controller is
further adapted to respond to changes in impedance mismatch by adjusting the
frequency at which the transmitter causes the at least one transmitting antenna to
emit electromagnetic radiation to a value closer to one of the two peaks than the

other.

A wireless charging device for charging a chargeable unit, the device comprising
a power transmitter coupled to a transmitting antenna for transmitting energy to
the chargeable unit, a monitor for monitoring a reflection coefficient S11 of the
transmitting antenna, and a controller adapted to respond to the monitored S11
value in at least one of the following ways:

a) by varying the power level at which the power transmitter causes the
transmitting antenna to transmit energy;

b) by varying the frequency at which the power transmitter causes the
transmitting antenna to transmit energy;

¢) by controlling an adaptive impedance matching unit coupled to the power
transmitter and the transmitting antenna to match the impedance of the
transmitter and the transmitting antenna; and

d) by coupling at least one antenna of an antenna array to the power transmitter
and/or by adapting the impedance of an adaptive impedance antenna coupled to

the power transmitter.

A receiver for use with a wireless charging device according to any of the
preceding claims, the receiver comprising a receiving antenna, a power
conditioning circuit adapted to receive an electrical signal from the receiving
antenna and condition the electrical signal into a form suitable for charging or
powering a load, and a connector for coupling the power conditioning circuit to

the load, in use.
A receiver according to claim 19, wherein the power conditioning circuit

comprises an impedance matching circuit having only passive electrical

components.
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21.

22.

23.

24.

25.

26.

A receiver according to claim 20, wherein the receiver further comprises a
switch for interrupting the reception of the electrical output from the receiving

antenna by the power conditioning circuit.

A wireless charging system comprising a wireless charging device according to
any of claims 1 to 18 and at least one receiver according to any of claims 19 to

21.

A wireless charging system according to claim 22, wherein the charging zone
includes a region in which the electromagnetic radiation is concentrated relative

to the remainder of the charging zone.

A wireless charging system according to claim 22 or claim 23, wherein the
controller in the wireless charging device is further adapted to monitor the
charging state of a battery in a chargeable unit coupled to the receiver by
monitoring changes in the degree of impedance mismatch and to vary the power
level and/or frequency at which the transmitter causes the at least one
transmitting antenna to emit electromagnetic radiation and/or to control an
adaptive impedance matching unit coupled to the transmitter and the
transmitting antenna to match the impedance of the transmitter and the

transmitting antenna.

A wireless charging system according to any of claims 22 to 24, wherein the
controller in the wireless charging device is further adapted to decrease the
power level at which the transmitter causes the at least one transmitting antenna
to emit electromagnetic radiation from a starting value for a predefined period of

time before returning the power level to the starting value.

A wireless charging device according to claim 25, wherein the controller in the
wireless charging device is adapted to determine an insertion loss S21 value by
calculating the ratio of the difference in the values of S11 during the predefined
period and prior to the predefined period to the value of S11 prior to the
predefined period.
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