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(57) Abstract: Driver circuitry for driving a load, comprising; at least one variable boost stage comprising: first and second flying
capacitor nodes for connection to a flying capacitor therebetween; a network of switching paths for selectively connecting a first voltage
and a second voltage with the first and second flying capacitor nodes; an output stage for selectively connecting a driver output node
to each of the first and second flying capacitor nodes; and a controller operable in a first boost mode to: control the output stage to
selectively connect the driver output node to the first flying capacitor node; control the network of switching paths to switch connection
of the second flying capacitor node between the first and second voltages at a controlled duty cycle; and in a first charge top-up cycle,
control the network of switching paths to connect the first input node to the first flying capacitor node during a phase of the controlled
duty cycle in which the first input node is connected to the second flying capacitor node.
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DRIVER CIRCUITRY

Technical Field

[0001] The present disclosure relates to driver circuitry comprising charge pump

circuits for the maintenance of charge.

Background

[0002] Charge pump circuits are a type of DC-DC converter which use capacitors as
energy storage device and are able to provide a power source at a higher or lower
voltage than that obtained from an input source. Charge pump circuits are capable of

high efficiencies, sometimes as high as 90-95%.

[0003] Charge pumps typically use one or more switching devices to control the
connection of one or more capacitors to voltage sources and to one another, to typically
obtain voltages other than the input voltage value. Charge pumps typically include a
capacitor, known as a “flying capacitor”, for transferring charge to a load. The switching
device(s) are configured to control the charging and discharging of the flying capacitor

in cycles to achieve the desired output voltage based on an input signal.

[0004] During charging and discharging cycles of the flying capacitor, charge can be
lost over time due to current leakage and other non-ideal effects. This fluctuation or drift
from the desired charge across the capacitor can lead to inefficiencies and inaccuracies

in the level of power being provided to the load.

Summary

[0005] According to a first aspect of the disclosure, there is provided driver circuitry for
driving a load, comprising: at least one variable boost stage comprising: first and second
flying capacitor nodes for connection to a flying capacitor therebetween; a network of
switching paths for selectively connecting a first voltage and a second voltage with the
first and second flying capacitor nodes; an output stage for selectively connecting a
driver output node to each of the first and second flying capacitor nodes; and a controller

operable in a first boost mode to: control the output stage to selectively connect the
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driver output node to the first flying capacitor node; control the network of switching
paths to switch connection of the second flying capacitor node between the first and
second voltages at a controlled duty cycle; and in a first charge top-up cycle, control the
network of switching paths to connect the first input node to the first flying capacitor node
during a phase of the controlled duty cycle in which the first input node is connected to
the second flying capacitor node. The at least one variable boost stage may comprise
first and second input nodes configured to receive the first voltage and the second
voltage respectively. The frequency of the controlled duty cycle is preferably greater

than the frequency of the charge top-up cycle.

[0006] According to another aspect of the disclosure, there is provided driver circuitry
for driving a load based on an input signal, comprising: at least one variable boost stage
comprising: first and second input nodes configured to receive a first voltage and a
second voltage respectively; first and second flying capacitor nodes for connection to a
flying capacitor therebetween; a network of switching paths for selectively connecting
the first and second input nodes with the first and second flying capacitor nodes; an
output stage for selectively connecting a driver output node to each of the first and
second flying capacitor nodes; and a controller operable in a first boost mode to: control
the output stage to selectively connect the driver output node to the first flying capacitor
node; control the network of switching paths to switch connection of the second flying
capacitor node between the first and second input nodes at a controlled duty cycle; and
in a first charge top-up cycle, control the network of switching paths to connect the first
input node to the first flying capacitor node during a phase of the controlled duty cycle
in which the first input node is connected to the second flying capacitor node; wherein
the frequency of the controlled duty cycle is a greater than the frequency of the charge

top-up cycle.

[0007] The frequency of the controlled duty cycle may be a multiple of the frequency of

the charge top-up cycle.

[0008] The driver circuitry may further comprise the flying capacitor coupled between

the first and second flying capacitor nodes.
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[0009] The controller may be operable in a second boost mode to: control the output
stage to switch connection of the driver output node to the second flying capacitor node;
control the network of switching paths to switch connection of the first flying capacitor
node between the first and second input nodes at the controlled duty cycle. The
controller may be operable in a second charge top-up cycle to control the network of
switching paths to connect the second input node to the second flying capacitor node
during a phase of the controlled duty cycle in which the second input node is connected
to the first flying capacitor node. The frequency of the controlled duty cycle may be

greater than the frequency of the second charge top-up cycle.

[0010] The controller may be operable in a third mode to: control the network of
switches to provide the first and second voltages at the first and second flying capacitor
nodes respectively; and control the output stage to switch connection of the driver output
node between the first flying capacitor node and the second flying capacitor node at the

controlled duty cycle.

[0011] The first voltage may be greater than the second voltage.

[0012] The controller may be configured to control the network of switching paths in a
charging mode and another mode. In the charging mode, the controller may be
configured to selectively connect the flying capacitor in series between the first and
second input nodes to be charged. In the other mode, the controller may be configured
to selectively connect the flying capacitor in series between one of the first and second

input nodes and a selected one of the first and second flying capacitor nodes.

[0013] The network of switching paths may comprise one or more of. a switching path
for selectively connecting the first input node to the first flying capacitor node; a switching
path for selectively connecting the first input node to the second flying capacitor node;
a switching path for selectively connecting the second input node to the first flying
capacitor node; and a switching path for selectively connecting the second input node

to the second flying capacitor node.
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[0014] The output stage may comprise a switching path for selectively connecting the
first flying capacitor node to the driver output node, and/or a switching path for selectively

connecting the second flying capacitor node to the driver output node.

[0015] The at least one variable boost stage may comprise first and second variable

boost stages configured to drive the load in a bridge-tied-load configuration.

[0016] The controller may be operable to control the controlled duty cycle based on the

input signal.

[0017] The at least one variable boost stage may comprise a DC-DC converter.

[0018] The driver circuitry may comprise an inductor connected to the driver output

node for connection in series with the load.

[0019] The driver circuitry may further comprise the load.

[0020] In some embodiments, the load is a reactive load. In other embodiments, the

load is a resistive load.

[0021] In some embodiments, the load is a transducer. The transducer may be at least
one of an audio output transducer and a haptic output transducer. Alternatively, the

transducer may be a piezoelectric or ceramic transducer.

[0022] According to another aspect of the disclosure, there is provided an electronic

device comprising the driver circuitry described above.

[0023] Throughout this specification the word "comprise", or variations such as
"comprises" or "comprising", will be understood to imply the inclusion of a stated
element, integer or step, or group of elements, integers or steps, but not the exclusion

of any other element, integer or step, or group of elements, integers or steps.
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Brief Description of Drawings

[0024] Embodiments of the present disclosure will now be described by way of non-

limiting examples with reference to the drawings, in which:

[0025] Figure 1 is a diagram of single-ended driver circuitry for driving a load;

[0026] Figure 2 is an example output waveform for the driver circuitry of Figure 1;

[0027] Figure 3 is a block diagram of the driver circuitry of Figure 1;

[0028] Figure 4 is a schematic diagram of the driver circuitry of Figure 1;

[0029] Figure 5 is a transistor-level diagram of the driver circuitry of Figure 4;

[0030] Figures 6 to 8 illustrate the driver circuitry of Figure 4 in various modes of

operation;

[0031] Figure 9 is a timing diagram for the operation of the driver circuitry shown in

Figures 8;

[0032] Figures 10 is a timing diagram for the operation of the driver circuitry shown in

Figure 9;

[0033] Figure 11 illustrates the driver circuitry of Figure 4 during a top-up cycle

according to embodiments of the present disclosure;

[0034] Figure 12 is a timing diagram for the operation of the driver circuitry shown in

Figure 11;

[0035] Figure 13 illustrates the driver circuitry of Figure 4 during a top-up cycle

according to embodiments of the present disclosure;

[0036] Figure 14 is a timing diagram for the operation of the driver circuitry shown in

Figure 13; and
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[0037] Figure 15 is a schematic diagram of driver circuitry in a bridge-tied-load

configuration.

Description of Embodiments

[0038] Figure 1 is a schematic illustration of circuitry 100 comprising a driver 102 for
driving a load 104, in this case a transducer. The driver 102 may receive an input signal
Sin and generate a corresponding drive signal for driving the transducer. The input
signal Sin may, for example, be an input audio or ultrasonic signal or haptic waveform
or the like and may be received from upstream circuitry (not shown) such as upstream
amplification and/or signal processing circuitry. The driver 102 drives the transducer
104 with the drive signal based on the input signal Sin. Where the load 104 is an output
transducer, the driver 102 drives the load 104 to cause the transducer to produce a
desired output, e.g. an audible, ultrasonic, or haptic output based on the input signal
Sin.

[0039] The driver 102 may include a switching amplifier stage, e.g. a class-D amplifier
stage or the like, for generating the drive signal. Switching amplifier stages can be
relatively power efficient and thus can be advantageously used in some applications. A
switching amplifier stage generally operates to switch an output node between defined
high and low switching voltages, with a duty cycle that provides a desired average output
voltage over the course of the duty cycle for the drive signal. To provide a desired output
voltage range, the switching amplitude may be switched between the peak high and low

voltages of the desired output range.

[0040] In at least some applications, for example for driving some piezoelectric
transducers, it may be desirable to generate drive signals with relatively high amplitudes,
for example with a peak-to-peak voltage range of the order of tens of volts or so. For
instance, piezoelectric or piezo transducers or ceramic transducers are increasingly
being proposed for use in some applications, for instance for audio, ultrasonic or haptics
output, and may be considered as an alternative to conventional cone and voice-coil
type speaker or resonant actuators or the like. Piezoelectric transducers may be
advantageous in some applications, especially for portable electronics devices such as

mobile telephones, laptop and tablet computers and the like, due to their thin form factor,
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which may be beneficial in meeting the demand for increasing functionality in such
devices without significantly increasing their size. Piezoelectric transducers are also
increasingly finding application as transducers for ultrasonic and range-finding systems.
Piezoelectric transducers may also be used as input transducers or sensors in some

applications.

[0041] At least some embodiments of the present disclosure relate to configuration of
driver circuitry comprising at least one switching driver for generating a drive signal at a
driver output node, where the drive signal can vary within an output voltage range. The
switching driver is operable in a plurality of different operating modes, wherein, in each
of the different operating modes, the output node is switched between two switching
voltages that provide only part of the output voltage range, that is, the voltage range
between the two switching voltages in a given mode forms only a part or a subset of the

full output voltage range.

[0042] The switching driver thus switches between two defined switching voltages with
a controlled duty cycle to provide a desired average output voltage, where the average
output voltage can vary within a defined voltage range between a peak high voltage and
a peak low voltage. However, rather than just switch between these peak high and low
voltage levels of the output range, the switching driver of embodiments of the disclosure
switches between two switching voltages which form a subset, or only part, of the full
output range. Thus, the output node switches between two switching voltages that differ

from one another by less than the full output range.

[0043] In effect, the switching driver may be considered to operate with variable voltage
rails, where the voltage rails are controllably varied to provide different operating ranges
in the different operating modes, where each of the operating ranges is only part of the

of full output range.

[0044] Figure 2 illustrates this principle. Figure 2 illustrates the switching waveforms
at an output node of a switching driver according to one example and the resulting
average voltage 202 over a duty cycle, i.e. the desired voltage of the drive signal output
from the switching driver. The driver 102 is provided with a supply voltage VH and a

reference voltage VL, which for the purposes of this example is a ground reference or
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zero volts. The drive signal may vary within a full output range between a peak low
voltage -VH and a peak high voltage 2VH. In this example, however, the switching driver
is operable in different modes. In one mode of operation an output node of the switching
driver may be switched between the peak low voltage -VH and a first intermediate
voltage VL. In another mode of operation, the output node may be switched between
the first intermediate voltage VL and a second intermediate voltage VH. In a further
mode of operation, the output node may be switched between the second intermediate

voltage VH and the peak high voltage 2VH.

[0045] To generate a drive signal with a voltage that is lower than the intermediate
voltage VL, the output stage may operate in the mode that switches between VL and -
VH. For a drive voltage which is greater than the first intermediate voltage VL, but lower
than the second intermediate voltage, the output node may be switched between VL
and VH, and if the desired voltage for the drive signal is above VH, the switching driver
may operate in the mode to switch the voltage at the output node between VH and the
peak high voltage 2VH. In each case, the duty cycle is controlled appropriately to

provide the desired average voltage.

[0046] It can be seen from Figure 2 that the full output range between -VH and 2VH is
provided by three different operating modes. However, in other embodiments, there
may be a different number of operating modes across a full output range of the switching
output stage, for instance in some embodiments there may be just one or two operating
modes or there may be more than three operating modes. The voltage ranges for the
operating modes, defined by the switching voltages, may be defined so that the
respective voltage ranges of the operating modes are contiguous and non-overlapping
and collectively cover the whole of the full output range of the switching driver. In any
embodiment, the magnitude of the voltage range of each of the operating modes, i.e.
the voltage difference between each of the relevant two switching voltages: -VH and VL,

VL and VH, or VH and 2VH: is the same as one another or different to one another.

[0047] The switching driver may be configured to receive a first (low-side) input voltage
and a second (high-side) input voltage, for instance a supply voltage and ground or two
supply voltages, which define an input voltage supply with a magnitude which is lower

than the full peak-to-peak output voltage range of the switching driver. Operating in the
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different operating modes also means that the voltage difference between the switching
voltages is less than the full output range of the switching driver, even when operating
to provide a drive signal voltage near the peak high output voltage 2VH. In this way, the
maximum voltage stress across components of the switching driver can be kept to a
magnitude which is lower than, and in some implementations significantly lower than,
the peak-to-peak output voltage range of the switching driver. This can advantageously
allow the use of components, e.g. transistors such as. FETs, with a voltage tolerance
which may be significantly lower than the peak-to-peak output voltage of the driver

circuit.

[0048] The switching driver may comprise a variable boost, or level-shifting circuit, such
a charge pump, for providing some of the appropriate switching voltages for operation
in the selected mode. The variable boost circuit may selectively positively boost (i.e.
increase) the high-side input voltage and/or negatively boost (i.e. lower) the low-side
input voltage to controllably vary at least one of the switching voltages for a mode of

operation.

[0049] Figure 3 illustrates an example of the driver circuitry 100 shown in Figure 1 with
a variable boost stage 302. The driver 102 comprises the variable boost stage 302 and
a switching output stage 304. The variable boost stage 302 is configured to receive a
high-side input voltage VH and a low-side input voltage VL. The switching output stage
304 receives high-side and low-side-switching voltages VSH and VSL from the variable
boost stage and switches a driver output node 306 between these two switching

voltages with a controlled duty cycle to provide a desired average output voltage.

[0050] The variable boost stage is operable to controllably vary the switching voltages
VSH and VSL so as to provide the different modes of operation. In one example, the
input voltages VH and VL, may be used as the switching voltages VSH and VSL in one
mode. In one example the input voltage VH may be used as the low-side switching
voltage VSL, with the variable boost stage being operable to generate a positively
boosted higher voltage (e.g. 2VH) as the high-side switching voltage VSH. In one
example VL may be used as the high-side switching voltage VSH, with the variable
boost stage being operable to generate a negatively boosted lower voltage (e.g. -VH)

as the low-side switching voltage VSL.
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[0051] In some applications the load 104 could be a reactive load, such as a
piezoelectric transducer. Figure 3 also illustrates that there may be a series inductance
308 in the load path, e.g. the load 104 may be connected in series with an inductor 308.
Especially for piezoelectric transducers, the capacitive nature of such transducers
means that it may generally be beneficial to include an inductor in series with the
transducer. The inductor 308 may help suppress the switching ripple at the switching
frequency, whilst allowing the current to flow for the signal band of interest, e.g. at audio

or ultrasonic frequencies.

[0052] Figure 4 illustrates an example implementation of the driver 102 shown in

Figure 3.

[0053] The output stage 304 comprises two switching paths S1 and S2 for selectively
connecting the driver output node NO to first and second nodes N1, N2. In use, a flying
capacitor CFL is coupled between the first and second nodes N1, N2 and so the first
and second nodes N1, N2 will also be referred to herein as first and second flying

capacitor nodes N1, N2.

[0054] The variable boost stage 302 is configured to selectively control the voltages at

the first and second nodes N1 and N2 to enable the various modes of operation.

[0055] The variable boost stage 302 comprises a first set of switching paths S3, S4 and
a second set of switching paths S5, S6. Switching paths S3 and S4 are provided to
selectively connect a node N1 to the high-side input voltage VH or the low-side input
voltage VL respectively. Likewise, switching paths S5 and S6 selectively connect a

node N2 to the high-side input voltage VH or the low-side input voltage VL respectively.

[0056] It will be understood that the switching driver 102 may be implemented as an
integrated circuit (IC), but in some embodiments the capacitor CFL may not be an
integrated component and may be a separate component which is connected to the IC
in use, i.e. the capacitor 308 may be off-chip. The capacitor 308 may therefore be
connected between first and second capacitor nodes (not separately identified), which

may be connected to suitable contacts of an IC for connection to an external capacitor.
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[0057] In use, the driver circuit may be selectively operable in three different driver
modes of operation, where the voltages at the variable boost nodes N1 and N2, and

hence the switching voltages for the output stage 304 vary in each mode.

[0058] As described above, each of the switching paths of the variable boost stage 302
and the output stage 304 may be implemented by a suitable transistor, e.g. a suitable
MOSFET. Figure 5 illustrates an example of a switch driver such as described with

respect to figure 4, wherein each of the switching paths is implemented by a FET.

[0059] In a first (non-boost) mode of operation the switching voltages may be VH and
VL. In a second mode of operation the switching voltages may be VH and 2VH. In a
third mode of operation the switching voltages may be VL and -VH. By swapping
between the three modes of operation the driver 102 can provide a peak-to-peak voltage
range between -VH and 2VH, even though the voltage supply range is between VL and
VH. It will be appreciated that in embodiments described herein, VL is zero volts. In
other embodiments, VL may be a reference voltage other than zero volts, such as a

negative voltage.

[0060] Figures 6 to 8 illustrate modes of operation of the driver 102. For simplicity, in
the examples described, the low-side voltage VL is ground or zero volts. It will be
appreciated, however, that the low-side voltage is not limited to zero volts and could be

any voltage less than that of the high-side voltage VH.

[0061] Referring first to Figure 6, to provide the first (non-boost) mode of operation the
variable boost stage 304 may be operable in at least a first switch state, in which
switching paths S1 and S2 may be closed (with switching path S4 open and switching
path S3 closed) to connect the high-side input voltage VH to the first flying capacitor
node N1, and the switching path S6 may be closed (with switching path S5 open) to
connect the second flying capacitor node N2 to the low-side input voltage VL, i.e. zero
volts in this example. This results in the flying capacitor nodes N1 and N2 being
connected to the respective high-side and low-side input voltages VH, VL. Whilst in this
first state, the output stage 304 can be controlled so that switching paths S1 and S2

alternately connect the driver output node 404 to first and second flying capacitor nodes
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N1, N2 with a duty cycle controlled to provide the desired average output voltage in the
range 0V to VH.

[0062] In this first state of the first mode of operation, the capacitor 308 is thus also
connected between the high-side and low-side input voltages VL, VH and thus is
charged to the difference between VL and VH, i.e. VH.

[0063] As, in this first state of the first mode, the flying capacitor nodes N1 and N2 are
connected to the respective high-side and low-side input voltages VL, VH, the load

current can be supplied from the input supply to the variable boost stage 302.

[0064] It will be noted that, in this first mode of operation the maximum voltage
difference across any of switching paths is equal to the magnitude of the input voltage
supply, i.e. the voltage difference between the high-side and low-side input voltages VH,
VL. The voltages at the flying capacitor nodes N1 and N2 are VH and VL=0V

respectively.

[0065] Referring now to Figure 7, to provide the second (boost high) mode of
operation, the flying capacitor CFL is first charged to VH. Switching paths S3, S4 are
then opened and the switching path S1 is closed such that the voltage at the output

node NO is that of the voltage at the first flying capacitor node N1.

[0066] Whilst in this state, switching paths S5 and S6 are controlled to alternately
connect the second flying capacitor node N2 to the high- and low-side voltages VH, VL.
When the second flying capacitor node N2 is connected to the high-side voltage VH, the
voltage at the first flying capacitor node N1 (and thus the output node NO) is boosted to
2VH. When the second flying capacitor node N2 is connected to the low-side voltage

VH, the voltage at the first flying capacitor node N1 is at VH.

[0067] The switching paths S5 and S6 can be controlled to switch alternately at a
controlled duty cycle to provide the desired average output voltage within the range VH
and 2VH.

[0068] Referring now to Figure 8, to provide the third (boost low) mode of operation,

the variable boost stage 302 is operable in a switch state in which switching path S4 is
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first closed (and switching path S3 open) connecting the first flying capacitor node N1
to the low-side voltage VL, i.e. OV. the switching path S2 is closed such that the voltage
at the output node NO is that of the voltage at the first flying capacitor node N2, i.e. OV.
Switching paths S5, S6 are open and the voltage of the capacitor CFL, which is charged
to VH, negatively boosts, or lowers, the voltage at the second flying capacitor node N2
to -VH.

[0069] Whilst in this state, switching paths S3 and S4 may then be controlled to
alternately connect the first flying capacitor node N1 to the high- and low-side voltages
VH, VL. Thus, when the first flying capacitor node N1 is connected to the high-side
voltage VH, the voltage at the second flying capacitor node N2 (and thus the output
node NO) is VL. When the first flying capacitor node N1 is connected to the low-side
voltage VL=0V, the voltage at the second flying capacitor node N2 is boosted to VL-
VH=-VH.

[0070] The switching paths S3 and S4 can be controlled to switch alternately at a
controlled duty cycle to provide the desired average output voltage within the range VL
to -VH (i.e. OV to -VH).

[0071] It will be understood that for driving a transducer with a drive signal based on
an input signal, such as an audio signal, the required drive voltage of the output stage
will vary with the input signal. High output voltages, such as enabled in the second
mode of operation may only be required for relatively large amplitude drive signals and
for only part of the input signal cycle, when the relevant drive signal is near its peak.
Thus, in normal operation, the second mode may be expected to be used for only parts
of the signal cycle of the input signal, and for the switching driver circuit to be operating
in the second mode of operation, e.g. in the range VH to 2VH, the required drive signal
will have passed through the voltage range of the first mode, e.g. VL to VH. Thus prior
to operating in the second mode there will have been a period of operation in the first
mode and thus the capacitor CFL will have been charged during such operation in the

first mode.



WO 2022/185024 PCT/GB2022/050192
14

[0072] The size of the capacitor CFL may thus be selected, based on the reactive load
to be driven, such that a single charge of the capacitor provides sufficient charge for the

driving of the reactive load over the course of a signal cycle for the input signal.

[0073] It will thus be understood that the variable boost stage 302 is operable to
controllably vary the voltages at the flying capacitor nodes N1 and N2 to provide different
switching voltages in the different modes of operation. One of switching voltages in the
second and third modes of operation is selectively boosted by the voltage of the
capacitor CFL, which is charged during operation in the first mode by the input voltage,
i.e. the voltage between the high-side voltage and the low-side voltage, VBST and
ground in this example. Each of the operating modes therefore involves switching
voltages that differ from one another by a magnitude equal to the input voltage supply
for the variable boost stage 302, i.e. the difference between the high-side and low-side

input voltages.

[0074] It will also be understood that the maximum voltage stress across any of the
individual switching paths can be limited to be substantially equal to the input voltage
supply. Typically, each switching path may implemented with a transistor, e.g. a
MOSFET, as a switch and this means that a drain-source voltage tolerance of the
transistor need only be sufficient to withstand a voltage of magnitude equal to the input

voltage supply to the variable boost stage.

[0075] When operating in the second or third mode boost states, the load current will
be drawn from the capacitor CFL. If the capacitance of the capacitor CFL is relatively
large and the load for the output stage is a reactive load, the capacitor CFL may be able
to provide the charge needed with a single charge pumping cycle. Where the output
stage 204 drives an inductor 308 in the output path, lossless movement of charge

between the load and the capacitor CFL may be achievable for charge recovery.

[0076] However, in many instances, this lossless movement of charge is not
achievable. For example when the load 104 is a resistive load and/or if the inductor 308
is not provided in the output path charge may be lost to the load 104. In such cases,
the voltage at either of the first and second flying capacitor nodes N1, N2 may drift from

the original set voltage due to charge lost from the capacitor CFL.
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[0077] Figures 9 and 10 illustrate this problem for the respective second and third

operation modes described above.

[0078] Figure 9 is a timing diagram for the second (voltage boost high) mode described
with reference to Figure 7. As described above, node N2 is switched between VL and
VH at a controlled duty cycle. Four cycles of the alternative switching of switching
devices S5 and S6 are shown in Figure 10. During successive cycles of switching of
the node N2, charge is lost from the capacitor CFL and the voltage at the first flying
capacitor node N1 (and therefore the output node NO) starts to drift from the initial output
range of VH-2VH. It can be seen that this drift becomes larger in successive cycles due

to charge being lost in each cycle of switching of the switching paths S5 and S6.

[0079] Figure 10 is a timing diagram for the third (voltage boost low) mode described
with reference to Figure 8. As described above, the first flying capacitor node N1 is
switched between VL and VH at a controlled duty cycle. Four cycles of the alternative
switching of switching devices S3 and S4 are shown in Figure 10. During successive
cycles of switching of the node N2 between VH and VL, charge (in this case negative
charge) is lost from the capacitor CFL and the voltage at the second flying capacitor
node N2 (and therefore the output node NO) starts to increase from the initial voltage
range of -VH to -2VH to a higher voltage range. It can be seen that this drift becomes
larger in successive cycles due to charge being lost in each cycle of switching of the
switching paths S3 and S4.

[0080] Embodiments of the present disclosure aim to address or at least ameliorate the
above described problems by introducing a top-up (or recharge) cycle (or phase) in
which one or more switching devices of the variable boost stage are controlled to apply
a voltage to one of the flying capacitor nodes N1, N2, in doing so restoring charge across

the capacitor CFL.

[0081] Figures 11 and 12 illustrate an example implementation of such top-up cycle
when the driver 102 is operating in the second (voltage boost high) mode of operation.
As described above, the flying capacitor CFL is first charged to VH such that the voltage
at the first flying node N1 is VH. Switching paths S3, S4 are then opened and the
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switching path S1 is closed such that the voltage at the output node NO is that of the
voltage at the first flying capacitor node N1, i.e. VH.

[0082] Whilst in this state, switching paths S5 and S6 are controlled to alternately
connect the second flying capacitor node N2 to the high- and low-side voltages VH, VL.
When the second flying capacitor node N2 is connected to the high-side voltage VH, the
voltage at the first flying capacitor node N1 (and thus the output node NO) is boosted to
2VH. When the second flying capacitor node N2 is connected to the low-side voltage

VH, the voltage at the first flying capacitor node N1 is at VH.

[0083] Again, as with the method described with reference to Figure 8, the switching
paths S5 and S6 are controlled to switch alternately at a controlled duty cycle to provide

the desired average output voltage within the range VH and 2VH.

[0084] In contrast to the above technique, however, to restore charge lost across the
capacitor CFL, the high-side voltage VH is applied to the first flying capacitor node N1,
for example by closing the switching path S3. The high-side voltage VH is applied at
the first flying capacitor node N1 during the phase of the controlled duty cycle in which
the second flying capacitor node N2 is connected to the low-side voltage VL by switching
path S6.

[0085] In doing so, since the voltage at the second flying capacitor node N2 is at VL
and the voltage at the first flying capacitor node N1 is also at VH, the voltage drop across
the capacitor CFL is VH-VL=VH (since VL=0V). When the switching devices S5 and S6
are then switched, the switching device S5 connects the high-side voltage VH to the
second flying capacitor node N2, boosting the voltage at the first flying capacitor node
N1 to 2VH, thus removing the drift and restoring the voltage range at the output driver
node NO between VH and 2VH.

[0086] Figures 13 and 14 illustrate an example implementation of a top-up or recharge
cycle for the driver 102 during the second (voltage boost high) mode of operation. Again,
as described above, the voltage across the flying capacitor CFL is initially VH. With
switching paths S3, S4 opened, application of the low-side voltage at the first flying

capacitor node N1 boosts the voltage at the second flying capacitor node N2 to -VH.
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The switching path S1 is closed such that the voltage at the output node NO is that of

the voltage at the second flying capacitor node N2, i.e. -VH.

[0087] Whilst in this state, switching paths S3 and S4 are controlled to alternately
connect the first flying capacitor node N1 to the high- and low-side voltages VH, VL.
When the first flying capacitor node N1 is connected to the high-side voltage VH, the
voltage at the second flying capacitor node N2 (and thus the output node NO) is at VL,
i.e. OV. When the first flying capacitor node N1 is connected to the low-side voltage VH,

the voltage at the second flying capacitor node N2 is at -VH.

[0088] As with the method described with reference to Figure 9, the switching paths S5
and S6 are controlled to switch alternately at a controlled duty cycle to provide the

desired average output voltage within the range VL to -VH.

[0089] In contrast to the above technique, however, to restore charge lost across the
capacitor CFL, the low-side voltage VL may be applied to the second flying capacitor

node N2, for example by closing the switching path S6.

[0090] The low-side voltage VL is applied at the second flying capacitor node N2 during
the phase of the controlled duty cycle in which the first flying capacitor node N1 is
connected to the high-side voltage VH by switching path S6. In doing so, since the
voltage at the first flying capacitor node N1 is at VH and the voltage at the second flying
capacitor node N2 is also at VL, the voltage drop across the capacitor CFL is restored
to VH-VL=VH (since VL=0V). When the switching devices S3 and S4 are then
alternately switched, the switching device S4 connects the low-side voltage VL to the
first flying capacitor node N1, boosting the voltage at the second flying capacitor node
N2 to -VH, thus removing the drift and restoring the voltage range at the output driver
node NO between VL and -VH.

[0091] Thus, embodiments of the present disclosure utilise switching devices in the
variable boost stage 302 not currently being used for controlled duty cycle switching, to

top-up charge across the flying capacitor CFL.
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[0092] Inthe example timing diagrams shown in Figures 12 and 14, the top-up cycle is
provided after four cycles of the controlled duty cycle. However, it will be appreciated
that the top-up cycle could be implemented more often or less often depending on
conditions at the driver 102 or the load 104. The top-up cycle may be implemented
periodically or aperiodically during switching of the switching devices S3, S4, S5, S6.
For example, the top-up cycle may occur every 2N cycles of the controlled duty cycle,
where N is the number of duty cycles. For example, the frequency of the top-up cycle
may be a multiple of the frequency of the controlled duty cycle. For example, the
frequency of the top-up cycle may be an even multiple of the frequency of the controlled
duty cycle. For example, if the frequency of the controlled duty cycle is 2 MHz, the

frequency of the top-up cycle may be 1 MHz or 500 kHz or 400 kHz or 200 kHz.

[0093] In some embodiments, the top-up cycle may be implemented open loop. In
other words, frequency of the top-up cycle may be pre-set based one or more
characteristics of the driver 102 or circuit components thereof and/or one or more

characteristics of the load 104.

[0094] In some embodiments, the top-up cycle may be implemented close loop. For
example, the top-up cycle itself may be triggered by one or more conditions. For
example, the frequency and/or duration of the top-up cycle may be controlled based on
one or more conditions. The one or more conditions may comprise, for example, a
predetermined drift in the output voltage range at the output node NO, a change in
current through the load 104 or the like. The one or more conditions may relate to
energy stored in the flying capacitor CFL. The voltage both on the load and on the
capacitor holding the boosted voltage may be measured to estimate the total energy in
the system. If the total energy exceeds a target energy (predetermined energy level),
the top-cycle may be triggered. Otherwise, the top-up cycle may not be triggered. It will
be appreciated that this closed loop top-up is particularly applicable to reactive loads,

such as a piezoelectric transducer.

[0095] Embodiments described above provide examples of a single-ended driver 102,
but it will be understood that in some implementations a load may be driven in a bridge-

tied-load configuration.
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[0096] Figure 15 illustrates an example of driver circuitry 200 for driving a bridge-tied-
load (BTL). Figure 2 illustrates that each side of the load 104 is connected to a
respective driver 102L and 102R. Each of the drivers 102L, 102R is similar in
construction to the driver 102 of Figure 4. Components of the driver 102L on the left of
Figure 15 have been provided with similar reference numerals suffixed by the letter L to
denote similar components to those of the driver 120 of Figure 4. Likewise, components
of the driver 102R on the right of Figure 15 have been provided with similar reference
numerals suffixed by the letter R to denote similar components to those of the driver 120

of Figure 4.

[0097] Each of the drivers 102L, 102R may be controlled in one or more operating
modes (such as the first second and third operation modes described above) in a similar
manner to the driver 102 of Figure 4, each controlled with controlled duty cycles so as
the control the voltage across the load 104. The duty cycle of switching may be
controlled based on an input signal. The switching may be controlled by PWM or PDM
switching signals based on the input signal as will be understood by one skilled in the
art. The drivers 102-L, 102-R can thus be seen as generating respective first and
second drive signals which are components of a differential driving signal for driving the
load 104.

[0098] The skilled person will recognise that some aspects of the above-described
apparatus and methods may be embodied as processor control code, for example on a
non-volatile carrier medium such as a disk, CD- or DVD-ROM, programmed memory
such as read only memory (Firmware), or on a data carrier such as an optical or
electrical signal carrier. For many applications embodiments of the invention will be
implemented on a DSP (Digital Signal Processor), ASIC (Application Specific Integrated
Circuit) or FPGA (Field Programmable Gate Array). Thus the code may comprise
conventional program code or microcode or, for example code for setting up or
controlling an ASIC or FPGA. The code may also comprise code for dynamically
configuring re-configurable apparatus such as re-programmable logic gate arrays.
Similarly the code may comprise code for a hardware description language such as
Verilog TM or VHDL (Very high-speed integrated circuit Hardware Description
Language). As the skilled person will appreciate, the code may be distributed between

a plurality of coupled components in communication with one another. Where
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appropriate, the embodiments may also be implemented using code running on a field-
(re)programmable analogue array or similar device in order to configure analogue

hardware.

[0099] Note that as used herein the term module shall be used to refer to a functional
unit or block which may be implemented at least partly by dedicated hardware
components such as custom defined circuitry and/or at least partly be implemented by
one or more software processors or appropriate code running on a suitable general
purpose processor or the like. A module may itself comprise other modules or functional
units. A module may be provided by multiple components or sub-modules which need
not be co-located and could be provided on different integrated circuits and/or running

on different processors.

[0100] Embodiments may be implemented in a host device, especially a portable
and/or battery powered host device such as a mobile computing device for example a
laptop or tablet computer, a games console, a remote control device, a home automation
controller or a domestic appliance including a domestic temperature or lighting control
system, a toy, a machine such as a robot, an audio player, a video player, or a mobile

telephone for example a smartphone.

[0101] It should be noted that the above-mentioned embodiments illustrate rather than
limit the invention, and that those skilled in the art will be able to design many alternative
embodiments without departing from the scope of the appended claims. The word
“‘comprising” does not exclude the presence of elements or steps other than those listed
in a claim, “a” or “an” does not exclude a plurality, and a single feature or other unit may
fulfil the functions of several units recited in the claims. Any reference numerals or labels

in the claims shall not be construed so as to limit their scope.
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CLAIMS:

1. Driver circuitry for driving a load, comprising:
at least one variable boost stage comprising:
first and second flying capacitor nodes for connection to a flying capacitor
therebetween;
a network of switching paths for selectively connecting a first voltage and
a second voltage with the first and second flying capacitor nodes;
an output stage for selectively connecting a driver output node to each of the
first and second flying capacitor nodes; and
a controller operable in a first boost mode to:
control the output stage to selectively connect the driver output node to
the first flying capacitor node;
control the network of switching paths to switch connection of the second
flying capacitor node between the first and second voltages at a controlled duty
cycle; and
in a first charge top-up cycle, control the network of switching paths to
connect the first input node to the first flying capacitor node during a phase of the
controlled duty cycle in which the first input node is connected to the second flying

capacitor node.

2. Driver circuitry of claim 1, wherein a frequency of the controlled duty cycle is

greater than a frequency of the charge top-up cycle

3. Driver circuitry of claim 2, wherein the frequency of the controlled duty cycle is a

multiple of the frequency of the charge top-up cycle.

4. Driver circuitry of any one of claims 1 to 3, further comprising:
the flying capacitor coupled between the first and second flying capacitor

nodes.

5. Driver circuitry of any one of the preceding claims, wherein the at least one variable

boost stage comprises:
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first and second input nodes configured to receive the first voltage and the

second voltage respectively.

. Driver circuitry of any one of the preceding claims, wherein the controller is
operable in a second boost mode to:

control the output stage to switch connection of the driver output node to the
second flying capacitor node;

control the network of switching paths to switch connection of the first flying
capacitor node between the first and second voltages at the controlled duty cycle;
and

in a second charge top-up cycle, control the network of switching paths to
connect the second input node to the second flying capacitor node during a phase
of the controlled duty cycle in which the second input node is connected to the first
flying capacitor node;

wherein the frequency of the controlled duty cycle is greater than a frequency

of the second charge top-up cycle.

. Driver circuitry of any one of the preceding claims, wherein the controller is
operable in a third mode to:

control the network of switches to provide the first and second voltages at the
first and second flying capacitor nodes respectively; and

control the output stage to switch connection of the driver output node
between the first flying capacitor node and the second flying capacitor node at the

controlled duty cycle.

. Driver circuitry of any one of the preceding claims, wherein the first voltage is

greater than the second voltage.

. Driver circuitry of any one of the preceding claims, wherein the controller is
configured to control the network of switching paths:

in a charging mode, to selectively connect the flying capacitor in series
between the first and second voltages to be charged; and

in another mode, selectively connect the flying capacitor in series between one
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of the first and second voltages and a selected one of the first and second flying

capacitor nodes.

10. Driver circuitry of any one of the preceding claims, wherein said network of

11.

switching paths comprises:

a switching path for selectively connecting the first input node to the first flying
capacitor node;

a switching path for selectively connecting the first input node to the second
flying capacitor node;

a switching path for selectively connecting the second input node to the first
flying capacitor node;

a switching path for selectively connecting the second input node to the

second flying capacitor node.

Driver circuitry of any one of the preceding claims, wherein the output stage
comprises:

a switching path for selectively connecting the first flying capacitor node to the
driver output node;

a switching path for selectively connecting the second flying capacitor node to

the driver output node.

12. Driver circuitry for driving a load based on an input signal, comprising:

at least one variable boost stage comprising:
first and second input nodes configured to receive a first voltage and a
second voltage respectively;
first and second flying capacitor nodes for connection to a flying capacitor
therebetween;
a network of switching paths for selectively connecting the first and
second input nodes with the first and second flying capacitor nodes;
an output stage for selectively connecting a driver output node to each of the
first and second flying capacitor nodes; and
a controller operable in a first boost mode to:
control the output stage to selectively connect the driver output node to

the first flying capacitor node;
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control the network of switching paths to switch connection of the second
flying capacitor node between the first and second input nodes at a controlled duty
cycle; and

in a first charge top-up cycle, control the network of switching paths to
connect the first input node to the first flying capacitor node during a phase of the
controlled duty cycle in which the first input node is connected to the second flying
capacitor node;

wherein a frequency of the controlled duty cycle is a greater than a frequency

of the charge top-up cycle.

13. Driver circuitry of any one of the preceding claims, wherein the at least one variable
boost stage comprises first and second variable boost stages configured to drive

the load in a bridge-tied-load configuration.

14. Driver circuitry of any one of the preceding claims, wherein the controller is

operable to control the controlled duty cycle based on an input signal.

15. Driver circuitry of any one of the preceding claims, wherein the at least one variable

boost stage comprises a DC-DC converter.

16. Driver circuitry of any one of the preceding claims, further comprising an inductor

connected to the driver output node for connection in series with the load.

17. Driver circuitry of any one of the preceding claims, further comprising the load.

18. Driver circuitry of claim 17, wherein the load is a transducer.

19. Driver circuitry of claim 18, wherein the transducer is at least one of an audio

output transducer and a haptic output transducer.

20. Driver circuitry of claim 18, wherein the transducer is piezoelectric or ceramic

transducer.

21. An electronic device comprising the driver circuitry of any one of the preceding

claims.
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AMENDED CLAIMS
received by the International Bureau on 26 May 2022 (26.05.2022)

CLAIMS:

1. Driver circuitry for driving a load, comprising:
at least one variable boost stage comprising:
first and second flying capacitor nodes for connection to a flying capacitor
therebetween;
a network of switching paths for selectively connecting a first voltage and a
second voltage with the first and second flying capacitor nodes;
an output stage for selectively connecting a driver output node to each of the
first and second flying capacitor nodes; and
a controller operable in a first boost mode to:
control the output stage to selectively connect the driver output node to the
first flying capacitor node;
control the network of switching paths to switch connection of the second
flying capacitor node between the first and second voltages at a controlled duty
cycle; and
in a first charge top-up cycle, control the network of switching paths to
connect the first input node to the first flying capacitor node during a phase of the
controlled duty cycle in which the second input node is connected to the second

flying capacitor node.

2. Driver circuitry of claim 1, wherein a frequency of the controlled duty cycle is greater

than a frequency of the charge top-up cycle

3. Driver circuitry of claim 2, wherein the frequency of the controlled duty cycle is a

multiple of the frequency of the charge top-up cycle.

4. Driver circuitry of any one of claims 1 to 3, further comprising:

the flying capacitor coupled between the first and second flying capacitor nodes.

5. Driver circuitry of any one of the preceding claims, wherein the at least one variable

boost stage comprises:

AMENDED SHEET (ARTICLE 19)
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first and second input nodes configured to receive the first voltage and the

second voltage respectively.

. Driver circuitry of any one of the preceding claims, wherein the controller is operable
in a second boost mode to:

control the output stage to switch connection of the driver output node to the
second flying capacitor node;

control the network of switching paths to switch connection of the first flying
capacitor node between the first and second voltages at the controlled duty cycle;
and

in a second charge top-up cycle, control the network of switching paths to
connect the second input node to the second flying capacitor node during a phase of
the controlled duty cycle in which the first input node is connected to the first flying
capacitor node;

wherein the frequency of the controlled duty cycle is greater than a frequency of

the second charge top-up cycle.

. Driver circuitry of any one of the preceding claims, wherein the controller is operable
in a third mode to:

control the network of switches to provide the first and second voltages at the
first and second flying capacitor nodes respectively; and

control the output stage to switch connection of the driver output node between
the first flying capacitor node and the second flying capacitor node at the controlled

duty cycle.

. Driver circuitry of any one of the preceding claims, wherein the first voltage is greater

than the second voltage.

. Driver circuitry of any one of the preceding claims, wherein the controller is
configured to control the network of switching paths:
in a charging mode, to selectively connect the flying capacitor in series between

the first and second voltages to be charged; and

AMENDED SHEET (ARTICLE 19)
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in another mode, selectively connect the flying capacitor in series between one
of the first and second voltages and a selected one of the first and second flying

capacitor nodes.

10. Driver circuitry of any one of the preceding claims, wherein said network of switching

paths comprises:

a switching path for selectively connecting the first input node to the first flying
capacitor node;

a switching path for selectively connecting the first input node to the second
flying capacitor node;

a switching path for selectively connecting the second input node to the first
flying capacitor node;

a switching path for selectively connecting the second input node to the second

flying capacitor node.

11. Driver circuitry of any one of the preceding claims, wherein the output stage
comprises:
a switching path for selectively connecting the first flying capacitor node to the
driver output node;
a switching path for selectively connecting the second flying capacitor node to

the driver output node.

12. Driver circuitry for driving a load based on an input signal, comprising:
at least one variable boost stage comprising:
first and second input nodes configured to receive a first voltage and a
second voltage respectively;
first and second flying capacitor nodes for connection to a flying capacitor
therebetween;
a network of switching paths for selectively connecting the first and second
input nodes with the first and second flying capacitor nodes;
an output stage for selectively connecting a driver output node to each of the

first and second flying capacitor nodes; and

AMENDED SHEET (ARTICLE 19)
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a controller operable in a first boost mode to:
control the output stage to selectively connect the driver output node to the
first flying capacitor node;
control the network of switching paths to switch connection of the second
flying capacitor node between the first and second input nodes at a controlled duty
cycle; and
in a first charge top-up cycle, control the network of switching paths to
connect the first input node to the first flying capacitor node during a phase of the
controlled duty cycle in which the second input node is connected to the second
flying capacitor node;
wherein a frequency of the controlled duty cycle is a greater than a frequency of

the charge top-up cycle.

13. Driver circuitry of any one of the preceding claims, wherein the at least one variable
boost stage comprises first and second variable boost stages configured to drive the

load in a bridge-tied-load configuration.

14. Driver circuitry of any one of the preceding claims, wherein the controller is operable

to control the controlled duty cycle based on an input signal.

15. Driver circuitry of any one of the preceding claims, wherein the at least one variable

boost stage comprises a DC-DC converter.

16. Driver circuitry of any one of the preceding claims, further comprising an inductor

connected to the driver output node for connection in series with the load.

17. Driver circuitry of any one of the preceding claims, further comprising the load.

18. Driver circuitry of claim 17, wherein the load is a transducer.

19. Driver circuitry of claim 18, wherein the transducer is at least one of an audio output

transducer and a haptic output transducer.

AMENDED SHEET (ARTICLE 19)
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20. Driver circuitry of claim 18, wherein the transducer is piezoelectric or ceramic

transducer.

21.An electronic device comprising the driver circuitry of any one of the preceding

claims.

AMENDED SHEET (ARTICLE 19)



WO 2022/185024 PCT/GB2022/050192

1/12
—l— VH

Si
In_ ] DRIVER
102

VL e 1 = <~ e sann
1~} 202

| :
1 I

| 1 308

y | | VARIABLE VSH SW oP | IJ

in__!'| BOOST 304 !

E— LYY
302 T~
|

104

e 1




PCT/GB2022/050192

WO 2022/185024

2/12

LOAD

VHe—— S3

VH &——— S5

Fig. 4



PCT/GB2022/050192

WO 2022/185024

3/12

LOAD

Fig. 5



PCT/GB2022/050192

WO 2022/185024

4/12

Open

NON-BOOST MODE

| Switching

LOAD

Voltage

VH ->VL

VH

VL

VL=0V

Node

NO

N1

N2

Fig. 6



WO 2022/185024

5/12

VOLTAGE BOOST HIGH MODE

VHeo—r

S3

PCT/GB2022/050192

Open

. Closed

VL=0V
4
] Switching
! nY
1
s4 ||
1
1
1
:
N1 !
| o
i - |
_____ - : 1
—_ l :
CFL ' NO ; LOAD
! 1
| s2 || 2
' ! 104
______ T TT Il R
i 304
:
|
VL=0V
Node Voltage
NO VH -> 2VH
N1 VH -> 2VH
N2 VL->VH

Fig. 7




PCT/GB2022/050192

WO 2022/185024

6/12

Open

VOLTAGE BOOST LOW MODE

LOAD

N Switching

Voltage

VL -> -VH
VL-> VH

VL ->-VH

Node

NO

N1

N2

Fig. 8



WO 2022/185024 PCT/GB2022/050192

7/12

VOLTAGE BOOST HIGH MODE

NODES N1/NO
P I T
VH ——
NODE N2
VH
VL —
Fig. 9
VOLTAGE BOOST LOW MODE
NODES N2/NO
T8 Y J e [
2VW | |/ 4 -
NODE N1
VH —
VL

Fig. 10



PCT/GB2022/050192

WO 2022/185024

8/12

Open

TOP-UP MODE (VOLTAGE BOOST HIGH)

y Switching

Top-up

LOAD

VL=0V

Fig. 11



PCT/GB2022/050192

WO 2022/185024
9/12
NODES N1/NO
2VH -
VH — ﬁ
___________________________________________________ TopPuP
NODE N2
VH
VL
S3
CLOSED
OPEN

Fig. 12



PCT/GB2022/050192

WO 2022/185024

10/12

Open

TOP-UP MODE (VOLTAGE BOOST LOW)

y Switching

Top-up

LOAD

Fig. 13



WO 2022/185024

PCT/GB2022/050192

11/12
NODES N2/NO
___________________________________________________ ToPUP
—— g
2VH e e
NODE N1
VH
VL
S6
CLOSED
OPEN

Fig. 14



PCT/GB2022/050192

WO 2022/185024

12/12

GT "8I

A A

[ ]
_I ||||||||| | 1- - |I||I||I||_
1 ! I 1
' 9ys | ! [ 915 !
1 ! 1 1
1 “ “ 1
1 1 | 1

HA e—i— SYS ¢! Yv0€ o€ " 51S ——eHA

! UIN | M N 1ZN !
- — IIIII 1 o ] ——— — —
e i SEEEEES B
o | _ ) _ “ P!
L TS | ! N Hloas | L
“ “ | “ 1 “ “ “

I — I
T HON +|"| avon +—410N, T o
1 I 1
1 1 + 1 1 1 1 + 1 1
v L vl oTus | AR N S
; ! ! “ “ “ | _
! 1 1 1 1 1 1 !
“ ! ! “ “ ! _ “
N —_— === 1 1
| MTN ! HIN

HA®——] €¥S —4— —4—— €15 [——eHA
! “ “ !
I 1

_ R 5 _
1 1 1 1
: ik yzoT 20T 1S m
-.IIIWIIII III_ _||| ||||IN|I|L
¥zOoE 1z0€

A A

00¢



INTERNATIONAL SEARCH REPORT

International application No

PCT/GB2022/050192

A. CLASSIFICATION OF SUBJECT MATTER
INV. HO02M3/07

ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO2M

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2019/312514 Al (HUKEL MIROSLAV [SK]) 1-21
10 October 2019 (2019-10-10)
figures 6-10
paragraph [0030] - paragraph [0039]
page 54
claim 13
A US 2011/102069 Al (TSAI TZUNG-SHING [TW] 1-21
ET AL) 5 May 2011 (2011-05-05)
figure 2
paragraph [0019] - paragraph [0021]
A US 2008/088179 Al (OYAMA MANABU [JP] ET 1-21
AL) 17 April 2008 (2008-04-17)
figure 1
paragraph [0048] - paragraph [0062]
-/—

|__x| Further documents are listed in the continuation of Box C.

‘zl See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified}

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance;; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance;; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

11 April 2022

Date of mailing of the international search report

21/04/2022

Name and mailing address of the ISA/
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Riehl, Philippe

Form PCTASA/210 {second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/GB2022/050192
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category” | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2006/244513 Al (YEN CHIH-JEN [TW] ET 1-21
AL) 2 November 2006 (2006-11-02)
figure 4

Form PCTASA/210 {continuation of second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/GB2022/050192
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2019312514 Al 10-10-2019 CN 110365208 A 22-10-2019
DE 102019002209 Al 10-10-2019
Us 2019312514 A1l 10-10-2019
US 2011102069 Al 05-05-2011 TW 201117536 A 16-05-2011
us 2011102069 Al 05-05-2011
Us 2008088179 Al 17-04-2008 CN 101036281 A 12-09-2007
JP 4397936 B2 13-01-2010
JP WO02006043479 Al 22-05-2008
TW 200627766 A 01-08-2006
us 2008088179 Al 17-04-2008
WO 2006043479 Al 27-04-2006
US 2006244513 Al 02-11-2006 TW 1293828 B 21-02-2008
Us 2006244513 Al 02-11-2006

Form PCTASA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - amend-body
	Page 28 - amend-body
	Page 29 - amend-body
	Page 30 - amend-body
	Page 31 - amend-body
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - wo-search-report
	Page 45 - wo-search-report
	Page 46 - wo-search-report

