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HIGH VOLTAGE, HIGH EFFICIENCY SINE
WAVE GENERATOR THAT PREVENTS SPIKES DURING
AMPLITUDE ADJUSTMENTS AND SWITCHING OF CHANNELS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This Application claims the benefit of US Provisional Applications
62/955,673 (filed December 31, 2019) and 62/981,875 (filed February 26, 2020), each of

which is incorporated herein by reference in its entirety.

BACKGROUND

[0002] Using TTFields therapy to treat tumors is described in US patent 7,805,201.
TTFields therapy makes use of high voltage sinusoidal signals. Originally, these high voltage
sinusoidal signals were obtained by generating a low amplitude signal with a function
generator, amplifying the low-voltage signal into a high-voltage signal using a linear
amplifier, and subsequently applying the high-voltage signal to a set of electrodes (also
referred to as transducer arrays) positioned on the patient’s body. US patent 9,910,453
describes an alternative approach for generating the high voltage sinusoidal signals that are
applied to the transducer arrays, and this alternative approach provides dramatically improved

efficiency with respect to the original linear amplifier approach.

SUMMARY OF THE INVENTION

[0003] This application describes a variety of approaches for generating high voltage
sinusoidal signals whose output voltage can be adjusted rapidly, without introducing high-
frequency artifacts (e.g., voltage spikes) on the output. When these approaches are used,
stronger electric fields can be applied to the tumor for a higher percentage of time, which can

increase the efficacy of the TTFields therapy.

[0004] One aspect of the invention is directed to a first apparatus for generating a
sinusoid at a frequency f. The first apparatus comprises a DC power source having a voltage-
control input that sets an output voltage of the DC power source; a transformer having a
primary and a secondary; and a power switch. The power switch has a control input, and the
power switch is configured to apply the output of the DC power source to the primary of the
transformer in a first direction when a first control signal is applied to the control input, apply

the output of the DC power source to the primary of the transformer in a second direction
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when a second control signal is applied to the control input, and remain off when neither the
first control signal nor the second control signal is applied to the control input. The second
direction is opposite to the first direction. The first apparatus also comprises a controller
programmed to (a) apply the first control signal to the control input for a duration of T/3, then
(b) wait for a duration of T/6, then (c) apply the second control signal to the control input for
a duration of T/3, and then (d) wait for a duration of T/6, then continuously repeat the
sequence (a), (b), (c), and (d). T is the reciprocal of the frequency f. And the first apparatus
also comprises an output filter connected to the secondary of the transformer, wherein the
output filter passes the frequency f and attenuates frequencies above a cut-off frequency. The
controller is further programmed to control an amplitude of the sinusoid at the frequency by
adjusting a third control signal that is applied to the voltage-control input of the DC power
source, and the controller is further programmed to prevent adjustments of the third control
signal from occurring when either the first control signal or the second control signal is being

applied to the control input.

[0005] In some embodiments of the first apparatus, the cut-off frequency is between

2f and 4f and the output filter has a transfer function with a zero at 5f.

[0006] Another aspect of the invention is directed to a second apparatus for
generating a sinusoid at a frequency f. The second apparatus comprises n DC power sources,
each of the n DC power sources having a voltage-control input that sets an output voltage of
the respective power source, where n is a positive integer. The second apparatus also
comprises a power switch having output terminals and a control input. The power switch is
configured to either (a) route the output of a selected one of the n DC power sources to the
output terminals with a selected polarity in response to 2n states of a control signal that is
applied to the control input or (b) remain off in response to an additional state of the control
signal. The second apparatus also comprises a controller programmed to control the
generation of an oversampled version of a sine wave that is sampled N times per cycle using
evenly spaced samples that include a sampling point at 0°, where N=2+4n, by setting the
output voltages of the n DC power sources to levels that are present on the oversampled
version of the sine wave, and then sequencing the control signal through the 2n states and the
additional state, so that each of the n DC power sources is routed to the output terminals of
the power switch with the selected polarity at appropriate times in a sequence so as to

generate the oversampled version of the sine wave. And the second apparatus also comprises
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an output filter that filters current arriving from the output terminals of the power switch. The
output filter passes the frequency f and attenuates frequencies above a cut-off frequency. The
controller is programmed to control an amplitude of the sinusoid by adjusting the output
voltages of the n DC power sources via the voltage-control inputs, and the controller is
further programmed not to adjust the output voltage of a DC power source while its output is

being routed to the output terminals of the power switch.

[0007] Some embodiments of the second apparatus further comprise a transformer
having a primary connected to the output terminals of the power switch and a secondary
connected to the output filter, configured so that the current from the output terminals of the

power switch arrives at the output filter via the transformer.

[0008] Some embodiments of the second apparatus further comprise a transformer
having a primary connected to the output terminals of the power switch and a secondary
connected to the output filter, configured so that the current from the output terminals of the
power switch arrives at the output filter via the transformer. In these embodiments, n=1,
which means that there is only a single DC power source. In these embodiments, the
controller is programmed to control the generation of the oversampled version of the sine
wave by (a) applying a first control signal to the control input for a duration of T/3 in order to
cause the power switch to route the output of the single DC power source to the output
terminals with a first polarity, then (b) waiting for a duration of T/6, then (¢) applying a
second control signal to the control input for a duration of T/3 in order to cause the power
switch to route the output of the single DC power source to the output terminals with a
second polarity that is opposite to the first polarity, and then (d) waiting for a duration of T/6,
then continuously repeating the sequence (a), (b), (¢), and (d). T is the reciprocal of the
frequency f. Optionally, in these embodiments, the cut-off frequency is between 2f and 4f,

and the output filter has a transfer function with a zero at 5f.

[0009] In some embodiments of the second apparatus, n>1; and the controller is
further programmed to control an amplitude of the sinusoid by adjusting the output voltages
of the n DC power sources via the voltage-control inputs, while maintaining a fixed ratio
between the output voltages of each of the n DC power sources. Optionally, in these
embodiments, the output filter may have a transfer function with a zero at a frequency where

a harmonic of the frequency f is expected to contain power.
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[0010] Another aspect of the invention is directed to a first method for generating a
sinusoid at a frequency f. The first method comprises setting n DC power sources to
respective output voltages, where n is a positive integer; and generating an oversampled
version of a sine wave that is sampled N times per cycle using evenly spaced samples that
include a sampling point at 0°, where N=2+4n, by setting the output voltages of the n DC
power sources to levels that are present on the oversampled version of the sine wave, and
then switching the outputs of the n DC power sources to an output in a controlled sequence
such that each of the n DC power sources is switched to the output in each direction at
appropriate times in the sequence so as to generate the oversampled version of the sine wave.
The first method also comprises filtering the oversampled version of the sine wave to pass the
frequency f and attenuate frequencies above a cut-off frequency, wherein the filtering
implements a transfer function with a zero at a frequency where a harmonic of the frequency
fis expected to contain power. The amplitude of the sinusoid is controlled by adjusting the
output voltages of the n DC power sources, and adjustment of the output voltage of any given
one of the DC power sources is prevented while the given one of the DC power sources is

switched to the output.

[0011] In some instances of the first method, n = 1, which means that there is only a
single DC power source; and adjustment of the output voltage of the single DC power source
only occurs during such times when the output of the single DC power source is not being

switched to the output.

[0012] In some instances of the first method, the filtering implements a transfer
function with a zero at a frequency where a harmonic of the frequency fis expected to

contain power.

[0013] Another aspect of the invention is directed to a third apparatus for generating
an output waveform at a frequency f. The third apparatus comprises a first DC power source
having a first voltage-control input that sets an output voltage of the first DC power source;
and a second DC power source having a second voltage-control input that sets an output
voltage of the second DC power source. The third apparatus also comprises a power switch
having output terminals and a control input. The power switch is configured to (a) route the
output of the first DC power source to the output terminals with a first polarity in response to
a first state of the control input, (b) route the output of the first DC power source to the output

terminals with a second polarity in response to a second state of the control input, (c) route
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the output of the second DC power source to the output terminals with the first polarity in
response to a third state of the control input, (d) route the output of the second DC power
source to the output terminals with the second polarity in response to a fourth state of the
control input, and (e) remain off in response to an additional state of the control input. The
second polarity is opposite to the first polarity. The third apparatus also comprises an output
filter that filters current arriving from the output terminals of the power switch. The output
filter passes the frequency f and attenuates frequencies above a cut-off frequency. The third
apparatus also comprises a controller programmed to operate in a first mode in which the
controller sets the control input to the first and second states in an alternating sequence while
holding the first voltage-control input constant. The controller is further programmed to
operate in a second mode in which the controller sets the control input to the third and fourth
states in an alternating sequence while holding the second voltage-control input constant. The
controller is further programmed so that if the controller is operating in the first mode, the
controller brings about changes in amplitude of the output waveform by adjusting the second
voltage-control input and subsequently switching the controller to the second mode, and the
controller is further programmed so that if the controller is operating in the second mode, the
controller brings about changes in amplitude of the output waveform by adjusting the first

voltage-control input and subsequently switching the controller to the first mode.

[0014] In some embodiments of the third apparatus, the output waveform is a
sinusoid; the setting of the control input to the first and second states in the alternating
sequence comprises (a) placing the control input in the first state for a duration of T/3, then
(b) waiting for a duration of T/6, then (c) placing the control input in the second state for a
duration of T/3, and then (d) waiting for a duration of T/6, then continuously repeating the
sequence (a), (b), (c), and (d); the setting of the control input to the third and fourth states in
the alternating sequence comprises (e) placing the control input in the third state for a
duration of T/3, then (f) waiting for a duration of T/6, then (g) placing the control input in the
fourth state for a duration of T/3, and then (h) waiting for a duration of T/6, then continuously

repeating the sequence (e), (), (g), and (h). T is the reciprocal of the frequency f.

[0015] In some embodiments of the third apparatus, the controller is further
programmed so that if the controller is operating in the first mode, the controller brings about
changes in amplitude of the output waveform by adjusting the second voltage-control input at

least 1 ms before switching the controller to the second mode; and the controller is further
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programmed so that if the controller is operating in the second mode, the controller brings
about changes in amplitude of the output waveform by adjusting the first voltage-control

input at least 1 ms before switching the controller to the first mode.

[0016] Some embodiments of the third apparatus further comprise a transformer
having a primary connected to the output terminals of the power switch and a secondary
connected to the output filter, configured so that the current from the output terminals of the
power switch arrives at the output filter via the transformer. Optionally, in these
embodiments, the power switch may be configured to (a) route the output of the first DC
power source to the primary of the transformer in a first direction in response to the first state
of the control input, (b) route the output of the first DC power source to the primary of the
transformer in a second direction in response to the second state of the control input, (c) route
the output of the second DC power source to the primary of the transformer in the first
direction in response to the third state of the control input, (d) route the output of the second
DC power source to the primary of the transformer in the second direction in response to the
fourth state of the control input, and (e) remain off in response to a fifth state of the control

input. The second direction is opposite to the first direction.

[0017] In some embodiments of the third apparatus, the cut-off frequency is between

2f and 4f, and the output filter has a transfer function with a zero at 5f.

[0018] Another aspect of the invention is directed to a second method for generating
an output waveform at a frequency f. The second method comprises routing an output of a
first DC power source to output terminals of a power switch with a first polarity in response
to a first state of a control input of the power switch, (b) routing the output of the first DC
power source to the output terminals with a second polarity in response to a second state of
the control input, (c) routing the output of a second DC power source to the output terminals
with the first polarity in response to a third state of the control input, (d) routing the output of
the second DC power source to the output terminals with the second polarity in response to a
fourth state of the control input, and (e) remaining off in response to an additional state of the
control input. The second polarity is opposite to the first polarity. The second method also
comprises filtering current arriving from the output terminals of the power switch. The
filtering comprises passing the frequency f and attenuating frequencies above a cut-off
frequency. The second method also comprises operating in a first mode in which the control

input is set to the first and second states in an alternating sequence while holding the output



WO 2021/137085 PCT/1B2020/062147

voltage of the first DC power source constant. The second method also comprises operating
in a second mode in which the control input is set to the third and fourth states in an
alternating sequence while holding the output voltage of the second DC power source
constant. In the first mode, changes in amplitude of the output waveform are brought about
by adjusting the output voltage of the second DC power source and subsequently switching to
the second mode. And in the second mode, changes in amplitude of the output waveform are
brought about by adjusting the output voltage of the first DC power source and subsequently

switching to the first mode.

[0019] In some instances of the second method, the output waveform is a sinusoid,
and the control input is set to the first and second states in the alternating sequence by (a)
placing the control input in the first state for a duration of T/3, then (b) waiting for a duration
of T/6, then (c¢) placing the control input in the second state for a duration of T/3, and then (d)
waiting for a duration of T/6, then continuously repeating the sequence (a), (b), (c), and (d).
In these instances, the control input is set to the third and fourth states in the alternating
sequence by (e) placing the control input in the third state for a duration of T/3, then (f)
waiting for a duration of T/6, then (g) placing the control input in the fourth state for a
duration of T/3, and then (h) waiting for a duration of T/6, then continuously repeating the

sequence (e), (f), (g), and (h). And in these instances, T is the reciprocal of the frequency f.

[0020] In some instances of the second method, in the first mode, changes in
amplitude of the output waveform are brought about by adjusting the output voltage of the
second DC power source at least 1 ms before switching to the second mode; and in the
second mode, changes in amplitude of the output waveform are brought about by adjusting
the output voltage of the first DC power source at least 1 ms before switching to the first

mode.

[0021] Another aspect of the invention is directed to a fourth apparatus for generating
AC electrical signals for application to a first pair of electrodes and a second pair of
electrodes. The fourth apparatus comprises an AC voltage generator having an output, and
electronic switch, and a controller. The electronic switch has an input that receives the output
of the AC voltage generator, a first power output, and a second power output. The electronic
switch is configured to (a) operate in a first mode that routes the output of the AC voltage
generator to the first power output, and (b) operate in a second mode that routes the output of

the AC voltage generator to the second power output. The electronic switch is further
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configured to cycle through a repeating sequence that includes the first mode and the second
mode. The controller is configured to synchronize the operation of the AC voltage generator
and the electronic switch such that the instantaneous output of the AC voltage generator is
less than 5 V in magnitude whenever the electronic switch switches to either the first mode or
the second mode. Within 20 ms after the electronic switch switches to either the first mode or
the second mode, the AC voltage generator’s output voltage is at least 80% of the AC voltage

generator’s steady-state output voltage.

[0022] In some embodiments of the fourth apparatus, the electronic switch is further
configured to (c) operate in a third mode in which the output of the AC voltage generator is
not routed to either the first power output or the second power output, and (d) cycle through
the first mode, the second mode, and the third mode in the following repeating sequence (1)
first mode, (2) third mode, (3) second mode, and (4) third mode. In some embodiments of the
fourth apparatus, the controller is configured to synchronize the operation of the AC voltage
generator and the electronic switch such that the instantaneous output of the AC voltage
generator is less than 1 V in magnitude whenever the electronic switch switches to either the

first mode or the second mode.

[0023] In some embodiments of the fourth apparatus, within 5 ms after the electronic
switch switches to either the first mode or the second mode, the AC voltage generator’s
output voltage is at least 80% of the AC voltage generator’s steady-state output voltage. In
some embodiments of the fourth apparatus, within 1 ms after the electronic switch switches
to either the first mode or the second mode, the AC voltage generator’s output voltage is at

least 80% of the AC voltage generator’s steady-state output voltage.

[0024] In some embodiments of the fourth apparatus, the AC voltage generator
continues to operate at its full steady-state AC output voltage during transitions of the

electronic switch to either the first mode or the second mode.

[0025] In some embodiments of the fourth apparatus, the controller synchronizes the
operation of the AC voltage generator and the electronic switch by controlling timing of
transitions of the electronic switch so that the transitions coincide with windows of time
during which the instantaneous output of the AC voltage generator is less than 5 V in
magnitude. In some embodiments of the fourth apparatus, the controller synchronizes the

operation of the AC voltage generator and the electronic switch by controlling the AC voltage
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generator so that the output of the AC voltage generator is turned off whenever a transition of
the electronic switch occurs. In some embodiments of the fourth apparatus, the controller
synchronizes the operation of the AC voltage generator and the electronic switch by both (a)
controlling timing of transitions of the electronic switch so that the transitions coincide with
windows of time during which the instantaneous output of the AC voltage generator is less
than 5 V in magnitude and (b) controlling the AC voltage generator so that the output of the

AC voltage generator is turned off whenever a transition of the electronic switch occurs.

[0026] In some embodiments of the fourth apparatus, the electronic switch is
configured to cycle through the first mode and the second mode in the following repeating
sequence (1) first mode, (2) second mode. In these embodiments, the electronic switch is
configured to switch directly from the first mode to the second mode and to switch directly

from the second mode to the first mode.

[0027] Another aspect of the invention is directed to a fifth apparatus for generating
AC electrical signals for application to a first pair of electrodes and a second pair of
electrodes. The fifth apparatus comprises an AC voltage generator having an output, an
electronic switch, and a controller. The electronic switch has an input that receives the output
of the AC voltage generator, a first power output, and a second power output. The electronic
switch is configured to (a) operate in a first mode that routes the output of the AC voltage
generator to the first power output, and (b) operate in a second mode that routes the output of
the AC voltage generator to the second power output. The electronic switch is further
configured to cycle through a repeating sequence that includes the first mode and the second
mode. The controller is configured to synchronize the operation of the AC voltage generator
and the electronic switch such that whenever the electronic switch switches to either the first
mode or the second mode, the instantaneous output of the AC voltage generator has a
magnitude that is below a threshold at which a subject being treated begins to experience a
perceptible sensation. Within 20 ms after the electronic switch switches to either the first
mode or the second mode, the AC voltage generator’s output voltage is at least 80% of the

AC voltage generator’s steady-state output voltage.

[0028] In some embodiments of the fifth apparatus, the electronic switch is further
configured to (¢) operate in a third mode in which the output of the AC voltage generator is

not routed to either the first power output or the second power output, and (d) cycle through
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the first mode, the second mode, and the third mode in the following repeating sequence (1)

first mode, (2) third mode, (3) second mode, and (4) third mode.

[0029] In some embodiments of the fifth apparatus, the controller is configured to
synchronize the operation of the AC voltage generator and the electronic switch such that the
instantaneous output of the AC voltage generator is less than 1 V in magnitude whenever the

electronic switch switches to either the first mode or the second mode.

[0030] In some embodiments of the fifth apparatus, within 5 ms after the electronic
switch switches to either the first mode or the second mode, the AC voltage generator’s
output voltage is at least 80% of the AC voltage generator’s steady-state output voltage. In
some embodiments of the fifth apparatus, within 1 ms after the electronic switch switches to
either the first mode or the second mode, the AC voltage generator’s output voltage is at least

80% of the AC voltage generator’s steady-state output voltage.

[0031] In some embodiments of the fifth apparatus, the AC voltage generator
continues to operate at its full steady-state AC output voltage during transitions of the

electronic switch to either the first mode or the second mode.

[0032] In some embodiments of the fifth apparatus, the controller synchronizes the
operation of the AC voltage generator and the electronic switch by controlling timing of
transitions of the electronic switch so that the transitions coincide with windows of time
during which the instantaneous output of the AC voltage generator has a magnitude that is
below the threshold. In some embodiments of the fifth apparatus, the controller synchronizes
the operation of the AC voltage generator and the electronic switch by controlling the AC
voltage generator so that the output of the AC voltage generator is turned off whenever a
transition of the electronic switch occurs. In some embodiments of the fifth apparatus, the
controller synchronizes the operation of the AC voltage generator and the electronic switch
by both (a) controlling timing of transitions of the electronic switch so that the transitions
coincide with windows of time during which the instantaneous output of the AC voltage
generator has a magnitude that is below the threshold and (b) controlling the AC voltage
generator so that the output of the AC voltage generator is turned off whenever a transition of

the electronic switch occurs.

[0033] In some embodiments of the fifth apparatus, the electronic switch is

configured to cycle through the first mode and the second mode in the following repeating

10
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sequence (1) first mode, (2) second mode. In these embodiments, the electronic switch is
configured to switch directly from the first mode to the second mode and to switch directly

from the second mode to the first mode.

BRIEF DESCRIPTION OF THE DRAWINGS
[0034] FIG. 1 is a block diagram of a first embodiment of a sinusoid generator that

generates a sinusoid at a pre-set frequency f, with a controllable amplitude.

[0035] FIG. 2 depicts a block diagram of one preferred approach for implementing

the power switcher and a suitable architecture for implementing the output filter.

[0036] FIG. 3 depicts a sine wave and an oversampled version of that sine wave that

is sampled 6 times per cycle.
[0037] FIG. 4 is a schematic diagram of an embodiment of the output filter.

[0038] FIG. 5 is a block diagram of a second embodiment of a sinusoid generator that

generates a sinusoid at a pre-set frequency f, with a controllable amplitude.

[0039] FIG. 6 is a block diagram of one preferred approach for implementing the

power switcher in the FIG. 5 embodiment.

[0040] FIG. 7 depicts a sine wave and an oversampled version of that sine wave that

is sampled 10 times per cycle.
[0041] FIG. 8 depicts a sinusoidal output waveform under steady-state conditions

[0042] FIG. 9 shows how the sinusoidal output waveform changes when the output of
the DC-DC converter being used to power the sinusoidal output changes at certain times in

the cycle.

[0043] FIG. 10 shows how the sinusoidal output waveform changes when the output
of the DC-DC converter being used to power the sinusoidal output changes at other times in

the cycle.

[0044] FIG. 11 is a block diagram of a third embodiment of a sinusoid generator that

generates a sinusoid with a controllable amplitude.

11
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[0045] FIG. 12 depicts waveforms showing how the FIG. 11 embodiment facilitates
rapid changes to the voltage of the output signal.

[0046] FIG. 13 is a block diagram of a prior art system for applying TTFields to a

person’s head.

[0047] FIG. 14 is a timing diagram that shows the sequencing between the two

directions LR and AP that was used in the FIG. 13 prior art system.
[0048] FIG. 15 depicts a waveform that includes a significant spike.

[0049] FIG. 16A depicts a prior art approach for avoiding the FIG. 15 spike by
ramping the output voltage of the AC generator up and down, with a 1 s interval between

switching events.

[0050] FIG. 16B is a schematic representation of the instantaneous output voltage of

the AC generator using the ramp rate depicted in FIG. 16A.

[0051] FIG. 17A depicts what would happen if the FIG. 16 approach is used with a

0.25 s interval between switching events.

[0052] FIG. 17B is a schematic representation of the instantaneous output voltage of

the AC generator using the ramp rate depicted in FIG. 17A.

[0053] FIG. 18 depicts an embodiment that synchronizes the operation of an AC

voltage generator and a switch.

[0054] FIG. 19 is a timing diagram that shows the sequencing between the two

directions for the FIG. 18 embodiment

[0055] FIG. 20 depicts a first approach for achieving synchronization between the AC
voltage generator and the switch in the FIG. 18 embodiment that operates by precisely

coordinating the switching of the switch.

[0056] FIG. 21 depicts a second approach for achieving synchronization between the
AC voltage generator and the switch in the FIG. 18 embodiment that operates by controlling
the output of the AC voltage generator.

12
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[0057] FIG. 22 depicts how the output of the AC voltage generator jumps

immediately to its full steady-state output voltage when the FIG. 21 approach is used.

[0058] FIG. 23 depicts another approach for achieving synchronization between the
AC voltage generator and the switch in the FIG. 18 embodiment that operates by precisely

coordinating the switching of the switch.

[0059] Various embodiments are described in detail below with reference to the

accompanying drawings, wherein like reference numerals represent like elements.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0060] When using the prior art approaches to generate high voltage sinusoidal
signals in connection with TTFields therapy, high-frequency artifacts (e.g., voltage spikes)
may appear on the output under specific conditions (e.g., in response to a command to change
the output voltage, or when the direction of the TTFields is switched). And because those
high-frequency artifacts can create an unpleasant sensation in the person being treated with
TTFields therapy, the output voltage amplitude was typically ramped-up slowly to prevent
those high-frequency artifacts (and the resulting unpleasant sensations) from occurring. But
using a slow ramp-up has a downside: the output voltage is not always as high as it could be,
which means that the electric field being applied to the tumor is not always as strong as it
could be. And when the electric field is not as strong as it could be, the efficacy of treatment
can be reduced. The embodiments described herein can advantageously increase the output
voltage amplitude much more rapidly, without introducing high-frequency artifacts. These
embodiments can therefore prevent unpleasant sensations from occurring without incurring

an associated decrease in efficacy of treatment.

[0061] The embodiments described herein are useful in connection with generating
TTFields, as described in US patent 7,805,201, which is incorporated herein by reference.
The embodiments described herein build upon the architecture described in US patent
9,910,453, which is incorporated herein by reference. Notably, the embodiments described
herein enable the voltage of the sinusoidal signals (which are applied to the TTFields
transducer arrays) to be adjusted more rapidly, without the risk of introducing high-frequency
artifacts (e.g., voltage spikes) on the output. The embodiments described herein also enable
the sinusoidal signals to be switched on and off to full power instantaneously, without the risk

of introducing high-frequency artifacts on the output.

13
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[0062] Note that when generating a high-voltage signal for TTFields delivery, the
exact shape of the signal is known at every moment (pure sine wave at a known frequency)
and it is only the amplitude of the output signal that changes over time, based on external

inputs (e.g., control based on the skin temperature of the patient).

[0063] The embodiments described herein generate high voltage sinusoidal signals by
generating a specific pulse train that, when filtered using a specific low pass filter, will result

in a low distortion sine wave of the desired amplitude and frequency.

[0064] FIG. 1 is a block diagram of a first embodiment of a sinusoid generator that
generates a sinusoid at a pre-set frequency f, with a controllable amplitude. Ultimately, the
amplitude of the output sinusoid will be proportional to the output of the DC power source

50, which is preferably a controlled DC-DC converter.

[0065] In the illustrated embodiment, the DC to DC converter 50 is configured to
multiply an analog voltage-control input signal by 10, so when a 1 V voltage-control signal is
applied the output will be 10 V, and when a 5 V voltage-control signal is applied the output
will be 50 V, with proportional control therebetween. The output of the DC-DC converter 50
can therefore take any value between 0 and 50 V, depending on the voltage (e.g., 0-5 V) that
is applied to the analog voltage-control input. A controller 40 controls the output voltage of
the DC-DC converter 50 by writing a control word to a digital-to-analog converter (DAC) 42.
The DAC 42 then generates an analog voltage that is proportional to the control word, and

this analog voltage is applied to the voltage-control input of the DC-DC converter 50.

[0066] The output of the DC-DC converter 50 is routed to the power switcher 60. The
power switcher 60 has a control input, and depending on the state of the control input, it will
route the output of the DC-DC converter 50 to the primary of the transformer 70 in either
direction. More specifically, when a first control signal is applied to the control input, the
power switcher 60 will apply the output of the DC-DC converter 50 to the primary of the
transformer 70 in a first direction. When a second control signal is applied to the control
input, the power switcher 60 will apply the output of the DC-DC converter 50 to the primary
of the transformer 70 in a second direction that is opposite to the first direction. When neither
the first control signal nor the second control signal is applied to the control input, the power
switcher 60 will remain off, in which case power from the DC-DC converter 50 is not routed

to the primary of the transformer 70.
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[0067] FIG. 2 includes a block diagram of one preferred approach for implementing
the power switcher 60 using a set of four electronically controlled switches 61-64 connected
to the primary of the transformer 70 in an H-bridge configuration. These switches 61-64 open
and close in response to signals that are applied to a control input 68. A wide variety of
technologies may be used for implementing these switches, as will be appreciated by persons
skilled in the relevant arts. For example, the switches 61-64 may be implemented using
MOSFET transistors (e.g., BSC109N10NS3 manufactured by Infineon) along with
appropriate logic to switch them on and off in response to a control signal. In order to apply
the output of the DC-DC converter 50 to the primary of the transformer 70 in the first
direction, only switches 63 and 62 should be closed. In order to apply the output of the DC-
DC converter 50 to the primary of the transformer 70 in the opposite direction, only switches
61 and 64 should be closed. When all four of these switches 61-64 are off, no power is routed

into the primary of the transformer 70.

[0068] Transformer 70 is preferably a step-up transformer with a step-up ratio
between 1:4 and 1:9. In some preferred embodiments, transformer 70 is a step-up transformer
with a step-up ratio of 1:6. For example, when a transformer with a 1:6 step-up ratio is used
in combination with a DC-DC converter 50 that can output up to 24 V, the resulting voltage
at the secondary of the transformer 70 can go as high as 300 V.

[0069] Returning to FIG. 1, the controller 40 applies control signals to the control
input of the power switcher 60 in a time-choreographed sequence in order to construct an
oversampled version of a sine wave that is sampled six times per cycle using evenly spaced
samples. More specifically, FIG. 3 depicts a sine wave 110 and an oversampled version of
that sine wave 112 that is sampled at 0°, 60°, 120°, 180°, 240°, 300°, and 360°. Looking at
this oversampled version 112, it becomes apparent that it contains only three voltage levels: a
positive voltage +V between 60° and 180°, a negative voltage -V between 240° and 360°, and
zero volts between 0° and 60° and also between 180° and 240°. Note that the zero Volt level
exists because we have chosen the sampling times such that one of the sampling points
occurs at 0° and another one of the sampling points occurs at 180°, where the sine function
equals zero. This choice advantageously reduces the number of voltage levels that must be
generated to construct the oversampled version 112 of the sine wave. It also advantageously
reduces the number of switching events, which minimizes losses that are incurred during the

switching process.
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[0070] As a result, an oversampled version of a sinusoid at a pre-set frequency f can
be constructed at the output of the transformer 70 by continuously repeating the following
four steps: (a) applying the first control signal to the control input 68 for a duration of T/3,
which corresponds to the 60-180° segment of waveform 112 in FIG. 3; then (b) waiting for a
duration of T/6, which corresponds to the 180-240° segment of waveform 112; then (c)
applying the second control signal to the control input 68 for a duration of T/3, which
corresponds to the 240-360° segment of waveform 112; and then (d) waiting for a duration of
T/6, which corresponds to the 0-60° segment of waveform 112. Note that T is the reciprocal

of the pre-set frequency f.

[0071] The controller 40 is responsible for generating these control signals in this
sequence. The controller 40 may be implemented using a wide variety of approaches that will
be apparent to persons skilled in the relevant arts including but not limited to a
microcontroller or microprocessor that has been programmed to perform the functions
described herein. The controller 40 may also be implemented using a microcontroller or
microprocessor combined with a hardwired sequencer, the latter of which may be

implemented using, for example, a state machine or a counter.

[0072] The output of the secondary of the transformer 70 is routed to an output filter
80 that has a cut-off frequency between 2f and 4f. The output filter 80 passes the pre-set

frequency f and attenuates frequencies above the cutoff frequency.

[0073] Note that when the oversampled version of the sine wave (112 in FIG. 3) is
converted to the frequency domain, all of the even harmonics will be zero as a result of the
fact that waveform 112 being symmetric. In addition, because sampling is performed 6 times

per period, the third harmonic of waveform 112 will also be zero.

[0074] Many filter designs have inherent instabilities at their cutoff frequencies. But
because the third harmonic component of the oversampled waveform 112 is zero, the lowest
harmonic that will have any significant power will be the fifth harmonic. If the output filter
80 is designed so that its cutoff frequency coincides with the third harmonic, the oversampled
waveform 112 will not be affected by the instabilities in the vicinity of the cutoff frequency,
because the waveform contains no power at 3f. It is therefore most preferable to design the
output filter 80 with its cutoff frequency at 3f, in which case (a) the fundamental component

will be far enough below the cutoff frequency so as not to activate the instabilities and (b) the
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fifth harmonic will be far enough above the cutoff frequency so as not to activate the

instabilities.

[0075] To further reduce the higher order harmonics, the output filter 80 is preferably
designed so that the transfer function of the output filter has a zero located at the fifth
harmonic. This may be accomplished, for example, by selecting the components within the
output filter 80 to implement an elliptic low pass filter or a Chebyshev-2 low pass filter.
Ordinarily, elliptic filters and Chebyshev-2 filters are not suitable for filtering square waves
into sine waves because they have significant ripple in the stop band. As a result, if an
incoming signal happens to contain a frequency component that coincides with a crest within
that ripple, that component would not be filtered out from the incoming signal. The FIG. 1
embodiment avoids this situation by generating the oversampled waveform 112 at a pre-set
frequency, which means that the frequency of the fifth harmonic will be known in advance.
By selecting the components within the output filter 80 so that its transfer function has a zero
at the fifth harmonic, we ensure that the fifth harmonic will never coincide with a crest within

the ripple in the stop band.

[0076] To reduce the higher harmonics even further, the output filter 80 may be
designed so that its transfer function has an additional zero located at the seventh harmonic.
Here again, because the frequency of the seventh harmonic will be known in advance, the
components within the output filter 80 can be selected so that its transfer function has a zero

at the seventh harmonic.

[0077] Designing the output filter 80 with zeros at the fifth and seventh harmonics
reduces the attenuation at other frequencies located between the harmonics, which would
ordinarily be very undesirable. However, because the frequency of the oversampled
waveform 112 is pre-set in advance and because it only contains signals centered around the
odd harmonics (starting with the fifth harmonic), this design will actually decrease the overall

distortion of the output signal in the FIG. 1 embodiment.

[0078] When the output filter 80 is designed with zeros at the fifth and seventh
harmonics, the initial harmonic that will contain any significant power will be the ninth
harmonic. But because the power in the ninth harmonic of the oversampled waveform 112 (in

FIG. 3) is relatively low to begin with, and because the ninth harmonic is 6f above the cutoff
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frequency, the power in the ninth harmonic (and all higher harmonics) at the output 100 of

the output filter 80 will be low enough to produce an excellent sine wave.

[0079] FIG. 2 depicts a suitable architecture for implementing the output filter 80
with the cutoff frequency and the zeros at the locations indicated above. Preferably, the
output filter 80 is a multi-stage low pass LC filter. In this case, the first stage of the output
filter 80 comprises inductor 82 and capacitor 83, and the subsequent stages are represented by
block 85. In some embodiments, the filter 80 is a fourth order LC low pass filter. In some

embodiments, the filter 80 is a dual M-type element low pass filter.

[0080] When the electrical characteristics of transformer 70 are modelled, the leakage
inductance of the transformer appears in series with the secondary of transformer 70. As a
result, this leakage inductance must be accounted for when calculating the inductance of the
first inductor 82 in the first stage of the output filter 80. In some embodiments, a transformer
70 with a leakage inductance that is large enough to supply all of the inductance that is
needed for the first inductor 82 is selected. In this case, the first inductor 82 can be eliminated
entirely from the output filter 80 and replaced with a wire. For example, if the calculated
desired value for the first inductor in the output filter is 60 pH and the leakage inductance of
the transformer 70 is 60 pH, the first inductor 82 of the output filter can be eliminated

entirely.

[0081] In alternative embodiments, the leakage inductance of the transformer 70
accounts for at least half of the inductance of the first stage of the low pass LC filter. In these
embodiments, we start with the calculated value for the first inductor 82 and reduce that value
by the leakage inductance of the transformer 70. For example, if the calculated value for the
first inductor in the first stage of the output filter is 100 uH and the leakage inductance of the
transformer 70 is 60 puH, a 40 pH inductor should be used as the first inductor 82 of the
output filter (because 100 uH - 60 uH = 40 pH).

[0082] FIG. 4 is a schematic diagram of an embodiment of the output filter 80 in
which the inductance of the transformer 70 provides all of the inductance that is needed to
serve as the first inductor for the first stage of the output filter. The transformer in FIG. 4 is a
Zolotov TRMO85, which has the following characteristics: a turn ratio of 6:25; an inductance
of 0.25 mH in the primary (at 200 kHz); an inductance of 4.5 mH in the secondary (at 200
kHz); and a leakage inductance between 32 and 36 puH (at 200 kHz). The capacitors C33,
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C35, C36, C42, C43, and C44 are all 3300 pF capacitors. C40 is a 4.7 nF capacitor. C41 is a
470 pF capacitor. The inductor L5-L8 are all 4 uH inductors. The values of these components
were selected to position the zeros of the filter at the fifth harmonic and the seventh harmonic

when the operating frequency is 200 kHz.

[0083] An alternative design for implementing an output filter 80 with an operating
frequency of 150 kHz can be realized by starting with the schematic of FIG. 4 and (a) adding
an additional 4.7 nF capacitor in parallel with C40; and (b) swapping in 5600 pF capacitors in
place of the 3300 pF capacitors C33, C35, C36, C42, C43, and C44. These components were
selected to position the zeros of the filter at the fifth harmonic and the seventh harmonic

when the operating frequency is 150 kHz.

[0084] The output impedance of the output filter 80 is preferably as close as possible
to 70 ohms. In alternative embodiments, the output impedance of the output filter 80 is
between 40 and 120 ohms. Using an output impedance in this range is appropriate because
the current and voltage of the output signal 100 can change depending on the load that is
presented (i.e., the patient and the transducer arrays in the context of TTFields treatments).
But because the output impedance is between 40 and 120 ohms, even if there is a short circuit
on the exit, the current will not surge to dangerous values. In addition, if the impedance of the
load suddenly increases (e.g., if an electrode becomes partially disconnected from a patient),
then the drop in current will be a lot less significant. This is very useful as a safety feature in

the context of TTFields treatment.

[0085] The controller 40 controls the amplitude of the output signal 100 by adjusting
the control signal that is applied to the voltage control input of the DC-DC converter 50. In
the illustrated embodiment, this is accomplished by having the controller 40 write a control
word to the DAC 42. The DAC 42 responds by outputting an analog voltage, which serves as
the control signal that is applied to the voltage-control input of the DC-DC converter 50.
Assume, for example, that the output of the DAC 42 starts at 1 V, that the DC-DC converter
is outputting 10 VDC, and that the transformer 70 has a step-up ratio of 1:6. Under these
conditions, the pulses at the output of the secondary of the transformer 70 will be 60 V. When
the controller 40 writes a new control word to the DAC 42 that causes the output of the DAC
42 to increase to 2 V. The DC-DC converter 50 will respond to the new signal that is being
applied to its voltage-control input by increasing its output voltage to 20 V DC, which (after
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passing through the step up transformer 70) will cause the pulses at the output of the

secondary of the transformer 70 to increase to 120 V.

[0086] Preferably, the voltage and/or current of the output signal 100 are monitored
by a voltage sense circuit 92 and/or a current sense circuit 94. The output of these circuits 92,
94 is preferably fed back to the controller 40, and the controller 40 is preferably configured
so that when and error condition is detected at the output 100 (e.g., overvoltage, overcurrent,
severe voltage drop, etc.), the controller 40 will shut down the power switcher 60 by
inhibiting the generation of both the first control signal and the second control signal that are
applied to the control input 68 of the power switcher 60. Optionally, shut down of the power
switcher 60 may also be triggered by an over-temperature condition at the load by including
appropriate temperature sensors and routing a signal back from those temperature sensors to

the controller 40.

[0087] Note that in the illustrated embodiment, a single controller 40 is used to
implement all the control functions and sequencing functions described herein. But in
alternative embodiments, a programmable controller 40 may be combined with a hardwired

sequencer to perform those two functions, respectively.

[0088] In some embodiments, the output of the current sense circuit 94 and or the
voltage sense circuit 92 is fed back to the controller 40. In these embodiments, the controller
can adjust the voltage at the output of the DC-DC converter 50 by writing appropriate control
words to the DAC 42 in order to adjust the current or voltage of the output signal 100 to a
desired level. For example, when the controller 40 is set to adjust the current to a particular
level and the output of the current sense circuit 94 indicate that the current is too low, the
controller can increase the voltage at the output of the DAC 42, which will cause an increase
in amplitude at the output signal 100. Similarly, if the output of the current sense circuit 94
indicate that the current is too high, the controller can decrease the voltage at the output of the

DAC 42, which will cause a corresponding decrease in amplitude at the output signal 100.

[0089] In alternative embodiments, the transformer 70 (shown in FIGS. 1 and 2) can
be omitted, in which case the two conductors at the output of the power switcher 60 are
hooked up directly to the two conductors at the input of the output filter 80. In these
embodiments, current flows directly from the output of the power switcher 60 to the input of

the output filter 80 with no intervening transformer. But these alternative embodiments are
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less preferred, especially in situations when isolation is desirable and in situations where a
high voltage output is desirable. In addition, these alternative embodiments cannot rely on the
leakage inductance of the transformer to provide some or all of the inductance needed for the

first stage of the filter.

[0090] Note that the design of the FIG. 1 embodiment relies on advance knowledge of
the incoming signal, and the intentional construction of both the signal and the output filter

80 so that the most significant harmonics are either inherently zero (e.g., the even harmonics
and the third harmonic) or zeroed out by the output filter 80 (e.g., the fifth and seventh
harmonics). This helps provide a very clean high voltage output signal at the desired

frequency, with very high efficiency.

[0091] The FIG. 1 embodiment uses a single DC-DC converter 50, and implements
six equally-spaced sampling points per cycle. In alternative embodiments, the number of
sampling points may be increased to N=2+4n, where n is a positive integer. When n=1, we
have the situation described above in connection with FIG. 1. When n=2, we have the
situation described below in connection with FIG. 5, which uses two DC-DC converters.
Other embodiments may be implemented for n > 2 following the same framework using

additional DC-DC converters and even more samples (following the rule that N=2+4n).

[0092] FIG. 5 is a block diagram of a second embodiment of a sinusoid generator that
generates a sinusoid at a pre-set frequency f, with controllable amplitude, in which n=2. As a
result, there are two DC-DC converters 50, S0B and (following the formula N=2+4n) 10
samples per cycle are used. Note that in the FIG. 5-6 embodiment, components with similar
reference numbers operate in a manner similar to the description above in connection with the

FIG. 1-2 embodiment.

[0093] FIG. 7 depicts a sine wave 120 and an oversampled version of that sine wave
122 that is sampled 10 times per cycle (i.e., at 0°, 36°, 72°, ... 324°, and 360°). Looking at
this oversampled version 112, it becomes apparent that it contains only five voltage levels: a
low positive voltage +V1, a higher positive voltage +V2, a low negative voltage -V1, a higher
negative voltage -V2, and zero volts (between 0° and 36° and also between 180° and 216°).
Here again, the zero Volt level exists because we have chosen the sampling times such that
one of the sampling points occurs at 0° and another one of the sampling points occurs at

180°, where the sine function equals zero. This choice advantageously reduces the number of
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voltage levels that must be generated to construct the oversampled version 122 of the sine

wave to two levels (i.e,, V1 and V2).

[0094] As aresult, a controller 40B can be used to control the generation of an
oversampled version of a sine wave that is sampled N times per cycle using evenly spaced
samples that include a sampling point at 0°, where N=2+4n, by setting the output voltages of
the DC power sources to levels that are present on the oversampled version of the sine wave,
and then sequencing the control signal through the 2n states and the additional off state, so
that each of the DC power sources is applied to the primary of the transformer in each
direction at appropriate times in a sequence so as to generate the oversampled version of the

sine wave.

[0095] When n=2 (as it is in the FIG. 5-6 embodiment), an oversampled version of a
sinusoid at a pre-set frequency f can be constructed at the output of the transformer 70 by
continuously repeating the following eight steps: applying V1 to the primary of the
transformer 70 in the first direction between 36° and 72°; applying V2 in the first direction
between 72° and 144°; applying V1 in the first direction between 144° and 180°; remaining
off between 180° and 216°; applying V1 in the second direction between 216° and 252°;
applying V2 in the second direction between 252° and 324°; applying V1 in the second
direction between 324° and 360°; and remaining off between 0° and 36°. Note that in order
for the resulting waveform to properly track an oversampled version of a sinusoid (122 in
FIG. 7), the ratio between V1 and V2 must remain constant. More specifically, the ratio

V2/V1 must equal sin(72°) / sin(36°), which comes to 1.618.

[0096] The controller 40B is responsible for generating control signals that cause the
power switcher 60B to apply these voltages to the transformer 70 in the sequence identified
above. The controller 40B is similar to the controller 40 in the FIG. 1 embodiment, except

that it sequences through 10 states per cycle instead of six states per cycle.

[0097] Referring now to FIG. 6, the power switch 60B has a control input 68, and the
power switch is configured to either (a) apply the output of a selected one of the DC power
sources to the primary of the transformer 70 in a selected direction in response to 2n states of
a control signal that is applied to the control input 68 or (b) remain off in response to an

additional state of the control signal.
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[0098] FIG. 6 is a block diagram of one preferred approach for implementing the
power switcher 60B. This power switcher is similar to the power switcher 60 of the FIG. 1
embodiment, except that it contains additional switches 65-66 for switching the output of the
second DC-DC converter across the transformer 70 in either direction. More specifically, this
power switcher 60B uses a set of six electronically controlled switches 61-66 connected to
the primary of the transformer 70 as depicted in FIG. 6. These switches 61-66 (which are
similar to the corresponding switches in the FIG. 1-2 embodiment) open and close in
response to signals that are applied to a control input 68. In order to route the output of the
first DC-DC converter 50 to the primary of the transformer 70 in the first direction, only
switches 63 and 62 should be closed. In order to route the output of the first DC-DC
converter 50 to the primary of the transformer 70 in the opposite direction (i.e., with an
opposite polarity), only switches 61 and 64 should be closed. In order to route the output of
the second DC-DC converter 50B to the primary of the transformer 70 in the first direction,
only switches 65 and 62 should be closed. In order to route the output of the second DC-DC
converter 50B to the primary of the transformer 70 in the opposite direction (i.e., with an
opposite polarity), only switches 61 and 66 should be closed. When all six of these switches

61-66 are off, no power is routed into the primary of the transformer 70.

[0099] Returning to FIG. 5, an output filter 80B is connected to the secondary of the
transformer 70, and the output filter passes the pre-set frequency f and attenuates frequencies
above a cut-off frequency. The output filter 80B is similar to the output filter 80 in the FIG.
1-2 embodiment, except the location of the zeros in the transfer function of the output filter
80B must be adjusted to account for the different frequency content of the oversampled
waveform 122 (shown in FIG. 7). More specifically, the output filter 80B should have a
transfer function with a zero at a frequency where a harmonic of the pre-set frequency f'is

expected to contain power.

[0100] For example, because the waveform 122 has 10 samples per cycle, the initial
harmonic that we would expect to appear will be the ninth harmonic. Accordingly, a transfer
function with a zero at the ninth harmonic would be useful when this waveform 122 is being
used. The cut off frequency of the filter should also be adjusted accordingly, based on the set
of harmonics that are expected to appear (which can be calculated in advance by taking the

Fourier transform of the waveform that is being used).
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[0101] Optionally, the transfer function of the output filter 80B can also be designed
to have a zero at the next frequency where a harmonic of the pre-set frequency f'is expected

to contain power. In the case of the waveform 122, this would be the eleventh harmonic.

[0102] The controller 40B controls an amplitude of the sinusoid at the output 100B of
the output filter 80B by adjusting the output voltages of the DC power sources 50, S0B via
their voltage-control inputs, while maintaining a fixed ratio between the output voltages of
each of the DC power sources. In the illustrated embodiment, this is accomplished by writing
appropriate control words to DAC 42 and DAC 42B, taking care to maintain the required
ratio of sin(72°) / sin(36°) as described above. In alternative embodiments, the second DAC
42B can be eliminated, and replaced by a 1.618x hardware multiplier that is inserted between

the output of DAC 42 and the voltage control input to the second DC-DC converter 50B.

[0103] In alternative embodiments, the transformer 70 can be omitted from the FIG. 5
embodiment, in which case the two conductors at the output of the power switcher 60B are
hooked up directly to the two conductors at the input of the output filter 80B. In these
embodiments, current flows directly from the output of the power switcher 60B to the input
of the output filter 80B with no intervening transformer. But these embodiments are less

preferred for the same reasons discussed above in connection with FIG. 1.

[0104] Note that the system descried above is suitable for generating high voltage
signals of any shape, as long as the pulse train that will result in these signals can be
determined before use either through calculations or experiments, and the filters are designed

accordingly.

[0105] When the output signal generated by the system is applied to electrodes to
generate TTFields (as described in patent 7,805,201) changes in the load associated with the
body of the patient and the transducer arrays can change the output signal due to interactions
with the output filter. This means that any changes to this load (e.g., lifting of a disk off a
patient's body, short circuiting etc.) immediately influence the output signal, which is
constantly monitored. Hence, it is possible for the device to respond very quickly to these
changes (e.g., by shutting down the power switcher 60 in response to the detection of a short

circuit or overload condition).

[0106] Notably, in the embodiments described above, the exact shape of the desired

output signal is known in advance at every moment because we are generating a sine wave at

24



WO 2021/137085 PCT/1B2020/062147

a known frequency. It is only the amplitude of the output signal that changes over time based
on the controller responding to external inputs (e.g., current measurements or temperature
measurements). The embodiments described above can advantageously be used to generate
very clean narrow band limited signals in the frequency range of 100-500 kHz, with very low

losses and very low sensitivity to the external load to which the signal generator is connected.

[0107] In alternative embodiments, the system can be used to generate a sinusoid at
any desired frequency within a pre-set range by building the filter using a component with a
tunable reactance (e.g. a tunable capacitance or a tunable inductance). In these embodiments,
the reactance of the tunable components is set to imbue the filter with the desired transfer
function characteristics. Then, an appropriate oversampled sinusoid is generated and fed into

the filter as discussed above in connection with FIGS. 1 and 5.

[0108] In other alternative embodiments, the system can be used to generate a finite
number of pre-defined signals at a plurality of different pre-set frequencies. These
embodiments can be implemented by saving the characteristics of the pulse trains for each of
the pre-defined signals in a look up table, and providing a bank of filters that can be
selectively switched in to the signal path so as to provide the filtering characteristics
necessary to generate the desired one of the pre-defined signals. When using the system to
generate one of the pre-defined signals, the characteristics of the required pulse train are
retrieved from memory and the appropriate filter (i.e., the one that matches this pulse train) is

switched in to the signal path.

[0109] In other alternative embodiments, composite signals that contain a small
number of discrete frequencies (e.g., between two and five frequencies) can be generated by
generating an oversampled version of the composite signal, and passing the oversampled

version of the composite signal through an appropriate filter.

[0110] In the FIG. 1 and FIG. 5 embodiments described above, depending on the
construction of the DC-DC converters 50/50B, the possibility exists that high-frequency
artifacts (e.g., spikes) may appear on the output 100/100B when the output voltage of those
DC-DC converters changes (e.g., when the controller 40/40B writes a new control word to
the DAC 42/42B). And because high-frequency artifacts can create an unpleasant sensation in
the person being treated with TTFields therapy, it is preferable to take steps to prevent such
high-frequency artifacts.
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[0111] One suitable approach that prevents high-frequency artifacts from appearing
on the output 100/100B is to deliberately slow down the response time of the DC-DC
converters 50/50B (e.g., by adding a sufficiently large capacitor across the output of each
DC-DC converter). But while this approach is effective, it has two drawbacks: first,
additional components must be included in the circuit. And second, slowing down the
response time of the system will prevent the output voltage from changing rapidly in

situations when rapid changes may be desirable.

[0112] FIGS. 8-10 depict an alternative approach for preventing high-frequency
artifacts from appearing on the output 100/100B without deliberately slowing down the
response time of the DC-DC converters 50/50B.

[0113] More specifically, FIG. 8 depicts the same waveform 112 described above in
connection with FIG. 3 (which appears at the output of the power switcher 60 in FIG. 1) and
the sinusoidal output waveform 115 (which appears at the output 100 of the output filter 80 in
FIG. 1) under steady-state conditions (e.g., when the voltage at the output of the DC-DC
converter 50 in FIG. 1 is held at a constant 20 VDC, which means that the controller 40 in
FIG. 1 is not updating the contents of the DAC 42). In this steady-state situation, the output
waveform 115 will operate as described above in connection with FIGS. 1-4, and will not

include any high frequency artifacts.

[0114] FIG. 9 shows how things change when a DC-DC converter with a rapid
response time is used, and the output of the DC-DC converter 50 (shown in FIG. 1) changes
from 20 VDC to 40 VDC. As explained above in connection with FIG. 1, the controller 40
could initiate this change by updating the contents of the DAC 42 at time t9. Prior to this time
t9, the output waveform 215 will be identical to the output waveform 115 in the FIG. 8
example. But as soon as the controller 40 updates the contents of the DAC 42 at time t9,
because the output of the DAC 42 is applied to the voltage-control input of the DC-DC
converter 50, the output voltage of the DC-DC converter will rapidly begin to change (e.g.,
from 20 V to 40 V in the illustrated example). And because the power switch 60 is set to
actively source current from the DC-DC converter 50 into the transformer 70 at that instant
t9, the rapid change in current will travel through the transformer 70 and into the output filter
80, which will add a high-frequency artifact 215 to the output 100. (Note that the dashed line
222 represents a continuation of the original sinusoid that existed prior to t9, and the dashed

line 220 represents a clean sinusoid at twice the original amplitude.)
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[0115] A similar situation exists when the design of the DC-DC converter is such that
spikes and/or instabilities can appear on the output of the DC-DC converter in response to
changes on the DC-DC converter’s voltage-control input (regardless of the response time of
the DC-DC converter). More specifically, if the power switch 60 is set to actively source
current from the DC-DC converter 50 into the transformer 70 at the instant the voltage-
control input of the DC-DC converter changes, any spikes on the output of the DC-DC
converter will travel through the transformer 70 and into the output filter 80, which will add

high-frequency artifacts 215 to the output 100.

[0116] Under certain circumstances, high-frequency artifacts could be added to the
output 100 if the output voltage of the DC-DC converter changes during an interval of time
when the power switch 60 is set to actively source current from a DC-DC converter 50/50B
into the transformer 70. If, on the other hand, the output of the DC-DC converter is changed
during an interval of time when the power switch 60 is not actively sourcing current from a
DC-DC converter 50/50B into the transformer 70, high-frequency artifacts will not appear at
the output 100. The controller 40/40B in the FIG. 1/5 embodiments can take advantage of this
dichotomy to prevent high-frequency artifacts from appearing on the output 100/100B. More
specifically, the controller 40/40B does this by ensuring that the output of the DC-DC
converter 50/50B is only changed during intervals when the power switcher 60/60B is not

actively sourcing current from a DC-DC converter.

[0117] In the context of the FIG. 1 embodiment described above, the controller 40
accomplishes this by preventing adjustments of the voltage-control input of the DC-DC
converter 50 from occurring when either (a) the first control signal is being applied to the
control input of the power switcher 60 (i.e., when the power switcher 60 is routing the output
of the DC-DC converter 50 to the primary of the transformer 70 in one direction) or (b) the
second control signal is being applied to the control input of the power switcher 60 (i.e.,
when the power switcher 60 is routing the output of the DC-DC converter 50 to the primary
of the transformer 70 in the opposite direction). When neither the first control signal nor the
second control signal is being applied to the control input, the power switcher 60 will remain
off, in which case the controller 40 can make adjustments to the voltage-control input of the

DC-DC converter 50 without introducing a high-frequency artifact on the output 100.

[0118] FIG. 10 shows how things unfold in the context of the FIG. 1 embodiment
when the output of the DC-DC converter 50 changes from 20 VDC to 40 VDC during a time

27



WO 2021/137085 PCT/1B2020/062147

t10 when the power switch 60 is not actively sourcing current from the DC-DC converter.
Prior to this time t10, the output of the DC-DC converter 50 will be at a first level (e.g., 20 V
in the illustrated example), and the output waveform 315 will be identical to the output
waveform 115 in the FIG. 8 example. The controller 40 updates the contents of the DAC 42
at time t10, when the power switch 60 is not actively sourcing current from the DC-DC
converter 50 into the transformer 70. The output voltage of the DC-DC converter 50 will
rapidly begin to change (e.g., from 20 V to 40 V in the illustrated example) and will stabilize
before the power switch 60 begins to route current into the transformer 70 at t11. Because the
output of the DC-DC converter 50 has already stabilized when the power switch 60 begins to
route current into the transformer 70 at t11, the waveform that will enter the output filter after
t11 will be an oversampled sine wave with a different amplitude (e.g., 40 V). And as
explained above in connection with FIGS. 1-4, when an oversampled sine wave is provided

to the output filter 80, the resulting output 100 will be a very clean sinusoid.

[0119] Similarly, in the context of the FIG. 5 embodiment described above, the
controller 40B prevents high-frequency artifacts from appearing on the output 100B by
ensuring that the output of any given DC-DC converter 50/50B is only changed during
intervals when the power switch 60 is not actively sourcing current from the given DC-DC
converter. The controller 40B accomplishes this by not adjusting the output voltage of any
DC power source while its output is being routed to the output terminals of the power

switcher 60.

[0120] FIG. 11 is a block diagram of a third embodiment of a sinusoid generator that
generates a sinusoid at a pre-set frequency f, with controllable amplitude. Components with
similar reference numbers operate in a manner similar to the corresponding components

described above in connection with FIGS. 1-5.

[0121] This embodiment uses two DC-DC converters 51, 52. Each of these DC-DC
converters is configured to multiply an analog voltage-control input signal by a fixed number
(e.g., 10). In this example, when a 1 V voltage-control signal is applied the output will be 10
V, and when a 5 V voltage-control signal is applied the output will be 50 V, with proportional
control therebetween. The output of the DC-DC converters 51, 52 can therefore take any
value between 0 and 50 V, depending on the voltage (e.g., 0-5 V) that is applied to the analog
voltage-control input. The controller 40C controls the output voltage of the DC-DC
converters 51, 52 by writing control words to the DACs 42, 42B. The DACs then generate
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analog voltages that are proportional to the control words, and these analog voltages are

applied to the voltage-control inputs of the DC-DC converters 51, 52.

[0122] The controller 40C is responsible for generating control signals that cause the
power switcher 60B to apply these voltages to the transformer 70 in the sequence described

below.

[0123] FIG. 6 is a block diagram of one preferred approach for implementing the
power switcher 60B. This power switcher is identical to the power switcher 60B of the FIG. 5
embodiment. More specifically, this power switcher 60B uses a set of six electronically
controlled switches 61-66 connected to the primary of the transformer 70 as depicted in FIG.
6. These switches 61-66 open and close in response to signals that are applied to a control

input 68.

[0124] In order to route the output of the first DC-DC converter 51 to the primary of
the transformer 70 in the first direction, only switches 63 and 62 should be closed. The power
switcher 60B is configured so that this occurs in response to a first state of the control input.
In order to route the output of the first DC-DC converter 51 to the primary of the transformer
70 in the opposite direction (i.e., with an opposite polarity), only switches 61 and 64 should
be closed. The power switcher 60B is configured so that this occurs in response to a second

state of the control input.

[0125] In order to route the output of the second DC-DC converter 52 to the primary
of the transformer 70 in the first direction, only switches 65 and 62 should be closed. The
power switcher 60B is configured so that this occurs in response to a third state of the control
input. In order to route the output of the second DC-DC converter 52 to the primary of the
transformer 70 in the opposite direction (i.e., with an opposite polarity), only switches 61 and
66 should be closed. The power switcher 60B is configured so that this occurs in response to
a fourth state of the control input. When all six of these switches 61-66 are off, no power is
routed into the primary of the transformer 70. The power switcher 60B is configured so that
this occurs in response to a fifth state of the control input (also referred to herein as an

additional state).

[0126] The controller 40C has the ability to operate in either a first mode or a second
mode. In the first mode, the controller 40C generates an output waveform 100C powered

exclusively from the first DC-DC converter 51 by setting the control input of the power
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switcher 60B to the first and second states in an alternating sequence while holding the first
voltage-control input constant. In some preferred embodiments, a waveform similar to the
waveform 112 in FIG. 3 can be generated by (a) placing the control input in the first state for
a duration of T/3, then (b) waiting for a duration of T/6, then (c) placing the control input in
the second state for a duration of T/3, and then (d) waiting for a duration of T/6, then
continuously repeating the sequence (a), (b), (¢), and (d). The amplitude of this waveform
will depend only on the output voltage of the DC-DC converter 51. Filtering of this
waveform by the output filter 80 (which is identical to the output filter 80 in the FIG. 1-2
embodiment) will result in a clean sinusoid (as explained above in connection with FIGS. 1-

4).

[0127] In the second mode, the controller 40C generates an output waveform 100C
powered exclusively from the second DC-DC converter 52 by setting the control input of the
power switcher 60B to the third and fourth states in an alternating sequence while holding the
second voltage-control input constant. In some preferred embodiments, a waveform similar to
the waveform 112 in FIG. 3 can be generated by (e) placing the control input in the third state
for a duration of T/3, then (f) waiting for a duration of T/6, then (g) placing the control input
in the fourth state for a duration of T/3, and then (h) waiting for a duration of T/6, then
continuously repeating the sequence (e), (f), (g), and (h). The amplitude of this waveform will
depend only on the output voltage of the DC-DC converter 52. Filtering of this waveform by

the output filter 80 will result in a clean sinusoid.

[0128] FIG. 12 illustrates how the FIG. 11 embodiment facilitates rapid changes to
the voltage of the output signal 100C by switching between the first and second modes. Trace
410 is the output voltage of the first DC-DC converter 51, trace 420 is the output voltage of
the second DC-DC converter 52, and trace 430 is the output signal. FIG. 11 begins at t0, with
the controller 40C operating in the first mode. In this mode, the output waveform 430 is
powered exclusively from the first DC-DC converter 51 (which is set to 20 V in the
illustrated example). The controller 40C controls generation of the output waveform 430 by
setting the control input of the power switcher 60B to the first and second states in an
alternating sequence (with wait times interspersed at appropriate times) while holding the

first voltage-control input constant, as described above.

[0129] While still operating in the first mode, the controller 40C determines in

advance what the output voltage will be when it eventually switches into the second mode.
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The controller 40C then issues a command at time t1, which causes the output voltage of the
second DC-DC converter 52 to move to the desired level. In the illustrated example, the
desired level for the second DC-DC converter 52 is 40 V. Notably, the reaction time of the
second DC-DC converter can be very slow because the second DC-DC converter is not being

used at this time.

[0130] Preferably after the output of the second DC-DC converter 52 has settled to
the desired level, the controller 40C switches into the second mode. This transition from the
first mode to the second mode occurs at a time when the power switcher 60B is in the fifth
state and is not routing current to the transformer 70. In the second mode, the output
waveform 430 is powered exclusively from the second DC-DC converter 52 (which is set to
40 V in the illustrated example). The controller 40C controls generation of the output
waveform 430 by setting the control input of the power switcher 60B to the third and fourth
states in an alternating sequence (with wait times interspersed at appropriate times) while
holding the second voltage-control input constant, as described above. Preferably, the
command that initiates the change in voltage of the second DC-DC converter 52 (i.e,, t1 in
FIG. 12) occurs far enough in advance (e.g., at least 1 ms) before the controller 40C switches
into the second mode (i.e., t2 in FIG. 12) to allow the output of the second DC-DC converter
52 to settle at the desired level, so that when the second mode begins at t2 the output

waveform 430 will immediately go to the desired level.

[0131] A similar process occurs when transitioning from the second mode back to the
first mode. More specifically, while still operating in the second mode, the controller 40C
determines in advance what the output voltage will be when it eventually switches into the
first mode. The controller 40C then issues a command at time t3, which causes the output
voltage of the first DC-DC converter 52 to move to the desired level. In the illustrated
example, the new desired level for the first DC-DC converter 51 is 10 V. Notably, the
reaction time of the first DC-DC converter can be very slow because the first DC-DC

converter is not being used at this time.

[0132] Preferably after the output of the first DC-DC converter 51 has settled to the
desired level, the controller 40C switches into the first mode. This transition from the second
mode to the first mode occurs at a time when the power switcher 60B is in the fifth state and
is not routing current to the transformer 70. In the first mode, the output waveform 430 is

powered exclusively from the first DC-DC converter 51 (which is set to 10 V in the
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illustrated example). The controller 40C controls generation of the output waveform 430 by
setting the control input of the power switcher 60B to the first and second states in an
alternating sequence (with wait times interspersed at appropriate times) while holding the
first voltage-control input constant, as described above. Preferably, the command that
initiates the change in voltage of the first DC-DC converter 51 (i.e., t3 in FIG. 12) occurs far
enough in advance (e.g., at least 1 ms) before the controller 40C switches into the first mode
(i.e., t4 in FIG. 12) to allow the output of the first DC-DC converter 51 to settle at the desired
level, so that when the first mode begins at t4 the output waveform 430 will immediately go

to the desired level.

[0133] In alternative embodiments, the transformer 70 can be omitted from the FIG.
11 embodiment, in which case the two conductors at the output of the power switcher 60B
are hooked up directly to the two conductors at the input of the output filter 80. In these
embodiments, current flows directly from the output of the power switcher 60B to the input
of the output filter 80 with no intervening transformer. But these embodiments are less

preferred for the same reasons discussed above in connection with FIG. 1.

[0134] TTFields therapy involves inducing an electric field (e.g., at 200 kHz) through
a target body part in order to treat a tumor in that body part. Experiments have shown that the
efficacy of TTFields increases when the direction of the TTFields changes during the course
of treatment. For example, in the Optune® prior art system, the direction of the TTFields
changes every 1 s. But in alternative embodiments, the direction can change at a different rate

(e.g., between 50 ms and 10 s).

[0135] FIG. 13 is a block diagram of the original Optune® prior art system for
applying TTFields to a person’s head (or other body part) in two different directions. This is
accomplished using one pair of transducer arrays 25A, 25P positioned on the front and back
of the head (i.e., anterior and posterior) and another pair of transducer arrays 25L, 25R
positioned on the left and right sides of the person’s head. More specifically, when an AC
voltage is applied between transducer arrays 25L and 25R, an electric field that primarily
runs in a left-to-right (LR) direction will be induced in the subject’s head. And when an AC
voltage is applied between transducer arrays 25A and 25P, an electric field that primarily
runs in a anterior-to-posterior (AP) direction will be induced in the subject’s head. TTFields

may also be applied to other parts of the body (e.g., pancreas, lungs, etc.) by positioning
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transducer arrays of the subject’ skin in front/back of the relevant body part and right/left of
the relevant body part.

[0136] In the FIG. 13 embodiment, a single AC voltage generator 20 is used to drive
both transducer array pairs (i.e., 25L/R and 25A/P). This is accomplished by routing the

output of the AC voltage generator 20 into a switch 22. Depending on the state of the control
signal, the switch 22 will either route the signal from the AC voltage generator 20 across one

pair of transducer arrays (i.e. 25L/R) or the other pair of transducer arrays (i.e. 25A/P).

[0137] FIG. 14 is a timing diagram that shows the sequencing between the two
directions LR and AP that was used in the original Optune®. In this approach, the switch 22
would (a) route the output of the AC voltage generator 20 to the left and right transducer
arrays (25L/R) for one second, then (b) route the output of the AC voltage generator 20 to the
anterior and posterior transducer arrays (25A/P) for one second, and then repeat steps (a) and
(b) in an alternating sequence. A short duration of time (e.g., 5-10 ms) during which the
output of the AC voltage generator 20 was not routed to either pair of transducer arrays

(25L/R, 25A/P) was interposed between each step (indicated by the label OFF).

[0138] One issue that was addressed during the design of the original Optune® is
explained in connection with FIG. 15. More specifically, if the switch 22 switched from the
OFF state to either the LR state or the AP state (trace 525) while the instantaneous output
voltage 520 generated by the AC voltage generator 20 was substantial (e.g., > 10 V), the
output waveform would resemble trace 530, which includes a spike 532. Because such a
spike 532 could cause the subject to experience an uncomfortable sensation, the original
Optune® was designed to prevent such spikes from occurring. More specifically, this was
accomplished by ramping down the output voltage of the AC voltage generator 20 from its
steady-state value to zero V during the 100 ms interval that preceded each OFF state, then
ramping the output voltage back up to its steady-state value during the 100 ms interval that
followed each OFF state, as depicted in FIG. 16A, trace 540. The ramp rate was about 1

V/ms, which was sufficiently slow to avoid spikes that might be noticeable to a patient.

[0139] The resulting waveform at the output of the AC voltage generator 20
resembled the waveform depicted in FIG. 16B (except that the actual frequency of the
sinusoid generated by the AC voltage generator 20 would be orders of magnitude higher than

the depicted sinusoid). Note that the scale of the x-axis in FIG. 16B is magnified 4x with
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respect to FIG. 16A, in order to show additional detail. And this solution worked quite well in
the context of the original Optune®, because the system operated at its peak output voltage
80% of the time, and only 20% of the time was spent either ramping up the voltage, ramping

down the voltage, or with the voltage switched off.

[0140] Let us now examine what would happen if a similar approach is used, but the
interval that the AC voltage is applied to either the LR or AP transducer arrays is reduced
from 1 sto 0.25 s. If the same 1 V/ms ramp-down and ramp-up approach described above in
connection with FIG. 16A is used at this new timescale, the output voltage of the AC voltage
generator 20 would follow trace 550 in FIG. 17A. And as a result, the waveform at the output
of the AC voltage generator 20 would resemble the waveform depicted in FIG. 17B (except
that, once again, the actual frequency of the sinusoid generated by the AC voltage generator
20 would be orders of magnitude higher than the depicted sinusoid). Note that the scale of the
x-axis in FIG. 17B is magnified 4x with respect to FIG. 17A, in order to show additional
detail.

[0141] But this solution is less than ideal because the peak output voltage would only
be applied to the transducer arrays 20% of the time, which means that the maximum electric
field would only be applied to the subject 20% of the time. Thus, unlike the prior art situation
depicted in FIGS. 16A/B (in which the output voltage was ramped up/down to ensure patient
comfort, and the ramping only reduced the percentage of time spent at the peak voltage by a
small amount), using the same ramping slope when the switching time is shortened to 0.25 s
will reduce the percentage of time spent at the peak voltage by a very significant amount (as
depicted in FIGS. 17 A/B). Moreover, the situation would be even worse if the interval that
the AC voltage is applied to either the LR or AP transducer arrays is reduced below 0.20 s, in

which case the peak voltage (and corresponding peak field strength) would never be reached.

[0142] The FIG. 18 embodiment uses a different approach for avoiding spikes that
resemble the spike 532 depicted in FIG. 15. More specifically, the FIG. 18 embodiment has
an AC voltage generator 30 and a switch 32, and synchronization between those two
functional blocks is relied on to avoid spikes, as described below in connection with FIGS.
19-23. In some preferred embodiments, the AC voltage generator 30 in FIG. 18 is
implemented using the approaches described above in connection with FIGS. 1-7. The switch
32 is configured to either (a) route the output of the AC voltage generator 30 to the left and

right transducer arrays (25L/R) in response to a first state of its control input; (b) route the
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output of the AC voltage generator 30 to the anterior and posterior transducer arrays (25A/P)
in response to a second state of its control input; or (¢) remain off in response to a third state
of its control input. The switch 32 may be implemented using any of a variety of approaches
that will be apparent to persons skilled in the relevant arts, including but not limited to field

effect transistors, solid-state relays, etc.

[0143] In the illustrated embodiment, synchronization between the AC voltage
generator 30 and the switch 32 is implemented using a synchronization controller 35 that is
programmed to send control signals to the AC voltage generator 30 and/or the switch 32, to
orchestrate those components so that the signals described below are generated with the time
relationships described below. A variety of alternative approaches for synchronizing the AC
voltage generator 30 and the switch 32 may be used. For example, synchronization may be
achieved by allowing the AC voltage generator 30 to run freely and adjusting the switching
time of the switch 32 (as described below in connection with FIG. 20). Alternatively,
synchronization may be achieved by allowing the switch 32 to switch automatically, and
turning off the AC voltage generator 30 prior to each switching event (as described below in
connection with FIG. 21). Yet another alternative for achieving synchronization is to control

the timing of both the AC voltage generator 30 and the switch 32.

[0144] FIG. 19 is a timing diagram that shows the sequencing between the two
directions LR and AP for the FIG. 18 embodiment. In this embodiment, the switch 32 (a)
routes the output of the AC voltage generator 30 to the left and right transducer arrays
(25L/R) for a duration T, then (b) routes the output of the AC voltage generator 30 to the
anterior and posterior transducer arrays (25A/P) for a duration T, and then repeat steps (a)
and (b) in an alternating sequence. A short duration of time (e.g., 5-10 ms) during which the
output of the AC voltage generator 30 is not routed to either pair of transducer arrays is
interposed between each step (indicated by the label OFF). This may be choreographed by
repeatedly adjusting a control input of the switch 32 to cycle through the LR mode, the AP
mode, and the OFF mode in the following repeating sequence (1) LR mode, (2) OFF mode,
(3) AP mode, and (4) OFF mode.

[0145] In this embodiment, the duration T can be much shorter than 1 s, because the
output voltage of the voltage generator 30 is not ramped up and down slowly (as it was in the
prior art embodiment described above in connection with FIG. 16). Instead, the output of the

AC voltage generator 30 either stays at its full value constantly (as described below in
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connection with FIG. 20) or jumps to its full value immediately after the switch 32 switches
states (as described below in connection with FIG. 21). In either case, the signal that is
applied to the transducer arrays 25A/P, 25L/R will be at its full value the vast majority of the
time (e.g., > 90% or > 95% of the time). And keeping the TTFields stronger for a larger
percentage of time can advantageously improve the efficacy of the TTFields treatment. In
some embodiments, the duration T is greater than 20 ms. In some embodiments, the duration
T is between 0.1 and 0.5 s. In some embodiments, the duration T is between 0.2 and 0.3 s.
Notably, in contrast to the situation described above in connection with FIG. 17A/B, the
system operates at its full output voltage for a large percentage of time regardless of how

short the duration of T is.

[0146] FIG. 20 depicts a first approach for achieving synchronization between the AC
voltage generator 30 and the switch 32 that operates by controlling timing of transitions of
the switch 32 from the OFF state to either the LR state or the AP state (indicated by trace
635) so that the transitions coincide with windows of time during which the instantaneous
magnitude of the output of the AC voltage generator is small enough so that jumping from
the OFF state to the small voltage will not cause the subject who is being treated to

experience a perceptible sensation.

[0147] The voltage threshold that results in perception may vary from person to
person, and may also depend on which portions of the body make contact with the transducer
arrays. For example, on various portions of the body, jumps from the OFF state to either 1V,
15V,2V,25V,3V,35V,4V,45V, or 5V will not be perceptible. So to prevent the
switching from causing a perceptible sensation, transitions from the OFF state to either the
LR state or the AP state should be timed to coincide with windows of time during which the
instantaneous output magnitude of the AC voltage generator is less than or equal to those
thresholds. In this approach, the output voltage of the AC voltage generator 30 can remain at
its full steady-state value 100% of the time, as depicted by trace 630. In some preferred
embodiments, the transitions occur when the instantaneous output of the AC voltage

generator is less than 1 V in magnitude.

[0148] Assume, for example, that the threshold of perceptibility for a given subject is
5V, and that the output of the AC voltage generator 30 is 100 V pk-pk (which means that the
instantaneous output value of the AC voltage generator 30 will range between +50 and -50

V). The instantaneous output of the AC voltage generator will be less than 5 V in magnitude
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for the first 5.7° of each 360° cycle, for the middle 11.4° of each cycle, and for the last 5.7° of
each cycle. By restricting the switching of the switch 32 from the OFF state to either the LR
state or the AP state to these specific windows of time, the signal 640 that is applied to the
transducer arrays (25L/R or 25A/P) will never have any spikes that are larger than 5 V in
magnitude, which means that they will not be perceptible to the subject. Note that when the
AC voltage generator is operating at 200 kHz, 11.4° corresponds to 0.16 ps, and this window
is sufficiently long to facilitate synchronization by aligning the switching of the switch 32 to

the specific windows of time identified in this paragraph.

[0149] In some preferred embodiments, the switching of the switch 32 from the OFF
state to either the LR state or the AP state is restricted to those windows of time in which the
instantaneous output of the AC voltage generator is less than 1 V in magnitude). Assuming
the same 100 V pk-pk output voltage, the instantaneous output of the AC voltage generator
will be less than 1 V in magnitude in the first 1.1° of each cycle, in the middle 2.2° of each
cycle, and in the last 1.1° of each cycle. By restricting the switching of the switch 32 from the
OFF state to either the LR state or the AP state to these specific windows of time, the signal
640 that is applied to the transducer arrays (25L/R or 25A/P) will never have any spikes that
are larger than 1 V in magnitude. As would be appreciated by those skilled in the art, timing

of switch 32 can be similarly adjusted for other threshold values.

[0150] In the example illustrated in FIG. 20, the output voltage of the AC voltage
generator 30 remains at its full steady-state value 100% of the time, as depicted by trace 630.
In this situation, the signal 640 that is applied to the transducer arrays (25L/R or 25A/P)
jumps instantly to its full steady-state output voltage as soon as it is turned on. The signal that
is applied to the transducer arrays 25A/P, 25L/R will therefore be at its full value almost all
the time. And as noted above, keeping the TTFields stronger for a larger percentage of time
can advantageously improve the efficacy of the TTFields treatment. Note, however, that the
output voltage of the AC voltage generator 30 during the very beginning of the LR or AP
state is not critical, and in alternative embodiments it is acceptable if the AC voltage
generator’s output voltage dips to some extent. But the output of the AC voltage generator 30
should preferably reach at least 80% of the AC voltage generator’s steady-state output
voltage within 20 ms after the electronic switch switches from the OFF state to either the LR
state or the AP state. In some preferred embodiments, this occurs within 5 ms. And in some

preferred embodiments, this occurs within 1 ms.
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[0151] A similar synchronization of the switching of the switch 32 to the low-
magnitude portions (i.e., less than or equal to 1V, 1.5V, 2V, 25V, 3V, 35V, 4V, 45V, or
5 V in magnitude) of the AC voltage generator’s output sinusoid is preferably implemented

when the switch 32 switches from either the LR state or the AP state back to the OFF state.

[0152] FIG. 21 depicts a second approach for achieving synchronization between the
AC voltage generator 30 and the switch 32 in FIG. 18. This approach operates by reducing
the instantaneous output voltage of the AC voltage generator 30 to less than 5 V in magnitude
prior to switching of the switch 32 from the OFF state to either the LR state or the AP state,
in order to prevent spikes from appearing on the conductors that lead to the transducer arrays
25L/R and 25A/P when the switch 32 switches states. In some preferred embodiments, the
instantaneous output voltage of the AC voltage generator 30 is reduced to less than 1 V (e.g.,

to 0 V) in magnitude prior to switching of the switch 32.

[0153] Reducing the output voltage of the AC voltage generator 30 to 0 V is easy to
accomplish when any of the embodiments described above in connection with FIGS. 1-6 and
10-12 are used as the AC voltage generator. For example, when the FIGS. 1 and 2 AC
voltage generator is used, its output can be set to zero by ensuring that neither the first control
signal nor the second control signal is applied to the control input of the power switcher 60,
which means that all the switches (i.e., switches 61-64) in the power switcher 60 will remain
off. Similarly, when the FIGS. 5 and 6 AC voltage generator is used, its output can be set to
zero by sending a control signal to the power switcher 60B that causes all the switches (i.e.,

switches 61-66) in the power switcher 60B to switch off.

[0154] In FIG. 21, the upper trace 650 depicts the output of the AC voltage generator
30; the middle trace 655 depicts the state of the switch 32; and the lower trace 660 depicts
one of the outputs (LR or AP) of the switch 32. Assume that the switch 32 starts in the OFF
state, and that at t20 the switch 32 will be set to route the output of the AC voltage generator
30 to either the LR pair of transducer arrays 25L/R or the AP pair of transducer arrays 25A/P.
At some time prior to t20, control signals are sent to the AC voltage generator 30 to reduce
the output voltage of the AC voltage generator 30 to zero. Because the output of the AC
voltage generator 30 is 0 V when the switch 32 is switched at t20, a spike will not appear on

the conductors that lead to the transducer arrays 25L/R and 25A/P at that time.
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[0155] A short interval of time (e.g., <0.1 ms) later, at t21, the synchronization
controller 35 (see FIG. 18) begins sending control signals to the AC voltage generator 30
(e.g., as described above in connection with FIGS. 1-6 and 10-12), which causes the AC
voltage generator 30 to begin generating the sinusoid 650. Due to the construction of the AC
voltage generator (e.g., as described above in connection with FIGS. 1-6 and 10-12), and in
particular the output filter 80/80B in the FIG. 1-5 embodiments, the AC voltage generator 30
will not introduce any spikes on the output 650 at t21, so no spikes will propagate to the
output 660. And because the switch 32 is already settled into its current state, the switch 32
will not introduce any spikes on the output 660 (which is fed to the transducer arrays 25L/R
or 25A/P) at t21.

[0156] Notably, as depicted in FIGS. 21, the output voltage 650 of the AC voltage
generator 30 preferably jumps immediately to its full steady-state output voltage, with no
ramp-up period. The signal that is applied to the transducer arrays 25A/P, 25L/R will
therefore be at its full value almost all the time. And as noted above, keeping the TTFields
stronger for a larger percentage of time can advantageously improve the efficacy of the
TTFields treatment. FIG. 22 depicts the immediate jump to the full steady-state output
voltage on a longer timescale, and this figure stands in sharp contrast to the prior art
configuration depicted in FIG. 16. Note, however, that the output voltage of the AC voltage
generator 30 during the very beginning of the LR or AP state is not critical, and in alternative
embodiments it is acceptable if the AC voltage generator’s output voltage does not jump
immediately to its full steady-state voltage. But the output of the AC voltage generator 30
should preferably reach at least 80% of the AC voltage generator’s steady-state output
voltage within 20 ms after the electronic switch switches from the OFF state to either the LR
state or the AP state. In some preferred embodiments, this occurs within 5 ms. And in some

preferred embodiments, this occurs within 1 ms.

[0157] FIG. 21 also depicts an exemplary approach for synchronizing the AC voltage
generator 30 and the switch 32 when the time arrives to switch from either the LR state or the
AP state to the OFF state. At time t22, the AC voltage generator 30 is generating a sinusoid at
its full steady-state output voltage, and the switch 32 remains set to route the output of the
AC voltage generator 30 to either the LR pair of transducer arrays 25L/R or the AP pair of
transducer arrays 25A/P. At time t23, the controller stops generating the signals (described
above in connection with FIGS. 1-6 and 10-12) to the power switcher 60/60B, which causes
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the output of the AC voltage generator 30 to drop to OV. And due to the construction of the
AC voltage generator described above, no spikes will appear on the output 650 at t23, which
means that no spikes will appear on the output 660 of the switch 32. A short interval of time
later (e.g., <0.1 ms), at t24, the switch 32 is set to the OFF state. And because the output of
the AC voltage generator 30 is 0 V at t24, no spikes will be introduced onto the conductors

that run between the switch 32 and the transducer arrays 25 at t24.

[0158] In the embodiments described above in connection with FIGS. 18 and 19, the
switch 32 (a) routes the output of the AC voltage generator 30 to the left and right transducer
arrays (25L/R) for a duration T, then (b) routes the output of the AC voltage generator 30 to
the anterior and posterior transducer arrays (25A/P) for a duration T, and then repeat steps (a)
and (b) in an alternating sequence. A short duration of time (e.g., 5-10 ms) during which the
output of the AC voltage generator 30 is not routed to either pair of transducer arrays is
interposed between each step. This is choreographed by repeatedly adjusting a control input
of the switch 32 to cycle through the LR mode, the AP mode, and the OFF mode in the
following repeating sequence (1) LR mode, (2) OFF mode, (3) AP mode, and (4) OFF mode.

[0159] In a variation of these embodiments, the OFF mode (i.e., the short duration of
time during which the output of the AC voltage generator 30 is not routed to either pair of
transducer arrays) is omitted. With this variation, the switch 32 (a) routes the output of the
AC voltage generator 30 to the left and right transducer arrays (25L/R) for a duration T, then
(b) routes the output of the AC voltage generator 30 to the anterior and posterior transducer
arrays (25A/P) for a duration T, and then repeat steps (a) and (b) in a two-step alternating
sequence. This is choreographed by repeatedly adjusting a control input of the switch 32 to
cycle through the LR mode and the AP mode in the following repeating sequence (1) LR
mode, (2) AP mode.

[0160] In this variation where the OFF mode is omitted, the duration T can also be
much shorter than 1 s for the same reasons as described above. And here again, in contrast to
the situation described above in connection with FIG. 17A/B, the system operates at its full
output voltage for a large percentage of time (e.g., 100% of the time) regardless of how short

the duration of T is.

[0161] Transitions of the switch 32 from the LR state to the AP state and from the AP

state to the LR state are timed so that the transitions coincide with windows of time during
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which the instantaneous magnitude of the output of the AC voltage generator is small enough
so as not to cause the subject who is being treated to experience a perceptible sensation. More
specifically, transitions between the LR and AP states should be timed to coincide with
windows of time during which the instantaneous output magnitude of the AC voltage
generator is less than or equal to the same thresholds noted above in the FIG. 18-20
embodiments that include the OFF state (e.g., in the first 1.1° of each cycle, in the middle
2.2° of each cycle, and in the last 1.1° of each cycle).

[0162] FIG. 23 depicts an example of timing that synchronizes transitions of the
switch 32 (shown in FIG. 18) between the LR and AP states (indicated by trace 675 in FIG.
23) with the output (indicated by trace 670) of the AC voltage generator 30 (shown in FIG.
18) so that the transitions between the LR and AP states coincide with windows of time
during which the instantaneous magnitude of the output of the AC voltage generator 30 (trace

675) is close to zero (e.g., <5 Vor<1V).

[0163] The embodiments described above in connection with FIGS. 18-22
advantageously make it possible to drive the transducer arrays at full power for a much larger
percentage of the time than was possible in the prior art systems, without fear of introducing
voltage spikes that could create an unpleasant sensation in the person being treated. And
driving the transducer arrays at full power can advantageously increase the efficacy of

treatment using TTFields.

[0164] Finally, although the embodiments described above in connection with FIGS.
18-23 discuss switching the AC voltage between a first pair of transducer arrays positioned
anterior/posterior of the relevant body part and a second pair of transducer arrays positioned
front/back of the relevant body part, this approach can be extended to more than two pairs of
transducer arrays. For example, the third pair of transducer arrays may be positioned
above/below the relevant body part, in which case the AC voltage would be switched
between the first, second, and third pairs of transducer arrays in a repeating sequence in a

manner that is similar to the switching described above in connection with FIGS. 18-23.

[0165] While the present invention has been disclosed with reference to certain
embodiments, numerous modifications, alterations, and changes to the described
embodiments are possible without departing from the sphere and scope of the present

invention, as defined in the appended claims. Accordingly, it is intended that the present
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invention not be limited to the described embodiments, but that it has the full scope defined

by the language of the following claims, and equivalents thereof.
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WHAT IS CLAIMED IS:

1. An apparatus for generating AC electrical signals for application to a first pair of
electrodes and a second pair of electrodes, the apparatus comprising:

an AC voltage generator having an output;

an electronic switch having an input that receives the output of the AC voltage
generator, a first power output, and a second power output, wherein the electronic switch is
configured to (a) operate in a first mode that routes the output of the AC voltage generator to
the first power output, and (b) operate in a second mode that routes the output of the AC
voltage generator to the second power output, and wherein the electronic switch is further
configured to cycle through a repeating sequence that includes the first mode and the second
mode; and

a controller configured to synchronize the operation of the AC voltage generator and
the electronic switch such that the instantaneous output of the AC voltage generator is less
than 5 V in magnitude whenever the electronic switch switches to either the first mode or the
second mode,

wherein, within 20 ms after the electronic switch switches to either the first mode or
the second mode, the AC voltage generator’s output voltage is at least 80% of the AC voltage

generator’s steady-state output voltage.

2. The apparatus of claim 1, wherein the electronic switch is further configured to (c)
operate in a third mode in which the output of the AC voltage generator is not routed to either
the first power output or the second power output, and (d) cycle through the first mode, the
second mode, and the third mode in the following repeating sequence (1) first mode, (2) third

mode, (3) second mode, and (4) third mode.

3. The apparatus of claim 1, wherein the controller is configured to synchronize the
operation of the AC voltage generator and the electronic switch such that the instantaneous
output of the AC voltage generator is less than 1 V in magnitude whenever the electronic

switch switches to either the first mode or the second mode.

4. The apparatus of claim 1, wherein, within 5 ms after the electronic switch switches to
either the first mode or the second mode, the AC voltage generator’s output voltage is at least

80% of the AC voltage generator’s steady-state output voltage.
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5. The apparatus of claim 1, wherein, within 1 ms after the electronic switch switches to
either the first mode or the second mode, the AC voltage generator’s output voltage is at least

80% of the AC voltage generator’s steady-state output voltage.

6. The apparatus of claim 1, wherein the AC voltage generator continues to operate at its
full steady-state AC output voltage during transitions of the electronic switch to either the

first mode or the second mode.

7. The apparatus of claim 1, wherein the controller synchronizes the operation of the AC
voltage generator and the electronic switch by controlling timing of transitions of the
electronic switch so that the transitions coincide with windows of time during which the

instantaneous output of the AC voltage generator is less than 5 V in magnitude.

8. The apparatus of claim 1, wherein the controller synchronizes the operation of the AC
voltage generator and the electronic switch by controlling the AC voltage generator so that
the output of the AC voltage generator is turned off whenever a transition of the electronic

switch occurs.

9. The apparatus of claim 1, wherein the controller synchronizes the operation of the AC
voltage generator and the electronic switch by both (a) controlling timing of transitions of the
electronic switch so that the transitions coincide with windows of time during which the
instantaneous output of the AC voltage generator is less than 5 V in magnitude and (b)
controlling the AC voltage generator so that the output of the AC voltage generator is turned

off whenever a transition of the electronic switch occurs.

10. The apparatus of claim 1, wherein the electronic switch is configured to cycle through
the first mode and the second mode in the following repeating sequence (1) first mode, (2)
second mode, and wherein the electronic switch is configured to switch directly from the first

mode to the second mode and to switch directly from the second mode to the first mode.

11.  An apparatus for generating AC electrical signals for application to a first pair of
electrodes and a second pair of electrodes, the apparatus comprising:

an AC voltage generator having an output;
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an electronic switch having an input that receives the output of the AC voltage
generator, a first power output, and a second power output, wherein the electronic switch is
configured to (a) operate in a first mode that routes the output of the AC voltage generator to
the first power output, and (b) operate in a second mode that routes the output of the AC
voltage generator to the second power output, and wherein the electronic switch is further
configured to cycle through a repeating sequence that includes the first mode and the second
mode; and

a controller configured to synchronize the operation of the AC voltage generator and
the electronic switch such that whenever the electronic switch switches to either the first
mode or the second mode, the instantaneous output of the AC voltage generator has a
magnitude that is below a threshold at which a subject being treated begins to experience a
perceptible sensation,

wherein, within 20 ms after the electronic switch switches to either the first mode or
the second mode, the AC voltage generator’s output voltage is at least 80% of the AC voltage

generator’s steady-state output voltage.

12. The apparatus of claim 11, wherein the electronic switch is further configured to (¢)
operate in a third mode in which the output of the AC voltage generator is not routed to either
the first power output or the second power output, and (d) cycle through the first mode, the
second mode, and the third mode in the following repeating sequence (1) first mode, (2) third

mode, (3) second mode, and (4) third mode.

13.  The apparatus of claim 11, wherein the controller is configured to synchronize the
operation of the AC voltage generator and the electronic switch such that the instantaneous
output of the AC voltage generator is less than 1 V in magnitude whenever the electronic

switch switches to either the first mode or the second mode.

14. The apparatus of claim 11, wherein, within 5 ms after the electronic switch switches
to either the first mode or the second mode, the AC voltage generator’s output voltage is at

least 80% of the AC voltage generator’s steady-state output voltage.

15.  The apparatus of claim 11, wherein, within 1 ms after the electronic switch switches
to either the first mode or the second mode, the AC voltage generator’s output voltage is at

least 80% of the AC voltage generator’s steady-state output voltage.
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16. The apparatus of claim 11, wherein the AC voltage generator continues to operate at
its full steady-state AC output voltage during transitions of the electronic switch to either the

first mode or the second mode.

17. The apparatus of claim 11, wherein the controller synchronizes the operation of the
AC voltage generator and the electronic switch by controlling timing of transitions of the
electronic switch so that the transitions coincide with windows of time during which the

instantaneous output of the AC voltage generator has a magnitude that is below the threshold.

18. The apparatus of claim 11, wherein the controller synchronizes the operation of the
AC voltage generator and the electronic switch by controlling the AC voltage generator so
that the output of the AC voltage generator is turned off whenever a transition of the

electronic switch occurs.

19.  The apparatus of claim 11, wherein the controller synchronizes the operation of the
AC voltage generator and the electronic switch by both (a) controlling timing of transitions of
the electronic switch so that the transitions coincide with windows of time during which the
instantaneous output of the AC voltage generator has a magnitude that is below the threshold
and (b) controlling the AC voltage generator so that the output of the AC voltage generator is

turned off whenever a transition of the electronic switch occurs.

20.  The apparatus of claim 11, wherein the electronic switch is configured to cycle
through the first mode and the second mode in the following repeating sequence (1) first
mode, (2) second mode, and wherein the electronic switch is configured to switch directly
from the first mode to the second mode and to switch directly from the second mode to the

first mode.

21.  An apparatus for generating a sinusoid at a frequency f, the apparatus comprising:
a DC power source having a voltage-control input that sets an output voltage of the
DC power source;
a transformer having a primary and a secondary;
a power switch having a control input, wherein the power switch is configured to

apply the output of the DC power source to the primary of the transformer in a first direction
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when a first control signal is applied to the control input, apply the output of the DC power
source to the primary of the transformer in a second direction when a second control signal is
applied to the control input, and remain off when neither the first control signal nor the
second control signal is applied to the control input, wherein the second direction is opposite
to the first direction;

a controller programmed to (a) apply the first control signal to the control input for a
duration of T/3, then (b) wait for a duration of T/6, then (c) apply the second control signal to
the control input for a duration of T/3, and then (d) wait for a duration of T/6, then
continuously repeat the sequence (a), (b), (¢), and (d), wherein T is the reciprocal of the
frequency f; and

an output filter connected to the secondary of the transformer, wherein the output
filter passes the frequency f and attenuates frequencies above a cut-off frequency,

wherein the controller is further programmed to control an amplitude of the sinusoid
at the frequency by adjusting a third control signal that is applied to the voltage-control input
of the DC power source, and wherein the controller is further programmed to prevent
adjustments of the third control signal from occurring when either the first control signal or

the second control signal is being applied to the control input.

22. The apparatus of claim 21, wherein the cut-off frequency is between 2f and 4f and

wherein the output filter has a transfer function with a zero at 5f.

23. An apparatus for generating a sinusoid at a frequency f, the apparatus comprising:

n DC power sources, each of the n DC power sources having a voltage-control input
that sets an output voltage of the respective power source, wherein n is a positive integer;

a power switch having output terminals and a control input, wherein the power switch
is configured to either (a) route the output of a selected one of the n DC power sources to the
output terminals with a selected polarity in response to 2n states of a control signal that is
applied to the control input or (b) remain off in response to an additional state of the control
signal;

a controller programmed to control the generation of an oversampled version of a sine
wave that is sampled N times per cycle using evenly spaced samples that include a sampling
point at 0°, where N=2+4n, by setting the output voltages of the n DC power sources to levels
that are present on the oversampled version of the sine wave, and then sequencing the control

signal through the 2n states and the additional state, so that each of the n DC power sources is
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routed to the output terminals of the power switch with the selected polarity at appropriate
times in a sequence so as to generate the oversampled version of the sine wave; and

an output filter that filters current arriving from the output terminals of the power
switch, wherein the output filter passes the frequency f and attenuates frequencies above a
cut-off frequency,

wherein the controller is programmed to control an amplitude of the sinusoid by
adjusting the output voltages of the n DC power sources via the voltage-control inputs, and
wherein the controller is further programmed not to adjust the output voltage of a DC power

source while its output is being routed to the output terminals of the power switch.

24. The apparatus of claim 23, further comprising a transformer having a primary
connected to the output terminals of the power switch and a secondary connected to the
output filter, configured so that the current from the output terminals of the power switch

arrives at the output filter via the transformer.

25.  The apparatus of claim 23, wherein n=1, which means that there is only a single DC
power source, and

wherein, the controller is programmed to control the generation of the oversampled
version of the sine wave by (a) applying a first control signal to the control input for a
duration of T/3 in order to cause the power switch to route the output of the single DC power
source to the output terminals with a first polarity, then (b) waiting for a duration of T/6, then
(c) applying a second control signal to the control input for a duration of T/3 in order to cause
the power switch to route the output of the single DC power source to the output terminals
with a second polarity that is opposite to the first polarity, and then (d) waiting for a duration
of T/6, then continuously repeating the sequence (a), (b), (¢), and (d), wherein T is the

reciprocal of the frequency f.

26. The apparatus of claim 25, wherein the cut-off frequency is between 2f and 4f, and

wherein the output filter has a transfer function with a zero at 5f.
27. The apparatus of claim 23, wherein n>1, and

wherein the controller is further programmed to control an amplitude of the sinusoid

by adjusting the output voltages of the n DC power sources via the voltage-control inputs,
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while maintaining a fixed ratio between the output voltages of each of the n DC power

SOurces.

28. The apparatus of claim 27, wherein the output filter has a transfer function with a zero

at a frequency where a harmonic of the frequency f'is expected to contain power.

29. A method for generating a sinusoid at a frequency f, the method comprising;

setting n DC power sources to respective output voltages, wherein n is a positive
integer;

generating an oversampled version of a sine wave that is sampled N times per cycle
using evenly spaced samples that include a sampling point at 0°, where N=2+4n, by setting
the output voltages of the n DC power sources to levels that are present on the oversampled
version of the sine wave, and then switching the outputs of the n DC power sources to an
output in a controlled sequence such that each of the n DC power sources is switched to the
output in each direction at appropriate times in the sequence so as to generate the
oversampled version of the sine wave; and

filtering the oversampled version of the sine wave to pass the frequency f and
attenuate frequencies above a cut-off frequency, wherein the filtering implements a transfer
function with a zero at a frequency where a harmonic of the frequency f'is expected to
contain power,

wherein the amplitude of the sinusoid is controlled by adjusting the output voltages of
the n DC power sources, and adjustment of the output voltage of any given one of the DC
power sources is prevented while the given one of the DC power sources is switched to the

output.

30. The method of claim 29, wherein n = 1, which means that there is only a single DC
power source, and wherein adjustment of the output voltage of the single DC power source
only occurs during such times when the output of the single DC power source is not being

switched to the output.

31 The method of claim 29, wherein the filtering implements a transfer function with a

zero at a frequency where a harmonic of the frequency f'is expected to contain power.
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32.  An apparatus for generating an output waveform at a frequency f, the apparatus
comprising:

a first DC power source having a first voltage-control input that sets an output voltage
of the first DC power source;

a second DC power source having a second voltage-control input that sets an output
voltage of the second DC power source;

a power switch having output terminals and a control input, wherein the power switch
is configured to (a) route the output of the first DC power source to the output terminals with
a first polarity in response to a first state of the control input, (b) route the output of the first
DC power source to the output terminals with a second polarity in response to a second state
of the control input, (c) route the output of the second DC power source to the output
terminals with the first polarity in response to a third state of the control input, (d) route the
output of the second DC power source to the output terminals with the second polarity in
response to a fourth state of the control input, and (e) remain off in response to an additional
state of the control input, wherein the second polarity is opposite to the first polarity;

an output filter that filters current arriving from the output terminals of the power
switch, wherein the output filter passes the frequency f and attenuates frequencies above a
cut-off frequency; and

a controller programmed to operate in a first mode in which the controller sets the
control input to the first and second states in an alternating sequence while holding the first
voltage-control input constant, wherein the controller is further programmed to operate in a
second mode in which the controller sets the control input to the third and fourth states in an
alternating sequence while holding the second voltage-control input constant,

wherein the controller is further programmed so that if the controller is operating in
the first mode, the controller brings about changes in amplitude of the output waveform by
adjusting the second voltage-control input and subsequently switching the controller to the
second mode, and

wherein the controller is further programmed so that if the controller is operating in
the second mode, the controller brings about changes in amplitude of the output waveform by
adjusting the first voltage-control input and subsequently switching the controller to the first

mode.
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33.  The apparatus of claim 32, wherein the output waveform is a sinusoid,

wherein the setting of the control input to the first and second states in the alternating
sequence comprises (a) placing the control input in the first state for a duration of T/3, then
(b) waiting for a duration of T/6, then (¢) placing the control input in the second state for a
duration of T/3, and then (d) waiting for a duration of T/6, then continuously repeating the
sequence (a), (b), (c), and (d),

wherein the setting of the control input to the third and fourth states in the alternating
sequence comprises (e) placing the control input in the third state for a duration of T/3, then
(f) waiting for a duration of T/6, then (g) placing the control input in the fourth state for a
duration of T/3, and then (h) waiting for a duration of T/6, then continuously repeating the
sequence (e), (), (g), and (h), and

wherein T is the reciprocal of the frequency f.

34. The apparatus of claim 32, wherein the controller is further programmed so that if the
controller is operating in the first mode, the controller brings about changes in amplitude of
the output waveform by adjusting the second voltage-control input at least 1 ms before
switching the controller to the second mode, and

wherein the controller is further programmed so that if the controller is operating in
the second mode, the controller brings about changes in amplitude of the output waveform by
adjusting the first voltage-control input at least 1 ms before switching the controller to the

first mode.

35. The apparatus of claim 32, further comprising a transformer having a primary
connected to the output terminals of the power switch and a secondary connected to the
output filter, configured so that the current from the output terminals of the power switch

arrives at the output filter via the transformer.

36. The apparatus of claim 35, wherein the power switch is configured to (a) route the
output of the first DC power source to the primary of the transformer in a first direction in
response to the first state of the control input, (b) route the output of the first DC power
source to the primary of the transformer in a second direction in response to the second state
of the control input, (c) route the output of the second DC power source to the primary of the
transformer in the first direction in response to the third state of the control input, (d) route

the output of the second DC power source to the primary of the transformer in the second
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direction in response to the fourth state of the control input, and (e) remain off in response to

a fifth state of the control input, wherein the second direction is opposite to the first direction.

37.  The apparatus of claim 32, wherein the cut-off frequency is between 2f and 4f, and

wherein the output filter has a transfer function with a zero at 5f.

38. A method for generating an output waveform at a frequency f, the method
comprising:

routing an output of a first DC power source to output terminals of a power switch
with a first polarity in response to a first state of a control input of the power switch, (b)
routing the output of the first DC power source to the output terminals with a second polarity
in response to a second state of the control input, (c) routing the output of a second DC power
source to the output terminals with the first polarity in response to a third state of the control
input, (d) routing the output of the second DC power source to the output terminals with the
second polarity in response to a fourth state of the control input, and (e) remaining off in
response to an additional state of the control input, wherein the second polarity is opposite to
the first polarity;

filtering current arriving from the output terminals of the power switch, wherein the
filtering comprises passing the frequency f and attenuating frequencies above a cut-off
frequency;

operating in a first mode in which the control input is set to the first and second states
in an alternating sequence while holding the output voltage of the first DC power source
constant; and

operating in a second mode in which the control input is set to the third and fourth
states in an alternating sequence while holding the output voltage of the second DC power
source constant,

wherein in the first mode, changes in amplitude of the output waveform are brought
about by adjusting the output voltage of the second DC power source and subsequently
switching to the second mode, and

wherein in the second mode, changes in amplitude of the output waveform are
brought about by adjusting the output voltage of the first DC power source and subsequently

switching to the first mode.
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39. The method of claim 38, wherein the output waveform is a sinusoid,

wherein the control input is set to the first and second states in the alternating
sequence by (a) placing the control input in the first state for a duration of T/3, then (b)
waiting for a duration of T/6, then (c) placing the control input in the second state for a
duration of T/3, and then (d) waiting for a duration of T/6, then continuously repeating the
sequence (a), (b), (c), and (d),

wherein the control input is set to the third and fourth states in the alternating
sequence by (e) placing the control input in the third state for a duration of T/3, then (f)
waiting for a duration of T/6, then (g) placing the control input in the fourth state for a
duration of T/3, and then (h) waiting for a duration of T/6, then continuously repeating the
sequence (e), (f), (g), and (h), and

wherein T is the reciprocal of the frequency f.

40. The method of claim 38, wherein in the first mode, changes in amplitude of the output
waveform are brought about by adjusting the output voltage of the second DC power source
at least 1 ms before switching to the second mode, and

wherein in the second mode, changes in amplitude of the output waveform are
brought about by adjusting the output voltage of the first DC power source at least 1 ms

before switching to the first mode.
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