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(57) ABSTRACT

A pulse width modulation (PWM) digital-to-analog conver-
sion circuit includes switches 102, 104, 114, 116 controlled
by a first PWM signal, and switches 106, 108, 110, 112
controlled by a second PWM signal. A first operational
amplifier (op-amp) includes a first input coupled to an output
of a filter, and a second input coupled to an output of the first
op-amp. During a first time period, an output of a second
op-amp is coupled to an input of the filter via switches 102
and 104, and an output of a third op-amp is coupled to the
output of the first op-amp via switches 114 and 116. During
a second time period, the output of the second op-amp is
coupled to the output of the first op-amp via switches 106
and 108, and an output of the third op-amp is coupled to the
input of the filter via switches 110 and 112.

20 Claims, 5 Drawing Sheets
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302
CONTROL FIRST SWITCH BASED ON FIRST INPUT SIGNAL i
* 304
CONTROL SECOND SWITCH BASED ON FIRST INPUT SIGNAL I
3
306
CONTROL THIRD SWITCH BASED ON SECOND INPUT SIGNAL i
+
CONTROL FOURTH SWITCH BASED ON SECOND INPUT SIGNAL 308
i
CONTROL FIFTH SWITCH BASED ON SECOND INPUT SIGNAL 310
3
CONTROL SIXTH SWITCH BASED ON SECOND INPUT SIGNAL 312
3
CONTROL SEVENTH SWITCH BASED ON FIRST INPUT SIGNAL 314
3
CONTROL EIGHTH SWITCH BASED ON FIRST INPUT SIGNAL 316
3
ELECTRICALLY COUPLE FIRST REFERENCE POTENTIAL TO FIRST INPUT OF |¢318
FIRST OPERATIONAL AMPLIFIER
3
ELECTRICALLY COUPLE SECOND REFERENCE POTENTIAL TO FIRST INPUT |320
OF SECOND OPERATIONAL AMPLIFIER

®

FIG. 3A
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ELECTRICALLY COUPLE OUTPUT OF FILTER CIRCUIT TO FIRST INPUT OF  |(322
THIRD OPERATIONAL AMPLIFIER

3

ELECTRICALLY COUPLE OUTPUT OF THIRD OPERATIONAL AMPLIFIER TO |f324
SECOND INPUT OF THIRD AMPLIFIER CIRCUIT

v

ELECTRICALLY COUPLE OUTPUT OF FIRST OPERATIONAL AMPLIFIER TO _|'326
INPUT OF FILTER CIRCUIT VIA FIRST SWITCH

v

ELECTRICALLY COUPLE OUTPUT OF FIRST OPERATIONAL AMPLIFIER TO |_328
SECOND INPUT OF FIRST OPERATIONAL AMPLIFIER VIA FIRST SWITCH AND J
SECOND SWITCH

v

ELECTRICALLY COUPLE OUTPUT OF SECOND OPERATIONAL AMPLIFIER TO .f330

SECOND INPUT OF SECOND OPERATIONAL AMPLIFIER VIA SEVENTH
SWITCH

+
ELECTRICALLY COUPLE OUTPUT OF SECOND OPERATIONAL AMPLIFIER TO .r332
OUTPUT OF THIRD OPERATIONAL AMPLIFIER VIA SEVENTH SWITCH AND
EIGHTH SWITCH
+
ELECTRICALLY COUPLE OUTPUT OF FIRST OPERATIONAL AMPLIFIER TO f334
SECOND INPUT OF FIRST OPERATIONAL AMPLIFIER VIA THIRD SWITCH

v

ELECTRICALLY COUPLE OUTPUT OF FIRST OPERATIONAL AMPLIFIER TO |5336
OUTPUT OF THIRD OPERATIONAL AMPLIFIER VIA THIRD SWITCH AND
FOURTH SWITCH

i
ELECTRICALLY COUPLE OUTPUT OF SECOND OPERATIONAL AMPLIFIER TO j'338
INPUT OF FILTER CIRCUIT VIA FIFTH SWITCH

+

ELECTRICALLY COUPLE OUTPUT OF SECOND OPERATIONAL AMPLIFIER TO
SECOND INPUT OF SECOND OPERATIONAL AMPLIFIER VIA FIFTH SWITCH
AND SIXTH SWITCH
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ELECTRICALLY COUPLE OUTPUT OF FIRST OPERATIONAL AMPLIFIER TO  |f402
FIRST TERMINAL OF FIRST RESISTOR
+
ELECTRICALLY COUPLE OUTPUT OF FIRST OPERATIONAL AMPLIFIER TO  [404
FIRST TERMINAL OF FIRST CAPACITOR
<

ELECTRICALLY COUPLE SECOND TERMINAL OF FIRST RESISTOR TO FIRST |f406
SWITCH

+
ELECTRICALLY COUPLE SECOND TERMINAL OF FIRST CAPACITOR TO f408
FIRST SWITCH

END

FIG. 4

=

ELECTRICALLY COUPLE OUTPUT OF SECOND OPERATIONAL AMPLIFIER TO |f502
FIRST TERMINAL OF SECOND RESISTOR

>
ELECTRICALLY COUPLE OUTPUT OF SECOND OPERATIONAL AMPLIFIER TO _r504
FIRST TERMINAL OF SECOND CAPACITOR

v
ELECTRICALLY COUPLE SECOND TERMINAL OF SECOND RESISTOR TO  |¢506
FIFTH SWITCH

*
ELECTRICALLY COUPLE SECOND TERMINAL OF SECOND CAPACITOR TO  |(508
FIFTH SWITCH

3

FIG. 5
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PWM DAC WITH IMPROVED LINEARITY
AND INSENSITIVITY TO SWITCH
RESISTANCE

BACKGROUND
Technical Field

The present application is directed to digital-to-analog
converter circuits, and more particularly to digital-to-analog
converter circuits that output analog values based on pulse-
width-modulated signals that are input to the digital-to-
analog converter circuits,

Description of the Related Art

Calibration devices can generate extremely precise volt-
age levels that are used to calibrate other devices. For
example, a calibration device may be used to calibrate a
voltage meter that measures an input voltage level and
outputs a measured voltage value corresponding to the input
voltage level. More particularly, the calibration device gen-
erates and outputs a signal having a predetermined voltage
level, which is input to the voltage meter. If the voltage
meter outputs a measured voltage value that differs from the
predetermined voltage level, the voltage meter may be
adjusted so that the measured voltage value equals the
predetermined voltage level.

In order to generate a precise voltage level that is output

from a calibration device, the calibration device may include 3

circuitry that generates a signal based on Pulse Width
Modulation (PWM), which is input to a PWM Digital-to-
Analog Converter (DAC). The output of the PWM DAC
may be input to an amplifier, for example, prior to being

output from the calibration device. Accordingly, it is desir- 3

able that the PWM DAC is capable of outputting of a
relatively large range of voltage levels. Additionally, it is
desirable that the PWM DAC is capable of outputting of a
voltage level that is linearly related to the duty cycle of a
PWM input signal that is input to the PWM DAC.

BRIEF SUMMARY

The present application discloses a PWM DAC circuit
that is capable of outputting of a range of voltage levels that
is larger than the range of voltage levels output from a
conventional PWM DAC circuit. Additionally, the PWM
DAC circuit according to the present disclosure has
improved linearity compared to a conventional PWM DAC
circuit.

A pulse width modulation (PWM) digital-to-analog con-
version (DAC) circuit may be summarized as including a
first operational amplifier including a first input terminal, a
second input terminal, and an output terminal, wherein a
voltage level at the output terminal is based on a voltage
level at the second input terminal; and wherein the first input
terminal is electrically coupled to a first reference voltage; a
second operational amplifier including a first input terminal,
a second input terminal, and an output terminal, wherein a
voltage level at the output terminal is based on a voltage
level at the second input terminal, and wherein the first input
terminal is electrically coupled to a second reference volt-
age; a third operational amplifier including a first input
terminal, a second input terminal, and an output terminal,
wherein a voltage level at the output terminal is based on a
voltage level at the first input terminal and a voltage level at
the second input terminal, wherein the output terminal is
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electrically coupled to the second input terminal; a first
switching network which, in operation, electrically couples
the output terminal of the first operational amplifier to the
first input terminal of the third operational amplifier when
the first switching network is in a conducting state, and
decouples the output terminal of the first operational ampli-
fier from the first input terminal of the third operational
amplifier when the first switching network is in a non-
conducting state, wherein a first input signal is provided to
the first switching network and the first switching network
switches between the conducting state and the non-conduct-
ing state based on the first input signal; a second switching
network which, in operation, electrically couples the output
terminal of the first operational amplifier to the output
terminal of the third operational amplifier when the second
switching network is in a conducting state, and decouples
the output terminal of the first operational amplifier from the
output terminal of the third operational amplifier when the
second switching network is in a non-conducting state,
wherein a second input signal is provided to the second
switching network and the second switching network
switches between the conducting state and the non-conduct-
ing state based on the second input signal; a third switching
network which, in operation, electrically couples the output
terminal of the second operational amplifier to the first input
terminal of the third operational amplifier when the third
switching network is in a conducting state, and decouples
the output terminal of the second operational amplifier from
the first input terminal of the third operational amplifier
when the third switching network is in a non-conducting
state, wherein the second input signal is provided to the third
switching network and the third switching network switches
between the conducting state and the non-conducting state
based on the second input signal; and a fourth switching
network which, in operation, electrically couples the output
terminal of the second operational amplifier to the output
terminal of the third operational amplifier when the fourth
switching network is in a conducting state, and decouples
the output terminal of the second operational amplifier from
the output terminal of the third operational amplifier when
the fourth switching network is in a non-conducting state,
wherein the first input signal is provided to the fourth
switching network and the fourth switching network
switches between the conducting state and the non-conduct-
ing state based on the first input signal.

The PWM DAC circuit may further include filter circuitry
electrically coupled to the first input terminal of the third
operational amplifier, the first switching network, in opera-
tion, may electrically couple the output terminal of the first
operational amplifier to an input of the filter circuitry when
the first switching network is in the conducting state, and
decouple the output terminal of the first operational ampli-
fier from the input of the filter circuitry when the first
switching network is in the non-conducting state, and the
third switching network, in operation, may electrically
couple the output terminal of the second operational ampli-
fier to the input of the filter circuitry when the third switch-
ing network is in the conducting state, and decouple the
output terminal of the second operational amplifier from the
input of the filter circuitry when the third switching network
is in the non-conducting state. The filter circuitry may
include: a first resistor including a first terminal electrically
coupled to the input of the filter circuitry, and a second
terminal electrically coupled to the first input terminal of the
third operational amplifier; and a capacitor including a first
terminal electrically coupled to the second terminal of the
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resistor and to the first input terminal of the third operational
amplifier, and a second terminal electrically coupled to a
ground terminal.

The first switching network and the fourth switching
network may be in the conducting state while the second
switching network and the third switching network are in the
non-conducting state, and the first switching network and
the fourth switching network may be in the non-conducting
state while the second switching network and the third
switching network are in the conducting state.

The first input signal and the second input signal may be
pulse wave modulated signals, the first input signal may
have a first voltage level during a first time period, and have
a second voltage level during a second time period, the first
voltage level may be greater than the second voltage level,
the first time period may be different from the second time
period, and the second input signal may have the first
voltage level during the second time period, and have the
second voltage level during the first time period.

A pulse width modulation (PWM) digital-to-analog con-
version (DAC) circuit may be summarized as including:
filter circuitry; a first operational amplifier including a first
input terminal, a second input terminal, and an output
terminal, wherein a voltage level at the output terminal is
based on a voltage level at the first input terminal and a
voltage level at the second input terminal, and wherein the
first input terminal is electrically coupled to an output of the
filter circuitry, and the output terminal is electrically coupled
to the second input terminal; a first switch including a

control terminal, a first terminal, and a second terminal, 3

wherein the first switch electrically controls whether the first
terminal is electrically coupled to the second terminal based
on a voltage level at the control terminal, and wherein the
control terminal is electrically coupled to a first input signal,

and the second terminal is electrically coupled to an input of 3

the filter circuitry; a second switch including a control
terminal, a first terminal, and a second terminal, wherein the
second switch electrically controls whether the first terminal
is electrically coupled to the second terminal based on a
voltage level at the control terminal, and wherein the control
terminal is electrically coupled to the first input signal, and
the second terminal is electrically coupled to the input of the
filter circuitry; a second operational amplifier including a
first input terminal, a second input terminal, and an output
terminal, wherein a voltage level at the output terminal is
based on a voltage level at the second input terminal, and
wherein the output terminal is electrically coupled to the first
terminal of the first switch, and the first input terminal is
electrically coupled to a first reference voltage; a third
switch including a control terminal, a first terminal, and a
second terminal, wherein the third switch electrically con-
trols whether the first terminal is electrically coupled to the
second terminal based on a voltage level at the control
terminal, and wherein the control terminal is electrically
coupled to a second input signal, the first terminal is
electrically coupled to the output terminal of the second
operational amplifier, and the second terminal is electrically
coupled to the first terminal of the second switch and to the
second input terminal of the second operational amplifier; a
fourth switch including a control terminal, a first terminal,
and a second terminal, wherein the fourth switch electrically
controls whether the first terminal is electrically coupled to
the second terminal based on a voltage level at the control
terminal, and wherein the control terminal is electrically
coupled to the second input signal, the first terminal is
electrically coupled to the second terminal of the third
switch, and the second terminal is electrically coupled to the
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output terminal of the first operational amplifier; a fifth
switch including a control terminal, a first terminal, and a
second terminal, wherein the fifth switch electrically con-
trols whether the first terminal is electrically coupled to the
second terminal based on a voltage level at the control
terminal, and wherein the control terminal is electrically
coupled to the second input signal, and the second terminal
is electrically coupled to the input of the filter circuitry; a
sixth switch including a control terminal, a first terminal,
and a second terminal, wherein the sixth switch electrically
controls whether the first terminal is electrically coupled to
the second terminal based on a voltage level at the control
terminal, and wherein the control terminal is electrically
coupled to the second input signal, and the second terminal
is electrically coupled to the input of the filter circuitry; a
third operational amplifier including a first input terminal, a
second input terminal, and an output terminal, wherein a
voltage level at the output terminal is based on a voltage
level at the second input terminal, and wherein the output
terminal is electrically coupled to the first terminal of the
fifth switch, and the first input terminal is electrically
coupled to a second reference voltage; a seventh switch
including a control terminal, a first terminal, and a second
terminal, wherein the seventh switch electrically controls
whether the first terminal is electrically coupled to the
second terminal based on a voltage level at the control
terminal, and wherein the control terminal is electrically
coupled to the first input signal, the first terminal is electri-
cally coupled to the output terminal of the third operational
amplifier, and the second terminal is electrically coupled to
the first terminal of the sixth switch and to the second input
terminal of the third operational amplifier; and an eighth
switch including a control terminal, a first terminal, and a
second terminal, wherein the eighth switch electrically con-
trols whether the first terminal is electrically coupled to the
second terminal based on a voltage level at the control
terminal, and wherein the control terminal is electrically
coupled to the first input signal, the first terminal is electri-
cally coupled to the second terminal of the seventh switch,
and the second terminal is electrically coupled to the output
terminal of the first operational amplifier.

The first input terminal of the first operational amplifier
may be a non-inverting input terminal, the second input
terminal of the first operational amplifier may be an invert-
ing input terminal, the first input terminal of the second
operational amplifier may be a non-inverting input terminal,
the second input terminal of the second operational amplifier
may be an inverting input terminal, the first input terminal
of the third operational amplifier may a non-inverting input
terminal, and the second input terminal of the third opera-
tional amplifier is an inverting input terminal.

The filter circuitry may include: a first resistor including
a first terminal electrically coupled to the input of the filter
circuitry, and a second terminal electrically coupled to the
output of the filter circuitry; and a capacitor including a first
terminal electrically coupled to the second terminal of the
resistor and to the output of the filter circuitry, and a second
terminal electrically coupled to a ground terminal.

The PWM DAC circuit may further include: a second
resistor including a first terminal electrically coupled to the
second terminal of the fourth switch, and a second terminal
electrically coupled to the output terminal of the first opera-
tional amplifier; and a third resistor including a first terminal
electrically coupled to the second terminal of the eighth
switch, and a second terminal electrically coupled to the
output terminal of the first operational amplifier, wherein a
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resistance of the first resistor is equal to a resistance of the
second resistor and is equal to a resistance of the third
resistor.

The DAC circuit may further include: a first resistor
including a first terminal electrically coupled to the output
terminal of the second operational amplifier, and a second
terminal electrically coupled to the first terminal of the first
switch and to the first terminal of the third switch; a first
capacitor including a first terminal electrically coupled to the
output terminal of the second operational amplifier, and a
second terminal electrically coupled to the first terminal of
the first switch and to the first terminal of the third switch;
a second resistor including a first terminal electrically
coupled to the output terminal of the third operational
amplifier, and a second terminal electrically coupled to the
first terminal of the fifth switch and to the first terminal of
the seventh switch; a second capacitor including a first
terminal electrically coupled to the output terminal of the
third operational amplifier, and a second terminal electri-
cally coupled to the first terminal of the fifth switch and to
the first terminal of the seventh switch.

The first input signal and the second input signal may be
pulse wave modulated signals.

The first input signal may have a first voltage level during
a first time period, and have a second voltage level during a
second time period, the first voltage level may be greater
than the second voltage level, the first time period may be
different from the second time period, and the second input
signal may have the first voltage level during the second

time period, and have the second voltage level during the :

first time period.
The first reference voltage and the second reference
voltage may have a same magnitude and opposite polarities.
A method may be summarized as including: controlling a

first switch based on a first input signal; controlling a second :

switch based on the first input signal; controlling a third
switch based on a second input signal; controlling a fourth
switch based on the second input signal; controlling a fifth
switch based on the second input signal; controlling a sixth
switch based on the second input signal; controlling a
seventh switch based on the first input signal; controlling an
eighth switch based on the first input signal; electrically
coupling a first reference voltage to a first input of a first
operational amplifier; electrically coupling a second refer-
ence voltage to a first input of a second operational ampli-
fier; electrically coupling an output of filter circuitry to a first
input of a third operational amplifier; electrically coupling
an output of the third operational amplifier to a second input
of the third amplifier; electrically coupling an output of the
first operational amplifier to an input of the filter circuitry via
the first switch when the first switch is in a conducting state;
electrically coupling the output of the first operational
amplifier to a second input of the first operational amplifier
via the first switch and the second switch when the first
switch and the second switch are in a conducting state;
electrically coupling an output of the second operational
amplifier to a second input of the second operational ampli-
fier via the seventh switch when the seventh switch is in a
conducting state; electrically coupling the output of the
second operational amplifier to the output of the third
operational amplifier via the seventh switch and the eighth
switch when the seventh switch and the eighth switch are in
a conducting state; electrically coupling the output of the
first operational amplifier to the second input of the first
operational amplifier via the third switch when the third
switch is in a conducting state; electrically coupling the
output of the first operational amplifier to the output of the
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third operational amplifier via the third switch and the fourth
switch when the third switch and the fourth are in a
conducting state; electrically coupling the output of the
second operational amplifier to the input of the filter cir-
cuitry via the fifth switch when the fifth switch is in a
conducting state; and electrically coupling the output of the
second operational amplifier to the second input of the
second operational amplifier via the fifth switch and the
sixth switch when the fifth switch and the sixth switch are in
a conducting state.

The electrically coupling the output of the first operational
amplifier to the input of the filter circuitry via the first switch
may be performed during a first time period, the electrically
coupling the output of the first operational amplifier to the
second input of the first operational amplifier via the first
switch and the second switch may be performed during the
first time period, the electrically coupling the output of the
second operational amplifier to the second input of the
second operational amplifier via the seventh switch may be
performed during the first time period, the electrically cou-
pling the output of the second operational amplifier to the
output of the third operational amplifier via the seventh
switch and the eighth switch may be performed during the
first time period, the electrically coupling the output of the
first operational amplifier to the second input of the first
operational amplifier via the third switch may be performed
during a second time period, the second time period being
different from the first time period; the electrically coupling
the output of the first operational amplifier to the output of
the third operational amplifier via the third switch and the
fourth switch may be performed during the second time
period; the electrically coupling the output of the second
operational amplifier to the second input of the second
operational amplifier via the fifth switch and the sixth switch
may be performed during the second time period, and the
electrically coupling the output of the second operational
amplifier to the input of the filter circuitry via the seventh
switch may be performed during the second time period.

The first input signal and the second input signal may be
pulse width modulated signals.

The first input signal may have a first voltage level during
the first time period, and has a second voltage level during
the second time period, the first voltage level may be greater
than the second voltage level, and the second input signal
may have the first voltage level during the second time
period, and have the second voltage level during the first
time period.

The filter circuitry may include a first resistor and a
capacitor, the electrically coupling the output of the first
operational amplifier to the output of the third operational
amplifier via the third switch and the fourth switch may
include electrically coupling the output of the first opera-
tional amplifier to the output of the third operational ampli-
fier via the third switch, the fourth switch, and a second
resistor, the electrically coupling the output of the second
operational amplifier to the output of the third operational
amplifier via the seventh switch and the eighth switch may
include electrically coupling the output of the second opera-
tional amplifier to the output of the third operational ampli-
fier via the seventh switch, the eighth switch, and a third
resistor, and a resistance of the first resistor may be equal to
a resistance of the second resistor and may be equal to a
resistance of the third resistor.

The electrically coupling the output of the first operational
amplifier to the input of the filter circuitry via the first switch
may include: electrically coupling the output of the first
operational amplifier to a first terminal of a first resistor;
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electrically coupling the output of the first operational
amplifier to a first terminal of a first capacitor; electrically
coupling a second terminal of the first resistor to the first
switch; electrically coupling a second terminal of the first
capacitor to the first switch, and the electrically coupling the
output of the second operational amplifier to the input of the
filter circuitry via the fifth switch may include: electrically
coupling the output of the second operational amplifier to a
first terminal of a second resistor; electrically coupling the
output of the second operational amplifier to a first terminal
of a second capacitor; electrically coupling a second termi-
nal of the second resistor to the fifth switch; and electrically
coupling a second terminal of the second capacitor to the
fitth switch.

The positive reference voltage and the negative reference
voltage may have a same magnitude and opposite polarities.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a diagram of a PWM DAC circuit, according to
one or more embodiments of the present disclosure;

FIGS. 2A and 2B are examples of timing diagrams of
PWM input signals that can be input to the PWM DAC
circuit shown in FIG. 1, according to one or more embodi-
ments of the present disclosure;

FIGS. 3A and 3B show a flowchart of a method, according
to one or more embodiments of the present disclosure;

FIG. 4 shows a flowchart of a method, according to one
or more embodiments of the present disclosure; and

FIG. 5 shows a flowchart of a method, according to one
or more embodiments of the present disclosure.

DETAILED DESCRIPTION

FIG. 1 is a diagram of a Pulse Width Modulation (PWM)
Digital-to-Converter (DAC) circuit 100, according to one or
more embodiments of the present disclosure. The PWM
DAC circuit 100 includes eight analog switches 102, 104,
106, 108, 110, 112, 114, and 116. Each of the analog
switches 102-116 includes a first terminal, a second termi-
nal, and a control terminal. Each of the analog switches
102-116 electrically controls whether the first terminal is
electrically coupled to the second terminal based on a
voltage level at the control terminal.

In one or more embodiments, each of the analog switches
102-116 1s normally “off”. While the voltage level of a signal
supplied to the control terminal of a switch is less than or
equal to a predetermined value (e.g., zero volts), the switch
is closed or turned “on” (i.e., a conducting state), and the
first terminal of the switch is electrically coupled to the
second terminal of the switch. While the voltage level of the
signal supplied to the control terminal of the switch is above
the predetermined value, the switch is open or turned “off”
(i.e., a non-conducting state), and the first terminal of the
switch is electrically decoupled from the second terminal of
the switch. In one or more embodiments, each of the analog
switches 102-116 includes two field effect transistors (FETs)
that provide the switch functionality.

The PWM DAC circuit 100 includes four input terminals
118,120, 122, and 124, in addition to an output terminal 126.
A first PWM input signal PWM+ is input to the PWM DAC
circuit 100 via the input terminals 118 and 124. For example,
an output terminal of circuitry that generates the first PWM
input signal PWM+ (not shown) is electrically coupled to
wires that are respectively electrically coupled to the input
terminals 118 and 124 of the PWM DAC circuit 100. A
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second PWM input signal PWM- is input to the PWM DAC
circuit 100 via the input terminals 120 and 122. For example,
an output terminal of circuitry that generates the second
PWM input signal PWM- (not shown) is electrically
coupled to wires that are respectively electrically coupled to
the input terminals 120 and 122 of the PWM DAC circuit
100.

The first PWM input signal PWM+ and the second PWM
input signal PWM- have the same peak-to-peak voltage
level. In one or more embodiments, the second PWM input
signal PWM- is 180 degrees out of phase with the first
PWM input signal PWM+, The first PWM input signal
PWM+ and the second PWM input signal PWM- are
described in greater detail below with reference to FIGS. 2A
and 2B.

The PWM DAC circuit 100 also includes an operational
amplifier 128, an operational amplifier 130, and an opera-
tional amplifier 132. The operational amplifier 128 and the
operational amplifier 130 are configured to deliver a precise
voltage at either the output of the switch 104 or the switch
108 and the switch 116. Accordingly, the inverting and
non-inverting terminals should never differ and the output
terminal does not approach +V. Each of the operational
amplifier 128 and the operational amplifier 130 includes a
non-inverting input terminal that is electrically coupled to a
reference potential, an inverting input terminal, and an
output terminal, wherein a voltage level at the output ter-
minal is based on a voltage level at the non-inverting input
terminal.

The operational amplifier 132 includes a non-inverting
input terminal, an inverting input terminal, and an output
terminal, wherein a voltage level at the output terminal is
based on a voltage level at the non-inverting input terminal
and a voltage level at the inverting input terminal. The
operational amplifier 132 is configured to operate in its
linear region as a unity gain buffer.

In one or more embodiments, each of the operational
amplifier 128, the operational amplifier 130, and the opera-
tional amplifier 132 is a chopper-stabilized operational
amplifier with very low offset.

The operational amplifier 128 and the operational ampli-
fier 130 are electrically coupled to filter circuitry 134 via the
switches 102-116. In the depicted embodiment, the filter
circuitry 134 includes a resistor 136 and a capacitor 138. A
first terminal of the resistor 136 is electrically coupled to an
input of the filter circuitry 134. A second terminal of the
resistor 136 is electrically coupled to a first terminal of the
capacitor 138. A second terminal of the capacitor 138 is
electrically coupled to a ground terminal. The second ter-

o minal of the resistor 136 and the first terminal of the

capacitor 138 are electrically coupled to an output of the
filter circuitry 134, which is electrically coupled to the
non-inverting input terminal of the operational amplifier
132. The output terminal of the operational amplifier 132 is
electrically coupled to the inverting input terminal of the
operational amplifier 132 and to the output terminal 126 of
the PWM DAC circuit 100.

In one or more embodiments, the output terminal of the
operational amplifier 128 is electrically coupled to a first

b terminal of a resistor 140 and to a first terminal of a capacitor

142. The resistor 140 and the capacitor 142 are electrically
coupled in parallel. More particularly, a second terminal of
the resistor 140 is electrically coupled to the second terminal
of the capacitor 142 and to a node 144, which is electrically
coupled to the first terminal of the switch 102 and to the first
terminal of the switch 106. The inverting input terminal of
the operational amplifier 128 is electrically coupled to the
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first terminal of the switch 104, the second terminal of the
switch 106, and the first terminal of the switch 108. The
non-inverting input terminal of the operational amplifier 128
is electrically coupled to a positive reference voltage
+VREF. The resistor 140 and the capacitor 142 may be
added for stability, wherein the resistance of the resistor 140
and the capacitance of the capacitor 142 are selected based
on characteristics of the operational amplifier 128.

The control terminal of the switch 102 and the control
terminal of the switch 104 are electrically coupled to the
input terminal 118, to which the first PWM input signal
PWM+ is provided. While the first PWM input signal
PWM+ has a voltage level that is less than or equal to a
predetermined value (e.g., zero volts), the switch 102 and
the switch 104 are closed or turned “on”, thus causing the
first terminal of the switch 102 to be electrically coupled to
the second terminal of the switch 102, and the first terminal
of the switch 104 to be electrically coupled to the second
terminal of the switch 104. While the first PWM input signal
PWM+ has a voltage level that is above the predetermined
value, the switch 102 and the switch 104 are open or turned
“off”, thus causing the first terminal of the switch 102 to be
electrically decoupled from the second terminal of the
switch 102 and the first terminal of the switch 104 to be
electrically decoupled from the second terminal of the
switch 104,

The second terminal of the switch 102 and the second
terminal of the switch 104 are electrically coupled to the first
terminal of the resistor 136 of the filter circuitry 134. As

mentioned above, the node 144 is electrically coupled to the 3

first terminal of the switch 102 and to the first terminal of the
switch 106. The second terminal of the switch 106 is
electrically coupled to the first terminal of the switch 104, to
the first terminal of the switch 108, and to the inverting input

terminal of the operational amplifier 128, The second ter- 3

minal of the switch 108 is electrically coupled to a first
terminal of a resistor 146. A second terminal of the resistor
146 1s electrically coupled to the output terminal of the
operational amplifier 132, to the inverting input terminal of
the operational amplifier 132, and to the output terminal 126
of the PWM DAC circuit 100.

The control terminal of the switch 106 and the control
terminal of the switch 108 are electrically coupled to the
input node 120, to which the second PWM input signal
PWM- is provided. While the second PWM input signal
PWM- has a voltage level that is less than or equal to a
predetermined value (e.g., zero volts), the switch 106 and
the switch 108 are closed or turned “on”, thus causing the
first terminal of the switch 106 to be electrically coupled to
the second terminal of the switch 106, and the first terminal
of the switch 108 to be electrically coupled to the second
terminal of the switch 108. While the second PWM input
signal PWM- has a voltage level that is above the prede-
termined value, the switch 106 and the switch 108 are open
or turned “off”, thus causing the first terminal of the switch
106 to be electrically decoupled from the second terminal of
the switch 106, and the first terminal of the switch 108 to be
electrically decoupled from the second terminal of the
switch 108,

In one or more embodiments, the output terminal of the
operational amplifier 130 is electrically coupled to a first
terminal of a resistor 148 and to a first terminal of a capacitor
150. The resistor 148 and the capacitor 150 are electrically
coupled in parallel. More particularly, a second terminal of
the resistor 148 is electrically coupled to the second terminal
of the capacitor 150 and to a node 152, which is electrically
coupled to the first terminal of the switch 110 and to the first
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terminal of the switch 114, The inverting input terminal of
the operational amplifier 130 is electrically coupled to the
first terminal of the switch 112, to the second terminal of the
switch 114, and to the first terminal of the switch 116. The
non-input terminal of the operational amplifier 130 is elec-
trically coupled to a negative reference voltage -VREF. In
one or more embodiments, the magnitude of the positive
reference voltage +VREF and the negative reference voltage
-VREF have the same magnitude but opposite polarities.
The resistor 148 and the capacitor 150 may be added for
stability, wherein the resistance of the resistor 148 and the
capacitance of the capacitor 150 are selected based on
characteristics of the operational amplifier 130.

The control terminal of the switch 110 and the control
terminal of the switch 112 are electrically coupled to the
input node 122, to which the second PWM input signal
PWM- is provided. While the second PWM input signal
PWM- has a voltage level that is less than or equal to a
predetermined value (e.g., zero volts), the switch 110 and the
switch 112 are closed or turned “on”, thus causing the first
terminal of the switch 110 to be electrically coupled to the
second terminal of the switch 110, and the first terminal of
the switch 112 to be electrically coupled to the second
terminal of the switch 112. While the second PWM input
signal PWM- has a voltage level that is above the prede-
termined value, the switch 110 and the switch 112 are open
or turned “off”, thus causing the first terminal of the switch
110 to be electrically decoupled from the second terminal of
the switch 110, and the first terminal of the switch 112 to be
electrically decoupled from the second terminal of the
switch 112. The second terminal of the switch 110 and the
second terminal of the switch 112 are electrically coupled to
the first terminal of the resistor 136 that is electrically
coupled to the input to the filter circuitry 134.

As mentioned above, the node 152 is electrically coupled
to the first terminal of the switch 110 and to the first terminal
of the switch 114. The second terminal of the switch 114 is
electrically coupled to the first terminal of the switch 112, to
the first terminal of the switch 116, and to the inverting input
terminal of the operational amplifier 130. The second ter-
minal of the switch 116 is electrically coupled to a first
terminal of a resistor 154. A second terminal of the resistor
154 is electrically coupled to the output terminal of the
operational amplifier 132 and to the output terminal of the
PWM DAC circuit 100.

The control terminal of the switch 114 and the control
terminal of the switch 116 are electrically coupled to the
input node 124, to which the first PWM input signal PWM+
is provided. While the first PWM input signal PWM+ has a
voltage level that is less than or equal to a predetermined
value (e.g., zero volts), the switch 114 and the switch 116 are
closed or turned “on”, thus causing the first terminal of the
switch 114 to be electrically coupled to the second terminal
of the switch 114, and the first terminal of the switch 116 to
be electrically coupled to the second terminal of the switch
116. The second terminal of the switch 114 is electrically
coupled to the first terminal of the switch 112 and to the first
terminal of the switch 116. While the first PWM input signal
PWM+ has a voltage level that is above the predetermined
value, the switch 114 and the switch 116 are open or turned
“off”, thus causing the first terminal of the switch 114 to be
electrically decoupled from the second terminal of the
switch 114, and the first terminal of the switch 116 to be
electrically decoupled from the second terminal of the
switch 116.

In one or more embodiments, the switch 102 and the
switch 104 form a first switching network which, in opera-
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tion, electrically couples the output terminal of the opera-
tional amplifier 128 to the input of the filter circuitry 134,
which is electrically coupled to the non-inverting input
terminal of the third operational amplifier, when the first
switching network is in a conducting state, and decouples
the output terminal of the operational amplifier 128 from the
input of the filter circuitry 134, which is electrically coupled
to the non-Inverting input terminal of the third operational
amplifier, when the first switching network is in a non-
conducting state, wherein the first PWM input signal PWM+
is provided to the first switching network and the first
switching network switches between the conducting state
and the non-conducting state based on the first PWM input
signal PWM+.

In one or more embodiments, the switch 106 and the
switch 108 form a second switching network which, in
operation, electrically couples the output terminal of the
operational amplifier 128 to the output terminal of the third
operational amplifier, when the second switching network is
in a conducting state, and decouples the output terminal of
the operational amplifier 128 from the output terminal of the
third operational amplifier, when the second switching net-
work is in a non-conducting state, wherein the second PWM
input signal PWM- is provided to the second switching
network and the second switching network switches
between the conducting state and the non-conducting state
based on the second PWM input signal PWM-.

In one or more embodiments, the switch 110 and the
switch 112 form a third switching network which, in opera-

tion, electrically couples the output terminal of the opera- 3

tional amplifier 130 to the input of the filter circuitry 134,
which is electrically coupled to the non-inverting input
terminal of the third operational amplifier, when the third
switching network is in a conducting state, and decouples
the output terminal of the operational amplifier 130 from the
input of the filter circuitry 134, which is electrically coupled
to the non-inverting input terminal of the third operational
amplifier, when the third switching network is in a non-
conducting state, wherein the second PWM input signal
PWM- is provided to the third switching network and the
third switching network switches between the conducting
state and the non-conducting state based on the second
PWM input signal PWM-.

In one or more embodiments, the switch 114 and the
switch 116 form a fourth switching network which, in
operation, electrically couples the output terminal of the
operational amplifier 130 to the output terminal of the third
operational amplifier, when the fourth switching network is
in a conducting state, and decouples the output terminal of
the operational amplifier 130 from the output terminal of the
third operational amplifier, when the fourth switching net-
work is in a non-conducting state, wherein the first PWM
input signal PWM+ is provided to the fourth switching
network and the fourth switching network switches between
the conducting state and the non-conducting state based on
the first PWM input signal PWM+.

Having described the structure of the PWM DAC circuit
100, operation of the PWM DAC circuit 100 will now be
described with reference to FIGS. 1, 2A, and 2B. FIGS. 2A
and 2B are examples of timing diagrams of the first PWM
input signal PWM+ and the second PWM input signal
PWM- that can be input to the PWM DAC circuit 100
shown in FIG. 1, according to one or more embodiments of
the present disclosure. More particularly, FIG. 2A is an
example of a timing diagram of the first PWM input signal
PWM+, and FIG. 2B is an example of a timing diagram of
the second PWM input signal PWM-.
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The first PWM input signal PWM+ has a high voltage
level during a time period t1 and has a low voltage level
during a time period t2, as shown in FIG. 2A. The duty cycle
of the first PNM input signal PWM+ is equal to t1/(t1+2).
The second PWM input signal PWM- has a low voltage
level during the time period t1 and has a high voltage level
during the time period t2, as shown in FIG. 2B. Thus, the
duty cycle of the second PWM input signal PVM+ is equal
to t12/(t1+t2). Each of the first PWM input signal PWM+ and
the second PWM input signal PWM- has a constant fre-
quency. In other words, the sum of the time period t1 and the
time period 2 is a constant value. The first PWM input
signal PWM+ and the second PWM input signal PWM-
shown in FIGS. 2A and 2B each have a duty cycle of 50%.
During operation of the PWM DAC circuit 100, however,
PWM input signals having other duty cycles can be input to
the PWM DAC circuit 100 depending on the desired voltage
level at the output terminal 126 of the PWM DAC circuit
100.

In one or more embodiments, the PWM DAC circuit 100
is configured to receive the first PWM input signal PWM+
and the second PWM input signal PWM- from external
circuitry. In one or more embodiments, the PWM DAC
circuit 100 is configured to generate the first PWM input
signal PWM+ and the second PWM input signal PWM-.
The PWM DAC circuit 100 may include one or more
microprocessors or Field Programmable Gate Arrays (FP-
GAs) that generate the first PWM input signal PWM+ and
the second PWM input signal PWM- based on drive signals
that are input to the microprocessors or the FPGAs. For
example, a drive signal having a value corresponding to a
duty cycle of 50% causes a FPGA to output a signal having
a high value during a first half of a fixed number of clock
cycles, and having a low value during a second half of the
fixed number of clock cycles.

As will be described below in greater detail, the switches
102, 104, 114, and 116 are closed or “on” during time
periods in which the first PWM input signal PWM+ has a
voltage level that is less than or equal to a predetermined
value (e.g., zero volts), such as during the time period tl.
The switches 102, 104, 114, and 116 are open or “off” during
time periods in which the first PWM input signal PWM+ has
a voltage level that is above the predetermined value, such
as during the time period (2. Additionally, the switches 106,
108, 110, and 112 are closed or during time periods in which
the second PWM input signal PWM- has a voltage level that
is less than or equal to the predetermined value, such as
during the time period t2. The switches 106, 108, 110, and
112 are open or “off” during time periods in which the

b second PWM input signal PWM- has a voltage level that is

above the predetermined value, such as during the time
period t1.

Operation of the upper half of the PWM DAC circuit 100
will now be described. The output terminal of the opera-
tional amplifier 128 provides a charging current to the input
of the filter circuitry 134 when +VREF is switched in. While
the switch 102 and the switch 104 are on, the switch 106 and
the switch 108 are off. and the output terminal of the
operational amplifier 128 provides the charging current to
the input of the filter circuitry 134. While the switch 104 is
on, only an input bias current and a leakage current from the
switch 106 and the switch 108, which are relatively small
currents, flow through the switch 104. Therefore, those small
currents times the resistance of the switch 104 result in a
voltage that is negligible and accounts for nearly undetect-
able errors in the output of the switch 104. Because the
switch 102 is in the loop, the resistance of the switch 102
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does not affect the output of the PWM DAC circuit 100. A
voltage level very close to 4VREF is seen at the input of the
filter circuitry 134.

While the switch 102 and the switch 104 are off, and the
switch 106 and the switch 108 are on, the output terminal of
the operational amplifier 128 provides the charging current
through the resistor 146 to the output terminal of the
operational amplifier 132. Because the resistance of the
resistor 136 is equal to the resistance of the resistor 146, and
because the voltage level at the output of the filter circuitry
134 and the voltage level at the output of the operational
amplifier 132 are identical, the operational amplifier 128
does not see a load change except for a small switching
transient as the switch 102 and the switch 104 turn off, and
as the switch 106 and the switch 108 turn on. This keeps the
output of the operational amplifier 128 stable and constant
during PWM, which minimizes clewing errors.

Operation of the lower half of the PWM DAC circuit 100
will now be described. The operational amplifier 130 pro-
vides a charging current to the input of the filter circuitry 134
when -VREF is switched in. While the switch 110 and the
switch 112 are on, the switch 114 and the switch 116 are off,
and the operational amplifier 130 provides the charging
current to the input of the filter circuitry 134. While the
switch 112 is on, only an input bias current and a leakage
current from the switch 114 and the switch 116, which are
relatively small currents, flow through the switch 112.
Therefore, those small currents times the resistance of the
switch 112 result in a voltage that is negligible and accounts

for nearly undetectable errors in the output of the switch 112. :

Because the switch 110 is in the loop, the resistance of the
switch 110 does not affect the output of the PWM DAC
circuit 100. A voltage level very close to ~=VREF is seen at
the input of the filter circuitry 134.

Mile the switch 110 and the switch 112 are off, and the 3

switch 114 and the switch 116 are on, the operational
amplifier 130 provides the charging current through the
resistor 154 to the output terminal of the operational ampli-
fier 132. Because the resistance of the resistor 136 is equal
to the resistance of the resistor 154, and because the voltage
level at the output of the filter circuitry 134 and the voltage
level at the output of the operational amplifier 132 are
identical, the operational amplifier 130 does not see a load
change except for a small switching transient as the switch
110 and the switch 112 turn off, and as the switch 114 and
the switch 116 turn on. This keeps the output voltage level
of the operational amplifier 130 stable and constant during
PWM, which minimizes clewing errors.

Abenefit of the PWM DAC circuit 100 is that virtually no
current is drawn from +VREF or -VREF, thus the PWM
DAC circuit 100 eliminates reference loading errors and
glitching.

The voltage level at the output terminal 126 of the PWM
DAC circuit 100 is given by Equation 1 below.

VDAC=({+VREF-{-VREF)xD)+(-VREF) {Equation 1)

In Equation 1, D is the duty cycle of t1/(t1+12), wherein t1
is the time period during which the switch 102, the switch
104, the switch 114, and the switch 116 are on, and t2 is the
time period during which the switch 106, the switch 108, the
switch 110, and the switch 112 are on.

The placement of the switches 102-116 within the PWM
DAC circuit 100 is a key aspect of the PWM DAC circuit
100. The switch 102 connects the output of the operational
amplifier 128, through the resistor 140, to the input of the
filter circuitry 134 while the switch 104 simultaneously
connects the input of the filter circuitry 134 to the inverting
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input terminal of the operational amplifier 128 while +VREF
is being applied to the filter circuitry 134. Then, the switch
106 and the switch 108 simultaneously turn on when the
switch 102 and the switch 104 turn off to apply the output
of the operational amplifier 128 to the resistor 146 to keep
the operational amplifier 128 in a normal output state.

Similarly, the switch 110 connects the output terminal of
the operational amplifier 130, through the resistor 148, to the
input of the filter circuitry 134, while the switch 112
connects the inverting input terminal of the operational
amplifier 130 to the input of the filter circuitry 134 during
the time —VREF is applied to the filter circuitry 134. The
PWM DAC circuit 100 uses the operational amplifier 130 to
“sense” the input of the filter circuitry 134 to remove errors
from IR (i.e., current times resistance) drops in switch
resistance. Then, the switch 114 and the switch 116 connect
the output of the operational amplifier 130 to the resistor 154
during the time +VREF is applied to the filter circuitry 134.
Accordingly, the operational amplifier 128 and the opera-
tional amplifier 130 switch from the voltage level at the
input of the filter circuitry 134 to the voltage level at the
output terminal 126 of the PWM DAC circuit 100 so they
see minimal perturbances, thereby reducing stewing errors.

FIGS. 3A and 3B show a flowchart of a method 300,
according to one or more embodiments of the present
disclosure. The method 300 begins at 302.

At 302, a first switch is controlled based on a first input
signal. For example, at 302, the switch 102 is controlled
based on the first PWM input signal PWM+, as described
above.

At 304, a second switch is controlled based on a first input
signal. For example, at 304, the switch 104 is controlled
based on the first PWM input signal PWM+, as described
above.

At 306, a third switch is controlled based on a second
input signal. For example, at 306, the switch 106 is con-
trolled based on the second PWM input signal PWM-, as
described above.

At 308, a fourth switch is controlled based on a second
input signal. For example, at 308, the switch 108 is con-
trolled based on the second PWM input signal PWM-, as
described above.

At 310, a fifth switch is controlled based on the second
input signal. For example, at 310, the switch 110 is con-
trolled based on the second PWM input signal PWM-, as
described above.

At 312, a sixth switch is controlled based on the second
input signal. For example, at 312, the switch 112 is con-
trolled based on the second PWM input signal PWM-, as
described above.

At 314, a seventh switch is controlled based on the first
input signal. For example, at 314, the switch 114 is con-
trolled based on the first PWM input signal PWM+, as
described above.

At 316, an eighth switch is controlled based on the first
input signal. For example, at 316, the switch 116 is con-
trolled based on the first PWM input signal PWM+, as
described above. While control of the first switch through
eighth switch is described in a sequence of blocks 302 to

b 316, it should be understood that the eight switches may be

controlled simultaneously (i.e., there is not necessarily a
sequence in which the eight switches are controlled).

At 318, a first reference voltage is electrically coupled to
a first input of a first operational amplifier. For example, at
318, the positive reference voltage+VREF is electrically
coupled to the non-inverting input terminal of the opera-
tional amplifier 128, as described above.
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At 320, a second reference voltage is electrically coupled
to a first input of a second operational amplifier. For
example, at 320, the negative reference voltage ~VREF is
electrically coupled to the non-inverting input terminal of
the operational amplifier 130, as described above.

At 322, an output of filter circuitry is electrically coupled
to a first input of a third operational amplifier. For example,
at 322, the output of the filter circuitry 134 is electrically
coupled to the non-inverting input terminal of the opera-
tional amplifier 132, as described above.

At 324, an output of the third operational amplifier is
electrically coupled to a second input of the third amplifier
circuit. For example, at 324, the output terminal of the
operational amplifier 132 is electrically coupled to the
inverting input terminal of the amplifier circuit 132, as
described above.

At 326, an output of the first operational amplifier is
electrically, coupled to an input of the filter circuitry via the
first switch. For example, at 326, the output terminal of the
operational amplifier 128 is electrically coupled to the input
of the filter circuitry 134 via the switch 102 when the switch
102 is in a conducting state, as described below in greater
detail with reference to FIG. 4.

At 328, the output of the first operational amplifier is
electrically coupled to a second input of the first operational
amplifier via the first switch and the second switch. For
example, at 328, the output of the operational amplifier 128
is electrically coupled to the inverting input terminal of the

operational amplifier 128 via the switch 102 and the switch :

104 when the switch 102 and the switch 104 are in a
conducting state, as described above.

At 330, an output of the second operational amplifier is
electrically coupled to a second input of the second opera-

tional amplifier via the seventh switch. For example, at 330, 3

the output terminal of the operational amplifier 130 is
electrically coupled to the inverting input terminal of the
operational amplifier 130 via the switch 114 when the switch
114 is in a conducting state, as described above.

At 332, the output of the second operational amplifier is
electrically coupled to the output of the third operational
amplifier via the seventh switch and the eighth switch. For
example, at 332, the output of the operational amplifier 130
is electrically coupled to the output terminal of the opera-
tional amplifier 132 via the switch 114 and the switch 116
when the switch 114 and the switch 116 are in a conducting
state, as described above.

At 334, the output of the first operational amplifier is
electrically coupled to the second input of the first opera-
tional amplifier via the third switch. For example, at 334, the
output terminal of the operational amplifier 128 is electri-
cally coupled to the inverting input terminal of the opera-
tional amplifier 128 via the switch 106 when the switch 106
is in a conducting state, as described above.

At 336, the output of the first operational amplifier is
electrically coupled to the output of the third operational
amplifier via the third switch and the fourth switch. For
example, at 336, the output terminal of the operational
amplifier 128 is electrically coupled to the output terminal of
the operational amplifier 132 via the switch 106 and the
switch 108 when the switch 106 and the switch 108 are in
a conducting state, as described above.

At 338, the output of the second operational amplifier
electrically coupled to the input of the filter circuitry via the
fitth switch. For example, at 338, the output terminal of the
operational amplifier 130 is electrically coupled to the input
of the filter circuitry 134 via the switch 110 when the switch
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110 is in a conducting state, as described below in greater
detail with reference to FIG. 5.

At 340, the output of the second operational amplifier is
electrically coupled to the second input of the second
operational amplifier via the fifth switch and the sixth
switch. For example, at 340, an output of the operational
amplifier 130 is electrically coupled to the inverting input
terminal of the operational amplifier 130 via the switch 110
and the switch 112 when the switch 110 and the switch 112
are in a conducting state, as described above, in one or more
embodiments, above-described acts are performed at differ-
ent times depending on the conducting or non-conducting
state of the respective switches at any particular time. The
above-described acts are not necessarily performed in the
sequence illustrated in FIGS. 3A and 3B.

FIG. 4 shows a flowchart of a method 400, according to
one or more embodiments of the present disclosure. The
method 400 corresponds to block 326 of the method 300
described above. The method 400 begins at 402.

At 402, the output of the first operational amplifier is
electrically coupled to a first terminal of a first resistor. For
example, at 402, the output terminal of the operational
amplifier 128 is electrically coupled to the first terminal of
the resistor 140, as described above.

At 404, the output of the first operational amplifier is
electrically coupled to a first terminal of a first capacitor. For
example, at 404, the output terminal of the operational
amplifier 128 is electrically coupled to the first terminal of
the capacitor 142, as described above.

At 406, a second terminal of the first resistor is electrically
coupled to the first switch. For example, at 406, the second
terminal of the resistor 140 is electrically coupled to the
input terminal of the switch 102, as described above.

At 408, a second terminal of the first capacitor to is
electrically coupled to the first switch. For example, at 408,
the second terminal of the capacitor 142 is electrically
coupled to the input terminal of the switch 102, as described
above. The acts performed in blocks 402 to 408 may be
performed simultaneously.

FIG. 5 shows a flowchart of a method 500, according to
one or more embodiments of the present disclosure. The
method 500 corresponds to block 338 of the method 300
described above.

At 502, the output of the second operational amplifier is
electrically coupled to a first terminal of a second resistor.
For example, at 502, the output terminal of the operational
amplifier 130 is electrically coupled to the first terminal of
the resistor 148, as described above.

At 504, the output of the second operational amplifier is
electrically coupled to a first terminal of a second capacitor.
For example, at 504, the output terminal of the operational
amplifier 130 is electrically coupled to the first terminal of
the capacitor 150, as described above.

At 506, the second terminal of the second resistor is
electrically coupled to the fifth switch. For example, at 506,
the second terminal of the resistor 148 is electrically coupled
to the input terminal of the switch 110, as described above.

At 508, the second terminal of the second capacitor is
electrically coupled to the fifth switch. For example, at 508,
the second terminal of the capacitor 152 is electrically
coupled to the input terminal of the switch 110, as described
above. The acts performed in blocks 502 to 508 may be
performed simultaneously.

The various embodiments described above can be com-
bined to provide further embodiments.

These and other changes can be made to the embodiments
in light of the above-detailed description. In general, in the
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following claims, the terms used should not be construed to
limit the claims to the specific embodiments disclosed in the
specification and the claims, but should be construed to
include all possible embodiments along with the full scope
of equivalents to which such claims are entitled. Accord-
ingly, the claims are not limited by the disclosure.

The invention claimed is:

1. A pulse width modulation (PWM) digital-to-analog

conversion (DAC) circuit, comprising:

a first operational amplifier including a first input termi-
nal, a second input terminal, and an output terminal,
wherein a voltage level at the output terminal is based
on a voltage level at the second input terminal, and
wherein the first input terminal is electrically coupled
to a first reference voltage;

a second operational amplifier including a first input
terminal, a second input terminal, and an output termi-
nal, wherein a voltage level at the output terminal is
based on a voltage level at the second input terminal,
and wherein the first input terminal is electrically
coupled to a second reference voltage;

a third operational amplifier including a first input termi-
nal, a second input terminal, and an output terminal,
wherein a voltage level at the output terminal is based
on a voltage level at the first input terminal and a
voltage level at the second input terminal, wherein the
output terminal is electrically coupled to the second
input terminal;

a first switching network which, in operation, electrically
couples the output terminal of the first operational
amplifier to the first input terminal of the third opera-
tional amplifier when the first switching network is in
a conducting state, and decouples the output terminal of
the first operational amplifier from the first input ter-

minal of the third operational amplifier when the first :

switching network is in a non-conducting state,
wherein a first input signal is provided to the first
switching network and the first switching network
switches between the conducting state and the non-
conducting state based on the first input signal;

a second switching network which, in operation, electri-
cally couples the output terminal of the first operational
amplifier to the output terminal of the third operational
amplifier when the second switching network is in a
conducting state, and decouples the output terminal of
the first operational amplifier from the output terminal
of the third operational amplifier when the second
switching network is in a non-conducting state,
wherein a second input signal is provided to the second
switching network and the second switching network
switches between the conducting state and the non-
conducting state based on the second input signal;

a third switching network which, in operation, electrically
couples the output terminal of the second operational
amplifier to the first input terminal of the third opera-
tional amplifier when the third switching network is in
a conducting state, and decouples the output terminal of
the second operational amplifier from the first input
terminal of the third operational amplifier when the
third switching network is in a non-conducting state,
wherein the second input signal is provided to the third
switching network and the third switching network
switches between the conducting state and the non-
conducting state based on the second input signal; and

a fourth switching network which, in operation, electri-
cally couples the output terminal of the second opera-
tional amplifier to the output terminal of the third
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operational amplifier when the fourth switching net-
work is in a conducting state, and decouples the output
terminal of the second operational amplifier from the
output terminal of the third operational amplifier when
the fourth switching network is in a non-conducting
state, wherein the first input signal is provided to the
fourth switching network and the fourth switching
network switches between the conducting state and the
non-conducting state based on the first input signal.

2. The PWM DAC circuit according to claim 1, further

comprising:

filter circuitry electrically coupled to the first input ter-
minal of the third operational amplifier,

wherein the first switching network, in operation, electri-
cally couples the output terminal of the first operational
amplifier to an input of the filter circuitry when the first
switching network is in the conducting state, and
decouples the output terminal of the first operational
amplifier from the input of the filter circuitry when the
first switching network is in the non-conducting state,
and

wherein the third switching network, in operation, elec-
trically couples the output terminal of the second
operational amplifier to the input of the filter circuitry
when the third switching network is in the conducting
state, and decouples the output terminal of the second
operational amplifier from the input of the filter cir-
cuitry when the third switching network is in the
non-conducting state.

3. The PWM DAC circuit according to claim 2 wherein

the filter circuitry includes:

a first resistor including a first terminal electrically
coupled to the input of the filter circuitry, and a second
terminal electrically coupled to the first input terminal
of the third operational amplifier; and

a capacitor including a first terminal electrically coupled
to the second terminal of the resistor and to the first
input terminal of the third operational amplifier, and a
second terminal electrically coupled to a ground ter-
minal.

4. The PWM DAC circuit according to claim 1 wherein:

the first switching network and the fourth switching
network are in the conducting state while the second
switching network and the third switching network are
in the non-conducting state, and

the first switching network and the fourth switching
network are in the non-conducting state while the
second switching network and the third switching net-
work are in the conducting state.

5. The PWM DAC circuit according to claim 1 wherein:

the first input signal and the second input signal are pulse
wave modulated signals,

the first input signal has a first voltage level during a first
time period, and has a second voltage level during a
second time period,

the first voltage level is greater than the second voltage
level,

the first time period is different from the second time
period, and

the second input signal has the first voltage level during
the second time period, and has the second voltage
level during the first time period.

6. A pulse width modulation (PWM) digital-to-analog

conversion (DAC) circuit, comprising:

filter circuitry;

a first operational amplifier including a first input termi-
nal, a second input terminal, and an output terminal,
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wherein a voltage level at the output terminal is based
on a voltage level at the first input terminal and a
voltage level at the second input terminal, and wherein
the first input terminal is electrically coupled to an
output of the filter circuitry, and the output terminal is
electrically coupled to the second input terminal;

a first switch including a control terminal, a first terminal,
and a second terminal, wherein the first switch electri-
cally controls whether the first terminal is electrically
coupled to the second terminal based on a voltage level
at the control terminal, and wherein the control termi-
nal is electrically coupled to a first input signal, and the
second terminal is electrically coupled to an input of
the filter circuitry;

a second switch including a control terminal, a first
terminal, and a second terminal, wherein the second
switch electrically controls whether the first terminal is
electrically coupled to the second terminal based on a
voltage level at the control terminal, and wherein the
control terminal is electrically coupled to the first input
signal, and the second terminal is electrically coupled
to the input of the filter circuitry;

a second operational amplifier including a first input
terminal, a second input terminal, and an output termi-
nal, wherein a voltage level at the output terminal is
based on a voltage level at the second input terminal,
and wherein the output terminal is electrically coupled
to the first terminal of the first switch, and the first input
terminal is electrically coupled to a first reference
voltage;

a third switch including a control terminal, a first terminal,
and a second terminal, wherein the third switch elec-
trically controls whether the first terminal is electrically
coupled to the second terminal based on a voltage level

at the control terminal, and wherein the control termi- :

nal is electrically coupled to a second input signal, the
first terminal is electrically coupled to the output ter-
minal of the second operational amplifier, and the
second terminal is electrically coupled to the first
terminal of the second switch and to the second input
terminal of the second operational amplifier;

a fourth switch including a control terminal, a first ter-
minal, and a second terminal, wherein the fourth switch
electrically controls whether the first terminal is elec-
trically coupled to the second terminal based on a
voltage level at the control terminal, and wherein the
control terminal is electrically coupled to the second
input signal, the first terminal is electrically coupled to
the second terminal of the third switch, and the second
terminal is electrically coupled to the output terminal of
the first operational amplifier;

a fitth switch including a control terminal, a first terminal,
and a second terminal, wherein the fifth switch elec-
trically controls whether the first terminal is electrically
coupled to the second terminal based on a voltage level
at the control terminal, and wherein the control termi-
nal is electrically coupled to the second input signal,
and the second terminal is electrically coupled to the
input of the filter circuitry;

a sixth switch including a control terminal, a first termi-
nal, and a second terminal, wherein the sixth switch
electrically controls whether the first terminal is elec-
trically coupled to the second terminal based on a
voltage level at the control terminal, and wherein the
control terminal is electrically coupled to the second
input signal, and the second terminal is electrically
coupled to the input of the filter circuitry;
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a third operational amplifier including a first input termi-
nal, a second input terminal, and an output terminal,
wherein a voltage level at the output terminal is based
on a voltage level at the second input terminal, and
wherein the output terminal is electrically coupled to
the first terminal of the fifth switch, and the first input
terminal is electrically coupled to a second reference
voltage;

a seventh switch including a control terminal, a first
terminal, and a second terminal, wherein the seventh
switch electrically controls whether the first terminal is
electrically coupled to the second terminal based on a
voltage level at the control terminal, and wherein the
control terminal is electrically coupled to the first input
signal, the first terminal is electrically coupled to the
output terminal of the third operational amplifier, and
the second terminal is electrically coupled to the first
terminal of the sixth switch and to the second input
terminal of the third operational amplifier; and

an eighth switch including a control terminal, a first
terminal, and a second terminal, wherein the eighth
switch electrically controls whether the first terminal is
electrically coupled to the second terminal based on a
voltage level at the control terminal, and wherein the
control terminal is electrically coupled to the first input
signal, the first terminal is electrically coupled to the
second terminal of the seventh switch, and the second
terminal is electrically coupled to the output terminal of
the first operational amplifier.

7. The PWM DAC circuit according to claim 6 wherein:

the first input terminal of the first operational amplifier is
a non-inverting input terminal,

the second input terminal of the first operational amplifier
is an inverting input terminal,

the first input terminal of the second operational amplifier
is a non-inverting input terminal,

the second input terminal of the second operational ampli-
fier is an inverting input terminal,

the first input terminal of the third operational amplifier is
a non-inverting input terminal, and

the second input terminal of the third operational ampli-
fier is an inverting input terminal.

8. The PWM DAC circuit according to claim 6 wherein

the filter circuitry includes;

a first resistor including a first terminal electrically
coupled to the input of the filter circuitry, and a second
terminal electrically coupled to the output of the filter
circuitry; and

a capacitor including a first terminal electrically coupled
to the second terminal of the resistor and to the output
of the filter circuitry, and a second terminal electrically
coupled to a ground terminal.

9. The PWM DAC circuit according to claim 8, further

comprising:

a second resistor including a first terminal electrically
coupled to the second terminal of the fourth switch, and
a second terminal electrically coupled to the output
terminal of the first operational amplifier; and

a third resistor including a first terminal electrically
coupled to the second terminal of the eighth switch, and
a second terminal electrically coupled to the output
terminal of the first operational amplifier,

wherein a resistance of the first resistor is equal to a
resistance of the second resistor and is equal to a
resistance of the third resistor.
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10. The DAC circuit according to claim 6, further com-
prising:

a first resistor including a first terminal electrically
coupled to the output terminal of the second operational
amplifier, and a second terminal electrically coupled to
the first terminal of the first switch and to the first
terminal of the third switch;

a first capacitor including a first terminal electrically
coupled to the output terminal of the second operational
amplifier, and a second terminal electrically coupled to
the first terminal of the first switch and to the first
terminal of the third switch;

a second resistor including a first terminal electrically
coupled to the output terminal of the third operational
amplifier, and a second terminal electrically coupled to
the first terminal of the fifth switch and to the first
terminal of the seventh switch;

a second capacitor including a first terminal electrically
coupled to the output terminal of the third operational
amplifier, and a second terminal electrically coupled to
the first terminal of the fifth switch and to the first
terminal of the seventh switch.

11. The PWM DAC circuit according to claim 6 wherein
the first input signal and the second input signal are pulse
wave modulated signals.

12. The PWM DAC circuit according to claim 11
wherein:

the first input signal has a first voltage level during a first

time period, and has a second voltage level during a :

second time period,

the first voltage level is greater than the second voltage

level,

the first time period is different from the second time

period, and

the second input signal has the first voltage level during

the second time period, and has the second voltage
level during the first time period.

13. The PWM DAC circuit according to claim 6 wherein
the first reference voltage and the second reference voltage
have a same magnitude and opposite polarities.

14. A method, comprising:

controlling a first switch based on a first input signal;

controlling a second switch based on the first input signal;

controlling a third switch based on a second input signal;
controlling a fourth switch based on the second input
signal;

controlling a fifth switch based on the second input signal;

controlling a sixth switch based on the second input

signal;

controlling a seventh switch based on the first input
signal;

controlling an eighth switch based on the first input
signal;

electrically coupling a first reference voltage to a first
input of a first operational amplifier;

electrically coupling a second reference voltage to a first
input of a second operational amplifier;

electrically coupling an output of filter circuitry to a first
input of a third operational amplifier;

electrically coupling an output of the third operational
amplifier to a second input of the third amplifier;

electrically coupling an output of the first operational
amplifier to an input of the filter circuitry via the first
switch when the first switch is in a conducting state;

electrically coupling the output of the first operational
amplifier to a second input of the first operational
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amplifier via the first switch and the second switch
when the first switch and the second switch are in a
conducting state;

electrically coupling an output of the second operational
amplifier to a second input of the second operational
amplifier via the seventh switch when the seventh
switch 1s in a conducting state;

electrically coupling the output of the second operational
amplifier to the output of the third operational amplifier
via the seventh switch and the eighth switch when the
seventh switch and the eighth switch are in a conduct-
ing state;

electrically coupling the output of the first operational
amplifier to the second input of the first operational
amplifier via the third switch when the third switch is
in a conducting state;

electrically coupling the output of the first operational
amplifier to the output of the third operational amplifier
via the third switch and the fourth switch when the third
switch and the fourth are in a conducting state;

electrically coupling the output of the second operational
amplifier to the input of the filter circuitry via the fifth
switch when the fifth switch is in a conducting state;
and

electrically coupling the output of the second operational
amplifier to the second input of the second operational
amplifier via the fifth switch and the sixth switch when
the fifth switch and the sixth switch are in a conducting
state.

15. The method according to claim 14 wherein:

the electrically coupling the output of the first operational
amplifier to the input of the filter circuitry via the first
switch is performed during a first time period,

the electrically coupling the output of the first operational
amplifier to the second input of the first operational
amplifier via the first switch and the second switch is
performed during the first time period,

the electrically coupling the output of the second opera-
tional amplifier to the second input of the second
operational amplifier via the seventh switch is per-
formed during the first time period,

the electrically coupling the output of the second opera-
tional amplifier to the output of the third operational
amplifier via the seventh switch and the eighth switch
is performed during the first time period,

the electrically coupling the output of the first operational
amplifier to the second input of the first operational
amplifier via the third switch is performed during a
second time period, the second time period being
different from the first time period;

the electrically coupling the output of the first operational
amplifier to the output of the third operational amplifier
via the third switch and the fourth switch is performed
during the second time period;

the electrically coupling the output of the second opera-
tional amplifier to the second input of the second
operational amplifier via the fifth switch and the sixth
switch is performed during the second time period, and

the electrically coupling the output of the second opera-
tional amplifier to the input of the filter circuitry via the
seventh switch is performed during the second time
period.

16. The method according to claim 15 wherein the first

input signal and the second input signal are pulse width
modulated signals.



US 11,316,528 B2

23

17. The method according to claim 16 wherein:

the first input signal has a first voltage level during the
first time period, and has a second voltage level during
the second time period,

the first voltage level is greater than the second voltage
level, and

the second input signal has the first voltage level during
the second time period, and has the second voltage
level during the first time period.

18. The method according to claim 14 wherein:

the filter circuitry includes a first resistor and a capacitor,

the electrically coupling the output of the first operational
amplifier to the output of the third operational amplifier
via the third switch and the fourth switch includes
electrically coupling the output of the first operational
amplifier to the output of the third operational amplifier
via the third switch, the fourth switch, and a second
resistor,

the electrically coupling the output of the second opera-
tional amplifier to the output of the third operational
amplifier via the seventh switch and the eighth switch
includes electrically coupling the output of the second
operational amplifier to the output of the third opera-
tional amplifier via the seventh switch, the eighth
switch, and a third resistor, and

a resistance of the first resistor is equal to a resistance of
the second resistor and is equal to a resistance of the
third resistor.
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19. The method according to claim 14 wherein:
the electrically coupling the output of the first operational
amplifier to the input of the filter circuitry via the first
switch includes:
electrically coupling the output of the first operational
amplifier to a first terminal of a first resistor;
electrically coupling the output of the first operational
amplifier to a first terminal of a first capacitor;
electrically coupling a second terminal of the first
resistor to the first switch;
electrically coupling a second terminal of the first
capacitor to the first switch, and
the electrically coupling the output of the second opera-
tional amplifier to the input of the filter circuitry via the
fifth switch includes:
electrically coupling the output of the second opera-
tional amplifier to a first terminal of a second resis-
tor;
electrically coupling the output of the second opera-
tional amplifier to a first terminal of a second capaci-
tor;
electrically coupling a second terminal of the second
resistor to the fifth switch; and
electrically coupling a second terminal of the second
capacitor to the fifth switch.
20. The method according to claim 14 wherein the posi-
tive reference voltage and the negative reference voltage
have a same magnitude and opposite polarities.
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