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DIAGNOSTIC MONITORING FOR ANALOG-TO-DIGITAL CONVERTERS
[0001] This relates generally to diagnostic monitoring, and more particularly to diagnostic
monitoring for analog-to-digital converters.
BACKGROUND
[0002] The demand for functional safety requirements continues to rise in high reliability
applications, such as electronic applications for use in the automotive industry. These functional
safety requirements specify that safety critical circuits should have the ability to detect and react
to single point failures that may lead to malfunctions of the overall system. Among other
components, a safety critical circuit may include a multi-input analog-to-digital converter (ADC)
that processes analog input signals. Typically, a multi-input ADC includes a multiplexer and a
core circuit. The multiplexer selects an analog input from multiple input channels, while the
core circuit samples the selected input channel. Conventional diagnostic schemes primarily
focus on fault detection of the core circuit, but provide little to no coverage on the multiplexer
side. To meet the increasing demand for function safety, a need exists for a diagnostic scheme
that provides more comprehensive coverage on systems incorporating ADC devices.
SUMMARY
[0003] In described examples, a channel selector for use in an analog-to-digital converter has a
sampling circuit for converting an analog input to a digital output within a fault tolerance range.
The channel selector includes a reception channel, a diagnostic channel, and an impedance
compensator. The reception channel receives an analog signal for delivery to the sampling
circuit when it is selected for coupling with the sampling circuit. The diagnostic channel
receives a diagnostic signal for verifying the digital output of the sampling circuit when it is
selected for coupling with the sampling circuit. The impedance compensator is configured to
offset a high channel impedance of the reception channel based on the fault tolerance range of
the sampling circuit and when the diagnostic channel is selected.
BRIEF DESCRIPTION OF THE DRAWINGS
[0004] FIG. 1 shows a schematic view of an example analog-to-digital (ADC) circuit

according to an aspect of this disclosure.
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[0005] FIG. 2 shows a schematic view of an example ADC circuit according to another aspect
of this disclosure.

[0006] FIG. 3 shows a schematic view of an example sampling circuit according to an aspect
of this disclosure.

[0007] FIG. 4 is a flow chart of an example method for verifying digital outputs of an ADC
according to an aspect of this disclosure.

[0008] FIG. 5A is a timing diagram of the sampling cycles of an example ADC according to an
aspect of this disclosure.

[0009] FIG. 5B is a timing diagram of the sampling cycles of an example ADC according to
another aspect of this disclosure.

[0010] FIG. 6 shows a schematic view of an example car battery monitoring system
incorporated with an ADC circuit according to an aspect of this disclosure.

[0011] FIG. 7 shows a schematic view of an example integrated circuit including on-chip
temperature sensors interfacing with an ADC circuit according to an aspect of this disclosure.
[0012] FIG. 8 shows a schematic view of an example integrated circuit including analog
circuitries interfacing with an ADC circuit according to an aspect of this disclosure.

[0013] FIG. 9 shows a schematic view of an example brake control system incorporated with
an ADC circuit according to an aspect of this disclosure.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0014] The figures are not drawn to scale. FIG. 1 shows a schematic view of an example
analog-to-digital (ADC) circuit 100 according to an aspect of this disclosure. The ADC circuit
100 is formed within an integrated circuit either by itself or along with other systems interacting
with the ADC circuit 100. The ADC circuit 100 is configured to detect several fault conditions
of an integrated circuit to which the ADC circuit 100 is incorporated. The fault detection
provided by the ADC circuit 100 is continuous, such that the overall system can respond to
detected faults while the integrated circuit is executing other real-time applications. Generally,
the ADC circuit 100 includes a channel selector circuit 110 (e.g., a multiplexer), a control
circuitry 120, and an ADC core circuit 130.

[0015] The ADC core circuit 130 includes a sampling circuit that is configured to sample and
convert an analog input signal 107 to a digital output signal 108. In one implementation, the

ADC core circuit 130 is controlled by the control circuitry 120 via one or more sampling control
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signal 104. The sampling control signal 104 is useful for adjusting the sampling rate of the ADC
core circuit 130 and the resolution of the digital output signal 108. The digital output signal 108
usually includes multiple digits or bits, each carried by a single bus. The digital output signal
108 has a fault tolerance range that represents the precision of the ADC core circuit 130.
Consistent with this disclosure, the term fault tolerance range can be understood as a range of
deviation in the analog input 107 that the ADC core circuit 130 can withstand for the purpose
generating a consistent digital output signal 108.

[0016] For example, when the digital output signal 108 has a 4% fault tolerance range, the
analog input 107 may deviate 2% above and/or 2% below the nominal voltage level from which
the ADC core circuit 130 can generate a consistent digital output signal 108. More specifically,
assuming that the ADC core circuit 130 is configured to convert an analog input signal 107
having a nominal voltage level of 5V, a 4% fault tolerance range allows the digital output signal
108 to deliver a consistent 8-bit digital value of 0000 0101 even when the analog input signal
107 deviates between 4.9V (i.e., 2% below 5V) and 5.1V (i.e., 2% above 5V).

[0017] The ADC circuit 100 is configured to receive analog inputs from multiple input
channels. The channel selector circuit 110 serves as a means for selecting a single channel from
these multiple input channels to provide the analog input signal 107 for the ADC core circuit
130. Particularly, the channel selector circuit 110 is coupled with the ADC core circuit 130, and
the channel selector circuit 110 is controlled by the control circuitry 120. The channel selector
circuit 110 includes an array of reception channels 112, each of which is configured to receive an
analog signal. At any given of point of time, the channel selector circuit 110 selects one
reception channel 112 to be coupled with ADC core circuit 130. The selected reception channel
112 provides the analog input signal 107 to the sampling circuit of the ADC core circuit 130.
Due to the parasitic effects caused by bonding pads and bonding wires, the reception channel 112
may incur a certain amount of channel impedance.

[0018] The channel selector circuit 110 also includes one or more diagnostic channel 114,
which is configured to receive a diagnostic signal for verifying the digital output signal 108 of
the ADC core circuit 130. For example, the ADC circuit 100 detects a fault when the digital
output signal 108 does not carry a digital value that corresponds to the voltage level of the
diagnostic signal received by the diagnostic channel 114. Generally, the diagnostic channel 114

is useful for detecting malfunctions in the ADC core circuit 130 and inadvertent coupling
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between an unselected reception channel (e.g., one of the reception channels 112) and the ADC
core circuit 130.

[0019] Assuming the voltage levels of an unselected reception channel and the diagnostic
channel 114 are different, the resulting voltage level of the analog input signal 107 will deviate
from the voltage level of the diagnostic channel when both unselected reception channel and the
diagnostic channel 114 are coupled to the ADC core circuit 130. As a result, the digital value
carried by the digital output signal 108 is skewed by the unselected reception channel, such that
the digital value does not correspond to the voltage level of the diagnostic channel 114.

[0020] A copy of the digital output signal 108 is feedback to the control circuitry 120 as the
sampling monitor signal 106. When the diagnostic channel 114 is selected for coupling with the
ADC core circuit 130, the control circuitry 120 is configured to compare the digital value carried
by the sampling monitor signal 106 and a reference digital value corresponding to the voltage
level of the diagnostic channel 114. If the sampled digital value does not match with the
reference digital value, the control circuitry 120 detects a fault in the ADC core circuit 130
and/or the channel selector circuit 110.

[0021] To perform its channel selection function, the channel selector circuit 110 includes a
switch circuit 111. The switch circuit 111 has a set of input ports that are coupled with the
reception channels 112 and the diagnostic channel 114. The switch circuit 111 also has an output
port that is coupled with the ADC core circuit 130. The switch circuit 111 is controlled by the
control circuitry 120 via one or more channel selection signal 102. Accordingly, the switch
circuit 111 is configured to select either the reception channel (e.g., one of the reception channels
112) or the diagnostic channel 114 for providing the analog input signal 107 to the sampling
circuit of the ADC core circuit 130.

[0022] The switch circuit 111 includes a group of reception switches 113, each of which is
connected between a particular reception channel 112 and the ADC core circuit 130. When one
of the reception channels 112 is selected, the control circuitry 120 is configured to generate the
channel selection signal 102 for directing the corresponding reception switch 113 to close.
Accordingly, the selected reception channel 112 is coupled with the ADC core circuit 130, and
thus, the selected reception channel 112 is configured to deliver the analog input signal 107 to
the sampling circuit of the ADC core circuit 130. When the selected reception channel 112

becomes unselected, the control circuitry 120 is configured to generate the channel selection
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signal 102 for directing the corresponding reception switch 113 to open. As a result, the
unselected reception channel 112 is decoupled from the ADC core circuit 130 so that it may no
longer provide the analog input signal 107 to the sampling circuit of the ADC core circuit 130.
[0023] The switch circuit 111 also includes a diagnostic switch 115 that is connected between
the diagnostic channel 114 and the ADC core circuit 130. When the diagnostic channel 114 is
selected, the control circuitry 120 is configured to generate the channel selection signal 102 for
directing the diagnostic switch 115 to close. Accordingly, the selected diagnostic channel 114 is
coupled with the ADC core circuit 130, and thus, the selected diagnostic channel 114 is
configured to deliver the analog input signal 107 to the sampling circuit of the ADC core circuit
130. When the selected diagnostic channel 114 becomes unselected, the control circuitry 120 is
configured to generate the channel selection signal 102 for directing the corresponding
diagnostic switch 115 to open. As a result, the unselected diagnostic channel 114 is decoupled
from the ADC core circuit 130 so that it may no longer provide the analog input signal 107 to the
sampling circuit of the ADC core circuit 130.

[0024] As described above, some reception channels 112 may incur a certain amount of
channel impedance because of parasitic effects. When a reception channel 112 is not selected,
the control circuitry 120 directs the corresponding reception switch 113 to resume an open
position, such that the unselected reception channel 112 is not coupled with the ADC core 130.
However, if the corresponding reception switch 113 is faulty, it may not be able to resume the
open position. Accordingly, the reception switch 113 suffers from a stuck-closed defect.

[0025] By selectively coupling the diagnostic channel 114 to the ADC core circuit 130, the
control circuitry 120 is configured to detect the stuck-closed defect associated with the group of
reception switches 113. However, in circuit environments where the reception channels 112
incur a large amount of channel impedance, the control circuitry 120 may have a difficult time in
detecting this type of stuck-closed defects. In particular, the high impedance of an unselected
reception channel 112 degrades or retards the impact of the unselected reception channel 112 on
the resulting voltage level in the analog input signal 107.

[0026] As a result, even when the unselected reception channel 112 is coupled with the ADC
core 130, the voltage level of the unselected reception channel may have little to no effect on the
sampling and digital conversion of the diagnostic channel 114. This is because the voltage

variance introduced by the unselected reception channel 112 is within the fault tolerance range of
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the ADC core circuit 130. Accordingly, the ADC core circuit 130 may still generate a digital
value that corresponds to the voltage level of the diagnostic channel 114. Upon receiving the
sampling monitor signal 106 that carry such a digital value, the control circuitry 120 will be
unable to detect the stuck-closed defect associated with the unselected reception channel 112 and
the corresponding reception switch 113.

[0027] To prevent the stuck-closed defects from being undetected, the channel selector circuit
110 includes an impedance compensator 116 that is structured and configured to offset the high
impedance of the reception channels 112. In one circuit configuration, the impedance
compensator 116 is coupled with the diagnostic switch 115. The impedance compensator 116
may be coupled to either side of the diagnostic switch 115. For example, in one implementation,
the impedance compensator 116 is coupled in series between the output port of the diagnostic
switch 115 and the sampling circuit of the ADC core circuit 130. In another implementation, the
impedance compensator is 116 is coupled in series between the diagnostic channel 114 and the
input port of the diagnostic switch 115.

[0028] When the diagnostic channel 114 is selected, the diagnostic switch 115 is closed so that
the diagnostic channel 114 is coupled with the ADC core circuit 130 via the impedance
compensator 116. By being coupled in series between the diagnostic channel 114 and the ADC
core circuit 130, the impedance compensator 116 helps compensate the voltage degradation (or
voltage retardation) of the unselected reception channel 112 that is received in the analog input
signal 107. More specifically, the impedance compensator 116 introduces a certain degree of
voltage degradation (or voltage retardation) to the diagnostic channel 114, such that the impact of
the unselected reception channel 112 may become more significant at the analog input signal
107.  Accordingly, the ADC core circuit 130 will generate a digital value that does not
correspond to the voltage level of the selected diagnostic channel 114. Based on this deviated
digital value, the control circuitry 120 can detect the stuck-closed defect associated with the
unselected reception channel 112.

[0029] To render stuck-closed defects more detectable by the control circuitry 120, the
impedance compensator 116 has a compensatory impedance defined by a function of the fault
tolerance range (FTR) of the digital output signal 108. This function ensures the compensatory
impedance is large enough that the voltage deviation introduced by the unselected reception

channel 112 exceeds the fault tolerance range of the digital output signal 108. More specifically,
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this function prescribes that the compensatory impedance is equal to or greater than a product of
the channel impedance of the unselected reception channel 112 and the fault tolerance range
(FTR) of the digital output signal 108. Thus, assuming the channel impedance of the unselected
reception channel 112 includes a resistance of Rgrcpr, the compensatory impedance of the
diagnostic channel 114 may include a resistance of Rpag that meets the condition as expressed
in Equation (1) below.

Rpiac > Rrepr (FTR) (1)
[0030] In addition to detecting stuck-closed defects, the channel selector circuit 110 includes
configurations for detecting stuck-open defects as well. Generally, a stuck-open defect can be
caused by a switch’s (e.g., the reception switch 113) inability to close when the corresponding
reception channel 112 is being selected. As a result of a stuck-open defect, the selected reception
channel 112 will not be coupled with the ADC core circuit 130 to provide the analog input signal
107. When a stuck-open defect occurs, the analog input signal 107 becomes a floating signal as
the input of the ADC core circuit 130 is not coupled with any channel even when one of the
reception channels 112 is being selected. The sampling circuit of the ADC core circuit 130 may
still sample the floating analog input signal 107 if sufficient charges are retained at the input
node of the sampling circuit.
[0031] To prevent the sampling circuit from mistakenly treating the floating analog input
signal 107 as a signal delivered by the selected reception channel 112, the channel selector
circuit 110 includes a reference channel 117 for periodically resetting the input of the ADC core
circuit 130. The reference channel 117 is coupled with a reference switch 118, which is
controlled by the control circuitry 120 via the channel selection signal 102. After a sampling
cycling of a reception channel 112 or a diagnostic channel 114, the control circuitry 120 directs
the reference switch 118 to close for coupling the reference channel 117 with the ADC core
circuit 130.
[0032] During this time, the ADC core circuit 130 stops the sampling activity and begins the
conversion activity. Thus, the reference voltage (REF) carried by the reference channel 117 is
not sampled by the ADC core circuit 130. Instead, the reference voltage (REF) is used for
resetting the analog input signal 107. Depending on the particular implementation, the reference
voltage (REF) may vary. For example, in one implementation, the reference voltage (REF) is

supplied by a ground source, such that the reference channel 117 is configured to discharge the
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analog input signal 107 in between successive sampling cycles. In another implementation, the
reference voltage (REF) is at the mid-rail of an internal supply (e.g., VDD), such that the
reference channel 117 is configured to pre-charge the analog input signal 107 in between
successive sampling cycles. In yet another implementation, the reference voltage (REF) is
selected outside of a voltage range of the reception channels 112. By using any one of these
reference voltages, the control circuitry 120 is able to detect stuck-open defects associated with a
particular reception channel 112 as the sampling monitor signal 106 (which are duplicates of the
digital output signals 108) carries a digital output pattern that is keyed to the reference voltage
(REF).

[0033] FIG. 2 shows a schematic view of an example ADC circuit 200 according to another
aspect of this disclosure. The ADC circuit 200 is formed within an integrated circuit either by
itself or along with other systems interacting with the ADC circuit 200. The ADC circuit 200 is
a specific implementation of the ADC circuit 100 in that the channel selector circuit 210 is an
expanded version of the channel selector 110. The ADC circuit 200 incorporates similar
structural and functional features from the ADC circuit 100. For example, the ADC circuit 200
includes the ADC core circuit 130, which is configured to sample and convert the analog input
signal 107 to the digital output signal 108. For better clarity and simplicity, the control circuitry
120 is not shown in FIG. 2, though it is a part of the ADC circuit 200. Like in the ADC circuit
100, the ADC core circuit 130 in the ADC circuit 200 is controlled by the control circuitry 120 in
a manner consistent with the description of FIG. 1.

[0034] Also like in the ADC circuit 100, the digital output signal 108 in the ADC circuit 200
has a fault tolerance range that represents the precision of the ADC core circuit 130. As
described above, the term fault tolerance range can be understood as a range of deviation in the
analog input 107 that the ADC core circuit 130 can withstand for generating a consistent digital
output signal 108. For example, when the digital output signal 108 has a 4% fault tolerance
range, the analog input 107 may deviate 2% above and/or 2% below the nominal voltage level
from which the ADC core circuit 130 can generate a consistent digital output signal 108. More
specifically, assuming that the ADC core circuit 130 is configured to convert an analog input
signal 107 having a voltage level of 5V, a 4% fault tolerance range allows the digital output
signal 108 to deliver a consistent 8-bit digital value of 0000 0101 even when the analog input
signal 107 deviates between 4.9V (i.e., 2% below 5V) and 5.1V (i.e., 2% above 5V).
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[0035] The ADC circuit 200 is configured to receive analog inputs from multiple input
channels. The channel selector circuit 210 serves as a means for selecting a single channel from
these multiple input channels to provide the analog input signal 107 for the ADC core circuit
130. To that end, the channel selector circuit 110 is coupled with the ADC core circuit 130.
Though not explicitly shown in FIG 2, the channel selector circuit 210 is controlled by the
control circuitry 120 in a manner consistent with the description of FIG 1.

[0036] The channel selector circuit 210 expands the channel reception capabilities of the
channel selector circuit 110. In particular, the channel selector circuit 210 includes two arrays of
reception channels. The first array of reception channels (hereinafter “first reception channels”)
222 are characterized with high channel impedances whereas the second array of reception
channels (hereinafter “second reception channels”) 246 are characterized with low channel
impedances. Despite their differences in channel impedances, each reception channel (e.g., 222
or 246) is configured to receive an analog signal. At any given of point of time, the channel
selector circuit 210 selects one reception channel (e.g., 222 or 246) to be coupled with ADC core
circuit 130. The selected reception channel (e.g., 222 or 246) provides the analog input signal
107 to the sampling circuit of the ADC core circuit 130.

[0037] The channel selector circuit 210 includes a high impedance multiplexer (i.e., a HZ
Mux) 220 and a low impedance multiplexer (i.e., a LZ Mux) 240. The high impedance
multiplexer 220 is configured to receive and select a first analog signal among the first reception
channels 222. The low impedance multiplexer 240 is configured to receive and select a second
analog signal among the second reception channels 246. Generally, the high channel impedance
of the first reception channels 222 can be contributed by the parasitic effects of bonding pads
and/or bonding wires. The second reception channels 246 are coupled with circuitries internal to
the integrated circuit in which the ADC circuit 200 is formed. Thus, the second reception
channels 256 have a smaller amount of channel impedance than the first reception channels 222.
[0038] The channel selector circuit 210 also expands the switching capabilities of the channel
selector circuit 110. In particular, the channel selector circuit 210 expands the switch circuit 111
to four groups of switches for selecting among the first reception channels 222, the second
reception channels 246, and the diagnostic channels 224. These four groups of switches are
controlled by the control circuitry 120 (as shown in FIG. 1) via the channel selection signal 102

(as shown in FIG. 1). In one circuit configuration, the first group of switches 223 and the second
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group of switches 225 are a part of the high impedance multiplexer 220, whereas the third group
of switches 247 and the fourth group of switches 241 are a part of the low impedance multiplexer
240.

[0039] Generally, the first group of switches (i.e., first switches or first reception switches) 223
and the second group of switches (i.e., second switches or first diagnostic switches) 225 are in
complementary states. Accordingly, if any one of the switches in either group is closed, all
switches in the other group are opened. For example, if one of the first reception channels 222 is
selected, a corresponding first switch 223 is configured to close. And as the complement of the
first switches 223, the second switches 225 are configured to open.

[0040] Similarly, the third group of switches (i.e., third switches or second reception switches)
247 and the fourth group of switches (i.e., fourth switches or bypass switches) 241 are in
complementary states. Closing one of the fourth group of switches 241 indicates that either the
first reception channels 222 or the diagnostic channels 224 are being selected. In that case, the
second reception channels 246 are bypassed, and the third switches 247 are configured to open.
Meanwhile, closing one of the third group of switches 247 indicates that one of the second
reception channels 246 is being selected, in which case the fourth switches 241 are configured to
open.

[0041] The high impedance multiplexer 220 includes a group of first switches 223, each of
which is coupled with a particular first reception channel 222. The first switches 223 are
configured to selectively couple the first reception channels 222 with the sampling circuit of the
ADC core circuit 130. For example, in one implementation, the first switches 223 are configured
to link the first reception channels 222 to the sampling circuity through a buffered channel 234.
[0042] The low impedance multiplexer 240 includes a group of third switches 247, each of
which is coupled with a particular second reception channel 246. The third switches 247 are
configured to selectively link the second reception channels 246 to the sampling circuit of the
ADC core circuit 130. For example, in one implementation, the third switches 247 are
configured to selectively couple the second reception channels 246 with the sampling circuit
when neither the first reception channels 222 nor the diagnostic channels 224 are selected.

[0043] The channel selector circuit 210 also includes a buffer 230 coupled between the high
impedance multiplexer 220 and the low impedance multiplexer 240. The buffer 230 includes a

positive input port being coupled with the first group of switches 223 and the second group of
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switches 225. The buffer 230 also includes an output port that is coupled with the fourth group
of switches 241 via the buffered channel 234. The fourth group of switches 241 is configured to
selectively link the buffered channel 234 to the sampling circuit of the ADC core circuit 130
when none of the second reception channels 264 is selected. The fourth group of switches 241
may further includes a fifth switch (i.e., the second diagnostic switch or the DGN switch) 242
and a sixth switch (i.e., the non-diagnostic switch or the NG switch) 244. Generally, the fifth
switch 242 is closed during a diagnostic sampling cycle, whereas the sixth switch 244 is closed
during a regular sampling cycle. Depending on the particular amplifier used for implementing
the buffer 230, the buffer 230 may include a buffer feedback signal 236 connecting the buffered
channel 234 to a negative input port of the buffer 230.

[0044] When one of the first reception channels 222 is selected, the control circuitry 120 (as
shown in FIG 1) is configured to generate the channel selection signal 102 (as shown in FIG 1)
for directing the corresponding first switch 223 to close.  Accordingly, the selected first
reception channel 222 is coupled with the high impedance output 232. The high impedance
output 232 provides an input to the buffer 230, which is a part of the channel selector circuit 210.
When enabled or activated, the buffer 230 is configured to amplify the signal delivered by the
high impedance output 232. Then, the buffer 230 delivers the amplified signal to the buffered
channel 234. The buffered channel 234 is received by the low impedance multiplexer 240.
[0045] The low impedance multiplexer 240 includes a non-diagnostic (ND) switch (i.e., the
sixth switch) 244 for coupling the buffered channel 234 with the sampling circuit of the ADC
core circuit 130. As any one of the first reception channels 222 is selected, the control circuitry
120 (as shown in FIG 1) is configured to generate the channel selection signal 102 (as shown in
FIG 1) for directing the ND switch 244 to close. Working in conjunction with the first switch
223, the ND switch 244 facilitates the coupling between the selected first reception channel 222
and the sampling circuit of the ADC core circuit 130. Accordingly, the selected first reception
channel 222 is configured to deliver the analog input signal 107 to the sampling circuit of the
ADC core circuit 130.

[0046] When the selected first reception channel 222 becomes unselected, the control circuitry
120 (as shown in FIG 1) is configured to generate the channel selection signal 102 (as shown in
FIG 1) for directing the corresponding first switch 223 to open. As a result, the unselected first
reception channel 222 is decoupled from high impedance output 232, the buffer 230, and the
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buffered channel 234. As the first reception channel 222 becomes unselected, the control
circuitry 120 also direct the ND switch 244 to open, such that the buffered channel 234 is no
longer coupled with the ADC core circuit 130 via the ND switch 244.

[0047] The high impedance multiplexer 220 also includes a group of diagnostic channels 224,
each of which is configured to receive a diagnostic signal for verifying the digital output signal
108 of the ADC core circuit 130. The structural and functional features of the diagnostic
channels 224 are substantially similar to those of the diagnostic channel 114 as shown and
described in FIG 1. For example, the diagnostic channels 224 are useful for detecting
inadvertent coupling between an unselected first reception channel (e.g., one of the reception
channels 222) and the ADC core circuit 130. The operation of such a detecting technique is also
substantially similar to the one as described in FIG 1.

[0048] The high impedance multiplexer 220 includes a group of second switches 225, each of
which is coupled with a particular diagnostic channel 224 and an impedance compensator 227.
The second switches 225 are configured to selectively couple the diagnostic channels 224 with
the sampling circuit of the ADC core circuit 130. For example, in one implementation, the
second switches 225 are configured to link the diagnostic channels 224 to the sampling circuity
through the buffered channel 234.

[0049] When one of the diagnostic channels 224 is selected, the control circuitry 120 (as
shown in FIG 1) is configured to generate the channel selection signal 102 (as shown in FIG 1)
for directing the corresponding second switch 225 to close. Accordingly, the selected diagnostic
channel 224 is coupled with the high impedance output 232. The high impedance output 232
provides an input to the buffer 230, which is configured to amplify the signal delivered by the
high impedance output 232. Then, the buffer 230 delivers the amplified signal to the buffered
channel 234. The buffered channel 234 is received by the low impedance multiplexer 240.
[0050] The low impedance multiplexer 240 includes a second diagnostic (DGN) switch (i.e.,
the fifth switch) 242 for coupling the buffered channel 234 with the sampling circuit of the ADC
core circuit 130. [LSH] As any one of the diagnostic channels 224 is selected, the control
circuitry 120 (as shown in FIG 1) is configured to generate the channel selection signal 102 (as
shown in FIG 1) for directing the DGN switch 242 to close. Working in conjunction with the
second switch (i.e., the first diagnostic switch) 225, the DGN switch (i.e., the second diagnostic
switch) 242 facilitates the coupling between the selected diagnostic channel 224 and the
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sampling circuit of the ADC core circuit 130. Accordingly, the selected diagnostic channel 224
is configured to deliver the analog input signal 107 to the sampling circuit of the ADC core
circuit 130.

[0051] When the selected diagnostic channel 224 becomes unselected, the control circuitry 120
(as shown in FIG 1) is configured to generate the channel selection signal 102 (as shown in FIG
1) for directing the corresponding second switch 225 to open. As a result, the unselected
diagnostic channel 224 is decoupled from high impedance output 232, the buffer 230, and the
buffered channel 234. As the diagnostic channel 224 becomes unselected, the control circuitry
120 also direct the DGN switch 242 to open, such that the buffered channel 234 is no longer
coupled with the ADC core circuit 130 via the DGN switch 242.

[0052] Like the channel selector circuit 110, the channel selector circuit 210 includes circuit
configurations for detecting stuck-closed defects. For example, in one implementation, the
impedance compensator 227 is structured and configured to detect stuck-closed defects of the
first group of switches 223 by offsetting the high impedance of the first reception channels 222.
To that end, the impedance compensator 227 is coupled with one of the second group of switches
225 (e.g., the diagnostic switch 115). The impedance compensator 227 may be coupled to either
side of the corresponding second switch 225. For example, in one implementation, the
impedance compensator 227 is coupled in series between the output port of the second switch
225 and the high impedance output 232. In another implementation, the impedance compensator
is 227 is coupled in series between the diagnostic channel 224 and the input port of the second
switch 225.

[0053] When one of the diagnostic channels 224 is selected, the corresponding second switch
225 is closed so that the diagnostic channel 224 is coupled with the ADC core circuit 130 via the
impedance compensator 227. By being coupled in series between the diagnostic channel 224
and the ADC core circuit 130, the impedance compensator 227 helps compensate the voltage
degradation (or voltage retardation) of the unselected first reception channel 222 at the high
impedance output 232. More specifically, the impedance compensator 227 introduces a certain
degree of voltage degradation (or voltage retardation) to the diagnostic channel 224, such that the
impact of the unselected reception channel 222 may become more significant at the high
impedance output 232. Accordingly, the buffer 230 will generate an amplified signal at the
buffered channel 234 that deviates from the voltage level of the selected diagnostic channel 224,
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[0054] In conjunction with the second switches 224, the DGN switch 242 of the fourth group
of switches 241 is also configured to close when one of the diagnostic channels 224 is selected.
As a result, the distorted version of the selected diagnostic channel 224 is delivered as the analog
input signal 107 of the ADC core circuit 130. Based on this distorted input, the ADC core circuit
130 will generate a digital value that does not correspond to the voltage level of the selected
diagnostic channel 224. Based on this deviated digital value, the control circuitry 120 can detect
the stuck-closed defect associated with the unselected first reception channel 222 and the
corresponding first switch 223.
[0055] To render stuck-closed defects of the first switches 223 more detectable by the control
circuitry 120, the impedance compensator 227 has a compensatory impedance defined by a
function of the fault tolerance range (FTR) of the digital output signal 108. This function ensures
the compensatory impedance is large enough that the voltage deviation introduced by the
unselected first reception channel 222 exceeds the fault tolerance range of the digital output
signal 108. More specifically, this function prescribes that the compensatory impedance is equal
to or greater than a product of the channel impedance of the unselected first reception channel
222 and the fault tolerance range (FTR) of the digital output signal 108. Thus, assuming the
channel impedance of the unselected first reception channel 222 includes a resistance of Rrcpri,
the impedance compensator 227 may include a resistance of Rpjag) that meets the condition as
expressed in Equation (2) below.

Rpiact > Rrepr1 (FTR) (2)
[0056] In addition to detecting stuck-closed defects of the first group of switches 223, the
channel selector circuit 210 also includes circuit configurations for detecting stuck-closed defects
of the third group of switches 247. For example, in one implementation, the low impedance
multiplexer 240 includes a supplemental impedance compensator 243 that is structured and
configured to detect stuck-closed defects of the third group of switches 247. The supplemental
impedance compensator 243 is coupled with the buffered channel 234 and the DGN switch 242.
Through the DGN switch 242, the supplemental impedance compensator 243 establishes a signal
path between one of the diagnostic channels 224 and the analog input signal 107 of the ADC
core circuit 130.
[0057] The supplemental impedance compensator 243 is configured to detect stuck-closed

defects of the third group of switches 247 by offsetting the impedance of the second reception
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channels 246. The supplemental impedance compensator 243 may be coupled to either side of
the DGN switch 242. For example, in one implementation, the supplemental impedance
compensator 243 is coupled in series between the output port of the DGN switch 242 and the
analog input signal 107. In another implementation, the supplemental impedance compensator
243is coupled in series between buffered channel 234 and the input port of the DGN switch 242.
When one of the diagnostic channels 224 is selected, the DGN switch 242 is closed so that the
diagnostic channel 224 is coupled with the ADC core circuit 130 via the buffer 230 and the
supplemental impedance compensator 243.

[0058] If one of the third group of switches 247 malfunctions to remain at a stuck-closed
position, one of the second reception channels 246 can be coupled with the analog input signal
107 of the ADC core 130 while being unselected. Like the unselected first reception channels
224, the unselected second reception channels 246 can distort the voltage level of the diagnostic
channel 224 as amplified and delivered in the buffered channel 234. To ensure the ADC core
circuit 130 can properly sample and convert such a distortion, the supplemental impedance
compensator 243 serves as a means for promoting the impact of the unselected second reception
channels 246.

[0059] By being coupled in series between the buffered channel 234 and the ADC core circuit
130, the supplemental impedance compensator 243 helps compensate the voltage degradation (or
voltage retardation) of the unselected second reception channel 246 in the analog input signal
107. More specifically, the supplemental impedance compensator 243 introduces a certain
degree of voltage degradation (or voltage retardation) to the buffered channel 234, such that the
impact of the unselected second reception channel 246 may become more significant in the
analog input signal 107. Accordingly, the ADC core circuit 130 will generate a digital value that
does not correspond to the voltage level of the selected diagnostic channel 224. This deviated
digital value is feedback to the control circuitry 120 via the sampling monitor signal 106 (as
shown in FIG 1). Based on this deviated digital value, the control circuitry 120 can detect the
stuck-closed defect associated with the unselected second reception channel 246.

[0060] To render stuck-closed defects of the third switches 246 more detectable by the control
circuitry 120, the supplemental impedance compensator 243 has a supplemental impedance
defined by a function of the fault tolerance range (FTR) of the digital output signal 108. This

function ensures the supplemental impedance is large enough that the voltage deviation
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introduced by the unselected second reception channel 246 exceeds the fault tolerance range of
the digital output signal 108. More specifically, this function prescribes that the supplemental
impedance is equal to or greater than a product of the channel impedance of the unselected
second reception channel 246 and the fault tolerance range (FTR) of the digital output signal
108. Thus, assuming the channel impedance of the unselected second reception channel 246
includes a resistance of Rgcprs, the supplemental impedance compensator 243 may include a
resistance of Rpiagy that meets the condition as expressed in Equation (3) below.

Rpiac2 > Rrepra (FTR) (3)
[0061] The impedance compensator 227 is structured and routed to offset only the high
channel impedance (e.g., Rrcpr1) of the first reception channels 222, whereas the supplementary
impedance compensator 243 is structured and routed to offset only the low channel impedance
(e.g., Rrepm) of the second reception channels 246. Because the channel impedance of the first
reception channel 224 is usually greater than the channel impedance of the second reception
channel 246 (i.e., R repri > Rgrepmm), the impedance compensator 227 generally has a higher
impedance than the supplementary impedance compensator 243 (i.e., Rpiagi > Rpiacs).
[0062] By introducing a distortion factor (DF) to either Equation (2) or Equation (3), the
distortion caused by the stuck-closed first switch 223 can be readily distinguished from the
distortion caused by the stuck-closed third switch 247. For example, in one implementation, the
distortion factor (DF) is useful for deriving the impedance (Rpiagi) of the impedance
compensator 227. By adding the distortion factor (DF), the unselected first reception channels
222 may cause a bigger distortion to the voltage level of the diagnostic channel 224 than the
unselected second reception channels 246. More specifically, the impedance (Rpag1) of the
impedance compensator 227 can be rewritten according to Equation (4):

Rpiaci > Rrepri (FTR*DF) “)
[0063] Alternatively, the distortion factor (DF) is useful for deriving the impedance (Rpiagz) of
the supplementary impedance compensator 243. By adding the distortion factor (DF), the
unselected second reception channels 246 may cause a bigger distortion to the voltage level of
the diagnostic channel 224 than the unselected first reception channels 222. More specifically,
the impedance (Rpragz) of the compensatory impedance compensator 243 can be rewritten
according to Equation (5):

Rpragz > Rrep2 (FTR*DF) )
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[0064] Like the channel selector 110, the channel selector circuit 210 includes circuit
configurations for detecting stuck-open defects of the first group of switches 223 and the third
group of switches 247. When a particular one of the first group of switches 223 is stuck open,
the corresponding first reception channel 222 will not be coupled with the buffer 230 (and the
ADC core circuit 130) even when that channel is selected. Similarly, when a particular one of
the third group of switches 247 is stuck open, the corresponding second reception channel 246
will not be coupled with the ADC core circuit 130 even when that channel selected. In either
case, the analog input signal 107 becomes a floating signal as the input of the ADC core circuit
130 is not coupled with any channel even when one of the reception channels (e.g., 222 or 246)
is being selected. The sampling circuit of the ADC core circuit 130 may still sample the floating
analog input signal 107 if sufficient charges are retained at the input node of the sampling circuit.
[0065] To prevent the sampling circuit from mistakenly treating the floating analog input
signal 107 as a signal delivered by the selected reception channel (e.g., 222 or 246), the channel
selector circuit 210 includes reference channels for periodically resetting the internal input nodes
of the ADC circuit 200. For example, the high impedance multiplexer 220 includes a first
reference channel 228 for periodically resetting the input of the buffer 230. The first reference
channel 228 is coupled with a first reference switch 229, which is controlled by the control
circuitry 120 (as shown in FIG 1) via the channel selection signal 102 (as shown in FIG 1).
After a sampling cycle of the first reception channel 222 or the diagnostic channel 224, the
control circuitry 120 directs the first reference switch 229 to close for coupling the first reference
channel 228 with the buffer 230.

[0066] During this time, the ADC core circuit 130 stops the sampling activity and begins the
conversion activity. Thus, the first reference voltage (REF,) carried by the first reference
channel 228 is not sampled by the ADC core circuit 130. Instead, the first reference voltage
(REF,) is used for resetting the high impedance output 232 and the input of the buffer 230. Via
the buffer feedback signal 236, the bufter 230 can be reset and calibrated according to the first
reference voltage (REF1). Depending on the particular implementation, the first reference
voltage (REF;) may vary.

[0067] For example, in one implementation, the first reference voltage (REF)) is supplied by a
ground source, such that the first reference channel 228 is configured to discharge the input of

the buffer 230 (e.g., the high impedance output 232) in between successive sampling cycles. In
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another implementation, the first reference voltage (REF)) is at the mid-rail of an internal supply
(e.g., VDD), such that the first reference channel 228 is configured to pre-charge the input of the
buffer 230 in between successive sampling cycles. In yet another implementation, the first
reference voltage (REF)) is selected outside of a voltage range of the first reception channels
222. By using any one of these first reference voltages, the control circuitry 120 is able to detect
stuck-open defects associated with a particular first reception channel 222 as the sampling
monitor signal 106 carries a digital output pattern that is keyed to the first reference voltage
(REF)).

[0068] In addition to the first reference channel 228, the channel selector circuit 210 also
includes a second reference channel 248 for periodically resetting the ADC core circuit 130.
More particularly, the second reference channel 248 can be incorporated to the low impedance
multiplexer 240.

[0069] The second reference channel 248 is coupled with a second reference switch 249,
which is controlled by the control circuitry 120 (as shown in FIG 1) via the channel selection
signal 102 (as shown in FIG 1). After a sampling cycling of the first reception channel 222, the
second reception channel 246, or the diagnostic channel 224, the control circuitry 120 directs the
second reference switch 249 to close for coupling the second reference channel 248 with the
ADC core circuit 130.

[0070] During this time, the ADC core circuit 130 stops the sampling activity and begins the
conversion activity. Thus, the second reference voltage (REF,) carried by the second reference
channel 248 is not sampled by the ADC core circuit 130. Instead, the second reference voltage
(REF,) is used for resetting the analog input signal 107 and the ADC core circuit 130.
Depending on the particular implementation, the second reference voltage (REF,) may vary. For
example, in one implementation, the second reference voltage (REF,) is supplied by a ground
source, such that the second reference channel 248 is configured to discharge the analog input
signal 107 in between successive sampling cycles. In another implementation, the second
reference voltage (REF,) is at the mid-rail of an internal supply (e.g., VDD), such that the second
reference channel 248 is configured to pre-charge the analog input signal 107 in between
successive sampling cycles. In yet another implementation, the second reference voltage (REF,)
is selected outside of a voltage range of the second reception channels 246. By using any one of

these reference voltages, the control circuitry 120 is able to detect stuck-open defects associated



WO 2016/179595 PCT/US2016/031505
19

with a particular first reception channel 222, the second reception channel 246, and even the
diagnostic channel 224 as the sampling monitor signal 106 (which are duplicates of the digital
output signals 108) carries a digital output pattern that is keyed to the second reference voltage
(REF),).

[0071] FIG. 3 shows a schematic view of an example sampling circuit 300 according to an
aspect of this disclosure. The sampling circuit 300 provides a particular implementation of the
sampling circuit as described in association with the ADC core circuit 130 of FIGS. 1 and 2. The
sampling circuit 300 includes an analog input port (AIN) 301, a reference port (REF) 302, and a
ground port (GND) 303. The analog input port 301 receives the analog input signal 107 as
described in FIGS. 1 and 2. The reference port 302 receives the reference signal 117 as
described in FIG. 1 or the second reference signal 248 as described in FIG. 2. The ground port
303 receives a ground source provided to the ADC circuit (e.g., the ADC circuit 100 or the ADC
circuit 200).

[0072] The sampling circuit 300 includes a circuit configuration for sampling an analog signal
to a sampled output 346 having multiple digits (e.g., N+1 digits). In one implementation, the
sampling circuit 300 includes N+1 data paths 310. Each data path 310 represents a single bit
(e.g., bits by, by, by . . . by) of the sampled output 346. Each data path includes a sampling
capacitor 320 and a sampling switch 330. The sampling capacitor 320 has a capacitance defined
by its relative bit position. For example, the sampling capacitor 320 of bit by includes a
capacitance of 2°C, whereas the sampling capacitor 320 of bit by includes a capacitance of 2NC
where C is a nominal capacitance for the sampling circuit 300.

[0073] At any point of time, the sampling switch 330 of each sampling path 310 is configured
to select one of the three ports (i.e., AIN 301, REF 302, or GND 303) for coupling with the
corresponding sampling capacitor 320. During a sampling period, the control circuitry 120 (as
shown in FIG. 1) directs the sampling switch 330 to select the AIN port 301 via the sampling
control signal 104 (as shown in FIG. 1). When the sampling switch 330 is closed with the AIN
port 301, the sampling circuit 300 is coupled with the analog input signal 107 as described in
FIGS. 1 and 2. To that effect, the analog input signal 107 is used for charging the sampling
capacitors 320.

[0074] During a reset period, which is usually scheduled before the sampling period, the
control circuitry 120 (as shown in FIG. 1) directs the sampling switch 330 to select either the
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REF port 302 or the GND port 303 via the sampling control signal 104 (as shown in FIG. 1).
When the sampling switch is closed with the REF port 302, the sampling circuit 300 is coupled
with the reference channel 117 (as shown in FIG. 1) or the second reference channel 248 (as
shown in FIG. 2). To that effect, the reference channel is used for pre-charging the sampling
capacitors 320 to a predetermined reference voltage (e.g., REF or REF;) during the reset period.
Alternatively, when the sampling switch is closed with the GND port 303, the sampling circuit
300 is coupled with a ground source, such that the sampling capacitors 320 are discharged to
ground during the reset period.

[0075] The sampling circuit 300 also includes a sampling amplifier 340, which includes a
positive input port 342 and a negative input port 344. The positive input port 342 is connected to
a reference input. The negative input port 344 is connected to the sampling paths 310. Based on
the inputs received at the positive and negative input ports 342 and 344, the sampling amplifier
340 generates the sampled output 346. According to an aspect of this disclosure, the sampled
output 346 is forwarded to a successive approximation register (SAR) logic.

[0076] FIG. 4 is a flow chart of an example method 400 for verifying digital outputs of an
ADC according to an aspect of this disclosure. The method 400 can be performed by the ADC
circuit 100, the ADC circuit 200, and/or the sampling circuit 300 as shown and described in
FIGS. 1-3. The method 400 can also be performed by circuits that incorporate the structural
features of the ADC circuit 100, the ADC circuit 200, and/or the sampling circuit 300. Steps
412-428 of the method 400 can be performed sequentially or in other alternative orders that are
consistent with this disclosure.

[0077] For example, in one implementation, the control circuitry 120 (as shown in FIG. 1) is
configured to effectuate the performance of steps 412-428. More specifically, the control
circuitry 120 includes a processing circuitry and a non-transitory memory storage device coupled
to the processing circuitry. The non-transitory memory storage device stores a set of
instructions, which upon implemented by the processing circuitry, cause the processing circuitry
to generate a set of channel selection signal 102 and sampling control signal 104 (as shown and
described in FIGS. 1-2). In turn, the channel selection signal 102 and the sampling control signal
104 direct various circuits of the ADC circuits 100 and/or 200 to perform steps 412-428 of the
method 400.

[0078] Step 412 involves receiving an analog signal to a reception channel. Referring to FIG.
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1, the reception channels 112 are adapted to performed step 412. And referring to FIG. 2, the
first reception channels 222 and the second reception channels 246 are adapted to perform step
412 as well.

[0079] Step 414 involves receiving a diagnostic signal to a diagnostic channel. Referring to
FIG. 1, the diagnostic channel 114 is adapted to performed step 414. And referring to FIG. 2, the
diagnostic channels 224 are adapted to perform step 414 as well.

[0080] Step 416 involves selecting an input channel from either the reception channel or the
diagnostic channel. Referring to FIG. 1, the switch circuit 111 is adapted to performed step 416.
In particular, either the reception switches 113 or the diagnostic switch 115 is configured to close
during step 416. As a result, the analog input channel 107 is selectively coupled with either the
reception channels 112 or the diagnostic channel 114.

[0081] Referring to FIG. 2, the first, second, third, and fourth switch groups (i.e., 223, 225,
241, and 247) are collectively adapted to perform step 416. When the first reception channels
222 are selected, the first switches 223 and the fourth switches 241 are configured to close
whereas the second switches 225 and the third switches 247 are configured to open. When the
second reception channels 246 are selected, the first switches 223, second switches 225, and the
fourth switches 241 are configured to open whereas the third switches 247 are configured to
close. When the diagnostic channels 224 are selected, the second switches 225 and the fourth
switches 241 are configured to close whereas the first switches 223 and the third switches 247
are configured to open. Accordingly, the analog input channel 107 is selectively coupled with
one of the first reception channels 222, the second reception channels 246, or the diagnostic
channels 224.

[0082] Step 420 involves isolating the sampling circuit from the selected channel during a first
time period. Referring to FIG. 3, the sampling switches 330 are adapted to perform step 420. In
particular, the sampling switches 330 are configured to decouple the sampling capacitors 320
from the AIN port 301. As a result, the sampling circuit 300 is isolated from the selected
channel even when the selected channel is coupled to the analog input signal 107.

[0083] Step 422 involves converting the sampled analog input to the digital output using an
ADC core circuit within the first time period. Generally, the analog input is sampled in step 426
(see infra). For example, if no previously sampled analog input exists, the method 400 will skip

step 422 to proceed to step 424. By comparison, if step 426 has been performed at least once
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before step 422, the method 400 will include step 422. In the event that step 422 is performed,
the sampling circuit 300 and the control circuitry 120 are adapted to perform this step. More
specifically, referring to FIG. 3, the sampling switches 330 are configured to couple the sampling
capacitors 320 to either one of the REF port 302 or the GND port 303 within the first time
period. Such couplings allow the sampling amplifier 340 to isolate and detect charges previously
stored in the sampling capacitor 320 of each sampling path 310. As a result, the sampling
amplifier 340 can determine a discrete digital value associated with each sampling path 310, and
from there, the sampling amplifier 340 generates a digit worth of sampled output 346.
Collectively, a series of sampled outputs 346 are sent to the SAR logic, which is configured to
concatenate the series of sampled outputs 346 to form the digital output (e.g., the digital output
108)

[0084] Upon converting the sampled analog input to the digital output, step 422 may further
involving detecting whether the sampled channel has a switch defect, which includes the
stuck-open and stuck-closed defects as described in association with FIGS. 1-3. The control
circuitry 120 is adapted to perform this step by receiving the sampling monitor signal 106. More
specifically, the control circuitry 120 examines the digital output carried by the sampling monitor
signal 106 to determine whether the digital output constitutes a valid conversion. In the event
that the control circuitry 120 detects a stuck-open defect or a stuck-closed defect in association
with the digital output, the control circuitry 120 may declare the conversion invalid, discard the
digital output, and generate a warning signal to a higher level system (e.g., a system that
incorporated the ADC circuit 100 or 200).

[0085] To detect a stuck-open defect, the control circuitry 120 determines whether the digital
output of a sampled channel (e.g., 222, 224, or 246) matches with the expected digital value of a
reference voltage (e.g., REF,; or REF;) provided by a reference channel (e.g., 228 or 248). In one
implementation, the reference voltage is within the input range of the sampled channel. The
control circuitry 120 determines the presence of a stuck-open defect by detecting a data pattern
of the sampled channel over two or more successive sampling cycles. For example, if the input
range of a sampled channel is 1V to 5V, the digital outputs of that sampled channel can be 2.5V
at a first sampling cycle, 1V at a second sampling cycle, and 2.5V at a third sampling cycle. And
if the reference voltage for resetting the sampling circuit (e.g., at analog input signal 107) or for

resetting the high impedance output (e.g., 232) has an alternating pattern switching between 2.5V
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and 1V, the control circuitry 120 will detect a stuck-open defect of the sampled channel after the
third sampling cycle.

[0086] In another implementation, the reference voltage is outside the input range of the
sampled channel. The control circuitry 120 determines the presence of a stuck-open defect by
matching the digital output of the sampled channel to the expected digital value of the reference
voltage. For example, if the input range of a sampled channel is 1V to 5V, the reference voltage
can be set at 6V. In that case, the control circuitry 120 is able to detect a stuck-open defect
whenever the digital output of the sampled channel corresponds to a 6V value, which may only
take one sampling cycle.

[0087] To detect a stuck-closed defect, the control circuitry 120 searches for a faulty
conversion of a diagnostic channel (e.g., 224). During a diagnostic sampling cycle, a diagnostic
channel is selected and sampled. If any of the reception channels (e.g., 222 or 246) are
stuck-closed, the digital output of the sampled diagnostic channel will deviate from the expected
value of the voltage carried by the diagnostic channel (i.e, a faulty conversion). In one
implementation, the control circuitry 120 may declare a stuck-closed defect upon finding a faulty
conversion after one diagnostic sampling cycle. In another implementation, the control circuitry
120 may declare a stuck-closed defect upon consistently finding a series of faulty conversions
over two or more diagnostic sampling cycles.

[0088] Step 424 involves resetting the sampling circuit during a second time period that
partially overlaps with the first time period. In a specific implementation, resetting the sampling
circuit may further include periodically charging an input capacitor (e.g., the sampling capacitor
320) of the sampling circuit to a reference voltage during the second time periods in succession.
This reference voltage can be set as OV or to the second reference voltage REF,. Alternatively,
this reference voltage can alternate between OV and a non-zero voltage during the successive
second time periods.

[0100] Referring to FIG. 1 in conjunction with FIG. 3, the reference channel 117 and the
reference switch 118 cooperate with the sampling switch 330 to perform step 424. The reference
switch 118 is configured to close during the second time period, such that the reference channel
117 is coupled to the analog input signal 107 of the ADC core circuit 130. In one
implementation, the sampling switches 330 are configured to select the REF port 302 for

resetting the sampling capacitors 320 to the reference voltage (REF). In another implementation,
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the sampling switches 330 are configured to select the GND port 302 for resetting the sampling
capacitors 320 to a ground voltage.

[0101] Also referring to FIG. 2 in conjunction with FIG. 3, the second reference channel 248
and the second reference switch 249 cooperate with the sampling switch 330 to perform step
424. The second reference switch 249 is configured to close during the second time period, such
that the second reference channel 248 is coupled to the analog input signal 107 of the ADC core
circuit 130. In one implementation, the sampling switches 330 are configured to select the REF
port 302 for resetting the sampling capacitors 320 to the second reference voltage (REF,). In
another implementation, the sampling switches 330 are configured to select the GND port 302
for resetting the sampling capacitors 320 to a ground voltage.

[0102] The reference voltage (e.g., REF and REF;) received by the sampling circuit can be set
within the voltage range of the selected channels. To provide a more robust sampling reset, the
reference voltage (e.g., REF and REF;) can also be set at a value that is beyond the voltage range
of the selected channels. For example, if the previously selected channel has a voltage range of
1V to 5V, the reference voltage (e.g., REF and REF;) can be set at 0V or 6V. Such a reference
voltage (e.g., REF and REF;) setting allows the control circuitry 120 to detect a stuck-open
defect within one sampling cycle.

[0103] Step 426 involves coupling the sampling circuit with the channel selector during a third
time period after the second time period and outside of the first time period. Referring to FIG. 3,
the sampling switches 330 are adapted to perform step 426. In particular, the sampling switches
330 are configured to couple the sampling capacitors 320 to the AIN port 301. The performance
of step 426 allows the sampling circuit 300 to sample the selected channel.

[0104] Step 428 involves resetting a high impedance output of the channel selector during a
fourth time period after the third time period. Referring to FIG. 2, the first reference channel 228
and the first reference switch 229 are adapted to perform step 428. The first reference switch
229 is configured to close during the fourth time period, such that the first reference channel 228
is coupled to the high impedance output 232. The first reference voltage (REF)) resets the high
impedance output 232 after the first reception channels 222 or the diagnostic channels 224 are
sampled by the sampling circuit 300 of the ADC core circuit 120. The resetting of the high
impedance output 232 prevents the buffer 230 from amplifying a floating node caused by a
stuck-open defect of a selected switch (e.g., 223 or 225). As a result, the ADC core circuit 130
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can generate a digital value that tracks the first reference voltage (REF;) when any one of the
first group of switches 223 or the second group of switches 225 is stuck open.

[0105] The first reference voltage REF; can be set within the voltage range of the selected
channels (e.g., 222 and 224). To provide a more robust high impedance reset, the first reference
voltage REF, can also be set at a value that is beyond the voltage range of the selected channels.
For example, if the selected channel has a voltage range of 1V to 5V, the first reference voltage
REF, can be set at OV or 6V. Such a reference voltage setting allows the control circuitry 120 to
detect a stuck-open defect within one sampling cycle.

[0106] After performing step 428, the method 400 may return to step 420 if additional selected
channels remain. Depending on the particularly implementation, the performance of steps 420 to
428 can be concurrent with the performance of steps 412 to 416. Thus, while any one of steps
420 to 428 is being performed, steps 412 to 416 may be performed simultaneously in a recursive
Or non-recursive manner.

[0107] FIG. 5A is a timing diagram of the sampling cycles of the example ADC circuit 200
according to an aspect of this disclosure. The top part of this timing diagram includes the
operational states of various circuitries inside of the example ADC circuit 200. More
specifically, state 502 represents the operational state of the low impedance multiplexer
(hereinafter “LZ Mux”) 240, state 504 represents the operational state of the high impedance
multiplexer (hereinafter “HZ Mux”) 220, and state 506 represents the operational state of the
ADC core circuit 130.

[0108] The lower part of this timing diagram includes the control signals generated by the
control circuitry 120 for effectuating the transitions within these operational states. The HZ Mux
related signals 510 and the LZ Mux related signals 430 are included in the channel selection
signal 102 as shown and described in FIGS. 1-2. More specifically, the control circuitry 120
generates the HZ Mux related signals 510 and the LZ Mux related signals 530 for controlling the
switching activities within the HZ Mux 220 and the LZ Mux 240 respectively.

[0109] The HZ Mux related signals 510 include a first switch control signal 512, a second
switch control signal 514, a REFg switch control signal 516, and a REFy switch control signal
518. The first switch control signal 512 controls the switching activities of the first group of
switches (i.e., first switches) 223. When the first switch control signal 512 has a high value, one

of the first switches 223 is configured to close, thereby indicating that one of the first reception



WO 2016/179595 PCT/US2016/031505
26

channels 222 is selected for sampling. In contrary, when the first switch control signal 512 has a
low value, all of the first switches 223 are configured to open, thereby indicating that none of the
first reception channels 222 is selected sampling.

[0110] The second switch control signal 514 controls the switching activities of the second
group of switches (i.e., the second switches) 225. When the second switch control signal 514 has
a high value, one of the second switches 225 is configured to close, thereby indicating that one of
the diagnostic channels 224 is selected for sampling. In contrary, when the second switch
control signal 514 has a low value, all of the second switches 225 are configured to open, thereby
indicating that none of the diagnostic channels 224 is selected for sampling.

[0111] The REFg switch control signal 516 controls the switching activities of the first
reference switch 229. When the REFg switch control signal 516 has a high value, the first
reference switch 229 is configured to close for connecting with a ground source. Accordingly,
the first reference channel 228 is selected for resetting the high impedance output 232, and the
reference voltage is set at a zero value (e.g., a ground voltage). When the REFg switch control
signal 516 has a low value, one of two scenarios occurs. In a first scenario, the first reference
channel 228 is not selected for resetting the high impedance output 232. In second scenario, the
first reference channel 228 is selected for resetting the high impedance output 232 but the
reference voltage is set at a non-zero value.

[0112] The REFy switch control signal 518 also controls the switching activities of the first
reference switch 229. When the REFy switch control signal 518 has a high value, the first
reference switch 229 is configured to close for connecting with a non-zero voltage source.
Accordingly, the first reference channel 228 is selected for resetting the high impedance output
232, and the reference voltage is set at a non-zero value. When the REFy switch control signal
518 has a low value, one of two scenarios occurs. In a first scenario, the first reference channel
228 is not selected for resetting the high impedance output 232. In a second scenario, the first
reference channel 228 is selected for resetting the high impedance output 232 but the reference
voltage is set at a zero value.

[0113] The LZ Mux related signals 530 include a DGN switch control signal 532, a ND switch
control signal 534, and a third switch control signal 536. The DGN switch control signal 532
controls the switching activities of the DGN switch 242. When the DGN switch control signal
532 has a high value, the DGN switch 242 is configured to close, thereby indicating that one of
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the diagnostic channels 224 is selected for sampling. In contrary, when the DGN switch control
signal 532 has a low value, the DGN switch 242 is configured to open, thereby indicating that
none of the diagnostic channels 224 is selected for sampling.

[0114] The ND switch control signal 534 controls the switching activities of the ND switch
244, When the ND switch control signal 534 has a high value, the ND switch 244 is configured
to close, thereby indicating that one of the first reception channels 222 is selected for sampling.
In contrary, when the ND switch control signal 534 has a low value, the ND switch 244 is
configured to open, thereby indicating that none of the first reception channels 222 is selected for
sampling.

[0115] The third switch control signal 536 controls the switching activities of the third group
of switches (i.e., the third switches) 247. When the third switch control signal 536 has a high
value, one of the third switches 247 is configured to close, thereby indicating that one of the
second reception channels 246 is selected for sampling. In contrary, when the third switch
control signal 536 has a low value, all of the third switches 246 are configured to open, thereby
indicating that none of the second reception channels 246 is selected for sampling.

[0116] The ADC core related signals 550 are included in the sampling control signal 104 as
shown and described in FIGS. 1-2. More specifically, the control circuitry 120 generates the
ADC core related signals 550 for controlling the switching activities within the sampling circuit
300 of the ADC core circuit 130. The ADC core related signals 550 include an AIN switch
control signal 552, a REF switch control signal 554, and a GND switch control signal 556.

[0117] The AIN switch control signal 552 controls the switching activities of the sampling
switches 330 in the sampling circuit 300. When the AIN switch control signal 552 switches
from a low value to a high value, it directs each of the sampling switches 330 to connect the
respective sampling capacitor 320 to the analog input port 301. As a result, the sampling circuit
300 1s coupled with a selected channel (e.g., 222, 224, or 246) via one or more multiplexers (e.g.,
240 and/or 220), and the sampling circuit 300 begins sampling the selecting channel. When the
AIN switch control signal 552 switches from a high value to a low value, it directs each of the
sampling switches 330 to disconnect the respective sampling capacitor 320 from the analog input
port 301. As a result, the sampling circuit 300 is decoupled from a selected channel (e.g., 222,
224, or 246), and the sampling circuit 300 terminates the sampling of the selecting channel.

[0118] The REF switch control signal 554 also controls the switching activities of the sampling
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switches 330 in the sampling circuit 300. When the REF switch control signal 554 switches
from a low value to a high value, it directs each of the sampling switches 330 to connect the
respective sampling capacitor 320 to the reference port 302. As a result, the sampling circuit 300
is coupled with the second reference channel 248 via the LZ Mux 240, and the sampling circuit
300 begins the reset process by pre-charging the sampling capacitors 320 using the second
reference voltage REF,. When the REF switch control signal 554 switches from a high value to
a low value, it directs each of the sampling switches 330 to disconnect the respective sampling
capacitor 320 from the reference port 302. As a result, the sampling circuit 300 is decoupled
from the second reference channel 248, and the sampling circuit 300 terminates the resetting of
the sampling capacitors 320.

[0119] The GND switch control signal 556 similarly controls the switching activities of the
sampling switches 330 in the sampling circuit 300. When the GND switch control signal 556
switches from a low value to a high value, it directs each of the sampling switches 330 to
connect the respective sampling capacitor 320 to the ground port 303. As a result, the sampling
circuit 300 is coupled with a ground source, and the sampling circuit 300 begins the reset process
by discharging the sampling capacitors 320 to the ground source. When the GND switch control
signal 556 switches from a high value to a low value, it directs each of the sampling switches
330 to disconnect the respective sampling capacitor 320 from the ground port 303. As a result,
the sampling circuit 300 is decoupled from the ground source, and the sampling circuit 300
terminates the resetting of the sampling capacitors 320.

[0120] During a first sampling cycle 570, the ADC circuit 200 is configured to sample a low
impedance analog channel. For example, one of the second reception channels 246 is selected
for the sampling circuit 300. During a first time period 574 within the first sampling cycle 570,
the LZ Mux 240 is turned on for receiving a LZ analog input signal, whereas the HZ Mux 220 is
coupled to ground. To that effect, the third switch control signal 536 and the REFg switch
control signal 516 each has a high value whereas the first switch control signal 512, the second
switch control signal 514, the DGN switch control signal 532, and the ND switch control signal
534 each has a low value.

[0121] During the first time period 574, the sampling circuit 300 is isolated from the selected
channel (e.g., the second reception channel 246) for performing step 420 of the method 400. To
that effect, the AIN switch control signal 552 stays low during the first time period 570 such that
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the sampling circuit 300 is decoupled from the channel selector circuit 210. Because no
previously sampled channel exists at this stage, the sampling circuit 300 does not perform any
conversion (i.e., step 422 of the method 400) during the first time period 570.

[0122] A second time period 576 of the first sampling cycle 570 begins towards the tail end of
the first time period 574. And the second time period 576 partially overlaps with the first time
period 574. During the second time period 576, the ADC core circuit 130 enters a ground reset
state 557 for performing step 424 of the method 400. The ground reset state 557 facilitates the
detection of stuck-open defects as described above. To actuate the ground reset state 557, the
AIN switch control signal 552 remains low while the GND switch control signal 556 turns high.
As a result, all the sampling capacitors 320 are discharged to ground before sampling.

[0123] A third time period 578 of the first sampling cycle 570 begins after the second time
period 576. The third time period 578 is outside of the first time period 574. During the third
time period 578, the ADC core circuit 130 enters a sampling state for performing step 426 of the
method 400. In the sampling state, the sampling circuit 300 is configured to sample the selected
channel (e.g., the second reception channel 246). To actuate the sampling state, the AIN switch
control signal 552 turns high while the GND switch control signal 556 turns low. As a result, the
sampling capacitors 320 are coupled with the selected channel via the analog input port 301 and
the LZ Mux 240.

[0124] A fourth timing period 582 of the first sampling cycle 570 begins after the third time
period 578. The fourth timing period 582 partially overlaps with a first time period 584 of a
second sampling cycle 580. During the fourth timing period 582 of the first sampling cycle 570,
the HZ Mux 220 enters a ground reset state 517 for performing step 428 of the method 400.
Within the ground reset state 517, the REFg switch control signal 516 has a high value. To that
effect, the first reference switch 229 is closed to couple the high impedance output 232 with a
ground source. Discharging the high impedance output 232 after each sampling cycle allows the
control circuitry 120 to detect stuck-open defects of the HZ Mux 220.

[0125] The second sampling cycle 580 begins after the third time period 578 of the first
sampling cycle 570. Thus, the second sampling cycle 580 partially overlaps with the first
sampling cycle 570. During the second sampling cycle 580, the ADC circuit 200 is configured
to sample a high impedance analog channel. For example, one of the first reception channels

222 is selected for the sampling circuit 300. During a first time period 584 within the second
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sampling cycle 580, the HZ Mux 220 is turned on for receiving a HZ analog input signal after
the HZ Mux 220 exits the ground reset state 517. Meanwhile, the LZ Mux 240 is turned on for
receiving the non-diagnostic channel (e.g., the first reception channel 222) from the HZ Mux
220. To that effect, the first switch control signal 512 and the ND switch control signal 534 each
has a high value whereas the second switch control signal 514, the third switch control signal
516, and the DGN switch control signal 532 each has a low value.

[0126] During the first time period 584, the sampling circuit 300 has substantially the same
switching activities as in the first time period 574 of the first sampling cycle 570. In particular,
the sampling circuit 300 is isolated from the selected channel (e.g., the first reception channel
222) for performing step 420 of the method 400. However, unlike the first sampling cycle 570, a
previously sampled channel (e.g., the second reception channel 246) exists at the outset of the
second sampling cycle 580. Thus, the ADC core circuit 130 enters a LZ Conversion state to
perform step 422 of the method 400. In particular, the sampling circuit 300 cooperates with the
control circuitry 120 to convert the previously sampled channel while being isolated from the
selected channel. To that effect, the REF switch control signal 554 and the GND switch control
signal 556 are toggled during the first time period 584. With the converted output (which is
carried by the sampling monitor signal 106), the control circuitry 120 can detect stuck-open
defects as described above.

[0127] A second time period 586 of the second sampling cycle 580 begins towards the tail end
of the first time period 584. And the second time period 586 partially overlaps with the first time
period 584. During the second time period 586, the ADC core circuit 130 enters a ground reset
state 557 for performing step 424 of the method 400. The ground reset state 557 facilitates the
detection of stuck-open defects as described above. To actuate the ground reset state 557, the
AIN switch control signal 552 remains low while the GND switch control signal 556 turns high.
As a result, all the sampling capacitors 320 are discharged to ground before sampling.

[0128] A third time period 588 of the second sampling cycle 580 begins after the second time
period 586. The third time period 588 is outside of the first time period 584. During the third
time period 588, the ADC core circuit 130 enters a sampling state for performing step 426 of the
method 400. In the sampling state, the sampling circuit 300 is configured to sample the selected
channel (e.g., the first reception channel 222). To actuate the sampling state, the AIN switch
control signal 552 turns high while the GND switch control signal 556 turns low. As a result, the
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sampling capacitors 320 are coupled with the selected channel via the analog input port 301, the
LZ Mux 240, and the HZ Mux 220.

[0129] A fourth timing period 592 of the second sampling cycle 580 begins after the third time
period 588. The fourth timing period 592 partially overlaps with a first time period 594 of a
third sampling cycle 590. During the fourth timing period 592 of the second sampling cycle 580,
the HZ Mux 220 enters a ground reset state 517 for performing step 428 of the method 400.
Within the ground reset state 517, the REFg switch control signal 516 has a high value. To that
effect, the first reference switch 229 is closed to couple the high impedance output 232 with a
ground source. Discharging the high impedance output 232 after each sampling cycle allows the
control circuitry 120 to detect stuck-open defects of the HZ Mux 220.

[0130] The third sampling cycle 580 begins after the third time period 588 of the second
sampling cycle 580. Thus, the third sampling cycle 590 partially overlaps with the second
sampling cycle 580. During the third sampling cycle 590, the ADC circuit 200 is configured to
sample a diagnostic channel. For example, one of the diagnostic channels 224 is selected for the
sampling circuit 300. During a first time period 594 within the third sampling cycle 590, the HZ
Mux 220 is turned on for receiving a diagnostic analog input signal after the HZ Mux 220 exits
the ground reset state 517. Meanwhile, the LZ Mux 240 is turned on for receiving the selected
diagnostic channel from the HZ Mux 220. To that effect, the second switch control signal 514
and the DGN switch control signal 532 each has a high value whereas the first switch control
signal 512, the third switch control signal 516, and the ND switch control signal 534 each has a
low value.

[0131] During the first time period 594, the sampling circuit 300 has substantially the same
switching activities as in the first time period 584 of the first sampling cycle 580. As the first
reception channel 222 is previously sampled, the ADC core circuit 130 enters a HZ Conversion
state to perform step 422 of the method 400. In particular, the sampling circuit 300 cooperates
with the control circuitry 120 to convert the previously sampled channel while being isolated
from the selected channel. To that effect, the REF switch control signal 554 and the GND switch
control signal 556 are toggled during the first time period 584. With the converted output (which
is carried by the sampling monitor signal 106), the control circuitry 120 can detect stuck-open
defects as described above.

[0132] A second time period 596 of the second sampling cycle 590 begins towards the tail end
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of the first time period 594. And the second time period 596 partially overlaps with the first time
period 594. During the second time period 596, the ADC core circuit 130 has substantially the
same switching activities as in the second time period 586 of the second sampling cycle 580.
[0133] A third time period 598 of the second sampling cycle 590 begins after the second time
period 596. The third time period 598 is outside of the first time period 594. During the third
time period 598, the ADC core circuit 130 enters a sampling state for performing step 426 of the
method 400. In the sampling state, the sampling circuit 300 is configured to sample the selected
channel (e.g., the diagnostic channel 224). To actuate the sampling state, the AIN switch control
signal 552 turns high while the GND switch control signal 556 turns low. As a result, the
sampling capacitors 320 are coupled with the selected channel via the analog input port 301, the
LZ Mux 240, and the HZ Mux 220.

[0134] The first, second, and third sampling cycles (i.e., 570, 580, and 590) can be performed
by the ADC circuit 200 in a recursive manner consistent with the method 400 as described in
FIG. 4. After the third sampling cycles, the ADC core circuit 130 enters a Diagnostic
Conversion state to perform step 422 of the method 400. In particular, the sampling circuit 300
cooperates with the control circuitry 120 to convert the previously sampled channel while being
isolated from the selected channel. With the converted output (which is carried by the sampling
monitor signal 106), the control circuitry 120 can detect stuck-open defects and stuck-closed
defects when the converted output deviates from the expected value of the selected diagnostic
channel.

[0135] FIG. 5B is a timing diagram of the sampling cycles of the example ADC 200 according
to another aspect of this disclosure. FIG 5B illustrates substantially the same switching activities
as shown in FIG 5A except for the reset states of the HZ Mux 220 and the ADC Core circuit 130.
Instead of entering a ground reset state 517, the HZ Mux 220 enters a reference reset state 519.
Within the reference reset state 519, the REFg switch control signal 516 stays low while the
REFy switch control signal 518 turns high. As a result, the high impedance output 232 is reset
with a reference voltage that has a non-zero value. By alternating between the ground reset state
517 and the reference reset state 519, the data pattern associated with the digital output of the
ADC core circuit 130 becomes more distinct when a stuck-open defect occurs within the HZ
Mux 220. Thus, the control circuitry 120 can detect HZ Mux 220 related stuck-open defects

with better accuracy.
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[0136] Similarly, the ADC core circuit 130 enters a reference reset state 555 instead of a
ground reset state 557. Within the reference reset state 555, the GND switch control signal 558
stays low while the REF switch control signal 554 turns high. As a result, the analog input signal
107 and the sampling capacitors 320 are reset with a reference voltage that has a non-zero value.
By alternating between the ground reset state 557 and the reference reset state 555, the data
pattern associated with the digital output of the ADC core circuit 130 becomes more distinct
when a stuck-open defect occurs within the LZ Mux 240. Thus, the control circuitry 120 can
detect LZ Mux 240 related stuck-open defects with better accuracy.

[0137] FIG. 6 shows a schematic view of an example car battery monitoring system 600
incorporated with an ADC circuit 620 according to an aspect of this disclosure. The car battery
monitoring system 600 is configured to monitor the output voltage level of a car battery and
generate a warning signal when the output voltage level is out of its expected range. The car
battery monitoring system 600 can be formed on a module printed circuit board (PCB) 605. The
PCB 605 provides an interface for receiving and connecting various integrated circuits, which
include but are not limited to an analog circuit 610 equipped with voltage dividing capability, an
ADC circuit 620, and a microprocessor 630.

[0138] The analog circuit 610 has a high voltage input that is configured to receive an output
voltage 601 of a car battery. The analog circuit 610 also includes a voltage divider circuit for
stepping down the output voltage 601. As a result, the analog circuit 610 can generate a divided
output voltage 602 representing the output voltage of the car battery. The ADC circuit 620 is
coupled with the analog circuit 610 via connecting wires formed on the PCB 605. These
connecting wires usually exhibit high impedance relative to the internal circuitry of the ADC
circuit 620. In one implementation, the ADC circuit 620 can be implemented by the ADC circuit
200 and according to the descriptions of FIGS. 2-4 and SA-5B. To minimize the impact of the
high impedance connecting wires, the ADC circuit 620 is configured to receive the divided
output voltage 602 using a high impedance multiplexer (e.g., 220) and via one of the high
impedance reception channels (e.g., the first reception channel group 222).

[0139] Upon sampling the divided output voltage 602 over a few sampling cycles (see, e.g.,
FIGS. 5A-5B), the ADC circuit 620 will generate a series of digital output signals 603, each
representing the digital value of the output voltage 601 of the car battery at a discrete point of

time. The ADC circuit 620 is configured to detect stuck-open and stuck-close defects during its
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regular sampling cycles and diagnostic sampling cycles. When the ADC circuit 620 detects any
one of the stuck-open defect or stuck-close defect, the ADC circuit 620 may output the defect
detection data to the digital output signals 603.

[0140] The microprocessor 630 is connected with the ADC circuit 620 for receiving the digital
output signals 603. The microprocessor 630 executes programming instructions to interpret and
examine the data carried by the digital output signals 603. Based on such interpretation and
examination, the microprocessor 630 generates a feedback signal 604 for controlling and
regulating the functionalities of the car battery. For example, a car battery usually delivers an
output voltage (e.g., 601) ranges between 12V to 14V. Under some operations, the output
voltage can go as high as 40V and as low as 4.5V. Thus, the ADC circuit 620 can scale the
battery output voltage in the order of 25V, which can be stepped down by a factor of 1/5 by the
analog circuit 610. Therefore, an output voltage of 25V or higher can be mapped to a SV ADC
input, whereas an output voltage of 4.5V can be mapped to a 900mV ADC input. Under this
scale, the car battery monitoring system 600 may declare a battery fault when the digital output
signal (e.g., 603) carries a digital value representing a car battery output voltage of 500mV or
less. Accordingly, the ADC circuit 620 may reset its multiplexer (e.g., the HZ Mux 220 and the
LZ Mux 240) with a OV reference voltage after each sampling cycle (see, e.g., FIGS. 4 and
5A-5B).

[0141] FIG. 7 shows a schematic view of an example integrated circuit 700 including on-chip
temperature sensors (711, 712, 713, 714, and 715) interfacing with an ADC circuit 730 according
to an aspect of this disclosure. The on-chip temperature sensors 711, 712, 713, 714, and 715 are
positioned and configured to sense the die temperature at various locations of the integrated
circuit 700. Each of the on-chip temperature sensors 711, 712, 713, 714, and 715 can be
implemented using an on-chip diode that generates a voltage proportional to the temperature of a
chip location at which the particular temperature sensor is positioned.

[0142] For example, in one implementation, the integrated circuit (IC) 700 may include five
on-chip temperature sensors (OCTS): a first OCTS 711 for measuring the on-chip temperature of
the top-left corner of the IC 700; a second OCTS 712 for measuring the on-chip temperature of
the top-right corner of the IC 700; a third OCTS 713 for measuring the on-chip temperature of
the bottom-left corner of the IC 700; a fourth OCTS 714 for measuring the on-chip temperature
of the bottom-right corner of the IC 700; and a fifth OCTS 715 for measuring the on-chip
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temperature of the center of the IC 700.

[0143] The IC 700 includes an ADC circuit 730 for converting the analog outputs of the OCTS
to digital outputs. The ADC circuit 730 is coupled with the OCTS (i.e., 711, 712, 713, 714, and
715) via interconnects (i.e., 721, 722, 723, 724, and 725), each of which includes one or more
metal layers and/or polysilicon layers formed inside of the IC 700. These interconnects layers
generally exhibit lower impedance relative to the external connections of the IC 700. In one
implementation, the ADC circuit 730 can be implemented by the ADC circuit 200 and according
to the descriptions of FIGS. 2-4 and 5A-5B. To minimize the impact of the impedance of these
interconnects layers, the ADC circuit 730 is configured to receive the sensed temperatures using
a low impedance multiplexer (e.g., 240) and via multiple low impedance reception channels
(e.g., the second reception channel group 246).

[0144] Upon sampling the sensed temperatures over a few sampling cycles (see, e.g., FIGS.
5A-5B), the ADC circuit 730 will generate a series of digital output signals 732, each
representing the digital value of the sensed temperature at a location of the IC 700. The ADC
circuit 730 is configured to detect stuck-open and stuck-close defects during its regular sampling
cycles and diagnostic sampling cycles. When the ADC circuit 730 detects any one of the
stuck-open defect or stuck-close defect, the ADC circuit 730 may output the defect detection
data to the digital output signals 732.

[0145] The IC 700 also includes a processing module 740 that monitors and responds to the
digitized versions of the sensed temperatures. The processing module 740 is connected with the
ADC circuit 730 for receiving the digital output signals 732. The processing module 740
executes programming instructions to interpret and examine the data carried by the digital output
signals 732. Based on such interpretation and examination, the processing module 740 may
regulate the circuit activities of a particular region of the IC 700. For example, the temperature
coefficient of a temperature sensing diode is about -2mV/C. At room temperature, the voltage
across a temperature sensing diode is about 0.7V. In an implementation where each temperature
sensor (e.g., 711, 712, 713, 714, and 715) includes two temperature sensing diodes, the
temperature sensor will generate a 1.4V output voltage at room temperature.

[0146] Under regular operations, the temperature of the IC 700 can go as high as 300C, which
corresponds to an output voltage of 300 mV, and as low as -60C, which corresponds to 1.748V.

Thus, the processing module 740 may declare a temperature fault when the digital output signal



WO 2016/179595 PCT/US2016/031505
36

(e.g., 732) carries a digital value representing a voltage that is above 2V or below 200mV.
Accordingly, the ADC circuit 730 may reset its multiplexer (e.g., the HZ Mux 220 and the LZ
Mux 240) with a reference voltage alternating between OV and 5V (see, e.g., FIGS. 4 and
5A-5B).

[0147] FIG. 8 shows a schematic view of an example integrated circuit (IC) 800 including
analog circuitries (e.g., 810, 820, and 830) interfacing with an ADC circuit 840 according to an
aspect of this disclosure. The analog circuitries are structured and configured to perform one or
more analog operations. The ADC circuit 840 is coupled with these analog circuitries to verify
the accuracy of the respective analog operations. The ADC circuit 840 can be implemented by
the ADC circuit 200 and according to the descriptions of FIGS. 2-4 and SA-5B. The couplings
between the ADC circuit 840 and the analog circuitries include interconnects established by one
or more metal layers and/or polysilicon layers formed inside of the IC 800. These interconnects
layers generally exhibit lower impedance relative to the external connections of the IC 800. To
minimize the impact of the impedance of these interconnects layers, the ADC circuit 840 is
configured to receive analog input signals from the analog circuitries using a low impedance
multiplexer (e.g., 240) and via multiple low impedance reception channels (e.g., the second
reception channel group 246).

[0148] In one implementation, the analog circuitries include a charge pump 810 for generating
a high voltage output exceeding the internal supply voltage. The charge pump voltage can be
stepped down to a divided charge pump voltage 812 by using a voltage divider. The ADC circuit
840 is coupled with the charge pump 810 for receiving the divided charge pump voltage 812.
The ADC circuit 840 generates a digital output signal 842 that represents the voltage level of the
divided charge pump voltage 812. The IC 800 includes a processing module 850 that is coupled
with the ADC circuit 840. The processing module 850 receives the digital output signal 842
from the ADC circuit 840. Upon interpreting and examining the digital output signal 842, the
processing module 850 generates a charge pump feedback signal 856 for adjusting the charge
pump voltage of the charge pump 810. Because the analog input to the ADC circuit 840 shares a
range that is similar to the ADC circuit 620 as described in FIG. 6. Thus, the ADC circuit 840
may reset its multiplexer (e.g., the HZ Mux 220 and the LZ Mux 240) with a OV reference
voltage after each sampling cycle (see, e.g., FIGS. 4 and SA-5B).

[0149] In another implementation, the analog circuitries include a reference voltage generator
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820 for generating internal bandgap reference voltages. The ADC circuit 840 is coupled with the
reference voltage generator 820 for receiving one or more bandgap reference voltages. The
ADC circuit 840 generates a digital output signal 842 that represents the voltage level of a
particular bandgap reference voltage 822. The processing module 850 receives the digital output
signal 842 from the ADC circuit 840. Upon interpreting and examining the digital output signal
842, the processing module 850 generates a reference generator feedback signal 854 for
adjusting the internal bandgap reference voltages of the charge pump 810. These bandgap
reference voltages vary around 1.25V and may ranges from 1V to 2.5V. However, these
bandgap reference voltages usually will not be set too close to the OV and 5V boundaries. Thus,
the ADC circuit 840 may reset its multiplexer (e.g., the HZ Mux 220 and the LZ Mux 240) with
a reference voltage alternating between OV and 5V for detecting stuck-open and stuck-close
defects after each sampling cycle (see, e.g., FIGS. 4 and SA-5B).

[0150] In yet another implementation, the analog circuitries include a voltage regulator 830 for
generating one or more internal supply voltages (e.g., VDD, VCC, and VSS). The ADC circuit
840 1s coupled with the reference voltage generator 820 for receiving one or more internal supply
voltages 832. The ADC circuit 840 generates a digital output signal 842 that represents the
voltage level of a particular supply voltage 822. The processing module 850 receives the digital
output signal 842 from the ADC circuit 840. Upon interpreting and examining the digital output
signal 842, the processing module 850 generates a voltage regulator feedback signal 852 for
adjusting the internal supply reference voltages of the voltage regulator 830. These internal
supply voltages 832 can be setat SV, 3.3V, 1.5V, 1.1V, or O0V. Usually, the range of tolerance of
these supply voltages 832 is in the order of plus or minus 5%. Excluding the case of a VSS
voltage regulator, a power-on voltage regulator 830 is at fault when it delivers a supply voltage
of 100mV or less. In that case, the ADC circuit 840 may reset its multiplexer (e.g., the HZ Mux
220 and the LZ Mux 240) with a 0V reference voltage after each sampling cycle (see, e.g., FIGS.
4 and SA-5B). For a VSS voltage regulator, the ADC circuit 840 may reset its multiplexer (e.g.,
the HZ Mux 220 and the LZ Mux 240) with a 5V reference voltage after each sampling cycle
(see, e.g., FIGS. 4 and 5A-5B).

[0151] FIG. 9 shows a schematic view of an example brake control system 900 incorporated
with an ADC circuit 940 according to an aspect of this disclosure. The brake control system 900

includes a brake system 920, solenoid valves 910, a current monitoring system 930, and the ADC
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circuit 940. The brake system 920 converts hydraulic pressure 914 to a braking force for
decelerating a motor vehicle. The solenoid valves 910 control the hydraulic pressure 914 within
the brake system 920 to regulate the brake operation. The current monitoring system 930 is
coupled with the solenoid valves 910 to measure a closed loop current 912 in the solenoid valves
910. Generally, the closed loop current 912 can be adjusted to change the hydraulic pressure 914
within the brake system 920. Based on the current measurement, the current monitoring system
930 generates a current monitoring signal 932.

[0152] The ADC circuit 940 is coupled with the current monitoring system 930. The ADC
circuit 940 can be implemented by the ADC circuit 200 and according to the description of
FIGS. 2-4 and SA-5B. Depending on the particular circuit design, the ADC circuit 940 and the
current monitoring system 930 can be formed within a single integrated circuit or two integrated
circuits.

[0153] In the event that the ADC circuit 940 and the current monitoring system 930 are formed
within a single integrated circuit, the ADC circuit 940 is coupled with the current monitoring
system 930 via interconnects established by one or more metal layers and/or polysilicon layers.
These interconnects layers generally exhibit lower impedance relative to the external connections
of the ADC circuit 940. To minimize the impact of the impedance of these interconnects layers,
the ADC circuit 940 is configured to receive the current monitoring signal 932 using a low
impedance multiplexer (e.g., 240) and via multiple low impedance reception channels (e.g., the
second reception channel group 246).

[0154] In the event that the ADC circuit 940 and the current monitoring system 930 are formed
within two integrated circuits, the ADC circuit 940 and the current monitoring system 930 are
connected with each other via external lead wires and bonding pads. These external connections
usually exhibit high impedance relative to the internal circuitry of the ADC circuit 940. To
minimize the impact of the high impedance connections, the ADC circuit 640 is configured to
receive the current monitoring signal 932 using a high impedance multiplexer (e.g., 220) and via
one of the high impedance reception channels (e.g., the first reception channel group 222).

[0155] The ADC circuit 940 samples the current monitoring signal 932 and convert it to a
digital output signal 942. The ADC circuit 940 delivers the digital output signal 942 back to the
solenoid valves 910 for adjusting the hydraulic pressure during various brake operations,

including anti-lock braking, brake stability control, and automatic cruise control. Because the
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voltage range of the current monitoring signal 932 is likely to span the full input range of the
ADC circuit 940, the ADC circuit 940 may reset its multiplexer (e.g., the HZ Mux 220 and the
LZ Mux 240) with a reference voltage alternating between OV and 5V (see, e.g., FIGS. 4 and
5A-5B) for detecting stuck-open and stuck-close defects.

[0156] The ADC fault detection systems and methods described above can be implemented by
system firmware and/or system software. The ADC fault detection systems and methods
compare the expected digital values of the diagnostic channels with the converted digital values
of the diagnostic channels over a series of sampling cycles. To that end, the ADC fault detection
systems and methods are able to constantly and continuously monitor open-MUX faults (e.g.,
stuck-open defects) and close-MUX faults (e.g., stuck-close defects) within a tolerance range of
the ADC circuit.

[0157] An example ADC circuit may have three diagnostic channels, each having a tolerance
range of plus and minus 50mV. The reference voltages of these three diagnostic channels can be
preset to OV, 2.5V, and 5V. For example, during a diagnostic sampling cycle of the 0V
diagnostic channel, the ADC circuit will issue a no-fault status in its digital output if the
converted value of the OV diagnostic channel is within the range of 0V to 50mV. Otherwise, the
ADC circuit may issue an ADC-fault (e.g., stuck-open or stuck close defect). For example,
during a diagnostic sampling cycle of the 2.5V diagnostic channel, the ADC circuit will issue a
no-fault status in its digital output if the converted value of the 2.5V diagnostic channel is within
the range of 2.45V to 2.55V. Otherwise, the ADC circuit may issue an ADC-fault. Similarly,
the ADC circuit will issue a no-fault status if the converted value of the 5V diagnostic channel is
within the range of 4.95V to 5V, and it will issue an ADC-fault if the converted value is outside
of this range.

[0158] Accordingly, in described examples, diagnostic monitoring systems and techniques for
detecting faults in analog-to-digital converters (ADCs) provide continuous diagnostic coverage
on several input stages of an ADC core circuit, such as a channel multiplexer and a channel
buffer. The disclosed systems and techniques are able to detect a wide range of runtime
malfunctions of an ADC, including core malfunctions, buffer malfunctions, multiplexer
stuck-open malfunctions, and multiplexer stuck-closed malfunctions.

[0159] In one implementation, a channel selector for use in an analog-to-digital converter has a

sampling circuit for converting an analog input to a digital output within a fault tolerance range.
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The channel selector includes a reception channel, a diagnostic channel, and an impedance
compensator. The reception channel receives an analog signal for delivery to the sampling
circuit when it is selected for coupling with the sampling circuit. The diagnostic channel
receives a diagnostic signal for verifying the digital output of the sampling circuit when it is
selected for coupling with the sampling circuit. The impedance compensator is configured to
offset a high channel impedance of the reception channel based on the fault tolerance range of
the sampling circuit and when the diagnostic channel is selected.

[0160] In another implementation, a channel selector for use in an analog-to-digital converter
includes a sampling circuit for converting an analog input to a digital output within a fault
tolerance range. The channel selector includes a reception channel, a diagnostic channel, a first
switch, a second switch, and an impedance compensator. The reception channel has high
channel impedance, and the reception channel is configured to receive an analog signal. While
being closed, the first switch is configured to selectively couple the reception channel with the
sampling circuit. The diagnostic channel is configured to receive a diagnostic signal for
verifying the digital output of the sampling circuit. While being closed, the second switch is
configured to selectively couple the diagnostic channel with the sampling circuit. The
impedance compensator is configured to offset the high channel impedance of the reception
channel when the first switch is stuck closed. The structural configuration of the impedance
compensator is based on the fault tolerance range of the sampling circuit and when the diagnostic
channel is selected.

[0161] In yet another implementation, an analog-to-digital converter (ADC) includes a
sampling circuit and a channel selector. The sampling circuit is configured to convert an analog
input to a digital output within a fault tolerance range. The channel selector is configured to
select a channel to provide the analog input for the sampling circuit. The channel selector
includes a reception channel, a diagnostic channel, a switch, and an impedance compensator.
The reception channel is configured to receive an analog signal, and the reception channel has a
certain amount of channel impedance. The diagnostic channel is configured to receive a
diagnostic signal for verifying the digital output of the sampling circuit. The switch is coupled
with the reception channel and the diagnostic channel, such that the switch is configured to select
the reception channel or the diagnostic channel for providing the analog input to the sampling

circuit. The impedance compensator is coupled with the switch, such that the impedance
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compensator is configured to offset the channel impedance of the reception channel when the
diagnostic channel is selected but the reception channel is stuck connected with sampling circuit.
The structural configuration of the impedance compensator is based on the fault tolerance range
of the sampling circuit.

[0162] In still another implementation of a method for verifying a digital output of an
analog-to-digital converter (ADC) having a channel selector and a sampling circuit, the channel
selector is configured to select a channel for providing an analog input, while the sampling
circuit is configured to convert the analog input to the digital output. The method includes
isolating the sampling circuit from the selected channel during a first time period. The method
also includes resetting the sampling circuit during a second time period partially overlapping
with the first time period. The method moreover includes coupling the sampling circuit with the
channel selector during a third time period after the second time period and outside of the first
time period. Such coupling allows the sampling circuit to sample the selected channel. The
method further includes converting the sampled analog input to the digital output using the
sampling circuit.

[0163] The described systems and techniques can be implemented in electronic circuitry,
computer hardware, firmware, software, or in combinations of them, such as the structural means
disclosed in this specification and structural equivalents thereof. This can include at least one
computer-readable medium embodying a program operable to cause one or more data processing
apparatus (e.g., a signal processing device including a programmable processor) to perform
operations described. Accordingly: program implementations can be realized from a disclosed
method, system, or apparatus; and apparatus implementations can be realized from a disclosed
system, computer-readable medium, or method. Similarly: method implementations can be
realized from a disclosed system, computer-readable medium, or apparatus; and system
implementations can be realized from a disclosed method, computer-readable medium, or
apparatus.

[0164] For example, one or more disclosed embodiments can be implemented in various
systems and apparatus, such as a special purpose data processing apparatus (e.g., a wireless
communication device such as a wireless access point, a remote environment monitor, a router, a
switch, a computer system component, a medium access unit), a mobile data processing

apparatus (e.g., a wireless client, a cellular telephone, a smart phone, a personal digital assistant
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(PDA), a mobile computer, a digital camera), a general purpose data processing apparatus such
as a computer, or combinations of these.

[0165] The disclosed subject matter, including the functional operations described in this
specification, can be implemented in electronic circuitry, computer hardware, firmware,
software, or in combinations of them, such as the structural means disclosed in this specification
and structural equivalents thereof, including potentially a program operable to cause one or more
data processing apparatus to perform the methods and/or operations described (such as a
program encoded in a computer-readable medium, which can be a memory device, a storage
device, a machine-readable storage substrate, or other physical, machine-readable medium, or a
combination of one or more of them).

[0166] The term “apparatus” encompasses all apparatus, devices, and machines for processing
data, such as a programmable processor, a computer, or multiple processors or computers. In
addition to hardware, the apparatus can include code that creates an execution environment for
the computer program, such as code that constitutes processor firmware, a protocol stack, a
database management system, an operating system, or a combination of one or more of them.
[0167] Consistent with this disclosure, the term “configured to” purports to describe the
structural and functional characteristics of one or more tangible non-transitory components. For
example, the term “configured to” can be understood as having a particular configuration that is
designed or dedicated for performing a certain function. Within this understanding, a device is
“configured to” perform a certain function if such a device includes tangible non-transitory
components that can be enabled, activated, or powered to perform that certain function. The
term “configured to” may encompass the notion of being configurable, but this term should not
be limited to such a narrow definition. Thus, when used for describing a device, the term
“configured to” does not require the described device to be configurable at any given point of
time.

[0168] A program (such as a computer program, software, software application, script or code)
can be written in any form of programming language, including compiled or interpreted
languages, or declarative or procedural languages, and it can be deployed in any form, including
as a standalone program or as a module, component, subroutine, or other unit suitable for use in a
computing environment. A program does not necessarily correspond to a file in a file system. A

program can be stored in a portion of a file that holds other programs or data (e.g., one or more
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scripts stored in a markup language document), in a single file dedicated to the program, or in
multiple coordinated files (e.g., files that store one or more modules, sub programs, or portions
of code). A program can be deployed to be executed on one computer or on multiple computers
that are located at one site or distributed across multiple sites and interconnected by a
communication network.

[0169] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. An analog-to-digital converter (ADC), comprising:

a sampling circuit configured to convert an analog input to a digital output within a fault
tolerance range; and

a channel selector having: a reception channel configured to receive an analog signal, the
reception channel having a channel impedance; a diagnostic channel configured to receive a
diagnostic signal for verifying the digital output of the sampling circuit; a switch coupled with
the reception channel and the diagnostic channel, and configured to select the reception channel
or the diagnostic channel for providing the analog input to the sampling circuit; and an
impedance compensator coupled with the switch, the impedance compensator configured to
offset the channel impedance of the reception channel based on the fault tolerance range of the
sampling circuit and when the diagnostic channel is selected.
2. The ADC of claim 1, wherein the impedance compensator is coupled in series between
the switch and the sampling circuit.
3. The ADC of claim 1, wherein the impedance compensator is coupled in series between
the diagnostic channel and the switch.
4. The ADC of claim 1, wherein the impedance compensator has a compensatory
impedance equal to or greater than a product of the channel impedance and the fault tolerance
range.
5. The ADC of claim 1, wherein:

the reception channel includes a first reception channel and a second reception channel,
such that the first reception channel has a high channel impedance and the second reception
channel has a low channel impedance; and

the impedance compensator is structured and routed to offset only the high channel
impedance.
6. The ADC of claim 5, wherein the switch includes:

a first switch coupled with the first reception channel, and configured to selectively link
the first reception channel to a buffered channel,

a second switch coupled with the diagnostic channel and the impedance compensator, and

configured to selectively link the diagnostic channel to the buffered channel;
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a third switch coupled with the second reception channel, and configured to selectively
link the second reception channel to the sampling circuit; and

a fourth switch coupled with the buffered channel, and configured to selectively link the
buffered channel to the sampling circuit.

7. The ADC of claim 6, wherein the channel selector includes a buffer having an input
coupled with the first and second switches, and an output coupled with the fourth switch via the
buffered channel, the buffer configured to:

amplify a high impedance signal defined by the first switch and the second switch; and

deliver the amplified signal to the buffered channel.
8. The ADC of claim 7, further comprising:

a reference channel configured to provide a reference voltage for periodically resetting
the input of the buffer; and

a reference switch configured to periodically couple the reference channel to the input of
the buffer after a sampling cycle of the sampling circuit.

9. The ADC of claim 6, wherein the channel selector includes a supplementary impedance
compensator coupled with the fourth switch, the supplementary impedance compensator
structured and routed to offset the low channel impedance of the second reception channel based
on the fault tolerance range of the sampling circuit and when the diagnostic channel is selected.
10. The ADC of claim 8, wherein the fourth switch includes:

a fifth switch configured to couple the supplementary impedance compensator in series
between the buffered channel and the sampling circuit when the diagnostic channel is selected,
and

a sixth switch coupled with the buffered channel, and configured to link the buffered
channel with the sampling circuit when the first reception channel is selected.

11. A channel selector for use in an analog-to-digital converter having a sampling circuit
configured to convert an analog input to a digital output within a fault tolerance range, the
channel selector comprising:

a reception channel having a high channel impedance, and configured to receive an
analog signal;

a first switch configured to selectively couple the reception channel with the sampling

circuit;
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a diagnostic channel configured to receive a diagnostic signal for verifying the digital
output of the sampling circuit;

a second switch configured to selectively couple the diagnostic channel with the sampling
circuit; and

an impedance compensator configured to offset the high channel impedance of the
reception channel based on the fault tolerance range of the sampling circuit and when the
diagnostic channel is selected.

12.  The channel selector of claim 11, wherein the impedance compensator is coupled in
series with the diagnostic channel and the second switch, the impedance compensator having a
compensatory impedance equal to or greater than a product of the high channel impedance and
the fault tolerance range.

13. The channel selector of claim 11, further comprising:

a second reception channel having a low channel impedance, and configured to receive a
second analog signal;

a third switch configured to selectively couple the second reception channel with the
sampling circuit when neither the first reception channel nor the diagnostic channel is selected;

a buffer having an input coupled with the first switch and the second switch, the buffer
configured to amplifier a high impedance signal defined by the first and second switches, and
configured to deliver the amplified signal to a buffered channel; and

a fourth switch coupled with the buffered channel, and configured to selectively couple
the buffered channel with the sampling circuit when the second reception channel is not selected.
14. The channel selector of claim 13, further comprising:

a reference channel configured to provide a reference voltage for periodically resetting
the input of the buffer; and

a reference switch configured to periodically couple the reference channel to the input of
the buffer after a sampling cycle of the sampling circuit
15. The channel selector of claim 13, further comprising:

a supplementary impedance compensator coupled with the fourth switch, the
supplementary impedance compensator structured and routed to offset the low channel
impedance of the second reception channel based on the fault tolerance range of the sampling

circuit and when the diagnostic channel is selected.
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16. A method for verifying a digital output of an analog-to-digital converter (ADC) having a
channel selector configured to select a channel for providing an analog input, and a sampling
circuit configured to convert the analog input to the digital output, the method comprising:
isolating the sampling circuit from the selected channel during a first time period;
resetting the sampling circuit during a second time period partially overlapping with the
first time period,
coupling the sampling circuit with the channel selector during a third time period after the
second time period and outside of the first time period, thereby allowing the sampling circuit to
sample the selected channel; and
converting, using the sampling circuit, the sampled analog input to the digital output.
17. The method of claim 16, further comprising:
resetting a high impedance output of the channel selector during a fourth time period after
the third time period and partially overlapping with the first time period.
18. The method of claim 16, wherein resetting the sampling circuit includes:
periodically charging an input capacitor of the sampling circuit to a reference voltage
during the second time periods in succession.
19. The method of claim 18, wherein the reference voltage alternates between OV and a non-
zero voltage during the successive second time periods.
20. The method of claim 18, wherein the reference voltage is beyond a voltage range of the

selected channel.
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