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(57) Abstract: In described examples, the silicon real estate required for the semiconductor fabrication of a calibrated capacit-
or-based successive approximation register (SAR) analog-to-digital converter (ADC) (100) is substantially reduced by using a num-
ber of shared capacitors (SC1-SCs-1), which are used as calibration capacitors when operating in a calibration mode and as bit capa-
citors when operating in a normal mode.
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CALIBRATED SAR ADC HAVING A REDUCED SIZE
[0001] This relates generally to a successive approximation register (SAR) analog-to-digital
converter (ADC), and more particularly to a calibrated SAR ADC that has a reduced size.
BACKGROUND
[0002] Current-generation integrated circuits often include both analog and digital circuits. An
analog-to-digital converter (ADC) is an electronic circuit that converts an analog signal into a digital
word that represents the analog signal, so that the analog signal can be processed by a digital circuit.
One well-known type of ADC is a successive approximation register (SAR) ADC.
[0003] A SAR ADC includes a digital-to-analog converter (DAC), which is commonly
implemented with a series of capacitors and a number of switches. The capacitors have top plates
that are connected together, and bottom plates that are individually connectable by the switches to
an input voltage, a reference voltage and ground.
[0004] The capacitors include a number of binary-valued capacitors, such as 1C, 2C, 4C, 8C, and
16C, where 1C represents the capacitance and plate area of the smallest capacitor that can be
fabricated with a given process. A 16C capacitor has 16X the capacitance and plate area of the 1C
capacitor, while an 8C capacitor has 8X the capacitance and plate area of the 1C capacitor.
[0005] The binary-valued capacitors include a 1C dummy capacitor that allows the capacitor
values to be evenly divided. For example, the first four binary-valued capacitors (1C, 2C, 4C, 8C)
in combination with the 1C dummy capacitor have a total capacitance of 16C, which is equal to the
fifth binary-valued capacitor (16C). Similarly, the first three binary-valued capacitors (1C, 2C, 4C)
in combination with the 1C dummy capacitor have a total capacitance of 8C, which is equal to the
fourth binary-valued capacitor (8C).
[0006] Each of the binary-valued capacitors, with the exception of the dummy capacitor,
corresponds to a bit in the digital word output by the SAR ADC. For example, a SAR ADC that
outputs a five-bit word typically has six binary-valued capacitors, five bit capacitors and one
dummy capacitor.
[0007] The largest binary-valued capacitor (16C in this example) represents the most significant
bit (MSB), while the smallest binary-valued capacitor (1C in this example) represents the least
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significant bit (LSB). In addition to the capacitive-based DAC, a SAR ADC also includes a
comparator and a controller.

[0008] In operation, the capacitive-based DAC receives a sequence of control words from the
controller, which controls the positions of the switches. The positions of the switches determine
whether the input voltage, the reference voltage or the ground is connected to the binary-weighted
capacitors.

[0009] The sequence of connecting and reconnecting the voltages generates a sequence of DAC
voltages at the input of the comparator, which compares the sequence of DAC voltages to ground,
and outputs a sequence of logic values that represents the results of the comparisons. The controller
interprets the sequence of logic values, and sequentially assigns a logic state to each bit position in
the digital word that represents the input voltage.

[0010] A high-resolution SAR ADC can be formed by increasing the number of bits within the
digital word that represents the input voltage. For example, a SAR ADC that outputs a 10-bit word
has a much higher resolution than a SAR ADC that outputs a 5-bit word. However, as the number
of bits increase, the size of the largest binary-valued capacitor significantly increases. The largest
capacitor in a 5-bit word is 16X larger than the smallest capacitor, but the largest capacitor in a
10-bit word 1s 1024X larger.

[0011] One approach to reducing the size of a high-resolution SAR ADC is to use a segmented
capacitor-based DAC. In the smallest segmented capacitor-based DAC, a first group of capacitors
and switches are used to form a main DAC, and a second group of capacitors and switches are used
to form a sub DAC that is connected to the main DAC by an attenuating capacitor.

[0012] For example, the main DAC can include a number of binary-valued capacitors, such as 1C,
2C, 4C, 8C and 16C. The sub DAC can include a number of binary-valued capacitors, such as 1C,
2C and 4C. The attenuating capacitor reduces the effect of the capacitors in the sub DAC, so that
the 4C capacitor in the sub DAC has the effect of a 1/2C capacitor, the 2C capacitor in the sub DAC
has the effect of the 1/4C capacitor, and the 1C capacitor in the sub DAC has the effect of the 1/8C
capacitor. Thus, in this example, an 8-bit DAC formed with a main DAC and a sub DAC can be
formed in a much smaller area than an 8-bit DAC that is formed with 1C, 2C, 4C, 8C, 16C, 32C,
64C and 128C.
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SUMMARY

[0013] In described examples, a SAR ADC has a reduced size. The SAR ADC includes a DAC
that has a capacitor array. The capacitor array has a plurality of segments, and a number of
attenuation capacitors that are connected to the plurality of segments, such that an attenuation
capacitor is connected to and between each adjacent pair of segments. The plurality of segments
includes a main DAC segment that has a number of binary-weighted main conversion capacitors.
None of the number of binary-weighted main conversion capacitors has substantially identical
weights. The plurality of segments also includes one or more sub-DAC segments that have a
number of binary-weighted sub-DAC capacitors. One sub-DAC segment has three binary-weighted
sub-DAC capacitors that have substantially identical weights. The SAR ADC also includes a
comparator that is connected to the DAC, and a controller that is connected to the DAC and the
comparator.

[0014] Described examples also include a method of calibrating a SAR ADC. The method
includes closing a ground switch, and connecting a reference voltage to a first selected number of
capacitors of a plurality of capacitors, and ground to a first remaining number of capacitors of the
plurality of capacitors. The first number of capacitors excludes a main conversion capacitor that is
being calibrated, and any previous main conversion capacitors that have been calibrated. Each of
the plurality of capacitors has a specified capacitance. A sum of the specified capacitances of the
first selected number of capacitors adds up to a first value. The method also includes opening the
ground switch after the reference voltage has been connected to the first selected number of
capacitors, and ground to the first remaining number of capacitors. The method further includes
connecting the reference voltage to a second selected number of capacitors of the plurality of
capacitors, and ground to a second remaining number of capacitors of the plurality of capacitors to
generate a first DAC voltage after the ground switch has been opened. The second selected number
of capacitors includes the main conversion capacitor that is being calibrated, and excludes any
previous main conversion capacitors that have been calibrated. A sum of the specified capacitances
of the second selected number of capacitors adds up to a second value that is equal to the first value.

[0015] In more described examples, a method of operating a SAR ADC includes first determining
a logic value for a most significant bit (MSB) within a digital word. The first determining includes
connecting an input voltage to a first plurality of capacitors. The first plurality of capacitors include

a plurality of main conversion capacitors, a plurality of sub-conversion capacitors, and a plurality of
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shared capacitors. The first determining also includes connecting a reference voltage to a second
plurality of capacitors. The second plurality of capacitors include a main conversion capacitor of
the plurality of main conversion capacitors, and a first selected number of shared capacitors of the
plurality of shared capacitors to generate a MSB DAC voltage. The method also includes second
determining a logic value for a least significant bit (LSB) within the digital word. The second
determining includes connecting the reference voltage to a second selected number of shared
capacitors from the plurality of shared capacitors to generate a LSB DAC voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a circuit diagram illustrating an example of a calibrated successive approximation
register (SAR) analog-to-digital converter (ADC) in accordance with example embodiments.

[0017] FIG. 2 is a circuit diagram illustrating an example of a calibrated successive approximation
register (SAR) analog-to-digital converter (ADC) in accordance with example embodiments.

[0018] FIG. 3 is a flow chart illustrating an example of a method of calibrating SAR ADC in
accordance with example embodiments.

[0019] FIGS. 4A-4B are a flow chart illustrating an example of a method of determining the
calibration conditions for a selected main conversion capacitor in accordance with example
embodiments.

[0020] FIG. 5 is a circuit diagram illustrating an example of SAR ADC following in FIGS. 4A-4B
in accordance with example embodiments.

[0021] FIG. 6is a circuit diagram illustrating an example of SAR ADC following in FIGS. 4A-4B
in accordance with example embodiments.

[0022] FIG. 7 is a circuit diagram illustrating an example of SAR ADC following in FIGS. 4A-4B
in accordance with example embodiments.

[0023] FIG. 8 is a circuit diagram illustrating an example of SAR ADC following in FIGS. 4A-4B
in accordance with example embodiments.

[0024] FIGS. 9A-9C are a flow chart illustrating an example of a method of operating SAR ADC
in normal mode in accordance with example embodiments.

[0025] FIG. 10 is a circuit diagram illustrating an example of a calibrated high-resolution
successive approximation register (SAR) analog-to-digital converter (ADC) in accordance with an
alternative embodiment.

[0026] FIG. 11 is a circuit diagram illustrating an example of a calibrated successive
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approximation register (SAR) analog-to-digital converter (ADC) in accordance with an alternative
embodiment.

[0027] FIGS. 12A-12B are a circuit diagram illustrating an example of a differential successive
approximation register (SAR) analog-to-digital converter (ADC) in accordance with an alternative
embodiment.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0028] FIG. 1 is a circuit diagram that illustrates an example of a calibrated successive
approximation register (SAR) analog-to-digital converter (ADC) 100 in accordance with example
embodiments. As described in greater detail below, SAR ADC 100 integrates a sub-DAC circuit
and a calibration circuit to substantially reduce the silicon real estate that is required to implement
the converter.

[0029] As shown in FIG. 1, SAR ADC 100 includes a digital-to-analog converter (DAC) 110 that
is connected to receive an input voltage VIN, a reference voltage VREF, and ground. Also, DAC
110 is connected to receive a sequence of control words CTL that select between the input voltage
VIN, the reference voltage VREF, and ground. Further, DAC 110 generates a sequence of DAC
voltages VA, where the DAC voltages VA vary over time in response to changes in the voltages
VIN, VREF, and ground, which are selected by the sequence of control words CTL.

[0030] DAC 110 includes a segmented capacitor array 112 that has two or more segments
114(1)-114(a) connected in series, and one or more attenuation capacitors 116(1)-116(a-1) that are
connected to the segments 114, such that an attenuation capacitor 116 is connected to and between
each adjacent pair of segments 114. The two or more segments 114(1)-114(a) include a main DAC
segment 114(1) with a main node N1, and one or more sub-DAC segments 114(2)-114(a) with one
or more sub-nodes N2-Na.

[0031] In the FIG. 1 example, DAC 110 has two segments 114: main DAC segment 114(1) with
main node N1, and one sub-DAC segment 114(2) with one sub-node N2, along with one attenuation
capacitor 116(1) that is connected to and between the pairs of adjacent sub-DAC segments 114(1)
and 114(2). DAC 110 also includes a ground switch SG that is connected to and between a
sub-DAC segment 114, which in this example is main DAC segment 114(1), and ground.

[0032] Main DAC segment 114(1) has a number of binary-weighted main conversion capacitors
CMI1-CMm, where none of the binary-weighted main conversion capacitors CM have substantially

identical weights. Also, main DAC segment 114(1) has a number of main switches SM1-SMm that
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are connected to the main conversion capacitors CM1-CMm.

[0033] Each of the main conversion capacitors CM has a first plate that is connected to the main
node N1, and a second plate that is connected to a main switch SM. Each main switch SM, in turn,
can be connected to receive the input voltage VIN, the reference voltage VREF, or ground. Each
main switch SM is also connected to receive the sequence of control words CTL, which selects the
voltage VIN, VREF, or ground that is to be placed on the second plates of the main conversion
capacitors CM.

[0034] In the FIG. 1 example, the binary-weighted main conversion capacitors CM include six
capacitors CM1-CM6, i.e, m=6, which have the following weights: CM1-32C, CM2-16C,
CM3-8C, CM4-4C, CM5-2C, and CM6-1C, where 1C represents the capacitance and plate area of
the smallest capacitor that can be fabricated with a given process.

[0035] Unlike main DAC segment 114(1), the sub-DAC segments 114(2)-114(a) have a number
of binary-weighted sub-DAC capacitors CNI1-CNn, where one of the sub-DAC segments
114(2)-114(a) has three binary-weighted sub-DAC capacitors CN that have substantially identical
weights. Also, the sub-DAC segments 114(2)-114(a) have a number of sub-switches SN1-SNn that
are connected to the binary-weighted sub-DAC capacitors CN1-CNn.

[0036] Each of the sub-DAC capacitors CN has a first plate that is connected to a sub-node
N2-Na, and a second plate that is connected to a sub-switch SN. Each sub-switch SN, in turn, can
be connected to receive the input voltage VIN, the reference voltage VREF, or ground. Each
sub-switch SN is also connected to receive the sequence of control words CTL, which selects the
voltage VIN, VREF, or ground that is to be placed on the second plates of the sub-DAC capacitors
CN.

[0037] In the FIG. 1 example, the binary-weighted sub-DAC capacitors CN include ten capacitors
CNI-CNI10, i.e., n=10, which have the following weights: CN1-32C, CN2-16C, CN3-8C, CN4-8C,
CNS5-8C, CN6-4C, CN7-2C, CN8-2C, CN9-1C, and CN10-1C. Thus, in this example, the three
sub-DAC capacitors CN with substantially the same weight are sub-DAC capacitors CN3, CN4,
and CNS.

[0038] The number of binary-weighted sub-DAC capacitors CN1-CNn includes a number of
sub-conversion capacitors CC1-CCp, a number of integer calibration capacitors IC1-ICr, a number
of shared capacitors SC1-SCs, and a number of fractional calibration capacitors FCI1-FCf. The

symbols a, p, r, s, and f represent an integer that is greater than zero.
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[0039] In the FIG. 1 example, the sub-DAC capacitors CN1-CN3 are the sub-conversion
capacitors CC1-CCp, i.e, p=3, the sub-DAC capacitors CN4-CN5 are the integer calibration
capacitors IC1-ICr, i.e., =2, the sub-DAC capacitors CN6-CNS8 are the shared capacitors SC1-SCs,
i.e., s=3, and the sub-DAC capacitors CN9-CN10 are the fractional calibration capacitors FC1-FCf,
ie, f=2.

[0040] As additionally shown in FIG. 1, SAR ADC 100 also includes a comparator 120 and a
controller 122. Comparator 120 has a first input connected to the main node N1, a second input
connected to a control voltage, such as ground, and an output. Comparator 120 compares the
voltages on the first and second inputs, and generates a sequence of logic values that depend on the
results of the comparisons.

[0041] Controller 122, which controls the operation of SAR ADC 100, is connected to ground
switch SG, the main switches SM1-SMm, the sub-switches SN1-SNn, and comparator 120. Also,
controller 122 determines the logic states of the bits within a digital word DIG that represents a
sampled portion of the input voltage VIN in response to the sequence of logic values generated by
comparator 120, and outputs the digital word DIG.

[0042] Attenuation capacitor 116(1), in turn, is connected to and between main node N1 and
sub-node N2. The attenuation capacitors 116(1)-116(a-1) reduce the capacitances of the capacitors
in the sub-DAC segments 114(2)-114(a) which, in turn, allows smaller capacitor arrays to be used
to implement a series of binary-weighted capacitors.

[0043] FIG. 2 is a circuit diagram that illustrates an example of a calibrated successive
approximation register (SAR) analog-to-digital converter (ADC) 200 in accordance with example
embodiments. SAR ADC 200 is electrically equivalent to SAR ADC 100, and illustrates the effect
of attenuation capacitor 116(1).

[0044] As shown in FIGS. 1 and 2, attenuation capacitor 116(1) effectively reduces the weights of
the sub-DAC capacitors CN by 1/64 so that the ten sub-DAC capacitors CN1-CN10 have the
following effective weights: CN1-1/2C, CN2-1/4C, CN3-1/8C, CN4-1/8C, CN5-1/8C, CN6-1/16C,
CN7-1/32C, CN8-1/32C, CN9-1/64C, and CN10-1/64C.

[0045] SAR ADC 100 and SAR ADC 200 have two modes of operation: a calibration mode and a
normal mode. The calibration mode determines the calibration conditions that are used to
compensate for variations between the values specified for the main conversion capacitors

CMI1-CMm and the actual values of the main conversion capacitors CM1-CMm.
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[0046] When in the calibration mode, controller 122 executes a calibration binary search
algorithm that generates a sequence of control words CTL. The sequence of control words CTL
connect the main conversion capacitors CM1-CMm, the sub-conversion capacitors CC1-CCp, the
integer calibration capacitors IC1-ICr, the shared capacitors SC1-SCs, and the fractional calibration
capacitors FC1-FCf via the switches SM and SN to either the reference voltage VREF or ground,
which generates the sequence of DAC voltages VA.

[0047] Comparator 120 compares the sequence of DAC voltages VA to a control voltage, such as
ground, and outputs a sequence of logic values that represent the results of the comparisons.
Controller 122 interprets the sequence of logic values, and determines the calibration conditions for
the main conversion capacitor CM that is being calibrated. Controller 122 includes a memory that
stores the calibration conditions.

[0048] The normal mode determines the digital word DIG, which represents a sampled portion of
the input voltage VIN. When in the normal mode of operation, controller 122 executes an ADC
binary search algorithm that generates a sequence of search words, which are modified by the
calibration conditions, to output the sequence of control words CTL.

[0049] The sequence of control words CTL connect the main conversion capacitors CM1-CMm,
the sub-conversion capacitors CC1-CCp, the integer calibration capacitors IC1-ICr, the shared
capacitors SC1-SCs, and the fractional calibration capacitors FC1-FCf via the switches SM and SN
between the input voltage VIN, the reference voltage VREF, and ground, which generates the
sequence of DAC voltages VA.

[0050] Comparator 120 compares the DAC voltage VA to a control voltage, such as ground, and
outputs a sequence of logic values that represent the results of the comparisons. Controller 122
interprets the sequence of logic values, and sequentially assigns a logic value to each bit in the
digital word DIG. Controller 122 includes a memory that stores the digital word DIG.

[0051] The binary-weighted main conversion capacitors CM1-CM6 correspond to the most
significant bits in the digital word DIG output by SAR ADC 100/200, with CM1 representing the
most significant bit MSB of the digital word DIG, CM2 representing MSB-1 of the digital word
DIG, and CM6 representing MSB-5 of the digital word DIG. The binary-weighted sub-conversion
capacitors CC1-CCp (CNI1-CN3) correspond to the next three bits in the digital word DIG, with
CNI1 representing MSB-6 of the digital word DIG and CN3 representing MSB-8 of the digital word
DIG.
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[0052] The binary-weighted shared capacitors SC1-SC2 (CN6-CN7) correspond to the last two
bits in the digital word DIG, with CN6 representing MSB-9 and CN7 representing MSB-10, which
is also the least significant bit (LSB) of the digital word DIG. The shared capacitors SC1-SCs-1 are
part of the digital word DIG, but are also used to apply the calibration conditions to the main
conversion capacitors CM1-CMm.

[0053] In operation, SAR ADC 100 first calibrates the MSB capacitor CM1 to determine the
calibration conditions for the MSB capacitor CM1 (which compensates for differences between the
specified value and the actual value of the MSB capacitor CM1). After the calibration conditions
for the MSB capacitor CM1 have been determined, SAR ADC calibrates the MSB-1 capacitor CM2
to determine the calibration conditions for the MSB-1 capacitor CM2 (which compensate for
differences between the specified value and the actual value of the MSB-1 capacitor CM2). The
process continues until the calibration conditions have been determined for all of the main
conversion capacitors CM1-CMm. The sub-conversion capacitors CC1-CCp are not calibrated,
because any error from these capacitors is relatively small.

[0054] FIG. 3 is a flow chart that illustrates an example of a method 300 of calibrating SAR ADC
100 in accordance with example embodiments. Method 300 begins at 310 by setting a variable X to
1, then moving to 312 to calibrate main conversion capacitor CM1 and determine the calibration
conditions for main conversion capacitor CM1.

[0055] Method 300 next moves to 314 to determine if the last main conversion capacitor CMm
has been calibrated. If not, method 300 moves to 316 to increment the variable X, and then back to
312 to determine the calibration conditions for the next main conversion capacitor CM. When last
main conversion capacitor CMm has been calibrated, method 300 moves to 318 to finish.

[0056] Thus, SAR ADC 100 selects a main conversion capacitor, and determines the calibration
conditions for the selected main conversion capacitor CM. SAR ADC 100 then selects a next main
conversion capacitor, determines the calibration conditions for the next selected main conversion
capacitor CM, and continues until the calibration conditions have been determined for each main
conversion capacitor.

[0057] FIGS. 4A-4B show a flow chart that illustrates an example of a method 400 of determining
the calibration conditions for a selected main conversion capacitor in accordance with example
embodiments. As shown in the FIGS. 4A-4B example, method 400 begins at 410 by setting a

variable Y to be equal to one, and a variable R and a variable J to be equal to the variable X (which
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in FIG. 3 identifies the selected main conversion capacitor CM), then moves to 412 to close the
ground switch SG.

[0058] After the ground switch SG has been closed, method 400 next moves to 414 to connect the
second plate of the selected main conversion capacitor CM to ground. Following this, method 400
loops through 416, 418, and 420 until the second plates of all of the previously calibrated main
conversion capacitors CM have been grounded.

[0059] After all of the previously calibrated main conversion capacitors CM have been grounded,
method 400 moves from 416 to 422 to connect the second plates of the remaining main conversion
capacitors CM to the reference voltage VREF. Also, method 400 connects the second plates of the
sub-conversion capacitors CC1-CCp (e.g., CC1-CC3) to the reference voltage, the second plate of
the integer calibration capacitor IC1 to ground, and the second plate of the integer calibration
capacitor IC2 to the reference voltage VREF. Further, method 400 connects the second plates of the
shared capacitors SC1-SCs (e.g., SC1-SC3) to the reference voltage VREF, and the second plates of
the fractional calibration capacitors FC1-FCf (e.g., FC1-FC2) to ground.

[0060] FIG. 5 is a circuit diagram that illustrates an example of SAR ADC 100 following 422 in
accordance with example embodiments. In the FIG. 5 example, the selected main conversion
capacitor CM is capacitor CM1. As shown in FIG. 5, ground switch SG has been closed, the
selected main conversion capacitor CM1 has been grounded, and the second plates of the remaining
main conversion capacitors CM2-CM6 are connected to the reference voltage VREF.

[0061] Also, the second plates of the sub-conversion capacitors CC1-CC3 (CC1-CCp) are
connected to the reference voltage VREF, the second plate of the integer calibration capacitor IC1 is
connected to ground, and the second plate of the integer calibration capacitor IC2 is connected to
the reference voltage VREF. Further, the second plates of the shared capacitors SC1-SC3
(SC1-SCs) are connected to the reference voltage VREF, and the second plates of the fractional
capacitors FC1-FC2 (FC1-FCf) are connected to ground.

[0062] Connecting the main conversion capacitors CM1-CMm and the sub-DAC capacitors
CNI-CNn as illustrated in FIG. 5 example places a negative charge on the first plates of the
capacitors that are connected to the reference voltage VREF. The charge equals the sum of the
specified capacitances of the capacitors CM1-CMm and CNI1-CNn that are connected to the
reference voltage VREF, multiplied times the reference voltage VREF. In the FIG. 1 example, the
sum of the specified capacitances of the capacitors CM2-CM6, CN1-CN4, and CN6-CN10 that are

10
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connected to the reference voltage VREF is equal to 32 1/8C.

[0063] Thus, method 400 connects the reference voltage VREF to the second plates of a first
number of capacitors of the capacitors CM1-CMm and CN1-CNn, and ground to the remaining
number of capacitors of the capacitors CM1-CMm and CN1-CNn. The first number of capacitors
excludes the main conversion capacitor that is being calibrated, and any previous main conversion
capacitors that have been calibrated. The sum of the specified capacitances of the first number of
capacitors adds up to a first value.

[0064] Referring again to FIGS. 4A-4B, after the connections have been made, method 400
moves from 422 to 424 to open the ground switch SW, and then to 426 to connect the second plate
of the selected main conversion capacitor CM to the reference voltage VREF, and connect the
second plates of the remaining main conversion capacitors CM to ground.

[0065] Also, method 400 connects the second plates of the sub-conversion capacitors CC1-CCp
(CC1-CC3) to ground, connects the integer calibration capacitor IC1 to ground (leaves the integer
calibration capacitor IC1 connected to ground), and connects the integer calibration capacitor IC2 to
the reference voltage VREF (leaves the integer calibration capacitor IC2 connected to the reference
voltage VREF). Further, method 400 connects the second plates of the shared capacitors SC1-SCs
(SC1-SC3) to ground, and connects the second plates of the fractional calibration capacitors
FC1-FCf (FC1-FC2) to ground (leaves the fractional calibration capacitors FC1-FCf connected to
ground).

[0066] FIG. 6 is a circuit diagram that illustrates an example of SAR ADC 100 following 426 in
accordance with example embodiments. As shown in FIG. 6, the second plate of the selected main
conversion capacitor CM1 is connected to the reference voltage VREF, and the second plates of the
remaining main conversion capacitors CM2-CM6 are connected to ground.

[0067] Also, the second plates of the sub-conversion capacitors CC1-CC3 (CC1-CCp) are
connected to ground, the integer calibration capacitor IC1 remains connected to ground, and the
integer calibration capacitor IC2 remains connected to the reference voltage VREF. Further, the
second plates of the shared capacitors SC1-SC3 (SC1-SCs) are connected to ground, and the
fractional capacitors FC1-FC2 (FC1-FCf) remain connected to ground.

[0068] Connecting the main conversion capacitors CM1-CMm and the sub-DAC capacitors
CN1-CNn as illustrated in FIG. 6 example redistributes the charge, and places the DAC voltage VA
on main node N1 (which is input to comparator 120). The DAC voltage VA is proportional to the
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sum of the specified capacitances of the capacitors CM1-CMm and CN1-CNn that are connected to
the reference voltage VREF, multiplied times the reference voltage VREF. In this example, the sum
of the specified capacitances of the capacitors CM1 and CN5 that are connected to the reference
voltage VREF is equal to 32 1/8C.

[0069] Thus, method 400 connects the reference voltage VREF to the second plates of a second
number of capacitors of the capacitors CM1-CMm and CN1-CNn, and ground to the remaining
number of capacitors of the capacitors CM1-CMm and CN1-CNn to generate a first DAC voltage.
The second number of capacitors includes the main conversion capacitor that is being calibrated, but
excludes any previous main conversion capacitors that have been calibrated. The sum of the
specified capacitances of the second number of capacitors adds up to a second value that is equal to
the first value.

[0070] After the connections have been made in 426, method 400 moves to 428 to compare the
first DAC voltage VA to a control voltage to determine a sign of the DAC voltage VA. In this
example, the control voltage is ground. The DAC voltage VA on main node N1 is equal to zero
when the actual capacitances of the capacitors CM1-CMm are equal to the specified capacitances.
However, due to manufacturing tolerances and other effects, the actual capacitances of the
capacitors are usually not equal to the specified capacitances.

[0071] When compared to ground, variations from the specified capacitor values cause the DAC
voltage VA to be positive when the actual capacitance is greater than the specified capacitance, and
negative when the actual capacitance is less than the specified capacitance. After the sign of the
DAC voltage VA has been determined in 428, method 400 connects different shared and fractional
calibration capacitors SC and FC to the reference voltage VREF to bring the DAC voltage VA as
close to zero as possible.

[0072] When the sign is negative, which indicates that more capacitance can be added, method
400 moves from 428 to 434. When the sign is positive, which indicates that too much capacitance
was added, method 400 moves from 428 to 432 to connect integer calibration capacitor IC2 to
ground, and then on to 434. In 434, method 400 connects the second plate of the first shared
capacitor SC1 to the reference voltage VREF. The connections to the remaining capacitors are left
unchanged.

[0073] FIG. 7 is a circuit diagram that illustrates an example of SAR ADC 100 following 434 in

accordance with example embodiments. As shown in FIG. 7, the second plate of the first shared
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capacitor SC1 is connected to the reference voltage VREF, while the connections to the remaining
capacitors are unchanged. Connecting and reconnecting the capacitors generates a DAC voltage
VA on the main node N1.

[0074] As shown in FIGS. 4A-4B, method 400 next moves from 434 to 436 to determine the sign
of the DAC voltage VA from the comparison. Connecting the first shared capacitor SC1 to the
reference voltage VREF as illustrated in FIG. 7 adds an amount of capacitance that changes the sum
of the capacitances and, in turn, the DAC voltage VA.

[0075] When the sign is positive in 436, which indicates that capacitor SC1 added too much
capacitance, method 400 moves from 436 to 438 to reconnect the first shared capacitor SC1 to
ground, and next to 440 to determine if the shared capacitor SC1 is the last shared capacitor SCs-1
to be evaluated.

[0076] When a negative sign is detected in 436, which indicates that more capacitance can be
added, method 400 leaves the first shared capacitor SC1 connected to the reference voltage VREF,
and moves to 440 to determine if the shared capacitor SC1 is the last shared capacitor SCs-1 to be
evaluated.

[0077] When the shared capacitor SC1 is not the last shared capacitor SCs-1 to be evaluated,
method 400 moves to 442 to increment the variable Y, and then back to 434 to connect the second
plate of the next shared capacitor SC2 to the reference voltage VREF. Method 400 continues to
loop through 434 to 440 adding and removing capacitance as indicated by the sign in 436 until the
shared capacitor SC is the last shared capacitor SCs-1 to be evaluated.

[0078] When the last shared capacitor SCs-1 (SC2) to be evaluated is detected, method 400
moves from 440 to 444 to redefine the variable Y to be equal to one, and then on to 446 to connect
the second plate of the first fractional calibration capacitor FC1 to the reference voltage VREF. The
connections to the remaining capacitors are left unchanged.

[0079] FIG. 8 is a circuit diagram that illustrates an example of SAR ADC 100 following 446 in
accordance with example embodiments. As shown in FIG. 8, the second plate of the first fractional
calibration capacitor FC1 is connected to the reference voltage VREF, while the connections to the
remaining capacitors are unchanged. Connecting and reconnecting the capacitors generates a DAC
voltage VA on the main node N1.

[0080] As shown in the FIGS. 4A-4B example, method 400 moves from 446 to 448 to determine

the sign of the DAC voltage VA from the comparison. Connecting the first fractional calibration
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capacitor FC1 to the reference voltage VREF as illustrated in FIG. 8 adds an amount of capacitance
that changes the sum of the capacitances and, in turn, the DAC voltage VA.

[0081] When the sign is positive in 448, which indicates that capacitor FC1 added too much
capacitance, method 400 moves from 448 to 450 to reconnect the first fractional calibration
capacitor FC1 to ground, and next to 452 to determine if the fractional calibration capacitor FC1 is
the last fractional calibration capacitor FCf-1 to be evaluated.

[0082] When a negative sign is detected in 448, which indicates that more capacitance can be
added, method 400 leaves the first fractional calibration capacitor FC1 connected to the reference
voltage VREF, and moves to 452 to determine if the fractional calibration capacitor FC1 is the last
fractional calibration capacitor FC{-1 to be evaluated.

[0083] When the fractional calibration capacitor FC1 is not the last fractional calibration capacitor
FCf-1 to be evaluated, method 400 continues to loop through 446 to 452 adding and removing
capacitance as indicated by the sign in 448 until the fractional calibration capacitor FC is the last
fractional calibration capacitor FCf-1 to be evaluated. When the last fractional calibration capacitor
FCf-1 (e.g., FC1) to be evaluated is detected, method 400 moves from 452 to 456 to finish, having
determined the calibration conditions for the main conversion capacitors CM1-CMm.

[0084] In the normal mode of operation, SAR ADC 100 samples the input voltage VIN, and
generates the digital word DIG that represents the sampled input voltage. The digital word DIG is
generated by sequentially determining a logic value for each bit in the digital word DIG.
Calibration is applied when determining the logic values that correspond with the main conversion
capacitors CM.

[0085] FIGS. 9A-9C show a flow chart that illustrates an example of a method 900 of operating
SAR ADC 100 in normal mode in accordance with example embodiments. Method 900 begins at
910 by defining a variable Y, a variable TCC, and a variable Z. Variable Y, which is set to 1,
counts the number of capacitors that have been evaluated within a number of loops.

[0086] Variable TCC, which is set to 0, keeps a running total of the calibration conditions.
Variable Z, which is set to be one less than the number of bits in the digital word DIG, counts down
the number of bits in the digital word DIG that have been evaluated. In the FIG. 1 example, SAR
ADC 100 generates an 11-bit word and, therefore, Z=10.

[0087] Following this, method 900 moves to 912 to close the ground switch SG, and then to 914

to connect the input voltage VIN to the second plates of all the capacitors that correspond to a bit in
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the digital word DIG, i.e., CM1-CMm, CC1-CCp, and SC1-SCs-1, along with the dummy capacitor
SCs. The calibration capacitors IC1 and FC1-FCf are connected to ground, while the calibration
capacitor IC2 is connected to the reference voltage VREF.
[0088] After this, method 900 moves to 916 to open the ground switch SW, and then to 918 to
connect the second plate of the first main conversion capacitor CM1 to the reference voltage VREF,
and connect the second plates of the remaining main conversion capacitors CM2-CMm to ground.
[0089] Also, method 900 connects the second plates of the sub-conversion capacitors CC1-CC3
(CCp) to ground, and redefines the variable TCC to be as shown in equation EQ. 1:
EQ. 1 TCC = TCC - (Calibration (Cal.) for CM(Y)).
[0090] (Cal. for CM(Y)) is defined by the value of Y, such that:
(Cal. for CM1) = »(Cal. for CM1’)
(Cal. for CM2) = Y1 {(Cal. for CM2’) - (Cal. for CM1)}
(Cal. for CM3) = Y»{(Cal. for CM3’) - (Cal. for CM1) - (Cal. for CM2)}
with (Cal. for CM4)-(Cal. CMm) following the same pattern.
[0091] In turn, (Cal. for CM(Y)’) is defined by equation EQ. 2:

EQ.2 (Cal. for CM(Y)’) = (IC2L)YIC2W)+(SCIL)(SCIW)+...+
(SCs-1L)(SCs-1W)+(FCIL)FCIW)+... +HFCE-1L)FCE-1W)-
IC2W.

where IC2L is a logic state that defines how capacitor IC2 was connected during the calibration
of CM(Y) (ground = logic 0, the reference voltage VREF = 1), SCIL-SCs-1L are logic states
that define how capacitors SC1-SCs-1 were connected during the calibration of CM(Y), and
FCIL-FCt-1L are logic states that define how capacitors FC1-FCf-1 were connected during the
calibration of CM(Y).

[0092] Also, IC2W, SCIW-SCs-1W, and FCIW-FC{-1W are binary weight values of the
capacitors 1C2, SC1-SCs-1, and FC1-FCf-1, respectively, where IC2 has a most significant bit
position, SCs-1 has a least significant bit position, and FC1-FCf-1 have fractional bit positions. For
example, when five shared capacitors SC1-SC5 and four fractional calibration capacitors are used,
the binary weight values are shown in TABLE 1. SCS5 and FC4 are not included because these

values are always zero.
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TABLE 1
Capacitor | IC2 | SC1 SC2 SC3 SC4 FCl1 FC2 FC3
Weight 2t |2 2" 2! 2" 27! 2% 27

[0093] In the FIG. 8 example, where three shared capacitors and two fractional calibration
capacitors are used, (Cal. for CM(Y)’) is defined by equation EQ. 3:
EQ.3 (Cal. for CM(Y)’) = (IC2L)(IC2W) + (SCIL)(SC1W) +

(SC2L)(SC2W) + (FCIL)FCIW) - IC2W.
[0094] Further, in the FIG. 8 example, for the first main conversion capacitor CM1, the logic state
IC2L=1 (connected to VREF), the logic state SC1L=0 (connected to ground), the logic state
SC2L=0, and the logic state FC1L=1. Also, the weights of the capacitors IC2, SC1, SC2, and FC1
in the FIG. 8 example are shown in TABLE 2.

TABLE 2
Capacitor IC2 SC1 SC2 FCl1
Logic State 1 0 0 1
Weight 2" 2! 2’ 27!

[0095] Substituting the values from TABLE 2 into EQ. 3 yields a decimal value of:
(Cal. for CM(1)’) = (1)(4) + (0)(2) + (0)(1) + (1)(*2) - 4 = V4.
[0096] Because (Cal. for CM1) = ¥2(Cal. for CM1’), (Cal. for CM1) = V4.
[0097] After TCC = TCC - (Cal. for CM(Y)) has been determined in 918, the connections of the
capacitors IC2, SC1, SC2, and FC1 are defined according to equation EQ. 4:
EQ. 4 IC2,SC1,SC2,FC1: =1C2W - TCC
[0098] Substituting the values into EQ. 4 yields a decimal value of:
IC2,SC1,SC2,FCl: =4 -%=3 %,
[0099] Because the FIG. 8 example has a resolution of 5, the 3 %4 value is rounded up to 4.
Converting 4 back to binary yields the calibration connections for IC2, SC1, SC2, FC1 as shown in
TABLE 3.
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TABLE 3
Capacitor IC2 SC1 SC2 FCl1
GND=0 1 0 0 0

VREF=1

[0100] Thus, in the FIG. 8 example, IC2 is connected to the reference voltage VREF, SC1 is
connected to ground, SC2 is connected to ground, and FC1 is connected to ground. Also, IC1 is
(always) connected to ground (but may later be connected to the reference voltage VREF), SC3 is
(always) connected to ground, and FC2 is (always) connected to ground.

[0101] After the capacitors IC1-FCf have been connected in 918, method 900 moves to 920.
Connecting and reconnecting the voltages in 914 and 918 generates a DAC voltage VA equal to
(*2VREF-VIN) on the main node N1 and the input of comparator 120. Method 900 determines
the sign (positive or negative) of the comparison in 920.

[0102] To determine the sign, SAR ADC 100 compares the DAC voltage VA to a control
voltage. In this example, the control voltage is ground. When the comparator output is negative
or low (when the DAC voltage VA is less than zero, i.e., "2ZVREF-VIN<0), method 900 moves to
922 to leave the reference voltage VREF connected to the main conversion capacitor CM(Y), set
the MSB of the digital word DIG (e.g., bit10 in the FIG. 1 example) to a logic 1, and then to 924
to determine if the capacitor CM(Y) is the last main conversion capacitor CMm.

[0103] When the comparator output is positive or high in 920 (when the DAC voltage is
greater than zero, i.e., “2 VREF-VIN>0), method 900 moves to 926 to connect the main
conversion capacitor CM(Y) to ground, and set the MSB of the digital word DIG (e.g., bit10 in
the FIG. 1 example) to a logic 0. Also, TCC is redefined as TCC = TCC + (Cal. for CM(Y)).
The (Cal. for CM(Y)) is added back to TCC because capacitor CM(Y) was reconnected to
ground. Method 900 then moves to 924 to determine if the capacitor CM is the last main
conversion capacitor CMm.

[0104] Thus, to determine the logic value of the most significant bit (MSB) (e.g., bit[10] in the
FIG. 1 example) within the digital word DIG, SAR ADC 100 closes the ground switch SG, and
then connects the input voltage VIN to a number of capacitors that include the main conversion
capacitors CM1-CMm, the sub-conversion capacitors CC1-CCp, and the shared capacitors

SC1-SCs-1.
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[0105] Following this, SAR ADC 100 opens the ground switch SG, and then connects the
reference voltage VREF to a number of capacitors that include main conversion capacitor CM1,
and a selected number of the shared capacitors SC1-SCs-1. Connecting and reconnecting the
voltages generates a MSB DAC voltage which is compared to ground. The result of the
comparison determines whether the MSB is a logic one or a logic zero.

[0106] When the capacitor CM(Y) is not the last main conversion capacitor CMm, method 900
moves from 924 to 928 to increment the variable Y and decrement the variable Z. Following
this, method 900 returns to 918 to loop through 924 until each of the main conversion capacitors
CM1-CMm has been evaluated.

[0107] On each loop, TCC is redefined. Calibrations conditions exist for each of the main
conversion capacitors CM(Y). When more than one main conversion capacitor CM(Y) is
connected to the reference voltage VREF, multiple calibration conditions exist. When the
calibration conditions for more than one main conversion capacitor CM(Y) exist, TCC sums
together the decimal values for each main conversion capacitor CM(Y) that is connected to the
reference voltage VREF.

[0108] When the capacitor CM(Y) is the last main conversion capacitor CMm in 924, method
900 moves to 930 to reset the variable Y to Y = 1 and decrement the variable Z. After this,
method 900 moves to 932 to connect the second plate of the first sub-conversion capacitor CC1
to the reference voltage VREF, and connect the second plates of the remaining sub-conversion
capacitors CC to ground. Also, method 900 connects the second plates of the capacitors 1C2,
SC1-SCs-1, and FC1-FCt-1 as defined by IC2W - TCC. Method 900 also leaves IC1, SCs, and
FCf connected to ground.

[0109] Further, the second plates of the main conversion capacitors CM are left connected as
previously determined in 918-928. Accordingly, when a capacitor is connected to the reference
voltage VREF and the resulting comparison is negative, the capacitor remains connected to the
reference voltage VREF until each bit in the digital word DIG has been determined. Connecting
and reconnecting the voltages places a DAC voltage VA on the input of comparator 120.

[0110] Method 900 next moves to 934 to determine the sign (positive or negative) of the
comparison. When the output of comparator 120 is negative, method 900 moves to 936 to leave
the reference voltage VREF connected to the first sub-conversion capacitor CCl, set the

corresponding bit of the digital word DIG (e.g., bit[4] in the FIG. 1 example) to a logic 1, and
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then to 938 to determine if the capacitor CC(Y) is the last sub-conversion capacitor CCp.
[0111] When the comparator output is positive, method 900 moves from 934 to 940 to
reconnect the first sub-conversion capacitor CC1 to ground, and set the corresponding bit of the
digital word DIG (e.g., bit[4] in the FIG. 1 example) to a logic 0. Method 900 then moves to 938
to determine if the capacitor CC(Y) is the last sub-conversion capacitor CCp.
[0112] When the capacitor CC(Y) is not the last sub-conversion capacitor CCp, method 900
moves from 938 to 942 to increment the variable Y and decrement the variable Z. Following
this, method 900 returns to 932 to loop through 938 until each of the sub-conversion capacitors
CC1-CCp has been evaluated.
[0113] When the capacitor CC(Y) is the last sub-conversion capacitor CCp in 938, method 900
moves to 944 to reset the variable Y to Y = 1 and decrement the variable Z. After this, method
900 moves to 946 to determine the values of the remaining bits in the digital word DIG. In the
FIG. 1 example, bit[2] was defined by capacitor CC3. As a result, the remaining bits in the
digital word DIG in the FIG. 1 example include bit[1] and bit[0].
[0114] To determine the values of the remaining bits in the digital word DIG, method 900 next
determines if capacitor IC2 is connected to the reference voltage VREF. When capacitor IC2 is
connected to the reference voltage VREF, method 900 moves to 948 to determine the
connections for the capacitors IC1,SC1-SCs-1,FC1-FCf-1. The connections to the capacitors
IC1,SC1-SCs-1,FC1-FCt-1 are determined by equation EQ. 5.

EQ.5 IC1,SC1-SCs-1,FC1-FCf-1 = SC(Y)W - TCC
[0115] Connecting and reconnecting the voltages generates the DAC voltage VA, which is
compared to the control voltage, e.g., ground. Method 900 next moves to 950 to determine the
sign (positive or negative) of the comparison. When the comparator output is negative, method
900 moves to 952 to set the corresponding bit[Z] of the digital word DIG to a logic 1, and then to
954 to increment the variable Y and decrement the variable Z.
[0116] When the comparator output is positive, method 900 moves from 950 to 956 to set the
corresponding bit[Z] of the digital word DIG to a logic 0. Method 900 also redefines
IC1,SC1-SCs-1,FC1-FCt-1: (which changes the connections to the capacitors IC1, SC1-SCs-1,
and FC1-FCf-1) as shown in equation EQ. 6.

EQ.6 IC1,SC1-SCs-1,FC1-FCf-1: =IC1,SC1-SCs-1,FC1-FCf-1: - SC(Y)W

[0117] The term SC(Y)W is removed because the comparison result was positive. Following
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this, method 900 moves to 954 to increment the variable Y and decrement the variable Z. From
954, method 900 then moves to 958 to determine if the last bit or LSB of the digital word DIG
has been determined. When the LSB of the digital word DIG has not been determined, method
900 moves to 960 to redefine IC1,SC1-SCs-1,FC1-FCf-1: as shown in equation EQ. 7.

EQ.7 IC1,SC1-SCs-1,FC1-FCf-1: =1C1,SC1-SCs-1,FC1-FCf-1: + SC(Y)W
[0118] Following this, method 900 returns to 950 to loop through 958 until the LSB in the
digital word DIG has been evaluated. When the LSB in the digital word DIG has been evaluated
in 958, method 900 moves to 962 to finish.
[0119] Referring again to 946, when capacitor IC2 is not connected to the reference voltage
VREF, method 900 moves to 964 to determine the connections for the capacitors IC2,
SCI1-SCs-1, FC1-FCf-1. The connections to the capacitors IC2, SC1-SCs-1, FC1-FCf-1 are
determined by equation EQ. 8.

EQ.8 IC2,SC1-SCs-1,FC1-FCf-1 = IC2W + SC(Y)W - TCC
[0120] Connecting and reconnecting the voltages generates the DAC voltage VA, which is
compared to the control voltage, e.g., ground. Method 900 next moves to 966 to determine the
sign (positive or negative) of the comparison. When the comparator output is negative, method
900 moves to 968 to set the corresponding bit[Z] of the digital word DIG to a logic 1, and then to
970 to increment the variable Y and decrement the variable Z.
[0121] When the comparator output is positive, method 900 moves from 966 to 972 to set the
corresponding bit[Z] of the digital word DIG to a logic 0. Method 900 also redefines
I1C2,SC1-SCs-1,FC1-FCt-1: (which changes the connections to the capacitors 1C2, SC1-SCs-1,
and FC1-FCf-1) as shown in equation EQ. 9.

EQ.9 1C2,SC1-SCs-1,FC1-FCf-1: = 1C2,SC1-SCs-1,FC1-FCf-1: - SC(Y)W
[0122] The term SC(Y)W is removed because the comparison result was positive. Following
this, method 900 moves to 970 to increment the variable Y and decrement the variable Z. From
970, method 900 then moves to 974 to determine if the LSB of the digital word DIG has been
determined. When the LSB of the digital word DIG has not been determined, method 900 moves
to 976 to redefine IC2,SC1-SCs-1,FC1-FCf-1: as shown in equation EQ. 10.

EQ. 10 1C2,SC1-SCs-1,FC1-FCf-1: =1C2,SC1-SCs-1,FC1-FCf-1: + SC(Y)W
[0123] Following this, method 900 returns to 966 to loop through 974 until the LSB in the
digital word DIG has been evaluated. When the LSB in the digital word DIG has been evaluated
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in 974, method 900 moves to 962 to finish. Thus, to determine the logic value of the LSB, SAR
ADC 100 connects the reference voltage VREF to a number of capacitors that include a selected
number of shared capacitors SC1-SCs-1. Connecting and reconnecting the voltages generates a
LSB DAC voltage which is compared to ground. The result of the comparison determines
whether the LSB is a logic one or a logic zero.

[0124] FIG. 10 is a circuit diagram that illustrates an example of a calibrated high-resolution
successive approximation register (SAR) analog-to-digital converter (ADC) 1000 in accordance
with an alternative embodiment. SAR ADC converter 1000 and SAR ADC converter 100 are
similar and, as a result, use the same reference identifiers to identify the structures that are
common to both converters.

[0125] As shown in FIG. 10, SAR ADC converter 1000 differs from SAR ADC converter 100
in that SAR ADC converter 1000 has more segments and capacitors than SAR ADC converter
100. In the FIG. 10 example, SAR ADC 1000 has four segments (114(1), 114(2), 114(3), and
114(4)), three attenuation capacitors (116(1), 116(2), and 116(3)), and 21 capacitors (CM1-CM6
and CN1-CN15), and realizes a 14-bit SAR ADC with an 11-bit calibration. In contrast, SAR
ADC 100 has two segments (114(1) and 114(2)), one attenuation capacitor (116(1)), and 16
capacitors (CMI1-CM6 and CNI1-CN10), and realizes an 11-bit SAR ADC with a 7-bit
calibration. SAR ADC 1000 operates in the same manner as does SAR ADC 100.

[0126] FIG. 11 is a circuit diagram that illustrates an example of a calibrated successive
approximation register (SAR) analog-to-digital converter (ADC) 1100 in accordance with an
alternative embodiment. SAR ADC converter 1100 and SAR ADC converter 100 are similar
and, as a result, use the same reference identifiers to identify the structures that are common to
both converters.

[0127] As shown in FIG. 11, SAR ADC converter 1100 differs from SAR ADC converter 100
in that SAR ADC converter 1100 has more segments and capacitors than SAR ADC converter
100. In the FIG. 11 example, SAR ADC 1100 has three segments (114(1), 114(2), and 114(3)),
two attenuation capacitors (116(1) and 116(2)), and 21 capacitors (CM1-CM6 and CN1-CNI15),
and realizes a 14-bit SAR ADC with an 11-bit calibration. SAR ADC 1100 operates in the same
manner as does SAR ADC 100.

[0128] FIGS. 12A-12B is a circuit diagram that illustrates an example of a differential

successive approximation register (SAR) analog-to-digital converter (ADC) 1200 in accordance
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with an alternative embodiment. SAR ADC converter 1200 and SAR ADC converter 1000 are
similar and, as a result, use the same reference identifiers to identify the structures that are
common to both converters.

[0129] As shown in FIGS. 12A-12B, differential SAR ADC converter 1200 differs from SAR
ADC converter 1000 in that differential SAR ADC converter 1200 has two DACs 110(1) and
110(2) that are identical to DAC 110 of SAR ADC 1000, with the exception that DAC 110(1)
receives the input and reference voltages VIN- and VREF-.

[0130] Also, comparator 120 compares the DAC voltage VA(2) generated by DAC 110(2) to
the DAC voltage VA(1) generated by DAC 110(1). SAR ADC 1200 operates the same as SAR
ARC 1000 except that the DAC voltage VA(1) functions as the control voltage.

[0131] SAR ADC 100, SAR ADC 1000, SAR ADC 1100, and differential SAR ADC 1200 are
examples of four arrangements of example embodiments. Other arrangements with the same or
different numbers of segments, and with the same or different numbers of capacitors, are
possible.

[0132] Advantageously, example embodiments reduce the silicon real estate that is required to
implement a calibrated SAR ADC by using the shared capacitors SC1-SCs-1, which function as
calibration capacitors when in the calibration mode and as bit capacitors when in the normal
mode. The reduction in size is particularly significant in a high-resolution SAR ADC, such as
SAR ADC 1000.

[0133] 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:
I. A SAR ADC comprising:

a DAC having a capacitor array, the capacitor array having a plurality of segments, and a
number of attenuation capacitors that are connected to the plurality of segments, such that an
attenuation capacitor is connected to and between each adjacent pair of segments, the plurality of
segments including:

a main DAC segment having a number of binary-weighted main conversion capacitors,
none of the number of binary-weighted main conversion capacitors having substantially identical
weights;

one or more sub-DAC segments having a number of binary-weighted sub-DAC
capacitors, one sub-DAC segment having three binary-weighted sub-DAC capacitors that have
substantially identical weights;

a comparator connected to the DAC; and

a controller connected to the DAC and the comparator.

2. The SAR ADC of claim 1 wherein the main DAC segment further has a number of main
switches that are connected to the binary-weighted main conversion capacitors.

3. The SAR ADC of claim 2 wherein each of the main conversion capacitors has a first
plate that is connected to a main node, and a second plate that is connected to a main switch,
each main switch to be connected to receive an input voltage, a reference voltage, or ground, and
a sequence of control words that each selects the input voltage, the reference voltage, or ground
that is to be placed on the second plates of the main conversion capacitors.

4. The SAR ADC of claim 3 wherein the DAC further includes a ground switch that is
connected between the main node and ground.

5. The SAR ADC of claim 4 wherein the sub-DAC segments further have a number of
sub-switches that are connected to the binary-weighted sub-DAC capacitors.

6. The SAR ADC of claim 5 wherein each of the sub-DAC capacitors has a first plate that is
connected to a sub-node, and a second plate that is connected to a sub-switch, each sub-switch to
be connected to receive the input voltage, the reference voltage, or ground, and the sequence of
control words that each selects the input voltage, the reference voltage, or ground that is to be

placed on the second plates of the sub-conversion capacitors.
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7. The SAR ADC of claim 6 wherein the controller is connected to the ground switch, the
main switches, and the sub-switches.

8. The SAR ADC of claim 7 wherein the plurality of segments are arranged in series.

9. The SAR ADC of claim 1 and further comprising a differential DAC that is connected to
the comparator and the controller, the differential DAC having a differential capacitor array, the
differential capacitor array having a plurality of differential segments, and a number of
differential attenuation capacitors that are connected to the plurality of differential segments,
such that a differential attenuation capacitor is connected to and between each adjacent pair of
differential segments, the plurality of differential segments including:

a differential main DAC segment having a number of binary-weighted differential main
conversion capacitors, none of the number of binary-weighted differential main conversion
capacitors having substantially identical weights; and

one or more differential sub-DAC segments having a number of binary-weighted
differential sub-DAC capacitors, one differential sub-DAC segment having three
binary-weighted differential sub-DAC capacitors that have substantially identical weights.

10. A method of calibrating a SAR ADC comprising:

closing a ground switch;

connecting a reference voltage to a first selected number of capacitors of a plurality of
capacitors, and ground to a first remaining number of capacitors of the plurality of capacitors, the
first selected number of capacitors excluding a main conversion capacitor that is being calibrated
and any previous main conversion capacitors that have been calibrated, each of the plurality of
capacitors having a specified capacitance, a sum of the specified capacitances of the first selected
number of capacitors adding up to a first value;

opening the ground switch after the reference voltage has been connected to the first
selected number of capacitors, and ground to the first remaining number of capacitors;

connecting the reference voltage to a second selected number of capacitors of the
plurality of capacitors, and ground to a second remaining number of capacitors of the plurality of
capacitors to generate a first DAC voltage after the ground switch has been opened, the second
selected number of capacitors including the main conversion capacitor that is being calibrated,
and excluding any previous main conversion capacitors that have been calibrated, a sum of the

specified capacitances of the second selected number of capacitors adding up to a second value

24



WO 2016/200733 PCT/US2016/036033

that is equal to the first value.
11. The method of claim 10 and further comprising comparing the first DAC voltage to a
control voltage to determine a first comparison sign.
12. The method of claim 11 and further comprising:

connecting an integer calibration capacitor to ground and a first shared capacitor to the
reference voltage when the first comparison sign is positive to generate a second DAC voltage;
and

comparing the second DAC voltage to the control voltage to determine a second
comparison sign.
13. The method of claim 12 and further comprising:

connecting the first shared capacitor to the reference voltage when the first comparison
sign is negative to generate a third DAC voltage; and

comparing the third DAC voltage to the control voltage.
14. A method of operating a SAR ADC comprising first determining a logic value for a most
significant bit (MSB) within a digital word, the first determining including:

connecting an input voltage to a first plurality of capacitors, the first plurality of
capacitors including a plurality of main conversion capacitors, a plurality of sub-conversion
capacitors, and a plurality of shared capacitors;

connecting a reference voltage to a second plurality of capacitors, the second plurality of
capacitors including a main conversion capacitor of the plurality of main conversion capacitors,
and a first selected number of shared capacitors of the plurality of shared capacitors to generate a
MSB DAC voltage; and

second determining a logic value for a least significant bit (LSB) within the digital word,
the second determining including connecting the reference voltage to a second selected number
of shared capacitors from the plurality of shared capacitors to generate a LSB DAC voltage.
15. The method of claim 14 wherein the first determining further includes comparing the
MSB DAC voltage to a control voltage to generate a first comparison sign.
16. The method of claim 15 wherein the first determining further includes connecting the
main conversion capacitor to ground, and the reference voltage to a next main conversion
capacitor when the first comparison sign is positive.

17. The method of claim 16 and further comprising setting the MSB to a logic one when the
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comparison sign is negative, and setting the MSB to a logic zero when the comparison sign is
positive.

18. The method of claim 17 and further comprising leaving the main conversion capacitor
connected to the reference voltage, and connecting a next main conversion capacitor to the
reference voltage when the first comparison sign is negative.

19. The method of claim 18 wherein the second determining further includes comparing the
LSB DAC voltage to the control voltage to generate a second comparison sign.

20. The method of claim 19 wherein the second determining further includes setting the LSB
to a logic one when the comparison sign is negative, and setting the L.SB to a logic zero when the

comparison sign is positive.
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