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(57) Abstract: Integral non-linearity (INL) error in a successive approximation register (SAR) analog- to-digital converter (ADC)
(10) is reduced by providing correction capacitors (HB) each having a first terminal connected to a conductor (13) which is also
connected to one terminal of the capacitors of a CDAC (HA) and to an input of a comparator (5) of the SAR ADC. Stored INL er-
ror information (18A) is utilized to control switches coupled to second terminals of the correction capacitors to selectively couple
them to either a ground voltage (GND) or a reference voltage (VREF) in response to the stored INL etror information so as to re-
duce the INL errors.
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SUCCESSIVE APPROXIMATION REGISTER ANALOG-TO-DIGITAL CONVERTER
WITH INTEGRAL NON-LINEARITY CORRECTION
[0001] This relates circuitry and methods for correcting integral non-linearity (INL)

errors in analog-to-digital converters (ADCs) that employ successive approximation register

(SAR) logic.
BACKGROUND
[0002] A successive approximation register (SAR) analog-to-digital converter (ADC)

transforms an analog signal into a digital signal by means of a binary algorithm which performs
binary bit-by-bit comparisons after an input voltage is sampled onto a capacitor digital-to-analog
converter (CDAC). This sampling stores charge in the CDAC that is manipulated and compared
with a reference to determine a digital output code that most closely represents the analog input
voltage.

[0003] Capacitors inherently have second order voltage coefficients that cause the
amount of charge stored on a capacitor to be non-linear with respect to the voltage across the
capacitor. Such voltage coefficients cause integral non-linearity (INL) errors in the output of the
ADC. As the analog input voltage being sampled in the ADC increases, the INL error due to the
second order coefficient of the CDAC capacitors increases. Differences between an actual SAR
ADC transfer curve and an “ideal” straight-line staircase transfer function caused by capacitor
voltage coefficients are considered to be INL errors.

[0004] The magnitude of INL error in an ADC increases as the magnitude of the input
signal increases. This increase in INL error is a result of the characteristic second order or
“square law” relationship between the INL error due to the capacitor voltage coefficients of the
CDAC capacitors and the voltage across them. Consequently, a doubling of the input voltage
range will result in a quadrupled INL error. For example, if a 5 volt peak-to-peak input signal is
applied to the SAR ADC and this results in generation of an INL error of 1 least significant bit
(LSB), then a 10 volt peak-to-peak input signal would create an error of 4 .SBs at the input
signal peak. The center point of a graph of the INL error may shift to either the left or right,
based on the matching of the individual capacitors in the CDAC, and also based on whether or
not the inputs are unipolar or bipolar (and also inherently based on the voltage coefficients since
they are part of the cause of the INL error). The characteristic S-shape of the INL curve of a

SAR ADC may be inverted, depending on the algorithm used for converting the input signal.
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[0005] Prior approaches are described in US Patent Nos. 7,501,965 and 7,196,645.
[0000] FIGS. 1 and 2 are reproductions of FIGS. 6 and 7 of US Patent No. 7,501,965,
which discloses a basic INL correction technique. FIG. 2 shows details of the CDAC 630 of
FIG. 1. Comparator 610 compares an intermediate signal (which is produced by CDAC 630 in
response to Viy and auxiliary DAC 640) with a mid-level reference voltage to generate an input
to SAR logic 626. Auxiliary DAC 640 receives a digital INL error signal computed by error
computation block 625 and generates an analog representation of the INL error signal as an input
to CDAC 630. The analog representation of the INL error signal is used to correct the analog
output voltage produced by CDAC 630. SAR logic 626 performs a typical SAR algorithm to
control computation block 625 and CDAC 630. The technique of the ‘965 patent uses the first
few SAR ADC bit decisions of a conversion operation determine the part of the SAR ADC
transfer function at which the present conversion process is occurring. Thus, the typical error
caused by capacitive voltage coefficients of the CDAC capacitors is corrected before the SAR
ADC conversion is finished.

[0007] The INL error correction performed in error computation block 625 of US Patent
No. 7,501,965 is performed by a complex “math engine” which computes various coefficients
that are required to determine the INL error corrections in accordance with the complex process
and associated equations described therein, and thereby provides a very precise correction for
each individual SAR ADC chip. However, the use of the math engine results in the disclosed
SAR ADC being undesirably complex, slow, and costly.

[0008] In some known CDACs, dynamic error correction capacitors are provided to
correct for dynamic errors caused by signal voltage settling problems.

[0009] There is a need for inexpensively achieving fast correction of INL errors caused
by capacitor voltage coefficients in a SAR ADC, and a need to avoid complex math engines to
achieve such correction.

SUMMARY

[0010] In accordance with one embodiment, the invention provides a circuit and method
by means of which INL error in a SAR ADC (10) is reduced, by providing correction capacitors
(11B) each having a first terminal connected to a conductor (13) which is also connected to one
terminal of the capacitors of a CDAC (11A) and to an input of a comparator (5) of the SAR

ADC. Stored INL error information (18A) is utilized to control switches (32) coupled to second
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terminals of the correction capacitors to selectively couple them to either a ground voltage or a
reference voltage (Vrgr) in response to the stored INL error information so as to reduce the INL
ErTors.

[0011] In one embodiment, the invention provides a SAR ADC (10) which includes a
first CDAC (11A) receiving a first analog input signal (Vix*) and including a plurality of CDAC
capacitors each having a first terminal coupled to a first conductor (13). A first correction
capacitor circuit (11B) includes a correction capacitor having a first terminal coupled to the first
conductor (13). A comparator (5) has a first input (+) coupled to the first conductor (13). SAR
logic circuitry (18) has an input coupled to an output (6) of the comparator (5) and also has a
first output bus (16) coupled to control a plurality of switches (32) coupled to second terminals
of the capacitors of the first CDAC (11A), respectively, for selectively coupling the second
terminals to either a first reference voltage (GND) or a second reference voltage (Vrer). The
SAR logic circuitry (18) produces a digital signal (25) representative of the first analog input
signal (Viv"). Decoder circuitry (18A) has a first output bus (24) coupled to control a switch (32)
coupled to a second terminal of the correction capacitor (11B) to selectively couple the second
terminal of the correction capacitor to either the first reference voltage (GND) or a third
reference voltage (Vrer or Vrgr in FIG.8) in response to stored INL error information so as to
correct INL errors in a transfer characteristic of the SAR ADC.

[0012] In the described embodiments, the first correction capacitor circuit (11B) includes
a plurality of the correction capacitors (11B). The first output bus (24) of the decoder circuitry
(18A) is coupled to control a plurality of switches (32) coupled to second terminals of the
correction capacitors, respectively, of the first correction capacitor circuit (11B). A second
CDAC (7A) receives a second analog input signal (Vv ) and includes a plurality of CDAC
capacitors each having a first terminal coupled to a second conductor (12) coupled to a second
input (-) of the comparator (5). The SAR ADC (10) also includes a second correction capacitor
circuit (7B) including a plurality of correction capacitors each having a first terminal coupled to
the second conductor (12). The SAR logic circuitry (18) has a second output bus (14) coupled to
control a plurality of switches (32) coupled to second terminals of the capacitors of the second
CDAC (7A), respectively, for selectively coupling the second terminals of the capacitors of the
second CDAC (7A) to either the first reference voltage (GND) or the second reference voltage

(Vrer). The decoder circuitry (18A) has a second output bus (22) coupled to control a plurality
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of switches (32) coupled to the second terminals of the correction capacitors of the second
correction capacitor circuit (7B) to selectively couple the second terminals of the correction
capacitors of the second correction capacitor circuit (7B) to either the first reference voltage
(GND) or the third reference voltage (Vggr, or Vrep; in FIG. 8) in response to the stored INL
error information, wherein the SAR logic circuitry (18) produces the digital signal (25) to
represent a difference (Viy'-Vix ) between the first (Vv*) and second (Vix ) analog input
signals. The decoder (18A) is part of the SAR logic circuitry (18). The digital signal (25) is
received by an output logic circuit (27) to format the digital signal (25) into a digital output
signal (DOUT) of the SAR ADC (10).

[0013] In the described embodiments, capacitors of the first (11A) and second (7A)
CDAC:s are binarily weighted, and the correction capacitors of the first (11B) and second (7B)
correction capacitor circuits also are binarily weighted.

[0014] In one embodiment, the first conductor (13) is coupled to the first terminals of the
capacitors of the first correction capacitor circuit (11B) and the first (+) input of the comparator
(5) by means of a third conductor (13A) and a first scaling capacitor (Cscarg in FIG.7) coupled
between the first (13) and third (13A) conductors, and wherein the second conductor (12) is
coupled to the first terminals of the capacitors of the second correction capacitor circuit (7B) and
the second (-) input of the comparator (5) by means of a fourth conductor (12A) and a second
scaling capacitor (Cscarg in FIG.7) coupled between the second (12) and fourth (12A)
conductors.

[0015] In one embodiment, a digital-to-analog converter (15) has an input (17) coupled
to receive a digital input signal (SCALING CODE) for generating the third reference voltage
(VreF1).

[0016] In the described embodiments, the INL errors are caused primarily by voltage
coefficients of the capacitors of the first (11A) and second (7A) CDACs.

[0017] In the described embodiments, the results of a predetermined number of initial bit
decisions by the SAR logic (18) are utilized by the decoder (18A) to access a look-up table
(Table 1) to determine which of the correction capacitors are to be selectively coupled to the
third reference voltage (Vrer or Vrer1).

[0018] In one embodiment, the look-up table (Table 1) stores statistically determined
INL correction information for the SAR ADC.
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[0019] In one embodiment, the invention provides a method for reducing INL error in a
SAR ADC (10) which includes a CDAC (11A) receiving an analog input signal (Vix"), including
a plurality of CDAC capacitors each having a first terminal coupled to a first conductor (13), a
comparator (5) having a first input (+) coupled to the first conductor (13), and SAR logic
circuitry (18) having an input coupled to an output (6) of the comparator (5) and also having a
first output bus (16) coupled to control a plurality of switches (32) coupled to second terminals
of the capacitors of the CDAC (11A), respectively, for selectively coupling the second terminals
to either a first reference voltage (GND) or a second reference voltage (Vrer), the SAR logic
circuitry (18) producing a digital signal (25) representative of the input signal (Vix"), wherein
the method includes providing stored INL error information; coupling a first terminal of each of
a plurality of correction capacitors in a correction capacitor circuit (11B) to the first conductor
(13); and controlling switches (32) coupled to second terminals of each of the correction
capacitors to selectively couple the second terminals of the correction capacitors, respectively, to
either the first reference voltage (GND) or a third reference voltage (Vrgr, or Vrerr in FIG.8) in
response to the stored INL error information to correct INL errors in a transfer function of the
SAR ADC (10).

[0020] In a described embodiment, the method includes utilizing results of a
predetermined number of initial bit decisions by the SAR logic circuitry (18) to access a look-up
table (Table 1) to determine which of the correction capacitors are to be selectively coupled to
the third reference voltage (Vrer or Vrerr). In a described embodiment, the method includes
storing statistically determined INL correction information for the SAR ADC in the look-up
table (Table 1). The method also includes determining the INL error by subtracting an actual
transfer function for the SAR ADC (10) from an ideal transfer function for the SAR ADC. In one
embodiment, the method includes generating the third reference voltage (Vrgri) by means of a
digital-to-analog converter (15) having an input (17) coupled to receive a digital input signal
(SCALING CODE).

[0021] In one embodiment, the method includes circuitry for reducing INL error in a
SAR ADC (10) which includes a CDAC (11A) receiving an analog input signal (Viy"), including
a plurality of CDAC capacitors each having a first terminal coupled to a first conductor (13), a
comparator (5) having a first input (+) coupled to the first conductor (13), and SAR logic

circuitry (18) having an input coupled to an output (6) of the comparator (5) and also having a
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first output bus (16) coupled to control a plurality of switches (32) coupled to second terminals
of the capacitors of the CDAC (11A), respectively, for selectively coupling the second terminals
to either a first reference voltage (GND) or a second reference voltage (Vrer), the SAR logic
circuitry (18) producing a digital signal (25) representative of the input signal (Vix"), the
circuitry including first correction capacitor means (11B) for coupling a first terminal of each of
a plurality of correction capacitors in a correction capacitor circuit (11B) to the first conductor
(13); means (Tablel,18A) for storing INL error information; and means (18A) for controlling
switches (32) coupled to second terminals of each of the correction capacitors to selectively
couple the second terminals of the correction capacitors, respectively, to either the first reference
voltage (GND) or a third reference voltage (Vrgr or Vrgry) in response to the stored INL error
information to correct INL errors in a transfer function of the SAR ADC (10).

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Example embodiments are described with reference to accompanying drawings,
wherein:
[0023] FIG. 1 is a schematic diagram of an analog-to-digital converter including prior art

INL error correction circuitry.

[0024] FIG. 2 is a schematic diagram of block 620 in FIG. 1.

[0025] FIG. 3 is a diagram illustrating a typical INL characteristic curve and an INL
correction curve according to the invention.

[0026] FIG. 4 is a block diagram of a SAR ADC including INL correction capacitors and
associated circuitry in accordance with the invention.

[0027] FIG. 5 is a schematic diagram of an implementation of the SAR ADC of FIG. 4
including four INL correction capacitors.

[0028] FIG. 6 is a schematic diagram of an implementation of the SAR ADC of FIG. 4
including 12 INL correction capacitors.

[0029] FIG. 7 is a schematic diagram of an implementation of the SAR ADC of FIG. 4
including 12 INL correction capacitors and 2 scaling capacitors.

[0030] FIG. 8 is a schematic diagram of an implementation of the SAR ADC of FIG. 4
including 12 INL correction capacitors and a DAC (digital-to-analog converter) for generating a

reference voltage for the CDACSs and scaling capacitors in response to a scaling code.
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DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0031] An ideal SAR ADC transfer function is a straight line or linear staircase function
that relates analog input voltage of the SAR ADC to a digital representation thereof. INL errors
(integral non-linearity errors) in the transfer function due to capacitor voltage coefficients of a
CDAC in the SAR ADC cause the actual transfer function thereof to differ from its ideal transfer
function. The differences from the ideal transfer function can be indicated by a characteristic S-
shaped INL error curve as shown in FIG. 3. The INL curve has a characteristic S-shape that is
observed for the integral non-linearity of a SAR ADC due to the voltage coefficients of its
CDAC capacitors. The INL error curve is obtained by subtracting the ideal linear transfer curve
from the actual transfer curve.

[0032] The characteristic S-shape of the INL error curve is caused by the second order
capacitor voltage coefficients. The INL error curve is obtained by, in effect, drawing a straight
line from the endpoints of the actual SAR ADC transfer function and then subtracting the actual
transfer function from the ideal straight line transfer function. The drawing of the line makes any
changes in the first and last segment transparent to the end result.

[0033] A third-order polynomial equation was used to provide a simple representation of
the INL curve shown in Fig 3, although a more complex, and therefore more accurate, equation
could be used instead. In any case, the amount of needed INL correction to be represented by the
equation must first be determined by segmenting the INL curve. A limitation of the correction
comes from the largest error within the first and last segment, as no correction can be done in
these segments.

[0034] In the graph of FIG. 3, the simulated S-shaped curve designated “INL” represents
integral non-linearity errors caused by the voltage coefficients of the capacitors in a CDAC of a
SAR ADC. The vertical axis in the graph of FIG. 3 indicates normalized INL error expressed in
LL.SBs (least significant bits), and therefore implicitly in volts. Each L.SB has an associated “l.SB
size” which is equal to the amount of input voltage change needed to cause the least significant
bit of the digital output signal DOUT (FIG. 4) to switch from a “0” to a “1” or vice versa. The
value of the maximum INL error voltage depends on the reference voltage being used and the
range of the applied input voltage. The “LLSB size” depends on the configuration or architecture
of the CDAC. The vertical axis of the INL curve in FIG. 3 is normalized so that the maximum
error is equivalent to exactly one LSB. The “NORMALIZED INPUT VOLTAGE RANGE”
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indicated on the horizontal axis in FIG. 3 indicates the range of a bipolar input voltage of the
SAR ADC. Note that on the horizontal axis of FIG. 3, actual binary codes are not indicated
because they have been normalized to = 1 volt. The “INL. ADJUST (NORMALIZED)” curve in
FIG. 3 is a simulated “corrected” INL error for the SAR ADC shown in FIGS. 4 and 5, resulting
from switching of the INL correction capacitors to Vrgr for the case in which in the CDAC
circuitry 10-1 in FIG. 5 is provided for blocks 5, 7, and 11 in FIG. 4. The INL correction
capacitors of the invention are used to provide the reduced INL errors indicated in the simulated
INL ADJUST (NORMALIZED) curve. The INL ADJUST (NORMALIZED) curve indicates a
greatly reduced amount of INL error in the SAR ADC transfer function compared to the amount
of uncorrected (i.e., S-shaped) INL error, as a result of using the INL correction capacitor
technique of the invention.

[0035] In FIG. 3, the INL ADJUST(NORMALIZED) curve is obtained from the INL
ADJUST(ACTUAL) curve and the IDEAL TRANSFER FUNCTION curve. Note that the left
and right end points of the INLL ADJUST(NORMALIZED) curve both are at 0 LSB on the
vertical axis. When the actual corrected INL error curve is obtained by subtracting the
corresponding actual ideal linear transfer function of the SAR ADC from the actual SAR ADC
transfer function when the INL correction circuitry shown in the example of FIGS. 4 and 5 is
used, the result is the INLL. ADJUST(ACTUAL) curve shown in FIG. 3. Note that its calculated
end points are not at 0 LSB. Therefore, the IDEAL TRANSFER FUNCTION curve is obtained
by, in effect, drawing a straight line through the left and right end points of the IDEAL
TRANSFER FUNCTION curve. Then the IDEAL TRANSFER FUNCTION and the INL
ADJUST(ACTUAL) are, in effect, “normalized” by raising the left end point of the IDEAL
TRANSFER FUNCTION to 0 LLSB and lowering the right end point to 0 LLSB. The amount that
each point of the IDEALL TRANSFER FUNCTION curve is shifted is used to equally shift the
corresponding point of the INLL ADJUST(ACTUAL) curve, and that shifting results in the INL
ADJUST(NORMALIZED) curve.

[0036] In FIG. 4, SAR ADC 10 includes a CDAC 11 which includes both a CDAC 11A
and a plurality of INL correction capacitors in block 11B. The input voltage Vix" is applied to an
input of CDAC 11A. The output 13 of CDAC 11 is connected to the (+) input of a comparator 5,
the output of which is connected to an input of SAR logic 18. SAR ADC 10 also includes a
CDAC 7 which includes both a CDAC 7A and a plurality of INL correction capacitors in block
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7B. The input voltage Vv is applied to an input of CDAC 7A. The output 12 of CDAC 7 is
connected to the (-) input of comparator 5. (Note that the relationship of Vix™ and Vix~ with
respect to the connectivity of the (+) and (-) inputs of comparator 5 can be reversed and
compensated for within SAR logic 18.)

[0037] Details of an implementation of CDACs 7 and 11 from which the INL and INL.
ADJUST (NORMALIZED) curves of FIG. 3 are simulated are shown in FIG. 5. Referring to
FIG. 5, circuitry 10-1 may be used for implementation of CDACs 7A and 11A and INL
correction capacitors blocks 7B and 11B in FIG. 4. (The INL correction capacitors 7B and 11B
in FIG. 4 may be considered to be part of the CDACs 7 and 11, respectively.) In CDAC 11A of
FIG. 5, each of a number of binarily weighted CDAC capacitors of capacitance C, 2C, 4C,
8C...xC, yC, and zC, respectively, has its upper terminal connected by conductor 13 to the (+)
input of comparator 5. The lower terminal of each of those CDAC capacitors is connected to the
wiper of a corresponding switch 32 having one terminal connected to ground (GND) and another
terminal connected to Vggg. Similarly, in CDAC 7A, each of a number of binarily weighted
CDAC capacitors of capacitance C, 2C, 4C, 8C...xC, yC, and zC, respectively, has its lower
terminal connected by conductor 12 to the (-) input of comparator 5. The upper terminal of each
CDAC capacitor in CDAC 7A is connected to the wiper of a corresponding switch 32 having
one terminal connected to ground and another terminal connected to Vggr. The control electrodes
of the switches 32 in CDAC 11A are connected to corresponding conductors of bus 16 in FIG. 4,
and the control electrodes of the switches 32 in CDAC 7A are connected to corresponding
conductors of bus 14 in FIG. 4.

[0038] FIG. 5 also shows the circuitry for the INL correction capacitors in blocks 7B and
11B of FIG. 4. In block 7B of FIG. 5, each of two INL correction capacitors of capacitance C/4
and (/2 has its upper terminal connected to conductor 12 and its lower terminal connected to the
wiper of a corresponding switch 32 having one terminal connected to ground and another
terminal connected to Vggr. Similarly, in block 11B of FIG. 5, each of two INL correction
capacitors of capacitance C/4 and C/2 has its lower terminal connected to conductor 13 and its
upper terminal connected to the wiper of a corresponding switch 32 having one terminal
connected to ground and another terminal connected to Vgygr.

[0039] The control electrodes of the switches 32 in block 11B are connected to

corresponding conductors of a bus 24 from INL decoder 18A (FIG. 4), and similarly, the control
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electrodes of the switches 32 in block 7B are connected to corresponding conductors of a bus 22
(FIG. 4). In this example, the correction capacitor values in FIG. 5 are scaled to have values
which correspond to 0.5 and 0.25 LLSBs. This allows three INL corrective values 0.25, 0.5, and
0.75 LLSBs to be provided to either the (+) or (-) input of comparator 5 (where an L.SB is defined
as having a value that corresponds to one capacitance value C). The configuration shown in
FIGS. 4 and 5 was used for generating the simulated INL and INL. ADJUST (NORMALIZED)
curves in FIG. 3 for the case of a 12-bit SAR ADC. (The graphs in FIG. 3 are normalized, and
actually are applicable to any SAR ADC of more than 8 bits.)

[0040] The INL ADJUST (NORMALIZED) curve in FIG. 3 indicates how selected
amounts of segmented INL correction can be used to correct INL errors by, in effect, adding
selected amounts of INL correction capacitance to the capacitance of CDAC 7A or CDAC 11A
as an initial number of bit decisions (e.g., 5 bit decisions) are made in the process of the present
SAR ADC conversion. Corresponding correction values are thereby determined and
superimposed onto conductor 12 of CDAC 7A or conductor 13 of CDAC 11A of FIG. 5 to
correct for the expected statistical INL error. In the example of FIGS. 4 and 5, a correction is
applied to conductor 12 or conductor 13 after the first five decisions have been made. (However,
note that using the results of more initial bit decisions to determine how much INL error
correction is needed yields more accurate INL correction results.) Using the 5 bits to evaluate
the “location” of the transfer function at which the sample is located provides 32 possible INL
error correction values.

[0041] The turning “ON” of INL correction capacitors 11A (e.g., as indicated in
subsequently described Table 1) is accomplished by connecting them to Vggr through
corresponding switches 32 and conductor 13 to the (+) input of comparator 5. This causes the
effective stored charge in CDAC 11 to increase, thus increasing the SAR ADC output code value
on bus 25 (which, except for data format, is exactly the same as DOUT on bus 30. Similarly,
turning INL correction capacitors 7A “ON” by connecting them through corresponding switches
32 and conductor 12 to the (-) input of comparator 5 causes the effective stored charge in CDAC
11 to decrease, thus decreasing the SAR ADC output code value.

[0042] During sampling of the differential input voltage Vix* - Vin ™ to store
corresponding amounts of charge in the capacitors of CDACs 11A and 7A, the INL correction

capacitors are coupled to a ground reference voltage (GND). Subsequently, selected correction

10
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capacitors are switched to Vggr in order to make an appropriate INL correction on conductor 13
or conductor 12. (Note that this process could be reversed, ie. the correction capacitors could be
sampled to Vrgr and switched to ground to make an adjustment. However, the look-up table
would have to be adjusted to allow for this.) Since SAR ADC 10 makes the bit decisions
sequentially, the results of the most significant or upper bit decisions can be used to determine
the portion or location of the SAR ADC transfer function in which present conversion is
occurring. With this information, the correction capacitors in block 7B are connected to
conductor 12 along with the capacitors of CDAC 7A or the correction capacitors in block 11B
are connected to conductor 13 along with the capacitors of CDAC 11A and therefore are, in
effect, added to or superimposed onto CDAC 11A or CDAC 7A, respectively, for the purpose of
correcting INL errors in the manner determined by subsequently described INL decoder 18A and
its associated implementation of subsequently described Table 1. The magnitude of the INL
correction occurs as a number of L.SBs or “L.SB sizes” according to the statistically expected
INL errors, and is adjusted with respect to the input signal range.

[0043] In FIG. 4, SAR logic 18 includes conventional SAR logic and register circuitry,
and also includes INL decoder 18A to control which INL correction capacitors are turned ON
(i.e., connected to a reference voltage Vggp) during a conversion process. One output of SAR
logic 18 is coupled by a group of conductors or digital bus 14 to the control terminals of various
switches of CDAC 7A which operate to connect the various binarily weighted capacitors in
block 7A to either ground or Vygr in accordance with execution of a conventional SAR
algorithm performed by SAR logic 18. Similarly, another output of SAR logic 18 is coupled by a
group of conductors or bus 16 to the control terminals of various switches of CDAC 11A which
operate to connect the various binarily weighted capacitors in block 11A to either ground or
Vrer in accordance with the SAR algorithm.

[0044] One output of INL decoder 18A is connected by a group of conductors 22 to
control terminals of various switches which operate to connect individual correction capacitors
in block 7B either to ground or Vggr in accordance with the INL error correction process of the
invention. Similarly, another output of INL decoder 18A is connected by a group of conductors
24 to control terminals of various switches which operate to connect individual correction
capacitors in block 11B either to ground or Vggp in accordance with the INL error correction

process of the invention.
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[0045] The output of SAR logic 18 is coupled by digital bus 25 to the input of output
logic 27, which converts the contents of the SAR registers in SAR logic 18 to a serial or parallel
digital output word DOUT.

[0046] Various implementations of INL. decoder 18A can be used. For example, a simple
hard-wired look-up table can be used, in conjunction with a multiplexer. Based on the results of
the first 5 most significant bit decisions by SAR logic 18, INL decoder 18A selects which INL
correction capacitors 11B or 7B are to be turned ON. The first bit decision indicates whether the
SAR ADC conversion process is operating in the positive or negative portion of S-shaped INL
error curve in FIG. 3 and hence whether correction capacitors in block 7B or 11B are to be
turned ON (by connecting them to Vrgr) in order to reduce the INL error. The next four bit
decisions indicate which of the INL correction capacitors on that side (i.e., the (+) side or the (-)
side) of the CDAC circuitry will superimpose an incremental amount of INL error correction
charge and voltage on an input (either conductor 12 or conductor 13) of comparator 5. For the
first half of the SAR ADC transfer function corresponding to the left side of FIG. 3, the INL
error is subtracted to correct the actual INL error and for the other half of the INL transfer
function corresponding to the right side of FIG. 3 an error amount is added to correct the actual
INL error. (Note that the polarity the S-shape of the INL curve could be reversed, in which case
the above mentioned subtraction and addition of INL error would also have to be reversed.)
[0047] After the first five bit decisions have been made by SAR logic 18, INL decoder
18A is activated and decodes, for example, the MSB bit results of the 5 most significant bit
decisions and uses that information to determine the polarity and amount of INL error correction
that needs to be made in response to information from the look-up table represented by Table 1.
INL decoder 18A then, in effect, accordingly turns various correction capacitors ON in order to
superimpose appropriate amounts of incremental INL correction charge (and voltage) on
conductor 12 or conductor 13.

[0048] Thus, after allowing the resulting voltage on conductor 12 or conductor 13 to
settle, SAR logic 18 continues executing the SAR ADC conversion algorithm. Output logic
circuitry 27 receives the digital output code signal 25 from SAR logic 18 and converts it to a
desired format, e.g., serial format, parallel format, etc.

[0049] As previously mentioned, “dynamic error correction capacitors” are used in some

CDAC:s to correct for dynamic errors caused by signal voltage settling problems. (Dynamic
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errors can be introduced during any of the bit decisions. Typically, the most significant bits are
where most dynamic errors are introduced and where the most settling time is needed.) If such
dynamic error correction capacitors are present, then the INL correction of the invention should
be applied before the last of such dynamic error correction capacitors is utilized in SAR logic 18.
The dynamic error correction operation should be performed prior to at least one error correction
bit operation of the invention, so that if any additional errors are introduced during the
conversion they can be compensated.

[0050] As previously mentioned, INL decoder 18A may include a hard-wired look-up
table including the information indicated in Table 1 shown below, and may include conventional
multiplexing or addressing circuitry for accessing look-up Table 1. In Table 1, the first five MSB
decision bits are the result of the first five MSB bit decisions, starting with the result 00000. Bit
decision result 00000 represents the normalized -1.0000 normalized value of the “INPUT
VOLTAGE RANGE?” value on the horizontal axis shown in FIG. 3. Similarly, bit decision result
11111 represents the normalized 1.0000 value of the “INPUT VOLTAGE RANGE” on the
horizontal axis in FIG. 3.

[0051] The INL ADJUST (NORMALIZED) correction levels for various input voltage
ranges can be provided by simply adjusting the look-up table to select various combination of
the INL correction capacitors in blocks 11B and 7B. Additional INL correction capacitors, i.e.,
more than the four correction capacitors shown in FIG. 5, may be provided to allow corrections
of larger INL errors for a larger range of reference voltages This is helpful when larger input
voltages are applied to the input of ADC SAR 10. Typically, the higher the input voltage, the
greater the INL error will be, since the magnitude of the INL error is a square-law function of the
input voltage.

[0052] For example, if the input signal range is = 10 volts, the maximum INL error for
that SAR ADC will be 8 L.SBs. The configuration using the 12 INL correction capacitors shown
in FIG. 6 can correct up to 8 LLSBs of INL error. However, if the range of the input signal is
reduced to £ 5 volts, the input range has been reduced by half, then this has the effect of
reducing the INL error range by a factor of 4. Then, the INL error range of 8 LSBs is reduced to
2 L.SBs. In that case, the correction capacitors of capacitance 4 C and 2C shown in FIG. 6 are not
needed for the INL correction. Therefore, Table 1 can be adjusted to use only the lower value

INL correction capacitors in this case. Preferably, however, the higher valued INL correction
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capacitors are included in blocks 11B and 7B to allow the Table 1 to be adjusted for the worst

possible expected INL errors.

INL Correction Caps
Decision Bits PC/2 PC/4 NC/2 NC/4
00 0 0 0
0 0 0 0 1 ON
00 0 10 ON
0 0 0 1 1 ON ON
0 01 00 ON ON
0 0 1 01 ON ON
0 01 10 ON ON
0 0 1 1 1 ON ON
01 0 0 O ON ON
01 0 0 1 ON ON
01 0 10 ON ON
01 0 1 1 ON ON
01 1 0 0 ON
0 1 1 0 1 ON
01 1 10 ON
0 1 1 1 1
1 0 0 0 0
1 0 0 0 1 ON
1 0 01 0 [ON
1 0 0 1 1 [ON
1 01 0 0 [ON ON
1 01 0 1 [ON ON
1 01 1 0 [ON ON
1 01 1 1 [ON ON
1 1.0 0 0 [ON ON
1 1.0 0 1 [ON ON
1 1 01 0 [ON ON
1 1 0 1 1 [ON ON
1 1 1 0 0 [ON ON
1 11 0 1 [ON
1 1 1 1 0 [ON
1 11 11

Table 1
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[0053] INL decoder 18A (FIG. 4) can be expanded to adjust for different input voltage
ranges. Larger amounts of error can be corrected by adding two more correction capacitors to
each CDAC. The INL and INL ADJUST (NORMALIZED) curves in FIG. 3 assume a fixed
input voltage range. However, if this fixed input voltage range is doubled, then the error
increases from 1 LLSB to 4 LSBs. By adding the above mentioned two additional compensation
capacitors with values of 1.0 and 2.0 L.SBs, respectively, to each of CDACs 7B and 11B as
shown in FIG. 6, the additional errors can be corrected.

[0054] In FIG. 3, if the normalized input voltage range is + 1.000 volts, it can be seen
that a value of normalized input voltage roughly between 0.5 and 0.6 on the horizontal axis
occurs for the worst-case INL error of 1.0 LSB on the vertical axis. More specifically, if the
value of normalized input voltage is -0.55 volts, then the INL curve indicates 1 L.SB of INL
error, based on the observed statistical performance of the particular design of the SAR ADC.
Thus, the INL curve indicates the “location” in the SAR ADC conversion process at which the
maximum amount of INL error correction is needed. The first two bit decisions occur in the part
of the normalized input voltage range in which such maximum correction is needed. Once the
conversion of the first 2 capacitors has been performed, i.e., once the first two bit decisions have
been made, those two bit decisions indicate roughly where the input voltage is within the input
voltage range.

[0055] The simulated INL curve shown in FIG. 3 shows statistical, uncorrected, and
normalized integral non-linearity error curve values, with a maximum of 1.000 LLSB and a
minimum of -1.000 LSB. In contrast, the corrected error indicated by the INL. ADJUST
(NORMALIZED) curve has a normalized maximum value of 0.250 L.SB and a normalized
minimum value of -0.250 LLSB, which is much less than the normalized INL curve maximum
value of exactly 1.000 LLSB and a normalized minimum value of -1.000.

[0056] Thus, the INL error correction process of the invention reduces the INL error by a
factor of approximately 4 in this example wherein the four correction capacitors shown in blocks
7B and 11B FIG. 5 are used in blocks 7B and 11B of FIG. 4.

[0057] The circuitry 10-2 in FIG. 6 is essentially the same as the circuitry 10-1 in FIG. 5.
However, circuitry 10-2 includes 6 INL binarily weighted INL correction capacitors of
capacitance C/8, C/4, C/2, C, 2C, and 4C, respectively, in block 11B connected by conductor 13
to the (+) input of SAR comparator 5. Circuitry 10-2 in FIG. 6 also includes 6 INL binarily
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weighted INL correction capacitors of capacitance C/8, C/4, C/2, C, 2C, and 4C, respectively, in
block 7B connected by conductor 12 to the (-) input of SAR comparator 5. Look-up Table 1 can
be modified to provide 4 more of the INL correction capacitors that can be coupled to each input,
respectively, of comparator 5. Table 1 also can provide for different input voltage ranges. That
is, the implementation of FIG. 6 is designed to work with different input voltage ranges in
conjunction with different parts of a larger look-up table.

[0058] In FIG. 7, SAR ADC circuitry 10-3 is the same as in FIG. 6 except that conductor
13 is connected to one terminal of a first scale-down capacitor of capacitance Cscarg having its
other terminal connected by conductor 13A to the (+) input of comparator 5 and to the upper
terminals of the INL correction capacitors in block 11B. Similarly, in circuitry 10-3 conductor 12
is connected to one terminal of a second scale-down capacitor of capacitance Cscar g having its
other terminal connected by conductor 12A to the (-) input of comparator 5 and to the lower
terminals of the INL correction capacitors in block 7B. The implementation of FIG. 7 can use a
single look-up table and provide the necessary adjustments for various input voltage ranges by
appropriately modifying the scale-down capacitors.

[0059] In FIG. 8, SAR ADC circuitry 10-4 includes circuitry 10-2 in FIG. 6 and further
includes a DAC 15 having its digital input 17 connected to receive a scaling code, labeled
“SCALING CODE”. DAC 15 has a reference voltage input 19 connected to receive the reference
voltage Vrgr. The output of DAC 15 is connected by conductor 20 to apply a scaled reference
voltage Vgrer to the reference voltage terminals of switches 32 in INL correction blocks 11B and
7B. The output of DAC 15 in FIG. 8 is a fixed voltage which is scaled on the basis of an
expected range of the input voltage of the SAR ADC. A single look-up table can be used as
described above for making the INL correction by switching various INL correction capacitors
to the appropriate input of comparator 5. This is in contrast to the previously mentioned ‘965
patent, which uses a single INL correction capacitor and adjusts the output voltage of the
auxiliary DAC so as to provide the needed INL correction, with the auxiliary DAC being the
active component in making the INL correction (so the switching of INL correction capacitors is
not the primary way of making the INL correction).

[0060] The described embodiments of the invention avoid the use of a complex
mathematics engine and associated circuitry to compute various coefficients during the SAR

ADC conversion, as required by the INL error correction system of the above mentioned ‘965
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patent. Instead, the invention provides a much simpler INL correction technique based on use of
a look-up table to switch various INL correction capacitors in parallel with the binarily weighted
CDAC capacitors in response to the a predetermined number of initial bit decisions of the SAR
DAC conversion process. The look-up table determines which INL correction capacitors are
required to adjust the CDAC outputs so as to correct the INL error without use of a complex
math engine.

[0061] Although the INL correction technique of the invention is not as precise as that
described in the ‘965 patent because the invention is based on a statistical average of INL error,
the technique of the invention avoids the complexity, cost, and slow speed of using a math
engine and yet provides acceptable accuracy for most applications. Furthermore, final testing
during manufacture of the SAR ADC’s of the invention is much less costly and much faster than
is the case for the SAR ADCs of the prior art.

[0062] It will be apparent to those skilled in the art to which the invention relates that the
described examples may be modified. For example, although differential embodiments of the
invention have been described, the invention is equally applicable to a single ended embodiment
(two of which are in essence included within each described differential embodiment).
Furthermore, the weights of the corrective capacitors could also be scaled by a method other than
binary weighting to customize the corrective response of the algorithm. Although multiple
correction capacitors are included in the described embodiments, in some cases it might be
practical to use just a single correction capacitor. Also, it may be possible to have only one side
of the comparator connected to a CDAC, with the other side being connected to a fixed reference
voltage. Those skilled in the art will appreciate that many other embodiments and variations are
also possible within the scope of the claimed invention. Embodiments having different
combinations of one or more of the features or steps described in the context of example
embodiments having all or just some of such features or steps are also intended to be covered

hereby.
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CLAIMS:

What is claimed is:

1. A device including a successive approximation register (SAR) analog-to-digital
converter (ADC), comprising:

a first capacitor digital-to-analog converter (CDAC) connected for receiving a
first analog input signal and including a plurality of capacitors each having a first terminal
coupled to a first conductor;

a first correction capacitor circuit including a correction capacitor having a first
terminal coupled to the first conductor;

a comparator having a first input coupled to the first conductor;

successive approximation register logic circuitry having an input coupled to an
output of the comparator and also having a first output bus coupled to control a plurality of
switches coupled to second terminals of the capacitors of the first capacitor digital-to-analog
converter, respectively, for selectively coupling the second terminals of the capacitors of the first
capacitor digital-to-analog converter to either a first reference voltage or a second reference
voltage, the successive approximation register logic circuitry producing a digital signal
representative of the first analog input signal; and

decoder circuitry having a first output bus coupled to control a switch coupled to
a second terminal of the correction capacitor to selectively couple the second terminal of the
correction capacitor to either the first reference voltage or a third reference voltage in response to
stored integral non-linearity (INL) error information so as to correct integral non-linearity errors

in a transfer characteristic of the analog-to-digital converter.

2. The device of claim 1, wherein the first correction capacitor circuit includes a
plurality of the correction capacitors, and wherein the first output bus of the decoder circuitry is
coupled to control a plurality of switches coupled to second terminals of the correction

capacitors, respectively, of the first correction capacitor circuit.

3. The device of claim 2, including a second capacitor digital-to-analog converter

receiving a second analog input signal and including a plurality of capacitors each having a first
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terminal coupled to a second conductor coupled to a second input of the comparator, the
converter also including a second correction capacitor circuit including a plurality of correction
capacitors each having a first terminal coupled to the second conductor, wherein the successive
approximation register logic circuitry has a second output bus coupled to control a plurality of
switches coupled to second terminals of the capacitors of the second capacitor digital-to-analog
converter, respectively, for selectively coupling the second terminals of the capacitors of the
second capacitor digital-to-analog converter to either the first reference voltage or the second
reference voltage, wherein the decoder circuitry has a second output bus coupled to control a
plurality of switches coupled to the second terminals of the correction capacitors of the second
correction capacitor circuit to selectively couple the second terminals of the correction capacitors
of the second correction capacitor circuit to either the first reference voltage or the third
reference voltage in response to the stored integral non-linaerity error information, wherein the
successive approximation register logic circuitry produces the digital signal to represent a

difference between the first and second analog input signals.

4. The device of claim 3, wherein each of the first and second correction capacitor

circuits includes 6 correction capacitors.

5. The device of claim 4, wherein the first conductor is coupled to the first terminals
of the capacitors of the first correction capacitor circuit and the first input of the comparator by
means of a third conductor and a first scaling capacitor coupled between the first and third
conductors, and wherein the second conductor is coupled to the first terminals of the capacitors
of the second correction capacitor circuit and the second input of the comparator by means of a
fourth conductor and a second scaling capacitor coupled between the second and fourth

conductors.

6. The device of claim 1, wherein the results of a predetermined number of initial bit
decisions by the successive approximation register logic are utilized by the decoder to access a
look-up table to determine which of the correction capacitors are to be selectively coupled to the

third reference voltage.
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7. The deviceof claim 6, wherein the look-up table stores statistically determined

integral non-linearity correction information.

8. A method for reducing integral non-linearity error in a successive approximation
register (SAR) analog-to-digital converter (ADC), including:
a capacitor digital-to-analog converter (CDAC) receiving an analog input signal,
including a plurality of capacitors each having a first terminal coupled to a first conductor,
a comparator having a first input coupled to the first conductor; and
successive approximation register (SAR) logic circuitry having an input coupled
to an output of the comparator and also having a first output bus coupled to control a plurality of
switches coupled to second terminals of the capacitors of the capacitor digital-to-analog
converter, respectively, for selectively coupling the second terminals to either a first reference
voltage or a second reference voltage, the successive approximation register logic circuitry
producing a digital signal representative of the input signal;
the method comprising:
providing stored integral non-linearity error information;
coupling a first terminal of each of a plurality of correction capacitors in a
correction capacitor circuit to the first conductor; and
controlling switches coupled to second terminals of each of the correction
capacitors to selectively couple second terminals of the correction capacitors, respectively, to
either the first reference voltage or a third reference voltage in response to the stored non-
linearity correction error information to correct non-linearity errors in a transfer function of the

successive approximation register analog-to-digital converter.

9. The method of claim 8, including utilizing results of a predetermined number of
initial bit decisions by the successive approximation register logic circuitry to access a look-up
table to determine which of the correction capacitors are to be selectively coupled to the third

reference voltage.

10. The method of claim 9, including storing statistically determined integral non-

linearity correction information in the look-up table.
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11. The method of claim 10, wherein the integral non-linearity errors are caused
primarily by voltage coefficients of the capacitors of the capacitor digital-to-analog converter,
the method including determining the integral non-linearity error by subtracting an actual
transfer function for the successive approximation register analog-to-digital converter from an

ideal transfer function for the successive approximation register analog-to-digital converter.

12. The method of claim 11, including generating the third reference voltage by

means of a digital-to-analog converter having an input coupled to receive a digital scaling signal.

13. Circuitry for reducing integral non-linearity error in a successive approximation
register (SAR) analog-to-digital converter (ADC) including:
a capacitor digital-to-analog converter (CDAC) receiving an analog input signal,
including a plurality of capacitors each having a first terminal coupled to a first conductor,
a comparator having a first input coupled to the first conductor, and
successive approximation register (SAR) logic circuitry having an input coupled
to an output of the comparator and also having a first output bus coupled to control a plurality of
switches coupled to second terminals of the capacitors of the capacitor digital-to-analog
converter, respectively, for selectively coupling the second terminals to either a first reference
voltage or a second reference voltage, the successive approximation register logic circuitry
producing a digital signal representative of the input signal;
the circuitry comprising:
first correction capacitor means for coupling a first terminal of each of a plurality
of correction capacitors in a correction capacitor circuit to the first conductor;
means for storing integral non-linearity error information; and
means for controlling switches coupled to second terminals of each of the
correction capacitors to selectively couple second terminals of the correction capacitors,
respectively, to either the first reference voltage or a third reference voltage in response to the
stored integral non-linearity error information to correct integral non-linearity errors in a transfer

function of the successive approximation register analog-to-digital converter.

21



WO 2011/133193 PCT/US2010/062014
177
640 600
\ 624
AUXILIARY | /
DAC |
643~
601 v 6/32
Vo DaAC b >
/ 623
630 PN S —— I 1
| |
6311~ Ol oan 6/22 ERROR '
i |
» COMPUTATION
- || LOGIC *0 BLL(J)CK ° N
602 610 631 1 | 699
| ok b5
FIG. 1 | 620 SAR BLOCK 625 I
(PRIOR ART) b - L -
620
(Vmid)
o102
T w T o]
| |
: - 631 \fo :
| . . / L
' 0oL 7105 L 7i0a L oo L1 1
: 710-1~ L 710-2~_L 710-3~_L 710-4~_ L1 L -780
, 710-N-"T |
: 720-1 720-2 720-3 720-4 720 : 790
| r————f—————f - — —KX{Q
| | 740 (o] (o] [o] (o] | (o]
I | N °eoe° ?{ I 632
| 623 : 643
| L%ﬁo Lo do |
| |
| |
| 601 660 !
1 (Vin) (Vref) I
| |

FIG. 2
(PRIOR ART)



PCT/US2010/062014

WO 2011/133193

2/7

£ OIA

(SLT0A) I9NVH I9VLI0A LNdNI GIZITYINHON

S 8 8 8 8 8 8 g 8 88 8 8 g & g8 8 8
S 5 B § 8 5 & ¢ § 5 & & B & £ & 8
~— o o o o ) o o o < < < < < < < A
i ; " _ m m | | | | | m | 0000°t-
....... AT S W— | AR SR S— - -1 00080
| I i | | I I I | !
“ et o R A 3<.m_h.os 5_335__,__ o
— e H S L L L A
| | | | | | | _ | ——— .
A i e | N e S I I s
...... T AN A" S Y ok
..... e = R N T N SN S S 100020
— -.zo_EZE Emmz.@Eemo_ 1 L o | 000v°0
! 1 ! _ “ . (a3znvwdon) 1snra .
- : Banae L ....... -0009°0
e s B e e e PR et RN Sl S 00080
! ! ! 1 1 1 ! ! 0000°1L

NORMALIZED INL ERROR LSB



PCT/US2010/062014

WO 2011/133193

3/7

0g
1N0Q = N

O+Z_>

v DIA
aav Hvs w_,
/
SIHILIMS 0L
¢
A . dii Vil
SIHOLIMS 0L / P p,
NN \ 4 T 4
\ <m/F l_\,%o p Sdv9 NOILOTHHOD NI | doyay e
G¢
2901 [\ , | 21907 |430093a s / /
mndino | 7 HvS NI \ LE
9 T
v Sd¥9 NOILOIHHOD NI _ Novan |«
\\ AR A / A /
/
8l 7/ SIHOLIMS OL 4z ve
¢¢
/
SIHOLIMS OL / N
vl

OIZ_>



PCT/US2010/062014

WO 2011/133193

4/7

R sttty
N Sdv9 L AL d |
|| NOILO3IOO N “s\ | vad |

) I I I I
a1y ] SRS |
, ¢_ BRI Y Y R Y I O O d_r

- \I Y A |Nm_ | "~ 7y~~~ "~ —~—7 [ ] |Mm”|—l
vz || IPat A
RS L gs gk gyt og Xk ofsk oz |

| .

_ _

I
I
I
I i
4
L___
-2
:___
I i
-
I
:4|
I
I
‘—:—|
I |
=8
I
——
\:_m
Lo

(o e et s e
I I I I
| I ¥o== 2/9 I ) ¢ 4] 28 ) oA oz ¢l I _
2 || e |
I AN AN S N O S X X s __prenp Ly
_ “ o) o “ “ o o o) 0 o o) “ _
1 1 1 I
ano | | I I . M |
n_m_m_> I | 1 |
[ 1 I I I
I I P N I
o1/ | S .. )|



PCT/US2010/062014

WO 2011/133193

anNgd
sELYY

H01V4VdINOD

o0—e

o_
I

e e

| o
O

o

4 [aV]

_M

O

| <
o

I

] (s 0]
o

)

x
o



PCT/US2010/062014

6/7

WO 2011/133193

aNo
434,

o——+¢
o——+¢

0—
U |

o . . .\. _ .__ . . .,,. ./.
AVA Vel 11959 3l
< vel I¥0S ¢l
‘ Q : Y

. . . . . . __ . . . . : . . .

| I 1 |

1 8/0 v/0 2/ 4] ¢ 9] 4 11 9 oc o a8 ox L 4 1

| 11 |

| I 1 |

| I 1 |

" o o o o o o " " o o o o o o "

| 11 |

u_mm___“w _ . . . . . . = _

| 11 |

A | 11 |

| 11 N |

eot” L. fmmnnnnnnnnnas ] H.zmm-ﬂ .......... |
g4/ V.



PCT/US2010/062014

WO 2011/133193

7/7

0z O Al A Q ‘DI “E
2, o 3002 HNIMYIS
ST TR R st J"
Y ; ’
I T T
| I 1 |
g ﬂ ﬂ & N ﬂ ﬂ ﬂ & |
" 8/0> /0= 2/9 9] a2 417 “ “ 0 a¢ o 28 ) o 0z “
oo bt e e &
9 —— . . L N
¢k €l AR
: S )
I Il R o R ot o
| 8/07= PO 20 07 2= b= | 0= O Ob== 08 XA 0hxx O0Zmk
" M M M ] M M M M M “
= _ o o 0o o o o i (o] [o] o o o o o _
T ] “
| I 1 |
— i -
0¢ \L 1 e Novao |
) J N |_




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2010/062014

A. CLASSIFICATION OF SUBJECT MATTER

HO3M 1/38(2006.01)i

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO3M 1/38; HO3M 1/12; HO3M 1/14

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: ADC, SAR, INL, correction capacitor

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2007-0132626 Al (Christopher Peter Hurrell) 14 June 2007 1-13
See abstract, figures 1,2, pages 2,3.

A US 2007-0109168 Al (Michael Hennessy et al.) 17 May 2007 1-13
See abstract, figure 3, pages 2-5.

A US 2008-0186214 Al (JANAKIRAMAN SEETHARAMAN) 07 August 2008 1-13
See abstract, figures 6,7, pages 4,5.

A US 2010-0123611 Al (CHO YOUNG KYUN et al.) 20 May 2010 1-13
See abstract, figure 1, pages 2,3.

|:| Further documents are listed in the continuation of Box C. IE See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art

"P"  document published prior to the international filing date but later "&" document member of the same patent family

than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
29 SEPTEMBER 2011 (29.09.2011) 30 SEPTEMBER 2011 (30.09.2011)
Name and mailing address of the ISA/KR Authorized officer
' Korean Intellectual Property Office
Government Complex-Daejeon, 189 Cheongsa-ro, Kwon, Sung Lark
. Seo-gu, Daejeon 302-701, Republic of Korea
Facsimile No. 82-42-472-7140 Telephone No.  82-42-481-5646

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2010/062014

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2007-0132626 A1 14.06.2007 CN 101322313 A 10.12.2008
DE 602006014195 D1 17.06.2010
EP 1958333 A2 20.08.2008
EP 1958333 B1 05.05.2010
JP 2009-518964 A 07.05.2009
US 7605741 B2 20.10.2009
WO 2007-145665 A2 21.12.2007
WO 2007-145665 A3 21.02.2008

US 2007-0109168 A1 17.05.2007 CN 101305518 A 12.11.2008
DE 602006016321 D1 30.09.2010
EP 1949538 A1 30.07.2008
EP 1949538 B1 18.08.2010
JP 2009-516433 A 16.04.2009
US 7286075 B2 23.10.2007
WO 2007-056617 A1 18.05.2007

US 2008-0186214 A1 07.08.2008 US 7501965 B2 10.03.2009

US 2010-0123611 A1 20.05.2010 KR 10-2010-0056076 A 27.05.2010
US 7893860 B2 22.02.2011

Form PCT/ISA/210 (patent family annex) (July 2009)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - wo-search-report
	Page 31 - wo-search-report

