
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2015/0263756A1 

US 20150263756A1 

CHU et al. (43) Pub. Date: Sep. 17, 2015 

(54) CALIBRATION AND NOISE REDUCTION OF (52) U.S. Cl. 
ANALOG TO DIGITAL CONVERTERS CPC ................ H03M I/468 (2013.01); H03M I/08 

(2013.01); H03M 1/20 (2013.01) 
(71) Applicant: MediaTek Inc., Hsin-Chu (TW) 

72) Inventors: Pao-Cheng CHIU, New Taipei Cit 
(72) (TW); WE TSENG, SRI. (57) ABSTRACT 

Township (TW) 
(21) Appl. No.: 14/576,315 Analog-to-digital-converters (ADC) are provided. The ADC 

contains a first capacitive digital-to-analog-converter 
(22) Filed: Dec. 19, 2014 (CDAC) and a control circuit. The CDAC, including n bit, is 

Related U.S. Application Data configured to connect a kth bit of the n bits to a first voltage 
reference to provide a first analog signal, convert the first 

(60) Provisional application No. 61/952,919, filed on Mar. analog signal into first digital code using 0th through (k-1)th 
14, 2014. bits that are less significant than the kth bit, connect the kth bit 

Publication Classification of the n bits to a second Voltage reference to provide a second 
analog signal, and convert the second analog signal into sec 

(51) Int. Cl. ond digital code using the 0th through (k-1)th bits that are 
H03M I/46 (2006.01) less significant than the kth bit. The control circuit is config 
H03M I/20 (2006.01) ured to estimate a weight of the kth bit based on the first and 
H03M I/08 (2006.01) second digital code. 

Y Dout in:0 control 
circuit. 

Wip 

SfSCAC 

CKsamp & 
CKcorp 

  



US 2015/0263756 A1 

dugoox{O}~, dugooxo 

Sep. 17, 2015 Sheet 1 of 11 Patent Application Publication 

  



US 2015/0263756 A1 Sep. 17, 2015 Sheet 2 of 11 Patent Application Publication 

Z TOHA––––| K7 

    

  



US 2015/0263756 A1 Sep. 17, 2015 Sheet 3 of 11 Patent Application Publication 

(~A - +A) « 

------------------------------------------------------ ---------------------------- 

------------------------ 

rrn - - - - - - - - - - - - - - - - - - - - - - - - - - 

----------------- ----------------------------------- 

|- 

  



US 2015/0263756 A1 Sep. 17, 2015 Sheet 4 of 11 Patent Application Publication 

¿Á, puñA 

    

  

  

    

  

  

  

  



US 2015/0263756A1 Sep. 17, 2015 Sheet 5 of 11 Patent Application Publication 

% 

  



US 2015/0263756 A1 Sep. 17, 2015 Sheet 6 of 11 Patent Application Publication 

  



US 2015/0263756 A1 Sep. 17, 2015 Sheet 7 of 11 Patent Application Publication 

| 

a?3ÁO{{}{8}{3^{(30 *~~~~#~r*r****************?www.xxxxxxxxxxxxxxx.gaxxxxxxxxxxxxxxxxxxxpºpaeae 
joia'ova 

  



US 2015/0263756 A1 Sep. 17, 2015 Sheet 8 of 11 Patent Application Publication 

338.J?CA } 

Jaia?ova 

  



US 2015/0263756 A1 

?~~~~#~~~~#~~~~);||?~~~~#~~~~#~~~~#~#~~~~#~~~~);|p?žA 
|HSYIO 

HSTXTIO| 

ào, noszi noszºr no?ti 

(5TT,5) 

Sep. 17, 2015 Sheet 9 of 11 

Águe g?T 

Patent Application Publication 

  

  

  



US 2015/0263756 A1 Sep. 17, 2015 Sheet 10 of 11 Patent Application Publication 

4A 

  

  

  

  
  

    

  

  

  



US 2015/0263756 A1 Sep. 17, 2015 Sheet 11 of 11 Patent Application Publication 

0 I 'OH H 

  



US 2015/0263756 A1 

CALIBRATION AND NOSE REDUCTION OF 
ANALOG TO DIGITAL CONVERTERS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This Application claims priority of U.S. Provisional 
Application No. 61/952,919, filed on Mar. 14, 2014, and the 
entirety of which is incorporated by reference herein. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to analog circuits, and 
in particular to calibration and noise reduction of analog-to 
digital converters. 
0004 2. Description of the Related Art 
0005. A successive-approximation register (SAR) analog 

to-digital converter (ADC) is a low-power, high-resolution 
ADC which converts an analog signal to a corresponding 
digital representation. ADCs are used in many types of appli 
cations, such as but not limited to audio applications, video 
applications, radio applications, and signal processing appli 
cations. 
0006 Calibration and noise reduction methods for SAR 
ADCs are provided to produce high-resolution and accurate 
digital conversion, without resulting in undesirably large cir 
cuit area and power consumption. 

BRIEF SUMMARY OF THE INVENTION 

0007. A detailed description is given in the following 
embodiments with reference to the accompanying drawings. 
0008. An analog-to-digital-converter (ADC) is disclosed, 
comprising a first capacitive digital-to-analog-converter 
(CDAC) and a control circuit. The CDAC, comprising n bits, 
is configured to connect a kth bit of the n bits to a first voltage 
reference to provide a first analog signal, convert the first 
analog signal into first digital code using 0th through (k-1)th 
bits that are less significant than the kth bit, connect the kth bit 
of the n bits to a second Voltage reference to provide a second 
analog signal, and convert the second analog signal into sec 
ond digital code using the 0th through (k-1)th bits that are 
less significant than the kth bit, whereinkis an integerranging 
from 1 to n. The control circuit is configured to estimate a 
weight of the kth bit based on the first and second digital code. 
0009. Another embodiment of an ADC device is provided, 
comprising a first CDAC and a control circuit. The CDAC, 
comprising n bit, is configured to connect a kth bit of then bits 
to a first Voltage reference to provide a first analog signal, 
inject a first Small-signal noise into the first analog signals, 
and convert the injected first analog signal into first digital 
code using 0th through (k-1)th bits that are less significant 
than the kth bit, wherein k is an integer ranging from 1 to n. 
The control circuit is configured to estimate a weight of the 
kth bit based on the first digital code. 
0010. Another embodiment of an ADC device is 
described, receiving an analog input signal and outputting 
digital output data, comprising a clock generator, a sample 
and hold circuit, a storage circuit, a capacitive digital-to 
analog-converter (CDAC) and a comparator, and a control 
circuit. The clock generator is configured to generate a Sam 
pling clock with a sampling period and a conversion period. 
The sample and hold circuit is configured to sample the ana 
log input signal in a first sampling period to generate a first 
sampled value, and sample the analog input signal in a Sub 
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sequent second sampling period to generate a second sampled 
value. The storage circuit is configured to hold the first 
sampled value in the Subsequent second sampling period. The 
capacitive digital-to-analog-converter (CDAC) and a com 
parator are configured to convert the first sampled value into 
first n-bits digital code in a first conversion period, and per 
form an analog-to-digital conversion to the first sampled 
value to regenerate a kth bit of n-bits digital code for a plu 
rality of times in a Subsequent second sampling period. The 
control circuit is configured to determine a kth bit of the 
digital output databased on the kth bit in the first digital code 
and the regenerated kth bits. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011. The present invention can be more fully understood 
by reading the Subsequent detailed description and examples 
with references made to the accompanying drawings, 
wherein: 
(0012 FIG. 1 is a block diagram of an SARADC 1: 
0013 FIG. 2 is a schematic circuit diagram of an SAR 
ADC 2 according to an embodiment of the invention; 
0014 FIG. 3 shows line diagrams of the output bits Dout 
2:0 for the MSB Dout 3 of the SARADC1 being 1 and 0; 
0015 FIG. 4A is a schematic circuit diagram of a 14-bit 
redundant SAR ADC 4 according to an embodiment of the 
invention; 
(0016 FIG. 4B is a table of redundancy of the CDAC bits in 
the S/H and CDAC 42: 
(0017 FIG. 5 shows operations of a redundant SARADC: 
0018 FIG. 6 illustrates a calibration method 6 for an SAR 
ADC using extra quantization bits according to an embodi 
ment of the invention; 
0019 FIG. 7 illustrates a calibration method 7 for an SAR 
ADC using a small signal noise Snaccording to an embodi 
ment of the invention; 
0020 FIG. 8 is a schematic circuit diagram of a CDAC8 in 
a SARADC 8 according to another embodiment of the inven 
tion; 
0021 FIG.9 is a schematic circuit diagram of a CDAC9 in 
a SARADC9 according to another embodiment of the inven 
tion; and 
(0022 FIG. 10 is a signal diagram of a SAR ADC 10 
according to another embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

0023 The following description is of the best-contem 
plated mode of carrying out the invention. This description is 
made for the purpose of illustrating the general principles of 
the invention and should not be taken in a limiting sense. The 
scope of the invention is best determined by reference to the 
appended claims. 
0024. Embodiments of the present invention concern with 
calibration and noise reduction of Successive-approximation 
register (SAR) analog-to-digital converters (ADCs). The 
name of the SARADC comes from that an analog input value 
is sampled and Successively compared with a number of 
reference levels using a binary search algorithm. 
(0025 FIG. 1 is a block diagram of an SAR ADC 1. The 
SAR ADC 1 contains, a sample-and-hold circuit (SH) and 
capacitive digital-to-analog-converter (CDAC) 12, a com 
parator 14, a successive-approximation register (SAR) con 
trol circuit 16 and a clock generator 18. The SAR ADC 1 
receives differential input signals Vip/Vin and outputs digital 
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code Doutn:O, wherein the bit n of the outputs digital code 
Doutn:0 is the most significant bit (MSB). 
0026. In the SARADC1, the analog input signals Vip/Vin 
are sampled by the SH and CDAC 12 and successively com 
pared with a number of reference levels using a binary search 
algorithm by the comparator 14 to generate a comparison 
result sequence to the SAR control circuit 16. The SAR con 
trol circuit 16 includes a SAR 160 and a control circuit 162, 
wherein the SAR 160 stores the comparison result sequence 
and outputs the comparison result sequence as the digital 
code Doutn:0 upon completion of the analog-to-digital con 
version, and the control circuit 162 controls normal opera 
tions and calibration of the SH and CDAC 12. 
0027. The clock generator 18 is an asynchronous clock 
generator which generates asynchronous clock signals 
including a sampling clock CKSamp and a compare clock 
CKcomp. The clock generator 18 Supplies the sampling clock 
CKsamp and compare clock CKcomp to the SH and CDAC 
12, comparator 14 and SAR control circuit 16 for operations 
of the SARADC1. The SARADC1 operates alternately in a 
sampling phase Psamp and conversion phase PConv accord 
ing to the sampling clock CKsamp. In the sampling phase 
Psamp, SARADC1 samples an analog input according to the 
compare clock CKcomp. In the conversion phase PConv, the 
SARADC1 generates reference voltage levels and converts 
the sampled analog input with the reference Voltage levels 
according to the compare clock CKcomp. FIG. 10 shows 
waveforms of the sampling clock CKsamp and a compare 
clock CKcomp. 
0028. A conversion sequence using the binary search algo 
rithm is described as follows. Each conversion cycle includes 
a DAC phase and a comparison phase. In the beginning of the 
conversion sequence, all bits of the SH and CDAC 12 are reset 
to Binary '0'. 
0029. In the first DAC cycle, the SAR control circuit 16 
can switch the most significant bit (MSB) of the SH and 
CDAC 12 to Binary 1 and the other bits less significant than 
the MSB capacitor 100a are set to Binary 0, resulting in an 
reference voltage level at the output of the SH and CDAC 12 
equal to one-half of the full-scale range of the SH and CDAC 
12. In the comparison phase, the comparator 14 compares the 
input difference (Vip-Vin) with the reference voltage level to 
generate a comparison result. If the input difference (Vip 
Vin) is greater than the reference Voltage level, the compara 
tor output is set to Binary 1 and stored in the MSB of the 
SAR 160, otherwise, the comparator output is set to Binary 
‘O’ and Stored in the MSB of the SAR 160. 
0030. In the next DAC cycle, the MSB and the second 
MSB of the SH and CDAC 12 are set to Binary 1 to the 
second reference Voltage Vgnd and the other bits less signifi 
cant than the second MSB capacitor 100b are set to Binary 
0', and the reference voltage level output from the SH and 
CDAC 12 will now be one-half plus one-quarter of the full 
scale range of the SH and CDAC 12. If the input difference 
(Vip-Vin) is greater than the reference voltage level, the 
comparison result continues to set the second MSB of the 
SAR 160 to Binary 1, otherwise, the second MSB of the 
SAR 160 is set to Binary 0. 
0031. In the next DAC phase, the next binary-weighted 
voltage will be added by the SH and CDAC 12 to the previous 
reference voltage level to serve as the reference voltage level. 
The compactor 14 will set a corresponding SAR bit of the 
SAR 160 to Binary 1 when the input value exceeds the 
reference voltage level output from the SH and CDAC 12, and 
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Binary 0 when the input value is less than the reference 
Voltage level. The Successive approximation continues until 
all bits are tested and the closest approximation is obtained. 
The result is that the SAR 16 outputs the digital code Dout 
n:0 that are either set to Binary 1 or 'O' depending on the 
comparison results of the output of the SH and CDAC 12 and 
the input difference value (Vip-Vin). 
0032. Accordingly, the SH and CDAC 12 plays a crucial 
part in generating the reference Voltage levels for converting 
the input difference (Vip-Vin) to the digital outputs Doutn: 
O) accurately. As the SH and CDAC 12 is often implemented 
by a capacitor bank which contains a large number of binary 
weighted capacitors, i.e., each CDAC capacitor has a capaci 
tance that is exactly twice the value of the next smaller CDAC 
capacitor. In high-resolution ADCs such as a 14-bit SAR 
ADC, the variation range of the capacitances of the CDAC 
capacitors are too wide to be realized in an economically 
feasible size while maintaining satisfactory capacitance mis 
match. 
0033. Therefore, the SH and CDAC 12 is required to be 
calibrated to determine a correct weight or capacitance for 
each CDAC capacitor in the capacitor bank. During calibra 
tion, the correct weight or capacitance of each CDAC capaci 
tor is estimated and stored. Later in an ADC operation, the 
estimated weights are provided to produce a compensated 
digital output Doutn:0. The calibration process may be 
illustrated by an SARADC 2 in FIG. 2. 
0034 FIG. 2 is a schematic circuit diagram of a 4-bit, 
fully-differential SARADC 2 according to an embodiment of 
the invention. The SARADC 2 contains input nodes 21a and 
21b, sampling switches 20a and 20b, a reset switch 23, a 
sample and hold circuit (S/H) and capacitive digital-to-ana 
log-converter (CDAC) 22, a comparator 24, a successive 
approximation register (SAR) 26, and a control circuit 28. 
The differential input signals Vip/Vin may be respectively 
applied at the input nodes 21a and 21b during the ADC 
operation. 
0035. The S/Hand CDAC 22 is a 4-bit capacitor bank with 
binary-weighted capacitances, wherein each pair of the same 
binary-weighted capacitor represents a CDAC bit. Specifi 
cally, the S/Hand CDAC 22 contains upper and lower capaci 
tor banks, the upper capacitor bank includes capacitors 220a 
through 220d and the lower capacitor bank includes capaci 
tors 220e through 220h. The capacitors 220a through 220d 
have binary-weighted capacitances of 4C, 2 C, 1 C, and 1 C, 
respectively, where C is a common capacitance unit. Like 
wise, the capacitors 220e through 220h have binary-weighted 
capacitances of 4C, 2 C, 1 C, and 1 C. Each capacitor in the 
S/H and CDAC 22 may be connected to a first reference 
Voltage Vr or second reference Voltage Vgnd via a corre 
sponding capacitor Switch. Capacitor Switches 222a through 
222c and 222e through 222g in the DAC 22 may connect the 
capacitors 220a through 220h to the first reference voltage Vr 
or second reference Voltage Vgnd, respectively. Since the 
SAR ADC 2 is fully differential, the operations of the two 
capacitors of the same CDAC bit are complementary in the 
conversion phase. More specifically, in the conversion phase, 
when one capacitor of the same CDAC bit is connected to the 
second reference Voltage Vgnd, the corresponding capacitor 
of the same CDAC bit is connected to the first reference 
Voltage Vr, and vice versa. 
0036. The S/H and CDAC 22 adopts a top-plate sampling 
circuit configuration, where the differential input signals Vip/ 
Vin are sampled by the top plates of the capacitors and the 
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bottom plate of the capacitors are reset to the reference volt 
age Vr. Moreover, the S/Hand CDAC 22 adopts a monotonic 
Switching procedure, where the capacitor Switches 222a 
through 222c and 222e through 222g are initially reset to the 
first reference voltage Vrand then successively switch one of 
the capacitor switches 222a through 222c and 222e through 
222g from the first reference voltage Vr to the second refer 
ence Voltage Vgnd to generate the reference Voltage levels 
based on the comparison results. When the comparison result 
is Binary 1, one of the capacitor switches 222a through 222c 
in the upper capacitor bank is Switched to the second refer 
ence Voltage Vgnd to generate the next reference Voltage 
level; when the comparison result is Binary 0, one of the 
capacitor Switches 222e through 222g in the lower capacitor 
bank is switched to the second reference voltage V gnd to 
generate the next reference Voltage level. 
0037. The switching sequence may progress from the 
MSB to the LSB of the S/H and CDAC 22. Typically, after 
being switched from the first reference voltage Vr to the 
second reference Voltage Vgnd, each Switching operation 
requires a finite settling time for the switched CDAC bit to 
settle within the resolution of the S/H and CDAC 22, for 
example, /2 LSB of the DAC 12. As the switched CDAC bits 
proceed from the MSB to LSB, the settling time for the 
switched CDAC bit is decreased. This circuit configuration of 
the S/Hand CDAC 22 allows a decreased number of switch 
ing and a decreased length of the settling time for generating 
the reference voltage levels. 
0038. The capacitor bank in the S/H and CDAC 22 may 
contain capacitance mismatches or errors, causing the binary 
weighted capacitors 220a through 220h not being the 
expected value that is exactly twice the capacitance of the 
next smaller CDAC capacitor. A calibration process can be 
adopted to compensate for the capacitance mismatches, as 
detailed by various embodiments of the invention. 
0039. The comparator 24 compares the input difference 
(Vip-Vin) with the successively generated reference voltage 
levels to approximate the digital conversion of the differential 
signals Vip/Vin. The comparator 24 may contain circuit defi 
ciencies such as comparator offset and comparator noise. The 
circuit deficiencies can be removed by the calibration process 
and noise reduction process described in the embodiments of 
the invention. 

0040. The SAR 26 contains registers which accepts the 
comparison results of the comparator 24 and holds the digital 
approximation of the sampled analog input. The resultant 
code of the digital approximation of the sampled analog input 
may be output as the 4-bit digital output Dout 3:0 at the end 
of the conversion phase. The time to convert the input analog 
Voltage to digital output is 3 clock cycles. The 4-bit digital 
output Dout 3:0 can be taken in parallel or shifted out as each 
comparison is made. 
0041. The control circuit 28 controls the input nodes 21a 
and 21b, sampling switches 20a and 20b, reset switch 23, S/H 
and CDAC 22, comparator 24 and SAR 26 to perform the 
circuit calibration and the sampling and conversion opera 
tions. 

0042. The calibration process may be initiated in a manu 
facturing test or performed automatically on power-up. In one 
embodiment, the calibration process may compensate for the 
capacitance mismatch in the S/H and CDAC 22 and remove 
the comparator offset in the comparator 24, so that the SAR 
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ADC 2 may output the digital approximation of the sampled 
analog input to match the ideal levels of the weights of the 
CDAC bits. 
0043. In the calibration, the CDAC capacitors 220a 
through 220h are initially reset by disconnecting the sampling 
switches 20a and 20b from the input nodes 21a and 21b, and 
Switching the capacitor Switches 222a through 222c and 222e 
through 222g to the first reference voltage Vr. Further, the 
reset Switch 23 is closed and then opened again to bring the 
common terminalsTcom1 and Tcom2 of the capacitors 220a 
through 220d and capacitors 220e through 220h to a common 
Voltage potential. 
0044) The calibration may starts from the MSB down or 
the second LSB up. For the purpose of explanation, the fol 
lowing will use the top-down approach to illustrate the 
detailed operations of the calibration procedure. 
0045. The MSB of the S/H and CDAC 22 has a weight 
WI3 which can be determined by finding the difference 
between the MSB of the S/Hand CDAC 22 being Binary 1 
and Binary 0, wherein the MSB of the S/H and CDAC 22 
being Binary 1 or Binary 0” is approximated by the other 
CDAC bits that are less significant than the MSB and repre 
sented by D2:0 and DoI2:0), respectively. Because the 
digital approximations D 2:0 and D2:0 are produced by 
the S/H and CDAC 22 and the comparator 24, they contain 
information of the MSB of the S/H and CDAC 22 being 
Binary 1 or Binary 0 and a comparator offset Voffset in the 
comparator 24. By obtaining the difference between the digi 
tal representations D2:0 and DoI2:0, the comparator offset 
Voffset in the comparator 24 can be removed, and the remain 
ing information about the MSB of the S/H and CDAC 22 
being Binary 1 or Binary 0 can be used to estimate the 
weight WI3). 
0046 FIG. 3. shows line diagrams of the comparator out 
put bits Dout 2:0 for the MSB of the comparator 24 D3 
being 1 and 0, where the x-axis is the voltage difference of the 
inverting and non-inverting inputs of the comparator 24, and 
the y-axis is the digital representation of the input Voltage 
difference of the comparator 24. 
0047 Returning to FIG. 2, to begin with the estimation of 
the weight WI3, the MSB of the comparator output D3 of 
the comparator 24 or the MSB of the S/H and CDAC 22 is 
forced to Binary 1 by connecting the capacitor switch 222a 
to the first reference voltage Vrand switching the capacitor 
switch 222e from the first reference voltage Vr to the second 
reference voltage Vgnd, the other capacitor switches 222b, 
222c, 222f and 222g remain connected to the first reference 
Voltage Vr. As a result, an analog Voltage V a representing 
that the MSB of the S/Hand CDAC 22 is Binary 1 is present 
across the non-inverting and inverting inputs of the compara 
tor 14. Subsequently, the control circuit 28 can determine the 
digital representation D2:0 of the analog Voltage V in 
terms of the CDAC bits that are less significant than the MSB 
of the S/H and CDAC 22 using a binary search algorithm. 
Accordingly, the binary weights of the upper or lower capaci 
tor banks are 4 C, 2 C, 1 C, 1 C in an ideal condition, and 
consequently, the analog Voltage V a can be approximated 
by the lower 3 CDAC bits as Binary 111 and saved as 
D2:0 in the SAR 26. In practice, the weights of the upper or 
lower capacitor banks may slightly deviate from the ideal 
values, one example may be 4.1 C, 2.1 C, 0.9 C, 0.9 C. In the 
condition as such, the analog voltage V may still be esti 
mated by all the lower 3 CDAC bits so long as a sum of the 
weights of the lower 3 CDAC bits equals or exceeds the 
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weight WI3). In the example, the digital representation of the 
analog voltage V is still approximated as Binary 111. 
0048. To reduce or remove the comparator offset Voffset 
from the estimated digital representation of the weight WI3). 
another ADC operation is performed for the MSB of the S/H 
and CDAC 22. The second ADC is performed by forcing the 
MSB Dout 3 of the comparator 24 or the MSB of the S/Hand 
CDAC 22 to Binary O. More specifically, the capacitor 
switch 222a is switched to the second reference voltage Vgnd 
and the capacitor switch 222e is switched to the first reference 
voltage Vr, and the other capacitor switches 222b, 222c, 222f 
and 222g remain connected to the first reference voltage Vr. 
Consequently, an analog Voltage V to representing that the 
MSB of the S/Hand CDAC 22 is Binary '0' is present across 
the non-inverting and inverting inputs of the comparator 14. 
Subsequently, the control circuit 28 can determine the digital 
representation DoI2:0 of the analog Voltage V to interms of 
the CDAC bits that are less significant than the MSB of the 
S/H and CDAC 22 using a binary search algorithm. The 
analog Voltage V to may be approximated by the lower 3 
CDAC bits as Binary '000 and saved as D2:0 in the SAR 
26. 
0049. The control circuit 28 then determines the weight 
WI3 of the MSB of the S/Hand CDAC 22 by subtracting the 
comparator outputs D2:0 from D2:0), and store the sub 
traction result (DI2:0-D2:0) as weight WI3 of the MSB 
of the S/H and CDAC 22 in the SAR 26 or other internal 
memory cells. 
0050. Following the above calibration procedure, the SAR 
ADC 2 carries on to estimate the remaining weights WI2 and 
WI1 for the less significant CDAC bits and stores the esti 
mated weights WI2 and W1 for the 2" and 3" CDAC bits 
of the S/Hand CDAC 22. The weight WIO of the LSB of the 
S/H and CDAC 22 may be set as Binary 1 by default. 
0051. At the end of the calibration procedure, the SAR 
ADC 2 holds the estimated weights of all CDAC bits in the 
SAR 26 or other internal memory cells. In the normal ADC 
operation, the SARADC 2 converts the sampled input value 
by Successive approximation until all bits are tested and the 
digital approximation D3:0) is generated. The control circuit 
28 can calibrate the digital approximation D3:0 with the 
estimated weights WI3 through W0 by multiplying the 
each bit of the digital approximation Dk with the corre 
sponding estimated weight Wk and Summing all products 
together to output as the compensated digital code Dout 3:0. 
where k is an integer value ranging from 0 to 3. In some 
embodiments, the control circuit 28 may encode the compen 
sated digital code Dout 3:0. 
0052 Although the embodiment in FIG. 2 employs a top 
plate sampling, monotonic capacitor Switching, binary search 
type of SAR ADC to illustrate the operations of the CDAC 
weight calibration procedure, those skilled in the art can 
modify the present teaching to be adopted by other SARADC 
embodiments. For example, the weight calibration procedure 
can be adopted by a redundant SAR ADC, where redundant 
bits are employed to increase the tolerance of the comparator 
offset and correct transient errors caused by reference Voltage 
levels that are not settled within a specified settling time. 
0053. The SAR ADC 1 toggles each bit in the S/H and 
CDAC circuit and use the remaining less significant bits to 
estimate the correct weight of the toggled bit, thereby deliv 
ering accurate output digital codes. 
0054 FIG. 4A is a schematic circuit diagram of a 14-bit 
redundant SAR ADC 4 according to an embodiment of the 
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invention, including sampling switches 4.0a and 40b, a S/H 
and CDAC 42, a comparator 44, and a SAR control circuit 46. 
0055. The redundant SAR ADC 4 employs a non-binary 
Successive approximation algorithm to increase conversion 
speed while relaxing the settling requirements. The non-bi 
nary Successive approximation algorithm adopted by the 
SARADC4 has a reduced searching radix that is less than 2. 
The complete SAR conversion requires 15 clocks of the con 
version cycles to achieve a nominal resolution of 12-bit. The 
redundancy of the non-binary algorithm is a measure of abil 
ity of correcting comparison errors caused by unsettled ref 
erence Voltage levels. A positive redundancy represents that 
the comparison error made at the present conversion cycle can 
be corrected by the Successive conversion cycles, at the 
expanse of extended total conversion cycles. 
0056. The redundancy q(k) at the kth conversion is the sum 
of weights of the bits switched from the (k+2)th to Mth 
conversion minus the weight WIk--1 of the bit at the (k+1)th 
conversion and then plus the LSB weight (a quantization 
step), expressed as: 

where k is a count of DAC step performed by the S/H and 
CDAC 42; and 
0057 M is the total conversion cycles, exceeding a total 
number of ADC bits N of the SARADC 4. 
0058. The redundancy q(k) is configured to exceed 0 to 
provide increased ability of correcting the conversion errors 
and relax DAC settling time of the S/H and CDAC 42, result 
ing in faster ADC than that in the binary search. 
0059. The concept of redundancies in a SARADC is fur 
ther detailed in FIG. 5. An input analog signal is converted 
into a 4-bit digital output D3:01, with the weights from the 
MSB to the second LSB being 7, 3, 2, 2 bit weight units and 
the range of conversion being 15 bit weight units. The LSB is 
a dummy bit. 
0060. Without comparator offsets, or with negligible com 
parator offsets, the conversion process can be performed as 
follows. The input analog signal is an analog value represen 
tative between the 11th and 12th bit weight unit. In the first 
conversion cycle, a comparator compares the input analog 
signal with a first reference voltage level of 7 bit weight units 
and generates the first comparison result as Binary 1 since 
the input analog signal exceeds the first reference Voltage 
level. 
0061. In the second conversion cycle, the CDAC generates 
a second reference voltage level of (7+3) bit weight units. 
However, because the second reference voltage level takes a 
longer time to settle at 10 bit weight units than the specified 
settling time, the comparator may or may not use the correct 
second reference voltage level of 10 bit weight units for 
comparison. In the first case, the comparator compares the 
input analog signal with the correct second reference Voltage 
level of 10 bit weight units and generates the second com 
parison result as Binary 1. In the second case, the compara 
tor compares the input analog signal with an incorrect second 
reference Voltage level exceeding 12 bit weight units and 
generates the second comparison result as Binary 0. 
0062. In the subsequent third and fourth comparison 
cycles, for the first case, the comparator Successively com 
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pares the input analog signal with 12 and 10 bit weight units 
and generates the third and fourth comparison results as 
Binary 0 and Binary 1, respectively. The digital output 
D3:0 in the first comparison case is Binary 1101, or 11 in 
decimal digits. In the second case, the comparator Succes 
sively compares the input analog signal with 8 and 10 bit 
weight units and generates the third and fourth comparison 
results as Binary 1 and Binary 1, respectively. The digital 
output D3:0 in the second case is Binary 1011, or 11 in 
decimal digits, the same decimal result as in the first case. 
0063. By employing the redundancies, the redundant SAR 
ADC is able to correct the final digital output at the last two 
bits, even though a comparison error occurs in the second step 
for the second case. 
0064 Returning to FIG. 4A, the calibration process per 
formed by the SARADC 2 may be adopted by the redundant 
SARADC 4. 

0065. The calibration process may be initiated in a manu 
facturing test or performed automatically on power-up to 
compensate for the capacitance mismatch in the S/H and 
CDAC 42 and remove the comparator offset in the compara 
tor 44, so that the redundant SAR ADC 4 may output the 
digital approximation of the sampled analog input to match 
the ideal levels of the weights of the CDAC bits. 
0066. In the calibration, the CDAC capacitors C0 through 
C13 are initially reset by disconnecting the sampling Switches 
40a and 40b from the input signals Vip and Vin, and switching 
the capacitor switches S1 through S13 to the first reference 
VoltageVr. Further, the common terminalsTcom1 and Tcom2 
of the capacitors in the upper and lower capacitor banks may 
be shorted to be initiated at a common Voltage potential. 
0067. According to Equation Eq. 1, the positive redun 
dancy q(k) of the non-binary SAR algorithm can be obtained 
when Wik-i-1<Wk+2+Wk+3+...+WIM+1. That is, in 
the redundant SARADC 4, the weight of a kth bit in the 14 
CDAC bits is less than the summation of the weights of all 
remaining less significant bits plus 1. Therefore, the kth bit 
can always be represented by the CDAC bits that are less 
significant than the kth bit in the calibration process. FIG. 4B 
is a table of redundancy of the CDAC bits in the S/H and 
CDAC 42. The weight Wk of the CDAC bit in the kth step is 
carefully selected such that it exceeds the weight WIk--1 of 
the next CDAC bit and is less than the summation of all 
weights of the less significant CDAC bits. For example, the 
CDAC bit C12 has a weight 472 C which exceeds the weight 
256 C of the CDAC bit C11 and is less than the Sum of the 
weights of all less significant CDAC bits, which is added up to 
560C. The redundancy of the CDAC bit C13 is calculated by 
subtracting the weight of the CDAC bit C12 (472 C) from the 
sum of weights of all CDAC bits less significant than the 
CDAC bit C12 (560 C) and then adding 1 C, amounting to 89 
C. 

0068. The SAR control circuit 46 candirect the calibration 
process for the SARADC 4 as outlined below. 
0069. The MSB of the S/H and CDAC 42 has an ideal 
weight of 1016 C. The actual weight Wis of the MSB can be 
estimated by the calibration process. In the calibration pro 
cess, the capacitor switch S13 is switched to the second 
reference Voltage Vgnd to connect the MSB to the second 
reference Voltage V gnd and place a weight Voltage Vs 
representative of the weight Wis of the MSB on the non 
inverting input terminal of the comparator 44. The CDAC bits 
C12 through C0, which are less significant than the MSB, are 
operated in sequence to generate 13 reference Voltage levels 
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to track the weight Voltage Vs and produce a first digital 
code D12:0). The capacitor switch S13 is then switched to 
the first reference voltage Vr to connect the MSB to the first 
reference Voltage Vr and place a weight voltage Vso rep 
resentative of the MSB being Binary 0” on the non-inverting 
input terminal of the comparator 44. The CDAC bits C12 
through CO are again operated in sequence to generate 13 
reference Voltage levels to track the weight Voltage Vso and 
produce a second digital code Do 12:0. The first and second 
digital codes D12:0). Do 12:0 may be stored in local 
memory cells (not shown) in the SAR control circuit 46. Since 
the second digital code Do 12:0) is generated by the compara 
tor 44 when the MSB is Binary 0, it contains only the digital 
approximation of the comparator offset in the comparator 44. 
The SAR control circuit 46 can load the first and second 
digital codes D, 12:0). Do 12:0 and estimate the actual 
weight Wis of the MSB by subtracting the first digital code 
D, 12:0 from the first second code Do 12:0), i.e., by remov 
ing the comparator offset from the digital approximation of 
the weight D. 12:0, thereby determining the estimated 
weight Wis of the MSB. 
0070 The SAR control circuit 46 may store the estimated 
weight W of the MSB in the local memory cell, and 
proceeds to determine the weight Wk for the remaining 
CDAC bits according to the calibration procedure described 
above, where k is an integer ranging between 1 and 12. At the 
end of the calibration, the SAR control circuit 46 contains the 
estimated weights W13 through W1 and the default weight 
W0. The estimated weights can be used to calibrate the nor 
mal ADC operation result by the following expression: 

13 Eq. (2) 

0071. The redundant SARADC 4 toggles each bit in the 
S/H and CDAC circuit and use the remaining less significant 
bits to estimate the correct weight of the toggled bit, thereby 
delivering accurate output digital codes. 
0072 FIG. 6 illustrates a calibration procedure 6 for an 
SAR ADC using extra quantization bits according to an 
embodiment of the invention, incorporating the SARADC in 
FIG. 4. The leftmost solid bar shows the weight Wk of the kth 
CDAC bit, and the right curve illustrates stepwise quantiza 
tion values of a sum of weights of the CDAC bits that are less 
significant than the kth CDAC bit. The calibration procedure 
6 adopts quantization bits to increase the data convergence 
speed in the calibration. 
0073. During the calibration process, the weight Wk of the 
kth CDAC bit is tracked by the CDAC bits that are less 
significant than the kth CDAC bit to generate a digital code 
D(k-1): Obest matching to the weight Wk. As in the redun 
dant SARADC 4, the weight Wk of the kth bit in the is less 
than the sum of the weights of all remaining less significant 
bits plus 1, the weight Wk can always be tracked or repre 
sented by the CDAC bits (k-1):0), provided that the com 
parator offset Voffset is zero or negligently small. When the 
comparator offset Voffset is relatively large, the calibration 
range for the weight Wk will be reduced to the sum of the 
weights of all remaining less significant bits minus the com 
parator offset Voffset. Moreover, a quantization error AQ due 
to the capacitance mismatch or comparator offset may be 
present in the weight Wk, causing slow convergence in the 
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digital conversion. Specifically, the weight Wk of the kth 
CDAC bit in the S/H and CDAC 42 can be expressed as: 

k-l Eq. (3) 

0074. In the embodiment, a plurality of quantization bits 
(not shown) are incorporated into the S/H and CDAC 42 to 
speed up the data convergence during the weight estimation. 
The resolution of the newly added quantization bits is less 
than that of the CDAC bit. In one embodiment, three quanti 
zation bits are included in the S/H and CDAC 42, with a 
resolution of /s LSB of the original 14 CDAC bits. In the 
calibration, the three quantization bits are used to approxi 
mate or estimate the quantization error AQ in the weight Wk, 
leading to an increased speed of the data convergence in 
estimating the weight Wk. 
0075 FIG. 7 illustrates a calibration procedure 7 for an 
SAR ADC using a small signal noise Snaccording to an 
embodiment of the invention, incorporating the SARADC in 
FIG. 4. The left part of FIG. 7 is identical to FIG. 6, the right 
part shows the weight value Wk after a small-signal, Zero 
average noise Sn has been injected into the weight Wk of the 
kth CDAC bit. The calibration procedure 7 adopts the small 
signal noise Snto achieve a Zero-average quantization error 
AQ in the weightWk. The calibration procedure 7 may not be 
used in conjunction with the quantization bits of the calibra 
tion procedure 6. 
0076. In the embodiment, the S/H and CDAC 42 injects 
the Small-signal, Zero-average noise Sn into the weight Wk 
of the kth CDAC bit in order to spread the quantization error 
AQ over time, resulting in an averaged quantization error AQ 
Substantially equaling 0. The Small-signal noise Sn is inde 
pendent of the quantization error AQ, and may be an intrinsic 
thermal noise of the SAR ADC. In some embodiments, the 
Small-signal noise Sn is obtained from the intrinsic thermal 
noise present in the comparator currents of the comparator 44. 
The variation of the small-signal noise Sn is within a limited 
range, e.g., 2 LSBs, so that the estimation of the weight Wk' 
will converge in a reduced period of time. 
0077. The injected weight Wk can be expressed as fol 
lows: 

The added small-signal noise Sn will dominate the distri 
bution of the quantization error AQ, causing the quantization 
error AQ to converge toward Zero over time. 
0078 Referring to the right part of the FIG. 7, it can be 
seem that after the Small-signal noise Sn is injected, the 
quantization error AQ is spread out over time. At Times T1 
through T(n+2), the quantization errors AQL1 through 
AQIn+2 varies randomly on both sides of the quantization 
levels. The values of the quantization errors AQ1 through 
AQIn+2 are evened out to a Zero average when the compara 
tor 44 compares the injected weight Wk with the reference 
voltage levels output from the SH and CDAC 42. 
007.9 FIG. 8 is a schematic circuit diagram of an S/H and 
CDAC 8 in a SARADC 8 according to another embodiment 
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of the invention, adopting a split non-binary capacitor array 
including a 7-bit MSB array 80, a 7-bit LSB array 82, bridge 
capacitors CB1 and CB2, and sampling switches CLK SH. 
The bridge capacitors CB1 and CB2 are unit capacitors. The 
S/H and CDAC 8 may be employed in place of the S/H and 
CDAC 42 of the SARADC 4 in FIG. 4. 

0080. The split capacitor array architecture is used to 
reduce the area of capacitors required for the high-resolution 
DAC 8. The LSB array 82 is a well-matched capacitor array, 
while the MSB array 80 is less well-matched. Therefore, only 
the MSBarray 80 requires a weight calibration. The calibra 
tion procedure can be any embodiment described in FIG. 2, 
FIG. 4, FIG. 7 and FIG. 8, or a combination thereof. 
I0081 FIG.9 is a schematic circuit diagram of a CDAC9 in 
a SARADC9 according to another embodiment of the inven 
tion. The SAR ADC 9 is a split non-binary capacitor array 
adopting the quantization bits described in FIG. 7. The quan 
tization bits can increase the data convergence speed in the 
calibration. 

I0082 FIG. 10 is a signal diagram of a sampling clock 
CKSamp and compare clock CKcomp for use in a noise 
reduction procedure 10 according to an embodiment of the 
invention, incorporating the SARADCs in FIGS. 1, 2, and 4. 
The noise reduction method 10 can reduce or remove a com 
parator noise in the comparator of the SAR ADC. For the 
purpose of explanation, the SAR ADC 1 will be used to 
explain the operations of the noise reduction procedure 10. 
I0083. Accordingly, the SARADC1 operates alternately in 
a sampling phase Psamp and conversion phase Pconv accord 
ing to the sampling clock CKSamp, and performs the sam 
pling and conversion according to the compare clock 
CKcomp. The sampling clock CKSamp contains sampling 
periods Samplen and conversion periods Conversionn. 
where n is a positive integer. The control circuit 162 controls 
the S/H and DAC 12, comparator 14 and the SAR 160 to 
perform the noise reduction procedure 10. The S/H and 
CDAC 12 may contain a separate Sample-and-Hold circuit 
120 and CDAC 122. 

I0084. In the first sampling period Sample0, the S/H cir 
cuit 120 is configured to sample the analog input signals 
Vip/Vinto generate a first sampled value. In the first conver 
sion periods Conversion 0, the CDAC 122 is configured to 
generate a number of reference Voltage levels successively 
and then the comparator 14 is configured to compare the first 
sampled value with the reference Voltage levels according to 
the compare clock CKcomp. In the embodiment, the com 
parator 14 operates at the rising edges and the CDAC 122 
operates at the falling edge of the compare clock CKcomp. 
After a certain number of clock cycles of the compare clock 
CKcomp, e.g., 15 clock cycles, the first sampled value is 
converted into a first n-bit digital code. The first digital code 
may be a 14-bit digital code, which is stored in the SAR 160 
after the conversion. The control circuit 162 is further con 
figured to store the first sampled value in a local memory cell 
or in the SAR 160. 

I0085. In the second sampling period Sample1, the S/H 
circuit 120 is configured to sample the analog input signals 
Vip/Vin to generate a second sampled value. Concurrently, 
the CDAC 122 is configured to generates a reference voltage 
level for a kth CDAC bit and the comparator 14 is configured 
to restore the first sampled value from the local memory cell 
or the SAR 160 and compare the first sampled value with the 
reference Voltage level for a number of times, e.g., 2 times to 
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regenerate the kth bit of the n-bits digital code for several 
times in the noise reduction period NRO, wherein k ranges 
from 0 to (n-1). 
I0086. After the second sampling period Sample1 is com 
pleted, the control circuit 18 can determine the kth bit of the 
digital output data Doutn:0 based on the kth bit in the first 
digital code and the regenerated kth bits. In one embodiment, 
the control circuit 18 determines the majority of the kth bit in 
the first digital code and the regenerated kth bits as the kth bit 
of the digital output data Doutn:0. The number of the bit 
regenerations may be an even number of times, e.g., 2 times. 
For example, when the kth bit in the first digital code is Binary 
1, and two regenerated kth bits are Binary 0 and Binary 1, 

respectively, the control circuit 18 will determine Binary 1 
is the majority among the 3 candidate data, and Subsequently 
determine the kth bit Doutkas Binary 1. Concurrently in 
the second conversion periods Conversion1, the CDAC 122 
is configured to generate a number of reference Voltage levels 
Successively and then the comparator 14 is configured to 
compare the second sampled value with the reference Voltage 
levels according to the compare clock CKcomp. 
I0087 Although the embodiments in FIGS. 4 and 6-10 
employ a top-plate sampling, monotonic capacitor Switching, 
binary search type of SARADC to illustrate the operations of 
the CDAC weight calibration procedure, those skilled in the 
art can modify the present teaching to be adopted by other 
SARADC embodiments. 
0088 As used herein, the term “determining encom 
passes calculating, computing, processing, deriving, investi 
gating, looking up (e.g., looking up in a table, a database or 
another data structure), ascertaining and the like. Also, 
“determining may include resolving, selecting, choosing, 
establishing and the like. 
0089. The term “or used herein is intended to mean an 
inclusive 'or' rather than an exclusive “or.” That is, unless 
specified otherwise, or clear from the context, the phrase “X 
employs A or B is intended to mean any of the natural 
inclusive permutations. In addition, the articles “a” and “an 
as used in this application and the appended claims should 
generally be construed to mean “one or more unless speci 
fied otherwise or clear from the context to be directed to a 
singular form. 
0090 The various illustrative logical blocks, modules and 
circuits described in connection with the present disclosure 
may be implemented or performed with a general purpose 
processor, a digital signal processor (DSP), an application 
specific integrated circuit (ASIC), a field programmable gate 
array signal (FPGA) or other programmable logic device, 
discrete gate or transistor logic, discrete hardware compo 
nents or any combination thereof designed to perform the 
functions described herein. A general purpose processor may 
be a microprocessor, but in the alternative, the processor may 
be any commercially available processor, controller, micro 
controller or state machine. 
0091. The operations and functions of the various logical 
blocks, modules, and circuits described herein may be imple 
mented in circuit hardware or embedded software codes that 
can be accessed and executed by a processor. 
0092. While the invention has been described by way of 
example and in terms of the preferred embodiments, it is to be 
understood that the invention is not limited to the disclosed 
embodiments. To the contrary, it is intended to cover various 
modifications and similar arrangements (as would be appar 
ent to those skilled in the art). Therefore, the scope of the 
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appended claims should be accorded the broadest interpreta 
tion so as to encompass all Such modifications and similar 
arrangements. 

1. An analog-to-digital-converter (ADC), comprising: 
a first capacitive digital-to-analog-converter (CDAC), 

comprising in capacitors corresponding to n bits, the 
CDAC being configured to connect a kth bit of the n bits 
to a first Voltage reference to provide a first analog sig 
nal, convert the first analog signal into first digital code 
using 0th through (k-1)th bits that are less significant 
than the kth bit, connect the kth bit of the n bits to a 
second Voltage reference to provide a second analog 
signal, and convert the second analog signal into second 
digital code using the 0th through (k-1)th bits that are 
less significant than the kth bit, wherein k is an integer 
ranging from 1 to n; and 

a control circuit, configured to estimate a weight of the kth 
bit based on the first and second digital code, the control 
circuit further configured to perform calibration of the 
CDAC capacitors based on the estimated weight. 

2. The ADC of claim 1, wherein: 
the first CDAC is further configured to sample an analog 

input, and convert the sampled analog input to an n-bit 
digital output; and 

the control circuit is further configured to calibrate the kth 
bit of the n-bit digital output based on the estimated 
weight of the kth bit. 

3. The ADC of claim 1, wherein the control circuit is 
further configured to inject a small-signal noise into the first 
and second analog signals; and 

the Small-signal noise has a mean Substantially equaling 0. 
4. The ADC of claim 1, wherein: 
the first CDAC further comprises quantization bits, having 

a resolution less than that of the n bits, configured to 
estimate a first quantization error of the first analog 
signal, and estimate a second quantization error of the 
second analog signal using the quantization bits; and 

the control circuit is configured to estimate the weight of 
the kth bit based on the first and second digital code and 
the first and second quantization errors. 

5. The ADC of claim 1, wherein the kth bit has a first weight 
that is less than a sum of weights of the 0th through (k-1)th 
bits. 

6. The ADC of claim 1, wherein the control circuit is 
configured to determine a difference of first and second digi 
tal code to represent the weight of the kth bit. 

7. The ADC of claim 1, further comprises 
a bridge capacitor, coupled to the first CDAC; and 
a second CDAC, coupled to the bridge capacitor, compris 

ing m bits, wherein an ith bit of them bits has a second 
weight that is less than a sum of weights of the 0th 
through (i-1)th bits. 

8. An analog-to-digital-converter (ADC), comprising: 
a first capacitive digital-to-analog-converter (DAC), com 

prising in capacitors corresponding to n bits, the CDAC 
being configured to connect a kth bit of then bits to a first 
Voltage reference to provide a first analog signal, inject a 
first Small-signal noise into the first analog signals, and 
convert the injected first analog signal into first digital 
code using 0th through (k-1)th bits that are less signifi 
cant than the kth bit, whereinkisan integerranging from 
1 to n; and 

a control circuit, configured to estimate a weight of the kth 
bit based on the first digital code, the control circuit 
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further configured to perform calibration of the CDAC 
capacitors based on the estimated weight. 

9. The ADC of claim 8, wherein the small-signal noise has 
a mean Substantially equaling 0. 

10. The ADC of claim 8, wherein: 
the first CDAC is further configured to connect the kth bit 

of the n bits to a second voltage reference to provide a 
second analog signal, inject a second Small-signal noise 
into the second analog signals, and convert the injected 
second analog signal into second digital code using 0th 
through (k-1)th bits that are less significant than the kth 
bit; and 

the control circuit, configured to estimate the weight of the 
kth bit based on the first and second digital code. 

11. The ADC of claim 8, wherein the control circuit is 
configured to determine a difference of first and second digi 
tal code to represent the weight of the kth bit. 

12. The ADC of claim 11, wherein the control circuit is 
configured to determine a difference of first and second digi 
tal code to represent the weight of the kth bit. 

13. The ADC of claim 8, wherein: 
the first CDAC further comprises quantization bits, having 

a resolution less than that of the n bits, configured to 
estimate a first quantization error of the first analog 
signal, and estimate a second quantization error of the 
second analog signal using the quantization bits; and 

the control circuit is configured to estimate the weight of 
the kth bit based on the first and second digital code and 
the first and second quantization errors. 

14. The ADC of claim 8, wherein: 
the first CDAC is further configured to sample an analog 

input, and convert the sampled analog input to an n-bit 
digital output; and 

the control circuit is further configured to calibrate the kth 
bit of the n-bit digital output based on the estimated 
weight of the kth bit. 

15. The ADC of claim 8, wherein the kth bit has a first 
weight that is less than a sum of weights of the 0th through 
(k-1)th bits. 
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16. The ADC of claim 8, further comprises 
a bridge capacitor, coupled to the first CDAC; and 
a second CDAC, coupled to the bridge capacitor, compris 

ing m bits, wherein an ith bit of them bits has a second 
weight that is less than a sum of weights of the 0th 
through (i-1)th bits. 

17. An analog-to-digital-converter, receiving an analog 
input signal and outputting digital output data, comprising: 

a clock generator, configured to generate a sampling clock 
with a sampling period and a conversion period; 

a sample and hold circuit, configured to sample the analog 
input signal in a first sampling period to generate a first 
sampled value, and sample the analog input signal in a 
Subsequent second sampling period to generate a second 
sampled value; 

a storage circuit, configured to hold the first sampled value 
in the Subsequent second sampling period; 

a capacitive digital-to-analog-converter (CDAC) and a 
comparator, configured to convert the first sampled 
value into first n-bits digital code in a first conversion 
period, and perform an analog-to-digital conversion to 
the first sampled value to regenerate a kth bit of n-bits 
digital code for a plurality of times in a Subsequent 
second sampling period, the CDAC comprising a plural 
ity of capacitors; and 

a control circuit configured to determine a kth bit of the 
digital output databased on the kth bit in the first digital 
code and the regenerated kth bits, the control circuit 
being further configured to calibrate the capacitors. 

18. The analog-to-digital-converter of claim 17, wherein 
control circuit is configured to determine a majority of the kth 
bit in the first digital code and the regenerated kth bits as the 
kth bit of the digital output data. 

19. The analog-to-digital-converter of claim 17, wherein 
the plurality of times are an even number of times. 

k k k k k 


