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REDUCING THE EFFECT OF ELEMENTS 
MISMATCH IN A SARADC 

TECHNICAL FIELD 

0001. The present disclosure relates generally to analog 
to-digital converter (ADCs), and more specifically, to reduc 
ing effect of elements mismatch in a Successive Approxima 
tion Register (SAR) based ADC. 

RELATED ART 

0002 An ADC converts sampled value of an analog signal 
into digital code comprising a finite number of bits (e.g., N 
bits) as well known in the relevant art. In general, a SARADC 
generates a digital code bit-by-bit by Successively comparing 
the input analog signal sample with the analog value of an 
intermediate digital code. The intermediate digital code is 
often generated sequentially by testing each bit from most 
significant bit (MSB) to least significant bit (LSB). SAR 
ADCs generally employ digital-to-analog converter (DAC) to 
generate intermediate analog value corresponding to the 
intermediate digital code. Operation of a conventional SAR 
ADC can be seen in U.S. Pat. No. 6,894,627 which is incor 
porated herein by reference. 
0003. DAC in the SAR ADC is often implemented using 
different techniques (such as binary weighted decoding and 
Thermometric Decoding) as well known in the field of art. In 
a thermometric decoder type DAC, each element is con 
structed with a same value. A thermometric decoder is used to 
connect desired number of elements to form a ratio corre 
sponding to the intermediate digital code as is well known in 
the art. Every element value is desired to be matched with 
each other for accurate representation of intermediate digital 
code. 
0004. Often there exists a mismatch between the elements. 
One source of mismatch may be the difference in physical 
parameter across the integrated circuit caused in the fabrica 
tion process. Such mismatch may affect accuracy of the digi 
tal code generated. 

SUMMARY 

0005 According to one aspect of present disclosure an 
intermediate set of bits in a SARADC is converted to two or 
more intermediate analog values respectively from two or 
more different set of representative capacitor banks. The 
intermediate analog values are compared with input analog 
sample to generate a accurate digital code bits. According to 
another aspect, the different set of capacitors is selected from 
different location to reduce the effect of capacitor mismatch 
due to variations in the fabrication process. According to 
another aspect, the different set of capacitors is selected from 
the thermometric code corresponding to intermediate set of 
bits. 
0006. According to yet another aspect, the conversion pro 
cess is repeated for only LSB part of the intermediate digital 
bit keeping MSB bits same. The representative capacitors 
representing the MSB bit are changed in each conversion 
process. 
0007 According to another aspect, each capacitor bank 
contains at least one unit capacitor in each row and/or column 
of two dimensional capacitoriarty formed on a semiconductor 
die within the integrated circuit. 
0008 According to another aspect, resolution of a N bit 
SAR ADC is enhanced by generating more than one N bits 
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digital codes correspondingly operating the NBit SARADC 
with more than on transfer functions. Each transfer function is 
selected such that they are offset by a fraction of LSB value. 
The more than one Nbits digital codes are then added to form 
Pbits digital code such that P is greater than Ndue to addition. 

BRIEF DESCRIPTION OF DRAWINGS 

0009 FIG. 1 is a block diagram of an example SARADC 
in accordance with the present disclosure. 
0010 FIG. 2 is a circuit diagram depicting an example 
capacitor array employed in DAC of FIG. 1. 
0011 FIG. 3 depicts the manner in which unit capacitors 
are implemented on semiconductor die for the example array 
of FIG. 2. 
0012 FIG. 4 is a flowchart illustrating manner in which an 
N bits digital code may be generated in the SARADC of FIG. 
1. 
0013 FIG. 5 is a circuit diagram of an example 6 bit 
thermometric decoder DAC. 
0014 FIG. 6 capacitor grids in an example integrated cir 
cuit incorporating the SAR ADC. 
(0015 FIGS. 7A through 7D illustrates capacitor banks 
connection for first three MSB bits (bit 1, bit 2, and bit 3). 
(0016 FIGS. 7E through 7H illustrates capacitor banks 
connection for remaining three MSB bits (bit 4, bit 5, and bit 
6). 
0017 FIG. 8A through 8D respectively represents capaci 
tor bank configuration within the grid while generating first, 
second, third, and fourth SARADC outputs. 
0018 FIG. 9 is a timing diagram illustrating generation of 
4 different 14 bit SARADC outputs by repeating conversion 
process for part of the 14 bits. 
0019 FIG. 10 is a graph depicting transfer function of a 
SARADC of FIG. 1. 

DETAILED DESCRIPTION OF THE PREFERRED 
EXAMPLES 

0020. In FIG. 1, a block diagram of an example SARADC 
100 can be seen. The SAR ADC 100 is shown containing 
sample-and-hold (S/H) circuit 110, a DAC 150, a comparator 
170, and SAR logic 190. Each block is described in further 
detail below. 
0021 Sample and Hold (S/H) circuit 110 samples input 
analog signal received on path 101 at a time instant and holds 
the analog sample (sampled value) on path 117 for a desired 
length of time for further processing. The S/H circuit 110 may 
be operated by a clock signal to control sampling rate and also 
to hold the sample for a desired length of time. The S/H circuit 
110 may also be implemented using known techniques. 
0022 Comparator 170 compares analog signals on its 
input paths 157 and 117 and generates a logical value “1” as 
output on path 179 if the value of the analog signal on path 
117 (non-inverting input terminal) is higher than that of ana 
log signal on path 157 (inverting terminal). Comparator 170 
generates logical value “0” otherwise. Comparator 170 may 
be implemented using any of the known techniques in the 
relevant art. 
0023 SAR logic 190 generates an intermediate digital 
code at every clock cycle and sends the intermediate digital 
code to DAC 150 on path 195. Each intermediate digital code 
is generated at every clock cycle to sequentially test (deter 
mine) bit value from MSB to LSB in N bit digital code as well 
known in the field of art. In each clock cycle SAR 190, 
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determine value tested bit based on result of comparison from 
comparator 170. At the end of the N clock cycle SAR logic 
190 sends N determined bits as SARADC output 199. 
0024. DAC 150 converts intermediate digital code 
received on path 195 to an intermediate analog value. The 
intermediate analog value is provided on path 157 for com 
parison. DAC 150 employs array of elements such as capaci 
tor and/or resistors to generate an intermediate analog signal. 
Often capacitors are used as elements of the array due to 
several advantages such as implementation complexity, 
power efficiency etc. 
0025 FIG. 2 is a circuit diagram depicting part of DAC 
150. Shown there, an array of capacitors 210A through 210H, 
switches 220A through 220H (together referred to as switch 
arrangement 220) and binary to thermometric decoder 240. 
Each component is further described below. 
0026. Binary to thermometric decoder 240 converts an 
intermediate digital code received on path 241 to a thermo 
metric code. For example, an N bit binary intermediate digital 
code is converted to 2'-1 bits thermometric code. The ther 
mometric code is provided to Switch arrangement on path 
242. 
0027. Each switch 220A through 220H is respectively 
operated by K bits of intermediate digital code (by corre 
sponding 2-1 thermometric code) where K is less than equal 
to N. As an example, switches 220A through 220H connect 
bottom plate of the capacitors 210A through 210H to refer 
ence voltage +Vrefifthe bit operating the respective switch is 
at logic 1 and connects to reference Voltage-Vref otherwise. 
The capacitors coupled to reference voltage +Vref are 
referred to as representative capacitor since total capacitance 
of representative capacitor corresponds to binary weighted 
Sum of digital code operating the Switches. 
0028. As an example, FIG. 2 may represent a partial 
implementation of Kbits of N bits DAC 150 while other part 
of the DAC 150 may be implemented using any other known 
way. Thus, desired Kbits among N bits are sent on path 241. 
Remaining N-K bits (MSB or LSB side) may be generated in 
a similar way or by using any other techniques such as binary 
weighted array. In case N-K bits represents MSB side bits, 
circuit in FIG. 2 effectively samples the difference between 
input analog sample and analog value formed by N-K bits of 
intermediate digital code as well known in the art. 
0029. Each capacitor 210A through 210H represents a unit 
capacitor or group of unit capacitors (hereinafter "capacitor 
bank”) forming a desired capacitance value. The manner in 
which unit capacitors are implemented on semiconductor die 
in an example depicted in FIG. 3. As shown there, desired 
number of unit capacitors are spread (implemented) on a two 
dimensional array (grid) across the semiconductor die 310. 
Capacitor banks 210A through 210H are formed by combin 
ing/coupling unit capacitors at different location. For 
example a capacitor bank of 4C capacitors (C representing a 
unit of capacitance) may be formed by coupling capacitor on 
row A and col3, row C and col 4, row E and col 6, and row H 
and col7 (together called capacitor bank). Similarly another 
capacitor bank of same value may be implemented by select 
ing set of other 4 capacitors in the grid. 
0030 Continuing reference to FIG.2, each capacitor bank 

is shown with capacitance value of nC. Alternatively, capaci 
tor bank 210A-210D may be implemented with one value of 
capacitance (for example C) and capacitor 210E-210H may 
be implemented with other capacitance value (for example 
nC). In FIG. 2, one end of the capacitor bank is shown coupled 
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to a common terminal 201 and other end of each capacitor is 
selectively coupled to one of reference voltages +Vref and 
-Vref (by switch arrangement 220) depending on the ther 
mometric code received on path 242. 
0031. Thus, a thermometric code 11 10000 (corresponding 
to a 3 bits of intermediate digital code 011) connects three 
capacitor banks 210F through 210H (representative capacitor 
corresponding to code 011) to reference voltage +Vref and 
other five capacitor banks 210A through 210E to -Vref 
thereby forming a voltage on the terminal 201 proportional to 
capacitance ratio 3(nG)/8(nC). Similarly, different thermo 
metric code forms different ratio on terminal 201 thereby 
generating an analog Voltage proportional to the intermediate 
digital code. Connections to form the voltage on terminal 201 
proportional to the ratio of capacitance may be implemented 
in different ways depending on the reference Voltages used 
for generating the ratios. 
0032. However, it may be appreciated that mismatch in the 
unit capacitor may cause error in the desired ratio formed at 
the terminal 201, thereby causing an error in the voltage 
representing intermediate digital code. Manner in which 
effect of Such mismatch may be reduced in an example is 
described below referring to FIG. 4 
0033 FIG. 4 is a flowchart illustrating manner in which an 
N bits digital code may be generated in an example of SAR 
ADC. Flowchart begins in step 401 and control passes to step 
410. 

0034. In step 410, SAR ADC 150 generates a first N bit 
digital code in N clock cycle by successively testing each bit 
in one clock cycle. SARADC may use thermometric decod 
ing DAC for desired number of MSB bits and any other 
techniques such as binary weighted capacitor array DAC for 
remaining lower order bits. In one example, thermometric 
decoding is used for N-K MSB bits while Klower order bits 
of N bits are implemented with other techniques. 
0035. In step 420, SARADC 150 regenerates set of bits in 
N bits digital code selecting a different capacitor banks to 
represent the intermediate digital code. As an example, regen 
erated set of bits may correspond to KLSB bits while select 
ing a different capacitor banks to represent N-K MSB bits. 
The K bits are generated by repeating conversion process by 
keeping N-K bits value same. Thus, K clock cycles are used 
for generating N bits digital code word. 
0036 Step 420 may be repeated desired number of time to 
generate desired number of N bits digital code. For example, 
if step 420 is repeatedY number of times, then Y number of N 
bits digital codes are generated in YK clock cycles wherein 
symbol * representation multiplication operation. 
0037. In step 430, SAR ADC 150 generates final N bits 
digital code as average of the number of N bits digital codes 
generated. Any of the known averaging techniques may be 
used for generating the average ofY numbers of N bits digital 
code. In an alternative example, Y numbers of N bits digital 
code may be added to generate a P bits final digital code 
where P is greater than N due to addition. Flow chart ends in 
step 499. 
0038. Due to above approach the error caused by the 
capacitor mismatch is reduced. Operation of SARADC 100 
as described with reference to FIG. 4 is further illustrated 
below. 

0039 FIG. 5 is a circuit diagram of 6 bit thermometric 
decoder DAC as an example. The FIG. is shown containing 
8C capacitor banks 520-1 through 520-7, 1C capacitor banks 
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580-1 through 580-8, Thermometric/thermometer decoders 
530 and 540. Each component is described below in further 
detail. 
0040. Each 8C capacitor banks 520-1 through 520-7 are 
formed by coupling eight 1C (unit capacitor) capacitors in an 
8x8 unit capacitors grid. Manner in which unit capacitors in 
the grid are selectively coupled to form capacitor banks 520-1 
through 520-7 and 580-1 through 580-8 in order to reduce 
integral nonlinearity is described with reference to FIG. 6. 
0041 FIG. 6 is a capacitor grid in an integrated circuit 
incorporating SARADC100. Ingrid 600 each square (block) 
represents physical location of unit capacitor on a semicon 
ductor die. Each physical location in the grid is identified by 
(row, col) with rows A-Hand columns 1-8. As is well known 
in the art, process variation may cause variation/gradient in 
the capacitance value across semiconductor die or grid 600. 
Effect of Such variation/gradient may result in integral non 
linearity (INL) error in the digital code generated by SAR 
ADC. Such variation may be countered by forming capacitor 
banks as described below. 
0042. In FIG. 6, each square is shown marked with bank 
numbers 620-1 through 620-8 representing the capacitors 
selected to form respective banks. For example, capacitor 
bank 620-1 is shown containing (formed by) group of eight 
unit capacitor at locations (A7), (B.1), (C.4), (D.6), (E.3), 
(F.5), (G.8), and (H2). Similarly capacitor bank 620-2 is 
formed by group of eight unit capacitor at location (A5), 
(B.3), (C.2), (D.8), (E.1), (F7), (G.6), and (H.4). It may be 
observed that, each capacitor bank 620-1 through 620-8 is 
formed by selecting at least one unit capacitor in every row 
A-H. Alternatively, each capacitor bank may also be formed 
by selecting at least one unit capacitor in every column or by 
meeting both row and column conditions. As a further alter 
native, capacitors may be selected based on a distribution 
function representing the process variation either in X (col 
umn wise) or y (row wise) direction. 
0043. Referring to FIG. 5, capacitor banks 520-1 through 
520-7 are dynamically selected from eight capacitor banks 
620-1 through 620-8. 
0044) Unit capacitor banks 580-1 to 580-8 may be formed 
by splitting any one (unused) of the capacitor banks 620-1 
through 620-8. For example, capacitor bank 620-8 may be 
split in to 8 unit capacitors and banks 580-1 to 580-8 may be 
formed respectively by unit capacitors at locations (A4), 
(B.6), (C.7), (D, 1), (E.8), (F2), (G.3), and (H.5). 
0045 Continuing with reference to FIG. 5, thermometric 
decoder 540 receives MSB bits 1, 2 and 3 and converts 3MSB 
bits (bit 1, bit 2 and bit 3) of an intermediate digital code to 7 
bit thermometric code on path 542. Similarly, thermometric 
decoder 530 converts remaining 3 bits (bit 4, bit 5 and bit 6) 
of the intermediate digital code to 7 bit thermometric code on 
path 532. Accordingly, 7 bits thermometric code on path 542 
operates/controls 7 Switches to connect 7 capacitor banks 
520-1 through 520-7 to one of reference voltages +Vref and 
-Vref. Similarly, 7 bits thermometric code on path 532 oper 
ates/controls 7 switches to connect 7 capacitor banks 580-1 
through 580-7 to one of reference voltages +Vrefand-Vref. 
Capacitor bank 580-8 is showed coupled to reference voltage 
-Vref. 
0046. Manner in which N bits digital code may be gener 
ated multiple times in accordance with FIG. 4 is further 
illustrated below with reference to FIG. 7A through 7H. 
FIGS. 7A through 7D illustrates capacitor banks connection 
for first three MSB bits (bit 1, bit 2 and bit 3). FIGS. 7E 
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through 7Hillustrates capacitor banks connection for remain 
ing three MSB bits (bit 4, bit 5, and bit 6). 
0047 FIG. 7A is a table depicting selection of capacitor 
banks for 3 MSB bits (bit1, bit2, bit3) of the intermediate 
digital code while generating first SAR ADC output. Eight 
rows in the table correspond to eight possible combinations of 
MSB bits (bit 1, bit 2 and bit 3) and eight columns (in part 730 
of the table) correspond to eight capacitor banks. Column 1-8 
represents capacitors banks 620-1 through 620-8 in grid 600. 
As shown there, 7 capacitor banks 620-1 through 620-7 are 
operated by 3 MSB bits (bit1, bit2, bit3) and there by repre 
sents capacitor banks 580-1 through 580-7 in FIG. 5. Each 
entry in section 730 indicates connection of bottom plates of 
capacitor banks for a particular combination of 3 MSB bits. 
Capacitor bank 620-8 is not operated by 3 MSB bits in gen 
erating first SARADC output and hence marked “NA' (Not 
Accounted). 
0048. As shown in FIG. 7A, entries on row 1, correspond 
ing to condition when 3 MSB bits are 000 (bit1, bit2, bit3), all 
the capacitor banks (column 1-7) are shown coupled to ref 
erence voltage-Vref. Row 2 entries correspond to condition 
when 3 MSB bits are at 001 (corresponds to 7 bit thermomet 
ric code of 1000000). Accordingly capacitor bank 1 is shown 
coupled to reference voltage +Vref and other banks coupled 
to reference voltage-Vref. Describing entries for row 5 cor 
responding to condition when MSB bits are 100 (corresponds 
to 7 bits thermometric code of 1111000), capacitor bank 1, 
bank 2, bank 3 and bank 4 are shown coupled to reference 
Voltage +Vref. Other capacitor banks are shown coupled to 
reference voltage -Vref. Similarly for other values of 3 MSB 
bits, the entries depict connection of capacitor banks. 
0049 Continuing further, in FIGS. 7B through 7D, col 
umns 2, 4 and 6 are respectively shown as unit capacitor banks 
as against column 8 in FIG. 7A. Thus, remaining seven col 
umns represents capacitor banks 520-1 through 520-7. Such 
shuffling of unit capacitor bank may further enhance the 
performance/accuracy of SARADC 100. However, FIG. 7B 
through 7D may also be implemented by keeping column 8 
unit capacitor banks as is apparent to one skilled in the art. 
0050 FIGS. 7B through 7D are described with reference 
to example MSB bit combination 100 for conciseness. All 
other entries in the tables are apparent to one skilled in the 
relevant art by reading the description provided herein. 
0051 FIG. 7B is a table depicting selection of capacitor 
banks for 3 MSB bits (bit1, bit2, bit3) while generating sec 
ond SAR ADC output. As shown there, 7 capacitor banks 
620-1, and 620-3 through 620-8 are operated by 3 MSB bits 
(bit1, bit2, bit3) and there by represents capacitor banks 
580-1 through 580-7 in FIG. 5. Capacitor bank 620-2 is not 
operated by 3 MSB bits in generating second ADC output and 
hence marked “NA’. 

0052 Continuing with example entry for MSB bits 100, 
capacitor bank3, bank 4, bank 5 and bank 6 are shown 
coupled to reference voltage +Vrefandother banks are shown 
coupled to reference voltage-Vref. Such connection may be 
made by cyclically right shifting thermometric code 1111000 
by two positions and shifted thermometric code may be used 
for operating the Switches coupling the capacitor banks. 
0053 FIG. 7C is a table depicting selection of capacitor 
banks for 3 MSB bits (bit1, bit2, bit3) while generating third 
SARADC output. As shown there, 7 capacitor banks 620-1, 
620-2, 620-3 and 620-5 through 620-8 are operated by 3 MSB 
bits (bit1, bit2, bit3) and there by represents capacitor banks 
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580-1 through 580-7 in FIG. 5. Capacitor bank 620-4 is not 
operated by 3 MSB bits in generating third ADC output and 
hence marked “NA’. 

0054 Continuing with example entry for MSB bits 100, 
capacitor bankS, bank 6, bank 7 and bank 8 are shown 
coupled to reference voltage +Vrefandother banks are shown 
coupled to -Vref. Such connection may be made by cycli 
cally right shifting thermometric code 111 1000 by 4 positions 
and shifted thermometric code may be used for operating the 
Switches coupling the capacitor banks. 
0055 FIG. 7D is a table depicting selection of capacitor 
banks for 3 MSB bits (bit1, bit2, bit3) while generating fourth 
SAR ADC output. As shown there, 7 capacitor banks 620-1 
through 620-5, 620-7 and 620-8 are operated by 3 MSB bits 
(bit1, bit2, bit3) and there by represents capacitor banks 
580-1 through 580-7 in FIG. 5. Capacitor bank 620-4 is not 
used as part of 3 MSB bits in generating fourth ADC output 
and hence marked “NA'. 

0056 Continuing with example entry for MSB bits 100, 
capacitor bank7, bank 8, bank 1 and bank 2 are shown 
coupled to reference voltage +Vrefandother banks are shown 
coupled to reference voltage -Vref. Such connection may be 
made by cyclically right shifting thermometric code 1111000 
by 6 positions and shifted thermometric code may be used for 
operating the Switches coupling the capacitor banks. 
0057 FIG. 7E represents the capacitor bank selection for 
remaining three MSB bits (bit 4, bit5, bitó) while generating 
first SARADC output. The unused capacitor bank 620-8 from 
FIG. 7A is split into 8 unit capacitor banks 620-8(1) through 
620-8(8) and used as capacitor banks 580-1 through 580-8 in 
FIG. 5. Thus, reaming 3 MSB bits (bita, bits, bitó) connects 
unit capacitor banks 620-8(1) through 620-8(8) as per the 
entries in region 730. 
0058 Similarly, FIGS. 7F through 7D represents capacitor 
selection for generating second, third and fourth SARADC 
outputs respectively for remaining three MSB bits. These 
figures are not further described here for conciseness how 
ever, the operation is apparent one ordinarily skilled in the art 
by reading the disclosure herein. 
0059 FIGS. 8A through 8D respectively represents 
example capacitor bank configuration within the grid for 
generating first, second, third, and fourth SAR ADC output. 
0060. The Four 6 bit outputs (first, second, third, and 
fourth SAR ADC outputs) generated according FIGS. 7A 
through 7Hare averaged. Averaging of four 6 bit digital codes 
may be performed by known way. 
0061 Due to shuffling of capacitor bank each time (itera 
tion) while generating output digital codes multiple times, the 
error due to mismatch of the capacitor is eliminated or at least 
reduced in Some cases. Manner in which capacitor mismatch 
is eliminated when 6 MSB bits value is 100000 (bit1 through 
bitó) is further illustrated below. 
0062. As described above, FIGS. 7A and 7E generates an 
analog Voltage on path 501 proportional to capacitance ratio 1 
given by: 

C1 + C2 + C3 + C4 (1) 
Ratio 1 - c1 c2 ... c. 4 Cs C6, C7, C8 

where C1 through C8 respectively represent the capacitance 
value of capacitor banks 620-1 through 620-8. 
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0063 FIGS. 7B and 7F generate an analog voltage on path 
501 proportional to capacitance Ratio 2 given by: 

(2) 

Ratio 2 = C3 + C4+ C5+ C6 Equation 2 
to 4 1 C C C4 Cs C6, C7, C8 

0064 FIGS. 7C and 7G generate an analog voltage on path 
501 proportional to capacitance ratio 3 given by: 

Ratio 3 = C5+ C6+ C7+ C8 (3) 
to C1 c2 . C3 c.4 Cs C6, C7, C8 

0065 FIGS. 7D and 7H generate an analog voltage on path 
501 proportional to capacitance ratio 4 given by: 

Ratio - c1 c2 ... c. 4 Cs C6, C7, C8 

where the Effect of averaging may be represented as: 

1 C1 + C2 + C3 + C4 (5) = (circastics + 

1 C5 + C6+ C7+ C8 -- (ca. His 

Thus, from equation 5 it may be seen that the ratio is equal to 
/2 as desired for the intermediate digital code 100000. Fur 
ther, equation 5 implies the ratio generated is independent of 
capacitor mismatch. 
0.066 Further, using similar mathematical steps, it can be 
shown that effect of capacitor mismatch is cancelled when 
intermediate digital code is 010000 and effect of capacitor 
mismatch is at least reduced in other cases. Such mathemati 
cal steps are not including here for brevity and conciseness. 
0067 Though above description is made with reference to 
6 MSB bits, the concept may be extended to any number of 
code lengths. Further, a part of N bits DAC may be operated 
according to aspects of the present disclosure while remain 
ing part may be operated in any other known way. For 
example, in an N bit DAC, 3 or 6 MSB bits may be imple 
mented according to the present disclosure described with 
reference FIGS. 4 through 8 while remaining bits may be 
implemented in any other known way. 
0068. In one example, a few LSB may be regenerated or 
tested multiple times in order to generate multiple N bits 
outputs by keeping the MSB bits value constant but with 
different capacitor bank configuration as described above. 
Number of LSB bits for regeneration may be determined 
based on the expected accuracy of the ADC. 
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0069. Manner in which 3 bits are tested and regenerated 
multiple times by keeping MSB bits constant in 14 bit SAR 
ADC to enhance the accuracy is illustrated below with refer 
ence to FIG. 9. 

0070 FIG.9 is a timing diagram illustrating generation of 
4 different 14 bit SARADC outputs by repeating conversion 
process for part of the 14 bits. Timing diagram is shown 
containing signals Chip Select CSZ 910, Arrangement 920, 
SCLK930, Test bits 940, Sample 950, and Convert 960. 
(0071 Chip select CSZ 910 selects the ADC chip (inte 
grated circuit) and activates (an active low) the chip for opera 
tion. Chip select is maintained active low as long the chip 
(integrated circuit incorporating the SAR ADC 150) is 
required to be in operation. Convert 960 indicates start of 
conversion and end of conversion of analog input sample to 
corresponding digital code. It remains active low during con 
version. Sample 950 samples analog input and hold the 
sampled analog signal for processing until the conversion 
process is complete. Test bit 940 represents bits tested at every 
clock cycle of the clock signal SCLK 930. Thus each bit is 
tested once every clock cycle of clock signals SCLK930. 
0072 Arrangement 920 is shown containing arrange 
ments 1, 2, 3 and 4 at different time duration within one 
conversion cycle 960. Each arrangement 1, 2, 3 and 4 gener 
ates 14 bit digital code output. Thus, four arrangements gen 
erate four outputs. 
0073. In arrangement 1, all 14 bits and a redundant bit 
(redundant 12" bit) are generated in 15 clock cycles (clock 
cycles 1-15). The redundant 12" bit is inserted in a 14bit SAR 
ADC for error correction as well known in the art. Bits 1-6 of 
14 bit SAR ADC is implemented according to description 
provided with reference FIG. 5 and bits 7 through 14 may be 
implemented using any known techniques such as binary 
weighted capacitor array or thermometric capacitor array or 
hybrid arrangements. Thus MSB bits 1-6 of an intermediate 
digital code are fed to thermometric decoder 540 and 530. As 
result MSB bits 1-3 operates the capacitor banks 520-1-520-7 
and MSB bits 4-6 operates capacitor banks 580-1 through 
580-8. Thus, in arrangement 1, first 14 bit output is generated 
using configuration described with reference to FIGS. 7A, 7E 
and 8A. 

0074. In arrangement 2, bits 1-11 from first 14 bit output 
obtained from arrangement 1 is retained and bits 12, 13 and 
14 are tested using FIGS. 7B and 7F configuration. Bit 1 
through bit 6 of 1-11 retained bits are fed to the thermometric 
decoder 540 and 530. Bits 12, 13 and 14 are tested with 
capacitors configuration described with reference to FIGS. 
7B, 7F and 8B. Newly computed bits 12, 13, 14 and a redun 
dant bit are concatenated with earlier unchanged 1-11 bits to 
generate second 14 bit digital code in arrangement 2. It may 
be appreciated that 4 clock cycles are used to generate second 
14 bit output. 
0075 Similarly, in arrangement 3, output of 11 bit 
obtained from arrangement 1 is retained and bit 12, 13 and 14 
are tested using MSB bits configuration described with ref 
erence to FIGS. 7C, 7G and 8C. Thus, 4 clock cycles are used 
to generate third 14 bit output containing earlier unchanged 
1-11 bits and newly computed bits 12, 13, 14 and a redundant 
bit. 

0076 Similarly in arrangement 4, output of 11 bit obtained 
from arrangement 1 is retained and bit 12, 13 and 14 are tested 
using MSB bits configuration described with reference to 
FIGS. 7D, 7G and 8D. Thus, 4 clock cycles are used to 
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generate third 14 bit output containing earlier unchanged 
1-11 bits and newly computed bits 12, 13, 14 and a redundant 
bit. 

(0077 All the four 14 bit digital code output obtained from 
four arrangements 1, 2, 3, and 4 are averaged and provided as 
final output of SAR ADC 100. In an alternative example, all 
four outputs may be added together to generate a 16 bit 
output. As further alternative, sixteen bit output may be trun 
cated to 14 bit as final output. Thus accuracy of 14 bit SAR 
ADC is enhanced. 

(0078. Manner in which resolution of the SARADC may 
be increased in an example is described below with reference 
to FIG. 10. The graph is described with reference to FIG. 8 
illustrating enhancing resolution of SARADC from 14 bits to 
16 bits. 

007.9 FIG. 10 is a graph depicting transfer function of a 
SARADC. The graph is shown containing four transfer func 
tions 1010, 1020, 1030 and 1040. X axis represents the input 
analog value and Y axis represents the quantisation level 
(represented by binary value). Thus, one LSB corresponds to 
length of horizontal segment 1009. As is well known, output 
code changes by one LSB when input analog signal Swings 
more than LSB 1009. Thus resolution of ADC is determined 
by the number of quantisation level. For example a 14 Bit 
SAR ADC will have 2'' quantisation levels and an LSB of 
(Full scale Range/2') as well known in the art. 
0080 Transfer functions 1010, 1020, 1030 and 1040 are 
shown shifted (offset) by one LSB, A LSB, /2 LSB and 34 
LSB respectively. Such offset may be achieved dynamically 
by changing the threshold voltage applied to SAR ADC. 
Thus, SARADC with transfer function 1010 or 1030 or 1040 
converts an input analog value 1080 to 0 . . . 000 (all Zeros) 
digital code. Alternatively, SARADC operated with transfer 
function 1020 converts same analog value 1080 into 0... 001 
digital code. Thus, analog input with variation of/4 of LSB is 
captured in one of the output thereby enhancing the resolu 
tion. 

I0081. In one example, arrangement 1, 2, 3 and 4 described 
with reference to FIG. 9 above are operated with transfer 
functions 1010, 1020, 1030 and 1040. The transfer functions 
1010-1040 are randomly applied to each arrangement. For 
example, the first 14 bits output in arrangement 1 may be 
generated using transfer function 1030, second 14 bits output 
in arrangement 2 may be generated using transfer function 
1010, third 14 bits output in arrangement 3 may be generated 
using transfer function 1040 and fourth 14 bits output in 
arrangement 4 may be generated using transfer function 
1020. As mentioned above, transfer functions are dynami 
cally changed while in operation by changing the threshold 
voltage applied to SARADC. 
I0082. The four 14 bit outputs then added to form a 16 bit 
digital code. Since variation of input signal to 4th of the LSB 
is captured in one of the four outputs, the 16 bit digital code is 
of 16 bit resolution. 

I0083. While various examples of the present disclosure 
have been described above, it should be understood that they 
have been presented by way of example, and not limitation. 
Thus, the breadth and scope of the present disclosure should 
not be limited by any of the above-described examples, but 
should be defined in accordance with the following claims 
and their equivalents. 
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What is claimed is: 
1. A. method comprising: 
generating an intermediate set of bits; 
converting the intermediate set of bits to a first intermediate 

analog value from a first set of representative capacitors 
from a plurality of capacitors in a Successive approxi 
mation register (SAR) analog-to-digital converter 
(ADC); 

converting the intermediate set of bits to a second interme 
diate analog value from a second set of representative 
capacitors from the plurality of capacitors in the SAR 
ADC; and 

generating a plurality of digital code bits from the first 
intermediate analog value and the second intermediate 
analog value, wherein more than one capacitor in the 
second set of representative capacitors and the first set of 
representative capacitors are not same. 

2. The method of claim 1, wherein the plurality of capacitor 
further comprises plurality of capacitor banks of equal 
capacitance value with each capacitor bank being placed at 
different location on a semiconductor die and the first set of 
representative capacitors and the second set of representative 
capacitor are formed by coupling a set of banks to a reference 
Voltage. 

3. The method of claim 2 wherein the second set of repre 
sentative capacitors are formed by replacing at least one 
capacitor bank in the first set of representative capacitor with 
a capacitor bank of same capacitance value at a different 
location. 

4. The method of claim 3 further comprises selecting the 
first set of representative capacitors and the second set of 
representative capacitors by a set of thermometric code bits 
equivalent to the intermediate set of bits. 

5. The method of claim 4, further comprises: 
generating a first set of digital output bits from the first 

intermediate analog value; 
generating a second set of digital output bits from the 

second intermediate analog value; and 
generating the plurality of digital code bits as average of 

the first set of digital output bits and the second set of 
digital output bits. 

6. The method of claim 5, wherein generating the plurality 
of digital code bits further comprises: 

generating the first set of digital output bits by comparing 
the first intermediate analog value and the analog 
sample: 

generating the second set of digital output bits by compar 
ing the second intermediate analog value with the analog 
sample; and 

adding the first set of digital output bits and second set of 
digital output bits to form a number of digital code bits 
greater than the number of bits in the first set of digital 
output or number of bits in second set of digital output 
due to addition. 

7. The method of claim 1, further comprises: 
forming a first capacitance ratio by coupling the first set of 

representative capacitors to one reference value and 
remaining capacitors in the plurality of capacitors to 
second reference value; and 

forming a second capacitance ratio by coupling the second 
set of representative capacitors to one reference value 
and remaining capacitors in the plurality of capacitors to 
second reference value, wherein the second set of rep 
resentative capacitors are selected Such that error in the 

Mar. 13, 2014 

first ratio caused by mismatch between one or more 
capacitors in the first set of representative capacitor is 
reduced when the first ratio and the second ratio are 
averaged. 

8. An integrated circuit converting an analog sample into 
plurality of digital code bits comprising: 

a two dimension capacitors array physically spread across 
the integrated circuit; 

a digital-to-analog converter (DAC) converting a set of 
intermediate digital bits to a first intermediate analog 
value from a first set of representative capacitor from the 
two dimension capacitor array and converting the set of 
intermediate digital bits to a second intermediate analog 
value from a second set of representative capacitor from 
the two dimension capacitors array; 

a comparator comparing the first intermediate analog value 
with the analog sample and comparing the second inter 
mediate analog value with the analog sample; and 

a Successive approximation register (SAR) determining 
the plurality of digital code bits from the results of the 
comparing. 

9. The integrated circuit of claim8, wherein the two dimen 
sion capacitor array comprise plurality of capacitor banks of 
equal capacitance value with each capacitor bank formed by 
coupling capacitors at different location in the two dimension 
array, and the second set of representative capacitor is 
dynamically formed by changing one or more capacitor 
banks in the first set of representative capacitors. 

10. The integrated circuit of claim 9, further comprising, a 
thermometric decoder decoding the set of intermediate digital 
bits into set of thermometric code bits wherein the first set of 
representative capacitors and second set of representative 
capacitors are selected from the set of thermometric code. 

11. The integrated circuit of claim 10, wherein the first 
intermediate analog value and second intermediate analog 
value are sequentially generated at two consecutive clock 
cycles. 

12. The integrated circuit of claim 11, wherein second set 
of representative capacitor is formed by replacing at least one 
capacitor bank in the first set of representative capacitor with 
a capacitor bank having same capacitance value located at 
different physical location in the two dimension capacitors 
array. 

13. The integrated circuit of claim 9 wherein each capacitor 
bank comprise at least one capacitor from each row of a two 
dimension array of unit capacitors. 

14. A method of converting an input analog sample into an 
accurate N bit digital code in a successive approximation 
register (SAR) analog-to-digital converter (ADC) compris 
ing: 

generating first N bits digital code comprising KLSB bits 
and an N-K MSB bits in N clock cycles using a set of 
representative capacitors from first physical location in 
an array of capacitors; 

regenerating the KLSB bits in K clock cycle by replacing 
at least one capacitor in the set of representative capaci 
tors representing N-K MSB bits from a different physi 
cal location; and 

forming the accurate N bit digital code from the first N bits 
digital code and the regenerated KLSB bits. 

15. The method of claim 14, further comprising: 
regenerating the KLSB bits multiple times while keeping 
N-K MSB bits unchanged, wherein each time at least 
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one capacitor in the set of representative capacitor is 
replaced with a capacitor from a different location; and 

averaging multiple regenerated K LSB bits to form the 
accurate N bit digital code. 

16. A method comprising: 
operating plurality of times a successive approximation 

register (SAR) analog-to-digital converter (ADC) with 
corresponding plurality of transfer functions, each time 
converting an analog value to plurality of digital codes, 
wherein the plurality of transfer functions are offset by a 
fraction of an LSB value; and 

adding the plurality of digital codes to form final digital 
code wherein final digital code is of higher resolution 
than any of the plurality of digital codes. 

17. The method of claim 16, wherein offset between the 
each transfer the pluraltity of transfer function is obtained by 
adjusting a threshold voltage applied to the SAR ADC. 

18. The method of claim 17, further comprise: 
generating first digital code in the plurality of digital codes: 

and 
generating subsequent one or more digital codes in the 

plurality of digital code by regenerating a part of the first 
digital code keeping remaining part same. 

19. The method of claim 18, wherein the part of digital 
code is regenerated by changing at least one capacitor in a set 
of representative capacitors representing the other part of the 
first digital code. 

20. An successive approximation register (SAR) analog 
to-digital converter (ADC) converting an analog sample into 
plurality of digital code bits comprising: 

a two dimension capacitors array physically spread across 
the integrated circuit, wherein the two dimension 
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capacitor array comprise plurality of capacitor banks of 
equal capacitance value with each capacitor bank 
formed by coupling capacitors at different location in 
the two dimension array, wherein each capacitor bank 
comprise at least one capacitor from each row of the two 
dimension array of unit capacitors; 

a digital-to-analog converter (DAC) converting a set of 
intermediate digital bits to a first intermediate analog 
value from a first set of representative capacitor from the 
two dimension capacitor array and converting the set of 
intermediate digital bits to a second intermediate analog 
value from a second set of representative capacitor 
dynamically formed by replacing one or more capacitor 
banks in the first set of representative capacitors in the 
two dimension capacitors array with a same capacitance 
value from different physical location, wherein the first 
intermediate analog value and second intermediate ana 
log value are sequentially converted at two consecutive 
clock cycles, wherein a thermometric decoder decoding 
the set of intermediate digital bits into set of thermomet 
ric code bits wherein the first set of representative 
capacitors and second set of representative capacitors 
are selected from the set of thermometric code: 

a comparator comparing the first intermediate analog value 
with the analog sample and comparing the second inter 
mediate analog value with the analog sample; and 

a successive approximation register (SAR) determining 
the plurality of digital code bits from the results of the 
comparing. 


