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Abstract. Successive approximation register (SAR) analog-cycles to output the result. At the end of the conversion cy-
to-digital Converters (ADC) are based on a capacitive digital-cle the difference between the input voltage and the DAC
to-analog converter (CDAC)McCreary and Grayl1975. output voltageVpac is less than one Least Significant Bit
The capacitor mismatch in the capacitor array of the CDAC(LSB).

impacts the differential non-linearity (DNL) of the ADC di- The basic schematic of a 3bit SAR ADC is shown in
rectly. In order to achieve a transfer function without missing Fig. 2. The capacitors are used for sampling the input volt-
codes, trimming of the capacitor array becomes necessary fage as well as for the CDAC. The position of the switches
SAR ADCs with a resolution of more than 12 bit. This arti- in Fig. 2 represents the sampling mode. When swifghis

cle introduces a novel digital approach for trimming. DNL opened, the trapped charge on the capacitors is proportional
measurements of an 18 bit SAR ADC show that digital trim- to the input voltageVi,. During the conversion cycle, the
ming allows the same performance as analog trimming. Dig-switchessS; through S3 are switched between the reference
ital trimming however reduces the power consumption of thevoltage Ve and ground until the voltag&a at node A is
ADC, the die size and the required time for the productionequal to the voltage at the non-inverting comparator input,
test. which is in this case ground potential. At the end of the con-
version the position of the switches throughS3 resemble
the digital output word corresponding to the input voltage
Vin. The voltageVa can the be written as

1 Introduction

c c
SAR ADCs are widely used in electronic circuits becauseVa = —Vin + k1VrefC + k2Viet + ksVeetq
they cover the important application area for mid resolution 2C 2C 2€
and mid speed. In general, SAR ADCs are available with reswherek; throughks are either 0 or 1 according to the po-
olutions of 10 bit to 18 bit. The advantage of the SAR archi- sition of the switchesS; throughSs. Switch S4 is not used
tecture is the possibility to capture a snapshot value of arfor the conversion of the input voltage, as it is switched to
analog signal. This behavior cannot be achieved with- ground potential at the beginning of the conversion. Its only
Converters since they convert the input voltage over a periogurpose is to raise the total value of the capacitor array to
of time instead of the input voltage of a single point in time. 2C. Equation!1 shows the importance of capacitor match-
Whereas Pipeline ADCs are not manufactured with high resing. The voltage/a is not a function of a capacitor value, but
olutions because of rising demands of amplifier linearity with is a function of the ratio of the capacitor values and the value
rising resolution. of the capacitor array.

Fig. 1 shows the basic principle of a SAR ADC. When the  The capacitors in the capacitor array are binary weighted.
conversion cycle of the ADC is started, the sample and holdf their ratios are not binary, the conversion result will be
element (S&H) stores the input voltad®,. The input volt-  wrong. Due to variances in fabrication processes, the capac-
age is compared to the output voltage of the DAC, which isitor ratios are never perfectly binary weighted. These errors
usually implemented as a CDAC. The control logic adjustsresult in deviation of the DNL. Examples of a perfect and
the input word of the DAC according to the comparator de-erroneous DNL are shown in Fi§. The DNL can be mea-
cision. This cycle is repeated for each bit of resolution of thesured using a staircase measurement. The input voltage of the
ADC, which means that an 18 bit ADC needs 18 conversionADC is set to a certain value where an output code transition

1)

Published by Copernicus Publications on behalf of the URSI Landesausschuss in der Bundesrepublik Deutschland e.V.



228 J. Bialek et al.: Implementation of a digital trim scheme for SAR ADCs

g n
n-bit | . . . .
REF O pac . Successive wd
Approximation Register : : - . - -
and Interface Circuit 110 . . . . . .
- s ERRREREREREREEEENRS
Comparator ' : DNL(“”) = *:1 \
Fig. 1. Basic principle of a SAR ADC é : : : .
= S
@ 3011_...:...:...
. = . .
CJ_ (_'J_ (_'J_ EJ_ 5:[[>C0ntrol _éo 0104 - - - o
2 4 4 . . . . . . .
S1 S, Sy Sy * 0014 = DNLOOL) = 1. L
. 1 1 1 1 output P bt A H
5 ¢ o 000 T T T T T T T T
1(: ; Sin ‘[ %Q? cﬂ) %Q? %Q? %Q? CO% %Q) %Q)
o N A N A SR\ G

Fig. 2. Schematic of a 3 bit single ended SAR ADC with CDAC input voltage Viy >

Fig. 3.1deal (light) and erroneous (dark) output characteristic of an

. . . . AD
occurs. Now the input voltage will be raised until the next c

output code transition occurs. The difference between these
two input voltage values shall be measured in multiples of
the LSB. The perfect DNL has a code transition every LSB,

which means that every output code has the length of ongy,q capacitors of the CDAC represent the major code transi-
LSB. _The code Iengt_h varies in the non-.perfect DNL. If & tiong. if the error for each capacitor is known, it is possible
codg IS completely missing, the DNL ,Of this code equa?s to implement an arithmetic unit within the ADC that corrects
The integral non-linearity (INL) of a given output code is the o orror Reinhold et al, 2017. This makes the trim ar-
sum of all the preceding DNL errors. These errors caused b¥ay obsolete. This method only works, if the output codes
th_e mismatch of capacitor ratios can be corrected by trim-; o unique, i.e. no codes are missing. Therefore, a dynamic
ming. If all DNL errors can be corrected to equal zero, the oo correction is introduced, which adds a stage of redun-
INL errors are also zero. dancy. Several different forms of error correction units have
been described in previous publicatio@gawa et al, 2008
Bacrania, 1986 Cho et al., 2009. The schematic of the im-
proved capacitor array can be seen in FigThe dynamic

Trimming must be done in-package because parasitics begrror correction consists of two capacit@fisyp andCppwn
tween the die and the package influence the performance dfOhnhaeuser and Huemg008 Srinivasan and Godbole

the ADC. It is not possible to estimate these parasitics 0f2003. In this example, the dynamic error correction is placed
ADCs with a resolution of 16 bit and more because air in- between the second and the third bit decision. In dependence
clusions within the package make a large contribution to theon the second bit decision the capaci@syp is switched
parasitics. Therefore, analog in-package trimming was intro{o the reference voltage or the capacit@jpwn is switched
duced Ohnhaeuser et a).2010. A second capacitor array 1o ground potential to increase or decrease the voltage at the
is added to the circuitry which is used for trimming the first comparator input. The rest of the conversion executes as be-
capagcitor array. This circuit can be seen in FigDuring the  fore. After the conversion, the value of the dynamic error cor-
production test of the assembled die, the DNL is measuredection is added to the SAR output. In order to guarantee con-
and the trim capacitors are switched to fit the DNL. This pro- verging voltages at the comparator input, the capacitances of
cedure has to be repeated at least once more to get adequateur andCppwn are chosen to be a little smaller thap.

results due to inaccuracies of the trim capacitors. Because At the end of the conversion, the errors of each switched
the trim capacitors are not used during sampling, this proapacitor and the dynamic error correction are added to the
cedure also produces a gain error, which has to be correcte@utput word.

afterwards. The trim capacitor array occupies space on the Figure6 shows an example of a possible implementation.

die and also adds to the production costs because of the i this case, the complete error is calculated at once which
creased test time. requires a large arithmetic unit. Also it will take some time

until the corrected result will be available. Therefore, a finite

3 Digital trimming

2 Analog trimming
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digital
state machine (FSM) approach to digital trimming will be core
faster and the arithmetic unit will be smalldiélek, 2009.
After each bit decision, the error of the gurrent_bit de_c_iSiOIj Fig. 7. Layout of 18 bit SAR ADC with trim related circuitry

is added to the present complete error if the bit decision is

logic “1”. Otherwise the complete error remains unaltered.

The same is done for the dynamic error correction stagesjons according to the fractional sum. This increases the trim
Since the lower bits are usually not trimmed the complete erego|ution to: LSB.

ror will be readily calculated several clock cycles before the

end of the conversion. This has two advantages. First, the fi-

nal addition of the total error and the SAR output can be done4 Measurements

right after the last bit decision. The data can be processed

faster than calculating everything at the end. Therefore, théigital trimming was implemented in an 18 bit SAR ADC.
sampling rate does not change. Second, it is possible to intraFhe top level layout of the die is shown in Fig The digital

duce additional trim capacitors that have a weight of a halfcircuitry is located close to the bottom of the layout. Digi-
and a quarter LSB into the CDAC. These capacitors will betal trimming occupies approximately one third of the digi-
switched according to the total error before the last convertal core. The die area can be shrinked about 10 % because
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Fig. 8. DNL of an untrimmed 18 bit SAR ADC Fig. 9. Digitally trimmed DNL of the same SAR ADC as shown in
Fig.8

trim capacitors, level shifters and switches as shown inFig.

are no longer necessary. Fig@shows the untrimmed and AcknowledgementsThe authors would like to thank the Bavarian
Fig. 9 shows the trimmed DNL of the same ADC in 18 bit Research foundation (BFS) for funding this research project.
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