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Abstract We present a new noise shaping method and a

dual-polarity calibration technique suited for successive

approximation register type analog to digital converters

(SAR–ADC). Noise is pushed to higher frequencies with

the noise shaping by adding a switched capacitor. The SAR

capacitor array mismatch has been compensated by the

dual-polarity digital calibration with minimum circuit

overhead. A proof-of-concept prototype SAR–ADC using

the proposed techniques has been fabricated in a 0.5-lm

standard CMOS technology. It achieves 67.7 dB SNDR at

62.5 kHz sampling frequency, while consuming 38.3 lW

power with 1.8 V supply.

Keywords Analog-to-digital converter � SAR–ADC �
Digital calibration � Noise shaping

1 Introduction

Analog-to-digital converters (ADC) using the charge

redistribution property of the successive-approximation-

register (SAR) show considerable power efficiency, and so

they are being widely used in low power and low frequency

applications, such as medical devices. As a result of the in-

depth research on the SAR architecture and due to preva-

lence of the CMOS process, the SAR–ADC is aggressively

extending into both high frequency domain of several tens

of MHz and high resolution in the order of 14–16 bits [1,

2]. However, such performance improvements often come

at the cost of increased design complexity or the power/

area consumption. Many designers of low power applica-

tions, who adopt the SAR–ADC architecture, are still

looking for solutions that would increase the ADC reso-

lution without sacrificing its simplicity and the power/area

efficiency. In this paper, we present a new noise shaping

method, which can be easily added to an existing SAR–

ADC structure, along with a dual-polarity digital calibra-

tion method, which compensates the capacitor mismatch

with minimal circuit burden.

If the error between the analog input and the digitized

output can be delivered to the next conversion cycle, the

quantization noise is high-pass filtered and pushed into

higher frequencies [3]. Researchers have found several ways

to incorporate the noise shaping effect in the VCO-based,

dual-slope, and flash ADCs. These are either implemented

as stand-alone ADCs or used as a single-bit or a multi-bit

quantizer for D
P

ADCs depending on the application

requirements [4–7]. The SAR–ADC architecture also has the

potential for applying the noise shaping technique consid-

ering the fact that the internal charge redistribution digital-

to-analog converter (crDAC) capacitors keep a residual

charge at the end of the conversion period. If this residual

charge can be delivered to the next conversion cycle, the

signal-to-noise ratio (SNR) will be increased via noise

shaping without significant modifications in the basic SAR

architecture [8, 9]. The additional circuit for noise shaping,

however, should be carefully designed not to degrade the

built-in crDAC performance, which is key in determining

the ADC resolution. The proposed noise shaping method

delivers the residual charge by adding a single switched

capacitor in parallel to the top plate of the crDAC, in a way

that it will not degrade the original ADC performance.

For the SAR–ADCs with moderate resolution in the

order of 10 effective number of bits (ENOB), resolution is
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often limited by the capacitor mismatch, as opposed to the

small DAC voltage steps, which is the main reason that

limits the resolution in high resolution ADCs with low

supply voltage [2, 8]. Furthermore, capacitor mismatch is

more serious in the low cost processes without high pre-

cision multilayer metal–insulator–metal (MIM) capacitors,

which should rely on poly–poly capacitors with large

bottom plate parasitic capacitance of 10–20 % [10].

Therefore, calibration is necessary to minimize capacitor

mismatch and the resulting performance degradation.

Calibration can be done either in the analog domain by

adding an auxiliary DAC or in the digital domain after the

digitized code is generated [11, 12]. Digital calibration has

the advantage of low complexity if it is completed in the

foreground before the normal ADC operation starts. If the

calibration is executed continuously in the background,

transparent to the normal ADC operation, it can be more

accurate and be responsive to varying environmental condi-

tions, such as temperature. There is, however, a level of cir-

cuit overhead in addition to digital code redundancy [1, 12].

We have adopted foreground digital calibration to minimize

the burden of calibration circuitry. Moreover, previous cali-

bration methods require a comparator calibration to cut the

comparator offset before the capacitor calibration, which is

yet another overhead [13, 14]. The proposed dual-polarity

digital calibration conducts the comparator calibration along

with the capacitor calibration by repeating the calibration of

each binary capacitor with two polarities.

1.1 Noise shaping

Figure 1 depicts the overall architecture of the proposed

SAR–ADC with the noise shaping. A 12-bit crDAC is

implemented as a pair of 6-bit capacitive arrays connected by

a splitting capacitor. The split-array topology was adopted to

reduce area and dynamic power consumption. A static lat-

ched comparator was selected to minimize the kickback

noise [15]. By controlling two switches connected each at top

and bottom plate of the crDAC (SWTOP and SWBOT) with the

right sequence described in Fig. 1, the input voltage is

sampled at the total capacitance of the crDAC (CDAC) with

the stored charge of,

QIN ¼ CDAC � ðVDD=2� VINÞ: ð1Þ
Subsequently, a 13-bit serial digital output stream is

generated from the comparator output by deciding the status

of 12 switches at the bottom plate of each binary scaled

capacitor to either supply (VDD) or ground (GND) from VDD/2

according to the previous comparator output. At the end of

the DAC conversion period, a residual charge will remain and

present a residual voltage (DVRES) at the top plate of the

crDAC, which is smaller than the minimum DAC output

voltage resolution. By adding a capacitor (CNS) with a switch

(SWNS) for noise shaping, the residual charge can be saved

and delivered to the next conversion cycle.

Detailed operating diagram of the noise shaping func-

tion is shown in Fig. 2. During the phase U1, the SWNS is

connected to VDD/2 and the DAC conversion takes place

for twelve times till the voltage at the top plate of the

crDAC (VTOP) shows VDD/2 ± DVRES. At the end of phase

U1, CNS is charged with a residual charge QRES,

QRES ¼ CNS � ðVTOP � VDD=2Þ; ð2Þ

and the SWNS is opened before the top plate of the crDAC is

connected to VDD/2. Thus, the CNS maintains its stored charge of

QRES. During phase U2, the input voltage, VIN, is sampled while

keeping SWNS open to conserve the QRES in CNS. SWNS is closed

at the beginning of the next U1 phase after both the SWTOP and

the SWBOT are toggled to low. The residual error charge, QRES in

CNS, is then merged with the sampled input charge, QIN in CDAC,

as the two capacitors are connected in parallel, and their volt-

ages are averaged (since CNS = CDAC) at the onset of U1. As a

result, a noise shaping property is achieved.

The proposed noise shaping method of the SAR–ADC is

based on the charge sharing between CDAC and CNS. When

SWNS is connected to VDD/2, the charge captured in CDAC by

the input sampling (QIN) is shared with the residual charge in

CNS (QRES). Thus, VTOP is determined according to both the

input voltage level and the residual charge from previous

conversion cycle. Using the law of conservation of charge,

VTOP at the beginning of the next conversion cycle, VTOP
0,

can be calculated from,

ðCNS þ CDACÞ � ðV 0TOP � VDD=2Þ ¼ QIN þ QRES

¼ CDAC � ðVDD=2� VINÞ þ CNS � ðVTOP � VDD=2Þ: ð3Þ

Since CNS is designed to have the same size as CDAC, (3)

can be simplified to,

V 0TOP � VDD=2 ¼ ðVDD=2� VINÞ=2þ ðVTOP � VDD=2Þ=2:

ð4Þ

Therefore, the sampled input (VDD/2 - VIN) and the

residual error (VTOP–VDD/2) are averaged. Accordingly,

the relationship between the sampled analog input X[n], the

digital output D[n], and the quantization error qe[n] can be

described as,

D½n� ¼ 1

2
X½n� þ qe½n� �

1

2
qe½n� 1�

! DðzÞ ¼ 1

2
XðzÞ þ qeðzÞ � ð1�

1

2
z�1Þ: ð5Þ

The maximum attenuation of the quantization noise that

can be achieved is by half, which implies that a maximum

improvement of signal to noise ratio (SNR) would be 6 dB

from noise shaping. However, the maximum noise attenuation

can be increased with the ratio of CNS to the CDAC. The ratio
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between these two capacitors determines the coefficient of the

residual error that is delivered to the next conversion cycle. If

CNS = k 9 CDAC, then from (3) we can find,

V 0TOP � VDD=2 ¼ 1

1þ k
� ðVDD=2� VINÞ þ

k

1þ k

� ðVTOP � VDD=2Þ ð6Þ

where k determines the coefficient of the noise shaping

component. For example, if k is increased to 3, (5) can be

changed to

D½n� ¼ 1

4
X½n� þ qe½n� �

3

4
qe½n� 1�

! DðzÞ ¼ 1

4
XðzÞ þ qeðzÞ � ð1�

3

4
z�1Þ: ð7Þ

and the maximum noise attenuation is � along with

maximum SNR improvement of 12 dB.

The size of the CNS also changes the crDAC step size

(DVLSB) based on (6), that is, variations in VTOP tend to

decrease as the weight of noise shaping increases. How-

ever, it is not a serious concern in ADCs with moderate

resolution considering that the input referred noise of the

comparator, Vn-CMP, is much smaller than the minimum

voltage resolution of the crDAC, DVLSB. For instance, in

the presented 13-bit ADC with k = 1, Vn-CMP & 0.1 9

DVLSB. Nevertheless, the trade-off between the weight of

noise shaping and DVLSB should be considered in the

design stage. It should be also noted that CNS neither needs

a high level of accuracy as the crDAC capacitors nor a

special care for matching in its layout. This will give

designers the flexibility to layout CNS within the remaining

dead space on the chip.

1.2 Dual-polarity digital calibration

In SAR–ADCs with binary-weighted crDACs, the size of

the nth bit capacitor, C/212-n in Fig. 1, is the same as the

sum of all smaller capacitors combined. For instance in

Fig. 3, C7 is ideally equal to the series combination of CS

and
P

Ci (i = 0–6). Therefore, if we charge Cn up to a

certain voltage, e.g. VDD/2, and also charge the smaller

capacitors up to the same voltage but with the opposite

polarity, i.e. -VDD/2, when we connect all of them in

parallel, the charges should ideally cancel out and the

mismatch voltage should be zero. On the other hand, if

there was a mismatch between C7 and the smaller capaci-

tors, the amount of the mismatch voltage after charge

cancellation would be an indicator of the amount of

Fig. 1 Overall architecture of the proposed SAR–ADC with timing diagram of its sampling clocks

Fig. 2 Operating diagram of the SAR–ADC with noise shaping
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capacitor mismatch, and one can digitize that voltage to

calibrate the 7th bit [11].

We applied this calibration method only to the MSB half

of the split array (C7 to C12 in Fig. 3) due to its significance in

the SAR–ADC operation, and considered the LSB half to be

accurate. The mismatch of the LSB half is negligible because

its numerical value (binary weight) is 2-6 times of its

physical size when using the split array architecture. During

calibration process, initially all capacitors were discharged

by connecting their top and bottom plates to VDD/2. Then in

Phase-I calibration, shown in Fig. 3, the bottom plate of C7

was connected to GND, charging it to VDD/2, and the bottom

plates of C0 to C6 were connected to VDD, charging the series

combination of CS and C0:6 to -VDD/2. At the falling edge of

CKTOP, the top plate detaches from VDD/2 and at the falling

edge of CKBOT, all bottom plates switch back to VDD/2, thus

connecting all capacitors in parallel. VTOP at this time rep-

resents the mismatch in C7, and the SAR–ADC digitization

function, running only on the LSB half, provides the amount

of calibration needed to compensate for this mismatch. The

same process is then applied to C8 to C12. It should be noted

that any possible mismatch in the splitting capacitor, CS, will

already be considered after completing the calibration pro-

cess for each capacitor in the MSB half of the array [14].

Another source of error in the SAR–ADCs is the com-

parator offset. Because VTOP after the calibration process is

very close to VDD/2, even a slight offset in the comparator

input can affect the calibration results [13]. To address this

problem, we have adopted a dual-polarity digital calibra-

tion mechanism, which repeats the calibration process that

was explained earlier, with two opposite polarities, as

shown in Fig. 3. In Phase-I, Cn acquires a positive charge

(VDD/2) and the smaller capacitors acquire a negative

charge (-VDD/2). In Phase-II, however, Cn acquires a

negative charge (-VDD/2) and the smaller capacitors

acquire a positive charge (VDD/2).

Since the comparator offset affects the digitized value

of the mismatch voltage by the same amount and in the

same direction in each phase, as a common-mode signal,

it can be taken care of by subtracting the resulting cali-

bration value in Phase-I from that of Phase-II, and

dividing the result by half. The mismatch voltage caused

by the capacitor mismatch acquires a different polarity in

each calibration phase, like a differential-mode signal,

and doubles after subtracting the results. At the end

of this dual-polarity calibration process, we will have an

averaged calibration value for each MSB capacitor, C7

to C12.

Fig. 3 Switching sequence for

the dual-polarity digital

calibration
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2 Measurement Results

A prototype SAR–ADC was fabricated in the ON-Semi

0.5-lm 3M2P standard CMOS process with poly-insulator-

poly (PIP) capacitors. A chip micrograph is shown in Fig. 4

with the active area of 0.689 mm2. It can be seen that CNS,

which is added for the noise shaping, occupies a much

smaller area compared to the matched crDAC capacitor

array, and it has been located within a dead space on the

ADC floor plan. The proposed calibration circuitry consumes

13.6 % of the entire active area. All measurements were

conducted with 1.8 V supply and the total SAR–ADC power

consumption was 38.3 lW at 62.5 kHz sampling rate.

Table 1 shows the calibration results of the SAR–ADC,

reported in LSB units. Columns two and three show the

raw 6-bit digitized outcomes of the mismatch voltage plus

comparator offset in Phase-I and Phase-II of the dual-

polarity digital calibration process, respectively. In the 4th

column, we have subtracted Phase-II from Phase-I and

divided it by 2 to cancel out the common-mode comparator

offset. However, in order to achieve the net mismatch

voltage caused by each capacitor mismatch, which also

represents the necessary calibration for each bit in LSB, we

should consider the fact that while calibrating C8 and

above, the mismatch of all the lower capacitors will be

included in the raw data. Therefore, to find the specific

mismatch of each MSB capacitor of the SAR–ADC in

column 5, we need to add all the previous values in column

5 to the value in column 4. Finally, the comparator offset

can be found by averaging the result of Phase-I and Phase-

II, to find the common-mode value, as shown in the 6th

column, with good consistency. These calibration results

were delivered to an off-chip microcontroller to compen-

sate the ADC output in the digital domain.

Figures 5, 6, and 7 show the spectrum of the SAR–ADC

digitized output when a full-scale 1.8 Vp–p sinusoidal input

at FIN = 10 Hz was sampled at FS = 62.5 kHz, with and

without the noise shaping and dual-polarity digital cali-

bration. The 10 Hz input frequency was selected to observe

the effects of noise shaping without them being obscured

by the harmonic distortion. To calculate the signal-to-noise

plus distortion ratio (SNDR), over sampling ratio of 10 was

applied to exclude the high frequency noise, resulting in

3.125 kHz signal bandwidth (BWsignal) [7, 8].

Before calibration and without noise shaping, Fig. 5

shows several large peaks of harmonic distortion, which

are caused by capacitive mismatch. The measured spurious

free dynamic range (SFDR) and SNDR in this case were

65.4 and 57.7 dB, respectively. After compensating for the

crDAC capacitor mismatch via calibration, however, the

harmonic distortion components were significantly

Fig. 4 Chip micrograph

Table 1 SAR–ADC calibration results

Capacitor under calibration Phase-I Cal. output Phase-II Cal. output (I–II)/2 Capacitor mismatch Comp. offset (I ? II)/2

C7 -5 -5 0 0 -5.0

C8 -5 -4 -0.5 -0.5 -4.5

C9 -4 -5 ?0.5 0 -4.5

C10 -4 -5 ?0.5 0 -4.5

C11 -2 -8 ?3.0 ?2.5 -5.0

C12 -13 ?4 -8.5 -6.5 -4.5

Fig. 5 FFT of a digitized 10 Hz, 1.8 Vp-p sinusoid without noise

shaping, before applying the dual-polarity digital calibration

Analog Integr Circ Sig Process (2013) 75:459–465 463

123



attenuated, as shown in Fig. 6, and consequently the SFDR

and SNDR were improved to 68.9 and 63.3 dB, respec-

tively. Finally, Fig. 7 shows how the noise floor is pushed

upward towards the higher frequencies when we activated

the noise shaping mechanism in addition to calibration,

which in turn decreases the in-band noise and improves the

SFDR and SNDR further to 73.3 and 67.7 dB, respectively.

Table 2 summarizes the performance of the SAR–ADC

at fixed FS and FIN. Total harmonic distortion (THD) was

improved by 8.0 dB with calibration, which implies that

the distortion caused by the capacitor mismatch was

compensated. The SNR was improved by 6.7 dB by acti-

vating the proposed noise shaping mechanism. This result

means that the noise floor is reduced almost by half and it

matches with the theoretical improvement described in

section II. The effect of the noise shaping will become even

more remarkable when the THD is increased with linearity

improvement, considering that the THD is worse than the

SNR in the presented ADC. It should be noted that the

foreground calibration adopted in this ADC cannot per-

fectly compensate the capacitance mismatch. It generates

some discontinuity, because it has no redundancy in the

digital code [1, 12]. The overall improvements in the SAR–

ADC performance can be demonstrated by deriving its

ENOB from the SNDR, which was improved from 9.3 to

10.2 bits, and eventually to 11.0 bits with calibration and

noise shaping, respectively. Figure 8 shows how the mea-

sured SNDR of the SAR–ADC varies with the sinusoidal

input frequency.

Fig. 6 FFT of the same input as in Fig. 5 after applying dual-polarity

digital calibration, but without noise shaping

Fig. 7 FFT of the same input as in Fig. 5 after applying both noise

shaping and dual-polarity digital calibration

Table 2 IC performance summary

Test condition SFDR (dB) THD (dB) SNR (dB) SNDR (dB) ENOB (bits)

w/o Cala, w/o NSb 65.4 60.6 68.6 57.7 9.3

w/Cal, w/o NS 68.9 68.6 70.1 63.3 10.2

w/Cal, w/NS 73.3 71.4 76.8 67.7 11.0

Input signal characteristics: FS = 62.5 kHz, BWsignal = 3.125 kHz, Fin = 10 Hz
a Cal: dual-polarity digital calibration
b NS: noise shaping

Fig. 8 SNDR variations vs. sinusoidal input frequency with and without

calibration and noise shaping (FS = 62.5 kHz, BWsignal = 3.125 kHz)
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3 Conclusions

A new method for noise shaping has been presented to

improve the resolution of the SAR–ADCs with moderate

resolution. By simple addition of a switched capacitor to the

traditional SAR–ADC architecture, it is possible to deliver

the digitization error from one conversion cycle to the next

and reduce the in-band noise as a result. We have also

demonstrated a dual-polarity digital calibration mechanism

to compensate for the capacitor mismatch in the crDAC

binary-weighted array with minimum circuit overhead. The

presented techniques are easily applicable to a variety of

existing SAR–ADCs architectures to improve their perfor-

mance without adding considerable design burden.
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