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Abstract This work proposes a 12 b 10 MS/s 0.11 lm

CMOS successive-approximation register ADC based on a

C-R hybrid DAC for low-power sensor applications. The

proposed C-R DAC employs a 2-step split-capacitor array

of upper seven bits and lower five bits to optimize power

consumption and chip area at the target speed and resolu-

tion. A VCM-based switching method for the most signifi-

cant bit and reference voltage segments from an insensitive

R-string for the last two least significant bits minimize the

number of unit capacitors required in the C-R hybrid DAC.

The comparator accuracy is improved by an open-loop

offset cancellation technique in the first-stage pre-amp. The

prototype ADC in a 0.11 lm CMOS process demonstrates

the measured differential nonlinearity and integral nonlin-

earity within 1.18 LSB and 1.42 LSB, respectively. The

ADC shows a maximum signal-to-noise-and-distortion

ratio of 63.9 dB and a maximum spurious-free dynamic

range of 77.6 dB at 10 MS/s. The ADC with an active die

area of 0.34 mm2 consumes 1.1 mW at 1.0 V and 10 MS/s,

corresponding to a figure-of-merit of 87 fJ/conversion-step.

Keywords Analog-to-digital converter � Successive-

approximation resistor � C-R hybrid DAC � VCM-based

switching � Resistor string � Split-capacitor array

1 Introduction

With the recent advances in CMOS technologies and dig-

ital signal processing techniques, high-performance

analog-to-digital converters (ADCs) have become highly

demanded for a wide range of system applications. Par-

ticularly, the ADCs for various sensor applications such as

touch screens, optical sensors, and temperature sensors

require a resolution of 12 b and a sampling rate of over

1 MS/s with the minimized power consumption and chip

area [1–3]. Among various well-known ADC architectures,

the pipeline, algorithmic, and delta–sigma topologies have

been most commonly used to achieve a resolution of over

12 b. However, the short-channel effects due to device

scaling in the advanced CMOS process make it extremely

challenging to design a high-gain amplifier, which is the

core circuit of the pipeline, algorithmic, and delta–sigma

ADCs. In addition, noise effects become important issues

to consider in the architectures mentioned above. These

effects make analog circuit designs more and more difficult

due to the scaled supply voltage and the reduced signal

swing range.

In contrast, the successive-approximation register (SAR)

ADC is well suited for the advanced CMOS process since

the SAR ADC based on digital circuits uses only one gain-

insensitive comparator rather than a high-gain amplifier.

Conventionally, the primary sources of power consumption

in the SAR ADC are the comparator, the switching power of

the capacitor array, and the digital logic circuits. When

CMOS devices are scaled down, the reduced unit capacitor

size decreases switching power as well as chip area.

Moreover, the digital logic circuits come with the additional

benefits of higher speed, lower power consumption, and

decreased chip area in the advanced CMOS process [4–7].

Recently, there have been several different switching

methods to reduce switching power and chip area of the

capacitor array in the digital-to-analog converter (DAC)

used in the SAR ADC [8, 9]. The set-and-down switching

method can remove the most significant bit (MSB)
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capacitor by determining the MSB without any additional

switching operation after sampling an input signal. How-

ever, the input common-mode voltage variations of the

comparator can occur by using only the downward transi-

tions during SAR operation, resulting in the performance

degradation of the SAR ADC [8]. As shown in [9], the

energy-saving switching method reduces switching power

consumption during the upward transitions. Unfortunately,

splitting the MSB/2 capacitor into a parallel binary-

weighted sub-capacitor array not only increases the number

of switches and unit capacitors, but also makes the digital

logic circuits more complicated.

This work proposes a 12 b 10 MS/s 0.11 lm SAR ADC

using as a small number of unit capacitors as possible in the

C-R hybrid DAC to minimize power consumption and chip

area at a 1.0 V supply voltage. The proposed C-R hybrid

DAC is based on a split-capacitor array with the VCM-

based switching method [7], and employs a resistor string

to determine the last two least significant bits (LSBs) while

reducing the number of unit capacitors to a minimum. Most

of the digital logic circuits are composed of SR latches

rather than the conventional D flip-flops to reduce the

power consumption and chip area. An open-loop offset

cancellation technique in the first-stage pre-amp improves

the comparator accuracy. Current and voltage references

are implemented on chip for various system applications.

This paper is organized as follows. The proposed SAR

ADC architecture is discussed in Sect. 2. The proposed

design techniques and circuit descriptions are described in

Sect. 3. The measured results of the ADC are summarized

in Sect. 4. Finally, the conclusion is given in Sect. 5.

2 Proposed SAR ADC architecture

The proposed 12 b 10 MS/s SAR ADC for various sensor

applications consists of a C-R hybrid DAC, a comparator,

digital logic circuits, on-chip current and voltage refer-

ences, and an on-chip clock generator, as shown in Fig. 1.

The C-R hybrid DAC employs a 2-step split-capacitor

array of upper 7 bits and lower 5 bits with a VCM-based

switching method, while a simple resistor string to decide

the last 2 LSBs is employed to minimize the number of

unit capacitors. A gate-bootstrapping technique is applied

to the analog input switches in order to sample wide-range

input signals of 1.4 VP-P with less distortion. An open-loop

offset cancellation scheme is applied to the first-stage pre-

amp of the comparator to achieve high accuracy. The

digital logic circuits, such as the SAR and control logic, are

optimized to further reduce both power consumption and

chip area. The current and voltage references are imple-

mented on chip for a diverse range of applications with

highly accurate and stable references.

3 Circuit implementation

3.1 Circuit techniques using a minimum number

of unit capacitors in the C-R hybrid DAC

The proposed 12 b C-R hybrid DAC employs a 2-step split-

capacitor array and a VCM-based switching method to

remove the MSB capacitor, 26CU, where CU indicates a unit

capacitor [10]. As shown in [10], two unit capacitors in series

(= CU/2) are used to operate as a newly defined minimum

unit capacitor while removing the largest capacitor in the

LSB array. It considerably affects a matching accuracy

between capacitors in the DAC. In this work, the six sub-

reference voltages generated from a matching-insensitive

resistor string are used to determine the last 2 LSBs while

removing two largest capacitors, 24CU and 23CU, in the LSB

capacitor array, as shown in Fig. 2. In the proposed C-R

hybrid DAC with a 2-step split-capacitor array, the upper

7 bits and the lower 5 bits are decoupled by an attenuation

capacitor, CA. A 6b-6b DAC can reduce the required total

number of unit capacitors even more, compared to the 7b-5b

DAC. However, the resulting larger parasitic capacitance,

CP, due to the twice increased LSB capacitors degrades the

overall ADC performance. The effects of the CP are analyzed

in Section IV through the test ADC, which has the 1.65 times

larger CP than the prototype ADC’s. On the other hand, an

8b-4b DAC is inefficient in terms of chip area and power

dissipation due to the exceedingly increased number of unit

capacitors. Thus, the proposed C-R hybrid DAC employs the

7b-5b DAC to achieve optimal design considering the num-

ber of unit capacitors, chip area, and power efficiency for a

12 b resolution. In this architecture, a capacitor mismatch

may degrade the functional performance of the ADC since

the coupling capacitor, CA (= 1.1429CU), is not in integer

multiples of the unit capacitor. However, the capacitor mis-

match can be reduced by careful layout schemes for highly

matched capacitor environments. These schemes include not

only enclosing each unit capacitor with all the available

interconnection lines, but also isolating the input and output

lines of the capacitors from all the adjacent signal lines [11].

The VCM-based switching method decides the MSB

directly by comparing a sampled input signal with a com-

mon-mode voltage, VCM. As a result, the 26CU for the MSB

in the proposed 2-step split-capacitor array is not needed and

the largest capacitor becomes the 25CU. It is noted that the

largest capacitor in the conventional binary-weighted

capacitor array is the 211CU at a 12 b SAR ADC. On the other

hand, in the conventional SAR ADCs, the bottom plate of

CU, related to the S0 switch in Fig. 2, is usually fixed to the

VCM during the SAR operation. However, in the proposed

SAR ADC, the six sub-reference voltages are generated from

a simple matching-insensitive resistor string and connected

to the bottom plate of the CU through the S0 switch during
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conversion phase of the last 2 LSBs. As a result, the 24CU

and 23CU for the LSB array in the proposed C-R hybrid DAC

can be additionally removed.

In summary, there is a total of only 144 unit capacitors

required in the fully differential version of the proposed

12 b SAR ADC, in contrast with 8192 unit capacitors

needed in a conventional fully-differential binary-weighted

capacitor array. The total number of unit capacitors used in

the proposed fully differential SAR ADC is compared with

that of the previously reported SAR ADCs in Table 1 [12–

14]. Table 1 shows that the proposed SAR ADC uses a

minimum number of unit capacitors by employing all of

the circuit techniques discussed above.

3.2 Matching accuracy of a resistor string in the C-R

hybrid DAC

The proposed SAR ADC employs a resistor string to generate

six sub-reference voltages for determining the last 2 LSBs.

When the value of each unit resistor is 200 X, the resistor

string composed of eight unit resistors in series consumes

67.48 lW at 1.0 V. Although each resistor is laid out exactly

in the same way, the limitations of process technologies such

as over-etching, non-uniformity, and photolithography vari-

ations can cause an inevitable resistor mismatch. The mis-

match effect needs to be analyzed in detail. To begin with, the

sub-reference voltages, m/4VREF,MIS, including a nonlinear

Fig. 1 Proposed 12 b 10 MS/s

0.11 lm CMOS SAR ADC

Fig. 2 Detailed C-R hybrid

DAC

Table 1 Comparison of the number of unit capacitors used in the

DAC of some previously reported SAR ADCs and this SAR ADC V1

Resolution DAC architecture Number

of unit

capacitors

This work 12 b 7 b-5 b (2-step) 144

ASSCC11 [11] 11 b 6 b-6 b (2-step) 254

ASSCC09 [12] 12 b 7 b-5 b (2-step) 322

JSSC07 [13] 12 b 12 b (binary-weighted) 8192
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error, VERROR, are generated by a mismatched resistor string,

as defined in (1), where m is 1, 2, and 3. Assuming only a non-

ideal resistor model, the m/4VREF,MIS are transferred from a

resistor string to the output node of the C-R hybrid DAC, as

shown in Fig. 3. In this circuit, the VERROR is considerably

attenuated by a capacitor ratio, 1/29, as described in (2).

m

4
ðVREFþ;MIS � VREF�;MISÞ ¼

m

4
ðVREFþ � VREF�Þ

þ VERROR ðm ¼ 1; 2; 3Þ
ð1Þ

VOUTþ � VOUT� ¼
m

4
ðVREFþ;MIS � VREF�;MISÞ

h i

� CU

23CU þ Ceq:
� CA

CA þ ð26 � 1ÞCU

¼ m

4
ðVREFþ � VREF�Þ þ VERROR

h i

� CU

29CU

¼ m

211
ðVREFþ � VREF�Þ

þ 1

29
VERROR ðm ¼ 1; 2; 3Þ ð2Þ

The final output voltage of the C-R hybrid DAC

including the sub-reference voltages and VERROR during

conversion phase is derived as (3) from (1) and (2).

VOUTþ � VOUT� ¼ ðVINP � VINNÞ

�

PA
i¼1

Ci�
PB
j¼1

Cj

26CU

þ

PC
k¼1

Ck�
PD
l¼1

Cl

29CU

0
BBB@

1
CCCA

� ðVREFþ � VREF�Þ

� m

211
ðVREFþ � VREF�Þ

þ 1

29
VERROR ðm ¼ 1; 2; 3Þ ð3Þ

where
P

i=1
A Ciand

P
j=1
B Cj are the sum total of the

capacitors connected to VREF? and VREF- at the MSB

array, while
P

k=1
C Ckand

P
l=1
D Cl are the sum total of the

capacitors connected to VREF? and VREF- at the LSB array,

respectively. From (2) and (3), the sub-reference voltages

from a resistor string theoretically require only 4 b

matching accuracy since the attenuated VERROR/29 should

be less than 1/2 LSB at a 12 b resolution to obtain the

performance of the 12 b SAR ADC.

To estimate the accuracy of six sub-reference voltages

generated from a resistor string, DC-sweep simulations

based on the Monte-Carlo method are performed on 1000

samples with device parameters given by this 0.11 lm

CMOS process. The normal distributions of the VERROR

caused by a resistor mismatch in this CMOS process are

illustrated in Fig. 4. The results imply that approximately

80 % of the samples are within a 9 b mismatch of 0.2 %

and all of the samples are within an 8 b mismatch of 0.4 %.

Therefore, the nonlinear errors of the sub-reference volt-

ages generated by eight simple resistors in this CMOS have

no effect on the performance of the overall ADC and

naturally any extra calibration is not necessary.

3.3 Offset Cancellation Applied to a Comparator

Recently, simple latch-based comparators have been used

to reduce power consumption in the SAR ADCs [5, 15]. In

the case, a full-scale analog input and a corresponding

digital output may not be matched due to an undesired

latch offset. Various susceptible sensor systems employ

multi-channel SAR ADCs and each of latch offsets tend to

directly degrade the overall system performance. In addi-

tion, the kick-back noise injected into the DAC from the

latch circuit during bit transitions can affect a signal set-

tling time. A calibration technique can be utilized to min-

imize the latch offset in the latch-based comparator [6].

Fig. 3 Attenuation of

m/4VREF,MIS (m = 1,2,3) while

transferred from a resistor string

to the output voltage of the C-R

hybrid DAC, considering only a

resistor mismatch
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However, calibration techniques tend to need extra circuits

with more power consumption and increased chip area. The

proposed comparator is based on a three-stage pre-amp and

a latch without any extra calibration circuit, as shown in

Fig. 5. The three-stage pre-amp reduces an input-referred

latch offset and a kick-back noise from the latch for various

high-speed high-resolution sensor applications. The offset

of the first-stage pre-amp is removed by an open-loop

offset cancellation technique which uses two switches of

FS1 and FS2 and two capacitors of C1 and C2. A single

reset switch in the output of the third-stage pre-amp

eliminates a nonlinear residual effect of the pre-amp output

settled from the previous operating phase.

4 Prototype ADC implementation and measurements

The proposed 12 b 10 MS/s SAR ADC is implemented in

two versions, V1 and V2, with a 0.11 lm CMOS process

based on an MIM capacitor type to verify the effects on the

Fig. 4 Normal distributions of

VERROR due to a resistor

mismatch of this 0.11 lm

CMOS process based on Monte-

Carlo simulations with a m = 1,

b m = 2, and c m = 3

Fig. 5 Proposed comparator

and timing diagram with an

offset cancellation technique
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CP of the LSB array as shown in Fig. 2. The prototype

ADC V1 removes the 24CU and 23CU of the LSB array by a

resistor string while the test ADC V2 is identical to the

prototype ADC V1 except removing only the 24CU of the

LSB array. The estimated CP of the test ADC V2 is 1.65

times larger than that of the prototype ADC V1 due to the

additional 23CU of the LSB array. As shown in Fig. 6, the

prototype ADC V1 with an active die area of 0.34 mm2

(= 0.60 mm 9 0.57 mm) dissipates 2.0 mW including on-

chip current and voltage references, and 1.1 mW excluding

on-chip references, at a sampling rate of 10 MS/s and a

supply voltage of 1.0 V.

The measured differential non-linearity (DNL) and

integral non-linearity (INL) of the prototype ADC V1 are

within 1.18 LSB and 1.42 LSB, respectively, as shown in

Fig. 7(a). Meanwhile, the measured linearity performance

of the test ADC V2 is degraded due to a capacitor mis-

match between the CA and LSB capacitors caused by the

larger CP, as shown in Fig 7(b). The measured FFT spec-

trums of the ADC V1 and V2 are plotted in Figs. 8(a) and

Fig. 6 Die photo and layout of

the 12 b 10 MS/s 0.11 lm

CMOS prototype ADC V1

Fig. 7 Measured DNL and INL

of a the prototype ADC V1 and

b the test ADC V2
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(b). The maximum signal-to-noise-and-distortion ratio

(SNDR) and spurious-free dynamic range (SFDR) of the

prototype ADC V1 are better than those of the test ADC

V2. This indicates that the reduced CP of the LSB array

improves a capacitor mismatch and decreases the corre-

sponding total harmonic components. The unit capacitor

value of CU and the extracted value of CP from the layout

in the prototype ADC V1 of Fig. 2 are 30.0 fF and 11.0 fF,

respectively. On the other hand, the test ADC V2 employs

the same unit capacitor of 30.0 fF as the ADC V1, but the

extracted value of CP is 18.2 fF. When post-layout simu-

lations of the ADCs V1 and V2 are performed with two

different values of CP, the SNDR of the ADC V1 is

improved approximately by 3 dB compared to that of the

ADC V2. In practice, the measured SNDR of the ADC V1

is about 1.7 dB higher than that of the test ADC V2, as

shown in Fig. 8. Considering some random device varia-

tions during fabrication, the post-layout simulation and

measured results seem to be very much matched.

The measured dynamic performance of the prototype

ADC V1 is summarized in Fig. 9(a) and (b). The SNDR

and SFDR in Fig. 9(a) are measured with different sam-

pling frequencies up to 10 MS/s at an input of 1 MHz

while Fig. 9(b) shows the SNDR and SFDR variations of

the prototype ADC with input frequencies increased from

1 MHz to 10 MHz at a sampling frequency of 10 MS/s.

When the input frequencies increased to twice the Nyquist

frequency of 5 MHz, the SNDR and SFDR are maintained

above 63.6 dB and 77.3 dB, respectively.

The performance of the prototype ADC is summarized

in Table 2. The prototype ADC has a small number of unit

capacitors of 144 in the C-R hybrid DAC as discussed in

Table 1, and shows a figure of merit (FoM) of 87 fJ/con-

version-step, as defined in (4), without on-chip current and

voltage references. With on-chip references, the FoM is

measured to be 158 fJ/conversion-step. The proposed ADC

V1 is compared with the previously reported 12 b resolu-

tion SAR ADCs in Table 3. The proposed 12 b 10 MS/s

SAR ADC demonstrates a competitive FoM of 87 fJ/con-

version-step at the Nyquist input frequency compared to

the up-to-dated 12 b SAR ADCs with similar design targets

[4, 13, 16, 17].

FoM ¼ Power

2ENOB � fS

ð4Þ

5 Conclusion

This work proposes a 12 b 10 MS/s 0.11 lm CMOS SAR

ADC for a wide range of sensor applications. The proposed

C-R hybrid DAC has a small number of unit capacitors by

employing a 2-step split-capacitor array with a VCM-based

switching method and a simple matching-insensitive resistor

string to decide the last 2 LSBs. An open-loop offset can-

cellation technique in the first-stage pre-amp improves the

comparator accuracy. A gate-bootstrapping circuit is

employed to improve the linearity of the sampling switches.

Fig. 8 Measured FFT spectrums of a the prototype ADC V1 and

b the test ADC V2

Fig. 9 Dynamic performance of the prototype ADC V1 : Measured

SFDR and SNDR versus a fS and b fIN
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Current and voltage references insensitive to power supply

and temperature are implemented on chip for a diverse range

of applications with highly accurate and stable references.

The prototype ADC shows a maximum DNL and INL within

1.18 LSB and 1.42 LSB, respectively. The SNDR and SFDR

are measured to be a maximum of 63.9 dB and 77.6 dB at

10 MS/s, respectively. The ADC with an active die area of

0.34 mm2 consumes 2.0 mW including on-chip current and

voltage references, and 1.1 mW excluding on-chip refer-

ences, at 10 MS/s and a 1.0 V supply voltage. The prototype

ADC demonstrates an FoM of 158 fJ and 87 fJ per conver-

sion-step with and without on-chip references, respectively.
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