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Abstract: - A successive approximation register(SAR) analog-to-digital converter(ADC) is widely used because 
of its relatively short conversion time and small size. However, a SAR ADC requires a DAC of the same 
resolution, resulting in a larger area. To solve this problem, a DAC that does not increase in area as resolution 
increases is needed. This paper presents SAR ADC and DAC using Switched Capacitor(SC) integrator. This 
DAC 's area is independent of resolution and ADC is no need to a sample and hold circuit because it uses an SC 
integrator. The operation of this ADC is similar to a charge-redistribution based SAR ADC. The reference 
voltage is generated by charge redistribution of the SC integrator input capacitor and the reference capacitor, 
and the DAC voltage is generated by accumulating the generated voltage on the output capacitor of the SC 
integrator. The proposed SAR ADC was designed using TSMC 0.18μm CMOS high voltage technology, 
occupies on chip area of 0.316mm2. At 5V supply and 100kS/s, the simulated SNDR and ENOB are 53.7dB 
and 8.63bit. Considering the good DNL, a higher resolution ADC can be designed with the same area. 
 
Key-Words: - Analog-to-digital converter, Successive approximation register, Switched Capacitor integrator, 
SAR ADC, Digital-to-Analog converter, Charge-redistribution based SAR ADC, Sample and Hold circuit 
 

1 Introduction 
With the recent increase in the Internet of 

things(IOT) market, the demand for sensors and 
ADCs is increasing. Among the many ADCs, a 
successive approximation register(SAR) analog-to-
digital converter(ADC) is widely used because of its 
relatively short conversion time and small size. 
Because of the a few analog blocks, charge- 
redistribution based SAR ADCs are preferred. This 
ADC uses a capacitor array to generate the DAC 
voltage. The total capacitance of the capacitor array 
is proportional to the square of the resolution. 
Therefore, large area and large charge current are 
required. The charge current is provided by the 
input source, not by the supply. For this reason, the 
issue of reducing the size of capacitor array is 
actively researched. A common solution is to design 
a high-resolution DAC using two low-resolution 
DACs [1][2]. To solve this problem, this paper 
proposed a SAR ADC using a Switched 
Capacitor(SC) integrator DAC. The operation of 
this ADC is similar to a charge-redistribution based 
SAR ADC. But DAC's area is independent of 
resolution. Section 2 introduce the conventional 
charge-redistribution based SAR ADC. Section 3 
describes the structure of proposed ADC and its 
operation. Section 4 shows the simulation result. 
 

2 Conventional SAR ADC 
Fig. 1 is conventional charge-redistribution based 

SAR ADC. N is the resolution of the ADC. Fig. 2 is 
the equivalent circuit of the capacitor When the 
capacitor array operates as a DAC in Fig. 1. The 
voltage change of the capacitor can be derived as  

 

∆Vଶ ൌ െ
൫2௡ െ 2୩൯ܥ

ሺ2௡ െ 2୩ሻܥ൅2௞ܥ
ሺVୖ୉୊ െ Vେ୑ሻ (1) 

 

 ∆Vଵ ൌ
2୩ܥ
2௡ܥ

ሺVୖ୉୊ െ Vେ୑ሻ (2) 

 
This ADC requires a DAC with the equal resolution. 
To generate the DAC voltage, k of eq. (2) must be a 
natural number from 1 to n-1. The capacitor weight 
is a resolution power of two. If the resolution is high, 
a lot of capacitors are needed. Therefore, the circuit 
requires a large area and large current for capacitor 
charging and discharging [2][3].  

 

Fig. 1 Charge-redistribution based SAR ADC 
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Fig. 2 The equivalent circuit of the capacitor 

 
 
3 Proposed SAR ADC 

Fig. 2 shows a schematic of basic non-inverting SC 
integrator [4][5]. 
 

 

Fig. 3 Non-inverting SC integrator 

 Output voltage of Fig. 3 can be calculated as 
 

V୓୙୘ ൌ V୍୒ ൅  ଵV୓୙୘ (3)ିݖ
 
Eq. (3) means that the SC integrator can store the 
analog voltage, and this function can be used to 
make the DAC. 
 
 
3.1 Single-ended SC integrator DAC 

The DAC can be designed by modifying Fig. 3. 
Fig. 4 is a schematic of a DAC. C1 and C2 are used 
to generate the reference voltage, and the DAC 
voltage is generated by accumulating the reference 
voltage at COUT. All capacitors have the same 
capacitance. Fig. 5 shows the operation of DAC at 
each switch cycle.  

 

Fig. 4 Single-ended SC integrator DAC 

 
(a)                                          (b) 

 

(c) 

Fig. 5 (a) Reset. (b) Ø1 is on. (c) Ø2 is on. 

 

Fig. 6 Waveform of SC integrator DAC 

When the reset switch is turned on at Fig. 4, C1 is 
charged to reference voltage and COUT is discharged. 
 

V஼ଵ,ோாௌா் ൌ ோܸாி  (4) 
 

V஼ை௎்,ோாௌா் ൌ 0 (5) 
 
When Ø1 is turned on, the charge of C1 moves to C2 
and the potentials of the C1 and C2 become equal.  
 

V஼ଵ,Øଵ ൌ V஼ଶ,Øଵ ൌ
ோܸாி

2
 (6) 

 
When Ø2 is turned on, C1 is floated, and the charge 
of C2 moves to COUT. The potential of C2 becomes 
0V and VOUT becomes half of the reference voltage.  
Single-ended DAC requires switches to rotate 
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ㄴ direction of C2. The direction of C2 determines 
whether to add or subtract the voltage. 
  

V஼ଵ,Øଶ ൌ
ோܸாி

2
 (7) 

 
V஼ଶ,Øଶ ൌ 0 (8) 

 

V஼ை௎்,Øଶ୔ ൌ
ோܸாி

2
 (9) 

 

V஼ை௎்,Øଶ୒ ൌ െ ோܸாி

2
 (10)

 
The DAC voltage can be generated by repeatedly 
switching the Ø1 and Ø2. Fig. 6 shows the operating 
waveform of the DAC in Fig. 4. 
 
 
3.2 Fully differential SC integrator ADC 

Fig. 7 shows the Fully differential ADC. The CINN, 
CINP, CDACP and CDACN have the same capacitance. 
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Fig. 7 Fully differential SC integrator ADC 

The SAR ADC can be designed by adding a 
comparator to the DAC. The comparator converts an 
analog input voltage to a 1-bit. If VP is higher than 
VN, the quantization bit is high and Ø2N is turned on 
at the next Ø2 cycle. If VP is less than VN, the 
quantization bit is low and Ø2P is turned on at the 
next Ø2 cycle. Ø1 and Ø2 are non-overlapping clocks 
and 1-bit quantization can be processed for one 
clock. 

 The input voltage range of the ADC is limited by 
the output range of the OPAMP. Because the SC 
integrator is used as the sample and hold circuit. By 
reducing the gain, the sample and holder circuit can 
be used within the linear output range of the 
OPAMP. The SC integrator gain can be derived as  

݊݅ܽܩ ൌ
ூேܥ
ை௎்ܥ

 (11)

  

 
Fig. 8 shows control clock for ADC in Fig. 7.  

 

Fig. 8 Control clock for Fully differential ADC 

In the SH1, SH2, and Reset cycle, the analog input 
is sampled, and the reference voltage is stored. 
 

V஼஽஺஼௉,ୖ୉ୗ୉୘ ൌ ൅Vோாி (12)
 

V஼஽஺஼ே,ୖ୉ୗ୉୘ ൌ െVோாி  (13)
 

V஼ை௎்௉,ୗୌଶ ൌ ൅ܣVூே (14)
  

V஼ை௎்ே,ୗୌଶ ൌ െܣVூே (15)
 

In the Ø1x cycle, the reference voltage is generated 
by CDAC and CIN. When the i-th bit is converted, the 
voltage of the CIN and CDAC can be derived as 
 

V஼஽஺஼௉,Øଵ୶ ൌ V஼ூே௉,Øଵ୶ ൌ ൅
Vோாி
2௜

 (16)

 

V஼஽஺஼௉,Øଵ୶ ൌ V஼ூே௉,Øଵ୶ ൌ െ
Vோாி
2௜

 (17)

 
In the Ø2P or Ø2N cycle, the DAC voltage is 

generated by transferring the charge of CIN to COUT. 
 

V஼ூே௉,Øଶ ൌ V஼ூேே,Øଶ ൌ 0 (18)
 

V஼ை௎்௉,Øଶ୔ ൌ zିଵV஼ை௎்௉,Øଶ െ ܣ
Vோாி
2௜

 (19)

 

V஼ை௎்ே,Øଶ୔ ൌ zିଵV஼ை௎்ே,Øଶ ൅ ܣ
Vோாி
2௜

(20)

 

V஼ை௎்௉,Øଶ୒ ൌ zିଵV஼ை௎்௉,Øଶ ൅ ܣ
Vோாி
2௜

 (21)

 

V஼ை௎்ே,Øଶ୒ ൌ zିଵV஼ை௎்ே,Øଶ െ ܣ
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Fig. 9 shows the flowchart of Fully differential 
ADC. 
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Di=HIGH

(RESET) i←0
VCDACP←VREFP, VCDACN←VREFN

(SH1, ф1, SH2, ф2) 
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Fig. 9 Flowchart of fully differential ADC 

 
 

4 Simulation Result 
The proposed SAR ADC was designed using 

TSMC 0.18μm CMOS high voltage technology with 
5V Supply voltage. At 5V supply voltage, input 
voltage range is 0V to 5V. The capacitance of CIN is 
2pF and COUT is 2.5pF. The sampling rate is 100kS/s 
and the simulation input signal is 10kHz, 5VPP 
sinewave. Fig. 10 and Fig. 11 show the fully-
differential OPAMP and Dynamic comparator[6] 
used in this ADC. 

 

Fig. 10 Scheme of fully-differential OPAMP 

 

Fig. 11 Dynamic comparator 

 Fig. 13asdasdshows the FFT spectrum of the ADC 
output. The second harmonic is small becuase of the 
fully differential opamp. The difference between the 
third harmonic and the input signal is -67.5dB. The 
simulated SNDR and ENOB are 53.7dB and 8.63bit. 
Fig. 12 shows the simulated DNL of the proposed 
ADC. Peak DNL is -0.01LSB to +0.052LSB. Table 
1 summarizes the performance of the proposed SAR 
ADC and compares the proposed ADC with other 
SAR ADC[7][8]. 

 

 

Fig. 12 Simulated DNL 

 

Fig. 13 Simulated FFT spectrum 
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Table 1 Performance of proposed SAR ADC 

 
This 

Works 
[7] [8] 

Technology[μm] 0.18 0.18 0.18 

Resolution[Bit] 9 8 8 

Sampling 
frequency[MHz] 

0.1 20 20 

Supply voltage[V] 5 1.8 1.8 

Input Voltage 
range[V] 

0 ~ 5 0 ~ 1.8  

DNL[LSB] 
-0.010/ 
+ 0.052 

-0.55/ 
+0.68 

0.81 

SNDR[dB] 53.7 43.2 44.5 

ENOB[Bit] 8.63 6.88 7.21 

POWER 
comsumption[mW] 

2.035 2.36 0.588 

Chip area(mm2) 0.316 0.105 0.176 

 
 

5 Conclusion 
This paper has presented SAR ADC using 

switched capacitor integrator DAC. The ADC 
consumes 2.035mW at the sampling rate of 100kS/s. 
The simulated SNDR and ENOB are 53.7dB and 
8.63bit. The total capacitance is 13pF. Because The 
proposed SAR ADC does not increase in area with 
increasing resolution, this  ADC is advantageous for 
high resolution ADC design. Considering the 
simulated DNL, a higher resolution ADC can 
be designed with the same area. 

 
Acknowledgment  

This work was supported by the Brain Korea 21 
PLUS Project, National Research Foundation of 
Korea. 
 
 
References: 
[1] Seon-Kyoo Lee, Seung-Jin Park, Hong-June 

Park, Jae-Yoon Sim, A 21 fJ/Conversion-Step 
100 kS/s 10-bit ADC With a Low-Noise Time-
Domain Comparator for Low-Power Sensor 
Interface, IEEE Journal of Solid-State Circuits, 
Vol.46, No.3, 2011, pp. 651-659. 

[2] Xiucheng Zhou, Ying Zhang, Yun S u, An 8-bit 
35-MS/s Successive Approximation Register 
ADC, IEEE Journal of Solid-State Circuits, 
2015, pp. 531-533. 

[3] Chun-Cheng Liu, Soon-Jyh Chang, Guan-Ying 
Huang, Ying-Zu Lin, A 10-bit 50-MS/s SAR 
ADC With a Monotonic Capacitor Switching 

Procedure, IEEE Journal of Solid-State Circuits, 
Vol.45, No.4, 2010, pp. 731-740. 

[4] Behzad Razavi, Design of Analog CMOS 
Integrated Circuits, McGraw-Hill Education, 
2000. 

[5] Phillip E. Allen, Douglas R. Holberg, CMOS 
Analog Circuit Design Second Edition, 
OXFORD, 2002. 

[6] You-Kuang Chang, Chao-Shiun Wang, Chorng-
Kuang Wang, A 8-bit 500-KS/s low power SAR 
ADC for bio-medical applications, Solid-State 
Circuits Conference, 2007. ASSCC '07. IEEE 
Asian, 2007, pp. 228-231. 

[7] E. Atkin, D. Normanov, Area-efficient low-
power 8-bit 20-MS/s SAR ADC in 0.18μm 
CMOS, Microelectronics Proceedings - MIEL 
2014, 2014 29th International Conference on, 
2014, pp. 451-454. 

[8] Wen Cheng Lai, Jhin Fang Huang, Cheng Gu 
Hsieh, An 8-bit 20 MS/s successive 
approximation register analog-to-digital 
converter for wireless intelligent control and 
information processing, Intelligent Control and 
Information Processing (ICICIP), 2014 Fifth 
International Conference on, 2014, pp. 115-117. 

WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS Yurin Jin, Seongik Cho, Minwoong Lee

E-ISSN: 2224-266X 78 Volume 16, 2017




