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dithered signal is quantized twice to handle the problem 
of reduced signal range. However, an extra sample-and- 
hold amplifier, which holds the input signals for two 
ADC cycles, is needed for the calibration running in the 
background. 

This work presents a digital background calibration 
technique to correct the capacitor mismatch errors in 
SAR ADC with tri-level switching. Tri-level switching, 
which is widely used in SAR ADC [3,4,11], reduces the 
switching energy and the total capacitance [4]. In the 
proposed calibration technique, the termination capacitor 
in the DAC is regarded as a reference capacitor and the 
digital weights of all of other unit capacitors are cor- 
rected with respect to the reference capacitor. 

This paper is organized as follows. Section 2 intro- 
duces the tri-level switching method. Section 3 describes 
the details about the digital calibration technique. Beha- 
vior simulation results are presented in Section 4 and the 
conclusion is given in Section 5. 

2. Tri-Level Switching 

Figure 1 shows the schematic of a 4-bit differential SAR 
ADC and its timing diagram. A 3-bit DAC can be used to 
realize a 4-bit SAR ADC based on the tri-level switching. 
Figure 2 shows the waveform of the reference voltage 
generated by the DAC and two different data formats. 

During the sampling phase, all the capacitors are con- 
nected to the input voltage and the top plates of the capa- 
citors are connected to VCM which equals to half of VREF. 
After that, all the capacitors are reset to VCM during the 
resetting phase. If VDAC,P > VDAC,N, C3,P is then switched 
from VCM to GND and C3,N is switched from VCM to VREF. 
All of the remaining capacitors are switched in the same 
manner. If the input voltage is Vi,1, the output code is 
“0110” according to each comparison result, as indicated 
in Figure 2. The output data format is offset binary. 

The output code can be derived in another way. The 
weights of the three capacitors in digital domain Wdi (i = 
1, 2, and 3) are 00010, 00100 and 01000, respectively. 
The first bit of the digital weight is the sign bit. A 5-bit 
code is used to represent the digital weight of each capa- 
citor, which will be explained in the following para- 
graphs. If a capacitor is switched from VCM to VREF, the 
digital weight of the capacitor should be added to the 
output code; if a capacitor is switched from VCM to GND, 
the digital weight of the capacitor should be subtracted 
from the output code. In the above example, C3 is 
switched from VCM to GND while C2 and C1 are switch-
ed from VCM to VREF. Therefore, the output code can be 
determined by Equation (1). The output data format is 
two’s complement. 

DOUT = −Wd3 + Wd2 + Wd1 = 11110       (1) 

 

 
(a) 

 
(b) 

Figure 1. (a) A 4-bit differential SAR ADC and (b) the timing diagram of the SAR ADC. 
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Figure 2. The output data formats and the differential output voltage waveform of the DAC. 
 

The result of the last comparison, which is performed 
after the switching of C1, is useful. However, there is no 
capacitor that is switched after the switching of C1. The 
result given in Equation (1) cannot be taken directly as 
the final output code of the 4-bit SAR ADC. To solve 
this problem, a virtual capacitor CV is introduced with 
digital weight WdV = “00001”, which is half of the digi- 
tal weight of the LSB capacitor. If the last comparison 
indicates that VDACP > VDACN, the digital weight of the 
virtual capacitor should be subtracted from the output 
code, and vice versa. In the above example, if the input 
voltage is Vi,1, DOUT should be modified as 

DOUT = −Wd3 + Wd2 + Wd1 − WdV = 11101  (2) 

The higher 4-bit code, which is “1110”, is reserved as 
the final output code. If the input voltage is Vi,2, the last 
comparison would indicate that VDAC,P < VDAC,N, thus 
DOUT = −Wd3 + Wd2 + Wd1 + WdV = 11111. The final 
output code is 1111, which is also correct. 

3. Digital Background Calibration 

3.1. Basic Principle 

The capacitor array of the DAC shown in Figure 1 in- 
cludes eight unit capacitors. The single-ended DAC is 
redrawn in Figure 3(a). The binary weighted capacitors 
C3, C2 and C1 are composed of Cu,j (j = 4, 5, 6, and 7), 
Cu,j (j = 2 and 3) and Cu,1, respectively. The initial digital 
weight of Cu,j (j = 0, 1, …, 7) are 00010. In this calibra- 
tion technique, the termination capacitor Cu,0 is consi- 
dered as a standard capacitor and it is the reference capa- 
citor during the calibration. The analog weights of other 
unit capacitors are compared with that of Cu,0. If Cu,j is 
larger than Cu,0, the digital weight of Cu,j should be in- 
creased, and vice versa. The digital weight of Cu,0 re- 
mains unchanged. 

To compare the analog weights of Cu,j and Cu,0, each 
input signal is quantized twice. Figure 4 presents the 
timing diagram. In the first conversion, the schematic of 
the DAC is shown in Figure 3(a). C3, C2 and C1 are 
switched sequentially. In the second conversion, Cu,0 
replaces Cu,j and Cu,j acts as the new termination capaci- 
tor. The schematic of the DAC during the second con- 
version is shown in Figure 3(b) assuming that Cu,3 is 
compared with Cu,0. As a result, C2 is composed of Cu,0 
and Cu,2 rather than Cu,3 and Cu,2. As shown in Figure 4, 
during the second conversion, the switching activities of 
Cu,0 and Cu,2 are triggered after the switching of C3 whe- 
reas Cu,3 keeps connecting to VCM. 

The output code DOUT of each conversion is calculated 
as following: 

M

OUT u,j u,j V V
j=0

D = d Wd +d Wd          (3) 

where Wdu,j is the digital weight of Cu,j; du,j = 1 or −1 if 
Cu,j is switched from VCM to VREF or GND; du,j = 0 if Cu,j 
acts as the termination capacitor; dV = ±1 according to 
the last comparison result; and M is the total number of 
unit capacitors. The difference between the two conver- 
sion results, ΔDOUT, can be used to correct the digital 
weight of Cu,j. Two cases are considered in the following. 

Case 1: Cu,j is switched from VCM to VREF in the first 
conversion. 

In this case, if Cu,j is larger than Cu,0, the DAC output 
voltage during the first conversion would be larger than 
that during the second conversion after Cu,j or Cu,0 is 
switched. Therefore, the output code of the first conver- 
sion would be smaller than that of the second conversion, 
or ΔDOUT < 0. 

If Cu,j is smaller than Cu,0, the DAC output voltage 
during the first conversion would be smaller than that 
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(a) 

 
(b) 

Figure 3. (a) A 4-bit differential SAR ADC and (b) the timing diagram of the SAR ADC. 
 

 

Figure 4. The timing diagram of the DAC shown in Figure 3 when Cu,3 is under calibration. 
 
during the second conversion after Cu,j or Cu,0 is switched. 
Therefore, the output code of the first conversion would 
be larger than that of the second conversion, or ΔDOUT > 
0. 

In case 1, the LMS (Least Mean Square) update equa- 
tion that is used to correct the digital weight of Cu,j can 
be written as: 

Wdu,j [n+1] = Wdu,j [n] − μΔDOUT        (4) 

where μ is the convergence coefficient and n denotes the 
number of corrections. According to Equation (4), if Cu,j 
is larger than Cu,0, Wdu,j is increased since ΔDOUT < 0; if 
Cu,j is smaller than Cu,0, Wdu,j is decreased since ΔDOUT > 
0. Wdu,j is corrected in the right direction in both situa- 
tions. When the digital weights of all unit capacitors ap- 
proach their final values, ΔDOUT is driven towards zero 
and the calibration process converges. 

Case 2: Cu,j is switched from VCM to GND in the first 
conversion 

In this case, if Cu,j is larger than Cu,0, the DAC output 
voltage during the first conversion would be smaller than 
that during the second conversion after Cu,j or Cu,0 is 
switched. Therefore, the output code of the first conver-
sion would be larger than that of the second conversion, 
or ΔDOUT > 0. 

If Cu,j is smaller than Cu,0, the DAC output voltage 
during the first conversion would be larger than that dur- 
ing the second conversion after Cu,j or Cu,0 is switched. 
Therefore, the output code of the first conversion would 
be smaller than that of the second conversion, or ΔDOUT 
< 0. 

In case 2, the LMS update equation that is used to 
correct the digital weight of Cu,j can be written as: 

Wdu,j [n+1] = Wdu,j [n] + μΔDOUT        (5) 

Wdu,j is also corrected in the right direction according to 
Equation (5). 

To reduce the estimation error of Wdu,j, the internal 
code length of the digital weights must be long enough. 
The unit capacitors are calibrated from Cu,1 to Cu,M se- 
quentially. The calibration process restarts from Cu,1 after 
Cu,M has been calibrated. The average value of the two 
conversion results is the final output. 

3.2. Calibration Technique with Two Reference 
Capacitors 

The number of unit capacitor increases exponentially as 
the resolution of SAR ADC increases. For a 10-bit SAR 
ADC based on tri-level switching, there are 512 unit ca- 
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pacitors. If all of the unit capacitors are calibrated in the 
way described above, the layout of the switches array 
would be complex and the convergence speed would be 
slow. This paper introduces two reference capacitors into 
the calibration process to solve this problem. 

An 8-bit DAC with two reference capacitors is shown 
in Figure 5. Ci (i = 0, 1, …, and 4) are composed of unit 
capacitor CuA with a value of C. Ci (i = 5, 7, …, and 9) 
are composed of unit capacitor CuB with a value of 8C. 
The parameters to be estimated are the digital weights of 
CuA,j (j = 1, 2,…, and 15) and CuB,j (j = 1, 2, …, and 31). 
CuA,0 is the standard capacitor for all other unit capacitors. 
The initial digital weights of CuA,j and CuB,j are  
0000000010 and 0000010000, respectively. 

Two reference capacitors are involved in the calibra- 
tion process. They are defined as CR1 = CuA,0 and CR2 = 
CuA,8 + CuA,9 + …+ CuA,15. CR1 and CR2 are the reference 
capacitors for CuA,j and CuB,j, respectively. The flow chart 
of the system is shown in Figure 6. 

When CuA,j is under calibration (“FLAG” = 1), C5 acts 
as the termination capacitor during the two conversions 
while CuA,j is swapped with CR1 (CuA,0) in the second 
conversion, and thus the digital weight of CuA,j is cor- 
rected with respect to CR1. When CuB,j is under calibra-  

tion (“FLAG” = 2), C0 acts as the termination capacitor 
during the two conversions while CuB,j is swapped with 
CR2 (CuA,8 - CuA,15) in the second conversion, and thus the 
digital weight of CuB,j is corrected with respect to CR2. 

However, CR2 is not a standard capacitor as its capa- 
citance is not precisely 8CuA,0. The digital weight of CR2, 
which can be expressed as WdR2 = WduA,8 + WduA,9 + … 
+ WduA,15, is constantly updated along with the progress 
of the calibration. Given that CR2 is taken as the reference 
capacitor for CuB,j, WduB,j (j = 1, 2, …, and 31) should be 
updated by the same amount once WdR2 changes. There- 
fore, each time when CuA,15 has been calibrated, the fol- 
lowing calculation in the digital domain is conducted: 

 uB,j 2 uB,j 2 R2

15 15

uB,j 2 uA,j 1 uA,j 1
j=8 j=8

Wd [n +1] Wd n +ΔWd

=Wd [n ]+ Wd [n ]- Wd [n -1]



 
 
 
 

  (6) 

where n1 and n2 denote the number of corrections for 
WduA,j and WduB,j, respectively. With this method, the 
number of parameters that need to be estimated is re- 
duced from 255 to 46 for the 8-bit DAC. 

With the above calibration technique, Equation (3) is 
rewritten as: 

 

 

Figure 5. Schematic of an 8-bit DAC with two reference capacitors. 
 

OUT OUT1 OUT2ΔD =D -D

j j+1

OUT1 OUT2
OUT

D +D
D =

2

j j+1

 

Figure 6. The flow chart of the calibration technique. 
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1 2M M

OUT uA,j uA,j uB,j uB,j V V
j=0 j=1

D = d Wd + d Wd +d Wd     (7) 

4. Simulation Results 

Behavior modeling and simulation has been performed 
with a 12-bit SAR ADC to verify the proposed calibra- 
tion technique. The system structure of a 12-bit SAR 
ADC is shown in Figure 7. The DAC is split into higher 
8-bit sub-DAC and lower 3-bit sub-DAC to reduce the 
total capacitance. The higher 8-bit sub-DAC is the same 
as that shown in Figure 5 and the lower 3-bit sub-DAC 
is a binary weighted capacitor array. dL,j (j = 1, 2, and 3) 
are the bit decision results of the lower 3-bit. WdL,j (j = 1, 
2, and 3) are the digital weights of the lower 3-bit and 
they are not updated. Mismatches of CS and the lower 
3-bit capacitors do not deteriorate the ADC performance 
significantly. 

Random capacitor mismatches of 3% were added to all 
of the capacitors. The internal code length for the digital 
weights was 26-bit. The convergence coefficient μ was 
set to 2−12. The learning curve of the Signal-to-Noise and 
Distortion Ratio (SNDR) is shown in Figure 8. With 
calibration, the SNDR increases from 57.2 dB to 72.2 dB 
and the Spurious Free Dynamic Range (SFDR) increases 
from 60.0dB to 85.4dB. After about 700 000 samples, the 
SNDR converges to a stable value. The variations of 
WduA,1 and WduB,1, which are converted to decimal num- 
bers, are shown in Figure 9. The digital weights of all 
unit capacitors keep stable after they have converged. 

5. Conclusion 

A digital background calibration technique for SAR 
ADC is proposed in this paper. Double conversions are 
carried out for each input sample. As the average value 
of the two conversion results is used as the final output, 

 

 

Figure 7. The system structure of a 12-bit SAR ADC. 
 

 

Figure 8. The learning curve of SNDR. 
 

 

Figure 9. The variations of WduA,1 and WduB,1. 
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the noise power is decreased by 3 dB. With the same 
principle presented in the paper, the number of reference 
capacitors can be easily expanded to be more than two to 
further reduce the number of parameters to be estimated. 
Behavior simulation results reveal significant improve- 
ments in SNDR and SFDR. 
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