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Abstract - This paper describes a high-performance successive approximation (SAR) ADC using three 
comparators operating in parallel, instead of just one as in conventional ADCs. This comparator redundancy 
enables higher resolution, potentially faster operation, higher reliability and comparator-error correction. We 
describe a reliability-enhancement and error-correction algorithm that we developed. Embedded 
microcontrollers containing this SAR ADC would be ideal for automotive applications. 
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1. Introduction 
 

Recently much attention is being paid to automotive 
electronics [1, 2]. Successive Approximation Register 
(SAR) ADCs in embedded microcontrollers are widely 
used in such applications where reliability, speed, 
accuracy, and low power consumption are required. 

This paper describes the architecture and error 
correction algorithm of a high-reliability SAR ADC 
suited to automotive applications. Design targets were 
higher resolution (12-14bit), higher speed (20MS/s), and 
higher reliability than existing SAR ADCs, as well as 
low power and low cost (implementation with digital 
CMOS processes). The proposed SAR ADC has three 
comparators. We describe how this comparator 
redundancy can enhance reliability, enable correction of 
comparator errors, and enable higher speed and 
accuracy.  

Note that error correction is not possible in 
conventional binary search SAR ADCs using only one 
comparator. In [3], a non-binary SAR ADC is proposed 
which can perform digital error correction, but it takes 
extra steps and hence sampling time becomes slower. In 
[4], comparison decision time is adjusted to be different 
at each step for overall higher sampling rate, but it 
requires complicated time-base circuitry. 
 
2. SAR ADC 
2.1 Features of SAR ADC 
 

SAR ADCs are widely used for high resolution (10-

12bit), medium speed (≈ 5MS/s), low-power, low-cost 
applications such as automotive, factory automation, 
and pen digitizer applications. [3, 5, 6, 7, 8]. SAR ADCs 
with improved performance, lower cost, and higher 
reliability can make a significant impact in industry. 
 
2.2 Configuration of SAR ADC 
 

A conventional SAR ADC consists of a track-hold 
circuit, a comparator, a DAC, SAR logic and time-base 
circuits (Fig.1). The track-hold circuit, and ensuring 
linearity of DAC input-output characteristics, are the 
most critical parts of the design. Usually a ring counter 
is used in the time-base circuitry to provide accurate 
timing signals.  
 
2.3 Operation of SAR ADC 
 

The SAR ADC operates according to a binary search 
algorithm as follows (Fig.2): 

• The track-hold circuit samples and holds the voltage 
of the analog input Vin (full-scale input is Vref). 

• The comparator compares the voltages of Vin (held 
by the track-hold circuit) and Vref /2 (where Vref 
/2 is generated by the DAC). 

• In case Vin > Vref /2: 
The comparator outputs logic ”1”. 
– The comparator then compares the voltage Vin 

with (3/4)Vref (where (3/4)Vref is generated by 
the DAC). 

– If Vin > (3/4)Vref, then (7/8)Vref is used for the 
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next comparison. Else if Vin < (3/4)Vref, then 
(5/8)Vref is used. 
– This binary search continues in this manner. 

• In case Vin < Vref /2: 
The comparator outputs logic ”0”. 

– The comparator then compares the voltages 
Vin with (1/4)Vref (where (1/4)Vref is 
generated by the DAC). 

– If Vin > (1/4)Vref, then (3/8)Vref is used for 
the next comparison. Else if Vin < (1/4)Vref, 
then (1/8)Vref is used. 

 
The SAR ADC performs N comparisons, then outputs a 
digital value corresponding to the N-bit binary 
comparison result. Fig.2 illustrates the case for N = 4. 
 
3. Proposed SAR ADC Architecture 
 

We propose using an SAR ADC that has three 
comparators (or, equivalently, a 2-bit flash ADC) and a 
DAC with three reference voltage outputs (Fig.3). A 
conventional SAR ADC has only one comparator, so a 
wrong comparator decision in any comparison step can 
not be corrected in a later comparison step (Fig.2). 
However, our proposed ADC has three redundant 
comparators; this has the following advantages: 
(1) Reliability: Even if the comparator decision is 
wrong in any comparison step, comparator redundancy 
allows this error to be corrected in later comparison 
steps; this is ideal for (e.g. automotive) applications that 
require high reliability. 
(2) High Speed: When such error correction is used, we 
do not have to wait for DAC comparator-reference 
voltage outputs to settle completely, hence the converter 
can operate at a higher frequency. 
 
4. High Reliability SAR Algorithm  
 

The proposed SAR ADC has three comparators 
(Fig.3), and it obtains 2-bit data in the first comparison 
step and 1-bit data in each subsequent step. Thus N 
comparisons result in (N + 1) bit digital data, and the 
redundancy of the three comparators is used to improve 
reliability. 

Hereafter, let the analog input range of the SAR ADC 
be from 0 to Vref , and the internal 2-bit ADC output 
provided by the three comparators at the n-th step be 

Dout(n). 
 
4.1 Digital Error Correction Algorithm 
 

This section describes our digital error correction 
algorithm (Fig.4) in the proposed SAR ADC (Fig.3). 
(1) In case Vin = (6.1/8)Vref : 
Suppose that the outputs of the internal 2-bit ADC 
which consists of the three comparators are correct in 
the first and second comparison steps. 
In the first step: Set the three comparator reference 
voltages to (6/8)Vref , (4/8)Vref , (2/8)Vref respectively 
(Fig.3). When the output of the internal 2-bit ADC is 
correct, it outputs Dout(1) = 11. 
In the second step: Set the three reference voltages to 
(8/8)Vref , (7/8)Vref , (6/8)Vref. When the output of the 
internal 2-bit ADC is correct, it outputs Dout(2) = 01 
Overall ADC output: Dout(1) = 11 and Dout(2) =01, 
and then the 3 MSBs of overall ADC output becomes 
110. (The rule of obtaining overall ADC output is 
described in Section 4.3.) 
 
(2) In case Vin = (6.1/8)Vref : 
Suppose that the output of the internal 2-bit ADC is 
incorrect in the first step, but is correct in the second 
step. 
In the first step: Set the three reference voltages  to 
(6/8)Vref , (4/8)Vref , (2/8)Vref. Consider the case that 
the output of the internal 2-bit ADC is incorrect and it 
outputs Dout(1) = 10. 
In the second step: Set the three reference voltages to 
(6/8)Vref , (5/8)Vref , (4/8)Vref. When the output of the 
internal 2-bit ADC is correct, it outputs Dout(2) = 11. 
Overall ADC output: Dout(1) = 10 and Dout(2) =11, 
and then the 3 MSBs of overall ADC output becomes 
110. 
 
4.2 Three Reference Voltages in Proposed 
Architecture 
 

Let us denote Vr3=Vh(n), Vr2=Vm(n), Vr1=Vl(n) as 
the three reference voltages of the three comparators 
in the n-th step (n = 1, 2, 3, ..), and also define  

Vr(n) = Vh(n) − Vm(h) (= Vm(n) − Vl(n)). 
These reference voltages will be as follows: 
• Vh(1) = (3/4)Vref, Vm(1) = (1/2)Vref , 

Vl(1) = (1/4)Vref, Vr(1) = (1/4)Vref . 



• Vr(n + 1) = Vr(n)/2. 
• In case Dout(n) = “11”： 

Vm(n + 1) = Vh(n) + Vr(n + 1). 
In case Dout(n) = “10”： 
Vm(n + 1) = Vm(n) + Vr(n + 1). 

In case Dout(n) = “01”： 
Vm(n + 1) = Vm(n) − Vr(n + 1). 

In case Dout(n) = “00”： 
Vm(n + 1) = Vl(n) − Vr(n + 1). 

• Vh(n + 1) = Vm(n + 1)+Vr(n + 1), 
Vl(n + 1) = Vm(n + 1) − Vr(n + 1). 
 

4.3 Rigorous Description of Proposed Digital 
Error Correction Algorithm 
 

Let us consider the 4-step case, because its extension 
to the N-step case is straightforward. In this 4-step case 
the ADC digital output is 5 bits and we denote it as b5 
b4 b3 b2 b1. Here, b5 is the MSB and b1 is the LSB. 
Assumption : 
• The output of the internal 2-bit ADC (Dout(n) (n = 1, 

2, 3)) in each of the first, second and third steps is 
either the correct value, the correct value plus one, or 
the correct value minus one. 

• The output of the internal 2-bit ADC in the fourth step 
Dout(4) is the correct value. 

 Then we can obtain correct 5-bit output data “b5 b4 b3 
b2 b1” and data for correction “c1 c2 c3” from Dout(1), 
Dout(2), Dout(3), Dout(4) as follows: 
In the fourth step : 
• In case Dout(4) = “11” : c1 = 1, b1 = 0. 
• In case Dout(4) = “10” : c1 = 0, b1 = 1. 
• In case Dout(4) = “01” : c1 = 0, b1 = 0. 
• In case Dout(4) = “00” : c1 = −1, b1 = 1. 
In the third step : 
• In case Dout(3) = “11” :  

If c1 = 1, then c2 = 1, b2 = 1. 
Else if c1 = 0, then c2 = 1, b2 = 0. 
Else if c1 = −1, then c2 = 0, b2 = 1. 

• In case Dout(3) = “10” :  
If c1 = 1, then c2 = 1, b2 = 0. 
Else if c1 = 0, then c2 = 0, b2 = 1. 
Else if c1 = −1, then c2 = 0, b2 = 0. 

• In case Dout(3) = “01” :  
If c1 = 1, then c2 = 0, b2 = 1. 
Else if c1 = 0, then c2 = 0, b2 = 0. 
Else if c1 = −1, then c2 = −1, b2 = 1.   

• In case Dout(3) = “00” :  
If c1 = 1, then c2 = 0, b2 = 0. 

Else if c1 = 0, then c2 = −1, b2 = 1. 
Else if c1 = −1, then c2 = −1, b2 = 0. 

In the second step  : 
• In case Dout(2) = “11” :  

If c2 = 1, then c3 = 1, b3 = 1. 
Else if c2 = 0, then c3 = 1, b3 = 0. 
Else if c2 = −1, then c3 = 0, b3 = 1. 

• In case Dout(2) = “10” :  
If c2 = 1, then c3 = 1, b3 = 0. 
Else if c2 = 0, then c3 = 0, b3 = 1. 
Else if c2 = −1, then c3 = 0, b3 = 0. 

• In case Dout(2) = “01” :  
If c2 = 1, then c3 = 0, b3 = 1. 
Else if c2 = 0, then c3 = 0, b3 = 0. 
Else if c2 = −1, then c3 = −1, b3 = 1. 

• In case Dout(2) = “00” :  
If c2 = 1, then c3 = 0, b3 = 0. 
Else if c2 = 0, then c3 = −1, b3 = 1. 
Else if c2 = −1, then c3 = −1, b3 = 0. 

In the first step  : 
• In case Dout(1) = “11” :  

If c3 = 1, then b5 = 1, b4 = 1 (overflow). 
Else if c3 = 0, then b5 = 1, b4 = 1. 
Else if c3 = −1, then b5 = 1, b4 = 0. 

• In case Dout(1) = “10” :  
If c3 = 1, then b5 = 1, b4 = 1. 
Else if c3 = 0, then b5 = 1, b4 = 0. 
Else if c3 = −1, then b5 = 0, b4 = 1. 

• In case Dout(1) = “01” :  
If c3 = 1, then  b5 = 1, b4 = 1. 
Else if c3 = 0, then b5 = 0, b4 = 1. 
Else if c3 = −1, then b5 = 0, b4 = 0. 

• In case Dout(1) = “00” :  
If c3 = 1, then b5 = 0, b4 = 1. 
Else if c3 = 0, then b5 = 0, b4 = 0. 
Else if c3 = −1, then b5 = 0, b4 = 0 (underflow). 

 
4.4 Assumption (Limitation) of Digital Error 
Correction 
 

Let us denote Dout(n) as actual 2-bit ADC output at 
n-th step, and Dout(n)’ as its correct output. Then the 
proposed digital error correction algorithm works 
correctly if and only if 
• Dout(4) = Dout(4)’ and 



• |Dout(n) − Dout(n)’| < 2, (n = 1, 2, 3). 
When this condition is satisfied, the value of 
b5b4b3b2b1 is correct. ADC output errors that occur in 
several steps – such as Dout(1) − Dout(1)’ = 1, Dout(2) 
− Dout(2)’ = −1 and Dout(3) − Dout(3)’ = 1 – are 
acceptable if the above condition is satisfied. 
Example 1 : In the case where analog input Vin = 
(129/256)Vref : The correct digital output is 
b5b4b3b2b1 = 10000, and we will obtain the correct 
result when “Dout(1)”“Dout(2)”“Dout(3)”“Dout(4)” is  
any of the following: 
・ “10”“01”“01”“01” 
・ “10”“01”“00”“11” 
・ “10”“00”“11”“01” 
・ “10”“00”“10”“11” 
・ “01”“11”“01”“01” 
・ “01”“11”“00”“11” 
・ “01”“10”“11”“01” etc. 

 
Example 2 : In the case where analog input Vin = 
(161/256)Vref : The correct digital output is 
b5b4b3b2b1 = 10100, and we will have the correct 
result when “Dout(1)”“Dout(2)”“Dout(3)”“Dout(4)” is 
any of the following: 
・ “10”“10”“01”“01” 
・ “11”“00”“00”“11” 
・ “11”“00”“01”“01” 
・ “01”“11”“10”“11” 
・ “10”“01”“11”“01” 
・ “10”“01”“10”“11” 
・ “10”“10”“00”“11” etc. 

 
As mentioned above, the proposed digital error 

correction algorithm allows large redundancy for the 
upper and lower reference voltages, Vh(n) and Vl(n), of 
the three comparators, and the middle reference voltage 
Vm(n) may be settled to final value within +/- 1/2LSB 
error by the last clock of conversion sequence.  
 
4.5 Conversion time 
 

When proposed error correction is used, we do not 
need to wait for the DAC outputs as comparator-
references to settle completely, hence a higher 
conversion rate can be achieved. For example, in the 
case of 10-bit conventional SAR ADC, a settling time of 
internal DAC into +/- 1/2LSB should be 6.9τ, where τ is 

time constant of the DAC output. This means that the 
conversion time of the ADC becomes 69τ at least. On 
the other hand, when the proposed error correction 
algorithm is used, the settling time of the DAC output 
for the middle reference voltage Vm(n) decides the 
conversion time and it is reduced to 2 τ because the 
settling error of the DAC can be relaxed to Vref/2n+2 as 
shown in Fig.5. Consequently, the conversion time of 
the 10-bit ADC can be reduced to only 18τ because the 
2 MSBs are decided at the first clock. 
 
5. Conclusions 
 

We have proposed a high-performance SAR ADC 
architecture that achieves both high speed and high 
reliability – ideal for automotive applications and the 
like – by using triple (redundant) comparators and a 
new error correction algorithm we have developed. 

Next we plan to implement this architecture and 
algorithm efficiently on an IC. 
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  Fig.5: Settling time of the internal DAC as the comparator 
reference voltage for (a) conventional SAR ADC and (b) 
proposed SAR ADC. 
 
 
 
 
 
 
 
 
 
 
 

 


