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Abstract: This paper proposes a 10-b SAR ADC. To increase the conversion speed and reduce the 
power consumption and area, redundant cycles were implemented digitally in a capacitor DAC. 
The capacitor DAC algorithm was straightforward switching, which included digital error 
correction steps. A prototype ADC was implemented in CMOS 0.18-μm technology. This structure 
consumed 140μW and achieved 59.4-dB SNDR at 1.25MS/s under a 1.8-V supply. The figure of 
merit (FOM) was 140fJ/conversion-step.     
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1. Introduction 

High performance analog-to-digital conversion on the 
nanometer scale is performed according to the high speed 
switching rather than amplifying. The nature of a charge 
redistribution successive-approximation-register (SAR) 
analog-to-digital converter (ADC) is based on high speed 
switching. As the demand for low power consumption and 
high precision is increasing, the prominent power 
efficiency of this structure has made it popular for high 
resolution analog-to-digital conversion applications. 
Moreover, a verification of recent publications confirmed 
that the attitude toward SAR ADCs has increased rapidly.  

While the low-power characteristics of SAR ADC has 
increased the applications of this structure, it suffers from 
low speed because for each conversion, a large number of 
decision cycles are required. The necessity and interest in 
high speed structures and low power consumption for SAR 
ADCs, has prompted many efforts to increase the speed of 
this block and overcome this drawback. In addition, many 
techniques have been used to further decrease the power 
consumption of these blocks [1].   

Applying redundancy to the conversion steps is an 
alternative approach for SAR ADC design. A redundant 
structure has two benefits. First, a redundancy decision 
causes in built-in error resilience, in which a bounded 
decision error in the early steps can be absorbed into the 
redundant conversion ranges of the later steps. The settling 

accuracy in most MSB conversion steps of the DAC can 
largely be relaxed and the conversion speed can be 
expedited. Second, the redundancy allows overlapped 
conversion curves in parts of the ADC transfer function, 
which is instrumental to a digital domain treatment of 
DAC mismatch errors. In this paper for DAC settling error 
problem in binary decision SAR ADCs, a digital error 
correction (DEC) technique has been applied. The DEC 
technique leaves the capacitor intact and employs digital 
addition only [2]. 

The organization of this paper is as follows. Section 2 
reviews the conventional structure and straightforward 
algorithms for SAR ADCs. Section 3 proposes the digital 
error correction technique used for the SAR ADC structure. 
A 10-bit prototype SAR ADC using digital error correction 
technique is implemented in section 4. Section 5 reports 
the simulation results and section 6 concludes the paper. 

2. Conventional vs Straightforward SAR 
structures 

Fig. 1 shows the block diagram of the SAR ADC.  
Input is sampled and held in the S&H sub-block. DAC is a 
capacitor array, in which according to the control bits from 
SAR logic, a voltage is created. The output voltage of the 
DAC is compared with the sampled input in a comparator. 
The SAR logic decides the control bits according to the 
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comparator output in each cycle. The output of the ADC 
will be available after the decision of the N bit finished. 

Fig. 2 summarizes the structure and switching sequence 
of a 3 bit dual sampling SAR ADC as an example. Initially, 
the input is sampled in C1, and CDAC is sampled to 
VREFT-VIN. At the hold step, the MSB is decided and 
according to the MSB bit, the SAR logic decides how to 
redistribute the charge in the next step. 

If the MSB is 1, (1/2)VREFT is added to the CDAC 
voltage by connecting bottom plate of one half of the unit 
capacitors to VREFT. In this step (3/2)VREFT-VIN is 
compared with the VIN and the second bit is decided. In 
the case that MSB is 0, the CDAC voltage again boosts to 
1.5VREFT-VIN, and the bottom plate of the sample 
capacitor (C1) is connected to the VREFT, which causes 
an increase in the input voltage at the positive input of the 
comparator to the VREFT+VIN. 

For the third bit decision, the voltage in C1 will be 
unchanged and if the output of the comparator is 1, one 
more capacitor in the cap-bank will be connected to the 
VREFT, and if the output of the comparator is 0, one of 
the capacitors, in which bottom plate is connected to the 
VREFT, will go back to the VREFB. This structure is 
called dual sampling because the analog signals are 
sampled and held asymmetrically at each input side. In this 

structure, the MSB bit is decided with no switching so the 
power consumption of this structure will be lower than the 
conventional SAR ADCs. In addition, the number of unit 
capacitors in CDAC has been decreased to half compared 
to conventional structures. Here VREFT and VREFB are a 
substitution of VDD and VSS, respectively, because for 
some error correction reasons, the exact VDD and VSS 
values cannot be used. Therefore, VREFT, which is 
slightly lower than VDD, and VREFB, which is slightly 
higher than VSS, were used. 

The reason that this structure is reviewed is to give the 
reader some insight into SAR ADC and switching 
sequence in a capacitor bank. Moreover, in most SAR 
logics the switching algorithm is to some extent similar to 
this structure. For more detailed information reader can 
refer to [3]. 

For each cycle, we need to charge or discharge some of 
the capacitors from VREFT to VREFB and vice versa, 
which requires a long time and consumes large amounts of 
energy. Moreover, according to these simulations, to 
achieve a high performance structure we need to increase 
the unit capacitor value. In addition, the amount of C1 
needs to be several pF. When small values are used for this 
capacitor, the performance of the SAR ADC degrades. 

The structure used for the proposed ADC is called 
straightforward DAC switching. This reduces the wasted 
power and increases the speed of switching. Note that a 
similar concept has been reported [4-6]. 

The positive input of the comparator is connected to 
the VCM which is created in the reference generator and 
there is no need to be sampled. The other inputs are 
connected to the CDAC. 

Similar to the dual sampling structure, Fig. 3 
summarizes the detailed switching sequence for the 3bit 
straightforward SAR ADC. At the sampling mode, the 
output of CDAC is charged to VCM-VIN and in hold 
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Fig. 1. Structure of SAR ADC. 
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Fig. 2. 3 bit dual sampling switching sequence. 
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mode it goes to 2VCM-VIN and can be compared with the 
VCM. According to the decision of the comparator, the 
bottom plate of 2C will connect to VREFT or VREFB at 
the next cycle. This will continue in the next steps as well. 
In each step, the switching is performed from VCM to 
VREFT or VREFB. Therefore, the amount of charge or 
discharge voltage decreases to half. Consequently, the 
amount of energy will be a quarter of the previous case. 
Moreover, the speed of the switching can be increased. 
Therefore, this structure is more energy efficient than the 
conventional structures and has a higher speed. 

The bottom-plate sampling-based straightforward 
structure can be used for higher resolution as it provides 
better linearity in principle [7]. 

2. Digital error correction technique 
using redundant cycles 

In high resolution ADCs, the difference between the 
coarse capacitor values and fine capacitor values normally 
causes decision errors in MSB bits. In particular, when the 
speed increases, the DAC is not settled properly in the 
decision phases for MSBs. This will cause error at MSB 
codes, which cannot be recovered in the following cycles. 
To solve this problem, some redundant cycles are normally 
predicted. Redundancy can be applied by adding some 
extra capacitors to the hardware and predicting some 
redundant decision cycles. Digital error correction was 
used to solve this problem. This does not require any extra 
hardware and the CDAC structure remains intact. The 
concept is explained for a 4 bit example, which has 4 bits 
and 5 decision cycles. 

As implemented in Fig. 4, the decision procedure in the 
SAR ADC was divided into two steps. The first step 
decides the 2 coarse bits and the second step is a decision 
of the 3 fine bits. One bit redundancy was predicted. 

Coarse decision thresholds were at 6/16 and 10/16. The 
decision levels were shifted 0.5LSB of the coarse 
resolution here. Therefore, the MSB decision with the 
DAC level is started at 5/8 VREF instead of 1/2 VREF. In 
the example, the SAR ADC has a slow VDAC settling, 
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Fig. 3. 3 bit straightforward switching sequence. 
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which results in decision error. For the given VIN, 00 is 
created for two MSB bits, which is not correct. The 
redundancy will be implemented by one additional 
decision step. To determine the three fine bits, the VDAC 
decision level will shift back to its regular decision level 
by 0.5LSB, shifting it down, which has been done at the 
beginning to determine the coarse bits. A redundant 
decision is then implemented. With two more decisions 
after this step, 3 LSB bits are determined. By adding two 
coarse bits and three fine bits with one bit overlap, the 
coarse bit error can be eliminated. As long as the error 
amount is less than 0.5LSB of the coarse resolution, the 
error can be eliminated. This will relax the DAC settling 
and the sampling decision speed can be increased, despite 
there being more conversion steps. A similar concept was 
implemented in [2, 7]. 

Fig. 5 presents the switching sequence for 2 coarse and 
1 redundancy decisions. The switching sequence for 2 fine 
bits will be the same as the straightforward structure as 
explained before. This structure is the same as the 
straightforward structure and the redundancy has been 
implemented by only changing the decision levels. 

The capacitor DAC has been segmented into two sub-
DACs virtually. One of these sub-DACs decides the 2 
coarse bits and the other one decides the 3 fine bits. After 

the input signal is sampled, except for the largest capacitor 
of second sub-DAC, all other capacitors are connected to 
VCM. 2C is connected to VREFT and implements the 
threshold offset (V-SHIFT) for digital error correction 
purposes. The MSB is decided in this step. According to 
the MSB bit value, the 4C capacitor is connected to 
VREFT or VREFB and the MSB-1 will be decided. As 
shown in Fig. 5, the CDAC switching operation for the 
redundant decision phase will be different for each case. In 
this step, for a further bit decision, the VDAC should be 
located at the center of determining the input range for the 
digital error correction algorithm. Moreover, 2C should go 
back to VCM for the next decision steps of the following 
LSB bits. In the case that MSB-1 bit is 0, these two 
conditions are satisfied by switching 2C back to the VCM. 
As shown in Fig. 6(a), by switching 2C to VCM, the 
determined input range will be double, and the VDAC will 
be located at the center of this range. The redundancy bit 
and 2 other fine bits will then be decided. The final bits 
can be obtained by adding 2MSB and 3LSB bits with a one 
bit overlap. As shown in Fig. 6(a), the error in MSB-1 bit 
has been corrected in the redundancy decision step safely. 

In the case that two MSB bits are 01 (Fig. 6(b)), if 2C 
is switched to the VCM, the VDAC will not be in the 
center of the determined input range (it will be at the 
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bottom of this range). On the other hand, for a further bit 
decision, 2C should return to the VCM. To solve this 
problem and satisfy the abovementioned conditions, as the 
required amount of VDAC change is double that of the 
returning 2C from VREFT to VCM, 4C was divided into 
two 2C capacitors and one of them was switched from 
VREFB to VREFT. Moreover, 2C in the lower sub-DAC 
was switched back to VCM. This moved the VDAC up to 
the desired level. The remainder of the decisions were 
identical to the previous case.  

Finally, the last case is where all the MSB bits are 1. In 
this case, MSB capacitor was connected to VREFT, so the 
same procedure as the previous case cannot be followed. 
On the other hand, the MSB-1 bit can simply be changed 

to 0 and a similar operation can be performed, as done for 
the case when this bit was 0. The details for this case can 
be found in Fig. 6(c). For similar concepts, the reader can 
refer to [8]. 

In [8], during the redundancy cycle, if all the MSB bits 
of higher sub-DAC become 1, a problem occurs. In this 
case, in the redundant cycle, the MSB capacitor of the 
lower sub-DAC that is connected to VREFT should switch 
back to the VCM and at the same time, a capacitor with the 
same size in the higher sub-DAC that is connected to the 
VREFB should be found and switched to the VREFT. On 
the other hand, this is impossible because all the bits that 
have been decided by higher sub-DAC are 1, so all the 
capacitors of this sub-DAC are already connected to the 
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VREFT. The proposed switching sequence of this paper 
solved this problem, as verified before. As shown in Fig. 5, 
the switching sequence for each case has been illustrated 
clearly and all the cases have been considered. 

4. 10-bit prototype SAR ADC using digital 
error correction 

The 10-bit SAR structure using the explained error 
correction technique has been implemented in Fig. 7. The 
capacitor weights are intact compared to the 
straightforward structure.   The CDAC has been segmented 
into three sub-DACs virtually. Each sub-DAC creates 4bits. 
CDAC1, CDAC2 and CDAC3 create D11-D8, D7-D4 and 
D3-D0, respectively, in which D7 and D3 are decided in 
the redundant cycles. The largest capacitor in CDAC2 is 
32C (28C+4C), so each capacitor of CDAC1 is broken into 
two capacitors, of which one of them is 32C. This is for 
the purpose of redundancy in the case that D8 is 1 and 
D11D10D9D8 bits are not 1111 (as explained in the 
previous section). Therefore, for this case, one of the 32C 
capacitors that is connected to the VREFB can be found 
and switched to the VREFT in the redundant cycle. For a 
similar reason, the capacitors of CDAC2 were broken into 
two parts, of which one of them was 4C as the largest 
capacitor in CDAC3 is 4C. 

The reader might be concerned about the number of 
switches. Note that the number of switches has been 
increased but size of these switches has been decreased 
proportionally. Moreover, the unit capacitor size used in 
this structure is 29fF, which is the minimum capacitor size 
limited by the process. As the capacitor size is reduced, the 
speed can be increased and the power consumption and 
area can be decreased. Fig. 8 presents the comparator 
structure. 

5. Simulation Results 

Simulation results for proposed ADC structure are 
implemented in this section. Finesim was used for the 
simulations. The process was 0.18-μm CMOS technology. 

Fig. 9 shows the ramp simulation result for the proposed 
ADC. The sampling speed per cycle was 1.25MHz. The 
number of samples for this simulation was 1024. 

Fig. 10 shows the DC analysis results for this ADC. 
The results were extracted from the ramp simulation. DNL 
max and DNL min were 0.998 and -1.0 LSB, respectively. 
INL max and INL min were 0.562 and -0.719 LSB, 
respectively, and Sigma DNL and Sigma INL for this 
structure were 0.155 and 0.294 LSB, respectively. 

Fig. 11 presents a sine wave simulation. The input 
frequency for this simulation was 1.22KHz and the clock 
sampling was 1.25MHz. Fig. 12 presents the 
implementation of the FFT of the output. The input was a 
62 KHz sine wave sampled at 1.25MHz. For this input 
frequency, the effective number of bits (ENOB) was 9.4. 
The SNDR and SNR were 58.3 and 60.2dB, respectively, 
and the amount of SFDR was 63.4dB. This ADC 
consumed approximately 80μA from 1.8V source. 
Therefore, the current consumption of this structure was 

Fig. 8. Comparator structure. 

Fig. 9. Ramp Simulation Result. 
 

0 800200 400 600 1000

0

0.4

‐0.4

0

0.5

‐0.5

1

‐1

DN
L(L

SB
)

IN
L(L

SB
)

Fig. 10. DC Analysis Results. 
 

Fig. 11. Sine Simulation Result. 



IEIE Transactions on Smart Processing and Computing, vol. 4, no. 1, February 2015 

 

57

140μW. Fig. 13 illustrates the SNDR and SFDR for 
different input frequencies from DC to Nyquist rates. 
 

 
2 min{2 , }ENOB

s

PowerFOM
ERBW f

=
× ×

 (1) 

 
According to (1), the figure of merit (FOM) was 

calculated to be 140fF. Finally, Table 1 summarizes and 
compares the work with recent studies in SAR ADC. 

6. Conclusion 

This paper proposed a 10 bit SAR ADC. A digital error 
correction was used for the straightforward structure. This 
ADC was implemented in CMOS 0.18-μm technology. 
The power consumption for this structure was 140μW 
under a 1.8-V supply. The structure had 59.4-dB SNDR, 
61.3 SNR and 65.2 SFDR (peak values) for a 1.25MS/s 
conversion speed. The unit capacitor in the CDAC 
structure was 29fF. At this conversion speed, for all 
frequencies from DC to Nyquist rate, the ENOB was 
above 9 bits. The figure of merit (FOM) was 
140fJ/conversion-step. 
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Table 1. Summary and comparison results. 

Parameters [9] [10] This work
Process(nm) 0.35 180 180 

Resolution(bit) 10 10 10 
Sampling Rate (MS/S) 2 0.137 1.25 

Supply voltage 3.3 1.5 1.8 
ENOBPeak 8 8.65 9.57 

SNDRpeak(dB) - 53.8 59.4 
SFDRpeak(dB) - - 65.2 

Sigma DNL(LSB) 0.5 0.56 0.155 
Sigma INL(LSB) 0.5 0.38 0.294 

Power(mW) 3 13.4 0.14 
FOM(fJ/Conv-step) - 243 140 
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