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Abstract—A new junction-splitting based SAR ADC 
with a redundant searching capacitor array structure 
in 0.13 μm CMOS process to alleviate capacitor 
mismatch effects, is presented. The normalized 
average power has a factor of 0.35 to the conventional 
SAR ADC at 10-bit conversion accuracy. Statistical 
experiments show the number of missing codes 
resulting from the mismatch reduces by 95% for 3% 
unit-capacitor mismatch ratio, while keeping the 
conversion energy to that of the conventional JS 
capacitor array.    
 
Index Terms—Capacitor mismatch, low-power ADC, 
redundant ADC, SAR analog-to-digital convertor    

I. INTRODUCTION 

Along with the flash analog-to-digital converter 
(ADC) [1, 2] and the pipelined ADC [3, 4], the 
successive approximation register (SAR) ADC is widely 
used for Nyquist-rate analog-to-digital conversion. The 
charge-redistribution SAR ADC [5] has been 
conventionally used in many applications due to its 
simple control scheme. However, the conventional 
method is not efficient in the viewpoint of energy 
consumption, since all the capacitors are involved in the 
charging and discharging process. To reduce the energy 

consumed in the capacitor array and control circuit, many 
papers have suggested energy-efficient capacitor array 
architectures and switching methods such as charge 
sharing [6], capacitor splitting [7, 8] and comparator 
splitting [9]. More advanced works taking advantage of 
differential inputs have been reported in [10, 11]. Among 
the various solutions, the junction-splitting (JS) capacitor 
array in [12] consists of multiple capacitor sections, 
eliminating power-hungry discharging operations. Based 
on the JS architecture, a two-step charge-sharing method 
[13] has been proposed to reduce the energy consumed in 
the capacitive DAC. 

The linearity of SAR ADC is constrained by the 
mismatches among capacitor array during 
implementation. To improve the linearity of ADC, 
several error-correction algorithms have been reported. 
The hard-decision output was digitally corrected in [14], 
and a background digital calibration method was 
presented in [15]. To reduce the differential nonlinearity 
(DNL) error, a noise-shaping method based on fingered 
registers was proposed in [16], and a flexible comparator 
in [17]. However, the above methods necessitate 
additional correction blocks and complex control circuits. 
Recent analysis reveals that providing multiple redundant 
paths is effective in correcting such errors, and can be 
realized at the cost of a little additional complexity [18-
20]. However, all the previous redundant search 
algorithms assume relatively small capacitor mismatches, 
which are valid for the conventional capacitor array. As 
the capacitor size of JS SAR ADC is incrementally 
increased to generate the next voltage to be compared, 
the most significant bit (MSB) is determined with the 
smallest capacitors and can be significantly affected by a 
small capacitor mismatch ratio. In addition, 
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straightforwardly applying the conventional redundant 
search to the JS capacitor array would increase the total 
capacitance remarkably, consuming much more energy 
than the original JS capacitor array does. 

Compared to complicated capacitor sets in [21], this 
paper presents a simpler array structure and its control 
scheme to alleviate the capacitor mismatch effects. To 
recover errors made in earlier steps, we provide 
redundant search steps by modifying the capacitor array 
slightly. In addition to the capacitor mismatch effects, the 
redundant array is effective in improving the linearity 
influenced by several factors such as the parasitic input 
capacitance of the comparator and the nonlinear 
characteristics of switches. A statistical analysis is 
presented to minimize the overheads by deriving the 
number of redundant steps appropriate for a given unit-
capacitor mismatch.  

The rest of this paper is organized as follows: Section 
II briefly describes previous capacitor array architectures, 
and Section III presents the proposed redundant capacitor 
array and its control scheme. The statistical analysis on 
the number of redundant steps is presented in Section IV, 
and simulation results are summarized in Section V. 
Finally, concluding remarks are made in Section VI. 

II. PREVIOUS CAPACITOR ARRAYS 

Fig. 1 shows the block diagram of an n-bit SAR ADC, 
using a binary-weighted capacitor array for the digital-to-
analog converter (DAC). Initially, all the capacitors in 
the array sample the input voltage, Vin at a specific timing 
by closing Ssample. In the conventional SAR algorithm, the 
digital code corresponding to the input voltage is found 
by conducting binary search. Given a previously 
determined DAC code, the capacitor array generates a 
voltage Vout to be fed to the comparator by subtracting Vin 
from the voltage corresponding to the code. As the SAR 
algorithm determines one bit at a time, n cycles are taken 
to generate the final n-bit digital code. The comparison 
result di determined at the i-th step is fed back to the 
SAR control logic to produce the next digital code. In the 
first step, all the bits of the digital code except the most 
significant bit (MSB) are set to zero to indicate the half 
reference voltage. In the second step, the next digital 
code is generated by changing the MSB according to the 
comparison result and setting the second MSB to one. 

This process continues until we reach the last bit of the 
digital code. 

 
1. Conventional Capacitor Array Architecture 

 
Fig. 2 shows a conventional DAC capacitor array [22], 

which consists of n capacitors and one dummy capacitor 
of capacitance Cu. At the i-th step, the output voltage is  
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where CHi is the capacitance connected to the reference 
voltage (Vref) and CLi is that connected to ground (GND) 
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always closed during the redistribution mode, the dummy 
capacitor is always included in CLi. In summary, Vout is 
dependent on the capacitance ratio of CHi to the total 
capacitance Ctot of CHi + CLi. 

During the conversion, the bottom plate of a certain 
capacitor in the DAC capacitor array is connected to 
GND at first and then switched to Vref forcefully in the 
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Fig. 1. Block diagram of SAR ADC. 
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Fig. 2. Conventional DAC capacitor array. 
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next step. Depending on the previous decision, it can 
move back to GND in the following step as well. While 
this node is switching back and forth, it wastes energy. In 
the previous capacitor arrays including the conventional 
capacitor array [5] and the splitting capacitor array [7, 8], 
all the capacitors are involved in deriving Vout so that Ctot 
be always constant. Therefore, it is inevitable to switch 
some of the capacitors to make a new capacitance ratio 
needed for the next Vout. 

 
2. Junction-splitting Capacitor Array  

 
A low-power junction-splitting (JS) capacitor array 

has been presented in [12]. Fig. 3 shows the basic 
structure of the JS capacitor array. Each box represents a 
capacitor section of which structure is denoted in Fig. 4, 
and the number in a box of Fig. 3 is the total capacitance 
of the capacitor section. This capacitor array has 
additional serial switches, Spi to decide whether or not 
connect the top plates of the capacitor sections. In 
contrast to the conventional capacitor array that uses all 
the capacitors and rearranges the switches connected to 
the bottom plates to make a desired Vout, the JS capacitor 
array makes a new Vout by appending a capacitor section 

to the previous capacitor array. How the JS capacitor 
array works is illustrated in Fig. 5, where the 
denominator and numerator represent Ctot and CHi, 
respectively. First, the MSB, d0, is determined by 
comparing the input voltage with 0.5Vref, which is 
achieved with the two smallest capacitors. Then, the next 
voltage to be compared is made by connecting the 
adjacent capacitor section, one at a time. 

As shown in Fig. 5, the capacitance of the next section 
to be added to the denominator, CΔtot, is the same as that 
of the current total capacitance. In addition, the 
capacitance to be added to the numerator, CΔH, is 
determined by the sequence of the previous comparator 
results. In particular, CΔH to generate CHi at the i-th step 
is 

 
 ( )1 2 1

H 0 1 2 1 u2 2 2 2 ,i i
i iC d d d d C- -

D - -= + + + + ×L  (2) 
 

where Cu represents the unit capacitance. Therefore, the 
i-th capacitor section consists of i capacitors as shown in 
Fig. 4, where dk is the k-th bit of the digital code. The 
total capacitance of the i-th section is 2iCu, which is equal 
to the total capacitance aggregated over all the previous 
sections. Each capacitor is associated with two switches 
controlled by one of the previously determined bits. A 
capacitor is connected to GND through switch Sj

0 if the 
corresponding bit dj is 0, otherwise it is connected to Vref 
through Sj

1. Since all the capacitors controlled by the 
same bit can be connected together, a section has a pair 
of switches for the left-most capacitor and has 
connections to the previous sections for the other 
capacitors. Once the position of a switch in the JS 
capacitor array is determined, the switch never changes 
its position during the redistribution mode. Therefore, the 
JS capacitor array can achieve remarkable energy saving 
compared to the splitting capacitor structure [7, 8] and 
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Fig. 3. Overall structure of the JS capacitor array. 
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Fig. 4. Detailed structure of the i-th JS capacitor section. 
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Fig. 5. Binary search tree for the JS capacitor array. 
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the conventional structure. 

III. PROPOSED CAPACITOR ARRAY 

1. Proposed Redundant Search 
 
Although the JS capacitor array is effective in 

reducing energy consumption, it is more susceptible to 
mismatch than the conventional array is. Especially in 
the earlier steps, the total capacitance of the JS capacitor 
array is much smaller than that of the conventional array, 
which means that the comparison is easily affected by a 
small capacitor mismatch. The mismatch among unit 
capacitors makes Vout different from the desired voltage, 
and thus the comparison may result in incorrect decisions 
especially in the first few steps of the redistribution mode. 
As the binary search algorithm never overcomes such 
erroneous decisions, it is possible to have many missing 
codes. 

The proposed redundant search allows multiple paths 
to overcome incorrect decisions in the earlier steps. Fig. 
6 shows an example of the proposed search tree 
generated for 5-bit conversion. The binary steps and the 
redundant steps are denoted as Step Bx and Step Rx, 
respectively. Like the JS capacitor array, the total 
capacitance of the proposed array is increased by 
appending a section at a time. To introduce multiple 
recovery paths, each capacitor section is utilized two 
times: one for a redundant step and the other for a binary 
step. The redundant search starts from Step R2 as the 
earlier steps cannot provide multiple paths. If redundant 
steps occur all the time between binary steps except the 
first one, the proposed search tree can employ n–2 
redundant steps for n-bit conversion.  

Suppose that the right child is selected at Step B0. In 
this case, the sub-tree starting from the node of 3/4 
contains leaf nodes ranging from 3/32 to 31/32. If the left 
node of 1/4 is selected at Step B0, the sub-tree covers 
leaf nodes ranging from 1/32 to 29/32. As the two sub-
trees are overlapped a lot, the incorrect decision made at 
step B0 can be corrected at the later steps, if step B0 does 
not decide that 1/32 is greater than 1/2 or 31/32 is less 
than 1/2. The main point of the proposed redundant array 
is that the earlier incorrect decisions can be corrected at 
the later steps. This means that the redundant capacitor 
array allows a relatively large capacitor mismatch and 

thus can be built with small-sized unit-capacitors. 
Another meaning is that rough comparison is allowed in 
the earlier steps. Therefore, we can reduce the power 
consumed in the comparison by utilizing a low-precision 
comparator in the earlier steps, which is an additional 
advantage of the proposed redundant array [20]. As this 
is not the focus of this paper, however, we will not go 
further. 

The comparator decision in Step B(x–1) determines 
the next comparison node of redundant Step Rx. Every 
node in Step B(x–1) has a value of (2k+1)/2x, where k is a 
non-negative integer less than 2x–1. Based on the decision 
in Step B(x–1), the next comparison value of voltage Rx 
is 
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where dB(x–1) is the comparator decision in Step B(x–1). 
Note that the denominator in (3) is twice larger than that 
of Step B(x–1) as the JS capacitor array appends the 
same capacitance as that of the previous array. For 
example, a node of 5/8 in Step B2 induces a comparison 
node of 8/16 if the decision is 0. Otherwise, it leads to a 
comparison node of 12/16. Two nodes located at the left-
most and the right-most positions in a redundant step are 
irregular, but they are considered to provide more 
multiple paths. The irregular nodes, which are shaded in 
Fig. 6, are invoked when the previous decisions are all 
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Fig. 6. Proposed redundant search tree for a 5-bit conversion. 
The irregular redundant nodes are colored gray. 
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zeros or all ones. After completing Step Rx, the current 
section is reorganized to derive the next comparison for 
Step Bx. As shown in Fig. 6, the denominator of Step Bx 
is equal to that of Step Rx, and the numerator is different 
only by one, which means that the numerator of Step Bx 
can be derived by changing the numerator of Step Rx 
slightly instead of appending a capacitor section. The 
decision made in Step Rx is used to derive the 
comparison value of Step Bx as follows; 
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where HRx and dRx are the numerator and the comparator 
decision of step Rx, respectively. As the proposed search 
can provide n–2 redundant steps for n-bit conversion, the 
digital code is obtained in 2n–2 cycles. For the example 
of 5-bit conversion, three redundant steps occur between 
binary searches and the conversion takes 8 cycles.  

In the conventional or the JS capacitor array, the 
digital code for n-bit conversion is derived by 
concatenating the decision values. In other words, the 
digital code is 
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However, as the proposed redundant search can 

correct incorrect decisions, the digital code should be 
decided considering some correction terms as follows; 
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where Li (Ri) is 1 when we have to visit the left (right) 
irregular node in Step Ri. 

Unlike the JS structure that monotonically increases 
the numerator in each step, the proposed redundant 
search tree sometimes decreases the numerator in order 
to recover incorrect decisions. As some capacitors should 
be discharged, the proposed search consumes more 
energy than the JS capacitor does. However, the energy 
increase is not severe because the proposed redundant 
search does not increase the entire capacitance. An 

efficient control scheme is also proposed in the next 
subsection to reduce the increment of energy 
consumption. 

 
2. Proposed Capacitor Control 

 
The capacitor array for the proposed redundant search 

is depicted in Fig. 7. Compared to the JS architecture, 
two switches, S–1R

0 and S–1R
1, are additionally included in 

the capacitor array. Except these switches, each capacitor 
section is exactly identical to that of the JS capacitor 
array. After the sample mode, all the switches on the top 
plate are open. In Step B0, we close S–1R

1 and S–1L
0 and 

open S–1R
0 and S–1L

1 to compare 0.5Vref with the input 
voltage. After the comparison, the first section containing 
2Cu capacitance is connected by closing Sp

1. At the same 
time, two switches in the first section are controlled by 
the previous comparison result. After that, the adjacent 
capacitor section is serially appended in every two cycles 
to provide a redundant step and a binary step 
alternatively. 

Fig. 8 illustrates how to generate the next comparison 
node after Step B1. Fig. 8(a) depicts the method to 
generate the next comparison node of Step Rx from Step 
B(x–1), where shaded are two irregular nodes in Step Rx. 
In Step Rx, the next section is appended to increase the 
total capacitance. In Step B(x–1), we close two switches, 
S–1R

1 and S–1L
0, and open the counterparts, S–1R

0 and S–1L
1. 

The numerator in Step B(x–1) becomes a positive odd 
integer, as only one of the first two capacitors in Fig. 7 is 
connected to Vref. The odd numerator can be represented 
as 2k+1, where k is an integer in the range of [0, 2x–1). 

When the comparator decision in Step B(x–1) is 0, i.e., 
dB(x–1)=0, the next capacitor section to be appended is 
controlled to increase the numerator by 2k. More 
specifically, the next capacitor section is controlled such 
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Fig. 7. Proposed capacitor array structure for redundant search. 
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that 2k unit-capacitors are connected to Vref. To produce a 
proper numerator value, we close S–1R

0 and open S–1R
1 to 

connect the first capacitor to GND. As we discharge one 
unit-capacitor when dB(x–1)=0, the numerator of Step Rx 
in Fig. 8(a) has a minus-one term. If all the previous 
decisions including dB(x–1) are zeros, an irregular node of 
which numerator is 2 is considered to provide more 
redundant paths. The irregular node is the left shaded 
child in Fig. 8(a). In this case, all the capacitors in the 
capacitor sections including the newly appended section 
are connected to GND because all the previous decisions 
are zeros. To make a numerator of 2 required in the 
irregular node, both the first two capacitors are connected 
to Vref. 

In case of dB(x–1)=1, the control scheme is similar to the 
above case. The newly appended section is controlled to 
have 2k+2 unit-capacitors connected to Vref by using the 
previous decisions. However, the first capacitor remains 
to be connected to Vref by controlling S–1R

0 and S–1R
1. 

Instead of changing the connection of the first capacitor, 
we change the bottom plate of the second capacitor from 
GND to Vref by closing S–1L

1 and opening S–1L
0. As one 

unit-capacitor is newly connected to Vref, the numerator 
in Fig. 8(a) has a plus-one term. If the previous decisions 
are all ones, we consider an irregular node that is the 
right shaded one in Fig. 8(a). In this case, both the first 
two capacitors are connected to GND. 

Fig. 8(b) shows how to generate the comparison node 

of a binary Step Bx from the previous Step Rx. For the 
sake of simplicity, the previous comparison node in Step 
Rx is represented as 2k/2x+1. As the numerator is odd in 
Step Bx, only one of the first two capacitors in Fig. 7 
should be connected to Vref. To make the numerator odd, 
we close S–1R

1 and S–1L
0 and open S–1R

0 and S–1L
1. The rest 

capacitors are controlled based on dRx. If dRx is 1, 2k unit-
capacitors are connected to Vref. Otherwise, 2k–2 unit-
capacitors are connected to Vref. Note that the capacitor 
sections retain their previous values, if the previous 
decisions have no errors. Only the error correction paths 
may change the control signals of the capacitor sections 
and result in the energy-wasting discharge process. As 
the error-correction step changes the capacitance 
connected to Vref by at most one unit-capacitance, the 
energy waste caused by the recovery step is not 
significant. During the conversion based on the proposed 
redundant tree, the first two capacitors may charge or 
discharge to produce the proper numerator. As the first 
two capacitors are the smallest ones, the energy 
consumption of the capacitors is relatively smaller than 
those of the other capacitors. 

The proposed control scheme is illustrated in Fig. 9 by 
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Fig. 8. Construction method for the proposed redundant tree. 
(a) Generation of Step Rx from Step B(x–1), (b) generation of 
Step Bx from Step Rx. 
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Fig. 9. Switching example of a 4-bit ADC. The correct digital 
code is 1011, but a single error occurs in Step B1. 
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taking an example of 4-bit conversion. Suppose that the 
input voltage corresponds to a digital code of 1011, and 
assume that an error occurs in Step B1. Fig. 10 depicts 
how the error can be recovered by using redundant paths. 
Note that both the error-free path and the error recovery 
path reach the same destination corresponding to the 
digital code of 1011. The error resulting from Step B1, 
which is shaded in Fig. 10, is recovered through the 
following steps, as the redundant search provides 
multiple error-correction paths. As the first two decisions 
are both ones, Step R2 considers the irregular node 
shown at the right-hand side of Fig. 10. In this case, the 
first two capacitors are connected to GND. Hence, the 
error of Step B1 is recovered in Step R2. In the second 
section, the capacitors connected to S1

0 and S1
1 are 

discharged to provide a recovered comparison node and 
the path is recovered from the error. 

The comparison voltage of a redundant node is equal 
to the voltage compared in the previous step. Due to the 
capacitance increased by a factor of two, the comparison 
voltage of the redundant node is always more reliable 
than the previous comparison voltage which is 
determined based on the smaller capacitance. As the 
capacitance ratio resulting from small capacitors is more 
subject to capacitor mismatch, in addition, the proposed 
redundant search can be applied only to a few earlier 
steps, if the capacitor mismatch is small enough to 
guarantee a reliable ratio at the remaining steps. For 

example, a 10-bit ADC can be implemented by applying 
the redundant search to the first 5-bit conversion and the 
traditional binary search to the rest 5-bit conversion. As 
the entire capacitance is equal to that of the JS capacitor 
array, the proposed redundant search is expected to 
consume almost the same energy while enhancing the 
linearity dramatically. 

 
3. Discussion on Overheads 

 
The proposed algorithm can insert n–2 redundant steps 

maximally, and thus the overall conversion steps 
including the sampling step can be increased to 2n–1 
when the full maximum redundant steps are employed. 
Hence, the overall conversion time increases compared 
to the previous binary search. In addition, the redundant 
array increase the number of comparisons invoked for a 
sample, increasing the energy consumed in the 
comparator for a sample, increasing the energy 
consumed in the comparator. However, the number of 
redundant steps is dependent on the capacitor mismatch. 
If the capacitor mismatch is small, it is sufficient to insert 
a few redundant steps into earlier steps. In achieving 10-
bit accuracy with 1% capacitor mismatch, for example, it 
is enough to insert 4 redundant steps. Without employing 
the redundant steps, we can increase the unit-capacitor 
size as an alternative way to meet the specified accuracy, 
which increases the overall area and energy consumption 
of the SAR ADC. As the proposed redundant array 
overcomes the capacitor mismatch without enlarging the 
unit-capacitor size, it is an effective method to achieve a 
low-area SAR ADC. 

In this paper, we choose 5.4 fF as unit capacitance, the 
smallest metal-insulator-metal (MIM) capacitor provided 
in a 0.13 μm CMOS process. Note that the number of 
redundant steps should be optimized to minimize energy 
and speed overheads. For this, a statistical approach is 
discussed in Section IV. In addition, simulation results in 
[21] show that the additional conversion time caused by 
the redundant search algorithm can be reduced by 
allowing the incomplete settling in the DAC.  

The control circuit of the proposed architecture is 
more complex than that of the conventional structure 
requiring only shifted registers and simple control 
circuitry. The proposed redundant algorithm requires 
more complicated circuits including a recalculation block 
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Fig. 10. Error correcting sequence for the 4-bit ADC example. 
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and a dedicated FSM for irregular steps. In a 0.13 μm 
process, the control circuit of the proposed architecture 
requires 40% more equivalent gates compared to the 
conventional method, if designed for the full redundant 
case. The increment is also dependent on the number of 
redundant steps employed. If 4 redundant steps are used 
to achieve 10-bit accuracy with 1% capacitor mismatch, 
for example, the increment is about 25%, which is 
acceptable if we consider the linearity improved by the 
redundant steps. To improve linearity, previous works 
have considered calibration techniques [15, 16] that are 
in general associated with much more complex 
algorithms and large hardware complexity. The adaptive 
background digital calibration circuit presented in [15] 
requires a down converter, an average-calculation unit 
and a truncation unit. In [16], the complicated analog 
input stage having multiple-fingered registers is used to 
compensate the peak DNL. Moreover, some calibration 
techniques necessitate an additional reference ADC. Note 
that the proposed work improves the linearity without 
using such calibration circuits.  

As the proposed capacitor array is connected through 
the top-plate switches as shown in Fig. 7, the nonlinear 
characteristics of switches may degrade the linearity. 
However, the previous incorrect decisions caused by the 
nonlinear characteristics of the top-plate switches can be 
corrected by multiple paths enabled in the proposed 
redundant steps. Various simulations will be discussed in 
Section V, including the effects of nonlinear switches.  

IV. STATISTICAL ANALYSIS 

More recovery paths can be enabled by providing 
more steps, but the switching energy increases according 
to the increased number of redundant steps. Therefore, 
the number of redundant steps should be optimized to 
achieve a low-energy, mismatch-tolerant SAR ADC. 
Given a capacitor mismatch ratio, the required number of 
redundant steps can be calculated statistically. A 
practical method to make a large capacitor is to connect 
multiple unit-capacitors as shown in Fig. 11. Note that 
dummy capacitors are placed around the connected unit-
capacitors to remove in effect the mismatches between 
the unit-capacitors at the boundary and those on the 
inside [23].  

For the statistical analysis of mismatch effects, 

suppose that the capacitance of the unit-capacitor has a 
Gaussian distribution with mean Cu and variance σ2. A 
single unit-capacitor C1 can be modeled as  

 

 2
1 u 1 u 1,     ~ (0, ),C C e C e N s= +  (7) 

 
where e1 is the mismatch ratio of a single unit-capacitor. 
If we set the maximum mismatch ratio of the unit-
capacitor, emax, to 3σ, 99.7% of unit-capacitors are 
associated with capacitor mismatch ratios less than emax. 
For the large capacitor CN generated by connecting N 
unit-capacitors, we have a statistical model as follows; 
 

 2
1 u u

1

,    ~ (0, ).
N

N N N
i

C C NC e C e N Ns
=

= = +å  (8) 

 
With a confidence of 99.7%, therefore, the maximum 

mismatch ratio of CN is 
 

 u
max max max

u

1 .N

NC
e e e

NC N
= =  (9) 

 
Note that the maximum mismatch ratio of CN is 

decreased by a factor of N  compared to that of one 

unit-capacitor, which means that the smaller capacitor is 
more subject to capacitor mismatch than the larger 
capacitor does. In the binary search, the comparison 
voltage at the i-th step is 
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u u u2

,
C 2
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where H and L stand for the numbers of unit-capacitors 
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Cu Cu Cu

Cu Cu Cu

 

Fig. 11. Layout technique for drawing a large capacitor. 
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connected to Vref and GND, respectively. For n-bit 
conversion, the error from the mismatch should be less 
than 1/2n. Using (9) and (10), we can derive constraints 
to be satisfied for the 99.7% confidence level. At Step (i-
1) in which the total capacitance is 2iCu, the constraints 
are 
 

 

max

max max

max

max max

1
2 22 2

1
2 22 2

i ni i

i ni i

H H e H
H e H e

H H e H
H e H e

+ ×
< +

+ × - - ×

- ×
> -

- × + - ×

 (11) 

 
Therefore, 
 

 max

2
2 ( 2 )( 2 1)

i

n i n i
e

H H H H -
<

× - - - × +
 (12) 

 
The inequalities in (11) are considering two extreme 

cases of (10). The upper inequality considers one case 
that all the unit-capacitors related to H have positive 
mismatches and the other unit-capacitors have negative 
mismatches, and the lower considers the opposite. From 
(12), we can calculate the mismatch ratio allowed for 
every node in the binary search. The maximum ratio at 
Step (i–1) associated with 2i unit-capacitors, emax

i–1, can 
be calculated by exploring all the possible values of H as 
follows; 

 

 1
max

2MIN
2 ( 2 )( 2 1)

i
i

n i n i
e

H H H H
-

-
=

× - - - × +
 

  (13) 
 
Given a desired precision and a unit-capacitor 

mismatch ratio, we can identify a reliable step by 

evaluating (13). For various configurations, Table 1 
shows the maximum mismatch ratio that can be tolerated 
in each redundant step. If the mismatch ratio is 3%, for 
example, Table 1 says that 7 redundant steps should be 
used for a 10-bit ADC.  

V. SIMULATION RESULTS 

1. Switching Energy Consumption 
 
To compare the switching energy in the capacitor 

arrays, the C-level simulator is newly developed to 
model several 10-bit SAR ADCs including the 
conventional capacitor array, the splitting capacitor array 
[8], the JS capacitor array [12] and the proposed 
redundant array. Table 2 compares four methods in terms 
of the number of conversion steps, the number of 
switches and the normalized energy consumption. In 
counting the number of switches, we include the switches 
required in the sample and hold modes. The total 
capacitance required in each structure is not presented in 
Table 2, because all the structures have the same amount 
of capacitance. Compared to the JS capacitor array, Fig. 
12(a) shows the energy consumed in the proposed 
capacitor array having x redundant steps. All the values 
are normalized by the average energy of the conventional 
structure. Note that the maximum number of redundant 
steps in the proposed architecture is 8 for 10-bit 
conversion. Fig. 12(b) reveals that the average energy 
dissipated in the proposed architecture increases as the 
number of redundant steps increases. However, the 
increment is not severe even compared to the average 
energy consumption of the JS capacitor array. The 
proposed redundant array saves about 65% of energy 
compared to the conventional array. 

 
2. Accuracy of Conversion 

 
For the sake of precise comparisons, the conversion 

Table 1. Maximum tolerance of capacitor mismatch for various 
redundant ADC configurations 

Redundant  
level 

5-bit  
ADC 

6-bit 
ADC 

7-bit 
ADC 

8-bit 
ADC 

9-bit 
ADC 

10-bit 
ADC 

1 step 0.1290 0.0648 0.0325 0.0163 0.0081 0.0041 
2 steps 0.1778 0.0891 0.0446 0.0223 0.0112 0.0056 
3 steps 0.2501 0.1252 0.0626 0.0313 0.0157 0.0078 
4 steps - 0.1778 0.0884 0.0442 0.0221 0.0111 
5 steps - - 0.1250 0.0625 0.0313 0.0156 
6 steps - - - 0.0884 0.0332 0.0221 
7 steps - - - - 0.0624 0.0313 
8 steps - - - - - 0.0442 

 
 

Table 2. Switches and conversion steps required in n-bit ADCs 

ADC type Conversion  
steps 

Required 
Switches 

Normalized  
Average Power 

Conventional [22] n+1 2n+5 1.000 
Splitting Cap [7] n+1 4n+3 0.625 
Original JS [12] n+1 3n+2 0.250 

Redundant (n–2 steps) 2n-1 3n+4 0.350 
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accuracy is expressed in units of bit as follows; 
 

 ( )2 MAXAccuracy log Error=  (14) 
 

where ErrorMAX represents the maximum error between 
the ideal voltage, that changes output digital code, and 
the actual one resulting from the capacitor array. If there 
are missing codes, the accuracy becomes lower than the 
desired resolution. To optimize the number of redundant 
steps, the accuracy of 10-bit conversion resulting from 
various configurations is plotted shown in Fig. 13. 
According to Table 1 obtained by (13), we need to insert 
7 redundant steps if the capacitor mismatch ratio is 3%. 
In Fig. 13, the accuracy of 10 bits is achieved by using 7 
or 8 redundant steps for 3% capacitor mismatch. Note 

that the statistical analysis is consistent with the 
simulation result.  

In the SAR ADC, some analog components such as 
comparators and switches have to be carefully designed, 
because their characteristics affect the linearity directly. 
The parasitic capacitors connected to the top plate of the 
DAC capacitor array shown in Fig. 1 may involve in the 
charge redistribution process and degrade the linearity 
severely. Especially, the original JS capacitor array is 
easily affected by the parasitic capacitors in the earlier 
redistribution steps associated with small capacitance. As 
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Fig. 12. Switching energy dissipated in the redundant DAC and 
comparisons with previous works (a) Comparison for each 
input code, (b) Average energy comparison for the 
conventional (Conv), the junction-splitting (JS) and the 
proposed redundant capacitor arrays, where RS stands for 
redundant steps.  
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Fig. 13. Accuracy improvement (a) for the input capacitance of 
the comparator, (b) for the parasitic capacitance of top-plate 
switches. The capacitance is normalized by Cu. 
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the comparator has a relatively large input capacitance 
sometimes, the input capacitance can affect the first few 
steps seriously, leading to lots of errors. Fig. 13(a) shows 
how the input capacitance of the comparator degrades the 
accuracy of conversion, where the input capacitance is 
normalized by the unit-capacitance. To take into account 
only the effect of the input capacitance, the simulation 
assumes that there is no mismatch in the capacitor array. 
When the input capacitance is only 5% of Cu, the 
accuracy is severely degraded if redundant steps are not 
used at all. However, errors from the input capacitance 
can be almost recovered by using redundant steps. As 
shown in Fig. 13(a), the full redundant case maintains 
10-bit accuracy until the input capacitance increases up 
to 50% of Cu. 

In the JS array that generates the next comparison 
voltage by appending a capacitor section, a switch is 
used to connect the top plates of adjacent two sections. 
There are two parasitic factors to be considered in the 
design of the switches: resistance and capacitance. The 
parasitic resistance affects the redistribution time a little, 
but the influence can be ignored in our SPICE 
simulations. The parasitic capacitance can reduce the 
accuracy. Fig. 13(b) shows how the accuracy is affected 
by the parasitic capacitance, where the parasitic 
capacitance is normalized by Cu. Though the JS capacitor 
array loses its accuracy even if the parasitic capacitance 
is as small as 0.5%, the full redundant capacitor array can 
tolerate up to 5%. 

 
3. Linearity 

 
The redundant search is also effective in enhancing the 

linearity of the ADC, especially the integral nonlinearity 
(INL) and differential nonlinearity (DNL), as it can 
drastically reduce the number of missing codes. For 10-
bit conversion, Fig. 14 depicts how the INL and DNL 
change according to the increase of capacitor mismatch. 
The INL and DNL of the JS array are severely 
deteriorated by capacitor mismatch, but the linearity is 
recovered by adopting the full redundant search. Fig. 15 
shows the peak INL and DNL caused by capacitor 
mismatch, where we can see that inserting redundant 
steps is an efficient way of reducing them. The peak INL 
and DNL caused by the input capacitance of the 
comparator and the parasitic capacitance of the top-plate 

switches are shown in Fig. 16 and 17, respectively. In 
addition, charge injection may reduce the linearity and 
increase the number of redundant steps required. As the 
charges stored in the capacitor array can be charged or 
discharged by the top-plate switches, the charge injection 
may reduce the linearity of ADC severely. The amount 
of injecting charges is modeled as an additional capacitor 
connected to Vref or GND. The additional capacitors 
corresponding to charge injection are connected to Vref or 
GND in a random manner, and assumed to have the same 
capacitance to simulate the worst case. Fig. 18 depicts 
the peak INL and DNL caused by the charge injection, 
where the capacitance value corresponding to charge 
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Fig. 14. INL and DNL of a 10-bit ADC for (a) the JS capacitor 
array, (b) the redundant array with 8 redundant steps. 
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Fig. 15. Peak INL and DNL for a 10-bit ADC. 
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injection is normalized to the unit capacitance. The 
proposed redundant array is effective in improving the 
linearity that can be degraded by charge injection. 

VI. CONCLUSIONS 

In this paper, we have presented an efficient redundant 
search algorithm suitable for the JS capacitor array and 
its switching algorithm that alleviates the effects of 
capacitor mismatch and parasitic capacitors. To recover 
incorrect decisions, redundant steps are adopted by 
modifying the structure of the JS capacitor array slightly. 
The proposed redundant search, which is enabled by 
inserting two additional switches into the original JS 
array, enhances the linearity resulting from capacitor 
mismatch and parasitic capacitors without much 

increasing switching energy. In addition, the number of 
redundant steps appropriate for a given mismatch ratio 
has been analyzed statistically to minimize the overheads 
of the proposed redundant array. Simulation results show 
that the proposed redundant search recovers most of the 
linearity degradation caused by mismatch, parasitic 
capacitors and nonlinearities of switches, while keeping 
the energy consumption similar to that of the JS capacitor 
array. 
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