
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

AN ABSTRACT OF THE DISSERTATION OF 

 
Wei Li for the degree of Doctor of Philosophy in Electrical and Computer Engineering 

presented on March 17, 2014. 

 

Title:  Low-Power Successive Approximation Analog to Digital Converter with 

Digital Calibration. 

 

 

 

Abstract approved: 

______________________________________________________ 

Gabor C. Temes 

 

 

 

    IC designers are continuously facing the challenges from reduced CMOS feature 

sizes and supply voltages. ADCs that deliver satisfactory resolutions/speeds while 

utilizing the state-of-the-art technologies to save power are in high demand. The 

analog circuits are more and more assisted by various digital calibration techniques to 

get boosted performances. This dissertation is focused on a low-power 12-bit 12.5-

MS/s successive approximation (SAR) ADC with a couple of calibration schemes. 

    The performances of the proposed SAR ADC are enhanced in two directions. To 

reduce the power dissipation, a power saving strategy has been proposed. Also, several 

foreground calibration methods for SAR ADCs have been proposed to reduce power 

dissipation and enhance conversion accuracy. The design was fabricated in 40nm 

CMOS technology. Measurement results after calibration showed a SFDR of 82.2 dB, 

and a THD improvement of 22.5 dB. 

    Finally, two new schemes to realize teraohm on-chip resistance are presented. One 

of the schemes utilizes a switched-capacitor array, and the other utilizes a switch-

capacitor ladder. Using these schemes, large resistances can be fabricated with 

standard CMOS process in an affordable chip area. 
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Low-Power Successive Approximation Analog to Digital Converter 

with Digital Calibration 

 

1 Introduction 

Our world is full of analog signals such as voice, light, force and temperature. To extract 

and utilize more information in these signals we usually need to further process them. 

There are basically two ways to process analog signals: analog signal processing (ASP) 

and digital signal processing (DSP). Advances in silicon fabrication methodology have 

enabled much better technologies with finer feature sizes than ever before. With lower 

power supplies and finer technologies, the cost of DSP, in terms of power dissipation and 

area, has been drastically reduced and the complexity has increased a lot. More and more 

ASP blocks have been replaced by DSP blocks nowadays, because digital circuits are 

more robust and easier to migrate to another technology, and the developing time of 

digital blocks through generations are much shorter than analog blocks. No matter how 

fast the DSP technology grows, human beings are still living in an analog world. To 

make DSP possible, analog signals have to be first converted to digital signals. Analog-

to-digital converter (ADC) plays an important role in signal processing by performing 

analog-to-digital conversion. Depending on the applications, ADCs may have different 

signal bandwidths (BWs) and resolutions. 

1.1 Motivation 

We are living on a planet of limited resources, thus people need to minimize the cost 

of our activities. ADCs are the interface between the analog world and the digital world. 

When the activity of analog-to-digital conversion happens, energy is consumed. 

Researchers are trying their best to reduce the costs of these conversions. One way to 

measure the cost of such activities is the energy efficiency. Power efficiency of ADCs, in 

terms of figure of merit (FoM), has been improved through both new 

architectures/methods and technology advances. One of the most popular definitions of 

FoM was written as Eq. 1-1 [1-1]: 
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As shown in Fig. 1-1 [1-2], the Walden FoM ( WFoM ) keeps improving, thus the 

power dissipated for each conversion step is shrinking.  

 

  

 

Figure 1-1. Walden FoM vs. Speed. 

 

Each different type of ADC has their advantages and disadvantages. Oversampling 

ADC such as delta-sigma ADC can obtain high conversion accuracy and usually operates 

at low-to-medium speed. Successive approximation register (SAR) ADC often works at 

the medium speed range while obtaining medium accuracy. Flash ADC, pipelined ADC, 
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and time-interleaved ADC can operate at high speed while generally obtaining low-to-

medium accuracy. Among the ADC architectures mentioned above, SAR ADC shows an 

advantage of energy efficiency for medium-resolution medium-speed applications [1-3]-

[1-8], and is widely used in application areas such as communication equipments, 

medical instrumentation, biomedical sensors, entertainment products, and many more [1-

9]-[1-14].  

1.2 Dissertation Organization 

The remainder of this dissertation is organized as follows. Chapter 2 reviews several 

existing design techniques for SAR ADCs. Chapter 3 introduces foreground open-loop 

weight coefficient calibration schemes. Chapter 4 illustrates the design of SAR ADC with 

power-saving strategy. Chapter 5 discusses the testing results. Chapter 6 elaborates the 

realization of teraohm on-chip resistance using switched capacitor topologies. Finally, the 

conclusions are drawn in Chapter 7. 
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2 Design Techniques for SAR ADCs 

Similar to the binary search tree often used in data structures, SAR ADC digitizes its 

input signal in a way analogous to the human being's natural searching behavior. 

The algorithm employed in SAR ADC is similar to the function of an antique balance 

scale: after one apple, for example, is placed on one plate (plate A), a mass of known 

weight m1, usually in metal bars, will be placed on the other plate (plate B). If the 

position of the plate B is lower than that of the plate A, the merchant selling the apple 

will remove the metal bar and place a lighter one of know weight m2. If the plate B rises 

higher than the plate A holding the apple after this change, the merchant will increase the 

weight placed on plate B by either adding more metal bars or exchanging existing metal 

bars for heavier metal bars. The new weight m3 on plate B shall be between m1 and m2. 

By many iterations, the two sides will eventually balance. The total know weight on plate 

B now represents how heavy the apple is, and the weighing error is limited by how 

accurate the weight of metal bars is made, and how good the balance scale is. In the SAR 

ADC example, the apple could be the analog input, the sum of “marked” values of metal 

bars could be the digital output; the finest weight of metal bars could be the least 

significant bit (LSB), and the error level of balance scale reached is similar to the 

quantization error of the SAR ADC. The largest weight the antique balance scale can 

weigh is comparable to the reference voltage of the ADC. Similar to the number of the 

different values which the antique balance scale can represent, SAR ADC also has its 

limitation which is called resolution. The marked standard weights are often not exactly 

equal to what they were casted to be. Similarly, the output of SAR ADC is usually not 

exactly the same as the face value. Thus, people use the word “accuracy” to describe how 

well the ADC can convert an analog signal to a digital output. 

The nominal resolution of the SAR ADC is defined as the number of bits used to 

comprise the Nyquist rate output, if a radix of 2 is used, while the accuracy is defined 

using effective number of bits (ENOB) or signal-to-noise and distortion ratio (SNDR). 

The accuracy of SAR ADC is usually lower than its resolution, because impairments such 
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as offset, gain error and nonlinearity errors degrade the performances of the SAR ADCs. 

Calibration methods especially digital corrections are widely used to ease the trade-offs 

between power, accuracy, speed and other parameters of the whole ADC. 

2.1 SAR Algorithm 

The basic successive approximation process in SAR ADC is to select the quantization 

levels that are gradually getting closer to the input signal by using a binary search 

algorithm, until only quantization level representing the input is found. 

For an N bit resolution SAR ADC with a reference voltage Vref and an input signal Vin, 

the SAR logic will first compare the input with 
2

refV
. If the input is higher than 

2

refV
, the 

SAR logic will then compare the input with 
4

3 refV
; otherwise, the SAR logic will 

compare the input with 
4

refV
. And then, if the input is higher than the current comparison 

threshold (
4

3 refV
 or 

4

refV
), the SAR logic will compare the input with a threshold voltage 

which is 
8

refV
 higher than the current comparison threshold, namely 

8

7 refV
 or 

8

3 refV
; 

otherwise, the SAR logic will compare the input with a threshold voltage which is 
8

refV
 

lower than the current comparison threshold, namely 
8

5 refV
 or 

8

refV
. The SAR logic will 

continue this process until all N bit codes for the output digital result Dout are obtained. 

This process could be drawn in the following flow chart shown in Fig. 2-1. Vt 

represents the threshold voltage of comparison, and i is the index of the current 

conversion bit. The ADC output code (Dout) is written in a vector format, where d1 is the 

first element in the vector, which is called the most significant bit (MSB) and Nd  is the 

last element, which is called the LSB. 
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Figure 2-1. SAR Algorithm. 

 

Because of the simplicity of the SAR algorithm, the logic circuits can be implemented 

by using the successive approximation register circuit in a straightforward manner. 

2.2 Typical SAR ADC Topology 

A typical SAR ADC generally has four major blocks: the sample and hold (S/H) 

circuit, the digital-to-analog converter (DAC), the comparison block, and the SAR logic 



8 

 

 

which is already covered in section 2.1. An illustration of an N-bit SAR ADC architecture 

is shown in Fig. 2-2. The input analog signal after S/H circuit is compared to the current 

DAC output. The comparator initiates a comparison of its input signals. Then, the SAR 

logic block uses the comparator’s output to generate the current bit of ADC output and 

adjusts the controlling bits of the DAC using the SAR logic circuit, so that the DAC’s 

output gradually approximates the input signal. Usually an N-bit SAR ADC finishes N 

comparisons in N clock cycles, if only one bit is resolved in one clock cycle, from MSB 

to LSB following a binary search strategy. Additional cycles may be needed for signal 

sampling, ADC reset and redundant bits. 

 

 

  

Figure 2-2. SAR ADC topology. 

 

2.2.1 S/H Circuit 

S/H circuit (shown in Fig. 2-3) obtains a discrete time sampled replica of the input 

signal. During the sampling phase, s goes high and the input signal is fed to the 

sampling capacitor holdC . During the hold phase, s  goes low, and the switch controlled 

by s is open. Hence the output node outV  would be determined by the charge stored on 

the capacitor holdC . Since the actual signal fed into the SAR ADC is determined by S/H 

block, this stage's noise budget, distortion sources, as well as settling accuracy 

requirement have to be considered and well planned. 
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Figure 2-3. S/H circuit. 

 

2.2.2 DAC  

In order to generate the comparison threshold voltages for the comparison block 

which is usually a comparator, a DAC needs to be implemented to represent the digital 

codes from the SAR logic circuits. The DAC can be constructed using different 

architectures and therefore divided into many categories. There are current-mode DAC 

and voltage-mode DAC, binary-weighted / non-binary-weighted DAC and thermometer-

coded DAC, capacitor DAC (CDAC) and resistor-string DAC, and many more including 

segmented DAC or hybrid DAC which combines several kinds of DACs into one whole 

DAC. A capacitor DAC can perform both the S/H function during the sampling phase 

and the digital-to-analog conversion function during the bit cycling phase. CDAC with 

this dual functions feature is gaining popularity. 

Binary-weighted CDAC and split capacitor array DAC based on charge-

redistribution theory are very popular in SAR ADCs. Both the bottom plate sampling and 

the top plate sampling are used widely, and this chapter only shows the bottom plate 

sampling case, since the other choice is similar in realization. 

An N-bit binary-weighted CDAC is shown in Fig. 2-4, which is drawn in a single-

ended fashion. From the LSB to the MSB, the values of the capacitors are 0C , 02C , 04C  

... 0

12 CN . 
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Figure 2-4. Binary-weighted CDAC. 

 

During the sampling phase, switches Ds are closed when the sampling clock signal 

goes high and the bottom plates of all the capacitors are charged up to inV , while all the 

top plates sharing the same node are discharged to ground. Afterwards, the MSB 

capacitor (2
N-1

C0) is connected to refV  by the switch with the control bit 1ND , while all 

the bottom plates of the remaining capacitors are switched to ground. At this point, the 

voltage presented at the top plates of the sampling capacitors topV  is: 

 

              
2

ref

intop

V
VV       (2-1) 

 

If 0topV , then the bottom plate of the MSB capacitor should remain connected to refV , 

and the output of the SAR logic for MSB is 1; otherwise, the bottom plate of the MSB 

capacitor should be switched to ground, and the output of the SAR logic for MSB is 0. 

Afterwards, the MSB-1 capacitor ((2
N-2

C0)) next to the MSB capacitor is switched to refV  

by the switch with the control bit 2ND , and the voltage presented at the top plates topV  is: 
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42

refref

intop

VV
VV    (MSB = 1)  (2-2) 

or     
4

ref

intop

V
VV    (MSB = 0)  (2-3) 

 

If 0topV , then MSB-1 capacitor should remain connected to refV , and the output of the 

SAR logic for MSB-1 is 1; otherwise, MSB-1 capacitor is switched to ground, and the 

output of the SAR logic for MSB-1 is 0. Afterwards, the capacitor (MSB-2) next to 

MSB-1 capacitor is switched to refV  by the switch with the control bit 3ND . Similar 

operations are made for the remaining bits until the whole N-bit output code is obtained. 

 

  

 

Figure 2-5. Split capacitor array DAC. 

 

The dynamic power of the CDAC is related to its total capacitance, switching 

algorithm, reference voltage and its operating frequency. Since reducing the total 

capacitance can ease the settling behavior of the CDAC, split capacitor array DAC is 

widely used. In Fig. 2-5, an N-bit split capacitor array CDAC is shown, where two binary 

capacitor arrays are bridged by the capacitor CM. This example can be generalized to any 

kind of split capacitor array DAC. In the example shown, the higher capacitor array (right 

portion of the CDAC) and lower capacitor array (left portion of the CDAC) have the 

same capacitor array, except that the lower capacitor array has one more capacitor '0C  
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which is of the same capacitance value as 0C . The bridging capacitor CM between the 

higher array and the lower array is usually set to be the same or approximately the same 

as 0C . The rest part of the CDAC operates similarly to the binary-weighted CDAC. 

In quite a few designs, the CDAC is implemented in a non-binary fashion to give 

the comparison more redundancy [2-1]. 

Moreover, there are a lot of publications about saving switching power by 

optimizing the CDAC switching procedure. The main ideas shown in those papers are to 

treat the switching procedure carefully so that the dynamic power consumed during 

conversion can be reduced [2-2]. 

2.2.3 Comparison Block  

After DAC settling is finished, the updated DAC output signal, usually the 

difference between the input signal and a certain threshold voltage, is presented at the 

input of the comparison block. The comparison block is usually implemented by a 

comparator, or a preamplifier followed by a latch or a comparator. 

2.3 Synchronous or Asynchronous Structures 

Like other digital modules, the SAR logic can be implemented in both synchronous 

and asynchronous manners. Hence, both synchronous and asynchronous SAR ADCs [2-

3] exist. The operating principle of the asynchronous SAR ADC is to automatically 

initiate the next bit cycling when the current comparison is done, therefore saving 

conversion time. This is especially useful in high-speed SAR ADC applications where 

conversion time is very limited. Synchronous SAR ADCs align all the building blocks 

with a single global clock and every conversion cycle takes the same length of period, 

usually resulting in a simpler design. 

2.4 Non-Idealities 

From Fig. 2-2, we could see that the S/H circuit, the comparator, the SAR logic as 

well as the DAC array can affect the accuracy of the SAR ADC. Three non-ideal 
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conversion characteristics (offset, gain error, and nonlinearity) are examined as follows. 

All the definitions are based on a mid-rise conversion characteristic. The mid-tread case 

is similar. 

2.4.1 Offset  

The offset is defined as the input value to the SAR ADC when the output code is 0. 

The offset value can be introduced by the S/H block, the comparator, as well as the DAC 

array. Usually the offset of the input transistors of the comparator is critical, and people 

need to pay attention to the mismatch of their threshold voltages. The principle of offset 

calibration is quite straightforward: subtract the offset value from the ADC output code, 

or from the input source, though the implementations are different. 

2.4.2 Gain Error  

The ideal gain of an ADC should be 
refV

1
, since the digital output should always 

represent the analog input. However, due to non-ideal effects, the ratio of output over 

input may be different from 
refV

1
. The difference between the actual ADC gain and an 

ideal value of 
refV

1
 is defined as the gain error. The gain error can be introduced by the 

imperfections of S/H circuit or the DAC array such as limited settling time. 

2.4.3 Nonlinearity  

After the effects of offset and gain error have been removed from the ADC's output 

code, we need to deal with the most complicated problem, the nonlinearity. In the ideal 

case, the output  of an ADC with a continuous time ramp input signal should be a series 

of monotonically increasing or decreasing codes which are integer times of LSB, at a 

constant change rate. However, due to the nonlinearity of the S/H circuit, mismatch errors 

of the DAC array, as well as parasitic components inside the whole ADC, the output 

codes can meander around their ideal values. Take the CDAC as an example: the 

capacitance mismatch can introduce nonlinearity, possibly causing missing codes and 
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degraded integral nonlinearity (INL) and differential nonlinearity (DNL). Hence, besides 

sizing the DAC capacitor for thermal noise consideration, the CDAC also needs to be 

sized large enough to get a desired matching accuracy. As a result, the dynamic power 

consumption of the CDAC is usually unnecessarily large. To save power and improve the 

CDAC linearity, several digital foreground calibration schemes are proposed in the next 

chapter. 

2.5 Digital Calibration Methods 

From Section 2.4, we could see that non-idealities especially the mismatch errors of 

the building blocks of the SAR ADC affect the performance of the whole ADC system. 

In this section, several existing common digital correction methods to improve the SAR 

ADC performance are reviewed. In each case, one or two implementations are shown as 

examples. 

2.5.1 LMS Based Foreground Digital Calibration Scheme 

In [2-4], a least mean squares (LMS) algorithm based foreground digital calibration 

scheme was developed to correct the random errors due to fabrication. The approach was 

to first inject a known input signal to the ADC. By using the converted outputs to 

reconstruct the input signal, the parameters of the LMS loop are obtained. 

As shown in Fig. 2-6 [2-4], a ramp signal input example, as well as a sine wave 

input example, are investigated. The foreground digital calibration scheme was 

implemented off-chip. 

 



15 

 

 

  

 

Figure 2-6. LMS calibration loop. (a) Calibration with ramp input; (b) calibration with 

sine wave input. 

 

LMS based calibration usually needs to treat different types of input signal in 

different ways, and the obtained parameters of the LMS loop do not directly reflect the 

real mismatch errors. 
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2.5.2 Redundant Channels 

Redundant channels are introduced to improve the yield of SAR ADCs. As shown 

in Fig. 2-7 [2-5], the top-level architecture of the ADC is built with three time-interleaved 

blocks, each containing 12 nominal and 2 redundant channels. Each block has a sampling 

network, a clock generation block, and an output multiplexer. All of the channels within a 

block, as well as the blocks themselves, are synchronized. 

 

  

 

Figure 2-7. Top-level ADC block diagram. 

 

The paper uses redundant channels to reduce required channel yield for a given 

overall yield. Still, this method needs to monitor the channels and timing alignment is 

hard to achieve. 

2.5.3 Equalization-Based Adaptive Digital Calibration 

Some equalization-based adaptive digital background calibration techniques are 

shown in [2-6] and [2-7]. In the first paper, as shown in Fig. 2-8 [2-6], the raw output 

digital bits of the inaccurate SAR ADC under calibration are decimated by a large factor 



17 

 

 

M and fed into an adaptive digital filter (ADF), which equalizes the raw output codes by 

using a slow reference ADC. The tap values of the ADF are updated at the sampling rate 

of the reference ADC. In the second paper, the same source is disturbed intentionally and 

the equalizer's taps are updated by measuring the errors. All signal processing is 

performed in the digital domain. This calibration scheme is also insensitive to the 

sampling clock skew between the reference ADC and the SAR ADC paths, or the 

disturbed two paths, as long as the input signal exhibits equal conversion probabilities. 

 

  

 

Figure 2-8. Equalization-based adaptive background digital calibration  

architecture of the SA-ADC. 

 

Equalization-based process usually takes a long training period to update the taps 

and needs to operate in background. As the result, they are time-consuming and usually 

power-hungry. 

2.5.4 Binary Search Algorithm with Error Compensation 

A binary search algorithm with error compensation is introduced to calibrate the 

output digital codes, as shown in [2-8]. In a typical SAR ADC conversion, the difference 
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between the input and the updated comparison reference is within one LSB in the last 

cycle. If a wrong decision is made before the last cycle, the difference between the input 

and the comparison reference in the last cycle is larger than one LSB, resulting in 

performance degradation. In a non-binary SAR ADC, a certain range of DAC settling 

error does not affect the conversion result due to the redundancy. However, the non-

binary architecture needs extra control circuits, and is not layout matching friendly. The 

basic difference of this ADC, as shown in Fig. 2-9 [2-8], from the conventional one is 

that it uses a compensation technique instead of redundancy to tolerate DAC settling 

error. In some conversion cycles of the presented work, the input range does not reduce 

but instead it shifts upward or downward to compensate for the DAC error. 

 

  

Figure 2-9. Successive approximations and digital outputs of different methods. 

 

This is an interesting work which trades the physical redundancy for timing 

redundancy, thus the layout is much easier. One concern is that how the non-binary 

search thresholds are controlled will affect the parasitics of the physical realization. 
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Another concern is that how the thresholds are chosen can affect the compensation 

results. 
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3 Digital Weight Coefficient Calibration Methods for SAR ADCs 

3.1 Introduction 

Several new foreground digital calibration methods were proposed in [3-1] for SAR 

ADCs to reduce the performance loss due to DAC mismatch and ADC offset. A set of 

calibration coefficients which represent the actual weights of the specified patterns is 

obtained during foreground calibration, and then used during normal operation to correct 

the SAR ADC's output using only a few multiplexers and an accumulator. The simulation 

results of a 10-bit SAR ADC with the proposed calibration methods show almost 10 

ENOB with up to 0.5 % binary-weighted DAC mismatch, and more than 12 dB SNDR 

improvement for even larger DAC mismatch, compared to that without calibration. 

The SAR ADC shows excellent energy efficiency for medium-resolution medium-

speed ADC applications [3-2] [3-3], and is widely used in areas such as communication 

equipments, medical instrumentation, entertainment products, and so on. The DAC inside 

the SAR ADC often limits the linearity of the whole system. 

 

  

 

Figure 3-1. SAR ADC topology. 

 

Let us revisit the SAR ADC topology shown in Fig. 3-1 and explain the DAC's 

influence on the SAR ADC accuracy in a more detail. During the SAR ADC operation, 
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the DAC output gradually approximates the signal input of the ADC through a number of 

comparisons. The SAR logic takes the comparator's output and determines how to control 

the DAC so that the DAC's output can gradually approach the ADC's input signal. The 

linearity characteristic of the DAC is important for the SAR ADC, since its output is 

related to the accuracy level of the approximation between the SAR ADC's input and 

output. The DAC array can be composed of capacitors, resistors, or current cells. The 

DAC can be binary weighted or non-binary weighted. For simplicity, only binary-

weighted capacitor DAC array will be demonstrated as an example. However, the 

proposed digital calibration methods are not limited to this case, and can be extended to 

other types of DACs. 

To reduce capacitor mismatch, the DAC capacitor size is usually much larger than that 

needed by the sampling noise consideration [3-4]. Dynamic switching power of the DAC 

is proportional to the total capacitance of the DAC capacitor array. A larger capacitor 

array size means larger power dissipation. The proposed calibration methods effectively 

reduce the total DAC capacitor size needed to maintain the desired linearity, and 

therefore can reduce the total power dissipation of the SAR ADC.  

3.2 Calibration Principle 

The proposed digital calibration schemes find and store the digital values of the test 

input samples that generate specified ADC output patterns containing only one ‘1’ 

somewhere in the code, and then use these stored digital values as the calibration weight 

coefficients to correct the SAR ADC digital output. The calibration coefficients are the 

actual CDAC's capacitors' weights of the whole array's capacitance. 

The principle of the calibration process for an N-bit SAR ADC is illustrated in Fig. 3-

2. inD  is output of the extraNN   bit counter which drives a relatively accurate DAC. The 

DAC then produces a staircase test input tV  to feed the SAR ADC. When the SAR ADC 

output outD  represents the LSB code (000…001), the corresponding inD  is stored in a 

register. It will be used during the normal operation of the SAR ADC to replace the ideal 
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LSB weight coefficient 00…001. The process is then repeated for the LSB+1 pattern 

( outD  = 000…010), and then LSB+2 pattern ( outD  = 000…100), so on and so forth, until 

the MSB pattern has been hit. tV  can also be obtained from a high accuracy waveform 

generator, and the test signal frequency is not required to be as high as the SAR ADC 

operating speed. 

 

 

 

Figure 3-2. Calibration principle. 

 

The basic algorithm is shown in Fig. 3-3. The test signal tV  is a staircase signal which 

can rise from 0 to full scale value refV . The current sampled test signal )(iVt  coming 

from the staircase generator is first sampled onto the capacitor array of the N-bit SAR 

ADC. The SAR ADC then begins the conversion of the sample )(iVt . After N 

comparison cycles, the pattern detection logic will determine whether the binary-

weighted SAR ADC output for the current sample )(iVt  contains only one ‘1’ and all 

other ‘0’s. If this is true, the pattern detection logic will generate the index of the ‘1’ in 

the SAR ADC output, and use this index to locate the corresponding register in the 

register file. 

If the register is empty (which happens at the very beginning of the calibration 

process), the digital value of the test input signal is written into the register. This digital 

value will be later used as the calibration weight coefficient during normal operation. 

When the conversion of the current sample )(iVt  is finished and the possible calibration 

coefficient is written into the corresponding register, the SAR ADC will sample the next 
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test signal )1( iVt  and repeat the above operation, until all test input samples are 

processed. 

 

 

  

 

Figure 3-3. Calibration algorithm. 
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For an N-bit SAR ADC, the number of possible patterns to be detected is N. The 

digital values of the N patterns from high to low correspond to refV12 , refV22 , refV32 , 

… , ref

N V12 , and ref

N V2 . The possible total number of input test signal samples is 

extraNN
2 , where extraN  is the word-length difference between the test input signal and the 

SAR ADC output. Therefore, for the same digital output code from the SAR ADC, there 

may be many corresponding test signal samples. The first test signal sample whose 

corresponding SAR ADC digital output hits a specified pattern is written into the register, 

while all the following test signal samples that make the same pattern hit are ignored. 

This is because the first test signal sample that makes the hit is closest to the transition 

point of SAR ADC. Although the following few test signal samples are higher than the 

first sample due to the characteristic of the staircase signal, they are still not high enough 

to make another transition after the first sample that makes the hit and transition. 

Take the case of MSB pattern hit for an example, and assume that an 8-bit SAR ADC 

needs to be calibrated. When the SAR ADC digital output outD  makes the transition from 

‘01111111’ to ‘10000000’, the pattern ‘10000000’ is detected by the pattern hit detection 

logic for the first time, and the corresponding test signal sample is written into the 

corresponding register. The following test samples are ignored even they hit the same 

pattern, since the corresponding register will be read only after the MSB weight 

coefficient is obtained. 

The original SAR ADC output before calibration can be presented as a column vector 

outD , containing the digits from MSB 1Nd  to LSB 0d , as shown below, 

 

T

NNNout dddddD ]...[ 01321                             (3-1)  

 

The calibrated SAR ADC output can be calculated by multiplying the calibration 

weight coefficients C , a row vector, with the original SAR ADC output: 
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           outcoutcal DXD _                                   (3-2) 

     ]...[ 01321 cccccC NNN                             (3-3)  

 

Shown above is the set of calibration coefficients obtained through foreground testing, 

presented in a matrix form whose size is NNN extra  )( . In Eq. 3-3, each extraNN   

long column vector represents a unique weight coefficient for certain specified pattern. 

The matrix is obtained during the digital foreground calibration process from LSB to 

MSB. outD  and outcalD _  represent the original SAR ADC output and the calibrated output 

before truncation, respectively. 

 

  

 

Figure 3-4. Digital output correction. 

 

Fig. 3-4 shows the correction method of the SAR ADC output. When the i-th 

comparison result id  is ‘1’, ic  is chosen, otherwise 0 is chosen. The output of the 

multiplexer enters the accumulator. The length of the accumulator is extraNN  . At the 

end of the SAR ADC conversion of the current sample, the accumulator gives the 
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calibrated SAR ADC output result outcalD _  and then resets for the next sample's 

conversion. Since the accumulating procedure operates at the same conversion period of 

each bit of SAR ADC's output, the timing overhead is minimal. Also, since the correction 

process only needs a multiplexer and an accumulator, the digital overhead is also 

minimal. 

Fig. 3-5 shows the structure of the register file. It contains N registers and the length 

of each register is extraNN  . There is also a pointer controlled by the pattern detection 

logic. 

Once the MSB pattern is detected after sweeping the input signal from 0 to full scale, 

the pattern detection process is finished, the register file is full and completely read only, 

and therefore the calibration process can stop. Almost half of the foreground calibration 

time can be saved by stopping the calibration process right after the calibration 

coefficient for MSB pattern is found. 

 

  

 

Figure 3-5. Register file. 
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Fig. 3-6 illustrates the circuit diagram of the proposed calibration system. It is 

composed of the SAR ADC under calibration, pattern detector, register file, and the 

staircase signal generator. 

 

  

 

Figure 3-6. Circuit diagram of the proposed digital calibration scheme. 

 

The staircase signal can also decrease from refV  to 0, so that the pattern representing 

MSB is firstly detected. The digital calibration process can then be speeded up in the 

following way. Assuming the staircase signal rises from 0 to around 
2

refV
, when the 

pattern representing ref

N V2  is hit, the SAR ADC stops conversion while the staircase 

signal keeps going up. When the staircase signal approaches the range [ 

ref

N V12  , 



ref

N V12 ] where the next pattern hit is going to happen, the SAR ADC begins the 

conversion for each input test sample. Here Δ is the margin used to cover the possible 

pattern hit range. When the next pattern representing ref

N V12  is hit, the SAR ADC stops 

conversion again. The procedure is the same for the following patterns until the pattern 

representing refV12
 is found where the calibration process stops. 
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The method described above greatly reduces the number of the SAR ADC conversions 

needed for the calibration. If a calibration DAC is used, the input test samples can jump 

directly to the input value range where the pattern hit is going to happen, instead of 

ramping up step by step. 

Another even faster calibration process can be done this way: Assume that the 

staircase test signal increases from 0 to some value which is around refV12  (so that MSB 

pattern hit will not be missed). Initially the bottom plates of the capacitors in the DAC 

array are connected to ground and then switched to the LSB pattern (the bottom plate of 

0C  is connected to refV  and all others to ground). Unlike in the methods described 

previously, the non-inverting input of the comparator is connected to the staircase signal. 

When the output of the comparator makes the transition from ‘0’ to ‘1’ with increasing 

input samples, the digital value of the test input signal is stored. After that, the bottom 

plates of the capacitors in the DAC are connected to ground and then switched to the 

LSB+1 pattern, which means only 1C  is connected to refV , while all others to ground. 

When the transition of comparator output from ‘0’ to ‘1’ happens, the digital value of the 

test input sample is stored again. The procedure is the same with the following pattern hit 

procedures, until the MSB pattern is hit. At that point, all the coefficients needed for 

output calibration are obtained. The SAR ADC can again be powered down between two 

adjacent pattern hit ranges to speed up the operation. 

The fundamental principle for these calibration schemes is to obtain the weight 

coefficients for each output bit of the SAR ADC. Hence, the group of N patterns needed 

to be hit are not limited to the group of patterns corresponding to LSB, 2*LSB, 4*LSB, 

..., MSB. As long as the N patterns selected for the pattern hit process during the 

foreground calibration are independent of each other, i.e. all the possible SAR ADC 

output codes (from 0 to 12 N ) can be constructed by these N patterns, the calibration 

schemes can still work. 

Although these calibration schemes are focused on DAC mismatch calibration, it is 

straightforward to test the offset value and subtract it from the SAR ADC output. During 
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the foreground calibration, the register file just needs to get input testing signal value 

which generates a zero SAR ADC output. In a bipolar output case, the value of the offset 

is fetched at the first time the output changes the sign, similar to the mechanism that the 

register file obtains the weight coefficient at the first pattern hit. During the normal 

operation mode, the accumulator needs to be reset to an initial value equal to the offset 

before the accumulation at the beginning of each conversion cycle for each sampled input 

signal. Also, this calibration can be generalized to take care of the gain error, settling 

error and other effects, since all the calibration coefficients can be generated more 

precisely to take into account of different factors. 

3.3 Simulation Results 

 

  

 

Figure 3-7. PSD before calibration. 

 

The calibration of a 10-bit SAR ADC with binary-weighted capacitor DAC was 

simulated. The foreground calibration uses 3 extra bits, i.e. 13-bit test signal input. 

Capacitance mismatch is modeled by the Gaussian (normal) distribution. The reference 

voltage is 1 V. The amplitude of the sine wave input signal is 0.5 V. The power spectral 
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density (PSD) before calibration and after calibration for the SAR ADC output is shown 

in Figs. 3-7 and 3-8, where a standard DAC capacitance deviation of 0.5 % is assumed. 

 

 

  

Figure 3-8. PSD after calibration. 

 

Without the proposed digital calibration scheme, the PSD plot shows large harmonics. 

These harmonics are introduced by the DAC's capacitor mismatch. The spurious-free 

dynamic range (SFDR) of the output signal is 52 dB, and ENOB is only 7.5 bits before 

correction. After the digital calibration, as shown in Fig. 3-8, the harmonic components 

are greatly reduced, and the ENOB after calibration is 9.8 bits, which is close to the ideal 

value of 10 bits. 

Fig. 3-9 shows the SNDR of the SAR ADC versus DAC capacitance standard 

deviation, with and without the proposed digital calibration methods. 
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Figure 3-9. SNDR vs. capacitance standard deviation. 

 

From the figure shown above, it is clear that although the uncorrected SNDR degrades 

fast due to capacitance mismatch, the PSD of the calibrated SAR ADC output stays near 

10 ENOB with the standard DAC capacitance deviation up to 0.5 %. Furthermore, when 

the capacitance mismatch becomes even larger, i.e. the standard deviation value goes 

above 0.5 %, the foreground calibration schemes proposed in this paper can still improve 

the SNDR by more than 12 dB. 

3.4 Calibration for Time-Interleaved Multi-Channel SAR ADCs 

The principle of these calibration methods is to correct the weight coefficients of the 

ADC's digital output. Hence the principle can be generalized to time-interleaved multi-

channel SAR ADCs. Shown in Fig. 3-10, assuming k channels, the time-interleaved ADC 

delivers the input signal into k channels, and combines all the channels' output codes into 

one signal ADC output. 
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Figure 3-10. Time-Interleaved ADC structure. 

 

At the beginning of the calibration process, the calibration codes corresponding to the 

k channels' static DC offsets are obtained. After all the channels' DC offsets are removed, 

the weight coefficient foreground calibration can operate as follows: 

For a generalized model, assume each has N bits, and the calibration matrix can be 

written as 

 

T

kk CCCCCM ]...[ 1321      (3-4)  

where 
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                                             ]...[ ,0,1,3,2,1 iiiNiNiNi cccccC         (3-5) 

 

represents the calibration vector for each channel. Note that yxc ,  is the x-th bit weight for 

the y-th channel. 

Hence, the format of the calibration register file can be straightforward. Take k output 

samples as an example, 

 

                            )_()_(_ numbercolumnADCnumberrowMADC outcalout       (3-6) 

 

where the pointers representing row_number and column_number are equal, and 

 

          ],...,[)~1( ,3,2,1, kioutioutioutioutout ADCADCADCADCkiiADC       (3-7) 

where i is an integer and ),1[ i , in which  

              T

joutNjoutNjoutNjoutjout ADCADCADCADCADC ],...,[ 0,,3,,2,,1,,,              (3-8) 

where j is an integer and ),1[ j . 

 

To obtain the coefficient, one channel is turned on at a time, and after all the 

calibration coefficients for the current channel are obtained, the foreground weight 

coefficient searching algorithm can proceed to the next channel. 

The calibration matrix for a time-interleaved multi-channel SAR ADC is actually 

three-dimensional and is composed of k NNN extra  )(  sub-matrix. Each sub-matrix 

contains the weight coefficients obtained for one designated channel of the SAR ADC, 

during the foreground calibration procedure. When one SAR ADC channel finishes the 

conversion for its input sample, the corrected digital output is also available with a small 

latency, by using the accumulation and the truncation method mentioned before. The 
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corrected digital output from each channel is then aligned by the global clock to form a 

single output. 

3.5 Conclusion 

New foreground digital calibration methods are proposed for SAR ADCs to reduce the 

performance loss due to DAC mismatch. By finding and storing the digital values of the 

input samples that generate specified patterns during foreground calibration, the actual 

weights of all specified patterns are found. The stored digital values are then used during 

normal operation as the calibration weight coefficients to correct the SAR ADC output. 

Only a few multiplexers and an accumulator are needed to calculate the corrected SAR 

ADC output. The digital circuitry overhead used for this calculation is hence small. 

The proposed digital calibration methods effectively reduce the performance loss due 

to DAC mismatch. Although this work focuses on capacitor mismatch of a binary-

weighted DAC, the calibration methods could be extended to other DAC structures used 

in some other kinds of ADCs as well. These calibration procedures can also be used to 

correct offset in a straightforward way. 

Simulation results of a 10-bit SAR ADC with the proposed digital calibration methods 

show that almost 10-bit ENOB with up to 0.5% capacitance mismatch can be achieved 

and more than 12dB SNDR improvement for even larger DAC mismatch can be 

observed. The total DAC capacitance needed for matching can be decreased, and 

therefore the total DAC switching power can be reduced by the proposed calibration 

methods. 

To generalize the calibration algorithm, since these calibration schemes can 

fundamentally correct the weight coefficients of the ADC's output digital code, therefore 

they can be used to improve the SAR ADC performance as long as weight coefficient 

errors exist. The correctable non-idealities can be the gain error, settling error, 

mismatches, and many others. As for time-interleaved multi-channel ADCs, these 

methods can be used to calibrate the channel offset, channel mismatch, and so on. The 
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calibration complexity, power consumption, timing overhead, as well as digital overhead 

will not grow up during the normal operation. 
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4 Synchronous SAR ADC with Power-Saving Strategy 

Nowadays, engineers are squeezing the power budget for ADCs, either to extend the 

battery life in portable devices or to enhance the performances under the same energy 

constraint. Although in medium-speed medium-resolution ADC applications the SAR 

ADC shows the advantage of good power efficiency over other types of ADCs, it is still 

necessary to push its energy efficiency to a higher level. In this chapter, a novel power-

saving strategy for the SAR ADC, which can save power while still achieving the same 

performance, is proposed. The details of circuit implementations are illustrated and 

discussed. 

4.1 Traditional SAR ADC Operation 

 

  

 

Figure 4-1. Traditional SAR ADC. 

 

The topology of a traditional SAR ADC employing CDAC is shown in Fig. 4-1. To 

simplify the description, a single-ended topology is shown. The input signal is fed into 

CDAC during the sampling phase. Afterwards, the SAR logic block controls the CDAC 
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array and switches it using a certain digital pattern. The comparator then compares the 

CDAC output with ground, and the SAR logic generates the current ADC output bit by 

using the current comparison result. 

Generally the comparator takes two steps to finish the comparison. At the beginning, 

the comparator needs to build up the amplified differential input voltage for the latch. 

The amplified differential input voltage value latchinv ,  at a given time t can be written as: 

 

                                         )1)(()( ,,


t

latchinlatchin evtv


         (4-1)   

 

where )(, latchinv is the differential input value of the latch if the set-up time is infinitively 

long, and τ is the effective time constant of the amplifying network. 

After the initial value at the latch input is built up, the latch begins to operate in the 

regeneration phase. Later on the output of the comparator will go to ground or ddV  and 

the current comparison result is obtained. The regeneration gain cannot be infinitely large 

within a limited time, and thus the latch requires certain level of initial input voltage to be 

built up. For a given latch with a given amount of regeneration time, we can assume that 

a minimum initial input voltage of iniV  is required, in order to generate the correct 

comparison result. As a result, the set-up time init  to build up an initial value iniV  at the 

latch input can be written as follows. 

 

)
)(

1ln(
, 




latchin

ini
ini

v

V
t      (4-2) 

 

As we can see from Eq. (4-2), a longer set-up time is required if a larger input initial 

value iniV  is required by the latch. Generally, for SAR ADCs, the total comparison time 
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is usually dominated by init . Hence the total comparison time budget can be close to the 

set-up time required to build up the latch's initial input voltage iniV . 

The input signal and the threshold voltage of comparison are illustrated in Fig. 4-2.  

The conversion steps of an example 3-bit SAR ADC are shown. The example can be 

extended to any N-bit SAR ADCs. 

 

 

 

Figure 4-2. Traditional 3-bit SAR ADC. 

 

As shown in Fig. 4-2, the input of the SAR ADC is within 
2

LSB
 range of the threshold 

level 
2

refV
. At the first bit conversion cycle, the input is compared to the threshold 

voltage 
2

refV
. Since the input is very close to the threshold voltage level, this comparison 

needs a long time for the comparator to resolve this small input. Hence, it is a long-time 

decision for the first bit conversion, and 
2

refV
 is the critical comparison threshold. Next, 
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the input needs to be compared to refV
4

3
. Since the input signal is now far away from the 

current comparison's threshold level, this comparison process will take a much shorter 

time than that in the previous comparison cycle. Therefore, it is a short-time decision for 

this case. Finally, the input will be compared to refV
8

5
, and the comparator will generate 

the LSB code number for the SAR ADC digital output. As shown in Fig. 4-2, now the 

input is more than 
2

LSB
 away from the current threshold level, so the LSB comparison is 

a short-time decision case. 

Defined by the feature of the SAR ADC, the output digital value gradually 

approximates the input analog amplitude during the conversion cycles. Thus, if during the 

current bit conversion cycle the SAR ADC's input is within 
2

LSB
 range of the critical 

threshold, then there will always be short-time decisions for the conversion cycles of the 

following bits. In recent years' SAR ADC publications, there are lots of implementations 

which utilize the characteristic of comparison time vs. comparator input amplitude to 

save the total comparison time for one SAR ADC input sample, thus increasing the 

conversion rate of the SAR ADC. Recently, the asynchronous SAR ADC [4-1], which 

focuses on saving the conversion time, becomes a popular architecture candidate. 

4.2 Power Saving Strategy  

This section presents a novel power saving strategy, which focuses on achieving the 

same accuracy of conversions with less power consumption. 

To realize the power saving operation strategy, the SAR ADC diagram is modified 

from the traditional one. As shown in Fig. 4-3, the comparator is comprised of two 

preamplifiers in cascade followed by a comparator. A power control signal is generated 

by the comparator to control the second preamplifier. The CDAC and SAR logic block 

can be the same as the traditional SAR ADC. 
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Figure 4-3. Power saving SAR ADC block diagram. 

 

In this topology, the total comparison time of the conversion cycle for each bit is still 

dominated by the set-up time for the differential input signal of the latch. The set-up time 

is mainly determined by the two preamplifier's settling time. Thus, the total comparison 

time is mainly determined by the two preamplifier's settling time. 

 The power saving strategy has been proposed as follows. At the beginning of the 

conversion of each sample, both two preamplifiers work together. Once the input signal 

has been compared to the critical threshold, which is within 
2

LSB
 range of the input 

signal, the power control signal powers down the second preamplifier. Afterwards, only 

the first preamplifier operates and consumes power. Finally, during the last conversion 

cycle of the current SAR ADC input sample, which is the LSB decision cycle, the power 

control signal powers up the second preamplifier and both preamplifiers work together 

again. The two preamplifiers stay working together until next time when the power 

control signal shuts off the second preamplifier. 

A conversion diagram sample of a 3-bit SAR ADC is shown in Fig. 4-4. The principle 

is that the first long-time decision is always followed by short-time decision cycles, 
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except for the last conversion cycle, the high-power phase. In the example, the input of 

the SAR ADC is within 
2

LSB
 range of the threshold level of 

2

refV
. At the first bit 

conversion cycle, the input is compared to the threshold voltage of 
2

refV
. Thus the MSB 

conversion step is a long-time decision case and 
2

refV
 is the critical comparison threshold. 

Next, the input needs to be compared to refV
4

3
. Since the input signal is now far away 

from the current comparison threshold level, this comparison process in the current cycle 

will take a much shorter time than that in the previous comparison cycle. Therefore, it is a 

short-time decision cycle. Finally, the input will be compared to refV
8

5
 for the LSB output 

code of the SAR ADC. As shown in Fig. 4-4, now the input is more than 
2

LSB
 away 

from the threshold level, so the LSB comparison is a short-time decision cycle. Since the 

second preamplifier is designed to have an approximate gain of 2, powering down the 

second preamplifier after detecting a long-time decision cycle will not affect the 

comparison accuracy of the whole comparison block, while saving power from the 

second preamplifier. 

As shown in Fig. 4-4, although the comparison for the last bit conversion cycle is a 

short-time decision cycle, the second preamplifier is always on in this LSB conversion 

cycle. The last conversion cycle is defined as a high-power phase, compared to the short-

time decision cycles when the second preamplifier is powered down to save power. The 

reasons are as follows, which are still described using the 3-bit SAR ADC example. 
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Figure 4-4. Power saving strategy. 

 

One operation condition is that the input of the SAR ADC is located around refV
16

9
, 

which is 
2

LSB
 away from the threshold level of 

2

refV
. At the first bit conversion cycle, 

the input is compared to the threshold voltage of 
2

refV
. Thus the MSB conversion cycle is 

a long-time decision cycle and 
2

refV
 is the critical comparison threshold. Next, the input 

needs to be compared to refV
4

3
. Since the input signal is now far away from the current 

comparison threshold level, this comparison process in the current cycle will take a much 

shorter time than that in the previous conversion cycle. Therefore, it is a short-time 

decision cycle. Finally, the input will be compared to refV
8

5
 for the LSB output code of 

the SAR ADC. Now the input is again located around 
2

LSB
 away from the comparison 

threshold level, so the LSB conversion cycle is again a long-time decision cycle. Since 
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the second preamplifier is designed to have a gain around 2, operating the second 

preamplifier in the high-power phase will maintain the comparison accuracy of the whole 

comparison block to be the same as required by the SAR ADC. Generally speaking, the 

high-power phase can help if the long-time decision cycle happens where the input signal 

is around 0.5 LSB away from the critical threshold. 

 

 

 

Figure 4-5. High-Power Phase. 

 

Another even more important reason for having the high-power phase is illustrated in 

Fig. 4-5. Assume the input of the SAR ADC is located around refV
8

5
, which is more than 

2

LSB
 away from the threshold level of 

2

refV
. At the first bit conversion cycle, the input is 

compared to the threshold voltage of 
2

refV
. Thus the MSB conversion cycle is a short-

time decision cycle and 
2

refV
 is not the critical comparison threshold. However, the 
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power saving scheme wrongly determines that 
2

refV
 is the critical threshold voltage, and 

the power control signal wrongly turns off the second preamplifier. Next, the input needs 

to be compared to refV
4

3
. Since the input signal is now far away from the current 

comparison threshold level so the current conversion cycle is a short-time decision cycle, 

and the result can be obtained correctly without the second preamplifier. Finally, the 

input will be compared to refV
8

5
 for the LSB output code of the SAR ADC. Now the 

input is less than 
2

LSB
 away from the comparison threshold level, so the LSB conversion 

cycle is a long-time decision cycle. Since the second preamplifier is powered up in the 

high-power phase to boost the comparison accuracy, the whole comparison block still 

operates at the correct level of accuracy although the critical threshold was detected 

wrongly. The high-power phase can increase the accuracy of the ADC if the critical 

threshold is determined wrongly, where the input is within 0.5~1.5 LSB of the false 

critical threshold. 

4.3 Circuit Implementation  

As illustrated in Fig. 4-3, the SAR ADC includes a CDAC, two preamplifiers, a 

comparator, a power control signal generator, and a SAR logic block which is covered in 

Chapter 2. 

4.3.1 CDAC Structure 

As shown in Fig. 4-6, the 12 bit CDAC is built using the split capacitor array 

structure. Although Fig. 4-6 is drawn single-ended, the real implementation is fully 

differential. The two binary capacitor arrays are bridged by the capacitor CM. The higher 

capacitor array (right portion of the CDAC) and lower capacitor array (left portion of the 

CDAC) have the same capacitor array, except that the lower capacitor array has one more 

capacitor '0C  which is of the same capacitance value as 0C . In both of the two arrays, 
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from 0C  to 5C , the capacitors are 0C , 02C , 04C  ... 0

52 C . The bridging capacitor MC  

between the higher array and the lower array is carefully laid out to be close to 0
63

64
C . 

 

 

 

Figure 4-6. 12 bit CDAC. 

 

The size of the total capacitance totalC  of CDAC is determined by two factors. Because 

this chip is designed to verify the calibration schemes for improving the THD of the SAR 

ADC with the existence of capacitance mismatch, the thermal noise is budgeted to be no 

greater than the quantization noise level to get a better observation of the distortion 

improvement. Hence the minimum capacitance can be computed using Eq. (4-3). 

 

                                                                   
12

2


totalC

kT
                                                   (4-3) 

 

where   is the quantization step of the 12-bit SAR ADC. 

Another consideration factor is the mismatch of the capacitors in CDAC. Generally 

speaking larger capacitor has less matching error. Since the capacitance size determined 

by the thermal noise consideration is not big enough to guarantee a satisfactory linearity 
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performance, the proposed calibration schemes shown in Chapter 3 will be utilized to 

enhance the linearity of the SAR ADC. 

 

4.3.2 Preamplifiers Network 

 

 

 

Figure 4-7. Preamplifier. 

 

The topologies of the two preamplifiers are the same, as shown in Fig. 4-7. The 

second preamplifier has an NMOS transistor switch connected in series with the bias 

current source. When the control signal on the gate of the switch is high, the second 

preamplifier will be turned on. When the control signal on the gate of the switch is low, 

the second preamplifier will be switched off. 

The gain value of the preamplifiers will affect the comparison time. Also the input-

referred offset and noise due to the comparator is inversely proportional to the 

preamplifiers' gain value. Moreover, the noise of the preamplifiers is mainly related to the 

transconductance and the size of the input transistors. Hence, the sizes of the bias 

transistors as well as input transistors need to be designed carefully. 
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By using the calibration schemes shown in Chapter 3, the offset can be removed. 

However, because the second preamplifier is turned on/off once a while, the offset of the 

whole comparison block may vary between the different operation modes and generate 

distortion tones. To alleviate this issue, an auto-zeroing scheme is implemented. Auto-

zeroing technique is generally used to cancel the offset of the analog blocks [4-2]. In this 

dissertation, auto-zeroing is used to decrease the offset variance for the whole 

comparison block as shown in Fig. 4-8, 

 

 

 

Figure 4-8. Auto-zeroing scheme. 

 

The timing diagram for the auto-zeroing schematic is shown in Fig. 4-9. At the 

beginning of the SAR ADC's conversion cycle of the current input sample, the auto-

zeroing clock "AZIn" goes high, the input nodes of the whole comparison block is 

connected to common-mode voltage. Also, all charges on the auto-zeroing capacitors are 

purged by the pulse clock "PRG". After the purging process is finished, the "AZ1" and 

"AZ2" clocks go high. After the offset is stored on the auto-zeroing capacitors, the "AZ1" 

and "AZ2" clocks go low. Note that the switch controlled by "AZ1" turns off before the 

one controlled by "AZ2". In this way, the charge injection error is mainly stored on the 
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output capacitors of the second preamplifier, and the resulting input referred error signal 

of the whole comparison block can be small. 

 

 

 

Figure 4-9. Auto-zeroing timing diagram. 

 

After the auto-zeroing operation is finished, the SAR ADC begins to convert the 

current analog input sample to a digital output code which represents its input. During the 

conversion cycles, the transistors controlled by the clock "Cycle" will be "on" and 

bootstrapped with the scheme shown in [4-3]. During these conversion cycles, the CDAC 

output nodes will be connected to the input nodes of the first preamplifier. 

The bootstrapping circuit is used to increase the linearity of the switch network. 

The principle of the bootstrapping circuit is shown in Fig. 4-10. During pre-charging 

phase 2 , capacitor bC  is pre-charged to ddV . The gate of transistor 1M  is connected to 

ground so that the input signal inV  will not affect the output signal oV . During the 

sampling phase 1 , capacitor bC  is reconnected between the gate and source of the 

transistor 1M . As a result, the overdrive voltage of the sampling switch 1M  during the 
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sampling phase 1  is always equal to thdd VV  . If the second order effect is ignored, the 

on-resistance of the sampling switch is constant and the sampling linearity is greatly 

improved. 

 

 

 

Figure 4-10. Principle of bootstrapping circuit. 

 

In Fig. 4-8, the transistors controlled by clock "EnPre2" and "DisPre2" will operate 

to power on/off the second preamplifier and connect the correct output nodes of the 

preamplifiers to the input nodes of the comparator. 

4.3.3 Comparator 

As shown in Fig. 4-11, an energy-efficient dynamic two-stage comparator [4-4] is 

used in this chip. Clk and Clkb are two-phase non-overlapping clock signals at a 

frequency of 200 MHz. When Clk is low, nodes Vlp and Vln are charged up to the supply 

voltage Vdd, and nodes Vop and Von are discharged to ground by Clkb. When Clk 

becomes high, nodes Vlp and Vln begin to be discharged by M0. Due to the input voltage 

difference of the comparator between nodes Vip and Vin, nodes Vlp and Vln are 
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discharged to different voltage values. Also, the differential voltage between nodes Vlp 

and Vln is regenerated by the positive feedback latch composed with M3, M4 and M5. 

 

 

 

Figure 4-11. Comparator circuit. 

 

A pair of buffers is inserted between the regenerative latch output nodes (Vop, 

Von) and the comparison block's output nodes (Vcmpop, Vcmpon) to isolate the noise 

sources outside the comparison block. The pair of buffers also can also reshape the output 

signal of the comparison block. 

4.3.4 Power Control Signal Generation 

The power control signal for the second preamplifier is generated by the ready 

signal at the reference clock edge. If the ready signal at the rising edge of the reference 
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clock is “high”, the enable signal En for the second preamplifier remains “high”, 

otherwise En is changed to “low”. Once En is set to “low”, it will not be charged up to 

“high” until the last conversion cycle of the current SAR ADC input sample. 

 

 

 

Figure 4-12. Comparison ready signal generator. 

 

The comparison "ready" signal generator is shown in Fig. 4-12. This differential 

cascode voltage switch logic (DCVSL) circuit can generate the "ready" signal and its 

complement (Ready, Readyb) by using the comparison block's output signals and their 

complements (Cmpop, Cmpon, Cmpopb, Cmponb). The basic function of the "ready" 

signal generator is an XOR logic. 

4.4 Layout and Simulation Results 

The SAR ADC was fabricated in GlobalFoundries 40nm CMOS process. The layout is 

shown in Fig. 4-13. The die area is mmmm 11  . The core area of the SAR ADC is 

mmmm 14.021.0  , as shown in Fig. 4-14. 
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Figure 4-13. Layout of the SAR ADC. 

 

 

 

Figure 4-14. Layout of the SAR ADC core. 
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The simulated power spectral density (PSD) of the RC extracted SAR ADC output is 

shown in Fig. 4-15. The SAR ADC quantization noise and distortion are included in this 

FFT plot. A 0 dBFS near Nyquist rate input sine-wave signal was used in the simulation. 

 

 

 

Figure 4-15. Simulated PSD of the SAR ADC output. 
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5 Measurement Results 

The measurement results and discussions of the 12-bit 12.5-MS/s SAR ADC prototype 

are shown in this chapter. 

5.1 Test Setup 

The test environment is shown in Fig. 5-1. The input of SAR ADC is generated by a 

signal generator and the output of SAR ADC is captured using a logic analyzer. 

 

 

 

Figure 5-1. Test setup. 

 

The printed circuit board (PCB) is shown in Fig. 5-2. The input signal and the clock 

signal come from two synthesized signal generators. The 12-bit output binary codes of 

the SAR ADC are captured by a logic analyzer. Fig. 5-3 shows the photo of the die inside 

the package. 
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Figure 5-2. PCB test platform. 

 

 

 

Figure 5-3. Die inside the package. 
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5.2 Measurement Results 

The calibration schemes described in Chapter 3 requires a signal source whose 

accuracy and resolution are higher than the SAR ADC resolution. The behavioral 

simulation results show that if the capacitor mismatch is the main source of nonlinearity, 

to achieve a 12-bit accuracy for the calibrated SAR ADC output, 12 calibration 

coefficients of near 15-bit accuracy and resolution are required. Thus in order to obtain 

those 12 calibration coefficients, a signal source of 15-bit accuracy and resolution is 

required. 

However, during the measurement, the signal generator which was used only has 

around 10 bit resolution. Also, during the calibration coefficients measurement, several 

sine waves of different amplitudes instead of ramp or staircase input signals were used. It 

was hard to capture the conversion transition point using a sine wave input signal, 

compared to using a ramp or staircase input signal as described in Chapter 3. Therefore, 

the foreground calibration was conducted in a way that is similar but not exactly the same 

as the methods mentioned in Chapter 3. 

The weight coefficients measurement was conducted in two steps. At first, the raw 

initial numbers of the calibration coefficients were measured by using sine waves of 

different amplitudes. During the test, the amplitude of the SAR ADC sine wave input 

signal was swept carefully, so that with certain selected sine wave amplitude the largest 

code value of the SAR ADC output, which corresponds to the positive peak value of the 

sine wave signal, represents one of the N desired patterns (LSB, 2*LSB, 4*LSB, ..., 

MSB). N is the number of bits of the SAR ADC, and is 12 for this prototype. After all the 

12 amplitude values corresponding to the 12 patterns were obtained, they were converted 

into 12 15-bit numbers, and then used as the initial estimated values of the calibration 

coefficients. 

Afterwards, to reduce the simulation time, only a small range of coefficient value 

adjustments were made to those initial estimated coefficients during software simulation, 

and the calibrated SAR ADC output codes using those 12 adjusted 15-bit coefficients 
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were evaluated by FFT, INL and DNL. After the software simulation was finished, the 

group of 12 coefficients that generates the largest SNDR were stored as the final weight 

coefficients, and used for the digital calibration. During the software simulation, the 

initial weight coefficients were locally optimized and thus the final weight coefficients 

obtained were not globally optimized due to limited sweeping ranges during software 

simulation. As a result, the accuracy of the calibrated SAR ADC output was still limited 

by the testing environment. If more time was given for the coefficients software 

optimization, or a better signal generator was available, the calibration coefficients can be 

calculated more precisely, and thus the calibrated results can be further improved.  

Fig. 5-4 shows the PSD of the SAR ADC output before calibration. Fig. 5-5 shows the 

PSD of the SAR ADC output after calibration. Both of them are measured by using a -1.2 

dBFS 0.2 MHz sine wave input signal. The FFT results show a THD improvement of 

22.5 dB. The SFDR of two PSD plots are 56.4dB and 82.2 dB, respectively, before and 

after calibration. 

 

 

Figure 5-4. PSD of -1.2 dBFS input signal, before calibration. 
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Figure 5-5. PSD of -1.2 dBFS input signal, after calibration. 

 

Fig. 5-6 shows the PSD of the SAR ADC output before calibration. Fig. 5-7 shows the 

PSD of the SAR ADC output after calibration. Both of them are measured by using a 0 

dBFS 0.2 MHz sine wave input signal. The FFT results show an ENOB improvement of 

1 bit, and a calibrated output peak ENOB of 9.3 bit. 
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Figure 5-6. PSD of 0 dBFS input signal, before calibration. 

 

 

 

Figure 5-7. PSD of 0 dBFS input signal, after calibration. 
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Fig. 5-8 shows the nonlinearity of the SAR ADC output before calibration, and Fig. 5-

9 shows the nonlinearity of the SAR ADC output after calibration. 

 

 

 

Figure 5-8. Nonlinearity before calibration. 

 

 

 

Figure 5-9. Nonlinearity after calibration. 
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When shorting the positive and negative inputs together, the ADC output only toggles 

6 codes, and the noise floor is about 20 dB lower than the noise floor of the output when 

a very small input signal is used. So the noise floor increase may be caused by the 

nonlinearity effects or noisy input signal. Therefore, the sum of the quantization noise, 

comparator noise, the kT/C noise, as well as the preamplifiers' switching network 

(including auto-zeroing devices) noise are under control. Since the coefficients obtained 

with the sine wave generated by the synthesized signal generator, which only has around 

10-bit resolution, are not accurate enough, we could see that the calibration scheme can 

greatly improve the nonlinearity characteristics, but still not to the level of 12 bit 

accuracy. 

    Table 5-1 summarizes the performance of the prototype. Fig. 5-10 compares the 

FoM of this work to the state-of-the-art data converters [5-1]. 

 

Table 4-1. Summary of measured ADC performance 

Specifications Value 

Technology 40 nm CMOS 

Power supplies 1.1 V 

Comparison block power dissipation 96.5 µW 

CDAC power dissipation 20.1 µW 

SAR logic power dissipation 328.9 µW 

Total power dissipation 445.5 µW 

Signal bandwidth 6.25 MHz 

Clock frequency 200 MHz 

Peak SNDR 57.8 dB 

Core die area 0.03 mm
2
 (0.21 mm*0.14 mm) 

 



63 

 

 

Since the HVT process is not provided, the digital circuit power dissipation occupies a 

bigger portion of the total power dissipation than that of the state-of-the-art designs. As a 

result, the benefit of the power saving strategy isn't very observable. However, the 

effectiveness of the proposed power saving strategy may be more observable if it is used 

in more advanced technologies, where the analog power is more dominant since the 

digital switching power gets reduced. With the measurement results up to date, this 

presented work demonstrates the effectiveness of power dissipation reduction and 

performance improvement, and is among the best of the published works in similar 

applications. 

 

 

 

Figure 5-10. FoM comparison. 
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6 Teraohm On-Chip Resistance Realization Using Switched Capacitor 

Topologies 

This chapter describes a switched-capacitor array, and a switched-capacitor ladder 

implementation of a large equivalent resistance [6-1]. Using these schemes, the size of 

the on-chip resistance is not limited by fabrication feature size, or chip area. With 

realistic capacitance spread, and only a few stages, teraohm resistance can be achieved. 

Circuit simulation results verified the feasibility of realizing a low frequency pole for a 

PGA used in the biosensor system. 

Standard CMOS technology based biosensors are widely used in biomedical 

applications [6-2]. A programmable-gain amplifier (PGA) is commonly used as the front-

end stage [6-3]. In biomedical and communication applications, there is often the need to 

suppress the input offset of the signal by the PGA using a very low-frequency pole [6-4], 

which requires a large R-C time constant. However, large resistors are usually hard to 

fabricate, and occupy a large chip area. In this chapter, two switched-capacitor schemes 

are described, which promise to be practical ways to realize resistances in the teraohm 

range. 

6.1 Switched Capacitor Ladder Realization 

The concept can be simplified to an equivalent n-stage resistor ladder topology shown 

in Fig. 6-1. 

 

 

 

Figure 6-1. Resistor ladder. 
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The equivalent resistance R can be obtained from the nth power of A: 
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If  r ≫ 1, the stages do not load their next neighbour very much, so the following 

approximation may be used 

 

                                                   1)1( RrR n                                   (6-4) 

 

As  Eq. (6-4) shows, the equivalent resistance grows nearly exponentially with the 

number of stages. Thus, a large equivalent resistance can be realized without fabricating 

many stages of resistors, or using large-resistance components. 

As an alternative to the resistor ladder, a switched-capacitor ladder may be used. The 

realization of a SC PGA is shown in Fig. 6-2. A single-ended example is shown for 

simplicity, although the real circuit is differential. The switches are clocked at a 

frequency sf ; 1  and 2  are non-overlapping clocks phases. 
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Figure 6-2. Switched capacitor ladder realization. 

 

The transfer function has a zero at DC, and a low-frequency pole at 
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 R can be calculated using (6-3), with  
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The equivalent resistance of the switched capacitor ladder was simulated by setting C1 

= 100 fF, and fs = 1 MHz. The equivalent resistance grows exponentially with the number 
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of stages, as shown in Fig. 6-3. The simulation results and the predicted values coincide 

with each other. An equivalent resistance of teraohms can be achieved with 5 stages, and 

a capacitance spread less than 10. 

 

 

 

Figure 6-3. Equivalent resistance vs. number of stages for different capacitance ratios. 

 

The PGA of Fig. 6-2 was simulated with a 10 pF input capacitor, 1 pF feedback 

capacitor, 1 MHz sampling clock, and a three-stage ladder structure with the capacitance 

ratio of 10. The frequency response of the whole circuit (implemented in a fully 

differential mode) is shown in Fig. 6-4. The low frequency high-pass pole occurs at 9.4 

Hz, which is consistent with the ideal value 9.3 Hz calculated from Eq. (6-5). The 

number of stages, as well as the capacitance ratio, can be simply adjusted to get different 

pole frequencies as needed.  
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Figure 6-4.  Frequency response of the PGA with switched-capacitor resistors. 

 

Due to the reduced feedback factor caused by the ladder, the opamp input offset ( iosV ), 

will be amplified. The resulting output offset ( oosV ) can be calculated from the opamp DC 

gain ( DCA ), along with (6-3) and (6-6): 
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If necessary, the opamp offset can be reduced using correlated double sampling [6-5]. 

6.2 Switched Capacitor Array Realization  

A switched capacitor circuit containing four capacitors was proposed in [6-6]. The 

principle can be generalized as shown in Fig. 6-5. 
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 Figure 6-5. Switched capacitor array for large resistor realization. 

 

1  and 2  are non-overlapping clock phases at a frequency sf . The equivalent 

resistance R  is  then calculated as follows. 
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When ba CC  , or 1k , R increases as the third power of the number of capacitor 

pairs (k): 
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k
R

3

                              (6-9) 

 

Hence, a very large resistance can be obtained using reasonably-sized elements.  Note 

that the operation of the circuit is somewhat affected by parasitic capacitors loading the 

floating nodes. 

6.3 Conclusion 

Two large-resistance realization schemes are proposed using switched-capacitor 

circuits. The equivalent resistance of the array realization increases as the third power of 

the number of capacitor pairs, and that of the ladder realization increases exponentially. 

The equivalent resistance for the ladder scheme also grows with the capacitance ratio. 

Using these schemes, large resistances can be fabricated with standard CMOS process in 

an affordable chip area. Simulation results show that very low pole frequency (~9 Hz in 

the example) can be achieved with practical element values, and with a capacitance 

spread of only 10 in a 3-stage ladder. 
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7 Conclusions 

This dissertation is focused on a low-power medium-resolution medium-speed SAR ADC 

with a few calibration schemes. 

Chapter 1 describes the motivation and the organization of this dissertation. The state-of-

the-art ADC performances are reviewed. 

Chapter 2 describes the design techniques for SAR ADCs. Non-idealities of the SAR 

ADCs are analyzed and several related performance enhancing calibration schemes are 

reviewed. 

The dissertation includes two novel concepts to reduce power dissipation of SAR ADCs. 

Chapter 3 proposes several digital foreground calibration schemes for the SAR ADCs. 

The effectiveness of the calibration schemes are verified by behavioral simulations. 

Chapter 4 describes a synchronous SAR ADC with power-saving strategy. The circuit 

design, the layout as well as the post-layout simulation result of the prototype are shown 

in this chapter. 

Chapter 5 illustrates the measurement results. The performances of the 12-bit 12.5-MS/s 

SAR ADC prototype before and after the calibration are discussed. The measurement 

result is compared to the state-of-the-art designs. 

Chapter 6 demonstrates two switched-capacitor schemes of implementing a large on-chip 

resistance. The simulation results verified the feasibility of the proposed ideas. 

 


