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Abstract 

 

A Study of Capacitor Array Calibration for a 

Successive Approximation Analog-to-Digital Converter 
 

Ji Ma, M.S.E 

The University of Texas at Austin, 2013 

 

Supervisor:  Nan Sun 

 

Analog-to-digital converters (ADCs) are driven by rapid development of mobile 

communication systems to have higher speed, higher resolution and lower power 

consumption. Among multiple ADC architectures, successive approximation (SAR) 

ADCs attract great attention in mixed-signal design community recently. It is due to the 

fact that they do not contain amplification components and the digital logics are scaling 

friendly. Therefore, it is easier to design a SAR ADC with smaller component size in 

advanced technology than other ADC architectures, which decreases the power 

consumption and increases the speed of the circuit. However, capacitor mismatch limits 

the minimum size of unit capacitors which could be used for a SAR ADC with more than 

10 bit resolution. Large capacitor both limits conversion speed and increases switching 

power. In this design project, a novel switching scheme and a novel calibration method 



 viii  

are adopted to overcome the capacitor mismatch constraint. The switching scheme uses 

monotonic switching in a SAR ADC to gain one extra bit, and switches a dummy 

capacitor between the common mode voltage level (Vcm) and the ground (gnd) to obtain 

another extra bit. To keep the resolution constant, the capacitor number is reduced by 

two. The calibration method extracts missing code width to estimate the actual value of 

capacitors. The missing code extraction is accomplished by detecting metastable state of 

a comparator, forcing the current bit value and using less significant bits to measure the 

actual capacitor value. Dither method is adopted to improve calibration accuracy. 

Behavior model simulation is provided to verify the effectiveness of the calibration 

method. A circuit design of a 12 bit ADC and the simulation for schematic design is 

presented in this report.  
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Chapter 1:  Introduction 

1.1 Motivation 

Cellular mobile communication systems develop rapidly by using advanced 

digital processing techniques and circuits to implement advanced modulation techniques 

and complicated algorithms. The high speed and high resolution operation of digital 

processing circuits set a stringent requirement on data acquisition circuit, especially the 

analog-to-digital converters (ADCs).  

The exponential growth of semiconductor technology boosts the computing 

capability in cell phones, and communication systems make use of such a capability to 

reduce the RF frontend circuit complexity. The integration density in CMOS technology 

increased by about 800 times from 1990 when Qualcomm Inc. started designing code 

division multiple access (CDMA) base stations, to 2012 when Qualcomm Inc. fabricated 

its 4th generation (4G) long term evolution (LTE) chipsets in TSMC 28nm technology. 

With such a huge benefit, the 4G communication systems use an orthogonal frequency 

division multiplexing (OFDM) scheme [1], which was first proposed in 1960s, to send 

messages through multiple sub channels with only one carrier. Figure 1.1 illustrates the 

block diagram of OFDM transmit and receive scheme [2].  

OFDM conducts inverse discrete Fourier transform (IDFT) on codes to multiplex 

messages to different sub-channels in time domain. OFDM improves spectrum efficiency 

by eliminating the guard bands between adjacent sub-channels. From hardware 



 2 

 

Figure 1.1 Block diagram of an OFDM transmit and receive scheme 

perspective, OFDM also eliminates the multiple sets of frequency synthesizers used in 

conventional frequency division multiple access (FDMA) scheme. Instead, OFDM 

encodes the multiple messages through an inverse discrete Fourier transform (IDFT) into 

a stream of codes, and after upconverting the stream by a single oscillator, the multiple 

messages are sent through orthogonal sub channels. At the receiver, the users only need 

one frequency synthesizer to downconvert the stream and decode his or her own message 

by conducting a Fourier transform on the received signal. While the advanced CMOS 

technology enables embedding a fast Fourier transform (FFT) circuit in a chipset with 

low cost, multiple oscillators are avoided to reduce the hardware cost.  

However, the reduced RF and analog frontend cost transfers to a great burden on 

the speed and dynamic range of analog-to-digital interface. The ADC has to convert the 

complete signal band into digital domain in this scheme even though the user only needs 

a fraction of it. This increases the requirement for the bandwidth of the ADC. In a 4G 

LTE system, highest signal bandwidth is 20MHz and therefore each I/Q path needs to 
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convert signal bandwidth of 10MHz. If a direct down converting receiver architecture is 

adopted, each ADC needs to have a bandwidth of 10MHz. The dynamic range also 

increases because multi-tones can add both constructively and destructively in an 

unpredictable manner. Such dynamic range variation is characterized by peak-to-average 

power ratio (PAPR). Therefore, dynamic range of ADC has to be increased to adjust to 

such variation. 

While pipelined ADCs and continuous-time (CT) delta-sigma ADCs are widely 

used for high speed and high resolution applications, SAR ADCs are gaining increasing 

attention in academia recently. Because SAR ADCs successively compare an analog 

voltage with quantized voltage levels in a binary search manner, the core analog blocks in 

a SAR ADC are a comparator and a switched-capacitor digital-to-analog converter (SC-

DAC). Such configuration does not need operational transconductance amplifiers 

(OTAs), which are core components in pipelined ADCs and CT delta-sigma ADCS and 

are power inefficient in low voltage technologies. Also, the control logics are digital 

components, and their power and area scale down with technology scaling. These two 

characteristics of SAR ADCs make them a preferred choice in advanced technology 

nodes.  

However, the capacitor size in switched capacitor DACs, limited by matching 

accuracy, does not scale well in advanced technology nodes. While the minimal feasible 

capacitor size scales down with technology scaling, capacitor size is usually limited by its 

matching accuracy. The matching accuracy of a capacitor array is roughly inversely 

proportional to its area and therefore makes capacitor scaling a very difficult task. Big 
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capacitor size limits the sampling speed and settling speed of DAC, which makes high 

speed design difficult to achieve. 

This project focuses on addressing capacitor scaling issues mentioned above. 

1.2 Objective 

To break the capacitor size limit, this project takes two measures. The first 

approach incorporates an interesting switching method to gain two extra bits in dynamic 

range, which is reported in [3]. The switching scheme switches only one capacitor in each 

cycle get one extra bit [4]. It also switches a dummy capacitor between common mode 

voltage level and ground to gain another extra bit. Therefore, to keep the resolution fixed, 

two capacitors can be obviated. Because in a DAC capacitor array, total capacitor size 

increase exponentially with respect to capacitor number, cutting two capacitors leads to a 

4 fold total capacitor size reduction.  

The other approach scales down the capacitor size and compensates the 

performance degradation by calibration. As mentioned above, smaller capacitors match 

less accurately and such mismatch introduces nonlinearity to the ADC transfer function. 

A calibration method extracts the capacitor mismatch information by measuring missing 

codes in the transfer curve of an ADC and estimate the actual capacitor value based on 

the missing code widths. During the normal operation of a SAR ADC, the missing codes 

widths are extracted by detecting metastable state of the comparator and forcing the 

corresponding bit output to either 1 or 0. If missing codes exist, the final output codes for 

either case have a bigger difference than 1. Such missing code widths is relevant to the 
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error of the corresponding capacitor size. In addition, dither method is used to improve 

calibration resolution.  

The ADC designed in this project targets at 12 bit resolution and 68dB SNDR. 

The target sampling rate is 12MSamples/s. The power consumption targets at 10mW. 

Design Target 

SNDR 68dB 

Sampling Rate 12MS/s 

Power 10mW 

Table 1.1 Design Target 

1.3 Report organization 

This report is organized as follows. Chapter 2 gives a background study of ADC 

fundamentals and specifications. Chapter 3 describes SAR ADCs and the switching 

scheme used to reduce the capacitor size. Chapter 4 describes the calibration method and 

the behavior model simulation. The Design of the critical components, including 

successive approximation register, comparator and calibration logics are in Chapter 5. 

The simulation result of the schematic design is also included in Chapter 5.  
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Chapter 2 Analog-to-Digital Converter 

An ADC digitizes an electrical signal in the form of a voltage or a current into a 

set of binary digits. Each digit is physically a high voltage state “1” or a low voltage state 

“0” which can be stored and manipulated in a digital signal processor. 

2.1 ADC Fundamentals 

Figure 2.1 shows the transfer function of an ideal 3bit ADC. For any analog input 

Vin, the ADC gives a digital output Dout.  

 

Figure 2.1 Transfer function of a 3-bit ADC [5] 

The number of bits of the digital output is called resolution, which is denoted as N 

and is 3 in this case. The minimum resolvable step, denoted as ∆ in Figure 2.1 is defined 

as 
����

��
. The analog input and digital output mapping can be expressed as  



 7 

D
1 1

+ 2
2 2

NVin Vin

Vref
out

  = = +    
×

∆
     (2.1) 

where operator [•] represents quantizing to the largest integer equal to or smaller than the 

input variable. 

Due to quantizing operation, an quantization error occurs between Dout and 
���

∆
, 

which is defined as  

1
[ ]

2

VinVin
Q − +

∆ ∆
=      (2.2) 

Figure 2.2 plots Quantization error versus Vin. In a real mixed-signal system, the 

analog input of an ADC is assumed to be random, and the quantization error behaves as a 

random process, which looks as white noise in frequency domain. Therefore, people 

 

Figure 2.2 Quantization error of a 3-bit ADC  

usually call it quantization noise. The average power of quantization error is 

/2 2
2 2

/2 12

dx
e x

+

−

∆

∆

∆=
∆

= ∫      (2.3) 

In addition to quantization error, static error distorts the transfer function and 

noise adds errors to the ADC. They all prevent the ADC from detecting the smallest 
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signal expected by theory. Section 2.2 introduces multiple specifications which facilitates 

designers to measure these nonlinearity. 

2.2 ADC Specifications 

ADC specifications are well accepted metrics used to evaluate the performance of 

an ADC. Static specifications are traditional metrics used in ADC community to measure 

its static error. Dynamic specifications evaluates an ADC in a real-time operating 

condition and are signal dependant. Dynamic specifications are usually used in the 

architecture design of a mixed-signal system.  

2.2.1 Static Specifications 

Static specifications measures the static errors of an transfer curve when no noise 

exists. They are divided into linear static errors and nonlinear static errors. 

Offset error and gain error are two major linear static errors. Offset error is the 

deviation of the bottom transition level, denoted as Tactual(1) from the ideal position, 

denoted as Tideal(1).  

(1) (1)ideal actualT T
Offset

−=
∆

    (2.4) 

Full scale error is the deviation of the top transition level with offset removed, from the 

ideal position.  

(2 1) (1)) ( (2 ) )1 (( 1 )N N
actual actual ideal idealT

FullScaleEr
T T T

ror
− −= − − −

∆
 (2.5) 
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Figure 2.3 Full scale error and offset error [5] 

Differential nonlinearity (DNL) and integral nonlinearity (INL) are two major 

metrics to evaluate the static nonlinearity of an ADC. They are used to measure the 

uniformity of the code width. Because uniformity of codes is not dependent on its starting 

point and end point, offset and full scale error are removed. An average code width is 

calculated as  

max min
avg

max min

T T
W

D D−
= −

      (2.6) 

DNL measures the deviation of each code’s width from the average, 

1 1
( ) ( 1) ( )

( )
avg avg

W k T k T k
DNL k

W W
− = + − −=     (2.7) 
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Figure 2.4 Code width measured for DNL calculation 

In Figure 2.4, one transition level T(4) deviates from the ideal value, and W(3) is 

smaller than Wavg and W(4) is greater than Wavg. So DNL(4) is positive and DNL(3) is 

negative while other DNL(k) are 0. 

INL measures the deviation of each code’s transition level from the uniform 

transition level.  

( ) ( )
( ) uniform

avg

T k T k
INL k

W

−
=      (2.8) 

where T����	�
�k� = T�1� +W�� × (k − 1).  

In Figure 2.5, the transition level from 011 to 100, T(4) is 3/2∆ away from the 

nominal position. Therefore, INL(4)= -3/2. 



 11 

 

Figure 2.5 Code transition deviation measured for INL calculation [5] 

2.2.2 Dynamic Specifications 

Dynamic range (DR), signal-to-noise ratio (SNR), signal-to-noise and distortion 

(SNDR), total harmonic distortion (THD), spurious free dynamic range (SFDR) are the 

major metrics to evaluate the dynamic performance of an ADC. 

DR is defined as the ratio between the rms value of the biggest sinusoidal 

waveform to the rms value of quantization noise. 

10 10

/ 2 2 / 2
( ) 20log

/ 2 /
12

2
20log 6.021 1.761

12
REF REF

N
REF

V V
DR d

V
NB = = +∆=   (2.9) 

SNR is defined as the ratio of rms value of the biggest sinusoidal waveform to the 

rms value of total noise. Noise mainly consists of quantization noise and thermal noise. A 
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successive approximation ADC is usually dithered optimally so that the rms value of 

thermal noise is 
∆

�
 and the rms value of total power is  

2 2( )
2 12 3

( )
∆ ∆ ∆=+      (2.10) 

In optimally dithered ADCs,  

10 10

2 2
20lo

/ 2 / 2
( ) 20 g 6.021 4.260

/ 3 3
log

/ 2 /
REF REF

N
REF

V V
S R dB

V
NN = = −=

∆
  (2.11) 

Nonlinearity of an ADC produces distortion from a single-tone input signal. 

Figure 2.6 shows a typical spectrum of the digital output resulting from a single-tone 

analog input. In addition to white noise, we can see tones at integer multiples of input 

frequency. These tones are called harmonic distortion, and are due to the nonlinear 

transfer function of an ADC.  

Signal-to-Noise and Distortion Ratio (SNDR) is the ratio of signal power to the 

total energy of noise and harmonic and spurious tones. 

 

Figure 2.6 Typical spectrum of the digital output from an sinusoidal input [6] 
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THD is the total power of 2nd order to 7th order harmonic distortion, normalized 

by signal power.  

SFDR is the ratio of the signal power to the biggest spurious tone, which is shown 

in Figure 2.6. In wireless communication applications, in-band noise can be reduced by 

oversampling. Therefore, spurious tones will be the major performance limitation.   
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Chapter 3 Successive Approximation Analog-to-Digital Converters 

SAR ADC performs a binary search to quantize a voltage input into a binary 

representation. Figure 3.1 illustrates the operation of a 4 bit SAR ADC with an input 

voltage Vin in the middle of 
�

�
V��� and 

�

�
V���. All quantization levels are shown as 0-

16 in the first column. In this example, 4 comparisons are operated to quantize this input, 

and the quantization level in each comparison is shown as a bolded line in each column. 

In the first operation, Vin is compared to 
�

�
Vref (Quantization level 8) and the result is 0 

(Vin<VDAC), which produces the most significant bit (MSB) D3 of the digital output 

Dout. After the first comparison, Vin is known to sit between 0 and 
�

�
Vref, which is 

shown as the shaded area in the second column. Thus the quantization level of the second 

comparison is set as the middle of the region, which is  

 

Figure 3.1 Binary searching path for a single-ended SAR ADC [7] 
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1 1 1

2 4 4
Vref Vref Vref− = .     (3.1) 

Similarly, the result of the second comparison is 1 and Vin is limited within quantization 

level 4 and 8, therefore the quantization level of the third comparison is set to  

1 1 1
2 4

6
8 8

Vref Vref Vref Vref− + = .    (3.2) 

The comparison continues in the same manner for the next few bits: each comparison 

narrows the quantization region by half, and the next quantization level is at exactly the 

middle of this region. After 4 comparisons, Dout=0101 is given and this means Vin is 

within quantization 5 and quantization 6.  

Figure 3.2 shows the block diagram of the circuit implementation of such a binary 

searching algorithm in a SAR ADC. The ADC samples and holds an input voltage and 

converts this signal in N cycles, where N is the resolution of the ADC. In each cycle, the 

DAC outputs a quantization level, which is shown as a bolded line in Figure 3.1. By 

comparing input voltage with the quantization levels with a comparator, the digital bit is 

obtained. In the first cycle, the quantization level is set by a successive approximation 

register (SAR). Figure 3.3 shows the block diagram of a widely accepted implementation 

of SAR.  
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Figure 3.2 Block diagram of a successive approximation ADC 

 

Figure 3.3 Block diagram of a successive approximation register [8] 
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The successive approximation register shown above controls the operation of a 3 

bit DAC. The upper 4 flip-flops serve as a shift register and it passes a “1” signal from 

MSB to LSB to control a specific bit. The first 3 flip-flops in the lower section generates 

the input signal for the DAC, D2’, D1’, D0’. During initialization of each conversion, the 

4 flip-flops of the shift register are set as “1,0,0,0”, and the 4 flip-flops in the lower 

section are set as “0,0,0,0”.  

When conversion starts, the shift register sets the MSB bit as 1, and therefore the 

DAC input D2’, D1’, D0’ is “1,0,0” and DAC outputs 
�

�
Vref. The comparator compares 

Vin and VDAC and determines the MSB D2. In the next clock cycle, the shift register 

passes the control bit to the second significant bit and sets D1’ to “1”. Meanwhile, this 

rising edge of D1’ serves as the clock for DFF2 and passes the comparator output D2 to 

D2’. This process continues to the LSB, and the last flip-flop in the lower section serves 

as the clock of DFF0 and passes the comparator result D0. This completes one conversion 

and the output of D2, D1, D0 are sent to ADC output.  

3.1 Charge Redistribution DAC 

Charge redistribution DAC is a capacitive DAC, and it is widely used because of 

its accuracy over resistive DAC and its power efficient nature. Sample-and-Hold 

operation of input voltage is also inherent in a capacitive DAC.  

The switching scheme of a charge redistribution DAC is shown in Figure 3.4. In 

the sampling phase (a), Vin is sampled at the bottom plate of the capacitor array and the 

top plate is connected to gnd. The total charge at the comparator input node is  
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1 8in tot inVCQ CV= − = −× ×        (3.3) 

In the charge transfer phase, capacitors are connected to VREF or gnd according to the 

digital input of the DAC.  

2 3 2 1( 4 ( ) ( )V ) 2X REF X REF X REF XV D C V V C V V C V CQ D D− −+ −= + +i i i i ii i  (3.4) 

Because Q1=Q2, VX can be obtained as 

3 2 1

1 1 1

2 8
( )

4X REF inV D VD D V= + + • −       (3.5) 

 

(a) Sampling phase 

 

(b) First cycle charge transfer phase 

Figure 3.4 Switching scheme of a charge redistribution DAC 
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In a mixed-signal system, many signals run in differential mode to improve noise 

immunity. The searching path is shown in Figure 3.5. Figure 3.6 shows the circuit 

diagram of a differential mode charge redistribution DAC. 

In a fully differential DAC, “1” represents switching the upper cap to Vref and 

switching the lower cap to gnd. “0” represents switching the lower cap to gnd and 

switching the upper cap to Vref. 

 

 

Figure 3.5 Binary searching path for a fully differential SAR ADC 
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(a) Sampling phase 

(b) First cycle charge transfer phase 

Figure 3.6 Switching scheme of a differential mode charge redistribution DAC 



 21 

3.2 Energy Efficient Switching Scheme 

Switched capacitor DAC is power efficient compared to resistor DAC because it 

does not consume static power. However, power is lost during switching operations when 

charge leaves or enters the top plate of capacitor arrays through different voltages. Such 

switching power is not negligible when the total power consumption shrinks in a SAR 

ADC. 

The conventional switching scheme is power inefficient if the initial guess is 

incorrect. Figure 3.7 shows the switching power for each comparator decision. The 

switching energy after the first comparator decision is calculated below.  

After the first comparator decision, if comparator yields “1”, the second bit is 

switched to “1”. For the upper bank, the top plate of the second capacitor pair is switched 

to Vref. The voltage at the bottom plate increases by 
�

�
Vref, and the total charge leaving 

the MSB capacitor is  

1
*1 4

4
Q C CVreVre ff= − = − .    (3.6) 

The total charge entering the second capacitor is  

2 ( )*2
1 3

24
VreQ Vref Cf CVref= − = .   (3.7) 

In the capacitor array on the opposite side, the second capacitor is switched to gnd, and 

the voltage at the bottom plate drops by 
�

�
Vref. The total power entering the third and the 

fourth capacitors is  
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1 1
*2

4 2
3 Vref C eQ CVr f== .     (3.8) 

Therefore, the net weight of charge entering the capacitor array through Vref is  

1 2 3Q Q Q Q CVref∆ = + + = ,     (3.9) 

and the switching power is  

2*Q VrefPswitch CVref= ∆ = .    (3.10) 

The switching power of the opposite comparator decision can be analyzed in the 

same manner. On the top side, the MSB capacitor is switched to 0 and the second 

capacitor is switched to Vref, which lowers the voltage at the bottom plate by 
�

�
Vref. 

Therefore the charge entering the second capacitor is 

1 ( ( ))*
1

2
5

4 2
VreQ Vref Cf CVref= − − = .   (3.11) 

The bottom plate of the capacitor array on the opposite side increases by the same 

amount, 
�

�
Vref. The total charge entering the MSB capacitor is 

2 ( )*4
4

3
1

VreQ Vref C C reff V= − = .    (3.12) 

And the total charge leaving the third and fourth capacitors is  

1 1
Vref *23

4 2
C VrefQ C= − = − .    (3.13) 

Therefore the total charge entering the capacitor array through reference line is  

1 2 3 5Q Q Q Q CVref∆ = + + = .    (3.14) 

And the total switching energy consumed is 5CVref2. 
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Figure 3.7 shows that the switching power for a wrong decision is much larger 

than the switching power for a correct decision.  
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Figure 3.7 Switching energy for 4 paths in first two cycles 

Reference [4] proposes a monotonic switching scheme to overcome such power 

inefficiency, and also increase resolution by 1 bit. It switches one side of a capacitor pair 

in each cycle to reach the expected VDAC value. The switching scheme is shown in Figure 

3.8. Initially, both sides are switched to “0111” to get the same initial voltages at 

comparator input as the conventional scheme. If the comparator outputs “1”, which 

indicates that Vinp<Vinm, VDAC is expected to decrease by ½ Vref. The MSB capacitor 

in the lower side is switched to Vref. Vice versa, when the comparator output “0”, VDAC 

needs to increase by ½ Vref, and the MSB capacitor in the upper side is switched to Vref. 
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In this process, no switching energy is consumed. In addition, this method increases 

resolution by 1 bit.  

?Vinp Vinm<
Vref Vinp−

Vref Vinm−

Vref Vinm−

1
2

Vref Vinm Vref− +
Vref Vinp−

1
2

Vref Vinp Vref− +

0

0

 

Figure 3.8 Monotonic switching scheme 

The waveform of the monotonic switching procedure is illustrated in Figure 

3.9(b). The conventional procedure switches one capacitor on both sides and the Figure 

3.9(a) shows that the residual voltage on the bottom plates in a conventional scheme 

approaches common mode voltage Vcm successively. Instead, the monotonic switching 

scheme switches only one capacitor on either side, and the voltage difference changes the 

same amount as the conventional scheme.  
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(a) Waveform of the conventiaonal switching procedure 

 

(b) Waveform of the monotonic switching procedure 

Figure 3.9 (a) Waveform of the conventional switching procedure. (b) Waveform of the 

monotonic switching procedure. [4] 
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Reference [3] gains one more bit by switching the dummy capacitor between 

common mode voltage Vcm and gnd. Therefore, a smaller resolvable step of 
������

����
Vcm 

is achieved. Because the conventional smallest resolvable step is 
��

����
Vref, C1=Cdummy, 

and Vcm =
�

�
Vref, this method increases the resolution by 1.  

Therefore, with these two methods, switching energy is reduced and two extra bits 

are gained. The complete switching scheme and switching energy for each path is 

illustrated Figure 3.10 with a 4 bit example. The design in this project adopts this 

switching scheme. 
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Figure 3.10(a) First two cycles 
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 (b) Case A and B in the last two cycles 
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(c) Case C and D 

Figure 3.10 Complete switching scheme illustrated with a 4 bit example 
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Chapter 4 Calibration Method 

Capacitor mismatch is a major limitation in SAR ADCs. Because the transition 

levels of a SAR ADC are essentially the output levels of a binary-weighted DAC, the 

DNL of such ADC has the same pattern as the DNL of the respective DAC, whose 

maximum value tends to show at the major transition from 011...1 to 100…0. If the 

standard variation of a unit capacitor is uσ , the standard variation of the DNL at major 

transition is:  

/21) 2( ) (2N N
max u uDNLσ σ σ− ≈= ,      (4.1) 

where N is the resolution. Therefore if ( )DNLσ  is required to be less than 1 LSB, uσ  

has to be constrained to 
�

��/�
. For a 12bit ADC, uσ  is constrained to 1.5%.  

Because capacitor mismatch is roughly proportional to square root of capacitor 

area, a large capacitor size has to be chosen to satisfy matching accuracy requirement. 

Such size constraint prevents the size and power down scaling, and limits the conversion 

speed. To overcome such constraint, a calibration method is usually incorporated to 

design a SAR ADC with smaller capacitors. In this design project, we use a novel 

calibration method which measures the error in first 6 MSB capacitors and recovers the 

analog input with actual capacitor values.  

4.1 Capacitor Error Correction 

The calibration method proposed is based on an observation that exact capacitor 

weight can be evaluated by measuring the width of missing codes. Figure 4.1 shows the 
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transfer curve of an ideal 4 bit ADC based on the switching scheme described in Figure 

3.10. The capacitor array is [4C,2C,1C,1C], where C is the size of a unit capacitor, If the 

MSB capacitor pair is 1LSB smaller than the nominal value, MSB capacitor is 3C and the 

transfer curve is shown in Figure 4.2. It is shown clearly that two codes “-1” and “0” are 

missing. 

 

Figure 4.1 Transfer function of a 4 bit ADC 

 

Figure 4.2 Transfer function of a 4 bit ADC with two missing codes 
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Figure 4.3 DNL and INL of the transfer curve in Figure 4.2 

Figure 4.4 illustrates why the missing code occurs. The solid lines are the actual 

transition levels. The dashed lines shaded area are perceived transition levels and signal 

range based on the digital outputs. Because MSB DAC is 1LSB smaller than nominal 

value, VDAC = 3-2-1=0 LSB at the third cycle, and the last bit is 1 for any Vin between 0 

and 1LSB. Therefore, the code for Vin between 0 and 1LSB is 1001 instead of 1000. 

Vice versa, the code for Vin between -1LSB and 0 is 0110 instead of 0111. 

 

Figure 4.4 Actual and perceived transition levels when MSB weight is small 
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The analysis above shows that if the MSB capacitor size is 1LSB smaller than the 

nominal value, code 0 is missing. Therefore, if we are able to measure the missing code 

widths in Figure 4.2, we can evaluate the errors of the MSB capacitors accordingly. In 

this example, code 0 and code -1 are missing, and this indicates that the MSB capacitors 

on both sides are 1LSB smaller than the nominal weight, and the actual weights are 

3LSB. The classic calibration method measures the error of capacitor weight and corrects 

the error by connecting the corresponding capacitors with multiple small trimming 

capacitors [10]. This work does not move the errors to the DAC, and instead corrects the 

errors in the digital domain. Once the actual weight of each capacitor is measured, the 

digital outputs are calculated by summing up the output code of every bit multiplied by 

the actual weight. 

 Figure 4.5 plots the transfer curve of the ADC after such calibration. Figure 4.6 

gives the DNL and INL. From DNL and INL, we can tell that the transfer curve is very 

linear, and two levels are missing due to the reduced MSB weight.   

 

Figure 4.5 Transfer curve of calibrated ADC 
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Figure 4.6 DNL and INL of calibrated ADC 

In this design, in order to make sure missing codes exist, a redundant bit is added. 

4.2 Missing Codes Measurement in the Metastable Region 

From studying the nature of missing code extraction method, a calibration method 

based on metastability detection is proposed to measure missing codes widths. In the 

example described in Figure 4.4, if the input is slightly higher than 0, MSB DAC is 

switched to +MSB (which equals to +3LSB) after first cycle. Therefore, after the first 

cycle, Vin-VDAC approximates –VDAC. The next few cycles essentially resolve –VDAC 

with the rest capacitors.  

Metastability happens when differential input voltage levels are very close to each 

other. Therefore the condition when input voltage is close to 0 can be grasped by 

metastability detection. Figure 4.7 shows that comparator enters metastable region at the 

beginning of any comparison. If the input signal has a large magnitude, the comparator 

resolves in a short time, and if the input signal is small in magnitude, the comparator  
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Figure 4.7 Comparator output waveform with (a) large input voltage and (b) small input 

voltage [9] 

stays in metastable region for a while before it finally resolve the input. By inserting an 

XOR gate clocked by a delayed system clock, the metastable state of Figure 4.7(b) is 

detected. 

4.3 Accuracy Enhancement by Dither  

While the calibration method is efficient for the example given in section 4.1, the 

calibration accuracy is constrained by 1LSB. As shown in Figure 4.8, if MSB is 0.9LSB 

smaller than the nominal value, DNL and INL are almost the same as in Figure 4.3 but no 

missing code occurs. In addition, noise power has a standard deviation of 
∆

�
, and it has a 

considerable possibility to exceed 1LSB, which introduces error to our measurements. In 

this design, we incorporate a dither method to improve calibration accuracy. 
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Figure 4.8 Transfer curve of a 4 bit ADC with no missing codes 

In the case depicted in Figure 4.8, if we can force the first bit to be “1” or “0” 

after the first cycle, we will see two linear transfer curves, as depicted by dot dashed lines 

in Figure 4.9. In this case, a redundant bit is added and the capacitor array is [3.1C 2C 2C 

1C 1C]. The upper line is the transfer curve when the first bit is set to “1”, and the lower 

line is the transfer curve when the first bit is set to “0”.  

 

Figure 4.9 Transfer curve when the first bit is set to “1” or “0” 



 35 

Figure 4.9 indicates that even though no codes are missing, input voltage of 0 is now at 

the right boundary of code 0. Recall that input voltage of 0 is at the left boundary of code 

0 in a ideal ADC, the transfer curve shifts towards the left when the MSB capacitor is 

small. 

The shift amount can be obtained from the dither method. Dither is a method to 

improve resolution by introducing noise. In a noiseless ADC with a transfer curve shown 

in Figure 4.10, any input value between 0 and ∆ has an output of 0. If noise with standard  

∆0 2∆−∆
 

Figure 4.10 Transfer curve of an ADC 
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Figure 4.11 Relative counts of Dout for (a)code boundary input and (b)code center input 

variation of 
∆

�
 is added to the input, different digital outputs can be obtained in multiple 

tests of a fixed input. For Vin of 0 which is at the code boundary, the relative counts of 

different codes are shown in Figure 4.11(a). By averaging the digital output, one expects 

to get -0.5. For Vin of 0.5∆ which is at the center of a code, the relative counts are shown 

in Figure 4.11(b), and the average digital output is 0. There is a tradeoff between linearity 

and noise power in designing the dither noise power, and the optimal dither noise has a 



 37 

standard deviation of 
∆

�
. The linearity of dithered transfer curve can be checked by the 

slope at the code boundary and at the code center. The slope is derived by calculating the 

probability of code transfer when Vin shifts by ∆V. As shown in Figure 4.11, for Vin at 

code boundary, when Vin shifts by α∆ , the amount of tests which has an output jump is 

shown in shaded area. The total number is  

( 2)

( (0) ( 2 ) (2 )) 1.0
(1

2

2 )
1

2
tot tot totf f

e
N f NN Nα σ σ α α

π

−

∆ + − + = ∆ =∆
+= i i i i   (4.2) 

Therefore the slope is  

1.01
/boundary

tot

N
Vin

N
S ∆ ==

∆
     (4.3) 

The same method is applied to calculate the slope at the code center: 

( ( ) ( ) (3 ) ( 3 )) 0.99tot totf f fN N f Nα σ σ σ σ α∆ + − + + − == i i  (4.4) 

0 9
/

. 9
center

tot

N
S Vin

N
∆ ==

∆
     (4.5) 

Such linearity is good enough for most applications of dither method. 

The dither method described above can be used to measure the shift amount of the 

upper curve in Figure 4.9. When input is fixed to 0, the digital output is 0 in a noiseless 

ADC. By introducing optimal dither noise and perform multiple measurements, the mean 

digital output is 0.4 because the code boundary is 0.1LSB to the right of it, whose dither 

output is 0.5. In this measurement, we can tell that the MSB capacitor is 0.9 LSB smaller 

than the nominal value, which is 3.1C. The same method is applied to measure the exact 

value of the MSB capacitor on the opposite side. 
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By forcing the first bit to “1” or “0”, and use dither method to extract the curve 

shift amount, we can extract the actual value of the MSB capacitors. This method is 

combined with metastable region detection to extract the capacitor values of first five 

significant bits. If metastability is detected during the jth cycle, the comparator input is 

close to 0 at this cycle. By forcing the jth bit to be “1” or “0”, we effectively sample an 

voltage proportional to the jth upper capacitor or jth lower capacitor, and we can use the 

rest cycles to resolve it. The calibration is performed from the less significant bit to the 

more significant bit, so that calibrated values of less significant bits are used in the 

calibration of more significant bit.  

The block diagram of the calibration engine is shown in Figure 4.12. A full swing 

voltage signal is swept. During the operation of the ADC, if meta-stable state is detected 

in the jth significant bit, the engine will pick a random number to set the current bit, which 

is based on the idea to force a bit to “1” or “0”. The SAR will run in normal condition in 

the next few cycles. The number j is stored in flag memory and the digital codes obtained 

after the jth bit is used to recover Cj. To make the design easier, if another metastable 

state is detected in the rest cycles, the engine will also pick a random number. When 

enough data points are collected, calibration is performed from the fifth significant bit to 

the most significant bit.  
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Figure 4.12 Block diagram of metastability based calibration engine 

4.4 Behavior Model Simulation Result 

The calibration technique is verified in a behavior model simulation with Matlab. 

The mismatch of unit capacitor C is set to be 5% in the model. Capacitor N*C is modeled 

as a parallel combination of N independent unit capacitors. DNL, INL and SNDR are 

major metrics used in the simulation. The comparator input referred noise is set to the 

optimal dither noise power, which has a standard deviation of 
∆

�
. 

Using the power efficient switching scheme described in section 3.2, a 12 bit 

successive approximation ADC is implemented with a capacitor array of [512C 256C 
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128C 64C 32C 16C 8C 4C 2C C C], where C is the capacitance of the unit capacitor. To 

introduce redundancy, an extra bit of 8C is added. Therefore the capacitor array is [512C 

256C 128C 64C 32C 16C 8C 8C 4C 2C C C].  

The DNL, INL and SNDR for a full range sinusoidal input voltage of an ADC 

with such capacitor array is shown in Figure 4.13 and Figure 4.14. the worst case shows 

 

Figure 4.13 DNL and INL for a 12 bit ADC with 5% unit capacitor mismatch 

 

Figure 4.14 FFT of a 1024 points test of an ADC before calibration 
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at the second significant bit and DNLmax is 5. This deteriorates the dynamic performance 

and the SNDR is only 54dB while the ideal SNDR is 68dB.  

Calibration method described above is applied to this ADC. In the calibration, 

extra 3 bits are used during dithering and the extracted capacitor sizes are stored in 13 bit. 

The final digital output is requantized to 12 bit. 100 points are averaged in the dither 

method. Figure 4.15 depicts the DNL and INL of the calibrated ADC. Both INL and 

DNL are confined by 1 LSB. Figure 4.16 shows the SNDR of the outputs with a full 

swing sinusoidal input. Noise is shut off in Figure 4.16 and the SNDR is 70dB when ideal 

signal-to-quantization-noise is 74dB. When noise is turned on in Figure 4.17, the SNDR 

is 67.4dB, which has less than 1dB degradation compared to the ideal value of 68dB.  

To verify the effectiveness of this calibration method under process variation, a 

Monte-Carlo analysis of 200 tests are performed. Figure 4.18 shows the histogram of the 

maximum INL and DNL. The worst case DNL is 2 and the worst case INL is 2.5 in the 

tests. Figure 4.19 shows the histogram of SNDR. It shows that most tests have a SNDR  

 

Figure 4.15 DNL and INL of calibrated ADC 



 42 

have a SNDR of 67dB and the worst case is 64dB. 

 

Figure 4.16 SNDR of calibrated ADC (with noise turned off) 

 

Figure 4.17 SNDR of calibrated ADC (with noise) 
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Figure 4.18 Histogram of maximum DNL and INL in 200 tests 

 

Figure 4.19 Histogram of SNDR in 200 tests 
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Chapter 5 Circuit Design of Analog-to-Digital Converters 

The energy efficient switching technique and calibration technique is 

implemented in a 12 bit successive approximation ADC. The schematic design is 

reported in this chapter.  

5.1 Building Blocks of ADC 

 

Figure 5.1 Block Diagram of successive approximation ADC 
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Figure 5.1 depicts the block diagram of a successive approximation ADC.  

The ADC consists of a clock generator that generates a sampling clock CLK_SA, 

a clock to trigger comparator CLK_COMP, and a clock to latch and output the final digits 

CLK_latch. Figure 5.2 depicts the relationship between system clock SCLK and the clock 

generated. As shown below, 16 cycles are assigned to one conversion. Two cycles are 

assigned to sampling in order to guarantee enough time for settling. Note that the half 

cycle of the previous conversion is borrowed for CLK_SA because CLK_LATCH only 

uses the rising edge of the last cycle to copy digital codes to output. 

 

Figure 5.2 Major clocks used in the ADC 

During the sampling phase, the top plates of capacitors are connected to Vcm and 

the bottom plates are connected to Vin. The block SA_switch which connects Vcm and 

capacitor top plates simply consists of two transmission gates.  

The triple-pole single-throw switch in the DAC connects the top plates of 

capacitors to Vin during sampling phase and connects them to Vref or gnd based on the 
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DAC input during the conversion phase. The triple-pole single-throw switch is 

implemented as a multiplexer shown in Figure 5.3. When CLK_SA is high, Vin is 

connected to DAC output. When CLK_SA is low, the stack transistors in Figure 5.3(b) 

are turned on, and the output of successive approximation register Dn’ switches Vref or 

gnd to VDAC. 

1

0

CLK_SA

Vin

VDAC

VSAR

CLK_SA

CLK_SA

CLK_SA

CLK_SA

VinDn

VDAC

(b)(a)

Vref

 

Figure 5.3 Triple-pole single-throw switch in Charge distribution DAC is implemented as 

a multiplexer 

The SAR logic is designed based on the classic structure shown in Figure 3.3 to 

perform the proposed switching scheme. Figure 5.4 shows the block diagram of the SAR. 

The lower part is a shift register who is initialized by CLK_SA to 1,0,0,…,0. The DAC 

output is initialized to 0,1,1,…,1, which is described in Section 3.2. In each clock cycle, 

the differential output of comparator generates a VALID signal after the comparator 

makes a decision. The rising edge of VALID triggers SAR to update the DAC output  
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Figure 5.4 Block diagram of successive approximation logic 

according to the corresponding comparator decision. For the first time, VALID triggers 

the shift register to buffer “1” to S11. The rising edge of S11 triggers DFF_11 to buffer 

the comparator output to D11. After DAC settles, another comparison is triggered by 

CLK_COMP. When another comparison is ready, the “1” in shift registered is passed to 

the next bit and is used as clock to update the next bit.  

After all comparisons are done, D11 to D1 are stored in flip-flops and are 

propagated to the output of ADC. The last comparison result D0 propagates directly to 

the output. To prevent D0 from being erased by comparator reset, S0 in the shift register 

is used to buffer D0. D11 to D0 are sent out when CLK_LATCH rises.   
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5.2 Calibration Blocks 

The core component of the calibration block is a metastability detection circuit. 

Because a dynamic comparator which sets its output to Vdd after every comparison,  

 

Figure 5.5 Metastability detection block 

whether a comparator enters metastable state can be detected by passing the differential 

outputs of the comparator COMP and COMP to a XOR gate. The XOR output VALID is 

“1” when the comparison is done. A delayed version of comparator clock CLK_COMP is 

used to “sample” VALID signal. If VALID is “0” until CLK_DELAY’s rising edge, we 

confirm that the comparator is in metastable state, and a random generated signal is used 

as the output of this bit, Dn.  

The delay element is tunable with an off chip variable resistor, which is shown in 

Figure 5.6. The delay is controlled by a current starved inverter whose tail current copied 

from a tunable current. There is a tradeoff between the calibration convergence speed and 
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calibration accuracy. However, simulation results show that the overall performance is 

insensitive to the metastable region size. 

 

Figure 5.6 Tunable delay element 

The random number generator is implemented as a linear feedback shift register, 

which has 9 registers and the characteristic polynomial is  

9 5 1x x+ +       (5.1) 

The position of metastability also needs to be recorded with a flag recorder. It 

consists a counter and a flip-flop to hold the correct flag. Because a comparator can enter 

metastable region for multiple times during one conversion, it is required to hold the flag 

only for the first metastability. Figure 5.7 shows the method we use to meet this target. 

We reset a flip-flop to “0” and connect the input to “1”. The flip-flop is triggered when 

metastability is detected. When the flip-flop is triggered for the first time, “1” will 

propagate and the rising edge will trigger the flag register to record the current counter 
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output. However, when more metastability happens, no rising edge will show up on the 

clock of flag register again. 

 

Figure 5.7 Flag counter 

5.3 Comparator Design 

The comparator used in this design is shown in Figure 5.8, which is a strong-arm 

structure [11]. The major consideration in choosing this structure is its low power 

consumption. Although dynamic comparators have large offset, our design is insensitive 

to static offset. The comparator is sized to make the thermal noise around ∆/2.  
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Figure 5.8 Strong-arm comparator  

5.4 Simulation Results 

The functionality of the ADC is tested and the performance is evaluated. As 

shown in Figure 5.10, the dynamic performance is almost the same as the ideal value 

which is 74dB.  
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Figure 5.9 Transient analysis of the ADC with sampling rate of 12.5MHz 

 

Figure 5.10 FFT of 64 points  
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5.5 Conclusion and Future Work 

An energy-efficient switching scheme and a calibration technique for successive 

approximation ADC is discussed in this report. The circuit design is described and 

simulation result for schematic is provided. The simulation result shows that the ADC is 

working properly. The author is currently working on the layout which is beyond the 

scope of this report. Finally the ADC will be taped out and tested to verify the calibration 

technique and circuit implementation. 
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