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ABSTRACT 

 

 

nalog-to-digital converter (ADC) functions as a bridge between the analog and 

digital worlds. It has wide applications such as cell phones, cameras and high-

definition televisions. Due to the development of CMOS technology downscaling, the 

channel length and the supply voltage of the device shrink significantly, hence the 

digital circuit, which is less sensitive to noise, benefits in the aspects of speed and power 

consumption. Successive-approximation-register (SAR) ADC becomes popular 

recently thanks to its digital assisted nature. It consists of capacitive digital-to-analog 

converter (DAC), dynamic comparator and SAR logic. The conversion of the SAR 

ADC relies on the DAC to perform the binary searched feedback between the input 

signal and the reference voltage, while for high-speed design the DAC settling time 

becomes the major limitation in speed and accuracy. Moreover, the package inductive 

bonding generating switching noise due to current transient of the DAC causes 

reference voltage variations that further degrade the conversion accuracy. This project 

presents a 12-bit 130-MS/s reference calibrated SAR ADC in 65-nm CMOS using 

proposed dynamic capacitive-error-compensation (DCEC) technique to suppress the 

DAC settling and the reference errors in the most-significant-bits (MSBs) transitions. 

A 
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These signal-dependent errors are estimated and compensated in analog domain. The 

solution costs less implementation effort and does not sacrifice the dynamic range of 

the conversion. In addition, the comparisons between the proposed method and the 

existing solutions are analyzed in detail and the corresponding mathematical model in 

MATLAB is provided. The DCEC scheme was implemented in a 130-MS/s 12-bit SAR 

ADC with only 3-pF reference decoupling capacitance. The post-layout simulation 

result shows that the proposed solution can effectively improve the SNDR from 52 dB 

to 65 dB with only 4 mW power dissipation, achieving the Figure-of-Merit (FoM) of 

21 fJ/conv.step. 
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Chapter 1  
 

INTRODUCTION 

 

1.1 BACKGROUND OF ANALOG-TO-DIGITAL CONVERTERS 

In recent years, due to the rapid development of digital signal processing (DSP), 

the electronic devices that highly utilize digital-based circuit are widely spread all over 

the world. Nowadays, more and more applications take advantage of digital integrated 

circuit. Nevertheless, the world where human is living is full of analog signals, for 

example, temperature, pressure, electromagnetic wave, etc. In order to manipulate the 

signals using DSP, it is necessary for the applications to convert analog signals into 

digital ones. Figure 1-1 shows the simplest idea of function of an ADC. An electronic 

device has to receive the analog signal first in order to process the signal in the digital 

domain. An analog-to-digital converter (ADC) functions as a bridge between the analog 

and digital worlds. It is the gate to the DSP. Therefore, ADC is an important building 

block in electronic devices that manipulate signals in the digital domain. Nowadays, the 

digital circuit is continuously developing so fast that the requirements of an ADC 

become harsher, because ADCs must keep up with the digital circuits, in terms of speed 

and accuracy [1.1]. That makes the design challenges of an ADC difficult to tackle. 

Unlike the digital circuit, ADC generally suffers from the development of CMOS 

technology downscaling [1.2]. Along with the decreased channel length, the intrinsic 

gain of a transistor as well as the supply voltage shrink significantly. However, today, 

a high-speed, low-power, medium- to high-resolution ADC is highly demanded [1.3] 

[1.4] [1.5] [1.6]. 
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Figure 1-1 ADC as an interface between the analog and digital worlds 

 

1.2 APPLICATION OF ADC 

In general, there are numerous applications of ADC. They can be roughly 

categorized based on speed, resolution and power consumption of the ADC. In 

particular, for applications subject to high speed and low power consumption, the design 

of an ADC is challenging. However, this kind of ADC is highly demanded in various 

kinds of systems. 

1.2.1 Communication Systems 
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Figure 1-2 A block diagram of a cell phone 

 

In modern world, almost everyone owns a cell phone. People use cell phones to 

communicate with someone. Nowadays, the usage of a cell phone is much more 

advanced. However, no matter how the cell phone evolves, the ultimate importance of 

a cell phone is to keep people posted. Cell phone is probably the most apparent 

application in communication systems. Figure 1-2 shows a block diagram of a cell 

phone [1.7]. ADC is responsible for converting the received signals to digital codes for 

the digital up converter (DUC) and the digital down converter (DDC) to perform signal 

processing. Obviously, the portable devices are required to be power-efficient to 

prolong the life of the battery. Therefore, the ADC should not burn a lot of power as it 

is just one of the many components inside a cell phone. Moreover, the transmitted signal 

that carries information has its dedicated electromagnetic frequency. Thus, the ADC 

should work fast enough to sample and convert the received signals into digital codes. 

Last but not the least, with the advanced digital circuitry, the ADC should meet the 

speed requirement to keep up with the speed of the digital circuit. 

1.2.2 Medical Instruments 

ADC is generally needed in a lot of medical instruments. For example, medical 

sensor needs an ADC to quantify the signal in number. In particular, medical 
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instruments such as magnetic resonance imaging (MRI), blood pressure monitor, 

ultrasound system, etc., have to utilize ADCs to accomplish the work. For example, 

Figure 1-3 shows the block diagram of a MRI system [1.8], an ADC is necessary before 

the core function takes place. A key to a high quality image is the ADC. It is required 

to provide high-resolution and high-speed conversion. Some systems may make use of 

subsampling so that a lower-speed, higher-resolution ADC such as sigma-delta ADC 

can be used. 

 

 

Figure 1-3 A block diagram of a MRI system 
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1.2.3 Measurement Devices 

For a digital-based oscilloscope, it needs an ADC to convert the signal into 

digital one for displaying the waveform. Moreover, this kind of oscilloscope can also 

do some specific calculations such as fast Fourier Transform (FFT), root-mean-square 

(RMS), total harmonic distortion (THD), etc. These functions rely on calculations in 

digital domain. As shown in Figure 1-4 [1.9], the ADC in this oscilloscope plays an 

important role in the acquisition system. The sample clock in the horizontal system 

controls the sampling frequency of the ADC, while the vertical system first amplifies 

the acquired signal and passes it to the ADC for sampling. For a high-resolution 

oscilloscope, a high-resolution, high-speed ADC is necessary. 

 

 

Figure 1-4 A block diagram of an oscilloscope 

 

1.3 RESEARCH MOTIVATION 

The objective of this project is to build up a high-speed high-resolution ADC 

for battery-powered communication systems. As mentioned before, ADC is an 



6 

 

important building block for these devices. In the future development, the next 

generation of communication systems requires a high-speed and low-power ADC 

design to fulfill the demands [1.10]. The bandwidth required by the next generation of 

communication systems is going to be higher, thus it is a challenging task to increase 

the bandwidth while keeping the power consumption low. This urges the development 

of a high-speed and low-power ADC. Moreover, the area is also one of the major 

concerns of the circuit design. The design of small area is important because smaller 

area enables more intelligent and advanced devices. The spared area makes the DSP be 

designed to perform more complex algorithms to enhance the performances or functions 

of the device. 65-nm CMOS technology is adopted in this design project. By 

implementing a smaller transistor device, in other words, a smaller channel length can 

effectively increase the bandwidth of the device, since the resistance of the device is 

proportional to the channel length, so that the time constant is reduced significantly. On 

the other hand, the supply voltage shrinks due to the CMOS downscaling. Therefore, 

the power consumption can be reduced. Hence, the digital circuit, which is less sensitive 

to noise, benefits from the aspects of speed and power consumption. In conclusion, 

these factors enable the design to achieve high speed and low power consumption. 

However, there are a lot of different ADC architectures today. It is necessary to make a 

comparison among them and select the most suitable one for this specific task. 

1.3.1 Flash ADC 

 



7 

 

 

Figure 1-5 A simple architecture of a flash ADC 

 

Flash ADC is one of the ADC architectures using today. Figure 1-5 [1.11] shows 

the architecture of a flash ADC. The basic operation of a flash ADC relies on the 

simultaneous comparisons between the input signal and the different reference levels. 

The input signal is sampled through the sampling network, and it is directly connected 

to the input of all the comparators. The resistive ladder is responsible for generating 

different reference levels for comparisons. Flash ADC can achieve extremely high 

speed, since different comparisons are made simultaneously. 

However, this kind of ADC utilizes (2N-1) comparators for N-bit conversion. 

For example, a 10-bit flash ADC requires 1023 comparators. Such a huge amount of 

comparators burns enormous power for conversion. Moreover, these comparators waste 



8 

 

a lot of space in the circuit layout. Thus, flash ADC is generally used for relatively low-

resolution but high-speed applications. 

1.3.2 Pipelined ADC 

One of the most famous ADC architectures is the pipelined ADC. A pipelined 

ADC can work under high-speed and high-resolution requirements. This kind of ADC 

is made up of stages which are connected in series. Normally, one stage is responsible 

for a few bit conversion. Figure 1-6 [1.12] shows an example for a 12-bit pipelined 

ADC consisting of 4 stages and a final 4-bit flash ADC. For each stage, the input signal 

is fed to an ADC for 3-bit conversion, and then the DAC converts the corresponding 

digital code back to analog signal and subtract it from the input signal to generate a 

residue for the next conversion. For the remaining comparisons, the input signal is in 

fact the output, namely the residue, of the previous stage. Each stage is responsible for 

3-bit conversion with 1 bit overlapping. Therefore, the resolution is actually 

2+2+2+2+4=12 bits. This kind of ADC can achieve high speed and high resolution. 

However, the amplifier in each stage consumes static power, which is not preferred for 

a power-efficient design. Furthermore, due to the downscaling of CMOS technology, 

pipelined ADC suffers because the achievable gain is limited as well as the supply 

voltage is reduced. 
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Figure 1-6 A block diagram of a pipelined ADC 

 

1.3.3 SAR ADC 

Successive-approximation-register (SAR) ADC is one of the most popular ADC 

architectures [1.13] [1.14]. The simplicity allows it to achieve high speed, high 

resolution as well as low power consumption [1.6] [1.15] [1.16]. Figure 1-7 [1.17] 

shows a simple block diagram of a SAR ADC. A SAR ADC consists of a comparator, 

a capacitive DAC, a sampling front-end as well as a SAR logic. The input signal is 

sampled through the sample and hold circuit. The capacitive DAC is responsible for 

generating reference levels for comparisons. The output of the comparator is fed to the 

SAR logic for controlling the DAC to change the reference level for the next comparison. 

The detailed operation will be discussed in Chapter 2. 

Based on the comparison of different architectures above, SAR ADC was 

adopted in this design. Thanks to its digital assisted nature, SAR ADC benefits from the 

CMOS technology downscaling. Moreover, the number of required active analog 

components is small so that the static power consumption is minimum among different 

kinds of ADC. The detailed structure of a SAR ADC and the design challenges for the 

specifications will be discussed later. 
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Figure 1-7 A block diagram of a SAR ADC 

 

1.4 TARGET SPECIFICATION 

Based on the discussion of application above, a high-speed (MHz to GHz) and 

high-resolution (10 bits to 14 bits) ADC is always demanded. Figure 1-8 [1.18] shows 

a survey of the state-of-the-art ADC. This figure depicts the figure-of-merit (FoM) 

versus speed. The research direction is targeted at the lower-right-hand-side of the 

figure, at which an ADC is faster and consumes less power per conversion step. In this 

project, for applications of communication systems, the targeted speed and resolution 

are set as 130 MS/s and 12 bits, respectively. 
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Figure 1-8 A survey on power per conversion step versus speed of the state-of-the-art ADC 

 

1.5 ORGANIZATION OF THESIS 

The thesis is divided into five parts. Chapter 1 gives a brief introduction of 

ADC. It also specifies the motivation and the target specification of this project. 

Chapter 2 discusses the design considerations of the whole project. It analyzes 

the different parts of a SAR ADC in detail and points out the focus of this project. 

Chapter 3 is dedicated to present the core of this thesis. In this chapter, the DAC 

settling error is analyzed at length. A mathematical MATLAB model of the DAC 

settling error is provided. Most importantly, the existing solutions are covered and the 

proposed idea is presented. The comparison among different solutions is conducted. 

Chapter 4 shows the circuit implementations of different components of the 

SAR ADC. Moreover, it shows the layout diagrams corresponding to the different 

components. The post-layout simulation results are presented to support the 

effectiveness of the proposed idea. 

Chapter 5 finally draws the conclusion of this thesis and points out possible 

future improvements. 
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Chapter 2  
 

DESIGN CONSIDERATIONS 

 

2.1 SAR ARCHITECTURE 

Due to the CMOS downscaling, a highly digitized ADC structure like SAR has 

become popular in recent years. As shown in Figure 2-1 [2.1], its simple architecture 

makes it achieve high speed and high resolution with low power consumption. It does 

not require active components like operational-amplifiers (op-amps) so that it does not 

consume static power. SAR ADC is composed of a comparator, a capacitive DAC, SAR 

logic and last but not the least, a sampling front-end for obtaining the input signal. A 

well-designed sampling front-end contributes little sampling distortions so as to enable 

a high-resolution design. Together with the increasing speed requirement, a traditional 

sampling front-end cannot sample the input signal with low sampling distortions. This 

is the first challenge for designing a high-speed, high-resolution ADC. For a high-

resolution SAR ADC design, the comparator is required to compare a very little 

difference between the input signal and the reference. If the speed is high, the 

comparator will need to give out its decision in a really short time. Moreover, the 

comparator is required to suppress a certain level of noise for correct comparisons. The 

SAR logic is the spirit of this architecture, the logic performs binary search based on 

the decisions of the comparator. If the reference voltage is larger than the input signal, 

then “0” will be assigned to this bit. Otherwise, “1” will be assigned to this bit. 

According to the result, the SAR logic controls the switching of the DAC for generating 

a new reference level for the next comparison. In a high-speed high-resolution design, 
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the logic delay is also one of the speed limitations that require special attention for the 

design [2.2]. 

 

 

Figure 2-1 Architecture of a SAR ADC 

 

Typical operation of a SAR ADC relies on the capacitive DAC to perform 

binary-searched feedback between the input signal and the reference voltage. In the 

sampling phase, the input signal is sampled to the DAC array through a sample-and-

hold (S/H) circuit. During the conversion phase, first the comparator compares the input 

signal with the reference voltage. The first reference level is usually set as half of the 

input full scale. The comparator's decision is actually the output digital code, namely, 

“1” for larger input signal, “0” for larger reference voltage. This result is stored in the 

register starting from the MSB. Furthermore, the logic will change the reference level 

based on the comparator's result. If the comparator's result is “1”, it means that the input 

signal is larger than the reference voltage, so the logic will change the reference level 

to a higher value by a factor of 2 for the next comparison. This procedure continues 

until the last bit is obtained. 
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2.1.1 Switching Energy 

Since the SAR operation relies on the DAC array to perform the binary-searched 

feedback, the switching approach used in a SAR ADC is conversion linearity and power 

related. Therefore, this section analyzes the switching energy of two advanced 

switching approach, which are the Vcm-based [2.3] and set-and-down [2.4] switching. 

The switching energy [2.5] is calculated as follow and a 2-bit example is shown in 

Figure 2-2 for a simple description. 

 

 

Figure 2-2 2-bit capacitor array 

 

The 2-bit binary-weighted capacitive DAC array is shown in Figure 2-2. The 

input signal is sampled onto the top-plate of the DAC and the reference is applied to its 

bottom-plate according to the comparison. The energy consumptions to charge the 

capacitors C1 and C2 to VREF, respectively, shown in Figure 2-3 can be calculated as: 

 𝑉𝑥[2] = 𝑉𝑀𝐼𝐷 − 𝑉𝐼𝑁 +
𝑉𝑅𝐸𝐹
4

 (1) 

 𝐸1→2 = −𝑉𝑅𝐸𝐹{𝐶0[(𝑉𝑥[2] − 𝑉𝑅𝐸𝐹) − 𝑉𝑥[1]]} = 𝐸𝑇𝑂𝑃 + 𝐸𝑆𝑊 (2) 
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where ETOP and ESW represent the energies required to drive the change in Vx 

and to charge a new capacitor from GND to VREF, respectively. They are defined as: 

 𝐸𝑇𝑂𝑃 = 𝐶𝑇𝑉𝑅𝐸𝐹(−∆𝑉𝑥) (3) 

 𝐸𝑆𝑊 = 𝐶0𝑉𝑅𝐸𝐹
2  (4) 

 

 

Figure 2-3 b1 to b2 “down” transition for the conventional method 

 

A differential operation is adopted in the ADC design for the set-and-down as 

well as the Vcm-based switching approaches. The benefit is that a double output swing 

of the input is obtained, which increases the signal power by 4 times, but the noise 

power is also double, so as a result, the conversion obtains 3 dB SNR improvement. 

The switching sequences of the set-and-down and Vcm-based switching methods 

are shown in Figure 2-4. For the set-and-down approach, the input signal is sampled 

onto the top-plate of the DAC and its bottom-plates are all connected to VREF during the 

sampling phase. In the conversion phase, if Von>Vop, the MSB capacitor in DACn is 
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discharged to GND and other capacitors are kept connected to VREF. In contrast, if 

Vop>Von, the MSB capacitor in DACp will be discharged. The operation repeats n times 

until n bits are obtained. 

 

 

Figure 2-4 3-bit set-and-down and Vcm-based switching procedures 

 

The switching energy required for each transition is also shown in Figure 2-4, 

which is calculated according to the equations described above. For the Vcm-based 

switching, during the sampling phase the input signal is sampled onto the top-plate and 

the bottom-plates of the DAC are connected to Vcm instead of VREF. After that, the MSB 

conversion starts with the comparison between two differential input signals. If Von>Vop, 
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the MSB capacitor 2C in DACp is charged to VREF and the opposite one in DACn is 

discharged from Vcm to GND. Otherwise, if Vop>Von, the operation is reversed. The 

switching energy for each bit conversion is listed in Figure 2-4 and it can be found that 

for the first bit conversion, the Vcm-based switching costs half energy comparing to the 

set-and-down approach. Figure 2-5 plots the overall switching energy of the two 

switching techniques. The Vcm-based switching requires 30% to 50% less switching 

energy than the set-and-down approach. Therefore, this design adopted the Vcm-based 

switching technique. 

 

 

Figure 2-5 Switching energy versus output code for two different switching techniques 

 

2.1.2 Common-Mode Voltage Variation 

Besides the switching energy, the common-mode variation while using the 

advanced switching techniques, should be discussed. As the DAC relies on the 

comparator to make the decision for each bit, the variation of common-mode voltage 
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can affect the DC operating point of the comparator and ultimately degrade the 

conversion accuracy. One of the advantages of the Vcm-based switching is that the 

common-mode voltage is fixed while for the set-and-down switching, the common-

mode voltage is varying from VREF to (5/8)VREF. The common-mode voltage of the set-

and-down approach is shown in Figure 2-6. 

 

 

Figure 2-6 Common-mode voltage of the set-and-down switching 

 

The common-mode voltage of the MSB comparison and the one of the LSB 

comparison may have a large difference. It will affect the DC operating point of the 

comparator and lead to a dynamic offset voltage during the conversion. However, for 

the Vcm-based method it does not have this variation problem, since the switching in the 

two DACs is differential. The common-mode voltage of the Vcm-based switching is 

always Vcm. 
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2.2 SAMPLING DISTORTIONS 

2.2.1 Total Harmonic Distortion 

The total harmonic distortion (THD) is the ratio of the total harmonic distortion 

power and the power of the fundamental in a certain frequency band [2.6]. The 

calculation of the targeted specifications is 𝑆𝑁𝐷𝑅𝑑𝐵 = 𝑆𝑁𝑅𝑑𝐵 + 𝑇𝐻𝐷𝑑𝐵 . The ideal 

SNDR for a 12-bit ADC is 74 dB. In practice, this is not achievable. For design purpose, 

the targeted SNDR for sampling was set as 71 dB, then assume SNRdB and THDdB are 

the same, 𝑆𝑁𝑅𝑑𝐵 = 𝑇𝐻𝐷𝑑𝐵 ≈ 74𝑑𝐵. Together with the considerations of degrading, 

the targeted THDdB was set as 77 dB. 

2.2.2 Sampling Capacitance 

DAC array is one of the key components in the SAR ADC. On the basis of 

different characteristics and operating principles, there are three common DAC 

topologies, namely, resistive type, capacitive type, and current-based type. Capacitive 

DAC is used for SAR conversion, because it does not require another sample-and-hold 

(S/H) circuit, it inherently contains the S/H function. It is favorable since it effectively 

reduces the area of the circuit. On the other hand, it is also power efficient compared to 

other topologies. It is necessary to determine the total capacitance for the DAC array, 

since it determines the fundamental kT/C noise [2.7]. The kT/C noise is often the 

bottleneck of a high-resolution design. In order to decide the value of the total 

capacitance, it is necessary to know the amount of kT/C noise. For this design, the 

targeted SNR is 74 dB, and noticing that the total noise is determined mainly by four 

contributors, in other words, kT/C noise, quantization noise [2.8], comparator noise as 

well as clock jitter. The expression for the total noise power is: 
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 𝑉𝑛𝑜𝑖𝑠𝑒
2 = 𝑉𝑘𝑇/𝐶

2 + 𝑉𝑞𝑢𝑎𝑛
2 + 𝑉𝑐𝑜𝑚𝑝

2 + 𝑉𝐶𝐿𝐾
2 (5) 

where 

 𝑉𝑘𝑇/𝐶
2 =

2𝑘𝑇

𝐶
 (6) 

 𝑉𝑞𝑢𝑎𝑛
2 =

∆2

12
 (7) 

where Δ is the LSB. Notice that the kT/C noise is doubled because the 

differential operation is adopted and the kT/C noise in each part is uncorrelated. Assume 

that the kT/C noise is equal to the sum of the other three noise, in order to achieve 74 

dB of SNR, the signal to kT/C noise ratio should be designed as 77 dB. Hence, the total 

capacitance can be determined by: 

 𝑆𝑁𝑅𝑘𝑇/𝐶 = 20 𝑙𝑜𝑔

(

 
𝑉𝑠𝑖𝑔𝑟𝑚𝑠

√2𝑘𝑇
𝐶 )

 = 77𝑑𝐵 (8) 

The signal amplitude is doubled because of the differential input. Rearranging 

the equation above, the total capacitance can be calculated as: 

 
𝐶 =

2𝑘𝑇 × (1077/20)2

(
2.4

2√2
)2

≈ 577𝑓𝐹 
(9) 

In order to leave some design margins as well as the consideration of the unit 

capacitance, the total capacitance was set as 1 pF for a single side. Notice that a higher 

sampling capacitance enables the possibility of high-resolution design. 

2.2.3 Insufficient Bandwidth 

The sampling network can be considered as a RC network. It can be realized by 

an equivalent model of a MOSFET when it is operating in the active mode. The 
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equivalent resistance of a MOSFET and the sampling capacitance constitute a RC 

network as shown in Figure 2-7. 

The sampling frequency of this design is 130 MS/s, which is approximately 7.7 

ns per cycle. Considering the sizes of the switches and the conversion time required by 

the DAC array and the comparator, in this case, the sampling time was set as 900 ps. In 

order to provide sufficient time for the input signal to settle within 1 LSB, it is sufficient 

for the sampling time to be designed 10 times of the RC time constant of the sampling 

network: 

 𝑇𝑠 ≈ 10𝜏 = 10𝑅𝐶 (10) 

where τ is the time constant for a RC circuit. The RC circuit appears by means 

of the MOSFET on-resistance and the total capacitance of the DAC array. With the total 

capacitance C determined by kT/C noise and the resolution, together with the 

consideration of the practical achievable size of the capacitor, whose value is designed 

as 1 pF (half-differential), the required on-resistance will be 90 Ω. 

 

 

Figure 2-7 The equivalent model of the resistance of a MOSFET 
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2.2.4 Charge Injection 

There are a number of non-idealities in a MOSFET switch. Charge injection [2.9] 

is one of the errors. When we use a fast clock, it will lead to sampling distortion. When 

the switch turns off, there will be some charge escaped to the sampling capacitor. Figure 

2-8 shows a MOSFET operating in the triode region. A number of charge is stored in 

the equivalent intrinsic capacitors that form between the depletion regions during the 

sampling phase Φs. At the instant when the MOSFET turns off, in other words, from 

sampling phase to the hold phase, the charge stored in the capacitors needs to be released. 

For a slow transition from “on” to “off”, the charges to different directions are not the 

same, namely, n % of charges will go to the drain side and m % of charges will go to 

the source side, because the charges have time to go to the low-impedance node. 

However, for a fast transition, the charges don’t have enough time to run, for simplicity, 

assume that half of the charge escapes to the drain and the other to the source. As a 

result, the charge injection in the fast clock condition can be represented as: 

 Δ𝑉0 = −
1

2

𝑊𝐶𝑜𝑥𝐿(𝑉𝐻 − 𝑉𝑖𝑛 − 𝑉𝑡ℎ)

𝐶𝑠
 (11) 

where VH is the gate voltage which typically in this case is the clock voltage, as 

VDD. The above equation shows that it is signal-dependent because of the appearance 

of Vin. 
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Figure 2-8 A diagram for illustrating the charge injection 

 

2.2.5 Clock Feedthrough 

Moreover, the clock feedthrough effect [2.10] also causes the sampling 

distortion. Figure 2-9 depicts the physical appearances of the overlap capacitances. The 

overlap capacitance is one of the contributions of Cgs and Cgd, as there is a small 

overlapping area between source and gate, and drain and gate, respectively. The clock 

signal at the gate will make its way through the drain via the overlap capacitance Cov. 

The clock feedthrough effect is represented as: 

 Δ𝑉𝑜 = −
𝐶𝑜𝑣

𝐶𝑜𝑣 + 𝐶𝑠
(𝑉𝑖𝑛 + 𝑉𝑡ℎ − 𝑉𝐿) (12) 

where VL is the clock voltage when it is low. The equation also shows that it is 

signal-dependent due to Vin. 
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Figure 2-9 A diagram illustrating the clock feedthrough 

 

2.2.6 Solution: Bottom-Plate Sampling 

Figure 2-10 shows a sampling network where the input signal is sampled at the 

top-plate of the DAC. During the sampling phase Φs, the switch S1 is on and the input 

is tracked onto the DAC. The tracking duration of 900 ps is designed according to the 

required sampling bandwidth and its calculation is discussed above. Since the sampling 

of the ADC is 130 MS/s, there will be approximately 6.8 ns left for the 12-bit SAR 

conversion. As the top-plate sampling has low immunity to charge injection and clock 

feedthrough, the bottom-plate sampling is considered to achieve higher sampling 

linearity. Its circuit and timing diagram is shown in Figure 2-11. 
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Figure 2-10 Circuit schematic and timing diagram for top-plate sampling 

 

To perform the bottom-plate sampling, two clocks with different pulse widths 

are required. During the sampling phase Φs and Φf, S1 and S3 are on and the input is 

tracked onto the bottom plate of the DAC. According to the operation, the top-plate 

switch S3 is turned off before the bottom-plate switch S1. As the top-plate is a high 

impedance node after turning off S3, so that no signal-dependent charge injection will 

be caused from S1. The charge injection of S3 is constant, since the VGS of S3 is a 

constant value of 600 mV, where the charge injected causes a constant offset. Similarly, 

the signal-dependent clock feedthrough of S3 is also avoided. During the hold phase, S2 

will be on, which connects the bottom-plate of the DAC to GND and -Vin appears at the 

top-plate of the DAC. In general, the bottom-plate sampling can avoid the signal-

dependent charge injection and clock feedthrough. 

 



28 

 

 

Figure 2-11 Circuit schematic and timing diagram for bottom-plate sampling 

 

2.2.7 Variation of on-Resistance 

When the MOSFET is used as a switch, it is operating in the triode region (on) 

or the cut-off region (off). When it is turned on, the MOSFET is in the triode region, 

the on-resistance can be represented as: 

 𝑅𝑜𝑛 =
1

𝜇𝐶𝑜𝑥
𝑊
𝐿
(𝑉𝐺𝑆 − 𝑉𝑡ℎ)

 (13) 

where the VGS is a variable due to the variation of the input signal, therefore, it 

can cause a variable on-resistance. Since the on-resistance and the sampling capacitor 

form a low-pass filter, if the on-resistance is varying, the sampling bandwidth will also 

be varying. As a result, varying on-resistance causes the sampling distortion. 
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2.2.8 Solution: Bootstrapped Sampling Switch 

To avoid the variation of the on-resistance, bootstrap technique is adopted to 

improve the sampling linearity. Figure 2-12 [2.11] shows the sampling network with 

the use of a bootstrapped switch. The idea of the bootstrapped switch is to provide a 

constant Vgs while it is sampling. When it is sampling, Φs is high, so that switches S1 is 

on. The gate voltage is VDD+Vin while the source voltage is Vin, therefore, Vgs is a 

constant VDD. During the hold phase, Φsn causes S2 to be on while S1 is off. The solution 

provides a level shift of Vin that can produce a constant VGS to the sampling switch. 

Therefore, the on-resistance remains constant during the tracking phase. Notice that the 

on-resistance affects the sampling bandwidth, as discussed above. 

 

 

Figure 2-12 Ideal bootstrapped sampling network 

 

As a conclusion, two circuit techniques, the bootstrapped switch and the bottom-

plate sampling were used in this design. The detailed circuit implementations will be 

discussed in Chapter 4. 
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2.3 CAPACITOR MISMATCH 

The above calculation suggests that the minimum capacitance for targeted 

specification is only 577 fF. However, the final decision for this total capacitance is 1 

pF, since for 12-bit conversion, if a conventional DAC structure is adopted for binary 

search [2.12], the unit capacitance is about 0.14 fF, which is impossible to build such a 

small capacitor. Moreover, the required matching for such a small capacitor is 

extremely hard. The required mismatch can be calculated by considering the worst 

transition case, which is the MSB transition. Figure 2-13 shows a simple 3-bit capacitive 

DAC with the transitions diagram. Each capacitor has a certain mismatch, for simplicity, 

assume that the capacitor has its mismatch proportional to its weighting. For example, 

the capacitor C3 has 4ΔC as its original weighting is 4C. This 3-bit theoretical model 

shows that the MSB transition involves all of the three capacitors switching. As C1 and 

C2 switch off, while C3 switches on. Therefore, the mismatch is totally 7ΔC, which is 

the most serious case in this example. 

For this 12-bit ADC project, assume that a unit capacitor has a mismatch value 

σ, which is ΔC in the figure, for the worst transition, the MSB capacitor has a mismatch 

of 1024σ, and the remaining capacitors have a total mismatch of 1023σ. The mismatch 

percentage should not be larger than 0.5 LSB for correct conversion. Thus, an equation 

can be established as follow: 

 
√𝛿2𝑀𝑆𝐵 + 𝛿2𝑀𝑆𝐵−1

211𝐶
≤ 0.5𝐿𝑆𝐵 (14) 

where 

 𝛿2𝑀𝑆𝐵 = 1024𝜎
2 (15) 

 
𝛿2𝑀𝑆𝐵−1 = 1023𝜎

2 (16) 
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Figure 2-13 A transition diagram for illustrating the capacitor mismatch 

 

For the input full-scale is 2.4 V, as a result, the ratio of the mismatch value and 

the total capacitance is: 

 𝜎

𝐶
≈ 1.326% (17) 

Actually, by applying a split-DAC [2.4] structure, the requirement can be 

relaxed further. Since for a split-DAC structure, there are two mismatch ratios, one is 

referred to the total capacitance of the main DAC array, another one is referred to the 

secondary DAC array. By splitting the DAC into two parts, the worst transition is also 

changed to the MSB transition of the main DAC array only.  
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Figure 2-14 A 5-bit conventional DAC array and split-DAC array 

 

Figure 2-14 presents a 5-bit conventional binary-weighted DAC array and a 5-

bit split-DAC array. In this example, the capacitor mismatch for the split-DAC is 

considered in two different cases, the main array where 4C, 2C and C are used, and the 

secondary array where 2C, C and C are used. The mismatch ratio in the main array is 

not suitable for the consideration of the secondary one. In this way, the worst transition 

happens when 4C, 2C and C switch from “011” to “100”. Moreover, a split-DAC can 

also increase the unit capacitance by means of reducing the total number of capacitors. 

As shown in the figure, the total number of capacitors is 32 for the conventional DAC 

array, while for the split-DAC array, only 11 unit capacitor and a bridge capacitor is 

needed.  Detailed implementation about the split-DAC array will be presented in 

Chapter 4. 

 

2.4 COMPARATOR ARCHITECTURE DESIGN 

2.4.1 Introduction 

Comparator is the most important analog building block in ADC design, which 

compares the input difference and outputs the logic signal of “0/1” to the SAR controller 
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for further logic processing. This section discusses the characteristics, metrics of the 

comparator. Also, this section analyzes and introduces the basic operations and design 

considerations of the four different types of the comparators. 

2.4.2 Characteristic 

The circuit symbol of a comparator is shown in Figure 2-15, which has two 

analog input terminals, VIP and VIN, and a digital output terminal, VOUT, to indicate the 

decision. The ideal voltage transfer curve, VIP-VIN versus VOUT, is shown in Figure 2-16. 

If the positive terminal VIP has a larger voltage potential than the negative terminal VIN, 

the output of the comparator VOUT will output a logic “1”, whereas if VIP is less than 

VIN, VOUT will be “0”. If VIP=VIN, the output will be undefined in an ideal comparator. 

 

 

Figure 2-15 Circuit symbol of a comparator 
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Figure 2-16 Ideal voltage transfer curve of a 

comparator 

 

Figure 2-17 Practical voltage transfer curve of a 

comparator 

 

However, the practical transfer curve of a comparator is demonstrated in Figure 

2-17. Outside the range between VIL and VIH, VOUT still outputs a “0” in case of VIP<VIN 

and outputs “1” for VIP>VIN. However, if the input difference is quite small, the output 

cannot output a well-defined “0” or “1” within certain comparison time, since a real 

comparator has a finite gain. This situation is called “Metastability” in the comparator, 

which will be discussed in 6) Metastability. 

2.4.3 Performance Metric 

Since a comparator is an independent building block in an ADC, the overall 

performance of the ADC could be limited if the comparator is substandard. For design 

consideration, it is necessary to understand several performance metrics of the 

comparator which are listed as follow. 

1) Gain 

It is defined by gmt/C, where gm is the transconductance of the input transistors, 

t is the time for the input transistors operate in saturation region [2.13] [2.14] (also called 

as time of amplification) and C is the capacitive load. 

For the same input difference, a comparator with higher gain can achieve higher 

resolution and SNR because it can expand the difference and suppress the noise more. 
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2) Conversion speed 

Conversion speed is mainly dominated by time delay tdelay of the comparator. As 

shown in Figure 2-18, tdelay is the interval between the falling edge of reset phase and 

the rising edge of output. The equation of tdelay is expressed by 

 
𝑡𝑑𝑒𝑙𝑎𝑦 ≈

𝐶

𝑔𝑚
𝑙𝑛(

𝑉𝑜
𝐴𝑣 ∙ 𝑉𝑖𝑛

) (18) 

where C is the capacitive load, gm is the tranconductance of input transistors, Vin 

is the input signal, Vo is the output voltage, Av is the gain of a preamplifier since the 

input signal will be amplified before the decision. 

tdelay is inversely proportional to the scale of the input VIN, i.e., a larger tdelay will 

be occurred if the input is smaller. Obviously, tdelay should be within the phase of 

decision, otherwise comparator cannot regenerate an exact “0/1” in time. (The 

maximum range of tdelay will be discussed in the next section.) 

 

 

Figure 2-18 Dynamic behavior of a comparator 

 

3) Resolution 

As shown in Figure 2-19, the resolution is defined as the minimum input voltage 

difference (VIN_min) so that the comparator can output a well-defined logic level. 
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Assume VIN is equal to VIN_min, tdelay_max should be the allowed maximum time 

for delay. Once the delay is over tdelay_max, the comparator is failed to regenerate the 

digital output “0/1”. 

 

 

Figure 2-19 Resolution of a comparator 

 

4) Intrinsic Offset 

It is a certain input-referred voltage difference as Figure 2-20 shown, that causes 

by the mismatch of components. Comparing with the ideal transfer curve, the offset in 

the comparator causes a horizontal voltage shift VOS of the ideal transfer curve as shown 

in Figure 2-21. Hence, VOUT will output “0” and “1” according to VIP-VIN<VOS and VIP-

VIN>VOS, respectively. 
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Figure 2-20 Comparator with offset modeling 

 

Figure 2-21 Ideal transfer curve and transfer 

curve with offset 

 

5) Input Referred Noise 

Input referred noise is one of the most important design limitations in 

comparator since the noise is contributed by the on-resistance in the input transistor, 

and directly adds to the input difference and affect the comparison. As shown as Figure 

2-22, it makes a kind of uncertainty which is relative to the transition region of the 

transfer curve. As mentioned in 1) Gain, we can increase the gmt/C gain in order to 

improve this noise. 
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Figure 2-22 Comparator with input-referred noise modeling 

 

6) Metastability 

For the state that the output of the comparator is at the invalid digital level is 

called “Metastability”. Recall that in Figure 2-17, VOUT is metastable since it is not well 

defined “0/1” between VIL and VIH. 

Metastability error usually occurs in a comparator with latch so that it is 

necessary to know what the latch is. The circuit and its timing diagram of a latch are 

shown as Figure 2-23, it is actually a back-to-back inverters and controlled by two 

clocks, CLK and CLK_b. The detailed operation is described as follow: as shown in 

Figure 2-24, during the reset phase (Phase 1), Q and Q_b will be charged to VDD (Logic 

“high”, “1”) when CLK=0 and CLK_b=1. Afterward, the difference will be regenerated 

by back-to-back inverters in Phase 2 and Phase 2_en. Since Phase 2_en has enough time 

for regeneration, the outputs can exactly output “0/1”. Nonetheless, the metastability of 

outputs is occurred in Phase 2, since the outputs are not well-defined yet and then reset 

to VDD because of the insufficient time. 



39 

 

 

 

Figure 2-23 Circuit diagram of a latch 

 

 

Figure 2-24 Timing diagram of a latch 

 

2.4.4 Architecture of Comparator Design 

The first considerations of the comparators should be the conversion speed, 

resolution and comparator noise. Since a 130 MS/s 65 dB SNDR SAR ADC is targeted 

in this project, excluding the sampling time and reserved time for logic delays, so 450 

ps for reset and regeneration is allocated for the comparator. On the other hand, 

considering the noise effect, the resolution of comparator should be targeted as 200 μV. 
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In this project, four kinds of comparators were built and compared. Their 

features and drawbacks will be introduced. 

1) Latch-Type Sense Amplifier (Comparator 1) 

Latch-type sense amplifier is shown in Figure 2-25, which is a conventional 

comparator based on dynamic latch topology. Its structure is quite simple because it 

only consists of nine transistors. It has high input impedance, since the input pairs are 

connected to the gates of the transistors, and it is power efficient because it is fully 

dynamic and has no static power consumption. 

 

 

Figure 2-25 Block diagram of a latch-type sense amplifier 

 

Figure 2-26 Circuit schematic of a latch-type sense amplifier 
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The detailed operation of the latch-type sense comparator can be described as 

follow: as shown in Figure 2-26, during the reset phase (CLK=0), transistors M7 and 

M8 pre-charge the outputs Out+ and Out- to VDD, also causing M1 and M3 to pre-charge 

Di+ and Di-. The comparison can start after the reset phase (CLK=1). Transistor M9 

turns on, now the input transistors M5 and M6 are sharing the same path of a current 

source that consists of M9. Since the input is differential, the overdrive capacities of 

M5 and M6 are different, which lead the voltages at nodes Di+ and Di- to discharge at 

different rates. Therefore, an input-dependent differential voltage ΔVDi will be built up. 

Later ΔVDi will be regenerated by the back-to-back inverters formed by M1 to M4. 

This is an effective comparator because it can achieve fast decision due to the 

back-to-back inverters with strong positive feedback mechanism. However, this 

architecture cannot meet the requirement of very high SNR because of less gmt/C gain. 

The detailed analysis is described as follow: a conventional architecture can be divided 

into two parts, inputs sensing and latch. In order to achieve higher SNR, the 

comparator’s noise should be suppressed as low as possible. Therefore, a large 

amplification of the input difference is necessary, which is related to the gain in the 

inputs sensing part. Increasing the transconductance and expanding the amplification 

time can help the noise performance because the gain of a dynamic amplifier is defined 

by gmt/C. Nevertheless, the transconductance in this structure is only contributed by 

transistors M5 and M6. Also, inputs sensing and latch operate at the same time because 

they share the current paths and control clock, the time given for amplification is 

restricted and then the capacity to suppress noise will not be good enough with finite 

gain. Consequently, we have to make a trade-off between speed and resolution. 

2) Double-Tail Latch-Type Voltage Sense Amplifier [2.15] (Comparator 2) 

Double-tail latch-type comparator is illustrated in Figure 2-27. Comparing with 

the conventional one, this comparator includes two tail current sources. One is for the 
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inputs sensing stage and another one is for the regeneration stage. Although more 

transistors are used, double-tail comparator has the advantages of high input impedance 

and good power efficiency. The main feature of this topology will be discussed later. 

During the reset phase (CLK=0), the tail of PMOS (M12) and NMOS (M9) is 

off. The reset transistors M7 and M8 turn on in order to pull the Di nodes up to VDD, it 

leads M10 and M11 to discharge the output nodes to ground. After the reset phase, M9 

and M12 turn on, inputs sensing stage and generation stage start to work. The operation 

now is similar to the first architecture, voltages at the Di nodes will discharge 

monotonically and an input-dependent differential voltage ΔVDi will be built up 

gradually. ΔVDi will pass through the intermediate stage which formed by transistors 

M10 and M11, and then it will be regenerated by the back-to-back inverters. 

 

 

Figure 2-27 Circuit schematic of a double-tail latch-type voltage sense amplifier 
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The main advantage is that the two stages require different conditions. For input 

stage, the emphasis is the noise suppressing capacity. A small current is needed to slow 

down the discharge rate at the Di nodes, in order to extend the amplification time t. It is 

definitely another case for the latch stage, a large current is needed since a faster 

decision is desired to achieve higher speed. This design allows to separate the stage of 

inputs sensing and latch, two tails can be controlled individually, as a result, the 

performance of speed and resolution of the comparator can be remained and optimized. 

On the other hand, this topology can reduce the stacking and relieve the problem of 

headroom in deep-submicron CMOS technologies. 

3) Reconfigurable Low-Noise Dynamic Comparator [2.14] (Comparator 3) 

Reconfigurable low-noise dynamic comparator is shown in Figure 2-28. For this 

topology, different clock signals are applied into input stage and regeneration stage in 

order to expand the amplification time of the input transistors, and the speed sensitivity 

over the input voltage difference and noise performance are improved. 
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Figure 2-28 Circuit schematic of a reconfigurable low-noise dynamic comparator 

 

The detailed operation is described as follow: during the reset phase (STR1=0 

and STR2=0), voltages at the intermediate nodes, ti, are pulled up to VDD by transistors 

M3 and M4, the same situation happens at the output nodes, QP and QN, through M10 

and M11. After the reset phase (STR1=1 and STR2=0), the NMOS tail current source 

formed by M5 turns on, M1 to M4 start to draw the current monotonically. In this phase, 

M10 and M11 are still on and provide extra current paths through M6 and M7 to keep 

M1 and M2 saturated. When the nodes of ti are discharging, input-dependent difference 

ΔVti is built up. Later, STR2 moves to VDD, ΔVti will be regenerated by the dynamic 

inverters formed by M6 to M9, M12 and M13. 

The reconfigurable low-noise dynamic comparator achieves a good noise 

performance because of a great gmt/C gain. Different from the previous works, the 

transconductances in comparators 1 and 2 are contributed by only a pair of transistors, 

while there are two pairs of input transistors which are formed by M1 to M4 in this 



45 

 

structure. They can directly improve gm. Moreover, an extra pair of current paths is 

provided through transistors M6 and M7 since the outputs of the inputs sensing stage 

are now changed to connect to the source terminals of the latch stage, and these current 

paths extend the saturation time t of the input transistors M1 and M2. Based on the 

above two improvements, the overall gmt/C gain is improved. 

4) Proposed Comparator (Comparator 4) 

Although the above comparator 3 has a great capacity for noise suppressing, its 

resolution is just about 300 μV, which still cannot fulfill the targeted specification. 

Hence, a topology based on a preamplifier and the comparator 3 will be proposed, the 

block diagram is shown in Figure 2-29. 

 

 

Figure 2-29 A block diagram of the proposed comparator 

 

The advantages for adding a preamplifier are described as follow: for the cases 

of comparators 1 to 3, the differential signals passing through the S/H circuit will be 

directly applied to the gate terminals of the comparator. Therefore, the design 

considerations for the comparator are more critical. Whereas, for the proposed one, the 

input signal is firstly amplified by the preamplifier with a gain gmR, and then the 

amplified signal is fed to the dynamic comparator for comparisons. The comparison 

accuracy is relaxed by the pre-amp. On the other hand, the offset problem in the 
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comparator will be improved because the input referred offset will be suppressed by the 

gain of the pre-amp. 

Certainly, there are two things needed to take care in this case: one is about the 

power budget, since a constant voltage bias is needed in the implementation of the pre-

amp. Another one is about the input referred noise. The reason is that now the noise 

contributed by the preamplifier is dominating, although the presence of the pre-amp 

relieves the noise effect in the post-dynamic comparator. 

 

2.5 DAC REFERENCE ERROR 

As mentioned before, the operation of the SAR ADC relies on the comparison 

between the input signal and the reference voltage. The reference voltage is generated 

by switching the capacitors in the DAC array. If the reference voltage is not settled 

before the comparison is made, the input signal is not comparing with the desired 

reference level, thus leading an incorrect result. DAC settling is one of the causes of 

this reference error. It is realized by the equivalent RC network constructed by the 

bottom-plate switch and the capacitor in the DAC array. The RC time constant must be 

small enough to charge the capacitor to VDD. If the time is not enough, the reference 

voltage is not fully settled for comparison. Therefore, special attention should be paid 

for the size of the switch, since the on-resistance of the switch depends on the size of 

the MOSFET. 

Another cause of the reference error is the supply variation due to the inductive 

bonding generating switching noise [2.16]. The current transient draws power from the 

supply voltage, it is necessary for the supply to recover to its original level. Although 

the RC time constant is small enough, the reference voltage will also trace the supply 

voltage. Therefore, if the supply voltage is varying, the reference level is also varying. 
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If the comparison is made before the supply recovers, the reference variation will occur, 

thus causing conversion error. The highlight of this project is to calibrate this reference 

error so that for high-speed design, this error is no longer a limitation of speed and 

accuracy. 

Both of the reasons cause the same effect as the reference level is incorrect. 

Figure 2-30 shows a 3-bit DAC array with a sampling network and a comparator. The 

first two conversions are shown in the figure together with the sampling phase. Vcm-

based switching is adopted in this example. For the sampling phase Φs, all the bottom-

plates of the capacitors are connected to Vcm while the top-plates of the capacitors are 

connected to the input signal. During the hold phase, the conversion begins by first 

comparing the input signals, if the input signal of p-side is smaller than that of n-side, 

the MSB capacitor of p-side switches to VREF (as VDD) while the MSB capacitor of n-

side switches to VGND (as GND). Thus producing a higher input of p-side and lower 

input of n-side, and then compare again. Now if there is a DAC settling error, the 

bottom-plate of the MSB capacitor of p-side cannot fully charge to VREF before the 

comparison. Assume that the level is VREF-ΔV1, the top-plate voltage of p-side is not 

high enough as expected because of a smaller VREF. Thus, it is possible to cause a 

conversion error if the error voltage is significant to change the comparison between the 

top-plate signals. As this procedure goes, the DAC settling error of the MSB capacitor 

will finally settle to its expected level. Thus, for the second comparison, the bottom-

plate of the MSB capacitor is now VREF. However, the DAC settling now occurs at the 

MSB-1 capacitor. Note that the error voltage is not the same as the MSB case. As stated 

above, it is related to the power draws by the current transient. Therefore, the error 

voltage is in fact code-dependent. More detail of this DAC settling error will be 

discussed in the next chapter by means of switching energy. 
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Figure 2-30 A 3-bit DAC array showing the phenomenon of the DAC settling error 
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Chapter 3  
 

DAC SETTLING ERROR AND 

EXISTING SOLUTIONS 

 

3.1 SAR ARCHITECTURE 

There are two non-idealities causing DAC reference error, solely because of the 

time limitation. For high-resolution design, the number of conversion cycles increases 

because more decisions have to be made to achieve high accuracy. Therefore, the time 

allocated for each cycle reduces for a specified operating frequency. For high-speed 

design, the time limitation makes it hard for the DAC to settle [3.1]. As mentioned 

before, the RC time constant should be designed small enough. This RC time constant 

can be controlled in a certain level. However, the switching noise due to the inductive 

bonding is hard to deal with. According to the switching sequence, different powers are 

drawn from the supply causing different levels of the reference variation. Figure 3-1 

shows a simulation of the reference variation due to the inductive bonding. 
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Figure 3-1 Reference voltage variation 

 

As discussed in Chapter 2, notice that the switching energy is code-dependent. 

For example, if the first bit is "1" or "0", the corresponding supply variations are the 

same, because the energy for charging a capacitor from Vcm to VDD or the energy for 

discharging a capacitor from Vcm to GND are the same. However, for the remaining 

transitions, the reference errors are code-dependent. For instance, the energies are the 

same if the first two bits is "11" or "00", since for both cases, the energies for charging 

and discharging are the same. However, the energies for "11" and "10" are different, the 

consumed energy for the first case is lower than the second one. The switching energy 

was discussed in detail in Chapter 2. 

A solution is to have a large decoupling capacitor to stabilize the supply voltage 

so that it can avoid the variation. However, this method largely burns the area of the 
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chip. Some brilliant ideas which will be discussed later in Section 3.3 have been 

proposed to deal with this reference error. 

 

3.2 MATHEMATICAL MODEL BY MATLAB 

The DAC settling error was simulated by MATLAB. From the discussion above, 

the switching energies of the first two bits are the most serious cases. Assume that the 

remaining conversions are not affected by the DAC settling error, moreover, since the 

switching energies are code-dependent, and the reference will finally settle to its 

expected value, therefore, based on the assumption above, the mathematical MATLAB 

model can be established. A 12-bit conventional SAR ADC will be discussed in the 

following. Vcm-based switching [3.2] was adopted in this example where a differential 

input signal is used. Figure 3-2 shows an ideal output characteristic curve with no 

settling error, as well as the output characteristic curve where the DAC settling error 

causes an incorrect conversion. 

 

 

Figure 3-2 Output characteristic curves for ideal and error cases of a 12-bit SAR ADC 
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From the figure above, the input signals are the same. An ideal reference level 

will shift it by 1024 LSB according to the operation of Vcm-based switching. However, 

because of the reference error, the input signal cannot be shifted by 1024 LSB, instead, 

it is a little bit smaller than 1024 LSB, as shown in the red curve. In the next step, the 

signal is shifted by 512 LSB for the ideal case, resulting a signal larger than 0. However, 

due to the signal-dependent reference error, the resulting signal in the error case is now 

again a little bit lower than the one in the ideal case, resulting in a signal less than 0. In 

this situation, the comparator will give different results for these two cases, thus 

resulting an error. Even though the remaining steps have no settling error and the 

comparisons are all correct, the final residue for the error case is 8 LSB. This 

mathematical MATLAB model clarifies the DAC settling error in a clear way. The 

corresponding analysis shows that the SNDR for the ideal case is 74 dB, which is the 

ideal value for a 12-bit ADC, while the SNDR when there is a DAC settling error is 

52.75 dB. The MATLAB behavioral simulation will be shown later in Chapter 4. 

To see the consequences of the DAC settling error in a more clear way, a 

histogram is used to show this effect. Figure 3-3 shows the histogram for an ideal case 

while Figure 3-4 shows the one for an error case. 

 

 

Figure 3-3 Histogram for an ideal conversion 
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Figure 3-4 Histogram for an error conversion 

 

From the histograms shown above, one can see that if the conversion is all 

correct, each output code will appear only once. However, if there is a DAC settling 

error, a large number of codes will appear at around (1/4)MSB, (1/2)MSB and 

(3/4)MSB, because the DAC settling error is more critical in the MSB transition as well 

as the MSB/2 transition. 

 

3.3 EXISTING SOLUTIONS 

In order to deal with the reference errors, a number of solutions have been 

proposed. The solutions can effectively reduce the reference errors so as to increase the 

conversion accuracy as well as speed. Some methods make use of redundant bits to 

compensate the conversion error due to insufficient DAC settling time. 

3.3.1 Binary-Scaled Error Compensation 

For binary-scaled error compensation (BSEC) [3.1], a redundant binary-scaled 

capacitor is added in the capacitive DAC array, as shown in Figure 3-5, a DAC array 

used for the BSEC scheme is shown. An extra capacitor with weighting 4C is inserted 
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after the MSB-1 capacitor. This method can recover the error occurred before the 

switching of the redundant capacitor. 

 

 

Figure 3-5 Circuit diagram using the binary-scaled error compensation 

 

 

Figure 3-6 Output characteristic curve of a SAR ADC using the binary-scaled error compensation 

 

As shown in Figure 3-6, according to the operation of a SAR ADC, the 

redundant capacitor will result in a voltage change based on its weighting. Since for a 

conventional SAR ADC conversion, the voltage change should be half of the previous 

one, while for this redundant bit, the voltage change is equal to the previous one. 
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Therefore, the corresponding error coverage is half of the redundant capacitor weighting 

because it covers twice of the value comparing to the conventional conversion. 

 

 

Figure 3-7 Searching algorithms for the conventional conversion and the BSEC conversion 

 

To see a mathematical model of the conversion sequence, a 3-bit example is 

shown in Figure 3-7. For instance, the input signal is sampled to the DAC array and 

assuming Vin is corresponding to 2.5 LSB. The comparator will perform a feedback to 

the DAC array for switching. This results in a new reference level of 2 LSB. For an 

ideal case shown at the left-hand-side of Figure 3-7, the next comparison urges a new 

reference level of 3 LSB. Thus, the final result will be “010”. However, if there is a 

DAC settling error at the second comparison, where the input signal of 2.5 LSB is 

comparing to the reference level of 2 LSB, if the reference is 3 LSB instead of 2 LSB 

because of the DAC settling error, the comparator will output “0” and thus the reference 

level will be further pulled down to 1 LSB. As a result, the residue is larger than 1 LSB 

so that it causes an incorrect conversion result. The code will finally be “001”. By 

implementing the BSEC scheme, this error can be calibrated. Using the circuit as shown 

in Figure 3-5 where a 3-bit ADC with the use of BSEC is shown, the operation is shown 
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in the right-hand-side of Figure 3-7. After the DAC settling error occurs, a redundant 

capacitor can calibrate this error by the operation shown in Figure 3-7. This comparison 

suggests a new reference level of 2 LSB. Therefore the residue is less than 1 LSB so 

that by using a certain digital calibration, a correct code can be obtained. The direct 

digital output code before any digital manipulation is “0011” in this case. The 

corresponding representation is calculated as “4×B1+2×B2+2×B2c+1×B3-1=2”. Since 

the corresponding coverage of the redundant capacitor is half of the previous one, 

therefore, there is an offset which is equal to half of the previous weighting of the 

capacitor. The offset cancellation is realized by subtracting 1 in this case from the total 

corresponding value of the code. 

For a general description, without loss of generality, assume that Vin+½Vref is 

larger than 0. After the comparison, the signal will be subtracted by ¼Vref, resulting a 

signal Vin+½Vref−¼Vref. However, if the comparison is made before the reference 

settles to its targeted value, for example, 50% of the targeted value, then the signal being 

compared is Vin+½×½Vref. Again, without loss of generality, assume that Vin+¼Vref is 

less than 0, the comparator will tell the DAC to perform a switching which results in a 

signal Vin+½Vref+¼Vref, after the reference of the first-bit switching settles to the 

desired value. Comparing the above two cases, because of the reference error, the 

comparison will result in a wrong bit. Since the reference error is ½Vref and the 

remaining voltage weighting is ¼Vref, therefore ¼Vref (as ½Vref−¼Vref) is needed to 

compensate the error. By applying the BSEC scheme, if the redundant capacitor whose 

weighting is equal to the previous bit is inserted at the third bit, the next comparison 

will result in a signal Vin+½Vref+¼Vref−¼Vref. Thus the compensation can be done once 

the weighting of the redundant capacitor can cover the range of the error. This method 

can be simply realized just by adding redundant capacitors and digital error correction 

logic. However, the increased total capacitor value decreases the dynamic range, 
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especially if the redundant capacitors are placed at the first few bits. The linearity and 

the performance of the ADC will be further degraded if the number of redundant 

capacitors increases. 

3.3.2 Non-Binary Searching Algorithm 

For non-binary SAR algorithm, the weightings of the capacitors are not binary-

scaled. The method also requires redundant bits to achieve the error correction. The 

reference is not reduced by a factor of 2, but a little bit smaller than 2 instead [3.3]. For 

N-bit resolution, there are M comparisons resulting 2M results, where M is larger N [3.4]. 

This means that different codes can represent the same input level. Therefore, if a certain 

error occurs, although the switching is different, it can also produce the correct result. 

For example, a radix-1.8 DAC array [3.5] is shown in Figure 3-8. 

 

 

Figure 3-8 A radix-1.8 series DAC array 

 

The effective input range is not reduced by a factor of 2, instead it is 1.8 in this 

case. As a result, each bit searching contains a certain overlapping range, which is 

searched previously. As shown in Figure 3-9, the non-binary searching is illustrated. 

The grey area shown in the figure is the effective searching range. For a conventional 

binary searching, the effective searching range for this bit is from ½VREF to VREF, while 

for the radix-1.8 searching, this effective searching range is a little bit larger than the 
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one for the binary searching. Thus, even though there is an error occurred at the first 

transition, the radix-1.8 searching can compensate this error as long as the error is within 

this overlapping range. 

 

 

Figure 3-9 Output characteristic curve of a radix-1.8 searching 

 

To see a mathematical explanation for this non-binary searching algorithm, as 

shown in Figure 3-10 [3.6], this is not restricted to any radix number, just an example 

to show the idea to convert the obtained digital code to a correct output code. For 

example, for a 4-bit ADC, assume a normalized input level is 9.5 (for clear comparison), 

and then a binary-search SAR will compare 9.5 with 8 (half of the full scale), resulting 

a new reference level of 12. Comparing 9.5 with 12 will lead to a new reference of 10, 

and finally 9. The sequential comparison will give a digital code "1001", which 

represents "9" as expected. For a non-binary SAR, assume 5 steps are made for 

comparison, and the corresponding weighting is 3, 2, 1 and 1, counting from the MSB. 

The first comparison is made as what conventional SAR does, which is comparing 9.5 

with 8. The new reference level is now changed to 11 (8+3), and then comparing 9.5 



60 

 

with 11 gives rise to new reference level 9 (11-2), then 10 and finally 9. This comparison 

sequence produces a digital code "10101". The corresponding representation can be 

calculated as 8+3−2+1−1+0.5−0.5=9. Now, if the comparison is wrong at the first bit, 

then a new reference level will be 5. Assume all the remaining comparison is correct, 

resulting the successive reference levels are 7, 8 and 9. The digital code will be "01111". 

The corresponding representation is calculated as above, 8−3+2+1+1+0.5−0.5=9. 

Although the first bit is wrong, it can also produce a correct result. The searching 

principle is that the range is not effectively reduced by a factor of 2. For example, in the 

previous case, the first bit comparison can tell where the input signal locates, say, the 

region from 8 to 16 or the region from 0 to 8. Then the next comparison can tell the 

input signal either locates in the region from 0 to 5 or the region from 5 to 10. Notice 

that there is an overlapping region, which is the essence of this error correction. Each 

bit has a certain overlapping region. One can see that this method can correct an error 

of 3 LSB is this case for the first bit. In general, however, if the error exceeds a certain 

range, it cannot recover, because the difference between the last reference level and the 

input signal will be larger than 1 LSB. The non-binary searching requires a complex 

decode logic, which is not easy to implement. 
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Figure 3-10 Searching algorithm for the non-binary search conversion in both correct and error cases 

 

3.4 COMPARISON 

For binary-scaled error compensation, using the ADC shown in Figure 3-11 [3.1] 

as an example, three more capacitors are inserted for the binary-scaled error 

compensation (BSEC) technique. In general, the total capacitance for a binary-scaled 

10-bit SAR ADC is 512 (256, 128, 64 ... 2, 1, 1) unit capacitors. On the other hand, 

three redundant capacitors are inserted for the BSEC technique so that the total 

capacitance increases. The resulting total capacitance is now 585 (256, 128, 64, 64 ... 8, 

8 ... 2, 1, 1, 1) unit capacitors. This simply requires a larger area for the capacitive DAC 

array. 
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Figure 3-11 Block diagram of a 10-bit SAR ADC with BSEC 

 

According to the operation of a binary SAR ADC, the effective input range is 

reduced by a factor of 2. For example, in an ordinary SAR ADC, the first comparison 

leads to a switching at the MSB capacitor. Since the MSB capacitor weighting is equal 

to half of the total capacitance, thus, this switching will reduce the effective input range 

by a factor of 2. On the other hand, since the total capacitance for the BSEC scheme is 

larger, the ratios for each step are not binary anymore. For example, the MSB capacitor 

weighting is now 256, while the total capacitance is 585. Thus, the ratio is 256/585 

instead of 1/2 anymore. The effective input range is not reduced by a factor of 2, so it 

is like the non-binary searching scheme. 

This also increases the matching requirement of the DAC since the signal full-

scale is reduced, it leads to the degradation of dynamic range of the conversion. Due to 

increase of total capacitance, the weighting of LSB becomes smaller, thus the required 

capacitor matching is further increased. Moreover, in order to resolve a smaller signal 

difference that would be much less than (1/2)LSB, the comparator needs to be designed 

with much higher resolution. If the capacitor matching is kept as before and the 

comparator cannot be improved, the resolution will be limited by the capacitor 
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mismatch and the comparator. For example, if (MSB-1) capacitance is inserted, the total 

capacitance will be increased by 25%. Then the difference by inserting this capacitor 

can be calculated by 0.25/1.25=20%. In other words, the dynamic range will be 

decreased by 20% due to this insertion of capacitor. 

The output code for the BSEC scheme contains more bits than the one for the 

ordinary binary-scaled scheme. In order to obtain the 10-bit binary codes from the 13-

bit outputs, a decoder is required in the BSEC scheme. Comparing to the one used for 

the non-binary searching algorithm, the digital logic for BSEC scheme is much simpler. 

The correct output codes can be obtained by implementing the digital circuit as shown 

in Figure 3-12 [3.1]. It does not require a complicated hardware implementation or a 

confusing calculation so that this correction can be easily done on-chip. 

 

 

Figure 3-12 Digital error correction logic implementation 

 

In terms of the error coverage, the BSEC scheme can only cover a certain range 

of error that occurs before the redundant bit. For example, the redundant capacitor C3C 

can compensate a certain percent of error occurred before the switching of C3C. The 

error coverage of this redundant bit is equivalent to half of its capacitor weighting. For 

simplicity, ignore the change in LSB due to the increase of total capacitance. The 
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weighting of the capacitor C3C corresponds to 64 LSB. Therefore, the error coverage of 

this redundant bit is 32 LSB indeed, which is equivalent to 6.25% of the input full-scale. 

The compensation is effective as long as the error lies within this range. 

For non-binary searching algorithm, as mentioned before, it uses more (M) steps 

to determine N-bit resolution. As a result, there are 2M different output codes to 

represent 2N different input levels. Thus, it means that the same input level may be 

represented by more than 1 output codes. Hence even though the switching is incorrect 

due to an error, it is possible to have a correct output code. 

The total capacitance is not changed for this non-binary searching scheme. 

Therefore, the smallest achievable signal is still the same. It does not require a higher-

resolution comparator. As a result, it does not reduce dynamic range. Only the capacitor 

weightings are changed so that the effective input range is not reduced by a factor of 2. 

This capacitive DAC array is hard to implement in the layout design, since 

everything is not symmetric. Especially the capacitor matching is an important issue 

that needed to be considered throughout the whole array design. Since the capacitors 

are not symmetrically placed, it is hard to assure that the capacitor matching is good 

enough for a certain resolution. 

Although the non-binary searching scheme requires more steps to resolve N-bit 

resolution, the time for conversion may not be increased. Since this algorithm allows a 

certain percent of error at each bit, it is acceptable to maintain a certain speed and reduce 

the time for each bit. The error coverage for non-binary searching algorithm depends 

on the number of bit. It can cover a certain percent of errors throughout the whole 

conversion, which is better than the BSEC scheme in terms of this ability. 

However, since many more output codes are presenting, a correct digital output 

for further signal processing is required. If the next digital component accepts a 10-bit 

input, but the output of this ADC is 12 bits, this will not be allowed. Moreover, some 
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of the 12-bit outputs can represent the same input levels. Thus, it requires a digital logic 

to determine the corresponding digital output in this case. The decode logic is extremely 

complex for the non-binary searching algorithm. Thus, the effort to perform such a 

digital logic is huge. 
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Chapter 4  
 

PROPOSED SOLUTION 

DYNAMIC CAPACITIVE-ERROR-COMPENSATION 

 

4.1 PROPOSED SOLUTION 

Based on the discussion above, a simple but effective solution is more attracting 

to be used. In this project, the proposed dynamic capacitive-error-compensation (DCEC) 

technique performs the calibration in the analog domain. The method needs no complex 

control logic and does not sacrifice the dynamic range. The idea is based on an 

assumption that the reference variation occurs at the LSBs are not significant so that the 

conversion will not be affected. The assumption is drawn because the capacitor 

weightings at the LSBs are small, therefore, the RC settling times to charge the 

capacitors are small enough for correct conversions. Moreover, due to the same reason, 

the package inductive bonding generating noise because of the current transient of the 

DAC has a trivial effect. Recall that the switching energy discussed above, the reference 

error is code-dependent, therefore, different values of compensations were considered 

so that the corresponding compensation is enough to calibrate the reference error. 

Assuming that the first comparison is incorrect due to the reference variation, by 

performing off-chip detection, the error can be compensated by means of switching the 

corresponding capacitor, whose weighting is approximately equal to the error value.  
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Figure 4-1 Proposed DCEC circuit implementation (B1B2=“00”) 
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As shown in Figure 4-1 . During the sampling phase, the input signal is sampled 

to the top-plate of the DAC array. According to the SAR operation, the MSB is “0” after 

the first comparison, and the reference will be shifted up. Assume that the reference 

variation is corresponding to 50 LSB, then the control logic will switch the capacitor 

with its weighting corresponding to 32 LSB to relax the settling error for the next 

comparison. After the comparison is done, the capacitor will be discharged to Vcm for 

the future switching. The proposed DCEC is performed during the first and second 

comparisons, since the errors occurred at these two transitions are the most critical. As 

mentioned before, due to different switching sequences at these two bits, namely, "11", 

"10", "01" and "00", different reference variations will occur. If the next comparison 

determines that B2=0, then a capacitor with its weighting corresponding to 16 LSB will 

be compensated. 
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Figure 4-2 Proposed DCEC circuit implementation (B1B2=“10”) 
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Now, if B1B2=“10”, different capacitor will be switched to compensate the 

different error caused by the signal-dependent reference variation. Considering the 

situation shown in Figure 4-2. As before, during the sampling phase, the input signal is 

sampled to the top-plate of the DAC array. Then since B1=1, the reference level will be 

shifted down. Now assume that the error caused by the reference variation is 

corresponding to 50 LSB as the one for B1=0 since the switching energy is the same for 

these two cases. Therefore, a capacitor whose weighting is 32 LSB will be switched for 

compensation. After the comparison, this capacitor will be switched to Vcm for future 

switching sequence. Now because B2=0, the switching energy will be larger than the 

one for B1B2=“00”, thus, a larger capacitor will be switched to compensate this larger 

error. The capacitor whose corresponding weighting is 64 LSB will be switched. 

DCEC does not require extra capacitors, it performs the compensation using the 

existing capacitors, so that it does not degrade the dynamic range. However, the analog-

domain compensation cannot be done so perfectly to compensate the exact error, 

therefore, one-bit digital error correction will be adopted to cover the remaining 

reference error. Moreover, by using this technique, some small error occurred before 

that redundant bit can be compensated. It can relax the design challenge of the capacitor 

matching for performing the DCEC scheme. The drawback of this scheme is that an 

error detection is needed before the correct conversion. However, since only the first 

two transitions dominate, just four different cases are needed for off-chip detection, so 

that it can reduce the detection effort. 
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4.2 MATLAB BEHAVIORAL SIMULATION 

A mathematical MATLAB model for this idea was built to show the 

effectiveness of this scheme. Using the previous mathematical MATLAB model for the 

reference error, by implementing the proposed DCEC scheme together with the help of 

one-bit binary-scaled error compensation which was inserted at the bit corresponding 

to 16C, the reference error can be fully compensated. The output characteristic curve 

presenting this idea is shown in Figure 4-3. 

 

 

Figure 4-3 Output characteristic curve of a SAR ADC using the DCEC scheme 

 

As the example discussed above, the input signal is the same as the previous one, 

and the first comparison urges the signal to shift by 1024 LSB. However, due to the 

DAC settling error, the resulting signal is a little bit less than the one in the ideal case. 

Here the DCEC scheme is adopted, thus compensating some of the error to reduce the 

difference to the ideal one. This DCEC scheme is also implemented at the second 

switching. In Figure 3-2, the resulting signal is less than 0, however, because of the 

DCEC scheme, the resulting signal is higher than 0 so as to prevent a wrong code causes 
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by the settling error. The DAC settling errors of the remaining transitions are not as 

significant as the MSBs’ transitions, thus for simplicity of the MATLAB model, the 

effect is ignored. Moreover, as discussed in the previous section, the DAC settling error 

will finally settle to its desired value, thus, the remaining transitions no longer have any 

DAC settling issue. Notice that at the sixth switching, the signal is changed from -24.5 

LSB to -8.5 LSB by 16 LSB. The seventh switching is again changed from -8.5 LSB to 

7.5 LSB by 16 LSB, since the redundant capacitor is inserted in this bit. The redundant 

capacitor serves as a backup solution for the remaining error that occurs before the 

seventh switching. 

The actual circuit implementation for this project will be presented in Chapter 

5, where the verification of the assumption as well as the effectiveness of this idea will 

be shown. 

The effectiveness of the DCEC scheme is shown by the FFT analysis. Figure 

4-4 shows the MATLAB behavioral simulation of FFT analysis of a conventional SAR 

ADC without any forms of compensation. The achievable SNDR is just 52.75 dB. 

After performing the DCEC scheme, the FFT analysis shown in Figure 4-5 

shows that the SNDR is improved to an ideal level, which is 74.08 dB. Moreover, the 

comparison between the DCEC and the BSEC schemes is shown by the FFT analysis 

also. Figure 4-6 shows the FFT analysis for the BSEC scheme. In this case, a one-bit 

BSEC scheme is used, and the extra capacitor is inserted, which is corresponding to the 

MSB/16 capacitor. The resulting SNDR is just 59.67 dB, which is just improved by 

6.92 dB. 
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Figure 4-4 MATLAB FFT simulation for a conventional SAR ADC without any compensations 

 

 

Figure 4-5 MATLAB FFT simulation for DCEC scheme 

 

 

Figure 4-6 MATLAB FFT simulation for BSEC scheme 

 

Based on the analysis above, this project proposed a simple idea for 

compensating the DAC settling error in the analog domain. Comparing to the other two 

methods, it doesn’t need to perform any digital calibration afterwards, so it greatly 
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reduces the complexity of the circuit. Non-binary searching algorithm is not easy to do 

the digital calibration. Moreover, the non-binary-scaled capacitors are not favored for 

layout. While for the binary-scaled error compensation, it does not require difficult 

digital calibration, but it reduces the dynamic range of the ADC, since the total 

capacitance is increased by inserting the redundant capacitors. However, if this 

redundant capacitor is inserted in the LSBs, it wouldn’t sacrifice too much dynamic 

range. Therefore, this project also adopted this idea to relax the accuracy of the 

compensation. Since it is hard to add an exact value for compensation in the analog 

domain, thus the binary-scaled error compensation is responsible to cover the remaining 

error. However, it is hard to predict which capacitor is to be switched to compensate the 

different values of DAC settling error. Off-chip detection is needed and the switching 

of the corresponding compensative capacitor is required to be controlled off-chip. 
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Chapter 5  
 

CIRCUIT IMPLEMENTATION AND 

LAYOUT CONSIDERATION 

 

5.1 CIRCUIT IMPLEMENTATION 

5.1.1 Sampling Front-End 

As discussed above, in order to avoid the effects of charge injection and clock 

feedthrough, bottom-plate sampling was adopted in this project. On the other hand, 

since the top plates of the capacitive DAC array are connected to the inputs of the 

comparator, the parasitic capacitance from the comparator affects the top-plate voltage. 

If top-plate sampling were used, the parasitic capacitance would change according to 

the input signal, which means it is signal-dependent, thus causing distortions. Bottom-

plate sampling was adopted mainly because of this reason, since the top-plate voltage 

is a constant during sampling phase, which is Vcm. The parasitic capacitance keeps 

constant so there will not be any distortions. 

The detailed circuit implementation of the bootstrapped circuit is shown in 

Figure 5-1 [5.1]. The basic idea is that during the sampling phase, the gate voltage is 

boosted up to VDD+Vin. A capacitor is used to provide VDD during the sampling phase. 

During the conversion phase, M2 is on thus connected the bottom-plate of the capacitor 

to GND. Moreover, M9 turns on together with an always-closed M8, resulting gate of 

M3 is pulled down to GND. Since M3 is a PMOS, thus it turns on once its gate voltage 
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is at low level. The top-plate of the capacitor is connected to AVDD as a result. Thus, 

the capacitor stored the charge during the conversion phase. Notice that the signal Φs 

goes through an inverter composed of M5 and M7, thus, the output of this inverter, 

namely, the gate voltage of M4 will be at high level during the conversion phase. 

Therefore, M4 is off during the conversion phase. The output of this bootstrapped circuit 

is denoted as Vg, which is at low voltage level during the conversion phase as expected. 

During the sampling phase, after the signal Φs goes through an inverter, the gate voltage 

of M4 is low, thus turning on the switch, the top-plate of the capacitor is originally VDD 

causing Vg to be high, so that the bootstrapped switch turns on, as well as M1. Vin is 

connected to the bottom-plate of the capacitor, due to the charge conservation, the top-

plate of the capacitor will be thus pushed to Vin+VDD. Thus, the output of this 

bootstrapped circuit will be Vin+VDD. Also notice that M9 is off because during the 

sampling phase, Φs is low. 

 

 

Figure 5-1 Circuit diagram and timing diagram of the bootstrapped sampling switch 
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5.1.2 Comparator 

The timing diagram of the proposed comparator is shown in Figure 5-2 and its 

circuit diagram is shown in Figure 5-3. The detailed operation is described as follow: 

during the sampling phase, the preamplifier and the dynamic comparator is resetting. 

The voltages of Pre_re, STR1 and STR2 are all low, which leads VIPC, VINC, ti+, ti-, QP 

and QN to reset to VDD through the transistors M17, M18, M6, M7, M10 and M11, 

respectively. 

 

 

Figure 5-2 The timing diagram of the proposed comparator 
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Figure 5-3 The circuit schematic of the proposed comparator 

 

Next, during Phase 1 (P.1), the dynamic comparator is still resetting but the pre-

amp starts to work. The input signals will be sensed by transistors M14 and M15, and 

then they will be amplified by a gain of gmR in the pre-amp. For this phase 110 ps is 

assigned. Then, during Phase 2 (P.2), the first stage of the dynamic comparator turns on 

so that the amplified difference VIPC and VINC will be sensed by M1 and M2. As 

mentioned, the extra current paths will support the input transistors, and this difference 

will be amplified by gmt/C. For this phase only 50 ps is assigned. Finally, 100 ps will 

be assigned for the latch regeneration and 150 ps will be budgeted for resetting in the 

next comparison. As a whole, the total comparison time for each bit is about 410 ps. 
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5.1.3 Self-Timed Loop 

One of the design considerations of a SAR architecture is the time accuracy and 

the logic latency. The logic latency must be minimized in order to maximize the time 

for the DAC settling. In order to reduce the latency of each bit-cycling, a self-timed 

loop [5.2] is used. Figure 5-4 shows the signal processing of one bit-cycling. Phase 1 is 

assigned for the pre-amp amplification, phase 2 is assigned for the regeneration of the 

latch, the SAR logic delay and the DAC settling, which is related to the DAC's structure 

and the logic design. The implementation of a timed loop is usually limited by the worst 

case is phase 2. In this design, the bit-cycling in phase 2 is dominated by the logic 

propagation delay and the DAC settling. 
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Figure 5-4 Timing diagram of one bit-cycling 

 

5.1.4 Shift Registers and Bit Registers 

The shift registers [5.2] provide the control signals of VQ1, VQ2 ... VQ13 to 

successively activate the switch-driving registers during each bit-cycling. In this work, 

there are total 13 conversion cycles, including 12 bit-cycling and 1 bit for digital error 

correction. The shift register is essentially a cascade of D flip-flops, where the data 

output of each D flip-flop is connected to the data input of the next D flip-flop. At each 

rising-edge of the clock, the output of each D flip-flop is rewritten by the input and 
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stores it correspondingly. The starting signal is provided by an external synchronized 

clock. 

 

 

Figure 5-5 Overall diagram of the bit registers architecture 

 

 

Figure 5-6 Schematic of the bit register 

 

The bit register [5.3] is used to store the comparator's output and passes the 

control logic to the corresponding bit. In this work, 25 bit registers were used. As shown 

in Figure 5-5, two sets of 12-bit bit registers were used to store the first 12-bit cycles 

differential outputs B1P to B12P and B1N to B12N as well as an extra bit B13P. To 

speed up the SAR controller, the bit registers were implemented with custom-designed 

dynamic logic rather than the conventional static one. 

The detailed circuit implementation of the bit register is shown in Figure 5-6. 

During the reset phase, the transistors M2 and M3 are both off and the gate of M1 is 
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low to charge the node A to VDD. During the conversion phase, M2 is on. If COMP,Y 

outputs a “1”, the voltage at node A will discharge to GND. If COMP,Y outputs a “0”, 

the voltage at node A will remain high. This architecture can achieve high speed 

operation, which is less than 50 ps logic delay. 

5.1.5 SAR Logic 

The SAR controller including all the building blocks is shown in Figure 5-7, 

which consists of shift registers (SR0 - SR12), bit registers (BR0 - BR12) and a Vcm-

based switching logic block. 

Figure 5-8 shows the split capacitive DAC array and the timing diagram of Vcm-

based switching. In this project, bottom-plate sampling is used in order to achieve a 

high-linearity SAR ADC. 

 

 

Figure 5-7 Block diagram of the SAR logic 
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During the sampling period Φ1, Vin is sampled at the bottom-plate of the DAC. 

In the reset phase Φ2, all the capacitor's bottom-plates are connected to Vcm resulting a 

(-Vin) at the output. The CLKs used to control the shift register synchronize the 

comparison of each bit. As shown in Figure 5-8, the switching sequence of the MSB is 

demonstrated. After the comparator makes its decision for MSB, the bottom-plate will 

be disconnected to Vcm first and then according to the logic it will be connected to either 

VREF or GND to generate a new reference level for the next comparison. In the meantime, 

the bit register stores each bit decision from the comparator to determine the next bit 

switching. 

 

 

Figure 5-8 The Vcm-based switching timing diagram with its n-bit split capacitive DAC array (n=i+j) 
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5.2 LAYOUT CONSIDERATION 

5.2.1 DAC Array 

Instead of a traditional binary DAC, a split DAC was used in this project. A split 

DAC can effectively relax the capacitor matching because by using this DAC structure, 

the unit capacitor size can be increased. Although there is a gain error by using this 

structure, it can be well calibrated so it does not affect the performance. The layout of 

a unit capacitor is shown in Figure 5-9. The capacitance is created by means of the 

coupling of the crisscross metals that spread all over the place. This structure can 

significantly increase the capacitance while maintaining a small size. The overall 

arrangement of the capacitor array is shown in Figure 5-10. In this project, the main 

consideration is that the coupling capacitance to the top-plate cannot be too large, 

otherwise, it will affect the capacitance matching greatly. Therefore, unlike the 

traditional common-central arrangement, this project places all smallest capacitors at 

the bottom of the array, so they just need the shortest routings to avoid other coupling 

capacitances. 
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Figure 5-9 Layout of a unit capacitor 
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Figure 5-10 Layout of the DAC array 

 

5.2.2 Overall Layout 

Figure 5-11 shows the floor-plan of the circuit layout. The main components are 

the differential DAC arrays, bottom-plate switches and sampling front-ends with 

bootstrapped circuit, a comparator, a SAR logic, a time loop as well as a clock generator. 

The components circling around the main components are just the decoupling capacitors. 

The area of this circuit layout is just about 0.025mm2, which is extremely small 

comparing to other SAR ADC designs. A comparison table will be shown in Chapter 
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6 for conclusion. This design was fully validated and fabricated in the 65-nm CMOS 

technology. 

 

 

Figure 5-11 Overall layout floor-plan 
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Chapter 6  
 

POST-LAYOUT SIMULATION RESULT AND 

CONCLUSION 

 

6.1 POST-LAYOUT SIMULATION 

A 12-bit 130-MS/s SAR ADC was designed in 65 nm CMOS using the DCEC 

scheme. Vcm-based switching was adopted to significantly reduce the switching energy 

comparing to the set-and-down switching. The DCEC scheme was tested by its post-

layout simulation. The SAR ADC was completely tested by Monte Carlo simulation. 

First of all, the FFT simulation result for this SAR ADC without any forms of 

compensations is shown in Figure 6-1. The resulting SNDR is 47.6 dB with input 

frequency of 63 MHz, which is lower than the one from the MATLAB behavioral 

simulation. This is reasonable since the MATLAB simulation only accounted for the 

errors occur at the first two transitions. Figure 6-2 shows the post-layout simulation 

result for this ADC using just the DCEC scheme. The achievable SNDR is improved 

by 16.7 dB. 
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Figure 6-1 Post-layout FFT simulation for a conventional SAR ADC without any compensations 

 

 

Figure 6-2 Post-layout FFT simulation for DCEC scheme 

 

 

Figure 6-3 Post-layout FFT simulation for BSEC scheme 

 

Moreover, the post-layout simulation result for this ADC using just one-bit 

BSEC scheme is shown in Figure 6-3. In this case, the extra capacitor is inserted and 

the corresponding weighting is MSB/8. The achievable SNDR is 57.6 dB. Comparing 
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to the DCEC scheme, the DCEC scheme can improve the SNDR by 6.7 dB more, which 

is 2 times better resolution than the BSEC scheme. 

 

 

Figure 6-4 Post-layout FFT analyses before calibration and after calibration 

 

Figure 6-4 shows the post-layout simulation result for this project, which adopts 

the DCEC scheme as well as one-bit BSEC scheme. The figure shows that this approach 

can effectively improve the SNDR from 47.6 dB to 67.2 dB, which is 19.6 dB more. In 

other words, this SAR ADC can achieve 10.5 ENOB, with the input frequency of 63 

MHz. Furthermore, the power dissipation is just 4 mW, achieving the FoM of 21 

fJ/conv.step. 

 

6.2 CONCLUSION 

This project targeted an application for battery-powered communication system, 

which requires a high-speed, high-resolution and low-power ADC. In this case, SAR 
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ADC was selected because of its advantages over the other types of Nyquist ADCs. 

SAR ADC only requires n conversion cycles for n bits to achieve high speed. It doesn't 

require any op-amps so that it burns no static power. The power consumption is low 

accordingly. The digital nature of the SAR ADC also makes it benefit from the CMOS 

technology downscaling. 

Some mathematical models were built to analyze the design challenges. The 

signal-dependent switching energy was discussed in detail for two advanced types of 

the switching sequences, namely, the Vcm-based switching and the set-and-down 

switching. The design considerations of the sampling front-end were presented in great 

depth so as to enable the high-resolution design. Furthermore, the design considerations 

of comparator were also discussed, and four different types of comparators were 

compared to show the advantages and disadvantages of each of them. 

The DAC settling error is the major focus of this design. A mathematical model 

by MATLAB was built to see the characteristics as well as the consequences of the 

DAC settling error. Two existing solutions were presented and they have their own 

drawbacks, so a proposed solution optimizes the advantages while avoiding too many 

trade-offs. The proposed DCEC scheme can effectively deal with the DAC settling issue 

with less implementation efforts. A simulation result shows that the DCEC scheme can 

effectively improve the SNDR by 16.7 dB. 

Finally, the actual circuit implementation was discussed and the layout 

consideration of the DAC array was pointed out. In the DAC array design, the small 

capacitors were all placed to the bottom of the array so that the shortest routings can be 

achieved to minimize the coupling capacitances. Moreover, the proposed comparator 

was presented and the corresponding timing diagram for time allocation was shown. 

The SAR logic was also illustrated by means of the shift registers and the bit registers. 

The overall layout only occupies around 0.025mm2 with only 4 mW power dissipation. 
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The SNDR is 67.2 dB with the sampling frequency of 130 MS/s. This design was 

fabricated in 65-nm CMOS technology. The post-layout simulation shows that the 

SNDR of this SAR ADC improves from 47.6 dB to 67.2 dB. A comparison with two 

other SAR ADC designs is shown in Figure 6-5. This work achieves more than double 

speed while the total power consumption is just a little bit larger than the other two. As 

mentioned before, the die area is extremely small, and the achieved FoM is just 21 

fJ/conv-step, which is the lowest among them. 

 

 

Figure 6-5 Comparison table with two other SAR ADC designs 

 

Figure 6-6 revisits the survey of the state-of-the-art ADC [6.3]. The figure just 

shows the basic types of Nyquist ADCs, and the CMOS technology is restricted from 

65 nm to 0.18 μm. It points out where this project stands in this figure. This work 
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actually achieves the lowest FoM with sampling frequency larger than 100 MS/s, which 

is extremely outstanding. Moreover, notice that this design just occupies 0.025mm2 of 

area without lots of decoupling capacitors. 

 

 

Figure 6-6 A survey of the state-of-the-art ADC with this project 
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