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ABSTRACT 

 

Pipelined ADC is a popular choice for applications requiring high sampling rates of the 

range of 50-100 MHz and resolution of up to 12 bits typically which can be extended 

using different calibration techniques. Resolution is mainly limited by various non-

idealities existing in a switched capacitor (SC) implementation of Pipelined ADC stage 

such as offset, capacitor mismatch, finite amplifier gain, amplifier non-linearity etc. 

These errors cause linear as well as non-linear errors in the ADC output; the effect of 

such errors can be mitigated using a calibration technique. So, it is important to 

understand the various errors, their sources and their impact on total ADC output. 

Therefore, various pipelined ADC errors occurring in a stage and their impact on overall 

ADC characteristics are modeled and analyzed using MATLAB.  

Targeting low power, low area and low cost, an opamp-less fully differential MOSFET-

only pipelined ADC stage is presented in TSMC 0.18μm digital CMOS technology with 

power supply of 1.8 V. It is based on 1.5-bit/stage architecture and uses the charge pump 

technique to achieve the inter stage gain of 2. Furthermore, stage is independent of 

capacitor mismatch and avoids the use of power hungry opamps thus reduces the power 

consumption and Silicon area. In the present research work, MOSCAPs are used in place 

of MIMCAPs to reduce the manufacturing cost and Silicon area further.  

Proposed MOSFET-only stage suffers from only gain error. A 10-bit 100 MS/s pipelined 

ADC is designed using the proposed stage and digital background calibration is performed 

to compensate the missing codes resulted from the gain error. Before calibration SNDR 

and SFDR of the pipelined ADC is 39.61 dB and 40.39 dB respectively which increase to 

66.78 dB and 79.3 dB after calibration. Also DNL improves to +0.6/-0.4 LSB and INL 

improves from +9.3/-9.6 LSB to within ± 0.5 LSB. Total power consumption of the ADC 

is 16.53 mW. 

A design methodology is proposed to design the MOSFET-only charge pump based 

pipelined ADC. Following this, a MOSFET-only charge-pump based pipelined ADC can 

be designed with lesser iterations and design efforts, and reduces the time to market. 

Designing of various building blocks of the proposed stage along with the tradeoffs are 

discussed.  
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Chapter 1 

Introduction to ADC 

 

1.1 Background  
 

Most of real world signals are analog in nature, they are continuous-time, continuous-valued 

signals. Compared to analog signal, digital signal has the following advantages: 

 a)  It is immune to electrical noise. 

 b)  It can be manipulated easily (DSP processing). 

 c)  It is easy to store. 

d) It is easy to copy and transfer. 

Thus, there is a trend to move signal processing  from the analog domain to the digital 

one such as digital signal processing, which, besides above advantages allow for a higher 

level of accuracy, provides power savings with lesser silicon area, increases the robustness, 

speeds up the design process, provides programmability, and increases the design reuse 

possibilities. 

Because of the above benefits, there is a need to convert the analog real world signals 

into digital discrete-time, discrete-value signals. Analog to digital converters (ADC) is one 

such block that converts the analog signal to digital domain for DSP processors to process 

and digital to analog converters (DAC) does the reverse. Figure 1.1 shows the analog to 

digital converter with N number of bits. 

 

Figure 1.1. Analog to digital converter 

 

Analog to digital conversion is the process where analog signals are mapped onto 

digital code representations. Although the analog input signal can be represented in several 
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domains (for example voltage, current, charge), input is assumed to be in the voltage domain 

in the present work. Also, it is assumed that the digital codes are described in the binary 

domain. The analog input signal 𝑉𝑖𝑛 (𝑡)
 
is defined for each moment in time and can take any 

value within a certain range: 

𝑉𝑚𝑖𝑛 ≤ 𝑉𝑖𝑛 (𝑡) ≤ 𝑉𝑚𝑎𝑥                   (1.1) 

where minV  and maxV  are the minimum and maximum amplitude of the input signal. 

To represent this signal in a limited amount of digital data, the input signal is sampled 

on fixed time intervals and quantized in the amplitude domain. The sample frequency f s of 

the converter determines the time interval ST  between two consecutive sample moments, 

according to 

     f s =
1

Ts
               (1.2) 

Suppose that the digital output code at each sample moment consists of N bits, and the codes 

are equally distributed over the allowed input range. Then, the distance between each pair of 

successive codes is given by 

     
N

FS

NLSB

VVV
V

22

minmax 



             (1.3) 

 

1.2 ADC Specifications 

Using or designing an ADC involves a proper understanding of their specifications. These 

give the user information about the features and limits. The specifications can be divided into 

following categories: 

 a) General features 

 b) Static specifications 

 c) Dynamic specifications 

Each category will be discussed in the following sections. 

 

1.2.1  General Features 

 
The most important general features of an ADC converter are the following: 

 

Type of Analog Signal  
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The analog input signal of an ADC can be single ended, pseudo-differential or differential. 

Single ended signals are referred to an analog ground; pseudo-differential signals are 

symmetric with respect to a generic fixed voltage; differential signals are the difference 

between the inputs regardless of the common-mode voltage. The differential mode is the 

most used because it features, for the same input signal swing, twice the input range, higher 

common-mode rejection and a higher signal-to-noise ratio (SNR). 

Resolution  

The resolution (N) is the number of bits that an ADC uses to represent its input. A high 

resolution ADC divides the input range into a larger number of sub-ranges than a low 

resolution converter. Thus, for a fixed full scale input range ( FSV ) a high resolution ADC can 

resolve smaller signals than a low resolution ADC is able to resolve. Resolution is usually 

degraded by either noise or nonlinearity. Therefore, for high resolution applications noise and 

nonlinearity should be as low as possible. Two types of nonlinearity are used to characterize 

the nonlinearity in ADC: Differential nonlinearity (DNL) and Integral nonlinearity (INL). 

These two are discussed in the next section 1.2.2. 

Dynamic Range 

The dynamic range is the ratio between the maximum input voltage and the noise. The 

dynamic range determines the maximum SNR achievable. 

1.2.2  Static Specifications 

In the 1950s and 1960s, static performance specifications such as INL, DNL, gain error, 

offset error, monotonicity, no missing codes, etc., were used to characterize the data 

converters. These specifications were enough during this era, because most of the 

applications (except Pulse Code Modulation(PCM) and radar, for example) dealt with dc or 

low frequency signals. These specifications are therefore called Static specifications and are 

discussed below. 

Analog Resolution  

The analog resolution is the smallest analog input variation which produces a variation of 1 

LSB in the output code and it is given by 
𝑉𝑟𝑒𝑓

2𝑁  where refV is the input range and N is the 

resolution. 
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Analog Input Range   

The analog input range is the peak-to-peak input signal (voltage or current) which generates, 

as output, a full-scale response. 

Offset  

The offset is the difference between the ideal and the real input signal values to get a null 

output signal (it can be expressed as Volt, Amperes, LSB). The offset shifts all the 

quantization steps by the same quantity. 

Gain Error 

The gain error is the error on the slope of the straight line interpolating the transfer curve, 

which differs from a straight line of slope 1 (ideal data converter). 

Power Consumption  

The power consumption is the power consumed by the ADC during normal operations. 

Temperature Range 

The temperature range is the range of temperatures in which the ADC can operate, while 

maintaining a proper functionality.  

Differential Non-linearity (DNL) Error 

Differential Non-linearity (DNL) of the ADC is defined as the difference in least-significant-

bit (LSB) of the code widths of two neighboring codes when measured at each vertical step. 

The output of an ideal data converter changes from one code to the next code for equal 

change in input voltage. DNL can have the positive or negative LSB. It also tells about the 

nonmonotonicity. For a DNL value of more than 1 LSB, nonmonotonicity occurs. DNL is 

also a good measure of about the missing codes in the ADC output and produces higher 

quantization noise in FFT response of ADC output for large value of DNL. It is shown in 

Figure 1.2 [1].  

Integral Non-linearity (INL) Error 

Integral Non-linearity (INL) on the other hand is defined as the maximum difference between 

the ideal ADC characteristic and real ADC characteristic. Like DNL it is also measured in 

LSB. If DNL is already measured INL can be measured by the summation of all the DNL 

error. INL can also be measured by other ways such as best-straight line, absolute straight 
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line or end point line (a line connecting the two end points of the ADC characteristic) [2].  

 
     Figure 1.2: DNL Error [1] 

 

 
 Figure 1.3. INL Error [1] 

 

Like DNL INL can also be positive or negative LSB and is shown in Figure 1.3. 

 

1.2.3 Dynamic Specifications 

With the advancements of general purpose microprocessors and digital signal processing 

(DSP) in the 1970s and 1980s, dynamic performance specifications, such as signal-to-noise 

ratio (SNR), spurious free dynamic range (SFDR) etc., were required in order to adequately 

characterize converters for more sophisticated signal processing applications. These 

specifications are called dynamic specifications and some of them are discussed below. Both 

static and dynamic specifications are important to characterize the ADC. For instance, 

significant gain and/or offset errors in ADC can cause signal clipping and thereby degrade 

SNR and SFDR. 
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Analog Input Bandwidth  

The analog input bandwidth is the frequency at which the output code is 3dB with respect to 

its low-frequency value. 

Signal to Noise Ratio (SNR)  

After conversion, digital data is quantized that assume only certain values within a range. 

The difference between the analog value and quantized output value is termed as quantization 

error (QE). It is shown in Figure 1.4.  

 

Figure 1.4. Ideal ADC characteristic and quantization error 

An ideal ADC with resolution of N-bit has inherited quantization noise due to 

quantization process of ADC. Its root–mean-square (RMS) value is given by [2] 

Vqe (RMS ) =  
𝑉𝐿𝑆𝐵

 12
                           (1.4) 

where VLSB  is given by VFS/2
N
 with VFS is the full scale input voltage. 

The SNR is the ratio between the power of the signal (normally sinusoidal) and the 

power of quantization noise and circuit noise. It is given in dB by [2] 
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           SNR = 6.02𝑁 + 1.76              (1.5) 

Signal to Noise and Distortion Ratio (SNDR)  

The signal to noise plus distortion ratio (SNDR) is often used to measure the performance of 

an ADC. It measures the degradation due to the combined effect of noise, quantization errors, 

and harmonic distortion. The SNDR of a system is usually measured for a sinusoidal input 

and is a function of the frequency and amplitude of the input signal. When a sinusoidal signal 

of a single frequency is applied to a system, the output of the system generally contains a 

signal component at the input frequency. Due to distortion, the output also contains signal 

components at harmonics of the input frequency. Furthermore, the ADC adds noise to the 

output, and this is noise generally present to some degree at all frequencies. SNDR is given 

by [2] 

    











noise

signal

dB
A

A
SNDR log20

              (1.6) 

where signalA depicts the output signal level and noiseA describes the noise level. 

Spurious Free Dynamic Range (SFDR)      

The spurious free dynamic range is the ratio of the full scale signal to the highest spur in the 

ADC output spectrum. This measure is useful because it indicates the amount of dynamic 

range that can be obtained before distortion becomes dominant over noise. 

Effective Number of Bits (ENOB) 

For a ADC with only noise, N in equation (1.4) gives the resolution of ADC. However, when 

distortion is added with noise SNDR is used to check the quality of the ADC and ENOB 

shows the effective resolution when SNDR comes in the picture. It is given by 

𝐸𝑁𝑂𝐵 =
𝑆𝑁𝐷𝑅−1.76

6.02
              (1.7) 

 

1.3 Types of ADCs 
 

High speed analog-to-digital converter (ADC) plays an important role in many digital signal-

processing systems. Recently, the demands of consumer products such as video systems, 

portable personal communication device, and LCD drivers are growing rapidly. In these 

applications, high speed and medium to high resolution analog-to-digital converters are 
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required.  

In addition, the personal computing, communication, and various portable 

equipments, such as mobile phones and tablets, have become more popular. In order to 

increase the battery lifetime and reduce heat dissipation, the power reduction of integrated 

circuits has also become a major issue in these battery-based applications, especially in the 

portable devices. Furthermore, the growing market of portable applications and the process 

technology scaling are driving the supply voltage of digital integrated circuit down to 1V and 

even lower. With the evolution of process, the power consumption of digital integrated circuit 

decreases as the supply voltage scales down. But the reduction of supply voltage makes 

analog integrated circuits design more challenging as it becomes more prone to noise and 

increase in leakage current.  

For the low speed, successive approximation register (SAR) ADCs are the best 

candidates. For high-resolution applications such as FM radio, stereo compact disc (CD), 

digital-audio-tape (DAT), and DVD recordings, sigma-delta ADCs are popular, as a 

resolution from 12 to 24-bit could be achieved.  

For those applications that require both high speed and a moderately high resolution 

(>8 bits), pipelined ADCs are the best-suited candidates in a wide range of commercial 

applications such as high-speed data conversion in communication systems, image signal 

processing and ultrasound front ends. In such applications, high-speed operations along with  

 
 

Figure 1.5. ADC architectures, applications, resolution, and sampling rates [3]. 
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the reduction of power consumption are the key design challenges in enhancing functionality 

and battery life. This trend is shown below in Figure 1.5 [3]. 

Table 1.1 shows the comparison among various ADCs with advantages and 

disadvantages. 

Table 1.1 Comparisons among various ADCs 

ADC Architecture Advantages Disadvantages 

Flash ADC  Fastest among all the ADCs 

 No latency 

 Large number of 

comparators  

 Large input capacitance 

 Required high-speed 

comparators 

 Resolution ≤ 6-bits 

SAR ADC  Medium resolution 

 Easy implementation 

 Complex DAC is 

required 

 Speed upto few MS/s 

Sigma-Delta ADC      High resolution  Complex design 

 Slow speed 

Dual Slope  No component matching 

requirements 

 Resolution is high 

 Easy to design 

Speed is less 

Pipelined ADC  Very high speed  

 Low accuracy comparators 

required 

 Low input capacitance 

 Area-Power optimization 

Possible   

      Large latency 

 

 

Among many types of complementary metal-oxide-semiconductor (CMOS) based 

ADC architectures, the pipelined ADC has an best suited for achieving high resolution at 

high sampling rate with low design complexity and power consumption. Design of pipelined 
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ADC is pushed towards higher speed, higher accuracy and lower power dissipation by the 

rapid growth of process. These features make pipelined ADC more suitable for many 

applications as compared to other ADCs. Table 1.2 shows the typical applications of the 

pipelined ADC. 

 Table 1.2: Typical applications of the pipelined ADC 

Resolution (number of bits) Application 

8  Flat-panel displays  

 HDTV 

 Medical imaging (low end product) 

 WLAN and WAN 

10  Flat-panel displays 

 HDTV  

 Medical imaging such as ultrasound 

 Cellular base stations 

 modems 

12  Cellular base stations 

 Professional HDTV cameras 

 Medical imaging 

 Test equipment 

14  High end instruments 

 Military and aerospace 

 Cellular base stations (for 3G) 

 
1.4 Organization of the Thesis 

In Chapter 1, introduction to ADC, its various parameters are briefly discussed. Also 

different types of ADCs are discussed in this chapter. 

In Chapter 2, literature review related to the pipelined ADC and their different architectures 

are presented.  

In Chapter 3, study of various existing pipelined ADC architectures and analysis of their 

performance parameters is discussed. Also this chapter focuses on various errors in pipelined 
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ADCs, their mathematical modeling and simulation. MATLAB, an industry standard 

mathematical tool, is used in the present work to model the various Pipelined ADC errors in 

1-bit/stage and 1.5-bit/stage architectures and their impact on overall ADC characteristics 

In Chapter 4, proposed MOSFET-only operational amplifier (opamp)-less 1.5-bit pipelined 

ADC stage is presented. Design considerations and optimization of various blocks along with 

noise analysis of the proposed ADC stage is discussed. 

Chapter 5 presents the digital background calibration of the complete pipelined ADC using 

the proposed MOSFET-only opamp-less 1.5-bit stage along with simulation results.  

In Chapter 6, the design methodology for the design-synthesis of proposed pipelined ADC 

for given specifications is discussed. It proposes a design methodology for the proposed 

opamp-less pipelined ADC such that it requires minimum iterations in design cycle to 

achieve the desired ADC specifications. Also it discusses the tradeoffs between area and 

power for various ADC parameters such as INL/DNL, SNR and SFDR. 

Conclusion and Future Scope is discussed in Chapter 7 at the end. 
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Chapter 2  

Literature Review 
 

2.1   Introduction  

In recent years, portable electronic devices, such as wearable battery operated devices, 

High definition televisions (HDTV), mobile phones or tablets are finding a booming market. 

There is huge demand for applications having more functionality at reduced cost with longer 

battery life. In order to meet these requirements, there is a need to design the low-voltage 

low-power building blocks. Analog-to-digital converter (ADC) is an important building 

block that converters analog signal to digital signal which is further used for post processing, 

storage as explained in section 1.1. In order to reduce the cost and power, more and more 

functionality is getting crammed into a smaller area. Therefore, integrating both digital and 

analog parts together in a single chip called system-on-chip (SoC) is highly desirable. 

With the scaling down of the technology in digital domain, transistor size is getting 

reduced along with the supply voltage which is necessary to avoid the breakdown of the 

devices. As a consequence of this it is becoming possible to digital circuits with more 

functionality at lesser area with high speed and low power. These are the main reasons that 

make the design of low voltage circuits in deep submicron technology a hot topic. 

While moving into nanometer complementary metal-oxide-semiconductor (CMOS) 

technologies, for low-power high speed applications, certain advantages and disadvantages 

are foreseen. First due to increase in the vertical electric filed in the device, supply voltage is 

reduced to avoid the transistor breakdown. The threshold voltage of the transistor is also 

somewhat low which reduces the overdrive voltage, an advantage in low-voltage 

applications. Further, as the device size shrinks parasitic capacitances at the various nodes 

decreases which in turn increases the speed of intrinsic device. In analog circuits it increases 

the bandwidth of amplifier.  

However, the decreased voltage supply and technology scaling gives many challenges 

to analog circuit designers. Although, in the deep sub-micron technologies speed of the 

devices increases but their characteristics degrades due to various short channel effects and 

low voltage swing. There is a decrease in the intrinsic gain of the device with scaling that 
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limits its use in high resolution application. These challenges force the designers to think for 

innovative circuit design techniques such as to increase the gain in amplifiers, gain boosting 

and cascoding is used but at the cost of increase in the power dissipation and increase 

complexity. The low supply voltage is required to avoid the device breakdown but reduces 

the voltage swing that limits the signal-to-noise ratio (SNR). In order to increase the swing, it 

requires devices with low threshold voltage but that increases the leakage current and 

requires extra fabrication masks and is costly. 

Also with the reduction of supply voltage and threshold voltage of devices, driving 

capability of MOS switches decrease and for that purpose clock bootstrapping switching are 

generally employed. But there remains a reliability concern of the devices because of 

increase in the gate voltage. For the ADCs consisting of both analog part and digital part 

together, the technology scaling is giving maximum benefits to the digital part. Digital 

circuits are more immune to process, voltage and temperature variations as compared to 

analog parts. Due to these benefits, in a SoC, there is a trend to keep the analog part as small 

as possible and shift the most of analog functionality to digital domain. However, analog part 

in a chip is required in interfacing to external world so cannot be completely removed. These 

challenges keep motivating the researches to look for solutions for analog part of the 

converter that consumes less power and has low design complexity. 

2.2   Design Challenges of ADCs in Deep Submicron Technologies  

First most important challenge that a designer in deep submicron (DSM) technology faces is 

that reduced gain of the amplifier as a result of decrease in its output impedance. One 

presented solution to achieve the high gain is cascoding of the transistors. As the number of 

stacked transistors increases, output impedance of the amplifier increase along with reduction 

in various short channel effects. However, sum of all the overdrive voltages of each device 

necessary to keep all the transnsistors in saturation increase which in turn reduces voltage 

swing of the amplifier and therefore there is a limit on the number of transistors that can be 

cascoded [4].  

In the precision analog circuits, performance of a device can be measured by product of 

transconductance and output impedence which is defined as the intrinsic voltage gain of the 

MOS transistor. As the down scaling of the devices continues, transconductance decrease due 
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to vertical field mobility effect and output impedence decreases due to reduction in drain-

induced barrier lowering (DIBL) and hot carrier impact ionization [5]. The maximum 

intrinsic gain for n-channel MOS transistor in 90 nm is approximately 10 whereas for 0.35 

µm technology it is approximately three times more than the former. Furthermore, oxide 

thickness of the MOS transistor decreases in order to decrease the threshold voltage. This 

increases the vertical filed and gate leakage current and further causing the effective output 

impedance to decrease [6-7.  

Scaling down of the oxide thickness beneath the gate improves the matching properties 

of the MOS transistor. However, the mismatch can be larger in the devices with short width 

or length because of higher order terms [8-10], therefore to improve the matching larger 

devices are used. With the scaling, as the oxide thickness is decreased further to few atomic 

layers, extra effects related to quantum starts dominating and hence reduces the matching 

further. 

Another important challenge in precision analog circuit design in deep sub micron 

technology is the reduced supply voltages. Supply voltage is reduced in order to reduce the 

vertical fields and improve the reliability of the MOS transistors. But it reduces the output 

voltage swing of the circuit and signal move closer to the noise therefore decreases the 

dynamic range (DR) and signal-to-noise ratio (SNR). To increase the DR and SNR, circuit 

noise must be reduced with the increase in voltage swing. In switched capacitors (SC) such 

as ADC there are many sources of noise such as noise contributed by the amplifiers, 

quantization noise and noise due to sampling (𝑘𝑇 𝐶 ). Sampling noise mainly dominates and 

can be reduced by increasing the capacitor sizes. However it results in increase in the area 

and decrease in the speed and requires more power to be invested in order to increase the 

speed. 

Opamp, Comparators and Sample and Hold amplifiers (S/H) are the common building 

blocks of many ADCs. These blocks mainly decide the accuracy and speed of the overall 

ADC. In a pipelined ADC, opamp being the main processing block limits the performance. 

Resolution and settling speed of the pipelined ADC is primarily determined by the gain and 

bandwidth of opamp. Also it limits the dynamic range, linearity and power consumption. 

Scaling down of the technology reduces the size of the device and the various parasitic 

capacitances associated with it that increases the speed of the devices. Therefore amplifier 
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with wider bandwidth can be designed in lower micron technologies. Also by this higher 

sampling rate can be achieved. However as explained earlier in this section intrinsic gain of 

the device decreases that decrease the settling accuracy and limits the resolution that can be 

achieved. Also analog circuits are more affected by the short channel affects as compared to 

digital circuits and sensitivity to process, voltage and temperature variations.  

Next important drawback is introduced by the MOS switches used the SC circuits in 

deep submicron technology. ON-resistance of the MOS switches varies with the variation in 

input voltage that introduces the non-linearity and distortion at the output SC circuits. Scaling 

reduces the supply voltage at a faster pace than the threshold voltage which reduces the 

overdrive voltage of MOS transistor and increase the ON-resistance. As a result, bandwidths 

of the switches start impacting the performance of overall SC circuit. One of the solutions to 

this problem is to make the ON-resistance independent of the variation in gate voltage by 

using bootstrapping technique [11-12]. However there remains a reliability concern of the 

MOS devices due to increase in the gate voltage. Next important concerns related to switches 

are the charge injection and charge feed through effects which reduces the accuracy of SC 

circuits.  

In order to increase the gain of amplifier in deep submicron technology gain-boosted 

technique is generally employed. It increases the output impedance of the amplifier by many 

folds without much affecting the transconductance [13-17]. However, gain-boosting 

technique requires cascading of MOS transistors therefore reduces the voltage swing, 

increases the design complexity, area and power. Gain can also be increased by increasing the 

number of stages in an amplifier (Multistage amplifier) but it requires compensation 

technique for stability when used in the feedback configuration and consumes more power 

and has low speed when compared to single stage amplifier, and therefore are less popular.  

Another source of error in deep submicron technology is the offset in the comparator 

and opamp used in the SC circuit. It limits the accuracy of SC circuits. Major source of offset 

is the mismatch in width or length of the MOS transistors and due to process variation. The 

offset can be reduced by choosing the width and length more than the minimum offered by 

the technology, using the differential structure and following the proper layout techniques 

such as common-centroid technique.  
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2.3   Advancements in Pipelined ADC in Deep Submicron Technologies 

In the recent past there is a huge requirement of battery powered high performance all in –

one electronic gadgates. For example present day mobile phones or tablets has many 

applications within it which replaced many single electronic devices like radios, mobiles, 

video games and many more. These all required high performance high resolution ADCs to 

convert the analog signal into digital form for further processing. Resolution of ADCs 

required in such applications vary in the range of 10-bits or higher and speed above 100 MHz 

along with low power consumption. Among all the available ADCs, pipelined ADC is the 

most suitable for such applications but there remains many design challenges to achieve the 

high performance in pipelined ADC, especially in deep submicron technology.  

Opamp is the main processing block used in the pipelined ADC. The conversion rate of 

entire ADC is limited by the speed of opamp. Due to scaling benefits, operating speed of 

opamp increases which in turn increases the bandwidth and sampling speed of complete 

pipelined ADC. However, technology scaling reduces the maximum open loop gain of opamp 

that limits the resolution of ADC. Reduction in supply voltage reduces the signal swing of 

opamp and reduces the SNR of complete ADC. Thus technology scaling does not help the 

designer any more when working in analog domain. Cascoding or gain boosting techniques 

are employed to increase the gain but it increase the design complexity and makes opamp an 

power inefficient block.  Due to these issues, opamp-less, comparator-based or opamp in 

open-loop configuration are getting popularity in deep submicron technologies while 

designing the pipelined ADC.  

One such power efficient example in pipelined ADC is the use of opamp in open-loop 

configuration instead of closed loop to generate the residue voltage [18]. It does not require 

the high gain opamp thus save power and used digital calibration technique to remove the 

gain error and non-linearity introduced by the open loop amplification. Another technique 

that has been also proposed is the incomplete settling which relaxes the tradeoff among the 

high gain, high swing, and phase margin in low micron technologies [19].  

Some of the new architectures also employ comparators [20], current mode processing 

[21] or zero-crossing detectors [22] instead of opamps. Their use is demonstrated in various 

pipelined ADCs with different resolution and sampling rate. Because of the comparator, 
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virtual short properties is not required to maintain, require comparators or zero crossing 

detectors with small gain and are more suitable to future generations CMOS technologies. 

Therefore in the deep submicron technologies with reduced channel lengths, it is expected 

that the Comparator Based Switched Capacitor circuits (CBSC) and zero-crossing based 

circuits are more power efficient than the traditional opamp based designs. CBSC and zero 

crossing detectors can be applied to wide range of SC circuits including SC filters and sigma-

delta ADCs without changing their basic topology. The full scale swing of upto supply 

voltage can be obtained by using the dynamic cross-coupled latches after the comparators. 

However, power efficiency of CBSC and zero based circuits must be improved for their use 

in low power applications [23].  

Some new applications such as wearable medical devices, automatic testing 

equipments (ATE) and wireless sensor networks (WSN) requires ultra low power ADCs [24].  

They require active blocks that consume least power with maximum energy efficiency and 

forced the researchers to look for opamp-less alternatives since opamp consumes most of the 

ADC power [25-30]. 

Another ADC design technique that is getting popularity in current deep submicron 

technologies is the time-based ADCs [31-32]. In time-based ADCs, the information is 

converted to a time domain pulse width by the circuit and a time-to-digital converter is used 

to get the digital output. Operating speed of pipelined ADC is normally limited within the 

range of 100- 500 MS/s which can be increased by using the time interleaving concept upto 

the range of gigahertz (GHz) [33].  

Gain error is one of the important errors in pipelined ADCs. The most common source 

of it is the capacitor mismatch in multiplying-digital-to-analog converter (MDAC) stage. In 

pipelined ADC, with equal values of capacitors, desired gain of 2 is achieved. But due to 

process variations capacitors values may differ so a gain other than 2 may occur that causes 

the gain error. Capacitor mismatch is generally mitigated through the use of best practice 

design and layout strategies. Another source of gain error, not usually a concern for pipeline 

ADCs, is reference mismatch from stage to stage. The voltage reference is a very-low 

impedance signal that is sent to each stage of the pipeline ADC [34]. Instead of implementing 

capacitors in MIM (Metal-Insulator-Metal), Aminzadeh [35] has discussed the design 

considerations of a 12-bit, 65MS/s pipelined ADC using compensated depletion-mode MOS 
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capacitors. In this, digital calibration is used to compensate for the distortion caused by 

employing nonlinear capacitors offered by the MOSFETs (known as MOSCAP) instead of 

linear MIMCAPs. Also merged-capacitor switching (MCS) technique improves the signal 

processing speed and the resolution of the ADC by reducing the required number of unit 

capacitors by half in comparison to a conventional ADC [36]. In order to reduce the power 

and to compensate both linear and non-linear errors from MDAC, interpolation based digital 

self-calibration technique is developed to have low power MDAC with small capacitors and 

low gain opamp [37]. New techniques have been used in implementing pipelined ADC with 

emphasis on increasing resolution and sampling rate with reduction in area and power [38-

49]. Table 2.1 shows the year wise advancements in the pipelined ADC along with the 

various ADC parameters.  
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 opamp less Pipelined ADC architecture; ** se – single ended 

 

 

Year  Ref 

No. 

Author (s)  Techn-

ology 

(μm) 

Supply 

(V) 

Res. 

(bits) 

Samp. 

Rate 

(MS/s) 

DNL 

(LSB) 

INL 

(LSB) 

i/p 

range 

(Diff.) 

SNR 

(dB) 

SNDR 

(dB) 

SFDR 

(dB) 

ENOB 

(bits) 

Power 

(mW) 

Area 

(mm
2
) 

FOM 

pJ/conv 

1995  12 Cho &  

et al.  

1.2 3.3 10 20 0.5 0.6 ±1 V − 59.1 − − 35 3.2 x 

3.3 

− 

1999  11 Abo &  

et al.  

0.6 1.5 10 14.3 0.5 0.7 ± 0.8V − 58.5 − − 36 2.3 x 

2.5 

− 

2003  18* Murmann 

& et al.  

0.35 3 12 75 0.5 0.9 2 V 67 − 76 − 290 7.9 − 

2004  36 Yoo &  

et al.  

0.25 2.5 10 120 ± 0.4 ± 0.48 2 V − 54.1 68.4 − − 1.8 x 

2.0 

− 

2006  20* Fiorenza & 

et al.  

0.18 1.8 10 7.9 ± 0.3 1.59 1V 

(se)** 

53 52 62 8.6 2.5 2.9 x 

0.4 

0.8 

2006  38  Bonger & 

 et al.  

0.13 1.5 14 100 ±1.1 ± 2 1.5 V − 66.5 − − 224 1.02 1.12 

2007 19* Iroaga & 

et al.  

0.35 3 12 75 0.64 0.95 2 V 65.1 63.5 71.2 − 273 7.9 − 

2007 22* Brooks & 

et al.  

0.09 1.2 8 200 ± 0.75 ± 1 1V 

(se)** 

62 − − 6.5 8.5 0.05 0.51 

2007 35 Aminzadeh 

&  et al.  

0.18 1.8 12 65 − − − − 70 78 11.33 − − − 

2008  39 Choi & 

et al.  

0.13 0.8 10 60 0.35 0.49 0.8 − 56 69.6 − 19.2 0.98 − 
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Year  Ref 

No. 

Author 

(s) 

Techn-

ology 

(μm) 

Supply 

(V) 

Res. 

(bits) 

Samp. 

Rate 

(MS/s) 

DNL 

(LSB) 

INL 

(LSB) 

i/p 

range 

(Diff.) 

SNR 

(dB) 

SNDR 

(dB) 

SFDR 

(dB) 

ENOB 

(bits) 

Power 

(mW) 

Area 

(mm
2
) 

FOM 

pJ/step 

2008  40 Jiang & 

et al. 

0.18 1.8 8 200 0.3 0.34 0.8 V − 45.2 60.4 − 22 0.8 x 

0.4 

0.74 

2009  41 Lee  & 

et al. 

0.18 1.8 10 50 ± 0.39 ± 0.81 1.6 V 56.2 56.2 72.7 9.03 12 0.86 − 

2009  42 Sahoo & 

et.al. 

0.09 1.2 12 200 0.78 1.7 1.2 V − 62 − − 348 0.8 x 

1.7 

1.22 

2009  43 A. Verma 

& et al. 

0.09 1.2 10 500 0.4 1 1.2 V − 53 − − 55 0.5 0.31 

2009  44 Abdinia 

& 

et al. 

0.09 1 10 200 − − 1 V − 58.5 − − 30.9 − 0.22 

2009 28* Brooks & 

et al. 

0.09 1.2 12 50 ± 0.5 ± 3 − − 62 68 10 4.5 0.3 0.088 

2009 29* Hu & 

et al. 

0.09 1.2 9.4 50 ± 0.37 + 1.29 

/-0.88 

1.1 V 49.7 47.7 − − 1.44 0.12 0.119 

2010  45 Pei  & et 

al. 

0.18 1.8 9 125 − − 1 V − 60.23 73.1 − 6.8 − − 

2010 30* Ahmed  

& 

et al. 

0.18 1.8 10 50 ± 0.35 +0.7/ 

-0.8 

1 V − 58.2 66 9.4 9.9 1.4 0.3 

2011 37 Yuan & 

et al. 

0.35 3.3 12 20 0.27 0.2 2 V − 72.5 84.4 11.8 69.5 4.8 x 

4.3 

0.96 

 opamp less Pipelined ADC architecture 

Table 2.1: Year wise literature review in Pipelined ADC 
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2.4   Gaps in Present Study 

Alternative architectures that avoid opamps are highly desirable in implementing the piplined 

ADCs as opamps contribute to the most of the power consumed by an ADC. But it requires 

the calibration techniques in order to calibrate the output of ADC. Since calibration 

techniques increase the hardware so it can be exploited to study the noval calibration 

techniques without much area overhead. 

In addition to it, implementing the opamp-less pipelined ADC will give less area, low 

power and at the same time gives high resolution. Thus a new architectures for implementing 

pipelined ADC needs to be studied and analyzed targeting low power and low area. 

In today’s chip market cost is a main driving factor, designers are constantly under the 

challenge in implementing larger functionally into the scaled smaller area. Therefore, unlike 

the traditional approaches of implementing analog and other mixed signal blocks in unlimited 

area is no longer valid. Therefore, along with power, area tradeoff is an important factor in 

implementing the blocks of mixed signal circuits. 

From the Table 1, it is clear that the DNL and INL of the opamp-less architectures are 

quite high (well above the desired ± 0.5 LSB) so the techniques to reduce these errors need to 

be analyzed without compromising other performance parameters. 

2.5  Objective of the proposed work 

Based on the study, literature survey (as reported) and the understanding established 

the following objectives are proposed: 

1. To study of the existing Pipelined ADC architectures and analysis of their 

performance parameters. 

2. To propose an efficient OPAMP-Less Pipelined ADC architecture. 

3. To analyze the tradeoffs between the different sets of performance parameters of 

the proposed ADC for area, power and noise. 

4. To propose the design methodology for the synthesis of the proposed Pipelined 

ADC for given specifications. 
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Chapter 3 

Pipelined ADC Architectures 

3.1   Introduction 

Pipelined ADC is a popular choice for high resolution and high speed applications such as 

video rate and high speed imaging. In CMOS technology, a pipelined ADC stage is 

implemented by switched capacitor (SC) concept which practically has various non-idealities 

such as offset, capacitor mismatch, finite amplifier gain, amplifier non-linearity etc. that limit 

the high resolution whereas speed is limited by the speed of internal blocks. These errors 

cause linear as well as non-linear errors in the ADC output; the effect of such errors can be 

mitigated using various calibration techniques [50]. So it is very important to understand the 

various errors, their sources and their impact on total ADC output to find an efficient 

calibration technique that reduces the design efforts and computational power. This chapter 

focuses on various such errors, their mathematical modeling and simulation. MATLAB, an 

industry standard mathematical tool, is used here to model the various pipelined ADC errors 

in 1-bit/stage and 1.5-bit/stage architectures and their impact on overall ADC characteristics 

as discussed in the following sections. 

3.2   Pipelined ADC Architectures 

A pipelined ADC is implemented by using multi-bit stage. But among the various options that 

exist, 1-bit/stage offers simplest implementation while 1.5-bit/stage is widely used in practical 

ADCs due to its various advantages over the former [51-52]. Figure 3.1(a) shows a general 

block diagram of a pipelined ADC stage except the last stage which is a flash type converter. 

Each stage consists of a Sample-Hold circuit (SH), a Sub-ADC and a Multiplying-DAC 

(called MDAC) which consists of a Sub-DAC, a subtractor and an amplifier with a gain of 2
n
 

in order to keep the dynamic range of a stage equal to full scale range of applied signal. In 1-

bit/stage architecture, n = 1 so stage gain is 2 however, in 1.5 bit/stage architecture, gain of 

stage is maintained to 2 in order to avoid clipping of residue. Typically a switched capacitor 

implementation of 1.5-bit converter consists of various switches, capacitors, an opamp and 
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two comparators comparing the analog input Vin to the comparator thresholds, which are –

Vref/4 and +Vref/4. A Multiplexer works as a sub-DAC. 

The clocks shown in Figure 3.1(b) are non-overlapping in nature and used for 

sampling (Φ1=1) and amplification phase (Φ2=1) respectively. Various switches shown in 

Figure 3.1 work on these non-overlapping clocks and are implemented by MOS transistors. 

Figure 3.1(c) and Figure 3.1(d) shows the single ended version of a stage for simplicity but 

practically whole pipelined ADC is implemented in fully differential form to suppress the 

common-mode noise, substrate noise etc. In SC implemented pipelined ADC stage, main 

sources of errors are comparator offset, amplifier offset, sub-DAC errors which are considered 

as linear errors whereas non-linearity errors are mainly due to amplifier gain non-linearity.  

  Ideally the transfer function of a pipelined ADC stage is given by 

𝑉𝑟𝑒𝑠 = 2𝑉𝑖𝑛 − 𝑉𝑑𝑎𝑐                             (3.1)                                 

where 𝑉𝑑𝑎𝑐  is the output of sub-DAC which is equal to −𝑉𝑟𝑒𝑓 /+𝑉𝑟𝑒𝑓  for 1-bit and −𝑉𝑟𝑒𝑓 /

0/+𝑉𝑟𝑒𝑓  for 1.5-bit architectures with 𝑉𝑟𝑒𝑓  as the reference voltage of ADC. 

  Its SC implementation is based on the charge transfer technique and the output voltage 

called residue, and for an ideal opamp is given by (Chuang and Scualley, 2002) [50] 

𝑉𝑟𝑒𝑠 =  1 +
𝐶𝑠

𝐶𝑓
 𝑉𝑖𝑛 −  

𝐶𝑠

𝐶𝑓
  𝑉𝑑𝑎𝑐                (3.2) 

Choosing 𝐶𝑠 =  𝐶𝑓 , equation (3.2) reduces to equation (3.1) with a typical gain of 2.  

  For 1-bit stage (having only 1 comparator with trip point (𝑉𝑡𝑟𝑖𝑝 ) set to mid of signal 

range), equation (3.1) can be written as  

    𝑉𝑟𝑒𝑠 =   
 2𝑉𝑖𝑛 + 𝑉𝑟𝑒𝑓 ,   B = 0, Vdac =  − 𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  < 𝑉𝑡𝑟𝑖𝑝

2𝑉𝑖𝑛 − 𝑉𝑟𝑒𝑓 ,   B = 1, Vdac =  +𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  ≥  𝑉𝑡𝑟𝑖𝑝

        (3.2a) 

For 1.5-bit stage, equation (3.1) can be written as 

𝑉𝑟𝑒𝑠 =

 
 
 

 
 2𝑉𝑖𝑛 + 𝑉𝑟𝑒𝑓 ,   𝐵1B0 = 00, Vdac =  − 𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  <

−𝑉𝑟𝑒𝑓

4
 

2𝑉𝑖𝑛 ,  𝐵1B0 = 01, Vdac =  0                    𝑖𝑓 
−𝑉𝑟𝑒𝑓

4
≤ 𝑉𝑖𝑛  <

𝑉𝑟𝑒𝑓

4

2𝑉𝑖𝑛 − 𝑉𝑟𝑒𝑓 ,   𝐵1B0 = 10, Vdac =  +𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  ≥
𝑉𝑟𝑒𝑓

4

       (3.2b) 
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Residue characteristics for 1-bit and 1.5-bit architectures are shown in Figure 3.2(a) 

and Figure 3.2(b) respectively. The 1.5-bit stage generates the residue voltage (Vres) and two 

bits B1B0 corresponding to the region in which the analog input falls as followed by equation 

(3.2b) and shown in Figure. 3.2(b). Referring to Figure 3.2, a 1-bit/stage has two regions (0 

and 1) and the 1.5-bit/stage characteristic has three regions (00, 01 and 10) on the transfer 

characteristics and hence named 1.5bit/stage converter. Similarly, a 2-bit stage would have 

four regions (00, 01, 10, and 11) on the transfer characteristics. 

 

 

 

 

 

 

 

 

 

Figure 3.1. A pipelined ADC stage (a) general block diagram and (b) clocks, SC 

implementation of (c) 1-bit/stage (d) 1.5-bit/stage 

 

  

 

 

 

Figure 3.2. Residue characteristics of (a) 1-bit/stage (b) 1.5-bit/stage architecture 

 

 



25 

 

Complete n-stage pipelined ADC, shown in Figure 3.3, can be made by cascading 

such stages in pipeline fashion, except the last stage which consists of only sub-ADC part, 

thus in this way, at any time every stage will be processing the data, increasing the throughput 

of the ADC. For instance, if stage 1 is sampling the current input data in Φ1 phase, stage 2 will 

be a amplifying the sampled data of 2
nd

 stage (sampled during Φ2 phase) and so on. The digital 

outputs (𝐵𝑖(𝑛)) of each stage are stored in digital latches [53] to synchronize all the bits for 

the final N-bit output in case of 1-bit architecture and in case of 1.5-bit architecture, bits stored 

in the latches are sent to Digital Error Correcting logic (DECL) [52]. 

 

 

 

 

Figure 3.3. Cascading of pipelined ADC stages 

The digital outputs of the stages are delayed by latches, a number of clock cycles, to 

make up for the latency on the analog signal path. In this thesis work, S/H amplifier is not 

implemented. Output of S/H amplifier, Vin is assumed to be available which is discrete in 

nature. 

Last stage does not require any MDAC. It generates 2-bits and gives them to Digital 

Error Correcting logic for error correction. Since there is no opamp it can have comparator 

threshold offset error. 

From equation (3.1), residue of a stage can be written as 

𝑉𝑟𝑒𝑠 = 2𝑉𝑖𝑛 − 𝐷𝑉𝑟𝑒𝑓                   (3.3) 

with D = -1/1 for 1-bit/stage and D= -1/0/+1 in case of 1.5-bit/stage architecture. So using 

equation (3.3), residue voltage of stages can be written as 

𝑉𝑟𝑒𝑠1 = 𝐴𝑉𝑖𝑛 − 𝐷1𝑉𝑟𝑒𝑓  

𝑉𝑟𝑒𝑠2 = 𝐴𝑉𝑟𝑒𝑠1 − 𝐷2𝑉𝑟𝑒𝑓  
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= 𝐴2𝑉𝑖𝑛 − 𝐴𝐷1𝑉𝑟𝑒𝑓 − 𝐷2𝑉𝑟𝑒𝑓  

𝑉𝑟𝑒𝑠𝑛 = 𝐴𝑛𝑉𝑖𝑛 − 𝐴𝑛−1𝐷1𝑉𝑟𝑒𝑓 . . . −𝐷𝑛𝑉𝑟𝑒𝑓  

  = 𝐴𝑛 𝑉𝑖𝑛 −  𝐴−𝑖𝐷𝑖𝑉𝑟𝑒𝑓
𝑛
𝑖=1              (3.4) 

where gain of each stage is assumed to be equal (𝐴=2) to simplify the expression. Equation 

(3.4) shows that the error in the initial stages will be amplified by larger amount down the 

stages and impact on ADC characteristics will be larger so the design requirements of initial 

stages become stringent as compared to later stages. In this work a 10-bit, 100 MSamples/s 

pipelined ADC with 𝑉𝑟𝑒𝑓 = 1V is chosen for illustration purpose that has maximum 

quantization levels of 1024 (0 to 2
10

-1). Since errors due to first stage is severe so only the 

impact of errors due to first stage are considered assuming all the remaining stages to be ideal. 

However, this can be extended to the other stages to include or model their errors and see the 

impact on whole of the ADC performance. 

3.3  Various Errors and their Impact on ADC Performance 

A pipelined ADC can be implemented using 1-bit/stage or 1.5-bit/stage architecture. Since, 

the impact of errors on overall ADC characteristics due to the first stage is intense so only 

impact of the errors due to the first stage are considered in this chapter assuming all the 

remaining stages to be ideal. Likewise this can be extended to other stages to include or model 

their errors and see the impact on the ADC performance. A 10-bit, 100 MSamples/s pipelined 

ADC with 𝑉𝑟𝑒𝑓 = 1V is chosen for illustration purpose that has maximum quantization levels 

of 1024 (0 to 2
10

-1). 

3.3.1 Error due to Comparator offset 

Comparator(s) used in the sub-ADC and the opamp used in MDAC can have unavoidable 

offset due to the variation in the process which can be minimized by careful layout. Due to 

comparator offset, residue voltage moves beyond the ± 𝑉𝑟𝑒𝑓  near the comparator trip points 

causing code saturation (i.e. same output code for different inputs, also known as wide codes) 

in 1-bit/stage architecture. Using 1.5-bit/stage, residue voltage never exceeds ± 𝑉𝑟𝑒𝑓  at 

comparator trip points so code saturation does not occur. Furthermore, because of digital 

error correcting logic (DECL) used in 1.5-bit/stage architecture, comparator offset within the 
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range of ±1/4 𝑉𝑟𝑒𝑓  (i.e. ±0.25 V for 𝑉𝑟𝑒𝑓 = 1𝑉) from comparator trip points does not cause 

any missing or change in output [52]. Figure 3.4 shows 1.5-bit/stage architecture with Vos’ 

and Vos as the comparator offset voltage referred to comparator input and the opamp offset 

voltage referred to opamp input respectively.  

To include the effect of comparator offset (+Vos’), equation (3.2a) is modified as 

𝑉𝑟𝑒𝑠 =   
 2𝑉𝑖𝑛 + 𝑉𝑟𝑒𝑓 ,   B = 0, Vdac =  − 𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  < 𝑉𝑡𝑟𝑖𝑝 + 𝑉𝑜𝑠 ′

2𝑉𝑖𝑛 − 𝑉𝑟𝑒𝑓 ,   B = 1, Vdac =  +𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  ≥  𝑉𝑡𝑟𝑖𝑝 + 𝑉𝑜𝑠 ′
            (3.5) 

Likewise equation (3.2b) can also be modified to include the comparator offset (+Vos’) 

effect in 1.5-bit/stage architecture. 

𝑉𝑟𝑒𝑠 =

 
 
 

 
 2𝑉𝑖𝑛 + 𝑉𝑟𝑒𝑓  ,   𝐵1B0 = 00, Vdac =  − 𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  <

−𝑉𝑟𝑒𝑓

4
+ 𝑉𝑜𝑠 ′

2𝑉𝑖𝑛  ,  𝐵1B0 = 01, Vdac =  0                    𝑖𝑓 
−𝑉𝑟𝑒𝑓

4
+ 𝑉𝑜𝑠 ′ ≤ 𝑉𝑖𝑛  <

𝑉𝑟𝑒𝑓

4

2𝑉𝑖𝑛 − 𝑉𝑟𝑒𝑓  ,   𝐵1B0 = 10, Vdac =  +𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  ≥
𝑉𝑟𝑒𝑓

4
+ 𝑉𝑜𝑠 ′

  + 𝑉𝑜𝑠 ′      (3.6)         

Figure 3.5 shows the effect of Vos’ on stage residue and overall ADC characteristic. It 

clearly shows the code saturation (or wide codes) and missing codes in ADC with 1-bit/stage 

whereas no missing codes in ADC output with 1.5-bit/stage for same comparator offset value. 

Therefore 1.5-bit/stage is immune to comparator offset as large as ±1/4 𝑉𝑟𝑒𝑓  as compared to 

1-bit/stage. Another cause of offset is due to opamp used in MDAC that is discussed in 

section 3.3.3. 

 

 

 

   

 

 

 

 

Figure 3.4. 1.5-bit/stages with comparator and opamp input referred offset voltages 
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Figure 3.5. Impact with comparator offset of Vos’=+0.25V (a) 1-bit/stage (b) 1.5-bit/stage 

From Figure 3.5, it is to be noted that a negative Vos’ value will shift the transition 

points to the left of ideal curve and correspondingly a shift in code saturation and missing 

codes in 1-bit/stage architecture.  

3.3.2 Error due to capacitor mismatch 

From equation (3.2), by choosing 𝐶𝑠 =  𝐶𝑓  typical gain of 2 is achieved but due to process 

variations, mismatch in capacitor changes the required gain. Let Δ be relative capacitor 

mismatch error i.e. 𝛥 = (𝐶𝑠 − 𝐶𝑓) 𝐶𝑓 , so to include the effect of capacitor mismatch equation 

(3.2) is modified to equation (3.7) [54]. This causes a change in stage gain (slope of residue 

curve) causing gain error as well as a change in sub-DAC value to be subtracted. Putting Δ in 

equation (3.2) leads to  

    Vres =  2 + 𝛥 Vin −  1 + 𝛥  Vdac     

        =  2 Vin −  Vdac   + 𝛥(Vin − Vdac )                          (3.7) 

Impact of this error for positive 𝛥 (i.e. 𝐶𝑠 > 𝐶𝑓) is shown in Figure 3.6 for both 1-bit and 1.5-

bit architectures. Due to positive 𝛥 the stage gain is now more than the required gain of 2 

causing the residue curve to exceed ± 𝑉𝑟𝑒𝑓  at the input values close to comparator trip points. 
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This results in code saturation (same code for different inputs) in the overall ADC 

characteristic for 1-bit/stage architecture whereas for 1.5-bit/stage ADC characteristic it 

causes non-monotonicity at the ADC    

 

 

 

 

 

 

 

 

 

Figure 3.6. Impact with Capacitor mismatch (Δ=+0.2) on (a) 1-bit/stage (b) 1.5-bit/stage 

output. Code saturation is difficult to remove but non-monotonicity can be avoided by using 

calibration techniques [51]. However, it is to be noted here that since capacitor mismatch is 

process dependent so relative capacitor mismatch error can be either positive or negative. For 

negative Δ, since stage gain is less than 2,  there will be missing codes in 1-bit/stage and 1.5-

bit/stage architecture which can be eliminated by the calibration technique. 

3.3.3 Errors due to opamp 

In equation (3.2), opamp is assumed to be ideal. However, in reality opamp has a finite gain, 

non-zero offset, finite GBW product, a non-linear voltage transfer characteristic which limit 

the performance of a stage and consequently the ADC output. 

For high resolution ADC, opamp open-loop gain is required to be high. Low open loop 

gain causes the gain error which results in missing codes and thus limits the resolution. Let A  

be the finite open loop DC gain of opamp, due to finite gain virtual node property of opamp 

gets vanished and 𝑽𝒙 node (shown in Figure 3.4) during charge transfer phase (Φ2=1) is now 
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equal to −𝑉𝑟𝑒𝑠 𝐴 . From Figure 3.4, considering only opamp finite gain effect keeping 

comparator offset (Vos’) and opamp offset (Vos) zero, the total charge at 𝑉𝑥  node during 

sampling phase is given by  

𝑞𝑥 𝛷1 =  𝑉𝑥 − 𝑉𝑖𝑛   𝐶𝑠 + 𝐶𝑓             (3.8) 

and charge at Vx  node during amplification phase is given by 

𝑞𝑥 𝛷2 =  𝑉𝑥 − 𝑉𝑑𝑎𝑐  𝐶𝑠 +  𝑉𝑥 − 𝑉𝑟𝑒𝑠  𝐶𝑓 + 𝑉𝑥  𝐶𝑝            (3.9) 

where 𝐶𝑝  is the parasitic capacitance at 𝑉𝑥  node. It is to be noted here that during Φ1 opamp is 

reset so 𝐶𝑝  does not contribute in charge calculation. Since charge is conserved at 𝑉𝑥  node so 

equating equation (3.8) with equation (3.9) and solve for 𝑉𝑟𝑒𝑠  with  𝑉𝑥  𝛷1 = 0 and 𝑉𝑥 𝛷2 =

 −𝑉𝑟𝑒𝑠 𝐴  gives [55] 

Vres =  
1

1+
1

𝐴𝛽

   1 +
Cs

Cf
 Vin −  

Cs

Cf
  Vdac             (3.10) 

  Vres ≈  1 −
1

𝐴𝛽
   1 +

Cs

Cf
 Vin −  

Cs

Cf
  Vdac             (3.11) 

where 1 𝐴𝛽  is termed as gain error, denoted by εg, which causes the gain of a pipelined ADC 

stage to become less than the required gain of 2 and 𝛽 is the feedback factor  
𝐶𝑓

Cs +Cf +𝐶𝑝
 . Since 

the gain of a stage is now less than 2 so stage output does not reach full swing (i.e. 𝑉𝑟𝑒𝑓 ), 

causing missing codes at the ADC output at comparator trip points which can be minimized 

by using calibration technique. Figure 3.7 shows the impact of finite open loop opamp gain in 

stage residue curve and ADC output characteristics for both 1-bit and 1.5-bit architectures.  

In order to avoid the missing codes due to finite opamp gain, the minimum gain required 

by the first stage opamp can be obtained by using equation (3.12). The gain error term must be 

less than the half LSB of the remaining resolution. For instance the gain requirement for first 

the stage opamp follows 

 
1

𝐴𝛽
≤

1

2
∙

𝑉𝐹𝑆

2𝑛−1            (3.12) 

where n is the resolution of ADC. For 𝛽 = 0.5, equation (3.12) results in 𝐴 ≥ 2𝑛+1. 

Therefore, for 10-bit ADC minimum open loop gain required by first stage opamp is 60 dB. 
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Figure 3.7: Impact of finite opamp gain on (a) 1-bit/stage (b) 1.5-bit/stage 

 

 

Figure 3.7. Impact of low opamp gain (a) 1-bit (b) 1.5-bit characterstics 

In reality, 𝐶𝑝  and other parasitic capacitances at Vx  node reduces the feedback factor below 0.5 

so while designing CMOS opamp, two times more gain is considered. Figure 3.7 shows the 

impact of open loop opamp gain in a stage residue curve and ADC output characteristics for 

1.5-bit architectures. There are large missing codes with low opamp gain as shown in Figure  

 

 Figure 3.8. Impact of finite opamp gain (a) low gain (b) gain derived from equation (3.12) 
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Figure 3.9. Impact of opamp offset of Vos = +0.25V on (a) 1-bit/stage (b) 1.5-bit/stage 

3.8(a) and no missing codes using sufficiently high gain opamp (following equation (3.12)) in 

Figure 3.8(b). 

There is another offset other than comparator offset that rises due to opamp used in 

MDAC, modeled by Vos as shown in Figure 3.4. Following the same anaylsis of charge 

conservation as mentioned in section 3.3.3 and incorporating the finite opamp gain effect 

with opamp offset with 𝑉𝑥 𝛷1 = 0, 𝑉𝑥  𝛷2 =  𝑉𝑜𝑠 − 𝑉𝑟𝑒𝑠 𝐴    and solving for 𝑉𝑟𝑒𝑠  gives 

Vres ≈  1 −
1

𝐴𝛽
   1 +

Cs

Cf
 Vin −  

Cs

Cf
  Vdac  +

Vos

β 
         (3.13) 

Here considering only the effect of opamp offset and assuming infinite opamp gain, 

there occurs a vertical shift in residue characterstics from ideal one as clear from equation 

(3.13). Figure 3.9 shows the impact of positive opamp offset on residue characteristics and the 

whole ADC output for both the architectures. At comparator trip points, there occurs the code 

saturation and missing codes in ADC with 1-bit/stage whereas in 1.5-bit/stage for same opamp 

offset value there is vertical shift in curve above the ideal curve with no missing codes in 

ADC output. A negative offset will shift the curve below the ideal one. Missing codes can be 

eliminated by calibration but it is difficult to remove the code saturation problem [51].  
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In order to avoid the shifting of curve due to opamp offset, the minimum opamp offset 

required by the first stage opamp can be obtained by using equation (3.14). The offset error 

term must be less than half LSB of the remaining resolution   

Vos

𝛽
≤

1

2
∙

𝑉𝐹𝑆

2𝑛−1             (3.14) 

 

Figure 3.10. Impact of opamp offset 

Therefore, in 10-bit pipelined ADC, minimum opamp offset required by first stage opamp 

should be less than 0.97 mV.  

Another cause of error due to opamp is the non-linearity introduced by it which must 

be avoided. In ideal opamp gain is in linear relation with input whereas in real opamp this 

relation becomes nonlinear within the signal range ± 𝑉𝑟𝑒𝑓 . This is due to the reason that 

transistors in opamp output stage enter the linear region (from saturation) near the edges of 

signal range as shown in Figure 3.11(a) where ± 𝑉𝑠𝑎𝑡  is the output saturation voltage of 

opamp. This non-linear relation around  ± 𝑉𝑟𝑒𝑓 causes reduction in gain (shown in Figure 

3.11(b)) and further introduces non-linearity [56]. 

 Practically, pipelined ADC is implemented differentially with opamp follows that of 

odd function, its open loop transfer function can be modelled by including odd order terms as 

given by  

𝑉𝑜𝑢𝑡𝑑 = 𝐴𝑉𝑖𝑑 + 𝛼3 ⋅ 𝑉𝑖𝑑
3 + 𝛼5 ⋅ 𝑉𝑖𝑑

5            (3.15) 
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where 𝐴 is the gain of opamp and α3 , α5 are the third order and fifth order nonlinearity 

parameter respectively with 𝑉𝑖𝑑  and 𝑉𝑜𝑢𝑡𝑑  as the opamp differential input and output 

respectively. From equation (3.15) it is clear that for ideal opamp α3 = α5 = 0, opamp output 

is linearly proportional to the input and gain remain constant whereas in case of non-ideal 

opamp nonlinearity increases with the increase in input as shown in Figure 3.11. 

 

 

 

 

 

Figure 3.11. Opamp (a) transfer characterstics (b) gain characterstics  

Since in a pipelined ADC stage, opamp is used in feedback configuration during Φ2 

phase (from Figure 3.1) so from equation (3.15), transfer function in the closed loop 

configuration can be written as [57] 

𝑉𝑜𝑢𝑡𝑑 =  
𝐴

1+𝐴𝛽
𝑉𝑖𝑑 +

𝛼3

 1+𝐴𝛽 3 𝑉𝑖𝑑
3 +

𝛼5 1+𝐴𝛽 −2𝛽𝛼3
2

 1+𝐴𝛽 5 𝑉𝑖𝑑
5
         (3.16) 

where 
𝐴

1+𝐴𝛽
 in the first term is the closed loop gain of stage with ideal value of 2. Let 

equation (3.1) be rewritten as  

𝑉𝑟𝑒𝑠1 = 2 𝑉𝑖𝑛 − 0.5 𝑉𝑑𝑎𝑐             (3.17) 

Comparing equation (3.16) and equation (3.17) shows the stage residue can be written as  

𝑉𝑟𝑒𝑠 = 𝑉𝑟𝑒𝑠1 + 𝛼3
′ 𝑉𝑟𝑒𝑠1

3
+ 𝛼5

′ 𝑉𝑟𝑒𝑠1
5
           (3.18) 

where 𝛼3
′  and 𝛼5

′  are third order and fifth order non-linearity parameters of pipelined ADC 

stage in feedback configuration. Effect of opamp non-linearity is shown in Figure 3.12. It 

shows the large missing codes at comparator trip points in 1-bit/stage based architecture as 

compared to 1.5-bit/architecture since nonlinearity is maximum at extreme signal ends. 
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Figure 3.12. Impact with non-linear opamp gain on (a) 1-bit/stage (b) 1.5-bit/stage 

All the individual errors defined in equation (3.5) to equation (3.18) can be combined 

together to see their impact on the individual stage transfer characteristics and overall ADC 

characteristics of pipelined ADC. All the above errors due to opamp offset (±Vos), due to 

capacitor mismatch (±Δ), due to finite opamp gain (A) and due to opamp nonlinearity are 

included in equation (3.19) and diagrammatically shown in Figure 3.13 for single stage where 

        x ≈  1 − εg   2 ± 𝛥 Vin −  1 ± Δ  Vdac  ±
Vos

β
           (3.19) 

with εg  as the gain error given by  
1

𝐴𝛽
 . For the final residue of a stage, assume  G(x) as the 

non-linearity functional block that includes third order and fifth order polynomial. Including 

non-linearity the residue of a stage is given by 

 

 

 

 

Figure 3.13. Complete pipelined ADC error model for i-th stage  
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G x = Vres = x + a3x3 + a5x5                         (3.20) 

where a3 and a5 are the non-linearity coefficients. 

The characteristics including the errors in the first pipelined stage and its impact on 

overall ADC (assuming rest of the stages ideal) are shown in Figure 3.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Impact of all the errors on (a) 1-bit/stage (b) 1.5-bit/stage with comparator offset 

(Vos’) = +0.15V, opamp offset (Vos) = +0.1V, finite opamp gain, Δ = 0.1 and non-linearity. 

Another important opamp performance limitation is due to its Slew Rate and Settling 

time. Former is due to opamp’s finite sinking/sourcing current capability while latter is due 

to insufficent Gain Bandwidth product (GBW) and Phase margin (PM). When the differential 

input (𝑉𝑖𝑑 ) of opamp is within ±  2 (𝑉𝑔𝑠 − 𝑉𝑡) range, current flowing through opamp is 

proportional to 𝑉𝑖𝑑 , given by 𝑔𝑚𝑉𝑖𝑑  where 𝑔𝑚  is the transconductance of input MOS 

transistors otherwise maximum current (𝐼𝑠𝑠) flows [58]. Figure 3.15(a) shows SC circuit with 

Vdac as step input (𝑉𝑠𝑡𝑒𝑝 ) applied to negative terminal of opamp during amplification phase. 

Depending upon the amplitude of step input following equations are applied [59]. 

𝑉𝑟𝑒𝑠  𝑡 = 𝑉𝑠𝑡𝑒𝑝  1 − 𝑒
−𝑡

𝜏       𝑖𝑓 𝑉𝑠𝑡𝑒𝑝  ≤ 𝑉𝑙𝑖𝑛                 (3.21a) 

𝑉𝑟𝑒𝑠  𝑡  =   
𝑆𝑅 × 𝑡     𝑖𝑓 𝑡 ≤ 𝑡𝑠𝑟

𝑉𝑠𝑡𝑒𝑝 − (𝑉𝑠𝑡𝑒𝑝 − 𝑉𝑜𝑢𝑡 (𝑡𝑠𝑟 ))𝑒
 𝑡𝑠𝑟−𝑡 

𝜏    𝑖𝑓 𝑡 ≥ 𝑡𝑠𝑟
  𝑖𝑓 𝑉𝑠𝑡𝑒𝑝 ≥ 𝑉𝑙𝑖𝑛     (3.21b)           

 



37 

 

where 𝑉𝑙𝑖𝑛  is the input voltage range for which input MOS transistors are in saturation and 

behave linearly to input and 𝑉𝑜𝑢𝑡 (𝑡𝑠𝑟 ) is the output voltage at the end of Slew time. Figure 

3.15(b) and Figure 3.15(c) shows the small signal model during slewing time and settling time 

of SC circuit and Figure 3.15(d) shows the response of SC circuit with negative step applied 

according to equation (3.21). During slew time, maximum current flows that causes 

distortions at the ADC output and results in decrease in SNDR and SFDR of an ADC. 

Whereas in linear settling-time, current flown is proportional to the input signal therefore 

opamp and consequently ADC behaves linearly to input [60].  

Another important parameter in opamp’s response to step input is accuracy which in 

defined by settling error (εs) and must be less than 0.5 LSB within the allotted time in ADC 

design in order to have no missing codes at the ADC output. Figure 3.16 shows the εs in the 

settling followed by slew response of opamp in an ADC. 

For instance, for a 10-bit, 100 MS/s pipelined ADC working on two non-overlapping 

clocks, time available for opamp’s charge transfer phase is 5ns and the required accuracy for 

first stage opamp is 0.0977% so opamp has to settle to the required accuracy of 0.0977% in 

5ns. Time response of opamp to step input is modeled by taking the time constant of the 

circuit which is defined by GBW and feed-back factor (β) for SC circuit. It is given by 

equation (3.22) 

𝜏 =
1

𝛽  𝐺𝐵𝑊
                            (3.22) 

where β is given by Cf/(Cs+Cf+Cp). Considering a first order, settling limited transient 

response only, transfer function of pipelined ADC stage may be modified to give equation 

(3.23) 

Vres ≈  1 − 𝑒
−𝑡

𝜏    1 +
Cs

Cf
 Vin −  

Cs

Cf
  Vdac              (3.23)      

with settling error (εs) given by 𝑒
−𝑡

𝜏 .    

From equation (3.21) and equation (3.22), it is clear that for Vres  to settle to the 

required accuracy (i.e. less than 0.5 LSB), UGB is required to be high. Otherwise it causes 

the error at the stage output similar to that of finite opamp gain and further results in missing 

codes at the ADC output. Figure 3.16 shows the transient response of an opamp in an ADC 

with slew time of 1𝜏 followed by settling time of 7𝜏.  



38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. Step response of opamp (a) in SC configuration (b) its Slew Rate time model (c) 

Settling time model and (d) response for different negative step amplitudes vs. τ/t. 

Therefore time required for first stage residue voltage, Vres , to settle to the required accuracy 

(i.e. settling error less than 0.5 LSB of remaining resolution) is given by 

𝑡𝑠𝑙 ≅ 7𝜏 

 = 7 ·
1

2𝜋𝛽  𝑈𝐺𝐵
           (3.24) 
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Figure 3.16. Step response of opamp vs. τ/t  in SC configuration for negative step 

For 𝑓𝑆  MS/s Pipelined ADC working on two non-overlapping clocks, available time for 

opamp’s charge transfer phase is 𝑡𝑆/2. Therefore considering 𝑡𝑠𝑙 < 𝑡𝑆/2, required UGB of 

opamp is given by  

𝑈𝐺𝐵 >
7𝑓𝑆

𝜋𝛽
            (3.25) 

For 100 MS/s Pipelined ADC, the minimum UGB required for opamp is 440 MHz. In 

practice while designing opamp, some time is required in slewing (𝑡𝑠𝑟 ) therefore time 

required for settling becomes less and consequently required UGB is high, atleast by a factor 

of 3. 

Based on concepts and modeling approach described in this chapter, a 10-bit pipelined 

ADC is implemented behaviorally with opamp errors in its initial 6 stages. Its INL/DNL plot  

and Fast-Fourier Ttransform (FFT) response is shown in Figure 3.17 with SNR of about 

47dB and SNDR of 38.6 dB. It shows a significant loss in SNR, SNDR and SFDR values due 

to various errors inserted in pipelined ADC stages. It is always desirable to have large value 

of SNR, SNDR and SFDR in order for the ADC to have a quality digital signal at the output. 

Opamp being the main processing block in pipelined ADC limit the performance of ADC. 

Therefore much of the design effort is devoted to design a robust opamp that has high open 
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Figure 3.17. (a) INL/DNL plot (b) FFT response with 1024 points 

loop gain, high bandwidth and very less offset. In current deep submicron technologies, it 

becomes a challenging task to design such opamp due to reduced intrinsic gain of devices. 

1.5-bit is a modification to 1-bit architecture. Instead of 1-bit/stage, some redundancy 

is built in 1.5-bit stage to provide a large tolerance against comparator offset and 

imperfections as shown in Figure 3.5. Therefore a low power, high speed, but high value 

offset comparator can be used in 1.5-bit architecture which greatly simplifies the design of a 

pipelined ADC stage. Following is the comparison table of different pipelined ADC stage 

architectures. 

Table 3.1.  Comparison table of different pipelined ADC stage architectures 

Stage  Architecture 1-bit 1.5-bit 2-bit 2.5-bit 3.5-bit 

Output bits/stage (N) 1 2 2 3 4 

Stage gain   2 2 4 4 8 

Required number of Comp  1 2 3 6 14 

Ideal Feedback factor (b) 0.5 0.5 0.25 0.25 0.125 

Redundancy No Yes No Yes Yes 

Maximum comparator offset 

tolerance 

No ±Vref/4 No ±Vref/8  ±Vref/16 

 

 

As Table 3.1 shows, increasing the stage resolution to 2.5-bit requires 6 comparators with 

higher accuracy in its sub-ADC. Required stage gain is 4 and feedback factor is 0.25. The 
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comparator offset tolerance reduces with increase in stage resolution. Further design 

complexity increases for 3.5-bit/stage architecture.  

From equation 3.2, residue voltage of a stage is dependent upon the feedback factor 

and opamp bandwidth. As the stage resolution increases feedback factor decreases that 

results in increase in demand of opamp bandwidth for the same settling accuracy and hence 

power. Thus for high-speed converters, there's an advantage to have minimum stage 

resolution. It minimizes the required interstage gain, which in turn maximizes bandwidth for 

a given power budget. 

For an N-bit pipeline ADC, the requirement of capacitor matching ac-curacy for then 

n-bit first stage is (N–n)-bit. Since capacitor mismatch is inversely proportional to the square 

root of the total capacitance value, the whole size of the capacitors in the first stage MDAC 

of a 2.5-bit topology is only half of the 1.5-bit. The reduction of capacitor size evidently 

decreases the area of a 2.5-bit stage. With decreasing capacitive load, the am-plifier in a 2.5-

bit stage is more feasible and power economical. Finally, the 2.5-bit/stage structure benefits 

more power and area advantage from stage number reduction. Thus for a given area power 

budget 1.5bit stage is small and fast as compared to 2.5-bit. However for a given ADC 

resolution it requires lesser number of 2.5-bit stages instead of 1.5-bit stages. 

3.4   Summary  

Various sources of errors in 1-bit/stage and 1.5-bit/stage architecture and their impact on 

stage characteristic, and on the ADC characteristic is discussed in the chapter. The 1.5-

bit/stage architecture is widely used in high speed high pipelined ADC due to various 

advantages that are discussed in the chapter. It can tolerate the comparator offset as large as 

𝑉𝑟𝑒𝑓

4
 and also can be designed to tolerate the opamp offset. Opamp in particular contributes 

significant errors to pipelined ADC. All such errors have been modeled using MATLAB. 

Also dynamic performance of opamp is modeled to understand the impact due to low opamp 

bandwidth along with slew-settling time behavior of opamp is modeled and analyzed. 
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Chapter 4 

OPAMP-less Pipelined ADC Stage 

4.1 Introduction  

With the rise in the demand of portable devices, circuit designers face many challenges in 

terms of having more functionality at reduced cost, area with longer battery life. Scaling 

down of CMOS technology along with supply voltage makes it possible for the designers to 

meet these challenges. However, in a silicon-on-chip (SoC) with both analog and digital part 

together, digital part gets the benefits of increase in speed but analog part suffers due to 

decrease in the voltage signal swing, gain and signal-to-noise ratio (SNR). These problems 

force the researchers to find the innovative solutions. 

Pipelined ADC is best suitable for high speed (10-500 MHz)and high resolution (10-

15-bits) applications [18]. One of the major problems in pipelined ADC is power dissipation. 

Operational amplifier (opamp) is the major contributor to it which is used in multiplying 

digital-to-analog converter called MDAC. Henceforth, encourages the researchers to look for 

the other circuit design techniques to avoid the cause of above said problem. Some of 

solutions found in the literatures are listed in Table 4.1.  

Table 4.1. Different techniques used in pipelined ADC (year wise) 

Reference                       Technique used       Year 

 [18] residue amplification  using open loop amplifier         2003 

 [20] comparator based Switched Capacitor (SC) circuits         2006 

 [61] Using open loop amplifier         2007 

 [22] zero-crossing based circuits         2007 

 [19] incomplete settling         2007 

 [29] dynamic source follower based amplification         2009 

 [30] capacitive charge pump based technique         2010 

 [62] current charge pump based amplification         2011 

 

As a consequence of replacing the opamp, missing codes and nonlinearity occur 

at the output of the ADC which is compensated by using a digital calibration technique 
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[18-19, 29-30, 61-62]. Although, there is increase in the area-power in the digital domain but 

it is much less as compared to whole ADC [18]. 

Furthermore, linear capacitors are generally used in pipelined ADC in order to avoid 

any kind of error that occurs due to capacitor mismatch. Linear capacitors in modern 

technologies are available between the two top metal layers (M5 and M6 in present work), 

called MIMCAPs. Drawback of using MIMCAPs is the increase in the numbers of 

fabrication masks and therefore cost. Capacitance density is also poor due to which it 

consumes larger silicon area for a small capacitance value. 

To deal with the problem of area and cost, MIMCAPs can be replaced with the 

capacitance offered by the MOSFETs (i.e. MOSCAP). As compared to MIMCAP, it has 

higher capacitance density, good matching and readily available in every CMOS process. 

Despite these benefits it has a disadvantage that its value is dependent on the voltage across it 

which causes the nonlinearity errors at the ADC output. In earlier works [63-64], MOSCAPs 

have been used in switched-capacitor (SC) circuits to implement all the capacitors. This 

approach has also been extended to opamp based pipelined ADC that consumed large area-

power. Here, nonlinearity due to MOSCAPs is eliminated by using the digital calibration 

techniques [65-66].   

The present research work is an effort to reduce the power consumption, area and 

cost. It uses the charge-pump based technique [30] that avoids the opamp to save the power 

and uses the MOSCAPs instead of linear capacitors to reduce area and manufacturing cost. 

Present work offers the various advantages over the earlier work [30]. MOSCAPs are since 

easily available in every CMOS process; it therefore allows the analog blocks to easily 

integrate with the digital blocks in a system-on-chip (SoC) to reduce the overall cost. 

Capacitance density of MOSCAP is higher as compared to MIMCAPs therefore it requires 

lesser silicon area for the same capacitance value, reducing the cost further. To show the 

effectiveness of the concept, a 1.5-bit pipelined ADC stage is designed in 0.18 µm digital 

CMOS technology. 

4.2 MOSCAP based 1.5-bit Pipelined Stage 

This section discusses the brief introduction to MOSCAP and analysis of MOSCAP based 

1.5-bit pipelined ADC stage. 
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4.2.1 MOSCAP using MOSFET 

Figure 4.1 shows the MOSCAP C-V characteristics for both n-channel and p-channel with 

𝑉𝐷𝑆 = 𝑉𝐵𝑆 = 0, 𝑡𝑜𝑥 = 4.1 nm and W=L=10.85μm and vary its gate-to-channel potential (𝑉𝐺𝐵 ). 

Here 𝑊 and 𝐿 are the width and length of the MOSCAP respectively, and 𝑡𝑜𝑥  is the thickness 

of thin SiO2 beneath the ploy gate. It shows a very small variation in the accumulation as 

well as in the strong inversion regions but in the depletion region variation is very high [67]. 

In the strong inversion region capacitance offered by the MOSCAP is mainly due to 

oxide capacitance and given by 

𝐶 =  
∈𝒔𝒊𝒐𝟐

𝑊𝐿

𝑡𝑜𝑥
               (4.1) 

In strong inversion region the variation is small and can be expressed by [68]  

𝐶 𝑣 =  𝐶(1 + 𝛼𝑣)               (4.2) 

where 𝛼 is the coefficient of linearity, expressed in ppm/V and 𝑣 is the voltage across the 

MOSCAP. It is clear from the Figure 4.1 that capacitance value is relatively independent of 

change in voltage across it if biased in the strong inversion region. 

 

(a)    (b) 

Figure 4.1. MOSCAP curve (a) n-channel (b) p-channel 

The area comparison between MOSCAP and MIMCAP for the given Mixed-Mode 

and Digital 0.18μm CMOS processes is shown in Figure 4.2 with the MOSCAP giving an 

area advantage of about 8.4 times as compared to MIMCAP for same capacitance value. This  
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Figure 4.2. Area comparison: MOSCAP vs. MIMCAP in 0.18um technology 

stems from the fact that capacitance in MIMCAP is available between top two metal layers 

(M5 and M6 in current 0.18μm Mixed-Mode process) where oxide layer in between them is 

thick. Also MOSCAP gives better capacitance matching over the MIMCAP [66, 69].  

In the present research work, n-well process is available therefore p-channel 

MOSCAP is used (as shown in Figure 4.1(b)) and biased in strong inversion region for the 

whole signal range with the help of some bias potential. 

4.2.2 MOSFET-only 1.5-bit Fully Differential Pipelined ADC Stage 

Proposed MOSFET-only 1.5-bit fully differential pipelined ADC stage is shown in Figure 

4.3 [70]. The clocking scheme as used in traditional opamp based pipelined ADCs is 

followed in the present work. Two non-overlapping clocks Ф1 and Ф2 are the used with Ф1𝑒  

as the advance version of Ф1 used for bottom plate sampling. A buffer with the gain 𝐴𝑏𝑢𝑓𝑓  is 

the used to avoid the charge sharing that occurs between the present stage and the next stage. 

From the analysis, it is found that charge sharing occurs between the nodes x4/x4′ of the 

present stage and Vinn /Vinp  of the next stage when amplification clock (Ф2) falls. This alters 

the charge stored on the sampling MOSCAPs. Therefore a buffer is used to prevent the 

charge sharing, taking into consideration its unidirectional property. Furthermore, buffer is 

activated only during amplification phase (Ф2) in order to isolate the output from input.  

As explained in section 3.2, two bits (B1, B0) are generated by the sub-ADC block 

and send to the storage elements (flip-flops) in order to synchronize all the bits generated by 

the cascading pipelined ADC stages and also to sub-DAC block that generates the reference 



46 

 

voltages 𝑉𝑑𝑎𝑐𝑝 (𝑛) [11]. Last stage (Stage 𝑛) in Figure 4.3 generates no residue therefore 

consists of only sub-ADC part. 

Figure 4.4 shows the different phases of charge-pump based stage used in the present 

work. Initially, during the sampling phase (Ф1 = 1) applied input voltage is sampled on the 

MOSAPs C1 and C2. During the amplification phase (Ф2 = 1), previously sampled input 

voltage is added up by connecting the MOSCAPs in series, thus giving a voltage sum of 2. 

The different phases of entire operation are explained as below. 

 

Figure 4.3. N-bit pipelined ADC with proposed pipelined ADC stage  

Figure 4.4 shows the single ended version of Figure 4.3 with linear capacitors 

replaced by MOCAPs.  Operation starts with sampling of the input voltage on the MOSCAPs 

𝐶1 and 𝐶2  (Figure 4.4(a)). Ignoring the effect of parasitic capacitances at various nodes, the 

charge stored on the nodes  𝑥2 and 𝑥3 is given by  

𝑄𝑥2 Ф1 =  𝐶1(𝑉𝐵 − 𝑉𝑖𝑛𝑝 )              (4.3) 

𝑄𝑥3 Ф1 =  𝐶2(𝑉𝐵 − 𝑉𝑖𝑛𝑛 )              (4.4) 

Amplification phase is shown in Figure 4.4(b). At the start of the amplification phase 

(rise of Ф2), output of sub-DAC (𝑉𝑑𝑎𝑐𝑝 ) is connected to 𝑥1 node, switch SA is closed 
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causing both the MOSCAPs 𝐶1 and 𝐶2 to come in series. This causes the voltages at 𝑥2 and 

𝑥3 nodes to be same i.e. 𝑉𝑥2 = 𝑉𝑥3 = 𝑉𝑥 . Therefore, total charge stored at 𝑉𝑥   node is added 

up and given by  

𝑄𝑥 Ф2 =  𝑉𝐵 𝐶1 + 𝐶2 − 𝐶1𝑉𝑖𝑛𝑝 − 𝐶2𝑉𝑖𝑛𝑛             (4.5) 

Charge stored at 𝑉𝑥  node at the end of amplification clock Ф2 is given by 

𝑄𝑥 Ф2 =  𝐶1 𝑉𝑥 − 𝑉𝑑𝑎𝑐𝑝  + 𝐶2 𝑉𝑥 − 𝑉𝑥4            (4.6) 

Following the charge conservation principle at 𝑉𝑥  node and using equation (4.5) and equation 

(4.6) to solve for 𝑉𝑥  gives 

𝑉𝑥 =
1

 𝐶1+𝐶2 
 𝑉𝐵 𝐶1 + 𝐶2 − 𝐶1𝑉𝑖𝑛𝑝 − 𝐶2𝑉𝑖𝑛𝑛 + 𝐶1𝑉𝑑𝑎𝑐𝑝 + 𝐶2𝑉𝑥4            (4.7) 

Furthermore, as charge is conserved at 𝑥4 node, therefore equating charges at 𝑉𝑥   node during 

sampling and amplification phase and using Equation (4.7) gives  

𝑉𝑥4 = − 𝑉𝑖𝑛𝑝 − 𝑉𝑖𝑛𝑛  + 𝑉𝑑𝑎𝑐𝑝              (4.8) 

 

Figure 4.4. (a) sampling phase, Ф1 = 1 (b) amplification phase, Ф2 = 1 

It is observed from the equation (4.8) that voltage developed at 𝑥4 node and therefore 

the residue voltage is insensitive to the capacitor mismatch (i.e. 𝐶1 ≠ 𝐶2). This fact is 

confirmed by SPICE simulations also considering the mismatch between 𝐶1 and 𝐶2. 
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During Ф2 = 1, residue voltage generated at the output of the stage is given by 

𝑉𝑟𝑒𝑠𝑛 = 𝐴𝑏𝑢𝑓𝑓 𝑉𝑥4 

= 𝐴𝑏𝑢𝑓𝑓  − 𝑉𝑖𝑛𝑝 − 𝑉𝑖𝑛𝑛  + 𝑉𝑑𝑎𝑐𝑝               (4.9) 

where 𝐴𝑏𝑢𝑓𝑓  is the voltage gain of unity gain buffer with ideal value of 1. It is also clear from 

the equation (4.9) that the present 1.5-bit stage is independent of common-mode variations. 

As a result, number of stages can be cascaded one after another in pipelined fashion without 

any amplification of common-mode voltage. 

A similarly analysis can be followed for the lower branch in Figure 4.3 to generate 

the residue voltage which is given by 

𝑉𝑟𝑒𝑠𝑝 = 𝐴𝑏𝑢𝑓𝑓  𝑉𝑖𝑛𝑝 − 𝑉𝑖𝑛𝑛 + 𝑉𝑑𝑎𝑐𝑛                        (4.10) 

Subtracting equation (4.9) from equation (4.10) for fully differential implementation gives 

  𝑉𝑟𝑒𝑠𝑝 − 𝑉𝑟𝑒𝑠𝑛 = 𝐴𝑏𝑢𝑓𝑓   2(𝑉𝑖𝑛𝑝 − 𝑉𝑖𝑛𝑛 ) − (𝑉𝑑𝑎𝑐𝑝 − 𝑉𝑑𝑎𝑐𝑛                          (4.11) 

This can be written as   

                                                𝑉𝑟𝑒𝑠 = 𝐴𝑏𝑢𝑓𝑓  2𝑉𝑖𝑛 − 𝑉𝑑𝑎𝑐                                          (4.12)        

where 𝑉𝑟𝑒𝑠 = 𝑉𝑟𝑒𝑠𝑝 − 𝑉𝑟𝑒𝑠𝑛 , 𝑉𝑖𝑛 = 𝑉𝑖𝑛𝑝 − 𝑉𝑖𝑛𝑛  and 𝑉𝑑𝑎𝑐 = 𝑉𝑑𝑎𝑐𝑝 − 𝑉𝑑𝑎𝑐𝑛 . From equation 

(4.12), assuming the ideal buffer with 𝐴𝑏𝑢𝑓𝑓 = 1, the required inter stage gain of 2 can be 

achieved using the technique presented here. Assuming the ideal buffers in the stage, 

equation (4.13) summarizes the transfer function of Figure 4.3 with 𝑉𝑟𝑒𝑓  as the reference 

voltage and is plotted in Figure 4.5  

𝑉𝑟𝑒𝑠 =

 
 
 

 
 2𝑉𝑖𝑛 + 𝑉𝑟𝑒𝑓  ,   𝑉𝑑𝑎𝑐 =  − 𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  <

−𝑉𝑟𝑒𝑓

4
 

2𝑉𝑖𝑛  ,  𝑉𝑑𝑎𝑐 =  0                    𝑖𝑓 
−𝑉𝑟𝑒𝑓

4
≤ 𝑉𝑖𝑛  <

𝑉𝑟𝑒𝑓

4

2𝑉𝑖𝑛 − 𝑉𝑟𝑒𝑓  ,   𝑉𝑑𝑎𝑐 =   𝑉𝑟𝑒𝑓  𝑖𝑓 𝑉𝑖𝑛  ≥
𝑉𝑟𝑒𝑓

4

                        (4.13) 



49 

 

 

Figure 4.5. Output residue curve of the proposed stage 

As MOSCAP variation in the strong inversion region is relatively independent of the 

voltage across it and from the analysis discussed in this section, it is clear that the residue 

voltage of proposed stage is independent of exact capacitance values (equation 4.12). 

Therefore, linear capacitors (used as the earlier work [30]) can be replaced by MOSCAP in 

Figure 4.3 and Figure 4.4 without any change in the analysis and stage characteristics.  

To keep the p-channel MOSCAPs in strong inversion region for the whole signal 

range, its gate-to-bias potential difference 𝑉𝐺𝐵  should be negative (Figure 4.1(b)). This can be 

achieved with the help of an external bias potential 𝑉𝐵as shown in Figure 4.3. 

4.3 Design and Optimization  

Next, targeting a 10-bit, 100 MS/s pipelined ADC, design and optimization of various 

components of the proposed 1.5-bit/stage are discussed. Figure 4.6 shows the cascading of 

two fully differential implementation of MOSFET-only charge pump based 1.5-bit/stage 

architecture [70]. Fully differential input 𝑉𝑖𝑛 (= 𝑉𝑖𝑛𝑝 − 𝑉𝑖𝑛𝑛 ) is applied to both the sides of a 

stage.  

Figure 4.6. Cascading of fully differential charge pump based 1.5-bit/stage. 
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Considering the upper half (along 𝑉𝐵  horizontally) in Figure 4.6 along with the 

parasitic capacitances formed at different nodes, it can be proved that the residue voltage of a 

stage 𝑖 is given by [30] 

𝑉𝑟𝑒𝑠 = 𝐴𝑏𝑢𝑓𝑓
1

1+𝑋
  2 + 𝑋  𝑉𝑖𝑛𝑝 − 𝑉𝑖𝑛𝑛  −  𝑉𝑑𝑎𝑐𝑝 − 𝑉𝑑𝑎𝑐𝑛                      (4.14) 

where 𝑉𝑟𝑒𝑠 = 𝑉𝑟𝑒𝑠𝑝 − 𝑉𝑟𝑒𝑠𝑛 , 𝑋 =  1 +
𝐶𝑝𝑥

𝐶1
  1 +

𝐶𝑝𝑥 4

𝐶2
 −  1 −

𝐶𝑝𝑥 4

𝐶1
  which is a factor due to 

parasitic capacitances formed at various nodes and 𝐴𝑏𝑢𝑓𝑓  is the voltage gain of the buffer. 

Also, 𝐶𝑝𝑥4 is the parasitic capacitance formed at 𝑥4 node and 𝐶𝑝𝑥  is the parasitic capacitance 

formed at 𝑥 node after the switch SA is closed. It is to be noted here that after switch SA is 

closed, nodes 𝑥2 and 𝑥3 are connected to each other and termed as a new node 𝑥 here. 

During this period both the capacitors are connected in series causing the voltages at the 

nodes 𝑥2 and 𝑥3 to be same (i.e. 𝑉𝑥2 = 𝑉𝑥3 = 𝑉𝑥). Ideally the value of 𝑋 is required to be 

zero with 𝐴𝑏𝑢𝑓𝑓 = 1. Considering these in equation (4.14) gives 

𝑉𝑟𝑒𝑠   =  2 𝑉𝑖𝑛𝑝 − 𝑉𝑖𝑛𝑛  −  𝑉𝑑𝑎𝑐𝑝 − 𝑉𝑑𝑎𝑐𝑛    

= 2𝑉𝑖𝑛 − 𝑉𝑑𝑎𝑐                          (4.15) 

where 𝑉𝑖𝑛 = 𝑉𝑖𝑛𝑝 − 𝑉𝑖𝑛𝑛  and 𝑉𝑑𝑎𝑐 = 𝑉𝑑𝑎𝑐𝑝 − 𝑉𝑑𝑎𝑐𝑛 . 

From equation (4.14), there occur various non-idealities that impact the stage residue 

voltage. One is the parasitic capacitances formed at various nodes (lumped together as factor 

𝑋) and another is the buffer gain (𝐴𝑏𝑢𝑓𝑓 ). Therefore, to achieve the desired inter stage gain of 

2 it is important to minimize the effect of parasitic capacitances and maximize the buffer gain 

to approach unity. 

4.3.1 Sampling Capacitance Value 

In the conventional opamp based pipelined ADCs, sampling capacitances are decided by the 

noise and matching. However, in the proposed design values of sampling MOSCAPs 

(𝐶1 − 𝐶4), are mainly decided by the sampling noise and speed considerations. For the 

sampling noise to have a negligible effect on the ADC’s signal-to-noise ratio (SNR), 
kT

C
 noise 

is chosen to be less than the quantization noise [71]. For only 1dB degradation in the value of 

ideal SNR, the required sampling capacitance is  

                                                             𝐶𝑖 ≥ 
48 𝑘𝑇22𝑛

𝑉𝐹𝑆
2                         (4.16) 
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where 𝑛 is the resolution of pipelined ADC, 𝑇 is the temperature, 𝑘 is the Boltzmann’s 

constant and 𝑉𝐹𝑆  is the full scale range. By adjusting the 𝑊 and 𝐿 of MOSCAP as given in 

equation (4.1), the required value of 𝐶 that satisfy the equation (4.16) can be obtained.   

In order to reduce the effect of parasitic capacitances at various nodes it is required that 

𝐶𝑖 ≫ 𝐶𝑝𝑉𝑥 , 𝐶𝑝𝑥4 such that factor 𝑋 (in equation (4.14)) becomes small enough to have an 

impact on the output of pipelined ADC. This can be achieved by choosing the large 

MOACAPs values, and optimized designing and layout of the switches used in the design to 

reduce the various parasitic capacitances. For relatively large value of 𝐶𝑖 , the ratio of 

parasitic capacitance to 𝐶𝑖  and therefore factor X (in equation (1)) becomes small enough to 

have an impact on 𝑉𝑟𝑒𝑠 . This also significantly reduces the common-mode error at the output 

of the stage [30].  

However, the large MOSCAP value increases the 𝑅𝐶 time constant that is formed due 

to ON resistance of the switch and MOSCAP and decreases the speed of the stage. Therefore 

various switches shown the Figure 4.6 (and 4.3 and 4.4) are implemented by CMOS 

transmission gate to reduce the ON resistance and SPICE simulations are used to optimize 

them.  

4.3.2 Output Buffer 

Another important parameter in equation (4.14) that effects the residue voltage is the gain of 

buffer 𝐴𝑏𝑢𝑓𝑓 . In earlier work [30], CMOS source follower is used as a buffer that consumes 

less power but suffers from low output swing. Since SNR is the ratio of signal power to noise 

power, it is important to maximize the signal swing and minimize the noise to achieve a high 

SNR value. Noise level at the output node of an amplifier consists of the amplifier noise and 

the sampling noise with the later being the dominated one. The sampling noise power is 

given by 

𝑣𝑛
2     =

𝑘𝑇

𝐶𝐿
                                                                   (4.17) 

Therefore signal to noise ratio (SNR) is given by 

 𝑆𝑁𝑅 =
𝐶𝐿𝑉𝑃

2

2𝑘𝑇
                                                  (4.18) 

where 𝐶𝐿 is the load capacitance at the output node of the buffer and 𝑉𝑃  is the signal 

amplitude. It shows that for the same load capacitance, SNR increases with the increase in 



52 

 

signal amplitude VP . Also for the same SNR, increasing the signal range decreases the load 

capacitance value 𝐶𝐿 which in turn reduces the current requirement for the same speed. 

Therefore, it is always beneficial to maximize the output voltage swing unless nonlinearity 

comes in the picture. The increased swing increases the circuit’s immunity towards noise and 

relaxes the comparator design specifications in sub-ADC, further saving the power.   

Low-power consumption without hitting the performance is one of the design 

objectives in a pipelined ADC. Since power, area and speed are the main tradeoffs in a 

CMOS circuit a design, the relation between SNR, speed and power quantify the ADC 

performance and is given by  

𝑆𝑁𝑅 ∙ 𝑆𝑝𝑒𝑒𝑑

𝑃𝑜𝑤𝑒𝑟
=  

𝑉𝑃
2

𝑘𝑇
𝐶𝐿

∙
𝑔𝑚

𝐶𝐿

𝐼𝑠 ∙ 𝑉𝐷𝐷
 

           𝛼 
𝑉𝑃

2

𝑉𝐷𝐷
                       (4.19) 

where 𝑔𝑚𝛼 𝐼𝑠is considered. 

From equation (4.19) it can be observed that for a given technology (hence fixed  𝑉𝐷𝐷 ), 

higher SNR and low power can be achieved by maximizing the voltage swing of amplifier. 

Also while scaling down the technology; supply voltage 𝑉𝐷𝐷  is also scaled down which in 

turn reduces the signal swing. Therefore in order to maintain the same SNR, thermal noise 

must also be reduced proportionally. This requires increase in the sampling capacitance value 

(𝐶𝐿) that in turn increases the area and power consumption to compensate the degradation in 

speed. 

The amplifier used at the output of the stage in the ADC determines the speed, power 

and noise. The non-linearity that comes at the output of the ADC can be lessened by 

maximizing the output signal swing of the amplifier by trade-off its open-loop gain. It 

increases the dynamic range (DR), SNR, reduces the 
𝑘𝑇

𝐶
 noise and power dissipation.   

Figure 4.7(a) shows a differential amplifier in negative feedback configuration is one 

such implementation with low power and low area. This results in a single-pole system that 

requires no compensation, and thus maximizes the speed and stability. An extra MOS 

transistor M6 is used in the differential amplifier which activates it during amplification 
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phase and save the power. And simulations results confirm the reductions in power 

dissipation upto 50% in one clock cycle.  

For a differential amplifier in unity gain configuration (feedback factor, β=1), its closed 

loop gain is given by 

𝐴𝑐𝑙 =
𝐴0

1+𝐴0
                        (4.20) 

 𝐴𝑐𝑙 ≃ 1 ∙  1 −
1

𝐴0
                        (4.21) 

This is the actual gain of buffer 𝐴𝑏𝑢𝑓𝑓  shown in Figure 4.3 and Figure 4.6 with 𝐴0 as its open 

loop gain. 

Using equation (4.21), equation (4.12) can be written as  

𝑉𝑟𝑒𝑠 = 1 ∙  1 −
1

𝐴0
 (2𝑉𝑖𝑛 − 𝑉𝑑𝑎𝑐 )                     (4.22) 

with 1 𝐴0  as the gain error limiting the accuracy of the stage and ADC. Gain error can be 

minimized by increasing the open loop gain 𝐴0 which in turn increases the power and area.  

Another way to minimize the gain error is using the digital calibration techniques by using 

digital output of the ADC. This is a preferable choice in current deep submicron technologies 

due to scaling benefits.  

In a 10-bit pipelined ADC, for the gain error to be less than half LSB, minimum  
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Figure 4.7. (a) Differential amplifier as unity gain buffer (b) various parasitic capacitances 

loading the stage output node 
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required open loop gain of differential amplifier in 1
st
 stage is 512. Therefore, in comparison 

to the traditional opamp based designs with β=0.5, power requirement in the present work is 

less for the same error budget. 

Another requirement of differential amplifier is to properly settle to certain accuracy 

during amplification phase to avoid any settling error. It requires a large bandwidth of 

differential amplifier with its unity-gain frequency given by 

𝑈𝐺𝐵 =
𝑔𝑚𝑖

𝐶𝐿
                        (4.23) 

where 𝑔𝑚𝑖  is the transconductance of the M1 and M2 MOS transistors, and 𝐶𝐿 is the load 

capacitance of the buffer at the output node as shown in Figure 4.7(b). 𝐶𝐿 mainly consists 

diffusion capacitance at the output node of the buffer (𝐶1), sampling capacitors and input 

capacitance of sub-ADC 𝐶2) of the next stage  

Incorporating the finite gain and finite bandwidth affects on stage output, equation 

(4.22) is modified to (assuming identical buffers) 

𝑉𝑟𝑒𝑠 = 1 ∙  1 −
1

𝐴0
 (1 − 𝑒−𝑡⋅𝑈𝐺𝐵 )(2𝑉𝑖𝑛 − 𝑉𝑑𝑎𝑐 )                             (4.24)          

Maximum time available for amplification phase is 5ns in a 100 MS/s pipelined ADC. 

The differential amplifier in first stage requires a minimum bandwidth of 220.6 MHz in order 

to have the settling error to less than half LSB which can be obtained easily. It is to be noted 

that in a traditional opamp based pipelined ADC, β becomes less than half while considering 

the gate capacitance of the opamp. However, in the present research work since β=1, 

therefore power requirement is less in comparison to opamp based designs for the same 

UGB. 

 It is observed from the equation (4.14) that 𝐶𝑝𝑥4 has larger impact on the stage output 

than the other parasitic capacitances. 𝐶𝑝𝑥4 mainly consist of the input capacitance of the 

buffer, therefore sizes of M1 and M2 MOS transistors in the buffer are kept small trading-off 

mainly with its gain. While designing the buffer, it is also important to maximize its ICMR 

so that whole signal range of the pipelined ADC lies within the ICMR while keeping all the 

MOSCAPs in strong inversion region.  

Figure 4.8 shows the variation of the open loop gain and UGB with the tail current (𝐼𝑠𝑠) 

of the differential amplifier. Open loop gain can be increased by increasing the current 
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𝐼𝑠𝑠  and sizes of the input MOS transistors M1 and M2 [72]. However, this increases the 

power dissipation and reduces the signal swing [73-74]. However, from equation (4.18), for 

the same SNR, reduction in signal range increases the capacitance value that degrades the 

speed and requires further power to be invested to increase the speed.  

Key design considerations while designing the differential amplifier are low area-

power, high dynamic range and high SNR along with the design simplicity. A CMOS 

differential amplifier is designed accordingly that has an open loop gain of 30.01 dB (≅ 32 

V/V), PM of 77º and UGB of 457 MHz with a total current of 320 μA. This much of UGB is 

sufficient for the settling accuracy of 10-bit at 100 MS/s. It gives a inter stage gain of 1.94 

(2(1 − 1 𝐴0) ) with a relative gain error of 3%.  

Variation in output voltage of differential amplifier has an impact on its current which 

introduces the nonlinearity at the ADC output. Therefore, length of MOS transistor M5 is 

chosen appropriately larger than minimum to minimize the effect. The simulation results of 

the CMOS differential amplifier as a unity gain buffer are shown in Figure 4.9. Figure 4.9(a) 

shows the change in 𝑉𝑜𝑢𝑡  with change in input common mode voltage (𝑉𝐶𝑀) with the linear 

region and nonlinear region at the top end. Nonlinearity occurs due to the fact that as 𝑉𝑜𝑢𝑡  

increases, 𝑉𝑆𝐷  of M4 transistor decreases and it enters linear region from saturation. Figure 

4.9(b) shows the 1024 points FFT response with a sinusoidal signal of 1 Vpp single ended at 

10 MHz is applied to unity gain differential amplifier. It shows 2
nd

, 3
rd

 harmonics of the 

amplitude below 75dB.   

 

               Figure 4.8. Open loop gain and UGB of differential amplifier vs. 𝐼𝑠𝑠 . 
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(a)       (b) 

Figure 4.9. Differential amplifier in unity gain configuration (a) transfer characteristic (b) 

FFT response  

 

      (a) 

 
        (b) 

Figure 4.10. Simulated stage results (a) residue curve (b) transient response  

Simulation results of the proposed 1.5-bit MOSFET-only stage are shown in Figure 

4.10. Figure 4.10(a) shows its voltage residue curve when slow ramp is given and Figure 



57 

 

4.10(b) shows the transient response when sampled (at 100 MHz) sinusoidal signal of 1 Vpp 

single ended is given. Results clearly show that there occurs only gain error in the proposed 

stage. 

Table 4.2 shows the comparison of some of earlier power efficient designs with the 

proposed one. For the same voltage supply the full scale signal swing of 2 Vp-p differential 

is achieved in the present work which is wider than the other designs. This may result in 

higher SNR after completing the pipelined ADC design. Hence, relaxes the comparator 

design requirements in sub-ADC by increasing the tolerance of comparators towards offset. 

Also, proposed ADC stage is designed using standard digital CMOS technology which is 

cheaper than Mixed-Mode process and therefore reduces the overall manufacturing cost of 

SoC. 

Table 4.2. Performance comparison of an ADC stage 

   Parameters  [18]     [19] [61]  [30]  [62] 
This 

work 

Technology (µm) 0.35 0.35 0.18 0.18 0.09 0.18 

Supply (V) 3 3 1.8 1.8 1 1.8 

CMOS Process     - std. 

digital 

Sampling Rate 

(MHz) 

75 75 800* 50 100 100 

Full scale swing 

(Vpp differential) 

2 2 0.4 1 0.04 2 

Errors in stage linear gain 

error, non- 
linearity 

linear gain 

error, non- 
linearity 

linear gain 

error, non- 
linearity 

 linear  

gain 
 error 

 linear 

gain 
error 

 Linear 

gain 
  error 

 used interleaving 

Proposed stage is fully differential in nature and thus able to reject the common-mode 

and substrate noise. 

Furthermore, from Table 4.2 it is clear that most of the non-idealities that occur in the 

ADC are eliminated in the present work except small gain error as compared to the 

traditional opamp based and other designs which suffers from the non-linearity gain-error, 

and capacitor mismatch errors.  

 

double-poly M4 deep n-well 
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4.4   Noise Analysis 

Figure 4.11 show the noise equivalent circuit of the proposed MOSFET-only pipelined ADC 

stage in the sampling and amplifications phase. Here conducting CMOS switches are 

replaced by the ON resistance 𝑅𝑜𝑛  and equivalent noise voltage 𝑉𝑛𝑠 . Its power spectral 

density is given by 𝑣𝑛𝑠
2    = 4𝑘𝑇𝑅𝑜𝑛  in V

2
/Hz. 

Consider the single ended input 𝑉𝑖𝑛𝑝  applied to the stage with negligible parasitic 

capacitance of CMOS switches. During the sampling phase, Ф1 = 1 as shown in Figure 

4.11(a), noise along with the input 𝑉𝑖𝑛𝑝  is sampled by MOSCAPs 𝐶1 and 𝐶4  [75]. Sampled 

noise is given by 

𝑣𝑛(𝛷1)
2        =

𝑘𝑇

𝐶1 +𝐶4
                                                          (4.25) 

Figure 4.11(b) shows the amplification phase, Ф2 = 1. During this phase MOSCAPs 

come in series and buffers is activated and generates the noise with the input referred noise of 

buffer given by 𝑣𝑛𝑏𝑢𝑓𝑓
2         =

16

3

𝑘𝑇

𝑔𝑚𝑖
 1 +

𝑔𝑚 3

𝑔𝑚𝑖
 .  

 

Figure 4.11. Noise equivalent circuit during (a) sampling phase (b) amplification phase. 

Transfer function of the buffer (with bandwidth 𝐵𝑊 =
𝑔𝑚𝑖

𝐶𝐿
) will modulate the total 

noise generated at the output [76] and given by 

𝑣𝑛(𝛷2)
2        =  2 ⋅ 𝑣𝑛𝑠

2    . +𝑣𝑛𝑏𝑢𝑓𝑓
2          

𝐵𝑊

4
       

 = 2𝑘𝑇𝑅𝑜𝑛
𝑔𝑚𝑖

𝐶𝐿
+

4

3

𝑘𝑇

𝐶𝐿
 1 +

𝑔𝑚 3

𝑔𝑚𝑖
                       (4.26) 
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where 𝑔𝑚𝑖  is the transconductance of input MOS transistors (𝑔𝑚𝑖 = 𝑔𝑚1 = 𝑔𝑚2) and 𝑔𝑚3 is 

the transconductance of load transistor M3 (𝑔𝑚3 = 𝑔𝑚4) of differential amplifier. 

Total noise when referred to single ended input (𝑉𝑖𝑛𝑝 ) is given by [30] 

𝑣𝑖𝑛 ,𝑠𝑡𝑎𝑔𝑒
2          =

𝑘𝑇

2𝐶
+  

1

𝐴2  2𝑘𝑇𝑅𝑜𝑛
𝑔𝑚𝑖

𝐶𝐿
+

4

3

𝑘𝑇

𝐶𝐿
 1 +

𝑔𝑚 3

𝑔𝑚𝑖
                         (4.27) 

where 𝐴 is the inter stage gain with 𝐶 = 𝐶1 = 𝐶4. Total noise when referred to the input of 

fully differential stage is two times the noise given by equation (4.27).  

For the complete fully differential 10-bit pipelined ADC, total input referred noise is 

given by 

𝑣𝑖𝑛 ,𝐴𝐷𝐶
2         = 2 ⋅ 𝑣𝑖𝑛 ,𝑠𝑡𝑎𝑔𝑒

2          ⋅   
1

𝐴2 
𝑛

9
𝑛=0                       (4.28) 

 

4.5   Summary 

An opamp-less fully differential MOSFET-only 1.5-bit pipelined ADC stage is presented in 

TSMC 0.18μm digital CMOS technology with power supply of 1.8 V. It uses the charge 

pump technique to achieve the inter stage gain of 2. In the present research work, MOSCAPs 

are used in place of MIMCAPs to reduce the manufacturing cost and Silicon area. Proposed 

stage is independent of MOSCAP mismatch and avoids the use of power hungry opamps thus 

reduces the power consumption and Silicon area. Various blocks of the proposed stage have 

been designed with emphasis on low power, low area and high signal swing. Comparison of 

proposed stage with the earlier power efficient designs has also been discussed. At the end, 

noise analysis of the proposed stage is carried out. 
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Chapter 5 

Complete Pipelined ADC  

5.1 Introduction 

From equation (4.14), the parasitic capacitances formed at various nodes modify the stage 

gain from 2 and the Sub-DAC output voltage subtracted at the stage output, and results in the 

missing codes at the ADC as shown in Figure 5.1. It shows that the effect of parasitic 

capacitances is similar to that of gain error with missing codes at the ADC output.  

 

Figure 5.1. (a) Stage transfer characteristics with effect of parasitic capacitances (b) impact on 

10-bit ADC characteristics with 𝑉𝑟𝑒𝑓 =1V. 

From equation (4.14) it can be observed that in order to reduce the effect of parasitic 

capacitances at various nodes it is required that 𝐶𝑖 ≫ 𝐶𝑝𝑉𝑥 , 𝐶𝑝𝑥4 such that factor 𝑋 becomes 

small enough to have an impact on ADC output. 

Also as discussed in section 4.3.2, due to low DC gain of differential amplifier there 

occurs gain error and cause missing codes at the ADC output. The effect of low open loop 

gain on 1
st
 stage residue characteristic and its impact on 10-bit ADC characteristic is shown 

in Figure 5.2 depicting the missing codes at the ADC output. These missing codes can be 

corrected by using a digital calibration technique. This is a preferable choice in today’s deep 
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submicron technologies without a significant increase in area and power [18, 30, 55] and is 

discussed in Section 5.2. 

 

Figure 5.2.  Effect of low open loop gain on (a) 1
st
 stage characteristics (b) 10-bit ADC 

output characteristics 

5.2 Digital Background Calibration 

In earlier work [30], a charge pump based technique followed by a source follower that 

reduces the inter stage gain and introduces the gain error. It uses a digital foreground 

calibration to compensate the missing codes due to the gain error. However, it interrupts the 

normal ADC conversion cycle and is unable to track the temperature and voltage variations 

during normal ADC conversion cycle.  In the present work, instead of a source follower, a 

differential amplifier in unity-gain feedback configuration is used, targeting high swing and 

high speed, and trading gain to save the power. Low open loop gain of the differential 

amplifier results in missing codes at the ADC output that are compensated by using a digital 

background calibration technique. It does not interrupt the normal ADC conversions and 

continuously tracks the temperature and voltage variations.  

Taking the benefit of technology scaling, digital calibration is generally used to calibrate 

the various non-idealities occurring in a pipelined ADC [77-81]. In the earlier charge pump 
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based work [30], digital foreground calibration is used in which normal operation of the ADC 

is interrupted. However in the present work, digital background calibration is used to correct 

the gain error [82]. It works continuously in the background without interrupting the normal 

operation of the ADC conversion cycle.  

Equation (4.21) can be written as              

𝑉𝑖𝑛 =
1

2
𝑉𝑑𝑎𝑐 +

𝑉𝑟𝑒𝑠

2 1−
1

𝐴0
 
                (5.1) 

Digital equivalent of equation (5.1) can be written as  

𝐷𝑖𝑛 =
1

2
𝐷 +

𝐷𝑟𝑒𝑠

2 1−
1

𝐴0
 
                                                        (5.2) 

where 𝐷 ∈  −1, 0, 1 , 𝐷𝑖𝑛  and 𝐷𝑟𝑒𝑠  are the digital equivalent of the input and the output of a 

stage respectively. Consider a three stage pipelined ADC as shown in Figure 5.3, using 

equation (5.2), it can be written that 

𝐷𝑖𝑛 ,1 =
1

2
𝐷1 +

𝐷𝑟𝑒𝑠 ,1

2 1−
1

𝐴01
 
              (5.3) 

𝐷𝑖𝑛 ,2 =
1

2
𝐷2 +

𝐷𝑟𝑒𝑠 ,2

2 1−
1

𝐴02
 
              (5.4) 

𝐷𝑖𝑛 ,3 =
1

2
𝐷3 +

𝐷𝑟𝑒𝑠 ,3

2 1−
1

𝐴03
 
              (5.5) 

Since 𝐷𝑖𝑛 ,𝑖+1 = 𝐷𝑟𝑒𝑠 ,𝑖  above equations results in 

𝐷𝑖𝑛 ,1 =
1

2
 𝐷1 +

1

2∙ 1−
1

𝐴01
 
 𝐷2 +

1

2∙ 1−
1

𝐴02
 
 𝐷3 +

𝐷𝑟𝑒𝑠 ,3

2∙ 1−
1

𝐴03
 
              (5.6) 

𝐷𝑖𝑛 ,1 =
1

2
 𝐷1 + 𝑤1 𝐷2 + 𝑤2𝐷3                 (5.7) 

where 𝑤𝑖  the weight of the stage with the residue of the last stage discarded and is given by 

𝑤𝑖 =  
1

2∙ 1−
1

𝐴0𝑖
 
  

To demonstrate the approach, an input voltage of 𝑉𝑖𝑛 = -1V is applied to 3-bit 

pipelined ADC shown in Figure 5.3. Applied input voltage is fully differential in nature. 

Residue voltage of each stage with digital output is 𝑉𝑟𝑒𝑠 ,1 = −1 V, 𝑉𝑟𝑒𝑠 ,2 = −1 V, 𝐷1= -

1, 𝐷2= -1 and 𝐷3= -1. Applying equation (5.7) with ideal weigths (𝑤𝑖=0.5) gives 𝐷𝑖𝑛 ,1= -

0.875 V which is equal to applied voltage with some quantization error. For 3-bit ADC 

quantization error is ±0.125 V. Similarly for other applied input voltages, equation (5.7) can 
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be applied. Table 5.1 shows the results for other input voltages, considering all the stages 

ideal in Figure 5.3. Thus a basic of calibration is to find the weights (𝑤𝑖) such that the 

equivalent of the applied input voltage is retrieved at the output in digital form.  

Table 5.1. Results for different applied input voltages in Figure 5.3 

Vin (V) Vres,1 (V) Vres,2 (V) D1 D2 D3 Dout (V)=Din,1 

1 1 1 1 1 1 0.875 

-0.6 -0.2 -0.4 -1 0 -1 -0.625 

-0.4 0.2 0.4 -1 0 1 -0.375 

0.3 -0.4 0.2 1 -1 0 0.25 

0.6 0.2 0.4 1 0 1 0.625 

 

Equation (5.7) can be extended to 𝑁 number of stages as 

𝐷𝑖𝑛 ,1 =
1

2
 𝐷1 + 𝑤1(𝐷2 + 𝑤2(𝐷3 + ⋯ +𝑤𝑁−1𝐷𝑁))             (5.8) 

A visual representation of equation (5.8) for N=10 with Dout  (= Din ,1) is shown in Figure 

5.4. Therefore, digital equivalent of the applied analog input can be obtained by beginning 

from least significant stage and moving towards the first stage. Equation (5.8) forms the basis  

 
Figure 5.3.  Cascading of 3 stages in a pipelined ADC. 
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of  digital calibration algorithm for whole ADC. 

Figure 5.4 shows the complete pipelined ADC architecture with the calibration logic. 

From chapter 4, achieved DC gain of differential amplifier is 𝐴0=30.01 dB ≈32 V/V. Gain of 

a stage is therefore 2(1 − 1 𝐴0) =1.9375. For 10-bit linearity total number of bits required is 

log1.9375 210 = 11-bits. Therefore, it requires 9 MOSFET-only charge pump based stages 

with a 2-bit flash ADC at the end.  

Calibration begins from the least significant stage and moves towards the most 

significant stage. After the stage 𝑖 is calibrated, calibration of stage 𝑖-1 is carried out and so 

on until the most significant stage (stage 1) is reached. In ideal ADC 𝑤𝑖 = 0.5 whereas in 

case of real ADC 𝑤𝑖  is different from 0.5 and is derived from the calibration algorithm to 

find out the digital equivalent of the input. 

 

Figure 5.4. Complete 10-bit pipelined ADC architecture. 

Figure 5.5 shows the complete calibration logic used in this work. Accuracy of weights 

𝑤𝑖  calculated through calibration process depends upon the resolution of the residue that is 

converted to the digital equivalent by the following stages. Therefore, to get the accurate 

digital representation of 𝑉𝑟𝑒𝑠𝑖 , extra two stages are added at the end. These extra stages are 

considered to be accurate therefore do not undergo calibration and are activated only during 

the calibration cycle to initiate the calibration process. 
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   Figure 5.5. Calibration logic (ADC analog signal path is fully differential) [82] 

Adding extra stages adds little to the area and power overhead. This forms the ideal low 

resolution ADC with 𝑉𝑟𝑒𝑠𝑖  as its input and termed as ideal backend ADC as shown in Figure  

5.5 with 𝐷𝐵𝐸  as the digital reprenstation of 𝑉𝑟𝑒𝑠𝑖   plus the quantization noise of ideal back 

ADC. The digital output of back end ADC can be written as   

𝐷𝐵𝐸 =
1

2
 𝐷10 + 𝑊10 (𝐷11 + 𝑊11𝐷12)             (5.9) 

Figure 5.5 show that the calibration of stage 𝑖 (stage 9 here) begins by applying a 

predefined DC input (𝑉𝑖𝑛 _𝑐𝑎𝑙 ) to it and to a reference ADC which is a high resolution and slow 

speed ADC [55, 83] used to generate 𝐷𝑖𝑑𝑒𝑎𝑙 . With 𝑉𝑖𝑛 _𝑐𝑎𝑙  stage 𝑖 produces 𝐷𝑖 , backend ADC 

produces 𝐷𝐵𝐸  which is digital representation of residue voltage under calibration and the 

reference ADC generates 𝐷𝑖𝑑𝑒𝑎𝑙  which is used to compare 𝐷𝑡𝑜𝑡  coming from back end ADC. 

Considering the stage 𝑖 as a stage under calibration, from Figure 5.5 it can be written that 

             𝐷𝑡𝑜𝑡 =
1

2
𝐷𝑖 + 𝑤𝑖𝐷𝐵𝐸               (5.10)  

where 𝑤𝑖  is the weight of the 𝑖th stage with ideal value of 0.5. In case of non-ideal stage, the 

weight of the stage 𝑖 can be found by using an adaptation algorithm such as least-mean-square 

(LMS) algorithm [84-86]. As given in equation (5.10) 𝐷𝐵𝐸  is multiplied by a weight 𝑤𝑖  and 

added with 𝐷𝑖  to produce 𝐷𝑡𝑜𝑡  which in ideal case must be equal to 𝐷𝑖𝑑𝑒𝑎𝑙 . In case of non-
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ideality in stage 𝑖, 𝐷𝑖𝑑𝑒𝑎𝑙 − 𝐷𝑡𝑜𝑡  gives an error value that must be minimized. For that purpose 

a adaptation algorithm such as LMS algorithm is used that adjust the weight such that mean 

square of 𝐷𝑖𝑑𝑒𝑎𝑙 − 𝐷𝑡𝑜𝑡  is driven to zero according to  

                                     𝑤𝑖 𝑛 + 1 = 𝑤𝑖 𝑛 + 𝜇(𝐷𝑖𝑑𝑒𝑎𝑙 − 𝐷𝑡𝑜𝑡 )𝐷𝐵𝐸             (5.11) 

where 𝜇 is the update adaptation parameter that controls the convergence of adaptation 

algorithm. Increasing the value of 𝜇 reduces the time to reach the convergence but increases 

the variation around the converged value in the steady state whereas the lower value of 𝜇 

increases the convergence time and therefore the calibration time. After finding the optimized 

weight 𝑤𝑖 , 𝐷𝑡𝑜𝑡  is treated as the new 𝐷𝐵𝐸  and the reference ADC is switched to the input of 

stage (𝑖 − 1) and same updating process (equation (5.9) to equation (5.11)) is followed using 

the LMS algorithm.  

The calibration algorithm initiates in foreground mode and subsequently moves to the 

background mode. The foreground calibration is carried out at the startup of ADC, once the 

weights 𝑤𝑖  of different stages are calculated and stored, it switches to background mode 

during the normal ADC conversion. It keeps tracking the gain variation due to change in 

temperature or other factors. In this work, the pipelined ADC operates at a sampling rate of 

100 MS/s while the calibration is performed at the speed of Reference ADC (a slow but 

accurate ADC) working at 3.125 MS/s. In this way, it samples 1 out of every 32 input samples 

and performs the calibration. On successive calibration cycles, the calibration algorithm works 

in background without interrupting the normal ADC conversions. This fastens the calibration 

process as calibration algorithm only checks and updates the changes in weights calculated 

earlier. The complete pipelined ADC implemented fully differentially hence rejects the 

common-mode and substrate noise. 

5.3 Simulation Results  

Based on the design and optimization process described in section 2 and 3, the analog part of 

the pipelined ADC is designed and simulated in SPICE using the TSMC 0.18 µm CMOS 

process operating on a 1.8 V power supply voltage. Its calibration part is developed using 

MATLAB.  

In order to show the ability of calibration algorithm, same stages are used with linear 
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gain error in all the 9 stages. Calibration algorithm is applied in all the 9 stages. Power 

consumption of complete ADC (excluding that of calibration part) is 16.53 mW. 

Figure 5.6 shows the DNL and INL curves for the both un-calibrated and calibrated 10-

bit pipelined ADC. After calibration, DNL improves to +0.6/-0.4 LSB and INL improves 

from+9.3/-9.6 LSB to within ± 0.5 LSB, thus illustrating the effectiveness of the calibration 

in the charge pump based pipelined ADC. 

 

       (a) 

 

         (b) 

Figure 5.6. DNL and INL response of ADC (a) uncalibrated (b) calibrated. 

Figure 5.7 shows the uncalibrated and calibrated ADC’s digital output. Before 

calibration there is a large number of missing codes which are compensated by the calibration 
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technique. Figure 5.8 shows the dynamic response of 10-bit 100 MS/s pipelined ADC. For 

input frequency of 13.965 MHz, FFT response (1024 points) shows that after calibration 

SNDR and SFDR improves by about 27 dB and 39 dB respectively with spurious 

components below -79 dB. 

Figure 5.9 shows the variations of SNDR and SFDR versus input frequency varied over 

Nyquist band for a 10-bit pipelined ADC running at 100 MS/s. It is evident that after 

calibration both SNDR and SFDR improve significantly with ENOB of 10.3 bits. 

 

 Figure 5.7. Uncalibrated and calibrated ADC characteristic 

 

Figure 5.8. FFT response of (a) uncalibrated (b) calibrated ADC. 

Table 5.2 shows the performance results of present work with some of the earlier 

published work using digital calibration techniques. From Table 5.2, it is clear that this work 
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has the smallest power consumption for the same sampling rate and achieves a good DNL 

and INL after calibration. The SFDR and SNDR of this calibrated 10-bit pipelined ADC  

 

Figure 5.9. SNDR/SFDR versus input frequency. 

Table 5.2. Performance summary and comparison 

Parameters Liren 

     [77] 

Ahmed  

[30] 

Kexu  

[80] 

Yuan  

[81] 

Aminzadeh 

[66] 

This work 

Supply  (V) 1.8 1.8 3.3 3.3 1.8 1.8 

Technology (μm) 0.18 0.18 - 0.35 0.18 0.18 

Resolution (bits) 12 10 14 12 12 10 

Sampling Rate   

     (MS/s) 

100 50 100 20 65 100 

Voltage Swing  

     (Vpp) 

- 1  2 - 2 

Type of digital 

calibration 

Back-

ground 

Fore- 

ground 

Foreground 

& 

Background 

Back- 

ground 

- Back-

ground 

 

DNL (LSB) 

  

bc - +1.6/-1  - 1.47 1.26 +0.24/-1 

ac +0.1/-0.08 +0.35/-

0.35 

- 0.27 1 +0.6/-0.4 

 

INL (LSB) 

bc 1.9 +15.7/-

17.9 

- 7.85 57.59 +9.3/-9.6 

ac +0.4/−0.6 +0.7/-0.8 - 0.2 0.67 ± 0.5 

SNDR (dB):  bc/ac -/66 33.9/58.2 - 41.3/72.5 43/70 39.61/66.8 

SFDR (dB):   bc/ac 66/82 38/66 57.9/102  52.5/84.4 44 /78 40.39/79.3 

ENOB (bits) - 9.4 12.6 11.8 - 10.3 

Power (mW) 205 9.9 - 56.3 - 16.53 

  bc: before calibration; ac: after calibration 

approach the values of some of the 12-bit designs. Compared to earlier work [30] power 

consumption in the present research high is more because of higher sampling rate. 
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5.4 Summary 

A 10-bit 100 MS/s pipelined ADC is designed using the proposed MOSFET-only 1.5-bit 

stage in TSMC 0.18 µm digital CMOS technology operating on a 1.8 V supply voltage.  

Stage suffers from only gain error and results in missing codes at the ADC output. A 

digital background calibration technique is used to calibrate the gain error. Before 

calibration SNDR and SFDR of the pipelined ADC is 39.61 dB and 40.39 dB 

respectively which increase to 66.78 dB and 79.3 dB after calibration. Also DNL 

improves to +0.6/-0.4 LSB and INL improves from +9.3/-9.6 LSB to within ± 0.5 LSB. 

Total power consumption of the ADC is 16.53 mW. 
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Chapter 6  

Design Methodology and Tradeoffs 

6.1 Introduction 

The designing of a pipelined ADC starts with the converter specifications such as resolution 

(𝑛), sampling rate (𝑓𝑠), power budget, SNDR, SFDR, ENOB etc. During the entire design 

process, designer explores various alternatives, study the various design trade-offs, find out 

the various constraints and optimize his design in terms of power consumption, area, design 

effort and cost. To accomplish the task it requires a systematic design methodology that is 

presented in this chapter for the charge pump based pipelined ADC that requires minimum 

iterations in design cycle.  

Figure 6.1 shows the design flow of a typical pipelined ADC. It starts with the ADC 

specifications such as 𝑓𝑠 , 𝑛, required SNR, SNDR and SFDR etc. Once the specifications are 

freezed next step is to choose the ADC architecture (Flash, SAR, Pipeline etc.). In chapter 1, 

various ADC architectures are discussed with tradeoffs. For a resolution of 𝑛=10-bit and 

𝑓𝑠=100 MS/s, the pipelined ADC is the best suited candidate consuming relatively low area 

and power.  

 

    Figure 6.1. A Pipelined ADC design flow 
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In a pipelined ADC with the multi-bit architecture (1.5-bit/2.5-bit architecture), 

generally, redundancy is used to take care of the offset of the comparator used in sub-ADC. 

Next task is to choose MDAC architecture either using opamp or opamp-less. Since, opamp 

is the main power hungry block in the pipelined ADC that also consumes huge area. So, in 

the present work, an opamp-less pipelined ADC is utilized in order to reduce the power and 

area. 

Once the pipelined ADC stage architecture is selected, next step is to implement the 

ADC specifications into physical level (Silicon level) through circuit designing at transistor 

level. Based on ADC specifications the required sampling capacitors values, open-loop gain 

of the differential amplifier (Ao), UGB, phase margin (PM) etc. are decided. These design 

parameters are transferred into actual physical dimensions by adjusting the width (W) and 

length (L) of the MOS transistors [74]. In this entire design flow, there occurs various 

tradeoffs while achieving the pipelined ADC specification. For example, achieving the higher 

ADC speed requires more power to be invested with more Silicon area. Increase in area 

would increase the various parasitic capacitances that effect the ADC performance (equation 

4.14). Therefore it requires several iterations to fine tune the results with bottom-up approach 

which is a time consuming task and increases the time to market for mixed-signal ICs. 

Main objective of this chapter is to propose a design methodology so that it requires 

less iterations and hence save designer’s time to design a pipelined ADC for the given  

specifications. For pipelined ADC, specifications chosen in the present research work are 

𝑛=10-bit, 𝑓𝑠=100MS/s, 𝑆𝑁𝑅 ≥60dB, 𝑆𝐹𝐷𝑅 ≥ 70dB. Target technology is 0.18 μm, n-well 

digital CMOS at the supply voltage of 𝑉𝐷𝐷=1.8V.  

As it can be seen from Figure 6.1, after freezing the ADC specifications (Step 1) and 

choosing 1.5-bit opamp-less pipelined ADC (Step 2) in digital CMOS technology as 

discussed in Chapter 3, next step is to design a stage, its various components. Complete 

pipelined ADC is cascading of such stages. Further steps are discussed in the following 

sections. 

6.2  Circuit Implementation and Tradeoffs 

An opamp-less pipelined ADC stage is shown in Figure 4.3. A N-stage pipelined 

ADC is cascading of such stage except the last stage which is a flash based architecture as 

shown in Figure 6.2. Whole pipelined ADC implementation goes through various steps and 
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iterations. In the present research work, a MOSFET-only charge pump based 1.5-bit 

pipelined ADC is used as explained in section 4.2.2. In this section, a design methodology to 

design a MOSFET-only stage is discussed to achieve the given specifications.  

 

Figure 6.2. Charge pump based N-stage pipelined ADC 

From equation (4.14), both 𝐴𝑏𝑢𝑓𝑓  and 𝑋 affects the residue voltage of a stage. It is the 

prime design objective to maximize the 𝐴𝑏𝑢𝑓𝑓  to unity and minimize the effect of parasitic 

capacitances. Also it is evident from the equation (4.14) that effect of parasitics can be 

minimized by choosing the value of sampling capacitors such that 𝐶𝑖 ≫ 𝐶𝑝𝑉𝑥 , 𝐶𝑝𝑥4 that 

diminishes the ratio 
𝐶𝑝𝑥

𝐶1
 and 

𝐶𝑝𝑥 4

𝐶2
 to a low value. However, choosing a high value of 𝐶𝑖  

decreases the speed and increases the load of the buffer which in turn requires high power to 

be invested to increase the speed. Thus, it is important to find the appropriate sampling 

capacitors values that help in meeting the ADC specifications. So designing of a stage starts 

with choosing the sampling capacitor values. 

 6.2.1 Sampling Capacitors  

 To design a stage and further 𝑛-bit 𝑓𝑠  MS/s pipelined ADC, first step is to decide the value of 

sampling capacitors 𝐶𝑖  (𝑖 ∈  1-4) in a stage. A sampling capacitor value is mainly decided by 

thermal noise and speed. Load at the output of the buffer mainly consist of sampling 
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capacitors of the next stage. Therefore, using the low capacitor values increases the 

bandwidth of the buffer and consequently the speed of whole ADC. On the other hand, 

decreasing the capacitance value increases the thermal noise (
𝑘𝑇

𝐶
)and decrease the SNR of the 

ADC. Therefore, there are trade-offs among speed, power and SNR [87] and the capacitors 

values, therefore, impact the performance of an ADC. 

SNR of a pipelined ADC is the ratio of signal power to noise power and is given by 

(including both thermal and quantization noise) 

𝑆𝑁𝑅 =
𝑉𝐹𝑆

2 2 

𝑣𝑞𝑛
2     +𝑣𝑡𝑛

2                    (6.1) 

where 𝑉𝐹𝑆 is the signal swing,  𝑣𝑞𝑛
2      is the quantization noise and 𝑣𝑡𝑛

2     is thermal noise. 

Quantization noise arising due to analog to digital conversion is given by 

𝑣2
𝑞𝑛

      =
𝑉2

𝐿𝑆𝐵

12
=

𝑉2
𝐹𝑆

22𝑛 ∙12
               (6.2) 

There are other noise sources inside the ADC such as noise due to various 

components, switching noise along with on-resistance noise of switches. All these noise 

sources contribute to overall ADC noise floor but mainly dominated by on-resistance of the 

switches and given by 
𝑘𝑇

𝐶
 . Since the first stage contributes a significant noise so it is 

important to choose the sampling capacitance values so as to keep the noise as low as 

possible [71]. Therefore, for the switch noise to have negligible effect on SNR of the ADC, 

generally it is followed that 
𝑘𝑇

𝐶
 noise is less than ¼ of the quantization noise. This causes only 

1dB degradation in the value of ideal SNR.  

𝑘𝑇

𝐶𝑖
=

1

4
∙ 𝑣2

𝑞𝑛
                     (6.3) 

which in turn gives the value of 𝐶𝑖  as 

𝐶𝑖 ≥ 
48 𝑘𝑇22𝑛

𝑉2
𝐹𝑆

              (6.4) 

where k is the Boltzman’s constant and T is the temperature. This is plotted in Figure 6.3 for 

𝑛 =10. Thus maximizing the signal swing decreases the sampling capacitor value which in 

turn reduces the current requirements to achieve a given speed. 
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Figure 6.3. Sampling capacitor versus signal swing 

Exact value of the sampling capacitor is decided by the constraints on power, speed 

and area. A particular value of 𝐶 can be obtained by adjusting the 𝑊 and 𝐿 of the MOSCAPs 

as given by equation (4.1).  

Furthermore, as buffer is the only active block in a stage so most of the power is 

consumed by the buffer which is dependent upon the load that a buffer needs to drive. Figure 

6.4 shows that SNR versus sampling capacitor value for various signal swing. It is clear from 

the Figure 6.4 that with higher signal swing higher SNR can be achieved with low 

capacitance values and thus low area and power. Signal swing is mainly restricted by the 

buffer. Thus maximizing the output signal swing of buffer is one of the design objectives in 

buffer design.  

 

Figure 6.4. SNR vs Sampling capacitor 
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6.2.2 Output Buffer Design 

Gain and bandwidth are the two important factors that affect the accuracy of switched 

capacitor (SC) circuits such as ADCs [88]. As discussed in the section 4.3.2, a differential 

amplifier in unity-gain feedback is chosen as a buffer. Closed-loop gain of a differential 

amplifier in unity gain configuration (β=1) is given by     

𝐴𝑐𝑙 =
𝐴0

1+𝐴0
        

≃ 1 ∙  1 −
1

𝐴0
                (6.5) 

where 𝐴0 is the open loop gain of differential amplifier. Including the closed loop gain of the 

buffer, residue voltage of a stage is given by   

𝑉𝑟𝑒𝑠 = 1 ∙  1 −
1

𝐴0
 (2𝑉𝑖𝑛 − 𝑉𝑑𝑎𝑐 )             (6.6) 

with 1 𝐴0  as the gain error limiting the accuracy of the stage and ADC. Gain error can be 

inimized by increasing the open loop gain 𝐴0 which in turn increases the power and area. 

Another way to minimize the gain error is using the digital calibration techniques by using 

digital output of the ADC. This is a preferable choice in current deep submicron technologies 

due to scaling benifits. 

 

(a)  (b) 

Figure 6.5. (a) Differential amplifier as a buffer (b) transfer characteristic 

Another requirement of differential amplifier is to properly settle to certain accuracy 

during amplification phase in order to avoid any settling error. It requires a large bandwidth 

of differential amplifier with its unity-gain frequency given by 
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𝑈𝐺𝐵 =
𝑔𝑚

𝐶𝐿
               (6.7) 

where 𝑔𝑚  is the transconductance of the transistors M1 and M2 (i.e. 𝑔𝑚 = 𝑔𝑚1 = 𝑔𝑚2) and 

𝐶𝐿 is the load capacitance at the output node of the buffer (shown in Figure 4.7(b)).  

Incorporating the finite gain and finite bandwidth affects on stage output, equation 

(6.6) is modified to (assuming identical buffers) 

𝑉𝑟𝑒𝑠 = 1 ∙  1 −
1

𝐴0
 (1 − 𝑒−𝑡⋅𝑈𝐺𝐵 )(2𝑉𝑖𝑛 − 𝑉𝑑𝑎𝑐 )                               (6.8)          

 Maximum time available for amplification phase is 5ns in a 100 MS/s pipelined 

ADC. The differential amplifier in first stage requires a minimum bandwidth of 220.6 MHz 

in order to have the settling error to less than half LSB which can be obtained easily. 

 Neglecting the body effect of input MOS transistors M1 and M2, gain of the 

differential amplifier is given by 

𝐴0 = 𝑔𝑚 (𝑟𝑜𝑢𝑡 2 ∥ 𝑟𝑜𝑢𝑡 4)              (6.9) 

where 𝑔𝑚 is the transconductance of the transistor M1 or M2 and𝑟𝑜𝑢𝑡 2and 𝑟𝑜𝑢𝑡 4 are the output 

impedances of the transistors M2 and M4, respectively. 

 For 𝑛-bit 𝑓𝑠  MS/s sampling rate pipelined ADC, the required UGB for the first stage 

buffer is given by 

𝑈𝐺𝐵 =
𝑛𝑙𝑛 (2)𝑓𝑠

𝜋
            (6.10) 

From the equation (6.10) the minimum required UGB for first stage buffer in 10-bit 100-

MS/s pipelined ADC is 220.6 MHz. Minimum UGB of 450 MHz (2 times) is chosen as 

design specification while designing the differential amplifier. Next step is to design the 

differential amplifier. The minimum required trans-conductance of the input MOS transistors 

is given by equation (6.7) i.e. 𝑔𝑚 = 2.83 𝑚𝑆. It is now required to decide the current in 

differential amplifier to get the required transconductance. 

 In the analog design, the first step is to decide and freeze the channel length of the 

MOS transistors. Generally, it is chosen to be twice of the minimum channel length in order 

to minimize the various short channel effects that are encountered in small sized MOS 

transistors. Figure 6.6 shows the MOS transistor drain current 𝐼𝑑𝑠  versus 𝑉𝑔𝑠  for 𝑊=10 μm 

size. Current 𝐼𝑑𝑠  decreases with increase in channel length 𝐿. Transconductance (𝑔𝑚 ) of 

MOSFET versus 𝑉𝑔𝑠  is shown in the Figure 6.7. For the same  𝑉𝑔𝑠 , 𝑔𝑚  decreases with 
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increase in the channel length (L), because of the decrease in MOS transistor drain current as 

shown in Figure 6.6. Figure 6.8 shows the 𝐼𝑑𝑠  versus 𝑉𝑑𝑠  for different transistor lengths 𝐿 and 

keeping the transistor width 𝑊=10 μm. There are several short channel effects for 𝐿=0.18μm 

that decreases the output impedance of a MOS transistor (as shown in Figure 6.9) which 

ultimately reduces the intrinsic gain of the transistor [89]. Therefore, increasing the channel 

length increases the output impedance of a MOS transistor but reduces the current and 

consequently the 𝑔𝑚  of a MOS transistor and consequently the 𝑈𝐺𝐵. Considering these 

tradeoffs a minimum channel of 𝐿=0.36 μm is chosen while designing the differential 

amplifier. Also increasing the 𝑊 or 𝐿 of transistor improves the matching [90]. 

 As the transconductance and the drain current in a MOSFET are related by 

      

Figure 6.6. 𝐼𝑑𝑠  vs 𝑉𝑑𝑠  for a MOS transistor with different channel lengths 

𝑔𝑚 =
2𝐼𝐷

𝑉𝐺𝑆 −𝑉𝑇𝐻
            (6.11) 

For an overdrive voltage of 0.2 V (=𝑉𝐺𝑆 − 𝑉𝑇𝐻) the required current to get 𝑔𝑚 = 2.83 𝑚𝑆 is 

337.3 μA. Transconductance 𝑔𝑚  of the input MOS transistors is related to the current as 

𝑔𝑚 ∝  𝐼𝑆𝑆 and the output resistance as 𝑟𝑜𝑢𝑡 ∝ 
1

𝐼𝑆𝑆
 therefore gain 𝐴0 (product of 𝑔𝑚 and 𝑟𝑜𝑢𝑡 ) 

will be proportional to 
1

 𝐼𝑆𝑆
. For 𝑈𝐺𝐵 =  

𝑔𝑚

𝐶𝑠
, 𝑈𝐺𝐵 ∝   

𝐼𝑠𝑠

𝐶𝑠
 for the same speed 

requirement, 𝐼𝑠𝑠  can be reduced quardratically. Here 𝐼𝑆𝑆  is the current flowing through the 
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differential amplifier as shown in Figure 6.5a  

 

Figure 6.7. 𝑔𝑚vs 𝑉𝑔𝑠  for a MOS transistor with different channel lengths 

 

Figure 6.8. 𝐼𝑑𝑠  vs 𝑉𝑑𝑠  for a MOS transistor with different channel lengths 
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Figure 6.9. 𝑟𝑜𝑢𝑡  vs 𝑉𝑑𝑠  for a MOSFET for different channel length 

Figure 6.10 shows the 𝑔𝑚 and 𝑟𝑜𝑢𝑡  variation with 𝐼𝑆𝑆  and Figure 6.11 shows the DC 

gain 𝐴0 and 𝑈𝐺𝐵 variation with 𝐼𝑠𝑠 . It is clear that with the increase in the differential 

amplifier current 𝐼𝑠𝑠 , gain decreases and the UGB increases. Thus, a higher speed of ADC 

can be achieved by increasing the current 𝐼𝑠𝑠  (hence more power dissipation) trading open 

loop gain. Differential amplifier with an UGB of 450 MHz is chosen as primary design  

 

Figure 6.10. 𝑔𝑚 and 𝑟𝑜𝑢𝑡  versus 𝐼𝑠𝑠  
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Figure 6.11. Open loop and UGB versus 𝐼𝑠𝑠 . 

Table 6.1: hand calculation and simulation results 

Parameters Calculations Simulations 

UGB 450 MHz 457 MHz 

𝑔𝑚  2.83 𝑚𝑆 3.373𝑚𝑆 

𝐼𝑠𝑠  337.3 μA 360 μA 

W (M1/M2) 54 μm  80 μm 

 

objective to achieve the desired speed of 100 MS/s. Simulation results show that it requires a 

current of 360 uA for UGB of 457 MHz that corresponds to a DC gain of 30.01 dB and 𝑔𝑚  of 

3.373 mS. Table 6.1 summarizes the calculation and the simulation results. The difference in 

the two is due to the fact that in the hand calculations square law model based equations are 

used  that are not taking care of the various short channel effects. 

 For a fixed current, transconductance 𝑔𝑚  can also be written as 

𝑔𝑚 = 𝜇𝑛𝐶𝑜𝑥  
𝑊

𝐿
 

1
(𝑉𝐺𝑆 − 𝑉𝑡𝑕 )            (6.12) 

Thus, another way of increasing the trans-conductance and hence the gain is obtained 

by increasing the W/L ratio of the input MOS transistor without increasing the current and 

hence power. This is shown in Figure 6.12 and Figure 6.13 for a fixed 𝐼𝑆𝑆 . 
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As shown in Figure 6.13, open loop gain initially increases when the input MOS 

transistors are in sub-threshold region (low current region) and decreases after reaching a 

maximum value as the current increases [91]. The maxima (of gain) can be increased by 

increasing the sizes of the input MOS transistors M1 and M2 [72]. However, this results in an 

increase in the power dissipation and the reduction in signal swing [73] which in turn reduces 

the SNR. Therefore, in order to maintain the same SNR, reduction in signal range increases 

the capacitance value that degrades the speed and requires further power to be invested to  

 
Figure 6.12. 𝑔𝑚 and 𝑟𝑜𝑢𝑡  vs 𝑊 of input MOS transistors  

 
Figure 6.13. Open loop gain and UGB vs 𝑊 of input MOS transistors. 



83 

 

increase the speed. Therefore, optimizing the low power amplifiers for desired performance 

is always a design challenge [92]. 

A simulation result of the increase in open loop gain versus output voltage swing is 

plotted in Figure 6.14(a). It clearly shows that with the increase in gain, output voltage swing 

decreases. Upper swing in Figure 6.14(a) is the saturation voltage of the MOS transistor M4 

(𝑉𝑑𝑠𝑎𝑡 4) and Lower swing is given by 𝑉𝑑𝑠𝑎𝑡 2 + 𝑉𝐶  where 𝑉𝑑𝑠𝑎𝑡 2  is the saturation voltage of 

the MOS transistor M2 and 𝑉𝐶  is the voltage at drain terminal of M5 transistor. Difference of 

the two gives the output signal swing of the differential amplifier.  

Since the differential amplifier is used in the unity gain feedback configuration and the 

open loop gain diminishes by a factor of (1 + 𝐴0) while in the closed-loop gain and 

harmonic distortion also diminishes by (1 + 𝐴0) factor. This also results in an increase in the 

linearity range of the amplifier.. Figure 6.14(b) shows the simulations results of the 

differential amplifier as a buffer. It shows the signal range where 𝑉𝑜𝑢𝑡  is linear as the input 

voltage varies from 0 to 𝑉𝐷𝐷  and nonlinear region at the top end. Nonlinearity occurs due to 

the fact that as 𝑉𝑜𝑢𝑡  increases, 𝑉𝑆𝐷  of M4 transistor decreases and it enters linear region from 

saturation. It is to be noted here that considering the signal level beyond linear range gives 

non-linearity at the ADC output and decrease the SNDR of an ADC. Therefore region of 

operation is confined to linear range in order to reduce the distortion component. 

 

 

(a) (b) 

   Figure 6.14. (a) voltage swing vs open loop gain (b) transfer characteristics of unity-gain   

configuration of differential amplifier 
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6.2.3  Effect on DNL 

Insufficient DC gain 𝐴0 causes the missing codes at the ADC output. One of the way to 

measure the missing codes is Differential Nonlinearity (DNL) test. DNL caused by the gain 

error of the first stage in a pipeline ADC is the largest and is given by  

𝐷𝑁𝐿  𝐿𝑆𝐵 =   
𝐺𝑖𝑑𝑒𝑎𝑙 −𝐺

𝐺𝑖𝑑𝑒𝑎𝑙
  

𝐺𝑖𝑑𝑒𝑎𝑙 −1

𝑛𝑐
 

2𝑛

𝐺𝑖𝑑𝑒𝑎𝑙
          (6.13) 

where 𝐺𝑖𝑑𝑒𝑎𝑙  and 𝐺(given by 2(1 − 1 𝐴0))  are the ideal and the real gain of a stage 

respectively, 𝑛𝑐  is the number of comparators per stage and 𝑛 is the ADC resolution. Figure 

6.15 shows the DNL in LSB versus stage gain. It shows that DNL decreases with the increase 

the in stage gain and hence requires larger DC gain of differential amplifier. To increase the 

DC gain, it requires larger input MOS transistors M1 and M2 with more current. However, it 

results in more area, more power dissipation with reduced signal swing. For the same SNR, 

reduced signal swing requires larger capacitances and further increases the area. 

 

Figure 6.15. DNL vs stage gain (G) 

Figure 6.16 shows the DNL (in LSB) versus open loop gain 𝐴0 for both opamp based and 

current charge pump based work. It shows that the DNL decreases with the increase in 𝐴0 for 

both the cases trading area and power. However for the same 𝐴0, DNL in the present work is 

about a half of that in the opamp based pipelined ADC due to unity feedback factor in 

former. Therefore for the same DNL it requires lesser 𝐴0 and hence requires lesser power 

and area in charge pump based pipelined ADC as compared to the conventional opamp based  

 



85 

 

 

 

 

 

 

 

 

 

 

 

 

                Figure 6.16. Effect of open loop gain (𝐴0) on DNL. 

pipelined ADC.  INL can be obtained by the summation of DNL  

𝐼𝑁𝐿 𝑖 =  𝐷𝑁𝐿(𝑗)𝑖
𝑗 =1                 (6.14) 

where 𝑗 corresponds to the code 𝑗. 

6.2.4  Effect on SFDR 

SFDR is another important dynamic performance parameter in an ADC that is effects 

by the gain error. It is defined as the ratio of signal power to the power of the largest spurious 

harmonics in the ADC output spectrum.  

𝑆𝐹𝐷𝑅 = 10 log 
𝑠𝑖𝑔𝑛𝑎𝑙  𝑝𝑜𝑤𝑒𝑟

𝑙𝑎𝑟𝑔𝑒𝑠𝑡  𝑠𝑝𝑢𝑟𝑖𝑜𝑢𝑠  𝑝𝑜𝑤𝑒𝑟
     (𝑑𝐵)             (6.15) 

In an ADC, due to the nonlinearity in the transfer function and low finite gain of the 

amplifier, harmonics are introduced in the output spectrum [93-94]. Harmonics not only 

degrade the dynamic range of an ADC but also reduce the ENOB [95]. Thus it is essential to 

reduce the harmonic components to improve the ADC dynamic performance parameters. 

In the pipelined ADC with 1.5-bit/stage, it requires a gain of 2 in every stage. Low 

finite gain of the differential amplifier introduces the gain error  𝜀𝑔   that reduces the gain of 

a stage from 2 to 2 1 − 𝜀𝑔 . Reduced gain causes missing codes at the output transfer 

characteristics and harmonics at the ADC output spectrum. With gain error, SFDR is given by 

[94] 
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𝑆𝐹𝐷𝑅 ≈ 9.03𝑏 − 𝑐 − 20 log(𝜀𝑔) (𝑑𝐵)              (6.16) 

where b is the number of bits in the first stage and c takes the value from 0 to 6 [94]. Figure 

6.17 shows the SFDR versus 𝐴0 with 𝑐 = 2. 

Next, it is important to understand the effect of parasitic capacitance, present at the 

input of the buffer on the performance of pipelined ADC. As clear from equation (4.14) 

parasitic capacitance at node 𝑥4 (i.e 𝐶𝑝𝑥4) impacts the stage residue more as compared to 

other parasitic capacitances. 𝐶𝑝𝑥4 consists of the gate capacitance of the buffer and the 

 
Figure 6.17. SFDR vs open loop gain (A) 

diffusion capacitance at that node, with dominated by former dominating the later. For a high 

open loop gain and UGB, the sizes of the input MOS transistors are generally required to be 

high.    

However, with the increase in the W/L ratio of the input MOS transistors, gate 

capacitance increases which in turn increases the 𝐶𝑝𝑥4 and 𝑋. Since, the buffer gate 

capacitance dominates in factor 𝑋, the sizes of the input MOS transistors should be carefully 

chosen. Large value of 𝐶𝑝𝑥4 alters the gain of a stage from 2 and causes the missing codes at 

the ADC as shown in Figure 5.1. It can be seen that the effect of the parasitic capacitances is 

similar to the gain error with missing codes at the ADC output. Thus there is a trade-off in 

choosing the size of input MOS transistors as larger input size decrease the gain error but 

increase the gate capacitance that in turn increases the number of missing codes. Therefore, 

sizes of the input MOS transistors in unity-gain buffer are kept small trading mainly with its 

open loop gain. 
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Another single stage amplifier that can be used as a buffer is folded cascade amplifier in 

unity gain feedback configuration. A folded cacscode amplifier is shown in Figure 6.18. 

Table 6.2 shows the comparison between differential amplifier and folded cascode amplifier. 

Folded cascode amplifier has high gain as compared to differential amplifier because of its 

cascode structure that offers high output impedance. Its ICMR is also high as compared to  

 

Figure 6.18. A folded cascade amplifier 

  Table 6.2. Comparison between differential amplifier and folded cascode amplifier 

Amplifier 

Parameters 

Differential Folded cascode 

Gain low high 

ICMR high high 

Output swing high low 

Design complexity low high 

Speed high less 

UGB high low 

Area low  high 
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differential amplifier but folded cascode amplifier suffers from low output swing because of 

its cascode nature and low speed due to larger parasitic capacitances at different nodes. Also, 

designing a folded cascade amplifier is more cumbersome as compared to differential 

amplifier.  

Table 6.3 shows the comparison when differential amplifier/folded cascade amplifier is 

used in a pipelined ADC stage. Because of low output swing ADC with folded cascade will 

have low SNR and SNDR value as compared to ADC with differential amplifier.  

Table 6.3. Comparison of ADC parameters for different amplifiers 

ADC Parameters Differential 

Amplifier 

Folded cascade 

Amplifier 

Speed high low 

SNR high low 

SNDR high low 

Power 

consumption 

less high 

Si area less high 

6.3  Simulation Results 

Comparator used in the present research work is based on dynamic comparator [96] and 

network as shown in [42]. Figure 6.19 shows the simulation results of the sub-ADC and sub-

DAC (shown in Figure 4.3a) for a linear ramp varying from 0.6V to 1.6V fully differentially. 

Clocks used in the Figure are non-overlapping clocks as mentioned in section 4.2.2. B1 and 

B0 are the two output bits from the sub-ADC and 𝑉𝑑𝑎𝑐𝑝  and 𝑉𝑑𝑎𝑐𝑛  are the output voltage 

levels of sub-DAC. 
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Figure 6.19. Simulation results of Sub-ADC and Sub-DAC 

Key design considerations while designing the differential amplifier are low area, low 

power, high dynamic range and high SNR along with the design simplicity. A CMOS 

differential amplifier is designed accordingly that has an open loop gain of 30.01 dB (≅ 32 

V/V), PM of 77º and UGB of 457 MHz with a 320 μA total current. This much of UGB is 

sufficient for the settling accuracy of 10-bit at 100 MS/s. It gives a inter stage gain of 1.94 

(2(1 − 1 𝐴0) ) with a relative gain error of 3%. A signal swing of 0.6V to 1.6V i.e 1V is 

achieved at the output of the differential amplifier in the unity-gain feedback configuration as 

shown in Figure 6.14(b).  

 



90 

 

 

  Figure 6.20. Frequency response of differential amplifier 

 
      (a) 
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        (b) 

Figure 6.21. Simulated stage results (a) residue curve (b) transient response 

 

 

Figure 6.22. Effect of low open loop gain of 1
st
 stage on 10-bit ADC 

Figure 6.20 shows the AC response of the buffer. Figure 6.21(a) shows the residue 

curve of the 1.5-bit stage with 1V single ended ramp (varying from 0.6V to 1.6V) given at 

the input of the stage. Figure 6.21(b) shows the transient response when sampled sinusoidal 

signal of 1 Vpp single ended at 100 MHz is given. Results show that there occurs only gain 

error in the proposed stage. 

Figure 6.22 shows the effect of the low open loop gain of 1st stage on the 10-bit ADC 

characteristics, assuming rest of the stages to be ideal. It shows the missing codes at the ADC 

output. Various ADC performance parameters such as DNL, INL, SNDR, SFDR can be 

extracted by using MATLAB programs and are uncalibrated results. 

Further layout of proposed single stage and three stage pipelined ADC is drawn, 

parasitics extracted and post layout simulation is performed using BSIM3v3 model  
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Figure 6.23. Layout of the proposed 3-stage pipelined ADC. 

 

parameters.  

Figure 6.23 shows the layout of the proposed 3-stage pipelined ADC with MOSCAP 

and buffer in common-centroid layout technique. Fig. 6.24 shows the comparison of pre-

layout (dark lines) with post layout simulation (dotted lines) for input signal of 1 Vpp single 

ended and frequency of 10 MHz. Mismatch at some points is due to the effect of parasitics. 

The proposed stage suffers from only one non-ideality i.e. gain error and is left for the 

correction in digital domain by using digital calibration technique. Digital calibration is one 

of the preferred choices to correct the missing codes in today’s deep submicron technologies. 

Although, adding a calibration logic increases the area and power but it is far less as 

compared to the areas and power of the total ADC [18]. A complete pipelined ADC can be 

designed by cascading the proposed MOSFET-only 1.5-bit stage and the gain error can be 

compensated by using the digital background calibration technique as discussed in Chapter 5. 

After calibration, ADC parameters are again extracted to know the effectiveness of the 

calibration. 
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Figure 6.24. Pre-layout (solid line) and post-layout simulation (dotted line) results of 

different stages 

 

6.4   Summary 

This chapter presented the design methodology for the proposed MOSFET-only charge pump 

based pipelined ADC. Following this, a MOSFET-only charge-pump based pipelined ADC 

can be designed with lesser iterations and design efforts. Designing of various building 

blocks of the proposed stage along with tradeoffs were discussed in this chapter. Effect of 

low gain of the buffer on various ADC performance parameters such as signal swing, DNL, 

INL, SNR and SFDR were also discussed. 
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Chapter 7  

Conclusion and Future Scope 

7.1  Conclusion 

Pipelined ADC is the most suitable ADC for medium to high resolution and high speed 

applications. Scaling of CMOS technology has benefited the digital circuits due to increase in 

performance with reduction in area whereas analog or mixed signal circuits (such as ADCs) 

designers face new design challenges with every downscaling node. This is the reason why 

ADC circuit designers remain stick to older or know technologies to meet the design 

specifications. Increase in performance of digital circuits cannot be replicated to analog 

blocks and therefore in an SoC having both digital and ADC blocks, performance of whole 

SoC will be decided by the performance of ADCs. 

Due to scaling, supply voltage (VDD) reduces which limits the available signal 

swing. In scaling even if the absolute noise-level is kept constant, the relative noise-floor still 

increases due to the reduced swing and hence DR and SNR reduces. Therefore scaling of 

digital and analog circuits in pipelined ADC will not scale at the same rate in the future [7].  

SNR decreases with the decrease of the signal amplitude which requires a larger sampling 

capacitance value to maintain the same SNR. This, however, leads to an increase of power 

consumption and area in pipelined ADC.  

In order to improve future pipelined ADC’s static and dynamic performance, it is 

essential to find new design techniques. Most propelling reason of this is to enable the VLSI 

industry to integrate as many functions as possible on a single silicon chip at reduced price 

with longer battery life. 

A promising trend to increase the performance of pipelined ADC and its power 

efficiency is to find the new power efficient architectures such opamp-less or comparator 

based architectures and replaces the analog operations by imprecise analog blocks and 

removes the errors due to imperfections in digital way. This means take most of the analog 

functionality towards digital side and adopting digital means of correcting analog circuit 
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imperfections. This seems to be helpful to researchers and designers to achieve high 

performance at low cost with longer battery life. 

This chapter outline the significant contributions of current research work: 

 Various sources of errors in the pipelined ADC have been analyzed and modeled using 

MATLAB. Also, their impact on the stage and overall pipelined ADC characteristic 

has been presented. 

 The design of a 10-bit 100 MS/s pipelined ADC has been carried out using MOSCAPs 

instead of linear MIMCAPs (available between top metal layers). It offers higher 

capacitance density, readily available in every CMOS process and reduces the 

manufacturing cost. 

 Pipelined ADC employs the use of charge pump based technique to achieve the inter 

stage gain of 2 and avoids the use power hungry opamp leading to a total power 

consumption of 16.53mW, which is reasonably less as compared to other pipelined 

ADCs with the same number of resolution bits and sampling-rate found in the 

literature. 

 A buffer circuit targeting low power, low area and high swing is designed trading 

mainly gain. This approach in the design is not only power-area efficient but also 

provides high output swing that results in a marked improvement in the signal-to-noise 

ratio along with reduction in the overall area and power consumption of the ADC. 

 The low value of open loop gain of the buffer causes the gain error of about 3% that 

leads to missing codes at the ADC output. A digital calibration technique is, therefore, 

used to compensate the gain error taking the benefits of technology scaling. After 

calibration, the differential non linearity DNL, improves from -1 to +0.6/-0.4 LSB and 

integral non linearity INL, improves from +9.3/-9.6 LSB to within ± 0.5 LSB. Also, 

the SNDR and SFDR of 66.78 dB and 79.3 dB is obtained, respectively. 

 Design methodology of the proposed MOSFET-only charge pump based pipelined 

ADC is discussed targeting lesser iterations and design efforts for a given ADC 

specifications. Designing of various building blocks of the proposed ADC stage along 

with tradeoffs on various ADC performance parameters such as signal swing, DNL, 

INL, SNR and SFDR are also discussed. 
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7.2   Future Work 

In the future work, speed of the ADC can be further increased by using time division 

multiplexing technique. Also, the present design uses charge-pump based 1.5-bit/stage 

architecture that can be replaced by a 2.5-bit or 3.5-bit per stage. It will reduce the number of 

cascading stages and power. Since, buffer is the only block that limits the speed and 

resolution so some other power efficient block or approach needs to be discovered. Also, 

scaling of the pipelined ADC stages that includes the capacitor sizes and current 

requirements needs to be investigated. 
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