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Abstract 
 
An analog-to-digital converter (ADC) is a link between the analog and digital domains 

and plays a vital role in modern mixed signal processing systems. There are several 

architectures, for example flash ADCs, pipeline ADCs, sigma delta ADCs, successive 

approximation (SAR) ADCs and time interleaved ADCs. Among the various 

architectures, the pipeline ADC offers a favorable trade-off between speed, power 

consumption, resolution, and design effort. The commonly used applications of pipeline 

ADCs include high quality video systems, radio base stations, Ethernet, cable modems 

and high performance digital communication systems. Unfortunately, static errors like 

comparators offset errors, capacitors mismatch errors and gain errors degrade the 

performance of the pipeline ADC. Hence, there is need for accuracy enhancement 

techniques. The conventional way to overcome these mentioned errors is to calibrate the 

pipeline ADC after fabrication, the so-called post fabrication calibration techniques. But 

environmental changes like temperature and device aging necessitates the recalibration 

after regular intervals of time, resulting in a loss of time and money. A lot of effort can be 

saved if the digital outputs of the pipeline ADC can be used for the estimation and 

correction of these errors, further classified as foreground and background techniques. In 

this thesis work, an algorithm is proposed that can estimate 10% inter stage gain errors in 

pipeline ADC without any need for a special calibration signal. The efficiency of the 

proposed algorithm is investigated on an 8-bit pipeline ADC architecture. The first seven 

stages are implemented using the 1.5-bit/stage architecture while the last stage is a one-

bit flash ADC. The ADC and error correction algorithm is simulated in Matlab and the 

signal to noise and distortion ratio (SNDR) is calculated to evaluate its efficiency. 
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Chapter 1 
 

1 INTRODUCTION 
 
 
 
 

1.1 Background 
 
Analog to Digital Converter (ADC) is an imperative device for interfacing the analog and 

digital domains. ADCs play a vital role in modern communication systems and signal 

processing.  There are many applications of ADCs depending on the requirements of the 

system regarding speed or power consumption. Several architectures of ADCs like Flash 

ADC, Sigma Delta ADC, Pipeline ADC, SAR ADC etc are used in different kind of 

applications, described more precisely in the later part of this chapter. Flash ADC can be 

used where high speed is required and SAR/Sigma Delta ADCs is suitable for low power 

and low cost applications. Pipeline ADC fulfills the requirements of the system by 

maintaining high resolution at high speed with simple architecture and low power 

consumption. The commonly used applications of Pipeline ADCs are high quality video 

systems, Radio base stations, Ethernet, Cable modems and high performance digital 

communication system etc. Some applications of pipeline ADC based on its resolution 

are shown in Table 1.1.  
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Resolution (number of bits) Applications 

8  Flat-panel displays 

 Lab instrumentation 

 HDTV 

 Medical Imaging  

 WLAN and WAN 

 Radar 

10  Flat Panel Displays 

 Cellular Base Stations 

 Ultrasound Machines 

 High-data-rate radios 

 Cable headends (For digitizing 

cable modem uplinks) 

12  Cellular basestations 

 Test equipment for ATE and 

communications. 

 Professional HDTV cameras 

14  3 G multicarrier systems 

 High-end instrumentation 

 Military  

 Aerospace 

  
Table 1.1: Applications for pipleline ADC [16]. 

 

 

However issues like comparator offset errors, capacitor mismatches, finite gain and 

nonlinearity of the op-amps are the critical factors which limits the performance of 

Pipeline ADC.  
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1.2 Aim of the Thesis 
 

The advancement in technology requires pipeline ADCs to work with higher speed at 

higher resolution, low power consumption, smaller chip size with high integration 

density. This imposes a challenge on designers to design a high gain operational amplifier 

as with the device scaling, it is very hard to achieve large open loop op-amp gain without 

forfeiting the bandwidth. Component matching is another important issue in continuous 

CMOS device scaling. Hence there is need of some linearity enhancement techniques for 

pipeline ADCs. 

 

Calibration is an effective method used to reduce the effects of described errors. Inter 

stage gain in pipeline ADCs vary with time due to temperature changes and device aging. 

So, recalibration is needed at regular intervals of time. The analog calibration is much 

complicated because they require complex additional circuits hence it is time consuming 

and expensive to implement.  

 

The main aim of this thesis work is to introduce a digital calibration technique. Inter stage 

gain errors can be reduced without need of any special calibration signal through this 

technique. This technique is investigated on 8 bit pipeline ADC for estimating and 

correcting the gain errors without disturbing the normal sampling operation of the ADC.  

 

1.3 Thesis Organization 
 
The report is structured in six major chapters. Chapter one discusses the ADC with their 

different architectures and different performance measuring parameters. Chapter two 

discusses the Pipeline ADCs basic operation in detail with their general and stage 

architecture. Chapter three discusses the different error sources in pipeline ADCs. The 

proposed method of estimating and correcting inter stage gain errors in pipeline ADCs is 

described in Chapter four. Chapter five presents the simulation results based on 

implemented technique for 8 bit pipeline ADC. Finally conclusion and future works are 

described in Chapter six.  
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1.4 Analog to Digital converter (ADC) 
 
Analog to digital converter is an interface between the analog and digital world. The 

analog to digital converter as suggested by it’s name converts an analog signal into digital 

one, more precisely it converts a continuous time continuous amplitude signal into the 

discrete time discrete amplitude signal[1,2,3] as shown in figure 1.1(a). Analog to digital 

conversion is a two step process first the analog signal has to pass from the sample and 

hold circuit. The quantization of the sample is performed as shown in figure 1.1(b).  

 

The number of output bits that can produce over the entire range of the analog input 

signal is it’s resolution, higher the resolution better the conversion. An ADC with a 

resolution of 8 bits can encode an analog signal into 256 levels, as 28=256. These values 

can represent a signal having a range between 0 to 255. In figure 1.1(a) Vin and Vref are 

the input and reference voltage respectively. While the A0, A1, A2……A N-1 (Aout) are 

the output bits, where A0 is the least significant bit (LSB) and AN-1 is the most 

significant bit (MSB). While in figure 1.1(b) the analog signal is sampled and held for 

some time and than it is quantized by the quantizer block. Quantization error is the 

difference between original input and quantized output. Higher the resolution, lower will 

be the quantization error. 

 
 

Figure 1-1: Block diagram of analog to digital converter (ADC). 
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Figure 1-2: General ADC operation. 
 

1.5 ADC Architectures 
 
There are several ADC architectures suitable for several different tasks regarding 

sampling rate and accuracy is explained below. Some examples are highlighted for each 

of the mentioned architecture. The focus of the thesis is on Pipeline ADC and hence 

discussed in more detail in the following chapter. 

 

1.5.1 Flash ADC 
 

Flash ADC uses linear voltage ladder with a combination of comparator for each ladder 

step. It is also known as direct conversion ADC; it compares input voltage to consecutive 

reference voltages. These reference ladders can be constructed from resistors or 

capacitors. Digital encoder converts these comparators output into binary values as 

shown in figure 1.2. 
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Figure 1-3: Block diagram of Flash ADC[15]. 
 
 
In flash ADC one reference level require one comparator, so n bit flash ADC require 2n-1 

comparators. Flash ADC is very fast, the number of comparator increases exponentially 

with precision results in more area and power consumption as compared to other ADCs. 

It is suitable for applications which require very high sampling rate and low precision like 

digital oscilloscopes, point to point radio link etc. Usually the precision of flash ADC is 

limited to 6-8 bits and it can provide a sampling rate up to 4 GHz. 

1.5.2 Pipelined ADC 
 
Pipeline ADC consists of several stages based on flash ADCs with low resolution (two or 

three bits). It employs binary search for analog value. In each stage it performs the same 

operations i.e., input quantization, removal of DAC voltages and amplification of residue. 

Normally amplification of 2 is used in most of the design as shown in figure 2.2. 

 

Pipeline ADC has a high resolution as compared to flash ADC but it is not as fast as 

compared to flash ADC. Its hardware and power consumption increases linearly with 

precision which makes it useful in applications where high speed as well as high 
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resolution is demanding. It is used in many systems like radio base stations, xDSL, digital 

video and CCD imaging.  

1.5.3 Successive Approximation ADC 
 
The successive Approximation ADC (SA-ADC) also consists of a resistor ladder and a 

comparator as flash ADC does, but it requires only one comparator. It works on the 

principal of binary search algorithm. Hardware in successive approximation ADC is very 

small and it grows slowly with increasing number of bits because there is only one 

comparator and the number of resistor increases, so the power consumption is very low. 

It is much slower than flash and pipeline ADCs but its sampling speed can be increased 

up to pipeline ADC through time interleaved method. Mostly it is used in low power and 

low cost applications like battery powered applications, data acquisition and control 

system. 

 
 
 

 
 

Figure 1-4: Block diagram of SA-ADC[15]. 

1.5.4 Sigma Delta Modulator  
 
The Sigma Delta Modulator (SDM) is famous for its high speed, accuracy and high 

Linearity. SDM is commonly used in many communication applications, some typical 

applications are mobile phones, display instruments and wireless receivers. SDM are 

cheaper and consumes low power due to its simple architecture. SDM takes the 
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difference of incoming input signal and the feedback signal. The accuracy of the 

feedback signal depends on the order of the filter. The filter H(z) also performs noise 

shaping by shifting the noise at the higher frequencies which is filtered later by the digital 

low pass filter for further processing as shown in Figure 1.4, 

 
 
 

 
 
    

Figure 1-5: Block diagram of SDM-ADC[15]. 
 

1.5.5 Interleaved ADCs 
 
Interleaved ADC is used to increase the bandwidth of the analog to digital conversion. 

This can be done through interleaving, the speed of the time interleaved ADC depends 

upon the number of ADC connected in parallel. The output of each ADC is multiplexed 

to form a single output, M times faster then the output from each ADC as shown in figure 

1.5. Although the hardware increases through time interleaving but incase of SA-ADC 

time interleaving gives the sample rate as high as pipeline ADC with a smaller chip size. 

 

The applications of time interleaved ADC can be radio base stations and the applications 

where very high sampling rate is required.   
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Figure 1-6: Block diagram of a time interleaved ADC[15]. 
 

1.6 ADC Performance Metrics 
 
There are certain parameters that determine the quality and performance of any system. 

The performance of analog to digital convert (ADC) can be judged by numbers of 

parameters [1,13,7], mainly divided into two categories explained below. 

1.6.1 Dynamic Specifications 
 
Dynamic specifications parameters reveal the information about uncertainty of sampling 

time, noise and some other important characteristics of an ADC. Dynamic specifications 

are of great interest in high speed applications like ultrasound imaging, communication 

and wireless, few of them are mentioned below. 

 
Signal to Noise Ratio (SNR) 
 
Signal to noise ratio as the names suggests, is a ratio between a signal power and the 

noise power. Mathematically SNR is defined in equation 1.1 
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                                SNR (dB) = 10log(
Pn
Ps ) = 6.02N+1.76dB   (1.1) 

 
Ps and Pn are signal and noise power respectively. 
 
Effective Number of Bits (ENOB) 
 
Effective number of bits produces an effectual resolution of an ADC. The ENOB is also 

directly proportional to the signal to noise and distortion ratio (SNDR). Mathematically 

ENOB can be calculated by equation 1.2, where only quantization noise is assumed. 

Mostly the performance of the ADC is judged by this parameter. 

 

                                              ENOB = 
dB

dBSNDR
02.6

76.1      (1.2) 

 
 
Signal to Noise and Distortion Ratio (SNDR) 
 
SNDR is a ratio of signal power to the total noise power, and this can be calculated 

through equation 1.3. It measures the total noise and distortion power.  

 

                  SNDR =10log (
werstortionponoiseanddi

rsignalpowe )                               (1.3) 

 
If ENOB is known we can also measure SNDR through the following equation i-e 

equation 1.4, 

 
                            SNDR = 6.02dB (ENOB) + 1.76dB                                       (1.4) 

 
 
Spurious Free Dynamic Range (SFDR) 
 
SFDR is the ratio of signal power to the largest spurious in the desire band; it indicates 

the spectral purity of an ADC. 
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Dynamic Range (DR) 
 
The input power range for which the signal to noise ratio of the ADC is greater than 0dB 

is called dynamic range. It is achieved by calculating the SNR as a function of input 

power.  

1.6.2 Static Specification 
 
The static specifications include integral nonlinearity (INL), differential nonlinearity 

(DNL), offset errors, gain errors etc, main cause of static errors are non ideal 

components. 
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Chapter 2 

 

2 PIPELINE ANALOG TO DIGITAL CONVERTER 
 
 
 
 
 
Pipeline ADC is a commonly used data converter in the modern era, and appealing to the 

designers for its resolution, speed, low power dissipation and dynamic performance. 

Pipeline ADC consists of several stages, each stage consist of a sample and hold (S&H) 

at the start, a low resolution DAC and ADC in the feed forward path, a differentiator and 

at the end an operational amplifier.    

 

Pipelined ADC is the most suitable option for systems requires high sampling rate and 

precision. For higher sample rate it can give a resolution up to 8 bits and for lower sample 

rate provides a resolution up to 16 bits. Pipelined ADCs are advantageous to be used in 

applications related to digital communication systems because in these applications only 

the dynamic performance of converters is of major concern.  

 

 2.1 General Architecture  
 
In a pipelined ADC an iterative binary search for the analog value is carried out. There 

are several identical stages. The analog input signal is compared to a reference voltage in 

stage one and then the residue is amplified and become the input of the stage two and so 

on. The stages can be increased because of their identical nature, until and unless the 

mismatch or noise will dominate the signal.  

 

By introducing a pipelining in a ADCs architecture ensures a very high throughput at the 

cost of latency i.e. linearly dependant on the number of stages [1,13]. As from its name it 

is much clear that a desire results are achieved from a combination of several identical 

stages cascaded in a serial fashion.  
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Figure 2.1 depicts the general block of a pipeline ADC. As from a figure it is clear that 

there are k low resolution cascaded stages, delay logic for synchronizing the outputs from 

stages and the digital error correction blocks. If 8 bit flash ADC is designed, results in a 

256 comparators that take a lot of area and considerable power consumption. Pipeline 

ADC overcomes this problem by having low resolution per stage for example similar 8 

bit pipeline ADC requires only 8 comparators if one bit per stage topology is used. 

 
 

 
                             

Figure 2-1: General architecture of a pipeline ADC. 
 
Each stage is comprised of b+r bits resolution where b reflects a desire resolution for 

each stage while r is a redundancy for a comparator offset relaxation. In a 1 bit per stage 

pipeline ADCs architecture there is no redundancy. First N-1 stages are of same 

architecture and often have a same resolution. In majority of the cases the last stage 

usually does not have any redundancy simply a flash ADC. For example in an 8 bit 

pipeline ADC architecture first 6 stages are identical and last stage is a simple 2 bit flash 

ADC. Equation 2.1 shows the total resolution R of a pipelined ADC having N stages with 

a redundancy r bits per stage. 

 

                                     R=   1i
N

bi + bk                                                     (2.1) 
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In equation (2.1) bk is the resolution of a last stage while bi is the effective resolution of 

first N-1 stages. After receiving the digital output from each stage for a certain sample all 

the outputs are synchronized by a delay logic block. The synchronized digital output is 

fed into the digital error correction block. 

2.2 Stage Architecture 
 
In this section the individual stage architecture is presented. Figure 2.2 depicts stage 

architecture of pipeline ADC. It comprises sample and hold, low resolution ADC (for 

simplicity it can be called sub-ADC), low resolution DAC (for simplicity it can be called 

sub-DAC), a subtraction and amplifier module [13]. 

  

First the input sample is taken and being held by sample and hold module, and at the 

same time it is converted to digital domain in bi + r bits by sub-ADC. The number of bits 

depends on the resolution of sub-ADC. After this conversion in digital domain these bits 

are again converted back into the analog domain by DAC i.e. sub-DAC. This analog 

value is than subtracted from the sampled value in subtraction block and last but not the 

least is the amplification of this subtracted value by the amplifier. This amplified value is 

called residue and it becomes input to the next stage. 

 

The outputs bits are taken from the sub-ADC block for a specific sample value. The 

amount of amplification G depends on the stage resolution and it is explained in equation 

2.2. 

                      
                                              Gi = 2bi -r                                                            (2.2) 
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Figure 2-2: Stage architecture of pipeline ADC. 
 
The stages perform their function in side by side that is the residue from the first stage is 

propagated through the pipeline chain while the first stage is free and it starts processing 

the new sample. As the digital outputs for a specific sample value produced by all the 

stages are not synchronized because each stage waits for a residue from the previous 

stage. The digital outputs D1 + r, D2 + r….DN + r are delayed. So that all the bits becomes 

align by the delay logic block or synchronization block shown in figure 2.1.   

The final aligned D outputs from the delay module is going to become the input of the 

error correction block explained in equation 2.3. 

 

                                                         D = 



N

i
riDi

1
)(                                           (2.3) 

 

2.3 Stage Resolution 
 
In fact the sub-ADC is exactly the flash ADC. So, by theory each stage can have low 

resolution as possible. The minimum possible stage resolution is 1 bit without 

redundancy but it has some drawbacks like the comparator offsets errors can not be 

removed by this stage resolution. Usually the 1 bit stage resolution is not preferred in 

practical implementations. 

 

The output residue for 1 bit pipeline ADC is shown in figure 2.3. While, mathematically 

it can be defined in equation 2.4. Where Vin is an input voltage and Vref is a reference 

voltage. 
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                                Vout   =   










) Vmid  (Vin          )  Vref -Vin  ( 2        
     ) Vmid  (Vin        )  Vref Vin  ( 2        

           (2.4) 

 
 
                                  Figure 2-3: Residue of 1 bit pipeline ADC[3]. 
 

2.3.1 1.5 Bit Pipeline Stage Resolution 
 
1.5 bit stage architecture is a most effective implementation technique for pipeline ADC 

due to its simplicity and high speed. Actually it is a 2 bit architecture having two 

comparators while skipping one decision point i.e. only three decision points are under 

consideration 00, 01and 11. 0.5 bit/stage is redundancy and it is removed by correction 

logic. 

 

The residue voltage is calculated in equations 2.5, 2.6, 2.7 depending on the region in 

which the input voltage falls. As it is explained before, that there are only three regions 

rather than four [5]. 

 
                                   
                                  Vresidue = 2 VIN - V REF,           for VIN > V REF / 4                  (2.5) 
 
                                   Vresidue = 2 VIN,            for V REF / 4 > VIN > -V REF / 4        (2.6)                   
 
                                   Vresidue = 2 VIN + V REF,          for VIN < -V REF / 4                (2.7) 
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Figure 2.4 shows the residue plot of 1.5 bit/stage pipeline ADC. From figure you can see 

that there are three regions, region 1 (00) , region 2 (01) , region 3 (11) . The comparator 

decisions points are at 0.25 and -0.25 because the reference voltage is 1v.   

 
   
 

 
 

Figure 2-4: Residue for 1.5 bit pipeline ADC [1]. 

 
 

2.4 Redundancy 
 
The reason behind using the redundancy is to relax the requirements of sub-ADCs in 

pipeline ADC shown in an example below, 

 
Example 
 
First one bit/stage pipeline architecture is considered, which means that there is no 

redundancy. The sub-ADC and sub-DAC is of one bit having a gain of 2 as shown in 

figure 2.5 (a). In an ideal case there is no overflow in sub-ADC output. Due to some 

deviations in reference level produce an overflow shown in figure 2.5 (b).   
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Figure 2-5: Behavior of 1 bit/stage architecture [14]. 
 

 

To get rid of this problem redundancy is used as shown in figure 2.6 (a) with ideal 

behavior. Figure 2.6 (b) shows that there is no overflow incase of comparator level 

deviations.      

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-6: Behavior of 1.5 bit/stage architecture [14]. 
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Chapter 3 
 

     3 ERRORS SOURCES IN PIPELINE ADC 
 
 
 
 
 
Pipeline ADC fits in an area where high resolution and high speed is of major interest. 

However its accuracy and resolution is deteriorated by issues like capacitor mismatches, 

comparator offset, charge injection, finite gain and nonlinearities of op-amps [5,6]. 

Without handling these issues it is difficult to achieve a resolution greater than 10 bits. 

The above mentioned issues make the transfer function and residue of a pipeline ADC 

nonlinear. In this chapter the errors and their effects on the transfer function and residue 

voltage of the pipeline ADC is presented. The errors are mainly categorized in two 

groups which are, 

 

 Static Error Sources. 

 Dynamic Error Sources. 

 

In this thesis work inter stage gain errors in pipeline ADC is of main concern. Thereby 

only the static error sources are discussed below.  

3.1 Static Error Sources 
 
Static errors limit the maximum resolution of pipeline ADC and are technology 

dependent, which includes component mismatch and parasitic values. Some of the static 

errors are defined below. 

3.1.1 Capacitor Mismatch 
 
The matching accuracy of the capacitor [capacitor mismatch] is called capacitor 

mismatch and this error affects the linearity. The capacitor mismatch can be overcome at 

the cost of area and more power consumption.  Before explaining the capacitor mismatch 

effects on the transfer function and residue voltage of the pipeline ADC [6,3], the ideal 
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voltage for 1-bit/stage pipeline ADC and ideal transfer function of pipeline ADC is 

shown in figures 3.1 and 3.2.  

 
  

Figure 3-1: Ideal residue of 1bit/stage. 
 

 
 

Figure 3-2: Ideal transfer function of pipeline ADC 
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Example 
 
To clarify the theory of capacitor mismatch, the following circuit which is an op-amp 

based circuit implementation of 1 bit pipeline ADC stage [6] is shown as an example in 

figure 3.3. Where two capacitors C1 and C2 (shown in red circles) are the sources of 

capacitor mismatches. 

  

 
 

Figure 3-3: Implementation of 1-bit/stage [6]. 
 
 
Capacitor mismatch means that the capacitors are not exactly equal C1 differs to C2 [6]. 

If we define capacitor mismatch with   x= C1/ C2 – 1 [6] than  

 
                                          Vo = (2+x) Vi – (1+x)  dvref                                              (3.1) 
 
There can be two values for x either positive or negative; in both cases gain of the 

amplifier is disturbed. If x is positive it means that capacitors mismatch is positive and it 

increases the gain of the amplifier depicted by figure 3.4 while a negative capacitor 

mismatch have an adverse effects on  the amplifier gain shown in figure 3.5.  
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Figure 3-4: 1-bit/stage transfer function with positive capacitor mismatch (x>0)[6]. 
 
 

 
 

Figure 3-5:  1-bit/stage transfer function with negative capacitor mismatch (x<0)[6]. 
 

The Circles in figures 3.4 and 3.5 shows the effects of capacitor mismatch on the 1-

bit/stage pipeline architecture. The main focus of this thesis is 1.5-bit/stage architecture. 

So, the influence of the capacitor mismatch on 1.5-bit architecture is shown in figure 3.6. 
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It can be observed from figure 3.6 when input voltage (Vin) =   Vref there are no errors 

while the effect can be clearly visible on the gain at the comparator decision points [6,7]. 

 
 
 

 
Figure 3-6:  Capacitor mismatch effect on 1.5-bit/stage [7]. 

 

3.1.2 Finite Operational Amplifier Gain 
 
 The finite operational amplifier gain have a similar effects as the capacitor mismatches 

on residue and transfer function of a pipeline ADC. The open loop gain of an op-amp 

must be large enough to maintain desired linearity. The bandwidth and gain requirements 

become difficult to achieve with device scaling [6].  Effects of finite gain on 1-bit/stage 

and 1.5-bit/stage [7] pipeline architecture is shown in figure 3.7 and in figure 3.8. 
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Figure 3-7: Finite op amp gain on 1-bit/stage[6]. 
 

 
 

Figure 3-8: Finite operational amplifier gain effect on 1.5-bit/stage architecture [7]. 
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3.1.3 Effects of Offset Errors 
 
As in previous discussion the pipelined ADC is implemented using a low resolution 

stages. The resolution of an individual stage depends on the sub-ADC and sub-DAC 

resolution of stage. So the inaccuracies of the sub-ADC and sub-DAC limit the overall 

resolution of the pipeline ADC. The stage resolution of 1 bit contains only one 

comparator while the stage having resolution of 1.5 bit contains two comparators. The 

comparator offset errors destroy the transfer of pipeline ADC while amplifier offset 

errors produce only a shift in ideal curve. 

 

Figure 3.9 and figure 3.10 depicts the comparator offset effects on the stage transfer 

function (residue) of 1-bit/stage and 1.5-bit/stage pipeline ADC while effects of amplifier 

offset errors on 1.5-bit/stage architecture is shown in figure 3.11.charge injection and 

gain bandwidth with slew rate effects are depicted by figures 3.12 and 3.13. 

 
 
 

 
Figure 3-9: Comparator offset errors effect on 1-bit/stage architecture[6]. 
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Figure 3-10: Comparator offset effects on 1.5-bit/stage architecture [7]. 

 
 
 

 
Figure 3-11: Amplifier offset effects on 1.5-bit/stage architecture [7]. 
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Chapter 4 
 

                              4 DIGITAL GAIN ERROR CORRECTION 
 
 
 
 
 

In modern era, designers prefer to design the digital circuitry for the communication 

systems by replacing the analog blocks as much as possible. This put extra requirements 

on the ADC to be fast, accurate and low cost. There are some tradeoffs on these 

characteristics according to the system requirements. High performance of analog blocks 

in data converters requires self correction or calibration techniques, so that high speed 

and high resolution requirements can be achieved. Correction techniques can bring the 

linearity of sub-ADC of pipeline stage into a more desirable condition in some special 

cases. While to acquire a resolution greater than 10 bits, some form of calibration is 

demanding. Even for a low resolution ADCs, calibration techniques mitigate the 

requirements of analog blocks. It is an area of major concern in high speed and high 

resolution ADCs [5,6,8].  

 

Pipeline ADC is advantageous in terms of high resolution and high speed, but its 

resolution is dependant on the inter stage gain which is itself measured from the open 

loop gain of operational amplifier. It is expensive in terms of power dissipation to 

achieve a high gain in operational amplifier. Error correction techniques that can enhance 

an ADC resolution by estimating and correcting inter stage gain becomes eminent. 

 

The traditional method to encounter these issues is to calibrate ADCs after fabrication 

named post calibration, but it is time consuming and costly. Inter stage gains in pipeline 

ADC can change due to temperature variations and device aging when it is used, 

therefore a recalibration is needed at regular intervals of time to overcome these 

variations. Time and money can be saved if digital outputs of ADCs are used for 

estimation and correction of these variations at runtime. These are further classified as 

foreground and background techniques based on the interruption of normal flow of 
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ADCs; each has its pros and cons. In this chapter it is discussed that how to estimate and 

correct the inter stage gain errors of pipeline ADC without any interruption to normal 

operation. 

4.1 Digital Error Correction  
 
Digital error correction methods are used excessively and have become more popular as 

compared to analog methods. Digital circuit implementation, increased computational 

capacity, low complexity, pre defined accuracy and much more flexibility make digital 

calibration an attractive approach towards calibration of a pipeline ADC. Digital 

calibration methods are being implemented by digital circuits so it can easily relax the 

requirements of analog blocks [5,6,10,11].  

 

Estimation of errors are being done by these algorithms in conversion cycle while 

correction takes place in digital post processing phase without altering the built in 

architecture of a pipeline ADC. It is comprised of two parts; one is error estimation while 

the other is error correction. These techniques are further categorized as foreground and 

background calibration techniques.  

 

4.1.1 Digital Foreground techniques 
 
Foreground calibration stops the normal operation of an ADC in calibration phase and 

measures the non idealities. Normally foreground calibration interrupts the input signal 

by applying a known test signal as an input to the pipeline ADC at any time or when it is 

idle [6]. Skip and fill and queuing techniques are examples of foreground calibration [5]. 

Although foreground techniques ensure good results but, it stops normal flow of a 

pipeline ADC. This interruption may cause some errors itself to the pipeline ADC 

performance.  
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4.1.2 Digital Background Calibration 
 
Digital background calibration techniques do not interrupt or stop the normal operation of 

pipeline ADC, unlike the foreground calibration techniques. The purpose of digital 

background calibration is to use both normal and calibration phases simultaneously 

without any special calibration signal. Background calibration algorithms run 

continuously in background and update ADC based on different statistical methods like 

histogram, look-up tables and sine wave fitting. There are several background calibration 

techniques [5,6,8,9,10,11].  

4.2 Histogram based Gain Error Correction in pipeline ADC  
 
As explained in chapter 3, the pipeline ADC has a characteristic of high conversion speed 

but inter stage gain errors have an adverse effect on its resolution. There are a number of 

techniques to estimate inter stage gains of pipeline ADC in context of digital background 

domain. Histogram based techniques are useful because these techniques are easy and 

result in a simpler hardware implementation. There can be different algorithms based on 

flatness, smoothness and distortion of histogram [13]. The algorithm used for estimation 

of inter stage gain here is based on flatness of a histogram. The requirement for input is a 

ramp function because of its flat histogram. 

 

The reason for the selection of background technique is that inter stage gain in pipeline 

ADCs vary with time because of temperature, device aging and power supply noise. 

Implemented technique is suitable to track time variations in inter stage gains without any 

interruption to ADC normal sampling operation. 

4.3 Estimation Method 
 
The main goal is to find a vector   which is an approximation of actual inter stage gain, 

g of a pipeline ADC. We assume that variations in inter stage gains are much slower than 

the sample time and it is also assumed that temperature remains constant for at least some 

seconds. The actual input signal can be used for estimation so there is no need of special 

calibration signal. 
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Estimation methods consist of several parts discussed below, 

4.3.1 Backend Calculation and Mapping 
 
The purpose of backend calculation is to convert outputs of pipeline ADCs back to their 

analog values. It is performed on data collected from the output of 8 bit pipeline ADC 

shown in figure 4.1. It starts from the last stage and move towards the first one for each 

sample.  

 
 
 

Figure 4-1:  8 Bit Pipeline ADC Model. 
 

 
Alpha Vector ( 1  to 7 ) is an estimation of inter stage gains (g1 to g7), as nominally 

inter stage gains, g in pipeline ADC are 2. 

 
Equation 4.1 represents backend calculation.  
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            (4.1) 

 
Where s1 to s8, the output of each stage as shown in equation 4.1, is calculated based on 

the regions of stage transfer function shown in figure 4.1.  
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Figure 4-2: Stage Transfer Function of 1.5 bit Pipeline ADC[1]. 
 
Table 4.1 shows how s1 to s7 is calculated based on their regions in stage transfer 

function shown in figure 4.2. 

 
D0D1 S1 to S7 

00  0 

01  1 

11 -1 

 
Table 4.1: Stage (S1 to S7) Output. 

 
 
The last stage output (S8) is zero if D0 is zero and one if D0 is one. The backend 

calculated values are mapped between levels 0 to 255 by linear mapping shown in 

equation 4.2. 

 
                                                    Y = k x + m                                                                (4.2) 
 
Where ‘x’ is a backend calculated value for each sample. 

Histogram is constructed by these mapped values and measures the standard deviation. 
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4.3.2 Cost Function or Optimization 
 
The purpose of a cost function is to find   which is an approximation of an actual inter 

stage gain (g), of the pipeline ADC model shown in figure 4.3. It is also known as 

optimizations function because it selects   having a minimum standard deviation as an 

approximation of actual inter stage gain g. Let   be an update step size of , if   is 

chosen too small convergence is slow but if it is too large than cost function will not 

converge so there must be a trade off. 

4.3.3 Parameter Update 
  
Parameter   is updated continuously by estimation algorithm when pipeline ADC is 

used. The suitable way to update the parameter is to collect a set of data; estimate 
 based on this data and replaces the previous estimate. 

4.4 Inter Stage Gain Estimation Algorithm 
 
Initialization 
 
 Initialize   vector with 2. 

 The number of stages N=8. 

 Calculate initial cost function. 

 Initialize range R of  vector based on 10% variations.  

 Initialize the step size . 

 
Data collection 
 
 Collect a set of data from pipeline ADC 

 Perform backend calculation and mapping. 

 
Update estimated parameter 
 

1. Select stage i=1 

2. Set i   = starting range. 

3. Calculate new cost function 

4. Increase i   with   
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5. Calculate new cost function 

6. If(new cost function < previous cost function)  

 besti = new i  

 Replace new i  with besti and repeat from step 2. 

7. Continue this to the end of range. 

8. Update i with besti . 

9. Repeat from step 1 to 9 for i=2 to N-1. 

10. Decrease range, R= R/2, decrease step size  =  /2, increase iteration index j, by 

one, repeat the step 1 to 11 until a stopping criteria is met. But with real time 

requirements suitable choice is, a fixed number of iterations. 

11. Update the    vector with new estimate. 

 
After estimating  vector, which is an approximation of actual inter stage gains, g vector. 

New data is collected and repeat the same procedure. This algorithm runs continuously in 

background and estimates and updates inter stage gains. 

 

The following section shows how inter stage gains of an 8 bit pipeline ADC is estimated 

by above algorithm. 

4.5 Implementation of Estimation algorithm for 8 Bit Pipeline 
ADC 
 
An 8 bit pipeline ADC model shown in figure 4.2 is used to investigate above estimated 

technique with a 10% inter stage gain error, g. These 10% variations can be due to 

capacitor mismatch, finite open loop operational amplifier gain, temperature and process 

variations. While, comparators offset errors are removed by redundancy explained in 

section 2.4.  
 
Figure 4.2 show that 8 bit pipeline ADC model consists of 7 identical 1.5 bit stages while 

the last one is a 1 bit flash ADC. The nominal inter stage gains, g (g1 to g7) is 2. Each 

stage produces two bits output while the last one produces 1 bit, so there are 15 bits from 

an entire 8 bit ADC.  
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The whole purpose of this technique is to estimate   vector ( 1  to 7 ) which is 

approximations of actual inter stage gains, g (g1 to g7). The working procedure of this 

algorithm is explained below so that the concept of estimation of actual inter stage gain is 

understandable. Figure 4.3 shows the block diagram and flow of this technique. 

  

          
 

Figure 4-1: Flow Graph of Implemented Algorithm. 
 
Basically it is based on a binary search to find   in an array. Form figure 4.3 it can be 

concluded that it works iteratively, after estimating first stage gain 1 , it moves to 

second stage for 2  and similarly at the end of first iteration results  vector, an 

approximation of actual inter stage gains, g. After each iteration, range as well as step 

size is halved as explained in section 4.5. Table 4.2 shows range and step size for four 

iterations. 
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Iteration Range  Step size 
1  10 %   0.1 
2   5 %  0.05 
3  2.5 %  0.025 
4 10       1.25%  0.0125 

 
Table 4.2: Range and Step Size per Iteration for implemented Technique. 

 
 
Iteration 1 
 
As the nominal gain, g (g1 to g7) is 2 so at start   vector ( 1  to 7 ) should also be 2 

because it is an approximation of actual gain, g. When the actual inter stage gains, g vary 

from its nominal values, this algorithm estimate these variations in g (g1 to g7) with   

vector ( 1  to 7 ).Starting from a wider range with greater step size and than after each 

iteration, the range as well as step size is halved as shown in table 4.2. 

 
Stage 1 
 
For every iteration, estimation starts from stage 1 with a step size and range given in table 

4.2. In figure 4.4 it is shown that after backend calculation and mapping, a cost function 

results 1  as discussed in section 4.5, which is an approximation of actual inter stage 

gain g1. The number of cost function evaluations in this case is four.  

 
Stage 2 to 7 
 
After approximating first stage gain, g1 with 1 , same procedure is applied to stage 2 for 

finding 2 (an approximation of inter stage gain, g2). The only difference is in backend 

calculation is now previous value of 1  is replaced in equation 4.1 by an estimated value 

in stage1 as shown in figure 4.2.  

   
Similarly for stage3 to stage 7 actual inter stage gains, g (g3 to g7) are approximated by 

 ( 3  to 7 ).  In each stage, cost function is evaluated four times and at the end of first 

iteration new values for  vector ( 1  to 7 ) are found which is an approximation of the 

actual inter stage gains ,g (g1 to g7). 
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Iteration 2 to onward 
 
In iteration 1 the range is wider as this technique is based on an iterative search. So in 

iteration 2 and onwards, step size and range will be halved as shown in table 4.2. The 

number of cost function evaluations is kept constant in each iteration. The rest of the 

procedure for finding new values of  vector is same as for iteration1. Similarly this 

procedure is repeated for all iterations onward until the step size becomes so small that 

there is no significant difference between standard deviations or histogram becomes flat. 

 
4.6 Hardware Cost vs. Speed 
 
Hardware cost and speed depends on an algorithm selection procedure. More precisely it 

depends on number of cost function evaluations. There are different ways of choosing an 

algorithm as below.   

Case 1: 

The algorithm can be chosen on the basis of different step sizes. In this case, it starts with 

larger step size (0.2). The numbers of cost function evaluation in the iterations with step 

sizes are listed in table 4.3.  

 

 
Iteration Range/ Step Size Cost Function 

Evaluations Per Stage 
Cost Function 
Evaluations Per Iteration 

1  0.2/ 0.2 3 21 
2  0.1/ 0.1 3 21 
3  0.05/ 0.05 3 21 
4  0.025/ 0.025 3 21 
5  0.0125/ 0.0125 3 21 
 

Table 4.3: Number of cost function evaluations.  
 
 
So total number of cost function evaluations is 105.  

 

 

Case 2: 

In this case, it starts with a step size of 0.1. The number of cost evaluations is listed in 

table 4.4.  
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Iteration Range/ Step Size Cost Function 

Evaluations Per Stage 
Cost Function 
Evaluations Per Iteration 

1  0.2/ 0.1 5 35 
2  0.1/ 0.05 5 35 
3  0.05/ 0.025 5 35 
4  0.025/ 0.0125 5 35 
 

Table 4.4: Number of cost function evaluations.  
 

So total number of cost function evaluations is 140.  

 

Case 3: 

Here it starts with a step size of 0.05.The numbers of cost function evaluations per 

iteration with step sizes are listed in table 4.5.  

 
Iteration Range/ Step Size Cost Function 

Evaluations Per Stage 
Cost Function 
Evaluations Per Iteration 

1  0.2/ 0.05 9 63 
2  0.1/ 0.025 9 63 
3  0.05/ 0.0125 9 63 
 

Table 4.5: Number of cost function evaluations. 
 

So total number of cost function evaluations is 189.  

Case 4: 

Here it starts with a step size of 0.025.The number of cost function evaluations per 

iteration with step sizes are listed in table 4.6.  

 
Iteration Range/ Step Size Cost Function 

Evaluations Per Stage 
Cost Function 
Evaluations Per Iteration 

1  0.2/ 0.025 17 119 
2  0.1/ 0.0125 17 119 
 

Table 4.6: Number of cost function evaluations. 
 

So total number of cost function evaluations is 238.  

Case 5: 

Here it starts with a step size of 0.0125.The number of cost function evaluations per 

iteration with step sizes are listed in table 4.7.  
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Iteration Range/ Step Size Cost Function 

Evaluations Per Stage 
Cost Function 
Evaluations Per Iteration 

1  0.2/ 0.0125 34 238 
 

Table 4.7: Number of cost function evaluations. 
 

So total number of cost function evaluations is 238.  

 
As it can be seen from table 4.3 through table 4.7, decreasing step size results in lesser 

number of iterations while total number of cost function evaluations increases. Which 

concludes that by increasing the number of cost function evaluations results in more 

hardware and speed is also compromised. These facts will be discussed in chapter 5 

(figure 5.3). 

 

Simulation results based on this technique are discussed in chapter 5 for an 8 bit pipeline 

ADC. SNDR is calculated during this algorithm to show its efficiency. 
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Chapter 5 
 

     5 SIMULATION RESULTS 
 
 
 
 
 
This chapter deals with the simulation results. In this section it is shown that how SNDR 
is improved during an optimization process. Figure 5.1 shows SNDR improvement 
during this optimization, when nominal gains of each stage vary from 2 to G= [2.1 1.98 
1.96 2.07 1.97 2.1 1.95] and in first iteration Starting range is 1.8 to 2.2 with a step size 
of 0.1. 

 
Figure 5-1: SNDR Improvement during optimization. 

 
 X axis in figures 5.1, 5.2, 5.3, 5.4 represent the number of cost function evaluations .In 

each stage cost function is evaluated four times so each iteration contains 28 cost function 

evaluations for all the stages shown in table 4.3. Simulation result shown in figure 5.1 is 

based on four iterations so there are 116 cost function evaluations. It is shown in this 



 45 

figure that before this optimization SNDR is 38.23dB while during this optimization 

SNDR is improved to 41.6dB.  

 
Similarly, when nominal gains of each stage vary from 2 to G= [2.1 2.08 2.01 2.05 1.93 

2.07 2.1], SNDR improves due to optimization from 37.64dB to 41.52 dB. 

 
 
 

 
 

Figure 5-2: SNDR Improvement during optimization. 
 
 
Although SNDR improves during an optimization as shown in figures 5.1 and 5.2 but it is 

obvious that SNDR does not converge to its maximum value shown by a straight line in 

both figures. It is concluded that cost function or optimizing algorithm can be made more 

efficient so that SNDR converge to its maximum value. The chosen cost function is 

simple and results in a simpler hardware implementation.  
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Figure 5-3:  SNDR With different Step Sizes. 
 
 
Figure 5.3 shows a simulation results for different step sizes with fixed range (1.8 to 2.2). 

It is evident from these results that SNDR increases with decreasing step size but at the 

same time number of evaluations increases results in more hardware cost and lower 

speed. Hence there is trade off between speed and performance. 
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Figure 5-4: Cost VS Accuracy. 
 

From figure 5.4 same valuable conclusions can be made regarding speed and accuracy. 

Dotted graph in this figure  represent a point to point to comparison with a step size of 

0.0125 while a solid graph represent a result of implemented algorithm. As it can be seen 

that point to point comparison results in a better SNDR but takes more number of cost 

function evaluations so more hardware is needed.   

 

Although the implemented algorithm results in less SNDR as compared to point to point 

comparison but it requires less cost function evaluations which means lower hardware 

cost and higher speed. 

 

It is already discussed above implemented algorithm can be made efficient by replacing 

cost function with more efficient one. If it becomes possible than we can save more 

hardware and achieve more speed. 
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Figure 5.5 shows a normal distribution of inter stage gains, g for 1000 points. For these 

1000 points mean value of SNDR before optimization is 36.034dB and after optimization 

is 40.534dB. This means that SNDR of 4.5 to 5dB can be increased by this technique. For 

some points it is failed variations in inter stage gains lie outside of its range (1.8 to 2.2).  

 

 
 

Figure 5-5: Normal Distribution Of Gains For 1000 Points. 
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Chapter 6  
 

                                 6 CONCLUSION AND FUTURE WORK 
 
 
 

Pipeline ADC is a best choice where high speed and high resolution is critical. As it has 

discussed in this thesis work that pipeline ADCs overcomes the problem of area and 

power consumption of flash ADCs. The low resolutions stages consist of flash ADCs 

with some other circuits are connected to make this architecture. The stage resolution is 

also critical in determining the overall resolution of pipeline ADC. Stage resolution 

should be as low as possible but 1 bit/stage architecture has some problems discussed in 

chapter 3. Mostly 1.5 bit architecture is favored by most of the designer and it is widely 

used because of its simplicity and high speed. Unfortunately for a resolution greater than 

10 bits some form of calibration is needed due to the comparator offset, capacitor 

mismatch, finite operational amplifier finite gain and nonlinearity of an operational 

amplifier. 

 

Inter stage gain in pipeline ADC limits its resolution and it varies with time. There are 

several techniques to estimate and correct these inter stage gain errors mainly divided 

into two groups analog and digital calibration technique. Digital calibration is further 

divided into two categories foreground and background in context of interruption of 

normal operation or run transparently in background mode. In this thesis work a digital 

background calibration technique is developed and tested on 8 bit pipeline ADC with 1.5 

bit/stage architecture. The main focus is to estimate and correct the inter stage gain errors 

As discussed in chapter 4. 

The proposed algorithm can be implemented in hardware as foreground or background 

technique. It is evident that cost function in proposed algorithm is not so efficient because 

SNDR can not converge to its maximum value but it is very easy, results in a simpler 

hardware implementation. This cost function can be replaced with a more efficient one so 

that this technique gives better results. It is also good to test this algorithm on FPGA 

before its actual chip implementation.     
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