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Abstract: Design of a low power analog to
digital converter in a 130nm CMOS technology 

Communication technology has become indispensable in a modern 
society. Its importance is growing day by day. One of the main reasons 
behind this growth is the advancement in the analog and mixed signal 
circuit design. 

Analog to digital converter (ADC) is an essential part in a modern 
receiver system. Its  development is driven by the progress of  CMOS 
technologies with an aim to reduce area and power consumption. In the 
area of RF integrated circuits for wireless application low operational 
voltage, and less current consumption are the central aspects of the 
design. The aim of this master thesis is the development and design of 
a low-power analog to digital converter for RF applications.

The basic specifications are:

• High Speed, Low Current (1.5 V supply voltage)

• Maximum input frequency 3.5 MHz

• 8-bit resolution

• Sampling rate < 100 MHz

 Thus,  this  work  comprises  a  theoretical  concept  phase  in  which 
different  ADC  topologies  will  be  investigated.  Based  on  which  an 
appropriate ADC architecture will be fixed. Later, the chosen design will 
be implemented in an industrial 130 nm CMOS process.
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1 Introduction

The  A/D (analog  to  digital)  converter  is  the  meeting  point  of  the 
analog and the digital  domains.  As technology is  being continuously 
scaled down, the transistor sizes have decreased drastically resulting in 
reduced area and power consumption in the digital domain. However, 
technology  scaling  does  not  produce  the  same effect  in  the  analog 
domain. For example, designing op amp (operational amplifier) within 
reduced  supply  voltage  rails  is  becoming  challenging  in  the  analog 
domain. In many cases reduced supply and technology scaling have not 
reduced the analog power consumption. The technology gap between 
the digital and the analog domain have widened over the years. In this 
context  designing  a  low-power  ADC  is  becoming  increasingly 
challenging [1].

There  is  a  huge  demand  for  the  low  power  high-speed  A/D 
converters. Future devices from digital camera, WLAN (Wireless local 
area network) receivers to HDTV (High-definition television) all demand 
high-speed ADC (analog to digital converter) with fast conversion rates, 
at  the  same  time  devices  are  becoming  slimmer  sleeker  and  more 
compact/portable.  The  ADC  is  one  of  the  most  crucial  blocks  in  a 
modern  wireless  receiver  system,  where  it  converts  the  incoming 
analog signals to their digital counterpart.
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The intended ADC is  going to be part  of  such a wireless receiver 
system. The system has certain specifications  to be met and taking 
these into consideration the ADC has to be designed. The first task is to 
select  a  suitable  ADC  architecture  that  suits  the  receiver  system 
according to the specifications Table 1.1.

Resolution 8-bit
Sampling rate < 100 MHz

Power 4.5 mW
Maximum input frequency 3.5 MHz
OSR (Over sampling ratio) 4 to 6

Table 1.1: Specifications.

This thesis is divided into seven chapters, which describe topology 
selection,  high  level  implementation,  transistor  level  implementation 
and the results of performance measures obtained.

A brief introduction about the chapters included in this thesis is given 
below:

Chapter  2:  ADC  performance  metrics:  This  chapter  provides  a 
detailed overview about the various performance metrics that is used to 
measure the ADC performance, the two major types of metrics namely 
the static performance (INL, DNL, etc.) and the dynamic performance 
metrics such as SNR, SFDR and ENOB.

Chapter 3: Topology selection: A literature review was carried out to 
decide the ADC topology that would satisfy the above specifications in 
Table 1.1. Then a suitable topology is selected based on it. This chapter 
provides  a  brief  introduction  to  various  ADC  topologies,  their 
advantages and disadvantages.

Chapter 4: Introduction to pipeline ADC: This chapter provides details 
about the high level implementation for the selected ADC architecture 
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(pipeline  ADC).  It  has  detailed  description  about  the  pipeline  ADC 
concepts and the circuit topology (1.5-bit architecture). The high level 
modeling was carried out using Verilog-A in cadence. The results from 
that model are shown at the end of this chapter.

Chapter  5:  Transistor level implementation: This chapter provides a 
detailed overview about pipeline ADC implementation at the transistor 
level.  Circuit  level  implementations  of  various  blocks  like differential 
comparators,  digital  correction,  op  amp  and  analog  switches  are 
discussed.

Chapter  6:  Simulation  results:  This  chapter  provides  a  detailed 
overview about evaluation and simulation results of the designed ADC. 
Furthermore,  it  includes  some  details  about  sine-wave  histogram 
testing. Finally, the static and dynamic performance evaluations along 
with results are discussed.

Chapter  7:  Conclusion and future work: This chapter discusses the 
conclusion and further optimizations for the future work.

16
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2 ADC 
performance 
metrics

In  this  chapter,  an  overview  of  the  ADC  performance  metrics  is 
discussed. The performance metrics can be divided into two.

• DC performance metrics (static performance metrics)

• AC performance metrics (dynamic performance metrics)

The performance metrics  is  useful  in  measuring errors  associated 
with the system. For  example,  INL (integral  non linearity)  is  a static 
performance metric used to determine the accuracy of the ADC, while 
SNR is a dynamic performance metric used to measure how immune 
the ADC is with respect to noise.

2.1 DC performance measures

The  DC performance  metrics  measures  the  static  performance  of 
ADC. It can be described completely by knowing the INL (integral non 
linearity), the DNL (differential non linearity) and the offset errors.

18



2.1.1Offset error

Offset error is the difference between the starting point of the real 
output and the ideal output. Ideally, the output of the ADC is expected 
at  time  zero.  However,  due  to  the  delay  in  the  system,  there  is  a 
difference between the first real output and the first ideal output. Offset 
error is also known as zero scale error or zero scale offset error. This 
error  is  illustrated by the  Figure 2.1 in which the dotted step signal 
represents  the  ideal  response,  the  continuous  step  represents  a 
response that has offset error.

2.1.2Full-scale error

Full-scale  error  is  the  difference  between  the  ideal  and  the  real 
output transition for the highest output code when the offset error is 
zero. This could be observed as a change in the slope between the real 
and the ideal output as illustrated in Figure 2.1.

2.1.3DNL (Differential non linearity)

Differential non linearity is a metric that is used to show how far the 
current output code is away from a neighboring code. It is a comparison 
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Figure 2.1: A diagram illustrating offset and full-scale error.
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of actual output step signal with that of  the ideal step signal.  If  this 
difference is within 1 LSB, then that indicates that there are no missing 
codes in the ADC output. The ideal transfer curve for a 2-bit ADC is 
shown in Figure 2.2. It is a plot showing the input and the output of the 
ADC. The input is a ramp signal represented by the dashed line. the 
output is represented by the step signal.

It  can be observed that the ideal output is a step signal that has 
equal step widths. For a non ideal system the step widths need not be 
uniform. The variation between the ideal step width and the actual step 
width of the ADC is known as the DNL. A non ideal system having DNL is 
represented by the Figure 2.3. It illustrates the difference between the 
ideal and the non ideal curves.
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Figure 2.2: A diagram representing 2-bit ADC ideal transfer characteristic.
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2.1.4 INL (Integral non linearity)

The integral  non-linearity  (INL) is  the deviation of  the ADC output 
from its ideal transfer function. The INL is determined by measuring the 
magnitude  at  all  code  transitions  and  comparing  them  with  the 

magnitudes for ideal transitions. The difference between the ideal and 
the real output voltage magnitude is the INL error. The INL error at any 
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Figure 2.4: A diagram illustrating the INL deviation from ideal straight line.
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given point in an ADC transfer function is the accumulation of all DNL 
errors of the previous ADC codes. An ideal ADC would have the INL of 
about 0.5 LSB. The INL deviation from the ideal straight-line is depicted 
in  Figure 2.4. Instead of getting an ideal response as depicted by the 
dashed line the actual response is like that of the dotted line due to INL.

2.2 AC performance measures

An ADC's  dynamic  performance is  specified  using the  parameters 
obtained from a frequency-domain analysis and is typically measured 
by performing a fast Fourier transform (FFT) on the output codes of the 
ADC.  In  Figure  2.5,  the  fundamental  frequency  is  the  input  signal 
frequency  which  is  at  500 kHz.  This  is  the  signal  that  needs  to  be 

measured. Everything else is noise. This includes harmonic distortion, 
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Figure 2.5: A FFT plot used in evaluating the dynamic performance.



thermal noise, 1/ƒ noise, and quantization noise. Figure 2.5 shows a FFT 
plot. It shows the fundamental tone at 500kHz, a noise floor of about 
-80 dB.

2.2.1Signal to noise ratio (SNR)

 Signal to noise ratio is the ratio of input signal power to noise power, 
where both the signal and the noise power are in root mean square 
(RMS) values given by the following equation.

SNRdB=20log
V signal

V nosie
(2.1)

If the input signal is a random signal having a maximum amplitude of 
V amp  and has a range from 0−V amp , then its rms power is  V amp / 22 . In 
general, the quantization noise power is V LSB/12 . Substituting them in 
(2.1) gives,

SNRdB=20 log

V amp

2 2
V LSB

12

 (2.2)

SNRdB=20 log 3
2

2N  (2.3)

SNRdB=6.02N1.76dB  (2.4)

where N  is the resolution of ADC. Equation (2.4) gives the SNR for 
an  ideal  ADC  (where  only  the  quantization  noise  is  taken  into 
consideration).  Practical  ADC  suffers  from  other  noise  sources  in 
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addition  to  the  quantization  noise  source.  Hence  in  the  real-world 
scenario ADC has a SNR that is less than the value obtained using the 
equation (2.4).

2.2.2Harmonic distortion

 Non-linearity  in  the  data  converter  results  causes  harmonic 
distortion  in  the frequency domain.  Such a distortion  is  observed as 
"spurs" in the FFT (Fast Fourier transform) (at the odd and the even 
multiples of fundamental frequency) of the measured signal. The total 
harmonic  distortion  (THD)  is  a  measure  used  to  evaluate  the 
performance of the system. It is calculated using the equation (2.5).

THD=20 log V 2
2V 3

2V 4
2...V n

2
V 1

 (2.5)

Where  V 1  is  the magnitude of  fundamental  frequency,  V 2  is  the 
magnitude  of  second harmonic.  Figure  2.6 shows  the  FFT  spectrum 
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Figure 2.6: A FFT plot showing the fundamental signal with its harmonics.
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having  a  fundamental  frequency  as  well  as  spurs  at  odd  and  even 
multiples of fundamental.

2.2.3SFDR (Spurious free dynamic range)

Spurious free dynamic range, well known as SFDR is defined as the 
ratio  of  the value of  the desired output  signal  and the value of  the 

highest distortion (spur). The spur is generally a harmonic of the input 
signal  frequency.  In  general,  SFDR  is  measured  in  terms  of  dBc 
(decibels relative to carrier) or in dBFS (decibels relative to full scale). 
Figure 2.7 Shows how the SFDR is calculated, the difference between 
the  fundamental  tone  and  the  second  harmonic  tone  magnitudes 
determines the SFDR.

2.2.4SINAD (Signal to noise and distortion)

Signal-to-noise and distortion (SINAD) can also be referred to signal 
to-noise and distortion ratio (SNDR). SINAD is a combination of the SNR 
and the THD specifications.  SINAD offers  a more detailed picture by 
including both noise and distortion into one measure.
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Figure 2.7: A diagram illustrating the SFDR.
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It is given by

SINAD=20 log
V 1

V 2
2V 3

2V 4
2...V n

2
 (2.6)

In (2.6) V 1  is the magnitude of fundamental frequency, similarly V 2  
up-to V n  are successive harmonics of the fundamental.

2.2.5ENOB (Effective number of bits)

ENOB is also known as the effective number of bits or effective bits. 
The resolution  of  ADC states  the number of  bits  the ADC has at  its 
output, ENOB where as states how accurate the ADC is, it measures the 
overall accuracy of the ADC. It is given by.

ENOB=SINAD−1.76
6.02

 (2.7)

Since ENOB measures the overall ADC accuracy it is one of the most 
important dynamic performance measures.

2.2.6ERBW (Effective resolution bandwidth)

Effective  resolution  bandwidth  is  the  frequency  band  of  the  ADC 
where the ENOB is guaranteed. It is the band of input signal frequencies 
that the ADC converts without losing linearity. It is the maximum analog 
input frequency at which the SINAD is decreased by 3 dB or the ENOB 
by 1/2 bit.
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2.3 Conclusion

 This  chapter  provided  a  detailed  overview  about  the  various 
performance metrics that is used to measure the ADC performance, the 
two major types of metrics namely the static performance (INL, DNL, 
etc.)  and the  dynamic  performance metrics  such as  SNR,  SFDR and 
ENOB. While ENOB, ERBW is important metrics that measures overall 
ADC dynamic performance, the INL and the DNL are important metrics 
that is used to measure ADC static performance.
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3 Topology 
selection

There are many ADC topologies. The popular ADC topologies are 

• Flash

• Folding and interpolation

• SAR (Successive approximation register)

• Pipeline

• Sigma-delta 

Each one has its own merits and demerits. For instance, the flash 
ADC  is  suitable  for  low-resolution  high-sampling  rate  application, 
whereas  the  sigma-delta  ADC  is  suitable  for  a  high-resolution  low- 
speed application. The task is then to select the most suitable topology 
that meets the specifications. Each one of these topologies is discussed 
briefly in the following sections.

3.1 Flash ADC

The  flash  ADC  compares  the  analog  input  with  the  reference 
threshold levels. The comparators compare the analog input with the 
reference  voltages  to  give  thermometer  codes  as  the  output.  The 
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Thermometer codes are then converted into the digital output. For a 
general case, 2N−1  comparators are required. Where N  is the number 
of output bits.

For  a  low-resolution,  flash  ADC  is  more  suitable  for  low  power 
applications.  A  4-bit  flash  ADC in  [2] just  consumes  115 μW with  a 
sampling  rate  of  50 MSps.  Flash  architecture  in  general  is  a  good 
candidate for  low resolution  high-speed application.  However,  in this 
thesis,  a  resolution  of  8-bit  is  needed.  It  would  require  28−1  
comparators to build an 8-bit flash. Having these many comparators are 
not feasible, since it would consume a lot of area and power. Figure 3.1 
shows the components that are required to build a flash A/D converter, 
a reference resistive ladder, comparators and an encoder.
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Figure 3.1: A block diagram illustrating the components of a flash A/D converter.
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3.2 Folding and interpolating ADC

This type of ADC is an improvement of flash ADC. The folder basically 
folds the conventional linear I/O response to be sandwiched in between 
a  smaller  voltage  range,  so  that  they  require  a  lesser  number  of 
comparators.  When  the  number  of  comparators  is  reduced,  it 
automatically reduces the circuit's power demand. At the places where 
the curves are folded discontinuities occur as shown in Figure 3.3.

The CMOS transistors  are unable to give the required sharp folds 
causing  discontinuities  to  occur  at  the  output.  To  avoid  this  double 
folding  technique  is  used  along  with  further  improvements  such  as 
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(a) Unfolded i/o. (b) Single folded i/o.

(c) Discontinuities at folded regions.

Figure 3.2: A diagram illustrating the different i/o plots of a folding and interpolating 
ADC.
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interpolation and averaging techniques.  The reference  [3] is  about a 
2.2 mW,  5-bit,  1.75 Gsps  folding  ADC  that  uses  such  advanced 
techniques.  For  more  detailed  explanation  about  this  ADC  and  its 
functioning book [4] can be referred. Basically, this type of architecture 
would suit a medium resolution of 4-8-bit for the sampling frequency 
ranges  above  100 MHz.  This  topology  occupies  more  area  since 
additional  clocking  circuitry  is  needed  by  the  interpolation  and 
averaging techniques. The specification for the ADC in this design has a 
sampling  rate  below  100 MSps.  If  the  additional  circuitry  and  area 
required for this topology are into consideration, it can be deduced that 
this topology will not suit the given requirements.

3.3 Successive approximation register (SAR) ADC

The SAR ADC uses a binary search mechanism to convert the analog 
signal  to  the  digital  signal.  It  has  several  advantages.  It  uses  fewer 
analog  components  in  its  design  (only  one  Comparator!)  making  its 
design  compact.  It  also  has  a  very  low  latency  compared  to  other 
circuits.  Figure 3.3 shows the block diagram of a SAR ADC. The SAR 
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Figure 3.3: A block diagram illustrating the components of a SAR ADC.
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ADC  in  general  consumes  very  less  power  (in  micro-watts!).  The 
references [5], [6], [7] and [8] provide greater insights into current SAR 
ADC design trends.

The disadvantage with the SAR ADC is that it  cannot be used for 
higher sampling frequencies. In a SAR, all the components (excluding 
sample and hold (S/H)) have to operate at a frequency N× f s , where N  
is the resolution and f s  the sampling frequency. If f s  is 30 MHz for an 
8-bit ADC, then the components have to operate at 240 MHz. The clock 
requirement is too high in such a case. For this reason, the SAR cannot 
be considered for this design.

3.4 Pipeline ADC

A pipeline ADC is an amplitude interleaved topology consisting of a 
cascade  of  individual  stages.  Each  stage  generates  digital  bits  and 
residues. The residue flows through the cascade till the finer bits gets 
resolved.  Figure 3.4 represents such a pipeline structure.  References 
such as  [9],  [10],  [11],  [12] and  [13] indicate that this architecture is 
suitable for medium to high sampling rates. Techniques such as the 
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Figure 3.4: A block diagram illustrating the components of a pipeline ADC.
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CBSC (comparator based switched capacitor circuits), capacitive charge 
pump based circuits help in reducing the power demands of the pipeline 
topology.  Additionally,  literature  [14],  a  book  on  enhanced  pipeline 
design  discusses  four  reference  papers  about  the  state-of-the-art 
pipeline  ADC  design.  The  above  resources  clearly  indicate  that  the 
pipeline topology coupled with enhancement techniques can meet the 
desired specifications.

3.5 Sigma-delta converters (Σ/Δ)

Sigma-delta converters use pulse density modulation technique to 
convert the analog signal into the digital signal. It  is suitable for the 
designs that require high resolution and low sampling frequencies. The 
(Σ/Δ) have a direct trade-off between sampling rate and resolution. The 
sigma-delta  (Σ/Δ)  architecture  uses  feedback  from the digital  to  the 
analog domain and needs a high OSR (10-128). The high oversampling 
ratio allows very simple analog anti-aliasing filters to be used, saving 
system  power  and  area.  Figure  3.6 is  a  sigma-delta  block 
representation.

This topology requires high oversampling ratios; however this thesis 
requires only an OSR between 4 and 6. This along with the fact that the 
current  design  not  needing  a  high  resolution  makes  this  type  of 
topology  less  attractive.  Several  interesting  sigma-delta  designs  are 
discussed in [15],[16] and [17] .
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Figure 3.6: A block diagram illustrating the components of a sigma-delta ADC.
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3.6 Conclusion

After analyzing the ADC trends of the various topologies [18] a graph 
can be drawn like the one in Figure 3.7 which is a comparison between 
the sampling rates and resolution of all the five topologies that were 
discussed in this chapter. It can be observed that while sigma-delta ADC 
is more suitable for low speed high-resolution applications, flash ADC 
would be preferable for high speed low resolution applications. Pipeline 

ADC has a medium range of resolution and a medium sampling speed 
between 10 and 200 MSps.
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Figure 3.7: A diagram illustrating limitation posed by sampling rate and resolution on 
various topologies.
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The research interest in this type of ADC is increasing, as devices are 
required  to  operate  faster.  Finally,  for  the  given  specifications  on 
sampling  rate,  resolution  and  input  signal  bandwidth  pipeline 
architecture would be the most appropriate choice.
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4 Introduction to 
pipeline ADC

Pipeline  ADC could  be  designed  at  extremely  low power  for  high 
conversion  rates  [19],  [20] and [21].  Research literature  on pipeline 
ADC has  been steadily  increasing  and  new architectures  have  been 
developed. From comparator-based SC (Switched capacitor) circuits to 
zero crossing based SC circuits there has been a lot of progress in the 
pipeline ADC design in general.

This chapter is an introduction to the basic pipeline ADC concepts, its 
working at the block level. This chapter tries to give an overview of the 
basic pipeline structure giving details regarding the working of single 
ended and fully differential pipeline structures. This thesis uses a fully 
differential switched capacitor technique known as CLS (correlated level 
shifting [9]) that facilitates in designing for low power. The section 1.5-
bit  differential  implementation attempts  to  give  an  overview  on  the 
working  of  the  CLS  on  generation  of  the  residue  voltage.  For  a 
comprehensive analysis about CLS and its benefits refer to [9].

4.1 Pipeline ADC concept

As it can be seen from Figure 4.1 pipeline ADC in general consists of 
multiple stages, which functionally perform similar operations.
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Figure 4.2 represents a simple 1-bit per stage pipeline ADC. Each 
stage produces 1-bit output (even though 1-bit per stage can never be 
practically  realized,  it  gives  the  insight  that  facilitates  the 
understanding of  the pipeline concept).  As shown in  Figure 4.2 each 
basic stage consists of a sub ADC, DAC (Digital to analog converter) and 
a multiplier.

Assume that a ramp signal ranging from 0 to 1 V is given at its input. 
The sub ADC converts it into a digital output which is zero for an input 
below 0.5 V  and 1 V for  an input  above 0.5 V.  This  digital  output  is 
converted back into an analog signal by the DAC. The analog signal 
from the DAC is subtracted from the original input signal to give the 
residue signal. In case of  Figure 4.2 the subtracted residue signal will 
vary between 0 and 0.5 V, which is half of the input voltage range (0 to 
1 V).  This  subtracted signal  is  multiplied  by a factor  of  2 to get the 
residue signal,  now this residue signal could be given as an input to 
another functionally similar pipeline stage.
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Figure 4.2: A block diagram illustrating the components of a basic pipeline stage.
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In short,  the analog input is converted into a digital output and a 
residue signal. Each stage functionally performs the same task and also 
can work independently in a pipeline fashion.

An example illustrating the functioning of this ADC is  Figure 3.5. It 
shows how an input sample of 0.8 V travels through a 5-bit ADC. When 
the sample's value is greater than 0.5 V, it is detected as a one, while it 
is below 0.5 V, it is detected as a zero.

4.2 Redundancy

The practical implementations generally have been 1.5-bit per stage 
or higher bits per stage with redundancy. The problem with 1-bit per 
stage is  the  comparator  threshold  error.  If  the  comparator  makes  a 
wrong decision  in  any of  the stages,  then there is  the possibility  of 
saturating  the  input  to  the  next  stage  when  this  happens  a  wrong 
output code is obtained 
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Figure 4.3: A diagram illustrating the saturation problem.

1V

0.5V

0V

1V

0V

1V

0V

1V

0V

1V

0V

0.8  

0.6

1.2 1.81.4

1 10 1 1 = 23
262.8.0 5 =bitsV

Wrong values!



This is illustrated by  Figure 4.3, where there is an error in second 
stage  which  saturates  the  following  stages.To  correct  this  problem 
redundancy is introduced into the system.

 Each  basic  stage  gives  more  than  1  digital  bit  as  output.  The 
additional bit in each stage is then used to digitally correct the output 
bit. For example, the popular 1.5-bit per stage with a digital correction 
scheme looks like Figure 4.4.The blocks which are marked as D are the 
delay blocks they are used for timing correction. Each pipeline stage 
processes a particular input sample at a different time. Then it becomes 
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Figure 4.5: A block diagram illustrating the components of a single stage.
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essential to delay bits from each stage appropriately before adding the 
redundant  bits.  The  error  correction  logic  consists  of  adders  that 
appropriately add these redundant bits.

Figure 4.5 is a single-stage block diagram representation of a 1.5-bit 
per stage architecture. It consists of a 2-bit ADC giving 2 digital bits as 
the output (one significant bit and one redundant bit), a two bit DAC 
that converts these digital bits to an analog signal. This analog signal is 
then subtracted from the input signal and multiplied by a factor of 2. 
The multiplying factor depends upon the number of bits in each stage. 
It is 2N−1  for a general case, where N  is the number of bits per stage.

There are three regions in the plot, marked with the dashed lines. 
Each region has a  different  digital  output.  As  it  could  be seen from 
Figure 4.6 at −0.25  V and at 0.25  V, the residue signal switches from 
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Figure 4.6: A graph showing the residue signal of the basic pipeline stage for a ramp 
input.
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one region to the other. Notice that the  0.25  V used here is actually 
V ref /4 , it is chosen based on the number of comparators present inside 
the  sub  ADC.  Since  two comparators  are  used  in  this  sub  ADC  the 
threshold voltages for the switching points are ±V ref / 4  V. For a general 
case the switching threshold voltages are at ±V ref /2

N  V. Where N  is the 

number of bits in each pipeline stage.

In a 1-bit per stage pipeline ADC when ever there is a comparator 
threshold error, there is the possibility of the residue overshooting the 
input voltage range thereby saturating the next stage (Figure 4.3). The 
advantage of 1.5-bit stage is that even if there is a comparator error the 
residue would fall within the input voltage range thereby avoiding the 
saturation of the next stage.

43Figure 4.8: A diagram illustrating the input sample flow inside a 6-bit pipeline ADC 
when there is no comparator error.
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This  is  illustrated  in  Figure  4.8 and  Figure  4.7.  Figure  4.8 is  an 
example of 6-bit ADC implementation using 1.5-bit per stage. Figure 4.7 
has a comparator error in its second stage, but by using digital error 
correction this error is corrected. In Figure 4.7 0.3 V is above 0.25 V so 
the digital output of the first stage will be 10, and similarly based on the 
residue values the output of other stages are determined. To implement 
redundancy the redundant bits should be combined with the successive 
stage's MSB also note that the carry flows implicitly from MSB to LSB in 
this figure.

4.3 1.5-bit architecture

The number of bits per stage has an effect on speed, accuracy and 
power consumption of pipeline ADC. Lesser number of bits per stage 
implies a lesser number of comparators (in sub ADC) and lesser inter-
stage gain. Another reason for the preference of 1.5-bit architecture is 
that it makes the ADC faster. This is due to the gain-bandwidth trade-off 
in  the  op amps  (i.e.  lesser  inter  stage  gain=faster  circuit).  However 
lesser bits per stage also imply more number of stages for the pipeline 
ADC. More number of stages in turn cause inaccuracies to increase at 
the later stages of the pipeline ADC. Hence high speed low resolution 
type of ADC uses lesser number of bits per stage while low speed high-
resolution  ADC  uses  a  higher  number  of  bits  per  stage.  A  detailed 
analysis about this trade off can be found in [22].

The  resolution  of  ADC  in  this  thesis  is  8-bit,  the  circuit  is  to  be 
operated below a sampling rate of 100 MSps. Hence 1.5-bit per stage 
would suit these requirements. The lesser number of bits in each stage 
coupled with digital correction relaxes requirements on op amp DC gain 
and comparator threshold voltages.
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4.4 1.5-bit single ended implementation

Though a fully differential switched capacitor circuit is used in the 
implementation,  the  understanding  of  single  ended  architecture  will 
help  in  grasping the  fully  differential  structure  in  a  better  way.  The 
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(a) During ph1 .

(b) During . ph2 .

Figure 4.9: A diagram illustrating the switch positions of MDAC during ph1  and  ph2 .
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switched capacitor implementation of 1.5-bit single ended architecture 
is shown below in Figure 4.9.

The SC circuit in  Figure 4.9 contains a sub ADC and a multiplying 
digital  to  analog  converter  (MDAC-Multiplier  and  digital  to  analog 
converter).  The sub ADC is a 2-bit flash ADC. The latch converts the 
thermometer code outputs from the flash sub ADC into digital outputs (
d 1 ,  d 0  digital outputs from each stage). These digital bits also act as 
the control signal for the multiplexer circuit. The switches,  s1 ,  s2  and 
s3  are clocked using non-overlapping  clock  phases  ph1  and  ph2  as 
shown in  Figure 4.9.The working of the single ended configuration is 
explained in this section using the charge equations. These equations 
give the necessary insight into the working of the basic pipeline stage. 
A plot  of the output residue voltage with respect to the input signal 
could then be deduced from these equations.During the phase,  the 
capacitors C s  and C f  both are charged by the input . During the phase, 
ph2  the V DAC  (output from the multiplexer) charges the capacitor  C s . 

The  whole  conversion  cycle  can  be  then  explained  based  on  the 
following equations.

During the phase ph1 , the charge stored in capacitors C s  and C f  is 
then given by

QC s=V in⋅C s  (4.1)

QC f=V in⋅C f  (4.2)

During ph2 , equal currents flow through C s  and C f  

V DAC⋅C s=−V residue⋅C f  (4.3)

46



V residue=V in1
C s

C f −V DAC⋅C s

C f   (4.4)

QC f=−V DAC⋅C s  (4.5)

QC f
Total | ph2

=QC f ∣ph1
QC s∣ph1

−V DAC⋅C s  (4.6)

V residue⋅C f =V in⋅C sV in⋅C f−V DAC⋅C s  (4.7)

V residue={ V in1
C s

C f −V ref⋅ C s

C f  if V in
V ref

4

V in1
C s

C f  if -
V ref

4
V in

V ref

4

V in1
C s

C f V ref⋅C s

C f  if V in-
V ref

4
}  (4.8)

For the 1.5-bit structure C s=C f  substituting this in (4.8),

V residue={2Vin−V ref if V in
V ref

4

2Vin if -
V ref

4
V in

V ref

4

2VinV ref if V in-
V ref

4
}  (4.9)
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4.5 1.5-bit differential implementation

When only positive reference voltages are used along with input V cm , 
the single ended system becomes quite tricky to implement. Consider a 
specific example.
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Figure 4.10: (a) A block diagram illustrating simplified MDAC during ph2 .(b) Digital 
output when input is in different regions.
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Example 4.1: Assume for a single ended system having V ref  = 0.5 V, 
V cm =1 V, input signal ranging from 0 V to 1 V.  V cm  can be subtracted 
from all  the equations in  (4.9) for  a system having  V cm  as common 
mode voltage as the switch S3  in Figure 4.9 could be connected to V cm  
instead  of  ground.  With  this  modification  V residue  at  different  input 
voltage points is found out as.

When V in  is 0 V (region '00')

V residue=20−−0.5−V cm=0.5−1=−0.5V  (4.10)

When V in  is 0.5 V (region '01')

V residue=20.5−V cm=1−1=0 V  (4.11)

When V in  is 1 V (region '10')

V residue=21−0.5−V cm=0.5V  (4.12)

It could be observed for the first region '00' there is a need for a 
negative reference voltage of  −0.5  V. Either a separate circuitry or a 
voltage from separate negative supply voltage would be required. For a 
system  for  which  negative  supply  is  not  available  this  becomes  a 
problem. This problem could be solved if  a fully differential  switched 
capacitor implementation as shown in  Figure 4.12(a).Figure 4.12(a) is 
the correlated level shifting switched capacitor technique that enhances 
the DC gain and speed of the fully differential  op amp. More details 
about the advantages of using this technique could be found in [9]. In 
this  section,  it  is  attempted  to  analyze  this  implementation  and 
illustrate  how  it  averts  the  use  of  a  negative  supply.  It  receives  a 
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differential  input  at  the  V i+  and  V i-  terminals.It  should  produce  a 
residue  signal  similar  to  the  Figure  4.11 as  the  difference  signal 
between V o+  and V o-  terminals.

Figure  4.12(b)  shows the  clock  diagram for  this  circuit  (note  that 
there is a delay between the phases  ph1 ,  ph2 , and also between  p1  
and p2 . Note that  p1  and ph2  are in phase to avoid a short between 
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(a)

(b)

Figure 4.12: (a) A diagram illustrating the 1.5-bit fully differential CLS switch-
capacitor implementation; (b) A diagram illustrating the clock phases for the CLS 

implementation.

1ph

2ph

1p

2p

Next stage

+oV

−oV

+refv

−refvcmv

+iv

cmv cmv

−iv
1ph

1ph

1ph

1ph
2ph

2ph

2ph

2ph 1ph

1ph

1p

1p

2p

2p



input and output). Where ph1  is the sampling phase and ph2  is the hold 
phase.To understand further consider the equivalent circuits during ph1  
and  ph2  (for  region  '00')  in  Figure  4.13.  During  ph1  the  sampling 
capacitors  have a  voltage drop  similar  to  Figure  4.13.  To  derive  an 

equation for V residue  consider two loops I  and II .

For loop I  applying KVL (Kirchhoff voltage law),
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Figure 4.13: The equivalent circuit representation of CLS during ph1  and ph2 .
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−V ref V i−V cm−( V i−−V cm )V ref −=0  (4.13)

( V i−V i− )( V ref −−V ref  )=0  (4.14)

For loop II ,

−( V i−V cm )( V o−V o− )−V cm=0  (4.15)

( V o−V o− )V i−−V i=0  (4.16)

Equating (4.14) and (4.16),

V res=( V o−V o− )=2 ( V i−V i− )−( V ref −V ref − )  (4.17)

  

Equation(4.17) is a derivation for region '00', if derive similarly for 
the other two regions (for region '01' both V ref +  and V ref −  are 0 and 
for  region  '10'  V ref + and  V ref −  are  interchanged),  A  generalized 
equation for  V residue ,  for all  the three regions can be obtained and is 
shown in (4.18)

V residue={2 ( V i−V i− )V ref −V ref − for region '00'
2( V i−V i− ) for region '01'
2 ( V i−V i− )V ref −−V ref  for region '10' } (4.18)
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Example 4.2 Consider an example similar to like Example 4.1, V cm =
0.5  V, For this case a differential input is required,  V i  ranging from 
0.5  V to 1  V and at the same duration Vi- ranges from 1 V to 0.5 V. So 
now the input difference voltage ranges from 0.5  V to  0.5  V. V residue is 
found using (4.18), Let V ref  be 0.75  V and V ref−  be 0.25  V.

When V i  = 0.5 V and V i−  = 1 V (region '00')

V residue=20.5−10.75−0.25=−10.5=−0.5V  (4.19)

When V i+  =0.75 V and V i−  = 0.75 V (region '01') 

V residue=20=0V  (4.20)

When V i  =1 V and V i−  = 0.5 V (region '10') 

V residue=21−0.50.25−0.75=0.5 V  (4.21)

  

From this example, clearly this differential structure is immune to the 
common mode signals at its input since the output residue is bounded 
within the input voltage range. This circuit does not need a negative 
supply voltage as reference voltage like the single ended structure, all 
the reference voltages can be generated from a single positive voltage 
supply.
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4.6 1.5-bit differential implementation results

Figure 4.14 shows few results from high level simulation. It shows 
input ramp voltage, the residue voltages of the first stage and 8-bit DAC 
output used in test bench (form top to bottom). The similarity between 
the residue of the first stage and Figure 4.9 could be observed.

4.7 Other popular techniques

This thesis uses the CLS technique to reduce the power consumption. 
This technique increases the gain and speed of the op amp used in the 
basic pipeline stage [9]. This greatly reduces the power consumption. A 
brief introduction to techniques other than CLS is given below:
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Figure 4.14: A transient simulation showing the DAC output and first stage residue 
voltage of the 8-bit ADC high level implementation when tested with a ramp input.



Research in power reduction has led to many circuit innovations such 
as op amp sharing  [23] (sharing the second stage of 2 stage op amp 
between odd and even stages there by reducing power),  turning op 
amp idle for half clock cycle [24] (ie. For example, turning op amp off 
during  sampling  phase  ph1  in  Figure  4.12),  (CDS)  correlated double 
sampling [25] instead of turning the op amp off, it could be used by the 
next stage since the next stage would be in an alternate phase, better 
op-amp design [26], etc. or do away with op-amp altogether like CBSC 
[20],  ZCB  [21] and  capacitive  charge-pump  based  ADC[27].  The 
sampling capacitance could be scaled down for later stages to reduce 
power consumption.

4.8 Conclusion

This  chapter  provided  a  basic  overview  about  the  pipeline  ADC. 
Switch-capacitor  realizations  for  a  single  ended and differential  case 
was discussed in detail. The fully differential structure discussed in this 
chapter was a special switched capacitor technique known as the CLS. 
The  section  1.5-bit  differential  implementation attempted  to  explain 
how it generates the residue voltage. This structure was implemented 
using Verilog-A blocks and a high level simulation was carried out.
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5 Transistor 
level 
implementation

5.1 Introduction

In the previous chapter, the conceptual detail about the working of a 
1.5-bit  fully  differential  circuit  was  illustrated.  The  next  task  is  the 
implementation  of  the  circuit  at  the  transistor  level.  In  a  high  level 
simulation ideal models were used for components such as,

• Fully differential op amp

• Fully differential comparator and multiplexer

• Clock generator circuits

• Sampling capacitors

• Digital error correction logic

• Switches

So the aim of this chapter is to illustrate how these ideal blocks were 
replaced at the transistor level.
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5.2 Fundamentals of fully differential op amp

Fully differential analog signal processing has gained popularity over 
the years due to the benefits it provides to the design. It mitigates the 
problems  associated  with  the  signal  swings  and  noise.  Using  a 
differential  design  effectively  doubles  the  signal  swing.  For  an  input 
signal of  ±  0.5 V the output of the single ended system will have 1 V 
V pp , whereas for the same input the differential system will have 2 V 
V pp . All the external noise sources affect both the paths equally, this 
common mode noise gets subtracted due to the differential nature of 
the  system.  Fully  differential  systems  have  one  more  advantage, 
reduced  THD  of  the  system.  Due  to  the  differential  nature  of  the 
system, all the even order harmonics of the system get suppressed. So 
harmonics due to non-linear elements in the system get reduced.

Fully  differential  op amps are the basic building block in the fully 
differential pipeline ADC. The op-amps have a very high differential gain 
which stabilizes the differential mode signals, but the common mode 
signals of  such op amps can float due to weak common mode gain. 
Therefore, an extra circuitry called the common mode feedback (CMFB) 
is needed to stabilize the common mode signals for such opamps. CMFB 
circuits  increase  the  common  mode  gain  of  the  amplifier  so  that 
common  mode  signals  are  stabilized.  The  CMFB  loop  implements  a 
negative feedback that needs to be compensated for proper stability.

In  the  following  sub-sections,  the  general  overview  of  fully 
differential  op-amps  be  discussed,  which  would  be  followed  by  a 
discussion  about  the  specific  CMFB  and  the  OTA  type  used  in  this 
design.

5.2.1CMFB (Common mode feedback)

The CMFB circuit  averages both the differential output voltages to 
produce a common mode voltage V cma . This voltage is then compared 
with a reference common mode voltage V CMR  (usually half of the input 
voltage range) to give the error voltage which is then amplified and 
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given as the feedback to the amplifier.  This  voltage is  then used to 
change the common mode bias current to make both  V CM  and  V CMR  
equal.

The CMFB circuits could be classified into three categories.

• Switched capacitor CMFB.

• Differential difference amplifier CMFB.

• Resistor-averaged CMFB.

Each employs a different technique to average the differential output 
signals to produce the common mode voltage  V CM . For this thesis, a 
resistor averaging CMFB circuit was used.

As explained in the previous section the CMFB circuits first averages 
the differential output signals to produce a common mode voltage V cma , 
in this type of CMFB two equal sized resistors are used for this purpose. 
The second stage of the circuit compares this V cma  with V CMR  voltage to 
generate  the  control  signal  V s  [28].  As  shown  in  Figure  5.1,  the 
differential outputs of op amp V op  and V on  are given to the gates of the 
transistors M1 and M2. V cma  signal is generated with the help of the two 
resistors. This voltage is the then compared with the V CMR  voltage with 
the help of the transistors M3 and M4. If V cma  is greater than V CMR  then 
the current through the diode M5 increases which increases  V s , if on 
the  other  hand  V cma  is  less  than  V CMR  then  current  through  M5 
decreases thus reducing the voltage  V s .  The input stage apart from 
resistors also contains two capacitors in parallel to the resistors. These 
capacitors are used for stabilizing the CMFB loop.
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5.3 Correlated level shifting (CLS) technique

The  basic  pipeline  stage  uses  correlated  level  shifting  switched 
capacitor technique to provide true rail to rail performance  [9]. Using 
this  technique  it  is  possible  to  design  MDAC with  simpler  op  amps 

60

Figure 5.2: A diagram illustrating the CLS switched capacitor technique.

Figure 5.1: A diagram illustrating a resistor-averaged CMFB implementation.
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having  lesser  DC-gain  instead  of  higher  gain  op  amps.  It  would  be 
possible to design the MDAC with Op amp having 30 dB only. CLS is a 
simple technique to implement; the MDAC is shown in Figure 5.2.

CLS can use the full supply range; this also enables it to use smaller 
sampling capacitors. The reference [19] for instance, uses 0.125 pf as 
sampling capacitors for some of the pipeline stages.

5.3.1Fully differential amplifier

The op amp architecture used in this design was a simple two stage 
RC Miller compensated op amp, which has a differential output.  In a 
single ended implementation, a differential to single ended conversion 
takes place in the first stage. Since it is not desired the current mirror of 
the first stage is replaced by two current sources as shown in  Figure
5.3. It is seen that Miller compensation was used in this case to stabilize 
the op amp and have proper phase margin of above 60 degrees. The 
CMFB output V s  is the feed back to the input stage through the current 
source  transistors  M3  and  M4.  Thus  stabilizing  the  output  common 
mode voltages.
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Figure 5.3: A miller compensated two stage fully differential amplifier.
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5.3.2Gain and settling time requirement

 The MDAC which uses op amp is a closed loop negative feedback 
system as shown in Figure 5.4. Ideally, its transfer function is given as,

H  s= X s 
Y  s

=
A s 

1As  
 (5.1)

As A s   tends to infinity  H  s  becomes 1
 . So the relative error is 

given as

= 1
−

A s 
1As  

1


 (5.2)

As SC circuits settle on DC values, DC gain plays an important role in 
charge transfer.

A

1

−1

 ≃ 1


 (5.3)

For an N -bit ADC, the total gain error (  ) is required to be less than 
1/2N .

 1
2N  (5.4)
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For the basic pipeline stage of  n -bit resolution  the total gain error 
can be expressed by (5.5).

≃ 1
A2n  (5.5)

Equating (5.4) and (5.5), 

A 2N−n


 (5.6)

For  this  design  ß=0.5 ,  N  is  8  and  n  is  1.5.  Similarly,  another 
important  design  requirement  of  op  amp  design  is  the  bandwidth 
requirement. To find the bandwidth requirement unity gain frequency 
equation  is  derived,  assuming  a  step  signal  is  passed  through  the 

negative feed back system.

From [19] the unity gain frequency f u  can be derived as,
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Figure 5.4: A negative feedback block representation.
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f u
N −n1ln 2


f s  (5.7)

where  f s  is the sampling frequency. For detailed analysis for gain 
error and unity gain frequency calculations refer [29].

5.4 Sub ADC and DAC

The sub ADC of each pipeline stage consists of two fully differential 
comparator circuits as shown in Figure 5.7. Since a differential input is 
fed  as  the  input  the  pipeline  stage.  The  task  of  the  sub  ADC is  to 
appropriately  generate digital  bits  based on the region in  which  the 
input is present (refer to Figure 5.5).

The purpose of  the differential  comparator is  similar to the single 
ended comparators, to compare the input signal with the comparator 
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Figure 5.5: A diagram illustrating the V in  vs V residue  plot.
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threshold  voltage.  Since  the  input  given  to  the  pipeline  stages  are 
differential,  differential  comparators  are  used  in  the  sub  ADC.  The 
schematic of a fully differential comparator is shown in Figure 5.6. It is a 
switched capacitor circuit,  which takes  V i ,  V i− ,  V ref  and  V ref −  to 
generate two digital  outputs.  Two such comparators  are  required to 
compare the input with two switching thresholds of V ref /4  and −V ref /4  
for the 1.5-bit implementation.

Note that the capacitor C2  is three times greater than the capacitor 
C1 . The comparator consists of an amplifier and a latch, which gives 
the digital output. Normally, a comparator circuit compares an analog 
input  with  a  fixed  voltage  threshold.  In  this  case  of  a  differential 
comparator  though  both  the  inputs  of  the  comparator  are  analog 
signals.

5.4.1Working of the differential comparator circuit

As  seen  from  Figure  5.6 the  differential  comparator  circuit  is  a 
switched capacitor circuit, its working could be explained using charge 

transfer  equations.  This  circuit  is  switched  using  the  two  non 
overlapping clock phases ph1  and ph2 .
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Figure 5.6: A diagram illustrating the block diagram of the fully differential 
comparator.
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During the end of ph2 , capacitor C1  is charged by V ref  .

Q=C⋅V  (5.8)

The charge stored in capacitor C1  at the end of ph2  is given by,

Qat the end of ph2
=C1⋅V ref   (5.9)

At  the  beginning  of  ph1,  switches  the  capacitors  C1  and  C2  are 
shorted. So at node V x  the voltage is the charge stored in capacitor C1  
is divided by the and C2 ,

V x=
V ref ⋅C1

C1C 2
 (5.10)

Since C1=C  and C2=3C .

V x=
V ref 

4
 (5.11)

At the end of ph1 ,

During the same phase ph1  V i  is also given at the ve  terminal of 
the capacitors  C1  and  C2 .  V x  is the difference between the positive 
and negative terminals of the capacitor.

V x=V i−
V ref 

4
 (5.12)

66



Figure 6.9 Is an illustration of working of the circuit during different 
phases. Similarly, the voltage at V y  node could be derived.

V y=V i−−
V ref −

4
 (5.13)

The output of the comparator is the difference between V x  and V y .

V comparator=( V i−V i− )−
( V ref −V ref − )

4
 (5.14)

V comparator=V i−
V ref

4
 (5.15)

So  the  output  of  the  D  flip-flop  V o  will  be  high  if  the  input 
differential signal is greater than  V ref /4 . Otherwise this output bit will 
be zero. The V o−  terminal produces the complementary digital output.

For the 1.5-bit sub ADC, the input differential signal V i  needs to be 
compared with two threshold voltages of  V ref /4  and  −V ref /4 , so two 
such comparators are needed as shown in Figure 5.7.
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The results from the comparators are decoded by a decoding logic to 
generate the digital bits. The output of the decoding logic also serves as 
selection signals, which are used to select any of the three values V ref  , 

0 ,  V ref − .  The  decoding  logic  is  clocked  with  ph2 ,  which  makes  the 
decoding logic and hence the pipeline stage generates the digital bits 
during ph2 . Then these digital bits are sent to a digital error correction 
unit appropriately delayed by delay logic.

The working of decoding logic should be according to Figure 4.10(b). 
When the input difference signal is less than −V ref /4  ct 3  is made high, 
which  makes  the  V DAC  difference  signal  as  −V ref .  When  V i  is  in 
between  −V ref /4  and  V ref /4  the  V DAC  difference signal is made to be 
0 V by switching  ct 2  high. Finally, when  V i  is greater than  V ref /4  the 
V DAC  difference signal is V ref  V, by making ct 1  high.

5.4.2Clock generation

Figure 5.8 represents the timing diagram for a single pipeline stage. 
The pipeline ADC consists of multiple stages, for the odd stages  ph1  
acts as the sampling phase and ph2  is the hold phase.
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Figure 5.7: A diagram illustrating the block diagram of sub ADC and DAC.
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It  could  be  observed  that  the  phases  ph1  and  ph2  are  non 
overlapping, they have a slight delay in-between them. Similarly,  p1  
and  p2  are another two non-overlapping phases that are only active 
during the hold phase. During p1  new output value or V residue  is obtained 
and this value is held in the capacitor C cl  during p2 .

Nevertheless,  for  even  pipeline  stages,  ph2  acts  as  the  sampling 
phase and ph1  acts as the hold phase. Two new non overlapping signals 
p1b  and  p2b  that  are not  shown in  above figure  are needed.  These 

signals are similar to  p1  and  p2  except, they need to be active only 
when ph1  is high.

So totally six clock signals or three non overlapping pairs of signals 
are  required  by  pipeline  ADC.  Instead  of  showing  the  entire  clock 
generation circuitry only generation of a single pair of non overlapping 
signals is shown in Figure 5.9. The clock generator consists of inverters, 
NAND gates  and  delay  elements.  The  delay  elements  are  inverters 
having different dimensions. The delay elements are placed such that 
there is no overlap between the phases ph1  and ph2 .
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Figure 5.8: The four phases generated by the clock generation circuit.
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Clock  buffers  must  be  appropriately  added  with  these  circuits  to 
avoid  loading  effect,  since  multiple  pipeline  stages  along  with  its 
switches load the clock generation circuit.

5.5 Digital error correction

Figure  5.10 shows  the  digital  error  correction  block  used  in  the 
design.  Each  pipeline  stage  generates  two  bits  these  bits  are  then 
delayed  appropriately  using  D  flip-flops  for  timing  alignment.  The 

redundant bits are added using the adder logic (which consists of half 
adders and full  adders).  Note that in the last  stage only  the MSB is 
needed. The last stage does not generate residue voltage so it contains 
only the sub ADC part that generates the digital output.
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Figure 5.9: A diagram illustrating the non overlapping phase clock generator.
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5.6 Analog switches

The  switches  used  for  sample  and  hold  plays  a  major  role  in 
determining  the  performance  of  the  ADC.  Switches  if  not  designed 
properly could cause distortion and can cause a non-ideal behavior into 
the  system.  There  are  several  strategies  to  minimize  this  non  ideal 
behavior.  In this section, few concepts (charge injection) which could 
potentially degrade the performance are discussed. 

5.6.1Charge injection

MOSFET transistors are used in this design. During switching these 
MOSFET transistors are turned on and off by the clock signals. When the 
transistor is on the charges flow through the channel. However, when 
the transistor is turned off, the charges present in the channel at that 
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Figure 5.10: A diagram illustrating the 8-bit pipeline digital error correction.
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instant needs to be repelled off the channel towards the drain and the 
source. This effect is called the charge injection. 

Switches are used in sample and hold circuit. The charges repelled 
out  of  drain  and  source  is  fed  into  the  hold  capacitor  C H  which  is 
adjacent to the switch;  this  causes charge injection  error  in  the  C H  
capacitor (this is a type of offset error in the C H ). Figure 5.11 shows a 
transmission gate switch connected to the C H  capacitor. It consists of a 
PMOS and a NMOS transistor (clocked with complementary phases ph1  
and ph2 ).

If the injected charge is proportional to the input voltage, it gives rise 
to the gain errors, if the injected charge has non linear relationship with 
the input voltage, then it causes harmonic distortions at the output.

There are methods to avoid the charge injection errors like selection 
of an appropriate switch structure, addition of dummy transistors, etc. 
For a less time dependent charge injection bootstrap switches could be 
used. Furthermore the size of the switch could be reduced to reduce the 
charge injection effect.
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Figure 5.11: A diagram showing the implementation of transmission gate switch 
using transistors.
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Figure 5.12 represents a transmission gate switch along with dummy 
transistors  to  prevent  charge  injection.  Transistors  which  are  having 
half the size of switching transistors are placed on either side. These 
transistors absorb the excess charge due to charge injection. There are 
other  types  of  switch  structures  such  as  gain  boosted  switches, 
bootstrapped switches etc.. which can further reduce charge injection 
and improve switch performance. However, this design uses only the 
transmission gate switches.

5.6.2Clock feed through

The  parasitic  capacitance  between  the  gate-drain,  gate-source 
terminals cause error in the sampled outputs. Due to this parasitic, the 
clock signal controlling the switch will be transferred to the drain/source 
terminals and gets added with the signal at the output.

This causes error known as the clock feed through error. This error is 
independent of the input signal unlike the charge injection error. Since 
a fully differential sampling takes place in this design, this type of error 
is minimized.
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Figure 5.12: A diagram illustrating the implementation transmission gate switch 
using dummy transistors.
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5.7 Conclusion

 This chapter provided a detailed overview about the pipeline ADC 
implementation at the transistor level. Circuit level implementations of 
various blocks like differential comparators, digital correction, op amp 
and analog switches were discussed in detail.
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Figure 5.13: A diagram illustrating parasitic capacitances causing clock feed-through.
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6 Simulation 
results

6.1 Introduction

The aim of this chapter is to discuss briefly about the various tests 
applied  to  the  designed  ADC  along  with  their  respective  simulation 
results. At the beginning of this chapter, the ramp test and the sine-
wave test are discussed. Simulation results for various components of 
the ADC systems are discussed subsequently.

In sections  6.7 and  6.8 details about the test methodology used in 
evaluation  of  the  static  and  dynamic  performance  of  the  ADC  are 
discussed.  Finally,  the  static  and  dynamic  performance  results  are 
discussed in the later sections of this chapter.

6.2 Ramp test

Simulation  results  for  the  various  components  of  the  ADC  when 
tested with  a  ramp signal  applied  at  its  input  are  illustrated in  this 
section. A ramp signal having a range of ±V ref  is given at the input of 
the ADC. The digital output generated by the ADC is given to a DAC 
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block that coverts this digital signal into an integer value. This integer 
value represents the ADC output code. As the input varies from −V ref to 
V ref  its output code varies from 0 to 255.

Figure  6.1 shows  the  output  of  the  Verilog-A  DAC  block,  which 
converts the digital output from the ADC into integer values. It is seen 
that the output of ADC sweeps from 0 to 255.
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Figure 6.1: A diagram illustrating the simulation result of a ramp test.



6.2.1Residue voltage

In  section  4.2 Redundancy,  there  was  an  illustration  Figure  4.6 
illustration the residue output for the first stage for a 1.5-bit pipeline 
ADC.

The plot  in  Figure 6.2 shows the first-stage residue output  of  the 
designed ADC. The Figure 6.2 is similar to Figure 4.6. The input varies 
from −V ref  to V ref . The residue signal swings from -1 V to 1 V, and It 
could be seen that the switching takes place at ±V ref /4 . So it could be 
seen that the designed ADC behaves the same way as it should when a 
ramp signal is given at its input.
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Figure 6.2: Simulation result showing residue signal of the first pipeline stage.



6.3 Differential comparator

Two differential  comparators  Figure  5.7 are  used to  compare  the 
input signal with the threshold of  V ref /4  and −V ref /4 . The Figure 6.3 
shows five plots; topmost is the input, the next two plots from top are 
the outputs of the comparator that compares the input with  V ref /4 . 
That  is  they  are  the  differential  outputs  of  the  first  comparator 
“diffcmp1”.  The  two  plots  at  the  bottom  represent  the  differential 
outputs of the second comparator “diffcmp2”.

6.4 Sub DAC

Differential Sub DAC in  Figure 6.4 shows  V in , MSB, LSB,  V ref   and 
V ref −  signals of  Figure 5.7, the digital output and the differential DAC 
outputs for the three regions could be observed from the plot.
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Figure 6.3: Simulation result showing the differential comparator outputs.



6.5 Clock generator output

Clock  generator  outputs,  ph1,  ph2,  p1,  p2,  p1b  and  p2b  (from top  to 
bottom). The clock generator generates three pairs of non-overlapping 
phases as shown in Figure 6.5.

 The clock signal has to provide clock signals for all the switches, sub 
ADC, sub DAC circuits in all the eight stages. Due to this reason, the 
clock signals  get  distorted.  Clock buffers  are added appropriately  so 
that the clock generation circuit does not get loaded.
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Figure 6.4: Differential sub DAC simulation output showing V in , MSB, LSB, V ref   
and V ref − .



6.6 Sine-wave simulation

For the overall performance evaluation of the ADC sine input is used. 
A sine-wave input is given to the ADC, sampled at 25 MSps. Figure 6.6 
and 6.7 show the output at the DAC and the output of the first pipeline 
stage, respectively.
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Figure 6.5: Clock generator outputs ph1, ph2, p1, p2, p1b  and p2b .
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Figure 6.6: Simulation output of the ADC for a sine-wave input of 506 KHz sampled at 
25 MHz.

Figure 6.7: Simulation result showing the residue of the first pipeline stage for sine- 
wave input.



6.7 Performance measurement

In  chapter  2,  the  various  performance  metrics  that  are  used  for 
measuring the ADC performance was discussed. In chapters 4 and 5, 
the design and implementation of the proposed 8-bit pipeline ADC was 
addressed. In this chapter, the evaluation of these metrics for this ADC 
design is discussed. The evaluation is carried out by placing the ADC 
circuit  in  an  appropriate  test  setup.  Then  by  using  appropriate  test 
methodology,  (like sine-wave histogram testing (SHT))  the static  and 
dynamic  performance  metrics  are  measured.  For  the  SHT,  an  input 
signal  (that  excites  all  the  codes)  is  given  to  the  ADC.  The  input 
frequency is determined by coherent sampling.

 Based on the sampling frequency of the ADC and the record size 
(the  number  of  samples  that  need  to  be  collected)  the  simulation 
duration is calculated. The test setup is shown In Figure 6.8. A file writer 
block is placed after the ADC to write the output samples into a file. 
This  file  is  then processed using MATLAB (which has FFT processing 
functions) to evaluate static and dynamic performance.

6.8 Sine wave histogram testing

Sine  wave  histogram  testing  is  one  of  the  popular  methods  to 
evaluate ADC static performance measures such as INL an d DNL [30]. 
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Figure 6.8: A block diagram illustrating the test setup.
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The histogram counts the number of times each different digital code 
word appears at the ADC output. The input is sampled and is converted 
to digital data by the ADC. The digital output information is then sorted 
into  code  bins.  Each  code  bin  represents  a  single  output  code. 
Depending on the input signal, the number of samples, hit for each bin 
is collected; where N  representing the ADC resolution, there will be 2N  
code bins. If the sine-wave is given to an ideal converter, based on the 
probability density function as the output codes would be expected to 
fall  in  the  respective  code  bins  and  this  then  compared  with  the 
probability of output codes of actual ADC falling in those code bins.

In short, two histograms, one for the ideal case and the other for the 
actual ADC is generated. The deviation between those two histograms 
is used to determine the DNL. Similarly, by knowing voltage transitions 
for  both  the  ideal  and  the  actual  case  the  INL  of  the  ADC  can  be 
estimated. The entire test procedure is written as a code in MATLAB. 
For dynamic performance metrics such a SNR, SNDR, etc. FFT analysis 
is performed.

6.9 Static characterization results

To  obtain  reasonable  measurements  for  the  static  performance 
metrics INL and DNL a low-frequency signal is given as the input (such 
as that dynamic errors are negligible at those input frequencies). The 
frequency of the input data and the record length should be carefully 
chosen for the estimations of the histogram approach to apply. There 
must be an exact integer number of  cycles inside a record,  and the 
number  of  cycles  inside  the  record  must  be  relatively  prime  to  the 
number of samples in the record. This guarantees that the samples in 
each record are uniformly distributed in phase from 0  to 2 .

f in

f s
=W

R
 (6.1)
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Where f in  is the input signal frequency, f s  is sampling frequency, W  
is the cycles per record, R  is the total record length.

Using  (6.1)  the  input  frequency,  simulation  time  and  number  of 
samples  can  be  estimated.  For  this  design,  an  input  frequency  of 
506.6 kHz was chosen to evaluate the INL and DNL.

DNL INL
Max 0.51 0.66
Min −0.27 −0.76

Table 6.1: The INL and DNL range.
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Figure 6.9: INL of the 8-bit ADC.



Table  6.1 shows  the  INL  and  DNL  results  obtained  for  the  8-bit 
pipeline ADC. A DNL of  0  for a particular code means that the code 
width is equal to the ideal width. A DNL of −1  means that the code is 
missing. A DNL of  1  means the code width is twice as wide as the 
average  width.  Similarly,  INL  of  0  would  imply  average  voltage 
transition amplitude.Figure 6.9 and Figure 6.10 depicts the INL and DNL 
versus the output code graphs for a record size of 8192  samples.

 The maximum and minimum values of INL and DNL are found to be 
below ±1  LSB. So they are within the specification of this ADC. Figure
6.11 shows the code histogram for the sine-wave input. It can be seen 
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Figure 6.10: Simulation result showing the DNL of the 8-bit ADC.



that the sine wave has a bell-shaped probability distribution also that 

the designed ADC traces this code histogram.

6.10 Dynamic characterization results

A dynamic characterization was done at 25 MSps and the sine-wave 
frequencies from 1 to 10 MHz with amplitudes near full-scale of ADC as 
inputs. The ENOB results ranged from 7.17 to 6.6. It was also observed 
that  increasing  sampling  rates  above  30 MSps  degrades  the 
performance rapidly.
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Figure 6.11: Code histogram of the 8-bit ADC.



6.10.1ERBW (Effective resolution bandwidth)

Effective  resolution  bandwidth  is  the  frequency  band  of  the  ADC 
where  the  ENOB  is  guaranteed.  It  is  given  by  the  maximum  input 
frequency for which the ENOB reduces by about 0.5 or 1/2  LSB.

Input frequencies 
(MHz)

ENOB THD(dB)

0.5 7.17 -70.5
1 7.21 -72

3.3 7.18 -70.57
5.4 6.8 -67.35
10.2 6.6 -65.2

Table 6.2: ERBW results.

From Table 6.2 it can be determined that the ENOB reduces by more 
than 0.5 for an input frequency of about 10 MHz. This means that the 
designed ADC can handle an input frequency up to 10 MHz.
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Figure 6.12: Plot between ENOB and input frequency for evaluating ERBW.
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6.10.2THD vs sampling frequencies

From Table 6.3 and Figure 6.13 it can be inferred that as sampling 
frequencies increases the dynamic errors which in turn degrades ENOB 
and THD values. For a lesser sampling frequency of about 20 MHz this 
ADC shows the best performance. While for a sampling frequency of 
100 MHz, it exhibits the worst dynamic performance.

Sampling 
frequencies (MHz)

THD(dB) ENOB

19.8 -72.5 7.55
25 -70.5 7.17

33.4 -65.2 6.45
50 -60.1 5.6
100 -46.9 3.4

Table 6.3: THD vs sampling frequencies.

6.11 Process variation results (PVT)

Table  6.4 shows  the  ENOB  values  obtained  for  different  process 
variations, temperature and supply voltage.

Process Temperature ° C Voltage supply (V dd ) ENOB

Slow low 
gain

125 1.42 5.84

Slow 125 1.42 5.92
Sf 125 1.42 7.35

Nom 27 1.5 7.17
Fs −40 1.58 7.31

Fast −40 1.58 7.6
Nom 27 1.42 7.14
Nom −40 1.58 7.49

Table 6.4: Process variation results.
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From  Table  6.4 it  can be inferred  that  a  slow process  in  a  high- 
temperature environment gives the worst ENOB results,  while  a fast 
process in a low-temperature environment gives the best performance 
results. Figure 6.14 shows the transient output for a 500 kHz sine wave 
input sampled at 25 MHz for different process variations.

6.12 Conclusion

This chapter provided a detailed overview about evaluation of  the 
designed ADC. The ADC was tested with a ramp and sine-wave input. 
The ramp test showed that the ADC output code varied from 0 to 255 
when the input ramp signal varied from −V ref  to V ref . The simulation 
results for various components like sub ADC, sub DAC and differential 
comparators  was  also  discussed.This  chapter  also  included  a  brief 
introduction  to  sine-wave  histogram  testing.  Sine  wave  histogram 
testing  is  one  of  the  popular  methods  to  evaluate  ADC  static 
performance  measures  like  INL  and DNL.  To  evaluate  the  static  the 
dynamic performance a low-frequency sine-wave signal was given as 
input and was at 25 Msps.

The  INL  and  DNL  were  found  to  be  within  1 LSB.  As  for  as  the 
dynamic performance is concerned, this ADC has a ERBW of 10 MHz 
and  has  a  THD of  around  −70.5 dB .  It  can  be  observed that  as  the 
sampling frequencies increase the THD performance becomes worse; 
this is because simpler sampling switches used in this design. The ENOB 
for this ADC is 7.17. It  consumes a total power of 8.5 mW. The ADC 
dynamic performance in various process corners and temperatures was 
also discussed that showed that a slow process in a high-temperature 
environment gave the worst ENOB result, while a fast process in a low- 
temperature environment gave the best performance result.Mismatch 
(Monte Carlo) simulations were carried out. As the evaluation for this 
test takes longer simulation time simulation data for a few runs could 
be obtained (so it was not included in this chapter), The collected data 
showed that the INL and DNL were with in ±1  LSB). Static performance 
evaluation still needs to be carried out for more Monte Carlo simulation 
runs to ensure proper working of the designed ADC.
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(a)

(b)

Figure 6.13: (a)Plot between THD and sampling frequencies. (b) Shows the transient 
response at different sampling frequencies.
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Figure 6.14 Transient simulation showing the variation for different processes.
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7 Conclusion and 
future work

For the given specifications on sampling rate, resolution and input 
signal bandwidth, the pipeline ADC architecture was decided to be most 
appropriate. A fully differential 8-bit pipeline ADC was designed at the 
transistor level in 130 nm process technology using the CLS switched 
capacitor technique for low power. The static performance metrics INL 
and DNL were found to be well within ±1  LSB. The ENOB for this ADC is 
7.17, for an input signal of 3 MHz at 25 MSps. It consumes a total power 
of 8.5 mW (analog and digital with clock buffers included).

This  ADC meets  the  specifications  for  sampling  rates  lesser  than 
30 MSps,  but  at  higher  sampling  rates  the  dynamic  performance 
degrades  rapidly.  For  a  better  performance  over  the  entire  20  to 
100 MSps range further optimizations  are required.  For instance,  the 
fully differential  op amp's gain could be reduced, and the unity gain 
frequency could be further increased to cover a wider range of sampling 
frequencies. In [9] a 12 bit ADC is designed using the CLS technique in 
180 nm process it consumes only around 8 mW power using a reduced 
voltage supply, while in [19] a 10-bit CLS pipeline ADC with fully supply 
voltage  consumes  about  7 mW.  The  above  references  indicate  that 
there is further scope for improvement in this ADC design. Sampling 
capacitors  could  be  scaled  down  for  the  later  pipeline  stages  for 
reducing the power consumption. In above-mentioned references, only 
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the first few pipeline stages have higher DC-gain op amps, while for the 
later stages lower DC-gain op amps are used.

The  following,  modifications  can  be  made  to  further  improve  the 
performance of this ADC.

• Mismatch (Monte Carlo) simulations were carried out only 
for few runs. The static performance of the ADC still needs 
to be verified for larger simulation runs.

• The design uses CLS switched capacitor technique, which 
facilitates in designing the MDAC of the pipeline stage with 
a low-power op amp. The op amp in this case has a power 
rail  of  1.5 V.  To  reduce  power,  the  op  amp  could  be 
designed for a lesser voltage supply of 1.2 V or 0.9 V.

• The  sampling  capacitor  and  the  C cl  capacitor  could  be 
scaled down for later pipeline stages.

• Low power op amps can be used later stage, which can 
further contribute to power saving.

• CLS  technique  can  be  combined  with  digital  calibration 
techniques [31] to further reduce op amp gain and further 
reduce power.

• The pipeline ADC used transmission gate switches, which 
are sensitive to clock transitions, to make the MDAC less 
sensitive to clock bootstrap switches can be used.

• The results were obtained for the transistor level. Layout 
for the circuit has to be implemented, and the results need 
to be verified.

• The layout for most of the digital parts and op amps are 
available,  layout  for  differential  comparator;  analog 
multiplexers  and switches are needed to be designed to 
proceed further.
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Thus, it can be concluded that a pipeline ADC design was carried out 
in  a  130 nm  CMOS  process  technology  for  low  power  with  good 
performance.

96



97



Bibliography
1: A.-J. Annema, et al., Analog Circuits in Ultra-Deep-Submicron CMOS,  IEEE J. Solid-
State Circuits, ch 40, 132-143, 2005
2: Maloberti, Franco, Data Converters, 2007
3: Verbruggen, B., Craninckx etal, A 2.2mW 5b 1.75GS/s folding flash ADC in 90nm 
digital CMOS, 2008 IEEE international solid-state circuits conference - digest of 
technical papers, 2008
4: Maloberti, Franco, Data Converters, 2007
5: N. Verma, and A. P. Chandrakasan, An Ultra Low Energy 12-bit Rate-Resolution 
Scalable SAR ADC for  Wireless Sensor Nodes, IEEE J.Solid-State Circuits,  pp.1196-
1205, 2007
6: V. Giannini et al, An 820μW 9b 40MS/s Noise-Tolerant Dynamic-SAR ADC in 90nm 
Digital CMOS, ISSCC Dig. Techn. Papers, pp. 238-239,2008, 
7: M. van Elzakker et al, A 1.9μW 4.4fJ/Conversion-step 10b 1MS/s Charge-
Redistribution ADC, ISSCC  Dig. Techn. Papers, pp. 244-245,2008., 
8: A. Agnes, et al, A 9.4-ENOB 1V 3.8μW 100kS/s SAR ADC with Time-Domain 
Comparator, ISSCC Dig. Techn. Papers, pp. 246-247, 2008, 
9: Gregoire, B. R., & Moon, U, An over-60 dB true rail-to-rail performance using 
correlated level shifting and an op amp with only 30 dB loop gain, 2008  IEEE Journal 
of Solid-State Circuits, 43(12), 2620 - 2630. , 
10: I. Ahmed, and D. A. Johns, A 50-MS/s (35 mW) to 1-kS/s (15 uW)Power Scaleable 
10-bit Pipelined ADC using Rapid Power-On Opamps and Minimal Bias Current 
Variation, IEEE J. of Solid-State  circuits vol.40 ,No.12, pp.2446-2455, Dec. 2005, 
11: Ahmed, I., Mulder, J., & Johns, D. A, A low-power capacitive charge pump based 
pipelined ADC, IEEE Journal of Solid-State Circuits, 45(5) 2010, 1016 - 1027., 
12: Fiorenza, J. K., Sepke, et al, Comparator-based switched-capacitor circuits for 
scaled CMOS technologies, 2006  IEEE Journal of Solid-State Circuits, 41(12), 2658 - 
2668., 
13: Jeon, Y., Lee, S., Kim, K., Kwon, J., & Kim, J, A 4.7mW 0.32mm2 10b 30MS/s 
pipelined ADC without a front-end S/H in 90nm CMOS 456 - 615, 2007 IEEE 
international solid-state circuits conference. digest of technical papers., 
14: I. Ahmed, Pipelined ADC Design and Enhancement Technqiues, ,Springer,2010 , 
15: L. Bos, and V. U. Brussel, A Multirate 3.4-to-6.8mW 85-to-66dB DR 
GSM/Bluetooth/UMTS Cascade DT ΔΣModulator in 90nm Digital CMOS, ISSCC Dig. 
Techn. Papers, pp.176-177, 2009., 
16: P. Malla, H. Lakdawala, K. Kornegay, K. Soumyanath, A 28mW Spectrum-Sensing 
Reconfigurable 20MHz 72dB-SNR DT ΔΣ ADC for  802.11n/WiMAX Receivers, ISSCC 
Dig. Techn. Papers, pp.496-497,2008., 
17: S. Ouzounov, et. Al, A 1.2V 121-Mode CT ΔΣ Modulator for Wireless Receivers in 
90nm CMOS, ISSCC  Dig. Techn. Papers, pp.242-243, 2007, 
18: Zhang, H., Elsayed, M. M., & Sanchez-Sinencio, E., 2009 european conference on 
circuit theory and design; new applications and technology scaling driving next 
generation A/D converters 109-112., 
19: Nanbakhsh, Kambiz, Maghami, Hamidreza, A low power 9.5 ENOB 100MS/s 
pipeline ADC using correlated level shifting Electrical and Computer Engineering 
(CCECE), 2011 24th Canadian Conference., 
20: Wulff, C., & Ytterdal, T., Comparator-based switched-capacitor pipelined analog-to-
digitalconverter with comparator preset, and comparator delay compensation Analog 
Integrated Circuits and Signal Processing, 67(1), 31-40., 
21: Brooks L, & Lee H, A 12b, 50 MS/s, fully differential zero-crossing based pipelined 
ADC IEEE Journal of Solid-State Circuits, 44(12), 3329 -3343., 

98



22: Lewis, S. H., Optimizing the stage resolution in pipelined, multistage, analog-to-
digital converters for video-rate applications IEEE Transactions on Circuits and 
Systems II: Analog and Digital Signal Processing, 39(8), 516 – 523., 
23: P. C. Yu and H.-S. Lee, A 2.5-V, 12-b, 5-MSample/s pipelined CMOSADC, IEEE J. 
Solid-State Circuits, vol. 31, no. 12, pp. 1854–1861,Dec. 1996., 
24: J. Crols and M. Steyaert, Switched-opamp: An approach to realize full CMOS 
switched-capacitor circuits at very low power supply voltages, IEEE J. Solid-State 
Circuits, vol. 29, no. 8, pp. 936–942, Aug. 1994., 
25:  P. J. Hurst and W. J. McIntyre, Double sampling in switched-capacitordelta-sigma 
A/D converters, in Proc. IEEE Int. Symp. Circuits andSystems (ISCAS), 1990, pp. 902–
905., 
26: B.-G. Lee and R. M. Tsang, A 10-bit 50 MS/s pipelined ADC with capacitor-sharing 
and variable-gm opamp, IEEE J. Solid-State Circuits,vol. 44, no. 3, pp. 883–890, Mar. 
2009., 
27:  I. Ahmed, J. Mulder, and D. A. Johns, A 50 MS/s 9.9 mW pipelinedADC with 58 dB 
SNDR in 0.18um CMOS using capacitive chargepumps, in IEEE Int. Solid-State Circuits 
Conf. (ISSCC) Dig. Tech. Papers,2009, vol. 165a, pp. 164–165., 
28: David Johns, Ken Martin, Analog Integrated Circuit Design, pg-260., 
29: Imran Ahmed, Pipelined ADC enhancement techniqes, Ph.D thesis 2008, 
30:  Blair, J. , Histogram measurement of ADC nonlinearities using sine waves IEEE 
Transactions on Instrumentation and Measurement, 43(3),pp 373- 383. , 
31: Un-Ku Moon, Bang-Sup Song, Background digital calibration techniques for 
pipelined ADCs, in  IEEE Transactions on Circuits and Systems II: Analog and Digital 
Signal Processing, Feb 1997, vol 44, pp 102-109., 

99



List of Figures.
Figure 2.1: A diagram illustrating offset and full-scale error........................................19
Figure 2.2: A diagram representing 2-bit ADC ideal transfer characteristic.................20
Figure 2.3: A diagram illustrating the deviation from the ideal transfer characteristic 
due to DNL...................................................................................................................21
Figure 2.4: A diagram illustrating the INL deviation from ideal straight line................21
Figure 2.5: A FFT plot used in evaluating the dynamic performance...........................22
Figure 2.6: A FFT plot showing the fundamental signal with its harmonics..................24
Figure 2.7: A diagram illustrating the SFDR.................................................................25
Figure 3.1: A block diagram illustrating the components of a flash A/D converter.......30
Figure 3.2: A diagram illustrating the different i/o plots of a folding and interpolating 
ADC.............................................................................................................................31
Figure 3.3: A block diagram illustrating the components of a SAR ADC.......................32
Figure 3.4: A block diagram illustrating the components of a pipeline ADC.................33
Figure 3.5: A diagram illustrating the flow of input sample with in a pipeline ADC......33
Figure 3.6: A block diagram illustrating the components of a sigma-delta ADC...........34
Figure 3.7: A diagram illustrating limitation posed by sampling rate and resolution on 
various topologies.......................................................................................................35
Figure 4.1: A block diagram representing a 1-bit per stage pipeline ADC....................39
Figure 4.2: A block diagram illustrating the components of a basic pipeline stage......39
Figure 4.3: A diagram illustrating the saturation problem...........................................40
Figure 4.4: A block diagram illustrating the 1.5-bit pipeline ADC.................................41
Figure 4.5: A block diagram illustrating the components of a single stage..................41
Figure 4.6: A graph showing the residue signal of the basic pipeline stage for a ramp 
input............................................................................................................................42
Figure 4.7: A diagram illustrating the input sample flow inside a 6-bit pipeline ADC 
when there is a comparator error in the second stage................................................43
Figure 4.8: A diagram illustrating the input sample flow inside a 6-bit pipeline ADC 
when there is no comparator error..............................................................................43
Figure 4.9: A diagram illustrating the switch positions of MDAC during ph1  and ph2  .
.................................................................................................................................... 45
Figure 4.10: (a) A block diagram illustrating simplified MDAC during ph2 .(b) Digital 
output when input is in different regions.....................................................................48
Figure 4.11: A graph illustrating the residue voltage of the basic pipeline stage for a 
ramp input...................................................................................................................48
Figure 4.12: (a) A diagram illustrating the 1.5-bit fully differential CLS switch-capacitor 
implementation; (b) A diagram illustrating the clock phases for the CLS 
implementation...........................................................................................................50
Figure 4.13: The equivalent circuit representation of CLS during ph1  and ph2 .........51
Figure 4.14: A transient simulation showing the DAC output and first stage residue 
voltage of the 8-bit ADC high level implementation when tested with a ramp input.. .54
Figure 5.1: A diagram illustrating a resistor-averaged CMFB implementation.............60
Figure 5.2: A diagram illustrating the CLS switched capacitor technique....................60
Figure 5.3: A miller compensated two stage fully differential amplifier.......................61
Figure 5.4: A negative feedback block representation.................................................63
Figure 5.5: A diagram illustrating the V in  vs V residue  plot...........................................64
Figure 5.6: A diagram illustrating the block diagram of the fully differential 
comparator..................................................................................................................65
Figure 5.7: A diagram illustrating the block diagram of sub ADC and DAC..................68
Figure 5.8: The four phases generated by the clock generation circuit.......................69
Figure 5.9: A diagram illustrating the non overlapping phase clock generator............70

100



Figure 5.10: A diagram illustrating the 8-bit pipeline digital error correction...............71
Figure 5.11: A diagram showing the implementation of transmission gate switch using 
transistors....................................................................................................................72
Figure 5.12: A diagram illustrating the implementation transmission gate switch using 
dummy transistors.......................................................................................................73
Figure 5.13: A diagram illustrating parasitic capacitances causing clock feed-through.
.................................................................................................................................... 74
Figure 6.1: A diagram illustrating the simulation result of a ramp test........................77
Figure 6.2: Simulation result showing residue signal of the first pipeline stage...........78
Figure 6.3: Simulation result showing the differential comparator outputs..................79
Figure 6.4: Differential sub DAC simulation output showing V in , MSB, LSB, V ref   and 
V ref − ..........................................................................................................................80
Figure 6.5: Clock generator outputs ph1, ph2, p1, p2, p1b  and p2b .........................81
Figure 6.6: Simulation output of the ADC for a sine-wave input of 506 KHz sampled at 
25 MHz........................................................................................................................82
Figure 6.7: Simulation result showing the residue of the first pipeline stage for sine- 
wave input...................................................................................................................82
Figure 6.8: A block diagram illustrating the test setup................................................83
Figure 6.9: INL of the 8-bit ADC...................................................................................85
Figure 6.10: Simulation result showing the DNL of the 8-bit ADC................................86
Figure 6.11: Code histogram of the 8-bit ADC.............................................................87
Figure 6.12: Plot between ENOB and input frequency for evaluating ERBW................88
Figure 6.13: (a)Plot between THD and sampling frequencies. (b) Shows the transient 
response at different sampling frequencies.................................................................91
Figure 6.14 Transient simulation showing the variation for different processes..........92

101



Index of Tables
Table 1.1: Specifications................................................................................................9
Table 6.1: The INL and DNL range...............................................................................80
Table 6.2: ERBW results...............................................................................................83
Table 6.3: THD vs sampling frequencies......................................................................84
Table 6.4: Process variation results.............................................................................84

102



Corollary

Abb Spell-out Explanation Ref
A/D Analog-to-digital A device/process by which analog 

signals are converted into-digital 
signals.

-Ch1

Op amp Operational amplifier A device that amplifies the input 
signal.

-Ch1

WLAN Wireless local area 
network

Local area network in which devices 
are liked wirelessly.

-Ch1

HDTV High definition television Video that has higher resolution 
than standard television video.

-Ch1

OSR Over sampling ratio Ratio that signifies how much times 
the sampling frequency is higher 
compared to input signal frequency.

Ch1

ADC Analog-to-digital 
converter

A device that converts analog 
signals into digital signals.

-Ch1

INL Integral non linearity An error term describing the 
deviation between actual and ideal 
output.

-Ch2

SNR Signal to noise ratio Ratio that compare signal level to 
the noise level.

-Ch2

DNL Differential non linearity An error describing the deviation 
between two analog values.

-Ch2

LSB Least significant bit Bit position of a binary 
representation unit's position.

-Ch2

FFT Fast Fourier transform An algorithm used in plotting the 
frequency spectrum.

-Ch2

THD Total harmonic 
distortion

A measurement of harmonic 
distortion present in the system.

-Ch2

SFDR Spurious free dynamic 
range.

Ratio that represents the strength 
of the fundamental signal with 
respect to highest spur.

-Ch2

dBc Decibels relative to 
carrier

Ratio of signal and carrier 
expressed in decibels.

-Ch2

dBFS Decibels relative to full-
scale

It is a measure used quantify 
signals in decibel scale.

-Ch2

RMS Root mean square It is a statistical measure of a 
varying quantity.

-Ch2

SINAD Signal to noise and 
distortion

A dynamic performance measure 
that measure signal compare signal 
strength with noise and distortion.

-Ch2
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Abb Spell-out Explanation Ref
ENOB Effective number of bits It is a measure of the quality of a 

digitized signal 
-Ch2

ERBW Effective resolution 
bandwidth

It is the frequency band of the ADC 
where the ENOB is guaranteed.

-Ch2

MSB Most significant bit Highest bit position of a binary 
representation.

-Ch2

SAR Successive 
approximation register.

An analog-to-digital converter 
topology.

-Ch3

CBSC Comparator based 
switched capacitor 

A special switched capacitor 
technique 

-Ch3

(Σ/Δ) Sigma-Delta converter An analog-to-digital converter 
topology.

-Ch3

SC Switched capacitor A combination of switches and 
capacitors.

-Ch4

CLS Correlated level shifting A switch capacitor technique. -Ch4
DAC Digital to analog 

converter
A device that converts digital 
signals into analog signals.

-Ch4

MDAC Multiplying digital to 
analog converter

It is a part of the basic pipeline 
stage.

-Ch4

CDS Correlated double 
sampling

A switch capacitor technique. -Ch4

CMFB Common mode feedback A circuit technique to stabilize fully 
differential op amps.

-Ch5

DC Direct current Referring to static voltages and 
currents.

-Ch5

SHT Sine wave histogram 
testing

A testing method to evaluate ADC 
performance.

-Ch6
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