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Abstract 
 

The analog to digital converters is the key components in modern electronic 
systems. As the digital signal processing industry grows the ADC design 
becomes more and more challenging for researchers. In these days an ADC 
becomes a part of the system on chip instead of standalone circuit for data 
converters. This increases the requirements on ADC design concerning for 
example speed, power, area, resolution, noise etc. New techniques and methods 
are going to develop day by day to achieve high performance ADCs.  
Of all types of ADCs the flash ADC is not only famous for its data conversion 
rate but also it becomes the part of other types of ADC for example pipeline and 
multi bit Sigma Delta ADCs. The main problem with a flash ADC is its power 
consumption, which increases in number of bits. This thesis presents the 
comparison of power consumption of different blocks in 1Gbps flash ADCs for 
2, 4 and 6 bits in a 90nm CMOS technology. We also investigate the impact on 
power consumption by changing the design of decoder block. 
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Preface 
 

This master thesis work describes the design of an analogue to digital converter 
for modern electronic systems and other types of ADCs, in order to achieve high 
resolution with low power. The aim is the estimation of power consumed by 
different blocks of 1Gbps flash ADC for 2, 4 and 6 bits. The scope of the thesis 
work is to understand the designing, optimization and testing of modern flash 
ADC. The work includes studying and implementation of resistor ladder, 
comparator and decoder block of flash ADC and optimizes all the blocks in 
order to achieve low power design with high data rate. It is also required to 
change the architecture of decoder block and observe the impact of power. The 
simulation tool is Cadence Spectre and a 90nm CMOS process is used for 
transistor simulations. Cadence Spectre AHDL is used to write the results in a 
file, which is read in Matlab to verify the performance in terms of SNR and 
ENOB.  
 
Part-I: Introduction 
Chapter-1 starts with background and applications of data converters. Recent 
research work is also discussed in this chapter and at the end motivation of this 
thesis work has been described. 
Chapter-2 describes the basic principle of ADC. Different architectures of 
ADCs are discussed in this section along with their advantages and 
disadvantages. At the end of this chapter the comparison of different ADC 
architectures is presented with respect to their conversion time, resolution, area 
etc.   
Chapter-3 describes the ADC characterization for e.g. AC and DC 
specifications. Some terminologies of data converters are also discussed at the 
end of this chapter.  
Chapter-4 is dedicated for testing methods of ADCs. 
 
Part-II: Flash ADC  
Chapter-5 describes the architecture of resistor ladder, comparator and decoder 
block of flash ADC. In this chapter one architecture of comparator block is 
described however different architectures of decoder block have been discussed. 
Chapter-6 This chapter describes the implementation of flash ADC in 90nm 
CMOS technology.    
Chapter-7 In this chapter we present the results of 2, 4 and 6 bits flash ADCs, 
which include power comparison, ENOB and SNR estimation. 
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Chapter-8 Conclusion and Future work.   
At the end of each chapter, all the references of the literature reviewed during 
the chapter are given. 
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1.1. Background 

The signals in the real world are analog for example light, sound, etc. In order to 
digitally process any analog signal we need to convert the analog signal into 
digital form by using a circuit called analog-to-digital converter. Whenever we 
need the analog signal back, digital-to-analog conversion is required. Now one 
may think that why it is required to process a signal digitally? Apart from noise 
there are also some other reasons to use digital signals instead of analog. 
Since analog signals contain infinite number of values, and if the noise is added 
with this signal then it becomes a part of the original signal. For example, when 
we listen to a cassette record, we hear noise because the head is analog and it 
cannot differentiate between the original signal and noise inserted by dust or 
cracks. 
On the other hand digital system can understand only two numbers 0 or 1 and 
any thing in between this would be approximate to either 0 or 1. CD is digital 
medium to store data and is famous for its high quality output. If we listen to 
any CD then we will not have any noise in it although we might have listened to 
it many times. If we hear some noise then it has not originated from the CD 
media but it is due to the noise in the audio system. This noise is called white 
noise and can be produced from any part of the audio system or CD player. The 
other advantage of digital system is to store data in a compressed form, just like 
we can do in Microsoft Windows by using WinZip etc. The compression can be 
done to save storage space or bandwidth [1]. 

1.2. Applications 

We can see a number of applications of the data converters in our daily life. 
Some of them are: 

1.2.1. Audio Applications 

In modern audio applications we need to convert our voice into digital form by 
using analog-to-digital converter for e.g. in VoIP (Voice over IP) solution the 
voice is converted into digital form at transmitter end and then we use IP 
(Internet Protocol) network to send it to receiver. 
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We can not limit the usage of digital information to computers but we can find 
its applications in our daily life for e.g. if we talk on the telephone and if we are 
using an analog line then our voice is converted into digital at the central office 
switch because the communication network between the switches is digital. On 
the other hand DAC (Digital to Analog Converter) is used to convert this digital 
data into analog form, so that the receiving end can hear our voice. When we are 
using digital phone for e.g. ISDN (Integrated Services Digital Network) then all 
of this conversion has been done locally in the telephone set.     

In audio CD recorder the audio signal will convert into digital form by using 
ADC (Analog to Digital Converter) and then this digital data will store on the 
CD. In order to play this audio a digital to analog converter is used, which 
converts this digital information (stored on the disc) into analog form and then 
play on the speaker by using traditional analog audio player [1]. 

1.2.2. Control Applications 

Any control system has some sensors, which sense some physical quantities, for 
example temperature, motion, pressure etc. This information will convert into 
digital form by ADC and perform appropriate action after processing this digital 
data. Figure 1.1 shows pressure sensor with signal conditioning block diagram. 
In this system data processing is achievable just due to data converters.  

 

Figure1.1: Pressure Sensor with Signal Conditioning [6]  
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1.2.3. Biomedical 

Data converters are the main blocks of biomedical instruments e.g. X-Ray 
machines, MRI (Magnetic Resonance Imaging), Ultrasound machines etc. 
Figure 1.2 shows the block diagram of ultrasound system, which contains 
several hundred of analog channels.  The ADCs have 12-bit resolution in high-
end systems, mid-end work with 10-bit only [6] 

 

Figure 1.2: Block Diagram of Ultrasound System [6] 

1.2.4. Military Applications 

Data converters are the essential units in modern military applications in which 
accuracy is required e.g. Guided Missiles which detect the position of the target 
by sending EM waves and the received signal is converted into digital form to 
extract accurate information about the target. Other examples are sonar, radar 
etc. 

1.2.5. Communication System Applications 

In modern communication systems data converters are essential. The example 
includes TV transmission, radio transmission, IF (Intermediate Frequency) 
sampling in wireless receivers, mobile communication systems, GPRS (General 
Packet Radio Service), WLAN (Wireless Local Area Network) etc. Figure 1.3 
shows the block diagram of wireless LAN (Local Area Network) card in which 
data converters are used to convert data which will be processed by the 
microprocessor. 
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Figure 1.3: Block Diagram of LAN Card [6] 

1.2.6. Oil Detection 

Few years back oil companies used data converters to detect oil. They dig holes 
on the ground and put array of microphones in other hole and convert signals 
from microphones to process digitally and analyze whether there is possibility to 
have oil at that ground or not. 

1.3. Current Research 

As VLSI (Very Large Scale Integration) technology has advanced the 
requirement of power consumption, speed, resolution, area of the ADC have 
become more important. Now a days a lot of research is going on to develop 
data converters to achieve maximum specifications of modern data converter 
applications. New methods were proposed to decrease the power consumption 
of flash ADCs for example: 

• Use interpolation and V/I (voltage to current) converters that operate as 
preamplifier stage of latches [3] 

• Extension in the input range  [4] 

• Use bisection method to let only half of comparators in flash ADC working 
in every clock cycle [5] 

Other than flash ADCs, new techniques were developed for other types of data 
converters e.g. researchers try to develop new techniques for sigma delta 
converter in order to realize SDR (Software Defined Radio). Also high speed 
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flash ADC are used in other types of ADCs e.g. pipelined ADC, to get high 
resolution and high speed.   

1.4. Motivation 

High performance data converter design attracts researchers due to its usage in 
digital signal processing. In some applications data converters are the bottleneck 
to achieve high performance. Researches are investigating new design 
techniques for an ADC in order to reduce power consumption, increase 
operating speed and decrease area on chip. In all the other types of ADCs flash 
ADC design becomes more important due to the fact that it often plays an 
important role in other types of ADCs such as pipelined ADC, two steps ADC 
and multi bit sigma delta ADC [2]. 

The motivation of this thesis work is to estimate power of different blocks 
(resistor ladder, comparator and decoder) of flash ADC for 2, 4 and 6 bits 
resolution. It is also required to change the architecture of decoder block and see 
the impact of power consumption on 2, 4 and 6 bits resolution flash ADC.  

1.5. References 

1. http://www.hardwaresecrets.com/article/317. 

2. Akiyama, S.; Waho, T , “A 6-bit low-power compact flash ADC using 
current-mode threshold logic gates”, Circuits and Systems, 2006. ISCAS 
2006 Page(s):4 pp., Digital Object Identifier 10.1109/ISCAS.2006.1693490. 

3. Ferragina, V.; Ghittori, N.; Maloberti, F., “Low-power 6-bit flash ADC for 
high-speed data converters architectures”, Page(s):4 pp., Digital Object 
Identifier 10.1109/ISCAS.2006.1693488. 

4. Yao, L.; Steyaert, M.; Sansen, W., “A 1.8-V 6-bit flash ADC with rail-to-rail 
input range in 0.18 /spl mu/m CMOS” ASIC, 2003. Proceedings. 5th 
International Conference on Volume 1,  21-24 Oct. 2003 Page(s):677 - 680 
Vol.1, Digital Object Identifier 10.1109/ICASIC.2003.1277639 . 

5. Chia-Chun Tsai; Kai-Wei Hong; Yuh-Shyan Hwang; Wen-Ta Lee; Trong-
Yen Lee, “New power saving design method for CMOS flash ADC”, 
Circuits and Systems, 2004. MWSCAS '04. Volume 3,  25-28 July 2004 
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Page(s):iii - 371-4 vol.3,  Digital Object Identifier 
10.1109/MWSCAS.2004.1354372. 

6. http://focus.ti.com/analog/docs/blockdiagramlist.tsp?familyId=82 
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2.1. Introduction to Analog to Digital Converter  

Analog to digital converters are the basic building blocks that provide an 
interface between an analog world and the digital domain. As it is the main 
block in mixed signal applications, it becomes a bottleneck in data processing 
applications and limits the performance of the over all system. In this chapter we 
will give the introduction of a number of A/D converter architectures. We will 
start from the basic definition of ADC then we will look into different 
architecture of ADCs that include Flash, Sigma-Delta, Pipeline, Successive 
Approximation and Dual Slope ADCs. At last we will compare the different 
architectures and will see the impact of CMOS technology on ADC 
architectures. 

2.2. ADC  

Analog to Digital Converter (ADC) is a device that accepts an analog value 
(voltage/current) and converts it into digital form that can be processed by a 
microprocessor. Figure 2.1 shows a simple ADC with two inputs and 8 output 
bits. The signal that we want to convert into digital form is applied to input 
while the reference voltage should be applied to REFV . The 8 bits at the output 
represents the input signal in digital form.  
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Figure2.1: Ideal Analog to Digital Converter [2] 

2.3. ADC Architectures  

There are number of architectures available to develop an ADC that depends 
upon speed, accuracy, resolution etc. The most common types of ADCs are 
flash, pipeline, successive approximation, dual slope and sigma-delta.  

2.3.1. Flash ADC  

Flash ADC’s are also called parallel ADCs. Due to the parallel architecture it is 
the fastest ADC among all the other types and are suitable for high bandwidth 
applications.  On the other hand it consumes a lot of power, has low resolution, 
and expensive for high resolution. It is mainly used in high frequency 
applications and in the other types of ADC architectures e.g. pipelined and multi 
bit sigma delta. Few applications of flash ADCs are data acquisition, satellite 
communication, radar processing, sampling oscilloscopes, and high-density disk 
drives.  

A typical flash ADC block diagram is shown in Figure 2.2. It can be seen from 
the Figure 2.2, that 12 −N  comparators are required for an "N" bit converter. 
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The resistor ladder network is formed by N2  resistors, which generates 
reference voltages for the comparators. The reference voltage for each 
comparator is one least significant bit (LSB) less than the reference voltage for 
the comparator immediately above it. When the input voltage is higher than the 
reference voltage of comparator it will generate a "1", otherwise, the comparator 
output is "0". If the analog input is in between 4Vx and 5Vx , then the 

comparators 1X  through 4X  generates "1"s and all the remaining comparators 
generate "0"s.  

 

Figure 2.2: Block Diagram of Flash ADC [3] 



                                                                                                                      

12 
 

   
 
 

The comparators will generate a thermometer code of an input signal. It is called 
thermometer code encoding, because it is similar to a mercury thermometer, 
where the mercury column always rises to the appropriate temperature and no 
mercury is present above that temperature [3]. This thermometer code will then 
decode into a binary form by thermometer-to-binary decoder.  

“The comparators are typically a cascade of wideband and low gain stages. They 
are low gain because at high frequencies it's difficult to obtain both wide 
bandwidth and high gain. They are designed for low voltage offset, such that the 
input offset of each comparator is smaller than a LSB of the ADC. Otherwise, 
the comparator's offset could falsely trip the comparator, resulting in a digital 
output code not representative of a thermometer code. A regenerative latch at 
each comparator output stores the result. The latch has positive feedback, so that 
the end state is forced to either a "1" or a "0"” [3].  

2.3.2. Sigma-Delta ADC 

Figure 2.3 shows a sigma-delta ADC that uses a 1-bit DAC, filtering, and over 
sampling to achieve very accurate conversions.  

 

Figure 2.3: Block Diagram of Sigma Delta Converter [7]  

Low frequency signal is applied to the input of a sigma-delta ADC. 1 Bit DAC 
will quantize this input signal with high sampling frequency. The digital 
decimator filter will reduce the sampling rate and increase ADC resolution. E.g. 
if the sampling frequency was 2MHz then the oversampling will reduce the 
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sampling rate to about 8kHz and increases the ADC's resolution (i.e., dynamic 
range) to 16 bits [7].  

Sigma Delta ADC is famous for its accuracy that is achieved by the input 
reference and clock rate. The flash ADC resistors affect the conversion accuracy 
that is not the case in sigma delta ADC. The other advantage of sigma-delta 
converter is its cost.   

The limitation of sigma-delta converter is its speed. It is the slowest architecture 
in all types of ADC converters. The converter performs over sampling of the 
input for conversion. This conversion takes places in many clock cycles. The 
other disadvantage of sigma-delta converter is the complexity in designing of 
the digital filter that is used to convert duty cycle information into digital word 
[2].  

2.3.3. Pipelined ADC  
The pipelined analog-to-digital converter is one of the most popular ADC 
architecture. It can work from few mega samples to more than hundred of mega 
samples with resolution from 8 bit to 16 bits. Due to its high resolution and 
sampling rate range it is widely use in medical and communication applications 
e.g. CCD imaging, ultrasonic medical imaging, digital receiver, base station, 
digital video (for example, HDTV), xDSL, cable modem, and fast Ethernet [5].  

Speed, resolution, power and dynamic performance are greatly improved in 
Pipeline ADC but SAR and integrating architectures are still used for low 
sampling rate applications, whereas for high sampling rate (e.g. 1 Ghz) flash 
ADC is still the choice. The block diagram of 12 bits pipelined ADC is shown in 
Figure 2.4.  
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Figure 2.4:  Pipelined ADC with four 3-bit stages (each stage resolves 2 bits) 
[5] 
 

Initially sample-and-hold (S&H) circuit, samples and holds the input INV . The 

flash ADC in the first stage will convert this signal into 3 bit digital output. This  

3 bits digital code is applied to DAC and the analog output is subtracted from 
the original signal, the remainder is then multiplied by 4 and then applied to the 
next stage. This process will continue till the last stage  (stage 4) and every stage 
provides 3 bits. After last stage the amplified remainder will feed into 4 Bit flash 
ADC that will generate 4 least significant bits. As every stage generates bits at 
different instant in time therefore it is required to align all the bits by shift 
register prior to applying 12-bit digital output to the digital-error-correction 
logic.  During the interval when one stage completes the processing of one 
sample and passes the magnified remainder to the other stage. The next stages 
are also performing the same operation because sample and hold circuit is 
embedded in every stage. This pipelining technique increases the throughput. 

2.3.4. Successive Approximation ADC  
Successive-approximation-register (SAR) analog-to-digital converters (ADCs) 
are mostly use in medium to high-resolution and low sampling rate applications. 
These are mostly in the range between 8 to 16 bits. It also provides low power 



                                                                                                                      

15 
 

   
 
 

consumption and small form factor. As its power consumption is low therefore it 
is the good choice for low power application such as portable/battery-powered 
instruments, pen digitizers, industrial controls, and data/signal acquisition [8].  

SAR ADC actually implements binary search algorithm, therefore its internal 
circuitry might work at several megahertz but due to the successive 
approximation algorithm the sampling rate of ADC is quite small. There are 
many ways to implement SAR ADC but its basic structure is shown in Figure 
2.5.  

 

Figure 2.5:  Simplified N-bit SAR ADC architecture [8]  

In this structure track/hold circuit is used to hold the analog input voltage (INV ). 

The binary search algorithm is implemented by N-bits register. Initially the 
value of register is set to mid scale i.e. MSB set to “1” and all the other bits are 
set to “0”. The output of DAC (DACV ) becomes half the reference voltage 

2REFV , where REFV  is the reference voltage of ADC. The comparator will 

compare the input voltage INV  with DACV . If INV  is greater than DACV , the 

comparator output will be set to “1”, and the MSB of the N-bit register remains 
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at '1'. If the input voltage INV  is less than DACV  then the comparator output 

becomes “0”. The SAR control logic will change the MSB of the register to '0', 
set the next bit to “1” and perform comparison again. This process continues till 
LSB and once this process is completed the N-bit digital word is available in the 
register. 

2.3.5. Dual-Slope ADC  
In order to understand the architecture of Dual slope ADC we first need to 
understand the concept of single slope ADC. The single slope ADC is also 
known as integrating ADC and the main theme of this architecture is to use 
analog ramping circuit and digital counter instead of using DAC. The op-amp 
circuit that is also called an integrator is used to generate a reference ramp signal 
that will compare with input signal by a comparator. The digital counter clocked 
with precise frequency is used to measure time taken by the reference signal to 
exceed the input signal voltage [9].  

The Dual-Slope ADC input voltage (INV ) integrates for fixed time interval 

( INTT ), then it will de-integrate by using reference voltage ( REFV ) for a variable 

amount of time ( INTDET − ) as shown in Figure 2.6 [6].  

 

Figure 2.6: Dual-slope integration [6] 
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The behavior of this structure is similar to digital ramp ADC, except that 
sawtooth waveform is used as reference signal rather than stair case signal.  
“Integrating analog-to-digital converters (ADCs) provide high resolution and 
can provide good line frequency and noise rejection”[6]. As dual slope structure 
integrates input signal for fixed time instant therefore input signal becomes 
average and this will produce output with greater noise immunity. Due to this 
fact it is very useful for high accuracy applications. The other advantage of this 
structure is that it avoids DAC in the structure that decreases the design 
complexity.  The main limitation of this structure is that it only suitable for low 
bandwidth input signals [6]. 

2.4. ADC comparison  

Table 2.1 shows the range of resolutions, conversion method, encoding method, 
conversion time, size, advantages and disadvantages available for flash, sigma-
delta, successive approximation, dual slope and pipeline converters. As one can 
observe that flash ADC provide the highest speed amongst all the other types of 
ADC. The speed of sigma delta converter is comparable with SAR ADC but 
even it is much slower than flash ADC. From the resolution point of view 
successive approximation resolution that is from 8 to 16 bits is comparable with 
pipelined structure but the fastest flash has maximum resolution of 6 to 8 bits. 
Therefore we can conclude that it is always the trade-off between speed, 
accuracy and power. The selection of architecture is mainly dependent upon the 
application.  

 
FLASH 

(Parallel) SAR 

DUAL SLOPE 
(Integrating 

ADC) PIPELINE SIGMA DELTA 

Pick This 
Architecture if 

you want: 

Ultra-High 
Speed when 

power 
consumption 
not primary 
concern? 

Medium to 
high 

resolution (8 
to 16bit), 
5Msps and 
under, low 

power, small 
size. 

Monitoring DC 
signals, high 
resolution, 
low power 

consumption, 
good noise 
performance 
ICL7106. 

High speeds, 
few Msps to 
100+ Msps, 8 
bits to 16 bits, 
lower power 
consumption 
than flash. 

High resolution, 
low to medium 

speed, no precision 
external 

components, 
simultaneous 

50/60Hz rejection, 
digital filter 
reduces anti-

aliasing 
requirements. 



                                                                                                                      

18 
 

   
 
 

Conversion 
Method 

N bits - 2^N -
1 Comparators 
Caps increase 
by a factor of 
2 for each bit. 

Binary search 
algorithm, 
internal 

circuitry runs 
higher speed. 

Unknown input 
voltage is 

integrated and 
value compared 
against known 
reference value. 

Small parallel 
structure, each 
stage works on 
one to a few 

bits. 

Oversampling ADC, 
5-Hz - 60Hz rejection 
programmable data 

output. 

Encoding 
Method 

Thermometer 
Code Encoding 

Successive 
Approximation 

Analog 
Integration 

Digital 
Correction Logic 

Over-Sampling 
Modulator, Digital 
Decimation Filter 

Disadvantages 

Sparkle codes 
/ 

metastability, 
high power 
consumption, 
large size, 
expensive. 

Speed limited 
to ~5Msps. 
May require 
anti-aliasing 

filter. 

Slow 
Conversion 
rate. High 
precision 
external 

components 
required to 
achieve 
accuracy. 

Parallelism 
increases 

throughput at 
the expense of 
power and 
latency. 

Higher order (4th 
order or higher) - 
multibit ADC and 
multibit feedback 

DAC. 

Conversion 
Time 

Conversion 
Time does not 
change with 
increased 
resolution. 

Increases 
linearly with 
increased 
resolution. 

Conversion time 
doubles with 
every bit 
increase in 
resolution. 

Increases 
linearly with 
increased 
resolution. 

Tradeoff between 
data output rate and 
noise free resolution. 

Resolution 

Component 
matching 

typically limits 
resolution to 8 

bits. 

Component 
matching 

requirements 
double with 
every bit 
increase in 
resolution. 

Component 
matching does 
not increase 

with increase in 
resolution. 

Component 
matching 

requirements 
double with 
every bit 
increase in 
resolution. 

Component matching 
requirements double 

with every bit 
increase in 
resolution. 

Size 

2^N-1 
comparators, 
Die size and 
power 
increases 

exponentially 
with 

resolution. 

Die increases 
linearly with 
increase in 
resolution. 

Core die size 
will not 
materially 
change with 
increase in 
resolution. 

Die increases 
linearly with 
increase in 
resolution. 

Core die size will not 
materially change 
with increase in 
resolution. 

Table 2.1: Comparison of ADC Architectures [10] 

All families of converters are speed up with the CMOS process improvements 
e.g. successive approximation conversion time has been increased to tens of 
microseconds. This also effects the power consumption of data converters. On 
the other hand improvement in DSP functionality also impacts on the ADC 
design e.g. improvement in sigma-delta converter by adding fast and more 
complex digital filter. 
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3.1. Introduction 

In conversion system design, it is nice to understand the operation of the whole 
electronic system where it will be used and then set the design specification of 
the converter. 

Figure 3.1 shows a typical flow diagram leading to conversion equipment design 
or selection. If the conversion system designer only focuses to conversion 
system design without consideration of system operation then it will cause 
problems in the equipment development cycle. If the designer considers all the 
problems of system then it will be more cost and time effective during 
equipment development cycle.  

 
Figure 3.1 Typical system design flow to design of conversion system modules 

[1] 
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Conversion system designer not only understands the system operation but he 
must know the detailed information about the electrical parameters of input, 
output and other interfaces used in the system and different blocks of the system. 
It is very important to allocate errors between the different blocks of the system 
Errors in the different blocks of the system that depend upon system operating 
parameters such as temperature, etc must be the worst case [1].  

3.2. General Consideration 

We have defined earlier that an ADC produces a digital output, D, which is the 
function of analog input A:  

( )AfD =  

As the input is analog therefore it contains infinite number of values (with in 
operating conditions), however the output of ADC is a finite set of codes that 
depends upon converter's output word length (i.e. resolution). Therefore the 
ADC should approximate every input level with one of the output code. If for 
example some references are generated so that each reference corresponds to a 
particular digital code then for any input value one reference is selected which is 
nearest to that input value. The analog input of an ADC is mostly a voltage 
quantity due to the fact that voltage can be easily handled than current.  
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Figure3.2: (a) Input/Output Characteristics (b) Quantization Error of an ADC 
[2].    

The input/output characteristic of an ADC is shown in figure 3.2, in which every 
input value is approximate with nearest smallest reference level. The output of 
an ADC is N-bit digital binary number, then  












=

ref

N

V

A
D 2  

Where refV  is the full-scale input value and [ ]•  represents the integer part of the 

argument. ∆  represents the minimum change in input value that causes output to 
be changed and it corresponds to 1 LSB of the digital representation, as shown 
in figure 3.2. The value of∆  can be given by  

mVref 2=∆  

 The effects of rounding and approximation of an input value in an ADC is 
called “quantization”. The difference between an original input value and 



                                                                                                                      

24 
 

   
 
 

nearest reference value is called the “quantization error” and is denoted byqε . 

For the input/output characteristics of an ADC shown in figure 3.2(a), 
quantization error qε  changes as shown in figure 3.2(b). The maximum 

quantization error occurs before each code transition. Quantization error 
decreases with increase in ADC resolution. The noise appearing at the output 
due to quantization error is called quantization noise and appears as an additive 
noise. Noted that even for an ideal N-bit ADC there must be some noise 
appearing at the output of an ADC just due to quantization error.  

The performance of an ADC is affected by the quantization error. To formulate 
the effects of quantization noise on performance, we consider input/output 
characteristic of an ADC, which is slightly different from the previous one, as 
shown in figure 3.3 

 

Figure 3.3: Impact of Quantization noise on Input/Output Characteristics [2]  

At odd multiples of 2∆ , code transactions occurs and to measure noise power it 

is assumed that qε  is a random variable spread between -2∆  to + 2∆ , and is 

independent of analog input. Then quantization noise power is expressed as the 
mean square of qε . 
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qqq dεεε ∫
∆+

∆−
∆=
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2/

212

 

12

2∆=  

For the sinusoidal analog and its amplitude equals to 2refV  the total power 

becomes 828 222 ∆= m
refV . Therefore at output the peak signal-to-noise ratio is  

m
p

m

SNR 2
2
32 2

12
2

232 ==
∆

− ∆

 
and in decibels it becomes:  

dBmSNRp 76.102.6 +=   

For m-bit ADC, above equation is mostly used to compare the performance with 
an ideal one. [2] 

 

Figure 3.4: Effect of amplitude quantization on a time domain waveform [2]. 
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3.3. Performance Metrics 

The behavior of an ADC cannot be completely specified by the number of 
output bits. There are many ways by which a real ADC can differ from an ideal 
one. Static imperfections, such as offset and gain is easy to measure, the success 
of an ADC application depends upon its dynamic behavior. As we have 
discussed earlier that an application determines the requirements of an ADC and 
it is not sufficient that only resolution specify the required performance. Mostly 
it is necessary that an ADC should be tested for the specific application. 

The figure of merits, which specify performance, is in large number due to large 
variety of ADC applications but generally these specifications are divided into 
three categories  

1. Static parameters 

2. Frequency- domain dynamic parameters 

3. Time-domain dynamic parameters  

3.3.1. Static Parameters 

The specifications, which are tested at low speed or with constant voltage, are 
called static parameters. It includes accuracy, resolution, dynamic range, speed 
of conversion system, offset, gain, differential nonlinearity and integral 
nonlinearity. 

3.3.1.1. Accuracy 
Accuracy is the error (including the effects of quantization error, gain error, 
offset error, and nonlinearities) with which the ADC can convert a known 
voltage. “Technically, accuracy should be traceable to known standards (for 
example, NIST), and is generally a “catch-all" term for all static errors. [3]” 

3.3.1.2. Resolution 
The number of bits N at the output of an ADC is called its resolution. The 
comparison between numbers of binary bits versus resolution and dynamic 
range, ADC full-scale range is shown in table 3.1. 
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Table 3.1: Significant binary bits versus resolution and dynamic Range [1] 

3.3.1.3. Dynamic Range 
Dynamic range is the ratio of full-scale sinusoidal input power to the sinusoid 
input power for which the signal-to-noise ratio equals to 0dB. The dynamic 
range of an input analog signal determines the number of digital binary bits at 
the output of an ADC. How fine an ADC resolves an analog input signal from 
its full-scale value determines its dynamic range.  

The analog signal contains some noise, which adds in the transducers or in 
electronic circuit used to process this analog signal. The amount of noise in 
small signal levels is compared to the noise at full-scale signal value, which 
determines the dynamic range of analog signal, which can be used.  

Some times the dynamic range is not only restricted to the noise floor, but 
precision or accuracy defines it more clearly. The conversion systems, which 
require both large dynamic range and high speed, are difficult to design. 

3.3.1.4. Speed of Conversion System 
The amount of analog input that can be converted by an ADC in one second is 
called conversion speed of that ADC. It is also important to find this because 
when the speed of the conversion system increases, it progressively eliminates 
candidate type of converter for use. 
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3.3.1.5. Offset Error 
The deviation in the behavior of an ADC at zero is called an offset error. For 
example in an ideal ADC the first transition from ‘000’ to ‘001’ occurred at 
voltage equals to half LSB, as shown in figure 3.5(b), but in the actual ADC the 
transition from ‘000’ to ‘001’ occurred exactly at voltage equals to 1 LSB, as 
shown in figure 3.5(b). The deviation from the actual transition voltage from the 
ideal one is an offset error. This error can easily be eliminated from the 
conversion system by just calibration. 

 

 

 Figure 3.5: Analog-to-digital converter characteristic, a) showing offset and 
gain error, b) Ideal Characteristics [3]. 

3.3.1.6. Gain Error 
The deviation in slope of the lines (from zero to full-scale value) of an actual 
ADC to an ideal one is called gain error. This can be observed in figure 3.5, if 
one compares the slope of dashed line of ideal and actual ADC. The gain error 
can also be eliminated from the conversion system by calibration. 

3.3.1.7. Differential Nonlinearity (DNL) 
The maximum variation in the difference between two consecutive transition 
codes point in the input axis from the value of ideal voltage of 1 LSB is called 
differential nonlinearity.  



                                                                                                                      

29 
 

   
 
 

3.3.1.8. Integral Nonlinearity (INL) 
The maximum deviation in between straight lines passing through the end points 
of input/output characteristics of an ideal converter to the actual one is called 
integral nonlinearity.  

 

 

Figure 3.6: Analog-to-digital converter characteristic, showing nonlinearity 
errors and a missing code. The dashed line is the ideal characteristic, and the 

dotted line is the best fit. 

3.3.1.9. Missing Codes 
If the ADC does not produce an output for an input voltage then the 
corresponding digital code is called missing code. It is normally due to large 
DNL and in some ADCs it is caused by non-monotonicity of the internal D/A. 

3.3.2. Frequency-Domain Dynamic Parameters 

All real ADCs suffer from performance degradation from an ideal ADC because 
in all real ADCs there must be some additional noise sources and distortion 
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processes. These imperfections can be estimated by dynamic behavior of the 
ADC  and this can be done in a variety of ways.  

 

Figure 3.7: Quantization noise floor for an ideal 10-bit A/D converter (4096 
point FFT) [3]. 

3.3.2.1. Signal-to-Noise-and-Distortion Ratio 
“Signal-to-noise-and-distortion ratio (S/N+D, SINAD, or SNDR) is the ratio of 
the input signal amplitude to the rms sum of all other spectral components. For 
an M-point FFT of a sine wave test, if the fundamental is in frequency bin m 
(with amplitude Am), the SNDR can be calculated from the FFT amplitudes 
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To avoid any spectral leakage around the fundamental, often several bins around 
the fundamental are ignored. The SNDR is dependent on the input-signal 
frequency and amplitude, degrading at high frequency and power. Measured 
results are often presented in plots of SNDR versus frequency for a constant-
amplitude input, or SNDR versus amplitude for a constant-frequency input” [3]. 

3.3.2.2. Effective Number of Bits 
Effective number of bits (ENOB) is signal-to-noise ratio in term of bits rather 
than in decibels. For an ideal ADC the SNR can be given as   
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dBNSNR 75.102.6 +=  

WhereN  is the number of output bits. The effective number of bits is equal to: 

bitdb

dBSNR
ENOB

/02.6

76.1−=  

It is a very good way to check the performance of an ADC for any particular 
input signal and sampling frequency. The first step is to measure the SNDR for 
the output of an ADC for a particular input and sampling frequency and 
calculate ENOB by following formula:  

bitdb

dBSNDR
ENOB

/02.6

76.1−=
 

In the presentation of measured results, ENOB is identical to SNDR, with a 
change in the scaling of the vertical axis. 

3.3.2.3. Spurious-Free Dynamic Range 
Spurious-free dynamic range (SFDR) is the ratio of the input signal to the peak 
spurious component, which can be created due to the nonlinearities in ADC. 
Normally the SFDR of an ADC is higher than SNDR. It can be measured by 
increasing the number of FFT points or by taking average of several data sets. In 
this way the noise floor will improve while spurs amplitude remains the same. 
Figure 3.8 shows the considerable harmonic spurs in ADC spectrum. “Because 
SFDR is often slew-rate dependent, it will be a function of input frequency and 
magnitude” [3]. Mostly the maximum SFDR find at the amplitude below full 
scale. 
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Figure 3.8: A/D converter with significant nonlinearity, showing poor SFDR  

 

3.3.2.4. Total Harmonic Distortion 
“Total harmonic distortion (THD) is the ratio of the rms sum of the first five 
harmonic components (or their aliased versions, as in figure 3.8) to the input 
signal 
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Where 1V  is the amplitude of the fundamental, and nV  is the amplitude of the 

nth harmonic.” [3] 

3.3.2.5. Intermodulation Distortion 
“Intermodulation distortion (IMD) is the ratio of the amplitudes of the sum and 
difference frequencies to the input signals for a two-tone test, sometimes 
expressed as “intermod-free dynamic range (IFDR)" See the FFT spectrum in 
figure 3.9. For second-order distortion, the IMD would be 
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Where 1V  and 2V  are the rms amplitudes of the input signals, and +V and −V are 
the rms amplitudes of the sum and difference intermodulation products” [3]. See 
figure 3.9. 

3.3.2.6. Effective Resolution Bandwidth 
The input signals frequency from low value to the value where SNDR of an 
ADC goes down to 3dB (0.5 Bit) is called the effective resolution bandwidth 
(ERBW). 

 

Figure 3.9: Two-tone IMD test with second-order nonlinearity 

3.3.2.7. Full-Power Bandwidth 
The maximum input frequency, for which the amplifier, which is used to 
reproduce a full-scale, output signal without distortion or where the amplitude 
reduces to 3dB, is called full-power bandwidth (FPBW). By this definition ADC 
can be used for the frequencies where the SNDR degrades severely. It is also 
defined by some manufacturer as the frequency where reconstructed input signal 
amplitude is reduced by 3 dB [3]. 

3.3.2.8. Full-Linear Bandwidth 
The input signal frequencies where sample and hold start distorting input signal 
by some specific amount is called full-linear bandwidth. ([3] uses 0.1 dB) 
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3.3.3. Time-Domain Dynamic Parameters 

3.3.3.1. Aperture Delay 
The delay between when an ADC triggered (rise edge at sampling clock) and 
when it actually converts input value into digital code is called aperture delay. It 
is also known as aperture time. 

3.3.3.2. Aperture Jitter 
The variation of aperture delay from sample-to-sample is known as aperture 
jitter. It is represented by at . The over all signal to noise ratio decreases due to 

error in rms voltage, which is caused by rms aperture jitter. The rms voltage 
error also limits the performance of high speed ADC [3]. 

If the input is sinusoid waveform  

tVV FSIN ωsin=  

then maximum input waveform slope at zero crossing is 

IFS
IN V

dt

dV ω=
max  

 

Figure 3.10: Effects of aperture jitter [3] 
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During this maximum slope if we sample and there is an rms error in the time, 
then the rms voltage error will be  

aFSaFSIrms tfVtVV πω 2==  

As the variation in aperture time is random, therefore these voltage errors act 
like a random noise source. Thus the signal-to-jitter-noise ratio 
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The SJNR for several values of the jitter at  is shown in figure 3.10 [3].  

3.3.3.3. Transient Response 

The settling time of an ADC to full accuracy (to within LSB21± ), if a step is 
applied to the input of ADC that varies from 0 to full scale, is called transient 
response. 
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CHAPTER 4- ADC Testing 
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4.1. Introduction 

The designer should define operating limits for the device that is going to be 
tested for safe operation. There are two types of operating limits; one is called 
absolute (limit after which device will destroy) and the second one is called 
operating (limit after which device does not operate properly). These limits are 
different from one device to another and depend upon the design [1]. It is not the 
aim of this document to define these limits but here we just make sure that the 
device should operate under safe limits.  
There are many ways to test dynamic specification of data converters. Many 
researchers and companies have defined different ways for ADC testing that 
include general methods, linearity, harmonic distortion, and spurious response, 
frequency response, step response parameters, etc. Discrete Fourier transform is 
the most common technique used by the designers and manufacturers to extract 
frequency domain parameters for these tests. There are also some other 
techniques available for extracting data e.g. sine-fit test. Here we will define 
some basic test setup because it is out of the scope of this document to describe 
all the testing setups. 

4.2. Sine Wave Test Setup  

The performance of data converters are commonly tested by sine waves due to 
the fact that sine wave generators are easily available which can generate good 
quality of sine wave in GHz (Giga Hertz) range. Sine wave that is generated 
from signal generator, are commonly used as a test signal.  Clock generator for 
e.g. pattern generator is used to generate clock signal in order to supply clock to 
the data converters. For intermodulation distortion testing two or more than two 
sine wave generators are used to generate two-tone (or more) test signals [1].  

 

4.2.1. Choice of Input and Clock Frequencies, Record Size, 

and Number of Cycles Per Record 

To test an ADC with sine wave it is required to select input frequency of sine 
wave, sampling clock frequency and record sizeM precisely in order to perform 
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sine wave testing correctly.  In order to estimate true performance of an ADC, it 
is required that an ADC samples maximum input points of different phases, so 
that each sample represents one distinct digital code. The minimum record size, 
which covers the complete range of samples for, every code bin is NM 2π= . 
The input frequency for whichM different phases are distributed uniformly from 
0 to π2 radian is called an optimum input frequency. The selection of input 
frequency for a particular sampling frequency is much more critical in the sense 
that some input frequencies hide ADC errors while some input frequencies show 
an ADC error. The difference between these two frequencies is in fraction of 
percent. The optimum input frequency can be given by  
 

sopt f
M

J
f 







=  

Where 

J is an integer, prime toM , 

sf is sampling frequency. 

J  must be a prime number to M , so that there must not be any common factor 
in J  and M . The value of J sets the number of cycles in input frequency. 
Normally M  is set as the power of 2, so that every odd number of J can fulfill 
this condition [1]. 

Now for example if the values of both J and M  are equal to the power of 2 
then this will result in repetitive data. If the value of M  is equals to 4096 and 
value of J  is equal to 128 then the first 32 samples will repeat 128 times, as 
shown in figure 4.1. For this input frequency the results of ADC under test are 
very poor due to the fact that the quantization noise effects are strong in input 
frequency harmonics rather it is dispersed along the Nyquist Frequency [2]. 
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Figure 4.1: FFT of even divisor number of cycles (4096 points, 128 cycles) [2]. 

If the value of M  is equal to 4096 and value of J  is now changed to 127 then 
there is not any common factor between number of samples period J  and 
number of samples in data record M , hence every sample at the output of an 
ADC is unique. The FFT (Fast Fourier Transform) data points are shown in 
figure 4.2, and it can easily be observed that quantization noise is distributed 
along the Nyquist Frequency [2]. 

 

 
Figure 4.2: FFT of non-divisor prime number of cycles (4096 points, 127 cycles) 

[2]. 
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4.2.2. Sine Wave Testing with the Fast Fourier Transform 

FFT (Fast Fourier Transform) is used to perform some simple frequency domain 
tests. If the ADC is driven by a single, low distortion sine wave then by taking 
FFT of the output data of an ADC, we can easily estimate SNR, SFDR, ENOB 
and THD. It is quite useful to measure results for different input and sampling 
frequencies in order to find the bandwidth of an ADC. High input frequencies 
are also useful to estimate worst-case power. 

If the ADC is driven by a two-tone signal then the FFT of output data samples 
are used to estimate IMD and two-tone SFDR. 

4.3. Sine Wave Histogram Testing  

4.3.1. Alternate Code Transition Location Method 

Sine Wave Histogram testing is used to test the DC specifications of an ADC for 
example INL and DNL. It is the easiest way to find the nonlinearities in an 
ADC. The ADC under test is driven by a pure sine wave and its amplitude must 
be enough to overdrive an ADC. After that it is required to specify the sampling 
frequency and input frequency of the sine wave. The histogram can be 
constructed by taking several records of ADC output data. Sine-wave frequency, 
number of samples per record, and the number of data records are selected to be 
the same as discussed in previous section. The amplitude of the input signal to 
ADC must be symmetrical around the middle of full-scale range; if it is not 
symmetrical then a constant must be added so that it becomes symmetrical 
around the middle of full-scale range. The sum of input signal noise and ADC 
noise decides the amount of overdrive required. For the known values of offset 
and amplitude of the input wave, this method is used to calculate transition 
levels of same precision. If offset and amplitude are unknown then this method 
calculates the transition levels with an offset and gain errors and the relation 
between calculated transition levels [ ]kT '  and true transition levels [ ]kT  is 
given by:   
 

[ ] [ ] bkTakT += *'  
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Where a  and b  are constants. 

For this test the ADC must be monotonic (the output code increases with the 
increase in input value) and does not suffer from hysteresis effects. The 
selection of sine wave frequency is same as described earlier. Due to the 
dynamic errors, the result may vary for different input frequencies. 

In order to calculate transition levels it is required to obtain various data records 
and keep recording the total number of samples for each code bin. The transition 
levels can be calculated by: 

[ ] [ ]







 −
−=

S

kH
ACkT c 1*

cos
π

 

Where 
A  is the amplitude of the sine wave, 
C  is the offset (dc level) of the applied signal, 

[ ]jH c  is equal to [ ]∑
=

j

i

iH
0

, 

[ ]iH  is the total number of samples received in code bin i , 

S  is the total number of samples. 

4.3.2. Static Gain and Offset 

Static gain and offset are required to calculate because these values are 
multiplied with static input values and add to the input values in order to 
minimize the mean squared deviation from the output values. Static gain and 
offset can be calculated by mean independently based static gain and offset 
method other wise it must be specified.  

4.3.2.1. Test Method 
First find the code transition levels as discussed in the previous section. The 
transfer characteristic can be given as: 

[ ] [ ] ( ) 11** TkQkVkTG os +−=++ ε  

Where 
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[ ]kT  is the input value corresponding to the transition between codes k  and 
1−k , 

1T  is the ideal value corresponding to [ ]1T , 

osV  is the output offset in units of the input quantity, nominally equal to zero, 

G  is the gain, nominally equal to unity, 
Q is the ideal width of a code bin, that is, the full-scale range divided by the total 
number of codes, 

[ ]kε  is the residual error corresponding to the thk  code transition. 

The right hand side of the above equation calculates ideal code transition level 
and it is the function of k . The value of k  is equal to the value of output binary 
code. By utilizing linear least-square estimation techniques, static offset and 
gain represents the values of osV  and G  that will decrease the mean squared 

value of [ ]kε  for all values of k . The value of G  and osV  is given by: 
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4.3.3. Integral nonlinearity 

Integral nonlinearity is the measure of difference in the ideal and measured code 
transition levels after minimizing static gain and offset errors. It is mostly 
expressed in the units of LSBs or percentage of full scale. Its value depends on 
how we define the static gain and offset. If the integral nonlinearity is given by a 
number without specifying the code bin than it is assumed to be the maximum 
integral nonlinearity of the entire range. 
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4.3.3.1. Integral Nonlinearity Test Method 

In order to calculate INL the first step is to find the static gain and offset. After 
that the integral nonlinearity, which is the function of k  is given in percent by  

[ ] [ ] [ ]
FS

N V

k

Q

k
kINL

εε
*%100

*2
*%100 ==  

Where 

[ ]kINL  is the integral nonlinearity at output code k , 

[ ]kε  is the difference between [ ]kT  and ideal value of [ ]kT  computed from G  

and osV , 

Q  is the ideal code bin width, expressed in input units, 

FSV  is the full-scale range of the ADC in input units. 

The maximum INL is the maximum value of [ ]kINL  for all k . 

 

4.3.4. Differential Nonlinearity and Missing Codes 

Differential nonlinearity (DNL) is the measure of difference between given code 
bin and the ideal code bin and then divided by the ideal code bin, after 
correcting for static gain. If it is given by a number without specifying code bin 
then it is the maximum differential nonlinearity of the entire range. It is given by  

[ ] [ ]( ) QQkWkDNL −=  

Where 

[ ]kW  is the width of code bin k , [ ] [ ]kTkT −+1 , 

Q  is the ideal code bin width, 

G  is the static gain. 

4.3.5. Overall Noise and Aperture Jitter 

Overall noise of an A/D converter can be measured if the inputs of the ADC are 
connected to ground and accumulating a histogram. Only center code bin is 
required to count in it. Noise in the ADC causes a spread in the histogram 
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around the center code bin. The offset of an ADC can also be found by using 
this test as we did in histogram test. 

“Aperture jitter is measured by repeatedly sampling the same voltage of the 
input waveform. For example, a sine wave input is used, and the A/D converter 
is triggered to repeatedly sample the positive-slope zero crossing. If the input 
sine wave and the sampling clock are generated from phase-locked sources, 
there should be no spread in the output digital codes from this measurement.  
However, a real A/D converter will produce a spread in output codes due to 
aperture jitter. 

The aperture jitter is calculated from a histogram of output codes produced from 
this measurement. For an input sine wave sampling at the zero crossings, the 
aperture jitter is 

fA

V
t rms

a π2
=  

Where A  is the amplitude and f is the frequency of the input sine wave. As the 
amplitude of the input increases, the slope at the zero crossings increases, and 
the spread of output codes should proportionally increase due to aperture jitter.” 
[2] 

4.4. References 

1. IEEE Standard for Terminology and Test Methods for Analog-to-Digital 
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Part II 

 

CHAPTER 5- Flash Analog to Digital Converter 
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5.1. Introduction 

As we have seen in the previous chapter that the best-known architecture for a 
high-speed analog-to-digital converter is the flash converter structure. The aim 
of our project is to design a high-speed ADC with less power consumption. In 
this chapter we will present you the basic components of a flash ADC and give 
some basic understanding of each component.  

5.2. Components of Flash ADC 

In flash ADC an array of comparators compares the input voltage with a set of 
increasing reference voltages. The comparator output represents the input signal 
in a thermometer code, which will then convert into binary code. By this 
description we can easily understand that almost all flash ADC comprises of 
following three blocks: 

1. Resistor Ladder Block 

2. Comparator Block 

3. Decoder Block   

In the next sections we will give the description of each block. 

5.3. Resistor Ladder 

In a flash Analog-to-Digital Converter, resistor ladder is used to generate the 
reference voltages for the comparators.  In continuous time system the input 
signal and the reference voltage are connected directly to the differential pair of 
the amplifier. The input amplifier differential pairs that are operating in the 
linear range have an input capacitance that couples the input signal source with 
the ladder, which results in deterioration of the reference voltages. Since the 
reference voltage determines the location of the zero crossing generated by the 
input gain stage, this will result in distortion in the A/D converter.  To avoid 
significant reference ladder feed through, the maximum impedance of the 
reference ladder has to be calculated. For a single differential pair the 
capacitance between the input signal and the ladder is equal to gsC21 . With N 

stages in parallel the total input capacitance loading the ladder becomes: 
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2

12
int

fF
C

N

ot =  

1 fF is just a rough approximation valid for the comparator sizes we have used. 
Figure 5.1 shows a distributed model to calculate the maximum allowed 
reference ladder resistance for a given shift in the reference voltages: 

Fig 5.1 Resistor Ladder 

In this model the total ladder resistance R has been divided into four sections of 
R/4 each. The total coupling capacitance of the set of input gain stages is given 
by C, and has been divided into five capacitors in this model. Capacitance C is 
formed by the sum of the capacitances of all the input gain stages. Since the 
number of active input gain stages is input voltage dependent, this also accounts 
for C. It is assumed that the feed through at nodes ref-low and ref-high is 
negligible due to proper decoupling. Maximum feed through will occur on the 
mid node. The good estimation about the maximum value of ladder resistance 
can be obtained by using  

otin
Nladder

Cf
R

int
max 2

2

π
=  

 

Where π  determines the amount of input signal feed through in LSB, inf  is  the 

maximum input frequency and N the number of bits. As an example, if a 
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coupling capacitance C = 1 pF is assumed, a maximum feed through of 1 LSB in 
an 8-bit converter at 10 MHz input signal frequency requires a reference ladder 
resistance of 500 ohm.  External decoupling of the middle tap of the reference 
ladder will reduce the requirement for the ladder resistance by a factor of four. 

5.4. Comparator 

A comparator is used to detect whether a signal is greater or smaller than 
reference signal. Comparators are widely used in A/D converter design. It is also 
found in many other applications such as data transmission, switching power 
regulators and others. There are so many techniques to design a comparator such 
as multiple stage comparators, positive feedback, track and latch comparators, 
and fully differential comparators.  

Low power consumption is an important feature of many A/D converters 
specially those used in portable devices that have limited power supply energy. 
A common technique to reduce its power is the adoption of a latch comparator 
design. Dynamic latch comparator can solve the power problem by removing the 
pre-amplifying stage, while achieving a smaller area. Although latch 
comparators typically have a high offset voltage in the range of 100mV, their 
fast speed and low power make them suitable for several applications. In this 
project we are using “Resistive Driving Comparator”. 

5.4.1. Resistive Driving Comparators 

Figure 5.2 shows the structure of resistive driving latch.  Transistor 3M - 6M  

forms a cross-coupled latch and 7M - 8M  forms an input comparing circuit. As 

CLK is low, the circuit works in the reset mode. It is disconnected from GND by 

9M  while 1M - 2M  is on and pre-charge the outputs to DDV . During this time the 

power consumption is only due to DDV  charging the two output capacitors.  
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Figure 5.2: Resistive Divider Comparator 

When CLK is high, the circuit works in the regeneration mode. 1M  and 2M  are 

cut off, and 9M  is on. In this mode, the circuit can compare the input voltages 

by using input transistors operated in the triode region. The comparing circuit 
can be modeled as shown in figure 5.3 in which values of resistors 1R and 2R  

can be described in equation (1) and (2). Assume that AW , = W7 and BW  = W8 

and tnV  is the threshold voltage of the NMOS transistor.  

))((1 1
1

tninL
WA

nR VVkG −==      (1) 

))((2 2
1

tnrefL
WB

nR VVkG −==      (2) 

Now suppose we set inV  equal to 1 and refV  equal to 0.  The node Out- will try 

to discharge through 5M  and 7M  but the transistor 3M  try to charge up the 
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node Out-. Therefore it is very important to make transistor 3M  and 4M  very 

weak as compared to 5M , 7M  and 6M , 8M , so that the output will discharge 

very fast and the propagation delay will decrease.    

 

 
Fig 5.3: Resistive Divider Comparator Model 

5.4.2. Propagation Delay 

The worst-case propagation delay (plht ) to charge up the capacitances at Out+ 

can be determine by assuming that Out- is equals to “1”. The transistor 4M  

should be off and the node Out+ is charged up through transistor 2M . Therefore 
thetplhbecomes: 

CRt plh 269.0=   
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Similarly  

CRt plh 169.0=   

The time constant in latched phase can be found by analyzing a simple circuit 
consisting of two back to back inverters, as shown in figure 5.4.  

 
Figure 5.4: Two back to back inverters used as simplified model of a track and 

latch stage in the latched phase.  

If we assume that the output voltages are close to each other at the beginning of 
the latch phase, and the inverters are in linear region, then each inverter can be 
modeled as a voltage controlled current source driving an RC load, as shown in 
figure 5.5. Where vA is the low-frequency gain of each inverter, which has the 

transconductance given by Lvm RAG = . For the linearized model we have: 

 

 
Figure 5.5: Linearized model of the track and latch stage when it is in latch 

phase. 

)()(
LR

Vx
dt

dVx
LRl

Av CVy −−=     (3) 

And )()(
LR

Vy

dt

dVy
LRl

Av CVx −−=     (4)  

Multiply equations (3) and (4) with RL and rearranging gives: 

AvVyVxCR dt
dVx

LL −=+)(     (5) 
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And AvVxVyCR dt
dVy

LL −=+)(    (6) 

Subtracting (6) from (5) and rearranging gives: 

Vdt
Vd

Av
CR Ll ∆=∆
− ))(( 1

     (7) 

 and VyVxV −=∆ is the voltage difference between the output voltages of the 
inverters. Equation (7) is a first order differential equation and its solution is 
given by: 

LCLR
tAv

eVV
)1(

0

−

∆=∆       (8) 

Where 0V∆  is the initial voltage difference at the beginning of the latch phase. 

This voltage increases exponentially in time with a time constant given by: 

Gm
C

Av
CR

Av
CR LLLLL =≅= −1τ      (9) 

Normally the output load is proportional to the gate-source capacitance of a 
single transistor, 

OXL WLCKC 1=       (10) 

Where 1K  is the proportional constant between 1 and 2. 

The inverter transconductance is proportional to the transconductance of a single 
transistor and is given by:  

effL
W

OXnmm VCKgKG µ22 ==      (11) 

Where 2K  is the proportional constant between 0.5 and 1. Substitute the values 

of mG  and LC  in equation (9) gives: 

effneffn V

L
K

VK

LK

µµ
τ

2

3
2

2
1 ==     (12) 

Where 3K  might be in between 2 and 4. Note that equation 12 implies that the 

time constant depends primarily on the technology if reasonable design is use to 
maximize effV  and minimize LC . 
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Any imbalance in 0V∆  will regenerate outV  quickly towards logical voltage level 

i.e. DDV  or SSV . If it is necessary for a voltage difference of icVlog∆  to be 

obtained in order for succeeding logic circuitry to safely recognize the correct 
output value, then by using equation (8) we find the time necessary for this to 
happen is given by: 

 )ln(
0

log

V

V

G
C ic

m

LT ∆
∆=      (13) 

Now if 0V∆  is small, the latch time will be large, perhaps larger than the 

allowed time for the latch phase. If the comparator output has not reached a 
valid logical voltage level with in the conversion time T, the comparator is said 
to have entered in metastable State    

5.4.3. Mean Time to Failure (MTF)  

The reliability of the latched comparator is measured by the MTF. 

For a flip flop: 

LCLR
TAv

etP T
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2
)1(

)( 2

−−≈>      (14) 
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1 2 == −  

5.4.4. Kickback  

Kickback denotes the charge transfer either into or out of the inputs when the 
track and latch stage goes from track mode to latch mode. This charge transfer is 
caused by the charge needed to turn the transistor in the positive feedback 
circuitry on and by the charge that must be removed to turn transistors in the 
tracking circuitry off.   
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5.5. Decoder 

The Digital decoder is required to transform the thermometer output code from 
the comparator block output to binary code. There are many techniques to 
design a decoder, which convert thermometer code into binary for example 
ROM decoder, Wallace Tree decoder, FAT tree decoder, multiplexer decoder, 
etc. In the next section we will discuss about each one by one.  

5.5.1. ROM Decoder 

In ROM decoder the conversion has been done in two steps. In first step it is 
required to remove bubbles from the thermometer code and generate single “1” 
out of 12 −N outputs of comparators. In the next step this bubble corrected 
signal will be applied to a ROM decoder, which converts thermometer code to 
gray or binary code.  

The main advantage of this ROM is that it is simple and straightforward to 
design, however it is a slow and power consuming solution. The other 
disadvantage is that as the speed increases, more bubble errors are introduced 
and a more advanced bubble error correction scheme than the 3-input NAND is 
required. 

Designing of ROM based decoder includes following two modules: 

1. Bubble correction  

2. Thermometer to Gray/Binary ROM structure 

In next section we will discuss about these modules one by one. 

5.5.1.1. Bubble Correction 
The comparators of an ADC are metastable, which is the phenomenon where a 
bistable element requires an indeterminate amount of time to generate a valid 
output. This happens especially when the difference of the input and the 
reference is close to zero. Moreover, metastability at the comparators and input 
offsets can cause bubbles at the thermometer code (a zero inside a series of ones 
or vice versa). Figure 5.6 shows the correct and incorrect thermometer code: 
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Figure 5.6: a) Correct Encoding,  b)Incorrect Encoding 

As we can see in figure 5.6(b), the bubbles make the transition point (from ones 
to zeros) hard to detect since their might be more than one, as shown in figure 
5.6(b). Furthermore, if there are more than one transition points and they drive a 
ROM with binary output the error could be very large.   

In order to get correct output from ROM based decoder we need to make sure 
that only one bit line of ROM is active at any instant of time. As the resolution 
increases, and especially when speed increases as well, the bubble error rate 
increase. 
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Figure 5.7: Bubble Correction through AND Gate 

To solve this problem more sophisticated error correction scheme than AND 
gate is required. A simple and effective way to compensate for bubbles is to use 
AND gates. Figure 5.7 shows a very simple scheme to remove bubbles from 
thermometer code and it also generates 1-out-of-n codes. 

The Q output of each comparator (taken from the SR Latch) is connected to a 3-
input NAND gate, and the remaining inputs of 1st NAND gate is connected to 

SSV . Each gate is followed by an inverter to make the output code 1-of-n. 
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There are also other techniques to make 1 out of n code. Figure 5.8 shows a 
single cell optimized ’01’ generator circuit using only four transistors, providing 
full swing output in a small layout area. 

For the 6-bit A/D converter, 63 ‘01’ generator cells are used in parallel to 
generate 1-out-of-63 code. 

 

Figure 5.8: 0-1 Generator using 4 transistors 

5.5.1.2. Thermometer to Gray/Binary ROM structure 
 The ROM decoders can be designed to convert thermometer to binary directly 
but it is normal practice to encode thermometer code into binary in two steps, 
first is to convert thermometer to gray code using ROM architecture and then 
convert gray to binary in next stage. It is due to the fact that in gray code only 
one bit changes from one entry to the next and bubbles that are not suppressed 
should not have a large impact on the output. While using a typical binary code, 
up to N bits could change, and slight misalignments between reading elements 
could cause wildly incorrect readings. 

5.5.1.2.1. Thermometer to Gray decoder  
A common approach to decode the thermometer code is to use a gray encoded 
ROM. The appropriate row in the ROM is selected by using a circuit that has the 
output of comparator m and the inverse of comparator m+1 as inputs. The 
output is one if the output of comparator m is one and output of comparator m+1 
is equal to zero. Here the bubble correction circuit makes sure that only one 
input of ROM is active at any time instant.    

Figure 5.9 shows a 4x4 NOR ROM, which consists of PMOS pull-up, and 
NMOS pull down devices. It is called NOR ROM because the bit line 
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constitutes nothing other than a pseudo-NMOS NOR gate with the word lines as 
inputs. NOR ROM is a combination of M NOR gates with at most N inputs (for 
a fully populated column). The output at bit line is “0” if the NMOS conducts 
and “1” if NMOS does not conduct or is not present.  

 
Figure 5.9: 4 X 4 NOR ROM 

5.5.1.2.2. Gray to Binary decoder  
After the ROM we have 2-bit Gray encoded output and now it is required to 
transform it to Binary code. The Gray to Binary decoder can be seen in figure 
5.10. D-flip-flops are used to sample and latch the output. After that XOR gates 
are use to convert gray code into binary. 
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Figure 5.10: 2 Bit Gray to Binary Decoder 

5.5.2. Wallace Tree Decoder 

For high-speed A/D converter ROM based encoding is not very good due to the 
fact that it consumes a lot of power, become slow and hard to pipeline for the 
high speed applications. In order to overcome these drawbacks, a new decoder 
scheme was developed specially for high speed A/D [4]. Bit Swapping [5] 
algorithm is mathematically equivalent to counting number of ones present at 
the output of comparators. The output of ones counter is binary code and it also 
applies global bubble error correction. Consider a full adder, as shown in figure 
5.11(a), observe the output of adder that for number of 1's at the input it will 
generate binary code at the output, as shown in figure 5.11(b). 
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Figure 5.11: a) Full Adder and its Output, b) Output of 1’s Counter 

The Wallace tree structure uses bit-swapping algorithm for single stage decoder 
implementation and it can only implement using elementary full adder cell. 
Figure 5.12 shows the structure of Wallace tree for a 4 bit flash ADC.  At the 
first stage each cell counts number of logical ones and the output is a 2 bit 
binary number. The output of full adders will then add according to the weight 
of the bits. In order to get regular structure, a good practice consists in adding 
the two bit words of adjacent cells two by two, giving 3-bit binary outputs; and 
so on in order to obtain the final binary output code for the converter. 
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Figure 5.12: Wallace Tree Decoder for 4-Bits Flash ADC 

 The number of adders is required to implement such a decoder for an N-bits 
A/D converter is given by the formula: 

( ) ( )∑
=

−−=
N

i

iN
N ix

1

2.1  

 And the critical path NC  is: 

This Wallace tree is the simplest and the most regular of the compact ones. As 
the length of digital signal propagation is strongly reduced the parasitic 
capacitances decrease. Due to the intrinsic structure of the decoder, the 
hierarchy between the comparators is eliminated, allowing no wide range errors, 
as it can be the case with other decoders. For instance, a simple bubble far away 
from the transition area (that means the few comparators that are situated around 
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the exact ONE-to-ZERO transition point) can only generate a maximal error of 
one LSB, whereas priority decoders can consider it as the transition itself, even 
if a local error correction around the transition area was implemented. This 
decoder can be easily pipelined, giving the assurance that it will never appear as 
the limiting part of an analog-to-digital converter design in terms of speed. .  In 
digital design, Wallace tree is also used to implement high-speed multipliers [6]. 

5.5.3. FAT Tree Decoder 

Simple OR gates in tree structure are use to implement FAT decoders. The main 
advantage of fat tree decoders is its high encoding speed and less power 
consumption. However its layout designing is more complex and time 
consuming [6]. 

In this decoder the conversion has been done in two stages. The first stage 
converts the thermometer code into one-out-of-n code and in the second stage 
this code will convert into binary by using multiple trees of OR gate, as shown 
in figure 5.13. 

 
Figure 5.13: Thermometer to Binary Decoder 

We have already discussed about the bubble correction and one-out-of-n code in 
the previous sections. The one-out-of-n code will then apply to the leaf node of 
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tree and get the output at the root nodes of the tree. An example of 16 bits 
thermometer code is shown in the following figure 5.14. 

 
Figure 5.14: Implementation of FAT Tree through OR gate  
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An edge count of a node increases as the tree height increases. The circuit signal 
delay is N2log  for FAT tree decoders, while it is N5.1log  for Wallace tree and 

N for ROM based decoders. As the OR gates are used to design fat tree decoder, 
which do not need any clock signal, that’s why it is more power efficient than 
other architectures but in order to get high speeds the FAT tree needs to be 
pipelined as well. We can design an OR gate using static CMOS logic which 
will eliminate the static power consumption and also make it more noise tolerant 
[7]. 

5.5.4. Multiplexer Based Decoders 

For an N bit flash ADC the MSB of the binary output is high if more than half 
the number of bits of the thermometer code is high. In order to find the second 
MSB (MSB-1), the original thermometer scale is divided into partial 
thermometer scale. The partial thermometer scale to decode is chosen by a set of 
2:1 multiplexers, where the previous decoded binary output is connected to the 
control input of the multiplexers. MSB-1 is then found from the chosen partial 
thermometer scale in the same way as MSB. This is continued recursively until 
only one 2:1 multiplexer remains. Its output is LSB of the binary output [8]. 
Figure 5.15 shows the architecture of multiplexer based decoder. 
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Figure 5.15: Multiplexer Based Decoder for 4 Bits 

Due to the regular structure of this decoder it is easy to develop it for higher 
resolution. This structure is attractive for low power and high-speed design. 
However its performance in terms of effective number of bits is not good as 
other decoder structure [8]. 
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CHAPTER 6- Flash ADC Implementation 
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6.1. Introduction 

In the previous chapter we have discussed the basic components of flash ADC 
and now we are going to discuss implementation of flash ADC in 90nm CMOS 
technology. The basic requirements for ADC are: 

1. Sampling frequency sf  should be greater than 1GHz. 

2. Minimum power consumption 

3. Effective number of bits should not be less than 0.5 of the total bits.  

This flash ADC comprises of three main blocks and we will discuss about each 
in the following sections, but here we will discuss in the light of our designing. 

6.2. Resistor Ladder Block 

The resistor ladder comprises of N2 equal segments and this will generates 
reference voltages for the comparators. The ladder will sub divide main 
reference into N2  equally spaced voltages as shown in figure 6.1. The main 
reference voltage is the voltage difference between 0RangeREFV −  and 1RangeREFV − .  

 
Figure 6.1: Resistor Ladder for 2-Bit Structure 
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Resistance value is calculated by the following formula: 

otin
Nladder

Cf
R

int
max 2

2

π
=  

Where  fFC N
ot 12int =  

6.3. Comparator  

The comparator compares the input signal with the reference voltages generated 

by the resistor ladder. The comparator block contains 12 −N
 comparators, so 

there are 3 comparators required for 2-bit ADC as shown in figure 6.2. If the 
input voltage signal is between 1REFV  and 2REFV  then the comparator 1OUT  and 

2OUT  produces 1 while 3OUT  produce 0.  

 
Figure 6.2: Comparator for 2-Bit ADC 



                                                                                                                      

70 
 

   
 
 

Figure 6.3 shows a single comparator block, which comprises of three main 
blocks:  

1. Resistive Driving Comparator  

2. 2 Stage Buffer 

3. D Flip Flop 

 
Figure 6.3: Single Complete Comparator Block 

6.3.1. Resistive Driving Comparator  

This is the main block, which contains resistive driving comparator, as shown in 
figure 6.4. We have already discussed about its operation in the previous 
chapter.  
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Fig 6.4: Resistive Divider Comparator 

In order to work this circuit at 1GHz, the size of transistors are as follows: 

( ) min,NLW  = 0.12/0.1 

( ) min,PLW  = 0.36/0.1 

( ) 1MLW = ( ) 2MLW = 2* ( ) min,PLW = 0.72/0.1 

( ) 3MLW  = ( ) 4MLW  = ( ) min,PLW = 0.36/0.1 

( ) 5MLW = ( ) 6MLW  = ( ) 7MLW = ( ) 8MLW =  3* ( ) min,NLW = 0.36/0.1 

( ) 9MLW = 2* ( ) min,NLW = 0.24/0.1 

For 1GHz of frequency the output at Out+ and Out- are shown in Figure 6.5. 
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Figure 6.5: Output at Out+ and Out- 

6.3.2. 2-Stage Buffer 

This buffer is use to protect comparator block from any reverse current. Without 
this buffer any reverse current will change the operation mode of the comparator 
and we get the incorrect output.  

In order to get correct results we inserted 2 stage buffers at the output of 
comparator as shown in figure 6.6.  

 
Figure 6.6: 2-Stage Buffer 
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The sizes of the transistors are as follows: 

1st Stage:  ( )NLW = 0.12/0.1 

    ( )PLW = 0.36/0.1 

2nd Stage:  ( )NLW = 0.48/0.1 

    ( )PLW = 1.44/0.1 

The buffer’s output is shown in figure 6.7. 

 

Figure 6.7: Buffer’s Output 

6.3.3. D-Flip Flop  

The clock rate of the positive-edge D flip-flops (DFF) at the ADC output sets 
the sampling rate. The flash ADC does not have a sample-and-hold circuit at the 
input comparators. As a result, setup and hold violations may occur at the DFF. 
This is trade off between speed and accuracy in the flash ADC. We are using 
transmission gate DFF, as shown in Figure 6.8. 
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Initially we set the size of transistors very high but after few simulations it was 
observed that this would increase the delay due to self-loading effects. The sizes 
of the transistors are: 

( )NLW = 0.12/0.1 

( )PLW = 0.36/0.1 

 
Figure 6.8: Transmission Gate Flip Flop 

The DFF output is shown in Figure 6.9 
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Figure 6.9: DFF Output 

6.4. Decoder 

The comparator block will generate the thermometer codes, which needs to be 
converted into binary form. Here we are using ROM decoder, as shown in figure 
6.10 which contains three main blocks: 

1. Bubble Correction Block 

2. Thermometer to Gray ROM Decoder 

3. Gray to Binary converter 

 
Figure 6.10: Decoder for 2-Bit ADC  
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6.4.1. Bubble Correction Block  

Bubble correction is required to remove bubbles from the thermometer code, 
which is generated due to the metastability of the comparator block. The bubbles 
can be removed by applying bubble contained thermometer code to AND gate. 
Figure 6.11 shows the bubble correction block. This circuit not only removes 
bubble from the thermometer code but also makes sure that only 1-out-of-n-code 
will generate.   

 
Figure 6.11: Bubble Correction Block for 2-Bit ADC 
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The output of comparators are applied to the “3_input_AND_2Inputs_Inverted” 
block, which contains a 3 three input AND gate with two inverted inputs as 
shown in figure 6.12. 

 
Figure 6.12: 3 Input AND with 2 Inverted Bits 

3 Input NAND gate and inverter was designed by complementary CMOS logic 
and the size of transistors are as follows: 

Inverter: 

( )NLW = 0.12/0.1 

( )PLW = 0.36/0.1 

3 Input NAND Gate: 

( )NLW = 0.36/0.1 

( )PLW = 0.36/0.1 

6.4.2. Thermometer to Gray ROM Decoder 

The 1-out-of-n-code will then apply to the ROM decoder, which will convert 
this thermometer code into Gray code. Bubble correction circuit makes sure that 
only single bit line active at any time instant. For 2-bit case 3 X 2 ROM is 
required as shown in figure 6.13. The output of NOR ROM will then be inverted 
in order to get correct gray code.  
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Figure 6.13: 3X2 NOR ROM  

 In order to keep cell size and the bit line capacitance small, the pull-down 
device (NMOS) has to be as small as possible. Furthermore, the resistance of the 
pull-up device (PMOS) should be larger than the pull-down resistance to 
guarantee a sufficient low level. The sizes of 3X2 NOR ROM for PMOS pull-
down and NMOS pull-up transistors are:  

( )NLW  = 0.12/0.1 
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( )PLW = 0.3/0.1 

6.4.3. Gray to Binary Converter 

Simple XOR gate can be used to convert Gray code into Binary as shown in 
figure 6.14(a). D-Flip-Flop is used to latch the output of NOR ROM. XOR gate 
is designed by complementary CMOS logic as shown in figure 6.14(b). The 
sizes of XOR gate transistors are as follows: 

( )NLW = 0.24/0.1 

( )PLW = 0.72/0.1 

 
Figure 6.14: (a) Gray to Binary Converter (b) XOR Gate 
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CHAPTER 7- Flash ADC Testing and Results 
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7.1. Introduction 

In the previous chapter we have designed the basic blocks of flash ADC. In 
order to check the performance of our designed ADC we need a test bench. Here 
we are using sine wave testing in ideal conditions. As test environment is ideal 
therefore we are not able to check the dynamic performance of our ADC. In 
order to check the dynamic performance we need some mismatch setup, which 
is not the scope of this thesis work. Here we will start with test bench setup after 
that we will discuss the results of 2 bits, 4 bits and 6 bits flash ADC.  

7.2. Test Bench Setup 

Figure 7.1 shows the test bench setup of our designed ADC, which contains the 
following components:   

1. Clock Buffers 

2. Power Supplies 

3. Input Signal 

4. ADC  

5. File Write 

 
Figure 7.1: Final Test Bench 
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This figure shows the test bench setup for 2 bits but this is same for 4 bits and 6 
bits case. In the following section we will discuss about each block one by one. 

7.2.1. Clock Buffer 

The clock and clock bar source is simple sine wave generator with offset voltage 
0.6V and amplitude is 0.6 and –0.6 respectively. The sampling frequency of the 
clock is variable which changes from 100 MHz to 2 GHz. This sine signal will 
then feed to a buffer, which converts this sine signal into a real clock and clock 
bar signals. The clock buffer contains seven stages as shown in figure 7.2.The 
sizes of inverters are as follows:  

( )NLW = 2.7/0.1 

( )PLW  = 5.4/0.1 

 
Figure 7.2: Clock Buffer 

7.2.2. Power Supplies 

DDV  is a dc voltage of 1.2V.   

7.2.3. Input Signal 

The input signal inf  is applied through the voltage divider network comprising 

of two 50Ω  resistors. The input signal is a sine wave, which varies from 0.6V to 
1.2V. Frequency of the input signals is variable and can be calculated by the 
following formula: 

sin f
M

J
f =  
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While the values of J and M can be selected by the discussion we had in chapter 
number 4. 

7.2.4. ADC 

This block contains the flash ADC, which we want to test. Figure 7.3 shows the 
components of this block, which are: 

1. Resistor Ladder 

2. Comparator with Clock  

3. Decoder with Clock 

 
  Figure 7.3: ADC Block 
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7.2.4.1. Resistor Ladder 
This block contains the resistor ladder network. The reference signal is 0.6 dc 
voltage. The voltage at 0RANGEREFV −  is 0.6 volts while at 1RANGEREFV −  is 1.2V. 

Table 6.1 shows the reference voltages on each node for 2-bit Flash ADC. 

 

Node Reference voltage 
REF1 0.75V 
REF2 0.9V 
REF3 1.05V 

Table 6.1: Reference Voltages Generated by Resistor Ladder 

7.2.4.2. Comparator with Clock 
This block contains main block of comparator and a pair of inverters which is 
used to feed clock to the comparator, as shown in figure 7.4. The aim to add 
inverter in the clock path is just to estimate correct power consumed by the 
comparator, which includes power consumed due to clock activity. 
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Figure 7.4: Comparator with Clock Power Estimation Inverter  

7.2.4.3. Decoder with Clock 
This block contains main block of decoder and a pair of inverters, which is used 
to feed clock to the decoder. The aim to add inverters is same as we discussed in 
previous section. 

7.2.5. File Write 

The output of the ADC will then store in a file using file write block, which is 
written in Spectre ahdl. The coding of file writer for 2 bits is as follows: 

// Spectre AHDL for Flash_ADC_Test_Bench_Setup, Fil eWrite, ahdl 
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module FileWrite ( CLK, IN0, IN1) (vthres, filename ) 
    node [V,I] CLK; 
    node [V,I] IN0; 
    node [V,I] IN1; 
    
//Parameters 
 parameter real vthres=0.6 from (0:inf); 
 parameter string filename="/edu/hassy505/outputfil e.dat"; 
{ 
//Local variables 
 integer outdata=0; 
 stream outfile; 
 
//Open file 
 initial { 
  outfile = $fopen(filename,"w"); 
 } 
 
//Read data, convert to integer, and write to file 
 analog { 
  //detect falling clock edge 
  if ($threshold(V(CLK)-vthres, -1)) { 
   //Calculate integer valued output 

7.3. SNR Estimation 

The output will store in outputfile.dat as matrix. We will then read this file in 
Matlab to estimate SNR. The Matlab code to calculate SNR is as follows:  

 
ytot=dlmread('/edu/hassy505/outputfile.dat',' '); 
ytot=ytot'; 
WkT=2*pi*[509/1024]; % Contains all input sinusoid angles (wT) 
n=ceil(length(ytot)*0.1):ceil(length(ytot))*0.9; % Disregards 
the first and last 10% 
[mag,fas,offset]=extract_sinusoids(ytot(n),n,WkT); % Estimated 
magnitudes and phases of the sinusoids 
                                       
yhat=0; 
for k=1:length(mag) 
  yhat=yhat+mag(k)*sin(WkT(k)*n+fas(k));   
end 
yhat=yhat+offset; 
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SNR=10*log10(sum((yhat-offset).^2)/sum((ytot(n)-yha t).^2)); 
disp(['Estimated SNR: ' num2str(SNR) ' dB']) 

7.4. Final Results 

7.4.1. 2-Bits ADC 

For the 2-Bit ADC, the value of resistance in resistor ladder was set to ΩK1 .  
After many simulations it was proved that this ADC could handle 1.9 GHz of 
sampling frequency, as shown in figure 7.5, while the input frequency set to 
Nyquist frequency. 

 
Figure 7.5: 2Bit ADC Results-Fs Vs ENOB for Fin = Nyquist Frequency.  
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After that we set sampling frequency to 1.9GHz and vary input frequency from 
few MHz to 1.8GHz and the minimum effective number of bits is 1.85, as 
shown in figure 7.6.  

 
Figure 7.6: 2Bit ADC Results-Fin Vs ENOB for Fs = 1.9GHz. 

 
As it can be observed in figure 7.5 that this 2-bit structure can work till 2GHz of 
sampling frequency that is why we set the sampling frequency to 2GHz and vary 
the input frequency as we did in 1.9GHz case. It was observed by the simulation 
results that it works for Nyquist frequency (i.e. 1GHz) but for few MHz its 
performance degraded very much and gave very low ENOB, as shown in figure 
7.7.    
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Figure 7.7: 2Bit ADC Results-Fin Vs ENOB for Fs = 2GHz. 

7.4.2. 4-Bits ADC  

For the 4-Bit ADC, initially we set the value of resistance in resistor ladder to 
ΩK1  but after a few simulations it was observed that the ADC does not work 

due to kickback that is why we change the value of resistors to Ω100 .  After 
many simulations it was observed that the performance of this ADC came down 
to 3dB at 1.6GHz of sampling frequency while the input frequency was set to 
Nyquist frequency, as shown in figure 7.8, after 1.6GHz the performance 
degraded very much. 
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 Figure 7.8: 4Bit ADC Results-Fs Vs ENOB for Fin = Nyquist Frequency.  
 
As the maximum sampling frequency was 1.6GHz in 4 bit ADC, therefore we 
set the sampling frequency to 1.6GHz and vary input frequency from few MHz 
to 1.6GHz and it is observed that at 900MHz the performance of ADC came 
down to 3db, as shown in figure 7.9. Further increase in input frequency 
degrades the ADC performance very much; therefore the maximum input 
bandwidth is 900MHz.   



                                                                                                                      

91 
 

   
 
 

 
Figure 7.9: 4Bit ADC Results-Fin Vs ENOB for Fs =1.6GHz. 

 

7.4.3. 6-Bits ADC  

For the 6-Bit ADC, initially we set the value of resistance in resistor ladder to 
Ω100  but after few simulations it was observed that the ADC does not work due 

to kickback that is why we change the value of resistors to Ω1 .  After many 
simulations it was observed that the performance of this ADC came down to 
3dB at 500MHz of sampling frequency while the input frequency was set to 
Nyquist frequency, as shown in figure 7.10, after 500MHz the performance 
degraded quite considerably. 



                                                                                                                      

92 
 

   
 
 

 
Figure 7.10: 6Bit ADC Results-Fs Vs ENOB for Fin = Nyquist Frequency. 

  
As the maximum sampling frequency was 500MHz in 6 bit ADC, there for we 
set the sampling frequency to 500MHz and vary input frequency from few MHz 
to 500MHz and it observe that after Nyquist frequency the performance of ADC 
degrades very much; therefore the maximum input bandwidth is approximately 
250MHz, as shown in figure 7.11. 
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Figure 7.11: 6Bit ADC Results-Fin Vs ENOB for Fs =500MHz. 

7.4.4. Power Comparison of Different Building Blocks of 2, 4 

and 6 Bit ADC 

There are 3 building blocks of an ADC i.e. resistor ladder, comparator and 
decoder. Figure 7.12 shows the worst-case power consumed by each block of 2, 
4 and 6-bit ADC according to the following table: 

Number of Bits Comparator 
Power (µ W) 

Decoder Power 
( µ W) 

Resistor Ladder 
Power (µ W) 

2 84.29 119.5 90 
4 375.5 237.8 225 
6 1695 400.6 6625 
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Figure 7.12: Power Comparison of different blocks for 2, 4 and 6Bit ADC.  
 
It can be observed from this figure that when we decrease resistance value in 
resistor ladder for 2, 4 and 6-bit case, then the power consumption of this block 
increases by the factor N22 . The interesting thing is that for 2 bit case the power 
consumption of all the blocks are approximately same and when we move from 
2 to 4 bit, resistor ladder block consumes less power than other two blocks but 
for 6 bit case it consumes approximately 76% of the total ADC power. It can 
also be observed that comparator and decoder power consumption increases 
with increase in number of bits by the factor N2  and N  respectively. 
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CHAPTER 8- Conclusion and Future Work 
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8.1. Conclusion 

The goal of this thesis work is to estimate power consumption of different 
blocks of Flash ADC for sampling frequency of 1GHz in 90nm CMOS 
technology. I have divided this work in two phases, as follows: 
1. Designing  
2. Testing. 

8.1.1. Designing  
The design of Flash ADC includes the designing of comparator, decoder and 
resistive ladder. The designing of comparator is most critical in this project 
because it affects the performance of other blocks. Therefore the selection of 
comparator architecture is quite important and when we look into different 
architectures of comparator then latch comparator architecture was found to be 
suitable for this project. If we had used high gain amplifier with differential 
input comparator architecture then it would not be possible to achieve high 
speed and if we had used track and hold latch comparator then off course we 
would get high resolution but on the other hand the power consumption 
increase as well. Decoder architecture we have chosen was ROM based 
architecture due to the fact that it is very straight forward design and it also 
consume less power for low number of bits but it would be a good idea to 
replace this architecture with Wallace Tree and test the overall performance of 
ADC. Resistance of resistor ladder depends upon the coupling capacitance of 
comparator stage and input signal frequency. Hence the worst case input signal 
frequency is nyquist frequency therefore the only limiting factor to choose 
appropriate resistance value is coupling capacitance of the comparator. When 
the number of bits increases then the capacitance at the input of comparator 
stage increase as well and if we keep the resistance value constant for 
increasing number of bits then the reference value will change due to kickback 
noise and if the sampling speed is fast enough then the comparator compare 
wrong inputs and this will degrade the over all performance of the design. 
Therefore in order to reduce the effects of kickback it is very important to 
decrease the resistance value with increase in number of bits, and design 
comparator in a way that it will have less input capacitance.                  
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8.1.2. Testing 
In the testing phase we initially tested 2-bit ADC architecture. The testing 
conditions were ideal and we did not consider any nonlinear effects. We had 
optimized comparator and decoder blocks for 2 GHz so that if the performance 
of this ADC will test under all nonlinearities and parasitic then it should be able 
to work till 1 GHz. It was also observed that it is possible to optimize 
comparator block for more than 2 GHz but for the designed comparator, 2-bit 
ADC worked till 2 GHz. When we increase number of bits to 4 and 6than the 
sampling frequency degrades to 1.6 GHz and 500 MHz. On the other hand with 
increase number of bits it is required to decrease the value of resistance in 
resistor ladder which in turns increase the power consumption of resistor ladder 
block. It was also the requirement that we should not change the design of any 
block otherwise it does not make sense to compare the power consumption of 
the different block for increase in number of bits. For low number of bits the 
most power consumption unit is comparator stage but when we increase number 
of bits then resistor ladder power becomes dominant and it is required to make 
some modification (e.g. add some input buffer or preamplifier stage) in the 
design so that resistor ladder unit should not consume most of the power of 
ADC.       

8.2. Future Work 

There are many ways to improve the design we have presented in this thesis in 
order to achieve high resolution, high speed and low power. For low power 
design it is required to limit resistor ladder power consumption by using 
preamplifier stages or analog buffers before the comparator stage, so that 
resistor ladder block will consume only few percent of total ADC power. The 
other ways to decrease the power consumption of ADC is to use other 
architectures for comparator and decoder blocks for example use Wallace Tree 
design and see the impact of power and speed. If high speed is required than it is 
possible to optimize comparator block more but may be it will increase the 
power consumption of comparator block. To achieve high speed as well as high 
resolution it is possible to use 4-bit flash ADC in pipelined ADC structure. As 
we have tested our design in ideal conditions, therefore in order to perform real 
environment test it is required to add some nonlinearities and see the impact on 
power, speed and resolution. 
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