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ABSTRACT

HIGH LEVEL MODELING OF SIGMA-DELTA ANALOG

TO DIGITAL CONVERTERS

This thesis discuss high-level modeling of Sigma-Delta ADC’s, development of a

design automation tool which operates at system level, and other related software which

are required for accurate operation of this tool. There are some models available in the

literature which are suitable for a design automation system. These models are taken as

a starting point in the modeling effort in this thesis. Also, a Sigma-Delta ADC design

automation tool was developed which involves novelties such as performance estimator

and architecture selection. With the contribution of the performance estimator module,

the tool provides an extensive design environment to the users for the design of Sigma-

Delta analog-to-digital converters. The developed models and their effects are clearly

presented with examples. Design examples for 0.5µm and 0.35µm AMS technologies

are provided for proving the accuracy and flexibility of the design automation tool. In

addition, a Sigma-Delta ADC IC was designed and fabricated.
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ÖZET

SİGMA-DELTA ANALOG SAYISAL

DÖNÜŞTÜRÜCÜLERİN YÜKSEK SEVİYEDE

MODELLENMESİ

Bu tez, Sigma-Delta analog-sayısal çeviricilerin (ADÇ) yüksek seviyede mod-

ellemesi, bu modellerin kullanıldığı, sistem seviyesinde çalışan bir tasarım otomasyon

yazılımının geliştirilmesi ve bu otomasyon yazılımının işleyebilmesi için gerekli olan

yardımcı araçların geliştirilmesini kapsamaktadır. Literatürede tasarım otomasyonu

için daha önceden geliştirilmiş bazı modeller bulunmaktadır. Bu tezde, bu mod-

eller başlangıç noktası olarak alınmış ve gerekli modeller geliştirilmiştir. Geliştirilen

Sigma-Delta ADÇ tasarım otomasyon yazılımı literatürde mevcut olmayan yenilikler

ve özellikler ile donatılmıştır. Bunların en önemlileri performans öngörücüsü ve yapı

seçicisidir. Performans öngörücüsünün de yardımıyla , geliştirilen yazılım, kullanıcılara

Sigma-Delta ADÇ tasarımı konusunda son derece kapsamlı bir tasarım ortamı sunmak-

tadır. Otomasyon yazılımı için gelitirilen modeller ve etkileri açık bir şekilde bu tezde

sunulmuştur. Ayrıca, 0.5µm ve 0.35µm AMS teknolojileri için örnekler sunulmuş ve

bu yolla doğrulukları ve esnek çalışma şekilleri gösterilmiştir. Bunlara ek olarak bir

adet Sigma-Delta test tümdevresi de tasarlanmış ve üretilmiştir.
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1. INTRODUCTION

Analog-to-digital converters (ADC) provide the link between the analog world and

the digital world of signal processing [1], computing, and other digital data collection

or data processing systems. Nowadays, electronic signals are processed increasingly in

the digital domain. Since most signals are analog in the world we live, the importance

of ADC’s has been increasing considerably. We can safely say that ADC’s will keep on

being key components in large systems.

In the past, ADC’s have been implemented by using clever analog circuits that

consume considerable time to design. Although the digital processing hardware was

not fast and strong enough for carrying out some of the desired tasks in the past,

digital processing power has become cheaper and easier to implement with advances in

CMOS technology. Hence, this has increased the interest in analog-to-digital conver-

sion techniques and circuits. Processing in digital domain, however, imposes various

requirements on the ADC. These include conversion rate, resolution, power consump-

tion, and dynamic range. Unfortunately, none of the available ADC circuits can excel

in all specifications; hence, different ADC circuits have been developed for this purpose.

There are various types of ADC’s available both in the market and in the litera-

ture. These architectures differ from each other by their speed, accuracy, power, cost,

etc. The selection of the most appropriate type is a hard problem. Although there are

some other ADC architectures such as successive approximation or Subranging ADC’s,

the most important architectures are flash, pipeline and Sigma-Delta ADC’s. These

three cover most solutions on the solution space described on resolution vs. speed as

illustrated in Figure 1.1 [2]. As a result, for most of the designs, a solution with these

architectures can be found.

The fastest of all types of high-speed analog-to-digital converters is the flash or

parallel type converter whose block diagram is given in Figure 1.2. The flash converter

is considered to be the fastest ADC because conversion takes place in a single cycle;
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Figure 1.1. Resolution vs sampling rate

hence the name, “Flash”. The resolution of flash converters tends to be limited to

around eight bits due to the fact that the amount of circuitry doubles every time

the resolution is increased by one bit. Another drawback of this architecture is that

the design of flash converters demands a high level of matching between the parallel

comparators and resistors in the resistor ladder, which is a challenging task.

The pipelined ADC consists of a number of consecutive stages. A general pipelined

architecture is given in Figure 1.3. The stages are similar in their functionality, where

each stage generally resolves only one or two bits. Each individual stage consists of a

sample and hold, a low resolution flash ADC, a low resolution digital-to-analog con-

verter (DAC), and a summing stage including an interstage amplifier for providing

gain. The outputs of each stage are combined in the output latch. Stage one takes a

sample of the input voltage and makes the first coarse conversion. The result is the

most significant bit (MSB) and its digital value is fed to the first latch. As the residue
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Figure 1.2. Flash ADC block diagram

of the first stage gets resolved in the subsequent n-stages, the MSB value is rippled

through n latches in order to coincide with the end of the conversion of the last stage.

Then, all data bits are latched in the output register and the output becomes available.

Since a pipeline design strategy is used, the throughput of the ADC is high. Also, the

number of blocks used in the ADC is significantly decreased as compared to the Flash

ADC by dividing the ADC into stages.

Another alternative for A/D conversion is Sigma-Delta ADC’s. They are very

suitable to achieve resolutions of up to 20 bits. They exchange the loss of accuracy

inherent to analog circuits in digital processes for faster signal processing and more

digital circuitry. In other words, more accurate ADC’s can be achieved by complex

and fast digital circuitry. Sigma-Delta modulation is a robust technique for analog-

to-digital conversion. Other ADC architectures require precisely matched components

in order to attain high accuracy. Also, it can easily be said that the resolution of the

ADC is linearly proportional with the number of components that have to be matched
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Figure 1.3. Pipeline ADC block diagram

accurately. The advantage of the Sigma-Delta architecture is that the matching re-

quirement is very relaxed as compared to other architectures. The use of feedback

allows the utilization of imprecise components.

Sigma-Delta ADC’s have been enjoying increasing interest through the last decade.

The main reason of interest for this architecture is its ability to achieve high resolu-

tions with a decrease in conversion rate [3]. Also, efficient Sigma-Delta ADC designs

can transfer complexity from analog circuitry to digital, allowing designers to design

low-power ADC’s. These features make them a good candidate for various applications

especially in telecommunication [4, 5]. However, efficient design of Sigma-Delta ADC’s

is still not a completely solved problem. Although the number of distinct blocks in

Sigma-Delta ADC’s is small, which is a desired attribute, they can be connected in

many different configurations, thus rendering the choice of an optimum architecture

and the design parameters of each block quite difficult. Designers select architectures

for specific performances, but the optimality of the selection is not guaranteed. The

existence of numerous possibilities for different connection schemes of building blocks

introduces a design choice at the very beginning of the design flow; the selection of

the appropriate connection scheme or configuration. The design space has many di-

mensions and being able to find a near optimal solution has crucial importance. One
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of the novelties of the presented work in this thesis is the architecture selection fea-

ture, which eliminates configurations with low performance. Thus, the designer may

overcome many problems or eliminate most candidate configurations in the beginning.

Regarding all design choices and possible iterations made in absence of an as-

sisting design automation tool, the time spent for designing a Sigma-Delta ADC is

very large compared to the time required for a digital design, which has a well-defined

design flow and design tools. The increasing complexity of Sigma-Delta ADC’s and

time to market limitations create a demand for Sigma-Delta ADC design automation

tools. However, there are no complete top-down design automation tools available

for Sigma-Delta ADC design. Some Sigma-Delta ADC design automation tools have

been presented [6, 7, 8, 9, 10, 11, 12, 13] in the literature, most of them having been

developed in the academia and having found limited use in the industry. A successful

commercial tool (MIDAS) is reported in [14]. Also, there are many reported studies

in the literature which are focused on selection of the appropriate Sigma-Delta con-

figuration [15, 16, 17, 18, 19]. Finding the optimal or near optimal configuration for

the desired specifications is a very complex problem. The reason is not only that the

design may contain different architectures, but also that the architectures themselves

may have different configurations. Finding the optimal component values for these

configurations is a different problem. In other words, even if the ADC type has been

chosen a priori (i.e., Sigma-Delta), the architecture will have different possible con-

figurations (e.g. 4th order 2-2, 4th order 2-1-1, 4th order single loop, parallel) which

increases the complexity of choosing the ADC.

Synthesis environments or design space search tools mostly contain dedicated

tools for behavioral simulation. They are also equipped with some optimization capa-

bilities at system level. However, a design automation tool that works from the system

level down to the layout level and that can model and optimize multiple architec-

tures has not been yet reported. The available tools are mostly focused on a selected

architecture and try to generate transistor level data for these blocks for which the

schematic is already known or given earlier. Even so, the presented approaches demon-

strate that the design effort decreases with the assistance of tools or models developed
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for designing Sigma-Delta ADC’s [20, 21]

In order to develop such systems, accurate models of the architectures are re-

quired. There are tools reported in the literature that are capable of designing ADC’s

down to circuit level. However, these tools can only design a single ADC architecture,

and are more suitable for parameter optimizations. Also, there are some behavioral

simulators for very limited number of ADC architectures such as flash and pipeline

architectures [22]. The tools developed for Sigma-Delta ADC’s are generally behav-

ioral simulators. In addition, these simulators are developed for a limited number of

Sigma-Delta architectures, since accurate models of every possible architecture are not

available.

1.1. Motivation

There is an ongoing research at several institutions, including our research labo-

ratory, whose aim is to develop a complete analog design automation tool, which will

cover all levels through system level to layout level. However, this is a challenging task

since there is no well-defined design flow available for analog circuits similar to the well

established flow for digital circuits. For this reason, the initial task is the definition of

the design flow. The design flow proposed by our group is given in Figure 1.4. There

are three abstract levels: system level, circuit level, and layout level. For general analog

design, another level, the functional level, can be inserted between the two top levels

[23]. However, these levels should be supported by libraries or performance estimators.

Another general analog design flow is given in Figure 1.5 [24] which has more levels.

The design system presented in Figure 1.4 is under development and many tools have

already been implemented [25]. The aim of this thesis is to develop a Sigma-Delta

ADC design tool at system level. Some architectures (Flash and Pipeline) have been

implemented so far for the available design automation system and the Sigma-Delta

ADC tool will cover the remaining sections in ADC design space defined by resolution

vs. conversion rate as given in Figure 1.1.
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Figure 1.4. Analog design automation flow

Generating parameters from the system level tool to be used in the circuit level

is a challenging task. Also, the designer should have enough flexibility for choosing the

level of interaction throughout the design process. Thus, many different approaches

should be made available to the user at system level. Three different usage models were

planned for the ADC design tool discussed in this thesis. First one is the automation

mode, which completely works with automation software. Another mode will be semi-

automatic, which is suitable for designs where some design blocks are available and

the rest are to be designed. The last one will be for designs where an overall design is

available and performance verification is desired.

The tool should also be flexible regarding the choice of architecture for the ADC,

which means that the new architectures can also be used with this tool.

As a summary, the goal of this thesis is to develop accurate models for Sigma-

Delta ADC’s and a tool that takes advantage of these models in designing a Sigma-Delta

ADC, which we can process in a complete analog design automation tool. This task

requires modeling of architectures, developing the methodology in order to perform

an architecture selection, and optimization of parameters within a given or selected

architecture.
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Figure 1.5. High-level view of design process

1.2. Methodology

In order to achieve the goal of the thesis, several milestones were defined. These

milestones include modeling of Sigma-Delta ADC’s, development of a design automa-

tion system for Sigma-Delta ADC’s, and verification of developed models and software.

There are some models for Sigma-Delta ADC’s available in the literature. These

models were developed for mainly two approaches available in the literature: analytical

modeling and behavioral modeling. Hence, for modeling a Sigma-Delta ADC, one of

them should be selected. Both approaches were investigated by means of developing

both primitive behavioral and analytical models. Behavioral models were developed

in MATLAB and Simulink environment. Analytical models were developed and coded

in C++. The main problem of the behavioral approach, despite the fact that devel-

oping models is relatively easy, is that it requires iterations when used in the design

automation system. Hence, searching a solution in the design space would take too

much time. Since one of the objectives of this thesis is to provide the designer with
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a solution from a solution space which has many dimensions, this approach was not

preferred and analytical approach was used. However, MATLAB models were used

to compare the results for model verification. Also, for architecture synthesis module,

MATLAB was used because of necessity since symbolic toolbox is required for the op-

eration. After the selection of the analytical approach, each error source was defined

that contributes to noise in calculation of the main performance metric, SNDR. Then,

these models were analytically defined and models were developed such that they may

be incorporated into the design automation system.

The next step is the development of a design automation system which utilizes the

models discussed above. The tool should be developed in such a way that it can provide

the desired level of interaction to the designer depending on the needs of the designer.

The designer may need to verify a design or would like to use previously designed blocks.

In other words, the tool should be an assisting software to the designer, who chooses

the level of interaction throughout the design, rather than a block box synthesizer.

Hence, three modes of operation were defined and the tool was developed considering

these modes. Since there is no iteration process, the result may be achieved in a couple

of minutes.

Verification of models by means of test circuits and IC implementation should

be also performed. Results can be compared with available examples in the literature.

Thus, a test IC was designed by utilizing the models developed. Hence, model accuracy

was verified by physical implementation. The developed tool was used to calculate

performance values of some reported test IC’s to compare the accuracy. Also, this

calculated performance was compared with the output of other tools in the literature .

1.3. Key Contributions

This section summarizes the contributions made within the framework of this

thesis.

• Development of models for Sigma-Delta ADC’s. The achievements were reported
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in [26, 27, 28]

• Development of a Sigma-Delta ADC design automation tool based on the devel-

oped models. The achievements were reported in [29]

• Development of a performance estimator tool and integration of the tool into the

Sigma-Delta ADC design automation tool. The achievements were reported in

[30]

• Development of an architecture synthesis tool. The achievements were reported

in [31, 32]

• Development of an optimization tool in MATLAB for architecture selection.

• Design of a test IC. The achievements were reported in [29, 33]

1.4. Thesis Organization

The thesis is organized as follows:

Chapter 2 introduces Sigma-Delta ADC’s and available implementation methods

in the literature. Hence, a background is provided for Sigma-Delta ADC’s with in the

chapter.

Chapter 3 is dedicated to the modeling effort of the Sigma-Delta ADC’s. The

approaches available and models developed within the framework of this thesis as well

as models available in the literature were presented. These models are utilized in the

following chapters.

Chapter 4 presents the design automation system developed for the Sigma-Delta

ADC design. The methods and algorithms used are presented and design flow with

the developed tool is also provided in this chapter

Chapter 5 introduces the performance estimator module and provides examples

for the developed tool.

Chapter 6 provides examples for the developed design automation system



11

Chapter 7 presents an integrated circuit which contains two Sigma-Delta ADC’s.

Design details are provided in this chapter.

Chapter 8 concludes the thesis.
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2. SIGMA-DELTA ADC’S

Although the architecture targeted is known as Sigma-Delta converter, it is still

referred as Delta-Sigma converters in some sources. In addition to “Sigma-Delta

ADC”or “Delta-Sigma ADC”, other terms often found in the literature are oversam-

pling and noise shaping ADC’s. The last two terms in fact show the main principles

of Sigma-Delta ADC’s. The former spreads the quantization noise power over a band-

width equal to the sampling frequency, which is much greater than the signal band-

width. In the latter, the modulator behaves as a low-pass filter on the signal, and as

a high-pass filter on the noise, thus “shaping”the quantization noise so that most of

the energy will be above the signal bandwidth. A digital low-pass filtering stage then

greatly attenuates out-of-band quantization noise, and finally, downsampling brings

the sampled signal to the Nyquist rate.

Sigma-Delta modulation is a robust technique for analog-to-digital conversion.

Other ADC architectures require precisely matched components or in other words

precise ratio of components in order to attain high accuracy. Also, it can easily be said

that the resolution of the ADC is linearly proportional with the number of components

that have to be matched accurately. The advantage of the Sigma-Delta architecture is

that it does not require that close matching. The use of feedback allows the utilization

of imprecise components.

One way of improving the resolution of a Nyquist rate converter is oversampling

the input as in Sigma-Delta ADC’s. Although the total quantization noise power does

not change, its frequency spectrum does. The same amount of noise is spread over a

wider range leaving a small amount in the baseband. Figure 2.1 shows the noise spread

over the spectrum. The shaded area is the noise power of a Nyquist rate converter.

Increasing the sampling rate reduces the quantization noise power by a factor

OSR, which is the oversampling ratio. This analysis assumes that the quantization
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Figure 2.1. Noise power of an oversampling converter

noise spectrum is white; however, this is not the case in practical systems.

Although commercial Sigma-Delta ADC and DAC’s have been available for more

than a decade, the primary application of these converters has been in digital audio.

The low bandwidths in digital audio applications have made oversampled converters

reasonable to use. It is only recently, as we benefit from the increased speed of submi-

cron devices, that Sigma-Delta modulators are exploited for wider band systems such

as wireless RF communications.

Sigma-Delta modulation was first introduced by Inose, Yasuda and Murakami in

1962 [34]. During the following years, especially the last decade, a considerable effort

has been devoted to this subject. A very complete review of these efforts including

different methods and theory used for Sigma-Delta ADC and DAC is presented in [3].

A more recent version of this book was published in 1998 [35]. The number of different

configurations and the difficulty to compare these configurations with each other has

increased the motivation on the modeling of this architecture. In addition to this, the

development efforts of an ADC design automation system met with the absence of an

accurate model of the architecture. Thus, despite the efforts to design various Sigma-

Delta ADC’s with better performance values, much research has concentrated on the

modeling of Sigma-Delta ADC’s in order to have an insight of the architecture.

The reader is referred to [3] especially for a very extensive list of references,

mostly papers published in technical journals or presented at conferences. Many of

the papers concentrate on theoretical issues such as stability, limit cycles, quantization
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noise spectra, analysis of nonlinear behavior, etc. Also, a number of papers discuss

in detail the structure of new architectures and techniques with the development of

new devices as of 1992. However, many books were published since then, which cover

different aspects of Sigma-Delta ADC’s [7, 36, 37, 38, 39, 40, 41, 42, 43, 44].

The above paragraphs sketch previous research activities about Sigma-Delta

ADC’s. However, the research has been multiplied in the last few years [45, 46, 47,

48, 49, 50, 51, 52]. Although there is a deep theory behind the operation of Sigma-

Delta ADC’s, the operation principles are very basic. In Figure 2.2, the operation of a

Sigma-Delta ADC is illustrated. Constant input 3/7 is a popular example for showing

how the Sigma-Delta ADC works. If the iterations are carried out via simulation, the

result should be 3 bits with a value of 1 out of every 7 bits. This simulation is shown in

Figure 2.2. The first plot is the input signal and the last one is the output. However,

it is not easy to design a high-performance Sigma-Delta ADC most of the time, which

involves many design decisions.
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Figure 2.2. Output of Sigma-Delta for 3/7 as an input

The implementation of a Sigma-Delta ADC for specific performance criteria is

not unique. That is, there are many approaches available for implementing the theory.

Most popular and easiest way is to use sampling for the input signal and use a discrete



15

time loop filter (integrator). One other popular method is called continuous-time im-

plementation where the integrator is defined in s-domain and quantizer and DAC are

clocked. The following sections present these methods mainly remaining in the block

level. In addition, it should be noted that these methods can be implemented both

in voltage-mode or in current-mode. Combination of these is also possible as in [53]

where the input is current and output is voltage.

2.1. Discrete Time Sigma-Delta ADC’s

The most popular implementation method for Sigma-Delta ADC’s is defining the

loop-filter in z-domain and using switched capacitor integrators for the implementation.

The model of a first order discrete time Sigma-Delta modulator is given in Figure 2.3.

Figure 2.3. First order Sigma-Delta modulator

Figure 2.4. First order Sigma-Delta MATLAB output
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A first order ideal Sigma-Delta converter was modeled by using Simulink and

the output was processed in MATLAB. Hence, it is possible to observe the behaviour

of the ADC. The model for the first order Sigma-Delta ADC is given in Figure 2.4.

Figure 2.4 depicts the subblocks: integrator and DAC. Building the model using sub-

blocks in Simulink eases the building of the multibit version.

Simulink allows the simulation of z-domain transfer functions with MATLAB

functions; thus, the z-domain equivalents of the blocks may also be used. Time domain

descriptions of some blocks shown in Figure 2.5. The utilization of both descriptions

has been used in the literature [54] for modeling the system and both models can be

used in Simulink.

The output of a Sigma-Delta ADC is similar to an oscillating output. The actual

information lies in the average of the output signal. Hence, the rate of logical high or

low values shows the value of output signal. This relation is depicted in Figure 2.6. In

Figure 2.6, a sine wave with 0.45V amplitude is given to the first order Sigma-Delta

ADC. The lower curve shows the Sigma-Delta output. The first two plots are the input

and the integrator output.

Figure 2.5. Integrator and 1 bit DAC model in time domain

The model given in Figure 2.3 can be defined as given in Figure 2.7. The transfer
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Figure 2.6. Output, Integrator output and input of 1 bit 1st order Sigma-Delta ADC

Figure 2.7. First order Sigma-Delta modulator

function of the ideal block model given in this figure can be expressed as:

w(kT ) = x(kT ) − y(kT ) + w(kT − T )

y(kT ) = w(kT − T ) + e(kT ) (2.1)

y(kT ) = x(kT − T ) + e(kT ) − e(kT − T )

Then we can write:

Y (z) = z−1X(z) + (1 − z−1)E(z) (2.2)
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which leads to a transfer function

H(z) =
z−1

(1 − z−1)
(2.3)

In (2.2) the term preceding X(z) is defined as the signal transfer function (STF)

and the term preceding E(z) is defined as the noise transfer function (NTF). Hence,

signal and quantization noise have always been modified by different transfer func-

tions. This is one of the various advantages of Sigma-Delta ADC’s, since the in-band

quantization noise can be reduced due to this feature of the Sigma-Delta ADC. This

reduction is also called noise shaping. It can be seen from (2.2) that the input can be

observed at the output node with only a delay, whereas quantization noise is shaped by

a high-pass filter. Hence, the STF and NTF can be designed for desired performance

values.

The transfer function in (2.3) can be inserted as a block in the Simulink model.

Although Figure 2.7 shows that there is a delay on the path from the input to the

output, some researchers prefer to use a transfer function without a delay in the signal

path and place the delay on the feedback path. However, this structure is not easy

to implement in practice. Standard switched capacitor implementation already has a

delay in the signal path. Hence, it is more convenient to use the model with delay.

One other advantage of Sigma-Delta ADC’s is their modular structure. In order

to have better noise shaping, the order of the NTF can be increased. The addition of a

second integrator to the signal path is sufficient for this improvement. This structure

called second order since the NTF is second order. The block diagram of the second

order Sigma-Delta ADC is given in Figure 2.8. In this architecture, we have two

integrators on the signal path. Also, feedback is modified. Although the DAC output

is directly fed to the summation nodes in this research, the results of [7] show that lower

gain in the feedback loop can improve performance. This also prevents the saturation

of the integrator.
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Figure 2.8. Second order Sigma-Delta modulator

Figure 2.9. Second order Sigma-Delta modulator model in time domain

With the STF and NTF given below, there is only one delay between the input

and the output. It is easier to show the transfer function with one delay unit in

the signal path. However, in standard implementation, there is one delay for each

integrator. Thus, (2.5) does not hold and it is modified to (2.6). The only difference

is that the there are two unit delays between the input signal and the output signal.

This does not affect the behaviour of the system significantly. The important point in

all cases is the order of NTF.

The transfer function of a second order system can be expressed as:
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z(kT ) = x(kT ) − y(kT ) + z(kT − T )

w(kT ) = z(kT ) − y(kT ) + w(kT − T )

y(kT ) = w(kT − T ) + e(kT ) (2.4)

y(kT ) = x(kT − T ) + e(kT ) − 2e(kT − T ) + e(kT − 2T )

Then we can write:

Y (z) = z−1X(z) + E(z)(1 − z1)2 (2.5)

for one unit delay and

Y (z) = z−2X(z) + E(z)(1 − z1)2 (2.6)

for two unit delays.

It should be stated that the coefficient of the DAC output that was fed to the

input of the second integrator in (2.6) should be two. Figure 2.10 shows the output

of a signal, which has amplitude of 0.2V. The lowest plot in the figure shows the bit

stream at the output.

Discrete time Sigma-Delta ADC architectures can have even higher orders. With

the selection of adequate coefficients, each order increase results in increasing the power

of terms in STF and NTF. However, order values greater than two may cause stability

problems and require simulations for stability check.

Another method for designing high performance Sigma-Delta ADC’s is to use

cascading. Thus, stability can be guaranteed because only first and second order

structures are used. An example of cascaded Sigma-Delta ADC’s is given in Figure
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Figure 2.10. Output, integrator output and input of a second order Sigma-Delta ADC

2.11. Cascade architectures are more flexible but they require digital filters at the

outputs to achieve the correct STF and NTF.

2.2. Continuous Time Sigma-Delta ADC’s

One other popular method for Sigma-Delta ADC design is to use s-domain filters

for implementation. Although the name implies a “continuous”operation, it is not

fully continuous in reality. There is still a clock signal given to the ADC and DAC.

The term continuous relates to the type of loop filter used in a Sigma-Delta ADC.

Hence, the main difference from DT Sigma-Delta ADC’s is the filter. Continuous-time

(CT) filters introduce many advantageous features compared with ordinary DT filters.

The most important advantage is that they may be designed for low-power, the main

reason being the absence of switching activity involved in the operation. However, other

problems arise in CT Sigma-Delta ADC’s which are not so critical in their discrete time

counterparts such as jitter.

Despite their disadvantages, CT ADC’s have been gaining more and more interest

in the last few years [55, 56, 57, 58, 59, 60, 61, 62]. Similar to discrete time Sigma-
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Figure 2.11. 2-1 cascade configuration

Figure 2.12. Continuous Time Sigma-Delta ADC Block Diagram

Delta ADC modeling efforts, continuous-time model development has also been a focus

of research for the last few years. The main approach for modeling CT Sigma-Delta

ADC’s is the behavioral modeling approach [55, 13]. However, there is also reported

work on analytical modeling approach in the literature [63, 64, 65].

CT Sigma-Delta ADC’s can also be designed with different order values. Also

cascading is possible but most of the time it is not desired. The main reason is the de-
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viation in the coefficients used to realize cascading. The tolerances shold be extremely

low in order to prevent the performance loss.

A simulation of CT Sigma-Delta ADC is given in Figure 2.13. The ADC is current

input voltage output type. However, it can be observed from the figure that the output

signal is very similar to DT Sigma-Delta ADC’s.

Figure 2.13. Circuit simulation of current-mode CT Sigma-Delta ADC
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3. MODELING OF SIGMA-DELTA ADC’S

Development of design automation systems for Sigma-Delta ADC’s requires ac-

curate models of the architecture. Recent studies about modeling the Sigma-Delta

architecture are given in the following paragraphs. The aim of this section is to define

the types of errors in the blocks that a Sigma-Delta ADC contains and to present

the effects of these errors via the developed models. Since Sigma-Delta ADC’s have

building blocks that operate in both digital and analog domains, it is difficult to model

dynamic and static errors of the architecture accurately. In addition, the number of

possible configurations makes the problem more challenging. Although the number of

distinct blocks is limited, their interconnection configurations may affect the overall

performance significantly.

In order to model Sigma-Delta ADC’s, many different approaches have been

tried. Some approaches concentrate on the speed of evaluation, in which case the

accuracy of the models is degraded. More accurate results can be achieved by device

level simulation tools [24], but they require huge amount of CPU time. Also, some

researchers have tried to develop custom models [66], but they cannot achieve the

required flexibility whereby the tools can only be used for one or two configurations

[10].

One of the milestones in modeling efforts of Sigma-Delta ADC was a project

(called AMPHIS) in the third framework of CORDIS named ”ESPRIT III”, which aims

to develop necessary CAD algorithms for a complete ADC design automation. A group

at the Instituto de Microelectrónica de Sevilla-Centro Nacional de Microelectrónica in

Spain focused on Sigma-Delta ADC’s as a contributor to this project. They published

their research [7, 10], which successfully models the behavior of Sigma-Delta ADC

for some configurations. They developed three tools: SDOPT for modulator sizing,

FRIDGE for basic cell sizing, and ASIDES for behavioral simulation. Some other

primitive design tools are also available [14, 67, 68] for limited configurations of Sigma-

Delta ADC’s. There is also another research group in Italy, which mostly focuses on
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behavioral modeling of the Sigma-Delta architecture [54, 8, 69].

In the literature there are many other reserach activities reported previously.

There were also some projects in EU framework that aimed to model the Sigma-Delta

architecture, such as Anastasia+ [70], which is a name given to the project with the

subject “Analogue enhancements for a system-to-silicon automated design”(Part of

MEDEA+ [71]). The list of project partners contains university of Pavia and many

corporations such as Siemens, Anacad and Analog Microelectronics. The group working

on the Anastasia+ project [70] mainly focused on modeling the Sigma-Delta architec-

ture. This project has ended in December 2004.

There are also some other groups working on modeling of Sigma-Delta ADC’s

[6, 11, 12, 16, 17]. However, they are mostly focused on developing models of a single

architecture. The architecture selection procedure is left to the designer. Although

there are methods for calculating the performance metrics reported in the literature,

they are not used for architecture selection [11, 18, 72, 73, 74]. The designer is forced

to perform several behavioral simulations by their simulation tools in order to select

the architecture. However, even if the behavioral simulations may point to an optimum

solution [13], this optimum point may change when the actual circuitry in the blocks

is designed. A few behavioral simulations [8, 9] are not enough for such a design. The

system level parameters should be bound to lower level parameters in order to achieve

optimum design.

The following paragraphs basically summarize the modeling methods available

in the literature. These efforts include device level models which can be simulated

in simulators such as SPICE [75], or finite-difference equations for simulators such as

SWITCAP [76, 77], or custom numerical models generally developed in C language [78].

However, these approaches have disadvantages. Some of them have speed advantage

but lack accuracy, where some are more accurate, but the flexibility of the model to

adapt to new architectures is poor.

SPICE is a common simulator mainly used for device level model simulations.



26

However, they are not suitable for Sigma-Delta ADC’s. Its accuracy causes extremely

long simulation times. The models may be simplified by using time-domain macro

models [24]. In this case, the accuracy and the flexibility cannot meet the desired

levels. Also, since the designer would perform more than one simulation in order to

optimize the performance, the total simulation time dedicated to an overall architecture

simulation would be still long.

One other approach is to use the z-domain descriptions [79] of Sigma-Delta archi-

tectures. There are simulators like SWITCAP that use this type of models. Some of

them are developed in such a way that they can handle only one or two architectures,

like MIDAS [14]. They have a speed advantage but flexibility and accuracy are lacking

most of the time.

There are also some other approaches that are table-lookup based. However, this

approach is not suitable for modeling various Sigma-Delta architectures. Especially for

large tables the speed degradation is huge.

There are some approaches which lie between the ones given above. However, the

results are not promising for such efforts when the architecture selection procedure is

taken into account.

Two studies [6, 69], are related with this thesis regarding the modeling efforts.

Both of these are focused on the modeling effort of the Sigma-Delta ADC’s. The first

one presents a tool called DAISY (Delta-Sigma Analysis and Synthesis). The tool

developed contains an inner block which performs a behavioral simulation and tries

to optimize the parameters regarding the performance evaluation of the behavioral

simulator. The advantage of this approach is the easy implementation of the models.

The calculations for slew-rate and jitter errors for each sample is much more easy and

these models are commonly used in behavioral simulators.

The drawback of this approach is that if the initial assignment in the solution

space is far from the solution, then the number of iterations, which should be performed
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by the behavioral simulator, may be high. In [6], the approach is compared with

device level simulations are reported as advantages to the available tools. However,

our approach is more advantagous than the reported work in the literature since our

approach does not contain any behavioral simulation cycle. Although our MATLAB

models are very similar with the models in this paper and they are capable of performing

any performance evaluation.

The work reported in [69] utilizes a Simulink model in order to estimate the

performance of second order systems. This paper uses a MATLAB model to perform

behavioral simulations. The advantages of our approach to the one given in [6] are

again valid for this work. The study in [69] aims to show the behavior of some of the

non-idealities available in high order systems and it does not claim to be a synthesis

environment for Sigma-Delta ADC’s.

3.1. Error Sources

The error sources in the system were modeled in order to estimate the SNR per-

formance of the ADC. The SNR value for the Sigma-Delta ADC represents the effective

number of bits of the ADC. Then, the resolution of the system can be calculated. The

error sources of the architecture may be collected under four different headings. Three

of the error sources are related to the blocks of the ADC: Integrator, quantizer and

DAC. The remaining one is the clock jitter. All the error sources can be modeled either

as noise sources or transfer functions [7, 3]. As a result, from the transfer function,

the noise shaping can be obtained. From the noise sources, the in-band noise can be

obtained [80]. Then, SNR and other performance parameters can be calculated. In

order to achieve faster models, calculations performed for all error sources must be

carried out without behavioral simulations.

3.1.1. Integrator

The integrator designs used in Sigma-Delta ADC’s are commonly switched ca-

pacitor integrators. Most of the errors inherited in these integrators can be modeled in
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the transfer function. The ordinary integrator has the following transfer function [3].

H(z) =
z−1

1 − z−1
(3.1)

The transfer function of a non-ideal integrator can be expressed as:

H ′(z) =
B × z−1

1 − Cz−1
(3.2)

where B represents the gain error and C represents the leakage at the simplest level.

However, the expressions of B and C are much more complex and composed of time

constants, OPAMP gain, switch resistances, etc. A complete model can be given as

[81]

H ′′(z) =
Cs

Cf

(1 − δ1) × (1 − δ2) × z−1

(1 − (1 − δ3)z−1)(1 − δ1δ2)z−1
(3.3)

In this equation δ1, is charging error, δ2, is charge transfer error and δ3, is the error

coming from the finite gain of the amplifier. These parameters are as follows:

δ1 = e−
t1

2RsCs (3.4)

δ2 = e
Avt2

Cs+2AvRsCs (3.5)

δ3 =
Cs(1 − δ2)

roCfAv + Cs + Cf
(3.6)

where RS are switch on resistances, ro is the OPAMP output resistance, t1 and t2 are

charging and transfer times.

Although the transfer function of the integrator involves non-idealities, there are

more error sources, which should be added separately. These are among the major

differences and contributions of our work from other works reported.

Slew-rate of the OPAMP causes an error which is additive to the output at signal

band. Some previous researchers try to estimate slew-rate by analytically calculating
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[7] or by performing behavioral simulations [54]. For fast design automation systems,

slew-rate can be calculated in a different way. The details for slew-rate model is given

in following sections.

There are also errors caused by parasitic capacitances (Cp), which can be added

to the capacitor CS in transfer function. If these parasitic capacitances are known or

can be estimated during the design, these capacitor values can be used to calculate CS.

Capacitance mismatch is also important. The mismatch modifies the gain in

transfer function, such as (1-σ) where, σ represents the mismatch value.

The input referred noise coming from switches and OPAMP can be taken as an

additive noise source at the input. The effect of this error results in an increase in the

noise floor. The offset of the OPAMP is an additive noise source in the feedback loop.

This noise source can be added to the quantizer error as explained in the next section.

3.1.2. Quantizer

The error sources of the quantizer are the offset error, and the voltage error caused

by settling time or slew rate. It can be easily seen that the offset error (m) results in

an error as expressed below, where ∆ represents the voltage steps in quantization.

e2
q = (

∆

12
+ m2) (3.7)

The other errors can be taken as additional noise to the signal band. However, the error

given in the above expression is shaped by the noise transfer function. The in-band

noise power is given as PQ, where OSR is the oversampling ratio.

PQ = (
∆

12
+ m2)

π2

3.OSR3
(3.8)

The noise source in the quantizer is in the feedback loop thus, the noise contribution

is shaped by the noise transfer function. As it can be seen from the equation, the in
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band noise can be reduced by increasing the OSR.

3.1.3. Digital-to-Analog Converter

For single bit architectures the errors of the digital-to-analog converter (DAC)

do not have significant impact on the whole system. However, for multibit systems

the linearity of the DAC is crucial and actually the limiting factor in the performance

since it is directly added to the input. Especially for ADC’s designed by using switched

capacitor integrators, the only noise contribution of the DAC is the noise of the switches

which is connected to the integrator. This error can be modeled as additive noise to

the input signal, which will raise the noise floor of the system.

The equation database in the developed tool has the DAC non-linearity model as

given in [82]:

Y (z) = z−1X(z) + d2N−3(1 − z−1)LEN(z)

+d2N−3(1 − z−1)L−LN ED(z) (3.9)

In (3.9) ED is the non-linearity error of the last stage and it is clear that it will be

shaped by order L−LN . The inband error power for a two stage cascaded architecture

can be expressed as:

PQ ≈ d2
1

(

σ2
Q

π8

9OSR9
+ σ2

D

π4

5OSR5

)

(3.10)

3.1.4. Slew-Rate

The developed slew-rate model is one of the novelties of this thesis [27]. The

research in the literature shows that slew-rate errors have only recently been taken

into account for the Sigma-Delta design tools. Also, these errors are not modeled but

rather inherited from the behavior simulators for functional verification. That is, the

designer does not care about slew-rate while designing the Sigma-Delta ADC, but then
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performs a behavioral simulation to check if the design satisfies the given slew-rate

limits. This approach is inefficient since the designer may overestimate the slew-rate

error, which may result in a larger silicon area or higher power consumption. Also, the

designer may underestimate the slew-rate error, which in this case results in functional

error and the ADC should be redesigned. The model developed should estimate the

slew-rate error from the input signal so that the designer may know the magnitude of

the error with a given input characteristic. This approach had been used to derive the

slew-rate model.

Previous research about slew-rate [8, 83] has mainly focused on calculating the

distortion caused by the slew-rate. However, calculating the distortion is not sufficient.

The effects should be estimated for an ADC with a given input signal. Thus, more

efficient designs can be possible.

Slew-rate is effective when the amplifier in the integrator cannot supply sufficient

current to the output. As a result, for a switched capacitor integrator, a wrong value

of charge can be transferred to the feedback capacitance.

The voltage at the input node of the modulator and at the input of the integrator

may not have similar amplitutes. Slew-rate is related with the voltage at the input of

the integrator and small changes in the input signal do not mean small changes at the

input of the integrator.

Figure 3.1. First order switched capacitor integrator

Figure 3.1 shows the diagram of the switched capacitor integrator. The symbols

φi, show two non-overlapping clock signals. The charge is collected on the feedback
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Figure 3.2. Slew-Rate model in MATLAB

capacitor Cf . The amplifier should be ”strong” enough to transfer the charge to this

capacitor. The input of the amplifier, node marked with X, is an important node.

The values at this node determine whether the ADC enters a non-slewing condition

or not. In order to analyze the behavior of the system a MATLAB-Simulink model

has been developed. Also, the model of the non ideal integrator developed earlier has

been integrated into Simulink which represents the non-idealities such as capacitor

mismatch, finite amplifier gain, gain error and etc. The subblock that represents the

slew rate of this integrator is given in Figure 3.2. The block in Figure 3.2 uses a linear

model for slew-rate. The block can be modified and the linear model can easily be

replaced by its more complex model such as tanh(x).

The developed MATLAB model was used to analyze the behavior of the SD ADC

with different input signals that differ by their histogram and frequency spectrum. The

results showed that if the value of the input signal is nearly half of the maximum input

voltage, possibility of non-slewing is maximum. In other words, if the number of non-

slewing conditions has been observed for various different DC voltages, it can be seen

that the values close to the mid level of the input range results in higher number of

non-slewing conditions. Table 3.1 summarizes some of these results for an input range
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from -1 V to 1 V.

Another important observation from the analysis is the dependence on the fre-

quency of the signal. Although the slew-rate definition seems to be directly related

to the frequency, this not the case in the analysis. The frequency of the signal does

not have significant effect in the total error produced by the slew-rate. Different input

signals have been given as an input to the model. Results showing the effect of the

frequency are given in Table 3.2.

Table 3.1. Input level effect on slewing conditions

Input level Percent of non-slewing conditions

0.9V 5.0%

0.1V 89.9%

-0.2V 79.8%

-0.9V 5%

Table 3.2. MSE for two different frequencies

Frequency Mean square error

20Hz 2.773e-006%

10Hz 2.698e-006%

Figure 3.3 shows the effect of the frequency. Even though the frequency has been

doubled the MSE has only changed less than 3%. These results are achieved when the

slewing condition is symmetric for rise and fall of the signal. The results show that

the frequency of the signal does not effect the slew-rate distortion significantly. Figure

3.4 shows the effect of slew-rate with different non-slewing conditions. The increased

error at high frequencies is due to low sampling since signal frequencies are high.

Figure 3.4 shows the MSE of the output for one totally slewing and four non-

slewing systems with different slew-rate ratios. The horizontal axis shows the number

of samples taken in one period. The vertical axis represents the calculated MSE value.

The number of non-slewing conditions is very important. The distortion at the output

of an ADC can be represented by MSE of the error, where error is the difference
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(V)

Sample number

Figure 3.3. Ramp input for two different frequencies showing the ideal input, ADC

output with non-slewing condition and the error between

between the ideal signal and the converted signal as illustrated in Figure 3.3. On the

other hand it is easier to estimate the slewing condition from the model. The square of

the number of non-slewing conditions is actually linearly proportional to MSE, which

can be observed from Figure 3.5. The horizontal axis shows the square of the ratio

that is the number of non-slewing condition occurred over the total number of samples.

Three different curves represent different slew-rate conditions.

Previous paragraphs show the simulation-based information. This information

can be obtained from analytical expressions. For a system where the reference levels

are -1V and 1V, the DAC output can be expressed by a signum function. Thus, by
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(V)

Number of non-slewing conditions

Figure 3.4. MSE of output for different non-slewing conditions for increasing

frequency.

(V)

raito of non-slewing conditions to total samples

Figure 3.5. MSE vs. square of the ratio of slewing conditions to the total sample

number.

using the discrete time definitions, an expression for the node X in Figure 3.1 can be

found. However, this expression should be in terms of input such that it allows us

to estimate the non-slewing condition from the input. If the histogram of the input

signal is known, the total number of slewing occurrences can be estimated which can

lead to the estimation of total error that will add up at the output. If the input is

x[n], output y[n], input of the quantizer w[n] for a first order Sigma-Delta ADC, the
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following equations can be written:

y[n] = sgn(w[n])w[n] = w[n − 1] + x[n − 1] − y[n] (3.11)

which leads to:

w[n] − w[n − 1] = x[n − 1] − sgn(w[n]) (3.12)

The left side of the first expression shows the difference of the current output of the

integrator with the previous output. If the difference is larger than the corners defined

in linear slew-rate characteristic, non-slewing condition occurs. This equation also

represents the reason why mid level inputs may cause more slewing conditions. The

output of the DAC, which has been represented by the signum function, will have

nearly equal number of -1 and +1 for medium level signals and is similar to a square

wave oscillator. Thus, smaller x[n] values will bring large number of slewing conditions

in a system which has lower slew-rate limits. However, if input has values closer to

the limits the DAC output will be either -1 or +1. Since the negative feedback tries to

compensate, the input and the DAC output will have opposite signs most of the time.

Thus, the difference between them will generally bring smaller differences. However,

the difference may be large for a small amount of time. The simulations have shown

that it was 5% of the total samples as it was stated in Table 3.1. Also, slew-rate

requirement becomes more stringent. This is the case when both input and the DAC

output have the same sign.

The information presented in this thesis shows that for a system which has a

signal histogram having peak values at center and which has a lower slew-rate level

will have large number of non-slewing conditions. This type of input signals requires

careful amplifier design. The slew-rate capacity should large enough. Also capacitor

values should be selected as small as possible to relax the slew-rate requirements. On

the other hand, if the signal histogram has values spread all over the input range or

having its peak values near the limits, the system may tolerate smaller slew-rate values.

Although, this approach will bring error to the system it can be tolerated for mid level
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resolutions. Depending on the application, this approach may relax the tight limits on

the amplifier specifications.

Another important result of this analysis is that, the sinusoidal inputs may not

be the correct input for testing the slew-rate effect on SD ADC. Since the histogram of

the sinusoidal input is mainly collected at the limits of the input spectrum, possibility

of non-slewing conditions is very small. More suitable input will be a signal with

Gaussian like histogram.

As a summary, the number of non-slewing conditions were defined in terms of

input signal in order to estimate the number of non-slewing conditions. This informa-

tion is then converted to the MSE value with the conversion presented in Figure 3.5.

Although the expression given earlier summarizes the relation, some numerical results

will clarify the situation.

For an input signal limited by -1V to +1V, the maximum difference at the node

X is basically the maximum of the input signal ±1; that is, if the maximum value of the

input signal is 0.4V, the maximum difference will be -1.4V and +1.4V. For an example

design, which allows up to 1.12V per each transition, following values can be obtained:

1.12V = xlim ± 1 = 2.12V or0.12V (3.13)

−1.12V = xlim ± 1 = −2.12V or − 0.12V

These limits determine where the slewing starts. For input signal values exceeding

0.12V and -0.12V, the slewing starts, which gives the coarse estimate of the number of

slewing conditions. For input samples with values greater than ±0.12V such as 0.3V,

there are two possibilities according to the digital output. One is 1.3V and the other

is -0.7V. Only 1.3V will introduce a slewing condition. For values such as 0.1V there

will be no slewing. If the output node has equal possibility of taking -1 or +1 values,

which is a coarse estimation, the number of slewing conditions will be equal to the

half of the number of samples having values greater than ±0.12V. For our example,

the total number of samples is 8192, and number of samples with greater values than
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±0.12V is 2604. If the possibility of the output to take the value, which causes the

slewing condition, is 50%, the total number of slewing conditions should be 2794. The

MATLAB simulations showed that the real value for slewing conditions is 2301. The

error in this approach is nearly 20%. Although this value may give an opinion on the

order of magnitude of the problematic situations, the number should more accurate.

The reason of this problem is basically taking the possibility of the digital output as

50%. If the percentage is 50%, this means that the average of the input is 0, since

the digital output is actually shows the average of the input signal. However, this

cannot be true since values closer to the 0 do not introduce any slewing condition is

their value is smaller than ±0.12V. This result shows that the output should have

different possibility values for different input signals. In the given example, it can

be observed that the possibility of values causing slewing conditions is less that 50%,

actually 40%. Since the limit of the effective range has been defined and the average

value of the input signal can be calculated in order to get the ratio of ±1 at the output,

an accurate estimation can be calculated. For the example presented in this section

the input signal is a sawtooth signal with ±0.4V of maximum values. The possibility

of taking the value that cause slewing with in the input range affecting the slewing is

39%. This is very close to the real value, 40%.

This example shows that this approach is suitable for estimations of slewing

conditions, which may be used by designers. Since this approach is only related with

the input histogram of the signal, the calculation time is quite small.

3.1.5. Jitter

Another problem for a Sigma-Delta ADC is the error caused by the jitter. Since

the architecture of the Sigma-Delta modulator uses oversampling, the error that may

come from jitter at high sampling rates cannot be ignored. Sigma-Delta ADC’s gener-

ally have high sampling ratios, which may require jitter smaller than a few picoseconds

for wideband applications. Thus, the effect of jitter should be modeled accurately.

Another contribution of this thesis is the model developed for jitter error [28]. There

are some behavioral simulators that use jitter in their model [8]. However, these sim-
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ulators only calculate an error for each sample depending on the current value of the

signal and a random function which modifies the sample time. This approach can be

acceptable for a simulator. However, for a design automation tool, the error caused

by the jitter should be estimated with given information. This information should be

the input signal characteristics and the jitter characteristics. Since behavior of the

jitter may vary for different circuit topologies, the characteristics for the jitter should

be available. For some systems, input may couple to the clock signal, which causes it

to be modified by the input signal. There are some other systems, which have clock

variation independent of the input signal but possess variations which have Gaussian

distributions. In order to develop a general tool, the characteristics of the jitter should

be known.

The effect of jitter can be modeled by an error added to the signal depending

on the signal and clock. The most convenient way of defining this error is to consider

the first derivative of the signal and the possible shift in the sample time. The result

will add an error to the signal. This approach is similar to the work presented in

[8]. However, the model presented in [8] assumes a sinusoidal type input and the

calculations for each sample may vary with other types of input. Also, the jitter

activation function was taken as white, which does not represent the reality most of

the time.

In our model, the signal at the input of the first integrator with clock jitter error

is defined as:

Xnew[nT ] = X[nT + d] = X[nT ] + X ′[nT ].p(t) (3.14)

where, X[nT] is the input signal, X’[nT] is the first derivative of the signal and p(t)

is the Gaussian probability function representing the deviance from the sample time.

Figure 3.6 shows the jitter error. The linear approach is feasible since Sigma-Delta

ADC employs high oversampling ratios values where the difference between two input

samples does not change much most of the time.
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(V)

Time

Figure 3.6. Linear approach to jitter error

The deviance from original sampling time is shown with (n+δ)T in Figure 3.6.

The error of the linear model is also shown in the figure. Otherwise, the first derivative

would not give accurate results. For higher accuracy it is possible to include second

derivative at the expense of evaluation time. In our simulations, it was observed that

the linear model gives satisfactory results for applications where using Sigma-Delta

ADC’s is advantageous.

The jitter error was modeled as an additive input noise where X ′[nT ]×p(t) term

is an addition to the signal. The derivative can be expressed as X[nt] − X[nT − 1].

Since the input signal characteristics is available, this difference can be calculated. The

p(t) term is just a Gaussian function and its characteristics must be given for reasons

explained above.

This model was implemented in MATLAB and model tests were performed. The

signal used as an input is given in Figure 3.7. The signal is sum of three sinusoidal

signals. The signal is sampled with a clock containing jitter. The histogram of the jitter

in the sample clock is shown in Figure 3.8. The distribution of the jitter is a normal

distribution, which is true for most Sigma-Delta applications [6]. MATLAB already

samples signals even though a continuous signal is chosen as input. This sampling

process prevents the modification of sampling in order to realize the jitter. Therefore,
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the sampling rate was increased by 50 times and new samples were taken for every

50 samples. The x-axis shows the deviance of the sample time where the difference

between two samples is 50.

The results for the input signal given in Figure 3.7 are very promising. The error

(MSE) between system using sampling modified with Gaussian distribution and the

system using our model is 0.5%. The plot of the error is given in Figure 3.9.

(V)

Time (ms)

Figure 3.7. Input signal
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Figure 3.8. Histogram of the clock jitter
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Samples

Figure 3.9. Jitter error at the input

3.1.6. Matlab models

MATLAB-Simulink simulations were performed in order to see the effects of the

noise sources explained earlier. The input was taken as 0.5V peak-to-peak sine wave

in Simulink model. The simulation results show the characteristics of the system for

noise sources. The noise sources of our approach correspond to input referred noise,

which is modeled as an additive noise source at the input. Since this noise is added

to the input signal, the noise is not shaped with the noise transfer function, NTF.

The input referred noise shaped by the signal transfer function, which is z−1, or a unit

delay, directly added to the output node. This result can be seen from Figure 3.10 and

Figure 3.11. The noise at the input increases the noise floor. In Figure 3.12, the noise

shaping also can be seen at high frequencies.

3.2. Multi Stage Architectures

Multi stage architectures are commonly preferred for performance improvement

on NTF. Each order shapes the noise better by modifying the NTF such that the slope

of NTF increases 20dB/decade. NTF for first and second order systems is given in

Figure 3.13.
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Figure 3.10. PSD of the output of noiseless Sigma-Delta modulator

Figure 3.11. PSD of the output of noisy Sigma-Delta modulator

(V)

Samples

Figure 3.12. Noisy input given to the system

The major error sources in a typical higher order Sigma-Delta architecture re-

garding all cascaded or higher loop structures, are the ones which are introduced by

the first loop in the architecture. The error sources can be classified into two groups in

general. These can be defined as the error sources which are modified by STF and the

ones which are modified by NTF. Since NTF shapes the error sources and moves them



44

Figure 3.13. NTF of first and second order system

out of band, some error sources do not degrade the system performance compared with

the others. The error sources, such as input referred noise sources, which are modified

by STF directly increase the noise floor. However, in multistage architectures, the

error sources which are referred to the input of an integrator other than the first one,

are modified at least with first order NTF. This means that, the similar error sources

which are modeled as error sources at the input of the first integrator and at the input

of the other integrator inputs effect the system performance differently. The former

directly affect the performance, whereas the effect of the latter would be degraded by

at least one order of NTF.

Thus, the developed system calculates the performance of the system in a similar

fashion. However, almost in all cases, it was observed that the first integrator loop is

the major contributor in noise calculation.

3.3. Multibit Architectures

In the design space of a Sigma-Delta ADC, one dimension is the resolution of the

quantizer in the ADC architecture. In [3] it was shown that, increasing order, OSR

and quantizer resolution value improves the performance of the ADC design. Increas-

ing order of the design will add extra integrator blocks. Hence, the area and power

consumption will grow and may exceed the allowed limits. A better approach for im-

proving the design may be lying in the other design dimension: quantizer resolution
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[84, 85, 86, 87, 88, 89, 90]. The increased quantizer resolution not only improves SNR

but also relaxes the slew-rate and settling time requirements. However, multibit quan-

tizers generally require multibit DAC’s. Thus, DAC performance becomes important,

since the error generated by DAC will be fed directly to the input and may deteriorate

the desired performance [7, 29]. A very clever way to overcome this difficulty is to use

cascaded architectures and use multibit quantizer in latter stages. This approach will

improve performance and the effect of DAC errors will be limited [5]. Thus, there are

multibit designs available in the literature in which the only quantizer [84] or one of

them in cascaded architectures [7, 5, 82] was designed with more than one bit resolu-

tion. These designs present a performance improvement compared with the classical

Sigma-Delta configurations.

Unfortunately, despite their advantage to increase the SNR ratio, they also in-

troduce DAC non-linearity to the system. Since DAC non-linearity is a major error

and non-linearity source for the Sigma-Delta ADC, the designs require more expertise.

Some designers overcome this problem by using moderate resolutions in the quantizer

but using only single bit DAC in the feedback path [7].

The equation database in the developed tool has the DAC nonlinearity model as

given in [82]:

Y (z)=z−1X(z)+d2N−3(1 − z−1)LEN(z)

+d2N−3(1 − z−1)L−LNED(z) (3.15)

In (3.15), ED is the non-linearity error of the last stage and it is clear that it will be

shaped by L − LN order. The inband error power for a 2 stage cascaded architecture

can be expressed as:

PQ ≈ d2
1

(

σ2
Q

π8

9OSR9
+ σ2

D

π4

5OSR5

)

(3.16)
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3.4. Continuous-time models

The main error sources that deviate the performance of CT Sigma-Delta ADC

from ideal behaviour are amplifier finite gain, integrator non-idealities, time constant

error, non-linearity, additive noise, jitter, and excess loop delay.

The ideal transfer function of CT integrator is given in (3.17). However this

behaviour is ideal and more reasonable model is given in (3.18) which involves nonide-

alities.

H(s) =
1

τ × s
(3.17)

H(s) =
B/τ

C + s
(3.18)

In (3.18), B is Av
1+Av

and C is 1/τ
1+Av

. Av is the amplifier gain and τ is the time

constant of the integrator. The time constant may have different form regarding the

implementation of the integrator. There are four structures which are widely used in

CT integrators [63]. The type of integrators are RC, MOSFET-C Gm-C and Gm-MC

filters. Regarding the finite amplifier gain, the noise power can be calculated as given

in (3.19).

PA =
∆2

12K

[

1

A2LM
+

L
∑

m=1

π2lL(L − 1) . . . (L − m + 1)

(2m + 1)M2l+1A2(L−m)m!

]

(3.19)

An advantage of using CT integrator is that the settling error is less critical

compared with the DT integrator. However, it should not be discarded and may be

effective in some high-speed applications.

Another source of error is the influence of gain bandwidth product (GBW) [63].
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Small values of GBW introduce another pole to the system which degrades the system

performance considerably [64].

Mismatch errors also cause significant errors such as instability in high-order

single-loop systems. Also matching has a very important effect in cascade architectures.

Especially for CT Sigma-Delta ADC circuits for which coefficients are calculated by

transforming DT transfer functions, there are many coefficients and matching is crucial

for these coefficients. There are methods proposed in the literature [65] such as direct

synthesis method where there are less components and their sensitivity is less to element

tolerances.

Integrator time constant is also a very important parameter in ADC performance.

Parasitic capacitances may introduce a deviation in the pole location.

H(s) =
A

1 + sC(1 + ετ )/g0
(3.20)

In (3.20) ε is the error term introduced because of parasitics and g0 is the out-

put conductance. The ε term may have different forms regarding four different types

of integrators defined above. Also the time constant τ should be selected carefully

for optimum performance [65]. The deviation from optimum value degrades system

performance severely.

Non-linearity has also great impact on the system performance. Especially in

voltage to current transformation in integrators (such as Gm-C or RC), non-linearity

is introduced to the system. The result is an increase in harmonic distortion which

may dominate maximum SNR value that may be achieved. Other source of non-

linearity is the multibit DAC. The linearity of the DAC should be lower than the

required resolution which is a very hard objective to achieve generally. Some correction

mechanisms are available such as dynamic element matching (DEM) and calibration.

Additive noise sources model the noise contribution of blocks such as offset error
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of integrator and DAC. Thermal noise also is very important and may deteriorate the

system performance. Noise power of thermal noise is given in (3.21)

Pth =
KT

4C
×

π2L

(2L + 1)M2L+1
(3.21)

Comparator metastability is reported to be another error source and it may be

modeled as jitter noise [91]. There are some methods proposed to overcome this prob-

lem as given in [92]

Excess loop delay is one of the major error sources which causes instability.

The performance of the ADC does not degrade, but rather the ADC becomes non-

functional. In this case, additional poles are introduced to STF and NTF and cause

instability. However, this instability may be avoided with design techniques [91, 93,

94, 95] such as utilization of extra feedback path or digital compensation.

Clock jitter is the major error source in CT Sigma-Delta ADC’s. The sampling

process occurs at the input of the quantizer block and at the DAC. The jitter error

caused by the sampling at the input node of the quantizer is shaped by the NTF [7]

and hence the impact on the system performance is limited. On the other hand, any

jitter error occuring in the DAC is directly added to the signal path and affects the

system performance. The effect can be observed as the increase in the in-band noise

power. There are different approaches to model the jitter error. First approach is white

noise approximation [91]. This approach models the SNR degradation as:

SNRJ = 10log(
1

16MB2σ2
j

) (3.22)

The other approach is given in [96] where jitter noise includes both white and

shaped components. The most popular approach to overcome the jitter error is to use

multibit NRZ DAC’s [97]. Thus, the system becomes less sensitive to clock variations.
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The error sources for CT Sigma-Delta modulator are defined above and the effect

of these error sources are examined via behavioral models. These models were defined

as macromodels in HSpice. The Simulink environment did not perform well regarding

the simulation time and since both CT and DT signals are present in simulations,

convergence problems arise. HSpice is inherently continuous and it is easier to define

DT components by utilizing a clock signal. Also, parametric HSpice simulation is

closer to the device-level simulation and blocks can be replaced with real circuits for

observing their performances.

Figure 3.14. PSD of First Order CT Sigma-Delta Modulator

In Figure 3.14, The PSD of a non-ideal CT Sigma-Delta modulator output is

given. The ideal output provide an SNR of 76dB. A small deviation in the pole of the

CT integrator, results in a considerable performance loss approximately 25dB. Such

simulation results were performed and the results were compared with the models. The

behavioral simulations provide verification for developed models as well as very valuable

information about other aspects in the design process that are not modeled. Since the

integrator is a CT filter, the pole positions may introduce error to the system which will

reduce the system performance. This error was modeled and verified through various

simulations. Two of the other noise sources are integrator and comparator offset values.
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These errors can be modeled as additive noise sources at the input node and at the input

of the comparator input. The effects of these errors were observed as in Figure 3.15

and Figure 3.16. They were compared with analytical models. There are some other

issues in the design process which are not modeled before in the literature such as

antisymmetric character of the comparator output. As it is presented earlier, the

linearity of the DAC is very important in the ADC performance and if DAC structure

is not designed to avoid errors occurred due to deviations in its input, the system

performance becomes very sensitive to comparator output voltages. If DAC circuit

is using the voltage provided by the comparator as a reference, then this sensitivity

would pass DAC circuit and reach to the input node where all errors combined to raise

the noise floor at the output. Hence, the symmetry of the comparator output may be

improtant for some designs and it should be considered within the design process. In

Figure 3.17 the effect of the error on system performance which is caused by non linear

characteristic of the comparator circuit, is illustrated. The percentage of deviation in

the final value of the comparator output level result in a very large SNR drop. This

effect was not modeled in the literature before.

Figure 3.15. SNR vs. Integrator offset voltage

The CT models with examinations performed by the results of the behavioral

simulation provide insight to the CT Sigma-Delta ADC design.
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Figure 3.16. SNR vs. Comparator offset voltage

Figure 3.17. SNR vs. The percentage change of the comparator negative output
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4. DESIGN AUTOMATION OF SIGMA-DELTA ADC’S

In a Sigma-Delta ADC design, the architecture should be determined before the

design can proceed further. In the approach presented in this thesis, a coarse SNDR

calculation is carried out, as well as area and power consumption values, in order to

estimate the performance of the ADC. The area and power values are estimations which

are provided by Performance Estimator module of the system. On the other hand,

SNDR can be calculated using ideal components in the earliest stage and then can be

modified by including non-linearities. SNDR of the ideal system can be calculated as

given in [6]. Non-ideality contributions to overall noise value can be calculated with

the models and approaches described in earlier sections.

Stability is another important issue in Sigma-Delta ADC design [3, 36]. Ana-

lytically, it is not easy to analyze stability of every possible sigma-Delta Architecture.

Thus, the preferred method for stability check is to perform a behavioral simulation or

stick to structures that were proven to be stable [82]. In a design automation system,

in which many candidate solutions are available, it is not feasible to perform stability

analysis for each candidate solution. It is not even feasible to check it at the end of

the design, since stability check may fail and force the designer to make new iterations.

Therefore, it is not a suitable approach for the design automation tool. The approach

in the design automation system presented here is to follow a flexible approach. The

user may select to guarantee the stability [29], then the tool uses a cascaded system

where at most second order modulators are used. The reason for this is that first and

second order systems are guaranteed to be stable. Then, for higher order systems like

a third order Sigma-Delta modulator, the system forms a MASH structure denoted as

2-1. The user may wish to discard the stability restrictions and search for a solution

from a wider design space. In that case, the user should utilize an add-on tool devel-

oped in MATLAB to check the stability. This tool outputs the transfer function of the

Sigma-Delta modulator with non-idealities, for which the user may check the stability.

There are some input parameters for ideal SNDR calculation at the beginning.
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These are oversampling ratio (OSR) and order of the system. Depending on the opera-

tion mode of the design system, these parameters may be provided by the user or they

may be chosen by the design system. It is related with the operation modes of the de-

sign system. These operation modes provide the flexibility to the users of the developed

system. The algorithm of the design automation system is given in Figure 4.1.

The algorithm uses a structure called ‘ worm ’ which is a solution for the ADC.

The initial number of worms depends on the number of elements in the library. The

worm contains all information such as OSR, supply voltage, configuration, noise values,

SNDR, capacitor values, and the block parameters such as amplifier gain, comparator

offset. These worms are passed to functions in order to modify their relevant value,

such as quantization noise or SNDR.

4.1. Modes of Operation

There are three different modes of operation in the tool. The first one is to gather

the block parameters from the user and check the feasibility of the design. This mode

can be considered as a quick validation of the system. This mode is useful compared

with time consuming behavioral simulations. The user provides all the required design

parameters such as OSR, supply voltage, configuration, capacitance values. The tool

calculates the achievable performance values. Hence, the user may not only verify the

candidate design but also gather information about the performance of the system.

Thus, even if the design may not succeed in providing the required performance, the

user may have an idea how far the candidate design is far away from the desired

performance values.

The other operation mode is the semi-custom mode, where the user specifies a

library in which the characteristics of the blocks (which may have multiple versions) in

an ADC are given. Then, the system estimates the performance of the ADC realized

by the elements of these libraries and provides a solution where the design is optimized

within the candidate designs with respect to an adjustable cost function containing area

and power information. If only some blocks are available or only some of the blocks are
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suitable for the desired performances, the system searches the design space to calculate

the required parameters for the other blocks. For example, if only comparators are

available in the library, the system searches for amplifier parameters, which satisfy the

desired ADC specifications. However, to estimate amplifier parameters such as area

and power, a PE is required. Performance estimation is much more accurate compared

with primitive macromodels of the blocks, but, it should be fast because it is inside

the optimization loop.

The last mode of operation is useful when there is no solution with the given

libraries. The system can perform parameter sweep for the selected design parameters

and utilizes the PE. Then, the designer can find the block, which should be replaced or

improved in terms of that parameter. The ideal way for the design is to use device level

tools [25] in order to realize the blocks and finally the converter. The blocks marked

with “*”in Figure 4.1 show that these blocks are optional and may be skipped by user.

4.2. Architecture Selection

One of the most important feature of a design automation tool should be the

ability of the finding best architecture for provided specifications. The design automa-

tion systems which have to work in a design space with many dimensions should be

capable of selecting an architecture and there may exist many solutions which sat-

isfy all specifications. These solutions differ from each other by their area and power

consumptions. Hence, even if there may be many solutions, there exists an optimum

configuration regarding the area and power consumptions.

It is not convenient to select an architecture in the system level if the cost of

the selection can not be determined accurately. Thus, in order to compare the per-

formances of the architectures, SNDR can not be the only metric for performance

calculation. Power and area consumptions should also be considered. However, these

values require knowledge of device level information and cannot be determined for a

solution candidate at system level. It has to be passed to device level tools for sizing

and optimization; hence, area and power consumptions can be calculated. However,
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Figure 4.1. Algorithm
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this approach requires integration of system level and device level design automation

tools.

In our approach, these levels are separated and should not be merged in a design

automation system. Otherwise, calculating performance of candidate solution will

require more effort and even iterations may be introduced. In order to overcome

this problem, a performance estimation tool which works between system level and

circuit level and communicates with the system level tools was implemented. This

tool provides device level information to system level tools in fast manner. With the

utilization of the performance estimator, candidate solutions may be evaluated at the

system level and accurate architecture selection becomes possible. This approach was

used in design automation system.

The developed tool as a first step, generates all possible configurations. The

generation is closely related with the selections of the user. The user may select stability

to be guaranteed. In that case the tool only generates cascaded architectures and use

only up to second order for each stage. In other words, there will not be any third

order loop in the candidate solutions. Considering the selections of the user, the tool

searches for possible configurations. Most of these are configurations already reported

in the literature [98, 99, 84, 100, 101, 102, 103, 104, 105, 106, 85, 107, 108, 109].

The tool generates possible configurations as solution candidates. The number of

candidates is related with the specifications that the user provides. Some performance

metrics, such as relative SNDR values, may be achieved not only with second order

configurations but also with third and fourth order architectures. Although it may not

seem reasonable to select a fourth order architecture for a performance value that may

be achieved by a second order system at first sight, this way is not the case sometimes.

There may be more adequate solutions which has an order of four but lower OSR

values and more relaxed amplifier specifications. On the other hand, second order

architecture may require higher OSR values which may result in unreasonable clock

frequencies. Hence, the tool has more relaxed limits for the candidate selections. Then,

after the generation of the candidate configurations, these configurations passed to error

calculation routines and performance of each candidate is calculated. An example for
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the process is provided in the section six. The performance parameters are SNDR,

area and power consumptions for the candidate. As a last step, the most appropriate

architecture is selected by a cost function which takes these performance metrics as

input.

One step further than the available approach is not to limit the design space

with the available architectures. The design space is defined by single loop or cascaded

architectures previously known, such as 2-1-1 cascaded or third order single loop con-

figurations. However, a more innovative way of selecting an architecture is to consider

all possible connection schemes [32] and then search for a candidate architecture.

The second approach may be called “architecture generation”since the result may

not be previously known or in other words previously available in the literature. In

order to achieve this goal, a tool was developed in MATLAB [32, 110]. The aim of

this tool is to provide different configurations with similar performances. Then, an

additional optimizer was developed which selects the best architecture from these.

4.2.1. Architecture Generation

The developed MATLAB tool works independent of the modulator order and

finds all possible Sigma-Delta modulator topologies satisfying a desired system response

with the minimum number of signal paths which in turn leads to minimum complexity.

The operation of the tool may be divided into two basic parts: (1) Generation of the

symbolic transfer functions (STF and NTF) for any given topology of any order and

with any complexity, (2) Generation of all possible topologies with minimum number of

signal paths that is, minimum complexity.

First section of the tool uses the symbolic analyzer functions of the MATLAB.

A SPICE like netlist is provided to the system which defines all the connections. A

generic netlist may be used for all designs. However, the tool allows the user to modify

the available connections. The benefit of this approach is that, some connections may

be removed, which the user may not wish to implement. For example, the user may
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prefer to use only feedback paths and may remove the feedforward paths. The tool

provides the transfer function at every node. Hence for each node, including the output

node, a parametric transfer function may be obtained. Also, the user may use not only

ideal blocks but also other non-ideal models. The following blocks have been defined in

the tool. However, this list is not exclusive and other blocks may be added if necessary.

• INTEGRATOR: An integrator block with the z-domain transfer function of 1
1−z−1 .

It has no delay.

• INTEGRATORD: An integrator block with the z-domain transfer function of

z−1

1−z−1 . It has one unit delay for which the capital letter D stands for.

• NONIDEAL INTEGRATOR: An integrator block with the z-domain transfer

function of b
1−cz−1 where the parameters b and c stand for the integrator non-

idealities that have been explained earlier.

• NONIDEAL INTEGRATORD: An integrator block with the z-domain transfer

function of bz−1

1−cz−1 where the parameters b and c again stand for the integrator

non-idealities. It has one unit delay for which the capital letter D stands for.

• ADDER: That is a dynamic block that is, it works independent of the number of

inputs to it. It can add or subtract any number of signals simultaneously if the

nodes are defined as positive or negative in the netlist.

• GAIN: This is a one-input one-output block used to model the SD modulator

architecture coefficients or path gains.

A generic second order SD modulator architecture is shown in Figure 4.2. It

comprises all the possible feedback and feedforward paths from g1 up to g15. The

symbolic node equations can be expressed in terms of the path gains g1 to g15 and thus

the STF and the NTF in terms of path gains can be generated automatically by the

tool. For the specific architecture of Figure 4.2, where x22 is the output node, x1 is the

signal input node and x21 is the noise input node. The resulting STF and NTF in
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Figure 4.2. The generic standard second order SD modulator architecture comprising

all possible feedback and feedforward paths

terms of path gains for the given architecture are as follows:

STF (z) =
n2STF

z2 + n1STF
z + n0STF

d2STF
z2 + d1STF

z + d0STF

NTF (z) =
n2NTF

z2 + n1NTF
z + n0NTF

d2NTF
z2 + d1NTF

z + d0NTF

(4.1)
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where

n2STF
= −g7 + g6 g5 + g1 g6 g2 − g1 g8

n1STF
= −g1 g9 g2 + g14 g2 g7 − g1 g8 g11 − g1 g15

−g14 g5 g8 − g7 g11 + 2 g1 g8 − g3 g7 − g1 g6 g4

+g3 g6 g5 − g9 g5 + 2 g7 − 2 g1 g6 g2 − 2 g6 g5

n0STF
= −g7 + g3 g7 + g1 g15 − g1 g8 + g9 g5 + g7 g11

−g3 g6 g5 + g6 g5 + g1 g6 g2 + g1 g6 g4 + g1 g9 g4

+g1 g8 g11 + g1 g9 g2 + g14 g5 g8 − g14 g5 g15

−g14 g4 g7 − g1 g15 g11 − g3 g7 g11 − g3 g9 g5 − g14 g2 g7

n2NTF
= 1

n1NTF
= −2 + g3 + g11 − g14 g2

n0NTF
= 1 − g11 + g14 g2 − g3 + g14 g4 + g11 g3

d2STF
= d2NTF

= −g8 g13 + g10 + g6 g13 g2 − g6 g12 + 1

d1STF
= d1NTF

= −2 + g3 + g11 − g9 g13 g2 + g10 g3 + g9 g12

+g10 g11 − g14 g2 − g8 g11 g13 − g14 g10 g2 + 2 g8 g13

−2 g10 − g15 g13 + 2 g6 g12 − g6 g3 g12 + g14 g8 g12

−g6 g13 g4 − 2 g6 g13 g2

(4.2)

d0STF
= d0NTF

= 1 − g3 + g10 − g11 + g6 g13 g2 + g14 g2 + g8 g11 g13

−g15 g11 g13 + g14 g15 g12 + g14 g10 g2 + g14 g4

+g9 g3 g12 + g10 g11 g3 + g11 g3 + g9 g13 g4 + g9 g13 g2

+g6 g3 g12 − g14 g8 g12 + g6 g13 g4 + g14 g10 g4 + g15 g13

−g9 g12 − g6 g12 − g10 g11 − g10 g3 − g8 g13

The second phase of the tool is to use the generated symbolic STF and NTF to

match with user provided desired STF and NTF . The default for desired STF and

NTF are the ideal ones. In order to achieve this, the coefficients of the symbolic STF

and NTF given in Eq. 4.2 are matched with those of the numeric STF and NTF

defined by the user respectively.
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If the numeric transfer functions to be realized are in the form;

STF (z) =
p2z

2 + p1z + p0

q2z2 + q1z + q0

NTF (z) =
r2z

2 + r1z + r0

q2z2 + q1z + q0

(4.3)

where pi, qi, ri are all real numbers, then the tool generates the following set of equations

in terms of fifteen path gain parameters from g1 to g15:

n2STF
= p2, n2NTF

= r2, d2STF
= d2NTF

= q2

n1STF
= p1, n1NTF

= r1, d1STF
= d1NTF

= q1

n0STF
= p0, n0NTF

= r0, d0STF
= d0NTF

= q0

(4.4)

Then, this set of equations is solved simultaneously to generate a set of solutions.

Each element of this set corresponds to a set of path gains from g1 to g15 which in

turn corresponds to a different Sigma-Delta modulator architecture. Since the number

of equations is less than the number of variables, it introduces a freedom to the user

in generating many different topologies all realizing the same desired response [110].

Then the resulting set of equations are solved by invoking the MATLAB’s symbolic

toolbox which is constructed on the MAPLE kernel.

The MATLAB tool has some important advantages with respect to other similar

tools such as [111]. They search for feedforward or feedback configurations that already

available in the literature. On the other hand, this tool can find different topologies

since occurrence of both several feedforward and several feedback paths is allowed.

A flowchart summarizing the operation of the tool is given in Figure 4.3.

In order to illustrate the new architecture generation feature an example is pro-

vided. For the desired transfer functions given in 4.5 which define the standard second

order system response, the tool has generated 70 different architectures some of which
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Figure 4.3. The flowchart of the automatic architecture generator tool

are given as examples in Table 4.1.

STF (z) = z−2

NTF (z) = (1 − z−1)2 (4.5)

The solution in the first column of Table 4.1 is the standard second order Sigma-

Delta modulator architecture shown in Figure 4.4. This can be verified by making

g9 = g13 = 1.
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Table 4.1. Architectures Found for the example

Different Solutions

Coeffs.
1 2 3 4 5

g1 g13
1

g4g9
0 4

g8
g1

g2 0 0 0 0 0

g3 0 0 −0.5 0.5 0.5

g4
1

g9g13
g4 g4

1
4g14

1
g1g9

g5 0 2
g9

− 4
g6

0 0

g6 0 0 g6 0 0

g7 0 0 −4 −4 0

g8 0 0 0 g8 0

g9 g9 g9 −g6

2
0 g9

g10 0 0 0 0 0

g11 0 0 0.5 −0.5 −0.5

g12
2
g9

0 0 2
g8g14

2
g9

g13 g13
1

g9g14
− 2

g4g6
0 0

g14 0 0 1
4g4

g14
g1g9

4

g15 0 −2g4g9 0 g8

2
0

The architecture generation feature may be observed by the solution given in the

third column. This architecture is extremely interesting in the sense that the input

signal is not directly fed to the first integrator but given to the second one in the loop as

given in Figure 4.5. By selecting g3 = −0.5, g4 = 1, g5 = −2, g6 = 2, g7 = −4, g9 =

−1, g11 = 0.5, g13 = −1, g14 = 0.25 a very interesting topology can be achieved.
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Figure 4.4. The standard second order SD modulator

Figure 4.5. The solution proposed in column 3 of Table 4.1

The architectures shown in Figure 4.4 and 4.5 have been implemented and simu-

lated in MATLAB Simulink with ideal blocks and the PSD plots for these architectures

are shown in Figure 4.6 [32]. It can be observed that both architecture provide the

same SNR value.

4.2.2. PERFORMANCE CONSIDERATIONS

In the previous section, it was demonstrated that different architectures may

provide same performance values. However, these candidate solutions, which realize

the same STF and NTF can differ from each other by means of some criteria; namely,

area occupied by the circuit, power consumed by the circuit, and the sensitivity of

the circuit performance. Hence, considering these metrics, the optimal solution should
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Figure 4.6. The PSD plot for the solution given for both solutions

have to be identified.

4.2.2.1. Area. In integrated circuit design, area is an important criterion for comparing

different implementations since silicon area directly related with the cost of the design.

The area for an ADC with a specific order may be different even the number of blocks

remain the same. The reason is that, the connection scheme can be different as well

as number of coeficients. Since these coefficients are realized by switched-capacitor

circuitry, coefficient value and number of coefficients directly defines the area and

the number of capacitors. Hence, same order Sigma-Delta ADC’s can be different

regarding the total silicon area. As a result, sum of the values of the capacitors used in

the implementation gives a variable to compare different topologies. Calculated values

of this variable for the implemented topologies are tabulated as follows:

Table 4.2. Capacitor values used in implementation for each architecture

Architectures

Std. 1 2 3 4 5 6 7 8 9 10 11 12

Capacitance (pF) 16 18 18 22 16.5 20 18 25 26 29 20 36 22
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4.2.2.2. Sensitivity. When performance of a Σ∆ modulator is considered, SNR can be

a parameter of interest. In order to describe a modulator as a high performance one,

its SNR value must be better than most of the others. The relation governing the SNR

of a modulator was given in Equation (4.6). PQ, which is the in band noise power, has

the formula given in (4.7)

SNR(dB) = 10log10

(

A2/2

PQ

)

, (4.6)

PQ =

fd/2
∫

−fd/2

SQ(f)df =

fd/2
∫

−fd/2

SE(f)|NTF (z)|2df ∼=
∆2

12

π2

3M3
. (4.7)

In this formula, SQ(f) is the power spectral density of the shaped quantization

noise, whereas SE(f) is the PSD of unshaped quantization noise. Also, ∆ is the quanti-

zation step and M is the oversampling ratio. Since PSD of the unshaped quantization

is generally considered as uniform distributed white noise, the parameter that affects

the SNR appears to be |NTF (z)|2 term. The parameters that make the topologies

different are the coefficients and their values. All in all, sensitivities of the SNRs of

different architectures to the path gains is the parameter to dealt with. Since SNR is

directly related to |NTF (z)|2, sensitivity of this term to the path gains is important

in comparing the sensitivities of SNRs of the implemented architectures.

There are 15 coefficients in the second order Σ∆ modulator. Sensitivity of

|NTF (z)|2 to each coefficient can be calculated. However, the problem is that |NTF (z)|2

can be 0 for some cases. Hence, a different definition of sensitivity which is called Semi-

relative Sensitivity is applied, which is discussed in [112] further. The equation for this

sensitivity definition is

QP (x)
x = x

dP

dx
. (4.8)
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By using (4.8), sensitivity for the cases when P (x) = 0 can be accounted for. So

Q
|NTF (z)|2

gi
will be the parameter of interest, which has the following equation:

Q|NTF (z)|2

gi
= gi

δ|NTF (z)|2

δgi
. (4.9)

Having semi-relative sensitivity metric in hand, it is possible to reach a value that

gives an idea about the sensitivity of architecture’s SNR to the path gains[113]:

Below NTF and STF sensitivities of each architecture is tabularized for a sample

run:

Table 4.3. STF and NTF sensitivities of each architecture

Architectures

Std. 1 2 3 4 5 6 7 8 9 10 11 12

STF 16.2 17.7 15.8 15.4 22.6 27.7 17.7 27.7 41.8 41.8 23.8 66.2 16.6

NTF 13.7 9.4 11.8 34.2 28 13.7 9.4 13.7 34.2 34.2 15.4 15.4 35.1

As it can be observed from Table 4.3, 12th architecture has the highest sensitivity

to the coefficients. As an example to see this effect, SIMULINK simulations have been

done for 12th architecture using models for each block. For 12th architecture, g14 has

the highest sensitivity value, so effect of a change in that coefficient was observed. For

a 10 percent change in g14, SNR decreased by 16 dB. Also, in order to see the success

of approach, effect of the change in a gain for an architecture with low sensitivity has

been observed. For this aim, sixth architecture has been chosen since it has the lowest

sensitivity. g5 which has the lowest sensitivity value has been selected for the path.

When its value is changed 10 percent SNR value decreased by only 1.1 dB. As it can

be observed, change is small which proves that approach is consistent.

4.2.2.3. Power. Power consumption is another important aspect of IC design. Hence,

architectures with lower power consumptions should be found. In a Σ∆ modulator,
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most of the power is consumed by the integrator. A switched-capacitor integrator

includes operational amplifier, capacitors and switches. High portion of this power

is due to operational amplifier. Therefore, Σ∆ modulator power is highly correlated

with the operational amplifier power. If the current flowing through the single output

stage is Ibranch and the current supplied to the single input differential stage is I, power

consumed by the operational amplifier is

P = (4Ibranch + 2I)VDD. (4.10)

For a typical operational amplifier used in Sigma-Delta ADC’s, the power of the

operational amplifier is P = 6.8VDDIbranch. I has the equation

I =
gmeffVov

2
, (4.11)

where gmeff is the transconductance of the differential amplifier’s single transistor

having the equation [114]

gmeff = Bln(2)CL,eff2fs, (4.12)

where fs is the sampling frequency, CL,eff is the effective load capacitance, B is the

number of bits resolution. CL,eff is defined as a multiple, NC , of the sampling capacitor,

Cs. NC is called excess capacitance factor and has the equation

NC = 1 +
(CL)(Cs + CI)

CsCI
, (4.13)

where CL is the load capacitance, CI is the feedback capacitance. B is

B = log2(

√

2

3
DR2 + 1), (4.14)

where dynamic range (DR) is DR2 = PS

PN

, in which PS is the maximum signal power
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for a sinusoidal signal having equation Vs
2/2. PN is the noise power, which is ∆2/12,

∆ being the step size of the quantizer.

A MATLAB tool was developed for the automatic calculation of power consump-

tion [113]. For a sample run, the estimated power values are tabulated in Table 4.4.

Table 4.4. Power Values

Architectures

Std. 1 2 3 4 5 6 7 8 9 10 11 12

Power(mW) 0.8 1.2 0.83 0.58 0.37 1.79 1.2 2.24 1.26 1.42 0.87 1.79 0.58

It can be observed from Table 4.4 that the architectures differ from each other

by means of lowest power consumption value.

4.2.3. Coefficient optimization

The MATLAB tool only generates the equations as given in 4.1. The user should

select the appropriate numbers for the coefficients. However, this process should be

automated and thus, new routines were developed for this purpose. The optimization

approach for this kind of equations can be linear programming with non-linear con-

straints. In addition, the constraints contain division which increase the complexity of

the problem. There are some solutions for this kind of problems such as Lagrange relax-

ation methods [115]. However, the nonlinear constraints are generated automatically

and it is not feasible to implent this method in an automation system. The constraints

may have various forms and may include division and exponential terms which cannot

directly modified to standart nonlinear constraint forms. Hence, automatic generation

of nonlinear constraints that may be solved by standard tools is not possible. However,

a dedicated tool can be developed for this purpose.

Since the coefficients are zero for most of the connections, it is more efficient
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to use brute-force search method. The developed functions search for independent

coefficients and evaluate them with a given limit. The other coefficients are either

zero or a function of these independent coefficients and this decreases the number

evaluations. As the coefficients actually represent the capacitance values for switched

capacitor implementation, the evaluations are based on area, power, and sensitivity

[113].

As a summary, the developed MATLAB tool was improved by adding optimiza-

tion functions and added to the design automation system. The user may select to use

the known architectures or prefer to utilize the add-on module for better performance

optimization.

4.3. Area and Power Estimation

The power and area calculation methods are similar to the one given in [22].

The static power can be separated into three parts: comparator, amplifier, and digital

circuit. It is obvious that most of the power will be dissipated by the amplifier in the

switched capacitor integrator. This value is calculated by PE. The power consumed by

the digital part can be estimated in a coarse manner. The order of the system and the

structure of the cascade can be used to estimate the number of latches and blocks of

the filter. Thus, a macro model can be formed which defines the power consumption

for different orders of filters. This macro model is developed by performing simulations.

Then, the measured data are fitted to the macro model. The power of the other blocks

are estimated via PE. The area estimation is done as described in [22]. The major

problem here is to estimate the area of the blocks dynamically. For this reason, the

integration of a performance estimator to the system is required. Utilizing the PE and

library, the estimation of the area for all modes of operation described above is quite

accurate.

Total area can be calculated by adding the areas of the amplifiers, comparators,

digital circuitry and switches. The results will be more accurate by adding a constant,

which represents the routing cost. This constant can be present in the technology file
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Figure 4.7. Web interface

of the tool.

4.4. Sigma-Delta ADC Designer Web Interface

A web interface was developed in order to make the system easily accessable

by other researchers very easily. The common gateaway interface (cgi) was used to

connect web interface to the developed system. Cgi can use C and C++ systems,

thus the developed system can be easily modified for web use. However, the output

functions were modified and rewritten for providing html format output. The web

interface and sample output screen are shown in Figure 4.7 and Figure 4.8.
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Figure 4.8. Output for verification mode.

Figure 4.9. Example output for PE cascode module.
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5. PERFORMANCE ESTIMATOR

The utilization of a performance estimator (PE) module in system level Sigma-

Delta ADC design automation tool is one of the major novelties of this thesis which

provides the designer with new opportunities in the process of automatic ADC design.

Although PE concept was previously reported in the literature, their functionality and

integration into a design flow has not been demonstrated till now. In this thesis, the

utilization of the PE is important to speed up the operation of the Sigma-Delta ADC

synthesis tool by allowing evaluation of design alternatives without having to synthesize

each circuit. Thus, infeasible specifications can be eliminated straight away and other

alternatives can be evaluated much faster and the best architectures at the system level

can be obtained.

The PE works on a pre-defined circuit topology, taking in some performance

parameters as variables, and estimating the remaining parameters. One can denote Pi

as a performance criterion of any analog circuit such as gain, bandwidth, slew rate,

output resistance, etc. and Ii as an independent circuit parameter determining the

performance such as the W or L of the MOSFET, etc. Performance of the circuit can

be defined by (5.1) where fi are the functions linking performance parameters to the

independent variables.

P1 = f1(I1, I2, .....Ij),

P2 = f2(I1, I2, .....Ij),

... (5.1)

Pi = fi(I1, I2, .....Ij).

The problem is to find an expression or at least an estimate for Pi in terms of each

other without having to calculate Ij [25]. In general, the functions fi are non-linear

and most of the time implicit. From this definition, the difficulty of the problem is

obvious. One solution would be to form a look-up table for all combinations of Ij once
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and the required Pi must be searched from the table every time.

The EKV MOSFET model is a fully analytical model dedicated to the design and

analysis of low-voltage, low current analog circuits [116]. The EKV model provides the

advantage of continuity for all large and small signal variables in all regions of transistor

operation including weak inversion, moderate inversion and strong inversion. Using

classical BSIM models, one is faced with the disadvantage of three equations for three

different operating regions and discontinuities as well as the sheer size of the model.

In the EKV model, ID is derived using the charge sheet model described in [116].

ID =2NµCoxUt2
[

ln2

(

1+e

“

VP −VS

2Ut

”

)

−ln2

(

1+e

“

VP −VD

2Ut

”

)]

(5.2)

IC is the inversion coefficient given by ID/IS where IS is the normalization current.

Large values of IC indicate strong inversion, whereas small values correspond to weak

inversion. Using IC, design parameters such as output conductance, bias voltages,

width of the transistor, current etc can be derived. The EKV model provides a simple

expression for the gm/ID ratio of the MOS transistor which is precise and continuous

throughout all the regimes. Experimental results show that gm/ID ratio is valid for all

MOSFETs in a wide range of technologies [117].

The ‘divide and conquer’ method can be utilized for performance estimation.

Modeling each analog block with its simple equations analytically, it is easier to trans-

late the input specifications of the main analog system to its blocks so that the problem

will be partitioned to its lowest parts. For example, a typical basic two stage (BTS)

OPAMP is composed of four analog building blocks; namely, differential input pair,

current mirror, common source driver and a current source. Shifting the focus to one

higher level, only two blocks are present: a differential input pair and a push-pull out-

put stage. The methodology when designing a large circuit will be to start estimation

from the last block and move backwards until the first one. Our PE models several

versions of common source gain stages, current mirrors, differential pairs, source follow-

ers, and cascode structures. Based on these blocks, the performances of many typical
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Figure 5.1. Communication diagram of blocks

circuits can be estimated. By use of the manually derived equations and estimation

recipe, the PE takes in performance specifications from ADC designer like SR, gain

BW, etc. and provides the power and area requirements of the best design fulfilling

those specifications (Figure 5.1). In other words, PE generates pareto-optimal curves

for candidate solutions. Sample PE design surfaces for a sample OPAMP are depicted

in Figure 5.2.

Figure 5.2. Design surface defined by PE for BTS Opamp
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The PE may use any technology defined by a technology file which contains many

EKV parameters. BSIM models are much more popular than EKV models, hence, it

is sometimes difficult to find EKV models of every technology. This bottleneck of the

EKV based designs may be overcome by some approaches available in the literature

[118],[119]. If the foundry does not provide the EKV models, they can be derived from

various measurements of fabricated transistors. However, this approach is not suitable

most of the time, since it is time and budget consuming. A more practical way is to use

BSIM models to derive EKV models [118]. BSIM models are known to provide accurate

results under certain conditions. For these conditions, certain transistor sizes and

inversion types for transistors should be selected. If these conditions can be created for

certain simulations, the results may be utilized like real measurement results. However,

it is clear that the results will not be as accurate as foundry provided parameters. The

important point to note in this respect is that, the tolerance of PE is large enough

to accept these variations. Since, the PE is not a synthesizer but an ”estimator”, the

error coming from the model can be tolerated.

A parameter extraction approach can be carried out similar to [118, 119]. In this

approach the BSIM models are used to find EKV model parameters via results achieved

from a large number of simulations. For each parameter, specific conditions should be

selected. The next step is to perform related measurements from SPICE simulations.

This approach provides results in short time but the number of parameters calculated

is limited. However, it is sufficient for a rapid calculation of parameters to see their

order of magnitudes. Also, it is sufficient to gather parameters which are used in gm/Id

design methodology. The parameters which can be gathered by this approach are:

VTO, GAMMA, PHI, LETA, WETA, Q0, LK, KP, THETA, DL, DW, Q0 and LK.

Also it should be stated that, some parameters can be taken from BSIM parameters

directly like TOX, CJ and XJ.

However, for more precise results for EKV simulations, all parameters should be

found. In [118], curve fitting approach as well as least square optimization algorithms

are used for gathering EKV parameters. Thus, more parameters with better accuracy

can found. These parameters include, intrinsic model parameters, temperature pa-
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rameters, noise parameters, overlap capacitances and junction capacitance parameters

which are sufficient for almost all types of circuits. In Figure 5.3 and Figure 5.4, it

can be observed that BSIM simulation results are very similar to similation results by

using EKV model parameters gathered from BSIM parameters. The small deviation

from measurement results may be observed in Figure 5.5. This small deviation proves

the accuracy of EKV models gathered from BSIM models.

Figure 5.3. IDS vs VDS graphs of BSIM and EKV simulations for 0.5µm

Figure 5.4. gDS vs VDS graphs of BSIM and EKV simulations for 0.5µm

The PE may use any given technology if the technology parameters are provided

via a file. This technology file contains 16 parameters. PE may use one technology



78

Figure 5.5. IDS vs VDS graphs of measurement results with BSIM and EKV

simulations for 0.35µm

file at a time, in other words, user may only search for specific technology and can not

search two technologies simultaneously.

The error between estimated values and simulation results is small and thus,

results prove that PE provides accurate calculations. However, real technology param-

eters would present the effectiveness of the developed methodology. Thus, BSIM AMS

0.35µm parameters were converted to EKV parameters and examples are provided in

the following sections.

5.1. Basic Two Stage Amplifier

Basic two stage (BTS) amplifier is a popular amplifier structure. The structure

may be decomposed to 3 basic sub-structures: current source, differential amplifier

and class-A power amplifier. In order to realize PE tool, some common building struc-

tures have previously modeled. Hence, these building structures has their own models

available and they should be combined together for PE.

BTS amplifier has a power amplifier output stage with a current source. One
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of the design specification for BTS amplifier is to have a large swing at the output

which means that the output should be fixed at the half of the supply voltage. This

specification could be achieved with sizing of the transistors.

The gain of the BTS amplifier can be divided into two parts which represent the

gain contribution of output stage and differential amplifier. The percentage of the gain

contribution may be calculated heuristically or by sweeping the possibilities. Either

way, the contribution of the output stage should be calculated. The inversion coefficient

can be swept in order to calculate the related gain value. However, the current flowing

in the output stage should be calculated previously. This value is calculated from

slew-rate requirement. This calculation provides the minimum value of the current.

Higher values may also be possible depending on the other specifications met. Hence,

current with sizing information provide partial area and power consumption values.

The bandwidth provided to the BTS module provides information about the dominant

pole which is related with compensation capacitance. This capacitance can be used to

calculate the required current in order to satisfy the bandwith requirements. Also gain

can be calculated with the current value and associated inversion coefficients. This

coefficient can be swept in order to fulfil the gain requirements.

The most important calculation in the process is the calculation of the gds. This

calculation generally very problematic since the deviation in the calculations is very

high. Utilization of the EKV models introduce an advantage at this point. The gds

values can be calculated via derivation of current equation. Also another possibility to

use a pseudo Early Voltage in order to calculate a gds term as a function of transistor

length. Both methods were incorporated in the developed tool. In the regions where

derived equation does not hold due to simplifications, the other method is utilized.

Another important process is the verification of the stability in the presence of

the second pole. This verification performed for all candidate solutions.

As a result, power consumption can be estimated by current calculations and

together with inversion coefficient value area of the amplifier can be calculated.
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Figure 5.6. Basic two stage OPAMP

5.2. Cascode Amplifier

Cascode amplifier is a single stage amplifier and contains many difficulties due to

stacking of transistors. The calculation of DC biasing values is also very difficult and

small changes in widths of the transistors may lead to unwanted operation regions. The

cascode module developed is capable of calculating the correct bias voltages and sizing

in order to achieve the desired performance. The DC value of the output node can

be set to half of the supply voltage. In cascode amplifier design the design equations

are simple since the structure is single stage. The structure is composed of a current

source and cascode structures. Hence for each stack, the equations are nearly same.

A similar approach is used in cascode amplifier. The output stage current is

calculated by slew-rate requirement and inversion coefficients are swept for finding the

optimal solution. Some overdrive values for transistors may be defined in terms of

inversion coefficients and current mirrors decrease the number of inversion coefficient

to be swept. Hence, the result is achieved in a very short time.

5.3. Amplifier with Custom Model

There may be other amplifier structures that are available and the user may

wish to utilize this available circuit in ADC design. In such cases, the tool should be



81

Figure 5.7. Cascode OPAMP

capable of utilizing these structures. The approach used for this purpose is to develop

a customizable module which links output parameters (area, power) with the input

parameters(gain, bandwith, load capacitance and slew-rate) Hence, any previously

designed circuit may be mapped to a model that can be used by PE. This approach

provides flexibility to user by mapping the input parameters to output parameters

where polynomial equations were used to define the relations. Hence, better mapping

is possible by this approach. Although, area and power parameters may be defined by

simpler equations, this approach may provide better mapping.

power = a0 + (a1 Av + a2 A2
v + a3 A3

v) (a4 Av + b4 Cl + c4 f3db + d4 SR)t

+(b1 Cl + b2 Cl2 + b3 Cl3) (a5 Av + b5 Cl + c5 f3db + d5 SR)x

+(c1 f3db + c2 f 2
3db + c3 f 3

3db) (a6 Av + b6 Cl + c6 f3db + d6 SR)y

+(d1 SR + d2 SR2 + d3 SR3) (a7 Av + b7 Cl + c7 f3db + d7 SR)z

(5.3)
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area = e0 + (e1 Av + e2 A2
v + e3 A3

v) (e4 Av + f4 Cl + g4 f3db + h4 SR)t

+(f1 Cl + f2 Cl2 + f3 Cl3) (e5 Av + f5 Cl + g5 f3db + h5 SR)x

+(g1 f3db + g2 f 2
3db + g3 f 3

3db) (e6 Av + f6 Cl + g6 f3db + h6 SR)y

+(h1 SR + h2 SR2 + h3 SR3) (e7 Av + f7 Cl + g7 f3db + h7 SR)z

(5.4)

In (5.3) and (5.4), the polynomials are given which define the relation of area and

power with input parameters. These equations are sufficient to produce custom design

surfaces, similar to the surface illustrated in Figure 5.2.

Area and power may also be related with input parameters by their electrical

relation such as relating power with slew-rate parameter by using appropriate coeffi-

cients. Although the actual relation would require the current rate information, the

slew-rate with a user defined coefficient would be sufficient to define the power of the

amplifier with input parameters. Hence, this simple definition may be easier to develop

a mapping between circuit definition that are readily available and the area and power

consumptions. The given equations in (5.3) and (5.4) allow user to define a propotion

between area and GBW or a relation between power and SR
Cl

.

It should be noted that, if user has only very few amplifiers, providing their area

and power values directly to the ADC automation tool will be easier than deriving the

relations. However, if an amplifier is not designed but rather the design performance

for a specific technology can be roughly defined by means of simple equations, then the

custom amplifier model would be utilized to find the design parameters.

5.4. Example Performance Estimator Designs

In order to test the PE, two technologies were used. The first one is the 0.5µm

technology which is delivered with EKV 2.6 [120].

The below examples present results for two PE blocks: basic two stage (BTS)

OPAMP and cascode OPAMP. PE provides area and power consumption estimations

of a candidate solution. While PE is trying to achieve performance values such as gain
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and bandwidth, it also calculates DC voltage and current values. Although in this

work these results are not feed into the device level optimization tools, they can be

used by device level tools as initial values in optimization.

Table 5.1. Design specifications

Gain 2000

Load Capacitance 1pF

Slew-Rate 20V/µs

Cut-off Frequency 10kHz

Supply Voltage 3.3V

Technology Ekv 0.5µm

Table 5.2 presents performance values of two candidate solutions for a BTS

OPAMP in 0.5 µm technology. The specifications are given in Table 5.1. Although

these requirements may not be stringent, they are appropriate for many Sigma-Delta

ADC designs. The BTS PE module, generated 29645 solution candidates and provided

125 solutions for the given specifications. The generated solutions were examined by

Hspice simulations and their accuracy was compared with the estimated values. These

parameters were presented in Table 5.2. Another parameter is the DC value of the

output node, which was set to 1.65V. Simulation results show that the variation in this

value is bounded by ± 50mV.

The specifications in Table 5.1 were provided to BTS module which uses 0.35µm

AMS technology data. The results show similar accuracy with the previous example

as given in Table 5.3.

Other structures may be modeled and added to PE database. Another common

structure for OPAMP is the cascode OPAMP. The main complexity of the cascode

design is to find bias voltage points and to size the transistors appropriately such

that the output node has the desired DC value. Although most of these systems

require common-mode feedback structure to ensure the correct operation, such sizing

of transistors will ease the addition of common mode feedback elements.
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Table 5.2. BTS OPAMP dynamic performance results for 0.5µm

Solution 7059 Solution 6749

Calc. Sim. Err. Calc. Sim. Err.

Av 68.0 dB 67.3 dB 1.3% 66.3 dB 66.5 0.3%

Gm1 121µS 128µS 5.5% 40.9µS 38.4µS 6.5%

Gm6 44.1µS 42.3µS 4.3% 109µS 109µS 0%

I1 7.2µA 6.7µA 7.4% 7.2µA 6.69µA 7.6%

I6 2.6µA 2.1µA 23% 2.7µA 2.22µA 21%

gds1 720nS 827nS 13% 720nS 752nS 4.2%

gds2 1.66µS 1.59µS 4.4% 1.66µS 1.46µS 13.7%

gds4 270nS 310nS 13% 270nS 292nS 7.5%

gds6 624nS 586nS 6.5% 624nS 553nS 12.8%

f1 9.4kHz 9.02kHz 4.2% 10.4kHz 10.7kHz 2.8%

f2 38MHz 30.5MHz 24% 34.7MHz 30MHz 15.6%

Table 5.3. BTS OPAMP dynamic performance results for 0.35µm

Solution 38347 Solution 45172

Calc. Sim. Err. Calc. Sim. Err.

Av1 72.5 dB 72.8 dB 0.4% 69.1 dB 69.3 dB 0.3%

Gm1 108µS 112µS 3.7% 193µS 188µS 2.6%

Gm6 93.1µS 81.5µS 12.4% 143µS 145µS 1.4%

I1 9.5µA 9.9µA 4.2% 16.5µA 16.1µA 2.5%

I6 4.14µA 4.4µA 6.2% 11.0µA 11.2µA 1.8%

gds1 458nS 452nS 1.3% 871nS 833nS 4.6%

gds2 1.05µS 1.25µS 19.0% 2.65µS 1.9µS 39%

gds4 256nS 269nS 5.0% 847nS 723nS 17.1%

gds6 757nS 953nS 25.8% 1.9µS 1.41µS 34%

f1 8.8 kHz 10.2 kHz 15.9% 10 kHz 8.7 kHz 15%

f2 32MHz 38 MHz 18% 54 MHz 44 MHz 22.7%
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Table 5.4 presents the DC values calculated by the estimator and the simulation

results performed by Hspice.

Table 5.4. Cascode OPAMP DC performance results for 0.5µm

Solution 404 Solution 428

Calc. Sim. Calc. Sim.

Va 2.80 2.85 2.80 2.86

Vb 1.74 1.76 1.74 1.80

Vout 1.60 1.64 1.60 1.66

Vc 0.80. 0.82 0.80 0.83

Id 3µA 3.1µA 3µA 2.9µA

Similar accuracy for DC values were achieved as a result of simulations for 0.35µm

technology. Hence, they are not presented here in details.

The results prove the accuracy of the PE in DC calculations. In these examples,

the calculated values are same for different candidate solutions The difference is the

sizes of transistors as well as bias voltages provide to the circuitry. These voltages vary

form 0.8V to 2.4V for Vbias2 and 2.5 to 2.9 for Vbias1. The bias voltage values are

actually the outputs of the PE as a result of IC value sweep of transistors. Thus, PE

may find solutions with different values of IC for which most of the designers would

not look for. Hence, unusual voltages may be calculated as bias voltages. However,

simulation results show that these solutions still satisfy the given specifications.

Table 5.5 and Table 5.6 presents the dynamic parameters of the cascode structure.

These results are achieved for specifications given in Table 5.1 with a difference that

the cutoff frequency is not set. Although some parameters deviate from the desired

values, they stay on the safe side.

PE modules developed provide enough accuracy for the ADC designer. They

may be even used as initial conditions for device level optimizers. The results provided

show that the ADC designer may search the design space efficiently. The discussion
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Table 5.5. Cascode OPAMP dynamic performance results for 0.5µm

Solution 156 172 43

Calc. Sim. Calc. Sim. Calc. Sim.

Av (dB) 74.6 74.9 74.9 74.8 78.4 80.2

f3db 1.05 kHz 981 Hz 1.00 kHz 1.11 kHz 347 Hz 426 Hz

Table 5.6. Cascode OPAMP dynamic performance results for 0.35µm

Solution 77 598 1115

Calc. Sim. Calc. Sim. Calc. Sim.

Av (dB) 73.8 72.6 76.3 77.3 75.6 78.6

f3db 1.3 kHz 1.7 kHz 428 Hz 350 Hz 896 Hz 760 Hz

so for has covered only modules. ADC designer examples that utilize PE modules are

presented in next section.
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6. EXAMPLE RUNS OF DESIGN AUTOMATION TOOL

In this section, different example runs are provided in order to illustrate how the

developed design automation tool can be used by a designer. The presented runs differ

from each other not only by means of desired specifications but also with different

operation modes and design perspectives for a design. The simplest utilization of

the developed design automation system is to use verification mode, by which the

system performance can be observed for a specific design where all design parameters

have been previously defined. The designers may require their design to be verified by

calculating the performance of the ADC, which is SNR of the system, most of the time.

Another interesting utilization of this mode is that the designer may check the increase

of the performance with modifications to the block parameters. As an example to this

approach, the designer may use the design automation tool to calculate the performance

deviation if GBW of the amplifiers are a little bit higher or lower. An adequate run

can be achieved by selecting a second order system with high SNR. The specifications

given in [7] were used and given to the design automation system. The calculated

performance was 100.1dB which is very accurate compared with the given measurement

result, 100.2 dB and simulation result 98.3 dB. The user may explore other solutions by

modifying the provided parameters to the design automation tool. The effect of using

a 3-bit quantizer can be observed by this way which would provide better performance

regarding the SNR. In such example design, the performance increase would be 13.4dB

for a perfect DAC circuit which has a very low INL value. The increase in INL of the

DAC circuit to 10 percent of the full scale would reduce the performance increase to

only 6.7dB. Also, designer may use this verification mode to examine the sensitivity

of the design to some circuit parameters. Hence, the user may observe the effects of

using an amplifier with lower gain values. If the amplifier is designed initially with a

gain higher than 60dB, the gain reduction can be tolerated up to %60 of its original

value, since the performance loss even with this reduction is negligible.

The verification mode provides all the information that the designer can gather

from a behavioral simulation. The advantage of the devaloped tool can be observed
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better with the utilization of other modes of operation. The Sigma-Delta ADC design

tool also utilizes the PE depending on the selected operation mode, in order to find

adequate solutions for given specifications. The given specifications may be in different

forms depending on the desired operation mode. In the second example, the semi-

custom mode of the Sigma-Delta ADC design tool was chosen because it contains

both library oriented design and automated design. The amplifiers were designed

automatically by utilizing the PE and the comparators were chosen from the library.

The amplifier types utilized by the PE throughout this example are BTS and cascode

OPAMPs. In the design example, the desired specifications are a SNDR of 86 dB, a

supply voltage of 5V, and an OSR of 64. The order of the modulator was not set. The

desired SNDR value corresponds to nearly 14 bits of resolution. The solutions were

restricted to be single bit.

The algorithm searches for candidate architectures with the given specifications.

Since behavioral simulation was not performed for checking the stability of the design,

the tool advised the user to use cascaded architectures, which utilize at most second

order modulators. As a result the candidate architectures were 2-1, 2-2 and 2-2-1.

However, lower order architectures can be achieved by assigning the OSR as a free

variable. In this case, the algorithm searches for OSR values which provide adequate

performance. This search is performed on ideal Sigma-Delta ADC equations and the

real performance is calculated later by adding noise contributions.

The candidate architectures which satisfy the desired SNDR performance for OSR

of 64 were sent to the PE and area and power values were estimated. For this example,

it was assumed that only BTS OPAMP’s were available. Comparison of BTS module

with cascode is presented in next example.

For the semi-custom operation mode that is used in this example, worms were

created for 2-1, 2-2 and 2-2-1 configurations. The amplifier library was not used in the

example, thus the comparator library defines the number of initial worms. The user

may select the range of parameters for the amplifier and other blocks in the design

automation tool. For our run, ranges for the gain of the amplifier and capacitor values
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in the integrator were set.

The worms were sent to noise estimation functions who calculate the SNDR of

the worm. As a result, the user has many solutions which satisfy the specified SNDR

performance. The algorithm generates 846 candidate solutions. Performance estimator

could find a solution for 567 of them. Thus, 67% of the candidate solutions were

implementable results. The solutions are listed according to their SNDR values by the

software. Several solutions may exist for the same SNDR with different structures in

which case the optimum solution (in terms of area, power, or a combination of these

two) should be selected by the user.

In another example run, both cascode and BTS modules were used in PE. Thus,

the selected architectures may contain different types of amplifiers for different stages.

The results observed show that topologies with higher gains are selected for first in-

tegrator and for the other amplifiers lower gain solutions are selected. Thus, power

consumption for the first stage is higher than the following ones. Slew-rate limitation

is very important in amplifier selection. Since, the current charging the load capaci-

tor is calculated via minimum slew-rate, the power dissipation is directly proportional

with the current. Hence, the selected amplifiers most of the time have large gain values

although ADC designer is looking for much less. The main reason is that the gain is

actually related with the length of the transistors and these modules do not sweep the

length of the transistor which may provide solutions with lower gain values. For ex-

ample, ADC designer is searching for an amplifier with a gain of 2000 and slew-rate of

20V/µs. PE searches for a candidate solution and the solutions generated have at least

gain of around 5000. The solutions of a behavioral optimization approach presented

in [34] have small gain values but large or medium slew-rate values. Hence, solutions

for system level specifications were achieved. However, the block level requirements

for these solutions were actually not connected to any device level block and their im-

plementation as such is not simple. However, in our work, even W/L ratios as well

as bias voltage values are estimated. Also, power and area values are calculated more
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Figure 6.1. SNDR vs power

accurately.

In Figure 6.1, SNDR vs. power and area results for some cascode solutions are

presented. In these solutions the OSR is 128. Here, the PE only uses cascode OPAMP

structure. It is also interesting to observe from this figure that 2-1 structure can

achieve the same SNDR specs with lower power as opposed to the 2-2 structure for low

SNDR. For more demanding SNDR values, the OPAMP is pushed to its limits in the

2-1 structure and power increases sharply. In addition, the solutions by utilizing BTS

architectures are more advantages in both power and area values.

The developed tool uses PE modules to calculate SNDR value and estimate its

power and area. Since power consumption values can be estimated accurately, pareto-

optimal curves can be generated. In Figure 6.2, a SNDR vs power curve is presented

as an example. In this example, OSR is limited between 20 and 64. BTS and cascode
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modules were enabled and SNDR values calculated for different configurations. Lowest

power consumption value was achieved for 2-1 cascaded configuration with OSR value

of 20. The tool selects cascode OPAMP for first stage and BTS for the rest. The

highest SNDR value is achieved for 2-1-1 cascaded configuration.

Figure 6.2. SNDR vs power

Table 6 is another example which illustrates that similar performances can be

achieved with different configurations. In such examples power estimation has greater

importance on configuration selection. Hence, macro models may not be accurate

enough.

Table 6.1. Different cfigurations with similar performances

SNDR Configuration OSR Power Area of active devices

73 2-1 32 9.92mW 1115µm2

73 2-2 20 9.99mW 1540µm2

78 2-1 64 10.32mW 1745µm2

78 2-1-1 32 13.02mW 2060µm2

The developed tool also explores possible multibit solutions. In Table 6, the

comparison of two solutions which have similar performances is given. The increased
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performance with the utilization of mulbit quantizers, observed in Table 6 is enough

for making them eligible for GSM applications.

Table 6.2. Different cfigurations with similar performances

SNDR Configuration Bit OSR

81 2-1 3 32

81 2-2 3 20

78 2-1 1 64

78 2-1-1 1 32

The examples show that the developed tool may be used to generate pareto-

optimal curves for desired specifications. The design space from which these curves are

generated has many dimensions and the PE connects performance values to real circuit

parameters. Hence, not only optimization through SNDR vs power curve is possible,

but also area can be incorporated to select the most appropriate configuration.
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7. INTEGRATED CIRCUIT DESIGN

One of the milestones in this thesis is to design a Sigma-Delta ADC that can be

used to verify the models developed through out the thesis. The fabrication of Sigma-

Delta ADC test chip was made with the grant of TUBITAK, project EEEAG-101E039.

The design process gave some idea about the effects of error sources and allowed the

models to be used through the design process. The models were used to calculate the

tolerances of blocks that will be used in the chip. The amplifier gain, amplifier BW, the

offset of the flash adc, effects of on resistances of switches are some of the parameters

that are calculated by utilizing the developed models. Then, this values lead us in the

process of block (amplifier,comparator) design. The mismatch values that are available

in the technology data were used with the tolerable ofset value to calculate the sizes

of the transistors in the comparator.

The designed ADC contains two parts as it can be seen in Figure 7.1. One

is a third order, 2-1 cascaded Sigma-Delta ADC. The other one is first order single

bit Sigma-Delta ADC. The first module has two outputs. One output is taken at

the end of the second order modulator and the other one is taken from the output

of the first order modulator. The connection scheme of the blocks for 2-1 cascaded

system can be different from Figure 7.1. The first input of the first module, then,

will be the quantization noise of the second order system. The difference between

two different configurations results in different digital filter function. However, even

though the connection is not the same, the same performance can be achieved, at least

theoretically. However, the implementation of the circuit in silicon given in Figure 7.1

is much simpler compared with the other connection scheme.

The opportunity to take these two outputs separately enables us to observe the

performance of both second and third order systems. The other module which is a

first order system, can be used to test a first order system. As a summary, these

two modules enable us to test first, second, and third order systems. However, the

fabricated IC has the analog part only. This means that the output of the IC is just a
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bit stream. The outputs must be fed to a digital filter in order to get parallel binary

data. An FPGA kit was used for this purpose. Using such a system enables us to

test the performances of different type of filters. The digital filters were compiled and

loaded to the FPGA.

Figure 7.1. Block diagram of the IC containing two modules
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The design of the Sigma-Delta ADC started with defining the modules, which

had been implemented. In order to have more than one ADC to test the models, the

Sigma-Delta architecture described above had been selected.

The next step is to determine the specifications and perform functional verifica-

tion of the ADC. These can be achieved by using MATLAB models developed earlier.

The Simulink model of the Sigma-Delta architecture is given in Figure 7.2. The be-

havioral simulations performed with the model gave important information. One of

them is dynamic range value. The technology allows 5V supply and this value defines

the saturation limit of the integrator. The input must be smaller than a limit value,

which may result in a saturation situation. Although, the coefficients can be calculated

from the models, functional verification can be performed. A coefficient such as 1 can

be assigned for all gain stages. However in that case, the charge accumulated in the

integrator will be high. In order to overcome this problem coefficients can be made

smaller. In our design we select the coefficients as 0.5 to achieve higher input range

(-1V to 1V).

Figure 7.2. Simulink model of the 2-1 cascaded Sigma-Delta

The next step in the design flow is to determine the specifications of the building

blocks. The building blocks for such system are switched capacitor integrator and
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quantizer. These blocks can easily be implemented by OPAMP’s, transmission gates

and comparators. In order to estimate the performance of the system and determine

these specifications, MATLAB models were used. For example, one of the problems

for a switched capacitor integrator is the offset of the OPAMP. The offset is added

in each cycle and causes a wrong value of charge at the input of the quantizer. This

problem can be solved by using a differential architecture which is the case in our

design. However, there may still be some offset, which will still cause problems. The

offset value, which can be tolerable, had been observed with the model developed on

MATLAB. The designed OPAMP has much smaller offset value than it was required.

Other effects, which may cause errors, were also checked with the model. One of them is

the capacitor mismatch. The results obtained from the models show that the minimum

matching should be higher than 99%. This information was used with the technology

data to determine the correct width and length values of the capacitors.

Figure 7.3. OPAMP

The designed OPAMP is given in Figure 7.3. The advantage of this OPAMP is

that it only requires one bias current, which also reduces the number of pins. The

design is fully differential and the circuit employs common-mode feedback in order to

stabilize the output nodes. The designed amplifier provides 68dB gain.
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Figure 7.4. Comparator

The circuit given in Figure 7.4 is the comparator circuit used in our ADC design.

This circuit had been used in previous flash and pipeline ADC designs [22]. MATLAB

models showed us that this comparator used in a Sigma-Delta ADC could tolerate more

errors such as offset, which may result from mismatched transistors. Hence, transistor

sizes can be smaller and comparator may consume smaller area. There is a preamplifier

as an input stage, which also reduces the offset value and kick-back noise.

After having performed behavioral simulations and having designed the building

blocks, circuit level simulations were carried out. First of all, blocks were simulated

separately. After observing the functional correctness of the block, the blocks were

joined together to form the ADC. The following step was to simulate the overall ADC.

The output for the sinusoidal input can be observed in Figure 7.5. The output stream

must have two levels (-2.5V and 2.5V) and the average value must represent the input

for certain bit lengths. In Figure 7.5, we may observe this situation and recognize two

high peaks and one low peak. Also these results were compared with the ones obtained
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from behavioral simulations performed with MATLAB.

Figure 7.5. Simulation results

The layout of the test IC was drawn carefully considering advanced layout tech-

niques to increase matching of the devices. The symmetry was taken into consideration

whereever possible. Dummy circuits and shapes were added also for better matching.

Devices were drawn in an interdigitized manner and common centroid capacitor struc-

tures were used for capacitors. The layouts of amplifier and capacitor circuits are given

in Figure 7.6 and 7.7.

The IC shown in Figure 7.8 was fabricated in Austriamicrosystems 0.6µm tech-

nology. The test environment was prepared for testing and a PCB was designed for

the fabricated Sigma-Delta ADC chip. There are two biasing and reference voltage

generators on the PCB. Also non-overlapping clock generator circuit was put on the

PCB.

In addition to the PCB design, the digital filter that should be connected at the
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Figure 7.6. Amplifier layout

output was also designed. The filter is a decimation filter and basically converts serial

bit arrays to parallel bit streams. The VHDL codes were written for implementing

the filter. The filters implemented were basic and triangular decimators. Then these

filters were written to a FPGA system for hardware implementation. However, only

basic filter can be implemented on an FPGA system. The reason for this is that the

triangular filter has coefficients which can be realized with more logic blocks in an

FPGA. However, this is not a limitation for testing since the oututs can be acquired

by a data acquisition card (DAQ) and transfered to the PC, the output may be fed

into many different decimation filters defined in the MATLAB environment. Since the

performance of the ADC circuits are measured via PSD of the circuit, decimation filter
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Figure 7.7. 1pF Capacitor layout

is not necessary. However, the advantage of such decimation filter is that since, the

output rate is downscaled, it is easier to capture the output data via data aquisition

system. Many sinc decimation filters were designed and even their performances were

compared [33]. One example simulation is shown in Figure 7.9.

Our aim to realize the digital filter of the Sigma-Delta chip is to process outputs

faster and capture them as binary outputs. Thus, the output rate will be decreased

and faster capture of the output with our DAQ card can be possible. Without the

filter, the output serial bit array can be captured also but the clock rate cannot be

increased above a certain level, because it was not possible to synchronize the clock
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Figure 7.8. Layout of the test IC

signals of Sigma-Delta and DAQ.

The whole test system is given below in the figure. A data acquisition system

was used to capture the output of the test chip.

The analog part was tested for verification of the PCB. The buffering problem

with the design, which prevents operating in higher frequencies, was solved by adding

a buffer circuit to the outputs. These buffer circuits also have capacitance loading

which in fact again limit the speed. However, the value of the loading capacitors are
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Figure 7.9. FPGA simulation result

Figure 7.10. Test system

smaller. Thus higher speeds were achieved even with loading effects of the measurement

equipment. With the previous PCB design, 25KHz was the limit for the clock. However

with new PCB nearly 700KHz clock rate was achieved. Figure 7.11 shows the captured
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output of the chip output with 60mV offset in the input. Measured offset value is

presented in 7.12.

(V)

Samples

Figure 7.11. Reconstructed output

(V)

Samples

Figure 7.12. Measured offset value

The first order Sigma-Delta ADC modules in five of the chips were tested and

their characteristics were measured as shown in Figure 7.15. The results showed that

all designed chips are working correctly. One undesired result is that, all modules had

offset value, that is the bias values of the differential inputs should be modified in order

to achieve correct result at the output. In other words, the output digitally equals to
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(V)

Samples

Figure 7.13. Digital equivalent of Figure 7.11

Figure 7.14. Hspice simulation results

zero when one input is 0V and the other is 60mV. The offset value for the chips varies

between 58mV to 62mV.

The input-output characteristics of chips are given in Figure 7.17. The x-axis

shows the analog input and y-axis shows the averaged analog value gathered from the

output bit array. The input range is ±750mV and these values are mapped to ±1V.
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Figure 7.15. Measurement results for 5 IC

(V)

Samples

Figure 7.16. Modulator output with offset

The digital FPGA system is given in Figure 7.18. This digital filter implemen-

tation was connected to the analog output. The filter is basic decimation (sinc) filter,

which converts the serial input to three bit digital output.

The whole ADC was also tested with static inputs. An input of 160mV was

provided to the system. The digital output of the system was captured and can be

seen in Figure 7.19. The average code for the input is 4.8 in 0-7 scale. With reference

voltage of -750mV and 750mV, the output corresponds to 163mV.
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Figure 7.17. Input vs. output characteristics of Chip2

Figure 7.18. FPGA system

The static testing is not sufficient to test the system. Dynamic testing should also be

carried out. The sine wave is a better input to test the dynamic behaviour. Then, the

power spectral density of the system can be measured and the real SNR value can be

found. This value is used to calculate effective number of bits, which is actually the real

resolution of the system. However, the first setup is not sufficient to capture enough

data point to plot PSD of the ADC. The data aquisition system has limited memory
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(V)

Samples

Figure 7.19. FPGA system output

and it is not possible the store enough points. Hence a new testing environment is

prepared as shown in Figure 7.20. The main equipment for this setup is the DSP

development kit of ALTERA. This FPGA kit has on board memory and it can be used

to store samples. At the same time another advantage of this kit is that it is possible to

use external clock for triggering or the internal clock may be used as clock signal by the

device under test (DUT). The stored data is then transferred to PC via uart(RS232)

interface. MATLAB environment read the stored data and PSD can be obtained as

shown in Figure 7.21

The measurement results show the correct operation of the test IC. The IC was

not designed for achieving a very high performance but rather to verify the models,

hence the SNR of the IC is not very high. The measurement results are very similar to

the post layout simulation results, which proves the accuracy of the developed models.
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Data
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Figure 7.20. Block diagram of test structures in FPGA kit

Figure 7.21. PSD of the test IC
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8. CONCLUSION AND FUTURE WORK

In this thesis, high-level analytical models for Sigma-Delta ADC’s were devel-

oped. Thus, the performance of different configurations of Sigma-Delta ADC’S can be

calculated. In Sigma-Delta ADC design, the most difficult problem for a designer is

to choose the most appropriate configuration for the desired specifications; in other

words, optimize the ADC architecture. There are typically many known possibilities

that can be a candidate for a specific performance criteria. However, there may also be

many other possibilities or configurations that were not examined before. Therefore,

high-level models are required for examining the available configurations and possible

configurations. Hence, with the developed models, designer may have better under-

standing of parameters that degrade the performance.

With the help of developed models a design automation environment was devel-

oped. Thus, the designer may utilize the developed tool for performance calculation

and architecture selection. The flexibility of the developed tool allows the designer to

use different modes of operation for various needs. The designer may verify a candi-

date architecture or perform a design space search for only some part of the design or

may use an automatic designer for larger design space search. Then, the designer may

choose the most suitable configuration. Also, the designer can use the developed tool

via a web based user interface. One of the novelties of the developed automation tool is

that it utilizes a performance estimator. Hence, for architecture selection, not only the

SNDR value is used but also area and power consumption can be considered. There-

fore, better performances can be achieved regarding area and power. The performance

estimator module can be used stand alone via web interface.

The thesis contains the development of models for Sigma-Delta ADC’s and a

design automation tool that utilizes these models. Also, model verification was per-

formed by comparing results with the ones available in the literature. Matlab models

were used to examine the behaviour of error sources and they are used to developed

analytical models. These models form an equation database that the design automa-
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tion tool can utilize. Especially jitter and slew-rate models are novel compared with

similar research in the literature. Another novelty of the presented work is the ability

to use a MATLAB tool designed for generating new architectures. The optimization

section of the MATLAB tool was developed and merged with the automation system

In addition an IC was designed and fabricated in order to test model accuracy.

The IC was designed from system level specifications down to layout level. All the

blocks were designed according to the specifications or tolerances that was achieved

form developd models. A testing environment was designed and tests were performed

which show that the IC is working as it was expected.

As a summary, a design automation tool for Sigma-Delta ADC’s working at

the system level was developed. New models were developed, by the introduction of

a performance estimator, innovative operation of the tool is achieved. Optimization

functions were developed for achitecture generation module and an IC was designed for

testing purposes. The developed tool provides an automated assistance to the designers

with its flexibility and user interface. The novelties of the achievements in the thesis

were confirmed by journal and conference papers.

8.0.1. Future Work

In this thesis, many aspects of Sigma-Delta ADC modeling, design and design

automation are presented. However, there are also many research topics remain that

warrant further study.

• The developed MATLAB module for exploring the design space for new archi-

tectures aim to find a solution which definitely satisfy the provided STF and

NTF functions. However, the main aim should be the satisfaction of the STF

and the NTF with in a given tolerance limit, which may ease the circuit design

and may result in lower power and area consumptions. Since, the STF should be

defined not as a all-pass filter but rather as a bandpass filter which covers the the

band of interest, the performance reduction of STF which does not lie within the
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in-band is not important. A better approach can be the utilization of optimiza-

tion algorithms for minimizing the error between the STF of the ”synthesized”

architecture and the provided STF defined in a given bandwith.

• Performance estimator module should contain more structures which are preferred

by Sigma-Delta ADC designers. Such as folded-cascode amplifier structure, there

are other amplifier structures left that are not modeled in this thesis.

• The performance estimator module does not consider the length of the transistor

as a design parameter and hence, does not sweep the lengths. Therefore, the

solution space is limited and most of the time the results achieved do not differ

from each other as much as it is expected.
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