University of Arkansas, Fayetteville

ScholarWorks@UARK

Electrical Engineering Undergraduate Honors

Theses Electrical Engineering

5-2023

Design of a Sigma-Delta ADC in 65nm CMOS Process

Michael Lee Thompson lli
University of Arkansas, Fayetteville

Follow this and additional works at: https://scholarworks.uark.edu/eleguht

Cf Part of the Electrical and Electronics Commons

Citation
Thompson, M. L. (2023). Design of a Sigma-Delta ADC in 65nm CMOS Process. Electrical Engineering
Undergraduate Honors Theses Retrieved from https://scholarworks.uark.edu/eleguht/88

This Thesis is brought to you for free and open access by the Electrical Engineering at ScholarWorks@UARK. It has
been accepted for inclusion in Electrical Engineering Undergraduate Honors Theses by an authorized administrator
of ScholarWorks@UARK. For more information, please contact scholar@uark.edu, uarepos@uark.edu.


https://scholarworks.uark.edu/
https://scholarworks.uark.edu/eleguht
https://scholarworks.uark.edu/eleguht
https://scholarworks.uark.edu/eleg
https://scholarworks.uark.edu/eleguht?utm_source=scholarworks.uark.edu%2Feleguht%2F88&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/270?utm_source=scholarworks.uark.edu%2Feleguht%2F88&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uark.edu/eleguht/88?utm_source=scholarworks.uark.edu%2Feleguht%2F88&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholar@uark.edu,%20uarepos@uark.edu

Design of a Sigma-Delta ADC in 65nm CMOS Process

A thesis submitted in partial fulfillment
of the honors requirements for the degree of
Bachelor of Science in Electrical Engineering

Michael Lee Thompson 11

May 2023
University of Arkansas



Abstract

Analog and digital signals both play a vital role in electrical engineering and the technology of
today. As the role of electrical and computer engineers becomes more deeply involved in the
development of new technology, an understanding of how these signals are utilized, and what
they represent, is a necessity. Due to the inherent limitations involved with analog signals, there
is a need for these signals to be accurately and efficiently converted to digital signals for
processing. The job of the analog-to-digital converter, or ADC, is to receive this analog input
signal (voltage or current) and create a digital representation of it based on a specified number of
bits, or resolution. In this paper, the design and testing of a sigma-delta analog-to-digital
converter will be presented. An explanation of how each component operates within the system
will be discussed and the results of testing each of these components as well as the system as a
whole will be provided. It will be seen that from fundamental building blocks such as
switched-capacitors, op-amps, and digital logic, a fast and efficient system of converting analog
to digital signals can be derived. Sigma-delta converters are an increasingly common architecture
of ADC used due to the small number of components needed and the low noise, high resolution
conversion offered. Through the process of designing and simulating a very basic sigma-delta
converter, the fundamental concepts of integrated circuit design, signal processing, and ADC

design will be thoroughly explored.
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Introduction

An Analog-to-Digital Converter (ADC) simply is any system which converts a
continuous analog signal to a discrete digital signal [1]. Analog to digital conversion of signals is
most important for providing an input to a computer that can be read and processed. It is
important that the converters involved in translating analog signals to digital signals be as
accurate as possible in order to preserve as much of the original signal as possible. There are
many types of analog-to-digital converters including successive approximation, dual slope,
pipelined, flash, and sigma-delta. Each type of converter has various advantages and
disadvantages which must be considered for a particular application. This project will involve the
design of one such converter: the sigma-delta ADC.

A sigma-delta ADC has the advantage of providing a low-noise, high-resolution output at
the cost of a limited sample rate. This trade-off is the result of oversampling- a technique used to
sample a signal at a rate much higher than the Nyquist rate [2]. A typical application of a
sigma-delta ADC would involve the necessity for a highly accurate input signal recreation
without caring as much about the speed of the processing. Such examples include data
acquisition, power quality monitoring, and voiceband audio communication.

The next few sections will discuss the signal processing fundamentals needed for an
understanding of the sigma-delta ADC architecture. After this background has been introduced,
the sigma-delta ADC will be discussed in greater detail followed by a thorough discussion of
how each component works and the design process followed. Next, the results of each of the
individual components as well as the full ADC will be provided and analyzed. Finally, the
conclusions of the project will be drawn and future work involved with the project will be

mentioned.



Analog and Digital Signals

The distinction between analog and digital signals can be traced back to the early days of
electronic communication. In the 19th century, signals were primarily only analog and consisted
of those transmitted as continuous waves of sound, light, or electricity. With the advent of digital
computers in the mid-20th century, digital signals emerged as a new way to represent and
transmit information. Digital signals were initially used for data processing and storage within
these early computers, but eventually, their reliability and efficiency made them an attractive
alternative to analog signals in a range of applications including telecommunications and audio
recordings. Despite the growing prevalence of digital signals, analog signals continue to be used
in many contexts due to their ability to provide a theoretically infinite resolution and a more
natural representation of physical phenomena. The historical distinction between analog and
digital signals has shaped the development of electronic communication technologies and
continues to influence their use today.

Analog signals are continuous waveforms that vary over time and can take on any
potential value, while digital signals are discrete, consisting of a series of on-off pulses, typically
represented as the binary values 0 or 1. The primary advantage of digital signals over analog
signals is their ability to be more resistant to noise and distortion [1]. This is because digital
signals are represented as discrete levels, where the tolerance for error can be much greater. On
the other hand, analog signals can easily be affected by interference or environmental factors that
can alter the shape of the waveform. The difference between a typical analog and digital signal

can be seen below (Figure 1).
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Figure 1: Analog Signal Versus Digital Signal

The benefit of analog signals is that they have a potentially infinite resolution and can
provide more precise and accurate information than digital signals. However, due to the inherent
limitations of analog signals, most modern communication systems convert these analog signals
into digital signals in order to achieve increased reliability and flexibility. Additionally, the
infinite-valued continuous analog signals cannot be easily stored in a computer, so there is a need
to convert the signal into an approximation of it that can be stored and processed. These two

reasons among many others create a need for the existence of an analog-to-digital converter.

Analog-to-Digital Converter Fundamentals

As previously mentioned, an analog-to-digital converter (ADC) is a system that converts
an analog signal into a digital signal. The process of conversion typically and primarily involves
two main steps: sampling and quantization. During the sampling step, the analog signal is
measured at regular intervals, and each measurement is stored as a digital value. The rate at
which the signal is sampled is known as the sampling rate, and it determines the highest
frequency that can be accurately represented in the digital signal [1]. The next step, quantization,

involves mapping the continuous range of analog values to a finite set of digital values. The



number of bits used to represent each sample, known as the resolution, determines the precision
of the digital signal. A higher resolution results in a more accurate representation of the analog

signal but requires more memory and processing power.
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Figure 2: Analog Signals are Sampled and then Reconstructed

Most ADCs are composed of several key fundamental building blocks. The front-end of
the ADC is the analog input stage, which buffers the incoming analog signal. The sampling stage
primarily consists of a sample-and-hold circuit which is used to hold the voltage level of the
input signal constant during the sampling process. The quantization stage uses a comparator that
compares the voltage level of the input signal to the voltage reference and generates a binary
output signal. Finally, a digital output interface converts the output of the ADC into a real digital
representation by using a variety of signal processing and data formatting features.

ADC:s can be implemented using different architectures and topologies, such as
successive approximation, delta-sigma, flash, and pipeline. The choice of topology is chosen
depending on the specific requirements of the application, such as sampling rate, resolution,
power consumption, and noise performance. In the next section, the advantages and

disadvantages of each of these different architectures will be discussed.



Analog-to-Digital Converter Architectures

The different ADC architectures, including successive approximation, flash, pipeline, and
sigma-delta have their own unique strengths and weaknesses. Successive approximation ADCs
are one of the most popular architectures because of their good balance between speed and
resolution [3]. They have moderate power consumption and can provide decent resolution. Flash
ADC:s are the fastest of all the architectures and are used in high-speed applications such as
video processing. However, they are limited in resolution and typically have lower power
efficiency. Pipeline ADCs offer high sampling rates and moderate to high resolution, making
them well-suited for high-speed and high-resolution applications. They are widely used in
communication systems, video processing, and instrumentation. Finally, sigma-delta ADCs have
excellent resolution and are widely used in audio applications [4]. They employ oversampling
techniques to achieve high resolution with relatively low sampling rates. Ultimately, the choice
of ADC architecture depends on the specific requirements of the application, such as sampling

rate, resolution, power consumption, and noise performance [5].

The Sigma-Delta Converter

A Sigma-Delta Analog-to-Digital Converter is used for converting an analog signal to a
high-resolution digital signal. This high resolution is achieved primarily through the concept of
oversampling. Oversampling is the process of sampling a signal at a frequency rate much higher
than the bandwidth of the signal [1]. This rate is much higher even than the Nyquist rate (which
is defined as twice as large as the bandwidth of the signal). Oversampling has the effect of
greatly increasing the resolution of the signal at the cost of reducing throughput. The reduction in

throughput is due to the relatively large amount of time needed to sample the signal. In addition



to providing a higher resolution recreation of the analog input signal, oversampling also has the
effect of increasing the signal-to-noise ratio and avoiding aliasing.

There are many components which go into the creation of a sigma-delta ADC system.
The primary functional units are a difference amplifier, integrator, comparator, and DAC
(Digital-to-Analog Converter). These components are arranged in such a way to produce a
feedback system of which the block diagram can be seen below [3, Figure 3]. The importance of

each of these components will be discussed in greater detail later in this section.
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Figure 3: First-Order Sigma-Delta ADC Block Diagram

The first component in the sigma-delta system is the difference amplifier. A difference
amplifier is an amplifier which produces an output that is the difference between its two inputs.
Here, the difference amplifier is used to subtract the analog output of the converter from the
analog input signal and produce a noise-reduced voltage that can be provided to the integrator
[6]. The analog input signal is the non-inverting (+) input of the difference amplifier and the
output of the DAC block is the inverting (-) input of the difference amplifier.

Connected to the output of the difference amplifier is the integrator component. An

integrator amplifier performs the mathematical operation of integration on the output of the



difference amplifier. The output of the integrator is a voltage proportional to the magnitude of
and duration that the input has deviated from OV.

After integrating the signal, the next component in the system flow is the comparator. A
comparator is used to take the analog output of the integrator to the digital domain. In the
sigma-delta converter, this performs the actual operation of translating the analog voltage to
digital values. A comparator amplifier is effectively a differential amplifier operated in
saturation. It compares the input voltage (output of the integrator) against a reference voltage and
outputs only either Vdd or Vss (0V) depending on whether the input or the reference is higher. A
comparison of the input signal to the reference voltage is necessary for determining the value of
the signal being read through the converter system and converting the signal to the digital
domain of 1 and 0 (typically 5V and 0V respectively). Once the signal has been converted by the
comparator, it will be output as the digital result of the analog-to-digital converter.

At the output of the comparator is a feedback loop which involves the use of a DAC
(Digital-to-Analog Converter). This is implemented as a simple 1-bit DAC which has the effect
of converting the single polarity (0V/5V) logic signal (which is the output of the comparator) to
the V-/V+ signal necessary for providing negative feedback to the difference amplifier. This
allows for much of the fluctuation caused by noise and other disturbances to be removed from
the system in subsequent iterations of conversion.

Once the top-level functionality of the sigma-delta converter has been understood, it will
be important to convert these design units in the block diagram into a more practical design. A
block diagram consisting of the same components as previously described (differential amplifier,
integrator, comparator (quantizer), and DAC) can be seen below with a lower-level typical

implementation of each of the components [7, Figure 4]. The difference amplifier is not labeled



in this diagram, however it is represented by the summer in the top diagram and will be
implemented as a differential amplifier in the bottom diagram. This low-level system will be

used as a guideline for designing the sigma-delta converter.
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Figure 4: Fully Differential Circuit Implementation of a First-Order Sigma-Delta ADC
Now that functionality and primary components of the sigma-delta ADC have been
introduced, the following sections will go into detail about each of the components and how they

were designed to create the sigma-delta converter of this thesis.



Fully Differential Amplifier

Fully differential amplifiers are an important building block in the design of electronics.
They are amplifiers that amplify the difference between two input signals (voltage or current)
while rejecting common-mode signals that are present on both inputs. Fully differential
amplifiers are commonly used in applications where common-mode noise is a concern, such as
in data acquisition, instrumentation, and communication systems [7]. Fully differential amplifiers
offer several advantages over single-ended amplifiers, such as higher common-mode rejection,
lower noise, and higher linearity. Fully differential amplifiers can be implemented using different
circuit topologies, such as the folded-cascode, telescopic, and current-feedback amplifiers, each
with its own advantages and disadvantages.

Designing a fully differential amplifier involves several steps and considerations. The
first step is to select the appropriate amplifier topology based on the desired specifications and
performance requirements [8]. For this project, a folded-cascode topology was chosen as it
represents a moderate trade-off of power, speed, and complexity. The next step is to determine
the desired gain and bandwidth of the amplifier, which depends on the application. The
amplifier's stability and phase margin must also be analyzed to ensure that the amplifier does not
oscillate or become unstable. The next step is to select the biasing scheme and the power supply
voltage, which affect the amplifier's linearity, noise, and power consumption. The choice of the
feedback network and the compensation scheme is also critical for ensuring stable operation and
good transient response.

Although a layout was not created for this design, the amplifier's layout must also be

carefully designed to minimize parasitic capacitance, inductance, and noise. The amplifier must



be simulated and verified using appropriate models and simulation tools to ensure that it meets

the desired specifications and performance requirements.
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Figure 5: Schematic for the Fully Differential Amplifier

Above, the schematic for the fully differential amplifier designed for this project can be
seen. A feature length of lum was chosen in order to provide a more easily attainable high-gain
and reduce design complexity. For the fully differential amplifier designed, a gain of 55.27 dB
was achieved along with a unity frequency of 128.9 MHz and a phase margin of 38 degrees. This
proved to be enough gain to amplify signals that are practically very small. Along with a decent
frequency response and good stability, this amplifier could be considered a satisfactory input
device for the ADC system. The fully differential amplifier was tested using a 50 mV sine wave.

The transient response can be seen below with the input being amplified to the power rails.

10
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Figure 6: Bode Plot for the Fully Differential Amplifier
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Integrator

Integrator amplifiers are electronic circuits that perform the mathematical integration of
an input signal with respect to time [9]. They are commonly used in signal processing
applications. The most basic integrator amplifier consists of an operational amplifier and a
feedback capacitor, which stores charge and provides the integration function. Integrator
amplifiers have a transfer function that rolls off at low frequencies, which makes them useful for
filtering out low-frequency noise and DC offset. However, integrator amplifiers are prone to
stability problems due to the accumulation of phase shift at high frequencies. To mitigate this
issue, integrator amplifiers often employ a compensation network, such as a resistor-capacitor
network or an active compensation circuit.

Designing an integrator amplifier involves several steps and considerations. The first step
is to select the appropriate operational amplifier based on the desired specifications and
performance requirements. Since an operational amplifier was already created in the previous
step to handle the inputs of the system (the fully differential amplifier), this op-amp can be
converted to an integrator for the fulfillment of this component. The next step in building the
integrator is to determine the value of the feedback capacitor and input resistor, which depends
on the application and the required frequency response. The capacitor value must be large
enough to provide sufficient integration, but not so large as to cause stability problems or
excessive noise. The product of the capacitor and resistor values is known as the integrator time
constant [10]. The choice of the compensation network and the location of the compensation
capacitor is critical for ensuring stable operation and good frequency response.

As mentioned, the fully differential amplifier designed in the previous step was adapted

to create an integrator circuit. In order to create the integrator circuit, a switched capacitor
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network was created to sample the input and effectively act as a controlled resistor. A

non-overlapping set of clocks was used to control the “filling” of the capacitors (Figure 10).
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The integrator circuit was tested with both a square wave and a sine wave in order to test

its integration response with different inputs. The integral of a square wave is a triangular wave

and the integral of a sine wave is the corresponding negative cosine wave. As seen from the

results, the correct integration for both of these inputs was achieved with minimal delay.
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Comparator

The next stage in the sigma-delta converter is the comparator. Comparators are circuits
that compare two input voltages and provide a digital output indicating which voltage is higher
[1]. The basic latched comparator consists of a differential amplifier, a latch, and a reset switch.
The differential amplifier amplifies the difference between the two input voltages, and the output
of the differential amplifier is fed into the latch. The latch stores the output of the differential
amplifier and provides the digital output. The reset switch is used to reset the latch to a known
state, which ensures that the comparator operates correctly.

Latched comparators are widely used in analog-to-digital converters, oscillators, and
other applications where precise voltage comparison is required. The speed of the comparator is
typically the limiting factor for conversion speed of most ADC designs [7]. Designing a latched
comparator involves several key steps and considerations. The first step is to select the
appropriate transistor sizing for the differential amplifier and latch to ensure the required gain,
speed, and noise performance. It is worth noting that the choice of transistor sizing also affects
the power consumption and layout area of the circuit. The next step is to select the threshold
voltages for the latch and reset switch to ensure proper operation and minimize the risk of
metastability. The comparator must also be simulated using appropriate models and simulation
tools to ensure that it meets the desired specifications and performance requirements.

For the purposes of this project, a simple discrete-time comparator was created. This
component compares the input (output of the integrator) to a reference voltage in order to

generate the digital bitstream representing the value of the analog signal being converted.
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Figure 13: Schematic for the Comparator
The first test performed on the comparator was a triangle wave input and a reference
voltage of 0 V (ground). For this test, the correct output was clearly observed with the
comparator generating a 1 when the triangle wave was above 0V and a 0 when the triangle wave
was below OV. For the next test, the integrator designed in the previous step was connected to the
input of the comparator and the inverting output was used as the reference. This makes the
design fully differential. Once again, the correct output was observed with the stream of 1s and

0Os generated by the comparator tracking the relative value of the integration from the integrator

circuit.
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Figure 16: Adding the Integrator to the Input of the Comparator
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Figure 17: Transient Response for the Comparator (Integrator Connected)
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DAC Feedback

A 1-bit digital-to-analog converter (DAC) is an essential component in the feedback loop
of a sigma-delta converter. The sigma-delta modulator generates a high-frequency bit stream,
which represents the analog input signal, and the low-resolution DAC converts the bit stream
back into an analog signal. This converted analog signal is compared to the input signal using the
differential amplifier. The feedback loop ensures that the output of the converter accurately
represents the input signal with high resolution and low distortion. The choice of the DAC
dynamic range in part determines the performance of the sigma-delta converter, and the DAC
must have good linearity, low noise, and high settling time to achieve high-performance and
high-speed operation.

Designing a DAC for a sigma-delta converter involves several considerations. The first
step is to determine the required resolution, which determines the number of quantization levels
and the accuracy of the DAC output. Typically, a 1-bit DAC is used. Next, the DAC topology
must be selected based on the desired performance specifications, such as settling time, linearity,
and noise. A common approach is to use a simple resistor-ladder or capacitive-digital DAC,
which can achieve good linearity and settling time performance while being relatively simple to
implement. The selection of the reference voltage and the biasing scheme also affects the DAC
performance, particularly the linearity and dynamic range. The DAC must be carefully simulated
to ensure that it meets the desired specifications and performance requirements, including
frequency response, settling time, linearity, and noise. Finally, the DAC must be integrated into

the sigma-delta converter's feedback loop and tested within the context of the full system [11].
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