




Abstract

The need for increased power efficiency and performance is gaining traction in modern elec-

tronics, especially in applications such as wearable technology, medical monitoring devices, and

Internet of Things (IoT) sensors. These applications require components that not only save power

but also maintain high accuracy and reliability. Unlike the notion of home appliances, which

receive a steady supply of power, semiconductors used in wearable and Internet of Things tech-

nologies are continuously shrinking in size while targeting energy efficiency through low power

consumption. For instance, surgical medical devices must be compact enough for body insertion

while ensuring clear and reliable functionality. For healthcare wearables and Internet of Things

sensors, miniaturization of semiconductors and peripheral devices is essential for the development

of small and lightweight devices, and low-power operation is required. To meet these demands,

efforts are needed to improve analog and digital data processing and efficiency along with minia-

turization. Therefore, it is becoming increasingly important to integrate mixed signal circuits based

on analog signal processing.

This paper introduces the development of a digital integrated circuit (IC) design for a low-

power Capacitance-to-digital converter (CDC), uniquely blending digital and analog methodolo-

gies to address these requirements. The proposed design is a fusion of innovative digital signal

processing techniques and energy-efficient circuit design with the goal of minimizing power con-

sumption while maintaining the accuracy and functionality of the Capacitance-to-digital converter.

This mixed-circuit approach not only promotes reduced power usage but also ensures high ac-

curacy and reliability, crucial for sensitive applications. Digital signal processing technology is

integrated to complement analog components and maintain a balance between power savings and
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signal integrity. Through simulation and experimental analysis, this design demonstrates multi-

channel capabilities and improved power efficiency compared to existing Capacitance-to-digital

converters, showing a significant increase in power efficiency at high operating frequencies. The

paper also explores the broader implications of mixed circuit design, providing insight into poten-

tial applications and setting a precedent for future research on energy-efficient electronic design.

The results of this study pave the way for further research in advancing the field of low-power

mixed-signal integrated circuit design, especially in the context of multi-channel sensing technolo-

gies.
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Chapter 1

Introduction

New wearable sensing technologies support the measurement of a wide range of physiologi-

cal and physical metrics, detecting changes in the surrounding environment, including in medical

monitoring applications. These physiological and physical indicators primarily consist of data that

changes in real-time. Such sensing platforms require sensor interfaces capable of detecting, mon-

itoring, and communicating physiological and physical data about both the human body and the

environment [1–7]. Beginning with detecting a single data type through a single sensor, technolo-

gies are now being developed to extract multiple data types using a single sensor. Advancements

in materials technology have also benefited the field of sensor technology. Leveraging flexible

sensor interface technology, sensors with various bendable characteristics have been developed,

enhancing wearable technologies. For instance, Electronic skin (E-skin) equipped with a series

of sensors can detect environmental factors such as pressure, temperature, and air humidity [8].

Human skin, being curved, of various thicknesses, and with a smooth surface, necessitates a flexi-

ble sensor interface. These technologies enable E-skin to continuously and non-invasively monitor

vital signs such as heart rate, blood pressure, and body temperature, showing promise in wearable

health monitors and medical diagnostics. Electronic nose (E-nose) is another excellent example.

E-nose devices utilize a series of chemical sensors to monitor and detect harmful gases and cer-

tain volatile organic compounds, which can cause bacterial infections, allergies, dizziness, and

headaches [5]. Our skin senses various feelings, including temperature, humidity, and texture.

3
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Similarly, the nose can detect multiple odors simultaneously, including those of food and burning.

It is important to emphasize that the successful implementation of applications such as E-skin and

E-nose requires multi-channel sensor interface circuitry. Recent advancements in wearable tech-

nology research not only highlight a variety of applications but also emphasize technologies that

enable continuous, real-time monitoring and maximize energy efficiency. Continuous development

in energy harvesting technologies is also improving battery life [9]. The emphasis of the argument

is on enhancing user convenience through these technologies and adopting a low-power design

approach. To extract signals from sensor arrays of multiple sensors, the latest readout circuits are

being developed to interface with each sensor and sample the output of all channels for digitization.

For example, a multichannel Capacitance-to-Digital Converter (CDC) supports 16 channels with

shared Analog-Front-End (AFE) and Analog-to-Digital Converter (ADC) for all channels in [8].

However, it does not allow separate channel control, so power is wasted due to unused channels [8].

The CDC in [2] uses a 16-channel multiplexer with 16-bit resolution and consumes between 51

µW and 153 µW. Another proposed wireless sensor interface Integrated Circuit (IC) supports up

to 32 channels (16 resistor and 16 capacitor) with a power of 61 µW [10]. These power figures far

exceed the nW power requirements required for long-life wearable devices. Additionally, power

consumption varies depending on the type of amplifier used. [11], which uses a charge amplifier

based on Operational Trans-conductance Amplifier (OTA) that consumes a lot of power, shows low

energy efficiency. Due to the characteristics of sensors and sensing environments, the development

of re-configurable sensor interface ICs is an area of interest research. Both the sensing range and

speed requirements of these ICs depend on the target application. Therefore, CDC should support

the dynamic nature of sensors to extend their coverage. In this study, I will introduce a 10-channel

capacitance-to-digital converter that can support multiple Internet of Thing (IoT) application such

as wearable healthcare applications, and particularly propose research on digital design in mixed

circuits [1]. The proposed CDC was developed targeting a capacitance sensor and converts 10

capacitance values into digital signals. The signal applied to the input of the capacitance sensor

has periodicity and it is in the form of a clock with a duty cycle of 50:50. The name of this clock

is sampling clock, and it is output from digital logic and transmitted to the off-chip sensor. The
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capacitance signal input is connected to the internal capacitor group. By applying the capacitor

voltage divider principle, the internal capacitor value is adjusted by targeting half of the input volt-

age. The voltage between the two capacitors passes through the analog buffer and is transferred to

the input of the ADC, then the analog signal is converted to digital. The purpose of development

was to measure small capacitance in pF units, and the target sensor application was a gas sensor

in pF units. Due to the nature of multi-channel, a total of 10 inputs can be connected simultane-

ously, and measurements were possible from about 6 pF to 11 pF . CDC’s performance can be

programmed through internal registers. This thesis will cover the role, function, and stability of

digital logic for programmable CDC design. The proposed design is a fusion of innovative digital

signal processing techniques and energy-efficient circuit design with the goal of minimizing power

consumption while maintaining the accuracy and functionality of the CDC. This thesis introduces

challenges and motivation from a digital design perspective, and also includes a discussion of how

the problems were approached to resolve.



Chapter 2

Analog and Digital Architecture overview

Before delving into the details of digital design, I would like to present an overview of the archi-

tecture for the Low Power Capacitance-to-Digital Converter (CDC) design project. This overview

will be beneficial for understanding the placement and interconnection of analog and digital com-

ponents within the fabricated Application Specific Integrated Circuit (ASIC) chip. As depicted

in Figure 2.1, the CDC chip internally comprises significant analog and digital components. The

yellow line indicates the digital top which includes an Serial Peripheral Interface (SPI) slave and

Sample and Analog Control (SA cont), while the analog top comprises an input channel capac-

itor group, switch group, Sample and Hold circuit, Capacitor Digital-to-Analog Converter

(CDAC), on-chip reference, and Analog-to-Digital Converter (ADC). The blue line represents

the Capacitance Divider Network (CDN), and the red line indicates the paths within the fabricated

CDC chip. The CDC system encompasses a CDN, a Sample-and-Hold (S/H) circuit that samples

the divider output, and an on-chip differential ADC followed by an analog buffer. It also features

an on-chip adjustable voltage reference and an analog buffer to drive the ADC. Lastly, a digital

circuit, labeled ’Control Logic & Counter,’ is included to manage these analog components.

6
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Figure 2.1: System Architecture of multi-channel Capacitance-to-Digital Converter (CDC)

2.1 Digital module block diagram

2.1.1 Overview

As shown in Figure 2.2, digital logic is comprised of two major components. The first is a

communication protocol module, referred to as the SPI slave, and the second is the Sample and

Analog Control (SA cont), tasked with sampling and controlling the analog module. The SPI

reference is predominantly used for chip-to-chip communication. This communication requires

the configuration of a Master and a Slave. The Master generates and transmits Reset, Chip Select

(CS), Serial Clock (SCLK), and Master Out Slave In (MOSI) signals to the Slave. Since the CS

is an active-low signal, a high state indicates the slave is not selected, whereas a low state enables

the slave, allowing it to receive data from the master. The Main signal out (Main out) module
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plays a role in generating a sampling clock for the input sensor array, while the Sample and Hold

clock (SH clk) module produces sampling and hold pulse signals to capture the voltage signal at

the common node from the divider output. The Clock Divider (CLK div) module divides the

clock frequency to support different sampling clock speeds. The Main Controller (Cont) module

primarily generates and manages internal signals in the digital top. Finally, the Monitoring Logic

(Mon) module is responsible for storing and displaying the ADC’s output data via a SPI slave read

operation.

Figure 2.2: Digital top diagram

2.1.2 Digital module signal connection

The Figure 2.3 illustrates the connections within the digital top. The connection between the

SPI slave and SA cont comprises wiring for configuration settings and five read paths for mon-

itoring data. Signals directly linked from the SPI slave to the analog circuit are shown on the
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left. Configuration signals are transmitted directly to the Capacitor Digital-to-Analog Converter

(CDAC), analog buffer, and ADC. On the other hand, in areas where additional precise controls

of digital logic are required, SA cont fulfills that role. The digital module is responsible for man-

aging the enable timing of the ADC, including the switch, as well as handling Sample and Hold

operations.

Figure 2.3: The illustration of inner connection in Digital top

2.1.3 Main digital block signal connection

The Figure 2.4 shows the internal connections of SA cont digital block in detail. As the main

controller block, the Cont module generates major signals that are delivered to most internal mod-

ules. The CLK div plays the role of re-generating the periodic signals according to speed require-

ments through an internal clock distributor. This re-created clock information is delivered to Main

out and Cont. The role of SH clk is to generate a pulse signal for transmission to the Sample

and Hold circuit. The Main out module literally plays a significant role of generating main sig-

nals. Sampling clock and switch signals for 10 channels are examples. Lastly, the Mon module
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Figure 2.4: The Sample and Analog control block diagram

is a monitoring logic that stores the digit information of each channel using ADC output data, and

outputs them according to the read command.



Chapter 3

Digital design

3.1 10-multi channels input control

3.1.1 Overview

In the picture below Figure 3.1, we can see the digital logic used for controlling multiple

channels, which is a key component of the Low Power Capacitance-to-Digital Converter (CDC)

design project. This is why it was named Main signal out (Main out). The Main out module

generates a sampling clock that is transmitted to off-chip sensors. This clock is produced by

combining internal signals derived from dividing a 32 KHz clock. The sampling clock operates

on a basis of 10 channels; within this framework, it is further divided and controlled across these

10 channels. The module receives two input signals: the first is a 10-bit switch selection register

information from the Serial Peripheral Interface (SPI) slave, and the second is from the main

control logic managing configuration updates. A flip-flop receiving these signals outputs stable,

programmed enable signals according to the updated configuration. The 10-bit signals at this point

serve as channel information within the digital design. This switch enable information, indicating

which channels are disabled, is transmitted to a flip-flop that generates a sampling clock based on

this information. Concurrently, an enable signal, synchronized with the sampling clock, is sent to

the switch logic of each channel through another flip-flop.

11
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Figure 3.1: Main out module which is for 10 channels control

3.1.2 Motivation and Challenge

While working on the Low Power CDC design project, I successfully submitted a conference

paper and was invited to contribute to a journal by the same organization, on the condition of

adding more content. I want to highlight that a key factor in achieving these milestones was the

effective control of 10 channels. In the early development stages, a major point of discussion

was distinguishing between multi-channel and single-channel configurations. There was a deep

discussion about whether activating only one channel and turning off the others was qualified as

multi-channel operation. An opposing view was that the essence of multi-channel existence was to

receive input data with all channels active. Another perspective considered was the idea of parallel

processing, where data from all channels was processed simultaneously. Among these ideas, I

chose the approach of receiving input data with all channels turned on. However, exploring and

resolving the challenges of processing input data simultaneously from these multiple channels

proved to be a significant hurdle, primarily due to the structure of the analog design. The reason

was from the fact that the architecture structure was already set up so that all inputs were merged

into one common node. We considered ways to solve the problem through digital design, but the
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complexity was expected to increase significantly, and I determined that parallel processing would

not be possible without fundamental changes to the architecture. So the method chosen was time

distribution technique which was a time multiplexing to prevent analog signals from overlapping

each other during merging.

3.1.3 Design options and selection

One of the main argument outlines for this project is multi-channel control. As explained

earlier, as a digital logic designer, I had a variety of choices. The first option was to control the

input models of the 10 channels one by one. The method was to assign on/off settings for all

channels to a register, so that only one channel out of all channels was turned on and the other

9 channels were turned off. The biggest reason why I came up with this method was because

the input signals were eventually merged into one node. At this time, because the merged signal

was an analog signal, we did not have an analog circuit that could effectively separate multiple

signals when they overlapped. Therefore, we considered developing a digital controller that would

have no choice but to turn off the other 9 channels. However, this was not multi-channel. This

structure was no different from a single channel. This simply meant that only several modules

were physically present in the input. Another option was to implement parallel processing. The

goal was to develop logic to manage 10 signals input in parallel inside the Analog-Front-End

(AFE) chip with all channels turned on, under the condition of not knowing when the 10 input

signals were input. This type of structure was attractive in that it could maximize the benefits of

multi-channel, and the variety of applications that could be applied was also expanded. However,

the development of additional logic was essential, and the development period had to be extended.

Logic complexity was also a consideration. Since the ultimate goal was to support sensors with

10 different functions, the midpoint between the two options above was set as the goal for the first

tape-out. In the end, the current digital design in the form of time distribution was created as the

last option. Figure 3.2 showed the simulation results of in/output ports about the main out digital

module.
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Figure 3.2: Main out module in/out ports waveform

3.1.4 Design principle

Counter and clock divider logic was designed using a 32 KHz clock, and logic to count 10

channels was added. Each counter operates based on the input clock, so it shows continuous

operation. In addition, OR gate combination logic was used to distinguish between enabled and

disabled channels. For disabled channels, a zero value was assigned that does not toggle, and for

enabled channels, it was designed to have a signal that transitions from high to low. Therefore, the

final form of the sampling clock is as shown below Figure 3.3.

3.2 Sample and hold block

3.2.1 Overview

Sample and hold clock digital module is meant to quickly sample an analog voltage signal

before being passed on to the Analog-to-Digital Converter (ADC). Here, ”Hold” is not a function

of digital logic. However, because digital logic helps maintain quickly sampled signals, it is called
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Figure 3.3: Channel selection results in Main out module

sample and hold. As shown in the following Figure 3.4, configuration register information is

received from SPI slave, and synchronized to the configuration update signal, and the configuration

is transmitted to the Mux. The input of Mux consists of 8-bits. This input is divided into several

speeds depending on the sample & hold register options. The logic Flip Flop (Internal Signal) and

another Flip Flop (Inner Count) create each speed. In the end, the output of the Mux will be a

signal at the speed selected by the user, which is then finally output through the Flip-Flop (Out).

The design ensures that this output signal remains active unless the channel select is configured to

zero.

3.2.2 Motivation and Challenge

Before designing the sample and hold block, I had several conversations to coordinate opinions

with a doctoral student in charge of analog and top integration. As a result, the conclusion of the

conversation was that a signal with a narrow enable period was needed. The signals that pass

through the Capacitor Digital-to-Analog Converter (CDAC) were gathered into one point. This

place was referred to as a common node. A change in voltage was detected at the common node.
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Figure 3.4: Sample and Hold digital controller module diagram

The voltage level that had to be input through the ADC input was about 300 mV, and this voltage

had to be maintained during the enable time. However, this voltage appeared to increase linearly.

Our expectation was too ideal to estimate this problem. Attempting structural changes was fraught

with risk, and we decided that it was important to quickly capture the voltage before it increased

continuously. As a result, the specification for the error rate of the CDC chip was determined

according to the pulse period of the signal generated by the sample and hold module. Intuitively, I

could realize that the shorter the trigger time, the closer to the ideal value. The second challenge

was to determine a starting point for capturing. It was expected that capturing the same phase as

the moment of rising voltage at the common node would eventually result in inaccurate values

being output on the initial output of the ADC. Since there was a rising time due to capacitance in

the analog design domain, we predicted that the sharp edge signal generated by digital logic may

not capture the voltage value of the part we want. But it was predicted that these concerns could be

resolved naturally. The internal digital signal, Sample and hold pulse, would be transmitted with

almost no delay. The valid data input from the actual sensor was transmitted from the output of the

digital module through the off chip metal wire to the common node through the analog circuit. By
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naturally using this delay, the trigger started before the voltage value of the common node rises,

and the rising edge and level of the voltage were designed to stably enter the pulse window of

digital module.

3.2.3 Conceptual Approach of Digital design

Sample & Hold block design within digital logic focuses on generating pulse signals with a

narrow period. The design issue was resolving the question of how narrow it should be. This is

because with the input clock set to 32 KHz, it was impossible for digital logic to produce a signal

faster than this. I wanted to provide a more flexible programmable design by providing users with

the option to select the pulse period. I aimed to provide a more flexible, programmable design

by giving users the option to select the pulse period. This decision stemmed from concerns about

inherent delays. The pulse signal, when transmitted inside the chip, reaches the analog circuit with

almost no delay. However, valid data input from the actual sensor undergoes a longer path: it is

transmitted from the output of the digital module, through the off-chip metal wire, then through

the sensor, and finally to the analog circuit at the common node. Predicting the total delay was

challenging until the actual chip test was conducted. Additionally, it was difficult to determine

precisely when a valid section would begin based on the capacitance slope. Therefore, the possi-

bility that the shortest period of the pulse signal might not be long enough to effectively capture

a valid section could not be ignored. With this intention, the Sample & Hold digital design can

support 8 different pulse periods through registers of SPI slave. The Figure 3.5 shows the simu-

lation results of Sample & Hold digital module about different register setting for various speed.

The table for the relevant settings is as follows Table.3.1. In the initial model, the signal from

this module was always toggle. Regardless of channel selection, it was always active. This design

resulted in unnecessary power consumption. Thus, at the end, the design has been changed to be

inactive when the Channel is not selected. However, I missed the detailed setting here. In one set

consisting of 10 channels merged from a common node, the voltage level for the disabled channel

is zero. Therefore, even if the digital logic toggles at that timing, it appears to be operating nor-

mally from a functional perspective because no signal is captured. However, in reality, the sample
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and hold digital design did not fulfill the purpose of low power design. For disabled channels,

the sample-and-hold digital logic should also have been designed to avoid capturing the action. It

is anticipated that in the next version, additional modification of this part will effectively reduce

power consumption by eliminating unnecessary operations.

Figure 3.5: Different pulse period waveform at 32KHz

Table 3.1: Single pulse period setting table at 32KHz core clock frequency
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3.3 SPI block

3.3.1 Overview

SPI stands for Serial Peripheral Interface, a protocol technology used for wired communication.

The SPI signal comprises several components: Serial Clock (SCLK), Chip Select (CS), Master Out

Slave In (MOSI), and Master In Slave Out (MISO), which are responsible for data transmission.

SCLK literally plays the role of a clock. CS stands for chip select and is characterized as active-

low. It is a signal that allows the master to specify a slave address and initiate transmission. MOSI

is used by the Master to deliver read and write commands, register settings, and data. This indicates

that the direction of data flow is from Master to Slave. On the other hand, MISO is used to transmit

data from Slave to Master in response to a Master’s command. It is primarily used for transmitting

read data, and depending on the design, it can also be employed to transmit status and register

information.

3.3.2 Motivation and Challenge

When designing the AFE chip, as an engineer, I identified two main considerations. The first

was enabling the AFE chip to perform computations and display results independently. The sec-

ond was to allow the CPU to control the AFE chip. The former, it was capable of computation

and displaying results. Also, it allowed for the removal of the communication protocol module,

reducing a chip size. However, it should process data on its own which could lead to increase

chip size. The latter provided full control to the microprocessor via SPI slave, and setting the AFE

chip in a slave mode to receive commands. This method could have a smaller chip area and lower

power consumption. Consequently, I concluded that for a CDC design project aimed at low power

consumption, the best approach would be to utilize SPI slaves.
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3.3.3 Conceptual Approach of Digital design

The SPI slave module played an important role as a communication protocol for interfacing

with off-chip components. In the architecture, the CDC was designed as a sub-chiplet without

a processor. This approach was a method of control from outside the chip through the Central

Processing Unit (CPU). As a result, external communication was essential for setting registers. To

facilitate this, SPI slave logic was implemented into the CDC design. This SPI slave logic is a part

of Bengroup’s in-house Intellectual Property (IP), and its stability has been proven through the

works of previous graduate students. For the register configuration, digital data used to program

the analog circuit were systematically organized in the documentation. Subsequently, multiple

16-bit registers were constructed to allocate data associated with each module in their respective

16-bit registers. Unused bits in the 16-bit registers were marked as reserved. A total of nine write

registers and five read registers were implemented, with write addresses allocated from 0 to 8 and

read addresses from 9 to D. Consequently, the SPI slave design has a total of 4-bit addresses. Since

the output of the ADC is 6 bits, a total of 12 bits are mapped from 0 to 11 in one register, with

the 5 Most-Significant Bit (MSB) bits allocated as reserved. As there are a total of 10 channels,

five read registers were required. The following tables, Table.3.2 and Table.3.3, show the SPI slave

write and read register maps, respectively.

Table 3.2: SPI slave write register map
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Table 3.3: SPI slave read register map

One difference from a typical SPI slave was that the initial value was set. The SPI slave was

controlled through Pattern Generator Logic Analyzer (PGLA) during actual chip testing, and at

this time, the initial value was set for the purpose of checking chip operation and for debugging.

When creating a Comma-Separated Values (CSV) file for a PGLA test, there might be errors in

the CSV file, so we found a way to check the chip operation just by applying voltage. When Reset

was input correctly, first channel was enabled without setting in PGLA, and the value was intended

to be confirmed through the output of the ADC. Through this initial function, we expected to

demonstrate that the internal signal connections were well established. This function was helpful in

identifying the starting point for debugging if the CVS file was incorrect. The following waveform

Figure 3.6 shows writing operation of SPI slave digital design. Subsequently, the Figure 3.7 shows

the read operation of SPI slave.

Figure 3.6: SPI slave write operation waveform
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Figure 3.7: SPI slave read operation waveform

3.4 Adjustable clock frequency

3.4.1 Overview

Adjustable clock frequency literally means that the clock speed can be adjusted. Here, “ad-

just” means that the frequency can be set through register. The clock speed could be increased or

decreased. It was not the meaning of changing core clock frequency which input into the digital

logic. This clock indicated the output signal from the digital block. Because the signal had periodic

nature and a 50:50 duty cycle, it was defined as a clock.

3.4.2 Motivation and challenge

This generated clock signal refers to the sampling clock, which was the output of the Main

out digital module introduced earlier. It was connected from the digital top to the output pad,

and was transmitted outside the chip. This output signal is used as the input for the Capacitance
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Sensor. Therefore, the primary design motivation for the adjustable clock function was to support

various sensor applications. Although the sensor interface was fixed to Capacitor, the required

clock frequency might vary depending on the type of sensor application. To support these variables,

clock sources of various speeds had to exist internally. Additional logic was required to control

multiple clock sources, and the area was also expected to increase. To resolve these problems, a

digital logic circuit was designed to generate various clock frequencies. For instance, the sensors

that do not need to operate quickly, a reduction in power consumption can be expected by lowering

the clock frequency. The Table.3.4 presents the relevant setting for the Sampling Frequency option.

Table 3.4: Sampling Frequency setting option

3.4.3 Conceptual Approach of Digital design

The project’s target frequency was 10 Hz. So, the architecture had a data structure in which

10 channel data were updated per 0.1 seconds. In other word, one channel had a period of 10

ms, and the next sample was input with a total period of 100 ms. Other than the target frequency

required by the project, a faster or slower clock frequency might be needed. Power consumption

could be reduced by lowering the operating frequency, and as a result, overall system power could

be reduced and battery life time would be expected to increase in Internet of Thing (IoT) devices.

Depending on the type of input sensor at the application level, higher performance could be re-

quired. In this case, a faster clock may be needed, and I wanted to provide an option to increase

the clock speed according to these need. The Figure 3.8 shows the dynamic sampling frequency.
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Figure 3.8: Different Sampling Frequency

In digital design, sampling clock speed can be implemented as a divider. However, there was

one part that required careful attention. It was the asynchronization between the point when the

channel was enabled and the part where the sampling clock was delivered into the input sensor.

The sampling clock was transmitted outside the chip, but the enable signal going to the switch

was transmitted inside the chip. Although it is very subtle, signal transmission outside the chip

generally have a larger delay than inside the chip. This is because it has to pass through the PCB

and metal wire. However, in the Low Power CDC design project, the delay would be significantly

smaller than the enable period of the sampling clock, and we determined that there would be no

problem with the function of receiving input data stably. Another clock shifted by 180 degrees

was created to reset the internal capacitors. Figure 3.9 shows the dynamic sampling frequency and

sampling clock status based on switch on/off status.

3.5 User-friendly setup

3.5.1 Overview

I would like to first define the term user-friendly. I want to insist that being user-friendly means

the user should be able to utilize the logic I designed without concerning about it malfunction-
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Figure 3.9: Different Sampling Frequency with dynamic channel selection

ing, and the user’s commands should be clearly conveyed. The user primarily focuses on user

commands transmitted through the Master. As shown in the following Figure 3.10, it receives

an internal signal as input and outputs the ’o updt cfg’ signal through several stages of flip-flop

and combination logic. This signal served to notify the digital logic when the configuration was

updated. This role was also used in protecting the digital design from Master random interrupts.

Other than that, all other output signals were control signals used within the digital top.

3.5.2 Motivation and Challenge - 1

The first digital design was designed to update the relevant information each time the user’s

command was delivered to the digital logic. For example, the register setting for the adjustable

clock speed as introduced above was an option that could be switched according to the user’s

change of sampling clock frequency requirement. The CPU was able to set the register through

SPI slave, and then selected the speed as needed. The speed was immediately applied to the entire

digital design. The speed of the digital logic immediately responded to the interrupt transmitted

from the master side, resulting in an unintended effect on the clock’s duty cycle. A phenomenon

was discovered where data was broken in an unintended direction as the clock cycle of each channel

collapsed. It was determined that the user’s command interrupt was likely to cause glitch effects.
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Figure 3.10: Main Control block diagram for user-friendly function

Fast response with reacting every interrupt could relieve frustration, but it also caused unintended

problems.

3.5.3 Motivation and Challenge - 2

Another reason was that the concept of the initial architecture was designed with the premise

that 10 channels operate as one set. As a result, the internal counter logic was reset due to a sudden

interrupt, resulting in an unbalance in the digital signal. If 100 master interrupts occur while 10

channels are operating, 100 register settings are applied to the digital logic.

3.5.4 Questions and Conclusion

At this time, I asked the question why the user needed to change the clock speed 100 times.

Also, a question arose as to which of the 100 values did I want to use. I thought that the same

value could have been used repeatedly, and that the reason for overwriting a new value over the

previously written value was the dominant. Therefore, digital logic was designed to apply the
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value written just before the last 10th channel. After 10 channels, the digital logic controls to

apply the newly updated clock speed value at the turn where the channel 0 value is processed

again. This scheme allows the entire analog circuit as well as the digital logic circuit to operate

normally without interference from numerous interrupts. This specification can be seen clearly and

concisely from the user’s perspective, thereby enabling easy and simple control.

3.5.5 Design Option and Selection

As a designer, I had two design options. One was to set each channel as the target of one com-

mand and apply that setting to the next channel operation whenever a master interrupt occurred.

The complexity of the logic will increase slightly in the sense that internal logic operations and

signals need to be interpreted more finely. In terms of feasibility, it was determined to be highly

likely. However, in the current design, it was not possible to provide the user with an option to

choose which channel’s speed they would like to change. Without this function, I thought it would

not be very persuasive to apply logic to change the operation speed of each channel while increas-

ing the complexity of the logic. The other method was to apply new settings when the operation

of 10 channels was completed, like the current digital design. The biggest reason for choosing this

design method was that it was relatively the simplest of the two design methods. In addition, it

was predicted to operate more reliably. The number of required logic was small, and the concept

that new settings would be applied when the next sampling cycle returned was also considered to

be persuasive.
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Figure 3.11: The configuration setting applies to the digital module every 10 channels cycle

3.6 Monitoring logic

3.6.1 Motivation and Challenge

The digital logic of the Low Power CDC design project includes monitoring logic. The pri-

mary reason for developing this logic was the unclear boundaries of the channels. In other words,

although multi-channel data was continuously input to the ADC, there was no mechanism to pro-

vide information about each individual channel. The ADC’s output was digital and operated on

a 32KHz clock base. It received an enable signal and outputs valid data only during the enabled

period. During the disabled period, where the enable signal falls to zero, there was no transfer

from analog to digital. Then, the transfer resumed once it was enabled again. At this point, the

ADC’s internal logic kept the last data from the previously enabled state. Then, based on the re-

enabled point, this last data started to be transmitted again. This phenomenon occurred because

the previous data was held until the transfer of new data was completed. The Figure 3.12 shows

this phenomenon via simulation waveform results. This design mechanism ensured stable trans-

mission without data loss in single-channel scenarios. Furthermore, since all result signals did not

drop to zero while disabled, there was no additional transients occurrence, which benefits power
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consumption perspective. However, what was a design advantage in single-channel applications

had the effect of collapsing the boundaries between each channel in multi-channel design. The

structure outputs all channel information continuously, and this ADC was applied to the layout as

a Graphic Design System (GDS) image type. This led me to realize the necessity of a design that

separates the information of each channel.

Figure 3.12: The phenomenon of keeping last data in digital block of ADC

3.6.2 Intention of Design and Reason

Multi-channel can only be called a multi-channel if the data of each channel is fundamentally

differentiated. To overcome this, monitoring logic was created. In addition to the reason that there

was no room to modify the ADC directly, it was more risky to modify the ADC that was already

proven working well. However, I could not compromise on the perspective that the correct data

should be delivered on user, and I wanted to resolve this problem by creating a monitoring logic.

The issue of size naturally followed. Because there was an enough room for entire digital part area,

I decided to develop it despite the size increase. As the size increased, an increase in power was

inevitable, and an on/off mux was added to avoid power consumption as much as possible. Thus,

when the user wants to know the exact digit information, the monitoring logic would be turned on

to check the digit information through the SPI slave read communication protocol. The Figure 3.13
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presents the stored real data of ADC’s output in monitoring digital logic. In addition, the Figure

3.14 illustrates the SPI slave reads the monitoring data via five read ports which has 16 bit width.

Figure 3.13: The simulation result of monitoring logic

Figure 3.14: The output of monitoring logic and read operation via SPI slave

3.6.3 The operating principle

The operating principle of monitoring logic is surprisingly simple. As explained earlier, the

designed digital logic operates in a time distribution method. The principle is that 10 input signals

are placed in 10 slots within the sampling period. One channel information is updated after 10

samples. In other words, the information of each single channel is updated at sampling period

intervals. During this update time, the monitoring logic holds each channel information. This data
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from ADC is input into 6-bit registers, and the 6-bit register stores the value during the sampling

period and then updates it again. At this time, the existing value is overwritten with a new value.

The Figure 3.15 shows the block diagram of monitoring logic in the digital design. It consists

of AND gate and Flip Flop that receive several internal signals and process multi bit width data

internally.

Figure 3.15: The block diagram of ADC output’s Monitoring logic

3.6.4 Pros and cons of monitoring logic

3.6.4.1 Pros: presenting the digital output real time data

The biggest advantage is that user can read sufficiently accurate values just by reading the

data from the microprocessor rather than directly measuring it with a measuring device such as

an oscilloscope. Ultimately, the role of the ADC is to deliver accurate channel information, and

monitoring logic exists to resolve the inaccuracy of the interaction section between each channel.

From the perspective of a microprocessor, the advantage is that the ADC output value can be

known with just a command line that reads the value in the monitoring logic without making an

effort to capture the value for each sampling period.
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3.6.4.2 Cons: occupied a big number of gates and redundant

It doesn’t necessarily have only advantages. When it is necessary to design a very small chip,

monitoring logic is clearly a major obstacle in reducing the chip size. If the CPU is capable of

handling the ADC’s output data until it is determined to be stable, then employing monitoring

logic becomes unnecessary. The best design is to achieve the highest efficiency with the smallest

logic, from this design perspective, monitoring logic is clearly a negative factor. However, from a

functional perspective of delivering accurate data, it is sufficient to offset these negative factors.
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Real chip experiment result

4.1 Overview

In this chapter, I would like to show the results of actual chip testing. The number of chips

produced was about 20, and surprisingly, the first chip tested worked well. After that, it continued

to show stable operation. It was necessary to determine which of the 20 chips were operating stably,

and again, surprisingly, the test results showed that all 20 chips operated well. When installing a

chip into a socket during a PCB board test, the pressing process was essential. If we press too hard

at this time, there was a risk of damaging the chip. Regrettably, one chip was damaged during the

test while repeatedly attaching and detaching the chip. After inferring the reason, I think that the

structural connection of the bonding wire could be the reason. Several bonding wires, which are

very thin, pass over the pad. It can be inferred that if the chip is pressed too firmly, these wires

might be damaged. The experiments conducted at the University of Virginia testing lab involved

testing with capacitors of various capacity ranges in pF units, connected to the input. We attempted

to purchase an actual sensor which had pF capacitance unit, but we were unable to find one with

small capacitance matching the targeted capacitor capacity range in pF units for this project.

33
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4.2 Introduction

The Figure 4.1(a) shows the top level chip view of the proposed Capacitance-to-Digital Con-

verter (CDC) structure. One of the intentions of the project was to explore how the input value

measurement can be distorted by unintended parasitic capacitors that may exist between the ca-

pacitor value of the input capacitance sensor, the chip package, and the chip die. Offset error arises

when unintended capacitance are included in the inherent capacitance of a sensing path of CDC.

Figure 4.1(a) depicts the source of offset capacitance, and Figure 4.1(b) illustrates the measure-

ment of offset capacitance on a chip and its influence (offset/input sensor cap = 40 ∼ 70%) on

sensor capacitance when the input sensor capacitance is low (8 ∼ 9pF ).

(a) Source of offset capacitance (b) Impact of offset capacitance

Figure 4.1: Top level chip overview and parasitic capacitance impact

4.3 Measurement Results

This CDC system underwent testing with both fixed capacitors and adjustable capacitors, used

as off-chip sensors. For all measurements, the sensor baseline was maintained at 8pF to align

with the specifications of the target sensors. Figure 4.2(a) illustrates capacitance measurements

for channels 1 through 10 when only channel 1 is calibrated. Measurement errors occur in chan-

nels 2 to 10 due to varying offset capacitance from tolerances (∆) and parasitic capacitance (Cp).
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However, the system design permits calibration of each channel independently, allowing for ad-

justments of their specific offsets and baselines. Each channel calibration significantly improves

the measurement accuracy, as shown in Figure 4.2(b). For example, with an input capacitance of

8.7 pF, the measurement error decreases from 3.94% to 0.37%. The capacitance variation (∆C)

ranges from 0pF to 0.9pF throughout the measurement, and the proposed CDC system success-

fully calibrates the baseline and other offsets to measure only this variation.

(a) Measurement results when only ch1 is calibrated (b) Measurement results per channel calibration

Figure 4.2: Top level chip overview and parasitic capacitance impact

Figure 4.3(a) shows the total power vs. sampling frequency with all channels active, and Figure

4.3(b) shows the total power vs. the number of active channels. Power consumption increases

proportionally with transient times, and the measurement results also reflect this power trend.

Similarly, a greater number of active channels results in higher power consumption.

Earlier, when explaining the reason for the development of monitoring logic, the Analog-to-

Digital Converter (ADC) module was mentioned. Although it’s implemented in Graphic Design

System (GDS) format, the input signal range of the ADC can be determined by choosing from

three reference input voltage options. Adjusting this voltage range influences the resolution of

capacitance measurement. A larger input range offers broader coverage, but it also means a higher

value per unit bit for capacitance which can be expressed in 6 bits. Conversely, a smaller input

range reduces coverage but can lead to finer measurements due to decreased value per unit bit for
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(a) Power consumption vs Sampling frequency (b) Power consumption vs active channels

Figure 4.3: Power measurement results with different sampling frequency and active channel num-

bers

capacitance. To validate the adaptive CDC’s sensitivity and sensing range, measurements were

conducted across various ADC conversion ranges by adjusting the voltage references. For CDC

sensitivity set at 1x, the measured sensing range was 5.34pF , compared to 1.8pF at 3x sensitivity,

as illustrated in Figure 4.4(a). However, the resolution at 1x sensitivity (63.57fF ) is lower than at

3x sensitivity (35.44fF ). This impact on resolution is also demonstrated in Figure 4.4(b), where

1x sensitivity exhibits a greater measurement error compared to 3x CDC sensitivity. The x1 and x3

labels illustrates that the CDC sensing range value of 1.8pF is three times smaller than the sensing

range value of 5.4pF . However, the former provides better resolution than the latter. Consequently,

the x1 label corresponds to the 5.4pF case, while the x3 label denotes the 1.8pF sensitivity case.
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(a) Sensing range based on CDC sensitivity (b) Measurement error by CDC sensitivity

Figure 4.4: Adaptive sensing range and error range by different sensitivity

Figure 4.5(a) shows the power consumption per channel by frequency compared to State-of-

the-Art. The interesting point of view is that the power consumption per channel does not increase

noticeably as the frequency increases. Figure 4.5(b) also shows total power consumption by fre-

quency compared to State-of-the-Art. Even though all 10 channels are activated, it shows better

performance in terms of low power design than previous work.

(a) Comparison of Power Consumption Per Channel

with State-of-the-Art

(b) Comparison of total Power Consumption with

State-of-the-Art

Figure 4.5: Comparison of Power Consumption with State-of-the-Art
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Conclusion

5.1 Overview

Wearable technology, medical monitoring devices, and Internet of Thing (IoT) sensors are

fields of interest for many engineers and are powerful systems. Moreover, they are constantly

growing fields of technology, but has created many new problems for researchers to resolve. The

goal of this thesis is to emphasize the role of digital design related to mixed circuit systems, and

explain the potential to solve problems in analog circuits through the development of digital logic.

Collaboration between analog and digital design is essential to maintain high accuracy and relia-

bility in applications that require improved power efficiency and performance. Solving seemingly

complex analog circuit problems using the high flexibility and simple logic of digital design is

a truly fascinating study. From the Analog-Front-End (AFE) mixed circuit system perspective,

digital does not play a role in directly handling physical signals. However, behind the scenes,

the digital circuit has been in charge of supporting analog design so that it can perform its role

well. In the project introduced in this thesis, digital design sets up and supports analog operation.

However, it is important to note that since technologies have developed, the field that digital logic

must perform is becoming increasingly larger. The role of digital logic is also important in the

verification field. This thesis described that the initial test of an analog circuit can be completely

performed by setting the initial value of the Serial Peripheral Interface (SPI) slave. For healthcare

38



Conclusion 39

wearables and IoT sensors, miniaturization of semiconductors and peripheral devices is essential

for the development of small and lightweight devices, and low-power operation is required. To

meet these demands, efforts will be needed to improve data processing and efficiency of digital

logic. Therefore, the multi-channel Capacitance-to-Digital Converter (CDC) model introduced in

this thesis will be a good reference for AFE development that can support various applications and

can provide insight into digital design exploration.

5.2 Future work

5.2.1 Duty cycling

The duty cycle of the current sampling clock, set at a 50:50 ratio, can be modified and devel-

oped to support low-power design by providing a flexible option. We anticipate that this can be

accomplished by altering the clock scaling logic in the previously mentioned digital design.

5.2.2 Multiple input frequency

Beyond the current step of adjusting the speed of the sampling clock, the goal is to change the

clock speed for each channel individually. To achieve this, I need to investigate how to reduce

the unit size responsible for scaling the clock speed. Additionally, when the Master transmits a

command to set the clock speed, the command should be implemented in the digital logic with as

little delay as possible. The current digital design reflects the register setting per 10 channel period,

and this setting should be changing to single channel processing unit.

5.2.3 Function to automatically detect sensor failure

Auto-sensing technology is a highly useful function from an application perspective. To im-

plement this, we must first define about a malfunction. It is essential to develop logic that can

switch off by sending a feedback signal to the digital logic upon detecting a failure. Digital design,
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which processes continuous analog signals, is expected to require the development of logic that

can precisely recognize the boundaries of each channel.

5.2.4 Parallel processing

I would like to emphasize that this represents the pinnacle and ultimate function of multi-

channel technology. To achieve this, all architectures must be re-configured to focus on parallel

processing. Given that the 10 input signals are input randomly, the valid point in time for each

signal will be different. Appropriate response to this random input will be one of challenge. Addi-

tionally, the response should be precise and have a minimum delay as an interface design perspec-

tive. To store the data temporarily, the internal register design can be considered. Furthermore,

the direction of internal design changes and development will depend on whether the output is in

parallel form or as a single output.
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