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Abstract

A Sensor system is advanced along sensor technologies are developed. The performance
improvement of sensor system can be expected by using the internet of things (IoT) communication
technology and artificial neural network (ANN) for data processing and computation. Sensors or
systems exchanged the data through this wireless connectivity, and various systems and applications
are possible to implement by utilizing the advanced technologies. And the collected data is computed

using by the ANN and the efficiency of system can be also improved.

Gas monitoring system is widely need from the daily life to hazardous workplace. Harmful gas can
cause a respiratory disease and some gas include cancer-causing component. Even though it may cause
dangerous situation due to explosion. There are various kinds of hazardous gas and its characteristics
that effect on human body are different each gas. The optimal design of gas monitoring system is
necessary due to each gas has different criteria such as the permissible concentration and exposure time.
Therefore, in this thesis, conventional sensor system configuration, operation, and limitation are
described and gas monitoring system with wireless connectivity and neural network is proposed to

improve the overall efficiency.

As I already mentioned above, dangerous concentration and permissible exposure time are different
depending on gas types. During the gas monitoring, gas concentration is lower than a permissible level
in most of case. Thus, the gas monitoring is enough with low resolution for saving the power
consumption in this situation. When detecting the gas, the high-resolution is required for the accurate
concentration detecting. If the gas type is varied in the above situation, the amount of calculation
increases exponentially. Therefore, in the conventional systems, target specifications are decided by the
highest requirement in the whole situation, and it occurs increasing the cost and complexity of readout
integrated circuit (ROIC) and system. In order to optimize the specification, the ANN and adaptive

ROIC are utilized to compute the complex situation and huge data processing.

Thus, gas monitoring system with learning-based algorithm is proposed to improve its efficiency. In
order to optimize the operation depending on situation, dual-mode ROIC that monitoring mode and
precision mode is implemented. If the present gas concentration is decided to safe, monitoring mode is
operated with minimal detecting accuracy for saving the power consumption. The precision mode is
switched when the high-resolution or hazardous situation are detected. The additional calibration

circuits are necessary for the high-resolution implementation, and it has more power consumption and



design complexity. A high-resolution Analog-to-digital converter (ADC) is kind of challenges to design
with efficiency way. Therefore, in order to reduce the effective resolution of ADC and power
consumption, zooming correlated double sampling (CDS) circuit and prediction successive

approximation register (SAR) ADC are proposed for performance optimization into precision mode.

A Microelectromechanical systems (MEMS) based gas sensor has high-integration and high
sensitivity, but the calibration is needed to improve its low selectivity. Conventionally, principle
component analysis (PCA) is used to classify the gas types, but this method has lower accuracy in some
case and hard to verify in real-time. Alternatively, ANN is powerful algorithm to accurate sensing
through collecting the data and training procedure and it can be verified the gas type and concentration
in real-time. ROIC was fabricated in complementary metal-oxide-semiconductor (CMOS) 180-nm
process and then the efficiency of the system with adaptive ROIC and ANN algorithm was
experimentally verified into gas monitoring system prototype. Also, Bluetooth supports wireless
connectivity to PC and mobile and pattern recognition and prediction code for SAR ADC is performed
in MATLAB. Real-time gas information is monitored by Android-based application in smartphone. The
dual-mode operation, optimization of performance and prediction code are adjusted with
microcontroller unit (MCU). Monitoring mode is improved by x2.6 of figure-of-merits (FoM) that

compared with previous resistive interface.

Keywords: Gas-sensor system, Learning-based optimization, Prediction SAR ADC, Self-calibration

scheme, CDS zooming, Resistive sensor.
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Chapter I

Introduction

1.1 Sensor System

A Sensor system has been developed with advanced sensor researches in various fields such as the
biomedical diagnosis and the environmental monitoring application. For example, a gas monitoring
system can prevent unexpected accidents from hazardous substances, and bio-medical diagnosis system
can be utilized for the overall health management of our body in factor environment and daily life. In
addition, internet of things (IoT) which are connected to the internet through the embedded
communication function gathers the transduced electrical signal from the sensors, and useful
information is reinvented by the complex computing process like artificial neural network (ANN).

Furthermore, the user who is used the sensor system has experience the quality of life [1].

5 o v®|® o o :
; €ce | i P b !
= g P lcLr ot ol E
: v T o o :
: ‘o Front-end ' ' '
: O E ; E ; E i Smartphone E
IR N B
E i : Dual-mode i E BLE i E PC E
Sensor ROIC Connectivity Application

Fig. 1. Conventional sensor system configuration with application devices.
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In Figure 1, a conventional sensor system consists of a suitable sensor, readout integrated circuit
(ROIC), control and communication modules such as microcontroller unit (MCU) and Bluetooth. It can
be interworked with a smartphone and applied to various applications through communication function.
Thus, the smartphone or laptop illustrates the user-friendly information by the communication module.
Each sensor converts the variation of electrical signals as voltage, current, resistance, and capacitance.
In the case of voltage and current types, a high-performance analog-to-digital converter (ADC) can
convert to a digital code that utilized to control and communicate for MCU. To process the resistance
and capacitance information, specific voltage or current that is transformed from reference source as
resistive or capacitance digital-to-analog converter can be converted using a specialized circuits such
as resistance-to-digital converter (RDC) [2] and capacitance-to-digital converter (CDC) [3], which

directly generate a digital code without ADC, have been researched.

The ROIC consists of a front-end and an ADC that includes the signal acquiring, processing, and
converting the sensor signals. Therefore, specific ROIC functionally is necessary to process the
variation of its sensor in the system. In the order words, the reconfigurable ROIC has advantages that
support the IoT compatibility and save the cost for ROIC fabrication. However, different toxic gases
kinds affect different exposure time and concentration. For example, the hydrogen sulfide (HS) is
critically toxic to give immediate fatal injury, and the carbon monoxide (CO) is chronically toxic to
become serious when exposed for a long time [4]. The environmental standards in government express
with two indexes that include time-weighted average (TWA) and short time exposure limits (STEL) [5].
Two conditions are decided by the exposure level and permissible concentration following each gas.
Thus, the power consumption is wasted due to higher specification design for satisfying the highest

requirement.

Also, sensor systems are usually processed with an ADC after conversion. For instance, most of the
time for sensing the gas concentration is a little gas concentration and no precise resolution is required
in Figure 2. The sensitivity is different depending on the types of gas and it occurs a complex decision
situation [6]. In other words, useless power consumption is wasted, and the conventional sensor system
is necessary to improve a learning-based algorithm and a reconfigurable ROIC that operates through
low-power monitoring mode as RDC. Therefore, reconfigurable ROIC requires research on multi-mode
sensing methods and algorithms that can determine the risk according to gas concentration and exposure
time, and then change to high-resolution mode. Also, artificial intelligence technology that learns
functions based on collected data and operates into efficient way and advanced works can be combined

in conventional sensor systems.
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Fig. 2. Requirement of reconfigurable gas sensor system for efficient operation.



1.2 Artificial neural network and learning-based algorithm

Recently, the ANN introduces one of the computing systems inspired by the biological neural
networks in brains as seen in Figure 3. The ANN has ‘learning step’ which is called training and
‘decision step’ through the optimized layer. Many different machine learning algorithms have been
actively researched, and this algorithm is helping to operate efficiently through optimization. Learning
algorithms are divided into supervised learning that objectives are set as input and unsupervised learning
that goals are not defined. Unsupervised learning is mainly used for clustering because there is no
objective in the learning process. A hybrid paradigm is used depending on its application, it sets goals
at an initial stage and carries out the classification learning process and proceeds with the rest to
unsupervised learning. The ANN architecture is divided into feed-forward networks and
recurrent/feedback networks. The neuromorphic system using ANN imitates synaptic biological
functions and overcomes the limitations of conventional storage devices. It also studies the possibility

of low-power and high-integration.

In addition, ANN is called a multi-layer perceptron (MLP) that composed of input layer, hidden layer,
and output layer. The weights of hidden layers are optimized to refer to the characteristics of data and
patterns. The layers can be extended to process the complex data and system easily. Thus, the ANN is
not only processed linear system, but also non-linear or complex relationship is realized. It can reflect
most of real-life situations. Data that is not included during the training process through the
generalization can be decided. Therefore, ANN can be a powerful model widely used in various fields

such as image processing, character recognition, and forecasting.

Conventional sensor systems only process and analyses the output of the system. However, by
designing a ROIC that can be reflected by feedback the information from the analysis, the overall system
performance can be improved efficiently. This thesis explains the previous reconfigurable system, gas
sensor system and ADC in chapter I, and the detailed implementation of the gas monitoring system is
shown in chapter III. Measurement results of the proposed system prototype are illustrated in chapter

IV, and conclusions are drawn in chapter V.
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Chapter 11

Background

Different kinds of sensors are needed suitable readout interfaces, and also different application fields
require each interface to comply with application-specific inherent characteristics. However, simple
integration of various sensor interfaces into single ROIC is not meaningful and does not reflect different
kinds of requirements effectively. Another remarkable trend is that they are increasingly embedding
more different functions, processing of data collected from multiple sensors. It is not easy to design an
appropriate ROIC and it may be inefficient in terms of the overall system implementation. Therefore,

it is necessary to implement a multi-functional ROIC for sensing multiple sensor’s signal.

The most of sensors transform the sensing signal into electrical signals which are express with one
of voltage, current, resistance and capacitance. In the other word, similar sensor which has same
electrical characteristic can be process through similar ROIC. Each ROIC has different performance
that range, resolution, conversion rate and etc. For example, the touch screen panel (TSP) and
electrocardiogram (ECG) can be processed using a switched-capacitor amplifier depending on the
variation of capacitance, and the sensing can be performed using the same circuit if only the required
gain or electrode capacitance is adjusted. Therefore, for supporting two heterogeneous interfaces of the
stretchable and the bio-signal, various sensor readout circuits are re-organized and effectively
consolidated into two proposed basis readout topologies of the oscillator-based and the amplifier-based.
The oscillator-based readout circuit is reconfigured to support low-power multi-sensor interfaces for
the BI and resistive/capacitive stretchable sensors, and the amplifier-based is designed to support noise-

immune multi-sensor interfaces for the touch and the ECG.

In order to control into processor and wireless communication, the acquisition signals from the front-
end circuit are digitized by ADC. Power consumption and resolution have a trade-off relationship. A
reconfigurable ADC is utilizing to adjust the resolution. Moreover, the noise shaping technique give an
additional resolution through the quantization error reduction and effective conversion algorithm or

switching algorithm are also introduced in the recent low-power application.



In this chapter 2, my previous works that are related with multi-functional ROIC implementation and
ADC are described. In addition, the drawback of the previous system and prior-arts of gas sensor system

are presented and it overcomes the several design issues into the proposed monitoring system.



2.1 Reconfigurable Display-based System

This work proposed a new interface architecture to accommodate different kinds of sensors on a TSP
[7]. For this purpose, in addition to the touch sensing itself, bio-signal sensing interfaces for the ECG
and the body impedance (BI) are newly proposed to utilize the TSP cells as capacitive coupling
electrodes or channels. For flexible or wearable user interface applications, this work also includes low-
power readout interface for various resistive or capacitive sensors that is effectively implemented by
the oscillator-based readout circuits. The detailed of display-based heterogeneous multi-sensor interface

architecture is presented sub-chapter of 2.1.

2.1.1 Reconfigurable multi-sensor readout structure

Supply Voltage
o
Reconfigurable ROIC
Reference
— BGR
Generator
Touch & Capac_lt_lve % ; % MUX i
ECG Amplifier LPF : BRF '
Amplifierbased § L~ 0 i :
_____ —_ — el = _:T':_ e e s — e — s — e
Oscillator-based H ; AS- 12
Capacitance R,C Freq Frequency- : : ' SAR ADC -/-[X]
) controlled to-Digital =i Q: ADC
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Reference pg T v Peak E
Clock : A Detector | E
BODY [X e — i
HL 7 :
Stretchable Ul  t Bio-Signal Ul ; ’éﬂg 'T.l

Fig. 4. A block diagram of the proposed reconfigurable readout integrated circuit.

Figure 4 presents the proposed ROIC [7] that supports a stretchable user interface (UI) and bio-signal
Ul, and also including a system prototype for display-based multi-sensor interface. In the previous

researches, TSP focuses on the improvement of specification as the high signal-to-noise ratio (SNR) or

8



effectively driving algorithm for the transmit line (TX) and receive line (RX). Touch sensitivity and
immunity against noise are improved to effort those of research [8,9]. In the recent work [10], the
fingerprint technique has been embedding inside the TSP. The fingerprint detecting is similar sensing
type and necessary to enhance the sensitivity. The stretchable or the foldable TSP are one of future trend
in the display application and its technical functionality is utilized for the convenient to the user. Also,
the display is important part of electrical devices. The research of the reconfigurable ROIC which is

processed the accommodate signals on the TSP is needed.

First of all, for this purpose, in addition to the touch sensing itself, bio-signal sensing interfaces for
the ECG and the body impedance (BI) are newly proposed to utilize the TSP cells as capacitive coupling
electrodes or channels. For the flexible applications, this work also includes low-power readout
interface for various resistive or capacitive sensors that is effectively implemented by the oscillator-

based readout circuits.

U
Al
\ 2 TSPIECG
+ AS. ] OUTPUT
— 12
VS Mux SAR |—~—s
7> — T~ ADC
rd
na LPF BRF, 60Hz
.
Amplifying SNRI
ECG : Connection of TX —@ —_—
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Capacitance change Differential Output

Rx,2
% % % :x Tt ™2
v % % % Rx.1 :>
% % % % ; T Electrode T~
| wm |l ] |

| Tx,2

<ECG sensor> Rx,1 Rx,2

Fig. 5. Amplifier-based multi-sensor interface configuration.

Secondly, the proposed reconfigurable readout structure can support various different kinds of
sensors effectively, not requiring many individual sensor readout circuits. For supporting two
heterogeneous interfaces of the stretchable and the bio-signal, various sensor readout circuits are
reorganized and effectively consolidated into two proposed basis readout topologies of the oscillator-
based and the amplifier-based. The oscillator-based readout circuit is reconfigured to support low-power

multi-sensor interfaces for the BI and resistive/capacitive stretchable sensors, and the amplifier-based

9



readout is designed to support noise-immune multi-sensor interfaces for the touch and the ECG. Figure
5 illustrates the amplifier-based readout circuit and the TSP configuration is shown that the panel is
used two electrodes for measurement of ECG. In this way, two kind of sensing for the touch and the

ECG are cost-efficiently working by utilizing the same amplifier-based readout circuit.

Lastly, the low-power oscillator-based readout adopts the X-to-digital-converter (XDC) whose digital
conversion is performed by combining the oscillator and the counter, not requiring additional ADCs.
For the noise-immune amplifier-based readout, the successive approximation register (SAR) ADC is
designed to support the error-correction capability by including the proposed alternate-sample (AS)
scheme. Through this AS-SAR ADC, instant digital errors can be recovered, and its effective number
of bits (ENOB) improvement are experimentally verified. The related explanations of the XDC and AS-
SAR ADC will be described in chapter 2.1.2 later.

2.1.2 Multiple digital conversion methodology

An ADC is essential circuit and it transforms the analog signal to digital signal. When implementing
the ADC, power consumption, resolution and conversion rate are mainly considered along their
application. Especially, the power consumption and resolution have a trade-off relationship, thus ultra-
low power designs are possible if high-resolution (>10) is not required. Therefore, the low-power
oscillator-based readout adopts the XDC whose digital conversion is performed by combining the
oscillator and the counter, not requiring additional ADCs. Figure 6 presents oscillator-based multi-
sensor interface and TSP configuration for BI measurement. The oscillator is composed of resistance
and capacitance-controlled circuit, delay cell and counter. Different frequency is produced from the
variation of resistance or capacitance. Therefore, XDC is utilized the resistive or capacitive sensor. Also,
its frequency is sweep by resistance or capacitance and the generated frequency is used to measure the

body impedance. The BI measures through the multi-frequency bioelectrical impedance analysis [11].

For the noise-immune amplifier-based readout, the SAR ADC is designed to support the error-
correction capability by including the proposed AS scheme. Through this AS-SAR ADC, instant digital
errors can be recovered. As seen in figure 7, the proposed alternate-sampling error-correction scheme
starts from the alternate sampling. Then, its acquired differential data are compared with its interpolated

values. The error correction process judges that an instant error has occurred by

10



Oscillation Based Circuits

Oscillation I

DCO 7
R Rer| Counter —

Sesnsing [ R.CDC

Resistor A ..¢ | N OUTPUT
DCO high
—

—————————————————— Triangle Wave
~ wvoo
Vth
1/RC
° Slope is inversely CLK_REF |<_,|
IN 'I I"N+ S proportional to time constant Counting

v | \
7777777777777 — /A5 ] Body-
D;ealt(o SAR [—\— Impedance
/ ector N\aoc | 2 ouTuT

Body Impedance (B.1.) :
Tx and RX are all connected.

+

% % %X % % % % % Tx
X R K KR K KR OX D
% % % % % % % % % Electrode
Lt [ 1 [ [ [ [ =
Rx

Fig. 6. Oscillator-based multi-sensor interface configuration.
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Fig. 7. Alternate sampling algorithm for SAR ADC.
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the equation (2.1) that sum of same timing sampled and counterpart interpolated values is larger than
0.5 LSB or not. Ideally, sum of in-phase and anti-phase sampled data becomes equal to maximum code.
If not, complement code of interpolated value is corrected to conversion results. Through these
comparisons between the sample data and the interpolated values, instant error in each sample can be

detected as:

DSampleA(i) + DsampleB(i) = Dmax code (l) + €instant (2-1)

Where Dgampiea(i) and Dsample(i) are i-th differentially-sampled data, and instant errors of €insiant OCCUr

along to their peak-to-peak amplitude of Dmaxcode(1).

The proposed scheme can correct consecutive errors also thanks to inherent splitting operation of the
alternate sampling. If there are two consecutive errors, the proposed work can correct them by
alternating two sampled values and comparing them with their corresponding interpolated values.
However, from three consecutive errors, the capability of error correction degrades seriously because
the comparing references of interpolated values are also corrupted. This limited capability would be

improved through our upcoming works.

For further understanding, graphical description with example data are given below as Figure 8.
Sampled data are split into two parts by the alternate sampling. Then, they are compared with its
corresponding interpolated value, and the instant error by equation (2.1) is detected. Since second

sample is detected to be wrong conversion, and it becomes replaced by 2’complement value of 580 that

is equal to 3515.
/. 251 | 580 | 731 | 988 | 1490 | —>| 251 | 580 | 731 | 988 | 1490
251 | 3738 | 731 | 3108 | 1490 Instant error by ; Complement
equation (1) H

Sampling time \ 3844 | 3738 | 3364 | 3108 | 2605 | ——> 3844-3364 3108 | 2605

L]
[}
L]
L]
[]
[]
L]
[}
L]
L]
L]
[]
value 1
L]
L]
L]
[]
[]
L]
L]
L]
L]
L]
H

:I Sampleddata = TTTTTTTTTTTTmotnomsmooccosmsmsstesseees

I:I Interpolated data Error Correction process

Fig. 8. Alternate-sampling error correction scheme with example data.
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Also, figure 9 shows its resulting ENOB improvement in measured ADC dynamic performance.
Figure 9 (a) is from conventional SAR ADC conversion without the AS scheme, where many harmonics
occurred repeatedly and the ENOB degraded. After activating the proposed AS scheme, most of

harmonic and common-mode noise are eliminated and ENOB improved by 4.28 bits in the figure 9 (b).

FFT PLOT (Conventional)
T T T

T T T

SNDR: 45.42dB
20| ENOB : 7.25 bits i
SFDR:49.99dB
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o
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=

-100

-120
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(a)

FFT PLOT (Proposed Scheme)
T T T
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& &
(=] =
T

&
S

-100
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Fig. 9. Measured 262144-point FFT spectrums at 1.777 kHz input (a) without / (b) with alternate
sampling and error correction scheme.
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2.1.3 Summary

Heterogeneous sensor interfaces that including TSP, resistive, capacitive, Bl and ECG was proposed
in previous work [7]. A reconfigurable ROIC architecture supports the various application and
operation-based design and core block sharing are cost-efficient implementation. Table I is shown that
the performance summary and comparison [2, 12-14]. In case of the error correction capability, previous
ADC works requires complex additional circuits or conversion like [15,16]. This work was integrated
the various sensor types and moderate performance. However, this approach has shortcoming which the
restricted performance and efficiency of the system. ROIC is necessary to cover the worst case of the
system operation and it occurs more higher specification with wasted power consumption and resolution
during some case. Therefore, the performance and efficiency of system will be improved by neural

network and MCU and the details of proposed works will describe in the next chapters.
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Table I. Performance summary in prior arts.

Parameter = This Work [12] [13] [14] [2]
Process 0.18 um 0.18 um 0.18 um 0.16 um 0.18 um
Supported TSP, R/Ctype, g, BI, ECG C type R type
sensor types BL ECG ' P P
Power 1.163 . 0.233
consumption (ISP/ECGFADC) o o (3chanel BI  0.014 (CDC)  0.0017 (RDC)
(mW) 0.202 (XDC) (TSP) +ECG)

0.271 (BI+ADC)

0.67 (TSP/ECG) 8.17(estimated

0.057 (XDC) per channel)
Area (mm? 2.2 0.05 1.23

() 0.223 (BI) 49(ROIC+
0.95 (ADC) MCU)
Bio-signal
iti Bio-signal t R

Application aquasition, TSP, TSP 10 51gr.1a Ctype type

R & C type aquasition sensor sensor

sensor
Supply (V) 1.8 21-33 1.2 1 1.2/0.6
Resolution N.A. 13.5 131(CDC) 10
(bits)
R, C sensing .
Range (Q), R:270k 1M N.A. N.A. C:0-8p R: 10k — 10M

C:0p-27p
(F)

TX: 32 TX: 12
TSP channel RX: 8 RX: 8 N.A. N.A. N.A.
Frame rate

240 50 - 6400 N.A. N.A. N.A.
(Hz)
TSP SNR

44.36 40 @OSR N.A. N.A. N.A.
(dB) 32
Body
impedance 5 750k N.A. 1-20M N.A. N.A.
frequency
range (Hz)
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2.2 Analog-to-Digital Converter

Main role of ADC takes analog input and converts it to digital code. When used with a multiplexer
for chip area and power budget, multiple input signals can be processed by a single ADC. Figure 10
presents the general block diagram of the ADC systems.

In(0)
In(1)

N bit
ADC %>

Multiplexer
0
T

In(n)

fs fclk

Control Logic

Fig. 10. The block diagram of the analog-to-digital converter system.

Application areas using ADC are widely utilized in the fields of communication, image signal
processing, medical devices such as magnetic resonance imaging (MRI), computed tomography (CT),
and computer fields such as voice recognition and video graphic controller sensors. Depending on the
application, the architectures and specifications of the ADC are determined. In this chapter 2.2, I will

describe the overview of ADC architecture and its operation.
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2.2.1 ADC overview

(bit)

ENOB

21

15

12

N I N I N I I

1K 10K100K 1M 10M100M1G 10G Fs (Hz)

Fig. 11. The characteristics of each ADC architecture: sampling rate vs resolution.

In the Figure 11, suitable architecture of the ADC varies according to the desired specification, and
there are many kinds from flash ADC being used at high speed to sigma-delta ADC mainly used for
high resolution. Among these structures, the SAR ADC has an easy to design the structure with low-
power consumption and can have intermediate resolution with moderate speed, so if it needs to increase
the resolution through calibration, SAR ADC can be used as a suitable converter for sensor system. In
the case of front-end, correlated double sampling (CDS) technique is utilized to remove the offset that
may occur in the process of sampling by the ADC and stably transfer the sampled signal. The block and

technique in the ROIC are explained, and the implementation is shown in the next chapter IIL
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The key specifications

)

- Ideal line
g_ (1-to-1 mapping)
5 Nonlinear line
(o]
£ |
= ¢
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—>

—

N
Cil

Analog input

Fig. 12. The DC characteristics of ADC: Differential nonlinearity and Integral nonlinearity.

Differential nonlinearity (DNL) : The difference between two consecutive input values is called
the DNL as seen in Figure 12. If the error occurs less than 1 least significant bit (LSB), the ADC
is permissible to convert the designed resolution. The largest difference is shown that the

limitation of the ADC’s performance.

Integral nonlinearity (INL) : The INL is summation of the all of DNL error, it means that the
error is cumulative factor from the initial point to any analog input. Therefore, the curve form of

INL illustrates the symmetric of the overall system.

Offset error : In the Figure 13 (a), the offset error is the distance from the point where the
characteristic curve of the convert meets the analog input axis to the origin. Since the error is
linear against the overall range, it can’t affect the spectrum of the ADC. However, the dynamic

range can be reduced after the correction the offset error.

Gain error : The difference when the slope of the ADC characteristic curve is compared to the
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ideal curve in Figure 13 (b).

Full scale : The difference between the maximum and minimum values of the analog input signal

step that the converter can be digitized.

)

5

o

5  E—
o 1

g I

=)

o Offset <—ﬂ-_l

I'_Ir
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Analog input
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o
5

o
5 Y
L= Gain error
o
Analog input

(b)

Fig. 13. The main conversion errors : (a) offset error (b) gain error.
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- Resolution : The number of different input levels corresponding to the output digital code is
called by the resolution of its ADC. For example, a converter with N bits of resolution has 2N

different analog levels. Thus, it is the number of bits of the output digital code usually in the
ADC.

- Accuracy : The absolute accuracy of the ADC means the difference between the expected transfer
function characteristic and the actual characteristic, including the offset error and the gain error.

For 12 bits, the relative accuracy indicates that the converter error is less than the input full scale
divided by 2N.

- Monotonicity : In terms of the transfer characteristic of the ADC, the output also increases as the

input increases. Figure 14 is shown that the two cases of the satisfying the monotonicity and not.

Digital output
Digital output

LN
rd

Analog input Analog input

W

(a) (b)

Fig. 14. (a) The case of satisfied the monotonicity and (b) not satisfied the monotonicity.

b. Main issues of performance degradation

Quantization noise is defined by the limitation that the ADC can digitize the minimum analog input
level into Nyquist rate converter. Assume the ADC and digital-to-analog converter (DAC) are ideal

converter, the quantization noise (V) is defined as:
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Vo=Vi— Vin (2.2)

Where V| is analog output that regenerated by the ideal DAC.

When Vg is defined as an arbitrary function, Vo(rms) is obtained statistically. When Vq has a certain
probability in the interval of +/- 1/2 Vsg, fo(x) is a probability density function of Vq. Thus, the V(rms)

express with fo(x) as follows :

1

© 2
Vo(rms) = U xzfQ(x)dx] =

1
1 VisB/2 2 V,

1 f 2| = B (2.3)
Viss -VisB/2

Maximum SNR is calculated from this result. First, when the input is a sine wave and the input power

is in the range of 0 < Vin < Vref, the power of the input is Vref /2v/2. Thus, the SNR can be defined

as :

Vref
v, 3
SNR = 20 log (M) = 201og 12/‘/7 =20log| 22" | ~ 6.02N + 1.76 (dB) (2.4)
Q(rms) YLSB 2
V12

As shown in above equation, the SNR is decided its number of bits. Also, harmonic components due to
input signal should be considered. Spurious free dynamic range (SFDR) is the difference in maximum
spurious component magnitude with respect to the signal component magnitude on the frequency axis.
And signal to noise and distortion ratio (SNDR) refers to the ratio of the sum of the noise and harmonic
power to the signal power. Therefore, the ENOB is a performance measurement of the ADC’s digital
output signal that obtained by fast Fourier transform (FFT) analysis on the frequency axis and it can be

eXpress as :
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NDR — 1.7
SNDR 176 2.5)

ENOB =
0 6.02

In addition, the uncertainty of the input signal due to aperture error as shown in Figure 15 can also affect
the ADC performance. The time required for conversion is the aperture time, and its error is increased

by clock jitter or noise as the frequency increases. Depending on the application, the following noise

may be important and needs to be considered.

LY
Cd

Analog Voltage

Aperture
I AVx " error

ATa
&«—> Time error

L%
4

Conversion Time

Fig. 15. Aperture error by clock jitter or noise.
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2.2.2 Architecture

Various architectures of ADC have been researched and its structure is utilized the its suitable
application. Popular architectures are introduced in this sub-chapter and their operations are reviewed

shortly.

a. Dual-slope ADC

P2
—,

N
—i—y Dout

Counter

P1,02 ——
Lk ——

Fig. 16. Block diagram of dual-slope ADC

Control Logic [

Integrating-type ADCs are widely used to convert for high-resolution and very slow signal
acquisition, and it has a benefit into an accurate measurement or control system. It has also high
accuracy, simple structure, easy to implement and low cost. In addition, integrating ADC is strongly
immune to noise characteristic, and since the counter is operated by continuous digital counting over
the reference voltage integration time, there is no missing code. Dual-slope ADC is one of efficient
architecture and composed of integrator, comparator, clock generator, binary counter and control logic

in figure 16.
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T, T, Time

w

M
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h 4

Fig. 17. Integrator’s output waveform of dual-slope ADC.

Firstly, the counter and integrator are reset before each conversion step. As shown in figure 17, the
operation of dual-slope ADC is described by two phases that phase I during the time T, and phase Il
during the time T,. During Phase I, switch is connected to -Vin, and a ramp waveform appears in which
the output Vx is proportional to the magnitude of Vin. The integrator voltage, Vx express as follows the

equation (2.6):

Vx(t) J Vi dt vin t (2.6)
X = — = .
o RiGy Ry Cy

In the case of the phase II, switch is connected to Vref and the counter is reset. The integrator output
Vx begins to decrease with a slope of -Vref/RC;. The voltage is decrease until Vx = 0, during which

the digital binary number is counted. Then, the equation (2.7) is presented the variation of Vx.

Vx(t) TV vty = 7 -y 4 VT
x()= - | ——— X = — —
T1 R1C1 R1C1 R1C1

2.7)

Assume the T =T1 + T2, the integrator output is back to zero.
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Vref Vin-T1

0=— T2 2.8
RlCl( )+ R.C, (2.8)
T2 Vin .
" T1 Vref 29)

The digital code (T») are figure out from the known value of the Vref and T. Since the digital output is
determined by the ratio of T; and T, the accuracy is independent of the time constant of RC or the value
of the clock frequency. Therefore, the dual-slope ADC has advantage against the mismatch of RC or

clock frequency.

b. Flash ADC

=
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= 2> | E5 | N
:I: 0 —r=Dout
o E -
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Comparators
<
)
m
m
=

Fig. 18. Differential 3-bit Flash ADC structure with encoder logic. [17]

This flash ADC is needed the 2N of resistors, 2N-1 of comparators and encoder for achieving the N

bits resolution as seen in Figure 18. One side of the comparator has Vin and the other side has Vref,
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which is converted into a digital code for one clock at the same time. Thus, when the input voltage is
greater than the reference voltage, it is digitized as 1, and otherwise the comparator outputs are 0. This
is regarded as a thermometer code. The ADC is necessary to convert the output code of N bits through
thermometer code detector and encoder. Conversion rate is fast over the GS/s, but the area and power

consumption of comparators and resistors are very high. The design is hard to overcome the 8 bits.

c. Pipelined ADC & Time-interleaved ADC

The pipeline scheme is an ADC that is widely used to improve signal processing speed. Pipelined
ADCs are allowed the inputs continuously without having to wait for previous inputs to be fully
converted to digital outputs, and multiple stages simultaneously operate on different inputs and output
successive digital values. It is a structure that optimizes the overall system area and power consumption
while achieving a high conversion rate. The figure 19 shows a block diagram of a pipelined ADC
consisting of k stages. Each stage includes sample and hold amplifier (SHA), flash ADC, DAC and

residue amplifier with fixed gain.

Vin_J stage 1 Stage 2 ¢ o o Stage K

Unit stage configuration

h 4

IN

S/H - _l_ NEXT stage

N-Bit N-Bit
Flash ADC { DAC
=

h 4

Fig. 19. Pipelined ADC block diagram.
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First, each stage samples and holds the output of the preceding stage through the sample and hold
(S/H). The upper ADC outputs a low-resolution digital signal for the holding input, and the output
digital signal is again converted into an analog signal quantized by the DAC. Finally, the subtractor
amplifiers the residue voltage, which is the difference between the signal held by the SHA and the DAC
output, and sends it to the next stage. The next stage receives the amplified residual voltage from
difference between the front-end and digital code outputs. At the same time, the front-end receives the
next input and repeats the above operation. As these results, the first stage receives new input
continuously, and the residue voltage generated at each stage is continuously transmitted up to the k-th
stage, so that digital signals are converted to the output simultaneously to different inputs at every stage
after a certain time. Since there is a time difference between the digital signals output from each stage
for one input signal, a register is required to store the digital signals output first in order to obtain a

complete output.

Generally, in the case of the pipelined ADC, DAC operation and residue voltage amplification are
performed at one time through a multiplying DAC (MDAC) and use a non-overlapping clock to control
the MDAC sampling and amplification modes. In the Figure 20 (a), it shows the sampling mode of
MDAUC, the input signal is stored in all capacitors and connects the input and output of the amplifier to
remove the remained charge. And then, the flash ADC converts the analog input signal into a digital
signal. In the clock phase that opposite to the sampling mode, MDAC operates in the amplification
modes as shown in Figure 20 (b). Each capacitor is connected to positive or negative reference
according to the output digital code of the flash ADC, and the difference between the analog input signal
and the output signal of the DAC is amplified. In the sampling mode, the charge corresponding to the
input is stored in the capacitor array, such as Q=2NCVin, and the amount of charge due to the quantized
input in the amplification mode is expressed as Q=2NC(D(1)*Vref)+CV, From the charge are
conserved during the conversion, so if both equations are set equally, the output of MDAC amplifies
the residue voltage by 2V, as in VO = 2N(Vin — D(1)*Vref). The D(1) is decided by the output of flash
ADC. Because of the gain error and mismatch of the capacitor, the output of MDAC may be larger or
smaller than ideally expected. To solve this problem, digital correction logic is usually used with 2N-1
instead of 2N. Assuming that the resolution of all the stage is the same in the pipelined ADC, the number
of stages used and the resolution required in each stage have the relationship k = (N-x)/(n-x), where N
is overall resolution of pipelined ADC, k is the available stage, n is each stage resolution and X is
marginal resolution for digital correction logic. Pipeline ADCs have advantages and disadvantages
depending on the number of stages and resolution to be used. However, all blocks generate consecutive
outputs for successive input signals, and area and power consumption can be reduced that compared

with flash ADC.
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Fig. 21. Time-interleaved ADC and its clock timing diagram.
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Furthermore, the various ADC structures described above have limitations in speed up. The
researched architecture is a time-interleaved ADC in Figure 21. Time-interleaved ADCs with multiple
independent ADCs connected in parallel can be operated as fast as the number of ADCs used, applying
this technique suitable for high speed applications. However, there is mismatch between channel
sampling timing. If the operation clock of each channel occurs timing skew, sampling between channels
for the analog input signal is performed at unequal intervals. This problem is inevitable due to the
asymmetry of the clock distribution between the channels in the layout, especially at higher frequencies,
this phenomenon occurs more severely. Also, gain error and offset into each channel reduces the overall

performance of the time-interleaved ADC.
d. Cyclic ADC

The cyclic ADC is called a serial converter. Because it needs the N times conversion cycle for N bit
conversion. However, this architecture has small area and moderate resolution due to reuse the most of

circuits. The flow chart of a typical cyclic ADC that determines one bit in one conversion cycle is shown

Sample V =Vin, 1 =1

!

Vi=2Vin

Vi > Vref
Yes J No

bi=1 bi=0

! I}
Vi = 2(Vi-Vref) Vi = 2V|

1 ]
2

i=i+1

Nﬁo@
Yes
(End)

Fig. 22. Conversion flow chart of cyclic ADC.
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First, the input voltage is sampled and amplified twice. Compared to the amplified value and Vref, if
the amplified value is greater than Vref, the most significant bit (MSB) becomes 1. After that, it subtracts
Vref from the amplified signal, and the residue voltage amplify by twice. On the other hand, if the
amplified value is smaller than Vref, the MSB becomes 0, and this output value is doubled. This

procedure is N times repeatedly for N bit conversion.

The Figure 23 presents a block diagram of the cyclic ADC. Switch S1 is connected to Vin to sample
the input voltage at the SHA. If the digital codes is 1, switch S2 is connected to Vref and Vref is
subtracted. This value is sampled in SHA,, applied to the input of SHA; by S1, and the above process

is repeated.

Vin .
—————— SH || x2 N bit

- Register —<4—>

I_|_I

-

rd

» Vrefp
Vrefn

S/H

i
)

i

AA -
€/

Fig. 23. Simple block diagram of cyclic ADC.

Since the cyclic ADC has a cyclic structure that repeats for several cycles during operation, the
variation of the device size caused by the process such as device mismatch is accumulated compared to
other structure. In order to minimize that mismatch, ratio independent technique, reference refreshing

technique and digital error correction are utilized.

Cyclic ADC has very simple architecture and small chip area because of repeated use of same circuits.
Therefore, it is possible to apply a system application requiring a low power and a portable small
electronic product. However, a cyclic has slow operation because it should be repeated many times in

order to determine N bits of digital code.
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e. Successive approximation register (SAR) ADC

IN+ [ C-DAC
Sample and hold
IN- [ C-DAC
T 7 Dynamic
EOC yé Comparator
Dout Register &
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=7 Error Correction SAR Logic —

Fig. 24. Block diagram of SAR ADC.

Successive approximation register (SAR) ADC is effective architecture along the development of
complementary metal-oxide-semiconductor (CMOS) process. As shown in Figure 24, SAR ADC
consists of the capacitive-DAC(C-DAC), comparator, SAR logic and calibration circuit and it is
possible to implement the low-power operation due to high-specification amplifier is not necessary and
simple structure. The ADC determines the digital code corresponding to the analog input through binary

search algorithm. Thus, SAR ADCs have relatively fast conversion speeds and high accuracy.

SAR ADCs are operated in charge-redistribution process. This converter uses a binary-weighted
capacitor array with suitable their resolution. The operating principle is divided into three modes as
shown in Figure 25. Firstly, in sampling mode, the switch SA is shorted as shown in Figure 25 (a), so
that the top plate of the capacitor is connected to the ground, and the bottom plate of all the capacitors
are connected to the analog input VA. Therefore, the charge on the whole capacitor is proportional to

the analog input voltage and the charge amount can be express as :

Qx = Crotar " Va (2.10)

where Ciora 1s sum of all the capacitor. In the second hold mode, the switch SA is opened and the switch
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SB is connected to the reference voltage Vref as shown in Figure 25 (b), and the bottom plate of all the
capacitors is connected to the ground. At this time, the charges in the capacitor array are constant, and
then the voltage Vx of the top plate has a value of -VA. Finally, Figure 25 (c) presents charge-
redistribution mode and binary searching begins. The switch S1 corresponding to the MSB is connected
to Vref, and the remaining switches are connected to the ground. The top plate voltage of Vx is increased

by Vref/2. Since the total charge amount is constant and the top plate voltage can be express as :

Vy = =Va+ Viesp2 (2.11)

If the VA is greater than Vref/2, Vx has a negative value, the output of the comparator is low, and switch
S1 remains connected to Vref. The results is shown that the MSB is 1. Conversely, if VX has a positive
value it means that VA is less than Vref/2, so switch S1 changes its connection from Vref to ground. In
this case, the MSB is determined as 0. After determining the MSB, the above process is repeated from
switch S2 to switch S5 corresponding to LSB to determine remaining bits. The switch S6 corresponding
to the termination capacitor used additionally remains connected to the ground during the whole charge-
redistribution process. Figure 25 (c¢) shows the switch state indicating binary code 01100 after charge-

redistribution mode has been completed.

SAR ADC is utilized for the system that requiring high linearity. Because the capacitors can be
matched up to about 0.1 % in standard CMOS process. In order to improve the matching of the capacitor
array, the segmented DAC is used in recent research. In addition, there is no static current in this
architecture, it is advantages for low-power system implementation. However, the charge-redistribution
ADC increases the ratio of the smallest capacitance to the largest capacitance and the total capacitance
of the array as the resolution increases. For example, in the case of an N-bit converter, the size of the
capacitor corresponding to MSB becomes 2N-1 times of the unit capacitance. If the size of the capacitor
is too large, the total area is increase and the operation speed decreases due to the increase of the input
capacitance. In addition, there is a disadvantage that the arrangement of capacitors and the connection
of signal lines becomes complicated during layout. Therefore, the SAR ADC has a limitation of
resolution under the 10 bits and advanced techniques are researched in recent work such as noise

shaping and calibration.
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Fig. 25. 5 bits’ SAR ADC conversion procedure (a) sampling, (b) hold, and (c¢) redistribution mode.
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2.2.3 Improvement methodologies of SAR ADC

An Oversampling, laser trimming and self-calibration are essential techniques for the high-resolution
SAR ADC design. The size mismatch of passive component of capacitor is design bottleneck for
linearity of the ADC. The calibration can be attenuated the mismatch of capacitor binary weight that is
occur with process variation from fabrication. An ADC employing an oversampling technique can
convert one sample with multiple times conversion to obtain additional resolution, hut it has the

disadvantage of lower conversion speed.

In case of C-DAC for design 10-bit SAR ADC, 2'° unit capacitors are required, capacitor array limits
the overall area and settling time due to MSB capacitance. The on-resistance of the switch is important
to solve the settling problem and the sampling error due to the analog input, and the switch size for the
driving strength become large. Previous research in JSSC 2016 [18] solve the switch driving power
problem through using assist ADC, the upper bits are converted at once by parallel ADC. However,
since the additional assist ADC is still need and the area of capacitor array problem has not been solved.
Split C-DAC is used as a solution of this problem. When imp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>