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ABSTRACT (ENGLISH)

Low temperature polycrystalline silicon (LTPS) thin-film transistors (TFTs) have
been widely investigated as a-material forportable systems, such as digital camera,
mobile phone, personal digital assistants (PDASs), notebook, and so on, because the
electron mobility of LTPS TFTs is about 100 times larger than that of the conventional
amorphous silicon TFTs. Furthermore, LTPS technology can achieve slim, compact,
and high-resolution display by integrating the driving circuits on peripheral area of
display. This technology will also become more suitable for realization of
System-on-Panel (SOP) applications.

SOP displays are value-added displays with various functional circuits, and the
input display technology creates opportunities for new applications like a scanner for
recording of text or images for on-line shops and touch-sensing circuits for detecting
the position of finger or pen. Besides, optical characteristics of TFT-LCDs are
significantly dependent on panel temperature. For wide usage in thermally harsh

environments, LCD should use a robust temperature compensation system to enhance
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reliability and maintain performance. Sensing circuits are indispensable to these novel
applications. The technique of forming an optical sensor using LTPS TFT fabrication
process is developed to incorporate these new functions in the display without any
additional circuit behind the display.

A/D converters (ADC) are widely used in the interface between analog sensing
circuits and digital processing circuits to convert the analog sensor signals to a digital
signal and then processed by some digital circuits or FPGA. For the above reason,
integration of ADC on the glass substrate is my focus in this thesis.

In this thesis, a delta-sigma ADC designed and implemented with the TFTs on
glass substrate has been proposed, and successfully verified in a 3-um LTPS process.
From the experimental results, the probability in the bit stream of the digital output
from the delta-sigma modulator is correctly fit.in the analog input voltage ratio. Such
a bit stream can be converted inte-8-bit digital code successfully under the operation
voltage of 10V with TFTs on the glass substrate, The proposed delta-sigma ADC can
be further used to achieve the precise analog circuits for SOP applications, which
enables the analog circuits to be integrated in the active matrix LCD (AMLCD)

panels.
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Chapter 1

Introduction

1.1 Motivation
1.1.1 LCD Industry and LTPS Technology [1], [2]

The liquid-crystal display (LCD) industry has shown rapid growth in five market
areas, namely, notebook computers, monitors, mobile equipment, mobile telephones,
and televisions. For high-speed communication networks, the emerging portable
information tools are expected to grow in following on the rapid development of
display technologies. Thus, the development of higher specification is demanded for
LCD as an information display device. Moreover, the continual growth in network
infrastructures will drive the -demand for displays in mobile applications and flat
panels for computer monitors:and TVs.. The specifications of these applications will
require high-quality displays that are“inexpensive, energy-efficient, lightweight, and
thin.

Amorphous silicon (a-Si) thin-film transistors (TFTs) are widely used for
flat-panel displays. However, this low field-effect mobility (ability to conduct current)
property limits their application only as pixel switching devices; they cannot be used
for complex circuits. Thus, the excimer laser annealing (ELA) process is established
for manufacturing of polycrystalline Si (poly-Si) TFTs. The laser annealed
polycrystalline silicon has relatively larger grain size and relatively exhibits higher
electron and hole mobility functions than the conventional ones. The field-effect
mobility of the poly-Si TFTs is about 100 times of the a-Si. The high driving ability
of poly-Si TFTs allows the integration of various circuits such as display drivers. For

example, to date the function of the external ICs which is used for driving the pixel
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directly is integrated onto the peripheral of the glass substrate. It yields a lighter and
thinner display with a drastic reduction of connection pins. It also improves the
reliability against the mechanic shock as well as relaxes the limit in the pitch between
connection terminals to be suitable for high resolution display. Thus, eliminating LSI
(large-scale integration) chips for display drivers will decrease the cost and thickness
of displays for various applications. Moreover, high driving ability of poly-Si can
provide larger aperture ratio because poly-Si TFTs can drive the same current as a-Si
TFTs but only occupy small space.

There are high-temperature and low-temperature poly-Si (HTPS and LTPS)
TFTs, defined by the maximum process temperature they can withstand. The process
temperature for high-temperature poly-Si can be as high as 900°C. Hence, expensive
quartz substrates are required, and the profitable substrate size is limited to around 6
inch (diagonal). Typical applications are limited to small displays. The process
temperature for low-temperature poly-Si (LTPS). TFTs, on the other hand, is less than
600°C, which would allow the use of low-cost glass substrates. This makes possible
direct-view large-area displays—for example, UXGA (ultra extended graphics array)
monitors of up to 15.1 inch (diagonal) with a resolution of 1600 x 1200 pixels. For
this reason, LTPS technology has been applied successfully to not only small-sized
displays, but also medium- and large-screen products. It is the base for high

performance TFTs for active matrix liquid crystal displays.

1.1.2 The Advantages of the System-on-Panel LTPS TFT-LCD Displays [4], [5]
LTPS TFT technology of forming a part of display circuits on the glass substrate

has been put into practical use. It can make a compact, high reliable, high resolution

display. Because of this property, LTPS TFT-LCD technology is widely used for

mobile displays. Fig. 1.1 shows the system integration roadmap of LTPS TFT-LCD
~2~



[31, [4], [5].

System-on-Panel (SOP) displays are value-added displays with various
functional circuits, including static random access memory (SRAM) in each pixel,
integrated on the glass substrate. Fig. 1.2 shows the basic concept of pixel memory
technology. When SRAMs and a liquid crystal AC driver are integrated in a pixel area
under the reflective pixel electrode, the LCD is driven by only the pixel circuit to
display a still image. It means that no charging current to the data line for a still image.
This result is more suitable for ultra low power operation.

Eventually, it may be possible to combine the keyboard, CPU, memory, and
display into a single “sheet computer”. The schematic illustration of the “sheet
computer” concept and a CPU with an _instruction set of 1-4 bytes and an 8-bit data
bus on glass substrate are shown in Fig..1.3, respectively [1], [6]. Fig. 1.4 shows the
roadmap of LTPS technologies leading toward the realization of sheet computers.
Finally, all of the necessary function will be integrated in LTPS TFT-LCD. Although
the level of LTPS is as almost the same as the level of the crystal Si of 20 years ago,

actual operation of S0MHz with 1-um design will be realized near future [7].
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The distinctive feature of the LTPS TFT-LCD is the elimination of TAB-ICs
(integrated circuits formed by means of an interconnect technology known as
tape-automated bonding). LTPS TFTs can be used to manufacture complementary
metal oxide semiconductors (CMOSs) in'the same way as in crystalline silicon metal
oxide semiconductor field-effeet transistors (MOSFETs). Fig. 1.5 shows the cross

sectional structure of a LTPS TFT CMOS.
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Figure 1.5 Schematic cross-section view of the structure of a LTPS complementary
metal oxide semiconductor (CMOS). LDD = lightly doped drain.
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For a-Si TFT-LCDs, TAB-ICs are connected to the left and bottom side as the Y
driver and the X driver, respectively. Integration of the Y and X drivers with LTPS
TFTs requires PCB (printed circuit board) connections on the bottom of the panel
only. The PCB connection pads are thus reduced to one-twentieth the size of those in
a-Si TFT-LCDs. The most common failure mechanism of TFT-LCDs, disconnection
of the TAB-ICs, is therefore decreased significantly. For this reason, the reliability
and yield of the manufacturing can be improved. Decreasing the number of TAB-IC
connections also achieves a high-resolution display because the TAB-IC pitch
(spacing between connection pads) limits display resolution to 130 ppi (pixels per
inch). A higher resolution of up to 200 ppi can be achieved by LTPS TFT-LCDs.
Therefore, the SOP technology can effectively relax the limit on the pitch between
connection terminals to be suitable .for. high-tesolution display. Furthermore,
eliminating TAB-ICs allows ‘more flexibility in the" design of the display system
because three sides of the display are now. free of TAB-ICs [1]. Fig. 1.6 shows a
comparison of a-Si and LTPS TFT-LCD modules. The 3.8” SOP LTPS TFT-LCD

panel has been manufactured successfully and it is shown in Fig. 1.7.

?;[Integrated driver

Figure 1.6 Comparison of (a) an amorphous silicon TFT-LCD module and (b) a
low-temperature polycrystalline silicon TFT-LCD module.
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Figure 1.7 The comparison of new SOP technology product and conventional product.
The new 3.8” SOP LTPS TFT-LCD panel hasbeen manufactured by SONY corp. in
2002.

1.1.3 Future Applications of “Input Display” [7]

In addition to the ability to display color images, the integration of input display
function that enables it to capture image in LTPS TFT-LCD technology is needed.
The input display technology opens opportunities for new applications for personal
and business use. The new technology is scalable up and down, and can be applied to
diverse products, from cellular phones to personal computers.

The full scope to our imagination concerning future use of “Input Display” is
shown in Fig. 1.8. Its wide range of usage will include recording of text or images for

on-line shopping and the like with a scanner device saving personal data and images
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to a computer, auto-power control with photo-sensor suitable for extremely low power
cellular phone, name card reading system and scanner detected by the photo sensor or
ambient light sensor, detecting the position of finger or pen for some touch-sensing,
and so on.

A technique of forming an optical sensor using LTPS TFT fabrication process is
developed intended to incorporate these new functions in the display without an
additional screen or behind the display. The input function is achieved through photo
sensors embedded in each sub-pixel and the schematic principle of input display is
shown in the top of Fig. 1.8. The light from the backlight goes through the cell, and
then it was reflected by the surface of the object placed face down on the display, and
captured by the photo sensors. The current through the sensor was modulated
according to the reflectance of the object, which corresponded to the contrast of the
captured image.

The bottom of Fig. 1.9 shows the array panel-with three kinds of peripheral
circuits; signal processor, display driver, and gate driver. The signal processor which is
a data output circuit plays a role of capturing and processing the photo sensor signals,
and then that is converted to a suitable form for display. The converted signals are then
introduced to the display driver and the captured images are reappeared. This
technique is applied to some products like card reading system illustrated in Fig. 1.9.
Last, the gate driver controls both the pixel TFT and the sensor circuit. The sensor
circuit integrations of LTPS enable to reduce the connecting pins (display and sensor
terminals), which number almost double without circuit integration. Application to
color image capturing has been realized by successively capturing through red, green,

and blue (RGB) color filter, and then synthesizing their captured image.
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A novel touch panel system is shown in Fig. 1.10. The top of this figure shows
the integration of touch panel function and digitizer function with no additional device
on the display by forming a photo sensor in each sub-pixel. The illumination of
ambient light is detected with some indispensable algorithms for the touch panel
function and the grayscale image data suitable for finger touch location can be

detected, as shown in the middle of Fig. 1.10.
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Figure 1.10 The system architecture and image-capturing finger of the new touch
panel.
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And the configuration of display/sensor circuits with large scale integration (LSI)
is presented simultaneously. The bottom of the figure shows illustration and captured
grayscale bitmap image of a finger approaching to the LCD. The ADC is needed in
periphery of the touch panel system to convert the sensing analog signals

(illumination of the ambient light) to digital form to represent the grayscale level.

1.1.4 Thermal Influence on LCDs [8], [9], [10]

Optical characteristics of TFT-LCDs are significantly dependent on the panel
temperature, hence the temperature characteristics are still an issue. For wide usage in
thermally harsh environments, LCD should use a robust temperature compensation
system to high reliability and to maintain performance.

Fig. 1.11 and Fig. 1.12 show the,thermal compensation architecture using a
thermal sensor with a feedback control [8]. The metal*film-type thermal sensors were
integrated into the thermal crystal layet. without any additional fabrication process
steps. As shown in Fig. 1.12, the‘temperature readout circuit consists of an external
full bridge circuit and a differential amplifier to minimize analog noise level. The
analog sensor signal is converted to a digital signal by an ADC and then connected to

FPGA system.

Temp. sensing

!

|I Ag TAD Controller

+ Feedback control

Figure 1.11 TAD (Thermally adaptive driving) integrated thermal sensor system

architecture.
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Figure 1.12 The temperature readout circuit consists of an external full bridge circuit

and a differential amplifier.

1.1.5 Summary

According to above discussion, it can be scen that the integration of the input
display function is developed and the fabrication cost will gradually be lowed and
SOP will be implemented step by step in the future. Such integration technology
contributes to shorten the product lead-time because lengthy development time of ICs
can be eliminated. Actually, this integration level has been proceeding from simple
digital circuits to the sophisticated ones. ADCs are widely used in interface of the
analog sensing circuits and digital processing circuits such as the touch panel system
or the thermal compensation system to convert the analog sensor signals into a digital
signal and then processed by some digital circuits or FPGA as the above two sections
demonstration. Thus, integration of ADC on the glass substrate is value-added.

In silicon CMOS technology, delta-sigma ADC has been widely used in VLSI

industry. With the small amount of analog circuitry, the delta-sigma ADC is very
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economically competitive with other types of data converters, such as pipeline ADC
or flash ADC, for high resolution applications in the frequency range from kilohertz
scale to hundred kilohertz scale. In this thesis, the circuit of delta-sigma ADC designed

and realized in a 3-um LTPS process is proposed.

1.2 Background Knowledge of Thin-Film Transistors Liquid Crystal

Displays
1.2.1 Brief Introduction of Liquid Crystal Displays [11], [12]

A liquid crystal display (LCD) is an electronically-modulated optical device
shaped into a thin, flat panel made up of any number of color or monochrome pixels
filled with liquid crystals and arrayed in_front of a light source (backlight) or reflector.

The incident light can be modulated.through the liquid crystal as shown in Fig.
1.13. There are two perpendicular polarizer filled with liquid crystal molecule. In
general, the first polarizer of a-coupleof polarizers is-called polarizer and the second
polarizer of these is called analyzer. The light'can be blocked by a couple of
polarizers with 90° phase error, is shown in Fig. 1.13 (a). If we twist the liquid crystal
molecule by applying the specific electric field across it, the light still can pass the
polarizer. This is because the direction of liquid crystal molecules varies with electric

field and it can guide the light along the long axis, shown in Fig. 1.13 (b).
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Figure 1.13 (a) A couple of polarizers with 90° phase error. (b) A couple of polarizers
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with liquid crystals.

The twisted nematic (TN) device is the most common liquid crystal device and
its structure is shown in Fig. 1.14. A structure of TN-LCD consists of a pair of
polarizer to block the incident light, a pair of transparent electrode to modulate the
liquid crystal molecule phase; and a.pair.of ‘orientation layer which is also
perpendicular to each other so the liquid erystal molecules arrange themselves in a
helical structure, or twist.

The optical effect of a twisted nematic device in the voltage-on state is far less
dependent on variations in the device thickness than that in the voltage-off state.
Because of this, these devices are usually operated between crossed polarizers such
that they appear bright with no voltage (the eye is much more sensitive to variations
in the dark state than the bright state). These devices can also be operated between
parallel polarizers, in which case the bright and dark states are reversed. The
voltage-off dark state in this configuration appears blotchy, however, because of small
variations of thickness across the device.

Fig. 1.14 (a) shows a pixel of a transmissive twisted nematic LC-cell with no
voltage applied. The white backlight f passes the polarizer a. The light leaves it
linearly polarized in the direction of the lines in the polarizer, and passes the glass

substrate b, the transparent electrode ¢ out of Indium-Tin-Oxide (ITO) and the
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transparent orientation layer g. In this case, the analyzer is crossed with polarizer. The
light can pass the analyzer without applied voltage due to the twisted nematic LC-cell
and the pixel appears white. If the applied voltage is large enough as shown in Fig.
1.14 (b), the liquid crystal molecules in the center of the layer are almost completely
untwisted and the polarization of the incident light is not rotated as it passes through
the liquid crystal layer. This light will then be mainly polarized perpendicular to the
second filter, and thus be blocked and the pixel will appear black. By controlling the
voltage applied across the liquid crystal layer in each pixel, light can be allowed to
pass through in varying amounts thus constituting different levels of gray.

This operation is termed the normally white (NW) mode. On the contrary, if the
analyzer is rotated by 90°, paralleled with polarizer, the light is blocked in the

analyzer. The pixel is black. This'is called.the normally black (NB) mode.

b
c
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Figure 1.14 The structure of a TN-LCD (a) while light is passing, and (b) while light is
blocked. a: polarizer; b: glass substrate; c: transparent electrode; g: orientation layer; e:

liquid crystal; f: illumination.
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1.2.2 Liquid Crystal Display Module Structure

The cross section structure of TFT-LCD panel is shown in Fig. 1.15 particularly.
It can be roughly divided into two part, TFT array substrate and color filter substrate,
by liquid crystal filled in the center of LCD panel. We still need a backlight module
including an illuminator and a light guilder since liquid crystal molecule cannot light
by itself. However it usually consumes the most power of the system, some
applications such as mobile communications try to exclude or replace it from the
system. There consists of a polarizer, a glass substrate, a transparent electrode and an
orientation layer in TFT array substrate. In color filter substrate, it is composed of an
orientation layer, a transparent electrode, color filters, a glass substrate and a polarizer.
Most transparent electrodes are made by ITO, and they can control the directions of
liquid crystal molecules in each'pixel by.voltage supplied from TFT on the glass
substrate. Color filters contain: three original colors, red, green, and blue (RGB). As
the degree of light, named “gray level”, can be well eontrolled in each pixel covered

by color filer, we will get more than million kinds of colors.

BLACK MATRIX —_— GLASS SUBSTRATE
POLARIZER S
COLOR FILTER _ — Polarizer
COAT.
o CF (Color
LIGUID CRYSTAL . Filter)
GLASS SUBSTRATE [ LC Cell -+—Module
[ | (Panel)
N 7 Array
— Polarizer —
f  BackLight — |
+ PCB
ALIGNMENT FILM
(POLYIMIDE)
Lcerr L_piruser LUGHT GUIDE | REFLECTOR  POLARIZER  tpansisTom(TFT)

Figure 1.15 The cross section structure of TFT-LCD panel.
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1.3 Thesis Organization

The fundamentals and realization of the delta-sigma modulator are discussed in
chapter 2. The concept and simulation results of the decimation filter are discussed in
chapter 3. Then, the delta-sigma ADC which is fabricated on the glass substrate in
3-um LTPS process is measured and discussed in chapter 4. In the last chapter, the

conclusions of this thesis and the future work are stated.
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Chapter 2

Fundamentals and Realization of

First-order Delta-sigma Modulator

2.1 Introduction
2.1.1 Nyquist-rate and Oversampled Converter [18]

ADCs can be classified into two categories: Nyquist-rate and oversampled
converter. In the former category, each input sample of ADCs is separately processed,
that is, one output data is only dependent on one input sample. Nyquist-rate converter
is a time-invariant and memory-less converter. Besides, the converter is one-to-one
correspondence between the input and.output samples. The sampling rate of the
Nyquist-rate converter can be as low as Nyquist’s criterion requires that is twice as the
input signal bandwidth. (Actually;. the sampling rate is chosen higher than the
minimum value for practical reason).

The linearity and accuracy of the Nyquist-rate converter is mostly determined by
the matching accuracy of the analog components used in the implementation, such as
resistors, current sources, capacitors, and so on. Practical conditions restrict the
matching condition, and the effective number of bits (ENOB) is about 12 in the
silicon process. Thus, the converter is hardly applied in high resolution applications.
In order to overcome this issue, the oversampling converter has been investigated.

Oversampling converter is able to achieve over 20 ENOB resolution in the
silicon process by using higher sampling rate. The sampling rate of the oversampling
converter is higher than that of the Nyquist-rate by a factor between 8 and 512
typically. In addition, the oversampling converter incorporates memory element to

utilize all preceding input values to generate each output. Its input/output relation is
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not one-to-one correspondence anymore. The accuracy of the converter is evaluated
by comparing the complete input and output waveform either in time domain or in
frequency domain. Signal-to-noise ratio (SNR) calculation is a common method to
analyze the accuracy for a sinusoidal wave input of the converter. Then, ENOB can be

derived by equation (2.1).

SNR—1.76
ENOB = 28— 270
6.02 1)

The realization of the oversampling converters requires not only some analog
stages but part of digital circuitry. Both analog and digital part of the oversampling
converter needs operating faster than the Nyquist-rate converter. However, the
accuracy requirements on the analog components are relaxed compared to those
associated with Nyquist-rate converters. Besides, the extra cost paid for high accuracy
is higher sampling rate and ‘extra digital circuitry."As the digital IC technology
advances, these costs are getting cheaper. Hence, the oversampling converter is taking

the place of the Nyquist-rate converter in many applications.

2.1.2 Fundamentals of the First-order Delta-sigma Modulator [16], [18]

The oversampling ADC discussed here is the delta-sigma ADCs which consist of
two basic blocks, a delta-sigma modulator and a decimation filter, as shown in Fig.
2.1. The delta-sigma modulator in the delta-sigma ADC is running continuously to
transform input signal x[n] into a 1-bit bit stream b[#n]. Then, the bit stream generated
from the delta-sigma modulator will be processed by the decimation filter to remove
the out-of-band noise and produce 8-bit digital output y[n].

The detail discussion of the delta-sigma modulator will be elaborated afterward

in this chapter, and the decimation filter will be discussed in chapter 3.
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Figure 2.1 Basic circuit diagram of Delta-sigma ADC consists of delta-sigma

modulator and decimation filter.

Fig. 2.2 shows the block diagram of delta-sigma modulator. There is a feedback
loop containing a loop filter and a low resolution ADC (here, an integrator and a
quantizer) in the forward path of the loop. Besides, there is a DAC in the feedback
path. The single bit digital output.b[n] is converted into one of two analog levels by
the single-bit feedback DAC. Furthermore, the output of the DAC is subtracted from
the analog input signal in the 'summing amplifier. The resultant error signal from the
summing amplifier output is low-pass filtered by the integrator and the integrated
error signal polarity is detected by the quantizer. By observing that the differencing at
the input followed by a summation in the loop filter, this structure is called a

delta-sigma modulator.

e[n]
Discrete Time Integrator ?
H(z) E Quantizer
ujn |_ |V n
xin] [ ]| 7 | [ ]I > bin]
bs[n]
DAC -t

Figure 2.2 Block diagram of delta-sigma modulator.
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Analyzing Fig. 2.2, it can easily be shown that the output signal at time n is
b[n]=x[n—1]+(e[n]—e[n—1]). (2.2)

The digital output contains a delay, but otherwise unchanged replica of the
analog input signal x, and a differentiated term of the quantization noise error e. The
differentiation term is suppressed if the frequency of the quantization noise e is much
lower than the sampling rate. On the contrary, the two adjacent sampled data of the
high frequency quantization noise data may not approach each other. Thus, the
quantization noise contribute to the system is attenuated in low frequency but
enhanced in high frequency. This kind of process is now called noise shaping [17].

Observing the delta-sigma modulator in z-domain to complete the concept of that
is elaborated. From Fig.2.2, the transfer function, of the discrete time integrator can be
derived as

=il
z

H(z)=

—3 (2.3)

Then, the input/output relation of the modulator is derived and given by

_ _H(2
B = oY ot

=z'X(2)+(1-z""E(2)

(2)

(2.4)

The input signal simply goes straight through the delta-sigma modulator with
only one delay is verified again by the illustration in the equation (2.4). Thus, z'is
defined as signal transfer function (STF), and 1-z" is defined as noise transfer

function (NTF). The magnitude of the NTF is derived in equation (2.5) where  is
equal to 27 f over f,. The magnitude of the NTF in low frequency is near 0 and the

maximum value of the magnitude of the NTF occurs whence the frequency is half of

the sampling frequency. Thus, NTF is a high pass function.
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INTF =[1-27'[ =[1-e®[ =[l-cosQ+ jsinQf = (25inQ)* (25)
The high level quantization noise e generated by the quntizer, which is approximated
as a white-noise source, is high pass shaped by the NTF. Thus, the in band noise is
attenuated to reach a higher resolution architecture by a low resolution quantizer [15].

Any nonlinearity of the quantizer is simply combined with the quantization error
e and thus suppressed in-band along with e. However, nonlinear distortion in the DAC
affects the output signal without any shaping, and it represents a major limitation on
the attainable performance. In order to solve this problem, single-bit quantizer is used.
In such case, the input/output characteristic of the DAC consists of only two levels to
ensure the inherent linear operation of DAC. However, using single-bit quantization
means the output of the delta-sigma modulator contains only two level, either
‘logic-0" or ‘logic-1°. How to translate the output signal into available message to
realize what is the input signal-becomes an.important question.

By considering the delta-sigma modulator by the block diagram in Fig. 2.2, the
relation between x[n], output bit stream b[n], and the output of the integrator v[n] in

discrete time can be expressed as
v[n+1]=x[n]-b[n]+V[n]. (2.6)

Equation (2.6) can then be used to generate the sequences v[n] and b[n] from a
given input x[n] with the initial condition of v[0]. The typical converting example,
sequential operations of delta-sigma modulator with an input signal x[n] of 6V and
v[0] of 1V, is listed in Table 2.1.

By observing table 1, b[x] is a periodic signal with its period of 5 cycles and
there exists 3 cycles of ‘logic-1’ in one period. Thus, the probability of ‘logic-1’ in the
bit stream is 0.6 (3/5), which is correctly equal to the input voltage ratio (x over 10V).

As long as the input voltage x goes high, the probability of ‘logic-1’ of the output bit
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stream of the delta-sigma modulator also goes high. Therefore, different probability of
‘logic-1" of the output bit stream of the delta-sigma modulator may successfully tell

different input x.

n 0 1 2 3 4 5 6
x[n] 6 6 6 6 6 6 6
vin] 1 -3 3 -1 5 1 3
bln] 10 0 10 0 10 10 0

Table 2.1 The operation of delta-sigma modulator with an input signal x[n] of 6V.

2.2 Circuits Implementation on:Glass.Substrate

Fig. 2.3 shows a continuous-time realization of delta-sigma modulator using
fully-differential architecture ‘to ‘overcome the common-mode noise generating by
process variation. In this application; there exists a comparator followed by a D
flip-flop while the DAC function performed by the R¢; and Ry, resistors connected the
D flip-flop outputs with the op-amp inputs. Here the positive input Vi+ is defined as
x[n] shown in Fig. 2.2, and Vi- is equal to ten minus Vi+, under the operation voltage
(Vdd) of 10 V.

As the output voltage of the D flip-flop b[n] is ‘logic-1°, it feeds back a positive
charge through Ry, and negative charge through Ry. Then, it drives the output of the
integrator Vop- down and driving Vop+ up. As soon as the Vop+ is higher than Vop-,
b[n] is driving to ‘logic-0’, forming a negative feedback loop. Besides, when the
positive input voltage Vi+ is larger than half of the supply voltage (10V), the charge
increment in capacitance Cint2 during high b[#] level in one clock cycle is less than

charge decrement in capacitance Cintl during low b[n] level. Thus, the large input
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signal will produce high probability of ‘logic-1 in the bit steam b[n]. This is proven
again in the circuit level. The detailed circuit implementation will be discussed soon

in the following section.
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Figure 2.3 Circuit implementation of the delta-sigma modulator on glass substrate in a

3-um LTPS technology.

2.2.1 Design of Fully-differential Folded-cascode Operational Amplifier

This section analyzes the frequency response of the fully differential
folded-cascode amplifier. The schematic diagram of the fully-differential
folded-cascode operational amplifier is shown in Fig. 2.4. Compared with the two
stage operational amplifier, this architecture has better input common mode range and
power supply rejection ratio. In particular, it provides large gain and it is easier to
frequency compensate (the load capacitance is also the compensation capacitor).
Furthermore, it does not suffer from frequency degradation of the power supply

rejection ratio unlike the two stage operational amplifier. The p-channel M; and M,
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are the input driver transistors, M;a, Maa, Mj; and My, formed n-type cascode load
devices, and M3zs, Mys, M3 and My formed p-type cascode load devices. One
important design point is that the dc current flowing through the cascode load (M3 and
M,) should be designed never going to zero. If the current goes to zero, a delay is
needed in turning these out of current transistors back on because of the parasitic
capacitances that must be charged. To suppose the input differential voltage is large
enough that transistor M, turns off and M, turns on, all of I3 flows through M,,
resulting in 12=I3. If IS is not greater than 13, then the current I4 will be zero. Thus,
the value of 15 is normally between I3 and twice of 13 to avoid this delay problem.

The common-mode feedback (CMFB) circuit is needed for any fully-differential
operational amplifiers. Without it the common-mode output remains undefined, and
the amplifier will drift out of the high.gain operating regime. The CMFB can be
achieved by controlling the “bias: voltages. of M;; ‘and M. The CMFB circuit
comprises of transistors Momi— Meme,Where the differential currents of two
differential pairs (Mcmi, Memz and Mewms, Mcma) flow into a current-mirror load Mcs,
Mcms. The common-mode voltage is held at the reference potential VCM, which is
usually analog ground in order to maximize output signal swing.

Finally, the amplifier is simulated using eldo simulator. The simulated frequency
response of the fully differential operational amplifier in open-loop condition is
shown in Fig. 2.5. The characteristic of the operational amplifier, such as the DC gain
and the phase margin are found to be 61.55 dB and 79°, respectively. The approximate
gain bandwidth is found to be 4.3MHz, and the average power dissipation is about 2.3

mWatt.
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Figure 2.4 Circuit implementation ofithe fully-differential folded-cascode operational

amplifier on glass substrate in a 3-pum LTPS technology.
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Figure 2.5 The simulated frequency response of the fully differential operational

amplifier in open-loop condition.
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2.2.2 Design of 1-bit Quantizer

This section presents the design of the 1-bit quantizer appropriate for use in
conventional and delta-sigma converters. The schematic diagram of the quantizer is
depicted in Fig. 2.6. It comprises of three parts as following. The first part is the
differential input pair, M; and M,. The second part is a latch circuit composed of a
n-type flip-flop, M4 and M5, with a pair of n-type transfer gate, Mg and My. There are
also a p-type flip-flop, Mg and M5, with a pair of p-type precharge transistors, Mo and
My, and the transistor M, is a switch for resetting. The third part is a latch composed
of transistor M 4-My;.

¢; and ¢, are the two non-overlapping clocks as depicted in Fig. 2.7. The
dynamic operation of this circuit can be divided into two intervals, reset time interval
and regeneration time interval,.respectively. During ¢,, the comparator is in reset
mode and transistors Mg and My isolate the p-type flip-flop from the n-type flip-flop.
After the input stage settles on its {decision,.a voltage which is proportional to the
input voltage difference is established between node a and node b. Node ¢ and node d
are precharged to the power supply voltage by two closed transistor, My and My;.
Transistors M,y and Mj; are closed and transistors M4 and M;s are open, then two
inverters are formed with transistors M6-M 9. The output signal Q is injected into one
inverter producing its complement which is injected into another inverter
simultaneously. Thus, the output Q is forced to keep the previous state value by the
followed SR latch. Any change in the input stage will not affect the output when the
circuit is in the reset time interval.

The regeneration mode is initialized when transistor M, is opening. The n-type
flip-flop, together with the p-type flip-flop, regenerates the voltage differences
between nodes a and b and between nodes ¢ and d. Then, the voltage difference

between node c and d is amplified to near the power supply voltage. The following
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SR latch is driven to full complementary digital output levels at the end of the
regeneration mode. Thus, the polarity of the 1-bit quantizer is decided in the

regeneration time interval and kept in the reset time interval.

velda Veldd_

My M15M46 M7

I

°Q

¥V Vssd
Figure 2.6 Circuit implementation of the 1-bit quantizer on glass substrate in a 3-pm

LTPS technology.
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Figure 2.7 Time relation between ¢;and ¢,.
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Finally, the simulated result of the quantizer is shown in Fig. 2.8. It can

successfully find out which of the two input nodes is higher and the result is shown in

the output.
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Figure 2.8 The simulated result'of the 1-bit quantizer.

2.2.3 Design of D Flip-flop

The schematic diagram of the D flip-flop is shown in Fig. 2.9. This flip-flop

requires only one clock, called a true-single-phase-clock (TSPC) flip-flop. As the

input signal D is low, transistor M5 is closed as the clock signal (Clk) is low. Then the

drain of transistor Ms is pulled to low and so is the output signal Q. Similarly, the

output signal Q will be high as long as the input signal D is high in the Clk signal is in

its rising edge. The simulated result of the D flip-flop is shown in Fig. 2.10.
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Figure 2.9 Circuit implementation of the D flip-flop on glass substrate in a 3-um LTPS

technology.
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Figure 2.10 The simulated result of the D flip-flop.
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2.2.4 Summary

A first-order delta-sigma modulator is implemented by combining the
operational amplifier, 1-bit quantizer, and the D flip-flop discussed above. The
simulated results are shown in the following pictures, Fig. 2.11 — Fig. 2.14, with
different input data.

By the section 2.2.1 and the foreword of section 2.2, the probability of ‘logic-1’
in the output bit stream of the delta-sigma modulator will be correctly equal to the
input voltage ratio, x over the power supply voltage, where the variable x is the input
signal used and shown in Fig 2.2. However, in this fully differential architecture of the
delta-sigma modulator, the input voltage ratio should be modified into equation (2.7)
as shown below.

Vi+

e e

Thus, different input voltage should produce. different probability of ‘logic-1’ at the
output of the modulator. As the input voltage Vit is 8V, the probability of ‘logic-1’
should be 0.8 calculated by equation (2.7).

In the mean time, the simulated results using the eldo simulator are shown in Fig.
2.11. The probability of ‘logic-1’ in one period is also calculated and listed in table 2.2,
and which is equal to 0.808. That is, this circuit has worked successfully in this input
situation. Next, different input situations have necessarily to be verified. Fig. 2.12 to
Fig. 2.14 show that the simulated results of input signal Vit+ is 7V, 5V, and 3V,
respectively. The probability of ‘logic-1’ in one period of these different three
situations is calculated and tabled in table 2.3 to table 2.5 simultaneously. As the input
signal Vi+ is 7V, the calculated probability result is 0.703. The input signal Vi+ are 5V
and 3V, the calculated probability results are 0.5 and 0.293, respectively. By such

calculation and simulation, this circuit is successfully verified by eldo simulator.
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Figure 2.11 The simulated result of the first-order delta-sigma modulator when the

input Vi+ is 8V.

Cycle number of ‘logic-1’ in one period 207 cycles
Period 256 cycles
Probability of ‘logic-1" in one period 0.808

Table 2.2 The probability of ‘logic-1’ in one period is calculated and listed as Vi+ is

8V.
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Figure 2.12 The simulated result of the first-order delta-sigma modulator when the

input Vit+is 7V.
Cycle number of ‘logic-1’ in one period 180 cycles
Period 256 cycles
Probability of ‘logic-1" in one period 0.703

Table 2.3 The probability of ‘logic-1’ in one period is calculated and listed as Vi+ is

7V.
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Figure 2.13 The simulated result of ‘the first-order delta-sigma modulator when the

input Vi+ is 5V.

Cycle number of ‘logic-1’ in one period 128 cycles
Period 256 cycles
Probability of ‘logic-1" in one period 0.5

Table 2.4 The probability of ‘logic-1’ in one period is calculated and listed as Vi+ is

S5V.
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Figure 2.14 The simulated result of the first-order delta-sigma modulator when the

input Vi+ is 3V.

LA I

140 160

Cycle number of ‘logic-1" in one period 75 cycles
Period 256 cycles
Probability of ‘logic-1" in one period 0.293

Table 2.5 The probability of ‘logic-1’ in one period is calculated and listed as Vi+ is

3V.
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Chapter 3

Decimation Filter for First-order

Delta-sigma Modulator

3.1 Introduction

For a delta-sigma ADC, the delta-sigma modulator is operated with
oversampling to produce 1-bit output stream in high data rate. However, the results of
the modulator can’t represent the converting results of input analog signal directly. A
decimation filter is thus needed to solve this problem. Decimation filter acts as a
low-pass function to filter the signal outer the frequency band and decimate the output
bit stream down to the Nyquist rate. This.process changes the high sampling rate and
low resolution digital signals’inte-the high resolution digital signals. Then, the bit
stream will be converted into 8-bit determined digital-signals. In such case, a counter
which is a finite-impulse-response (FIR) filter is used as a decimation filter to
compute a running average of the output bit stream b[n] from the delta-sigma
modulator and produce the 8-bit digital output. As the Fig. 3.1 shows, the input bit
stream b[n] comes from the delta-sigma modulator discussed in chapter 2. Then, the
decimation filter produces 8-bit output signal y[xn]. The relation between bit stream
b[n] and 8-bit digital signal y[rn] and how a counter could be seen as a decimation

filter are both discussed in the next section.

. . 8
b[n] ———=| PeSmaton L/ yin]

Figure 3.1 Diagram shows the input/output variables of the decimation filter.
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In such design, a counter is used to calculate the running average of the bit
stream b[n] coming from the delta-sigma modulator and translate this message into
the 8-bit digital code [18]. Thus, the output y[n] of the decimation filter can be
expressed as a function of the bit stream b[n]. N numbers of successive data of b[n]

are summed up and then divided by N as shown in equation (3.1).

1N
y[n] FZ.; n—i (3.1)

Then, the z-domain transfer function of equation (3.1) can be derived as equation
(3.2). The variable H; is used to represent the system of the decimation filter. The
frequency response of this system can also be derived by substituting the variable z in
equation (3.1) for the exponential equation with the index number is j2 7f as expressed
in equation (3.3). By observing this equation,_this transfer function is composed by a
sinc function divided by another ene and why this circuit is termed as a Sinc filter can

be figured out.
el
H(z)=————
1( ) N 1 271 (3-2)

_ sinc(Nf)
- sinc(f)

By equation (3.3) derived above, the amplitude of the transfer function can be

H (e (3.3)

analyzed in different frequency. It is close to 1 near zero frequency and it decays as
frequency increases in the mean while. It represents a low-pass filter. However, the
harmonic tones of that transfer function in equation (3.3) exist in high frequency.
These unexpected tones will contribute some noise to the delta-sigma ADC and cause
this filter a non-ideal low-pass filter. Because of such problem, the noise in the output
bit stream b[n] can be attenuated perfectly at only the certain frequencies. However,

this filter used for the first-order delta-sigma modulator is adequate and very
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economic. Thus, a non-ideal low-pass filter is applied by using a counter to be the
decimation filter. Besides, more calculating number would lead to the error decrease

gradually, even though the counter results in some error.

3.2 Circuits Implementation on Glass Substrate

The block diagram of the decimation filter is shown in Fig. 3.2. It consists of a
counter, a register, and a divider. At the beginning of a new conversion, the counter
and the register are both reset. The input signal b[n] is coming from the front circuit
(delta-sigma modulator) and injecting into the counter. The counter will count up as
long as the b[n] is ‘logic-1’ when the clock (CIk) is in the rising edge. Fig. 3.3 shows
its timing chart. Once in every N clock cycles, the output of the counter is clocked
into a register. In the mean time,.the divider will produce the Clk N signal to reset the
counter. Thus, the output y[n]'is down-sampled and represented in digital code. The
counter produces k-bit output if N=2*;which may be interpreted as a binary fraction
between 0 and 1. In this case, N is‘chosen as 256 for 8-bit digital output.

Next, the circuit implementation of the three parts of the decimation filter, the

counter, the register, and the divider is discussed in the following section.

b[n] o 8 8
Counter / Register +o y[n]
>C|k Reset
CIk_N
Clk o IN —

Figure 3.2 Block diagram of decimation filter composed of a counter, register, and a

divider.
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Figure 3.3 The timing chart represents the relation between the Clk, Clk N, and the

output signal y of the decimation filter.

3.2.1 Design of the Counter

At first, the design of the counter is demonstrated. However, the JK flip-flop
needs to be discussed before how to design the counter. The JK flip-flop is the most
widely used flip-flop because’of its versatility and its block diagram is shown in Fig.

34.

L N SR_latch SR _latch

R B T S

Ko ) R Qb
D 1D T P I
Ii Cir Cir

Clko {>o—

Clro

Figure 3.4 The circuit implementation of the JK Flip-flop which comprises of some

logic gates and two SR _latches.
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The JK flip-flop consists of four AND gates, one inverter, and two SR _latches. It
is obviously a master/slave structure. As the Clk signal is high, the front part of the JK
flip-flop is on. If the input signals J and K are both high, the front SR latch is
controlled only by the signal which is feeding back from the output. If the output
signal of the JK flip-flop, Q, is high, the input signal of the front SR _latch (S, R) is (0,
1). Hence, it drives the output of the front SR latch (Q, Qb) becoming (0, 1). Then, as
the Clk signal goes low, the output signal of the rear SR, Q, which is also the output
signal of the JK flip-flop, is driving low. Thus, it is transformed into its complement.
Another example is given as J and K are both low. In such case, the input signal of the
front SR latch (S, R) are both low no matter what the output signal fed back is. Thus,
the output signal of the front latch will keep the value equal to its previous state.
Similarly, as the Clk signal goes low, the.signal coming from the front part will
influence the rear part of the JKflip-flop. Then, its output signal is contained as its
previous state. Besides, this JK flip-flop.is.obviously a negative edge trigger structure
by the above deriving, and the Clr signal is used to reset this circuit. The discussion
above is also demonstrated as the truth table in the table 3.1, and that two cases are

mainly used in this application.

J K Q(t+1)
0 0 Q(t)
0 1 0

1 0 1

1 1 Q(t)

Table 3.1 The truth table of the JK Flip-flop.
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The block diagram of the counter is shown in Fig. 3.5. The counter contains 8 JK
flip-flops whose input signal J and K are combined together. As the input J and K are
both high, the output Q of that JK flip-flop will toggle. On the contrary, if J and K are
both low, the output Q of that JK flip-flop will keep the previous state value. As the
Fig. 3.5 shows, the input of the LSB JK flip-flop is b[n] produced by the delta-sigma
modulator, and it is negative edge triggered by the Clk signal. The inputs of the other
7 JK flip-flops are all ‘1’ driven by the power supply voltage, and all of them are
negative edge triggered by the previous stage output. Then, the output of the counter,
co-C7, are produced and also shown in Fig. 3.5.

Fig. 3.6 shows the timing chart of this counter as b[n] is high and the initial value
of ¢y, ¢, and ¢, are all low (where this only least 3 significant bits are shown). As long
as the Clk is going to low, ¢ is toggled. Similarly, every time when c0 is going to low,
c is toggled. The like c,-c; will-be produced similarly. Observing this operation
shown in Fig. 3.6, it can be found ithat the output of the counter is counted up and

represented as 8-bit digital code.

Co Cq C7

b[n]o JK QR1—JK Q1 1—JK Q
Clko—C> > oooo|—4>

Cir Cir Cir

Clk_N o

Figure 3.5 The block diagram of the counter built up with the JK Flip-flop and
controlled by the Clk and Clr signals where the input signal is b[n] and the output

signal is co-c7.
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b[n]

Figure 3.6 The timing chart of the counter as b[n] is high where the only least 3

significant bits are shown.

Otherwise, as long as b[n] is low, the least significant JK flip-flop will keep its
output data cy. That is no negative edge will be found in ¢y, and all other outputs are
the same. Thus, the 8-bit digital output will be kept as b[n] is low and counted up as
b[n] is high in 256 cycles. Its output will be kept in the 8-bit register which is
illustrated in section 3.2.2 and then the counter will be reset and controlled by the

divider circuit discussed in section 3.2.3.

3.2.2 Design of the Register

The register is used to keep the value calculated by the counter and the counter is
just able to calculate next 256 data in the next time. Fig. 3.7 shows the block diagram
of the register which consists of 8 D flip-flops, and the register is positive edge
triggered by the Clk N signal which is produced by the divider and will be discussed

in the next section.
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Figure 3.7 The block diagram ef the register which consists of 8 D flip-flops which is

positive edge triggered by the Clk signal.

3.2.3 Design of the Divider

The block diagram of the divider is shown in Fig. 3.8. The divider uses 8 D
flip-flops as an inherent counter. The least significant D flip-flop is positive edge
triggered by Clk and then reflects the input on the output. However, the input signals
of all of the flip-flops are fed back by their own output, and specially is the
complementary one (Qb). Thus, every time the Clk is going to high, qo which is the
least significant bit of this counter is toggled. At the same time, qo is also the signal
used to trigger the next D flip-flop, and q; will toggle as long as qp is going to high.
This operation is just like the counter discussed above; however, the counter here is a
down-counter on the contrary and the output qo-q7 is counted down from 255 to 0

again and again. The timing chart of such divider is shown in Fig. 3.9. However, all of
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g4, gs, qs, and g7 have the same waveform; therefore, all of them are shown together.
As long as the counter here is counted to 0, the divider will produce a pulse in the
output Clk N by these 7 logic gates. Clk N is used to reset the counter shown in

section 3.2.1 and to trigger the 8-bit register.

q7

e

Q

as

Q b

qa

Q

é)——o CIk_N
D

Q

qz

Qo

Figure 3.8 The block diagram of the divider which consists of 8 D flip-flops.
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Figure 3.9 Timing chart of the divider.

3.2.4 Summary

The timing chart of the decimation filter is summarized and showed in Fig. 3.10,
and the operation of that can be divided into 5-steps. The first step occurs as CIk is
going to high in one new period, then the output of the divider qo-q7 produced by the 8
D flip-flops will count down once to represent that the first data which is coming from
the delta-sigma modulator will be processed by the counter. The second step occurs
when the Clk is firstly going to low in one new period. At this moment, the output of
the counter which is represented as cg in Fig. 3.10 will be incremented as b[x] is high
and kept the value of the previous state as b[n] is low. The third step happens at the
last cycle of a period. At this step, the last data will be processed in the counter and ¢,
is going to high in Fig. 3.10. Then, the divider produces a pulse in the output Clk N
with some logic delay as 256 cycles are passed. The rising edge in Clk N is the forth
step and the 8-bit register is positive edge triggered to keep the data produced by the

counter. As Fig. 3.10 shows, yo which is the output of the register and also output of
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the decimation filter reflects the value of cy. Then the counter will be reset in the last
step. Thus, the decimation filter processes the input data in every 256 cycles and the

output represents the running average of b[n] in normalized.

b[n] ®_| | .
ck of /UL TUUU U UL UL UL UYUUUT

255 253 1 1 0255 253

o [LIL--TLILIL L L

o ([ e I_I_I_I_I_I_GiJ_l_I_I
Yo | ees I
CIk_N ®

Figure 3.10 Timing chart of the decimation filter where its operation is divided into 5

steps and identified here.

3.3 Summary

Observing the timing chart in Fig. 3.10, the b[x] is changed only at the positive
edge of Clk; however, the counter discussed in section 3.2.1 is a negative edge
triggered structure. The divider discussed in section 3.2.3 is a positive edge triggered
structure on the contrary. By these differences, the decimation filter is just able to
perform well and changed the unrecognized 1-bit bit stream data b[n] into the 8-bit
digital code. Moreover, the decimation filter combined with the delta-sigma
modulator to implement the ADC which is fabricated in a 3-um LTPS technology will

be discussed in the next chapter.
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Chapter 4

Measured Results of the First-order Delta-sigma

A/D Converter

4.1 Layout Considerations

The chip performance is often affected by the layout. For example, noise
rejection could be enhanced and the sensitivity to process variation could be reduced
by using some delicate layout strategies. At first, in order to reduce the sensitivity to
process variation, the method of symmetrical layout should be used in the analog
circuit part. It is needed to pay more attention to the operational amplifier in the
integrator of the delta-sigma modulator.

Fig. 4.1 shows the layout of the operational amplifier and the bias circuit. The
operational amplifier is driven.by the bias circuit whieh generates bias current but not
bias voltage to prevent the voltage drop caused by the long path between the bias
circuit and the operational amplifier.

Besides, the dirty noise sources could be power lines, ground lines, and clock
lines, especially when the chip contains digital circuits. Thus, it is needed to separate
the digital and the analog power supplies into four different pads in order to reduce
noise coupling from power lines or ground lines and the signal path is supposed not to
cross the clock lines. In the placement of the chip layout, it is better to separate the
digital circuit from the analog circuit to enhance the noise rejection.

The proposed delta-sigma ADC on glass substrate has been fabricated in a 3-um
LTPS technology. The die photo of fabricated delta-sigma ADC with the
corresponding pin names is shown in Fig. 4.2 where the test chip size is 1415um x

1781um. The left hand side is the delta-sigma modulator and the right hand side is the
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decimation filter. Then, the measured results will be discussed detailed in the next

section.

Delta-Sigma Modulator

Decimation Filte

Figure 4.2 Die photo of the fabricated delta-sigma ADC in a 3-um LTPS technology.
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4.2 Measured Results
4.2.1 Measurement Setup

The measurement setup are shown in Fig. 4.3 and Fig. 4.4. Agilent E3615A is a
DC power supply which can provide separated pairs of power supply and ground
where the supply voltage Vdd is 10 V and ground Vss is 0 V. Agilent 81110A is
pulse/pattern generator which can provide a pair of non-overlapping clock signals
which is square waveform. Furthermore, the duty cycle is tunable to be the input
signal as measuring the decimation filter performance. That will be discussed detailed
latter. The different between Fig. 4.3 and Fig. 4.4 is the signal waveform detector.
Tektronix TDS 3054 shown in Fig. 4.3 is a digital phosphor oscilloscope using to
detect and display the signal waveforms. However, Tektronix TDS 3054 could
measure four outputs at most .Once a time. Another instrument is needed as the
observing pads are more than four. HP 16702A is a‘logic analysis system which is
used to analysis many bits at once and that could be 8-bit digital output or any other
unknown signals. HP 16702A can process masses of data and record it in characters
form. These instruments are used to measure the fabricated delta-sigma ADC.

The delta-sigma ADC is designed on glass substrate and all of its input/output
signals are bounded to the flexible printed circuit (FPC) pads and then connected to

the PCB (printed circuit board) at the right hand side of Fig. 4.2 and Fig. 4.3.
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| Agilent E3615A DC Power Supply |

Figure 4.3 The measurement setup illustration for delta-sigma modulator and the ADC

with DC probing station.
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| HP 16702A Logic Analysis System |

I Agilent 81110A Pulse/Pattern Generator

| Agilent E3615A DC Power Supply |

Figure 4.4 The measurement setup illustration for decimation filter and the ADC with

DC probing station.
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4.2.2 Measured Results of the Delta-sigma Modulator

The measured results of the delta-sigma modulator are shown in Fig. 4.5 and Fig.
4.6. Those represent the relation between the clock signal Clk and the output bit
stream b[n] under different input voltage. As discussion in chapter 2, the probability
of ‘logic-1’ in the bit stream b[n] is approximately equal to the input voltage ratio. As
the input voltage Vi+ is equal to 1V and Vi- is equal to 9V at the operating frequency
of 2 MHz, 16 cycles of ‘logic-0’ accompany 2 cycles of ‘logic-1" can be found in the
bit stream b[n] as shown in Fig. 4.5. With such an input signal, the probability of
‘logic-1" of b[n] is approximately 0.11, which is close to the input voltage ratio (1/10).
Fig. 4.6 shows another example that the input voltage Vi+ and Vi- are both changed
into 5V. Then, 4 cycles of ‘logic-0’ accompany 4 cycles of ‘logic-1’ can be found in
the bit stream b[n], which producing the probability.of ‘logic-1’ of b[x] is 0.5 to fit in

the input voltage ratio (5/10).

&
i
&

Voltage (10V/div.)

Time (4us/div.)

Figure 4.5 Measured result of the delta-sigma modulator between the relation of output

bit stream b[n] and clock signal Clk as the input Vi+ is 1V and Vi- is 9V.
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Figure 4.6 Measured result of the delta-sigma modulator between the relation of output

bit stream b[n] and clock signal Clk as both input Vit and Vi- are 5V.

To measure the circuit petformance of the delta-sigma modulator, Vi+ is changed
from 1V to 9V and Vi- is changed from 9V to 1V, respectively. The result is shown in
Fig. 4.7. Fig. 4.7 shows the comparison between ideal and the measured results of
probability of ‘logic-1’ in the bit stream b[n]. Good agreement between ideal
calculation and measured results can be obtained from the fabricated delta-sigma
modulator.

In this experiment, there are 10 panels measured and compared as shown in Fig.
4.8 where each panel is illustrated with different characters. As the figure shows, the
measured results of these 10 panels approach each other and their average waveform
shown in Fig. 4.9 is linear and close to the ideal calculation line. Besides, the standard
deviation between these 10 panels is calculated and illustrated in Fig. 4.10. It can be
found that the minimum of standard deviation occurs as Vit of 5V and the maximum

of that which is less than 2% occurs as Vit+ of 9V. Summing up the above measured
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results, the delta-sigma modulator is successfully implemented and verified on glass

substrate in a 3-um LTPS technology.
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Figure 4.7 Measured results of the fabricated delta-sigma modulator, comparing with

the ideal calculation.
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‘logic-1" in the bit stream b[n] with different 10 panels.
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Figure 4.9 Measured results comparison between the average of the 10 panels and the

ideal one.
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Figure 4.10 Standard deviation calculated between 10 panels with the input signal Vi+

changing from 1V to 9V.
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4.2.3 Measured Results of the Decimation Filter

In this section, the measured results of the decimation filter are illustrated. As the
discussion in chapter 3, the decimation filter which is a low pass filter can down
sample the input signal coming from the delta-sigma modulator and decimates into
8-bit digital code. At first, the decimation filter is measured without combining with
the delta-sigma modulator. On the contrary, the Agilent 81110A pulse generator is
used to substitute for the delta-sigma modulator to provide input signal of the
decimation filter. Fig. 4.11 shows the measured results of the decimation filer which
input is provided by changing the duty cycle in the waveform of the pulse generator.
Because such decimation filter will sum up the number of ‘logic-1’ in every 256
cycles, changing the duty cycle of the input pulse will change the probability of
‘logic-1’ counted by the decimation filter. The measured results are compared with the
ideal one in decimal form. Goodragreement between ideal and measured results can

be obtained from the fabricated decimation filter.

250 . 7 .

N
o
o

in decimal form
- —&— ideal digital outputs
— - in decimal form-_.___ @ .. _________

-
a
o

100 |-------- I, A—

8-bit digital output signal
of the decimation filter

50 |- A T R —— R
0 1 i 1 i 1 i 1 i 1
0 20 40 60 80 100

duty cycle of the input signal b[n] (%)
Figure 4.11 Measured results of the decimation filter and its input signal is given by

the pulse generator instead of the delta-sigma modulator.
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4.2.4 Measured Results of the Delta-sigma A/D Converter

The measured results of the whole delta-sigma ADC are shown in Fig. 4.12 and
Fig. 4.13 for two measured panels. The output of the delta-sigma ADC has a small
range of variation on b[n] when the input is unchanged. The reason for this
phenomenon is that the period of the bit stream b[#] is not always a factor of 256 (the
256 is the conversion cycle number of the decimation filter) and it is different from
each other when the different input is given. For example, the period of b[n] is 18
cycles containing 2 numbers of ‘logic-1" and 16 numbers of ‘logic-0’ as shown in Fig.
4.5. When the number 256 is divided by 18, the remainder is 4. Thus, that will cause 4
cycles error. Thus, as the input signal is unchanged and the period of b[#n] is not a
factor of 256, the results calculated by the decimation filter in every 256 cycles will
cause some difference.

The minimum and maximum-measured. results are both shown in Fig. 4.12 and
Fig. 4.13. As these figures show, the square character identifies the minimum value
obtained by the digital output of the decimation ‘filter and then normalized with a
factor 256. The circle character identifies the maximum value. The triangle character
identifies the probability of ‘logic-1" in bit stream b[n] which is measured by the
procedure discussed in section 4.2.2. Thus, both in Fig. 4.12 and Fig. 4.13, the
triangle character lines always locate between the other two lines.

Fig. 4.13 shows the error level that is derived by counting the differences
between the maximum/minimum measured value and the ideal one. The maximum
value of the error level is less than 2 and the minimum value of that is larger than -2.
Thus, the resolution of this proposed delta-sigma ADC is derived as about 7-bit as the

calculation in equation (4.1).

256
== =27 = 7—bit Resolution
‘iz‘ . 4.1)
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Figure 4.13 Measured results of the ADC where its digital output is normalized to
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compare with the probability of b[n] with another panel.
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Figure 4.14 The error level observed by counting the differences between the

maximum/minimum value and.the ideal one.

Furthermore, the fabricated delta-sigma ADC is measured under different ambient
light to estimate whether the proposed circuit operates normally when that is integrated
on panel and exposed to the back light. The fabricated delta-sigma ADC is measured
under strong light source, weak light source, and daylight. The measured results are
nothing different under these three measurement conditions. Thus, this proposed
delta-sigma ADC can be applied to the panel application without worrying about the

influence contributed by the backlight.
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4.2.5 Summary

As the observing in section 4.2.2, the delta-sigma modulator is successfully
designed and verified with its standard deviation is lower than 2%. The decimation
filter can just be seen as a counter to process the signal coming from the delta-sigma
modulator. The decimation filter will contribute some error because of the time
variant property of this ADC and the period difference in the bit stream b[n]. The
measured error level locates between +2 and -2, and the resolution of this proposed
delta-sigma ADC is about 7-bit. Besides, the proposed circuit can be further applied to
the panel application for its resistance to the backlight.

Thus, the proposed delta-sigma ADC has been successfully designed and
realized in a 3-um LTPS technology, and that is suitable to be further integrated with

display panel for SOP applications.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

A delta-sigma ADC on glass substrate for panel integration has been successfully
designed and fabricated in a 3-um LTPS technology. A delta-sigma modulator is
formed with an integrator, a comparator, a D flip-flop, and the negative feedback loop
by Ry and Ry, resistors operating at frequency equal to 2MHz to produce a serial bit
stream b[n] output. The input signal can be reconstructed by calculating the running
probability of b[n]. The decimation filter is used to change the high sampling rate and
low resolution results into the low sampling rate-and high resolution results. Good
agreement between ideal calculation and experimentally measured results has been
obtained from the fabricated delta-sigma modulator. The delta-sigma ADC studied in
this work, which is realized on”glass substrate and successfully verified in a 3-um
LTPS technology, is firstly reported in the literature. The proposed delta-sigma ADC
can be further used to achieve the precise analog circuits for SOP applications, which
enables the analog circuits to be integrated in the active matrix LCD (AMLCD)

panels.

5.2 Future Works

The proposed delta-sigma ADC is realized with fully-differential structure;
however, most of sensing signals produced by the sensor are single-ended signals.
Thus, some circuits such as single-input to differential-output circuit should be further

designed.
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Furthermore, the proposed delta-sigma ADC could be combined with sensing

circuits such like temperature sensor or touch-sensing circuit to perform

temperature-to-digital converter (TDC) as shown in Fig. 5.1 [14] or touch panel

readout circuits and integrated on the glass substrate.

Bias Circuit

Ibias

Bipolar Core

AVge
-

——P>

Vee

Delta-sigma
ADC

Figure 5.1. Block diagram of the temperature sensor.
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