M2 21N

£ P0+7<HA

FU JEN STUDIES

SCIENCE AND ENGINEERING

No.46, May 2013

LEER R i
TERBI02H5A
COLLEGE OF SCIENCE AND ENGINEERING
FU JEN CATHOLIC UNIVERSITY
TAIPEI, TAIWAN, R.O.C.



B = 2 5% — 32 T 48

FU JEN STUDIES

----- SCIENCE AND ENGINEERING

24T A Publisher
L4 # K& (Han-Sun Chiang)

MR B e
rEHR (Ma%ksE  Fré8mwk)
R R, CELZzallifk®ERFSRHE TR ER)

#awE (EofE i i EE) wmakt (PR EEE)
WHEA- (ERIEFZAEE) WEAF (HEZR A EE)
ITHE (FRIEFZHAZEME) ExlE L2724 x4)

S EE (BhiEshiE)

Editiorial Board
Jeng-Tay Yuan (Dean of College of Science and Engineering)
Han-Min Chen (Associate Dean College of Science and Engineering

Graduate Institue of Applied Science and Engineering)

Nanping Yang (Mathematics)
Keng-Ching Kathy Lin (Physics)
Win-Long Chia (Chemistry)
Ruey-Chih Su (Life Science)
Kuan-Jen Lin (Electrical Engineering)
Kuo-Hua Wang (Computer Science and Information Engineering)
Chin-Bi Huang (Managing Editor)

hmE REHBI-KRZHEIEZMR
7L # A B P E385103%
& 3%:(02)2905-2411
1% 5 : (02)2901-4749



kk

B 1= &

= — ¥ T %5

P ERKHI0250A % vg+ 75 H
B i
AR

— IR FH BRI RO S T AR s R TR B Y 7S 67 e i U PR BT A 2
.................................................................................... B ~hmE ... 1
D AV TR o R 1 P 1 i

............................................................... TRIBEE B R CREM .. 17
FIFHREDBEHIAEFERSRE A LT P2 P Rg i S ik Pt [ e
.................................................................................... SIEE RS ... 33
SREA LM RACE S TG 28 2 TR

................................................ HWAMZ  RHE - -HEE BAERL -BRE ... 45
BIFEREIHBHE C7, fhEt sz LLiseht
.................................................................................... [ B gh~ BliZ:d . 57
ik Al AT (R 23 A L AT R o st [ EL B
.................................................................................... AL ~ BB 87
{ifi F A= Bl R RR ER U (s o ke b - B PH AR 25
................................................................................................ G ... 115
100ER A s P T B b BT B B M e 2 G SIS 127



FU JEN STUDIES

SCIENCE AND ENGINEERING

No.46, May 2013

CONTENTS
page
A 6-bit Bias-free Pipelined ADC with Open-loop Amplifiers
by Yi-Ming Tsai, Ding-Lan Shen. ... . . . i
The study and implementation of a photonic Michelson interferometer
by Lien-Bee Chang, Sha-Ching Pan, Han Chen, Yun-Bin Chang............................. 17

Using Random Early Detection to Improve Load Balancing in Unstructured P2P Networks
by Chun-Hsien Lu, Ching-Hung Cheng ... ... ... ... . .. . . . . . . . .. ... 33

Fabrication of High Capacitance Porous RuO2 Hydrogen lon Sensor
by Yong-Sin Lin, Jie-Ting Chen, Chun-Ying Ka, Jung-Chuan Chou, Yi-Hung Liao. ... .. .. 45

A Comparative Study of Estimators for theProcess Capability Index C"”,
by Sy=MienCiven, Ban=Tomg LI ... cuowsn ssav v svsmwoen s soss coswsms s oy s 57

Design and Implementation of High-Speed CMOS Analog Front-End Circuits for Image
Sensors

by Steve Hung-Lung Tu, Wen-Hong Su .............. .. ... .. ... 87

Generalized Active Immittance Simulator using Differential Voltage Current Conveyors
by BRE RO T oo ionss oot nimsits Suasi 5 v SUnsi S ki 06 ) A RRAs B8 w9es 115

Engineering that Appeared in the 2011~2012 Academic Year................................... 127



i ERAEEE 46 1

A 6-bit Bias-free Pipelined ADC with Open-loop
Amplifiers

Yi-Ming Tsai and Ding-Lan Shen*

Departement of Electrical Engineering
Fu Jen Catholic University, New Taipei City, Taiwan

Abstract

This paper proposes a 6-bit 160 MS/s bias-free pipelined ADC with
open-loop amplifiers. The amplifiers utilize MOS transistors in triode
region instead of resistors and current sources to decrease the process
variation and the need of bias circuits. The amplification managed with
the global-gain-control loop which realizes the error amplifier with
a comparator in low-bandwidth preventing the requirement of bias
current sources in linear amplification. This bias-free ADC is designed
with a CMOS 0.18 pm technology and the active area is 0.7 mm®. The
circuit adopts 1.2 V for core circuits and 1.8 V for clocking with power
dissipation of 90 mW. Post-layout simulation results indicate that the
SNDR and SFDR achieve 35.6 dB and 40.5 dB, respectively. The
maximum INL and DNL are 0.8 LSB and -0.92 LSB, respectively.

Key words: pipelined ADC, open-loop amplifier, gain control, bias-free.
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2 A 6-bit Bias-free Pipelined ADC with Open-loop Amplifiers

1. Introduction

The analog-to-digital converter (ADC) acts as an important role between the continuous-
analog worlds with the discrete-digital fields. Recently, high-speed serial link systems such
USB and SATA perform digital communication above giga-Hz [1-3]. In such high frequency
operation, many digital techniques are processed after the ADC to overcome the induced noises
and interferences. With the tremendous progress in the chip process technology, the scaling
technique has driven the operating clock of digital computation toward higher frequency. It is
a significant subject to investigate the novel technique of developing high-speed ADCs for the
speedy communication. ADCs with flash architecture perform the highest speed in conversion
[4-6]. Nevertheless, the power hungry property increases the power dissipation of the entire
system. Pipelined architecture is economical at both power and speed in the ADC design.
Nevertheless, the operation frequency of conventional approaches is limited with the closed-
loop amplifiers in the pipelined ADCs. The open-loop amplification in [7][8] is successfully
applied in the first stage of the high-resolution pipelined ADC with digital calibration. And [9]
develops a global-gain-control loop to manage the high-speed open-loop amplification with
linear error-amplifier. Based on the previous work of [9], resistors and bias current sources of
the open-loop amplifiers are replaced with MOSs in triode region in this work. Furthermore, the
linear error-amplifier is substituted for a latch-type comparator. Consequently, the designed 6-bit
pipelined ADC operates at 250-MS/s without the need of additional bias circuits.

2. Circuit Description

2.1.System Architecture
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Figure 1. System architecture.
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The architecture of the proposed 6-bit pipelined ADC is depicted in Fig.1. This ADC
consists of a sample-and-hold amplifier (SHA), four-1.5b stages, and a 2b-flash stage. The
global gain control servo provides the control voltage to compensate the gain error of the
pipelined stages. After the delay alignment and the digital error correction, 6-bit digital data
are obtained at the output.

2.2.0pen-loop Amplifier

(b)
Figure 2. (a) The open-loop amplifier in previous work [9].
(b) The proposed open-loop amplifier.

The previous work [9] employs the open-loop amplifier of Fig. 2(a) in the pipelined
stage. The resistors suffer from process variation and occupy larger circuit area [10].
Moreover, the bias current requires additional routing in managements and the design of bias
circuits. In this work, the low-gain amplifier utilizes MOS transistors biased at deep-triode
region to replace the resistor and the current sources as depicted in Fig. 2(b). To lower the
power consumption and to provide a proper voltage level for biasing, the supply voltage is
down to ¥y, of 1.2 V. The MOS transistors biased at deep-triode region are achieved with
connecting the gates of M,s to the ground and tying the gates of M.s to V;,,, without additional
bias voltages. As M. operates at triode region, the small signal analysis of this common source

amplifier with source degeneration is given by

— gran
1+g,(R[R./2)
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where R, R,, and R, are the ON resistance of M,, M,, and M,, respectively [1 1][12].
Due to the open-loop operation, the overall gain is altered by the input parasitic capacitive
division. To compensate this unknown gain reduction, the gain of the open-loop amplifier
must be tunable. Because the gain of the amplifier is related to R,, varying R, with the V,,,

alters the gain of the open-loop amplifier. The V., is provided with the global gain control
servo and will be discussed in subsection 2.5.

2.3.Sample-and-hold Amplifier and Pipelined Stage

cs

-?.

Vop
VOI‘I
|no—c\0-2—|
(a)
S
Vip© 4§3 C,
—°§°- b -
c/1 ST
sub-| iy T, s S |
- ADC -$ Vrefplzc o/c2>J o A g
o
Dec [i? Vem o \ Se
- Enc Vrefnlzo_" o [-t\c ©
; oy Se | =
Sy !! +
—? o -
Vino 2 .
in L
S
(b)

Figure 3. (a) Sample-and-hold amplifier. (b) Pipelined stage.

At high frequency data conversion, the performance is sensitive to timing jitter.
Consequently, the sample-and-hold amplifier (SHA) in Fig. 3(a) is adopted to soften the effect
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of jitter with the high-frequency input signals. Two non-overlapped clocks (¢, and ¢.) control
the switches to obtain the held signal. During ¢, the input nodes of the amplifier, Ampl, are set
to V,,. And the differential mputs (¥, and V) are stored in C;s. When ¢, is active, the stored
signals are held at V,, and V,, through the amplifier, Amp1. The pipelined stage is shown in
Fig. 3(b). When §. and S, are ON, the input signal is sampled at C, and input nodes of the
amplifier, Amp2, is set to V.. [n amplification mode, the stage output is obtained from Amp2
according to the results of sub-ADC, decoder (Dec) and encoder (Enc). Nevertheless, since
the charge in C, is shared by C, in SHA and pipelined stage, the amplifiers need to compensate
this capacitive division [4]. Ampl and Amp2 employ the identical topology in Fig. 2(b). The
compensation is achieved through the global-gain control servo to obtain the over-all gain of
two in the pipelined stage by adjusting V,,,.. Because the ideal value of the overall gain in the
SHA is unity, the gain of Ampl in SHA is designed as the half of Amp2 in the pipelined stage.
Although the over-all gain controlled with V,,, may cause the gain error in SHA, the linearity
of the converter does not be influenced. This kind of gain error in ADC is easily compensated

with auto gain control mechanism in digital communication systems.

VopL ' Vo
i
B Sy Level
1t [ S1n
P o e ) Digital e
Vi o Decoder | s, [Tevel
Vin © and Converter [ S2#
Viefn/4 © i Encoder S
E_r S3 [Tevel s
nverter
[]
1l ;
B; B, :
(a)
Viop
VoL Sn
Sy
(b)

Figure 4. (a) Sub-ADC block. (b) Level converter.
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The sub-ADC in the pipelined stage consists of 2 comparators and some digital encoder
and decoder circuit is depicted in Fig. 4(a). To have a better ON-characteristic of switches,
the clocking signal operates at the standard supply voltage of 1.8 V in the 0.18 pm CMOS
technology. Therefore, outputs of the digital circuit have to level up the driving capability.
The level converter is achieved by the circuit in Fig.4(b) [13].

2.4.Comparator

The pipelined stage and the global gain control servo both demand four-input
comparators to provide the comparison of two differential signals with two differential
references. The dynamic comparator in Fig. 5 is adopted to reduce static power dissipation
[14][15]. This comparator is composed of four-input differential pairs, M, . M,, and a back-
to-back latch, M~M,,. When ¢, is low, M; and M, are OFF and four inputs pre-charge at the
gates of M,~M,. No dc path occurs at this phase. Meanwhile, M,, and M,, are ON and the
outputs of the comparator are tied to V. As ¢, goes high, M; and M, are ON and M, and M,,
are OFF. The back-to-back latch regenerates the result of the comparison at the output.

Voot

Figure 5. Comparator.

2.5.Global-gain Control

In a conventional 6-bit pipelined A/D converter design, the open-loop gain of the
amplifiers in the 1.5-bit stages must be greater than 40 dB. High gain amplifiers require
stringent design trade-offs between power and settling-time. In this work, open-loop
amplifiers replace the conventional closed-loop amplifiers in the pipelined ADC as shown in
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Fig. 6(a). The global-gain control substitutes for the individual feedback control in pipelined
stages. Since the loop bandwidth of the global-gain control is not as high as the requirement
in closed-loop amplifiers of conventional pipelined stages, the stringent requirement of the
amplifiers in global-gain control loop is relaxed. Therefore, the pipelined ADC with open-
loop amplifiers achieves high-speed conversion while the global-gain control working at
lower bandwidth.

Due to the low bandwidth characteristics of the global-gain control loop, the linear error
amplifier in [4] is replaced with a latch type comparator of Fig. 5 to avoid the requirement of
bias current sources as depicted in Fig. 6(b). Since the comparator in Fig. 5 demands a reset
phase to tie the outputs to the ¥, a NAND type SR-latch is added to sustain the result of
previous comparison. At ¢, state, V,,/2 is sampled in the C, and the input nodes of the Amp2

is reset to V... At @, state, the output of Amp2 is sampled and compared with V,,. The output

result of the comparison is generated at next ¢, state. The digital-like comparator provides
an infinite gain and the R,C, low-pass filter creates a dominate pole at the low-frequency.
Consequently, this global-gain control loop maintains the over-all gain of 2 without the
stability consideration. Becaue the pipelined stage is duplicated at the global gain control
servo, the parasitic attenuation is almost the same. Accordingly this V,,, further connects to

the pipelined stages of the converter to achieve the global-gain control.

Stage 1 Stage 2 Stage N

Xo-: &v vl Peot Y Xosi Y
PR

Stage 1 Stage 2 Stage N

xn—w—y ] xo_b-—.y Se— XD—@—-Y
t 1

(a)
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Comparator
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Figure 6. (a) Principle of global-gain control. (b) Global-gain control servo.

3. Simulation Results

The input-output transfer curves of the Amp2 with various V,,, are shown in Fig. 7(a).
Their corresponding gain variation is depicted in Fig. 7(b). This simulation reveals that raising
V.s of M. makes the transfer curves sharper and increases the corresponding gains. The linear
output range of the transfer curve is =0.2V. Therefore, the parasitic voltage division can be

compensated with the gain enhancement of V.
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Figure 7. (a) Input-output transfer curves and (b) gain of open-loop amplifier.

The Hspice simulation results of Fig. 6(b) are shown in Fig. 8. If the initial output of
LPF is 0, the gain of the open-loop amplifier is small, and the output of the SR-latch is at V),
in Fig. 8(a) because of initial comparison. In this period, the input of LPF is like a step input
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as illustrated in Fig. 8(b), and V,, increases to enlarge the gain of the open-loop amplifier as
illustrated in Fig. 8(a). When the output of amplifier, ¥, , in Fig. 8(d) is near the ¥, as shown
in Fig. 8(c), ¥, reaches the desired value and the SR-latch begins to toggle the comparison.
Therefore, V,,, rapidly converge to the desired value. The simulation result indicates that V,,,

settles within 43 s at the R, = 20 kQ and C, = 10 pF.
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Figure 8. (a) Control voltage, (b) latch output, (c) reference level, and (d) amplifier
output when global-gain control settling.

Figure 9. Layout of the ADC.



12 A 6-bit Bias-free Pipelined ADC with Open-loop Amplifiers

Designed with 0.18 ¢ m CMOS technology, this ADC operates at the sampling rate of
160 MS/s at the supply voltage of 1.2 V for core circuit and 1.8 V for clocking. Fig. 9 shows
the layout of the ADC. This chip occupies 1.04 x 1.05 mm’ and the active area is 0.7 mm’,
Post-layout simulated results in Fig. 10 indicate that the maximum integral nonlinearity (INL)
and differential nonlinearity (DNL) are 0.8 LSB and -0.92 LSB, respectively. The output
spectrums are shown in Fig. 11. When input signal is at 19 MHz, the SNDR and SFDR are
35.6 dB and 40.5 dB. As input signal is near the Nyquist frequency, the SNDR and SFDR are
32.5 dB and 30.3 dB. Both ENOBs are above 5 bits. The performance specification of the
proposed pipelined ADC is summarized in Table 1.

Maximum DNL = +0.56 /-0 92 LSB

1 = = v
@
(7]
Z

1o 10 20 ET) 20 50 %0

Code #
Maximum INL = +0.8 / -0.75 LSB
1 . : . : : =

8 W
[7]
= of / :
- )
£

15 10 20 30 20 50 )

Code #

Figure 10. Simulated DNL and INL.
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00— 20 30 40 50 80 10 20
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.20
-40
-0k i | | v T
.80
A0 30 4 50 80 70 20
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Figure 11. (a) FFT at F;, = 19 MHz, and (b) FFT at Fin near Fg/2.

Table 1. Performance Specification

Technology CMOS 0.18 um
Supply Voltage :: 3 :gg:i)cing)
Sampling Rate 160 MHz

Resolution 6-bit
Input Range 400 mVp-p
Power Dissipation 90 mW
DNL/INL 0.5/0.4 LSB
SNDR@Fin=19 MHz 35.6 dB
@Fin=79MHz 32.5dB
SFDR@Fin=19 MHz 40.5 dB
@Fin=T9MHz 30.3dB
Active Area 0.7 mm?

13
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4. Conclusion

This work designs the pipelined ADC with open-loop amplifiers without bias
current sources. Replacing the resistors in amplifiers with the MOS transistors
biased in triode region reduces the utilization of linear resistors. The low gain
amplifier employs the transistors in triode region instead of the bias current source. The
global-gain control loop utilizes a digital-like comparator to avoid bias current sources in the
linear error amplifier. Consequently, no explicit bias circuit in the conventional amplifier is
required in this pipelined ADC. Such bias-free techniques simplify the design complexity at
modern high-speed pipelined A/D converter.
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The study and implementation of a photonic
Michelson interferometer

Lien-Bee Chang, Sha-Ching Pan, Han Chen and
Yun-Bin Chang

Department of Physics,
Fu Jen Catholic University, Taiwan, ROC

Abstract

Using a low-cost and commercially available phototransistor and
Schmitt trigger with immunity to false triggering as the light sensor and
the waveform converter respectively, as well as a homemade counter,
we successfully designed and constructed a simple reliable photonic
Michelson interferometer for an undergraduate optics laboratory. The
results of experiments for measuring the wavelength of red helium-neon

laser light achieve better than 19 accuracy.

Key words: Michelson interferometer, phototransistor, interferometry
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Using Random Early Detection to Improve Load
Balancing in Unstructured P2P Networks

Chun-Hsien Lu, Ching-Hung Cheng

Dept. of Computer Science and Information Engineering
Fu Jen Catholic University

Abstract

The architecture of the network system formed by Peer-to-peer
(P2P) technology is one of the most popular applications on today’s
Internet. However, most P2P networks currently in use operate in an
unstructured style. The query broadcast employed by the peers to search
for a file often results in great burdens on the network. Furthermore, for
those nodes located on popular paths, they will receive more messages
and thus have higher loads than the others. In this work, we propose a
message processing and forwarding mechanism which does not lead
to overloads on the nodes in an unstructured P2P network. When a
node scarches for a file, it would use our mechanism to choose which
neighbors to send a Search Request. When a node receives a Search
Reply message, it would decide whether to forward the message or
not using the Random Early Detection (RED) scheme on its own load
level. Simulation result shows that our method can reduce the number of
messages by twenty percent and the average load on the file transmission
path by seventy percent, respectively, compared to when RED is not
used. This shows that our method can achieve load balancing among the

nodes in the network.

Key words: Load Balancing, Unstructured P2P, Random Early Detection

Jonlut@esie. fju.edu.tw
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Fabrication of High Capacitance Porous RuQO,
Hydrogen Ion Sensor
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Abstract

In this study. the porous high capacitance of RuO, thin film
was fabricated as the working electrode of sensors by using cyclic
voltammetry of electrochemistry deposition. These methods have the
advantages of fabricated quickly and low cost. RuO, thin film has high
conductance, high surface area and good electrochemistry reversibility.
In addition, it possesses high stability and electrocatalysis characteristic
in the acidic solution. Therefore, the surface structure of ruthenium oxide
thin film was able to promote the porous and surface area of electrode
and to increase the contact area between the ruthenium oxide film and
buffer solution. The working electrode of RuO, thin film was achieved
to high linearity, sensitivity and stability. Furthermore, this working

electrode can apply to sense the hydrogen ions.

Key words: Porous, High Capacitance, Cyclic Voltammetry, Ruthenium
Oxide, Hydrogen lons
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A Comparative Study of Estimators for the
Process Capability Index C');
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Department of Mathematics
Fu-Jen Catholic University, Taiwan, R.0.C.

Abstract

For processes with asymmetric tolerances, Pearn and Chen (1998)
proposed a generalization index C',. Some properties of the natural

estimator of C; under normality were discussed in Pearn at al. (2004).

"

In this paper, we propose some indirect estimators of C', based on
the results in Singh and Saxena (2005). Asymptotic properties of the
estimators are discussed. In addition, comparison among six estimators
are made. A numerical study based on some combinations of parameters
was conducted for the comparison between the proposed indirect
estimators and the maximum likelihood estimator which was proposed
by Pearn and Chen. It is found that for capable to very capable processes,
indirect estimators which we proposed perform better than the natural
MLE most of the time. The results of the current research can also be
applied to improve acceptance sampling plan when a modied MIL-
STD-1916 is considered.

Key words: Indirect estimator; Asymptotic unbiased; Consistent estimator.
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1. Introduction

In real world, it is not uncommon that there are some given enginnering speci-
fications on the process characteristics. In a stable production process, to monitor
whether a manufacturing process meets a preset level of production tolerance, the
idea of detecting a process via a unitless numerical measure was proposed. A com-
mon summary quantitative measure is the process capability index. It has been used
extensively in many different fields for the purpose of process assessment and im-
provement for suppliers and customers. Many process capability indices have been
proposed in the literature since Juran et al. (1974) first proposed the idea. See Kotz
and Johnson ( 1993 ), Bothe (1997 ), Kotz and Lovelace (1998) and references from
there in.

The first well recognized process capability index ), was proposed by Juran ef
al. (1974), where

allowable range of measurements USL — LSL

? actual range of measurements Go

and USL and LSL are the upper and the lower specification limit, respectively, o is
the process standard deviation.

Kane (1986) proposed an estimator C, = USL=ESL for (', by replacing the un-

known parameter p and ¢ by their consistent estimators X and S, respectively,

\ X B Xy
where X = Zlfn—l and § = 21__1_,(1___1_)_()_

Saxena (2005), based on the experiences from handling parameters in the past, one
may have some prior information in the form of either a point, an interval or in the

. However, as pointed out in Singh and

form of prior distribution. A class of shrinkage estimators Cf was therefore propsoed
for C, when apriori or guessed value of standard deviation o is available. Subse-
quently, the Bayesian estimators Cf';“i and C/’Eg of C, had been done under squared
error loss function by assuming particular quasi-prior distributions of (u, o) (Box
and Tiao (1973)), and (u,1/0) ( Jeffreys (1961)). Except the estimators mentioned
above, an unbiased estimator Cf and a minimum mean squared error estimator Ef‘:,ﬁ
for C), in a class of linear estimators of the form proportional to the inverse of sample
standard deviation were also provided.
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In reality, however, most companies do not rely only on €}, to quantify process
capability because it measures potential capability by the actual process spread only
and does not take process shift into account. To solve the problem, Kane (1986)
proposed the index Cp; that

dy — |p— M|

30 :
where g and o are the process mean and process standard deviation, respectively,
d, = (USL — LSL)/2 is the half length and M = (USL + LSL)/2 is the midpoint
of the specification interval (LSL,USL).

Cok =

Although C), is so widely used in practice, it makes no clear distinction between
on-target (u = T) and off-target processes (1 # T). On the other hand, even a
process is on target, the tolerance may not be symmetric (i.e. the target value T' is
not at the midpoint M of the specification interval (LSL,USL)). Several general-
izations of C,; were proposed to handle the problem about asymmetric tolerances,
eg. Cp, Cp and Sy However, these generalizations either understate or over-
state the process capability in many cases. Pearn and Chen (1998) modified the
index and proposed a generalization which was denoted by 1’,’& The mean and
variance of the natural estimator of C7, were derived under normality and it was
shown that C}; is superior to the existing generalizations of Cp. In 2004, Pearn
et al. investigated the relation between the fraction non-conforming and the value
of C},, under normality. The explicit forms of the cumulative distribution function
and the probability denstiy function for the natural esitmator were derived. Fur-
thermore, they developed a decision making rule based on the natural estimator
. j’j’k, which can be used to test whether a process is capable or not. Chen and Tsai
(2012) derived the density function of the natural estimator from another approach.
The expression of the density is in terms of finite sum and only involves standard
normal distribution, and 1s easier to handle than the one given m Pearn et al. (20U4).

Throughout the presentation of this paper, all developements are made assuming
the process is in a state of statistical control and the characteristic under investiga-
tion arises from a normal distribution with mean p and standard deviation o. By
re-expressing the form of the index CJ),, several indirect estimators of the index are
proposed. Asymptotic properties of these estimators are discussed.

The rest of this paper is organized as follows: In section 2, the index Cp is
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reviewed, and six indirect estimators of C;’:k are proposed. Some inferential properties are
derived. In section 3, comparisons among indirect estimators and MLE are made.
In section 4, extensive calculation is performed to obtain better idea about optimal
estimator with varies levels of C7,. Concluding remarks are given in section 5.

2. Process capability index C,

The process capability index Cy is widely used in real world, however, even if
a process is on target, there are occasions that deviation of a quality characteristic
from the ideal target in one direction is more tolerable than in the opposite direction.
For example, the time to complete a special service in service industries, the size of
baggages which are checked in by flight attendants, or the air which is pumped into
the bag in food packaging are all designed to have unbalanced tolerance. To remedy
this deficiency, Pearn and Chen (1998) proposed a generalization C?) of Cp and is

defined formally by
g A=A
Gk = 30

where

Du , Dl
and D,=USL-T, D;=T — LSL.

Obviously, if T=M (symmetric tolerance), then A* = |y — T| and Cp 1s exactly the
traditional index Cpy.

d* = min{D,,D;}, A*= ma.’L‘{d (n-T) d (T~Ii-)},

zs ; 1 __ d*—A
Notice that = 5

* can be rewritten as

" d* A Bt it
o= |1-=| £ e,
3o d* P

where C7 = % measures the magnitude of the process variation, and C” = [1 — ’3—]
measures the degree of process targeting. Note that C” < 0 only when the process
mean g is outside the specification interval (LSL,USL), and that won’t happen
when a process is under statistical control. In this study we therefore concern the
cases when C7 = 1 — 42 € [0, 1].



fifi{ Bk 46 1Y 61

2.1 Indirect Estimators of C’,;

Let C} and C} denote estimators of C} and Cf, respectively. Then we call the

—

: el B , e
estimator C), = C}/ - C an indirect estimator of the process capability index C;.

= d A = Ao
When C] = 35 £ Cy and C} =1— o = C7 with ji=sample mean, the first

indirect estimator .
e A ——
W1 = 35 (1 B F) =C;Cy
coincides with the natural estimator proposed by Pearn and Chen (1998).

In the real world. not necessarily that all process measures follow normal distribu-
tion, however, the normal distribution is well known, has nice statistical properties,
and can often be fitted to transfromed data even if it is not fit the original measure-
ment all that well. For this main reason, the normal distribution will be assumed
in this study.

Theorem 1 Let X;,---, X, be a random sample from N(u,c?). Then

—_—
3

(a) Cpk] s unbiased if and only if

maz {“‘EUT, T};ﬂ‘“} = 1\/”?33 {1"71 [(a+b)-[§®(5)+¢(§)]b§J }

where T(z) = [["t*Tetdt, z€(0,00),a=g-,b= D% and 6 = }‘i/’——\;ﬁ

b) C" is asymptotically unbiased.
1

pk

i a N £ o . i
(c) okl 1S a consistent estimator of C.
proof:

By Lemma 1, 2 given in the Appendix the Stirling’s formula,
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—

E(C,)=C) b‘ { (a+ b)[od (0)] — bé}]

n-2) E((’?Tf)
) [ o Py Fios Tba n 1 . a) el
implies that the bias of € o = { r T , o 1} ok

,—-—_

Var(@) = c{ @i (22 ;)?2<nf—b)(62+1)~2\—%f(”"i—%
A folend ()

a? e e o—1% ba -1 1 bio\*
_ m(a+b)“[b(b(5)+@(6)] + (H_B) -rf + (2_3 - 5?-) (H—ﬁ) }

n—r0o0
— s

O

In 2005, Singh and Saxena re-expressed the index as C}, = 2 K6 where § = 1 /o, and
proposed estlmator% of C}, other than the one given by Kane 11amely the unbiased

estimator C“ the minimum mean square error estimator C}) CM in a class of linear
estimators, a class of shrinkage estimator Cf that based on a class of estimators
B(uvy of 8 which minimizes the mean squared error (MSE). Sometimes the guessed
value #y may depart from the true €, but by choosing appropriate parameters wu
and v, the shrinkage estimator C’S can still perform well; The Bayes estimator C’Bl
based on the class of quasi prior_proportionate to (1/0)¢ given in Box and Tlao
(1973), and the Bayes estimator Cfg based on the Jeffrey’s (1961) quasi prior that
proportionate to (o)?, for ¢,d > 0. When ¢=0 and d=2, the estimators CF' and
CJ? coincide with the unbiased estimator C. Likewise, the minimum mean square
error estimator C) is the same as C'’2 when d=3, and the two Bayes estimators of
C, are the same when c=d=1. Comparisons among these estimators were also given
in Singh and Saxena (2005) which indicate that for small sample size, the shrinkage
estimator C'5 has the least mean square error. See Table 1.

Substitute 5;’ by the estimators given in Singh and Saxena (2005), five addi-
tional estimators of the process capability index C are given as the following:
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— P — 1 — n-1 ——
" d_ U H_ﬂ’* F(n ) " — 2 (%) An
(& Ff Ci=4& ”” i o N R
pk3 T\ d. n— Ir(n 3) ‘a T n—1 f‘(%) “pkls

—— —_——

s c ; ezt
';'M ( )CS Cg— dar [@90 (1_ /VM) %F(Eﬁ_@). ; M} Cu

:[UQO ’ S (1 - I/V(In ) ) ﬁr(ﬂ%zj ' I (n u)] pkl
where I R e atid 1.520,5 >0
(n w) — A\ (2l r(n—‘zzu—l)-; , U 2

—— —— —— ~rnte—1 —— ntc—1 —
I Bl . ¢ — d° DI ) =7 s D(*E=—) S .
phS T (d,) CP Ca TS\ n-lr(nteE) C“ - n—1T(2=2) pk1r € > 0.
2 F(n (H-l) F(n—d—{-l) —

A (&N ABe L Fa o dr "o 2 3 oL
pk6 (d,) Cp C’a — 35\ n—-1 (5% =) C Al lx(nT_d) Pkl d > 0.

|w‘\

Motivated by the estimators given above, it can be seen that four of them are
contained in a class of estimator in the form of

g _ [ 2 T a2
A W V= R

i.e. In the case whenl € {2,3,2 - ¢, ¢, d}, where c € {1,2,...,5} and d € {0,1,4, 5},

the estimator C7}; becomes Ch,, ;’;A:& B C”kﬁ respectively.

Properties of these estimators are given in the following theorems. Part (a)(c)(d)
of each theorem are based on Lemma 1, Lemma 2 and Stirling’s formula. Part (e)

can be proved by Markov inequality.

Theorem 2 Let X,.--- ., X, be a random sample from N(p, o). Then
(a) E (C” ) Cur'(—"fl)r(n;z) {1 “ {(a + b)[6D(8) + ¢(6)] M‘}]
=" > 2 L_ 2 ——1 (i —bd}|.
" pkl P r(n:)-.') I-\(n,zl) \/?r—1 g @

(b) C/ij”; is unbiased if and only if
pu—T T—p l'"("—-_”'"é“) F(—”;Q) o ) N
o = ; s l=——:|{a 6D A]—=0b8] ;.
max { Du b Dt } r\(n;.’) f-(n;l} l‘ \/ﬂ (”+b) [6 (O)+d)( )}

(c) C”“ is asymptotically unbiased.
(d) WM(CL'H)
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(R (- ) ()
+(a+b)[(n33) f_j(a B)(24+1)— ff%’ (7123 - (;Ejf;)z)ﬂbo;g? (g(gl;”@(d)
(1) S (- () ) (2 oo

& (F( ";2))2 (a + b)*[6®(8) + ¢(5))? =20
n F(%) ' '

(e) C”H is a consistent estimator of C)..

proof:
n— 4—1 ) r(

e r( 2y B(C2
(b) bias(Chyy) = ( ],(,,;_'.(;) F(Lg—i) . (cn )_ 1) s O

Theorem 3 Let X;,--- . X, be a random sample from N (p, Uz). Then

— d* ; i N g _ o
(a) E (Cgkﬁl) = ':g'pgﬂ(l_-M/(n_u))+I’V(n,u)cp’:| s l:]. = ﬁ{((b + b)[d@(o) + {ﬂ(o)] = 6(5}]
(b) C'”,l1 is unbiased if and only if

. T T r 71.—2 u F 'n—lu—l l“ n—2 u F n— u—
maxr s ; “ a b@(} (il) ( 722 ,1) =k ( i ) ( ._2 1)

D, D g T\IED)) T T R T
(c) C” .4 is asymptotically unbiased.
(d) Vﬁ"((mu)

- crwe, { (a+b) { (r(igj)i(z%-f‘)) 2 o)1) 20 (r(.,;il()i{z”—-g—') B 1)

(=2) vn i
2b8202 (BT 7 20 (TCTLCF)
- } “b{ ) oo 7 (M)
950 P(=h0(25) | o
=S - }qﬁ(é) b 6®(d) + (o )} ( rz(r_'i__) ) n

F(n_l)r(_s) b(SU 1 * ! 2 * / "
+(—2‘—(“—)2— = 1) (1+%) s I:Qd 2’1I293(1—W(n:u))2+§d UQU(]'_M/(H,,L:))OP] .

{02{[(%0)6 +(a® =) ®(6)+(a+b)0(8) +b—(a+b)*[60(8)+ qs(o‘)]?}] 2%,




I

—
(e) Cy 1s a consistent estimator of

proof: e
(b) bias(Cpyy)

s r(zz2) | rea=p=t) ree=2) " pe=z=1y | E(CD) "
- ({@090 [1 N [F( = )} r(uzlz'u)] + L‘(L,jﬂ)] r(&:%:u.:l)}' cY -1 'Cpk- -

3. Comparison Among Estimators of C'},

In this section, we report on a comparative study for the proposed indirect es-
timators based on the results from section 2. To make the comparisons, differences
among the mean squared errors of estiamtors are needed. However, all the ex-
pressions of pairwise dﬂToron( es are very (ornph(ated For example, the difference
between the MSE of C’”,cl and the MSE of C7;,, which is the simplest one within
fifteen possible dlffer(,n( es, is given by :

MSE( C%,) - MSE( Cly)
, [EC" ECY 1 n—1 n—3 (T(%3))?
— ("2, A= . 2 - ) :
(Coi) { cr { 1} -1 c" ( +1) }}+ L’L—iﬂ 2 (P(—n§ ))

{(}b) [((ab)\c;- ) ( }?Ud‘g> -@{m}

+(1+b50' "y [a+b ( ()+¢())+H%r'

As we can see from the equation, it is extremely complicated to decide the sign of
the difference. Therefore, a different approach for comparison is required.

=

3.1 Comparison Without C Phd

As mentioned in previous section, C,.,, C ., C', ., C" . can be represented as
T pk2 pk3 ph5t ~ pk6

65
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"‘* d* A i
{i)—t 35 (IAE):t-CPM,

2 r(ﬁ%}“)

where t = | /== - raTy with [ = 2, 3,2 — ¢ and d, respectively.

For the case when ¢ € {1,2,...,5} and d € {0,1,4,5}, let

P d* A S
Cp( = 39 L= d*):v-CDkl

where n > 6 and
i’t H—l
YES = {1}U{1/ n , |l=-3,-2-1,0,1,2,3,4,5}.

It is clear that

——

Var(Clp(v)) = 72 - Var(Clyy)

i 2 i ¢
lBiCLS(CPk(’}’))‘ - ( Cpkl)) ’ 20 AE(CpI.I) A/ ~+ (Cpk)z
and

— . 2
MSB(Ci(v) =7 Var(Cy) + (7 B(Cpaa) - Cii)
= (Var(Cpp) + (B(Cp))?) 72 = 205 E(Cly) - + (Co)

2

o 2

n—1

Obviously, Var(C (7)) increases in v. On the other hand, denote
n—i+1
1(‘(22-_))’ by Lemma 3, Lemma 4 and Lemma 5 in the Appendix, for n > 6,
2

o g oy g e | ey B e g,

Since 74 and 75 correspond to the estimator C”,,»6 with d = 4,5, it implies that C’"
has the smallest variance among C phi» o1 fori=1,2,3,5,6 when d > 3. Also, V=3 V-2
and vy_; correspond to the estimator o ks With ¢ = 5,4 and 3, implies that e ks Das

the largest variance among C i fori=1,2,3,5,6 when ¢ > 3 That is
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Var(Clrgle = 5,4,3) > Var(Clle = 2) = Var(Clygld = 0)
> Vm(C/";) >V m"(:; e=1)= Vafr‘(C;kGM =1]
> Var (5;2) > Var(é;);) > Var( pk6|d o S

For any real number z,

— S
1

z " " .
(E{C"M)) 22 — 2CH E(Cly)a + (Cly)?

p ]
(q‘H
attains its minimum value 0 when z = # And

pkl)

1

(Var(Cha) + (B(Cp))? )r — 205, E(Ce ) + (Cpe)?

reaches its minimum value

when

o (C”kl)

p

 Var(Cly) + (E(C))?

e i
Therefore, |Bias(Cy,(v))| approaches 0 when 7 is very close to

"

C

ph
E(Cya)
rr ‘ CT’T_ CH R .
and MSE(C,,(v)) approaches Vet il ”%l when 7 is very close to

Var(Cpy ) H(E(Cpiy))?

Co E(Cpia)
Va"’(q:m) T (E(Oﬂkl))Q

b

67
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3.2 Comparison with C pEd

Let A = %‘l, then

MSE(Clyy) = (W, )03V ar(Clyy) + 11 -7

P

— 2
+{[r A= W),)+ Wi brE(Cona) = Ci}
achieves its minimun at

by (ECpua) (Cp) = Wi B3 (ECun)? = (G P "
(1-W,.,) [(cp) ra +b2(EC),) J |

(r,u)

(B8} =

where

i = [(UA)Q(I - I‘]V[In,,u))g % Q(U’A)(l - W(,n,u))} (C

re = b+ (a® — b*)®(J) + (a + b)*(6D(8) + ¢(8))[6 — (IO() + #(6))],

1 1 w—T
I= r———— —_— d (5: y
e=geior 'TTFoisp ™ vl

).

When W(’ w) is fixed, r is determined by the values of v and A, ry is determined
by the value of T and 4.

For v € §,
1) Var(Clx(7)) < Var(Clg) & 7 < :fif;
ar pkl
For ry < 0, Var(C/*;;) < Var(C ,;) when u = —1, and

Var(?) Ca Var(C x3) When u=1.

(2) |Bias(Cyy(1)| < |Bias(Cppy)|
C*:k _ |E(C'ﬂk4)—6pk| <7< ‘:k HE( pk4) (p.kl
E(Chyy) |E(Cpiy) E(Cl) |B(C )l
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(3) MSE(C/\ (7)) < MSE(Cly,)

D
MSE(Cly,)- e (C”’“' C)”

C P((pkl) o Varle kl)”F(Cka)] .
Var(Cp ) +(B(Che))? Var(Cppe B )P ’
- MSE(Cl,)- Vor(Cy (G

}*(Cpkl) »ar(c“pkl)+[u<“p,‘1nz
Var(Clie ) +(B(Cly,))? Var(Cle, +LE(CL,, )P

For the proposed estimators to be practical and convenience to use, a step-hy-
step procedure is provided as the following:

Step 1: Compare the standard error of C;M with the standard error of C”". k6"

(From 3.1, we already know that C‘;;kfj with d = 5 has the smallest
standard error.)

Step 2: (a) Among the five estimators o CRT O;m, Cz;’ki .

e or ke the estimator

, O
which corresponds to the vy that is closest to _f;,-rm has the smallest
pkl
| Bias| .

(b) The estimator which corresponds to the v that is closest to
C B ;’M )
Vm( pkl +(E(C‘p“))

Step 3: Compute the MSE and |Bias| of the estimator 55;1-

has the smallest MSE.

Step 4: Compare the results from Step 2 and Step 3. The one with smallest
MSE, or |Bias| is the best estimator under corresponding comparison
standard.

4. Numerical Study

In this section extensive calculation is performed to obtain better idea about op-



70 A Comparative Study of Estimators for the Process Capability Index C7),

timal estimator under different situation with varies levels of C. Consider normal
processes with asymmetric specification tolerances LSL=10, USL=50; To cover
capable to very capable processes, let C7, € {1,1.33,1.67,2}; Performance of es-
timators for small to large sample are concerned, so choose sample size n from
{6,10, 30, 70,100, 300,500,1000}. The process standard deviation o = 2.22,2.49,
2.86, 3.33 are selected.

The condition that LSL < p < USL has been a minimum capability require-
ment applies to most start-up engineering applications or new Jprocesses. For the o
chosen, by Lemma 5 in the Appendix, to reach the 1'equi1‘ed . e = 1.0, (p, T) must
lie on the level curve as shown on Figure 1. Similarly, for C, or = 1.33,1.67.2.0, (10, T)
must lie on the curve as shown on Figure 2, Figure 3, Figure 4, respectively. As we
can see that the level curve is getting tighter when the capability index is getting
larger for each fixed sigma. In this numerical study, some representative paris (u, o)
are chosen for each specific index value.

For the shringkage estimator, take v € {—1,1}. Note that for different combi-
nations of parameters, it is possible that (vA)* becomes negative, which may lead
to an undesirable negative C;M. Therefore, the value ”zero” will be assigned to
(vA)* when it happens. In the entire numerical study, there will be 32 different
combinations for the case when T' = yu, and 468 different combinations for the case
when T' # p.

The computation result shows that for the comparison without O;')'k 4 if the pro-
cess is on target (ie. T = p), then for all sample sizes, Cjy with d = 5 has the
smallest standard error; When the mean squared error \rISE is compared, as the
Sa.mple size n increases from 6 to 1000, the opt:mal estimators are C, C;;I.Q C';kG,

C’;k], C’ w5 Tespectively. And becomes C k2 C k6 C;k], . ks Tespectively, when the

a,bbolute bias |BIAS)| is used. See the lst Qnd, 5th and the 8th column in Table 2.

When the process is off target (i.e. T # p), again o, ke With d = 5 has the small-

est standard error; C'pk » has the smallest absolute bias; and C k3 has the smallest
mean squared error among the five indirect estimators. See the 1st, 2nd, 3rd, 4th,
9th and the 11th column in Table 3.
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In the special case when T = M (process with symmetric tolearnce), C;A-.a has
the least standard error. The result depends on the distance D between p and 7' if
cither MSE or |BIAS| is used. When D < 0.02, for both on target and off target

processes, if MSE is used, the optimal estimators for small to large sample are C"

Coizr Coer C;kl . ks tespectively. When |BIAS| for each estimator is compaled

the optimality when the sample size increases becomes C’ C ok C;kl Cpk 5- While

D > 0.02, Clj, has the smallest MSE; C7j, has the smallest IBIAS). See Table 4.

When the comparison includes C;,, and if a process is on target, C), has the
smallest MSE; When |BIAS| is considered, then the optimal estimators are C,,
Conss C]';M C;;kd, &, x4 When the sample size increases as above. o w6 With d = 5 has
the smallest st andald error regardless the sample size; See the 1st, 3rd. 4th, 6th,
7th and the 8th column in Table 2.

When the process is off target, C;kz has the least |BIAS|; and C;ks has the
smallest standaqi:error; However, the situation changes when MSE is compared.
When C;,” =2 C;M performs the best; For the other index value, there is no certain
pattern, the optimality depends on the location of the target T and the sample size.
See the 1st, 2nd, 5rd, 6th, 7th, 8th, 10th and the 11th column in Table 3.

For the case when T' = M, o ke Das the least standard error. For the other two
standards, the results depend on thr, distance D between g and T. When D < 0.02,
for both g+ T and p =T, if MSE is c cmmdored thon as the sample size increases,

the best estimators are CpM, C':u, C;kﬁ C” pka for the case when u = —1; for
u = 1, the best estimators are C’pM C’;m, O;M, . pkss W When use | BI AS| as standard,

the best estimators become Cpkz C’;kﬁ, C];'A " C‘p C'"M While D > 0.02, C7. ko has
the smallest |BIAS|. For small sample size and large index, Cp,c4 has the least MSE.
For all the other cases, Cpk 5 hs the smallest MSE almost all the way. See Table 4.
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5. Conclusions

Pearn and Chen (1998) proposed a generalization CJ; of Cp to handle the situ-
ation when a process has asymmetric tolerance and a natural estimator was given.
In this research, by assuming that a process follows a normal distribution, we pro-
pose more estimators of the process capability index C),. The mean and variance of
each estimator are derived, and it is shown that all these estimators are consistent
and are all asymptotically unbiased. The absolute bias, standard error and mean
squared errors of these estimators are derived.

However, even with all the analytical results about the absolute bias, standard
error and mean squared errors for each estimator, it is still hopeless to derive the
condition for the comparison. The comparison was dii‘sggssed via an example. Under
normality, the numerical computations shows that C;:kﬁ has the smallest standard
error under all circumstances. When we use |Bias| as comaparison standard, and

when the process is off target (i.e. T # p), C”p'k , is the best estimator. However,

when the process is on target (i.e. T = p), prs e and c k1 pmf()l m well for small

sample. o pks berforms the best for moderate to large sample, and o, ks Performs the
best for extremely large sample. Finally, when we use the MSE as tho comparison

standard, C;M is the best when the process is on target (i.e. 7" = u). When the

process is off target (i.e. T % it), Cpys preforms better for smaller Cy» but o ki
performs better for larger C', o 10 conclusion, MLE is no longer the best among all
possible estiamtors.

The last thing we would like to point out is about the standard MIL-STD-
1916 which was published by US goverment. The purpose of such standard was to
encourage those defence contractors and other commercial organizations who sup-
plying goods and services to the U.S. Government to keep on improving the quality
of their products. However, the MIL-STD-1916 is desinged based on the process
capability index Cp, which may not be proper for processes with asymmetric toler-
ance. Therefore, we suggest to modify the MIL-STD-1916 based on the estimators
we proposed in this article to improve acceptance sampling plan. Such a modified
standard should provide valuable information to those suppliers and US government
when they have to face products with asymmetric tolerance.
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Appendix
Lemma 1 Let Xi,---, X, be a random sample from N(u,c?). Then
(a) the pdf of C” is defined by
1 I —ip1- 52 1 —1/1-3 450
= T P 0] (32 +8) s
P == —¢ 2\ ao + —e 2 \ o y 1 S 1 1
== 3 b ). )
(a) By Lin(2005), L* = A*/d* = maz {Xb—f, IB—!X} follows a generalized folded-

normal distribution Np(8, n7'/20;a,b), with the rth moment

r

E(L*7) = (\#}—) -5, (j) 5 [a" T, (~6) + (~1) I L, (5)]

J=0

where

Z;(0) = /:O t/ o (t)dt

This implies that the expected value of 5’;’

— o
FCHY=FE1-1L"Y=1-— ) — bd
@) =B~ 1) =1- {4 0060) + 60)] - 4 .
vy p>T

(b) E(CT) = 1—%{ (a+b)[5®(3) +¢5(5)]—bé} P O =

pu—LSL :

T aT if o< T.
- T=L8E
Lemma 2 Let Xy, ---, X, be a random sample from N(u,o?). Then

(a) the pdf of 5’;’ is given by

d
f@'(y): n—3

(Ern-nF et =&V = 10,
y Mexp
F(Tl)Q 2
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— \(n=2
with mean E(C)) = %% - Cy, where C), = d/30 >0, and n > 1.
2
(b) €}/ is an asymptotic unbiased estimator of C}.
proof :

(a) A natural estimator of C, is defined by 6; = d/35. By Chou and Owen
(1989), for n > 1 the distribution of C,, is

n—1)% O ~(n—1)C?

=i G (’_Q} il

—~(x) = = y
pr( ) I_.‘(ng;])zng efﬂp{ 2$2

—~ e r ,!72
and E(C,) = 4/ ‘21%-,% i

Since C/?E’ = 6;- % it implies that the pdf of 6;’ is

2y?

d*\n-1 ‘_1”*107-%1 —(EY2(n = 1?2
(§) -1 G y_ﬁei_p{ () )p}wo.

.f‘j‘f ! == n—1
C:n (y) F(n—l)QT‘

2

o1 11( n;?)

and E(C)) = T T

1"
.y

(b) By Stirling’s formula. O

n—lz+1

Lemma 3 For [, > [ ,
[{e=ps) Do)

DRy~ T(5R)

Proof:

Note that for 2,y € (0, c0),
' I(2)I'(y)
VL = v)* iy = =222
/0 W1 —v) v T+ 3
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Let z = %! y =1, then

2
o1 ; i r n—I e l
[va-oea -2
7Y I'(% +3)
Thus,
IC G R R N W
F(PQ;I) F(HT_J) 2 [Ul U%_](l = ’U)n;’ld'ﬁ

Since (1 — fv)%“!‘l is an exponential function of ("’T’I —1l)and0<1—-v <1, for

l, > 1y one has
n—I n—I :
(1-v) 2 1> (1-v)7

implies that

1 n—I- 1 n—1
/q;%-l(l—ef)_z‘“d‘“>f v} (1 —v)" 7 dv,
JO 0

and
1 1
Eotoary il < SD I PO Y
vt —v)y T v fjerTi(l-v)TT Tidy
Hence,
D{E=at) T
S B e
L= = (%32

Lemma 4 (Wade 2004) If 2,y € (0,00) then

: 2z—1 - 2y—1 [(z)I(y)
cOoS - sin“! dp = ——"—,
fo ¢ pay 2z + y)

Lemma 5 "
2 T(%== re
(5 Ly, (2 TG
n—1 F(E) n—ll“(”—z—)
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2 iy n—3 n—2>5
/ cos" 2 xdx = .
Jo
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Proof:

Let 2 = % y = 1 by Lemma 2,
'z & n—I T _1_ B n—l+1

/ cos" 1y sin® pdp = ( 3_3 (21) = ( n2—[ ) = % VT ;
0 a2+ 5) (a2 2 [ cos"tL pdyp

Recall that

n

cos
/ cos" xdr =

If n is even, when [ = 0,

_1 .
xsinx n-—1 i
+ cos™ 2 zdz.
n n

™

/2 s n—2 n—4 2/% n—2 n—4 4 2
cos" T pdr = —— e = cosxdzr = n —n i =t
0 0

for =1,

it

1
n—2 n-—4 2

Implies that

™ mw
7 ) w 1 T
cos™ ! zdx x cos" % xdy = s,
0 0 Jl = 1 2
Therefore,

\/Tr(%)x\ﬁr(—u—gﬂ)_ 2 T
n—1 I'(%) n—-1T>%) n-14.L.27 7

The same results hold when n is odd.

By Lemma 1,
9 F(nT—H) N 2 F(n—1+1)
Vn-—1 I'(2) Vin—1 INE=)

| {bo
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hence,

2 (&) 2 TI(2=H)
Va1t ~ ' Va1 e

Lemma 6 For given C, ok and a

(a) When T < M,

LSL + 30C, ifu<T
#=1 H8L— 300” B fu>T

(b) when T > M,

B LKS‘L+3(;*5)L ifu<T
H=\USL-30Cl, " ifu>T
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Figure 1. C‘;k = 1.0 and
dash:o = 2.22, solid:o = 2.49,
dashdot:a = 2.86, spacedash:e = 3.33

504

Figure 3. C;k = 1.67 and
dash:o = 2.22, solid:og = 2.49,
dashdot:o = 2.86, spacedash:g = 3.33

"

Figure 2. C,, = 1.33 and
dash:g = 2.22, solid:eg = 2.49,
dashdot:o = 2.86, spacedash:o = 3.33

Figure 4. C;k = 2.0 and
dash:o = 2.22, solid:e = 2.49,
dashdot:o = 2.86, spacedash:c = 3.33
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Table 2: Proportion of estimators which perform the best out of 32
different combinations when 7" = p

n MSE MSE MSE |BIAS| | |BIAS| | |BIAS] | SE
u=-1 u=1 u=-1 u=1 u=-1,1
32 31 3: 0 2924 23520 25819 B5)Ea2
6 4: 31 4::32 6(1): 8 6(1): 6 6(1): 6
4. 6 4: 7
3: 8 3:0 3: 0 6(1): 32 | 6(1): 28 | 6(1): 28 | 6(5): 32
10 21524 2: 6 2: 4 4: 4 4: 4
4: 26 4: 28
224 2:6 2: 4 6(1): 10 | 6(1): 10 | 6(1): 10 | 6(5): 32
30 | 6(1):8 |6(1):4 |6(1):4 | 1:18 1: 18 1: 18
4522 4: 24 5(2): 4 5(2): 4 5(2):4
4: 0 4: 0
6(1): 22 | 6(1): 6 6(1): 6 1: 4 ool 1: 4 6(5): 32
70 1: 8 1: 4 Iz 4 5(2): 20 | 5(2): 20 | 5(2): 20
5(2): 2 5(2): 1 5(2) :1 5(3): 8 5(3): 8 5(3): 8
ST 43520 4. 0 4: 0
6(1): 6 6(1): 0 6(1): 0 5(2): 12 | 5(2): 12 | 5(2): 12 | 6(5): 32
100 | 1: 16 1.6 Iz 6 5(3): 18 | 5(3): 17 | 5(3): 17
5(2): 10 | 5(2): 5 5(2): 5 5(4): 2 5(4): 2 5(4): 2
45523 45521 4: 1 4: 1
5(2): 2 5(2): 0 5(2): 0 5(3): 2 5(3): 1 5(3): 1 6(5): 32
300 | 5(3): 12 | 5(3): 1 5(3): 1 5(4): 12 | 5(4): 11 | 5(4): 11
5(4): 12 | 5(4): 7 5(4): 7 5(5): 18 | 5(5): 14 | 5(5): 14
5(5): 6 5(5): 3 5(5): 3 4: 6 4: 6
4721 4521
5(3): 2 5(3): 0 5(3): 0 5(4): 2 5(4): 1 5(4): 1 6(5): 32
500 | 5(4): 8 5(4): 0 5(4): 0 5(5): 30 | 5(5): 16 | 5(5): 16
5(5): 22 | 5(5): 11 | 5(5): 11 4: 15 4: 15
4: 21 4: 21
1000 | 5(5): 32 | 5(5): O 5(5): 0 5(5): 32 | 5(5): 0 5(5): 0 6(5): 32
432 4: 32 4::32 4: 32
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Table 3: Proportion of estimators which perform the best out of 468 different combina-
tions when T' #

o] e [ W T [P
T<30 | T>30 | T<30 T>30 T<30 T30

0 3o [se S |3 BT BB 2468 | 2468 | 6(5): 468
o[ an[an T8 38 (58 Ty
IR
il Sl 2 [2]5 i gs i gﬁ i [2)6
3468 3108 4: 270 3170 4: 208

1.0 | 392 |3 92 j 32 2 g: ‘i gi i 33 2. 468 | 2: 468 | 6(5): 468
w[im[an[sn 20 [Fm T im
waw a0 L8 25 2B |0%
20 |52 |32 3o (4o |6 |42
3: 468 3: 271 4: 197 3: 147 4: 321

10 | 3:92 | 392 2 22 j gf,’ i 2‘; i ;g 2468 | 2: 468 | 6(5): 468
w[im[an [zn L0 (T8 TE [T
167|546 [3a6 | 700 (G5 |nas |44
20, | ek | velin i gﬁ 2 gﬁ i gﬁ i gﬁ
3. 468 3310 4: 149 3024 376

A d kil ?(2) S5 lnaes | 2468 | 6(5): 469
wlim[an [sn|i0 [T8 T8 [iH
e [su | 2@ TR TA [om
o [ow [om |38 |35, 1% 37
3. 463 3334 4 1M 3. 208 4 170

81
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Table 3(continuous)

"

n | MSE ﬁ’IiE_l :’f’_ﬂi |BIAS]| fifff' ii—l,l
T<30 | T>30 | T<30 T=30 T<30 T>30

10 | 3:92 | 392 f 32 i gz i ;g i ;’g 2: 468 | 2 468 | 6(5): 468
100 | 133|370 | 370 ‘;‘ go i;g f ;i’ 223
v [su E0 [ER THR TR
3: 468 3: 337 4: 131 3: 232 4: 236

10 (g2 30 |90 |38 S SRS 248 | 2468 | 6(5): 468
o [ [am [ 0 (54 5 E
HET | G | SRR f ;19 ; 3; i 26 ; 26
20 826 |36 |00 |30 |das | ao
3T4GR 3 349 4126 | 3 996 4 042

10 [esy |y | FOF | MeE EBE @ T 28 | 2468 | 6(5): 468
w0 (13 |sm 30 |00 0 |0 (i
Il ELE
20 |26 326 | ooy (g2, |56 |4
3468 330 4194 | 3 359 & 109

10 302 30 |F Fhe BB RS Toaes | 2468 | 6(5): 468
1000 | 133 | 370 [ 370 | 500 PR S | men
o vw a0 3 56
w[enlonie 40 L0
3R 3340 4 124 3 245 4 233




i ERRESS 46 1D

Table 4: Proportion of estimators which perform the best out of 32 different
combinations when 7" # gand T'= M

7

n Cr [MSE |MSE | MSE | |BIAS| | [BIAS| | SE
u=-1 = u=-1,1 u=-1,1
1 3: 8 2:°8 2: 8 6(5): 8
133 | 3: 8 2: 8 28 6(5): 8
6 | |[T—pl>002| 16738 2 8 2: 8 6(5): 8
20 | 36 2:6 26 6(5): 6
|T—pl<002| 20 | 3:2 A ) 6(5): 2
1 |38 238 28 6(5): 8
133 | 3: 8 28 2: 8 6(5): 8
10| |T—pu>002 | 16738 2: 8 2: 8 6(5): 8
20 | 3:6 2% 6 26 6(5): 6

IT—p| <002 | 20 | 2:2 6(1): 2 | B(1): 2 | 6(5): 2

1 |38 2: 8 2 8 6(5): 8

1.33. | '8:48 288 298 6(5): 8

30 | [T —u>002 | 167 | 3:8 2: 8 28 6(5): 8
20 | 3:6 2: 6 2: 6 6(5): 6

IT—pul <002 | 20 | 2:2 1: 2 1: 2 6(5): 2

1 3:8 2:18 2578 6(5): 8

133 | 3:8 %58 2 8 6(5): 8

70 | |T — | >0.02 | 1.67 | 3: 8 2: 8 2: 8 6(5): 8
20 | 3:6 2:'6 D6 6(5): 6

OO WO WO WO MM TIT O e N OO O ®WO e O D OO S w

—
|
[~

—

= i oo e e B B e e o o o o e e o E s E
= o o o e o o e Eo s S O e o e e e T

IT—p| <002 | 2.0 | 6(1): 2 5(2): 2 | 5(2):2 | 6(5): 2

o
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n Cl | MSE |BIAS| | |BIAS]
u=-1 u=1 u=-1,1
1|3 i‘ g i i 2: 8 2: 8
1.33 | 3 i’ 3 j g 2 8 2 8
100 | |T—p|>002 | 167 | 3 j’ g 2 I 2: 8 2: 8
20 | 3 g g i i’ 2: 6 2: 6
IT—p <002 | 20 | 1: o |7 g 5(2): 2 | 5(2): 2
Clee [0 [ET [ae [e
133 | 3 > g j g 28 |28
300 | |T —pl>002 | 167 | 3 2 g = g 28 |28
20 | 3 . 3 Se  |me |z
IT - <002 | 20 | 53): 2 2(33 2(30) 5(4): 2 | 5(4): 2
e |78 [TF [as [es
133 | 3: 8 2 S e |2ms | oms
500 | |T—pu> 002 | 1.67 | 3 i’ g i‘ I 2: 8 2: 8
20 | 3 . 2 g 26 |26
T —p| <0.02 | 2.0 | 5(4): 2 Z:(%: Z;Mo): 5(5): 2 | 5(5): 2
NN
1.33 | 3 i’ S 2 S S0R 2: 8
1000 | [T —p} > 002 | 167 | 3 i’ g f;’ 3 2: 8 2: 8
20 | 3: 5O |ES |26 |26
IT - ul <002 | 20 | 5(5): 2 2(5{2 Z: 50): 5(5): 2 3(53 2
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Design and Implementation of High-Speed CMOS

Analog Front-End Circuits for Image Sensors

Steve Hung-Lung Tu, Wen-Hong Su

Department of Electrical Engineering
Fu Jen Catholic University
New Taipei City, Taiwan 24205, R.O.C.

Abstract

With the proliferation of digital cameras and multi-functional
printers, document scanning has become much more easily. Image
processor IC’s have been popular consumer electronic products. The
core image processor IC’s can be classified two catalogs: one is based on
CMOS technologies and the other is with CCD architecture.

The two factors, price and resolution actually determine the
applications of the two image processor IC’s. The CCD based image
[C’s have the advantages of high S/N and large dynamic range, which
therefore are employed in the products of high resolution and high scan
speed. By contract, CMOS based image 1C’s are used in low-resolution
and low-speed products.

This paper is aimed at investigating image sensors in CMOS and
CCD technologies, we also present the analog front-end readout circuit
design specifications of CMOS image IC’s. Meanwhile, we also propose
a novel architecture of the readout circuits to improve the S/N of CMOS
based image IC’s, which we expect the proposed architecture can be
applied in high-resolution and high-speed image circuits.

Key words: image processing, analog front-end readout circuits,

dynamic range.
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Generalized Active Immittance Simulator using
Differential Voltage Current Conveyors

Yung-Chang Yin

Department of Electrical Engineering

Abstract

In this paper, a generalized active immittance simulator circuit
using three differential voltage current conveyors (DVCCs) and three
passive components is presented. Depending on the passive elements
selection, the proposed circuit can realize synthetic floating inductor
and floating frequency-dependent negative resistor (FDNR). The unique
features of this circuit offer the following advantages: (i) No requirement
on component matching for the desired schema; (ii) Independent control
of immittance value facilitated through two resistors. For the application,
the inductor in the LCR passive filter circuits can be replaced by the
proposed floating inductance simulator. Thus, the advantages of these
new active RC filters without an inductor can include low component
sensitivities and utilize the extensive capability of the primary LCR
filter design. In order to show the performance of the proposed
immittance simulator c¢ircuit, a second-order voltage-mode RLC passive
bandpass filter is experimentally demonstrated. The ideal simulated and
experimental results of the filter confirming the theory are included.

Key words: differential-voltage current conveyor, inductor simulators,

analog circuit design, active filters
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1. Introduction

Active filters are widely used in signal processing. Many circuits employing the second-
generation current conveyors (CClls) or the four-terminal active current conveyors as active
elements for current-mode filters, voltage-mode filters, sinusoidal oscillators and immittance
function simulators have been presented earlier [1]~[19]. For example: Chang presented a single
mput and a single output current-mode filter using one CCII [7~8]. Chang proposed a universal
current-mode filter with three inputs and one output [9]. Senani employed seven CClIs, two
capacitors and three resistors to realize a single input and three outputs filter [10]. Yin realized a
one input and three outputs current-mode universal filter employing five CClIs, three capacitors
and two resistors [12]. Senani employed only a single CCII along with a single capacitor and
two resistors to realize a circuit for the simulation of a parallel floating- inductor and resistor
(parallel RL). This circuit does not require matching components [12]. Singh used a single CCII,
a single capacitor and two resistors to simulate a lossy floating inductance series resistor (series
RL), with no component-matching requirement [13]. Senani proposed two new active RC
networks, employing two CClls, a single capacitor and four resistors, to realize series/parallel

RL impedance, with no element matching conditions [14].

A recent publication introduced a versatile active-circuit building block termed differential
voltage current conveyor (DVCC). It was constructed by Pal [20] and then was developed and
realized in CMOS technology by Elwan and Soliman[21]. The DVCC has become very popular
because of its high signal bandwidth, great linearity and large dynamic range. Therefore, it has
been useful in many analogy signal processing applications to general all-finite linear circuits
and applied in the areas of oscillator design, active filters, and cancellation of parasitic elements
[20]~[29]. For example: Elwan and Soliman employed two DVCCs and two capacitors to
synthesize current-mode bandpass and lowpass filters [21]. Ibrahim, Minaei and Kuntman used
three DVCCs and six passive elements to construct current-mode Kerwin uelsman ewcomb
biquad [25]. Yin employed two DVCCs and some passive components to construct bandpass,
lowpass, notch, allpass and highpass filters [26]. Yin used a DVCC and some passive elements

to realize lowpass, bandpass and highpass filters [27][28].
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For the application, simulated immittance can be applied in the area such as oscillator
design, active filters and cancellation of parasitic elements. The designing active filters by
simulating the inductor of a passive LCR realization of the filter include low component
sensitivities and the ability to utilize the inherent advantage of LCR filter design.Therefore, the
LCR passive filters with simulated immittance have also received considerable interest. For
example: Yin used two DVCCs as active elements and three passive elements to synthesis the
grounded inductance, grounded capacitance and negative resistor simulation circuit in 2012[29].
The proposed grounded inductor simulator of [29] is applied to replace the grounded inductor
of the RLC passive filters. Thus, the new RC active filters can enjoy the advantages of the RLC
filters. Unfortunately, the floating inductor of the RLC passive filters can not be transferred to
RC active filters by the proposed grounded inductor simulator. For this reason, the simulated
floating inductor need be constructed to solve the mentioned problem.

In this study, a new circuit configuration for the simulation of floating inductance and
FDNR using two DVCCs and three passive components is proposed. The proposed floating
immittance simulator circuit has no passive component matching condition imposed. As an
application sample, the simulated floating inductor is used to replace the floating inductor of the
LCR passive filters. Moreover, the new RC active filters can enjoy low component sensitivities
and extensive knowledge of LCR filter design and benefit from the LCR passive filters. Finally,
the series LCR passive bandpass filter using the proposed simulated inductor is experimentally
validated.

2. CIRCUIT DESCRIPTION

The circuit symbol for a DVCC is shown in Fig.1. The port relations of a DVCC can be
characterized as V.= V,;- V,», I,. =1, I, =-I, and I,,= [,,= 0. The

+ and ‘- signs of the

current /. denote the non-inverting and inverting, respectively.
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Vv - Y. 7+ > .
DVCC
Vi Y- Z- - | -
[
\J
V.

Fig.1. ADVCC symbol

The active immittance simulator circuit is shown in Fig.2, where Z,~ Z; are impedances. By
routine analysis, one get, for the circuit of Fig.2, the input impedance of the active immittance

simulator equation is given by

Z 7
i U UL UP S P— (1)
Z2
¥ Z- X Y
- 2
|
& Zr Vi 7
O
Y1 Z+ 72 Z+ X vz
Zin
Y2 X Z- 7 Y1
7

Fig.2 The proposed floating impedance simulator.

By choosing suitable passive components from the impedances Z,, Z, and Z; in
equation (1), the floating inductors and floating frequency dependent negative resistors can be

obtained as follows:
(1) If Z,=R,, Z;=R;, and Z,=(1/sC,), are taken, the impedance of the floating inductor

is obtained as
Z: 8Ly TR A RUR, cusammmsimimisri e s e R S 4 (2)

where L.,= C,R,R;. The sensitivities of the active inductance are

L L L

Sy =Si=85 -l
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From the above equation (2), properly selecting values of the resistors and capacitors,
both large and small values of inductance and capacitance can be obtained. Thus, the floating
inductance simulator is constructed and its values are independently tunable through the three
passive elements in the circuit of Fig. 3.

A%
- Z- X Y2
|
& Z+ Y1 R3
o]
C2
Yi Z+ Z+ X y;
Zin
Y2 X Z- 7 Y1

Ri1

Fig.3 The proposed floating inductance simulator.

(2) If Z; = (1/5C;), Z, = (1/sC)), and Z,= R,, are taken, the floating FDNR is given by

1 1
Zi= BSOSO OSSOSO URUURUUUPRTRPR (3)
s, sCGR,
where D= C;C,R.. The sensitivities of the active FDNR are
S FI, =S :)., =g g; =1

Similarly, the floating FDNR simulator can be obtained and its values are independently
tunable through the three passive elements.

3. SIMULATION AND EXPERIMENTAL RESULTS

The AD844, as integrated circuit, is now commercially available. The DVCC is
implemented by three ICAD844s, three IC op-amps and five resistors. The theoretical
characteristic of the FDNR, described in Fig.2, is given for C1= C3=1 ¢ F and R2=10k (}.
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The Matlab analysis is proven to be effective when the optimum curve of the FDNR
circuit is applied shown in Fig.4. It is observed from equation (3) and figure 4 that the
impedance of the FDNR decreases with increasing frequency.

=

a0

infdb)

o
wl
g

20

10 10° 10
Frequency (HZ)

Fig.4: The ideal curve of the FDNR for C;= C;=1 uF and R:=10k Q.

na

If the proposed simulation floating-inductor was experimentally tested using R, = R;=/K(2,
C.= IuF and 1IC AD844s, the proposed circuit shown in Fig.3 can be equivalent to an inductor
with L, = /H.

Then, this simulation floating-inductor can be used in the realization of the series RLC
passive bandpass filter shown in Fig.5 and the transfer function has a biquadratic bandpass

characteristic with

R
(-—)s
vr)m' _ L"'f 4
LT 7 T (4
in Su+5(—)+"
eq quc
the central frequency: ©®,=(—— )”2 ............................................................................ (5

LG

——
the quality factor: 9 = R( % NZ  sseresssmsssssmnssesinsabis s A S RS R ST SRS (6)
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The sensitivity of o and according to passive components are:

1 1

Uy — Q%= D= ), — % = f=qgdbh=qg% = 9, =
S(\_SR), S(.';; 52 S¢ -_DSR‘ Sy =8¢ —» Si 1
2 2 3 2 2
all of which are small.
Le
+ q C +
Vin R Vout

Fig.5 The prototype passive series RLC bandpass filter
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In Fig.6, a second-order bandpass filter was constructed with R=/K(2 , C =/uF and

L.,= IH. The Matlab has simulated the ideal curves of the bandpass filter. The measured

]

values were found using a Hewlett Packard network/spectrum analyzer 4195A. The

resonance frequency was monitored and measured and the corresponding inductance value

was calculated and compared with the theoretical value calculated using equation (2). The

experimental results for the gain and phase responses shown in Fig.7 (a) (b) demonstrate

similarity between theoretical calculation and actual measurement. There is a high correlation

between the theoretical analyses and the measured results with only minor errors due to the

use of passive elements.

Z- X Y2
+ Z+ Y1 R3
C
C2 +

Yi 7+ X
Vin Z+ + Y2

Y2 X Z- 7 Yi R Vout

ou
R1

Fig.6 Bandpass filter circuit used to test the inductor realized using circuit of Fig. 4
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(a)The gain response curve of the banspass  (b)The phase response curve of the banspass
filter using simulated inductor. filter using simulated inductor.

Fig.7 (a): The gain response curve of the banspass filter using simulated inductor.
(b): The phase response curve of the banspass filter using simulated inductor.
*: Experimental result for banspass gain
+: Experimental result for bandpass phase
—: Ideal curve

4. CONCLUSION

The concept of the floating inductor and FDNR using three DVCCs and three passive
elements is proposed. The inductance value of the proposed circuit can be independently
tunable through the three elements - R,, R; and C,, and it does not require matching of any
passive component. The advantages of RC active filter when constructing filter transferred
by the proposed circuit includes low component sensitivities and the ability to utilize the
extensive capability of LCR filter design. Finally, the experimental results on floating inductor
utilizing a LCR bandpass passive filter confirmed the theoretical analysis.
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