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ABSTRACT (ENGLISH)

Design of On-Chip Transient Detection
Circuit for System-Level ESD Protection

Student: Chih-Hang Chang Advisor: Prof. Ming-Dou Ker

Degree Program of Electrical and Computer Engineering
National Chiao Tung University

ABSTRACT (ENGLISH)

As the improvement of semiconductor process and technology, the mixed-signal
integrated circuits have been widely used in industrial electronic products. As the transistor
size continues to shrink, the thinner oxide and shallower junction depth in advance technology,
microelectronic products are more susceptible-to ESD damage. Therefore, ESD protection has
become an important reliability issue in CMOS ICs.

Recently, system-level ESD is an increasingly important reliability issue in CMOS IC
products. It has been also reported that reliability issues still exist in CMOS ICs under
system-level ESD tests, even though they have passed component-level ESD specifications.
In the system-level ESD testing, ESD-induced energy is coupled to the power and ground
lines of microelectronic products, which can cause microelectronic system into locked state,
frozen state, or even hardware damage. Thus, in traditional solutions, extra discrete
components are often added on printed circuit board (PCB) to suppress system-level ESD
events in microelectronic products. However, those discrete components are substantially

increasing the cost of microelectronic products. Therefore, the chip-level solutions to meet

il



high system-level ESD specification for microelectronic products are strongly requested by IC
industry.

In chapter 3, a transient detection circuit has been investigated to detect the fast electrical
transients on the power line (Vpp) and ground line (Vss) under system-level ESD tests. The
proposed on-chip transient detection circuit has been fabricated in a 0.15-um CMOS process
with 3.3-V devices. The circuit performance has been evaluated by system-level ESD tests. It
has been confirmed that the transient detection circuit can detect and memorize the occurrence
of the positive and negative fast electrical transients on the power and ground lines of CMOS
ICs.

Second, the transient detection circuit with hardware/firmware co-design has been
investigated in chapter 4. Due to the generation of glitches from system clock under
system-level ESD or EFT test, therefore, a method of using transient detection circuit to stop
system clock is proposed, it can avoid these glitches to cause the malfunction and frozen of
the microelectronic system. Anyway, ‘according to the-experimental results, it has been
improved the system-level ESD tests immunity.

This thesis is divided into five parts. In chapter 1, international standards about
system-level ESD are generally guided. In chapter 2, some traditional solutions to overcome
system-level ESD events are collected and introduced. In chapter 3, a novel on-chip transient
detection circuit is proposed. In chapter 4, the transient detection circuit with
hardware/firmware co-design has been simulated in detail and circuit performance has been

verified under system-level ESD tests. The last chapter includes conclusions and future works.
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Chapter 1

Chapter 1

Introduction

1.1. Motivation

Electrostatic discharge (ESD) is an important part of integrated circuits (ICs) design for
many years, as the semiconductor technology level continue to increase, and process
geometries continue to shrink, more complicated functions are integrated into single chip to
decrease the cost of microelectronic products. Due to thinner oxide and shallower junction
depth in advanced technology, microelectronic products equipped with CMOS ICs are more
susceptible to electrostatic discharge damage. Therefore, ESD protection has become an
important reliability design in CMOS 1Cs products. In order to verify the robustness of the
ESD productions against the ESD-induced energy, many international standards have been
established. Generally, component-level  [ESD- and system-level ESD are two kinds of
specifications to verify the ESD robustness of the CMOS ICs products. The major difference
between component-level ESD and system-level ESD specifications is that whether the
equipment under test (EUT) with or without power supply. Component-level ESD tests are
used to simulate the well-controlled environment, such as factory environment. To
characterize component-level ESD susceptibility of CMOS ICs, the test method should follow
three ESD test standards: human-body-model (HBM), machine-model (MM),
charge-device-model (CDM) [1]-[3].

Recently, in many companies, the product features have met customer requirements, but
the system-level ESD tests are far lower than customer expectation. Therefore, it is an

increasingly important reliability issue in microelectronic products [4], [5]. Under
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system-level ESD test, the ESD-generated transient electrical voltage with quite large
amplitude and fast period can randomly exist on power line (Vpp), ground line (Vss), and
input/output (I/O) pins. This energy may cause malfunction or hardware destructions, such as
logic data losing or the chip burning out. In order to ensure the yield of the microelectronic
products, several electromagnetic compatibility (EMC) regulations are defined. The
microelectronic products are required to evaluate system performances under test standard of
system-level ESD test. In the system-level ESD test standard of IEC 61000-4-2 [6], the
microelectronic products are required to sustain the ESD-generated voltage of +8kV (x15kV)
under contact-discharge (air-discharge) test mode to achieve the immunity requirement of
“level 4”. Unfortunately, it has been reported that even though some COMS IC products have
passed component-level ESD specifications, they .are still susceptible to system-level ESD
stresses. The experimental results “have | confirmed the power and ground lines of
microelectronic products no longer maintain the normal operating voltage under system-level
ESD tests, but underdamped sinusoidal waveforms with an amplitude of several tens to
hundreds of volts and period of several-tens of nanoseconds instead [4]. From previous
studies, it has been reported the super twisted nematic (STN) liquid crystal display (LCD)
panel keeps in locked state and shows error display after system-level ESD tests [7].

In traditional solutions, extra discrete components are added to suppress system-level
ESD events in microelectronic products [8]. Those discrete components including ferrite bead,
magnetic core and transient voltage suppressor (TVS) are used to decouple, absorb or bypass
the electrical transients generating from system-level ESD zapping, but using discrete
components, the total cost of microelectronic products will increase substantially.
Additionally, the requirement of ESD level is often depended on customer-defined
specifications and ESD protection designs need to be different for various product

applications. It is more challenging to achieve ESD level high enough than before. Therefore,
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system-level ESD protection design plays an important role in many kinds of CMOS IC
products. As a result, the chip-level solutions to meet high system-level ESD specification for

microelectronic products are strongly requested by IC industry.

1.2. Introduction of International Standard

ESD is an important reliability issue on CMOS IC products, especially in the advanced
technology. Many international associations, such as ESDA (Electrostatic Discharge
Association), AEC (Automotive Electronics Council), EIA (Electronic Industries Alliance),
JEDEC (Joint Electron Device Engineering Council), and MIL-STD (US Military Standard),
etc, have drawn up the different ESD standards for all kinds of ESD conditions. All of the
international standards described above - are  component-level ESD standards. The
component-level ESD standards~defined the- test. environment, test methods, and the
corresponding ESD test level. In order to verify the robustness of CMOS ICs under
system-level ESD events, many international companies adopt other specifications, such as
IEC 61000-4-2 (system-level ESD events) and IEC 61000-4-4 (EFT events). IEC 61000-4 is a
part of the IEC 61000 series, and the mainly contents of part 4 are about testing and

measurement techniques. In this section, the international standards are described below.

1.2.1. IEC 61000-4-2 Specification

The object of the standard, IEC 61000-4-2 is to establish a common and reproducible
basis for evaluating the performance of CMOS ICs inside the electrical/electronic
microelectronic products. This standard specifies typical waveform of the discharge current,
test levels, test equipment, test set-up, and test procedure. In order to verify the disturbance of
CMOS ICs under system-level ESD tests, the ESD gun is used to zap the ESD-induced

energy to the EUT. Fig. 1.1 (a) shows the equivalent circuit of ESD gun. The energy storage
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capacitor, the discharge resistor, and the discharge switch shall be placed as close as possible
to the discharge electrode. Moreover, the equivalent circuit of the human body model is
shown in Fig. 1.1 (b). Comparing with the two equivalent circuits, the storage capacitor in Fig.
1.1 (a) is 150pF, and that in Fig. 1.1 (b) is 100pF. That means, the ESD-induced energy stored
in the system-level ESD condition is larger than that in the component-level ESD condition.
The discharge resistors used in the Fig. 1.1 (a) and (b) are 330Q2 and 1.5kQ, respectively.
Therefore, the ESD-induced energy generating from ESD gun in system-level ESD test has
faster rise time than that in component-level ESD test. Fig. 1.2 shows the typical waveform of
the discharge current under system-level ESD test (IEC 61000-4-2) and component-level ESD
test (MIL-STD 883). Under 8-kV ESD zapping condition, the peak current in system-level
ESD test is about five times larger than thatiin component-level ESD test. In order to compare
the test results obtained from different ESD. generators, the characteristics of the waveform of
discharge current are listed in table 1.1. Table 1.2 shows the test level (test voltage) of
component-level ESD test, such as HBM, MM and :CDM. The system-level ESD test levels
with contact discharge and air discharge test. modes are shown in Table 1.3. Contact discharge
is the preferred test method and air discharge shall be used when contact discharge cannot be
applied. It is important to note that the severity of each test level is not equivalent between the
two methods. The discharge electrodes of two test modes are shown in Fig. 1.3.

Discharge Switch
Discharge Switch
.. B W o 1.5kQ

DisEIj_alrge Tip & l
159"':""" — Voltage pr
I / — 100pF

ESD Gun | : —~ Source I Test

S50MQ 330Q

Earth Connection
(a) (b)

Fig. 1.1 The equivalent circuits of (a) ESD gun which is used to zap the ESD-induced energy

,,,,,,,,,,,

under system-level ESD test and of (b) human body model under component-level ESD test.
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IEC 61000-4-2

w
o
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o
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Time (ns)

Fig. 1.2 Under 8-kV ESD zapping, the peak current in system-level ESD test is about five

times larger than that in component-level ESD test.

Contact Discharge
- Head

N\

Air Discharge
Head

Fig. 1.3 Discharge electrodes of ESD gun which is used under system-level ESD test with

contact discharge mode and air discharge mode.

Table 1.1 Waveform parameters of discharge current.

Level h\l;gﬁzged First Peak current £10% | Rise Time Curr::‘;i)ii()%) CUHZ?;:_;ZO%)
kV) (A) (ns) ) (A)
1 2 7.5 0.7t01 4 2
2 4 15 0.7to1 8 4
3 6 225 0.7to1 12 6
4 8 30 0.7t01 16 8
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Table 1.2 Component-level ESD specifications.

Model Name Test Voltage
Human Body Model >2000V
Machine Model =200V
Charge Device Model >1000V

Table 1.3 System-level EMC/ESD specifications - test levels.

Contact Discharge Air Discharge
Level Test Voltage Level Test Voltage
1 12kV 1 12kV
2 H4kV 2 H4kV
3 16kV 3 18kV
4 18kV 4 +15kV
X Specified by Customer X Specified by Customer

To compare Table 1.2 with Table 1.3, the test voltage of system-level ESD is larger than
component-level ESD, no matter with contact discharge or-air discharge. Noteworthiness, the
voltage waveforms are different for each' method due to the different test methods of test.
According to these phenomena, system-level - ESD ‘tests affect the system operation of the
microelectronic products more seriously than component-level ESD tests. Table 1.4 shows the
evaluation of system-level ESD test results, the test results shall be classified in terms of
hardware damage, loss function or degradation of performance of the EUT. Generally
speaking, the microelectronic product should reset itself automatically after system-level ESD
test to pass the “class B” specification at least. The EUT shall be operated within the specified
climatic conditions to avoid unnecessary influence from electromagnetic environment of the
laboratory. The measurement setup of system-level ESD test is shown in Fig. 1.4 and the

elaboration of this setup will be followed in chapter 3.
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Fig. 1.4 Measurement instruments of system-level ESD test.

Table 1.4 Recommended classifications of system-level ESD test results.

Criterion Classification
e Normal performance within limits specified by the manufacturer, requestor or
purchaser.
Temporary loss of function or degradation of performance which ceases after
Class B the disturbance ceases, and from which the equipment under test recovers its
normal performance, without operator intervention. (Automatic Recovery)
Class C Temporary loss of function or degradation of performance, the correction of
which requires operator intervention. (Manual Recovery)
_ Loss of function or degradation of performance which is not recoverable, owing
Class D
to damage to hardware or software, or loss of data.

1.2.2. IEC 61000-4-4 Specification

IEC 61000-4-4 is an international standard which gives immunity requirements and test

procedures related to electrical fast transients (EFT) [9]. EFT disturbances commonly exist in

industrial environment where electromechanical switches are used to connect and disconnect.

The EFT test intends to demonstrate the immunity of electronic equipments against transient

disturbances originating from switching transients, such as interruption of inductive load,
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relay constant bounce, etc.

According to the standard of IEC 610004-4, the equivalent circuit diagram of EFT
generator is shown in Fig. 1.5 and the major elements are listed in Table 1.5. In particular, the
impedance matching resistor Ry, (50€2) and the DC blocking capacitor C4 (10nF) are defined
in the standard. The charging capacitor C, is used to store the charging energy and R, is the
charging resistor. The Ry is used to shape the pulse duration. The effective output impedance

of the generator is 50Q.

- - = = e =,

’ Ca 500

! Coaxial
! ] Output
' High- :

! Voltage ;

! Source ;

| 1

| 1

I I

\ 1

9 o 1

EFT Generator

Fig. 1.5 The equivalent circuit of EFT generator.

Table 1.5 Characteristics of the EFT generator.

Parameter Definition
Re Charge Resistor
Ce Energy Storage Capacitor
Rs Impulse Duration Shaping Resistor
R Impedance Matching Resistor (= 5002)
Ca DC Blocking Capacitor (=10nF)

During EFT tests, the power lines of the CMOS ICs inside the microelectronic products
no longer maintain their initial voltage levels. A number of fast transients would couple into
power, ground, and I/O pins randomly causing the ICs inside the EUT to be upset or frozen

after EFT zapping. The characteristics of such a high-voltage-level EFT-induced disturbance
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are listed in Table 1.6 and shown in Fig.1.6 [9]. The test voltage waveforms of these fast
transients with the repetition frequency of SkHz and 100kHz. The use of SkHz repetition rate
(repetition period of 0.2ms) is the traditional EFT test and 100kHz (repetition period of 10us)
is closer to reality. For EFT pulse with the repetition frequency of 5kHz, there are totally
seventy-five pulses in each burst string and the burst duration time is 15ms, and the period
between two adjacent bursts is 300ms. Similarly, for EFT pulse with the repetition frequency
of 100kHz, there are seventy-five pulses in each burst string and the burst duration time is
only 0.75ms. The rise time and duration of a single pulse voltage waveform must accord with
the characteristics which are listed in Table 1.7 and shown in Fig. 1.7. A voltage pulse
waveform with rise time of 5ns£30% and duration of 50ns+30% occurs on the test pins of
EUT under EFT tests. The EFT test levels for testing power supply ports and testing I/O, data
and control ports of the EUT are list in Table 1.8: The voltage peak for I/O, data and control
port is half of the voltage peak for testing power supply-port. Level “X” is an open level,

which is specified in the dedicated equipment specification.

Vi
Pulse
.01 ms at 100kHz
|\ I\< %perition period \ N
Time
v
Time
0,75 ms 15.ms Burst duration

at 100 kHz

Burst period 300 ms

Fig. 1.6 General graph of fast transient/burst.
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5ns +/30 %

50ns + 30 %

Fig. 1.7 Voltage waveform of a single pulse in each burst.

Table 1.6 Characteristics of the fast transient/burst

Time =

Repetition Rate (kHz) | Repetition Period (ms) | Pulse Number Bt Dimateh | BURERewed
(ms) (ms)
5 0.2 75 15 300
100 0.01 5 0.75 300
Table 1.7 Characteristics of a single pulse.in each burst.
Parameter Value
Frequency 5 kHz or 100 kHz
Rise Time 5ns £ 30%
Duration 50ms +30%

Table 1.8 Specifications - test levels.

On power and PE (protective Earth) On I/O (Input/Output) Signal, Data
ports and Control ports
Level — —
Voltage Peak Repetition Rate Voltage Peak Repetition Rate
&V) (kHz) kV) kV)

1 0.5 5 or 100 0.25 5 or 100

2 1 5 or 100 0.5 5 or 100

3 2 5 or 100 1 5 or 100

4 4 5 or 100 2 5 or 100

< Specified by Specified by Specified by Specified by

Customer Customer Customer Customer

10
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1.3. Thesis Overview

From the previous introduction, how to solve the system-level ESD events has become
an important issue for the microelectronic products. The target of this thesis is to find a
chip-level solution towards system-level ESD problems. Therefore, this thesis would be
divided into five chapters.

In chapter 2, some traditional techniques to solve system-level ESD events are
introduced. In chapter 3, a novel on-chip transient detection circuit for detecting system-level
ESD and EFT protection is proposed. In chapter 4, a hardware / firmware co-design method is
proposed which can avoid system-level ESD. Finally, in chapter 5, the conclusions and future

works of this thesis are given.

11
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Chapter 2

Solutions to Overcome System-Level Electrical

Transient Disturbance

2.1. Background

ESD is a serious reliability event that causes electrical overstress (EOS) on
microelectronic products. For a long time, terminal products endlessly encounter customer
return due to EOS. Besides ESD protection design and ESD verification of microelectronic
products, manufacturers need to focus more on ESD reliability of CMOS ICs. If CMOS ICs
are weak against ESD, the products cannot have good ESD reliability. For component-level
ESD protection, some simple methods are used to protect CMOS ICs against ESD events,
such as diode and grounded-gate NMOS (GGNMOS), In addition, to provide strong
protection against transient disturbance, other protection methods and new structure device
have been proposed and investigated to enhance immunity against large impulse current.
Although component-level ESD has been enhanced and passed the specification (e.g., HBM
8kV), but in system-level ESD is still not meet specification. Therefore, system-level ESD
protection plays an important role in many kinds of CMOS IC products. As shown in Fig. 1.2,
the peak current in system-level ESD test is about five times larger than that in
component-level ESD test under 8-kV ESD =zapping condition. For this reason, the
system-level ESD protection methods are different from component-level ESD protection
methods.

Recently, IC designers gradually pay more attentions to the system-level ESD events.

More and more test methods have been published to investigate the system-level ESD events.

12
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It would provide IC designers with an appropriate way for obtaining more analysis methods
on the transient disturbance protection. For traditional solution for microelectronic products
against system-level ESD tests, the basic concept is to use these filters to bypass or absorb the
large transient disturbance. Since for the advanced technology, system-on-a-chip (SOC) has
become a trend to provide multi-function integration and save cost, how to avoid system-level
ESD stresses causing SOC system locked in frozen state would become an important design

topic.

2.2. Traditional System Design Solutions

In order to improve the immunity of microelectronic products to achieve the strict ESD
specifications, system designers can take many approaches to prevent ESD damage. One of
the system design solution against system-level ESD- events is to add some discrete
noise-decoupling components or board-level noise filters on the printed circuit board (PCB),

these examples are shown in Fig. 2:1(a) and (b). [8],{10]

Filter Network Printed Circuit Board
er Netwo it :
i F8 : 7
e = 00—t —{PWR
9 T = Le¢ ;
Keyboard /@\ 1= R :
Data | B Wy ~— Data+
Connect Geble \—} L i| 8 R Lc :
to PC== = I 8 R 3 ?
H ol Clock 3 VWy L G Data-
i E “ 5 FB ci
Shielding X T i ::.g & T : -
Ground  Magnetic P SR ST ;L= T Qg —o——=— H e
e Printed Circuit Board Wicrosontreer Port Noise Filter Network

.\Shieldlng Plate
(a) (b)

Fig. 2.1 The system solution to overcome the system-level ESD issue by adding extra
discrete components to absorb or bypass the electrical fast transients (a) in keyboard and (b)
in USB I/O port.

These discrete components are used to decouple, bypass or absorb the transient noise

generated form system-level ESD events. Therefore, the discrete components can reduce the

13
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transient energy of transient disturbance coupled on power line of CMOS ICs. Moreover,
adding some noise-decoupling components can even clamp the transient voltage at low level
to avoid ESD damage on internal circuits of CMOS ICs. Some discrete noise-bypassing
components for system-level ESD protection, such as transient voltage suppressor (TVS), or

low-pass noise filters, they have been reported and would discuss in the following sections

[11].
2.2.1 Transient Voltage Suppressor (TVS)

TVS is commonly used to improve the system-level ESD immunity of microelectronic
products. It can provide ESD discharge path under system-level ESD tests. Usually, TVS is
located near the power pins and the I/O.pins of CMOS ICs to provide system-level ESD
protection in the PCB. The main function of TVS is to absorb high peak as a surge device
under ESD tests. It is an open circuit during normal circuit operation and a short to ground

during ESD events. The peak pulse power of TV-S:can be estimated by

P xV

peak = I pp clamp (1)

Where I, i1s the maximum lightning current that TVS can bypass, and Vjmp 1s the voltage
when I, is applied across the device. Device with lower clamping voltage during ESD stress
conditions can sustain higher ESD level. Although TVS can be an ESD protector, its
immunity performance is not well enough compared to other discrete components. Moreover,
TVS often has high capacitive loading, which can cause distortion on high data rate signals.
As aresult, TVS is not suitable for high speed applications.

For ESD protections, there are many types of TVS components, such as varistor, metal
oxide varitors (MOVs), and zener diode, etcs. Varistors are made of ceramic materials.
Compared with TVS components, MOVs have lower capacitance. However, for high speed

14
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interface applications, the capacitance of MOVs is still not low enough to cause signal
distortion. Moreover, MOVs has high impedance with low clamping voltage. When the
voltage across this device is high, the resistance value would drop to a low level. The voltage
drop across the varistor will dramatically increase as the current increases. As a result, if the

ESD clamping voltage is too high, varistor is difficult to protect electronic products.

2.2.2 Low-Pass Noise Filter

To meet the strict system-level ESD specification, different types of board-level noise
filters have been investigated to improve the immunity of CMOS ICs inside the
microelectronic products under system-level ESD tests [12]. Adding board-level noise filter
between noise trigger source and CMOS /[Cs can absorb, bypass, or decoupling
ESD-generated energy to avoid ESD damage on EUT..Several types of board-level noise
filters, such as capacitor filter, L.C-like filter (2nd-oredr), and m-section filter (3rd-order), as
shown in Fig. 2.2, have been investigated and confirmed the enhancement of system-level
ESD immunity. For evaluating the system-level ESD test of DUT, these three different types
of filters are investigated. Among different noise filter network, the higher-order noise filters
have better performance to enhance the system-level ESD test of DUT, and thus better

immunity against system-level ESD events. Experimental data is shown Fig.2.3 [12].

______________________________

A \  vop y VoD b v VoD
1 1 1 L 1 1 - 1
Trigger| I Trigger! Ferrite I Trigger 1 Ferrite |
Source ! 1 Power pin Source ! Bead 1 Power pin Source | Bead 1 Power pin
: I of DUT : I of DUT : I of DUT
I I 1
: —— Decoupling I : Decoupling—— ! ::: Decoupling —— !
: Capacitor : ; Capacitor : . Capacitor :
| 1 | 1 1 1
! I ! I ! 1
! I ! I ! 1
! I ! I ! 1
L L L
\

S R S S~ R S S S
Fig. 2.2 Board-level noise filter of (a) capacitor filter, (b) LC-like filter, and (c) m-section
filter.
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Fig. 2.3 Relations between the decoupling capacitance and the TLU level of the DUT under

three types of noise filter networks: capacitor filter, LC-like filter, and m-section filter [12].

2.2.3 Design Concept of Printed Circuit Board (PCB)

While discrete ESD components are used to suppress the effect of system-level ESD
events, PCB design is another important topic on"ESD protection design. A simple diagram
was shown in Fig. 2.1. To design the printed circuit board against system-level ESD events,
few concepts needs to be taken into account. First, the induced magnetic current into circuit
loop will be proportional to the size of the loop [11]. Therefore, minimizing the loop size on
the PCB is a critical design for ESD reliability enhancement. Second, place the circuit devices
on the PCB as close as possible to minimize the lengths of signal and power lines. It can

avoid receiving too much energy generating from system-level ESD events.

2.2.4 External Hardware Timer

Another method which is completely different from the previous solutions is to regularly

check the system abnormal conditions by using an external hardware timer, such as watch dog
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timer. This timer is a computer hardware timing device to reset the operation system when the
main program is locked or frozen due to some fault conditions. Moreover, this hardware timer
is often designed with registers or flip flops. However, During system-level ESD or EFT tests,
the logic states stored in the registers or flip flops of hardware timer would sometimes also be
destroyed, still causing malfunction or frozen condition in the system operation. Therefore,
this kind of timer is not a stable way to protect microelectronic products against system-level

ESD events.

2.3. Hardware/Firmware Co-Design

The above solutions try to solve system-level ESD events by off-chip designs, which
would occupy additional chip area. It has been reported that the ESD protection device
required more IC area to achieve 2'’kV_HBM ESD protection when the gate oxide thickness

shrinks, as shown in Fig 2.4 [13].

\ 50 nm [] icarea

\ |:| Required IC area to achieve 2 kV HBM ESD protection
\
\
\
\

12.5 nm
\,

h / Gate Oxide Thickness
N\,
N,

Gate Oxide Thickness

| N,
\\\ 8nm
hal S
S~ eaeo 415nm 5 .
[ i L - Ll <1.5 nm
0 | I =i
1.5um 800 nm " 350 nm 180 nm 140 nm 90 nm 65 nm
Chip size

Fig. 2.4 Required IC area for ESD protection as a function of chip size [13].

Moreover, in order to provide strong ESD protection against transient disturbance, some of
the methods associated with hardware/firmware co-design will be introduced in the next

sub-section.

2.3.1. Using Low Voltage Detector (LVD) Detects ESD Events
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This method uses a low voltage detector (LVD) to detect the system-level ESD or EFT
events. A simple LVD system diagram is shown Fig. 2.5. The output (Vour) of LVD provides
a signal for firmware check when the power (VDD) is below the reference voltage (VREF)
during system-level ESD or EFT tests. As the same time, the firmware will execute recovery
operation to restore the microelectronic system to a desired steady state as soon as possible.
Such an approach, it seems effective to enhance the system-level ESD or EFT immunity,
unfortunately, VREF is also susceptible to the ESD-induced transient disturbance. Therefore,
this method sometimes does not detect ESD event, which is not a stable way to enhance

microelectronic products under system-level ESD or EFT tests.

Low voltage detector (LVD) _ Firmware Design

Execute
Recovery
Operation

Comparato

VREFe—+

i

Fig. 2.5 A simple LVD system is used to detect system-level ESD events.

2.3.2. Using Transient Detection Circuit Detects ESD Events

Another method, as the hardware/firmware co-design case shown in Fig. 2.6 [15], the
detection results (Voyr) from the on-chip transient detection circuit can be temporarily stored
as a system recovery index for firmware check. The transient detection circuit is designed to
detect and memorize the occurrence of system-level ESD events. For example, the output
(Vour) state in the on-chip transient detection circuit and the firmware index are initially set
to “high” state. When the fast electrical transient happens, the on-chip transient detection

circuit can detect the fast electrical transient and then change the output (Vour) state from
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“high” state to “low” state. The system recovery index is changed to “low” state, which will
be checked by the firmware to automatically recover all system functions to a stable state as
soon as possible. After the recovery procedure, the output state of the on-chip transient
detection circuit and the firmware index are re-set to “high” state again for detecting the next
electrical transient disturbance events. Moreover, it had been proven that the
hardware/firmware co-design can effectively improve the robustness of the industrial products

against electrical transient disturbance [8].

Set ! '
Transient : H
Detection P':;i;fn flag=1 . | Internal
Circuit Circuit : Circuit
ESD {V Du't: : -
Zapping i T -
Ves Execits Recover
Set V=1 Procedure

Fig. 2.6 Hardware/firmware co-design for system recovery by using the detection results of

the on-chip transient detection circuit [15].

For display system protection design with thin-film transistor (TFT) liquid crystal
display (LCD) panel, multiple power systems are needed for electrical display functions, as
shown in Fig. 2.7 [14]. For example, in the backside of source driver IC, the analog power
line (VDDA) is used for digital-to-analog converter circuit and digital power line (VDDD) is
used for shifter register to store display signals. The transient detection circuit, designer for
detecting and memorizing the occurrence of ESD-induced transient disturbance, can connect
with VDDD power line to implement the hardware/firmware protection design in display

system. The detection results from the detection circuit can be temporarily stored as a system
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recovery index for firmware check. In the beginning, the output (Vour) state of the detection
circuit is initially reset to “high” state. When the electrical transients happen, the detection
circuit can detect the occurrence of system-level ESD-induced transient disturbance and
transit the output (Vour) to “low” state. At this moment, the firmware index is also changed to
“low” state to initiate automatic recovery operation to restore the microelectronic display
system to a desired stable state as soon as possible. After the automatic recovery operation,
the output of the detection circuit and the system recovery index are reset to “high” state again

for detecting the next ESD-induced electrical transient disturbance events.
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Fig. 2.7 Hardware/firmware system co-design with transient detection circuit in display panel
product [14].

2.4. Summary

System-level ESD protection has become more and more important for IC industry.
Several methods have been discussed and analyzed in this chapter. TVS can provide ESD
energy discharge path under system-level ESD or EFT tests, but its drawback is nonlinear
resistance characteristic. Board-level noise filter on PCB is another method to enhance
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system-level immunity, but the occupied area should be taken into account as well. Above all,
traditional solutions toward system-level ESD immunity have some limitation, either in the
aspect of occupied area or cost. Moreover, hardware/firmware co-design with transient
detection circuit can improve the system-level ESD immunity, which has been reported [8],
[14]. On-chip detection circuit can be used to save PCB and provide detection signal for
firmware to execute the automatic system recovery procedures. Based on these requests, the
on-chip solutions will be developed in advance and to be the trend for future solution for

system-level ESD events.
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Chapter 3

Design of On-Chip Transient Detection Circuit

3.1. Background

System-level ESD have been investigated during the system-level ESD events, the power
line and ground line of the microelectronic products would be disturbed with high-energy
ESD-induced transient noise. Such high ESD-induced noise on the power line and ground line
can lead to data loss, malfunction, or hardware damage of microelectronic products.
According to the IEC 61000-4-2 standard, microelectronic products are recommended to pass
“class” B at least. That means, the system should be designed with automatic detection
function to detect the fast transients, it can automatically reset itself and restore to stable state
after ESD zapping. In recent years, jon-chip -transient detection circuit has proposed to
co-operate with hardware/firmware system to-achieve the system auto recovery procedures.
Moreover, from the published experimental results, it has been confirmed that chip-level

co-design can successfully improve system-level ESD immunity.

3.2. Prior Art

Four transient detection circuits for system-level ESD protections have been proposed
[8], [15]-[17]. The circuit diagram of the first on-chip transient detection circuit is shown in
fig. 3.1 (a). There are two latch logic gates used as the ESD sensor unit to detect the
system-level ESD events on the power and ground lines. Coupling capacitors can be added
between the input/output nodes of latch and Vpp/Vss lines in order to enhance the sensitivity

of the ESD sensor to fast transients on the Vpp/Vss line. It has been analyzed that the NMOS
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in the inverters of sensor 1 in fig. 3.1 (a) is designed with a larger W/L ratio than that of the
PMOS to make the latch locking at logic “0”, easily. The PMOS in the inverters of sensor 2
is designed with a larger W/L ration than that of the NMOS to make the latch easily locking at
logic “1” [8].

The second transient detection circuit is designed with latch logic gates and capacitors
shown in fig. 3.1 (b). In this transient detection circuit, the capacitors Cp; (Cpy) is used to
detect the positive (negative) fast electrical transients. A latch circuit composed of two
inverters is used to memorize the logic state after the system-level ESD tests. It has been
confirmed that the W/L ratio of inverters in the latch and the coupling capacitance will
strongly influence the sensitivity of this detection circuit. Before the system-level ESD tests,
the NMOS (M,,) can provide a reset function to pull down node A and then the output of the
detection circuit (Vour) can be set.logic to “0”. During the system-level ESD tests, when the
voltage of Vpp is below the voltage of Vss, the parasitic diode of PMOS such as M,,; and M,
would be turned on. Therefore, this circuit can detect the positive system-level ESD events.
Similarly, the parasitic diodes of NMOS such as-Mj;; and M;; would be turned on under the
negative system-level ESD stress.

The third one is designed with RC-based circuit structure to realize the transient
detection circuit, as shown in Fig. 3.1 (c). The two inverter latch is used to memorize the logic
state before and after the system-level ESD events. The NMOS (M) provides the reset
function to set the output (Vour) logic state to be initially low. Under system-level ESD stress,
due to RC time constant delay, the PMOS device of INV 1 would be turned on by the
overshooting ESD voltage, and then M,,; can pull down the output voltage level and thus
change the output logic state from logic “0” to logic “1”. Therefore, the third proposed
transient detection can successfully detect and memorize the occurrence of system-level ESD

events.
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The last one uses RC-based circuit structure without latch circuit to implement the
detection function, as shown in Fig. 3.1(d). The PMOS device (M;;) helps to memorize the
logic state before and after the system-level ESD stress. The NMOS device (M,,) provides the
reset function to set the initial output (Vour) logic state to be initially low. During the fast
electrical transient disturbance, RC-time constant delay would urge PMOS device (M) to
turn on by overshooting ESD voltage, and then the output logic state would transfer from
logic “0 to logic “1”. Therefore, this transient detection circuit can detect and memorize the

occurrence of system-level ESD events.

Sensor_1

pw=du

nw=2u
nl=0.35u

: Sensor_2

pw=du
pl=0.35u
nw=2u

ni=0.35u

Fig. 3.1 Previous transient detection circuit composed of (a) a sensor circuit, (b) a latch circuit
with additional capacitors (C,; and Cp), (c) RC-based detection cell, and (d) RC circuit
without latch cell.
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3.2.1. Simulation Parameter in HSPICE Simulator Tool

3.2.1.1 System-Level ESD Tests

It has been reported that the Vpp/Vss lines of CMOS ICs will be influenced during
system-level ESD zapping conditions [8]. The power and ground lines of microelectronic ICs
no longer maintain the normal voltage levels, but an underdamped sinusoidal voltage with
amplitude of several hundred volts instead. Fig. 3.2 (a) and (b) show the measured Vpp
waveforms on the CMOS ICs inside EUT with the positive and negative ESD zapping,
respectively. According to the measured results, the proper parameters of the simulated
voltage source such as frequency, damping factor, voltage amplitude, and delay time can be

constructed. Therefore, a specific time-dependent voltage source [15] can be given by
V(t) = I/O + VA X eXp(_ (t - td )DFactor )X Sin(27[DFreq (t - td )) (2)
It is used to apply an underdamped sinusoidal voltage on the Vpp/Vss lines of CMOS ICs, as

shown in Fig. 3.3 to investigate the performance-of proposed on-chip transient detection

circuit.
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Fig. 3.2 Measured Vpp waveforms under system-level ESD tests with ESD voltage of (a)

+1000V and (b) -1000V.
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Voltage

I::.Fac:tc»r

/

v V *» Time

Fig. 3.3 The specific time-dependent underdamped sinusoidal waveforms applied on the

power and ground lines to simulate the disturbance under system-level ESD zapping.

3.2.1.2 Electrical Fast Transient (EFT) Tests

It has been reported that the Vpp/Vss lines of CMOS ICs will be influenced during
electrical fast transient testing [18]. The power lines of the CMOS ICs no longer maintain
their initial voltage levels. An exponential pulse time-dependent voltage source with rise/fall
time constant parameters is used to simulate EFT-induced transient disturbance on the power
lines of CMOS ICs. The rising edge of this exponential time-dependent voltage pulse is
expressed as

Time—t
Vp(rise)(t): V, +(V2 —V])x{l—exp(—r—‘“ﬂ ,when t;, <t<t,. (3)
1
The falling edge of the exponential voltage pulse is expressed as
Vp(f H)(t) =V, +(V, - V,)x{l —ex;{—mﬂ X exg{—mj ,when t>t,,. (4)
’ T 7,
With the proper parameters such as rise (fall) time constant 1; (12), rise (fall) delay time

ta1 (ta2), initial DC voltage value Vi, and exponential pulse voltage V,, the exponential voltage
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source can be constructed to simulate the EFT-induced disturbance under EFT tests as shown
in Fig. 3.4.

Yoltage

= -

ov »Time

Fig. 3.4 The specific time-dependent exponential pulse waveform applied on the power lines

to simulate the disturbance under EFT zapping.

3.3. New Proposed On-Chip Transient Detection Circuit

The new on-chip transient detection circuit 1s designed to detect the positive or negative
fast electrical transients during the system-level ESD or EFT tests. Under the normal circuit
operation condition (Vpp=3.3 V), the output state of the new proposed on-chip transient
detection circuit is kept at 0 V as logic “0”. After the transient disturbance, the output state
will transit from 0 V to 3.3 V. Therefore, the new proposed on-chip transient detection circuit
can detect and memorize the occurrence of system-level electrical transient disturbance

events.

3.3.1. Circuit Structure

The schematic diagram of proposed on-chip transient detection circuit consisted of
transient detection block, memory block, and output buffer block is shown Fig. 3.5. In this
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transient detection circuit, a coupling capacitor (C,) acts as a sensor which is used to detect
the ESD-induced transient disturbances. Ry is a protection resistor, which is mainly used to
protect the gate of NMOS (My). PMOS (M,,), the memory block helps to memorize the logic
state before and after the system-level ESD stress. The NMOS (M,,) and PMOS (M,,) are
designed to provide the reset function while the Vreser (Vreser B) input signal attains to logic
high (low), and then NMOS (M, and PMOS (M,,) can be turned on to set the output logic
state to “0”. Under system-level ESD tests, the node V will be rapidly boosted by the
coupling capacitor and the potential on the gate of NMOS (M) is increased toward to Vpp
rail, and the M, device can be turned on. Consequently, the node Vg can be changed from
high voltage level to low voltage level. Therefore, the output voltage of the transient detection
circuit can be transferred to high logic Jevel to.detect and memorize the occurrence of

system-level ESD events.

Transient Detection Memory Output Buffer
Block

Vbp

Vour

:Euﬁer

pw=6u
pl=0.35u pl=0.35u
nw=2u nw=3u
ni=0.35u | ni=0.35u

Fig. 3.5 Schematic diagram of the new proposed transient detection circuit.
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Table 3.1 Device dimension of the proposed transient detection circuit.

DeViCE Mpr Mp1 Mnr Mno Mn1
& W=4 W=2 W=2 W=2 W4
1Z& | =035 | L=035 | L=0.35 | L=0.35 1=0.35
(um) M=1 V=1 M=1 M=1 M=1
Device | NOR_1 | NOR_2 | Buffer | C (Mmm) | Ry(HR-poly)
) PW=4 PW=4 W=1 W=20
Size PL=0.35 | PL=0.35 | | _o x| | =0 W=1u
(um) NW=2 NW=2 ' =5y
NW=0.35 | NW=0.35 M=1 M=2

3.3.2. HSPICE Simulation Results under System-Level ESD Test

A time-dependence voltage source with different parameters such as frequency, damping
factor, and voltage amplitude has been constructed to simulate the system-level ESD events.
Because of the disturbance on the Vpp/Vgs lines under system-level ESD stress occurs
randomly, there are many different combinations of voltage source parameters applied on the
Vpp or Vss. In order to investigate the performance of the transient detection circuit under
different conditions, the simulated results are shown in Fig. 3.6 and Fig. 3.7. The simulated
Vbbp, Vss, Vreser, and Vour waveforms with positive-going (negative-going) underdamped
sinusoidal voltage on both Vpp and Vg lines are used to simulate the positive (negative)
simulation with

system-level ESD zapping conditions. In the following HSPICE

underdamped sinusoidal waveforms on Vpp/Vgs lines, the same parameters of
DFact0r=2x107S'1, Drreq=50MHz, t;=500ns are used in both positive and negative underdamped
sinusoidal voltage source, whereas the only different is the value of voltage amplitude. Firstly,
the initial Vpp voltage is maintained at 3.3V and the relative Vgg is OV. Secondly, logic high
voltage pulse is used to trigger the reset function of the transient detection circuit causing the
initial output voltage at OV and the memory block would store this logic state. Fig. 3.6 (a)
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(Fig. 3.7 (a)) shows the overshooting (undershooting) voltage amplitude coupled on both
Vpp/Vss lines, and the voltage amplitude on Vpp is lager than that on Vgs. On the contrary,
the overshooting (undershooting) voltage couple on both Vppand Vgg shown in Fig. 3.6 (b)
(Fig. 3.7 (b)), but that on the Vg is lager. During different system-level ESD conditions, the
Vpp/Vss begins to jiggle rapidly from 3.3V/OV and the output node Vour is disturbed
simultaneously. As the results, after Vpp/Vsg returns to its normal voltage level of 3.3V/0V,

the output voltage of the transient detection circuit will be changed from 0V to 3.3V.

200n 400n

800n 1 L7u

Voltage (V)

\ ol o RS i s
Nomaombblibhbornwaun|lbhbbornwank b

7
800n

Time (200n/div.)
(a)
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VRESET

Voltage (V)

lo v 2 0 wlotbonsom|lotbonsombornwanoum

Vour

o\/

= = 800n o hf® A
Time (200n/div.)

(b)
Fig. 3.6 Simulated Vpp, Vss, Vreser and Voyr waveforms of the transient detection circuit
with positive-going underdamped sinusoidal veltage on both Vpp and Vss. (a) the
overshooting amplitude on Vpp is larger than that on Vss. (b) the overshooting amplitude on

Vs is larger than that on Vpp,

33V Vpp
A
i Vss
= oV
% 3 |
o 3.3V
= 3 V :
o RESET |
> — !
g ~ Vour
2 ov :
Time (200n/div.)
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Voltage (V)

b bahonwao |60Amomad|0dbhonad Neormwands

|

Time (200n/div.)
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o . - . i . N . . i .
o 200n 400n

Fig. 3.7 Simulated Vpp, Vss, Vreser and Voyr waveforms of the transient detection circuit
with negative-going underdamped -sinusoidal voltage on both Vpp and Vss. (a) the
undershooting amplitude on Vpp is larger-than that on Vgs. (b) the undershooting amplitude

on Vgg is larger than that on Vpp,

The routing traces may be different for power lines and ground lines on the PCB shown
in Fig. 3.8 [15]. According to this reason, coupling path from the ESD zapping source to the
Vpp and Vs inside ICs may be different. A signal delay of 5-ns between Vpp and Vsg
waveforms under system-level ESD zapping has been measured [15], as shown in Fig. 3.9. In
order to simulate this signal delay condition, a 5-ns delay time between the Vpp and Vgg is
applied on the underdamped sinusoidal waveforms with positive-going and negative-going
shown in Fig. 3.10 (a) and (b). From the simulated results with a signal delay between Vpp

and Vgs, the on-chip transient detection circuit can still detect the fast electrical transients.

32



Chapter 3

ESD
Zapping

3

Coupling Path1

= Vss

Coupling Path2

PCB

Fig. 3.8 Different coupling path from the ESD zapping source to Vpp and Vgg pins of CMOS

IC on the PCB.
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Fig. 3.9 Time delay between the measured Vpp and Vss waveforms is due to the different
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coupling path [15].

33V Vop |
Vss :
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Fig. 3.10 Simulated Vpp, Vss, Vreser and Vour waveforms of the transient detection circuit

under (a) positive-going underdamped sinusoidal voltage on both Vpp and Vgs With 5ns delay

time and under (b) negative-going underdamped sinusoidal voltage on both Vpp and Vgg With
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In addition, the process variations and ambient temperature may affect the circuit behavior,

therefore, these conditions are used to simulate, the simulation waveforms are shown in Fig.

3.11 (a), (b) and (c). from the simulated results with process variations (TT, SS and FF corner)

and ambient temperature (25°C, -40°C and 100°C), the transient detection circuit can still

detect the fast electrical transients.
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Fig. 3.11 Simulated Vpp, Vss, Vreser and Vour waveforms of the transient detection circuit

under positive-going underdamped sinusoidal voltage with process corner and (a) ambient

temperature at 25°C, (b) ambient temperature at -40°C and (¢) ambient temperature at 100°C.
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3.3.3. HSPICE Simulation Results under EFT Test

In order to achieve the requirement of a single exponential pulse under EFT tests,
parameters of 1;=3ns, 1,=25ns, and tq;-t;=10ns are used to simulate the positive or negative
time-dependent voltage waveforms, in addition, the initial DC voltage on the power line (Vpp)
of the transient detection circuit is still at 3.3V.

The simulated Vpp, Vgreser, and Vour waveforms of the proposed on-chip transient
detection circuit with a positive or negative exponential voltage pulse on the Vpp are shown
in Fig. 3.12 (a) and (b). To reset the output voltage level of the transient detection circuit to
0V, a logic high voltage pulse is applied on the reset function. Then, the exponential voltage
source with amplitude of +15V is used to simulate the positive EFT-induced transient
disturbance on the power lines under EFT tests. - Vpp begins to increase rapidly from 3.3V to
13V, and the output voltage of transient detection circuit is influenced at the same time as
shown in Fig 3.12 (a). Similarly, the exponential voltage source with amplitude of -15V is
used to simulate the negative EFT-induced transient disturbance on the power lines under
EFT tests. Vpp begins to decrease rapidly from 3.3V to -13V, and the output voltage of
transient detection circuit is influenced simultaneously as shown in Fig 3.12 (b). After the
positive or negative transient disturbance duration, Vpp returns to its initial voltage level of

3.3V and the output state of the transient detection circuit changes from 0V to 3.3V.

37



Chapter 3
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Time (200n/div.)
(a)

Fig. 3.12 Simulated Vpp, Vss, Vreser and Vouyr waveforms of the transient detection circuit

under (a) positive exponential pulse on Vpp with amplitude of +15V.
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Fig. 3.12 Simulated Vpp, Vss, Vreser and Vour waveforms of the transient detection circuit

under (b) negative exponential pulse on Vpp with amplitude of -15V.

3.4. Experimental Results

As shown in Fig. 3.13, the transient detection circuit has been equipped with the on-chip
ESD protection circuit in a chip. It has been fabricated in a 0.15-um CMOS process with
3.3-V devices. In this test, the output signal of the transient detection circuit will be buffered
to I/O, therefore, it can be measured on I/O. The chip layout and photo are shown in Fig.

3.14(a) and (b).

Lo ESD circuit o — — Transient Detection circuit _ _ _ _ _ _ "
—————— I—— 1
Memory Bldck i :
VReSET. . I
Mp1 ! |
| ESD I
Sees I Vour |
! [ >o— !
1 [ Mot : Buffer I
C 9 IR —fEP :
1
Vss |
I

Fig. 3.13 Schematic diagram of the transient detection circuit equipped with the ESD circuit.
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uwngoc¢

wns0c

(b)

Fig. 3.14 (a) chip layout and (b) photo of the new proposed transient detection circuit is

fabricated in a 0.15-um CMOS process with 3.3-V devices.
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3.4.1. Measurement Setup for System-Level ESD Test

In IEC 61000-4-2, two test modes have been specified, which are the air-discharge and
contact-discharge test mode. In the case of contact discharge test mode, the sharp discharge
tip is used to simulate the mechanical ESD damage on the EUT. The contact discharge is
applied to the conductive surfaces of the EUT (direct application) or to the coupling planes
(indirect application). Contact discharge is further divided into direct discharge to the system
under test, and indirect discharge to the horizontal or vertical coupling planes. Fig. 3.15 shows
the measurement setup of the system-level ESD test standard with indirect contact-discharge
test mode. The measurement setup of system-level ESD test consists of a wooden table on the
grounded reference plane (GRP). In addition, an insulation plane is used to separate the EUT
from the horizontal coupling plane (HCP). The HCP are connected to the GRP with two
470kQ) resistor in series [6]. When the ESD gun zaps the HCP, the electromagnetic
interference (EMI) coming from ESD gun will be coupled into all CMOS ICs inside EUT.

The power lines of CMOS ICs inside EUT will be disturbed by the ESD-coupled energy.

Oscilloscope

Horizontal Coupling Plane (HCP)

BOBEE

Bo g g8
el HH ES
[0}

Power Supp!y— SeSEEEs (5)

[ - |
/ o 0000 —
5 1

Insu?!ion Plane

Fig. 3.15 Measurement setup for system-level ESD test with indirect contact-discharge test

mode [6] to evaluate the detection function of the on-chip transient detection circuit.
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3.4.2. System-Level ESD Test Results

With above measurement setup, the circuit function of the proposed detection circuit
after system-level ESD tests can be evaluated. By monitoring the oscilloscope, the transient
responses on power line of CMOS ICs can be recorded and analyzed. Before each
system-level ESD test, the initial output voltage (Vour) of the proposed detection circuit is
reset to OV. After each system-level ESD test, the output voltage (Vour) is monitored to check
its final voltage level. Thus, the function of the proposed detection circuit can be evaluated
under system-level ESD tests, but in order to protect the test equipment, the ESD zapping
voltage is set at 1kV.

Under system-level ESD test with positive ESD voltage of +1.0kV, the measured Vpp
and Vour waveforms of the proposed transient detection circuit is shown in Fig. 3.16 (a). The
power and ground lines of the transient detection circuit-are disturbed with ESD stress, the
Vpp begins to rapidly increase from the normal voltage level of 3.3V. Meanwhile, Vour
begins to change under such a high-energy ESD stress. During the fast transient disturbance,
Vpp and Vour are influenced simultaneously: After system-level ESD test with positive ESD
voltage, Vpp and Vgg return to the original operation voltage level of 3.3V and OV. Finally,
the output voltage level of the proposed transient detection circuit can transit from OV to
3.3V.

In addition, under system-level ESD test with negative ESD voltage of -1.0kV, the
measured Vpp and Voyr waveforms of the proposed transient detection circuit is shown in Fig.
3.16 (b). During the ESD-induced transient disturbance, Vpp begins to rapidly decrease from
the normal voltage level of 3.3V. Finally, the output voltage level of the proposed transient
detection circuit can transit from OV to 3.3V.

Therefore, the new proposed on-chip transient detection circuit can successfully detect

the electrical transient disturbance under system-level ESD tests with positive and negative
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Fig. 3.16 Measured Vpp, Vss and Voyr transient responses on the proposed transient detection

circuit under system-level ESD test with (a) ESD voltage of +1kV and (b) -1k V.
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3.5. Comparison

In this chip, the prior art circuits (Fig. 3.1b [15] and Fig. 3.1d [16]) was also fabricated in
a 0.15-pm CMOS process with 3.3-V devices. Now, comparing the prior art circuits and the
new proposed transient detection circuit, first, under system-level ESD testing, the prior art
circuits (Fig. 3.1b and Fig. 3.1d) can detect minimum positive ESD voltage of +0.86kV and
+0.72kV, respectively. For the new proposed transient detection circuit is +0.83kV. Second,
under system-level ESD with negative ESD voltage » the prior art circuits (Fig. 3.1b and Fig.
3.1d) are -0.97kV and -0.85kV, respectively. The new proposed transient detection circuit is
-0.91kV. Therefore, in detecting the minimum ESD voltage, the performance of the new
proposed transient detection circuit is better than prior art circuit [15].

In addition, comparing the layout area, the area of the figure 3.1b is smaller than the new
proposed transient detection circuit, and the area of the figure 3.1d [16] is larger than the new

proposed transient detection circuit. These comparative items are listed in table 3.2.

Table 3.2 Performance and comparison list.

Comparative items | This work Prior art[15] | Prior art [16]
Detection
minimum voltage |+0.83/-0.91| +0.86/-0.97 | +0.72/-0.85
(kV)
Layout area(um?) 1209 1073 2390

3.6. Summary

In this chip, the transient detection circuit has been equipped with the ESD circuit in a
chip, and fabricated in a 0.15-pm CMOS process with 3.3-V devices. It has been investigated
and designed by using HSPICE simulator tool. The system-level ESD test is adopted to verify
the proposed on-chip transient detection circuits. From the experimental results, the output of
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transient detection circuit can transit from OV to 3.3V after ESD voltage zapping. Therefore, it
has been confirmed that the transient detection circuit can successfully detect and memory the
occurrence of ESD-induced transient disturbance.

Accord to the previous research [8], it is reasonable that with hardware/firmware
co-design method, the output state of the proposed on-chip transient detection circuit can be
used as the firmware index to provide an effective solution against the system malfunction

caused by ESD-induced electrical transient disturbance.
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Chapter 4

Improve System-Level ESD by Hardware /

Firmware Co-Design

4.1 Background

In the previous experimental results, it had been confirmed that the transient detection
circuit could successfully detect the occurrence of ESD-induced transient disturbance. This
means that hardware / firmware co-design can be implemented on the system operation. The
simple conception is shown in Fig 4.1 [8]. When the. fast electrical transient happens, the
on-chip transient detection circuit-can detect the fast electrical transient to change the output
state Vour to logic 1, and the firmware executes the recover procedure to recover all system
functions to a stable state as soon<as.possible. After the reset and recover procedures, the
states in the transient detection circuit and the ESD flag are reset to logic 0 again for detecting
the next ESD events. Moreover, it had been reported that the hardware / firmware co-design
can effectively improve the robustness of the industrial products against electrical transient
disturbance [8].

Recently, the requirement of system-level ESD and EFT tests level are often depended
on customer-defined specifications. In order to meet customer requirements, in this work
target, the microelectronic products are required to sustain the ESD-generated voltage of
+12kV (£18kV) under contact-discharge (air-discharge) test mode to achieve the immunity
criterion of “class B” level in the IEC 61000-4-2 standard.

The new proposed hardware / firmware co-design will be introduced In this chapter, by

using this method can successfully increase system-level ESD test level and improve the
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microelectronic products against electrical transient disturbance.

Power-On
Reset

Set v
o S Reset Execute
Vour=0
. Procedure N::z\:;ﬁrseet
A
2 Set
ransienk flag=1
Detection
Circuit
{Vour Execute —
Set 1 Recover Bosration
Reset | proceduce P
Reset Vo,:=0 flag=0

ESD
Zapping

Fig. 4.1 Firmware flowchart to reset or recover the system if the on-chip transient detection

circuit detects the ESD-induced transient disturbance [8].

4.2 Design a New Reset Method

Under system-level ESD test, because-of the-ESD-induced transient disturbance leads to
malfunction of the microelectronic system, the main reason for system failure is not enough
system reset time. There are three types of signals to provide system reset, such as Power-On
Reset (POR), Brown-Out Reset (BOR), and External Reset (XRES). During system-level
ESD or EFT test, the ESD-generated transient electrical voltage with quite large amplitude to
the power line, at this moment, the POR, BOR, and external reset may have the opportunity to
be triggered. Typically, the system reset time needs to maintain several of microseconds and
then the microelectronic system can restore to a steady state. However, these reset signals are
triggered by the ESD-induced disturbance, the system reset time is a hundred nanoseconds
only, therefore, the microelectronic system can not return to a normal state, which leads to

malfunction of the microelectronic system.

47



Chapter 4

4.2.1 Traditional Reset Method

The tradition reset method is shown Fig. 4.2. Usually, PORB, BORB, and XRESB are
inverted signals from the POR, BOR, and XRES, respectively. These signals are connected to
the input of the “AND” gate, then the output of the “AND” gate is divided into two terminals,
one is connected to the input of the “OR” gate, the other end is connected to the delay cell,
and then the output of the delay cell is connected to the other input of the “OR” gate. When
any input of the “AND” gate is logic “0”, the signal time must exceed the delay cell time, the
system reset mechanism can be started. The main function of the delay cell to prevent the

reset signal which is not affected the glitch, and the delay time is designed about 20ns~30ns.

XRESB— ; .
PORB — microelectronic
BORB — system

Fig. 4.2 Traditional reset method, when any input of the “AND” gate is logic “0” and the

signal must exceed the delay cell time, the system reset mechanism can be started.

A simple circuit diagram including POR, BOR, and external reset is shown in Fig 4.3. In
order to simulate the ESD zapping to power lines, the system-level ESD simulation
parameters are loaded into simulator, and then the behavior of these circuits are simulated by
using HSPICE, the simulation waveforms are shown in Fig 4.4(a), (b) and (c), respectively. In
order to observe the convenience, the waveform of VSS is subtracted from the waveform of
POR, BOR and XRESB, respectively. First, XRESB has a low-pass filter that can filter out
the high-frequency signals, therefore, XRESB is not affected. However, During the ESD
zapping, PORB and BORB have been changed from logic “1” to “0”, the time of the logic “0”

is about 200 ns and it is more than delay cell time, therefore, the microelectronic system will

48



Chapter 4

be reset. Due to the reset-time is short, the microelectronic system cannot be restored to a

steady state, which leads to malfunction of the microelectronic system.

M VDD3 Power on reset Brown out reset External reset
—

Lpo H@

|

|

|

|

Y PORB N BORB
+ [l $ Reset Level

: REa— ;“MI;?‘@_E Il vsel— ;nb-lgﬁl_& (1 | o [ahn X
|

' |

' |

' |

VSS . | - e T ]

Fig. 4.3 The simulation block diagram includes POR, BOR and external reset; these circuits

provide reset signals to the microelectronic system.
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Voltage (V)

(b)

h O AR ONL O mO b R
‘ o
! w

Voltage (V)

Time (50ns/div.)
(c)

Fig. 4.4 Simulated positive-going under-damped sinusoidal voltage (a) XRESB, (b) PORB, (c)

BORB.
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4.2.2 New Proposed Reset Method

It has been reported that waveforms are measured under system-level ESD tests, as
shown Fig 4.5 [15], from the ESD-induced transient disturbance to the power steady state, the
time for power stable is about 1ps. In the new proposed reset method, the time of the delay
cell is designed about 1.5 ps. The new proposed reset method is shown in Fig. 4.6. The new
delay cell consists of resistor and capacitor that act a low-pass filter. By using the resistance
and the capacitance to adjust the delay time, however, if the capacitance is used to adjust
delay time, the layout area will be increase, therefore, the delay time adjustment will use the
resistance. In fact, it requires several mega-Q if the resistance is used to adjust delay time, this
layout is still increased the area. Under such considerations, long channel NMOS (M) and
PMOS (M,) will be used, which not only increase the resistance but also reduce the layout
area. In addition, MIM capacitor is used in this design, which provides a stable capacitance to
obtain accurate delay time; therefore, the output signal of the circuit is not disturbed by the
power within the delay time. Finally, in order to avoid ESD reliability issue, the tie high and
tie low cells will be used to protect gate oxide of the M,; and M,,;. The new delay cell is called
a de-bounce circuit (DEB_CKT). The circuit schematic and layout are shown in Fig. 4.7 (a),

(b), and the component size is list in table 4.1.
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Fig. 4.5 Measured Vpp and Vss waveforms of the microcontroller ICs inside the keyboard

with an ESD voltage of +1000 V zapping on the HCP under system-level ESD test [15].

XRESB——
PORB —
BORB — |

microelectronic

system

Fig. 4.6 New proposed reset method, the delay cell consists of resistor and capacitor as a

low-pass filter. The delay cell is called a de-bounce circuit (DEB_CKT).
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Fig. 4.7 The de-bounce circuit uses a long channel NMOS and PMOS instead of resistances.

(a) circuit schematic and (b) circuit layout

Table 4.1 Device dimension of the de-bounce circuit.

Chapter 4

Device Mp1 Mpz Mp3 Mp4 Mp5
Size W=2 W=2 W=13 | W=0.35 | W=1.5
(um) L=0.15 | L=0.15 | L=0.15 | L=0.35 L=0.15

M=1 M=1 M=1 M=1 M=1

Device Mpe Mp| Mm an Mn3
Size W=4 W=0.35 W=1 W=1 W=0.35
(um) L=0.15 L=20 L=0.15 | L=0.15 L=0.35

M=1 M=1 M=1 M=1 M=1

Device Mn4 Mn5 Mnﬁ Mn| Co
Size W=0.6 W=1 W=2 W=0.35 W=5
(um) L=0.35 | L=0.15 | L=0.15 L=20 L=35

M=1 M=1 M=1 M=1 M=8
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Next, in order to simplify the simulation, BOR circuit with DEB CKT are simulated
together, the input of DEB_CKT connects to output of BOR, and this circuit is shown in Fig.
4.8. Similarly, the system-level ESD simulation parameters are loaded into simulator, and
then to observe and compare the two waveforms, one is BORB and the other is BORB DEB.
The simulation waveforms are shown in Fig. 4.9 (a) and (b). Similarly, In order to observe the
convenience, the waveform of BORB subtracts the waveform of VSS during system-level
ESD test, BORB DEB is still logic “1”. Therefore, the new reset method can avoid the

microelectronic system reset.

1
i
1
Loo |-glveD — ®
i
1
i
N~ Cevel | BorE BORB_DEB
4 | DEB
com shift CKT _E
- | vBG = i
[
i
i
I

Fig. 4.8 Simple of BOR with DEB_CKT simulation circuit block diagram.
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Fig. 4.9 Simulated Vpps, Vss, BORB and BOR DEB waveforms under (a) positive-going
under-damped sinusoidal voltage and under (b) negative-going under-damped sinusoidal

voltage.
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4.3 New Proposed Method of Hardware / Firmware Co-design

Another problem is the generation of glitches from system clock under system-level ESD
or EFT test, the simulation circuit and waveform are shown in Fig 4.10 (a) and (b). These
glitches will cause the timing issues and execute unexpected instructions that lead to the
microelectronic system to freeze.
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Fig. 4.10 (a) simple simulation block diagram. (b) Simulated oscillator output waveform

under positive-going under-damped sinusoidal voltage.

Under system-level ESD or EFT tests, in order to avoid these glitches which cause the
malfunction of the microelectronic system, a new method of hardware / firmware co-design is
proposed, and then this firmware flowchart is shown in Fig. 4.11. First, explanation this
firmware flowchart, the power-on reset provides a signal, this signal sets the transient
detection circuit output to logic ‘0’ during power ramp, therefore, the output of the transient
detection circuit is logic “0” in normal operation. When the fast electrical transient happens,
the transient detection circuit can detect the occurrence of system-level electrical-transient
disturbance and transit the output state to logic “1”. At this moment, the system-check Vout is
also changed to logic “1”, and the firmware executes the stop clock and the count. In the stop
clock procedure, before these glitches are generated, CPU clock has been stopped by the
output of transient detection cireuit. Then, use this procedure, CPU will not execute any
instructions, therefore, the microelectronic system will not freeze. Moreover, in the counting
procedure, after the counter counts a fixed time, it will provide a signal to restore the CPU
clock and reset the output of the transient detection circuit to logic “0” for detecting next ESD
events. Whether this method effectively improves the system-level ESD, which is described

in the next section.
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&
Soft reset
Set TDC Flag=0
Power-on
reset
TDC Test Mode [0] Set hold
Flag clock = 0
Set Vout=0 Set Vout=0
Y 4
— ] Set Vout=1 Check Yes
Vout=?
Yes
Test Mode [1]
M
ISystem Clock

.

Clock > £
0OSC20M > Counter
- Generator Free Clock I

Fig. 4.11 Firmware flowchart to stop system clock when electrical transients happen.

4.4 Experimental Results

The metal layers form parasitic resistors-and capacitors in the CMOS IC. These parasitic
resistors and capacitors can attenuate the energy of the ESD zapping. If the transient detection
circuit is placed on one side of the CMOS IC and then the ESD gun zaps the other side of the
CMOS IC, the transient detection circuit may not be able to detect the ESD-induced
disturbance. The diagram is shown in Fig. 4.12. Therefore, in order to avoid this situation, the
configuration of transient detection circuit will be placed on the four corners of the CMOS IC
to increase the detection capability. In addition, to verify the new proposed hardware /
firmware co-design structure, this chip is fabricated in a 0.15-um CMOS process with 3.3-V

devices, the chip photo and layout are shown in Fig. 4.13 (a) and (b).
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Attenuation

Fig. 4.12 the energy of ESD zapping is attenuated from parasitic capacitor and resistor, the

transient detection circuit may not be able to detect the signal.
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Fig. 4.13 There are four transient

CMOS IC, (a) chip layout and (b) p

4.4.1 System-level ESD Test on the Evaluation Board

To verify new proposed hardware / firmware co-design under system-level ESD tests,
these waveforms are measured by using an evaluation board, as shown in Fig. 4.14. In this
design, the stop clock can be set four different time intervals, 1ms, 2ms, 4ms, and 8ms,
respectively. Moreover, the purpose of stopping the clock is intended to protect the system
operation of the CMOS IC, which is not affected by the ESD zapping during the stop clock to
improve system-level ESD or EFT test immunity.

The simple test plan is shown in Fig. 4.15. When the ESD zapping, the firmware

receives the logic “1” from the output of the transient detection circuit, at the same time, the
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stop clock mechanism is started, immediately. Subsequently, the flag of the transient
detection circuit is transferred to logic “1”, but the CPU clock has been stopped, consequently,
this signal can be observed after the CPU clock recovery. Once the CPU clock is restored, the
output of transient detection circuit will reset to logic “0” at next a clock cycle. There are two
signals can measure the waveform by using I/O, one is the CPU clock, the other is the TDC

flag, and then the expected waveforms are shown in Fig 4.16.

> Test chip

(5018018 12 BN BN (8 (9 [E (@1 A S s lfe
ks L S 5 030 g g

Fig. 4.14 The evaluation board is used to verify new proposed hardware / firmware co-design

under system-level ESD tests.
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Hold [1:0]=00->stop 1ms (default) o]
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Hold [1:0]=10->stop 4ms
Hold [1:0]=11->stop 8ms

Fig. 4.15 The simple test plan for new proposed hardware / firmware co-design.
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CPU_ Clock
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Fig. 4.16 The expected waveforms for new proposed hardware/firmware co-design.

Next, two waveforms have been measured under system-level ESD test, respectively.
They are shown in Fig. 4.17. According to the measurement, the CPU clock has been stopped
during ESD zapping (+1kV), and the time interval is about 1ms, therefore, the TDC flag can
be observed after the CPU clock recovery. At next clock period, the TDC flag is reset to logic
“0” again. Moreover, each time interval is also measured, but the measurement at 4ms and
8ms does not meet expectation since the measurement stop time interval is only 3ms and
4.3ms. However, the overall circuit behavior is consistent with the design expectations. These
waveforms are shown in Fig. 4.18 (a), (b), (c), and (d). At last, there is one point should be
paid attention, the CPU clock is stopped during ESD zapping, its clock status can not be
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changed, in this way, the operation system of the CMOS ICs can be maintained during the

ESD zapping.
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Fig. 4.17 Two waveforms have been measured under system-level ESD test with ESD voltage

of +1kV.
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Fig. 4.18 The time interval is measured under system-level ESD test with ESD voltage of

+1kV, respectively, (a) 1ms, (b) 2ms, (¢) 4ms and (d) 8m:s.

4.4.2 System-Level ESD Test on the System Module

In this section, the new proposed hardware/firmware co-design is verified in the system
module to measure the system-level ESD immunity, this method is built in the CMOS IC
product, and the product number is AP9316. The CMOS IC is configured on the electricity
meter, which mainly transmits the electricity data from the household to the power company
by using the power lines. Alternatively, by using power lines receive information from the
power company. For example, the electricity consumption data is transmitted to the power
company to calculate the electricity bill. In-this-way, it can replace the manual recording the
electricity meter to calculate the electricity bill. Therefore, the manual recording time and
labor costs can be reduced. At last, in the measurement, the system test module consists of a

smart electricity meter, and a system board, as shown in Fig. 4.19.
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Fig. 4.19 The system test module consists of a smart electricity meter, and a system board.

In order to observe the performance of the system module under system-level ESD tests,
there are two indicator lights that are added to the system board, one is the transient detection
circuit indicator light, the other is the system operation indicator light. The system module in
the normal operation, the system indicator light will remain flashing, and the transient
detection circuit indicator light will turn off. When fast electrical transient disturbance is
coupled to the power lines of the system module, the CPU clock will be stopped. Therefore,
the system indicator light will stop flashing and keep the light on or light off, and at this
moment, the indicator light of the transient detection circuit will flash twice, after ESD
zapping, the CPU clock back to normal, and then the system indicator light will remain
flashing again. The system operation indicator 'light does not flash after the ESD zapping, it
mains that the operation system has been frozen. Conversely, after the ESD zapping, the
system operation indicator light remains flashing, it means-that the operating system is normal.
Therefore, the system operation indicator light can: observe the performance of the system
module under system-level ESD tests. Moreover,-as mentioned in chapter 2, the system board

is equipped with a noise filter and TVS to enhance ESD immunity, as shown in Fig. 4.20.

System operation indicator light
TDC Indicator light

| .Ifu
B uoldweeRald =
oise filter

65



Chapter 4

Fig. 4.20 The system board is equipped with a noise filter and TVS to enhance ESD
immunity.

To meet the customer requirement, the microelectronic products are required to sustain
the ESD-generated voltage of +£12kV under contact-discharge test mode to achieve the
immunity criterion of “class B” level in the IEC 61000-4-2 standard. These test points are
shown in Fig. 4.21.

First, when the transient detection circuit is disabled, the system will be locked in the
frozen state with ESD zaps of £8kV, it means that the system indicator light does not flash
after the ESD zapping, therefore, the operation system is judge to fail. Secondly, when the
transient detection circuit is enabled, the system will be locked in the frozen state with ESD
zaps of £16kV. The test results for each test/point are listed in table 4.2. According to test
results, it has achieved the requirement of the customer, and the new proposed
hardware/firmware co-design with transient detection circuit has successfully improved the

system-level ESD immunity.

."@ \
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Fig. 4.21 Test points definition on smart meter under system-level ESD tests with
contact-discharge test mode.

Table 4.2 System module measurement results, disable and enable the system hardware /

firmware co-design, respectively.

ESD Zapping Voltage = ¥8kV | ESD Zapping Voltage = + 15kV
PERRIRG LOEStiaT Disable | Enable |
the system Hardware/Firmware | the system Hardware/Firmware
Co-Design Co-Design

#1 Class B Class A

#2 Class C Class A

#3 Class C Class A

#4 Class C Class A

#5 Class C Class A

4.5 Summary

The new proposed hardware / firmware co-design with the transient detection circuit has
been designed and fabricated in a 0.15-pm CMOS process with 1.5-V and 3.3-V devices. In
order to enhance the system-level ESD immunity, the system board is equipped with noise
filters and TVS to reduce the ESD-induced transient disturbance on the power lines of the
CMOS ICs. Under system-level ESD tests, the transient detection circuit is disabled, the
system will be locked in the frozen state when ESD zaps to £8kV. Relatively, the transient
detection circuit is enabled, the system-level ESD has increased from +8kV to +15kV.
Therefore, according to test results, the new proposed hardware / firmware co-design with the
transient detection circuit has met the customer’s requirements and successfully improved the

system-level ESD immunity.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this thesis, a new on-chip transient detection circuit has been proposed in chapter 3.
The circuit performances have been investigated by using simulation tool HSPICE. From the
simulation results, the output voltage level of transient detection circuit can be changed from
logic 0 to logic 1 after system-level ESD and EFT events.

The transient detection circuit has been fabricated in a 0.15-pm CMOS process with
1.5-V devices and 3.3-V devices.. From the experimental results in chapter 3, the output of
transient detection circuit can transit from OV to 3.3V when fast electrical transient
disturbance is coupled to the powet lines.

It has been reported that the hardware and firmware co-design with transient detection
circuit to solute the system frozen of the microcontroller or display panel when system-level
ESD event happened, in this method, the system could auto-recover from upset to the normal
operation, and the system can achieve the criterion of “class B” level in the IEC 61000-4-2
standard.

In order to meet the requirement of the customer to achieve contact discharge +£12kV and
the criterion of “class B” level in the IEC 61000-4-2 standard. In chapter 4, a novel proposed
hardware / firmware co-design with transient detection circuit has been fabricated in a
0.15-pum CMOS process with 1.5-V and 3.3-V devices. According to the measurement results,
if the transient detection circuit is turned off, the system will be locked in the frozen state

when ESD zaps to +8kV. Relatively, if the transient detection circuit is turned on, the
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system-level ESD has been increased from £8kV to £15kV, it has achieved the requirement of

the customer, and successfully improved the system-level ESD immunity.

5.2 Future Work

In this thesis, the transient detection circuit is arranged on the 1/O, therefore, it needs to
be far from the oscillator circuit to prevent the transient detection circuit from being triggered.
In system applications, the hardware and firmware co-design with transient detection
circuit to stop the CPU clock, to prevent the CPU from executing the program due to glitches.
However, from experiment results, when the ESD zaps to £16kV, the operation system has
been frozen to lead to malfunction of the CMOS IC. Therefore, how to solve the system

failure to improve the system-level ESD test level, it should be further investigated.
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Symbol Description

CDM : Charged Device Model.
DUT : Device Under Test.
EOS : Electrical Over Stress.
ESD : Electrostatic Discharge.
EFT : Electrical fast transient.
HBM : Human Body Model.

MM : Machine Model.

TVS : Transient voltage suppressor.

kV : kilo voltage.
us : microsecond.
ms : millisecond.

ns : nanosecond.

70

Symbol Description



Reference

Reference

[1]

[7]

9]

EOS/ESD Standard for ESD Sensitivity Testing — Human Body Model — Component
Level, STM 5.1, EOS/ESD Association, NY., 2011.

EOS/ESD Standard for ESD Sensitivity Testing — Machine Model — Component Level,
STM 5.2, EOS/ESD Association, NY., 2009.

EOS/ESD Standard for ESD Sensitivity Testing — Charge Device Model — Component
Level, STM 5.3.1, EOS/ESD Association, NY., 2009.

M.-D. Ker and S.-F. Hsu, “Physical mechanism and device simulation on
transient-induced latchup in CMOS ICs under system-level ESD test,” IEEE Trans.
Electron Devices, vol. 52, no. 8, pp. 1821-1831, Aug. 2005.

D. Smith and A. Wallash, “Electromagnetic interference (EMI) inside a hard disk driver
due to external ESD,” in Proc. EOS/ESD Symp., 2002, pp. 32-36.

IEC 61000-4-2 Standard, “EMC — Part 4-2: Testing and Measurement Techniques —
Electrostatic Discharge Immunity Test;” 1EC, 2008.

T.-H. Wang, W.-H. Ho, and L.-C. Chen, “On-chip system ESD protection design for
STN LCD drivers” in Proc. EOS/ESD Symp., 2005, pp. 1-7.

M.-D. Ker and Y.-Y. Sung, “Hardware / firmware co-design in a 8-bits microcontroller
to solve the system-level ESD issue on keyboard” in Proc. EOS/ESD Symp., 1999, pp.
352-360.

IEC 61000-4-4 Standard, “EMC — Part 4-4: Testing and Measurement

Techniques —Electrical Fast Transient/Burst Immunity Test,” IEC, 2004.

[10] M.-D. Ker and W.-Y. Lin, “New design of transient-noise detection circuit with SCR

device for system-level ESD protection,” [EEE New Circuits and Systems Conf.

(NEWCAS), pp. 81-84, June. 2012.

71



Reference

[11] M. Montrose, Printed Circuit Board Design Techniques for EMC Compliance, IEEE
Press, 2000.

[12] M.-D. Ker and S.-F. Hsu, “Evaluation on board-level noise filter networks to suppress
transient-induced latchup in CMOS ICs under system-level ESD test,” IEEE Trans.
Electromagn. Compat. vol. 48, no. 1, pp. 161-171, Feb. 2006.

[13] ESD Protection for USB 2.0 Interfaces (AN10753), NXP semiconductor, 2010.

[14] M.-D. Ker, W.-Y. Lin, C.-C. Yen, C.-M. Yang, T.-Y. Chen, and S.-F. Chen, “New
transient detection circuit for electrical fast transient (EFT) protection design in display
panels,” in Proc. IEEE Int. Conf. Integr. Circuit Design and Technology (ICICDT), 2010,
pp- 51-54.

[15] M.-D. Ker, C.-C. Yen, and P.-C._Shin, “On-chip transient detection circuit for
system-level ESD protection «in- CMOS . integrated circuits to meet electromagnetic
compatibility regulation,” IEEE Trans. Electromagn. Compat., vol. 50, no. 1, pp. 13-21,
Feb. 2008.

[16] C.-C. Yen, C.-S. Liao, and M.-D. Ker, “New.transient detection circuit for system-level
ESD protection,” in Proc. VLSI-DAT Symp., 2008, pp. 180-183.

[17] M.-D. Ker, C.-S. Liao, and C.-C. Yen, “Transient detection circuit for system-level
ESDKer, C.-S protection and its on-board behavior with EMI/EMC filters,” in Proc.
IEEE Int. Sym. Electromagn. Compat. (EMC), 2008, pp. 1-4.

[18] M.-D. Ker and C.-C. Yen, “New transient detection circuit for on-chip protection
design against system-level electrical-transient disturbance,” IEEE Trans. Ind. Electron.

vol. 57, no. 10, pp. 3533-3543, Oct. 2010.

72



Vita

s A (Vita)

A

T AL AT

B g Y en

WO R EE REkie SRS kT
SRR R T

L A W 5 s o

T 8 T BB 5k B P o

Vg W FR— I

R R R et G

LERET o IR R e

FAERP A RET S b RN YRR

73



