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Design of On-Chip Transient Detection Circuits for

System-Level ESD Protection

Student: Chi-Sheng Liao Advisor: Prof. Ming-Dou Ker

Department of Electronics Engineering and Institute of Electronics
National Chiao-Tung University

ABSTRACT (ENGLISH)

As the improvement of semiconductor process and technology, the device size of CMOS
ICs has been scaled down and more complicated functions are integrated into a single chip.
The potential destructive nature of ESD in CMOS ICs becomes serious and the design of ESD
protection circuits becomes more challenging.in scaled<down CMOS process. Therefore ESD
protection has become an important reliability issue in CMOS IC products.

System-level ESD is an increasingly important reliability issue in CMOS IC products. It
has been also reported that reliability 4ssues still exist in CMOS ICs under system-level ESD
tests, even though they have passed component-level ESD specifications. In order to meet
high electromagnetic compatibility (EMC) regulations, the microelectronic products are
required to evaluate system performance under reliability test standard of system-level ESD
tests. In the system-level ESD test standard of IEC 61000-4-2, the microelectronic products
are required to sustain the ESD voltage of *8kV (*15kV) under contact-discharge
(air-discharge) test mode to achieve the immunity requirement of “level 4”. The experimental
results have confirmed that the power and ground lines of microelectronic products no longer
maintain the normal operating voltage under system-level ESD tests, but underdamped
sinusoidal waveforms instead. Furthermore, the transient noise under system-level ESD tests
can cause system into locked state, system frozed state, transient-induced latch-up, or even
hardware damage. In traditional solutions, extra discrete components are added on PCB to
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ABSTRACT (ENGLISH)

suppress system-level ESD events in microelectronic products. Therefore, the chip-level
solutions to meet high system-level ESD specification for microelectronic products are
strongly requested by IC industry.

In chapter 2, two transient detection circuits have been designed and investigated to
detect the fast electrical transients on the power line (Vpp) and ground line (Vgs) under
system-level ESD tests. In chapter 3, the proposed on-chip transient detection circuits have
been fabricated in a 0.18-um CMOS process with 3.3-V devices. The circuit performance of
the circuits has been evaluated by transient induced latchup (TLU) tests, system-level ESD
tests, and EFT tests. It has been confirmed that the transient detection circuits can detect and
memorize the occurrence of the positive (negative) fast electrical transients on the power and
ground lines of CMOS ICs.

Evaluation on the board-level noise filter network to reduce the ESD energy coupling
into the DUT under system-level"ESD tests is investigated in chapter 4. Different types of
board-level noise filters, including capacitor filter, LC-like (2nd—0rder) filter, m-section
(3"-order) filter, etc., have been evaluated to change the detection range of the proposed
on-chip transient detection circuits.

In chapter 5, a novel on-chip transient-to-digital converter composed of four transient
detection circuits and four different RC filters has been successfully designed and verified in a
0.18-um CMOS process with 3.3-V devices. The output thermometer digital codes of the
proposed on-chip transient-to-digital converter correspond to different positive/negative ESD
voltages under system-level ESD tests. These output digital codes can be used as the firmware
index to execute different auto-recovery procedures in microelectronic systems. Therefore, the
system with auto-detection function can detect the transient noise and then automatically reset

itself to achieve the “Class B” specification defined in the IEC 61000-4-2 standard.
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Chapter 1

Chapter 1

Introduction

1.1. Motivation

As the improvement of semiconductor process and technology, the device size of CMOS
ICs has been scaled down and more complicated functions are integrated into a single chip.
Due to thinner gate oxide and shallower junction depth in advance technologies,
microelectronic products with CMOS ICs are susceptible to electrostatic discharge (ESD)
damage. The potential destructive nature of ESD in CMOS ICs becomes more serious and the
design of ESD protection circuits becomes more challenging in scaled down CMOS process.
Therefore, ESD protection has become‘an important reliability issue in CMOS IC products. In
order to verify the robustness of the ESD protections. against the ESD-induced energy, many
international standards have been established. Component-level ESD and system-level ESD
are two kinds of ESD specifications to verify the reliability of the CMOS ICs inside the
electronic 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 test is used to simulated 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].

System-level ESD is an increasingly important reliability issue in CMOS IC products [4],
[12]. Under 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 to cause malfunction (e.g., loss of data logic state) or hardware

destruction (e.g., the chip burns out). In order to meet high electromagnetic compatibility
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(EMC) regulations, the microelectronic products are required to evaluate system performance
under reliability test standard of system-level ESD tests. In the system-level ESD test standard
of IEC 61000-4-2 [5], the microelectronic products are required to sustain the ESD-generated
voltage of X8kV (+15kV) under contact-discharge (air-discharge) test mode to achieve the
immunity requirement of “level 4”. Recently, more international companies have adopted the
system-level ESD standard IEC 61000-4-2 to verify the EMC performance of CMOS IC
products. Unfortunately, it has been reported that some CMOS IC products which have passed
component-level ESD specifications are susceptible to system-level ESD tests. It has been
also reported reliability issues still exist in CMOS ICs under system-level ESD tests, even
though they have passed component-level ESD specifications. In the IEC 61000-4-2 standard,
contact-discharge and air-discharge test modes_are used to verify CMOS IC products under
system-level ESD tests. 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]. Furthermore,
the transient noise under system-level ESD tests can cause system locked state, system frozed
state, transient-induced latch-up, and hardware damage. From the previous studies, it has been
reported the super twisted nematic (STN) liquid crystal display (LCD) panel keeps in reset
state and shows error display after system-level ESD tests [6]. In traditional solutions, extra
discrete components are added to suppress system-level ESD events in microelectronic
products [7]. 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. In traditional solutions, 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 are
different for various product applications. It is more challenging to achieve ESD level high
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enough than before. System-level ESD protection design plays an important role in many
kinds of CMOS IC products. Therefore, 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 increasingly 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), MIL-STD (US Military
Standard), etc, draw up the different ESD standards for all kinds of ESD conditions. All of the
international standards which have been 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 (ESD events) and IEC 61000-4-4 (EET events). IEC 61000-4 is a part of the
IEC 61000 series, and the mainly contents of part4 is 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 verity the disturbance of
CMOS ICs under system-level ESD tests, the ESD gun is used to zap the ESD-induced
energy into the EUT. Fig. 1.1 (a) shows the equivalent circuit of ESD gun. The energy storage
capacitor, the discharge resistor, and the discharge switch shall be placed as close as possible
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to the discharge electrode, which is shown in Fig. 1.2. Otherwise, the equivalent circuit of
human body model is shown in Fig. 1.1(b). To compare two equivalent circuits, the storage
capacitor in Fig. 1.1 (a) is 150pF, and that in Fig. 1.1 (b) is 100pF. Therefore, the
ESD-induced energy stored in the system-level ESD condition is lager 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 tests has faster rise time than that in component-level ESD tests. Fig. 1.3
shows the typical waveforms 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 that in
component-level ESD test. In order to compare the test results obtained from different ESD
generators, the characteristics of the'waveform of discharge current is listed in Table I and
shown in Fig. 1.3. Table II 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 III. Contact discharge is the preferred test method,
and air discharge shall be used where contact discharge can not be applied. It is not intended
to imply that the test severity is equivalent between contact discharge and air discharge test
modes. To compare Table III with Table II, the test voltage of system-level ESD is lager 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 those phenomena, system-level ESD tests are more significant to affect the
system operation of the microelectronic products than component-level ESD tests. Table IV
shows the evaluation of system-level ESD test results, the test results shall be classified in
terms of loss function or degradation of performance of the EUT. In the evaluation table, 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
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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 will follow in chapter 3.

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) [8]. EFT disturbances are common in
industrial environment where electromechanical switches are used to connect and disconnect.
The EFT test is intended to demonstrate the immunity of electronic equipments to transient
disturbances such as those originating from switching transients (interruption of inductive
loads, relay constant bounce, etc.).

The equivalent circuit diagram of the EET generator is shown in Fig. 1.5 and the major
elements of the EFT test generator-arelisted in Table V. In'particular, the impedance matching
resistor Ry, (50Q2) and the DC blockingicapacitor 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
R is used to shape the pulse duration. The effective output impedance of the generator shall
be 50Q2.

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
are listed in Table VI and shown in Fig.1.6. The test voltage waveforms of these fast transients
are defined in the standard with the repetition frequency of S5kHz and 100kHz. A burst is
consisted of seventy-five pulses with repetition period of 0.2ms while the repetition rate is
5kHz under EFT tests. Therefore, the burst duration time is 15ms, and the period between two
adjacent bursts is 300ms. Similarly, for the EFT pulse with the repetition frequency of

~5~



Chapter 1

100kHz, there are seventy-five pulses in each burst and the burst duration time is 0.75ms.

The rise time and duration of a single pulse voltage waveform must accord with the
characteristics which are listed in Table VII and shown in Fig. 1.7. A voltage pulse waveform
with rise time of 5nst30% and duration of 50+30% occurs on the pins of EUT under EFT
tests. The EFT test levels for testing power supply ports and for testing 1/O, data, and control
ports of the equipment are listed in Table VIII. The voltage peak for I/O, data, and control
ports is half of the voltage peak for testing power supply ports. Level “X” is an open level,

and is specified in the dedicated equipment specification.

1.3. Traditional System Design Solutions

In order to improve the immunity of microelectronic products to achieve the strict ESD
specifications, there are many approaches that system designers can take to against the ESD
damage. One of the system design'solution to against system-level ESD events is to add some
discrete noise-decoupling components or board—level noise filters on the printed circuit board
(PCB), as shown in Fig. 1.8. The discrete components are used to decouple, bypass, or
absorb the transient noise generating from system-level ESD events. Therefore, the discrete
components can reduce the transient disturbance on microelectronic products. The fast
electrical transients will be bypassed or absorbed by the discrete noise-bypassing components.
And 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 ESD protection, such as TVS, or low-pass noise filters have been reported

and discussed in the following sections [9].

1.3.1. Transient Voltage Suppressor (TVS)
TVS is commonly used to improve the system-level ESD immunity of microelectronic
products. TVS can provide ESD energy discharge path under system-level ESD tests. In the
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PCB of microelectronic products, TVS is located near CMOS ICs to provide system-level
ESD protection function. The main function of transient voltage suppressor is to absorb high
peak power as a surge device under ESD tests. It has been reported that the peak pulse power

of TVS can be estimated by

P | xV (D

peak = pp clamp

where I, is the maximum lightning current that TVS can bypass, and Vamp is the voltage
when I, is applied across the device. The device with lower clamping voltage during ESD
stress conditions can sustain higher ESD level. Although TVS also can be an ESD protector,
the performance is not well enough as other discrete components, which exhibit better
system-level ESD immunity. The disadvantage of TVS is high capacitive loading, which can
cause distortion on high data rate signals. As a result, 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), zener diode, jetes. Varistors are made from ceramic materials.
Compare with TVS components, MOVs have lower capacitance. However, for high speed
interface applications, the capacitance of MOVs is still not low enough without causing
distortion on signals. Other disadvantage of MOVs is that the resistance characteristic of
MOVs is nonlinear. The MOVs is high impedance with a low clamping voltage. When
voltage is high enough across the MOVs, the resistance value drops to a low level. The
voltage drop across the varistor will increase dramatically as the current increases. Varistor is
hard to help products to pass the “Class A” level in IEC 61000-4-2 standard owing to the ESD

clamping voltage is too high.

1.3.2. 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
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microelectronic products under system-level ESD tests [10]. Adding board-level noise filter
between noise trigger source and CMOS ICs can absorb, bypass, or decoupling
ESD-generated energy to avoid ESD damage on EUT. Several types of board-level noise
filters, including capacitor filter, LC-like (2"%-order), and m-section (3"-order) filters, which
have been investigated and confirmed the enhancement of system-level ESD immunity.
Among different noise filter network, the higher-order noise filters have better system-level
ESD immunity. For example, it have been investigated that 7t-section (3"-order) filters have

better enhancement of system-level ESD immunity.

1.3.3. Design Concept of Printed Circuit Board (PCB)

While discrete ESD components are required to suppress the effect of system-level ESD
events, PCB design is another important topic on ESD immunity of EUT. First, the magnetic
of the current induced into circuit leop will be proportional to the size of the loop [9].
Therefore, minimizing the loop ‘size on-the PCB is a critical issue for ESD reliability
enhancement. Second, placing the circuit devices on the PCB as close as possible is important
to minimize the lengths of signal and power lines. By using this method, it can avoid

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



Table I Waveform parameters of discharge current.

Chapter 1

Indicated | First Peak Current | Rise Time With Current Current
Level Voltage of Discharge Discharge Switch (F30%) (F30%)
(kV) *10% (A) (ns) at 30ns at 60ns
1 2 7.5 0.7to 1 4 2
2 4 15 0.7to 1 8 4
3 6 22.5 0.7to 1 12 6
4 8 30 0.7to 1 16 8
Table IT Component-level ESD specifications.
Model Name Test Voltage
Human Body Model > 2000V
Machine Model > 200V
Charge Device Model > 1000V
Table IIT System-level EMC/ESD specifications - test levels.
Contact Discharge Air Discharge
Level Test Voltage Level Test Voltage
1 2kV. 1 2kV
2 kv 2 +4kV
3 T6kV 3 18kV
4 18kV 4 T15kV
x® Special XM Special

(1) “X” is an open level. The level has to be specified in the dedicated equipment specification. If

higher voltages than those shown are specified, special test equipment may be needed.

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

Criterion Recommended Classification
Class A 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,
Class D owing to damage to hardware or software, or loss of data.




Table V Characteristics of the EFT generator.
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Parameter Definition
R, Charge Resistor
Ce Energy Storage Capacitor
R Impulse Duration Shaping Resistor
R Impedance Matching Resistor (=50Q2)
Ca DC Blocking Capacitor (=10nF)

Table VI Characteristics of the fast transient/burst.

Repetition Rate | Repetition Period | Pulse Number | Burst Duration Burst Period
5kHz 0.2ms 75 15ms 300ms
100kHz 0.01ms 75 0.75ms 300ms
Table VII Characteristics of a single pulse in each burst.
Parameter Value
Frequency 5 or 100kHz
Rise Time 5nst30%
Duration 50ns£30%

Table VIII EFT specifications - test levels.

Level Voltage® (kV) Voltage®™ (kV)
1 0.5 10.25
2 *1 0.5
3 2 *1
4 4 2
X© Special Special

(a) On power ports.

(b) On I/O(input/Output) signal, data, and control ports.

(c) “X” is an open level. The level has to be specified in the dedicated equipment specification.
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Fig. 1.1 The equivalent circuit 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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(a)Contact discharge
head

(b)Air discharge head

Fig. 1.2 Discharge electrodes of ESD gun which is used under system-level ESD test with (a)

contact discharge mode and (b) air discharge mode.
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Fig. 1.3 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.
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Fig. 1.4 Measurement instruments of system-level ESD test.
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Fig. 1.5 The equivalent circuit of EFT generator.
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Fig. 1.6 General graph of a fast transient/burst.
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Fig. 1.7 Voltage waveform of a single pulse in each burst.
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Fig. 1.8 The system solution to overcome the system-level ESD issue in keyboard by adding

extra discrete components to absorb or bypass the electrical fast transients.
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Design of On-Chip Transient Detection Circuits

2.1. Background

During system-level ESD tests, the power line (Vpp) and ground line (Vss) of CMOS
ICs inside EUT will 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. To avoid the system upset or frozen by the
system-level ESD stress, the system should design with auto-detection function to detect the
fast transients, then the system can automatically reset itself and restore to stable state.
Therefore, the system can achieve the “Class B”’specification which is defined in the
specification, IEC 61000-4-2 required by most international companies. According to this
reason, an effective on-chip circuit to detect the electrical transients under system-level ESD

tests is devised by IC industry.

2.1.1. Prior Art

Two transient detection circuits for system-level ESD protections have been proposed [7],
[11]. The circuit diagram of the first on-chip transient detection circuit is shown in Fig. 2.1 (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. Some coupling capacitors can be added to the ESD
sensor 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/Vsg line. Therefore the simulation
tool HSPICE can be used to fine tune the device size and the capacitance in the ESD sensor to
detect the overshooting or undershooting transients. It has been analyzed that the NMOS in

the inverter of sensor 1 in Fig.2.1 (a) is designed with a larger W/L ratio than that of the
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PMOS to make the latch locking at logic O easily. The PMOS in the inverter of sensor 2 is
designed with a larger W/L ratio than that of the NMOS to make the latch easily locking at
logic 1.

The other transient detection circuit is designed with latch logic gates and capacitors
shown in Fig. 2.1 (b). In this transient detection circuit, a latch circuit composed of invl and
inv2 is used to memorize the logic state after the system-level ESD tests. The capacitors Cp
(Cp2) are used to detect the positive (negative) fast electronic transients. These device
parameters of the circuit such as W/L ratio and capacitance can be designed and simulated by
HSPICE. 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. In order to increase
the operation speed to detect the system-level ESD events, the NMOS (M,;) in the inverter
(invl) is designed with a lager W/L'than that of PMOS (M;;). On the contrary, the PMOS
(M) in the inverter (inv2) is designed with a lager. W/L than that of NMOS (My,). 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 to logic 0. Furthermore, this reset function can be realized
with NMOS or PMOS. When the voltage of Vpp is below the voltage of Vgg, the parasitic
diodes of PMOS such as M;; and My, would be turned on. Therefore, this circuit can detect
the positive system-level ESD events. Correspondingly, the parasitic diodes of NMOS such as

M, and M, would be turned on under the negative system-level ESD stress.

2.1.2. Simulation Parameter in HSPICE Simulator Tool
2.1.2.1. 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 [7]. 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. 2.2 (a) and (b) show the measured Vpp
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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, in order to investigate and simulate the transient voltage waveforms
occurred on the power line and ground line under system-level ESD events, a specific
time-dependent voltage source given by

V (t) =V, +V,, xSin(27D, (t —t4)) x eXp(—(t —t;)Dp g0, ) )
is used to apply an underdamped sinusoidal voltage on the Vpp/Vss lines of CMOS ICs, as
shown in Fig. 2.3 to investigate the performance of proposed on-chip transient detection

circuits.

2.1.2.2. Electrical Fast Transient (EFT) Tests

For EFT pulse with the repetition. frequency of SkHz, the measured voltage waveforms
on the 50-Q resistor with +200V.and <200V are shown in Fig. 2.4 (a) and (b). Due to the
impedance matching resistors of th¢ ‘BEFT generator and EUT, the measured transient peak
voltage is +100V and -100V. An exponential time-dependent voltage source with rise/fall time
constant parameters is used to simulate the EFT-induced transient disturbance on the power
lines of CMOS ICs. The rising edge of the exponential voltage pulse is expressed as

Time —t

Vo, =V, +(V, —V)) x[1-exp(- —4)] , when tg<t<tw. (3)

21

The falling edge of the exponential Voltage pulse is expressed as

Time —t
Vo, =V, +(V, -V)x[1- exp( az_ dl)] Xp(———4) , when t>tg,. (4)

21 7
With the proper parameters such as rise (fall) time constant 1, (t2), rise (fall) delay time
ta1 (ta2), initial DC voltage value V|, and exponential pulse voltage V,, the exponential voltage

source can be constructed to simulate the EFT-induced disturbance under EFT tests as shown

in Fig. 2.5.
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2.2. New Proposed On-Chip Transient Detection Circuits

There are two new transient detection circuits which have been investigated for
system-level ESD protection. The proposed circuits are designed to detect the positive and
negative fast electronic transients under system-level ESD tests. In this section, the circuit
operation and HSPICE simulation of proposed on-chip transient detection circuits have been

analyzed.

2.2.1. On-Chip Transient Detection Circuit |
2.2.1.1. Circuit Structure

The schematic diagram of proposed on-chip transient detection circuit I consisted of
transient detection block, memory block, and output buffer block is shown in Fig. 2.6. To
detect the fast electronic transients onthe Vpp/Vss lines under system-level ESD tests, the RC
delay circuit is used in this work: The detection function is based on the different rise time
value between power-on condition.(in the order of milliseconds) and system-level ESD event
(in the order of nanoseconds). The RC time constant between milliseconds and nanoseconds
is designed to distinguish system-level ESD events from normal power-on status. Therefore,
the duration of the RC time constant can be significantly longer than the period of the fast
transients on the power line. Two inverters (INV_2 and INV_3) comprise the latch structure
as a memory block which can provide storage function to memorize the occurrence of
system-level ESD events. The NMOS (M,,) is designed to provide the initial reset function
while the V.. input signal attains to high logic level, and then NMOS (M,,) can be turned on
to cause low logic level at the output node (Vour). The voltage level at the node Vgc is logic
high under normal operating condition, and then the NMOS (M,) can be turned off without
changing the logic states memorized in the memory block after reset function. Under
system-level ESD tests, voltage response of the node V¢ is slower than power line because
of the longer RC time constant design. The longer delay at the node Vgc causes the PMOS of
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INV _1 to conduct. The potential on the gate of NMOS (M,) is increased toward to Vpp rail,
and the M, device can be turned on. Consequently, the output logic state stored at node Vg
can be changed from low voltage level to high voltage level. Finally, the output voltage of the
transient detection circuit can be changed to high logic level to detect and memorize the

occurrence of system-level ESD events.

2.2.1.2. 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/Vss line under system-level ESD stress occurs
randomly, there are many different combinations of voltage source parameters applied on the
Vpp or Vgs. To investigate the performance of the transient detection circuit I under different
conditions, the simulated results 1s shown in Fig. 2.7 ~Fig. 2.8. The simulated Vpp, Vss,
Vreser, and Vour waveforms with positive-going (negative-going) underdamped sinusoidal
voltage on both Vpp and Vgs lines are used to simulate the positive (negative) system-level
ESD zapping conditions. In the following HSPICE simulation with underdamped sinusoidal
waveforms on Vpp/Vss lines, the same parameters of DFacter=2X107s'l, Drreq=50MHz,
td=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 DC Vpp
voltage is kept at 3.3V with a relatively Vgs of OV. Secondly, a 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. 2.7 (a) (Fig. 2.8 (a))
shows the overshooting (undershooting) voltage amplitude coupled on both Vpp/Vss lines,
and the voltage amplitude on Vpp is lager than that on Vsg. On the contrary, the overshooting
(undershooting) voltage couple on both Vpp and Vgss shown in Fig. 2.7 (b) (Fig. 2.8 (b)), but
that on the Vg is lager. During different system-level ESD conditions, the Vpp/Vss begins to
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jiggle rapidly from 3.3V/0V and the output node Vour is disturbed simultaneously. As the
results, after Vpp/Vss 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.

The routing traces may be different for power lines and ground lines on the PCB shown
in Fig. 2.9. For this reason, coupling path from the ESD zapping source to the Vpp and Vs
inside ICs may be different. A signal delay of 5ns between Vpp and Vgs waveforms under
system-level ESD zapping has been measured, as shown in Fig. 2.10. 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.
2.11 (a) and (b). From the simulated results with a signal delay between Vpp and Vss, the

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

2.2.1.3. HSPICE Simulation:Results under EFT Test

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

The simulated Vpp, Vgreser, and Voyur waveforms of the proposed on-chip transient
detection circuit I with a positive/negative exponential voltage pulse on the Vpp are shown in
Fig. 2.12 (a) and (b). To reset the output voltage level of the transient detection circuit I 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 I is influenced at the same time as
shown in Fig 2.12 (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
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tests. Vpp begins to decrease rapidly from 3.3V to -13V, and the output voltage of transient
detection circuit I is influenced simultaneously as shown in Fig 2.12 (b). After the
positive/negative transient disturbance duration, Vpp returns to its initial voltage level of 3.3V

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

2.2.2. On-Chip Transient Detection Circuit 11
2.2.2.1. Circuit Structure

The design concept of the proposed transient detection circuit II for system-level ESD
test shown in Fig 2.13 is investigated in this section. The RC-based structure is used to detect
the fast electrical transients under system-level ESD stress. The time response of power-on
condition is in the order of milliseconds and that of the system-level ESD events is in the
order of nanoseconds. Therefore, the'RC time constant'is designed between nanoseconds (ns)
and milliseconds (us) to distinguish.the power-on condition and system-level ESD events.
The node Vg is originally kept at Vpp as logic 1, and the PMOS (Mp) is turned off. The
NMOS (M,,) can realize a reset function by using a power-on reset circuit. After power-on
reset procedure, the output voltage (Vour) is set to OV as logic 0, and the NMOS (My) can be
simultaneously turned on to maintain the voltage level of node Vgp at OV initially. Under
system-level ESD events, the Vpp voltage of transient detection circuit II is disturbed with an
underdamped sinusoidal waveforms that has a fast rise (fall) time of nanoseconds. The PMOS
(Mp) can be turned on due to the longer RC time response. Therefore the PMOS (Mp) can
conduct a voltage to Vpp causing this node to change the voltage level from logic 0 to logic 1.
While the node Vgp is set to logic 1, the NMOS (My) can be turned off due to the feedback
loop. After system-level ESD tests, the PMOS (Mp) and NMOS (My) are turned off and no
discharge path conducts at node Vgp. The logic state at node Vgp is memorized to logic 1, and
the output of on-chip transient detection circuit II is finally changed from logic 0 to logic 1 to
detect and memorize the occurrence of system-level ESD events.
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2.2.2.2. HSPICE Simulation Results under System-Level ESD Test

The simulated waveforms of Vpp, Vss, Vreser, and Vour of the proposed on-chip
transient detection circuit II with positive-going and negative-going underdamped sinusoidal
voltage on both Vpp and Vgs are shown in Fig. 2.14 (a) and (b). The initial Vpp voltage level
is kept at 3.3V with a relatively Vgs of OV. In order to simulate the disturbance on the CMOS
ICs under positive system-level ESD zapping, a time-dependent overshooting voltage
waveform with amplitude of +12V is applied to the power line shown in Fig.2.14 (a). At the
same time, an underdamped waveform with the same parameters such as damping factor,
frequency and time delay is used on the ground line. The only different parameter applied to
the Vgg is the smaller amplitude of +5V. After system-level ESD events, the output voltage
level Vouris changed from OV to 3.3V. Fig. 2.14 (b) shows a similar simulated result of Vpp,
Vss Vreser and Voyr waveforms, but the underdamped sinusoidal waveforms applied on both
Vpp and Vsg are negative-going voltage source to simulate the negative system-level ESD
zapping condition. That is to say, the amplitude of underdamped sinusoidal voltage source
applied on the power and ground lines are both negative. As the result, after Vpp finally
returns to its original voltage level of 3.3V, Vour is pulled up its voltage level to 3.3V. A
simulated condition of signal delay between Vpp and Vgs waveforms are shown in Fig. 2.15
(a) and (b). This signal delay condition under system-level ESD tests is due to the different
coupling path from the ESD zapping source to the Vpp/Vss pins of CMOS ICs on the PCB. In
order to simulate the signal delay condition under positive and negative system-level ESD
zapping, a time-dependent overshooting (undershooting) underdamped sinusoidal voltage
source with amplitude of +12V (-12V) is applied to the Vpp, as shown in Fig. 2.15 (a) (Fig.
2.15 (b)). At the same time, an underdamped waveform with the same parameters including
voltage amplitude is used on the Vss. A signal delay of 5ns between Vpp and Vg is also
applied to the power and ground lines of the proposed on-chip transient detection circuit.
During the period with fast transient stress, Vour is influenced by the Vpp/Vss disturbance.
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When Vpp (Vss) returns to its normal operating voltage of 3.3V (0V), Vouris finally changed

from OV to 3.3V after system-level ESD tests.

2.2.2.3. HSPICE Simulation Results under EFT Test

The simulated Vpp, Vreser, and Vour waveforms of the proposed on-chip transient
detection circuit II with a positive/negative exponential voltage pulse on the Vpp are shown in
Fig. 2.16 (a) and (b). A logic high voltage pulse is used to reset the output state to OV as the
initial state. Then, the exponential voltage source with amplitude of +15V (-15V) is used to
simulate the positive (negative) EFT-induced transient disturbance on the power lines under
EFT tests. The output voltage (Vour) of transient detection circuit I is influenced by the Vpp
disturbance simultaneously. After the positive (negative) transient disturbance duration, the

output state of the transient detection eircuit IL transmits from 0V to 3.3V.

2.3. Conclusion

The circuit performance of the two proposed on=chip transient detection circuits has been
investigated by the simulation tool HSPICE. The device size of transient detection circuits can
be optimized by using HSPICE. From the simulation results, the output voltage level of both
new proposed on-chip transient detection circuits can changed from logic 0 to logic 1 after
system-level ESD and EFT events. Therefore, these two circuits can detect the positive and
negative fast electronic transients disturbed on the Vpp or Vsg lines. Furthermore, two
proposed on-chip transient detection circuits can memorize the occurrence of system-level

ESD and EFT events.
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Fig. 2.14 Simulated Vpp, Vss, Vreser and Vour waveforms of the transient detection circuit I1

with (a) positive-going underdamped sinusoidal voltage and with (b) negative-going

underdamped sinusoidal voltage on both Vpp/Vss, and both the overshooting amplitudes on

Vpp are larger than that

on Vss.
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Sns delay time.
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Chapter 3

Measurement Setup and Measurement Results of

Transient Detection Circuits

3.1. Background

During system-level ESD tests, the high-energy ESD-induced noise on the power (Vpp)
and ground (Vss) lines often leads to frozen states or malfunction of the EUT. In the standard
of IEC 61000-4-2, there are two kinds of test modes have been specified: contact-discharge
test mode and air-discharge test mode. It is difficult to evaluate the immunity of “single”
CMOS IC inside the EUT by using ESD gun under the system-level ESD tests, even though
the IEC 61000-4-2 standard has been adopted. as.reliability test method of microelectronic
products by most international companies. The quantity of energy induced by system-level
ESD zapping is hard to evaluate in the experiments because of different box shielding and
PCB layout designs applied on the’ microelectronic' products. To solve this problem, a
component-level transient induced latchup (TLU) test for system-level ESD consideration has
been investigated [13]-[16]. In the measurement setup of TLU tests, the ESD trigger source
can only apply the ESD-induced energy on the Vpp power line. Nevertheless, the
measurement setup still can be used as an efficient method to investigate the system-level
ESD immunity of CMOS IC. In this chapter, the new proposed on-chip transient detection
circuits are fabricated in a 0.18-um CMOS process with 3.3-V devices. The die photos of two
proposed on-chip transient detection circuits are shown in Fig. 3.1 (a) and (b), respectively.
The circuit performance of the circuits has been evaluated by TLU tests, system-level ESD

tests, and EFT tests, respectively.
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3.2. Transient Induced Latchup (TLU) Test

There are several advantages of the TLU tests. First, it can easily evaluate the immunity
of “single” CMOS IC by the measured voltage/current waveforms through oscilloscope.
Secondly, it can provide accurate simulation and high accuracy without over estimation for
ESD-generated voltage disturbed on the CMOS ICs under system-level ESD tests. Through
the TLU measurement setup, positive-going or negative-going underdamped sinusoidal
voltages similar with the waveforms generated from ESD gun under system-level ESD tests

can be provide by setting positive or negative charged voltage levels.

3.2.1. Measurement Setup

The measurement setup of TLU test is shown in Fig. 3.2 and 3.3. An electrostatic
discharge simulator is used as a trigger source and it'can generate the ESD-like energy to
apply the underdamped sinusoidal veltage which is similar to the waveforms generated by
ESD gun. A capacitor of 200pF is ‘employed as the charging capacitor, as the same value used
in machine model (MM) ESD test. "This capacitor can store the energy (Vcharge) generated
from the electrostatic discharge simulator and then the stored charge can be discharged to the
DUT through the relay. Therefore, by setting positive (negative) Vcnaree value, a positive-going
(negative-going) underdamped sinusoidal voltage can be generated to simulate the transient
disturbance on the power pins of CMOS ICs under system-level ESD test. Finally, the
transient Vpp or Ipp waveforms can be measured through the digital oscilloscope with voltage
and current probes. Noteworthiness, a 5Q resistor is located between the DUT and power
supply to avoid electrical-over-stress (EOS) damage on the DUT under a high current latchup
state. In previous studies, the usage of a small current-limiting resistance, instead of a
current-blocking diode is suggested in the TLU measurement setup in order to evaluate

system-level ESD immunity of CMOS ICs [16].
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3.2.2. Measurement Results of Transient Detection Circuit |

Fig. 3.4 (a) and (b) show the measured Vpp and Voyr waveforms of the on-chip transient
detection circuit I under TLU tests, respectively. The Vpp power line of the on-chip transient
detection circuit I is disturbed with ESD-induced noise under TLU test. Therefore, the Vpp
power line would not maintain its normal voltage level of 3.3V, but rapidly increase (decrease)
from 3.3V under TLU test with positive (negative) Vcpage. The Vour voltage level is
simultaneously affected by the ESD-generated transient noise. Under TLU test with V paree 0f
+9V, a positive-going underdamped sinusoidal waveform can be generated on Vpp power line,
as shown in Fig. 3.4 (a) Under TLU test with Vinarge of -1V, a negative-going waveform can
be generated on Vpp power line likewise, as shown in Fig 3.4 (b). After TLU tests with
positive and negative Vcnaree, the output voltage level of on-chip transient detection circuit I

can be changed from 0V to 3.3V.

3.2.3. Measurement Results of Transient Detection Circuit 11

The measured Vpp and Vour waveforms of the on-chip transient detection circuit II
under TLU tests with positive and negative Vcpaee are shown in Fig. 3.5 (a) and (b),
respectively. Under TLU tests, the power line would not maintain its normal voltage, but an
underdamped sinusoidal voltage instead. As shown in Fig. 3.5 (a), under positive ESD stress
with Vipaee 0f +11V, Vpp rapidly increases from 3.3V to a high peak voltage and the output is
disturbed with the positive-going underdamped sinusoidal voltage waveform at the same time.
After TLU test with positive Vcnaree, the output voltage level is changed from OV to 3.3V. As
shown in Fig. 3.5 (b), under negative ESD stress with Vpage 0f -3V, Vpp rapidly reduces from
3.3V to a low peak voltage and the output is disturbed with the negative-going underdamped
sinusoidal voltage waveform simultaneously. After TLU tests with negative Vcparee, the output

voltage level is changed from OV to 3.3V.
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3.3. System-Level ESD Test

To evaluate the performance of electrical/electronic equipments when subjected to EMC
regulations, performing the system-level ESD test for the electrical/electronic equipment is
necessary. System-level ESD tests can judge whether the microelectronic products meet the
immunity requirement in IEC 61000-4-2 standard. The immunity of microelectronic products
against ESD-induced energy can be evaluated by system-level ESD tests. For example, to
achieve the requirement of “level 4” defined in the IEC 61000-4-2 standard, a
contact-discharge (air-discharge) test mode with ESD zapping voltage of 8kV (x15kV) is
the required voltage level. There are several test modes in the standard, such as direct
contact-discharge, indirect contact-discharge, and air-discharge test mode. In the following
measurement, the ESD gun is zapped on the edge of horizontal coupling plane (HCP) under
system-level ESD tests with indirect contact-discharge mode, as shown in Fig. 3.6.
Electromagnetic interference (EMI) energy coming from the ESD zapping is coupled to the
CMOS ICs inside the DUT. The.performance of the proposed on-chip transient detection

circuits can be evaluated under system-level ESD tests with indirect contact discharge mode.

3.3.1. Measurement Setup

The measurement setup of system-level ESD tests clarified in the IEC 61000-4-2
international standard is shown in Fig. 3.6. The test environment consists of a wooden table
standing on the ground reference plane (GRP). The connection from the earth cables to the
GRP shall be low impedance path. The horizontal and vertical coupling planes for indirect
discharge test mode are both connected to the GRP with two 470kQ resistors in series. These
resistors are used to avoid the ESD-induced energy conducts to the GRP without coupling to
the DUT in indirect contact-discharge condition. In addition, an insulation sheet between the
EUT and the HCP is placed on the table to separate the EUT from HCP. The ESD gun acts as
the trigger source and the discharge return cable of the ESD gun shall be connected to the
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GRP when the ESD energy is zapped to the DUT. The ESD gun should be able to generate at
a repetition rate of twenty discharges per second at least for exploratory purposes only. The
discharge return cable shall be sufficiently insulated to prevent the flow of the discharge
current to conduct surfaces other than via its termination during system-level ESD tests. For
conformance testing, the EUT shall be continually operated in its most sensitive mode. The
transient response of the proposed on-chip transient detection circuits can be recorded and
evaluated by using digital oscilloscope under system-level ESD tests. After system-level ESD
zapping, the output voltage level of the proposed on-chip transient detection circuits can be

recorded to verity the detection function.

3.3.2. Measurement Results of Transient Detection Circuit |

Under system-level ESD test with positive. ESD voltage of +0.2kV, the measured Vpp
and Vour waveforms of the proposed.on-chip transient detection circuit I are shown in Fig.
3.7 (a). The power and ground lines ofithe on-chip transient detection circuit I are disturbed
with ESD stress under system-level ESD tests. Therefore, Vpp (Vss) line would not maintain
its normal voltage level of 3.3V (0V), but rapidly increase from 3.3V (0V) under system-level
ESD zapping with positive ESD voltage. Meanwhile, Vour is disturbed by such a high-energy
ESD stress. The Vpp, Vss and Vour voltage levels are simultaneously influenced by the
ESD-induced transient noise. After system-level ESD tests 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 on-chip transient detection circuit I can transit from OV to 3.3V to
memorize the occurrence of system-level ESD events.

Under system-level ESD test with negative ESD voltage of -0.2kV, the measured Vpp
and Vour waveforms of the proposed on-chip transient detection circuit I are shown in Fig.
3.7 (b). The power and ground lines of the on-chip transient detection circuit I are disturbed
with ESD stress under system-level ESD tests. During the negative-going fast electrical
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transients on the Vpp/Vss lines, Vpp and Vour are disturbed simultaneously by such a
high-energy ESD stress. After system-level ESD tests with negative ESD voltage, Vpp and
Vs return to the normal operation voltage level of 3.3V and OV. The output voltage level of
transient detection circuit I can transit from 0V to 3.3V to memorize the occurrence of

system-level ESD events.

3.3.3. Measurement Results of Transient Detection Circuit 1

The measurement setup shown in Fig. 3.6 is used to verify the performance of the
proposed on-chip transient detection circuit II. Fig. 3.8 (a) shows the measured Vpp and Vour
waveforms of the transient detection circuit II under system-level ESD test with positive ESD
voltage of +0.2kV. The Vpp voltage rapidly increases from 3.3V to a high peak voltage owing
to the disturbance of system-level ESD zapping. Duting the positive-going underdamped
sinusoidal transient disturbance on the Vpp power lines, Vpp and Vour are influenced at the
same time. Finally, while Vpp returns to:3.3V, the output of on-chip transient detection circuit
II can be changed from 0V to 3.3V.

Fig. 3.8 (b) shows the measured Vpp and Vour waveforms of the transient detection
circuit II under system-level ESD test with negative ESD voltage of -0.2kV. The Vpp voltage
rapidly decreases from 3.3V to a low peak voltage owing to the disturbance of system-level
ESD zapping. During the negative-going underdamped sinusoidal transient disturbance on the
Vpp power lines, Vpp and Vour are influenced at the same time. Finally, while Vpp returns to

3.3V, the output of on-chip transient detection circuit II can be changed from 0V to 3.3V.

3.4. EFT Test
3.4.1. Measurement Setup

In order to simulate the EFT-induced transient disturbance on the CMOS ICs inside the
microelectronic products, the attenuation network with 200dB degradation is used in this
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work. The measurement setup for EFT tests combined with attenuation network is shown in
Fig. 3.9. The EFT generator is connected to the EUT through the attenuation network. The
Vb and Vour transient responses of the on-chip transient detection circuits can be monitored
by the digital oscilloscope. Thus, the influences on power lines and the transient detection
function under EFT tests can be directly evaluated with the measurement setup of EFT test

with attenuation network.

3.4.2. Measurement Results of Transient Detection Circuit |

Fig. 3.10 (a) and (b) show the measured transient waveforms of Vpp and Vour of
transient detection circuit I under positive and negative EFT tests, respectively. Before each
EFT voltage zapping, the initial output voltage (Vour) of the proposed on-chip transient
detection circuit I is reset to OV. During the EFT tests with positive and negative EFT voltage,
Vpp and Vour of the transient detection circuit I are disturbed simultaneously with the
exponential voltage waveforms. Thus, Vpp increases (decreases) rapidly from its initial value
of 3.3V under positive (negative) EET tests. After EFT tests with attenuation network, the

output voltage of the transient detection circuit I transits from OV to 3.3V.

3.4.3. Measurement Results of Transient Detection Circuit 11

Fig. 3.11 (a) and (b) show the measured transient waveforms of Vpp and Vour of
transient detection circuit II under positive and negative EFT tests, respectively. Before each
EFT voltage zapping, the initial output voltage (Vour) of the proposed on-chip transient
detection circuit II is reset to OV. During the EFT tests with positive and negative EFT voltage,
Vpp and Vour of the transient detection circuit II are disturbed simultaneously with the
exponential voltage waveforms. Thus, Vpp increases (decreases) rapidly from its initial value
of 3.3V under positive (negative) EFT tests. After EFT tests combined with attenuation
network, the output voltage of the transient detection circuit II transits from 0V to 3.3V.
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3.5. Conclusion

The two new proposed on-chip transient detection circuits have been fabricated in a
0.18-um CMOS process with 3.3-V devices. These circuits have been investigated and
designed with the HSPICE simulator tool. Three test methods including TLU test,
system-level ESD test, and EFT test are adopted to verify the circuit performance of proposed
on-chip transient detection circuits. From the experimental results, the outputs of two transient
detection circuits can transit from OV to 3.3V after voltage zapping. Therefore, it has been
confirmed that the transient detection circuits can detect and memory the occurrence of the

positive (negative) fast electrical transients on the power and ground lines of CMOS ICs.
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Fig. 3.1 Die photos of (a) transient detection circuit I and (b) transient detection circuit II.
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Fig. 3.2 Measurement setup of component-level transient induced latchup (TLU) test.
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Fig. 3.3 Measurement instruments of component-level transient induced latchup (TLU) test.
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Fig. 3.4 Measured Vpp and Vour transient responses on the proposed on-chip transient

detection circuit I under TLU test with (a) Vcparge 0f +9V and (b) with Vharge of -1V.
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Fig. 3.5 Measured Vpp and Vour transient responses on the proposed on-chip transient

detection circuit IT under TLU test with (a) Vcharee 0f +11V and with (b) Veparge of -3V.
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Fig. 3.6 Measurement setup of system-level ESD test with indirect contact discharge mode.
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Fig. 3.7 Measured Vpp and Vour transient responses on the proposed on-chip transient
detection circuit I under system-level ESD test with (a) ESD voltage of +0.2kV and with (b)
ESD voltage of -0.2k V.
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Fig. 3.8 Measured Vpp and Vour transient responses on the proposed on-chip transient
detection circuit II under system-level ESD test with (a) ESD voltage of +0.2kV and with (b)
ESD voltage of -0.2kV.
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Fig. 3.10 Measured Vpp and Voyr transient responses on the proposed on-chip transient
detection circuit I under EFT test with (a) positive EFT voltage and with (b) negative EFT
voltage.
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Fig. 3.11 Measured Vpp and Vour transient responses on the proposed on-chip transient
detection circuit I under EFT test with (a) positive EFT voltage and with (b) negative EFT
voltage.

~55 ~



Chapter 4

Chapter 4

Evaluation on Transient Detection Circuit with

Board-Level Noise Filter Networks

4.1. Background

It has been reported that, by choosing proper components in the board-level noise filters,
the ESD immunity of CMOS ICs can be significantly enhanced under system-level ESD tests
[10]. The usage of board-level noise filters between the noise source and CMOS ICs can
decouple, bypass, or absorb noise voltage (energy) such as bi-polar transient waveform.
“Bi-polar” waveform means that the polarity of the voltage waveform can be varied between
positive and negative with time repeatedly. The bi-polat. transient waveforms are similar with
the underdamped sinusoidal waveforms disturbed on the power and ground lines under
system-level ESD tests. The domain parameters of the bi-polar transient waveform disturbed
on the power and ground lines of CMOS ICs under system-level ESD tests include frequency,
damping factor, and transient peak voltage. According to the previous investigations on
board-level noise filters, the purpose of this chapter is to develop an effective board-level
noise filter network to reduce the ESD energy zapped into the DUT under system-level ESD
tests. Different types of board-level noise filters have been evaluated to find their
improvement on reducing ESD-induced energy, including capacitor filter, LC-like (2"-order)
filter, m-section (3"-order) filter, etc. These noise filters can be used to appropriately improve
the ESD immunity of DUT under system-level ESD tests. Some board-level noise filters can
be even integrated into the chip design to further achieve the system-on-chip (SOC) design
and reduce the cost of microelectronic products. Furthermore, the proposed on-chip transient
detection circuits have been verified in a 0.18-um technology with 3.3-V devices successfully.
Under system-level ESD tests, the proposed on-chip transient detection circuits can detect and
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memorize the occurrence of the fast electrical transients disturbance on the power and ground
lines of CMOS ICs. Therefore, board-level (chip-level) noise filters with proper components

can reduce high ESD energy zapped into the proposed on-chip transient detection circuits.

4.2. Different Types of Board-Level Noise Filters to Suppress Bi-Polar

Trigger Waveform under System-Level ESD Test

During system-level ESD tests, the bi-polar transient voltages (underdamped sinusoidal
waveforms) disturbed on the Vpp/Vgs lines of CMOS ICs inside the EUT often cause
malfunction or hardware damage of microelectronic products. It has been reported that the
different types of board-level noise filter network can impact the dominant parameters of
bi-polar transient voltage, such as transient peak voltage, frequency and damping factor, by
suppress the ESD-induced voltage efficiently [10], [17]. Therefore, four types of board-level
noise filters have been investigated in.this section and.the experimental measurement results
are shown below. The measurement setup combined noise filter network with TLU test
measurement instruments is shown in Fig. 4.1.

Four types of noise filter networks: capacitor filter, n-section filter, type-I RC filter, and
type-II RC filter are depicted in Fig. 4.2(a), Fig. 4.2(b), Fig. 4.2(c), and Fig. 4.2(d),
respectively. The TLU test is adopted to evaluate the ESD immunity enhancement of different
board-level noise filter networks. The TLU tests have advantage of providing similar
ESD-induced disturbed voltage waveforms on Vpp/Vgs lines of CMOS ICs under
system-level ESD tests. The TLU test method can avoid overestimation for ESD-induced
disturbance during system-level ESD tests. In this work, different board-level noise filter
networks are located between ESD trigger source and DUT in order to investigate the ESD

immunity against ESD-induced energy.
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4.3. Evaluate the Effectiveness of On-Chip Transient Detection Circuit with

Board-Level Noise Filter Networks

In Fig. 4.3, decoupling capacitances widely ranging from 1pF to 0.1uF are investigated
the system-level ESD detection level of the on-chip transient detection circuit with different
board-level noise filters. The definition of system-level ESD detection level is that minimum
ESD voltage can cause transition at the output of on-chip transient detection circuit from 0V
to 3.3V. Due to TLU test is the adopted measured method in this work, the system-level ESD
detection level is expressed as Vcparee. Furthermore, the system-level ESD detection level is
dependent on the voltage level zapped into the CMOS ICs inside the DUT. For proposed
on-chip transient detection circuits, the combined different noise filter networks can provide
different abilities to reduce ESD-induced disturbance on Vpp/Vss lines and cause the
detection function triggered under different ESD. zapping voltages. In the following analyses,
different types of board-level noise filters combined with the new proposed on-chip transient
detection circuit I shown in Fig..2.6 have been investigated. Fig. 4.3 shows the relations
between the decoupling capacitance of the capacitor and system-level ESD detection level of
the proposed on-chip transient detection circuit I under TLU tests. As shown in Fig. 4.3, larger
capacitance of decoupling capacitor responses to higher system-level ESD detection level. By
using larger decoupling capacitor in noise filter networks, the higher ESD-induced energy
must be zapped into the DUT to trigger on the detection function of proposed on-chip
transient detection circuit. Therefore, for the on-chip transient detection circuit, the
system-level ESD detection level can be adjusted by combining different noise filter
networks.

Fig. 4.4 shows the measurement results of proposed on-chip transient detection circuit I
combined with 3™-order n-section noise filter network shown in Fig. 4.2 (b) under TLU tests.
There are two different resistances of 5Q and 100Q used in the 3™-order noise filter network,
and both the board-level noise filters are measured and analyzed under TLU tests. From the
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measured results shown in Fig. 4.4, larger decoupling capacitance responses to higher
system-level ESD detection level (Vcharge). For example, by using m-section noise filter
consisting of a 100Q resistor and two O.1uF capacitors, the positive system-level ESD
detection level (Vcharee) can be enhanced more than +400V. Furthermore, in this work, a 5Q
resistor and a 100Q resistor are used in the 3™-order m-section noise filters with the same
capacitance of capacitor, respectively. The n-section noise filter with the 100Q resistance can
provide higher system-level ESD detection level than that with 5Q resistance.

For the proposed on-chip transient detection circuit I combined with the board-level
2"order RC noise filter network, Fig. 4.5 shows the measurement results of the system-level
ESD detection level. Two kinds of RC noise filters are used to verify the performance of
suppressing the ESD-generated voltage under TLU tests. For two RC noise filters, one
consists of a 5Q resistor, and the other consists of a 100Q resistor. The decoupling
capacitances are the same in both RC.noise filters: The capacitances widely ranging from 1pF
to 0.1uF are used to investigate the system-level ESD detection level of the on-chip transient
detection circuit combined with RC noise filters. From the measured results shown in Fig. 4.5,
the efficiency of RC noise filter with 100Q2 resistor to against the ESD-induced noise is better
than that with 5Q resistor. If the resistance is fixed, the larger capacitance of the capacitor
used in the RC noise filter network will response to the higher system-level ESD detection
level (Vcharge), as shown in Fig. 4.5.

In order to reduce the capacitance used in the RC noise filter networks, a modified noise
filter network shown in Fig.4.2 (d) is proposed. The original RC noise filter shown in Fig.
4.2(c) is named as type-I RC noise filter, and the modified noise filter is named as type-II RC
noise filter. For the same RC time constant, the capacitance of the capacitor in the type-II RC
noise filter can be reduced due to two resistors used in the type-II RC noise filter. That is, the
capacitance of type-I RC noise filter would be larger than that in type-II RC noise filter for the
same RC time constant. Furthermore, Vpp/Vss lines of CMOS ICs would be disturbed
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simultaneously under system-level ESD tests. The resistor located between Vss line and ESD
trigger source is needed to against the ESD-induced energy coupled on Vgs line. Fig. 4.6
shows the system-level ESD detection level characteristics of the on-chip transient detection
circuit combined with type-II RC noise filter under TLU tests. Two capacitances (10pF and
100pF) are used in the type-II RC noise filter network, separately. The system-level ESD
detection level is strongly dependent on the capacitance of the capacitor used in the type-II
RC noise filter while the resistance is fixed. In addition, the larger resistance used in type-II
filter can cause higher system-level ESD detection level. Compared with the measured results
in Fig. 4.5 and Fig. 4.6, the type-I RC noise filter consisted with 5Q resistance and 600pF
capacitance response to 15-V system-level ESD detection level (Vcharee), but the type-II RC
noise filter consisted with 150 resistance and only 10pF capacitance can achieve
approximate level. Therefore, type-II RC noise filter ¢an reduce the capacitance on the RC
noise filters, no matter for positive and negative' Venaroe tUnder TLU tests. Such board-level
type-II RC noise filter can be further integrated into chip design to effectively enhance the

system-level ESD detection level of CMOS ICs.

4.4. Conclusion

By choosing proper noise filter networks, the ESD-induce energy (voltage) zapped into
the CMOS ICs inside the EUT can be suppressed effectively. The performance of different
type noise filters against the ESD-induced transient noise have been measured and analyzed
under TLU tests. The 3"-order m-section noise filter networks can enhance the system-level
ESD detection level of on-chip transient detection circuit better than the 2"%-order type-I RC
noise filter under TLU tests. Otherwise, the type-I RC noise filter can enhance the detection
level more efficiently than the 1%-order noise filter. The compared measurement results
among different type noise filter networks are shown in Fig. 4.7. For different noise filter
networks, capacitances widely ranging from 1pF to 0.1uF are investigated the system-level
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ESD detection range of the on-chip transient detection circuit. The higher order of noise filters
can more effectively enhance system-level ESD detection level, no matter for positive or
negative ESD events. Therefore, the board-level noise filters can be combined with the
proposed on-chip transient detection circuit to adjust the system-level ESD detection range.
Fig. 4.8 (a) and (b) show the measured Vpp and Vour waveforms under positive and negative
TLU tests with Vcpae of +9V and -1V, respectively. In the TLU tests, the on-chip transient
detection circuit [ is combined with noise filter network. The measured results shown in Fig.
4.8 (a) and (b) can be compared with transient waveforms shown in Fig. 3.4 (a) and (b).
Because noise filter network can effectively suppress the ESD-generated energy, the output
voltage of transient detection circuit still maintains at OV under TLU tests with the same
Vecharge. Therefore, by combining the noise_filter network properly, the on-chip transient

detection circuit can adjust the system-level ESD. detection level.
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Fig. 4.3 Relations between the decoupling capacitance of the capacitor filter and system-level

ESD detection level (Vcnarge) Of the, proposed transient.detection circuit under both positive

and negative TLU test.
>+400V
280 <
- <)
240 = [ _g—s——R=s0
= & =
200 - —i— & —{—R=100Q p +190V
160 |-
o~ 120 |-
> [
=~ 80 |-
g L
5 40 |-
£ _
> 0
40 |- 1 '3,8\/
80 |- ~ -63V
-120 _||||||‘ 1 ||||||‘ 1 |||.|.|.|‘ 1 |||.|u‘ 1 lluu‘ 1 lllm‘ 1 ||||.|
1E-3 0.01 0.1 1 10 100

Decoupling Capacitor (nF)
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Fig. 4.8 Measured Vpp and Vour transient responses on the proposed on-chip transient

detection circuit I with noise filter under (a) positive and (b)negative TLU test with Vcharge

of +9V and -1V, respectively.
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Chapter 5

Design of On-Chip Transient-to-Digital Converter

5.1. Background

In chapter 2 and chapter 3, the proposed on-chip transient detection circuits have been
designed and fabricated in a 0.18-pum technology with 3.3-V devices. From the simulation and
measurement results, the proposed transient detection circuits can successfully detect
positive/negative fast electrical transients on the power and ground lines under system-level
ESD tests. In chapter 4, different types of board-level noise filter networks have been
evaluated the ability to suppress the system-level ESD-induced energy on the power and
ground lines. The higher order noise filter applied between the power and ground lines can
provide better suppressed ability to reduce the ESD-induced energy zapping into the CMOS
ICs. By choosing adaptable noise filter networks to combine with the transient detection
circuits, the quantity of the ESD-induced energy zapping into the transient detection circuits
on the power or ground lines can be further ‘controlled. In this chapter, different noise filters
combined with the proposed transient detection circuit has been designed and investigated
under system-level ESD tests. Even with the same ESD zapping voltage, the different noise
filters between the ESD trigger source and the transient detection circuit would provide
different suppression on the ESD-induced energy. Under system-level ESD tests with smaller
ESD voltages, the proposed on-chip transient detection circuit combined with higher-order
noise filter network would not easily change the stored logic state, but that with lower-order
noise filter network can easily change the logic state from logic 0 to logic 1. Therefore, the
positive/negative fast electrical transient voltages under system-level ESD tests can be
converted to digital thermometer codes. By using the proposed on-chip transient-to-digital

converter, the quantity of the ESD voltage zapped into the CMOS ICs inside the
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microelectronic products under system-level ESD tests can be quantified as digital

thermometer codes.

5.2. Proposed On-Chip Transient-to-Digital Converter

The design concept of proposed on-chip transient-to-digital converter is shown in Fig.
5.1. The detection block could be on-chip transient detection circuit I (or transient detection
circuit II) to detect the positive/negative fast transients under system-level ESD tests.
Otherwise, different types of noise filter networks have different ability to bypass, absorb, or
decouple ESD-induced energy. Therefore, by combing different noise filter networks with
several detection blocks, the ESD-induced voltage zapping into the power and ground lines of
each proposed on-chip transient detection circuits would be different. By using this design
idea, the system-level ESD-induced, energy can be conyverted into digital thermometer codes

which can estimate the noise quantity.under system-level ESD tests.

5.2.1. Circuit Structure

The evaluation of an on-chip transient detection circuit with board-level noise filter
networks has been investigated in the previous chapter. In order to combine the noise filter
network with on-chip transient detection circuit in chip-level, type-II RC filter shown in Fig.
4.2 (d) is adopted to design the proposed on-chip transient-to-digital converter. Fig. 5.2
shows the proposed 4-bits on-chip transient-to-digital converter consisted of on-chip transient
detection circuit II and type-II RC filter, realized with one decoupling capacitor and two
resistors with equal value. The four different type-II RC filters with the same capacitance and
different resistance ranging from 10Q to 150Q provide noise filter function under
system-level ESD stress. Therefore, the different type-II RC filters provide different ability to
suppress the ESD-induced noise zapping into the on-chip transient detection circuit. The
outputs of four on-chip transient detection circuits would be influenced simultaneously, but
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the noise quantity affected on the Vpp/Vss lines of each on-chip transient detection circuits is
different owing to the different on-chip noise filters. Each transient detection circuit combined
with different noise filter networks needs different ESD-induced zapping voltage to trigger the
detect function under system-level ESD stress. By combing with noise filter network to
suppress transient noise on power and ground lines, the proposed on-chip transient detection
circuit needs higher ESD voltages to trigger on detection function than that without using
noise filter network. Therefore, to properly combine the on-chip transient detection circuit
with on-chip type-Il RC filter as a transient-to-digital converter shown in Fig. 5.2, the
system-level ESD-induced energy can be further converted into digital thermometer codes to
estimate the quantity of ESD-induced energy zapped into the CMOS ICs under system-level
ESD tests. Fig. 5.3 shows the chip photograph of the proposed on-chip transient-to-digital

converter.

5.2.2. Measurement Results of System-Level ESD Tests
5.2.2.1. Positive System-Level ESD. Zapping Conditions

The measured Vouri, Vourz, Vours, and Vours waveforms of on-chip transient-to-digital
converter under system-level ESD tests with positive ESD voltage of +0.7kV are shown in
Fig. 5.4 (a). When the power and ground lines of transient-to-digital converter are affected by
ESD stress under system-level ESD tests, Vouri, Vour2, Vours, and Vours are influenced
simultaneously. Due to the different ability of on-chip type-II RC filters to suppress
ESD-induced energy, Vour: is changed from 0V to 3.3V and Vour, Vours, and Vours are still
kept its initial voltage at OV. Therefore, the ESD-induced voltage under system-level ESD
tests can be successfully converted into digital thermometer code “0001.”

The measured Vouri, Vourz, Vours, and Vours waveforms of on-chip transient-to-digital
converter under system-level ESD tests with positive ESD voltage of +0.9kV are shown in
Fig. 5.4 (b). When the power and ground lines are affected by ESD stress under system-level
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ESD tests, Vouti, Vout2, Vouts, and Vours are influenced simultaneously. Finally, Vour; and
Voutzare changed from OV to 3.3V, and Vours, and Vours are still kept its initial voltage at
OV. Therefore, the ESD-induced energy under system-level ESD tests can be converted into
digital thermometer code “0011.”

The measured Vouri, Vourz, Vours, and Vours waveforms of on-chip transient-to-digital
converter under system-level ESD tests with positive ESD voltage of +1.1kV are shown in
Fig. 5.4 (c). Under system-level ESD tests, Vouri, Vour2, Vours, and Vours are influenced
simultaneously. Finally, Vouri, Voutz, and Vours are changed from 0OV to 3.3V and Voursis
still kept its initial voltage at OV. Therefore, the ESD-induced energy under system-level ESD
tests can be converted into digital thermometer code “0111.”

The measured Vouri, Vourz, Vours, and Vours waveforms of on-chip transient-to-digital
converter under system-level ESD tests with positive ESD voltage of +1.3kV are shown in
Fig. 5.4 (d). Under system-level ESD.tests, Vouti, Vourz, Vours, and Vours are influenced
simultaneously. Finally, Vouti, Veurz, Veuts,.and Vours are all changed from OV to 3.3V.
Therefore, the ESD-induced energy under system-level ESD tests can be converted into

digital thermometer code “1111.”

5.2.2.2. Negative System-Level ESD Zapping Conditions

The measured Vouri, Vourz, Vours, and Vours waveforms of on-chip transient-to-digital
converter under system-level ESD tests with negative ESD voltage of -1.1kV are shown in
Fig. 5.5 (a). During the ESD stress zapping on the HCP under system-level ESD tests, Vouri,
Vout2, Vours, and Vours are influenced simultaneously. Due to the different ability of on-chip
type-1I RC filters to suppress ESD-induced energy, Vour: is changed from 0V to 3.3V and the
other outputs of transient-to-digital converter, Vour2, Vours, and Vours, still keep its initial
voltage at 0V, finally. Therefore, the ESD-induced energy under system-level ESD tests can
be converted into digital thermometer code “0001.”
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Similarly, Figs. 5.5 (b), 5.5(c), and 5.5(d) show the measured Vouri, Vour2, Vours, and
Vouta waveforms of on-chip transient-to-digital converter under system-level ESD tests with
negative ESD voltages of -1.6kV, -2.0kV, and -2.2kV, respectively. After system-level ESD
tests, the ESD voltages zapping on HCP can be transferred into digital thermometer codes of
“0011,” “0111,” and “1111.”

Fig. 5.6 depicts the relationship between ESD voltage and the digital code of proposed
transient-to-digital converter under system-level ESD tests with positive and negative ESD
voltage. The x-axis represents the ESD-induced energy (ESD voltage) and the y-axis
represents the digital thermometer codes. With larger ESD-induced energy (ESD voltage)
under system-level ESD tests, the transferred digital thermometer code goes higher. Thus, the
positive (negative) ESD voltages of +0.7kV (-1.1kV), +0.9kV (-1.6kV), +1.1kV (-2.0kV), and
+1.3kV (-2.2kV) can be converted into digital thermometer codes, “0001,” “0011,” “0111,”
and “1111,” respectively.

Similarly, the proposed on-chip transient-to-digital-converter can be measured under
TLU tests to accurately evaluate the System-Level ESD detection level of each output bit. Fig.
5.7 (a) and (b) shows the measured Vouri, Vout2, Vours, and Vours voltage waveforms under
TLU tests with two different positive Vcpage. TWo output bits and four output bits of
transient-to-digital converter change their logic states after different TLU tests. The completed
measured results of transient-to-digital converter under TLU tests are listed in Table 5.1. From
the measured results, each output bit of transient-to-digital converter can change its voltage

level from OV to 3.3V sequentially with different positive/negative Vcharge.

5.3. Conclusion

The new proposed on-chip transient-to-digital converter composed of noise filter
networks and transient detection circuits have been fabricated in a 0.18-um process with
3.3-V devices. By using on-chip noise filter network to reduce the transient disturbance
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voltage on the power and ground lines, the minimum system-level ESD voltage to cause
transition at outputs of transient detection circuit can be adjusted. From the measurement
results, the proposed on-chip transient-to-digital converter can successfully detect and transfer
output voltages into thermometer digital codes under system-level ESD tests with different
ESD voltages. Therefore, a novel on-chip transient-to-digital converter can be designed by
using the proposed on-chip transient detection circuits combined with different RC filter
networks. The digital thermometer codes of transient-to-digital converter with corresponding
positive/negative Vcharge (ESD voltage) under TLU tests (system-level ESD tests) are listed in

Table 5.1.
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Table IX Different positive/negative Venaree and ESD voltage corresponds to digital

thermometer codes under TLU and system-level ESD tests.

Test TLU test System-Level ESD test
Digital N _ Positive ESD Voltage | Negative ESD Voltage
Codes Positive Venarge (V) Negative Venarge (V) ) )

0000 0~15 0~-3 0~0.7 0~-11

0001 15~18 -3~-5 0.7~0.9 -1.1~-16

0011 18 ~ 22 5~-7 09~11 -16~-2.0

0111 22~ 28 -7 ~-11 1.1~13 -20~-2.2

1111 >28 <-11 >1.3 <-2.2
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Fig. 5.1 The circuit structure of transient-to-digital converter composed of noise filter
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Fig. 5.5 Measured Vouri, Vourz, Vours, and Vours transient waveforms under negative
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Chapter 6

Conclusions and Future Works

6.1. Conclusions

Two novel on-chip transient detection circuits have been proposed in chapter 2. The
circuit performance has been investigated by the simulation tool HSPICE. From the
simulation results, the output voltage level of both on-chip transient detection circuits can be
changed from logic 0 to logic 1 after system-level ESD and EFT events.

These transient detection circuits have been fabricated in a 0.18-um CMOS process with
3.3-V devices. From the experimental results in chapter 3, the outputs of transient detection
circuits can transit from OV to 3.3V after TLU, system-level ESD, and EFT zapping.
Therefore, it has been confirmed that the transient detection circuits can successfully detect
and memorize the occurrence of positive and negative fast electrical transient disturbance on
the power and ground lines of CMOS ICs.

The performances of different noise filter networks on the transient detection circuit have
been evaluated under TLU tests in chapter 4. The higher order of noise filters can more
effectively change the detection level of the proposed on-chip transient detection circuits.

A novel proposed on-chip transient-to-digital converter composed of four different noise
filter networks and four transient detection circuits have been designed and fabricated in a
0.18-um CMOS process with 3.3-V devices. By using on-chip noise filter network to reduce
the transient disturbance on the power and ground lines, the minimum system-level ESD
voltage to cause transition at outputs of each transient detection circuit can be adjusted. From
the measurement results, the proposed on-chip transient-to-digital converter can successfully
detect and transfer different ESD voltages into digital thermometer codes under TLU and

system-level ESD tests.
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6.2. Future Works

The detection level of two proposed on-chip transient detection circuits can be adjusted
by the noise filter networks. Therefore, a novel transient-to-digital converter composed
different noise filters and transient detection circuits can successfully transit different ESD
voltages into digital thermometer codes under system-level ESD tests. In advance, the linear
relation between ESD zapping voltages and digital thermometer codes should be improved by
optimizing the combined on-chip noise filter networks and designing new circuit structure.

By using the RC-delay design concept, the proposed on-chip transient detection circuits
and transient-to-digital converter can detect the transient voltage disturbance on the power
and ground lines. However, for the experimental results, the system-level ESD voltage
detection range is under +2kV. The voltage disturbance detection is also dependent on the
impedance of the EUT. In advance, the further. on-chip transient detection circuits and
transient-to-digital converter can be designed to detect current transition of power and ground
lines under system-level ESD zapping condition.

In system application, the on-chip transient-to-digital converter can be cooperated with
power-on reset circuits and operating firmware to provide a hardware/firmware co-design
solution for system-level ESD protection. After firmware receives different digital
thermometer codes as ESD flag, different recover procedure can be executed and then reset
the output voltage levels of on-chip transient-to-digital converter for detecting next
system-level ESD events. Therefore, the IC products can achieve the “Class B” system-level
ESD specification at least. Besides, in order to meet the “Class A” specification, the on-chip
transient-to-digital converter should be designed without reset function to automatically

recover all system function.
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