._ El g\i_glﬁnb.;

o SR BAET AR R T B

On-Chip Self-Reset Transient Detection Circuit

for System-Level ESD Protection

A R N (X1a0-Rui Kang)

da F4F L P 32(Prof. Ming-Dou Ker)



~
“a
o
R
b
a3
(A
&
o

On-Chip Self-Reset Transient Detection Circuit

for System-Level ESD Protection

Foyo4 BT Student : Xiao-Rui Kang

hERE PP RE Advisor : Prof. Ming-Dou Ker

R 2wl 8

%F:_;.)‘;:r;g»;ﬁ-

A Thesis
Submitted to Institute of Electronics
College of Electrical and Computer Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master of Science

in
Electronics Engineering

May 2017
Hsinchu, Taiwan, Republic of China

PoE AR -0 &# 10



FHEIANEREERANTIRAEDES > #a P FAFROFHT R
(Integrated Circuits, [Cs) 18 M B iZ 3> HcT 3 A 5P o A heni@ * B T > 3
WEF B o E g 53 T2 (Component-Level ESD) i 0 @ & E IR
FHTREAATERY P 7 LR « FIM &Y 2 B afF T %
(System-Level ESD) 2 2 7 |+ P-i# #% fim(Electrical Fast Transient)F? & X $48 %
BT Rav LR R ARRARL P EAR o AP BT T iTFL;%(IEC 61000-4-2
and IEC 61000-4-4) Z_& chip|3& 5 2T > d FF T T RIAapd e 4%

B85 ST A SRR RE BRI KA IE AR 1 F 2

P

£ IR o £ R B TR T i B LA A S

=3

EP R R Be AR OB Ae P AT AL R endde o 2 o do @ i R L 4] B (Transient

Voltage Suppressor) % 4 + 5231 Jg ik 4 % (Board-level Noise Filter Network) % o #X



B RS K g L e

= e = e ‘ ¥ oo
Ww\ ° [ ° & mm e
w ¥oo® R =
£+ s g = x e
-+ 3 o il ~ R W
= A it 7 - A
g 3% 2 ﬂmﬂ - g
™ iy ) 5 $h
= e ...ww w2 i ,m._ Lm
Al e RS WA £
i i -3 2k & e

2 BRI
z

Bt 59 = 7 1R

z
i
d 0.18-um CMOS @ A4z B =7 TR o 11 1B 4P B 0

a1 g
h
w
B 7 0.18-um CMOS Bl e H v > »1F el g A E ¥ 7 40 eh

uﬁ.. mR ) ,er =
S ,,m_ : L
T i —
o £ W o= B g
e I RS | 2, ,w 5
ey Ty ) - R 2| o
= ® M B g2 A2
S . = = Ane W
N doa .
x v W Ty ° PR
N Q ESS m. m <t o " 2
* - _ I ﬁ ; ,
= +* ?& iy .,Ik .ﬁlr R uﬁmr o
w0 S R -
e i N =
» .0 I & N M W&‘ %ﬁ’ 5 7
S < .th/ \ _ N :
- S - N L S O
W oW oL B oY ooz o o f
B S T - B S A e
¥ % T = i vr»:lu* m.ru_ %mlﬂ. T T =
- @ o« e 8 f S
#OR OB o« o

4
Yo

=F

ne
A&

I

ot
P M

224

I

W/
S R

iy

2

4

3

A

5

'

51 4= e

h
L%

II

Ta gt etk B

2

™

]
%

7

W

» 2

el

g
i}

4T

« EuAT

s

3

(L

f

2

,}‘



On-Chip Self-Reset Transient Detection Circuit

for System-Level ESD Protection

Student: Xiao-Rui Kang Adyvisor: Prof. Ming-Dou Ker

Institute of Electronics

National Chiao-Tung University

Abstract

With the progress of CMOS semiconductor process, the increasingly complex
integrated circuits (ICs) can be widely used in microelectronic products. In the variety
of end users’ environments, the ICs are unable to guarantee its reliability, even that has
passed Component-Level ESD test. Therefore, the protection of system-level ESD and
EFT tests, which simulate ESD events in an end user’s environment, becomes a
significant issue in the reliability design of CMOS ICs. Under the system-level
electrical-transient disturbance tests, which specified in IEC 61000-4-2 and IEC 61000-
4-4, the ESD-induced fast electrical transient can be randomly coupled to the power,
ground and I/O pins to result in a hardware damage or system malfunction. In traditional
solutions, extra discrete components are added on PCB to suppress the transient

disturbance, such as TVS or board-level noise filter network. However, the board-level
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solution is not cost efficient to microelectronic products. Therefore, an on-chip solution
is highly desired by industry.

It has been proven that an on-chip transient detection circuit with
hardware/firmware co-design can effectively enhance the immunity of CMOS ICs
against the system-level ESD and EFT tests. In the thesis, firstly, a new on-chip
transient detection circuit has been proposed and fabricated in a 0.18-um CMOS
process. It has been confirmed that with this capacitor-less on-chip transient detection
circuit, the occurrence of electrical transient coupled to power lines due to system-level
ESD or EFT event can be successfully detected and memorized. The memorized state
can be further used as firmware index to execute the system recovery procedure. When
system recovery ends, the proposed transient detection circuit can be reset to initial state
with reset signal for next electrical transient detection.

Secondly, a novel on-chip self-reset transient detection circuit has been proposed.
This circuit has been designed -and fabricated in a 0.18-um CMOS process. With
different feedback, this CR-based transient detection circuit can realize the detection
and self-reset function. The system-level ESD and EFT test results have confirmed that
the proposed on-chip self-reset detection circuit can successfully store the occurrence
of electrical transient disturbance on power lines and release the stored state after a time
constant automatically. In system application, the hardware/firmware co-designed with
this self-reset transient detection circuit can avoid the system upset caused by the

mistriggering of reset signal.
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Chapter 1

Introduction

In this chapter, the motivation and the organization of this thesis are discussed.
The first part of this chapter is an introduction to the motivation of transient detection

circuit design, and the second part is a description of the thesis’ organization.

1.1 Motivation

Electrostatic Discharge (ESD) is one of the most serious reliability issues of
CMOS integrated circuits (ICs)»With the improvement of semiconductor process and
technology, the device size of CMOS ICs has been scaled down and more CMOS ICs
have been integrated into a single chip. The thinner oxide and shallower junction depth
in advanced technology increase the susceptibility'to ESD stress of CMOS ICs. The
ESD events of CMOS ICs can occur in a variety of ways during fabricating or operating.
ESD-induced failure of CMOS ICs can be seen in the form of junction leakage, metal
burn out, short circuits, etc. To solve the ESD-induced reliability issues, on-chip
protection circuits have been added into CMOS ICs [1]-[3]. Those on-chip protection
circuits are designed to meet the strict requirements of the ESD related international
standards (component-level and system-level) [4]-[8]. Component-level ESD tests are
used to simulate the ESD events in well-controlled environments, such as factory
environment. Besides the component-level ESD tests, the system-level ESD tests are
used to simulate the ESD events in the end-users’ environments, which means the

CMOS ICs under system-level ESD tests are powered on.



It has been reported that some CMOS ICs are still susceptible under system-level
ESD tests even they have passed the specifications of component-level ESD, such as
human-body-model (HBM), machine-model (MM) and charged-device-model (CDM)
[9]-[13]. Therefore, electrical transient disturbance due to the system-level ESD events
is an increasingly significant reliability issue in CMOS IC systems. These disturbances
can influence the voltage level of power line (Vpp), ground line (Vss), input/output (I/O)
pins and even the inside signals, which cause the failure of CMOS ICs. The failures
induced by the electrical transient disturbance include hardware damage and system
malfunction, such as chip burning out, logic data losing or system upset [14]-[20].
Traditional solutions against the system-level ESD tests are adding discrete components
or board-level noise filter to decouple, .absorb or bypass the electrical transients and
adding external hardware timer to check the system abnormal condition [21]-[23].
Those additional solutions substantially increase the total cost of a microelectronic
product with CMOS ICs. Therefore, an on-chip-solution integrated into CMOS ICs is
strongly requested by the IC industry.

It has been proven that an on-chip transient detection circuit integrated into
CMOS ICs co-design with hardware/firmware can enhance the robustness against
system-level ESD tests of microelectronic products [9], [24]-[33]. The on-chip transient
detection circuit can detect and memorize the occurrence of electrical transient
disturbance during system-level ESD tests. The detected and stored state from the on-
chip transient detection circuit can be set to the firmware as the recovery index to
execute the system recovery procedure. Therefore, the system can pass “Class B”
evaluation of system-level ESD test results. The prior on-chip transient detection
circuits are composed with detection circuit, memory circuit and reset circuit. The reset
circuit is designed to provide the initial state and the reset function of the on-chip

transient detection circuits. Combined with firmware, additional data path is required

2



for the reset circuit too. The reset circuit and the additional data path also take risks
during the system-level ESD tests [10]. With this consideration, an on-chip self-reset

transient detection circuit is proposed to avoid these risks.

1.2 Thesis Organization

This thesis is composed of five chapters, including three major topics: (1) System-
level ESD standard and EFT standard introduction, (2) New proposed on-chip transient
detection circuit design, (3) On-chip self-reset transient detection circuit design. The
outlines of each chapter is summarized below.

Chapter 1 introduces the motivation of on-chip transient detection circuit design
and the main organization of this thesis.

Chapter 2 shows the standards and traditional solutions of system-level ESD and
EFT. In this chapter, the test method, test level and test set-up are generally guided.
Also, several solutions to overcome system-level ESD and EFT events are collected
and introduced.

Chapter 3 propose a novel on-chip transient detection circuit. This circuit is
designed to detect the positive and negative transient voltage coupled on Vpp and Vss
while system-level ESD and EFT event occurring. The circuit function is investigated
by HSPICE simulation and verified in silicon chip. The experimental measurement
results have confirmed that the proposed on-chip transient detection circuit can
successfully change its output voltage level during the system-level ESD test and EFT
test. Based on this on-chip transient detection circuit, the system recovery procedure is
introduced to provide a hardware/firmware co-design to improve the immunity of

CMOS ICs against the system level ESD tests.



Chapter 4 proposes an on-chip self-reset transient detection circuit. This circuit is
designed to detect the system-level ESD-induced and EFT-induced electrical transient
disturbance. The proposed on-chip self-reset transient detection circuit can operate
without the reset part of circuit. With HSPICE simulation results and measurement
results showed in this chapter, the detection and self-reset function have been confirmed.
Combined with this self-reset transient detection circuit, the system recovery flowchart
does not need additional reset data path added in. Thus, the on-chip self-reset transient
detection circuit with hardware/firmware co-design can provide a more effective
solution to solve the system-level ESD and EFT protection issue in microelectronic
products equipped with CMOS ICs.

Chapter 5 concludes the main results of this thesis, and addresses some suggestion

of future work for the on-chip solution tosystem-level ESD and EFT protection.



Chapter 2

Introduction of International Standards and Solutions

The component-level ESD standards are well defined by many international
associations such as ESDA (Electrostatic Discharge Association), JEDEC (Joint
Electron Device Engineering Council), and MIL-STD (US Military Standard), etc. To
meet the component-level ESD standards, the protection circuits are added in the
CMOS ICs. However, component-level ESD tests only simulate the ESD events in a
well-controlled environment, such as factory environment. To simulate the ESD events
in the end-users’ environments, other standards.such as IEC 61000-4-2 (system-level
ESD) [7] and IEC 61000-4-4 (EFT) [8]-are established: IEC 61000 is the series of EMC
(Electromagnetic ~Compatibility) standards defined by IEC (International
Electrotechnical Commission), and part 4 is about testing and measurement techniques.

These two international standards and solutions are introduced below.

2.1 Introduction of International Standard

2.1.1 Introduction of System-level ESD standard
System-level ESD tests are intended to simulate end-user ESD events in the real
world. IEC 61000-4-2 which defined by IEC is the most common test standard used in
industry for system-level ESD tests. This standard specifies the test levels, the test
methodologies and the evaluation levels of the test results against system-level ESD.
There are two test methods specified in this standard: contact-discharge test

method and air-discharge test method. Under contact-discharge test method, the



discharge head of ESD gun used in system-level ESD test is held in contact with the
equipment under test (EUT). Under air-discharge test method, the discharge head of
ESD gun used in system-level ESD test approaches the EUT, then actuates the discharge
by the spark.

Table 2.1 gives the test level specified in the standard for each test method. The
test voltage for each test method are different. An “X” level is specified in the dedicated
equipment specification. It is important to note that the test severity is not related
between contact discharge and air discharge test methods. In addition, contact-

discharge is preferred test method due to the unrepeatability of air-discharge test

method.
Table 2.1
Test Levels of system-level ESD
Contact Discharge Air Discharge
Level Test Voltage Level Test Voltage
(V) (kV)
1 +2 1 +2
2 +4 2 +4
3 +6 3 +8
4 +8 4 +15
X Specified by X Specified by
Customer Customer

Contact-discharge and Air-discharge test methods use same ESD generator to
execute the system-level ESD test. Fig. 2.1 shows the equivalent circuit of ESD
generator used in system-level ESD test. Table 2.2 shows the definition of each device
of the ESD generator. The typical value of charging capacitor (C4+Cs) is 150 pF. The
typical value of discharge resistor (Rq) is 330 Q. The ESD gun is commonly used as the
system-level ESD generator. The head of ESD gun used in contact discharge method is

much sharper than which used in air-discharge as Fig. 2.2 shows. In order to compare



the test results obtained from different ESD generator, the standard of IEC 61000-4-2
specify the characteristics of discharge waveform in Table 2.3. In additional, an ideal

discharge current waveform at 4 kV test voltage is shown as Fig. 2.3.

Re Rq
[ Discharge tip

Charge switch Discharge switch

DC HV
supply €. %G5

Discharge return
connection

Fig. 2.1 The equivalent circuit of ESD generator used in system-level ESD test.

Table 2.2
Characteristics of the equivalent circuit-of system-level ESD generator
Parameter Definition
Rc Charging Resistor
Ra Discharge Resistor
Cs Energy-store Capacitor
Ca Distributed Capacitor

Contact discharge head

L

Air discharge head

Fig. 2.2 Discharge heads of ESD gun that used under system-level ESD test with
contact-discharge mode and air-discharge mode.
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Fig. 2.3 Ideal current waveform under system-level ESD with 4 kV zapping voltage.

Table 2.3
Waveform parameters of discharge current under system-level ESD test
Indicated First Peak Rise Time Current Current
Level Voltage Current £10% (ns) (£30%) at 30ns|(£30%) at 60ns
(kV) (A) (A) (A)
1 2 7.5 0.7to 1 4 2
2 4 15 0.7 to 1 8 4
3 6 22,5 0.7to1 12 6
4 8 30 0.7to1 16 8

The contact-discharge test mode is divided into direct discharge to EUT and

indirect discharge to horizontal coupling planes (HCP) or vertical coupling planes

(VCP). Fig. 2.4 shows the standard measurement setup of system-level ESD test in

contact-discharge test mode. All the instruments are placed on the ground reference

plane (GRP). The EUT shall be separated from the HCP by an insulation plane. The

HCP and VCP are connected to the GRP with two 470 kQ resistors in series. Under

system-level ESD test, the electromagnetic interference coming from ESD gun will be

coupled into CMOS ICs inside EUT through HCP or VCP.
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Fig. 2.4 The measurement setup system-level ESD test.

Four levels of evaluation of system-level ESD test results are specified in IEC

61000-4-2 standard. From the evaluation shown in Table 2.4, the system have to pass

“Class B” at least which means system shall be recover automatically after the system-

level ESD tests.

Table 2.4

Recommended classifications of system-level ESD results

Criterion Classification

Class A Normal performance within limits specified by defined

Class B Temporary loss of function or degradation of performances,
self-recovery

Class C Temporary loss of function or degradation of performances,
recovery with operator intervention

Class D Loss of function or degradation of performances which is not

recoverable




2.1.2 Introduction of EFT standard

EFT (Electrical Fast Transient) test is meant to simulate the switching transients
caused by the interruption of inductive loads such as relays, switch contactors, etc. A
common cause of EFT is sparking that occurs whenever a power cord is plugged in,
equipment is switched off, or when circuit breakers are opened or closed. The EFT test
is a burst of pulses that have predetermined amplitude and limited duration. IEC defines
the EFT test standard in IEC 61000-4-4. The object of this standard is to establish and
reproducible reference for evaluating the immunity of electrical and electronic
equipment when subjected to electrical fast transient/bursts on supply, signal, control
and earth port. This standard include the test levels, test methodologies and the
evaluation levels of test result of EFT test.

Table 2.5 list the EFT test:levels for power port testing and I/O ports testing of
equipment under test (EUT). Thevoltage peak for testing these two types port of EUT
is different. Half of voltage peak, which set to power port test, is set to I/O ports test in
each level. The repetition rate of both tests is 5 kHz or 100 kHz. Generally, the repetition
rate of 5 kHz is traditional, but 100 kHz is much closer to reality. Consider to the
different output load, the measured peak voltage under test is smaller than the set
voltage as Table 2.6 listed. For example, with output load of 50 Q, the measured peak
voltage is half of the value of open-circuit load due to 50 2 impedance matching resistor

in equivalent circuit of EFT generator.
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Table 2.5

Test levels of EFT

On Power and On /O (Input/Output) Signal,

ieval PE (Protective Earth) Ports Data, and Control Ports
Voltage Peak |Repetition Rate| Voltage Peak |Repetition Rate
(kV) (kHz) (kV) (kHz)

1 0.5 50r 100 0.25 5 or 100
2 1 50r 100 0.5 5 or 100
3 2 50r100 1 5 or 100
4 4 50r 100 2 5or 100

X Specified by | Specified by | Specified by | Specified by

Customer Customer Customer Customer
Table 2.6
Output voltage peak values under EFT test
Set Voltage Ve (Open) Ve (1000 ) Ve (50 Q) Repetition Rate
(kV) (kV) (kV) (kV) (kHz)

0.25 0.25 0.24 0.125 Sor100
0.5 0.5 0.48 0.25 50r100
1 1 0.95 0.5 5o0r100
2 2 1.9 1 50r100
4 4 3.8 2 50r100

Fig. 2.5 shows the simplified circuit diagram of EFT generator. The dc blocking

capacitor (Cq) is 10 nF and the impedance matching resistor (Rm) 1s 50 Q. The detail

parameter of this circuit diagram is collected in Table 2.7.

11




, Switch I
| Re ~ Rm C : 50 O
I AM [—. ‘CCUaxial
I High- | Output
; Voltage(j) 54 R :
| Source |
I |
I |
| R

EFT Generator

Fig. 2.5 The equivalent circuit of EFT generator.

Table 2.7
Characteristics of equivalent circuit of the EFT generator
Parameter Definition
R, Charge Resistor
C. Energy Storage Capacitor
R; Duration Shaping Resistor
R, Impedance Matching Resistor
Cq DC Blocking Capacitor

The EFT test is a test with repetitive burst string consisting a number of fast pulses.
These pulses shall be couple in to power or any signal ports of microelectronic products.
The standard defines the typical EFT waveforms in Fig. 2.6. The burst consist 75 pulses
with every 300 ms period. Each burst duration should be 15 ms at repetition rate 5 kHz
or 0.75 ms at repetition rate 100 kHz. That means the period of these pulses should be
200 pus at 5 kHz or 10 ps at 100 kHz. Fig. 2.7 shows the wave shape of a single pulse
into 50 Q load. The rise time of the pulse is about 5 ns and the pulse duration (time
interval at half of peak EFT voltage) is about 50 ns. The peak voltage shall follow the

value listed in Table 2.5.
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Fig. 2.6 General graph of a fast transient/burst.
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Fig. 2.7 Wave shape of a single pulse into a 50 Q load.

The method of coupling the test voltage to the EUT is dependent on the type of

EUT port. Fig. 2.8 shows an example of the test set-up for direct coupling test method.
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The EFT disturbance voltage couple the transients via a coupling/decoupling network.
This is the preferred method of coupling transients to power supply ports. If there is no
suitable coupling/decoupling network, the capacitive coupling clamp shall be used to
test power supply ports too. The test set-up of capacitive coupling clamp test method is
showed in Fig. 2.9. This method is used for I/O and communication ports test usually.

The EFT disturbance voltage couple the transients via the capacitive coupling clamp.

‘ EFT/B-generator

EUT 0|
N
Cable b
L=05m=0,05 [
T m 1 m _I_ c-
: v T A
O b —
= AC/DC
N & +— - —9— 4
PEC b S . males SUnply
Coupling/decoupling )
0im niehiork |a— Filtering
g

support Ground reference plane
Grounding connection according to
the manufacturer's specification.
Length to be specified in the test plan.

Fig. 2.8 Test setup for direct coupling of the test voltage to power supply ports under
EFT test.

EUT

Capacitive coupling

clamp h
AC mains supply 4_7_{_“ \ . ] L_:_ e B AC mains supply
0.1 m KRt ity | ety -
T

suppart

support

Ground reference plane
Grounding connection according to
the manufacturer's specification.
Length to be specified in the test plan.

Grounding connection according to
the manufacturer's specification.
Length to be specified in the test plan

To EFT/B-generator

Fig. 2.9 Test setup for application of the test voltage by the capacitive coupling clamp
under EFT test.
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The evaluation of EFT test results is listed in Table 2.7. The test results shall be
classified in terms of the loss of function or degradation of performance of the
equipment under test. The microelectronic product should recover automatically itself

after the EFT test that means to pass “Class B” at least.

Table 2.8

Recommended classifications of EFT results

Criterion Classification

Class A Normal performance within limits specified by defined

Class B Temporary loss of function or degradation of performances,
self-recovery

Class C Temporary loss of function or degradation of performances,
recovery with operator intervention

Class D Loss of function or degradation of performances which is not
recoverable

2.2 System Solutions to Overcome Electrical Transient Disturbance

2.2.1 Background

According to the specifications defined by system-level ESD standard, system-
level ESD is more significant to influence the reliability of microelectronic products.
Fig. 2.10 (a) is the equivalent circuit of ESD gun used for system-level ESD test, and
Fig. 2.10 (b) is the equivalent circuit of human body model (HBM) in component-level
ESD test. Compare to the component-level ESD test, the charging capacitor of system-
level ESD gun is larger and the discharge resistor is smaller. Thus, the system-level
ESD-induced energy is much larger. Fig. 2.11 shows the typical discharge current
waveform under system-level ESD (IEC 61000-4-2) and component-level ESD test

(MIL-STD 883). From the waveform, the peak current in system-level ESD test is about
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five times than that in component-level ESD test under 8 kV zapping. Unfortunately,
there is no clear correlation of system-level performance to the HBM robustness [14].
It has been proven that improving the component-level ESD level of the CMOS ICs

cannot solve the system-level ESD issues [9].

Body of Discharge
ESD Gun Switch .
\ Discharge
Switch
R il o . 5MQ S 1.5kQ

Discharge
Tip
+—_—‘\.r"lt::nlta!:]@ ?JE\::CE
— nder
_T Source 100pF Tect
Earth Connection I
(a) (b)

Fig. 2.10 The equivalent circuit of (a) ESD gun used in system-level ESD test and of
(b) human body model under component-level ESD test.

—— IEC 61000-4-2

G
(=]

L

]

i

i

:

i

¥

i

:

— MIL-STD-883

L L L T . Py

Current (A)
S

10{-
- ______k e
30 90 150
Time (ns)

Fig. 2.11 The peak current waveform of system-level ESD test and component-level

ESD test under 8 kV zapping voltage.

2.2.2 Traditional Board-level System Solutions
In order to improve the immunity of microelectronic products to achieve the strict

system-level ESD specifications, two useful methods has been reported and
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investigated. One of the system design solution against system-level ESD events is to
add some discrete noise-decoupling components (TVS diode) or board—level noise
filters on the printed circuit board (PCB), as shown in Fig. 2.12. For example, Fig. 2.12
(a) shows the system solution to overcome the system-level ESD issue in keyboard, and
Fig. 2.12 (b) is used for universal series bus (USB) input/output (I/O) port protection.
The transient noise generated from system-level ESD events can be decoupled,
bypassed, or absorbed by these discrete components and board-level noise filters [20].
Therefore, choosing proper components and noise filter can significantly enhance the
system-level ESD immunity of CMOS ICs. Another solution against system-level ESD
events is to add an external hardware timer, such as watchdog timer [19]. The external
hardware timer help resetting the system: from an abnormal condition due to system-

level ESD tests.

Filter Network

Keyboard
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To Keyboard Mesh
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to PC=
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Microcontroller

Printed Circuit Board

\‘Shiﬂld\ng Plate

(a)

Printed Circuit Board

[ r8 1 \

00— PWR

‘ R T c

A‘A'l' 5 i Data+
R o c

: .A‘n'A' _L Data-

| B 1=

0007 GND
Vo i o e e : Controller
Port Noise Filter Network

Fig. 2.12 The system solution to protect overcome the system-level ESD issue (a) in
keyboard and (b) in USB /O port.

However, the additional discrete noise-bypassing components and the external

hardware timer increase the total cost of the microelectronic products. Moreover, if the
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register in the hardware timer is changed during the system-level ESD test, the main
operation program of system may be malfunction. Therefore, the chip-level solutions
to meet the transient disturbance immunity specifications for microelectronic products

are desired for IC industry.

2.2.3 Hardware/Firmware Co-design Solution

The previous researches show the system-level ESD susceptibility of CMOS IC
products can be effectively enhanced by the hardware/firmware co-design concept [9].
An on-chip transient detection circuit is designed to detect the occurrence of electrical
transient disturbance events due to system-level ESD tests. During the system-level
ESD tests, the output voltage level of the on-chip transient detection circuit is changed.
This output state can be sent to the firmware as the system recovery index.

System-Level

ESD Zapping
E ESD-Induce
Transient
g’ /Dibtur;ance
S
\_/ Voo >
— : Voo
—] — Yv
Time (ns)
-_— T
Firmware | — On-Chip | ==
Recovery :VOUT Transient|
Proced}lre Detection )
Execution Circuit =
— — = ESD-Induced
o Transient
— — 8 o Disturbance
(=]
— — z
TSF Y Time (ns)
CMOS IC BN

Printed Circuit Board

Fig. 2.13 The on-chip transient detection circuit with hardware/firmware co-design.

Fig. 2.13 is an example of proper designed on-chip transient detection circuit with

hardware/firmware co-design. From the example, the output of transient detection
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circuit and the firmware is cleared to logic “0” at initial state. When the fast electrical
transient disturbance happens, the on-chip detection circuit can detect the occurrence
of transient disturbance coupled to power and ground lines, then change its output state
to memorize this event. The output of transient detection circuit set the firmware index
to logic “1”. System will execute the recovery procedure to reset the abnormal state.
When the recovery procedure ended, the firmware and the transient detection circuit

are reset to logic “0” again for detecting the next system-level ESD events.

2.3 Summary

The IEC defines the standards of system-level ESD test and EFT test. These two
standards are introduced in this chapter. Microelectronic products shall pass “Class B”
of these tests, which means they must be able to recover automatically. Traditional
solutions to enhance the system-level immunity under the system-level ESD tests and
EFT tests are not a cost-effective choice. It has been proved the system will execute
automatic recovery procedure by the on-chip transient detection circuit with
hardware/firmware co-design concept. Thus, an on-chip solution can help
microelectronic products quipped with CMOS ICs to pass “Class B” classification
under system-level ESD tests and EFT tests. This on-chip solution can save cost and
enhance the robustness of microelectronic products against system-level ESD and EFT

tests.
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Chapter 3

Design of New On-Chip Transient Detection Circuit

3.1 Background

High-energy ESD-induced transient noise will be coupled to power (Vpp) and
ground (Vss) lines of CMOS ICs inside EUT during the system-level ESD tests and
EFT tests. These high-energy noises are the main reasons of system errors, such as data
loss or system frozen, even hardware damage. It has been proven that a
hardware/firmware co-design solution. will help system avoid these unexpected
situations during system-level ESD test-and EFT test. According to this co-design
concept, an on-chip transient detection circuit is designed to help system executes the

recovery procedure and restores to a known and stable state.

3.1.1 Prior Arts

Two on-chip transient detection circuits have been proposed in prior arts. They
are both verified in silicon chips.

The circuit diagram of first design of on-chip transient detection circuit is show in
Fig. 3.1 [25]. The proposed detection circuit comprises of one latch, two coupling
capacitor and one reset device. The coupling capacitors (Cp1 and Cp2) placed between
the input/output node of latch and Vpp/Vss lines can sense the fast electrical transient
disturbance coupled to the Vpp/Vss lines. The latch circuit is designed as a memory
unit to store the detected occurrence of ESD events. It has been analyzed that the well-
designed device W/L ratios of latch can increase the sensitivity of the detection circuit.

In order to effectively detecting the positive and negative voltage coupled on the
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Vbp/Vss line, the NMOS (M) is designed with a larger W/L than PMOS (M), the
PMOS (M) is designed with a larger W/L than NMOS (Mn2). The reset device
provides the initial state of the detection circuit so that the metastable operation of this
latch can be avoided. Furthermore, this reset device is realized as NMOS or PMOS. In
normal circuit operations, the output nodes of this proposed circuit will keep at logic 0
by the reset device. When the system-level event comes, circuit can detect the transient
disturbance coupled on Vpp/Vss lines and memorize this state for firmware check. As
a result, this circuit which be fabricated in 0.13um 1.2/3.3V 1P8M CMOS process, has
successfully detected +1500V and -1500V system-level ESD zapping voltage under

indirect contact-discharge test mode.
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Fig. 3.1 Previous on-chip transient detection circuit (1).

Fig. 3.2 shows another on-chip transient detection circuit [27]. The NMOS (M)
is designed as reset device to provide the initial state of the proposed circuit. C;, is the
parasitic capacitance on node Vi of this circuit. Under normal operation, node Vi is
biased at Vpp. When the system-level ESD event comes, the voltage of Vx has much
slower voltage response then the Voltage of Vpp due to the RC delay circuit. Then My,
which is turned on due to the voltage delay, will charge node Vi to logic “1”. Therefore,

the on-chip transient detection circuit can successfully detect and memorize the
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occurrence of electronic transient disturbance. However, after the ESD events, node V;
will be leaked down though the parasitic capacitor Cp1 because M1 and My will be
both switch to “OFF” state at this moment. The discharge time of Vi can be estimated
by the parasitic capacitor and the leakage current parameter. With a 0.3 pF parasitic
capacitor in this design and process-depended parameter leakage current, the leaking
down time is about 10ms. Of course, this time is enough for the firmware check and

system recovery.

Vop
50k
Vour
Vx P
2pF Buffer

T

Vss
Reset

Fig. 3.2 Previous on-chip transient‘detection-circuit (2).

Generally, the detection sensitivity of previous on-chip transient detection circuit
(1) against the system-level ESD is only +/- 1500V. By using the RC circuit structure
with a larger time constant, the previous on-chip transient detection circuit (2) could
detect +/- 200V system-level ESD zapping voltage and +/- 200V EFT zapping voltage,
but there is leakage issue in this design. Thus, a new transient detection circuit, which

has better detection sensitivity and no leakage issue, is required.

3.1.2 Simulation Parameter of System-Level ESD Test
The transient voltage coupled on power (Vpp) and ground (Vss) lines of CMOS

ICs has been investigated under system-level ESD test. Fig. 3.3 shows the measured
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voltage waveforms of Vpp and Vss under system-level ESD test with indirect-contact
discharge test mode. The voltage level of Vpp and Vss line cannot keep its normal level
and performs as a positive-going (negative-going) under-damped waveform during the
positive (negative) system-level ESD test. According to the measured results, a
sinusoidal time-dependent voltage source with a damping factor parameter is used to
simulate the circuit performance under system-level ESD tests. This source as Fig.3.4

shows can be described as below equation:

V() = Vo + V4 X sin (ZnDFreq (t - td)) X exp(—(t — t4)Draceo ) (1)
g foon 0 .|?1]_,+;f,w = o Ve 1V m'mWﬂm
2 il ) ' ‘,
= i | | £
= I | S |
.l‘l !l I|
= Time (usidiv) l f ‘3' e 22 | e (i) | w
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Fig. 3.3 Measured voltage waveforms with system-level ESD test voltage of (a) +2 kV,
and (b) -2 kV.
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Fig. 3.4 The specific time-dependent underdamped sinusoidal waveform applied on the

power and ground lines to simulate the disturbance under system-level ESD zapping.
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Table 3.1 gives the parameter definitions and values of this underdamped
sinusoidal voltage source. With the proper parameter values, this voltage source can be
used in HSPICE simulation to simulate the electrical transient waveforms under
system-level ESD tests. Positive (negative) polarity of parameter Va simulates the
positive-going (negative-going) system-level ESD test. Same value of time delay (tq),
damping factor (Dractor) and damping frequency (Drreq) are choose corresponding to the
measured transient voltage waveforms in Fig. 3.3 (a) and (b). Therefore, Fig. 3.5 shows
the voltage waveforms of positive zapping and negative zapping condition used in

HSPICE simulation.
Table 3.1

Parameter definition and value of underdamped sinusoidal voltage waveform

Vo Initial DC 1.8V for Vpp, OV
Voltage for Vgg line
Va Voltage Depends on the
Amplitude test level(+/-)
ty Time Delay 500 ns
Dractor Damping Factor 2x107 s
Drreq Damping 50 MHz
Frequency
oL Voo i, 1.8V .+ Voo 1.8V
% _“";— ____________DV_; _____ %”"””f ********** (1) v’ ”””
2 i - o] 2 ; - ;
N Vss ov { Vss 4“«# ov.

B W a0 eon G, 1 1uid X

* Time (200ns/div) Time (200ns/div)
» Positive zapping > Negative zapping

Fig. 3.5 Positive and negative system-level ESD zapping condition in HSPICE
simulation.
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3.1.3 Simulation Parameter of EFT Test

The measured voltage waveforms of power line under EFT tests with direct
coupling test mode are shown in Fig. 3.6. The repetition rate of EFT voltage pulses is
100 kHz which closer to reality. Therefore, the period of pulses is 10us. Generally, the
single pulse has a rise time about 5ns and the pulse duration (time interval at half of the
peak EFT voltage) about 50ns. To simulate the response of on-chip transient detection
circuit under EFT tests, an exponential time-dependent voltage pulse coupled to power

line is used as Fig. 3.7 shown.
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Fig. 3.6 Measured voltage waveform with EFT test voltage of (a) +200V, and (b) -200V.
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Fig. 3.7 The specific time-dependent exponential pulse waveform applied on the power

lines to simulate the disturbance under EFT zapping.
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Table 3.2

Parameter definition and value of the exponential time-dependent voltage waveform

Ty Rise time constant 3ns
T, Fall time constant 25ns
tai/tar Rise/Fall time Delay td1-td2=10ns

V, Initial DC voltage Same as Vpp
V, Exponential pulse Depends on the
voltage test level(+/-)

Table 3.2 is the parameter explanations and values of the exponential time-
dependent voltage source. This voltage source can be expressed as two equations.

For the rising edge of the exponential time-dependent voltage pulse:

For the falling edge of the exponential time-dependent voltage pulse:

Vor(6) = Vy + (V, — V3) X [1 _2 <_ t ‘del)]

+(V, = V) X [1 —exp (— t_tdz)], when t > tg,. (3)

T2
Same parameters of rise-time constant, fall-time constant, rise-time delay and fall-
time delay are used in HSPICE simulations. Different polarity and value of V>
(exponential pulse voltage value) are used to simulate the positive and negative EFT
zapping conditions. Due to the shielding plate designed in reality microelectronic
products, the EFT-induced electrical-transient disturbance in the inside CMOS ICs can
be degraded compare with the original test. Fig. 3.8 shows the waveform used in

HSPICE for EFT tests simulation.
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Fig. 3. 8 Positive zapping and negative EFT zapping condition in HSPICE simulation.

3.2 Proposed New On-Chip Transient Detection Circuit

It has been proven that a RC:structure with larger delay time constant can detect
the transient voltage coupled~on power lines more effectively. In addition, a well-
designed latch structure circuit can successfully memorize the state of detected
occurrence of electronic transient disturbance. Acceording to the previous researches, a
new on-chip transient detection circuit has been proposed. The sensitivity to transient
noises coupled on power lines of this new circuit should be enhanced and the voltage

leaking down issue should be avoided.

3.2.1 Circuit Implementation

The circuit diagram of newly proposed on-chip transient detection circuit is as Fig.
3.9 shown. The main part of circuit comprise with a resistor (R), an inverter structure
(Mp2 and M), a feedback MOSFET (M) and a reset device (Mur). M 1s designed as
the reset device to provide the initial state of proposed circuit, so the metastable state
of V, can be avoided. The resistor R, My1, and the inverter (Mp2 and Mn2) compose a

latch circuit as the memory cell of the transient detection circuit. R and the parasitic
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capacitors of node Vx (Cp) constitute the RC delay structure. Under the normal
operation, Vo is set to logic “0” by the reset device My, My 1s turned off so that node
Viis biased to Vpp though the resistor. My is turned off and M2 is turned on. Thus, the
output voltage level of Vour is locked to logic “0” though the buffers. When electrical
disturbance coupled to power lines under system-level ESD event or EFT tests, due to
the RC delay time constant, the voltage of node Vx will response much slower than the
voltage coupled to Vpp. Therefore, the device My is turned on to pull up the voltage
level of node Vo. With the positive feedback device Mni, the voltage level of node Vx
will be pulled low to logic “0” finally. M2 will be turned on and Mn2 will be turned off.
Thus, when the system-level ESD and EFT events ended, the node Vo will be latched
to logic “1”. Therefore, the occurrence ;of. electrical transient disturbance can be
detected and stored. The changed output state can be sent to firmware as the recovery
index of system. When the recovery procedure of system is totally executed, the reset
signal Vreser is then used to release output state of the transient detection circuit from
logic “1” to logic “0” again for the next system-level ESD and EFT events detecting. It
is obviously that there are no leaking down occurs whether normal or detecting

operation of the proposed circuit.

VDD

4

Vx Vo . II:>O—[:>O—V|§J i

c 1 Buffer
P
M, I_L T _I En‘nz M., I_L
VSS |
VRESET

Fig. 3.9 Schematic diagram of the proposed new transient detection circuit.
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According to the operation of the proposed transient detection circuit, the time
constant of R and Cp shall be a larger value to enhance the sensitivity of detecting the
electrical transients. To latch the changed state quickly, a larger size ratio of Mn1 and
M,. are designed. Table 3.3 list the device dimensions (W/L) used in the proposed
transient detection circuit. The time constant of the RC delay structure is about 86ns.

To adjust this time constant, resistor (R) value or size of My» should be modified.

Table 3.3

Device dimensions used in the proposed transient detection circuit

Device Parameter

R 50K
M, 5/0.18um
M, 5/0.18um
M, 10/10pum

3.2.2 HSPICE Simulation Results under System-Level ESD Zapping

The underdamped sinusoidal time-dependence voltage source is used for HSPICE
simulation to investigate the performance of proposed transient detection circuit. Same
parameter of Dractor=2X10"s-1, Drreq=50 MHz, te=500 ns of voltage source coupled on
Vbp/Vss lines are used for both positive and negative system-level ESD tests simulation.
In these simulations, different voltage amplitudes and polarity of Vpp/Vss are used to
simulate the condition of Vpp and Vss overshooting under system-level ESD tests.

Fig. 3.10 shows the simulated Vpp, Vss, Vreser and Vour waveforms of the
proposed transient detection circuit with a positive-going underdamped sinusoidal
voltage source. To simulate the overshooting voltage coupled on power lines under
positive system-level ESD test, the positive-going underdamped sinusoidal voltage
with Vaof+3V on Vpp and VA of +1V on Vss are used. From the waveform, the voltage

of Vpp level is kept at 1.8V with a relatively Vss of OV in initial state. Under system-
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level ESD stress, Vop (Vss) begins to increase rapidly from 1.8V (0V). At same time,
due to the disturbance on Vpp (Vss) lines, Vour also acts as a positive underdamped
sinusoidal voltage waveform during the simulated system-level ESD events. After the
system-level ESD event ends, Vpp (Vss) returns to 1.8V (0V), Vour can keep to 1.8V
until the next Vreser comes. As a result, the proposed transient detection circuit

successfully detect and store the occurrence of electrical transient disturbance coupled

on Vpp and Vss.

Voltage (V) Voltage (V)

Voltage (V) Voltage (V)

e o i T —— 0

T T T T T T T
0.0 200n 400 B00 R BO0N Tu 1.2u 1.4u 1.6u 18u 2u

Time (200ns/div)

Fig. 3. 10 Simulated Vpp, Vss, Vreser and Vout waveforms of the proposed transient

detection circuit under positive system-level ESD test simulation.

To simulate the negative system-level ESD zapping condition, the waveform of
Vb, Vss, Vreset and Vour of proposed transient detection circuit is shown in Fig. 3.11.
The negative-going underdamped sinusoidal voltage with Va of -3V on Vpp and Va of
-1V on Vss are used to simulate this test. From the waveform, under the negative
system-level ESD zapping condition, Vour is disturbed simultaneously during the
disturbance of Vpp and Vss, and finally changed the voltage level from 0V to 1.8V until

the next Vreser signal comes.
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Fig. 3. 11 Simulated Vpp, Vss, Vreser and Vout waveforms of the proposed transient

detection circuit under negative system-level ESD test simulation.

3.2.3 HSPICE Simulation Results under EFT ESD Zapping

The simulated Vpp, Vreser and Vour waveforms of the new proposed on-chip
transient detection circuit with a.positive exponential pulse transient disturbance
coupled on Vpp line are show in Fig. 3.12. To simulate the positive zapping EFT test,
the exponential voltage with an amplitude of +5V is used. From the simulated
waveform, the output voltage of Vour is initially set to OV by the Vreser signal. When
the positive EFT pulse coupled to Vpp lines, Vour also acts as a positive exponential
voltage pulse waveform and finally keep to 1.8V. When Vpp voltage returns to its
normal voltage level of 1.8V, Vour can latch on 1.8V level. When another Vreser signal
comes, Vout will be pulled low to 0V to detect next electronic transient disturbance. As
a result, the new proposed on-chip transient detection circuit can successfully detect
and memorize the occurrence of simulated positive EFT-induced exponential pulse

transient disturbance.
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Fig. 3. 12 Simulated Vpp, Vreser and Vour waveforms of the proposed transient

detection circuit under positive EFT test simulation.

The simulated Vpp, Vreser and Vour waveforms. of the newly proposed on-chip
transient detection circuit with a negative exponential pulse transient disturbance
coupled on Vpp line are show in Fig. 3.13. To simulate the negative zapping EFT test,
the exponential voltage with an amplitude 6f -6V is used. From the simulated waveform,
the output voltage of Vour is initially set to OV by the Vreser signal. When the negative
EFT pulse coupled to Vpp lines, Vour also acts as a negative exponential voltage pulse
waveform and finally keep to 1.8V. When Vpp voltage returns to its normal voltage
level of 1.8V, Vour can latch on 1.8V level. When another Vreser signal comes, Vout
will be pulled low to OV to detect next electronic transient disturbance. As a result, the
new proposed on-chip transient detection circuit can successfully detect and memorize
the occurrence of simulated negative EFT-induced exponential pulse transient

disturbance.
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Fig. 3. 13 Simulated Vpp, Vreser and Vour waveforms of the proposed transient

detection circuit under negative EFT test simulation.

3.3 Measurement Results

The newly proposed on-chip transient detection circuit has been designed and
fabricated in a 0.18um CMOS process with 1.8-V devices. Fig. 3.14 is the photo of
fabricated chip. The silicon area of this transient detection circuit without PAD is
40um* 50pm. To evaluate the function of newly proposed on-chip transient detection
circuit, system-level ESD gun and the EFT generator are used in system-level ESD

test and EFT test respectively.

Transient

Drtoction
Circuit

Fig. 3. 14 Die photo of the proposed on-chip transient detection circuit.
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3.3.1 System-Level ESD Test

According to the test setup clarified in IEC 61000-4-2 standard, the block diagram
of system-level ESD indirect contact-discharge test setup is shown as Fig. 3.15 (a),
while the actual setup is shown as Fig. 3.15 (b). The EUT is placed on a wooden table
which standing on the ground reference plane (GRP). Insulation plane is used to
insulate the EUT and the horizontal coupling plane (HCP) placed on the table. ESD gun
is used as the system-level ESD generator. In additional, the discharge return cable of
the ESD gun should be connected to the GRP directly and the HCP shall be connected
to the GRP with two 470kohm resistors in series. Under the indirect contact coupling
test mode, the head of ESD gun zapped on the edge of HCP. The electrical transient

disturbance will couple to EUT though the. HCP.

HCP Insulation Plane

Oscilloscope

Horizontal Coupling Plane (HCP)

CHE
agRes Insulation Plane

ESD Gun

AETE,

Ground Reference Plane (GRP)

(a) Block Diagram (b) Test setup
Fig. 3. 15 Measurement setup for a system-level ESD test with indirect contact-
discharge test mode: (a) Block diagram, and (b) Test setup.

Fig. 3.16 shows the mearsured Vpp, Vss and Vour waveforms of the new propoesd
on-chip transient detection circuit under the +0.2 kV system-level ESD test voltgae.
The ESD stress under system-level ESD test couppled to the power (Vpp) and ground
(Vss) line of the proposed transient detection circuit disturb the normal voltgae level of

them. The voltage level of Vpp (Vss) rapidly increases from 1.8V (0V), and the voltage
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level of Vour also increase simultaneously. Finally, the output voltgae of the new
propesd transient detection circuit (Vour) transist from OV to 1.8V. Therefore, the
detection function of propoesd transient detection circuit is succesfully verified by the

positive system-level ESD test.
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Fig. 3. 16 Measured Vpp, Vss and Vour waveforms of the propoesd transient detection
circuit under system-level ESD test with zapping voltage of +0.2 kV.

Fig. 3.17 shows the mearsured Vpp, Vss and Vour waveforms of the new propoesd
on-chip transient detection circuit under the -0.2 kV system-level ESD test voltgae. The
ESD stress under system-level ESD test couppled to the power (Vpp) and ground (Vss)
line of the proposed transient detection circuit disturb the normal voltgae level of them.
The voltage level of Vpp (Vss) rapidly decreases from 1.8V (0V), and the voltage level
of Vour also increase simultaneously. Finally, the output voltgae of the new propesd
transient detection circuit (Vour) transist from OV to 1.8V. Therefore, the detection
function of propoesd transient detection circuit is succesfully verified by the negative

system-level ESD test.
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Fig. 3. 17 Measured Vpp, Vss and Vour waveforms of the propoesd transient detection

circuit under system-level ESD test with zapping voltage of -0.2 kV.

To verify the perfomance of the propoesd transient detection circuit with test level
specified by IEC 61000-4-2, the measured Vpp, Vss and Vour transient responses are
shown in Fig. 3.18 (a) and (b) , respectively. The'system-level ESD voltgae of Fig. 3.18
(a) is +2 kV and the ESD voltgage of Fig. 3.18 (b) is -2 kV. From the waveforms, the
transisent detection circuit can sense the positive or negetive-going electrical transient
disturbance on the Vpp and Vss lines and memorize the occurrence of these system-
level ESD events. Therefore, the function of the proposed transient dection circuit under

+2 kV and -2 kV system-level ESD zapping voltage has been confirmed.
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Fig. 3. 18 Measured Vpp, Vss and Vour waveforms of the propoesd transient detection

circuit under system-level ESD test with zapping voltage of: (a) +2 kV and (b) -2 kV.

3.3.2 EFT Test

The IEC 61000-4-4 defines the test methodology of EFT tests. In order to simulate
the EFT-induced transient disturbance coupled to CMOS ICs inside the
microelectronics products, the capacitive coupling clamp is used in this work. Fig. 3.19
shows the measurement diagram (a) and setup (b) for EFT test combined with

capacitive coupling clamp, respectively. The output of EFT generator connect to the
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end of capacitive coupling clamp directly. The power cables from the power supply
equipment are placed inside the capacitive coupling clamp, and the capacitive coupling
clamp itself should be closed as much as possible to provide maximum coupling
capacitance between the clamp and the cable. The typical capacitance between the cable
and clamp is from 50 pF to 200 pF. Thus, the EFT testing voltage will be coupled to the
power cable via the capacitor of capacitive coupling clamp. The digital oscilloscope
can monitored the voltage response of Vpp and Vour during the EFT tests. With this
setup, the circuit performance of proposed on-chip transient detection circuit under EFT

tests can be evaluated.

Capacitive Coupling Voltage Probe Capacitive Coupling Clamp
_ Canp
I
= |
e — Vop
Ol e | EFT Generator
........... 1 = =
Voltage
—.
- Power Vou —
Supply DUT CH2 CH1
Generator
(1.8V) Oscilloscope
(a) (b)

Fig. 3. 19 Measurement setup for an EFT test combined with capacitive coupling clamp:
(a) Block diagram, and (b) Test setup.

Fig. 3.20 (a) shows the Vpp, Vss and Vour waveform under the EFT test voltage
of +200V with a repetition rate 100 kHz. The period of the pulses is 10 ps. From the
waveform, Vpp and Vss acts like a positive-going underdamped sinusoidal voltage
waveform when the EFT pulse coupled on. In addition, Vour is influenced
simultaneously with these transients. After the EFT pulse, the voltage level of Vour

transits from OV to 1.8V, and keep at 1.8V until the total EFT test ended.
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Fig. 3.20 (b) shows the Vpp, Vss and Vout waveform under the EFT test voltage
of -200V with a repetition rate 100 kHz. The period of the pulses is 10 ps. From the
waveform, Vpp and Vss acts like a negative-going underdamped sinusoidal voltage
waveform when the EFT pulse coupled on. In addition, Vour is influenced
simultaneously with these transients. After the EFT pulse, the voltage level of Vour

transits from OV to 1.8V, and keep at 1.8V until the total EFT test ended.
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Fig. 3. 20 Measured Vpp, Vss and Vour waveforms of the propoesd transient detection
circuit under EFT tests with zapping voltage of: (a) +200 V, and (b) -200V by combing

with capacitive coupling clamp.
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As a result, the output voltage level of Vour can change its normal level from 0V
to 1.8V under the positive or negative EFT zapping test with the capacitive coupling
clamp. Therefore, the proposed transient detection circuit can successfully detect and

memorize the occurrence of positive or negative EFT induced transient disturbance.

3.4 System Application

The hardware/firmware co-design solution has been proven as an effective method
to solve the system-level ESD and EFT issues in microelectronic products equipped
with CMOS ICs. The proposed on-chip transient detection circuit can be co-designed
with firmware to execute the system recovery procedure. Therefore, the automatically
recovery of system after system-level ESD test and EET test can be realized.

Fig. 3.21 gives an example flowchart of system recovery combined with transient
detection circuit. The index of firmware and output of transient detection circuit (Vour)
are set to “0” by power-on reset (POR) circuit. The system executes the normal reset
procedure. When the electrical transients happens, the voltage level of Vour should be
changed to logic “1”. Then an index “1” will be sent to firmware to execute the recovery
procedure. Consider to the mistrigger condition of power-on reset circuit during the fast
electrical transient events, an OR gate is also added in the flowchart. The Vour signal
of transient detection circuit and the output signal of POR are connected as the input
signals of this OR gate. Whether the POR circuit be mistriggered or not by the electrical
transients, the system can still execute the recovery procedure. After the recovery
procedures, the output state of transient detection circuit and firmware should be reset
to “0” as soon as possible for the next system-level ESD or EFT event. From this

flowchart, the proposed transient detection circuit can help system recovering from the
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abnormal condition due to system-level ESD or EFT test. Therefore, a “Class B”

evaluation of micro products under system-level ESD and EFT tests can be passed.

Reset

Transient In dS ee):=1 Set
Detection Index=1/" Firmware Reset
Circuit Index Procedure

Reset
Index=0

Power-On
Rest

Execute | Index=1
Recovery
Procedure

Index=0

Execute
Normal Reset
Procedure

Normal
Operation

Fig. 3. 21 Firmware flowchart to recover system when electrical transients happen.

3.5 Summary

A novel on-chip transient detection circuit has been proposed in this section. The
transient detection circuit has been designed and fabricated in a 0.18-um CMOS process
with 1.8-V devices. The performance of the detection circuit has been investigated by
HSPICE simulation and verified by the measurement results. The test methods include
system-level ESD test with indirect contact-discharge and EFT test combined with
capacitive coupling clamp. It has been proven that positive or negative-going ESD-
induced fast electrical transients can be detected and memorized by the proposed

transient detection circuit. Table 3.4 list the comparison of previous designs and newly
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proposed design, the detection sensitivity of this work against the fast electrical
transient disturbance is enhanced with the larger time constant of RC delay circuit and
the voltage leaking down issue is avoided. In system application, system recovery
procedure co-designed with the proposed transient detection circuit and POR circuit
can provide an effective solution against the system malfunction due to a system-level

ESD or EFT event.
Table 3.4

Comparison between previous designs and newly proposed design

Previous Previous Newly Proposed
Design 1 [25] Design 2 [27] Design
0.13-ym CMOS | 0.18-um CMOS 0.18-ym CMOS
Technology process process process
Detection Sensitivity
(System-level ESD) +/- 1500V +/- 200V +/- 200V
Detection Sensitivity
(EFT) n/A +/- 200V +/- 200V
Leakage Issue No Yes No
Reset Function Required Required Required
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Chapter 4
Design of New On-Chip Self-Reset Transient Detection

Circuit

The prior and newly proposed on-chip transient detection circuits both operate
with reset devices. The reset device provides the initial state and the reset function of
the on-chip transient detection circuit. In system recovery flow, an additional reset data
path is required in the hardware/firmware co-design with these detecting circuits. In
addition, some logic gates are also added in to avoid mistriggering of power-on reset
circuit during the system-level ESD.or EFT events. However, all the on-chip signal or
circuits are likely to be disturbed by the fast electrical transients due to system-level
ESD or EFT events. Therefore, the prior and new proposed on-chip transient detection
circuits co-designed with firmware will be risky due to these mistriggering condition.

Considering that, an on-chip self-reset transient detection circuit has been proposed.

4.1 Background

4.1.1 Prior Arts

Fig. 4.1 shows a CR based on-chip transient detection circuit [29]. The capacitor
C, the resistor R and MOSFET M1 compose the detection part to detect the fast
electrical transients. Two inverter (INV_1 and INV_2) designed as a static latch
structure to store the changed state under system-level ESD and EFT tests. My is the
reset device to provide the initial state and reset function. In normal operation, the

voltage of node Vg is pulled down by device My, and latch to static logic “0” by the
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static latch. Therefor, node Va is kept at logic “1”, node Vg is biased to Vss by the
resistor R, My is turned off. During the system-level ESD or EFT events, the voltage
level of node V¢ will be coupled with positive voltage by MOSFET capacitor coupling.
Then M, will be turned on to pull down the voltage level of node Va by the
overshooting ESD voltages. Therefore, the logic level stored at node V a can be changed
from logic “1” to logic “0”. With the buffer inverters, the voltage of output (Vour) is
finally changed from 1.8V to OV. This on-chip transient detection circuit can
successfully detect and store the  occurrence of electrical transients due to system-

level ESD or EFT test.

Buller

Vs

. UREEETE_‘M_]/

Fig. 4. 1 The on-chip CR-based transient detection circuit.

4.1.2 Simulation Parameter of System-Level ESD Test

From the measured voltage waveform of Vpp and Vss under system-level ESD
test with indirect-contact discharge test mode shown in Fig. 3.3, the sinusoidal time-
dependent voltage source with a damping factor parameter is used to simulate the circuit

performance under system-level ESD tests. This voltage source is given by:

V() =Vy + V4 X sin (Z”DFreq (t— td)) X exp(—(t — t4)Dracto ) (1
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In HSPICE simulation, the same parameters of Dractor=2X107s-1, Drreq=50 MHz
and t¢=500 ns are used, which is corresponding to the measured waveform shown in
Fig. 3.3. The different polarity and amplitude of parameter Va simulate the positive and
negative system-level ESD test condition. In additional, the initial voltage parameter
Vo is 1.8V (0V) as the initial DC voltage of Vpp (Vss) line of the proposed transient

detection circuit.

4.1.3 Simulation Parameter of EFT Test

The measured voltage waveforms of power line under EFT tests with direct
coupling test mode are shown in Fig. 3.6. To simulate the response of on-chip transient
detection circuit under EFT tests, an approximated exponential time-dependent voltage
pulse coupled to power line is used. This voltage source can be expressed as two
equations:

For the rising edge of the exponential time-dependent voltage pulse:
t=ta1
Ver () = Vi + (V — V1) x [1 —exp (- T)] Awhen tg, <t <ty )

For the falling edge of the exponential time-dependent voltage pulse:

Vpr(t) =V + (V, = V1) X [1 — exp (— L~ tdl)]

T1

t_tdz

+(V, = V,) X [1 —exp (— )], when t > tg ;. 3)

T2

Same parameters of 7, = 3 ns, t, = 25 ns, and t;; — ty; = 10 ns are used
in HSPICE simulations, which is corresponding to the measured waveform shown in
Fig. 3.6. Different polarity and amplitude of V2 is used to simulate the positive and
negative EFT zapping conditions. In additional, the initial voltage parameter Viis 1.8V

as the initial DC voltage of Vpp line of the proposed transient detection circuit.

45



4.2 New On-Chip Self-Reset Transient Detection Circuit

It has been proven that a CR structure with large delay time constant can detect
the transient voltage coupled on power lines. To realize the memorizing and self-
resetting function of the transient detection circuit, a novel on-chip self-reset transient

detection circuit has been proposed. This circuit is designed without reset devices.

4.2.1 Circuit Implementation

The proposed on-chip self-reset transient detection circuit is shown as Fig. 4.2.
The CR-based transient detection circuit is designed to detect the system-level ESD-
induced and EFT-induced transient disturbances without reset devices. C and R devices
are composed as detection part of the circuit. The memory unit of circuit comprise two
NMOS devices (Mn1 and My2), two cross-coupled PMOS devices (Mp1 and M) and an
inverter (INV). Two inverters are designed as buffer cells. During the normal operation,
the voltage level of node Vx is biased to OV by the resistor R, the voltage level of node
Vxa is biased to 1.8V as the output of the inverter (INV). Therefore, My is turned off
and My, is turned on to pull down the voltage of node V,. When the voltage level of
node V2 is lower enough, M;1 will be turned on to pull up the voltage level of Vi, and
then M2 will be turned off. Finally, the voltage level of node Vi will be pulled high to
logic “1”” and voltage level of V2 will be pulled low to logic “0”. Through the buffer
inverters, the initial output voltage of this self-reset transient detection circuit (Vour)
will be kept to OV. Under the system-level ESD or EFT event with an overshooting
transient voltage, the node Vx will be coupled with positive voltage by capacitor
coupling, the node Vxg will be coupled with negative voltage by INV. Then the NMOS
device Mn2 will be turned off, and Mn; will be turned on to pull low the voltage level of

node V to logic “0”. The PMOS device M. acts as the positive feedback to pull up the
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voltage level of V3 to logic “1”, M1 will be turned off finally. The voltage of Vout will
be changed from logic “0” to logic “1” with two buffers. When the system-level or EFT
ESD events ends, it is obviously that the voltage of node Vx will be biased to 0V and
Vxg will be biased to 1.8V. Therefore, My is turned off and My is turned on again. The
voltage level of node V> will be pulled low by My and the voltage level of node Vi will
be pulled high though the positive feedback. After a time constant, which is related to
the positive feedback device M,1, the output voltage of proposed transient detection
circuit will be changed from 1.8V to 0V. Therefore, the proposed on-chip self-reset
transient detection circuit successfully detects the occurrence of fast electrical transient

events, and reset its voltage level to initial state itself.

VDD
CJ: M\Z“c M,
/

V, — - V
1 vV, I\ ouT
Vx M ¥ [
INV Buffer
VXB
R EI‘M M.,
Vs

S

Fig. 4. 2 The proposed on-chip self-reset transient detection circuit.

As the operation of proposed on-chip self-reset transient detection circuit be
analyzed, in order to detect the fast electrical transients more effectively, a larger size
(W/L ratio) of M1 and M, is designed. In order to help latching the state stored on
node V3, a smaller size of M2 and My is designed. Table 4.1 gives the parameter of the

proposed on-chip self-reset transient detection circuit.
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Table 4.1

Device dimensions used in the proposed on-chip self-reset transient detection circuit

Device Parameter

M,, 1/0.18um
M, 6/0.18um
M., 6/0.18um
M, 1/0.18um

4.2.2 HSPICE Simulation Results under System-Level ESD Zapping
The simulated Vpp, Vss and Vout waveforms of the on-chip self-reset transient
detection circuit are shown in Fig. 4.3 (a). The positive-going underdamped sinusoidal
voltage on Vpp and Vss of this circuit are used to simulate the positive system-level
ESD zapping condition. From the'waveforms, the voltage of Vpp and Vss is 1.8V and
OV in beginning. Meanwhile, the output of the proposed transient detection circuit
(Vour) is kept at 0V. With an amplitude +3V of the voltage source on Vpp and amplitude
+1V of the voltage source on Vsstosimulate the occurrence of system-level ESD events,
Vour responses like a positive-going underdamped sinusoidal voltage simultaneously.
When the disturbance ends, the voltage level of Vpp and Vss return to its initial value,
and the voltage level of Vour is changed from OV to 1.8V. After a latch time constant
(about 1.15 ps), Vour is reset to OV again. Therefore, the occurrence of simulated
positive-going underdamped sinusoidal transient disturbance is detected and stored. In
addition, the detection result can be cleared by the proposed on-chip self-reset transient
detection circuit itself.
The simulated Vpp, Vss and Vour waveforms of the on-chip self-reset transient
detection circuit with a negative-going underdamped sinusoidal voltage on Vpp and Vss
line are shown in Fig. 4.3 (b). With an amplitude -3V of the voltage source on Vpp and

amplitude -1V of the voltage source on Vss to simulate the negative system-level ESD
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events, Vour acts like a negative-going underdamped sinusoidal voltage simultaneously.
When the disturbance ends, the voltage level of Vpp and Vss return to its initial value,
and the voltage level of Vour is changed from OV to 1.8V. After a latch time constant
(about 1.05 ps), Vour is reset to OV itself. Therefore, the occurrence of simulated
negative-going underdamped sinusoidal transient disturbance is detected and stored. In
additional, the state stored can be cleared automatically by the proposed on-chip self-

reset transient detection circuit.
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Fig. 4. 3 Simulated Vpp, Vss, and Vour waveforms of the proposed on-chip self-reset
transient detection circuit under: (a) positive and (b) negative system-level ESD test
simulation.
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4.2.3 HSPICE Simulation Results under EFT Zapping

To simulate the EFT-induced electrical transient under EFT zapping test, an
exponential pulse is used in HSPICE simulation. The polarity of pulse is positive or
negative to simulate the positive or negative EFT test.

Fig. 4.4 (a) shows the simulated Vpp and Vour waveforms of the proposed on-
chip self-reset transient detection circuit with a positive exponential pulse disturbance
on Vpp line. When an exponential pulse with +5V amplitude coupled to Vpp line, Vout
responses as a positive-going exponential pulse simultaneously and keep to 1.8V finally
from initial voltage level of OV. After a time constant (about 1.2 ps), the voltage level
of Vour reset to 0V automatically.

Fig. 4.4 (b) shows the simulated Vpp and Vour waveforms of the proposed on-
chip self-reset transient detection circuit with-a negative exponential pulse disturbance
on Vpp line. When an exponential pulse with -6V amplitude coupled to Vpp line, Vour
responses as a negative-going exponential pulse simultaneously and keep to 1.8V
finally from initial voltage level of OV. After a latch time constant (about 0.92 ps), the
voltage level of Vour reset to OV automatically.

From the simulated waveforms, the detection and the self-reset function is
investigated by HSPICE. As a result, the output voltage level of self-reset transient
detection circuit can successfully transit from 0V to 1.8V to response the occurrence of
simulated positive or negative EFT event and reset to OV itself after a latch time
constant that depended to the parameter of circuit device. Therefore, the electrical

transient disturbance due to EFT events can be detected and stored.
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Fig. 4.4 Simulated Vpp and Vour waveforms of the proposed on-chip self-reset

transient detection circuit under: (a) positive and (b) negative EFT test simulation.

4.2.4 Consideration with Latch time

During the fast electrical transient duration, the PMOS device M, is turned on
to pull high the voltage level at node V> of the proposed self-reset transient detection
circuit as aforementioned description of circuit operation and simulation results shown

to get the output (Vour) voltage changing from 0V to 1.8V. When the electrical transient
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ends, due to the bias voltage of node Vx and Vxg setting back to OV and 1.8V
respectively, My will be turned off and My» will be turned on. Thus, the voltage level

of node V> will be biased to

Ron
Vz = VDD X 12

(4)

Ron is the turn on resistance of MOSFET device. With the proper designed size (W/L)
ratio of M2 and Mn2, the voltage level of node V2 will bias Mp; to a known region.
Thus, the drain current of My (Iap1) will charge high the voltage level of node V.
Meanwhile, the voltage level of node V> will be pulled low continuously by device M.
Finally, node V1 will be charged to logic “1” and node V> will be discharged to logic
“0”. The latch time, which means the time of node V2 kept at logic “1”, is related to the
parameter lqp1 and pull-down ability-of Mazas-analyzed. Therefore, in order to increase
the latch time, M, should be.biased to a subthreshold region. The drain current in
subthreshold region has the relationship as:

Wp,

v,
9Sp1
o —2 e ( ) =V, -
Idp1 Ly, Idp1 exp o) where Vgsp1 Vo — Vpp (%)

Thus, the latch time should be controlled by the size ratio (W/L) of M2 and M.
To investigate the latch time, the transistor size of the proposed self-reset transient

detection circuit has been scaled up as Table 4.2 listed.

Table 4.2
Device dimensions of proposed on-chip self-reset transient detection circuit used for

latch time simulation

M4 30/0.18um
M, 3/0.18um
M,.> 5/0.18um
M, 30/0.18um
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Fig. 4.5 shows the simulated waveforms with different size of Mn2. The turn on
resistance is inversely proportional to the width of My,. Therefore, when the fast
electrical transient end, the voltage level of node V> is also decreased with the width of
M, increased, which means the discharge time of voltage level of node V; return to 0V
is decreased too. As a result, due to the different voltage level of node V; biased by

different size of My, different latch time of Vour kept to 1.8V is designed.
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Fig. 4. 5 Simulated Vpp, V1, V2and Vour waveforms of the proposed on-chip self-reset

transient detection circuit with different size of Mny.

Fig. 4.6 shows the simulated waveforms with different size of M. At the moment
of fast electrical transient ending, the voltage level of node V> is biased to same value,
the charge current of node V1 is proportional to the width of Mp1. Therefore, the charge
time of voltage level of node Vi return to 1.8V is different too. As a result, due to the

different size of My, different latch time of Vour kept to 1.8V is designed.
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Fig. 4. 6 Simulated Vpp, V1, V2and Vouyr waveforms of the proposed on-chip self-reset
transient detection circuit with.different size of M.

The aforementioned waveforms (Fig. 4.5 and Fig. 4.6) prove that the latch time
can be controlled by adjusting the charge current of node Vi when the electrical
transient disturance ends. A larger charge current of node V1 will cause a smaller latch
time. In addition, the charge current is related to the width of M, and the width of M.
The relationship between latch time and size ratio of My is given in Fig. 4.7 (a).
Compare to the relationship between latch time and size ratio of Mn2 shown in Fig. 4.7
(b), the curve of Fig. 4.7 (a) is more linear. Therefore, to adjust the size ratio of Mp; can

perform a better latch time control.

54



Latch Time (us)
Latch Time (us)

Width of Mp1 (um) Width of Mn2 (um)

(a) (b)
Fig. 4. 7 Latch time of the on-chip self-reset transient detection circuit with (a) different
size of Mp1, and (b) different size of Mna.

4.3 Measurement Results

The new proposed on-chip self-reset transient detection circuit has been designed
and fabricated in a 0.18um CMOS process with 1.8-V.devices. Fig. 4.8 is the photo of
fabricated chip. The silicon area of this on-chip self-reset transient detection circuit
without PAD is 106um* 96um. To evaluate the performance of new proposed on-chip
self-reset transient detection circuit, system-level ESD gun and the EFT generator are

used in system-level ESD test and EFT test.

SelfaR'gset
Transient

Detection
Circuit

Fig. 4. 8 Die photo of the proposed on-chip self-reset transient detection circuit.
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4.3.1 System-Level ESD Test

Fig. 4.9 (a) and (b) shows the block diagram and setup of an indirect contact-
discharge system-level ESD test mode, respectively. The EUT is placed on a wooden
table which standing on the ground reference plane (GRP). Insulation plane is used to
insulate the EUT and the horizontal coupling plane (HCP) placed on the table. ESD gun
is used as the system-level ESD generator. In additional, the discharge return cable of
the ESD gun should be connected to the GRP directly and the HCP shall be connected
to the GRP with two 470kohm resistors in series. Under the indirect contact-discharge
test mode, the head of ESD gun zaps the edge of HCP. The ESD-coupled electrical

transients will disturb the power lines of CMOS IC inside the EUT.

HCP Insulation Plane

Oscilloscope
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Ground Reference Plane (GRP)

(a) (b)
Fig. 4. 9 Measurement setup for a system-level ESD test with indirect contact-discharge
test mode: (a) Block diagram, and (b) Test setup.

Fig. 4.10 shows the mearsured Vpp, Vss and Vour waveforms of the new propoesd
on-chip self-reset transient detection circuit under the +0.2 kV system-level ESD test
voltgae. The ESD stress under system-level ESD test disturb the normal voltgae level
of the power (Vpp) and ground (Vss) lines of the self-reset transient detection circuit.
The voltage level of Vpp (Vss) rapidly increases from 1.8V (0V), and the voltage level

of Vour also increase as an positive-going underdamped sinuosoidal waveform
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simultaneously. Finally, the output voltgae of the new propesd transient detection circuit
(Vour) transist from 0V to 1.8V and keep at 1.8V with a latch time 2.9 ps. Therefore,
the detection and self-reset function of propoesd self-reset transient detection circuit is

succesfully verified by the positive system-level ESD test.
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Fig. 4. 10 Measured Vpp, Vss and Viour waveforms of the propoesd self-reset transient

detection circuit under system-level ESD test with zapping voltage of +0.2 k'V.

Fig. 4.11 shows the mearsured Vpp, Vss and Vout waveforms of the new propoesd
on-chip self-reset transient detection circuit under the -0.2 kV system-level ESD test
voltgae. The system-level ESD-induced electrical transients disturb the normal voltgae
level of the power (Vpp) and ground (Vss) lines of the self-reset transient detection
circuit. The voltage level of Vpp (Vss) rapidly decrease from 1.8V (0V), and the voltage
level of Vour also acts as a negative-going underdamped sinuosoidal waveform
simultaneously. Finally, the output voltgae of the new propesd transient detection circuit
(Vour) transist from 0V to 1.8V and keep at 1.8V with a latch time 2.9 ps. Therefore,
the detection and self-reset function of propoesd self-reset transient detection circuit is

succesfully verified by the negative system-level ESD test.
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Fig. 4. 11 Measured Vpp, Vss and Vout waveforms of the propoesd self-reset transient

detection circuit under system-level ESD test with zapping voltage of -0.2 kV.

To verify the perfomance of the propoesd self-reset transient detection circuit
under test level specified by IEC.61000-4=2; the measured Vpp, Vss and Vour transient
response under +2 kV and -2 kV system-level ESD zapping voltage are shown in Fig.
4.12 (a) and (b), respectively. From the waveforms, the transisent detection circuit can
detect the positive or negetive-going electrical transient disturbance on the Vpp and Vss
lines and reset the output (Vour) voltage automatically after a time constant. Therefore,
the function of the proposed self-reset transient dection circuit under +2 kV and -2 kV
system-level ESD zapping voltage teset has been verified. Furthermore, the eletctrical
transients duration as the wavefroms shown is much longer. Due to the difference of
electrical transients duration under £2 kV system-level ESD test and +0.2 kV system-
level ESD test, the latch time of the proposed self-reset transient detection circuit is

increased.
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Fig. 4. 12 Measured Vpp, Vss and Vour waveforms of the propoesd self-reset transient

detection circuit under system-level ESD test with zapping voltage of (a) +2 kV, and (b)
-2 kV.

Fig. 4.13 shows the latch time control waveforms under +300 V system-level ESD
zapping voltage. The width of M, is designed as 1 um, 3 pm and 8 um. Other devices
of self-reset transient detection circuit are as Table 4.2 listed. From the waveforms, the
latch time is inversely proportional to the width of M. The time of Vour voltage reset
toOVis 17.5 ps, 6 pus, and 2.5 ps with the size ratio of Mp; designed to 1/0.18 pum, 3/0.18

um and 8/0.18 um, respectively.
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Fig. 4. 13 Measured latch time control waveforms of the self-reset transient detection

circuit under system-level ESD test with zapping voltage of +300V.

4.3.2 EFT Test

Fig. 4.14 shows the measurement diagram (a) and setup (b) for EFT test combined

with capacitive coupling clamp, respectively. The output of EFT generator connect to

the end of capacitive coupling clamp directly. The power cables from the power supply

equipment are placed inside the capacitive coupling clamp, and the capacitive coupling

clamp itself should be closed as much as possible to provide maximum coupling

capacitance between the clamp and the cable. The typical capacitance between the cable

and clamp is from 50 pF to 200 pF. Thus, the EFT testing voltage will be coupled to the

power cable via the capacitor of capacitive coupling clamp. The digital oscilloscope

can monitored the voltage response of Vpp, Vss and Vour of proposed self-reset

transient detection circuit during the EFT tests. With this setup, the circuit performance

of proposed on-chip transient detection circuit under EFT tests can be evaluated.
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Fig. 4. 14 Measurement setup for an EFT test combined with capacitive coupling
clamp: (a) Block diagram, and (b) Test setup.

Fig. 4.15 (a) shows the Vpp, Vss and Vour waveforms under the EFT test voltage
of +200V with a repetition rate 100 kHz. The period of the pulses is 10 ps. From the
waveform, Vpp and Vss acts like a positive-going underdamped sinusoidal voltage
waveform when the EFT pulse coupled on.. Meanwhile, Vour is influenced
simultaneously with these electrical transients. After an EFT pulse ends, the voltage
level of Vour transits from 0V to 1.8V, and keep at 1.8V. With a 2.7us latch time, the
voltage level of Vour is return to OV for next EFT pulse detection.

Fig. 4.15 (b) shows the Vpp, Vss and Vour waveform under the EFT test voltage
of -200V with a repetition rate 100 kHz. The period of the pulses is 10 ps. From the
waveform, Vpp and Vss acts like a negative-going underdamped sinusoidal voltage
waveform when the EFT pulse coupled on. Meanwhile, Vour is influenced
simultaneously with these transients. After an EFT pulse ends, the voltage level of Vour
transits from OV to 1.8V, and keep at 1.8V. With a 2.8us latch time, the voltage level of
Vour is return to OV for next EFT pulse detection.

From the waveforms shown in Fig. 4.15, the electrical transient disturbance is a
little different between +0.2 kV EFT zapping voltage and -0.2 kV EFT zapping voltage.

Consider to that, the different latch time as shown in these waveforms can be explained.
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Fig. 4. 15 Measured Vpp, Vss and Vour waveforms of the propoesd self-reset transient
detection circuit under EFT tests with zapping voltage of: (a) +200 V, and (b) -200V by
combing with capacitive coupling clamp.

Fig. 4.16 shows the latch time control waveforms under +300 V EFT zapping

voltage with a single pulse. The width of My is designed as 1 um, 3 pm and 8 um.

Other devices of self-reset transient detection circuit are as Table 4.2 listed. From the

waveforms, the latch time is inversely proportional to the width of Mpi. The time of
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Vour voltage reset to OV is 17.5 ps, 6.5 ps, and 3 us with the size ratio of My designed

to 1/0.18 um, 3/0.18 um and 8/0.18 um, respectively.
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Fig. 4. 16 Measured latch time.control waveforms of the self-reset transient detection
circuit under EFT test with zapping voltage of +300V.

Compare to the latch time under.system-level ESD, EFT tests and the HSPICE
simulation, as shown in the aforementioned waveforms, the system-level ESD
measurement results is nearly same as the EFT results. However, these latch time
constant are much larger than that under HSPICE simulations. Fig. 4.17 shows the curve

of relations between the width of M1 and the latch time under the system-level ESD
test , EFT test and HSPICE simulation conditions. The root cause of the latch time

difference is the ideal voltage sources using in HSPICE to simulate the electrical
transient disturbances due to system-level ESD or EFT test. The real electrical

transients coupled on power lines of CMOS IC under ESD tests are much complex.
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Fig. 4. 17 Relations between the width of M, and the latch time under simulation under
HSPICE simulation, system-level ESD-and EFT tests.

4.4 System Application

To solve the system malfunction issues of microelectronic products under system-
level or EFT test, a hardware/firmware co-design has been proposed in previous
researches. However, traditional hardware/firmware co-designed with the on-chip
transient detection circuit and power-on reset circuit will be risky due to the
mistriggering situations. The proposed on-chip self-reset transient detection circuit is
designed to perform a more effective hardware/firmware co-design.

Fig. 4.18 shows the new firmware recover flowchart combined with the on-chip
self-reset transient detection circuit. In beginning, the output (Vour) state of proposed
on-chip self-reset transient detection circuit is initially set to logic “0” when power on.

The index of system is set to logic “0” by the Vour state. The power-on reset (POR)
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circuit reset the system operation after power-on transition. When electrical transients
happen, the self-reset transient detection circuit can detect the occurrence of transient
disturbance and transit the Vour state from logic “0” to logic “1”. The index stored in
firmware is also changed to logic “1” by Vour state and then initiate the firmware
recover procedure to restore the system to a known stable state. After the system recover
procedure, the proper designed self-reset transient detection circuit will reset Vour state
to logic “0” itself and the firmware index is also reset to logic “0” again by the output
state of Vour. Therefore, the next electrical transient event can be detected.

From the flowchart, the index of firmware is set by the output state of self-reset
transient detection circuit only. Compare to the system recovery flowchart shown in Fig.
3.21, there are no reset data path to the detection circuit and additional logic gate in the
new system flowchart. Whether. the reset data path-be disturbed and POR circuit be
mistriggered or not, the system recovery procedure can be still initiated to restore the
system from the abnormal condition. Therefore, due to the optimized data path, the
solution of firmware co-designed with.the on-chip self-reset transient detection circuit
provides a more efficient protection for the microelectronic products against the

electrical transitions from system-level ESD and EFT events.
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Fig. 4. 18 Firmware flowchart to recover system when electrical transients happen.

4.5 Summary

A novel on-chip self-reset transient detection circuit has been proposed. This circuit
is designed to detect the system-level ESD-induced or EFT-induced electrical transient
disturbance, and to be reset automatically without reset signal. The performance of the
proposed self-reset transient detection circuit has been investigated by HSPICE
simulation, and verified by the measurement results under system-level ESD tests and
EFT tests. Compare to the previous designs and newly proposed transient detection
circuit (Chapter 3.), the new on-chip self-reset transient detection circuit realize the
reset function without reset devices. The output state of this circuit can be rested itself
after a well-designed latch time constant. In addition, the detection sensitivities of this

design against system-level ESD test and EFT test are +/- 200V, respectively.
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With hardware/firmware co-design, the output state of the new proposed on-chip
self-reset transient detection circuit can set the recovery and reset index of firmware to
execute the system recovery procedure and firmware reset. In addition, the latch time
of the output state can be adjusted to meet different requirement of system recovery
procedure. Compare to the previous work shown in Fig. 3.21, the new system recovery
flow chart do not need an additional reset data path, as Fig. 4.18 shows. Therefore, a
more efficient solution against the protection of microelectronic products under system-
level ESD and EFT test is achieved by the hardware/firmware co-designed with the

proposed on-chip self-reset transient detection circuit.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

This thesis proposes two novel on-chip transient detection circuits. These transient
detection circuits are designed to detect the fast electrical transient disturbance coupled
on the power lines of CMOS ICs in a 0.18-um CMOS process with 1.8-V devices. In
chapter 3, a new on-chip transient detection circuit with simple circuit structure has
been proposed. The resistor and parasitic capacitor compose the detection unit of this
circuit. The occurrence of the.electrical transients can be detected and stored by the
proposed circuit. A reset signal connected to the reset device in this circuit helps reset
the stored output state. In chapter 4, on-chip self-reset transient detection circuit has
been proposed. This circuit operates without reset signal. The occurrence of the
electrical transients can be detected and memorized by the proposed circuit. In addition,
the stored output state of the self-reset transient detection circuit can be released
automatically. The performance of the proposed circuits has been investigated by
HSPICE simulation and verified under system-level ESD and EFT tests.

Two types of system recovery flowcharts have been proposed in this thesis. The
detection results of the proposed transient detection circuits can be used as system
recover index to provide a hardware/firmware solution against the system-level and
EFT events. The microelectronic products can achieve the criterion of “Class B”
level in the system-level ESD and EFT standards. Furthermore, compared to the

aforementioned flowcharts, the on-chip self-reset transient detection circuit co-
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designed with firmware provides a more efficient solution for the protection of system-

level ESD and EFT tests due to the optimized data path.

5.2 Future Works

In order to suppress power supply noise, a large bypass/decoupling capacitor is
placed between supply rails of CMOS ICs. The voltage level of system-level ESD-
induced and EFT-induced transients will be degraded by these bypass/decoupling
capacitors too. Thus, the detection sensitivity of on-chip transient detection circuit will
be influenced. The relationship between bypass/decoupling capacitor and the detection
range of transient detection circuit should be investigated in future.

It has been proven that the'noise filter networks can affect the parameters of the
underdamped sinusoidal voltage, such as damping frequency and transient peak voltage
[24]. A proper designed noise filter network can strongly enhance the immunity of
CMOS ICs to the ESD-induced electrical transient disturbance. The noise filter network
can be realized as different types, such as capacitor filter and RC filter. Therefore, the
transient detection circuit combined with on-chip filter networks has been proposed in
previous research [26], [28]. Fig. 5.1 shows a 4-bit transient-to-digital converter
composed of four transient detection circuits and RC filter networks. Fig. 5.2 shows
another 4-bit transient-to-digital converter. The proposed converters are designed to
detect different ESD voltage levels and transfer output voltages into 4-bit digital codes
under system-level ESD tests. Considering energy saving and system recovery time,
the 4-bit digital codes can be used as the firmware index to execute different recovery

procedures of the microelectronic products which equipped CMOS ICs.
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For further applications, the on-chip transient-to-digital converters composed of
self-reset transient detection circuits and noise filter networks should be designed.
Besides, the impedance of the EUT influences the detection range of system-level ESD
voltage. In future, an on-chip self-reset transient-to-digital converter designed to detect
ESD-induced current variations of power and ground lines under system-level ESD

zapping condition should be investigated.
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