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A Reliable Dual Supply Single Gate Oxide I/O Driver with
High Voltage Tolerant Input Feature Built in a 1.95nm Tox,
65nm CMOS Technology

Student : Hsiu-Wen Lin Advisors : Prof. Wei Hwang

Degree Program of Electrical and Computer Engineering
National Chiao-Tung University

ABSTRACT

In this thesis, the new dual supply I/O buffer that uses only 1xVDD device to drive
2xVDD voltage and capable of tolerant:3xVDD input voltage is presented. Major challenges,
e.g., gate oxide overstress issue, static' current and circuit performance are overcome to
achieve a reliable low power and high speed I/O driver design. Three new circuit blocks of
output stage including dynamic bias circuit, gate tracking circuit and floating N-well tracking
circuit are proposed for troubleshooting. Input stage with configured input threshold at half
I/O power voltage is proposed and it shares the same dynamic bias circuit with output stage.
The single gate oxide (SGO) I/O driver is verified successfully by N65LP spice model and
consumes nano-ampere scale static current at all operation modes. The operation speed is up
to 5S00MHz at transmitting modes and 300MHz at receiving modes with 30pF loading in port

“PAD” and 0.1pF in port “C” in worst case condition.

il



Acknowledgements

First of all, I would like to express my sincere gratitude to my advisor, Prof. Wei Hwang,
for the advanced research direction, wise advices and constructive suggestions. With his full
support and inspiring, I have much confidence on my research. Next, I would like to thank my
colleagues of Taiwan Semiconductor Manufacturing Company. In tsme, I learned practical
industry techniques and knowledge which are very helpful for my research. Moreover, |
would also like to thank the understanding people of LPSOC lab and my classmates in NCTU.
They provided an interesting place for life and study as well as gave me much support on my
school work. My school life is colorful with their accompanying. Finally, I would like to
thank my family and friends for their support-and encouragement. They always listen to my

voice patiently and accompany me when I am disappointed. Thank you all very much.

il



CONTENTS

Chapter I = TNIrOAUCHION .....eeiiiiiiieiiecieeee ettt ettt e e e b e e 1
Chapter 2 1/O BUTTEr OVETVIEW......coocuiiiiiiieeiiieeiee ettt svee e e e e eaveeeeneeens 3
2.1. INErOAUCLION ...ttt ettt 3

2.2. Reliability Issues of I/O Buffer .........ccccoeveiiieiiiiiiiicceceeee e, 4
2.2.1. Gate Oxide Reliability ........ccceeeiiieiiiiiiieiiicieeieeee e 4

2.2.2. Hot-Carrier Degradation............ccccveeevieeriieiiiie e 5

2.2.3. Junction BreakdOWn .........cooeiiiiiiiiiiiniiiiceeeeccce e 7

2.3. Conventional I/O Buffer Design Concept........ccceevvveveiieenieeenciieeeiee e, 7
2.3.1.  Regular /O Buffer............ooifi it 7

2.3.2. Conventional HVT /O Buffer:....co.....oovevieieieeeeeeeeee 9

2.4. SGO /O Buffer OVervieW i i e bt 11
2.4.1. Challenges of SGO.I/O Buffer i ........ccocoiiiiiiiiiiieeeeeces 12

24.1.1. Gate Oxide Reliability ISSU€........cccuvevieriieiieiieiecieee 12

2.4.1.2. Standby Leakage Current ..........c.ccoccvveevieencieeenieeeiee e 13

2.4.1.3. Circuit Performance...........ccooeevierieniiienienenieceeceenene 14

2.5. CONCIUSION ..ttt ettt et 14
Chapter 3 Single Supply SGO I/O with Input HVT Feature ............ccccoeeviiniininenenn. 15
3.1. INEPOAUCTION .. 15

3.2. Previous Design OVETVIEW ........c.ceceeeiierieeiiieniieeiieeeeeieesieeeseeseeeeseeseaeenne 16
32,10 PrIOT AT Lottt 16

3220 PIIOT AT 2t s 18

3230 PrIOT ATE 3t 20

3.3. The Proposed Single Supply SGO I/O Driver with HVT Input Feature..... 24

v



3.3.1. Design Concept and Technique of the Proposed Circuit..................... 24

3.3.2. Simulation ReSUltS.......cceviiriiiiiiiiiceeeeeeeeee e 27

3.4. CONCIUSION ..ttt sttt 29
Chapter 4  Dual Supply SGO I/O with Input HVT Feature...........ccccoevvenienirienienennen. 31
4.1. INEPOAUCTION ... 31

4.2. Design Concept and Block Diagram ...........cccoceeviiiiiieniieciienieeieieeeee 32
4.2.1. OULPUL STAZE ..eeeeneiiieeeeiiie ettt e et e e e e e s e neaeeeeennee 33

4.2.2. INPUL StAE ...eiieiiiiiieeeeee e e 35

4.3. Circuit Implementation...........c.ccccvieeciiieiiieeee e 36
4.3.1. Dynamic Bias CirCUIt .......cccueruieriieeiieniieeiieiie ettt 36

4.3.2. Gate Tracking CirCUIL ......ccueeeeiieeeiieerieeertee et eeeeeiee e e e sveeesaeeenes 39

4.3.3.  Floating N-well . Tracking Citeuit ............cccoeevreiiieniiniieiecieeeee, 43

43.4. Input Stage. =8 JoESEE Ml B ... 46

4.3.4.1. Input Buffer Cireuitry oo ..o 46

434.2. Input'Buffer Circuitry with Configured Threshold Voltage 47

4.3.5.  BiasS CheCK.....cooiiiiiiiiieiiiieeeee s 50

4.3.6. Simulation ReSults........c.ooiiiiiiiiiiiiieee e 52

4.3.7.  Under-Drive Application..........ccccueeriieriiienieeieeniieeieesie e esiee e 66

4.4. Layout Implementation ............cccccueeviuieeriieesiiieeeiie e esiee e e e svee e 73

4.5. CONCIUSION ...ttt sttt b e et 76
Chapter 5 Conclusions and Future Works...........cccecovveeiiieeiiieniieeeeeee e, 78
5.1 CONCIUSIONS ...ttt et sttt et be et 78

5.2. FUture WOrKS ...c...ooiiiieee e 80
RETETEICE ...ttt sttt ettt sbeenae e 81



Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

LIST OF FIGURES

Typical bias-lifetime behavior for minimum length MOS transistor................... 6
Regular I/O buffer block diagrams............ccceeeeiieriiiiiiiniiieiieie e 8
Conventional HVT I/O buffer block diagrams ..........c.cccccvveeviieevieeeniiecieeenee, 11

Undesirable static current path and gate-oxide overstress when operation at

HVT INPUE MOAE. ...t 13
The 1.2V 1/O buffer tolerant 2.5V input uses only thin gate oxide devices....... 18
The reliable and high voltage compatible CMOS I/O buffer............ccccceeenneee 20

Single supply I/O buffer to receive 3xVDD input signals by using only 1xVDD
deviCes ...coeveeeneenieenieenreee ot BRRE b .ottt 23

........................................................................................................................... 24
The proposed single supply SGO I/O-driver with HVT input feature................ 26
Simulation waveforms of rec@ivIng MOde ...........ccceeviieiiieniieiieie e 28
Simulation waveforms of transmitting mode...........ccceeevveeeriieerciieenie e, 28
The proposed dual power supply HVT SGO I/O output stage ...........ccecveenneenne 34
The proposed dual power supply HVT SGO I/O input stage .........cccceeeevveenneee. 36

The proposed dynamic bias circuit without static current at all operation modes

........................................................................................................................... 38
The proposed gate tracking circuit of dual supply SGO HVT I/O driver.......... 42
The proposed floating N-well tracking circuit.........coccevcveverienienenieneeneneee, 44
The proposed input buffer CIrcuitry ........ccceeeeveeeiiieeiieeceeee e, 47

The proposed input buffer circuitry with configured input threshold voltage ... 49
The input threshold voltage simulation results of configured input stage ......... 50

The bias check matrix of the control path.............coocieiiiiiiiiiiniiee, 51

vi



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

.10

11

12

.13

.14

.15

.16

.17

.18

.19

.20

.21

.22

.23

.24

.25

.26

.27

.28

.29

.30

.31

Functional check waveforms of output mode simulation ............c.cceccvveernennns 53

Overstress check waveforms of output mode simulation.............cccceecveeruvnnee. 54
Power current waveforms of output mode simulation ...........cccccccvveevieeenieennns 54
Functional check waveforms of input mode simulation .............cccccceevveennennee. 55
Overstress check waveforms of input mode simulation .............cceevvveennenne. 56
Power current waveforms of input mode simulation .............ccceeevevciveniennennee. 56
Functional check waveforms of HVT input mode simulation......................... 58
Overstress check waveforms of HVT input mode simulation ......................... 59
Power current waveforms of HVT input mode simulation...............ccoceueene. 59
Functional check waveforms of output mode simulation at S00MHz ............. 62
Overstress check waveforms of output mode simulation at S00MHz ............. 63
Power current waveforms of output mode simulation at SO0MHz.................. 63

Functional check wayveforms/of HVT input mode simulation at S00MHz...... 64
Overstress check waveforms- 0f HVT input mode simulation at S00MHz ...... 65
Power current waveforms of HVT input mode simulation at S00MHz........... 65

Functional check waveforms of under-drive output mode simulation at
I33MHZ ... 67

Overstress check waveforms of under-drive output mode simulation at
L33IMHZ ..ttt ettt ettt et e sttt nneens 68

Power current waveforms of under-drive input mode simulation at 133MHz 68

Functional check waveforms of under-drive input mode simulation at 133MHz

Functional check waveforms of under-drive HVT input mode simulation at
I33MHZ ..ottt 71

vii



Fig. 4. 32

Fig. 4. 33

Fig. 4. 34
Fig. 4. 35

Fig. 4. 36

Overstress check waveforms of under-drive HVT input mode simulation at

I33MHZ ...

Power current waveforms of under-drive HVT input mode

I33MHZ ..
The cross section of deep N-well structure.............ccuueee..e.

Layout view of dual supply SGO HVT I/O driver...............

Schematic view of three deep N-well with self-bias P-well

viii

simulation at



Table2.

Table2.

Table3.

Table3.

Table3.

Table4.

Table4.

Table4.

Table4.

Table4.

Table4.

Table4.

Table4.

Table4.

Table4.

LIST OF TABLES

1 The truth table of input operation Mode...........cceevvieeriieeriieeieecee e 9
2 The truth table of output operation MOde...........ccccveveiierieeiiienieeiieie e 9
1  Operation modes of the proposed I/O CIrCUItry ......ceeevvveeecieeeciieeeiie e 24
2 The static current at all operation MOdes..........c.ceeveerveerieerieenieeiienie e 28
3 The cell delay and transition time of path I to PAD and path PAD to C ......... 29
1 Operation modes of the proposed I/O CIrCUIIY ........cccueevuierieenieniieiieeieeiieae 33
2 The voltage table of dynamic bias Circuit.........ccceeeeieercieerciieeie e, 39
3 The voltage table of gate tracking circuit at all operation modes..................... 42
4 The voltage table of Floating N-well tracking circuit at all operation modes.. 46
5 The bias table at each operation Mode ......cv.......cccveeriieiiienieeiieie e 51
6 Simulation conditionable. . il i 52
7 The cell delay and transition time of path I to PAD and path PAD to C. ........ 57
8  DC driving strength table .........cc.coociiiiiiiieiiieeeeeee e 57
9 The static current at all operation MOdes..........ccceeveerveerieeriienieeiienie e 60
10 The maximum dynamic current at all operation modes. ...........cccccvveeeeveenneen. 60

X



Chapter 1

Introduction

Conventional I/O buffers adopt both core devices and I/O devices to realize
pre-decoding and post-decoding circuit blocks. The production needs more masks and
process steps than base-line process. Single Gate Oxide (SGO) I/O buffer uses only core
devices to achieve I/O function, and at least 4 masks including NLDD, PLDD, PW and
NW of I/O devices can be saved to reduce manufacturing cost. Especially in the
deep-submicron generation, the thickness of gate oxide has been scaled down to achieve
higher speed performance and supply voltage also decreased [16] for lower power
consumption. Only thin devices: of CMOS: technology are adopted to optimize speed,

decrease manufacturing cost and-simplify mask steps.

The penalty is the complexity of I/O circuitry to overcome the gate oxide reliability
issues [10] and to prevent standby leakage current. Devices must be reliable for extended
product lifetime. The targeted nominal lifetime is typically 5—10 years of continuous
operation under specified worst-case operating conditions [4]. Three electric field strengths
appear to be dominant for the lifetime of MOS transistors: the vertical and lateral electric
field in the transistors and electric fields across junctions. The three lifetime-determining
mechanisms corresponding to these fields are denoted as oxide breakdown [1], hot-carrier
degradation [33], [3], and junction breakdown [8], respectively. The device reliability issue

and traditional I/O driver design will be briefly discussed in chapter 2.



In chapter 3, the single supply SGO HVT I/O driver is presented. The I/O buffer
realized with low-voltage devices and supplied with core voltage is capable of transmitting
1xVDD (core power) voltage levels but receiving 2xVDD input voltage levels without

extra bias or charge bump circuit. Three prior arts are introduced in the chapter.

Nevertheless the SGO I/O buffers have the demand to drive peripherals with higher
voltage than nominal core supply voltage. The new low power dual supply I/O buffer that
uses only 1xVDD device to drive 2xVDD voltage and capable of tolerant 3xVDD input
voltage is proposed in chapter 4. Three major circuit blocks including dynamic bias circuit,
gate tracking circuit and floating N-well tracking circuit are proposed. They are also the
most important innovation part of the thesis..Except product life time issue, low power and
high performance are also the .major challenges®.of SGO I/O driver design. Design

technique and details are presented in this chapter.

Finally, the overall investigation results are concluded in chapter 5.



Chapter 2
I/0 Buffer Overview

2.1. Introduction

The reliability issue is the dominant factor of product life-time [1], [3]. Three main
reliability issues are introduced in section 2.2, including the gate oxide reliability issue,

hot-carrier degradation and junction breakdown.[4]

In section 2.3, two dual supply conventional:l/O buffers are introduced. The regular
I/O buffer and the conventional HVT I/O buffer with-High Voltage Tolerant (HVT) input
feature. The logic supply voltage-or core'voltage VDD is for logic base-band inside chips
and the I/O supply voltage “VDDIO.is the output voltage level of I/O buffer to drive
compatible standardized protocols. Most chips in advanced CMOS processes must be able
to interface at voltages higher than their nominal supply voltage level. For example, 5V
interfacing is required for ICs realized in processes with a nominal supply voltage of 3.3V.

That is so-called high voltage tolerant (HVT) input I/O buffer.

A robust high-voltage-tolerant I/O which does not need process options is presented
with Single Gate Oxide (SGO) I/O buffer. Only the core device is processed to reduce the
manufacture cost. It also results to several problems. The I/O must be reliable for high yield
and extended product lifetime. Except the main reliability concerns for the SGO 1/O such

as hot carrier injection degradation effects and time-dependent dielectric breakdown[5], [6],



[7], immunity from static current at all operation modes is required for reducing power
consumption. In addition, I/O performance and AC characterization is very important in
application. The I/O driver must have equal timing performance at each I/O level. This
characteristic prevents board designers from being forced to retune the interface for optimal
operation at each I/O level. The major challenges of single gate oxide I/O design are

discussed in section 2.4.

2.2. Reliability Issues of I/O Buffer

Modern CMOS processes are optimized to get the maximum performance for the
transistors used in ICs. Devices must be reliable for.extended product lifetime. The targeted
nominal lifetime is typically 5-10 years of continuous-operation under specified worst-case
operating conditions. Three electric field strengths appear to be dominant for the lifetime of
MOS transistors: the vertical and lateral electric field in the transistors and electric fields
across junctions. The three lifetime-determining mechanisms corresponding to these fields
are denoted as oxide breakdown [1], [32], hot-carrier degradation [3], [33], and junction
breakdown [8], respectively. These three mechanisms will be briefly discussed in the next

parts of this section.

2.2.1. Gate Oxide Reliability

Tunneling effect or dielectric breakdown is the main cause of gate oxide damage. It is
the process of slow degradation of oxide due to currents flowing through this oxide in

response to an electric field across the oxide. Oxide breaks down may happen to destroy



the device, if a certain amount of charge-per-area passed through the oxide. The oxide
current, and hence the transistor’s lifetime, is a strong function of the applied electric field
across the oxide. This value typically corresponds to a tolerable oxide voltage 20%~30%

higher than the process’s nominal supply voltage [4].

At the source and drain sides of the transistor, the oxide voltage equals the
source-gate voltage V,, and the drain-gate voltage Vg4, respectively. The oxide voltage
somewhere between the source and drain region is between Vg, and Vg, if the MOS
transistor is “on.” If the transistor is switched “off,” an applied bulk-gate voltage Vi, is
subdivided over a depletion layer in the silicon and over the gate oxide; the majority of the

voltage falls across the depletion layer [4].

2.2.2. Hot-Carrier Degradation

With large drain—source voltages and transistors operating in saturation, carriers
flowing from source to drain may gain high energies and become hot close to the drain
region. Upon collisions with the silicon lattice, a small fraction of these hot carriers shoot
into the gate oxide near the drain area, thereby slowly degrading the gate oxide and the
transistor’s performance [3], [9], [28]. This so-called hot-carrier degradation effect depends
among others on the transistor’s length and its biasing conditions [11]. The relation
between the drain—source voltages and lifetime is exponential for deep submicron

processes therefore their dependency is much close.

The length-lifetime dependency is relatively weak and expressed as the following [4]:



. B
Tlifesc L | here B= 1-5 [4] @.1)

The relation between gate-source voltage and lifetime is more complex. For low
gate-source voltages the transistor is “off” resulting in no current and hence in no hot
carriers. For very high gate-source voltages (and fixed drain—source voltage) the transistor
is in the linear region resulting in no hot carriers either. Somewhere in the middle, both the
drain current is large and the transistor is well in saturation. In this region, the hot-carrier

degradation is maximum and hence the lifetime is minimum [4].
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Fig. 2. 1 Typical bias-lifetime behavior for minimum length MOS transistor

A typical hot-carrier-based lifetime versus biasing plot for a minimum length
transistor is given in Fig. 2. 1 [4]; for longer transistors the lifetime is longer. The

parameter V4,0, in the figure corresponds to the nominal supply voltage of the process.



2.2.3.  Junction Breakdown

The third lifetime-threatening mechanism is junction breakdown [8]. For modern
CMOS processes this junction breakdown occurs at voltages of at least a number of times
the nominal supply voltage, therefore it is not a real concern for circuits. However, for
reverse voltages somewhat higher than the nominal supply voltage, the junction goes into
weak avalanche. With this effect, the reverse diode current, i.e., the leakage current

increases with increasing reverse bias levels.

2.3. Conventional I/O Buffer Design Concept

The I/O buffer plays the role ‘as interface between the chips and the peripherals in a
system. They are the ports of chips tortransmit'or rec€ive signal from other ICs. In order to
interface chips with different supply veltage'in a system, the I/O buffer must be able to
tolerant higher voltage than its nominal power supply [12]. In the following sections, two
I/O buffer design concepts are introduced. Note that this mixed voltage system may lead to

several problems such as static leakage current and gate oxide reliability issue.

2.3.1. Regular I/0 Buffer

Conventional 1/0O buffer design concept diagram is presented as Fig. 2. 2. Input pin
“OEN” controls the buffer to transmit (output) signals from “I”’ to “PAD” or to receive
(input) signals from “PAD” to “C”. The level shifters level up signals from VDD to

VDDIO and propagate to post-decoding stage. The level down buffer works reversely to

7



transmit signal level of “PAD” to “C”. And the output buffer drives “PAD” with a

specified driving strength. The truth tables of input operation and output operation are

shown in Table2. 1 and Table2. 2 respectively.

Output
Buffer
VDDIO VDDIO
Level
Dc shifter
VDD %
T ov
I X} Pre-driver — X PAD
decoding
OEN [X]—{ circuit
VDDIO
Level
oV DC shifter IE
v v
ov
VBD
VDDIO Level
L‘ down
buffer buffer
ov ov

Fig. 2.2 Regular I/O buffer block diagrams

The “VDD” is the nominal power supply for core device, and the “VDDIO” is the

nominal power supply for I/O device. In mature technology, i.e. 0.25um process, the

voltage level of VDD is biased at 2.5V, and VDDIO is supplied at the voltage of 5V. As

CMOS technology had been scaled down toward nanometer generation, the power supply

voltage is also decreased to reduce power consumption [1]. For example, the VDD is



decreased to 1.0V in the typical low voltage 0.13-um CMOS process and the I/O power

voltage is still 3.3V for interfacing with mature peripherals [13].

INPUT MODE
input port output port
OEN PAD I C
1 0 X 0
1 1 X 1
1 Z X X

Table2. 1 The truth table of input operation mode

OQUTPUT MODE

input port output port
OEN I PAD
0 0 0

0 1 1

Table2. 2 The truth table of output operation mode

2.3.2. Conventional HVT 1/0 Buffer

The Conventional High Voltage Tolerant (HVT) I/O buffers basically have the same
operation mechanism with regular I/O buffer introduced in previous section. The only one

difference is the maximum tolerant voltage level of input stage. Some peripheral



components or other ICs are operated at higher voltage levels than I/O buffer’s nominal
power supply of post decoder. For example, I/O buffers can output voltage level of 3.3V
(I/0O power) to drive peripherals but have to receive 3.3V or higher voltage, i.e. 5V from
other chips in the system [29], [31]. This is so-called high voltage tolerant (HVT) input
feature. Technological solutions can be pursued (e.g., multiple gate oxides [26]-[27]) which
yield high-voltage-tolerant transistors at the cost of a more expensive process: masks and

processing steps must be added to the baseline process.

The design concept diagram is presented as

Fig. 2. 3. When operation in High'Voltage Tolerant (HVT) input mode, gate tracking
circuit tracks the high voltage level of “PAD” to. turn off output buffer PMOS to prevent
static leakage current from “PAD” to *VDDIO”. Meanwhile, the floating N-WELL is
charged to high voltage level. The MNI1 levels down HVT input to ( VDDIO-Vt ) from
PAD to prevent Vyq overstress of the lower cascade NMOS of output buffer. In the same
way, the MN2 levels down HVT input to ( VDDIO-Vt ) of PAD to protect the input stage

buffers.

10



VDDIO

Output
Buffer
VDDIO Floating
\VDDIO '|' VDDIO N-well |
Level tracking
eve P
. Gate float circuit
shifter Protection 4 %7
VDD circuit —‘ 4
I ov €7 DJ pAD
I X} Pre-driver o VDDIO
decoding '[
—  circuit MN1
OEN & VDDIO
%7 Level
oV DC shifter
ov ov
VDD VDDIO
vDDIO Level I
)‘ down
buffer buffer
c X oc X
w MN2
oV ov

Fig. 2.3 Conventional HVT I/O buffer block diagrams

2.4. SGO 1I/0O Buffer Overview

Both core devices and I/O devices are built in pre decoding and post decoding circuit
blocks respectively of conventional I/O buffers. The production needs more masks and
process steps than base-line process. Single Gate Oxide (SGO) I/O buffer uses only core
devices to achieve I/O function [14],[30],and some innovative circuits are used to achieve
high-voltage tolerance [20]-[25]. At least 4 masks including NLDD, PLDD, PW and NW
of I/O device can be saved to reduce manufacturing cost. The penalty is the complexity of
I/O circuitry to overcome the gate oxide reliability issues [10] and prevent standby leakage

current. The voltages across all transistors’ terminals are carefully limited to sufficient low

11



values to ensure product lifetime at all operation modes.

2.4.1.  Challenges of SGO I/O Buffer

2.4.1.1. Gate Oxide Reliability Issue

Generally speaking, minimum-length transistors operated at the nominal supply
voltage will live at least the nominal lifetime. Higher stress results in shorter lifetime, lower
stress results in longer lifetime. For MOS transistors, this stress usually corresponds to

electric field strength in the device.

Single gate oxide (SGO) design uses only core device to tolerant high voltage of I/0
power or high input voltage from the peripherals. For example, single supply I/O buffer
using 1.2V device to tolerant 2.5V inputivoltage could be overstressed across Vg ,Vea Vb
and even Vg as showninFig. 2. 4 [17]. Time-dependent-dielectric breakdown of thin gate
oxide is the main reliability concerns of SGO I/O design. More complicated circuit
technique shall be applied to control stress across all CMOS terminals. Limitation of the
electric fields is typically achieved at the cost of chip area. If a cost-efficient circuit
implementation is also targeted, it is important not to design an overly robust circuit.
Therefore knowledge of dominant lifetime-determining effects is essential in order to

prevent both waste of chip area and to prevent insufficient lifetime [5][7].

12



2.4.1.2. Standby Leakage Current

An undesirable static current is induced once the voltage level of PAD is higher than
power supply VDDIO about a diode turn-on voltage. Both PMOS and parasitic diode are
turned on to lead to unexpected static current. This may happen when operation in HVT
input mode as shown in Fig. 2. 4 [17]. Extra power consumption should be avoided to

achieve low power design, especially in portable application.

Otherwise, circuitry with static current path at normal operation should be avoided to

minimize power consumption.

vDp VDD=1.2V

—————— —!_:;ate-oxi de {.2v

Pre-Driver overstress
VDD ov

Fig. 2.4 Undesirable static current path and gate-oxide overstress when operation at HVT

input mode.
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2.4.1.3. Circuit Performance

Operation speed is the check point of circuit performance. In addition, the I/O driver
must have equal timing performance at each I/O level. This characteristic prevents board
designers from being forced to retune the interface for optimal operation at each I/O level.

The I/O driver must drive capacitive loads at least 10 pF in low driving mode.

2.5. Conclusion

The reliability issues, design concerns and functions of I/O drivers are briefly
introduced in this chapter. To design a reliable;low ¢ost and high performance I/O driver is
our target, and SGO design is exactly the low cost and high speed solution. The penalty is
the complexity of I/O circuitry to.overcome-the gate-oxide reliability issues and to prevent
standby leakage current. It is important mot: to design an overly robust circuit to prevent

waste of chip area. The design techniques will be presented in the following chapters.
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Chapter 3
Single Supply SGO I/0 with Input HVT Feature

3.1. Introduction

In the deep-submicron generation, the thickness of gate oxide has been scaled down
to achieve higher speed performance and supply voltage also decreased [16] for lower
power consumption application. The I/O buffer realized with low-voltage devices and
supplied with core voltage can transmit 1xVDD (core power) voltage levels but receive
2xVDD input voltage levels without exfra bias or charge bump circuit. The design concept

and circuit implementation will be introduced,in this chapter.

Three previous designs will béantroducedin section 3.2. The prior art 1 and prior art
2 which are able to transmit 1xVDD voltage levels as well as receive 2xVDD input voltage
levels use only thin gate oxide devices in implement. The prior art 3, a mixed-voltage 1/O
buffer designed with 1xVDD devices to receive 3xVDD input signals was reported [15].
The most advantage of the disclosure is that the input tolerant voltage level is up to three
times core voltage VDD. However it only capable of driving 1xVDD voltage level and

extra charge pump circuitry is needed.

In section 3.3, the proposed single supply SGO HVT I/O buffer is introduced. It
achieves the same function as prior art 1 and prior art 2 but with reduced circuitry and

layout area. Up to 30% reduction in floating N-well and gate tracking circuits compared to
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prior art 2. Simulation results and circuitry implementation are presented in this section.

This chapter is introductory for Chapter 4. In next chapter, the reliable dual supply
I/O buffer uses only 1xVDD device to drive 2xVDD voltage and capable of tolerant

3xVDD input voltage will be proposed.

3.2. Previous Design Overview

3.2.1. Prior Art1

This 1.2V 1/O buffer tolerant 2.5V -input uses: only thin gate oxide devices (1.2V
devices) to realize 1/0 functions 1s shown.inFig. 3: 1 [17]. The operation description is as

following.

When the I/O buffer is operated in the receiving mode, the upper and lower output
ports of pre-driver will be 1.2V and 0V, respectively. The input signal coupled to pad for
logic 0 is 0V, and for logic 1 is 2.5V. If the pad voltage is coupled to 2.5V, the PMOS
devices Po7 and Po8 in the floating N-well circuit are turned on. Therefore, the PMOS Po6
is turned off for its gate voltage coupled to 2.5V through Po8, and the N-well voltage is
coupled to 2.5V through Po7. On the other hand, Po2 and Po4 in the gate-tracking circuit
are also turned on in this operating condition. Therefore, Po3 is turned off for its gate
voltage coupled to 2.5V through Po4, and the gate voltage of Pol is coupled to 2.5V
through Po2. Because the N-well and the gate voltages of Pol are both coupled to 2.5V,

there is no leakage path from pad to VDD when pad voltage is coupled to 2.5V. If the pad
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voltage is coupled to OV, the gate voltage of Po6 is coupled to OV through No8. Therefore,
Po6 is turned on and the N-well voltage is kept at 1.2V through Po6. On the other hand, the
gate voltage of Po3 is coupled to OV through No4. Therefore, Po3 is turned on and the gate
voltage of Pol is coupled to 1.2V through Po3. With such arrangement, this I/O buffer can

be correctly operating in the receiving mode in the mixed-voltage interface.

When the I/O buffer is operated in the transmitting mode, the upper and lower output
ports of pre-driver will be controlled by the signal coupled to I, and the pad voltage is
controlled by I. The input signal coupled to I for logic 0 is 0V, and for logic 1 is 1.2V. If
the signal coupled to I is OV, the two output ports of pre-driver are biased at 1.2V, and Nol
of the output stage is turned on to kept the pad voltage at OV. Therefore, the N-well and the
gate voltages of Pol in the output’stage arekept at 1.2V by the floating N-well circuit and
the gate-tracking circuit. If the signal coupled to I is 1.2V, the two output ports of
pre-driver are biased at 0V, and Pol is furned-on to Keep the pad voltage at 1.2V. In order
to keep the gate voltage of Pol at OV exactly, Po5 is added to quickly turn off Po3 in this
operating condition, where to avoid charging effect on the gate of Pol. On the other hand,
the N-well voltage is kept at 1.2V because all the transistors in the floating N-well circuits

are off without leakage path [17].
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Fig.3. 1 The 1.2V I/O buffér tolerant 2:5V input uses only thin gate oxide devices

3.2.2. Prior Art2

Functions and specifications of this design [18] are similar to prior art 1 [17]. The
most advantage of the disclosure is the reduced floating N-well circuit compared to prior
art 1. The floating N- well is charged to VDDH through MP5 when the I/O driver is
operated at high voltage tolerant mode. Except that it is charged only through parasitic
diode and may not be charged to full VDD at normal transmitting and receiving modes. It
is about the voltage level of (VDD-Vgioqe). This is also the weakness of the I/O driver. The

operation of input and output modes is described as below.
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The CMOS I/O buffer is shown in Fig. 3. 2 [18]. The left part is a pre-driver circuit
and the other part is the main circuit. When OEN="0" and the input signal DIN= “I”, the
node “b” is discharged to OV and the node “c” is also discharged to OV. Therefore PAD
voltage is pulled up to VDD by MP1 and MN2 is turned off. For the node “d” is discharged
to OV, the WELL voltage can be pulled up to VDD by MP6 via PAD. When the input
signal DIN is “0”, the node “b” is initially pulled up to (VDD-Vt) and the node “c” is
pulled up to VDD. Therefore, MN2 is turned on and the node “e” is discharged to OV. So
the node “b” can be pulled up to VDD to turn MP1 completely off. For the voltage level of

node “d” is VDD, the WELL voltage can be pulled up to VDD by MP2.

When OEN= “1”, it is for input buffer use. It means that MP1 and MN2 are at off
state. When the input high signal coupled to:PAD 1s'VDDH, the voltage of node “b” can be
pulled up to VDDH by MP5 and the voltage of node “a” is pulled to (VDD-Vt). MP1 is
turned off and MP4 is turned on to pull the voltage of node “e” to VDDH to keep MP3 off.
The WELL voltage is pulled to VDDH by MP6 for the gate voltage of MP6 is coupled to
VDD. Therefore, there are no leakage current paths and no gate-oxide overstress condition
in all devices of the circuit. The “floating N-well” structure may lead to latch-up problem.

Therefore, the double guard ring structure should be applied to avoid the issue [18].
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Fig. 3.2 The reliable:andhigh voltage compatible CMOS I/O buffer

3.2.3. Prior Art3

A mixed-voltage I/O buffer designed with 1xVDD devices to receive 3xVDD input
signals was reported [15]. The most advantage of the disclosure is that the input tolerant
voltage level is up to three times core voltage VDD. However it only capable of driving
1xVDD voltage level and extra charge pump circuitry is needed. The penalty of tolerant

3xVDD voltage input is the much more complicated circuitry and layout area.

In Fig. 3. 3 [15], VDD (1V) is the external power supply voltage, whereas VDDH
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(2V) of 2xVDD can be generated by an on-chip charge pump from VDD with 1xVDD
devices[19]. Thus, the proposed I/O buffer can receive 3xVDD (3V) input signals without
gate-oxide reliability issue by controlling the gate voltages of MN1 and MN2. The
pre-driver can generate signals PU and PD to control the output transistors, MP0O and MNO.
The protection devices, MN1 and MN2, are used to avoid high-voltage overstress. The

dynamic gate-bias circuit controls the gate voltages of MN1 and MN2.

When the I/O buffer transmits a logic low (0V), the gate voltages of MN1 and MN2
are controlled at VDD, so the logic low can be transmitted from node 1 to the I/O pad.
When the I/O buffer transmits a logic high (1V), the gate voltages of MN1 and MN2 are
controlled at VDDH, so the logic high can be transmitted from node 1 to the I/O pad. When
the I/O buffer receives a logic low:(0V), thergate voltages of MN1 and MN2 are biased at
VDD. Thus, the logic low signal can be transmitted to node 1 from the I/O pad. When the
I/O buffer receives a logic high"(3V), the 'gate voltages of MN1 and MN2 are biased at
VDD and VDDH, respectively. In the 3XVDD receive mode, the voltage on node 2 (node 1)
is pulled up to VDDH-Vt (VDD-Vt), where Vtis the threshold voltage of NMOS. Then,
signal Din is pulled down to OV to turn on MP1. Finally, the voltage on node 1 is fully
restored to VDD, so the inverter INV has no DC leakage current. In this design, the
gate-drain, gate-source, and drain-source voltages of every transistor do not exceed VDD.
Thus, the I/O buffer with 1xVDD devices can tolerate 3xVDD input signals without

gate-oxide reliability issue.

The dynamic gate-bias circuit is shown in Fig. 3. 4 [15]. In both transmit and receive
modes, the signal PU has an inverting logic level of node 3. The voltage swing of signal

PU is from GND (0V) to VDD (1V), but that of node 3 is from VDD (1V) to VDDH (2V).
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Thus, a 0/1V-to-1/2V level converter followed by an inverter is used to generate the signal
level of node 3 to control the gate of MNI. In the transmit mode, node 3 has the same
signal level of node 4. Thus, nodes 3 and 4 are connected by MP4, whose gate is connected
to node 2 to avoid the gate-oxide overstress. The voltage on node 5 must be biased at VDD
and VDDH alternately in the transmit mode due to the gate-oxide reliability issue of MN3.
When the I/O buffer transmits a logic low (0V), the gate voltages of MN1 and MN2 are
kept at 1V, and MP3 is turned on to keep the voltage level on node 5 at VDD. When the
I/O buffer transmits a logic high (1V), the gate voltages of MN1 and MN2 are kept at 2V,
and MNG6 is turned on to keep the voltage level on node 5 at VDD. The gate-drain and
gate-source voltages of MN3 are always lower than 1V in the transmit mode, so there is no

gate-oxide overstress issue on MN3.

The gate voltage (node 3):of MNI is always kept at VDD in the receive mode. The
gate voltage (node 4) of MN2 is controlled at’ VDD or VDDH by the input signal on the I/O
pad. When the I/O buffer receives a logic high (3V), the voltage on node 5 is pulled up to
the voltage level of 3xVDD-V; through the diode-connected transistor MNS. At this
moment, MN3 and MN4 are turned on to pull the voltages on nodes 4 and 2 both up to
VDDH. When the I/O buffer receives a logic low (0V), MP4 is turned on to pull the
voltage on node 4 down to VDD, because the voltage on node 3 is VDD. At this moment,
MP3 is turned on to pull the voltage on node 5 down to VDD to prevent the gate-oxide
overstress on MN3. Besides, MP2, MNS5, and MN7 can protect MN4, MP3, and MN6

against gate-oxide overstress.
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Fig. 3.4 The circuit implementation of dynamic gate bias circuit using 1xVDD devices.

3.3. The Proposed Single Supply SGO I/0O Driver with HVT

Input Feature

3.3.1. Design Concept and Technique of the Proposed Circuit

The proposed single gate oxide I/O driver with high voltage tolerant input feature
saves up to 30% layout area of gate tracking and floating N-well dynamic bias circuits
compared to prior art 1. The floating IN-wellis, charged to the highest operation voltage
levels at any modes to overcome:the weakness in.prior art 2. Totally four operation modes
are listed in Table4. 1. VDD denotes the nominal power voltage, 1.2V and VDDHVP is the
high tolerant input voltage, 2.5V%. Two major circuit blocks: Gate tracking and protect
circuit and dynamic floating N-well bias circuit are presented in Fig. 3. 5. The operation of

input and output modes is described as below.

Operation Stage output (transmit) input (receive)
input
Operation Mode | output Low | output High | input Low | High voltage
tolerant
VDDHVT
PAD Voltage Leve ov VDD ov (~2xVDD)

Table3. 1 Operation modes of the proposed I/O circuitry
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When OEN=1, the I/O buffer is operated at the receiving mode, and the upper and
lower output ports of pre-driver will be 1.2V and 0V, respectively. If the pad voltage is
coupled to 2.5V, the PMOS MPS5 is turned off for its gate voltage coupled to 2.5V through
MP3, and the N-well voltage is coupled to 2.5V through MP6. On the other hand, MP1 in
the gate-tracking circuit is also turned on in this operating condition. Therefore, MPO is
turned off for its gate voltage coupled to 2.5V through MP1. Because the N-well and the
gate voltages of MPO are both coupled to 2.5V, there is no leakage path from pad to VDD
when pad voltage is coupled to 2.5V. If the pad voltage is coupled to 0V, the gate voltage
of MP5 is coupled to OV through MN3. Therefore, MP5 is turned on and the N-well
voltage is kept at 1.2V through MP5. On the other hand, the source side voltage of MP6 is
coupled to OV through MN3. Therefore, MP6 is turned off to prevent leakage path from
floating N-well via MN3 to PAD. With such arrangement, this I/O buffer can be correctly

operating at receiving mode.

When OEN=0, the I/O buffer is operated in the transmitting mode, and the upper and
lower output ports of pre-driver will be controlled by the signal coupled to I. The input
signal coupled to I for logic 0 is 0V, and for logic 1 is 1.2V. The PAD voltage is controlled
by L. If the signal coupled to I is OV, the two output ports of pre-driver are biased at 1.2V,
and MNI1 of the output stage is turned on to kept the PAD voltage at OV. Therefore, the
N-well and the gate voltages of MPO in the output stage are kept at 1.2V by the floating
N-well circuit and the gate-tracking circuit. If the signal coupled to I is 1.2V, the two
output ports of pre-driver are biased at 0V, and MPO is turned on to keep the PAD voltage
at 1.2V. On the other hand, the N-well voltage is kept at 1.2V through MP5 for its gate
voltage coupled to (VDD-Vt) through MN3. The parasitic diode composed by the drain

side of MPO and N-well helps to charge the N-well quickly. With such arrangement, this
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I/O buffer can be correctly operating at transmitting mode.
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3.3.2. Simulation Results

The circuitry is simulated with N65LP spice model in typical case at 25°C. It drives
capacitive loads of 30pF in PAD and 0.1pF in port C when operated at 300MHz sample
rates. The nominal power supply VDD equals 1.2V and high voltage tolerant input

VDDHVP equals 2.5V.

The function simulation waveforms of receiving and transmitting operation modes are
illustrated in Fig. 3. 6 and Fig. 3. 7 respectively. It is verified successfully with N65LP
spice model that the circuitry is immunity from static current at all operation modes as

shown in Table3. 2.

OEN

PAD

float
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Fig. 3. 6 Simulation waveforms of receiving mode

OEN 0 b3

PAD

float

Fig. 3.7 Simulation waveforms of transmitting mode

static current(A) 1.VDD
output 1.2V 3.34E-09
output 0V 4.18E-09
input 2.5V 4.70E-10
input 0V 2.78E-09

Table3. 2 The static current at all operation modes
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The timing checks of paths I to PAD at output mode and path PAD to C at input

mode are well balanced as shown in Table3. 3.

Timing path rise_cell delay | rise transition |falling cell delay| fall transition
I->PAD 9.28E-11 437E-11 9.61E-11 4.25E-11
PAD->C 1.35E-10 8.86E-11 1.41E-10 9.80E-11

Table3.3 The cell delay and transition time of path I to PAD and path PAD to C

3.4. Conclusion

In this chapter, the I/O driver realized with low-voltage devices and supplied with
core voltage can transmit 1xXVDD (core power) voltage levels and receive 2xVDD input
voltage levels is introduced and’.wverified successfully with N65LP spice model. The
proposed single gate oxide I/O driver with high voltage tolerant input feature saves up to
30% layout area of gate tracking and floating N-well dynamic bias circuits compared to
prior art 1. The floating N-well is charged to the highest operation voltage levels at any
modes to overcome the weakness in prior art 2. Nevertheless the demand of outputting

higher voltage levels to drive the peripherals outside ICs is requested.

The I/O drivers with dual power supply and capable of outputting higher voltage
levels ( I/O power) are the most popular I/O designs in modern semiconductor industry [2].
They are realized with both core devices and I/O devices practically. Extra mask steps,

longer manufacture time and lower speed of I/O devices are suffered.
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In next chapter, the low power consumption and high operation speed I/O drivers
with dual power supply will be proposed. The reliable dual supply I/O buffer uses only
1xVDD device to drive 2xVDD voltage and capable of tolerant 3xVDD input voltage.

That’s the new low power, high performance and low cost solution for I/O drivers.
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Chapter 4
Dual Supply SGO I/O with Input HVT Feature

4.1. Introduction

Drivers with dual power supply are the most popular I/O design in modern
semiconductor industry. The low voltage serves the base band area which contributes to the
major part inside ICs to achieve low power consumption. Operation speed is also optimized
for thinner gate oxide in deep-submicron technology. The high voltage supplies the 1/O
devices which are usually applied in analog modules and post-driver of I/O buffers.

However the I/O devices suffer ftom lower speed for thicker gate oxide.

Only thin devices of CMOS technology are adopted to optimize speed, decrease
manufacturing cost and simplify mask steps. Nevertheless the I/O buffers applied with only
thin oxide still have to drive peripherals with high voltage and receive even higher voltage
from other ICs. Gate oxide reliability, standby leakage current and circuitry performance
are major challenges. The new low power dual supply I/O buffer that uses only 1xVDD
device to drive 2xVDD voltage and capable of tolerant 3xVDD input voltage will be

proposed in this chapter.

In section 4.2, the design concept and block diagram are introduced. The circuitry is
divided into two major parts: output stage and input stage. The output stage transmits the

logic level of input signal “I” to “PAD”. The input stage receives signals from “PAD” and
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transmits its’ logic level to “C”. Major circuit blocks and their functions are described too.

The circuit implementation and design techniques are presented in section 4.3. Three
major circuit blocks of output stage including dynamic bias circuit, gate tracking circuit
and floating N-well tracking circuit are introduced. Two input stage circuits are proposed,
and it’s a trade-off between layout area and performance. The overstress check is critically
examined. Not only check gate oxide stress in steady state but also dynamically monitor the
oxide stress condition in transient state. Simulation results of function, oxide stress and

power consumption are presented too.

In section 4.4, layout of the I/Q.dtiver is implemented. The deep N-well structure is
applied to isolate P-well with different potential..Guard rings and space between different

N-wells should be carefully arranged to prevent latch-up problems.

In this chapter, the dual supply single gate oxide I/O driver with HVT input features
circuitry is proposed. Three major challenges including gate oxide reliability issue, standby
leakage of bias circuit and timing performance are solved and successfully verified with

NO65LP spice model.

4.2. Design Concept and Block Diagram

The circuitry could be divided into two major parts: output stage and input stage.
Totally 5 operation modes are listed in Table4. 1. VDDIO denotes the I/O power voltage

and VDDHVP is the high tolerant input voltage. The design concepts and block diagrams
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are presented in this section respectively.

Operation Stage

Output ( Trans mit )

Input ( Receive )

Input
Operation Mode Output Low | Output High | Input Low Input High | High Voltage
Tolerant
PAD Voltage Level oV VDDIO oV VDDIO | VDDHVP
(2XVDD) (2XVDD) (3xVDD)

4.2.1.

Table4. 1 Operation modes of the proposed I/O circuitry

Output Stage

The block diagram of proposed dual power supply HVT SGO I/O output stage is

illustrated in Fig. 4. 1. It is composed of pre-driver decoding circuit, buffer, level shifter,

dynamic bias circuit, gate tracking circuit, output buffer stage, and floating N-well tracking

circuit. Three major block; dynamic bias circuit, gate tracking circuit, and floating N-well

tracking circuit will be emphasized in the following sections. All of them are supplied by

core supply

“VDD” or

I/O

supply

VDDHVP=3xVDD, VDDIO=2xVDD.

“VDDIO”.
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Fig. 4.1 The proposed dualipower Supply HVT SGO I/O output stage

Except operation at output-“low’’-mode, the dynamic bias circuit senses the voltage
level of “PAD” to output “vbias” between VDD~VDDHVT. Note that “vbias” presents a
collection of various nodes including “bias”, “biasp”, and “biasl” which provide different
voltage levels as shown in Fig. 4. 3. The generated bias voltage levels are fed to floating
N-well tracking circuit and gate tracking circuit. According to the voltage levels received,
these two circuit blocks will output control signals to switch the tracking levels. Only at
output “low” mode, the dynamic bias circuit will be triggered by the gate tracking circuit
and then feedback to the gate tracking circuit to work normally. It plays the role as the
commander of the tracking and detecting system and doesn’t consume static current at all

operation modes.

2 ¢

Gate tracking circuit senses nodes of “pad”, “pgate”, “ngate” and “vbias” to output
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control signals and switch the voltage levels between VDD, VDDIO and VDDHVT to

guarantee gate reliability of post decoder.

Floating N-well tracking circuit senses nodes of “vbias”, ”pgatel” and “PAD” to
dynamically control floating N-well voltage between VDDIO and VDDHVP. It charges the
floating N-well of PMOS to the highest operation voltage to prevent leakage path of

parasitic diode between PMOS drain side and N-well junction.

The biasing and tracking must be very fast in any state including the “transient state”

in which the rise and fall times in the sub-nanosecond range may occur.

The level shifter transmits. voltage level from 0~VDD to VDD~VDDIO. Previous

design is adopted for circuit implementation.

4.2.2. Input Stage

The input stage receives the signals from port “PAD” and transmits its’ logic level to
port “C”. The input logic high levels could be VDDHVP or VDDIO, and they would be
leveled down to core voltage VDD for interfacing with internal core circuits. The block
diagram is illustrated as Fig. 4. 2. The input stage shares the same dynamic bias circuit and
gate tracking circuit with the output stage described in section 4.2.1. The “vbias” controls
the switch of upper PMOS, and the signal “nl’ controls the switch of the second stack

NMOS in the input buffer respectively.
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4.3. Circuit Implementation

4.3.1. Dynamic Bias Circuit

In previous design, the biasing generation circuitry led to static leakage current and

increased power consumption [7]. New bias method is proposed to provide bias levels for

reliable and low power consumption operation. It senses the voltage level of “PAD” and

dynamically feedback bias levels to other circuit blocks.

Three main voltage tracking paths of dynamic bias circuit are illustrated in Fig. 4. 3

and described as following:
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o The path A: When “PAD” =0V, pass VDD to “biasp”. The node “biasp” is
charged to (VDD-Vy) through P-well of MBNI1 to turn on MBNO. Then the node of “b1” is
coupled to OV through MBNO to turn on MBP1. Therefore the node “b2” is coupled to
VDD through MBP1land the voltage level VDD is passed to “biasp” through MNBI1. The
voltage level VDD of “biasp” will fully turn on MBNO. The path A and MBNO construct a

positive feedback loop to charge the “biasp” to VDD when “PAD” =0V.

® The paths B: When “PAD”=VDDIO, pass (VDDIO-Vt) to “biasp”. It depends on
the previous voltage level of “biasp” to decide the charge path. If its previous level is
biased lower than (VDDIO-Vt), then “biasl” will be coupled to the voltage level of “PAD”,
VDDIO, through MPH. Therefore MNB is turned on and “biasp” is pulled up to
(VDDIO-V,) through MNB. The pathyB'isactivated. Else if the voltage level of “biasp” is
higher than (VDDIO-Vt), it will be kept as' VDDIO through positive feedback circuit

“IVC” and “MPF”

° The path C: When “PAD” =VDDHVP, pass VDDIO to “biasp”. High voltage
VDDHVP can pass MPH to turn on MNB, thus power supply voltage VDDIO is delivered

to “biasp” through MNB.

® The inverter chain “IVC” speeds up “bias” to charge to VDD or VDDIO. It also

works with MPF to positively feedback “biasp” to VDDIO.

] PMOS “MPL” passes voltage level of VDD to “biasl” to limit Vgd of MNB at

(VDDIO-VDD) When “PAD” =0V.

o The P-well of MBNO is connected to node “b1” to prevent junction breakdown

when “PAD” =VDDHVP.
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Fig. 4.3 The proposed dynamic bias circuit without static current at all operation modes

The dynamic bias circuit detects the voltage level of “PAD” to generate respective
bias levels which are fed to other circuit blocks for limiting the stress across Vg, Ved, Vs,
and Vg, Only at output “low” mode; the dynamic bias circuit will be triggered by the gate
tracking circuit and then feedback to the gate tracking circuit to function normally.
Typically, the stress value corresponds to a tolerable oxide voltage 20%~30% higher than
the process’s nominal supply voltage [4]. The voltage table of dynamic bias circuit at all

operation modes is shown in Table4. 2.

Node Voltage Level
PAD ov VDDIO VDDHVP
biasp VDD VDDIO VDDIO
bias VDD VDDIO VDDIO
biasl VDD ~VDDIO VDDHVP
bl ov VDDIO-Vt VDDIO-Vt
b2 VDD VDDIO-Vt VDDIO-Vt
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Table4. 2 The voltage table of dynamic bias circuit

4.3.2. Gate Tracking Circuit

The signals “bias” and “biasp” generated by dynamic bias circuitry are fed to gate
tracking circuit for gate protection. The gate tracking circuitry not only transmits logic
levels to “PAD” but also protects output buffer stage not to be damaged by high voltage

input (VDDHVP).The operation is described as following.

When the I/O buffer transmits a logic low (0V), the gate voltages of MON3 is
controlled at VDD, and the node “pd™ is biased at OV to turn on MGP2 .So the node “pr” is
coupled to VDD and then the-voltage level-of node “biasp” is coupled to (VDD-Vt)
through MGN2 to turn on MONT. Thetefore.the logie low can be transmitted from ground
through nodes n2 and nl to the [/Q port “PAD”. The dynamic bias circuit detects the
voltage level OV of “PAD”, and feedbacks a bias level as VDD to signal “bias” and pulls
the voltage level of node “biasp” from (VDD-Vt) to full VDD. The MGNT1 is turned on for
its gate voltage level is coupled to VDD. The voltage level of node “pgate” is controlled at
VDDIO to turn off MOP1. Then the voltage level of node “pgatel” is coupled to VDD
through MGN3 to limit the stress between “pgatel” and “PAD” as VDD. The PMOS
MGP1 is turned off for its Vg =0V. Therefore the logic low can be transmitted to “PAD”

without static current and gate overstress.

When the I/O buffer transmits a logic high (VDDIO), the voltage level of node

“pgate” is controlled at VDD to turn on MOP1. Then “bias” is coupled to VDDIO through
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MOP1 to turn on MGNI. And the voltage level of node “pgatel” is coupled to VDD
through MGNI1 to turn on MOP2. Therefore the logic high (VDDIO) can be transmitted
from I/O power supply VDDIO through MOP1 and MOP2 to the I/O port “PAD”. The
dynamic bias circuit detects the voltage level “VDDIO” of “PAD”, and feedbacks a bias
level as VDDIO to signal “biasp” to turn off MGP1 and MGN3 and turn on MON1. The
voltage level of node “nl” is coupled to (VDDIO-Vt) through MON1 and leveled down to
(VDD-Vt) through MON2 at node “n2”. The gate voltage of MON3 is controlled at 0V,
and the node “pd” is biased at VDD to turn off MGP2. The NMOS MGN2 blocks voltage
level “VDDIO” of node “biasp” to protect MGP2. Meanwhile the voltage level of node
“pr” is coupled to near VDD. Therefore the logic high can be transmitted to “PAD” without

static current and gate overstress.

When the I/0O buffer receives a logic low (0V), the voltage levels of node “ngate” and
“pgate” are controlled at 0OV and"VDDIO respectively to turn off MON3 and MOP1. And
the node “pd” is controlled at VDD to tarn off MGP2. The dynamic bias circuit detects the
voltage level OV of “PAD”, and generates a bias level as VDD to signals “biasp” and
“bias”. Therefore the node “pgatel” is coupled to VDD through MGN3 to limit the Vg4 of
MOP2 at VDD. The NMOS MONI1 is turned on because its gate voltage level is charged to
VDD. The node “nl” is coupled to OV through MON1 and the node “n2” is coupled to OV
through MON?2. Therefore, there are no leakage current paths and no gate-oxide overstress

condition in all devices of the circuit.

When the I/O buffer receives a logic high (VDDHVP), the voltage levels of node
“ngate” and “pgate” are controlled at OV and VDDIO respectively to turn off MON3 and

MOP1. And the node “pd” is controlled at VDD to turn off MGP2. The dynamic bias
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circuit detects the voltage level VDDHVP of “PAD”, and feedbacks a bias level as VDDIO
to signals “biasp” and “bias”. Therefore the node “pgatel” is coupled to VDDHVP through
MGP1 to turn off MOP2. MGN1 and MGN3 are turned off for their Vg=0V. The node
“nl” is coupled to (VDDIO-Vt) through MONI1 and leveled down to (VDD-Vt) at node
“n2” through MON2 to protect MON3. MGN2 blocks VDDIO of node “biasp” to protect
MGP2. The P-well of MONI is connected to node “nl” to prevent junction breakdown

when “PAD” =VDDHVP.

When the I/O buffer receives a logic high (VDDIO), the voltage levels of node
“ngate” and “pgate” are controlled at OV and VDDIO respectively to turn off MON3 and
MOPI1. And the node “pd” is controlled at VDD to turn off MGP2. The dynamic bias
circuit detects the voltage level VDDIO of “PAD”, and feedbacks a bias level as VDDIO to
signals “biasp” and “bias”. Therefore the node “pgatel” is coupled to (VDDIO-Vt) through
MGNI and MGN3. MGP1 is tarned off fortits Vi,=0V. The node “nl” is coupled to
(VDDIO-Vt) through MONT and leveled down to (VDD-Vt) at node “n2” through MON2
to protect MON3. MGN?2 blocks VDDIO of node “biasp” to protect MGP2. Therefore,
there are no leakage current paths and no gate-oxide overstress condition in all devices at

high voltage input mode.
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Fig. 4.4 The proposed gate tracking circuit of dual supply SGO HVT 1/O driver

The voltage table of gate tracking eircuit-at.all operation modes is shown in Table4. 3.

Mode Output Output Input Input Input
ov VDDIO ov VDDIO VDDVT
pagate VDDIO VDD VDDIO VDDIO VDDHVP
bias VDD VDDIO VDD VDDIO VDDIO
pagatel VDD VDD VDD VDDIO-Vt | VDDHVP
biasp VDD VDDIO VDD VDDIO VDDIO
biasl VDD ~VDDIO VDD ~VDDIO VDDHVP
PAD ov VDDIO ov VDDIO VDDHVP
nl ov VDDIO-Vt ov VDDIO-Vt | VDDIO-Vt
n2 ov VDD-Vt ov VDD-Vt VDD-Vt
ngate VDD ov VDD ov ov

Table4. 3 The voltage table of gate tracking circuit at all operation modes

42




4.3.3. Floating N-well Tracking Circuit

To prevent undesirable static current flowing through the parasitic diode composed
by the drain oxide and N-well junction of the PMOS, the voltage level of floating N-well
must be higher than the voltage level of its source or drain. The proposed floating N-well
tracking circuit dynamically tracks a proper voltage level in response to the voltage level of
“PAD”. When I/O circuitry is operated at high voltage tolerant input mode, the floating
N-well is charged to high voltage VDDHVP. Otherwise it tracks the I/O power voltage

VDDIO.

The tracking circuit also suffers. from gdte: oxide overstress issue. The node voltage
should be biased well at all operation' modes.: The floating N-well tracking circuit is

proposed as Fig. 4. 5.
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Fig. 4.5 The-proposed floating N-well tracking circuit

Three main voltage tracking paths and the circuit operation are described as

following:

o The path A: It is the floating N-well bias path when the I/O driver operates at all
output modes and at input “low” mode. The node “pgatel” is biased at VDD when
operation at all output modes and at input “low” mode. Therefore the PMOS MWPS5 is
turned on and VDDIO is coupled to node “float”. When it is operated at input VDDIO
mode, the voltage level of node “pgatel” is (VDDIO-V,) and MWPS5 may not be turned on.

The path C guarantees a direct charge path from VDDIO to node “float” at nominal input
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high mode.

® The path B: VDDHVP can be passed to floating N-well when the I/O driver
operates at HVT input mode. The node “bias” is coupled to VDDIO when operation at
HVT input mode to turn on MWP2. The node “float” is coupled to VDDHVP through
MWP2 and MWP1. Meanwhile the nodes “pgatel” and “fg” are coupled to VDDHVP to
turn off MWP5 and MWP4 respectively. Therefore no standby current flows to VDDIO

when operation at HVT input modes.

° The path C: It is only disabled when operation at HVT input mode and enabled at
all nominal input and output modes. The voltage level of node “fg” is coupled to VDDHVP
to turn off MWP4 at HVT input mode. This can prevent static current flowing to VDDIO
through MWP4. The node “fg” is.eoupleditor=V.DDrat all nominal input and output modes.
Therefore the node “float” is coupled to VDDIO thtough MWP4. This path is enabled

especially at input “high” (VDDIO) mode to-assist path A.

) The bias node “biasl”: Connect drain side of MWP2 to*“biasl” to limit the Vds of

MWP2= VDD when “PAD” transients from VDDHVP to OV

When the I/O driver operates from HVT input into VDDIO input mode, the float
N-well will discharge from VDDHVP to VDDIO slowly through junction leakage path if
the PMOS MWPS5 is not fully turned on. It neither disturbs normal function nor contributes
side effects to gate reliability issue. To discharge rapidly can be achieved by tying PAD to

0V first to reset the N-well potential.

The voltage levels of each node at all operation modes are listed in Table4. 4.
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Mode Output Output Input Input Input
ov VDDIO ov VDDIO VDDHVT
bias VDD VDDIO VDD VDIO VDDIO
pagate 1 VDD VDD VDD VDDIO-Vt VDDHVP
biasl VDD ~VDDIO VDD ~VDDIO VDDHVP
fg ~VDD ~VDD ~VDD ~VDD VDDHVP
float VDDIO VDDIO VDDIO VDDIO VDDHVP

Table4. 4 The voltage table of Floating N-well tracking circuit at all operation modes

4.3.4. Input Stage

Two input stage circuits are: proposeds The first input buffer circuitry has simpler

circuitry and about 30% smaller layout area compated to the second proposal. But its

threshold voltage can not be biaséd at half VDIDIO when the circuitry operates at input high

mode. The second proposal with configured input threshold voltage solves the problem but

occupied larger layout area

4.3.4.1. Input Buffer Circuitry

The input buffer circuit implementation is illustrated in Fig. 4. 6, and described as

following:

® The NMOS “MN1” levels down voltage level of “PAD” from VDDHVP to

(VDDIO-Vt) to avoid gate oxide overstress of MP1 and MN1.




o The NMOS “MND” levels down the voltage level of node “nc” from (VDDIO-V;)

to (VDD-Vt) to prevent overstress between Vg, and Vg of MN1.

® The PMOS “MPU” pulls up node “cb” from (VDD-Vt) to full VDD.

o It’s unable to bias the input threshold voltage at 1/2xVDDIO. The Vy, of the

proposed input buffer circuitry without threshold configured is about 1/2xVDD.

YOD~DDI0
bias
VDD
- I Vth=1/2xVDD
O~(wDIDI 0t ]
M|P1:Ho i ) vy [ PAD
MM Oy~ DO HvP
c VDD
|Z|—O<|—O<|—« MPL
0~¥DD "_O‘ VDD
Ch nc
Bl 1 ‘
O~yoD  MND

Fig. 4.6 The proposed input buffer circuitry

4.3.4.2. Input Buffer Circuitry with Configured Threshold Voltage

Proposed input buffer circuitry with configured input threshold voltage is illustrated

in Fig. 4. 7. The Vy, of the proposed circuitry is biased at 1/2xVDDIO. The operation is
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described as following:

The input signal coupled to pad for logic 0 is 0V, and for logic 1 is VDDIO and
VDDHVP. Signals “bias” and “nl” are fed by dynamic bias circuit and output buffer stage
introduced in previous section. When the circuitry is operated at input HVT mode, the pad
voltage is coupled to VDDHVP, and the node “bias” is coupled to VDDIO to turn off
MIPI1. The voltage level of node “nl” is coupled to (VDDIO-Vt) to turn on MINS and
transmit VDD to node “np” to turn on MIN2. Therefore the voltage level of node “nc” is
coupled to OV and propagated to node “cb” to turn on MIP3. The voltage level of node
“c1” is coupled to VDD through MIP3 and propagated to port “C”. The same operation

when the voltage of “PAD” is coupled to VYDDIO.

When the circuitry is operated at input low mode, the pad voltage is coupled to 0V,
and the node “bias” is coupled to VDD to turn on'MIP1. The voltage level of node “nl” is
coupled to OV to turn off MINS and transmit to node “np” through MIN4 to turn off MIN2.
Therefore the voltage level of node “nc” is coupled to VDDIO through MIP1 and MIP2
and leveled down to (VDD-Vt) through MND. Thus the node of “cb” is coupled to
(VDD-Vt) to turn on MIN3. The node “cl” is pulled down to OV through MIN3 and
meanwhile the PMOS MIP3 is slightly turned on for its gate voltage level is (VDD-Vt).
The PMOS MPU is turned on to pull up the voltage level of node “cb” to full VDD and

turn off MIP3 completely. Finally the voltage level of OV is propagated to port C.

The function of each device is summarized as below:
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] The NMOS “MIN4” and “MINS5” level down voltage of “nl” from 0 ~

(VDDIO-Vt) to 0 ~ (VDD-Vt) to avoid overstress between neighbor gate oxides.

] The NMOS “MND” levels down VDDIO to VDD to guarantee the gate

reliability of the next stage.

] The PMOS “MPU” pulls up node “cb” from (VDD-Vt) to full VDD.

° The input threshold voltage is configured at 1/2xVDDIO for wider noise margin.

Simulation waveform is shown in Fig. 4. 8.

° The node “bias” swings from VDD~VDDIO is fed from dynamic bias circuit.
] The node “nl” is fed from the output:buffer stage of post driver as shown in Fig.
4.1.
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Fig. 4.7 The proposed input buffer circuitry with configured input threshold voltage
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Fig. 4.8 The input threshold-voltagessimulation results of configured input stage

4.3.5. Bias Check

The bias levels of major nodes at each operation mode are listed in Table4. 5.
Overstress check of gate oxide reliability is presented as control path matrix as shown in
Fig. 4. 9. Arrows denote the dependency of the control path. Stress conditions of all the
control paths are checked by simulator to guarantee gate oxide reliability no matter

operation in steady or transient state.
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Mode Output Output Input Input Input
ov VDDIO ov VDDIO VDDVT
pagate VDDIO VDD VDDIO VDDIO VDDHVP
bias VDD VDDIO VDD VDDIO VDDIO
pagatel VDD VDD VDD VDDIO-Vt VDDHVP
biasp VDD VDDIO VDD VDDIO VDDIO
biasl VDD ~VDDIO VDD ~VDDIO VDDHVP
PAD oV VDDIO (% VDDIO VDDHVP
nl oV VDDIO-Vt (% VDDIO-Vt [ VDDIO-Vt
n2 oV VDD-Vt (% VDD-Vt VDD-Vt
ngate VDD (% VDD (% (%
float VDDIO VDDIO VDDIO VDDIO VDDHVP
Table4. 5 The bias table at each operation mode
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ﬂ’ A ¥,
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Fig. 4.9 The bias check matrix of the control path
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4.3.6. Simulation Results

The dual supply single gate oxide I/O driver with HVT input features circuitry is
simulated with N65LP spice model in typical case at 25°C. It drives capacitive loads of
30pF in PAD and 0.1pF in port C and is operated at 300MHz sample rate. Supply voltage
levels are listed as following: The core supply VDD=1.2V, I/O supply VDDIO=2.5V and

high voltage tolerant input VDDHVP=3.6V. The specifications are summarized in Table4.

6.

Spice Model No6SLP
Case /. Temp. TT/25C
Simulation Speed 300MHz
VDD 1.2V
Supply Levels VDDIO 2.5V
VDDHVP 3.6V
Loading rAb 30X
C 0.1pF

Table4. 6 Simulation condition table

The functional check, overstress check and power current waveforms of output mode
simulation are illustrated respectively in Fig. 4. 10, Fig. 4. 11, and Fig. 4. 12. The
overstress check includes all control paths which have been introduced in previous section
as bias check matrix (Fig. 4. 9). The stress levels should be operated less than 1.56V
(1.2Vx1.3) for longer product life time. Not only check bias stress in steady state but also

dynamically monitor the oxide stress at transient state.
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54



The same functional check, overstress check and power current waveforms of
nominal input mode simulation are presented respectively in Fig. 4. 13, Fig. 4. 14, and Fig.

4. 15. The received voltages of PAD swing from OV up to 2.5V and level down to 1.2V in

port C.
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Fig. 4. 13 Functional check waveforms of input mode simulation
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Fig. 4. 15 Power current waveforms of input mode simulation
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The timing checks of paths I to PAD at output mode and path PAD to C at nominal
input mode are well balanced as shown in Table4. 7. DC driving strength table is shown as

Table4. 8.

II‘iming Path (S| rise_cell_delay | rise_transition | fall_cell delay | fall transition
I->PAD 3.26E-10 1.38E-10 3.22E-10 1.26E-10
PAD->C 2.07E-10 8.35E-11 2.26E-10 8.06E-11

Table4. 7 The cell delay and transition time of path I to PAD and path PAD to C.

Parameter Driving Strength (A)
Ioh @ Voh=1.7V 1.49E-02
Iol @ Vol=0.7V 1.27E-02

Table4..8 * DC driving strength table

The simulation waveforms of functional check, overstress check and power current at
HVT input operation mode are presented respectively in Fig. 4. 16, Fig. 4. 17, and Fig. 4.
18. The voltage level of HVT input up to 3.6V is leveled down to 1.2V before propagating

to internals of ICs.
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Fig. 4. 16 Functional check waveforms of HVT input mode simulation
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The SGO HVT 1/O driver has been verified to consume little static current at all

operation modes. The current consumption of two power domains is shown in Table4. 9.

The maximum dynamic current consumption of two power domains is shown in Table4. 10.

Falling and rising transients are measured separately.

Static Current(A) 1_VDDIO 1.VDD
Output 2.5V 5.21E-09 1.57E-09
Output 0V 3.85E-09 2.33E-09
Input 2.5V 1.21E-09 5.92E-11
Input 0V 3.89E-09 6.07E-10
Input 3.6V 3.40E-10 2.27E-10

Table4. 9 Thestatic currentat.all operation modes

Dynamic Current(A) |I_ max_ VDDIO falll I max VDD fall [ max VDDIO rise I max VDD rise
Output Opration 1.56E-02 2.83E-03 9.68E-03 8.49E-03
Input Operation 3.66E-03 2.55E-03 7.87E-04 1.74E-03

HVT Input Opration 3.23E-03 2.12E-03 2.32E-03 2.37E-03

Table4. 10 The maximum dynamic current at all operation modes.

The speed performance is up to S00MHz at transmitting mode and 300MHz at

receiving mode in worst case condition (SS/125°C). Input slew rate is the most critical

factor to pass transient overstress check when operation at HVT input mode. The input
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slew rate of “PAD” is better slower than 0.6ns for safe gate oxide stress. On the contrary,
slower slew rate results to longer charging time to full VDDHVT of the floating N-well. It
is a trade-off. Despite the overstress check of transient state, the speed performance is up to
500MHz at both transmitting receiving modes in worst case condition (SS/125°C). The
simulation waveforms of functional check, overstress check and power current at S00MHz
output operation mode are presented respectively in Fig. 4. 19, Fig. 4. 20, and Fig. 4. 21.
Simulation waveforms at 500MHz HVT input operation mode are presented in Fig. 4. 22,

Fig. 4. 23, and Fig. 4. 24 respectively.

Also the output impedance of the I/O driver must enable high-frequency bus
operation in a point-to-point or shared system [7]. Tuning the output impedance to 43Q to
provide good matching to the effeetive tracesimpedance in both point-to-point ( 50 Q) and

shared ( 20-30 Q) environments is important tn high speed application.
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4.3.7. Under-Drive Application

The nominal supply voltage levels could be lowered down to reduce power
consumption in under-drive application. The proposed dual supply single gate oxide 1/O
driver with HVT input feature circuitry is able to be applied in under-drive operation.
Simulation results with N65LP spice model in typical case at 25°C is presented as
following. It drives capacitive loads of 30pF in PAD and 0.1pF in port C at 133MHz
sample rates but with under-drive supply voltage: the core supply VDD=1.0V, I/O supply
VDDIO=1.8V and high voltage tolerant input VDDHVP=2.5V. The functional check,
overstress check and power current simulation waveforms of output mode nominal input

mode and HVT input mode are illustrated respectively in Fig. 4. 25 - Fig. 4. 33.
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Fig. 4. 25 Functional check waveforms of under-drive output mode simulation at 133MHz
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133MHz

4.4. Layout Implementation

Deep N-well structures are applied to isolate P-wells with different potential. The

cross section of deep N-well structure is illustrated as Fig. 4. 34..

N
DNWY
X X!
PW_A PW_B
X X!
N PW_A| NW| PWB NV
DN

Fig. 4. 34 The cross section of deep N-well structure

The layout implementation of dual supply SGO HVT I/O driver is shown in Fig. 4. 35.
Three independent P-wells separated by deep N-wells are denoted as P-well A, P-well B
and P-well C. They can correspond to the schematic view in Fig. 4. 36. The P-well A is
connected to node nl, the P-well B is connected to node bl and the P-well C is biased at
VDD. The bias conditions of deep N-wells are the same with their correspondent P-wells.

Guard rings and space between different N-wells should be carefully arranged to prevent
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latch-up problems.
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Fig. 4.35 Layout view of dual supply SGO HVT I/O driver
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4.5. Conclusion

Three new circuits are proposed in this chapter. The dynamic bias circuit senses the
voltage of “PAD” to generate bias levels between VDD~VDDHVP for other block’s
reference. The gate tracking circuitry senses nodes of “pad”, “pgate”, “ngate” and bias
levels feedback from dynamic bias circuit to output control signals between VDD, VDDIO
and VDDHVT to prevent overstress between gate oxides in post decoder area. The floating
N-well tracking circuit senses nodes of “pgatel”, “PAD” and bias levels generated by
dynamic bias circuit to dynamically control floating N-well voltage between VDDIO and
VDDHVP. It charges the floating N-well of PMOS to the highest operation voltage to
prevent leakage path of parasitic diodebetween’PMOS drain side and N-well junction. The
input threshold of proposed input stage could be:biased at 1/2xVDDIO to get wider noise

margin. The proposed new circuit techniques are sufficient to limit both hot carrier

degradation and oxide overstress to.ensure product lifetime.

The proposed circuitry could be extended to under-drive application for low power
and cost effective advantages. It is also immunity from process variation: reliable
verification results in different corners and process ( e.g. 0.13G). High speed design is also
targeted. The operation speed is up to S00MHz at transmitting mode and 300MHz at
receiving mode in worst condition. The input slew rate is the most critical factor to pass
transient overstress check when operation at receiving mode. Despite transient state, the
speed performance is up to S00MHz at both transmitting receiving modes in worst case

condition (SS/125°C).
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The dual supply single gate oxide I/O driver with HVT input feature circuitry has
been successfully verified by N65LP spice model with VDD=1.2V, VDDIO=2.5V and

VDDHVT=3.6V and achieve the following goals:

o No gate oxide reliability issue to ensure sufficient product lifetime: No Vgs, Vgd,

Vds or Vgb are stressed over 1.3xVDD.

° Immunity from process variation: It has been verified to be reliable in different

corners: TT, SS, FF, LT, SF and FS, as well as in different process: 0.13umG process.

o No DC power consumption in steady state: The proposed I/O driver consumes

static current below nano-Ampere scale at‘all-operation modes.

o Circuit performance: The 'worse case (SS/125°C) operation speed of output mode

is up to 500MHz and of input HVT mede is‘up'to 300MHz.

The new low power, high speed and low cost single gate oxide I/O driver is proposed:
“The reliable dual supply I/O buffer that uses only 1xVDD device to drive 2xVDD voltage

and capable of tolerant 3xVDD input voltage.”
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Chapter 5

Conclusions and Future Works

5.1. Conclusions

Two I/O driver designs using only single gate oxide (SGO) devices and capable of
high voltage tolerant (HVT) input are presented in this thesis. One is for single supply SGO

HVT I/O driver and the other is for dual supply SGO HVT 1/O driver.

The 1/O buffer realized with Jew-voltage devices and supplied with core voltage is
capable of transmitting 1xVDD-(core power).voltage levels but receiving 2xVDD input
voltage levels without extra bias or. charge bump circuit. The circuitry complexity is
reduced up to 30% in floating N-well-and gate tracking circuitry compared to previous
design. The floating N-well could be charged to the highest operation voltage levels at any
operation modes. It has been successfully verified with N65LP spice model to be immunity
from gate oxide overstress and doesn’t consume dc static current at all operation modes.
The single supply SGO I/O driver with high voltage tolerant input feature is presented is

chapter 3.

The most popular and practical I/O driver should be capable of driving peripherals
with higher voltage and receiving even higher voltage from other ICs. The new low power
dual supply I/O buffer that uses only 1xVDD device to drive 2xVDD voltage and capable

of tolerant 3xVDD input voltage is proposed in chapter 4. New circuit techniques limit
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both hot carrier degradation and oxide stress to ensure product lifetime. The circuitry could
be divided into two major parts: output stage and input stage. Three main circuit blocks
including dynamic bias circuit, gate tracking circuit and float N-well tracking circuitry of
output stage are presented. The dynamic bias circuit plays the role as the commander of the
tracking and detecting mechanism and doesn’t consume static current at all operation
modes. Gate tracking and floating N-well tracking circuits share the same bias signals
generated by dynamic bias circuit to control stress condition of each device. The Vth of
input stage is biased at 1/2xVDDIO to get wider noise margin. It is successfully verified by
N65LP spice model that the new I/O driver is immunity from gate oxide overstress and
doesn’t consume dc static current at all operation modes. The proposed circuitry could be
extended to under-drive application for low power and cost effective advantages. It is also
immunity from process variation:‘reliable verification results in different corners and
process ( e.g. 0.13G). High speed._design lis also targeted. The operation speed is up to
500MHz at transmitting mode and 300MHz_at receiving mode in worst condition. The
input slew rate is the most critical factor to pass transient overstress check when operation
at receiving mode. Despite transient state, the speed performance is up to SO0OMHz at both

transmitting receiving modes in worst case condition (SS/125°C).

A reliable dual supply I/O driver with high-voltage tolerant input feature built in a
1.95nm Tox, 65nm CMOS technology is proposed in this thesis to achieve a cost effective,

low power and high speed design.
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5.2. Future Works

In the future, there are several related topics could be continued to research. The ESD
(Electrostatic Discharge) protection network is essential in I/O buffer design. It is usually
the main cause of EOS (Electrical Overstress) damage. How to protect weak
thin-oxide-devices under ESD stress is the next step we are interested. Otherwise, to
overcome the overstress issue at HVT input mode to speed up the circuitry performance is
another interesting topic we want to devote. The silicon verification of reliability and

function tests is also the future work to double confirm the simulation results.

80



[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Reference

Y. Luo et al., “Oxide Reliability of Drain Engineered /O NMOS From Hot
Carrier Injection,” IEEE EDL, vol. 24, pp. 686—688, Nov., 2003.

B. Serneels et al., “A High-Voltage Output Driver in a Standard 2.5V 0.25um
CMOS Technology,” ISSCC Dig. Tech. Papers, pp. 146147, Feb., 2004.

R. Woltjer and G. Paulzen, “Universal description of hot-carrier-induced interface
states in nMOSFETS,” in Proc. Int. Electon Devices Meeting, 1992, pp. 535-538.

Anne-Johan Annema, Govert J. G. M. Geelen, and Peter C. de Jong, “5.5-V I/O in
a 2.5-V 0.25-um CMOS Technology,” IEEE JOURNAL OF SOLID-STATE
CIRCUITS, VOL. 36, NO. 3, MARCH 2001

G. P. Singh and R. B. Salem, “A 1.9°V.1/O buffer with gate-oxide protection and
dynamic bus terminatioh for 400-MHz ulttaSPARC microprocessor,” in /EEE Int.
Solid-State Circuits Conf. Dig. Tech. Papers, San Francisco, CA, Feb. 16, 1999,
pp. 274-275.

T. Furukawa, D. Turner, S.‘Mittl; M. Maloney, R. Serafin, W. Clark, J. Bialas, L.
Longenbach, and J. Howard, ‘“Accelerated gate-oxide breakdown in
mixed-voltage 1/O circuits,” in Proc of I[EEE Int. Reliability Physics Symp.,
1997, pp. 169-173.

Héctor Sanchez, Member, IEEE, Joshua Siegel, Member, IEEE, Carmine
Nicoletta, Member, IEEE, James P. Nissen, Associate Member, IEEE, and Jos'e
Alvarez, Member, IEEE, “A Versatile 3.3/2.5/1.8-V CMOS I/O Driver Built in a
0.2-um, 3.5-nm Tox, 1.8-V CMOS Technology,” [EEE JOURNAL OF
SOLID-STATE CIRCUITS, VOL. 34, NO. 11, NOVEMBER 1999

G. W. Neudeck, The PN Junction Diode. Reading, MA: Addison-Wesley, 1989.
M. Lunenborg,“MOSFET Hot-Carrier Degradation: Failure Mechanisms and

Models for Reliability Circuit Simulation,” Ph.D. thesis, University of Twente,
Enschede, The Netherlands, 1996.

81



[10] M. Takahashi, T. Sakurai, K. Sawada, K. Nogami, M. Ichnida, and K. Matsuda,
“3.3 V=5 V compatible 1/O circuit without thick gate oxide,” in Proc. Custom
Integrated Circuits Conf., 1992, pp. 23.3.1-23.3.4.

[11] M. M. Lunenborg, Ph. B. M. Wolbert, P. B. L. Meijer, T. P. Nguyen, and J. F.
Verweij, “PRESS—A reliability circuit simulator with built-in hot-carrier
degradation model,” in Proc. Eur. Symp. Reliability of Electron Devices, Failure
Physics and Analysis—ESREF, 1993, pp. 157-161.

[12] K. Bult, “Analog broadband communication circuits in pure digital deep
sub-micron CMOS,” in Dig. Tech. Papers Int. Solid-State Circuits Conf., 1999,
pp. 76-77.

[13] M. HargrOVe, S. Crowder, E. Nowak, R. Logan, L. K. Han, H. Ng, A. Ray, D.
Sinitsky, P. Smeys, F. Guarin, J. Oberschmidt, E. Crabbé, D. Yee, and L. Su,
“High-performance sub-0.08 um CMOS with dual gate oxide and 9.7 ps inverter
delay,” in Proc. Int. ElectronDévices.Meeting, 1998, pp. 22.4.1-22.4.4.

[14] G. Singh, “A high speed 3.3 V- IOQ:buffer with 1.9 V tolerant CMOS process,” in
Proc. Eur. Solid-State-Circuits Conf., 1998, pp. 128—131.

[15] Min-Dou Ker, and Shih-Lun Chen, “Mixed-Voltage 1/O Buffer with Dynamic
Gate-Dynamic bias circuit to Achieve 3xVDD Input Tolerant by Using 1xVDD
Devices and Single VDD Supply,” in IEEE International Solid-State Circuits
Conf, 2005, pp. 524-525.

[16] Semiconductor Industry Association, “The national Technology Roadmap for
Semiconductors,” 2002 Update.

[17] Ming-Dou Ker and Chia-Sheng Tsai, “Design OF 2.5V/5V MIXED-VOLTAGE
CMOS I/o BUFFER WITH ONLY THIN OXIDE DEVICE AND DYNAMIC
N-WELL DYNAMIC BIAS CIRCUIT,” Proceedings of the 2003 International
Symposium on Circuits and Systems, vol. 5, pp. 97-100,May 2003

[18] Hwang-Cheng Chow and Ypu-Gang Chen, “A Reliable and High Voltage
Compatible CMOS 1/0 Buffer,” IEEE International Midwest Symposium on
Circuits and Systems, vol. 3,pp. 451-454,

82



[19] M.-D. Ker, S.-L. Chen, and C.-S. Tsai, “A New Charge Pump Circuit Dealing
with Gate-Oxide Reliability Issue in Low-Voltage Processes,” IEEE ISCAS, vol. 1,
pp. 321-324, May 2004.

[20] M. Ueada, A. Carl, J. Iadanza, H. Oshikawa, M. Yamamoto, M. Nelson, K. Key,
Y. Tokuda, T. Saitoh, R. Kilmoyer, F. Jaquish, and N. Nishihara, “A 3.3-V
ASIC for mixed voltage applications with shut down mode,” in Proc. Custom
Integrated Circuits Conf., 1993, pp. 25.5.1-25.5.4.

[21] M. Pelgrom and E. C. Dijkmans, “A 3/5-V compatible buffer,” [EEE J.
Solid-State Circuits, vol. 30, pp. 823—-825, July 1995.

[22] D. Greenhill, E. Anderson, J. Bauman, A. Chamas, R. Cheerla, H. Chen, M.
Doreswamy, P. Ferolito, S. Gopeladhine, K. Ho, W. Hsu, P. Kongetira, R.
Melanson, V. Reddy, R. Salem, H. Sathianathan, S. Shah, K. Shin, C. Srivatsa,
and R. Weisenbach, “A 330-MHz four-way super-scalar microprocessor,” in Dig.
Tech. Papers Int. Solid-State,Cireuits,Conf., 1997, pp. 166—-167.

[23] J. Connor, D. Evans; G. Braceras, J. Sousa, W. W. Abadeer, S. Hall, and
Robillard, “Dynamic dielectric protection for 1/O circuits fabricated in a 2.5-V
CMOS technology interfacingtoa-3:3-V. LVTTL bus,” in Symp. VLSI Circuits
Dig. Tech. Papers, 1997, pp:.119-120.

[24] R. Khanna, A. Ben-Meir, L. DiGregorio, D. Draper, R. Krishna, R. Maley, A.
Mehta, S. Oberman, L. Tsai, and T. Williams, “A 0.25-um X 86 microprocessor
with a 100 MHz socket 7 interface,” in Int. Solid-State Circuits Conf. Dig. Tech.
Papers, 1998, pp. 242-243.

[25] G. Singh, “A high-speed 3.3-V IO buffer with 1.9-V-tolerant CMOS process,” in
Proc. Eur. Solid-State Circuits Conf., 1998, pp. 128—-131.

[26] K. Bult, “Analog broadband communication circuits in pure digital deep
sub-micron CMOS,” in Dig. Tech. Papers Int. Solid-State Circuits Conf., 1999,
pp. 76-77.

[27] S. Poon, C. Atwell, C. Hart, D. Kolar, C. Lage, and B. Yeargain, “A versatile

0.25-micron CMOS technology,” in Proc. Int. Electron Devices Meeting, 1998,
pp. 28.2.1-28.2.4.

83



[28] C. Yao, J. Tzou, R. Cheung, and H. Chan, “Temperature dependence of CMOS
device reliability,” in Proc. Int. Rel. Physics Symp., 1986, pp. 175-182.

[29] H. -C. Chow, “Bidirectional buffer for mixed voltage applications,” Proceedings
of the 1999 IEEE International Symposium on Circuits and Systems, vol. 1, pp.
270-273, May 1999.

[30] G P. Singh and A. B. Salem, “High-Voltage- Tolerant I/O Buffers with
Low-Voltage CMOS Process,” IEEE J. Solid-State Circuits, vol. 34, pp.
1512-1525, November 1999.

[31] D. -Y. Chen, “Design of a mixed 3.3 V and 5 V PCI I/O buffer,” 2nd International
Conference on ASIC, pp. 336-339, October 1996.

[32] C. Hu, “Gate oxide scaling limits and projection,” in Proc. Int. Electron Devices
Meeting, 1996, pp. 319-322.

[33] E. Takeda and N. Suzuki, “An.empirical model for device degradation due to
hot-carrier injection,” /EEE Electron Device Lett., vol. 4, pp. 111-113, Apr. 1983.

84



	封面
	Master of Science

	封面
	Master of Science



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (sGray)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 36
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 36
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 36
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings with Distiller 7.0 or equivalent to create PDF documents suitable for IEEE Xplore. Created 29 November 2005. ****Preliminary version. NOT FOR GENERAL RELEASE***)
    /CHT ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




