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ABSTRACT

With the advance of complementary metal-oxide-semiconductor technology, the
gate-oxide of the transistor becomes thinner and the maximum voltage across the
gate-oxide including gate-source voltage (Vgs), gate-drain voltage (Vgd) of the MOS
transistor has decreased drastically. In order to increase the operating speed and
decrease the power consumption, the supply voltage of recent design of an integrated
circuit has been decreased. However, the earlier defined standards or interface
protocols of CMOS ICs use the supply voltage higher than the advanced CMOS
process. The mixed-voltage I/O buffer acts the interface of different voltage levels, so
the avoidance of gate-oxide overstress to extend the circuit’s life time is an important
issue in nanoscale technology. In addition, the ground bounce effects get worse with
increasing operating speed. It also presents special challenges for I/O designers.
Furthermore, to ensure the validity of signals and maintain the operating speed, it is
another important issue to keep the output slew-rate as constant as possible.

In this thesis, a new 2xVDD-tolerant I/O buffer realized with only 1xVDD
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devices has been proposed and verified in a 0.18-um CMOS process. With the
dynamic source output technique and the new gate-controlled circuit, the new
proposed /O buffer can transmit and receive the signals with the voltage swing twice
as high as the normal power supply voltage (VDD) without suffering gate-oxide
reliability problem. The proposed 2xVDD-tolerant I/O circuit solution can be
implemented in different nanoscale CMOS processes to meet the mixed-voltage
interface applications in microelectronic systems.

Furthermore, to reduce the ground bounce effects, the new 2xVDD-tolerant I/O
buffer is combined with the slew-rate control circuit. In addition, the new
2xVDD-tolerant I/O buffer is also combined with PVT compensation circuit to make

the output slew rate as constant as possible.
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Chapter 1
Introduction

1.1 Motivation

With the trend of present CMOS technologies, the transistor’s dimension has been
scaled down towards nanometer region to reduce the silicon cost and increase
operating speed. The thickness of gate oxide also becomes much thinner to reduce the
core power supply voltage (VDD) for resulting in lower power consumption.
Therefore, the maximum tolerable voltage across the transistor terminals should be
correspondingly decreased to ensure lifetime. However, with compatibility to the
interface protocols of CMOS integrated circuits in a microelectronics system, the
chips fabricated in the advanced CMOS processes will face to the interface of signals
with voltage levels higher than their normal supply voltage (VDD). In such
mixed-voltage 1/O interfaces, the integrated circuit may suffer the gate-oxide
overstress [1] [2] and undesired circuit leakage issues [3], so a mixed-voltage I/O
buffer must be designed to overcome these problems carefully.

In high-speed interface, the channel widths of output buffer are always increased
to have high driving capacity, which results in large power/ground noise due to
outputs swing simultaneously. The power/ground noise destroys the signals’ validity.
Therefore, the output buffer must be designed with considerations of power/ground
noise to achieve high performance. Furthermore, in order to both maintain the
switching noise performance and timing specifications of an I/O buffer across all PVT

corners, the output slew rates should be well controlled as the PVT condition varies.



1.2 1/O Buffer Basics

The basic structure for an I/O buffer typically includes a pre-driver, several large
transistors to charge or discharge the output terminal, and an input unit, as shown in
Fig. 1.1. The circuit operating modes controlled by an enable signal OE include a
receive mode (for receiving an input signal) and a transmit mode (for transmitting an
output signal corresponding to the data signal Dout). However, when receiving an
2xVDD input signal at the I/O PAD for the application of mixed-voltage interface, the
conventional structure suffers reliability problems such as gate-oxide overstress and
leakage paths from I/O PAD to the VDD through the drain to source and drain to bulk
(parasitic pn junction) of the main driving PMOS transistor [4]. To overcome above

problems, the solutions of prior designs will be illustrated in chapter 2.

Leakage Paths

VDD
_VDD_
OE
Pre-
Driver
Dnut_

N\

Gate-Oxide
Overstress

Fig. 1.1 Reliability issues on the conventional I/O buffer.



1.3 Gate-Oxide Overstress Problem

With the advantages in speed, power and cost, thin-oxide devices are more
suitable in high-speed and low-power applications. However, thin gate oxide with
large gate-to-source voltage is vulnerable to gate-oxide breakdown. The breakdown
can happen instantaneously or over time [5], [6]. The lifetime of gate oxide over the

voltage stress can be expressed as equation 1-1 [5].

1 (teo G * Xeff
— ex *dt =1, i
- jo p (1-1)

- Vox(t)

,where 10 and G are two constants, Xeff is the effective thickness of the gate oxide
due to the defeats, and Vox(t) is the time-dependent voltage across the gate oxide. As
expressed in equation 1-1, the larger voltage across the gate oxide or the thinner gate
oxide decreases the device’s life time. Because the accumulation of the voltage stress
over time determines the gate-oxide breakdown, the damage caused by transient
overstress is still non-ignorable if it happens frequently and lasts for enough time. To
ensure the life time of transistors, the absolute value of gate-to-source and

gate-to-drain voltage should be less than the normal supply voltage

1.4 Thesis Organization

Chapter 1 describes the motivation and the reliability issues on a conventional I/O
buffer. In chapter 2, two prior designs of mixed-voltage I/O buffers will be introduced.
These two prior mixed-voltage I/O buffers can receive 2xVDD signals but only
transmit 1xVDD signals without suffering gate-oxide overstress issue. Therefore, a
new 2xVDD-tolerant I/O buffer which can transmit and receive 2xVDD signals

without suffering gate-oxide overstress issue will be proposed in chapter 3. The
3



simulation and experimental results are also shown in this chapter. In chapter 4, the
new 2xVDD-tolerant I/O buffer proposed in chapter 3 is redesigned with slew-rate
control to decrease the ground bounce effects. Finally, in order to keep the output slew
rate as constant as possible for maintaining the timing specifications and the noise
performance, the new 2xVDD-tolerant /O buffer combined with the PVT

compensation circuit will be illustrated in chapter 5.



Chapter 2
Prior Design

2.1 Prior Design I:

The Mixed-Voltage 1/0O Buffer with Gate-Tracking Circuit and Dynamic

N-WELL Bias Circuit

Fig. 2.1 shows the design concept of the traditional mixed-voltage I/O buffer
which can receive input signals of higher voltage and transmit 1xVDD output signals
[4]. It realized with thin oxide devices, a dynamic n-well bias circuit, and a
gate-tracking circuit. The stacked nMOS devices, MNO and MN1, are used to avoid
the high-voltage overstress on their gate oxide. When the input signal at the I/O PAD
is with the higher voltage (2xVDD) in the receive mode, the source voltage of MNO
will be VDD-Vt (where the Vt is the threshold voltage of MNO). Hence, the gate to
drain voltage and the gate to source voltage of transistors MNO and MNI1 are limited
below one normal power supply voltage (VDD). Thus, the stacked nMOS devices,
MNO and MN1, can solve the gate-oxide reliability problem.

The gate-tracking circuit shown in Fig. 2.1 is used to prevent the leakage current
path due to the incorrect conduction of the p-channel device MPO when the input
signal at the I/O PAD is higher than VDD. In transmit mode, the gate-tracking circuit
transfers the signal from the pre-driver circuit to the gate terminal of MPO. In the
receive mode with 2xVDD input signal, to avoid the leakage current from the I/O
PAD to the power supply (VDD), the gate-tracking circuit will bias the gate terminal
of MPO at 2xVDD to turn MPO off completely. On the other hand, when the input

signal at the I/O PAD is OV in the receive mode, the gate-tracking circuit will keep the

5



gate terminal of MPO at VDD to turn MPO off completely.

The dynamic n-well bias circuit shown in Fig. 2.1 is designed to prevent the
leakage current path due to the parasitic pn-junction diode in the p-channel transistor
MPO. In the transmit mode, the dynamic n-well bias circuit must keep the floating
n-well bias at VDD. In the receive mode with a 2xVDD input signal, the dynamic
n-well bias circuit will bias the floating n-well at 2xVDD to prevent the leakage
current from the /O PAD to the power supply (VDD) through the parasitic
pn-junction diode. When the input signal at the /O PAD is 0V, the dynamic n-well
bias circuit will bias the floating n-well at VDD.

In the input stage, transistor MN2 is used to make the input node of the inverter
INV be VDD-Vt when the input signal at the I/O PAD is 2xVDD. Then, transistor
MP1 is used to pull up the input node of inverter INV to VDD when the output node
of inverter INV is pulled down to OV. Therefore, the gate-oxide reliability problem of

the input buffer can be solved.

OE —

Din

Fig. 2.1 Design concept for traditional mixed-voltage 1/O buffer realized with only
thin-oxide devices [4].



2.2 Prior Design I11:

The Mixed-Voltage 1/0 Buffer with Blocking NMOS Technique

Fig 2.2 shows the mixed-voltage I/O buffer with a blocking NMOS and a dynamic
gate-bias circuit proposed in [7]. The VDDH shown in Fig. 2.2 is a voltage level of
2xVDD which can be generated by a charge pump circuit [8]. Transistor MN1 is the
blocking NMOS that can protect the conventional I/O buffer from the high-voltage
overstress. The operations of the I/O buffer with blocking NMOS are listed in Table
2.1. When the I/O buffer is operated in the receive mode, the gate terminal of MN1
(node 2) is biased at VDD by the dynamic gate-bias circuit. At the same time, the
pull-high PMOS MPO and the pull-down NMOS MNO are both turned off by the
pre-driver circuit. And then if an input signal of logic low (0V) is received from the
I/O PAD, node 1 is discharged to OV through the transistor MN1, and this input signal
can be successfully transferred to the node Din. When a signal of logic high (VDDH)
is received at the I/O PAD, the gate terminal of MNI1 is still biased at VDD, so the
voltage on node 1 will be VDD-Vt. Then, MP1 is used to restore the voltage on node
1 to VDD. With such design, MN1, MP1 and INV can convert the VDDH input signal

to VDD signal successfully.

Table 2.1
The operations of the mixed-voltage 1/O buffer with blocking NMOS.

Operating

Modes Transmit Receive
OE VDD ov
Dout ov vDD X X
Gate
of MPO VvDD ov VDD VDD
tels vDD |2xvDD | vDD | vDD
of MN1
11O
PAD v vDD ov 2xVDD




In transmit mode, when the I/O buffer transmits the output signal of logic high
(VDD), the gate terminal of MNI1 (node 2) is biased at VDDH by the dynamic
gate-bias circuit, so the VDD signal can be transferred to the I/O PAD successfully.
When the I/O buffer is operated in the transmit mode and transmits the output signal
of logic low (0V), the gate terminal of MN1 (node 2) is biased at VDD by the

dynamic gate-bias circuit to avoid the MN1 suffering gate-oxide overstress issue.

T VDDH (2xVDD)
VDD T VDD Dynamic Gate- | @
OF — Bias Circuit
MPO
PU :l VDD - Vo
ore. -I——‘[- PAD
Driver @ T MN1 g
VDD
Dout—
VDD T \473,,,:, GND
mpil [ vop 1
Din T 11t

GND
Fig. 2.2 The mixed-voltage I/O buffer with a blocking NMOS and a dynamic

gate-bias circuit.

Fig. 2.3 depicts the dynamic gate-bias circuit of the I/O buffer shown in Fig. 2.2.
When the voltage on node 5 is lower than VDD-Vt, MP3 will be turned on to bias
node 6 at VDDH. Then, MN2 is turned on to keep the node 5 at VDD. Capacitors C1
and C2 are used to couple the signals from node 3 and 4 to node 5 and 6, respectively.
Since the voltage levels on the top plate and bottom plate of capacitors C1 and C2 are
either VDD and OV or 2xVDD and VDD, the voltage across these capacitors are

always VDD. With these capacitors, when node 3 converts the voltage level from



VDD to 0V, the voltage level on node 5 is pulled down to VDD and then the voltage
on node 6 is pulled high to 2xVDD by transistor MP3. On the contrary, when node 4
converts the voltage level from VDD to 0V, the voltage level on node 6 is pulled
down to VDD and then the voltage on node 5 is pulled high to 2xVDD by transistor
MP2. The diode strings DS1 and DS2 are designed to a little higher than VDD by
using multiple diodes in stacked configuration, so the voltage across C1 and C2 can
be maintained at VDD closely. For example, if node 3 is at OV and node 4 is VDD
initially, the voltage on node 5 is clamped at the turn-on voltage (~VDD) of DSI.
Therefore, MP3 is turned on to pull up the voltage on node 6 to 2xVDD. Thus, the

voltage across C1 and C2 are both VDD.

Dynamic Gate-Bias Gimrt

VDD VDDH VDDH

VDD
E

MN2

® i ®
c1——= ! Ds1 DS2 c2
VDD ; VDD VDDH
PU — g «%o— @
VDD

GND GND

Fig. 2.3 Circuit implementation of the dynamic gate-bias circuit in Fig. 2.2.

The prior designs of the mixed-voltage I/O buffer can receive 2xVDD input
signals but only transmit VDD output signals. Therefore, a new 2xVDD-tolerant 1/0O
buffer which can both transmit and receive 2xVDD signals is proposed and illustrated

in the next chapter.



Chapter 3
New 2xVDD-Tolerant 1/0O Buffer

3.1 Introduction

With the rapid development of CMOS techniques, the power supply voltage
(VDD) is reduced for low-power applications and the thickness of gate oxide has been
scaled down to increase circuit operating speed. In the meanwhile, the maximum
tolerable voltage across the transistor terminals should be decreased to ensure lifetime.
However, the chips may receive the I/O signals with voltage levels higher than their
normal supply voltage (VDD) from the old interface protocols of other CMOS ICs in
a microelectronic system with multiple/different power supply voltages. Thus, it
becomes more important to prevent the thin gate oxide of the I/O circuits in IC from
voltage overstress in such mixed-voltage microelectronic systems. Recently, several
mixed-voltage 1/O buffers realized with thin oxide devices to receive input signals of
higher voltage but only to transmit 1xVDD output signals were reported in [4],
[9]-[13]. In this thesis, a 2xVDD-tolerant I/O buffer which can transmit and receive

2xVDD /0O signals without suffering gate-oxide reliability problem is proposed.

3.2 Implementation of Proposed 2xVVDD-Tolerant 1/0O Buffer

3.2.1 Design Concept

Fig. 3.1 and Fig. 3.2 show the design concept of the dynamic source output
technique. MP and MN are the transistors of the output stage in an I/O circuit. As
shown in Fig. 3.1 (a), when transmitting the signal high (2xVDD), the 2xVDD

voltage at I/O PAD must come from the source of transistor MP. The gate voltage of
10



MP should keep MP on and keep the voltage across gate to source and gate to drain
within the normal power supply voltage (VDD), so the gate voltage of MP must be
VDD. At the same time, the gate voltage of MN must be also VDD to keep the
voltage across gate to drain within VDD, and the source voltage of MN should be
VDD to turn MN off. By the similar analysis, when transmitting the signal low (0V),
the voltages at each terminal can be derived as shown in Fig. 3.1 (b). Comparing Fig.
3.1 (a) and Fig. 3.1 (b), it can be discovered that no matter transmitting high or low,
the gate voltages of transistors MP and MN won’t change but their source voltages
would change. Therefore, it provides us an idea to control the transistors MP and MN

on or off by changing their source voltage in the transmit mode.

2xVDD Transmit Mode

VDD-Cl

/0
PAD
.~ (2xVDD)
VDD-l MNDX VDD-I MN
v
VDD
(a) (b)

Fig. 3.1 The operations of the output stage in a 2xVDD-tolerant I/O buffer in transmit

mode with (a) transmitting high and (b) transmitting low.

VDD Receive Mode

PAD

(a) (b)
Fig. 3.2 The operations of the output stage in a 2xVDD-tolerant I/O buffer in receive

mode with (a) receiving high and (b) receiving low.
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Fig. 3.2 shows the operations of the output stage in the 2xVDD-tolerant I/O buffer
during receive mode. In receive mode, the devices of output stage should be kept
completely off to avoid any unnecessary circuit leakage path. According to the
operations in receive mode, the control signals from pre-driver will make the source
voltages of MP and MN at VDD. As shown in Fig. 3.2 (a), when I/O PAD receiving
2xVDD input signal, the gate voltage of transistor MP should be biased at 2xVDD,
and the gate of MN should be kept at VDD, to fully turn them off without suffering
gate oxide reliability problem. With the same design consideration, the gate voltages
of MP and MN can be arranged as that shown in Fig. 3.2 (b) when I/O PAD receiving
signal low (0V). Observing the above analysis, it can be discovered that there needs a
gate-controlled circuit whose outputs depend on the signals of OE and I/O PAD,
where OE is the control signal that decides the I/O circuit operates in transmit mode
or receive mode. The implementations of the dynamic source output technique and

the gate-controlled circuit are shown in Fig. 3.3 and Fig. 3.4 respectively.

3.2.2 Circuit Scheme and Operation Modes

Fig. 3.3 shows the whole circuit scheme of the proposed 2xVDD-tolerant 1/O
buffer with the dynamic source output technique and the new gate-controlled circuit
to protect the I/O buffer realized with 1xVDD devices against gate oxide reliability
during transmitting and receiving 2xVDD signals. In transmit mode, according to the
above analysis, the gate-controlled circuit biases the gate voltages TP and TN of
transistors MP and MN at VDD, and then the dynamic source output stage controls
the transistors MP and MN to be on or off by changing their source voltages. When
the I/O buffer transmits 2xVDD output signal, PUH is pulled down to VDD by the
level converter which is implemented with all 1xVDD devices. Then, the voltage at

node A is 2xVDD due to the conduction of transistor MPP while MPN is off. At the
12



same time, PD is pulled down to OV, and the voltage at node B is VDD since
transistor MNP is on while MNN is off. Consequently, the I/O PAD is pulled high to
2xVDD. The similar operation for the I/O buffer to transmit 0-V output signal can be
derived. In receive mode, the signals from PU and PD will control the voltages at
node A and node B to VDD, and then the gate-controlled circuit provides appropriate
voltages to TP and TN to completely turn MP and MN off. When the I/O buffer
receives 2xVDD input signal, TP is biased at 2xVDD and TN is biased at VDD. When
the I/0 buffer receives 0-V input signal, TP is biased at VDD and TN is biased at OV.
Accordingly, MP and MN can be completely turned off. The corresponding circuit
operating voltages of the proposed 2xVDD-tolerant I/O buffer in two operating modes
are summarized in Table 3.1.

To avoid leakage current of the parasitic pn-junction diode in p-channel transistors,
the bulks of transistors MP and MPP which are related to 2xVDD signals are
connected to 2xVDD, and the bulks of transistors MNP and MI2 which are only

related to VDD signals are connected to VDD for the concern of driving capacity.

Dynamic source output stage

----------------------

Level converter

VDD  2xVDD
MPN
S =/ =
GND VDD @
2xVvDD VDD
2xVDD
JED. I [ TP o
Gate- PAD
OE PU controlled
Pre- circuit
driver

Dout— PD *

; g| j__MI1

Fig. 3.3 The new proposed 2xVDD-tolerant I/O buffer.
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Table 3.1
Operation Modes of the new proposed 2xVDD-tolerant I/O buffer.

D:‘ir:::“ Transmit Receive
OE VDD ov
Dout oV vDD X X
PUH 2xVvDD | VDD | 2xVDD | 2xvDD
PD VDD ov ov ov
TP VDD vDD VDD | 2xvDD
TN VDD vDD ov VDD

Node A VDD | 2xvDD | VDD vDD

Node B ov VDD VDD vDD
Pl.ﬁl oV 2xVDD ov 2xVDD

3.2.3 Gate-Controlled Circuit

Fig. 3.4 shows the implementation of the gate-controlled circuit with 1xVDD
devices which can provide appropriate voltages to the gates of MP and MN. The
gate-controlled circuit can be divided into an upper part and an under part, which are
with the complementary structures. All the voltage swing in the upper part are
VDD-to-2xVDD, and all the voltage swing in the under part are 0V-to-VDD, so it can
be guaranteed that there are no gate-oxide reliability problems in this gate-controlled
circuit. To avoid the leakage current, the bulks of p-channel transistors in the upper
part are all connected to 2xVDD, and the bulks of p-channel transistors in the under

part are all connected to VDD.
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Fig. 3.4 The gate-controlled circuit for the new proposed 2xVDD-tolerant I/O buffer.

In transmit mode, the control signal OE is VDD, so the transistors (MG1 and
MG4) are turned on and the switches (SW1 and SW2) are turned off. Therefore, the
voltages of TP and TN are VDD. In receive mode, the control signal OE is 0V, so the
transistors (MG1 and MG4) are turned off and the switches (SW1 and SW2) are
turned on. When the I/O buffer receives 2xVDD at the I/O PAD, MG?2 is turned off
and MG3 is turned on in the upper part, so TP is 2xVDD. In the under part, the MG5
is turned on to provide VDD to node D, so MG6 is turned off and the voltage of TN
will be VDD. As the I/O buffer receives 0-V input signal, the operation concept is

similar to that receiving a 2xVDD input signal.

3.2.4 Level Converter

The level converter used in Fig. 3.3 and Fig. 3.4 are the same architecture, which
can convert the voltage swing 0V-to-VDD to VDD-to-2xVDD [14]. As shown in Fig.
3.5, the level converter has been modified in this work with increasing the devices,

N2A and N2B. Because when the devices, P2A and P2B, are turned off, the node 1

15



and node 2 are floating at this moment if there are no N2A and N2B in this structure.
This is what we do not want to see in an integrated circuit. The increased n-channel
transistors, N2A and N2B, can provide certain voltages (VDD) to node 1 and node 2
when the P2A and P2B are off. Therefore, the increased devices, N2A and N2B can
guarantee the transistors related to node 1 and node 2 in a safe state. In Fig. 3.5, the
bulks of the p-channel transistors which are related to the 2xVDD signals are
connected to 2xVDD to avoid the leakage current producing by the conduction of the
parasitic drain-to-well pn-junction diode. The voltage swing of input signals IN is
from OV to VDD. When signal IN is VDD, node 4 is pulled down to 0V, and transistor
P5A is turned on. After transistor PSA is turned on, node 3 will be pulled down to
VDD, and then P4B and P2B are turned on. Consequently, node OUT and node 5 are
2xVDD. At the same time, node 1 is pulled down to VDD because P2A is off and
N2A is on, and then, transistor P1A is turned off.

Since the structure of the level converter is symmetrical, when signal IN is 0V,
node 6 will be pulled high to VDD, and the operation is similar to the above. Finally,

node OUT will be VDD and node 3 will be 2xVDD.

VDD}J 2xVDD 2xVDD Lvnn
N2A P2A P2B N2B
o by 8 Ly
®
)

2xVDD 2xVDD

®
P4A-||D—< _4[- P4B LII)— .
¥o) ®

}._

VDD

IN

P3A Z: @ﬂl

VDD

vDD

Fig. 3.5 The modified level converter which represents the level converter shown in
Fig. 3.3 and Fig. 3.4.
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3.2.5 Discussions

In some condition, the drain-to-bulk voltages of transistors MP, MN, and MPN are
2xVDD, but in general, the drain-to-bulk breakdown voltage is at least twice of the
normal operating voltage in the standard CMOS process [15], [16]. Hence, the
drain-to-bulk breakdown issue would be ignored in the proposed 2xVDD-tolerant I/O
buffer. However, the reverse voltage of 2xVDD across the p-n junction results in
larger leakage current in the substrate, it increases the power consumption and the
potential that the circuit goes into latch-up. The designer should check the process
parameters to make sure that the resulted leakage in the corresponding process is in an
acceptable value. To decrease the leakage current, in the circuit’s layout, the distance
between PMOS and NMOS should be kept longer to increase the equivalent
resistance between the p-n junction of the bulks. Moreover, the transistors can be
surrounded the guard ring to absorb the leakage currents.

In this new 2xVDD-tolerant I/O buffer, the bulk of MPN can be set at 0V without
gate-oxide reliability problem, even if the gate voltage of MPN may be as high as
2xVDD. The reason is that this NMOS MPN is turned on if its gate voltage is 2xVDD,
so the voltage across the gate oxide of MPN is from the gate to conducting channel
but not from the gate to its bulk. The gate oxides of all NMOS devices in the new
2xVDD-tolerant I/O buffer are also safe because they are turned on when their gate

terminals are pulled to 2xVDD.

3.3 Simulation Results

3.3.1 Function of Proposed 2xVDD-Tolerant 1/O Buffer
It has been verified by simulation in a 0.18-um CMOS process that the maximum
voltage across any two terminals (gate, drain, and source) of each transistor in the

proposed 2xVDD-tolerant output buffer is kept within VDD. The simulated
17



waveforms of the proposed I/O buffer to transmit or to receive 133-MHz 2xVDD
signals with 10-pF loading and VDD of 1.5V are shown in Fig. 3.6.

As shown in Fig. 3.6 (a), when the I/O buffer is operating in the transmit mode,
the nodes TP and TN are 1.5V. If it transmits 3.3-V signals, node A will be 3.3V and
node B will be 1.5V. If it transmits 0-V signals, node A will be 1.5V and node B will
be OV. On the other hand, as shown in Fig. 3.6 (b), when the I/O buffer is operating in
the receive mode, the nodes A and B are 1.5V. If it receives 3.3-V signals, node TP
will be 3.3V and node TN will be 1.5V. If it receives 0-V signals, node TP will be
1.5V and node TN will be 0V.The simulated results are all consistent to this design
expectation. The voltage across any two terminals of each transistor in the output

stage would not exceed VDD.
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Fig. 3.6 Simulated waveforms of the proposed 2xVDD-tolerant I/O buffer with

133-MHz signals in (a) transmit mode, and (b) receive mode.

The simulated power consumption is 24.3 mW in transmit mode to drive the
10-pF output loading at the frequency of 133 MHz. And the power consuming on the

output loading dominates the total power consumption.

3.3.2 Slew Rate Effects of Input Signal in Receive Mode

The relation between the slew rate of the input signal and the leakage current of
MP and MN in receive mode are shown in Fig.3.7. The input rise time/fall time is
0.2-ns in Fig. 3.7 (a) and 1-ns in Fig. 3.7 (b). The peak leakage currents of MP and
MN in Fig. 3.7 (a) are larger than Fig. 3.7 (b). And the power consumption is 141 uW
in Fig. 3.7 (a) and 113 uW in Fig. 3.7 (b). So, if the slew rate of the input signal is

smaller, the leakage currents of MP and MN will be less.
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Fig. 3.7 The simulation results of the current waveforms for MP and MN in the

receive mode with the (a) 0.2-ns input rise time/fall time and (b) 1-ns input rise

time/fall time.
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The relationship between the slew rate of the input signal and the peak values of

the gate-to-source and gate-to-drain voltage waveforms for MN and MP in receive

mode are shown in Fig. 3.8. In the transient state, the gate-to-drain voltage would

exceed 1.8V slightly for a short period of time. Comparing Fig. 3.8 (a) and Fig. 3.8

(b), it can be discovered that the peak values of the gate-to-drain voltage with 0.2-ns

input rise time/fall time is larger than with the 1-ns input rise time/fall time. So, if the

slew rate of the input signal is smaller, the performance of reliability will be better.

Besides, the gate-to-source voltages in Fig. 3.8 (a) and Fig. 3.8 (b) are all still kept in

1.8V, so there is no reliability issue upon the gate-to-source voltages of MP and MN

1n receive mode.

Voltage (V)

Voltage (V)

v

Vgs of

0 2n 4n 6n 8n 10n 12n 14n 16n 18n 20n 22n 24n 26n 28n 30n
Time (S)

(@)

21



Voltage (V)

Voltage (V)
o

0 2n 4n 6n 8n 10n 12n 14n 16n 18n 20n 22n 24n 26n 28n 30n
Time (S)

(b)

Fig. 3.8 The simulation results of the gate-to-source and gate-to-drain voltage
waveforms for MP and MN in the receive mode with (a) 0.2-ns input rise time/fall

time and (b) 1-ns input rise time/fall time.

3.3.3 Discussion of Propagation Delay with Gate-Controlled Circuit

TABLE 3.2 discusses the leakage currents of MP and MN due to the propagation
delays from I/O PAD to TP and from I/O PAD to TN. The propagation delays from
I/O PAD to TP and from I/O PAD to TN dominate the turned-on time of MP and MN
in the transient. Increasing the driving capability of MG3 and MG6 could make the
MP and MN to be turned off more quickly. From TABLE 3.2, it can be discovered
that power consumption is less than the original after increasing the size of MG3 and

MG6.
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Table 3.2

The relation between the propagation delay and the power consumption.

| oana | s,
Delay from |/O PAD to TP 954 ps 437 ps
Delay from /O PAD to TN 741 ps 534 ps

Power Consumption 141 yW 119 yW

3.4 Experimental Results

3.4.1 Measurement Settings

The layout and die photo of the proposed 2xVDD-tolerant I/O buffer fabricated in
a 0.18-um 1.8-V CMOS process is shown in Fig. 3.9. The active area of the proposed
I/O buffer is around 127um x 785um. The output stage dominates the major area of
this I/O buffer. The area occupied by the control circuitry is about 15% of the 1/O cell
area. The printed circuit board (PCB) of tested 2xVDD-tolerant I/O buffer is shown in
Fig. 3.10 and the measurement settings are shown in Fig. 3.11. As shown in Fig. 3.11
(a), when the 2xVDD-tolerant I/O buffer is operated in transmit mode, the signals at
Dout generated by a pulse generator are transmitted to I/O PAD, and can be observed
by a digital phosphor oscilloscope. In Fig. 3.11 (b), the signals are received at 1/O

PAD, and can be observed at Din by voltage probe when the 2xVDD-tolerant 1/O

buffer is operated in receive mode.
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Control Output
Circuit Stage

PAD

Fig. 3.9 The layout and die photo of the proposed 2xVDD-tolerant I/O buffer.

Dout

CHIP

vDD VDDH

Fig. 3.10 The printed circuit board (PCB) of tested 2xVDD-tolerant I/O buffer.
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Agilent 81110A 165/330 MHz
Pulse/Pattern Generator

TEK TDS3054
Oscilloscope

(a)

TEK TDS3054
Oscilloscope Agilent 81110A 165/330 MHz
- Pulse/Pattern Generator

Fig. 3.11The measurement settings of the proposed 2xVDD-tolerant I/O buffer in (a)

transmit mode and (b) receive mode.
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3.4.2 Measurement Results

The measured waveforms of the proposed I/O buffer to transmit and receive 3.3-V
signals are shown in Fig. 3.12 and Fig. 3.13 with VDD of 1.5V. Fig. 3.12 (a) and Fig.
3.12 (b) show the measured waveforms in transmit mode with respect to 1-MHz and
133-MHz 1/O signals. It is noticed that the input Dout is 1.5V and the output voltage
at the I/O PAD is 3.3V. Fig. 13 (a) and Fig. 13 (b) show the measured waveforms in
receive mode with respect to 1-MHz and 133-MHz I/O signals, where the input
voltage at the I/O PAD is 3.3V and the output Din is 1.5V. Due to the limitation of our
pulse generator (HP 81110A), the output signal of this instrument operating in
133MHz is not a perfect pulse but a sinusoidal function with 3.3-V amplitude.
Moreover, the threshold voltage of MI1 shown in Fig. 3.3 is about 0.5 V, so the input
signal which is larger than 0.5 V will be considered as high signal. This results in the
duty cycle being larger than 50%. The duty cycle can be well adjusted by additional
duty-cycle adjustment circuit. The experimental results have confirmed that the
proposed 2xVDD-tolerant I/O buffer can successfully transmit and receive 2xVDD
signals up to 133MHz. The major speed limitation of this buffer is the driving
capability of the output stage. It can be operated at a higher frequency if the transistor
size of the output stage is increased.

The 2xVDD-tolerant I/O buffer has been successfully designed with dynamic
source output technique and realized with 1xXVDD CMOS devices in this thesis,
which has been fabricated in a 0.18-um 1.8-V CMOS process to transmit and receive
3.3-V signals without suffering gate-oxide reliability issue. The new proposed
2xVDD-tolerant I/O circuit solution can be implemented in different nanoscale

CMOS processes to meet the mixed-voltage applications in microelectronic systems.
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Fig. 3.12 The measured waveforms of the proposed I/O buffer in transmit mode with
respect to (a) I-MHz and (b) 133-MHz I/O signals.

27



(a)

Voltage (2V/div.)

; ; ; :
chi_2.00V 2.00V__M[4.00ns] Al Chl s

Time (4ns/div.)
(b)

Fig. 3.13 The measured waveforms of the proposed I/O buffer in receive mode with
respect to (a) I-MHz and (b) 133-MHz I/O signals.

28



Chapter 4
New 2xVDD-Tolerant I/O Buffer with
Slew-Rate Control

4.1 Introduction

Signal and power integrity are crucial problems in VLSI systems. Modern trends
in deep sub-micron circuit designs, such as high operating frequencies, short rise/fall
times, and lower supply voltage, exacerbate this problem. The pads of an output
buffer on the PCB typically connect to series parasitic inductances produced by the
bonding wire. An inductive noise will be induced in this condition. Ground Bounce,
also known as simultaneous switching noise (SSN) or delta-I noise, is a voltage glitch
induced at power/ground (P/G) distribution connections due to switching currents
passing through either wire inductance or package lead inductance associated with
power or ground rails. When the current flows through the inductance L, the voltage

drop can be expressed as

di
V=L— ;
at (4-1)

The resulting noise voltage can potentially cause spurious transitions at the inputs of
devices sharing the same power and ground rails. Therefore, controlling the output
voltage variations is generally required to limit the crosstalk and reduce the inductive
power supply noise to an acceptable value.

In this chapter, the new 2xVDD-tolerant I/O buffer proposed in chapter 3 is

redesigned with slew-rate control to decrease the ground bounce effects.
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4.2 Traditional Output Buffer with Slew-Rate Control

To reduce the simultaneous switching noise, a simple approach is to slow down
the turn-on time of the output switching transistor through an access resister which
can be implemented by a transmission gate to the transistor gate. Furthermore, the
output driver can be divided into several output drivers and be turned on gradually for
ground bounce reduction and slew-rate control. An output buffer with a three-step
slew-rate control circuit is shown in Fig. 4.1 [17]. The output transistors are divided
into three parts with their corresponding gate-controlled signals generated by
slew-rate control circuit. The transistors MNS4 and MPS4 in Fig. 4.2 are used to
control CMOS output driver to turn it on. When the output buffer is operating in
transmit mode (OE=VDD), the transmission gates S1-S4 are used as resistive
elements to turn on each individual output transistor gradually. As the output buffer is
operating in tri-state mode, the output transistors are quickly turned off by the
transistors MPS1-MPS3 and MNS1-MNS3 since the gate-controlled signals won’t
pass through the transmission gates. With such structure of slew-rate control, the
short- circuit current can be reduced efficiently for low power design.

The number of parts of an output buffer with slew-rate control can be extended to
4 bits or more. If the output buffer is divided into more parts, the switching current of
each part in the output buffer can be decreased, but the propagation delay will be
increased and the cost of the circuit is also increased. The designer should adjust the
size of transmission gates and the size of each output driver to match the design

requirements of the timing and noise specifications.
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Fig 4.1 Conventional output buffer with slew-rate control.

4.3 New 2xVDD-Tolerant 1/0O Buffer with Slew-Rate Control

4.3.1 Circuit Implementation

In section 3.2, a new 2xVDD-tolerant I/O buffer to transmit and receive 2xVDD
signals has been proposed. To reduce the effect of ground bounce, the new
2xVDD-tolerant I/O buffer is combined with a three-step slew-rate control circuit as
shown in Fig. 4.2. Note that the total sizes of the output transistors in Fig. 4.2 are kept
the same with output transistors in Fig. 3.3 for equal driving capacity. The voltage
swing of MNS4, S1-S2 and MPS1-MPS3 are from VDD to 2xVDD for correct
operating without gate-oxide overstress issue. The sizes of transmission gates affect

the timing performance of the buffer. The small size can prolong the turn-on time of
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the output switching transistor to minimize the ground bounce effect, but it also
increases the delay time of circuit. The user can optimize the sizes of these
transmission gates to match the specification. Because the switching current of the
output transistors will result in the ground bounce, a major consideration is to reduce
the peak switching current efficiently. A direct method is to let the size of output
transistor which is turned on earlier be the smaller one. Because the drain-to-source
voltage of the output transistor which is turned on later will be smaller than the earlier
one, the equal size will make them have different driving capacity. So in Fig. 4.2, the
size arrangements of these output transistors are MPP1 < MPP2 < MPP3 and MNNI1

< MNN2 < MNN3. The corresponding size ratios are shown in Table 4.1.

2xVDD 2xVDD 2xVDD
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MPS3 MP52
M A PG3 d[ wera
q
2xVDD
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Fig 4.2 New 2xVDD-tolerant I/O buffer with slew-rate control.
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Table 4.1

The size ratio of the output transistors

Size Ratio of the Output Transistors

MPP1 4 MNN1 4
MPP2 6 MNN2 6
MPP3 8 MNN3 8

4.3.2 Simulation Results

The new 2xVDD-tolerant I/O buffer with slew-rate control has been verified in a
0.18-um CMOS process by SPICE simulation with VDD of 1.5V and VDDH of 3.3V.
The simulation waveforms with an operating speed of 133 MHz in transmit mode are
shown in Fig 4.3. The gate-controlled signals MPP1-MPP3, VP1, VP2 and VP3, are
pulled to 1.5V one by one as the 2xVDD-tolerant I/O buffer transmits 3.3-V output
signal to I/O PAD. On the contrary, when 0-V output signal is transmitted to I/O PAD,
the VP1, VP2 and VP3 are quickly pulled up to 3.3V to turn off transistors
MPP1-MPP3. Similarly, the gate-controlled signals MNN1-MNN3, VN1, VN2 and
VN3, are progressively pulled up to 1.5V in transmitting 0-V output signal and
quickly pulled down to OV to turn off transistors MNN1-MNN3 in transmitting 3.3-V
output signal.

Table 4.2 summarizes the simulation results of the new 2xVDD-tolerant I/O buffer
with or without slew-rate control. As a result, the switching currents of
2xVDD-tolerant 1/O buffer with slew-rate control are smaller than those without
slew-rate control. The timing specifications of 2xVDD-tolerant [/O buffer with
slew-rate control are larger than those without slew-rate control. As shown in Table
4.2, the power consumption of new 2xVDD-tolerant I/O buffer with slew-rate control
is a little less than those without slew-rate control due to the peak switching current

reduction.
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Fig 4.3 Simulation waveforms of the new 2xVDD-tolerant I/O buffer with slew-rate
control operating at 133 MHz when transmitting 0V-to-1.5V output signals to 1/O
PAD.

Table 4.2

The simulation results of new 2xVDD-tolerant I/O buffer

with or without slew-rate control.

Slew-RateControl | NO YES
Switching Currentat VDDH | 318mA | 25.1mA
Switching Currentat VSS | 321mA | 253mA
Trise 093ns | 0.93ns
Receive Tfall 0.61ns 0.61ns
Mode Tpr 085ns | 0.85ns
Consumption | 44MW | 45mW
Trise 123ns | 1.64ns
Transmit THall 113ns | 1.58ns
Mode Tpt 152ns | 2.04ns
c m';‘:‘:l‘;inn 19.8mW | 19.7 mw
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4.3.3 Ground Bounce

In order to verify the reduction of ground bounce by slew-rate control, a model for
ground bounce effects is shown in Fig. 4.4. The inductance of wire bonds vary from
7nH to 15nH in the simulation for typical cases. Since the switching currents of
2xVDD-tolerant I/O buffer in transmit mode are much larger than that in receive
mode, the ground bounce effects are simulated in transmit mode for clear illustration.
The simulation waveforms of ground bounce effects on power lines are shown in Fig.
4.5 and several parameters are defined as follows:

€ VDDH ext/ VDD ext/VSS ext: external power supply;
VDDH_max : maximum value of VDDH power line;
VSS max : maximum value of VSS power line;
VDDH_min : minimum value of VDDH power line;
VSS max : minimum value of VSS power line;
VDDH_over : overshot on VDDH power line (VDDH_max- VDDH_ext)
VDDH_under : undershot on VDDH power line (VDDH_ext- VDDH_min)

VSS over : overshot on VSS power line (VSS_max- VSS_ext)

® & O 6 6 ¢ o o

VSS under : undershot on VSS power line (VSS_ext- VSS min)

The VDDH_under and VSS over among these parameters are the major concerns
since these two terms may result in increasing timing delay and even logic errors on
transmitted signals.

The simulation waveforms of the new 2xVDD-tolerant I/O buffer with slew-rate
control which is operated in transmit mode with an operating speed of 133MHz are
shown in Fig 4.6. The signals on I/O PAD are like sine wave with distortion due to the
ground bounce effect. The simulation results with variation wire bond inductance on
VDDH power line and VSS power line are shown in Fig. 4.7 and Fig. 4.8,

respectively. Since the current supplied from VDD is much smaller than that from
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VDDH, only ground bounce effect in VDDH is shown. As shown in Fig. 4.7 and Fig.

4.8, the slew-rate control circuit improves the ground bounce effects greatly.

VDD_ext VDDH_ext

Lvbb LvDDH
VDD VDDH
| 10
nput [>— . . — > Output
Circuit
VSS
Lvss
VSS_ ext

Fig 4.4 Simulated model of ground bounce.
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Fig 4.7 The relation between ground bounce on VDDH power line and wire bond
inductance on the new 2xVDD-tolerant 1/O buffer with or without slew-rate control.

(a) The overshoot and (b) the undershoot on VDDH power line.
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Chapter 5
New 2xVDD-Tolerant 1/O Buffer with
PVT Compensation

5.1 Introduction

In chapter 4, the new 2xVDD-tolerant I/O buffer with slew-rate control for ground
bounce reduction has been discussed. Furthermore, to resist the slew-rate variation,
the new 2xVDD-tolerant I/O buffer with PVT compensation will be illustrated in this
chapter.

With the recent trend for high-speed interface, the sensitivity of circuits towards
process, voltage and temperature (PVT) variation is hampering circuit performance
and yield. For example, in the case of I/O pads it is difficult to meet the rise and fall
times, current, power and ground bounce specifications across all PVT corners. Driver
circuits are oversized to meet timing at slow corners. This causes high current and
Simultaneous Switching Noise (SSN) at fast corners. Such effects degrade the
reliability of the circuit and require considerable amount of design resources and time
to meet circuit performance across PVT variation [18]. Therefore, recent interface
specifications like UDMA 100 [19] are not only to limit the minimum or maximum
value the timing specification but also require the slew rate keeping in a certain range.
In next section, a method of PVT compensation to make the output slew rate be kept

as constant as possible will be illustrated.
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5.2 New 2xVDD-Tolerant 1/0O Buffer with PVT Compensation

Fig. 5.1 shows the design concept of the PVT compensation technique to keep the
output slew rate of an I/O buffer within in a certain range [20]. As shown in Fig. 5.1,
the PVT variation detector detects process, voltage, and temperature variations by
sensing the reference clock in different conditions. Then the PVT variation detector
will generate the corresponding pre-control signals to the encoder. The encoder using
these pre-control signals to generate applicable control signals to the output stage of
an I/O buffer. The drive strength of the output driver can be adjusted with these
control signals to match the PVT variation. The detail implementation will be

illustrated as following.

Reference

CLK PVT Variation

Detector

P By
{ Pre-Control Slgn_ai,

S s

Encoder

Contrdl Signals)

Input Signal /0

Dout O— Circuit I/0 PAD

Fig 5.1 Block diagram of solution for PVT compensation.

5.2.1 PVT Variation Detector

The schematic of the PVT variation detector is shown in Fig. 5.2. First, the
reference clock delivers the logic high into the delay chain. Then once the reference
clock turns to logic low, the outputs of each delay cells will be load into the register.
Because the propagation delay of a delay cell depends on the process, voltage and

temperature, the propagation delay determines how many the signals of logic high

41



will be load into the register. For example, in the fast condition, the signal of logic
high can pass through many delay cells in a reference clock cycle. On the contrast, in
the slow condition, most of the delay cells’ outputs will be logic low since the signal
logic high has not been delivered to them when the reference clock turns to logic low.
As shown in Fig. 5.3, the register in Fig. 5.2 is implemented with the pulse triggered
D flip-flop. Thus, the register loads data in the moment that the reference clock turns
to logic low. Next the outputs of this register will be converted to the pre-control
signals by several logic gates for convenient application in the output stage. For the
new 2xVDD-tolerant I/O buffer with PVT compensation, the 2xVDD power supply
variation should be sensed in the PVT variation detector. Therefore, the logic gates
should be implemented with the 2xVDD-tolerant logic gates which will be illustrated

1n section 5.3.

Pre-Control Signals

CLK

Delay Chain
Fig 5.2 The PVT variation detector.
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CLK~I>c {>c

Fig 5.3 The pulse triggered D flip-flop using as the register in the PVT variation

detector.

5.2.2 Encoder

In order to control the segmented output driver which will be illustrated in next
section conveniently, the pre-control signals from the PVT variation detector have to
be encoded appropriately. Table 5.1 shows the truth table of encoder in the PVT
compensation circuit. The D0-D7 are the pre-control signals from the PVT variation
detector. All the situations that DO-D7 could be are listed in the truth table. In the
fastest condition, the signals of D0-D7 are “00000001”. On the contrast, the signals of
DO0-D7 are “10000000” in the slowest condition. The pre-signals D0-D7 are encoded
to the binary codes SO-S2. If signals of SO-S2 are logic high, it means that the
corresponding segmented output driver is turned on. The implementation of this
8-to-3 encoder is shown in Fig. 5.4. Since the circuit is implemented with the
2xVDD-tolerant logic gates whose voltage swing is from 0V to 2xVDD, the outputs
S0-S2 should be converted to SOx-S2 and SO.-S2; by the level converter for being
used correctly in the output stage. The voltage swing of SOy-S2y is from VDD to
2xVDD and voltage swing of SO;-S2y is from OV to VDD. As shown in Fig. 5.4, the
level converter converts 0V-to-2xVDD signals to VDD-to-2xVDD and 0V-to-VDD
signals. The detail implementation of this level converter will be illustrated in section

5.3.
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Table 5.1

Truth table of Encoder in the PVT compensation circuit.
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Fig 5.4 The circuit schematic of encoder.
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5.2.3 Output Stage with Control Signals

The schematic of new 2xVDD-tolerant I/O buffer with PVT compensation is
shown in Fig. 5.5. SOy-S2y and SO -S2; are the PVT variation related signals which
are generated from the PVT variation detector and the encoder. With the OR gates and
AND gates shown in Fig. 5.5, the SOy-S2y and S0;-S2; can be used to determined the
segmented output drivers to be turn on or turn off. Because the voltage swing of
S0y-S2y is from VDD to 2xVDD, the voltage swing of OR gates is from VDD to
2xVDD. Similarly, because the voltage swing of S0;-S2; is from OV to VDD, the
voltage swing of AND gates is from 0V to VDD. Since SOy-S2y and SO.-S2; are
binary codes and their weighting are S2y > S1y > SOy and S2p > S1p > S0, the size
weightings of these segmented output drivers are MPP2 > MPP1 > MPP0O and MNN2
> MNN1 > MNNO. The output transistors MPP. and MNN are the basic output driver,
so when the binary codes are “000” which happens in the slowest condition, only
MPP and MNN will be used. Therefore, the size of MPP and MNN can be determined
to match the driving capacity of typical condition in slowest condition. Next, the size
of MPP1 and MNNI can be determined to match the driving capacity of typical
condition in the condition whose corresponding codes are “001”, because only MPP,
MNN, MPP1 and MNNT1 are used in this condition. Following such design strategy,
the sizes of all the output drivers can be roughly determined. Note that the driving
capacity is precise in the design point like “000” and “001” with such design strategy,
but it will be a little oversized or undersized in other conditions like “011” or “101”.
However, the design strategy provides a way to grasp approximate trend of the size
change of the output driver. The corresponding size ratios of the output drivers are
shown in Table 5.2. Furthermore, the bits of the control signals can be extended to 4
bits or more. The 4-bit control signals example of the 2xVDD-tolerant I/O buffer with

PVT compensation is shown in Fig. 5.6.
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Fig 5.5 The schematic of new 2xVDD-tolerant I/O buffer with PVT compensation.

Table 5.2

The size ratios of the output driver.

MP 27 MN 1"
MPP 9 MNN 3
MPPO 2 MNNO 1
MPP1 4 MNN1 2
MPP2 12 MNN2 5
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Fig 5.6 The schematic of new 2xVDD-tolerant I/O buffer with PVT compensation of

4-bit control signals.

5.3 Proposed 2xVVDD-Tolerant Logic gate

In order to detect the 2xVDD power supply variation, the delay chain should be
implemented with the 2xVDD-tolerant logic gates. For consistency, all the logic gates
in the PVT variation detector are the structure of 2xVDD-tolerant logic gates. Of
course, the voltage level of 2xVDD can be also shifted to VDD by a level converter
and be dealt with normal logic gates. This paper just proposed a direct way by using
the 2xVDD-tolerant logic gates to accomplish this work.

The voltage swing of inputs and outputs of the 2xVDD-tolerant logic gates are
from OV to 2xVDD. Fig. 5.7 shows the schematic of 2xVDD-tolerant inverter. As
shown in Fig. 5.7, the signal IN whose voltage swing is from 0 to 2xVDD is

converted to INg and INp The voltage swing of INy is from VDD to 2xVDD and the
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voltage swing of INp is from OV to VDD. The output stage in the 2xVDD-tolerant
inverter is the dynamic source structure which is proposed in chapter 3. MP and MN
are the stacked structure to prevent the 2xVDD-tolerant inverter suffering gate-oxide
overstress. MPP and MNN decide the function of this logic. MPN and MNP are used

to bias node A and node B at safe voltage when MPP and MNN are turned off.

2xVDD VDD

Level Converter

2xVvDD
2xVDD —! [Nx
IN— _/_—) VDD ,hp VDD
GND
T]IN,
GND

Fig 5.7 The 2xVDD-tolerant inverter.

The level converter shown in Fig. 5.8 is used to convert the voltage swing of
0V-to-2xVDD into VDD-to-2xVDD and 0V-to-VDD. As shown in Fig. 5.8, when the
IN is 2xVDD, the MP1 is turned on while the MP2 is turned off, so the INy will be
2xVDD. On the other hand, the MN2 is turned on while MN1 is turned off, so the INy
will be VDD. When the IN is 0V, the MP2 is turned on while the MP1 is turned off, so
the INg will be VDD. On the other hand, the MN1 is turned on while MN?2 is turned
off, so the INp will be OV. Using such level converter can correctly control the

dynamic source output stage which is shown in Fig. 5.7 without gate-oxide overstress.
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Fig 5.8 The level converter being used in the 2xVDD-tolerant I/O logic gates and the

encoder circuit which is shown in Fig. 5.4.

Fig. 5.9 shows the examples of 2-input 2xVDD-tolerant NAND gate and 2-input
2xVDD-tolerant NOR gate. As shown in Fig. 5.9 (a), the input A is converted to Ay
and Ar, and input B is converted to By and By by the level converter shown in Fig. 5.8.
Fig. 5.9 (b) shows the example of 2-input 2xVDD-tolerant NAND gate. MP and MN
are the stacked structure to prevent the 2xVDD-tolerant inverter suffering gate-oxide
overstress. MPP1 MPP2, MNN1 and MNN2 decide the function of this logic. MPN1
MPN2, MNP1 and MNP2 are used to bias node A and node B at safe voltage when
node A and node B are floating. Note that if the function transistors (MNN1 and
MNN?2) are series structure, the biasing transistors (MNP1 and MNP2) will be the
parallel structure. They are complementary structure. As well as if the function
transistors (MPP1 and MPP2) are parallel structure, the biasing transistors (MPN1 and
MPN2) will be the series structure. Fig. 5.9 (¢) shows the example of 2-input

2xVDD-tolerant NOR gate. Similarly, MP and MN are the stacked structure to
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prevent the 2xVDD-tolerant inverter suffering gate-oxide overstress. MPP1 MPP2,
MNNI1 and MNN2 decide the function of this logic. MPN1 MPN2, MNP1 and MNP2
are used to bias node A and node B at safe voltage when node A and node B are
floating. Again, their function transistors and biasing transistors are the
complementary structure. Basing on this design method, all the 2xVDD-tolerant logic
gates can be implemented even the inputs are more than two. The implementations of
the 3-input 2xVDD-tolerant NAND gate and NOR gate are shown in Fig. 5.10. As
shown in Fig. 5.10 (a), there needs three level converters to convert the inputs A, B,
and C. Fig. 5.10 (b) shows the example of 3-input 2xVDD-tolerant NAND gate and
Fig. 5.10 (c) shows the example of 3-input 2xVDD-tolerant NOR gate. Using these
2xVDD-tolerant logic gates in the PVT compensation circuit can detect the variation

of 2xVDD power line in a mixed-voltage I/O circuit.
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Fig 5.9 The implementations of 2-input 2xVDD-tolerant logic gates. (a) The inputs (b)
NAND gate, and (c) NOR gate.
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Fig 5.10 The implementations of 3-input 2xVDD-tolerant logic gates. (a) The inputs
(b) NAND gate, and (c) NOR gate.

5.4 Simulation Results

The new 2xVDD-tolerant I/O buffer with PVT compensation has been verified in
a 0.18um CMOS process by SPICE simulation. In section 5.4.1, the slew rate
variation will be compared with or without PVT compensation using 3-bits control
signals. Furthermore, the control bits will be extended to 4 bits in order to increase the
precision. The corresponding simulation results about the 4-bits control signals will be

discussed in section 5.4.2.

5.4.1 Simulation Results with 3-bits control signals
Table 5.4 shows the simulated slew rate of the I/O PAD of the new

2xVDD-tolerant 1/0 buffer without PVT compensation. The definition of slew rate is
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shown as following:

_ 0.9xVDDH-0.1xVDDH _0 8VDDH

SI:\)rise -
Trise Trise
SR, = 0.9xVDDH-0.1xVDDH _ O.SVDDH
Tfall Tfall

Note that SRrise is the slew rate of rise time and SRfall is the slew rate of fall time.
Trise is the rise time which is the time that I/O PAD pulls high from 0.1xVDDH to
0.9xVDDH and Ttall is the fall time which is the time that /O PAD pulls down from

0.9xVDDH to 0.1xVDDH.

Table 5.3
The slew rate of the I/O PAD of the new 2xVDD-tolerant I/O buffer

without PVT compensation.

Normalized SupplyVoltage

o=c 3167 283 3380392 3817342 425131 4637350
25=C 2057 267 2400 2.96 3T41322 416/ 3.52 4517372
50 =C 2521 256 37282 364/3.06 389/3.322 43973 55
TH=C 2871242 322268 353129 383/316 405134
100 =C 283123232 140254 3461276 3.64/3.02 4097324
125=C 27912332 Z09/242 3417262 36TI2EE 4017305

o=c 2581223 2881248 I22I273 3.52/3.00 3851326
25°C 2507 241 2807236 3417262 3407286 3727340
50 =C 24371589 2721223 299/245 3307269 3637283
TH=C 2367189 2621209 2921223 3325/252 3471272
100 =C 23070179 257 2.00 28672 3417237 3.3B/263
125=C 2351 169 252/ 1.590 2TBI20B 3011228 3321250

o=c 20171639 22340155 26512147 25961240 3.241266
25=C 1.847 160 228113 2571202 2851229 3147252
50 =C 1.957 146 213i1M 2497192 2761212 3027238
TH=C 1907 143 2167 1.61 24271182 268204 29571232
100 =C 1877126 211/ 1.55 235/1.72 2617192 2861210
125=C 18371123 206/ 1.47 2307163 2.55/1.80 2781200

SRise/ SRpay (V/n S)

The process variation in this simulation contains fast, normal and slow corner. The
power supplies variations are from 0.9xVDD to 1.1xVDD and 0.9xVDDH to

1.IxVDDH. VDD is 1.5V and VDDH is 3.3V in typical condition. And the
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temperature variation is from 0°C to 125°C. As shown in Table 5.3, the maximum
SRrise variation is 2.86 V/nS and the maximum SRfall variation is 2.61 V/nS.

Table 5.4 is the shmoo plot of the outputs (S2, S1 and S0) of the 8-to-3 encoder. It
can be discovered that when the condition becomes slower, the value of the binary
codes will become larger. In the slowest condition, the binary codes is “ 111 . It

means that the output driver is all turned on to compensate the slowest condition.

Table 5.4
The shmoo plot of the outputs of 8-to-3 encoder.

Nomalized Supply Voltage

0=C {0,0,0} {0,0,0) {0,0,0) {0,0,0) (0,00}
250 {0,0,0} {0,0,0) {0,0,0) (000 i (000
50=C (00,1} {0,0,0) (0,0,0) E (0,0,0) E (0,0,0)
=G (00,1} {0,0,1) {0,0,0) (0,0,0) E (0,0,0)

100 =C {0,100 (0,0,1) {0,0,1) (0,0,0) ; (0,0,0)
125°C (0,1,0) z (0,1,0) (0,0, 1) {0,0,0) § (0,0,0)

0=c (01,1} (0,1,0) (01,00 (0,0,1) {0,0,0)
25=C {1,0,0) {0.1,1) {0,100 {0,0,1) {0,0,1)
50=C (1,0,0) (0,1.1) (0,1,1) (0,1,0) (0,0,1)
750 1,00} 1,000 {0,1,1) {0,1,0) {0,1,0)

100 =C (10,1} 10,0 {0,1,1) {0,1,1) {0,1,0)
125=C (10.,1) (1.0,0) (1,0,0) (0,1,1) (0,1,1)

0=C {1,1,0} {1,01) {1,0,0) {1,0,0) {0,1,1)
25=C (1,10} (1,0,1) (1,0,1) (1,0,0) (0,1,1)
50C (1,10} 110 {1,0,1) {1,0,0) (1,00}
750 (11,1} 110 {1,0,1) {1,0,1) (1,00}

100 =C (11,1} 110 {1,1,0) {1,0,1) {1,04)
125=C (11,1} [TRY B TR T, {1,0,1) {1,04)

8-to-3 EncoderOutputs (52,51,50)

Table 5.4 shows the simulated slew rate of the I/O PAD of the new
2xVDD-tolerant I/O buffer with PVT compensation using 3-bits control signals. The
maximum SRrise variation is 1.59 V/nS and the maximum SRfall variation is 1.48

V/nS. Comparing the simulations with or without PVT compensation, the new
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2xVDD-tolerant I/O buffer with PVT compensation using 3-bits control signals has

improved the SRrise variation of 44% and the SRfall variation of 43%.

Table 5.5
The slew rate of the I/O PAD of the new 2xVDD-tolerant I/O buffer with PVT

compensation using 3-bits control signals.

Nomalized SupplyVoltage

0=C 212/1.68 2367 1.85 26172M 28612147 34171232
25 = 2057161 2231177 2520 1.92 2761208 J007223
50 =C 23311587 2237 1.69 2457 1.84 2687/1.88 2917213
Th = 27TiI188 2521207 2381175 2617/1.88 2835202

100 =C 2501214 2461 1.97 2T11215 254711.81 2757194
125 = 2451204 27224 2647204 24Ti1.72 2687/1.85

0=c 2491236 2547230 2831255 2761232 2597/1.895
25 = 2591268 2721243 2741241 26TI220 2892123
50 =C 2511253 2647235 2531260 2921250 283128
T = 2831240 2171268 2.B5[ 2 46 2841226 3100257

100 =C 25171243 3092 54 2771233 3051256 3027242
125 = 2841233 I3 30267 2871242 3257264
[omome | o TASEOEAS | w T a1 |

0=c 2751240 258/ 263 187278 3547308 3157283
25 = 2661229 2881248 323 2TS 3417290 3047266
50 =C 2581217 2531247 3137263 3300272 36472M
ThH el 2621215 2851233 3047248 33TIATS 3527284

100 =C 2561204 2772 31072 48 32871260 3607286
125 =C 2507154 27210 3027235 3197246 EE S Ay |

SRyise / SReqy (V/nS)

5.4.2 Simulation Results with 4-bits control signals

In order to increase the compensation precision, the control bits are extended to 4
bits. It means that the pre-control signals D0-D7 in the PVT variation detector
becomes DO-D15. And then the pre-control signals will be converted to the 4-bits
binary codes by an 16-to-4 encoder. Of course, the output driver will be segmented

into 4 parts to match the 4-bits control signals. The 4-bit control signals example of
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the 2xVDD-tolerant I/O buffer with PVT compensation is shown in Fig. 5.6.

Table 5.6 is the shmoo plot of the outputs (S3, S2, S1 and SO) of the 16-to-4
encoder. Similarly, it can be discovered that when the condition becomes slower, the
value of the binary codes will become larger.

Table 5.7 shows the simulated slew rate of the I/O PAD of the new
2xVDD-tolerant I/O buffer with PVT compensation using 4-bits control signals. The
maximum SRrise variation is 1.26 V/nS and the maximum SRfall variation is 1.72
V/nS. Comparing the simulations with or without PVT compensation, the new
2xVDD-tolerant I/O buffer with PVT compensation using 3-bits control signals has

improved the SRrise variation of 56% and the SRfall variation of 34%.

Table 5.6
The shmoo plot of the outputs of 16-to-4 encoder.

Nomalized SupplyVoltage

0=C (0,0,00) {0.0.0,0) {0.,0,0,0) (0,0,0,0) {0,0,0,0)
250 (0,0,00) (006,07 (0,0,0,0) (0,0,0,0) (0,0,0,0)
50 =C {0,0,0,0) {0,0,0,0) (0,0,0,0) (0,0,0,0) {0,0,0,00)
750 {0,0,0.1) (0,000} (0,0,0,0) {0,0,0,0) (0,0,0,0)
100 =C (0,0,1,0) 0001} (0,0,0,0) (0,0,0,0) (0,0,0,0)
125C (00,11} (0,0.1,0) (0,0,0,0) (0,0,0,0) (0,0,0,0)
0=c {0,1,1,0) {D.1,0,0) (0,0,1,0) {0,0,0,0) {0,0,0,0)
252 {0,1,1.1) (0,101} (0,0,1,1) (0,0,1,0) (0,0,0,0)
50 °C {1,0,00) {0,1,1,0) (0,1,0,0) (0,0,1,1) {0,0,0,1)
750 (1.0,00) {01113 {0,1,0,1) (0,1,0,0) (0,0,1,1)
100 =C {1.0,01) {01,113 (0,1,1,0) {0,1,0,1) {0,1,0,00)
125 {1.0,1,0) {1000 {0,1,1,1) {0,1,1,0) {0,1,0,4)
[sowcome | oo | oe [ + | w [ o |

0-C (1.1,00) (10.10) (1,0,0,0) (0,1,1,1) (0,1,0,1)
260 {1.1,00) (10.1.1) (1,0,0,1) (1,0,0,0) (0,1,1,0)
50 =C {1.1.01) {11000 {1,0,1,0) {1,0,0,1) {0,1,1,4)
750 {1.1,10) (1.100) (1,0,1,1) {1,0,0,1) (1.0,0,0)
100 C {1.1,10) (1101} (1,0,1,1) (1,0,1,0) {1.0,0,1)
125C (1.1,1.1) (1101} (1,1,0,0) (1,0,1,1) (1.0,1,0)
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The slew rate of the I/O PAD of the new 2xVDD-tolerant I/O buffer with PVT

Table 5.7

compensation using 4-bits control signals.

Nomalized Supply Voltage

0=C 1.69/1.50 1.88/ 2.09 208/ 228 2271247 2471265
25-C 1.64/1.82 1.82/ 2.00 207218 2201236 239/254
50 =C 1.80/1.82 1770152 1.95/ 2.09 2131226 2321243
T5=C 1.75/174 1727 1.83 1.90/ 2.00 2081216 2351233

100 =C 1E7I1TT 1.90/ 1.82 1.85/ 1.0 2021206 2191223
125=C 1.88/1.76 202/ 1.86 1817 1.82 18771197 2141212
[pedcomer | @0 | oss T 1 | ws | w |

0=C 2107224 2071233 2417210 1.88/2.05 2061223
25=C 2161217 2161227 2231207 23251219 1897212
50=C 234304 2321225 2161232 2381216 248/2.11
T5=C 228288 27291218 2261226 231124 2531223

100 =C 2331278 2240207 23312M 2431235 2451248
125=C 2351268 244729 2421217 2500232 2581242

0=C 2241272 2460 3.M 256033 2561252 2511259
25=C 2171260 2471 286 2581315 2751346 2561255
50 =C 2181248 2391280 | 25813M 2781330 2631246
T5=C 2187238 2331 265 261/ 287 2705312 285/3.40

100 =C 2131226 2351254 2541272 2711259 289/3.M
125=C 2141217 2790242 2471268 2741286 2801312

SR,ieo/ SR (V/nS)

Comparing with the PVT compensation using 3-bits control signals, the
performance of the new 2xVDD-tolerant I/O buffer with PVT compensation using
4-bits control signals has not improved clearly. The reason is that when the control
signal bits number increase, each segmented output driver will become smaller. In
such high operating frequency, the compensation of the small size segmented output
driver is insignificance, especially for the smallest one. Moreover, the size change of
the output driver does not match the PVT variation. Therefore, too much bits of

control signal won’t make the performance better.



Chapter 6
Conclusions and Future Works

6.1 Conclusions

A new 2xVDD-tolerant I/O buffer against gate-oxide overstress has been
successfully designed and fabricated in a 0.18-mm 1.8-V CMOS process with only
thin-oxide 1.8-V devices. Moreover, the gate-to-source, gate-to-drain, and
drain-to-source voltages of all transistors in the new proposed 2xVDD-tolerant I/O
buffer can be kept within the normal operating voltage range (VDD). This new
2xVDD-tolerant I/O buffer can receive 3.3-V. input signals or transmit the 3.3-V
output signals up to 133 MHz, which is compatible to the I/O specifications of PCI-X
in the mixed-voltage I/O interfaces.

Because the advantage of the structure, the new 2xVDD-tolerant I/O buffer can
combine with the slew-rate control circuit easily to reduce the ground bounce effect
without suffering gate-oxide overstress issue.

In chapter 5, the new 2xVDD-tolerant logic gates which can deal with the 2xVDD
signals without gate-oxide overstress have been proposed and can be used in the PVT
variation compensation circuit to detect the PVT variation in an I/O buffer. Finally, in
order to satisfy recent timing specification, the new 2xVDD-tolerant I/O buffer can
combine with the PVT variation compensation circuit successfully to keep the output

slew rate as constant as possible.
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6.2 Future Works

The new 2xVDD-tolerant I/O buffer with slew-rate control and the new
2xVDD-tolerant I/O buffer with PVT compensation have to be fabricated for
verification.

The method for PVT compensation which is mentioned in this thesis compensates
only the Fast-Fast, Typical-Typical, and Slow-Slow corner. The compensation for the
Slow-Fast and Fast-Slow corner will be uncorrected because the process of PMOS
and NMOS cannot be compensated individually. In order to match all the corners, it
needs another method that can compensate the process of PMOS and NMOS

individually.
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