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Design of Configurable 1/0O Cell Library

IN 90-nm CMOS Process

Student: Shih-Fan Chen Advisor: Prof. Ming-Dou Ker

Department of Electronics Engineering and Institute of Electronics

National Chiao-Tung University

ABSTRACT (ENGLISH)

The cell library plays an impartant rale in integrated circuits (ICs), because it includes all
of fundamental cells to construct the ICs. In the cell” library, the input/output (1/O) cells
provide the link between the ICs and outward. Thus, the 1/O cells are used to provide the
driving currents, to receive the input signals, and to protect the ICs against electrostatic
discharge (ESD) damages. As the feature size of MOS transistors shrinks with the advance of
complementary metal-oxide-semiconductor (CMOS) technology, the circuit functions become
more complex and the operating frequency becomes higher. However, thinner gate-oxide
decreases the ESD robustness of MOS transistors. Hence, there are more challenges and limits

for the 1/O cell library design in nanoscale CMOS technology.

In this thesis, an 1/O cell library is designed in 90-nm CMOS technology. The 1/0 cell
library includes the configurable 1/O cells, analog 1/O cells, power cells, and power break cell.

In the configurable 1/O cell, the output stage is used to provide driving current. Besides, it can



ABSTRACT (ENGLISH)

pull the 1/0 pad up to logic high or pull the I/0O pad down to logic low under the tri-state. In
input stage, a schmitt-trigger is realized and can be turned on to increase the noise margin of
input signal. All of the aforementioned functions have been integrated in a single configurable
I/0O cell proposed in this thesis. Moreover, the ground bounce issue becomes more critical as
the instantaneous driving current becomes larger. In the proposed I/0O cell library, the
slew-rate-control unit is realized in another configurable 1/O cell to mitigate the ground
bounce issue. In addition, several effective ESD protection circuits are designed in this 1/0
cell library to provide whole-chip ESD protection. The proposed 1/O cell library has been
fabricated in 90-nm CMOS process. Experimental results have successfully verified all of the
functions provided in the I/O cell library, including receiving input signals, transmitting

output signals, slew-rate control, and whole-chip ESD protection.
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Chapter 1

Introduction

1.1 MOTIVATION

In the digital integrated circuits (ICs) or mixed-signal ICs designs of the
system-on-a-chip (SoC) and VLSI system, the cell libraries are often used to accelerate the
design process to achieve the time-to-market requirement. The I/O (input/output) cell is an
essential element in the IC products, which can provide enough output driving currents or
receive the external signals. In the meanwhile, the I/O cell also can provide a sufficient
electrostatic discharge (ESD) protection to protect the internal circuits and I/O circuits inside

the ICs.

111 Issue of 1/O Interface

With new generations of CMOS technologies, the dimensions of transistors have been
scaled down to reduce the silicon cost, and to increase circuit performance (ex., operating
speed). However, since the thickness of gate-oxide becomes much thinner, several problems
such as gate-oxide reliability [1] and hot-carrier degradation [2] will be faced. Thus, the core
power supply voltage (VDD) must be correspondingly decreased to ensure the ICs lifetime.
Since the power supply voltage has been reduced, it will decrease lower power consumption
to achieve the purpose of low power. In order to increase the circuit performance and decrease

the power consumption, generally the internal or core circuit is designed with thin-oxide
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devices and lower power supply. But the 1/0 cell may receive or transmit a higher voltage
level signal at the 1/O interface. Therefore, in this thesis, the thick-oxide devices have been
used to prevent the reliability issue. When such 1/O cell receives a high voltage level signal,
the signal will be transformed into a low voltage level signal and then it will be transmitted to
the internal circuit. As a result, there is no need to concern the reliability issues while the

internal circuit will be designed with the thin-oxide devices and operated with low voltage

supply.

In high-speed interface, the output buffer is a major contributor to the pin-to-pin delays
because of output loading as well as package and aboard parasitic. The channel widths of
output buffer are always increased to achieve high driving capability and high speed, which
results in large power/ground noise due to output drivers switching simultaneously. Since the
input pads are connected to the same power/ground buses, power/ground noise must be well
controlled to avoid any false switching. Even though the internal power/ground buses are
separated from the external (/0O buffers) power/ground buses, they are connected through a
VDD/VSS package plane in multilayer package. Therefore, the output buffer must be

designed with considerations of power/ground noise to achieve high performance.

In this thesis, two configurable 1/O cells are designed to provide different driving
capacities, turn on/off the pull-up or pull-down mechanism, and switch on/off the function of
schmitt-trigger when the 1/O circuit operates in transmitting mode, tri-state, and receiving
mode, respectively. Instead of providing different cells as general 1/O cells, the configurable
I/0 cells combine most functions to meet different specification requirement. Beside, the
difference between these two configurable 1/O cells is the output buffer without or with
slew-rate control mechanism. The configurable 1/0 cell with slew-rate control is designed

with considerations of power/ground noise.
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1.1.2 Issue of ESD

ESD has become the main reliability concern on semiconductor products, especially for
the SoC implementation in nanoscale CMOS processes. The ESD specifications of
commercial IC products are generally required to be higher than 2kV in human-body-model
(HBM) and 200V in machine-model (MM) [3] ESD stress. Therefore, on-chip ESD protection
circuits have to be added between the input/output pad and VDD/VSS to provide the desired
ESD robustness in CMOS ICs [4]-[6]. ESD stresses on an 1/0 pad have four pin-combination
modes: positive-to-VSS  (PS-mode), negative-to-VSS (NS-mode), positive-to-VDD
(PD-mode), and negative-to-VDD (ND-mode), as shown in Fig. 1.1(a) ~ 1.1(d), respectively.
The typical design of on-chip ESD protection circuits in a CMOS IC is illustrated in Fig. 1.2.
To avoid the unexpected ESD damage in the internal circuits of CMOS ICs [7]-[9], the
turn-on-efficient power-rail ESD clamp circuit is placed between VDD and VSS power lines
[10]. ESD current at the 1/0 pad under the PS-mode ESD stress can be discharged through the
parasitic diode of PMOS from 1/O pad to VDD, and then through the VDD-to-VSS ESD
clamp circuit to ground as shown in Fig. 1.3. Consequently, the 1/O circuits cooperating with

the VDD-to-VSS ESD clamp circuit can achieve a much higher ESD level [10].

In this thesis, a new set I/O cell library is proposed to assist the digital or mixed-signal
IC design with effective ESD protection circuits to enhance the ESD level in SoC
implementations. The configurable 1/O cell library has been fabricated and verified in UMC

90-nm salicide CMOS process.

1.2 INTRODUTION OF CONFIGURABLE I/O CELL LIBRARY

Table 1.1 lists the cell categories and functions of the configurable 1/0 cell library. This
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I/0 cell provides two configurable I/O cells named UCIONS (without slew-rate control
mechanism) and UCIOS (with slew-rate control mechanism). While the configurable 1/O cell
operates in transmitting mode, 7 different output driving currents can be selected in the 1/0
cell. When the 1/0 cell operates in receiving mode, the 1/0 cell becomes an input cell and can
be selected with or without the function of schmitt-trigger. When the configurable 1/O cell
operates in tri-state mode, the functions of pull-up and pull-down can be turned on or off
separately. Thus, in this situation, the voltage level at the I/O PAD can be biased at high or
low or floating. The analog signals can be transmitted by the analog 1/0 cell (UAIO25 or
UAIO10) which is composed of ESD protection circuit only. The I/O cell library provides
four power cells (UVDD25, UVSS25, UVDD10, and UVSS10). The UVDD25 and UVSS25
cells are used to provide the supply voltages for 1/0 ring, and the UVYDD10 and UVSS10 are

used to provide the supply voltages for pre-driver and internal circuits.

1.3 THESIS ORGANIZATION

In chapter 2, the DC specification of this configurable 1/0 cell will be listed, and the
circuit design and the simulation results of the configurable 1/0 cell will be specified. The
design of ESD protection circuits will be introduced in chapter 3. The whole layout
implementation of the 1/O cell library will be shown in chapter 4. Besides, in chapter 5, the
test chip arrangement for function verification and ESD robustness tests will be illustrated.
The experimental results will be shown in chapter 6. Finally, the last chapter ends with a few
concluding statements pertaining to the research as well as recommendations for future work

in the area.
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Configurable 1/O cell library.
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1/0 Cells
Cell Name Function Pins
. . PAD, I, SO, S1, S2,
UCIOS Configurable 1/0 Cell with Slew-Rate Control
PD, PU, SCH, C
. . PAD, I, SO, S1, S2,
UCIONS Configurable 1/0 Cell without Slew-Rate Control
PD, PU, SCH, C
UINPUT Input Cell PAD, C
UAIO25 Analog I/O for 2.5V PADwWIR, PADWOR
UAIO10 Analog I/O for 1.0 V PADwWIR, PADWOR
Power Cells
Cell Name Function Pins
UvDD25 Positive Power Source for 1/0 Ring VDDIO
UVSS25 Ground Supply for 1/0 Ring VSSIO
Positive Power Source for Pre-Driver and Core
uUvDD10 -l VDD
Circuit
UVSS10 Ground Supply for Pre-Driver and Core Circuit VSS
UPBREAK Power Bus Break Cell
Other Cells
Cell Name Function
0.1,0.3,05,1, 2,5, 10, 15 and 20um-Width of Filler Cells
UFeederXX }
for Interconnection
UCorner Corner Cell
Physical Dimension of Cells
Cell Pitch 61.5um per cell
Cell Hight 101.9um

Metal Layers

Suitable for 4 ~ 9 layers
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Design and Simulation Results of Configurable 1/0 Cell

2.1 INTRODUCTION OF CONFIGURABLE I/0O CELL

Fig. 2.1 shows the circuit block diagram of the configurable I/O cell and the function of

each block circuit is defined as follows:

® Pre-driver: The driving select signals, SO, S1, and S2, are used to control the
configurable 1/O cell operating in transmitting mode or in receiving mode (tri-state
input mode). When the configurable /O cell operates in transmitting mode, the
pre-driver generates pull up signals, PO, P1, and P2, and pull down signals, NO, N1,
and N2. Therefore, the output transistors NMOS and PMQOS can be turned on (off)

separately to change the output driving capability.

® |evel shifter: The voltage level of operation signal is shifted from low

(VSS-to-VDD) to high (VSSIO-to-VDDIO).

® Output stage: When the configurable 1/0 cell operates in transmitting mode,
the low voltage level (VSS-to-VDD) at the data input signal, I, will be transformed
into the high voltage level (VSSIO-to-VDDIO) at the I/0O PAD. Consequently,
different amount of output transistors NMOS/PMOS turned on will result in

different output driving capability.

® Input stage: When the configurable 1/O cell operates in receiving mode, the
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schmitt-trigger control signal, SCH, controls input stage to become normal input
stage or schmitt-trigger input stage. Moreover, the configurable 1/0 cell in receiving
mode receives VSSIO-to-VDDIO input signal at the 1/0 PAD and then transmits

VSS-to-VDD output signal to core circuit through the input stage.

®  Pull-up/Pull-down network: When the driving select signals SO, S1, and S2 are
biased at OV and the 1/O PAD is floating, the configurable 1/0 cell operates in
tri-state. In this situation, the mechanism of pull-up and pull-down can be turned on

or off by the pull up signal PU and the pull down signal PD.

® Slew-rate control: When the output stage operates with slew-rate control

circuit, the simultaneous switching noise (SSN) can be reduced significantly.

Table 2.1, Table 2.2, and Table 2.3 list the pins usage and functions of configurable 1/O
cell. Besides, the design flow, specific circuit, operation principle, and simulation results of

configurable 1/0 cell are discussed in following sections.

2.2 BASIC SPECIFICATION

In this configurable 1/O cell library, the typical core power supply voltage (VDD) and
I/0 output driver power supply voltage (VDDIO) are 1.0V and 2.5V. However, the library is
also compatible with 1.8-V ~ 3.3-V design window of VDDIO. Therefore, the information of
this library will be provided not only with 2.5-V VDDIO, but also with 1.8-V and 3.3-V
VDDIO supply voltage in following introduction. Table 2.4, Table 2.5, and Table 2.6 list the
DC specification of configurable 1/0 cell under 2.5-V, 1.8-V, and 3.3-V VDDIO supply

voltage, respectively.
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2.3 OUTPUT STAGE

2.3.1 Driving Capability

In order to design an output cell with variable driving capability, the transistors of output
driver are distributed into three groups, MPO/MNO, MP1/MN1, and MP2/MN2 as shown in
Fig. 2.1. The specification on dc driving currents of the configurable 1/0 cell are defined as
2mA, 8mA, 10mA, 14mA, 16mA, 22mA, and 24mA with different output MOS fingers.
When the output driving current is 2mA, the finger number of the output driver is one.
Similarly, when the output driving current is 24mA, the finger numbers of the output driver

are 12 fingers.

The driving select signals, S2, S1, and SO, are used not only to control the operating
mode, but also to choose the output driving capability in transmitting mode. In order to
distribute the output driving current equally, 12 fingers of output drive are divided into three
groups in parallel. The transistor MPO/MNO is designed with only one finger, and MP1/MN1
and MP2/MNZ2 are composed of 4 fingers and 7 fingers, respectively. The relation between the
driving capability and the driving select signals (S0, S1, and S2) has been mentioned in Table
2.2. Moreover, the design flow of output driver will be introduced in next paragraph. However,

several parameters should be defined firstly in this section as follows:

® Io.: The sink current at 1/O PAD of configurable 1/0O cell when the voltage at

I/0 PAD of configurable 1/O cell is biased at Vo, (= 0.4V), as shown in Fig. 2.2.

® |oy: The source current at I/O PAD of configurable 1/0 cell when the voltage at
I/0 PAD of configurable 1/0 cell is biased at Von (= VDDIOmin — 0.4V = 0.9 X

VDDIO - 0.4V), as shown in Fig. 2.3.

-10 -
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® Duty cycle: The fraction time that the system in an active state can be

expressed as following equation:

Duty Cycle = % (1)

where 7 is the duration that the function is non-zero; T is the period of the function.

First of all, the size of output NMOS with single finger (MNO) in Fig. 2.1 has to be
determined in output driver design. The simulation setup for measuring size of MNO is shown
as Fig. 2.2(a). It has been simulated by SPICE in a 90-nm CMOS process with a simulated
environment of 2.25-V (0.9 x 2.5V) VDDIO and the worst case (temperature of 125 °C and SS
corner) which can result in the experience results to meet the design specification certainly.
Table 2.7 lists the definition of simulated environment. As shown in Fig. 2.4, the MNO size
can be determined with the low level output current lp. equaled to 2.32mA. While the
simulated and measured values of lon/lo. are larger than the definition value (2mA, 8mA,
10mA... 24mA), it can be described as design specification conformability in driving
capability. Table 2.8 depicts the simulation results of the level output current lo. in different
simulation environments. The dimension of the NMOS is determined with 2.25-V VDDIO
and the worst case simulation environment. After determining the size of MNO, a single-finger
output PMQOS, MPO, is combined with this output NMOS as an inverter to design output
PMOS. In this thesis, there are two methods to design the output PMOS. The first method
determines the size of output PMOS MPO by the high level output current loy~ lo_ Where lo.
was the simulated driving current under the worst case and 2.25-V VDDIO for output NMOS,
as shown in Fig. 2.5. Fig. 2.6 shows the simulated result of output PMOS MPO with the
channel width of 45.4um and the simulation environment is set in the worst case and 2.25-V
VDDIO. As shown in Fig. 2.7, the second method to determine the size of output PMOS MPO
is to make that duty cycle of output signal near to 50% when a square wave with duty cycle of

50% is inputted. A loading capacitance of 10pF is added at 1/0 PAD in the second method for

-11-
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simulating actual condition and setting the same simulation environment as the first method.
The duty cycle of output signal could be more (less) than 50% due to too big (small) PMOS
size, as shown in Fig. 2.8. Thus, the channel width of MPO by second method is determined
on 42um and the simulated duty cycle is 50.7% as shown in Fig. 2.9. According to these two
PMOS sizes from these two methods, the corresponding loy and duty cycle are compared in
Table 2.9 with the same simulation environment. Since the output PMOS size in the second

method is smaller than the first method, the output PMOS size is decided on 42um.

The simulation results of pull high driving current (loy) and duty cycle with different
simulation environments are listed in Table 2.10 and Table 2.11, respectively. In Table 2.11,
the input signal Vi, is set in 0 ~ VDDIO, T, = Tf = 0.1ns, pulse width = 1.875ns, period =
3.75ns, frequency = 266MHz and the additional loading capacitance (Cioaq) IS 10pF.
Furthermore, Table 2.12, Table 2.13, and Table 2.14 list the simulation results of duty cycle
with different output MOS fingers and operating frequencies under 2.5-V, 1.8-V, and 3.3-V
VDDIO voltage supplies. Similarly, the input signal Vi, is set in 0 ~ VDDIO, T, = T; = 0.1ns,
pulse width = 1.875ns, period = 3.75ns, frequency = 266MHz, and Cipsq is 10pF but the

simulation environment is set with pseudo worst case for close to actual condition.

2.3.2 Short-circuit Current Reduction

The circuit consumes unnecessary power due to short-circuit current. In order to reduce
the short-circuit current at the output stage, the output NMOS/PMOS should be turned on
slowly and turned off quickly to avoid DC paths flowed from VDDIO to VSSIO. Thus, the
gate-controlled signals of output PMOS (NMOS) should be designed with a short (long) rise
time and long (short) fall time. Fig. 2.10 shows the implementation of inverter with
short-circuit current reduction. MP2/MN2 and MP3/MN3 are transmission gates as resistive

elements to slow down the turn-on signal of output driver. In order to verify the effect of
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transmission gates, the inverters with short-circuit current reduction are placed in front of the
output driver as shown in Fig. 2.11. Fig. 2.12 shows the simulation results under different
VDDIO supply voltage. When the gate-controlled signals (P_out and N_out) are pulled up to
VDDIO, the signal of N_out is transmitted more slowly than P_out. On the contrary, the
signal of P_out is transmitted more slowly than N_out when P_out/ N_out are pulled down to
VSSIO. The inverter with short-circuit current reduction can be used to produce a delay of

signal.

The inverters with short-circuit current reduction shown in Fig. 2.10 are added to the
inverter chains to form the tapper buffers in front of the output driver (MN1~2/MP1~2) as
shown in Fig. 2.1. Besides, since single-finger output drivers (MNO/MPO0) have small amount
of driving currents, the tapper buffers in front of it (MNO/MPQ) can be composed of general
inverters (without short-circuit reduction) to save layout area. In addition, each gate terminal
of MP2-MP3 and MN2-MN3 shown in Fig. 2.10 has to be connected to power line (VDDIO
or VSSIO) through a resistance individually to avoid the gate-oxide breakdown under ESD
stress condition. However, in order to show the circuit clearly, the resistances are all omitted

in this figure.

2.4 PRE-DRIVER

The pre-driver circuit uses thin-oxide (1.0-V) devices since the input data comes from
internal core circuit with VSS-to-VDD (0V-to-1.0V) voltage level. Furthermore, the
pre-driver circuit generates control signals of output drivers. Table 2.15 lists the truth table of
pre-driver circuit, where the control signals (S2-S0), input signal (I), and gate-controlled
signals (P2-P0 and N2-NO) correspond to that in Fig. 2.1. According to the table, the relation

between the gate-controlled signals (P2P0 and N2-NO0) and control/input signals (S2-S0 and I)
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can be defined as the equation as follows:

Px =Sx-1 x=012

Nx=(§+l) x=0,12 @

Therefore, the logic diagram of pre-driver composed of a NAND gate and NOR gate is shown
in Fig. 2.13. However, since parts of transistors can be used commonly to save layout area,
the circuit is implemented as shown in Fig. 2.14. Fig. 2.15 shows the simulation waveforms
under different frequencies of input signals. It depicts the pre-driver can be operated correctly

under different input frequency.

2.5 LEVEL SHIFTER

Since the output stage receives VSS-to-VDD (low voltage level) input signals at
control/input signal pin (I, SO, S1, and S2) and transmits VVSS-to-VDDIO (high voltage level)
output signals at I/0 PAD, the 1/0O cell needs a level shifter circuit to shift the voltage level
from VDD to VDDIO. Fig. 2.16 shows circuit implementation of level shifter. Two inverters
connected to gate terminals of transistors MN1 and MN2 separately are comprised of 1.0-V
devices, other transistors are 2.5-V devices. When the input (In) receives a DC signal of VDD
(1.0V), the node Inb and node In_buff are biased at VSS and VDD. Thus, the transistor MN2
(2.5V device) is turned on weakly due to the Vs mn2 = 1.0V and MNL1 is turned off. However,
when the node |_invb is pulled down to logic low, the node I_inv will start to be pulled up to
logic high through the transistor MP1. Therefore, the transistor MP2 will be switched off, and
then the output (Out) will be biased at VDDIO due to the node |_invb is biased at OV. On the
contrary, when the input (In) receives a DC signal of VSS (0V), the level shifter will transmit

a logic high output signal to output (Out). Fig. 2.17 and Fig. 2.18 show the simulation
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waveforms of level shifter circuit. The duty cycles are simulated under different simulation
conditions as listed in Table 2.16. A small amount of load capacitance (Cjoaq) IS added to

simulate the parasitic capacitance while the output is connected to the input of inverter chain.

2.6 INPUT STAGE

The circuit diagram of schmit-trigger with an enable signal, SCH, is shown in Fig. 2.19,
where the transistors MN4/ MP4 are 1.0-V devices, and the others are 2.5-V devices. While
SCH receives logic high (1.0V) to trigger the function of schmitt-trigger, the node 1 and 2 are
biased at VSS (0V) and VDD (1.0V) and then the noise margin will be enhanced. On the
contrary, while SCH receives logic low to turn off the function of schmitt-trigger, the node 1
and 2 are floating points and then the circuit will become a inverter to form normal input

stage.

In this configurable 1/0 cell, the 1/0 cell receives VSSIO-to-VDDIO (0V ~
2.5V/1.8V/3.3V) input signal at I/O PAD and transmits VSS-to-VDD (0V ~ 1.0V) output
signal at pin to internal circuit (C) as shown in Fig. 2.1. An inverter has been added to
shcmitt-trigger circuit as shown in Fig. 2.20. The supply voltage VDD (1.0V) is used to
transform the voltage level from VSSIO-to-VDDIO (high voltage level) to VSS-to-VDD (low
voltage level). In order to overcome gate-oxide reliability [1] and hot-carrier degradation [2],

this inverter is composed of thick-oxide devices. However, the inverter with thick-oxide

devices causes a small |Vgs| of the transistor MP when MP is turned on. Thus, in order to

make a close 50-persentage duty cycle of output signal, MP has been designed in a big size to

enhance the driving capability.

Fig. 2.21 shows the simulated voltage transform curve (VTC) of schmitt-trigger under
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different simulation conditions, and Table 2.17 lists the corresponding threshold voltages (V1+,
V1., and V14). The waveforms of output signal, C, is simulated while the 1/0 PAD is swept
from logic low to high and then return to its initial voltage level. The V... is defined as the
voltage level of 1/O PAD while the voltage level of C is VDD/2 with the function of
schmitt-trigger (SCH = 1). The V1. is 1/O PAD transmitted from low to high, and the V. is
that from high to low. The V14 is defined as the voltage level of 1/0 PAD while the voltage
level of C is VDD/2 without the function of schmitt-trigger (SCHa = 0). Fig. 2.22-24 show
the simulation waveforms of input stage when the I/O PAD is inputted a signal with 266-MHz

frequency under different VDDIO supply voltage, and Table 2.18-19 list the duty cycle under

different simulation conditions. Since the |Vgs| of the transistor MN shown in Fig. 2.20 vary

from 1.62V to 3.6V, the range of duty cycle in Table 2.18 and 3.19 are 45.72% ~ 56.65% and

44.85% ~ 61.79%, respectively.

2.7 PULL-UP/PULL-DOWN NETWORK

In this thesis, the pull-up and pull-down resistances are formed with a PMOS and NMOS
operating in linear region, respectively. Besides, in order to prevent ESD stress, two 36k-Q
resistances are placed individually between the 1/O PAD and the drain terminal of
PMOS/NMOS as shown in Fig. 2.25. To avoid an undesired leakage current, the control
signal PU (VSS-to-VDD) is shifted to high voltage level (VSSIO-toVDDIO) by level shifter

mentioned in section 2.4 to turn the PMOS (MP1) off completely.

Since the equivalent resistance of the PMOS/NMOS (MP1/MN1) operating in linear
region is nonlinear resistance, the rise/fall time of pull-up/pull-down network is near to that

with the pull-up/pull-down resistances of design specification to determine the MP1/MN1
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sizes. As shown in Fig. 2.26, to determine the size of the pull-up MOS (MP1), the gate
terminals of MP1 and MNZ1 are biased at OV to turn on the MP1 and turn off the MN1,
respectively. Under the same additional load capacitance (Cjoaq) Of 12pF, MP1 and the 36k-Q
series resistance are replaced by an ideal resistance (Rpy) of 37kQ. In order to make that these
two simulated circuit have similar rise time, the device size of MP1 can be optimized with the
typical simulation case and 2.5-V VDDIO. Therefore, the device size of MP1 can be
determined and the corresponding ideal resistance can be defined as the equivalent pull-up
resistance (Rpy) in simulated circuit, simultaneously. Similarly, the dimension of pull-down
MOS (MN1) is determined as shown in Fig. 2.27. Hence, the size of MN1 can be determined
and the corresponding ideal resistance is defined as the equivalent pull-down resistance (Rpp)

in simulated circuit, simultaneously.

After determination of the MP1/MNL1 size, Fig. 2.28 shows the simulation setup of the
equivalent pull-up/pull-down resistances (Rpu/Rpp) in simulated circuits with different
simulated conditions and load capacitance of 12pF. The Rpy/Rpp is modified to obtain the
same rise/fall time of the pull-up/pull-down network. The simulation results are listed in Table

2.23 and Table 2.24. The variation of pull-up/pull-down resistance is listed in Table 2.25.

2.8 SLEW-RATE CONTROL

2.8.1 Introduction

Signal and power integrity are crucial issues 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. Output buffers provide an interface for driving

mainly capacitive and inductive external loads. The capacitive load typically consists of the
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bonding wire, the pin, the conductors on the PCB and the input capacitances of connected
gates. The inductive load usually comprises the package parasitic series inductances of the
power and ground lines supplying the output buffer, connected to the external power and
ground rails on the PCB. A major component of the circuit noise is the inductive noise.
Ground bounce, also known as simultaneous switching noise (SSN) or delta-1 noise, is a
voltage glitch induced at power/ground (P/G) distribution connections due to switching
currents passing through either wire/substrate 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=— 3
™ 3

In the output buffer design, the transistors sizing is imposed by DC interfacing

constraints. This leads to several problems [11]:

® Unacceptable high current peaks which occur with the simultaneous switching of

many output buffers;

® Inductive power supply noise which results in large voltage drops;

® Electromagnetic interference (EMI) due to high output edge switching rates.

The results noise voltage can potentially cause spurious transitions at 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. Besides, the effect of ground bounce in output buffer can be simply modeled

as an inductor shown in Fig. 2.29 [12].
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2.8.2 Concept of Slew-rate Control

To solve these problems, a reduction of the slew rate in the output edges is preferred as
far as the speed specification is satisfied [13]. A simple approach is to slow down the turn-on
time of the output switching transistor through an access resistor to the transistor gate.
Furthermore, the output driver can be divided into several parallel output drivers for ground
bounce reduction and slew-rate control. An output buffer with slew-rate control, which is a
three-step slew-rate control circuit, is shown in Fig. 2.30 [14]. The parallel output transistors
of slew-rate controlled output buffer turn on progressive through delay elements implemented
by resistors or transmission gates. This helps reduce the slew rate of output buffer and the
ground/power bounce. However, the output transistors turn off step by step as output

transistors turn on.

2.8.3 Design of Slew-rate Control

Fig. 2.31 shows the output driver of configurable 1/0 cell with slew-rate control to
reduce ground/power bounce. The delay elements are implemented by transmission gate
(MDN/MDP). The original MN1/MP1 (multiple=4) shown in Fig. 2.1 are divided into
MN10/MP10 (m=2) and MN11/MP11 (m=2). The original MN2/MP2 (m=7) are divided into
MN20/MP20 (m=2), MN21/MP21 (m=2), and MN22/MP22 (m=3). In order to reduce
short-circuit current simultaneously, the gate-controlled signals of output NMOS have to be
designed with longer rise times and shorter fall times. Thus, larger NMOS width and smaller
PMOS width of transmission gates DN1 and DN2 are needed. On the contrary, larger PMOS

width and smaller NMOS width of transmission gates DP1 and DP2 are needed.

The gate-controlled signals of output driver with slew-rate control are simulated as

shown in Fig. 2.32, and the corresponding switching current on power and ground lines are
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shown in Fig. 2.33. As a result, the ground bounce effects of output driver with slew-rate
control were improved obviously. Fig. 2.34 shows the output waveforms of the configurable
1/0 cell with different VDDIO supply voltages. The rise times and fall times of output driver
with slew-rate control are longer than those of output driver without slew-rate control. Table
2.23 and Table 2.24 list the simulation results of maximum switching current reduction on

VDDIO and VSSIO power lines, respectively.
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Tabel 2.1

Pin description.

Input Control Pins Description
SCH Schmitt-trigger enable
PU Pull up enable
PD Pull down enable
S0, S1, S2 Driving select
I Data input
PAD Bidirectional pin
C Pin to internal circuit
Tabel 2.2

Configurable 1/O cell with different output driving.

) Control Pins . .
Operating Mode Output Driving Input Function
S2|S1|S0|SCH
Receive 0|00 1 Schmitt-trigger input
(PAD — C) 0|00 0 Normal input
001 X 2mA
01,0 X 8mA
_ 0|11 X 10mA
Transmit
1,01]0 X 14mA
(I -» PAD)
1 (0|1 X 16mA
1 (10 X 22mA
1 (11 X 24mA
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State of 1/0 PAD in configurable I/O cell with different input signal.

Tabel 2.3

Input Output
S2|S1|SO|1|PU|PD| PAD PAD
0, 0j0|x| 0] O High-Z
0O/ 0[0|x|1]O0 Pull-up
0|00 |x| 0] 1 |Noinput|Pull-down

1| x | X 1

Else
O x | x 0

YR

Chapter 2



Tabel 2.4

DC specification of configurable 1/0 cell in 2.5-V VDDIO supply voltage.

Chapter 2

Symbol Parameter Condition Min. Nom. Max.
VDD Core power supply 0.9V 1.0V 1.1v
VDDIO I/O output driver power supply 2.5-V 1/0 2.25V 2.5V 2.75V
T, Junction temperature 0°C 25°C | 125°C
Vi Input low voltage 0.7v
V4 Input high voltage 1.8V
Schmitt-trigger low to high
Vs _ 151V | 163V | 1.76V
threshold point
Schmitt-trigger high to low
V1. : 0.76Vv | 0.83v | 0.92v
threshold point
I Input leakage current Vi=VDDIO +10pA
I P J or OV St
Iz Output Tri-state leakage current +10pA
Rpu Pull-up resistor 27kQ 37kQ 49kQ
Rep Pull-down resistor 24kQ 37kQ 60kQ
VoL Output low voltage loL = 2-24mA 0.4V
VoH Output high voltage lon =2-24mA | 1.85V
2mA 2.34mA | 4.06mA | 5.31mA
8mA 9.41mA | 16.3mA | 21.2mA
10mA 11.7mA | 20.3mA | 26.5mA
Low level output current
loL 14mA 16.5mA | 28.5mA | 37.2mA
@ VoL =0.4V
16mA 18.8mA | 32.6mA | 42.5mA
22mA 25.9mA | 44.7mA | 58.4mA
24mA 28.2mA | 48.8mA | 63.7mA
2mA 2.20mA | 4.93mA | 8.23mA
8mA 8.94mA | 19.8mA | 33.0mA
10mA 11.0mA | 24.7mA | 41.2mA
Low level output current
lon 14mA 15.5mA | 34.7mA | 57.8mA
@VOH:1.85V
16mA 17.7mA | 39.6mA | 66.0mA
22mA 24.3mA | 54.4mA | 90.8mA
24mA 26.5mA | 59.4mA | 99.0mA
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DC specification of configurable 1/0 cell in 1.8-V VDDIO supply voltage.

Chapter 2

Symbol Parameter Condition Min. Nom. Max.
VDD Core power supply 0.9V 1.0V 1.1v
VDDIO I/O output driver power supply 1.8-V 1/0 1.62V 1.8V 1.98V
T, Junction temperature 0°C 25°C | 125°C
Vi Input low voltage 0.5V
V4 Input high voltage 1.5V
Schmitt-trigger low to high
Vs _ 1.21V | 134V | 1.46V
threshold point
Schmitt-trigger high to low
V1. : 0.56V | 0.59Vv | 0.65V
threshold point
I Input leakage current Vi=VDDIO +10pA
I P J or OV St
Iz Output Tri-state leakage current +10pA
Rpu Pull-up resistor 32kQ 47kQ 69kQ
Rep Pull-down resistor 20kQ 29kQ 46kQ
VoL Output low voltage loL = 2-24mA 0.4V
VoH Output high voltage lon =2-24mA | 1.22V
2mA 1.58mA | 2.93mA | 4.12mA
8mA 6.34mA | 11.7mA | 16.4mA
10mA 7.92mA | 14.7mA | 20.6mA
Low level output current
loL 14mA 11.1mA | 20.6mA | 28.9mA
@ VoL =0.4V
16mA 12.7mA | 23.5mA | 33.0mA
22mA 17.5mA | 32.3mA | 45.4mA
24mA 19.0mA | 35.2mA | 49.5mA
2mA 1.46mA | 3.06mA | 5.08mA
8mA 5.89mA | 12.3mA | 20.4mA
10mA 7.35mA | 15.4mA | 25.4mA
Low level output current
lon 14mA 10.3mA | 21.6mA | 35.6mA
@ VOH =1.22V
16mA 11.8mA | 24.6mA | 40.7mA
22mA 16.2mA | 33.9mA | 56.0mA
24mA 17.7mA | 37.0mA | 61.1mA
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Tabel 2.6

DC specification of configurable 1/0 cell in 3.3-V VDDIO supply voltage.

Symbol Parameter Condition Min. Nom. Max.
VDD Core power supply 0.9V 1.0V 1.1v
VDDIO I/O output driver power supply 3.3-V1/O 3.0V 3.3V 3.6V
T, Junction temperature 0°C 25°C | 125°C
Vi Input low voltage 0.9v
V4 Input high voltage 2.2V
Schmitt-trigger low to high
Vs ) 1.78V | 193V | 2.07V
threshold point
Schmitt-trigger high to low
V1. i 1.05v | 1.13v | 1.23V
threshold point
V,=VDDIO or
Iin Input leakage current +10pA
ov
Iz Output Tri-state leakage current +10pA
Rpu Pull-up resistor 25kQ 32kQ 40kQ
Rep Pull-down resistor 28kQ 45kQ 75kQ
VoL Output low voltage loL = 2-24mA 0.4v
VoH Output high voltage lon = 2-24mA 2.6V
2mA 2.91mA | 4.06mA | 5.31mA
8mA 11.7mA | 16.3mA | 21.2mA
10mA 14.6mA | 20.3mA | 26.5mA
Low level output current
loL 14mA 20.4mA | 28.5mA | 37.2mA
@ VoL =0.4V
16mA 23.3mA | 32.5mA | 42.5mA
22mA 21.0mA | 44.7mA | 58.4mA
24mA 35.0mA | 48.8mA | 63.7mA
2mA 2.81mA | 6.55mA | 11.0mA
8mA 11.2mA | 26.3mA | 44.0mA
10mA 14.1mA | 32.8mA | 55.0mA
Low level output current
lo 14mA 19.8mA | 46.0mA | 77.0mA
@VOH:2.6V
16mA 22.6mA | 52.6mA | 88.0mA
22mA 31.0mA | 72.3mA | 121mA
24mA 33.8mA | 78.9mA | 132mA
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Tabel 2.7

Simulation Environment

Simulation Case | Corner | Temperature (°C) | VDD (V)
Best FF 0 11
Typical TT 25 1.0
Pseudo Worst TT 85 1.0
Worst SS 125 0.9
Tabel 2.8

Simulation results of pull low driving current (lo.) of output NMOS

in different simulation conditions.

loL

Simulation Case VDDIO loL (NMOS
finger = 12)
3.6V . 5.5864mA 67.0370mA
(= typical
Best 2.75V 5.1711mA 62.0533mA
VDDIO x 1.1)
1.98V 4.0480mA 48.5758mA
3.3V 4.5462mA 54.5539mA
Typical 2.5V 3.9819mA 47.7830mA
1.8V 2.8925mA 34.7096mA
3V . 2.8530mA 34.2365mA
(= typical
Worst 2.25V 2.3220mA 27.8638mMA
VDDIO x 0.9)
1.62V 1.5672mA 18.8059mA
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Chapter 2

lon and duty cycle comparison between two methods of MPO design.

Method Device Width " VOHIO:H1.85V Duty Cycle
1 PMOS 45.4um 2.3241mA 51.73%
1 PMOS m=12 | 544.8um 27.8890mA 50.27%
2 PMOS 42um 2.1472mA 50.7%
2 PMOS m=12 | 504um 25.7661mA 50.15%
Tabel 2.10

Simulation results of high level output current (lon) of output PMOS designed

with the second method in different simulation environments.

: : lon (MA)
Simulation
Cas VDDIO Vou | lon(mMA) (PMOS
finger = 12)
3.6V 2.6V | 10.8172 129.8059
(= typical
Best 2.75V 1.85V | 8.1205 97.4457
VDDIO x 1.1)
1.98V 1.22V | 5.0575 60.6901
3.3V 2.6V 6.4671 77.6052
Typical 2.5V 1.85V | 4.8521 58.2257
1.8V 1.22V | 3.0462 36.5542
3V 2.6V 2.7828 33.3941
Worst 2.25V (= typical 1.85V | 2.1472 25.7661
: VDDIO x 0.9) |~ : :
1.62V 1.22V | 1.4484 17.3810
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Duty cycle in different simulation environment.

Chapter 2

Simulation Case
VDDIO (V) .
Best Typical Pseudo Worst Worst
3.6 50.41% 50.50% 50.76% 51.17%
3.3 50.37% 50.42% 50.68% 51.07%
3.0 50.31% 50.34% 50.61% 50.95%
2.75 50.28% 50.28% 50.52% 50.89%
2.5 50.22% 50.20% 50.44% 50.86%
2.25 50.13% 50.16% 50.42% 50.79%
1.98 50.13% 50.14% 50.38% 50.78%
1.8 50.11% 50.09% 50.41% 50.80%
1.62 50.13% 50.11% 50.46% 50.88%

The range of duty cycle is 50.13% ~ ~51.17%.

Tabel 2.12

Simulation results of duty cycle

in different output MOS fingers and operating frequencies with 2.5-V VDDIO voltage supply.

Finger Number 1 4 5 7 8 11 12
Driving
Current | 2mA 8mA 10mA 14mA 16mA 22mA 24mA
Frequency
50 MHz 50.42% | 50.15% | 50.13% | 50.11% | 50.11% | 50.09% | 50.08%
66 MHz 50.47% | 50.20% | 50.18% | 50.14% | 50.14% | 50.11% | 50.11%
133 MHz * 50.41% | 50.36% | 50.30% | 50.28% | 50.23% | 50.22%
266 MHz * * 50.63% | 50.58% | 50.56% | 50.45% | 50.44%

(1) * Do not meet the design specification. (2) The range of duty cycle is 50.08% ~ ~50.63%.
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Simulation results of duty cycle

Chapter 2

in different output MOS fingers and operating frequencies with 1.8-V VDDIO voltage supply.

Finger Number 1 4 5 7 8 11 12
Driving
Current | 2mA 8mA 10mA 14mA 16mA 22mA 24mA
Frequency
50 MHz 50.23% | 50.14% | 50.13% | 50.11% | 50.11% | 50.11% | 50.10%
66 MHz * 50.19% | 50.17% | 50.15% | 50.14% | 50.13% | 50.13%
133 MHz * 50.36% | 50.34% | 50.30% | 50.29% | 50.26% | 50.26%
266 MHz * * * 50.49% | 50.52% | 50.50% | 50.51%

(1) * Do not meet the design specification. (2) The range of duty cycle is 50.1% ~ ~50.51%.

Tabel 2.14

Simulation results for duty cycle

in different output MOS fingers and operating frequencies with 3.3-V VDDIO voltage supply.

Finger Number 1 4 5 7 8 11 12
Driving
Current | 2mA 8mA 10mA 14mA 16mA 22mA 24mA
Frequency
50 MHz 50.96% | 50.29% | 50.25% | 50.19% | 50.18% | 50.15% | 50.14%
66 MHz 51.27% | 50.39% | 50.33% [ 50.26% | 50.24% | 50.20% | 50.18%
133 MHz * 50.78% | 50.66% | 50.52% | 50.47% | 50.39% | 50.36%
266 MHz * 51.51% | 51.30% | 51.03% | 50.95% | 50.78% | 50.73%

(1) * Do not meet the design specification. (2) The range of duty cycle is 50.14% ~ 51.51%.
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Truth table of pre-driver.

Chapter 2

Gate-controlled Signal PMOS ) NMOS .
Gate-controlled Signal | Gate-controlled Signal
S2 S1 SO P2 P1 PO N2 N1 NO
0 0 0 X 1 1 1 0 0 0
0 0 1 1 1 1 0 0 0 0
0 0 1 0 1 1 1 0 0 1
0 1 0 1 1 0 1 0 0 0
0 1 0 0 1 1 1 0 1 0
0 1 1 1 1 0 0 0 0 0
0 1 1 0 1 1 1 0 1 1
1 0 0 i 0 1 1 0 0 0
1 0 0 0 1 1 1 1 0 0
1 0 1 13 0 1 0 0 0 0
1 0 1 0 iy 1 1 1 0 1
1 1 0 1 0 0 1 0 0 0
1 1 0 0 1 1 1 1 1 0
1 1 1 1 0 0 0 0 0 0
1 1 1 0 1 1 1 1 1 1
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Tabel 2.16

Duty cycle simulations under different VDDIO voltage supply

Chapter 2

with input signal Vi, = 0 ~ VDDIO, T, = T = 0.1ns, pulse width=1.875ns, period = 3.75ns,

frequency = 266MHz, and C,pq = 20fF

Simulation Case
VDDIO (V) .

Best Typical Pseudo Worst Worst
3.6 51.2% 51.6% 51.6% 52.3%
3.3 51.2% 51.5% 51.6% 52.1%
3.0 51.3% 51.6% 51.7% 52.0%
2.75 51.5% 51.7% 51.9% 52.2%
2.5 51.6% 52.0% 52.1% 52.5%
2.25 51.9% 52.3% 52.5% 53.1%
1.98 52.2% 52.8% 53.0% 53.9%
1.8 52.5% 53.3% 53.5% 54.6%
1.62 52.9% 53.9% 54.2% 54.6%

*The range of duty cycle is 51.2% ~ 54.6%.

Tabel 2.17

Threshold voltages of schmitt-trigger under different simulation conditions.

Input Signal of SCHa SCH=1 SCH=0
VDDIO Supply Voltage | 3.3V | 25V | 1.8V | 3.3V | 25V | 1.8V | 3.3V | 25V | 1.8V
Threshold Voltages
Vi (V) V1. (V) V1h (V)
Simulation condition
Best Case 2.065 | 1.755 | 1.455 | 1.225 | 0.915 | 0.645 | 1.91 | 1.366 | 0.955
Typical Case 1.925|1.625 | 1.335 | 1.125 | 0.825 | 0.585 | 1.723 | 1.235 | 0.876
Pseudo Worst Case 1.905 | 1.625 | 1.335 | 1.135 | 0.835 | 0.605 | 1.735 | 1.245 | 0.885
Worst Cast 1.775 | 1.505 | 1.205 | 1.045 | 0.755 | 0.555 | 1.568 | 1.128 | 0.815
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Tabel 2.18
Duty Cycle of schmitt-trigger input stage
under different simulation conditions with input signal Vpap = 0 ~VDDIO, T, = T; = 0.1ns,

pulse width=1.875ns, period = 3.75ns, frequency = 266MHz, and Cjaq = 0.1pF

Simulation Case
VDDIO (V) .
Best Typical Pseudo Worst Worst
3.6 48.04% 46.91% 47.21% 45.72%
3.3 48.44% 47.42% 47.72% 46.42%
3.0 48.84% 47.97% 48.37% 47.11%
2.75 49.29% 48.46% 48.95% 47.87%
2.5 49.83% 48.92% 49.55% 48.92%
2.25 50.45% 49.89% 50.60% 50.21%
1.98 51.44% 51.14% 52.03% 52.10%
1.8 52.30% 52.32% 53.28% 53.79%
1.62 53.57% 54.16% 55.13% 56.65%
Tabel 2.19

Duty Cycle of normal input stage
under different simulation conditions with input signal Vpap = 0 ~VDDIO, T, = T; = 0.1ns,

pulse width=1.875ns, period = 3.75ns, frequency = 266MHz, and Cpyq = 0.1pF

Simulation Case
VDDIO (V) :
Best Typical Pseudo Worst Worst
3.6 47.53% 46.27% 46.54% 44.85%
&8 47.96% 46.81% 47.13% 45.67%
3.0 48.57% 47.48% 47.91% 46.69%
2.75 49.15% 48.23% 48.75% 47.80%
2.5 49.88% 49.20% 49.81% 49.21%
2.25 50.87% 50.50% 51.20% 51.14%
1.98 52.35% 52.45% 53.34% 54.22%
1.8 53.72% 54.32% 55.33% 57.26%
1.62 55.53% 56.92% 58.14% 61.79%
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Tabel 2.20

Equivalent pull-up resistance (Rpy) in simulated circuit under different simulation conditions.

Simulation VDDIO (V)

Case 36 | 33 | 30 | 275 | 25 | 225 | 1.98 | 1.8 | 162
Best 25kQ) | 25k | 26kQ | 27kQ | 28k | 30kQ | 32kQ | 35k | 38kQ
Typical 28KQ) | 29K | 30kQ | 32kQ) | 33k | 36kQ | 39KQ | 43k | 47kQ

Pseudo Worst | 30kQ | 32kQ | 33kQ | 35kQ | 37kQ | 40kQY | 44kQ) | 4Tk | 53k

Worst 36kQ | 38k | 40kQ | 42kQ) | 45kQ | 49KkQ) | 56kQ | 61kQ | 69kQ

Tabel 2.21

Equivalent pull-down resistance (Rpp) in simulated circuit under different simulation

conditions.
Simulation VDDIO (V)
Case 3.6 3.3 3.0 2.75 2.5 2.25 1.98 1.8 1.62
Best 32k | 30k | 28kQY | 27kQ | 25kQy | 24kQ) | 22kQ) | 21kQY | 20kQ
Typical 47k | 44kQ) | 41kQY | 38kQ | 35kQ | 33k | 30k | 28kQY | 27kQ
Pseudo Worst | 49kQ | 45kQ) | 42kQ | 39kQ | 37kQ | 34kQ | 31kQ | 29k | 28kQ
Worst 75kQ | 69k | 64kQY | 60kQY | 55kQ | 50kQ | 46kQ) | 43k | 40kQ
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Tabel 2.22

Variation of pull-up/pull-down resistance

VDDIO (V) Rey Rep
(0.9xVDDIO~1.1xVDDIO) | Min. | Typ. | Max. | Min. | Typ. | Max.
3.3(3~3.6) 25kQ2 | 32k | 40kQY | 28KkQ | 45kQ | 75kQ
2.5(2.25 ~ 2.75) 27kQ | 37kQY | 49kQ | 24kQ2 | 37kQ | 60kQ2
1.8 (1.62 ~1.98) 32kQ | 47kQY | 69kQY | 20kQ2 | 29kQY | 46kQ2
Tabel 2.23

Reduction of the maximum switching current on VDDIO power line

under different simulation conditions.

Simulation Case
VDDIO (V) :

Best Typical Pseudo Worst Worst
3.6 14.5% 17.1% 17.2% 18.8%
3.3 16.7% 18.4% 18.7% 20.0%
3.0 17.8% 19.5% 20.5% 22.0%
2.75 20.5% 21.9% 21.8% 23.5%
2.5 22.0% 23.8% 23.3% 24.8%
2.25 25.1% 25.6% 25.4% 26.8%
1.98 26.6% 29.3% 27.4% 29.4%
1.8 29.6% 32.2% 29.4% 31.2%
1.62 30.7% 33.4% 31.2% 33.3%
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Tabel 2.24
Reduction of the maximum switching current on VSSIO ground line

under different simulation conditions.

Simulation Case
VDDIO (V) :

Best Typical Pseudo Worst Worst
3.6 11.2% 12.4% 13.8% 16.2%
3.3 12.5% 14.2% 14.6% 17.7%
3.0 15.0% 16.3% 16.0% 19.2%
2.75 16.7% 17.8% 17.9% 21.0%
2.5 18.5% 20.5% 20.1% 22.8%
2.25 20.6% 23.1% 22.6% 25.8%
1.98 24.1% 27.7% 25.7% 29.3%
1.8 26.7% 31.1% 28.7% 33.0%
1.62 30.1% 35.5% 32.6% 37.7%
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Fig. 2.1 Block diagram of 90-nm 1.0-V/2.5-V configurable 1/0 cell.

VPA[) = VQL = 04\’ ID, max [f-----=--ss=ssss-sss------oo=

B

l[rzl &"

E oL beeee- :

[=] .
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Fig. 2.2 llustration of pull low driving current (Io.) with (a) terminal condition and (b) I-V

curve of output NMOS.
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Fig. 2.3 Illustration of Pull high driving current (lon) with (a) terminal condition,

(b) 1-V curve of output PMOS and (c) corresponding Voy in different VDDIO voltage supply.

0 04 1 2 225
Veap (V)

Fig. 2.4 Simulated result of single-finger output NMOS.
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Fig. 2.5 The first method for designing single-finger output PMOS MPO.
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Fig. 2.6 Simulated results for single-finger output PMOS MPO with the channel width of

45.4pm.
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Fig. 2.7 The second method for designing single-finger output PMOS.
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Too small PMOS size The exact PMOS Too big PMOS size
make the duty cycle < — — - size make the — — =P make the duty cycle
<50 % duty cycle =50 % >50 %
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I I
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Fig. 2.8 Relation between PMOS Size and Duty Cycle.
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Fig. 2.9 Simulated waveform for determining size of single-finger output PMOS MPO.
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Fig. 2.10 The inverter with short-circuit reduction for (a) output NMOS and (b) output

PMOS.
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Fig. 2.11 Simulation setup of short-circuit current reduction.
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Fig. 2.12 Simulation results of short-circuit current reduction with the pseudo worst
simulation case (85°C, TT corner), Vi, = 0 ~ VDDIO, T, = T; = 0.1ns, Frequency = 266MHz,

and Cieaq = 12pF, (a) 1.8-V VDDIO, (b) 2.5-V VDDIO, and (c) 3.3-V VDDIO.
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Fig. 2.13 Logic diagram of pre-driver.

VDD VDD
=N
MP2 MP3
M D Px
€ |
VDD :i II_)
MP1 MN3
Sx D— Sxb \ O Nx
ws L —5
MN1 MN2
VSS VSS

1.0V NMOS 1.0V PMOS

o

Fig. 2.14 Circuit implementation of pre-driver.
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Fig. 2.15 Simulation waveforms of pre-driver with the pseudo worst case (85°C, TT corner),
Cioad = 0.9fF, (a) 266-MHz input signal V,, 133-MHz input signal Vs, (b) 133-MHz input

signal V,, 266-MHz input signal Vs, and (c) 266-MHz input signals V, and Vsy.
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Fig. 2.16 Circuit diagram of level shifter.
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Fig. 2.17 Simulation waveforms of level shifter circuit with the pseudo worst case (85°C, TT),

1.0-V VDD, 2.5-V VDDIO, and Ceq = 20fF.

-44 -



Chapter 2

\ -

N

pe— Vouf-t--

— I
S . '
@ L AT e ~7| Input Signal:
g’ ______________ $od | V=01V
b — i T,=T¢= 0.1ns
g : Pulse Width = 1.875ns
T S "" | Period = 3.75ns
N | lt, _______________________ %____ _| Frequency =266MHz
i l‘ l\ s ¥ ____I
0 1 2 3 4 5 6 7 8
Time (ns)

Fig. 2.18 Simulation waveforms of level shifter circuit operating in different VDDIO voltage

supply with the pseudo worst case (85°C/TT), 1.0-V VDD, and Cpaq = 20fF.
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Fig. 2.19 Circuit diagram of schmitt-trigger with an enable signal (SCH).
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Fig. 2.20 Circuit diagram of input stage.
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Fig. 2.21 \oltage transform curve (VTC) of input stage with (a) SCH = 1 and (b) SCH = 0.
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Input Signal:

Vpap = 0~ VDDIO
T,=T¢= 0.1ns

Pulse Width = 1.875ns
Period = 3.75ns
Frequency =266MHz

Input Signal:

Vpup = ¢~ VDDIO
T,=Tg=0.1ns

Pulse Width = 1.875ns
Period = 3.75ns
Frequency =266MHz

Fig. 2.22 Simulation waveforms of (a) schmitt-trigger input stage (SCH = 1) and (b) normal

input stage (SCH = 0) with the pseudo worst case, Cisag = 0.1pF, 1.0-V VDD, and 1.8-V

VDDIO.
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Input Signal:

Vesp = 0~ VDDIO
T,=T¢=0.1ns

Pulse Width = 1.875ns
Period =3.75ns
Frequency =266MHz

Input Signal:

m Vean V=0~ VDDIO

T,=T;= 0.1ns

Pulse Width = 1.875ns
Period =3.75ns
Frequency =266NHz

Fig. 2.23 Simulation waveforms of (a) schmitt-trigger input stage (SCH = 1) and (b) normal

input stage (SCH = 0) with the pseudo worst case (85°C/TT), Cload = 0.1pF, 1.0-V VDD, and

2.5-V VDDIO.
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Input Signal:

Vpip = 0~ VDDIO
T,=T;=0.1ns

Pulse Width = 1.875ns
Period = 3.75ns
Frequency =266NMHz

InputSignal:

Vpap = 0~ VDDIO
T,=Tg= 0.1ns

Pulse Width = 1.875ns
Period =3.75ns
Frequency =266MHz

Fig. 2.24 Simulation waveforms of (a) schmitt-trigger input stage (SCH = 1) and (b) normal

input stage (SCH = 0) with the pseudo worst case (85°C/TT), Cioad = 0.1pF, 1.0-V VDD, and

3.3-V VDDIO.
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Fig. 2.25 Circuit implementation of pull-up and pull-down network.
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Fig. 2.26 Determination of pull-up MOS (MP1) size; (a) simulated method, and (b) simulated

result.

_49-



Chapter 2

SPeciﬁcation Simulated Circuit
VDDIO  pj1.yp Network ~ _Pull-Up Network
—_——_—— - ~
|/ VDDIO ) VDDIO )
| |
| |
|
: MP1 | MP1 I
I S 36ka : R 36k )I 2
) B . Y
b= ¥ yssio Design to have —_——— \VSSIO
----------------------- X PAD3 the same fall time — X PAD4
i R
] ———— /= 36 kQ |
] ! ' VDDIO |
| SRp =37k | [ |
VNt ———— - ! |
g |
; —
Pull-Down Resistance Pl Dowis Network
VSSIO
(@)
2.5
-=%-==== VDDIO x 90%
2 1 i
s LN\ |
() s i
Q | PAD4
S 1] §
5 PAD3 \
> :
0.5 1 !
T weec_VDDIO x 10%
0 ! :

0 0.5

2
Time (us)

(b)

1 1.5

2.5 3

3.5

Fig. 2.27 Determination of pull-down MOS (MN1) size; (a) simulated method, and (b)

simulated result.
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Fig. 2.28 Simulation setup of equivalent (a) pull-up resistance and (b) pull-down resistance in

pull-up/pull-down network.
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Fig. 2.30 Output buffer with slew-rate control.
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Design of ESD Protection Circuits

3.1 INTRODUCTION

To provide efficient ESD protection for CMOS ICs, the on-chip ESD protection circuits
have to be designed and placed around the input, output, and power pads. In Fig. 3.1, the
PMOS and NMOS are used as on-chip ESD protection devices for input and output pads.
ESD current at the I/O pad under the PS-mode ESD stress can be discharged through the
parasitic diode of PMOS from 1/0O pad to VDD, and then through the VDD-to-VSS ESD
clamp circuit to ground. However, due to the parasitic resistance and capacitance exist the
VDD and VSS power lines, the efficiency of ESD protection is dependent on the pin location
in a chip. To quickly bypass the ESD current during ESD-stress condition, the efficient
VDD-to-VSS ESD clamp circuits are repeatedly inserted between VDD and VSS power lines
in the appropriate distance to provide a low-impedance path between the VDD and VSS
power lines [10].

Therefore, this 90-nm 1.0-V/2.5-V 1/O cell library provides not only configurable 1/0
cells (UCIOS, UCIONS, and UINPUT), but also has power/ground cells (UVDD25, UVSS25,
UVDD10, and UVSS10), analog I/0O cells (UAIO25 and UAIO10), and power break cell

(UPBREAK). The circuit design concepts of these cells are investigated in followings.
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3.2 POWER/GROUND CELLS

As listed in Table 1.1, this 90-nm configurable /O cell library provides five
power/ground cells denoted as UVDD25, UVSS25, UVDD10, and UVSS10. UVDD25 and
UVSS25 cells are supply voltages of 1/O ring, and UVDD10 and UVSS10 cells are that of
pre-driver and core circuits. Fig. 3.2 shows the block diagram of the whole-chip ESD

protection circuit.

Power clamp ESD protection circuits should keep off and prevent the undesirable
leakage current or malfunction during normal circuit operating condition. Under ESD stress
condition, power clamp ESD protection circuits should be turned on quickly to provide
effective ESD protection for internal and 1/O circuits. Fig. 3.3 shows the circuit design of
UVDD25 and UVDD10 cells which are designed by gate-driven technique. The gate-driven
technique has been reported that it can effectively improve ESD reliability in submicron
CMOS technology [15]-[18]. MOS-based, RC-triggered power clamps use a large NMOS
drawn without consideration ESD rule (often referred to as a “BigFET”) to provide a low
impedance path for discharge current [19]-[21]. The advantage of using the BigFET device is
not needed to rely on junction avalanche breakdown phenomena and can thus be easily
simulated using SPICE at an early design stage, enabling circuit optimization while
maintaining technology independence [22]. To ensure that the ESD device is fully-on for the
duration of the ESD event, the RC timer needs to have a time constant greater than or equal to
the ESD pulse width — usually 1us is selected to allow for process variations. Fig. 3.4 shows
the simulated results of UVDD25 and UVSS25 cell under power-on condition and ESD stress
condition. Under the power-on condition, the point Vg maintains a ground voltage level. As
shown in Fig. 3.4(b), when the power VVDDIO is rising up to 5-V voltage, the point Vg is

pulled up to 5-V voltage closely. Hence, the large NMOS MNZ2 can be turn on to discharge the
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ESD current.

The circuit diagrams of UVSS25 and UVSS10 cells are shown in Fig. 3.5. These two
cells have a set of bidirectional diode to connect the VSS and VSSIO ground lines. Under the
normal circuit operating condition, UVSS25 and UVSS10 provide the ground voltage supply
for the VSSIO and the VSS ground lines, respectively. Thus, the noise of the VSSIO ground
line will not affect the VSS ground line. Under the ESD stress condition, the bidirectional

diode can provide paths between VSSIO and VSS ground lines to discharge the ESD current.

For layout consideration, a gate-couple technique is used in UVSS25 cell as shown in
Fig. 3.5(a). This technique has been reported to effectively improve ESD reliability in
submicron CMOS technology [15]-[16], [23]. The UVSS25 cell is designed with the NMOS
(MN1) drain snapback breakdown to discharge the ESD current. Note that the MN1 has to
draw with consideration of ESD rule in topological layout. Furthermore, the ESD protection
ability of using NMOS drain snapback breakdown is stronger than that of using BigFET, but
the trigger time of NMOS drain snapback breakdown is slower than the turn on time of
BigFET under ESD stress condition. Therefore, The UVSS25 cell is used as the secondary
protection to clamp ESD voltage between the VDDIO and VSSIO power lines. As shown in
Fig. 3.6, the point Vc is pulled up enough to trigger the MN1 drain snapback breakdown

under ESD stress condition.

The ESD protection element is implemented by STSCR (substrate-triggered
silicon-controlled rectifier) shown in Fig. 3.5(b), which has been reported to effectively
protect the thin gate oxide devices [24]. In the I/O cells, double guard rings have been often
inserted between input (or output) PMOS and NMOS devices to avoid the latchup issue [25].
The layout view and device structures of traditional 1/O cell are shown in Fig. 3.7(a) and (b),

respectively. However, the maximum supply voltage is only 1.0V in 90-nm CMOS
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technology with thin gate oxide of 22.5A . If the holding voltage of parasitic SCR device is
greater than the power supply voltage, latchup issue will not occur in such nanoscale CMOS
process. Therefore, the STSCR can be used as on-chip ESD protection device without latchup

concern in nanosacle CMOS process.

3.3 ANALOG I/O CELLS

As listed in Table 1.1, this configurable 1/O cell library provides two analog 1/O cells
(UAIO25 and UAIO10). Fig. 3.8 shows the circuit diagram of the UAIO25 and the UAIO10
cells. The UAIO25 cell is designed with a BigFET as ESD element, and the UAIO10 is
designed with a STSCR mentioned in section 3.2. The pins PADwiR or PADwoR are used to
connect the input or output end of core analog circuit. When the PS-mode ESD stress occurs
at 1/0 PAD, the ESD current can be discharge through the diode (D2) from 1/0 PAD to
VDDIO( or VDD), and then through the VDDIO-to-VSSIO (or VDD-to-VSS) power clamp
ESD protection circuit. When the ND-mode ESD stress occurs at 1/O PAD, the ESD current
can be discharge through the diode (D1) from 1/0 PAD to VSSIO (or VDD), and the through

the power clamp ESD protection circuit.

3.4 POWER BREAK CELL

To overcome the unexpected ESD damage located at the internal circuit, adding the
bi-directional diode between the separated power lines of the CMOS IC has been reported
[26]-[28]. The design of such bi-directional diode in this thesis is defined as UPBREAK cell

and shown in Fig. 3.9, where the bi-directional diodes are used to connect the
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VDD1/vDDIO1 and VDD2/VDDIOZ2, or the VSS1/VSSIO1 and VSS2/VSSI02, power lines
of the CMOS IC. The UPBREAK cell is designed to conduct the ESD current between the
separated power lines to avoid the ESD damage located at the internal circuits under the ESD
stress condition. When the IC is in the normal operating condition, the UPBEAK cell is

designed to block the noise between the separated power lines.
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Chapter 4
Physical Layout of Configurable 1/O Cell Library

4.1 CONFIGURABLE I/O CELLWITH SLEW-RATE CONTROL

Fig. 4.1 shows layout implementation of the configurable I/O with slew-rate control cell
(UCIOS) and the power line. The power line is drawn with from metal 4 (M4) to top metal
(M9). Fig. 4.2 shows the cross section view of bond pad which is used with BOAC (bond
over active circuit) structure. And the corresponding layer names are listed in Table 4.1.
Furthermore, the particular block layout views of the UCIOS cell are shown in Fig. 4.3. The
difference in physical layout between configurable 1/O without slew-rate control cell
(UCIONS) and with slew-rate control cell (UCIQS) is the drawing of slew-rate control. As
shown in Fig. 4.4, the drain and source terminals of transmission gates are all connected to
VSSIO. The gates of NMOS are connected to VSSIO through a resistance, and that of PMOS
are connected to VDDIO through a resistance. Thus, the function of the slew-rate control can

be turned off when the UCIONS is in normal operation.

4.2 POWER/GROUND CELLS AND ANALOG 1/0 CELLS

Fig. 4.5(a) shows the layout implement of the UVDD25 cell. In this layout view, only
layers below the layer via3 (including the layer via3) are shown, and the other layers not

shown are the routing of the power line. The cell width and hight are as same as the 1/0 cells.
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The layout structure of the UVDD10 cell is similar to the UVDD25 cell, and metal routing is
only different between two cells. Fig. 4.5(b) and (c) show the layout implements of the
UVSS25 and UVSS10 cells which are designed in gate-couple and STSCR technique,

respectively. The layout-top-views of the UAIO25 and UAIO10 cells are shown in Fig. 4.6.

Furthermore, the device layout of STSCR drawn in UVSS10 and UAIO10 cells is shown
in Fig. 4.7. The STSCR structure is formed with construction between P+ diffusion of Anode

and N+ diffusion of Cathode.

4.3 POWER BREAK CELL

Fig. 4.8 shows the layout of power break cell (UPBREAK). Its cell height is as same as
the 1/O cells, but the cell width is drawn with 43.97um. The power break cell is composed of

bidirectional diode to disconnect two groups of power lines.

4.4 FILLER AND CORNER CELLS

Fig. 4.9 shows the layout-top-view of the filler cells (UFeederXX). The filler cells are
used to fill the empty space between the 1/O cells. It would connect the power lines to provide
a continuous power supply. There are nine different sizes (0.1-um, 0.3-um, 0.5-um, 1-um,
2-um, 5-um, 10-um, 15-um, and 20-um) of the filler cells provided in the 1/0O cell library.
And Fig. 4.10 shows the layout-top-view of the corner cell (UCorner). It provides a

connection between the power and ground rails in die corner areas.
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Tabel 4.1

Layer name definition of bond pad.

Layer Name Description

Metal 9 Define 9th Cu metal

TMV_RDL (L1) | Define top-metal-and-Al-pad-contacts

AL_RDL (L2) Define Al pad

PASV_RDL (L3) Define Al pad window region

-69 -

Chapter 4



Pre-Driver,
1.0-V Device

Level Shifter,
Input Stage,

Pull-Up/Down MOS,
Slew-Rate Control

Output PMOS

Poly Resistance
between Pull-Up/Down
MOS and PAD

Output NMOS

VDD (M4 ~ M9)

VSS (M4 ~ M9)

VDDIO (M4 ~M8) —

VSS (M4 ~ M8)
VDD (M4 ~ M8)

VSSIO (M4 ~ M8)

Support Metal PAD
(M4~ M9)

VSS (M4 ~ M9)

Chapter 4

101.9 pm

(b)

(continue to next page, Fig. 4.1)

-70 -



&J—xm"wmv e

(©

Chapter 4

Fig. 4.1 (a) Layout implementations of configurable I/O with slew-rate control cell (UCIOS)

and power line. (a) Configurable 1/0 cell, (b) power line and (c) complete layout

implementation.
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Fig. 4.2 Cross section view of bond pad.
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Fig. 4.4 Slew-rate control circuit layout of configurable 1/0 without slew-rate control cell

(UCIONS).

(a) (b) (c)
Fig. 4.5 Layout-top-view of (a) UVDD?25, (b) UVSS25, and (c) UVSS10 cells.
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(@) (b)
Fig. 4.6 Layout-top-view of (a) UAIO25 and (c) UAIO10 cells.

Cathode

Fig. 4.7 Layout-top-view of STSCR drawn in UVDD10 and UAIO10 cells.
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Fig. 4.9 Layout-top-view of UFeeder0l, UFeeder03, UFeeder05, UFeederl, UFeeder2,

UFeeder5, UFeeder10, UFeeder15, and UFeeder20 cells.
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Fig. 4.10 Layout-top-view of corner cell (UCorner).
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Chapter 5
Test Chip Arrangement of Configurable 1/O Cell Library

5.1 VERIVICATION ON CONFIGURABLE I/0O CELL

The definitions of test circuits for function verification are listed in Table 5.1. The
function test circuit function 1 (TC_F1) is used to verify the pull-up/pull-down resistance. The
TC_F2 and TC_F3 are used to verify the threshold points of schmitt-trigger and driving
capability, respectively. The main unit of TC_F4 is the configurable 1/0O cell with slew-rate
control (UCIONS), and that of TC_F5 is with slew-rate control (UCIOS). The SSN and

propagation delay can be measured by these two test circuits.

511 Pull-Up/Pull-Down Resistance (TC_F1)

The test circuit of pull-up/pull-down resistance of configurable I/O cell is shown in Fig.
5.1. Five input cells (UINPUT) are placed between the input signal pins (la, Sa, PUa, PDa,
and SCHa) and control-signal pins (I, S2, S1, SO, PU, PD, and SCH) to enhance the ESD
robustness significantly. Fig. 5.2 depicts the input cell (UINPUT) defined as configurable 1/0
with slew-rate cell (UCIOS) biased all control-signal pins (I, S2, S1, SO, PU, PD, and SCH) at
OV. In Fig. 5.1, the control-signal pins S2, S1, and SO are connected commonly to become an
enable signal. The UCIOS cell will be in tri-state while the pin Sa receives a logic-0 signal
and in transmitting mode while the pin Sa receives a logic-1 signal. When PUa, PDa, and

SCHa are set to a high voltage level, the functions of pull-up, pull-down, and schmitt-trigger
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will be switched on, respectively. On the contrary, when PUa, PDa, and SCHa are set to a low
voltage level, the functions will be switched off. Note that the functions of pull-up and
pull-down should not be turned on at the same time, because it will make a short circuit in the

test circuit.

Fig. 5.3 shows the simulated waveforms of pull-up and pull-down resistance. In Fig.
5.3(a), the input signal Sa receives the input signal of 0-to-1.8V, 0-to-2.5V, and 0-to-3.3V
with the corresponding VDDIO supply voltages, respectively, and the input signal | receives a
DC signal of OV. The 1/0 PADa is biased at OV when the input signal Sa receives the logic
high level, and the configurable I/O (UCIQS) cell is in transmitting mode simultaneously.
When the input signal Sa receives a 0V signal to trigger the pull-up network, the UCIOS cell
is in tri-state causing the I/O PADa at logic high with a rise time (T,) of 1.03us closely.
Besides, in Fig. 5.3(b), the input signal Sa receives the same input signal waveform, but the
input signal 1 is biased at logic high level. When the input signal Sa receives the logic high
level, the UCIOS cell operates in transmitting mode so that the I/O PADa is biased at the
same voltage level as input signal Sa. While the input signal, Sa, receives a 0V input signal to
trigger the pull-down network, the UCIOS cell is in tri-state causing the I/O PADa at 0V with

a fall time (T¢) of 1.03us closely.

51.2 Schmitt-trigger Threshold Points (TC_F2)

To save layout area, the test circuit shown in Fig. 5.1 is used to measure not only
pull-up/pull-down resistance, but also low-to-high/high-to-low threshold voltages (V+./V+.) of
schmitt-trigger input stage in configurable I/O cell. The input signal pin SCHa is used to
control the function of schmitt-trigger switching on (off) with a high (low) level voltage. In
order to enhance ESD robustness, the output signal pin, C, of the configurable 1/0 cell

(UCIOS) is connected to the pin PADwoR of the analog for 1.0V 1/O cell (UAIO10), which
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not only can make a stronger capability of ESD protection, but also has a small parasitic

capacitance that will not affect pin C.

Fig. 5.4, Fig. 5.5, and Fig. 5.6 shows simulation results for voltage-transfer curve (VTC)
of configurable 1/0 cell under different VDDIO supply voltages. The waveforms of output
signal pin, C, is simulated while the 1/0 PADa is swept from logic low to high and then return
to its initial voltage level. According to the simulation waveforms shown in Fig. 5.4, Fig. 5.5,
and Fig. 5.6, the threshold voltages are listed in Table 5.1. The V1,,. is defined as the voltage
level of I/O PADa while the voltage level of C is VDD/2 with the function of schmitt-trigger
(SCHa = 1). The V4 is I/0O PADa transmitted from low to high, and the V. is that from high
to low. The Vry is defined as the voltage level of 1/0 PADa while the voltage level of C is

VDD/2 without the function of schmitt-trigger (SCHa = 0).

513 Driving Capability (TC_F3)

Test circuit for driving capability of configurable 1/0 cell is shown in Fig. 5.7. 1b, SOb,
S1b, and S2b are input signal pins. The pull-up, pull-down, and schmitt-trigger functions are
turned off in this test circuit. To save layout area, the control-signal pins I, SO, S1, and S2 are
connected to the points la_in, Sa_in, PUa_in, and PDa_in shown in Fig. 5.1. The input cells

(UINPUT) are used commonly in test circuits TC_F1 and TC_F3.

Table 5.3, Table 5.4, and Table 5.5 list the simulation results of driving capability in
different VDDIO supply voltages. In this simulation, the input signal S2b, S1b, and SOb are
changed from 001, 010, 011...... to 111 to transform driving current from 2mA, 8mA,
10mA...... to 24mA. While the input signal Ib receives logic low level, a sink current is
produced at I/O PADb. Furthermore, when the voltage at 1/O PADD is biased at Vo = 0.4V,

the sink current is defined as lo.. Oppositely, while 1b receives logic high level, the source
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current is produced at 1/O PADb. When the voltage at 1/0 PADb is biased at Voy =

VDDIOminy — 0.4V, the source current is defined as lop.

514 Simultaneous Switching Noise (SSN) and Propagation Delay (TC_F4 & TC_F5)

In actual application, when a lot of I/O cells are switched simultaneously with a joint set
of power cells, it will cause serious simultaneous switching noise (SSN). As a result, the
comparisons of SSN and delay time between configurable 1/0 cells with and without
slew-rate control (UCIOS and UCIOINS) have to be measured. From the measured results,
the ability of slew-rate control in SSN issue reduction can be verified. Fig. 5.8 shows the
method of SSN measurement, the noise on the power lines can be measured from pure
VDDIO and VSSIO cells while 17 cells switched simultaneously. The 1/0 pad name of pure

VDDIO and VSSIO cells are denoted VDDIOghip and VSSIO¢hip, respectively.

Since the delay time of single I/O cell is too short, it cannot be measured accurately.
Hence, the multiple-stage 1/O cells consisted of 1/O cell chain are also used to analyze the
delay of single-stage 1/O cell as shown in Fig. 5.9. There is no mechanism to turn on or off the
input stage of configurable 1/O cell. Thus, when these 1/0 cells is operating in transmitting
mode, the signal at the pin | (VSS-to-VDD) will be transmitted to 1/O PAD
(VSSIO-to-VDDIO) through the output stage. Then the signal will be transmitted to output
signal C (VSS-to-VDD) through the input stage. Besides, the output signal C of a
configurable 1/O cell is associated with the input signal | of the next configurable 1/O cell as
an input signal pin. Then, an I/O chain (17 1/O cells) can be constructed. Therefore, the data
of the PADN1/PADs1 will be transmitted to the PADN17/PADs17 through the I/O cell chain
progressively when these 1/0 cells are operating in transmitting mode. Moreover, an inverter
is inserted between the last configurable 1/0 cell and the first one to form a ring-oscillator.

Besides, all the control-signal pins, SCH, PD, and PU, of the configurable 1/0O cells in the

-80 -



Chapter 5
ring-oscillator are connected to 0-V voltage to switch off the functions of schmitt-trigger,
pull-up, and pull-down. And all the signal, S2, S1, and SO, are connected to input cells
individually and denoted the input signal pins as Sn2/Ss2, Sn1/Ssl, and Sn0/Ss0O, which
control the driving capability to change the oscillatory frequency. When the input signal
Sn2/Ss2, Snl/Ssl, and Sn0/SsO are received OV input signal simultaneously, the
ring-oscillator will be turned off and make no output signal at all the 1/0 PAD of configurable
I/0 cells. Thus, to measure the delay time from PADn1/PADs1 to PADn17/PADs17 can infer
the propagation delay of single 1/0 cell. Consequently, such test circuit show in Fig. 5.9 can

measure the SSN and the propagation delay.

In order to verify the reduction of ground bounce by slew-rate control, a model for
ground bounce effects is shown in Fig.5.10. The inductances of wire bonds vary from 3nH to
9nH in the simulation for pseudo worst case with 24mA driving capability and a load
capacitance of 12pF which can result in close results to actual conditions in this part. Since
the switching currents of configurable I/O cells in transmitting mode are much larger than that
in receiving mode, the ground bounce effects are simulated in transmitting mode for clear
illustration. The simulation waveforms of ground bounce effects on power lines are shown in

Fig. 5.11 and several parameters are defined as follows:

® VDDIO/VSSIO:: External power supply;

®  VDDIOchip max/VDDIOchip_min: maximon/minimum value of VDDIOghi, power line;

®  V/SSIOchip max/VSSIOchip_min: maximon/minimum value of VSSIOgip power ling;

®  AVvppiochip_over: OVershoot on VDDIOgi, power line (VDDIOchip max - VDDIOgys);

®  AVvppiochip_under: Undershoot on VDDIOghip power line (VDDIOgy: - VDDIOchip min);

®  AVyssiochip_over: OVershoot on VSSIOghip power line (VSSIOchip max = VSS1Oex);
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®  AVyssiochip_under: Undershoot on VSSIOgi, power line (VSSIOey: - VSSIOchip_min);

The AVvppiochip_under 2N AVyssiochip_over aMmONg 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 UCIOS cells (configurable 1/O with slew-rate control cells)
which are operated in transmitting mode with the additional parasitic inductances of 5nH and
a 2.5-V VDDIO voltage supply are shown in Fig. 5.12. The signal on 1/0 PADs1 has some
glitch due to the ground bounce effect. The simulation results with variation of wire bond
inductance on VDDIOgpi, and VSSIOgip, power lines are shown in Fig. 5.13, Fig. 5.14, and
Fig. 5.15. Since the current supplied from VDDgpip is much smaller than that from VDDIOgpip,
only ground bounce effect on VDDIOgip is shown. As shown in Fig. 5.13, Fig. 5.14, and
Fig.5.15, the configurable 1/0O cell with slew-rate control (UCIOS) improves the ground

bounce effects greatly.

Moreover, the simulation waveforms of configurable 1/0 cells without slew-rate control
(UCIONS) which are operated in transmitting mode with the additional parasitic inductances
of 5nH, 2.5-V VDDIO voltage supply, and 24-mA driving current are shown in Fig. 5.16. The

desired propagation delay of single /O cell can be estimated as following equation:

AT-DeIay(

INV)

Propagation delay of single 1/0 cell = 17

(4)

Where the AT is the time delay from the first 1/0 cell to the chosen 1/O cell, Delay (nv)is the
delay time of the inverter (INV). The simulated comparison between the propagation delays
of UCIONS and UCIQOS are listed in Table 5.6. As a result, the timing specifications of the

UCIOS are somewhat larger than those of the UCIONS.
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5.2 VERIFICATION ON THE ESD ROBUSTNESS OF EACH CELL

Fig. 5.17 depicts the testkeys for verifying the ESD robustness of power/ground cells.
Each power/ground cell is associated with a pure ground/power pad. Fig. 5.18 depicts the
testkeys of analog 1/0 cells. In order to test the ESD robustness on the diode and the power
clamp circuit of the analog 1/0 cell, the power and ground line are connected to pure power
and ground pad individually. Actually, the 1/0 pad of analog I/O cell may directly join the
gate terminal of MOS transistor, so the pin 1/0 pad with poly resistance, PADWIR, of the
analog 1/0 cells UAIO25 and UAIO10 are connected to the input end of 2.5-V and 1.0-V
inverters respectively as shown in Fig. 5.19. Fig. 5.20 depicts the testkeys for verifying the
ESD level of the bidirectional diodes of power break cell (UPBREAK). Since the
VSS/VSSIO and the VDD/VDDIO power domains have the same diode size, the diodes of

VDD and VDDIO power domain are only selected to test the ESD robustness.

5.3 VERIFICATION ON WHOLE-CHIP ESD PROTECTION

Fig. 5.21 shows the simplified scheme of whole-chip protection circuit. In this structure,
the ground supply for core circuits and pre-driver are provided by UVSS10 cell, and the
ground supply for 1/0O ring is provided by UVSS25 cell. Furthermore, Fig. 5.22 shows the test
circuit of whole-chip protection with power break cell. The purpose is the ESD robustness test
on two set of power through a power break cell. The layout-top-view of the test chip in UMC

90-nm process is shown in Fig. 5.23.
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Tabel 5.1

Definition of function test circuit.

Test . .
. Measured Function Pins
Circuit
TC F1 Pull-Up/Pull-Down Resistance (Rpy and Rpp) PAD, |, S, PD, PU
TC_F2 | Schmitt-Trigger Threshold Voltage (V++ and Vt.) PAD, C, SCH
TC F3 Driving Current (loy and loL) PAD, I, SO, S1, S2
Simultaneous Switching Output Noise (SSO or S0, S1, S2, PAD1, PAD3,
TC F4 SSN) and Delay Time of Configurable 1/0O Cell PADS, ....., PAD15, PAD17,
without Slew-Rate Control pure VDDIO, pure VSSIO
Simultaneous Switching Output Noise (SSO or S0, S1, S2, PAD1, PAD3,
TC_F5 SSN) and Delay Time of Configurable 1/0O Cell PADS, ....., PAD15, PAD17,

with Slew-Rate Control pure VDDIO, pure VSSIO
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Threshold voltages of input stage under different simulation conditions.

Input Signal of SCHa SCHa=1 SCHa=0
VDDIO Supply Voltage | 3.3V | 25V | 1.8V | 3.3V | 25V | 1.8V | 3.3V | 25V | 1.8V
Threshold Voltages
V1 (V) Vr(V) Vu (V)
Simulation condition
Best Case 2.065 | 1.755 | 1.455 | 1.225 | 0.915 | 0.645 | 1.91 | 1.366 | 0.955
Typical Case 1.925|1.625 | 1.335| 1.125 | 0.825 | 0.585 | 1.723 | 1.235 | 0.876
Pseudo Worst Case 1.905 | 1.625 | 1.335| 1.135 | 0.835 | 0.605 | 1.735 | 1.245 | 0.885
Worst Cast 1.775 | 1.505 | 1.205 | 1.045 | 0.755 | 0.555 | 1.568 | 1.128 | 0.815
Tabel 5.3

Driving capability of configurable 1/0 cell in 1.8-V VDDIO supply voltage.

Simulation Case Pseudo )
Worst Typical Best
Parameter Worst

VDD Core Power Supply 0.9v 1.0V 1.1v

VDDIO I/0 Power Supply 1.62V 1.8V 1.98V

T Temperature 125 °C 85°C 25°C 0°C
2mA 1.58mA | 2.40mA | 2.93mA | 4.12mA
8mA 6.34mA | 9.62mA | 11.7mA | 16.4mA
Low Level 10mA 7.92mA | 12.0mA | 14.7mA | 20.6mA
loL Output Current 14mA 11.1mA | 16.8mA | 20.6mA | 28.9mA
@ VoL = 0.4V 16mA 12.7mA | 19.2mA | 23.5mA | 33.0mA
22mA 17.5mA | 26.5mA | 32.3mA | 454mA
24mA 19.0mA | 28.9mA | 35.2mA | 49.5mA
2mA 1.46mA | 2.71mA | 3.06mA | 5.08mA
8mA 589mA | 109mA | 12.3mA | 20.4mA
High Level 10mA 7.35mA | 13.6mA | 154mA | 25.4mA
lon Output Current 14mA 10.3mA | 19.1mA | 21.6mA | 35.6mA
@ Von =122V | 16mA 11.8mA | 21.8mA | 24.6mA | 40.7mA
22mA 16.2mA | 30.0mA | 33.9mA | 56.0mA
24mA 17.7mA | 32.7mA | 37.0mA | 61.1mA
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Driving capability of configurable 1/0 cell in 2.5-V VDDIO supply voltage.

Simulation Case Pseudo :

Parameter Worst Worst Typical Best
VDD Core Power Supply 0.9v 1.0V 1.1v
VDDIO I/0 Power Supply 2.25V 2.5V 2.75V
T Temperature 125 °C 85°C 25°C 0°C

2mA 2.34mA | 3.33mA | 4.06mA | 5.31mA

8mA 9.41mA | 13.3mA | 16.3mA | 21.2mA

Low Level 10mA 11.7mA | 16.7mA | 20.3mA | 26.5mA

loL Output Current 14mA 16.5mA | 23.3mA | 28.5mA | 37.2mA
@ VoL = 0.4V 16mA 18.8mA | 26.7mA | 32.5mA | 42.5mA

22mA 259mA | 36.6mA | 44.7mA | 58.4mA

24mA 28.2mA | 40.0mA | 48.8mA | 63.7mA

2mA 2.20mA | 4.36mA | 4.93mA | 8.23mA

8mA 8.94mA | 17.5mA | 19.8mA | 33.0mA

High Level 10mA 11.0mA | 21.9mA | 24.7mA | 41.2mA

lon Output Current 14mA 15.5mA | 30.6mA | 34.7mA | 57.8mA
@ Vony =185V | 16mA 17.7mA | 35.0mA | 39.6mA | 66.0mA

22mA 24.3mA | 48.1mA | 54.4mA | 90.8mA

24mA 26.5mA | 525mA | 59.4mA | 99.0mA
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Driving capability of configurable 1/0 cell in 3.3-V VVDDIO supply voltage.

Case Pseudo .
Worst Typical Best
Parameter Worst
VDD Core Power Supply 0.9v 1.0V 1.1v
VDDIO I/0 Power Supply 3.0V 3.3V 3.6V
T Temperature 125 °C 85°C 25°C 0°C
2mA 2.91mA | 3.88mA | 4.65mA | 5.74mA
8mA 11.7mA | 15.5mA | 18.6mA | 23.0mA
Low Level 10mA 14.6mA | 194mA | 23.2mA | 28.7mA
loL Output Current 14mA 20.4mA | 27.2mA | 32.6mA | 40.2mA
@ VoL = 0.4V 16mA 23.3mA | 31.1mA | 37.2mA | 45.9mA
22mA 21.0mA | 42.7mA | 51.2mA | 63.2mA
24mA 35.0mA | 46.6mA | 55.8mA | 68.9mA
2mA 2.81lmA | 586mA | 6.55mA | 11.0mA
8mA 11.2mA | 235mA | 26.3mA | 44.0mA
High Level 10mA | 141mA | 29.4mA | 32.8mA | 55.0mA
lon Output Current 14mA 19.8mA | 41.2mA | 46.0mA | 77.0mA
@ Vou = 2.6V 16mA 22.6mA | 47.0mA | 52.6mA | 88.0mA
22mA | 31.0mA | 64.7mA | 72.3mA | 121mA
24mA | 33.8mA | 70.5mA | 78.9mA | 132mA
Tabel 5.6
Comparisons of propagation delays.
Propagation
VDDIOgy; | Cell Name AT Delaynv)
Delay
UCIONS 19.29ns 1.13ns
1.8V
UCIOS 21.56ns 1.26ns
UCIONS 16.07ns 0.94ns
2.5V 0.1566ns
UCIOS 17.90ns 1.04ns
UCIONS 15.60ns 0.91ns
3.3V
UCIOS 17.32ns 1.01ns
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Fig. 5.3 Simulated results of (a) pull-up and (b) pull-down resistance.
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Fig. 5.4 \oltage-transfer curve of configurable 1/0 with (a) SCHa receiving a 1.8-V voltage

and (b) SCHa receiving a 0-V voltage in 1.8-V VDDIO supply voltage.
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Fig. 5.5 \oltage-transfer curve of configurable 1/0 with (a) SCHa receiving a 2.5-V voltage

and (b) SCHa receiving a 0-V voltage in 2.5-V VDDIO supply voltage.
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Fig. 5.10 Simulated model of ground bounce.
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Fig. 5.11 Simulation waveforms of ground bounce effects on power lines.
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Fig. 5.12 Simulation waveforms of the UCIOS (configurable I/O cell with slew-rate control)

with ground bounce effect in transmitting mode.
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Fig. 5.13 The relation between ground bounce on VDDIOchip/VSSIOchip power line and wire
bond inductance on the UCIONS and UCIOS with 1.8-V VDDIOy; voltage supply. (a) The

undershoot on VDDIOgi, power line and (b) the overshoot on VSSIOhi, power line.
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Fig. 5.14 The relation between ground bounce on VDDIOepip/VSSIOchip power line and wire

bond inductance on the UCIONS and UCIOS with 2.5-V VDDIOgy voltage supply. (a) The

undershoot on VDDIOgi, power line and (b) the overshoot on VSSIOgi, power line.
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Fig. 5.15 The relation between ground bounce on VDDIOchip/VSSIOchip power line and wire
bond inductance on the UCIONS and UCIOS with 3.3-V VDDIOy; voltage supply. (a) The

undershoot on VDDIOgi, power line and (b) the overshoot on VSSIOhi, power line.
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Fig. 5.16 Simulation waveforms for propagation delay of 1/0 cell with operating in

transmitting mode.
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Fig. 5.18 Testkeys of analog 1/0 cells, (a) UAIO25 and (b) UAIO10.

PureVDDIO /0 PAD PureVSSIO PureVDD /O PAD PureVSS
PAD PAD
e UAIO25 —® &— UAIO10 —
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| I

?Z.SV INV 3/71.0\, INV
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Fig. 5.19 Testkeys of analog 1/0O cells, (a) UAIO25 and (b) UAIO10 with inverter stage.
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PureVDD PureVDD PureVDDIO PureVDDIO

X X X X

UPBREAK UPBREAK

(@) (b)
Fig. 5.20 Testkeys of power break cell for (a) 1.0-V power domain and (b) 2.5-V power

domain.
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Simplified Scheme
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Fig. 5.21 Simplified scheme of whole-chip protection circuit.
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VSSs1 VDD1 VSSIO1 VDDIO1 VSS2 VvDD2 VSSI02 VDDIO2

PAD PAD

uvss10 uvDD10 Uvss2s UPBREAK

Fig. 5.22 Whole-chip protection scheme with power break cell.

ESD Robustness Test

Function Verification

Fig. 5.23 Layout-top-view of test chip in UMC 90-nm CMOS process.
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Chapter 6

Experimental Results

6.1 FUNCTION VERIFICATION

The test chip of the configurable 1/O cell library in this thesis has been fabricated in
UMC 90-nm CMOS process. Fig. 6.1 shows the die photo of the fabricated test chip with
layout area is 3585.09um x 425.39um. The printed circuit board (PCB) of the test chip is

shown in Fig. 6.2.

6.1.1 Pull-up/Pull-down Resistance (TC_F1)

Fig. 6.3(a) and (b) show the measurement setup to verify the pull-up and pull-down
resistance, respectively. In this measurement, the function of pull-up/pull-down network has
been measured with the test circuit TC_F1 only. The signals at Sa are generated by a pulse
generator and the pull-up/pull-down signals at 1/O PADa can be observed by a digital

phosphor oscilloscope.

Fig. 6.4, Fig. 6.5, and Fig. 6.6 show the measured waveforms of the pull-up/pull-down
network with 2.5-V, 1.8-V, and 3.3-V VDDIO supply voltage, respectively. The signals of the
I/0 PADa can be pulled up (down) to logic high (low) successfully. Moreover, the simulation
and measurement results of the pull-up/pull-down network are summarized in Table 6.1. The
compared simulation results are simulated with additional loading capacitance of 12pF under

pseudo worst case (TT/85°C). The measurement results are close to the simulation results.
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6.1.2 Schmitt-trigger Threshold Point (TC_F2)

Fig. 6.7(a) and Fig. 6.7(b) show the measurement setup to verify the threshold voltages
of the schmitt-trigger input stage and normal input stage, respectively. In this measurement,
since the output stage, pull-up network and pull-down network of configurable 1/0 cell should
be turned off to use the input stage only, the pins Sa, la, PUa, and PDa are biased at OV. The
output voltage can be measured by a parameter analyzer while the 1/0 PADa is swept from
low to high and then returned to its initial voltage. Fig. 6.8, Fig. 6.9, and Fig. 6.10 show the
measurement waveforms of the input stage threshold points with 2.5-V, 1.8-V, and 3.3-V
VDDIO supply voltage, respectively. Table 6.2 lists the threshold voltages of the simulation
and measurement results. The compared simulation results are simulated with pseudo worst
case (TT/85°C). From the table, the measurement results are also close to the simulation

results.

6.1.3 Driving Capability (TC_F3)

Fig. 6.11(a) and Fig. 6.11(b) show the measurement setup to verify the low level output
current (lo) and the high level output current (lon), respectively. According to the different
driving current, the pins SOb, S1b, and S2b should be biased at the corresponding logic high
or low. In order to measure the low level output current (lo) as shown in Fig. 6.11(a), the pin
Ib is biased at OV, and the 1/O PADD is biased at a 0.4-V Vo simultaneously to measure the
current capability at PADDb by a parameter analyzer. In order to measure the high level output
current (loy) as shown in Fig. 6.11(b), the pin Ib is biased at logic high, and the 1/0 PADD is
biased at a Von simultaneously to measure the loy by a parameter analyzer. Table 6.3, Table
6.4, and Table 6.5 list the measurement results of the driving capability. The measurement
results show the configurable 1/0O cell can provide sufficient driving currents successfully to

meet the driving currents specification.
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6.1.4 Simultaneous Switching Noise (SSN) (TC_F4 & TC_F5)

The measurement setup to verify SSN issue is shown in Fig. 6.12. In common with the
measurement of the driving capability, the pins SOb, S1b, and S2b can be biased at the logic
high or low individually to select the corresponding driving current. The output waveforms
can be measured at pins PADN(s)01, VDDIOgip, and VSSIOgi, by a digital phosphor
oscilloscope. Fig. 6.13(a) and Fig. 6.13(b) show the measured waveforms of SSN with
UCIONS (without slew-rate control) and UCIOS (with slew-rate control) cells, respectively.
In this measurement, the VDDIO supply voltage is biased at 2.5V and the driving current is
set in 24mA (SOb = S1b = S2b = 1). From these two figures, the AVvppiochip_under CaN be
decreased from 1.3V to 1.06V and the AVyssiochip over Can be reduced from 1.64V to 1.32V
with slew-rate control mechanism. Fig. 6.14(a) and Fig. 6.14(b) show the measurement results
of the ground bounce effects with variation of the driving current. Since this measurement is
measured to verify the impression of the slew-rate control mechanism, the VDDIO supply
voltage is biased at 2.5V only to observe the ground bounce effects. From the Fig. 6.14(a) and
Fig. 6.14(b), the AVvppiochip_under aNd AVssiochip_over Can be obviously reduced with the

UCIOS cell. Thus, the UCIOS cell can improve the ground bounce effects efficiently.

6.1.5 Propagation Delay (TC_F4 & TC_F5)

The measurement setup to test the propagation delay of the UCIONS and UCIOS cells is
shown in Fig. 6.15. The output waveforms can be observed at the I/O PADn(s)01 and
PADN(s)17 by a digital phosphor oscilloscope. Fig. 6.16(a) and Fig. 6.16(b) show the
measured waveforms of the UCIONS and UCIOS cells with 2.5-V VDDIO and 24-mA
driving current, respectively. The AT of the UCIONS cell is 23.87ns, and that of the UCIOS
cell is 26.05ns. After the calculations by the equation (4), the propagation delay of the

UCIONS and UCIOS cells are 1.39ns and 1.52ns, respectively. The UCIONS cell operating in
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transmitting mode is faster than the UCIOS cell. Fig. 6.17 shows the comparison between
measurement and simulation results of the propagation delay when the UCIONS and UCIOS
operating with 2.5-V VDDIO and different driving current. The simulation results are
simulated with additional loading capacitances of 12pF at the I/O PADn(s)01 and PADnN(s)17
under pseudo worst case (TT/85°C) and. Since all results of the propagation delay are in the
order of nano-second (ns), the measured results are very close to simulated results. In Fig.
6.18, the propagation delay comparison between the measurement and simulation results with
different VDDIO supply voltages and the driving currents is shown. The simulated

environment in Fig. 6.18 is the same as that in Fig. 6.17.

6.1.6 Operating Frequency

The measurement setup to test the operating frequency at the output stage of the
configurable 1/0 cell is shown in Fig. 6.19. The measurement is measured with the test circuit
TC_F3 only. The signals at Ib, which are generated by a pulse generator, are transmitted to
I/0 PADDb, and can be observed by a digital phosphor oscilloscope. Fig. 6.20(a), Fig. 6.20(b),
and Fig. 6.20(c) show the measured waveforms of the configurable 1/0O cell to transmit the
266-MHz signals with voltage swings of 0-to-VDDIO from the pin Ib to the 1/O PADbD in
24-mA driving current under 2.5-V, 1.8-V, and 3.3-V VDDIO supply voltages, respectively.
The signals at 1b can be successfully transmitted to the 1/0O PADb with the same voltage swing.
The input signals at Ib and I/O PADDb are like sinusoidal waves due to the constraint of the
driving ability in the pulse generator. From the measured results in Fig. 6.4 ~ Fig. 6.6, Fig. 6.8
~ Fig. 6.10 and Fig. 6.20, the configurable 1/O cell can be correctly operated in receiving
mode, transmitting mode, and tri-state. Table 6.6 lists the operating frequency of the

configurable 1/0 cell with different VDDIO supply voltage and driving current.
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6.2 ESD ROBUSTNESS

6.2.1 Each Power Cell

Table 6.7 lists the human-body-model (HBM) and machine-model (MM) ESD
robustness of the UVDD25 and UVDD10 cells wunder positive or negative
VDDIO(VDD)-to-VSSIO(VSS) ESD stress. The circuit design and testkey arrangement of
each power/ground cell is mentioned in Chapter 3 and section 5.2. The test voltage of the
HBM ESD stress is from £0.5kV to +5kV with step of £0.5kV and the test voltage of the MM
ESD stress is from £50V to 500V with step of +50V. The failure criterion is defined as the
measured voltage at the current level of 1uA shifted £30% from its original voltage value.
The aforementioned test method in the HBM and MM ESD stresses and the failure criterion
are also used to following ESD test in this chapter. From shown in Table 6.7, the ESD level
are all higher than 5k-V HBM and 500-V MM ESD stresses. Table 6.8 and Table 6.9 list the
HBM and MM ESD robustness of the UVSS25 and UVSS10 cells, respectively. The HBM
and MM ESD level of UVSS10 are 4.5kV and 350V, which are dominated by the VDD power
line under positive VDD-t0-VSS(VSSIO) ESD stresses. However, these ESD levels of such

power/ground cells are high enough for safe IC production and field applications.

The HBM and MM ESD robustness of the 2.5-V and 1.0-V analog I/O cells under
different pin combinations are listed in Table 6.10 and Table 6.11, respectively. The
UAIO25+INV and UAIOL10+INV cells are testkeys to verify the actual protection as shown in
Fig. 5.19. From the Table 6.11, the HBM and MM ESD level of the UAIO and UAIO+INV
cells are 4kV and 350V, which are dominated by the VDD power line under positive
VDD-to-VSS ESD stresses. However, the ESD levels of the I/O PADs under other modes of
ESD stresses are near to or even over 5-kV HBM and 500-V MM ESD stresses. With such

ESD levels in a small layout area, such analog 1/0O cells are very suitable for analog I/O circuit
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applications. To further improve ESD level, the increase of the STSCR effective area is a

design suggestion.

Table 6.12 lists the HBM and MM ESD robustness of the power break cell. The ESD
levels of the HBM and MM ESD stresses are 2.5kV and 200V, respectively, which are
dominated under positive VDD1(VSS1)-to-VDD2(VSS2) ESD stress. It implies that the diode
sizes of the 1.0-V power domain are too small to discharge the ESD currents. However, such
ESD levels of the power break cell in a small layout area can pass the requirement of the ESD
specification (2-kV HBM and 200-V MM ESD stresses), and achieve ESD level high enough
to protect IC productions. To further improve ESD level, the increase effective area of the

diode of the 1.0-V power domain is a design suggestion.

6.2.2 Whole-Chip ESD Protection Structure

The HBM and MM ESD robustness of the whole-chip protection circuit with the power
break cell under different pin combinations are listed in Table 6.13. The ESD levels of the
HBM and MM ESD stresses are 3kV and 300V, respectively, which are dominated under both
positive VSS1-t0-VSS2 and VDD1-to-VDD2 ESD stresses. It implies that the 1.0-V power
domain of the power break cell dominates the ESD robustness. However, the all ESD levels

under other modes of ESD stresses are over 5-kVV HBM and 500-VV MM ESD stresses.

Fig. 6.21 shows the teskey to test the ESD robustness of the configurable 1/0 cell with
the whole-chip protection circuit. The whole-chip protection circuit is part of the function test
circuit TC_F4. Table 6.14 lists the HBM and MM ESD robustness of the configurable 1/0 cell
with the whole-chip protect circuit under different pin combinations. As a result, all ESD
levels of the measured results are higher than 5-kV HBM and 500-V MM ESD stresses. Thus,

the whole-chip protection has a great ability to protect the internal and 1/O circuits
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simultaneously. Moreover, to test the protective extend of the whole-chip protection circuit,
the function test circuits TC_F1, TC_F2, TC F3, and TC_F4 are used to verify it as shown in
Fig. 6.22 and the longest distance of the measured region is 1801.05um. According to the test
method in Table 6.14, the HBM and MM ESD stresses are zapped step by step from the first
I/0 PAD to the last I/O PAD. The test result is that all ESD levels of the HBM and MM ESD
stress are over 5kV and 500V, respectively. Therefore, the whole-chip protection circuit can
sustain over 5-kV HBM and 500-V MM ESD stress successfully within the distance of

1801.05um.

6.3 SUMMARY

The configurable 1/0 cell library has been designed and successfully fabricated in UMC
90-nm salicided CMOS process. The functions of the pull-up/pull-down, driving capacities,
schmitt-trigger, and slew-rate control have been measured to verify its effectiveness. The
ground bounce effects can be reduced greatly with the slew-rate control mechanism. The
analog 1/0 and power cells have been verified its ESD robustness and it can effectively
protect the core circuits and 1/0 output driver in UMC 90-nm CMOQOS technology for

system-on-a-chip (SoC) applications.
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The simulation and measurement results of pull-up/pull-down network.

Parameters Simulation Results Measurement Results
2.5V T 1.029us 1.043us
1.8V ' 1.032us 0.994ps
(with Pull-up Network) = a
3.3V 1.026us 1.061us
VDDIO
2.5V Tt 1.026us 1.017ps
1.8V (with Pull-down 1.039us 1.023us
3.3V Network) 1.019us 0.920us
Tabel 6.2
The simulation and measurement results of input stage threshold points.
Simulated Measured
Parameters
Results Results
1/0: Schmitt-trigger
SCH . 1 0 1 0 1 0
Enable/Disable
V1+ (V) 1.625 1.625
2.5V V1 (V) 1.245 1.280
V1. (V) 0.835 0.885
V1 (V) 1.335 1.295
VDDIO 1.8V V1u (V) 0.885 0.905
V1. (V) 0.605 0.635
V1+ (V) 1.905 1.935
3.3V Vru (V) 1.735 1.795
V1. (V) 1.135 1.255
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Measurement results of the driving capability under 2.5-V VVDDIO supply voltage.

Parameters Measured Results
2mA 3.68mA
8mA 13.98mA
10mA 17.02mA

Low Level Output
loL 14mA 22.83mA
Current @ VoL = 0.4V
16mA 25.50mA
22mA 33.00mA
24mA 35.24mA
2mA 4.73mA
8mA 17.53mA
. 10mA 21.56mA
High Level Output
lon 14 mA 29.03mA
Current @ Von = 1.85V
16mA 32.65mA
22mA 42 55mA
24mA 45.72mA

Tabel 6.4

Measurement results of the driving capability under 1.8-V VVDDIO supply voltage.

Parameters Measured Results
2mA 2.67TmA
8mA 10.41mA
10mA 12.71mA

Low Level Output
loL 14mA 17.27mA
Current @ VoL = 0.4V
16mA 19.38mA
22mA 25.51mA
24mA 27.34mA
2mA 2.96mA
8mA 11.19mA
. 10mA 13.83mA
High Level Output
loH 14 mA 18.81mA
Current @ Von = 1.62V
16mA 21.26mA
22mA 28.10mA
24mA 30.29mA
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Measurement results of the driving capability under 3.3-V VVDDIO supply voltage.

Parameters Measured Results
2mA 4.28mA
8mA 16.03mA
10mA 19.42mA

Low Level Output
loL 14mA 25.89mA
Current @ VoL = 0.4V
16mA 28.83mA
22mA 36.99mA
24mA 39.39mA
2mA 6.34mA
8mA 23.13mA
. 10mA 28.35mA
High Level Output
loH 14 mA 37.86mA
Current @ Von = 2.6V
16mA 42 44mA
22mA 54.71mA
24mA 58.58mA

Tabel 6.6

The operating frequency of the configurable 1/0 cell operating in transmitting mode with

different driving current and VDDIO supply voltage.

Driving Current

VDDIO
2mA 8mA 10mA 14mA 16mA 22mA 24mA
25V | >66MHz | >133MHz | >266MHz | >266MHz | >266MHz | >266MHz | >266MHz
1.8V | >10MHz | >133MHz | >133MHz | >266MHz | >266MHz | >266MHz | >266MHz
3.3V | >66MHz | >266MHz | >266MHz | >266MHz | >266MHz | >266MHz | >266MHz
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HBM and MM ESD robustness of the UVDD25 and UVDD10 cells.

£SD HBM MM
Stress VDDIO(VDD) | VDDIO(VDD) | VDDIO(VDD) | VDDIO(VDD)
-to- -to- -to- -to-
VSSIO(VSS) | VSSIO(VSS) | VSSIO(VSS) | VSSIO(VSS)
Cell Name
(+) ) (+) ()
uvDD25 > 5kV > 500V
uUvDD10 > 5kV > 500V
*ESD level: maximum pass voltage before the chip failing
Tabel 6.8
HBM and MM ESD robustness of the UVSS25 cell.
HBM MM
ESD
VDDIO VDDIO VDDIO VDDIO
Stress
-to- -to- -to- -to-
VSSIO(VSS) | VSSIO(VSS) | VSSIO(VSS) | VSSIO(VSS)
Cell Name
(+) ) (+) ()
UVSS25 > 5kV > 500V
Tabel 6.9
HBM and MM ESD robustness of the UVSS10 cell.
HBM MM
ESD
VDD VDD VDD VDD
Stress
-to- -to- -to- -to-
VSS(VSSIO) | VSS(VSSIO) | VSS(VSSIO) | VSS(VSSIO)
Cell Name
(+) () (+) ()
UVSS10 4 5kV > 5kV 350V > 500V
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HBM and MM ESD robustness of the 2.5-V analog 1/0 cells.

ESD VDDIO | VDDIO
PS-Mode | NS-Mode | PD-Mode | ND-Mode
ESD Stress -to- -to-
VSSIO VSSIO VDDIO | VDDIO
Event VSSIO | VSSIO
(+) ) (+) )
Cell Name (+) )
HBM > 5kV
UAIO25
MM > 500V
HBM > 5kV
UAIO25+INV
MM > 500V
Tabel 6.11
HBM and MM ESD robustness of the 1.0-V analog 1/0 cells.
ESD VDD | VDD
PS-Mode | NS-Mode | PD-Mode | ND-Mode
ESD Stress -to- -to-
VSS VSS VDD VDD
Event *) 0 ) 0 VSS VSS
Cell Name (+) )
HBM > 5kV 4kV | >5kV
UAIO10 >
MM 400V > 500V 450V 400V
500V
HBM > 5kV 4kV | >5kV
UAIO10+INV S
MM 450V > 500V 450V 350V
500V
Tabel 6.12
HBM and MM ESD robustness of the power break cell.
ESD | VDD1(VSS1) | VDD1(VSS1) | VDDIO1(VSSIOl) | VDDIO1(VSSIO1)
ESD Stress -to- -to- -to- -to-
Event VDD2(VSS2) | VDD2(VSS2) | VDDIO2(VSSIO?2) | VDDIO2(VSSIO?2)
Cell Name (+) ) (+) ()
HBM 2.5kV 3kV > 5kV > 5kV
UPBREAK
MM 200V 250V > 500V > 500V
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Tabel 6.13

HBM and MM ESD robustness of whole-chip protection with power break cell.

ESD Event HBM MM
Cell Name . : .
Whole-Chip Protection with UPBREAK
ESD Stress
VSS1-t0-VSS2 (+) 3kV 300V
VSS1-t0-VSS2 (-) 3.5kV 350V

V/SS1-t0-VDD2 (+)
VSS1-to-VDD2 (-)
V/SS1-t0-VSSIO2 (+)
V/SS1-t0-VSSIO2 (-)
V/SS1-t0-VDDIO2 (+)
VSS1-to-VDDIO2 ()
VDD1-to-VDD2 (+) 3kV 300V
VDD1-to-VDD2 (-) 3.5kV 350V
VDD1-t0-VSSIO2 (+)
VDD1-t0-VSSIO2 ()
VDD1-t0-VDDIO2 (+)
VDD1-t0-VDDIO2 (-)
VSSIO1-t0-VSSIO2 (+)
VSSIO1-to-VSSIO2 (-)
VSSIO1-to-VDDIO2 (+)
VSSIO1-to-VDDIO2 (-)
VDDIO1-to-VDDIO2 (+)
VDDIO1-to-VDDIO2 (-)

> 5kV > 500V

> 5kV > 500V
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HBM and MM ESD robustness of configurable 1/0 cell with whole-chip protection.

ESD Event

HBM

MM

Cell Name
ESD Stress

UCIONS

UCIOS

UINPUT

UCIONS

UCIOS

UINPUT

/O PAD-t0-VSS (+)

/O PAD-t0-VSS (-)

/0 PAD-to-VDD (+)

/0 PAD-to-VDD (-)

/0 PAD-to-VSSIO (+)

/0 PAD-to-VSSIO (-)

/0 PAD-to-VDDIO (+)

/0 PAD-to-VDDIO (-)

> 5kV

> 5kV

> 5kV

> 500V

> 500V

> 500V
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ESD Robustness Test ESD Robustness Test

Fig. 6.1 The test chip photograph of the configurable 1/O cell library in UMC 90-nm CMOS

process.

J« 6.6 cm 5

Fig. 6.2 The PCB view of tested chip.
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Pull-up Network
(PUa =1, PDa=la=SCHa=0)

Agilent 81110A 165/330 MHz Tektronbx TRS360D Four. Cliannel
Pulse-/Pattern Generator Digital Phosphor Oscilloscope

(Measured with
Test Circuit TC_F1)

Transmission PCB Board Probe: 1GHz
Line 1pF/1MQ

Test Chip

(a)

Pull-down Network
(PUa=SCHa=0,PDa=la=1)

Agilent 81110A 165/330 MHz Tektronix TDS560D Four Ghannel
Pulso:/Pattern GetiGrator Digital Phosphor Oscilloscope

(Measured with
Test Circuit TC_F1)

Transrpission PCB Board Probe: 1GHz
Line 1pF/1MQ

Test Chip

(b)

Fig. 6.3 Measurement setup to verify the (a) pull-up resistance and (b) pull-down resistance.
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(v}

C3 Rise
1.0427us

(a)

Tek Run: 25.0MS/s  Sample

.00V M2.00ps Chl J
ov

1.24V

2.5V

- ————

2 Aug 2008
20:57:01

C3 Fall
1.0172us

T,=1.0172ps

(b)

M200ps ChT 77 1.2V 2 Aug 2008

21:11:41

Chapter 6

Fig. 6.4 Measured waveforms of the (a) pull-up network and (b) pull-down network with

2.5-V VVDDIO voltage supply.
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Tek 25.0MS/s 9 Acqs |
(7}
1 .8V C3 Rise
993.6ns
Low signal
amplitude
1 htvivipe st o e o’ i

.................... T, = 0.9936us

v MZ200ps ChT 7~ 1.24V 2 Aug 2008
v 21:23:08

(a)

Tek 25.0MS/s 22 Acqs
88

C3 Fall
1.0234us
Low signal
amplitude

'-0-

.................... T;=1.0234us
1.8V : :

ChT 1,00V WZ.00ps ChT 7 T.24V 2 Aug 2008
1.00v 21:19:52

(b)
Fig. 6.5 Measured waveforms of the (a) pull-up network and (b) pull-down network with

1.8-V VDDIO voltage supply.
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Tek 25.0MS/s 692 Acqs N
(7}
3.3V C3 Rise
1.0608us
Low signal
amplitude

Chi 2700V : MZ00ps ChT 7 124V 2 Aug 2008
2.00V 21:26:29
(a)
Tek 25.0MS/s 220 Acqs
(v}
< o | c3 fall
lszo.lons'
ow signa
Sa amplitude
Chi 200V MZ00us ChT 7 124V 2 Aug 2008
2.00v 21:30:51

(b)
Fig. 6.6 Measured waveforms of the (a) pull-up network and (b) pull-down network with

3.3-V VDDIO voltage supply.
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Agilent 4156C

(SCHa=1) Parameter Analyzer

(Measured with
Test Circuit TC_F2)

PCB Board

Test Chip Input DC sweep
from low to high
and then return to
its initial voltage

Observation Point

(a)
Agilent 4156C
Schmitt-trigger Disable Precision Semiconductor
(SCHa =0) Parameter Analyzer

(Measured with
Test Circuit TC_F2)

PCB Board

Test Chip Input DC sweep
from low to high
and then return to
its initial voltage.

Observation Point

(b)

Fig. 6.7 Measurement setup to verify input stage threshold points with (a) schmitt-trigger

enable (SCHa = 1) and (b) schmitt-trigger disable (SCHa =0).
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1.0

0.5

cV)

0.0

1.0

V+.=0.885V V:i,.=1.625V
0.0 0.5 1.0 1.5 2.0 25
PADa (V)
(@)

(b)

Fig. 6.8 Measured result of input stage with (a) schmitt-trigger enable (SCHa = 1) and

(b) schmitt-trigger disable (SCHa =0) under 2.5-V VDDIO.
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10 F

(a)
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Vi = 0.905V I
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0.0 . 0.5 . 1.0 ‘ 15
PADa (V)

(b)
Fig. 6.9 Measured result of input stage with (a) schmitt-trigger enable (SCHa = 1) and

(b) schmitt-trigger disable (SCHa =0) under 1.8-V VDDIO.
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Fig. 6.10 Measured result of input stage with (a) schmitt-trigger enable (SCHa = 1) and

(b) schmitt-trigger disable (SCHa =0) under 3.3-V VDDIO.
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Fig. 6.11 Measurement setup to verify (a) low level output current (Io.) and (b) high level

output current (lop).
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Fig. 6.12 Measurement setup to verify simultaneous switching noise (SSN).

-125-



Chapter 6

Tek 1.00GS/s 6 (A;t;s
PADNO1 :
1 C3 Min
1.20V
C4 Max
1.64V

2.5V

ov

5 Aug 2008

A\,\!SSOchlp over = 1.64V

Ch3 2.00V 2.00V

(a)

Tek 1.00GS/s 6 Acqs

(v)
PADs01

C3 Min
1.44V

C4 Max
1.32v

........................................

2.5V
ov

5 Aug 2008

A\I\!SSOl:hlp over =132V

Ch3 2.00V 2.00V

(b)
Fig. 6.13 Measured waveforms of simultaneous switching noise (SSN) issue when the

configurable 1/0 cell operating (a) without slew-rate control (UCIONS) and (b) with slew-rate

control (UCIOS).
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Fig. 6.16 Measured waveforms to test the propagation delay when the configurable 1/0 cell
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under 2.5-V VDDIO supply voltage.
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Fig. 6.17 Propagation delay comparison between measurement and simulation results of the
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Fig. 6.18 Propagation delay comparison between measurement and simulation results in

different driving current and VDDIO supply voltage.

-130 -



Chapter 6

The Maximum Operation Frequency

Tektronix TDS3054B Four Channel
Agilent 8133A 3GHz Digital Phosphor Oscilloscope

Pulse Generator

(Measured with
Test Circuit TC_F3)

v w-9

PCB Board

]| Test Chip I

Transmission
Line

According to logic
high or low to select

the driving current
VDDIO ° l

Fig. 6.19 Measurement setup to test the maximum operating frequency at the output stage of

the configurable 1/0.
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Fig. 6.20 Measured waveforms of the configurable 1/0 cell operating at 266M-Hz operating
frequency and 24-mA driving current when receiving 0V-to-VDDIO input signals at pin Ib

with (a) 2.5-V, (b) 1.8-V, and (c) 3.3-V VDDIO supply voltage.
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Fig. 6.22 Protective extend test of whole-chip protection circuit.
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Chapter 7

Conclusions and Future Works

7.1 CONCLUSIONS

In this thesis, a set of configurable 1/0 cell library has been designed to accelerate the
design process to achieve the time-to-market requirement, and has been successfully verified
in UMC 90-nm salicide CMOS process. The proposed 1/O cell library can be applied in the
1.0-V core power supply voltage, 2.5-V/1.8-V/3.3-V 1/O output driver power supply voltage
with the operating speed of up to 266MHz. The configurable I/O cell of this library can
provide 7 different selective driving currents in transmitting mode, an input stage with or
without the function of the schmitt-trigger in receiving mode, and function of the pull-up or
pull-down in tri-state. The configurable 1/O cell with slew-rate control can effectively reduce
the ground bounce effects. Furthermore, each of the ESD protection circuit has been
successfully verified its ESD robustness in the test chip. Under the normal circuit operating
condition, the 1/0O cells with the whole-chip protection circuit can be operated correctly. Under
the ESD stress conditions, the whole-chip ESD protection circuit can effectively protect the
core circuits. Thus, this I/O cell library can be applied in the CMOS ICs inside the

microelectronic products successfully.
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7.2 FUTURE WORKS

Since the configurable 1/O cell is designed with an operating speed of up to 266MHz, the
transmission line effect should be considered. Thus, the transmission model should be added
into simulation to achieve more accurate results. Beside, the dimensions of ESD protection
diodes in the 1.0-V power domain should be enlarged to further improve ESD level of the

power break cell.
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