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PREFACE

This effort started as an answer to the numerous guestions the authors have
repeatedly had to answer about electrostatic discharge (ESD) protection and
input/output (I/O) designs. In the past no comprehensive book existed suffi-
ciently covering these areas, and these topics were rarely taught in engineering
schools. Thus first-time I/O and ESD protection designers have had consider-
able trouble getting started. This book is in part an answer to such needs.

As mentioned, I/O and ESD are barely addressed in standard electrical
engineering curricula today. However, there is a growing need for high-speed
I/O designs, and it is only a matter of time before it becomes imperative to
provide students with some exposure to this type of design in the schools. This
book is intended to provide a ready reference for such very large scale inte-
grated (VLSI} design and fabrication courses. Also, students using VLSI
foundry services for their courses and research will find this book useful in
understanding IO circuits and their testing. In addition, this book can be a
resource to anyone with an interest in the subject, even if just a general interest.

This book will also be of use to those whose primary charter is not [/O and
ESD design but core VLSI design or computer architecture (i.e., academicians
or those in industry). It should help them to understand the key parameters in
I)O and ESD designs, enabling them to communicate effectively and make
good design and architecture trade-offs.

It should be noted that this is a rapidly growing and dynamic field. Any
specific designs described today will probably be ocutdated by the time of
printing. Therefore, general and basic concepts are emphasized in preference
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xil PREFACE

to particular solutions. Designability has been stressed, so it is hoped that these
principles will still be valid for some time to come.

People designing devices for future technologies will find the material rele-
vant. The impact of ESD and reliability concerns on I/O choices is repeatedly
illustrated, especially in the areas of capacitive loading, voltage compatibility,
and hot-electron reliability. It is hoped that this text will help process designers
better understand the requirements of I/O designers. This should benefit
mutual design concerns.

A deliberate attempt has been made to iniegrate material from various
sources, especially material that is only available in scattered text. Subjects
that are well covered in other standard texts are referenced and described
only so that continuity of thought is preserved, but for the most part they
have not been repeated. The authors believe that the references will do better
justice to those topics.

This book is intended to be an integrated 1/O and ESD text. However, for
readers inclined towards 1/O design, Chapters 1 and 4-7 will be more mean-
ingful. Readers seeking information on ESD should refer to Chapters 1, 2, 3,7,
and 8.

SANIAY DABRAL
TiMoTHY J. MALONEY

Santa Clara, CA
July, 1998
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CHAPTER 1

INTRODUCTION

1.1. HISTORICAL PERSPECTIVE

Today in industry, electrostatic discharge (ESD) is primarily looked upon as a
reliability threat. High-voltage ESD such as lightning damages buildings, out-
door equipment, and power lines, whereas smaller ESDs can play havoc with
poorly protected semiconductor devices and electronics. In such an environ-
ment, one quickly loses the overall perspective on ESD and wishes that it did
not exist. However, electrostatic discharge has been a key ingredient in activ-
ities such as the following:

« the discovery of electricity, as shown by Benjamin Franklin’s kite experi-
ment [Gale, 1994];

« the discovery of wireless communication, in which Hertz used an ESD as a
transoutter and another ESD gap as the receiver {Lee, 1994];

« the perpetuation of life by fixing nitrogen in the atmosphere fo nitrates,
which helps plants to grow [McGraw-Hill, 1982]; and

« a cleaner atmosphere, by helping electrostatically clean the exhaust gases
produced by factories [van Nostrand, 1995]

In view of some of these benefits in the past and those to come in the future, the
problems caused by ESD are indeed minor. So even though ESD damage is a
serious concern in the semiconductor industry, it is important to consider the
benefits and place ESD in perspective.

1
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2 INTRODUCTION
1.2. NATURE OF ESD AND APPROXIMAYTING MODELS

There are two main types of ESD phenomena in nature: lightning, or ESD over
large distances (hundreds of meters) and large voltages (hundreds of kilovolts),
and ESD’s over small distances (less than a centimeter) and low voltages
(approximately a kilovolt). Since in both the air dielectric is broken down,
the approximate breakdown fields are the same. In this book we are mterested
in the methods 1o protect integrated chips from the ESD threat. The small
distance and lower voltage are the relevant phenomena for the semiconductor
devices and will be discussed further in this book.

1.21. ESD Relevant to Semiconductor Chips

An ESD pulse can be caused by several physical factors, each leading to dis-
tinct characteristics depending on the source. These characteristic pulses are
broadly grouped into three categories:

« The human body model (HBM) represents a charged human discharging
into an integrated circuit (IC). This is defined by the ESD Association
Standard 5.1 [HBM1, 1993].

+ The charged-device model (CDM) represents die self-charging (field or
triboelectric) and then self-discharge. This model is in the process of
being defined. Currently there are two methods, one supporting the
field-induced method [Renminger, 1991] and the other supporfing a
socketed method ESD association standard, D5.3 [CDM1, 1997]. The
field-induced method is more realistic but less repeatable, whereas the
socketed method is less realistic but more repeatable.

» The machine model (MM) represents charging due to machine handling.
This is primarily used in Japan and in the automotive industry and is
covered under specifications [MM1, 1994].

The three models are illustrated in Figure 1-1.

The CDM stress is the fastest transient and has the maximum peak current,
as shown in Table 1-1. The CDM pulse is usually the hardest to protect against.
The HBM pulse, which is represented as a double exponential, is a RC-domi-
nated model and has a time constant of ~10~30ns. The machine model is an
LCR model, in which oscillatory currents are observed and which has a time
constant of ~15-30 ns. Of these, the CDM zapping will be most destructive to
future circuits. For example, Fukuda [1986) observed a 70% decline in CDM
robustness for an oxide change from 500 to 300 A (40% change), whereas the
HBM robustness decline was only 30%.

Even so, the best models only approximate reality. In addition to their
approximate nature, parasitic inductors and stray capacitors may significantly
alter fidelity to the model. The effect of parasitics is most pronounced in CDM
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1.2. NATURE OF ESD AND APPRCXIMATING MODELS 3

ESD in nature
Small .
distance/voltage/energy Large distance/voltage/energy
O Vil >100 m/>100 KV/3
HBM MM CDM Lightning
150053 850 0.5nH <10Q <I0mH |

Figure 1-1. Examples of ESD phcnomena in natuare.

testing, which significantly affects the higher frequency components. To sum
up, the test results are only a rough approximation ie the ESD event. However,
they do allow a consistent basis for comparison of ESD data and provide good
repeatability.

1.2.2. ESD-Related Fallures

Electrostatic discharge events can lead to failure of poorly protected circuits.
These failures are primarily thermally driven. In Figure 1-2, damage te metal
caused by CDM stress is shown. The basic phenomenon is for sufficient heat to
be generated in a localized volume significantly faster than it can be removed,
leading to temperatures in excess of the materials’ safe operating limits. The
consequences are usually as follows:

TABLE 1-1. Electrical Characteristics of ESD Discharges Showing Peak ESD Curreat,
Rise Time of Leading Edge, and Bandwidth of Energy Content in Transient

Toeak Rise Time Bandwidth
Model (A) (ns) {MHz)
HBM 1.33 10-30 2.1
MM 317 15-30 12
CDM 16 1 1100

Source: Amerasekara [1995, p. 18],
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4 INTRODUGTION

ESD-related failures
Junction breakdown | | Oxide breakdown Metal/via damage

CDM metal blow out CDM metal blow out

Figure 1-2. The ESD-related failures can be broken down into Junction, oxide, or
metal/via damage. CDM metal damage is shown. B

« Junctions may melt and cross diffuse or lattice damage may occur.

+ Oxides may have void formation, vaporization, and filament formation,
leading to shorts or opens.

« Metal and contacts may melt and vaporization may occur, leading to
shorts and opens.

Future technologies will have shallower junctions, thinner oxides, and smaller
line width metals and vias, making them more susceptible to ESD damage. For
these reasons a more methodical approach to ESD protection is needed. These
issues are discussed in the next section. '

1.3. ESDISSUES IN THE FUTURE

The main ESD issues of the future arise from three reasons, requiring a meth-
odical approach to ESD design:

+ increased number of input-output (I/0) and power pins per chip;

+ development of Increasingly sensitive fabrication processes and an
increase in the number of processes to be supported; and

» increased peripheral issues, such as power sequencing, hot insertions, and
back powering,
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1.3. ESDISSUES INTHE FUTURE ]

1.3.1. 170 PinTrends and Sensitivity of Increased Technology

The trend in VLSI today is that the circuit size doubles every 18 months (every
year between 1965 and 1970). To make this scaling possible, the lithography
and corresponding fabrication processes have to shrink. Figure 1-3 shows that
the time dependence of the circuit size increases and lithography features
decrease. Slowdowns in the aggressive scaling are occasionally forecast but
have not materialized yet, so this trend 15 very likely to continue for a while.

As the circuit size increases, the number of 1/O pins to support these circuits
also increases. The required number of 1/O pins can be estimated based on the
number of gates in the circuit using Rent’s rule. This rule is empirically derived
and states that '

N,=kxNE.. (1-1)

where N, is the number of 1/O pins, k is a constant based on the type of circuit
(logic, memory, etc.), Ny is the number of gates, and B is an exponent
dependent on the circuit. This function is plotted for various circuit families
in Figure 1-4, and the relevant coefficients are tabulated in Table 1-2. It should
be noted that logic chips show the fastest growth in I/O pins and the memories
show a much smaller rate. Therefore this rule must be modified for parts with
significant mix of logic, power, and memory. For example, power devices that
traditionally require only a few pins are increasingly becoming “smart™ by
including more contrel logic on them. Thus their logic character increases
their pin count beyond power devices, but microprocessors that are usually
pin infensive are increasingly utilizing on chip cache memory. Thus they

160

10
1000

2
Hm

(Gates/chip

1 | 1 1 AL

0.1 4 0.1
1965 1970 1975 1980 1985 1990 1995 2000
Year

Figure 1-3. Circuit size and lithographic technology trends [Masaki, 1995; Hutcheson,
1997].
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6 INTROBUCTION

10000

Number of I/0 pins
§ .

§_.

102 10° 104 10° 109
. Number of gates .

Figare 1-4. Trend in circuit size and 1/O pins required for various classes of circuits.

acquire “memory™ character, lowering: their pin requirements. for the. corre-
sponding number of circuits they contain, ' :

It is expected that gigascale integration will be achicvable by around the year
2000 [Meindl, 1984, 1996]..8o it should be expected that the /O and power pin
counts on chips will increase past 1000, in keeping with Rent’s rule. Realizing
that component reliability is only as good as its weakest pad, the increasing
number of pins will certainly create more ESD issues uniess a methodical
approach is implemented. _

To allow this tremendous increase in circuit size, geometries are being
aggressively scaled down [Stix, 1997]. These scaledowns also entail decreasing
the power supply voltage and gate oxide thickness, increasing doping, and
increasing the number of metal layers required [Brinkman 1997; Bakoglu,
1990, p. 26; Yasuda, 1997). This scaledown has made devices €Ven more sus-

TABLE 1-2 Rent Rule Coefficients for Various Circuit Families

Circuit B K, Comments
SRAM . 0.12 6 Memory
Microprocessor 0.45 0.82 .Logic

Gate array ' 0.5 1.9 - Programmable logic
Chip and module 0.63 i4 Package

Board 0.25 82 System

Source: Bakogolu [1990, p. 416].
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13, ESDISSUESINTHE FUTURE 7

ceptible to ESD damage as gate thickness and area and diffused junction
depths have decreased [Amerasekara, 1994], requinng less energy and lower
voltage to destroy. The energy in the ESD pulse has not decreased. Therefore
the ratio of energy required to damage a device to the ESD energy available in
a HBM or CDM pulse has been decreasing. One reason is that the volume of
the device is decreasing, as shown in Figure 1-5. This ratio does not scale with
the current technology and will get even worse with device scaling. This is
iflustrated in Figure 1-6. Thus, EOS and ESD protection will become increas-
ingly tougher.

Clearly, with increasing I/O counts and stringent protection requirements,
the need for an orderly hierarchical design scheme becomes essential.

1.3.2. Increased Number of Technologies

The number of active process generations is increasing. This process of accu-
mulation occurs because process updates are frequently a result of the follow-

ing:

« improved manufacturing technology,
- optimization of a standard process to support specific designs, and
» retention of “older” technologies.

These can cause significant changes in the operation of breakdown-oriented
ESD protection devices, requiring constant monitoring. The increasing number

10 ¢
C @ N-well junction
& Junction depth -
: .
g 1
& | " A
(8] B . A
i A
A
A
A
(‘Ll 1 | | | L1 1 1! 1 £ 1 1 J 1 1l
0l 1 10

Feature size, ym

Figure 1-5. Junction depth as a function of feature size. Both decrease simultaneously,
thus reducing the device volume in which heat will be generated. In addition, the oxide
thickness also scales, lowering the damage voltage.
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2 INTRODUGCTICON

Ratio of HBM Ratio of
energy to energy device speed
required to to HBM time

damage device constant

Year

Figure 1-6. Qualitative view of the energy ratio of an HBM pulse to the energy required
to damage the device, which is increasing with each process generation. Also shown is
the decreasing ratio of the device speed with respect to the HBM time constant.

of processes and their continuous fine adjustments greatly increase both retest-
ing workload and their chances of ESD susceptibility.

Frequently an old process is updated as the learning process allows better
manufacturing control. Shown in the Figure 1-7 is an example of gate oxide
optimization. Initially, the process may have a large range in thermal oxide
thickness. As more experience is gained, this variation is reduced. Once better
control is achieved, the target value of the oxide thickness may be reduced such
that the new lower limit matches that of the old process. The thinning of the
gate oxide allows a higher G,, which improves the process speed. Similar opti-
mizations to other variables occur on a regular basis.

New aggressive

specification
Optimized
distribution

Distribution

Property (tox)

Figure 1-7. Process optimization cycle showing reduction in gate oxide as the process is
better understood. In this fashion the old specification is tightenred toward a more
aggressive and tighter distribution.
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13. ESDISSUES INTHE FUTURE 8

Protection devices that are based on breakdown phenomena need to be
monitored constantly, as some of these changes may significantly affect their
performance. On the other hand, some protection devices have the advantage
that when the necessary data or estimates arc available, simulations can be
used to evaluate device performance and enable any corrections if needed.
This avoids costly experiments and saves time. It has also become very
popular to support many variants of a base process. These may be targeted
specifically at high performance logic or low power logic or different voltages.
To complicate matters further, processes have been optically shrunk, and
older ones have been hybridized with newer processes to create new optimi-
zalion variants. .

Another subtle influence seen in the IC industry 1s that oid fabrication
processes are being retained. This is partly due to voltage scaling. Previously
a 5-V process was replaced by another superior 5-V process and the older
process was retired. However, now the 5V has decreased to 3.3V and this
trend will continue. Thus currently each process generation has a unique oper-
ating voltage that is different from the other generations. To retain fabrication
capability at a nominal voltage, it becomes essential to maintain the older
process. This retention phenomenon means that more and more processes
need to be supported for ESD, thus straining personnel resources {Johnsomn,
1993]. A simulation-based ESD methodology can significantly ease the pain of
maintaining these processes.

Consider a specific example that combines technology with economics-
driven optimization, requiring scaling down of the epi thickness within the
same technology. Epi thickness controls the substrate tap resistance (for
power delivery) and affects the latchup of the complementary metal-oxide-
semiconductor (CMOS) technology. Simultaneously, a thinner epi means less
time to grow the epi, resulting in cheaper starting wafers. The thickness of the
epi 1s, however, limited by the out-diffusion from the base PT material so it
cannot be shrunk indefinitely. At the process development stage, a particular
¢pi thickness was targeted and several silicon-controlled rectifier (SCR) designs
were examined and one selected. However, at a later stage, the epi thickness
was reduced, and the same SCR failed to function, leading to ESD failures.
This led to another cycle of SCR development.

1.3.3. Other Complications

Solving ESD problems can lead to other complicattons in layout, verification,
power-up sequencing, area utilization, and driver/predriver design. With
increases in number of processes and volume and types of silicon chips pro-
duced, complications can easily multiply and become unmanageable. Therefore
a generic and simple ESD solution is highly desirable and is discussed in the
next section.
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0 INTRODUGCTION
1.4. SOLUTIONS

The authors have found that even with good individual ESp comporents (such
as faster devices), successfu] full-chip ESP solution is not automatic. It is
essential that these compounents are effectively put- together on the chip so

* Random Path: The ESD) stress current makes its own path from one pin to
another. The weakest link breaks down and conducts heavily. In the
process, however, a weak link may suffer permanent damage. These
weak spots may change from die to die, and more so from wafer to
wafer. It takes several iterations of failure analysis’ and layout fixes to
weed out the weakest links and expose the next weakest link. Finally,

one hopes ,the desired ESD performance is reached. This is shown in

* Current Path: The other méthed is to provide a designated path by which

- ESD current can be discharged between any pin combination. The desig-
nated path has a very low impedance for an ESD zap, compared to all
other parasitic paths. The designated pathi is determined such that the
necessary sizes for the interconnect and protection devices can be calcu-
lated. In case of failure, the debug is usually simpler, mainty consisting of
identifying the failing device in the path and correcting it. Several -such
attempts have been-described and can be found in the literature [Maene,
1992; Dabral, 1993, 1994; Maloney, 1995, 1996; Merrill, 1993].

Vw 1

Figure 1-8. Stress current finds its own random path 1o travel from pad 1'to pad 2 when
no designated path is predominant. '
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14, SOLUTIONS 1

The random path is specific not only to the technology but also to the par-
ticular chip type (if not the lot type). This defies generalization and each chip
type has to be customized.

The current path is more designable and lends itself to more systematization
[Merrill 1993, Daral 1993, 1994; Maloney, 1995, 1996]. Figure 1-9 illustrates a
generalized path. An ESD zap path between pad 1 and pad 2 is shown. It is
essential that the path length (in terms of voitage drop) be sufficiently low such
that the oxides and junctions are not damaged. These current paths need
component devices to form a working chain. A component device can either
be a breakdown-type device or a non-breakdown-type device. These compo-
nent devices are discussed in the following paragraphs and Chapter 2.

1t should be noted that it is difficuit to design ESD protection using break-
down devices {(BDs) because of their high layout sensitivities and process
dependencies. A much easier method to design is using non-breakdown devices
{NBDs), which operate near their normal operating regime and are therefore
easier to predict and simulate. This book will concentrate on the NBD options.

Two trends that can help NBD proteciion devices need to be noted:

« An option in the ESD protection of future chips is to use the increasing
core capacitance and the higher circuit speeds to participate actively in
mitigating ESD stress [Dabral, 1994; Ramaswamy, 1996]. The increasing

path
- chc Vcr:ﬂ

[ L L

[ ot :—’— -

Pad 1 : Pad 2
| Padto ¥,
{01 V)
; path
—-
1—

Vssp 1

5502

Figure 1-9. Example of preferred ESD current path from one pad to another, showing
passage through /O circuits and power supply clamps. Arrows indicating strongly
directional devices are shown. It is also clear how the current path could terminate at
any the power supply lines by passing through the elements shown.
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12 INTRODUCTION

circuit size will invariably lead to larger capacitance {(due to the devices
themselves), and extra on-chip decoupling capacitors will be required 1o
maintain clean power supplies. As the voltage scales down and the current
increases, maintaining a low-power-supply ripple will make it essential to
have decoupling capacitors in the tens-of-nanofarads range (or larger).
These decoupling capacitors help greaily in reduction of ESD voltage
stress from building up between V.. and V,,, thus protecting the core
circuits.

« With scaling down of feature size, device frequencies increase. Sub-hun-
dred-picosecond gates are obtainable today with speeds rapidly heading
towards tens of picoseconds. Compared to these fast gates, the rise times
of the fastest ESD puises (CDM) are becoming comparable (~ 1 ns). In
other words, it will become increasingly easier for gates to respond to an
ESD pulse.

One must ask: Can we not use these two trends to mitigate some of the
enhanced sensitivities that the future ICs will experience?

1.5. OUTLINE OF THE BOOK

Much research has been conducted on ESD over the past 20 years; however,
most of it is fragmented, and it has not been compiled into an easy I/O and
ESD design reference. Currently books on ESD have concentrated on specifics.
For example, data on electrostatics can be found in Greason’s {1992} book;
SCR design in Diaz’s [1994] book; general ESD practices in books by Bhar
[1983}, Matisoff [1986], and Corp {1990]; and ESD device theory in books by
Amerasekara [1995] and Antinone [1986].

Similarly various aspects of VLSI design have been elaborated by several
authors [Bakogolu, 1990; Mead, 1980; West, 1985], but integrated information
on VLSI, 1/O, and ESD is largely absent. Further, some aspects of VLSI
design, such as hierarchical and circuit-oriented designs, are very desirable to
replicate in the ESD area.

However, there is a large gap in the fragmented research on ESD and design
practices in VLSI. This book leverages from past efforts and attempts to bring
a sumplified design perspective to /O and ESD design. This will enable a
common understanding for both the I/O designer about ESD constraints
and the ESD process designer about 1/O design requirements. This effort
attempts to do the following

« Bridge the gap between I/O, ESD, and VLSl/system design: There is a
disconnect between the I/O designer, the process developer, and the ESD
circuit development, which this book integrates.
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1.5, OUTUNE OF THE BOCK 13

» Examine one ESD methodology that scales with technolegy: In the future
the technology will be increasingly ESI} sensitive and the number of I/O
pins per chip will increase. This book describes a simple designable meth-
odology that can extend to future technologies without extensive changes
or iterations.

» Express device physics in terms of simple electrical circuit models (wher-
gver possible): This allows the practicing designer to converge on an
appropriate design and layout for an IC product with ESD protection
as an integral consideration.

The ESD methodology will be discussed in Chapter 2. It is based on the
earlier discussed “‘current path” model. Components satisfying these require-
ments will be identified here. These include coupling diodes and core clamps
with the relevant circuit models discussed.

Other key parameters affecting IC protection, such as clamp distribution,
package effects, and decoupling capacitance, will be discussed in Chapter 3.

The basics of 1/O designs will be examined in Chapter 4. These include
simplified buffers, topology, switching noise, and signaling schemes. The tim-
ing equations used to determine the speed of the 1/O scheme as well as alter-
natives are also examined. The trend to compensate the 1/O buffers, enabling
them to be more tolerant to process, temperature, and voltage variations, will
be additionally discussed.

The ESD scheme is very sensitive to layoui. Layout techniques wilt be
discussed in Chapter 5. Perfectly good schematic designs, or cells, can be use-
less without attention to the lavout of the overall chip ESD protection. The
layouts of input, output, and core clamps will be shown, including various
options. The metal rules will be derived from the basics and their impact
shown.

The ESD components’ effect on the [/O performance is discussed in Chapter
6. In addition, the effect of diode coupling noise on the core circuits, potential
leakage in 1/O buffers due to ESD implementation, and the effect of ESD
diodes on I/O transients will also be discussed.

Currently, mixed-voltage designs are becoming more common and have a
direct bearing on ESD protection methodology, the 1/O output buffer, and
predriver designs. This will be discussed in Chapter 7, as well as tolerant buffers
and their limitations.

In Chapter 8 methods to generate ESD stress and follow-up with failure
analysis will be briefly examined. The methods to construct simple ESD stress
tools and ESD characterization methods, both electrical and microscopic, will
also be briefly discussed.

Chapter 9 summarizes and concludes the book.
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14 INTRODUGCTION
1.6. SUMMARY

Chapter 1 has presented the following:

» A historical perspective was given to help place ESD as a beneficial phe-
nomenon and that the damage to semiconductors is a small price to pay.

+ ‘The ESD threat to semiconductors will become severe because of increas-
ing volumes of chips and pins, increasing types of I/O (c.g., mixed-voltage
designs), increased number of technologies, and more sensitive devices.

+ Three types of ESD model exist: HBM, CDM, and MM. All are approx-
imations to physical reality, The CDM is the severest and usually the
toughest to protect against.

* A “random” path model to ESD protection is very hard to design and
usually requires several iterations after chip fabrication to debug and fix.

* A “current path” methodology is highly designable and has good protec-
tion that can be built before the chip goes to the fabrication process.

» The scope of this book is to attempt to integrate the best of VLSI prac-

tices, ESD, T/O design, and the fabrication process to aspects that lead to
a simplified designabie and reliable I/O interface.
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CHAPTER 2

ESD PROTECTION METHODOLOGY

21. ADDITIONAL ISSUES DUETO ESD

In the previous chapter, a method based on “current path” to protect against
ESD was briefly discussed. In this chapter components needed to create such a
path will be :identified. The components can be either breakdown (BD) oriented
or non-breakdown (NBD) oriented. The breakdown-oriented devices are
harder to simulate and characterize compared to the non-breakdown oriented
and consequently lead to easier design. Both of these device types will be
discussed in this chapter, but design with NBD-oriented devices will be
stressed.

The ESD stress not only can destroy the 1/O peripheral devices but also can
damage weak internal core logic devices. It has been observed that when there
18 & poorly defined “random™ ESD path, multiple failure modes can exist
[Duvvury, 1988b]. These failures may also have a tendency to change from
die to die, making a consistent solution problematic. Table 2-1 indicates some
such failures, mainly the N*-to-N* snpapback, the destruction of inverters and
clock buffers due to latchup, and the damage to oxides of decoupling capaci-
tors. The main source can be traced to poor core clamping.

Consider a specific example provided by Duvvury [1988b] in the latchup
destruction of an inverter. The latchup destruction was identified as occurring
between the N* guard ring and the N* source, as illustrated in Figure 2-1. To
prevent destruction of the N regions, the removal of the N* guard ring facing
the P* P-type metal-oxide-semiconductor (PMOS) source and N1 source was
considered. However, this may increase normal latchup sensitivity; thus a par-
tial solution was found by removing only contacts in the N* guard ring. This

17
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18 ESD PROTECTION METHODOLOGY

TABLE 2-1. Selected Issues Identified Due to Poor Core Clamping

Feature/Circuit Cause/Mechanism Solution Reference

N*-to-N* NPN snapback Increase space Duvvury, 1988b
destruction between Nt

Inverter latchup PNPN snapback  Remove N¥ guard Duvvury, 1988b
leading to ring facing the
destruction N device

Decoupling capa-
citance

Oxide breakdown,
48 cor¢ protec-

Remove decoup-
ling capacitor

Duvvury, 1988b

damaged tion thick field
oxide (TFO)
and did not
function
Ciock buifers PNPN latchup Increase each buf- Duvvury, 1988b
damaged action fer size to con-
duct current
Clock buffers Clock buffers fas-  TFO clamp speed Johnson, 1993
damaged ter than the tmproved

TFO clamp,
therefore effec-
tively acting as
power (V. to
V) clamps but

{reduce channel
length), better
Vs bussing, and
increased drain
to gate spacing

not designed as of clock buffers

such

effectively lowers the holding voltage of the latched-up SCR, leading to lower
heating in the area and resulting in higher robustness. The HBM ESD
improved from 600V to 4kV in this particular case.

Two points to be noted are that these solutions are very specific to each
circuit (not just a technology) and they can only be implemented after experi-
mental evidence of damage. The manual effort of failure analysis, design fix,
and verification is tedious, complex, and error prone. It would be far simpler to
remove the root cause of the issue, that is, to provide a good conduction path
between V,, and ¥V, so parasitic paths are not activated.

Another weak link is the output buffer, in particular the NMOST driver
[Maloney, 1985; Polgreen, 1992; Tong, 1996), as verified by the number of
issues and correctional steps reported in the lterature. This weakness is caused
- by the low snapback voltage of the parasitic NPN, which leads to second
breakdown, which in turn Ieads to filamentation and subsequently to perma-
nent damage to the transistor. The snapback characteristics of an NPN device
are shown in Figure 2-2. During snapback, the current is conducted uniformly
by all the fingers of the N-type MOS (NMOS) and the snapback device current
scales linearly with the device width. This scaling is possible because during
snapback the resistance has a positive temperature coefficient of resistance,
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21 ADDITIONAL ISSUES DUE TO ESD 19

N-well
P-epi
P+

_{
E
o

Contacts removed

(&)

Figure 2-1. Latchup between N and P devices caused by poor clamping of V. to ¥,.
(a) One solution is fo remove a section of the guard ring contacts between the two
devices as shown in (), leading to complex design rules [Duvvury, 1988).

This implies that if the current in any region increases, that region gets hot,
thereby increasing the resistance, which encourages the current te flow else-
where. However, with the onset of second breakdown, the resistance of the
current path has a negative temperature coefficient dependence, encouraging
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~=—— Device destroyed

~—— Second breakdown region

“—— Snapback region

(Fos Zp)

Ve

Figure 2-2, A typical NMQS characteristic showing snapback region and second break-
down region.

current “hogging™ and filament formation. This nonuniformity in current dis-
tribution essentially concentrates the current in certain localized regions (legs)
of the NMOS, thus underutilizing the full current potential of the device. The
current concentration into a few fingers of a device implies that no matter how
many fingers are available only a few will (randomly) turn on and the device
ESD current capability will not scale with device size,

To enhance NMOS device self-protection, the current must be made to flow
uniformly in all the fingers, which then allows ESD robustness to scale with
device size. If the second breakdown voltage is made larger than the snapback
voltage, then current will flow jn all fingers of the NMOS, which will turn on,
and more even current flow will result. Four strategies can be employed to
make the snapback voltage comparable to or less than the second breakdown
voltage [Polgreen, 1992]:

» Increase the Ves during ESD, which decreases the snapback voltage
[Polgreen, 1992]. However, the turn-on must be weak, as a Ve that is
too large will degrade the second breakdown current capability.

» Reduce the channel length to decrease the snapback voltage since the
NPN B increases. The current capability decreases weakly, but it is com-
pensated for by lowering the snapback voltage. A lower limit is set by the
hot-glectron degradation of the output driver.

» Forward bias the substrate (slightly), encouraging early snapback. This
option is of limited practical use but it i valid if the substrate is free
floating,

Add bailast resistance.
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2.2, DEVICES FOR ESD PROTECTION 21

In addition to the uniform current flow option, another alternative 1s to add a
parallel path, which helps to discharge swiftly the major portion of the ESD
 cuarrent. This parallel path drastically reduces the ESD current through the
NMOS device, thereby allowing extra robustness. If the parallel path is par-
ticularly effictent, sufficient voltage may not build up at the pad, and it may
be possible to prevent the NMOS from going intoe snapback, and then only
very weak conduction will result,

The two examples above (latchup of core and output NMOS sensitivity)
highlighted the fact that ESD issues are relevant not only to the 1/O area but
also to any weak spot in the core circuit. In the next section devices that help
mitigate ESD stress are discussed.

2.2. DEVICES FOR ESD PROTECTION

The ESD devices that prevent oversiress (clamps) are either breakdown devices
or non-breakdown devices (see Figure 2-3). Generally, the breakdown-
oriented clamps are very area efficient but are considerably harder to design
and their operation is harder to predict. This makes them very empirical in
design, requiring extensive experimental matrices or iterations. Each of the
BDs is briefly discussed here but more attention is given to the NBDs.

2.21. Thick-Field-Oxide {TFO) Clamps

A TFO device that can be used as a clamp is shown in Figure 2-4. The device
consists of a NMOS transistor with a TFO gate. The gate 15 tied to the drain,
but this has only a weak influence on the drain current, The device primarily

Clamps
Breakdown Based Non-breakdown Based
TFO (thick field oxide) MOS FET
SCR (silicon—controiled rectifier) BIT (bipolar junction transistor)

"PIPE (punchthrough-induced protection element) Diodes
LVSCR (low—voltage SCR)

Gate SCR (gate—coupled SCR)
GCNMOST (gate—coupled NMOS)
Bimodal SCR

Spark gap

Figure 2-3. ESD protection clamp options by breakdown and non-breakdown conduc-
tion devices.
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Polysilicon or Field oxide
polycide gate / Polytesistor
3 N\ A A [ ]
Gate oxide trigger /O Pad
l_l:_l N-device
L1 [
N+ Field oxide
NGG TEQ  clamp device
P-epi ‘ = '
P+ substrate ) )

Figure 24. Simple TFO clamp. Here the thick-oxide grounded-gate device is the main
clamp and an auxiliary thin-gate oxide MOS field-effect transistor in the immedjate
neighborhood for the TFO device acts as the trigger,

utilizes NPN snapback action to provide clamping. In addition, a thin field
oxide device is physically placed close to the TFO device. The drain of the thin
oxide device is protected using a resistor [Jaffe, 1990; Johnson, 1993,
Amerasekera, 1995, p. 31]. However, the TFO is used to prevent the drain—
gate oxide short due to the high ESD voltage at the pad. The trigger NMOS is
used in a grounded-gate mode whereas the TFO has its gate tied to the drain.
The action of this clamp is as follows. When high voltage is applied to the
pad, the thin-oxide NMOS breaks down and conducts. This breakdown raises
the Tocal substrate potential sufficiently to forward bias the source and help
initiate the breakdown of the TFO. Once the TFO turns on, it carries the brunt
of the ESD current. Since the grounded-gate NMOS is not capable of carrying
large currents, the resistor has to be chosen such that the NMOS safe current is
never exceeded. This scheme worked well when the diffusions were not sili-
cided. Silicidation has reduced its performance dramatically, primarily due to
nonuniform distribution of current in the thick-field device during clamping.

2.2.2, Grounded-Gate NMOS (GGNMOS)

A GGNMOS device is formed by shorting the gate (thin oxide} to the source,
as shown in Figure 2-5. The main difference between the TFO device and the
GGNMOS is the oxide thickness. The TFO uses a thick field oxide whereas the
GGNMOS uses a thin gate oxide. The gate source short ensures that the device
15 never turned on. During an ESD pulse, the NPN snapback action occurs,
which dissipates the energy. Again, the GGNMOS devices worked well when
no silicided junctions were used and ballast resistance could be implemented by
spacing the drain contacts to a poly edge distance. The ballast action of the N*
regions provided sufficient protection to the individual fingers and ensured
uniform distribution of the current among the fingers. This allowed the device
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Polysilicon or
polycide gate . FO Pad
Gate oxide , [ l
N+ | C
PR
P-epi - |
P+ substrate =

Figure 2-5. A GGNMOS device showing the gate shorted to the source.

ESD clamping capability to scale with the device width. However, with the
introduction of the silicided technology, this action has been large eliminated.
This has led to nonuniform current distribution to the device. Only a few
fingers may take all the ESD current while other fingers do not share the stress,
which leads to early failure. The performance of the GGNMOS has corre-
spondingly suffered.

2.2.3. Silicon-Controlled Rectifier (SCR)

The SCR occurs inherently in CMOS technology because of the complemen-
tary nature of the devices, which require a well for isolation. However, this
term is a misnomer in CMOS technologies because the “control™ is very hard
to achieve.

A SCR in a CMOS technology is shown in Figure 2-6 [Amerasekera, 1995,
p. 75: Duvvury, 1993]. It consists of a PNP transistor formed by the P, the N-
well of the PMOS, P-¢pi substrate, and an NPN formed by the N™ source of
the NMOS, the P-epi, and the N-well of the PMOS. In addition, there is the
resistance in the N-well and also in the P-epi, both of which are very important
factors in the latchup process.

The latchup condition ¢an be modeled by the NPN and NPN pair shown.
The total device current f depends on the state of the SCR, whether it has been
latched up or is still in the blocking mode. The latchup condition is created
where there is sufficient regeneration of current to sustain the flow. This con-
dition can be analyzed with the help of Figure 2-6.

The collector current is a fraction of the emitter current (af,) less the current
flow due to the reverse-biased junction {f,.,). When the emitter current is small
(due to a blocking junction), I, is a significant fraction of the current and o is
small. This can be written as Eq. 2-1 below. This equation applied io the
current situation gives the relationship between the collection currents i
and 7, (Eqs. 2-2 and 2-3). Substituting Eqs. 2-1 and 2-3 into Eq. 2-4, the
total device current in the SCR is seen to be dependent on the sum of o
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Field oxide
V., (anode) V.. (cathode) 1 i ;
2
P+ I_P+_I Ql
Roeet I‘”‘T
“KQZ
O &
vapi _¥ N-weil
AN | =
P-epi
P+ substrate

Figure 2-6. A SCR formed in CMOS technologies. The device needs sufficient initiation
current to forward bias the bipolar junction transistor before latchup can occur. In this
device the N-well to P-epi breakdown provides sufficient current to initiate Jatchup.

and «, [Yang, 1978}, as shown in Eq. 2-5. When the sum approaches 1, the
current increases dramatically:

I.=aol -1, (2-1)

o =—and,) + 15 (2-2)

Lo = yly — Loy (2-3)
I=I,—I,=1I;=1I, (2-4)
;Lo = Lo 1, 2-5)

Tl —a; {2 +az)

where o, and o, are the current gain of PNP and NPN transistors, respectively:
I, and I, are the collector currents and I, and I, the reverse-biased col-
lector currents of the NPN and PNP tramsistors, respectively. It is scen that as
the sum of o; and a, tends to 1, / increases drastically. This is the case when the
SCR latches up. This explains the latchup condition, but how does the SCR get
initiated into latchup?

When the voltage on the cathode is negative with respect to the anode, the
P-epi to the N-well diode is forward biased. Since this P-epi/N-well diode is a
wide area that is forward biased during the discharge, no latchup occurs and
usually no damage is seen.

However, when the cathode is positive with respect to the anode, the N-well
to P-epi junction blocks the voltage. The voltage builds uniil this junction
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breaks down. The resulting current flow biases the Rywey and Rpepi. With
sufficient current flow, the NPN and PNP base and emitter are also forward
biased. The result is a positive feedback and the SCR latches up.

A component to this latchup action is due to the capacitive displacement
current (between the N-well and P-epi). This displacement current becomes
significant when the capacitances are deliberately made large or high-frequency
pulses are applied with large dv/dr. The larger current allows higher o, whose
sum can add up to 1, in which case latchup occurs. Such a capacitively trig-
gered SCR has also been designed [Ker, 1992].

One major issue with the SCR clamps is the high voltages required to trigger
them. These trigger voltages may be in the 30-60-V range. Thus, the circuit is
not protected until the trigger voltages are reached, and then the SCR turns on.
Also, it takes an SCR finite time to latch up (~1ns) and the SCR can be too
slow for some applications {Diaz, 1994; Duvvury, 1995].

2.2.4. Medium-Voltage Triggered SCR (MVTSCR)

The normal SCR had a high trigger voltage, which leads to poor ESD perfor-
mance. The MVTSCR is a normal SCR that has been adapted by adding a
bridging N* area between the N-well and P-epi (shown in Figure 2-7)
[Duvvury, 1995].

This device uses the fact that N*/P-epi breakdown is lower than that of the
N-well/P-epi. This is a result of the higher electric fields caused by shallower,
sharper junctions and heavier doping [Ghandhi 1968, 1977]. Another impor-
tant factor is the reduced spacing of the N* (bridging) and the N* anode,
which is smaller than the spacing of the N* anode and N-well. This leads to
a higher « for the NPN transistor. The lower breakdown correspondingly
reduces the trigger voltage, which may be ~20V for a 1-pm technology and
~10V for a 0.35 um technology [Duvvury, 1995].

2.2.5. Low-Voltage Triggered SCR (LVTSCR)

The MVTSCR has a higher trigger voltage compared te the technology
requirement. The LVTSCR represents another effort to lower the trigger vol-
tage and speed up the SCR [Duvvury, 1995]. This is shown in Figure 2-8.
Starting with an MVTSCR, the field oxide between the bridging N* and the
anode N7 is replaced by a gate oxide. The transistor formed is tied up in a
grounded-gate fashion.

This configuration reflects the output NMOS transistor, which will break
down in the gate-assisted NPN breakdown mede. This transistor reduces the
breakdown voltage of the bridging N™ to anode N¥. This current raises the P-
substrate potential, thereby allowing the NPN transistor to fire. The resulting
device is faster and has a lower trigger voltage, which may be in the 8-V range
for a 0.35-pum technology. The LVTSCR behavior is similar to the output
NMOS snapback. It takes little time for the LVTSCR to latch up after the
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¥, (anode) ¥ .. {cathode)
Bridging N+
T T
-

- 5-’— NN Nowell

P-epi

P+ substrate

Figure 2-7. A MVTSCR is made by adding an N* diffusion, bridging the N-well to the
P-epi substrate. The N7 bridging causes earlier breakdown, resulting in lower trigger
voltages.

snapback event. Therefore, if both the SCR and the output transistor are the
same lengths, then the SCR should be expected to latch up later than the
output NMOS device. One method would be to reduce the device length of
the SCR’s trigger NMOS such that it triggers earlier than the ontput NMOS,
thus providing a better protection for the output device. However, if placement
of the thin gate oxide is not carefully designed, failures can occur. This has
indeed been observed [Duvvury, 1993].

V, (anode)| ThinoXidegate p (camode)

/
Eoi_—'_h P

N-well

A

P-epi

P+ substrate

Figure 2-8. A LVTSCR showing the thin-gate-oxide NMOS added to create faster and
lower turn-on voltage device.
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The previous sections have described a fixed voltage triggering “dumb”
SCR designs, but a new breed of programmable “smart™ SCRs have been
designed. The smart SCRs are able to distinguish their environment and
behave appropnately. These are described in the next section.

2.2.6. Bimodal SCR

The “bimodal SCR™ is a general term used here to describe the SCR design
[Diaz, 1994; Croft, 1994] that functions at two triggering levels:

= high trigger voltage when the circuit is normally “on,” or plugged into a
printed circuit board, and

« low-voltage operation when the IC is “off,” or not plugged into the
printed circuit board.

In the first case, shorts are provided externally on the board, as shown in
Figure 2-9. This allows the SCR to determine whether it is in a board or not.
The circuit operation is as follows. When the pins are not shorted and there is
an ESD pulse at the pad, the dv/dr displacement current and the leakage
current are forced to flow through the bipolar junction transistors (BJTs)
and the substrate and N-well. The only paths are through the NPN and
PNP transistors. With sufficient current flow through their emitter—base
regions, SCR regeneration occurs. This action is the same as discussed earlier
in Section 2.2.3. However, when external shorts are provided, displacement
and leakage currents have a low-impedance alternative path, and they do
not flow through the emitier-base regions of the NPN and PNP transistors.
The circuit appears as a single reverse-biased junction and no regeneration is
possible to cause latchup.

In this clamp circuit, two additional pins are needed to program the trigger
voltage mode. In several chips that use separate peripheral and core supplies,
these two pins can be the peripheral supply pins. However, these additional
pins need to be ESD protected. To protect each pin with respect to the other
three, three additional SCRs are needed (shown in Figure 2-10). These SCRs
provide paths from each pin to another, either directly or in combination with
parasitic diodes. Using such a scheme, Croft [1994] has improved an opamp
circuit protection from 500 to 4000 V. The trigger setting for this example is 2V
for low and 145V for high trigger levels. Both are selectable using the board
short method.

In ancother variant of this programmable triggering, the triggering time
constant of the clamps was altered [Croft, 1996] using an external board-
mounted resistor. In this scheme the RC time constant for an unplugged com-
ponent was set high so the clamp (Darlington NPN between V. and V) is
turned on at a low voltage and protects the internal circuits. When the com-
ponent is plugged into the board, the small resistance on the board decreased

EX1016 / Page 37 of 192
Western Digital Technologies, Inc.



28 ESD PROTECTICN METHODOLOGY

External shorts .
on board \\' )
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Core

circuits . |

@ ®) ©

Figure 2-9. Bimodal SCR whose trigger voltage is selected by (a) providing external
shorts on board. An SCR circuit (6) when not shorted and (¢) when shorted showing the
disabled emitter base of the NPN and PNP transistors.

- v
cIrcuits j s5p : I
V. 1o

V. to V_to
|__‘:| Ve stp l_—_—| P T
: wp pr Ve

Figure 2-10. Typical arrangement of SCR to protect aif the pins. Three additional SCRs
have been added 1o the ¥, to V,, protection SCR. Here the peripheral supply has been
used 10 program the trigger voltage [Croft, 1994].
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the RC time constant to a degree where the protection did not turn on, thereby
preventing leakage or latchup.

As a word of caution, the external short is not ideal [Lin, 1994); the para-
sitics associated with it are shown in Figure 2-11. These parasitics are due to
the capacitance of the bond pads (~3pF), the inductances of wire bonds
{~3nH), and the short transmission line on the printed circuit board (PCB).
Consider a di/dt of 160mA in 1 ns passing through a 6-nH inductor, which will
generate a 1-V drop across the transistor base—emitter (, effectively forward
biasing it. Thus for such sharp transients (as could occur during a CDM pulse),
the external short may not function as a short and could potentially latch up an
active circuit. Therefore, care must be taken to use adjacent wire bonds and a
very small {and wide) trace on the PCB for shorting purposes. The adjacent
wire bond strategy decreases the wire bond inductance since the outgoing and
return current paths will enclose a small area.

The last approach needed external pins to program the SCR irigger points.
Circuit techniques can also be used to provide the similar bimodal function-
ality, as shown in Figure 2-12. Consider the circuit developed by Diaz and
Motley [Diaz, 1994]. This circuit is similar to the LVTSCR, only instead of
being grounded the gate is tied to a control. The gate is controtled using a

."" wa wa\‘tl

External T T L
board short ==

(@) (5)

Figure 2-11. An electrical model for an external board short utitized for the SCR. pro-
gramming.
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1’0

[ — -

L1

Figure 2-12. A bimodal SCR that can be programmed using the power supply condi-
tion of the IC [Diaz, 1994).

simple control circuit that senses the ESD pulse and then triggers using part of
the ESD energy.

The LVTSCR can tnigger only when there is no V,; applied, as would be the
case when the chip is not on a powered-up board. If a ¥, supply is present, the
PMOS MP, is turned off and the NMOS MN; solidly grounds the trigger
node, blocking any triggering. To tailor the trigger point, the turn-on of the
NMOS MN,; must be controlled. This is done using the diode-connected N-
type field effect transistor (NFET) block. By varying the number of cascaded
NMOS transistors, variable-trigger-voltage capability is obtained. However,
the cascading does not lead to integral multiples of V,, blocking but rather a
fraction of that [Diaz, 1994]. _

This SCR may not function well for the CDM. In the example provided by
Diaz [1994], the SCR fails when small rise time pulses are applied
(dv/dt > 34V /ns) but they are well protected when the larger rise time pulses
are applied (dv/dt ~ 12 V/ns). From this it can be estimated that the LVTSCR
may be able to respond only in several nanosecond time frames whereas the
technology (0.6 um, CMOS) is capable of ~200ps gates. This implies that
when protecting an NMOS, this device may be 100 slow. The PMOS is the
most sensitive element in this circuit. In terms of layout, the spacing sensitivity
of N* and P™ is important, as in any SCR. These circuits also show a spread of
trigger voltages (as high as 20% around a mean value).
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2.2.7. Gate-Coupled NMOS (GCNMOS)

It has been observed that the NMOS transistors conduct current nonuniformly
when silicided technology is used. This nonuniformity is explained with the
help of Figure 2-13. Consider an NMOS finger that has snapped back at I
and has a current of I,; due to external applied voltage. Now the voltage in the
drain region tries to decrease to a minimum point of Vg at snapback.
However, the external voltage (due to ESD) does not allow this to happen,
as it is directly connected to the drain node, so to meet the external voltage, the
current in this snapped-back finger has to increase. If the increased current
cannof cause the drain voltage to decrease below V; (perhaps by discharging
the external charged source), then the device passes into the second breakdown
region. Here a thermal runaway process starts, and in this region the device
experiences a negative temperature coefficient of resistance, which implies that
the current will keep increasing for the same applied voltage. This current
increase will ultimately cause sufficient heating such that the local area melts

Polysilicon or /O Pad
E polyciIle gale D
Gate oxide il Ne _l Thin oxide clamp
b } device
Pepi
—<p1 - § L
P+ substrate
:
< (V2 1)
£
5
Vs 140
(¥ 1)

Figure 2-13. Simple GCNMOS structure. The capacitor and resistor combination
couples enough charge to help turn on the NMOS very weakly, ensuring lower snap-
back voltage (¥,]) and allowing all the fingers to turn on.
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and is destroyed. If the second breakdown voltage V,, is smaller than the
snapback voltage ¥, then the conducting finger will be destroyed even before
other fingers snap back and share some ESD stress. This mechanism shows
that if the drain is directly tied to the I/O pad, a finger that broke down earlier
will continue to carry increasing amounts of current leading to its destruction.
Increasing the number of fingers will have no impact on the ESD robusiness in
such devices. A ballast resistance allows separation of the pad and the NMOS
transistor drain such that the drain voltage is significantly modulated by the
current flowing into the drain. This allows other fingers to snap back and more
uniform ESD current distribution among the fingers.

Another method to rectify this nonuniform breakdown is to use the
GCNMOS destgn. A GCNMOS is formed when a capacitor is used to couple
a fraction of the ESD charge to the gate of the NMOS, as shown in Figure
2-13. This is done using a high-pass filter circuit consisting of a capacitor (C,)
and a resistor (R;) [Amerasekera 1995, p. 69; Duvvury 1995; Ker, 1997]. These
are deliberately drawn capacitors in addition to the parasitic capacitance
already existing. At the initial stage of an ESD pulse, enough charge is coupled
into the resistor such that it weakly turns on the NMOS device.

By allowing the gate to turn on weakly, the snapback voltage is lowered,
shown in Figure 2-13 as (¥}, 1}). If the snapback voltage is lowered suffi-
ciently (V,, < V), then other fingers in an NMOS device will also snap back
before any one finger goes into a second breakdown. This allows uniform
current distribution, and ESD performance then scales with device size.

For a GCNMOS design, a target in terms of ESD voltage and the desired
gate voltage can be chosen. Further, by knowing the voltage appropriate
charge coupling capacitor, resistance can be calculated. The second breakdown
current at this gate voltage must also be known (i.e., experimental or simula-
tion). The device width can then be calculated based on the required tolerance
of the ESD zap current and the second breakdown current 7,,.

There are a few issues with this circuit. One needs to experiment, simulate,
or estimate f, before the device is sized and drawn. Changing parasitics will
affect coupling, so it needs to be redesigned for each new technology. This
scheme certainly enhances the NMOS performance by ensuring all devices
conduct current, but it is still based on the breakdown phenomenon.
Further, this action works well for HBM-type pulses. However, for CDM
pulses its effectrveness is reduced [Duvvury, 19935].

In the previous sections the SCR and GCNMOS were discussed. Table 2-2
summarizes the primary characteristics of these clamps.

2.2.8. Punchthrough-induced Protection Element (PIPE)

The PIPE [Kwon, 1995] is a clamp that works similar to a diode in one direc-
tion and as a punchthrough device in the other. The construction of the device
is shown in Figure 2-14. It consists of an N* /P-well diode between V., and the
1/O pad and an NPN transistor between the I/O pad and V.
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TABLE 2-2. Comparison of ESD Performance, Damage Mechanism, Solutions for MOSFETSs, and SCR Devices

GGNMOS GCNMOS MVTSCR LVTSCR
Trigger voltage — — 20V at | pm, 10V at 15V at L um, 8V at 3.35um
0.35um
Nonsilicided HBM 10 V/um 10V/pum 40 V/pm 40 V/pm

current capability
CDM

Silicided CDM with-
out diode

Silicided CDM with
diode

Damage mechanism

Fix

Preferred path

+V, better, with pad
to V., dicde more
robust

Meiting of source con-
tact; melt filament
between source and
drain

Increased metal widths,
area, and number of
contacts and lower
inductance

+¥, better, with pad
to V. diode more
robust; +1000V,
—600V

—1V/um, +2V/um

~2V/um

Melting of source con-
tact; melt filament
between source and
drain

Increased metal widths,
area, and number of
contacts and lower
inductance

+1500V, <—3500V

+ CDM more robust than
LVTSCR (3x); — CDM
less robust than
LVTSCR because of slow
response of SCR (3x)

Increased device width and
improved diode action

Vertical NPN

+500V, > —1000V

+ CDM shows lateral NPN
action, resulting in
damaged thin oxide;
—CDM shows anode-to-
cathode damage

Increased device width and
improved diode action

Lateral NPN

Source: Duvvury [1995].
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P+ |
N‘ .
Main current
flow during
ANAA,
Powell punch through
N substrate

Figure 2-14, Cross section of PIPE device showing placement of critica] poly gate for
setting up the right punchthrough voitage.

When the I/O pad is positive with respect to Ve, the P-well is reverse biased
and the depletion layer extends towaid the P-well/N-substrate boundary. Once
the depletion layer touches the P-well/N-substrate depletion layer, a low-impe-
dance path is created between the 1/0 pad and the Vees TESUNtING In current flow
that then biases the NPN. A sharp snapback-like lowering in voltage is
observed. The poly gate length is used to control the punchthrough voltage,
and with larger gate length, the punchthrough voltage increases, However, this
gate length also affects the ESD performance as the punchthrough voltage is
modulated.

The gate length is not a completely free variable, as it is needed to design a
punchthrough voltage. There are additional sensitivities to the P-well doping
and channel implant that control the punchthrough voltage. With mcreasing P-
well doping and channe] implant the punchthrough voitage increases.
However, with increasing P-well doping ESD performance was found to
improve, whereas with increasing chanmel tmplant ESD performance was
degraded.

It can be speculated that P-well doping reduces the P-well/N-substrate
boundary to the N* (tied to Vee} distance. This reduction in distance reduces
the resistance in the ESD current path, which is not at the surface byt slightly
under the surface (as shown in F igure 2-14). This reduction in resistance offsets
the increase in punchthrough voltage, and an overall improvement in ESD

thereby providing the PIPE with ESD robustness.
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The main advantages of a PIPE are small area and reasonable ESD perfor-
mance. However, breakdown characteristics, P-well sensitivities, gate length
effects on ESD performance, and punchthrough voltage need to be traded off.

2.2.9. Spark Gap

Spark gaps have been used in 1C protections {Bahr, 1983] but are becoming
increasingly unviable in IC technologies. These devices rely on electron emis-
sion under a strong electric field [Wallash, 1994). This electron emission occurs
in two modes: the Paschen mode, when the gap is larger than about 25 um (low
electric fields), and the field emission mode, when the gap is smaller than 10 pm
(high electric fields). In the Paschen mode, the breakdown voltage is high
(> 650V}, which makes such devices unsuitable as IC clamps. However, in
the field emission mode much lower voltages can create a breakdown.

Their impracticality is primarily due to their larger trigger voltage, their
slow response, and the reliability of the gap both before and after zaps. As
an example, when spark gaps are used to protect magnetic heads, it has been
reported that a gap less than 3 wm results in shorts after zapping (Figure 2-13).
Thus gaps greater than 3 pm are required, which makes the trigger voltage
greater than 500 V. In addition, these devices will show wear-out after multiple
zapping. One can argue that in current silicon technology with finer lithogra-
phy, gaps can be made in micrometer size, thereby reducing the trigger voltage
and reducing shorts. However, the wear-out mechanism will still exist and
needs careful design.

Another issue reported is that with charge sharing between the gap and the
discharging body a voltage sufficient to trigger this device may not be reached,
in which case the gap will fail to trigger. The added device capacitance also
slows the ignition time at a rate of 135ns/pF. Thus for ICs having large
capacitance, the gap will be too slow and may not even ignite, leaving a

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

Figure 2-15. Schematic of a spark gap together with the device capacitance. The device
capacitance shares charge from the HBM capacitor and may lower the voltage suffi-
ciently that the gap does not ignite [Wallash, 1994].
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possible protection hole. Clearly this device is not suitable for IC clamps unless
additional enhancements can be made.

2.210. Zener Clamps

Zener clamps are simply diodes that avalanche at relatively low voltage so that
they are able to protect other circuitry. Zener diodes are created by placement
of heavily doped (even degenerately doped) junctions adjacent to each other. In
a regular CMOS or bipolar MOS (BiCMOS) process such junctions are hard 1o
create in a standard form.

Corsi [1993] provides an example of zener implementation using the most
heavily doped junctions available, the emitter and the base. The circuit is
shown in Figure 2-16. Here, one NPN transistor ((2;) 1s broken down deliber-
ately during an ESD event. The breakdown voltage is BV ;, and current flows
through resistor R; to ground. The BV, has to be preferably lower or about
the same as the snapback voltage for the NMOS transistors. Usually the emit-
ter-base breakdown of (), has a small volume of silicon to dissipate the ESD
energy, creating large power density. So dissipating all energy in the transistor
¢ is not practical. A vertical NPN transistor with a vertical current flow and
large dissipation volume is preferred. Resistor R can be used to bias the NPN
€1, which provides the main ESD discharge path. For the case where the padis
negative with respect to the pad, diode D, provides the main conduction path.

In BiCMOS technology the bipolar collector current flows vertically and
NPN has significant gains. Therefore this scheme is more applicable to
BiCMOS technologies. In a regular CMOS technology the NPN is usually

absent.

Integrated ‘*zener“L J O,

diode

L Collector to
P-epi diode D,

4

[~
1~

A

£

Figure 2-16. Zener action-based clamp. Here the zener diode and the resistor are used
lo sense an ESD transient and the NPN transistor is used to shunt the majority of the
current.
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2.2.11. Double-implant Fieild Inversion Device in Well {DIFIDW)

This device is constructed using a TFO as the gate dieleciric and a deep N-wel
as the source and drain [Lin, 1984], illustrated in Figure 2-17. It has a high
threshold voltage, primarily because of the thick oxide, and in this example
there is 23V for a 10,000-A oxide and 14V for a 6000-A oxide. The deep N-
well source and drain were used as protection against metal spiking, which can
occur in poorly protected shallow N7 junctions [Maloney, 1990]. This gave an
additional level of safety for direct aluminum metallization onto silicon, which
did not have the benefit of contact barriers.

This device may be diode connected to form a clamp that triggers on only at
high voltage and it is off at normal operating voltage. Even though this device
operates in a conduction mode, it may suffer snapback. Here the thick gate
oxide helps prevent oxide damage. The DIFIDW is different from a TTO
primarily in its use of an N-well as the source and drain. This option was
valid when little aluminum-to-silicon contact barriers were implemented.
With barriers placed in the contacts, the necessity to have a deep N-well (io
prevent aluminum spiking) has diminished and TFO devices are sufficient.

In the last section, breakdown-oriented clamps were discussed. These
devices need considerable amount of design usually followed by several trials.
This may include defining the device in three dimensions and then simulating
their performance on a computer. Thus considerable information on the device
can be obtained even before devices are laid out in silicon. This technique is
discussed in the next section. -

Polysilicon or
polycide gate Field oxide _[l

N+

N-well

P-¢pi
P+ substrate

Figure 2-17. Simplified cross-sectional view and circuit schematic of a DIFIDW device
used as an ESD clamp.
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2.3. ELECTROTHERMAL SIMULATION

Electrothermal simulation tools can be utilized to optimize and characterize the
device performance before mapping them to silicon. These tools use finite-
element methods and solve the basic semiconductor equations and include
the effect of heat generation and flow [Krabbenborg, 1991; Mayaram, 1991].
The models are extremely complex and based on such assumptions as no
filamentation, uniformity, and no hot spots. They are extremely useful to
analyze the device physics. However, they are very cumbersome for engineering
ESD protection circuits.

For example, an electrothermal study can help validate an assumption for
second breakdown, which has been that it occurs when the intrinsic silicon
clectron density (n;} equals the doping density of the silicon. However, it is very
difficult to verify this experimentally as junction temperatures cannot be easily
measured in a real device. It is further complicated by nonuniform doping. For
second breakdown the heat generation sites have to be identified, and one
needs to evaluate where the voltage is being dropped. For example, in a resis-
tive material, the peak temperatures may be away from the junction (depletion
layer) depending on the J'E product. However, in low-resistivity materials, the
major voltage drop is across the depletion layer, which is the location of peak
temperature. Interactions such as nonuniform doping and heat generation defy
analytical solutions, and simulation is necessary. These simulations can help
predict where the second breakdown will be initiated and help optimize a
device.

It should be pointed out that if one were to base all protection on forward-
biased junctions, which dissipate less power/unit volume, then the second
breakdown phenomena is largely avoided and these isothermal tools are of
limited significance.

2.4. NON=-BREAKDOWN DEVICES

Non-breakdown devices are primarily diodes, MOSFET, and bipolar junction
transistors {BJTs). The standard models and physics of these devices are well
understood and several standard texts [Yang, 1978; Tsividis, 1987; Pierret,
1990; Sze, 1981] discuss the small current and voltage regime characteristics
thoroughly. The large voliage and current regime characteristics are different
[Ghandhi, 1977). Both of these regimes are of stgnificance, as in the off state the
ESD clamp follows the low current-low voltage behavior and in the on state it
follows the high voltage-high current behavior.

2.4.1. Diodes

Diodes are the simpiest and earliest solid-state semiconductor devices. For
ESD purposes they are very efficient, forgiving, and robust. It is therefore
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critical to understand their behavior from an ESD perspective in an 1C envir-
onment.

Diode characteristics are fairly simple to approximate, model, and simulate.
The dicde has four primary regions of operation: reverse bias, weak forward
bias, forward bias, and strong forward bias (sec Figure 2-18}. An ideal dicde
will have current in the forward bias as described by the equation

I =L -1) (2-6)

where I, is the reverse saturation current, ¥ is the forward bias, and V, = kT /g
(26 mV at room temperature). So the voltage supported by an ideal diode is
given by

V=V, xln (I"{ + 1) + IRyi0de 2-7
0

The +1 term can be neglected even for relatively weak forward bias, while for
small current densities, the IR drop is small and can be negliected. In the ESD
context, the low IR drop is in the leakage regime. During an ESD even several
amperes of current will flow and the 7R component is a significant factor and
needs to be considered.

For an ideal diode, the forward voltage decreases as the temperature is
increased:

T
Vf( )= nEgﬁ + (?:])[Vf( To) — HEgg] (2-8)
I
™ High injection
region
Reverse
breakdown
L] ? V
Cut in
Reverse bias

Figure 2-18. Operating regions of a diode showing the reverse-biased, weak forward-
biased, forward-biased, and strongly forward-biased regions.
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where Egp = 1.206 V and »n is the diode ideality factor; T, and T, are the new
and original temperatures.

These properties hold for an ideal diode. The diodes are affected signifi-
cantly by the type of process used. The CMOS process utilizes a well to provide
the bulk for the complementary transistor. This well formulation may also
have an effect on the diodes, which is discussed next.

2.4.11. Cascaded Diodes In N-well CMOS technology a diode is actu-
ally a PNP transistor. This is illustrated in Figure 2-19, which shows a chain
of four senially connected diodes. This parasitic nature provides the diode
some interesting properties that can be beneficial as well as detrimental.

The single-transistor element is shown in Figure 2-20. Instead of a two-
terminal device, the CMOS diodes formed in a well are really three terminal
devices. In some technologies, the transistor action can be very pronounced.
The consequences of chaining these devices then becomes significant.

If ideal diodes are cascaded, the cut-in voltage increases linearly with the
number of diodes in series. However, for a diode chain constructed using PNP
transistors, the linear increase in cut-in voltage with the number of diodes in a
chain 1s lost. The PNP action allows some fraction of the emitter current to
sink into the substrate; thus there is less current in the next stage. This lowering
of current reduces the cut-in voltage of the next stage. This action is repeated at
each stage. Thus the sum of voltages in a cascaded PNP is smaller than would
be the case for cascaded diodes. The cut-in voltage of identically cascaded
diodes is given by

I _ah
IS nkT (2-93}
L gV, I I

L In2 —n(g + 1)

Ml THkT T B DIy s

In Out
\lﬁJlNﬂ ‘lP+I (] HlﬂJl&d ‘lP_ﬂM
N-well N-well N-well N-well
P-epi
P+ substrate

=

5§

Figure 2-19. Diode chain cross section showing the parasitic PNP devices.
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Figure 2-20. Current gain effects in the PNP bipolar transistor formed by a diode stage.

so that

kT
Vs =V —%ln{ﬁnh 1) or V=1V, v—ln(l(])nTlog(,Bﬁ- [} (2-9b)

Now let ¥y = In{10)}nk T /q), which is 60mV for an ideal diode at room tem-
perature. The analysis of Eq, 2-9 is applied to multipie stages to give a loss of
an additional ¥ log(B -+ 1) at each stage, resulting in a total voltage ¥V, of a
string of m identical diodes at current f):

V,=ml) — Vylog(B + )3mim — 1)) (2-10)

where m is the number of cascaded diodes. If the diode chain does not consist
of equally sized diodes, then the voltage can be calculated using Eq. 2-11,
which accounts for the changes in the area:

imn

V,=mVy—Vy (Zlog[Af(ﬁf_. + 1)"’““]) (2-11)
[=2

The effect of the parasitic action on a string of identical diodes is shown n

Figure 2-21. The transistor action prevents linear buildup of forward voltage.

Increased temperature reduces the forward voltage even further. Again this

property can have desirable and detrimental effects (see Section 2.6).

Volts
Lo BRI 6 T PE TR -

Number of diodes

Figure 2-21. Diode string turn-on voltage for two iemperatures (p = 6).
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It is seen that, due to the multiple cascading action, at each step a fraction of
the current is passed on to the next. So after a few stages only a small fraction
of the current remains. This can also be observed from a control point of view
where a small current at the end of the chain can be amplified into a larger
current at the first stage of the chain. This cascade acts as one large Darlington
transistor and its property will be ntilized (discussed in later sections.)

The quantity 8 is current dependent. A good transistor should have a very
high minority carrier injection into the base from the emitter (I3£}, a very small
recombination current (/z), and a very small minority carrier injection from the
base into the emitter (/). Roughly, the ratio of Igp 10 the sum of Iz and I,
gives B. For very light forward biases p is small because the diffusion current
pp is small and the recombination current I is comparable, This lowers B.
However, at medium biases, the recombination current 7 & 18 overwhelmed by
the diffusion current fzy from the base, and B peaks. As the forward bias
increases, the charge modulation of the base increases the charge injection
from the emitter into the base; therefore Iz increases. This again results in a
decrease of B [Ghandhi, 1968, p. 324]. This variation of B as a function of
collector current is shown in Figure 2-22. The attenuation of B with collector
current is termed the Webster effect [Webster, 1954; Maloney, 1995]. A similar
effect is also seen as a function of the emitter current. The emitter current and B
can be related as shown in the equation

1
— 2-12
pog 212)

=X o
g g

B~ 14, B~

{(Webster effect)
log .J, log J,
(a) (&)

Figure 2-22. (a) Log of current gain vs. log of collector current density for a typical
diode string PNP transistor. A similar curve results for emitfer current density. (#) Log
of current gain vs. log of emitter current density for a typical diode string PNP transistor
allows simplified modeling of the diode string performance. The coefficient # is meas-
ured for each process.
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TABLE 2-3. Measured Model Parameters for Various Processes

Process B {(Low ) B (High J)
Pl 56 (3.7,
P2 7 (1.15/7,)°°%

Note: Generally, the high current density {(mA/pun) of B can be extrapolated to low currents until it
is limited by the low current density (maximum).

where J, 1s the emitter current density (in milliamperes per micrometer} and # is
a fitting exponent. Some measured data shown in Table 2-3 indicate that J, 1s
in milliamperes per micrometer and » is in the 0.5-0.75 range.

Using the current-dependent B, a simple Ebers-Moll BJT model can be
constructed and is shown in Figure 2-23. Here, G, and G, are the conduc-
tance/iength of the emitter and base regions and L is the length of the diode
fingers used. This model is simple enough that it can be entered into a spread-
sheet to perform current—voltage calculations for small and large currents with
reasonable accuracy. This model has been used and will be referenced in several
places.

2.4.2. MOSFETs

Conventionally MOS devices have been the weakest link under ESD stress
[Bahr, E983]. So their direct use to mitigate ESD stress is still counterintuitive.
However, several researchers have demonsirated that, when biased correctly,
MOSFETs can indeed self-protect or protect other components in a circuit. An
earlvy MOS input protection circuit is shown in Figure 2-24.

The MOS device can also be operated as a snapback device, as has been
done in the TFO and in grounded-gate devices. These are hard to simulate and
predict. For the MOS to operate in a non-breakdown mode, the drain voltage
has to be kept under the snapback voltage. For this to happen, the MOS device

L 1
; G.L G,L
 o——AAA—P MAM—o0
Iﬁ
p+1

il O

. -
= Ve

Figure 2-23. High-current regime model for PNP transistor stage.
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— 7
Rpery Ryg
L F—ww, AMA
To internal nodes

Figure 2-24, An early NMOS clamp used at an input node. The NMOS turns on
whenever the node exceeds (V. + V,,,) voltage [Hulett, 1981].

has to be large with low on resistance and the gate drive should be qmcker
(Vg > ¥, before breakdown) than the voltage buildup. .

If the MOS is kept out of the snapback region, then normal MOSFET
design equations and theory can be used. To recapitulate, the -V curves are
shown in Figure 2-25. The current in the saturation region (Vg > |V, — Vi)
is given by the equation

ZMCQ
2L

Iy = (Vs — Vi) ©(2-13)

and in the hinear regioﬁ (Vi < [Vgs — Vul) bY
ZuC -V :
o =E2 {( V)V - ;‘] (2-14)

where Z/L is the device width-to-length ratio, Cy is the oxide capacitance per
unit area, V., and V are the gate-to-source and drain-to-source voltages, and

Linear region Saturation region

Vir
Fignre 2-25. The /- characteristic of a NMOSFET device.
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¥, is the threshold voltage of the MOSFET. These are simplistic design equa-
tions that ignore the effect of short channel effects, the drain modulation of
current, and the velocity saturation effecis. So for greaier MOSFET details
other device physics books should be consulted [Yang, 1978; Sze, 1981;
Tsividis, 1987; Pierret, 1990].

2.5. CURRENT PATH CONSTRUCTION

In Sections 2.2 and 2.3 the basic devices required to create a current path for
ESD protection were discussed. These include breakdown devices such as
SCRs and non-breakdown devices such as diodes and MOSFETs. These can
now be applied to the creation of a current path. For this purpose, consider the
path shown in Figure 2-26. This path guarantees that any ESD zap will have a
designed low-impedance path to discharge and no major portion of the current
will flow through the core circuits.

The current path can be broken down into several smaller components, as
indicated in Figure 2-26, forming the following links:

» I/O Pad to V,, (or V). For the connection between pad 1 and V,,, a
simple diode can be used if the voltage of V., is higher than the pad 1

V. -to-V,
path
. qu chpz
[ |
. T T T
s i
i I
i .: i ™ L~ V. core
! ¥ P 55 Pad 2
= ] ] e -
| Padto ¥ l A [
' s - | !
."L T i (or ¥,,) i i T
L H ! |

- L—
Vnpl d[«’ \C) Vssﬂ

Figure 2-26. Example of preferred ESD current path from one pad to another showing
the passage through [/O circuits and power supply clamps. Arrows indicating strongly
directional devices are shown. It is also clear how the current path could terminate at
any one of the power supply lines by passing through the elements shown.
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voltage. If the pad 1 voltage is higher than ¥V, then a suitable diode
chain can be selected.

* Ve to V. The connection between V., and V,. can also be established
by a diode or a diode chain depending on the voltage difference between
Ve and V.. Also, the noise isolation between the two supplies should be
considered.

o V. to V. The path between the ¥, supply and V,, is provided by the core
clamp. This device is normally off during circuit operation. During an
ESD event it is a low-impedance path and ideally a short.

« V,, to Pad: The path between ¥, to pad is provided by the parasitic and a
designed diode. Here one diode is sufficient and is also allowed.

Each of the components described above will be considered next. The path is
more eastly constructed and understood when all the elements are operating in
the non-breakdown mode and they are simulatable. However, sometimes it is
not possibie to have such nicely behaved devices but the current path can still
be used, onty it is more difficult to have confidence in its as simplifying assump-
tions will have to be made. The advantages of a predictable path using simu-
[atable devices over nonsimulatable devices are listed in Table 2-4.

As noted earlier, ESD current paths have been considered for some time
[Merrill, 1993; Dabral, 1993, 1994; Maloney, 1995; Kever, 1997]. A recently
implemented version of a current path scheme may look as in Figure 2-27.
Here the diodes provide the links from pad to power supply and an NMOS
core clamp between V,, and V. Using such a simple scheme, successful ESD
protection has been reported [Merrill, 1993]. It is noteworthy that most authors
reported success when the current path model was used. New work is being
published on using densely-packed PMOS devices for power supply clamping,
including stacked devices for high-voltage power supply clamping [Maloney,
1998].

Having discussed the practical benefits of a current path, the individual
components will be discussed using a starting point the theory introduced in
Section 1.4.

TABLE 24. Advantages of Simulatable over Nonsimulatable Devices

Advantages Disadvantages
Simulatable Not minimum area, resulting in larger
capacitances
May not need upgrades Needs constant monitoring with each
technology variation (Spehar, 1994]
Minimizes experiments, faster turn- Longer experiments and constant verifi-
around time cation
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v,

L=

Figure 2-27. An ESD clamp implementation using the current path theory and simu-
latable NMOS shunt element [Merrill, 1993].

2.5.1. 1/0 Pad Segment

The pad-to-power-supply segment can have several options based on diodes,
bipolars (if BICMOS) or MOS. Of course, SCR-type options also exist, but
these will not be discussed here.

2.5.1.1. Dual-Diode Based One¢ approach to protect the pad is to use
dual diodes. This i1s recommended primarily to save design and iteration
time. [t may be possible in some technologies to design betier (more area ef-
ficient) clamps at the pad, rather than dual diodes, but these are usually very
specific solutions and will probably need redesign when mapping to a new
technology. One exampile is the use of BJTs in BiICMOS technologies.

On the other hand, diodes enjoy a favorable position when it comes to
future technologies. First, the PT-to-N% spacing decreases, which will also
decrease the resistance directly. Also, as the N-well doping increases, the
diode performance improves due to two factors: the resistance of the diode,
which decreases [Voldman, 1994a], and current distribution, which is more
uniform (i.e., has better diode area utilization). In one reported case, scaling
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the N-well resistance from 800 to 600 £/sq improved the HBM ESD perfor-
mance from 4.7 to 6.4kV [Voldman, 1994a).

When protecting the pad, the output NMOS is the weakest link. Usually, if
the NMOS can be protected, then other devices will also be safe. Figure 2-28
shows a simiple scheme to protect one such output buffer. In this method, a pair
of diedes are added in parallel with the output transistors. This scheme works
well in nonsilicided technologies. However, when silicided technologies are
used, the performance drops dramatically [Amerasekera, 1995, p. 68]. There
are two main causes:

» the nonuniform turn-on and snapback of the fingers and

« the loss of ballasting action that was present in the drain of the nonsili-
cided technologies.

It is important for silicided technologies to provide a method to distribute the
current evenly over all the NMOS fingers. This may be done using an external
ballast consisting of resistors or other techniques such as GCNMOS
[Amerasekera, 1995, p. 69]. The objective is to encourage uniform current
distribution in all the fingers.

If the ballast resistor option is chosen, the resistors can be implemented in
polysilicon, diffusion, or N-well. The polyresistors have poor current-handling
capability and too low a resistivity (500 m&/ [3) to provide sufficient resistance
and be area efficient. The diffusion resistors have been silicided so a special
silicide-blocking mass has to be employed [Krakauer, 1992; Beebe, 1996], thus
making the fabrication more involved. The only real option is the N-well

Dp
MPU ll)?

]
% MDN@

Figure 2-28. Simple dual diode protecting output buffers. This works well with the
nonsilicided technologies.
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resistor [Carbajal, 1992; Tong, 1996], which is implementable in a normal
N-well P-epi CMOS process.

An implementation using N-well resistors is shown in Figure 2-29. Here
specially placed N-well resistors are used in between the pad and the NMOS
transistors [Carbajal, 1992]. The dual diodes are still used as the main current
paths and the N-well resistor helps to limit the current flowing in each leg of the
NMOS device,

It should be noted that the N-well resistance can be adjusied by varying the
length (L,y) and width (W) of the N-well:

e L,
Rnwe]] =—-X Ww
nw

(2-15)

where p/f is the N-well sheet resistivity. This relationship is true as long as the
electric fields are low {« 10° V/em) and the carrier velocity (V) scales linearly
as Eq. 2-16; the current density is then related as

Vy=uE (2-16)
and
J = g, E X Ny (2-17)

where g is the mobility and E the electric field. However, at high electric fields
(>~10* V/cm) the carrier mobility saturates at ~ 10" cm/s and the current

Ve
A MPU I: DF
L]
I §Rnwl Rnwz
[
= MN, MN, |~~| MN, MN,

DN

Figure 2-29. Output CMOS output driver protected by dual diodes and using N-well
ballast resistors for the NMOS device.
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saturates as shown in Eq. 2-18. This increase the effective N-well resistance
dramatically:

J=gxuv;x Ny, (2-18)

This is valid if the N-well is significantly doped over the intrinsic silicon
(>10"cm™) but it is not degenerate (>10% cm™). typical N-well dopings
of ~107em™ gives V,, of 10°A/em®, or I0mA in a 20-pm resistor
[Antinone, 1986; Amerasekera, 1995]. Thus, it acts as a natural current-limiting
element, and the current can be selected by controlling the width of the resistor.
However, for the diode, the length should be scaled down to the least possible
value. This allows a low-impedance path. Today it is possible to obtain diodes
with a resistance of ~2 2. With scaling down of feature size permitting closer
spacing of the P* and the N and increase in N-well dopings, one should
expect low resistance.

In Figure 2-30, the current characteristics of a diode and N-well are
compared. The diode current is primarily Hmited by the 7R drop, whereas

erw
-, e
Newell
P-epi
{a) (®)
- Diode
A
[] Resistor
| .| I
Pad /
Rnwzl] - -
Satwration region for resistor
L L _ Conduction region for diode
Vot
(c)

Figure 2-30. Comparison of () an N-well resistor cross section and (#) a diode cross
section. Comparing the diode and the N-well current {¢), it should be noted that whereas
the diode current increases, limnited primarily by the JR drop, the N-well resistor current
satueates limited by the velocity saturation effect.
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the N-well resistor current is limited by the velocity saturation effect. This is a
simplistic model, but the N-well resistor assumptions have been validated by
Amerasekara [1993, p. 162].

The above resistor and diode models are simplistic in the sense that they
ignore the conductivity modulation that will occur in both elements. N-well
conductivity increases as the minority carrier concentration increases above the
background concentration. This transition occurs when the minority carrier (p)
is equal to the background concentration. For 10" em ™ N-well doping (N},
the transition occurs at ~0.8V, as given by the equation

: 2N
Vo = 2—‘F-qun( ““') (2-19)
q 1n;

Since the conductivity is modulated, the resistance drops dramatically,
enabling more current flow uatil the point when the diode is desiroyed due
to thermal heating.

Now consider the N-well resistor. The current through the N-well starts
saturating when the electric field approaches 1 x 10 V/em. Beyond this velo-
city in the saturation electric field and for more current to flow, the N-well
carrier concentration has to be modulated. The voltage and current relation-
ship is now given by [Antinone, 1986]

—i—+(1 % 109L (2-20)
2egigg Vs

and by differentiating the above, the spacé charge resistance can be found to be

L2

j -
% ZAESiE[} VSL

2-21)

The space-charge-limit resistance is plotted in Figure 2-31. The graph shows
that by choosing a small diode length and a larger resistor length, the ratio of
current flow in the diode to that in the resistor can be designed to be very large
(>10). For example, the ratio for a 0.4 um-long diode to a 2-um-long resistor
can be ~ 30 (20,000 €2/750 Q). In this approximation both the diode and N-well
were assumed to be conductivity modulated.

Next, if an NMOS device was added to the N-well resistor and the NMOS
snapped back, the maximum current through one such NMOS device would be
limited by the N-well resistor current. Now if the second breakdown current I,
of a single finger in the NMOS was greater than the I, of the resistor, then the
NMOS would be fully protected even if only one finger snapped back, This
relationship is shown in the equation

Wawen X fsar = Wy X Jonoem {2-22)

EX1016 / Page 61 of 192
Western Digital Technologies, Inc.



52 ESD PROTECTION METHODOLOGY

100000 -
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Figare 2-31. Saturated resistance of an N-well (1 um deep, 10 pm wide) as a function of
well length.

where I, is the resistor saturated current, W, is the minimum NMOS single-
finger width, W, is the width of the N-well, and Tonoem 18 the normalized
second breakdown current per micrometer. A design using this approach
would be as follows:

» Calculate the current drive or the impedance required for the [/O buffer.

= Use reliability data (or estimates) to calculate the minimum N-well width
to carry the driver current or meet the impedance requirement.

* Use Eq. 2-22 to calculate the minimum width of the NMOS device from
an ESD perspective.

» Scale the NMOS length to match the current and impedance requirements
of the NMOS and N-well resistor when in normal circuit operation. If the
minimum width required by the ESD requirements is smaller than the I;/0
width required, then the NMOS width can be increased to the required
value. If the NMOS is too large compared to that required by the actual
I/O driver requirements, then some legs can be tied to a normal off state.

* Section the resistor and NMOS into an appropriate number of segments
to suit the layout.

Of course, using the GCNMOS or the ratioed-gate NMOS (RGNMOS) tech-
nique, all the NMOS fingers could be snapped back and ensure better unifor-
mity in ESD current sharing, :

Another method to increase the ratio of impedances between the NMOS
path and the diede path is to utilize a pinch-type resistor in the N-well
[Ghandhi, 1983; Orchard-Webb, 1991]. This is shown in Figure 2-32. The
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Pad
e [] Depletion layer Vosp T Vi
ey
[~ ] 17 Y [ B
Newell Newell
P+ causing pinch resistor
1 Fl S = 1
g MWWATVWWW—HAWWA [ .
P+ to N-well diodes =

N-well to P-epi diodes =

Figure 2-32. The ESD current through the resistor can be reduced by making a pinch
resistor. Here the P*- 10 N -well depletion layer and the N-well to P-epi (minor}
modulate the cross-sectional area available for the current to flow. As shown, the P+
charge shares between the N-well to P* and P* to others (parasitic). Since the parasitic
capacitance is small, the P* sees the same voltage as the N-well. This will limit the
effectiveness of the pinch resistors during the ESD event.

pinch resistor works on reducing the area available for the ESD current flow.
As shown in Figure 2-32, the P™ diffusion itself reduces the N-well area.
Further, as the N-well is biased positive and (if) the P" is held at a lower
voltage, then the depletion layer grows around the P region. This pinches
the N-well further. This action is similar to that found in a junction FET
(JFET). However, once the voliage exceeds the breakdown voltage of the P*
to the N-well, the pinching action due to the P* is reduced. However, the N-
well to P-epi depletion layer can still grow. In some examples, the pinch resistor
can approach an open circuit at high voltages (during ESD stress) and appro-
priate jnction depths and concentrations. It should also be noted that the
implanted N-wells have a retrograded doping profile. They are lightly doped
on the surface and the doping peaks under the surface. In such N-well resistors,
the current flow at small conduction levels is through this heavily doped region
under the surface [Krabbenborg, 1991]. Therefore, at small pad voltages, the
depletion layer is small, and this subsurface current path is not heavily affected.
When the device is in normal operation, pad voltages are indeed smaller,
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especially when the NMOS is pulling down and the major portion of the N-well
impedance is not hampered.

Next a special implementation of the pad protection is examined in
BiCMOS technology. It should be noted that BiCMOS technology may have
restricted use as the VLSI voltages scale down. This is so because the base—
emitter voltage required to turn on a BJT becomes a significant portion of the
supply voltage (e.g., V. of 0.7V is 28% of a 2.5-V technology and 39% of a
[.8-V technology). So the following scheme is not intended to be a mainstream
methodology.

2.5.1.2. BiCMOS BJT Based If BiCMOS technology is available, it is
more atea efficient to use the BJT to provide the main ESD clamping and to
use the MOS for sensing and control functions. Such schemes have been de-
veloped elsewhere [Chatterjee, 1991; Mack 1992; Corsi, 1993].

A circuit utilizing this concept is shown in Figure 2-33 using computer-aided
design (CAD) tools such as Pisces and SPICE. The circuit utilizes the large
dv/dt of an ESD pulse to provide a trigger. The capacitor €, (parasitic} couples
the charge to node N,, which is discharged by R. This RC circuit acts as a high-
pass filter, and for fast dv/d! it allows enough voltage buildup at N; to turn on
MP,; which in turn forward biases ;. The sizing of the resistor R, is crucial.
There is an upper limit on R,. It cannot be too large as it is needed to turn off
@, during normal circuit operation and a large value would result in slow turn-
off. Simultaneously &, cannot be too small as then MP; would never be able to
turn on @) during and ESD zap. In this particular case an R, value of 1 k§2 was
selected [Chatterjee, 1991].

This method has two advantages:

« shorter ESD zap discharge path, thereby improving the robustness of the
circuit, and

UCI;I; l__ (of _—I

.....

%Rb RTQ

Figure 2-33. A BiCMOS clamp designed using circuit and device design tools.

1
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« utilization of the I/O driver BJT as a clamp reducing the capacitive load-
ing on the pad.

Using this circuit, ESD robustness gains of 11x from 500 to 5500 V have been
observed.

As mentioned earlier, the previous circuit may have capacitive coupling of
noise or fast transients into the driver gate. The coupled noise can trigger the
Q) into conduction. A trick that can be used to isolate the trigger is to employ
MOSFET control on the BIT [Tandan, 1994]. This is shown in Figure 2-34.
Here, MP; is used as a control switch to allow resistive coupling into the @,
base. When the chip is not powered up, V., is low. If now the pad is zapped
positively with respect to ¥, the MN; and MP; conduct and couple charge
into the base of . This coupling atlows @ to conduct and dissipate the ESD
stress. During normal circuit operation ¥ is high and MP, is turned off. Thus
little coupling between the pad and base of Q, exists.

It should be noted that the 10-pF capacitor shown in Figure 2-34 is a fairly
large capacitor for every pad. Current technologies (0.5 um) have gate capaci-
tance of ~ 3-5fF/um*. So a 10-pF capacitor needs ~ 3333 um? (100 x 33 um) of
area. Repeating this area for every pad would be wasteful. It is prudent to have
the sense signal generated once or in a few places on the die and then distrib-
uted to the various buffers.

This circuit can still turn on if large I/O transients that are not clamped exist
on the pad. If the transient is much larger (> V. + V,, + V},) than ¥, MP,
will turn on, and @, will begin clamping the pad node. This clamping may or
may not be beneficial in reducing overshoots. The rate of turn-on of @, may

Pad V..
L | |
Node pulled to ¥, M, MN,

before regular circuit R=2M §

operation\ (1 —‘ - Ci —| .
IO pF —— —KQ, 10 pF == —KQZ

(@) (&)

Figure 2-34, (2) A clamp based on BIT shunting for an I/O pad and {#) for V,,
protection.
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cause very sharp transients that could be detrimental to the signaling scheme.
This can be overcome by raising the trigger voltage of the clamp device. One
such schemie that will achieve this is shown in Figure 2-35.

The clamp with the higher trigger voltage is based on using a circuit that is
“on” when the chip is powered down [Tandan, 1994]. The 10-pF capacttor is
chosen to keep the time constant ~20 s far larger than an HBM ESD pulse
duration. The MN; and MP, transistors are on initially when the ESD pulse
strikes the pad. This enables a base current to flow into ;. The @, is the main
ESD shunt path. The PMOS MP, has to be turned off during regular circuit
operations.

Having looked at some BJT and diode-based clamps, MOSFET options are
examined.

2.5.1.3. MOS Based These are truly not non-breakdown clamps as they
will usually snap back when stressed. Some schemes rely on an ESD path
from pad to ¥ provided by the NMOS device. The design aspect is to en-
sure uniform breakdown of all NMOS devices maximizing their robustness.
These utilize schemes such as the GCNMOS and ballast techniques. Also,
TFO types of MOS can be used if they are weil ballasted.

Additional parasitic paths can be added, such as an NPN between the pad
and the power supply for an ESD path. One such example is the addition of an
N* tied to the I/O pad close to an N-well tied to the peripheral ¥, or core V..
[Voldman, 1994a, c]. Since the spacing of this NPN can be varied to the desired

Pad

[

alFal

Multipic
stages

||

8
O
I

.i}_MM__ﬁ

Figure 2-35. Series-connected diode chain can provide good detection capability for the
ESD zap and provide sufficient isolation during }/O transients.
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snapback point and there is an N-well ballast resistance in the path, the NPN
snapback does not destroy the parasitic path.

Previously the pad-to-power-supply protection path was discussed. Next we
will consider power-supply-to-power-supply clamping. Again these can be
diode, BIT, or MOS based.

2.6. POWER SUPPLY COUPLING SEGMENT

A power supply coupling segment provides a path between two power supplies.
Typically the two voltage levels are the same (or similar, e.g., Vi, Vi, or V)
only differentiated into a “clean core” V.. and a “dirty” 1/O V. (and V). The
differences in V., and ¥ and ¥V, and ¥, will also be discussed. Unlike the
pad protection circuit that must be present for each pad, these clamps are
shared over a number of buffers. They can be diodes or MOSFET based.
The diodes are easy to implement and area efficient. However, they can

cross couple these supplies if there are large AC transients.

2.6.1. Diode Based

Diodes are effective cross-coupling clamps. The following factors need to be
considered when constructing a clamp:

» maximum voltage difference between the supplies being clamped,

s+ noise margin desired during circuit operation before the diodes cross
couple transients,

+« maximum temperature of operation, and
« burn-in.

These factors determine the number of diodes used in the clamp between the
noisy (V) and quiet (¥.) supplies. If the diodes are ideal, increasing the
nunmber of diodes improves the cut-in voltage linearly. Cascading diodes also
mcerease the diode resistance linearly. If the diode chain resistance is to be kept
constant when diodes are cascaded, the diode area must be scaled up by a
factor equal to the number of diodes (#) in the chain. Therefore, the total
diode chain area scales up as n.

In a typical P-well CMOS process, however, the diodes are really PNP
transistors, as discussed in Section 2.4.2.2. Increasing the number of diodes
does not increase the cut-in voltage linearly and further additions show a
diminishing return. The positive aspect of this PNP transistor action is that
the resistance of the forward path is less than that expected in an ideal cascaded
diode chain.

Once the diode turns on, it takes a low voltage to increase the current
through them (or the AC resistance of a forward-bias diode is small). This is
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modeled in Figure 2-36. The larger voltage drop component then is due to the
IR drop in the diode. Assuming there is uniform PNP transistor action in the
chain, the imput AC resistance can be calculated

1
R, =R, (1 + (_ﬁ+—1)‘_‘) (2-23)

where R, is the individual diode resistance and R, the total resistance of the
chain. For small B, the resistance of the diode chain decreases drastically. For
very large B (at high currents) the resistance would approach that of a single
diode since most of the current would be sunk to ground in the first stage. In
comparison, for ideal diodes (n¢ parasitics) the input resistance will be #R,. In
reality, the effective resistance is somewhat between the two extremes. When B
is zero, the diode needs to be scaled in area as »° to maintain the chain
resistance R;. However, in a cascaded chain it is not necessary to scale the
diode as #* but to a smaller degree, as shown by Eq. 2-23.

The V,g,-to-V,, clamping can be achieved by utilizing diode chains. If Veep
and ¥V, are of the same voltage magnitude, a symmetric and small chain can be
used. However, if V., and V. are different in magnitude, then, usually, an
asymmetric diode chain results, as shown in Figure 2-37. In the symmetry
aspect the Vi, -to-¥; clamp is different than the power supply clamps in two
ways:

» There is a parasitic diode from ¥, to ¥, and no choice exists. From Viesp
to ¥, the number of diodes can be again selected.

+ The voltage difference between V., and V. is usually zero, and only
noise coupling has to be considered.

As discussed earlier, the cascading diodes have two drawbacks: sublinear
increase in forward voltage at a constant leakage current with diode additions
t0 a chain and increased resistance in the ESD regime. This raises the question of
whether it is possible to design the diode chain such that the following are true:

I S —— m— .
[F——wwy AAV LAWY
i j’] IE i . i o Iu
\ Diodel = ;) Diode2 = ;} . Dioden — ;

Figure 2-36. Observed resistance seen from the input decreases drastically when the
PNP parasitic transistors ¢ui in.
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ST Be e
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Symmetnc Ve Asymmetric V>V
"P Parasmc E
L» B +|J
Asymmetric V= ¥,

Figure 2-37. Diode-based coupling clamp on two similar voltage levels separated pri-
marily because of noise issues. The DC voltage difference between V., and ¥, can be

large, whereas there is usually no voltage difference between ¥, and ¥,

» At ESD voltages the diodes utilize the PNP action to reduce the chain
resistance.

« At low circuit operation voltages the diodes behave as linear diodes, as if
no PNP transistor existed.

If this could be realized, then the larger cut-in voltage of the linear diodes
during circuit operation and the Darlington action during ESD operation
could both be utilized.

It is indeed possibie to design such a circuit. The source of major leakages in
the diode chain is the Darlington multiplication due to the cascading of the
PNP transistors and the initiating leakage current at the end of the chain,
which is magnified several times as it passes through the chain:

+ To reduce the leakage, the Darlington multiplication can be reduced. This
will make the diode chain behave more linearly and will have a corre-
sponding penalty on ESD performance.

+ The leakage current can also be reduced by reducing the number of stages
through which the current must pass.

The second option is shown in Figure 2-38. Consider the leakage at the sixth
diode (fg). This has to come through all the transistors, and at each step it is
amplified. If the entire 74 leakage current can be supplied by a resistor, then no
current needs to be supplied through the preceding Darlington stages, resulting
in reduced overall leakage.

If this is true, and if it is assumed that the diode leakage is identical and
the voltage drop across each resistor is identical, then the resistor values are
given as
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Figure 2-38. Bias network for a six-diode mixed power supply clamping string designed
to maximize the temperature at which leakage current AV/R = 2.5/R flows while using
minimum total resistance.

R
n—1

R R
"n=-2"n=3"""""

R R
3 3+ R (2-24)

¥

In the resistor-biased case the last diode leakage has to be supplied by a resistor
of value R. The next stage has to supply the last stage (7) and its own leakage
current (f) at the same voltage drop. Therefore its resistance has to be halved.
‘The next stage has to supply the previous two leakage currents and its own
(37, therefore, the resistance is %R. This repeats for each of the n — 1 resistors
required for an n-stage chain. This has indeed been observed (Figure 2-39).

This leakage is greatly exacerbated when the two different voltages (magni-
tudes) are being clamped. The detailed analysis and results are discussed in the
mixed-voltage section in Chapter 7.

The diode option is area efficient, but it has issues due to the high leakage. It
is possible to optimize the leakage with respect to the forward voltage of the

1000 -
A No resistors
100L ® 22M1M ‘;lé
O 1 MASM aadslanh
R art 585
.- D
~ o ;iﬂmmw
0.1
A A
0.01 I k L 1 L L ] | L L L 1
20 30 40 50 60 70 B0 90 100 110 120 130 140 150

reC

Figure 2-39, Measured leakage for a 3.0-5.5V six-stage cladded diode string with dis-
crete resistors as in Figure 2-38. Values were chosen to allow low leakage up to 100°C.
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diode string using the technique developed by Maloney [1996]. The total volt-
age is maximized if, for a diode string » stages long, the fotal current [, is
partitioned such that current J; entening the jth diode satishes [, =, =--- =
L i=(B+ Diy/pbr and I, = L, /n. Circuits to reduce leakage have been
developed and will be discussed in Section 2.7, Meanwhile the potential use
of MOSFETs as power supply clamps is examined next.

2.6.2. MOS Based

Clamps that are MOS based have been utilized elsewhere [Murakami 1991;
Dabral, 1994]. Although large, since they are repeated once for a number of
buffers, they are still manageable. An important advantage of these clamps is
that they can be turned off and no coupling exists during circuit operation.
Simple versions employ either a diode-connected MOS [Murakami, 1991] or
suitable trigger circuits [Dabral, 1994].

Here power-supply-to-power-supply clamps have been described. The idea
was to reference all peripheral supplies to a common high-voltage node, V..
This approach has been employed by the authors and others [Kever, 1997;
Voldman, 1994a] successfully. As an example, Kever [1997] referenced 19 inde-
pendent power supplies to a common V. reference using this technique. To
complete the path, the ¥,, node must be clamped to ¥, and this is discussed
next.

2.7. V. =TO=V,, CORE CLAMPS

2.71. MOS Based

There are several options for designable core clamps depending on the tech-
nology and protection required. The simplest is to use an NMOS or PMOS
[Maloney 1998] device to provide the clamping. An example 1s shown in Figure
2-27. The circit consists of an RC sense element, a series of inverters for the
correct logic and voltage drive, and the actual NMOS clamp. Such a clamp can
be seen in Figure 2-40,

The NMOS clamp idea can be extended to I/O drivers as core clamps
[Dabral, 1994]. Each CMOS 1/O driver is a connection between V., and
Vs when both N and P devices are on. So, if during an ESD event we can
arrange the predrivers such that they turn both devices on, a distributed clamp
can be formed as shown in Figure 2-41. A rough estimate of the impedance of
such a clamp consisting of 20 buffers each with 40 Q2 on each side of the zap
pad will be given as

_ Ryen + de: _ 4G + 40 _
~ number of buffers 20

40 (2-25)
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ey

Figore 2-40. An NMOS clamp device and associated circuitry to sense and drive the
clamp.

To couple the charge into the V,,, and ¥, line, diodes D, and D, can be used
as shown in Figure 2-41. When the pad is zapped positive with respect to V,

diode Dy conducts charge to the V,,, line. The powering of the V, Ve line enables
the predrivers, which in turn switch on the NMOS and PMOS drivers. The
ESD energy 1s used to power up the predrivers. It has been noted that such
predrivers have ample time to turn on [Krakauer, 1994]. The voltage on the
V.ep line will build up to a point sufficient to dissipate the current. As the
number of buffers employed in the clamp increases, the clamped voltage of

the V., should decrease, as shown in Figure 2-42. This is approximated by

Vi
VN2 /Ny
where V; is the voltage with N, number of buffers and V; is the voltage with A,

number of buffers.
There are a few 1ssues with this clamp:

V, = (2-26)

« It needs a number of buffers to implement.
» It needs the predriver to be modified.

Nommally this modification is fairly simple but it will increase the size (small) as
well as the predriver delay (small). The advantages are that a distributed clamp
is available and no dedicated core clamp is required. The distributed clamp can
reduce the interconnect voltage drop, thereby increasing the ESD robustness of
the chip.

Two MOS-based clamps have been examined in this section. They can be
separate explicit clamps, or 1/O buffers can be ganged to form the clamp.
Another option is to reutilize diodes and this is discussed next.

2.7.2. Diode Clamps

Volitages are scaling down in VLSI. This is in accordance with scaling rules
that, in order to support higher frequencies, state that feature size must be
decreased, which in turn entails lowering the voltage to maintain a constant
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Volts

Time, ns

Figure 2-42, Voltage clamping due to I/O clamp as a function of the decoupling capa-
citor between the V., and ¥, The greater the capacitor (C; > C), the lower the stress
voliage. Similasly, the larger the number of buffers clamping, the lower the clamped
voltage.

electric field. For these low voltages it is possible to simply use a small diode
chain as a core clamp.

Simple experiments show that diodes acting as core clamps have some
validity [Dabral, 1994]. Experimental results have indicated that even simple
(unoptinuzed) chains of diodes can provide ESD protection. The circuit used in
this experiment is shown in Figure 2-43. Three sets of circuits, each identical
except for the core clamp, were constructed. For the diode chain, 14 diodes
were stacked up to constitute a clamp. To compare diode clamp effectiveness,
MSCR and LSCR were used as controls. These were drawn (modification of a
standard SCR) by methods similar to those shown by Duvvury [1991]. The test
results shown in Table 2-5 indicate that the first silicon diode chain clamp is on
par with the SCR protection (which had been worked on for some time). Two
points are worth mentioning:

“I—P—p—t
I/O: Clamp options:
[nput - 4 b 14 diode chain or
[ output 1 0opF == | M TeCR or
OQutput 2 LVTSCR
e
Figure 2-43. Experimenial hook-up for core clamps to verify diode-based core clamp
design.
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TABLE 2-5. Diocde-Based Core Clamp HEM and CDM Performance (KV) compared
with SCR Protection

CDM HBM
Core Diode Diode
Clamp Chain MSCR LSCR Chain MSCR LSCR
Input 1.5 2 2 3 5 5
Output 1 1.5 0.5 2 3 4 3
Output 2 2 1 2 3 3 3

« As the capacitance (~100pF in this circuit) increases, the core stress
voltage will decrease and may delay SCR firing, whereas for the diode-
based clamps, it will enhance performance.

+ Other diode clamps (when placed 1n a real circutt) will assist in clamping,
whereas that 15 not hikely in an SCR clamp where one SCR will “hog™ all
the current.

In spite of the easy design of the diode clamp some concerns remain:

« The diodes may marn on at high temperatures and with noisy supplies
during circuit operaitons. So 1t is essential that the forward voltage of
the chain be increased above the worst-case maximum core voltages and
noise estimates.

+ The diode chain is designed to turn on above the worst-case operation
voltage and temperature, which may be the burn-in voltage. Since these
may be accelerated test conditions, larger leakage may be allowable but
still they represent the harshest condition for the diode clamps.
Consequently, the forward voltage is deliberately set high, leading to a
large voltage drop on the ESD path. The larger forward voltage may
degrade the ESD protection capability of the clamp.

Figure 2-44 shows a scheme that can improve the stand-off voltage and yet
not be detrimental in the ESD regime. Here% V.. voltage is applied as an input
to a unity voltage gain amplifier, which in turn clamps the midpoint to a 1 ¥,
voltage. This increases the cut-in voltage of the chain. This amplifier can only
supply a current small enough for the leakage. As large current flows, such as
during an ESD zap, the amplifier is effectively a high-impedance path, and its
effect can be largely ignored. The diodes then behave as one large Darlingion
transistor [Maloney, 1994, 1995, 1996].

The simplest implementation of this circuit uses a source follower NMOS
and is that shown in Figure 2-45. The reference voltage can be selected by
adjusting the two PMOS devices T} and 7). The voltage at the tapped node
of the diode string is then one threshold voltage below the voltage (F,,, — V)

EX1016 / Page 75 of 192
Western Digital Technologies, Inc.



86 ESD PROTECTION METHODOLOGY

v AAAN AN
N/
P —p—p—P—P—P—P— P
| I _;,TL

Figure 2-44. Use of a buffered voltage divider to supply extra bias current to the middle
of a long diode chain. The leakage current to the last four diodes {near V) is supplied
by this amplifier, avoiding this leakage current from being multiplied by the last four
stages.

set by the PMOS voltage divider. The PMOS voltage divider must be skewed if
half of V,, is to be obtained at the midpoint of the diode chain. So T} must be
made wider and T narrower.

The leakage current of one such boosted diode is shown in Figure 2-46. Such
clamps were designed for a 2.5-V technology (maximum operating voltage
of 2.5+ 10% = 2.75V). Even with this simple implementation the leakage
current is lowered by nearly 5-10 times over an unbiased case in the high-
temperature range.

The boosted diode clamping performance was measured using a transmis-
sion line stress technique, and the results are shown in Figure 2-47. The eight-
diode chain Boost8 turns on at 6 V but clamps well with an AC resistance of
about 2.5%2 (4V, 1600 mA). Since this device will share current, any additional
Boost8 clamps will lower this dynamic resistance linearly.

L{E‘T’ [—ﬂn TEHF

- &5

Figure 2-45. Boosted diede string as achieved with a buffered voltage divider in the
form of a long-channel leader pair with T, and T, and a source follower T supplying
extra bias current to the middle of a long diode chain only when needed.
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Figure 2-46. Current—temperature characteristics of an eight-stage diode string as
drawn in Figure 2-45. The leakage current, with and without the booster neiwork
enabled are compared. This clamp is intended as a ¥, clamp for a low-voltage process.

Current, mA

1600

1500 -

1200

1000

800

600

400

200

Predicted and measured boost8 pulsed I-V

&0

€ Measured

O Predict (V) ¢O
B L g=
B &0
A oF

L gu
i oo
| !
[ O
i | [» D L I
0 2 4 6 8 10 12
Voltage

Figure 2-47. Boosi8 pulsed /- measurements and comparison with model prediction.
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2.7.3. Cantilevered Diode

The diode chain works well, but a serious drawback is that it can only turn on
in excess of the operating or burn-in voltage (in addition, the noise margin
must be built into the cut-in voltage). Thus there is a dead-band voltage when
the clamps do not turn on until the stress voltage exceeds this cut-in voltage.
Also the clamped voltage is greater than this cut-in voltage, and the leakage at
the supply voltage can be substantial, especially at burn-in temperature, The
question can then be asked if this dead-band voltage should be eliminated or
diminished and can leakage be reduced.

It 1s possible to reduce this dead-band voltage by using a circuit “cantilev-
ered diode” (Figure 2-48). It is so named because one of its terminals is hanging
and the other is applied to the power supply [Maloney, 1995]. It is a one-
terminal device.

To reduce the chain cut-in voltage, the number of diodes in a chain must be
reduced. In the case of a boosted diode, a certain minimum number is required
to support the V,..-to-V,, voltage. However, in the cantilevered diode case, the
string length is independent of the requirement to support a voltage. Thus, by
reducing the number of stages, reduced cut-in voltage should be expected, but
the gain of the Darlington transistor wili correspondingly suffer. The reduction
in gain translates to a larger current appearing at the end of the chain that must
be sunk by the switch.

In circuit implementation, the switches available are the PMGS, NMOS
(CMOS), or BIT (BiICMOS). A PMOS terminated diode chain is shown in
Figure 2.49. The timing is controlled by an RC timer set to ~1 ns. Initially,
when the V., is low, the capacitor is in a discharged state. However, when the
Veex 18 zapped, it takes some time for the capacitor voltage to build up, during
which time the ESD pulse is dissipated. During normal circuit operation there
is & ~ 1 ps start-up window where current from V,,, will be sunk, the capacitor
charges up, and the clamp turns off.

As noted earlier, the diode chain can leak at high voltage and temperature.
So, biasing techniques similar to those used in the boosted diodes can be
applied here, with one subtle difference: The end of the chain is terminated
and not tapped into another power supply. The termination is disabled during
normal operations. Thus the whole chain is at one potential and no linearizing
of the voltage drop is necessary. If the Mpu transistors are made small, they
will still function well to supply leakage and at the same time to reduce area.

[Pt o +|—>|1
Open when nermal
1 circutt operation,
= ‘{ closed otherwise

Figure 2-48. Simplified schematic of a “cantilevered diode” core clamp.
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Figure 2-49, Six-stage cantilevered diode string with resistive bias network and termi-
nation circuit. The suggested circuit symbol could apply to any cantilever clamp net-
work.

There will be no excessive leakage because during normal circuit operation the
termination is turned off.

Figure 2-50 shows the results of one such six-diode-chain cantilevered diode.
The cut-in voltage is much lower, ~3V compared to 6V for a boosted diede
(Boost8), and the AC resistance is ~ 12 (2.5V, 2.5 A). The cut-in voltageis 3V
because all the diodes need to turn on. In part this can be attributed to the
nonideal termination using a PMOS (ideally a switch), which needs at least a
V,, voltage at the out node to turn on. In addition, there is some charge

1800

€ OUT floating O

I600F 0 ouT grounded 0 L 2

1400
1200

< 1000
~ 800
600

400

200
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Figure 2-50. Pulsed /-¥ curves for six-diode cantilevered string in process P2 {see Table
2-3). OUT floating includes the required termination circuit and OUT grounded indi-
cates how much voltage develops across that circuit.
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coupled onto the capacitor due to the PMOS 7, gate-to-source coupling, which
raises the gate voltage, thereby raising the source voltage of T, before it can
turn on. Due to the charge sharing, it is advisable to have a larger capacitance
and a smaller resistance to obtain the desired RC time constant.

The cantilevered clamp can be modeled well using a simple Ebers—Moll
model such as the one shown in Figure 2-23. The modeling was done on a
spreadsheet with B, area and the current profile known, as shown in Figure
2-22 and Table 2-3. One such comparison between the model and experiment
is presented in Figure 2-51. The model shows good correlation to about 1.5 A,
after which there is departure. The model shows more conservative clamping
capability at the high-current ranges. This ensures that the actual device will
perform better than predicted, lowering the stress on the 1C.

As the diode chain is shortened, the cut-in voltage diminishes but the current
at the termination increases. Thus the PMOS T, will get larger to sink such
current. Clearly a trade-off has to be made, based on B, the total clamp area,
and the desired cut-in voltage.

The cantilevered clamps scale well with increased size, thus yielding a cor-
responding increased current capability. On a chip with several such clamps,
they should all share in proportion to the voltage appearing at their terminals
(subtracting IR losses of the interconnect leading to the clamp).

PMOS terminated string-predicted and measured I-V

3000 *
m| ’0
& DIDAR m| &
2500 O Measured O +*
O "
O ’0
2000 - o ¢
&

E O o
- O .’
g 15001 0 ’0
5 g8
3 D¢®

1000 | mh 2

D ?
500 a .0’
T e*
0 | D q | | | |
0 2 4 6 8 10 12 14
Voltage

Figure 2-51. Measured and modeled pulsed [-V curves for a cantilever clamp in process
Pl.
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Figure 2-52, NMOS termination for a cantilever clamp. The last diode stage is con-
nected to the OUT node. The diode bias network is also shown.

=

In the implementaiion discussed earlier the switch was a PMOS transistor,
but an NMOS-terminated clamp can also be constructed, as shown in
Figure 2-52. Here, a logical inversion is needed to power up the terminating
NMOS, seen as an inverter inserted between the capacitor and the NMOS
terminator. This inverter will cause a delay of ~100ps (for 0.8 pym, lower for
future technologies). The other aspects of the circuit remain unchanged.
Clearly the NMOS clamp device is smaller because of the hugher conductance
of the NMOS.

In Sections 2.4 to 2.7, the clamps required to construct a current path were
examined. These work well for the HBM pulse. However, because of their fast
rise and fall times, CDM pulses create additional requirements. These issues
will be discussed next.

2.8. CDM GUIDELINES

The previous sections have dealt with ESD phenomena targeted primarily at
HBM pulses. For CDM protection, a few additional considerations are
required. The CDM pulses are sharper and have larger current amplitudes
so protection devices need to both be faster and have higher current capabil-
ities.

In CDM testing four types of failure mechanism are observed [Maloney,
1988, 1992

+ input gate destruction due to voltage buildup in metal buses due to the IR
drop,
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- a path to ground through the gate oxide for a substantial amount of
charge leading to gate oxide destruction,

* an excessive gate voltage due to gate charging due to an avalanching
junction leading to gate destruction, and

+ metal burn-out due to high current density and bootstrapping action (this
will be discussed in Chapter 5).

Each of these mechanisms is discussed next and solutions are recommended.

The source of all CDM failures is charge storage on the component.
Components acquire charge due to triboelectric events, field-induced charging,
and the like. When examining CDM-related damage and events, it is always
useful to examine the package and chip layout for clues as to where the charge
is stored, and how much total charge is likely to be involved.

The total charge of a CDM even on a packaged electronic component
relates to its capacitance, which should scale roughly with the size of the
component. The free-space capacitance of the component is the fundamental
physical property involved. Because the free-space capacitance of a conducting
sphere is approximately 1.1 pF/cm of the radius, each component can thus be
considered to have an equivalent sphere, whose size relates to component size.
The actual capacitance of a component in a real CDM event depends on
ground plane position, of course, but free-space capacitance puts a lower
limit on that value and sets the overall scale.

Exactly where the charge is stored is dictated by Gauss’s law, which states
that charge density on the surface of a conducting node is proportional to the
electric field normal (i.e., perpendicular) to it. Thus, the bulk of the charge on a
compenent is stored on the power planes, for example substrate V. and core
power supply ¥,,. The CDM damage almost always results when the charge on
one or more of these power nodes becomes concentrated in a small location.
Thus, when performing CIDM failure analysis, the most important concept to
consider is how and why cne of these large chunks of charge found its way to
the failure site.

Consider the input gate protection scheme shown in Figure 2-53. The cur-
rent path shown is due to a negative CDM pulse, that is, the part that is
charged negative with respect to ground. The grounded-gate clamp turns on,
clamping the voltage across the gate. In the ideal case {a) where there is no bus
resistance (or very little), even the passage of ~10A does not cause the gate
voltage of MN| and MP, to exceed the breakdown voltage. In reality there
may be a substantial IR drop, in which case the voltage at the MN, and MP,
gates will build up, which the grounded-gate device MGG cannot clamp due to
the common mode voltage cansed by the IR drop. This is shown in Figure
2-33b). If the input gate is removed from the immediate neighborhood of the
clamp MTFO, then the MGG local clamp should be moved closer to the input
gate or an additional omne is added, as shown in case (¢). This removes the
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Figure 2-53. CDM events: (a) ideal clamping, (#) failure due to long bus paths, (¢) a simple fix
using 4 local clamp, and (d) a dual diode. Large bus resistance between the clamping devices
and the clamped node should be avoided.
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common mode IR drop for the clamps and MGG can protect the gate once
MOve.

These solutions can be applied using diode clamps and are shown in Figure
2-53(d), and even the main clamp MTFO can be sometimes replaced by a dual
diode. In the dual-diode case, voltage tolerance needs to be considered. When
using the dual-diode scheme, the complete path to ground should be examined,
as shown 1n earlier sections.

Charged-device model damage can also occur when the charge stored on the
substrate, V,,, is isolated with no nondestructive paths to the pad under the
test. Consider the case in Figure 2-54. It shows the predriver, the driver, and a
grounded-gate clamp at the pad. When there was no grounded-gate device, the
ESD failure voltages were very low, while the grounded-gate device raised the
ESD performance to acceptable levels. During a negative CDM event, damage
to MPIO and MNIO drivers occurred. The damages are explained by the quick
snapback of the predriver transistors MN, and MN, [Maloney, 1988). The
snapback time can be estimated as in the equation

L2
—t 2-27

f —— Jl'}rivcr
_4 24B % .“‘ ,“'l ".

Predriver / )

Figure 2-54, The CDM damage can occur in cutput devices MNIO and MPIO if the
charge from the core finds the path through these devices easter than through other
designed paths.
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where ¢z, is the snapback time, L, is the effective channel length, and D is the
carner diffusion coefficient (in this case electron diffusion constant).

In the absence of MTGQG, the predriver transistors MN,; and MN., devices (L
is 1.8 and 1.6 pm, respectively) snap back fast, while MNIO, connected to ¥V,
cannot connect to the bulk of the charge on V.. This couples a significant
portion of the substrate charge to the gate nodes of MNIO and MPI1O, which
breaks down the oxide, damaging it. The remainder of the charge finds it way
through other parasitics (such as the P™ N-well diode in the MPIQ and the wire
bond connections from V., to V,; uniil the part is completely discharged.

Some relief comes from increasing the channel lengths of the predrivers, but
with increasing predriver sizes comes larger propagation delays through the
predriver and larger area and power dissipation. Thus, it may be preferable to
use other clamps te achieve a harmless path to the pad for the charge stored on
the substrate.

Another solution to prevent this oxide damage in the output transistors is to
create alternative discharge paths where the major portion of the charge flows.
These can be clamping diodes between similar supplies (V,,, to V. and ¥V, to
V) [Maloney, 1990].

The previous example also indicates that it is preferable to tie the gates of
the output driver using a “soft” supply instead of a hard-wired V. or ¥V,
connection [Lin, 1984, p. 208]. This is shown in Figure 2-55. the MOS devices

V

cep

-
weusos ]
i

1 =

| 4 j
MPD 400/2.5 |

Figure 2-55. Method to tie off unused output buffer legs using NMOS pull-down and a
PMOS pull-up. The pull-up and pull-down channel length should be such that they
break down slower than the time it takes for the clamp to turn on. By having this tie-off
arrangement, at least two gate oxides exist between the ¥V, or ¥, power supply and the
1/O pad, making it very robust.
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used for tying off should have greater length than the grounded-gate device.
For diode clamps, the tie-off devices should still be made larger than a mini-
mum length to create a high-impedance path through the output device during
a CDM event,

The input buffer can show stark dependence on timing of the snapback
event, In Figure 2-56 a negative CDM zap is shown on an input pin. The
damage is observed at the MN|. The damage is ascribed to the snapback of
the transistor MN, (L = 2 um)} earlier than the MGG (L = 5 pm). In this case,
as soon as the MGG length was changed to a more appropriate 2pum, the CDM
performance improved from well under 1500V to over 1500V, A dual diode
can be considered to break the dependence of an input buffer to the grounded
gate, as long as the voltage limits on the signals are acceptable.

The CDM pulses can cause damage in unlikely places. In the example shown
in Figure 2-57, the gate oxide of a small pull-up device was damaged during a
negative CDM test. The cause was traced to the passage of electrons to the
gate, thereby charging it negative and increasing the gate drain bias at the
PMOS and at the NMOS oxides. However, only the PMOS device breaks
down. It is hypothesized that the conjunction of high voltages and the avail-
ability of charge carriers primarily cause the breakdown. Charges are more
available where the field attracts majority carriers in the FET junction. This
hypothesis when applied to the observed damage is shown in Figure 2-58. The
PMOS junction has both the high field and the higher carrier concentration
caused by the field attracting majority carriers into the P* junction and this is
the reason for its breakdown [Maloney, 1988].

D My ] — Enable
HL W

1

Figure 2-56. Damage to an input gate when the grounded-gate device is much slower
than the input gates. When MGG was 40/5, the CDM performance was under 1500V
and when it was 40/2 it exceeded 1500V,
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Figure 2-57. CDM damage due to the induced gate charging damaging the small pull-
up device oxide.

The PMOS failure described earlier can be avoided by breaking the connec-
tion between nodes A and B. A separate predriver can then be placed for
driving the PMOS and NMOS as shown in Figure 2-59. The negative-charge
buildup at node A 1s not communicated to node B. This avoids the conjunction

-]+

I N+ T T N+ | ] P+ T T P+
Field attracts Field repels Figldis mghand  Field attracts
eletrons but is low electrons attracts holes holes but is low
(no darnage) (no damage) (damage) (no damage)
N-well
P-epi

Figure 2-58. Gate-induced charge can be reduced by providing a path (diodes) or separ-
ating the predriver.
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Figure 2-59. Two schemes to reduce the PMOS susceptibility to CDM pulses: (a) split
the common node connecting the NMOS and PMOS or () add explicitly a PYNT fast
and low resistance diode. A P-epi 1o N* diode already exists in the drain diffusion of the
NMOS tied to node A and may be satisfactory for ESD protection.
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of high voltage and high carriers in the PMOS device. An alternative is to
strongly couple the substrate to nodes A and B by a diode. This will prevent
large negative voltage from building up at the PMOS gate, preventing damage.

To summarize, the protection of circuits from CDM and HBM stiresses can
use the same circuit techniques illustrated in this section. Usually CDM stress is
more severe and faster so a design that is good for CDM will usually be good
for HBM. The ESD pulse, once initiated on a pin, will affect the silicon. The
main task of a design that mitigates the effects of this ESD pulse should be to
maximize the ratio of current through designed ESD channels instead of the
undesired paths. The paths at risk should have high impedance (if possible) and
the desired paths should have low impedance. In this fashion ESD damage can
be limited,

2.9. SUMMARY

In this chapter the following concepts were reviewed:

« Several case histories of ESD damage in “random”-path ESD protection
schemes and their correction processes were presented.

» Two main classes of devices for ESD protection were identified as break-
down devices (TFOs, GGNMOSs, SCRs) and non-breakdown devices
{MOSs, diodes, and BJTs).

» The disadvantage of the breakdown-type devices is that they are difficult
to design, needing sophisticated models and physics. This process needs to
be repeated every time a process parameter is significantly altered.

« The advantage of non-breakdown-type devices is that they are easier to
simulate with a simple circuit simulator or a spreadsheet and are much less
process sensitive. Further, their response can be simulated to verify opera-
tion in case any significant process parameter is changed.

» The “current” path and its elements were constructed using non-break-
down devices. Several types of clamps were examined: diodes, strings of
diodes, “cantilevered” diodes, and [/O buffers used as clamps.

» The NMOS output transistor was identified as the most sensitive to ESD
damage.

» A scheme to protect the output NMOS using an external ballast resistor
was examined and a design method provided.

« The CDM design guidelines were elaborated. Prime among them are to
reduce the bus resistance between the ESD clamp and the device to be
protected and that the ESD clamp should be faster than the protected
device.

EX1016 / Page 89 of 192
Western Digital Technologies, Inc.



80 ESD FROTECTION METHODOLOGY

« Especially for CDM, the driver, predrivers, and other associated circuitry
on or near an I/O pad should break down much slower than the clamp
protecting these circuits.
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CHAPTER 3
e ey

ADDITIONAL ESD CONSIDERATIONS

The primary focus of Chapter 2 was ESD current path implementation. Several
additional factors that influence ESD reliability of a circuit and other design
considerations will be discussed in this chapter. Primary among them are the
effects of die capacitance, packaging options, antenna diode issues, hot-elec-
tron damage, and predriver design on ESD reliability.

3.1. CAPACITOR BENEFITS IN STRESS REDUCTION

Capacitors are implemented in VLSI circuits to reduce the on-chip power
supply ripple. The larger the ripple, the larger the uncertainty in the chip
timing, which in turn degrades the overall performance of the chip. The
large di/dr required by the core switching cannot usually be supplied directly
from the board or package because of the relatively large wire bond (or solder
bump technology) inductances. Therefore on-chip capacitors are essential. This
on-chip capacitance has two components, one that is explicitly added (gate
capacitance) and the other due to parasitic capacitance of the core circuits
(PMOS N-well to substrate, metal to metal). The other benefit of the core
decoupling capacitor is te dramatically reduce the ESD stress between the
Ve and Vi nodes due to charge sharing. The current die capacitances range
from 1nF for small dies to 100nF for large dies. With future technologies
having lower voltages and higher frequencies and currents, increasing die capa-
citance should be expected.

How much ESD stress is reduced by having a large on-chip capacitance? To
help answer this question, consider Figure 3-1, which shows the HBM and

84
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Figure 3-1. The HBM and CDM models stress the ¥, pins of a chip.

CDM models as they appear to the tester when an ESD zap 15 applied between
V.. and V. The decoupling capacitor is directly in parallel with the ESD path
and separated from the ESD capacitor with a considerable impedance; there-
fore, the decoupling capacitor does not allow the charge to build up immedi-
ately in the HBM case. In the CDM case the parasitic impedances are small;
therefore, the decoupling and ESD capacitors share the stress voltage imme-
diately. The effect of the capacitors is shown in Figure 3-2, where the maximum
stress voltage experienced between V. and V; is plotted as a function of the
decoupling capacitor. As the capacitance increases, the stress voltage experi-
enced between the decoupled node decreases [Jaffe, 1990; Dabral, 1994;
Ramaswamy, 1996]. The stress voltage may decrease to such a degree that
many clamps with high trigger voltages may not function. An example is an
SCR that may need a trigger voltage of 15-50V. The trigger voltage may not
be reached by the core supply (¥, and V) to trip on some clamps, but this
voltage can be high enough to cause damage to the core circuitry. In general,
clamps requiring high trigger voltages to initiate will be adversely affected by
increasing decoupling capacitance.

The previous example dealt with a zap directly between V. and V. When
the ESD stress is between different /O pads, the decoupling capacitor will still
come into play. It effectively AC clamps the V. node to the V,, providing an
easy path for AC discharging the V. mode.

Consider a positive CDM zap case. The equivalent model is shown in Figure
3-3 [Maloney, 1990]. The substrate is charged positive, and so all the nodes in
the chip charge up positively, When the T/O pin is shorted, the ¥V, (on-chip) to
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10000

Voltage

0 I 1 J *
x10" %107 x10° x10* x 10
On-chip decoupling cap, pF

Figure 3-2. Charging device capacitance can drastically reduce ESD stress voltage
experienced by the core circuits. This is particularly true for HBM-like voltages. For
this analysis, the Copy capacitance has been assumed to be 20pF and the ESD zap
voltages for HBM and CDM are 2 and 1 kV, respectively.

ground capacitor discharges rapidly through the diode. Consider the case
where the on-chip decoupling capacitor is small and there is a slow power
supply clamp. For this case, the ¥, collapses rapidly, trapping charge @ in
the V., and ¥, nodes. This in turn stresses the [/O transistors MNIO and
MPIO and the core transistors MP; and MN,. In addition, the targe V..V,
buildup can cause snapbacks, latchup, and circuit destruction. If the decoup-
ling capacitor is large, the same charge Q is trapped, the voltage developed
across the V.. and V is much smaller and a slower buildup occurs. This
provides a better chance for the clamps to function and safely remove the
charge. Other nodes (V,.,) coupled to the ¥, by the ESD diodes also take
advantage of this large decoupling capacitor, and only their clamped voltage
clamp V is higher than the V. node, as shown in Figure 3-3c.

The decoupling capacitors help the reduction in power supply ripple during
circuit operation and also help reduce the ESD stress during an ESD zap.
Large decoupling capacitors are therefore advisable.

3.2. PACKAGING EFFECTS ON ESD

3.2.1. Conventional Packaging

Packages can influence ESD performance significantly. The main considera-
tions are:

« Overall package size (for CDM),
= substrate tap resistance,
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Figure 3-3. (a) Schematic of CM(S die representing CDM event at IfO pin. () Charge
sharing between the V. node external capacitance (), core capacitance {C.}, and
(c) clamped voltage of ¥, node.

» decoupling capacitors on the package, and
» power supply partitioning.

Each will be examined in turn.
First, the overall package size is important for CDM because 1t determines
the amount of charge that can be stored on the package. As siated in an earlier
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chapter, a package can be thought of as being equivalent to a sphere of some
size, and a conducting sphere has an intrinsic capacitance in free space
(CV = @ with respect te ground at infinity) or about 1.1 pF/cm of radius.
Thus the basic charge—voltage—energy relations are determined for a given
package. In a CDM event, since all the charge on the package must be !
exhausted through a given package pin, a pin thus “feels” the total size of |
the package with larger packages generally causing harsher CDM events.

Now the effect of the substrate tap is considered. Some packaging options
offer low-resistivity substrates. For example, in ceramic packages this is done
using a gold eutectic bonding technique [Koopman, 1989; Shukla, 1985]. In -
plastic packages, an electrically conductive epoxy may be used. This bond is
shown in Figure 3-4. Substrate contact can be effectively used to reduce the
plane resistance during ESD (and circuit operation). Thus placing a good
¢lectrical contact between the chip and package is greatly beneficial
However, there are technologies that do not use this technique or have the
option of which substrate to use as a power distribution, and on-chip metal has
to be used to deliver power.

Another significant package-related effect that is relevant to CDM is the
package capacitance to the charging plane and the package decoupling capa-
citors. for example, in CDM testing, the dielectric distance (T) between the
external charge plate and the die and package defines the capacitance of the
package. As the dielectric thickness increases, it forces the external charging
plane away from the chip ¥, plane, resulting in lower capacitance. The
reduced capacitance results in lower charging for the same voltage and the
energy stored in the capacitor is lower. The reduced capacitance results in
lowering the CDM current. In contrast, the HBM performance is not affected
by the package dielectric thickness.

The package capacitance interaction is also determined by the type of pulse.
For the HBM pulse the time constants are slow enough (~ 10 ns) that the ESD
pulse can electrically interact with the package decoupling capacitance.

Pins Eutectic bond
Wirebond it side Chip

Figure 3-4. Regular PGA package showing he eutectic bonding used to attach die to the
ceramic carrier. This eutectic bond provides a good ¢lectric short in the Si back, which
affects ¢lectrical and ESD performance.
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Normally, a chip will have a hierarchy of decoupling capacitors: on-chip, on-
package, and so on. Thus the V., and ¥V, capacitances on the package also
have a chance to contribute to the ESD protection. The package capacitance
for a large die may be easily in the 10~100-nF range. As seen earlier, this
directly lowers the voliage stress on the ¥, and V,; plane. For a CDM pulse
the transient is much faster (~1ns); therefore, the package capacitance has
very little chance to interact with the die at the initial ESD zap time and
relatively little benefit should be expected.

In the future, currents will increase from the present levels of the 10-20 A
[Jain, 1997; Cohen, 1997). The switching transients will also be fast, typically
less than 0.5ns. This leads to large di/dt (~20-40A/ns). Simultaneously
reduced power supply voltage is essential to maintain scaling. Thus, the tolez-
able voltage drop on the power supply (both DC and AC) is smaller.
Therefore, for successful power delivery considerations, the high-performance
package needs to have a very low inductance path and needs to couple the chip
to the package very well. Now, the 10-20 A current and the transients of 0.5 ns
and smaller are already comparable to the rise times of the CDM event. Thus,
as the performance of the power delivery is improved, the CDM event should
increasingly be able to interact with the package capacitance and derive benefit
from that.

The package power options together with the on-chip power hook-up are
another factor to consider for ESD rehability. Currently three common options
are exercised in connecting power to the die:

+ The clean (core V. and V) and dirty (peripheral V., and V) suppliers
are not separated.

+ The clean and dirty supplies are separated on the die but shorted on the
package.

» The clean and dirty supplies are separated on the die and package and
shorted only on the board.

These choices are based on switching transients, the amount of current
switched, and the noise isolation desired. Typically, all three options have
been used and are shown in Figure 3-5, If the power supplies are separated
on the die, then an ESD path has to be created on the die, as shown in Figure
3-6. A simple solution is to use diode chains. Using MOSFETSs has also been
suggested but such coupling will be area consuming. Alse a core clamp can be
used to connect the power supply to ground, thereby aveiding a lengthy path.

When power planes are shorted on the package but not on the die, the ESD
paths should be created in the die. The package parasitics may be high and may
effectively act as high impedance for a CDM event, leaving the peripheral and
core supphies unconnected. In this case, the nodes on the peripheral supply will
find random paths to discharge and may lead to failure. Such failures have
been reported by Wei [1993].
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V.. @ board

V.. @ package

V.. @ chip o Lo

V.. @ chip
¥V, @ package

V., @ board
(@ (&) (€)

Figure 3-5. Three options of distributing power common in IC packaging: (a) periph-
¢ral and core supplies shorted on the chip; (6) peripheral and core supplies shorted at the
package level; and (¢) peripheral and core supplies sherted at the board.

The V; power plane choice has an impact on the ESD performance of the
NMOS transistor, as illustrated in Figure 3-7. If the substrate and the NMOS
source are not tightly connected using metal, then the only other connections
are through the parasitic N* and P diode and through any additional clamps
between Vi, and V.. During NPN snapback, the substrate current has to
return through the P pickup, which ends up raising the substrate potential.
This occuars until the forward biasing of the substrate-N"' diode happens. With
increasing substrate bias the snapback voltage V,, decreases rapidly, whereas
the second breakdown voltage ¥, remains approximately constant. This beha-
vior enables all the NMOS transistor legs to snap back (¥,; < ¥,;) before any
go into a second breakdown. This in turn allows full utilization of the NMOS
ESD capability. If the ¥, and V; are tied well on the chip, then the modula-
tion of ¥,; does not occur and no corresponding benefits result [Polgreen,
1992].

3.2.2. Multichip Modules

Electrostatic discharge in multichip modules (MCMs) presents an interesting
case in trade-offs in terms of area, ESD performance, and 1/O speed. The
aggressive 1/O speed requires minimum ESD-related loading and design
rules. Also, in an MCM, those pins that interact only with other pins within
the MCM are never exposed to the external world after manufacturing (see
Figure 3-8). Therefore, it is possible to scale back some ESD requirements,
which in turn will reduce area. Although the /O area in a typical chip may be
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Figure 3-6. For isolated power supplies on a die, ESD paths should be created as shown
in (@) using diodes, (b)) using NMOS, and (¢} using cantilevered clamps.
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Ve, Vir Pad —\
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I T

Substrate bias, V

Figure 3-7. Maximum ESD capability of an NMOS is achieved if the peripheral and
core V, buses are split [Polgreen, 1992].

~ 5%, 1t is still a significant portion of the silicon and important to save area.
To place this area in perspective, current large dies may be ~1.5 x 1.5¢m,
making 5% ~0.1 cm? (0.075 x 0.075cm). This size is comparable to a number
of current smaller and older generation chips.

To enable area optimization on pins never exposed to the external world,
ESD structures must be scaled down to meet the revised target specifications.
What should be the ESD protection required for these structures? As a pessi-
mistic guess, they can be designed as if they were normal I/O pins seeing the
external world. However, in reality, these pads only see the external world
during fabrication and assembly. Currently, one can only guess at this answer,
as no solid data are available. In the future with increasing use of MCMs this
may be an important consideration. If it is possible to scale back the ESD

Internal pads - External pads

& ping

¢ »

Figure 3-8. An MCM interconnection scheme showing internal pads and external pads
and pins visible to outside world.
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requirements, then the protection devices can be scaled back, thereby resulting
in area reduction and reduced capacitive loading on the bus.

It is possible that in an MCM only one chip has external pins and all others
do not see external pins. In such a case normal ESD protection relevant to the
technology will suffice. However, it is possible that there may be multiple
independent power supplies needed for the various chips. A good example
may be a processor on one logic (N-well) technology, and the memory in a
DRAM (P-well) technology, running on different voltages, as shown in Figure
3-9. Clearly, to be fully protected, a good ESD path needs to be created
between the two separate power pins. This will clearly need a common path
in the package and individual protection schemes in the two affected chips. In
Figure 3-10 one such scheme is shown. Here the common path is the ¥, which
is shared by all the chips. It should be noted that in single-chip packages there
is degradation of ESD robustness with longer signal traces and wire bonds
[Voldman, 1992]. Thus great care should be taken to minimize the impedance
in such paths (both DC resistance and AC transmission line behavior}). Such
connecting power planes should be wide,

3.3. SMALL-CHIP ESDISSUES

In spite of the general trend of increasing die size and correspondingly larger
core capacitance, many small chips are in existence and others will continue to
be designed in the future. These may not have very large decoupling capacitors
and may be limited to a nanofarad range (or less). The stress on V. and V,,
will correspondingly increase (~200V for HBM and ~20V for CDM from

— Only one chip
has extemal 1/O

™ ¥ pin (common}

Figure 3-9. A module may have multiple independent power supplies supporting the
various chips. An ESD zap path between one power pin to another power pin needs to
be protected.
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Additional diede chain
required at CPU

Figure 3-10. Module ESD protection is complicated if different types of chips are
assembled onto an MCM substrate: (a) N-well CMOS Central processing unit (CPU)
is placed with N-well DRAM; (£) N-well CMOS CPU is placed next to P-well CMOS
DRAM. In the latter case a commeon substrate is not possible so gither the V.. or ¥, ot
both can be bridged.

Figure 3-2). So, an efficient and fast core clamp is essential. Additional design
recommendations for these small chips are as follows:

+ Increase the number of core clamps so AC resistance i1s low when the
clamps turn on.

« Increase the die capacitance by deliberate decoupling capacitor placement;
this is usually expensive but the circuits get to share the benefit.

» Increase the number of power supply coupling diodes to reduce their AC
Tesistance.

« Increase the number of V. and ¥V, bond wires to the package and also
icrease the package plane capacitance. This effectively allows the pack-
age capacitance to help reduce the on-chip stress.

« If a number of small power buses exist, reference them to ¥, or a similar
high-capacitance node (as far as possible).

Unfortunately, the issue is compounded by small on-chip decoupling capaci-
tors, a small number of power supply wire bonds, and maybe by low-cost
packaging with no decoupling capacitor options, making these chips very
hard to protect. If in addition these chips have to support muitiple different
voltages, as required by some interface chips, the ESD issue is further aggra-
vated.
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Usually the design of these chips is limited by tight economic pressures, and
increasing the die area for decoupling capacitors and changes in packaging are
strongly discouraged. Due to the technical and economic reasons compounded,
these will constitute a major ESD reliability threat in the future.

In the last section, the bypass capacitor was discussed as one electrical
element, but in reality it is distributed over the entire chip. By their additive
property, the sum of these capacitors becomes a significant contributor to ESD
protection. The same can be said for active clamps (as well as for the NMOS
device where deliberate efforts are made for them to share the ESD stress
evenly).

3.4. BENEFITS OF DISTRIBUTED CLAMPS

The benefits of core clamps have been discussed in the previous chapter. For
the non-breakdown class of clamps, there is no current hogging: all clamps help
disstpate the ESD energy. This in turn lowers the effective clamping voltage of
the core clamp and also the AC resistance.

Another advantage of several clamps being simultaneously active is based
on the savings of the /R drops in the interconnect. Normally a core clamp will
be placed at certain predetermined intervals along a chip periphery. The idea is
that a number of buffers share a core clamp. Thus a zapped buffer needs io
pass the current on the core clamp, which is several hundred micrometers
(maybe thousands) away. If the clamps are a breakdown device type, they
generally “hog™ current, and only one of them turns on. Consider the example
shown in Figure 3-11, which contrasts the voltage drops due to (a) a single core
clamp active and (b) several core clamps active in parallel. The interconnect
voltage drop is simply the IR drop:

Vie = IR 3-1)
R Rin Rin Rin
AN AANA
I Iin f% In . In
(a) ()

Figure 3-11, Benefit of having distributed clamps. Interconnect voltage drop is mini-
mized first by dividing the current in two directions and then by having the current fiow
in a low-impedance ground plane.
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The /R drop can be significant. Consider a 25-um interconnect having a resis-
tivity of 30 m£2/J traveling a distance of 1000 um. This will have a resistance
of 1.2Q. Now an HBM 2-kV zap has a peak current of 1.3 A; thus the inter-
connect loss for an HBM pulse 1s ~2.6 V. In the CDM zap case, the current
can be as high as 10 A, and in this case the interconnect drop is 12'V. This
voltage 1s in excess of oxide breakdown voltages in most technologies in use
today. The heating due to the ESD pulse also increases the resistance; thus the
IR drop will only increase [Maloney, 1992, 1993).

However, if the clamps share current, then, instead of placing one ¢lamp in
one area, distributing the core clamp into smaller portions such that the total is
equal te one large clamp will aid greatly in reducing the interconnect loss. This
is shown in Figure 3-11. Here one clamp is broken down into n segments.
Assuming equal conduction in all clamps, it is seen in Eq. 3-2 that in such a
distributed-clamp scenario the interconnect loss can be reduced by a factor of
4. In reality this improvement may not all be realized, but the branching of
current into two paths will immediately lower the drop by half:

1 1
Vit = %IR (5 + 5)

=HR fornx»1 (3-2)

In the analysis, a tacit understanding is that V, is ideal, with no resistance and
inductance. An eutectically bonded substrate can approach that. However,
when the substrate is not well bonded electrically, the improvement by distri-
buting the clamp may not be a factor of 4. The minimum improvement will be
only a factor of 2 if only the closest clamps are considered active, So in practice
an improvement between 2 and 4 should be expected.

The model in Figure 3-12 suggests that for packages without a solid back-
side ¥, connection, clamps such as the cantilevered diode and others relying
on substrate connectivity need extra substrate taps tied to metal V; and should
be placed immediately next to the clamp in order to maintain their efficacy.
Without such substrate tap measures failures have been reported fJohnson,
1993].

3.5. PREDRIVER DESIGNS

In the construction of NBD clamps an inherent assumption has been that the
sense and control circuit be considerably faster than an ESD puise. This is very
true in current and future technologies where gate speeds are much less than
200 ps. For the same reason, the predriver is able to influence the behavior of
the driver, which has ESD implications. These implications will be considered
and design guidelines stated.
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Figure 3-12. Benefits of a distributed clamp are diminished if () good ground plane is
not availabie or (b) the other end of the clamp is not referenced to V. Between the two
cases () is preferred [Krieger, 1991]; however, good grounding should be encouraged.

Comsider Figure 3-134. In this circuit the predriver is powered by the per-
ipheral power supply V., and V. The driver consists of two types of NMOS
drivers: MNESD, which are solely for ESD protection, and MNIQ, which are
the active drivers. Now if the pad is zapped with Vs ground, the transistor Q,
charges up the V., power supply. Since V. is independent of Veeps nOde N, is
at a low voltage. Therefore, the predriver inverts the low and drives the NMOS
on. This results in the NMOS (MNIO) snapping back and taking up all the
current. The NMOS MNESD does not snap back and does not share this ESD
stress current with the NMOS MNIOQ. This effect has been observed even in
unsilicided processes where one expects the ballasting action to even out the
current flow. Krakauer [1994] reports that in unsilicided technelogy this effect
severely degrades performance (400V observed as opposed to > 1500V
expected). This phenomenon occurs when there is an odd number of inverting
stages tied to the peripheral supply.

An easy solution to this problem is to have an even number of inverting
stages tied to the peripheral supply, as shown in Figure 3-13b. Here, when the
pad is zapped with the Vi, tied to ground, the ¥, charges up by the transistor
). Node N; is low as it is tied to the core supplies. However, this time there
are an even number of inverting stages powered up. Thus N, is also low and the
NMOS MNIO does not turn on. This allows the MNESD and MNIO to share
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Figure 3-13. Effect of predriver connectivity on ESD reliability of output NMOS: (a)
odd number of inverting predriver stages; (§) even number of inverting stages. It is
advisable to have an even number of predriver inverting stages before the driver, as
shown in (&).

the ESD stress. Significant improvements have been observed [Krakauer,
1994].

The solution above forces both the transistor MNESD and MNIO to see the
same gate voltage and thereby have a chance to snap back at similar voltages.
It is possible to improve the design further using the concept of the GCNMOS.
To recollect it is the phenomenon that when the gate voltage is increased, the
snapback voltage of the parasitic NPN decreases. However, if the gate voltage
goes far beyond the threshold, the I, (trigger current for second breakdown)
capability also decreases [Amerasekera, 1995; Polgreen, 1992]. So the gate
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voltage should be modulated to just above the threshold of the NMOS. As seen
in the previous example, the high gate voltage caused the lowered ESD robust-
ness when an odd number of predriver stages were used. To take full advantage
of even breakdown and current flow and a high I,;, the voltage at the NMOS
gate should be high enough to turn on the device but not much higher than
that.

A circuit that equalizes the current and preserves the I, in the NMOS
fingers is shown in Figure 3-14. The inverters MP, and MN, iry to puli ¥,
high when the pad is zapped and V,, is low. the NMOS MN; is ratioed such
that N4 does not reach the pad voltage but is limited to around ¥,,. This
enables al} the fingers of the transistor MNESD to snap back and share the
current equally. This is the same principle as a gate-coupled NMOS; however,
it is implemented using a ratioed gate (RGNMOS) [Krakauer, 1994].

With the circuit i Figure 3-14, it is possible that if the [/O transients exceed
V.. significantly, then MNESD can turn on and interfere with the 1/O opera-
tion. However, since the pad already clamps to about V. plus a diede drop,
strong turn-on of MNESD is not expected. Also, the voltage clamp at node ¥4
will weaken the turn-on of MNESD.

In previous sections we have seen the effect of external charge built up and
then discharged into a pin. Such phenomena have limited access through a pin
only. A more prevalent form of charge buildup and possibilities of ESD
damage at every node on the chip occur during fabrication. This is in contrast
to the earlier case in that nearly every node is affected and the charge access is
not limited through the pins. This 1s considered next.

3.6. ANTENNA DIODE ISSUES

During the fabrication process a number of plasma etching and 1on implanta-
tion steps are used [Intel, 1991, pp. 9, 10]. these charge up the metal and the
polysilicon gates tied {o them [Cheng, 1996; Chien, 1997). If the metal-area-to-
polysilicon-gate ratio is low (by a technology-specific ratio), the voltage
buildup in the polysilicon gate is tolerable. However, if the collection area 1s
large compared to the polysilicon to which it is tied there is sufficient voltage
built up to degrade (and maybe damage) the thin gate oxide. The exact nature
of the antenna effect is still being debated [McCarthy, 1990] and new ones are
observed [Gabriel, 1996], but most references acknowledge the fact that the
charging damage exists. further they generally agree that this is essential to
limit this ratio of metal to polysilicon. However, one needs metallization to run
signals and power. So limiting the metal wiring is really not a solution. Other
alternative solutions are necessary.
Two solutions shown in Figure 3-15 are as follows:
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Figure 3-15. Charge sharing during processing can damage gate oxide: addition of (a)
dummy poly or (4) dummy N¥ and (¢) additional capacitance can reduce the voltage on
the gate; (d) physical implementation of the ideas show relative areas. Charge source can
be capacitively coupled as in a plasma or there can be a direct charge source as during
ion implantation.

» Add an extra dummy gate, which can reduce the metal-capacitance-to-
gate-capacitance ratio.

» Add extra diffusion (N in P-well} to reduce the voltage buildup in the
gate.

From Figure 3-154 it can be concluded that the N* implementation has
advantages over the poly implementation primarily because of the following:

« Smaller area is required (a contact and enclosure of coniact) compared to
the poly (needs poly and NT enclosure of poly on either side)

« Signals may be tied to N as in NMOS drains and sources, in which case
no additional device is needed. Here the N should be connected to the
gate during the fabrication processes of metal 1 and upward, otherwise an
N* diode is required.

« The N¥-to-P breakdown usually occurs earlier than the oxide breakdown
[Amerasekera, 1994, p. 240].
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Thus the N* helps clamp the overvoltage at the gate. With future gate oxide
scaling down the avalanche and oxide breakdown voltages seem to be conver-
ging and the benefit of the N1 diffusion will decrease.

The area advantage and ease of routing encourage the use of N*-to-P-epi
diodes to reduce gate damage during fabrication. This can occasionally lead to
ESD reliability issues. Consider Figure 3-16: two N' have been placed at
minimum spacing and tied to different nodes. Whenever the voltage exceeds
the snapback voltage of the parasitic NPN, a large current will flow. If there
are external resistors in the path, then they limit the current flow through the
snapped-back NPN transistor, usually preventing damage. This is the case
when the two neighboring nodes are connected to signal nodes driven by
MOS transistors. However, if the node is tied to the external pad or to
power supplies, a low resistance exists in the path and large current can
flow. Since the areas concerned are minimum-size areas, damage should be
expected and in reality it has been observed [Duvvury, 1988].

Solutions to such problems are as follows:

High impedance (kQ) V., Pador V,,
due to MOS outputs
§ g g Low R § Low R
Signal, Signal,
N+ N+ N+ N+
(a) (&)
V. orpad Pad

§LOWR §LDWR

|N+|— N+

High R

N well

(€)
Figure 3-16. Structures such as these occur to protect excess gate damage during fab-
rication. N* diffusion is added to reduce the metai-to-gate (plus diffusion) ratio. This
structure can be close to a pad or ¥, N*. When in close proximity, the parasitic NPN

can breakdown and all the charge stored in the pad or ¥, node can then flow through,
damaging the antenna diode.
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o Avoid minimum N*-to-N" spacing (tied to power supplies) during layout,
but this is extremely hard to verify. Separating the two N1 will increase
the threshold (Vy, is proporticnai to L** [Amerasekera, 1994, p. 237]) but
it is again area consuming.

« Add an N-well around such N*, an area-consuming exercise.

« Use better power supply clamps and large decoupling capacitors so the
snapback voltage is never reached. This option can avoeid layout difficul-
ties and area penalty and does not need additional vertfication.

3.7. HOT-ELECTRON INTERACTIONS

The hot-electron effect has been a great concern in modern VLSI transistor
design. The phenomenon is the charge injection into the gate oxide near the
drain at high eleciric fields. This excess charge effectively causes threshold
shifts near the drain and consequently reduces the current drive of the MOS
and therefore slows down the circuit. The root cause of the charge injection is
the high electric field near the drain that generates charges from 1mpact ioniza-
tion. Some of these electrons are injected into the oxide, which leads to the hot-
electrons damage. This is a cumulative effect and not catastrophic. Typical
solutions utilize lowering the electric field at the drain. This reduces but does
not eliminate the effect.
Currently three solutions are employed [Chen, 1988; Sanchez 1989]:

« lightly-doped drain (LDID),
+» double-diffused drain (DD), and
» graded junction (GJ).

The LDD is the most commonly used structure (shown in Figure 3-17). Here, a
lightly doped drain region is created near the drain that lowers the lateral

Spacer
S | | D S Fﬁ; D
P-epi N-
P+
(a) (6)

Figure 3-17. Comparison of non-LDD and LDD NMOS. Lightly doped region near
the drain causes heat dissipation during an ESD event and increased voltage at the
drain, thus causing early ESD failure.
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electric field in the drain region, thereby reducing the ionization and subse-
guent injection. This lightly doped region in turn increases the resistance of the
MOSFET, reducing its effective G,,. In addition, it creates hot spots during
ESD zapping due to large current concentration and buildup in the electric
voltage at the drain (due to larger resistance). Invariably, LDD structures are
less ESD robust than the non-LDD options [Amerasekera, 1994, p. 338].

Other circuit-related options exist [Leblebici, 1996; Intel, 1991, pp. 8-10] to
lower hot-eleciron damage in logic circuits:

» nonminimum channel lengths,
= cascaded transistors,
« faster input transitions, and

« increased W compared to the driven capacitive load, thereby reducing the
current density.

Two options using nonminimum channel length and cascaded devices to
reduce the hot-electron effect are shown in Figure 3-18. Both lower the drain
field in each device, leading to a drastically lowered hot-electron effect. For the
cascaded option, the hot-electron reduction is typically an order of magnitude
better compared to a single device. However, cascading devices roughly double
the size of the driver. The extra width required to normalize the driver resis-
tance in turn reduces the current density in the drain, which then helps reduce
the hot-¢lectron degradation. The longer channel length in an /O device also
helps increase the snapback voltage of the NMOS, thus helping ESD reliability
100.
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Figure 3-18. Two options for increased hot-electron robustness: {2) increased channel
length and (&) cascading devices.
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Figure 3-19. Practical implementation of guard rings in the IfO and clamp devices.
‘These devices may occasionally be forward biased and have to be guard ringed.

guard ring will suffice, resulting in reduced guard ring layout area, but it is not
sufficiently deep to guarantee good electron pickup. Aiso the N-well placement
forces the PMOS and NMOS to be further separated, degrading the NPN B.
Similarly, a P™ guard ring is placed in the N-well. This picks up the holes in the
PMOS N-well as well as degrading the lateral PNP p.

Similarly, the peripheral-to-core-coupling diodes may forward bias during
circuit operation. This again can cause a latchup situation A guard ring should
also be properly placed. Other diodes that regularly experience conduction are
the ones connecting the pad to the supply diodes. Whenever there is a large
over- or undershoot, these diodes turn on and provide clamping. In the process
they can easily cause latchup if proper guard rings are not implemented. It is
the authors’ experience that with proper guard rings in place these diodes do
not latch up.

To implement a successful guard ring structure, the following guidelines are
useful [Weste 1985; Annaratone, 1986, p. 310):

» Provide a P guard ring around the NMOS and an N* guard ring around
the PMOS device.

« The substrate taps around the NMOS and the N-well taps for the PMOS
should be close to the active sources. this reduces the N-well and P-epi
resistance, increasing the charge flow required to forward bias the NPN
and PNP transistors.

» Reduce the NPN gain (§) by increasing the distance between the PMOS
N-well and the NMOS device.

Lowering the epi thickness will also help reduce latchup. However, this is a
process-optimized variable and usually beyond the circuit designer’s control.
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3.9. SILICON-ON-INSULATOR ESD PROTECTION

The regular bulk CMOS process has handicaps in terms of latchup and extra
source and drain capacitance to the body (tied to power). For faster and more
robust circuits silicon on insulator (SOI) has been considered. In the roadmap
of silicon processes SOI is predicted to be increasingly popular.

The primary difference between the bulk CMOS and SOl is the lower source
and drain parasitic capacitance to power supplies, as shown in Figure 3-20.
This 1s achieved by fully depleting the thin active silicon so that the electric field
lines are terminated a large distance away. This causes another series capaci-
iance to be effectively tied into the source and drain capacitance, thus reducing
the total source and drain capacitance dramatically. The key is to ensure full
depletion, which necessitates thin silicon. This reduction in silicon has implica-
tions as follows (also see Figure 3-20):

« The reduction in source and drain capacitance considerably enhances
circuit speeds.

P+ J B 1 :J; N+
N-weldl o
P-epi
(a)
v, l | /O pad Ve
-------- e
1 E_I_I__I_I_I
- = I - . 1T -
T 1T i
E.H?.‘!.‘?FFE--.E--.ETE__-_I :.IT::TEE
(5)

Figure 3-20. Comparison of (a) bulk CMOS and (5) SOI technology. Parasitic capaci-
tance in source and drain are reduced but the ESD diodes are also absent.
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The regular bulk CMOS process has handicaps in terms of latchup and extra
source and drain capacitance te the body (tied to power). For faster and more
robust circuits silicon on insulator (SOI) has been considered. In the roadmap
of silicon processes SOI is predicted to be increasingly popular.

The primary difference between the bulk CMOS and SOI is the lower source
and drain parasitic capacitance {o power supplies, as shown in Figure 3-20.
This is achieved by fully depleting the thin active silicon so that the electric field
lines are terminated a large distance away. This causes another series capaci-
tance to be effectively tied into the source and drain capacitance, thus reducing
the total source and drain capacitance dramaticallv. The key is to ensure full
depletion, which necessitates thin silicon. This reduction in silicon has implica-
tions as follows {also see Figure 3-20):

+ The reduction in source and drain capacitance considerably enhances
circuit speeds.
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Figure 3-20. Comparison of {g) bulk CMOS and (#) SOI technology. Parasitic capaci-
tance in source and drain are reduced but the ESD dicdes are alse absent.
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» The PMOS and NMOS are completely isolated so no regular CMOS
latchup possibility exists.

+ Since the volume of the depletion layer around the PMOS and the NMQS
is reduced, there is less chance of external induced currents (radiation),
thereby providing higher radiation hardness.

+ The ESD diodes in bulk CMOS processes do not exist, thereby complicat-
ing the ESD protection mechanism. Both positive and negative ESD zap
protection are difficult.

+ The thin silicon sandwiched between two insulators has a small thermal
mass compared to the bulk CMOS. This reduces the ESD tolerance. To
counter this, wider (therefore larger volume) devices need to be con-
structed.

In the past SOI was employed for exotic systems and ESD reliability was not
crucial, as other safeguards could be implemented. However, with SOI tech-
nology more widely used, good ESD protection is fast becoming a necessity.

One solution 1s to use the bulk silicon substrate on which the SOI circuits are
built. Conventional ESD protection used in bulk silicon can be appropriately
applied to SOI circuits, thereby creating an ESD safe chip. However, this
complicates the fabrication process considerably and its benefits should be
contrasted with its complexity.

With the lack of good ESD diodes, early research has primarily focused on
using the NPN snapback phenomena to provide protection for both the posi-
tive and negative direction. There are two properties in the NPN snapback that
differ from the bulk CMOS. First, there is no substrate tap; therefore, all the
generated impact ionization current as the drain flows through the regenerative
junction (source). This lowers the snapback voltage. Second, in a snapback
mode, two distinci snapback levels may be observed [Verhaege, 1993]. This
NPN action provides protection that can be scaled with the device width
{(~12V/um for an HBM pulse).

A key difference in the SOI technology is that since the silicon volume is
small, the device reaches thermal equilibrium rapidly and thermal equilibrium
can be observed in even HBM events. Bulk silicon HBM events generate heat
that can diffuse into the bulk; therefore the temperatures are lower. Because of
the low silicon volume, it has been estimated that the SOI device has only 40%
HBM ESD capability as a comparable bulk silicon device [Ramaswamy, 1995].

More recently mapping bulk silicon type ESD protection has been demon-
strated for SOI {Voldman, 1996]. These include creating dual-diode input and
output protection. In these diodes there is no parasitic PNP action; therefore
the forward voltage scales with the number of diodes in series. The resistance
also scales as more diodes are placed in series. The small silicon volume forces
these diodes to have a large perimeter.
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3.10. SUMMARY

In this chapter the following ESD-related factors were discussed:

= Packaging effects on ESD in terms of CDM voltages developed and also
the interaction of the ESD puise with the package. The HBM can interact
with the package more than the CDM pulse primarily because of the
slower rise times. The larger the dielectric height in a package the smaller
the capacitance and therefore the charge picked up by the package.

« The beneficial effect of on-chip and package capacitance in reducing stress
is discussed. Further ESD complications of Multi Chip Modules on ESD
protection are examined.

+ The separation of power planes in the package affects the ESD perfor-
mance and the choice of ESD protection. If the power planes are isolated
on die, then power clamps between the peripheral and core supplies
should be provided.

= The main ESD concern in the future should be expected in small dies with
small on-chip capacitance and on highly sensitive technologies.

« By distributing the ESD clamps evenly in the I/O area a performance
improvement in the IR is observed (in some cases 75% improvement,
over a single clamp). This is true only with nonbreakdown clamps
which can share the ESD stress amongst them. The breakdown style
clamps tend to “hog” all the current to the device which breaks down
the earliest.

» The predriver design helps in distributing the ESD stress in NMOS ouiput
drivers especially if there are active and dummy ESD legs in the output
stage. To avoid nonuniform breakdown and current sharing the pre-dri-
ver (or odd numbered) should be connected to the main V. supply and
not the peripheral supply.

« Antenna diodes are added to protect MOS gates during fabrication. They
bleed off excess charge during ion processes. However, in poorly ESD
protected circuits the NPN snapback of these devices can cause perma-
nent shorts and damage thereby making the chip inoperative. Thus gither
these diodes should be given a wide room from other N* during layout or
a better power clamp should be utilized.

« Hot-electron process optimization (LDD) together with silicided drain
diffusion creates a hot spot during ESD that limits the device tolerance.
One method is to remove the silicidation in the output NMOS drain side,
thereby providing a ballast action.

« Due to the stow ramp rates of the predriver (for simultaneous switching
cutput and signal integrity reasons), the output transistor is exposed to
high levels of hot-electron damage. To reduce the hot-electron concern,
the channel length can be larger than minimum dimensions.
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» The latchup hazard in the output devices is best handled by use of guard
rings and spacing. These should be combined with proper 1/O design
where large incoming overdrives are avoided as far as possible.
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CHAPTER 4

[

INPUT-OUTPUT CIRCUITS

For a chip to communicate with the external world, special IfO drivers and
receivers are required. As the internal circuits increase in speed, they process
data faster and then communicate it back to the external world for storage,
display, or further processing. Also, the number of bits per word has been
steadily increasing. Together the longer word size and the fast chips combine
to represent a higher bandwidth requirement for the chip interface [Catlett,
1992; Prince, 1994].

Earlier simple 1/O drivers and receivers (a starting point is [Annaratone
1986, p. 233]) were sufficient to meet the chip requirements. However, with
increasing bandwidth requirements new strategies have to be developed. In this
chapter basic as well as novel 1/O concepis will be discussed.

The 1/O design is integrally related to the transmission line so their proper-
ties will be briefly highlighted. Also, concepts of series and paraliel termination
are useful to 1/O implementation and their mapping to standard 1/O bufters
will be additionally discussed. The 1/O scheme timing budget will be reviewed.
Also concepts of compensation of buffers for optimum performance and
reduced noise will be explained.

4.1. TRANSMISSION LINE PHENOMENA

One practical method of digital communication between chips is the transmis-
sion lines on a printed circuit board (PCB). These transmission lines are fast
and very economical, which explains their popularity. These transmission lines
are thick metal wires (~ t mil} with a strengthened polymer dielectric surround-

13
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ing 1t, which in turn is capped by power planes. A simplified PCB construction
is shown in Figure 4-1, and it has been contrasted to wiring on the chip. There ;
are two variations of transmission lines possible: microstriplines, which see a |
split dielectric, and striplines, which see a uniform dielectric environment. For
more information the reader is directed to books by Clark [[989] and Flatt
[1992]
The transmission line exhibits a velocity of propagation for the signal

given by

e 1
V=TT @

where v is the velocity of propagation in the transmission line, ¢ is the dielectric
constant, and I and C represent the electrical equivalent circuit of the trans-
mission line. This velocity of propagation is solely dependent on the dieleciric
constant of the insulating material. A common dielectric constant for the PCB
material is ~4.2, which gives the velocity of propagation close to half the speed
of light. This velocity can be calculated to about 174 ps/in., or 69 ps/cm. This
holds as long as the transmission line has very low resistive losses. The low
resistance is possible in these lines because the copper thickness is ~ 1 mil

Microstrip lines

Power plane
A
) Striplines
62 mils = | [ Signals e
1574 ym
] Ground plane

(@)

Oxide

VA

5=20 mils =
125300 um

®)
Figure 4-1, Construction of (&) a microstripline and a stripline in 2 PCB and () the
interconnect on a chip. In a typical PCB multiple signal and power planes are stacked on
top of each other, as opposed to the single signal and power plane shown in the sche-

matic. The PCB use an organic dielectric whereas the chips use silicon dioxide as the
dielectric.
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(25.4 uym) and the widths ~ 5 mils. This gives resistance in the low hundreds of
milliochms per inch.

A transmission line can be electrically represented as a senies of LCR seg-
ments, as shown in Figure 4-2. The LC values dictate the velocity of propaga-
tien for this line, as shown in Eq. 4-1. Another property of the transmission
line 1s that it behaves like a resistor when a sharp transient pulse is applied to
them. This happens because the distributed L and C resist any sharp changes in
current or voltage and dominate the input impedance for high frequencies, as
shown in Eq. 4-2. Typically in a PCB transmuission line the R and G terms are
small and can be ignored for a quick Z;, calculation. This “resistance” is termed
the impedance of the transmission line and is really an AC property The

impedance can be given as
fwL+ R JZ
Zo=—FF=~ = 4-2
" YeC+G ¥C “2)

The DC resistance of the line is the summation of all the R elements in series.
Although the resistance per segment is small, for long lines this R can be
significant. In particular, for 1/O schemes relying on large currents the IR
drop can be significant.

How sharp should a signal step be to observe transmission line behavior?
The transmission line behavior is observed when the rise times of the signal are
comparable to twice the time of flight (FOF) (shown in Table 4-1). For a linear
first-order system, the rise time is related to the frequency of the signal com-
ponent, as shown in Eq. 4-3. When the rise times are slower than five times the
TOF, then the minimum wavelength {or maximum frequency}) is ~ 15 times the
length of transmission line. This can be seen by substituiing the velocity as the
length divided by the TOF and the rise time as five times the TOF into Eq. 4-4.

In microwave usage usually a section of a transtmission hne can be broken
down into simplified ideal electrical representation if the current going into the
element matches both in magnitude and phase. For this condition, the length of
each section should be less than one-tenth of a wavelength. In such a case the
dominant /—V characteristics are governed by the ideal electrical characteris-

Figure 4-2. Simple transmission line representation using LCRG segments, where L, C,
R, and G represent the element values per unit segment of the transmission line:
L = magnetic field due to current flow in ling; R = resistance the current encounters;
C = electric field between fine and reference plane; & = resistive losses of dielectric
separating line from reference plane.
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TABLE 4-i. When to Use Transmission Line Analysis

i Behavior Comments

t, < 2.5 Transmission line Significant errors result if transmission
lines are not used. Wavelength is less
than 7.5 times the transmission line

length.

25 < £, < 5ty Mixed Wavelength is 7.5-15 times the trans-
mission line length.

1, > 51y Lumped No accuracy is gained by using trans-

mission lines; problem is made more
difficult. Wavelength is greater than
15 times the transmission line length.

tics of the R, L, C, and G components of the line. In this case, the complete
transmssion line is one-fifteenth of the wavelength and it can be approximated
as one single lumped section consisting of R, L, C, and G. Further in this
section the dominant component is usually the capacitance, and therefore
the whole line can be represented as one lumped capacitance element
[Bakoglu, 1990, p. 239; Rizzi, 1988].

Using the same argument, when the rise time is smaller than two times the
TOF, the transmission tine is only one-sixth of a wavelength and a single
lumped-element approximation is not as valid any more. For this case a trans-
mission line analysis should be done. The transmission line should be broken
down into smaller sections, each under one-tenth of the minimum wavelength
(or maximum equivalent frequency) and the sections then connected in series:

(43)

(4-9)

where v is the transmission line velocity and w is the highest frequency deter-
mined by the bandwidth (BW).

When a sharp rise time signal is faunched in a transmission line, it propa-
gates to the end of the line as a current and a voltage wave. At the end of the
line, depending on the termination, a reflection s developed. This reflection has
to be consistent with Kirchhoff's current and voltage laws.

If the line is open, the current has to be completely reflected back, as it is not
longer possible for the current to carry on ahead. So a negative current (equal
current going in the reverse direction) needs to be developed. For this to
happen, the voltage needs to double such that the reflected current is equal
to the incident current but only reversed in direction. If the termination is a
short circuit, then the voltage is zero and a negative voltage is reflected back. If
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the transmission line is perfectly matched to the termination, then the current
and voltage are satisfied at the end of the line and no reflection is developed.
The reflection is usually described 1 terms of a reflection coefficient " and is
given by

Ly — 2y

r=——m——
Zi+ 2

(4-5)

where Z; 1s the termination impedance. The effective reflection coefficients are
presented in Table 4-2.
The voltage step on a transmission line can be calculated as

v =17, (4-6)

where 7 is the current in the transmission line. This equation is helpful in
determining the current required to induce the voltage step and in turn to
calculate the driver size. An alternative method to derive this current is to
look at the charge required to bring the transmission line capacitance to the
required step height. This can be expressed as a function of the transmission
line capacitance (¢), the distance traveled in a second (v), and the voltage step
required, which is shown in the equation

I 3 om X ~ x {voltage_step)

=Cxv X Vgep

_dQ (capacitance) cm
Codr @7

For a simple CMOS system (rail-to-rail swing} V., is half of V.

It 1s interesting to contrast the above-discussed off-chip transmission lines
with the on-chip signals that use thin metal lines to communicate. The TOF
aspect has already been discussed in the previous paragraphs. Now the effects
of metat resistivity are considered. The IC interconnect lines have resistivity of
~ 30 m&2/[]. Thus a line 1000 pm long and 2 um wide has a resistance of 25 Q2.
Here the capacitance is also larger and the inductance small compared to a
PCB line. The resulting impedance is therefore small. Also consider the pro-
pagation delay based on a transmission line model, which is approximately

TABLE 4-2. Effect of Termination on Reflections on a Transmission Line

Termination r Comments
Zy 0 Behaves as an infinite ling; no reflection
Short -1 Voliage collapses to zero
Open +1 Voltage doubled at open
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3.3 ps (1000 pm at a speed of ¢/./¢ ) which is negligible. If the DC resistance of I
the complete line exceeds the characteristic impedance, then the transmission
line behaves more like an RC line than like a transmission line [Bakoglu, 1990, |
p. 244]. These IC interconnection lines have RC-dominated delays and so |
behave more like distributed RC lines than like transmission lines. The char-
acteristics of a lossy and lossless line are compared in Figure 4-3. It is clearly
seen from Figure 4-3 that for full transmission-line-like signaling R/ should be
much lower than Z;. A PCB line that has low resistivity (~100m$2/in.) can
traverse tens of inches (R/ ~1Q « Z,) and still have a sharp signal appear at
the end of the line.

Consider on-chip communication. When the distance is small (thousands of
micrometers), the signal delay is comparable to gate delays and the total delay
is in the tolerable range [Long, 1990]. However, with increasing die size and
faster cycle times (implying faster rise and fall times and smaller gate delays),
the same interconnection technology begins to resemble a highly lossy trans-
mission line. A low-loss transmission line would indeed speed up communica-
tions within a chip; however, current technologies do not support such
transmission lines. In the future, with shrinking timing budgets and larger
die, the on-chip transmission line effects will become increasingly important.

The primary properties of transmission lines are the characteristic impe-
dance and the velocity of propagation discussed in this section. In the next
section the relationship between I/Q drivers, terminators, and transmission
lines will be examined.

IC line Loszless Lossy (Ri<Z,)
u

Driven

; Received

Time, ns

Figure 4-3. Effect of resistance on transmission line performance. For very lossy lines
(Rl > £y}, the RC effect dominates and the propagation delay is no longer set by the
dielectric constant alone. For the IC line, the RC effect dominates the line response.
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4.2. SERIES AND PARALLELTERMINATION

The driver, the transmission line, and termination matching are key to clean
signaling. Transmission lines that are not well terminated suffer multiple reflec-
tions leading to an unsettled net for considerable time. These reflections inter-
fere with signaling as new data will be affected by the remnants of the previous
datfa that have not settled down. This is referred to as intersymbol interference
(ISI). Thus, the TOF (length) of the transmission line and the termination
define the data rate sustainable in a transmission line. Two types of termination
are common—series and parallel—and are 1illustrated in Figure 4-4.

In a series-terminated network, the wave is generated at the driver and
propagates down the transmission line to the end, then is reflected back, and
finally is terminated at the driver end. This can be seen with the help of Figure
4-4¢, where the series-terminated line 1s driven by a driver of impedance Z;. At
the initial driving edge, the driver voltage is halved at the voltage division
between the transmission line impedance and the driver. The current is corre-
spondingly V,./27Z,. This voliage and current wave propagates to the end of
the line. The end of the line is an open circuit; therefore, the current cannot
proceed any further. There 1s ne source or sink; consequently all the current
must be turned back (Kirchhoff’s current law states that the current at a node
must be balanced). This is shown as the negative current at the far end. The far-
end node is at ; ¥, corresponding to the impressed voltage at the driver wave.
To reverse the current completely in a transmission line with impedance Z, it
needs an additional % V.. step over the existing voltage. Therefore the voitage
doubles at the far end. This voltage wave comes back to the driver end. At
arrival, the net current at the driver falls to zero and the voltage doubles to the
V.. level. Now both ends of the driver are at V., so no further current flow
occurs in the resistor, and the bus settles to a ¥, level.

The case where the far end of the line is short circuited can also be analyzed
using Kirchhoff’s voltage law at the far end. Initially the near-end current is
Veel2Zp and a half ¥, voltage step is impressed. However, at the far end the
voltage is zero; therefore, a negative-voltage wave is developed that is reflected
back to the driver. This also impresses a current of V,./2Z,, which adds to the
previous current wave, making the current V,./Z,. When the voltage- and
curreni-reflected waves reach the near end, the driver would supply ¥../Z,
current (because the voltage across is V. and its impedance is Z;), which is
the same as that which exists in the transmission line. Therefore Kirchhoff's
voltage and current laws are satisfied and no reflections are developed. If the
source termination matches the transmission line, then there is no further ring-
ing on the line. Otherwise, part of the wave is repeatedly reflected back each
time the energy of the wave attenuates uniil the net settles. This scheme is
generally popular with the stower CMOS-type I/O or where the net is small.
Once the net settles, there is no further power dissipation. For faster 1/O with
long nets either the source impedance should be close to the transmission line
impedance or a parallel termination strategy opied.
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Figure 4-4. (g} series and (b} parallel termination scheme: line behavior with (¢) open
circuit at the far end and () short circuit at the far end.
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In a parallel termination, the driver launches a wave that transmits to the
end, where it is terminated. Here, with proper selection of the impedance, the
net may settle faster as termination is provided at both ends of the line. This
type of scheme is preferred in faster 1/O types, like ECL and bipolar. More
recently the MOS has started rivalling BJT [/O speeds, and similar schemes can
be applied there also. One such example is the Gunring transceiver logic (GTL)
scheme [Gunning, 1992]. These terminations have power dissipation in one
state (low or high) even when they settle. In the other state (high or low)
they do not have DC power dissipation.

It should be noted that many different I/O families exist, like ECL, CMOS,
GTL, and open drain (bipolar and CMOS). Here we shall examine the two
popular ones, namely CMCS and GTL.

4.3. CMOS /0

Complementary MGS I/O has been the workhorse of the computer technology.
Put simply, the driver is one big inverter. However, this inverter must meet
certain other criteria.

» crowbar current control,

» slew rate control for the predriver,

« high impedance or tri-statable,

» driver size and output resistance control, and

« propagation delay from clock to output control.

Crowbar current is the short circuit current in an output driver caused by both
the NMOS and PMOS being partially on when the output nede toggles. This
crowbar is similar 1o the one encountered in core logic circuits, only the mag-
nitude is larger and some additional options exist 1o reduce the crowbarring.
However, in a practical high-speed driver, some crowbarring has to be traded
off 1 favor of speed (faster clock to output) and slew rate control.

The slew rate (1.e., rate of change of current or voltage)} of the driver is
controlled usually by adjusting the predriver circuit. The predriver is that
stage of logic between the core circuits and the final output driver that adjusts
the timing and the drive to the final 1/O output stage such that it meets the
required 1/O specification. Also the predriver is a large buffer that interfaces
the small core logic latch to the large capacitances of the driver. In Figure 4-3,
the NAND and NOR gates constitute the predriver. Fast predrivers reduce the
propagation time for the data to flow from the chip core to the output driver,
but they generate sharp current spikes. When a number of buffers switch
simultaneously, this spike can seriously inject noise into the power supply.
Thus, it 18 essential {0 trade off between noise semsitivity and slew rates and
propagation delays. This may require slowing down the predriver.
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Figure 4-5. Simple CMOS buffer, showing (g} a simple predriver, driver, and input
receiver combination; (b) an inverter as an input receiver; (c) an input receiver with
hysteresis; and (d) the input buffer characteristics.

In a typical design, usually slew rates are adjusted for the slowest condition
of the design. The predriver can be slowed such that it can charge/discharge to
a spectfied degree within a data window period. This is illustrated in Figure 4-6.
If the predriver is too slow, then there will be a data-dependent jitter. This
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Too fast, large oo :
current spikes |

|— Compromise

Too slow, data |
1\ dependent drive |

Voltage

Time, ns

Figure 4-6. Predriver sizing has to comprehend both the neise generation due to rapid
switching of the buffers and the data-dependent jitter. The data-dependent jitter occurs
when the predriver cutput voltage does not reach the rail within one data window,
allowing different puise width data streams to charge the driver gate to different voltage
levels. The different voltage leads to variation in driver impedance and also variation in
the starting point for the next cycle, both contributing to the jitter.

occurs because of the nonlinear predriver output, which behaves like an RC
circutt. Thus for complete data independence, the RC time constant must be
much smaller {(«3) than the data window to reach close to ¥, or ¥, rail
voltages. If this is attempted, it may result in the fast-driver case having an
extremely sharp output. The fast condition will draw larger currents, have
sharper transients, have more simultaneous switching noise, and generate
larger cross talk, as shown in Figure 4-6. Based on the fast results, the design
for the stow condition may have to be revised. The control of data dependency
(in the slow condition) and the control of noise and current (in the fast condi-
tion) are the two constraints that have to be balanced. These iterations allow
a reasonable simultaneous switching output (SSO) noise by reducing the &7 /dt
of the outgoing signal. However, the time to clock out the data (7T,) is
increased and this can cause timing issues. Therefore a trade-off has to be
made between SSO, the data-dependent jitter, and T.,. Practical circuits to
implement the slew rate control will be discussed later in the chapter.

It was shown earlier how good source impedance matching reduces the
reflections in a transmission line. By having slower turn-on and turn-off of
the drivers, in effect the output impedance of the driver is altered. If peak
voltage levels for high- and low-frequency patterns are sufficiently different,
the output impedance is different, leading to different reflection characteristics.
These will cause an additional data-pattern-dependent ISI.

The driver size also affects the final slew rate of the driver. For a simple
source-terminated system, the idea is to have enough current to launch al v,
wave into the transmission line. When it reaches the receiver, this wave will
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double to reach a full V,, level. This should be done for the slowest condition,
where the dniver is the weakest. As earlier, in the fast condition the driver
becomes strong, and ~50% larger currents are not uncommon. This excess
current will cause severe over- and undershoots at the receiver. At the driver
end the consequence of the stronger drivers are worse SSO noise and larger
power dissipation.

The input end of @ CMOS I/O scheme has a simple CMOS inverter as a
receiver, as shown in Figure 4-5¢. In a CMOS 1/O, the voltage swings from rail
te rail. This allows a healthy noise margin for the input buifer. The noise
mazgin can be defined similar to core circuits. In addition, sometimes a hyster-
518 18 placed in the input buffer. This can be done by resizing the transistors.
For example, consider a simpie balanced inverter thai may have a P and N size
of 20 and 10 um. Now to creafe a hysteresis of, say, 10%, the N size is retained
as 10 but the PMOS is split into two sizes, 18 and 4 pm, the smaller transistor
being used to create the hysteresis. This is shown in Figure 4-5¢.

The low noise margin is the difference between what the driver can drive low
and the voltage that the inverter considers low. Similarly the high noise margin
is the difference between the lowest value the output driver will drive when high
and the lowest value recognized by the input inverter as high iWeste, 1985,
p- 31} These are illustrated in Figure 4-7 and by the equation

le = |Vilmax - olmaxl th = |Vohmin - Vihminl (4'8)

Vm
¥ omin ——
NM,
A
Voulpul ihmin
T Viuas
NM,
\\ Vo!’max -1
: : VS&
Va Vau Vee Output Input
g Vof
input

Figure 4-7. Noise margin calculation for a CMOS /O scheme [Weste, 19835, p. 51].
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There are some major differences between the core and [/O noise margins:

» The 1/O signal sees the effect of ground bounces generated by the receiver
or driver, which are much smaller (or absent) in the core.

» The IO signal is usually not as well behaved as a core signal. The I/O
signal usuaily has severe undershoots or overshoots and bounce backs,
each affecting the noise margin (more on this in Chapter 6).

It was tacitly assumed that a driver could place a step of 1 5 Ve to have a
resistance equal to the transmission line. This is easily done if an 1deal resistor
is available at the source. However, in reality an NMOS device has to generate
the step and act as the termination, and a compromise must be made. This is
explained with the help of the load line shown in Figure 4-8.

Assuming the transmission line is at V. from the previous state and needs to
be pulled low, the initial state is that there is no 7, current and the voltage is
V- This is plotted on the X axis. Similarly, if V, is set to zero, then
Iy = Veo/Zy. This is plotted on the ¥ axis. The result is a load line for the

[

Ve Time

s

Figure 4-8, Interaction between NMOS driver (nonideal resistor) and transmission line
showing (2) a load line between the NMOS and the transmission line that (H) shows a
temporal view between the linearly ramped input voltage and the nonlinear output.
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transmission line with a slope 1/Z;. The transistor [, as a function of ¥, and
¥¢s are superimposed. The point to generate a step of half I, is shown as the
intersection point between the transmission line {(Z;) load line and the transis-
tor characteristics. If the transistor characteristics do not match the desired half
V.. point, the transistor can be scaled up or down such that at the intersection
half ¥ is realized. It should be noted that the transistor small-signal resistance
(R,1) may be different from the ideal Z,. This is the point of operation when
the wave is driven.

When the reflection comes back, Vg i1s close to zero. When in the linear
region (R,z) (close to the origin ¥,) the output resistance can be written as

L
R .=
out Wlu‘n Cox( Vgs - Vm)

(4-9)

and
Rac:l = Rac2 (4-10)

The wave sees a termination of R, that may be off from the ideal Z,. This will
cause reflections and will in turn lead to an unsettled bus that in turn will lead
to IS1. Therefore, several iterations may have to be made to find a good
compromise between the initial launch current and the termination resistance.
The variation in R, and R, is smaller if the driver is able to drive the initial
wave closer to the linear region than to the saturation region of the NMOS
device.

4.4. GUNNING TRANSCEIVER LOGIC (GTL) 1/O

The previous section discussed a source-terminated CMOS scheme. Next a
parallel-terminated GTL scheme is considered [Gunning, 1992]. In the parallel
termination scheme, the line 1s termnated at the far end. The GTL /O is a
special implementation of this scheme in that it is a low-voltage swing signaling
method, as shown in Figure 4-9. The GTL scheme is similar to an open-drain
scheme. An active pull-down driver is required whereas the pull-up action is
performed using a termination/pull-up resistor. Since there is termination at
the end of a net for long buses, this is a snitable scheme in that it settles the bus
quicker than a source-terminated net. The low-volitage swing also imposes
constraints like lower noise margin and requires special differential receivers.
The driver consists of a pull-down device in the form of a large NMOS device.

This scheme is a low-voitage swing scheme with a high at V,, and a low of
~ (.4 V. Typically for low-voltage swings, a differential amplifier is used as an
input receiver to maximize the noise margin. Thus one input of the differential
amplifier is fed to the I/O voltage and the other input to a reference voltage
that is typtcally a fraction of V,,. This differential amplifier is a simple device
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1 1<
2L L_f _D_ ;
| | . i
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= Chipl| Chip2 |

(a) &)

Figure 4-9. Simple GTL buffer showing (q) the pull-up resistor/termination, a differ-
ential input receiver; (&) the DC equivalent model for ¥, calculations; and (¢} a prac-
tical GTL bus.

similar to the one shown in Figure 4-10. Here the PMOS transistors are the
loads and a current-biased NMOS is used to bias the whole differential ampli-
fier. Consider node B to be higher than the node A voltage. This steers the
current into NMOS; consequently causing node C to go low. This low is not
Vs, and a CMOS stage must be inserted to restore this signal to CMOS levels
[Bakogiu, 1990, p. 162].

The driver size can be calculated based on DC considerations, Knowing the
termination resistor, the DC resistance, and the length of the transmission line,
the DC resistance of the driver can be calculated as

R
Vy=V o 4-11
! " Rc}n + Rlline + R”,’Q { }

Vor =V (4-12)
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Figure 4-10. Simple differential input buffer. The NMOS are the sensing transistors and
the PMOS are the leads. The CMOS inverter is required to restore the final output of
the differential amplifier to a CMOS voltage swing.

Here V,; at the driver is set by I at the receiver (see Figure 4-11). When
pulling low, there is a DC current flow and the voltage at the driver differs
from the one at the receiver by the /R drop of the transmission line. Thus the
V,; of the driver must comprehend this drop. Keeping this in mind, ¥,; can be
recalculated as

_ Ron + Rtline
of — Vu
Ron + Rtline + Ronfz

(4-13)
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Figure 4-11. The GTL has a reduced swing going from ¥, 1o a low but not to ground.
Usually a differential amplifier is used to detect the signal level at the receiver. One end
of the differential amplifier is tied to a reference voltage V. [Intel, 1996]. These voltages
are different from the initial GTL description [Gunning, 1992] where V, = 1.2V,
Vref =08 V._, and meax =04V,

Vrr (4' 14)
Vie (4-13)

Vo
Vref

Led [t

It ts interesting to contrast the GTL signaling scheme to the CMOS scheme.
There is a constant power dissipation when the pull-down buffer is on, whereas
in the CMOS scheme there is no power dissipation once the bus has settled.
Another difference is the distribution of termination/pull-up ¥,, power at the
termination and the V., signal to each on-chip receiver, whereas no external
termination is required in the CMOS scheme and generally no ¥, signal needs
to be distributed. These differences are summarized in Table 4-3.

Another subtle effect with the GTL scheme is that it has a different effective
termination for the low pull-down and the high pull-up states. When pulling
low, the net is terminated at both ends and it has a pull-down at the driver
location. However, when the net has to be driven high, the driver releases the

TABLE 4-3. Comparison of GTL and CMOS I/O Schemes

Parameter GTL CMOS
Voltage dependent on technology No Yes

V.. pads required for 1/O No Yes
Pull-up externzl termination Yes No
Noise margin Lower Higher
Power dissipation (steady state) Yes (when low) No
Current requirement High Medium
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bus, and the conly termination is at the end of the net provided by the pull-up
termination. This differential effective termination leads to slightly different
rising and falling edge settling times and duty cycles. For schemes requiring
very similar rising and falling edges, this can be a considerable issue.

In both the GTL and CMOS [;O schemes one can improve the bus perfor-
mance and increase the noise margins if a differential signaling scheme is
adopted in favor of a single-ended scheme. In the single-ended scheme, the
signal is compared to a stable reference voliage or the device sizing (as in a
CMOS inverter receiver) determines the trip point. In a differential scheme, a
differential receiver compares two incoming signals, the data and the inverted
data, and uses these to determine the receiver state. These differential signals
reduce the common mode noise and provide a much sharper definition of the
data edge. Both of these lead to enhanced bus performance and robustness.
However, the price is doubling in the number of wires and on-chip buffers
[Rein, 1996].

In the last two sections, practical examples of source and parallel terminated
buses were provided. Design considerations of their DC properties, such as
noise margins, power requirements, and basic topology, were discussed. In the
next section the timing considerations are examined.

4.5. BUS TIMING CONSIDERATIONS

For a bus to work correctly, the DC voltages and currents and AC timing need
te be satisfied. The main criterion in meeting the timing requirement is to
ensure that the right data are available at the right clock edge of the receiver
to enable correct capture of the data. There are iwo major methods to provide
this clock for data transfer and capture:

» synchronous signaling, which uses one system clock to both send and
receive data, referred to here as a commeon clock, and

« asynchronous signaling, in which the data and a clock are sent by the
driver to enable the data capture at the receiver using the driven clock.
Three different clock domains exist: the driver chip, the I/O clocks, and

the receiver clock. This scheme is referred to as a cotransmitted clock
(CTC).

These schemes are discussed in the following sections.

4.5.1. Common Clock Transfers

In the common clock scheme a common reference clock source is used to clock
each chip in the system. Consider the three-chip system shown in Figure 4-12
utilizing a common clock signaling scheme. Each chip may have a phase-locked
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Figure 4-12. Schematic of common clock 1/O protocol. Here a central system clock is
used to drive the data at the driver and to laich the data at the receiver. There is only
ene fundamental I/O clock.

loop (PLL) for clock recovery or use the clock directly as received. The data are
driven from chip A at the chip A clock edge. The data are latched in at the
clock edges of chips B and C at their respective chip clocks. All the chip clocks
are referenced back to the common clock source.

The common clock scheme works well when there is sufficient time for the
data to be stable before (setup) and after (hold) at the receiver clock edge.
Consider the setup time. To meet the setup time, the data have to come before
the clock at a receiver, implying the propagation time (including the driver
delay and transmission line delay) must be smaller than a clock cycle. Similarly,
to meet the hold time, the data must be stable for a minimum period after the
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clock edge. The hold time dictates that some minimum delay (at the data driver
and the transmission line delay) needs to be met.

A more detailed structure of the signaling scheme is shown in Figure 4-13,
and the delays through the individua! components in the loop are also shown.
In Figure 4-12, a synchronized clock generation is shown between ali clock
edges. In reality, depending on the chip conditions, a chip clock may be skewed
either positively or negatively with reference to the common clock generator.
With this additional consideration the setup and hold times need to be exam-
ined.

Again consider the setup time requirement at the receiver. The worst-case
setup timing is obtained when the clock arrives late on driver chip A, the
driving flip flop is slowest, and the driver, the transmission line path (to chip
C), and the receiver buffers all have maximum delays. In addition to these
maximum delays, the clock on chip C comes early. This leaves the minimum
amount of time for signal propagation and sets the maximum distance between
chips A and B, This setup requirement is given as

fsu = Loye (Ipoa,max =+ Lamax 1 U max + fdmax T Frmax + fromax + Lib, min + rpol:ﬁ,miﬂ)
(4-16)

where each delay is associated with the element marked in Figure 4-13, r, is the
minimum setup time required for the receiver latch, and tpoa AN #,0p are the
DC phase offsets in the PLL on chip A and the PLL on chip B; tia and &, are
the PLL jitters.

_>/’ Driver . Receiver [
t : :

System clock
generator

Figure 4-13. Simplified common clock circuit showing typical path from driver latch to
receiver latch.
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Similarly for hold time consideration, the clock arrives early to the latch on
chip A. The driver, the transmission line, and the receiver are all fast, and the
clock on chip B comes late. This creates the worst-case hold time such that the
data change before being captured on chip B, the nearest chip. Thus the nearest
chip should be placed at a minimum distance such that the data change only
after a hold time, after the clock edge on chip B. This is shown in the equation.

fha > (Eff,min + !a"min + fmin Ir,min + r1:m'1::.maurc + rjb.max) - (fpoa,min + rj:;l,min)
(4-17)

where 7,4 is the minimum held time required for the latch at the receiver.

Very often, the setup time or the hold time is not met and iteration is
necessary. A simple design methodology for the common clock system is
shown in Figure 4-14. First, the system topology is chosen based on parameters
like speed, number of chips, cost, and packaging. Then the closest chip distance
is evaluated using the hold time consideration and the setup time is evaluated
using the longest path consideration.

Some of the criteria used to evaluate circuit fuactionality are shown in Table
4-4. Generally the slowest process, low voltage, high temperature causing
largest delays, the delayed clock at the driver, and an early clock at the re-
ceiver for the furthest chips determine the setup criteria. The hold time criteria
are defined by the fastest conditions, shortest paths, fastest voltages, and fast-
esl pProcesses,

Simple solutions to correct hold time errors are to increase the data path
length between the problem chips or reduce the clock delay to the receiver latch
(so that 1t comes early), as illustrated in Figure 4-15. The data path length
causes the data to be delayed compared to the clock, thereby allowing the clock

1. Configure the system [«

!

2. For the ¢losest chip satisfy #y,)4 (while meeting
signal integrity and noise margin requirements).

!

3. For the farthest chip
satisfy # .

!

4. Are system setup and |[No | 5. Needs changes in driver,
hold timing met ? "1 topology, distance, or clock.

¥ Yes
Topology and driver OK.

Figure 4-14. Flow chart showing common clock design cycle.
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TABLE 4-4. Worst Case Scenario for Common Clocking Scheme

Criteria Lewp Comsideration thorg Consideration
Driver—receiver position Farthest Nearest
Clock {driver/receiver) Late/carly Early/late
Driver Slow Fast
Receiver Slow Fast
Voltage Low High
Temperature High Low
Path Longest Shortest
Transition time Slowest Fastest

NMote: The furthest chip receives the data at its slowest timing, and the nearest chip receives data at
its quickest timing,

Increase distatice between A and B

—r-

Data

Chip A Chip B Chip C

Clock

Clock generator

Data @ B _I . I— Data early, clock late

R R I_T—I%ata@Baﬂ:erpathﬁx
revClk @ B LI L 1) |

Time

Figure 4-13. Fixing hoid time violation at chip A by increasing delay between chips A
and B. In this scenario delay to chip C will also increase and setup time will need
evaluation,
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45 BUS TIMING CONSIDERATIONS 135

to catch the data, or the data can be delayed using delay elements such as
mverters and delay lines. Both will affect the setup time. The c¢lock to the
receiver latch can be speeded up by shortening the system connection or the
internal on-chip distribution. This correction may allow no setup penalty but
may have consequences when the receiver chip becomes the driver.

4.5.2. Cotransmitied Clock (CTC)

The common clock scheme has some inherent limitations in terms of speed,
primarily due to TOF constderations compounded with the PLL phase errors
of the driving and receiving chips. These chups become highly visible if the bus
is long, leading to large propagation time, or i there is a large chip-to-chip
clock skew, both of which can be partially alleviated by a simple method called
the CTC scheme [Rambus; Dally, 1996, p. 6]. In this scheme, the data and
clocks are generated and sent by the driver as shown in Figure 4-16. The

Data
Co ransonitted
Clk y
Chip A Chip B Chip C
I
Clock
Clock generator

pata@A _[ | [
cx@a | [ [ [0 [f L[ 1
paa@B| [ ] ——
Ck @B i s Y e
Data @ C I [
Clk @ C i o L L

Time

R

Figure 4-16. Simplified cotransmitted scheme, showing data and the clock timings.
Note that a precise known timing interval exists between the daia and its latching
clock at all receivers.
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receiver delays the clock 90° to latch in the data [Dally, 1996, p. 6; Guo, 1994;
Reese, 1994]. Theoretically this avoids the penalty of TOF, PLL phase errots,
and other common mode errors between the data and the strobe. The increase
in IO performance is significant.

However, there are now three clock domains, the driver core, the receiver
core, and the IJO clock, as indicated in Figure 4-17. The 1/O clock is derived
from the driver clock so it is not independent. However, the data received with
respect to the [/O clock have to be aligned back to the receiver core clock
domain. When the incoming data are asynchronous to the receiver core
clock, the data alignment can be done using shift registers [Stone, 1982;
Dally, 1996, p. 41]. This entails additional circuits and delays. Overall, this
scheme has a higher latency for the first data transferred. However, in a burst
transfer, a pipelined data transfer occurs, and this latency penalty can be offset
by the speed of the transfer of the successive bits.

In another variant of this CTC scheme, two sophisticated PLLs in each chip
lock into two clocks sent out by one common reference clock, only in opposite
directions, as shown in Figure 4-18. This action allows the clocks to lock in and
capture the clock skew down a line dependent on the distances they are spaced
apart. Then the driver uses one clock to drive the data, and the receiver vses its
received clock to latch in the data [Lee, 1994]. The receiver clock is selected
such that the data and clock directions are the same. This is shown in Figure
4-18. Theoretically this allows cancellation of the TOF for the data from the
setup and hold equations used for a common clock scheme because the clock is
also traveling an equa! distance as the data. This scheme is very sensitive to
clock jitter and differential skews (between data and clock), and very sophis-
ticated PLL designs are required. If executed correctly, this scheme can sig-
nificantly speed up data transfers.

Theoretically, the data, the receiver, and the driver clock relationship can be
maintained and the differential timing scheme works just fine; however, certain
elements make the data and clock timings unpredictable and have to be
guarded against. The primary components to this unpredictability are the
following:

« dnver 7, {clock-to-cutput) variations;

« capacitance at pad variations;

« L.y variations;

« interconnect path difference on pads, chip, and PCB;

« clock recovery and generation mismatches;

+ data-dependent jitters;

» duiy ¢ycle variations;

« noise on chip: ground bounce due to SSO and core circuit operation; and
= receiver reference voltage variations and receiving input circuit offsets,
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Driver Receiver

D Cleck D
| 0 deskewing ¢
! Receiver [ circuit —F
Chip
clock
90° phase shift PLL
System clock - i
generator (j U
Driver clock Revr clock
domain 1/O clock domain domain

A

P R N ——

Figure 4-17. Simplified CTC circuit. Here the driver chip generates the data and a suitable
strobe pulse. The receiver chip uses the strobe to latch in the data and then uses another circuil

to align the external asynchronous data to the internal chip clock.
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Cik2
CLK gen Clk1
(for 1/0) Data —{

— Iy T
|4 iy
Chip A Chip B Chip C
I
Clock

Data @ A -—‘ [ I

amga|— LT 1 [

Data @ B —ﬁ |

amigs| —I L__ [ ] [T

Dra@c S l

Clkl @ C — I T

Time

Figure 4-18. RAMBUS /O scheme. The flight time skew is canceled because the clocks
and the data traveling in the same direction have to travel equal lengths. The recejver
¢hip uses the clocks (with appropriate phase shift) to latch the data. The latched data are
then aligned back to the internal chip clock.

Even with so many terms (which are present for the cemmon clock scheme too)
CTC schemes can have a fairly aggressive performance.

The CTC scheme worked on maintaining tight control on the differential
timing between the data and clock, thereby greatly increasing 1/O bandwidth.
Typically, the CTC schemes may function two to four times faster than a
conventional common clock protocol. However, this also implies that the
I/O needs to toggle faster, which is dependent on net topology. If, however,

]
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45 BUS TIMING CONSIDERATIONS 139

4.5.3. Pulse Width Modulation Scheme

Pulse width modulation (PWM} is based on a simple principle of phase mod-
ulation. Normally data are sent at each clock pulse, either high or low, and this
pattern is repeated as required. In the pulse modulation scheme, the data being
sent is first encoded into a pulse width. The received pulse is then decoded using
its width at the receiver to recover the data. This scheme is illustrated in Figure
4-19 [Nogami, 1994; Dally, 1996, p. 23; Yamauchi, 1996).

In Figure 4-19 the edge placement capability is t picoseconds. Thus » such
edges will need nt picoseconds. In addition, the bus usualty will need a mini-
mum time to settle, represented as T picoseconds. This makes the minimum
pulse width as T picoseconds and the maximum as T + nt picoseconds. The
number of data bits that can be represented by the edges is given by

n=2"—1
m
R=—«
T "D+ T (4-18)
T

2% (Mo In 2 — 1) = —— 1

where m is the number of coded bits, my, is the optimum number of coded
bits, and TR is the transfer rate. For example, 10 code 2 bits, 3 edge positions
will be required and the zero coded as no transitions.

The PWM scheme needs to code data at the driver. Usually it takes some
additional time to prepare the data and that introduces delays. However, if the
pulse width T is large enough, this data encoding can be done after launching
the leading edge of the pulse. After calculating the right edge, the lagging pulse
edge is sent. The lagging pulse edge can start a new cycle where the falling-to-
rising pulse width is measured.

Once the signal is received, it takes some time to decode. Thus the latency of
this scheme is at least the minimum of the bus settling time 7T in picoseconds or
the time te encode the data. At the receiver, an additional delay to decode the
data is required.

Driver J Receiver
& &
encoder decoder

__________________

n possible edges
Figure 4-19. Pulse-modulated scheme.
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Consider a practical example. Let T be 4ns and t be 250 ps, If a normal
scheme is used, then for 8ns two bits of data can be sent over one wire.
However, consider the following. In the 8ns, 16 edges can be coded that
represent four bits. This is twice the data sent in a conventional }/O scheme,
If T'is 16 ns, then in 32 ns two data bits can be sent. If now T is 112.5 ps whereas
this scheme can send eight data bits, a fourfold improvement occurs.

This performance boosi comes at the price of increased latency to encode
and decode, extra circuitry for coding and decoding, and timing edges to code
and decode the information. The major benefit of this scheme is when the
available resolution is very fine and the time to settle the bus is relatively large.

Here the commen clock method has been discussed in general. Two imple-
mentations to increase the bus throughput based on CTC have been illustrated,
which made the 1/O speed somewhat independent of the system clock. This
scheme thereby pushed the number of edges allowed per unit time. In another
approach the number of edges was decreased, but by suitable coding the data
throughput could be enhanced (over the common clock). In the above discus-
sions the topology was critical as it affects signal integrity and bus settling time.
Thus it is worthwhile to examine a few common topologies.

4.6. TOPOLOGY EFFECTS

The topology of the network has a very dramatic ¢ffect on the performance of
the bus. The topologies may range from many agents (chips) on a single data
bus to just two chips communicating. Placing many agents on a bus is an easy
an econonical way to create a system, although it results in degraded electrical
bus performance. The point-to-point communication is usually preferred for
very high speed links between two chips.

The terminated peint-to-point system in a controlled environment with
good termination 15 the best performance one can obtain electrically. These
are usually simpler to construct, and the weakest link in the process is the
reguiremeni for connectors (say a mother board conneciing to a daughter
card). These connectors mtroduce cross talk, impedance mismatches, layout
irregularities, and higher cost [Deutsch, 1994]. So care has to be taken to either
eliminate the connector or have a good-quality connector in place.

For high-speed point-to-point communication, system performance can be
improved if on-chip termination is utilized. This on-chip termination reduces
the bus length so the settling is better, as is the parasitic inductances in the path
[Dally, 1996, p. 23].

The high-speed muitiagent bus has a lower performance than a point-to-
point bus. The main issues, which are illustrated in Figure 4-20, are as follows:

« the increased bus length,
+ the stubs connecting the main bus to the chip, and

EX1016 / Page 150 of 192
Western Digital Technologies, Inc.



45. TOPOLOGY EFFECTS 141

Al AZ
{a)
] |
BS
B B B, B
1 2 34 &
)

C C, G, C,
/\ F /\ e
{c)

E, E,
D, D, l l
E, E;

D 1 ‘El

(d) (e)

Figure 4-20. Schematic view of some common topologies found in common buses: {a)
point to point; () a multiagent bus with stubs connecting from the main trunk to the
chip; (c) the same multiagent bus with stubs removed by daisy chaining the connection;
(d) a T-topology that [ooks balanced from D] but is not balanced from D3 and D2; and
{e} an H-topology that is balanced from EI but ot from any other agent.

« the uneven environment (i.e., driver in the middle sees a different bus
than the ones at the end), which is difficult to optimize for all cases.

The typical design cycle for a multiagent bus is shown in Figure 4-21. Here
the first step is to identify the style of the bus required: series or parallel
terminated. This is based on the speed, estimated bus length, and number of
agents on the bus. Once the termination is fixed, the package and topology
must be determined. The primary idea is to minimize the stub lengths. The rise
time ¢, and fall time fy of the I/O are then selected based on the requirement
that the rise time be greater than at least twice the TOF of the stub {based on
similar arguments that the wavelength should be much greater than the stub
length). This makes the stub “disappear,” and its effect is more of a capacitive
loading than a branch in the transmission line. This effect is shown in F igure
4-22 where the effect of the stub is shown at the stub end. Figure 4-23 shows
the effect of the stub loading at the far end of a transmission line.

The rise time has to be lowered for the fast case to meet the criterion that it
be twice the TOF, but the consequence 1s that in the slow case the rise time gets
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Select bus style (series or parallel texmination).

¥
Estimate physical dimensions of the bus based on
PCB, package technologies, and number of signals.
Minimize stub lengths.

f

Set the £, at the fast case to be larger than twice the
TOF of the longest stub. Simulate net for signal

integrity.

Not clean {slower #,)

. |

Clean

F
The ¢, will be degraded further for the slowest
condition. Simulate net at the slowest condition for
timing (valid data window).

Not passed. Trade off noise margin
bus speed, number of agents, etc.

Passed with margin
Figure 4-21. Typical bus design cycle.

degraded drastically. Lowering the rise time reduces the available valid data
window at the receivers, leading to slower bus performance. In particular the
common clock modes are worst affected. Similarly, if there are inductors in the
transmission line environment, such as poor connectors, there is a penalty in
terms of signal quality degradation. This is shown in Figure 4-24, where the
effects of an inductor in the middle of a transmission line are illustrated. The
inductor attenuates the high-frequency component from propagating, resulting
in a voltage spike at the midpoint and a slower edge rate at the far end.

A similar delay is induced if extra capacitance is introduced in the middle of
a transmission line environment. Such capacitance can occur as small stubs,
package loading, solder pads, and probe points. The capacitance and transmis-
sion line acts as a low-pass filter. Therefore a slow-rising pulse is seen at the
point where the capacitor is attached and the far end suffers additional delay.
This is illustrated in Figure 4-25.

Another effect of the stubs 1s that they reduce the bus impedance. The stubs
can be thought of as extra load capacitance tapping off a main transmission
line and distributing the effect of such capacitance. The bus impedance of such
a system 15 [Intel, 1996] shown in Figure 4-19:
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Z,= 50, Z, =50, 100
R TD=2ns TD =2 ns
drv

= § 100

Z,=50,
TD = 100, £
400 or 800 ps

«—— Probe

(2)
5
s Y Stub = 100 ps
4 Y ———— Stub=400ps
1y Stub = 800 ps
3L T
L
- 2
1F
|::| -
-1 1
0.0 2 X107 4 x 107 6 x 107% 8 x 107° X 1078
Time {s)
(b)

Figure 4-22. Length of the stub compared to the edge rate determines whether a stub is
seen as a branching transmission line discontinuity or can be modeled as a lumped
element at the junciion. The longer stubs cause degradation in signal guality. The effect
of the short stub (100 ps) is negligible whereas the transmission line with a longer stub
(800 ps) rings before settling.

where (, is the main trunk total capacitance (capacitance per unit
length x length) and C; is the total stub (capacitance per unit length x length),
device, and socket capacitances of all the attachments to the main transmission
line.
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Z,= 25,
TD =50, —
— 250 or 500 ps

Z,=50, §“’°
TD=2ns
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- §100

Zy =25,
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= 400 or 80O ps

4.5
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Figure 4-23. Far-end received signal is a function of the stub length intreduced at the
midpoint. The longer the stub, the higher the loading at the midpoint, thereby delaying
the signal longer.
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Probe_MID
Z,= 50, Z, = 50, §10’09
RMZISQ TD=1nms TD=1ns

i«—— Probe FE

g](}ﬁﬂ

(@)
6
A N
N ’ \Vd
Vo
\vl
e FENO L
MIDNO L
------------ FEL=10nH
————— MID L = 10 nH
| L i l !

0

0.0 Ix 1077 2x107% 3x10° 4x10% 5x%10°° 6x10°°?
Time
(b

Figure 4-24. Inductor in the transmission line causes a sharp overshoot. It also acts as a
filter in reducing the high-frequency content of the signal, which degrades the trans-
mitted waveform. The above waveforms show the effect of placing an inductor at the
midpoint of a transmission line. There is a sharp overshoot at the midpoint when an
inductor s placed. This spike is due to the L Ji/dt, which is filtered. At the far end this
filtering delays the arriving signal.

As shown here, the stub length forces a slower edge rate on the signals and
the stubs cause delays. In addition, connectors, probe points, and so on, all
delay the signal propagation. The increased delays and the faster buses may
cause situations where the bus does not settle completely in a data window. If
the topology chosen is one where the bus does not settle completely before the
next data bit is initiated, then the previous data bit affects the current data bit.
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Probe_MID
Z,=50, Z,=50, § 100 &
Rdn':lsg TD =1ns TD=1ns

{a)
6
5 B I,“‘\\ K
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""""""" FE C=10pF
----- MID C = 10 pF
----- —-=- FENO CAP
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0 | 1 | | 1
0.0 1x107° 2%10°% 3x107? 4x10° 5x10° &x107°
Time
€]

Figure 4-25. Effect of a capacitor in the transmission line environment is a lowermg of
the impedance at the point of attachment. The capacitor filters out the high-frequency
content of the step, thereby lowering the rise time at the far end.

This induces jitter in the data, which reduces the available window at the
receiver. For example, consider the circuit in Figure 4-26, showing a transmis-
sion line of impedance 50 © and delay 1.2 ns driven by a 70-£2 driver. The data
bit cell period is 2 ns, and clearly the line does not settle before the next bit cell
is launched. Thus at high frequency (HF), toggling the bus does not settle. At
half the frequency (LF), the bus is close to settling. The data pattern depen-
dency introduces a timing jitter than can be seen when the two falling edges are
compared, as shown in the Figure 4-26. This jitter can be seen at the same
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2% 1077
4x 107}
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)

3.5 % 10
33x10f
3.1 % 10
2.9 % 10
27 % 10F
2.5 % 10
23 % 10}
21 % 1o}
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1.78 x 1078 |
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1.77 % 1078
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Figure 4-26. The ISI negatively impacts the timing margin in (g) the CMOS circuit
shown with a weak driver having a slow edge rate similar to that found in the slow
condition. The skew between the low toggle and high toggle rate data is shown in the
falling edges around 17 ns and (b) a blown-up view. The ISI in this case 1s 140ps for a
250-MHz signal. For a CTC scheme, the setup and hold window are each | ns: therefore
this jitter represents a 14% timing impact.
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receiver at different times (if, say, the data pattern is 1010100110011) or
between different receivers on a bus receiving different patterns (ie., say a
high- and low-frequency toggling pattern). If this network is used in a CTC
scheme, the jitter introduces a 14% penalty in the setup and hold window (i.c.,
a 140-ps jitter in a 2000-ps bit cell of which half is allocated to setup and half to
hold).

The ISI can be reduced by having a well-matched driver to the transmission
line and a fast edge rate.

Until this point we have been discussing a unidirectional IO approach, that
18, one driver and multiple receivers. In a bid to push the throughput per wire,
it Is possible to have two-way transmission. Here two drivers can drive a net
and simultaneously receive. Such bidirectional schemes will be examined next.

4.7. BIDIRECTIONAL SIGNALING

In the previous sections only unidirectional signaling circuits have been dis-
cussed. However, it is possible to send bidirectional signals on a transmission
line under very specific circumstances. Consider the scheme shown in Figure
4-27. It shows a method to send data in both directions over one wire simulta-
neously. This can be viewed as dividing the complete amplitude into two halves
to allow the two devices to talk on the same bus simultaneously. By trading
circuit complexity, the data rate is doubled over one wire [Mooney, 1995;
Takahashi, 1995].

The core idea is that if a wave is launched in a transmission line and the
transmission line is perfectly terminated, no reflections come back to the
source. So waves initiated by A are terminated by driver B, and vice versa.
However, consider the voltage levels in this scheme. When both drivers are
driving whether high or low, the line voltage is correspondingly high or low.
However, when the drivers are driving opposite-polarity signals, the line volt-
age is half of V.

When the line is at either V. or ¥, the corresponding value of the incoming
data s clear to both receivers. However, the natural question is how to decode
the incoming value when the line is at half V.. For this decoding, the state of
the outgoing data at the driver is required. If the outgoing bit is high, then the
line values can be either half of ¥, (i.¢., if the opposite end drives a low) or V,,
(i.e., if the opposite end drives a high). To make this comparison, a differential
amplifier receiver is required. If the reference voltage selected is three-quarters
of V., the differential amplifier can then distinguish whether the incoming data
are a high or a low, This logic is presented in Table 4-5.

Since the voltage swing is small (half of V), it is critical to compare it
against a good reference voltage. Any errors in the reference voltage will
directly diminish the noise margin. new method to generate and distribute
the reference voltage is shown in Figure 4-28 [Mooney, 19935, In this scheme
the reference voltages are generated at the driver and receiver chip and then
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(a)
Simplified
V.o driver model Z, oV,
AMAN
v (I ¥,
ZO

COA [ N, 2 ! COB
%> 0 %

CIA b CIB

COA RefA

Figure 4-27. (a) Conceptual view of bidirectional signaling scheme by superpositioning
two unidirectional point-to-point schemes. {h) A bidirectional scheme is realized. (¢) The
reference voltage of the receiving differential amplifier must be changed as a function of
the state of the driver. To minimize ISI and reflections, the bidirectional scheme requires
an extremely clean termination.

combined to average them. This scheme allows some common mode noise
{with the signals) to be coupled into the reference and provides an AC reference
that is better than a purely on-chip-generated reference.

An interesting point to note is that since the line is perfectly terminated ne
reflections are generated as long as transmission lines can be used. For high-
speed 1/0, fast edge rates are required; therefore, the total resistance of the
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TABLE 4-5, Relationship Between Outgoing Data, Reference Selected, and Line Voltage

COA COB Reference A Reference B Line
0 0 % Ve Ve Vi
0 i % V.. % V.. Half »,
1 0 S Iy, Half ¥,
1 1 ] Vcr % Vcc Vcc

transmission line shoutd be much less than the characteristic impedance to
avoid RC behavior.

The above scheme works only in a point-to-point environment. Also it
requires a very uniform system and good termination. Any deviation from
these dramatically lowers the transfer rate.

F-RIvL)

\ \ ‘ Swing

/
/

o

y

I

P

Figure 4-28. Reference voltage distribution scheme in bidirectional scheme [Mooney,
1993],
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As is clear in this discussion, a key ingredient is that the source and termina-
tion values must be very close to Z; over all possible temperatures, voltages,
and processes. If this is not maintained, both the timing and noise margins
rapidly diminish. The only method to ensure that the outpui resistance is
constant 1s to compensate the 1/G buffer over all possible ranges of process,
voltage, and temperature (PVT).

4.8. COMPENSATION SCHEMES

During fabrication, as in any manufacturing step, there are target specifications
and there are manufacturing tolerances around each specification. For ex-
ample, an oxide thickness specification translates to slower devices for thicker
oxides and faster devices for thinner oxides. Similarly, through the myriad of
steps like photolithography, ion implantation, doping, metallization, and
oxides, all contribute to various aspects of the final circuit. In Figure 4-29,
the cumulative effect between a device that is “slow™ and one that is “fast” is
shown in terms of 7-F characteristics in an NMOS device. The large ratio (= 2)
between driver currents is an effect of mainly the threshold voltage differences
and applied voltage for the fast and slow cases (both V; and V) [Dally, 1996,
p. 3]. If such a device was used as a driver ¢lement, large variations in driver
strengths and slew rates (from the predriver) should be expected. This in turn
aifects the timing of the outgoing signals.

With higher speed 1/0, implying shrinking timing budgets, such variations
cause a decreased operational window for common ¢lock schemes and a larger
latency (time before valid data are available at the receiver core logic) penalty
for the CTC operations. Any decrease in the fast and slow skews can usuaily be
translated into better timing budgets and signal integrity, resulting in improve-
ments in margins or the system 1/O speed.

Extreme fast

Smaller process ¥V, thinner oxide, smaller
channel, higher voltage, lower temperature...

Extreme show

Larger process ¥, thicker oxide, longer
channel, lower voltage, higher temperature...

Va

Figure 4-29. Current spread in NMOS device in fast and slow conditions.
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Balancing the requirement of setup and hold time limits system speed. One
method to improve system speed is to provide circuit compensation. The com-
pensation allows the designer to speed up the slower /O driver and receiver
speeds and increase the driver strength for the slow part. At the same time the
fast part is slowed down to match the slow part in speed and drive strength. In
an uncompensated case, speeding up the stow case will in turn speed up the fast
case and may counter the gains in the slow case. Also there may be significant
differences between fast and slow cases in properties such as driver strength,
clock-to-output delay, and driver slew rates. Thus, benefits of compensation
are less skewed timings, improved duty cycle, better signal integrity, reduced
power consumption, lower di/dt noise, and improved overall system speed.

Compensation schemes for 1/C circuits can be broadly classified into slew
rate compensation and output resistance compensation. These can be imple-
mented in various methods using digital or analog schemes. The spectrum of
schemes is shown in Figure 4-30.

Traditional compensation schemes have not been favored because 1/0O was
relatively slow and the timing margins were not so aggressive. Additionally, the
compensation schemes consumed extra area and needed extra testing so for
slower systems these were not cost effective. However, with inc¢reasing system
speeds, compensated 1/0 is becoming essential. In any compensation schemes
there are three tasks to be completed:

+ compeunsation generation,
» distribution, and

» usage.
| Lo 1
I
l Compensation schemes | ! Unc¢ompensated |
i I
l Qutput resistance I | Siew rate | | Slew & output resistance |
Analog .. Analog Digital Analog
(current Dllg]tal (current (RC or
control) (legs) controly | | control) digital

Figure 4-30. Compensation schemes can be realized as analog or digital circuits and can
be used to control the slew rate and the output resistance,
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These will also bring the inherent issues in compensation to the forefront:

= noise sensitivity, board to chip;

» update of digital values;

= locality of generation and different-use point;
« noise sensitivity—on chip; and

= noise sensitivity—reference generation.

These tasks are crucial for the correct implementation of a compensation
scheme and will be considered next.

4.9, ANALOG COMPENSATION

A number of analog compensation styles are possible and one such scheme is
shown in Figure 4-31. The compensating device (NMOS or PMOS) is com-
pared to a known resistor (programmable) and the voltage is fed back to an
operational amplifier (opamp). The opamp compares this voltage to that of a
known reference voltage. Thus, depending on the chip processing (fast or
slow), the correct voltage is generated to make the device drains match the
reference voltage. Using this compensation voltage, the 1/O buffers can be
biased. The strengths of drivers and predrivers can be adjusted by ratioing
the gate widths with respect to the compensated N and P devices.

Before the compensating voltage can be used, it has to be distributed on the
chip to each buffer. Since the distribution interconnection can couple noise
from other digital signal lines and be lengthy (high R, so slower to discharge
the injected noise), it should be closely shielded. An effective shield is the
addition of power interconnects in parallel with the compensation voltage
interconnect. This shields the sensitive wire i two ways: by spacing other
wires to nonminimum space and by providing capacitance to the power rail.
This additional capacitance allows charge sharing of the injected noise voltage
with the power supply node, thereby attenuating the effect of the injected noise
spike. Figure 4-32 shows this concept. Utilizing such a scheme one compensa-
tion source can supply multiple buffers.

Other distribution schemes employ a current distribution method. In this
method, a reference current is generated based on the compensation and then
sent to the point of use. These are shown in Figure 4-33. Here a current is
generated using a current source MP, that is a function of the analog bias
voltage. The generated current is again converted into a voltage using the
NMOS MN,. The n,, voltage can then be used once again to generate pui.
compensation voitage. Usually, one global current source will source one local
current generator. For a current distribution scheme the reader 1s referred to
Satvanarayana [1995; Allen, 1987].
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Stack up as used
in predriver

(@)

OA, 0a,
R: =+ RS +
AC{ MF, 3

(&)

Figure 4-31. Analog bias generation scheme that can be used to compensate I/O buf-
fers. (a) Transistor stack reflects the stack up in a predriver. (&) This option is conve-
nient as it reflects a normal output buffer and no edits are required as in (a). These
schemes are based on equalizing the voltage drop across a resistor and transistor,
signifying the tranrsistor resistance (total voltage/total current) is equal to the program-
ming resistance.

It 18 worthwhile to contrast the current and voltage distribution schemes.
The voltage distribution method is a low-output-resistance voltage source sys-
tem, whereas the current distribution system is based on a current source (high
source impedance). When equal noise is injected into this system, the voltage
distribution system behaves better as it is able to source the required offset
current to cancel the injected noise current swiftly. For the current distribution
system, the same injected current (AJ) needs (Af/ ;) time to settle to the DC
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Analog voltage

o —| |— l ~“— ---- Digital signal

HH

V

=5

Figure 4-32. Analog voltage delivery scheme using V. wires to shield and charge share
the injected noise. The digital signals should not run parallel and close to the analog
wires over long lengths.

value. Thus for quick settling, f;, has to be large or the noise coupling has to
be minimized.

Once the shiclded analog compensation signal is distributed to the local
buffer area using either the current or voltage distribution schemes, it can be
used to bias the predriver transistors, as shown in Figure 4-34. This predriver is
a current-starved inverter. In this region of operation it supplies a constant
current. Onee ¥y, becomes small (| Vyl, |V, — V), the linear operation occurs,
and the constant current operation no longer holds. Consider the fast case.

I Analog
:4 bias :| IED?I (current |
1 | generator source)

Je———

Ibias -~} 5.

oint of use
Figure 4-33. Simple current distribution scheme using current source MP, to source a
current based on the analog voltage and a current pick-up MN; to sense this current at

the local receiving end. Using the current mirror technique, a single bias voltage can be
split into two.
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P bias P, bias
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1| ¥ — ] 1 _| MNIC

bias

ias

Y
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! \
; PP \
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! \
: 1
i X,
.f’ e —
Time

Figure 4-34. Simple analog slew rate control circuit. Transistors Ny and P; are the
digital switches and the transisters &, and P, contro! the actual slew rate to the driver
gates [Senthinathan, 1994, p. 104].

Here a low V,, is sufficient to provide a match between the compensation
resistor and the NMOS transistor. This low V,, is communicated back onto
the predriver NMOS. Since V, is small, the predriver stays in a constant
current mode for a longer duration. This limits the slew rate (The RC slew
rate being faster). For the slow case, the NMOS compensation gate voltage is
higher and the slew rate is limited. Thus for a slow case, the transistor has more
linear operation than the fast case.
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The preceding paragraphs described a compensation generation scheme
based on voltage divided between a programmed resistor and a transistor.
There are other current reference circuits available. One is shown in Figure
4-35. It consists of a PMOS current source P; and P, and two biasing tran-
sistors N; and A,. The bias transistors provide equal current to both the
transistors N, and N,. Since there is a constant resistor in the current path
for transistor Ny, it acts as the feedback. If the current increases in Ny, the
voltage drop V() decreases, so the current is reduced.

The current in the diode scheme is given by [Alvarez, 1995]

_ VKV In[A(d)/ Ald))]
VLI Wy = LW

where L is the channel length (kept long), W,, and W, are the transistor
widths, and X is the product of mobility and half of the gate oxide capacitance
per unit area (C,,/2). It should be noted that W,; must be larger than W, for
this scheme to function.

In the resistor-biased case, the current and voltage are related by [Ooishi,
1995]

(4-20)

T3 L [
e L e [

¥ D, D, Voias = Ry

.||[
~
]
|
=
]

(@ L)

Figure 4-35. Simple current reference circuits: (4) a diode-based partial current refer-
ence [Alvarez, 1993, p. 631] with no external components; (#) current reference based on
a resistor [Ooishi, 1995]. The ratio of the transistors sets the bias voltage. The device N,
must be larger than N, for this scheme to work.
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(4-21)

Provided there is sufficient feedback from the resistor, the current can be
compensated fairly easily in this scheme. However, the resistance should be
kept small such that the RC time constant is much smaller than the highest
noise coupling frequency with a significant energy component,

4.10. DIGITAL COMPENSATION

The analog schemes are sensitive to noise (as all other analog schemes). This is
true in the generation of the compensation voltage and its distribution.

An option is to use digital compensation schemes, and one method is shown
in Figure 4-36. Here a circuit similar to the analog case may be used to generate
the compensation factor (a series of bits). The calibration transistor is broken
into sections. Each leg is then controlled by a control bit. All the *on’ legs
together represent the driver strength. The control bits are derived from a
counter that is fed by a comparator. The comparator senses the voltage divi-
sion between the resistor and the transistor legs and compares it to a reference
voltage [Gabara, 1992; Sekugichi, 1995; DeHon, 1993; Takahashi, 1995, p. 40,
Pilo, 1996]. A key difference between analog and digital compensation is that in
the digital scheme when a leg is turned on it 1s fully on (V,, at the gate of an
NMOS device), unlike the analog case, where all the legs are partially on.

The digital comparator can change states as the feedback loop time permits.
Usually the state (increments/decrements) allowed per clock is small (say 1}
and the updating clock 1s relatively slow (microseconds). In this fashion the
compensation is altered slowly and the bus is not jittered wildly due to multiple
compensation bits switching and updating simultaneously. The distribution of
digital compensated signals is easier because they are all at normal CMOS
voltage levels and not at an intermediate analog level, and thus they are less
noise sensitive. No special precautions have to be taken, except those similar to
the other CMOS signals. The digital bits can be latched into a local latch and
distributed from there to the individual buffers. This in turn allows a serial
compensation bit transmission from a bias generator to the local latch, which
after capturing the serial data provides it in parallel to the I/O buffer. One such
implementation is shown in Figure 4-37.

Since the digital scheme has discrete jumps as the driver sirength of the
transistors varies discretely, the jumps should be kept small such that no func-
tionality is affecied. Two methods can be employed to minimize these jumps
{Figure 4-37). One is to have very fine resolution jumps, maybe several times
the noise level. If the linear compensation is used, then the number of legs and
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Deskewing
: + circuit
7/ =
= Comparator

Deskewing
circuit

Comparator

Figure 4-36. Digital bias generation scheme. It may be similar to an analog scheme
except that the iransistors are not one device but a number of parallel bits capable of
being switched on and off independently.

Local latch

— /O

t le— Chip edge

Local distribution
latch

Figure 4-37. Schematic of digital compensation scheme showing generation and distri-
buticn method.
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compensating bits witl be large. The number of discrete levels is » — 1, where »
15 the number of legs. The other option is to use binary weighted legs [DeHon,
1993). Here, the jumps and the number of control bits are minimized by pro-
viding 2" — 1 levels. However, this option can lead to complexity in the layout
of the I/O driver. Yet another method is to have approximate equal percentage
change for each step (addition or deletion). With reference to Figure 4-38¢, the
ratio of legs that are needed is given by

l+x I+x+y

-~ < Max_Allowable_ % _Change (4-22)
1 P+ x

In the previous schemes a compensating resistor has been used to adjust the
driver strength and its siew rate. Consider a resistor specification that is tuned
for a 65-Q transmission line during system design and specification. However,

A4 40 4040
R N T

. —— e

(a) &)

440 AL
a0

{e)

Figure 4-38. Three methods to implement legs of digital compensation scheme using (a)
uniform legs, (b) binary weighted legs, and (c) equal percentage change.
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during manufacturing, the transmission line can deviate from the specification
(say 5 or 10%). In this case the driver is no longer accuraiely matched to the
system transmission line impedance, with corresponding negative effects. Also
it should be noted that the resistors themselves have some tolerance, thus
increasing the possible mismatch between the driver and the transmission
line. For these reasons, a compensation based on matching the transmission
line and the driver that is adaptable to the specific board’s environment is
desirable [DeHon, 1993]. Such schemes utilize the transmission line itself as
the calibration impedance. In this technique a step is driven out onto the
transmission line. If the high-going step 1s applied and the driver is perfectly
matched, then the resulting voltage level at the pad will be 3 V... If the step is
lower, it indicates that the driver has higher resistance than the transmission
line impedance. Therefore the drive strength should be increased. If the step
height is higher than i V., then the driver impedance should be lowered. The
voltage level is sensed by the comparator, and by suitably applying a feedback,
correct setling and updating can be arranged. Also the ramp rate should be
sufficiently large that the parasitic inductance and capacitance at the pad do
not interfere with the measurement. Similarly the sampling point should be
selected when these parasitic effects do not interfere with the measurement
process.

4.11. FREQUENCY-BASED COMPENSATION

There are weak spots in both the analog and digital schemes:

« External pins provide a path for the calibration resistor and their noisy
power supply termination.

» Bias generation 1s in one spot and distribution is to many local points of
use, each with its own different microenvironment.

¢ Only the resistor value is calibrated and the capacitance variations are
not fully compensated. Thus the slew rate compensations only provide
the resistive compensation {and some capacitive compensation as C,, is
linked to 7).

A scheme that can avoid these complications is based on frequency
[Shirotori, 1991]. Whereas resistors have tolerances ranging from I to 5%,
clock sources have stability and accuracy measured in parts per million.
Thus a crystal that is easily available can be an excellent standard reference
for a compensation scheme. The frequency is converted into an appropriate
voltage by the use of a suitable phased-locked loop (PLL) or a delay-locked
loop (DLL). The PLL is hard to implement and considerably larger. A DLL is
usually smaller and c¢an provide the same functionality.
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Figure 4-39. Schematics of (@) delay-locked loop and (4) phase-locked loep. Both digi-
tal and analog PLL/DLL can be used to provide respective compensation styles.
Differential oscillators and delay lines provide lower timing jitier compared to single
ended implementations,

The PLL is a device based on establishing a fixed phase between a reference
clock and an internal voltage-controlled oscillator (VCO) clock. This is illus-
trated in Figure 4-39. The VCO needs higher voltages at slower components,
voltage, and temperature conditions, than at the faster component and condi-
tion. This voltage can be used as a bias voltage for compensating the I/O. One
major factor that compensation helps to alleviate is the noise generated when a
large number of I/O buffers switch. (See Figure 4-40.) The next section dis-
cusses the significance of the noise generated and methods to control it.

4.12. SIMULTANEOQUS SWITCHING QOUTPUT NOISE

A very important factor affecting the output driver performance is the di/dt
noise injected into the peripheral V; or V,, due to a number of simultaneous
switching outputs (88Os). This effect is shown in Figure 4-41. In the following
example, the main current is assumed to be the crowbar current, which is the
short circuit current during the transition time when both the NMOS and
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Local bias
distribution
¥
Programming PLL
) ﬂ
Local PLL Frequency Local FLL
input
(@) (b)

Figure 4-40. Compensation scheme based on PLL signal recovery 1o generate required
bias signals for local area on chip.

PMOS are partially on. The noise generated by the L di/dt term is shown in
Eq. 4-23. the noise biases the source positive, thus reducing ¥, on the driver,
which reduces current flow. Therefore, as more and more buffers switch simul-
taneously, larger di/dr noise is generated. However, the noise does not grow

Data

I{mA)

Figure 4-41. The 1O buffer and the currents used in the analysis [Senthinathan, 1994,
p-24]
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linearly but has a square-root dependence because of the reduced gate-to-
source drive due to noise (for details see, Senthinathan {1994, p. 24]).

Based on the crowbar current, the ground bounce of the simple system
shown in Figure 4-41 can be calculated to be [Senthinathan, 1994, p. 24]

T p f LnK\
=V, +—=—|1~ {2V -23
Va k LnK|:1 k pT (3-23)

where I, is noise voltage, T is current rise time, p is the number of parallel
paths (pins), » is the number of I/O buffers switching, X is a device constant,
Vi =V, =V, and V,, is the threshold voltage of the NMOS device.

In an actual 1/Q buffer, designers take great care to minimize the crowbar
current. This is done by skewing the predriver circuit. When the NMOS device
is turned on, the PMOS driver is turned off faster, and similarly when the
PMOS 1s turned on, the NMOS driver is turned off faster. This is illustrated
in Figure 4-42. In reality, there is only a limited time allowed for switching on
and off the drivers, so in an aggressive design there is always some crowbar
current.

When the driver is utilized on a PCB, the major portion of the current
drawn is for charging or discharging a transmission line. Thus Figure 4-43
shows a real-life I/O buffer setup and a current waveform. The ground bounce
observed for such as system is shown in Figure 4-44. As the number of drivers
increases, the ground bounce increases but does not grow linearly. This is again
due to the reduced gate-to-sonrce voltage caused by the SSO noise. Also, as the
number of pins is increased, the ground bounce is reduced and becomes
increasingly linear (in the range shown). This linearity should be expected
because the noise voltage is reduced; thus the gate-to-source voltage for each
driver is not reduced.

Often it 15 desirable to model and simulate this SSO noise. This can be done
by utilizing a capacitor or a transmission line being switched by a buffer. This
is shown in Figure 4-45. For the capacitor model, if the buffer cutput resistance
15 assumed to be Ry, then the peak current in the circuit is ¥/ R and the rate of
current decay is F'/RC. Consider the transmission line model, When a driver of
cutput impedance Ry = Z; pulls the transmission line low, then the peak cur-
rent is /2R, or half the current of the buffer capacitance model.

If the RC model is used, the SSO noise is extremely overestimated. To
compensate for this noise, a larger driver will be used. In reality there may
be no need to strengthen the drivers as the di/dr noise is lower than simulated
in the S50 model. In fact, the overdrive may cause larger reflections at the
receiver and can cause latchup or oxide reliability issues [Hu, 1994].

There may be cases where the drain current is limited by the saturated
velocity of the electrons and holes in the device. In such velocity-saturated
cases I, i1s severely reduced [Pierret, 1990]. The i, is now given by Eq. 4-24
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Figure 4-42. Predriver skewing to reduce crowbar current and have reasonable delay
time through buffer.

and the ground bounce in such a case is obtained by differentiating the I, ..,
with respect to time [Yang, 1996]:

Id,sat =5 Vc(Vgs -V, - Vc)
V) _ LenB,V. Vs

Velt) + dr 2t,
8 = uC W (4-24)
4] 7k Lcﬂ'
v, = Vmax Lefr
M
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Figure 4-43. Fast 1/O drivers see a transmission line at the pad.

where ¥, is the ground bounce voltage, V, is the threshold voltage, ¥V, is the

critical voltagc and ¢, is the rise or fall time at the input
Using Laplace transforms, V, can be written as

to the output device.

(4-25)

1
V.(s) = ——
¢(s) 1+ Ks
1200 -
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—&— Pins =2 PP
1000 - — A~ Pms =5 Y S
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-
=]
w600
K=
=

400

200

0

0o 2 4 & 8§ 10 12 14 16 18
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Figure 444, Ground bounce of NMOS drivers discharging a transmission line
(Zy = 65%2). The larger the number of available pins, the lower the noise and the

more noise voltage scales linearly with the number of drivers.
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Figure 445. An S50 simulation setup: (2) load medeled as a capacitive load, (&) load
modeled as a transmission line, and (¢) expected currents.

where k = L nfByV,V,,/2¢, and then finding the Laplace inverse. This gives the
gate voltage as

Lng, V.V
V() = _8%& (1 - et

(4-26)

!
I, = fr_@

For 7, — ¢ > 3, the exponential term is small {« 5%) so the equation can be
simplified to

L HﬁOV Vdd
Vg,max = 3—23‘:_‘ (4‘2?)

Equation 4-27 can be used 1o trade off the driver size, the number of buffers
toggling, the edge rage, and the number of wire bonds (actually the inductive
path) required to meet the required ground bounce.
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In this section, causes of SSO have been examined. Some recourses to the
SSO are to slow down the edge rate for which buffer compensation is very
useful. Another technique may be required if a compensation scheme is not
available.

4.12.1. Design for S50 Reduction

4.12.1.1. Predriver Skewing A me¢thod to reduce the SSO is to prevent
the complete buffer from switching on simultaneously. This can be partly
done by skewing the predriver turn on. Additional skewing in between legs
can also be implemented. This can be achieved by making an RC delay line
using the C of the gate and R (poly or diffusion), as shown in Figure 4-46.
Another version ts to use the gate itself as an RC line (Figure 4-47). Usually
with a silicided process, the gate resistance is small, and this may not be an

Figure 4-46. Gate driver for controlled slew rate and switching characteristics of the
buffer [Senthinathan, 1994, p. 113; Annaratone, 1986, p. 270]. In this buffer, since both
the turn-on and turn-off are gradual, some overlap will occur when both the NMOS and
PMOS are both partially on.
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(=) (8)

Figure 4-47. Implementation of resistive slew rate control: {(¢) normal driver with all
gates tied in parallel; {(b) slew rate controlied version where gate is tied in series
[Annaratone, 1986, p. 270]. With low-resistivity silicided gates, this approach cannot
provide good slew rate control unless sufficient snaking of the gate is implemented.

option. If the poly or diffusion has been silicided and therefore resulting in
an mneffective resistor, pass transistors can be used to replace the resistors.
Omne such scheme is shown in Figure 4-48. This allows the legs to be turned
on with some delay with respect to each other and reduce di/d:.

The previous slew rate control schemes were implemented by either the RC
product or the resistance. Alternatively, C can be adjusted to provide a con-
stant{ RC slew to the output driver, as shown in Figure 4-49. In this case the bits
to control the capacitive loading are provided by a digital compensation
scheme.

The implementation attempts to control the rate of the turn-on of the driver
transistors, lowering the SSO noise. Another approach 1s to have better controtl
of the driver by using an inverted NP stack-up, thereby reducing the SSQ noise.

4.12.1.2, NP-Inverted Stack Driver It has been observed that even with
slew rate control of the predriver the output slew rate is not effectively con-
trolled. The problem can be traced 1o the turn-on characteristics of the MOS
devices. This configuration acts as a common source amplifier [Millman,
1987, p. 136], and as soon as the transistor is biased (V,, > V), the change
in output voltage gains rapidly as small changes in input voltage.

To address this issue, a source follower [Millman, 1987, p. 429] circuit is
required, shown in Figure 4-50. Here the regular CMOS circuit has been
inverted. Now if a slew rate controlling a prediiver is used, the pad voltage
will follow the gate voltage less a threshold voltage. This circuit, however, has a
reduced voltage swing between a high of V. — V,, and a low of V7, [Hanafj,
1992]. This reduced voltage swing reduces the current drive required. which in
turn reduces di/dt. In addition, the current tailing as the devices move toward
cut-off {i.e. V,, for the pull-down PMOS and V. — V, for the NMOS) leads to
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Figure 4-49. Slew rate adjustment by controlling loading on predriver output [Gabara,
1997].

further lowering of di/dt. A word of caution when using schemes terminated in-
series: The device cutoff can also lead to poor termination by the driver.

To restore the swing to full CMOS levels, a normally configured CMOS
stage but one that is much weaker in size ¢can be added to the driver. Since this
scheme can control slewing at the output driver, di/dr is reduced. However, the

I I L T
N — | N N,
Predriver Predriver _i j
control comntrol _I ]
—q| B ——q | P, P,
gl 1| 1
(a) %)

Figure 4-50. Inverted CMOS I/O scheme. The N; and P, transistors are the main
drivers and are configured in the source follower mode {Hanafi, 1992]. Option (a) is
not rail to rail, but by placing N; and P, the full-rail option can be restored.
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drivers consist of “wrongly” placed N and P devices and their sizes can be
prohibitively large.

4.12.1.3. Differential Signaling The SSO issue is acute when all the buf-
fers stmultaneously swing from one state to another. This generates the max-
imum L di/dt noise. Methods to control noise with predriver slew rate and
driver impedance control have been discussed. Another approach to reduce
530 effects is to use differential signaling. In this scheme every bit has its
complement transmitted. Therefore the total switching current is theoretically
zero. This is illustrated in Figure 4-515, where a simple CMQS buffer has
been configured in a differential mode. The current is simultaneously sunk
and sourced {rom different supplies that are generally well coupled using de-
coupling capacitors. This effectively cancels out the AC currents; therefore,
the ground bounce is not experienced. However, any nonsymmetries in the
power supply paths will show up as deviations from the exact complemen-
tary behavior. Despite these limitations, this scheme serves well as a differen-
tial scheme. For further refinements current switched methods based on
maiched devices and transmission lines can be used [Rainal, 1994; Dally,
1996, p. 14].

The differential scheme has other advantages. If the signal and its comple-
ment are closely routed, then the cross-talk and ground bounce effects are also
reduced. At the receiver, the differential input creates twice the input ramp
rate, ensuring swift and clean transitions.

4.12.1.4. $S0 Reduction Using Packaging Options The cause of 5SSO
generation was the large instantaneous current flowing through the package
inductance. The silicon attempted to control the instantaneous current de-

(a) &)
Figure 4-51. (a) Single-ended signaling scheme and (b) differential scheme.
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mand. The other option is to reduce the package inductance. this can be
done using several newer packaging technologies:

« Controlled collapse chip connection (C4) as opposed to wire bonds to
connect the die to the package. This reduces the inductance from 2—4nH
pet wire bond to 200400 pH per C4 bump. This primarily helps the core
and I/O power supply distribution.

» Ball gnd array (BGA) package as opposed to pin grid array (PGA)
mounting to the PCB. This can help reduce inductance from 2-3nH
per PGA pin to under 500 pH per ball.

» Land grid array (LGA) connections between the package and the PCB
can keep the inductance as low as 500 pH.

By trading off the electrical performance, reliability, cost, and other sysiem
requirements, the right package can be selected that will reduce the overall
inductance and therefore the ground bounce. The packaging technology is
making rapid progress, and it is well worth the I/O designer’s time to keep
abreast of the major breakthroughs.

The earlier part of this chapter examined the signaling styles, 1/0O buffers,
and basic topology designs. When all these are placed together, they constitute
a system. As the [/O timing becomes more aggressive, second-order effects that
were not so important now needed accounting. These will be discussed in the
next section.

4.12.1.5. $SO Reduction Using Low-Weight Coding The worst-case
SSO impact occurs when all the bits toggle from one similar state to another
state simultaneously. For example, eight bits all switching 1's to 0’s will
cause the worst-case ground bounce.

If one extra bit is added, interesting possibilities occur. The eight bits cor-
respond to 256 patterns, whereas the nine bits correspond to 512 patterns.
Using this ninth bit, instead of sending all 0°s to an all-1 transition pattern,
the outgoing data patfern is inverted (1.e., all I's inverted to ’s; therefore there
1s no change in the outgoing driven data bits) but the ninth bit is sent asa 1 to
the receiver as an indication that the inversion has occurred at the driver. The
receiver detects an all-0 incoming pattern with an invert sign bit. It then inverts
the received signal before passing it onto the logic. In this case, instead of eight
bits togghing, only one bit toggled, reducing the SSO noise.

This can be extended to cases where not all bits toggle from one state to the
other. I the number of bits changes state and if it is greater than 4, then the
sign bit can be toggled. This action limits the maximum number of toggling bits
to four, which in turn leads to 50% reduction in SSO noise [Nakamura, 1996,
1997].

This scheme can be understood with the help of Table 4-6. The current data
driven from the core logic is compared to the previous state of the coded 1;Q
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TABLE 4-6. Low Weight Encoding Scheme

Data from Coded 1/O
Clock Core Logic  Difference Invert Ninth Bit  Drive Qutput
Initialize 0000 0000 0 No 0 0600 0000
1 1111 1111 8 Yes 1 0000 0000
2 0000 0111 3 No 0 00C0 0111
3 0001 1000 5 Yes 1 1110 0111
4 0001 1000 8 Yes 1 1110 0111
5 0001 0111 4 No 0 0001 0111

Nete: Scheme prevents all the bits in a bus transitioning from one state to the other simultaneously,
thereby reducing the S8Q noise induced.

drive. If the state differs with a magnitude greater than 4, then the invert bit is
asserted and the data is inverted before being driven out.

4.13. SYSTEM MODELING

With the reduced timing budget at high-speed 1/O, the following second-order
effects need to be accounted for:

» Cross talk induced due to board traces running together for long lengths.
Other major sources of cross talk are the connector where perfect shield-
ing is hard to obtain and the package.

+ Ground return loops can induce cross talk and discontinuities affecting
the signal quality. In simple simulations these effects are not included but
care must be taken during board layouts to ensure the shortest ground
return paths between a signal and its ground (power) are available. This
can be done by ensuring ground return vias close to the signal.

» Variations in the transmission line velocity (£10%) and impedance
(£10%} will invariably play a part in the signal quality.

» Power supply delivery, both AC and DC, through connectors and
packages will affect the signal.

« Reference voltage jitters required to compare the received input signals.
Their jitter directly determines how much noise margin is available at the
receiver as well as the timing window available.

Therefore, it is important to model the system in the high-speed I/G environ-
ment,

The system can be modeled in two ways: detailed transistor level leading up
to the system and one using behavioral 1/O buffers. A detailed transistor level
model is helpful in designing individual nets and sizing the drivers, predrivers,
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and any compensation units. This is usually done using tools such as SPICE
[Tuinenga, 1992]. However, for simulating many nets (a whole bus) this quickly
becomes slow and very cumbersome. The simulation time required increases
drastically. Further tools used to lay out and extract parameters from the
mother board may not interface with silicon simulators easily. Therefore, a
less refined silicon model can be used while increasing the complexity of the
board level model, which may include the layout details of the bus. This can be
achieved if the buffer is defined behaviorally. A behavioral model basically
consists of current—voltage (/-V'} data for a buffer as well as voltage—time
(V—f) data. A simple behavioral model is discussed in Section 4.6, which has
been used to illustrate the concept of stub length. The /-F information is
provided by using a resistor , and the V'-r information is provided using the
ramp rate. This resistor and voltage ramp model is the simplest linear beha-
vioral form, and for nonlinear devices, the 7-V and ¥—t tables can be used.
Another advantage of this behavioral model is that the silicon details are not
visible or required for system modeling. Therefore, a system model can be
provided 1o other parties without disclosing the exact process technology.

A particularly useful model is 1BIS (I/O Buffer Information Specification).
The model represents a specific I/O buffer. For each unique buffer, the J-V
curve is extracted over all the possible pad voltages (including overshoots and
undershoots). The 7-¥ curve should provide a minimum, maximum, and typi-
cal number. In addition, to obtan the timing information, the buffer should be
characterized using a fixed-output resistance and a F—t table obtained. In
addition, the package pin definition should be provided in terms of R, L,
and C. Therefore, each I/O pin can have a unique driver and package pin,
or a umque driver combined with a generic package pin information, or a
generic driver with unique package pin information. A sample [BIS file is
shown in Figure 4-52,

Once the basic device has been defined, it can be incorporated into the
systemn design. The system design will include the networks, the power supplies,
and cleck and reference voltages. The nets can be individualized and unique
properties in terms of lengths, cross-coupling, and impedance can be assigned.
Further, the net data can also be incorporated from PCB layout tools such that
the exact board configuration is simulatable. The net extraction from the lay-
out to a sitnulation is automated.

Some of the layout tools can simultaneously understand the PCB stack-up.
The stack-up defines the ordering, number, distance of the power planes, and
signal iraces. Therefore, cross talk and impedance can also be automatically
inserted into a simulation model.

A tool that 1s used rouiinely in experimental verification of 1/0O is the eye
diagram (see Figure 4-53). An eye diagram is an overlay of many hundreds or
thousands of sampled waveforms at a node superimposed on top of each other
(voltage with respect to time). The eye diagram should capture the worst- and
best-case patterns. The eye can be either measured on existing platforms or it
can be simulated. During measurement only one node can be observed at a
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[[IBIS VER] 2.1

[File Name] 405035.ibs

| Comment

[Date] 7/23/97

[File Rev] 1.1

| £.X Simulation data, 2.X correlated Si dara, 3.X Mature data

|

[Copyrightj Copyright 1997,JKLM Corp.

|

[Component) Trnal_Component

[Manufacturer] JKLM Corp.

|

[Package]

| Typ Min Max

R_pkg 100mOhm 50mOhm 150mOhm

L_pkg 4nH 3nH 5nH

C_pkg 4pF 3pF 5pF

| Package parasitics to be wsed when no specific parasitics are given for a pin
|

[Pin] Signal name Model name R_pin L pin C pin
ADO HADO PINO1

ADI HADI] PINO2 25mOhm 2nH 4pF
| The specified R,L,C values supersede the default values for the ADI pin

1

AD2 HAD?2 PINO1

EO Vee Power

E2 Vss GND

[Model] PINO1

| One model used in defining a buffer. Each buffer needs to have a model associated with it.
The same madel can be shared among a number of buffers such as ADG and AD2.
|

Model_type IO

VINL =0.8

VINH = 2.0

Vmeas = 1.5

Cref = 0.0

| Typ Min Max
C_Comp ipF 2pF 4pF
Voltape Range] 3.3V 3.0V 3.6V
[Temperature Range] 50 —10 110

Figure 4-52, Typical IBIS file showing the various sections required to complete a
component definition.
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| describes the pull down I-V, from —Vee io twice Vee. The negative pad voltages cause
| the substrate-pad diode to forward bias whereas the positive voltages reflect the pull

| down action.

| Voltage Ktyp)
-33 —300mA
-3.1 —260mA
6.6 S0mA
|

[Gnd Ciamp]

=33 1A

=31 0.93A
3.3 1.3pA

|

[Ramp]

I(min)
—280mA
—240mA

43mA

NA
NA

NA

I{max)
—320mA
—280mA

52mA

NA
NA

NA

|Provides the ramp rate ofthe pull up and puil down operation,

I
R_Load =65 Ohm

f Typ
dv/di r 1.1¥/300ps
dv/fdt f 1.2V/350ps

|
[Falling Waveform]

| Provides the volage-time table for the pull down action.

I
V fixture=3.3¥

V_fixture min=23.0V
V_fixture max=3.6V
R_fixture = 50.00hm

| Time V(Typ)
0.6 33
20E-12 35
40E-12 3.05
60E-12 2.85

Min
NA
NA

V(min)
NA
NA
NA
NA

Max
NA
NA

Vi{max)
NA
NA
NA
NA

Figure 4-52 (Continued)

time, but many patterns can be run. In each cases the random data patterns are
the most beneficial. Similarly the eye can be measured for different power
supply voltages, temperatures, and process conditions and then a cumulative

eye assembled.

The eye can also be simulated. This can be done by first creating a complete
network, including silicon and the PCB. Then various parameters can be varied
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Voltage

Time
Figure 4-53. Eye diagram that captures many waveforms at a node that are then super-
imposed. The gray area is the uncertain area where there is no guarantee that a signal

can be reliably captured. The white area represents the area where the signal is stable
and can be captured. The eye diagram can be measured or simulated.

and all the results superimposed on a plot to create an eye diagram. Some
parameters that can be varied are the data patterns (with and without SSO and
random}), PLL and clock jitters, voltage supplies, cross talk, ISI, termination
and dnver strengths, PCB line and stub lengths, impedances and velocity pro-
pagation, package line and stub lengths, impedances and velocity of propaga-
tion, and silicon parameters for both the driver and receiver. After creating a
large matrix of all the relevant parameters, the simulation is carried out and the
results are superimposed. The eye can then be measured and the results are
carried over to the noise margin and timing calculations.

4.14. 1/0 INFORMATION ON THE INTERNET

A huge amount of very specific information exists on manufactured 1C 1/O.
These include drivers, receivers, and system constderations and are usually
good sources to obtain practical data. In addition, other I/O and ESD-related
information such as ESD products, connectors, sockets, packaging, PCB manu-
facturing, and test equipment can be obtained from the Internet.

A typical method is to **search” the Internet for the keyword(s). These will
usually yield a long list of results. A good idea is to read the list in the reverse
chronological order.

Alternatively, if the relevant manufacturer is known, then their web site can
be reached (e.g., hitpy\www.intel.com or http\\www.hitachi.com) and the 1/O
information can be obtained from the product information and specification
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section. These are generally listed under the silicon products, IC heading. If the
manufacturer address is not known, it can be first **searched™ and then con-
tacted.

4.15. SUMMARY

The following are some of the major considerations discussed in this chapter:

« The most convenient form of communication between chips is the PCB
transmission line, and on-chip, the metal oxide RC line. The transmis-
sion velocity of a transmission line is dependent only on its dielectric
constant.

« Transmission line phenomena are observed when the rise time is smaller
than 2.5 times the TOF in a line.

« A lumped capacitor model can be used when the rise times are larger than
five times the TOF.

« Two types of terntination strategies are typically used: parallel {GTL} and
serial (CMOS). A parallel-terminated net will usually have better settling
time than a series-terminated line.

» Two types of signal transmission strategies are typically used: common
clock and cotransmitted clock. The CTC avoids the penalty of TOF.

« Topology affects the speed considerably. The fastest topologies are gen-
erally point to point and multiagent nets are the slowest. The multiagent
buses are slow primarily becanse of the longer stub lengths required to
connect the multiple agents, forcing the edge rates to be slow. Also the
multiple agents force the bus to be long and nonsymmetric, thus making
settling times long.

« The large process, temperature, and voltage variations cause significant
variations in 1fO buffer characteristics. Compensation is therefore essen-
tial for fast buses. The output resistance and the slew rates can be com-
pensated.

» There are primarily itwo methods emploved to compensate 1/O buffers:
analog and digital techniques.

+ A major concern in [/O design is the S50 noise due to the large number
of 1/O buffers switching in one direction. Methods to control this noise
involve slowing down the predriver, compensating the ocutput driver
strength, and increasing the number of power supply wires.

= A crucial tool in IfO design 1s the vast amouni of information available
on the Internet. Before starting a new system design, 11 1s well worth the
time to quickly browse through the options available.
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