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Abstract

Multi-million transistor digital systems have become commonplace, and the
number of transistors is expected to increase further as described by Moore’s law.
Systems-on-a-chip (SOC) is a new trend intended to exploit the advantages offered
by deep submicrometer (DSM) CMOS technologies. An SOC is a complex mixed-
signal circuit composed of analog, digital, high power, low voltage, and/or high
voltage circuit blocks, all of which must coexist with minimal interaction.

An important parasitic interaction among circuits sharing a common substrate
is substrate coupling noise (SCN). SCN may affect the signal integrity of both the
digital and analog portions of a circuit. During the past decade, the tolerance
of analog circuits to substrate coupling noisev has been investigated. The effect
of substrate coupling noise on digital circuits is the focus of this dissertation,
particularly targeting mixed-signal applications. The research described in this
dissertation can also be seen as a starting point for a research problem that will
become significant in the near future: substrate coupling noise in multi-million
transistor DSM digital applications.

The experimental results derived from test circuits and described in this disser-
tation address the most common, lowest cost semiconductor technologies: NMOS
and N-well CMOS. The primary focus is on developing circuit and physical design
solutions to improve the tolerance of digital circuits to substrate noise, targeting

low cost SOCs and multi-million transistor DSM digital applications.
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Design solutions for reducing the substrate noise interacting with the circuit
are presented. Circuit and physical design techniques are provided to decrease
the noise that is generated, transmitted throughout the substrate, and received
by the digital circuits. Solutions to improve the noise behavior of digital circuits
by tolerating larger amounts of noise are demonstrated. Theoretical expectations
are compared with simulation and experimental data for both NMOS and CMOS
circuits. While the research presented in this dissertation primarily addresses
digital circuits, these results can also be used to enhance the immunity of analog

circuits to substrate coupling noise.
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Chapter 1

Introduction

The dramatic technological revolution that occurred in electronics between
1948 and 1958 created practically a new world. John Bardeen, Walter Brattain,
and William Schokley discovered the point-contact transistor at Bell Laboratories
on December 23, 1947 [1,2]. The first public announcement of the invention
was made on June 30, 1948 [3,4]. Shortly after this event, Shockley invented
the junction bipolar transistor [5]. Towards the end of the 1950’s, technological
attention turned to silicon due to major technological advantages such as the
existence of a native oxide (Si0,) {6, 7]. In 1958, Jack Kilby of Texas Instruments
and almost simultaneously Robert Noyce of Intel demonstrated the first working
bipolar integrated circuit (IC) where multiple transistors coexisted on the same
physical substrate. In 1960, J. Hoerni described the planar process [8]. Also
in 1960, D. Khang and M. Atalla demonstrated the first Si based MOSFET [9],
followed in 1967 by the first Si-gate MOSFET (10]. These inventions formed the
basis for today’s multi-billion dollar microelectronics industry.

While the first microelectronic circuits were primarily analog bipolar, digital
applications, typically in MOS technologies, also developed rapidly. In November
1971, Intel developed the first fully integrated microprocessor (4004) and memory



circuits (1103) [11], both based in PMOS technology. These products represent
the beginning of today’s digital era. More sophisticated functions were included
on the same monolithic substrate, such as systems containing both high precision
and high power analog circuitry. The concept of a mized-signal system, where
digital circuits and analog circuits are both physically on the same monolithic
substrate, was introduced [12]. Digital-to-Analog Converters (DAC) and Analog-
to-Digital Converters (ADC) were among the first mixed-signal applications to be
implemented monolithically. The first monolithic implementations of a DAC used
bipolar transistors with a passive resistor network, such as Pastoriza’s four bit
implementation [13]. For technological and precision reasons, the resistor network
was fabricated in thin film technology on a ceramic substrate. One of the first sig-
nificant fully monolithic implementations of a DAC was a six bit implementation
realized by D. J. Dooley in 1971 {14]. A five bit parallel ADC was proposed by
D. R. Breuer in 1972 [15], the work being performed under an Air Force contract.
The final converter was, however, a multi-chip implementation.

The first power integrated circuits evolved from bipolar devices, targeting ana-
log applications such as voltage regulators, motor drivers, and audio power am-
plifiers. Up to the early '80’s, the primary way to combine analog power circuitry
and digital control blocks into one application at a competitive price was by em-
ploying a multiple die (hybrid) solution [16]. The hybrid solid-state relays were an
important step in the realization of mixed-signal high-power systems. In the early
'80’s [16,17], however, many companies developed price competitive processes
that integrated on the same IC both analog power circuits and digital control
circuits, creating the so-called smart-power class of circuits. In particular, the

automotive industry was a primary contributor to the development of these type



of circuits [18-20]. Among the many companies developing smart-power process
technologies during this period were Texas Instruments, Sprague, SGS Semicon-
ductor, General Electric, Motorola, Siemens, and Unitrode [16,17,21]. The first
smart-power processes were purely bipolar, based on an IIL' (or I2L) [22] tech-
nology. More sophisticated and higher cost smart-power technologies were later
developed [16,17,21]. An example of a typical high performance smart-power
process, based on a very complex technology, is BCD? [23] (see Section 2.3 for
more details on BCD technology).

Currently, there are a large variety of processes, such as deep submicrometer
(DSM) digital only CMOS processes, DRAM? specific processes, processes that
integrate on the same IC high-power analog circuitry with highly sensitive analog
circuitry, or digital circuitry with highly sensitive analog circuitry (such as DAGCs
and ADCs converters), or high-power analog circuitry with digital circuitry (such
as smart-power circuits). Each of these processes are faced with the fundamental
problem of noise, and in particular, substrate coupling noise (SCN). For example,
in DSM digital processes, due to the inherently low supply voltages, low transistor
threshold voltages, as well as short channel and short width phenomena [24],
SCN can create parasitic signal glitches, destroying logic states or even inducing
latch-up [25-29] (due to the parasitic bipolar transistors present in short-channel
devices). In DRAM processes, SCN can parasitically charge or discharge the
DRAM capacitors and degrade the operation of the sensitive sense amplifiers. A
small signal, high precision analog amplifier can be influenced by the high power
analog circuitry present on the same monolithic substrate. Today, SCN in digital

DSM CMOS has not, as yet, become a fundamental issue, but as technologies

Injection Injection Logic
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3Dynamic Random Access Memory



continue to scale, decreasing the magnitude of the power supply and threshold
voltages, SCN in DSM circuits will also become of increasing importance.

A classic problem in mixed-signal systems is the high speed digital circuitry
influencing the highly sensitive analog circuitry due to the noise generated by
the high frequency switching within the digital circuit. The noise is transmitted
through the common substrate, and received by the sensitive analog portion of
the circuit. This circuit configuration is schematically depicted in Fig. 1.1. Due
to the important market that analog (and mixed-signal) circuits represent (such
as A/D and D/A converters), and due to the high level of precision required by
these analog signal processing circuits, SCN in these mixed-signal circuits is an

important problem which is currently under significant investigation.
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Figure 1.1: Digital circuitry influencing the highly sensitive analog circuitry in
mixed-signal circuits.

The precision required by the analog processing in a DAC depends upon the
bit resolution of the converter. Currently, there are high precision monolithic DAC

implementations with precisions of 16 to 24 bit resolution (e.g., DAC56, DAC 729,



PCM1702P, PCM1702U, PCM1728) [30]. Consider a 16 bit implementation (e.g.,
the DACS56), with a full range voltage output of 6.5536 V. This voltage range
is equivalent to an LSB* voltage level of 6.5536/65536 = 100 xV. Typically, the
specified precision level for a DAC is 1/2 LSB. For this converter, the required
precision is therefore 50 uV. If more bits of resolution are necessary, the required
precision level is even greater. This precision level must include the effects of all
types of nonlinearities, errors, and noise. SCN for these types of high precision
circuits has therefore received a great deal of attention.

To attain the high level of accuracy required for 16 to 24 bit converters, Burr-
Brown, for example, uses a thin film monolithic DAC process, a dielectric op-amp
process, a hybrid technology, advanced laser-trim techniques, bipolar and BiC-
MOS processes, and specialized circuit and architectural techniques-[{30]. Recent
techniques to achieve these high accuracies and to eliminate noise use special-
ized noise shaping techniques, such as Bitstream and MASH [30], which obtain
higher accuracies at the expense of decreased signal-to-noise ratio (SNR). A re-
cent high performance circuit approach to obtain high accuracies and high SNR
that eliminates glitches (that could be induced by substrate coupling noise) and
large linearity errors is a complementary linear or advanced sign magnitude tech-
nique [30]. This technique consists of two similar DACs placed on the same mono-
lithic substrate which share a common reference and a common R-2R ladder to
provide the bit current sources. The two DACs are combined in a complementary
arrangement to produce a highly linear output.

The primary effect of SCN in a DAC is degradation of the precision of the
analog signal processing circuits. In smart-power circuits, the problems of SCN

are quite different due to the following reasons:

4Least Significant Bit




e In smart-power circuits, the noise is generated by the high voltage, high

current analog circuits.

¢ The smart-power technologies significantly reduce the amount of transmitted
noise through the substrate as compared to a standard digital technology

(see Section 2.3).

e The noise is received by the sensitive circuitry which, in a mixed-signal
smart-power system, processes the digital signals (as compared to the analog

signals in a DAC).

This research focuses on studying the technology, circuit, and physical design
issues that influence the interaction between the high-power analog circuitry and

the digital circuitry sharing the same monolithic substrate, as shown-in Fig. 1.2.
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Figure 1.2: Noise coupling in smart-power circuits.

Note in Fig. 1.2 that the analog circuitry influences the digital circuitry through

the common substrate. The primary objective of this research is to determine



the principal issues that generate, transmit, and receive noise in mixed-signal
smart-power circuits in high voltage, low cost MOS processes. A second research
objective is to determine the effect of the received noise on different families of
digital circuits as well as to investigate the principal mechanisms by which the
substrate noise affects a logic family. Finally, an important research objective is to
develop techniques to minimize the deleterious effects of substrate coupling noise
in these mixed-signal smart-power circuits. To achieve these research objectives,
the experimental work in this research effort focuses on mixed-signal smart-power
integrated circuits used in the Thermal Ink Jet (T1J) printers designed and man-
ufactured at Xerox Corporation.

In Chapter 2 of this research proposal, SCN is defined and the primary research
issues related to SCN that have been reported in the literature are described. The
importance of choosing the appropriate technology for a given application, as well
as the process cost, maturity, availability, and the trade-offs among these criteria
with respect to SCN are outlined. The principal research results describing how
digital circuits influence analog circuits, specifically the generation, transmission,
and reception of substrate noise, are reviewed in detail in this chapter.

The focus of Chapter 3 is to describe the development of a strategy for the
practical analysis of the noise behavior of NMOS digital circuits. To accomplish
this, the high-voltage NMOS process is characterized from a noise point of view,
and a number of general and smart-power specific issues that influence the gener-

ation, transmission, and reception of noise are investigated.



The objective of Chapter 4 is on defining and describing several models, mech-
anisms, and effects that describe the process in which digital circuits are affected
by substrate noise. A thorough characterization of both an NMOS inverter and
an NMOS latch under the influence of substrate noise based on the previously
described models, mechanisms, and effects, is provided in Chapter 5.

The experimental data gathered from the analysis of a large number of fabri-
cated NMOS test circuits is presented and discussed in terms of the theoretical
expectations, proposed models, and simulation results. This topic is reviewed in
Chapter 6. Several noise mitigation techniques are also developed.

The theoretical analysis described in Chapters 4 and 5 and the experimental
results from Chapter 6 suggest that the placement of substrate contacts represents
a powerful physical design technique to reduce the amplitude and spreading of
substrate noise and therefore improve the noise behavior of these circuits. A
methodology for efficiently placing substrate contacts to reduce the influence of
substrate noise, addressing both NMOS and CMOS technologies, is described in
Chapter 7.

Similar to Chapter 4 for NMOS circuits, a theoretical analysis of the noise
behavior of CMOS digital circuits is performed in Chapter 8. The latch-up phe-
nomenon is discussed in detail. The sensitivity of latch-up to technology scaling
is estimated. The behavior of both a CMOS inverter and a CMQOS latch under
the influence of substrate noise is analyzed and characterized.

The experimental data gathered from the analysis of a large number of fab-
ricated CMOS test circuits are presented and discussed in detail according to
theoretical expectations, the proposed models, and the simulation results. This

topic is reviewed in Chapter 9. The importance of substrate noise in multi-million



transistor digital applications implemented in DSM CMOS technologies is also
discussed in Chapter 9.
A summary with some conclusions are offered in Chapter 10. Possible future

work in the area of substrate coupling in mixed-signal systems is outlined in

Chapter 11.
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Chapter 2

Overview of Substrate Coupling
Noise

According to Webster’s Dictionary [31], noise is defined as “an undesired, or
unwanted, or irrelevant, or meaningless signal, or data, or disturbance, or output
interfering with the desired information, or with the operation of a device or
system.” In any system, either electrical, mechanical, or of any other nature, a
constant focus consists in finding ways to eliminate any present noise, since by its
nature, the noise is “unwented.” There are fundamental types of noise that cannot
be eliminated. Fortunately however, techniques, technologies, and methodologies
to reduce or eliminate a large number of types of noise and the associated problems

have been developed.

2.1 Electrical Engineering and Noise

In electrical engineering, noise can be found at all levels, starting with materi-
als and ending with complex systems and equipment. At the material and device
levels [32], thermal noise (caused by the random motion of current carriers), flicker

noise (or 1/f noise, due to the semiconductor surface effect), and shot noise (which
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constitutes the major source of noise in most semiconductor devices), are the fun-
damental types of noise {32]. A different terminology classifies the noise according
to the physical processes: generation-recombination noise, diffusion noise, and
modulation noise [32]. The generation-recombination noise is caused by spon-
taneous fluctuations in the generation, recombination, and trapping rates of the
carriers. For junction devices this source of noise exhibits a close resemblance to
shot noise. The diffusion noise is caused by the fact that diffusion is a random
process. In bulk material it is the cause of thermal noise. In junction devices, it is
a major contributor to shot noise. The modulation noise refers to carrier density
fluctuations caused by modulation mechanisms such as surface field effects.

At the circuit level, application and technology dependent noise exists. Noise
is present in digital applications, in analog applications, as well as in mixed-
signal applications such as analog influencing digital or digital influencing analog
applications.

The main result of the presence of noise is signal degradation, either digital
signals or analog signals. Digital signal degradation implies parasitic transitions
of the data path, while analog signal degradation is manifested by parasitic har-
monics [33]. In a mixed-signal system, the noise influence affects the ability to
correctly recover a signal either from analog to digital or from digital to analog
domains. In all cases, the final result of the analog, mixed-signal, or digital signal
processing is affected, which is reflected at the system level in the final application

or equipment.



12

2.2 Noise in Mixed-Signal Circuits

A mixed-signal circuit, where both analog and digital circuits coexist and share
a monolithic substrate, is a more complex case from the noise point of view as
compared to a pure analog or a pure digital circuit. That is, in a mixed-signal
circuit, besides the existence of the specific analog and digital noise problems, the
interactions between the analog and digital portions create significant additional
problems.

The interaction between the analog and digital portions of the circuit creates
two major noise problems in a mixed-signal system: noise induced by capaci-
tive coupling and by substrate coupling (SCN). Both problems exist in a pure
digital or a pure analog system, however, their importance increases in a mixed-
signal system. The effects of capacitive coupling and substrate coupiing noise in
a mixed-signal system depend on a multitude of factors, and are different for a
digital influencing analog as compared to an analog influencing digital type of ap-
plication. Inductive coupling effects are present in a smaller range of applications,
such as RF applications and have just begun to become important in very high

speed digital applications [34-37].

2.2.1 Capacitive Coupling Noise

Capacitive coupling is an important problem in any type of application, ana-
log, digital, or mixed-signal. It has been extensively studied for digital appli-
cations [38-41], since the signal integrity of the on-chip signals has become an
important issue as the speed of digital applications continues to increase and the

digital technologies continue to be scaled.
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In analog and mixed-signal design [42,43), the problem of capacitive and
crosstalk noise have different aspects as compared to a digital circuit, even if
the basic mechanism remains the same. The difference is due to the fact that, as
shown in Chapter 1, for an analog/mixed-signal application almost any amount
of noise is important, i.e., any amount of noise induced by a switching digital sig-
nal into a neighboring analog signal line can degrade signal quality in the analog

portion of the system.

2.2.2 Substrate Coupling Noise

For both digital influencing analog and analog influencing digital types of
applications, as shown in Fig. 1.1 and 1.2, a noise source, a transmission medium
(the substrate), and a noise receptor exists as shown in Fig. 2.1. "The source-

transmission medium-receptor triad is valid for any type of noise.

NOISE | Transmission med —\| | NoIsE
SOURCE ransmission medium A RECEPTOR

Figure 2.1: Noise coupling - the general case.

However, as mentioned in Chapter 1, major fundamental differences exist be-
tween the digital influencing analog and analog influencing digital type of applica-
tions regarding the process of noise generation, transmission, and reception. Sub-
strate coupling noise received attention primarily in mixed-signal circuits, specifi-
cally, where the high speed switching digital circuitry influences the high precision

analog circuitry (see Fig. 1.1). Typical applications of this category of circuits are
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A/D and D/A converters. In this chapter, the primary research issues related to
SCN which have been reported in the literature are summarized.

In Section 2.3, the importance of choosing the appropriate technology for a
given application, as well as the process cost, maturity, availability, and the trade-
offs among these criteria with respect to SCN are outlined. Typical noise wave-
forms and noise flow through the substrate are described in Section 2.4 and Sec-
tion 2.5, respectively. Substrate modeling is reviewed in Section 2.6. The principal
research results describing how digital circuits influence analog circuits, specifi-
cally the generation, transmission, and reception of substrate noise, are reviewed

in Section 2.7.

2.3 Technologies and Noise Coupling

The generation, transmission, and reception of substrate noise is significantly
influenced by the technology chosen to implement an application. The most im-
portant technologies are reviewed in this section. The sensitivities of these tech-
nologies to SCN are discussed qualitatively. Quantitative aspects, described in
the literature, are reviewed in Section 2.7. As previously discussed in Chapter 1
and Section 2.2.2, SCN has been extensively studied for digital influencing ana-
log applications, such as DACs. In Section 2.7, these SCN studies are presented.
Two major categories of technologies are used to present the results shown in
Section 2.7. These are technologies using substrates consisting of a lightly doped
epitaxial layer grown on a heavily doped bulk, referred to here as heavily doped
substrates, and technologies using lightly doped bulk substrates, referred to here
as lightly doped substrates. In this section, reference to Section 2.7 is suggested

for additional, more detailed information.
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2.3.1 NMOS (PMOS) Technology

From an SCN sensitivity point of view, NMOS and PMOS technologies, ex-
emplified in Fig. 2.2a, are similar to the lightly doped substrate case. Additional
quantitative information describing SCN in these technologies is described in Sec-

tions 2.5 and 2.7.

2.3.2 DRAM Technologies

A high density DRAM process is exemplified in Fig. 2.2b (Epitaxy Over Trench
process [44]). The use of three-dimensional integration is necessary due to the need
for both high capacitance and small cell size. The planar (two-dimensional) ca-
pacitor requires a large cell to provide the necessary capacitance. The DRAM
capacitor is highly susceptible to noise due to the parasitic charge/discharge pro-
cess of the DRAM capacitor. Another reason is the sensitivity of the DRAM
capacitor to noise, due to its exposure to noise as shown in Figs. 2.2b and 2.7a.
This exposure to noise is generated due to the depth of the capacitor into the
substrate. Note from the two figures that, since the noise path is predominantly
at the interface between the epitaxial layer and the bulk (Section 2.5), the noise
path passes through the body of the DRAM capacitor. Also, the sensitive ana-
log sense amplifiers are affected by noise in a similar way as the sensitive analog

circuitry is affected by noise in a DAC.

2.3.3 CMOS Technologies

e CMOS Technologies Without Epitaxial Layer (Fig. 2.2c) From an

SCN sensitivity point of view, this technology is similar to the lightly doped
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substrate case. Additional quantitative information describing SCN in these

technologies is described in Sections 2.5 and 2.7.

CMOS Technologies with epitaxial layer (Fig. 2.2d)

From an SCN sensitivity point of view, this technology is similar to the
highly doped substrate case. Additional quantitative information describing

SCN in these technologies is described in Sections 2.5 and 2.7.

Double Well CMOS Technologies (Fig. 2.2e) Each device is isolated in a
N-type or P-type well using a junction isolation technique (see Section 2.3.7).
The noise path between any two transistors must cross through two reverse
biased well-epitaxial layer junctions, twice through the epitaxial layer, and
through the bulk (see Fig. 2.2e). The improved isolation between any two
devices significantly reduces the noise interaction, for example the carriers

will recombine.

High Voltage CMOS (NMOS), Special CMOS Technologies (see
Fig. 2.2f). High voltage technologies are similar to those illustrated in
Figs. 2.2a, 2.2¢c, and 2.2d. Additional process steps are added to produce
the high voltage devices. For example, if the NMOS transistors are power
transistors, a drift N- region is added (see Fig. 2.2f). Also, the special CMOS
process shown in Fig. 2.2f consists of isolating each device with deep wells
which could be either deep isolation diffusions as in bipolar processes or wells
obtained through anisotropic etching (Section 2.3.7). Device isolation is an
important issue in high voltage technologies and is discussed more exten-
sively in Section 2.3.7. Substrate coupling noise increases for high voltage

processes, due to the high voltages and high currents that are switched, and
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is directly dependent on the techniques used to isolate the devices. The
special CMOS process with improved isolation enhances the noise behavior,

decreasing the transmitted noise.

b) DRAM Technology
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¢) CMOS P-well, no-epi d) CMOS N-well, epi layer

v

i) BCD - Bipolar, CMOS, DMOS technologies

Figure 2.2: Overview of different semiconductor technologies
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e DSM CMOS Technologies The noise behavior of DSM CMOS technolo-
gies deteriorates due to short channel and short width device sizes [24]. The
gain of the parasitic bipolar transistors is increased due to the decreased
base thickness (increased §). Under substrate noise influence, the sensitiv-
ity to latch-up increases (25, 26, 28]. The increase in latch-up sensitivity is
significant if high voltage circuitry is present on the same substrate with
DSM low voltage circuitry. Increasing device separation or increasing the
device size in the potentially sensitive low voltage circuit, reduces noise sen-
sitivity. SCN is expected to become significant in DSM CMOS even for
those applications that employ only low voltage DSM circuits as the device
and interconnect dimensions continue to shrink, since the parasitic bipolar
effects will increase in importance, the power supplies and threshold voltages

will decrease, decreasing the effective noise margin.

Figure 2.3: A vertical (substrate) PNP transistor

2.3.4 Bipolar Technologies

The noise behavior of bipolar technologies, exemplified in Fig. 2.2g is typically
better than CMOS technologies due to the device isolation (see Section 2.3.7 for
additional information). The devices are naturally isolated using junction isola-

tion techniques. However, since the vertical PNP transistors use the substrate as
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an active layer, these transistors collect the substrate current flow (see Figs. 2.3
and 2.7) and become affected by substrate noise. Therefore, vertical PNP tran-

sistors should not be used in noise sensitive circuitry.

2.3.5 DMOS (VMOS) Technologies

Typically, DMOS and VMOS structures, exemplified in Fig. 2.2h, are high
voltage devices. The generated noise is expected to be large due to the high
voltages and currents that are switched. However, due to the unusual design of
these devices, the electric fields are smaller and/or the switching speeds are greater
than in typical CMOS devices. Therefore, DMOS (VMOS) devices benefit from

the noise point of view as compared, for example, to high voltage NMOS devices.

2.3.6 BiCMOS Technology

This technology, exemplified in Fig. 2.2i, combines the advantages and noise
properties of CMOS and bipolar technologies (see Sections 2.3.3 and 2.3.4). In
addition, the CMOS and bipolar portions interact through a common substrate.
This interaction can be important depending on the application, device sizes,

transistor biasing, and other related aspects [45].

2.3.7 Smart-Power Technologies

Smart-power technologies are typically highly sophisticated and costly. The
sophistication comes from the necessity to obtain high performance power devices
(both high voltages and high currents), and to isolate the high voltage transistors
from the sensitive circuitry to maintain minimum device interaction through media

such as the common substrate. Typically, three types of isolation techniques are
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employed: self-isolation, junction isolation, and dielectric isolation 17,18, 46—49]

(see Fig. 2.4). These isolation techniques consist of:

e The self-isolation technique (see Fig. 2.4a) consists of isolation through the
reverse-biased junction between the source-drain region and the body re-
gion. This isolation technique occurs naturally. However. supplemental
process steps are required for the high voltage transistors. The drain must

be completely surrounded by the gate and source regions.

c) RESUREF juaction isolation technique

° ¢ s

=

d) Dielectric isofati haiq

Figure 2.4: Examples of common isolation techniques used in high voltage and/or
smart-power IC technologies
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e The junction isolation technique (see Fig. 2.4b and Fig. 2.4c) utilizes the
ability of a reverse biased epitaxial-substrate junction to provide isolation.
In Fig. 2.4b, a thick epitaxial layer is used to isolate the high voltage devices.
This technique offers the advantage of high performance for the high voltage
transistors, but low performance for the low voltage devices due to the thick
epitaxial layer. The second technique shown in Fig. 2.4c uses a thin (5
to 8 um) epitaxial layer optimized to obtain high performance, low voltage
devices. To obtain the high voltage transistors, the RESURF principle [50] is
used, which is based upon using a low, optimized charge in the N- epitaxial
layer. This limited charge forces a two-dimensional redistribution of the
electrical field so that a high voltage can be supported laterally between the
source and drain of the DMOS transistor. The breakdown voltage of the
high-voltage device is adjusted by varying the distance between the gate-to-

drain and source-to-drain regions.

e The dielectric isolation technique (see Fig. 2.4d) uses oxide to isolate the
devices. An example is the etch-refill process {51]. A particular case of this
isolation technique is SOI® technology [18,47]. The advantages of this iso-
lation technique are: the ability to integrate a variety of high performance
components, excellent immunity to latch-up, operation at high tempera-
tures, and higher packing densities due to the smaller area required by the

isolation region.

Note that the better the isolation technique, the more complex and expensive the

process.

5Silicon-On-Insulator
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Many attempts to reduce technology costs without compromising performance
have been made. All of these attempts intend to develop low cost techniques to
allow a standard process to integrate circuit functions for which the process was
not originally designed [52,53]. Some of these attempts reduce the substrate

coupling noise in a standard low-cost process by

e Including circuit sensing functions for overcurrent, short-circuit, and open-
loop detection [54] to predict large amounts of noise and to increase relia-

bility.

e Using forward biased N+ guard ring diodes to generate a relatively large on-
chip capacitance. This variable capacitance is resonant with the substrate

lead inductance to form a low impedance path to ground [55].

e Using a guard ring to detect the magnitude of substrate noise. Based on this
detected noise signal, an operational amplifier produces a noise cancellation
signal that is the inverse of the substrate noise magnitude. This operational
amplifier actively injects this noise cancellation signal into the substrate

through another guard ring, suppressing the substrate noise [36].

Less process sophistication implies a lower cost for the technology. However, the
interaction between the analog and the digital sections generally increases as the

process sophistication decreases, creating more SCN problems.

2.3.8 Other technologies

Improvements and/or combinations of the aforementioned technologies exist.

For example, in Fig. 2.2i, a BCD (BiCMOS process that includes DMOS devices)
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process is depicted which is particularly appropriate for high performance smart-
power applications. The interaction between the different devices for this process
is through the common bulk. Combinations of these technologies exist, such as
a CMOS double-well with junction isolation between devices and NMOS with
epitaxial layer. As shown, a key factor in substrate noise immunity is device

isolation.

2.3.9 Therelationship between application, technology, and

noise

For the same technology, different applications behave differently to SCN. For
example, a CMOS technology with an epitaxial layer that includes high sensi-
tivity analog circuitry is more affected by noise than the same tecl?nology that
implements a digital only application. The difference derives from the inherent
sensitivity of the analog signals to noise. Therefore, by knowing the application
and the noise behavior of each technology, the appropriate technology for that ap-
plication can be chosen to minimize the effects of SCN. Practically, the cost of the
technology and the availability and maturity of a process also limit the possible
options. Thorough analyses are performed to characterize and improve the noise
behavior of a specific technology. These solutions encompass technological (pro-
cess adjustments, such as doping variations, annealing temperatures variations),
circuit, physical (layout), operating conditions (such as operating temperature),
circuit signal conditioning (such as turning on and off digital blocks during the

noise generation), signal and power routing aspects, and block placement.
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2.4 Substrate Coupling Noise Waveforms

A number of articles in the literature [69-73] have reported experimentally
observed noise waveforms caused by the switching of digital logic blocks. These
waveforms have been compared with simulations results using MEDICI [74]. A
typical noise waveform, both experimentally observed and simulated, is shown
in Fig. 2.5, while the typical device structure including the noise source, the

transmission medium, and the noise receptor is shown in Fig. 2.6.

V:)lu Noise generating signal transitions (input signal)
oV _
Time
Noise Voitage
[}
£
ov ] 4
{ l . _ Settiingtime
Time

Figure 2.5: A typical noise waveform caused by digital switching: a) the noise
generating transitions of the digital signal and b) the output of a current source,
affected by substrate noise

Note the analogy between Fig. 2.6 and Fig. 2.1 for substrate noise, where the
notse source is the noise generating transistor, the transmission medium is the
common substrate, and the noise receptor is the sensitive transistor. Wooley, Ru-
bio, and Masui [69-71] reported a positive and negative transitioning noise spike
generated during the signal switching, as shown in Fig. 2.5. In the experiments
described in [69-73], the noise source is digital and the noise receptor is analog,

consisting of a current source.
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Figure 2.6: The typical device environment for substrate coupling noise
interaction.

The observed noise waveform at the output of the current source (see Fig. 2.5)
is caused by the negative (positive) voltage transients from the substrate generated
by the switching of the digital signals (69, 71, 72]. These transient signals increase
(decrease) the threshold voltage V7 of the current source MOS transistor through
the body effect, thereby decreasing (increasing) the current flow in the current
source and inducing a positive (negative) spike in the output voltage V,,, of the
current source, creating a peak voltage Vj,, as illustrated in Fig. 2.5. The noise
waveform in Fig. 2.5 is observed for both a highly doped substrate case and a lightly
doped substrate case. The peak-to-peak measured noise voltage Vo-p depends on
a wide range of technological and design aspects, as is discussed in the following

sections,

2.5 The trajectory of the noise signal through

the substrate

As mentioned in Section 2.3 and Chapter 1, SCN has been seriously inves-

tigated for the highly doped substrate case and the lightly doped substrate case
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and for digital influencing analog applications. The current flow lines for a highly
doped substrate and a lightly doped substrate [69] are shown in Fig. 2.7. The re-
ported current flow lines are obtained by simulations using PISCES-IIB [69, 75].
Intuitively, the waveforms shown in Fig. 2.7 can be explained by the fact that the
substrate current transients propagate towards the path with the lowest substrate
resistivity.

Noisy drain
Subsm,e contact  Sensitive transistor \ Substme contact

/
m\ i /W(’

=

a) The substrate current flow fora highly doped substrate
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b) The substrate current flow for a lightly doped substrate

Figure 2.7: The current flow lines for a lightly and highly doped -substrate. All
distances are in micrometers.
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For a highly doped substrate, the substrate current crowds towards the low
resistivity bulk and propagates towards the sensitive transistors and substrate
contacts through the low resistivity bulk. The maximum amount of noise is prop-
agated at the interface between the epi layer and the bulk (see Fig. 2.7a) and
through the bulk, since that path is the lowest resistivity path. For a lightly doped
substrate, the lowest resistivity path is at the surface of the substrate. Therefore,
as shown in Fig. 2.7b, the substrate current crowds towards the surface, and is
less present towards the back of the substrate within the volume of the substrate.
This current flow behavior depends upon the substrate type (i.e., the technology)
and has important consequences on the nature of the transmitted noise towards

the noise sensitive circuitry, as is discussed in the following sections.

2.6 Substrate modeling

In order to simulate the effect of SCN, the common circuit substrate must be
properly modeled [76]. Several modeling techniques have been employed, achiev-
ing different levels of precision. The substrate has been modeled as a 2-D and
3-D mesh of resistors or R mesh [77-79], and as a mesh of parallel resistors and
capacitors or RC mesh [80-83]. The RC mesh model is shown in Fig. 2.8. For
each drain, source, or transistor, a node, which represents the location where the
noise is generated or received within the substrate, is introduced in the model.
Each node interacts with every other global or neighboring node. The computa-
tional complexity of the model increases exponentially with circuit size. Different
approaches to model the substrate have been developed for large circuits [78] due

to this trade-off between computational speed and model accuracy. A model-

ing methodology that achieves reasonably high accuracy and fast computational
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speeds is the noise signature method [84]. This method uses accurate local sub-
strate models to obtain high accuracy, while the computational complexity is re-
duced by dividing the circuit into blocks and determining the noise signature for
each block. The substrate noise of the entire circuit at a macro level is determined
by analyzing the interaction between the noise signatures of each of the blocks.
The noise for one block is a sum of the noise signatures influences coming from all

of the other blocks. A similar approach involves partial substrate modeling [85)].

Figure 2.8: Spatial discretization of the substrate using Maxwell’s equations.

The basic principles of substrate modeling [81] are based on the notion that
outside the diffusion/active areas the substrate can be approximated as layers
of uniformly doped semiconductor of varying doping density. In the following

analysis, the starting point is Maxwell’s equations in differential form [86-88],

V-D=p, (2.1)



V-B=0, (2.2)
= dB
= —_-—— 9
VxE e (2.3)
and
S - dD
— —_— 9
V x H J+dt, (2.4)

where E is the electric field, D is the electric fluz density, H is the magnetic field
intensity, B is the magnetic field density, J is the current density, and p is the
charge density.

Ignoring the magnetic fields and using the identity,

V.-(Vxa)=0, - (2.5)
(2.4) can be written as
\?»f+t7-%=o. (2.6)

Using the material constants € (permitivity) and ¢ (conductivity)

D=¢E (2.7)

and

(2.6) becomes

oV-E+ e%(ﬁ -E)=0. (2.9)
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Modeling the substrate as a three-dimensional RC mesh (see Fig. 2.8) with the
primitive element box sizes of width w;j, length d;;, and height h;;, and applying

a box integration strategy [89], the following expression is obtained,

B(Gy (Vi - Vi) + Gyl = 2Vl =0, (2.10)
where
Gy = a(%’—) (211)
and
Cij= e(w—;fgﬂ). (2.12)

The complexity problems in substrate modeling result from the number of
boxes that are considered (the number of primitive elements), and from the circuit
size, since, as discussed above, for each drain, source, or transistor, a node, which

represents a noise generating or receiving point must be introduced in the model.

2.7 Quantitative aspects in substrate coupling
noise

SCN is currently being studied for a narrow range of applications, namely for
A/D and D/A converters as well as those applications that contain on-chip digital
logic blocks and high precision analog signal processing. In these applications, the
digital circuitry influences the high precision analog circuitry. The semiconductor
technologies employed to implement these applications are referred to as the lightly
doped case and the highly doped case, as mentioned in Sections 2.3, 2.4, and 2.5.

The principal results of the experimental work and analysis of SCN that has
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previously been reported in the literature, for both the lightly doped case and
the highly doped case, are reviewed in this section. Many of the results reviewed
here, even if obtained for a digital influencing analog type of application, can be
extended, at least in principle, to other types of applications, such as a smart-
power application.

The following issues that influences the peak-to-peak measured noise Vo-p as
depicted in Fig. 2.5 depend on a wide range of technological and design aspects

such as the
e Substrate doping
e Distance between the noise source and noise receiver
e Noise reduction techniques (rings, substrate contacts, etc.) -

e Substrate (epitaxial layer) thickness

Backplane substrate contact

e Substrate contact placement

Switching speed and transition times

Interaction between different types of transistors

Noise source supply voltage

Logic circuit size

Power (high current) line routing

Other issues
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Each of these aspects is briefly reviewed, demonstrating how each of these aspects

influence the generation, transmission, and reception of substrate noise.

2.7.1 Influence of Substrate Doping and Distance between

the Noise Source and the Noise Receptor

It is shown in [69,70] (see Fig. 2.9a) that for the heavily doped substrate case,
if two substrate contacts are separated by more than four times the effective
thickness of the epitaxial layer, the resistance between the contacts is independent
of the separation, and the heavily doped bulk can be regarded as a single node.
This characterization implies that any noise injected through the epitaxial layer
into the bulk will spread through the entire substrate. Accordingly, the peak-to-
peak noise amplitude V},_, is independent of the distance between the noise source
and the noise receptor. In the lightly doped case, the peak-to-peak noise voltage
decreases almost linearly with the separation distance. However, it has also been
seen that lightly doped substrates may produce latch-up [63,64,90]. Note that in
comparing the lightly doped case to the heavily doped case (see Fig. 2.9a), a 30%
reduction in noise is achieved in only a 60 um spacing for the heavily doped case,
as compared to a 200 um spacing for the lightly doped case. Accordingly, if the
sensitive circuitry is less than 200 um apart from the noise source, a heavily doped
case is preferred. A lightly doped case is preferred for large distances between the
noise source and the noise receptor.

As also shown in [70] and illustrated in Fig. 2.9b, the peak-to-peak noise volt-
age strongly decreases with increasing substrate doping level in a non-epitaxial
process. The doping levels increase in the new generations of scaled down tech-

nologies, a beneficial aspect when minimizing SCN.
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Figure 2.9: Noise dependency on distance [69] and substrate doping [70]
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2.7.2 Noise Reduction Techniques
Several noise reduction techniques [69-71,91] have become standard such as
e Substrate contacts
e N+ and P+ rings

o Buried layer
o Wells

The results illustrated in Fig. 2.10 have been reported in [70]. Similar results
for some of the issues studied in [70] are described in (69, 71,91]. The experimen-
tally determined peak-to-peak noise voltage shown in Fig. 2.10 for the different
noise reduction techniques depend on the specific technological and design issues,
as discussed in this chapter. The noise reduction efficiency of these techniques
relative to one another is summarized in Fig. 2.10 and reported in [69-71,91].

The buried layer is a particular case of a backside substrate contact (see Sec-
tion 2.7.4). If N+ and P+ rings are used, the wider the rings, the larger the
noise reduction (70]. In [69], a 99 um wide ring is used (however, a proper ring
size depends on issues such as substrate doping, technology featured size, etc).
It is shown in [69] that the effectiveness of the guard rings increases if the rings
are biased through a dedicated pin. If the ring is connected to a large substrate
contact, and both the ring and the substrate contact are connected to the same
pad, results in an increase in noise. The ring must be placed as close as possible to

the sensitive circuitry in order to increase the protection of the sensitive circuitry.
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connections
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These issues can be better explained by referring to Fig. 2.11. To decouple node
A, R1 must be smaller than R2 (the guard ring should be as close as possible to the
sensitive circuitry). If the ring is connected to the large substrate contact, node
A receives the substrate noise through R3 (smaller than R2 due vto the substrate
contact size) and the metal layer between the guard ring and the substrate contact,
increasing the observed noise.

The P+ guard rings are highly efficient for a lightly doped substrate, and are far
less efficient for a highly doped substrate {69, 71]. This behavior is due to the fact
that (see Fig. 2.11 and Fig. 2.7) the substrate current lines are attracted towards
the ring, propagating along the substrate surface through a small R1, while R2
and R3 are large for a lightly doped substrate. For a highly doped substrate, R2 and
R3 are comparable to R1 and the efficiency of the ring is diminished. As shown
in Fig. 2.7, the current lines propagate in all directions. The use of wells to break
the channel stop implant has a small effect as shown by the current flow lines
depicted in Fig. 2.7. The peak-to-peak noise voltage decreases a great deal [69)
if multiple pins are used to bias large substrate contacts due to inductive effects
(see Section 2.7.11). As described, a highly doped substrate has up to one order
of magnitude improved noise behavior than a lightly doped substrate for small
distances between the noise source and the noise receptor. However, for a lightly

doped substrate, the noise decreases with distance.

2.7.3 Substrate (Epitaxial Layer) Thickness

The influence of the substrate thickness with respect to the received noise is
studied in {70] for the lightly doped substrate case. These results can be partially

extrapolated to a highly doped substrate case by considering the bulk with zero
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resistance. It has been reported [70] that the noise increases almost linearly with
substrate thickness for thicknesses up to = 80 um, after which the magnitude of

the noise saturates (see Fig. 2.12).

Peak-1o-Peak Noise Voltage (mV)
8
T
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Figure 2.12: Dependency of noise on substrate thickness.

2.7.4 Backplane Substrate Contact

A backplane bias has been shown to reduce SCN in both the lightly doped
substrate case [70,72,91] and the highly doped substrate [69,71,91] case. The
buried layer technique [70] (Section 2.7.2) is a particular case of the backplane
substrate contact, and is particularly beneficial for the noise behavior since it
reduces the substrate thickness (Section 2.7.3) to epitaxial layer thickness if the
buried layer is placed at the interface of the epi layer and the bulk.

For a lightly doped substrate, the backplane contact acts as a highly doped
substrate bulk (Section 2.7.1), saturating the noise with distance [72]. As shown

in Figs. 2.13a and 2.13b, for a highly doped substrate, a backside contact effectively
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reduces SCN, provided that the package provides a low inductance path between
ground and the backside contact, thereby reducing L di/dt noise [69,71]. With
an efficient backside contact, the P+ guard rings provide little benefit since the

switching-induced current is supplied from the backside contact.
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contact package pins
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b) Peak-to-peak noise voitage us a fnction of the inductance used to
bias a backside substrate contact

Figure 2.13: Dependency of noise on the substrate (backplane) contact inductance
and on the number of substrate contact package pins
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The variation of the peak-to-peak noise voltage with the backside substrate
contact inductance is shown in Fig. 2.13b. Zero inductance provides virtually zero
noise, increasing to = 8 mV for 9 nH [69,71]. As the inductance increases, an
increasingly larger ringing is observed on the noise waveforms. Multiple package

pins for the backside contact is beneficial, reducing the inductance [69].

2.7.5 Placement of the Substrate Contacts

The placement of the substrate contacts influences the current flow lines as
shown in Fig. 2.7. Poor placement of the substrate contacts can actually direct

the noise towards the sensitive circuitry.
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Figure 2.14: Dependency of noise on the placement of the substrate contacts

The analysis of the placement of the substrate contacts has been performed
in {72] for the lightly doped substrate case. The discussion is based on the existence

of three dominant resistances: between the noise source (S), the noise receptor (R),
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and the substrate contacts or backside contact (SB), Rs_p,Rs_sg, and Rp_sg.
Each of these resistances depend on the corresponding distances, ds_g, ds_gg, and
dr-sp. It is shown that the noise decreases as ds_p increases and as ds_sp+dp_sg
decreases (Fig. 2.14). Accordingly, poor substrate contact placement can increase

the noise, even if the other factors that influence the noise are chosen carefully.

2.7.6 The Influence of Switching Speed and Transition

Times on Noise

The heavily doped substrate case is analyzed in [69]. An equation characterizing

the voltage of the bulk node as a function of the switching transients is

Veurs(s) _  Cc s(s + £5)

' = , 2, Rs N S
Vrrans(s) Cc+Css? + LsS + Ls(Cc+Cs)

(2.13)

This equation provides a substrate resonance frequency (SRF) as a function of

the technology characteristic resistances, inductances, and capacitances (Rg, Ls,

Cs, Cc) (69],

SRF = \/ 1 B (2.14)
Ls(Cs+Cc) L%

Cc models the diffusion and interconnect capacitances coupling the switching
noise sources to the substrate, Cs models the capacitances from different nodes,
pads, and junctions of the circuit to the substrate, Rs models the spreading resis-
tances through the epitaxial layer, and Ls models the bonding wire inductance.
SRF is the resonance frequency of the substrate response described by (2.13).
The switching clock frequencies and low order harmonics must not coincide with
the SRF in order to provide good noise immunity with respect to the operating

frequency of the circuit. Since the SRF depends upon technology factors which
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are difficult to adjust (Rg, Cs,C¢), the noise can be reduced by controlling the
characteristic inductance (Ls) through efficient packaging.

For a lightly doped substrate case, it is shown in [72] that by decreasing the
frequency, the noise is reduced and the noise ringing is significantly decreased. It
is shown in [70] that the noise increases by four orders of magnitude (0.1 mV to 1
V) when the transition times decrease over four orders of magnitude, from 10 ns

to 1 ps (see Fig. 2.15).
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Figure 2.15: Dependency of noise on the digital signal transition times

2.7.7 Interactions Between Different Types of Transistors

For a typical CMOS N-well technology, the noise interaction between different
combinations of NMOS and PMOS transistors based on MEDICI simulations has



42

been reported in [70]. In this analysis, independent of the transistor type, the
noise source and the noise receptor consist of a transistor with a resistive load (an
inverter with resistive load for the noise source and a current source for the noise
receptor). These results are listed in Table 2.1.

Table 2.1: The noise levels quantifying the interaction between different types of
transistors in a CMOS N-well process

Noise | Noise Noise
source | receptor | level (mV)
NMOS | NMOS 7.1
NMOS | PMOS 4
PMOS | PMOS 2.6
PMOS | NMOS 1.4

Experimental tests to confirm these MEDICI simulations have been performed
in [70]. A discrepancy between the simulated and experimentally obtained results
has been noted in {70]. The NMOS-to-NMOS and PMOS-to-PMOS interactions
have a similar noise level in the experimental measurements, in contrast to the re-
sults derived from the MEDICI simulations (see Table 2.1). Also, the experiments
show that if the distance between the noise source and the noise receptor is small,
the noise received by the noise receptor, if it is parallel to the noise source, is about

four times larger than if the noise source and the noise receptor are orthogonal.

2.7.8 The Influence of the Supply Voltage of the Noise

Source

An analysis of the generated noise for different supply voltages of the noise
source has not been reported in the literature. In the reported work, the noise
source is digital and the power supply is typically 5 volts. However, in [72], noise

levels for two different logic supply voltages of the digital noise source are men-
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tioned. The experimental results shown in [72] include the effect of the variation
of the power supply and the operating frequency (see Section 2.7.6). Accordingly,
a complete description of the effect of the power supply voltage variation on noise
has not been described within the literature. However, for the two combined ef-
fects, the noise level is shown to decrease when the power supply and the frequency

decrease [72].

2.7.9 Logic Circuit Size

It is experimentally shown [73] for a 0.8 um CMOS process that the amplitude
of the noise measured in the analog portion of the circuit depends upon the number
of activated logic gates. From the figures reported in [73], the peak-to-peak noise
voltage level is approximately 40% higher when 7.4K gates are active’as compared

to when 3.9K gates are active.

2.7.10 Routing of Power (High Current) Distribution

Routing the power lines in a mixed-signal environment is a very delicate prob-
lem. The position and number of the power pins are important issues. Some
of these aspects are discussed in Sections 2.7.2, 2.7.4, 2.7.53, and 2.7.11. An op-
timization problem for the power lines distribution is formulated in [91]. Some
experimental rules for choosing a power distribution grid are given in [92]. For ex-
ample, Olmstead and Vulih recommend in a digital influencing analog application

to

e Have the Vpp bus serving the digital portions of the chip short and with a

low impedance.
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e Use extreme care in locating the substrate tie downs to keep the digital noise

from entering the substrate.

e Substrate tie downs from the sensitive busses should be eliminated in order

to keep substrate noise from entering the analog Vpp busses.

2.7.11 Other issues influencing the generation, transmis-

sion, and reception of substrate noise

The inductance of the bonding wires greatly affects the noise behavior [69,
71,91], especially for those wires connected to the backside contact, substrate
contacts, or power/ground lines (see Sections 2.7.2, 2.7.4, 2.7.5). It is shown in [71]
that the inductance on a Vpp line produces a ringing on the noise waveform with
a frequency close to 1/27/LC where L is the parasitic inductance of the supply
line and C is the equivalent n-well capacitance connected to the substrate. The
noise amplitude as a function of the package inductance for both highly and lightly
doped substrates using P+ substrate contacts or backside contacts are described
in [71]. The higher noise level is obtained for a backside contacted, lightly doped
substrate. A dramatic reduction in the noise level when multiple package pins are
connected to the power supply (or to the substrate contacts) is reported in [91].

Noise settling time, defined according to Fig. 2.5, is shown to decrease dra-
matically as the number of package pins connected to the power supply (or to
the substrate contacts) increases and as the inductance of the bonding wires de-
creases [69,91] (see Fig. 2.16). Typical settling times are 3 ns for eight pins and
up to 16 ns for one pin. The settling time is shown to be influenced by the noise
reduction techniques [91] (Section 2.7.2). The P+ ring is demonstrated to be

preferable for both a highly doped substrate (where the settling time is reduced by
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a factor of two) and a lightly doped substrate (where the settling time is reduced

by a factor of four).

Settling time ()
[ 3

"+

0 -

%
3 . ’
Number of substrate contact package pins

a) Settling time 1o within 0.5 mV as a function of the number of substrate
contact package pins.

Settling time ()

inductance (ai)

b) Settling time to within 0.5 mV as a function of the inductance
used to bias a backside substrate contact.

Figure 2.16: Settling time of noise as a function of the substrate contact package
pins and inductance used to bias a backside substrate contact [69]

The noise received by the sensitive transistor as a function of its orientation
with respect to the noise source transistor is studied in [70]. It is shown that if

the transistors are transversal (their gates are perpendicular to each other), the
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noise is reduced by a factor of two as compared to when the transistors are in
parallel. It is also shown that if the source of the sensitive transistor is physically
closer to the noise source, the noise is decreased by a factor of four as compared
to when the drain is physically closer to the noise source.

"The relative on-chip placement of the digital logic blocks (i.e., the noise source)
and the analog circuit blocks (i.e., the noise receptor) greatly influences the noise
received by the sensitive analog blocks (see Sections 2.7.1, 2.7.2, 2.7.5, 2.7.7, 2.7.9,
and 2.7.10). The effect of the placement of the digital blocks to reduce the noise
received by the analog blocks has been studied in [93].

On-chip inductors present in applications such as wireless communications can
generate noise within the substrate [94]. This noise is generated due to issues such

as magnetic effects and field propagation.

2.8 Highlights of the present work

The research discussed in this proposal focuses on the analysis of SCN when
both high power analog circuitry and digital control circuitry are integrated on
the same monolithic substrate, specifically for mixed-signal Smart- Power circuits.
For reliable monolithic Smart-Power applications, problems such as SCN must be
fully understood, modeled, and compensated. The cost of the final product, im-
plying the process complexity, is also an important factor. Accordingly, solutions
to control SCN in a low cost monolithic process are highly desirable, thereby
eliminating expensive hybrid or high performance smart-power processes.

Substrate coupling noise in NMOS and CMOS smart-power circuits are inves-
tigated in this research project. These technologies have been chosen primarily for

reasons of low cost, technological maturity, reliability, and availability rather than
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for suitability for Smart-Power circuits. The primary focus of this research effort
Is to investigate the fundamental influences of substrate coupling noise on NMOS
and CMOS mixed-signal smart-power circuits, and to determine design techniques

to mitigate substrate coupling noise in these type of circuits and technologies.
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Chapter 3

Design and Test of NMOS
Mixed-Signal Circuits

An initial step in achieving the principal objective of this research effort, the
characterization of the noise behavior of digital circuits for standard low cost
technologies for use in smart-power applications, is the analysis of the behavior
of digital circuits in an NMOS process. This technology is chosen primarily for
cost reasons, availability, certain circuit advantages, and because the analog power
blocks are most conveniently implemented in an NMOS technology.

An NMOS process is presently the lowest cost technology available which offers
the advantages of MOS technologies. For the target mixed-signal application, the
speed of the logic blocks is not an issue (the maximum required speed is below 1
MHz), and neither is the non-standby power dissipated by the logic blocks since
the analog high power drivers dissipate the largest percentage of the total on-
chip power. Accordingly, the well known advantages of CMOS do not represent
a primary advantage for this smart-power application. A bipolar technology is
not justified for this application, first due to the added technological complexity,
and also for cost and circuit functionality reasons. An NMOS technology for

this application has important advantages such as maturity, low cost (the lowest

+
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number of masks), circuit simplicity, low number of transistors, and the analog
power blocks are most conveniently implemented in an NMOS process.

A high voltage low cost standard NMOS process [95] is implemented here. The
high voltage process uses a low doping substrate and a drift region for the high
voltage transistors as shown in Fig. 2.2f. The standard channel length is 5 pm,
the substrate thickness is = 300um without a backplane metalization, and the
enhancement and depletion transistors have typical threshold voltages of Vg =1
volt and Vprp = —3 volts.

The test circuits are described and a test strategy is developed in this chapter.
The circuit architecture, circuit details, and an overview of the circuit function
and layout of the test circuits are discussed in Sections 3.1 and 3.2. The noise
that is generated, transmitted, and received depends upon the technology of the
application (see Sections 2.3 and 2.5), and on a variety of technology, circuit, and
physical design issues (see Section 2.7). The NMOS technology is characterized in
Section 3.3 from a noise point of view. The noise issues as presented in Section 2.7
are described in Section 3.3.1 for smart-power applications. Specific noise issues
applicable to a smart-power application are described in Section 3.3.2. The test
plan for analyzing the fabricated circuits is described in Section 3.4.1. The test

set-up and equipment is described in Section 3.4.2.

3.1 Circuit description

Each of the test circuits consist of noise aggressors and noise victims. In these
test circuits, a noise aggressor consists of an analog power driver, which is a high
voltage, high current transistor, driving a resistor with a typical value of R = 500

Q2 (see Fig. 3.1a). The supply voltage for the noise aggressors is 38 volts.
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Figure 3.1: Circuit diagrams of the primary NMOS circuits

To efficiently drive this high voltage, high current transistor, a 13 volt predriver
(shown in Fig. 3.1b) is used. The predriver receives digital control signals from
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5 volt digital logic, consisting of inverters, gates, and static or dynamic latches
(Figs. 3.1c, 3.1d, and 3.1e). Eight noise aggressors (or drivers) form a group. Each
of the test circuits is composed of one or more such groups. Each driver of a group
is individually selected by the 13 volt predriver and the 5 volt logic blocks. The
noise victims that receive the substrate noise generated by the noise aggressors
typically consist of a chain of serially connected 5 volt static or dynamic latches.

All of the 5 volt logic is typically static enhancement/depletion except the noise
victim latches which could be either static enhancement/depletion or dynamic en-
hancement/enhancement. All latches are grouped in a master-slave configuration.
Each static master-slave register can be reset (cleared). The role of the Q tran-
sistor of the slave latch, controlled by the clear signal (see Fig. 3.’1c), is to return
the master-slave register to zero. A block schematic of a test circuit is shown in

Fig. 3.2.

Static or dynamuc master-slave sensitive registers. I
1

Substrate Npisc

38 V analog power drivers - groups of 8 independent drivers.

|

l
13 volt predriver interface.
Offers optimal driving capability for the analog power drivers|
Contains NAND gates and drivers.

$ valt control logic blocks. ;
Selects each analog power driver independently. '
Contains static master-slave latches and combinatorial logii]

Figure 3.2: A block schematic of a typical NMOS test circuit
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3.2 Overview of physical design issues

As shown in Section 3.3, a number of variables are chosen in order to study
the influence of the generation, transmission, and reception noise processes over
a digital logic family. These variables determine the number and nature of the
test circuits necessary to analyze the substrate noise in NMOS digital circuits in
a smart-power application.

Fifty test circuits have been designed and fabricated in a single metal - sin-
gle poly 5 um NMOS process, to cover the principal aspects of substrate noise.
The layout of some representative test circuits and circuit blocks are included in
Appendix A. Each of the test circuits has 24 I/O pins. There are roughly four
major groups of circuits as shown in Fig. 3.3. The first group of circuits as shown
in Fig. 3.3a places the sensitive circuits in the upper side of the power drivers.
These circuits are called the upper circuits. Note that these circuits are composed
of eight groups of power drivers. The second group of circuits (see Fig. 3.3b)
places the sensitive circuits between two groups of power drivers. The circuits of
this group are called the middle circuits. The lower circuits, forming the third
group of test circuits (see Fig. 3.3c), place the sensitive circuits in the lower side
of the power drivers. The number of sensitive registers which monitor the sub-
strate noise are: 32 for the upper group, five for the middle group, and nine for the
lower group, where the registers are either static or dynamic. While the first three
groups of circuits monitor the effects of noise on the static and dynamic registers,
the fourth group (see Fig. 3.3d) is designed to measure the substrate noise voltage
at different points of the substrate. Using the fourth group, the magnitude and
characteristics of the substrate noise can be correlated with the victim static and -

dynamic registers.
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For the fourth group, since the substrate voltage levels are considerable (see
Chapter 4) and high precision is not necessary, a rather simplistic approach to
measure the substrate noise levels and the characteristic waveforms is applied.
14 metal lines connected to the substrate surround a group of eight drivers, each
one of the lines having a dedicated pad to access the substrate voltage on that
line. Accordingly, the noise distribution generated through the substrate by the
switching of the drivers can be determined. The noise difference among different
substrate points can also be determined. Each one of the eight drivers can be
individually selected so that up to all eight drivers can be selected at a given time
in order to vary the noise magnitude. For the circuits in this group, each of the

eight drivers is = 35% the size of the drivers used in the first three groups.

3.3 Noise characterization of the test circuits

The sensitivity to noise of a logic family depends upon the amount of noise that
is generated by the power drivers, transmitted through the substrate, and received
by the logic circuits. The amount of noise that is generated depends primarily
on certain design aspects of the power device (i.e., the power driver). Issues such
as the placement of the device substrate tiedowns, the placement of the substrate
contacts, the shape of the polysilicon gate, and the device layout, influences the
amount of noise that is generated by the power driver. For this analysis, a power
device with a drain drift N- region (see Section 2.3.3) and self-isolation technique
(see Section 2.3.7) is implemented. Four large width (& 940 um) transistors,
connected in parallel, are used for the upper, middle, and lower groups to create
one large driver. Two large width (= 530 pm) transistors are used to create one

large driver for the fourth group to determine the distribution of the substrate
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voltage. In each case, the drain is symmetrically surrounded by the gate and
source regions, as required by the self-isolation technique.

The transmitted and received noise depends upon a variety of issues such as
those discussed in Chapter 2. In this section, the transmitted and received noise
for the NMOS technology is qualitatively characterized according to the issues
described in Chapter 2. Each of the issues which might influence the transmitted
and received noise without changing the technological process is considered in the
present analysis as a variable to be analyzed in the test circuits. Additional issues
believed to influence the noise behavior of the digital circuits in a smart-power
environment are considered in this analysis, and treated as variables in the test
circuits. All of these variables determine the proper number of test circuits. The
objective in analyzing these issues is to determine the effect of the noise present
at a specific point within the substrate and the effect on the logic circuits of the

distribution of the noise through the substrate.

3.3.1 Classic noise issues in smart-power circuits

A multitude of aspects which influence the generation, transmission, and recep-
tion of noise in a digital influencing analog type of application have been discussed
in Chapter 2. The goal of this section is to determine which of these aspects are
applicable to a smart-power application.

The target high voltage NMOS technology [95] can be characterized as a lightly
doped substrate case (see Section 2.5). The technology is low cost and has not been

optimized specifically for smart-power applications (see Sections 2.3.7 and 2.3.9).
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e Distance For the lightly doped substrate case, the transmitted noise de-
creases linearly with increasing distance between the noise source and the

noise receptor (as shown in Fig. 2.9a).

Since a group of eight power drivers covers an area of approximately 700 x
1000 um, and one test circuit could have up to eight groups, the distances
between the the noise source and the noise receptor could be quite large.
Accordingly, the test circuits cover a large distance between a noise source
and noise receptor. Vertical distances of 200 um to 500 um (see Fig. 3.3a)
between the sensitive registers and the power drivers are evaluated for each
of the 32 registers. Horizontally, the distance between driver 1 of group 1

and register 32 (see Fig. 3.3a) can reach up to = 63500 um.

e Substrate doping and thickness The lightly doped substrate, required
in a high voltage process, increases the transmitted noise (see Fig. 2.9b).
The doping level is imposed by technological reasons, and therefore can not
easily be modified. Increased substrate thickness, according to Fig. 2.12,
also increases the noise transmission. Practically, however, a large substrate

thickness is necessary due to mechanical support considerations.

e Noise reduction techniques and placement of the substrate con-
tacts A multitude of noise reduction techniques have been mentioned in
Section 2.7.2. The influence of substrate contacts is analyzed in the present
test circuits. For the four major groups of circuits shown in Fig. 3.3, the

substrate contacts satisfy the following rules:

— For the upper, middle, and lower groups, the substrate contacts are

placed as shown in Fig. 3.4a.
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~ For the fourth group, each metal line (see Fig. 3.4b) has substrate
contacts that can be grounded or connected to different bias voltages,

while the noise is monitored on other lines.

— Each power driver has individual substrate contacts. The power drivers

in the fourth group of circuits may or may not have individual substrate

contacts.
- —— ; 2 L] L -
a) Substrate contact placement for group b) Substrate contact placement for group 4
lto3
(O - group of 8 drivers, each with O - drivers with or without individual substrate
individual substrate contacts contacts
{7 - substrate contacts, row or column 1 - metal lines with substrate contacts

Figure 3.4: The placement of the substrate contacts for the four major circuit
groups

— The substrate contacts are P+ and can be used as P+ rings (Sec-
tion 2.7.2) if the contacts are placed sufficiently dense. The substrate
contacts are diffusions of 6 x 12 um. If the distance between the con-

tacts is, for example, 12 um, these contacts are sufficiently dense to

act as a continuous ring.
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Note that there are no substrate contacts between the noise source and the
noise receptor for the upper circuits (see Figs. 3.3a and 3.4a). For the middle
circuits, there are substrate contacts between the power drivers on the right
side and the sensitive circuits (see Figs. 3.3b and 3.4a). For the lower circuits,
there are always substrate contacts between the noise source and the noise
receptor (see Figs. 3.3c and 3.4a). Customized substrate contacts can be
placed for group 4 (see Figs. 3.3d and 3.4b) between the noise source and
any of the 14 metal lines on which the noise is observed, since any of these

14 lines can be connected to ground or another bias voltage.

The test circuits contain no other substrate contacts besides the aforemen-
tioned contacts. The closest substrate contact for either the sensitive regis-
ters, the logic blocks, or the predrivers depends upon the distance between
the circuit and any other existing substrate contact, and is determined by
the placement of the sensitive register, logic block, or predriver. The pres-
ence, number, position, and proximity of the substrate contacts to the digital

sensitive circuitry, as discussed above and in Chapter 2, are analyzed.

Backplane substrate contact The test circuits do not employ a backplane

substrate contact (see Section 2.7.4).

The influence of switching speed and transition times on noise:
The operating frequency in these smart-power circuits is typically 500 KHz
with slow transition times. None of the problems discussed in Section 2.7.6
are applicable. As mentioned in Section 3.3, the power drivers have a large
width, and accordingly, the polysilicon gates have a significant distributed
RC impedance. The consequence of the distributed RC line is that the

power driver turn-on and turn-off signal, derived from the predriver, propa-
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gates along the line, successively turning on segments of the power driver as
shown in Fig. 3.5. Due to this effect, the current may overcrowd at turn-on
near the predriver, and may overcrowd at turn-off at the opposite side of the
predriver. Besides the increased risk of failure of the power driver, this effect
may also cause excessive and nonuniformly distributed substrate noise. To
prevent this effect, several solutions may be employed: a special design of
the gate layout of the power driver or a predriver that creates slow tran-
sition turn-on and turn-off signals for the power driver. Both approaches
permit the signal to reach the same voltage level over the entire polysilicon
gate. Another solution that employs a process adjustment is the use of a
low resistivity doped gate, eliminating the distributed RC characteristic of
the polysilicon gate. For the test circuits, the first two solutions are used.
The predriver (shown in Fig. 3.1b) achieves adjustable, slow transition sig-
nals through transistor sizing. Typically, for a 2 us on-pulse derived from
the power driver, an ~ 5% transition time is sufficient to equalize the signal
over the entire polysilicon gate, while not affecting the functionality of the
pulse. The crowding effect, which may generate noise nonuniformities or
device breakdown, is monitored in the test circuits in the upper, middle, or

lower sides of the power driver.

The interaction between different types of transistors as described
in Section 2.7.7 is not applicable here. However, it may be of interest to
determine the effect of an equivalent amount of noise on a depletion or
enhancement transistor. Also, the size of the depletion and enhancement
transistors, depending on their tolerance to noise, may affect the noise be-

havior of the circuit (such as an inverter or latch).
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e The influence of the supply voltage of the noise source (see Sec-
tion 2.7.8). For these smart-power test circuits, the supply voltage of the
power drivers has a major functional role by creating a specific dissipated
power in the power resistors (see Fig. 3.1a). Different supply voltages can
be used while maintaining the same dissipated power level in the resistor by
modifying the value of the resistor. Accordingly, it is of interest to deter-
mine the noise that is generated by the power drivers for different supply

voltages.
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e Logic circuit size as described in Section 2.7.9 is not applicable here. The
magnitude of the noise source defined as the number of power drivers that

are active at any one time is of interest here.

e Routing of the power lines: The routing of the power and ground lines
for the power drivers is constrained by the power drivers and the power heat-
ing resistors having a specific on-chip position to satisfy the chip function.
However, the routing of the power and ground lines of the predrivers and
logic blocks can be varied, which may significantly influence the noise that
is received by the different circuit blocks. Therefore, the influence of the
routing of the power and ground lines of the predrivers and logic blocks on
noise is studied. Particularly, the influence of common or separate grounds

between the power drivers and the rest of the circuitry is investigated.

¢ Among the other issues mentioned in Section 2.7.11, only the sensitivity
of the register orientation is studied in the present analysis. In the test
circuits, the registers are placed in different orientations with respect to the

power drivers (the noise source).

RF effects, such as the noise induced in the substrate from the RF or high
frequency switching through the skin effect are not applicable here, since

the frequency of operation is much too low (below 500 KHz).

As mentioned in Section 2.7.11, multiple pads reduce the inductance of
the bonding wires, reducing the noise and settling time. However, due to
packaging constraints, only one pad is used for each of the power and ground
lines and for all of the substrate contacts (see Figs. 2.13 and 2.16). Since a

probe card is used in the tests, the inductance, as compared to a bonding
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wire, is reduced. However, this advantage is reduced by the set-up used for
testing which requires long wires between the test equipment and the probe
card. These wires introduce an additional inductance. A combination of
these two factors, the reduced inductance introduced by the probe card and
the increased inductance introduced by the long wires, introduce a medium

inductance effect as discussed in Sections 2.7.4 and 2.7.11.

3.3.2 Specific noise issues in smart-power applications

Specific issues that may influence the generation, transmission, and reception
of noise specifically in sensitive digital circuits in a smart-power environment are
defined and discussed in this section. Due to the specific nature of the smart-
power applications, issues such as distance, substrate contacts, switthing speeds,
the distributed RC poly gate, the supply voltage of the noise source, the size of
the noise source, the power line routing, and the placement and orientation of the
digital blocks (see Section 3.3.1), have completely different effects as compared
to the digital influencing analog type of applications, and therefore are topics
which need to be investigated in a smart-power application. Additional issues,
specific to digital circuits in a smart-power environment, require investigation,
such as the clock and signal conditioning of the digital circuits, the dependence of
the noise magnitude on the duration of the noise pulse, the influence of the noise
pulse skewing among the power drivers, and the influence of the chip temperature.

These new issues are described next.

¢ Clock and signal conditioning of digital circuits: The clock and clock-
bar signals, necessary for the operation of both the static and dynamic reg-

isters, are generated internally by a non-overlapping clock generator fed by
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an external clock. The sensitivity of the digital logic blocks to noise depends
upon the data input and the clock and clockbar state while the power drivers

are switching, become active, and remain active.

The noise affects an enhancement and a depletion transistor differently due
to issues such as different threshold voltages and geometric sizes. As shown
in Section 4.1.5, different noise levels are necessary to induce a parasitic
low-to-high and high-to-low transition at the output of an inverter. Also,
as shown in Chapter 5, for a static register, a parasitic transition can be
practically induced only when the input is high. Accordingly, the noise
behavior of the logic blocks depends on the input data. Also, as shown
in Fig. 3.1c and discussed in Section 3.1, the Q transistor in the static
slave latch is used to reset the register when the clear signal is high. This
Q transistor increases the sensitivity of the slave latch output to noise as
compared to the master latch output, since, due to the noise induced V7
variations and increased forward biasing effects (see Section 4.1 for more
details), the Q transistor may sink more current from the output node of
the slave latch to the ground as compared to the master latch output. If
ckbar is active (see Fig. 3.1c), the slave latch provides a closed loop and
a parasitic transition is latched. If ck is active, the master latch provides
a closed loop, but is less susceptible to latching a parasitic transition due
to the absence of a similar Q transistor on the latch output. Since the ck
and ckbar states depend on the state of the input clock that feeds the non-
overlapping clock generator, the sensitivity of the latches to noise depends

upon the state of the input clock.



64

vdd vdd vdd
— [ Q4 sman —I[ @7 smam
Out
@ Q6 . Q

tn ~_—— i 2ty “— — ostags — !ios Garge)
ckbar : . ! ;

ck

Master Slave Master
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A similar analysis can be made for dynamic latches, this time the emphasis
being placed on the different sizes of the transistors, and on the operation
of the circuit. As shown in Fig. 3.6, Q2, Q5, and Q8 are large transistors,
while Q1, Q4, and Q7 are small transistors. For a master latch, the gate
of the large transistor is controlled by ck for a master latch and by ckbar
for a slave latch. When ckbar is active, the gate of the large transistor of a
master latch is floating, making the transistor more sensitive to noise. Note
that the information stored in the master latch is available at the output
of the register (of the slave latch) when ckbar is active. These two issues
demonstrate that a master-slave register is more sensitive to noise when

ckbar is active than when ck is active.

Influence of the duration of the noise pulse: The amount of time
during which the power drivers are on (the noise pulse duration) may affect
the logic circuitry. The typical noise waveform, as reported in the literature

and shown in Fig. 2.5, suggests that noise is present only during the signal



transitions, and therefore is independent of pulse duration. However, the
data shown in Fig. 2.5 are obtained for a low voltage noise source. For a
high voltage and high current device, the influence of the pulse duration on

noise requires additional investigation.

Influence of the noise pulse skewing. As shown in Section 3.1, each
test circuit contains at least one group of independently controlled power
drivers (noise sources). The on/off control signals of these power drivers
may be skewed due to different gate and interconnect delays. According
to Fig. 2.5, skewed on/off pulses determine skewed noise spikes induced by
skewed substrate noise. The skewed pulses may produce a smaller amplitude
and/or a longer duration noise voltage signal. The high voltage and high
current drivers may also produce different noise effects that can be amplified

by the skewed on/off noise pulses.

Influence of chip temperature: The temperature can affect the behavior
of the noise sensitive circuitry due to issues such as threshold voltage de-
pendency on temperature and increased temperature induced electron lattice
vibration. In these smart-power IC applications, high voltages and currents
are switched. These power pulses generate large temperatures and temper-
ature gradients within the substrate. The noise induced temperature gra-
dients further increase the problem of high temperatures and temperature

gradients.
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3.4 Test-plan and set-up

A test plan is presented in this section, that describes various issues that are
considered in the present investigation. Approximately fifty test circuits have
been designed, fabricated, and tested to satisfy the requirements of this test plan.
The test set-up and equipment used for the analysis are also summarized in this

section.

Table 3.1: Test plan for analysis of substrate coupling noise. Each issue is evalu-
ated for both static and dynamic registers.

Test No. Issue
1. Distance
2. Substrate contacts and layout aspects
3. Power drivers turn-on/turn-off transition times, and the distributed
RC line effect of the polysilicon gate of the power driver
4. The noise behavior of an enhancement transistor
as compared to a depletion transistor
3. Power driver supply voltage and current
6. The size of the noise source
(the number of active power drivers at a given moment)
7 Ground layout and connectivity
8. Position and orientation of the sensitive registers
9 Clock and data signal conditioning
10. Noise pulse duration
(the time during which the power drivers are on)
11. Skewing of noise pulse between power drivers
12. Influence of temperature

3.4.1 The test plan

The issues that have been proposed for the analysis of noise in a smart-power
environment are summarized in Table 3.1. Each issue is evaluated individually
and in combination with other issues depending upon the particular test being

conducted.
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3.4.2 The test set-up

The principal equipment used during testing is an Electroglas 2001 X Automatic
Wafer Prober. A 24 pin probe card is used to probe the test circuits on the
wafer. The input signals are generated by an HP Programmable signal generator
which can generate up to 15 independent programmable signals. Software has
been written in an equipment specific language to generate the signals for each
individual test configuration. The circuit output signals are acquired using an HP
16500A Programmable Logic Analysis System, permitting the observation of up
to four independent channels. Also, on certain occasions, a Tektronix digitizing

oscilloscope is used to analyze these test circuits.

HP programable Sun
. —} SPARC2
signal generator workstation
-
=
Electroglas 2001X ‘
Automatic
e Wafer Prober
Circuit under test
|
HP 16500 A
Programable ] | Auxiliary
Logic equipment
Analysis System } S —

Figure 3.7: The experimental test set-up

Several programmable power supplies, multimeters, and a printer are also used.
All of this equipment is controlled by a Sun Sparc2 workstation. Software has
been written in the C programming language to support the equipment program-

ming, communication, and synchronization. The experimental set-up is depicted
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in Fig. 3.7. A complete list of the equipment that is used with photos of the actual
test laboratory at Xerox Corporation as well as relevant equipment characteristics

are provided in Appendix B.
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Chapter 4

Theory of the Noise Behavior of
Digital Circuits

A digital circuit is insensitive to the presence of substrate noise if the output
of the digital circuit does not change state. Therefore, the circuit may tolerate a
certain amount of substrate noise without any disturbance in the operation of the
circuit. The amount of substrate noise that can be tolerated by a digital circuit
depends upon a multitude of factors related to the particular digital logic family.
Certain phenomena relating to the noise behavior of digital circuits determine the
amount of noise that can be tolerated by a digital family. In this chapter, several
models and mechanisms are developed to explain how substrate noise affects a
digital circuit. The validity of these models and mechanisms are also verified in
Chapter 5 by simulations of the NMOS circuits, and in Chapter 6 by experimental
test data.

The models and mechanisms are discussed in this chapter. The objective is
to explain the process in which substrate noise that is received by a digital logic
element affects the integrity of a digital signal. In Chapter 5, the noise behavior
of NMOS circuits is analyzed by means of circuit level simulations according to

the proposed models and mechanisms.
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4.1 Models and mechanisms

As described in Sections 3.3.1 and 3.3.2, various aspects contribute to the
generation, transmission, and reception of noise. These aspects affect the noise
distribution throughout the substrate. In this section, several models and mech-
anisms are discussed to explain how a digital circuit is affected by the amount of
noise existent throughout the substrate.

A model describing the noise transmission process through the substrate is first
described in Section 4.1.1. The importance of the operating point and region of
operation of a transistor to the noise immunity is briefly discussed in Section 4.1.2.
Another issue that affects the noise immunity of a digital circuit specific to smart-
power circuits, herein called noise induced forward biasing effects, is discussed in
Section 4.1.3. The importance of the logic family type, the body effect, and the
voltage transfer characteristic of a digital family are discussed in Sections 4.1.4
and 4.1.5, respectively. All of these topics are integrated in Section 4.1.6 into a
general process that explains the manner in which digital circuits are affected by

substrate noise.

4.1.1 A model for noise transmission through the sub-

strate

As described in the literature (see Section 2.6), the substrate can be mod-
eled as a mesh of resistors or R mesh [77-79], or as a mesh of parallel resistors
and capacitors or RC mesh [80~83]. These models have been developed to ana-
lyze substrate coupling in circuits where the digital circuitry generates noise that

influences the highly sensitive analog circuitry.
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In the present work, substrate coupling in smart-power circuits is described
where the noise receptor is the digital circuitry. It is argued here that, compared
to the influence of noise in an analog circuit, the distribution of the noise within
the substrate is the principal issue that significantly influences the noise behavior
of a digital circuit. While an analog circuit is affected by both uniform as well
as by a non-uniform distribution of substrate noise, a digital circuit is believed to
be affected predominantly by a non-uniform distribution of substrate noise. This
assumption is demonstrated by simulations and confirmed by experimental data.
Therefore, the following aspects are considered for the substrate model and for

the noise transmission process through the substrate:

1. The negative and positive substrate voltage transients generated during the

on-off switching by the power drivers are transmitted through the substrate.

2. The substrate in the direction of the transmitted noise signal can be modeled

as a distributed RC line.

3. The delay of the noise signal between two substrate points depends upon

the RC characteristics of the substrate.

An assumption that the noise source can be characterized as a point source is
made, meaning that the size of the noise source is negligible as compared to the
distance between the noise source and the noise receptor (as shown in Fig. 4.1).
Note in Fig. 4.1 that different transistors acting as noise receptors are placed
at different distances with respect to the noise source. L is among the short-
est distances. The transistors belonging to line 1 are closer than the transistors
belonging to line 2. Since the process in which noise propagates through the sub-

strate is similar to the process in which a signal propagates along a distributed
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RC interconnect line, the transistors that are closer to the noise source are af-
fected first by the noise. The delay of the noise signal between two neighboring
transistors therefore depends upon the RC characteristics of the substrate.

Transistors belonging to the noise receptor I

’
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Figure 4.1: The noise distribution where the size of the noise source is negligible
as compared to the distance between the noise source and the noise receptor
(characterizing a point source)

For the target mixed-signal application, the power drivers (the noise sources)
are large. Due to the distributed RC characteristic of the polysilicon gate of the
power driver, the power driver is progressively turned on and off in small segments
as the signal propagates through the highly resistive polysilicon gate. Therefore,
for the most sensitive registers, the noise source can not be considered as a point
noise source, except for particular situations such as where the driver 1 of group
1 is active and register 32 is the noise receptor (see Fig. 3.3a). These effects are
amplified since each noise receptor receives a burst of noise corresponding to the
turn-on of different sections of a power driver (see Fig. 3.5) and to the skewing

between the power drivers as explained in Section 3.3.
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Figure 4.2: The noise received by a sensitive transistor from k active drivers.
Each segment of each power driver turns-on at a different time due to the RC
characteristics of the polysilicon gate

As described above, the noise through the substrate is non-uniform. Each
transistor of a sensitive register receives a different amount of noise, which is the
sum of the noise coming from different segments of a driver and from different
drivers, and is amplified by the temperature gradients as described in Section 3.3.
If k drivers are considered active at a given moment, the amplitude of the substrate

noise received by a sensitive transistor at a certain point in time (see Fig. 4.2) is

m

V=YY oV (4.1)

i=l j=1
The first summation in (4.1) is from 1 to m, corresponding to the m segments
of a driver, and the second summation is from 1 to k, corresponding to the k

active drivers. The coefficient o depends upon the transmission characteristics
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of the substrate, on the time at which each segment of a certain driver becomes
active, and on the RC characteristics of the substrate between a segment of the
driver and the sensitive transistor. V;; is the noise voltage that is generated by the
segment i of driver k. The transmission characteristics of the substrate incorporate
the issues described in Sections 3.3 and 3.3.1, such as, for example, the dependence
of the noise on distance. The other two aspects incorporated in o, the time when
each segment of a particular driver becomes active and the RC characteristics of
the substrate between the segment and the sensitive transistor, describe the noise
propagation characteristics through the substrate and the noise amplitude that is
seen by a sensitive transistor at a particular time depending upon each of the m*k
noise waveforms generated by the power driver segments, as implied by (4.1). As
mentioned, the RC characteristics of the substrate between each segment and the

sensitive transistor determines the delay characteristics of the noise signal.

4.1.2 The importance of the transistor operating point

and region of operation

Consider Q an NMOS transistor, as shown in Fig. 4.3, which makes up part of
an analog circuit. As discussed in Section 2.4, the V,, noise voltage at the output
of the current source, as illustrated in Fig. 2.5, is generated by the V7 variations of
the Q transistor due to the negative and positive voltage transients present within
the P— substrate. Any value of V,,, can affect an analog circuit. Accordingly, any
noise voltage transients that are present within the P— substrate are important

if the Q transistor is behaving as an analog circuit.
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Figure 4.3: An NMOS transistor

A current source, in order to provide a constant current, is typically designed

to operate in the saturation region. Accordingly, the Ips current is
Ips = Kg(Vgs — VT)2(1 + AVps), (4.2)

where Ipg is the drain-to-source current, Vs is the gate-to-source veltage, Vps is
the drain-to-source voltage, A is a MOSFET parameter characterizing the channel

length modulation, and Kg is given by
Kg = =pnCor—. (4.3)

In (4.3), pun is the electron surface mobility, C,; is the gate oxide capacitance
per unit area, and Wg and Lg are the channel width (W) and length (L) of an
enhancement (E) transistor, respectively. K is defined as a constant independent

of the W and L of a transistor,
1
Kg= 5HnCoz- (4.4)

Note that for the same noise induced Vi variations, the same process () and K E)s
and same Ips, a small size transistor and a large Vs produces a smaller V, (Vps)
than a large size transistor and small Vgs. An analog process with small ) is also

beneficial for noise immunity. For a same size transistor with the same operating
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point (Vgs), Vr noise induced variations, and process technology, as the current
Ips increases, the V,, variations (Vpg) increase. Also, a transistor operating in
the linear region with the same Vg as an equal size transistor operating in the
saturation region is less sensitive to V7 variations (and thereby to noise), producing

a smaller Vp,.

4.1.3 Noise induced forward biasing effects

The noise voltage transients generated within the substrate in a mixed-signal
smart-power circuit [as described by (4.1)] can be significant as compared to a
mixed-signal circuit where the sensitive circuitry is analog and the noise is gen-
erated by the digital circuitry. Accordingly, this discussion is not applicable to a
digital influencing analog type of application.

Consider the Q transistor shown in Fig. 4.3 as part of a logic element such as
an inverter (see Fig. 3.1d). If Vi, = high, then the Q transistor is in the linear
region (small Vps and a continuous channel from drain-to-source) and Vo, = low.
A positive substrate voltage transient greater than approximately 0.7 volts can
forward bias the substrate-to-drain, substrate-to-source, and substrate-to-channel
junctions. The equivalent schematic of the inverter in this situation is shown in
Fig. 4.4.

If V., which is the amplitude of the substrate transient voltage, is greater than
0.7 volts, then V, forward biases the aforementioned junctions (V¢ = 0.7 volts),
and a current [, is injected from the substrate into the enhancement transistor.
The I,, current depends upon the value of V;,. If V;, is smaller than typically 0.7

volts, I, = 0.
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Figure 4.4: The equivalent schematic of the NMOS inverter shown in Fig. 3.1d
for a large positive substrate noise transient

In the absence of noise (V; = 0),

Ttz = Lype. (45)

I is the current through the enhancement transistor shown in Fig. 3.1d which
operates in the linear region, and Iy, is the current through the saturated deple-
tion transistor. The inverter output Vou: = Vequitibrium = low. In the presence of

noise (V, > 0.7V),
In + Itz = Lotz (4.6)

Due to I, Ia; decreases, inducing Vi, to increase to V. Depending upon the
value of V,, Vyia can reach Vyu. Accordingly, it is demonstrated that through
this mechanism, a positive substrate noise transient voltage can induce a parasitic
transition at the output of the logic element as shown in Fig. 3.1d, where the
output is normally at logic low. The parasitic transition can reach a level that
can be interpreted as a logic high by the next logic element. In the final state, an

equivalent schematic of the inverter under noise is shown in Fig. 4.5.
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Figure 4.5: The equivalent schematic of an NMOS inverter for a large positive
substrate noise transient

Note in Fig. 4.5a that, depending upon the value of V,, up to k diodes, D1...Dk,
are connected between the source of Q1 and ground. The number of diodes ensures
that the drain of Q1 is not forward biased, and Q1 operates primarily in the linear

region, satisfying the conditions,
Loz = etz (4.7
and
Lz + Iink = I (4.8)

The channel length of Q1, L1, is always smaller than the channel length of the
initial Q transistor, L1 < L. The Q1 transistor therefore has a larger transcon-

ductance than Q since W/L1 > W/L.

4.1.4 The influence of the logic family on the noise behav-

ior of the logic circuits

A parasitic transition at the output of a logic element can be induced by the

substrate noise voltage transients that reach different transistors of the logic ele-



79

ment (Section 4.1.1) either through V7 variations (Section 3.1) or through forward
biasing effects (Section 4.1.3). In both cases, the noise sensitivity of a logic ele-
ment, for the same amount of transient noise voltages, depends upon the family
in which the logic element is implemented. Issues such as 1) the type of tran-
sistors that constitutes the logic element [NMOS and PMOS transistors such as
in a CMOS logic element, or enhancement and depletion transistors such as in a
static NMOS logic element (Fig. 3.1d), or only enhancement transistors such as
in a dynamic NMOS logic element (Fig. 3.1e)], 2) the presence or absence of a
DC current during any of the logic states (NMOS vs. CMOS), 3) the magnitude
of the DC current (Section 4.1.2), or 4) the transistor sizes (Section 4.1.2), affect

the sensitivity of a logic element to noise.

4.1.5 The influence of the Voltage Transfer Characteristic

(VTC) on the noise behavior of a logic element

The behavior of logic primitives such as inverters and static and dynamic
latches in a noisy environment is discussed in this subsection. As mentioned briefly
in Chapter 1 and Section 2.1, in a noisy environment the behavior of circuits that
process logic signals is quite different from the behavior of circuits that process
analog signals. While any amount of noise will affect an analog signal, the same
amount of noise for a digital signal is significant only if the change in the output
signal of a digital element under the influence of noise is sufficient to affect the
binary logic state.

For an equivalent amount of substrate noise, the nature of the circuit influences
the likelihood of a digital circuit to change state. The noise behavior varies greatly

from digital logic family to digital logic family, depending upon the voltage transfer
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characteristic of a particular logic family. A classical voltage transfer characteristic
of a digital circuit is shown in Fig. 4.6 [96,97].
Vout

VOH

/ Vout = Vin
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Figure 4.6: A general voltage transfer characteristic

The standard definitions for Vog, Vor, Viy, and Vi are:

e Voy: Maximum output voltage when the output level is logic “1”
e Vor: Minimum output voltage when the output level is logic “0”

e Vi Maximum input voltage which can be interpreted as logic “0”
e Viy: Minimum input voltage which can be interpreted as logic “1”

The noise margins for a logic family are depicted in Fig. 4.7, N M being the low

noise margin and NMy being the high noise margin.

NMy =V - Vor, (4.9)

and

NMy =Voug — Vig. (4.10)
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Figure 4.7: Definition of noise margins of a digital logic family

Consider an inverter L1 (see Fig. 4.8) for an arbitrary logic family that drives
a logic element L2 such as an inverter. If V;, = high, then Vg, = low. Consider
a positive noise voltage transient Vj,. induced at the output of L1 either through
Vr variations or through forward biasing effects. The limiting condition for Vp,4

to not affect the logic element L2 is
Vor + ";,p_;. > Vin. (4.11)

Similarly, if Vi, = low, Vi = high. A negative transient noise voltage V,,_ which
is similarly induced at the output of L1 generates a similar limiting condition to

ensure that the logic element L2 is not affected,

Voa + Vp— < Vi1 (4.12)
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Figure 4.8: Two serially connected logic elements (such as inverters)

Vop- and V. could be seen as equivalent to the negative and positive spikes
of Vpp shown in Fig. 2.5. Note that, according to (4.11) and (4.12), for the same
amount of noise (same V. and V,,_), a logic circuit may or may not be af-
fected, depending upon the voltage transfer characteristics of the logic family
(Vou,Vor, Vig, and V).

The static NMOS family under discussion in this chapter is a standard en-
hancement/depletion family (depletion load family). The voltage transfer charac-
teristic analysis of an NMOS inverter with a depletion type load (see Fig. 3.1d) in
the absence of substrate noise (zero substrate bias) generates the following VTC

expressions [97],

or = Vpp, (4.13)
kg 9
Vor=WV - - —|VTDB| (4.14)
kg dVTD

Vie = Vrg + 2V += IVTDBI FR (4.15)

k
ViL=Vre + FE(VM —Vop + |VroBl), (4.16)
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where

Vi =Vou — Vrg, (4.17)
Vrps = Vrp + 1(V128F| + Vou — V/|28F]), (4.18)
kg is given by (4.3), and
1 Wp

v is the substrate bias (or body-effect) coefficient, ®¢ is the substrate Fermi
potential, and Wp and Lp are the channel width (W) and length (L), respectively,
of the depletion mode (D) transistor. For a zero substrate bias and a 5 volt power
supply, typical values for VTC are Voy = 5 volts, Vor = 0.2 volts, Vi = 2 volts,
and V7, = 1.4 volts. The high and low noise margins are, accordingly, VMy = 3
volts and NMp = 1.2 volts.

The substrate noise, through the body effect, can influence the threshold volt-
ages of the transistors, and according to (4.13)-(4.18), the voltage transfer char-
acteristic of the logic family (Vog, Vor, Vig, and Vi.). If, in a first approximation,
the only effect of noise is the presence of V, at a logic output without affecting
the threshold voltages of the transistors such that Vog, Vor, Via, and Vi are es-
sentially constant, then, for this logic family and according to (4.11) and (4.12),
the values of the negative and positive spikes of V,, that can induce a parasitic

transition are
Vop— 2 3.6 volts (4.20)
to induce a parasitic high-to-low transition, and

Vop+ 2> 1.8 volts (4.21)
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to induce a parasitic low-to-high transition. Note that according to (4.20) as well
as (4.21), for this logic family, if an output is low, the necessary peak noise voltage
(Vop+) that can induce a parasitic low-to-high transition is smaller than the peak
noise voltage (V,,-) necessary to induce a high-to-low transition when the output
is high.

In a complete analysis, Vog, Vor, Vra, and Vi vary due to aspects such as
the effect of the load at a logic output, the transistor threshold voltage variations
due to the substrate noise, and the influence of transistor size through kg and
kp. These variations further affect the Vp,_ and V. values. The particular VTC
and noise margins of the target logic family may have a major effect on the noise
immunity of a logic family.

As mentioned in Section 4.1.2, V,,— and V.. generated at the output of a logic
element depend upon the current through the output transistors of the respective
logic element, increasing as the output current increases. For an NMOS inverter
(see Fig. 3.1d), a current flows through the two transistors when the output is low,
amplifying the deleterious effect of the substrate noise. When the output is high,
both transistors are off. The substrate bias, present due to the substrate noise (see
Fig. 2.7), must first turn on the enhancement transistor (see Fig. 3.1d) through
the body effect, and then must produce a sufficient bias current through the two
transistors, thereby generating a sufficient Vj,_ variation to induce a parasitic
transition.

These explanations, (4.20), and (4.21), demonstrate that for a static NMOS
logic element, a parasitic transition is more likely to be induced when the input is
high (a low-to-high parasitic output transition). The high-to-low parasitic output

transition (the input is low) is less sensitive to noise.
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4.1.6 The mechanism of affecting the digital circuits by

substrate noise

If a sensitive digital circuit has m transistors, according to (4.1), each transistor
receives a substrate noise voltage Vj, where j is 1 to m. Depending upon the
magnitude of V;, V; can affect the threshold voltages of the enhancement and

depletion transistors through the body effect according to

Vren = Vre +7(y/12®F + V; - VI295), (4.22)

and

Vron = Vrp +v(\/12®F| + Vour + V; — /128F|), (4.23)

or induce forward biasing effects as well as affect Vg and Vrp. These threshold
voltages affect the voltage transfer characteristic of the logic circuits as discussed
in Section 4.1.5.

To exemplify this discussion, consider in Fig. 4.9 two inverters structured as
an open loop static latch (such as the circuit shown in Fig. 3.1c) together with
the distributed RC substrate impedances among the four transistors all in the
direction of the traveling noise signal. Note the value of RC between the noise
input and the first transistor along the noise path, Q1, and the values of RC1 and
RC2 between each subsequent transistor.

If In = high (Fig. 4.9), Outl is low and Q1 operates in the linear region. The

dependency of Ips on Vr for a linear transistor is

As discussed in Section 4.1.2, this dependency is weak as compared to when

the transistor operates in the saturation region. As described in Sections 4.1.2
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and 4.1.5, this dependence implies that for the same amount of noise, a smaller
Vep is generated for a transistor operating in the linear region as compared to a
transistor operating in the saturation region, even if a large Ipgs current is present
for the linear transistor due to issues such as the transistor sizes of Q1 and Q2
(see Fig. 4.9). Therefore, for this logic family, it is unlikely that a substrate noise
transition that does not induce any significant forward biasing effects (a noise
transition smaller than 0.7 volts) can induce a value of V., that is sufficiently large
to induce a low-to-high parasitic transition as described by (4.11). Accordingly,
when Qutl in Fig. 4.9 is low, only forward biasing effects can induce a possible

parasitic transition.

Vdd T

Q

B

Qut!

Ql

ln___1 _A

inverterl
RCI i

2 : RC!

T T

Figure 4.9: Two NMOS inverters with substrate noise. The noise path is shown.
The substrate is modeled as a distributed RC mesh.

If In = low in Fig. 4.9, both Q1 and Q2 are off and Outl = high. While

the source-to-substrate junction of Q1 may be forward biased for a positive noise
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transient, the state of Outl cannot change. The variations of V7 only, also cannot
change the state of Outl. Accordingly, an inverter as shown in Fig. 4.9 can not
change state when In = low due to substrate noise. Therefore, this inverter
can only change state when In = high through forward biasing and V7 variation
effects.

Table 4.1: Possible situations for the traveling noise wave to affect the four tran-
sistors, where A or B are the noise inputs.

No. | Situation Comments

1. | RC1, RC2 | The noise wave affects all
negligible | transistors at the same time
2. RC1 Q1, Q2 are affected first,
negligible | then Q3, Q4 after a delay

3. RC2 The affected order is
negligible Q1 and Q3,
A input than Q2 and Q4

4. RC2 The affected order is _
negligible Q2 and Q4,
B input than Q1 and Q3

5. The affected order is

A input a) Q1, Q2, Q3, Q4
b) Q1, Q2 and Q3, Q4
c) Q1, Q3,Q2, Q4
6. The affected order is

B input a) Q2, Q1, Q4, Q3
b) Q2, Q1 and Q4, Q3
c) Q2, Q4, Q1, Q3

Returning to Fig. 4.9, RC is considered negligible, effectively placing the noise
input at point A. When the inverters are physically placed such that the depletion
transistors are closer to the noise source, the noise input point is B. Depending
upon the position of the on-chip register with respect to the noise source, the
noise input can also be at nodes C or D. The possible situations for the traveling
noise signal to affect the four transistors are listed in Table 4.1 for the A or B

noise inputs. As described in Section 4.1.1 and shown in Fig. 4.9, each of the four
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transistors receive a substrate noise signal V; for Ql in A, V; for Q2 in B, V; for
Q3 in C, and V; for Q4 in D that affects the transistors, the threshold voltages,
and the voltage transfer characteristics, (4.13)-(4.16). For the circuit schematic
shown in Fig. 4.9, the conditions under which a parasitic glitch present at Outl is
transmitted to Out2 are shown in Table 4.2, where Vrgy and Vppy signify the Vi
variation effects and the "noise” signifies the forward biasing effects. Practically,
as shown in this section, no transition is possible when In = low for the conditions
listed in Table 4.2.

Table 4.2: Possible conditions under which a parasitic glitch at OQut1 is transmitted
to Out2.

No. | Input Condition
1. | High Veutt 2 Vig(Vren, Vrpw, noise)
Veurt (Vren, Vrpn, noise) 2 Vig
Vourt (VTEN, VrDN, notse) > Vig(Vren, Vrpw, noise)
Low Vourr < ViL(Vren, Vrpy, noise)
Vout(Vrewn, Vrpn, noise) < Vi,
Voutt (Vrew, Vron, noise) < Vi (Vrew, Vrpy, noise)

(1]

Any of the master or slave latches may latch a parasitic transition when the
loop of the respective latch is closed by a pass transistor that is controlled by the
ck and ckbar signals (see Fig 3.1c). The parasitic transition is produced at Qutl,
transmitted to Out2 (see Fig. 4.9), and returned at the latch input through the
pass transistor from the loop. Note that the input of the respective latch is either
0 volts (output low) or a maximum of 4 volts (output high) due to the Vi drop
across the pass transistor. If the output is smaller than 4 volt, than the input is
equal to the output.

A parasitic transition at Out2 of the previous master (slave) latch may also
be latched into the next slave (master) latch (see Fig. 4.10) without the parasitic

transition at Out2 being latched into the previous master (slave) latch. However,
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there is a small probability that a parasitic transition present at Out2 of the
current latch may not be latched by the current latch but rather is latched by
the following latch. This condition may occur due to issues such as the relative
timing of the ck and ckbar signals. Also, any of the master or slave latches may
latch a parasitic transition produced at Out2 and transmitted at Qutl when the
loop of the respective latch is closed by the pass transistor.

Note, however, that in the latter two cases the Out2 parasitic transition am-
plitude (V- and V[, ) reaches the input of the corresponding latch a threshold
voltage drop (Vrg or Vrgy) smaller due to the pass transistor present between the
victim output and the corresponding input. Also, the parasitic transition reaches
the corresponding input after a larger delay as compared to when a parasitic
transition at Outl reaches inverter2, due to the delay through the pass transistor.
Note also that if Qutl = high (In = low), a parasitic transition may be induced,

albeit with a smaller probability than for In = high (Outl = low).

previous mastertslave) latch next slave (master) latch
vid —_r
T Tclblr

.
i I I
oy Sy A

Figure 4.10: A parasitic transition at the output of a previous latch can be latched
into the following latch
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The above analysis demonstrates that for the circuit illustrated in Fig. 3.1d, a
parasitic transition is more likely to be latched when Outl is low (In = high) and
the low-to-high parasitic transition is present at Qutl of any latch. In particular, a
parasitic transition will be latched at Outl of a slave latch (due to the Q transistor

as shown in Fig. 3.1c and Section 3.3.2).
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Chapter 5

Simulation Results of the Noise
Behavior of Digital Circuits

In this chapter, the models, mechanisms, and circuit considerations discussed
in Chapter 4 describing how substrate noise affects a digital circuit are analyzed by
simulations using Cadence Spectre [98]. The principal objective is te analyze the
validity of the developed models and mechanisms. If the models and mechanisms
describing the noise behavior of the digital circuits under noise in a mixed-signal
smart-power environment are accurate, then the simulation results developed in
this chapter are expected to match the experimental data from Chapter 6. As
shown in Chapter 6, good agreement is obtained among the expected noise be-
havior derived according to the models, mechanisms, and simulation results, and
the noise behavior derived from the experimental data.

An exhaustive analysis based on the aforementioned models and mechanisms
for the noise behavior of the NMOS static inverter shown in Fig. 3.1d is provided
in Section 5.1. In Section 5.2, a similar analysis for the static NMOS latch is
described.

Certain NMOS technology parameters are described in [95]. The transistor

ratios used during the present simulations are kg/kp = 4 and kg/kp = 8. The
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nominal threshold voltages are Vrg = 1.2 volts and Vpp = -3.3 volts. Substrate
voltage transients from +3 to -5 volts are considered. These substrate voltage
transients are experimentally observed (see Chapter 6). Depending upon the size
of the noise source (the number of active power drivers), the noise transients can

be even larger than the above mentioned values.

5.1 The noise behavior of an NMOS inverter

An analysis of the inverter shown in Fig. 3.1d is performed for substrate voltage
transients between +5 and -5 volts. As shown in Section 4.1, different transis-
tors receive different amounts of noise depending upon their on-chip position with
respect to the noise source(s). For the simulations presented here, the noise dis-

tribution as described by Fig. 4.9 is implemented as shown in Fig. 5.1, which is

equivalent to Fig. 4.9 for only one inverter.

o Vad
Q
L
Ou2
i CL
Ql
In ld A I

V1 vzg_‘?

Figure 5.1: A circuit schematic used to simulate the noise behavior of an NMOS
inverter

V1 and V2 are the noise signals for Q1 and Q2 according to (4.1). In Fig. 5.1,
if A (B) is the noise input (Section 4.1.6), V2 (V1) is delayed with respect to V1
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(V2) by a delay related to RC}. If RC is negligible, V1 and V2 are in-phase. A
phase difference between V1 and V2 can also be caused by on-chip temperature
gradients or by a noise distribution due to the different noise sources as described
in Section 4.1.6. When a phase difference between V1 and V2 exists, it may
be either as shown in Fig. 5.2a or as depicted in Fig. 5.2b. In both cases, a
voltage difference between the substrate of the Q1 and Q2 transistors exists. The
time during which this voltage difference exists depends on issues such as the RC
characteristics of the substrate and the physical placement of Q1 and Q2.

Note in Fig. 5.2a that for large RC), delays the voltage difference between V1
and V2 is important, and may have a value equal to either maz(V'1) or maz(V2).
For small RC, delays (see Fig. 5.2b), the voltage difference between V1 and V2 is
smaller. In both cases, V1 (V2) can lag V2 (V1), depending upon whether A or

B is the noise input node.

Voltage Voliage

Time Time

a) Large RC1 delay b) Small RC1 delay

Figure 5.2: V1 and V2 noise voltages

If V1 and V2 are the noise voltages received by the two transistors shown
in Fig. 5.1, the threshold voltages of the enhancement (Q1) and depletion (Q2)
transistors vary. If V1 and V2 are larger than 0.7 volts, forward biasing effects

are added to the Vi variations. In Table 5.1, the static behavior of an NMOS
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inverter as depicted in Fig. 5.1 under the influence of noise is listed for In = high,
In = low, and kg/kp = 4. For the static analysis, the load capacitance Cy has

no influence. In Table 5.1, High is 5 volts and Low is 0 volts.

Table 5.1: Inverter analysis as a function of substrate bias

No. In Vi (V) V2 (V) Vaug (V) VTE'N (V) VTDN (V)
L. | High (Low) 5 5 5(5 ]0.91(0.92) | -2.8(-32)
2. | High (Low) 4 4 4.6 (5) | 0.91 (0.9) [ -2.8(-2. 6)
3. | High (Low) 3 3 2.8 (5) [0.93 (0.88) [ -3.3(-2.2)
4. | High (Low) 2 2 1.6 (5) |0.94 (0.86) | -3.4 (-1.8)
5. | High (Low) 1 1 0.6 (5) |0.95(0.84) | -3.4 (-1.4)
6. | High (Low) 0 0 0.2 (5) 1.2 (1) -3 (-1)
7. | High (Low) -1 -1 0.16 (5) | 1.6 (1.46) | -2.6 (-0.7)
8. | High (Low) -2 -2 0.12 (5) | 1.9 (1.75) |-2.2 (-0.35)
9. | High (Low) -3 -3 0.09 (5) 2.1 (2) -1.8 (0)
10. | High (Low) -4 -4 0.06 (5) | 2.3(2.2) | -1.4 (0.3)
11. | High (Low) | -5 -5 [0.04(5) [ 2.5 (24) | -1(0.63)
12. | High (Low) | -5 -4~ [0.07(5) | 2.5 (2.4) | -1.4 (0.3)
13. [ High (Low) | -3 4 J007(3) [ 22(2) | -14(03)
14. | High (Low) -3 -2 0.14 (5) 2.1(2) ]-2.1(-0.35)
15. | High (Low) | -1 -2 | 0.12(5) | 1.6 (1.45) | -2.1 (-0.35)
16. | High (Low) | -1 0 [022(5) [ 1.6(1.45) | -3 (1)
17. | High (Low) 1 0 0.55 (5) | 0.95 (0.84) | -2.9°(-1)
18. | High (Low) 1 2 1 4(5) 10.93(0.84) | -3.4 (-1.8)
19. | High (Low) | 3 3 7(5) [ 0.93(0.88) | -2.8 (-1.8)
20. | High (Low) 3 4 4(5) [0.92(0.88) | -3.4 (-2.6)
21. | High (Low) | 4 3 4 HOBE (0.9) | 2.4 (-2.9)

Note that for any range of combinations of V1 and V2, no parasitic transition
at the output of the inverter can be induced when In = low, as is theoretically
described in Section 4.1.6. However, as shown in Sections 4.1.5 and 4.1.6, there are
values of V1 and V2 for which a parasitic transition at the output of the inverter
can be induced by noise. The situations for which the output of the inverter can
be interpreted by the following logic element as a parasitic High according to the

conditions listed in Table 4.2 are listed in Table 5.1 (1,2, 3,4,18, 19, 20, and 21
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(4 and 18 are close to this condition)]. Note that in all of these situations both
Vr variations and forward biasing effects are present, as is theoretically described
in Section 4.1.6. No parasitic transitions are possible when only Vi variations are
present (situations 5 to 17).

As described in Section 4.1.3, when forward biasing effects are present, the
equivalent schematic in the final state is as shown in Fig. 4.5, with Q1 operating in
the linear region for most of the cases due to the D1 to Dk diodes. To demonstrate
this behavior, Vps across the Q1 transistor (see Fig. 4.5), the voltage at the source
of Q1 (Vsq1, determined by the number of D1 to Dk diodes), Vgs of Q1 ( Vesaqi),
and the source-to-substrate voltage of Q1 (V1) for representative situations listed

in Table 5.1, are listed in Table 5.2.

Table 5.2: Inverter analysis as a function of substrate bias

No. | Situation of VDSQI (V) V5Q1 (V) VGSQ! (V) Vi (V)
Table 5.1
1. 2 =~ 1.2 ~ 34 = 1.6 ~ 0.6
2. 3 =~ 0.3 =~ 25 =25 = 0.5
3. 4 = 0.05 =~ 1.6 ~ 34 =04
4. 5 =~ 0.05 ~ 0.6 =44 =~ 0.4

Note that for case 1 in Table 5.2, Q1 of Fig. 4.5 is saturated. Also, note that
in all cases where forward biasing effects appear, Q1 has a body effect voltage
(V') below 0.7 volts, explaining the limit on Vrgy variations (see Table 5.1) for
a positive V1 (situations 1 to 6 and 17 to 21). Note in Table 5.1, however, the
Vren variations for a negative V1 (situations 7 to 16).

When In = low, Out = high, and the source of the depletion transistor Q2
is at the output potential. Accordingly, for the entire range of the V2 variation
from +5 volts to -5 volts, the body effect voltage of Q2 varies from 0 to -10 volts

producing the Vrpy variations as listed in Table 5.1 (situations 1 to 11). The
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threshold voltages of Q1 and Q2 are descr_ibed by (4.22) and (4.23), where Vi
from (4.22) is replaced by V; from Table 5.1, and V; from (4.23) is replaced by
Va — Voue. V; is smaller or equal to 0.7 volts for a positive V1, or is equal to V1
for a negative V1. The voltage transfer characteristic of the inverter under the
influence of noise is described by (4.13)-(4.16), where Vyg and Vipg are replaced
by Vrey and Vypy. For those situations where forward biasing effects are present,
a current flows from the substrate through the forward biased source junction
(D1 to Dk) of Q1 (the magnitude of the current is on the order of milliamperes),
increasing as the noise amplitude increases (the current through the inverter in
normal operation is in the order of microamperes).

The situations, 1 to 11, listed in Table 5.1 characterize the case where the
noise for the two transistors of Fig. 5.1 is in-phase, while the situations, 12 to
21, briefly characterize the case shown in F ig. 5.2b where RC) is small. The case
shown in Fig. 5.2a is generally less likely in practice (RC) large), since Q1 and
Q2 are generally close to each other. However, the case shown in Fig. 5.2a can
exist also for RC; small (or for a brief time), especially for those cases where a
highly non-uniform substrate noise distribution exists, as is the case in this target
application.

Situations 12, 14, 16, 17, 19, and 21 listed in Table 5.1 consider A as the noise
input node, while situations 13, 15, 18, and 20 consider B as the noise input node.
Note that the negative noise voltage (negative substrate bias) does not induce
any parasitic transitions for both in-phase or not in-phase noise. Situations 18
and 20 for Vi, = high are special situations, since the source junction of the
depletion transistor is forward biased, potentially affecting the reliability of the

circuit. Besides reliability problems, additional substrate noise is injected into the
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substrate in these situations. Situations 18 and 20 occur for any positive substrate
bias when the substrate of the depletion transistor is more positively biased than
the substrate of the enhancement transistor (or when the noise input is B, and
particularly, for a large phase difference between the noise at Q1 and Q2). The

equivalent schematic for these situations is shown in Fig. 5.3.

vdd

Ivl

a) Circuit schematic b) Circuit schematic equivalent

Figure 5.3: The equivalent schematic of the NMOS inverter shown in F ig. 3.1d
for a large positive substrate noise transient, where V2 is greater than V1

For ke/kp = 8, the output parasitic transition decreases slightly in amplitude.
For example, situation 2 in Table 5.1 changes to V,,, = 4.1 volts, situation 5
becomes V,,, = 0.5 volts, situation 21 becomes Vour = 3.9 volts, and situation 20
remains unchanged. If the noise is not in-phase and is consistent with Fig. 5.2a
(a large phase difference), and if A is the noise input node, the larger the voltage
difference between V1 and V2, the larger the difference between the V,,, voltage
for the kg/kp = 8 and the V,,; voltage for the corresponding situation of Table 5.1
where kg/kp = 4. For example, for V1 = 4 volts and V2 = 0 volts, Vi, = 3.7
volts from 4.6 volts in Table 5.1 (situation 2), while for V1 = 2 volts and V2 = 0

volts, Vou: = 1.52 volts from 1.6 volts in Table 5.1 (situation 4). If B is the noise
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input node, the output is 0.6 volts below V2, forward biasing the source junction
of the depletion transistor. The larger the difference between V1 and V2, the

larger the injected current into the substrate, since, according to Fig. 5.3,
Vosgi = V2-V1-0.7. (5.1)

Accordingly, fast noise transients, large non-uniformities in the substrate noise,
or large RC) delays, each can create the worst case substrate voltage bias as shown
in Fig. 5.2a. In this situation, if B is the noise input, important supplemental
problems as shown (situations 18 and 20 from Table 5.1) are created.

A dynamic characterization of the inverter shown in Fig. 5.1 under noise can be
summarized according to the following considerations (with reference to Figs. C.1

to C.12 of Appendix C). In all of these figures, V1, V2, and V,,, are specified.

e For small load capacitance C;, (see Fig. 5.1), the steady state voltage at the
inverter output corresponds to the values listed in Table 5.1 (see Figs. C.1a,

C.1b, C.2a, C.4a, C.4b, and C.6b).

e For large load capacitances, the output voltage reaches the steady state
values listed in Table 5.1 after a specific time that depends on Cy, kg/kp,
V1, V2, and V;, (see Figs. C.2b, C.3a, C.3b, C.5a, C.5b, C.6a, C.7a, C.7b,
C.8a, C.9a, C.10a, C.10b, C.11b, and C.12b). If the noise pulse duration is

short, the steady state value may not be reached.

e The output voltage sharply follows the V1 and V2 waveforms for small
output load capacitances (see Figs. C.1a, C.1b, C.2a, C4a, C.4b, C.6b,
C.8b, C.9b, C.11a, and C.12a).

e For kg/kp = 4 and large load capacitances, the rising edge of the output

waveform is delayed with respect to V1 and V2, while the falling edge is
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distorted (see Figs. C.2b, C.3a, C.3b, C.5b, and C.6a). An explanation for
this behavior is the forward biasing effects as described in Section 4.1.3.
Another explanation is that when the noise voltage (and the D1 to Dk
forward biases) disappear, the recombination process to turn-off the diodes
depends upon the transconductance of the Q1 transistor. The channel length
of the Q1 transistor increases from L1 corresponding to the Q1 transistor
shown in Fig. 4.5 to L corresponding to the Q1 transistor shown in Fig. 5.1
(see Section 4.1.3). Accordingly, the transconductance decreases from a
value proportional to W1/L1 to a value proportional to W1/L. Note that the
transconductance variation is proportional to the noise magnitude through

the D1 to Dk diodes.

A larger transconductance for the enhancement transistor (kg/kp = 8) im-
proves the output waveform transition times and decreases the steady state

output voltage (see Figs. C.5a, C.10a, C.11a, and C.11b).

When V2 is greater than V1, the output is always = 0.6 volts lower than
V2. This behavior is shown in Figs. C.3a and C.4b for the entire noise
pulse duration, in Figs. C.4a, C.5a, C.5b, C.7a, C.7b, C.8a, C.8b, and C.11b
immediately after the rising edge of V2 when V1 is zero, and in F igs. C.6a
and C.6b immediately after the falling edge of V1 when V1 is zero. The
transition times depend upon the capacitive load (for example, compare

Fig. C.4a with Fig. C.5a).

As Vin decreases, while Q2 (see Fig. 5.1) pulls high similarly for any Vi,
value, Q1 pulls low differently for different values of Vj,,. Q1 requires more

time to reach a low state as V;,; decreases, slowing down the noise induced
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high-to-low parasitic output transition (see Figs. C.7a, C.7b, and C.8a). The
reason for this behavior is because as V;, decreases, Vgs of Q1 of Fig. 4.5
could be zero or negative, depending upon the value of V1, and Q1 could be
off. When V1 becomes zero (the noise disappears), the D1 to Dk diodes are
turned off, and Vs of Q1 (Vgsqi) becomes significant, the discharge process
of the capacitive load of the inverter can start and the high-to-low transition
of the output can be completed. Accordingly, this process is slower as Vi,
is smaller. Note also the difference of the output waveform with small and
large capacitive loads (see Fig. C.7a as compared to Fig. C.8b, Fig. C.8a as
compared to Fig. C.9b, Fig. C.11a as compared to Fig. C.11b, and Fig. C.12a
as compared to Fig. C.12b).

e The output remains high for input voltages smaller than 2 volts (see Figs.
C.9a, C.10a, C.10b, C.11a, C.11b, C.12a, and C.12b). Note that as Q1 in-
creases in size (kg/kp increases), the equilibrium steady state output voltage
level in the absence of noise decreases due to the increased transconductance
of Q1 (see Fig. C.10a as compared to Fig. C.10b, and Figs. C.11a and C.11b
as compared to Figs. C.12a and C.12b).

Several conclusions can be drawn from this inverter analysis.

e Only a positively biased substrate (positive Vep+ noise spikes as illustrated
in Fig. 2.5) can induce a parasitic output transition for an NMOS inverter

as shown in Fig. 5.1.

e Long duration noise spikes are more damaging than short duration noise
spikes. The output steady state voltage level is reached even for large ca-

pacitive loads, and this output level is present for longer periods of time.
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This behavior increases the likelihood that the parasitic transition will be

propagated to the following logic element.

e A large capacitive load may improve the noise behavior of the logic elements
particularly if the noise spikes are of short duration. This behavior occurs
because the parasitic output transition has distorted edges for large capac-
itive loads, and the high steady state voltage level may not be reached or
may be reached for a shorter amount of time which may not be sufficient to
induce a parasitic transition in the next logic element. As shown, the higher
the steady state voltage (the higher the input voltage for the following logic
element), the more likely a significant parasitic transition will occur at the
output of the next logic element. The drawbacks of using large capacitive
loads are increased power dissipation, and, due to the poor high-to-low tran-
sition of the output, the noise behavior for noise spikes of long duration may

also deteriorate.

e Large kg/kp ratios decrease the maximum steady state voltage and improves
the high-to-low transition edges, with beneficial effects on the noise behavior.

However, higher ratios increase the power dissipation and decrease V}4.

e Depending on the phase of V1 and V2, the logic elements may generate

extra noise into the substrate.

5.2 The noise behavior of an NMOS static latch

The static latch used in this analysis is shown in Fig. 3.1c. As described in

Section 4.1.6, the most likely situation to latch a parasitic transition occurs when
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the parasitic transition is induced at Outl (Fig. 4.9) and transmitted to Out2.
This situation is exhaustively characterized in this section.

The circuit illustrated in Fig. 5.4 is used in this investigation to simulate the
noise distribution through the substrate under different noise voltages and phases
for the transistors within a latch. The circuit shown in Fig. 5.4 is equivalent to the
circuit illustrated in Fig. 4.9. Note that each of the four transistors, Q1, Q2. Q3,
and Q4, has a different noise voltage source, V1, V2, V3, and V4, respectively, as
discussed in Section 4.1.1. The situations shown in Table 4.1 are analyzed and

correlated with the results deduced in Section 5.1 for the noise behavior of an

inverter.
Vdd o Vdd
Q2 Q4
B !I D -
Qutl Our2
In '

—_Y & |

Figure 5.4: An open loop static latch used in the noise analysis

For these simulations, Vi, is 4 volts so as to simulate the Vr voltage drop across
the pass transistor in the loop. The transistor size and the ke/kp = 4 ratio are

standard for this logic family. Observations are also made for kg/kp = 8.

1. Situation 1 listed in Table 4.1 is characterized by the Qut2 output waveform

of Fig. 5.5. Note that no parasitic transition occurs at Out2 when the noise
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voltages, V1, V2, V3, and V4, of the four transistors, Q1, Q2, Q3, and Q4
(see Fig. 5.4), are in-phase. However, noise spikes are present when the
noise signal transitions to a maximum value as well as when the noise signal
transitions back to zero. In equilibrium (for zero noise), since Vi, is high,
Vourz is high (5 volts). Note in Fig. 5.5 that when the noise transitions from
zero to the maximum value V}, a positive overshoot appears at V. with a
voltage equal to V] for a duration equal to t,. While the noise is equal to the
maximum value V;, (for the noise duration), V. is stable at a steady voltage
as listed in Table 5.1 (V5 is less than 5 volts). When the noise transitions
from the maximum value to zero, a negative overshoot appears at V. of
amplitude V3 and duration ¢;. V,,;» becomes 5 volts when the noise becomes
zero. The following observations are noted for different load capacitances at

QOutl and Qut2, different noise values V,,, and different ke/kp ratios:

e V| and particularly V4 increase as the noise V;, increases. For example,
for Va = 2 volts, V) = V3 and reaches up to 0.4 volts depending upon
the capacitive load, while for V; = 4 volts, ¥} reaches up to 0.7 volts

and V; reaches up to 5 volts.

e Vi and V; depend strongly on the capacitive load at Outl (C}) and
Out2 (C,). The values of V| and V; for different simulation conditions

are listed in Table 5.3.

® As kg/kp increases, V5 and V; increase. This relation is also dependent
upon the load capacitances, Cy and C;. The dependencies are also

listed in Table 5.3.
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Cases 1, 5, and 9 listed in Table 5.3 are the most common practical situations
(no significant load on any output), such as the case for the serial chain of
latches in the test circuits. Cases 2, 6, and 10 characterize the situation
where the output of a latch has a large fan-out. Note in Table 5.3 that
an improved noise behavior is achieved as compared to situations 1, 5, and
9 (a smaller V3). Cases 3, 7, and 11 demonstrate, as expected, that large
capacitances at the output of each inverter of a latch do not benefit the noise
behavior (see Figs. C.2b, C.3a, C.3b, C.5a, and C.5b). Cases 4, 8, and 12
are the most unfavorable cases for the noise behavior. However, none of the
cases, 3, 4, 7, 8, 11, and 12, are commonly found in practice.
AL 7]
Voltage (V) ” Vout2

T i T ]I—‘ Time (nS)
30 60 90

Figure 5.5: A typical Out2 waveform when the V1, V2, V3, and V4 noise voltages
derived from the circuit shown in Fig. 5.4 are in-phase.

In addition to the magnitude, the duration of V; and particularly V; (¢, and
ts, respectively) is also highly important. A large duration of V3 returns a

smaller Vi, from Vo2 through the feedback pass transistor, which according
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to Figs. C.7a, C.7b, C.8a, and C.8b create a slower low-to-high transition
at Outl. This situation permits Qut2 to pull to a full low state, inducing a
full parasitic transition. The duration of the V| and V; spikes depends upon
issues such as the speed of the technology and the capacitive load at each

node.

Table 5.3: Open loop static latch analysis for situation 1 as listed in Table 4.1.

No. |Va (V) lkef/kp | C | Co [ VA (V) [Va(V) | V3 (V) ]|t (ns) |t (ns)
1. 2 4 |10fF|10fF| 04 0 0.4 10 10
2. 2 4 [10fF|1pF | 0.0 0 0.05 10 10
3. 2 4 1pF | 1pF | 0.05 0 0.05 10 10
4. 2 4 |1pF |10fF| 0.35 0 0.55 9 18
5. 4 4 |10fF|[10fF| 0.35 | 0.4 2 12 16
6. 4 4 |10fF|1pF | 02 0.3 0.6 11 45
7. 4 4 |[1pF|1pF| 02 0 2 90 200
8. 4 4 |1pF |10fF| 05 0 5 12 35
9. 4 8 |10fF|10fF| 06 0.8 2.6 12 18
10. | 4 8 |10fF|1pF| 02 0.6 1 15 20
11. 4 8 1pF | 1pF 0.2 0 2 90 200
12. | 4 8 |1pF [10fF| 0.6 0 5 12 35

An improved noise behavior is listed in Table 5.3 for a large C, when V;, is
high. However, when V|, is low, Out2 is normally (in the absence of noise)
low and a noise induced transition at Qut2 behaves similarly to Cases 4,
8, and 12 of Table 5.3 with respect to Outl. Accordingly, an equivalent
V3 at Outl could be significant, generating a full swing parasitic transition
at Out2, which may possibly be latched. Note that due to the feedback
pass transistor, situations 4, 8, and 12 are less probable for Outl than for

QOut2 (Section 4.1.6), but for large durations of V3, an incorrect signal can

be latched.
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Concluding, situation 1 of Table 4.1 is characterized by:

e A parasitic transition is probable only in unusual situations, such as
for large substrate noise, for large capacitive loads, or for a poor design

(incorrect transistor sizing).

e If both high and low output states are equally probable, an improved

noise immunity is obtained for small load capacitances at Outl and

Out2.

e To reduce the duration of V; and V3, large transistors (for the same
ke/kp ratio) are desirable to obtain a fast charge/discharge of the load
capacitances at each node. A ratio of kg/kp = 4 is preferable to
ke/kp = 8 due to smaller values of V5 and V5 which translates to less

sensitivity to noise at the output. -

e If a high (low) output state is more probable than a low (high) state,
than a larger load capacitance at Out2 (Outl) is desirable. If the circuit
driven by Out2 (Outl) represents a small capacitance, this effect can

be realized with a specific on-chip CMOS capacitor inserted at the

respective nodes.

2. Situation 2 of Table 4.1 is characterized by the Out2 output waveform shown
in Fig. 5.6. Note that a full swing parasitic transition is possible. In equi-
librium (for zero noise), since Vi, is high, Vy,s is high (5 volts). A parasitic
transition of amplitude V; is present at Out2 when inverterl (see Fig. 5.4) is
affected by noise (V; = V3 = V;) and inverter? is not affected (V3 =V, = 0).
When Vi = Vo = V3 = V; = V,, Voue is equal to the steady state voltage
(see Table 5.1, Vj is less than 5 volts). WhileVj =V, =0and V3 =V, =V,

Vour2 is equal to 5 volts (since Vye is low). When V3 and Vj return to 0, a
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noise spike similar to V; of Fig. 5.5 but smaller in amplitude is present at

Out2. Viu finally returns to 5 volts when the noise is zero. The following

characteristics are noted for different simulation conditions:

e The amplitude of V, (see Fig. 5.6) depends upon the value of V,, kg /kp,

C1, and C,. These dependencies are shown in Table 5.4. Note that a
large C; and C; is beneficial, since a large capacitance does not permit
fast transitions at Outl and Out2. However, a large C; and C, is
beneficial for small ¢ (which is the difference of phase between V;-Vs,
and V3-V4, as shown in Fig. 5.6). A large phase difference permits the
parasitic transition V; to reach full swing (from 5 volts to ground),
while a small phase difference and/or a large capacitive load does not
permit this full swing. Note that a small kg/kp ratio produces a larger

Va, while a large kg/kp ratio produces a smaller V, for the same V,

Cl, and Cg.

e For C, = C; = 10 fF (a practical capacitance) and kg/kp =4, a V;, of

~ 1.7 volts produces a V; of = 2.5 volts, which represents a significant

parasitic transition.

Table 5.4: Open loop static latch analysis for situation 2 of Table 4.1

No. [ Vo (V) [ ke/ko] Ci | Cz [ Ve (V)| Va (V) | Vi (V) | ta (ms) | ¢ (ns)
I | 4 4 |10fF|10fF| 5 05 | 0.7 | 25 | 30
2. | 4 4 |1pF|10fF| 5 03 | 07 | 20 | 30
3. | 4 4 |1pF|1pF| 35 1 0.1 15 | 30
4 | 4 4 |10fF|1pF| 3 1 0.1 15 | 30
5 | 24 4 |10fF |10fF| 47 0 05 25 | 30
6. | 17 4 |I0fF|10fF| 25 0 05 25 | 30
7. ] 2 2 |I0fF|10fF| 41 | 05 | 06 | 20 | 30
8 | 2 8 |I0fF|10fF| 1 0 05 | 25 | 30
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Voltage (V)
5
4+ Va2
3+
24
Va V1, V2
i t V3, V4
f t - } + Time (ns)
30 60 90 120 150

Figure 5.6: Typical Out2 waveform when the V1, V2, V3, and V4 noise voltages
derived from the circuit shown in Fig. 5.4 satisfy situation 2 of Table 4.1

If Vin is low, in the absence of noise, Outl is high and Out2 is low. In the

presence of noise, the Outl output waveform is shown in Fig. 5.7.

Voltage (V) R Vout

5 JL____/\ Ve — T

Vb [
|

Va/2
3 -
2+ Vi, V2
V3, v4
14+ ¢ ’
; : #——« Time (ns)
30 60 0 150

Figure 5.7: Typical Outl waveform when the V1, V2, V3, and V4 noise voltages
derived from the circuit shown in Fig. 5.4 satisfy situation 2 of Table 4.1 and V;,
is low
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Note that the latch is open loop in Figs. 5.5, 5.6, and 5.7. For a closed loop
latch, a parasitic transition at Out2 is returned to the latch input through
the feedback pass transistor and can be latched. Accordingly, Out2 shown
in Fig 5.6 and Outl shown in Fig. 5.7 are latched low after the V, noise
induced transition, and Out2 shown in Fig. 5.5 is latched low after the Vj

noise induced transition.

Note also that due to the feedback pass transistor (see Fig. 3.1c), latching
a parasitic Out2 = low (Vi, = high in Fig. 5.6) is more likely than latching
a parasitic Out2 = high (V;; = low in Fig. 5.7). Latching a parasitic
Out2 = high necessitates a larger phase difference between the noise at
inverterl and inverter2 and a larger noise amplitude V;, than latching a
parasitic Out2 = low, as discussed in Section 4.1.6.

Voltage (V)

Vout

J \ V1, V2
\

e

120 150

Fime (ns)

Figure 5.8: A possible Out2 waveform for V;,, = high, for large noise voltages and
phase differences between the noise at inverterl and inverter2, and for the case
where the V1, V2, V3, and V4 noise voltages derived from the circuit shown in
Fig. 5.4 satisfy situation 2 listed in Table 4.1
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Referring to Fig. 5.8, for Vi, = high, note that it is possible to latch Out2 =
low according to Fig. 5.7 during ta. During tal, it is possible to return to
the original state and latch Out2 = high. However, as discussed previously,
due to the asymmetric probability of latching each of the two states, a high
magnitude noise pulse (V) with large phase differences is required for this
situation to occur. The Out2 output waveform shown in Fig. 5.8 is also

depicted for an open loop latch.

Concluding, situation 2 of Table 4.1 is characterized by:

e A parasitic transition will more likely be latched when a phase differ-
ence exists between the noise at inverterl and the noise at inverter?
(see Fig. 5.4).

e An oscillation between the high and low output states of a latch is
possible for Vi, = high and when a large noise amplitude V;, with large
phase differences between the noise at inverterl and inverter?2 of a latch

(Fig. 5.4) is present throughout the substrate.

e Large load capacitances for both inverters of a latch (case 3 listed in
Table 5.4) improve the noise behavior of a latch. However, the presence
of large load capacitances is not favorable when the noise for the two

inverters is in-phase, as listed in Table 5.3.

e The kg/kp = 8 case offers improved noise behavior as compared to
kg/kp = 4, which is better than kg/kp = 2 (see Table 5.4). Note
that if the noise is in-phase (Table 5.3), kg/kp = 4 is preferred over
kg/kp = 8. Design tradeoffs depending upon the estimated substrate
noise are possible. These tradeoffs permit the size of the transistors

in the logic blocks and/or the capacitive loading at the outputs of the
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logic elements to be optimized, both with the objective to minimize

the noise sensitivity of the digital circuits.

. Situation 3 of Table 4.1 is equivalent to situation 1 as discussed above.
Furthermore, each inverter injects noise into the substrate when V; = V; =

Va and V) = V3 = 0 as described in Section 5.1 (see Figs. C.6a and C.6b).

. Situation 4 of Table 4.1 is equivalent to situation 1 as discussed above.
Furthermore, each inverter injects noise into the substrate when Vo = V; =

Va and V; = V3 = 0 as described in Section 5.1 (see Fig. C.4a).

. Situation 5a, 3b, or 5c is equivalent to situation 2 as discussed above. Each

inverter injects noise into the substrate as discussed for situation 3.

. Situation 6a, 6b, or 6c is equivalent to situation 2 as discussed above. Each

inverter injects noise into the substrate as discussed for situation 4.

. The C and D noise input cases are similar to the A and B noise input cases
(5 and 6). However, note that for both the C and D noise input cases,

inverter2 (see Figs. 3.1c and 5.4) is affected first.

o If Vin = low, Outl = high, and the Outl output waveform appears
as shown in Fig. 5.7. If V, has a sufficient amplitude and the noise
between inverter2 and inverterl has a sufficiently large phase difference
(as discussed for Vj, = low for situation2), then a latched transition
through inverter2 during 1 (see Fig. 5.9) for the closed-loop latch can
be induced.

As a result, V;, becomes high. As shown for situation 2, the V;, = high

case is more sensitive to noise than the Vi, = low case. Since the
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noise conditions are such that a parasitic transition can be latched for
Vin = low at t1, there is a high probability that the noise will return
the state of Out2 back to low during t2 through inverterl. If the noise
conditions are such that during {I a parasitic transition cannot be
induced, then during ¢2 a parasitic transition can also not be induced
since Vi, = low (see Section 5.1). Accordingly, if Vi, = low and the
noise input at the latch (see Fig. 5.4) is C or D, Out2 will likely remain
unchanged (low), either by switching high during ¢! and back to low

during t2, or by not changing at all.

Voltage (V)
54
4 pu -
3t V3, V4
24 § V1, V2
| Vn /
1+ t1
f = : + o+ Time (ns)
30 60 90 120 150

Figure 5.9: The noise waveforms at inverter2 and inverterl shown in Fig. 5.4
where the noise inputs are nodes C or D

o If Vix = high, during ¢1, inverter2 cannot be affected since the input is

low. During 2, inverterl is affected and Out2 may parasitically switch.

It is demonstrated that for the C and D noise inputs, a latch is also more

likely to be affected by noise when Vi, = high.



113

Concluding, it has been demonstrated in this section by a variety of compre-
hensive circuit simulations that the noise behavior of a latch composed of two

inverters as shown in Fig. 3.1c can be characterized by two primary situations,
o the noise for the two inverters is in-phase,
e the noise for che two inverters is not in-phase.

Each situation has been fully characterized and compared. The noise sensitivity
for a latch as shown in Fig. 3.1c for V}; = high and V;, = low is analyzed and
specific conclusions are drawn. Summarizing, the influence of the amplitude of the
substrate noise, the phase difference between the noise signal at the two inverters,
the noise duration, the transistor size, and the capacitive loading of each inverter

on the sensitivity of a latch to noise is analyzed and discussed in this chapter.
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Chapter 6
NMOS Experimental Data

Fifty test circuits have been designed and fabricated in a 3.5 um NMOS tech-
nology. The issues chosen for investigation in these circuits, as well as the test
strategy and the test plan, have been presented in Chapter 3. The experimen-
tal results gathered from the measurements of the test circuits are presented in
this chapter. In presenting the data, the emphasis is placed on illustrating the
effects of each of the analyzed issues, on comparing the results with the expected
behavior as described in Chapters 2, 3, and 5, and on discussing possible noise
mitigation techniques.

As described in Chapter 5, the difference of phase between the noise affecting
different transistors has a significant importance on the noise immunity of the on-
chip sensitive registers. Several test chips have been fabricated to experimentally
determine the principal characteristics of the noise generation process within the
substrate for these NMOS circuits such as the substrate noise amplitude and dif-
ference of phase throughout the substrate, and to sample characteristic substrate
noise waveforms. The results obtained from the analysis of these test chips are
discussed in Section 6.1 in connection with the operation of the power drivers.

These results are important for better understanding the nature and origin of
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the mechanisms that generate the substrate noise which affect the logic registers,
while also increasing insight into the results obtained for each of the analyzed
issues (see Section 3.4). In Section 6.2, the data for each of the analyzed issues
are presented, the principal effects are noted, and any discussions and explana-
tions are provided. To experimentally demonstrate the connection between the
substrate noise waveforms determined in Section 6.1 and the number of affected
registers as a function of different issues as determined in Section 6.2, the number
of registers that are affected in correlation to the R,., waveform (the substrate
noise waveform) is described in Section 6.3. This dependency has been theoret-
ically described in Chapter 4. Finally, several noise mitigation techniques based

on the models, simulations, and experimental data are presented in Section 6.4.

6.1 Characterization of the substrate noise wave-
forms

The test results obtained from the experimental analysis of the circuits from
group 4 (see Section 3.2) are described in this section. The principal objective of
the experimental analysis of this group of circuits is to determine the substrate
noise waveforms in the analyzed NMOS circuits, the phase difference for the noise
waveforms at different substrate points, and the typical amplitude of the substrate
noise throughout the substrate. Another important objective is to determine
methods to decrease the noise level in the substrate, influence the substrate noise
waveforms (see Sections 6.1.5 and 6.1.6), and to determine the mechanisms in

which the power drivers generate substrate noise.
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A typical noise waveform as reported in the literature [69-73] (see Fig. 2.5) for
a digital influencing analog type of application is discussed in Section 6.1.1. Also
in Section 6.1.1 it is noted, that to the author’s knowledge, it has not been reported
in the literature which region of operation of a switching transistor is the region
where the noise is generated. This aspect is important for the present application,
since an active power NMOS transistor is required to operate in the linear region.
The effects of substrate noise and ground bounce can easily shift the operating
point of the power transistor into the saturation region (see Sections 6.1.4 and
6.1.5). Accordingly, it is important to determine which region of operation the
maximum amount of noise is generated. A brief review of the specific characteris-
tics of the test circuits is provided in Section 6.1.2. Experimental substrate noise
waveforms derived under different test conditions are shown in Section 6.1.3. To
determine the relation between the observed substrate noise waveforms and the
region of operation of the power driver, Vps across the power driver is observed
and correlated with the substrate noise waveforms. The observed substrate noise
waveforms are explained by analyzing the circuit schematic and the physical lay-
out of the test circuit in Section 6.1.4. The dependence of the substrate noise
waveform on the power supply voltage, the number of active power drivers, the
routing of the ground lines, the placement of the power driver, and the placement
of the substrate contacts are discussed in Section 6.1.5. The consequence of an os-
cillatory noise waveform on the noise immunity of the digital circuits is discussed
in Section 6.1.6. Experimental circuits that obtain non-oscillatory substrate noise
waveforms are described, highlighting their disadvantages together with solutions

to minimize these disadvantages.
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6.1.1 Issues related to substrate noise waveforms

The effect of the substrate noise generated by the switching of the digital
blocks on the output of a current source, observed in a digital influencing analog
type of application, is shown in Fig 2.5. The noise waveform, at the output of the
current source, has been discussed in the literature [69-71] (see Section 2.4). Note
in Fig. 2.5 that the noise is present at the output of the current source only when
the digital blocks switch. Accordingly, the noise is present within the substrate
only when the digital circuitry is switching. The noise becomes zero after a settling
time once the switching is completed. The digital blocks that generate the noise
in [69-71] are CMOS. For the low-to-high or the high-to-low transition at the input
of a CMOS inverter, either the NMOS transistor or the PMOS transistor switches
from saturation to linear to cut-off, while the other transistor switches from cut-
off to linear to saturation, generating the substrate noise. Between transitions, no
current flows from Vpp to GND in static CMOS digital circuitry. Note that for a
CMOS logic circuit it is not important to determine in which region of operation
of the transistor the noise is generated, since when one transistor is linear, the
other transistor is saturated. Also, the absence of noise between transitions can
be attributed to there not being any current flow in the CMOS circuits between
transitions.

The NMOS transistor of the power driver used in the present application (see
Fig. 3.1a) is cut-off if the input is low, switches from cut-off to saturation to linear
when the input switches low-to-high, and is required to be linear when the input
is high. As shown in Chapter 3, to efficiently drive this high voltage and high
current power driver, a 13 volt predriver is used as an interface between the 5

volt logic circuitry and the 38 volt power driver [95]. The objective is to provide
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a sufficient voltage swing on the gate of the NMOS power transistor to obtain
a low Vps across the power transistor. A low Vpg is important to minimize the
power dissipated by the NMOS power transistor while on, since a large current

flows from Vpp to GND. A large Vpps would dissipate a power according to
P = VpsIps. (6.1)

Note that obtaining a low Vps across the power NMOS transistor depends upon
the value of Vgs and the value of the load resistor R (see Fig. 3.1a). While R and
Vs are optimized by design for normal operating conditions, Vg may vary due to
the substrate noise, producing variations in Vpg and inducing undesirable effects
(as described in the following sections). Accordingly, for the present application,
it is important to determine which region the power transistor operates in during
the time when the maximum amount of noise is generated, and, if possible, to
develop solutions to operate the transistor in that region of operation for the least
amount of time. Also, it is important to determine the typical characteristics
of the substrate noise waveforms in each of the two regions of operation of the
power transistor in order to understand and explain the effects produced by the
generated noise in each of the two regions of operation of the power transistor. As
shown above, the substrate noise waveforms reported in the literature are obtained
for a CMOS noise source, and, as described, the region of operation of the noise

source is not important.

6.1.2 Circuit and physical design aspects of the test cir-

cuits

The floorplan shown in Fig. 3.3d is representative of the group4 circuits. The

generated substrate noise may affect the sensitive registers as well as any registers
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present in the logic blocks that select the power drivers. If a register in the select
logic block is affected, the power driver that generates noise may be erroneously
turned off, and the substrate noise waveform will be erroneously observed. Since
the observance of a correct noise waveform is an important objective for this part
of the research, this uncertainty is eliminated by not including any registers in
the select logic blocks. The cost is an increase in the number of pads necessary to
select the power drivers.

As described in Section 3.2, the substrate lines monitoring the substrate voltage
block consists of 14 equally distant metal lines, increasingly distant from the power
drivers in the order from line 1 (the closest to the power drivers) to line 14. Each
metal line is connected to the substrate through substrate contacts and is also
connected to a dedicated pin to monitor the substrate noise waveform of the
respective metal line. Two of the eight power drivers (see Figs. 3.1a and 3.3d)
monitor Vps across the power driver transistor through dedicated pads. The
signals at the metal lines 1 to 14 are called line! to linel{, while the signals at
Vps of the two power driver transistors are called R;.,:—; and Riest—r or simply Ries:
or Vps if no distinction between Ryeqe—; and Ry, is necessary. These signals are

measured with respect to the sources of the power drivers which is the reference

GND point.

6.1.3 Experimentally derived substrate noise waveforms

An interesting experimentally observed effect is shown in Fig. 6.1. The power
driver transistor, operating in the linear region, generates an approximately con-
stant substrate noise level that biases the substrate continuously over the duration

for which the power driver is on. The substrate bias level increases as the current
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through the power driver increases, and as the distance from the power driver to
the line that monitors the substrate noise increases. The effect of a 6 mA current,
corresponding to a power supply of 4 volts, is shown in Fig. 6.1. Vpg across the
power transistor for this situation is &~ 1.5 volts. The substrate bias measured
for line2 is equal to = 700 mV, while for linel4, farther from the noise source, is

~ 900 mV. These values are obtained when eight power drivers are active.

"Heat" Pulse
.
| , |
l T i, T Time
Substrate 1 < 3 (microseconds)
Noise Amplitude (mV)
Line2
+700+
!
(I —
-100 1
: T Time
1 2 3 (microseconds)

Figure 6.1: The substrate bias generated by a power transistor operating in the
linear region

The noise generated in the substrate by the switching of the 13 volt circuitry
while all the power drivers are off is shown in Fig. 6.2. The noise spikes reach an
amplitude of +/— 200 mV for line2, while for linel4 this amplitude is +/— 400
mV. No constant substrate noise bias is detected due to the low level of current
through the on NMOS inverter. Accordingly, the substrate noise generated by the
13 volt logic is as predicted by Fig. 2.5, the substrate noise being observed only

during transitions.
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Figure 6.2: The substrate bias generated by the switching of the 13 volt logic
circuitry.

For large power driver power supplies (larger than 6 volts), an interesting effect
is noted as exemplified in Fig. 6.3. The substrate noise amplitude oscillates around
the approximately constant noise level as shown in Fig. 6.1. This oscillation is
related to the Vpg variations of the power driver transistor as shown in F ig. 6.3.
In Fig. 6.3, the power supply voltage of the power driver is 34 V (the V level).
The substrate noise varies between V, = 4 volts and V; = —3.2 volts, while Vbs
varies between V) = 62 volts and ¥, = 12 volts. Note the overshoots in Vpg
ranging up to more than 60 volts. Undershoots up to -800 mV have also been
observed. While these values are measured for line2, the same values are within
15% for each of the fourteen lines. A difference in phase of up to 80 ns is noted

between the noise waveforms for any two lines. Eight power drivers are active.
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Figure 6.3: Oscillation of the substrate bias in relation to the Vipg variations across
the power driver transistor.

Note that the substrate noise waveforms generated by a power driver and
controlled by a predriver, with the circuit schematics of the power driver and of
the predriver as shown in Fig. 3.1, are characterized by a steady state value su-
perimposed over an oscillation. All of these waveforms are correlated with the
saturation and linear regions of operation of the power transistor and with the
Vps variations across the power transistor. From Figs. 6.1, 6.2, and 6.3, it can
be concluded that a linear transistor generates a constant substrate bias that,
according to Chapter 5, does not affect the noise immunity of the digital circuits.

It can also be concluded that important noise spikes with large phase differences
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throughout the substrate are produced when the power transistor transitions from
the linear region to the saturation saturation and from the saturation region to
the linear region. No conclusion is obtained regarding the noise generated by the
power transistor while operating in the saturation region since the power transistor
can not remain saturated for a sufficient amount of time for a clear determina-
tion. Accordingly, the linear-to-saturated and saturated-to-linear transitions of
the power driver should be reduced to a minimum to improve the noise behavior

of the digital circuits.

6.1.4 Theoretical aspects for the observed substrate noise

waveforms

To better explain the observed substrate noise waveforms that are generated
by the power driver, the circuit shown in Fig. 6.4 is used. A predriver connected
to a power driver is depicted. As described in Chapter 3, substrate contacts are
present in the vicinity of the power drivers, connecting the sources of the power
drivers to the substrate. Due to physical placement constraints, the ground of the
predriver is a long metal line that connects to the high power ground line. The
high power ground line is then connected to a pad.

Due to these circuit and physical design aspects, the following effects are cre-

ated:

e An initial positive substrate noise spike generated during an initial transition

reaches the source of the power drivers.

e The initial Vo5 at the input of the power driver transistor is reduced by the

magnitude of the positive noise spike.
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o A decrease in Vgs creates a decrease in Ips and an increase in Vpg which

shifts the power transistor from the linear region into the saturation region.

Vee - 13 Volts Power Vdd
i R 38 Volts

L
m_ —i— l

- Substrate

Figure 6.4: The predriver-driver circuit that is used to describe the shape of the
substrate noise waveforms

These aspects are modeled by the equivalent circuit schematic shown in Fig. 6.5,
where the ;.. voltage source models the noise induced Vgg variations which are
responsible for the experimentally observed Vpg variations. The effect of V,,,, as

well as the relation to the Vpg variations can be modeled by the equations,

w V3
Ips = K—L—[(Vcs — Vr — Vaoise)VDs — gs

s (6.2)
and

W o
Ips =K T(Vas — Vr = Vagise)"(1 + AVps). (6.3)
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Figure 6.5: The equivalent schematic of the predriver-driver circuit that models
the substrate noise

Based on Fig. 6.5, (6.2), and (6.3), the noise generation process can be char-

acterized by the following statements:

o Decreasing Vs and increasing Vpg is equivalent to turning off the power

transistor.

e Accordingly, the amount of generated noise decreases, decreasing Vp;se, in-
creasing [ps according to (6.2), and returning the transistor from the satu-

ration region to the linear region and to a small Vpg.

e This situation generates a large amount of noise as in the initial phase.
This cycle, where the power transistor switches from the linear region to the
saturation region and back to the linear region, repeats until the predriver

signal turns off and Vs becomes zero.

e The oscillation remains present while decreasing in amplitude after the

predriver signal turns off. These decreasing oscillations are called herein
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tails. This behavior is explained by the fact that V. of (6.2) is suffi-
ciently large to act as a bias for the power transistor. Vg, decreases in

amplitude with each cycle until the oscillations completely disappear.

6.1.5 Observed dependencies of the substrate noise wave-

forms

The substrate noise waveform characteristics are shown here to depend on a
number of issues. These variations have been experimentally observed and are

presented below.

By decreasing the power supply voltage from 34 volts to 4 volts, the following

effects are noted:

e The frequency and the amplitude of the oscillation, as shown in F ig. 6.3,

decrease.
e The oscillation begins when the power supply exceeds 6 volts.

e The time during which the oscillation occurs after the predriver signal turns

off decreases.

The approximately constant substrate bias observed for low supply voltages is
due to the equilibrium among Vs, Vps, Vigise, and Ips (see Section 6.1.4) that
is reached after the initial noise (V,4;s) generation. Experimental data also show
that the same effects obtained for the case when the power supply decreases are
also obtained for the case when the number of active power drivers decreases. For
example, the oscillation is first noted when the power supply reaches 6 volts when
eight drivers are active, at 8 volts for five drivers, at 12 volts for three drivers,

while for one driver there are negligible oscillations even at 34 volts.
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Experimental data also shows that

e Due to the high switched currents, any voltage drop on the metal lines is
significant, creating ground bounce and/or substrate voltage nonuniformities
that are interpreted as Vi, voltages by different power drivers (see (6.2)

and Fig. 6.5).

e Ifthe circuit contains more than one group of power drivers, the group closest
to the pads (see Fig. 3.3) is the most sensitive to Vp4se effects, and produces

the substrate noise waveforms with the largest oscillation amplitude.

Experiments characterizing the effects on noise reduction due to the presence
of substrate contacts in different points of the substrate have been performed. To
analyze this aspect, any of the fourteen metal lines (connected to the substrate)
have been connected to the sources of the power transistors througl: a low resis-

tivity contact, while the noise is observed at any of the other unconnected metal

lines. The conclusions can be summarized as:

o The noise level is reduced by up to 400% if the line that monitors the noise

is adjacent to a line that is grounded (17 um distance).

e The noise reduction decreases in efficiency as the distance between the mon-

itor line and the grounded line increases.

e [f the distance between the monitor line and the grounded line is more than

70 um (four lines), almost no reduction in noise is noted.

6.1.6 Conclusions and solutions

As described in Chapter 4, digital circuits in general and in particular the

analyzed NMOS circuits are affected by substrate noise primarily through positive



128

substrate noise transients. The principal mechanism for affecting a digital circuit
has been shown to be the existence of a phase difference between the noise received
by the different transistors of the circuit.

Consider two transistors affected by a noise waveform at a difference of phase
T. Two situations for the shape of the noise waveform are considered as shown
in Fig. 6.6.

Amplitude

T Time
1 b3 3 (microseconds)

1 2 3 (microseconds)

b) oscillatory

Figure 6.6: Two examples of noise waveforms affecting two transistors of a logic
element a) normal b) oscillatory

For the normal noise waveform shape there are four moments when a difference
of phase is noted between the noise affecting transistor Q1 and the noise affecting
transistor Q2. For the oscillatory waveform, in this example, there are eight time
points when a difference of phase is noted between the noise affecting the two
transistors. The probability a logic element is affected by noise increases for the

oscillatory waveform, and as the frequency of oscillations increases.
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Figure 6.7: The substrate bias oscillation in relation to the Vps variations of the
power driver transistor for the circuits with no substrate contacts attached to the
power transistors

The following circuits have been designed to eliminate the oscillatory substrate
noise waveform. For these circuits, the substrate contacts in the vicinity of the
power drivers (see Fig. 3.4b) have been eliminated. These circuits do not have the
substrate connected near the sources of the power drivers as shown in Fig. 6.4.
This absence of a substrate contact eliminates the influence of V4. on the Vgs
of the power transistor as shown by (6.2) and in Fig. 6.5. Accordingly, for these

circuits, no substrate noise oscillation should be obtained.
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Experimental results depict a typical substrate noise waveform for these cir-
cuits as shown in Fig. 6.7. The ranges of V;, V,, V4, and V, are approximately
similar to those shown in Fig. 6.3. Also, the amplitude and the “tail” time (for
both tails) are demonstrated to decrease as the supply voltage and/or number of
active drivers decreases, or with the presence of substrate contacts in the vicinity
of the monitor line.

Note the major differences for the generated noise by the power transistors for

these circuits, such as:
e A non-oscillatory substrate waveform
e The tails exist for a much shorter period of time

o There is no observable steady state noise for the duration of the driver turn-

on pulse

e For the rising edge of the turn-on pulse, negative substrate noise is primarily
generated, while for the falling edge both positive and negative noise is
present equally. Accordingly, for these circuits the positive noise does not

dominate as shown in the previous case.

All of these notable advantages, however, have as major drawbacks that the ab-
sence of substrate contacts for the power driver creates reliability problems for the
power transistor, and, as shown by the experimental data, particularly produces
a smaller Vpgs voltage swing. Accordingly, while this solution is not practically
feasible, the approach demonstrates the possibility of changing the shape of the
substrate waveform. An alternative solution which is practically feasible while
maintaining the aforementioned beneficial effects, is to strap the ground of the

power transistors and the ground of the predriver with a low resistivity metal
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while substrate contacts are included for at least the power driver but preferably
also for the predriver (see Fig. 6.4). In this way, the influence of V. on the
Vs of the power transistor is reduced to a minimum by the low resistivity metal

strap.

6.2 High level results

The experimental data characterizing the importance of each of the issues
discussed in Chapter 3 and chosen for the test plan is presented and discussed in
this section. All the results presented here are in terms of the number of affected
registers, as compared to Section 6.1 where the results are presented in terms of
the amplitude of the substrate noise. While the noise amplitude and the shape of
the noise waveform are important in order to understand the mechanisms in which
the registers are affected by noise, it is of interest to determine the sensitivity of

the registers to noise.

6.2.1 Data signal conditioning

Experimental data confirm the simulation results described in Chapter 5 and
the circuit considerations discussed in Chapter 3 regarding the appearance of a
parasitic transition at the output of a logic element as a function of data condition-
ing. The following experiments have been performed to emulate and demonstrate
the results of Chapter 3 and Chapter 5: both static and dynamic master-slave
sensitive registers are loaded with a “1” or “0”; once the registers are loaded with
data, a significant noise is generated by the power drivers; the final data residing
in the registers are analyzed after the noise signal returns to zero. The conclusions

are:
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e For a static register, a parasitic transition is induced only when the registers
are initially loaded with a “1”. No parasitic transition can be induced when

the registers contain a “0” data signal.

e For a dynamic register, a parasitic transition can be induced when the reg-
isters are loaded with a “1” as well as when the registers are loaded with
a “0”. However, the probability of inducing a parasitic transition when the
registers are loaded with a “0” is higher than the probability of inducing a

parasitic transition when the registers are loaded with a “1”.

Therefore, in all of the remaining experiments unless otherwise specified, the static

registers are loaded with a “1” and the dynamic registers are loaded with a “0”.

6.2.2 Clock signal conditioning

Experimental data confirm the simulation results described in Chapter 5 and
the circuit issues discussed in Chapter 3 regarding the conditioning of a parasitic
transition at the output of a logic element by the register clock. To experimentally
demonstrate the dependency of the parasitic transition on the clock signal con-
ditioning of the register, both static and dynamic registers are clocked according
to the timing regimes shown in Fig. 6.8. The clocking regimes shown in Fig. 6.8

satisfy two objectives:

e To verify the conclusions derived from the circuit and simulations analysis,
such as the different behavior to noise of the master as compared to the

slave latch depending on the nature of the clocking regime.

¢ To determine the behavior of the registers to the noise generated by turning

on the power driver transistor (the rising edge of the driver pulse, which is
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the pulse derived from the output of the predriver to the gate of the power
transistor, as shown in Fig. 6.4), and to the noise generated by the power
driver transistor turn-off (the falling edge of the driver pulse), as well as the
relationship of the noise generated in these two cases to the clocking of the

register.
As shown in Fig. 6.8, eight clocking regimes are defined:

e For clocking regime 1, clock is “0” for both the rising and falling edges of

the driver pulse.

e For clocking regime 2, clock is “1” for the rising edge and “0” for the falling

edge of the driver pulse.

e For clocking regime 3, clock is “0” for the rising edge and “1” for the falling

edge of the driver pulse.

e For clocking regime 4, clock is “1" for both the rising and falling edges of

the driver pulse.

e Clocking regime 3 is similar to clocking regime 4 with the difference that

the effect of a “0” clock in-between transitions is integrated in the analysis.

e Clocking regime 6 is similar to clocking regime 1 with the difference that

the effect of a “1” clock in-between transitions is integrated in the analysis.

e Clocking regime 7 is similar to clocking regime 4 with the difference that

the effect of larger set-up and hold times are integrated in the analysis.

e Clocking regime 8 considers the effect of different set-up and hold times for

any of the 1 to 4 clocking regimes.
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Figure 6.8: The relationship between the external input clock signal (the clock

phases) and the driver on-time. Different clocking regimes for these circuits are
generated

The noise behavior of both static and dynamic registers has been analyzed for

each of these clocking regimes and the following conclusions drawn, as shown in

Fig. 6.9:

e For static registers, the noise behavior is best for clocking regime 4 and
degrades for clocking regime 3, 2, and 1 in this order. For clocking regime

5, the noise behavior is similar to the behavior noted for clocking regime



135

4, and clocking regime 6 is similar to clocking regime 1. The behavior of
clocking regimes, 7 and 8, depending upon the set-up and hold times, can
be the same as any of the 1 to 4 clocking regimes.

Noise level (%)

\

s-1

Figure 6.9: The noise tolerance as a function of clocking regime for static and
dynamic registers. s=static, d=dynamic, and 1, 2, 3, 4 are the clocking regimes.
The s-1 and d-4 represent the 100% noise level and is relative to each other. The
d-4 dynamic registers level is = 1.3X larger than the s-1 static register level.

e For dynamic registers, the noise behavior is best for clocking regime 1 and
degrades for clocking regime 2, 3, and 4 in this order. For clocking regime
5, the noise behavior is similar to the behavior noted for clocking regime
4, and clocking regime 6 is similar to clocking regime 1. The behavior of
clocking regimes, 7 and 8, depending upon the set-up and hold times, can

be the same as any of the 1 to 4 clocking regimes.
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6.2.3 Distance

Multiple aspects characterizing the influence of the distance between the noise
source and the noise receptor are discussed in Chapters 3 and 4. In Section 6.1,
it is shown that the noise waveforms are approximately constant over all of the
substrate for this application.

The experimental data characterizing the influence of distance for the static
and dynamic registers are shown in Fig. 6.10. Two distances, 350 um and 500 pum,
are shown, however, the full range of distances (see Chapter 3) was studied ex-
perimentally. Note the weak dependence of the register sensitivity to noise as a
function of distance. No significant sensitivity is noted for large distances. Actu-
ally, the investigation of the influence of distance includes the effects of substrate
thickness, substrate doping, and other process variables as discussed in Chapter 3.

Noise level (%)

100 ? static350

91{

7+
1

dynamic350

dynamic$
static500

)
!

!

[

Figure 6.10: The dependence of the received noise on physical separation for
static and dynamic registers. Two distances, 350 um and 500 zm, are shown. The
static350 and dynamic350 represent the 100% noise level and is relative to each
other. The dynamic350 dynamic register noise level is &~ 1.15X larger than the
static350 static register level.
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6.2.4 Placement of substrate contacts and other layout as-

pects

The results of this research as described in Chapter 4 and Section 6.1 demon-
strate the importance of the placement of the substrate contacts, as well as the
importance of a proper physical layout design. The experimental results for the
test circuits demonstrate that the placement of the substrate contacts and the

physical design have a major influence on the primary noise issues such as the:
e Phase difference between the noise affecting different on-chip transistors.
e Noise magnitude at different points of the substrate.

e Generation of an oscillatory substrate noise waveform.

6.2.5 Power transistor turn-on/turn-off times

The experimental results demonstrate that fast transition times for the pulse
signal that turns on and off the driver (see Fig. 6.4) generate significant overshoots
and undershoots for the Vps across the power transistors, generating significant
substrate noise. These effects, together with the current crowding effect men-
tioned in Chapter 3 and ground bouncing effects, are shown to produce reliability
problems in the power driver transistors such as voltage breakdown and junction

short-circuits.

6.2.6 Position and orientation of the sensitive registers

Several aspects related primarily to the noise phase distribution among the

different transistors of a logic element as well as through the substrate, as a
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function of the distance between the noise source and the noise receptor (see

Chapter 4), are experimentally demonstrated in this section.
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Figure 6.11: Noise tolerance in terms of the affected register location as a function
of power driver voltage, substrate bias, clocking regime, ground bias, and active
power driver group. Group 2 is active. The black shaded area represents the
affected registers. a) Static registers, clocking regime No. 3. b) Static registers,
clocking regime No. 2.

It is experimentally shown that different registers are affected depending on
the position and orientation with respect to the group of active power drivers.
For example, the situation when the drivers from group2 are active is shown in

Fig. 6.11 for clocking regimes 2 and 3.
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Figure 6.12: Noise tolerance affecting register location as a function of power
driver voltage, substrate bias, clocking regime, ground bias, and active power
driver group. Group 5 is active. The black shaded area represents the affected

registers. a) Static registers, clocking regime No. 3. b) Static registers, clocking
regime No. 2.

The situation when the drivers from group5 are active is shown in Fig. 6.12.
Test results demonstrate that the more the active group of drivers is to the right of
the chip (see Fig. 3.3a), the impact of the noise consists in a less biased distribution
of the affected registers.

Experimental data also confirm the models and simulation data presented in

Chapter 4 demonstrating that particular registers can be randomly affected by



140

noise from one noise pulse to another. This behavior is related to the distribu-
tion of the substrate noise and to the fact that the noise phase difference for the
transistors of certain registers may not be sufficient to produce a parasitic tran-
sition for each noise pulse. Two examples of this random behavior are shown in
Figs. 6.13 and 6.14.

It is also shown that if the registers are placed with the depletion transistors
closer to the noise source and the enhancement and pass transistors farther (see

Fig. 3.1), the noise tolerance improves by up to 10%.
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Figure 6.13: Particular registers can be randomly affected by noise. The grey area
represents the randomly affected register locations, while the dark area represents
the location of the registers that are constantly affected. Group?2 is active and
clocking regime 2 is used.

6.2.7 Effects of ground bounce

Due to the magnitude of the switched currents, ground routing is a delicate
issue in the noise behavior of digital circuits. Ideally, ground routing should be
realized in a dedicated low resistivity metal layer. However, as mentioned in
Chapter 3, tradeoffs among the physical design, functionality (the heaters must

be aligned), and the noise behavior affects the physical layout and in particular the
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ground routing, particularly if a single metal layer is used. The experimental data
show that ground bounce does occur, inducing substrate noise nonuniformities and
generating phase differences and oscillatory substrate noise waveforms through
Vioise effects as shown in Section 6.1. The more groups of drivers that are on, the

larger these problems become.

SR N NS N A LI - N T | N

a0

G Y T L
T
i

Apr.Y7.g2.35Cstatcgh-1u-9-2.8 €

26
e 4T Pt 2] 30
M

Figure 6.14: Particular registers can be randomly affected by noise. The grey area
represents the randomly affected register locations, while the dark area represents
the location of the registers that are constantly affected. Group?2 is active and
clocking regime 1 is used.

The effects of ground bounce are illustrated in Fig. 6.15. Note that substrate
contact 2 shown in Fig. 6.15 positively biases the substrate with a voltage equal

to V = Rpewal, creating Vyoise as shown in Section 6.1.

Ground.
Current flow, [

V=Rmetal xI -

Substrate contact No. 1 Substrate contact No. 2

Figure 6.15: High switched currents biasing the substrate through the ground
distribution.
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The experimental data also show that the connections between the ground of
the power drivers and the ground of the logic circuitry play a major role in the
noise behavior of both the static and dynamic registers. It is shown that the noise
behavior is significantly deteriorated when the grounds are connected off-chip
versus when the grounds are connected on-chip, contrary to expectations when
viewed from an analog circuit perspective, where for off-chip connected grounds,
the logic ground remains quiet which could be regarded as beneficial. However,
according to the models presented in Chapter 4 and the effects of V;,4,e discussed
in Section 6.1, the following considerations elucidate the improved noise behavior
of the digital circuits that is experimentally observed for the on-chip connected

grounds:

e For on-chip connected grounds, the internal nodes of the digital circuitry
are discharged to a positively biased ground level (due to the high switched
currents). This voltage level can be sufficient to leave the circuit operational

in an unaffected state once the switching process is complete.

e A quiet digital ground increases the V. effects, since any substrate volt-
age transients only affect the sources of the power drivers which are not

immediately seen by the predriver (see Fig. 6.3).

6.2.8 Power driver supply voltage and current

An experimental analysis has been performed to derive the noise sensitivity
of the registers as a function of the supply voltage and current of the power
drivers. This analysis also considers the dependency of the noise on the clocking
regimes. The results are illustrated in Fig. 6.16. Note that as the supply voltage

increases, the number of affected registers increases. Note also the dependency on
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the clocking regimes, and for a particular clocking regime, the dependency on the

power supply.
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Figure 6.16: The number of affected registers as a function of the driver power
supply voltage for four clocking regimes (for static registers).

It has also been experimentally confirmed that more registers are affected as
the time during which the power drivers are on (the duration of the driver pulse
shown in Fig. 6.8) increases. This behavior can be explained by the increase in
the number of transitions of the substrate noise waveform as shown in Section 6.1.
Accordingly, the probability that a register is affected by noise increases as the
driver pulse duration increases due to the higher probability of a significant dif-
ference of phase during the oscillatory substrate noise waveform while the driver
pulse is active.

The number of affected registers increases by less than 5% for static registers
when the chip temperature is varied between 25°C and 55°C. The variation is
further insignificant for dynamic registers. For temperatures greater than 60°C,
however, the proper operation of the circuit is significantly affected due to an
increase in the ambient temperature of the circuit affecting the operation of the

transistors.
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6.2.9 The size of the noise source

The number of affected registers increases as the number of active drivers
increases. This behavior is expected according to a multitude of issues as discussed

in Chapter 4 and Section 6.1. This behavior is experimentally shown in Fig. 6.17.
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Figure 6.17: The relationship between the active drivers (the numbers above each
column) and the generated noise for the 1 and 4 clocking regimes and for static
registers. The seven active drivers, in both clocking situations represents the
100% noise level and is relative to each other. The noise level is &~ 30X smaller
for clocking regime 4 as compared to clocking regime 1.

By skewing the noise pulses (or the driver pulses) as discussed in Chapter 3,
no significant effect on the noise sensitivity of the registers is obtained, due to the
oscillatory substrate noise waveform, as shown in Fig. 6.2. The initial noise spikes,
which significantly influence the noise sensitivity, are not significantly reduced by
skewing the noise pulses. The duration of the oscillatory noise waveform is larger
by the skew time, but since the skew time is insignificant as compared to the total
duration of the noise pulse, this increase in the duration of the oscillatory noise
waveform is insignificant in terms of creating increased noise effects. However, for
a non-oscillating substrate noise waveform, skewing the noise pulses could have a

significant effect as discussed in Chapter 3.
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6.3 The connection between the substrate noise

waveforms and the high level results

The primary objective of this section is to demonstrate that the results ob-
tained in Section 6.2 are related to the substrate noise waveforms shown in Sec-
tion 6.1. To accomplish this objective, two circuits with a similar layout as the
circuits shown in Fig. 3.3b have been designed to simultaneously monitor the
substrate noise waveforms and the sensitive registers. However, since from Sec-
tion 6.1 the relationship between the substrate noise waveforms and the Vps (or
Ryest) waveforms is known, Vpg for a number of drivers is monitored for conve-
nience.

The experimental data demonstrate the following results:

e Fora Vps waveform without any oscillation, there is no effect on the registers
i.e., for a constant substrate noise level as shown in Fig. 6.1, no registers

are affected.

e When the oscillation on a Vps waveform begins and the amplitude of the
oscillation increases (see Fig. 6.3), the number of affected registers increases,
i.e., an increased substrate noise amplitude and/or substrate oscillation af-

fect the data stored in the registers by inducing parasitic transitions.
e The registers could be randomly affected by noise.

Tests have been performed that show that the oscillation and/or magnitude of
the noise spikes increases as the power driver supply voltage increases and/or the
size of the noise source increases while the number of affected registers increases.
To clearly determine the effects of ground bounce, one of the circuits features a

power driver ground line routed to create large voltage drops and ground bounce.
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The experiments demonstrate that the oscillation and substrate noise waveforms
are much higher than for a standard ground network. This increased oscillation
and substrate noise amplitudes result in an increased likelihood of affecting the
sensitive registers. The substrate noise is shown to be reflected in both the 5
volt and 13 volt power supply lines, with noise amplitudes up to +/— 20%. The
noise waveforms induced into the power supply lines resemble the noise waveforms

derived from the substrate.

6.4 Noise mitigation techniques

The discussion in Chapter 3 of the issues that influence the generation, trans-
mission, and reception of noise, the models and mechanisms from Chapter 4, the
simulations from Chapter 5, and the experimental data from Chapter 6, permit
the development of several noise mitigation techniques that achieve the primary
objective of improving the noise behavior of a digital circuit in a mixed-signal
smart-power environment (and generally in any noisy environment). These tech-
niques are for a given technology and amount of substrate noise, in which circuit
and physical design techniques are applied without any process alterations. The

following noise mitigation techniques are summarized:

e Static registers are preferably used since the noise behavior of the static

registers is more predictable than for dynamic registers.

® Design the logic circuitry such that “zero” states are stored wherever needed
since the “zero” states are immune to noise. For example, inverters should
be used to invert the “zero” states stored in a register if a “one” logic state

is needed in the circuit, such as, for example, to drive the predriver.
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e If particular circuit considerations and trade-offs recommend the use of dy-
namic registers, the logic circuitry should be designed to predominantly store
“one” logic states since these states are less sensitive to noise when stored

in a dynamic register as compared to a stored “zero” state.

e For the period of time during which the drivers are active (the noise is
generated), special care must be taken to design the state of the clock used
to synchronize the registers. As has been described, the proper state of the
clock is different depending on whether the registers are static or dynamic.
A proper clock state during the noise generation process significantly reduces
the noise sensitivity of the static and dynamic registers for the same amount

of noise present into the substrate.

e The logic elements should preferably be sized around kg/kp = 4 with a
smaller or larger ratio depending on whether the noise is estimated to be

primarily in phase or not.

e The logic elements should be similarly loaded, preferably by a large capaci-
tive load. This technique can only be used in low speed applications. If low

logic speeds are unacceptable, then the more similar the loads the better.

e The ground routing should be realized with thick and wide low resistivity
metal layers. This routing style will produce small voltage drops on the

ground lines minimizing ground biases and the effects of ground bounce.

e The grounds of the different circuit blocks, such as the ground of the drivers,
the predrivers, and the logic blocks, should all be connected on-chip, with

minimal parasitic resistances from one ground line to another ground line.
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Accordingly, the same routing style with a low resistivity metal is recom-

mended, thereby eliminating any Vj;,, effects and oscillatory substrate noise.

Every transistor of a logic element should have a dedicated substrate contact
in its vicinity, similar to an analog physical design style. These substrate
contacts should be connected by a low resistivity metal layer. Multiple

beneficial effects are achieved by this technique, such as:

— A reduction of the amplitude of the substrate noise.

- The same noise phase for all of the constituent transistors. As shown,
since the noise simultaneously affects all of the transistors, practically
no registers are affected, independent of the magnitude of noise (see

Chapter 5 for more details).

— A reduction in V4, effects and the oscillatory noise waveforms.

A compact layout is beneficial since the RC delays among the transistors of

each latch are minimized.

A low impedance substrate is recommended. This substrate creates smaller
delays (or differences in phase) between one point of the substrate to another
point. A non-epitaxial process is preferable due to the lower capacitive
element of the substrate. A high voltage process, however, necessitates a

low doping concentration in the substrate, creating a high resistance.

If possible, it is recommended to place the noise sensitive digital circuitry as
far and/or as symmetric as possible with respect to the noise source. This
floorplan style maintains a similar phase for all of the transistors within the

logic elements.
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e [t is recommended to operate the power drivers at a lower voltage power
supply. If a power resistor is required to dissipate a certain power (as in the
present application), it is preferable to operate the power resistor at larger

currents (with larger transistors) rather than at large voltages.

e The on-off process for the power drivers should be skewed in time as much
as possible. This strategy will decrease the noise amplitude within the sub-

strate.
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Chapter 7

Placement of Substrate Contacts
in Epi and Non-Epi Technologies

As discussed in Chapters 4, 5, and 6, the noise behavior of digital circuitry is
particularly affected by the non-uniform substrate noise distribution throughout
the substrate. The noise magnitude is also shown to have a major influence. The
primary objective of this chapter is to develop a sound strategy for the placement
of substrate contacts and rings in order to minimize the amplitude of the noise
received by the digital noise sensitive circuitry as well as obtain a uniform noise
distribution throughout the substrate.

A static analysis of the noise distribution for epi and non-epi technologies is
performed in Sections 7.2, 7.3, and 7.4. A shape for the power resistor of the
ink-jet driver which features a highly uniform power distribution over the entire

surface is discussed in Section 7.5.

7.1 Modeling

A qualitative representation of the noise distribution within the substrate for

an epi and non-epi technology is discussed in Section 2.5. The primary objective
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of this analysis is to determine the significance and influential factors in placing
substrate contacts and rings on the noise distribution, and to develop and present
rules for placing substrate contacts and rings in order to minimize and equalize
the noise amplitude received by the sensitive circuitry.

A three-dimensional representation of the noise distribution is developed to
achieve these objectives. The noise density, which is the third dimension in the
graphical representations, is determined inside a two-dimensional section of the
substrate. The following assumptions are made in the development of the model

used to derive the noise distribution:

e As experimentally shown in Section 6.1.3, the noise is generated during the
transitions from the linear region to the saturation region and from the

saturation region to the linear region of operation of the power transistors.

o The magnitude of the generated noise depends upon the input signal transi-
tions, the power transistor size, and other related technological aspects such

as the substrate doping, substrate characteristics, and gate doping.

e For a given technology and application, all of the aforementioned variables
are constant, and therefore it is assumed that the generated noise is constant.

As a consequence, the noise source can be modeled as a constant current

source.

e The constant current source injects noise into a resistive mesh which rep-
resents the substrate. The capacitive element of the substrate is neglected,
first because it would give a fourth dimension in the representation (the time
dimension), and second because once the substrate contacts and rings are

placed to minimize the noise amplitude and nonuniformities, the effect of
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the delays due to the capacitive element of the substrate is minimal since, as
shown in Chapter 4, the amplitude and noise nonuniformities should be large

in order to induce a parasitic transition at the output of a logic element.

A schematic of the model used to determine the noise distribution is shown
in Fig. 7.1. For a non-epi substrate, the entire substrate is assumed to have the
same resistivity. For an epi substrate, the epi layer, smaller in thickness than the

bulk, has a resistivity R1, while the bulk has a resistivity R2.

A"/
I
.'
— GND
R1
R2 Substrate

Figure 7.1: Schematic of the model used to derive the three-dimensional noise
distribution within the substrate

The substrate is modeled as an R mesh, realized by connecting a large number
of two-dimensional resistive primitives. A resistive primitive is shown in F ig. 7.2
The two-dimensional substrate section used to derive the noise distribution is
composed of 36 by 24 resistive primitives. For an epi substrate, 36 by 6 resis-
tive elements make up the epi layer, and the remaining elements make up the
bulk. The 36 by 24 matrix of resistive primitives has been chosen since this ma-
trix size provides sufficient precision while maintaining reasonable computational

complexity.
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Figure 7.2: A resistive primitive used to model a section of the substrate

The procedure to determine the substrate noise distributions is as follows. Sev-
eral substrate contact placement configurations are simulated using the Cadence
Spectre [98] simulator. A C program has been developed to process the files gen-
erated by the simulator in order to derive the current through each resistor of
each resistive primitive. An average value of the current passing through each
resistive primitive is computed as the median of the currents through the four
resistors of each resistive primitive. These average currents are plotted to obtain

the substrate noise distribution. The flow of this procedure is shown in Fig. 7.3.
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Figure 7.3: Flow diagram of the procedure used to determine the noise distribution

within a substrate

7.2 Substrate noise distribution for a non-epi

technology

The highest density of substrate noise for a non-epi technology is predicted by

Wooley in [69] to be at the substrate surface. In this section, this prediction is

demonstrated by several three-dimensional substrate noise distributions. A thor-
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ough analysis of these distributions for a variety of substrate contact placement
conditions suggests a number of rules and methodologies for placing substrate
contacts and rings in order to reduce and equalize the substrate noise. The most

significant practical configurations are analyzed, and conclusions are drawn for

each case.
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Figure 7.4: Substrate noise distribution for a non-epi technology for one substrate
contact
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7.2.1 Substrate noise distributions for one individual sub-

strate contact

In the following discussion, an individual substrate contact is defined as a
substrate contact that has a small size as compared to the distance from the noise
source to the noise receptor. Three-dimensional noise distributions obtained for
one individual substrate contact are shown in Fig. 7.4.

Note in Fig. 7.4a the high noise density where the noise enters the substrate
(at the noise source) and exits the substrate (at the substrate contact connected to
GND). Note the constant noise distribution at the substrate surface. For a detailed
view of the noise distribution, the large input and output densities are eliminated
in Figs. 7.4b, 7.4c, and 7.4d. Note in Figs. 7.4b, 7.4c, and 7.4d the symmetric
noise distribution with the highest noise density at the surface of tile substrate,

gradually decreasing as the distance from the substrate surface increases.

“Pregiol e — TR ——

(a) Main front view (b) Magnified front view

Figure 7.5: Substrate noise distribution for a non-epi technology for the condition
where the substrate contact is close to the noise source
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Significant noise distributions for the configuration where the output node is
closer to the input node are shown in Fig. 7.5. Note the higher noise density at
the substrate surface as compared to Fig. 7.4, and also note that there is no noise
propagation on the opposite side of the substrate contact with respect to the noise
source.

Each of these noise distributions represent distributions of current and can be
translated into voltage distributions. A general form of a voltage distribution is

shown in Fig. 7.6.

Voltage (V) ‘
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Substrate contact (GND) Noise source

Figure 7.6: A voltage distribution at the substrate surface for one substrate
contact

If the substrate contact (GND) is assumed to be at zero potential, the large
spike in the substrate near the substrate contact produces a potential V. In the
immediate vicinity of the substrate contact (region 3 in Fig. 7.6), the noise density
is large, producing a voltage drop of V, — V|. At the end of this region (region 1
in Fig. 7.6), the substrate remains biased at V2. This constant bias has been
experimentally observed, as shown in Fig. 6.1. In region 4, the noise density is

smaller and constant, the voltage potential increasing approximately linear with a
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slope “b.” A similar region as region 3 is noted in region 5. Finally, the large noise
spike near the noise source is noted in region 6. This profile is obtained when the
noise source injects noise into the substrate, and can be symmetric with respect
to the x axis depending upon the direction of the noise flow into the substrate.

An important conclusion regarding the placement of the noise sensitive cir-
cuitry is noted. A common technique in physical design is not to place individual
substrate contacts near each constituent transistor, but rather to place a global
substrate contact within each circuit block. An obvious reason for this design
technique is to save area and ease the design effort. Note that if the sensitive
circuitry (with no substrate contacts) is placed as in region 4 of the substrate (see
Fig. 7.6), the constituent transistors are affected by a large and variable poten-
tial, which, as shown in Chapter 4, can easily induce a parasitic transition at the
output of a logic stage. If the sensitive circuitry is placed as in region 6, the con-
stituent transistors are affected by an approximately constant potential, V5 (see
Fig. 7.6). As shown in Chapter 5, a constant potential, even if large, is less likely
to induce a parasitic transition than a non-uniform noise distribution. Accord-
ingly, if a design technique is used in which a global substrate contact is placed
within a circuit block, all of the constituent transistors of that block should be
placed as in region 6 (see Fig. 7.6). If this is not possible, the sensitive transistors
should be placed close to the substrate contact as in region 4 (the distance from
the transistor to the substrate contact should be much smaller than the distance
from the transistor to the noise source).

Another observation is related to the distribution of the forward biasing poten-
tial for a junction. It is common practice in the physical design process to place a

substrate contact in the immediate vicinity of the source diffusion of a transistor,
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as shown in Fig. 7.7a. The P+ substrate contact diffusion is low resistivity, and
therefore, V) (see Fig. 7.7a) is approximately zero. In the immediate vicinity of
the P+ diffusion, the noise density is high (as in region 1 of Fig. 7.6). Accord-
ingly, the potential profile is quite abrupt, and the potential differences, V> — V;
and V3 — V5, are large. If the noise is large, the potential can exceed 0.7 volts and
forward bias the N+ junction. Note that the likelihood of forward biasing the
N+ junction increases as the distance from the substrate contact increases. This
forward biasing effect can induce a parasitic transition as well as affect the relia-
bility of the transistors (see Chapter 5). To reduce these noise effects, a practical
solution is to place the P+ diffusion as shown in Fig. 7.7b, where the P+ diffu-
sion creates an approximately constant and close to zero potential over the entire
junction area. The noise, originating from the drain, minimally affects region 1 of
the junction for two reasons: 1) region 1 is not in the main trajectory of the noise,
and 2) the transistor channel produces already a potential distribution from the

source to the drain in both the saturated and linear regions of operation.
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|
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Figure 7.7: The forward biasing distribution potential of a junction: a) typical
and b) recommended diffusion profiles for the substrate contact.



160

Note the importance of these effects on the power transistor. A substrate
contact that is not placed near the immediate vicinity of the source diffusion
of the power transistor creates a body effect which induces V.. effects (see

Section 6.1.4), and forward biases the source-to-substrate junction.
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(c) Main front view (d) Magnified front view

Figure 7.8: Substrate noise distribution for a non-epi technology where two sub-
strate contacts are used. The distance between the noise source and the first
substrate contact is constant, while the distance between the two substrate con-
tacts is smaller for the a and b cases than for the ¢ and d cases.
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7.2.2 Substrate noise distributions for multiple individual

substrate contacts

Several analyses have been performed to determine the effect of placing mul-
tiple substrate contacts at different distances from the noise source. In Fig. 7.8,
noise distributions for two individual substrate contacts are presented. In Figs. 7.8a,
7.8b, 7.8¢c, and 7.8d, the distance between the noise source and the first substrate
contact is constant, while the distance between the substrate contact 1 and sub-
strate contact 2 is smaller in Figs. 7.8a and 7.8b than in Figs. 7.8¢c and 7.8d.

Based on these noise distributions, a similar voltage distribution as shown in
Fig. 7.6 can be presented for the two individual substrate contacts case, illustrated
in Fig. 7.9. Note the three noise spikes and the several regions in which the

substrate is divided.
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Figure 7.9: A general form of a voltage distribution at the substrate surface when
two substrate contacts are used
From Figs. 7.8 and 7.9, the following conclusions can be drawn:

e The noise spike at substrate contact 1 (closer to the noise source) is larger

that the noise spike at substrate contact (SC) 2.
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e The noise spike at SC 2 becomes smaller while the noise spike at SC 1

becomes larger as the distance between SC 1 and SC 2 increases.
e The noise density in region 5 is much smaller than in region 9.

e The noise density in region 5 decreases as the distance between SC 1 and

SC 2 increases.

Note the benefits of using multiple substrate contacts. An observation can be
made for an efficient multiple substrate contact placement strategy for a non-epi
technology. Two substrate contacts, for example, are efficient in reducing the
noise if the distance between the two contacts (L, see Fig. 7.9) is comparable
to or larger than the distance between the first substrate contact and the noise
source (L,), or generally, between the first substrate contact and the previous
substrate contact. If L, is much smaller than L,, the two substrate contacts
receive practically the same noise, and the use of multiple substrate contacts is

less efficient.

7.2.3 Tradeoffs among individual substrate contacts, large

substrate contacts, and rings

In the following discussion, a large substrate contact is a substrate contact
for which at least one dimension of the substrate contact cannot be neglected as
compared to the closest distance from the substrate contact to the noise source.
Based on the aforementioned noise distributions and observations for single and
multiple individual substrate contacts, certain conclusions regarding the place-

ment of individual substrate contacts versus rings can be stated. Consider first
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the spatial noise distribution for two individual substrate contacts as shown in

Fig. 7.10.

Noise source

sC1

sc2

Figure 7.10: A spatial noise distribution for two individual substrate contacts.
Lines of equal noise are shown.

Noise source

sC2 sCQ1

Figure 7.11: A spatial noise distribution for one large substrate contact and one
individual substrate contact. Lines of equal noise are shown.
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SC1 and SC2 are the two individual substrate contacts, and txl and tx2 are
the two transistors within the circuit. Note that even if tx1 and tx2 are close,
these transistors exhibit different noise lines. Accordingly, a noise nonuniformity
exists between tx1 and tx2, which, as shown in Chapter 5, can induce a parasitic
transition at the output of the respective logic element.

Large substrate contacts produce a noise distribution as shown in Fig. 7.11,
creating a zone with a smaller noise amplitude and higher uniformity than for
individual substrate contacts (see Fig. 7.10). This zone is situated behind and in

the vicinity of SC1.

Noise source Noise source Naise source

v —,
/

]

sC1 sC1

a) 17 microns b) 70 microns ©) Quiet zone

Figure 7.12: A spatial noise distribution for large substrate contacts. Lines of
equal noise are depicted. The distance between SC1 and SC2 is a) Tum and b)
70 um. The “quiet zone” is shown in c).

A quiet zone, shown in Fig. 7.12, has been experimentally observed as discussed
in Section 6.1.5. The circuit for which measurements have been performed uses
large parallel substrate contacts, as in the group4 circuits illustrated in Fig. 3.4.
The noise is significantly reduced at 17 um behind a grounded substrate contact.
Practically no reduction in noise is noted at 70 um. This high noise variation for

a relatively small distance is due to the large parallel and equal length substrate
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contacts that are used (see Fig. 3.4), which interact with the noise lines beyond
a small distance (see Fig. 7.12). A conclusion is that the noise is reduced and
uniform near and behind a large substrate contact. As the distance from the
substrate contact increases, the noise remains small and uniform in an area as
shown in Fig. 7.12c.

A ring surrounding the noise source, as shown in Fig. 7.13, produces a noise
distribution similar to the two substrate contacts case (see Figs. 7.8 and 7.9) in
any direction of the substrate (any section of the substrate such as 1, 2, 3, or 4,
see Fig. 7.13). The benefit, however, is that the ring, connected to the ground,
provides a lower resistivity path for the noise towards the ground than either the
individual or the large substrate contacts due to the large area of the ring that

surrounds the noise source.

1 Substrate contact

[ =]

Ring

°
Substrate contact / 3;

Noise source

Figure 7.13: The effect of a ring on the substrate noise distribution

Since a substrate resistance is present within any section of the substrate

between the noise source and the ring, a ring configuration is equivalent to con-
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necting multiple similar resistors in parallel, thereby obtaining a small substrate
resistance from the noise source to ground. This situation is equivalent to reducing
the distance from the noise source to the substrate contact. A low resistivity noise
path can also be obtained through the same mechanism of connecting multiple

equivalent substrate resistors in parallel by using wide substrate contacts.

7.2.4 Significant issues for substrate contact placement

1. Distribution of substrate resistance

As shown in Figs. 7.8 and 7.9, the noise distribution significantly depends
upon the ratio of the distances between the noise source and the substrate
contact 1, L,, and between the substrate contact 1 and substrate contact
2, L, (see Fig. 7.9). These distances are proportional to the substrate re-
sistances, R; and R;. The noise at substrate contact 2, SC2. is directly
proportional to the resistive ratio, R;/R,. Accordingly, the smaller R, is
and/or the larger R, is, the smaller the noise at SC2 and the larger the noise

at SC1. Alternatively, a condition for small noise at SC2 is

% <1 (7.1)

A low R;/R, ratio can be obtained by minimizing R; by placing a ring
around the noisy drain that is connected to the source terminal of the re-
spective drain (as shown in Fig. 7.7b). A wide ring further decreases R1.
The distance between the two contacts (L) should be as large as the physical
design constraints permit, creating a large R,. R; can be further decreased

if a buried layer is placed below the noisy transistor.
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2. Multiple noise sources

The R,/ R, ratio has a particular significance in the following case. Consider
multiple independent noise sources surrounded by a common ring, as shown
in Fig. 7.14a and as described in Chapter 3. If the noise source 1 (see
Fig. 7.14a) is active, the noise distribution at the substrate contacts, a,
b, ¢, and d (the large spikes), is as illustrated in Fig. 7.14b (expressed as
the noise amplitude versus the position) where a, b, ¢, and d are the four
sections of the ring (see Fig. 7.14a). This distribution is due to the different
R2 resistances from SC1 to SC2 (SC2 consists of the a, b, ¢, and d sections
of the ring). For this discussion, it is assumed that each noise source has a
substrate contact near the source terminal, creating a constant R, for each
noise source. Note that different transistors placed around the eommon ring
will have a different body effect, larger and more uniform when the transistor
is placed near the substrate contact a, smaller and more uniform when the
transistor is placed near the substrate contact d, and variable when the
transistor is placed near the substrate contacts, b or c. As the active noise
source changes, different transistors are affected by a maximum body effect,
depending upon the resistance R; from SC1 to SC2 (a, b, ¢, or d) and on
the R, /R, ratio. If no substrate contacts are placed near the noise sources,
a variable noise on a, b, ¢, and d still occurs due to the variable resistance

R, from the noise source to either a, b, c, or d.

Several solutions are possible to equalize the noise distribution across the
ring as well as the body effect of each of the transistors, all based on creating

a small resistance R; and R;/R, ratio, such as:

o Use substrate contacts at each noise source as shown in Fig. 7.7.
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e Progressively surround groups of noise sources with rings. The smaller
the groups, the better. The rings should be placed so as to create
a small R,/R, ratio, by making the distance from SC1 (of the noise
source) to SC2 large. Multiple layers of rings are beneficial. The higher
the layer, the more noise sources are surrounded. The primary draw-
back of multiple layers of rings is the large area that is required. A
ring placed close to another ring also has minimal benefit other than
the ring closest to the noise source which decreases R;. To decrease
the R,/R, ratio, the rings closer to the noise source should be wider,

while the rings farther from the noise source should be thinner.

e Place individual substrate contacts close to each transistor or each small
group of transistors. These substrate contacts should be-placed at a
considerable distance from the last ring to create a small R;/R, ratio.
With this technique, a local noise reduction (for the area surrounding
the individual substrate contact) and a high noise uniformity across

the substrate is achieved.

3. Physical design aspects of a ring

The ring is connected to ground. In order to provide a ground potential for
the entire ring, Metal 1, for example, can follow the P+ ring diffusion sur-
rounding the noise sources (as shown in Fig. 7.15a). However, multiple lines,
such as the power and control lines, must be connected to the noise sources.
These lines will require the Metal 1 connecting the ring to be interrupted,
as shown in Fig. 7.15b. Where Metal 1 is interrupted, the connection be-
tween Metal 1a and Metal 15 is made through the P+ diffusion, inserting a

resistance R, thereby producing an IR voltage drop. This /R voltage drop
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can bias Metal 1b with respect to Metalla. This bias may be important
if the gap is large (high resistance) or the current I is large. This voltage
dr<.Jp biases the substrate below Metal 1b and may produce noise through
any of the mechanisms described in Chapters 4 or 6, depending upon the
magnitude of the /R drop. In the extreme case, if the I R drop is significant,
the situation is equivalent to the substrate contact below Metal 1b having a

negligible effect.

13348478 -

Substrate ring

independent noise sources

a) Muitiple noise sources surrounded by a common ring

N

Contacta Contact b
Contact ¢ Contactd

b) Naise distribution around the a, b, ¢, and d substrate contacts
when the noise source 1 is active

Figure 7.14: Noise distributions: a) multiple noise sources surrounded by a com-
mon ring, b) the associated noise distribution on each of the sections of the ring
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a) Physical design of a ring
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Figure 7.15: Physical design aspects of a ring; a) Typical physical design, b) The
effect of a Metal 1 break induced by other lines, ¢) Remedy for the Metal 1 break

Solutions to minimize or eliminate this effect exist such as:

e Do not break Metel 1 on the P+ substrate contact. Make the necessary

connections to the noise sources in Metal 2.
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e Minimize the current passing through the resistor by diverting the cur-

rent through low resistance paths to ground through careful physical

layout design.

e Create low resistivity paths between Metal Ia and Metal 1b by using,

for example, Metal 2 as shown in Fig. 7.15¢c.

4. Ring surrounding the sensitive circuitry

A ring surrounding the sensitive circuitry, as shown in Fig. 7.16, is contro-
versial because of the following reasons. Assuming that the noise source has

a substrate contact of its own, R1 is fixed.

e [f L is small, than the a, b, ¢, and d sections of the ring have different
R,/ R, ratios, and. therefore, a nonuniform distributior of noise at
the ring sections is obtained. This nonuniform distribution does not
benefit the sensitive circuitry, therefore, the ring placement around the

sensitive circuitryNs not useful.

o If L is large, then the a, b, ¢, and d sections of the ring receive ap-
proximately the same amount of noise since each has similar R;/R,
ratios. Due to the large L, these R,/R, ratios are small which is ben-
eficial. Therefore, for large L, placing a ring around the sensitive cir-
cuitry is beneficial. However, at large distances L, the effect of the ring
looses significance, since placing a large substrate contact for the en-
tire sensitive circuitry or placing individual substrate contacts for the
constituent transistors has the same effect in reducing the noise. Large
L distances are also not preferable due to the significant area that is

expended.



172

Noise Ring
Source C
L Sensitive
A circuitry D
! i
|

Figure 7.16: Ring surrounding sensitive circuitry

Based on these considerations, a ring surrounding the sensitive circuitry
does not bring any significant benefits, and may create additional problems.
It is, therefore, preferable to place a ring to surround the noise sources,
maintaining small R;/R, ratios. It is also preferable that each transistor
of the sensitive circuitry or group of transistors has individual substrate

contacts.

7.2.5 Conclusions

To summarize this analysis for a non-epi technology, the following general

remarks can be listed.

e Place a large and wide ring (a substrate contact) in the immediate vicinity

of the source terminal of the noise source.
e At a considerable distance, place another thinner ring.

e If possible, place one more even thinner ring at a large distance from the

previous ring.
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¢ If multiple noise sources are present, progressively surround the noise sources

with rings.
o Use special precautions when breaking the continuity of the rings.

e Place either an individual substrate contact near each constituent transistor
of the sensitive circuitry or place a large substrate contact symmetric to
a small group of transistors. Preferably, the sensitive circuitry should be
placed at a considerable distance with respect to the noise source and the

last ring surrounding the noise source.

The application of these rules will produce a low level and uniform noise distri-

bution around the sensitive circuitry in a non-epi technology.
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7.3 Substrate noise distribution for an epi tech-
nology

The highest density of substrate noise for an epi technology is predicted by

Wooley in {69] to be at the interface between the epi layer and the bulk.
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(c) Magnified lateral-front view (d) Magnified lateral-back view

Figure 7.17: Substrate noise distribution for an epi technology for one substrate
contact
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This prediction is demonstrated in this section by deriving several three-
dimensional substrate noise distributions. Also presented in this section are rules
and methodologies for placing substrate contacts and rings in an epi technology to
reduce and equalize the substrate noise. Practical substrate contact configurations

are analyzed and conclusions are drawn for each case.

7.3.1 Substrate noise distributions for one individual sub-

strate contact

Three-dimensional noise distributions for one individual substrate contact are
illustrated in Fig. 7.17. Each of the noise distributions presented in this section
uses a 1:10 ratio for the epi layer resistivity to the bulk layer resistivity. Note
in Fig. 7.17a the high noise density where the noise enters the substrate (at the
noise source) and leaves the substrate (at the substrate contact connected to
GND). Note that for the same distance between the noise source and the substrate
contact, as in a non-epi technology, the noise spikes that occur at the input and
output are larger in an epi technology than in a non-epi technology. This behavior
occurs because the noise travels predominantly through the lower resistivity path
(i.e. through the bulk). Aiso note the constant noise distribution at the substrate
surface, as in a non-epi technology. However, the noise density at the substrate
surface is much smaller than for a non-epi technology (1:10 or less is typical),
since the highest noise density is at the interface between the epi layer and the
bulk. Eliminating the large input and output noise densities, note the symmetric
noise distribution as shown in Figs. 7.17b, 7.17¢c, and 7.17d, i.e., similar to the
non-epi case with the highest noise density at the epi-bulk interface. Note also

the gradual decrease of the noise density starting from the substrate surface and
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moving into the epi layer, as well as into the bulk layer, starting from the bulk-epi

interface.
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(a) Main front view (b) Magnified lateral-front view

Figure 7.18: Substrate noise distribution for an epi technology when the substrate
contact is closer to the noise source

Noise distributions where the output node is closer to the input node are shown
in Fig. 7.18. Note the higher noise density at the substrate surface and at the
epi-bulk interface as compared to Fig. 7.17. Also note that the noise does not
propagate along the opposite side of the substrate contact with respect to the
noise source (at the substrate surface as well as at the epi-bulk interface).

The voltage distribution at the substrate surface is similar to the voltage dis-
tribution illustrated in Fig. 7.6. However, the noise spikes, V|, Vo, — W}, V4 — V5,
and V5 — V] (see Fig. 7.6), are larger than for a non-epi technology, while the
noise nonuniformity in region 4 (expressed as the slope “b”) is smaller than for
a non-epi technology. This noise distribution for an epi technology, as shown
above, describes an important difference as compared to a non-epi technology.

This difference can be summarized by the following characteristics: 1) the noise
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magnitude affecting the sensitive circuitry is larger for an epi technology than for
a non-epi technology, and 2) the noise is more uniform for an epi technology than
for a non-epi technology. As shown in Chapter 5, a uniform noise, even if large
in magnitude, is preferable to a non-uniform noise, even if small in magnicude, in
terms of the likelihood of inducing a parasitic transition.

Similar to a non-epi technology, if the sensitive circuitry (with no substrate
contacts) is placed in region 4 of the substrate (see Fig. 7.6), the transistors are
affected by a variable potential; however, this variable potential is much smaller
than in a non-epi technology. If the sensitive circuitry is placed in region 1, the
transistors are affected by an approximately constant potential V2 (see Fig. 7.6),
which however is larger than in a non-epi technology.

An important insight from this discussion is that epi technologies offer a more
uniform noise, even if larger in magnitude than in non-epi technologies. This
characteristic is valid in region 1 as well as in region 4 (see Fig. 7.6), benefiting

the noise behavior of digital circuits.
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Figure 7.19: Resistance distribution between the noise source and a substrate
contact for an epi technology

Fig. 7.19 is useful in determining first order equations that describe an efficient

placement of the substrate contacts in an epi technology. The resistivity of the
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epi layer is assumed to be k& times the resistivity of the bulk,
Pepi = kPoutk- (7.2)

In Fig. 7.19 L is the distance and R is the resistance from point A to point B. As
shown in Fig. 7.19, the noise path from the noise source to the noise receptor may
be through the bulk at the epi-bulk interface or the epi layer along the substrate
surface. The resistance from the noise source to the noise receptor through the

bulk is

Ry & 2k Ly pouik + Lopouix = Poutk(2kLy + L), (7.3)

assuming Ry = R, (see Fig. 7.19). The resistance from the noise source to the
g g

noise receptor through the epi layer is
R, < kL2ppuik- (7.4)
The noise propagates primarily through the bulk if
R, < R,, (7.3)
and propagates primarily through the epi layer if
R. € Ry, (7.6)

depending upon L; which is the thickness of the epi layer and L, which is the
distance between the noise source and the noise receptor.

As noted in the three-dimensional noise distributions shéwn in Figs. 7.17
and 7.18, due to the low resistivity of the bulk, the noise propagates uniformly
through the bulk into the entire substrate, affecting the sensitive circuitry with a

high noise amplitude signal. The noise amplitude is large but uniform, since the
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low resistivity bulk introduces minimal attenuation as the distance from the noise
source to the noise receptor increases. A uniform noise, as discussed previously,
is beneficial for the noise behavior of the digital circuits. In addition to a uniform
noise, a small noise amplitude is also desired. To reduce the noise amplitude, a
possible method is to place substrate contacts to reduce the noise that reaches the
bulk. This strategy is equivalent to diverting a portion of the noise from the bulk
through the epi layer and can be described by satisfying (7.6). Condition (7.6) is
best satisfied if the substrate contact is placed at the minimum possible distance
from the noise source (which is a noisy drain). As discussed for the non-epi case,
the closest substrate contact to the noisy drain can be placed with the source ter-
minal of the noisy drain (transistor) as shown in Fig. 7.7. This substrate contact
placement strategy is also effective for an epi technology. In addition to plac-
ing the substrate contact as described above, condition (7.6) can be maximized

through several methods:

e Increase the substrate thickness (L, in Fig. 7.19). However, this technique
requires adjustments in the process technology. Also, due to the thicker
epitaxial layer, the high voltage devices have better performance but the
performance of the low voltage devices are degraded. A tradeoff therefore
exist. The thickness of the epi layer should be chosen to provide an optimal
compromise between the performances of the high voltage devices and the

low voltage devices that satisfy the application specific requirements.
o Diffuse the substrate contact deeper into the epi layer, as shown in Fig. 7.20a.

e Create an extra buried layer below the noise source, as shown in Fig. 7.20b.
‘This method degrades the performance of the high voltage devices due to
the thinner epi layer.
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e Design the high voltage devices with minimal design overhead (such as, for
example, a larger channel than is needed), that would increase the distance

from the drain to the source.

e Surround the drain with the source and the substrate contact to minimize

Ry (see Fig. 7.19), as shown in Fig. 7.20a.

e Use wide substrate contacts near the drain to decrease R;. However, a

negative effect of this strategy is that R;, (see Fig. 7.19) is also decreased.
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Figure 7.20: Different process adjustments to maximize condition (7.6): a) deeper
diffusion for substrate contacts and b) additional buried layer.

If the substrate contact is placed far from the immediate vicinity of the source

of the power transistor, the noise is injected primarily within the bulk, thereby
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affecting the noise sensitive circuitry with a high amplitude noise signal throughout
the chip. Also, a larger body effect is created for the power transistor, inducing

Vioise effects (see Section 6.1.4), which forward biases the source junction.
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Figure 7.21: Substrate noise distribution for an epi technology when two sub-
strate contacts are used. The distance between the noise source and the first
substrate contact is constant, while the distance between the two substrate con-
tacts is smaller for the cases shown in a and b than for the cases shown in ¢ and
d.
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7.3.2 Substrate noise distributions for multiple individual

substrate contacts

Several experiments have been performed to determine the effects of the place-
ment of multiple substrate contacts at different distances from the noise source.
Noise distributions with two substrate contacts are presented in Fig. 7.21. In
Figs. 7.21a, 7.21b, 7.21c, and 7.21d, the distance between the noise source and the
first substrate contact is constant, while the distance between the substrate con-
tact 1 and substrate contact 2 is smaller for the configurations shown in Figs. 7.21a
and 7.21b than for the configurations shown in Figs. 7.21c and 7.21d.

Based on these noise distributions, a similar voltage distribution as shown in
Fig. 7.9 has been developed for the two substrate contact case in an epi technology.
The differences between the non-epi and epi cases consist of largerﬁnoise spikes
(such as Vy, Vo =V, and V7 — V%, see Fig. 7.9), and smaller slopes, such as “b” and
“d” (see Fig. 7.9). Note that it is possible to further reduce the noise spike near
the second substrate contact by properly placing the second substrate contact,
reducing the overall noise received by the sensitive circuitry. It is also possible
to reduce the noise density within the bulk between SC1 and SC2 by careful
placement of the substrate contacts.

Necessary conditions for an efficient placement of the second substrate con-
tact and for placing additional substrate contacts are explained with reference to

Fig. 7.22. As shown in Section 7.3.1, SC1 must be placed such that
R, € R3 +2R;. (7.7)
If SC2 is placed such that

R, < Rs + 2R,, (78)
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the situation is equivalent to placing a single wide substrate contact rather than
two substrate contacts, SC1 and SC2. This choice has already been described in
Section 7.3.1. It is shown that by employing a wide substrate contact, the noise
is reduced by decreasing the effective resistance R, as compared to using only one

individual substrate contact or a thin substrate contact.

Noise

Source R2, L2 sC1 R4,L3 SC2
R, L1 l Rl L1 R1,L1
epi ;
bulk R3,L2 RS, L3

Figure 7.22: Efficient placement of multiple substrate contacts in an epi technology

If (7.8) is not satisfied, the distance L; is much larger than L,. To gener-
alize this discussion in order to derive the appropriate condition for placing any
subsequent pair of substrate contacts, R,, is defined as the minimum resistance
between R, (representing the case when the noise propagates primarily through
the epi layer) and Rj + 2R, (representing the case when the noise propagates

primarily through the bulk),
R, = ."/[’in{Rg,le + R3} (79)

According to Fig. 7.21, the noise at SC2 decreases as the distance between SC1

and SC2 increases. According to Fig. 7.22, this increase is equivalent to
R, < Rs+ R, (7.10)

when (7.8) is not satisfied. Condition (7.10) is equivalent to placing SC2 at a
large distance from SC1. Note that in order to satisfy (7.10), L3 (Rs) must be
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considerable as compared to either L, (R;), or to L, (R,;) and/or L, (R,). Note
also that in (7.10), the bulk resistance corresponding to the distance L3, Rs, is
compared to the epi layer resistance, Ry and/or R;. In order to obtain the same
resistance through the bulk as through the epi layer, the distance through the
bulk (L;) must be pepi/ ootk times larger than the equivalent distance through the
epi layer. To obtain a significant reduction in substrate noise, Rs + R, must not
only be comparable to R, but should be much larger, translating to a large R;
(L3). A large L; requires a significant amount of on-chip area. Therefore, in an
epi technology, multiple substrate contacts, while reducing the substrate noise,
are not efficient from an area point of view. Large distances between adjacent
substrate contacts are required to significantly reduce the noise. Tradeoffs are
possible depending upon the particular requirements of each circuit. A second
substrate contact immediately following the substrate contact near the source is
efficient since R,, is small. Therefore, the distance between the substrate contact
near the source terminal and the second substrate contact does not need to be
large. Subsequent substrate contacts would require a significant amount of area
to efficiently reduce the noise.

Note that important differences exist as compared to placing multiple substrate
contacts in a non-epi technology. Due to the low resistivity of the bulk, the
multiple substrate contacts in an epi technology are far less efficient than in a
non-epi technology since the distance between subsequent substrate contacts must
be much larger than in a non-epi technology. Alternatively, a comparable distance
produces a much smaller noise reduction in an epi technology than in a non-epi

technology (see Fig. 2.9a for distances greater than 50 um).
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7.3.3 Substrate contacts versus rings in an epi technology

In contrast to non-epi technologies, rings or large substrate contacts are not
as beneficial in an epi technology. A ring surrounding the source terminal, as dis-
cussed in the previous section, reduces the noise by providing a smaller resistance
R (see Fig. 7.22). However, a ring or a large substrate contact rather than a sec-
ond individual substrate contact decreases the bulk resistance Rj (see Fig. 7.22)
due to the large area of the large substrate contact or ring. Therefore, to reduce
the noise with the same efficiency for a ring as for an individual substrate contact,
the distance between the first substrate contact and the ring or the large substrate
contact (L3, see Fig. 7.22) must be further increased. The increased area for mul-
tiple substrate contacts as demonstrated in Section 7.3.2 is further accentuated by
this approach. Summarizing, in an epi technology, since the low resistivity bulk
creates a uniform substrate noise over long distances from the noise source, the
technique of using individual substrate contacts for each transistor or for a small
and symmetric group of transistors belonging to a sensitive circuit is preferable
than using large substrate contacts or rings. This technique offers improved noise
uniformity for the sensitive transistors as well as reduced noise as compared to

using rings or large substrate contacts over similar distances L3 (see Fig. 7.22).
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7.3.4 Significant issues for substrate contact placement

The issues discussed for a non-epi technology are briefly reviewed for an epi

technology, highlighting the major differences.

1.

!\D

Distribution of substrate resistance

The placement of substrate contacts depends significantly on the relation-
ship among the R;, R,, and Rj; resistances (see Fig. 7.22). These resis-
tances depend upon the doping concentrations of the epi and the bulk as
well as the physical distances between the noise source and the substrate
contacts and/or between two adjacent substrate contacts (see Sections 7.3.1
and 7.3.2). The appropriate ratio of these resistances, as described in Sec-
tion 7.3.1 and Section 7.3.2, strongly affects the utility of the substrate

contacts (individual or large) and rings.

Multiple noise sources

For an epi technology, the placement of substrate contacts surrounding the
source terminal, as shown in Fig. 7.20 is necessary to reduce the noise. Since
the distance has far less importance in an epi technology due to the low re-
sistivity path through the bulk, a ring surrounding multiple noise sources
is not affected by a nonuniform noise distribution, as shown in Fig. 7.14b.
Rather, the distribution is quite uniform. However, a ring surrounding mul-
tiple noise sources does not have a major effect in reducing the noise either.
The only beneficial effect of such a ring is that it is equivalent to increas-
ing the width of the rings associated with the source terminals of each noise
source, thereby reducing the noise by creating a smaller equivalent resistance

R; ( as shown in Fig. 7.19).
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3. Physical design aspects of a ring

As shown in Fig. 7.15, if the metal following the P+ ring diffusion is in-
terrupted for reasons such as routing, parasitic resistances are introduced
among the different sections of the ring, creating noise problems. While
the phenomenon also remains valid for an epi technology, the importance is

reduced in an epi technology due to reasons such as:

e The low resistivity of the bulk creates a uniform noise distribution over

large distances within the substrate and across the rings.

e Any resistance (see Fig. 7.13) is short-circuited by the bulk, particularly

when R is greater than 2R, + R, (see Fig. 7.19).

e The aforementioned noise uniformity and short-circuit effect of the bulk
make the gaps in the metal following the ring less important by reducing

the voltage difference between the two interrupted sections of the ring.

However, a safe and effective layout design in an epi technology should use
the strategies recommended for a non-epi technology to reduce or eliminate

the parasitic effect of an interrupted metal.

4. Ring surrounding the sensitive circuitry

A ring surrounding the sensitive circuitry provides no major benefits in a
non-epi technology (see Section 7.2.4). For an epi technology, a ring is also
not useful. However, the reasons are different as compared to a non-epi
technology, and are explained in Sections 7.3.2 and 7.3.3. Therefore, for an
epi technology as for a non-epi technology, a ring surrounding the sensitive

circuitry is not particularly beneficial.
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7.3.5 Conclusions

To summarize this analysis of substrate contact placement in an epi technology,

the following general remarks can be stated.

e A ring closely surrounding the noise source and attached to the source ter-

minal of the noise source is highly recommended.

e A second ring following and surrounding the initial ring is recommended if

the added area is acceptable.
e No additional rings or large substrate contacts are recommended.

e Individual substrate contacts are recommended for each of the sensitive tran-

sistors.

As a final remark, the low resistivity bulk of an epi technology is the principal
reason for the major differences between an epi technology and a non-epi technol-
ogy in terms of the substrate noise transmission process and the proper placement
of substrate contacts. While the noise levels are larger in an epi technology, the
noise is more uniform and significantly more independent of the distances across

the substrate.
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7.4 Graphical representation of noise variation
as a function of substrate contact placement

in epi and non-epi technologies

The goal of this section is to summarize in graphical form the most important
conclusions regarding the noise level that results from different substrate contact
placement conditions and substrate dopings in both epi and non-epi technologies.
The conditions in which the two graphs presented here (one for epi technologies

and one for non-epi technologies) are derived, are:
e Two substrate contacts, SC1 and SC2, are placed near a noise source NS.

e The noise at the second substrate contact SC2, which is the contact farthest

from the noise source, is depicted in each graph.

e The abscissa of both graphs logarithmically describes the noise at SC2. Since
the technology factors give such a wide spread for the actual noise levels,

the noise level variation is provided in relative units.

e The ordinate for the non-epi technology logarithmically describes the ratio
of the distance between the noise source and SC1, Dys-sc1, and the dis-
tance between SC1 and SC2, Dgc1—sc2- For an epi technology, the ordinate
logarithmically describes the ratio of the epitaxial layer thickness L., and

the distance between SC1 and SC2, Dsci-sca-

e Variations in the noise level at SC2 for different substrate contact placement
conditions are shown. The trend in the noise level variation with substrate

doping level is also discussed. For each of the curves shown in the two graphs,
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Dns—sc) is maintained constant. Due to the many technological factors that
influence the actual noise levels as well as the exact noise variations with
the different substrate contacts placement conditions, the curves shown in

the two graphs are intended not to be precise but to demonstrate general

trends.
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Figure 7.23: Noise variation for non-epi technologies depending on substrate con-
tact placement

The noise variation graph for non-epi technologies is shown in Fig. 7.23. Each

curve is composed of three distinct regions:

e The first region is for a large ratio of the two distances. In this region,
SC2 is close to SC1, and therefore, as mentioned in Section 7.2, the second

substrate contact does not significantly reduce the noise.
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e SC2 becomes more efficient in reducing the noise level in region 2.

e The noise reduction saturates in region 3, where the distance between SC1
and SC2 as compared to the distance between NS and SC1 becomes large.
In this range of distances, the noise is practically constant independent of
distance, similarly to region 1, since SC1 collects most of the noise generated
by NS, making the influence of distance between SC1 and SC2 insignificant

from a noise reduction point of view.

Note that region 2 is the most efficient region for noise reduction. Particularly
for equal Dys_sc1 and Dscy-scs distances, an effective tradeoff between the uti-
lized area and the noise reduction is achieved. Note that, as described in [69, 70],
the noise decreases with distance in a non-epi technology. Note also_ in Fig. 7.23
that if a constant noise (current) is injected into the substrate independent of
the substrate doping, the noise decreases as the substrate doping increases [70],
since the noise produces a smaller voltage drop. Note, however, that the noise
source may generate a different noise level depending upon the substrate doping,
or the same noise level may affect a sensitive circuit differently depending upon
the substrate doping. If the SC1 ring is wider and the SC2 ring is thinner while
maintaining the same Dys.sc1 and Dsci-sc2 distances, the noise at SC2 de-
creases, as discussed in Section 7.2. If Dys_gs¢; decreases while maintaining the
same distance ratio, the noise decreases since SC1 collects more current because
SC1 is closer to the noise source. The noise decreases when either the substrate
doping decreases and/or unequal rings are used due to a .reduction in R1 and a
decrease in the R1/R2 ratio (see Section 7.2). Note that it is more efficient in
terms of both a noise reduction and an area savings points of view to place three

rings at equal distances rather than two rings at a large distance. Practically, the
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noise is reduced as a square when three rings are used as compared to the noise
reduction obtained with two rings. Alternatively, if the noise reduction at SC2
where Dys-_sc1/Dsci-sca = 1 is « k (see Fig. 7.23), the noise reduction at SC3
where Dsci-sca/Dsca-scs = 1 is o« k2. This explanation assumes that for the
third ring SC1 behaves as the noise source and SC2 behaves as the first ring, and
neglects the influence of NS. For large distances between NS, SC1, SC2, and SC3,
this approximation is accurate. To obtain a similar k¥2 noise reduction with two
rings, a much larger area is required since Dgc;-sc2 must be considerable (see
Fig. 7.23). Since the noise reduction saturates for large distances (see Fig. 7.23),
a k® reduction may not be achievable with two rings.

The noise variation graph for epi technologies is shown in Fig. 7.24. Seven
distinctive curves are shown, each curve depicting significant conditions for the

noise level as a function of the substrate contacts placement:

o Curve No. 1 describes the condition where p.p:/opur = 10 and Dys_sc1 >
Lep:. Note that a noise reduction is observed when Dsci—sc2 2 Lepi. A very

weak noise reduction is noted when Dsci1-sc2 < Lepi.

e Curve No. 2 describes the condition where pepi/psuix = 10 and Dys_sc1 =
Leyi. Note an increased noise reduction when Dsci-sc2 < Ly and a similar

noise reduction trend as for curve No. 1 when Dsci_sc2 2 Lep.

e Curve No. 3 describes the condition where pepi/ppuix = 10 and Dys_sc1 =
0.1L.p. Note the pronounced noise reduction when Dsci—sc2 < Lep: and a
weak noise reduction than exhibited by curve No. 1 and 2 when Dgci_sc2 >
L. The increased noise reduction for curves No. 2 and 3 is due to SC1

reducing the noise injected into the substrate as discussed in Section 7.3.
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Not surprisingly, the efficiency of SC1 increases as SC1 is placed closer to

the noise source, as described by (7.3).

ol T
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L_epi
D(SC1-8C2)

Increase doping for
both epi and bulk.

Noise at SC2
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Figure 7.24: Noise variation for epi technologies depending upon the placement
of the substrate contacts

e The situation where pp i is increased three times while maintaining pp

constant is depicted in curve No. 4. The curve describes the condition

where Pepi/pruixr = 3 and Dys_sc1 = Lepi. Note that a higher the noise

reduction is achieved as compared to curve No. 2. This behavior is expected

since the noise spreads less through the bulk than for curve No. 2 due to

the decreased resistivity ratio. The situation is similar to the non-epi case

when pepi/pouir = 1. The noise reduction for a non-epi technology is larger

in a similar situation, since the noise spreads through the bulk in the epi

technology. However, the noise decrease does not saturate for large distance
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ratios in an epi technology as in a non-epi technology. Therefore, at large
distances, the noise decrease may be greater than for similar distances in a

non-epi technology.

The situation where pyyi is decreased ten times while maintaining Pepi CON-
stant is shown in curve No. 5. The curve describes the condition where
Pepi/ Prut = 100 and Dns_sc1 = Lepi. Note that, as expected, the noise
spreads more easily through the low resistivity bulk. Therefore, the noise
reduction is smaller than for curve No. 2 for both Dsci—sca < L.y and

Dsc1-sc2 2 Lepi.

For curve No. 6, pp. is maintained constant and p,; is increased ten times.
Accordingly, pepi/ppur = 100 also, while Dys_sc1 = Lep. The curve is
similar to curve No. 6, however, a higher noise is produced. The higher noise
is due to the increase in p.p, which for the same noise (current), produces

a larger voltage drop.

The effect of a wider SC1 ring is depicted in curve No. 7. The conditions are
similar to curve No. 3, while the SC1 ring is double in width (see Section 7.3).
Note that, as discussed in Section 7.3, the noise is further attenuated as
compared to curve No. 3 when Dgci_sc2 £ Lepi- The noise decreases less
than curve No. 3 when Dsci_sc2 2 Lepi due to the excellent shielding effect
of the SC1 ring which collects most of the noise. This behavior makes the

distance less significant when Dgc1—sc2 2 Lepi-

All the curves shift to the left (less noise) as the doping of both the epi and
bulk increase at the same rate, increasing both p.p; and ppk. The Pepi/ Poulk

ratio is maintained constant.
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Note that, as discussed in Section 7.3, the most effective situations for placing
substrate contacts to reduce noise is to increase the epi layer thickness (L), de-
crease Dyg_sc1, use a wider SC1 ring, and place the second SC2 ring or individual
substrate contact at Leyi/Dsci-gsc2 = 1 or larger. Note that, as compared to a
non-epi technology where the use of three rings is effective in reducing the noise,
the use of three rings has no effect on an epi technology due to the low resistivity

path through the bulk (see Section 7.3 for more detail).
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7.5 Deriving a uniform power distribution shape

As described in Chapter 6, the power dissipation distribution over the surface
of a power resistor of a TIJ printer head is the useful output signal of this circuit
application. A power level within a specific, well defined range over the entire
surface of the power resistor is required for the heat to be appropriately transfered
to the ink. The transferred heat insures a uniform and timely spread of the ink
onto the printing surface. As described in Chapter 6, the substrate noise alters
the power level, as well as the power uniformity over the resistor surface. These
parasitically induced nonuniformities in the power distribution within the resistor
may overheat or underheat the ink, producing a low quality printing. The poor
printing may occur by printing a dot when a dot is not required due to overheating
the ink, by not printing a dot when a dot is required due to overheating and early
vaporization of the ink or due to underheat and non-vaporization of the ink, or
by printing a low quality dot due to an insufficient heat level.

Improving the substrate noise behavior of the digital control circuitry mini-
mizes this problem. Further improvement results by insuring that under equilib-
rium conditions, a highly uniform power dissipation across the entire surface of the
power resistor is achieved. This high power uniformity in equilibrium conditions
minimizes the risk of high power non-uniformities during transient conditions,
passing uniform heat to the ink.

To investigate possible resistor shapes which will produce a highly uniform
power distribution, a model of the power resistor is developed. The power resistor
is modeled as a resistive mesh, similar to the substrate model (see the resistive
primitive shown in Fig. 7.2). A 38 volt power supply [95] is connected to the edge

of the resistor mesh. Similar to the substrate noise distribution analysis, the files
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generated by the Cadence Spectre simulator are processed by a C code program
which calculates the power dissipated by each resistor within each resistive primi-
tive. The average power for each resistive primitive is determined, permitting the
power distribution over the entire surface of the power resistor to be produced.
Several resistor shapes have been analyzed. Three-dimensional power distri-
butions for three representative resistor shapes are exemplified here. One resistor
shape that generates a highly non-uniform but highly suggestive power distribu-
tion is a horseshoe shape. The second resistor is shaped as a square, and finally
the third shape, which produces the most uniform power distribution, is a “T"

shape.
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7.5.1 A horseshoe shaped resistor

A horseshoe shaped resistor is shown in Fig. 7.25. 36 by 24 resistive primitives

are used to model the horseshoe shaped resistor.

Resistor

i
i
VDD GND

Figure 7.25: A horseshoe shaped resistor

The power distribution for this resistor shape is shown from different angles

in Fig. 7.26. Note the highly nonuniform power distribution.
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(a) Front view (b} Lateral-front view

(c) Back view (d) Lateral-back view

Figure 7.26: The power distribution for a horseshoe shaped resistor viewed from
different angles

The information derived from an analysis of a horseshoe shaped resistor is that
turns and corners within the resistor should be avoided in order to obtain a more

highly uniform power distribution.
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7.5.2 A square shaped resistor

A squared shape resistor is shown in Fig. 7.27. 36 by 24 resistive primitives
are used to model the square shaped resistor. For additional accuracy, the metal

resistance is included within the resistor model.

Metal

A

/ |

A

Resistor

O

Figure 7.27: A square shaped resistor

The power distribution for a square shaped resistor is shown from different
angles in Fig. 7.28. Note the nonuniformities produced at the metal-resistor in-

terface, particularly at the A and B corners near Vpp and GND.
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(c) Back view (d) Lateral-back view

Figure 7.28: The power distribution for a square shaped resistor viewed from
different angles

The information derived from an analysis of a squared shape resistor is that
interfaces between the different materials should be avoided in the vicinity of the

corners and turns in order to obtain a more highly uniform power distribution.
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7.5.3 A “T” shaped resistor

A T shaped resistor is shown in Fig. 7.29. 36 by 24 resistive primitives are used
to model the T shape. For additional accuracy, the metal resistance is included
within the resistor model. There are several issues worth noting in order to obtain
a highly uniform power distribution. The power supply is connected at both the
left and right of the resistor. A metal buffer zone is placed near the corners and

turns to avoid corner nonuniformities as noted in the square shaped resistor.

Buffer Resistor

l

GND

Figure 7.29: The T shaped resistor

The power distribution for a T shaped resistor is shown from different angles in
Fig. 7.30. Note the uniform power distribution due to the aforementioned design

precautions and conclusions drawn from the analysis of the previous two shapes.
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(a) Front view (b) Lateral-front view

(c) Back view (d) Lateral-back view

Figure 7.30: The power distribution for a T shaped resistor viewed from different
angles

The information derived from the analysis of a T shaped resistor is that with
proper and careful design, a highly uniform power distribution can be successfully

achieved.
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Chapter 8

Substrate Coupling in CMOS
Circuits

The behavior of both a CMOS inverter and a CMOS latch under the influence
of substrate noise is analyzed in this chapter. Circuit simulations characterizing
different noise conditions are described for a 2.5 um CMOS technology. Focus
is placed on the relationship between substrate coupling and the latch-up phe-
nomenon.

Although the models, mechanisms, and characteristics discussed in Chap-
ters 4, 5, and 6 describing the process in which a digital circuit may be affected
by substrate noise remain valid for CMOS digital circuits, the focus of Section 8.1
is on providing a review and analysis of latch-up in CMOS technology that may
be induced by substrate noise. A methodology to predict the likelihood of latch-
up for any feature size technology is also described in Section 8.1. Technology,
circuit, and physical design rules to minimize the likelihood of latch-up occurance
are outlined. Circuit simulations characterizing a CMOS inverter and latch in
a 2.5 um technology are summarized in Section 8.2. These simulations describe
the behavior of logic elements under the influence of substrate noise when none

of the conditions to trigger the parasitic latch-up structure are satisfied. Design
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recommendations for repeater insertion in a noisy environment are also provided

in Section 8.2.

8.1 Latch-up in CMOS circuits [99]

Latch-up is a parasitic circuit effect specific to a PNPN structure such as in
CMOS technology. Due to the effect of latch-up on circuit reliability (see Sec-
tion 8.1.1), latch-up is a well investigated phenomenon. A variety of innovative
process and circuit techniques have been developed to minimize (or eliminate)
the occurance of latch-up [25-29, 63, 64,90, 100-105]. A parasitic positive feed-
back circuit structure formed within the substrate, responsible for the latch-up
phenomenon, can be triggered by substrate noise, therefore latch-up can be in-
duced by substrate noise. Mixed-signal smart-power applications a.r; particularly
susceptible to substrate noise induced latch-up due to the high level of substrate
noise present in these applications.

The most important aspects of latch-up, with particular emphasis on substrate
noise induced latch-up, are reviewed in Section 8.1.1. Mathematical conditions de-
scribing the occurance of latch-up are discussed in 8.1.2. A strategy for estimating

the likelihood of latch-up for different technologies is presented in Section 8.1.3.

The primary techniques used to minimize latch-up are outlined in Section 8.1.4.

8.1.1 The latch-up phenomenon

The latch-up phenomenon is explained here with reference to Fig. 8.1. A circuit
schematic of a CMOS inverter is shown in Fig. 8.1a. Latch-up can appear between

any pair of NMOS and PMOS transistors connected between Vpp and GND,
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independent of the gate connections. A cross-section of a pair of MOS transistors
is shown in Fig. 8.1b. The schematic depicts a parasitic circuit connected between
the power and ground rails composed of an NPN bipolar transistor, a PNP bipolar

transistor, and two resistors.
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Figure 8.1: The latch-up phenomenon: a) A CMOS inverter, b) Process cross-
section of an N-well CMOS inverter, ¢) An SCR parasitic circuit schematic of an
N-well CMOS structure, and d) The I — V characteristic of the parasitic circuit.

The parasitic circuit, equivalent to a parasitic silicon controlled rectifier (SCR)
thyristor structure, is depicted in Fig. 8.1c. Conduction of one of the devices may
give rise to a positive feedback path, ending in a stable state. Latch-up is a
phenomenon common in CMOS processes since two parasitic bipolar transistors
(and therefore an SCR. structure) exist between the substrate, the well, and the
sources of the NMOS and PMOS transistors. Consider the parasitic circuit shown

in Fig. 8.1c. If a minimum voltage of 0.7 volts biases Rgustraze €ither directly
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due to the substrate noise or as a consequence of the substrate noise such as
ground bounce, the NPN transistor will turn on. The collector current of the NPN
transistor biases the resistor Ry.;. When Vee across the PNP transistor reaches
a minimum of 0.7 volts, the PNP transistor turns on. A PNP collector current
is generated, biasing the resistor Rsupstrate- The voltage Vg across the NPN
transistor increases, reaching the trigger point (Vae_ypy = 0.7 volts). As shown
in Fig. 8.1d, at this point the emitter voltage Vy,. “snaps back” and reaches a stable
state characterized by a holding voltage of approximately 4 volts (originating
from the Zener voltage across the N+ to P+ junction at the emitter of the NPN
transistor, see Fig. 8.1b). This stable state persists as long as the voltage across
the two transistors is greater than the holding voltage. At this point, the noise
source that triggered the parasitic latch-up behavior may disappear. Since the
NPN emitter is also the source of the NMOS transistor, the voltage across the
NMOS-PMOS structure (an inverter in this case) is only 1 volt (if Vpp = 5 volts).
If the circuit is not destroyed by effects such as electromigration due to the large
currents (see Fig. 8.1d), the circuit will stop operating. To disable the positive
feedback latch-up loop, the voltage across the parasitic structure must be reduced
below the holding voltage, which can be accomplished by turning off the power
supply.

Note that even if the substrate noise amplitude is sufficiently large to trigger
latch-up, the substrate noise must also be of sufficient duration in order for the
positive loop to stabilize and lock. Therefore, if V,; is the substrate noise ampli-
tude and T, is the duration of the noise pulse, a relationship between Vj; and Tu
exists in order for the latch-up to lock. Qualitatively, a large V;; requires a small

Ty, while a small V;; requires a large T, (see Fig. 8.2).
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The parasitic structure is actually more complex than the structure shown
in Fig. 8.1c. A schematic of a more complicated parasitic circuit is depicted in
Fig. 8.3, where two additional bipolar transistors corresponding to the drains of
the NMOS and PMOS transistors are shown. The process cross-section is shown
in Fig. 8.3a, while a schematic of the resulting parasitic circuit is depicted in
Fig. 8.3b. Note the two additional transistors, Q3 and Q4. The emitters of Q3
and Q4 are connected to the output terminal of the inverter, Out.

Vnl (v)

'}

Latch-up

> Tnl (s)
Figure 8.2: Latch-up occurance depending on the V,; - T}, relationship

In relation to the substrate noise, Q3 and Q4 may induce latch-up due to a
parasitic transition at the output of a logic element. This situation may be created

by the following two situations:

e The substrate bias and the output parasitic transition are such that Vgg
across Q4 reaches a minimum 0.7 volts. Q4 is turned on and a current

is generated at the collector of the Q4 transistor, biasing Ry.;. The loop
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closes in a way similar to that shown in Fig. 8.1. This situation may occur,
for example, for an undershoot of the output (0.7 volts below the ground
potential when the substrate is at the ground potential), or for any situation
where the output of the circuit is at a potential lower than 0.7 volts with
respect to the substrate. Examples of such situations are: 1) the circuit
drives a small capacitive load producing fast output transitions and therefore
undershoots and ringing, and 2) multiple noise spikes within the substrate
are present such that the output, driving a large capacitive load, does not

have sufficient time to resolve to a steady state in between the noise spikes.

e The well bias and the output parasitic transition are such that Vag across Q3
reaches a minimum of —0.7 volts. Q3 is turned on and a current is generated
in the collector of the Q3 transistor that biases Rgubstraze- The loop is closed
in a way similar to that illustrated in Fig. 8.1. This situation may occur, for
example, for an overshoot at the output (0.7 volts above the Vbp potential
when the well is at a potential of Vip), or for any situation where the output
is at a higher potential than the well. Examples of such situations are: 1) the
output drives a large capacitive load, producing slow output transitions and
therefore the noise signal in the well oscillates quickly with respect to the
output node, and 2) multiple noise spikes within the substrate are present
such that the output (that drives a small capacitive load) does not have

sufficient time to resolve to a steady state in between the noise spikes.

For example, multiple noise spikes (high noise nonuniformity within the sub-
strate) occur when multiple noise sources are present (such as in the application
described in Chapter 3). Note the importance of the amplitude, duration, and

speed of the output parasitic transitions induced by the substrate noise at the
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output of a logic element (see Chapter 5), and the relationship among these char-
acteristics and the substrate and well bias with respect to triggering latch-up and
closing the parasitic loop. Note that a solution for avoiding latch-up induced by

the parasitic output transitions is using low-swing logic families.

| [

Vdd

R-well ,_—
Q1 Q3

Voe

8
—\ s

l-ramp

GND
b)

Figure 8.3: Further insight into the latch-up phenomenon: a) Process cross-section
of a CMOS inverter and b) A schematic of the SCR parasitic circuit.
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8.1.2 Mathematical conditions for the occurance of latch-
up

As described in Section 8.1.1, for latch-up to occur, the parasitic PNPN circuit
must be triggered and the holding state must be maintained. One of the situations
where latch-up is triggered is when one of the two NPN transistors are turned on
and a sufficient current Inpn—trigger in the collector is generated to bias R,.; and

turn on the PNP transistor (see Figs. 8.1c and 8.3b). The mathematical form for

this condition is [102]

Lnom—tricoer = V— prp—on
npn—trigger = )
ananwell

(8.1)
where Vinp_on of approximately 0.7 volts is the turn-on voltage of the PNP tran-
SIStor, Qnpy is the common base gain of the NPN transistor, and R,.; is the well
resistance. Note that to minimize the probability of triggering latch-up, a large
Inpn—trigger is desired, which is equivalent to the existence of a high amplitude sub-
strate noise. Multiple solutions exist to reduce the amplitude of the substrate noise
such as the proper placement of the substrate contacts (see Chapter 7). Accord-
ingly, if a large Inpn_¢rigger is required to trigger latch-up, it may not be possible
to reach the required noise amplitude to generate the necessary Inpn—trigger- Note

from (8.1) that Inpn-trigger can be increased by reducing anp, and Ry.y. A small

Cinpn 1S equivalent to a small Sy, according to the general equation,

8= : (8.2)
An analysis of the circuit depicted in Fig. 8.1c produces the following inequality
for latch-up to occur,

(.Bnpn + 1)(IR.mb:trate + 1, Rwellﬁpnp)
21+
IDD -1, Rsubstrate

BrgnBpnp > (8.3)
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where

VBE -npn

I Rsubstrate = —m’y (84)
e ,
Vee- .
IRwell = RB"E_ p‘np.' (8.0)
substrate

and Ipp is the total supply current. Again, note that by reducing Ruyeit, Rsusstrates
and the gain of the parasitic transistors, Snpn and Gpap, the probability for satis-
fying (8.3) is greatly reduced.

A common criterion for latch-up is that the sum of the common base current

gain of the NPN and PNP transistors must equal or exceed unity [64, 100, 103],

Qnpn + Qpnp = 1. - (8.6)

This expression is equivalent to (8.3).

As demonstrated above, the characteristics of the bipolar transistors and the
values of the Ryey and Rgypstrace are decisive in determining whether latch-up is
triggered. A low 3 of the bipolar transistors as well as low values of the two
resistors are desirable to prevent the likelihood of latch-up. Due to the higher
mobility of the electrons as compared to the mobility of holes, an NPN transistor
is characterized by a larger § than a PNP transistor for the same geometrical
configuration. In the parasitic structures illustrated in Figs. 8.1b and 8.3a, note
that the NPN transistors are lateral transistors while the PNP transistors are
vertical transistors. As compared to a vertical transistor, the base width of a
lateral transistor is significantly more difficult to control and therefore larger. As
a consequence, 3 for a lateral transistor is typically smaller than 3 for a vertical

transistor. Note also that the base width of the NPN transistors is the distance
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between the drain of the NMOS transistor and the N-well (see Fig. 8.3a), while
the base width of the PNP transistors is the distance between the depth of any of"
the P+ diffusions and the N-well edge. Accordingly, the base width of the PNP
transistor is much smaller than the base width of the NPN transistor. Note also
that while the PNP base width is technologically dependent, the NPN base can be
adjusted by simple physical design techniques. For 1.2 pm minimum design rules,
typical values for Bnpn, Bpnp, Rueit, a0d Raybstrate are, depending on the substrate
doping and other technological factors, 2 to 3, 10 to 100, 10 to 20 k2, and 2
to 5 k2, respectively. A large spread of these parasitic elements is noted and is

highly dependent on the physical design implementation.

8.1.3 Analysis of substrate noise induced latch-up for dif-

ferent technologies

Since different technologies are characterized by different values of 4 and R,
the conditions to trigger latch-up differ from one technology to another tech-
nology. For substrate coupling induced latch-up, as shown in Section 8.1.1, the
triggering conditions are determined by the noise amplitude V;; and noise dura-
tion Ty;. The sensitivity to latch-up of different technologies has been described
in the literature {104-106] based on both device and circuit simulation. With
circuit simulation, the parasitic structure shown in Fig. 8.1c is used, and worst
case model parameters for the bipolar transistors and resistors are employed.

Published results for several technologies are listed in Table 8.1, where the foot-



notes87:8:3:10,11,12,13,14,15 degeribe the different simulation conditions, simulators,

and assumptions used to produce these results.

Table 8.1: Worst case conditions for substrate noise induced latch-up in different

technologies
Technology Noise amplitude | Noise duration
V;zl (V) Tnl (ns)
0.5 um P-well®¥ 2 12.5
1.2 um N-well®® 2 4.5
1.5 6
1 9
0.75 19
1.5 um*%'! twin-tub***? 2.5 0.7
2 um N-well}*15 0.76 2.8

Note the variety of technologies, ranging from a feature size of 0.5 um to 2 um
for N-well, P-well, or twin-well CMOS process technologies. For the 1.2 um tech-
nology, note that, as expected (see Section 8.1.1), T, increases as V,; decreases.
Note the 2 um and 1.2 um N-well technologies for a V;;; of 0.75 volts; as the tech-
nology feature size decreases (at a ratio of = 1.67:1), T},; increases at a ratio of
= 6.8:1. Using this ratio, the latch-up triggering conditions for any technology can
be obtained. However, the extrapolated results greatly depend on the accuracy of
the results listed in Table 8.1, specifically on the accuracy of the 2 um and 1.2 um
technologies. These extrapolated results are useful as a first order estimate for
analyzing the substrate level characteristics that may induce latch-up in different

technologies. Some extrapolated results are listed in Table 8.2.

8Custom simulation tool [106]
73 volt power supply
8SPICE circuit simulations of the structure shown in Fig. 8.1c
95 volt power supply
10Not specified in [104]
11 Author’s estimation from the drawings provided in [104] based on typical layout rules
125 yolt power supply
13Medici [74] simulations
145 volt power supply
15Custom simulation tool [105]
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Table 8.2: Theoretical extrapolation of the latch-up triggering conditions based
on the experimental results listed in Table 8.1

Technology | Noise amplitude | Noise duration
Ve (V) Toi (ns)
2.5 pm N-well 2.0 0.13
1.5 0.18
1.0 0.26
0.75 0.56
2 um N-well 2.0 0.66
1.5 0.88
1.0 1.3
0.75 2.8
1.2 um N-well 2.0 4.5
1.5 6
1.0 9
0.75 19
0.5 pm N-well 2.0 43.9
1.5 58.5
1.0 87.8
0.75 185 -
0.18 um N-well 2.0 122
1.5 162
1.0 244
0.75 513

The trends quantified in Table 8.2, namely that T}, increases as the tech-
nology feature size decreases, can be attributed to certain device issues such as
the increased internal electric fields in scaled technologies. As the technology is
scaled, the distance between adjacent junctions decreases and the density of the
junctions increases. The electrons injected into the substrate by a noisy drain
are attracted by the high density of the space-charge regions, the recombination
rate of the charge carriers increasing as the technology feature size decreases. Ac-
cordingly, in scaled technologies, a larger time is necessary for the charge carriers
to concentrate and efficiently bias and turn-on the parasitic bipolar transistors,

triggering latch-up. The increased sensitivity to substrate noise induced latch-up
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in the P-well and twin-well technologies as compared to an N-well technology (see
Tables 8.1 and 8.2) can be attributed to the lower mobility of holes as compared
to electrons. Accordingly, less carriers are attracted by the space-charge regions
as compared to an N-well technology, making the recombination rate lower. As a
consequence, as compared to an N-well technology, more carriers are available to
efficiently bias and turn-on the parasitic bipolar transistors; therefore, the noise
duration T;; necessary to trigger latch-up is smaller.

Furthermore, as a technology is scaled, the base thickness of both the NPN and
PNP transistors decreases, increasing 8. However, at the same time, both Ry
and Rypstrate decrease since the doping concentrations increase and the distances
responsible for the two resistance values decrease (see Fig. 8.3a). To a first order
approximation, the two effects cancel since the larger collector current generated
by the two transistors (due to a larger gain) produce a similar voltage drop across
the smaller resistors. The voltage drop, however, increases substantially if the
density of the substrate contacts is low, since the distances responsible for the
parasitic resistors have increased (see Fig. 8.1b).

Concluding, a scaled technology with poorly placed substrate contacts (see
Chapter 7) may be more sensitive to substrate noise induced latch-up because of
the increased § of the parasitic transistors and the increased parasitic resistances
due to the poor placement of the substrate contacts. At the same time, a scaled
technology featuring an enhanced substrate contact placement is less prone to sub-
strate noise induced latch-up. The sensitivity of a scaled technology to substrate
noise induced latch-up improves as illustrated by the trends listed in Tables 8.1
and 8.2. As the feature size of a technology decreases, a substrate noise pulse of

similar amplitude must have a larger duration to efficiently induce latch-up.
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Experimental results characterizing the sensitivity to noise induced latch-up of
epi and non-epi technologies are described by Troutman in [27]. Aspects such as
the sensitivity to: 1) the Ryey and Ryypstrate, 2) @ negative bias of the substrate, 3)
a backside substrate contact, and 4) the position and layout of the source terminals
of the transistors with respect to the substrate contacts have been experimentally
investigated.

A conclusion consistent with VLSI deep submicrometer technologies can be de-
veloped from [27] to improve the sensitivity to substrate noise induced latch-up.
Specifically, an epi technology should be used with a backside substrate contact.
The source terminal of the PMOS transistor should be partially surrounded by a
well substrate contact. These recommendations are in addition to the aforemen-
tioned conclusions regarding the sensitivity to substrate noise induced latch-up in

scaled technologies.

8.1.4 Measures to prevent triggering latch-up

The analysis described in Sections 8.1.1, 8.1.2, and 8.1.3 suggests several so-
lutions to minimize the sensitivity to substrate noise induced latch-up. These
solutions can be divided into technological, physical, and circuit design related
approaches. Briefly, most of these solutions either reduce the parasitic 5 or R (see

Fig. 8.1c) or both. A summary of these solutions are presented next.
¢ Technological solutions

— Scaled technologies are beneficial (see Section 8.1.3).

— Epitaxial technologies are beneficial (see Section 8.1.3). Thin epitaxial

layers further decrease the sensitivity of a circuit to latch-up.
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— Use a retrograde well technique [107] to reduce Ry.; while preserving

the performance of the transistors.

— Older technological techniques to reduce the 8 of the parasitic tran-
sistors utilize gold doping or neutron irradiation [108,109]. Another
technique utilizes Schottky source/drains on the PMOS transistors to
degrade the emitter injection efficiency [110,111]. A highly doped bulk
with a thin epitaxial layer has also been shown to be efficient in shunt-

ing the lateral parasitic bipolar transistors [103,112].
e Physical design solutions

— From Fig. 8.1b, note that either Ryusserate OF Ruyen is composed of two
paths; 1) from the base terminal of the bipolar transistor to the sub-
strate (well) contact, and 2) from the substrate (well) contact to the
emitter terminal. The second element, which may be particularly large,
can be minimized by shorting the resistor with a low resistivity metal
connection between the substrate contact and the emitter terminal

routed through the shortest physically allowable path.

— Connect substrate (well) contacts to the power supply lines with metal

(i.e., do not use diffusion or polysilicon).

— The previous two techniques also prevent both of the two diodes (source-

to-substrate, see Fig. 8.1b) from becoming forward-biased.

— Place substrate contacts as close as possible to the source terminals
of the MOS transistors. Ideally, place one substrate contact near each

transistor connected to any of the power supply lines.
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Maintain a symmetric and conservative layout. For every row, the
PMOS transistors should be placed in the upper side and the NMOS
transistors should be placed in the lower side. Avoid physical design
styles in which the NMOS and PMOS devices are interwined in a

checkerboard style.

Use N+ and P+ guard rings connected to the Vpp and GND power
supply lines, respectively, surrounding the PMOS and NMOS transis-

tors to reduce the gain (3) of the parasitic bipolar transistors.

Source diffusion regions of the NMOS transistors should be placed so
that these regions lie along equipotential lines generated by the current
flow. Alternatively, the source terminals should be perpendicular to
the primary direction of the current flow. This technique reduces the

possibility of latch-up due to an effect called field aiding {101].

Always use highly doped and wide N+ and P+ substrate contacts
placed as close as possible to the source terminals of the MOS transis-

tors to reduce the parasitic resistances.

Correctly placing the substrate contacts in a scaled technology (see
Section 8.1.3) greatly improves the immunity of the circuit to latch-up

induced by substrate noise.
Use a backside substrate contact for epi technologies (see Section 8.1.3).

Preferably, the source terminal of the PMOS transistor should partially

surround the substrate contact [27].
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¢ Circuit design solutions

— Avoid fast transition signals driving the primary noise generation cir-
cuitry. These fast transition signals may generate large substrate noise,

producing a large V;,; (see Sections 8.1.2 and 8.1.3, as well as Fig. 2.15).

— In case of multiple noise sources, avoid excessive skewing of the signals
that turn on these noise sources. While the skewing is beneficial since
the skew reduces the amplitude of the maximum instantaneous noise
(the Vy), excessive skewing increases the duration of the noise pulse,
Tt (see Section 8.1.3). Therefore, a tradeoff exists between the number
of noise sources that should be turned on at any one time and the
maximum skew. This tradeoff depends upon the relationship between
Vo and T, for a target technology (see Section 8.1.3). t&ccordingly,
if a circuit analysis of the noise generation process and the Vp~Ty
relationships demonstrate a critical impact on the latch-up immunity
of the circuit, a strategy for driving the circuits that generate noise
(the noise sources) may be delicate, requiring a careful design effort in

order to avoid latch-up.

— Particularly for non-epi technologies, bias the backside substrate con-

tact with a negative voltage (see Section 8.1.3).
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8.2 The noise behavior of CMOS logic primi-
tives

It is assumed in this section that the necessary precautions have been taken
to ensure that latch-up is eliminated. Under this assumption, circuit simulations
using the Cadence-Spectre simulator for a 2.5 um CMOS technology are presented
here to describe the conditions in which a parasitic transition is induced by sub-
strate noise at the output of a CMOS inverter and latch. A similar analysis
has been performed for an NMOS inverter and latch in Chapter 5. The analysis
considers the worst case situation in which a substrate noise of a given amplitude
forces the substrate to float synchronously, in phase, and with the same amplitude
as the substrate noise. The sensitive circuits do not float with the substrate noise.
These conditions are equivalent to the situation where the substrate noise varia-
tions are not induced into the power supply lines, a practical situation when the
substrate contacts are at a sufficient distance from the sensitive circuitry and/or
when no low resistivity path exists between the substrate contacts and the ground
of the logic sensitive circuitry. As the distance between the sensitive circuitry and
the substrate contacts decreases and/or a low resistivity path is created between
the substrate contacts and the ground of the logic sensitive circuitry, the substrate
noise variations are increasingly induced into the power supply lines. As a conse-
quence, the sensitive circuits float increasingly synchronously with the substrate
with the same magnitude and direction as the substrate noise. This synchronous
variation minimizes the deleterious effects of substrate noise, particularly when
the digital circuit elements are physically close on-chip. If the on-chip distance

between operationally connected digital circuit elements is large, such as is the
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case for a buffer driving a circuit through a long interconnect line, the substrate
noise may affect the circuit (which will float synchronous with the noise) and may
not affect the buffer. If the output of the buffer is at logic high and the circuit
floats with a positive substrate noise, the logic high level at the buffer output may
be seen as a logic low signal by the circuit. Therefore, a parasitic transition at the
output of the circuit may be induced. This behavior directly affects the repeater
insertion methodology. As noise becomes an increasingly important issue, large
digital buffers driving long interconnect lines are not recommended. The use of
a large number of distributed repeaters is preferable, even if the speed of the cir-
cuit is degraded. The number of repeaters depends upon the characteristics of
the substrate noise (such as the amplitude and any non-uniformity), and should
be chosen such that the overall effect of the estimated noise amplitude and non-
uniformities as well as the presence of other noise mechanisms is below a threshold
such that the likelihood of inducing a parasitic transition is minimized. Another
related aspect is if the ground line floats synchronously with the substrate noise
but the Vpp line does not. In this case, the operation of the circuit is affected by a
power supply variation induced by the substrate noise. To minimize this parasitic
power supply variation, an efficient capacitive filter should be used to control the
voltage fluctuations within the power supply lines.

Note the importance of analyzing the noise behavior of the principal logic
elements under worst case conditions. The noise immunity can be enhanced as
compared to the results obtained in these worst case conditions through methods
such as 1) properly placing the substrate contacts, 2) using a low resistivity inter-
connect path between the substrate contacts and the ground lines of the sensitive

circuitry, 3) using a compact layout, and 4) decoupling the power supply.
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In this section, an analysis of a CMOS inverter and latch is performed. The

worst case conditions of this analyses are summarized as follows:

e No low resistivity path exists between the substrate contacts for the epi layer

(N-well) and GND (VDD)v

e The substrate contacts for the epi layer and N-well do not reduce the sub-

strate noise at the sensitive circuits.

e The epi layer and the N-well are biased at zero and five volts, respectively,

under equilibrium conditions.

e The substrate noise variations are added to the equilibrium bias values of

the epi layer and N-well.

Design recommendations for repeater insertion in a noisy environment are also

provided.
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8.2.1 Noise analysis of a CMOS inverter

A CMOS inverter as well as the noise analysis set-up are shown in Fig. 8.4.
Similar to the NMOS inverter analysis, V1 and V2 are the noise signals for Q1
and Q2, respectively. V1 simulates the noise into the epi layer and V2 simulates
the noise into the N-well. Substrate voltage transients vary from +5 to -5 volts.
The size of Q1 is 4 pum/4 um, and the size of Q2 is 8 um/3 um. Results of the
static analysis are presented in Table 8.3 and are discussed below.

o Vdd

Q2

<2

In Out2

(@]
-

Figure 8.4: Circuit used to investigate the noise behavior of a CMOS inverter

Situations 1 to 11 correspond to the case where the noise is in the epi layer and
affects the NMOS transistors but is not present in the N-well, and therefore does
not affect the PMOS transistors. This situation may occur for certain substrate
contact placements, during transient noise conditions, or because of a less optimal

physical design (the circuit placement should be along equipotential noise lines).
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No. In V1 (V) [ V2 (V) | Vo (V) | Veww (V) | Vrew (V)
1. | High (Tow) | 5 5 458 (5) | 0.71(0.7) |-0.93 (-0.93)
5. | High (Low) | 4 5 346 (5) | 0.71 (0.7) | -0.9 (-0.94)
3. | High (Low) | 3 5 | 2.44(5) | 0.71(0.7) | -0.88 (-0.94)
1 | High (Low) | 2 5 [ 1.44 (5) [ 0.72 (0.71) | -0.86 (-0.94)
5. [ High (Low) | 1 5 | 044 (5) | 0.73 (0.71) | -0.82 (-0.94)
6. | High (Low) | 0 5 00 T(1) | -0.83 (-0.94)
7. | High (Cow) | -1 5 | 0(3) | 15(L5) |-083(-0.99)
8. | High (Low) | -2 5 | 0(5) | 189 (1.88) | -0.83 (-0.94)
9. | High (Low) | -3 5 0(5) | 2.2 (2.19) | -0.83 (-0.99)
10. | High (Low) | 4 5 0(5) | 2.47 (2.46) | -0.83 (-0.99)
11. | High (Low) | 5 5 0(5) | 2.71 (2.7) | -0.83 (-0.94)
12. | High (Low) | 5 10 | 459 (5 [ 071 (07) | 2 (2)

13. | High (Low) | 4 9 | 3.46 (3) | 0.71(0.7) | -19 (-L.9)
14 | High (Low) | 3 8 [ 244 (5) | 0.71(0.7) | -1.65 (-1.68)
15. | High (Low) | 2 7 | 1.44 (3) | 0.71 (0.71) | -L.4L (-1.49)
16. | High (Low) | 1 6 | 044 (3) | 0.73 (0.71) | -1.16 (-1.28)
17. | High (Low) | -1 7 [ 0(4.68) | 1.52 (1.51) | 0.6 (:0.72)
18, | High (Low) | -2 3 | 0(3.69) | 1.89 (1.88) | -0.63 (-0.71)
19. | High (Low) | -3 3 | 0(2.68) | 2.19 (2.11) | -0.65 (-0.71)
50. | High (Low) | 4 T [ 0(167) | 2.47 (2.46) | -0.67 (:0.7)
51. | High (Low) | 5 0 [ 0(06) | 2.71 (2.71) | -0.69 (:0.7)

The reverse situation, when the noise is present in the N-well and is not present

in the epi layer, occurs under similar conditions and is described by cases 1 to
10 listed in Table 8.4. A positive (negative) noise spike is induced in the N-well
for situations 1 to 5 (6 to 10). However, this reverse situation occurs with a
lower probability since: 1) an N-well is a local diffusion of limited area, and each
well hosts a small group of PMOS transistors, 2) typically, the power devices that
generate large amounts of noise are N\MOS devices, and 3) if a complementary pair
of power devices is used, the power PMOS transistor is realized in an individual

N-well which is not shared with other sensitive transistors.



226

Table 8.4: Inverter output response as a function of substrate bias

No. In V1 (V) [ V2 (V) | Vour (V) | Vown (V) | Vrew (V)
T. [High (Low) | 0 10 | 0(5) |102(L.01)| -1.89 (2)
3. | High (Low) | 0 9 0(5) | 1.02 (1.01) | -1.74 (-1.85)
3. | High (Low) | 0 8 | 0(5) | 1.02(L0L) | -1.57 (-1.68)
7 | High (Low)| 0 7 | 0(5) | 1.02 (1.01) | -1.38 (-L.49)
5. | High (Low) | 0 6 0(5) | 1.02 (1.01) | -1.15 (-1.26)
5. | High (Low) | 0 4 |0 (4.68) | 1.02 (1.01) | -0.72 (-0.99)
7. [ High (Low) | 0 3 [ 0(3.68) | 1.02 (1.01) | -0.63 (-0.71)
8. | High (Low) | 0 5|0 (2.68) | 1.02 (1.01) | 0.6 (-0.71)
9. | High (Low) | 0 T | 0(1.67) ] 1.02 (L01) | -0.67 (-0.7)
10, | High (Low) | 0 0 | 0(0.6) | 1.02(1.02) | -0.69 (:0.7)
11, | High (Low) | 3 § | 244 (5 | 071 (0.7) | -1.2 (-1.26)
12, [ High (Low) | 3 7 | 458 (5) | 0.71 (0.7) | -1.48 (-1.49)
13. | High (Low) | -3 10 (468) | 2.2(2.19) | -0.62 (:0.72)
T4, | High (Low) | 5 3 [ 0(3.69) | 2.71 (2.7) | -0.63 (-0.71)
T5. | High (Low) |2 7 [ 144 (5) | 0.71 (0.71) | ~L.41 (-1.49)
16. | High (Low) | 3 0| 2.44 (5) | 0.71 (0.7) | -1.95 (-2)
17. | High (Low) | 1 8§ | 044 (5) | 0.73 (0.71) | -1.58 (-L.68)
18, | High (Low) | -2 g 0(5) | 1.80 (1.88) | -1.57 (-1.68)
19. | High (Low) | -5 g 0(5) | 271 2.7) |-1.57 (-1.68)

Situations 11 to 19 listed in Table 8.4 describe intermediate transient noise
configurations. Situations 11 to 14 (15 to 19) describe a fast rising (falling) noise
transient into the epi layer that is induced (with a delay) into the N-well.

Note from the data listed in these two tables the situations for which a signif-
icant parasitic transition is induced when the input is either a logic high or logic
low. When the input is logic high, significant parasitic transitions are induced for
situations 1, 2, 3, 4, 12, 13, 14, and 15 listed in Table 8.3 and situations 11, 12,
15, and 16 listed in Table 8.4. When the input is logic low, significant parasitic
transitions are induced for the situations 18, 19, 20, and 21 listed in Table 8.3,

and situations 7, 8, 9, 10, and 14 listed in Table 8.4.
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When the input is logic high, a parasitic output transition is produced when
a positive noise transient is present in the epi layer independent of the noise in
the N-well, which can be either zero or positive. When the input is logic low, a
parasitic output transition is produced when a negative noise transient is present
in the N-well, independent of the noise in the epi layer, which can be either zero
or negative.

Note that, as compared to the NMOS logic elements, output parasitic transi-
tions occur equally for both positive and negative noise spikes and for both input
high and input low signals. Note, however, that a parasitic transition can be
induced by a positive noise spike only when the input is logic high, and can be in-
duced by a negative noise spike only when the input is logic low. The phenomenon
responsible for this behavior is the forward biasing of the epi-source junction of the
NMOS transistor for positive noise transients and the N-well-source junction of
the PMOS transistor for negative noise transients. To exemplify this phenomenon,
situation No. 1 listed in Table 8.3 is discussed below. The other situations are

similar.

o Note that for this situation, the output is 4.6 V. The epi layer (biased at 3
volts), strongly forward biases the substrate-to-source junction, generating
a current of = 22.5 mA from the substrate to the source. The substrate-to-
drain junction may be similarly forward biased. However, the current that
is generated if the substrate-to-drain junction is forward biased can only
discharge the capacitive output load. Therefore, since a continuous current
path cannot be created, the substrate-to-drain junction cannot be forward
biased. The equilibrium drain (the output) potential is such that due to the
resulting bias of the substrate-to-drain junction, the current generated by

this junction compensates for the leakage current of the output capacitance.
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The noise immunity of the CMOS logic circuits appears to be worst than the
noise immunity of the NMOS logic circuits since a parasitic output transition can
be induced equally for both positive and negative noise transients and for both
input high and low signals. However, note that a significant parasitic transition is
induced if the aforementioned junctions are forward biased with more than 2 volts.
For the epi-source junction of an NMOS transistor (as depicted in Fig. 8.5), this
forward-bias voltage may be generated due to the following parasitic elements: 1)
RCy, and L,, caused by the currents flowing through the ground line, 2) RCyy
and Ly, caused by the currents flowing through the epi layer between the P+
substrate contact and the source diffusion, and/or 3) RC,, and Ly, caused by
the currents flowing through the epi layer between the source diffusion edge closest
to the drain (to the transistor channel) and the source diffusion edge closest to the
substrate contact. All of these parasitic elements are minimized if the substrate
contacts are placed as close as possible to the source diffusion, minimizing the

forward bias voltages of the epi-source junction.

RCm Lm
—MW—TN 1
L ;
l
RCsbl Lsbl
P+ 1 2\ N+ 3
T Lsb2 RCsb2

Figure 8.5: The parasitic elements that forward bias the epi-source junction

An effect similar to latch-up can be induced by the parasitic elements of the
epi layer corresponding to Sbl and Sb2, and is described next. Consider, for ex-

ample, that the substrate noise is & 0.7 volts such that the epi-source junction is
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marginally biased and a small current is injected into the epi layer. This current
further forward biases the epi-source junction through the Sb1 and Sb2 para-
sitic elements, creating a positive feedback loop between the substrate and the
source diffusion by further increasing the forward bias of the epi-source junction.
Therefore, the current injected into the epi layer by the forward biased junction
increases, creating a larger forward bias. Note that the initial substrate noise of
= 0.7 volts may surpass the 2 volt threshold due to this positive feedback loop
through an avalanche effect. The condition for this avalanche effect being trig-
gered is that the initial substrate noise spike needs to be of sufficient duration
to permit the positive feedback loop to increase the forward bias voltage to the
2 volt threshold. Note, however, that the avalanche effect may still be triggered
even if the initial substrate noise spike is not of sufficient duration. That is, if
the forward bias voltage reaches, for example, a minimum of 1.4 volts when the
initial 0.7 volt noise spike disappears. The junction bias will remain at = 0.7
volts, thereby maintaining the positive feedback loop and increasing the forward
bias voltage to 2 volts in the absence of noise.

Note the importance of the parasitic elements of Sbl in triggering this effect.
In the following discussion, 1, 2, and 3, depicted in Fig. 8.5, denote the contact
locations. If the potential of the P+ substrate contact is at a zero reference
potential, 1 represents the lowest potential of the three contacts, increasing in
potential at 2 due to Sbl, and subsequently increasing in potential at 3 due to Sb2.
Therefore, reducing the parasitic elements of Sbl minimizes the deleterious effects
of the positive feedback loop between the substrate and the source diffusion. The
parasitic elements of Sb2 cannot be minimized for a target technology because the

minimum diffusion width (as noted between contacts 2 and 3) is technologically
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imposed. Therefore, the most vulnerable contact of the epi-source junction that
can be forward biased is contact 3. The parasitic elements of Sb2 may, however, be
minimized by placing a substrate contact such that the contact partially surrounds
the source. Such a substrate contact placement has been experimentally observed
by Troutman to improve latch-up immunity (see Section 8.1); therefore, these
theoretical explanations support the experimental observations.

If the distance between 1 and 2 (the substrate contact and the source diffusion,
see Fig. 8.5) is comparable to or larger than twice the epi thickness, the current
injected by the epi-source junction propagates between the scurce and the sub-
strate contact through the low resistivity bulk. This situation is equivalent to the
worst case conditions defined at the beginning of this section.

To minimize the effects generated by forward biasing the epi-source junction,
thereby improving the noise immunity of CMOS digital circuits, the following

rules are recommended:

e In a noisy environment, each transistor should have a substrate contact in
the immediate vicinity of the source diffusion. This strategy requires the
expenditure of significant area. Depending upon the estimated magnitude
of the noise, several transistors may share a common substrate contact,

thereby saving area and easing the physical design process.

e Note that routing the ground line such that the source terminal is at a refer-
ence zero potential makes the Sbl parasitic elements bias the P+ substrate
contact (with respect to the source diffusion) rather than biasing the source
diffusion with respect to the substrate contact (see Fig. 8.5). This situa-
tion is preferable since biasing a P+ to P- (substrate contact to epi layer)

junction does not create a positive feedback loop.



231

o Whenever the substrate contact cannot be placed in the immediate vicinity
of the source diffusion, the ground line should be routed such that the source
is at zero potential, namely, the current flow reaches the source diffusion first,

followed by the substrate contact.

A dynamic characterization of the noise behavior of a CMOS inverter under

the worst case conditions permits the following conclusions to be drawn:

e A significant parasitic transition can be dynamically induced when the input
is at logic high for the situations 1, 2, 3, 4, 12, 13, 14, and 15 listed in
Table 8.3, and the situations 11, 12, 15, and 16 listed in Table 8.4. A
significant parasitic transition can be dynamically induced when the input
is at logic low for the situations 18, 19, 20, and 21 listed in Table 8.3, and

the situations 7, 8, 9, 10, and 14 listed in Table 8.4.

e A significant parasitic transition can be dynamically induced when the input
is at a logic high (low) when a positive (negative) noise spike is present in
the epi layer (N-well). The parasitic transition is not influenced by the noise
present in the N-well (epi layer). The positive (negative) noise spike affects

the NMOS (PMOS) transistor.

e The parasitic transition at the output of an inverter sharply follows the
transition of the substrate noise spike that generates the output parasitic
transition. This sharp output parasitic transition is independent of the ca-
pacitive load and the size of the transistors in the inverter. For a positive
(negative) noise spike, the rising (falling) transition of the noise spike pro-

duces an output parasitic transition. This sharp transition at the output
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can be explained by the transient forward bias conditions of the transistor

junctions which occur during the signal transition of the substrate noise.

When the noise disappears, it is desirable that the output voltage transitions
quickly return to the initial state. This way, if the positive noise spike is
just a glitch, the output is also only a glitch, minimizing the impact on the
logic circuitry (although some power will be dissipated). While the low-to-
high parasitic transition is independent of the transistor size or capacitive
load, large transistor sizes and small capacitive loads are desirable in order
to return the parasitic output transition to the initial state as quickly as

possible following the disappearance of the noise signal.

Note that long duration noise transients are more damaging than short du-

ration noise transients since the output parasitic transitions occur over a

longer period of time.

vdd vdd
Q1 Q3
In Outl Out2
CL
Q2 Q I
Inverter 1 Inverter 2

Figure 8.6: Two interconnected CMOS inverters

e Per the simulation results, a second inverter as shown in Fig. 8.6 is affected

by a parasitic transition at the output of a first inverter only if this output
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reaches a minimum amplitude of 3 volts (for a low-to-high output parasitic
transition and a 5 volt system). This behavior is consistent with CMOS
noise margins. Therefore, practically any substrate noise level below =~ 3
volts amplitude is insignificant. This noise level is quite large to not induce

latch-up.

e The noise behavior of the CMOS logic elements is better than the NMOS
counterpart circuits. For CMOS circuits, it has been demonstrated that a
noise signal can be transmitted for both input high and input low states,
and for both positive and negative logic spikes. This situation is worst
than for the NMOS logic elements in which a parasitic transition is shown
to be induced primarily when the input is high and the substrate noise
spike is positive. However, to induce a parasitic transition, the substrate
noise amplitude must be significantly larger for CMOS circuits than for the

NMOS circuits.

The primary conclusion of this theoretical analysis of the noise immunity of
a CMOS inverter is that in order to induce a significant parasitic transition that
can affect the following logic element, a large noise signal is required. If this
large noise signal exists within the substrate, such as in the case of a smart-power
application, it is more likely that this noise signal will induce latch-up before a
parasitic transition is induced. Careful physical design, as discussed in this chap-
ter and Chapter 7, minimizes the likelihood of both noise-induced latch-up and
parasitic transitions. To minimize the effects of parasitic transitions, large tran-
sistor sizes and small capacitive loads are recommended. Careful physical design
can eliminate any noise induced problems in CMOS logic circuits. Also, CMOS

logic circuits are more robust to noise induced problems than NMOS circuits.
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8.2.2 Noise analysis of a CMOS latch

A circuit schematic of the latch analyzed in this section is shown in Fig. 8.7.
Circuit simulations using Cadence Spectre have been performed to evaluate the
noise behavior of this latch. The simulation set-up is shown in Fig 8.8. Note that,
similar to an NMOS latch, independent noise sources to simulate a variety of noise
configurations have been provided for each of the four transistors. As with the
NMOS latch, an open loop latch is analyzed. Since a transmission gate is used in
the feedback loop, the output voltage is transmitted over the feedback connection
without any voltage drop. The voltage across each of the four noise sources varies

between +5 and -5 volts.
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Figure 8.7: A CMOS latch

As shown for a CMOS inverter, only a positive noise pulse can induce a para-
sitic transition when the input is logic high, and only a negative noise pulse can

induce a parasitic transition when the input is logic low. As also shown, a sig-
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nificant parasitic transition is induced if the noise spike (positive or negative) is
greater than 3 volts. In Table 8.5, all of the possible states of the two inverters
when affected by noise are listed. The states of the two inverters with zero noise
are listed in the first three columns, while the corresponding states of the two

inverters in the presence of noise are listed in the final three columns.

o Vdd o Vda
LQzB L Q4D
C I
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Ql Q3
i £ |
| ;
D o 0
Figure 8.8: The simulation set-up
Table 8.5: Noise analysis of a latch
No.| In | Outl | Out2 | In (noise) | Outl (noise) | Out2 (noise)
1. | High | Low | High |- High High High
2. | High | Low | High High High Low
3. | High | Low | High High Low High
4. | Low | High | Low Low High Low
5. | Low | High | Low Low High High
6. | High | Low | High High Low High
7. | High | Low | High High Low Low
8. | Low | High | Low Low High Low
9. | Low | High | Low Low Low Low
10. | Low | High | Low Low Low High

Situations 1 to 5 refer to a positive noise spike while situations 6 to 10 refer

to a negative noise spike. A positive noise spike greater than 3 volts affects both
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inverters in situation 1, only inverter 2 in situation 2, and none of the two inverters
in situations 3 and 4. The noise for inverter 1 in situation 5 is unimportant since
the input is low and the substrate noise is positive. Inverter 2 in situation 5 is
affected by noise. A negative noise spike greater than 3 volts affects both inverters
in situation 9, only inverter 1 in situation 10, and none of the two inverters in
situations 6 and 8. The noise for inverter 1 in situation 7 is unimportant since
the input is high and the substrate noise is negative. Inverter 2 in situation 7
is affected by noise. Note that similar to the NMOS latch, a parasitic transition
may not be latched if the noise is uniform (or “in phase”), and may be latched
if the noise is nonuniform (in Table 8.5, see situation 1 as compared to situation
2, situation 4 as compared to situation 5, situation 6 as compared to situation 7,

and situation 9 as compared to situation 10). -

8.2.3 Repeater insertion for improved substrate noise im-

munity

An important observation must be noted which is equally valid for NMOS logic
circuits. The noise spikes within the substrate may be either of small duration, or
propagate more quickly than the delay of a logic element. For these conditions, by
the time the parasitic transition induced by the noise into inverter 1 propagates
to the output of inverter 1 (see Fig.8.6), the noise disappears. Depending upon
the capacitive load and transistor size of the two inverters, the parasitic transition
may be stored dynamically on a capacitor, transmitted to the output of inverter 2,
and latched within the register. To minimize the likelihood of these situations,
small capacitive loads at each output node, large transistor sizes, and a compact

layout (as defined by the following analysis) are recommended.
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With reference to Figs. 8.9 and 8.10, a noise spike of amplitude V;; and duration
T, affects inverter 1. tp is the time required for the noise signal within the
substrate to propagate across a distance D between the two inverters. As the
signal propagates across the distance D, the noise spike may be attenuated and
distorted; therefore, the noise affecting inverter 2 will have an amplitude Vj;; and
a duration Ty;. As shown, inverter 1 sharply responds to noise after a negligible
delay t;;. The noise induced parasitic signal at the output of inverter 1 has a
duration of Tp,; with a fall time dependent on the transistor size. tgzc is the time
required for the parasitic output transition to propagate across the interconnect

between the two inverters. The noise induced parasitic signal may arrive at the

input of inverter 2 distorted due to the interconnect impedance.
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Figure 8.9: Substrate noise waveforms affecting two on-chip inverters
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Figure 8.10: Two interconnected CMOS inverters. D is the on-chip physical
distance between the two inverters B

The necessary conditions so that the noise does not affect the correct circuit

operation are:

tp < tii +tre, (8.7)
T;rt = Tnh (88)
T'ptl = Tnll: (8.9)

tp + T <t +tre + Tou, (8.10)
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ti +tre + Ton —tp — Ton = 0, (8.11)
and

Vau 2 3V & Van 2 3V, (8.12)
or

Vu <3V & Vann < 3V. (8.13)

These conditions are satisfied if both tgc and tp are negligible, t_he transistor
sizes are large and the capacitive loads are small, and substrate contacts are placed
to achieve high noise uniformity. Note that in order to satisfy these conditions, a
maximum distance among the logic elements (inverters or repeaters) exists. The
number of repeaters that should be inserted along a noisy RC line is much larger
than if only delay is being minimized.

Concluding, similar to an NMOS latch, a CMOS latch is highly sensitive to
noise nonuniformities across the substrate. Several rules have been suggested to
improve the tolerance of a latch to noise. Circuit rules for transistor sizing and
capacitive loading at each of the output nodes have been presented. Also, from
a circuit point of view, when inserting repeaters to drive a noisy RC line, rules
different from those used to optimize the speed and/or power [113-117] must be
used. From a physical design point of view, the location for inserting repeaters
and routing the interconnect lines has also been discussed. Naturally, a compact

physical design style is preferable.
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Chapter 9
CMOS Experimental Data

Thirty test circuits have been designed and fabricated in a 2.5 um N-well
CMOS technology. The issues chosen for investigating the CMOS circuits are
similar to the issues chosen for investigating the NMOS circuits. In addition, the
influence of substrate noise on latch-up, as well as the relationship-between the
substrate noise characteristics, latch-up, and the process of inducing a parasitic
transition, have been investigated. A subset of CMOS test circuits has been fabri-
cated to evaluate these additional effects. In this subset of test circuits, the power
drivers are not isolated so that the noise generated into the substrate is larger. As
for the NMOS circuits, several test chips have been fabricated to experimentally
determine the principal characteristics of the noise generation process within the
substrate. The experimental results derived from the measurement of the test cir-
cuits are presented in this chapter. In presenting the data, the emphasis is placed
on illustrating the effects of each of the analyzed issues, on comparing the results
with the expected behavior as described in Chapters 4 and 8, and on discussing
possible noise mitigation techniques.

A circuit and physical design overview of the CMOS test circuits is described in

Section 9.1. The experimental data is presented and discussed in Section 9.2. Fi-



241

nally, several conclusions regarding the substrate noise behavior of digital circuits

are summarized in Section 9.3.

9.1 CMOS circuit and physical design overview

An overview of the circuit and physical design of the CMOS test circuits is
presented in this section. Characteristics and tradeoffs of the circuit design process
are described in Section 9.1.1. Physical design considerations are described in

Section 9.1.2.

9.1.1 Characteristics of the CMOS circuit design process

The mixed-signal smart-power application that has been analyzed for the
NMOS circuits and used in the Thermal Ink-Jet (TIJ) printers is also used in
the CMOS analysis. A similar circuit architecture as for the NMOS circuits has
been implemented for the CMOS circuits in which 3 volt digital logic indepen-
dently selects one of the 48 analog power drivers. One to possibly all 48 power
drivers can be selected at any one time. Each of the 48 high voltage power drivers
are driven by a 13 volt predriver circuit which is placed between the 3 volt logic
and the gate of the power drivers. These 13 volt predriver circuits provide the
requirgd voltage swing on the gate of the power drivers for an efficient turn-on/off
process of the power drivers. As described for the NMOS circuits, for noise im-
munity considerations, no registers are used in the logic blocks that select the
power drivers. The noise generated by the power drivers is monitored, similar
to the NMOS circuits, by a chain of master-slave registers placed in the upper

side of the integrated circuit. A different category of test circuits monitors the
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noise generated by the power drivers by observing the actual waveforms propagat-
ing within the substrate. One of the objectives of the research presented in this
section is to accurately compare the noise behavior of the NMOS circuits with
the noise behavior of the CMOS circuits. To achieve this objective, the circuit
implementation of the CMOS blocks and the physical design of the test circuits
have been designed to be as similar as possible to the circuit implementation and
physical design of the NMOS circuits.

Some of the circuit details are shown in Fig. 9.1. Note the similarity of the
NMOS and CMOS circuits; the power driver, the inverters, and the static latches.

Therefore, certain circuit variables from the comparative analysis are eliminated.
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Figure 9.1: NMOS and CMOS test circuits: a) an NMOS inverter, b) NMOS and
CMOS power driver, ¢) a CMOS inverter, d) an NMOS static slave latch, and e)
a CMOS static latch.
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The predriver is a voltage interface circuit converting a 5 volt digital input
signal to a 13 volt digital output signal. This voltage interface circuit has been
implemented using an asymmetrically sized NAND gate as shown in Fig. 9.2.
The P1 and P2 PMOS transistors are sized to minimize the power dissipation
when the In 1 and In 2 inputs are high, since all of the transistors, N1, N2, P1,
and P2, are on in this situation. However, the size of the P1 and P2 transistors
can not be too small since these transistors provide the low-to-high transition of
the predriver output signal that drives the gate of the power driver. Therefore, a

tradeoff between the power dissipation and the rise time of the low-to-high output

transition of the predriver exists.
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Figure 9.2: A CMOS NAND gate implementing a 5-to-13 volt voltage interface
circuit

As an alternative to this interface circuit, the voltage interface circuit [118]

shown in Fig. 9.3 has been used in some of the test circuits. The power dissipa-
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tion, transition times, and speed are optimized, permitting the interface circuit to
provide a high drive capability [118]. The low-to-high and high-to-low transitions
for this voltage interface circuit are sharp (for the required load conditions) and
approximately equal. However, these advantages have a drawback, a significant
increase in the on-chip area required by the voltage interface circuit as compared

to the NAND gate based interface circuit.
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Figure 9.3: Schematic of an alternative CMOS voltage interface circuit
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9.1.2 Physical design considerations

To accurately compare the theoretical and experimental results obtained for
the NMOS circuits, the CMOS circuits have a similar floorplan as the NMOS
circuits. The floorplan for the test circuits that use registers to monitor the

influence of substrate noise is shown in Fig. 9.4. The differences between the
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NMOS and CMOS circuits consist of: 1) the NMOS circuits feature 64 power
drivers grouped in eight groups of eight power drivers each while the CMOS
circuits feature 48 power drivers grouped in six groups of eight power drivers
each, and 2) the NMOS circuits feature 32 master-slave sensitive registers placed
in the upper side of the chip (see Fig. 9.4) while the CMOS circuits feature 20

master-slave registers, placed similar to the NMOS test circuits.
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Figure 9.4: Floorplan of the NMOS and CMOS test circuits

A microphotograph of a CMOS test circuit that uses registers to monitor the
substrate noise is shown in Fig. 9.5. As compared to the NMOS circuits, substrate
contacts have been provided for each of the following: 1) each power driver has
substrate contacts, similar to the NMOS power drivers, 2) certain test circuits
have a ring surrounding the power drivers, 3) a substrate contact is provided
for approximately every two gates, and 4) each N-well has a substrate contact.

Note that the placement of the substrate contacts does not follow the complete
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methodology described in Chapter 7; however, more substrate contacts than in
the NMOS circuits are used. The test circuit shown in Fig. 9.5 uses the NAND

gate based circuit as the predriver.
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Figure 9.5: Microphotograph of CMOS test circuit

A microphotograph of a CMOS test circuit with substrate contacts to mon-
itor the substrate noise is shown in Fig 9.6. The substrate contacts are placed
according to the same ideas as described in Section 3.3.1 for the NMOS circuits
in group 4. The test circuit shown in Fig 9.6 uses a voltage interface circuit op-
timized for power dissipation and area [118]. However, due to area constraints,
only three independent interface circuits are used. The output of the first inter-
face circuit simultaneously drives the power drivers 1, 2, and 3, the output of
the second interface circuit drives the power drivers 4, 5, and 6, and the output
of the third interface circuit drives the power drivers 7 and 8. The load of each
voltage interface circuit is large as compared to the load of a NAND gate (when
the NAND gate circuit is used as an interface circuit), but due to the considerable
output drive current of the voltage interface circuit [118], the size of the load is
less significant. A microphotograph of a test circuit designed specifically to test

the voltage interface circuits is shown in Fig. 9.7.
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Figure 9.6: Microphotograph of a CMOS test circuit used to probe the substrate
noise waveforms
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Figure 9.7: Microphotograph of a CMOS test circuit used to test the voltage
interface circuits
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9.2 Experimental data

The experimental data characterizing the noise behavior of the CMOS digital
circuits are both similar and different to the noise behavior of the NMOS digital
circuits. In this section, these similarities and differences between the two logic

families are presented. discussed. and explained.

9.2.1 Latch-up and metastability

As discussed in Chapter 8, a smaller substrate noise amplitude is required to
induce latch-up than to induce a parasitic transition at the output of a CMOS
logic element. The test circuits which feature non-isolated power drivers generate
a larger level of substrate noise than the test circuits which feature isolated power
drivers, permitting the theoretical assumptions to be verified. The -experirnental
data show that indeed, as expected, the test circuits which feature non-isolated
power drivers are prone to substrate noise induced latch-up and metastability.
When latch-up occurs, irreversible damage to the circuit is prevented by limiting
the current generated by the logic power supply voltage. No latch-up or metasta-
bility has been noted for the test circuits featuring isolated power drivers.

Several of the issues that influence the noise sensitivity of the NMOS digital
circuits (see Chapter 6) have been experimentally shown to also influence the
noise sensitivity of the CMOS digital circuits. The sensitivity to latch-up and
metastability of the test circuits which feature non-isolated power drivers has

been experimentally shown to depend on:

e The pulse width on the gate of the power drivers (the time during which the

power drivers are on)
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e The power supply of the power drivers
e The turn on/off characteristics of the power drivers
e The number of power drivers that are active at any one time

e The skew of the turn on/off times of the power drivers

The latch-up behavior of the circuits featuring non-isolated power drivers as a
function of the supply voltage of the power drivers when all six groups of power
drivers are active for a 2 us pulse is listed in Table 9.1. Latch-up is shown to not
occur when only one group is active for a 2 us pulse at 38 volts, or when eight
groups are active at 38 volts and the turn-on/turn-off time of each of the groups

is distributed (or skewed) in time over a 2 us period.

Table 9.1: Latch-up behavior of CMOS test circuits with non-isolated power
drivers as a function of the power supply voltage

Power | 38 | 34 [ 30 ] 26 [ 22 [ 20 [ 18
supply (V)
Latch-up | Yes | Yes | Yes | Yes | Yes | Yes | No

Metastability is observed when the duration and/or amplitude of the substrate
noise pulse is not sufficient to maintain but is sufficient to trigger the latch-up
process [64, 102-106]. The metastable state (the output oscillation) is maintained
by a positive feedback loop among the predriver, power driver, and the substrate
and/or ground lines {119], as shown in Fig. 6.5 for the NMOS circuits. This
positive feedback loop is responsible for developing an oscillatory substrate noise
waveform [119] as shown in Fig. 6.3.

Test data also show that the noise generated as the power drivers turn-off
is more likely to induce noise glitching than the noise generated as the power

drivers turn-on. This behavior can be explained by noting that in order for the
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two events to be similar from a noise point of view, the turn-on edge must be
sufficiently sharp, and the power supply of the predrivers must be sufficiently
high in order to produce a large voltage swing on the gate of the power drivers.
Test data show that it is sufficient to skew the turn-off time of the active power
drivers to reduce the influence of the substrate noise.

As previously described, these test circuits feature asymmetrically sized NAND
gates as predrivers, and as a consequence, the turn-on edge of the power drivers is
much slower that the turn-off edge (see Section 9.1). As also discussed, the amount
of noise that is generated depends on the signal transition times. Therefore, the
observed effect has a solid theoretical explanation. Driving the power drivers with
the voltage interface circuit equalizes the noise effects of the turn-on and turn-
off edges, which is actually an undesirable effect. Therefore, it is preferable to
operate the NAND gates as an interface circuit, and to skew the turn-off edge of
the power drivers to minimize the influence of this edge on the generated noise.
The drawback of using NAND gates, however, is increased DC power dissipation,
as discussed in Section 9.1. As an alternative to the increased power dissipation, a
voltage interface circuit with reduced output drive can be used, thereby reducing
the power dissipation and producing slower and equal transition times for the
turn-on and turn-off signals at the power drivers. However, this solution requires
increased area.

Another noteworthy aspect of this analysis is related to the effect of skewing
the turn-off signals of the power drivers on the latch-up immunity. As discussed
in Chapter 8, by skewing these pulses, T},; increases, and therefore, a smaller V;;
amplitude (see Chapter 8) may induce latch-up. While this effect may occur,

this effect did not occur in the specific experiments, not even for the non-isolated
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power drivers (with large noise, or V;;) and for eight skewed drivers (increased

Twi). Therefore, the V,,; — T, relationship to induce latch-up is not satisfied.

9.2.2 Effects of process technology adjustments

Experimental data show that, in general, for the isolated power drivers, the
sensitive registers are not affected, independent of the combination of the exper-
imental test conditions such as the power supply of the power drivers, the pulse
width, the number of drivers that are active at any one time, the skewing of the
power drivers, and other test conditions. However, a difference is observed de-
pending on the HV-well (high-voltage well) and the threshold voltage (Vr) doping
concentrations. For increased doping levels, the registers in the vicinity of the ac-
tive power drivers can be randomly affected from one pulse to another pulse. This
phenomenon can be explained by noting the differences between the noise trans-
mission process in a non-epitaxial technology as compared to an epitaxial technol-
ogy [69,120-~122], which is primarily due to the low resistivity path through the
bulk in an epi technology [120] (see Chapter 7). Three-dimensional noise distribu-
tions are shown in Chapter 7 for a non-epi and epi technology, respectively {120].
For high dopings in the HV-well and Vi regions, local non-epitaxial areas are
created by making the doping level within the epitaxial layer closer to the doping
level within the bulk. Another aspect that contributes to this behavior is the
decreased threshold voltage of the transistors as the Vr doping levels increase.
Test data show that the placement of the substrate contacts with respect to the

sensitive registers and power drivers [120] can also affect the integrity of the stored

data.
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Certain conclusions can be drawn from these tests regarding the noise immu-
nity of scaled and low voltage technologies. The transistors in scaled technologies
are affected by small-channel effects such as mobility degradation and velocity
saturation, due to the increase in the internal electric fields. A solution is to de-
crease the power supply and the threshold voltage (V) of the transistors. While
the decrease in the power supply and threshold voltage can not be made at the
same rate as the technology scaling factor, the electric fields are sufficiently de-
creased to improve the reliability of the transistors to acceptable levels. However,
by decreasing the power supply and threshold voltage of the transistors, the speed
of the circuits decreases. Also, the leakage and subthreshold currents of the MOS
transistors increases substantially, creating significant levels of stand-by power dis-
sipation which is unacceptable in million transistor systems. These leakage and
subthreshold currents further increase due to substrate noise through effects such
as the body effect. This situation is similar to the experimentally observed behav-
ior caused by the increased V7 doping levels. Due to the large feature size (2.5 um)
and small number of transistors, the power dissipation caused by these parasitic
currents (observed primarily for small amounts of substrate noise) is not significant
in the target application [95]. As experimentally shown, only a large amount of
noise is significant in this application, and the noted effect is a parasitic transition
at the output of a logic element. However, in a scaled technology operating at a
low power supply and featuring million transistors with small threshold voltages,
a small amount of substrate noise can be significant. Even if the substrate noise
levels are not sufficiently large to induce a parasitic transition, these noise levels
do increase the currents caused by leakage and subthreshold conduction, thereby

increasing the stand-by power dissipation of the system to unacceptable levels.
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Reducing substrate noise in million transistor digital application is an important

research problem in future microelectronic systems.

9.2.3 Data dependency

The experimental data demonstrates that the noise sensitivity of digital cir-
cuits increases as the HV-well and V7 dopings increase. To clarify this dependency,
test circuits featuring isolated power drivers have been designed, manufactured,
and evaluated. These circuits have been shown to have improved latch-up im-
munity due to the smaller substrate noise that is generated. For these circuits,
the data stored in the registers is affected under certain conditions. While the
stored data is affected in a predominantly random manner (see Section 9.2.2),
weak dependencies on certain test conditions are noted. Although-these depen-
dencies are weak, they are noted here for several reasons. First, there is a certain
similarity with the conditions in which the NMOS digital circuits are affected (see
Chapter 6). This similarity demonstrates that the basic mechanisms in which the
substrate noise affects any MOS circuit are, at their origin, similar (see Chapter 4).
Second, while today these dependencies are for non-practical conditions (e.g., very
high dopings), these conditions will become more common as technologies become
further scaled (see Section 9.2.2).

Experimental data demonstrate that the registers are affected primarily when
the stored data is at logic high. This behavior can be explained by two aspects:
1) the transmission path of a parasitic “high” logic level inside a CMOS latch
(see Fig. 9.1) for Di, = 1 (from one inverter directly to another inverter) and for
Din = 0 (through a transmission gate), and 2) the noise, generated as the power

drivers turn-off (which has been shown to generate a larger amount of noise than
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when the power drivers turn-on), affects primarily the “high” logic data signal
stored in a register.

In addition, a dependence on the pulse duration, skew, and supply voltage of
the power drivers, as well as on the number of power drivers that are active at
any one time has also been noted. All of these dependencies have also been shown

to be significant in NMOS circuits (see Chapter 6).
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Figure 9.8: Experimental data characterizing the affected registers as a function
of the supply voltage of the power drivers: a) NMOS circuits, b) isolated CMOS
power drivers, c) isolated CMOS power drivers featuring high dopings, and d)
non-isolated CMOS power drivers (latch-up and metastability)

A dependence on the distance between the power drivers and the sensitive
registers has not been experimentally observed. This dependence is weak for
NMOS circuits (see Chapter 6). An even weaker dependency is expected for

CMOS circuits due to the propagation characteristics of the substrate noise in epi
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technologies (see Chapter 7). This weaker dependence has been experimentally
confirmed.

Among all of the dependencies between the substrate noise and the noise
immunity of the CMOS digital registers mentioned here, the experimental data
show that the most significant dependence is between the affected registers and the
supply voltage of the power drivers. This dependence is shown in Fig. 9.8 for test
circuits featuring both isolated and non-isolated power drivers. For comparison, a
similar dependence for NMOS circuits is also shown in Fig. 9.8, where the affected
registers are averaged over the four clocking regimes as described in [123] and in
Chapter 6. The four curves shown in Fig. 9.8 are normalized with respect to the
number of affected registers. Note that for curve d, once latch-up is induced, all

of the registers are considered to be affected.

9.3 Conclusions

The theoretical and simulation-based results presented in Chapter 8 are con-
firmed by experimental data in this chapter. As shown in the simulation results, in
order to induce a parasitic transition in a CMOS logic element, a substrate noise
larger than 3 volts is required. This level of substrate noise is experimentally
shown to be practically unachievable even in smart-power applications character-
ized by high levels of substrate noise. Experimentally, substrate noise induced
latch-up is much more likely than substrate noise induced parasitic transitions.
That behavior occurs because, as theoretically expected, a smaller amount of noise
is required to induce latch-up and metastability than the noise level necessary to
induce a parasitic transition. It is also shown that the CMOS logic circuits are

much more tolerant to substrate noise than NMOS logic circuits. The NMOS
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logic circuits are affected by substrate noise due to a multitude of factors as is
described in Chapter 6. These factors are shown in this chapter to be much
less important for CMOS logic circuits, only occuring under extreme conditions.
The importance of substrate noise in high complexity, highly scaled technologies,
featuring low power supplies and threshold voltages, have been experimentally

demonstrated in this chapter.
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Chapter 10

Conclusions

From the point of view of a circuit designer, any parasitic phenomenon that
affects the correct operation of a circuit and therefore alters the performance of
the circuit (as compared to the design specifications) represents a highly unde-
sirable situation. Some parasitic phenomena are highly predictable, others are
completely unpredictable. In many situations, the standard solution to these par-
asitic phenomena is to design a circuit with a sufficiently high margin of safety
such that the circuit operates correctly under any reasonable conditions. However,
the drawback of this design style is that the circuit is often designed to operate far
from the maximum possible performance, whether it be dissipated power, area,
speed, dynamic range, or analog processing accuracy. In the worst case, the allo-
cated safety margin may be surpassed, destining the circuit to failure. To ensure
that these highly undesirable situations are not encountered, parasitic phenomena
must be well understood, and not just as a single problem, but in terms of the
interactions and effects on the overall system.

Substrate coupling noise (SCN) belongs to this category of highly undesirable
phenomena. This research effort focuses on understanding SCN as a global phe-

nomenon, emphasizing a circuit and physical design perspective. Another focus
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of this research effort has been the interactions of SCN with technology, circuit
design, and physical layout. A final objective of this research effort has been the
development of design techniques to minimize SCN.

A fair question that could be expected in a conclusions chapter of a disser-
tation treating SCN is “how much noise is too much.” As always, especially
in engineering, and as demonstrated throughout this research dissertation, the
answer is “it depends.” And to be more precise, it depends on whether the appli-
cation is analog, digital, or mixed-signal, on specific circuit details, as well as the
target performance of the application. It also depends on the nature of the noise
aggressor. For example, a switching circuit and/or high voltage circuit generates
more noise than a circuit operating in the analog domain and/or a low voltage
circuit. The significance of the noise also depends on the characteristics of the
noise victim. For example, a high precision analog processing circuit tolerates less
noise than a digital circuit. All of these criteria are related to the performance
characteristics of the application. For example, a digital application is likely to
be more tolerant to noise than the analog portion of a mixed-signal application.
Practically, the noise that can be tolerated by a digital application may be smaller
than the noise tolerated by a mixed-signal application if the digital circuit is de-
signed to achieve a high level of performance while the analog processing portion
of the mixed-signal application is designed with a large safety margin. Finally,
as has been shown in this dissertation, all of these issues depend upon both the
technology and the circuit implementation. For example, a CMOS technology is
shown to be significantly more tolerant to SCN than an NMOS technology and

static circuits are more tolerant to SCN than dynamic circuits.
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Another conclusion of this dissertation is that it is possible to enhance the tol-
erance of a system to SCN by employing circuit and physical design techniques,
thereby not requiring expensive technological enhancements. Certain technolog-
ical enhancements may have a significant impact on the sensitivity of circuits to
SCN. Therefore, an important issue is the sensitivity of the implementing tech-
nology to SCN. The focus of this dissertation is on developing circuit and physical
design techniques that improve the noise behavior of a given technology.

Another conclusion of this dissertation is that despite the relative behavior of
circuits to SCN depending upon whether the circuit is analog or digital, static
or dynamic, or NMOS or CMOS, common characteristics still exist. The source
of these common characteristics is the low level circuit fundamentals and phe-
nomena which are strongly dependent on the behavior of the technology specific
transistors.

Interactions and implications of SCN at levels such as technology, device, cir-
cuit, and system have been described throughout this dissertation. It is demon-
strated here that it is possible to design a system which features high SCN im-
munity; however, the complexity of the problem remains considerable. The focus

of the design effort is to:

e Assess the application at the system level and decide, depending upon the
target performance, what range of SCN is tolerable (such as the noise am-

plitude and uniformity) for the sensitive circuits.

e Assess the available technology, model parameters, and circuit issues re-
lated to SCN such as the body effect, latch-up, short-channel effects, and

subthreshold conduction.
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e Design the system at the circuit and physical levels to satisfy the target per-
formance specifications. The design process consists of employing aggressor
circuit structures that generate the lowest amount of noise and victim circuit
structures that tolerate the greatest amount of noise. The objective is to
reduce the deleterious effects of SCN by producing optimal SCN characteris-
tics such as low amplitude and high uniformity noise. All of these issues must
tradeoff system performance requirements such as the total system power
dissipation and area, since there may be circuits that are highly tolerant to
SCN (either generate small amounts of noise or tolerate large amounts of
noise) but dissipate large amounts of power or occupy a significant amount

of area.

In terms of the future of SCN, as the circuit and technological complexity
of microelectronic systems increases, the importance of SCN will also increase.
Therefore, high performance systems will operate at increasingly higher levels of
substrate coupling noise. Presently SCN is particularly significant in mixed-signal
circuits, attention, however, will soon shift to multi-million transistor DSM low-
voltage digital applications. This trend of SCN affecting digital systems will occur
as the stand-by power dissipation generated by the parasitic currents caused by
leakage and subthreshold conduction in the presence of even smaller levels of SCN
will increase to unacceptable levels in multi-million transistor applications.

In summary, SCN will become increasingly important as circuit performance
increases as long as a common substrate is shared. Research in SCN will therefore
be required in new areas such as multi-million transistor DSM digital applica-
tions. In order to efficiently cope with the increasing importance of SCN and,

in general, with on-chip noise, novel circuit approaches must be employed, such
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as differential digital circuit structures [124]. These noise issues will also need to
be integrated into computer-aided design (CAD) tools in order to efficiently deal

with the complex problems caused by substrate coupling noise.
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Chapter 11
Future Work

As the circuit and technological complexity of microelectronic systems in-
creases and as long as there is a common substrate, the importance of substrate
coupling noise (SCN) will increase whether the circuit be digital, analog, or mixed-
signal. SCN, however, is not significant in silicon-on-insulator (SOI) circuits.
While researchers are presently evaluating a variety of different issues in SOI,
there still remains significant technology maturation before SOI begins to dom-
inate over bulk technologies due to reasons such as yield, process control, and
related cost issues. As a consequence, solutions must be developed to successfully
and reliably manage the effects of SCN. Focus on non-technological solutions is
preferable, specifically, on circuit and physical design solutions that address main-
stream technologies such as DSM CMOS digital technologies.

DSM CMOS is the primary technology targeted for implementing systems-on-
a-chip (SOC) applications. SOCs are typically composed of a variety of analog,
digital, high power, low voltage, and/or high voltage circuit blocks. Complex in-
teractions among these diverse circuit blocks occur in the SOCs, either through the
common substrate or through parasitic coupling among the interconnect. There-

fore, SCN in SOCs is a particularly challenging problem. There are two primary
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approaches that may be employed to address this highly challenging problem of
increasing SCN in future microelectronic systems: design tool development and
novel circuit approaches. While presently, research on SCN has focused on analog
signal processing circuit blocks, attention is expected to shift towards the issue of
SCN affecting digital signal processing circuit blocks.

The implications of substrate coupling noise on future multi-million transistor
DSM digital systems are discussed in Section 11.1. The challenge of developing
effective design tools that consider SCN are outlined in Section 11.2. Novel cir-
cuit structures represent a potentially useful strategy for managing SCN. This
approach is highlighted in Section 11.3. Finally, this chapter concludes with Sec-

tion 11.4.

11.1 The implications of substrate coupling noise

on DSM digital circuits

The research presented in this dissertation has focused primarily on the be-
havior of digital circuits under substrate noise. Therefore, this dissertation can
be seen as an initial point for attacking a problem that will be of increasing im-
portance in the near future: substrate coupling noise in digital applications. In
present digital microelectronic systems, substrate coupling noise is not yet a highly
critical problem requiring dedicated solutions. Current research in SCN is focused
on mixed-signal applications where the noise generated in the substrate by high
speed digital circuits can affect the sensitive analog circuitry. The effect of high

power circuits on the digital control circuitry is the focus of this dissertation.
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Two new applications for research in SCN can be foreseen: mixed-signal
systems-on-a-chip (SOC) and multi-million transistor DSM digital systems. While
SOCs will benefit from the current research in SCN, a different analysis will be
necessary for digital systems. As suggested in this dissertation, the analysis of
next generation digital systems must be at an analog level in order to solve the
many complex low level problems that will arise. Digital circuits and systems must
be treated as analog entities; for example, further optimization can be achieved
if a signal transition is considered as continuous rather then as two discrete volt-
ages [116-118,124,125).

Substrate noise in a digital system is generated primarily by the high switching
activity and large buffers driving the interconnect (these buffers can be seen as
power drivers as in the smart-power application analyzed here). As shown in
Chapter 9, research in substrate coupling noise in digital systems will be driven
by the need to reduce stand-by power dissipation caused by increasing leakage
and subthreshold conduction currents. SCN will also degrade the performance of
the logic elements. Therefore, design tools and novel circuit approaches are two

important solutions that need to be developed to manage these new challenges.

11.2 Design tool development

Similar to any new field or research area, a limited amount of research has
dealt with the complex design problems caused by SCN, particularly since the
appropriate design approach may vary from circuit to circuit. A solution to cope
with this limited expertise consists of developing design tools that can address
SCN-related problems. The development of design tools for SCN should satisfy

the following objectives:
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e Substrate modeling. The complexity of the substrate model depends upon
the target application. While for certain applications modeling the substrate
as a resistive mesh is sufficient, for other higher frequency applications an

RC or RLC model may be necessary.

e Interconnect modeling. As mentioned throughout this dissertation, the in-
terconnect system is highly related to the substrate. Therefore, the effects

of the interconnect must be included in a comprehensive SCN analysis tool.

e Modeling the noise sources and noise receptors. As described in this dis-
sertation, a noise source injects a parasitic current into the substrate. This
parasitic current affects the operation of the sensitive transistors. Therefore,

a model for the noise source and noise receptors should provide:

— A technology dependent device analysis capability which produces the
magnitude and distribution of the parasitic current generated within
the substrate. This current must account for the specific circuit con-
ditions in which the device operates, such as the operating point of
the device. The value of the current must also account for the specific
device and circuit behavior, such as short-channel effects, the body ef-
fect, and parasitic interconnect effects (such as generated by the ground

routing, substrate contact placement, and interconnect noise).

— The parasitic current should be injected into the substrate at the loca-

tion of the device.

— This current is distributed within the substrate. Therefore, part of
the parasitic current reaches each transistor within the noise sensitive

circuits. For each transistor, this current must be determined and
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modeled in terms of the position of the on-chip transistor with respect
to the local substrate. Modeling elements describing the influence of
this parasitic current on the transistor operation must be considered
within the device model, and back annotated into a circuit simulation
file. The current affecting a transistor is dependent on the placement
of the substrate contacts. Therefore, a substrate contact placement

methodology must also be considered during this phase.

e The noise generation, transmission, and reception process to properly model
and capture the noise process within a circuit simulator is completed. The
circuit simulator will use this information to simulate the circuit operation

in the presence of noise.

e A tool to generate the optimal transistor placement for minimum substrate
noise interactions may be appropriate. This transistor placement informa-
tion will be used when routing the interconnect. The interconnect routing
should be designed to minimize the influence of interconnect noise and/or

ground bounce.

11.3 Novel circuit approaches

By using appropriate expertise and design tools, SCN can be minimized al-
though not eliminated. Additional strategies can be used, such as exploiting novel
circuits which generate less noise or tolerate larger noise. Multiple solutions to
achieve this objective have been suggested within this dissertation. For digital
circuits, low-swing and differential circuits [124] are useful approaches for gener-

ating less noise while tolerating greater noise. For analog circuits, differential,
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high slew-rate, redundant circuit structures may be effective for tolerating large
amounts of noise. For high-voltage circuits, solutions involving serial devices for
synchronously switching the high voltages have demonstrated promising results
(each device switches only a portion of the high voltage, thereby generating less
noise). Optimizing existing circuit structures, such as the load, transistor size,
circuit family, clocking and data conditioning signals and circuitry, can also be

employed.

11.4 Conclusions

In engineering and science, one’s imagination and ideas are the only limitations
towards finding a solution to a problem. Engineers and scientists always seem to
find solutions to problems that originally appeared to be a fundar}lental limit.
Ingredients for success are always good ideas, inspiration, enthusiasm, desire, and
the willingness to make a sustained effort. If a team is also available, there is no

frontier...
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Appendix A

Representative layouts of the
NMOS test circuits
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Figure A.1: The layout of a representative “upper group” circuit
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Figure A.3: The layout of a representative “lower group” circuit
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Figure A.5: The layout of a representative “group 4" circuit with 8 drivers
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Figure A.7: The layout of a static latch
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Figure A.8: The layout of a dynamic latch

Figure A.9: The layout of the non-overlapping clock generator
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Appendix B

Description, photographs, and
relevant specifications of the test
equipment

Primary equipment:

Electroglas 2001X Automatic Wafer Probing System

HP 3488A Switch/Control Unit

HP 16500A Programmable Logic Analysis System

HP 6624A System DC Power Supply (two units)

HP 3457A Multimeter (two units)

Signatone manual prober

Secondary equipment:

o Tektronix TDS 744A Color Four Channel Digitizing Oscilloscope
e Sony/Tektronix 370A Programmable Curve Tracer

e HP4156A Precision Semiconductor Parameter Analyzer
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e Keithley 560 CV Analyzer
HP programmable pattern generator relevant specifications:
e Minimum period: 20 ns (+/-2%), 50 ns for strobes
o Risetime/falltime: 2.5 ns typ.
e Channel to channel skew: < 5 ns
e Number of independent channels: 12 + 3 strobes
HP programmable logic analysis system relevant specifications:
¢ Minimum signal swing: 600 mV peak to peak
e Threshold accuracy: +/-300 mV .
e Minimum detectable glitch: 5 ns
e Maximum input voltage: +/-40 V peak
e Sampling time stored: between 10.24 us and 5000 s

e Minimum sample period: 10 ns

Number of samples per acquisition per channel: 512

Number of traces: 4. Up to 24 waveforms can be displayed, if overlapped

Channel to channel skew: max. 4 ns
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Figure B.2: Another general view of the main test equipment
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Figure B.4: Another closer view of the main test equipment
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Figure B.6: Another closer view of the main test equipment
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Figure B.8: The clean loading area
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Figure B.10: The manual prober with the precision semiconductor analyzer



294

Figure B.12: The CV analyzer and Sony/Tektronix curve tracer



Appendix C

Simulation waveforms

Voltage (V)
[ 1 4

a) b)

Figure C.1: a) V1=V2=4 volts, V1 and V2 are in-phase, C.=10 fF, kg/kp=4,
and V=5 volts b) V1=V2=5 volts, V1 and V2 are in-phase, C; =10 {F, kg/kp=4,
and V;,=5 volts
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Voltage (V) Voltage (V)
[1 A
Vout
4 -
Vi, V2
v,V2
34
2 -
1 -
Time (ns) +—= Time (ns)
90

a) b)

Figure C.2: a) V1=V2=3 volts, V1 and V2 are in-phase, C=10 fF, kg/kp=4,
and V;p=5 volts b) V1=V2=4 volts, V1 and V2 are in-phase, C =1 pF, kg/kp=4,
and Vi,=35 volts

Voltage (V) Voltage (V)
5 4 [ A
V2
41 v 4T
out Vi, V2
Vi out
3 -
2+

Time (ns)

a) b)

Figure C.3: a) V1=3 volts, V2=4 volts, V1 and V2 are in-phase, C;=1 pF,
ke/kp=4, and V;,=3 volts b) V1=V2=3 volts, V1 and V2 are in-phase, Cr=1
pF, kg/kp=4, and V;,=5 volts
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Voltage (V) Vaitage (V)
5 s

4.

3

[ 5]
t

Time (ns)

-

a) b)

Figure C.4: a) V1=V2=4 volts, V1 delayed by 10 ns as compared to V2, C;=10
fF, kg/kp=4, and V;,=5 volts b) V1=3 volts, V2=4 volts, V1 and V2 are in-phase,
C.=10 fF, kg/kp=4, and V;,=5 volts

Voltage (V) Voltage (V)
5 4 g

a) b)

Figure C.5: a) V1=V2=4 volts, V1 delayed by 10 ns as compared to V2, C; =1 pF,
ke/kp=8, and V;,=5 volts b) V1=V2=4 volts, V1 delayed by 10 ns as compared
to V2, Cp=1 pF, kg/kp=4, and V;,=5 volts
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Voltage (V) Voltage (V)
5 out 54
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1 t T Time (ns)
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T Time (ns)
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; \
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Figure C.6: a) V1=V2=4 volts, V2 delayed by 10 ns as compared to V1, C,=1 pF,
ke/kp=4, and V;,=5 volts b) V1=V2=4 volts, V2 delayed by 10 ns as compared
to V1, C.=10 fF, kg/kp=4, and V;,=5 volts

Voltage (V) Voltage (V)
y Iy \/
5 s V2 / out
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Vi
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'r + T Time (ns)
30 60 9%
a) b)

Figure C.7: a) V1=V2=4 volts, V1 delayed by 10 ns as compared to V2, C =1 pF,
kg/kp=4, and V;,=3 volts b) V1=V2=4 volts, V1 delayed by 10 ns as compared
to V2, Cr=1 pF, kg/kp=4, and V;;=4 volts
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Figure C.8: a) V1=V2=4 volts, V1 delayed by 10 ns as compared to V2, C; =1 pF,
ke/kp=4, and V;=2 volts b) V1=V2=4 volts, V1 delayed by 10 ns as compared
to V2, C,=10 fF, kg/kn=4, and Vi,=3 volts

Voltage (V) Vout  Voltage (V)
1 "L__/——vr“é— 54 Vout
4T 41
Vi
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a) b)

Figure C.9: a) V1=V2=4 volts, V1 delayed by 10 ns as compared to V2, C =1 pF,
ke/kp=4, and V=1 volt b) V1=V2=4 volts, V1 delayed by 10 ns as compared
to V2, C.=10 fF, kg/kp=4, and Vj;,=2 volts
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Figure C.10: a) V1=V2=4 volts, V1 delayed by 10 ns as compared to V2, Cp =1
pF, kg/kp=8, and Vi,=1.4 volts b) V1=V2=4 volts, V1 delayed by 10 ns as
compared to V2, Cy=1 pF, kg/kp=4, and V;,=1.4 volts

Voltage (V) v . Voltage (V) Vout
§ 4

a) b)

Figure C.11: a) V1=V2=4 volts, V1 delayed by 10 ns as compared to V2, C; =10
fF, kg/kp=8, and Vi=1.7 volts b) V1=V2=4 volts, V1 delayed by 10 ns as
compared to V2, Cy=1 pF, kg/kp=8, and V,,=1.7 volts
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Figure C.12: a) V1=V2=4 volts, V1 delayed by 10 ns as compared to V2, C; =10
fF, kg/kp=4, and Viz=1.7 volts b) V1=V2=4 volts, V1 delayed by 10 ns as
compared to V2, Cr =1 pF, kg/kp=4, and Vjz=1.7 volts
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