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Preface

An application-specific integrated circuit (ASIC) is an integrated circuit customized
for a particular application, rather than intended for general-purpose use. In the past
decade, ASIC has become more mature in terms of both high design efficiency and
low manufacture cost, as compared to many other available technologies. ASICs have
penetrated almost every corner of our lives, from traditional computing, telecommu-
nication, and office information processes to medical systems, automobiles, and
entertainment.

ASIC design has becoming a major subject in electric and computer engineering due
to its importance in modern information industries. This book is written based on the
author’s teaching experience and class notes on ASIC design. The intention of this
book is to provide a textbook for senior level undergraduate or master level graduate
students in electric and computer engineering majors. The book addresses practical
issues that occur in the entire ASIC design flow, and presents the design from a sys-
tem development perspective. The book can also be used as training material for en-
gineers who would like to gain the special knowledge in this area.

Many people, especially students who attended the class in the past decade, have con-
tributed to this book, either in shaping the content or in developing the design projects.
Some of their contributions have been adopted in this book. Mr. Sagar Patel and
David Hernandez-Garduno’s project report is used in the Appendix. Mr. Guan-min
Huang and Wei Li prepared the drafts of Chapter 5 and 8, respectively. Ms. Cathy
Zhou, Belinda Zhou, Sally Liu and Mr. Dennis Liu proofread the book.

Finally, I want to thank my parents Ms. Xin-min Liu and Mr. Guang-fu Zhou for bring
me up with a love for science and technology. Most importantly, I want to thank my
wife Ms. Anne Y. Zhang for her persistent support of my work for more than two
decades.

Zhou Dian
Dallas, Texas, USA
April 3, 2011
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Chapter 1
Introduction

Chapter Objectives

In this chapter, you will be introduced to:
. History and roadmap of IC
.« ASIC
. Design flow and tasks
. Electric design automation tools
«  An ASIC design project MSDAP

. About this book



2 Modern ASIC Design

1.1 History of Integrated Circuits

In 1951, William Shockley developed the world first junction transistor, and one year
later, Geoffrey W. A. Dummer published the concept of the integrated circuits (IC):
“Solid block (with) layers of insulating materials”. Then in 1958 Jack Kilby (Figure
1-1) at Texas Instruments suggested the integration of circuit elements such as resis-
tors, capacitors, and transistors into a single chip made of the same material. By Sep-
tember 12th of the same year, Kilby had built a simple oscillator IC with five inte-
grated components as shown in Figure 1-2. This marked the beginning of the modern
IC industry.

Figure 1-1 Jack St. Clair Kilby (November 8, 1923—June 20, 2005)

Figure 1-2 Kilby's original integrated circuits

Robert Norton Noyce (Figure 1-3) is also credited for the invention of the integrated
circuits. In 1957, Noyce and several other engineers founded Fairchild Semiconductor,
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where in 1959 he developed the integrated circuit. His invention was six months late,
and Kilby's invention was not shared publicly at the time. In 1968, Noyce and his two
Fairchild colleagues founded Intel, with Noyce as president and chief executive
officer.

Figure 1-3 Robert Norton Noyce (December 12, 1927-June 3, 1990)

The first single chip microprocessor, based on the silicon IC, was then invented by
Intel engineers Federico Faggin, Ted Hoff, and Stan Mazor in 1971. Ever since, the
microprocessor has been the heart of modern electronics (Figure 1-4) (Intel 4004,
2010). Today, it can be found in almost all products, ranging from more traditional
computers and cell phones, to medical equipment and automobile electronics, to name
a few (ARM architecture, 2010).

Figure 1-4 Intel 4004 microprocessor

Integrated circuits outperform vacuum tubes in most application areas in terms of size,
speed and power consumption. This is attributable to the development of semicon-
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ductor physics as well as twentieth century technological advancements in semicon-
ductor device fabrication (Veendrick, 2000; Chang et al., 1996). The integration of
large numbers of semiconductor transistors into a small silicon chip was an enormous
improvement over the manually assembled circuits, which used discrete electronic
components. The integrated circuits' mass production capability, reliability, and com-
puter-aided design tools propelled the rapid adoption of ICs in replacing designs using
discrete transistors (Rabeay et al., 2003).

Planar technology and epitaxial deposition have also helped ICs evolve. Metal-oxide-
semiconductor field-effect transistors (MOSFET), transistor-transistor logic (TTL),
and complementary metal-oxide-semiconductors (CMOS) were invented along the
way (Sze, 1988). Today, CMOS contributes to the vast majority of all high density ICs
manufactured (Weste et al., 2004; Wolf, 2002).

The advantages of ICs over discrete circuits are primarily cost and performance. Cost
is low because the chips, with all of their components, are printed via a photolitho-
graphy process, and millions of transistors can be manufactured and connected at the
same time. Smaller feature size leads to a high performance because the components
switch quicker and consume less power, due to the fact that the components are small
and close together (Yeap, 1998).

The earliest version of IC, as shown in Figure 1-2, has evolved into a technological
wonder. A Pentium 4 microprocessor (Figure 1-5) made in 2000 by Intel had already
integrated 42 million transistors and used circuit lines of 0.18 micron feature size, a
measurement of how fine we can control a line width in an IC fabrication process
(Pentium 4, 2010; Rabeay et al., 2003). As of this writing, a 22nm feature size is
available.

g
i

Figure 1-5 Pentium 4 microprocessor
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In 2000, the importance of the IC was recognized when Kilby shared the Nobel Prize
in physics with Zhores 1. Alferov and Herbert Kroemer. Kilby was cited by the Nobel
committee “for his part in the invention of the integrated circuit”.

The first generation of integrated circuits, called small-scale integration (SSI) circuits,
contained only a few transistors. These were normally used for circuits consisting of
tens of transistors. The next generation of integrated circuits, called medium-scale
integration (MSI) circuits, integrated hundreds of transistors in each chip. MSI ex-
tended the integrated logic availability to counters and larger scale logic functions.
Further development led to large-scale integration (LSI) in the mid 1970s, with tens of
thousands of transistors per chip. LSI allowed for even larger logic functions, such as
the first microprocessors Intel 4004 (containing 2000 transistors), to be consolidated
into a single silicon chip (Intel 4004, 2010).

Among the most advanced integrated circuits are the microprocessors, which control
everything from computers and cellular phones to digital microwave ovens (Mi-
croprocessor, 2010). In the last decade, 32-bit and 64-bit microprocessors with cache
memory, floating-point arithmetic units, and multi-million transistors on a single piece
of silicon have been made popular, marking the era of very large-scale integration
(VLSI).

As mentioned before, integrated circuit process technology has consistently improved
through smaller feature sizes over the years, allowing more circuitry to be packed into
a single chip. As the feature size shrinks, almost everything improves, with cost per
unit and the switching power consumption dropping, while speed increases. Small
feature size improves the performance of ICs because it allows short traces, which in
turn allows low power logic (such as CMOS) to be used at faster switching speed.
Historically, people questioned if CMOS could compete with bipolar technology in
terms of switching speed. In actuality, continuous feature size shrinking and resulting
shorter channel width help maintain CMOS speed and consequently its position as the
dominant technology in IC industry (Rabeay et al., 2003; Sze, 1988).

The speed and power consumption gains achieved by narrowing feature size are ap-
parent in almost all applications. As a result, there has been fierce competition among
manufacturers to use finer geometries. As a result, state-of-the-art technology for the
massive production has reached feature sizes as fine as 22nm and below (ITRS,
2009).

In 1965, Gordon Moore, a director of research and development at Fairchild Semi-
conductor observed that “the complexity for minimum component cost has increased
at a rate of roughly a factor of two per year” (Moore's law, 2010). This observation
became the well-known Moore's law: The number of components per IC doubles
every year. Moore's law was later amended to: The number of components per IC
doubles every 18 months. Figure 1-6 shows the historic data of the real development
of IC industry from 1970 to 2002 as a witness of Moor's law (ITRS, 2009). Although
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there have been great concerns on the limit of ever increasing system complexity and
of the accuracy of lithography, which will eventually put a stop to Moore's law, it is
amazing that this rule still holds true currently.

Historical development

10% |- DRAM-memorlesEﬂ‘ ------Moore’s law --------F-
‘l i 2x complex1ty

"
'
1
L

_+--"@  © PentiumII
-~ g Pentium Pentium 11

______________ ! ? > : 2 - ! Pentlumpro Xeon -
86 —Celeron

Devices per chip
—_
S
£

i
LI 0 og6/8088 - it
: 1K “308038048 8086/8088

5 | <04004. | Z 80
Desk ‘calcujlator 1

102 L ! ! ! I
1970 1974 1978 1982 1986 1990 1994 1998 2002
Year

--- -t Microprocessors ;- - - -i- - - -

Figure 1-6  Historical development of ICs during the period from 1970 to 2002

In the figure, O is the wafer's diameter, and M is the unit for million. The density of
DRAM represents the level of integration measured by process improvement, and the
generation of microprocessors represents the complexity of the system.

1.2 Roadmap of IC Technology

We have seen the historic development of the IC industry. To predict and plan for the
future, the International Technology Roadmap for Semiconductors, known throughout
the world as the ITRS, collects and analyses the information from major IC companies,
and provides a roadmap of technology
milestone targets for the years to come
(ITRS, 2009). The ITRS is sponsored by

/ J*1133‘11(0223) five leading chip manufacturing regions in
17% the world: Europe, Japan, Korea, Taiwan,
Korea(60) and USA as shown in Figure 1-7. Specifi-

d sy cally, the sponsoring organizations are the

Europe (124)
10%

USA(709)
55%
European Semiconductor Industry Asso-
Ta1wan(172) .. .
13% ciation (ESIA), the Japan Electronics and
ITRS participants by region Information Technology Industries Asso-

ciation (JEITA), the Korean Semiconduc-

: ' s : . . .
Figure 17 ITRS sponsors’ contribution o Tndustry Association (KSIA), the Tai-
distribution wan Semiconductor Industry Association
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(TSIA), and the United States Semiconductor Industry Association (SIA).

The objective of the ITRS is to ensure cost-effective advancements in the performance
of the integrated circuits and the products that employ such devices, thereby continu-
ing the health and success of this industry (ITRS, 2009). Through the cooperative ef-
forts of the global chip manufacturers and equipment suppliers, research communities,
and consortia, the roadmap teams identify critical challenges, encourage innovative
solutions, and welcome participation from the semiconductor community. These
teams are joining with other strategic roadmap efforts, such as electronics and nanot-
echnologies, so that the roadmap effort spans the spectrum of needs from basic re-
search capabilities to product potentials.

The ITRS roadmap has been a major guide for the IC R&D objectives and an infor-
mation resource (Figure 1-8). For example, the following roadmap from ITRS pro-
vides data on half-pitch and gate length (a measurement similar to feature size) for the
past twenty years, and prediction of the next fifteen years.

2007 ITRS product technology trends-
Half-pitch, gate-length

1000.0 ;
Before 1998
7 .71x/3YR
/ After 1998 ——DRAM M1 1/2 pitch
Ko Byw ] 71x2¥R || T
g X\xS T1x2.5YR MPU & DRAM M1
£ 100.0 (\x\v & Flash poly O MPU M1 1/2 pitch
8 5 J1x/2.5YR (2.5-year cycle)
8 X "SI 7
15 RN /
c] RS —A— Flash poly 1/2 pitch
B
= Flash poly
£ T1x/2YR
Q
.§ 10.0 a— =K = M?U gate length-
kS "“& X printed
7 S04
Gate length 4
SRS —% MPU gate length-
GLpr IS= physical
Nanotechnology(<100nm) era begins-1999 | LOBI8xGLph
1.0 . . !
1995 2000 2005 2010 2015 2020 2025

Year of production

~
2007~2022 ITRS range
Figure 1-8 Roadmap of product half-pitch and gate length (ITRS, 2009)

To see how accurate the ITRS roadmap is, the following table compares the real his-
torical data and that predicted by the road map. The Table 1-1 shows the historical
data of the half-pitch against the ITRS prediction for DRAM products. One can see
that the roadmap has predicted this technological trend fairly accurately.
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Table 1-1 Roadmap versus actual trend numbers (DRAM product trend example)

Year of production 1995 1998 2000 2002 2003 2004 2006 2007 2009
Calculated trend numbers/nm 360 255 180 1273 101 90 714 633 50.5
ITRS rounded numbers/nm 350 250 180 130 100 90 70 65 50

Year of production 2010 2012 2013 2015 2016 2018 2019 2022
Calculated trend numbers/nm 45 35.7 31.8 253 22.5 17.9 15.9 11.3
ITRS rounded numbers/nm 45 36 32 25 22 18 16 11

ITRS also provides much more detailed information for specific classes of IC prod-
ucts. As mentioned above such information is very important not only for an IC com-
pany, but also for setting up research objectives. For instance, the ITRS roadmap for

DRAM is shown in the following Table 1-2.

Table 1-2 DRAM introduction product generations and chip size model

Year of production 2007 2008 2009 2010 2011
DRAM 1/2 pitch (contacted)/nm 65 57 50 45 40
MPU/ASIC metal 1(M1) 1/2 pitch (f)/nm 68 59 52 45 40
MPU physical gate length/nm 25 23 20 18 16
Cell area factor/a 6 6 6 6 6
Cell area [C,=af *])/um® 0.024 0.019 0.015 0.012 0.0096
Cell array area at introduction (% of chip size) § 73.52%  73.76%  73.97%  74.16%  74.30%
Generation at introduction § 16G 16G 16G 32G 32G
Functions per chip/Gbits 17.18 17.18 34.36 34.36 34.36
Chip size at introduction/mm? § 568 449 711 563 446
Gbits/cm? at introduction § 3.03 3.82 4.83 6.10 7.70
Year of production 2012 2013 2014 2015
DRAM 1/2 pitch (contacted)/nm 36 32 28 25
MPU/ASIC metal 1(M1) 1/2 pitch (f)/nm 36 32 28 25
MPU physical gate length/nm 14 13 11 10
Cell area factor/a 6 6 6 6
Cell area [C,=af*]/um’ 0.0077 0.0061 0.0048 0.0038
Cell array area at introduction (% of chip size) § 74.47%  74.61% 74.70%  74.83%
Generation at introduction § 32G 64G 64G 64G
Functions per chip/Gbits 68.72 68.72 68.72 68.72
Chip size at introduction/mm? § 706 560 444 351
Gbits/cm? at introduction § 9.73 12.28 15.49 19.55

Moore's law mainly addresses the level of integration with respect to the number of
transistors integrated into a chip and the complexity of the integrated systems. As IC
application is extended into every corner of our life, we have begun to look beyond
Moore's law. The following Figure 1-9 tries to explore the future from a more com-
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plex perspective. At this point, there is no consensus on the limit of feature size, the
technology beyond CMOS, and the broadness of application diversity (ITRS, 2009).
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Figure 1-9 Moore's law and more

The current trend of the-state-of the-art microprocessor technology is to use multi-
core architecture, instead of increasing clock rate drastically in a single core chip. The
reason is that to make an IC chip to operate at very high frequency is technology dif-
ficult and costly.

1.3 ASIC

An application-specific integrated circuit (ASIC) is an integrated circuit customized
for a particular application, rather than intended for general purpose use (ASIC-SOC-
VLSI design, 2011; Nekoogar, 2003). For example, a chip designed solely to run a
cell phone is an ASIC while a Pentium type microprocessor or a ROM is not. In the
past decade, IC technology has becoming mature in terms of both high IC design effi-
ciency and low manufacture cost, as compared to many other available technology
choices. ICs have penetrated almost every corner of our lives, from traditional com-
puting, telecommunication, and office information processes to medical systems,
automobiles, and entertainment. From this point of view, most of today's IC chips are
ASICs. To peek into IC wide range applications, Figure 1-10 illustrates a few IC ap-
plications for wireless communication greater than 20GHz.

According to the type of application, development and manufacturing process, and
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behavioral criteria, ASICs can be classified as:

. Full-custom ASICs: Some or all of the logic cells, circuits and layouts are
specifically designed for an intended application.

. Semi-custom ASICs: All of the logic cells are pre-designed and required in-
terconnects for specific functions are done by customizing a few mask layers.

. Non-custom ASICs: All logic cells and interconnecting wire segments are
pre-designed. The chip is even packaged before any specific application. Only
the switches connecting the wire segments need to be turned on (or off) ac-
cording to the application logic.
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Figure 1-10  Application of ICs in wireless applications

Microprocessors are usually fully customized. However, it is traditionally not classi-
fied as an ASIC due to its special importance and many applications.

Gate arrays (GA) are a typical semi-custom ASIC where basic logic cells are placed in
an array prior to the design process and one only needs to properly connect these ex-
isting cells to achieve different intended functions (Gate array, 2010). Because masks
for the transistors are fixed for all gate array chips regardless of the application, the
chip design and manufacture cost is lower than that of fully customized ASICs.

Field programmable gate arrays (FPGA) are a typical representative of non-custom
ASICs where containing both programmable logic components and programmable
interconnects (FPGA, 2010). The programmable logic components can be program-
med to perform more complex combinational and sequential functions. They also in-
clude memory elements, interface logics, etc. Furthermore, programmable intercon-
nects allows the logic blocks of an FPGA to be interconnected as needed by the sys-
tem designer, like an on-chip programmable breadboard.

Fully customized ASICs are at an advantage with their higher performance and rela-
tively smaller chip area, as compared to the semi-custom and non-custom ASICs.
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Semi-custom ASICs have transistors and gates designed prior to an application and
therefore only need mask design for interconnects is necessary. This results in a re-
duced design cycle and cost at the sacrifice of performance and silicon area, because
in general there are always some gates in the chip which will not be used. Program-
mable logic ASICs such as FPGAs have the shortest design cycle and lowest design
cost for an application. Again such an advantage is achieved at the sacrifice of per-
formance and usage of chip area. It needs to be pointed out that performance of to-
day's FPGAs is actually sufficient enough to meet most application requirements.
State-of-the-art FPGAs integrate multi-million transistors and operates at several
hundred MHz or even GHz clock rates. The only drawback is that they are usually
expansive because they are not specifically tailored for a given application at hand.
FPGAs are very suitable for prototype development where only a small volume is
needed. In such a situation, one only needs to burn the
design (netlist) into an off shelf FPGA, which avoids the
heavy cost related to a customized mask set.

System specification

An ASIC design starts from a specific application, and is

followed by developing the specifications, choosing the Architecture design
proper technology (full-custom, semi-custom or program-
mable logics), drawing the architecture, optimizing the l

logics and circuits, making physical layouts of functional

. o . . Logics and circuits
blocks and interconnects, verifying the design, and testing

the fabricated chips. In the following section, we shall l
outline the contents of each task and design flow respec- _
tively Physical layout

l

Timing, power and
performance optimization

1.4 Design Flow

Of all aspects of an ASIC project, design flow places the T
heaviest demand on a design engineer and requires the

closest teamwork between the customer and provider. De- Verification and testing
sign flow provides the sequence of tasks and the interplay l

among them. Figure 1-11 shows a simplified design flow

that demonstrates the basic design tasks and the process. Tape out for fabrication

The real design flow can be more complicated and in-
volve more details, which will be addressed in subsequent
chapters of this book. At this point, we shall outline what
we do in each task and the primary relationship among them.

Figure 1-11 Design tasks
and a simple design flow

These basic tasks are usually interspersed in today's complex digital system design
process. The modern ASIC design flow has evolved and increased in complexity, just
as the circuits that are being designed have dramatically increased in complexity (Vai,
2000). The design flow is now heavily dependent on EDA tools and many of the tasks
that were once carried out manually are now automated with little or no manual inter-
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vention. As an example, Figure 1-12 gives a comparison of a typical ASIC and FPGA
design flow (Brown et al., 1996).

FPGA ; ASIC
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Design E Design
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RTL p E :
. Design h Design
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E BIST synthesis) timing analysis
E Placement and Formal
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Figure 1-12 A comparison of general ASIC & FPGA design flows

The backend design of an ASIC device involves a wide variety of complex tasks, in-
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cluding placement and physical optimization, clock tree synthesis, signal integrity,
and routing using different EDA software tools (Routing, 2011; Sherwani, 1999). As a
comparison, the physical (or backend) design of FPGA devices is very simple and is
accomplished with a single software tool. This not only reduces the complexity of the
design process, but also significantly reduces cost.

Design flow may vary with the chosen technology, companies' design environment,
CAD tool settings and sometimes personal taste. These variations are modified to fit
specific needs.

1.5 CAD Tools

CAD (Computer-aided-design) uses a wide range of computer-based tools to assist
engineers, architects and other design professionals in their design activities (Rubi,
1994). CAD is used throughout the engineering process from conceptual design to
layout, i.e., through designing methods to the detailed engineering and analysis of
components. In the following, we mention some CAD platforms from major CAD
vendors based on their product information. Readers are encouraged find more details
and updated information directly from the companies' websites.

1. Cadence Virtuoso custom design platform

The Virtuoso platform from Cadence is a comprehensive system that enables design
teams to deliver silicon that meets the specifications (Cadence, 2010). It includes a
specification-driven environment, multi-mode simulation, accelerated layout, ad-
vanced silicon analysis, and a full-chip integration environment. The Virtuoso plat-
form enables a meet-in-the-middle methodology that combines the speed of top-down
design with the silicon accuracy of bottom-up design (Figure 1-13).

\ | /

Chip finishing

Figure 1-13  Cadence Virtuoso platform and its functional components

While platforms like Cadence Virtuoso address the entire design flow and methodol-
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ogy, some special CAD packages have been developed to handle particular design
tasks. For instance, the Cadence Encounter platform is a CAD package used mainly
for performance-driven physical design, which takes the synthesized RTL (register
transfer level) netlist from a high level synthesis tool and implements the physical
layout (RTL, 2011; Baker, 2008; Coussy, 2008; Gajski et al., 1992). During this proc-
ess, many physical constraints, from circuit timing and design rules to power con-
sumption are considered. Cadence is especially well known for its physical design
tools, although it offers a complete suite of IC design EDA tools. The functionality of
the Encounter platform is given by Cadence as follows.

2. Cadence Encounter digital IC design platform

The Encounter platform is an integrated RTL-to-GDSII design environment (Figure
1-14). It includes a full spectrum of technologies for nanometer-scale digital design.
These advanced capabilities include synthesis, testing, formal verification, physical
prototyping, signal integrity and timing, routing, constraint management, yielding,
power, and more. It provides a complete flow from RTL synthesis and test design
through physical prototyping and partitioning to final timing and manufacturing
closure.
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Figure 1-14 The Encounter platform

Another major EDA company is Synopsys. This company's strength is high-level
synthesis, which covers design flow from specification to RTL (Micheli, 1994). Its
products offer a good interface and design entry at a high level. The following is the
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introduction provided by Synopsis on its product design compiler.
3. Synopsys design compiler

Synopsys has focused on delivering state-of-the-art technologies such as gate-level
synthesis, RTL synthesis, pre-verified DesignWare IP, integrated power & test opti-
mization, advanced datapath optimizations, and physical synthesis (Synopsys, 2010).
Its latest innovation is design compiler ultra topographical technology that enables
designers to accurately predict post-layout timing and area during RTL synthesis
without the need for wire load model-based timing approximations (Figure 1-15).

DesignWare

Design
compiler
Correlated Power
QoR compiler

\—/

Figure 1-15 The comprehensive synthesis solution

Created for RTL designers, design compiler ultra topographical technology requires
no physical design expertise or changes to the synthesis use model. By accurately
predicting post-layout timing and area, this solution eliminates costly iterations be-
tween synthesis and layout, allowing results to be obtained more quickly.

At high levels of logic design, the entry point can be a behavior model described by
HDL (hardware description language) or by System-C. This is quite common when
designing a SoC (system-on-a-chip) using existing IPs (intellectual property) (IPs,
2010). Therefore, the ability to take the design input at system level and gluing IPs
and functional blocks together is an important task. Synopsis offers a platform called
“innovator” for this purpose (Figure 1-16). The functionality of this tool given by
Synopsis is as follows.

4. Synopsys innovator

Synopsys innovator is a System-C based integrated development environment (IDE)
for virtual platform developers to efficiently integrate, analyze and verify transac-
tion-level models. In addition to reuse of existing IEEE 1666 System-C models with
arbitrary interfaces, innovator enables the authoring of Open System-C Initiative's
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Figure 1-16  Synopsis innovator functional blocks

(OSCI) and System-C TLM-2.0 compatible models. Once a virtual platform is assem
bled and verified with innovator, it can be delivered to programmers as a standalone,
run-time executable, seamlessly fitting into software developers' work flows. Innova-
tor provides open interfaces for software debuggers and software development tool
chains. In combination with the Synopsys DesignWare® System-Level Library of
standards-based transaction-level models (TLMs), Synopsys innovator significantly
increases productivity in creating, assembling and deploying virtual platforms. Inno-
vator supports System-C loosely timed (LT) modeling for pre-silicon software devel-
opment and System-C approximately timed (AT) modeling for architecture analysis as
well as links to RTL verification.

5. Altera Quartus II software

Both Cadence and Synopsis tools are for custom ASIC design. There are special CAD
tools for semi-custom design as well, such as Quartus from Altera for FPGA design
(Altera, 2010). It is clear that such CAD tools work at high level and specifically for
programmable devices. If used, we need only to obtain the RTL netlist based on the
constraints posted by the pre-designed gates and connects. Figure 1-17 shows this
tool's flow, which explains the features of the software and how it assists a designer in
FPGA and CPLD design. The placement and routing in this case is to map the logic
netlist into pre-fabricated gate arrays (also called technology mapping), and to con-
nect them using pre-placed interconnect segments. With this CAD tool, ModelSim can
provide a comprehensive simulation and debug environment for complex ASIC and
FPGA designs. Support allows for multiple languages including Verilog, System
Verilog, VHDL, and System-C.
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Figure 1-17  Altera design flow with Quartus II software

1.6 An ASIC Design Project MSDAP

The best way to learn ASIC design is to design a “real” ASIC chip. By going through
each task in the entire design flow one not only obtains the knowledge of individual
tasks, but also understands the interplay among them. Most existing textbooks mainly
focus on the logic functions, circuit components, system control, interface and syn-
thesis method, and treat them as separated subjects. However, the subjects of properly
defining system settings and connecting individual design tasks have not received
adequate attention.
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This book presents a “real” ASIC design project (A mini stereo digital signal proces-
sor: MSDSP) and guides the reader though the whole design process (Appendices
A-D). The project is to design an ASIC chip which implements an IRF filter used in a
hearing-aid device. The device is intended to be disposable, and therefore it needs to
be low power and inexpensive at the same time.

In order to achieve the objective of low power and low cost the application requires
the use of a specific implementation method. Thus designers have the opportunity to
“understand” a custom specific requirement, which usually posts a challenge for many
ASIC designers. In addition, this project requests the designer to develop a complete
specification based on an application about which information is usually “incomplete”
from a VLSI design perspective. Commonly, most applications are presented with
application field terminologies, and terms such as clock rate, supply voltage, and in-
terface protocol are usually not used. Thus this ASIC project offers a special value for
readers to mimic a relatively real design environment (Hernandez-Garduno 2009).

A complete VHDL code for this ASIC project is provided in the book (Appendix D).
The code is by no means optimal but serves as a reference. The interested reader can
run this sample code in any standard ModelSim simulator. It can also be used with a
synthesis tool and a cell library to generate a circuit level design. If a process related
cell library is available, the reader can also use this code to generate a chip physical
layout. With the physical layout at hand the reader can further abstract parasitic pa-
rameters such as interconnect resistance, capacitance, and inductance, and add these
parasitic parameters into the netlist for circuit level simulation, which is considered
accurate and close to the real fabricated circuit performance.

This ASIC project connects the discussions of each topics presented in the book. It
helps to present the subject in a more concrete and specific way.

1.7 How to Use This Book

This book is written for senior level undergraduate students or master level graduate
students as a textbook in the area of VLSI or ASIC design. It can also be used as a
training material for engineers who would like to gain knowledge in this area. In all
cases, readers should have the basic knowledge of digital circuit, entry level VLSI
design, and hardware description language VHDL (Brown et al., 2008; Armstrong et
al., 2000).

The book consists of total eight chapters and one appendix, as shown in Figure 1-18.
To carry out the project MSDAP, the reader should have a complete suite of Cadence,
Synopsis or similar design environment. An industrial process related cell library is
necessary if layout and circuit level timing analysis are needed. A complete VHDL
code of the implementation of MSDAP (mini stereo digital audio processor) is given
in Appendix D.
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The book chooses not to discuss how to write HVDL code, since it is not the focus of
the book and basic material on this subject is abundant. Readers can get comprehen-
sive information on VHDL and its application from

(Van der Spiegel, 2011; Chu, 2006; Armstrong, 2000; ‘ Modern ASIC Design |
Naylor et al., 1997). I

. . . . I Chapter 1 Introduction l
The internet has also become a major information re- )
source. Many references and introductory materials in %ig;fcév?aiagfjfﬂ
this book are actually obtained from the web sites. T
Reader can directly check those websites for more de- | cpapier 3 specification Development
tailed information, and furthermore can easily use them T
as a starting point to find out more. ’ Chapter 4 Architecture Design ‘
At the end of each chapter, there are problems designed !
to support and enhance the discussed subject in the | Chapter 5 Logic alnd Circuit Design
book. ‘ Chapter 6 Physical Design ‘
There are several ways to use this book based on the 1
reader's particular needs. The simplest one follows the Chap;f:rfz)rTmi:::f}xl;Z‘;;?i’s and
flow shown in Figure 1-18, which as mentioned above T
should be a full semester's worth of course teaching Chapter 8 Verification and
material. Chapter 5 can be skipped over if readers have Teftmg

adequate knowledge of digital logics and circuits, and
their interest is in system level design and use of VLSI
CAD tools. Chapter 7 and 8 can also be omitted if Figure 1-18  Book main con-
these advanced topics do not fit into a one semester tents and sequence of
teaching schedule. They can be covered in a separate presentation

short course or seminar. In this case, the book can be trimmed as a training material
for special topics, such as VLSI layout, timing/performance analysis, and verifica-
tion/testing. The relevant chapters can be selected accordingly.

Appendix ASIC Project MSDAP

1.8 Summery

In this chapter, we have presented the invention of the IC and its history. As pointed
out, the roadmap from ITRS will be a major information source predicting VLSI fu-
ture development trend. Capability of using modern CAD tools is an essential skill for
any digital circuit designer. In the following chapter, we shall explore VLSI design
perspective and develop its design flow.

1.9 Problems

(1) Write a survey of digital IC design CAD tools from the major EDA companies.

(2) Explain the difference between the digital, analog, and mixed signal circuits. Give
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an example of each type.

(3) Suggest a few new areas, in addition to the traditional ones such as computers,
communications and home electronics, in which ICs can be used in the near future.
Use an example to justify your suggestion and significance.

(4) What is a specification of an IC design project? Suggest the basic contents in a
specification and give an example as complete as possible.

(5) What is VHDL and give an example. Explain where a designer uses VHDL?
(6) What is Verilog and give an example. Explain where a designer uses Verilog?
(7) What is System-C, and how it is used in the digital system design?

(8) What is an IP in digital system design?

(9) What is SoC? What are the challenges encountered in the design of an SoC?

(10) Study the roadmap, and name and explain a few challenges to today's digital cir-
cuit design.

(11) Study the roadmap, and name and explain a few challenges in the nanometer
scale IC manufacture process.

(12) Explain the term “design-for-manufacture” (DFM) in today's IC design. Give an
example.

(13) Review the basics of VHDL and write a VHDL code of a D flip-flop.
(14) Write a VHDL code of a 4-bit adder.

(15) Study why the trend of microprocessor development is to use multi-core tech-
nology instead of to increase clock rate drastically.

(16) What are the concerns of after Moore's law?
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