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language aspects. The informationpresented is fully compliant with the |EEE 1364-2001 Verilog HDL

standard.

»  Describes state-of -the-art verification methodologies

* Providesfull coverage of gate, dataflow (RTL), behaviora and switch modeling

* Introduces you to the Programming Language Interface (PLI)

»  Describeslogic synthes's methodologies

* Explanstiming and delay smulation

*  Discusses user-defined primitives

o Offersmany practica modding tips

Includes over 300 illustrations, examples, and exercises, and aVerilog resource list.Learning objectives
and summaries are provided for each chapter.
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Foreword

From amodest beginning in early 1984 at Gateway Design Automation, the Verilog hardware
description language has become an industry standard as aresult of extensve usein the design of
integrated circuit chipsand digital systems. Verilog came into being as a proprietary language supported
by asmulation environment that was thefirst to support mixed-level design representations comprising
switches, gates, RTL, and higher levels of abstractions of digita circuits. The smulation environment
provided apowerful and uniform method to express digital designs aswell astests that were meant to
verify such designs.

Therewere three key factors that drove the acceptance and dominance of Verilog in the marketplace.
Fird, theintroduction of the Programming Language Interface (PLI) permitted users of Verilog to
literdly extend and customize the Smulation environment. Since then, users have exploited the PL1 and
their success at adapting Verilog to their environment has been ared winner for Verilog. The second
key factor which drove Verilog's dominance came from Gateway's paying close attention to the needs of
the ASIC foundries and enhancing Verilog in close partnership with Motorola, Nationa, and UTMC in
the 1987-1989 time-frame. The redlization that the vast mgjority of logic smulation was being done by
designers of ASIC chips drovethiseffort. With ASIC foundries blessing the use of Verilog and even
adopting it astheir internd sign-off smulator, the industry acceptance of Verilog was driven even further.
Thethird and find key factor behind the success of Verilog was the introduction of Verilog-based
synthesistechnology by Synopsysin 1987. Gateway licensed its proprietary Verilog language to
Synopsysfor this purpose. The combination of the smulation and synthesis technologies served to make
Verilog the language of choice for the hardware designers.

Thearivd of the VHDL (VHSIC Hardware Description Language), dong with the powerful dignment
of the remaining EDA vendorsdriving VHDL asan |EEE standard, led to the placement of Verilogin
the public domain. Verilog was inducted asthe IEEE 1364 standard in 1995. Since 1995, many
enhancements were made to Verilog HDL based on requests from Verilog users. These changes were
incorporated into the latest IEEE 1364-2001 Verilog standard. Today, Verilog has become the language
of choicefor digitd design and isthe bassfor synthes's, verification, and place and route technologies.

Samir's book is an excellent guide to the user of the Verilog language. Not only doesit explain the
language congtructs with arich variety of examples, it dso goesinto details of the usage of the PLI and
the gpplication of synthesistechnology. Thetopicsin the book are arranged logicdly and flow very
smoothly. Thisbook iswritten from avery practica design perspective rather than with afocus smply
on the syntax aspects of the language.

This second edition of Samir'sbook isuniquein two ways. Firdly, it incorporates al enhancements
described in IEEE 1364-2001 standard. This ensures that the readers of the book are working with the
latest information on Verilog. Secondly, anew chapter has been added on advanced verification
techniquesthat are now an integral part of Verilog-based methodologies. Knowledge of these
techniquesiscriticd to Verilog userswho design and verify multi-million gate systems.

| can gill remember the chalenges of teaching Verilog and its associated design and verification
methodologiesto users. By using Samir's book, beginning users of Verilog will become productive
sooner, and experienced Verilog userswill get the latest in a convenient reference book that can refresh
their understanding of Verilog. Thisbook isamust for any Verilog user.

Prabhu Goel

Former President of Gateway Design Automation
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Preface

During my earliest experience with Verilog HDL, | waslooking for abook that could give mea"jump
gart" onusing Verilog HDL. | wanted to learn basic digital design paradigms and the necessary Verilog
HDL congructsthat would help me build small digita circuits, using Verilog and run smulations. After |
had gained some experience with building basic Verilog modds, | wanted to learn to use Verilog HDL
to build larger designs. At that time, | was searching for abook that broadly discussed advanced
Verilog-based digital design concepts and red digita design methodologies. Findly, when | had gained
enough experience with digitd design and verification of red |C chips, though manuals of Verilog-based
products were available, from timeto time, | felt the need for aVerilog HDL book that would act asa
handy reference. A desiretofill this need led to the publication of thefirgt edition of thisbook.

It has been more than six years since the publication of thefirst edition. Many changes have occurred
during these years. These years have added to the depth and richness of my design and verification
experience through the diverse variety of ASIC and microprocessor projectsthat | have successfully
completed in thisduration. | have a so seen state-of -the-art verification methodol ogies and tools evolve
to ahigh level of maturity. The |[EEE 1364-2001 standard for Verilog HDL has been approved. The
purpose of this second edition isto incorporate the |EEE 1364-2001 additions and introduce to Verilog
usersthe latest advancesin verification. | hope to make this edition aricher learning experience for the
reader.

Thisbook emphasi zes breadth rather than depth. The book imparts to the reader aworking knowledge
of abroad variety of Verilog-based topics, thus giving the reader agloba understanding of Verilog

HDL -based design. The book leaves the in-depth coverage of each topic to the Verilog HDL language
reference manual and the reference manuas of theindividua Verilog-based products.

This book should be classified not only asaVerilog HDL book but, more generdly, asadigita design
book. It isimportant to redize that Verilog HDL isonly atool usedin digitd design. It isthe meansto an
end?hedigital 1C chip. Therefore, thisbook stresses the practical design perspective more than the
mere language aspects of Verilog HDL. With HDL -based digita design having become anecessity, no
digital desgner can afford toignore HDLs.
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Who Should Use This Book

The book isintended primarily for beginners and intermediate-level Verilog users. However, for
advanced Verilog users, the broad coverage of topics makesit an excellent reference book to be used in
conjunction with the manuals and training materias of Verilog-based products.

The book presentsalogical progression of Verilog HDL -based topics. It starts with the basics, such as
HDL -based design methodol ogies, and then gradually builds on the basics to eventualy reach advanced
topics, such as PLI or logic synthesis. Thus, the book is useful to Verilog userswith varying levels of
expertise as explained below.

*  Studentsinlogic desgn courses at universities

e Part 1 of thisbook isided for afoundation semester coursein Verilog HDL -based logic design.
Students are exposed to hierarchica modeling concepts, basic Verilog constructs and modeling
techniques, and the necessary knowledge to write small modd s and run smulations.

* New Verilog usersin theindustry

»  Companiesare moving to Verilog HDL - based design. Part 1 of thisbook isaperfect jump
dtart for designers who want to orient their skillstoward HDL -based design.

» Userswith basic Verilog knowledge who need to understand advanced concepts

e Part 2 of thisbook discusses advanced concepts, such as UDPs, timing ssmulation, PLI, and
logic synthesis, which are necessary for graduation from small Verilog modelsto larger designs.

* Veilog experts

» All Verilog topics are covered, from the basics modeling constructs to advanced topicslike
PL1Is, logic synthes's, and advanced verification techniques. For Verilog experts, thisbook isa
handy reference to be used dong with the IEEE Standard V erilog Hardware Description
Language reference manudl.

The materia in the book sometimes leanstoward an Application Specific Integrated Circuit (ASIC)
design methodology. However, the concepts explained in the book are genera enough to be applicable
to the design of FPGAS, PALS, buses, boards, and systems. The book uses Medium Scale Integration
(MS)) logic examplesto smplify discussion. The same concepts apply to VLSl designs.

[ TeamLiB]
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How This Book |sOrganized

Thisbook isorganized into three parts.

Part 1, Basic Verilog Topics, coversal information that anew user needs to build small Verilog models
and run smulations. Notethat in Part 1, gate-level modeling is addressed before behaviord modeling. |
have chosen to do so because | think that it iseasier for anew user to see a 1-1 correspondence
between gate-level circuits and equivaent Verilog descriptions. Once gate-level modeling is understood,
anew user can moveto higher levels of abstraction, such as data flow modeling and behaviora
modeling, without losing sight of the fact that Verilog HDL isalanguagefor digita desgnandisnot a
programming language. Thus, anew user starts off with the ideathat Verilog isalanguage for digita
design. New userswho start with behaviora modding often tend to write Verilog the way they write
their C programs. They sometimes|ose sight of the fact that they are trying to represent hardware
circuitsby usng Verilog. Part 1 contains nine chapters.

Part 2, Advanced Verilog Topics, contains the advanced concepts a Verilog user needs to know to
graduate from small Verilog modelsto larger designs. Advanced topics such astiming smulation,
switch-level modding, UDPs, PLI, logic synthess, and advanced verification techniques are covered.
Part 2 contains six chapters.

Part 3, Appendices, containsinformation useful as areference. Useful information, such as strength-level
modeling, list of PLI routines, forma syntax definition, Verilog tidbits, and large Verilog examplesis
included. Part 3 contains six appendices.
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Conventions Used in This Book

Table PR-1 describes the type changes and symbol's used in this book.

Table PR-1. Typographic Conventions

Typeface or Symbol Description Examples
AaBbCc123 Keywords, system tasks and and, nand, $display, "define
compiler directivesthat area
part of Verilog HDL
AaBbCc123 Emphesis cdl characterization, ingantiation
AaBbCc123 Names of signals, modules, fulladd4, D_FF, out
ports, etc.

A few other conventions need to be clarified.

* Inthebook, useof Verilog and Verilog HDL refersto the "V erilog Hardware Description
Language." Any referenceto aVerilog-based smulator is specificaly mentioned, usng words
such as Verilog smulator or trademarks such as Verilog-XL or VCS.

* Theword designer is used frequently in the book to emphasize the digital design perspective.
However, it isagenera term used to refer to aVerilog HDL user or averification engineer.
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Part 1. Basic Verilog Topics

1 Overview of Digital Design with Verilog HDL
Evolution of CAD, emergence of HDLS, typica
HDL -based design flow, why Verilog HDL?,
trendsin HDLs.

2 Hierarchicd Modding Concepts

Top-down and bottom-up design methodol ogy,
differences between modules and module
instances, parts of asmulation, design block,
simulus block.

3 Basic Concepts
Lexica conventions, datatypes, system tasks,
compiler directives.

4 Modules and Ports
Module definition, port declaration, connecting
ports, hierarchica name referencing.

5 Gate-Level Modding

Modding using basic Verilog gate primitives,
description of and/or and buf/not type gates, rise,
fal and turn-off delays, min, max, and typica
delays.

6 Dataflow Modding
Continuous assignments, delay specification,
expressions, operators, operands, operator types.

7 Behaviora Modding

Structured procedures, initial and always, blocking
and nonblocking statements, delay contral,
generate Satement, event control, conditional
Satements, multiway branching, loops, sequentia
and pardld blocks.

8 Tasks and Functions

Differences between tasks and functions,
declaration, invocation, automatic tasks and
functions.

9 Useful Moddling Techniques
Procedural continuous assgnments, overriding

parameters, conditional compilation and execution,
11cef il aarcdom tadve
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1.1 Evolution of Computer-Aided Digital Design

Digitd circuit design has evolved rapidly over thelast 25 years. The earliest digital circuits were designed
with vacuum tubes and transistors. Integrated circuits were then invented where logic gates were placed
onasingle chip. Thefirg integrated circuit (1C) chipswere SSI (Smal Scale Integration) chipswhere
the gate count was very smal. As technol ogies became sophisticated, designers were able to place
circuitswith hundreds of gates on achip. These chipswere caled MSI (Medium Scale Integration)
chips. With the advent of LSl (Large Scale Integration), designers could put thousands of gateson a
sngle chip. At this point, design processes started getting very complicated, and designersfelt the need
to automate these processes. Electronic Design Automation (EDA)[1] techniques began to evolve. Chip
designers began to use circuit and logic smulation techniques to verify the functiondity of building blocks
of the order of about 100 transistors. The circuits were still tested on the breadboard, and the layout
was done on paper or by hand on a graphic computer termina.

[1] The earlier edition of the book used the term CAD tools. Technically, the term Computer-Aided
Design (CAD) toolsrefers to back-end tools that perform functions rel ated to place and route, and
layout of the chip . The term Computer-Aided Engineering (CAE) toolsrefersto tools that are used for
front-end processes such HDL smulation, logic synthesis, and timing analysis. Designers used the terms
CAD and CAE interchangeably. Today, the term Electronic Design Automation is used for both CAD
and CAE. For the sake of smplicity, in thisbook, wewill refer to al design tools as EDA tools.

With the advent of VLS (Very Large Scae Integration) technology, designers could design single chips
with more than 100,000 transistors. Because of the complexity of these circuits, it was not possible to
verify these circuits on a breadboard. Computer-aided techniques became critical for verification and
designof VLS digitd circuits. Computer programsto do autometic placement and routing of circuit
layouts a so became popular. The designerswere now building gate-leve digitd circuits manualy on
graphic terminas. They would build small building blocks and then derive higher-level blocks from them.
This processwould continue until they had built the top-level block. Logic smulators cameinto existence
to verify the functionality of these circuits before they were fabricated on chip.

Asdesgnsgot larger and more complex, logic Smulation assumed an important rolein the design
process. Designers could iron out functiona bugsin the architecture before the chip was designed further.
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1.2 Emergenceof HDLs

For along time, programming languages such as FORTRAN, Pascal, and C were being used to
describe computer programs that were sequentia in nature. Smilarly, in the digital design field, designers
felt the need for astandard language to describe digital circuits. Thus, Hardware Description Languages
(HDLs) cameinto existence. HDL s dlowed the designersto model the concurrency of processes found
in hardware e ements. Hardware description languages such as Verilog HDL and VHDL became
popular. Verilog HDL originated in 1983 at Gateway Design Automation. Later, VHDL was developed
under contract from DARPA. Both Verilog and VHDL smulatorsto smulate large digital circuits
quickly gained acceptance from designers.

Even though HDL swere popular for logic verification, designers had to manualy trandate the

HDL -based design into a schematic circuit with interconnections between gates. The advent of logic
gynthesisin the late 1980s changed the design methodology radicaly. Digitd circuits could be described
a aregiger trandfer level (RTL) by use of an HDL.. Thus, the designer had to specify how the data flows
between registers and how the design processesthe data. The details of gates and their interconnections
to implement the circuit were automatically extracted by logic synthesistoolsfrom the RTL description.

Thus, logic synthesis pushed the HDL s into the forefront of digital design. Designers no longer had to
manually place gatesto build digita circuits. They could describe complex circuits at an abstract leve in
terms of functionality and dataflow by designing those circuitsin HDLs. Logic synthesstoolswould
implement the specified functiondity in terms of gates and gate interconnections.

HDL s aso began to be used for system-level design. HDL swere used for smulation of system boards,
interconnect buses, FPGAs (Field Programmable Gate Arrays), and PALs (Programmable Array
Logic). A common gpproach isto design each IC chip, using an HDL, and then verify system
functiondity viagmulation.

Today, Verilog HDL isan accepted | EEE standard. 1n 1995, the origina standard | EEE 1364-1995
was approved. |EEE 1364-2001 isthelatest Verilog HDL standard that made significant improvements
to the origind standard.
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1.3 Typical Design Flow

A typical design flow for designing VLS IC circuitsisshown in Figure 1-1. Unshaded blocks show the
level of design representation; shaded blocks show processesin the design flow.

Figure1-1. Typical Design Flow

Design Specification

Y

Behavioral Description
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C RTL Description (HDL)  |egg——

Funetional Verification

and Testing

Logic Synthesis/
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Y
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and Testing

Y

Floor Planning
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Place and Route
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Physical Layout

Y

Layout Verification

Y

Implementation

Thedesign flow shownin Figure 1-1 istypicaly used by desgnerswho use HDLs. In any design,
specifications are written first. Specifications describe abstractly the functiondity, interface, and overal
architecture of the digita circuit to be designed. At this point, the architects do not need to think about
how they will implement this circuit. A behaviora description isthen created to andyze thedesignin
terms of functiondity, performance, compliance to standards, and other high-level issues. Behaviord
descriptions are often written with HDLs.[2]

[2] New EDA tools have emerged to smulate behavioral descriptions of circuits. These tools combine

the powerful concepts from HDL s and object oriented languages such as C++. These tools can be used
ingdead of writina behaviora descrintionsin Veriloa HDI
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1.4 Importanceof HDLs

HDL s have many advantages compared to traditional schematic-based design.

» Dedignscan be described a avery abstract level by use of HDLs. Designers can write their
RTL description without choosing a pecific fabrication technology. Logic synthesistools can
automatically convert the design to any fabrication technology. If anew technology emerges,
designers do not need to redesign their circuit. They smply input the RTL description to thelogic
synthesistool and create anew gate-level netlist, using the new fabrication technology. Thelogic
synthesistool will optimize the circuit in areaand timing for the new technology.

» By describing desgnsin HDLs, functiona verification of the design can bedone early inthe
design cycle. Since designerswork a the RTL leve, they can optimize and modify the RTL
description until it meetsthe desired functionality. Most design bugs are liminated at this point.
This cuts down design cycdle time significantly because the probability of hitting afunctiona bug
a alaer timeinthe gate-leve netlist or physica layout isminimized.

* Desgning with HDLsis ana ogous to computer programming. A textua description with
commentsis an easier way to develop and debug circuits. Thisalso provides aconcise
representation of the design, compared to gate-level schematics. Gate-level schematicsare
amost incomprehensblefor very complex designs.

HDL -based design is here to stay.[3] With rapidly incressing complexities of digita circuitsand
increasingly sophisticated EDA tools, HDL s are now the dominant method for large digital designs. No
digitd circuit designer can afford to ignore HDL -based design.

[3] New tools and languages focused on verification have emerged in the past few years. These

languages are better suited for functiona verification. However, for logic design, HDLs continue asthe
preferred choice.
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1.5 Popularity of Verilog HDL

Verilog HDL has evolved as a standard hardware description language. Verilog HDL offers many useful
features

* Veilog HDL isagenera-purpose hardware description language that is easy to learn and easy
touse. Itissmilar in syntax to the C programming language. Designerswith C programming
experiencewill find it easy to learn Verilog HDL.

* VeilogHDL alowsdifferent levels of abstraction to be mixed in the same modd. Thus, a
designer can define ahardware model in terms of switches, gates, RTL, or behaviora code.
Also, adesigner needsto learn only one language for stimulus and hierarchica design.

* Mogt popular logic synthesistools support Verilog HDL. Thismakesit the language of choice
for desgners.

» All fabrication vendors provide Verilog HDL librariesfor postlogic synthesis smulation. Thus,
designing achipin Verilog HDL alowsthe widest choice of vendors.

* TheProgramming Language Interface (PL1) isa powerful festure that allows the user to write
custom C codeto interact with theinternad data structures of Verilog. Designers can customize a
Verilog HDL simulator to their needswith the PLI.
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1.6 Trendsin HDLs

The speed and complexity of digitd circuits have increased rapidly. Designers have responded by
designing a higher levels of abstraction. Designers have to think only interms of functiondity. EDA tools
take care of the implementation details. With designer assistance, EDA tools have become sophiticated
enough to achieve a close-to-optimum implementation.

The most popular trend currently isto designin HDL at an RTL level, because logic synthesistools can
create gate-leve netlissfrom RTL level design. Behaviord synthesis allowed engineersto design directly
interms of agorithms and the behavior of the circuit, and then use EDA toolsto do the trandation and
optimization in each phase of the design. However, behaviora synthesisdid not gain widespread
acceptance. Today, RTL design continuesto be very popular. Verilog HDL isaso being constantly
enhanced to meet the needs of new verification methodologies.

Formd verification and assertion checking techniques have emerged. Formd verification gppliesformd
mathematica techniquesto verify the correctness of Verilog HDL descriptions and to establish
equivalency between RTL and gate-level netlists. However, the need to describe adesignin Verilog
HDL will not go away. Assertion checkers alow checking to be embedded inthe RTL code. Thisisa
convenient way to do checking in the most important parts of adesign.

New verification languages have a so gained rapid acceptance. These languages combine the pardldism
and hardware constructs from HDL s with the object oriented nature of C++. These languages also
provide support for automatic stimulus creation, checking, and coverage. However, these languages do
not replace Verilog HDL. They smply boost the productivity of the verification process. Verilog HDL is
gtill needed to describe the design.

For very high-speed and timing-critica circuits like microprocessors, the gate-level netlist provided by
logic synthesistoolsis not optima. In such cases, designers often mix gate-level description directly into
the RTL description to achieve optimum results. This practice is opposite to the high-level design
paradigm, yet it isfrequently used for high-speed designs because designers need to squeeze the last bit
of timing out of circuits, and EDA tools sometimes prove to be insufficient to achieve the desired results.

Another techniquethat isused for sysem-level design isamixed bottom-up methodology wherethe
designersuse ether existing Verilog HDL modules, basic building blocks, or vendor-supplied core
blocksto quickly bring up their system simulation. Thisis done to reduce development costs and
compress design schedules. For example, consider asystem that has a CPU, graphics chip, 1/0 chip,
and asystem bus. The CPU designers would build the next-generation CPU themselvesat an RTL levd,
but they would use behaviord modesfor the graphics chip and the I/O chip and would buy a
vendor-supplied modd for the system bus. Thus, the system-level smulation for the CPU could be up
and running very quickly and long before the RTL descriptionsfor the graphics chip and the /O chip are
completed.
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Chapter 2. Hierarchical M odeling Concepts

Before we discussthe details of the Verilog language, we must first understand basic hierarchical
modeling conceptsin digita design. The designer must use a"good” design methodology to do efficient
Verilog HDL-based design. In this chapter, we discuss typica design methodologies and illustrate how
these concepts are trandated to Verilog. A digital smulation is made up of various components. Wetalk
about the components and their interconnections.

Learning Objectives

»  Understand top-down and bottom-up design methodologiesfor digital design.
* Explain differences between modules and module ingtancesin Verilog.

» Describefour levels of abstraction?ehaviora, dataflow, gate level, and switch level?0
represent the same module.

»  Describe components required for the smulation of adigital design. Define astimulus block and
adesign block. Explain two methods of gpplying stimulus.
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2.1 Design Methodologies

There are two basic types of digital design methodologies: atop-down design methodology and a
bottom-up design methodology. In atop-down design methodol ogy, we define the top-level block and
identify the sub-blocks necessary to build the top-level block. We further subdivide the sub-blocks until
we cometo leaf cells, which are the cells that cannot further be divided. Figure 2-1 shows the top-down
design process.

Figure 2-1. Top-down Design M ethodology

Top-level
block

sub-
block 4

sub-

leaf leaf ‘ leaf leaf leaf leaf

leal leafl
cell cell cell cell cell cell

cell cell

In a bottom-up design methodology, we first identify the building blocks that are available to us. We
build bigger cdls, using these building blocks. These cdlls are then used for higher-level blocks until we
build the top-level block in the design. Figure 2-2 shows the bottom-up design process.

Figure 2-2. Bottom-up Design M ethodology

Top-level

//’ o
MAcTH MEACTO IMACTO macro
cell 1 cell 2 cell 3 cell 4
leaf leaf leaf leaf leaf leaf leaf leaf
cell cell cell cell cell cell cell cell

Typicaly, acombination of top-down and bottom-up flows is used. Design architects define the
specifications of the top-level block. Logic designers decide how the design should be structured by
breaking up the functiondity into blocks and sub-blocks. At the same time, circuit designersare
designing optimized circuitsfor leaf-level cdls. They build higher-leve cdlsby using theseleef cdlls. The
flow meets at an intermediate point where the switch-level circuit designers have crested alibrary of leaf
cdls by using switches, and thelogic level designers have designed from top-down until al modules are
defined interms of leef cdls.

Toillugtrate these hierarchica modeling concepts, let us consder the design of anegative edge-triggered
4-bit ripple carry counter described in Section 2.2, 4-bit Ripple Carry Counter.
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2.2 4-bit Ripple Carry Counter

Theripple carry counter shown in Figure 2-3 is made up of negative edge-triggered toggle flipflops
(T_FF). Each of the T_FFs can be made up from negative edge-triggered D-flipflops (D_FF) and
inverters (assuming ¢_bar output is not available on the D_FF), asshownin Figure 2-4.

Figure 2-3. Ripple Carry Counter

Ripple q0 ql q2 q3

Counter

clock

reset

reset An Un+1 r— — — — -

Thus, theripple carry counter isbuilt in ahierarchica fashion by using building blocks. The diagram for
the design hierarchy isshown in Figure 2-5.

Figure 2-5. Design Hierar chy
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2.3 Modules

We now relate these hierarchica modeling conceptsto Verilog. Verilog provides the concept of a
module. A moduleisthe basic building block in Verilog. A module can be an e ement or a collection of
lower-level design blocks. Typicaly, dements are grouped into modules to provide common
functiondity that is used at many placesin the desgn. A module provides the necessary functiondity to
the higher-leve block through its port interface (inputs and outputs), but hides the internal
implementation. Thisalows the designer to modify module internd s without affecting the rest of the
design.

In Figure 2-5, ripple carry counter, T_FF, D_FF are examples of modules. In Verilog, amoduleis
declared by the keyword module. A corresponding keyword endmodule must appear at the end of the
module definition. Each module must have amodule_name, which istheidentifier for the module, and a
module_termina_list, which describes the input and output terminals of the module.

nodul e <nodul e_nanme> (<nodul e_term nal _|ist>);
<nmodul e internal s>

endnodul e

Specificaly, the T-flipflop could be defined as amodule as follows.

nmodule T_FF (q, clock, reset);
<functionality of T-flipflop>

endnodul e

Verilog isboth abehavioral and astructura language. Internals of each module can be defined at four
levels of abstraction, depending on the needs of the design. The module behavesidenticaly with the
externd environment irrespective of the level of abstraction a which the moduleis described. The
internas of the module are hidden from the environment. Thus, the level of abstraction to describe a
module can be changed without any change in the environment. These levelswill be studied in detail in
separate chapterslater in the book. The levels are defined below.

» Behaviord or dgorithmicleve
» Thisisthehighest leve of abstraction provided by Verilog HDL. A module can be implemented

interms of the desired design agorithm without concern for the hardware implementation detalls.
Desgning &t thislevel isvery smilar to C programming.

o Dadflow levd
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2.4 | nstances

A module provides atemplate from which you can create actual objects. When amoduleisinvoked,
Verilog creates a unique object from the template. Each object hasits own name, variables, parameters,
and I/O interface. The process of creating objects from amodule templateis caled ingtantiation, and the
objects are called instances. In Example 2-1, the top-level block creates four instances from the
T-flipflop (T_FF) template. Each T_FF ingtantiatesaD_FF and an inverter gate. Each instance must be
given aunigque name. Note that // is used to denote single-line comments.

Example 2-1 Module I nstantiation

/1 Define the top-level nodule called ripple carry

/1 counter. It instantiates 4 T-flipflops. Interconnections are
/1 shown in Section 2.2, 4-bit R pple Carry Counter

nodul e ripple_carry counter(qg, clk, reset);

output [3:0] g; //1/Osignals and vector declarations
//will be explained |ater.
input clk, reset; //1/Osignals will be explained |ater

/1 Four instances of the nodule T_FF are created. Each has a unique
/I nanme. Each instance is passed a set of signals. Notice, that

/1 each instance is a copy of the nodule T_FF

T FF tff0o(q[0],clk, reset);

T FF tff1(q[1],q[0], reset);

TFF tff2(q[2],q[1], reset);

T FF tff3(q[3],q[2], reset);

endnodul e

/1 Define the nmodule T _FF. It instantiates a D-flipflop. W assuned
/1 that nodule D-flipflop is defined el sewhere in the design. Refer
/1 to Figure 2-4 for interconnections.

nodule T_FF(q, clk, reset);

/1 Declarations to be explained | ater
out put q;

i nput clk, reset;

wire d;

D FF dff0o(q, d, clk, reset); // Instantiate D FF. Call it dffo.
not nl(d, q); // not gate is a Verilog primtive. Explained |ater

endnodul e

InVerilog, itisillega to nest modules. One module definition cannot contain another module definition
within the module and endmodul e statements. Instead, amodul e definition can incorporate copies of
other modules by ingantiating them. It isimportant not to confuse module definitions and instances of a
module. Module definitions smply specify how the module will work, itsinternds, and itsinterface.
Modules must be ingtantiated for usein the design.

Example 2-2 shows anillegal module nesting where the module T_FF is defined inside the module
definition of the ripple carry counter.

Example 2-2 Illegal M odule Nesting
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2.5 Components of a Simulation

Once adesign block iscompleted, it must be tested. The functionality of the design block can be tested
by applying stimulus and checking results. We cal such ablock the stimulus block. It isgood practice to
keep the stimulus and design blocks separate. The stimulus block can bewrittenin Verilog. A separate
language is not required to describe stimulus. The stimulus block isaso commonly caled atest bench.
Different test benches can be used to thoroughly test the design block.

Two styles of simulus gpplication are possible. Inthefirst style, the simulus block instantiates the design
block and directly drivesthe signalsin the design block. In Figure 2-6, the stimulus block becomesthe
top-level block. It manipulates signals clk and reset, and it checks and displays output signal g.

Figure 2-6. Stimulus Block I nstantiates Design Block

(Stimulus Block)
clk reset

vy

(Design Block)
Ripple Carry
Counter

v

q

The second style of applying simulusisto ingtantiate both the stimulus and design blocksin atop-leve
dummy module. The stimulus block interacts with the design block only through the interface. Thisstyle
of applying simulusisshownin Figure 2-7. The stimulus module drivesthesignalsd_clk and d_rest,
which are connected to the signas clk and reset in the design block. It dso checks and displays signdl
c_qg, whichis connected to the signal qin the design block. The function of top-level block issmply to
ingtantiate the design and stimulus blocks.

Figure 2-7. Stimulusand Design Blocks I nstantiated in a Dummy Top-Level Module

Top-Level Block

d_clk I clk
Stimulus
Block d_reset reset Design Block
Ripple Carry
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2.6 Example

To illustrate the concepts discussed in the previous sections, let us build the complete smulation of a
ripple carry counter. We will define the design block and the stimulus block. Wewill apply stimulusto
the design block and monitor the outputs. Aswe develop the Verilog models, you do not need to
understand the exact syntax of each construct at this stage. At this point, you should smply try to
understand the design process. We discuss the syntax in much greater detail in the later chapters.

2.6.1 Design Block

We use atop-down design methodology. First, we write the Verilog description of the top-level design
block (Example 2-3), which istheripple carry counter (see Section 2.2, 4-bit Ripple Carry Counter).

Example 2-3 Ripple Carry Counter Top Block

nodul e ripple carry counter(q, clk, reset);

output [3:0] q;
i nput clk, reset;

/14 instances of the nodule T _FF are created.
T FF tff0O(q[0],clk, reset);
T FF tff1(q[1],q[0], reset);
T FF tff2(q[2],q[1], reset);
T FF tff3(q[3],q[2], reset);

endnodul e

In the above module, four instances of the module T_FF (T-flipflop) are used. Therefore, we must now
define (Example 2-4) theinternals of the module T_FF, which was shown in Figure 2-4.

Example 2-4 Flipflop T_FF

modul e T_FF(qg, clk, reset);

out put q;

i nput clk, reset;

wire d;

D FF dff0(qg, d, clk, reset);

not nl(d, q); // not is a Verilog-provided primtive. case sensitive
endnodul e

Since T_FF ingtantiates D_FF, we must now define (Example 2-5) the internals of module D_FF. We
assume asynchronous reset for the D_FFF.

Example 2-5Flipflop D_F

/1 nodule D FF with synchronous reset
modul e D_FF(q, d, clk, reset);

out put q;
i nput d, clk, reset;
reg q,
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2.7 Summary

In this chapter we discussed the following concepts.

» Two kinds of design methodologies are used for digita design: top-down and bottom-up. A
combination of these two methodologiesisused in today's digital designs. As designs become
very complex, it isimportant to follow these structured approaches to manage the design
process.

* Modulesarethebasic building blocksin Verilog. Modules are used in adesign by ingtantiation.
An ingtance of amodule has aunique identity and is different from other instances of the same
module. Each instance has an independent copy of theinternals of the module. It isimportant to
understand the difference between modules and instances.

» Therearetwo distinct componentsin asmulation: adesign block and astimulus block. A
stimulus block is used to test the design block. The stimulus block is usually the top-level block.
There aretwo different styles of gpplying stimulusto adesign block.

» Theexample of theripple carry counter explains the step-by-step process of building al the
blocksrequired in asmulation.

This chapter isintended to give an understanding of the design process and how Verilog fitsinto the
design process. The detalls of Verilog syntax are not important at this stage and will be dedlt with in later
chapters.
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2.8 Exercises

An interconnect switch (1S) contains the following
components, a shared memory (MEM), asystem
controller (SC) and a data crossbar (Xbar).

a.

a. Definethe modulesMEM, SC, and Xbar,
using the module/endmodule keywords. Y ou
do not need to define the internds. Assume
that the modules have no termind lists.

b. DefinethemodulelS, usngthe
module/endmodule keywords. Ingtantiate the
modules MEM, SC, Xbar and call the
instances meml, scl, and xbarl, respectively.
Y ou do not need to define the internals.
Assumethat the module IS has no termindls.

c. Defineadimulusblock (Top), usngthe
module/endmodule keywords. Ingtantiate the
design block ISand cdll theingtanceisl. This
isthefind stepin building the smulation
environment.

A 4-bit ripple carry adder (Ripple_Add) contains
four 1-bit full adders (FA).

a.

a. Definethe module FA. Do not define the
interndsor thetermind li<t.
b.

b. Definethe module Ripple Add. Do not
definetheinternasor thetermind lis.
Instantiate four full adders of thetype FA in
the module Ripple_Add and call them fa0,
fal, fa2, and fas.
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Chapter 3. Basic Concepts

In this chapter, we discuss the basic congtructs and conventionsin Verilog. These conventions and
congtructs are used throughout the later chapters. These conventions provide the necessary framework
for Verilog HDL. Datatypesin Verilog modd actua data storage and switch lementsin hardware very
closdly. This chapter may seem dry, but understanding these concepts is a necessary foundation for the
successive chapters.

Learning Objectives

» Understand lexical conventionsfor operators, comments, whitespace, numbers, strings, and
identifiers

» Définethelogic vaue set and data types such as nets, registers, vectors, numbers, smulation
time, arrays, parameters, memories, and strings.

* ldentify useful system tasksfor displaying and monitoring information, and for sopping and
finishing theamulation.

* Learn basic compiler directivesto define macros and includefiles.
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3.1 Lexical Conventions

Thebasiclexica conventions used by Verilog HDL are smilar to those in the C programming language.
Verilog contains astream of tokens. Tokens can be comments, ddimiters, numbers, strings, identifiers,
and keywords. Verilog HDL isacase-sengitive language. All keywords are in lowercase.

3.1.1 Whitespace

Blank spaces (\b) , tabs (\t) and newlines (\n) comprise the whitespace. Whitespace isignored by
Verilog except when it separates tokens. Whitespace is not ignored in strings.

3.1.2 Comments

Comments can be inserted in the code for readability and documentation. There are two waysto write
comments. A one-line comment startswith *//". Verilog skips from that point to the end of line. A
multiple-line comment startswith "/*" and endswith "*/*. Multiple-line comments cannot be nested.
However, one-line comments can be embedded in multiple-line comments.

a=>b&&c; // This is a one-line coment

/* This is a multiple line
coment */

/* This is /* an illegal */ comrent */

/* This is //a |l egal comrent */
3.1.3 Operators
Operators are of three types. unary, binary, and ternary. Unary operators precede the operand. Binary

operators appear between two operands. Ternary operators have two separate operators that separate
three operands.

a=~Db; /] ~is aunary operator. b is the operand
a=>bé&c; /|l & is a binary operator. b and ¢ are operands
a=b?c: d; /] ? is aternary operator. b, ¢ and d are operands

3.1.4 Number Specification

There are two types of number specification in Verilog: sized and unsized.

Sized numbers

Sized numbers are represented as <size> '<base format> <number>.

<dgze> iswritten only in decimal and specifies the number of bitsin the number. Lega baseformatsare
decima (‘d or 'D). hexadecima (‘h or 'H). binarv ('b or 'B) and octal (‘o or 'O). The number is specified
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3.2 Data Types

This section discusses the datatypes used in Verilog.

3.2.1 Value Set

Verilog supports four values and eight strengths to modd the functiondity of red hardware. The four
vauelevesareligedin Table 3-1.

Table3-1. ValueLevds

ValueLevel Condition in Hardwar e Cir cuits
0 Logic zero, fase condition

1 Logic one, true condition

X Unknown logic vaue

z High impedance, floating Sate

In addition to logic vaues, strength levels are often used to resolve conflicts between drivers of different
grengthsin digitd circuits. Vaue levels 0 and 1 can have the strength levelslisted in Table 3-2.

Table 3-2. Strength Levels

Strength Level Type Degree
upply Driving srongest
y A
drong Driving
pul Driving
large Storage
weak Driving
medium Storage

gl Storage
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3.3 System Tasksand Compiler Directives

In this section, we introduce two specia concepts used in Verilog: system tasks and compiler directives.

3.3.1 System Tasks

Verilog provides standard system tasks for certain routine operations. All system tasks appear in the
form $<keyword>. Operations such as digplaying on the screen, monitoring values of nets, stopping, and
finishing are done by system tasks. We will discuss only the most useful system tasks. Other tasks are
listed in Verilog manuas provided by your smulator vendor or in the IEEE Standard Verilog Hardware
Description Language specification.

Displaying information

$display isthe main system task for displaying vaues of variables or strings or expressions. Thisis one of
the most useful tasksin Verilog.

Usage: $display(pl, p2, p3,....., pn);

pl, p2, p3...., pn can be quoted strings or variables or expressions. The format of $display isvery
gmilar to printf in C. A $display insertsanewline at the end of the string by default. A $display without
any arguments produces anewline.

Strings can be formatted using the specificationslisted in Table 3-4. For more detailed specifications,
see |EEE Standard Verilog Hardware Description Language specification.

Table 3-4. String Format Specifications

Format Display

%d or %D Display variadlein decima
%b or %B Display variadlein binary
%s or %S Digplay string

%h or %H Digplay variadlein hex
%c or %C Display ASCII character

%m or %M Display hierarchica name (no argument required)
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3.4 Summary

We discussed the basic concepts of Verilog in this chapter. These concepts lay the foundation for the
materia discussed in the further chapters.

Verilogissmilar in syntax to the C programming language . Hardware designers with previous C
programming experiencewill find Verilog easy to learn.

Lexica conventionsfor operators, comments, whitespace, numbers, strings, and identifiers were
discussed.

Variousdatatypesare availablein Verilog. There are four logic vaues, each with different
srength levels. Available datatypesinclude nets, registers, vectors, numbers, smulation time,
arrays, memories, parameters, and strings. Data types represent actual hardware elements very
closly.

Verilog provides useful system tasksto do functions like displaying, monitoring, suspending, and
finishingasmuldion.

Compiler directive "defineis used to define text macros, and “includeis used to include other
Verilogfiles
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3.5 Exercises

Practice writing the following numbers:

a.

a.

Decima number 123 asasized 8-bit number
inbinary. Use _ for readability.

A 16-bit hexadecimal unknown number with
dl x's

A 4-bit negative 2 in decimd . Writethe 2's
complement form for this number.

An unsized hex number 1234.

Arethefollowing legd strings? If not, write the
correct strings.

a.

a
b.

oo

"Thisisagring displaying the% sgn"

"out=inl+in2"

"Pleasering abel \OO7"

"Thisisabackdash \ character\n"

Aretheselegd identifiers?

a.

a.
b.

o

syseml

1reg

$latch
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Chapter 4. Modules and Ports

In the previous chapters, we acquired an understanding of the fundamental hierarchica moddling
concepts, basic conventions, and Verilog constructs. In this chapter, we take a closer ook at modules
and portsfrom the Verilog language point of view.

Learning Objectives

* |ldentify the components of aVerilog module definition, such as module names, port lists,
parameters, variable declarations, dataflow statements, behavioral statements, instantiation of
other modules, and tasks or functions.

*  Understand how to define the port list for amodule and declareit in Verilog.
»  Destribethe port connection rulesin amodule ingtantiation.
» Understand how to connect portsto external signals, by ordered list, and by name.

* Explain hierarchica namereferencing of Verilog identifiers.
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4.1 Modules

We discussed how amoduleisabasic building block in Chapter 2, Hierarchica Modeling Concepts.
Weignored the internals of modules and concentrated on how modules are defined and ingtantiated. In
this section, we andlyze the internals of the module in greater detail.

A modulein Verilog conssts of distinct parts, asshownin Figure 4-1.

Figure4-1. Componentsof a Verilog Module

Module Name,
Port List, Port Declarations (if ports present)
Parameters (optional),

Declarations of wires, Data flow statements

regs and other variables (assign)

Instantiation of lower always and initial blocks.
level modules All behavioral statements

zo in these blocks.

Tasks and functions

endmodule statement

A module definition dways begins with the keyword module. The module name, port list, port
declaraions, and optiona parameters must comefirst in amodule definition. Port list and port
declarations are present only if the module has any portsto interact with the externd environment.The
five components within amodule are: variable declarations, dataflow statements, ingtantiation of lower
modules, behaviora blocks, and tasks or functions. These components can be in any order and at any
place in the modul e definition. The endmodule statement must always comelast in amodule definition.
All components except module, module name, and endmodule are optional and can be mixed and
matched as per design needs. Verilog dlows multiple modulesto be defined in asinglefile. The modules
can be defined in any order in thefile.

To understand the components of amodule shown above, let us consder asimple example of an SR
latch, asshownin Figure4-2.

Figure4-2. SR Latch

|
Shar l ]. N i
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4.2 Ports

Ports provide the interface by which amodule can communicate with its environment. For example, the
input/output pins of an I1C chip areits ports. The environment can interact with the module only through
its ports. Theinternas of the module are not visible to the environment. This provides avery powerful
flexibility to the designer. Theinternds of the module can be changed without affecting the environment
aslong astheinterface is not modified. Ports are also referred to asterminds.

4.2.1 List of Ports

A module definition contains an optiond list of ports. If the module does not exchange any sgnalswith
the environment, there are no portsin the list. Consider a4-bit full adder that isinstantiated insgde a
top-level module Top. The diagram for the input/output portsis shown in Figure 4-3.

Figure4-3.1/O Portsfor Top and Full Adder

Top

4 » full

adder
b —®  (4-bit)

fulladd4 —m= c_out

—= Sum

C_In —

Notice that in the above figure, the module Top isatop-level module. The module fulladd4 is
instantiated below Top. The module fulladd4 takesinput on ports a, b, and ¢_in and produces an output
on portssum and ¢_out. Thus, module fulladd4 performs an addition for its environment. The module
Topisatop-level module in the smulation and does not need to pass Sgnasto or receive sgnasfrom
the environment. Thus, it does not have alist of ports. The module names and port lists for both module
declarationsin Verilog are as shown in Example 4-2.

Example4-2 List of Ports

nmodul e full add4(sum c_out, a, b, c_in); //Mdule with a list of ports
nmodul e Top; // No list of ports, top-level nodule in simulation

4.2.2 Port Declar ation

All portsintheligt of ports must be declared in the module. Ports can be declared asfollows:
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4.3 Hierarchical Names

We described earlier how Verilog supports ahierarchica design methodology. Every module instance,
sgnd, or variableis defined with an identifier. A particular identifier hasaunique placeinthedesign
hierarchy. Hierarchica name referencing alows usto denote every identifier in the design hierarchy with
aunique name. A hierarchica nameisalist of identifiers separated by dots (".") for each leve of
hierarchy. Thus, any identifier can be addressed from any place in the design by smply specifying the
complete hierarchical name of thet identifier.

Thetop-leve moduleis called the root module becauseit is not ingtantiated anywhere. It isthe starting
point. To assgn aunique nameto an identifier, start from the top-level module and trace the path aong
the design hierarchy to the desired identifier. To clarify this process, let us consider the smulation of SR
latchin Example 4-1. The design hierarchy isshown in Figure 4-5.

Figure 4-5. Design Hierarchy for SR Latch Smulation

stimulus
(root level)
ml g, gbar,
(SR _latch) set, reset
/ \\ {variables)
nl n2 Q, Qbar
{nand) {nand) S, R _
(signals)

For thissmulation, stimulusisthe top-level module. Since the top-level moduleis not ingtantiated
anywhere, it is called the root module. The identifiers defined in this module are g, gbar, set, and reset.
The root module instantiates m1, which isamodule of type SR _latch. The module m1 ingtantiates nand
gatesnl and n2. Q, Qbar, S, and R are port signasin instance m1. Hierarchica name referencing
assgnsaunique name to each identifier. To assign hierarchica names, use the module name for root
module and instance names for al module instances below the root module. Example 4-8 shows
hierarchical namesfor al identifiersin the above smulation. Notice that thereisadot (.) for each leve of
hierarchy from the root module to the desired identifier.

Example 4-8 Hierar chical Names

sti mul us stimulus. g

sti mul us. gbar stimul us. set
stimulus. reset stimulus. ml
stimulus.nl. Q stimul us. nil. Qbar
stimulus.nl. S stimulus.nl. R
stimulus.nl stimul us. n2

Each identifier in the design isuniquely specified by its hierarchica path name. To display theleve of
hierarchy, use the specia character %om in the $display task. See Table 3-4, String Format
Specifications, for details.
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4.4 Summary

In this chapter, we discussed the following aspects of Verilog:

»  Module definitions contain various components. Keywords module and endmodule are
mandatory. Other components?ort list, port declarations, variable and signal declarations,
dataflow statements, behaviora blocks, lower-level module ingtantiations, and tasks or
functions?re optiona and can be added as needed.

» Ports provide the module with a means to communicate with other modules or its environment.
A module can have aport list. Portsin the port list must be declared asinput, output, or inout.
When ingtantiating amodule, port connection rules are enforced by the Verilog smulator. An
ANSI C style embeds the port declarations in the module definition statement.

» Ports can be connected by name or by ordered list.
» Eachidentifier inthe design hasaunique hierarchica name. Hierarchical namesalow usto

address any identifier in the design from any other level of hierarchy in the design.

[TeamLiB] [rreviovs ] e o)

[TeemLiB] [rrevious lnesr o]


NFO/lib.html
0130449113_ch04lev1sec2.html
0130449113_ch04lev1sec4.html
http://www.thebeatlesforever.com/processtext/abcchm.html
NFO/lib.html
0130449113_ch04lev1sec3.html
0130449113_ch04lev1sec5.html
0130449113_26031533.html
NFO/lib.html
0130449113_ch04lev1sec3.html
0130449113_ch04lev1sec5.html
NFO/lib.html
0130449113_ch04lev1sec4.html
0130449113_ch05.html
http://www.thebeatlesforever.com/processtext/abcchm.html

ABC Amber CHM Converter Trial verson, http:/mww.thebeatlesfor ever .com/processtext/abechm.html

4.5 Exercises
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What are the basic components of a module? Which components are
mandatory?

Does amodule that does not interact with its environment have any 1/10
ports? Doesit have aport list in the module definition?

A 4-bit pardld shift register has 1/0O pins as shown in thefigure below.
Write the module definition for thismodule shift_reg. Indludethelist of
ports and port declarations. Y ou do not need to show the internals.

reg_in —
[3:0] — reg_out
shift_reg [3:0]

clock—pm (4 bit)

Declare atop-level module stimulus. Define REG_IN (4 bit) and CLK (1
bit) asreg register variablesand REG_OUT (4 bit) aswire. Instantiate the
module shift_reg and call it sr1. Connect the ports by ordered li<t.

Connect the portsin Step 4 by name.

Write the hierarchical namesfor variablesREG _IN, CLK, and REG_OUT.

Writethe hierarchical name for the ingtance sr1. Write the hierarchica
namesfor its ports clock and reg_in.
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Chapter 5. Gate-Level Modeling

Inthe earlier chapters, we laid the foundations of Verilog design by discussing design methodologies,
basi ¢ conventions and constructs, modules and port interfaces. In this chapter, we get into modeling
actua hardware circuitsin Verilog.

We discussed the four levels of abstraction used to describe hardware. In this chapter, we discussa
design at alow level of abgtraction?ate level. Most digital designisnow done at gate level or higher
levels of abstraction. At gate levd, the circuit is described in terms of gates (e.g., and, nand). Hardware
design at thisleve isintuitive for auser with abasic knowledge of digital logic design becauseitis
possible to see a one-to-one correspondence between the logic circuit diagram and the Verilog
description. Hence, in thisbook, we chose to start with gate-level modeling and move to higher levels of
abstraction in the succeeding chapters.

Actualy, the lowest level of abdtraction isswitch- (transstor-) level modeling. However, with designs
getting very complex, very few hardware designerswork at switch leve. Therefore, we will defer
switch-level modeling to Chapter 11, Switch-Level Moddling, in Part 2 of this book.

Learning Objectives

* |dentify logic gate primitives provided in Verilog.

* Understand ingtantiation of gates, gate symbols, and truth tables for and/or and buf/not type
gates.

»  Understand how to construct a Verilog description from the logic diagram of the circuit.
» Dexriberise fdl, and turn-off delaysin the gate-level design.

e Explainmin, max, and typ delaysin the gate-level design.
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5.1 Gate Types

A logic circuit can be designed by use of logic gates. Verilog supports basic logic gates as predefined
primitives. These primitives are instantiated like modules except that they are predefined in Verilog and
do not need amodule definition. All logic circuits can be designed by using basic gates. There aretwo
classes of basic gates: and/or gates and buf/not gates.

5.1.1 And/Or Gates

And/or gates have one scaar output and multiple scaar inputs. Thefirst termind inthelist of gate
terminasisan output and the other terminals are inputs. The output of agateis evaluated as soon asone
of the inputs changes. The and/or gates available in Verilog are shown below.

and or xor

nand nor xnor

The corresponding logic symbols for these gates are shown in Figure 5-1. We consider gates with two
inputs. The output termind is denoted by out. Input terminas are denoted by i1 and i2.

Figure 5-1. Basic Gates

P t i—T t
P—
2 — ou 2 — Y. ou

and nand
i _‘Tl i
. | out ) out
i2— i2

or nor
i i
) __%jf___ ——out . i ) out
e—r e—H S

xor xnor

These gates are indtantiated to build logic circuitsin Verilog. Examples of gate instantiations are shown
below. In Example 5-1, for al instances, OUT is connected to the output out, and IN1 and IN2 are
connected to the two inputsil and i2 of the gate primitives. Note that the instance name does not need
to be specified for primitives. Thisletsthe designer instantiate hundreds of gates without giving them a
name,

More than two inputs can be specified in agate instantiation. Gates with more than two inputs are
instantiated by smply adding moreinput portsin the gate ingtantiation (see Example 5-1). Verilog
automatically ingtantiates the appropriate gate.
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5.2 Gate Delays

Until now, we described circuits without any delays (i.e., zero delay). Inred circuits, logic gates have
delays associated with them. Gate delays dlow the Verilog user to specify delays through the logic
circuits. Pin-to-pin delays can a so be specified in Verilog. They are discussed in Chapter 10, Timing
and Ddays.

5.2.1 Rise, Fall, and Turn-off Delays

There are three types of delays from the inputs to the output of aprimitive gate.

Rise delay

Therise delay is associated with a gate output trangition to a 1 from another vaue.

.

t_rise

0, xors

Fall ddlay

Thefal delay isassociated with agate output trangition to a0 from another value.

l, xorz

<__>| 0

t_fall

Turn-off delay

The turn-off delay is associated with a gate output transition to the high impedance vaue (z) from
another vaue.

If the value changesto x, the minimum of the three delaysis consdered.

Threetypes of delay specificationsare alowed. If only one dday is specified, thisvaueisusad for dl
trangtions. If two delays are specified, they refer to therise and fal delay vaues. The turn-off delay is
the minimum of the two delays. If dl three delays are specified, they refer torise, fadl, and turn-off delay
vaues. If no delays are specified, the default vaueis zero. Examples of delay specification are shown in
Fvamnle 5-10
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5.3 Summary

In this chapter, we discussed how to mode gate-leve logic in Verilog. We aso discussed different
aspects of gate-level design.

[ TeamLiB]

[ TeamLiB]

The basic types of gates are and, or, xor, buf, and not. Each gate has alogic symboal, truth table,
and acorresponding Verilog primitive. Primitives are ingtantiated like modul es except that they
are predefined in Verilog. The output of agate is evaluated as soon as one of itsinputs changes.

Arraysof built-in primitive instances and user-defined modules can be defined in Verilog.

For gate-level design, Sart with thelogic diagram, write the Verilog description for the logic by
using gate primitives, provide stimulus, and look at the output. Two design examples, a4-to-1
multiplexer and a4-bit full adder, were discussed. Each step of the design process was
explaned.

Threetypes of delays are associated with gates: rise, fdl, and turn-off. Verilog allows
specification of one, two, or three delays for each gate. Vaues of rise, fall, and turn-off delays
are computed by Verilog, based on the one, two, or three delays specified.

For each type of delay, aminimum, typica, and maximum value can be specified. The user can
choose which valueto apply at smulation time. This providesthe flexibility to experiment with
three delay va ues without changing the Verilog code.

The effect of propagation delay on waveforms was explained by the smple, two-gate logic
example. For each gate with adelay of t, the output changest time units after any of the inputs
change.
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5.4 Exercises

Create your own 2-input Verilog gates called my-or, my-and and my-not from
2-input nand gates. Check the functionality of these gates with astimulus
module.

A 2-input xor gate can be built from my_and, my_or and my_not gates.
Congtruct an xor modulein Verilog that redizesthelogic function, z=xy' + Xy.
Inputs are x and y, and z isthe output. Write a stimulus module that exercises
al four combinations of x and y inputs.

The 1-bit full adder described in the chapter can be expressed in a sum of
products form.

sum=ab.c in+a.b.c in+ab.cin+ab.cin

cout=ab+bc in+ac.in

Assuming a, b, ¢c_inaretheinputsand sum and ¢_out are the outputs, design a
logic circuit to implement the 1-bit full adder, using only and, not, and or gates.
Write the Verilog description for the circuit. Y ou may use up to 4-input Verilog
primitive and and or gates. Write the stimulusfor the full adder and check the
functiondity for dl input combinations.

Thelogic diagram for an RSlatch with delay is shown below.

reset
q
cet gbar
(reset)

Write the Verilog description for the RS latch. Include delays of 1 unit when
ingtantiating the nor gates. Write the stimulus module for the RS latch, using the
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Chapter 6. Dataflow Modeling

For smdll circuits, the gate-level modeling approach works very well because the number of gatesis
limited and the designer can ingtantiate and connect every gateindividualy. Also, gate-level moddingis
very intuitive to adesigner with abasic knowledge of digital logic desgn. However, in complex designs
the number of gatesisvery large. Thus, designers can design more effectively if they concentrate on
implementing the function at alevel of abstraction higher than gate level. Dataflow modeling providesa
powerful way to implement adesign. Verilog dlowsacircuit to be designed in terms of the data flow
between registers and how a design processes data rather than instantiation of individual gates. Later in
this chapter, the benefits of dataflow modding will become more apparent.

With gate dendities on chipsincreasing rapidly, dataflow modeling has assumed great importance. No
longer can companies devote engineering resources to handcrafting entire designs with gates. Currently,
automated tools are used to create agate-leve circuit from a datafl ow design description. This process
iscdled logic synthess. Dataflow modeing has become a popular design approach aslogic synthesis
tools have become sophisticated. This gpproach alows the designer to concentrate on optimizing the
circuit in terms of dataflow. For maximum flexibility in the design process, designerstypicdly usea
Verilog description style that combines the concepts of gate-level, dataflow, and behaviora design. In
thedigital design community, theterm RTL (Register Trandfer Level) design iscommonly used for a
combination of dataflow modeling and behaviora modding.

Learning Objectives

»  Describe the continuous assignment (assign) statement, restrictions on the assign statement, and
theimplicit continuous assgnment statement.

» Explain assgnment delay, implicit assgnment delay, and net declaration delay for continuous
assignment atements.

» Define expressions, operators, and operands.

» Ligt operator typesfor al possible operations?ithmetic, logicd, relaional, equality, bitwise,
reduction, shift, concatenation, and conditiond.

» Usedataflow congtructsto modd practical digitd circuitsin Verilog.

[ TeamLiB]
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6.1 Continuous Assignments

A continuous assignment isthe most basic statement in dataflow modeling, used to driveavaue onto a
net. Thisassgnment replaces gatesin the description of the circuit and describesthe circuit a ahigher
leve of abgtraction. The assgnment statement starts with the keyword assign. The syntax of an assgn
datement isasfollows.

continuous_assign ::= assign [ drive_strength ] [ delay3 ]
list_of _net_assignnents ;

list_of _net_assignments ::= net_assignnment { , net_assignnment }

net _assignnent ::= net_|value = expression

Notice that drive strength is optional and can be specified in terms of strength levelsdiscussed in Section
3.2.1, Vaue Sat. Wewill not discuss drive strength specification in this chapter. The default value for
drive strength is strong and strong0. The delay valueis aso optiona and can be used to specify delay
on the assgn statement. Thisislike specifying delaysfor gates. Delay specification isdiscussed inthis
chapter. Continuous assgnments have the following characterigtics

1.

1. Theleft hand side of an assgnment must always be ascaar or vector net or a concatenation of
scalar and vector nets. It cannot be ascdar or vector register. Concatenations are discussed in
Section 6.4.8, Concatenation Operator.

2. Continuous assgnments are dways active. The assgnment expression is evaluated as soon as
one of the right-hand-s de operands changes and the value is assigned to the | eft-hand-side net.

3. Theoperands on theright-hand side can be registers or nets or function cals. Registers or nets
can be scalars or vectors.

4. Deay vauescan be specified for assgnmentsin terms of time units. Delay vaues are used to
control thetime when anet isassigned the evauated vaue. Thisfeatureis smilar to pecifying
ddaysfor gates. It isvery useful in modeling timing behavior inred circuits.

Examples of continuous assignments are shown below. Operatorssuch as &, |, {, } and + used inthe
examplesare explained in Section 6.4, Operator Types. At this point, concentrate on how the assign
satements are specified.

Example 6-1 Examples of Continuous Assignment

/1 Continuous assign. out is anet. il and i2 are nets.
assign out =il &i?2;

/1 Continuous assign for vector nets. addr is a 16-bit vector net
/! addrl and addr2 are 16-bit vector registers.
assign addr[15:0] = addrl1_bits[15:0] ”~ addr2_bits[15:0];

/] Concatenation. Left-hand side is a concatenation of a scalar

// net and a vector net.
~enest v A At ~1ivd DO N1 _ e~ D N1 b kI - N T -
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6.2 Delays

Delay vaues control the time between the change in aright-hand-s de operand and when the new vaue
isassigned to the left-hand side. Three ways of specifying delaysin continuous assgnment statements are
regular assgnment delay, implicit continuous assgnment delay, and net declaration delay.

6.2.1 Regular Assignment Delay

Thefirst method isto assgn adelay vauein acontinuous assgnment statement. The delay valueis
specified after the keyword assign. Any changein vauesof inl or in2 will result in adday of 10time
units before recomputation of the expression inl & in2, and the result will be assgned to out. If inl or
in2 changes vaue again before 10 time units when the result propagates to out, the values of inl and in2
at thetime of recomputation are considered. This property iscaled inertia delay. Aninput pulsethat is
shorter than the delay of the assignment statement does not propagate to the output.

assign #10 out = inl & in2; // Delay in a continuous assign
Thewaveformin Figure 6-1 is generated by simulating the above assign statement. It showsthe delay on
sgnd out. Note the following change:

1

1. Whensgnasinlandin2 go high at time 20, out goesto ahigh 10 time unitslater (time = 30).
2.

N

When inl goeslow at 60, out changesto low at 70.

However, inl changesto high at 80, but it goes down to low before 10 time units have el apsed.

~w

4. Hence, a thetime of recomputation, 10 units after time 80, in1is0. Thus, out getsthe valueO.
A pulse of width less than the specified assignment delay is not propagated to the output.

Figure6-1. Delays

o
T
L
1
-
|

I
I
I
!
I
I
I
3

in2

|
Dut xxxx:-:l ll ;
time 10 20 0 60 70 80 85

Inertial delays also apply to gate delays, discussed in Chapter 5, Gate-Level Modding.
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6.3 Expressions, Operators, and Operands

Dataflow modeing describes the design in terms of expressionsinstead of primitive gates. Expressions,
operators, and operands form the basis of dataflow modeling.

6.3.1 Expressions

Expressions are constructs that combine operators and operands to produce a resullt.

/1 Exanpl es of expressions. Conbi nes operands and operators

a™b

addr 1[ 20: 17] + addr 2[ 20: 17]
inl | in2

6.3.2 Operands

Operands can be any one of the datatypes defined in Section 3.2, Data Types. Some congtructs will
take only certain types of operands. Operands can be constants, integers, real numbers, nets, registers,
times, bit-select (one bit of vector net or avector register), part-select (selected bits of the vector net or
register vector), and memories or function calls (functions are discussed later).

i nteger count, final_count;
final _count = count + 1;//count is an integer operand

real a, b, c;
c =a-b; //aand b are real operands

reg [15:0] regl, reg2
reg [3:0] reg_out;
reg out = regl[3:0] ™ reg2[3:0];//regl[3:0] and reg2[3:0] are
[l part-select register operands

reg ret_val ue;

ret_value = calculate_parity(A, B);//calculate parity is a
//function type operand

6.3.3 Operators

Operators act on the operands to produce desired results. Verilog provides various types of operators.
Operator types are discussed in detail in Section 6.4, Operator Types.

dl & d2 // && is an operator on operands dl and d2
'a[0] // ! is an operator on operand a[ 0]
B>>1// > is an operator on operands B and 1

[ TeamLiB]
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6.4 Operator Types

Verilog provides many different operator types. Operators can be arithmetic, logicd, relationd, equdlity,
bitwise, reduction, shift, concatenation, or conditional. Some of these operators are Smilar to the
operators used in the C programming language. Each operator type is denoted by asymbol. Table 6-1
shows the complete listing of operator symbols classified by category.

Table 6-1. Operator Types and Symbols

Operator Type Operator Symbol Operation Performed | Number of Operands
Arithmetic * multiply two
/ divide two
+ add two
- Subtract two
% modulus two
*x power (exponent) two
Logicd ! logical negetion one
&& logicd and two
I logica or two
Redationd > gregter than two
< lessthan two
>= grester than or equal two
<= lessthan or equad two
Equdity == equality two
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6.5 Examples

A design can be represented in terms of gates, data flow, or abehavioral description. In this section, we
consder the 4-to-1 multiplexer and 4-bit full adder described in Section 5.1.4, Examples. Previoudly,
these designs were directly trandated from the logic diagram into a gate-level Verilog description. Here,
we describe the same designsin terms of data flow. We dso discuss two additiona examples: a4-bit full
adder using carry lookahead and a4-bit counter using negative edge-triggered D-flipflops.

6.5.1 4-to-1 Multiplexer

Gate-level modeling of a4-to-1 multiplexer isdiscussed in Section 5.1.4, Examples. Thelogic diagram
for themultiplexer isgivenin Figure 5-5 and the gate-level Verilog description is shown in Example 5-5.
We describe the multiplexer, using dataflow statements. Compare it with the gate-level description. We
show two methods to modd the multiplexer by using dataflow statements.

Method 1: logic equation

We can use assgnment statements instead of gatesto model the logic equations of the multiplexer (see
Example 6-2). Notice that everything is same as the gate-level Verilog description except that
computation of out is done by specifying one logic equation by using operatorsinstead of individua gate
ingantiations. 1/0 ports remain the same. Thisisimportant so that the interface with the environment
does not change. Only theinternas of the module change. Notice how concise the descriptionis
compared to the gate-level description.

Example 6-2 4-to-1 Multiplexer, Using L ogic Equations

/1 Module 4-to-1 nmultiplexer using data flow. |ogic equation
/1 Conpare to gate-|evel nodel
nodul e mux4_to 1 (out, 10, i1, 12, i3, sl, s0);

/1 Port declarations fromthe I/O di agram

out put out;
input i0, i1, i2, i3
i nput s1, sO;

/1 Logi c equation for out

assign out = (~s1 & ~s0 & i0)|
(~s1 &s0 &il) |
(s1 & ~s0 & i2) |
(sl & sO0 &i3) ;

endnodul e

Method 2: conditional operator

There isamore concise way to specify the 4-to-1 multiplexers. In Section 6.4.10, Conditiona
Operator, we described how a conditiona statement corresponds to amultiplexer operation. We will
use this operator to write a4-to-1 multiplexer. Convince yourself that this description (Example 6-3)
correctly modelsamultiplexer.

Example 6-3 4-to-1 Multiplexer, Using Conditional Operators
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6.6 SUMmary

»  Continuous assgnment is one of the main congtructs used in dataflow modeling. A continuous
assgnment isadways active and the assgnment expression is eva uated as soon as one of the
right-hand-sde variables changes. The left-hand side of a continuous assgnment must be anet.
Any logic function can be redlized with continuous assgnments.

» Dday vduescontral the time between the change in aright-hand-sde variable and when the
new vaueis assgned to the left-hand side. Delays on anet can be defined in the assign
gtatement, implicit continuous assgnment, or net declaration.

* Assgnment statements contain expressions, operators, and operands.

» Theoperator typesare arithmetic, logicd, rdationd, equdity, bitwise, reduction, shift,
concatenation, replication, and conditiona. Unary operators require one operand, binary
operators require two operands, and ternary require three operands. The concatenation
operator can take any number of operands.

» Theconditional operator behaves like amultiplexer in hardware or like the if-then-el se statement
in programming languages.

» Dataflow description of acircuit is more concise than agate-level description. The 4-to-1
multiplexer and the 4-bit full adder discussed in the gate-level modeling chapter can dso be
designed by use of dataflow statements. Two dataflow implementations for both circuits were
discussed. A 4-hit ripple counter using negative edge-triggered D-flipflops was designed.
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6.7 Exercises

A full subtractor hasthree 1-bit inputsx, y, and z (previous borrow) and two 1-bit
outputs D (difference) and B (borrow). Thelogic equationsfor D and B are asfollows:.

D=xYy.z+x\yzZ+xy.Z+xyz

B=xy+x.z+yz

Writethe full Verilog description for the full subtractor module, including 1/0 ports
(Remember that + in logic equations corresponds to alogica or operator (||) in
dataflow). Instantiate the subtractor insde a stimulus block and test dll eight possible
combinations of X, y, and z given in the following truth table.

X y z B D
0 0 0 0 0
0 0 1 1 1
0 1 0 1 1
0 1 1 1 0
1 0 0 0 1
1 0 1 0 0
1 1 0 0 0
1 1 1 1 1

A magnitude comparator checksif one number is greater than or equal to or lessthan
another number. A 4-bit magnitude comparator takes two 4-bit numbers, A and B, as
input. We writethe bitsin A and B asfollows. The leftmost bit isthe most significant bit.

A =A3)A2) A(1) A(0)
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Chapter 7. Behavioral Modeling

With theincreasing complexity of digital design, it has become vitaly important to make wise design
decisions early in a project. Designers need to be able to eva uate the trade-offs of various architectures
and dgorithms before they decide on the optimum architecture and agorithm to implement in hardware.
Thus, architectural evaluation takes place at an agorithmic level where the designers do not necessarily
think in terms of logic gates or dataflow but in terms of the dgorithm they wish to implement in
hardware. They are more concerned about the behavior of the agorithm and its performance. Only after
the high-level architecture and agorithm are findized, do designers start focusing on building the digita
circuit to implement the dgorithm.

Verilog provides desgnersthe ability to describe design functiondity in an agorithmic manner. In other
words, the designer describes the behavior of the circuit. Thus, behaviora modeling representsthe
circuit at avery high leve of abodtraction. Design at thisleve resembles C programming more than it
resembles digita circuit design. Behaviord Verilog constructs are smilar to C language congtructsin
many ways. Verilogisrichin behaviora congructsthat provide the designer with agreat amount of
flexibility.

Learning Objectives

» Explainthe sgnificance of structured procedures ways and initia in behaviora modding.
»  Define blocking and nonblocking procedura assgnments.

»  Understand delay-based timing control mechanism in behaviord modeling. Useregular delays,
intracassgnment delays, and zero delays.

»  Describe event-based timing control mechanism in behavioral modeling. Use regular event
control, named event control, and event OR control.

» Uselevd-sengtivetiming control mechanism in behaviord modeling.

* Explanconditiond satementsusing if and else.

»  Describe multiway branching, using case, casex, and casez statements.
*  Understand looping statements such aswhile, for, repest, and forever.

» Define sequentiad and parale blocks.


http://www.thebeatlesforever.com/processtext/abcchm.html

ABC Amber CHM Converter Trial version, http://mww.thebeatlesfor ever .com/pr ocesstext/abechm.html

[TeamLiB] [rrevious lnesr o]

[TeamLiB] [ erevious [esr


NFO/lib.html
0130449113_ch06lev1sec7.html
0130449113_ch07lev1sec1.html
NFO/lib.html
0130449113_ch07.html
0130449113_ch07lev1sec2.html
http://www.thebeatlesforever.com/processtext/abcchm.html

ABC Amber CHM Converter Trial verson, http:/mww.thebeatlesfor ever .com/processtext/abechm.html

7.1 Structured Procedures

There are two structured procedure statementsin Verilog: aways and initid. These sdatements arethe
two most basic satementsin behaviorad modding. All other behaviora statements can appear only insde
these structured procedure statements.

Verilog isaconcurrent programming language unlike the C programming language, which is sequentid in
nature. Activity flowsin Verilog run in parale rather than in sequence. Each dwaysand initid statement
represents a separate activity flow in Verilog. Each activity flow startsat smulationtimeO. The
gatements dways and initia cannot be nested. The fundamenta difference between the two statements
isexplained in the following sections.

7.1.1initial Statement

All satementsingde aninitia statement condtitute aninitia block. Aninitial block sartsa time0,
executes exactly once during asmulation, and then does not execute again. If there are multipleinitial
blocks, each block starts to execute concurrently at time 0. Each block finishes execution independently
of other blocks. Multiple behaviord statements must be grouped, typically using the keywords begin and
end. If thereisonly one behaviord statement, grouping is not necessary. Thisissmilar to the begin-end
blocksin Pascal programming language or the{ } grouping in the C programming language. Example 7-1
illustratesthe use of theinitial Statement.

Example 7-1initial Statement

nodul e sti nul us;
reg x,y, a,b, m

initial
m= 1'b0; //single statenent; does not need to be grouped

initial
begi n
#5 a = 1'b1; //multiple statenments; need to be grouped
#25 b = 1' b0;
end
initial
begi n
#10 x = 1' bO;
#25 y = 1' bil;
end
initial
#50 $finish;
endnmodul e

In the above example, the three initid statements start to executein pardld at timeO. If adday
#<ddlay> is seen before a statement, the statement is executed <delay> time units after the current
amulation time. Thus, the execution sequence of the satementsingde theinitia blockswill be asfollows.

time st at enent execut ed
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7.2 Procedural Assignments

Procedura assignments update values of reg, integer, red, or time variables. The vaue placed ona
variable will remain unchanged until another procedural assignment updates the variable with adifferent
value. These are unlike continuous assignments discussed in Chapter 6, Dataflow Modeling, where one
assignment statement can cause the vaue of the right-hand-side expression to be continuoudy placed
onto the |eft-hand-side net. The syntax for the smplest form of procedural assgnment is shown below.

assignment ::= variable |Ivalue = [ delay_or _event control ]
expr essi on

Theleft-hand side of aprocedura assignment <lvalue> can be one of the following:

* Arreg, integer, red, or timeregister variable or amemory eement
» A bit select of these variables (e.g., addr[0])

* A part sdlect of these variables (e.g., addr[31:16])

» A concatenation of any of the above

The right-hand side can be any expression that evauatesto avaue. In behaviord modding, al operators
ligedin Table 6-1 on page 96 can be used in behaviora expressions.

There are two types of procedura assgnment statements: blocking and nonblocking.

7.2.1 Blocking Assignments

Blocking assgnment statements are executed in the order they are specified in asequentia block. A
blocking assgnment will not block execution of statementsthat follow in apardld block. Both paralld
and sequentia blocks are discussed in Section 7.7, Sequential and Parallel Blocks. The = operator is
used to specify blocking assgnments.

Example 7-6 Blocking Statements

reg x, y, z;
reg [15:0] reg_a, reg_b;
i nteger count;

/1A'l behavioral statenments must be inside an initial or always bl ock
initial
begi n

x =0; y=1; z =1; //Scal ar assignnents

count = 0; //Assignnent to integer vari abl es
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7.3 Timing Controls

Various behaviora timing control congtructs are availablein Verilog. In Verilog, if thereareno timing
control statements, the smulation time does not advance. Timing controls provide away to specify the
smulation time a which procedura statementswill execute. There are three methods of timing control:
ddlay-based timing control, event-based timing control, and level-sengitive timing contral.

7.3.1 Delay-Based Timing Control

Delay-based timing control in an expression specifies the time duration between when the Statement is
encountered and when it is executed. We used delay-based timing control statements when writing few
modules in the preceding chapters but did not explain them in detail. In this section, we will discuss
delay-based timing control statements. Delays are specified by the symbol #. Syntax for the delay-based
timing control statement is shown below.

delay3 ::= # delay value | # ( delay_value [ , delay_value [ ,
delay value ] 1 )
delay2 ::= # delay value | # ( delay _value [ , delay_value ] )

delay value ::=
unsi gned_nunber
| paraneter_identifier
| specparam.i dentifier
| m ntypnmax_expression

Delay-based timing control can be specified by anumber, identifier, or amintypmax_expression. There
arethreetypes of delay control for procedura assgnments. regular delay contral, intra-assgnment delay
control, and zero delay control.

Regular delay control

Regular delay control is used when anon-zero delay is specified to the left of a procedurd assignment.
Usage of regular delay control isshown in Example 7-10.

Example 7-10 Regular Delay Control

/1 define paraneters
paraneter |atency = 20;
paraneter delta = 2;

/1 define register variabl es

reg x, v, z, p, Q;
initial
begi n
/1 no delay control

x = 0;
#10y = 1; // delay control with a nunmber. Delay execution of
/1y =1 by 10 units

#latency z = 0; // Delay control with identifier. Delay of 20 units
#(latency + delta) p = 1; // Delay control with expression

#y x = x + 1; // Delay control with identifier. Take val ue of vy.

#(4:5:6) g = 0; // Mnimm typical and maxi rum del ay val ues.
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7.4 Conditional Statements

Conditiona statements are used for making decisions based upon certain conditions. These conditions
are used to decide whether or not a statement should be executed. Keywordsif and el se are used for
conditiona statements. There are three types of conditional statements. Usage of conditional statements
isshown below. For forma syntax, see Appendix D, Forma Syntax Definition.

//Type 1 conditional statenment. No el se statenent.
/1 Statement executes or does not execute.
if (<expression>) true_statenent ;

/1 Type 2 conditional statenment. One el se statenent
//Either true_statenent or false statenent is eval uated
if (<expression>) true_statenent ; else false statenent ;

/1 Type 3 conditional statement. Nested if-else-if.

/1 Choice of multiple statenents. Only one is executed.
if (<expressionl>) true_statenentl ;

else if (<expression2>) true_statenent2 ;

el se if (<expression3>) true_statenment3 ;

el se default _statenment ;

The <expresson> isevauated. If itistrue (1 or anon-zero vaue), the true_statement is executed.
However, if it isfase (zero) or ambiguous (X), thefase statement is executed. The <expression> can
contain any operators mentioned in Table 6-1 on page 96. Each true_statement or false_statement can
be asingle statement or ablock of multiple statements. A block must be grouped, typicaly by using
keywords begin and end. A single statement need not be grouped.

Example 7-18 Conditional Statement Examples

/1 Type 1 statenents
if(!lock) buffer = data;
if(enable) out = in;

/] Type 2 statenents
i f (number_queued < MAX_Q DEPTH)

begi n

dat a_queue = dat a;

nunber _queued = nunber _queued + 1;
end
el se

$di spl ay("Queue Full. Try again");

/] Type 3 statenents
// Execute statenments based on ALU control signal.

if (alu_control == 0)
y = X + z;

else if(alu_control == 1)
y =X - z;

el se if(alu_control == 2)
y = x * z;

el se

$di splay("Invalid ALU control signal");
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7.5 Multiway Branching

Intype 3 conditiond statement in Section 7.4, Conditional Statements, there were many dternatives,
from which one was chosen. The nested if-else-if can become unwiddy if there are too many
aternatives. A shortcut to achieve the same result isto use the case statement.

7.5.1 case Statement

The keywords case, endcase, and default are used in the case statement...

case (expression)
alternativel: statenentl;
alternative2: statenent?2;
alternative3: statenents3;

default: default_statenent;
endcase

Each of satementl, statement2 , default_statement can be asingle statement or ablock of multiple
statements. A block of multiple statements must be grouped by keywords begin and end. The
expression is compared to the aternativesin the order they are written. For the first ternative that
matches, the corresponding statement or block is executed. If none of the aternatives matches, the
default_statement is executed. The default_statement is optiond. Placing of multiple default statementsin
one case satement is not allowed. The case stlatements can be nested. The following Verilog code
implements the type 3 conditiona statement in Example 7-18.

/] Execute statenments based on the ALU control signal
reg [1:0] alu_control

case (alu_control)

2'd0 1y = x + z;

2'dl : y =x - z;

2'd2 1y =x * z;

default : $display("Invalid ALU control signal");
endcase

The case statement can also act like amany-to-one multiplexer. To understand this, let us model the
4-to-1 multiplexer in Section 6.5, Examples, on page 106, using case statements. The 1/O portsare
unchanged. Notice that an 8-to-1 or 16-to-1 multiplexer can aso be easily implemented by case
Satements.

Example 7-19 4-to-1 Multiplexer with Case Statement

nodul e nux4_to_1 (out, 10, i1, i2, i3, sl, s0);

/1 Port declarations fromthe I/O di agram

out put out;
input i0, i1, i2, i3
i nput s1, sO;

reg out;
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7.6 Loops

There are four types of looping statementsin Verilog: while, for, repesat, and forever. The syntax of these
loopsisvery smilar to the syntax of loopsin the C programming language. All looping statements can
appear only insgde an initia or dways block. Loops may contain delay expressions.

7.6.1 While Loop

The keyword whileis used to pecify thisloop. The whileloop executes until the while-expressonisnot
true. If theloop is entered when the while-expression is not true, the loop is not executed at dl. Each
expression can contain the operatorsin Table 6-1 on page 96. Any logica expression can be specified
with these operators. If multiple statements are to be executed in the loop, they must be grouped
typically usng keywords begin and end. Example 7-22 illustrates the use of the whileloop.

Example 7-22 While L oop

[/1llustration 1: Increnent count fromO to 127. Exit at count 128.
/1 Display the count variable
i nt eger count;

initial
begi n

count = 0;

while (count < 128) //Execute loop till count is 127.

/lexit at count 128
begi n
$di spl ay(" Count = %", count);
count = count + 1,

end

end

/l1llustration 2;: Find the first bit with a value 1 in flag (vector variable)
"define TRUE 1'bl';

" define FALSE 1' bO;

reg [15:0] flag;

integer i; //integer to keep count

reg continue;

initial

begi n
flag = 16'b 0010_0000_0000_0000;
i = 0;
conti nue = ' TRUE;

while((i < 16) && continue ) //Miltiple conditions using operators.
begin
if (flag[i])
begi n
$di spl ay("Encountered a TRUE bit at el enent number %", i);
continue = ' FALSE
end
i =i + 1
end
end

) —
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7.7 Sequential and Parallel Blocks

Block statements are used to group multiple statements to act together as one. In previous examples, we
used keywords begin and end to group multiple statements. Thus, we used sequentia blocks wherethe
statementsin the block execute one after another. In this section we discuss the block types. sequentia
blocks and parallel blocks. We aso discuss three specid features of blocks: named blocks, disabling
named blocks, and nested blocks.

7.7.1 Block Types

There are two types of blocks: sequentia blocks and parallel blocks.

Sequential blocks

The keywords begin and end are used to group statements into sequentia blocks. Sequentia blocks
have the following characteristics:

* Thestatementsin asequentia block are processed in the order they are specified. A statement
isexecuted only after its preceding statement completes execution (except for nonblocking
assgnmentswith intra-assgnment timing contral).

» |f dday or event control is pecified, it isrelative to the smulation time when the previous
statement in the block completed execution.

We have used numerous examples of sequential blocksin thisbook. Two more examples of sequential
blocks are given in Example 7-26. Statementsin the sequentia block executein order. In lllustration 1,
thefind valuesarex=0,y=1,z=1,w=2a smulationtimeO. In lllugtration 2, the find values are the
same except that the smulation timeis 35 a the end of the block.

Example 7-26 Sequential Blocks

[l11lustration 1: Sequential block w thout delay

reg x, vy,
reg [1:0] z, w

initial

begi n
x = 1'bO;
y = 1'bl;
z = {x, y}h
w={y, x};

end

/111 lustration 2: Sequential blocks wth del ay.
reg x, vy,

reg [1:0] z, w
initial
beqgi n
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7.8 Generate Blocks

Generate satements alow Verilog code to be generated dynamicaly at €l aboration time before the
gmulation begins. Thisfacilitates the creation of parametrized models. Generate tatements are
particularly convenient when the same operation or module instanceis repeated for multiple bits of a
vector, or when certain Verilog codeis conditiondly included based on parameter definitions.

Generate statements allow control over the declaration of variables, functions, and tasks, aswell as
control over ingtantiations. All generate instantiations are coded with amodule scope and require the
keywords generate - endgenerate.

Generated ingtantiations can be one or more of the following types.

e Modules

*  User defined primitives

* Verilog gate primitives

»  Continuous assgnments

e initid and dwaysblocks

Generated declarations and instantiations can be conditiondly instantiated into a design. Generated
variable declarations and ingtantiations can be multiply instantiated into adesign. Generated instances
have unique identifier names and can be referenced hierarchicaly. To support interconnection between
structura dementsand/or procedura blocks, generate statements permit the following Verilog data
typesto be declared within the generate scope:

s ne,reg

* integer, red, time, redtime

Generated datatypes have unique identifier names and can be referenced hierarchicaly.

[ o T T Y - L T T Y LY T Y Y T T T T Y Y LY
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7.9 Examples

In order toillustrate the use of behaviora constructs discussed earlier in this chapter, we consider three
examplesin this section. Thefirst two, 4-to-1 multiplexer and 4-bit counter, are taken from Section 6.5,
Examples. Earlier, these circuits were designed by using dataflow statements. We will model these
circuitswith behaviord statements. The third exampleisanew example. We will desgn atraffic sgnd
controller, using behaviord congructs, and smulateit.

7.9.1 4-to-1 Multiplexer

We can define a4-to-1 multiplexer with the behaviora case statement. This multiplexer was defined, in
Section 6.5.1, 4-to-1 Multiplexer, by dataflow statements. It is described in Example 7-35 by
behaviora congtructs. The behavioral multiplexer can be substituted for the dataflow multiplexer; the
amulation resultswill beidentical.

Example 7-35 Behavioral 4-to-1 Multiplexer

/1l 4-to-1 multiplexer. Port list is taken exactly from
/1 the 1/0O diagram
modul e mux4_to_1 (out, 10, i1, i2, i3, sl, s0);

/1 Port declarations fromthe I/O di agram
out put out;
input 10, i1, i2, i3

i nput s1, sO;
//out put declared as register
reg out;

//reconpute the signal out if any input signal changes.
/1A'l input signals that cause a reconputation of out to
//occur nmust go into the always @...) sensitivity list.
al ways @sl1 or sO or i0O or i1 or i2 or i3)

begi n
case ({sl1, s0})
2'b00: out =i0;
2'b01: out =i1;
2'b10: out =1i2;
2'bll: out =1i3;
default: out = 1'bx;
endcase

end

endnodul e

7.9.2 4-bit Counter

In Section 6.5.3, Ripple Counter, we designed a4-bit ripple carry counter. We will now design the 4-bit
counter by using behaviord statements. At dataflow or gate level, the counter might be designedin
hardware asripple carry, synchronous counter, etc. But, at abehaviora level, wework at avery high
levd of abstraction and do not care about the underlying hardware implementation. We will design only
functiondity. The counter can be designed by using behaviora congtructs, as shown in Example 7-36.
Notice how concise the behaviora counter description is compared to its dataflow counterpart. If we
subgtitute the counter in place of the dataflow counter, the smulation resultswill be exactly the same,
assumina that there are no x and z values on the inputs.
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/.10 Summary

We discussed digitd circuit design with behaviora Verilog congtructs.

A behaviord description expressesadigital circuit in terms of the dgorithmsit implements. A
behaviora description does not necessarily include the hardware implementation details.
Behaviord modeling isused intheinitid stages of adesign processto evaduate various
design-related trade-offs. Behavioral modding is smilar to C programming in many ways.

Structured proceduresinitial and dwaysform the basis of behaviora modeling. All other
behaviora statements can appear only inddeinitia or dwaysblocks. Aninitia block executes
once; an aways block executes continuoudy until Smulation ends.

Procedurd assgnments are used in behaviora modeling to assign vauesto register variables.
Blocking assignments must complete before the succeeding statement can execute. Nonblocking
assignments schedule assgnments to be executed and continue processing to the succeeding
Satement.

Deay-based timing control, event-based timing control, and level-sengitive timing control are
three waysto control timing and execution order of satementsin Verilog. Regular delay, zero
delay, and intra-ass gnment delay are three types of delay-based timing control. Regular event,
named event, and event OR are three types of event-based timing control. The wait satement is
used to mode! level-sengtivetiming control.

Conditiond statements are modeled in behaviora Verilog with if and €lse satements. If thereare
multiple branches, use of case statementsis recommended. casex and casez are specia cases of
the case statement.

Keywordswhile, for, repesat, and forever are used for four types of looping statementsin
Verilog.

Sequential and pardld aretwo types of blocks. Sequentia blocks are specified by keywords
begin and end . Parallel blocks are expressed by keywords fork and join. Blocks can be nested
and named. If ablock is named, the execution of the block can be disabled from anywherein
the design. Named blocks can be referenced by hierarchica names.

Generate statements dlow Verilog code to be generated dynamicaly at elaboration time before
the Smulation begins. Thisfacilitates the crestion of parametrized moddls. Generate Statements
are particularly convenient when the same operation or module instance is repeated for multiple
bits of avector, or when certain Verilog code is conditionally included based on parameter
definitions. Generate loop, generate conditiona, and generate case are the three types of
generate statements.
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7.11 Exercises

Declare aregiger cdled ostillate. Initidizeit to O
and make it toggle every 30 time units. Do not use
aways satement (Hint: Usethe forever loop).

Design aclock with time period = 40 and a duty
cycleof 25% by usang thedwaysandinitid
satements. The vaue of clock at time = 0 should
beinitidized to O.

Given below isaninitia block with blocking
procedura assignments. At what smulaiontimeis
each statement executed? What are the
intermediate and find vauesof a, b, c, d?

initial

begi n
a = 1'bo;

#10 1' b1,

#5 1' bO;

#20 {a, b, c};

b
c
d

end

Repeat exercise 3 if nonblocking procedura
assgnments were used.

What isthe order of execution of satementsin the
following Verilog code? Isthere any ambiguity in
the order of execution? What are thefina vaues of
a b, c, d?

initial
begi n

end
initial
begi n
b = 1'b1;
#0 d = a;
end

What isthefind valueof dinthefollowing
example? (Hint: Seeintra-assgnment delays.)

initial

hoarn: n
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Chapter 8. Tasksand Functions

A designer isfrequently required to implement the same functiondity at many placesin abehaviord
design. This meansthat the commonly used parts should be abstracted into routines and ther outines
must be invoked instead of repesting the code. Most programming languages provide procedures or
subroutines to accomplish this. Verilog provides tasks and functionsto break up large behavioral designs
into smaller pieces. Tasks and functions alow the designer to abstract Verilog code that is used a many
placesin the design.

Tasks haveinput, output, and inout arguments, functions have input arguments. Thus, values can be
passed into and out from tasks and functions. Considering the analogy of FORTRAN, tasks are smilar
to SUBROUTINE and functions are smilar to FUNCTION.

Tasks and functions are included in the design hierarchy. Like named blocks, tasks or functions can be
addressed by means of hierarchica names.

Learning Objectives

Describe the differences between tasks and functions.

I dentify the conditions required for tasks to be defined. Understand task declaration and
invocetion.

Explain the conditions necessary for functionsto be defined. Understand function declaration
and invocation.
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8.1 Differences between Tasks and Functions

Tasks and functions serve different purposesin Verilog. We discuss tasks and functionsin greater detail
in thefollowing sections. However, firgt it isimportant to understand differences between tasks and

functions, asoutlinedin Table 8-1.

Table 8-1. Tasks and Functions

Functions

Tasks

A function can enable another function but not
another task.

A task can enable other tasks and functions.

Functions dways executein O smulation time.

Tasks may execute in non-zero smulation time.

Functions must not contain any delay, event, or
timing control statements.

Tasks may contain delay, event, or timing control
Satements.

Functions must have at least one input argument.
They can have more than oneinpt.

Tasks may have zero or more arguments of type
input, output, or inout.

Functionsdwaysreturn asinglevaue. They
cannot have output or inout arguments.

Tasks do not return with avalue, but can pass
multiple vaues through output and inout
arguments,

Both tasks and functions must be defined in amodule and are loca to the module. Tasks are used for
common Verilog code that contains delays, timing, event constructs, or multiple output arguments.
Functions are used when common Verilog codeis purely combinational, executesin zero smulation
time, and provides exactly one output. Functions are typically used for conversions and commonly used

caculations.

Tasks can haveinput, output, and inout arguments; functions can have input arguments. In addition, they
can havelocal variables, regigters, time variables, integers, red, or events. Tasks or functions cannot
have wires. Tasks and functions contain behaviora statements only. Tasks and functions do not contain
awaysor initia statements but are caled from aways blocks, initia blocks, or other tasks and functions.
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8.2 Tasks

Tasks are declared with the keywords task and endtask. Tasks must be used if any one of the following
conditionsistrue for the procedure:

There are delay, timing, or event control constructs in the procedure.

»  The procedure has zero or more than one output arguments.

The procedure has no input arguments.

8.2.1 Task Declaration and I nvocation

Task declaration and task invocation syntax are asfollows.

Example 8-1 Syntax for Tasks

task_declaration ::=
task [ automatic ] task_identifier
{ task_itemdeclaration }
st at enent
endt ask
| task [ automatic ] task identifier ( task port list ) ;
{ block itemdeclaration }
st at enent
endt ask

task_itemdeclaration ::=
bl ock_item decl aration
| { attribute_ instance } tf_input_declaration
| { attribute_instance } tf _output _declaration ;
| { attribute_ instance } tf_inout _declaration
task_port list ::= task port_item{ , task port_item}
task_port item::=
{ attribute_instance } tf_input_declaration
| { attribute_ instance } tf_output _declaration
| { attribute_ instance } tf_inout _declaration
tf _input_declaration ::=
input [ reg] [ signed ] [ range ] list _of port _identifiers
| input [ task port type ] list_of port_identifiers
tf _output_declaration ::=
output [ reg] [ signed ] [ range ] list_of port _identifiers
| output [ task port type ] list_of port _identifiers
tf _inout _declaration ::=
inout [ reg] [ signed ] [ range ] list _of port _identifiers
| inout [ task port type ] list_of port_identifiers
task_port type ::=
time | real | realtine | integer

I/O declarations use keywords input, output, or inout, based on the type of argument declared. Input
and inout arguments are passed into the task. | nput arguments are processed in the task statements.
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8.3 Functions

Functions are declared with the keywords function and endfunction. Functions are used if al of the
following conditions are true for the procedure:

* Thereare no dday, timing, or event control constructsin the procedure.

* Theprocedurereturnsasingle value.

» Thereisat least oneinput argument.

» Thereareno output or inout arguments.

»  There are no nonblocking assgnments.

8.3.1 Function Declar ation and I nvocation

The syntax for functionsisfollows

Example 8-6 Syntax for Functions

function_declaration ::=
function [ automatic ] [ signed ] [ range_or _type ]
function_identifier ;
function_itemdeclaration { function_itemdeclaration }
function_st at enent
endfunction
| function [ automatic ] [ signed ] [ range_or_type ]
function_identifier (function_ port list ) ;
bl ock_itemdeclaration { block itemdeclaration }
function_stat enent
endfunction
function_itemdeclaration ;:=
bl ock_item decl aration
| tf_input_declaration ;

function_ port list ::={ attribute_instance } tf_input_declaration {,
{ attribute instance } tf _input_declaration }
range_or_type ::=range | integer | real | realtinme | tinme

There are some peculiarities of functions. When afunction is declared, aregister with name
function_identifer isdeclared implicitly ingde Verilog. The output of afunction is passed back by setting
the value of the register function identifer gppropriately. The function isinvoked by specifying function
name and input arguments. At the end of function execution, the return valueis placed where the function
was invoked. The optiond range _or_type specifiesthe width of the interna register. If no range or type
isspecified, the default bit width is 1. Functions are very smilar to FUNCTION in FORTRAN.
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8.4 Summary

In this chapter, we discussed tasks and functions used in behavior Verilog modeling.

[ TeamLiB]

[TeamLiB]

Tasks and functions are used to define common Verilog functiondity that is used at many places
in the design. Tasks and functions help to make amodule definition more readable by breaking it
up into manageable subunits. Tasks and functions serve the same purposein Verilog as
subroutinesdoin C.

Tasks can take any number of input, inout, or output arguments. Delay, event, or timing control
congtructs are permitted in tasks. Tasks can enable other tasks or functions.

Re-entrant tasks defined with the keyword automatic allow each task cal to operatein an
independent space. Therefore, re-entrant tasks work correctly even with concurrent tasks calls.

Functions are used when exactly one return vaueisrequired and at least one input argument is
specified. Delay, event, or timing control constructs are not permitted in functions. Functions can
invoke other functions but cannot invoke other tasks.

A regigter with name as the function nameis declared implicitly when afunction isdeclared. The
return value of the function is passed back in thisregister.

Recursive functions defined with the keyword automatic alow each function call to operatein an
independent space. Therefore, recursive or concurrent cals to such functions will work correctly.

Tasks and functions are included in adesign hierarchy and can be addressed by hierarchica
name referencing.
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8.5 Exercises

Define afunction to caculate the factorid of a4-bit
number. The output isa 32-bit vaue. Invokethe
function by using simulus and check results.

Define afunction to multiply two 4-bit numbersa
and b. The output isan 8-bit value. Invoke the
function by using stimulus and check results

Define afunction to design an 8-function ALU that
takes two 4-bit numbers aand b and computes a
5-bit result out based on a 3-bit select sgndl.
Ignore overflow or underflow bits.

Select Signal Function Output
3'b000 a

3'h001 a+b

3b010 a-b

3b011 alb

3'b100 a% 1 (remainder)
3'b101 a<<l1

3b110 a>>1

3bl1l1l (a>b) (magnitude
compare)

Define atask to compute the factorial of a4-bit
number. The output isa 32-bit value. Theresultis
assigned to the output after adeay of 10 time units.

Define atask to compute even parity of a 16-bit
number. Theresultisa 1-bit vauethat isassigned

IR PR TR T of RPN 1 PRl TS PR <y Gy
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Chapter 9. Useful Modeling Techniques

We learned the basic features of Verilog in the preceding chapters. In this chapter. we will discuss
additiond featuresthat enhance the Verilog language, making it powerful and flexible for modding and
andyzing adesign.

Learning Objectives

»  Describe procedura continuous assignment statements assign, deassign, force, and release.
Explain ther Sgnificance in modding and debugging.

* Understand how to override parameters by using the defparam statement at the time of module
ingantiation.

* Explain conditional compilation and execution of parts of the Verilog description.
o |dentify system tasksfor file output, displaying hierarchy, strobing, random number generation,
memory initidization, and vaue change dump.
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9.1 Procedural Continuous Assignments

We studied procedural assgnmentsin Section 7.2, Procedurd Assignments. Procedura assignments
assgn avaueto aregiger. Thevaue staysin the register until another procedura assignment puts
another valuein that register. Procedura continuous assignments behave differently. They are procedura
gsatements which alow vaues of expressonsto be driven continuoudy onto registers or netsfor limited
periods of time. Procedura continuous assignments override existing assgnmentsto aregister or net.
They provide an useful extension to the regular procedurd assignment statement.

9.1.1 assign and deassign

The keywords assign and deassign are used to express the first type of procedura continuous
assgnment. Theleft-hand side of procedura continuous assignments can be only be aregister or a
concatenation of registers. It cannot be a part or bit select of anet or an array of registers. Procedura
continuous assignments override the effect of regular procedura assgnments. Procedura continuous
assgnments are normally used for controlled periods of time.

A smple exampleisthe negative edge-triggered D-flipflop with asynchronous reset that we modeled in
Example 6-8. In Example 9-1, we now mode the same D_FF, using assign and deassign statements.

Example 9-1 D-Flipflop with Procedural Continuous Assgnments

/1 Negative edge-triggered D-flipflop with asynchronous reset
nodul e edge_dff(q, gbar, d, clk, reset);

/1 Inputs and outputs

out put q, gbar

i nput d, clk, reset;

reg q, gbar; //declare g and gbar are registers

al ways @ negedge cl k) //assign value of q & gbar at active edge of clock.
begi n

q = d;

gbar = ~d;
end

al ways @reset) //Override the regular assignnents to q and qgbar
/ I whenever reset goes high. Use of procedural continuous
/] assi gnment s.
if(reset)
begin //if reset is high, override regular assignments to g with
/1the new val ues, using procedural continuous assignnent.
assign g = 1'bo;
assign gbar = 1'bil;
end
el se
begin //If reset goes |ow, renove the overriding val ues by
/I deassigning the registers. After this the regular
/lassignments q = d and gbar = ~d will be able to change
//the registers on the next negative edge of clock
deassign q;
deassi gn gbar;
end

endnodul e
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9.2 Overriding Parameters

Parameters can be defined in amodule definition, as was discussed earlier in Section 3.2.8, Parameters.
However, during compilation of Verilog modules, parameter values can be dtered separately for each
module instance. Thisalows usto passadigtinct set of parameter vaues to each module during
compilation regardless of predefined parameter values.

There are two waysto override parameter vaues: through the defparam statement or through module
ingtance parameter value assgnment.

9.2.1 defparam Statement

Parameter values can be changed in any module instance in the design with the keyword defparam. The
hierarchical name of the module instance can be used to override parameter values. Consider Example
9-2, which uses defparam to override the parameter values in module instances.

Example 9-2 Defparam Statement

/1 Define a nodule hello world
nodul e hell o_worl d;
parameter id num= 0; //define a nodule identification nunber = 0

initial //display the nodule identification nunber
$di splay("Di splaying hello_world id nunber = %", id_nun);
endnodul e

//define top-1evel nodule

nodul e top;

/'l change paraneter values in the instantiated nodul es
/1 Use def param st at enent

defparamwl.id num= 1, w2.id_num= 2;

/linstantiate two hello_world nodul es
hel lo_world wi();
hello_world w2();

endnodul e

In Example 9-2, the module hello_world was defined with adefault id_num = 0. However, when the
module instances w1 and w2 of thetype hello_world are cregted, their id_num values are modified with
the defparam statement. If we smulate the above design, we would get the following outpuit:

1
2

Di spl aying hello_world id nunber
Di spl aying hello_world id nunber

Multiple defparam statements can appear in amodule. Any parameter can be overridden with the
defparam statement. The defparam construct is now considered to be abad coding styleand it is
recommended that aternative styles be used in Verilog HDL code.
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9.3 Conditional Compilation and Execution

A portion of Verilog might be suitable for one environment but not for another. The designer does not
wish to create two versions of Verilog design for the two environments. Instead, the designer can specify
that the particular portion of the code be compiled only if acertain flag is set. Thisiscaled conditiona
compilation.

A designer might aso want to execute certain parts of the Verilog design only when aflagisset a run
time. Thisiscdled conditiond execution.

9.3.1 Conditional Compilation

Conditiond compilation can be accomplished by using compiler directives “ifdef, “ifndef, "ese, “esf, and
“endif. Example 9-5 contains Verilog source code to be compiled conditionally.

Example 9-5 Conditional Compilation

/1 Condi tional Conpilation

/I Exanple 1

"ifdef TEST //conpile nodule test only if text macro TEST is defined
nodul e test;

endnodul e
"else //conpile the nmodul e stimulus as default
nodul e sti mul us;

endnodul e
"endif //conpletion of '"ifdef directive

/I Exanpl e 2
nodul e top;

bus nmaster bl(); //instantiate nodul e unconditionally
"ifdef ADD B2
bus_master b2(); //b2 is instantiated conditionally if text macro
/1 ADD B2 is defined
"elsif ADD B3
bus master b3(); //b3 is instantiated conditionally if text macro
/1 ADD B3 is defined
"el se
bus_master b4(); //b4 is instantiate by default
"endi f

"ifndef | GNORE _B5
bus master b5(); //b5 is instantiated conditionally if text macro
/11 GNORE_B5 is not defined
"endi f
endnodul e

The "ifdef and “ifndef directives can appear anywherein the design. A designer can conditionaly compile
statements, modules, blocks, declarations, and other compiler directives. The “else directiveisoptiond.
A maximum of one “ese directive can accompany an “ifdef or “ifndef. Any number of “elsf directives can
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9.4 Time Scales

Often, inasingle smulation, delay valuesin one module need to be defined by using certain time unit,
eg. 1 s and delay vauesin another module need to be defined by using adifferent time unit, e.g. 100
ns. Verilog HDL dlowsthe reference time unit for modules to be specified with the “timescale compiler
directive.

Usage ‘timescde <reference _time_unit>/ <time_precison>

The <reference_time_unit> specifiesthe unit of measurement for timesand delays. The
<time_precison> specifiesthe precision to which the delays are rounded off during smulation. Only 1,
10, and 100 are valid integers for specifying time unit and time precison. Consder the two modules,
dummy1 and dummy2, in Example 9-8.

Example 9-8 Time Scales

/I Define a tine scale for the nodul e dummyl
// Reference time unit is 100 nanoseconds and precision is 1 ns
“timescale 100 ns / 1 ns
nodul e dunmyl;
reg toggle;
/[linitialize toggle
initial
toggle = 1'bO;

//Flip the toggle register every 5 tinme units

//ln this nodule 5 time units = 500 ns = .5 7s
al ways #5
begi n

toggl e = ~toggl e;
$display("% , In %ntoggle = % ", $tine, toggle);
end
endnodul e
/I Define a tine scale for the nodul e dummy?2
// Reference time unit is 1 microsecond and precision is 10 ns
“timescale 1 us / 10 ns
nodul e dunmy?2;
reg toggle;
/linitialize toggle
initial
toggle = 1'bO;

/IFlip the toggle register every 5 tinme units

//ln this nodule 5 tinme units =5 ?s = 5000 ns
al ways #5
begi n

toggl e = ~toggl e;
$display("% , In %ntoggle = % ", $tine, toggle);

and
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9.5 Useful System Tasks

In this section, we discuss the system tasks that are useful for avariety of purposesin Verilog. We
discuss system tasks [1] for file output, displaying hierarchy, strobing, random number generation,
memory initidization, and va ue change dump.

[1] Other system tasks such as $signed and $unsigned used for sign conversion are not discussed in this
book. For details, please refer to the "|EEE Standard V erilog Hardware Description Language”
document.

9.5.1 File Output

Output from Verilog normaly goesto the standard output and the file verilog.log. It is possibleto
redirect the output of Verilog to achosenfile.

Opening afile
A file can be opened with the system task $fopen.

Usage: $fopen("<name_of_file>"); [2]

[2] The"IEEE Standard Verilog Hardware Description Language' document provides additiona
capabilities for $fopen. The $fopen syntax mentioned in this book is adequate for most purposes.
However, if you need additional capabilities, please refer to the "|EEE Standard Verilog Hardware
Description Language' document.

Usage: <file_handle> = $fopen("'<name_of file>");

The task $fopen returns a 32-hit value called amultichanne descriptor.[3] Only onebitissetina
multichannel descriptor. The standard output has amultichannd descriptor with the least Significant bit
(bit 0) set. Standard output isaso caled channd 0. The standard output is dways open. Each
successive cal to $fopen opens anew channd and returns a 32-bit descriptor with bit 1 set, bit 2 s,
and so on, up to bit 30 set. Bit 31 isreserved. The channe number correspondsto the individua bit set
in the multichannel descriptor. Example 9-9 illustrates the use of file descriptors.

[3] The"IEEE Standard Verilog Hardware Description Language' document provides amethod for
opening up to 230 files by using asingle-channe file descriptor. Please refer to it for details.

Example 9-9 File Descriptors

/1Ml tichannel descriptor
i nteger handl el, handle2, handle3; //integers are 32-bit val ues

//standard output is open; descriptor = 32'h0000_0001 (bit O set)

initial

begi n
handl el
handl e2

Tl o~

$fopen("filel.out"); //handl el 32' h0000_0002 (bit 1 set)
$fopen("file2.out"); //handle2 32' h0000_0004 (bit 2 set)

~r o~ a Il o~ AL LA A O ~
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9.6 SUmmary

In this chapter, we discussed the following aspects of Verilog:

Procedura continuous assignments can be used to override the assignments on registers and
nets. assign and deassign can override assignments on registers. force and rel ease can override
assgnments on registers and nets. assign and deassign are used in the actud design. force and
release are used for debugging.

Parameters defined in a module can be overridden with the defparam statement or by passing a
new va ue during module ingtantiation. During module ingtantiation, parameter va ues can be
assigned by ordered list or by name. It is recommended to use parameter assgnment by name.

Compilation of parts of the design can be made conditional by using the 'ifdef, 'ifndef, ‘e sif, 'ese,
and 'endif directives. Compilation flags are defined at compile time by using the “define statement.

Execution is made conditiona in Verilog smulators by means of the $test$plusargs system task.
The execution flags are defined at run time by +<flag_name>.

Up to 30 files can be opened for writing in Verilog. Each fileis assigned a bit in the multichannel
descriptor. The multichannel descriptor concept can be used to write to multiplefiles. The IEEE
Standard Verilog Hardware Description Language document describes more advanced way's of
doingfilel/O.

Hierarchy can be displayed with the %m option in any display statement.

Strobing isaway to digplay values a a certain time or event after dl other satementsin that time
unit have executed.

Random numbers can be generated with the system task $random. They are used for random
test vector generation. $random task can generate both positive and negative numbers.

Memory can be initialized from adatafile. The datafile contains addresses and data. Addresses
can aso be specified in memory initidlization tasks,

Vaue Change Dump isa popular format used by many designersfor debugging with
postprocessing tools. Verilog alows al or salected module variables to be dumped to the VCD
file. Various system tasks are available for this purpose.
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9.7 Exercises

Using assign and deassign statements, design a
positive edge-triggered D-flipflop with asynchronous
clear (g=0) and preset (0=1).

Using primitive gates, design a 1-bit full adder FA.
Instantiate the full adder insde astimulus module.
Forcethesumoutput toa& b & ¢ _infor thetime
between 15 and 35 units.

A 1-bit full adder FA is defined with gates and with
delay parameters as shown below.

/1 Define a 1-bit full adder
nmodul e fulladd(sum c_out, a, b, c_in);
paranmeter d_sum= 0, d_cout = O;

/1 110 port declarations
out put sum c_out;
input a, b, c_in;

// Internal nets
wire sl, cl, c2;

/1 Instantiate logic gate primtives

xor (s1, a, b);

and (cl1, a, b);

xor #(d_sum) (sum sl1, c_in); //delay on
out put sumis d_sum

and (c2, s1, c_in);

or #(d_cout) (c_out, c2, cl); //delay
on output c_out is d_cout

endnodul e

Define a4-bit full adder fulladd4 as shown in Example
5-8 on page 77, but pass the following parameter
vauesto the instances, using the two methods
discussed in the book:

Instance Delay Values

fed d sum=1, d_cout=1

1 d 9im=2 d coiit=2
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Part 2: Advanced

VerilogTopics
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10 Timing and Delays

Digtributed, lumped and pin-to-pin delays, specify
blocks, pardld and full connection, timing checks,
delay back-annotation.

11 Switch-Level Modding

MOS and CMOS switches, bidirectiona switches,
modeling of power and ground, resistive switches,
delay specification on switches.

12 User-Defined Primitives
Parts of UDP, UDP rules, combinational UDPs,
sequential UDPs, shorthand symbols.

13 Programming Language Interface
Introductionto PLI, usesof PLI, linking and
invocation of PLI tasks, conceptua representation
of design, PLI accessand utility routines.

14 Logic Synthesiswith Verilog HDL
Introduction to logic synthesis, impact of logic
synthes's, Verilog HDL constructs and operators
for logic synthes's, synthessdesign flow,
verification of synthesized circuits, modeing tips,
design partitioning.

15 Advanced Veification Techniques
Introduction to asmple verification flow,
architectural modeling, test vectors/testbenches,
smulation accderation, emulation,
andysis/coverage, assertion checking, forma
verification, semi-forma verification, equivaence
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Chapter 10. Timing and Delays

Functiond verification of hardwareisused to verify functiondity of the designed circuit. However,
blocksin red hardware have delays associated with the logic eements and paths in them. Therefore, we
must also check whether the circuit meets the timing requirements, given the delay specificationsfor the
blocks. Checking timing reguirements has become increasingly important as circuits have become
smaller and faster. One of the ways to check timing isto do atiming smulation that accounts for the
delays associated with the block during the smulation.

Techniques other than timing smulation to verify timing have dso emerged in design autometion industry.
The most popular techniqueis satic timing verification. Designersfirg do apure functiona verification
and then verify timing separately with agtatic timing verification tool. The main advantage of Setic
veificaion isthat it can verify timing in orders of magnitude more quickly than timing Smulation. Static
timing verification is aseparate field of study and isnot discussed in this book.

In this chapter, we discussin detail how timing and delays are controlled and specified in Verilog
modules. Thus, by using timing Smulation, the designer can verify both functionaity and timing of the
circuit with Verilog.

Learning Objectives

» ldentify typesof delay models, distributed, lumped, and pin-to-pin (path) delays used in Verilog
amulation.

»  Understand how to set path delaysin asimulation by using specify blocks.

*  Explain pardld connection and full connection between input and output pins.

* Understand how to define parametersinside specify blocks by using specparam statements.

» Describe state-dependent path delays.

* Explainrise, fal, and turn-off delays. Understand how to set min, max, and typ vaues.

» Define system tasks for timing checks $setup, $hold, and $width.

» Undergtand delay back-annotation.
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10.1 Types of Delay Models

There are three types of delay models used in Verilog: distributed, lumped, and pin-to-pin (path) delays.

10.1.1 Distributed Delay

Digtributed delays are specified on aper eement basis. Delay values are assigned to individua elements
in the circuit. An example of distributed delaysin module M isshownin Figure 10-1.

Figure 10-1. Distributed Delay

M= —

| |

=1 45 )E |

a— |
I #4 | out

c —L f [

| #7 |

d —|—I [

|

- 1

Digtributed delays can be modeled by assigning delay vauesto individua gates or by using delay values
inindividua assgn statements. When inputs of any gate change, the output of the gate changes after the
delay value specified. Example 10-1 shows how distributed delays are specified in gates and dataflow
description.

Example 10-1 Distributed Delays

/1 Distributed delays in gate-Ilevel nodul es
nodule M (out, a, b, ¢, d);

out put out;

input a, b, c, d;

wire e, f;

//Delay is distributed to each gate.
and #5 al(e, a, b);

and #7 a2(f, c, d);

and #4 a3(out, e, f);

endnodul e

//Distributed delays in data flow definition of a nodul e
nodule M (out, a, b, ¢, d);

out put out;

input a, b, c, d;

wire e, f;

//Distributed delay in each expression
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10.2 Path Delay M odeling

In this section, we discuss various aspects of path delay modeling. In this section, the terms pin and port
are used interchangegbly.

10.2.1 Specify Blocks

A dday between asource (input or inout) pin and adestination (output or inout) pin of amoduleis
caled amodule path delay. Path delays are assigned in Verilog within the keywords specify and
endspecify. The statements within these keywords congtitute a specify block.

Specify blocks contain statements to do the following:

* Assign pin-to-pin timing delays across module paths

» Setuptiming checksinthecircuits

Define specparam constants

For the examplein Figure 10-3, we can write the module M with pin-to-pin delays, using specify blocks
asfollows.

Example 10-3 Pin-to-Pin Delay

/1 Pin-to-pin del ays

nmodule M (out, a, b, c, d);
out put out;

input a, b, c, d;

wre e, f;

/1 Specify block with path delay statenments

specify
(a => out) =09;
(b =>out) =09;
(c =>out) =11
(d => out) = 11;

endspeci fy

//gate instantiations
and al(e, a, b);

and a2(f, c, d);

and a3(out, e, f);
endnodul e

The specify block is a separate block in the module and does not appear under any other block, such as
initid or dways. The meaning of the statements within specify blocks needsto be dlarified. Inthe
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10.3 Timing Checks

In the earlier sections of this chapter, we discussed how to specify path delays. The purpose of
Specifying path ddaysisto smulate thetiming of the actua digital circuit with grester accuracy than gate
delays. In this section, we describe how to set up timing checksto seeif any timing congtraints are
violated during Smulation. Timing verification is particularly important for timing criticd, high-speed
sequential circuits such as microprocessors.

System tasks are provided to do timing checksin Verilog. There are many timing check system tasks
avalablein Verilog. Wewill discussthe three most common timing checks[1] tasks: $setup, $hold, and
Swidth. All timing checks must be inside the pecify blocks only. Optiond notifier arguments used in
these timing check system tasks are omitted to Smplify the discussion.

[1] The |[EEE Standard Verilog Hardware Description Language document provides additiona
congtraint checks, $removal, $recrem, $timeskew, $fullskew. Please refer to it for details. Negative
input timing congtraints can aso be specified.

10.3.1 $setup and $hold Checks

$setup and $hold tasks are used to check the setup and hold constraints for a sequentia element inthe
design. In asequential element such as an edge-triggered flip-flop, the setup time isthe minimum time the
datamugt arrive before the active clock edge. The hold time is the minimum time the data cannot change
after the active clock edge. Setup and hold times are shown in Figure 10-6.

Figure 10-6. Setup and Hold Times

clock

|
data |
]
I

|
| setup| hold |
| time | time |

Psetup task

Setup checks can be specified with the system task $setup.

Usage: $setup(data_event, reference_event, limit);
data event Sgnd that ismonitored for
violations
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10.4 Delay Back-Annotation

Deay back-annotation is an important and vast topic in timing smulation. An entire book could be
devoted to that subject. However, in this section, we introduce the designer to the concept of
back-annotation of delaysin asmulation. Detailed coverage of thistopic is outsde the scope of this
book. For detalls, refer to the IEEE Standard V erilog Hardware Description Language document.

The various steps in the flow that use delay back-annotation are asfollows:

1.

=

The designer writesthe RTL description and then performs functional smulation.

N

The RTL description is converted to agate-leve netlist by alogic synthesistool.

3. Thedesgner obtains pre-layout estimates of delaysin the chip by using adelay caculator and
information about the | C fabrication process. Then, the designer doestiming smulation or Stetic
timing verification of the gate-level netligt, usng these preliminary valuesto check that the
gae-levd netlis meetstiming congraints.

4. Thegatelevd netligt isthen converted to layout by a place and route tool. The post-layout delay
values are computed from the resistance (R) and capacitance (C) information in the layout. The
R and C information is extracted from factors such as geometry and | C fabrication process.

5. The post-layout delay vaues are back-annotated to modify the delay estimates for the gate-level
netlist. Timing Smulation or gatic timing verification isrun again on the gate-level netlist to check
if timing condraintsare il satisfied.

6. |If design changes are required to meet the timing congtraints, the designer hasto go back to the
RTL leve, optimize the design for timing, and then repeat Step 2 through Step 5.

Figure 10-7 showsthe flow of delay back annotation.

Figure 10-7. Delay Back-Annotation
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10.5 Summary

In this chapter, we discussed the following aspects of Verilog:

[ TeamLiB]

There are three types of delay modes. lumped, distributed, and path delays. Distributed delays
are more accurate than lumped delays but difficult to mode for large designs. Lumped delays
arerelatively smpler to modd.

Path delays, dso known as pin-to-pin delays, specify delaysfrom input or inout pinsto output or
inout pins. Peth delays provide the most accuracy for modeling delays within amodule.

Specify blocks are the basic blocks for expressing path delay information. In modules, specify
blocks appear separately from initia or aways blocks.

Pardld connection and full connection are two methods to describe path delays.

Parameters can be defined insde the specify blocks by specparam statements.

Path delays can be conditional or dependent on the values of Signasinthecircuit. They are
known as State Dependent Path Delays (SDPD).

Rise, fal, and turn-off delays can be described in apath delay. Min, max, and typical vaues can
a so be specified. Trangtionsto x are handled by the pessmistic method.

Setup, hold, and width are timing checksthat check timing integrity of the digitd circuit. Other
timing checks are a so available but are not discussed in the book.

Delay back-annotation is used to resmulate the digita design with path delays extracted from
layout information. This processis used repeatedly to obtain afina circuit that meetsdl timing
requirements.
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10.6 Exercises

What type of delay model isused in the following circuit? Write the Verilog
description for themodule Y.

Usethe largest delay in the module to convert the circuit to alumped delay
model. Using alumped delay modd, write the Verilog description for the
moduleY.

Compute the delays along each path from input to output for the circuit in
Exercise 1. Write the Verilog description, using the path delay modd. Use

specify blocks.

Consder the negative edge-triggered with the asynchronous reset D-flipflop
shown in the figure below. Write the Verilog description for the module
D_FF. Show only the I/O ports and path delay specification. Describe path
delays, using paralel connection.

Path Delays
d—->q =5
d—>qgbar =5
clock->q = 6 reset
clock—> qbar = 7

reset—->q = 2

reset->qbar = 3

Modify the D-flipflop in Exercise 4 if al path ddaysare 5 units. Describe the
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Chapter 11. Switch-Level Modeling

In Part 1 of thisbook, we explained digital design and Smulation at ahigher level of abstraction such as
gates, dataflow, and behavior. However, in rare cases designers will choose to design the | esf-level
modules, using transstors. Verilog providesthe ability to design at aMOS-transistor level. Design at this
leve is becoming rare with the increasing complexity of circuits (millions of trangstors) and with the
availability of sophigticated CAD tools. Verilog HDL currently provides only digital design capability
withlogic values0 1, X, z, and the drive strengths associated with them. Thereis no analog capability.
Thus, in Verilog HDL, transstors are also known switches that either conduct or are open. Inthis
chapter, we discuss the basic principles of switch-level modeling. For most designers, it is adequate to
know only the basics. Detailed information on signa strengths and advanced net definitionsis provided in
Appendix A, Strength Modeling and Advanced Net Definitions. Refer to the IEEE Standard Verilog
Hardware Description Language document for complete details on switch-level modding.

Learning Objectives

* Describe basic MOS switches nmaos, pmos, and cmos.

*  Understand modeling of bidirectiona pass switches, power, and ground.

* |ldentify resistive MOS switches.

* Explain the method to specify delays on basic MOS switches and bidirectional pass switches.

» Buildbasc switch-leve circuitsin Verilog, usng available switches.

[ TeamLiB]
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11.1 Switch-Modeling Elements

Verilog provides various congtructs to modd switch-leve circuits. Digital circuits at MOS-transistor
level are described using these elements.[1]

[1] Array of ingtances can be defined for switches. Array of instancesis described in Section 5.1.3,
Array of Instances.

11.1.1 MOS Switches

Two types of MOS switches can be defined with the keywords nmos and pmos.

/I MOS switch keywords
nnos prnos

Keyword nmosis used to model NMOS transistors; keyword pmosis used to model PMOS
transstors. The symbolsfor nmos and pmos switches are shown in Figure 11-1.

Figure 11-1. NM OS and PMOS Switches

dﬂta—l—li out data out

o M

control control

NMOS PMOS

In Verilog, nmos and pmos switches are ingtantiated as shown in Example 11-1.

Example 11-1 Instantiation of NMOS and PM OS Switches

nmos nl(out, data, control); //instantiate a nnbs switch
pnos pl(out, data, control); //instantiate a pnos switch

Since switches are Verilog primitives, likelogic gates, the name of theinstanceis optiond. Therefore, it
is acceptable to ingtantiate a switch without assigning an instance name.

nnmos (out, data, control); //instantiate an nnbs switch; no instance nane
pnos (out, data, control); //instantiate a pnos switch; no instance nane

The vaue of the out signd is determined from the values of data and control signals. Logic tablesfor out
areshownin Table 11-1. Some combinations of data and control Sgnals cause the gates to output to
either a1 or O, or to an z value without a preference for either value. The symbol L standsfor O or z; H
standsfor 1 or z.

Table11-1. Logic Tablesfor NMOSand PMOS
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11.2 Examples

In this section, we discuss how to build practica digita circuits, using switch-level congtructs.

11.2.1 CMOS Nor Gate

Though Verilog hasanor gate primitive, let usdesign our own nor gate,using CMOS switches. The gate
and the switch-leve circuit diagram for the nor gate are shownin Figure 11-4.

Figure 11-4. Gate and Switch Diagram for Nor Gate

T

my_naor

ML o

Using the switch primitives discussed in Section 11.1, Switch-Modding Elements, the Verilog
description of the circuit isshown in Example 11-4 below.

Example 11-4 Switch-Level Verilog for Nor Gate

/1 Define our own nor gate, ny_nor
nodul e nmy_nor (out, a, b);

out put out;
i nput a, b;

//internal wres
wre c;

/1set up power and ground |ines
suppl y1 pw; /lpwr is connected to Vdd (power supply)
suppl y0 gnd ; /1gnd is connected to Vss(ground)

/linstantiate pnbs sw tches
pnmos  (c, pw, b);
pmos (out, c, a);

//instantiate nnos sw tches
nnos (out, gnd, a);
nnos (out, gnd, b);
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11.3 Summary

We discussed the following aspects of Verilog in this chapter:

[ TeamLiB]

[ TeamLiB]

Switch-level moddingisat avery low leve of design abstraction. Designers use switch modeling
in rare cases when they need to customize aleef cdll. Verilog design at thisleve isbecoming less
popular with increasing complexity of circuits.

MQOS, CMOS, hidirectional switches, and supply1 and supply0 sources can be used to design
any switch-leve circuit. CMOS switches are acombination of MOS switches.

Delays can be optiondly specified for switch elements. Delays are interpreted differently for
bidirectiona devices.
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11.4 Exercises

Draw the circuit diagram for an xor gate, usng nmaos and pmos switches. Writethe
Verilog description for the circuit. Apply stimulus and test the design.

Draw the circuit diagram for and and or gates, using nmos and pmos switches. Write
the Verilog description for the circuits. Apply stimulus and test the design.

Design the 1-bit full-adder shown below using the xor, and, and or gates built in
Exercise 1 and Exercise 2 above. Apply stimulus and test the design.

a "‘]"—\\ \
rar

~

[ S—

L/

sum

Iy

Jc out

Design a4-bit bidirectional bus switch that has two buses, BusA and BusB, on oneside
and asingle bus, BUS, on the other side. A 1-bit control signdl isused for switching.
BusA and BUS are connected if control = 1. BusB and BUS are connected if control =
0. (Hint: Usethe switchestranifO and tranif1.) Apply stimulus and test the design.

BusA ==—F—»
gus h 4—~p BUS
BusB <&—/—p{ SWIC

A

control

| ngtantiate switches with the following delay specifications. Use your own input/output
port names.

a.

a. A pmosswitchwithrise=2andfdl =3.
b.

b. Annmosswitchwithrise=4, fall = 6, turn-off =5
C.
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Chapter 12. User-Defined Primitives

Verilog provides astandard set of primitives, such as and, nand, or, nor, and not, asapart of the
language. These are al'so commonly known as built-in primitives. However, designers occasiondly liketo
use their own custom-built primitives when developing adesign. Verilog providesthe ability to define
User-Defined Primitives (UDP). These primitives are self-contained and do not instantiate other modules
or primitives. UDPs are ingtantiated exactly like gate-level primitives.

There are two types of UDPs. combinational and sequential.

* Combinational UDPs are defined where the output is soldly determined by alogica combination
of theinputs. A good exampleisa4-to-1 multiplexer.

»  Sequential UDPstake the vaue of the current inputs and the current output to determine the
vaue of the next output. The value of the output is aso theinternd state of the UDP. Good
examples of sequentid UDPs arelatches and flipflops.

Learning Objectives

*  Understand UDP definition rules and parts of a UDP definition.
»  Define sequentid and combinationa UDPs.
* Explaningantiation of UDPs.

* Identify UDP shorthand symbols for more conciseness and better readability.

Describe the guiddines for UDP design.

[ TeamLiB]
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12.1 UDP basics

In this section, we describe parts of aUDP definition and rules for UDPs.

12.1.1 Parts of UDP De€finition

Figure 12-1 showsthe distinct parts of abasic UDP definition in pseudo syntax form. For details, see
the formad syntax definition described in Appendix , Forma Syntax Definition.

Figure 12-1 Parts of UDP Definition

/1 UDP nanme and termnal |ist

primtive <udp_name> (

<out put _term nal _nanme>(only one all owed)
<i nput _term nal _nanes> );

/1 Term nal decl arations

out put <out put _term nal _nane>;

i nput <i nput _term nal _nanes>;

reg <output_term nal _name>; (optional; only for sequenti al
UDP)

/1 UDP initialization (optional; only for sequential UDP
initial <output_term nal _nane> = <val ue>;

//UDP state table
tabl e

<table entries>
endt abl e

/1 End of UDP definition
endprimtive

A UDP definition startswith the keyword primitive. The primitive name, output termina, and input
terminals are pecified. Terminals are declared as output or input in the termina declarations section. For
asequential UDP, the output termind is declared as areg. For sequentiad UDPs, there is an optiona
initid statement that initializes the output termina of the UDP. The UDP dtate table is most important part
of the UDP. It begins with the keyword table and ends with the keyword endtable. The table defines
how the output will be computed from the inputs and current sate. The table is modeled as alookup
table. and the table entries resemble entriesin alogic truth table. Primitive definition is completed with
the keyword endprimitive.

12.1.2 UDP Rules

UDP definitionsfollow certainrules
1.

1 1IDP<cean take onlyvy «calar inni it terminale (1 hitl Miiltinle inn it terminal € are nermitted
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12.2 Combinational UDPs

Combinationa UDPs take the inputs and produce the output value by looking up the corresponding
entry in the Sate table.

12.2.1 Combinational UDP Definition

The dtate table is the most important part of the UDP definition. The best way to explain agtate tableis
to take the example of an and gate modeled as a UDP. Instead of using the and gate provided by
Verilog, let us define our own and gate primitive and cal it udp_and.

Example 12-1 Primitive udp_and

/[/Primtive nane and termnal |ist
primtive udp_and(out, a, b);

/] Decl ar ati ons
out put out; //nmust not be declared as reg for conbinati onal UDP
input a, b; //declarations for inputs.

//State table definition; starts with keyword table
tabl e
/1 The following cooment is for readability only
//lnput entries of the state table nust be in the

//same order as the input termnal |ist.
/Il a b out;

0O O 0;

0 1 0;

1 0 0;

1 1 1;

endtable //end state table definition

endprimtive //end of udp_and definition

Compare parts of udp_and defined above with the parts discussed in Figure 12-1. The missing partsare
that the output is not declared asreg and the initia statement is absent. Note that these missing partsare
used only for sequential UDPs, which are discussed later in the chapter.

ANSl C gtyle declarations for UDPs are dso supported. This style alows the declarations of a primitive
port to be combined with the port list. Example 12-2 shows an example of an ANS C style UDP
declaration.

Example 12-2 ANSI C Style UDP Declar ation

//Primitive nane and terminal |ist
primtive udp_and(output out,

i nput a,

i nput b);

endprimtive //end of udp_and definition

A N ™S C e o T™ okl o oLt
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12.3 Sequential UDPs

Sequentia UDPs differ from combinational UDPsin their definition and behavior. Sequentid UDPs have
thefollowing differences:

» Theoutput of asequential UDP isaways declared asareg.
* Aninitid statement can be used to initidize output of sequentia UDPs.

» Theformat of adatetable entry isdightly different.

®* <inputl> <input2> ..... <inputN> : <current_state> : <next_state>;

» Therearethree sectionsin a state table entry: inputs, current state, and next sate. The three
sections are separated by acolon (1) symboal.

» Theinput specification of state table entries can bein terms of input levels or edge trangitions.
» Thecurrent gateisthe current value of the output register.

* Thenext stateis computed based on inputs and the current state. The next state becomesthe
new vaue of the output register.

All possible combinations of inputs must be specified to avoid unknown output values.
If asequential UDPissengtiveto input levels, it iscaled aleve-sengtive sequential UDP. If asequentia

UDP issenstive to edge trandtionson inputs, it is called an edge-sensitive sequentid UDP.

12.3.1 L evel-Sensitive Sequential UDPs

Leve-sensitive UDPs change state based on input levels. Latches are the most common example of
level-sengtive UDPs. A smplelatch with clear isshownin Figure 12-3.

Figure 12-3. Level-Sengtive L atch with clear

r= = = =7 "

e
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12.4 UDP Table Shorthand Symbols

Shorthand symbolsfor levels and edge transitions are provided so UDP tables can be writtenina
concise manner. We aready discussed the symbols ?and -. A summary of al shorthand symbolsand
their meaningisshownin Table 12-1.

Table 12-1. UDP Table Shorthand Symbols

Shorthand Symbols Meaning Explanation

? 0,1,x Cannot be specified in an output
fidd

b 0,1 Cannot be specified in an output
fidd

- No changein date vaue Can be specified only in output
field of asequentiad UDP

r (01) Rising edge of sgnd

f (10) Fdling edge of sgnd

p (01), (Ox) or (x1) Potentid risng edge of signd

n (10), (1x) or (xQ) Potentid falling edge of sgnd

* (7?) Any valuechangeinsgnd

Using the shorthand symbols, we can rewrite the table entriesin Example 12-9 on page 263 as follows.

tabl e

// d clock clear :

2 2
2 2

1 f

0 f

?  (1x)

? p

*x 2 0

endt abl e

1
f

0

q :

D?

q+

2 0; //output =0 if clear

=1

; //ignore negative transition of clear

2 1; //latch data on negative transition of
: 0 ; [//lclock

; //hold q if clock transitions to unknown

//state

; /lignore positive transitions of clock

//clock is steady

- ; /lignore any change in d when
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12.5 Guidelinesfor UDP Design

When designing afunctiond block, it isimportant to decide whether to modd it asamodule or asa
user-defined primitive. Here are some guidelines used to make that decision.

UDPsmode functionality only. They do not modd timing or process technology (such as
CMOS, TTL, ECL). The primary purpose of aUDP isto definein asimple and concise form
the functional portion of ablock. A moduleisaways used to model acomplete block that has
timing and process technology.

A block can modeled asaUDP only if it has exactly one output termind. If the block to be
designed has more than one output, it has to be modeled asamodule.

Thelimit on the maximum number of inputs of aUDP is specific to the Verilog Smulator being
used. However, Verilog smulators are required to alow aminimum of 9 inputs for sequentia
UDPs and 10 for combinational UDPs.

A UDPistypicaly implemented as alookup table in memory. Asthe number of inputs
increases, the number of table entries grows exponentidly. Thus, the memory requirement for a
UDP grows exponentidly in relation to the number of inputs. It isnot advisable to design ablock
with alarge number of inputsasa UDP.

UDPs are not aways the appropriate method to design ablock. Sometimesit iseasier to design
blocks as amodule. For example, it is not advisable to design an 8-to-1 multiplexer asaUDP
because of the large number of table entries. Instead, the data flow or behavioral representation
would be much smpler. It isimportant to consider complexity trade-offs to decide whether to
use UDP to represent a block.

There are dso some guiddinesfor writing the UDP Sate table.

The UDP state table should be specified as completely as possible. All possible input
combinations for which the output is known should be covered. If a certain combination of
inputsisnot specified, the default output value for that combination will be x. Thisfeatureisused
frequently in commercid libraries to reduce the number of table entries.

Shorthand symbols should be used to combine table entries wherever possible. Shorthand
symbols make the UDP description more concise. However, the Verilog smulator may internaly
expand the table entries. Thus, thereis no memory requirement reduction by using shorthand
symbals.

Level-sengtive entriestake precedence over edge senstlve entries. If edge-sensitive and

| Y L Y L T T Y T T T T Y L T - I T P I . T
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12.6 Summary

We discussed the following aspects of Verilog in this chapter:

[ TeamLiB]

[ TeamLiB]

User-defined primitives (UDP) are used to define custom Verilog primitives by the use of lookup
tables. UDPs offer a convenient way to design certain functional blocks.

UDPs can have only one output terminal. UDPs are defined at the same level as modules. UDPs
areingantiated exactly like gate primitives. A state table isthe most important component of
UDP specification.

UDPs can be combinationa or sequentia. Sequential UDPs can be edge- or level-sensitive.

Combinationa UDPs are used to describe combinational circuits where the output is purdly a
logical combination of the inputs.

Sequential UDPs are used to define blocks with timing controls. Blocks such aslatches or
flipflops can be described with sequential UDPs. Sequentiad UDPs are modeled like state
machines. Thereisapresent state and anext state. The next state is a so the output of the UDP.
Edge- and level-sengitive descriptions can be mixed.

Shorthand symbols are provided to make UDP date table entries more concise. Shorthand
notation should be used wherever possible.

It isimportant to decide whether afunctiona block should be described asaUDP or asa
module. Memory requirements and complexity trade-offs must be considered.
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12.7 Exercises

Design a2-to-1 multiplexer by using UDP. The sdect sgnd isss, inputsareiO, i1, and
the output isout. If the select signd s= X, the output out isaways 0. If s=0, then out =
10. If s=1, thenout =i1.

Write the truth table for the boolean function Y = (A & B) | (C” D). Definea UDP that
implements this boolean function. Assume that the inputs will never take the vaue x.

Define alevd-sengtive latch with apreset sgndl. Inputs are d, clock, and preset.
Outputisqg. If clock =0, then g =d. If clock = 1 or X, then qisunchanged. If preset =
1, thenq= 1. If preset = 0, then q isdecided by clock and d signals. If preset = x, then
gq=X.

|
clock —T Latch | q
I I

L_TPJ

preset

Define a pogitive edge-triggered D-flipflop with clear asaUDP. Sgnd clear isactive
low. Use Example 12-9 on page 263 as a guiddine. Use shorthand notation wherever

possible.

Define anegative edge-triggered XK flipflop, jk_ff with asynchronous preset and clear
asaUDP. g=1when preset = 1 and = 0when clear = 1.

preset
) — 1
clm:k c> D FF
kK —
clear

Thetablefor aJK flipflop is shown below.

T | ‘ o
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Chapter 13. Programming L anguage
| nterface

Verilog providesthe set of standard system tasks and functions defined in Appendix C, Ligt of
Keywords, System Tasks, and Compiler Directives. However, designers frequently need to customize
the capabiility of the Verilog language by defining their own system tasks and functions. To dothis, the
designers need to interact with the interna representation of the design and the simulation environment in
the Verilog smulator. The Programming Language Interface (PLI) provides aset of interface routinesto
read interna data representation, writeto internal data representation, and extract information about the
smulation environment. User-defined system tasks and functions can be created with this predefined set
of PLI interface routines,

Verilog Programming Language Interface isavery broad area of study. Thus, only the basics of Verilog
PLI are covered in this chapter. Designers should consult the IEEE Standard Verilog Hardware
Description Language document for complete details of the PLI.
There are three generations of the Verilog PLI.

1.

1. Task/Function (tf ) routines make up thefirst generation PLI. These routines are primarily used

for operationsinvolving user-defined task/function arguments, utility functions, callback
mechanism, and writing datato output devices.

2. Access (acc ) routines make up the second-generation PLI. These routines are provide
object-oriented access directly into aVerilog HDL structural description. These routines can be
used to access and modify awide variety of objectsin the Verilog HDL description.

3. Veilog Procedura Interface (vpi_) routines make up the third-generation PLI. These routines
are asuperset of the functiondity of acc_and tf_routines.

For the sake of smplicity, wewill discussonly acc_and tf_routinesin this chapter.

Learning Objectives

* Explainhow PLI routinesare used in aVerilog Smulation.
* Describethe usesof the PLI.

* Define user-defined system tasks and functions and user-defined C routines.
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13.1 Usesof PLI

PLI provides apowerful capability to extend the Verilog language by allowing usersto define their own
utilitiesto accesstheinternal design representation. PLI has various applications.

[ TeamLiB]

[ TeamLiB]

PLI can be used to define additional system tasks and functions. Typica examplesare
monitoring tasks, stimulus tasks, debugging tasks, and complex operations that cannot be
implemented with standard V erilog congtructs.

Application software like trandators and delay caculators can be written with PLI.

PLI can be used to extract design information such as hierarchy, connectivity, fanout, and
number of logic eements of acertain type.

PLI can be used to write specia-purpose or customized output display routines. Waveform
viewers can use thisfile to generate waveforms, logic connectivity, source level browsers, and
hierarchy information.

Routinesthat provide stimulusto the smulation can be written with PLI. The stimulus could be
automaticaly generated or trandated from some other form of simulus.

Generd Verilog-based gpplication software can be written with PLI routines. This software will
work with al Verilog smulators because of the uniform access provided by the PLI interface.
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13.2 Linking and Invocation of PL1 Tasks

Designers can write their own user-defined system tasks by using PLI library routines. However, the
Verilog smulator must know about the existence of the user-defined system task and its corresponding
user-defined C function. Thisis done by linking the user-defined system task into the Verilog smulator.

To understand the process, | et us consider the example of asimple system task $hello_verilog. When
invoked, the task smply prints out amessage "Hello Verilog World". Firg, the C routine that implements
the task must be defined with PLI library routines. The C routine hello_veriloginthefilehello verilog.cis
shown below.

#include "veriuser.h" /*include the file provided in release dir */

int hello_verilog()

{
}

io_printf("Hello Verilog Wrld\n");

Thehdlo_verilog routineisfairly sraightforward. Theio_printf isaPLI library routine that works exactly
like printf.

Thefollowing sections show the stepsinvolved in defining and using the new $hello_verilog system task.

13.2.1 Linking PLI Tasks

Whenever the task $hello_verilog isinvoked in the Verilog code, the C routine hello_verilog must be
executed. The smulator needs to be aware that anew system task called $hello verilog existsand is
linked to the C routine hello_verilog. Thisprocessis called linking the PLI routinesinto the Verilog
smulator. Different smulators provide different mechanismsto link PLI routines. Also, though the exact
mechanics of the linking process might be different for smulators, the fundamentas of the linking process
remain the same. For detalls, refer to the latest reference manuals available with your smulator.

At theend of thelinking step, a specia binary executable containing the new $hello_verilog system task
is created. For example, ingtead of the usua simulator binary executable, anew binary executable
hverilog is produced. To smulate, run hverilog instead of your usual Smulator executablefile.

13.2.2 Invoking PL1 Tasks

Once the user-defined task has been linked into the Verilog smulator, it can be invoked like any Verilog
system task by the keyword $hello_verilog. A Verilog module hdlo_top, which callsthe task
$hello_verilog, isdefined in file hello.v as shown below.

nodul e hell o_t op;

initial
$hello_verilog; //1nvoke the user-defined task $hello_veril og

andrnadinll A
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13.3 Internal Data Representation

Before we understand how to use PLI library routines, it isfirst necessary to describe how adesignis
viewed interndly in the smulator. Each moduleis viewed as a collection of object types. Object types
aredementsdefined in Verilog, such as

* Moduleinstances, module ports, module pin-to-pin paths, and intermodul e paths
* Top-levd modules

* Primitiveingances, primitiveterminas

* Nets, registers, parameters, specparams

* Integer, time, and red variables

» Timing checks

* Named events

Each object type has a corresponding set that identifies al objects of that typein the module. Sets of all
object types are interconnected.

A conceptud internal representation of amoduleisshown in Figure 13-3.

Figure 13-3. Conceptual Internal Representation a Module
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13.4 PLI Library Routines

PLI library routines provide a standard interface to the internal data representation of the design. The
user-defined C routines for user-defined system tasks are written by using PLI library routines. In the
examplein Section 13.2, Linking and Invocation of PLI Tasks, $hello_verilog isthe user-defined system
task, hello_verilog isthe user-defined C routine, and io_printf isaPLI library routine.

There are two broad classes of PLI library routines: access routines and utility routines. (Note that vpi_
routines are a superset of access and utility routines and are not discussed in this book.)

Access routines provide access to information about the interna data representation; they alow the user
C routine to traverse the data structure and extract information about the design. Utility routines are
mainly used for passing data across the V erilog/Programming Language Boundary and for miscellaneous
housekeeping functions. Figure 13-6 showsthe role of accessand utility routinesin PLI.

Figure 13-6. Role of Accessand Utility Routines
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A completelist of PLI library routinesis provided in Appendix B, List of PLI Routines. The function and
usage of each routine are also specified.

13.4.1 Access Routines

Accessroutines are a so popularly called acc routines. Access routines can do the following:

Read information about a particular object from the interna data representation

Write information about a particular object into the interna data representation

Wewill discuss only reading of information from the design. Information about modifying internd design
representation can be found in the Programming Language Interface (PL1) Manud. However, reading of
information is adequate for most practica purposes.

Access routines can read information about objects in the design. Objects can be one of the following
types.
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13.5 Summary

In this chapter, we described the Programming Language Interface (PL1) for Verilog. Thefollowing
aspects were discussed:

PLI Interface provides aset of C interface routinesto read, write, and extract information about
theinterna data structures of the design. Designers can write their own system tasksto do
various ussful functions.

PLI Interface can be used for monitors, debuggers, trandators, delay caculators, automatic
gimulus generators, dump file generators, and other useful utilities.

A user-defined system task isimplemented with a corresponding user-defined C routine. The C
routine uses PLI library cals.

The process of informing the smulator that a new user-defined system task is attached to a
corresponding user C routineis caled linking. Different amulators handle the linking process
differently.

User-defined system tasks are invoked like standard Verilog system tasks, e.g., $hello_verilog();
. The corresponding user C routine hello_verilog is executed whenever the task isinvoked.

A desgnisrepresented interndly in aVerilog smulator as abig data structure with setsfor
objects. PLI library routines allow access to theinterna data structures.

Access (acc) routines and utility (tf) routines are two types of PLI library routines.

Utility routines represent the first generation of Verilog PLI. Utility routines are used to pass data
back and forth across the boundary of user C routines and the originad Verilog design. Utility
routines start with the prefix tf_. Utility routines do not interact with object handles.

Access routines represent the second generation of Verilog PLI. Access routines can read and
write information about a particular object from/to the design. Access routines sart with the
prefix acc_. Accessroutines are used primarily across the boundary of user C routines and
interna data representation. Access routinesinteract with object handles.

Vauechangelink (VCL) isaspecid category of access routinesthat alow monitoring of
objectsin adesign. A consumer routine is executed whenever the monitored object vaue
changes.
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13.6 Exercises

Refer to Appendix B, List of PLI Routines and |EEE Standard V erilog Hardware Description Language
document, for alist of PLI accessand utility routines, their function, and usage. Y ou will need to use
somePLI library callsthat were not discussed in this chapter.

Write a user-defined system task,
$get_in_ports, that getsfull hierarchica names
of only theinput ports of amodule instance.
Hierarchica module ingtance nameistheinput
to thetask (Hint: Usethe C routinein Example
13-2 asareference). Link the task into the
Verilog smulator. Find the input ports of the
1-bit full adder defined in Example 5-7 on page
75.

Write a user-defined system task,
$oount_and_gates, which counts the number of
and gate primitivesin amodule instance.
Hierarchicd module ingance nameistheinput
to the task. Use thistask to count the number of
and gatesin the 4-to-1 multiplexer in Example
5-5.

Create a user-defined system task,
$monitor_mod_output, that findsout dl the
output signals of amodule instance and adds
them to amonitoring list. Theline"Output Sgna
has changed" should appear whenever any
output signd of the module changesvalue.
(Hint: Use VCL routines.) Use the 2-to-1
multiplexer in Example 13-1. Add output
sgndsto themonitoring list by using
$monitor_mod_output. Check results by
aoplying gimulus.

[ TeamLiB]
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Chapter 14. Logic Synthesiswith Verilog
HDL

Advancesinlogic synthesis have pushed HDL s into the forefront of digital design technology. Logic
gynthesistools have cut design cycletimes sgnificantly. Designers can design at ahigh leve of
abstraction and thus reduce design time. In this chapter, we discusslogic synthesiswith Verilog HDL.
Synopsys synthes's products were used for the examplesin this chapter, and resultsfor individua
examples may vary with synthesistools. However, the concepts discussed in this chapter are generd
enough to be applied to any logic synthesstool.[1] This chapter isintended to give the reader abasic
undergtanding of the mechanics and issuesinvolved in logic synthesis. It isnot intended to be
comprehensive material on logic synthesis. Detailed knowledge of logic synthesis can be obtained from
reference manuals, logic synthesis books, and by attending training classes.

[1] Many EDA vendors now offer logic synthesistools. Please see the reference documentation
provided with your logic synthesistool for details on how to synthesize RTL to gates. There may be
minor variations from the materia presented in this chapter.

Learning Objectives

» Definelogic synthesis and explain the benefits of logic synthesis.

» ldentify Verilog HDL constructs and operators accepted in logic synthesis. Understand how the
logic synthesistool interprets these congtructs.

» Explanatypicd designflow, usng logic synthesis. Describe the componentsin thelogic
synthesis-based design flow.

»  Destribe verification of the gate-leve netlist produced by logic synthesis.
»  Understand techniques for writing efficient RTL descriptions.
»  Destribe partitioning techniquesto help logic synthesis provide the optimal gate-level netlist.

* Desgn combinationa and sequentid circuits, usng logic synthes's.

[ TeamLiB]
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14.1 What IsLogic Synthesis?

Simply speaking, logic synthesisisthe process of converting ahigh-level description of the designinto an
optimized gate-level representation, given astandard cell library and certain design congraints. A
standard cell library can have smple cells, such asbasic logic gates like and, or, and nor, or macro cdlls,
such as adders, muxes, and specid flip-flops. A standard cell library isaso known as the technology
library. It isdiscussed in detail |ater in this chapter.

Logic synthesis dways existed even in the days of schematic gate-level design, but it was aways done
ingde the designer's mind. The designer would first understand the architectural description. Then he
would consider design congiraints such astiming, area, testability, and power. The designer would
partition the design into high-level blocks, draw them on a piece of paper or acomputer terminal, and
describe the functiondity of the circuit. Thiswasthe high-level description. Findly, each block would be
implemented on a hand-drawn schemétic, using the cells available in the standard cell library. The last
step was the most complex processin the design flow and required severa time-consuming design
iterations before an optimized gate-level representation that met all design constraints was obtained.
Thus, the designer's mind was used asthelogic synthesistoal, asillustrated in Figure 14-1.

Figure 14-1. Designer'sMind asthe L ogic Synthesis Tool
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The advent of computer-aided logic synthesis tools has automated the process of converting the
high-level description to logic gates. Instead of trying to perform logic synthesisin their minds, designers
can now concentrate on the architectura trade-offs, high-level description of the design, accurate design
congraints, and optimization of cdllsin the standard cell library. These are fed to the computer-aided
logic synthesistool, which pen‘orms severd iterationsinterndly and generatesthe optl mized gate-leve
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14.2 Impact of Logic Synthesis

Logic synthesis has revolutionized the digital design industry by significantly improving productivity and
by reducing design cycletime. Before the days of automated logic synthes's, when designswere
converted to gates manually, the design process had the following limitations:

For large designs, manua converson was prone to human error. A small gate missed
somewhere could mean redesign of entire blocks.

The designer could never be sure that the design condtraints were going to be met until the
gate-level implementation was completed and tested.

A dgnificant portion of the design cycle was dominated by the time taken to convert ahigh-level
designinto gates.

If the gate-level design did not meet requirements, the turnaround time for redesign of blocks
wasvery high.

What-if scenarios were hard to verify. For example, the designer designed ablock in gates that
could run a acycletime of 20 ns. If the designer wanted to find out whether the circuit could be
optimized to run faster at 15 ns, the entire block had to be redesigned. Thus, redesign was
needed to verify what-if scenarios.

Each designer would implement design blocks differently. There waslittle consstency in design
styles. For large designs, this could mean that smaller blocks were optimized, but the overal
design was not optimal.

If abug wasfound in thefinal, gate-level design, thiswould sometimes require redesign of
thousands of gates.

Timing, area, and power disspation in library cdlls are fabrication-technology specific. Thusif
the company changed the | C fabrication vendor after the gate-level design was complete, this
would mean redesign of the entire circuit and a possible change in design methodol ogy .

Design reuse was not possible. Designs were technol ogy-specific, hard to port, and very difficult
to reuse.

Automated logic synthesis tools addressed these problems as follows:
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14.3 Verilog HDL Synthesis

For the purpose of logic synthesis, designs are currently written in an HDL at aregister transfer level
(RTL). Theterm RTL isused for an HDL description style that utilizes acombination of dataflow and
behaviord congtructs. Logic synthesistools take the register transfer-level HDL description and convert
it to an optimized gate-leve netlist. Verilog and VHDL are the two most popular HDL s used to describe
the functiondity a the RTL leve. Inthis chapter, we discuss RTL -based logic synthesiswith Verilog
HDL. Behaviord synthesistoolsthat convert abehaviord description into an RTL description are dowly
evolving, but RTL-based synthesisis currently the most popular design method. Thus, we will address
only RTL-based synthesisin this chapter.

14.3.1 Verilog Constructs

Not al congtructs can be used when writing a description for alogic synthesistool. In generd, any
construct that is used to define a cycle-by-cycle RTL description is acceptable to the logic synthesis
toal. A list of congtructsthat are typicaly accepted by logic synthesistoolsisgivenin Table 14-1. The
capabilities of individua logic synthesistools may vary. The constructs that are typicaly acceptableto
logic synthesistools are dso shown.

Table 14-1. Verilog HDL Congructsfor Logic Synthesis

Construct Type Keyword or Description Notes
ports input, inout, output
parameters parameter
module definition module
sgndsand varigbles wire, reg, tri Vectors are allowed
indantiation moduleingances, primitivegate | E.g., mymux ml1(out, i0, i1, s);
indances E.g., nand (out, a, b);
functions and tasks function, task Timing condructsignored
procedural aways, if, then, e e, case, initia isnot supported
Ccasex, Casez
procedura blocks begin, end, named blocks, Disabling of named blocks
disble dlowed
dataflow asggn Deay information isignored
P P Y T P



#ch14table01
#ch14table02
#ch14fig03
#ch14fig03
0130449113_26031533.html
http://www.thebeatlesforever.com/processtext/abcchm.html

ABC Amber CHM Converter Trial version, http://mww.thebeatlesfor ever .com/pr ocesstext/abechm.html

[TeamLiB] [rrevious lnesr o]

[TeamLiB] [ erevious [esr


NFO/lib.html
0130449113_ch14lev1sec2.html
0130449113_ch14lev1sec4.html
NFO/lib.html
0130449113_ch14lev1sec3.html
0130449113_ch14lev1sec5.html
http://www.thebeatlesforever.com/processtext/abcchm.html

ABC Amber CHM Converter Trial verson, http:/mww.thebeatlesfor ever .com/processtext/abechm.html

14.4 Synthesis Design Flow

Having understood how basic Verilog congtructs are interpreted by the logic synthesistoal, let us now
discuss the synthesis design flow from an RTL description to an optimized gate-level description.

14.4.1 RTL to Gates

Tofully utilize the benefits of logic synthesis, the designer mugt first understand the flow from the
high-level RTL description to agate-level netlist. Figure 14-4 explainsthat flow.

Figure 14-4. Logic SynthessFlow from RTL to Gates
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L et us discuss each component of the flow in detall.

RTL description

The designer describesthe design at ahigh level by using RTL congtructs. The designer spendstimein
functiond verification to ensure that the RTL description functions correctly. After the functiondity is
verified, the RTL description isinput to the logic synthesistool.

Trandation

TheRTL description is converted by thelogic synthesstool to an unoptimized, intermediate, interna
representation. This processis cdled trandation. Trandation isreatively smple and uses techniques
amilar to those discussed in Section 14.3.3, Interpretation of a Few Verilog Constructs. The trandator
understands the basic nrimitives and oneratorsin the Veriloa RTL descriotion. Desian constraints uch
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14.5 Verification of Gate-L evel Netlist

The optimized gate-leve netlist produced by the logic synthesistool must be verified for functiondlity.
Also, the synthesistool may not always be able to meet both timing and arearequirementsif they aretoo
stringent. Thus, a separate timing verification can be done on the gate-level netlist.

14.5.1 Functional Verification

Identical imulusisrunwiththeorigind RTL and synthesized gate-level descriptions of thedesign. The
output is compared to find any mismatches. For the magnitude comparator, asample stimulusfileis
shown below.

Example 14-3 Stimulusfor M agnitude Compar ator

nodul e sti nul us;

reg [3:0] A B;
wire A GIB, ALT B A EQSB;

//lnstantiate the magnitude conparat or
magni t ude_conparator MC(A GI B, A LT B, A EQB, A B)
initial
$rmonitor ($tine," A=%, B=%, AGI B=%, ALTB=9%, AEQB= %",
A B, AGI B ALTB AEQB);

//stimulate the magnitude conparator.

initial

begi n
A = 4'b1010; B = 4'b1001
# 10 A = 4'b1110; B = 4'bl111
# 10 A = 4'b0000; B = 4' b000O;
# 10 A = 4'b1000; B = 4' b1100;
# 10 A = 4'b0110; B = 4' b1110;
# 10 A = 4'b1110; B = 4' b1110;

end

endnodul e

The same stimulusiis gpplied to both the RTL description in Example 14-1 and the synthesized gate-level
description in Example 14-2, and the smulation output is compared for mismatches. However, thereis
an additiona consderation. The gate-level descriptionisintermsof library celsVAND, VNAND, etc.
Verilog smulators do not understand the meaning of these cdlls. Thus, to Smulate the gate-level
description, asmulation library, abc_100.v, must be provided by ABC Inc. The smulation library must
describe cellsVAND, VNAND, etc., intermsof Verilog HDL primitives and, nand, etc. For example,
the VAND cdl will be defined in the smulation library as shownin Example 14-4.

Example 14-4 Smulation Library

/1 Simulation Library abc_100.v. Extrenely sinple. No tim ng checks.

nodul e VAND (out, in0, inl);
i nput inoO;
i nput inl;
out put out
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14.6 Modeling Tipsfor Logic Synthesis

The Verilog RTL design style used by the designer affectsthe find geate-level netlist produced by logic
gynthesis. Logic synthesis can produce efficient or inefficient gate-level netlists, based on the style of

RTL descriptions. Hence, the designer must be aware of techniques used to write efficient circuit
descriptions. In this section, we provide tips about modding trade-offs, for the designer to write efficient,
synthesizable Verilog descriptions.

14.6.1 Verilog Coding Style[2]

[2] Verilog coding style suggestions may vary dightly based on your logic synthesstool. However, the
suggestions included in this chapter are applicable to most cases. The IEEE Standard Verilog Hardware
Description Language document also adds a new language construct called attribute. Attributes such as
full_case, pardld_case, sate variable, and optimize can be included in the Verilog HDL specification of
the design. These attributes are used by synthesistools to guide the synthesis process.

The style of the Verilog description greetly affectsthefinad design. For logic synthesis, it isimportant to
condder actual hardware implementation issues. The RTL specification should be as close to the desired
structure as possible without sacrificing the benefits of ahigh leve of abgiraction. Thereisatrade-off
between level of design abstraction and control over the structure of the logic synthesis output. Designing
a avery high leve of abstraction can cause logic with undesirable structure to be generated by the
synthesistool. Designing & avery low level (e.g., hand instantiation of each cdll) causesthe designer to
lose the benefits of high-level design and technology independence. Also, a"good” stylewill vary among
logic synthesistools. However, many principles are common across logic synthesistools. Listed below
are some guiddinesthat the designer should consider while designing at the RTL level.

Use meaningful namesfor signalsand variables

Names of sgnasand variables should be meaningful so that the code becomes sl f-commented and
readable.

Avoid mixing positive and negative edge-trigger ed flipflops

Mixing positive and negative edge-triggered flipflops may introduce inverters and buffersinto the clock
tree. Thisis often undesirable because clock skews areintroduced in the circuit.

Use basic building blocks vs. use continuous assign statements

Trade-offs exist between using basic building blocks versus using continuous assign statementsin the
RTL description. Continuous assign statements are avery concise way of representing the functionality
and they generally do agood job of generating random logic. However, thefind logic structureis not
necessarily symmetricd. Ingtantiation of basic building blocks creates symmetric desgns, and thelogic
gynthesistool is ableto optimize smaller modules more effectively. However, ingantiation of building
blocksis not a concise way to describe the design; it inhibits retargeting to aternate technol ogies, and
generdly thereisadegradation in smulator performance.
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14.7 Example of Sequential Circuit Synthesis

In Section 14.4.2, An Example of RTL-to-Gates, we synthesized a combinationd circuit. Let us now
consder an example of sequentid circuit synthesis. Specificaly, we will design finite state machines.

14.7.1 Design Specification

A smpledigitd circuit isto be designed for the coin acceptor of an eectronic newspaper vending
mechine

* Assumethat the newspaper cost 15 cents. (Wow! Who givesthat kind of a price any more?
Well, let usassumethat it isaspecia student edition!!)

*  Thecoin acceptor takes only nickelsand dimes.
»  Exact change must be provided. The acceptor does not return extramoney.

» Vdid combinationsincluding order of coins are one nickel and one dime, three nickels, or one
dime and one nickel. Two dimes are valid, but the acceptor does not return money.

Thisdigitd circuit can be designed by using the finite state machine gpproach.

14.7.2 Circuit Requirements

We must set some requirementsfor the digital circuit.

* When each coinisinsarted, a2-bit Sgna coin[1:0] issent to thedigita circuit. Thesignd is
asserted at the next negative edge of agloba clock signa and stays up for exactly 1 clock cycle.

» Theoutput of thedigita circuitisasingle bit. Each timethetotal amount inserted is 15 centsor
more, an output Sgna newspaper goes high for exactly one clock cycle and the vending machine
door isreleased.

» Aresat signa can beused to reset thefinite state machine. We assume synchronous reset.

14.7.3 Finite State Machine (FSM)

We can represent the functiondity of the digita circuit with afinite state machine.
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14.9 Exercises

A 4-bit full adder with carry lookahead was
defined in Example 6-5 on page 109, using an
RTL description. Synthesize the full adder,
using atechnology library avalableto you.
Optimizefor fastest timing. Apply identical
gimulusto the RTL and the gate-leved netlist
and compare the outpuit.

A 1-bit full subtractor hasthreeinputsx, y, and
Z (previous borrow) and two outputs
D(difference) and B(borrow). Thelogic
equationsfor D and B areasfollows.

D
B

X'y'z + x'yz' + xy'z' + xyz
X'y + x'z +yz

Writethe Verilog RTL description for thefull
subtractor. Synthesize the full subtractor, usng
any technology library availableto you.
Optimizefor fastest timing. Apply identica
dimulusto the RTL and the gate-leve netlist
and compare the outpuit.

Design a3-t0-8 decoder, using aVerilog RTL
description. A 3-bit input §2:0] is provided to
the decoder. The output of the decoder is

out[ 7:0]. The output bit indexed by g2:0] gets
thevaue 1, the other bitsare 0. Synthesize the
decoder, using any technology library available
to you. Optimizefor smdlest area. Apply
identicd stimulusto the RTL and the gate-leve
netlist and compare the outputs.

Writethe Verilog RTL description for a4-bit
binary counter with synchronous reset that is
active high. (Hint: Use dwaysloop with the
@(posedge clock) statement.) Synthesize the
counter, usng any technology library available
to you. Optimizefor smalest area. Apply
identical simulusto the RTL and the gate-level
netlist and compare the outputs.

Using asynchronous finite state machine
gpproach, design acircuit that takesasingle bit
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Chapter 15. Advanced Verification
Techniques

Verilog HDL wastraditiondly used both as a smulation modeling language and as ahardware
description language. Verilog HDL was heavily used in verification and smulation for testbenches, test
environments, Smulation modes, and architectural models. This gpproach worked well for smaller
designsand smpler test environments.

Asthe average gate count for designs began to approach or exceed one million, verification soon
became the main bottleneck in the design process. Design teams started spending 50-70% of their time
in verifying designs rather than cresting new ones.

Desgners quickly redlized that to verify complex designs, they needed to use tools that contained
enhanced verification capabilities. They needed tools that could automate some of the tedious processes.
Moreover, it wasimportant to find bugsthe very first timeto avoid expensive chip re-spins.

To address these needs, avariety of verification methodol ogies and tools has emerged over the past few
years. Thelatest addition to verification methodology is assertion-based verification. However, Verilog
HDL remainsthefoca point in the design process. These new devel opments enhance the productivity of
verifying Verilog HDL -based designs. This chapter givesthe reader abas ¢ understanding of these
verification concepts that complement Verilog HDL.

Learning Objectives

»  Definethe components of atraditiond verification flow.

»  Understand architectural modeling concepts.

» Explantheuseof high-leve verification languages (HVLS).
*  Destribe different techniquesfor effective smulation.

* Explainthe methodsfor analysis of smulation results.

»  Describe coverage techniques.

»  Understand assertion checking techniques.
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15.1 Traditional Verification Flow

A traditiond verification flow conssting of certain standard componentsisillustrated in Figure 15-1. This
flow addresses only the verification perspective. It assumesthat logic design is done separately.

Figure 15-1. Traditional Verification Flow
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Asshown in Figure 15-1, the traditiond verification flow conssts of the following steps:
1.

1. Thechip architect first needsto create a design specification. In order to create agood
specification, an analysis of architecturd trade-offs has to be performed so that the best possible
architecture can be chosen. Thisisusudly done by smulating architecturad modes of the design.
At the end of this step, the design specification is complete.

2. When the specification is ready, afunctiond test plan is crested based on the design
specification. Thistest plan formsthe fundamenta framework of the functiona verification
environment. Based on the test plan, test vectors are applied to the design-under-test (DUT),
which iswrittenin Verilog HDL. Functiona test environments are needed to apply these test
vectors. There are many tools available for generating and apply test vectors. Thesetools aso
alow the efficient crestion of test environments.
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15.2 Assertion Checking

Thetraditiona verification flow discussed in the previous section isablack box approach, i.e.,
verification relies only on the knowledge of the input and output behavior of the system.

Many other verification methodol ogies have evolved over the past few yearsto complement the
traditional verification flow discussed in the previous section. In this section and the following sections,
we explain some of these new verification methodol ogies that use the white box verification gpproach,
i.e, knowledge of theinterna Structure of the design is needed for verification.

Assertion checking isaform of white box verification. It requires knowledge of interna structures of the
design. Themain purpose of assertion checkersisto improve observability.

Assertions are statements about a design's intended behavior. There are two types of assertions:

Tempora assertions they describe the timing relationship between signdls.

» Static assertions 2they describe a property of asignd that isawaystrue or fase.

Assartions may be used in the RTL code to describe the intended behavior of apiece of Verilog HDL
code. Thefollowing are examples of such behavior:

* AnFSM dateregister should aways be one-hot.

e Thefull and empty flags of a FIFO should never be asserted at the sametime.

Assertions can aso be used to describe the behavior of the interna or externd interface of achip. For
example, the acknowledge signd should aways be asserted within five cycles of the request signdl.
Assartions may be verified in smulation or by usng forma methods.

Assertions do not contribute to the €lement being designed; they are usudly treated as comments for
logic synthesis. Their sole purposeis to ensure cong stency between the designer'sintention and the
design that is crested. Figure 15-7 shows the interfaces at which assertions could be placed ina
FIFO-based design.

Figure 15-7. Assertion Checks
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15.3 Formal Verification

A well-known white-box gpproach isforma verification, in which mathematical techniques are used to
prove an assertion or a property of the design. The property to be proven may be related to the chip's
overal functional specification, or it may represent interna design behavior. Detailed knowledge of the
behavior of design structuresis often required to specify useful propertiesthat are worth proving. Thus,
one can prove the correctness of adesign without doing smulations. Another gpplication of formal
verification isto prove that the architectura specifications of adesign are sound before starting with the
RTL implementation.

A formd verification tool proves adesign property by exploring al possible waysto manipulate adesign.
All input changes must conform to the congtraints for legal behavior. Assertions on interfaces act as
congtraintsto the formd tool to constrain what islegd behavior on the inputs. Attempts are then madeto
prove the assertionsin the RTL codeto betrue or false. If the constraints on the inputs are too loose,
then the forma verification tool can generate counter-examplesthat rely onillega input sequencesthat
would not occur in the design. If the congtraints are too tight, then the tool will not explore al possible
behavior and will wrongly report the design as "proven.”

Figure 15-8 showsthe verification flow with aformal verification tool. In the best case, the tool either
proves a particular assertion absolutely or provides a counter-example to show the circumstances under
which the assertion[4] isnot met.

[4] Assartions are not used Smply to increase observability. In formad verification, they are used as
congraints. Theforma verification tool explores the state space such that it proves the assertion
absolutely or produces a counter-example. Thus, assertions a so increase controllability, i.e., they control
how the formal verification tool explores the state space to prove a property.

Figure 15-8. Formal Verification Flow

{‘Jgr.]ﬂb I TDL] Verification

/ Tool k\‘ Aawertmn 5) ;
A

T

-_/'_..,-"f H““—-«._ 5 B
.s*-ff”"’f AswrtilJIWﬂH“;,E...'// DO\'E\\
< o ? - \ ) I

Proven? f,/

-‘-\-\-'l-
H‘"“'-n..,___ ____,_,.-r-’" _

Mo

/le Buh
'\ in DLT/

Since formd verification tools explore adesign exhaudtively, they can run only on designsthat are limited
insze. Typicdly, beyond 10,000 gates, absolute formal proofs become too hard and the tool blows up
interms of computation time and memory usage.
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15.4 Summary

» A traditiond verification flow contains a test-vector-based gpproach. An architectural modd is
developed to analyze design trade-offs. Once the designisfindized, it is verified usng test
vectors and smulation. Then the results are analyzed and coverage is measured. If the analysis
meststhe verification gods, the design is deemed verified.

» Architectura modeling isused by architectsfor design exploration. Theinitial modd of the
design typicaly does not capture exact design behavior, except to the extent required for the
initid design decisons. Architectural modeling languages are suitable for building architecturd
modds.

* Functiond verification environments often contain test generators, input drivers, output receivers,
data checkers, protocol checkers and coverage andyzers. High level verification languages
(HVLs) can be used to effectively creste and maintain these environments.

» Software smulators are the most popular toolsfor smulating Verilog HDL designs. Hardware
accelerators are used to accelerate smulation by afew orders of magnitude. Hardware
emulators run in the megahertz range and are used to run software gpplications asif they were
running on thered chip.

*  Waveformsand log files are the most common methods to analyze the output from asimulation.
For effectively anayds, it isimportant to build automatic data checker and protocol checker
modules. If thereisaviolation of datavalue or protocol, the smulation is stopped immediately
and an error messageis displayed. A sdaf-checking methodology alows the designer to run
thousands of tests without having to analyze each test for correctness.

» Toggle coverage, code coverage, and branch coverage are three types of structural coverage
techniques. Functiona coverage perceives the design from asystem point of view. Functiona
coverage a0 providesfinite state machine coverage, including states and state tranditions. A
combination of functional coverage and other coverage techniquesis recommended.

»  Assation checking isaform of white-box verification. It requires knowledge of the interna
sructures of the design. Assertion checking improves observability and verification efficiency.
Assertion checks are placed by the designer at critical pointsin the design. If thereisafallure at
that point, the designer is notified.

* Formd verification isawhite-box approach in which mathematica techniques are used to
exhaugtively prove an assertion or a property of the design. Semi-formal verification combines
thetraditiona verification flow using test vectors with the power and thoroughness of formal
verification. Equivaence checking isan gpplication of forma verificaton that examinesthe RTL
representation of the design and checksto seeif it matchesthe gate level and physica
implementations of the design.
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Part 3. Appendices

A Strength Moddling and Advanced Net
Definitions

Strength levels, sgnd contention, advanced net
definitions

B List of PLI Routines
A ligt of dl access (acc) and utility (tf) PLI routines.

C List of Keywords, System Tasks, and Compiler
Directives

A ligt of keywords, system tasks, and compiler
directivesin Verilog HDL..

D Formd Syntax Definition
Formad syntax definition of the Verilog Hardware
Description Language.

E Veilog Tidhits

Originsof Verilog HDL, interpreted, compiled and
native Smulators, event-driven and oblivious
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Advanced Net Definitions
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A.l1 Strength Levels

Verilog dlows sgndsto havelogic vaues and strength values. Logic vauesare 0, 1, X, and z. Logic
strength values are used to resolve combinations of multiple signas and to represent behavior of actua
hardware e ements as accurately as possible. Severd logic strengths are available. Table A-1 showsthe
grength levelsfor Sgnds. Driving strengths are used for signd vauesthat are driven on anet. Storage
strengths are used to modd charge storage in trireg type nets, which are discussed later in this gppendix.

Table A-1. Strength Levels

Strength Level Abbreviation Degree Strength Type
upplyl ul strongest 1 driving
strongl 1 driving
pull1 Pul driving
largel Lal storage
weakl Wel driving
mediuml Mel storage
smdll Snl storage
highz1 HiZz1 weakestl high impedance
higz HiZ0 weakestO high impedance
amdl0 Sm0 storage
medium0 Me0 storage
Y
weak0 We0 driving
largel LaD storage
pull0 Pu0 driving
strong0 S0 driving

I<Baa iV QN gronaetO Arivina
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A.2 Signal Contention

Logic strength values can be used to resolve sgnd contention on netsthat have multiple driversThere
are many rules applicable to resolution of contention. However, two cases of interest that are most
commonly used are described below.

A.2.1 Multiple Signalswith Same Value and Different Strength
If two signas with same known value and different strength drive the same net, the signd with the higher
Srength wins.

Sul

Sul

Pul

In the example shown, supply strength is greater than pull. Hence, Sul wins.

A.2.2 Multiple Signals with Opposite Value and Same Strength

When two signa s with opposite va ue and same strength combine, the resulting vaueis x.

Pul

PuX

Pul
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A.3 Advanced Net Types

We discussed resolution of signa contention by using strength levels. There are other methods to resolve
contention without using strength levels. Verilog provides advanced net declarationsto mode logic
contention.

A.3.1tri

The keywordswire and tri have identica syntax and function. However, separate names are provided to
indicate the purpose of the net. Keyword wire denotes netswith single drivers, and tri is denotes nets
that have multiple drivers. A multiplexer, as defined below, usesthetri declaration.

nmodul e mux(out, a, b, control);

out put out;
i nput a, b, control
tri out;

wire a, b, control;

bufif0O bl(out, a, control); //drives a when control
bufifl b2(out, b, control); //drives b when control

0; z otherw se
1; z otherw se

endnodul e

The net isdriven by bl and b2 in a complementary manner. When bl drives a, b2 istristated; when b2
drivesb, bl istristated. Thus, thereisno logic contention. If thereis contention on atri net, it isresolved
by using strength levels. If there are two signas of opposite vaues and same strength, the resulting value
of thetri netisx.

A.3.2trireg

Keyword trireg is used to model nets having capacitance that stores values. The default strength for
trireg netsismedium. Nets of typetrireg arein one of two states:

» Driven gate?At least one driver drivesaO, 1, or x value on the net. The valueis continuoudy
stored in the trireg net. 1t takes the strength of the driver.

» Capacitive state?All drivers on the net have high impedance (z) vaue. The net holdsthe last
driven vdue. The strength issmall, medium, or large (default is medium).

trireg (large) out;
wire a, control;

bufifl (out, a, control); // net out gets value of a when control = 1;

//when control = 0, out retains |ast value of a
/linstead of going to z. strength is |arge.

A.3.3tri0and tril
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Appendix B. List of PL1 Routines

Alistof PLI acc_and tf_routinesis provided. VP! routines are not listed.[ 1] Names, theargument list,
and abrief description of the routine are shown for each PLI routine. For details regarding the use of
each PLI routine, refer to the IEEE Standard Verilog Hardware Description Language document.

[1] Seethe"IEEE Standard Verilog Hardware Description Language" document for detailson VPI
routines.

[ TeamLiB] vEx
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B.1 Conventions

Conventions to be used for arguments are shown below.

Convention Meaning

char *format Pass formatted string

char * Pass name of object asastring
underlined arguments Arguments are optiona

* Pointer to the data type

......... More arguments of the sametype

TeamLiB MEHT b
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B.2 Access Routines

Accessroutines are classfied into five categories: handle, next, value change link, fetch, and modify

routines.

B.2.1 Handle Routines

Handle routines return handles to objectsin the design. The names of handle routines aways startswith
the prefix acc_handle . See Table B-1.

Table B-1. Handle Routines

Return Type

Name

Argument Ligt

Description

handle

acc_handle by name

(char *name, handle
SCope)

Object from name
relative to scope.

handle

acc_handle_condition

(handle object)

Conditiona expresson
for module path or
timing check handle.

handle

acc_handle conn

(handletermind);

Get net connected to a
primitive, module path,
or timing check termind.

handle

acc_handle datapath

(handle modpath);

Get the handleto data
path for an
edge-sensitive module

path.

handle

acc_handle_hiconn

(handle port);

Get hierarchicdly higher
net connectionto a
module port.

handle

acc_handle interactive
scope

0

Get the handleto the
current Smulation
interactive scope.

handle

acc_handle_loconn

(handle port);

Get hierarchically lower
net connection to a
module port.

handle

acc_handle_modpath

(handle module, char
*grc, char *dest); or

Get the handleto
module path whose

source and destination
wrn cvewviFiand MMAd A
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B.3 Utility (tf ) Routines

Utility (tf ) routines are used to pass datain both directions across the Verilog/user C routine boundary.
All thetf__routines assume that operations are being performed on current instances. Each tf_routine has
atf_i counterpart in which the instance pointer where the operations take place has to be passed as an

additiona argument at the end of the argument list. See Table B-7 through B-16.

B.3.1 Get Calling Task/Function Information

Table B-7. Get Cdling Task/Function Information

Return Type

Name

Argument Ligt

Description

char *

tf_getingtance

(0);

Get the pointer to the
current instance of the
smulaion task or
function that cdled the
user's PLI application
program.

char *

tf_mipname

(0);

Get the Verilog
hierarchicd path name
of theamulation
module containing the
cal totheusar's Pl

application program.

char *

0

Get the Verilog
hierarchicd path name
of the scope containing
thecal to theuser's
PLI application
program.

B.3.2 Get Argument List Information

Table B-8. Get Argument List Information

Return Type

Name

Argument List

Description

int

tf_nump

0

Get the number of
parametersin the
argument lis.

tf_typep

(int param_index#);

Get thetypeof a
particular parameter in
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and Compiler Directives
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C.1 Keywords

Keywords[1] are predefined, nonescaped identifiers that define the language constructs. An escaped
identifier is never trested as akeyword. All keywords are defined in lowercase.

[1] From IEEE Std. 1364-2001. Copyright 2001 IEEE. All rights reserved.

Theligt issorted in dphabetica order.

adways ifnone rnmaos

and incalir rpmos
assgn include rtran
autometic intd rtranifO
begin inout rranifl
buf input scalared
bufifO instance showcanceled
bufifl integer Sgned
case join gl
casex large Specify
casez liblist specparam
odl library strong0
cmos locdparam srongl
config macromodule upplyO
deassgn medium upplyl

default module table
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C.2 System Tasks and Functions

Thefollowing isalist of keywordsfrequently used by Verilog smulatorsfor names of system tasks and
functions. Not al system tasks and functions are explained in thisbook. For detalls, refer to the IEEE
Standard Verilog Hardware Description Language document. Thislist is sorted in dphabetica order.

$bi t st or eal $countdrivers $di spl ay $fcl ose

$f di spl ay $f moni t or $f open $f strobe
$fwite $fini sh $getpattern $hi story

$i ncsave $i nput $itor $key

$list $l og $noni t or $noni t or of f
$noni t or on $nokey
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C.3 Compiler Directives

Thefollowingisaligt of keywords frequently used by Verilog smulators for specifying compiler
directives. Only the most frequently used directives are discussed in the book. For detalls, refer to the
|EEE Standard Verilog Hardware Description Language document. Thisligt is sorted in aphabetica

order.

accel erate

def aul t _nettype

el se

"endi f

' expand_vectornets
i ncl ude

nor enbve_gat enanes
pr ot ected

reset al

[ TeamLiB]
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aut oexpand_vect ornets
define

el sif

endpr ot ect

i fdef

noaccel erat e
nounconnect ed_dri ve
renove_gat enanes

ti mescal e

cel I define

define
endcel | defi ne
endpr ot ect ed

i fndef
noexpand_vect ornets
pr ot ect

remove_net nanmes
unconnected_drive
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Appendix D. Formal Syntax Definition

Thisgppendix containsthe forma definition[1] of the Verilog-2001 standard in Backus-Naur Form
(BNF). Theforma definition contains a description of every possible usage of Verilog HDL. Therefore,
itisvery useful if thereisadoubt on the usage of certain Verilog HDL syntax.

[1] From |EEE Std. 1364-2001. Copyright 2001 IEEE. All rights reserved.
Though the BNF may be hard to understand initially, the following summary may help the reader better

understand theforma syntax definition:
1.

Lo

Bold text represents literal words themsalves (these are cdlled termind's). Example: module.

2. Non-bold text (possibly with underscores) represents syntactic categories (these are called non
terminas). Example: port_identifier.

3.

3. Syntactic categories are defined using the form: syntactic_category ::= definition
4.

4. [] square brackets (non-bold) surround optional items.

5.

5. {} curly brackets (non-bold) surrounds itemsthat can repeat zero or more times.
6.

6. |vertica line (non-bold) separates dternatives.

[TeamLiB]

[ TeamLiB]
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D.1 Source Text

D.1.1 Library Source Text

library _text ::={ library_descriptions}
library_descriptions::=
library_declaration
|include_statement
| config_declaration
library_declardtion ::=
library library_identifier file_path spec|[ { , file_path spec} |
[ -incdir file_path spec[{ , file_path spec} | ;
file path spec::=file path
include_statement ::= include <file path spec>;

D.1.2 Configuration Source Text

config_decdlardtion ::=
config config_identifier ;
design_statement
{config_rule_statement}
endconfig
desgn dtatement .= desgn{ [library_identifier.]Jcdl_identifier } ;
config_rule_statement ::=
default_clauseliblist_clause
|inst_clauseliblist_clause
|ingt_clauseuse clause
| cell_clauseliblist_clause
| cdll_clause use clause
default_dause::= default
ing_cdlause::=indanceing_name
ind_name ::=topmodule_identifier{ .ingtance_identifier}
cdl_dause::=cdl [ library_identifier.]cdl_identifier
liblig_dause::=libligt [{library_identifier}]
use cdause::=use[library_identifier.]cel_identifier]:config]

D.1.3 Module and Primitive Source Text

source_text ::={ description }
description ::=
module_declaration

| udp_declaration
module declaration ::=

{ atribute instance} module_keyword module_identifier [ module parameter port_list

]
[ list_of ports] ; { module item}

PR IR N R
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D.2 Declarations

D.2.1 Declaration Types

Module parameter declarations

local_parameter_declaration ::=
locdparam [ Sgned ] [ range] list_of param assgnments;;
| localparam integer list_of param_assgnments;
| localparamred list_of param assgnments;
| localparam redtimelist_of param_assgnments;
|localparamtimelist_of param_assgnments;
parameter_declaration ::=
parameter [ Sgned | [ range] list_of param_assgnments;
| parameter integer list_of param_assgnments;
| parameter redl list_of param_assgnments;
| parameter redtimelist_of param_assgnments;
| parameter timelist_of param_assgnments;
specparam_declaration ::= specparam [ range] list_of specparam_assgnments;

Port declar ations

inout_declaration ::=inout [ net_type] [ Sgned ] [ range]
list_of port identifiers
input_declaration ::=input [ net_type] [ Sgned ] [ range]
list_of port identifiers
output_declaration ::=
output [ net_type] [ signed] [ range]
list_of port identifiers
| output [ reg] [ Signed ] [ range]
list_of port identifiers
| output reg [ Signed ] [ range]
list_ of varigble port identifiers
| output [ output_variable type]
list_of port identifiers
| output output_variable type
list_of varidble port_identifiers

Typedeclarations

event_declardtion ::=event lig_of event identifiers;
genvar_declaration ::= genvar list_of genvar_identifiers;
integer_declaration ::=integer lis_of variable identifiers;
net_declardtion ::=
net_type[ signed]
[ dday3] list_of net_identifiers;
| net_type[ drive_strength] [ signed ]
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D.3 Primitive I nstances

D.3.1 Primitive I nstantiation and | nstances

gate indantiation ::=
cmos_switchtype [delay3]

cmos_switch_instance{ , cmos_switch_instance} ;

| enable_gatetype [drive strength] [delay3]
enable_gate instance{ , enable_gate instance} ;

| mos_switchtype [delay3]
mos_switch_instance{ , mos_switch instance} ;

| n_input_gatetype [drive_strength] [delay2]
n_input_gate instance{ , n_input_gate ingance} ;

| n_output_gatetype [drive_strength] [delay?2]
n_output_gate instance{ , n_output_gate instance} ;

| pass_en_switchtype [delay?]
pass_enable switch ingtance{ , pass_enable switch instance} ;
| pass_switchtype
pass_switch_instance{ , pass switch instance} ;
| pulldown [pulldown_strength]
pull_gate instance{ , pull_gate ingtance} ;
| pullup [pullup_sirength]
pull_gate instance{ , pull_gate instance} ;
cmos_switch ingtance ::=[ name_of_gate instance] (output_termind , input_termind ,
ncontrol_termind , pcontrol_termina )
enable gate ingance::=[ name of gate ingance] (output_termind , input_termind ,
enable_termina )
mos_switch ingance ::=[ name_of gate ingance] (output_termind , input_termind ,
enable_termina )
Nn_input_gate ingance::=[ name_of gae instance] (output_termind , input_termina { ,
input_termind } )
n_output_gate instance ::=[ name_of _gate instance] (output_termina { , output_termind }
, input_terminal )
pass switch_ingtance::=[ name _of gate ingtance] (inout_termind , inout_termind )
pass_enable switch ingtance::=[ name of gate ingtance] (inout_termind , inout_termina
, enable_terminal )
pull_gate ingance::=[ name of gate instance] (output_termind )
name of gate ingance::=gae ingtance identifier [ range]

D.3.2 Primitive Strengths

pulldown_grength ::=
( strengthO , strengthl)
| (strengthl, strengthO)
| (strengthO)
pullup_drength::=
( strengthO , strengthl )
1 ( drenath1 grenathO )
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D.4 Module and Generated | nstantiation

D.4.1 Module I nstantiation

module indantiation ::=
module_identifier [ parameter_vaue assgnment |
module_instance{ , module ingtance} ;
parameter_vaue assgnment ;:=#(lis_of parameter_assgnments)
lig_of parameter assgnments::=
ordered parameter_assignment { , ordered_parameter_assignment } |
named parameter_assgnment { , named parameter_assgnment }
ordered_parameter_assgnment ::= expression
named parameter_assgnment ::= . parameter_identifier ([ expresson] )
module _ingance::= name _of ingance ([ lis_of port_connections] )
name_of_ingance ::= module ingtance identifier [ range]
list_of port connections::=
ordered port_connection{ , ordered port_connection }
| named_port_connection { , named_port_connection }
ordered port_connection ::={ attribute instance} [ expresson]
named_port_connection ::={ attribute instance} .port_identifier ([ expresson])

D.4.2 Generated | nstantiation

generated_ingtantiation ::= generate{ generate item} endgenerate
generate item or_null ::= generate item|;
generate item =
generate_conditiona_statement
| generate case statement
| generate loop_statement
| generate _block
| module_or_generate item
generate_conditiona_statement ::=
if (congtant_expression) generate item_or_null [ ese generate item _or_null |
generate case statement ;= case ( constant_expression)
genvar_case item{ genvar_case item} endcase
genvar_case item ::= congtant_expression { , constant_expression } :
generate item_or_null | default [ : ] generate item_or_null
generate loop_statement ::=for ( genvar_assgnment ; constant_expression ;
genvar_assgnment )
begin : generate block _identifier { generate item} end
genvar_assgnment ::= genvar_identifier = constant_expresson
generate block ::=begin|[ : generate block identifier ] { generate item} end

[ TeamLiB]
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D.5 UDP Declaration and I nstantiation

D.5.1 UDP Declaration

udp_declaration ::=

{ atribute ingance} primitive udp_identifier (udp_port_list) ;
udp_port_declaration{ udp_port_declaration }

udp_body

endprimitive
|{ attribute_instance} primitive udp_identifier (udp_declaration port_list) ;
udp_body

endprimitive

D.5.2 UDP Ports

udp_port_list ::=output_port_identifier , input_port_identifier { , input_port_identifier }
udp_declaration_port ligt ::=
udp_output_declaration , udp_input_declaration { , udp_input_declaration }
udp_port_declaration ::=
udp_output_declaration ;
| udp_input_declaration ;
| udp_reg_declaration;
udp_output_declaration ::=
{ attribute instance} output port_identifier
| { attribute_instance} output reg port_identifier [ = constant_expression |
udp_input_declaration ::={ attribute_ingtance} input list_of port_identifiers
udp_reg declaration ::={ attribute_instance} reg variable identifier

D.5.3 UDP Body

udp_body ::= combinationa_body | sequentia_body

combinationa_body ::= table combinationa_entry { combinationa_entry } endtable

combinationa_entry ::=leve_input_list : output_symboal ;

sequentia_body ::=[ udp_initid_statement | table sequentia_entry { sequentia_entry }
endtable

udp_initid_gtatement ::=initid output_port_identifier =init_vd ;

init_val :=1b0|1bl|1lbx |1bX |1'BO|1B1|1Bx|1BX|1|0

sequentia_entry = seq_input_list : current_state: next_date ;

seg input_ligt ;= leve_input_list | edge input_list

leve input_list ::=leved _symbol { level_symboal }

edge input_list ::={ level_symbol } edge indicator { level_symbol }

edge indicator ::= (leve_symbol level_symboal ) | edge symbol

current_dtate ::=level_symbol

next_date ::= output_symbol | -

output_symbol ::=0|1|x|X

level_symbol :=0|1|x|X|?|b|B

PPN P Py B B Y B o B P B e O P B N B Y


http://www.thebeatlesforever.com/processtext/abcchm.html

ABC Amber CHM Converter Trial version, http://mww.thebeatlesfor ever .com/pr ocesstext/abechm.html

[TeamLiB] [rrevious lnesr o]

[TeamLiB] [ erevious [esr


NFO/lib.html
0130449113_app04lev1sec4.html
0130449113_app04lev1sec6.html
NFO/lib.html
0130449113_app04lev1sec5.html
0130449113_app04lev1sec7.html
http://www.thebeatlesforever.com/processtext/abcchm.html

ABC Amber CHM Converter Trial verson, http:/mww.thebeatlesfor ever .com/processtext/abechm.html

D.6 Behavioral Statements

D.6.1 Continuous Assignment Statements

continuous_assign ::=assgn [ drive drength] [ dday3] list_of net assgnments;
lis_of net assgnments::=net_assgnment { , net_assgnment }
net_assgnment ::= net_|value = expresson

D.6.2 Procedural Blocks and Assignments

initia_condruct ::=initid Satement
adways_congruct ::= adways Satement
blocking_assgnment ::= variable lvdue=[ ddlay_or_event_control ] expresson
nonblocking assgnment ::=variable Ivaue<=[ dday_or_event_control ] expresson
procedura_continuous assgnments ::=
assgn variable_assgnment
| desssign variable |vaue
| force variable_assgnment
| force net_assignment
| rlease variable Ivaue
| release net_lvalue
function_blocking assgnment ::= varidble Ivaue=expresson
function_statement_or_null ::=
function_statement
|{ attribute_instance} ;

D.6.3 Parallel and Sequential Blocks

function_seq block ::=begin| : block identifier
{ block _item declaration} ] { function_statement } end
variable assgnment ::= variable lvaue = expresson
par_block ::=fork [ : block identifier
{ block_item_declaration} ] { statement } join
seq_block ::=begin| : block identifier
{ block_item declaration} ] { statement } end

D.6.4 Statements

Satement ;=
{ atribute ingtance} blocking assgnment ;
|{ attribute instance} case statement
|{ attribute_instance} conditional_statement
|{ atribute instance} disable statement
|{ attribute_instance} event_trigger
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D.7 Specify Section

D.7.1 Specify Block Declaration

gpecify _block ::= specify { specify _item} endspecify
Specify item::=
specparam_declaration
[pulsestyle _declaration
|showcancelled_declaration
[path_declaration
|system_timing_check
pulsestyle declaration ::=
pulsestyle onevent list_of path outputs;
| pulsestyle_ondetect list_of path_outputs;;
showcancelled declaration ::=
showcancelled ligt_of path outputs;
| noshowcancelled list_of path_outputs;;

D.7.2 Specify Path Declarations

path_declaration ::=
smple path declaration;
| edge_sendtive path declaration;
| state_dependent_path declaration ;
smple path declaration ::=
paralel_path description = path_delay vaue
| full_path description = path_delay vaue
pardld_path description ::=
( specify_input_termina_descriptor [ polarity_operator | =>
specify_output_terminal_descriptor )
full_path description ::=
(list_of path inputs[ polarity_operator | *> list_of path _outputs)
lig of path inputs::=
specify_input_termina_descriptor { , specify_input_terminal_descriptor }

list_of path outputs::=
specify_output_terminal_descriptor { , specify_output_termina _descriptor }

D.7.3 Specify Block Terminals

Specify_input_terminal _descriptor ::=
input_identifier
| input_identifier [ constant_expression |
| input_identifier [ range_expression ]
specify_output_termina_descriptor ::=
output_identifier
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D.8 Expressions

D.8.1 Concatenations

concatenation ::={ expresson{ , expresson} }
congtant_concatenation ::={ constant_expresson{ , constant_expresson} }
constant_multiple_concatenation ::={ constant_expression constant_concatenation }
module path _concatenation ::={ module path expresson{ , module path expresson} }
module_path multiple_concatenation ::={ constant_expression module_path _concatenation
}
multiple_concatenation ::={ congtant_expresson concatenation }
net_concatenation ::={ net_concatenation vaue{ , net_concatenation vaue} }
net_concatenation vaue::=
hierarchicd_net_identifier

| hierarchical_net_identifier [ expresson] { [ expresson] }

| hierarchical_net_identifier [ expression] { [ expression] } [ range expression |

| hierarchical_net_identifier [ range_expresson |

| net_concatenation
variable_concatenation ::={ variable concatenation vaue{ , variable concatenation vaue

H}
variable concatenation vaue::=
hierarchica_varigble identifier

| hierarchica_variable identifier [ expresson] { [ expresson] }

| hierarchica_variable identifier [ expression] { [ expresson] } [ range expression]

| hierarchica_variable identifier [ range_expresson |

| variable_concatenation

D.8.2 Function calls

congant_function_cal ::=function_identifier { atribute ingtance}
( congtant_expression { , constant_expression } )

function_cal ::=hierarchicd_function_identifier{ atribute instance}
(expression{ , expression} )

genvar_function_call ::= genvar_function_identifier { attribute ingtance}
( constant_expression { , constant_expression } )

system function cdl ::= system function identifier
[ (expresson{ , expresson} ) ]

D.8.3 Expressions

base_expresson ::= expresson
conditiona_expression ::= expressonl ?{ atribute instance} expresson2 : expresson3
congtant_base expression ::= congtant_expresson
congdtant_expresson ::=
constant_primary
| unary_operator { attribute_instance} constant_primary
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D.9 General

D.9.1 Attributes

atribute instance ::= (* attr_spec{ , attr_spec} *)

attr_spec =
attr_name = constant_expression
| attr_name

atr_name::=identifier

D.9.2 Comments

comment ::=
one_line_comment
| block_comment
one_line_comment ::=// comment_text \n
block_comment ::= /* comment_text */
comment_text ::={ Any_ASCII_character }

D.9.3 Identifiers

arayed identifier ::=

smple arrayed identifier

| escaped _arrayed identifier

block identifier ::= identifier
cdl_identifier ::= identifier
config_identifier ::= identifier
escaped_arrayed identifier ::= escaped_identifier [ range]
escgped_hierarchical_identifier[4] =

escaped hierarchica_branch

{ .ample_hierarchical_branch | .escaped_hierarchical_branch}

escaped identifier ::=\{Any_ASCII_character_except_white_space} white space
event_identifier ::= identifier
function_identifier ;= identifier
gae ingance identifier ;:= arrayed identifier
generate block_identifier ::= identifier
genvar_function_identifier ::= identifier /* Hierarchy disallowed */
genvar_identifier ::= identifier
hierarchica_block_identifier ::= hierarchicd_identifier
hierarchicd_event_identifier ::= hierarchicd_identifier
hierarchicd_function_identifier ::= hierarchicd_identifier
hierarchicd _identifier ::=

sample hierarchica_identifier

| escaped _hierarchica_identifier

hierarchicd_net_identifier ::= hierarchica _identifier
hierarchica_variable identifier ::= hierarchicd_identifier
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Endnotes
1.
1. Embedded spacesareillegd.
2.
2. A dmple identifier and arrayed reference shall start with an dphaor underscore () character,
shdll have at least one character, and shall not have any spaces.
3.
3. Theperiod(.) insmple_hierarchica_identifier and Smple_hierarchica_branch shdl not be
preceded or followed by white_space.
4,
4. Theperiodinescaped hierarchica _identifier and escaped hierarchica_branch shdl be

6.

6.

[ TeamLiB]

[ TeamLiB]

preceded by white_space, but shal not be followed by white_space.

The$ character inasystem_function_identifier or system task_identifier shal not be followed
by white_space. A system function identifier or system task_identifier shall not be escaped.

End of file.

Appendix E. Verilog Tidbits

Answersto common Verilog questions are provided in this appendix.
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Originsof Verilog HDL

Verilog HDL originated around 1983 at Gateway Design Automation, which was then located in Acton,
Massachusetts. The language that mogt influenced Verilog HDL was HIL O-2, which was developed a
Brund Univergity in England under contract to produce atest generation system for the British Ministry
of Defense. HILO-2 successfully combined the gate and register transfer levels of abstraction and
supported verification amulation, timing analys's, fault sSmulation, and test generation.

Gateway Design Automation was privately held at that time and was headed by Dr. Prabhu Godl, the
inventor of the PODEM test generation agorithm. Verilog HDL was introduced into the EDA market in
1985 asasmulator product. Verilog HDL was designed by Phil Moorby, who was later to becomethe
Chief Designer for Verilog-XL and thefirst Corporate Fellow at Cadence Design Systems. Gateway
Design Automation grew rapidly with the success of Verilog-XL and wasfindly acquired by Cadence
Design Systems, San Jose, CA, in 1989.

Verilog HDL was opened to the public by Cadence Design Systemsin 1990. Open Verilog
Internation(OV ) was formed to standardize and promote Verilog HDL and related design automation
products.

In 1992, the Board of Directors of OVI began an effort to establish Verilog HDL as an |EEE standard.
In 1993, the first IEEE Working Group was formed and, after 18 months of focused efforts, Verilog
became the |EEE Standard 1364-1995.

After the standardization process was complete, the 1364 Working Group started looking for feedback
from 1364 users worldwide so that the standard could be enhanced and modified accordingly. Thisled
to afive-year effort to create amuch better Verilog standard | EEE 1364-2001.
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Interpreted, Compiled, Native Compiled Simulators

Verilog smulators comein three flavors, based on the way they perform the smulation.

Interpreted smulators read in the Verilog HDL design, create data structuresin memory, and run the
amulaioninterpretively. A compileis performed each time the smulation is run, but the compileis
usualy very fagt. An example of an interpreted smulator is Cadence Verilog-XL smulator.

Compiled code smulators read in the Verilog HDL design and convert it to equivaent C code (or some
other programming language). The C code is then compiled by astandard C compiler to get the binary
executable. The binary is executed to run the smulation. Compiletimeisusudly long for compiled code
smulators, but, in genera, the execution speed isfaster compared to interpreted smulators. An example
of compiled code smulator is Synopsys VCS smulator.

Native compiled code smulatorsread in the Verilog HDL design and convert it directly to binary code
for agpecific machine platform. The compilation is optimized and tuned separately for each machine
platform. Of course, that means that a native compiled code smulator for a Sun workstation will not run
on an HP workgtation, and vice versa. Because of fine tuning, native compiled code smulators can yield
sgnificant performance benefits. An example of anative compiled code smulator is Cadence
Verilog-NC smulator.
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Event-Driven Simulation, Oblivious Simulation

Verilog smulaorstypicaly use an event-driven or an oblivious smulation agorithm. An event-driven
agorithm processes e ementsin the design only when sgndsat the inputs of these elements change.
Intelligent scheduling is required to process e ements. Oblivious adgorithms process dl ementsin the
design, irrespective of changesin sgnas. Little or no scheduling is required to process e ements.

[ TeamLiB]
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Cycle-Based Simulation

Cycle-based smulation is useful for synchronous designs where operations happen only at active clock
edges. Cycle smulatorswork on acycle-by-cycle basis. Timing information between two clock edgesis
lost. Significant performance advantages can be obtained by using cycle smulation.
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Fault Simulation

Fault smulation is used to deliberately insert stuck-at or bridging faultsin the reference circuit. Then, a
test pattern is applied and the outputs of the faulty circuit and the reference circuit are compared. The
fault issaid to be detected if the outputs mismatch. A set of test patternsis devel oped for testing the
arcuit.

[ TeamLiB]

[ TeamLiB]


NFO/lib.html
0130449113_app05lev3sec2.html
0130449113_app05lev3sec4.html
NFO/lib.html
0130449113_app05lev3sec3.html
0130449113_app05lev3sec5.html
NFO/lib.html
0130449113_app05lev3sec3.html
0130449113_app05lev3sec5.html
NFO/lib.html
0130449113_app05lev3sec4.html
0130449113_app05lev3sec6.html
0130449113_26031533.html
NFO/lib.html
0130449113_app05lev3sec4.html
0130449113_app05lev3sec6.html
NFO/lib.html
0130449113_app05lev3sec5.html
0130449113_app05lev3sec7.html
http://www.thebeatlesforever.com/processtext/abcchm.html

ABC Amber CHM Converter Trial version, http://www.thebeatlesforever.com/processtext/abcchm.html

General Verilog Web sites

Thefollowing Stes provide interesting information related to Verilog HDL.

1.

=

Verilog?http:/Aww.verilog.com

N

Cadence?http://www.cadence.com/

3. EE Times?http://Mwww.ectimes.com

Synopsys?http:/mww.synopsys.con/

o &

DV Con (Conference for HDL and HV L Users)?http://mww.dvcon.org

oo

o

Verification Guild?http://mwww.jani ck.bergeron.comv/guil d/default.ntm

~

7. Deep Chip?http://www.deepchip.com
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Architectural Modeling Tools

1.

1. For detailson System C, see http:/mww.systemc.org
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High-Level Verification Languages

1.

1. Information on eisavaildbleat http://mww.verisity.com

2.

2. Information on Veraisavailable a http://www.open-vera.com
3.

3. Information on SuperLog isavailableat http://mwww.synopsys.com

4. Information on SystemVerilog isavailablea http:/Amww.accelleraorg
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Simulation Tools

=

Information on Verilog-XL and Verilog-NC isavailable at http://mww.cadence.com

2. Informationon VCSisavailableat http:/mwww.synopsys.com
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Hardwar e Acceleration Tools

Information on hardware accel eration toolsis available a the Web stes of the following companies:

1.

=

http://Aww.cadence.com

http://mww.aptix.com

w N

3.  http://Mmww.mentorg.com

http:/Aww.axiscorp.com

o &

5. http://Mmww.tharas.com
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| n-Circuit Emulation Tools

Information on in-circuit emulation toolsis available at the Web stes of the following companies.
1.

1. http://www.cadence.com
2.

2. http:/mww.mentorg.com
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Coverage Tools

Information on coverage toolsis available at the Web sites of the following companies:
1.

1. http:/Mmww.verigty.com
2.

2.  http:/Aww.synopsys.com
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Assertion Checking Tools

Information on assertion checking toolsis available at the Web sites of the following companies:

1

1. Information on eisavaldbleat hitp://mww.verisity.com

2.

2. Informaionon Veraisavailableat http://www.open-vera.com

3.

3. Information on SystemVerilog isavailable at http://iwww.accellera.org

4.

4. http:/;Aww.0-in.com

5.

5. http:/Mmww.verplex.com

6.

6. Information on Open Veification Library isavalableat http:/mww.accdlera.org
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Equivalence Checking Tools

1.

1. Information on equivaence checking toolsisavailable at http:/Amww.verplex.com

2.

2. Information on equivaence checking toolsisavailable a http://mww.synopsys.com
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Formal Verification Tools

Information on formal verification toolsis available a the Web sites of the following companies:

1.

=

http:/Aww.verplex.com

N

http:/Amww.redintent.com

3. http://www.synopsys.com

http:/Aww.athdl.com

o &

5.  http:/Aww.0-in.com
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Appendix F. Verilog Examples

This appendix contains the source code for two examples.

* Thefirs exampleisasyntheszable modd of aFIFO implementation.

* Thesecond exampleisabehaviord mode of a256K x 16 DRAM.
These examples are provided to give the reader aflavor of red-life Verilog HDL usage. Thereader is

encouraged to look through the source code to understand coding style and the usage of Verilog HDL
congtructs.
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F.1 Synthesizable FIFO M odel

This example describes a synthesi zable implementation of a FIFO. The FIFO depth and FIFO width in
bits can be modified by smply changing the value of two parameters, FWIDTH and "FDEPTH. For
this example, the FIFO depth is 4 and the FIFO width is 32 bits. The input/output ports of the FIFO are
shownin Figure F-1.

Figure F-1. FIFO Input/Output Ports

— (Clk F_EmptyN |——=
—® RstN F_FullN -
7/—>. Data_In—m —=F Data 7Lp-
———= FInN F_LastN  |—p=
— = FCIrN F_SLastN |——m»
— g FOutN F_FirstN |———3m

Input ports

All portswith asuffix "N" arelow-asserted.

Clk?Clock sgnd

ReN?Reset sgnd

Data In?32-bit datainto the FIFO

FINNWriteinto FIFO sgna

FCIrN?Clear sgnd to FIFO

FOuUtN?Read from FIFO signd

Output ports

F Data?32-bit output data from FIFO
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F.2 Behavioral DRAM M odd

This example describes a behaviora implementation of a256K x 16 DRAM. The DRAM has 256K
16-bit memory locations. The input/output ports of the DRAM are shown in Figure F-2.

FigureF-2. DRAM Input/Output Ports

—/— MA

—®» OE_N

— | RAS N 256K X16 DATA -47L|-
DRAM
— = CAS_N

— = LWE_N

gl UWEN

Input ports

All portswith asuffix "N" are low-asserted.

MA?10-bit memory address

OE_N?Output enable for reading data

RAS N7?Row address strobe for asserting row address

CAS_N?Column address strobe for asserting column address

LWE_N?Lower write enable to write lower 8 bits of DATA into memory

UWE_N?Upper write enable to write upper 8 bits of DATA into memory

Inout ports

DATA?16-bit dataasinput or output. Writeinput if LWE_N

or UWE N isasserted. Read output if OE_N is asserted.
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Foreword

From amodest beginning in early 1984 at Gateway Design Automation, the Verilog hardware
description language has become an industry standard as aresult of extensve usein the design of
integrated circuit chipsand digital systems. Verilog came into being as a proprietary language supported
by asmulation environment that was thefirst to support mixed-level design representations comprising
switches, gates, RTL, and higher levels of abstractions of digita circuits. The smulation environment
provided apowerful and uniform method to express digital designs aswell astests that were meant to
verify such designs.

Therewere three key factors that drove the acceptance and dominance of Verilog in the marketplace.
Fird, theintroduction of the Programming Language Interface (PLI) permitted users of Verilog to
literdly extend and customize the Smulation environment. Since then, users have exploited the PL1 and
their success at adapting Verilog to their environment has been ared winner for Verilog. The second
key factor which drove Verilog's dominance came from Gateway's paying close attention to the needs of
the ASIC foundries and enhancing Verilog in close partnership with Motorola, Nationa, and UTMC in
the 1987-1989 time-frame. The redlization that the vast mgjority of logic smulation was being done by
designers of ASIC chips drovethiseffort. With ASIC foundries blessing the use of Verilog and even
adopting it astheir internd sign-off smulator, the industry acceptance of Verilog was driven even further.
Thethird and find key factor behind the success of Verilog was the introduction of Verilog-based
synthesistechnology by Synopsysin 1987. Gateway licensed its proprietary Verilog language to
Synopsysfor this purpose. The combination of the smulation and synthesis technologies served to make
Verilog the language of choice for the hardware designers.

Thearivd of the VHDL (VHSIC Hardware Description Language), dong with the powerful dignment
of the remaining EDA vendorsdriving VHDL asan |EEE standard, led to the placement of Verilogin
the public domain. Verilog was inducted asthe IEEE 1364 standard in 1995. Since 1995, many
enhancements were made to Verilog HDL based on requests from Verilog users. These changes were
incorporated into the latest IEEE 1364-2001 Verilog standard. Today, Verilog has become the language
of choicefor digitd design and isthe bassfor synthes's, verification, and place and route technologies.

Samir's book is an excellent guide to the user of the Verilog language. Not only doesit explain the
language congtructs with arich variety of examples, it dso goesinto details of the usage of the PLI and
the gpplication of synthesistechnology. Thetopicsin the book are arranged logicdly and flow very
smoothly. Thisbook iswritten from avery practica design perspective rather than with afocus smply
on the syntax aspects of the language.

This second edition of Samir'sbook isuniquein two ways. Firdly, it incorporates al enhancements
described in IEEE 1364-2001 standard. This ensures that the readers of the book are working with the
latest information on Verilog. Secondly, anew chapter has been added on advanced verification
techniquesthat are now an integral part of Verilog-based methodologies. Knowledge of these
techniquesiscriticd to Verilog userswho design and verify multi-million gate systems.

| can gill remember the chalenges of teaching Verilog and its associated design and verification
methodologiesto users. By using Samir's book, beginning users of Verilog will become productive
sooner, and experienced Verilog userswill get the latest in a convenient reference book that can refresh
their understanding of Verilog. Thisbook isamust for any Verilog user.

Prabhu Goel

Former President of Gateway Design Automation
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[ TeamLiB]

[ TeamLiB]

Preface

During my earliest experience with Verilog HDL, | waslooking for abook that could give mea"jump
gart" onusing Verilog HDL. | wanted to learn basic digital design paradigms and the necessary Verilog
HDL congructsthat would help me build small digita circuits, using Verilog and run smulations. After |
had gained some experience with building basic Verilog modds, | wanted to learn to use Verilog HDL
to build larger designs. At that time, | was searching for abook that broadly discussed advanced
Verilog-based digital design concepts and red digita design methodologies. Findly, when | had gained
enough experience with digitd design and verification of red |C chips, though manuals of Verilog-based
products were available, from timeto time, | felt the need for aVerilog HDL book that would act asa
handy reference. A desiretofill this need led to the publication of thefirgt edition of thisbook.

It has been more than six years since the publication of thefirst edition. Many changes have occurred
during these years. These years have added to the depth and richness of my design and verification
experience through the diverse variety of ASIC and microprocessor projectsthat | have successfully
completed in thisduration. | have a so seen state-of -the-art verification methodol ogies and tools evolve
to ahigh level of maturity. The |[EEE 1364-2001 standard for Verilog HDL has been approved. The
purpose of this second edition isto incorporate the |EEE 1364-2001 additions and introduce to Verilog
usersthe latest advancesin verification. | hope to make this edition aricher learning experience for the
reader.

Thisbook emphasi zes breadth rather than depth. The book imparts to the reader aworking knowledge
of abroad variety of Verilog-based topics, thus giving the reader agloba understanding of Verilog

HDL -based design. The book leaves the in-depth coverage of each topic to the Verilog HDL language
reference manual and the reference manuas of theindividua Verilog-based products.

This book should be classified not only asaVerilog HDL book but, more generdly, asadigita design
book. It isimportant to redize that Verilog HDL isonly atool usedin digitd design. It isthe meansto an
end?hedigital 1C chip. Therefore, thisbook stresses the practical design perspective more than the
mere language aspects of Verilog HDL. With HDL -based digita design having become anecessity, no
digital desgner can afford toignore HDLs.

[ TeamLiB]
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Who Should Use This Book

The book isintended primarily for beginners and intermediate-level Verilog users. However, for
advanced Verilog users, the broad coverage of topics makesit an excellent reference book to be used in
conjunction with the manuals and training materias of Verilog-based products.

The book presentsalogical progression of Verilog HDL -based topics. It starts with the basics, such as
HDL -based design methodol ogies, and then gradually builds on the basics to eventualy reach advanced
topics, such as PLI or logic synthesis. Thus, the book is useful to Verilog userswith varying levels of
expertise as explained below.

*  Studentsinlogic desgn courses at universities

e Part 1 of thisbook isided for afoundation semester coursein Verilog HDL -based logic design.
Students are exposed to hierarchica modeling concepts, basic Verilog constructs and modeling
techniques, and the necessary knowledge to write small modd s and run smulations.

* New Verilog usersin theindustry

»  Companiesare moving to Verilog HDL - based design. Part 1 of thisbook isaperfect jump
dtart for designers who want to orient their skillstoward HDL -based design.

» Userswith basic Verilog knowledge who need to understand advanced concepts

e Part 2 of thisbook discusses advanced concepts, such as UDPs, timing ssmulation, PLI, and
logic synthesis, which are necessary for graduation from small Verilog modelsto larger designs.

* Veilog experts

» All Verilog topics are covered, from the basics modeling constructs to advanced topicslike
PL1Is, logic synthes's, and advanced verification techniques. For Verilog experts, thisbook isa
handy reference to be used dong with the IEEE Standard V erilog Hardware Description
Language reference manudl.

The materia in the book sometimes leanstoward an Application Specific Integrated Circuit (ASIC)
design methodology. However, the concepts explained in the book are genera enough to be applicable
to the design of FPGAS, PALS, buses, boards, and systems. The book uses Medium Scale Integration
(MS)) logic examplesto smplify discussion. The same concepts apply to VLSl designs.

[ TeamLiB]
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How This Book |sOrganized

Thisbook isorganized into three parts.

Part 1, Basic Verilog Topics, coversal information that anew user needs to build small Verilog models
and run smulations. Notethat in Part 1, gate-level modeling is addressed before behaviord modeling. |
have chosen to do so because | think that it iseasier for anew user to see a 1-1 correspondence
between gate-level circuits and equivaent Verilog descriptions. Once gate-level modeling is understood,
anew user can moveto higher levels of abstraction, such as data flow modeling and behaviora
modeling, without losing sight of the fact that Verilog HDL isalanguagefor digita desgnandisnot a
programming language. Thus, anew user starts off with the ideathat Verilog isalanguage for digita
design. New userswho start with behaviora modding often tend to write Verilog the way they write
their C programs. They sometimes|ose sight of the fact that they are trying to represent hardware
circuitsby usng Verilog. Part 1 contains nine chapters.

Part 2, Advanced Verilog Topics, contains the advanced concepts a Verilog user needs to know to
graduate from small Verilog modelsto larger designs. Advanced topics such astiming smulation,
switch-level modding, UDPs, PLI, logic synthess, and advanced verification techniques are covered.
Part 2 contains six chapters.

Part 3, Appendices, containsinformation useful as areference. Useful information, such as strength-level
modeling, list of PLI routines, forma syntax definition, Verilog tidbits, and large Verilog examplesis
included. Part 3 contains six appendices.
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Conventions Used in This Book

Table PR-1 describes the type changes and symbol's used in this book.

Table PR-1. Typographic Conventions

Typeface or Symbol Description Examples
AaBbCc123 Keywords, system tasks and and, nand, $display, "define
compiler directivesthat area
part of Verilog HDL
AaBbCc123 Emphesis cdl characterization, ingantiation
AaBbCc123 Names of signals, modules, fulladd4, D_FF, out
ports, etc.

A few other conventions need to be clarified.

* Inthebook, useof Verilog and Verilog HDL refersto the "V erilog Hardware Description
Language." Any referenceto aVerilog-based smulator is specificaly mentioned, usng words
such as Verilog smulator or trademarks such as Verilog-XL or VCS.

* Theword designer is used frequently in the book to emphasize the digital design perspective.
However, it isagenera term used to refer to aVerilog HDL user or averification engineer.
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Part 1. Basic Verilog Topics

1 Overview of Digital Design with Verilog HDL
Evolution of CAD, emergence of HDLS, typica
HDL -based design flow, why Verilog HDL?,
trendsin HDLs.

2 Hierarchicd Modding Concepts

Top-down and bottom-up design methodol ogy,
differences between modules and module
instances, parts of asmulation, design block,
simulus block.

3 Basic Concepts
Lexica conventions, datatypes, system tasks,
compiler directives.

4 Modules and Ports
Module definition, port declaration, connecting
ports, hierarchica name referencing.

5 Gate-Level Modding

Modding using basic Verilog gate primitives,
description of and/or and buf/not type gates, rise,
fal and turn-off delays, min, max, and typica
delays.

6 Dataflow Modding
Continuous assignments, delay specification,
expressions, operators, operands, operator types.

7 Behaviora Modding

Structured procedures, initial and always, blocking
and nonblocking statements, delay contral,
generate Satement, event control, conditional
Satements, multiway branching, loops, sequentia
and pardld blocks.

8 Tasks and Functions

Differences between tasks and functions,
declaration, invocation, automatic tasks and
functions.

9 Useful Moddling Techniques
Procedural continuous assgnments, overriding

parameters, conditional compilation and execution,
11cef il aarcdom tadve
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1.1 Evolution of Computer-Aided Digital Design

Digitd circuit design has evolved rapidly over thelast 25 years. The earliest digital circuits were designed
with vacuum tubes and transistors. Integrated circuits were then invented where logic gates were placed
onasingle chip. Thefirg integrated circuit (1C) chipswere SSI (Smal Scale Integration) chipswhere
the gate count was very smal. As technol ogies became sophisticated, designers were able to place
circuitswith hundreds of gates on achip. These chipswere caled MSI (Medium Scale Integration)
chips. With the advent of LSl (Large Scale Integration), designers could put thousands of gateson a
sngle chip. At this point, design processes started getting very complicated, and designersfelt the need
to automate these processes. Electronic Design Automation (EDA)[1] techniques began to evolve. Chip
designers began to use circuit and logic smulation techniques to verify the functiondity of building blocks
of the order of about 100 transistors. The circuits were still tested on the breadboard, and the layout
was done on paper or by hand on a graphic computer termina.

[1] The earlier edition of the book used the term CAD tools. Technically, the term Computer-Aided
Design (CAD) toolsrefers to back-end tools that perform functions rel ated to place and route, and
layout of the chip . The term Computer-Aided Engineering (CAE) toolsrefersto tools that are used for
front-end processes such HDL smulation, logic synthesis, and timing analysis. Designers used the terms
CAD and CAE interchangeably. Today, the term Electronic Design Automation is used for both CAD
and CAE. For the sake of smplicity, in thisbook, wewill refer to al design tools as EDA tools.

With the advent of VLS (Very Large Scae Integration) technology, designers could design single chips
with more than 100,000 transistors. Because of the complexity of these circuits, it was not possible to
verify these circuits on a breadboard. Computer-aided techniques became critical for verification and
designof VLS digitd circuits. Computer programsto do autometic placement and routing of circuit
layouts a so became popular. The designerswere now building gate-leve digitd circuits manualy on
graphic terminas. They would build small building blocks and then derive higher-level blocks from them.
This processwould continue until they had built the top-level block. Logic smulators cameinto existence
to verify the functionality of these circuits before they were fabricated on chip.

Asdesgnsgot larger and more complex, logic Smulation assumed an important rolein the design
process. Designers could iron out functiona bugsin the architecture before the chip was designed further.
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1.2 Emergenceof HDLs

For along time, programming languages such as FORTRAN, Pascal, and C were being used to
describe computer programs that were sequentia in nature. Smilarly, in the digital design field, designers
felt the need for astandard language to describe digital circuits. Thus, Hardware Description Languages
(HDLs) cameinto existence. HDL s dlowed the designersto model the concurrency of processes found
in hardware e ements. Hardware description languages such as Verilog HDL and VHDL became
popular. Verilog HDL originated in 1983 at Gateway Design Automation. Later, VHDL was developed
under contract from DARPA. Both Verilog and VHDL smulatorsto smulate large digital circuits
quickly gained acceptance from designers.

Even though HDL swere popular for logic verification, designers had to manualy trandate the

HDL -based design into a schematic circuit with interconnections between gates. The advent of logic
gynthesisin the late 1980s changed the design methodology radicaly. Digitd circuits could be described
a aregiger trandfer level (RTL) by use of an HDL.. Thus, the designer had to specify how the data flows
between registers and how the design processesthe data. The details of gates and their interconnections
to implement the circuit were automatically extracted by logic synthesistoolsfrom the RTL description.

Thus, logic synthesis pushed the HDL s into the forefront of digital design. Designers no longer had to
manually place gatesto build digita circuits. They could describe complex circuits at an abstract leve in
terms of functionality and dataflow by designing those circuitsin HDLs. Logic synthesstoolswould
implement the specified functiondity in terms of gates and gate interconnections.

HDL s aso began to be used for system-level design. HDL swere used for smulation of system boards,
interconnect buses, FPGAs (Field Programmable Gate Arrays), and PALs (Programmable Array
Logic). A common gpproach isto design each IC chip, using an HDL, and then verify system
functiondity viagmulation.

Today, Verilog HDL isan accepted | EEE standard. 1n 1995, the origina standard | EEE 1364-1995
was approved. |EEE 1364-2001 isthelatest Verilog HDL standard that made significant improvements
to the origind standard.

[ TeamLiB]

[ TeamLiB]



NFO/lib.html

0130449113_ch01lev1sec1.html

0130449113_ch01lev1sec3.html

NFO/lib.html

0130449113_ch01lev1sec2.html

0130449113_ch01lev1sec4.html

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial version, http://mww.thebeatlesfor ever .com/pr ocesstext/abechm.html

1.3 Typical Design Flow

A typical design flow for designing VLS IC circuitsisshown in Figure 1-1. Unshaded blocks show the
level of design representation; shaded blocks show processesin the design flow.

Figure1-1. Typical Design Flow

Design Specification

Y

Behavioral Description

Y

C RTL Description (HDL)  |egg——

Funetional Verification

and Testing

Logic Synthesis/
Timing Verification

Y
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Logical Verification
and Testing

Y

Floor Planning
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Place and Route

Y

Physical Layout

Y

Layout Verification

Y

Implementation

Thedesign flow shownin Figure 1-1 istypicaly used by desgnerswho use HDLs. In any design,
specifications are written first. Specifications describe abstractly the functiondity, interface, and overal
architecture of the digita circuit to be designed. At this point, the architects do not need to think about
how they will implement this circuit. A behaviora description isthen created to andyze thedesignin
terms of functiondity, performance, compliance to standards, and other high-level issues. Behaviord
descriptions are often written with HDLs.[2]

[2] New EDA tools have emerged to smulate behavioral descriptions of circuits. These tools combine

the powerful concepts from HDL s and object oriented languages such as C++. These tools can be used
ingdead of writina behaviora descrintionsin Veriloa HDI
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1.4 Importanceof HDLs

HDL s have many advantages compared to traditional schematic-based design.

» Dedignscan be described a avery abstract level by use of HDLs. Designers can write their
RTL description without choosing a pecific fabrication technology. Logic synthesistools can
automatically convert the design to any fabrication technology. If anew technology emerges,
designers do not need to redesign their circuit. They smply input the RTL description to thelogic
synthesistool and create anew gate-level netlist, using the new fabrication technology. Thelogic
synthesistool will optimize the circuit in areaand timing for the new technology.

» By describing desgnsin HDLs, functiona verification of the design can bedone early inthe
design cycle. Since designerswork a the RTL leve, they can optimize and modify the RTL
description until it meetsthe desired functionality. Most design bugs are liminated at this point.
This cuts down design cycdle time significantly because the probability of hitting afunctiona bug
a alaer timeinthe gate-leve netlist or physica layout isminimized.

* Desgning with HDLsis ana ogous to computer programming. A textua description with
commentsis an easier way to develop and debug circuits. Thisalso provides aconcise
representation of the design, compared to gate-level schematics. Gate-level schematicsare
amost incomprehensblefor very complex designs.

HDL -based design is here to stay.[3] With rapidly incressing complexities of digita circuitsand
increasingly sophisticated EDA tools, HDL s are now the dominant method for large digital designs. No
digitd circuit designer can afford to ignore HDL -based design.

[3] New tools and languages focused on verification have emerged in the past few years. These

languages are better suited for functiona verification. However, for logic design, HDLs continue asthe
preferred choice.
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1.5 Popularity of Verilog HDL

Verilog HDL has evolved as a standard hardware description language. Verilog HDL offers many useful
features

* Veilog HDL isagenera-purpose hardware description language that is easy to learn and easy
touse. Itissmilar in syntax to the C programming language. Designerswith C programming
experiencewill find it easy to learn Verilog HDL.

* VeilogHDL alowsdifferent levels of abstraction to be mixed in the same modd. Thus, a
designer can define ahardware model in terms of switches, gates, RTL, or behaviora code.
Also, adesigner needsto learn only one language for stimulus and hierarchica design.

* Mogt popular logic synthesistools support Verilog HDL. Thismakesit the language of choice
for desgners.

» All fabrication vendors provide Verilog HDL librariesfor postlogic synthesis smulation. Thus,
designing achipin Verilog HDL alowsthe widest choice of vendors.

* TheProgramming Language Interface (PL1) isa powerful festure that allows the user to write
custom C codeto interact with theinternad data structures of Verilog. Designers can customize a
Verilog HDL simulator to their needswith the PLI.
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1.6 Trendsin HDLs

The speed and complexity of digitd circuits have increased rapidly. Designers have responded by
designing a higher levels of abstraction. Designers have to think only interms of functiondity. EDA tools
take care of the implementation details. With designer assistance, EDA tools have become sophiticated
enough to achieve a close-to-optimum implementation.

The most popular trend currently isto designin HDL at an RTL level, because logic synthesistools can
create gate-leve netlissfrom RTL level design. Behaviord synthesis allowed engineersto design directly
interms of agorithms and the behavior of the circuit, and then use EDA toolsto do the trandation and
optimization in each phase of the design. However, behaviora synthesisdid not gain widespread
acceptance. Today, RTL design continuesto be very popular. Verilog HDL isaso being constantly
enhanced to meet the needs of new verification methodologies.

Formd verification and assertion checking techniques have emerged. Formd verification gppliesformd
mathematica techniquesto verify the correctness of Verilog HDL descriptions and to establish
equivalency between RTL and gate-level netlists. However, the need to describe adesignin Verilog
HDL will not go away. Assertion checkers alow checking to be embedded inthe RTL code. Thisisa
convenient way to do checking in the most important parts of adesign.

New verification languages have a so gained rapid acceptance. These languages combine the pardldism
and hardware constructs from HDL s with the object oriented nature of C++. These languages also
provide support for automatic stimulus creation, checking, and coverage. However, these languages do
not replace Verilog HDL. They smply boost the productivity of the verification process. Verilog HDL is
gtill needed to describe the design.

For very high-speed and timing-critica circuits like microprocessors, the gate-level netlist provided by
logic synthesistoolsis not optima. In such cases, designers often mix gate-level description directly into
the RTL description to achieve optimum results. This practice is opposite to the high-level design
paradigm, yet it isfrequently used for high-speed designs because designers need to squeeze the last bit
of timing out of circuits, and EDA tools sometimes prove to be insufficient to achieve the desired results.

Another techniquethat isused for sysem-level design isamixed bottom-up methodology wherethe
designersuse ether existing Verilog HDL modules, basic building blocks, or vendor-supplied core
blocksto quickly bring up their system simulation. Thisis done to reduce development costs and
compress design schedules. For example, consider asystem that has a CPU, graphics chip, 1/0 chip,
and asystem bus. The CPU designers would build the next-generation CPU themselvesat an RTL levd,
but they would use behaviord modesfor the graphics chip and the I/O chip and would buy a
vendor-supplied modd for the system bus. Thus, the system-level smulation for the CPU could be up
and running very quickly and long before the RTL descriptionsfor the graphics chip and the /O chip are
completed.

[ TeamLiB]
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Chapter 2. Hierarchical M odeling Concepts

Before we discussthe details of the Verilog language, we must first understand basic hierarchical
modeling conceptsin digita design. The designer must use a"good” design methodology to do efficient
Verilog HDL-based design. In this chapter, we discuss typica design methodologies and illustrate how
these concepts are trandated to Verilog. A digital smulation is made up of various components. Wetalk
about the components and their interconnections.

Learning Objectives

»  Understand top-down and bottom-up design methodologiesfor digital design.
* Explain differences between modules and module ingtancesin Verilog.

» Describefour levels of abstraction?ehaviora, dataflow, gate level, and switch level?0
represent the same module.

»  Describe components required for the smulation of adigital design. Define astimulus block and
adesign block. Explain two methods of gpplying stimulus.
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2.1 Design Methodologies

There are two basic types of digital design methodologies: atop-down design methodology and a
bottom-up design methodology. In atop-down design methodol ogy, we define the top-level block and
identify the sub-blocks necessary to build the top-level block. We further subdivide the sub-blocks until
we cometo leaf cells, which are the cells that cannot further be divided. Figure 2-1 shows the top-down
design process.

Figure 2-1. Top-down Design M ethodology

Top-level
block

sub-
block 4

sub-

leaf leaf ‘ leaf leaf leaf leaf

leal leafl
cell cell cell cell cell cell

cell cell

In a bottom-up design methodology, we first identify the building blocks that are available to us. We
build bigger cdls, using these building blocks. These cdlls are then used for higher-level blocks until we
build the top-level block in the design. Figure 2-2 shows the bottom-up design process.

Figure 2-2. Bottom-up Design M ethodology

Top-level

//’ o
MAcTH MEACTO IMACTO macro
cell 1 cell 2 cell 3 cell 4
leaf leaf leaf leaf leaf leaf leaf leaf
cell cell cell cell cell cell cell cell

Typicaly, acombination of top-down and bottom-up flows is used. Design architects define the
specifications of the top-level block. Logic designers decide how the design should be structured by
breaking up the functiondity into blocks and sub-blocks. At the same time, circuit designersare
designing optimized circuitsfor leaf-level cdls. They build higher-leve cdlsby using theseleef cdlls. The
flow meets at an intermediate point where the switch-level circuit designers have crested alibrary of leaf
cdls by using switches, and thelogic level designers have designed from top-down until al modules are
defined interms of leef cdls.

Toillugtrate these hierarchica modeling concepts, let us consder the design of anegative edge-triggered
4-bit ripple carry counter described in Section 2.2, 4-bit Ripple Carry Counter.
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2.2 4-bit Ripple Carry Counter

Theripple carry counter shown in Figure 2-3 is made up of negative edge-triggered toggle flipflops
(T_FF). Each of the T_FFs can be made up from negative edge-triggered D-flipflops (D_FF) and
inverters (assuming ¢_bar output is not available on the D_FF), asshownin Figure 2-4.

Figure 2-3. Ripple Carry Counter

Ripple q0 ql q2 q3

Counter

clock

reset

reset An Un+1 r— — — — -

Thus, theripple carry counter isbuilt in ahierarchica fashion by using building blocks. The diagram for
the design hierarchy isshown in Figure 2-5.

Figure 2-5. Design Hierar chy

‘ Ripple Carry
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T_FF T_FF T_FF T_FF
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2.3 Modules

We now relate these hierarchica modeling conceptsto Verilog. Verilog provides the concept of a
module. A moduleisthe basic building block in Verilog. A module can be an e ement or a collection of
lower-level design blocks. Typicaly, dements are grouped into modules to provide common
functiondity that is used at many placesin the desgn. A module provides the necessary functiondity to
the higher-leve block through its port interface (inputs and outputs), but hides the internal
implementation. Thisalows the designer to modify module internd s without affecting the rest of the
design.

In Figure 2-5, ripple carry counter, T_FF, D_FF are examples of modules. In Verilog, amoduleis
declared by the keyword module. A corresponding keyword endmodule must appear at the end of the
module definition. Each module must have amodule_name, which istheidentifier for the module, and a
module_termina_list, which describes the input and output terminals of the module.

nodul e <nodul e_nanme> (<nodul e_term nal _|ist>);
<nmodul e internal s>

endnodul e

Specificaly, the T-flipflop could be defined as amodule as follows.

nmodule T_FF (q, clock, reset);
<functionality of T-flipflop>

endnodul e

Verilog isboth abehavioral and astructura language. Internals of each module can be defined at four
levels of abstraction, depending on the needs of the design. The module behavesidenticaly with the
externd environment irrespective of the level of abstraction a which the moduleis described. The
internas of the module are hidden from the environment. Thus, the level of abstraction to describe a
module can be changed without any change in the environment. These levelswill be studied in detail in
separate chapterslater in the book. The levels are defined below.

» Behaviord or dgorithmicleve
» Thisisthehighest leve of abstraction provided by Verilog HDL. A module can be implemented

interms of the desired design agorithm without concern for the hardware implementation detalls.
Desgning &t thislevel isvery smilar to C programming.

o Dadflow levd

- At thicla/ad the medi o 1e Aoc Aained hy, anaci iyt na thoe AAata flawnwy The Aoac Aanoar 1 anrwva F heang
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2.4 | nstances

A module provides atemplate from which you can create actual objects. When amoduleisinvoked,
Verilog creates a unique object from the template. Each object hasits own name, variables, parameters,
and I/O interface. The process of creating objects from amodule templateis caled ingtantiation, and the
objects are called instances. In Example 2-1, the top-level block creates four instances from the
T-flipflop (T_FF) template. Each T_FF ingtantiatesaD_FF and an inverter gate. Each instance must be
given aunigque name. Note that // is used to denote single-line comments.

Example 2-1 Module I nstantiation

/1 Define the top-level nodule called ripple carry

/1 counter. It instantiates 4 T-flipflops. Interconnections are
/1 shown in Section 2.2, 4-bit R pple Carry Counter

nodul e ripple_carry counter(qg, clk, reset);

output [3:0] g; //1/Osignals and vector declarations
//will be explained |ater.
input clk, reset; //1/Osignals will be explained |ater

/1 Four instances of the nodule T_FF are created. Each has a unique
/I nanme. Each instance is passed a set of signals. Notice, that

/1 each instance is a copy of the nodule T_FF

T FF tff0o(q[0],clk, reset);

T FF tff1(q[1],q[0], reset);

TFF tff2(q[2],q[1], reset);

T FF tff3(q[3],q[2], reset);

endnodul e

/1 Define the nmodule T _FF. It instantiates a D-flipflop. W assuned
/1 that nodule D-flipflop is defined el sewhere in the design. Refer
/1 to Figure 2-4 for interconnections.

nodule T_FF(q, clk, reset);

/1 Declarations to be explained | ater
out put q;

i nput clk, reset;

wire d;

D FF dff0o(q, d, clk, reset); // Instantiate D FF. Call it dffo.
not nl(d, q); // not gate is a Verilog primtive. Explained |ater

endnodul e

InVerilog, itisillega to nest modules. One module definition cannot contain another module definition
within the module and endmodul e statements. Instead, amodul e definition can incorporate copies of
other modules by ingantiating them. It isimportant not to confuse module definitions and instances of a
module. Module definitions smply specify how the module will work, itsinternds, and itsinterface.
Modules must be ingtantiated for usein the design.

Example 2-2 shows anillegal module nesting where the module T_FF is defined inside the module
definition of the ripple carry counter.

Example 2-2 Illegal M odule Nesting
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2.5 Components of a Simulation

Once adesign block iscompleted, it must be tested. The functionality of the design block can be tested
by applying stimulus and checking results. We cal such ablock the stimulus block. It isgood practice to
keep the stimulus and design blocks separate. The stimulus block can bewrittenin Verilog. A separate
language is not required to describe stimulus. The stimulus block isaso commonly caled atest bench.
Different test benches can be used to thoroughly test the design block.

Two styles of simulus gpplication are possible. Inthefirst style, the simulus block instantiates the design
block and directly drivesthe signalsin the design block. In Figure 2-6, the stimulus block becomesthe
top-level block. It manipulates signals clk and reset, and it checks and displays output signal g.

Figure 2-6. Stimulus Block I nstantiates Design Block

(Stimulus Block)
clk reset

vy

(Design Block)
Ripple Carry
Counter

v

q

The second style of applying simulusisto ingtantiate both the stimulus and design blocksin atop-leve
dummy module. The stimulus block interacts with the design block only through the interface. Thisstyle
of applying simulusisshownin Figure 2-7. The stimulus module drivesthesignalsd_clk and d_rest,
which are connected to the signas clk and reset in the design block. It dso checks and displays signdl
c_qg, whichis connected to the signal qin the design block. The function of top-level block issmply to
ingtantiate the design and stimulus blocks.

Figure 2-7. Stimulusand Design Blocks I nstantiated in a Dummy Top-Level Module

Top-Level Block

d_clk I clk
Stimulus
Block d_reset reset Design Block
Ripple Carry
Counter

4 I N I |



#ch02fig06

#ch02fig07

0130449113_26031533.html

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial version, http://mww.thebeatlesfor ever .com/pr ocesstext/abechm.html

[TeamLiB] [rrevious lnesr o]

[TeamLiB] [ erevious [esr



NFO/lib.html

0130449113_ch02lev1sec4.html

0130449113_ch02lev1sec6.html

NFO/lib.html

0130449113_ch02lev1sec5.html

0130449113_ch02lev1sec7.html

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial verson, http:/mww.thebeatlesfor ever .com/processtext/abechm.html

2.6 Example

To illustrate the concepts discussed in the previous sections, let us build the complete smulation of a
ripple carry counter. We will define the design block and the stimulus block. Wewill apply stimulusto
the design block and monitor the outputs. Aswe develop the Verilog models, you do not need to
understand the exact syntax of each construct at this stage. At this point, you should smply try to
understand the design process. We discuss the syntax in much greater detail in the later chapters.

2.6.1 Design Block

We use atop-down design methodology. First, we write the Verilog description of the top-level design
block (Example 2-3), which istheripple carry counter (see Section 2.2, 4-bit Ripple Carry Counter).

Example 2-3 Ripple Carry Counter Top Block

nodul e ripple carry counter(q, clk, reset);

output [3:0] q;
i nput clk, reset;

/14 instances of the nodule T _FF are created.
T FF tff0O(q[0],clk, reset);
T FF tff1(q[1],q[0], reset);
T FF tff2(q[2],q[1], reset);
T FF tff3(q[3],q[2], reset);

endnodul e

In the above module, four instances of the module T_FF (T-flipflop) are used. Therefore, we must now
define (Example 2-4) theinternals of the module T_FF, which was shown in Figure 2-4.

Example 2-4 Flipflop T_FF

modul e T_FF(qg, clk, reset);

out put q;

i nput clk, reset;

wire d;

D FF dff0(qg, d, clk, reset);

not nl(d, q); // not is a Verilog-provided primtive. case sensitive
endnodul e

Since T_FF ingtantiates D_FF, we must now define (Example 2-5) the internals of module D_FF. We
assume asynchronous reset for the D_FFF.

Example 2-5Flipflop D_F

/1 nodule D FF with synchronous reset
modul e D_FF(q, d, clk, reset);

out put q;
i nput d, clk, reset;
reg q,
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2.7 Summary

In this chapter we discussed the following concepts.

» Two kinds of design methodologies are used for digita design: top-down and bottom-up. A
combination of these two methodologiesisused in today's digital designs. As designs become
very complex, it isimportant to follow these structured approaches to manage the design
process.

* Modulesarethebasic building blocksin Verilog. Modules are used in adesign by ingtantiation.
An ingtance of amodule has aunique identity and is different from other instances of the same
module. Each instance has an independent copy of theinternals of the module. It isimportant to
understand the difference between modules and instances.

» Therearetwo distinct componentsin asmulation: adesign block and astimulus block. A
stimulus block is used to test the design block. The stimulus block is usually the top-level block.
There aretwo different styles of gpplying stimulusto adesign block.

» Theexample of theripple carry counter explains the step-by-step process of building al the
blocksrequired in asmulation.

This chapter isintended to give an understanding of the design process and how Verilog fitsinto the
design process. The detalls of Verilog syntax are not important at this stage and will be dedlt with in later
chapters.

[ TeamLiB]

[ TeamLiB]
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2.8 Exercises

An interconnect switch (1S) contains the following
components, a shared memory (MEM), asystem
controller (SC) and a data crossbar (Xbar).

a.

a. Definethe modulesMEM, SC, and Xbar,
using the module/endmodule keywords. Y ou
do not need to define the internds. Assume
that the modules have no termind lists.

b. DefinethemodulelS, usngthe
module/endmodule keywords. Ingtantiate the
modules MEM, SC, Xbar and call the
instances meml, scl, and xbarl, respectively.
Y ou do not need to define the internals.
Assumethat the module IS has no termindls.

c. Defineadimulusblock (Top), usngthe
module/endmodule keywords. Ingtantiate the
design block ISand cdll theingtanceisl. This
isthefind stepin building the smulation
environment.

A 4-bit ripple carry adder (Ripple_Add) contains
four 1-bit full adders (FA).

a.

a. Definethe module FA. Do not define the
interndsor thetermind li<t.
b.

b. Definethe module Ripple Add. Do not
definetheinternasor thetermind lis.
Instantiate four full adders of thetype FA in
the module Ripple_Add and call them fa0,
fal, fa2, and fas.

[ TeamLiB]
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Chapter 3. Basic Concepts

In this chapter, we discuss the basic congtructs and conventionsin Verilog. These conventions and
congtructs are used throughout the later chapters. These conventions provide the necessary framework
for Verilog HDL. Datatypesin Verilog modd actua data storage and switch lementsin hardware very
closdly. This chapter may seem dry, but understanding these concepts is a necessary foundation for the
successive chapters.

Learning Objectives

» Understand lexical conventionsfor operators, comments, whitespace, numbers, strings, and
identifiers

» Définethelogic vaue set and data types such as nets, registers, vectors, numbers, smulation
time, arrays, parameters, memories, and strings.

* ldentify useful system tasksfor displaying and monitoring information, and for sopping and
finishing theamulation.

* Learn basic compiler directivesto define macros and includefiles.

[TeamLiB] [erevious [ o)
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3.1 Lexical Conventions

Thebasiclexica conventions used by Verilog HDL are smilar to those in the C programming language.
Verilog contains astream of tokens. Tokens can be comments, ddimiters, numbers, strings, identifiers,
and keywords. Verilog HDL isacase-sengitive language. All keywords are in lowercase.

3.1.1 Whitespace

Blank spaces (\b) , tabs (\t) and newlines (\n) comprise the whitespace. Whitespace isignored by
Verilog except when it separates tokens. Whitespace is not ignored in strings.

3.1.2 Comments

Comments can be inserted in the code for readability and documentation. There are two waysto write
comments. A one-line comment startswith *//". Verilog skips from that point to the end of line. A
multiple-line comment startswith "/*" and endswith "*/*. Multiple-line comments cannot be nested.
However, one-line comments can be embedded in multiple-line comments.

a=>b&&c; // This is a one-line coment

/* This is a multiple line
coment */

/* This is /* an illegal */ comrent */

/* This is //a |l egal comrent */
3.1.3 Operators
Operators are of three types. unary, binary, and ternary. Unary operators precede the operand. Binary

operators appear between two operands. Ternary operators have two separate operators that separate
three operands.

a=~Db; /] ~is aunary operator. b is the operand
a=>bé&c; /|l & is a binary operator. b and ¢ are operands
a=b?c: d; /] ? is aternary operator. b, ¢ and d are operands

3.1.4 Number Specification

There are two types of number specification in Verilog: sized and unsized.

Sized numbers

Sized numbers are represented as <size> '<base format> <number>.

<dgze> iswritten only in decimal and specifies the number of bitsin the number. Lega baseformatsare
decima (‘d or 'D). hexadecima (‘h or 'H). binarv ('b or 'B) and octal (‘o or 'O). The number is specified
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3.2 Data Types

This section discusses the datatypes used in Verilog.

3.2.1 Value Set

Verilog supports four values and eight strengths to modd the functiondity of red hardware. The four
vauelevesareligedin Table 3-1.

Table3-1. ValueLevds

ValueLevel Condition in Hardwar e Cir cuits
0 Logic zero, fase condition

1 Logic one, true condition

X Unknown logic vaue

z High impedance, floating Sate

In addition to logic vaues, strength levels are often used to resolve conflicts between drivers of different
grengthsin digitd circuits. Vaue levels 0 and 1 can have the strength levelslisted in Table 3-2.

Table 3-2. Strength Levels

Strength Level Type Degree
upply Driving srongest
y A
drong Driving
pul Driving
large Storage
weak Driving
medium Storage

gl Storage
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3.3 System Tasksand Compiler Directives

In this section, we introduce two specia concepts used in Verilog: system tasks and compiler directives.

3.3.1 System Tasks

Verilog provides standard system tasks for certain routine operations. All system tasks appear in the
form $<keyword>. Operations such as digplaying on the screen, monitoring values of nets, stopping, and
finishing are done by system tasks. We will discuss only the most useful system tasks. Other tasks are
listed in Verilog manuas provided by your smulator vendor or in the IEEE Standard Verilog Hardware
Description Language specification.

Displaying information

$display isthe main system task for displaying vaues of variables or strings or expressions. Thisis one of
the most useful tasksin Verilog.

Usage: $display(pl, p2, p3,....., pn);

pl, p2, p3...., pn can be quoted strings or variables or expressions. The format of $display isvery
gmilar to printf in C. A $display insertsanewline at the end of the string by default. A $display without
any arguments produces anewline.

Strings can be formatted using the specificationslisted in Table 3-4. For more detailed specifications,
see |EEE Standard Verilog Hardware Description Language specification.

Table 3-4. String Format Specifications

Format Display

%d or %D Display variadlein decima
%b or %B Display variadlein binary
%s or %S Digplay string

%h or %H Digplay variadlein hex
%c or %C Display ASCII character

%m or %M Display hierarchica name (no argument required)
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3.4 Summary

We discussed the basic concepts of Verilog in this chapter. These concepts lay the foundation for the
materia discussed in the further chapters.

Verilogissmilar in syntax to the C programming language . Hardware designers with previous C
programming experiencewill find Verilog easy to learn.

Lexica conventionsfor operators, comments, whitespace, numbers, strings, and identifiers were
discussed.

Variousdatatypesare availablein Verilog. There are four logic vaues, each with different
srength levels. Available datatypesinclude nets, registers, vectors, numbers, smulation time,
arrays, memories, parameters, and strings. Data types represent actual hardware elements very
closly.

Verilog provides useful system tasksto do functions like displaying, monitoring, suspending, and
finishingasmuldion.

Compiler directive "defineis used to define text macros, and “includeis used to include other
Verilogfiles
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3.5 Exercises

Practice writing the following numbers:

a.

a.

Decima number 123 asasized 8-bit number
inbinary. Use _ for readability.

A 16-bit hexadecimal unknown number with
dl x's

A 4-bit negative 2 in decimd . Writethe 2's
complement form for this number.

An unsized hex number 1234.

Arethefollowing legd strings? If not, write the
correct strings.

a.

a
b.

oo

"Thisisagring displaying the% sgn"

"out=inl+in2"

"Pleasering abel \OO7"

"Thisisabackdash \ character\n"

Aretheselegd identifiers?

a.

a.
b.

o

syseml

1reg

$latch
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Chapter 4. Modules and Ports

In the previous chapters, we acquired an understanding of the fundamental hierarchica moddling
concepts, basic conventions, and Verilog constructs. In this chapter, we take a closer ook at modules
and portsfrom the Verilog language point of view.

Learning Objectives

* |ldentify the components of aVerilog module definition, such as module names, port lists,
parameters, variable declarations, dataflow statements, behavioral statements, instantiation of
other modules, and tasks or functions.

*  Understand how to define the port list for amodule and declareit in Verilog.
»  Destribethe port connection rulesin amodule ingtantiation.
» Understand how to connect portsto external signals, by ordered list, and by name.

* Explain hierarchica namereferencing of Verilog identifiers.

[ TeamLiB]

[ TeamLiB]
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4.1 Modules

We discussed how amoduleisabasic building block in Chapter 2, Hierarchica Modeling Concepts.
Weignored the internals of modules and concentrated on how modules are defined and ingtantiated. In
this section, we andlyze the internals of the module in greater detail.

A modulein Verilog conssts of distinct parts, asshownin Figure 4-1.

Figure4-1. Componentsof a Verilog Module

Module Name,
Port List, Port Declarations (if ports present)
Parameters (optional),

Declarations of wires, Data flow statements

regs and other variables (assign)

Instantiation of lower always and initial blocks.
level modules All behavioral statements

zo in these blocks.

Tasks and functions

endmodule statement

A module definition dways begins with the keyword module. The module name, port list, port
declaraions, and optiona parameters must comefirst in amodule definition. Port list and port
declarations are present only if the module has any portsto interact with the externd environment.The
five components within amodule are: variable declarations, dataflow statements, ingtantiation of lower
modules, behaviora blocks, and tasks or functions. These components can be in any order and at any
place in the modul e definition. The endmodule statement must always comelast in amodule definition.
All components except module, module name, and endmodule are optional and can be mixed and
matched as per design needs. Verilog dlows multiple modulesto be defined in asinglefile. The modules
can be defined in any order in thefile.

To understand the components of amodule shown above, let us consder asimple example of an SR
latch, asshownin Figure4-2.

Figure4-2. SR Latch

|
Shar l ]. N i
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4.2 Ports

Ports provide the interface by which amodule can communicate with its environment. For example, the
input/output pins of an I1C chip areits ports. The environment can interact with the module only through
its ports. Theinternas of the module are not visible to the environment. This provides avery powerful
flexibility to the designer. Theinternds of the module can be changed without affecting the environment
aslong astheinterface is not modified. Ports are also referred to asterminds.

4.2.1 List of Ports

A module definition contains an optiond list of ports. If the module does not exchange any sgnalswith
the environment, there are no portsin the list. Consider a4-bit full adder that isinstantiated insgde a
top-level module Top. The diagram for the input/output portsis shown in Figure 4-3.

Figure4-3.1/O Portsfor Top and Full Adder

Top

4 » full

adder
b —®  (4-bit)

fulladd4 —m= c_out

—= Sum

C_In —

Notice that in the above figure, the module Top isatop-level module. The module fulladd4 is
instantiated below Top. The module fulladd4 takesinput on ports a, b, and ¢_in and produces an output
on portssum and ¢_out. Thus, module fulladd4 performs an addition for its environment. The module
Topisatop-level module in the smulation and does not need to pass Sgnasto or receive sgnasfrom
the environment. Thus, it does not have alist of ports. The module names and port lists for both module
declarationsin Verilog are as shown in Example 4-2.

Example4-2 List of Ports

nmodul e full add4(sum c_out, a, b, c_in); //Mdule with a list of ports
nmodul e Top; // No list of ports, top-level nodule in simulation

4.2.2 Port Declar ation

All portsintheligt of ports must be declared in the module. Ports can be declared asfollows:
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4.3 Hierarchical Names

We described earlier how Verilog supports ahierarchica design methodology. Every module instance,
sgnd, or variableis defined with an identifier. A particular identifier hasaunique placeinthedesign
hierarchy. Hierarchica name referencing alows usto denote every identifier in the design hierarchy with
aunique name. A hierarchica nameisalist of identifiers separated by dots (".") for each leve of
hierarchy. Thus, any identifier can be addressed from any place in the design by smply specifying the
complete hierarchical name of thet identifier.

Thetop-leve moduleis called the root module becauseit is not ingtantiated anywhere. It isthe starting
point. To assgn aunique nameto an identifier, start from the top-level module and trace the path aong
the design hierarchy to the desired identifier. To clarify this process, let us consider the smulation of SR
latchin Example 4-1. The design hierarchy isshown in Figure 4-5.

Figure 4-5. Design Hierarchy for SR Latch Smulation

stimulus
(root level)
ml g, gbar,
(SR _latch) set, reset
/ \\ {variables)
nl n2 Q, Qbar
{nand) {nand) S, R _
(signals)

For thissmulation, stimulusisthe top-level module. Since the top-level moduleis not ingtantiated
anywhere, it is called the root module. The identifiers defined in this module are g, gbar, set, and reset.
The root module instantiates m1, which isamodule of type SR _latch. The module m1 ingtantiates nand
gatesnl and n2. Q, Qbar, S, and R are port signasin instance m1. Hierarchica name referencing
assgnsaunique name to each identifier. To assign hierarchica names, use the module name for root
module and instance names for al module instances below the root module. Example 4-8 shows
hierarchical namesfor al identifiersin the above smulation. Notice that thereisadot (.) for each leve of
hierarchy from the root module to the desired identifier.

Example 4-8 Hierar chical Names

sti mul us stimulus. g

sti mul us. gbar stimul us. set
stimulus. reset stimulus. ml
stimulus.nl. Q stimul us. nil. Qbar
stimulus.nl. S stimulus.nl. R
stimulus.nl stimul us. n2

Each identifier in the design isuniquely specified by its hierarchica path name. To display theleve of
hierarchy, use the specia character %om in the $display task. See Table 3-4, String Format
Specifications, for details.
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4.4 Summary

In this chapter, we discussed the following aspects of Verilog:

»  Module definitions contain various components. Keywords module and endmodule are
mandatory. Other components?ort list, port declarations, variable and signal declarations,
dataflow statements, behaviora blocks, lower-level module ingtantiations, and tasks or
functions?re optiona and can be added as needed.

» Ports provide the module with a means to communicate with other modules or its environment.
A module can have aport list. Portsin the port list must be declared asinput, output, or inout.
When ingtantiating amodule, port connection rules are enforced by the Verilog smulator. An
ANSI C style embeds the port declarations in the module definition statement.

» Ports can be connected by name or by ordered list.
» Eachidentifier inthe design hasaunique hierarchica name. Hierarchical namesalow usto

address any identifier in the design from any other level of hierarchy in the design.
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4.5 Exercises

[ TeamLiB]

[ TeamLiB]

What are the basic components of a module? Which components are
mandatory?

Does amodule that does not interact with its environment have any 1/10
ports? Doesit have aport list in the module definition?

A 4-bit pardld shift register has 1/0O pins as shown in thefigure below.
Write the module definition for thismodule shift_reg. Indludethelist of
ports and port declarations. Y ou do not need to show the internals.

reg_in —
[3:0] — reg_out
shift_reg [3:0]

clock—pm (4 bit)

Declare atop-level module stimulus. Define REG_IN (4 bit) and CLK (1
bit) asreg register variablesand REG_OUT (4 bit) aswire. Instantiate the
module shift_reg and call it sr1. Connect the ports by ordered li<t.

Connect the portsin Step 4 by name.

Write the hierarchical namesfor variablesREG _IN, CLK, and REG_OUT.

Writethe hierarchical name for the ingtance sr1. Write the hierarchica
namesfor its ports clock and reg_in.
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Chapter 5. Gate-Level Modeling

Inthe earlier chapters, we laid the foundations of Verilog design by discussing design methodologies,
basi ¢ conventions and constructs, modules and port interfaces. In this chapter, we get into modeling
actua hardware circuitsin Verilog.

We discussed the four levels of abstraction used to describe hardware. In this chapter, we discussa
design at alow level of abgtraction?ate level. Most digital designisnow done at gate level or higher
levels of abstraction. At gate levd, the circuit is described in terms of gates (e.g., and, nand). Hardware
design at thisleve isintuitive for auser with abasic knowledge of digital logic design becauseitis
possible to see a one-to-one correspondence between the logic circuit diagram and the Verilog
description. Hence, in thisbook, we chose to start with gate-level modeling and move to higher levels of
abstraction in the succeeding chapters.

Actualy, the lowest level of abdtraction isswitch- (transstor-) level modeling. However, with designs
getting very complex, very few hardware designerswork at switch leve. Therefore, we will defer
switch-level modeling to Chapter 11, Switch-Level Moddling, in Part 2 of this book.

Learning Objectives

* |dentify logic gate primitives provided in Verilog.

* Understand ingtantiation of gates, gate symbols, and truth tables for and/or and buf/not type
gates.

»  Understand how to construct a Verilog description from the logic diagram of the circuit.
» Dexriberise fdl, and turn-off delaysin the gate-level design.

e Explainmin, max, and typ delaysin the gate-level design.
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5.1 Gate Types

A logic circuit can be designed by use of logic gates. Verilog supports basic logic gates as predefined
primitives. These primitives are instantiated like modules except that they are predefined in Verilog and
do not need amodule definition. All logic circuits can be designed by using basic gates. There aretwo
classes of basic gates: and/or gates and buf/not gates.

5.1.1 And/Or Gates

And/or gates have one scaar output and multiple scaar inputs. Thefirst termind inthelist of gate
terminasisan output and the other terminals are inputs. The output of agateis evaluated as soon asone
of the inputs changes. The and/or gates available in Verilog are shown below.

and or xor

nand nor xnor

The corresponding logic symbols for these gates are shown in Figure 5-1. We consider gates with two
inputs. The output termind is denoted by out. Input terminas are denoted by i1 and i2.

Figure 5-1. Basic Gates

P t i—T t
P—
2 — ou 2 — Y. ou

and nand
i _‘Tl i
. | out ) out
i2— i2

or nor
i i
) __%jf___ ——out . i ) out
e—r e—H S

xor xnor

These gates are indtantiated to build logic circuitsin Verilog. Examples of gate instantiations are shown
below. In Example 5-1, for al instances, OUT is connected to the output out, and IN1 and IN2 are
connected to the two inputsil and i2 of the gate primitives. Note that the instance name does not need
to be specified for primitives. Thisletsthe designer instantiate hundreds of gates without giving them a
name,

More than two inputs can be specified in agate instantiation. Gates with more than two inputs are
instantiated by smply adding moreinput portsin the gate ingtantiation (see Example 5-1). Verilog
automatically ingtantiates the appropriate gate.

I P R P TP N R [ T TR S <R S I 0o Y . N T
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5.2 Gate Delays

Until now, we described circuits without any delays (i.e., zero delay). Inred circuits, logic gates have
delays associated with them. Gate delays dlow the Verilog user to specify delays through the logic
circuits. Pin-to-pin delays can a so be specified in Verilog. They are discussed in Chapter 10, Timing
and Ddays.

5.2.1 Rise, Fall, and Turn-off Delays

There are three types of delays from the inputs to the output of aprimitive gate.

Rise delay

Therise delay is associated with a gate output trangition to a 1 from another vaue.

.

t_rise

0, xors

Fall ddlay

Thefal delay isassociated with agate output trangition to a0 from another value.

l, xorz

<__>| 0

t_fall

Turn-off delay

The turn-off delay is associated with a gate output transition to the high impedance vaue (z) from
another vaue.

If the value changesto x, the minimum of the three delaysis consdered.

Threetypes of delay specificationsare alowed. If only one dday is specified, thisvaueisusad for dl
trangtions. If two delays are specified, they refer to therise and fal delay vaues. The turn-off delay is
the minimum of the two delays. If dl three delays are specified, they refer torise, fadl, and turn-off delay
vaues. If no delays are specified, the default vaueis zero. Examples of delay specification are shown in
Fvamnle 5-10
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5.3 Summary

In this chapter, we discussed how to mode gate-leve logic in Verilog. We aso discussed different
aspects of gate-level design.

[ TeamLiB]

[ TeamLiB]

The basic types of gates are and, or, xor, buf, and not. Each gate has alogic symboal, truth table,
and acorresponding Verilog primitive. Primitives are ingtantiated like modul es except that they
are predefined in Verilog. The output of agate is evaluated as soon as one of itsinputs changes.

Arraysof built-in primitive instances and user-defined modules can be defined in Verilog.

For gate-level design, Sart with thelogic diagram, write the Verilog description for the logic by
using gate primitives, provide stimulus, and look at the output. Two design examples, a4-to-1
multiplexer and a4-bit full adder, were discussed. Each step of the design process was
explaned.

Threetypes of delays are associated with gates: rise, fdl, and turn-off. Verilog allows
specification of one, two, or three delays for each gate. Vaues of rise, fall, and turn-off delays
are computed by Verilog, based on the one, two, or three delays specified.

For each type of delay, aminimum, typica, and maximum value can be specified. The user can
choose which valueto apply at smulation time. This providesthe flexibility to experiment with
three delay va ues without changing the Verilog code.

The effect of propagation delay on waveforms was explained by the smple, two-gate logic
example. For each gate with adelay of t, the output changest time units after any of the inputs
change.
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5.4 Exercises

Create your own 2-input Verilog gates called my-or, my-and and my-not from
2-input nand gates. Check the functionality of these gates with astimulus
module.

A 2-input xor gate can be built from my_and, my_or and my_not gates.
Congtruct an xor modulein Verilog that redizesthelogic function, z=xy' + Xy.
Inputs are x and y, and z isthe output. Write a stimulus module that exercises
al four combinations of x and y inputs.

The 1-bit full adder described in the chapter can be expressed in a sum of
products form.

sum=ab.c in+a.b.c in+ab.cin+ab.cin

cout=ab+bc in+ac.in

Assuming a, b, ¢c_inaretheinputsand sum and ¢_out are the outputs, design a
logic circuit to implement the 1-bit full adder, using only and, not, and or gates.
Write the Verilog description for the circuit. Y ou may use up to 4-input Verilog
primitive and and or gates. Write the stimulusfor the full adder and check the
functiondity for dl input combinations.

Thelogic diagram for an RSlatch with delay is shown below.

reset
q
cet gbar
(reset)

Write the Verilog description for the RS latch. Include delays of 1 unit when
ingtantiating the nor gates. Write the stimulus module for the RS latch, using the
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Chapter 6. Dataflow Modeling

For smdll circuits, the gate-level modeling approach works very well because the number of gatesis
limited and the designer can ingtantiate and connect every gateindividualy. Also, gate-level moddingis
very intuitive to adesigner with abasic knowledge of digital logic desgn. However, in complex designs
the number of gatesisvery large. Thus, designers can design more effectively if they concentrate on
implementing the function at alevel of abstraction higher than gate level. Dataflow modeling providesa
powerful way to implement adesign. Verilog dlowsacircuit to be designed in terms of the data flow
between registers and how a design processes data rather than instantiation of individual gates. Later in
this chapter, the benefits of dataflow modding will become more apparent.

With gate dendities on chipsincreasing rapidly, dataflow modeling has assumed great importance. No
longer can companies devote engineering resources to handcrafting entire designs with gates. Currently,
automated tools are used to create agate-leve circuit from a datafl ow design description. This process
iscdled logic synthess. Dataflow modeing has become a popular design approach aslogic synthesis
tools have become sophisticated. This gpproach alows the designer to concentrate on optimizing the
circuit in terms of dataflow. For maximum flexibility in the design process, designerstypicdly usea
Verilog description style that combines the concepts of gate-level, dataflow, and behaviora design. In
thedigital design community, theterm RTL (Register Trandfer Level) design iscommonly used for a
combination of dataflow modeling and behaviora modding.

Learning Objectives

»  Describe the continuous assignment (assign) statement, restrictions on the assign statement, and
theimplicit continuous assgnment statement.

» Explain assgnment delay, implicit assgnment delay, and net declaration delay for continuous
assignment atements.

» Define expressions, operators, and operands.

» Ligt operator typesfor al possible operations?ithmetic, logicd, relaional, equality, bitwise,
reduction, shift, concatenation, and conditiond.

» Usedataflow congtructsto modd practical digitd circuitsin Verilog.

[ TeamLiB]
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6.1 Continuous Assignments

A continuous assignment isthe most basic statement in dataflow modeling, used to driveavaue onto a
net. Thisassgnment replaces gatesin the description of the circuit and describesthe circuit a ahigher
leve of abgtraction. The assgnment statement starts with the keyword assign. The syntax of an assgn
datement isasfollows.

continuous_assign ::= assign [ drive_strength ] [ delay3 ]
list_of _net_assignnents ;

list_of _net_assignments ::= net_assignnment { , net_assignnment }

net _assignnent ::= net_|value = expression

Notice that drive strength is optional and can be specified in terms of strength levelsdiscussed in Section
3.2.1, Vaue Sat. Wewill not discuss drive strength specification in this chapter. The default value for
drive strength is strong and strong0. The delay valueis aso optiona and can be used to specify delay
on the assgn statement. Thisislike specifying delaysfor gates. Delay specification isdiscussed inthis
chapter. Continuous assgnments have the following characterigtics

1.

1. Theleft hand side of an assgnment must always be ascaar or vector net or a concatenation of
scalar and vector nets. It cannot be ascdar or vector register. Concatenations are discussed in
Section 6.4.8, Concatenation Operator.

2. Continuous assgnments are dways active. The assgnment expression is evaluated as soon as
one of the right-hand-s de operands changes and the value is assigned to the | eft-hand-side net.

3. Theoperands on theright-hand side can be registers or nets or function cals. Registers or nets
can be scalars or vectors.

4. Deay vauescan be specified for assgnmentsin terms of time units. Delay vaues are used to
control thetime when anet isassigned the evauated vaue. Thisfeatureis smilar to pecifying
ddaysfor gates. It isvery useful in modeling timing behavior inred circuits.

Examples of continuous assignments are shown below. Operatorssuch as &, |, {, } and + used inthe
examplesare explained in Section 6.4, Operator Types. At this point, concentrate on how the assign
satements are specified.

Example 6-1 Examples of Continuous Assignment

/1 Continuous assign. out is anet. il and i2 are nets.
assign out =il &i?2;

/1 Continuous assign for vector nets. addr is a 16-bit vector net
/! addrl and addr2 are 16-bit vector registers.
assign addr[15:0] = addrl1_bits[15:0] ”~ addr2_bits[15:0];

/] Concatenation. Left-hand side is a concatenation of a scalar

// net and a vector net.
~enest v A At ~1ivd DO N1 _ e~ D N1 b kI - N T -
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6.2 Delays

Delay vaues control the time between the change in aright-hand-s de operand and when the new vaue
isassigned to the left-hand side. Three ways of specifying delaysin continuous assgnment statements are
regular assgnment delay, implicit continuous assgnment delay, and net declaration delay.

6.2.1 Regular Assignment Delay

Thefirst method isto assgn adelay vauein acontinuous assgnment statement. The delay valueis
specified after the keyword assign. Any changein vauesof inl or in2 will result in adday of 10time
units before recomputation of the expression inl & in2, and the result will be assgned to out. If inl or
in2 changes vaue again before 10 time units when the result propagates to out, the values of inl and in2
at thetime of recomputation are considered. This property iscaled inertia delay. Aninput pulsethat is
shorter than the delay of the assignment statement does not propagate to the output.

assign #10 out = inl & in2; // Delay in a continuous assign
Thewaveformin Figure 6-1 is generated by simulating the above assign statement. It showsthe delay on
sgnd out. Note the following change:

1

1. Whensgnasinlandin2 go high at time 20, out goesto ahigh 10 time unitslater (time = 30).
2.

N

When inl goeslow at 60, out changesto low at 70.

However, inl changesto high at 80, but it goes down to low before 10 time units have el apsed.

~w

4. Hence, a thetime of recomputation, 10 units after time 80, in1is0. Thus, out getsthe valueO.
A pulse of width less than the specified assignment delay is not propagated to the output.

Figure6-1. Delays

o
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1
-
|

I
I
I
!
I
I
I
3

in2

|
Dut xxxx:-:l ll ;
time 10 20 0 60 70 80 85

Inertial delays also apply to gate delays, discussed in Chapter 5, Gate-Level Modding.
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6.3 Expressions, Operators, and Operands

Dataflow modeing describes the design in terms of expressionsinstead of primitive gates. Expressions,
operators, and operands form the basis of dataflow modeling.

6.3.1 Expressions

Expressions are constructs that combine operators and operands to produce a resullt.

/1 Exanpl es of expressions. Conbi nes operands and operators

a™b

addr 1[ 20: 17] + addr 2[ 20: 17]
inl | in2

6.3.2 Operands

Operands can be any one of the datatypes defined in Section 3.2, Data Types. Some congtructs will
take only certain types of operands. Operands can be constants, integers, real numbers, nets, registers,
times, bit-select (one bit of vector net or avector register), part-select (selected bits of the vector net or
register vector), and memories or function calls (functions are discussed later).

i nteger count, final_count;
final _count = count + 1;//count is an integer operand

real a, b, c;
c =a-b; //aand b are real operands

reg [15:0] regl, reg2
reg [3:0] reg_out;
reg out = regl[3:0] ™ reg2[3:0];//regl[3:0] and reg2[3:0] are
[l part-select register operands

reg ret_val ue;

ret_value = calculate_parity(A, B);//calculate parity is a
//function type operand

6.3.3 Operators

Operators act on the operands to produce desired results. Verilog provides various types of operators.
Operator types are discussed in detail in Section 6.4, Operator Types.

dl & d2 // && is an operator on operands dl and d2
'a[0] // ! is an operator on operand a[ 0]
B>>1// > is an operator on operands B and 1

[ TeamLiB]
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6.4 Operator Types

Verilog provides many different operator types. Operators can be arithmetic, logicd, relationd, equdlity,
bitwise, reduction, shift, concatenation, or conditional. Some of these operators are Smilar to the
operators used in the C programming language. Each operator type is denoted by asymbol. Table 6-1
shows the complete listing of operator symbols classified by category.

Table 6-1. Operator Types and Symbols

Operator Type Operator Symbol Operation Performed | Number of Operands
Arithmetic * multiply two
/ divide two
+ add two
- Subtract two
% modulus two
*x power (exponent) two
Logicd ! logical negetion one
&& logicd and two
I logica or two
Redationd > gregter than two
< lessthan two
>= grester than or equal two
<= lessthan or equad two
Equdity == equality two
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6.5 Examples

A design can be represented in terms of gates, data flow, or abehavioral description. In this section, we
consder the 4-to-1 multiplexer and 4-bit full adder described in Section 5.1.4, Examples. Previoudly,
these designs were directly trandated from the logic diagram into a gate-level Verilog description. Here,
we describe the same designsin terms of data flow. We dso discuss two additiona examples: a4-bit full
adder using carry lookahead and a4-bit counter using negative edge-triggered D-flipflops.

6.5.1 4-to-1 Multiplexer

Gate-level modeling of a4-to-1 multiplexer isdiscussed in Section 5.1.4, Examples. Thelogic diagram
for themultiplexer isgivenin Figure 5-5 and the gate-level Verilog description is shown in Example 5-5.
We describe the multiplexer, using dataflow statements. Compare it with the gate-level description. We
show two methods to modd the multiplexer by using dataflow statements.

Method 1: logic equation

We can use assgnment statements instead of gatesto model the logic equations of the multiplexer (see
Example 6-2). Notice that everything is same as the gate-level Verilog description except that
computation of out is done by specifying one logic equation by using operatorsinstead of individua gate
ingantiations. 1/0 ports remain the same. Thisisimportant so that the interface with the environment
does not change. Only theinternas of the module change. Notice how concise the descriptionis
compared to the gate-level description.

Example 6-2 4-to-1 Multiplexer, Using L ogic Equations

/1 Module 4-to-1 nmultiplexer using data flow. |ogic equation
/1 Conpare to gate-|evel nodel
nodul e mux4_to 1 (out, 10, i1, 12, i3, sl, s0);

/1 Port declarations fromthe I/O di agram

out put out;
input i0, i1, i2, i3
i nput s1, sO;

/1 Logi c equation for out

assign out = (~s1 & ~s0 & i0)|
(~s1 &s0 &il) |
(s1 & ~s0 & i2) |
(sl & sO0 &i3) ;

endnodul e

Method 2: conditional operator

There isamore concise way to specify the 4-to-1 multiplexers. In Section 6.4.10, Conditiona
Operator, we described how a conditiona statement corresponds to amultiplexer operation. We will
use this operator to write a4-to-1 multiplexer. Convince yourself that this description (Example 6-3)
correctly modelsamultiplexer.

Example 6-3 4-to-1 Multiplexer, Using Conditional Operators
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6.6 SUMmary

»  Continuous assgnment is one of the main congtructs used in dataflow modeling. A continuous
assgnment isadways active and the assgnment expression is eva uated as soon as one of the
right-hand-sde variables changes. The left-hand side of a continuous assgnment must be anet.
Any logic function can be redlized with continuous assgnments.

» Dday vduescontral the time between the change in aright-hand-sde variable and when the
new vaueis assgned to the left-hand side. Delays on anet can be defined in the assign
gtatement, implicit continuous assgnment, or net declaration.

* Assgnment statements contain expressions, operators, and operands.

» Theoperator typesare arithmetic, logicd, rdationd, equdity, bitwise, reduction, shift,
concatenation, replication, and conditiona. Unary operators require one operand, binary
operators require two operands, and ternary require three operands. The concatenation
operator can take any number of operands.

» Theconditional operator behaves like amultiplexer in hardware or like the if-then-el se statement
in programming languages.

» Dataflow description of acircuit is more concise than agate-level description. The 4-to-1
multiplexer and the 4-bit full adder discussed in the gate-level modeling chapter can dso be
designed by use of dataflow statements. Two dataflow implementations for both circuits were
discussed. A 4-hit ripple counter using negative edge-triggered D-flipflops was designed.

[ TeamLiB]
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6.7 Exercises

A full subtractor hasthree 1-bit inputsx, y, and z (previous borrow) and two 1-bit
outputs D (difference) and B (borrow). Thelogic equationsfor D and B are asfollows:.

D=xYy.z+x\yzZ+xy.Z+xyz

B=xy+x.z+yz

Writethe full Verilog description for the full subtractor module, including 1/0 ports
(Remember that + in logic equations corresponds to alogica or operator (||) in
dataflow). Instantiate the subtractor insde a stimulus block and test dll eight possible
combinations of X, y, and z given in the following truth table.

X y z B D
0 0 0 0 0
0 0 1 1 1
0 1 0 1 1
0 1 1 1 0
1 0 0 0 1
1 0 1 0 0
1 1 0 0 0
1 1 1 1 1

A magnitude comparator checksif one number is greater than or equal to or lessthan
another number. A 4-bit magnitude comparator takes two 4-bit numbers, A and B, as
input. We writethe bitsin A and B asfollows. The leftmost bit isthe most significant bit.

A =A3)A2) A(1) A(0)
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Chapter 7. Behavioral Modeling

With theincreasing complexity of digital design, it has become vitaly important to make wise design
decisions early in a project. Designers need to be able to eva uate the trade-offs of various architectures
and dgorithms before they decide on the optimum architecture and agorithm to implement in hardware.
Thus, architectural evaluation takes place at an agorithmic level where the designers do not necessarily
think in terms of logic gates or dataflow but in terms of the dgorithm they wish to implement in
hardware. They are more concerned about the behavior of the agorithm and its performance. Only after
the high-level architecture and agorithm are findized, do designers start focusing on building the digita
circuit to implement the dgorithm.

Verilog provides desgnersthe ability to describe design functiondity in an agorithmic manner. In other
words, the designer describes the behavior of the circuit. Thus, behaviora modeling representsthe
circuit at avery high leve of abodtraction. Design at thisleve resembles C programming more than it
resembles digita circuit design. Behaviord Verilog constructs are smilar to C language congtructsin
many ways. Verilogisrichin behaviora congructsthat provide the designer with agreat amount of
flexibility.

Learning Objectives

» Explainthe sgnificance of structured procedures ways and initia in behaviora modding.
»  Define blocking and nonblocking procedura assgnments.

»  Understand delay-based timing control mechanism in behaviord modeling. Useregular delays,
intracassgnment delays, and zero delays.

»  Describe event-based timing control mechanism in behavioral modeling. Use regular event
control, named event control, and event OR control.

» Uselevd-sengtivetiming control mechanism in behaviord modeling.

* Explanconditiond satementsusing if and else.

»  Describe multiway branching, using case, casex, and casez statements.
*  Understand looping statements such aswhile, for, repest, and forever.

» Define sequentiad and parale blocks.
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7.1 Structured Procedures

There are two structured procedure statementsin Verilog: aways and initid. These sdatements arethe
two most basic satementsin behaviorad modding. All other behaviora statements can appear only insde
these structured procedure statements.

Verilog isaconcurrent programming language unlike the C programming language, which is sequentid in
nature. Activity flowsin Verilog run in parale rather than in sequence. Each dwaysand initid statement
represents a separate activity flow in Verilog. Each activity flow startsat smulationtimeO. The
gatements dways and initia cannot be nested. The fundamenta difference between the two statements
isexplained in the following sections.

7.1.1initial Statement

All satementsingde aninitia statement condtitute aninitia block. Aninitial block sartsa time0,
executes exactly once during asmulation, and then does not execute again. If there are multipleinitial
blocks, each block starts to execute concurrently at time 0. Each block finishes execution independently
of other blocks. Multiple behaviord statements must be grouped, typically using the keywords begin and
end. If thereisonly one behaviord statement, grouping is not necessary. Thisissmilar to the begin-end
blocksin Pascal programming language or the{ } grouping in the C programming language. Example 7-1
illustratesthe use of theinitial Statement.

Example 7-1initial Statement

nodul e sti nul us;
reg x,y, a,b, m

initial
m= 1'b0; //single statenent; does not need to be grouped

initial
begi n
#5 a = 1'b1; //multiple statenments; need to be grouped
#25 b = 1' b0;
end
initial
begi n
#10 x = 1' bO;
#25 y = 1' bil;
end
initial
#50 $finish;
endnmodul e

In the above example, the three initid statements start to executein pardld at timeO. If adday
#<ddlay> is seen before a statement, the statement is executed <delay> time units after the current
amulation time. Thus, the execution sequence of the satementsingde theinitia blockswill be asfollows.

time st at enent execut ed
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7.2 Procedural Assignments

Procedura assignments update values of reg, integer, red, or time variables. The vaue placed ona
variable will remain unchanged until another procedural assignment updates the variable with adifferent
value. These are unlike continuous assignments discussed in Chapter 6, Dataflow Modeling, where one
assignment statement can cause the vaue of the right-hand-side expression to be continuoudy placed
onto the |eft-hand-side net. The syntax for the smplest form of procedural assgnment is shown below.

assignment ::= variable |Ivalue = [ delay_or _event control ]
expr essi on

Theleft-hand side of aprocedura assignment <lvalue> can be one of the following:

* Arreg, integer, red, or timeregister variable or amemory eement
» A bit select of these variables (e.g., addr[0])

* A part sdlect of these variables (e.g., addr[31:16])

» A concatenation of any of the above

The right-hand side can be any expression that evauatesto avaue. In behaviord modding, al operators
ligedin Table 6-1 on page 96 can be used in behaviora expressions.

There are two types of procedura assgnment statements: blocking and nonblocking.

7.2.1 Blocking Assignments

Blocking assgnment statements are executed in the order they are specified in asequentia block. A
blocking assgnment will not block execution of statementsthat follow in apardld block. Both paralld
and sequentia blocks are discussed in Section 7.7, Sequential and Parallel Blocks. The = operator is
used to specify blocking assgnments.

Example 7-6 Blocking Statements

reg x, y, z;
reg [15:0] reg_a, reg_b;
i nteger count;

/1A'l behavioral statenments must be inside an initial or always bl ock
initial
begi n

x =0; y=1; z =1; //Scal ar assignnents

count = 0; //Assignnent to integer vari abl es
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7.3 Timing Controls

Various behaviora timing control congtructs are availablein Verilog. In Verilog, if thereareno timing
control statements, the smulation time does not advance. Timing controls provide away to specify the
smulation time a which procedura statementswill execute. There are three methods of timing control:
ddlay-based timing control, event-based timing control, and level-sengitive timing contral.

7.3.1 Delay-Based Timing Control

Delay-based timing control in an expression specifies the time duration between when the Statement is
encountered and when it is executed. We used delay-based timing control statements when writing few
modules in the preceding chapters but did not explain them in detail. In this section, we will discuss
delay-based timing control statements. Delays are specified by the symbol #. Syntax for the delay-based
timing control statement is shown below.

delay3 ::= # delay value | # ( delay_value [ , delay_value [ ,
delay value ] 1 )
delay2 ::= # delay value | # ( delay _value [ , delay_value ] )

delay value ::=
unsi gned_nunber
| paraneter_identifier
| specparam.i dentifier
| m ntypnmax_expression

Delay-based timing control can be specified by anumber, identifier, or amintypmax_expression. There
arethreetypes of delay control for procedura assgnments. regular delay contral, intra-assgnment delay
control, and zero delay control.

Regular delay control

Regular delay control is used when anon-zero delay is specified to the left of a procedurd assignment.
Usage of regular delay control isshown in Example 7-10.

Example 7-10 Regular Delay Control

/1 define paraneters
paraneter |atency = 20;
paraneter delta = 2;

/1 define register variabl es

reg x, v, z, p, Q;
initial
begi n
/1 no delay control

x = 0;
#10y = 1; // delay control with a nunmber. Delay execution of
/1y =1 by 10 units

#latency z = 0; // Delay control with identifier. Delay of 20 units
#(latency + delta) p = 1; // Delay control with expression

#y x = x + 1; // Delay control with identifier. Take val ue of vy.

#(4:5:6) g = 0; // Mnimm typical and maxi rum del ay val ues.



#ch07list10

#ch07list10

#ch07list11

#ch07list12

#ch07list12

#ch07list13

#ch07list14

#ch07list15

#ch07list16

#ch07list16

#ch07fn01

#ch07list17

0130449113_26031533.html

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial version, http://mww.thebeatlesfor ever .com/pr ocesstext/abechm.html

[TeamLiB] [rrevious lnesr o]

[TeamLiB] [ erevious [esr



NFO/lib.html

0130449113_ch07lev1sec2.html

0130449113_ch07lev1sec4.html

NFO/lib.html

0130449113_ch07lev1sec3.html

0130449113_ch07lev1sec5.html

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial verson, http:/mww.thebeatlesfor ever .com/processtext/abechm.html

7.4 Conditional Statements

Conditiona statements are used for making decisions based upon certain conditions. These conditions
are used to decide whether or not a statement should be executed. Keywordsif and el se are used for
conditiona statements. There are three types of conditional statements. Usage of conditional statements
isshown below. For forma syntax, see Appendix D, Forma Syntax Definition.

//Type 1 conditional statenment. No el se statenent.
/1 Statement executes or does not execute.
if (<expression>) true_statenent ;

/1 Type 2 conditional statenment. One el se statenent
//Either true_statenent or false statenent is eval uated
if (<expression>) true_statenent ; else false statenent ;

/1 Type 3 conditional statement. Nested if-else-if.

/1 Choice of multiple statenents. Only one is executed.
if (<expressionl>) true_statenentl ;

else if (<expression2>) true_statenent2 ;

el se if (<expression3>) true_statenment3 ;

el se default _statenment ;

The <expresson> isevauated. If itistrue (1 or anon-zero vaue), the true_statement is executed.
However, if it isfase (zero) or ambiguous (X), thefase statement is executed. The <expression> can
contain any operators mentioned in Table 6-1 on page 96. Each true_statement or false_statement can
be asingle statement or ablock of multiple statements. A block must be grouped, typicaly by using
keywords begin and end. A single statement need not be grouped.

Example 7-18 Conditional Statement Examples

/1 Type 1 statenents
if(!lock) buffer = data;
if(enable) out = in;

/] Type 2 statenents
i f (number_queued < MAX_Q DEPTH)

begi n

dat a_queue = dat a;

nunber _queued = nunber _queued + 1;
end
el se

$di spl ay("Queue Full. Try again");

/] Type 3 statenents
// Execute statenments based on ALU control signal.

if (alu_control == 0)
y = X + z;

else if(alu_control == 1)
y =X - z;

el se if(alu_control == 2)
y = x * z;

el se

$di splay("Invalid ALU control signal");
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7.5 Multiway Branching

Intype 3 conditiond statement in Section 7.4, Conditional Statements, there were many dternatives,
from which one was chosen. The nested if-else-if can become unwiddy if there are too many
aternatives. A shortcut to achieve the same result isto use the case statement.

7.5.1 case Statement

The keywords case, endcase, and default are used in the case statement...

case (expression)
alternativel: statenentl;
alternative2: statenent?2;
alternative3: statenents3;

default: default_statenent;
endcase

Each of satementl, statement2 , default_statement can be asingle statement or ablock of multiple
statements. A block of multiple statements must be grouped by keywords begin and end. The
expression is compared to the aternativesin the order they are written. For the first ternative that
matches, the corresponding statement or block is executed. If none of the aternatives matches, the
default_statement is executed. The default_statement is optiond. Placing of multiple default statementsin
one case satement is not allowed. The case stlatements can be nested. The following Verilog code
implements the type 3 conditiona statement in Example 7-18.

/] Execute statenments based on the ALU control signal
reg [1:0] alu_control

case (alu_control)

2'd0 1y = x + z;

2'dl : y =x - z;

2'd2 1y =x * z;

default : $display("Invalid ALU control signal");
endcase

The case statement can also act like amany-to-one multiplexer. To understand this, let us model the
4-to-1 multiplexer in Section 6.5, Examples, on page 106, using case statements. The 1/O portsare
unchanged. Notice that an 8-to-1 or 16-to-1 multiplexer can aso be easily implemented by case
Satements.

Example 7-19 4-to-1 Multiplexer with Case Statement

nodul e nux4_to_1 (out, 10, i1, i2, i3, sl, s0);

/1 Port declarations fromthe I/O di agram

out put out;
input i0, i1, i2, i3
i nput s1, sO;

reg out;
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7.6 Loops

There are four types of looping statementsin Verilog: while, for, repesat, and forever. The syntax of these
loopsisvery smilar to the syntax of loopsin the C programming language. All looping statements can
appear only insgde an initia or dways block. Loops may contain delay expressions.

7.6.1 While Loop

The keyword whileis used to pecify thisloop. The whileloop executes until the while-expressonisnot
true. If theloop is entered when the while-expression is not true, the loop is not executed at dl. Each
expression can contain the operatorsin Table 6-1 on page 96. Any logica expression can be specified
with these operators. If multiple statements are to be executed in the loop, they must be grouped
typically usng keywords begin and end. Example 7-22 illustrates the use of the whileloop.

Example 7-22 While L oop

[/1llustration 1: Increnent count fromO to 127. Exit at count 128.
/1 Display the count variable
i nt eger count;

initial
begi n

count = 0;

while (count < 128) //Execute loop till count is 127.

/lexit at count 128
begi n
$di spl ay(" Count = %", count);
count = count + 1,

end

end

/l1llustration 2;: Find the first bit with a value 1 in flag (vector variable)
"define TRUE 1'bl';

" define FALSE 1' bO;

reg [15:0] flag;

integer i; //integer to keep count

reg continue;

initial

begi n
flag = 16'b 0010_0000_0000_0000;
i = 0;
conti nue = ' TRUE;

while((i < 16) && continue ) //Miltiple conditions using operators.
begin
if (flag[i])
begi n
$di spl ay("Encountered a TRUE bit at el enent number %", i);
continue = ' FALSE
end
i =i + 1
end
end

) —
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7.7 Sequential and Parallel Blocks

Block statements are used to group multiple statements to act together as one. In previous examples, we
used keywords begin and end to group multiple statements. Thus, we used sequentia blocks wherethe
statementsin the block execute one after another. In this section we discuss the block types. sequentia
blocks and parallel blocks. We aso discuss three specid features of blocks: named blocks, disabling
named blocks, and nested blocks.

7.7.1 Block Types

There are two types of blocks: sequentia blocks and parallel blocks.

Sequential blocks

The keywords begin and end are used to group statements into sequentia blocks. Sequentia blocks
have the following characteristics:

* Thestatementsin asequentia block are processed in the order they are specified. A statement
isexecuted only after its preceding statement completes execution (except for nonblocking
assgnmentswith intra-assgnment timing contral).

» |f dday or event control is pecified, it isrelative to the smulation time when the previous
statement in the block completed execution.

We have used numerous examples of sequential blocksin thisbook. Two more examples of sequential
blocks are given in Example 7-26. Statementsin the sequentia block executein order. In lllustration 1,
thefind valuesarex=0,y=1,z=1,w=2a smulationtimeO. In lllugtration 2, the find values are the
same except that the smulation timeis 35 a the end of the block.

Example 7-26 Sequential Blocks

[l11lustration 1: Sequential block w thout delay

reg x, vy,
reg [1:0] z, w

initial

begi n
x = 1'bO;
y = 1'bl;
z = {x, y}h
w={y, x};

end

/111 lustration 2: Sequential blocks wth del ay.
reg x, vy,

reg [1:0] z, w
initial
beqgi n
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7.8 Generate Blocks

Generate satements alow Verilog code to be generated dynamicaly at €l aboration time before the
gmulation begins. Thisfacilitates the creation of parametrized models. Generate tatements are
particularly convenient when the same operation or module instanceis repeated for multiple bits of a
vector, or when certain Verilog codeis conditiondly included based on parameter definitions.

Generate statements allow control over the declaration of variables, functions, and tasks, aswell as
control over ingtantiations. All generate instantiations are coded with amodule scope and require the
keywords generate - endgenerate.

Generated ingtantiations can be one or more of the following types.

e Modules

*  User defined primitives

* Verilog gate primitives

»  Continuous assgnments

e initid and dwaysblocks

Generated declarations and instantiations can be conditiondly instantiated into a design. Generated
variable declarations and ingtantiations can be multiply instantiated into adesign. Generated instances
have unique identifier names and can be referenced hierarchicaly. To support interconnection between
structura dementsand/or procedura blocks, generate statements permit the following Verilog data
typesto be declared within the generate scope:

s ne,reg

* integer, red, time, redtime

Generated datatypes have unique identifier names and can be referenced hierarchicaly.

[ o T T Y - L T T Y LY T Y Y T T T T Y Y LY
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7.9 Examples

In order toillustrate the use of behaviora constructs discussed earlier in this chapter, we consider three
examplesin this section. Thefirst two, 4-to-1 multiplexer and 4-bit counter, are taken from Section 6.5,
Examples. Earlier, these circuits were designed by using dataflow statements. We will model these
circuitswith behaviord statements. The third exampleisanew example. We will desgn atraffic sgnd
controller, using behaviord congructs, and smulateit.

7.9.1 4-to-1 Multiplexer

We can define a4-to-1 multiplexer with the behaviora case statement. This multiplexer was defined, in
Section 6.5.1, 4-to-1 Multiplexer, by dataflow statements. It is described in Example 7-35 by
behaviora congtructs. The behavioral multiplexer can be substituted for the dataflow multiplexer; the
amulation resultswill beidentical.

Example 7-35 Behavioral 4-to-1 Multiplexer

/1l 4-to-1 multiplexer. Port list is taken exactly from
/1 the 1/0O diagram
modul e mux4_to_1 (out, 10, i1, i2, i3, sl, s0);

/1 Port declarations fromthe I/O di agram
out put out;
input 10, i1, i2, i3

i nput s1, sO;
//out put declared as register
reg out;

//reconpute the signal out if any input signal changes.
/1A'l input signals that cause a reconputation of out to
//occur nmust go into the always @...) sensitivity list.
al ways @sl1 or sO or i0O or i1 or i2 or i3)

begi n
case ({sl1, s0})
2'b00: out =i0;
2'b01: out =i1;
2'b10: out =1i2;
2'bll: out =1i3;
default: out = 1'bx;
endcase

end

endnodul e

7.9.2 4-bit Counter

In Section 6.5.3, Ripple Counter, we designed a4-bit ripple carry counter. We will now design the 4-bit
counter by using behaviord statements. At dataflow or gate level, the counter might be designedin
hardware asripple carry, synchronous counter, etc. But, at abehaviora level, wework at avery high
levd of abstraction and do not care about the underlying hardware implementation. We will design only
functiondity. The counter can be designed by using behaviora congtructs, as shown in Example 7-36.
Notice how concise the behaviora counter description is compared to its dataflow counterpart. If we
subgtitute the counter in place of the dataflow counter, the smulation resultswill be exactly the same,
assumina that there are no x and z values on the inputs.
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/.10 Summary

We discussed digitd circuit design with behaviora Verilog congtructs.

A behaviord description expressesadigital circuit in terms of the dgorithmsit implements. A
behaviora description does not necessarily include the hardware implementation details.
Behaviord modeling isused intheinitid stages of adesign processto evaduate various
design-related trade-offs. Behavioral modding is smilar to C programming in many ways.

Structured proceduresinitial and dwaysform the basis of behaviora modeling. All other
behaviora statements can appear only inddeinitia or dwaysblocks. Aninitia block executes
once; an aways block executes continuoudy until Smulation ends.

Procedurd assgnments are used in behaviora modeling to assign vauesto register variables.
Blocking assignments must complete before the succeeding statement can execute. Nonblocking
assignments schedule assgnments to be executed and continue processing to the succeeding
Satement.

Deay-based timing control, event-based timing control, and level-sengitive timing control are
three waysto control timing and execution order of satementsin Verilog. Regular delay, zero
delay, and intra-ass gnment delay are three types of delay-based timing control. Regular event,
named event, and event OR are three types of event-based timing control. The wait satement is
used to mode! level-sengtivetiming control.

Conditiond statements are modeled in behaviora Verilog with if and €lse satements. If thereare
multiple branches, use of case statementsis recommended. casex and casez are specia cases of
the case statement.

Keywordswhile, for, repesat, and forever are used for four types of looping statementsin
Verilog.

Sequential and pardld aretwo types of blocks. Sequentia blocks are specified by keywords
begin and end . Parallel blocks are expressed by keywords fork and join. Blocks can be nested
and named. If ablock is named, the execution of the block can be disabled from anywherein
the design. Named blocks can be referenced by hierarchica names.

Generate statements dlow Verilog code to be generated dynamicaly at elaboration time before
the Smulation begins. Thisfacilitates the crestion of parametrized moddls. Generate Statements
are particularly convenient when the same operation or module instance is repeated for multiple
bits of avector, or when certain Verilog code is conditionally included based on parameter
definitions. Generate loop, generate conditiona, and generate case are the three types of
generate statements.
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7.11 Exercises

Declare aregiger cdled ostillate. Initidizeit to O
and make it toggle every 30 time units. Do not use
aways satement (Hint: Usethe forever loop).

Design aclock with time period = 40 and a duty
cycleof 25% by usang thedwaysandinitid
satements. The vaue of clock at time = 0 should
beinitidized to O.

Given below isaninitia block with blocking
procedura assignments. At what smulaiontimeis
each statement executed? What are the
intermediate and find vauesof a, b, c, d?

initial

begi n
a = 1'bo;

#10 1' b1,

#5 1' bO;

#20 {a, b, c};

b
c
d

end

Repeat exercise 3 if nonblocking procedura
assgnments were used.

What isthe order of execution of satementsin the
following Verilog code? Isthere any ambiguity in
the order of execution? What are thefina vaues of
a b, c, d?

initial
begi n

end
initial
begi n
b = 1'b1;
#0 d = a;
end

What isthefind valueof dinthefollowing
example? (Hint: Seeintra-assgnment delays.)

initial

hoarn: n
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Chapter 8. Tasksand Functions

A designer isfrequently required to implement the same functiondity at many placesin abehaviord
design. This meansthat the commonly used parts should be abstracted into routines and ther outines
must be invoked instead of repesting the code. Most programming languages provide procedures or
subroutines to accomplish this. Verilog provides tasks and functionsto break up large behavioral designs
into smaller pieces. Tasks and functions alow the designer to abstract Verilog code that is used a many
placesin the design.

Tasks haveinput, output, and inout arguments, functions have input arguments. Thus, values can be
passed into and out from tasks and functions. Considering the analogy of FORTRAN, tasks are smilar
to SUBROUTINE and functions are smilar to FUNCTION.

Tasks and functions are included in the design hierarchy. Like named blocks, tasks or functions can be
addressed by means of hierarchica names.

Learning Objectives

Describe the differences between tasks and functions.

I dentify the conditions required for tasks to be defined. Understand task declaration and
invocetion.

Explain the conditions necessary for functionsto be defined. Understand function declaration
and invocation.
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8.1 Differences between Tasks and Functions

Tasks and functions serve different purposesin Verilog. We discuss tasks and functionsin greater detail
in thefollowing sections. However, firgt it isimportant to understand differences between tasks and

functions, asoutlinedin Table 8-1.

Table 8-1. Tasks and Functions

Functions

Tasks

A function can enable another function but not
another task.

A task can enable other tasks and functions.

Functions dways executein O smulation time.

Tasks may execute in non-zero smulation time.

Functions must not contain any delay, event, or
timing control statements.

Tasks may contain delay, event, or timing control
Satements.

Functions must have at least one input argument.
They can have more than oneinpt.

Tasks may have zero or more arguments of type
input, output, or inout.

Functionsdwaysreturn asinglevaue. They
cannot have output or inout arguments.

Tasks do not return with avalue, but can pass
multiple vaues through output and inout
arguments,

Both tasks and functions must be defined in amodule and are loca to the module. Tasks are used for
common Verilog code that contains delays, timing, event constructs, or multiple output arguments.
Functions are used when common Verilog codeis purely combinational, executesin zero smulation
time, and provides exactly one output. Functions are typically used for conversions and commonly used

caculations.

Tasks can haveinput, output, and inout arguments; functions can have input arguments. In addition, they
can havelocal variables, regigters, time variables, integers, red, or events. Tasks or functions cannot
have wires. Tasks and functions contain behaviora statements only. Tasks and functions do not contain
awaysor initia statements but are caled from aways blocks, initia blocks, or other tasks and functions.

[ TeamLiB]

[ TeamLiB]
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8.2 Tasks

Tasks are declared with the keywords task and endtask. Tasks must be used if any one of the following
conditionsistrue for the procedure:

There are delay, timing, or event control constructs in the procedure.

»  The procedure has zero or more than one output arguments.

The procedure has no input arguments.

8.2.1 Task Declaration and I nvocation

Task declaration and task invocation syntax are asfollows.

Example 8-1 Syntax for Tasks

task_declaration ::=
task [ automatic ] task_identifier
{ task_itemdeclaration }
st at enent
endt ask
| task [ automatic ] task identifier ( task port list ) ;
{ block itemdeclaration }
st at enent
endt ask

task_itemdeclaration ::=
bl ock_item decl aration
| { attribute_ instance } tf_input_declaration
| { attribute_instance } tf _output _declaration ;
| { attribute_ instance } tf_inout _declaration
task_port list ::= task port_item{ , task port_item}
task_port item::=
{ attribute_instance } tf_input_declaration
| { attribute_ instance } tf_output _declaration
| { attribute_ instance } tf_inout _declaration
tf _input_declaration ::=
input [ reg] [ signed ] [ range ] list _of port _identifiers
| input [ task port type ] list_of port_identifiers
tf _output_declaration ::=
output [ reg] [ signed ] [ range ] list_of port _identifiers
| output [ task port type ] list_of port _identifiers
tf _inout _declaration ::=
inout [ reg] [ signed ] [ range ] list _of port _identifiers
| inout [ task port type ] list_of port_identifiers
task_port type ::=
time | real | realtine | integer

I/O declarations use keywords input, output, or inout, based on the type of argument declared. Input
and inout arguments are passed into the task. | nput arguments are processed in the task statements.
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8.3 Functions

Functions are declared with the keywords function and endfunction. Functions are used if al of the
following conditions are true for the procedure:

* Thereare no dday, timing, or event control constructsin the procedure.

* Theprocedurereturnsasingle value.

» Thereisat least oneinput argument.

» Thereareno output or inout arguments.

»  There are no nonblocking assgnments.

8.3.1 Function Declar ation and I nvocation

The syntax for functionsisfollows

Example 8-6 Syntax for Functions

function_declaration ::=
function [ automatic ] [ signed ] [ range_or _type ]
function_identifier ;
function_itemdeclaration { function_itemdeclaration }
function_st at enent
endfunction
| function [ automatic ] [ signed ] [ range_or_type ]
function_identifier (function_ port list ) ;
bl ock_itemdeclaration { block itemdeclaration }
function_stat enent
endfunction
function_itemdeclaration ;:=
bl ock_item decl aration
| tf_input_declaration ;

function_ port list ::={ attribute_instance } tf_input_declaration {,
{ attribute instance } tf _input_declaration }
range_or_type ::=range | integer | real | realtinme | tinme

There are some peculiarities of functions. When afunction is declared, aregister with name
function_identifer isdeclared implicitly ingde Verilog. The output of afunction is passed back by setting
the value of the register function identifer gppropriately. The function isinvoked by specifying function
name and input arguments. At the end of function execution, the return valueis placed where the function
was invoked. The optiond range _or_type specifiesthe width of the interna register. If no range or type
isspecified, the default bit width is 1. Functions are very smilar to FUNCTION in FORTRAN.
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8.4 Summary

In this chapter, we discussed tasks and functions used in behavior Verilog modeling.

[ TeamLiB]

[TeamLiB]

Tasks and functions are used to define common Verilog functiondity that is used at many places
in the design. Tasks and functions help to make amodule definition more readable by breaking it
up into manageable subunits. Tasks and functions serve the same purposein Verilog as
subroutinesdoin C.

Tasks can take any number of input, inout, or output arguments. Delay, event, or timing control
congtructs are permitted in tasks. Tasks can enable other tasks or functions.

Re-entrant tasks defined with the keyword automatic allow each task cal to operatein an
independent space. Therefore, re-entrant tasks work correctly even with concurrent tasks calls.

Functions are used when exactly one return vaueisrequired and at least one input argument is
specified. Delay, event, or timing control constructs are not permitted in functions. Functions can
invoke other functions but cannot invoke other tasks.

A regigter with name as the function nameis declared implicitly when afunction isdeclared. The
return value of the function is passed back in thisregister.

Recursive functions defined with the keyword automatic alow each function call to operatein an
independent space. Therefore, recursive or concurrent cals to such functions will work correctly.

Tasks and functions are included in adesign hierarchy and can be addressed by hierarchica
name referencing.
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8.5 Exercises

Define afunction to caculate the factorid of a4-bit
number. The output isa 32-bit vaue. Invokethe
function by using simulus and check results.

Define afunction to multiply two 4-bit numbersa
and b. The output isan 8-bit value. Invoke the
function by using stimulus and check results

Define afunction to design an 8-function ALU that
takes two 4-bit numbers aand b and computes a
5-bit result out based on a 3-bit select sgndl.
Ignore overflow or underflow bits.

Select Signal Function Output
3'b000 a

3'h001 a+b

3b010 a-b

3b011 alb

3'b100 a% 1 (remainder)
3'b101 a<<l1

3b110 a>>1

3bl1l1l (a>b) (magnitude
compare)

Define atask to compute the factorial of a4-bit
number. The output isa 32-bit value. Theresultis
assigned to the output after adeay of 10 time units.

Define atask to compute even parity of a 16-bit
number. Theresultisa 1-bit vauethat isassigned

IR PR TR T of RPN 1 PRl TS PR <y Gy
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Chapter 9. Useful Modeling Techniques

We learned the basic features of Verilog in the preceding chapters. In this chapter. we will discuss
additiond featuresthat enhance the Verilog language, making it powerful and flexible for modding and
andyzing adesign.

Learning Objectives

»  Describe procedura continuous assignment statements assign, deassign, force, and release.
Explain ther Sgnificance in modding and debugging.

* Understand how to override parameters by using the defparam statement at the time of module
ingantiation.

* Explain conditional compilation and execution of parts of the Verilog description.
o |dentify system tasksfor file output, displaying hierarchy, strobing, random number generation,
memory initidization, and vaue change dump.

[ TeamLiB]

[ TeamLiB]
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9.1 Procedural Continuous Assignments

We studied procedural assgnmentsin Section 7.2, Procedurd Assignments. Procedura assignments
assgn avaueto aregiger. Thevaue staysin the register until another procedura assignment puts
another valuein that register. Procedura continuous assignments behave differently. They are procedura
gsatements which alow vaues of expressonsto be driven continuoudy onto registers or netsfor limited
periods of time. Procedura continuous assignments override existing assgnmentsto aregister or net.
They provide an useful extension to the regular procedurd assignment statement.

9.1.1 assign and deassign

The keywords assign and deassign are used to express the first type of procedura continuous
assgnment. Theleft-hand side of procedura continuous assignments can be only be aregister or a
concatenation of registers. It cannot be a part or bit select of anet or an array of registers. Procedura
continuous assignments override the effect of regular procedura assgnments. Procedura continuous
assgnments are normally used for controlled periods of time.

A smple exampleisthe negative edge-triggered D-flipflop with asynchronous reset that we modeled in
Example 6-8. In Example 9-1, we now mode the same D_FF, using assign and deassign statements.

Example 9-1 D-Flipflop with Procedural Continuous Assgnments

/1 Negative edge-triggered D-flipflop with asynchronous reset
nodul e edge_dff(q, gbar, d, clk, reset);

/1 Inputs and outputs

out put q, gbar

i nput d, clk, reset;

reg q, gbar; //declare g and gbar are registers

al ways @ negedge cl k) //assign value of q & gbar at active edge of clock.
begi n

q = d;

gbar = ~d;
end

al ways @reset) //Override the regular assignnents to q and qgbar
/ I whenever reset goes high. Use of procedural continuous
/] assi gnment s.
if(reset)
begin //if reset is high, override regular assignments to g with
/1the new val ues, using procedural continuous assignnent.
assign g = 1'bo;
assign gbar = 1'bil;
end
el se
begin //If reset goes |ow, renove the overriding val ues by
/I deassigning the registers. After this the regular
/lassignments q = d and gbar = ~d will be able to change
//the registers on the next negative edge of clock
deassign q;
deassi gn gbar;
end

endnodul e
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9.2 Overriding Parameters

Parameters can be defined in amodule definition, as was discussed earlier in Section 3.2.8, Parameters.
However, during compilation of Verilog modules, parameter values can be dtered separately for each
module instance. Thisalows usto passadigtinct set of parameter vaues to each module during
compilation regardless of predefined parameter values.

There are two waysto override parameter vaues: through the defparam statement or through module
ingtance parameter value assgnment.

9.2.1 defparam Statement

Parameter values can be changed in any module instance in the design with the keyword defparam. The
hierarchical name of the module instance can be used to override parameter values. Consider Example
9-2, which uses defparam to override the parameter values in module instances.

Example 9-2 Defparam Statement

/1 Define a nodule hello world
nodul e hell o_worl d;
parameter id num= 0; //define a nodule identification nunber = 0

initial //display the nodule identification nunber
$di splay("Di splaying hello_world id nunber = %", id_nun);
endnodul e

//define top-1evel nodule

nodul e top;

/'l change paraneter values in the instantiated nodul es
/1 Use def param st at enent

defparamwl.id num= 1, w2.id_num= 2;

/linstantiate two hello_world nodul es
hel lo_world wi();
hello_world w2();

endnodul e

In Example 9-2, the module hello_world was defined with adefault id_num = 0. However, when the
module instances w1 and w2 of thetype hello_world are cregted, their id_num values are modified with
the defparam statement. If we smulate the above design, we would get the following outpuit:

1
2

Di spl aying hello_world id nunber
Di spl aying hello_world id nunber

Multiple defparam statements can appear in amodule. Any parameter can be overridden with the
defparam statement. The defparam construct is now considered to be abad coding styleand it is
recommended that aternative styles be used in Verilog HDL code.

NiAta +that +lhas rmasrdiilA KLAILA wwiarl A A Al s AAFT A 11 v A A NICE C -y A ivAararmacd s AlAacl A~k e
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9.3 Conditional Compilation and Execution

A portion of Verilog might be suitable for one environment but not for another. The designer does not
wish to create two versions of Verilog design for the two environments. Instead, the designer can specify
that the particular portion of the code be compiled only if acertain flag is set. Thisiscaled conditiona
compilation.

A designer might aso want to execute certain parts of the Verilog design only when aflagisset a run
time. Thisiscdled conditiond execution.

9.3.1 Conditional Compilation

Conditiond compilation can be accomplished by using compiler directives “ifdef, “ifndef, "ese, “esf, and
“endif. Example 9-5 contains Verilog source code to be compiled conditionally.

Example 9-5 Conditional Compilation

/1 Condi tional Conpilation

/I Exanple 1

"ifdef TEST //conpile nodule test only if text macro TEST is defined
nodul e test;

endnodul e
"else //conpile the nmodul e stimulus as default
nodul e sti mul us;

endnodul e
"endif //conpletion of '"ifdef directive

/I Exanpl e 2
nodul e top;

bus nmaster bl(); //instantiate nodul e unconditionally
"ifdef ADD B2
bus_master b2(); //b2 is instantiated conditionally if text macro
/1 ADD B2 is defined
"elsif ADD B3
bus master b3(); //b3 is instantiated conditionally if text macro
/1 ADD B3 is defined
"el se
bus_master b4(); //b4 is instantiate by default
"endi f

"ifndef | GNORE _B5
bus master b5(); //b5 is instantiated conditionally if text macro
/11 GNORE_B5 is not defined
"endi f
endnodul e

The "ifdef and “ifndef directives can appear anywherein the design. A designer can conditionaly compile
statements, modules, blocks, declarations, and other compiler directives. The “else directiveisoptiond.
A maximum of one “ese directive can accompany an “ifdef or “ifndef. Any number of “elsf directives can
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9.4 Time Scales

Often, inasingle smulation, delay valuesin one module need to be defined by using certain time unit,
eg. 1 s and delay vauesin another module need to be defined by using adifferent time unit, e.g. 100
ns. Verilog HDL dlowsthe reference time unit for modules to be specified with the “timescale compiler
directive.

Usage ‘timescde <reference _time_unit>/ <time_precison>

The <reference_time_unit> specifiesthe unit of measurement for timesand delays. The
<time_precison> specifiesthe precision to which the delays are rounded off during smulation. Only 1,
10, and 100 are valid integers for specifying time unit and time precison. Consder the two modules,
dummy1 and dummy2, in Example 9-8.

Example 9-8 Time Scales

/I Define a tine scale for the nodul e dummyl
// Reference time unit is 100 nanoseconds and precision is 1 ns
“timescale 100 ns / 1 ns
nodul e dunmyl;
reg toggle;
/[linitialize toggle
initial
toggle = 1'bO;

//Flip the toggle register every 5 tinme units

//ln this nodule 5 time units = 500 ns = .5 7s
al ways #5
begi n

toggl e = ~toggl e;
$display("% , In %ntoggle = % ", $tine, toggle);
end
endnodul e
/I Define a tine scale for the nodul e dummy?2
// Reference time unit is 1 microsecond and precision is 10 ns
“timescale 1 us / 10 ns
nodul e dunmy?2;
reg toggle;
/linitialize toggle
initial
toggle = 1'bO;

/IFlip the toggle register every 5 tinme units

//ln this nodule 5 tinme units =5 ?s = 5000 ns
al ways #5
begi n

toggl e = ~toggl e;
$display("% , In %ntoggle = % ", $tine, toggle);

and
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9.5 Useful System Tasks

In this section, we discuss the system tasks that are useful for avariety of purposesin Verilog. We
discuss system tasks [1] for file output, displaying hierarchy, strobing, random number generation,
memory initidization, and va ue change dump.

[1] Other system tasks such as $signed and $unsigned used for sign conversion are not discussed in this
book. For details, please refer to the "|EEE Standard V erilog Hardware Description Language”
document.

9.5.1 File Output

Output from Verilog normaly goesto the standard output and the file verilog.log. It is possibleto
redirect the output of Verilog to achosenfile.

Opening afile
A file can be opened with the system task $fopen.

Usage: $fopen("<name_of_file>"); [2]

[2] The"IEEE Standard Verilog Hardware Description Language' document provides additiona
capabilities for $fopen. The $fopen syntax mentioned in this book is adequate for most purposes.
However, if you need additional capabilities, please refer to the "|EEE Standard Verilog Hardware
Description Language' document.

Usage: <file_handle> = $fopen("'<name_of file>");

The task $fopen returns a 32-hit value called amultichanne descriptor.[3] Only onebitissetina
multichannel descriptor. The standard output has amultichannd descriptor with the least Significant bit
(bit 0) set. Standard output isaso caled channd 0. The standard output is dways open. Each
successive cal to $fopen opens anew channd and returns a 32-bit descriptor with bit 1 set, bit 2 s,
and so on, up to bit 30 set. Bit 31 isreserved. The channe number correspondsto the individua bit set
in the multichannel descriptor. Example 9-9 illustrates the use of file descriptors.

[3] The"IEEE Standard Verilog Hardware Description Language' document provides amethod for
opening up to 230 files by using asingle-channe file descriptor. Please refer to it for details.

Example 9-9 File Descriptors

/1Ml tichannel descriptor
i nteger handl el, handle2, handle3; //integers are 32-bit val ues

//standard output is open; descriptor = 32'h0000_0001 (bit O set)

initial

begi n
handl el
handl e2

Tl o~

$fopen("filel.out"); //handl el 32' h0000_0002 (bit 1 set)
$fopen("file2.out"); //handle2 32' h0000_0004 (bit 2 set)

~r o~ a Il o~ AL LA A O ~
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9.6 SUmmary

In this chapter, we discussed the following aspects of Verilog:

Procedura continuous assignments can be used to override the assignments on registers and
nets. assign and deassign can override assignments on registers. force and rel ease can override
assgnments on registers and nets. assign and deassign are used in the actud design. force and
release are used for debugging.

Parameters defined in a module can be overridden with the defparam statement or by passing a
new va ue during module ingtantiation. During module ingtantiation, parameter va ues can be
assigned by ordered list or by name. It is recommended to use parameter assgnment by name.

Compilation of parts of the design can be made conditional by using the 'ifdef, 'ifndef, ‘e sif, 'ese,
and 'endif directives. Compilation flags are defined at compile time by using the “define statement.

Execution is made conditiona in Verilog smulators by means of the $test$plusargs system task.
The execution flags are defined at run time by +<flag_name>.

Up to 30 files can be opened for writing in Verilog. Each fileis assigned a bit in the multichannel
descriptor. The multichannel descriptor concept can be used to write to multiplefiles. The IEEE
Standard Verilog Hardware Description Language document describes more advanced way's of
doingfilel/O.

Hierarchy can be displayed with the %m option in any display statement.

Strobing isaway to digplay values a a certain time or event after dl other satementsin that time
unit have executed.

Random numbers can be generated with the system task $random. They are used for random
test vector generation. $random task can generate both positive and negative numbers.

Memory can be initialized from adatafile. The datafile contains addresses and data. Addresses
can aso be specified in memory initidlization tasks,

Vaue Change Dump isa popular format used by many designersfor debugging with
postprocessing tools. Verilog alows al or salected module variables to be dumped to the VCD
file. Various system tasks are available for this purpose.
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9.7 Exercises

Using assign and deassign statements, design a
positive edge-triggered D-flipflop with asynchronous
clear (g=0) and preset (0=1).

Using primitive gates, design a 1-bit full adder FA.
Instantiate the full adder insde astimulus module.
Forcethesumoutput toa& b & ¢ _infor thetime
between 15 and 35 units.

A 1-bit full adder FA is defined with gates and with
delay parameters as shown below.

/1 Define a 1-bit full adder
nmodul e fulladd(sum c_out, a, b, c_in);
paranmeter d_sum= 0, d_cout = O;

/1 110 port declarations
out put sum c_out;
input a, b, c_in;

// Internal nets
wire sl, cl, c2;

/1 Instantiate logic gate primtives

xor (s1, a, b);

and (cl1, a, b);

xor #(d_sum) (sum sl1, c_in); //delay on
out put sumis d_sum

and (c2, s1, c_in);

or #(d_cout) (c_out, c2, cl); //delay
on output c_out is d_cout

endnodul e

Define a4-bit full adder fulladd4 as shown in Example
5-8 on page 77, but pass the following parameter
vauesto the instances, using the two methods
discussed in the book:

Instance Delay Values

fed d sum=1, d_cout=1

1 d 9im=2 d coiit=2
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Part 2: Advanced

VerilogTopics
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10 Timing and Delays

Digtributed, lumped and pin-to-pin delays, specify
blocks, pardld and full connection, timing checks,
delay back-annotation.

11 Switch-Level Modding

MOS and CMOS switches, bidirectiona switches,
modeling of power and ground, resistive switches,
delay specification on switches.

12 User-Defined Primitives
Parts of UDP, UDP rules, combinational UDPs,
sequential UDPs, shorthand symbols.

13 Programming Language Interface
Introductionto PLI, usesof PLI, linking and
invocation of PLI tasks, conceptua representation
of design, PLI accessand utility routines.

14 Logic Synthesiswith Verilog HDL
Introduction to logic synthesis, impact of logic
synthes's, Verilog HDL constructs and operators
for logic synthes's, synthessdesign flow,
verification of synthesized circuits, modeing tips,
design partitioning.

15 Advanced Veification Techniques
Introduction to asmple verification flow,
architectural modeling, test vectors/testbenches,
smulation accderation, emulation,
andysis/coverage, assertion checking, forma
verification, semi-forma verification, equivaence
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Chapter 10. Timing and Delays

Functiond verification of hardwareisused to verify functiondity of the designed circuit. However,
blocksin red hardware have delays associated with the logic eements and paths in them. Therefore, we
must also check whether the circuit meets the timing requirements, given the delay specificationsfor the
blocks. Checking timing reguirements has become increasingly important as circuits have become
smaller and faster. One of the ways to check timing isto do atiming smulation that accounts for the
delays associated with the block during the smulation.

Techniques other than timing smulation to verify timing have dso emerged in design autometion industry.
The most popular techniqueis satic timing verification. Designersfirg do apure functiona verification
and then verify timing separately with agtatic timing verification tool. The main advantage of Setic
veificaion isthat it can verify timing in orders of magnitude more quickly than timing Smulation. Static
timing verification is aseparate field of study and isnot discussed in this book.

In this chapter, we discussin detail how timing and delays are controlled and specified in Verilog
modules. Thus, by using timing Smulation, the designer can verify both functionaity and timing of the
circuit with Verilog.

Learning Objectives

» ldentify typesof delay models, distributed, lumped, and pin-to-pin (path) delays used in Verilog
amulation.

»  Understand how to set path delaysin asimulation by using specify blocks.

*  Explain pardld connection and full connection between input and output pins.

* Understand how to define parametersinside specify blocks by using specparam statements.

» Describe state-dependent path delays.

* Explainrise, fal, and turn-off delays. Understand how to set min, max, and typ vaues.

» Define system tasks for timing checks $setup, $hold, and $width.

» Undergtand delay back-annotation.
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10.1 Types of Delay Models

There are three types of delay models used in Verilog: distributed, lumped, and pin-to-pin (path) delays.

10.1.1 Distributed Delay

Digtributed delays are specified on aper eement basis. Delay values are assigned to individua elements
in the circuit. An example of distributed delaysin module M isshownin Figure 10-1.

Figure 10-1. Distributed Delay

M= —

| |

=1 45 )E |

a— |
I #4 | out

c —L f [

| #7 |

d —|—I [

|

- 1

Digtributed delays can be modeled by assigning delay vauesto individua gates or by using delay values
inindividua assgn statements. When inputs of any gate change, the output of the gate changes after the
delay value specified. Example 10-1 shows how distributed delays are specified in gates and dataflow
description.

Example 10-1 Distributed Delays

/1 Distributed delays in gate-Ilevel nodul es
nodule M (out, a, b, ¢, d);

out put out;

input a, b, c, d;

wire e, f;

//Delay is distributed to each gate.
and #5 al(e, a, b);

and #7 a2(f, c, d);

and #4 a3(out, e, f);

endnodul e

//Distributed delays in data flow definition of a nodul e
nodule M (out, a, b, ¢, d);

out put out;

input a, b, c, d;

wire e, f;

//Distributed delay in each expression
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10.2 Path Delay M odeling

In this section, we discuss various aspects of path delay modeling. In this section, the terms pin and port
are used interchangegbly.

10.2.1 Specify Blocks

A dday between asource (input or inout) pin and adestination (output or inout) pin of amoduleis
caled amodule path delay. Path delays are assigned in Verilog within the keywords specify and
endspecify. The statements within these keywords congtitute a specify block.

Specify blocks contain statements to do the following:

* Assign pin-to-pin timing delays across module paths

» Setuptiming checksinthecircuits

Define specparam constants

For the examplein Figure 10-3, we can write the module M with pin-to-pin delays, using specify blocks
asfollows.

Example 10-3 Pin-to-Pin Delay

/1 Pin-to-pin del ays

nmodule M (out, a, b, c, d);
out put out;

input a, b, c, d;

wre e, f;

/1 Specify block with path delay statenments

specify
(a => out) =09;
(b =>out) =09;
(c =>out) =11
(d => out) = 11;

endspeci fy

//gate instantiations
and al(e, a, b);

and a2(f, c, d);

and a3(out, e, f);
endnodul e

The specify block is a separate block in the module and does not appear under any other block, such as
initid or dways. The meaning of the statements within specify blocks needsto be dlarified. Inthe
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10.3 Timing Checks

In the earlier sections of this chapter, we discussed how to specify path delays. The purpose of
Specifying path ddaysisto smulate thetiming of the actua digital circuit with grester accuracy than gate
delays. In this section, we describe how to set up timing checksto seeif any timing congtraints are
violated during Smulation. Timing verification is particularly important for timing criticd, high-speed
sequential circuits such as microprocessors.

System tasks are provided to do timing checksin Verilog. There are many timing check system tasks
avalablein Verilog. Wewill discussthe three most common timing checks[1] tasks: $setup, $hold, and
Swidth. All timing checks must be inside the pecify blocks only. Optiond notifier arguments used in
these timing check system tasks are omitted to Smplify the discussion.

[1] The |[EEE Standard Verilog Hardware Description Language document provides additiona
congtraint checks, $removal, $recrem, $timeskew, $fullskew. Please refer to it for details. Negative
input timing congtraints can aso be specified.

10.3.1 $setup and $hold Checks

$setup and $hold tasks are used to check the setup and hold constraints for a sequentia element inthe
design. In asequential element such as an edge-triggered flip-flop, the setup time isthe minimum time the
datamugt arrive before the active clock edge. The hold time is the minimum time the data cannot change
after the active clock edge. Setup and hold times are shown in Figure 10-6.

Figure 10-6. Setup and Hold Times

clock

|
data |
]
I

|
| setup| hold |
| time | time |

Psetup task

Setup checks can be specified with the system task $setup.

Usage: $setup(data_event, reference_event, limit);
data event Sgnd that ismonitored for
violations

[ R 1 S ~aaa] Hladk A AlAL Al A
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10.4 Delay Back-Annotation

Deay back-annotation is an important and vast topic in timing smulation. An entire book could be
devoted to that subject. However, in this section, we introduce the designer to the concept of
back-annotation of delaysin asmulation. Detailed coverage of thistopic is outsde the scope of this
book. For detalls, refer to the IEEE Standard V erilog Hardware Description Language document.

The various steps in the flow that use delay back-annotation are asfollows:

1.

=

The designer writesthe RTL description and then performs functional smulation.

N

The RTL description is converted to agate-leve netlist by alogic synthesistool.

3. Thedesgner obtains pre-layout estimates of delaysin the chip by using adelay caculator and
information about the | C fabrication process. Then, the designer doestiming smulation or Stetic
timing verification of the gate-level netligt, usng these preliminary valuesto check that the
gae-levd netlis meetstiming congraints.

4. Thegatelevd netligt isthen converted to layout by a place and route tool. The post-layout delay
values are computed from the resistance (R) and capacitance (C) information in the layout. The
R and C information is extracted from factors such as geometry and | C fabrication process.

5. The post-layout delay vaues are back-annotated to modify the delay estimates for the gate-level
netlist. Timing Smulation or gatic timing verification isrun again on the gate-level netlist to check
if timing condraintsare il satisfied.

6. |If design changes are required to meet the timing congtraints, the designer hasto go back to the
RTL leve, optimize the design for timing, and then repeat Step 2 through Step 5.

Figure 10-7 showsthe flow of delay back annotation.

Figure 10-7. Delay Back-Annotation

ETL Level Description
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Logic Synthesis

Y
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10.5 Summary

In this chapter, we discussed the following aspects of Verilog:

[ TeamLiB]

There are three types of delay modes. lumped, distributed, and path delays. Distributed delays
are more accurate than lumped delays but difficult to mode for large designs. Lumped delays
arerelatively smpler to modd.

Path delays, dso known as pin-to-pin delays, specify delaysfrom input or inout pinsto output or
inout pins. Peth delays provide the most accuracy for modeling delays within amodule.

Specify blocks are the basic blocks for expressing path delay information. In modules, specify
blocks appear separately from initia or aways blocks.

Pardld connection and full connection are two methods to describe path delays.

Parameters can be defined insde the specify blocks by specparam statements.

Path delays can be conditional or dependent on the values of Signasinthecircuit. They are
known as State Dependent Path Delays (SDPD).

Rise, fal, and turn-off delays can be described in apath delay. Min, max, and typical vaues can
a so be specified. Trangtionsto x are handled by the pessmistic method.

Setup, hold, and width are timing checksthat check timing integrity of the digitd circuit. Other
timing checks are a so available but are not discussed in the book.

Delay back-annotation is used to resmulate the digita design with path delays extracted from
layout information. This processis used repeatedly to obtain afina circuit that meetsdl timing
requirements.
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10.6 Exercises

What type of delay model isused in the following circuit? Write the Verilog
description for themodule Y.

Usethe largest delay in the module to convert the circuit to alumped delay
model. Using alumped delay modd, write the Verilog description for the
moduleY.

Compute the delays along each path from input to output for the circuit in
Exercise 1. Write the Verilog description, using the path delay modd. Use

specify blocks.

Consder the negative edge-triggered with the asynchronous reset D-flipflop
shown in the figure below. Write the Verilog description for the module
D_FF. Show only the I/O ports and path delay specification. Describe path
delays, using paralel connection.

Path Delays
d—->q =5
d—>qgbar =5
clock->q = 6 reset
clock—> qbar = 7

reset—->q = 2

reset->qbar = 3

Modify the D-flipflop in Exercise 4 if al path ddaysare 5 units. Describe the
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Chapter 11. Switch-Level Modeling

In Part 1 of thisbook, we explained digital design and Smulation at ahigher level of abstraction such as
gates, dataflow, and behavior. However, in rare cases designers will choose to design the | esf-level
modules, using transstors. Verilog providesthe ability to design at aMOS-transistor level. Design at this
leve is becoming rare with the increasing complexity of circuits (millions of trangstors) and with the
availability of sophigticated CAD tools. Verilog HDL currently provides only digital design capability
withlogic values0 1, X, z, and the drive strengths associated with them. Thereis no analog capability.
Thus, in Verilog HDL, transstors are also known switches that either conduct or are open. Inthis
chapter, we discuss the basic principles of switch-level modeling. For most designers, it is adequate to
know only the basics. Detailed information on signa strengths and advanced net definitionsis provided in
Appendix A, Strength Modeling and Advanced Net Definitions. Refer to the IEEE Standard Verilog
Hardware Description Language document for complete details on switch-level modding.

Learning Objectives

* Describe basic MOS switches nmaos, pmos, and cmos.

*  Understand modeling of bidirectiona pass switches, power, and ground.

* |ldentify resistive MOS switches.

* Explain the method to specify delays on basic MOS switches and bidirectional pass switches.

» Buildbasc switch-leve circuitsin Verilog, usng available switches.

[ TeamLiB]
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11.1 Switch-Modeling Elements

Verilog provides various congtructs to modd switch-leve circuits. Digital circuits at MOS-transistor
level are described using these elements.[1]

[1] Array of ingtances can be defined for switches. Array of instancesis described in Section 5.1.3,
Array of Instances.

11.1.1 MOS Switches

Two types of MOS switches can be defined with the keywords nmos and pmos.

/I MOS switch keywords
nnos prnos

Keyword nmosis used to model NMOS transistors; keyword pmosis used to model PMOS
transstors. The symbolsfor nmos and pmos switches are shown in Figure 11-1.

Figure 11-1. NM OS and PMOS Switches

dﬂta—l—li out data out

o M

control control

NMOS PMOS

In Verilog, nmos and pmos switches are ingtantiated as shown in Example 11-1.

Example 11-1 Instantiation of NMOS and PM OS Switches

nmos nl(out, data, control); //instantiate a nnbs switch
pnos pl(out, data, control); //instantiate a pnos switch

Since switches are Verilog primitives, likelogic gates, the name of theinstanceis optiond. Therefore, it
is acceptable to ingtantiate a switch without assigning an instance name.

nnmos (out, data, control); //instantiate an nnbs switch; no instance nane
pnos (out, data, control); //instantiate a pnos switch; no instance nane

The vaue of the out signd is determined from the values of data and control signals. Logic tablesfor out
areshownin Table 11-1. Some combinations of data and control Sgnals cause the gates to output to
either a1 or O, or to an z value without a preference for either value. The symbol L standsfor O or z; H
standsfor 1 or z.

Table11-1. Logic Tablesfor NMOSand PMOS
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11.2 Examples

In this section, we discuss how to build practica digita circuits, using switch-level congtructs.

11.2.1 CMOS Nor Gate

Though Verilog hasanor gate primitive, let usdesign our own nor gate,using CMOS switches. The gate
and the switch-leve circuit diagram for the nor gate are shownin Figure 11-4.

Figure 11-4. Gate and Switch Diagram for Nor Gate

T

my_naor

ML o

Using the switch primitives discussed in Section 11.1, Switch-Modding Elements, the Verilog
description of the circuit isshown in Example 11-4 below.

Example 11-4 Switch-Level Verilog for Nor Gate

/1 Define our own nor gate, ny_nor
nodul e nmy_nor (out, a, b);

out put out;
i nput a, b;

//internal wres
wre c;

/1set up power and ground |ines
suppl y1 pw; /lpwr is connected to Vdd (power supply)
suppl y0 gnd ; /1gnd is connected to Vss(ground)

/linstantiate pnbs sw tches
pnmos  (c, pw, b);
pmos (out, c, a);

//instantiate nnos sw tches
nnos (out, gnd, a);
nnos (out, gnd, b);
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11.3 Summary

We discussed the following aspects of Verilog in this chapter:
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Switch-level moddingisat avery low leve of design abstraction. Designers use switch modeling
in rare cases when they need to customize aleef cdll. Verilog design at thisleve isbecoming less
popular with increasing complexity of circuits.

MQOS, CMOS, hidirectional switches, and supply1 and supply0 sources can be used to design
any switch-leve circuit. CMOS switches are acombination of MOS switches.

Delays can be optiondly specified for switch elements. Delays are interpreted differently for
bidirectiona devices.
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11.4 Exercises

Draw the circuit diagram for an xor gate, usng nmaos and pmos switches. Writethe
Verilog description for the circuit. Apply stimulus and test the design.

Draw the circuit diagram for and and or gates, using nmos and pmos switches. Write
the Verilog description for the circuits. Apply stimulus and test the design.

Design the 1-bit full-adder shown below using the xor, and, and or gates built in
Exercise 1 and Exercise 2 above. Apply stimulus and test the design.

a "‘]"—\\ \
rar

~

[ S—

L/

sum

Iy

Jc out

Design a4-bit bidirectional bus switch that has two buses, BusA and BusB, on oneside
and asingle bus, BUS, on the other side. A 1-bit control signdl isused for switching.
BusA and BUS are connected if control = 1. BusB and BUS are connected if control =
0. (Hint: Usethe switchestranifO and tranif1.) Apply stimulus and test the design.

BusA ==—F—»
gus h 4—~p BUS
BusB <&—/—p{ SWIC

A

control

| ngtantiate switches with the following delay specifications. Use your own input/output
port names.

a.

a. A pmosswitchwithrise=2andfdl =3.
b.

b. Annmosswitchwithrise=4, fall = 6, turn-off =5
C.



http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial verson, http://www.thebeatlesfor ever .com/pr ocesstext/abcchm.html

[ TeamLiB]

[ TeamLiB]

Chapter 12. User-Defined Primitives

Verilog provides astandard set of primitives, such as and, nand, or, nor, and not, asapart of the
language. These are al'so commonly known as built-in primitives. However, designers occasiondly liketo
use their own custom-built primitives when developing adesign. Verilog providesthe ability to define
User-Defined Primitives (UDP). These primitives are self-contained and do not instantiate other modules
or primitives. UDPs are ingtantiated exactly like gate-level primitives.

There are two types of UDPs. combinational and sequential.

* Combinational UDPs are defined where the output is soldly determined by alogica combination
of theinputs. A good exampleisa4-to-1 multiplexer.

»  Sequential UDPstake the vaue of the current inputs and the current output to determine the
vaue of the next output. The value of the output is aso theinternd state of the UDP. Good
examples of sequentid UDPs arelatches and flipflops.

Learning Objectives

*  Understand UDP definition rules and parts of a UDP definition.
»  Define sequentid and combinationa UDPs.
* Explaningantiation of UDPs.

* Identify UDP shorthand symbols for more conciseness and better readability.

Describe the guiddines for UDP design.

[ TeamLiB]
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12.1 UDP basics

In this section, we describe parts of aUDP definition and rules for UDPs.

12.1.1 Parts of UDP De€finition

Figure 12-1 showsthe distinct parts of abasic UDP definition in pseudo syntax form. For details, see
the formad syntax definition described in Appendix , Forma Syntax Definition.

Figure 12-1 Parts of UDP Definition

/1 UDP nanme and termnal |ist

primtive <udp_name> (

<out put _term nal _nanme>(only one all owed)
<i nput _term nal _nanes> );

/1 Term nal decl arations

out put <out put _term nal _nane>;

i nput <i nput _term nal _nanes>;

reg <output_term nal _name>; (optional; only for sequenti al
UDP)

/1 UDP initialization (optional; only for sequential UDP
initial <output_term nal _nane> = <val ue>;

//UDP state table
tabl e

<table entries>
endt abl e

/1 End of UDP definition
endprimtive

A UDP definition startswith the keyword primitive. The primitive name, output termina, and input
terminals are pecified. Terminals are declared as output or input in the termina declarations section. For
asequential UDP, the output termind is declared as areg. For sequentiad UDPs, there is an optiona
initid statement that initializes the output termina of the UDP. The UDP dtate table is most important part
of the UDP. It begins with the keyword table and ends with the keyword endtable. The table defines
how the output will be computed from the inputs and current sate. The table is modeled as alookup
table. and the table entries resemble entriesin alogic truth table. Primitive definition is completed with
the keyword endprimitive.

12.1.2 UDP Rules

UDP definitionsfollow certainrules
1.

1 1IDP<cean take onlyvy «calar inni it terminale (1 hitl Miiltinle inn it terminal € are nermitted
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12.2 Combinational UDPs

Combinationa UDPs take the inputs and produce the output value by looking up the corresponding
entry in the Sate table.

12.2.1 Combinational UDP Definition

The dtate table is the most important part of the UDP definition. The best way to explain agtate tableis
to take the example of an and gate modeled as a UDP. Instead of using the and gate provided by
Verilog, let us define our own and gate primitive and cal it udp_and.

Example 12-1 Primitive udp_and

/[/Primtive nane and termnal |ist
primtive udp_and(out, a, b);

/] Decl ar ati ons
out put out; //nmust not be declared as reg for conbinati onal UDP
input a, b; //declarations for inputs.

//State table definition; starts with keyword table
tabl e
/1 The following cooment is for readability only
//lnput entries of the state table nust be in the

//same order as the input termnal |ist.
/Il a b out;

0O O 0;

0 1 0;

1 0 0;

1 1 1;

endtable //end state table definition

endprimtive //end of udp_and definition

Compare parts of udp_and defined above with the parts discussed in Figure 12-1. The missing partsare
that the output is not declared asreg and the initia statement is absent. Note that these missing partsare
used only for sequential UDPs, which are discussed later in the chapter.

ANSl C gtyle declarations for UDPs are dso supported. This style alows the declarations of a primitive
port to be combined with the port list. Example 12-2 shows an example of an ANS C style UDP
declaration.

Example 12-2 ANSI C Style UDP Declar ation

//Primitive nane and terminal |ist
primtive udp_and(output out,

i nput a,

i nput b);

endprimtive //end of udp_and definition

A N ™S C e o T™ okl o oLt
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12.3 Sequential UDPs

Sequentia UDPs differ from combinational UDPsin their definition and behavior. Sequentid UDPs have
thefollowing differences:

» Theoutput of asequential UDP isaways declared asareg.
* Aninitid statement can be used to initidize output of sequentia UDPs.

» Theformat of adatetable entry isdightly different.

®* <inputl> <input2> ..... <inputN> : <current_state> : <next_state>;

» Therearethree sectionsin a state table entry: inputs, current state, and next sate. The three
sections are separated by acolon (1) symboal.

» Theinput specification of state table entries can bein terms of input levels or edge trangitions.
» Thecurrent gateisthe current value of the output register.

* Thenext stateis computed based on inputs and the current state. The next state becomesthe
new vaue of the output register.

All possible combinations of inputs must be specified to avoid unknown output values.
If asequential UDPissengtiveto input levels, it iscaled aleve-sengtive sequential UDP. If asequentia

UDP issenstive to edge trandtionson inputs, it is called an edge-sensitive sequentid UDP.

12.3.1 L evel-Sensitive Sequential UDPs

Leve-sensitive UDPs change state based on input levels. Latches are the most common example of
level-sengtive UDPs. A smplelatch with clear isshownin Figure 12-3.

Figure 12-3. Level-Sengtive L atch with clear

r= = = =7 "

e
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12.4 UDP Table Shorthand Symbols

Shorthand symbolsfor levels and edge transitions are provided so UDP tables can be writtenina
concise manner. We aready discussed the symbols ?and -. A summary of al shorthand symbolsand
their meaningisshownin Table 12-1.

Table 12-1. UDP Table Shorthand Symbols

Shorthand Symbols Meaning Explanation

? 0,1,x Cannot be specified in an output
fidd

b 0,1 Cannot be specified in an output
fidd

- No changein date vaue Can be specified only in output
field of asequentiad UDP

r (01) Rising edge of sgnd

f (10) Fdling edge of sgnd

p (01), (Ox) or (x1) Potentid risng edge of signd

n (10), (1x) or (xQ) Potentid falling edge of sgnd

* (7?) Any valuechangeinsgnd

Using the shorthand symbols, we can rewrite the table entriesin Example 12-9 on page 263 as follows.

tabl e

// d clock clear :

2 2
2 2

1 f

0 f

?  (1x)

? p

*x 2 0

endt abl e

1
f

0

q :

D?

q+

2 0; //output =0 if clear

=1

; //ignore negative transition of clear

2 1; //latch data on negative transition of
: 0 ; [//lclock

; //hold q if clock transitions to unknown

//state

; /lignore positive transitions of clock

//clock is steady

- ; /lignore any change in d when




#ch12table01

0130449113_ch12lev1sec3.html#ch12list09

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial version, http://mww.thebeatlesfor ever .com/pr ocesstext/abechm.html

[TeamLiB] [rrevious lnesr o]

[TeamLiB] [ erevious [esr



NFO/lib.html

0130449113_ch12lev1sec3.html

0130449113_ch12lev1sec5.html

NFO/lib.html

0130449113_ch12lev1sec4.html

0130449113_ch12lev1sec6.html

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial verson, http:/mww.thebeatlesfor ever .com/processtext/abechm.html

12.5 Guidelinesfor UDP Design

When designing afunctiond block, it isimportant to decide whether to modd it asamodule or asa
user-defined primitive. Here are some guidelines used to make that decision.

UDPsmode functionality only. They do not modd timing or process technology (such as
CMOS, TTL, ECL). The primary purpose of aUDP isto definein asimple and concise form
the functional portion of ablock. A moduleisaways used to model acomplete block that has
timing and process technology.

A block can modeled asaUDP only if it has exactly one output termind. If the block to be
designed has more than one output, it has to be modeled asamodule.

Thelimit on the maximum number of inputs of aUDP is specific to the Verilog Smulator being
used. However, Verilog smulators are required to alow aminimum of 9 inputs for sequentia
UDPs and 10 for combinational UDPs.

A UDPistypicaly implemented as alookup table in memory. Asthe number of inputs
increases, the number of table entries grows exponentidly. Thus, the memory requirement for a
UDP grows exponentidly in relation to the number of inputs. It isnot advisable to design ablock
with alarge number of inputsasa UDP.

UDPs are not aways the appropriate method to design ablock. Sometimesit iseasier to design
blocks as amodule. For example, it is not advisable to design an 8-to-1 multiplexer asaUDP
because of the large number of table entries. Instead, the data flow or behavioral representation
would be much smpler. It isimportant to consider complexity trade-offs to decide whether to
use UDP to represent a block.

There are dso some guiddinesfor writing the UDP Sate table.

The UDP state table should be specified as completely as possible. All possible input
combinations for which the output is known should be covered. If a certain combination of
inputsisnot specified, the default output value for that combination will be x. Thisfeatureisused
frequently in commercid libraries to reduce the number of table entries.

Shorthand symbols should be used to combine table entries wherever possible. Shorthand
symbols make the UDP description more concise. However, the Verilog smulator may internaly
expand the table entries. Thus, thereis no memory requirement reduction by using shorthand
symbals.

Level-sengtive entriestake precedence over edge senstlve entries. If edge-sensitive and

| Y L Y L T T Y T T T T Y L T - I T P I . T
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12.6 Summary

We discussed the following aspects of Verilog in this chapter:

[ TeamLiB]

[ TeamLiB]

User-defined primitives (UDP) are used to define custom Verilog primitives by the use of lookup
tables. UDPs offer a convenient way to design certain functional blocks.

UDPs can have only one output terminal. UDPs are defined at the same level as modules. UDPs
areingantiated exactly like gate primitives. A state table isthe most important component of
UDP specification.

UDPs can be combinationa or sequentia. Sequential UDPs can be edge- or level-sensitive.

Combinationa UDPs are used to describe combinational circuits where the output is purdly a
logical combination of the inputs.

Sequential UDPs are used to define blocks with timing controls. Blocks such aslatches or
flipflops can be described with sequential UDPs. Sequentiad UDPs are modeled like state
machines. Thereisapresent state and anext state. The next state is a so the output of the UDP.
Edge- and level-sengitive descriptions can be mixed.

Shorthand symbols are provided to make UDP date table entries more concise. Shorthand
notation should be used wherever possible.

It isimportant to decide whether afunctiona block should be described asaUDP or asa
module. Memory requirements and complexity trade-offs must be considered.
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12.7 Exercises

Design a2-to-1 multiplexer by using UDP. The sdect sgnd isss, inputsareiO, i1, and
the output isout. If the select signd s= X, the output out isaways 0. If s=0, then out =
10. If s=1, thenout =i1.

Write the truth table for the boolean function Y = (A & B) | (C” D). Definea UDP that
implements this boolean function. Assume that the inputs will never take the vaue x.

Define alevd-sengtive latch with apreset sgndl. Inputs are d, clock, and preset.
Outputisqg. If clock =0, then g =d. If clock = 1 or X, then qisunchanged. If preset =
1, thenq= 1. If preset = 0, then q isdecided by clock and d signals. If preset = x, then
gq=X.

|
clock —T Latch | q
I I

L_TPJ

preset

Define a pogitive edge-triggered D-flipflop with clear asaUDP. Sgnd clear isactive
low. Use Example 12-9 on page 263 as a guiddine. Use shorthand notation wherever

possible.

Define anegative edge-triggered XK flipflop, jk_ff with asynchronous preset and clear
asaUDP. g=1when preset = 1 and = 0when clear = 1.

preset
) — 1
clm:k c> D FF
kK —
clear

Thetablefor aJK flipflop is shown below.

T | ‘ o
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Chapter 13. Programming L anguage
| nterface

Verilog providesthe set of standard system tasks and functions defined in Appendix C, Ligt of
Keywords, System Tasks, and Compiler Directives. However, designers frequently need to customize
the capabiility of the Verilog language by defining their own system tasks and functions. To dothis, the
designers need to interact with the interna representation of the design and the simulation environment in
the Verilog smulator. The Programming Language Interface (PLI) provides aset of interface routinesto
read interna data representation, writeto internal data representation, and extract information about the
smulation environment. User-defined system tasks and functions can be created with this predefined set
of PLI interface routines,

Verilog Programming Language Interface isavery broad area of study. Thus, only the basics of Verilog
PLI are covered in this chapter. Designers should consult the IEEE Standard Verilog Hardware
Description Language document for complete details of the PLI.
There are three generations of the Verilog PLI.

1.

1. Task/Function (tf ) routines make up thefirst generation PLI. These routines are primarily used

for operationsinvolving user-defined task/function arguments, utility functions, callback
mechanism, and writing datato output devices.

2. Access (acc ) routines make up the second-generation PLI. These routines are provide
object-oriented access directly into aVerilog HDL structural description. These routines can be
used to access and modify awide variety of objectsin the Verilog HDL description.

3. Veilog Procedura Interface (vpi_) routines make up the third-generation PLI. These routines
are asuperset of the functiondity of acc_and tf_routines.

For the sake of smplicity, wewill discussonly acc_and tf_routinesin this chapter.

Learning Objectives

* Explainhow PLI routinesare used in aVerilog Smulation.
* Describethe usesof the PLI.

* Define user-defined system tasks and functions and user-defined C routines.
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13.1 Usesof PLI

PLI provides apowerful capability to extend the Verilog language by allowing usersto define their own
utilitiesto accesstheinternal design representation. PLI has various applications.

[ TeamLiB]

[ TeamLiB]

PLI can be used to define additional system tasks and functions. Typica examplesare
monitoring tasks, stimulus tasks, debugging tasks, and complex operations that cannot be
implemented with standard V erilog congtructs.

Application software like trandators and delay caculators can be written with PLI.

PLI can be used to extract design information such as hierarchy, connectivity, fanout, and
number of logic eements of acertain type.

PLI can be used to write specia-purpose or customized output display routines. Waveform
viewers can use thisfile to generate waveforms, logic connectivity, source level browsers, and
hierarchy information.

Routinesthat provide stimulusto the smulation can be written with PLI. The stimulus could be
automaticaly generated or trandated from some other form of simulus.

Generd Verilog-based gpplication software can be written with PLI routines. This software will
work with al Verilog smulators because of the uniform access provided by the PLI interface.
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13.2 Linking and Invocation of PL1 Tasks

Designers can write their own user-defined system tasks by using PLI library routines. However, the
Verilog smulator must know about the existence of the user-defined system task and its corresponding
user-defined C function. Thisis done by linking the user-defined system task into the Verilog smulator.

To understand the process, | et us consider the example of asimple system task $hello_verilog. When
invoked, the task smply prints out amessage "Hello Verilog World". Firg, the C routine that implements
the task must be defined with PLI library routines. The C routine hello_veriloginthefilehello verilog.cis
shown below.

#include "veriuser.h" /*include the file provided in release dir */

int hello_verilog()

{
}

io_printf("Hello Verilog Wrld\n");

Thehdlo_verilog routineisfairly sraightforward. Theio_printf isaPLI library routine that works exactly
like printf.

Thefollowing sections show the stepsinvolved in defining and using the new $hello_verilog system task.

13.2.1 Linking PLI Tasks

Whenever the task $hello_verilog isinvoked in the Verilog code, the C routine hello_verilog must be
executed. The smulator needs to be aware that anew system task called $hello verilog existsand is
linked to the C routine hello_verilog. Thisprocessis called linking the PLI routinesinto the Verilog
smulator. Different smulators provide different mechanismsto link PLI routines. Also, though the exact
mechanics of the linking process might be different for smulators, the fundamentas of the linking process
remain the same. For detalls, refer to the latest reference manuals available with your smulator.

At theend of thelinking step, a specia binary executable containing the new $hello_verilog system task
is created. For example, ingtead of the usua simulator binary executable, anew binary executable
hverilog is produced. To smulate, run hverilog instead of your usual Smulator executablefile.

13.2.2 Invoking PL1 Tasks

Once the user-defined task has been linked into the Verilog smulator, it can be invoked like any Verilog
system task by the keyword $hello_verilog. A Verilog module hdlo_top, which callsthe task
$hello_verilog, isdefined in file hello.v as shown below.

nodul e hell o_t op;

initial
$hello_verilog; //1nvoke the user-defined task $hello_veril og

andrnadinll A
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13.3 Internal Data Representation

Before we understand how to use PLI library routines, it isfirst necessary to describe how adesignis
viewed interndly in the smulator. Each moduleis viewed as a collection of object types. Object types
aredementsdefined in Verilog, such as

* Moduleinstances, module ports, module pin-to-pin paths, and intermodul e paths
* Top-levd modules

* Primitiveingances, primitiveterminas

* Nets, registers, parameters, specparams

* Integer, time, and red variables

» Timing checks

* Named events

Each object type has a corresponding set that identifies al objects of that typein the module. Sets of all
object types are interconnected.

A conceptud internal representation of amoduleisshown in Figure 13-3.

Figure 13-3. Conceptual Internal Representation a Module
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13.4 PLI Library Routines

PLI library routines provide a standard interface to the internal data representation of the design. The
user-defined C routines for user-defined system tasks are written by using PLI library routines. In the
examplein Section 13.2, Linking and Invocation of PLI Tasks, $hello_verilog isthe user-defined system
task, hello_verilog isthe user-defined C routine, and io_printf isaPLI library routine.

There are two broad classes of PLI library routines: access routines and utility routines. (Note that vpi_
routines are a superset of access and utility routines and are not discussed in this book.)

Access routines provide access to information about the interna data representation; they alow the user
C routine to traverse the data structure and extract information about the design. Utility routines are
mainly used for passing data across the V erilog/Programming Language Boundary and for miscellaneous
housekeeping functions. Figure 13-6 showsthe role of accessand utility routinesin PLI.

Figure 13-6. Role of Accessand Utility Routines
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A completelist of PLI library routinesis provided in Appendix B, List of PLI Routines. The function and
usage of each routine are also specified.

13.4.1 Access Routines

Accessroutines are a so popularly called acc routines. Access routines can do the following:

Read information about a particular object from the interna data representation

Write information about a particular object into the interna data representation

Wewill discuss only reading of information from the design. Information about modifying internd design
representation can be found in the Programming Language Interface (PL1) Manud. However, reading of
information is adequate for most practica purposes.

Access routines can read information about objects in the design. Objects can be one of the following
types.
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13.5 Summary

In this chapter, we described the Programming Language Interface (PL1) for Verilog. Thefollowing
aspects were discussed:

PLI Interface provides aset of C interface routinesto read, write, and extract information about
theinterna data structures of the design. Designers can write their own system tasksto do
various ussful functions.

PLI Interface can be used for monitors, debuggers, trandators, delay caculators, automatic
gimulus generators, dump file generators, and other useful utilities.

A user-defined system task isimplemented with a corresponding user-defined C routine. The C
routine uses PLI library cals.

The process of informing the smulator that a new user-defined system task is attached to a
corresponding user C routineis caled linking. Different amulators handle the linking process
differently.

User-defined system tasks are invoked like standard Verilog system tasks, e.g., $hello_verilog();
. The corresponding user C routine hello_verilog is executed whenever the task isinvoked.

A desgnisrepresented interndly in aVerilog smulator as abig data structure with setsfor
objects. PLI library routines allow access to theinterna data structures.

Access (acc) routines and utility (tf) routines are two types of PLI library routines.

Utility routines represent the first generation of Verilog PLI. Utility routines are used to pass data
back and forth across the boundary of user C routines and the originad Verilog design. Utility
routines start with the prefix tf_. Utility routines do not interact with object handles.

Access routines represent the second generation of Verilog PLI. Access routines can read and
write information about a particular object from/to the design. Access routines sart with the
prefix acc_. Accessroutines are used primarily across the boundary of user C routines and
interna data representation. Access routinesinteract with object handles.

Vauechangelink (VCL) isaspecid category of access routinesthat alow monitoring of
objectsin adesign. A consumer routine is executed whenever the monitored object vaue
changes.

N L D = T e I Y Y . O T = A T T T T T T L Y T I T T I T
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13.6 Exercises

Refer to Appendix B, List of PLI Routines and |EEE Standard V erilog Hardware Description Language
document, for alist of PLI accessand utility routines, their function, and usage. Y ou will need to use
somePLI library callsthat were not discussed in this chapter.

Write a user-defined system task,
$get_in_ports, that getsfull hierarchica names
of only theinput ports of amodule instance.
Hierarchica module ingtance nameistheinput
to thetask (Hint: Usethe C routinein Example
13-2 asareference). Link the task into the
Verilog smulator. Find the input ports of the
1-bit full adder defined in Example 5-7 on page
75.

Write a user-defined system task,
$oount_and_gates, which counts the number of
and gate primitivesin amodule instance.
Hierarchicd module ingance nameistheinput
to the task. Use thistask to count the number of
and gatesin the 4-to-1 multiplexer in Example
5-5.

Create a user-defined system task,
$monitor_mod_output, that findsout dl the
output signals of amodule instance and adds
them to amonitoring list. Theline"Output Sgna
has changed" should appear whenever any
output signd of the module changesvalue.
(Hint: Use VCL routines.) Use the 2-to-1
multiplexer in Example 13-1. Add output
sgndsto themonitoring list by using
$monitor_mod_output. Check results by
aoplying gimulus.

[ TeamLiB]
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Chapter 14. Logic Synthesiswith Verilog
HDL

Advancesinlogic synthesis have pushed HDL s into the forefront of digital design technology. Logic
gynthesistools have cut design cycletimes sgnificantly. Designers can design at ahigh leve of
abstraction and thus reduce design time. In this chapter, we discusslogic synthesiswith Verilog HDL.
Synopsys synthes's products were used for the examplesin this chapter, and resultsfor individua
examples may vary with synthesistools. However, the concepts discussed in this chapter are generd
enough to be applied to any logic synthesstool.[1] This chapter isintended to give the reader abasic
undergtanding of the mechanics and issuesinvolved in logic synthesis. It isnot intended to be
comprehensive material on logic synthesis. Detailed knowledge of logic synthesis can be obtained from
reference manuals, logic synthesis books, and by attending training classes.

[1] Many EDA vendors now offer logic synthesistools. Please see the reference documentation
provided with your logic synthesistool for details on how to synthesize RTL to gates. There may be
minor variations from the materia presented in this chapter.

Learning Objectives

» Definelogic synthesis and explain the benefits of logic synthesis.

» ldentify Verilog HDL constructs and operators accepted in logic synthesis. Understand how the
logic synthesistool interprets these congtructs.

» Explanatypicd designflow, usng logic synthesis. Describe the componentsin thelogic
synthesis-based design flow.

»  Destribe verification of the gate-leve netlist produced by logic synthesis.
»  Understand techniques for writing efficient RTL descriptions.
»  Destribe partitioning techniquesto help logic synthesis provide the optimal gate-level netlist.

* Desgn combinationa and sequentid circuits, usng logic synthes's.

[ TeamLiB]
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14.1 What IsLogic Synthesis?

Simply speaking, logic synthesisisthe process of converting ahigh-level description of the designinto an
optimized gate-level representation, given astandard cell library and certain design congraints. A
standard cell library can have smple cells, such asbasic logic gates like and, or, and nor, or macro cdlls,
such as adders, muxes, and specid flip-flops. A standard cell library isaso known as the technology
library. It isdiscussed in detail |ater in this chapter.

Logic synthesis dways existed even in the days of schematic gate-level design, but it was aways done
ingde the designer's mind. The designer would first understand the architectural description. Then he
would consider design congiraints such astiming, area, testability, and power. The designer would
partition the design into high-level blocks, draw them on a piece of paper or acomputer terminal, and
describe the functiondity of the circuit. Thiswasthe high-level description. Findly, each block would be
implemented on a hand-drawn schemétic, using the cells available in the standard cell library. The last
step was the most complex processin the design flow and required severa time-consuming design
iterations before an optimized gate-level representation that met all design constraints was obtained.
Thus, the designer's mind was used asthelogic synthesistoal, asillustrated in Figure 14-1.

Figure 14-1. Designer'sMind asthe L ogic Synthesis Tool
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The advent of computer-aided logic synthesis tools has automated the process of converting the
high-level description to logic gates. Instead of trying to perform logic synthesisin their minds, designers
can now concentrate on the architectura trade-offs, high-level description of the design, accurate design
congraints, and optimization of cdllsin the standard cell library. These are fed to the computer-aided
logic synthesistool, which pen‘orms severd iterationsinterndly and generatesthe optl mized gate-leve
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14.2 Impact of Logic Synthesis

Logic synthesis has revolutionized the digital design industry by significantly improving productivity and
by reducing design cycletime. Before the days of automated logic synthes's, when designswere
converted to gates manually, the design process had the following limitations:

For large designs, manua converson was prone to human error. A small gate missed
somewhere could mean redesign of entire blocks.

The designer could never be sure that the design condtraints were going to be met until the
gate-level implementation was completed and tested.

A dgnificant portion of the design cycle was dominated by the time taken to convert ahigh-level
designinto gates.

If the gate-level design did not meet requirements, the turnaround time for redesign of blocks
wasvery high.

What-if scenarios were hard to verify. For example, the designer designed ablock in gates that
could run a acycletime of 20 ns. If the designer wanted to find out whether the circuit could be
optimized to run faster at 15 ns, the entire block had to be redesigned. Thus, redesign was
needed to verify what-if scenarios.

Each designer would implement design blocks differently. There waslittle consstency in design
styles. For large designs, this could mean that smaller blocks were optimized, but the overal
design was not optimal.

If abug wasfound in thefinal, gate-level design, thiswould sometimes require redesign of
thousands of gates.

Timing, area, and power disspation in library cdlls are fabrication-technology specific. Thusif
the company changed the | C fabrication vendor after the gate-level design was complete, this
would mean redesign of the entire circuit and a possible change in design methodol ogy .

Design reuse was not possible. Designs were technol ogy-specific, hard to port, and very difficult
to reuse.

Automated logic synthesis tools addressed these problems as follows:
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14.3 Verilog HDL Synthesis

For the purpose of logic synthesis, designs are currently written in an HDL at aregister transfer level
(RTL). Theterm RTL isused for an HDL description style that utilizes acombination of dataflow and
behaviord congtructs. Logic synthesistools take the register transfer-level HDL description and convert
it to an optimized gate-leve netlist. Verilog and VHDL are the two most popular HDL s used to describe
the functiondity a the RTL leve. Inthis chapter, we discuss RTL -based logic synthesiswith Verilog
HDL. Behaviord synthesistoolsthat convert abehaviord description into an RTL description are dowly
evolving, but RTL-based synthesisis currently the most popular design method. Thus, we will address
only RTL-based synthesisin this chapter.

14.3.1 Verilog Constructs

Not al congtructs can be used when writing a description for alogic synthesistool. In generd, any
construct that is used to define a cycle-by-cycle RTL description is acceptable to the logic synthesis
toal. A list of congtructsthat are typicaly accepted by logic synthesistoolsisgivenin Table 14-1. The
capabilities of individua logic synthesistools may vary. The constructs that are typicaly acceptableto
logic synthesistools are dso shown.

Table 14-1. Verilog HDL Congructsfor Logic Synthesis

Construct Type Keyword or Description Notes
ports input, inout, output
parameters parameter
module definition module
sgndsand varigbles wire, reg, tri Vectors are allowed
indantiation moduleingances, primitivegate | E.g., mymux ml1(out, i0, i1, s);
indances E.g., nand (out, a, b);
functions and tasks function, task Timing condructsignored
procedural aways, if, then, e e, case, initia isnot supported
Ccasex, Casez
procedura blocks begin, end, named blocks, Disabling of named blocks
disble dlowed
dataflow asggn Deay information isignored
P P Y T P
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14.4 Synthesis Design Flow

Having understood how basic Verilog congtructs are interpreted by the logic synthesistoal, let us now
discuss the synthesis design flow from an RTL description to an optimized gate-level description.

14.4.1 RTL to Gates

Tofully utilize the benefits of logic synthesis, the designer mugt first understand the flow from the
high-level RTL description to agate-level netlist. Figure 14-4 explainsthat flow.

Figure 14-4. Logic SynthessFlow from RTL to Gates
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L et us discuss each component of the flow in detall.

RTL description

The designer describesthe design at ahigh level by using RTL congtructs. The designer spendstimein
functiond verification to ensure that the RTL description functions correctly. After the functiondity is
verified, the RTL description isinput to the logic synthesistool.

Trandation

TheRTL description is converted by thelogic synthesstool to an unoptimized, intermediate, interna
representation. This processis cdled trandation. Trandation isreatively smple and uses techniques
amilar to those discussed in Section 14.3.3, Interpretation of a Few Verilog Constructs. The trandator
understands the basic nrimitives and oneratorsin the Veriloa RTL descriotion. Desian constraints uch
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14.5 Verification of Gate-L evel Netlist

The optimized gate-leve netlist produced by the logic synthesistool must be verified for functiondlity.
Also, the synthesistool may not always be able to meet both timing and arearequirementsif they aretoo
stringent. Thus, a separate timing verification can be done on the gate-level netlist.

14.5.1 Functional Verification

Identical imulusisrunwiththeorigind RTL and synthesized gate-level descriptions of thedesign. The
output is compared to find any mismatches. For the magnitude comparator, asample stimulusfileis
shown below.

Example 14-3 Stimulusfor M agnitude Compar ator

nodul e sti nul us;

reg [3:0] A B;
wire A GIB, ALT B A EQSB;

//lnstantiate the magnitude conparat or
magni t ude_conparator MC(A GI B, A LT B, A EQB, A B)
initial
$rmonitor ($tine," A=%, B=%, AGI B=%, ALTB=9%, AEQB= %",
A B, AGI B ALTB AEQB);

//stimulate the magnitude conparator.

initial

begi n
A = 4'b1010; B = 4'b1001
# 10 A = 4'b1110; B = 4'bl111
# 10 A = 4'b0000; B = 4' b000O;
# 10 A = 4'b1000; B = 4' b1100;
# 10 A = 4'b0110; B = 4' b1110;
# 10 A = 4'b1110; B = 4' b1110;

end

endnodul e

The same stimulusiis gpplied to both the RTL description in Example 14-1 and the synthesized gate-level
description in Example 14-2, and the smulation output is compared for mismatches. However, thereis
an additiona consderation. The gate-level descriptionisintermsof library celsVAND, VNAND, etc.
Verilog smulators do not understand the meaning of these cdlls. Thus, to Smulate the gate-level
description, asmulation library, abc_100.v, must be provided by ABC Inc. The smulation library must
describe cellsVAND, VNAND, etc., intermsof Verilog HDL primitives and, nand, etc. For example,
the VAND cdl will be defined in the smulation library as shownin Example 14-4.

Example 14-4 Smulation Library

/1 Simulation Library abc_100.v. Extrenely sinple. No tim ng checks.

nodul e VAND (out, in0, inl);
i nput inoO;
i nput inl;
out put out
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14.6 Modeling Tipsfor Logic Synthesis

The Verilog RTL design style used by the designer affectsthe find geate-level netlist produced by logic
gynthesis. Logic synthesis can produce efficient or inefficient gate-level netlists, based on the style of

RTL descriptions. Hence, the designer must be aware of techniques used to write efficient circuit
descriptions. In this section, we provide tips about modding trade-offs, for the designer to write efficient,
synthesizable Verilog descriptions.

14.6.1 Verilog Coding Style[2]

[2] Verilog coding style suggestions may vary dightly based on your logic synthesstool. However, the
suggestions included in this chapter are applicable to most cases. The IEEE Standard Verilog Hardware
Description Language document also adds a new language construct called attribute. Attributes such as
full_case, pardld_case, sate variable, and optimize can be included in the Verilog HDL specification of
the design. These attributes are used by synthesistools to guide the synthesis process.

The style of the Verilog description greetly affectsthefinad design. For logic synthesis, it isimportant to
condder actual hardware implementation issues. The RTL specification should be as close to the desired
structure as possible without sacrificing the benefits of ahigh leve of abgiraction. Thereisatrade-off
between level of design abstraction and control over the structure of the logic synthesis output. Designing
a avery high leve of abstraction can cause logic with undesirable structure to be generated by the
synthesistool. Designing & avery low level (e.g., hand instantiation of each cdll) causesthe designer to
lose the benefits of high-level design and technology independence. Also, a"good” stylewill vary among
logic synthesistools. However, many principles are common across logic synthesistools. Listed below
are some guiddinesthat the designer should consider while designing at the RTL level.

Use meaningful namesfor signalsand variables

Names of sgnasand variables should be meaningful so that the code becomes sl f-commented and
readable.

Avoid mixing positive and negative edge-trigger ed flipflops

Mixing positive and negative edge-triggered flipflops may introduce inverters and buffersinto the clock
tree. Thisis often undesirable because clock skews areintroduced in the circuit.

Use basic building blocks vs. use continuous assign statements

Trade-offs exist between using basic building blocks versus using continuous assign statementsin the
RTL description. Continuous assign statements are avery concise way of representing the functionality
and they generally do agood job of generating random logic. However, thefind logic structureis not
necessarily symmetricd. Ingtantiation of basic building blocks creates symmetric desgns, and thelogic
gynthesistool is ableto optimize smaller modules more effectively. However, ingantiation of building
blocksis not a concise way to describe the design; it inhibits retargeting to aternate technol ogies, and
generdly thereisadegradation in smulator performance.
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14.7 Example of Sequential Circuit Synthesis

In Section 14.4.2, An Example of RTL-to-Gates, we synthesized a combinationd circuit. Let us now
consder an example of sequentid circuit synthesis. Specificaly, we will design finite state machines.

14.7.1 Design Specification

A smpledigitd circuit isto be designed for the coin acceptor of an eectronic newspaper vending
mechine

* Assumethat the newspaper cost 15 cents. (Wow! Who givesthat kind of a price any more?
Well, let usassumethat it isaspecia student edition!!)

*  Thecoin acceptor takes only nickelsand dimes.
»  Exact change must be provided. The acceptor does not return extramoney.

» Vdid combinationsincluding order of coins are one nickel and one dime, three nickels, or one
dime and one nickel. Two dimes are valid, but the acceptor does not return money.

Thisdigitd circuit can be designed by using the finite state machine gpproach.

14.7.2 Circuit Requirements

We must set some requirementsfor the digital circuit.

* When each coinisinsarted, a2-bit Sgna coin[1:0] issent to thedigita circuit. Thesignd is
asserted at the next negative edge of agloba clock signa and stays up for exactly 1 clock cycle.

» Theoutput of thedigita circuitisasingle bit. Each timethetotal amount inserted is 15 centsor
more, an output Sgna newspaper goes high for exactly one clock cycle and the vending machine
door isreleased.

» Aresat signa can beused to reset thefinite state machine. We assume synchronous reset.

14.7.3 Finite State Machine (FSM)

We can represent the functiondity of the digita circuit with afinite state machine.
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14.9 Exercises

A 4-bit full adder with carry lookahead was
defined in Example 6-5 on page 109, using an
RTL description. Synthesize the full adder,
using atechnology library avalableto you.
Optimizefor fastest timing. Apply identical
gimulusto the RTL and the gate-leved netlist
and compare the outpuit.

A 1-bit full subtractor hasthreeinputsx, y, and
Z (previous borrow) and two outputs
D(difference) and B(borrow). Thelogic
equationsfor D and B areasfollows.

D
B

X'y'z + x'yz' + xy'z' + xyz
X'y + x'z +yz

Writethe Verilog RTL description for thefull
subtractor. Synthesize the full subtractor, usng
any technology library availableto you.
Optimizefor fastest timing. Apply identica
dimulusto the RTL and the gate-leve netlist
and compare the outpuit.

Design a3-t0-8 decoder, using aVerilog RTL
description. A 3-bit input §2:0] is provided to
the decoder. The output of the decoder is

out[ 7:0]. The output bit indexed by g2:0] gets
thevaue 1, the other bitsare 0. Synthesize the
decoder, using any technology library available
to you. Optimizefor smdlest area. Apply
identicd stimulusto the RTL and the gate-leve
netlist and compare the outputs.

Writethe Verilog RTL description for a4-bit
binary counter with synchronous reset that is
active high. (Hint: Use dwaysloop with the
@(posedge clock) statement.) Synthesize the
counter, usng any technology library available
to you. Optimizefor smalest area. Apply
identical simulusto the RTL and the gate-level
netlist and compare the outputs.

Using asynchronous finite state machine
gpproach, design acircuit that takesasingle bit

[P T . S R N 1| PR . S | W S TR
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Chapter 15. Advanced Verification
Techniques

Verilog HDL wastraditiondly used both as a smulation modeling language and as ahardware
description language. Verilog HDL was heavily used in verification and smulation for testbenches, test
environments, Smulation modes, and architectural models. This gpproach worked well for smaller
designsand smpler test environments.

Asthe average gate count for designs began to approach or exceed one million, verification soon
became the main bottleneck in the design process. Design teams started spending 50-70% of their time
in verifying designs rather than cresting new ones.

Desgners quickly redlized that to verify complex designs, they needed to use tools that contained
enhanced verification capabilities. They needed tools that could automate some of the tedious processes.
Moreover, it wasimportant to find bugsthe very first timeto avoid expensive chip re-spins.

To address these needs, avariety of verification methodol ogies and tools has emerged over the past few
years. Thelatest addition to verification methodology is assertion-based verification. However, Verilog
HDL remainsthefoca point in the design process. These new devel opments enhance the productivity of
verifying Verilog HDL -based designs. This chapter givesthe reader abas ¢ understanding of these
verification concepts that complement Verilog HDL.

Learning Objectives

»  Definethe components of atraditiond verification flow.

»  Understand architectural modeling concepts.

» Explantheuseof high-leve verification languages (HVLS).
*  Destribe different techniquesfor effective smulation.

* Explainthe methodsfor analysis of smulation results.

»  Describe coverage techniques.

»  Understand assertion checking techniques.
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15.1 Traditional Verification Flow

A traditiond verification flow conssting of certain standard componentsisillustrated in Figure 15-1. This
flow addresses only the verification perspective. It assumesthat logic design is done separately.

Figure 15-1. Traditional Verification Flow

Architectural
Modeling

Y

Design Specification |—pmd  Functional Test Plan

Y

Functional Verification -
Environment

. * - DUT Created by Logic Designe
Design Under Test | - Simulated by Designers and
‘ Verification Engineers

Analysis/Coverage

Match with
Expected Results

Done

Asshown in Figure 15-1, the traditiond verification flow conssts of the following steps:
1.

1. Thechip architect first needsto create a design specification. In order to create agood
specification, an analysis of architecturd trade-offs has to be performed so that the best possible
architecture can be chosen. Thisisusudly done by smulating architecturad modes of the design.
At the end of this step, the design specification is complete.

2. When the specification is ready, afunctiond test plan is crested based on the design
specification. Thistest plan formsthe fundamenta framework of the functiona verification
environment. Based on the test plan, test vectors are applied to the design-under-test (DUT),
which iswrittenin Verilog HDL. Functiona test environments are needed to apply these test
vectors. There are many tools available for generating and apply test vectors. Thesetools aso
alow the efficient crestion of test environments.
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15.2 Assertion Checking

Thetraditiona verification flow discussed in the previous section isablack box approach, i.e.,
verification relies only on the knowledge of the input and output behavior of the system.

Many other verification methodol ogies have evolved over the past few yearsto complement the
traditional verification flow discussed in the previous section. In this section and the following sections,
we explain some of these new verification methodol ogies that use the white box verification gpproach,
i.e, knowledge of theinterna Structure of the design is needed for verification.

Assertion checking isaform of white box verification. It requires knowledge of interna structures of the
design. Themain purpose of assertion checkersisto improve observability.

Assertions are statements about a design's intended behavior. There are two types of assertions:

Tempora assertions they describe the timing relationship between signdls.

» Static assertions 2they describe a property of asignd that isawaystrue or fase.

Assartions may be used in the RTL code to describe the intended behavior of apiece of Verilog HDL
code. Thefollowing are examples of such behavior:

* AnFSM dateregister should aways be one-hot.

e Thefull and empty flags of a FIFO should never be asserted at the sametime.

Assertions can aso be used to describe the behavior of the interna or externd interface of achip. For
example, the acknowledge signd should aways be asserted within five cycles of the request signdl.
Assartions may be verified in smulation or by usng forma methods.

Assertions do not contribute to the €lement being designed; they are usudly treated as comments for
logic synthesis. Their sole purposeis to ensure cong stency between the designer'sintention and the
design that is crested. Figure 15-7 shows the interfaces at which assertions could be placed ina
FIFO-based design.

Figure 15-7. Assertion Checks
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15.3 Formal Verification

A well-known white-box gpproach isforma verification, in which mathematical techniques are used to
prove an assertion or a property of the design. The property to be proven may be related to the chip's
overal functional specification, or it may represent interna design behavior. Detailed knowledge of the
behavior of design structuresis often required to specify useful propertiesthat are worth proving. Thus,
one can prove the correctness of adesign without doing smulations. Another gpplication of formal
verification isto prove that the architectura specifications of adesign are sound before starting with the
RTL implementation.

A formd verification tool proves adesign property by exploring al possible waysto manipulate adesign.
All input changes must conform to the congtraints for legal behavior. Assertions on interfaces act as
congtraintsto the formd tool to constrain what islegd behavior on the inputs. Attempts are then madeto
prove the assertionsin the RTL codeto betrue or false. If the constraints on the inputs are too loose,
then the forma verification tool can generate counter-examplesthat rely onillega input sequencesthat
would not occur in the design. If the congtraints are too tight, then the tool will not explore al possible
behavior and will wrongly report the design as "proven.”

Figure 15-8 showsthe verification flow with aformal verification tool. In the best case, the tool either
proves a particular assertion absolutely or provides a counter-example to show the circumstances under
which the assertion[4] isnot met.

[4] Assartions are not used Smply to increase observability. In formad verification, they are used as
congraints. Theforma verification tool explores the state space such that it proves the assertion
absolutely or produces a counter-example. Thus, assertions a so increase controllability, i.e., they control
how the formal verification tool explores the state space to prove a property.

Figure 15-8. Formal Verification Flow
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Since formd verification tools explore adesign exhaudtively, they can run only on designsthat are limited
insze. Typicdly, beyond 10,000 gates, absolute formal proofs become too hard and the tool blows up
interms of computation time and memory usage.
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15.4 Summary

» A traditiond verification flow contains a test-vector-based gpproach. An architectural modd is
developed to analyze design trade-offs. Once the designisfindized, it is verified usng test
vectors and smulation. Then the results are analyzed and coverage is measured. If the analysis
meststhe verification gods, the design is deemed verified.

» Architectura modeling isused by architectsfor design exploration. Theinitial modd of the
design typicaly does not capture exact design behavior, except to the extent required for the
initid design decisons. Architectural modeling languages are suitable for building architecturd
modds.

* Functiond verification environments often contain test generators, input drivers, output receivers,
data checkers, protocol checkers and coverage andyzers. High level verification languages
(HVLs) can be used to effectively creste and maintain these environments.

» Software smulators are the most popular toolsfor smulating Verilog HDL designs. Hardware
accelerators are used to accelerate smulation by afew orders of magnitude. Hardware
emulators run in the megahertz range and are used to run software gpplications asif they were
running on thered chip.

*  Waveformsand log files are the most common methods to analyze the output from asimulation.
For effectively anayds, it isimportant to build automatic data checker and protocol checker
modules. If thereisaviolation of datavalue or protocol, the smulation is stopped immediately
and an error messageis displayed. A sdaf-checking methodology alows the designer to run
thousands of tests without having to analyze each test for correctness.

» Toggle coverage, code coverage, and branch coverage are three types of structural coverage
techniques. Functiona coverage perceives the design from asystem point of view. Functiona
coverage a0 providesfinite state machine coverage, including states and state tranditions. A
combination of functional coverage and other coverage techniquesis recommended.

»  Assation checking isaform of white-box verification. It requires knowledge of the interna
sructures of the design. Assertion checking improves observability and verification efficiency.
Assertion checks are placed by the designer at critical pointsin the design. If thereisafallure at
that point, the designer is notified.

* Formd verification isawhite-box approach in which mathematica techniques are used to
exhaugtively prove an assertion or a property of the design. Semi-formal verification combines
thetraditiona verification flow using test vectors with the power and thoroughness of formal
verification. Equivaence checking isan gpplication of forma verificaton that examinesthe RTL
representation of the design and checksto seeif it matchesthe gate level and physica
implementations of the design.
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A Strength Moddling and Advanced Net
Definitions

Strength levels, sgnd contention, advanced net
definitions

B List of PLI Routines
A ligt of dl access (acc) and utility (tf) PLI routines.

C List of Keywords, System Tasks, and Compiler
Directives

A ligt of keywords, system tasks, and compiler
directivesin Verilog HDL..

D Formd Syntax Definition
Formad syntax definition of the Verilog Hardware
Description Language.

E Veilog Tidhits

Originsof Verilog HDL, interpreted, compiled and
native Smulators, event-driven and oblivious
amulation, cydesmulation, fault smulation,
Verilog newsgroup, Verilog smulators, and
Verilog-related Web sSites.

F Verilog Examples
Synthesizable modd of a FIFO, behaviora model
of a256K X 16 DRAM.
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Appendix A. Strength M odeling and
Advanced Net Definitions

e SectionA.l. Strength Levels

e SectionA.2. Signd Contention

e Section A.3. Advanced Net Types
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A.l1 Strength Levels

Verilog dlows sgndsto havelogic vaues and strength values. Logic vauesare 0, 1, X, and z. Logic
strength values are used to resolve combinations of multiple signas and to represent behavior of actua
hardware e ements as accurately as possible. Severd logic strengths are available. Table A-1 showsthe
grength levelsfor Sgnds. Driving strengths are used for signd vauesthat are driven on anet. Storage
strengths are used to modd charge storage in trireg type nets, which are discussed later in this gppendix.

Table A-1. Strength Levels

Strength Level Abbreviation Degree Strength Type
upplyl ul strongest 1 driving
strongl 1 driving
pull1 Pul driving
largel Lal storage
weakl Wel driving
mediuml Mel storage
smdll Snl storage
highz1 HiZz1 weakestl high impedance
higz HiZ0 weakestO high impedance
amdl0 Sm0 storage
medium0 Me0 storage
Y
weak0 We0 driving
largel LaD storage
pull0 Pu0 driving
strong0 S0 driving

I<Baa iV QN gronaetO Arivina
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A.2 Signal Contention

Logic strength values can be used to resolve sgnd contention on netsthat have multiple driversThere
are many rules applicable to resolution of contention. However, two cases of interest that are most
commonly used are described below.

A.2.1 Multiple Signalswith Same Value and Different Strength
If two signas with same known value and different strength drive the same net, the signd with the higher
Srength wins.

Sul

Sul

Pul

In the example shown, supply strength is greater than pull. Hence, Sul wins.

A.2.2 Multiple Signals with Opposite Value and Same Strength

When two signa s with opposite va ue and same strength combine, the resulting vaueis x.

Pul

PuX

Pul
[ TeamLiB]

[ TeamLiB]
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A.3 Advanced Net Types

We discussed resolution of signa contention by using strength levels. There are other methods to resolve
contention without using strength levels. Verilog provides advanced net declarationsto mode logic
contention.

A.3.1tri

The keywordswire and tri have identica syntax and function. However, separate names are provided to
indicate the purpose of the net. Keyword wire denotes netswith single drivers, and tri is denotes nets
that have multiple drivers. A multiplexer, as defined below, usesthetri declaration.

nmodul e mux(out, a, b, control);

out put out;
i nput a, b, control
tri out;

wire a, b, control;

bufif0O bl(out, a, control); //drives a when control
bufifl b2(out, b, control); //drives b when control

0; z otherw se
1; z otherw se

endnodul e

The net isdriven by bl and b2 in a complementary manner. When bl drives a, b2 istristated; when b2
drivesb, bl istristated. Thus, thereisno logic contention. If thereis contention on atri net, it isresolved
by using strength levels. If there are two signas of opposite vaues and same strength, the resulting value
of thetri netisx.

A.3.2trireg

Keyword trireg is used to model nets having capacitance that stores values. The default strength for
trireg netsismedium. Nets of typetrireg arein one of two states:

» Driven gate?At least one driver drivesaO, 1, or x value on the net. The valueis continuoudy
stored in the trireg net. 1t takes the strength of the driver.

» Capacitive state?All drivers on the net have high impedance (z) vaue. The net holdsthe last
driven vdue. The strength issmall, medium, or large (default is medium).

trireg (large) out;
wire a, control;

bufifl (out, a, control); // net out gets value of a when control = 1;

//when control = 0, out retains |ast value of a
/linstead of going to z. strength is |arge.

A.3.3tri0and tril
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Appendix B. List of PL1 Routines

Alistof PLI acc_and tf_routinesis provided. VP! routines are not listed.[ 1] Names, theargument list,
and abrief description of the routine are shown for each PLI routine. For details regarding the use of
each PLI routine, refer to the IEEE Standard Verilog Hardware Description Language document.

[1] Seethe"IEEE Standard Verilog Hardware Description Language" document for detailson VPI
routines.

[ TeamLiB] vEx

[ TeamLiB]

B.1 Conventions

Conventions to be used for arguments are shown below.

Convention Meaning

char *format Pass formatted string

char * Pass name of object asastring
underlined arguments Arguments are optiona

* Pointer to the data type

......... More arguments of the sametype

TeamLiB MEHT b
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B.2 Access Routines

Accessroutines are classfied into five categories: handle, next, value change link, fetch, and modify

routines.

B.2.1 Handle Routines

Handle routines return handles to objectsin the design. The names of handle routines aways startswith
the prefix acc_handle . See Table B-1.

Table B-1. Handle Routines

Return Type

Name

Argument Ligt

Description

handle

acc_handle by name

(char *name, handle
SCope)

Object from name
relative to scope.

handle

acc_handle_condition

(handle object)

Conditiona expresson
for module path or
timing check handle.

handle

acc_handle conn

(handletermind);

Get net connected to a
primitive, module path,
or timing check termind.

handle

acc_handle datapath

(handle modpath);

Get the handleto data
path for an
edge-sensitive module

path.

handle

acc_handle_hiconn

(handle port);

Get hierarchicdly higher
net connectionto a
module port.

handle

acc_handle interactive
scope

0

Get the handleto the
current Smulation
interactive scope.

handle

acc_handle_loconn

(handle port);

Get hierarchically lower
net connection to a
module port.

handle

acc_handle_modpath

(handle module, char
*grc, char *dest); or

Get the handleto
module path whose

source and destination
wrn cvewviFiand MMAd A
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B.3 Utility (tf ) Routines

Utility (tf ) routines are used to pass datain both directions across the Verilog/user C routine boundary.
All thetf__routines assume that operations are being performed on current instances. Each tf_routine has
atf_i counterpart in which the instance pointer where the operations take place has to be passed as an

additiona argument at the end of the argument list. See Table B-7 through B-16.

B.3.1 Get Calling Task/Function Information

Table B-7. Get Cdling Task/Function Information

Return Type

Name

Argument Ligt

Description

char *

tf_getingtance

(0);

Get the pointer to the
current instance of the
smulaion task or
function that cdled the
user's PLI application
program.

char *

tf_mipname

(0);

Get the Verilog
hierarchicd path name
of theamulation
module containing the
cal totheusar's Pl

application program.

char *

0

Get the Verilog
hierarchicd path name
of the scope containing
thecal to theuser's
PLI application
program.

B.3.2 Get Argument List Information

Table B-8. Get Argument List Information

Return Type

Name

Argument List

Description

int

tf_nump

0

Get the number of
parametersin the
argument lis.

tf_typep

(int param_index#);

Get thetypeof a
particular parameter in
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Appendix C. List of Keywords, System Tasks,
and Compiler Directives

e Section C.1. Keywords

e Section C.2. System Tasks and Functions

e Section C.3. Compiler Directives
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C.1 Keywords

Keywords[1] are predefined, nonescaped identifiers that define the language constructs. An escaped
identifier is never trested as akeyword. All keywords are defined in lowercase.

[1] From IEEE Std. 1364-2001. Copyright 2001 IEEE. All rights reserved.

Theligt issorted in dphabetica order.

adways ifnone rnmaos

and incalir rpmos
assgn include rtran
autometic intd rtranifO
begin inout rranifl
buf input scalared
bufifO instance showcanceled
bufifl integer Sgned
case join gl
casex large Specify
casez liblist specparam
odl library strong0
cmos locdparam srongl
config macromodule upplyO
deassgn medium upplyl

default module table
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C.2 System Tasks and Functions

Thefollowing isalist of keywordsfrequently used by Verilog smulatorsfor names of system tasks and
functions. Not al system tasks and functions are explained in thisbook. For detalls, refer to the IEEE
Standard Verilog Hardware Description Language document. Thislist is sorted in dphabetica order.

$bi t st or eal $countdrivers $di spl ay $fcl ose

$f di spl ay $f moni t or $f open $f strobe
$fwite $fini sh $getpattern $hi story

$i ncsave $i nput $itor $key

$list $l og $noni t or $noni t or of f
$noni t or on $nokey

[TeamLiB] O

Please register to remove this banner.

[TeamLiB] [erevious e o)



NFO/lib.html

0130449113_app03.html

0130449113_app03lev1sec2.html

NFO/lib.html

0130449113_app03lev1sec1.html

0130449113_app03lev1sec3.html

NFO/lib.html

0130449113_app03lev1sec1.html

0130449113_app03lev1sec3.html

http://www.thebeatlesforever.com/processtext/abcchm.html

NFO/lib.html

0130449113_app03lev1sec2.html

0130449113_app04.html

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial verson, http:/mww.thebeatlesfor ever .com/processtext/abechm.html

C.3 Compiler Directives

Thefollowingisaligt of keywords frequently used by Verilog smulators for specifying compiler
directives. Only the most frequently used directives are discussed in the book. For detalls, refer to the
|EEE Standard Verilog Hardware Description Language document. Thisligt is sorted in aphabetica

order.

accel erate

def aul t _nettype

el se

"endi f

' expand_vectornets
i ncl ude

nor enbve_gat enanes
pr ot ected

reset al

[ TeamLiB]

[ TeamLiB]

aut oexpand_vect ornets
define

el sif

endpr ot ect

i fdef

noaccel erat e
nounconnect ed_dri ve
renove_gat enanes

ti mescal e

cel I define

define
endcel | defi ne
endpr ot ect ed

i fndef
noexpand_vect ornets
pr ot ect

remove_net nanmes
unconnected_drive
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Appendix D. Formal Syntax Definition

Thisgppendix containsthe forma definition[1] of the Verilog-2001 standard in Backus-Naur Form
(BNF). Theforma definition contains a description of every possible usage of Verilog HDL. Therefore,
itisvery useful if thereisadoubt on the usage of certain Verilog HDL syntax.

[1] From |EEE Std. 1364-2001. Copyright 2001 IEEE. All rights reserved.
Though the BNF may be hard to understand initially, the following summary may help the reader better

understand theforma syntax definition:
1.

Lo

Bold text represents literal words themsalves (these are cdlled termind's). Example: module.

2. Non-bold text (possibly with underscores) represents syntactic categories (these are called non
terminas). Example: port_identifier.

3.

3. Syntactic categories are defined using the form: syntactic_category ::= definition
4.

4. [] square brackets (non-bold) surround optional items.

5.

5. {} curly brackets (non-bold) surrounds itemsthat can repeat zero or more times.
6.

6. |vertica line (non-bold) separates dternatives.

[TeamLiB]

[ TeamLiB]
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D.1 Source Text

D.1.1 Library Source Text

library _text ::={ library_descriptions}
library_descriptions::=
library_declaration
|include_statement
| config_declaration
library_declardtion ::=
library library_identifier file_path spec|[ { , file_path spec} |
[ -incdir file_path spec[{ , file_path spec} | ;
file path spec::=file path
include_statement ::= include <file path spec>;

D.1.2 Configuration Source Text

config_decdlardtion ::=
config config_identifier ;
design_statement
{config_rule_statement}
endconfig
desgn dtatement .= desgn{ [library_identifier.]Jcdl_identifier } ;
config_rule_statement ::=
default_clauseliblist_clause
|inst_clauseliblist_clause
|ingt_clauseuse clause
| cell_clauseliblist_clause
| cdll_clause use clause
default_dause::= default
ing_cdlause::=indanceing_name
ind_name ::=topmodule_identifier{ .ingtance_identifier}
cdl_dause::=cdl [ library_identifier.]cdl_identifier
liblig_dause::=libligt [{library_identifier}]
use cdause::=use[library_identifier.]cel_identifier]:config]

D.1.3 Module and Primitive Source Text

source_text ::={ description }
description ::=
module_declaration

| udp_declaration
module declaration ::=

{ atribute instance} module_keyword module_identifier [ module parameter port_list

]
[ list_of ports] ; { module item}

PR IR N R
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D.2 Declarations

D.2.1 Declaration Types

Module parameter declarations

local_parameter_declaration ::=
locdparam [ Sgned ] [ range] list_of param assgnments;;
| localparam integer list_of param_assgnments;
| localparamred list_of param assgnments;
| localparam redtimelist_of param_assgnments;
|localparamtimelist_of param_assgnments;
parameter_declaration ::=
parameter [ Sgned | [ range] list_of param_assgnments;
| parameter integer list_of param_assgnments;
| parameter redl list_of param_assgnments;
| parameter redtimelist_of param_assgnments;
| parameter timelist_of param_assgnments;
specparam_declaration ::= specparam [ range] list_of specparam_assgnments;

Port declar ations

inout_declaration ::=inout [ net_type] [ Sgned ] [ range]
list_of port identifiers
input_declaration ::=input [ net_type] [ Sgned ] [ range]
list_of port identifiers
output_declaration ::=
output [ net_type] [ signed] [ range]
list_of port identifiers
| output [ reg] [ Signed ] [ range]
list_of port identifiers
| output reg [ Signed ] [ range]
list_ of varigble port identifiers
| output [ output_variable type]
list_of port identifiers
| output output_variable type
list_of varidble port_identifiers

Typedeclarations

event_declardtion ::=event lig_of event identifiers;
genvar_declaration ::= genvar list_of genvar_identifiers;
integer_declaration ::=integer lis_of variable identifiers;
net_declardtion ::=
net_type[ signed]
[ dday3] list_of net_identifiers;
| net_type[ drive_strength] [ signed ]
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D.3 Primitive I nstances

D.3.1 Primitive I nstantiation and | nstances

gate indantiation ::=
cmos_switchtype [delay3]

cmos_switch_instance{ , cmos_switch_instance} ;

| enable_gatetype [drive strength] [delay3]
enable_gate instance{ , enable_gate instance} ;

| mos_switchtype [delay3]
mos_switch_instance{ , mos_switch instance} ;

| n_input_gatetype [drive_strength] [delay2]
n_input_gate instance{ , n_input_gate ingance} ;

| n_output_gatetype [drive_strength] [delay?2]
n_output_gate instance{ , n_output_gate instance} ;

| pass_en_switchtype [delay?]
pass_enable switch ingtance{ , pass_enable switch instance} ;
| pass_switchtype
pass_switch_instance{ , pass switch instance} ;
| pulldown [pulldown_strength]
pull_gate instance{ , pull_gate ingtance} ;
| pullup [pullup_sirength]
pull_gate instance{ , pull_gate instance} ;
cmos_switch ingtance ::=[ name_of_gate instance] (output_termind , input_termind ,
ncontrol_termind , pcontrol_termina )
enable gate ingance::=[ name of gate ingance] (output_termind , input_termind ,
enable_termina )
mos_switch ingance ::=[ name_of gate ingance] (output_termind , input_termind ,
enable_termina )
Nn_input_gate ingance::=[ name_of gae instance] (output_termind , input_termina { ,
input_termind } )
n_output_gate instance ::=[ name_of _gate instance] (output_termina { , output_termind }
, input_terminal )
pass switch_ingtance::=[ name _of gate ingtance] (inout_termind , inout_termind )
pass_enable switch ingtance::=[ name of gate ingtance] (inout_termind , inout_termina
, enable_terminal )
pull_gate ingance::=[ name of gate instance] (output_termind )
name of gate ingance::=gae ingtance identifier [ range]

D.3.2 Primitive Strengths

pulldown_grength ::=
( strengthO , strengthl)
| (strengthl, strengthO)
| (strengthO)
pullup_drength::=
( strengthO , strengthl )
1 ( drenath1 grenathO )
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D.4 Module and Generated | nstantiation

D.4.1 Module I nstantiation

module indantiation ::=
module_identifier [ parameter_vaue assgnment |
module_instance{ , module ingtance} ;
parameter_vaue assgnment ;:=#(lis_of parameter_assgnments)
lig_of parameter assgnments::=
ordered parameter_assignment { , ordered_parameter_assignment } |
named parameter_assgnment { , named parameter_assgnment }
ordered_parameter_assgnment ::= expression
named parameter_assgnment ::= . parameter_identifier ([ expresson] )
module _ingance::= name _of ingance ([ lis_of port_connections] )
name_of_ingance ::= module ingtance identifier [ range]
list_of port connections::=
ordered port_connection{ , ordered port_connection }
| named_port_connection { , named_port_connection }
ordered port_connection ::={ attribute instance} [ expresson]
named_port_connection ::={ attribute instance} .port_identifier ([ expresson])

D.4.2 Generated | nstantiation

generated_ingtantiation ::= generate{ generate item} endgenerate
generate item or_null ::= generate item|;
generate item =
generate_conditiona_statement
| generate case statement
| generate loop_statement
| generate _block
| module_or_generate item
generate_conditiona_statement ::=
if (congtant_expression) generate item_or_null [ ese generate item _or_null |
generate case statement ;= case ( constant_expression)
genvar_case item{ genvar_case item} endcase
genvar_case item ::= congtant_expression { , constant_expression } :
generate item_or_null | default [ : ] generate item_or_null
generate loop_statement ::=for ( genvar_assgnment ; constant_expression ;
genvar_assgnment )
begin : generate block _identifier { generate item} end
genvar_assgnment ::= genvar_identifier = constant_expresson
generate block ::=begin|[ : generate block identifier ] { generate item} end

[ TeamLiB]
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D.5 UDP Declaration and I nstantiation

D.5.1 UDP Declaration

udp_declaration ::=

{ atribute ingance} primitive udp_identifier (udp_port_list) ;
udp_port_declaration{ udp_port_declaration }

udp_body

endprimitive
|{ attribute_instance} primitive udp_identifier (udp_declaration port_list) ;
udp_body

endprimitive

D.5.2 UDP Ports

udp_port_list ::=output_port_identifier , input_port_identifier { , input_port_identifier }
udp_declaration_port ligt ::=
udp_output_declaration , udp_input_declaration { , udp_input_declaration }
udp_port_declaration ::=
udp_output_declaration ;
| udp_input_declaration ;
| udp_reg_declaration;
udp_output_declaration ::=
{ attribute instance} output port_identifier
| { attribute_instance} output reg port_identifier [ = constant_expression |
udp_input_declaration ::={ attribute_ingtance} input list_of port_identifiers
udp_reg declaration ::={ attribute_instance} reg variable identifier

D.5.3 UDP Body

udp_body ::= combinationa_body | sequentia_body

combinationa_body ::= table combinationa_entry { combinationa_entry } endtable

combinationa_entry ::=leve_input_list : output_symboal ;

sequentia_body ::=[ udp_initid_statement | table sequentia_entry { sequentia_entry }
endtable

udp_initid_gtatement ::=initid output_port_identifier =init_vd ;

init_val :=1b0|1bl|1lbx |1bX |1'BO|1B1|1Bx|1BX|1|0

sequentia_entry = seq_input_list : current_state: next_date ;

seg input_ligt ;= leve_input_list | edge input_list

leve input_list ::=leved _symbol { level_symboal }

edge input_list ::={ level_symbol } edge indicator { level_symbol }

edge indicator ::= (leve_symbol level_symboal ) | edge symbol

current_dtate ::=level_symbol

next_date ::= output_symbol | -

output_symbol ::=0|1|x|X

level_symbol :=0|1|x|X|?|b|B

PPN P Py B B Y B o B P B e O P B N B Y
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D.6 Behavioral Statements

D.6.1 Continuous Assignment Statements

continuous_assign ::=assgn [ drive drength] [ dday3] list_of net assgnments;
lis_of net assgnments::=net_assgnment { , net_assgnment }
net_assgnment ::= net_|value = expresson

D.6.2 Procedural Blocks and Assignments

initia_condruct ::=initid Satement
adways_congruct ::= adways Satement
blocking_assgnment ::= variable lvdue=[ ddlay_or_event_control ] expresson
nonblocking assgnment ::=variable Ivaue<=[ dday_or_event_control ] expresson
procedura_continuous assgnments ::=
assgn variable_assgnment
| desssign variable |vaue
| force variable_assgnment
| force net_assignment
| rlease variable Ivaue
| release net_lvalue
function_blocking assgnment ::= varidble Ivaue=expresson
function_statement_or_null ::=
function_statement
|{ attribute_instance} ;

D.6.3 Parallel and Sequential Blocks

function_seq block ::=begin| : block identifier
{ block _item declaration} ] { function_statement } end
variable assgnment ::= variable lvaue = expresson
par_block ::=fork [ : block identifier
{ block_item_declaration} ] { statement } join
seq_block ::=begin| : block identifier
{ block_item declaration} ] { statement } end

D.6.4 Statements

Satement ;=
{ atribute ingtance} blocking assgnment ;
|{ attribute instance} case statement
|{ attribute_instance} conditional_statement
|{ atribute instance} disable statement
|{ attribute_instance} event_trigger
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D.7 Specify Section

D.7.1 Specify Block Declaration

gpecify _block ::= specify { specify _item} endspecify
Specify item::=
specparam_declaration
[pulsestyle _declaration
|showcancelled_declaration
[path_declaration
|system_timing_check
pulsestyle declaration ::=
pulsestyle onevent list_of path outputs;
| pulsestyle_ondetect list_of path_outputs;;
showcancelled declaration ::=
showcancelled ligt_of path outputs;
| noshowcancelled list_of path_outputs;;

D.7.2 Specify Path Declarations

path_declaration ::=
smple path declaration;
| edge_sendtive path declaration;
| state_dependent_path declaration ;
smple path declaration ::=
paralel_path description = path_delay vaue
| full_path description = path_delay vaue
pardld_path description ::=
( specify_input_termina_descriptor [ polarity_operator | =>
specify_output_terminal_descriptor )
full_path description ::=
(list_of path inputs[ polarity_operator | *> list_of path _outputs)
lig of path inputs::=
specify_input_termina_descriptor { , specify_input_terminal_descriptor }

list_of path outputs::=
specify_output_terminal_descriptor { , specify_output_termina _descriptor }

D.7.3 Specify Block Terminals

Specify_input_terminal _descriptor ::=
input_identifier
| input_identifier [ constant_expression |
| input_identifier [ range_expression ]
specify_output_termina_descriptor ::=
output_identifier

| T T T PR T o R R TR |
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D.8 Expressions

D.8.1 Concatenations

concatenation ::={ expresson{ , expresson} }
congtant_concatenation ::={ constant_expresson{ , constant_expresson} }
constant_multiple_concatenation ::={ constant_expression constant_concatenation }
module path _concatenation ::={ module path expresson{ , module path expresson} }
module_path multiple_concatenation ::={ constant_expression module_path _concatenation
}
multiple_concatenation ::={ congtant_expresson concatenation }
net_concatenation ::={ net_concatenation vaue{ , net_concatenation vaue} }
net_concatenation vaue::=
hierarchicd_net_identifier

| hierarchical_net_identifier [ expresson] { [ expresson] }

| hierarchical_net_identifier [ expression] { [ expression] } [ range expression |

| hierarchical_net_identifier [ range_expresson |

| net_concatenation
variable_concatenation ::={ variable concatenation vaue{ , variable concatenation vaue

H}
variable concatenation vaue::=
hierarchica_varigble identifier

| hierarchica_variable identifier [ expresson] { [ expresson] }

| hierarchica_variable identifier [ expression] { [ expresson] } [ range expression]

| hierarchica_variable identifier [ range_expresson |

| variable_concatenation

D.8.2 Function calls

congant_function_cal ::=function_identifier { atribute ingtance}
( congtant_expression { , constant_expression } )

function_cal ::=hierarchicd_function_identifier{ atribute instance}
(expression{ , expression} )

genvar_function_call ::= genvar_function_identifier { attribute ingtance}
( constant_expression { , constant_expression } )

system function cdl ::= system function identifier
[ (expresson{ , expresson} ) ]

D.8.3 Expressions

base_expresson ::= expresson
conditiona_expression ::= expressonl ?{ atribute instance} expresson2 : expresson3
congtant_base expression ::= congtant_expresson
congdtant_expresson ::=
constant_primary
| unary_operator { attribute_instance} constant_primary

| R Ty T PR T cR I TR PR T T T T T
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D.9 General

D.9.1 Attributes

atribute instance ::= (* attr_spec{ , attr_spec} *)

attr_spec =
attr_name = constant_expression
| attr_name

atr_name::=identifier

D.9.2 Comments

comment ::=
one_line_comment
| block_comment
one_line_comment ::=// comment_text \n
block_comment ::= /* comment_text */
comment_text ::={ Any_ASCII_character }

D.9.3 Identifiers

arayed identifier ::=

smple arrayed identifier

| escaped _arrayed identifier

block identifier ::= identifier
cdl_identifier ::= identifier
config_identifier ::= identifier
escaped_arrayed identifier ::= escaped_identifier [ range]
escgped_hierarchical_identifier[4] =

escaped hierarchica_branch

{ .ample_hierarchical_branch | .escaped_hierarchical_branch}

escaped identifier ::=\{Any_ASCII_character_except_white_space} white space
event_identifier ::= identifier
function_identifier ;= identifier
gae ingance identifier ;:= arrayed identifier
generate block_identifier ::= identifier
genvar_function_identifier ::= identifier /* Hierarchy disallowed */
genvar_identifier ::= identifier
hierarchica_block_identifier ::= hierarchicd_identifier
hierarchicd_event_identifier ::= hierarchicd_identifier
hierarchicd_function_identifier ::= hierarchicd_identifier
hierarchicd _identifier ::=

sample hierarchica_identifier

| escaped _hierarchica_identifier

hierarchicd_net_identifier ::= hierarchica _identifier
hierarchica_variable identifier ::= hierarchicd_identifier

| P PRy [ T [P PR Bl ol P P [ PR B ol



0130449113_app04endnotes.html#app04en04

0130449113_app04endnotes.html#app04en03

0130449113_app04endnotes.html#app04en02

0130449113_app04endnotes.html#app04en05

0130449113_app04endnotes.html#app04en02

0130449113_app04endnotes.html#app04en03

0130449113_app04endnotes.html#app04en04

0130449113_app04endnotes.html#app04en06

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial verson, http://www.thebeatlesfor ever .com/pr ocesstext/abcchm.html

[ TeamLiB]
[ TeamLiB]
Endnotes
1.
1. Embedded spacesareillegd.
2.
2. A dmple identifier and arrayed reference shall start with an dphaor underscore () character,
shdll have at least one character, and shall not have any spaces.
3.
3. Theperiod(.) insmple_hierarchica_identifier and Smple_hierarchica_branch shdl not be
preceded or followed by white_space.
4,
4. Theperiodinescaped hierarchica _identifier and escaped hierarchica_branch shdl be

6.

6.

[ TeamLiB]

[ TeamLiB]

preceded by white_space, but shal not be followed by white_space.

The$ character inasystem_function_identifier or system task_identifier shal not be followed
by white_space. A system function identifier or system task_identifier shall not be escaped.

End of file.

Appendix E. Verilog Tidbits

Answersto common Verilog questions are provided in this appendix.
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[ TeamLiB]
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Originsof Verilog HDL

Verilog HDL originated around 1983 at Gateway Design Automation, which was then located in Acton,
Massachusetts. The language that mogt influenced Verilog HDL was HIL O-2, which was developed a
Brund Univergity in England under contract to produce atest generation system for the British Ministry
of Defense. HILO-2 successfully combined the gate and register transfer levels of abstraction and
supported verification amulation, timing analys's, fault sSmulation, and test generation.

Gateway Design Automation was privately held at that time and was headed by Dr. Prabhu Godl, the
inventor of the PODEM test generation agorithm. Verilog HDL was introduced into the EDA market in
1985 asasmulator product. Verilog HDL was designed by Phil Moorby, who was later to becomethe
Chief Designer for Verilog-XL and thefirst Corporate Fellow at Cadence Design Systems. Gateway
Design Automation grew rapidly with the success of Verilog-XL and wasfindly acquired by Cadence
Design Systems, San Jose, CA, in 1989.

Verilog HDL was opened to the public by Cadence Design Systemsin 1990. Open Verilog
Internation(OV ) was formed to standardize and promote Verilog HDL and related design automation
products.

In 1992, the Board of Directors of OVI began an effort to establish Verilog HDL as an |EEE standard.
In 1993, the first IEEE Working Group was formed and, after 18 months of focused efforts, Verilog
became the |EEE Standard 1364-1995.

After the standardization process was complete, the 1364 Working Group started looking for feedback
from 1364 users worldwide so that the standard could be enhanced and modified accordingly. Thisled
to afive-year effort to create amuch better Verilog standard | EEE 1364-2001.

[ TeamLiB]
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Interpreted, Compiled, Native Compiled Simulators

Verilog smulators comein three flavors, based on the way they perform the smulation.

Interpreted smulators read in the Verilog HDL design, create data structuresin memory, and run the
amulaioninterpretively. A compileis performed each time the smulation is run, but the compileis
usualy very fagt. An example of an interpreted smulator is Cadence Verilog-XL smulator.

Compiled code smulators read in the Verilog HDL design and convert it to equivaent C code (or some
other programming language). The C code is then compiled by astandard C compiler to get the binary
executable. The binary is executed to run the smulation. Compiletimeisusudly long for compiled code
smulators, but, in genera, the execution speed isfaster compared to interpreted smulators. An example
of compiled code smulator is Synopsys VCS smulator.

Native compiled code smulatorsread in the Verilog HDL design and convert it directly to binary code
for agpecific machine platform. The compilation is optimized and tuned separately for each machine
platform. Of course, that means that a native compiled code smulator for a Sun workstation will not run
on an HP workgtation, and vice versa. Because of fine tuning, native compiled code smulators can yield
sgnificant performance benefits. An example of anative compiled code smulator is Cadence
Verilog-NC smulator.

[ TeamLiB]
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Event-Driven Simulation, Oblivious Simulation

Verilog smulaorstypicaly use an event-driven or an oblivious smulation agorithm. An event-driven
agorithm processes e ementsin the design only when sgndsat the inputs of these elements change.
Intelligent scheduling is required to process e ements. Oblivious adgorithms process dl ementsin the
design, irrespective of changesin sgnas. Little or no scheduling is required to process e ements.

[ TeamLiB]

[ TeamLiB]

Cycle-Based Simulation

Cycle-based smulation is useful for synchronous designs where operations happen only at active clock
edges. Cycle smulatorswork on acycle-by-cycle basis. Timing information between two clock edgesis
lost. Significant performance advantages can be obtained by using cycle smulation.

[ TeamLiB]

[ TeamLiB]

Fault Simulation

Fault smulation is used to deliberately insert stuck-at or bridging faultsin the reference circuit. Then, a
test pattern is applied and the outputs of the faulty circuit and the reference circuit are compared. The
fault issaid to be detected if the outputs mismatch. A set of test patternsis devel oped for testing the
arcuit.
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[ TeamLiB]



NFO/lib.html

0130449113_app05lev3sec2.html

0130449113_app05lev3sec4.html

NFO/lib.html

0130449113_app05lev3sec3.html

0130449113_app05lev3sec5.html

NFO/lib.html

0130449113_app05lev3sec3.html

0130449113_app05lev3sec5.html

NFO/lib.html

0130449113_app05lev3sec4.html

0130449113_app05lev3sec6.html

0130449113_26031533.html

NFO/lib.html

0130449113_app05lev3sec4.html

0130449113_app05lev3sec6.html

NFO/lib.html

0130449113_app05lev3sec5.html

0130449113_app05lev3sec7.html

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial version, http://www.thebeatlesforever.com/processtext/abcchm.html

General Verilog Web sites

Thefollowing Stes provide interesting information related to Verilog HDL.

1.

=

Verilog?http:/Aww.verilog.com

N

Cadence?http://www.cadence.com/

3. EE Times?http://Mwww.ectimes.com

Synopsys?http:/mww.synopsys.con/

o &

DV Con (Conference for HDL and HV L Users)?http://mww.dvcon.org

oo

o

Verification Guild?http://mwww.jani ck.bergeron.comv/guil d/default.ntm

~

7. Deep Chip?http://www.deepchip.com

[ TeamLiB]
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Architectural Modeling Tools

1.

1. For detailson System C, see http:/mww.systemc.org

[ TeamLiB]
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High-Level Verification Languages

1.

1. Information on eisavaildbleat http://mww.verisity.com

2.

2. Information on Veraisavailable a http://www.open-vera.com
3.

3. Information on SuperLog isavailableat http://mwww.synopsys.com

4. Information on SystemVerilog isavailablea http:/Amww.accelleraorg

[TeemLiB] [rreviovs | e o)
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Simulation Tools

=

Information on Verilog-XL and Verilog-NC isavailable at http://mww.cadence.com

2. Informationon VCSisavailableat http:/mwww.synopsys.com
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http://www.thebeatlesforever.com/processtext/abcchm.html

NFO/lib.html

0130449113_app05lev3sec7.html

0130449113_app05lev3sec9.html

http://www.verisity.com/default.htm

http://www.open-vera.com/default.htm

http://www.synopsys.com/default.htm

http://www.accellera.org/default.htm

0130449113_26031533.html

NFO/lib.html

0130449113_app05lev3sec7.html

0130449113_app05lev3sec9.html

NFO/lib.html

0130449113_app05lev3sec8.html

0130449113_app05lev3sec10.html

http://www.cadence.com/default.htm

http://www.synopsys.com/default.htm

0130449113_26031533.html

NFO/lib.html

0130449113_app05lev3sec8.html

0130449113_app05lev3sec10.html

http://www.verisity.com

http://www.open-vera.com

http://www.synopsys.com

http://www.accellera.org

http://www.cadence.com

http://www.synopsys.com

http://www.thebeatlesforever.com/processtext/abcchm.html



ABC Amber CHM Converter Trial version, http://mww.thebeatlesfor ever .com/pr ocesstext/abechm.html

[ TeanLiB] uEx

Hardwar e Acceleration Tools

Information on hardware accel eration toolsis available a the Web stes of the following companies:

1.

=

http://Aww.cadence.com

http://mww.aptix.com

w N

3.  http://Mmww.mentorg.com

http:/Aww.axiscorp.com

o &

5. http://Mmww.tharas.com
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| n-Circuit Emulation Tools

Information on in-circuit emulation toolsis available at the Web stes of the following companies.
1.

1. http://www.cadence.com
2.

2. http:/mww.mentorg.com
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Coverage Tools

Information on coverage toolsis available at the Web sites of the following companies:
1.

1. http:/Mmww.verigty.com
2.

2.  http:/Aww.synopsys.com
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Assertion Checking Tools

Information on assertion checking toolsis available at the Web sites of the following companies:

1

1. Information on eisavaldbleat hitp://mww.verisity.com

2.

2. Informaionon Veraisavailableat http://www.open-vera.com

3.

3. Information on SystemVerilog isavailable at http://iwww.accellera.org

4.

4. http:/;Aww.0-in.com

5.

5. http:/Mmww.verplex.com

6.

6. Information on Open Veification Library isavalableat http:/mww.accdlera.org
[ TeamLiB]
[ TeamLiB]

Equivalence Checking Tools

1.

1. Information on equivaence checking toolsisavailable at http:/Amww.verplex.com

2.

2. Information on equivaence checking toolsisavailable a http://mww.synopsys.com
[ TeamLiB]
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Formal Verification Tools

Information on formal verification toolsis available a the Web sites of the following companies:

1.

=

http:/Aww.verplex.com

N

http:/Amww.redintent.com

3. http://www.synopsys.com

http:/Aww.athdl.com

o &

5.  http:/Aww.0-in.com

[ TeamLiB]
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Appendix F. Verilog Examples

This appendix contains the source code for two examples.

* Thefirs exampleisasyntheszable modd of aFIFO implementation.

* Thesecond exampleisabehaviord mode of a256K x 16 DRAM.
These examples are provided to give the reader aflavor of red-life Verilog HDL usage. Thereader is

encouraged to look through the source code to understand coding style and the usage of Verilog HDL
congtructs.

[ TeamLiB]
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F.1 Synthesizable FIFO M odel

This example describes a synthesi zable implementation of a FIFO. The FIFO depth and FIFO width in
bits can be modified by smply changing the value of two parameters, FWIDTH and "FDEPTH. For
this example, the FIFO depth is 4 and the FIFO width is 32 bits. The input/output ports of the FIFO are
shownin Figure F-1.

Figure F-1. FIFO Input/Output Ports

— (Clk F_EmptyN |——=
—® RstN F_FullN -
7/—>. Data_In—m —=F Data 7Lp-
———= FInN F_LastN  |—p=
— = FCIrN F_SLastN |——m»
— g FOutN F_FirstN |———3m

Input ports

All portswith asuffix "N" arelow-asserted.

Clk?Clock sgnd

ReN?Reset sgnd

Data In?32-bit datainto the FIFO

FINNWriteinto FIFO sgna

FCIrN?Clear sgnd to FIFO

FOuUtN?Read from FIFO signd

Output ports

F Data?32-bit output data from FIFO
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F.2 Behavioral DRAM M odd

This example describes a behaviora implementation of a256K x 16 DRAM. The DRAM has 256K
16-bit memory locations. The input/output ports of the DRAM are shown in Figure F-2.

FigureF-2. DRAM Input/Output Ports

—/— MA

—®» OE_N

— | RAS N 256K X16 DATA -47L|-
DRAM
— = CAS_N

— = LWE_N

gl UWEN

Input ports

All portswith asuffix "N" are low-asserted.

MA?10-bit memory address

OE_N?Output enable for reading data

RAS N7?Row address strobe for asserting row address

CAS_N?Column address strobe for asserting column address

LWE_N?Lower write enable to write lower 8 bits of DATA into memory

UWE_N?Upper write enable to write upper 8 bits of DATA into memory

Inout ports

DATA?16-bit dataasinput or output. Writeinput if LWE_N

or UWE N isasserted. Read output if OE_N is asserted.
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Using the CD-ROM

The CD that accompaniesthis book contains a demonstration version of the SILOS 2001 Verilog HDL
Toolbox for Microsoft Windows (98/98SE/ME/NT/2000/XP). To run it, please follow these
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Technical Support

Prentice Hall does not offer technical support for the materia on the CD-ROM. If you have any
problemswith the Verilog smulator, please vist http://mww.samucad.conV. If the CD isphyscdly
damaged, you may ontain areplacement copy by sending an email to disc_exchange@prenhall.com.
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