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Proposal for Extending Verilog Data Types

This proposal has been prepared by Cadence Design Systems, Inc. for consideration by the |IEEE 1364
working group for inclusion in the next revision of the |EEE 1364 standard.
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1 Overview

1.1 Scope

This proposa extends Verilog 1364-2001 data types and objects. The existing concept of variable and net
objects is enhanced to create a type system that is orthogonal to the simulation semantic of the object itself.
The type system is extended beyond that of the current language definition by adding user-defined types for
enumerations, multi-dimensional arrays, structures, and dynamically allocated objects. These type
extensions allow variables, nets, parameters, ports, and arguments to tasks and functions to be of any type.
The operators and interconnect behavior for all types and object kinds are specified.

1.2 Purpose

The proposed extensions support the modeling of system-level components and refinement from system-
level to implementation. In order to achieve a higher level of abstraction in Verilog models, user-defined
types are proposed. These types allow multi-dimensional arrays and structure declarations. Composite
objects can be created that alow a single name to refer to multiple objects. These objects can be
manipulated collectively and passed between modules in system-level models; this simplifies both the
model and port interconnect.

In order to alow composite objects to be treated both as variables and nets, this proposal makes a
distinction between the kind of an object and the type of an object. The kind of an object establishes its
simulation semantics. The type of an object specifies the set of values that the object can hold. In IEEE
1364-2001, the standard was modified to consistently refer to variables rather than registers. This proposal
continues this cleanup. It uses net to refer to an object kind that has the semantics of a net, as defined in
IEEE 1364-2001, and variable as an object kind that has the semantics of a reg. The declarations of nets
and variables have been extended to alow an optiona type qualifier so that the value can be any pre-
defined or user-defined type.

In the past, extensions to the type system, such as integer, real, and the Verilog-AMS wreal, have been
added to make models easier to express, but they were limited to extending the value set held by a variable
or a net, not both. As a result, each new type added to the language required a new keyword as a variable,
and if desired, a new keyword as a net. This can be seen in the current definition of areal type for registers
and awreal type for wires. There has been no similar extension to date for the integer type to create awire
that passes an integer value; instead a wire must be declared with the same width as the implementation’s
integer type (typically [31:0]). the integer is divided into 32 individual bits that are each passed across
individual nets. Adding such an integer-valued net type would require a new predefined type of net, for
instance winteger might be used. Continuing this method of type definition would extend the keywords
linearly as the type system required growth. This linear expansion of keywords for every new type is not a
sustainable way to extend the language or type system over the long term.

The lack of a user-defined type also severely limits system-level design and creation of data structures. In
system-level design, it is desirable to manipulate an entire data structure that may represent a network
packet or an instruction as a single object. The language standardization cannot anticipate all required types
for system-level designs and therefore must include user-defined types. A similar argument can be made for
allowing usersto create types and functiong/tasks that implement traditional data structures. It istempting to
define pre-defined types for such items as lists, queues, and stacks just as Verilog ' 87 pre-defined 4-valued
logic and primitive gates. However, in hardware description languages, these data type constructs may
represent real hardware, and the operations on them may be specific to the hardware (for example, handling
of overflow, underflow, statistics gathering, or performance monitoring). In a system-level description it is
not possible to anticipate al the uses, behaviora idiosyncrasies, or implementations of the underlying
structure, therefore allowing the user to model them explicitly is required.
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The creation of arobust type system has the additional advantage that future additions of types can be made
and easily applied to al object kinds. This may be necessary for interaction with other languages such as
‘C’, assertion languages, or hardware verification languages. The creation of objects kinds of that type will
already be defined. In the current Verilog type system, a new predefined type is always added as either a
variable (as in integer) or as a net (as in the AMS wreal). Adding a new type that can exist as both a
variable and a net cannot be done today without two new keywords and detailed explanation of how they
interact.

The types and keywords reg and wir e are preserved in a manner that is backward compatible with the IEEE
1364-2001 Verilog standard.

The existing variable typesreal, integer, time, and event are redefined in terms of the new type systemin a
100% backward compatible fashion but in such away asto allow their values to be placed on a net.

A new two-valued logic type, bool is introduced. This type eliminates the need to model the ‘x’ and ‘7’
states and can create simpler models. Simulation vendors may be able to take advantage of the bool type to
optimize both performance and capacity of designs.

A new type, handle, is introduced. Handles are used to reference dynamically allocated objects.
Dynamically allocated objects are useful for writing system-level models and testbenches. Objects that are
referenced by handles are explicitly allocated through the new operator. Deallocation is automatic through
garbage collection.

The type system is extended to alow dynamically alocated objects that can interoperate with the static
objects in a design. The dynamic objects can be used to model data structures of indeterminate length or
size such as lists, queues, stacks, and sparse memories.

A new wire type, wone, isintroduced to provide a means of restricting a net to asingle driver.

The remainder of this donation is organized into sections that define data type declarations, data object
declarations, expressions, and assignment.

In introducing the concept of a user-defined type, this donation makes substantial changes to |IEEE 1364-
2001 Section 3. Because of the pervasive nature of the changes, this donation makes a complete proposal
rather than simply suggesting a set of changes to the |EEE standard. The standard section on “Data types’
has been split into two sections, one on “Types’ and another on “Objects’. In cases where a subsection of
the standard is substantially unchanged, such as the subsection on “ Strengths’, this donation simply makes a
reference of the form “1EEE 1364-2001 section number” rather than repeat the content.

1.3 Conventions

This document attempts to follow the conventions of an I|EEE-draft standard as available at
http://standards.ieee.org/resources/devel opment/writing/templates.html and as used in the IEEE Standard
1364-2001 for the Verilog hardware description language.

Some sections may contain a“Usage” section. Usage sections contain helpful material written in the style of
auser guide. Usage discussion is not intended for inclusion in an |EEE standard as normative text.

2 Copyright (c) 2003 Cadence Design Systems, Inc. All rights reserved.
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2 Types
A typeisaset of values and a corresponding set of operations.

The Verilog types include a small number of primitive types that serve as a basis for the value system. The
values of a primitive type cannot be defined in terms of other values or types.

The type system also includes types that have values that are constructed from other values. Such types are
called user-defined types because a Verilog description must include an explicit specification of how the
values are constructed. User-defined types can be constructed from primitive types and from other user-
defined typesin arbitrarily complex arrangements.

A user-defined type can be described directly in an object declaration. Alternatively, a user-defined type can
be described in atype declaration that gives the type a name that can then be used in other declarations.

Type compatibility is determined by the structure of the values, rather than by the names, if any, of the types
involved. Objects and values that share a common value topology are considered to be of the same type.
Objects and values that have different value topologies are not of the same type. These concepts are
described in more detail in 2.11.

Usage:

Verilog types include predefined types as well as user-defined types that are constructed from
other types. The simplest use for a type is to define the sort of values that an object holds. For
example, in the following object declaration, the net ‘realnum’ is declared to take on values of the
primitive type real:

wire real realnum;

You can also use a type to construct other types. For example, in order to define a type that
contains multiple elements, you must specify the types of its elements. In the following array type
declaration, integer indicates that type int_array_type is an array of integers:

typedef integer int array type [1:10];

This array type now has a name that you can use to type objects or to construct other types. The
following declaration defines a 100-element array of ‘int_array_type’ elements:

reg int array type my array of arrays [1:100];
The type of ‘my_array_of arrays’ has no name because the type is described directly in the object
declaration rather than in a type declaration. However, the type of ‘my_array of_arrays’ is
compatible with that of ‘my_other_array of arrays’, below, because they are both 100x10 arrays
of integers.

reg integer my other array of arrays [1:100][1:10];

2.1 Primitive types

A primitive type is a predefined type that has values that cannot be described in terms of other values or
types. A primitive type has no equivalent type declaration. Primitive type names are keywords.

The primitive types are bool, logic, and real.

Copyright (c) 2003 Cadence Design Systems, Inc. All rights reserved. 3
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primitive type specifier ::=
scalar logic type | real

scalar_logic_type ::=
bool | logic

The bool and logic types belong to a specia class of primitive types called scalar logic types. These types
define two-state and four-state logic systems, respectively. Each state value is 1 bit wide. The values of a
composite type have an underlying logic representation in either the two-state system or the four-state
system. In addition to being used as a general type, a scalar logic type can be used to specify an underlying
logic representation for a given object or type.
211 Bool
The bool type represents atwo-state logic system. The value set consists of two basic values:

e 0 —representsalogic zero or afalse condition

e 1 —representsalogic one or atrue condition
Thevalues 0 and 1 are logical complements of one another.
2.1.2 Logic
Thelogic type represents afour-state logic system. The value set consists of four basic values:

e 0 —representsalogic zero or afalse condition

e 1 —representsalogic one or atrue condition

e x —represents an unknown logic state

e z —represents a high-impedance state
Thevalues 0 and 1 are logical complements of one another.
When the z value is present at the input of a gate, or when it is encountered in an expression, the effect is
usually the same as an x value. Notable exceptions are the metal-oxide semiconductor (MOS) primitives,

which can pass the z value.

The language includes strength information in addition to the basic value information for nets of type logic.
Thisisdescribed in detail in |EEE 1364-2001 7.

2.1.3 Real

The values of typereal are 64-bit floating point numbers.

2.2 Type declarations

A type declaration introduces a new name for a data type. Once a type name has been introduced, the type
name can be used anywhere that the type name is visible and a type specifier is expected. A type name shall
not be used before it is declared.

4 Copyright (c) 2003 Cadence Design Systems, Inc. All rights reserved.
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description ::=
| aééa_type_declaration
module or generate item ::=
| aééa_type_declaration
block item declaration ::=
| aééa_type_declaration
type identifier ::= identifier
data type declaration ::=
incomplete data type declaration

| complete data type declaration

complete data type declaration ::=
typedef type specifier list of type declaration names ;

list of type declaration names ::=
type declaration name { , type declaration name }

type declaration name :: =
identifier [ array type specifier ]

type_specifier ::=
type name
predefined type name
primitive type specifier
user defined type specifier

type name ::=
[ scalar logic type ] type identifier

A type declaration can appear outside of a module declaration, or in any location in which an object
declaration is allowed. If atype name is declared inside a block, then the type name shall be visible only
within that block. If a type name is declared directly inside a module then the type name shall be visible
only within that module. If a type name is declared outside of a module, then that type declaration shall be
treated lexically in the order in which it is encountered in the description; that is, the type name shall be
visible in any module that follows the type declaration in the description.

A type declaration does not create a new type; it merely adds new names for existing types. The type itself
is defined by the form of its values and the associated operators. It is an error if the same type name is
introduced in two or more type declarations that are visible in the same location and the corresponding
types are not identical in the topology of their values.

A complete type declaration associates type names with types. A type can be associated by naming a
previously declared type or a primitive type. Alternatively, the associated type can be defined in the
declaration itself by using a type specifier to describe a user-defined type. Depending on the nature of the
associated type, the type specifier appearsto the left or to the right of the type identifier.

A type declaration does not necessarily specify the types associated with the type names. An incomplete
type declaration simply introduces one or more type names. The association of an incomplete type name
with a specific set of values occurs in a subsequent complete type declaration. This coupled use of
incomplete and complete type declarations is important for declaring types that are mutually dependent or
recursive.

Copyright (c) 2003 Cadence Design Systems, Inc. All rights reserved. 5
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2.3 User-defined types

A user-defined type is a type that is defined in terms of another type. User-defined types can be used to
define values that are composed of other values, to define values that denote dynamically allocated objects,
and to define alternative uses for the same object storage.

user defined type specifier ::=
handle type specifier
union_ type specifier
structure type specifier
vector type specifier

A type that defines areference to a certain type of dynamically allocated object is a handle type.
A type that defines different uses for the same object storage is a union type.

A type that has values that are composed of other values, called elements, is a composite type. Elements that
have names associated with them are called members. Depending on the nature of the composite type, its
elements can be accessed by position using a numeric value called anindex, or by member name.

Each Verilog composite type is either a vector type or an aggregate type. Both vector and aggregate types
define values as sets of elements. The essential difference is that the elements of a vector type have a
predefined ordering relation between them, while those of an aggregate type do not.

A vector type is amultiple-bit type representing a vector as defined in |EEE 1364-2001 3.3.1. The elements
are logic values and their order is significant. Predefined arithmetic and logical operations may be
performed on values of a vector type. Different forms of vector types provide convenient abstractions, such
as the ability to reference elements by name rather than position. Regardless of its form, a vector type still
represents a hit vector, and its values can be manipulated as such. Vector types conveniently represent
hardware abstractions such as the bit-level layout of an integer.

There are three basic kinds of vector types. An indexed vector type defines a vector with elements that are
referenced by position. A tagged vector type defines a vector type with elements that can be referenced both
by position and name. An enumerated vector type associates a vector type with a special set of named
values called enumeration constants.

An object or value of an aggregate type is simply a set of elements. There is no predefined relationship
between the elements, and no meaning is implied by their order. Predefined arithmetic and logica
operations cannot be performed on an aggregate value as a whole. Aggregate types are like the composite
types in many general-purpose programming languages.

There are two basic kinds of aggregate types. An array type defines a set of elements that are referenced by
position. A structure type defines a set of elements that are referenced by name.

Vector types are inherently homogeneous, while aggregate types can be homogeneous or heterogeneous.
Since vector types are al bit vectors, they have a common topology and are all assignment compatible with
one another. Aggregate types may define different topologies, and are not necessarily assignment
compatible with one another. Vector and aggregate types are not assignment compatible with one another.

Usage:

Array and structure types are provided to create data structures for which the underlying mapping
onto logic vectors is not yet specified. These composite types can contain elements of any type.
Unlike vector types, arrays and records can contain elements of type real and handle.

6 Copyright (c) 2003 Cadence Design Systems, Inc. All rights reserved.
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To illustrate the difference between vector types and aggregate types, consider the code
fragments below.

reg logic [7:0] logic_vector, logic vector2;

reg integer integer arrayl [1:10], integer array2 [1:10];

logic_vectorl = ~logic_ vector2 // legal bit-wise negation
integer arrayl[l] = ~integer array[l]; // legal also
integer arrayl = ~integer array?2 // error

The logic vector and integer array variables each have elements that can be accessed through an
index; however, you can use variable ‘logic_vector as an operand to a predefined numeric or
logical operator; but you cannot use these predefined operators on ‘integer_array” as a whole.

Arrays, records, and unions of other types are intended for use in system-level models and/or test
benches. For example, a structure or union may be used to represent an object such as a network
packet, video frame, or software instruction. It may be more practical at a system-level to
represent these objects as having dynamically allocated content and to express activity on these
objects in terms of events, rather than relying on statically allocated storage and assignment
semantics for sensitivity.

2.4 Vector types

A vector type defines a set of logic bits that have a predefined relationship to one another. Vector objects
and expressions shall obey laws of arithmetic modulo 2 to the power of n (2"), where n is the number of bits
in the vector. Implementations do not have to detect overflow of integer operations.

The different kinds of vector types provide different ways of abstracting the data, but all declare a
contiguous vector of a single underlying scalar logic type. These vectors remain completely assignment and
operator compatible with one another.

There are three kinds of vector types: indexed vectors, tagged vectors, and enumerated vectors. Elements of
a vector type can always be referenced by numeric position. Additionally, tagged vector elements can also
be referenced by name, and enumerated vector objects can be manipulated with a specia set of named
values. Regardless of these additional capabilities, objects of a vector type can always be manipulated as
logic vectors.

vector type specifier ::=
indexed vector_type specifier
tagged vector type specifier
enumerated vector type specifier

vector ranges ::=
vector_range { vector_ range }

vector range ::=
[ signed ] range

A vector type is characterized by its width, by its ranges, by its signed or unsigned properties, and by its
underlying logic representation.

The width of a vector type is the number of logic elements in its values. This number is distinct from the
storage required for the value itself. A four-state logic vector takes two storage bits for each logic element,
and therefore requires 2*width bits to store all possible values. An implementation may set a limit on the
maximum width of avector, but the limit shall be at least 65536 (2'°) bits.

Copyright (c) 2003 Cadence Design Systems, Inc. All rights reserved. 7
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The ranges of a vector give addresses to the individua bits in a multi-bit object or value. The most
significant bit specified by the msh constant expression is the left-hand value in the range, and the least
significant bit specified by the Isb constant expression is the righthand value in the range.

Both the msb constant expression and the Isb constant expression shall be constant expressions. The msh
and Isb constant expressions can be any value — positive, negative, or zero. The Isb constant expression can
be a greater, equal, or lesser value than msb constant expression.

Multiple vector ranges of a vector type are evaluated such that the right-most specified range is the least
significant. An index in the right-most range accesses a bit, while an index in any of the remaining ranges
accesses a subset of the vector bits. The subset of bits that are accessed by a given vector range contains the
bits or subsets of bits accessed by rangesto the right.

Each range of a vector type can individually have the property of being signed. In the absence of this
keyword, the set of bits that are accessed by that vector range shall be considered unsigned.

The scalar logic type can be omitted from a vector type definition, thereby allowing subsequent type or
object declarations to determine the scalar logic type. If the scalar logic type is not specified, then the vector
shall have an undetermined logic type. Eventually, the underlying scalar logic type is determined by a type
or object declaration.

Because al of the elements of a vector type must have the same scalar logic type, the scalar logic type is
specified at the level of the object declaration or the type specifier that is used in the object declaration. It
shall be an error to create a vector type or object that is determined to have a mix of scalar logic typesfor its
underlying elements.

The scalar logic type can be specified by explicitly naming the logic type as a part of the type specifier in a
type or object declaration. If the type specifier in an object declaration denotes a vector type with an
undetermined scalar logic type, then the scalar logic type of the vector object shall be logic.

Usage:

This undetermined scalar logic type capability is provided to simplify design refinement from
abstract two-state implementation to more precise four-state implementation. A single type name
with an undetermined scalar logic type can be created. This declaration allows different models at
different levels of detail to declare either two-state or four-state versions of the object by sharing
the type name and simply changing the object declaration, thus eliminating the need to duplicate
the type declaration in a bool or logic version and change the declarations of the objects.

The declarations below show different ways to specify the underlying logic type of a vector type.

// A 32-bit integer with an undetermined logic type
typedef [31:0] generic integer;

// 2-state and 4-state versions of our integer type
typedef bool generic integer integer 2state;
typedef logic generic integer integer 4state;

reg bool generic integer my 2state;

reg integer 2state anather_2state;

reg bool [31:0] yet another 2state;
reg logic generic integer my 4state;

reg integer 4state another 4state;

reg logic [31:0] yet another 4state;

Vector and primitive logic types are the types on which all arithmetic and logical operators are
defined. All vector types are completely assignment and operator compatible. For instance, the

8 Copyright (c) 2003 Cadence Design Systems, Inc. All rights reserved.
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value of an enumerated vector object can be assigned to a tagged vector object. Vector types
also remain compatible across object kind, so a variable of a vector type can be used to drive a
net of any other vector type. Extension or truncation of values of different widths is defined exactly
the same way as it is for vectors in IEEE1364-2001 today. Using this form of abstraction, a model
that chooses to represent internal data as a structure can drive that data onto a vector port or wire
without any sort of value conversion.

2.4.1 Indexed vector types

An indexed vector type is the most basic form of vector type. It smply defines a logic vector of elements
that are accessed by one or more index positions, with no additional capabilities like selection by name.

indexed vector_ type specifier ::=
[ type specifier ] vector ranges

The optional type specifier defines the vector element type. If the vector element type is not specified then
the vector has an undetermined logic type. In this case the element type is one of the scalar logic types, as
determined by a subsequent type declaration or object declaration. If an element type is specified, then that
element type shall itself be either another vector type, or a scalar logic type. If the vector element type is
itself a vector type, then the indexed vector type is equivalent to a multi-dimensional indexed vector type in
which the element vector ranges follow the indexed vector ranges.

Usage:

An indexed vector type is simply a conventional Verilog vector that has been extended to support
multiple dimensions.

In the following example, the declaration of type ‘twowords’ defines a two-dimensional logic
vector:

typedef bool [1:0] signed [31:0] twowords;
reg twowords tw;

The variable ‘tw’ has values of type ‘twowords’, which means that
e twis unsigned
o tw[l] is a signed 32-bit two-state vector
e tw[1][31] is the sign bit of tw[1]

The power of multiple ranges and an individual signed specification on each range is best
demonstrated by example. See a detailed example in B.1.

2.4.2 Tagged vector types

A tagged vector type provides an aternate view of avector by allowing the elements to be manipulated both
by name and by index. The names for individual members of the structure are equivalent to bit or part
selects of the underlying vector.

Copyright (c) 2003 Cadence Design Systems, Inc. All rights reserved. 9
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tagged vector type specifier ::=
[ scalar logic type ] vect [ vector range ]
{ member declarations }

member declarations ::=
member declaration { member declaration }

member declaration ::=
type specifier list of type declaration names ;

If avector range is given, then that range determines the bounds of the vector, and the sum of the widths of
the elements in the vector members shall equal the width of this range. If a range is not specified then the
range isimplicitly defined to be [width-1:0], where the width is the sum of the widths of the members.

The members of atagged vector are accessed by using the dot operator (.). The precedence is the same as
when the dot operator is used in hierarchical pathnames.

For assignment purposes, the topology of avector structureis that of the underlying vector array type.

Usage:

This example defines a tagged vector for the implementation of a packet type. Because the
elements of a tagged vector have the same underlying logic representation, the specification of
the logic type is made at the level of the packet type itself rather than at the level of its members.

typedef enum {
PACKET OK, PACKET_ ERROR

} status t;

typedef bool vect
[7:0] src_port; // number of the source port
[7:0] dest port; // number of the destination port
status_t status; // status bit
[127:0] payload; // packet payload

} packet t;

// Objects of this type are 2-state vectors
// with an implicit width of [144:0]

reg packet t rp;
wire packet t wp;

You can find a different version of this type in B.2. This other version builds type packet_t from
other type declarations.

2.4.3 Enumeration Types
Enumeration types provide abstraction by defining a means to create named constants with specific bit

patterns. Literals of enumeration types are simply uses of the enumeration constant identifiers. Since
enumerations are vector types, any vector literal value can also be used.
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enumerated vector type specifier ::=
[ scalar logic type ] enum [ vector range ]
{ enum constant list }

enum constant list ::=
enum_constant decl { , enum constant decl }

enum_constant_decl ::=
identifier [ = constant expression ]

If an enumeration constant declaration includes a constant expression, then that expression defines the
enumeration value encoding for that enumeration constant. Thereafter, use of the enumeration constant
shall be equivalent to specifying the constant expression itself. The constant expression shall be appropriate
for avector type.

If an enumeration constant declaration does not have a value encoding, then default rules shall determine
the value of the constant. If the constant is the first one, then its value shall be *bo0; otherwise the value
shall be that of the previous constant plus one. It shall be an error if the previous value contains x or z
values in this case. In the presence of mixed explicit and implicit encodings, it is possible for the
representation of the next implicit value to exceed the width of the underlying vector type. If this occurs,
then the value of the constant shall wrap to *bo.

It shall be an error if more than one enumeration constant is determined to have the same value encoding,
whether the encodings are explicit or not. Furthermore, it shall be an error if a type or object declaration
specifies that the underlying scalar logic type is bool and the enumeration type has an explicit encoding
containing x or z values.

If ascalar logic type is specified, then that type shall determine the scalar logic representation of the vector
type.

If avector range is given, then that range shall define the bounds of the underlying vector. Otherwise, the
bounds shall be determined by the enumeration constant declarations themselves. In this case, it shall be an
error if an enumeration value encoding is specified using an unsized literal, or if all explicit enumeration
value encodings are not of the same size.

When determining implicit enumeration bounds, if enumeration value encodings are present then the range
shall be set to be [width-1:0], where width is chosen to be the width of any and al enumeration value
encodings given. If no enumeration value encodings are given, then the range shall be set to be
[(ceil(log2(n)) — 1):0] where n is the number of enumeration constants (i.e. the number of bits it takes to
binary encode al given enumeration constants).

Usage:

Enumeration value checking is performed only in order to determine a proper encoding of the
enumeration values. Since objects of an enumeration type are simply net or variable objects of the
appropriate vector width, no runtime checking of value assignments is mandated. An
implementation may choose to perform optional range checking to ensure that assigned values
correspond to one of the enumeration constants.

Some examples of enumeration types follow.

typedef enum { GREEN, YELLOW, RED } color;

// scalar logic type is undetermined

// range is [1:0]

// encoding is GREEN = 2'b00, YELLOW=2'b01l, RED=2'Db10

// An object declaration can determine the scalar logic type
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reg bool color rcb; // A 2-state valued register of color
wire logic color wcl; // A 4-state valued wire of color

// vector array type declaration
typedef logic enum {

BASE MEM = 'h0000,
END_ MEM = 'hlOFF,
BASE PCI = 'hl100,
END_ PCI = ‘hll10F,
BASE CPU = 'hl1200,
END_ CPU = 'hl20F,
BAD ADDR = "hXXXX

} mem map;
// scalar logic type is logic
// range is [15:0]

The following enumeration type declaration contains multiple errors:

typedef bool enum [1:0] bit
ZERO = 'DbO, // OK
ONE = 4'‘b1l, // ERROR: Initializer too wide
™WO = 2'1X, // ERROR: X value in ‘bool’
NULL = 2’'b0 // ERROR: duplicates 0 value

} enum error;

2.5 Array types

An array type is a composite type that defines a homogenous collection of values. An individual element is
accessed through its position in the array, as given by one or more numeric indices.

An array can be used to group elements into multi-dimensional objects. An array type specifier shall include
the element address range for each dimension of the array. The expression(s) that specify the indices of the
array shall be constant expressions. The value of the constant expression can be a positive integer, a
negative integer, or zero. There is no sign extension property associated with an array dimension.

array type specifier ::=
dimension { dimension }

Unlike most type specifiers, the dimensions of an array type are specified to the right of the type or object
name. The element type, which is specified to the left of the type or object name, can be any kind of type.
Specification of the scalar logic type cannot be deferred; it shall be an error if the element type has an
undetermined logic type.

There are no predefined arithmetic or logical operators for array types; however, if the element type is a
vector type then the predefined arithmetic and logical operators can be applied to individual elements of the

array.

An implementation may limit the maximum size of an array, but the limit shall be at least 16777216 (2%).

Usage:

Array types can have any element type. This example shows an array of structures:

// declare the full structure type
typedef struct {
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int opcode;
int opl;
int op2;

} instruction_s;

// declare type name for an array of 32 instructions
typedef instruction s instruction a [31:0];

// declare an instruction array object
reg instruction a instructions;

Arrays are syntactically distinct from indexed vectors because their ranges are specified to right of
the type or object identifier rather than to the left. The following example shows the difference in
their declarations:

// 64-bit wide vector
typedef bool [1:0] [31:0] doubleword;

// 2-element array of 32-bit vectors
typedef bool [31:0] twowords [1:0];

Arrays and vectors are not assignment compatible.

2.6 Structure types

A structure type is a composite type that defines a collection of values with names. The elements of a
structure can be of different types and sizes.

structure_type specifier ::=
struct { member declarations }

An individual element of a structure is called a member. A member is accessed through its name by using
the dot operator (.). The precedence is the same as when the dot operator is used in hierarchical pathnames.

The type of a structure member can be any kind of type; however it shall be an error if that type has an
undetermined logic type.

The only predefined operators on structures are identity (===, !==) and assignment (=, <=). All other
operators must be modeled through user-defined tasks and functions.

Usage:

Structures can be used to bundle elements of any type. Because they can include handle types,
structures can be used to create dynamically allocated data structures. The following example
shows how a doubly linked list of dynamically allocated objects might be represented:

module dlist () ;

typedef queue t; // incomplete type declaration for queue t type
typedef payload t; // incomplete type declaration for payload
typedef handle payload t payload h; // a handle to the payload

// complete typedef for the queue t type
typedef struct {
payload h payload; // handle to the payload
handle queue_ t prev, next;
// prev and next handles for queue type
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} queue t;

endmodule

Although structures and tagged vectors are similar in that they both define member elements; they
are different kinds of types, and they are not assignment compatible.

2.7 Union types

Union types define multiple names for the same storage locations. Unions alow abstract modeling of
objects with a variable layout depending on the content of some of the data.

union type specifier ::=
union { member declarations }

All members of a union occupy the same physical location in memory, therefore each member of a union
provides a different view of the value of the union. A particular union member is selected by prefixing the
member name with the dot operator (.). The precedence is the same as when the dot operator is used in
hierarchical pathnames.

The members of aunion shall satisfy one of the following type requirements:
1. All members have the same primitive type.
2. All members are logic vectors with the same width and scalar logic type.
3. All members have identical array types.
4. All members have identical structure types.

The nature of the member types determines how a union can be used. If all of the members of a union are
vector types then that union is a union of vector types, and that union can be used in any context in which a
vector type is allowed. Unions that do not meet this criteria cannot be used in a context that requires a
vector type.

Usage:

Unions are typically used in situations where they are embedded in a structure that contains an
element to indicate which member of the union is currently in use. The following example shows
this sort of use of a union:

typedef bool enum { one long, two_shorts } word kind;

typedef struct {
word_kind kind;
union
logic [31:0] long word;
logic [1:0] [15:0] short words;
}ous
} word_ type;

reg word type word;

The value of member “word.kind” indicates whether member
“word.u.long_words” or “word.u.short_words”.

u” is manipulated as
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A detailed example in B.3 shows how to use a union of vector types to define alternate bit field
layouts.

2.8 Handle types

A handle is a descriptor that contains information about a dynamically allocated object. A handle contains
information on the type of the referenced object, the fanout of the object (if any) for scheduling when the
object is modified, and usage information to allow for garbage collection of memory. The representation of
ahandle value isimplementation defined.

There are three forms of handle specifiers. The first two forms define a handle to a data object. The third
form defines a handle to an event object.

handle type specifier ::=
handle type specifier
handle *
handle event

Handles to data objects reference objects that have values. A typed handle references a specific type of data
object; its declaration includes a type specifier that determines the type of that object. If the asterisk
character is used instead of a type specifier, then the handle is an untyped handle. An untyped handle can
denote any type of data object.

An event handle references a named event, which does not have a value. Event handles can be assigned to
one another, but the event objects themselves cannot be assigned.

Section 6 describes dynamic memory allocation and operations on handles in detail.

Usage:
typedef handle integer i h; // type for a handle to an integer
reg i h r i; // variable of the integer handle type
reg handle integer ii h; // variable that is a handle

// to an integer (without typedef)

typedef list s;
typedef handle list s list h; // type for handle to a list_ s type;

typedef struct {
logic [31:0] addr;
logic [31:0] data;
handle event ready;
} list h next; // handle to another object of this type
list s;

wire list h w 1; // wire holding a handle to a list s object
// Two handles to the same event

handle event data_readyl new;
handle event data_ ready?2 data_readyl;
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2.9 Incomplete types

An incomplete type declaration introduces one or more type names without specifying the nature of the
types. The primary use of an incomplete type declaration is to define types that are mutually dependent or
recursive in nature.

incomplete data type declaration ::=
typedef list of incomplete type identifiers ;

list of incomplete type identifiers ::=
type identifier { , type identifier }

Each incomplete type identifier shal have a corresponding complete type declaration with the same
identifier. If the incomplete type is declared outside of a module, then the corresponding complete type
declaration shall occur before the next module in the description. If the incomplete type is declared in a
block (including a task or function), then the corresponding complete type declaration shall occur in the
same block. If the incomplete type is declared directly in a module or generate, then the corresponding
complete type declaration shall occur in the same module or generate.

There is no relationship between the identifiers in an incomplete type declaration. Each type identifier can
have a completely different type associated with it. Multiple incomplete type declarations for the same
identifier can occur before or after the complete type definition.

Usage

The following example shows a typical use of an incomplete type declaration. This example
defines a type for representing a simple linked list of integers. The type of a node in the linked list
is recursive because a list node contains a handle to the next list node. An incomplete type
declaration introduces the name of the list node type, which is then used to declare a type name
for a handle to a list node, which in turn is used to declare the ‘next’ element of a list node in the
complete type declaration.

// An incomplete type declaration for the list node
typedef list node type;

// A complete type declaration for a list node handle
typedef handle list node type list handle type;

// The complete type declaration for the list node
typedef struct {

integer data;

list handle_ type next;
} list node type;

2.10 Predefined type names

Some important common types have names that are predefined by the standard. These types are not
primitive types because their values are described in terms of other types. These predefined type names
shall be implicitly declared prior to any user-defined source code.

predefined type name ::=
integer | time | realtime | long | int | shortint | char
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The following are implicit type declarations for the |EEE 1364-2001 types integer, time, and
realtime:

typedef logic signed [implementation defined:0] integer;
typedef logic [63:0] time;
typedef real realtime;

An integer is a genera-purpose type that is used for manipulating quantities that are not regarded as
hardware registers. Integer values are signed quantities with the least significant bit being zero. An
implementation may limit the width of values of type integer, but the values shall be at least 32 bits
wide.

Type time is used for storing and manipulating simulation time quantities in situations where timing
checks are required and for diagnostics and debugging purposes. This data type is typicaly used in
conjunction with the $time system function (see IEEE 1364-2001 Section 17). Time values are unsigned
guantities with the least significant bit being zero. An implementation may limit the width of values of type
time, but the values shall be at |east 64 bits wide.

Type realtime issimply asynonym for type real; these two type names can be used interchangeably.

The following implicit type declarations are defined for types with a two-state scalar logic type:

typedef bool signed [implementation defined:0] long;
typedef bool signed [implementation defined:0] int;
typedef bool signed [15:0] shortint;
typedef bool signed [7:0] char;

Type int isequivaent to type integer, except for its scalar logic type; values of type int have atwo-
state representation. The widths of type 1ong and int are implementation-defined; however, the width of

each shall be at least 32 bits. The widths of 1ong and int are not necessarily the same. The width of int
shall be no greater than the width of 1ong.

Usage

The following examples show use of the predefined type names:

integer a; // a variable to store an integer value

time last chng; // a variable to store a time value

real float; // a variable to store a real value

realtime rtime; // a variable to store time as a real value
long update_ count; // a variable to store a 2-state integer value
int loop_ index; // a variable to store a 2-state integer value
short int num states; // a variable to store a 2-state 16-bit value
char ch; // a variable to store a character wvalue

2.11 Type compatibility

When constructs such as objects, ports, and expressions interact in a design, it is often necessary to
determine that the types of the constructs are compatible; that is, that there is relationship between the
values of the respective types that makes the interaction both safe and meaningful.

Type compatibility is determined by topology rather than by type name. Different contexts require different
kinds of type compatibility.
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The strictest form of compatibility requires that two types be identical. Two types are considered to be the
same or identical if they are topologically identical —that is, if every aspect of the two types, except for type
names, is the same. Two types are topologically identical one of the following statementsis true:

1.

2.

10.

Both types are the same primitive type.

Both types are handles to events.

Both types are untyped handle types.

Both types are typed handle types, and the handle object types are topologically identical.

Both types are indexed vector types with the same scalar logic type and the same number of vector
ranges, and corresponding ranges have the same msb, Ish, and signed property.

Both types are tagged vector types with the same scalar logic type, the same msb, the same Isb, the
same signed property, the same number of members, and members at corresponding positions in
the lists of member declarations have the same name and type.

Both types are enumerated vector types with the same scalar logic type, the same msb, the same
Ish, the same signed property, the same number of enumeration constants, and constants at
corresponding positions in the lists of constant declarations have the same name and value.

Both types are array types with the same element type and dimensionality, and corresponding
dimensions of the array types have the same msb and the same Isb.

Both types are structure types with the same number of members, and members at corresponding
positionsin the lists of member declarations have the same name and type.

Both types are union types with the same number of members, and members at corresponding
positionsin the lists of member declarations have the same name and type.

Assignment type compatibility is discussed in 5.

Type compatibility at a port connection is discussed in 3.5.3.3.
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3 Objects

An object isanamed design element that is used to describe structure or behavior. A data object has avalue
associated with it. Verilog data objects are designed to represent the data storage elements and transmission
elements found in digital hardware systems. Other kinds of objects, such as named events, do not have
values associated with them, but provide important capabilities through their execution properties.

There are many basic kinds of data objects. parameters, nets, ports, variables, and arguments. These kinds
of objects differ in the way that they are assigned and hold values. They also represent different hardware
structures.

Verilog parameters represent constants. Typical uses of parameters are to specify delays and width of
variables.

Nets and ports represent connections between structural components and behavioral blocks.

Assignments to a variable are made by procedural assignments (see |IEEE 1364-2001 6.2 and 9.2). Since a
variable holds a value between assignments, it can be used to model hardware registers. Edge-sensitive (i.e.
flip-flops) and level-sensitive (i.e. RS and transparent latches) storage elements can be modeled. A variable
need not represent a hardware storage element since it can also be used to represent combinatorial logic. In
addition to modeling hardware, variables can be used for genera purposes, such as counting the number of
times that a particular net changes value.

3.1 Dataobjec