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Abstract
We discuss the classes of machines for which im-

plicit style design is appropriate, and give guidelines

for safe simulation and synthesis of implicit style Ver-

ilog that ensure the results of cycle based simulation

agree with the results of synthesis. We also propose a

minor revision to IEEE 1364 for bottom testing loops

that improves the clarity of safe implicit style Verilog.

1 Introduction
Hardware systems of any complexity inevitably

contain one or more state machines. Traditionally,
such machines have been designed using the explicit
style, where the designer focuses on implementing the
transition from the present state to the next state.
Although the de�nition of a state machine eventu-
ally involves such transitions, the designer's goal in
specifying a state machine is seldom that it just make
transitions. Rather, the designer wishes the machine
to carry out various steps of some algorithm during
a sequence of clock cycles. The real work of the de-
signer (choosing an algorithm and deciding how its
steps will be scheduled) occurs at a higher level of ab-
straction than can be expressed clearly in the explicit
style. The explicit style requires the designer to de-
scribe too many details about the implementation of
the state machine, and so the designer is not able to
focus complete attention on choosing a good algorithm
to solve the problem. Because of the investment of ef-
fort in existing explicit style designs, the designer of
a complex system can become locked into a particular
set of state transitions, instead of exploring the design
space more thoroughly.

Recently, there has been growing interest [7, 6, 1,
4, 2, 8] in an alternative approach, known as the im-
plicit style. Like the explicit style, the implicit style
allows the designer to choose the cycle by cycle sched-
ule of algorithmic steps carried out by each state of
the machine. Unlike the explicit style, the implicit
style does not require the designer to describe how
the transitions between those states occur. Hardware

design with the implicit style is very similar to soft-
ware design. The main distinction between software
and implicit style hardware is the issue of scheduling
computation relative to the clock. In contrast, hard-
ware design with the explicit style is far more tedious
than typical software design.

The purpose of this paper is to describe the \safe"
subset of implicit style design that works for both sim-
ulation and synthesis, and how such Verilog should be
coded so that it can be easily ported between tools. It
is the authors' opinion that although this \safe" sub-
set is somewhat limited, it is adequate for the design
of a wide range of hardware systems. We also propose
two minor improvements to IEEE 1364 that make safe
implicit Verilog easier by overcoming the lack of a bot-
tom testing construct in Verilog.

2 Categories of machines
In hierarchical design, a machine is composed of

smaller sub-machines. One can categorize the be-
havior of the entire machine, or of any of the sub-
machines. One useful taxonomy of machines is given
by Clair [5], who categorizes machines into �ve classes.
These classes will allow us to de�ne in a more formal
way the set of machines for which the implicit style is
appropriate. It is no coincidence that Clair's classes
have a connection to implicit style Verilog. Clair was
the �rst to publish about Algorithmic State Machine
(ASM) charts, a graphical notation whose abstraction
level is similar to that of implicit style Verilog. [2]
gives an example that shows the relationship between
implicit Verilog and ASM charts.

2.1 Class 0
Class 0 consists only of combinational logic, and

therefore has no memory. There are two common ways
to describe a class 0 machine using behavioral Verilog:
a continuous assign statement or an always block
with the proper sensitivity list.

2.2 Class 1
Class 1 and above utilize a clock signal. To be suc-

cessful with most synthesis tools, such a clock signal



must be single phase (either posedge or negedge),
and must be distributed to all clocked devices in the
system. In this paper, we will assume the name of
this global system clock signal is sysclk and that all
clocked devices are triggered by @(posedge sysclk).

Class 1, which is known as delay, has memory which
only lasts for one clock cycle and therefore is insu�-
cient by itself to solve many problems. On the other
hand, class 1 machines are vital to the implementation
of the higher classes. To de�ne a class 1 machine in
behavioral Verilog, the designer uses an always block
with a single @(posedge sysclk).

Explicit style design requires the designer to manu-
ally transform a higher class machine into a cooperat-
ing collection of class 0 and class 1 sub-machines. In
other words, the Verilog source code consists of two
separate parts: combinational logic (class 0) and reg-
isters (class 1). There is a clean separation between
the Verilog code for class 0 sub-machines, and class 1
sub-machines, such as:

assign class0 = f( ... );
always @(posedge sysclk)
class1 = class0;

The di�culty with this perfectly correct explicit style
is that it requires the designer to think at a much lower
level than the level at which the customer's problem
is stated. Much of the explicit style designer's e�ort
focuses on the state machine implementation problem,
and so less of the designer's time can be spent actually
solving the customer's problem. However comfortable
one may feel with the explicit style, given today's ever
increasing time to market pressures, reliance on ex-
plicit style alone becomes harder to justify.

2.3 Class 2
The next higher class in Clair's taxonomy, class 2,

illustrates the advantage of abandoning explicit style
in favor of implicit style. Clair de�nes class 2 as having
direct state transitions. This means the machine has
no input, and only outputs a cyclical sequence derived
from a continually repeating set of state transitions.
Class 2 is the most elementary of the higher classes
of machines which bene�t from implicit style design.
To de�ne a class 2 machine with implicit style behav-
ioral Verilog, the designer uses an always block imme-
diately followed by begin, with multiple @(posedge

sysclk)s inside the block. For example, a four-bit
gray code counter can be modeled as:

reg [1:0] c;
always //1st implicit example
begin
@(posedge sysclk) `ENS;

c <= `CLK 2'b00;
@(posedge sysclk) `ENS;

c <= `CLK 2'b01;
@(posedge sysclk) `ENS;
c <= `CLK 2'b11;

@(posedge sysclk) `ENS;
c <= `CLK 2'b10;

end

The @(posedge sysclk)s indicate the four states of
this machine. The <= is the non-blocking assignment
statement, which is essential to the proper use of the
implicit style. The e�ect of a non-blocking assignment
will not be visible until the next rising edge of the
clock. The reason for using <= instead of = will be
explained later. We will also ignore the meaning of
the macros `CLK and `ENS for the moment, as these
will be explained together with the <=.

This machine is a class 2 machine because it contin-
ues to produce the sequence ... 00, 01, 11, 10, 00, 01,
... regardless of what other machines may be doing.
The experienced explicit style designer may wonder
what is all this excitement about implicit style. Af-
ter all, such a trivial class 2 gray code counter can
be described as a combination of class 0 and class 1
sub-machines:

reg [1:0] c;
wire [1:0] new_c;
assign new_c = {c[0],~c[1]};
always @(posedge sysclk)
c = new_c;

The above explicit style code is trivial because only
constants are on the right of the assignments in the
equivalent implicit style code. Most problems instead
involve variables on the right of the assignments. The
power of the implicit style is that the designer can in-
clude many assignment statements together in a single
implicit style block, where each assignment involves
arbitrarily complex expressions. In the implicit style,
the designer puts these where they belong in the se-
quence of algorithm steps, making the code readable.
An example of such an implicit style machine is:

reg [4:0] sum,odd;
always //2nd implicit example
begin
@(posedge sysclk) `ENS;
sum <= `CLK 4;
odd <= `CLK 5;

@(posedge sysclk) `ENS;
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;

@(posedge sysclk) `ENS;
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;

@(posedge sysclk) `ENS;
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;

end



This implicit style class 2 machine outputs some odd
numbers (5, 7, 9, 11, 5, 7 ...) and the corresponding
squares (4, 9, 16, 25, 4, 9 ...). It is important to note
that the adjacent non-blocking assignments (i.e., with-
out intervening if, @(posedge sysclk), etc.) execute
in parallel, and so their position in the source code
could be reversed and still produce the same result.
Note that because of this property of non-blocking as-
signment, a machine identical to the above can be de-
�ned as:

always //reversed 2nd example
begin
@(posedge sysclk) `ENS;
odd <= `CLK 5;
sum <= `CLK 4;

@(posedge sysclk) `ENS;
odd <= `CLK odd + 2;
sum <= `CLK sum + odd;

...
end

In the explicit style, the designer has to break such
statements involving variables into separate parts of
the code that execute in parallel to the code that
carries out the state transitions. For a machine of
any complexity, this makes the code hard to read and
maintain. The part of the code that carries out the
state transitions is know as the controller, and the
part of the code that carries out the data manipulation
is known as the architecture. The architecture is of-
ten referred to as the datapath. Assuming the explicit
style class 2 gray code counter shown above (consisting
of class 1 and class 0 sub-machines) acts as the con-
troller of the odd/square machine, the architecture of
the odd/square machine can be de�ned as two class 1
sub-machines and two class 0 sub-machines:

wire [4:0] new_sum,new_odd;
assign new_sum = (c==2'b00)?4:sum+odd;
assign new_odd = (c==2'b00)?5:odd+2;
always @(posedge sysclk)
sum = new_sum;

always @(posedge sysclk)
odd = new_odd;

The variable c is now a command signal, which tells
the architecture what to do. The choice of the gray
encoding for the controller was arbitrary. (We actually
prefer a one-hot encoding, but an advantage of the
implicit style technique is hiding the state encoding.)

Notice that we can categorize each sub-machine at
various levels in the hierarchy. In this example, both
the controller, which produces the command signal,
and the complete system (consisting of the aggregate
of the controller and architecture), which produces the
squares, are class 2 machines because they do not ac-
cept inputs from the outside. The architecture, by

itself, is actually a higher class machine because it ac-
cepts the command signal as its input, but when it is
connected to the controller, the aggregate of the con-
troller and architecture acts as a class 2 machine.

From a theoretical standpoint, the implicit and ex-
plicit styles are equivalent because they produce the
same outputs, but from a practical standpoint, there
is a huge di�erence. The implicit style is easy for the
designer. The explicit style makes the designer work
much harder.

Synopsys, the synthesis vendor who pioneered the
use of implicit style, recommends the use of the im-
plicit style for a class 2 machine, which they describe
as: \each state in the state machine can only be
reached from one other state" [8].

2.4 Class 3
Clair de�nes a class 3 machine as having conditional

state transitions and unconditional outputs. This
means two things: First, the machine can make de-
cisions based on inputs to determine which one of sev-
eral possible next state(s) to proceed to. Second, the
machine ignores the inputs for the purpose of produc-
ing outputs, and so the outputs depend only on the
present state. Class 3 machines are commonly referred
to as Moore machines.

Behavioral Verilog statements such as if, while,
and forever allow a designer to de�ne an implicit
style class 3 machine. For example, the following two-
state implicit style machine is in class 3 because it does
not proceed through the sequence of squares until an
external start signal is recognized. Before the start
signal occurs, sum and odd are reassigned their initial
values.

always //3rd implicit example
begin
@(posedge sysclk) `ENS;

sum <= `CLK 4;
odd <= `CLK 5;
if (start)
begin
while (odd != 9)
begin
@(posedge sysclk) `ENS;
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;

end
end

end

Had the if statement been omitted, the aggregate
machine would have been categorized as class 2 be-
cause its output sequence would not have depended
on any external inputs. Regardless of whether the if
statement is included in the implicit style source code,
the equivalent explicit style code will require a class
3 controller. This is because the controller will need



to receive the value of odd from the architecture to
determine whether to stay inside the while loop, or
whether to return to the top state where the variables
will be re-initialized.

For any implicit style code, it is a requirement
that while and forever loop bodies contain at least
one @(posedge sysclk). Omission of @(posedge

sysclk) inside a while or forever loop body causes
problems in both simulation and synthesis.

In general, implicit style code that uses if, case,
while, or forever needs at least a class 3 controller
for its explicit implementation. If the �rst statement
is not an assignment inside every nesting of ifs, cases
and whiles, the controller is guaranteed to be class 3.

2.5 Class 4
Clair de�nes a class 4 machine as having conditional

state transitions and conditional outputs. This means
two things: First, as with the class 3 machine, it can
make decisions based on inputs to determine which
one of several possible next states to proceed to. Sec-
ond, unlike the class 3 machine, it may produce an
output that depends on an external input. Class 4 ma-
chines are commonly referred to as Mealy machines.

The gate level implementation of a Mealy machine
exhibits a property that Moore machines cannot: if an
input makes multiple changes during a clock cycle, the
output can make the same number of changes during
that cycle. The output is a combinational logic func-
tion of the input and the present state. This is why
class 0 is not considered a subset of class 3 but class
0 is considered a subset of class 4.

Because of the event driven semantics of behavioral
Verilog, it is not possible to write implicit style code
that describes this input/output behavior of a class 4
machine. On the other hand, it is easy to write im-
plicit style code that will use a class 4 controller. If
the �rst statement inside any if, case or while is an
assignment, the controller must be class 4. The regis-
ters in the architecture, which form the output of the
aggregate system, will only change at the rising edge
of the clock, and therefore the aggregate system is only
a class 3 machine. When we refer to an implicit style
Mealy machine, we are not referring oxymoronically
to a class 4 aggregate (controller/architecture) system
which would be impossible to implement in the im-
plicit style, but rather to a class 4 controller inside a
class 3 aggregate system, which can be described with
the implicit style notation.

Here is an example of an implicit style Mealy ma-
chine, which is similar to the previous example, except
for how sum is treated in the top state.

always //4th implicit example
begin
@(posedge sysclk) `ENS;

odd <= `CLK 5;
if (start)
begin
sum <= `CLK 4;
while (odd != 9)
begin
@(posedge sysclk) `ENS;
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;

end
end

end

If start is not asserted in the top state, the machine
remains in that state and sum is left alone. This is
desirable for keeping the last square computed after
the machine has exited the while loop. If start is as-
serted in the top state, the class 4 controller commands
the architecture to initialize sum. The controller is
class 4 because the command to initialize sum occurs
in the same clock cycle when the start signal is as-
serted, but the aggregate system is class 3 because the
change to sum will not be visible until the next rising
edge of the clock. The following table shows how the
classi�cation of the controller, architecture, and their
aggregate in the three implicit style odd/square ex-
amples above e�ect the sum sequence output by each
aggregate, assuming start is asserted only during the
second clock cycle:

example class result
2nd 2 3 2 x 4 9 16 25 4 9 16 25 ...
3rd 3 3 3 x 4 4 9 16 25 4 4 4 ...
4th 4 3 3 x x 4 9 16 25 25 25 25 ...

The above lists the class for the controller, the ar-
chitecture and the aggregate in that order, followed by
the result. Note that the architecture automatically
synthesized for an implicit style design is guaranteed
to be class 3 since it receives command inputs from
the controller but it outputs only values from clocked
registers. Since all of the outputs of the implicit style
aggregate come from the architecture, the aggregate
is guaranteed to be class 2 or 3.

It is our opinion that in the vast majority of situa-
tions where a Mealy approach is required, it is only re-
quired for the control of register transfers in the archi-
tecture, and therefore can be implemented in implicit
style. For example, the nature of register transfers
that occur in a RISC machine are conditioned on sev-
eral factors, such as whether data forwarding occurs,
but the time of such transfers is always synchronized
to the clock.



2.6 Safe implicit style design
Ideally, the e�ects of Verilog statements in an IEEE

1364 compliant simulator should be the same as the
e�ects of hardware synthesized from those statements.
Unfortunately, there is a semantic gap between syn-
thesis tools and simulators. Safe design is when a
designer is restricted to a subset of Verilog features
whose e�ects are known to be identical in simulation
and synthesis on a cycle by cycle basis.

Explicit style design is guaranteed to be safe be-
cause the designer makes a clean separation of class 0
and class 1 machines in the source code. This separa-
tion ensures the results of simulation using any IEEE
1364 compliant simulator will agree with synthesis, de-
spite the event driven semantics of the simulator.

3 The unsafe =

Software languages like C typically only provide one
kind of assignment (typically denoted by =). In Ver-
ilog simulation, = without intra-assignment delay is
de�ned to be instantaneous and uninterruptable.

Not all synthesis tools accept = in implicit style
code. For example, our VITO [3] preprocessor pro-
hibits = inside implicit style code because this restric-
tion simpli�es the internal operation of VITO.

Even in commercial synthesis tools that do accept
=, there are often restrictions on its use. For exam-
ple, in Synopsys Design Compiler, if you use = with a
particular variable, you cannot ever use <= with that
variable. Further, if you use = with any variable in
an implicit block, you cannot use <= with any of the
other variables in that block [8]. In implicit style code
that is destined to be synthesized, we view = like a
contagious disease{if you use it at all, it will spread
throughout your whole design.

If =s were safe, their proliferation would not be a
problem. Unfortunately, =s are unsafe in implicit style
code. As explained earlier, =s can be safe in explicit
style code when class 0 and 1 machines are separated,
and so our comments about the dangers of =s apply
only to the implicit style. To understand why =s are
unsafe in the implicit style, consider an example of
four adjacent =s:

sum = 4;
odd = 5;
sum = sum + odd;
odd = odd + 2;

To a simulator, these are indistinguishable from

sum = 9; //transformed =s
odd = 7;

because the =s do not give the simulator an opportu-
nity to execute another process that could observe the

their intermediate values. Synthesis tools that accept
=s transform them into the latter form.

The synthesized hardware that contains values are
D-type (or similar) 
ip 
ops, that do not change in-
stantaneously. Therefore, the implicit style designer
must specify the schedule using @(posedge sysclk)

for both simulation and synthesis. For example, we
might try the following:

@(posedge sysclk);
sum = 4; //unsafe
odd = 5;

@(posedge sysclk);
sum = sum + odd;
odd = odd + 2;

...

The hardware generated by the synthesis tool for the
above includes something equivalent to a mux (with
4 and sum+odd as its inputs) whose output feeds a D
type register, which contains sum. Because each D-
type 
ip 
op is delayed by one clock cycle, sum does
not contain 4 until the clock cycle after the cycle when
the mux outputs the 4. This means sum is unknown
during the �rst clock cycle.

Simulation of the above code shows the values of
sum and odd being computed one clock cycle earlier
than will actually happen on the synthesized hard-
ware. This means the above code is unsafe. For ex-
ample, the simulator will report erroneously that sum
is 4 before the end of the �rst clock cycle.

An additional di�culty with =s in implicit style
code is that adjacent assignments cannot be inter-
changed arbitrarily. For example, the following is not
equivalent to the last example:

...
@(posedge sysclk);
odd = odd + 2; //unsafe and
sum = sum + odd; //backwards

because the synthesis tool transforms this into some-
thing the designer might not expect:

...
@(posedge sysclk);
sum = sum + odd + 2; //unsafe and
odd = odd + 2; //unexpected

Despite the synthesis tool's valiant attempt to deal
with =, it is unsuccessful in concealing this semantic
gap. The tool is forced to generate hardware whose
actions will be di�erent than the original code because
the semantics of = are incompatible with a reasonable
model of what synchronous hardware does.

4 Non-blocking assignment
As mentioned earlier, the solution to this semantic

gap is to limit ourselves to the other kind of behav-
ioral assignment statement that Verilog provides: the



non-blocking assignment (<=). In order to make sim-
ulation agree with synthesis, we need to de�ne two
macros used earlier. These deal with Entering a New
State (`ENS) and CLocKing the registers (`CLK). The
reason for using a macro is that these two parts of the
code will di�er between simulation and synthesis. In
synthesis, these two macros are simply empty:

`define ENS
`define CLK

In simulation, these two macros describe the the
proper delay so that the simulation will agree with
synthesis:

`define ENS #1
`define CLK @(posedge sysclk)

The `CLK macro must give the intra-assignment delay
for simulation so that the change to the register does
not happen until the next rising edge of the clock.
The `CLK macro must be empty for synthesis because
some synthesis tools generate incorrect controllers un-
less the intra-assignment delay is omitted.

Designers who are new to the implicit style may
be confused by the need for #1 in simulation. The
de�nition of <= says that the expression on the right
is evaluated instantaneously, but the assignment on
the left is scheduled to happen as the last event at
the $time speci�ed by the intra-assignment delay. In
other words, the assignment happens after @(posedge
sysclk) #0 but before @(posedge sysclk) #1.

To illustrate, if the implicit style code of the \2nd
example" were written without the #1, the design
would be unsafe. Consider what would happen at the
transition between the �rst and second states without
the #1. The �rst events at the $time of the rising
edge would be to evaluate the expressions odd+2 and
sum+odd. Since odd and sum are unknown at that
$time, odd+2 and sum+odd would be unknown. Later
in sequence at that same $time would be the storage
of values (5 and 4) from the previous clock cycle. This
would produce a wrong sequence for odd (x, 5, x) and
sum (x, 4, x).

Therefore, our guidelines for safe implicit style as-
signments are to use only <= with the `ENS and `CLK

macros de�ned di�erently for synthesis and simula-
tion.

5 Bottom testing loops
Although while loops are natural to describe many

mathematical algorithms, there are also other kinds of
loops. For instance, to interface with external physi-
cal equipment requiring prescribed delays, the while

loop is not very convenient. Explicit style designers
typically solve such problems by using a bottom test-

ing loop, which is guaranteed to execute at least once.

The advantage of a bottom testing loop is its hardware
implementation tends to cost less than an equivalent
while loop. Bottom testing loops are also common in
software languages such as C (do-while) and Pascal
(repeat-until).

5.1 Recommended extension to IEEE
1364

Unfortunately, IEEE 1364 [9] does not provide such
a bottom testing control statement that can be used
safely in both simulation and synthesis. Therefore,
we recommend the Verilog standard be extended to
include a bottom testing loop, whose syntax utilizes
only the existing reserved words of Verilog:

repeat

<statement>

while (<expression>);

This can be distinguished from the existing use of
repeat in IEEE 1364 by the absence of a parenthe-
sised repetition count.

To understand why designers often want a bot-
tom testing loop, consider the \3rd implicit example".
This computes the correct sequence for sum and odd,
provided that the start pulse occurs after the �rst
clock cycle. If the start pulse occurs in the �rst clock
cycle, the non-blocking assignment of 5 to odd has
not yet taken e�ect. This means Verilog may skip the
while loop altogether (if odd happens to be 9 on power
up of the physical hardware or odd is 'bx as happens
at $time 0 in simulation), and since we assume the
start pulse only lasts for one cycle, the squares are
never computed. If our extension to IEEE 1364 were
adopted, we could generalize this code to handle a
start pulse at any time:

always //proposed extension
begin
@(posedge sysclk) `ENS;

sum <= `CLK 4;
odd <= `CLK 5;
if (start)
begin
repeat
begin
@(posedge sysclk) `ENS;
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;

end
while (odd != 9);

end
end

This ensures that the odd != 9 test only occurs in the
bottom state, and not in the top state as happened
with the ordinary while loop.

We are realistic that adoption of this natural ex-
tension to Verilog may not be quick in coming, espe-
cially since its need is justi�ed by implicit style design,



which has only recently begun to attract much atten-
tion. Therefore, we will discuss three ways to cope
with a situation that calls for a bottom testing loop,
none of which is completely satisfactory.

5.2 Duplicate state(s) before while

The goal of the bottom testing loop is to make sure
that the state(s) inside the loop executes at least once.
One way to accomplish this with a while loop is to
put an exact duplicate of the loop body code just prior
to the while statement.

always //5th implicit example
begin
@(posedge sysclk) `ENS;

sum <= `CLK 4;
odd <= `CLK 5;
if (start)
begin
@(posedge sysclk) `ENS;//duplicate
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;
while (odd != 9)
begin
@(posedge sysclk) `ENS;
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;

end
end

end

This code is safe, and so simulation will agree with
synthesis. The additional state in the middle is the
�rst time when the odd != 9 test occurs. Even if the
start pulse occurs in the �rst clock cycle, odd will not
be tested until the second cycle when it will contain
the value 5.

For a simple loop such as this, with only one state
inside, the cost of duplicating the loop body code is
reasonable. When there are multiple states inside a
bottom testing loop, the cost of duplicating the loop
body becomes high. This cost grows exponentially
with the nesting level of bottom testing loops.

5.3 Use a 
ag variable
Another way to solve this problem is to introduce a


ag variable that is set in the clock cycle prior to the
�rst clock cycle when the while condition is tested.
This 
ag must then be reset in that clock cycle as the
condition is tested concurrently for the �rst time. The
while condition must include \|flag".

always //6th implicit example
begin

flag <= `CLK 1; //set prior
@(posedge sysclk) `ENS; //top
sum <= `CLK 4;
odd <= `CLK 5;
if (start)
begin
flag <= `CLK 0; //reset during
while ((odd != 9)|flag)

begin
@(posedge sysclk) `ENS;//bottom
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;

end
end

end

This approach transforms the controller into class
4, regardless of whether the controller was originally
class 3 or class 4. What the 
ag will be in the next
clock cycle depends not only on which state the con-
troller is in, but also on the start signal and whether
odd != 9:

present next next
state start odd!=9 state flag

top 0 { top 1
top 1 { bottom 0

bottom { 0 top 1
bottom { 1 bottom stays 0

The value of the 
ag in a particular clock cycle repre-
sents which of the two states the machine is in during
that cycle. Although, in theory, such information is
already available inside the controller, the only way
to access this information in the implicit style is by
introducing this extra variable.

In a problem where nesting occurs or where there
are many states inside a bottom testing loop, the cost
of this approach will be signi�cantly lower than du-
plicating the states. In general, the number of 
ag
variables required is bounded by the maximum nest-
ing level. Although this approach is safe and cost ef-
fective, designers new to the implicit style may �nd it
somewhat confusing.

5.4 disable inside forever

In languages that provide a goto statement, im-
plementing a bottom testing loop is trivial. Verilog
provides the disable statement which, under certain
circumstances, synthesis tools treat like a goto. The
problem with the disable statement is that its sim-
ulation semantics in the context of the non-blocking
assignment are ambiguous. An interpretation of the
semantics implemented by many simulation vendors
produces a simulation result that di�ers from synthe-
sis.

This technique puts a disable statement inside an
if at the bottom of forever, rather than using a
while:



always //unsafe
begin
@(posedge sysclk) `ENS;

sum <= `CLK 4;
odd <= `CLK 5;
if (start)
begin : label
forever

begin
@(posedge sysclk) `ENS;
sum <= `CLK sum + odd;
odd <= `CLK odd + 2;
if (odd == 9)
disable label;

end
end

end

This technique is unsafe because many simulators do
not treat the disable just as an ordinary goto. In-
stead these simulators unschedule any non-blocking
assignments that executed during the same clock cycle
in which the disable executed. Although the number
of clock cycles associated with loop execution will be
the same as in the physical hardware, the value of the
variables will not change properly in the �nal clock cy-
cle. In this machine, assuming a start pulse during the
�rst clock cycle, synthesis produces the correct result
for odd (x 5 7 9 11 5 ...) and sum (x 4 9 16 25 4 ...).
On the other hand, simulation produces an incorrect
result for odd (x 5 7 9 9 5 ...) and sum (x 4 9 16 16
4 ...) because the scheduled assignments of 11 to odd

and 25 to sum are undone by the disable.

5.5 A modest revision to IEEE 1364
There is a more modest way in which IEEE 1364

could be revised to support bottom testing loops than
our repeat-while proposal: provide a command line
option to Verilog simulators that causes the disable

to leave non-blocking assignments alone. Since this
would be an option, it would not disturb any existing
Verilog code that depends on the ambiguous semantics
of disable. Also, this proposal only a�ects simulation
vendors, since synthesis vendors already agree with us
about the semantics of disable.

Despite the greater likelihood of this more modest
proposal being adopted, we feel it is important to raise
the issue of Verilog's control structure de�ciency. In
our view, none of the three approaches for bottom
testing loops described above capture the designer's
intent as well as our proposed repeat-while syntax.

6 Conclusions
Implicit style Verilog, which is accepted by all simu-

lators and by several synthesis tools, allows designers
to work at the proper level of abstraction: the cus-
tomer's problem. A designer is much more productive
using the implicit style than the traditional explicit

style because the designer is freed from worries about
state transitions.

By restricting implicit style code to what we refer
to as the safe subset (only <= with `CLK and `ENS

macros), designing hardware becomes as easy as writ-
ing software. Simulating such safe code provides an
accurate prediction of how the synthesized hardware
will behave. Bugs can be caught and corrected early
in simulation, when the cost of doing so is small.

The safe implicit style subset currently supported
by Verilog is adequate for most designs, but we have
proposed a repeat-while bottom testing loop be
added to IEEE 1364. With this minor addition, im-
plicit style Verilog would become the ideal notation
for hardware design. Until the Verilog community
fully awakens to the potential of the implicit style (and
therefore realizes the need for the repeat-while), we
have given work arounds that implement bottom test-
ing loops safely.
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