Chapter 8: Verilog (Part 2)

In Chap. 5 Verilog was presented as a way to describe the behavior of concurrent systems. The
modeling techniques presented were appropriate for combinational logic because these types of circuits
have outputs dependent only on the current values of their inputs. This means a model that continuously
performs signal assignments provides an accurate model of this circuit behavior. In Chap. 7 sequential
logic storage devices were presented that did not continuously update their outputs based on the
instantaneous values of their inputs. Instead, sequential storage devices only update their outputs
based upon an event, most often the edge of a clock signal. The modeling techniques presented in
Chap. 5 are unable to accurately describe this type of behavior. In this chapter, we describe the Verilog
constructs to model signal assignments that are triggered by an event in order to accurately model
sequential logic. We can then use these techniques to describe more complex sequential logic circuits
such as finite state machines and register transfer level systems. This chapter will also present how to
create test benches and look at more advanced features that are commonly used in Verilog to model
modern systems. The goal of this chapter is to give an understanding of the full capability of hardware
description languages.

Learning Outcomes—After completing this chapter, you will be able to:

8.1 Describe the behavior of Verilog procedural assignment and how they are used to model
sequential logic circuits.

8.2 Model combinational logic circuits using a Verilog procedural assignment and conditional
programming constructs.

8.3 Describe the functionality of common Verilog system tasks.

8.4 Design a Verilog test bench to verify the functional operation of a system.

8.1 Procedural Assignment

Verilog uses procedural assignment to model signal assignments that are based on an event. An
eventis most commonly a transition of a signal. This provides the ability to model sequential logic circuits
such as D-flip-flops and finite state machines by triggering assignments off of a clock edge. Procedural
assignments can only drive variable data types (i.e., reg, integer, real, and time), thus they are ideal for
modeling storage devices. Procedural signal assignments can be evaluated in the order they are listed,
thus they are able to model sequential assignments.

A procedural assignment can also be used to model combinational logic circuits by making signal
assignments when any of the inputs to the model change. Despite the left-hand-side of the assignment
not being able to be of type wire in procedural assignment, modern synthesizers will recognize properly
designed combinational logic models and produce the correct circuit implementation. Procedural assign-
ment also supports standard programming constructs such as if-else decisions, case statements, and
loops. This makes procedural assignment a powerful modeling approach in Verilog and is the most
common technique for designing digital systems and creating test benches.

8.1.1 Procedural Blocks

All procedural signal assignments must be enclosed within a procedural block. Verilog has two types
of procedural blocks, initial and always.
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8.1.1.1 Initial Blocks

An initial block will execute all of the statements embedded within it one time at the beginning of the
simulation. An initial block is not used to model synthesizable behavior. It is instead used within test
benches to either set the initial values of repetitive signals or to model the behavior of a signal that only
has a single set of transitions. The following is the syntax for an initial block.

initial
begin // anoptional “: name” can be added after the begin keyword
signal_assignment_1
signal_assignment_2

end

Let’s look at a simple model of how an initial block is used to model the reset line in a test bench. In
the following example, the signal “Reset_TB” is being driven into a DUT. At the beginning of the
simulation, the initial value of Reset_TB is set to a logic zero. The second assignment will take place
after a delay of 15 time units. The second assignment statement sets Reset_TB to a logic one. The
assignments in this example are evaluated in sequence in the order they are listed due to the delay
operator. Since the initial block executes only once, Reset_TB will stay at the value of its last assignment
for the remainder of the simulation.

Example:
initial
begin
Reset_TB=1'b0;
#15 Reset_TB=1'bl;
end

8.1.1.2 Always Blocks

An always block will execute forever, or for the duration of the simulation. An always block can be
used to model synthesizable circuits in addition to non-synthesizable behavior in test benches. The
following is the syntax for an always block.

always
begin
signal_assignment_1
signal_assignment_2

end

Let’s look at a simple model of how an always block can be used to model a clock line in a test
bench. In the following example, the value of the signal Clock_TB will continuously change its logic value
every 10 time units.

Example:

always
begin
#10 Clock_TB = ~Clock_TB;
end

By itself, the above always block will not work because when the simulation begins, Clock_TB does
not have an initial value so the simulator will not know what the value of Clock_TB is at time zero. It

will also not know what the output of the negation operation (~) will be at time unit 10. The following
example shows the correct way of modeling a clock signal using a combination of initial and always
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blocks. Verilog allows assignments to the same variable from multiple procedural blocks, so the following
example is valid. Note that when the simulation begins, Clock_TB is assigned a logic zero. This provides
a known value for the signal at time zero and also allows the always block negation to have a
deterministic value. The example below will create a clock signal that will toggle every 10 time units.

Example:

initial
begin
Clock_TB=1'b0;
end

always
begin
#10 Clock_TB = ~Clock_TB;
end

8.1.1.3 Sensitivity Lists

A sensitivity list is used in conjunction with a procedural block to trigger when the assignments within
the block are executed. The symbol @ is used to indicate a sensitivity list. Signals can then be listed
within parenthesis after the @ symbol that will trigger the procedural block. The following is the base
syntax for a sensitivity list.

always @ (signall, signal2)
begin
signal_assignment_1
signal_assignment_2

end

In this syntax, any transition on any of the signals listed within the parenthesis will cause the always
block to trigger and all of its assignments to take place one time. After the always block ends, it will await
the next signal transition in the sensitivity list to trigger again. The following example shows how to model
a simple 3-input AND gate. In this example, any transition on inputs A, B, or C will cause the block to
trigger and the assignment to F to occur.

Example:
always @ (A, B, C)
begin
F=A&B&C;
end

Verilog also supports keywords to limit triggering of the block to only rising edge or falling edge
transitions. The keywords are posedge and negedge. The following is the base syntax for an edge
sensitive block. In this syntax, only rising edge transitions on signal1 or falling edge transitions on signal2
will cause the block to trigger.

always @ (posedge signall, negedge signal2)
begin
signal_assignment_1
signal_assignment_2

end

Sensitivity lists can also contain Boolean operators to more explicitly describe behavior. The
following syntax is identical to the syntax above.
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always @ (posedge signall or negedge signal?2)
begin
signal_assignment_1
signal_assignment_2

end

The ability to model edge sensitivity allows us to model sequential circuits. The following example
shows how to model a simple D-flip-flop.

Example:

always @ (posedge Clock)
begin
Q=D; //Note: This model does not include a reset.
end
In Verilog-2001, the syntax to support sensitivity lists that will trigger based on any signal listed on
the right-hand-side of any assignment within the block was added. This syntax is @*. The following
example how to use this modeling approach to model a 3-input AND gate.

Example:

always @*
begin
F=A&B&C;
end

8.1.2 Procedural Statements

There are two kinds of signal assignments that can be used within a procedural block, blocking and
non-blocking.

8.1.2.1 Blocking Assignments

A blocking assignment is denoted with the = symbol and the evaluation and assignment of each
statement takes place immediately. Each assignment within the block is executed in parallel. When this
behavior is coupled with a sensitivity list that contains all of the inputs to the system, this approach can
model synthesizable combinational logic circuits. This approach provides the same functionality as
continuous assignments outside of a procedural block. The reason that designers use blocking
assignments instead of continuous assignment is that more advanced programming constructs are
supported within Verilog procedural blocks. These will be covered in the next section. Example 8.1
shows how to use blocking assignments within a procedural block to model a combinational logic circuit.
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behaviors allow us to model combinational logic.

module BlockingExl (output reg S,
input wire A, B, C);

Example: Using Blocking Assignments to Model Combinational Logic

In this model, each of the inputs A, B, and C are listed in the sensitivity list so that the
procedural block is triggered on any input transition. When using blocking assignments, the
assignments inside of the block are evaluated and executed immediately. These two

Resulting Circuit

A n1

reg nl; B
always @ (A, B, C) S
begin C

nl'=A "~ B; // statement 1

s Enl ~c; // statement 2 Both statement 1 and statement 2 are
end treated as separate circuits that execute

concurrently when using blocking
S assignments.
Example 8.1

Using blocking assignments to model combinational logic

8.1.2.2 Non-blocking Assignments

A non-blocking assignment is denoted with the <= symbol. When using non-blocking assignments,
the assignment to the target signal is deferred until the end of the procedural block. This allows the
assignments to be executed in the order they are listed in the block without cascading interim
assignments through the list. When this behavior is coupled with triggering the block off of a clock signal,
this approach can model synthesizable sequential logic circuits. Example 8.2 shows an example of using
non-blocking assignments to model a sequential logic circuit.

module NonBlockingExl (output reg F,

Example: Using Non-Blocking Assignments to Model Sequential Logic
In this model, the always block will only trigger on the rising edge of a clock. When using
non-blocking assignments, the assignments inside of the block are only executed at the end
of the block. These two behaviors allow us to model sequential logic.

Resulting Circuit

input wire A
ingut wire C.'i.ock) ] A—D a B D QFF
reg B;
|:> |—>
always @ (posedge Clock)
begin Clock
B <= 1a; // statement 1
F <= B; // statement 2 Notice that the value of B in statement 2 is
end notimmediately updated with the
stdncdnla assignment made in statement 1 due to
the nature of non-blocking assignments.
Example 8.2

Using non-blocking assignments to model sequential logic

The difference between blocking and non-blocking assignments is subtle and is often one of the
most difficult concepts to grasp when first learning Verilog. One source of confusion comes from the fact
that blocking and non-blocking assignments can produce the same results when they either contains a
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single assignment or a list of assignments that don’t have any signal interdependencies. A signal
interdependency refers to when a signal that is the target of an assignment (i.e., on the LHS of an
assignment) is used as an argument (i.e., on the RHS of an assignment) in subsequent statements.
Example 8.3 shows two models that produce the same results regardless of whether a blocking or
non-blocking assignment is used.

Example: Identical Behavior when using Blocking vs. Non-Blocking Assignments

In these models, there are no signal interdependencies between statement 1 and statement
2. This means regardless of whether the assignments are made instantaneously (left) or at
the end of the always block (right), the results are the same.

module BlockingEx2
(output reg ¥, Z,

module NonBlockingEx2
(output reg ¥, Z,

input wire A, B, C); input wire A, B, C);
always @ (A, B, C) always @ (A, B, C)
begin begin
Y =A & B; // statement 1 Y <= A & B; // statement 1
Z=B | C; // statement 2 2 <=RB | C; // statement 2
end end
endmodule endmodule
A — : :
bl Both modeling approaches yield
Resulting Circuit the same !esglt because there
B are no signal interdependences
between the statements.
c Z
Example 8.3

Identical behavior when using blocking vs. non-blocking assignments

When a list of statements within a procedural block does have signal interdependencies, blocking
and non-blocking assignments will have different behavior. Example 8.4 shows how signal
interdependencies will cause different behavior between blocking and non-blocking assignments. In
this example, all inputs are listed in the sensitivity list with the intent of modeling combinational logic.
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Example: Different Behavior when using Blocking vs. Non-Blocking Assignments (1)

In these examples, there is a signal interdependency and all of the inputs are listed in the
sensitivity list. By listing all of the inputs in the sensitivity list, the intent is to model
combinational logic such that the outputs update anytime there is a change on the inputs.

module BlockingEx3
(output reg S,
input wire A, B, C);

CORRECT

reg nl;
always @ (A, B, C)
begin
nl'=aA * B; // statement 1
S =nl ~ ¢C; // statement 2
end

module NonBlockingEx3
(output reg S,
input wire A, B, C);
reg nl;

always @ (A, B, C)

begin
nl <= A ~ B; // statement 1
$ <=nl ~ C; // statement 2
end

In both cases, statement 1 (the assignment to n1) will produce the same result. This is because the
assignment only depends on the inputs A and B. Since A and B are listed in the sensitivity list, any
change on them will trigger the block and their current value will be used in the assignment to n1.

However, statement 2 (the assignment to S) contains a signal interdependency and will NOT produce
the same result in both cases.

Blocking Assianment Case (=): Blocking assignments take place immediately. This means that the
assignment to n1 in statement 1 takes place immediately and the updated value of n1 is used in
statement 2. When used in conjunction with listing all of the inputs in the sensitivity list, this
approach successfully models combinational logic.

Non-Blocking Assignment Case (<=). Non-blocking assignments take place at the end of the

procedural block. This means that the assignment to n1 in statement 1 does not take place before
the assignment in statement 2. The value of n1 used in statement 2 will be the value of n1 when
the block is triggered, not the new value of n1 assigned within the block. Said another way, the
value of n1 used in statement 2 will be the value of n1 from the “prior” time the block triggered, or
the “last” value of n1. This does not model combinational logic.

Timing Waveform: Blocking Assignments Timing Waveform: Non-Blocking Assignments
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Statement 2 uses the current value of n1. Statement 2 uses the last value of n1.

Example 8.4
Different behavior when using blocking vs. non-blocking assignments (1)

Example 8.5 shows another case where signal interdependencies will cause different behavior
between blocking and non-blocking assignments. In this example, the procedural block is triggered by
the rising edge of a clock signal with the intent of modeling two stages of sequential logic.
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Example: Different Behavior when using Blocking vs. Non-Blocking Assignments (2)

In these examples, there is a signal interdependency and the sensitivity list is triggered by
the edge of a clock. The intent of this model is to create a 2-stage sequential logic circuit
such that the outputs only update when there is a rising edge of the clock.

module BlockingEx4 module NonBlockingEx4 CORRECT
(output reg F, (output reg F,
input wire A, input wire A,
input wire Clock) ; input wire Clock) ;
reg B; reg B;
always @ (posedge Clock) always @ (posedge Clock)
begin begin
B = A; // statement 1 B <= A; // statement 1
F = B; // statement 2 F <= B; // statement 2
end end
endmodule endmodule

In both cases, the procedural block will trigger on the rising edge of a clock. Also in each case, the
assignment in statement 1 will produce the same resuit.

However, statement 2 has a signal dependency and will NOT produce the same result in both cases.

Blocking Assignment Case (=): Blocking assignments take place immediately. This means that the
assignment of A to B and then B to F will result in simply F = A. This will still result in sequential
logic, but the output F will be updated with the input A on every rising edge of clock.

Non-Blocking Assignment Case (<=): Non-blocking assignments take place at the end of the
procedural block. This means that an input on A will be stored to B on rising edge of clock, but not
to F on the same edge. Instead, the subsequent clock edge will cause the result stored in B to be
stored to F. This will result in sequential logic that has two edge triggered storage elements instead
of just one as in the blocking example.

Timing Waveform: Blocking Assignments Timing Waveform: Non-Blocking Assignments
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Since blocking assignments take place Since non-blocking assignments take place at
immediately, F=B = A the end of the block, it takes two edges for the

output F to receive the input A.

Example 8.5
Different behavior when using blocking vs. non-blocking assignments (2)

While the behavior of these procedural assignments can be confusing, there are two design
guidelines that can make creating accurate, synthesizable models straightforward. They are:

1. When modeling combinational logic, use blocking assignments and list every input in the
sensitivity list.

2. When modeling sequential logic, use non-blocking assignments and only list the clock and
reset lines (if applicable) in the sensitivity list.
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8.1.3 Statement Groups

A statement group refers to how the statements in a block are processed. Verilog supports two types
of statement groups: begin/end and fork/join. When using begin/end, all statements enclosed within the
group will be evaluated in the order they are listed. When using a fork/join, all statements enclosed within
the group will be evaluated in parallel. When there is only one statement within procedural block, a
statement group is not needed. For multiple statements in a procedural block, a statement group is
required. Statement groups can contain an optional name that is appended after the first keyword
preceded by a “". Example 8.6 shows a graphical depiction of the difference between begin/end and
fork/join groups. Note that this example also shows the syntax for naming the statement groups.

Example: Behavior of Statement Groups begin/end vs. fork/join

When using the statement group begin/end, all statements are evaluated in sequence.
When using the statement group fork/join, all statements are executed in parallel.

module StatementGroupExl () module StatementGroupEx2 ()
reg [7:0] S_TB; reg [7:0] s_TB;
initial initial
begin: Ex1 // group name fork: Ex2 // group name
S_TB = 8'h00; S_TB = 8'h00;
#10 S _TB = B'h55; #10 S _TB = B8'h55;
#15 S _TB = 8'hAA; #15 sS_TB = 8'hAA;
end join
endmodule endmodule

In the begin/end example, the statements are executed in order. This treats the delays as a
sequence. Attime 10, the signal S_TB is assigned 8'h55. Then 15 time units later, it is assigned
8'hAA. The assignment of 8'hAA takes place at absolute time 25.

In the fork/join example, the statements are executed in parallel. This treats the delays as taking
place in absolute time. At absolute time unit 10, the signal S_TB is assigned 8'h55. At absolute time
unit 15, the signal S_TB is assigned 8'hAA.

Timing Waveform: begin/en iming Waveform: fork/joi
s_.T8| hoo | h55 | haa | s_TB| hoo | nss | hAA |
—————f —A——»
] 5 10 15 20 25 30 0 5 / 10 15 20 25 30
Assignment of 8'hAA occurs at absolute time 25. | | Assignment of 8'hAA occurs at absolute time 15.

Example 8.6
Behavior of statement groups begin/end vs. fork/join

8.1.4 Local Variables

Local variables can be declared within a procedural block. The statement group must be named and
the variables will not be visible outside of the block. Variables can only be of variable type.

Example:

initial
begin: stim_block // it is required to name the block when declaring
local variables
integer i; // local variables can only be of variable type
i=2;
end
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CC8.1 If a model of a combinational logic circuit excludes one of its inputs from the sensitivity list,
what is the implied behavior?

(A) A storage element because the output will be held at its last value when the
unlisted input transitions.

(B) An infinite loop.
(C) A don'’t care will be used to form the minimal logic expression.

(D) Not applicable because this syntax will not compile.

8.2 Conditional Programming Constructs

One of the more powerful features that procedural blocks provide in Verilog is the ability to use
conditional programming constructs such as if-else decisions, case statements, and loops. These
constructs are only available within a procedural block and can be used to model both combinational
and sequential logic.

8.2.1 if-else Statements

An if-else statement provides a way to make conditional signal assignments based on Boolean
conditions. The if portion of statement is followed by a Boolean condition that if evaluated TRUE will
cause the signal assignment listed after it to be performed. If the Boolean condition is evaluated FALSE,
the statements listed after the else portion are executed. If multiple statements are to be executed in
either the if or else portion, then the statement group keywords begin/end need to be used. If only one
statement is to be executed, then the statement group keywords are not needed. The else portion of the
statement is not required and if omitted, no assignment will take place when the Boolean condition is
evaluated FALSE. The syntax for an if-else statement is as follows:

if (<boolean_condition>)
true_statement

else
false_statement

The syntax for an if-else statement with multiple true/false statements is as follows:

if (<boolean_condition>)
begin
true_statement_1
true_statement_2
end
else
begin
false_statement_1
false_statement_2
end

If more than one Boolean condition is required, additional if-else statements can be embedded
within the else clause of the preceding if statement. The following shows an example of if-else
statements implementing two Boolean conditions.
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if (<boolean_condition_1>)
true_statement_1

else if (<boolean_condition_2>)
true_statement_2

else
false_statement

Let’s look at using an if-else statement to describe the behavior of a combinational logic circuit.
Recall that a combinational logic circuit is one in which the output depends on the instantaneous values
of the inputs. This behavior can be modeled by placing all of the inputs to the circuit in the sensitivity list of
an always block and using blocking assignments. Using this approach, a change on any of the inputs in
the sensitivity list will trigger the block and the assignments will take place immediately. Example 8.7
shows how to model a 3-input combinational logic circuit using if-else statements within a procedural
always block.

Example: Using If-Else Statements to Model Combinational Logic
Implement the following truth table using an if-else statement within a procedural block.

SystemX.v
—A module Systemi
(output reg F,
—B F F— input wire A, B, C);
JC always @ (A, B, C)
begin
ABCI|F if (A==1'b0 && B==1'b0 && C==1'b0)
F = 1'bl;
00 0|1 else if (A==1'b0 && B==1'bl && C==1'b0)
001]0 . F = 1'bl;
0101 else if (A==1'bl && B==1'bl && C==1'b0)
011]0 1F = 1'bl;
— else
1 00)0 F = 1'b0;
1701]0 end
11 0|1
11 110 endmodule

When modeling combinational logic using a procedural assignment, all of the inputs to
the circuit must be listed in the sensitivity list and blocking assignments are used.

In this model, three nested if-else statements are used to explicitly describe the input
conditions corresponding to an output of a one. For all other input codes, the else clause
is used to drive the output to a zero.

Example 8.7
Using if-else statements to model combinational logic

8.2.2 case Statements

A case statement is another technique to model signal assignments based on Boolean conditions.
As with the if-else statement, a case statement can only be used inside of a procedural block. The
statement begins with the keyword case followed by the input signal name that assignments will be
based off of enclosed within parenthesis. The case statement can be based on multiple input signal
names by concatenating the signals within the parenthesis. Then a series of input codes followed by the
corresponding assignment is listed. The keyword default can be used to provide the desired signal
assignment for any input codes not explicitly listed. When multiple input conditions have the same
assignment statement, they can be listed on the same line comma-delimited to save space. The keyword
endcase is used to denote the end of the case statement. The following is the syntax for a case
statement.
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case (<input_name>)
input_val_1 : statement_1
input_val_2 : statement_2

input_val_n : statement_n
default : default_statement
endcase

Example 8.8 shows how to model a 3-input combinational logic circuit using a case statement within
a procedural block. Note in this example the inputs are scalars so they must be concatenated so that the
input values can be listed as 3-bit vectors. In this example, there are three versions of the model
provided. The first explicitly lists out all binary input codes. This approach is more readable because it
mirrors a truth table form. The second approach only lists the input codes corresponding to an output of
one and uses the default clause to handle all other input codes. The third approach shows how to list
multiple input codes with the same assignment on the same line using a comma-delimited series.

Example: Using Case Statements to Model Combinational Logic
Implement the following truth table using a case statement within a procedural block.

SyStemx'v module SystemX
—A (output reg F,
—B Fl— input wire A, B, C);
e always & (A, B, C)
begin
case ( {(A,B,C} )
ABCI|F 3'b000 : F = 1'bl;
3'b001 : F = 1'b0;
g g ? g} 3'b010 : F = 1'bl;
—_— 3'b011 : F = 1'b0;
01 0]1 3'b100 : F = 1'b0;
011]0 3'bl01L : F = 1'bO;
e 3'b110 : F = 1'bl;
1.00f0 3'blll : F = 1'b0;
101)0 default : F = 1'bX;
11 01 endcase
11 1|0 end
endmodule

In this model, each binary input code is explicitly listed to create a model that mirrors the
truth table format. Note that since the inputs are scalars, they must be concatenated so
that 3-bit vectors can be listed as the input conditions. A default condition is needed to
provide the output assignment for input codes containing X or Z.

Below are two alternative approaches of using a case statement that are more compact.

case ( (A,B,C} ) In this approach, only the input codes
3'b000 : F = 1'bl; corresponding to an output of one are
20010 5 Bo= 1Bl licitly listed. The default clause i
35110 : F = 1'bl: explicitly listed. The default clause is
default : F = 1'b0: used to handle all other input codes
endcase corresponding to an output of zero.
In this model, the input codes
case ( {A,B,C} ) i
3'b000, 3'b010, 3'blll F = 1'p1;| corresponding to the output
default : F = 1'b0;| assignment of one are listed on the
endcase same line, comma-delimited.

Example 8.8
Using case statements to model combinational logic



8.2 Conditional Programming Constructs =+ 283

If-else statements can be embedded within a case statement and, conversely, case statements can
be embedded within an if-else statement.

8.2.3 casez and casex Statements

Verilog provides two additional case statements that support don’t cares in the input conditions. The
casez statement allows the symbols? and Z to represent a don’t care. The casex statement extends the
casez statement by also interpreting X as a don’t care. Care should be taken when using the casez and
casex statement as it is easy to create unintended logic when using don’t cares in the input codes.

8.2.4 forever Loops

A loop within Verilog provides a mechanism to perform repetitive assignments infinitely. This is
useful in test benches for creating stimulus such as clocks or other periodic signals. We have already
covered a looping construct in the form of an always block. An always block provides a loop with a
starting condition. Verilog provides additional looping constructs to model more sophisticated behavior.
All looping constructs must reside with a procedural block.

The simplest looping construct is the forever loop. As with other conditional programming
constructs, if multiple statements are associated with the forever loop they must be enclosed within a
statement group. If only one statement is used the statement group is not needed. A forever loop within
an initial block provides identical behavior as an always loop without a sensitivity loop. It is important to
provide a time step event or delay within a forever loop or it will cause a simulation to hang. The following
is the syntax for a forever loop in Verilog.

forever

begin
statement_1
statement_2

statemént_n
end
Consider the following example of a forever loop that generates a clock signal (CLK) with a period of
10 time units. In this example, the forever loop is embedded within an initial block. This allows the initial
value of CLK to be set to zero upon the beginning of the simulation. Once the forever loop is entered, it
will execute indefinitely. Notice that since there is only one statement after the forever keyword, a
statement group (i.e., begin/end) is not needed.

Example:
initial

begin
CLK=0;

forever
#10 CLK = ~CLK;

end

8.2.5 while Loops

A while loop provides a looping structure with a Boolean condition that controls its execution. The
loop will only execute as long as the Boolean condition is evaluated true. The following is the syntax for a
Verilog while loop.
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while (<boolean_condition>)
begin
statement_1
statement_2

statemént_n
end
Let's implement the previous example of a loop that generates a clock signal (CLK) with a period of
10 time units as long as EN = 1. The TRUE Boolean condition for the while loop is EN = 1. When EN =0,
the while loop will be skipped. When the loop becomes inactive, CLK will hold its last assigned value.

Example:

initial
begin
CLK=0;

while (EN==1)
#10 CLK = ~CLK;

end

8.2.6 repeat Loops

A repeat loop provides a looping structure that will execute a fixed number of times. The following is
the syntax for a Verilog repeat loop.

repeat (<number_of_loops>)
begin
statement_1
statement_2

statemént_n
end
Let’s implement the previous example of a loop that generates a clock signal (CLK) with a period of
10 time units, except this time we’'ll use a repeat loop to only produce 10 clock transitions, or 5 full periods
of CLK.

Example:

initial
begin
CLK=0;
repeat (10)
#10 CLK = ~CLK;
end

8.2.7 for Loops

A for loop provides the ability to create a loop that can automatically update an internal variable.
A loop variable within a for loop is altered each time through the loop according to a step assignment. The
starting value of the loop variable is provided using an initial assignment. The loop will execute as long as
a Boolean condition associated with the loop variable is TRUE. The following is the syntax for a Verilog
for loop:
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for (<initial_assignment>; <Boolean_condition>; <step_assignment>)
begin
statement_1
statement_2

statemént_n
end
The following is an example of creating a simple counter using the loop variable. The loop variable
iwas declared as an integer prior to this block. The signal Count is also of type integer. The loop variable
will start at 0 and increment by 1 each time through the loop. The loop will execute as long as i < 15, or
16 times total. For loops allow the loop variable to be used in signal assignments within the block.

Example:
initial
begin
for (i=0; i<15; i=1i+1)
#10 Count =1i;
end
8.2.8 disable

Verilog provides the ability to stop a loop using the keyword disable. The disable function only works
on named statement groups. The disable function is typically used after a certain fixed amount of time or
within a conditional construct such as an if-else or case statement that is triggered by a control signal.
Consider the following forever loop example that will generate a clock signal (CLK), but only when an
enable (EN) is asserted. When EN = 0, the loop will disable and the simulation will end.

Example:
initial
begin
CLK=0;
forever

begin: loop_ex
if (EN==1)
#10 CLK = ~CLK;
else
disable loop_ex; // The group name to be disabled comes after the
keyword
end

end

CC8.2 When using an if-else statement to model a combinational logic circuit, is using the else
clause the same as using don’t cares when minimizing a logic expression with a K-map?

(A) Yes. The else clause allows the synthesizer to assign whatever output values are
necessary in order to create the most minimal circuit.

(B) No. The else clause explicitly states the output values for all input codes not listed
in the if portion of the statement. This is the same as filling in the truth table with
specific values for all input codes covered by the else clause and the synthesizer
will create the logic expression accordingly.
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8.3 System Tasks

A system task in Verilog is one that is used to insert additional functionality into a model that is not
associated with real circuitry. There are three main groups of system tasks in Verilog: (1) text output;
(2) file input/output; and (3) simulation control. All system tasks begin with a $ and are only used during
simulation. These tasks are ignored by synthesizers so they can be included in real circuit models. All
system tasks must reside within procedural blocks.

8.3.1 Text Output

Text output system tasks are used to print strings and variable values to the console or transcript of a
simulation tool. The syntax follows ANSI C where double quotes (“”) are used denote the text string to be
printed. Standard text can be entered within the string in addition to variables. Variable can be printed in
two ways. The firstis to simply list the variable in the system task function outside of the double quotes. In
this usage, the default format to be printed will be decimal unless a task is used with a different default
format. The second way to print a variable is within a text string. In this usage, a unique code is inserted
into the string indicating the format of how to print the value. After the string, a comma separated list of
the variable name(s) is listed that corresponds positionally to the codes within the string. The following
are the most commonly used text output system tasks.

Task Description

$display() Print text string when statement is encountered and append a newline.
$displayb() Same as $display, but default format of any arguments is binary.

$displayo() Same as $display, but default format of any arguments is octal.

$displayh() Same as $display, but default format of any arguments is hexadecimal.
$write() Same as $display, but the string is printed without a newline.

$writeb() Same as $write, but default format of any arguments is binary.

$writeo() Same as $write, but default format of any arguments is octal.

$writeh() Same as $write, but default format of any arguments is hexadecimal.
$strobe() Same as $display, but printing occurs after all simulation events are executed.
$strobeb() Same as $strobe, but default format of any arguments is binary.

$strobeo() Same as $strobe, but default format of any arguments is octal.

$strobeh() Same as $strobe, but default format of any arguments is hexadecimal.
$monitor() Same as $display, but printing occurs when the value of an argument changes.
$monitorb() Same as $monitor, but default format of any arguments is binary.

$monitoro() Same as $monitor, but default format of any arguments is octal.

$monitoron Begin tracking argument changes in subsequent $monitor tasks.

$monitoroff Stop tracking argument changes in subsequent $monitor tasks.

The following is a list of the most common text formatting codes for printing variables within a string.

Code Format

Y%b Binary values

%0 Octal values

%d Decimal values

%h Hexadecimal values

Yof Real values using decimal form

Y%e Real values using exponential form

Yot Time values

Y%s Character strings

Y%om Hierarchical name of scope (no argument required when printing)

%l Configuration library binding (no argument required when printing)



8.3 System Tasks +« 287

The format letters in these codes are not case sensitive (i.e., %d and %D are equivalent). Each of
these formatting codes can also contain information about truncation of leading and trailing digits.
Rounding will take place when numbers are truncated. The formatting syntax is as follows:

% < number_of_leading_digits > . <number_of_trailing_digits > <format_code_
letter>

There are also a set of string formatting and character escapes that are supported for use with the
text output system tasks.

Code Description

\n Print a new line.

\t Print a tab.

\ Print a quote ().

\\ Print a backslash (\).
%% Print a percent sign (%).

The following is a set of examples using common text output system tasks. For these examples,
assume two variables have been declared and initialized as follow: A = 3 (integer) and B = 45.6789
(real). Recall that Verilog uses 32-bit codes to represent type integer and real.

Example:
Sdisplay ("HelloWorld"); //Will print: Hello World
$display("A::%b" A); //Thiswillprint: A=00000000000000000000000000000011
$display ("A=%0o", A); // Thiswill print: A=00000000003
Sdisplay ("A=%d", A); // Thiswill print: A=23
Sdisplay ("A=%h", A); // Thiswill print: A=00000003
Sdisplay ("A=%4.0b", A); // Thiswillprint: A=0011
$display ("B =%f", B); // Thiswill print: B=45.678900
Sdisplay ("B=%2.0f", B); // Thiswill print: B=46
$display ("B=%2.1f", B); // Thiswill print: B=45.7
Sdisplay ("B=%2.2f", B); // Thiswill print: B=45.68
Sdisplay ("B = %e", B); // This will print: B=4.567890e+001
Sdisplay ("B=%1.0e", B); // Thiswill print: B=5e+001
Sdisplay("B=%1.1le", B); // Thiswill print: B=4.6e+001
$display ("B=2%2.2e", B); // Thiswill print: B=4.57e+001
Swrite("Ais ", A, "\n"); // Thiswillprint: Ais3
Swriteb("Ais", A, "\n"); //Thiswillprint:Ais00000000000000000000000000000011
Swriteo("Ais ", A, "\n"); //Willprint: Ais 00000000003
Swriteh("Ais ", A, "\n"); //Willprint: Ais 00000003

8.3.2 File Input/Output

File /0 system tasks allow a Verilog module to create and/or access data files is the same way files
are handled in ANSI C. This is useful when the results of a simulation are a large and need to be stored in
a file as opposed to viewing in a waveform or transcript window. This is also useful when complex
stimulus vectors are to be read from an external file and driven into a device under test. Verilog supports
the following file /0O system task functions:
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Task Description

$fopen() Opens a file and returns a unique file descriptor.

$fclose() Closes the file associated with the descriptor.

$fdisplay() Same as $display but statements are directed to the file descriptor.

$fwrite() Same as $write but statements are directed to the file descriptor.

$fstrobe() Same as $strobe but statements are directed to the file descriptor.

$fmonitor() Same as $monitor but statements are directed to the file descriptor.
$readmemb() Read binary data from file and insert into previously defined memory array.
$readmemh() Read hexadecimal data from file and insert into previously defined memory array.

The $fopen() function will either create and open, or open an existing file. Each file that is opened is
given a unique integer called a file descriptor that is used to identify the file in other I/O functions. The
integer must be declared prior to the first use of $fopen. A file name argument is required and provided
within double quotes. By default, the file is opened for writing. If the file name doesn’t exist, it will be
created. If the file name does exist, it will be overwritten. An optional file_type can be provided that gives
specific action for the file opening including opening an existing file and appending to a file. The following
are the supported codes for $fopen().

$fopen types Description

“r’ or “rb” Open file for reading.

“w” or “wb” Create for writing.

“a” or “ab” Open for writing and append to the end of file.

“r+” or “r + b” or “rb+” Open for update, reading or writing file.

“w+” or “w + b” or “wb+” Create for update.

“a+” or “a + b” or “ab+” Open or create for update, append to the end of file.

Once a fie is open, data can be written to it using the $fdisplay(), $fwrite(), $fstrobe(), and
$fmonitor() tasks. These functions require two arguments. The first argument is the file descriptor and
the second is the information to be written. The information follows the same syntax as the 1/0 system
tasks. The following example shows how to create a file and write data to it. This example will create a
new file called “Data_out.txt” and write two lines of text to it with the values of variables A and B.

Example:

integer A =3;
real B=45.6789;
integer FILE_1;

initial
begin
FILE_1 = sfopen("Data_out.txt", "w");
Sfdisplay (FILE_1, "Ais %d", A);
$fdisplay (FILE_1, "Bis %f", B);
Sfclose (FILE_1);
end
When reading data from a file, the functions $readmemb() and $readmemh() can be used. These
tasks require that a storage array be declared that the contents of the file can be read into. These tasks
have two arguments, the first being the name of the file and the second being the name of the storage
array to store the file contents into. The following example shows how to read the contents of a file into a
storage array called “memory”. Assume the file contains eight lines, each containing a 3-bit vector. The
vectors start at 000 and increment to 111 and each symbol will be interpreted as binary using the
$readmemb() task. The storage array “memory” is declared to be an 8x3 array of type reg. The
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$readmemb() task will insert each line of the file into each 3-bit vector location within “memory”. To
illustrate how the data is stored, this example also contains a second procedural block that will print the
contents of the storage element to the transcript.

Example:

reg[2:0] memory[7:0];

initial
begin: Read_Block
Sreadmemb ("Data_in.txt", memory) ;
end
initial
begin: Print_Block
Sdisplay ("printing memory %b", memory([0]); // Thiswill print “000”
Sdisplay ("printing memory $b", memory[1]); // Thiswill print “001”
Sdisplay ("printing memory %b", memory([2]); // Thiswill print “010”
$display ("printing memory %b", memory([3]1); // Thiswill print “011”
Sdisplay ("printing memory %b", memory([4]); // Thiswill print “100”
Sdisplay ("printing memory %b", memory([5]); // Thiswill print “101”
$display ("printing memory %b", memory([6]); // Thiswill print “110”
Sdisplay ("printing memory %b", memory([7]); // Thiswill print “111~
end

8.3.3 Simulation Control and Monitoring

Verilog also provides a set of simulation control and monitoring tasks. The following are the most
commonly used tasks in this group.

Task Description
$finish() Finishes simulation and exits.
$stop() Halts the simulation and enters an interactive debug mode.
$time() Returns the current simulation time as a 64-bit vector.
$stime() Returns the current simulation time as a 32-bit integer.
$realtime() Returns the current simulation time as a 32-bit real number.
$timeformaty() Controls the format used by the %t code in print statements.
The arguments are: (<unit>, <precision>, <suffix>, <min_field_width>)
where:
<unit> 0=1sec
-1 =100 ms
-2=10ms
3=1ms
-4 = 100us
-5 =10us
-6 = 1us
-7 =100 ns
-8=10ns
9=1ns
-10 = 100 ps
-11 =10 ps
-12=1ps
-13 =100 fs
-14=10fs

15=1fs
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<precision > = The number of decimal points to display.
<suffix > = A string to be appended to time to indicate units.
<min_field_width > = The minimum number of characters to display.

The following shows an example of how these tasks can be used.
Example:

initial
begin

Stimeformat (-9, 2, "ns", 10);
Sdisplay("Stimulus starting at time: %t", Stime) ;

#10 A_TB=0; B_TB=0; C_TB=0;
#10 A_TB=0; B_TB=0; C_TB=1;
#10 A_TB=0; B_TB=1; C_TB=0;
#10 A_TB=0; B_TB=1; C_TB=1;
#10 A_TB=1; B_TB=0; C_TB=0;
#10 A_TB=1; B_TB=0; C_TB=1;
#10 A_TB=1; B_TB=1; C_TB=0;
#10 A_TB=1; B_TB=1; C_TB=1;

Sdisplay("Simulation stopping at time: %t", $time) ;
end

This example will result in the following statements printed to the simulator transcript:

Stimulus starting at time: 0.00 ns
Simulation stopping at time: 80.00 ns

CC8.3 How can Verilog system tasks be included in synthesizable circuit models when they provide
inherently unsynthesizable functionality?

(A) They can’t. System tasks can only be used in test benches.
(B) The “$” symbol tells the CAD tool that the task can be ignored during synthesis.

(C) The designer must only use system tasks that model sequential logic.

8.4 Test Benches

The functional verification of Verilog designs is accomplished through simulation using a test bench.
A test bench is a Verilog model that instantiates the system to be tested as a sub-system, generates the
input patterns to drive into the sub-system, and observes the outputs. The system being tested is often
called a device under test (DUT) or unit under test (UUT). Test benches are only used for simulation so
they can use abstract modeling techniques that are unsynthesizable to generate the stimulus patterns.
Verilog conditional programming constructions and system tasks can also be used to report on the status
of a test and also automatically check that the outputs are correct.
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8.4.1 Common Stimulus Generation Techniques

When creating stimulus for combinational logic circuits, it is common to use a procedural block to
generate all possible input patterns to drive the DUT and especially any transitions that may cause timing
errors. Example 8.9 shows a test bench for a combinational logic circuit where an initial block contains a
series of delayed assignments to provide the stimulus to the DUT. This block creates every possible input
pattern, delayed by a fixed amount. Note that the initial block will only execute once. If the patterns were
desired to repeat indefinitely, an always block without a sensitivity list could be used instead.

Example: Test Bench for a Combinational Logic Circuit

/. SystemX_TB
= The design to be tested

_ . Stimulus SystemX (ouT) - is declared as a sub-
The test bench is EHEHEHEF A_TB |A system and instantiated
typically named the in the test bench.
SAINS; a8 the DUT but 0 0|1 \|0 gl 7T iB_TB |B E F_TB Signals are declared to
with*_TB" at the end. connect to the ports of

000 olu 111 {C_TB |C '\ the DUT.

A

~ .
Stimulus patterns are generated in the test The output of the DUT can be viewed as a
bench and driven into the DUT. The patterns waveform in a simulation tool. Verilog also has
should cover every possible input condition. constructs to perform automated checking

against a description of the expected outputs.
SystemX TB.v 9 P P P

[timescale 1ns/lps . Whenever delay is used, a
timescale should be defined.

module System¥ TB ()

reg A TB, B TB, C_TB; « Type “reg” is used for the
wire F _TB; « inputs of the DUT, “wire" is
used for the outputs.

SystemX DUT (.F(F_TB), .A(A _TB), .B(B_TB), .C(C_TB));
L Instantiate the DUT.

initial
begin g
A TB=0; B TB=0; C_TB=0; An initial ta_lnck can be
#10 A_TB=0; B _TB=0; C_TB=1; used to drive in a series
#10 A TB=0; B TB=1; C TB=0; of stimulus patterns.
#10 A TB=0; B TB=1; C TB=1; The block contains

#10 A TB=1; B TB=0; C TB=0;
#10 A TB=1; B TB=0; C TB=l;

delayed assignments

#10 A_TB=1,' B_TB=1; C_TB=0: that will drive in all
#10 A TB=1; B TB=1; C TB=1; possible patterns into the
end - - = combinational logic
circuit. This will execute
endmodule once.

Example 8.9
Test bench for a combinational logic circuit

Multiple procedural blocks can be used within a Verilog module to provide parallel functionality.
Using both initial and always blocks allows the test bench to drive both repetitive and aperiodic signals.
Initial and always blocks can also be used to drive the same signal in order to provide a starting value and
a repetitive pattern. Example 8.10 shows a test bench for a rising edge triggered D-flip-flop with an
asynchronous, active LOW reset in which multiple procedural blocks are used to generate the stimulus
patterns for the DUT.
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Example: Test Bench for a Sequential Logic Circuit

dflipflop_TB
In this example, the behavior . Stimulus — dflipflop (ouT .
v ® || — [ D apb=
J'LI'I_I_LI_ Clock_TB > B Qn_TB
Reset

| Reset_TB 1%

Time unit definition.

module dflipflop TB ()

wire Q TB, On TB; + Type “reg” is used for the
reg Clock TB, Reset TB, D_TB; « inputs of the DUT, “wire"
is used for the outputs.

dflipflop DUT (Q TB, Qn TB, Clock TB, Reset TB, D TB):

initial ——— Instantiate the DUT.
begin
Reset TB = 1'b0; An initial block is used to
d #15 Reset TB = 1'bl; ¢ drive the Reset line. It will
SR only have one transition.
initial
begin The Clock behavior is
Clock TB = 1'b0; modeled using both an
end initial block and an always
always ¢ block. The initial block
begin assigns the starting value
#10 Clock TB = ~Clock TB; while the always block
end toggles its value
R indefinitely.
initial
begin
D_TB = 1'b0; The data (D) behavior is
:gg g“g = i;gé' ¢ modeled using an initial
and . & block to drive specific
values at specific times.
endmodule
Example 8.10

Test bench for a sequential logic circuit

8.4.2 Printing Results to the Simulator Transcript

In the past test bench examples, the input and output values are observed using either the
waveform or listing tool within the simulator tool. It is also useful to print the values of the simulation to
a transcript window to track the simulation as each statement is processed. Messages can be printed
that show the status of the simulation in addition to the inputs and outputs of the DUT using the text
output system tasks. Example 8.11 shows a test bench that prints the inputs and output to the transcript
of the simulation tool. Note that the test bench must wait some amount of delay before evaluating the
output, even if the DUT does not contain any delay.
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Example: Printing Test Bench Results to the Transcript
SystemX_TB

0000|1|1‘I

0|||0|||0|t|0||
0 o|1 ||0 Oll :

ABC_TB

s |ABC F

SystemX (DUT)

F.IB

The test bench needs to
wait for the DUT to respond
before printing the output.

¥ T
The inputs and output values can be printed to the transcript
using either $display(), $write(), $strobe(), or $monitor().

SystemX TB.v

reg
wire

#9
#9
#9
#9
#9
#9
#9
end

‘timescale 1ns/lps
module SystemX TB () ;

[2:0] ABC_TB;

F_TB;

System¥ DUT (.F(F_TB),

initial
begin

ABC_TB=3'b000;
ABC_TB=3'b001;
ABC_TB=3'b010;
ABC_TB=3'b011;
ABC_TB=3'b100;
ABC_TB=3'bl01;
ABC_TB=3'b110;
ABC_TB=3'blll;

endmodule

#1
#1
#1
#1
#1
#1
#1
#1

Even if the DUT model does not
contain delay, the test bench
needs to delay before evaluating

the output.

.ABC (ABC_TB)) ; /

$display ("ABC | F");

S$display("%b |
Sdisplay ("%b |
Sdisplay ("%b |
Sdisplay ("%b |
Sdisplay ("%b |
S$display ("%b |
Sdisplay ("%b |
Sdisplay ("%b |

b, ABC
$b" . ABC
$b" . ABC
$b" . ABC
$b" . ABC
$b" . ABC
$b" . ABC
$b" . ABC

TBI’
TB,
TB!
n’
TB,
TBJ
TB,
TB!

Lo e L R T R |
EEEEEEEL

L |
r

| D-SELS X RBO|O-AE
# RBC | F il
# 000 | 1

# 00110

# 010 | 1

#0112 1 0

#100 1 0

#101 1 0

¢ 110 | 1 —
#111 |1 0

The above test bench will print out the following message to the transcript of the simulator tool.

Example 8.11

Printing test bench results to the transcript

8.4.3 Automatic Result Checking

Test benches can also perform automated checking of the results using the conditional program-
ming constructs described earlier in this chapter. Example 8.12 shows an example of a test bench that
uses if-else statements to check the output of the DUT and print a PASS/FAIL message to the transcript.
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Example: Test Bench with Automatic Output Checking

SystemX TB.v

reg
wire

#9

#9

#9

#9

#9

#9

SystemX DUT (.F(F_TB),

‘timescale 1ns/lps
module SystemX TB ();

[2:0] ABC_TB;

F_TB; iflelse statements check the

value of F_TB after each input.
.ABC(ABC_TB)) ;

initial
begin

Sdisplay ("ABC | F");

ABC _TB=3'b000; #1 S$write("$b | %b", ABC TB, F_TB);
if(F TH == 11!bL1) Sdisplay(" PASS"); else -gd:i.splay(“ FAIL") ;

ABC_TB=3'b001; #1 $write("$b | $b", ABC_TB, F_TB);
if (F_TB == 1'b0) $display(" PASS"); else $display(" FAIL");

ABC_TB=3'b010; #1 Swrite("%b | %b", ABC TB, F_TB) ;
if (F_TB == 1'bl) S$display(" PASS"); else Bdisplay (" FAIL");

ABC_TB=3'b011; #1 Swrite("%b | %b", ABC TB, F_TB);
if (F_TB == 1'b0) S$display(" PASS"); else Sdisplay (" FAIL");

ABC_TB=3'b100; #1 $write("sb | %b", ABC_TB, F_TB);
if (F_TB == 1'b0) $display(" PASS"); else Sdisplay(" FAIL");

ABC _TB=3'bl01; #1 S$Swrite("%b | %b", ABC TB, F_TB);
if(F_TB == 1'b0) Sdisplay(" PASS"); else .gdisplay(" FAIL") ;

ABC_TB=3'bl110; #1 S$write("%b | %b", ABC _TB, F_TB):

if (F TB 1'bl) $display (" PASS"); else Sdisplay (" FAIL");
#9 ABC_TB=3'blll; #1 $write("$b | %b", ABC TB, F_TB);
if (F_TB == 1'b0) Sdisplay(" PASS"); else §d:i.splay(“ FAIL") ;
end Note that a $write() task is used so that
the PASS/FAIL messages are printed
endmodule

on the same line as the 1/0 values.

This message will be printed to the transcript
when the DUT has the correct outputs.

The DUT was altered to have the wrong
output for input codes 010 and 011.

———————— TP --'-. script ——

H-sE2S IRBO2 | 0-AE ||| B-cR28& X®

# ABC | F ;I #ABC | F ;I

# 000 | 1 PASS # 000 | 1 PASS

# 001 | O PASS # 001 | O PASS

# 010 | 1 BASS # 010 | 0 FAIL

¢ 011 | O PASS # 011 | 1 FAIL

¢ 100 | O PASS # 100 | 0 PASS

# 101 | 0 PASS # 101 | 0 BASS

# 110 | 1 PASS 1 ||# 110 | 1 EASS 1

# 111 | 0 PASS - # 111 | 0 PASS LI
) £

Example 8.12

Test bench with automatic output checking
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8.4.4 Using Loops to Generate Stimulus

When creating stimulus that follow regular patterns such as counting, loops can be an effective way
to produce the input vectors. A for loop is especially useful for generating exhaustive stimulus patterns
for combinational logic circuits. An integer loop variable can increment within the for loop and then be
assigned to the DUT inputs as type reg. Recall that in Verilog, when an integer is assigned to a variable of
type reg, it is truncated to matched the size of the reg. This allows a binary count to be created for an
input stimulus pattern by using an integer loop variable that increments within a for loop. Example 8.13
shows how the stimulus for a combinational logic circuit can be produced with a for loop.

Example: Using a Loop to Generate Stimulus in a Test Bench
SystemX_TB

..Stimulus SystemX (DUT)

forloop LABC_TB s |aBc F| FTB

T T
The inputs and output values will be printed to the transcript using $display().

SystemX TB.v

‘timescale 1ns/lps

module SystemiX TB (); When using a for loop, the loop
variable must be declared.
reg [2:0] ABC_TB;

wire F_TE; ]
RS 47 / Each time through the loop, i will

increment by one. It will count

SystemX DUT (.F(F_TB), .ABC(ABC_TB)); from 0 to 7.
snicial The bottom 3-bits of the integer i
begin

are used in the assignment to

for (i=0; i<8; i=i+l) ABC_TB.
begin
ABC TB = i;

*10_$d:i.splay{“i=%d., ABC=%b, F=%b", i, ABC TB, F _TB);
end

end

endmodulee

The above test bench will print out the following message to the transcript of the simulator tool.

, ABC=000, F=l
, ABC=001, F=0
, ABC=010, F=1
ABC=011, F=0
, ABC=100, F=0
, ABC=101, F=0
, ABC=110, F=1
1= 7, ABC=111, F=0

CEE
-
]
100N e RO

=
=

Example 8.13
Using a loop to generate stimulus in a test bench
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8.4.5 Using External Files in Test Benches

There are often cases where the results of a test bench need to be written to an external file, either
because they are too verbose or because there needs to be a stored record. Verilog allows writing to
external files via the file /O system tasks (i.e., $fdisplay(), $fwrite(), $fstrong(), and $fmonitor()). Example
8.14 shows a test bench in which the input vectors and the output of the DUT are written to an external file
using the $fdisplay() system task.

Example: Printing Test Bench Results to an External File
The results will be printed
SystemX_TB to an external text file.

Stimulus

o|. |o|| |o|| |o[| SystemX (DuT) Data_Out.txt
ABC_TB 3 F_TB

oot 1|00}t 1 — ¥ = .

LL (R0, = iaBC  F < [

o0O0O0f1111 ]
I »| File

Test bench values can be printed to a file using either
$fdisplay(), $fwrite(), $fstrobe(), or $fmonitor().

SystemX TB.v

“timescale 1lns/lps

module SystemX TB ()

reg [2:0] ABC TB;

‘fi:e E_T18; A unique file descriptor is generated
ERTOgeL EXUE; when $fopen() is called. The descriptor
SystemX DUT (.F(F_TB), .ABC(ABC_TB)); is an integer. An integer variable must

be setup before calling $fopen().

initial
begin
FILE = $fopen("Data Out.txt");

$fdisplay(FILE, "ABC | F");

ABC_TB=3'b000; #1 S$fdisplay(FILE, "%b | %b", ABC TB, F_TB);
#9 ABC TB=3'b001; #1 S$fdisplay(FILE, "%b | %b", ABC TB, F_TB);
#9 ABC_TB=3'b010; #1 $fdisplay(FILE, "$b | %b", ABC_TB, F_TB);
#9 ABC TB=3'b011; #1 $fdisplay(FILE, "&b | %b", ABC TB, F_TB);
#9 ABC_TB=3'b100; #1 $fdisplay(FILE, "%b | %b", ABC_TB, F_TB);
#9 ABC_TB=3'bl0l; #1 $fdisplay(FILE, "%b | %b", ABC TB, F_TB);
#9 ABC TB=3'bl10; #1 S$fdisplay(FILE, "%b | %b", ABC_TB, F_TB);
#9 ABC_TB=3'blll; #1 $fdisplay(FILE, "$b | %b", ABC_TB, F_TB);
S$fclose (FILE) ;

end : . : ;
$fdisplay() directs the test strings to a file.
endmodule

The above test bench will create the file “Data_Out.txt” and print the following text to it.

J|Data_Out.txt - Notepad = o x
Eile Edit Format View Help

ABC |
000 |
o1 |
018 |
e11 |
100 |
101 |
110 |
111 |

DHODDOEDET

Example 8.14
Printing test bench results to an external file
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It is often the case that the input vectors are either too large to enter manually or were created by a
separate program. In either case, a useful technique in test benches is to read input vectors from an
external file. Example 8.15 shows an example where the input stimulus vectors for a DUT are read from
an external file using the $readmemb() system task.

Example: Reading Test Bench Stimulus Vectors from an External File

The inputs will be read from an
external file using $memreadb().

SystemX TB.v

External File SystemX_TB
?o.f._m.m Notepad = SystemX (DuT)
Fibe Edit Format View Help
=11 ]
e01
016 _ | Vectors_In[7:0] s |ABC F| F_TB
100 vl , 7
1e1
119
111
1 T i

The inputs and output values will be printed
to the transcript using $display().

‘timescale 1lns/lps
module SystemX TB ()
reg

wire
reg [2:0]

[2:0] ABC_TB;
F_TB;
Vectors_In[7:0];:

SystemX DUT (.F(F_TB),

initial
begin

ABC_TB=Vectors In[0]:;
ABC_TB=Vectors_In[l];
ABC_TB=Vectors_In[2];
ABC_TB=Vectors In[3];
ABC_TB=Vectors In[4];
ABC_TB=Vectors_In[5];
ABC_TB=Vectors_In[6];
ABC_TB=Vectors_ In[7];

N

#9
#9
#9
#9
#9
#9
#9

end

endmodule

Z

.ABC (ABC_TB)) ;

#1
#1
#1
#1
#1
#1
#1
#1

An 8x3 array called “Vectors_In" is declared to
hold the values read from the external file.

$readmemb() treats each symbol in the
input file as a binary value. It populates the
entire Vectors_In array when called.

v

Sraadme:mb("Dat.a_In. txt", Vectors_In);

Sdisplay("Vec | F");

$display ("%b | %b", Vectors In[0], F_TB);
$display("%b | %b", Vectors In[l], F_TB);
$display("%b | %b", Vectors In[2], F _TB);
$display("%b | %b", Vectors In[3], F_TB);
$display("%b | %b", Vectors_Imn[4], F_TB);
$display("$b | %b", Vectors_ In[5], F_TB);
$display("%b | %b", Vectors_In[6], F_TB);
$display("%b | %b", Vectors_In[7], F_TB);

4

Entries in the Vectors_In array can be
assigned to the inputs of the DUT.

The above test bench will print out the following message to the transcript of the simulator tool.

- e e e
(=]
-
e
OHODO MO R

NTE

Example 8.15

Reading test bench stimulus vectors from an external file
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CC8.4 Could a test bench ever use always blocks and sensitivity lists exclusively to create its
stimulus? Why or why not?

(A) Yes. The signal assignments will simply be made when the block ends.

(B) No. Since a sensitivity list triggers when there is a change on one or more of the
signals listed, the blocks in the test bench would never trigger because there is no
method to make the initial signal transition.

Summary

To model sequential logic, an HDL needs to
be able to trigger signal assignments based
on an event. This is accomplished in Verilog
using procedural assignment.

There are two types of procedural blocks in
Verilog, initial and always. An initial block
executes one time. An always block runs
continually.

A sensitivity list is a way to control when a
Verilog procedural block is triggered. A sen-
sitivity list contains a list of signals. If any of
the signals in the sensitivity list transitions it
will cause the block to trigger. If a sensitivity
list is omitted, the block will trigger immedi-
ately. Sensitivity lists are most commonly
used with always blocks.

Sensitivity lists and always blocks are used
to model synthesizable logic. Initial blocks
are typically only used in test benches.
Always blocks are also used in test benches.
There are two types of signal assignments
that can be used within a procedural block,
blocking and non-blocking.

A blocking assignment is denoted with the =
symbol. All blocking assignments are made
immediately within the procedural block.
Blocking assignments are used to model
combinational logic. Combinational logic
models list all input to the circuit in the
sensitivity list.

A non-blocking assignment is denoted with
the <= symbol. All non-blocking
assignments are made when the procedural
block ends and are evaluated in the order
they appeared in the block. Blocking
assignments are used to model sequential
logic. Sequential logic models list only the
clock and reset in the sensitivity list.

Variables can be defined within a procedural
block as long as the block is named.
Procedural blocks allow more advanced
modeling constructs in Verilog. These
include if-else statements, case statements,
and loops.

Verilog  provides numerous  looping
constructs including forever, while, repeat,
and for. Loops can be terminated using the
disable keyword.

System Tasks provide additional functionality
to Verilog models. Tasks begin with the $
symbol and are omitted from synthesis. Sys-
tem tasks can be included in synthesizable
logic models.

There are three groups of system tasks: text
output, file input/output, and simulation con-
trol and monitoring.

System tasks that perform printing functions
can output strings in addition to variable
values. Verilog provides a mechanism to
print the variable values in a variety of format.
A test bench is a way to simulate a device
under test (DUT) by instantiating it as a
sub-system, driving in stimulus, and observ-
ing the outputs. Test benches do not have
inputs or outputs and are unsynthesizable.
Test benches for combinational logic typically
exercise the DUT under an exhaustive set of
stimulus vectors. These include all possible
logic inputs in addition to critical transitions
that could cause timing errors.

Text I/0 system tasks provide a way to print
the results of a test bench to the simulation
tool transcript.

File 1/0 system tasks provide a way to print
the results of a test bench to an external file
and also to read in stimulus vectors from an
external file.
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% Conditional programming constructs can be
used within a test bench to perform automatic
checking of the outputs of a DUT within a test
bench.

< Loops can be used in test benches to auto-

matically generate stimulus patterns. A for

loop is a convenient technique to produce a

counting pattern.

Exercise Problems

Section 8.1: Procedural Assignment

8.1.1 When using a sensitivity list with a procedural
block, what will cause the block to trigger?

8.1.2 When a sensitivity list is not used with a proce-
dural block, when will the block trigger?

8.1.3 When are statements executed when using
blocking assignments?

8.1.4 When are statements executed when using
non-blocking assignments?

8.1.5 Whenis it possible to exclude statement groups
from a procedural block?

8.1.6 What is the difference between a begin/end and
fork/join group when each contain multiple
statements?

8.1.7 What is the difference between a begin/end and
fork/join group when each contain only a single
statements?

8.1.8 What type of procedural assignment is used
when modeling combinational logic?

8.1.9 What type of procedural assignment is used
when modeling sequential logic?

8.1.10 What signals should be listed in the sensitivity
list when modeling combinational logic?

8.1.11 What signals should be listed in the sensitivity

list when modeling sequential logic?

Section 8.2: Conditional Programming
Constructs

8.2.1 Design a Verilog model to implement the behav-
ior described by the 4-input truth table in Fig. 8.1.
Use procedural assignment and an if-else state-
ment. Declare the module to match the block
diagram provided. Use the type wire for the
inputs and type reg for the output. Hint: Notice
that there are far more input codes producing
F = 0 than producing F = 1. Can you use this
to your advantage to make your if-else statement
simpler?

®,

“ Assignment from an integer to a reg in a for
loop is allowed. The binary value of the inte-
ger is truncated to fit the size of the reg

vector.

ABCDIF Capital “i”

00O0O0|O

000 1(1

0010|0

001 1|1 Systeml.v

01000 4 L

010 1|0 -+ ABCD F

01 10]0

01110

10 00]0

100111 Note that the input to

1010]0 p ;

101 1|1 the Verilog model. is
declared as a 4-bit

11000 vector.

171010

1711 0]0

1711110

Fig. 8.1

System [ functionality

8.2.2 Design a Verilog model to implement the behav-
ior described by the 4-input truth table in Fig. 8.1.
Use procedural assignment and a case state-
ment. Declare the module to match the block
diagram provided. Use the type wire for the
inputs and type reg for the output.

8.2.3 Design a Verilog model to implement the behav-
ior described by the 4-input minterm list in
Fig. 8.2. Use procedural assignment and an
if-else statement. Declare the module to match
the block diagram provided. Use the type wire for
the inputs and type reg for the output.

SystemJ.v

» 4
F=2npco4571213,15) <lpABCD F|—

Fig. 8.2
System J functionality
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8.24

8.2.5

F=

Fig. 8

Design a Verilog model to implement the behav-
ior described by the 4-input minterm list in
Fig. 8.2. Use procedural assignment and a
case statement. Declare the module to match
the block diagram provided. Use the type wire
for the inputs and type reg for the output.

Design a Verilog model to implement the behav-
ior described by the 4-input maxterm list in
Fig. 8.3. Use procedural assignment and an
if-then statement. Declare the module to match
the block diagram provided. Use the type wire for
the inputs and type reg for the output.

SystemK.v

[Misco(37.11.15) -<{ABCD F

3

System K functionality

8.2.6

8.2.7

Design a Verilog model to implement the behav-
ior described by the 4-input maxterm list in
Fig. 8.3. Use procedural assignment and a
case statement. Declare the module to match
the block diagram provided. Use the type wire
for the inputs and type reg for the output.

Design a Verilog model to implement the behav-
ior described by the 4-input truth table in Fig. 8.4.
Use procedural assignment and an if-else state-
ment. Declare the module to match the block
diagram provided. Use the type wire for the
inputs and type reg for the output. Hint: Notice
that there are far more input codes producing
F = 1 than producing F = 0. Can you use this
to your advantage to make your if-else statement
simpler?

A BCDJ|F

00O0O0]|T1

00010

00 10(1

o0 1 111 SystemL.v
01001 4

010 1|1 -+~ ABCD Fr—
01 10]1

01111

1000(1

100 1|0

101 0|1
S 01 3]0

11 001

110 1|0

111 0|1

111 1|1

Fig. 8.4

System L functionality

8.2.8

8.2.9

w Y

| | |

4 4| @ -1|
DD Q D Q D Q D Q

Clock

Design a Verilog model to implement the behav-
ior described by the 4-input truth table in Fig. 8.4.
Use procedural assignment and a case state-
ment. Declare the module to match the block
diagram provided. Use the type wire for the
inputs and type reg for the output.

Fig. 8.5 shows the topology of a 4-bit shift regis-
ter when implemented structurally using D-Flip-
Flops. Design a Verilog model to describe this
functionality using a single procedural block and
non-blocking assignments instead of
instantiating D-Flip-Flops. The figure also
provides the block diagram for the module port
definition. Use the type wire for the inputs and
type reg for the outputs.

ShiftRegister.v
4
4 W ==
=D 4
il
Y [~
— 4
p Z =

7

X

| S8/

Reset ——---

Fig. 8.5
4-bit shift register functionality

8.2.10 Design a Verilog model for a counter using a for

loop with an output type of integer. Fig. 8.6
shows the block diagram for the module defini-
tion. The counter should increment from 0 to
31 and then start over. Use delay in your loop to
update the counter value every 10 ns. Consider
using the loop variable of the for loop to gener-
ate your counter value.

counter_integer_up.v

Count

Fig. 8.6
Integer counter block diagram

8.2.11

Design a Verilog model for a counter using a for
loop with an output type of reg[4:0]. Fig. 8.7
shows the block diagram for the module defini-
tion. The counter should increment from
000002 to 111,112 and then start over. Use
delay in your loop to update the counter value
every 10 ns. Consider using the loop variable of
the for loop to generate an integer version of
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your count value, and then assign it to the out-
put variable of type reg[4:0].

counter_5bit_binary_up.v

5
Count p==

Fig. 8.7
5-bit binary counter block diagram

Section 8.3: System Tasks

8.3.1

8.3.2

8.3.3

8.3.4

Are system tasks synthesizable? Why or why
not?

What is the difference between the tasks $dis-
play() and $write()?

What is the difference between the tasks $dis-
play() and $monitor()?

What is the data type returned by the task
$fopen()?

Section 8.4: Test Benches

8.4.1

8.4.2

8.4.3

8.44

Design a Verilog test bench to verify the func-
tional operation of the system in Fig. 8.1. Your
test bench should drive in every possible input
code for the vector ABCD (i.e., “0000”, “0001”,
“00107, ..., “1111”). Have your test bench change
the input pattern every 10 ns using delay within
your procedural block.

Design a Verilog test bench to verify the func-
tional operation of the system in Fig. 8.1 with
automatic checking. Your test bench should
drive in every possible input code for the vector
ABCD (i.e., “0000”, “0001”, “0010", ..., “1111”).
Have your test bench change the input pattern
every 10 ns using delay within your procedural
block. Use conditional statements to check
whether the output of the DUT is correct. For
each input vector, print a message using $dis-
play() that indicates the current input vector
being tested, the resulting output of your DUT,
and whether the DUT output is correct.

Design a Verilog test bench to verify the func-
tional operation of the system in Fig. 8.2. Your
test bench should drive in every possible input
code for the vector ABCD (i.e., “0000”, “0001”,
“00107, ..., “1111”). Have your test bench change
the input pattern every 10 ns using delay within
your procedural block.

Design a Verilog test bench to verify the func-
tional operation of the system in Fig. 8.2 with
automatic checking. Your test bench should
drive in every possible input code for the vector
ABCD (i.e., “0000”, “0001”, “00107, ..., “1111”).
Have your test bench change the input pattern
every 10 ns using delay within your procedural
block. Use conditional statements to check

8.4.5

8.4.6

8.4.7

8.4.8

8.5.9

whether the output of the DUT is correct. For
each input vector, print a message using $dis-
play() that indicates the current input vector
being tested, the resulting output of your DUT,
and whether the DUT output is correct.

Design a Verilog test bench to verify the func-
tional operation of the system in Fig. 8.3. Your
test bench should drive in every possible input
code for the vector ABCD (i.e., “0000”, “0001”,
“00107, ..., “1111”). Have your test bench change
the input pattern every 10 ns using delay within
your procedural block.

Design a Verilog test bench to verify the func-
tional operation of the system in Fig. 8.3 with
automatic checking. Your test bench should
drive in every possible input code for the vector
ABCD (i.e., “0000”, “0001”, “00107, ..., “1111”).
Have your test bench change the input pattern
every 10 ns using delay within your procedural
block. Use conditional statements to check
whether the output of the DUT is correct. For
each input vector, print a message using $dis-
play() that indicates the current input vector
being tested, the resulting output of your DUT,
and whether the DUT output is correct.

Design a Verilog test bench to verify the func-
tional operation of the system in Fig. 8.4. Your
test bench should drive in every possible input
code for the vector ABCD (i.e., “0000”, “0001”,
“00107, ..., “1111”). Have your test bench change
the input pattern every 10 ns using delay within
your procedural block.

Design a Verilog test bench to verify the func-
tional operation of the system in Fig. 8.4 with
automatic checking. Your test bench should
drive in every possible input code for the vector
ABCD (i.e., “0000”, “0001”, “00107, ..., “1111”).
Have your test bench change the input pattern
every 10 ns using delay within your procedural
block. Use conditional statements to check
whether the output of the DUT is correct. For
each input vector, print a message using $dis-
play() that indicates the current input vector
being tested, the resulting output of your DUT,
and whether the DUT output is correct.

Design a Verilog test bench to verify the functional
operation of the systemin Fig. 8.4. Your test bench
should drive in every possible input code for the
vector ABCD (i.e., “0000”, “0001”, “0010”, ...,
“1111”). Have your test bench change the input
pattemn every 10 ns using delay within your proce-
dural block. Print the results to an external file
named “output_vectors.txt” using $fdisplay().

8.5.10 Design a Verilog test bench that reads in test

vectors from an external file to verify the func-
tional operation of the system in Fig. 8.4. Create
an input text file called “input_vectors.txt” that
contains each input code for the vector ABCD
(i.e., “00007, “0001”, “0010”, .. ., “1111”), each on
a separate line in the file. Your test bench should
read in the vectors using $readmemb(), drive
each code into the DUT, and print the results to
the transcript using $display().
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