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Introduction

• A design’s functionality should be verified 

before its description is synthesized.

• A testbench is a program used to verify a 

design’s functionality and/or its timing.

• An advantage of using VHDL is that the 

testbench is written in the same language 

as the design description. 
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Introduction

• Since a testbench is not synthesized, it can 

be written using any of the constructs and 

features of VHDL.

• In terms of coding, the effort expended to  

write an appropriate testbench may exceed 

that required to write the design 

description.
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Design Verification

• Design verification is the process performed to 
verify that our design is correct before the 
target PLD is programmed.

• There are two basic things that we need to 
verify. 
o One is that our design achieves its intended 

functionality. 

o The other is that our design, after being 
synthesized and mapped to the target PLD, will 
meet its timing requirements. 

• Both of these aspects of a design can be 
verified through simulation using a testbench.
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Constituents of a Simple Testbench
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UUT

• A testbench is a top-level VHDL program 

that includes an instantiation of the design 

to be verified. 

• This instance is labeled UUT (unit under 

test).

• For a functional verification, the design 

description is the UUT
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Stimulus Generator

• A testbench includes code that applies a 

sequence of predetermined stimulus values 

to the UUT’s inputs. 

• This code comprises a stimulus generator.

• The term stimulus is used to refer to both a 

single combination of input values applied 

to the UUT and a sequence of such input 

values applied over time.
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Stimulus Generator cont…..

• The stimulus must not contain any 

metalogical or high-impedance values.

• Logical values 'L' and 'H' are replaced by '0' 

and '1', respectively. 

• As a result, for combinational designs, only 

combinations of the values '0' and '1', or 

sequences of such combinations, are 

applied as stimulus.
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Response Monitor

• In response to each stimulus, the UUT’s 

output values must be checked to verify 

that they are identical to the expected 

output values.
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Self Checking Testbench

• In testbenches for very simple designs, verification 
can be accomplished by visual inspection of the 
UUT’s outputs in the simulator’s waveform editor 
window.

• However, a more efficient approach is to include 
code in the testbench to automatically check the 
actual UUT output values against the expected 
values. 

• Such a testbench is referred to as being self-
checking. Thus, the block labeled response 
monitor in Figure 7.1.1 could be either a person 
inspecting the simulator output waveforms or code 
that is part of the testbench
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Testbench Containing an Intent Model
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Testbench Containing an Intent Model

• The intent model models the expected UUT 

response to the stimulus. It is also referred 

to as the golden model. 

• Using an intent model, the response 

monitor simply compares the UUT’s output 

with that of the intent model, for each 

stimulus applied.
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Testbench Development

1. Determine the intent of the design from its 
specification.

2. Determine a strategy for verification of the 
design.

3. Determine the stimulus needed to achieve 
the desired verification.

4. Create a model that represents the intent 
of the design.

5. Create the stimulus generator.

6. Evaluate the adequacy of the verification.
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Differences in Testbenches

• The primary differences in testbenches are 
in how the stimulus is generated and how 
the expected output values are determined 
and compared to the actual output values.

• Ideally, the final testbench for a design is 
developed and written by persons other 
than those who wrote the design 
description. Then, if the two independent 
interpretations of design intent are not 
identical, the testbench should expose the 
differences,so that they can be properly 
resolved.
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Stimulus Generation

• Counting Approach

• Functionality Approach
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Counting Approach

• A simple approach to performing exhaustive 
verification is for the testbench to treat all the 
UUT’s inputs as a single vector. 

• Stimulus vectors are applied to the UUT 
starting with the combination where all 
elements are 0s. 

• The stimulus vector is subsequently 
incremented through all of its possible binary 
combinations. 

• For each vector applied, the UUT’s outputs 
are verified.
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Functionality Approach

• Treating all of a UUT’s inputs as a single 

vector may obscure the functional 

relationship between individual inputs and 

the output values, making it harder for 

others to understand the design’s logic.

• In some situations it is better to take into 

account the functionality of the design 

being tested when determining the order for 

applying input combinations.
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A simple Testbenche
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A simple Testbenche cont…
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Single process testbench

• Such a testbench includes a process that 

applies a stimulus to the UUT, waits an 

appropriate length of time, and then checks 

the UUT’s outputs. 

• These actions are repeated until all 

stimulus values have been applied and all 

UUT outputs verified. 

• The wait between applying each stimulus 

results in waveforms being generated. 
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Single process testbench

• A single process testbench has two 

concurrent statements in its architecture 

body.One instantiates the UUT. The other is 

the process that applies the stimulus and 

verifies the UUT output values. 

• Since the UUT instantiation and the process 

are both concurrent statements, either one 

can appear first in the architecture body. 

• However, instantiation of the UUT first is the 

more common practice.
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Single process testbench
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Wait Statement

• A wait statement suspends and resumes 

execution of the process containing the 

statement.
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A wait on statement

• A wait on statement has a sensitivity list. 
While a process is suspended due to the 
execution of a wait on statement, all signals 
in the statement’s sensitivity list are 
monitored by the simulator. When an event 
occurs on any one of these signals, the 
process resumes execution at the 
statement following the wait on statement. 

• Note that a wait on statement’s sensitivity 
list is not enclosed in parentheses.
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A wait until statement

• A wait until statement causes a process to 
suspend until its associated boolean
expression is true.

• When an event occurs on any signal in the 
implied sensitivity list, the boolean expression 
is evaluated.

• If it evaluates true, the suspended process 
resumes execution at the statement following 
the wait until statement.

• If its boolean expression is already true, when 
a wait until statement is executed, the process 
will still suspend.

wait until interrupt = '1';
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Wait until Statement (cont……)

• If a wait statement contains both a 

sensitivity clause and a condition clause, 

the boolean expression is evaluated only 

when an event occurs on a signal in the 

sensitivity clause.

will resume the process when signal ie changes value 

and signal interrupt = '1'. In this case, interrupt does not 

have to change value for the process to resume.
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A wait for statement

• A wait for statement causes a process to 

suspend for a time-out interval equal to its 
associated time_expression.

• After the time-out interval elapses, the 

process automatically resumes.

wait for period;
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Multiple Condition Wait

• A wait statement can contain all three clauses. 
For example, the statement:

wait on ie until interrupt = '1' for period;

• causes its process to resume when either ie
changes value and interrupt = '1‘, or a time-out 
interval equal to period has expired, whichever 
occurs first.

• The keyword wait by itself causes a process 
to suspend forever. We used this form of wait 
statement at the end of Listing 7.5.1 to stop 
the testbench’s execution.
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A Process as an Infinite Loop

• A process with no wait statement or 

sensitivity list executes its statements in 

sequence, starting at the first statement. 

After the last statement in the process is 

executed, the process immediately 

continues execution at its first statement, 

forming an infinite loop. As a result, the 

process never suspends
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ASSERTION STATEMENT

• The true power of a testbench is realized 
when it not only generates stimulus, but also 
automatically verifies output values.

• A process can check UUT output values 
against expected values. 

• This is accomplished by placing assertion 
statements at appropriate points in the 
process. 

• An assertion statement checks whether a 
specified condition (the assertion) is true. If it 
is not true, a message is displayed. 

• This approach can eliminate the need to 
visually inspect simulator waveforms.
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Assertion Statement

• When an assertion statement is executed, 

its condition is evaluated. If the condition 

evaluates true, execution continues with 

the statement following the assertion 

statement.
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Assertion Violation

• If the condition in the assert statement 

evaluates false, an assertion violation occurs.

• If the assertion statement has no report 

clause, the simulator displays the default error 

message “Assertion violation.”

• If the assertion statement includes a report 

clause, the string that comprises the 

expression in the report clause is displayed. 

• This allows us to provide more specific 

information in the message about what 

caused the assertion violation.
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Severity Levels

• The severity clause allows a severity level to 
be assigned. 

• This level indicates the degree to which an 
assertion violation affects operation of the 
system and what actions the simulator must 
take. 

• The levels are enumeration literals of the type 
severity_level, which is predefined in package 
STANDARD as:

type severity_level is ( note, warning, error,   

failure);



36

Severity Levels (cont….)

• Note is simply used to display informative 
messages during a simulation. 

• Warning is used to indicate an unusual 
situation where the simulation can continue 
but may produce unusual results. 

• Error is used to indicate a situation where 
corrective action should be taken. 

• Failure is used to indicate a situation that 
should never arise.

• If the severity clause is omitted, the default 
level is error.
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Severity Levels (cont….)

• Simulators allow a severity level threshold 

to be set where any assertion violation with 

a severity equal to or above the threshold 

causes the simulation to stop execution. 

• If the simulator threshold is set at error and 

an assertion violation occurs with error 

severity level, the message in the report 

clause is displayed and the simulator halts.
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Report Clause Message Text

• report clauses in assertion statements only 
accept a single string. However, this string 
can be produced by concatenating 
substrings.

will print the two lines:

test failed

for input combination 01
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Image Attribute

• Values that appear in a report clause are not limited 
to literal values, but can be an expression that is 
dynamically computed during simulation.

• For any scalar type, the image attribute can be 
used to produce a string representation of the 
scalar type.

• T’image(x) returns the string representation of the 
expression x of type T.
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RECORDS AND TABLE LOOKUP 

TESTBENCHES

• A simple way to specify both stimulus and expected 
response values is to use a table of constants. This 
approach is similar to the table lookup technique.

• When used in a testbench, table entries usually 
include both the input and output values of the 
combinational function’s truth table. 

• Initial elements in a row are input values to be 
applied to the UUT. The remaining elements in that 
same row are the corresponding expected output 
values. 

• Each combination of input values and 
corresponding expected output values (each row) 
in the table comprises a test vector.
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Records

• A convenient way to represent a row of the 

table is as a record. A record is a 
composite type that consists of named 

elements that may be of different types.



42

Test Vector Records

Each test vector is defined as a record. This 

approach requires us to:

1. Declare a record type

2. Declare an array of records of the 

record type

3. Declare a constant of the array of 

records type
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Test Vector Records
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Table lookup testbench for a half adder



45

Table lookup testbench for a half adder
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TESTBENCHES THAT COMPUTE STIMULUS

AND EXPECTED RESULTS

• In previous testbenches, expected output 

values were predetermined for each input 

combination and included in the testbench

as literals.

• Alternatively, a testbench can be written so 

that the expected output values are 

computed during the simulation. 

• In a single process testbench, the same 

process is used to apply stimulus and 

compute and verify expected results.
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Half-adder testbench that computes 

expected results
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Half-adder testbench that computes 

expected results (cont…)



50

PREDEFINED SHIFT OPERATORS

• In addition to its logical operators, VHDL 

provides a number of shift and rotate

• operators. 

• The shift and rotate operators are 

collectively called shifts, and are defined in 

package STANDARD for one-dimensional 

arrays whose elements are either of type 

bit or type boolean.
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PREDEFINED SHIFT OPERATORS
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PREDEFINED SHIFT OPERATORS

• The operators in Table 7.10.1 are not 
overloaded for std_ulogic operands in 
package STD_LOGIC_1164, as VHDL’s 
logical operators are. So, we cannot use them 
on type std_logic_vector. 

• Package NUMERIC_STD does overload 
these operators for types unsigned and 
signed, and these types can be used when we 
want to synthesize these operations.

• However, as we shall see, the predefined shift 
operators using type bit operands can be very 
useful in testbenches.



53

Logical Shifts

• The left operand for each operator must be a one-
dimensional array, either a bit vector or boolean
vector. The right operand must be an integer. 

• For bit vectors, logical shifts shift the bit vector n 
positions in the direction specified by the right 
operand. 

• n '0's are shifted in, where n is the value of the 
integer. 

• The bits shifted out are discarded. 

• If n is a negative integer, the direction of the shift is 
opposite of that specified by the operator.

b"10101101"  sll 3 = b"01101000"

b"10101101"  sll -3 = b"00010101"
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Arithmetic Shifts

• For arithmetic shifts, a copy of the bit in the 
original operand at the end opposite the 
direction of shift is shifted in. 

• For example. for shift right arithmetic, a copy 
of the leftmost bit is shifted in:

• For a shift right arithmetic operation this 
preserves the sign bit, assuming the bit vector 
is interpreted as a two’s complement number.

b"10101101" sra 2 = b"11101011"

b"10101101" sla 2 = b"10110111"
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Rotates

• The ror and rol rotate operations are similar 

to the srl and sll shift operations, except the 

bit rotated out of one end of the vector is 

rotated into the other end.

• The shift operators defined in package 

STANDARD cannot be applied directly to 

std_logic_vectors. However, by using type 

conversion functions we can use shift 

operators with std_logic_vector signals.
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Stimulus Order Based On UUT  Functionality

• It is often preferable, particularly for more 

complex combinational systems, to apply 

stimulus values in an order that is related to the 

functionality of the UUT. 

• That is, values are applied to certain UUT control 

inputs to put the UUT in a particular mode of 

operation. Other inputs are then sequenced 

through all of their values. 

• This verifies each different mode of operation of 

the UUT in a logical fashion. While this may lead 

to a textually longer stimulus process, it is often 

more readable and understandable to others.
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Testbench for ic74f539 with stimulus 

application order based on UUT functionality
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Testbench for ic74f539 with stimulus 

application order based on UUT functionality
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Verifying Don’t Care Output Values

• Stimulus application ordered by UUT functionality 

is also useful when a combinational system has 

some outputs that are defined as don’t cares for 

certain input (stimulus) values. 

• For example, when verifying the outputs of a 

BCD to sevensegment decoder, we would 

separate the stimulus into two sets: one for valid 

inputs and the other for invalid inputs (those 

assigned don’t care output values).

• The testbench for functional simulation would use 

two loops, one to apply the valid inputs and the 

other to apply the invalid inputs.
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COMPARING A UUT TO A BEHAVIORAL

INTENT MODEL

• A behavioral style model, that may not be 
synthesizable, can be used as an intent model 
to verify a synthesizable design description. 

• The output of the intent model is compared to 
the output of the synthesizable design. 

• This approach is advantageous when it is 
possible to write a concise nonsynthesizable
behavioral style model. 

• The intent model and the UUT receive the 
same stimulus and their corresponding 
outputs are simply compared for equality
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3-to-8 decoder nonsynthesizable intent 

model.
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3-to-8 decoder nonsynthesizable intent 

model.
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A testbench that compares the outputs of 

two models
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A testbench that compares the outputs of 

two models
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A testbench that compares the outputs of 

two models
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?

Finally….

Any Questions
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Homework:

• Solve the following problems of chapter 7:

1, 2, 5, 12, 19, 29, 30


