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Motivation for VHDL

• Technology trends
– 1 billion transistor chip running at 20 GHz in 2007

• Need for Hardware Description Languages
– Systems become more complex
– Design at the gate and flip-flop level becomes 

very tedious and time consuming

• HDLs allow
– Design and debugging at a higher level before 

conversion to the gate and flip-flop level
– Tools for synthesis do the conversion

• VHDL, Verilog
• VHDL – VHSIC Hardware Description Language
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Facts About VHDL

• Developed originally by DARPA
– for specifying digital systems

• International IEEE standard (IEEE 1076-1993)
• Hardware Description, Simulation, Synthesis
• Provides a mechanism for digital design and 

reusable design documentation
• Support different description levels

– Structural (specifying interconnections of the gates), 
– Dataflow (specifying logic equations), and 
– Behavioral (specifying behavior)

• Top-down, Technology Independent
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2.1 VHDL Description of 

Combinational Networks – The Basics
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2.1 VHDL Description of Combinational 

Networks – Entity Architecture Pair

Full Adder Example
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2.1 VHDL Description of Combinational 
Networks – Hierarchy of VHDL Models
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2.1 VHDL Description of 

Combinational Networks – Adder4

FA3 FA2 FA1 FA0
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2.1 VHDL Description of Combinational 

Networks - Structural Adder4
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2.1 VHDL Description of Combinational 

Networks - Providing Stimuli
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2.1 VHDL Description of Combinational 
Networks – Testbench
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2.1 VHDL Description of Combinational 
Networks - Altera Full Adder Simulation
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2.1 VHDL Description of Combinational 
Networks - Altera Adder4 Simulation
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2.1 VHDL Description of Combinational 

Networks - Behavioral Adder4
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2.1 VHDL Description of Combinational 

Networks - Behavioral Adder4
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2.1 VHDL Description of Combinational 

Networks - Behavioral Adder4 Simulation
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• Whenever one of the signals in the sensitivity list changes, the
sequential statements are executed in sequence one time

General form of process

2.2 Modeling Flip-Flops Using VHDL 
Processes - The Process Statement
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A, B, C, D are integers A=1, B=2, C=3, D=0 D changes to 4 at time 10

time  delta  A   B   C   D

2.2 Modeling Flip-Flops Using VHDL 
Processes - Sequential Statements

time  delta  A   B   C   D
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2.2 Modeling Flip-Flops Using VHDL 
Processes - Modeling a D Flip-Flop
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2.2 Modeling Flip-Flops Using VHDL 

Processes - Modeling a D Latch
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2.2 Modeling Flip-Flops Using VHDL 

Processes - D Flip-Flop versus D Latch
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2.2 Modeling Flip-Flops Using VHDL 
Processes - Altera DFF Simulation
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2.2 Modeling Flip-Flops Using VHDL 

Processes - Altera D Latch Simulation
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Building a Shift Register with 

D Flip-flop Building Blocks
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Building a Shift Register with 

D Flip-flop Building Blocks
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Testing the Shift Register
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A Behavioral Shift Register Model
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Another Behavioral Shift Register Model
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Shift Register Simulation Results
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2.2 Modeling Flip-Flops Using VHDL 
Processes - Modeling a JK Flip-Flop
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2.2 Modeling Flip-Flops Using VHDL 

Processes - Nested If-then-else
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2.3 VHDL Models for a Multiplexer
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library IEEE;
use IEEE.std_logic_1164.all;
use IEEE.std_logic_unsigned.all;
entity SELECTOR is
port (

A  :in  std_logic_vector(15 downto 0);
SEL:in  std_logic_vector( 3 downto 0);
Y  :out std_logic);

end SELECTOR;

architecture RTL1 of SELECTOR is
begin

p0 : process (A, SEL)
begin

if    (SEL = "0000") then       Y <= A(0);
elsif (SEL = "0001") then      Y <= A(1);
elsif (SEL = "0010") then      Y <= A(2);
elsif (SEL = "0011") then      Y <= A(3);
elsif (SEL = "0100") then      Y <= A(4);
elsif (SEL = "0101") then      Y <= A(5);
elsif (SEL = "0110") then      Y <= A(6);
elsif (SEL = "0111") then      Y <= A(7);
elsif (SEL = "1000") then      Y <= A(8);
elsif (SEL = "1001") then      Y <= A(9);
elsif (SEL = "1010") then      Y <= A(10);
elsif (SEL = "1011") then      Y <= A(11);
elsif (SEL = "1100") then      Y <= A(12);
elsif (SEL = "1101") then      Y <= A(13);
elsif (SEL = "1110") then      Y <= A(14);
else      Y <= A(15);
end if;

end process;
end RTL1;

2.3 VHDL Models for a Multiplexer -
If Statements
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library IEEE;
use IEEE.std_logic_1164.all;
use IEEE.std_logic_unsigned.all;
entity SELECTOR is
port (

A   : in  std_logic_vector(15 downto 0);
SEL : in  std_logic_vector( 3 downto 0);
Y   : out std_logic);

end SELECTOR;

architecture RTL3 of SELECTOR is
begin

with SEL select
Y <= A(0)  when "0000", 

A(1)  when "0001", 
A(2)  when "0010", 
A(3)  when "0011", 
A(4)  when "0100", 
A(5)  when "0101", 
A(6)  when "0110", 
A(7)  when "0111", 
A(8)  when "1000", 
A(9)  when "1001", 
A(10) when "1010", 
A(11) when "1011", 
A(12) when "1100", 
A(13) when "1101", 
A(14) when "1110", 
A(15) when others; 

end RTL3;

2.3 VHDL Models for a Multiplexer -
Conditional Concurrent Statement
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library IEEE;
use IEEE.std_logic_1164.all;
use IEEE.std_logic_unsigned.all;
entity SELECTOR is
port (

A   : in  std_logic_vector(15 downto 0);
SEL : in  std_logic_vector( 3 downto 0);
Y   : out std_logic);

end SELECTOR; 

architecture RTL2 of SELECTOR is
begin

p1 : process (A, SEL)
begin

case SEL is
when "0000" => Y <= A(0);
when "0001" => Y <= A(1);
when "0010" => Y <= A(2);
when "0011" => Y <= A(3);
when "0100" => Y <= A(4);
when "0101" => Y <= A(5);
when "0110" => Y <= A(6);
when "0111" => Y <= A(7);
when "1000" => Y <= A(8);
when "1001" => Y <= A(9);
when "1010" => Y <= A(10);
when "1011" => Y <= A(11);
when "1100" => Y <= A(12);
when "1101" => Y <= A(13);
when "1110" => Y <= A(14);
when others => Y <= A(15);

end case;
end process;

end RTL2;

2.3 VHDL Models for a Multiplexer -
Case Statement
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library IEEE;
use IEEE.std_logic_1164.all;
use IEEE.std_logic_unsigned.all;
entity SELECTOR is

port (
A   : in  std_logic_vector(15 downto 0);
SEL : in  std_logic_vector( 3 downto 0);
Y   : out std_logic);

end SELECTOR;

architecture RTL4 of SELECTOR is
begin

Y <= A(conv_integer(SEL));
end RTL4;

2.3 VHDL Models for a Multiplexer -
Register Transfer Level
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• Compiler (Analyzer) – checks the VHDL source code 
– does it conforms with VHDL syntax and semantic rules
– are references to libraries correct

• Intermediate form used by a simulator or by a synthesizer
• Elaboration

– create ports, allocate memory storage, create interconnections, ... 
– establish mechanism for executing of VHDL processes

2.4 Compilation and Simulation of VHDL
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2.4 Compilation and Simulation of 

VHDL - Transport Delay

• Transport delay must be explicitly specified
– I.e. keyword “TRANSPORT” must be used

• Signal will assume its new value 
after specified delay

Input Output

0      5     10   15    20   25   30    35

Input

Output

-- TRANSPORT delay example
Output <= TRANSPORT NOT Input AFTER 10 ns;
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2.4 Compilation and Simulation of 

VHDL - Inertial Delay

• Provides for specification propagation delay and input pulse width, i.e. ‘inertia’ of 
output:

• Inertial delay is default and REJECT is optional:

Input

Output

0      5    10    15   20    25    30   35

Input Output

target <= [REJECT time_expression] INERTIAL waveform;

Output <= NOT Input AFTER 10 ns;
-- Propagation delay and minimum pulse width are 10ns
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2.4 Compilation and Simulation of 

VHDL - Modeling Propagation Delay

• Example of gate with ‘inertia’ smaller than propagation delay
– e.g. Inverter with propagation delay of 10ns which suppresses pulses shorter than 5ns

• Note: the REJECT feature is new 
to VHDL 1076-1993

Input

Output

0      5    10    15    20    25   30    35

Output <=  REJECT 5ns INERTIAL NOT Input AFTER 10ns;
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2.4 Compilation and Simulation of 

VHDL - Simulation Example

Signal Drivers
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2.5 Modeling Sequential Circuits

Mealy Machine for 
8421 BCD to 8421 BCD + 3 bit serial converter

How to model this in VHDL?
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2.5 Modeling Sequential Circuits -

Behavioral VHDL

Two processes: 
• the first represents the 

combinational network;
• the second represents 

the state register
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2.5 Modeling Sequential Circuits -

Dataflow VHDL Model
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2.5 Modeling Sequential Circuits -

Structural Model

Package bit_pack is a part of library 
BITLIB –
includes gates, flip-flops, counters
(See Appendix B for details)
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2.12 VHDL Model for A 74163 Counter 

– Truth Table

• 74613 – 4-bit fully synchronous binary counter
• Counter operations

Generate a Cout in state 15 if T=1
Cout = Q3Q2Q1Q0T
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2.12 VHDL Model for a 74163 Counter -

VHDL
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2.12 VHDL Model for a 74163 Counter -

Cascade Counters (Block Diagram)
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2.12 VHDL Model for a 74163 Counter -

Cascaded Counters (VHDL)
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2.5 Modeling a Sequential Machine -

Wait Statements
• ... an alternative to a sensitivity list

– Note: a process cannot have both wait statement(s)
and a sensitivity list

• Generic form of a process with wait statement(s)

process
begin

sequential-statements
wait statement

sequential-statements

wait-statement
...

end process;

How do wait statements work?
• Execute sequential statements until 

a wait statement is encountered.
• Wait until the specified condition is satisfied.
• Then execute the next 

set of sequential statements until 
the next wait statement is encountered.

• ...
• When the end of the process is reached start 

over again at the beginning.
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2.5 Modeling a Sequential Machine -

Forms of Wait Statements

• Wait on 
– _____ one of the ________
_______________ changes

• Wait for
– waits until the ___________ 

by the time expression has 
________

– What is this:
wait for 0 ns;

• Wait until
– the boolean expression is 

evaluated whenever one of 
______________________ 
changes, and the process 
continues execution when 
the expression evaluates to 
_______

wait on sensitivity-list;
wait for time-expression;
wait until boolean-expression;
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2.5 Modeling a Sequential Machine -

Using Wait Statements
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2.6 Variables, Signals, Constants -

Variables

• What they are for: 
Local storage in ___________, 
_____________, and __________

• Declaring variables

variable list_of_variable_names : type_name 
[ := initial value ];

• Variables must be declared within the process in which 
they are used and are local to the process
– Note: exception to this is SHARED variables

– Variables  in processes are __________, they retain 
their value from one activation to the next
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2.6 Variables, Signals, Constants -

Signals

• Signals must be declared ________ a 
process

• Declaration form

signal list_of_signal_names : type_name 
[ := initial value ];

• Declared in an architecture can be used 
anywhere within that architecture

• Declared in the _______________
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2.6 Variables, Signals, Constants -

Constants

• Declaration form

constant constant_name : type_name := constant_value;

• Constants declared at the start of an architecture
can be used anywhere within that architecture

• Constants declared within a process are local
to that process

constant delay1 : time := 5 ns;
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2.6 Variables, Signals, Constants -

Variables versus Signals

• Variable assignment statement
variable_name := expression;

• Signal assignment statement
signal_name <= expression [after delay];

– expression is evaluated and the variable is 
_____________ updated
(no delay, not even delta delay)

– expression is evaluated and the signal is ___________ 
______________; if no delay is specified the signal is 
scheduled to be updated after a delta delay
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2.6 Variables, Signals, Constants -

Variables versus Signals (continued)

Process Using Variables Process Using Signals

Sum = ? Sum = ?
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2.6 Variables, Signals, Constants -

Predefined VHDL Types

• Variables, signals, and constants can have any one 
of the ________________ VHDL types or they can 
have a _____________ type

• Predefined Types
– bit – {‘0’, ‘1’}
– boolean – {FALSE, TRUE}
– integer – [-231 - 1.. 231 – 1}
– real – floating point number in range –1.0E38 to +1.0E38
– character – legal VHDL characters including lower-

uppercase letters, digits, special characters, ...
– time – an integer with units fs, ps, ns, us, ms, sec, min, or hr
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2.6 Variables, Signals, Constants -

User Defined Type

• Common user-defined type is ______________
type state_type is (S0, S1, S2, S3, S4, S5); 
signal state : state_type := S1;

• If no initialization, the ___________________ is the 
leftmost element in the enumeration list (S0 in this 
example)

• VHDL is strongly typed =>
signals and variables of different types _______ 
be mixed in the same assignment statement,
and no _____________________ is performed
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2.7 Arrays - Syntax

• Example

type SHORT_WORD is array (15 downto 0) of bit;

signal DATA_WORD : SHORT_WORD;

variable ALT_WORD : SHORT_WORD := “0101010101010101”;

constant ONE_WORD : SHORT_WORD := (others => ‘1’);

• ALT_WORD(0) – rightmost bit
• ALT_WORD(5 downto 0) – low order 6 bits

• General form
type arrayTypeName is array index_range of element_type;

signal arrayName : arrayTypeName [:=InitialValues]; 
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2.7 Arrays – Syntax continued

• Multidimensional arrays
type matrix4x3 is array (1 to 4, 1 to 3) of integer; 
variable matrixA: matrix4x3 := 
((1,2,3), (4,5,6), (7,8,9), (10,11,12));

• matrixA(3, 2) = ?
• Unconstrained array type

type intvec is array (natural range<>) of integer;

• range must be specified when the _______________________

signal intvec5 : intvec(1 to 5) := 
(3,2,6,8,1);

type matrix is array (natural range<>,natural range<>) 
of integer;  
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2.6 Variables, Signals, Constants -

Predefined Unconstrained Array Types

constant A : bit_vector(0 to 5) := “10101”;

-- (‘1’, ‘0’, ‘1’, ‘0’, ‘1’);

• Subtypes 

subtype SHORT_WORD is : bit_vector(15 to 0);

• POSITIVE, NATURAL –
predefined subtypes of type integer

• include a subset of the values specified by the type
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2.7 Arrays - Sequential Machine Model 

Using State Table
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2.8 VHDL Operators –
Precedence Relations

1. Binary logical operators: and or nand nor xor xnor
2. Relational: = /= < <= > >=
3. Shift: sll srl sla sra rol ror
4. Adding: + - & (concatenation)
5. Unary sign: + -
6. Multiplying: * / mod rem
7. Miscellaneous: not abs **

• Class 7 has the highest precedence (applied first),
followed by class 6, then class 5, etc
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2.8 VHDL Operators –

Examples
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2.8 VHDL Operators –

Shift Operator Examples
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2.9 VHDL Functions - Introduction

• Functions execute a sequential algorithm and return a 
single value to calling program 

• General form
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2.9 VHDL Functions – For Loops
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2.9 VHDL Functions - Add Function
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2.10 VHDL Procedures - Introduction

• Procedures can return any number of values 
using output parameters

procedure_name (actual-parameter-list);

• General form

procedure procedure_name (formal-parameter-list) is
[declarations]
begin
Sequential-statements

end procedure_name;
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2.10 VHDL Procedures –

Procedure for Adding Bit_Vectors
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2.10 VHDL Procedures –

Parameters for Subprogram Calls
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2.11 Packages and Libraries

• Provide a convenient way of referencing 
frequently used functions and components

• Package header

• Package body [optional]
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2.11 Packages and Libraries –

Library BITLIB – bit_pack package

Electrical and Computer Engineering
Page 74 of 78 

UAH CPE/EE 422/522Chapter 2
2.11 Packages and Libraries –

Library BITLIB – bit_pack package
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2.11 Packages and Libraries –

Library BITLIB – bit_pack package

Electrical and Computer Engineering
Page 76 of 78 

UAH CPE/EE 422/522Chapter 2

Design of a Keypad Scanner
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Design of a Keypad Scanner
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Design of a Keypad Scanner


