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ENTITY full_ adder IS
PORT (a, b, cin: IN BIT;
s, cout: OUT RBIT):;

END full adder;
ARCHITECTURE dataflow OF full adder IS ———;}
BEGIN

s <= a ¥OR b XOR cin;

cout <= (a AND b) OR (a AND cin) OR

(b AND cin) ;

END dataflow;

Figure 1.3
Example of VHDL code for the full-adder unit of figure 1.2.
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Figure 1.5
Simulation results from the VHDL design of figure 1.3.
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Fundamental parts of a LIBRARY.
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LIBRARY icee; -- A semi-colon (;) indicates
USE icee.std_logic_1164.all; -- the end of a statement or
LIBRARY std; -- declaration, while a double
USE std.standard.all; --dash (=) indicates a comment.

LIBRARY work:
USE work.all:
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ENTITY entity name IS
PORT
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port name
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END entity name;

signal mode signal type;
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ARCHITECTURE architecture name OF entity name IS
[declarations]

BEGIN
(code)

END architecture name;
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ARCHITECTURE myarch OF nand gate IS
BEGIN

X <= a NAND b;
END myarch;
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LIBRARY ieee;
USE ieee.std logic_1164.all;
ENTITY dff IS
PORT ( d, clk, rst: IN STD_LOGIC;
g: OUT STD LOGIC);
END dff;
ARCHITECTURE behavior OF dff IS
BEGIN
PROCESS (rst, clk)
BEGIN
IF (rst='1') THEN
q <= '0";
ELSIF (clk'EVENT AND clk='1l') THEN

q <= d;
END IF;
END PROCESS;
END behavior:
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+ BIT (and BIT_VECTOR): 2-level logic (‘0°, ‘1°).

Examples:

SIGNAL x: BIT;

-- X is declared as a one-digit signal of type BIT.

SIGNAL y: BIT VECTOR (3 DOWNTO 0);
-- y is a 4-bit vector, with the leftmost bit being the MSB.

SIGNAL w: BIT VECTOR (0 TO 7);
-- w is an 8-bit vector, with the rightmost bit being the MSB.
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w <= "01110001";
-- w is an 8-bit signal, whose value is "01110001" (MSB='1l').
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Resolved logic system (STD_LOGIC).
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« BOOLEAN: True, False.

« INTEGER: 32-bit integers (from —2,147,483,647 to +2,147,483,647).

- NATURAL: Non-negative integers (from 0 to +2,147,483,647).

* REAL: Real numbers ranging from —1.0E38 to +1.0E38. Not synthesizable.

* Physical literals: Used to inform physical quantities, like time, voltage, etc. Useful
in simulations. Not synthesizable.

* Character literals: Single ASCII character or a string of such characters. Not
synthesizable.
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LIBRARY ieee:
USE ieee.std logic 1164.all;

ENTITY circuit IS

X1 Xp ¥1 Yo

X1 CITCUIL e y(1:0) U0 00
0 1 1 0

1 0 o 1

(a) ) 11 ] oo

Figure 3.4
Circuit with “don’t care™ outputs of example 3.2.

PORT (x: IN STD LOGIC VECTOR(1l DOWNTO 0);
y: OUT STD LOGIC VECTOR(1 DOWNTO 0));

END ENTITY;
ARCHITECTURE circuit OF circuit IS
BEGIN
y <= "00" WHEN x="00" ELSE
"01" WHEN x="10" ELSE
*“10" WHEN x="01" ELSE

Vs

END ARCHITECTURE;

(c)

e
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Examples:

KO <= 10!;
x1 <= "00011111";

X2 <=
X3 <=

"0001 1111";
"101111"

o 0 iy g5 CCC Wl std_logic_anith s ;o &5 gaesld g'y' ‘Unsigned 4 Signed

U . P Sdis ! L o) S1d ] c\'cctor;.:.o‘.n\_.',plb
L Gl e p 55 By Ades 6 o ol b Jlogic_

s Integer sos gly! ;| gladges &5 S

bit, std logic, or std ulogic value '0°’
bit vector, std logic vector,

std ulogic vector, signed, or unsigned
underscore allowed to ease visualization

binary representation of decimal 47



x4 <= B"101111™" -- binary representation of decimal 47

x5 <= O"57" —- octal representation of decimal 47

X6 <= X"2F" -- hexadecimal representation of decimal 47
n <= 1200; -- integer

m <=1 200; -- integer, underscore allowed

IF ready THEN... -- Boolean, executed if ready=TRUE

y <= 1.2E-5; -- real, not synthesizable
q <= d after 10 ns; -- physical, not synthesizable



SIGNAL
SIGNAL
SIGNAL
SIGNAL
SIGNAL

T o Q0 o w

BIT;

BIT VECTOR(7 DOWNTO 0);

STD LOGIC;

STD LOGIC VECTOR(7 DOWNTO 0);
INTEGER RANGE 0 TO 255;



b(5);
<= a;
d(5);

legal (same
legal (same
legal (same
legal (same

scalar
scalar
scalar
scalar

type:
type:
type:
type:

BIT)
BIT)

STD LOGIC)
STD LOGIC)

illegal (type mismatch: BIT x STD LOGIC)
illegal (type mismatch: BIT VECTOR X
STD LOGIC VECTOR)



-- illegal (type mismatch: INTEGER x BIT VECTOR)
-- illegal (type mismatch: INTEGER X
-- STD _LOGIC_ VECTOR)




3.2 User-Defined Data Types

VHDL also allows the user to define his/her own data types. Two categories of user-
defined data types are shown below: integer and enumerated.

+ User-defined integer types:

TYPE integer IS RANGE -2147483647 TO +2147483647;
—-- This is indeed the pre-defined type INTEGER.

TYPE natural IS RANGE 0 TO +2147483647;
—-- This is indeed the pre-defined type NATURAL.




TYPE type name IS (type values list);

TYPE my integer IS RANGE -32 TO 32;
-- A user-defined subset of integers.

TYPE student grade IS RANGE 0 TO 100;
-- A user-defined subset of integers or naturals.




« User-defined enumerated types:

TYPE bit IS ('0', '1');
-- This is indeed the pre-defined type BIT

TYPE my logic IS ('0', 'l', 'Z');

-- A user-defined subset of std logic.




|»

TYPE hit_vectar IS ARRAY (NATURAL RANGE <>) OF BIT;
-- This is indeed the pre-defined type BIT VECTOR.
-- RANGE <> is used to indicate that the range is unconstrained.
-- NATURAL RANGE <>, on the other hand, indicates that the only
-- restriction is that the range must fall within the NATURAL

-- range.

\




TYPE state IS (idle, forward, backward, stop);

-- An enumerated data type, typical of finite state machines.

TYPE color IS (red, green, blue, white);
-- Another enumerated data type.

L8 5l 595 0,18 aSiul 80 3uil Lsw Lsuwiyi Wygo w enumerated glgl 158 oS =

example, for the type color above, two bits are necessary (there are four states), being

00" assigned to the first state (red), 01" to the second (green), “10” to the next
(blue), and finally ““11” to the last state (white).

\
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A SUBTYPE 1s a TYPE with a constraint. The main reason for using a subtype
rather than specifying a new type 1s that, though operations between data of difierent
types are not allowed, they are allowed between a subtype and its corresponding base

type.

SUBTYPE natural IS INTEGER RANGE 0 TO INTEGER'HIGH;
-- As expected, NATURAL is a subtype (subset) of INTEGER.



SUBTYPE my logic IS STD LOGIC RANGE '0' TO 'Z';
-- Recall that STD LOGIC=('X','0','l','Z','W', 'L','H','=").
-- Therefore, my logic=('0','1','2").

SUBTYPE my color IS color RANGE red TO blue;

-- Since color=(red, green, blue, white), then
-- my color=(red, green, blue).

SUBTYPE small integer IS INTEGER RANGE -32 TO 32;
-- A subtype of INTEGER.



|

Example: Legal and 1illegal operations between types and subtypes.

SUBTYPE my logic IS STD LOGIC RANGE '0' TO '1‘';

SIGNAL a: BIT;

SIGNAL b: STD LOGIC;

SIGNAL c: my logic;

b <= a; -- illegal (type mismatch: BIT versus STD LOGIC)
b <= ¢; -- legal (same "base" type: STD LOGIC)



3.4 Arrays

Sy b3 2D) gam 32 i1ID) gam K iy e aize Ey S alis e | slacgana l“e')‘

il (1D X ID) gom S5 p0 S
s e 3 K0 8T 5 6 VL sl g5 aly e et

01000 O[(1][0]/0]]O

0 01000 10010 L[|0f[O]||1]]O
11001 L[|1{[0]|0]]1

(a) (b) (c) (d)

Figure 3.1
[Mlustration of (a) scalar, (b) 1D, (c) 1Dx1D, and (d) 2D data arrays.
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» Scalars: BIT, STD_LOGIC, STD_ULOGIC, and BOOLEAN.

* Vectors: BIT_VECTOR, STD_LOGIC_VECTOR, STD_ULOGIC_VECTOR,
INTEGER, SIGNED, and UNSIGNED.




As can be seen, there are no pre-defined 2D or 1Dx1D arrays, which, when nec-
essary, must be specified by the user. To do so, the new TYPE must first be defined,
then the new SIGNAL, VARIABLE, or CONSTANT can be declared using that
data type. The syntax below should be used.

/

To specify a new array type:

TYPE type name IS5 ARRAY (specification) OF data_ type;

To make use of the new array type:

SIGNAL signal name: type name [:= initial value];




o Sl (oo s el SIGNS| Sy 599 S 5 0
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/

Example: 1Dx1D array.
Say that we want to build an array containing four vectors, each of size eight bits.

This 1s then an 1Dx1D array (see figure 3.1). Let us call each vector by row, and the
complete array by matrix. Additionally, say that we want the leftmost bit of each

vector to be its MSB (most significant bit),

\\




TYPE row IS ARRAY (7 DOWNTO 0) OF STD_LOGIC; -- 1D array
TYPE matrix IS ARRAY (0 TO 3) OF row; --— 1Dx1D array
SIGNAL x: matrix; -- 1Dx1D signal

/

Example: Another 1Dx1D array.
Another way of constructing the 1Dx1D array above would be the following:

TYPE matrix IS ARRAY (0 TO 3) OF STD LOGIC VECTOR(7 DOWNTO 0);

\



Example: 2D array.
The array below 1s truly two-dimensional. Notice that its construction 1s not based
on vectors, but rather entirely on scalars.

TYPE matrix2D IS ARRAY (0 TO 3, 7 DOWNTO 0) OF STD_LOGIC;

-— 2D array




Example: Array initialization.

As shown 1n the syntax above, the initial value of a SIGNAL or VARIABLE 1s op-
tional. However, when 1nitialization 1s required, it can be done as in the examples
below.

... :="0001"; -- for 1D array
ees :=('0",'0"','0",'1") --— for 1D array
«ees :=(('0",*1','2*,*12'), ('12",'1",'1','0")); =-- for 1Dx1D or

--— 2D array



Example: Legal and illegal array assignments.
The assignments in this example are based on the following type definitions and
signal declarations:

TYPE row IS ARRAY (7 DOWNTO 0) OF STD_LOGIC;
-- 1D array
TYPE arrayl IS ARRAY (0 TO 3) OF row;
-- 1Dx1D array
TYPE array2 IS ARRAY (0 TO 3) OF STD LOGIC_VECTOR(7 DOWNTO 0);
-- 1Dx1D
TYPE array3 IS ARRAY (0 TO 3, 7 DOWNTO 0) OF STD_ LOGIC;
-- 2D array
SIGNAL X: row;
SIGNAL y: arrayl;
SIGNAL v: array2;
SIGNAL w: array3;



————————— Legal scalar assignments: —-—————c—c——eece—ee--
-- The scalar (single bit) assignments below are all legal,
-- because the "base" (scalar) type is STD_LOGIC for all signals

- (X,¥,V,W).

X(0) <= y(1)(2); -- notice two pairs of parenthesis

-- (y is 1Dx1D)
X(1l) <= v(2)(3); -- two pairs of parenthesis (v is 1Dx1D)
X(2) <= w(2,1); -- a single pair of parenthesis (w is 2D)

y(1)(1l) <= x(6);
y(2)(0) <= v(0)(0);
y(0)(0) <= w(3,3);
w(l,1l) <= x(7);
w(3,0) <= v(0)(3);



X <= y(0); -- legal (same data types: ROW)

X <= v(l); -- illegal (type mismatch: ROW x
-- STD LOGIC VECTOR)

X <= w(2); -- illegal (w must have 2D index)

X <= w(2, 2 DOWNTO 0); -- illegal (type mismatch: ROW x
-- STD LOGIC)

v(0) <= w(2, 2 DOWNTO 0); =-- illegal (mismatch: STD LOGIC_VECTOR
-- x STD_LOGIC)

v(0) <= w(2); -- illegal (w must have 2D index)

v(l) <= v(3); -- illegal (type mismatch: ROW x
-- STD LOGIC_VECTOR)

v(1l)(7 DOWNTO 3) <= x(4 DOWNTO 0); -- legal (same type,

-- same size)
v(1l)(7 DOWNTO 3) <= v(2)(4 DOWNTO 0); -- legal (same type,

-- same size)
w(l, 5 DOWNTO 1) <= v(2)(4 DOWNTO 0); -- illegal (type mismatch)




3.5 Port Array

we might need to specify the ports as arrays of vectors.

type.sls &bl 1) sty Guix Olgians cusg>90 )> =
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I i PACKAGE I = o o o o o o o o e e e
2 PACKAGE my data types IS

TYPE oneDoneD I5 ARRAY (0 TO 3) OF BIT VECTOR(7 DOWNTO 0);
4 END my data types;

D e e e e e e B
l] =————— MAIN COME T i o o i o o i o o

2 USE work.my data types.all;

3 e —————————————————————————————————

4 ENTITY mux IS

5 PORT (x: IN oneDoneD:

B sel: INTEGER RANGE 0 TO 3;
7

B

y: OUT BIT VECTOR(7 DOWNTO 0}));
END ENTITY;

D o o o o o e e e o o
10 ARCHITECTURE mux OF mux IS

11 BEGIN

12 y <= x(sel);

13 END ARCHITECTURE;




3.6 Records

Records are similar to arrays, with the only difference that they contain objects of
different types.

Example:

TYPE birthday IS RECORD
day: INTEGER RANGE 1 TO 31;
month: month name;

END RECORD;




3.7 Signed and Unsigned Data Types

defined in the std_logic_arith package of the ieee library.

Examples:

SIGNAL x: SIGNED (7 DOWNTO 0);
SIGNAL y: UNSIGNED (0 TO 3);

1s similar to that of STD_LOGIC_VECTOR,




3.8 Data Conversion

If the data are closely related (that 1s, both operands have the same base type,
despite being declared as belonging to two different type classes), then the
std_logic_1164 of the ieee library




Example: Legal and 1illegal operations with subsets.

TYPE long IS INTEGER RANGE -100 TO 100;
TYPE short IS INTEGER RANGE -10 TO 10;
SIGNAL x : short;

SIGNAL y

long;

y <= 2*x + 5; -- error, type mismatch

y <= long(2*x + 5); -- OK, result converted into type long



Several data conversion functions can be found in the std_logic_arith package of

the ieee hibrary.

4

* conv_integer(p) : Converts a parameter p of type INTEGER, UNSIGNED,

SIGNED, or STD_ULOGIC to an INTEGER value. Notice that STD_LOGIC_
VECTOR 1s not included.




|

« conv_unsigned(p, b): Converts a parameter p of type INTEGER, UNSIGNED,
SIGNED, or STD_ULOGIC to an UNSIGNED value with size b buts.

y’

« conv_signed(p, b): Converts a parameter p of type INTEGER, UNSIGNED,
SIGNED, or STD_ULOGIC to a SIGNED value with size b baits.




« conv_std_logic_vector(p, b): Converts a parameter p of type INTEGER, UN-

SIGNED, SIGNED, or STD_LOGIC to a STD_LOGIC_VECTOR value with size
b bits.




Example 3.3: Adder

q — |
X
b —

Figure 3.2
Circuits inferred from the codes of example 3.2.

a0) —

b(0) —

a(1) —
b(1) —
a2) —
b(2) —

a3) —

b(3) —

elelol

xX(0)

x(1)

X(2)

X(3)



1l ———— Solution 1: in/out=SIGNED —-—————————

2 LIBRARY 1eee;
3 USE 1ieee.std logic 1lé64.all;

USE ieee.std logic arith.all;

B e e e e e e e e e e e e e e e e e e e e e e e e e
6 ENTITY adderl IS

7 PORT ( a, b : IN SIGNED (3 DOWNTO 0);

8 sum : OUT SIGNED (4 DOWNTO 0));
9 END adderl:

10 -—-————————— -
11 ARCHITECTURE adderl OF adderl IS

12 BEGIN

13 sum <= a + b;

14 END adderl;




1l - Solution 2: out=INTEGER - - —————————
2 LIBRARY leee;

USE ieee.std logic 1164.all;

USE ieee.std logic arith.all;

o

ENTITY adder2 IS
PORT ( a, b : IN SIGNED (3 DOWNTO 0);:
sum : OUT INTEGER RANGE -16 TO 15);
9 END adder?2;

o =1 On

11 ARCHITECTURE adder2 OF adder2 IS
12 BEGIN

13 sum <= CONV_INTEGER(a + b);
14 END adder?2;
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Assignment Operators

<= Used to assign a value to a SIGNAL.

:= Used to assign a value to a VARIABLE, CONSTANT, or GENERIC. Used
also for establishing initial values.

=> Used to assign values to individual vector elements or with OTHERS.



S 5 = M

A
il

A
il

'1'; -
“0000"; ——
"10000000";

(0 =>'1"', OTHERS =>'0"');

'l' 1s assigned to SIGNAL x using "<="

"0000" is assigned to VARIABLE y using ":="
-- LSB 1,
-- LSB 1,

is the others are

is t+he others are

Iﬂl
Iﬂl



Logical Operators

Used to perform logical operations. The data must be of type BIL, STD LOGIC,
or STD ULOGIC (or, obviously, their respective extensions, BIT_VECTOR,
STD_LOGIC_VECTOR, or STD_ULOGIC_VECTOR). The logical operators are:

« NOT

+ AND

+ OR

+ NAND
* NOR

* XOR

+ XNOR




Examples:

y <= NOT a AND b;
y <= NOT (a AND b);
y <= a NAND b;

-- (a'.b)
-- (a.b)’
-- (a.b)’



Arithmetic Operators

INTEGER,

SIGNED, UNSIGNED, or REAL

if the std_logic_signed or the std_logic_unsigned package of the ieee

then STD_LOGIC_VECTOR can also be employed directly



-+ Addition

— Subtraction

* Multiphication
/ Division

- Exponentiation

MOD Modulus
REM Remainder
ABS Absolute value

wllw, Ulgs @



Comparison Operators

= Equal to
/= Not equal to

< Less than

>  (Qreater than
<= Less than or equal to

>= Qreater than or equal to




Shift Operators

« sll  Shuft left logic — positions on the right are filled with “0’s

« srl Shift nght logic — positions on the left are filled with "0’s




« Shift left arithmetic (SLA): Rightmost bit 1s replicated on the right.
« Shift right arithmetic (SRA): Leftmost bit 1s replicated on the left.




xis a BIT_VECTOR signal with value x = "01001".

Z
y <= x SLL 2; =--y<="00100" (y <= x(2 DOWNTO 0) & "00";)

y <= x SLA 2; —--y<="00111" (y <= x(2 DOWNTO 0) & x(0) & x(0);)




CONSTANT w: BIT :='1l";
CONSTANT x: 5TD LOGIC :='Z';

SIGNAL y: BIT VECTOR(1 TO 4);
SIGNAL z: S5TD LOGIC VECTOR(7 DOWNTO 0);

¥y <= (v & "000"); --result: "1000"

¥y <= v & "000"; --zame as above (parentheses are optional)
z <= (X & x & "11111" & x); ==result: "ZZ11111EZ"
z

<= (‘0" & "011111" & x); -=result: "0011111Z"




Data Attributes

- d'LOW: Returns lower array imndex

« d’HIGH: Returns upper array index

« d’'LEFT: Returns leftmost array index

- d’'RIGHT: Returns rightmost array index

« ' LENGTH: Returns vector size

- 'RANGE: Returns vector range

- ' REVERSE_RANGE: Returns vector range 1n reverse order

Example
SIGNAL d : STD LOGIC VECTOR (7 DOWNTO 0);

Then:

d'LOW=0, d'HIGH=7, d'LEFT=7, d'RIGHT=0, d'LENGTH=8,
d'RANGE=(7 downto 0), d'REVERSE_ RANGE=(0 to 7).




If the signal 1s of enumerated type, then:

* d’VAL(pos): Returns value in the position specified
* d'POS(value): Returns position of the value specified

« ’LEFTOF(value): Returns value in the position to the left of the value specified

« d’'VAL(row, column): Returns value in the position specified; etc.



JLSw Sl wews

s EVENT: Returns true when an event occurs on s

+ s STABLE: Returns true if no event has occurred on s

« s ACTIVE: Returns true if s =°1"

* sQUIET {time): Returns true if no event has occurred during the time specified
* s LAST_EVENT: Returns the time elapsed since last event

+ s LAST_ACTIVE: Returns the time elapsed since last s = °1°

* s LAST_VALUE: Returns the value of s before the last event; etc.

\



IF (clk'EVENT AND clk='1"})...

IF (NOT clk'STABLE AND clk='1')...

WAIT UNTIL (clk'EVENT AND clk='1"');

EVENT attribute used
with IF
STABLE attribute used

with IF
EVENT attribute used

with WAIT



4.3 User-Defined Attributes

ATTRIBUTE attribute name: attribute_ type;

/

ATTRIBUTE attribute name OF target name: class IS value;

\




attribute_type: any data type (BIT, INTEGER, STD_LOGIC_VECTOR, etc.)
class: TYPE, SIGNAL, FUNCTION, etc.
value: <0, 27, <00 11 10 017, etc.

Example: Enumerated encoding.

enum_encoding attribute.

TYPE color IS (red, green, blue, white);

red = <007, green = 017, blue = 10”7, and white = “117.

ATTRIBUTE enum encoding OF color: TYPE IS "11 00 10 01";




SIGNAL number of pins: POSITIVE; -=gignal declaration
ATTRIBUTE pins: POSITIVE; -=-attribute declaration
ATTRIBUTE pins OF nand3: COMPOMWENT IS 4; --attribute specification
number of pins <= nand3'pins; -=attribute call (tick needed)



FUNCTION function name [<parameter list>] RETURN data type IS
[declarations ]

BEGIN
(sequential statements)

END function name;




4.4 Operator Overloading

FUNCTION "+" (a: INTEGER, b: BIT) RETURN INTEGER IS
BEGIN

IF (b='1') THEN RETURN a+l:

ELSE RETURN a;

END IF;
END "+";




SIGNAL inpl, outp: INTEGER RANGE 0 TO 15;
SIGNAL 1inp2: BIT;

(«-4)

outp <= 3 + 1npl + 1np2;




GENERIC (constant name:

constant name:

-es )i

constant type := constant value;

constant type := constant value;

ENTITY my entity IS

GENERIC (m: INTEGER := B;
n: BIT VECTOR(3 DOWNTO 0) := "0101");

PORT (...):
END my entity;




GENERIC (n: INTEGER := 8; wvector: BIT VECTOR := "00001111");

PARITY
DETECTOR

/

Example 4.2: Generic Parity Detector

input (n:0) =— — output

.,L&\.gzjj $399 15, S ¢S sl
* * / *
Vs A NS e
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ENTITY parity det IS
GENERIC (n : INTEGER := 7);
PORT ( input: IN BIT VECTOR (n DOWNTO 0);
output: OUT BIT);
END parity det;
ARCHITECTURE parity OF parity det IS
BEGIN
PROCESS (input)
VARIABLE temp: BIT;
BEGIN
temp = '0';
FOR i1 IN input'RANGE LOOP
temp := temp XOR input(i);
END LOOP;
output <= temp;
END PROCESS;
END parity;
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5 Concurrent Code

. INpUt == .
INPUL == Combinational [, output p Combinational

Logic Logic

pl" esent next
state StUl’ﬂgE state
Elements

(a) (b)

WHEN and GENERATE.

=p- output




Process=
Function=

Procedurem=
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Table 5.1
Operators.
Operator type Operators Data types
Logical NOT, AND, NAND, BIT, BIT_VECTOR.,

OR., NOR, XOR, XNOR STD _LOGIC, STD_LOGIC VECTOR,

STD ULOGIC, STD ULOGIC VECTOR

Anthmetic 4+, =, % [ *F INTEGER, SIGNED., UNSIGNED

(mod. rem, abs)
Comparison =, [=, <, =, <=, >= All above
Shift sll, srl, sla. sra. rol, ror BIT VECTOR
Concatenation &, (...) Same as for logical operators, plus SIGNED and

UNSIGNED




Q|
b ——

MUX y
c —_—
d

sl sO
Figure 5.3

Multiplexer of example 5.1.

Example 5.1: Multiplexer #1




=

0 =1 O N

WO

11
12
13
14
15
16

LIBRARY ieee;
USE ieee.std logic 1164.all;
ENTITY mux IS
PORT ( a, b, ¢, d, s0, sl: IN STD LOGIC;
: OUT STD LOGIC);

ARCHITECTURE pure logic OF mux IS
BEGIN
y <= (a AND NOT sl AND NOT s0) OR
(b AND NOT sl AND s0) OR
(c AND sl AND NOT s0) OR
(d AND s1 AND s0);
END pure logic;



5.3 WHEN (Simple and Selected)

WHEN /[ ELSE:

assignment WHEN condition ELSE
assignment WHEN condition ELSE

-
I-Ir

WITH / SELECT | WHEN:

WITH identifier SELECT
assignment WHEN wvalue,
assignment WHEN wvalue,

-
I-Ir




Whenever WITH [/ SELECT | WHEN 1s used, all permutations must be tested,

so the keyword OTHERS 1s often useful. Another important keyword 1s UN-
AFFECTED, which should be used when no action 1s to take place.

Example:

______ With WHEN/ELSE

outp <= "000" WHEN (inp='0' OR reset='1l') ELSE
"001" WHEN ctl='1l' ELSE
ﬂﬂlﬂll;

——== With WITH/SELECT/WHEN
WITH control SELECT

output <= "000" WHEN reset,
"111" WHEN set,
UNAFFECTED WHEN OTHERS;




WHEN wvalue
WHEN wvaluel to wvalue?2

WHEN valuel | value2 |...

single value
range, for enumerated data types
only

valuel or wvalue? or ...



Example 5.2: Multiplexer #2

d ——
b ——
MUX y
c —_—
d
sel (1:0)
Figure 5.5

Multiplexer of example 5.2.




1] ——————— Solution 1: with WHEN/ELSE —-—-—————-
LIBRARY ieee;
USE ieee.std logic_1ll64.all;

4
5 ENTITY mux IS

6 PORT ( a, b, c, d: IN STD _LOGIC;

7 sel: IN STD_LOGIC_VECTOR (1 DOWNTO 0);
8 y: OUT STD_LOGIC);

9 END mux;

0 ---------------——
11 ARCHITECTURE muxl OF mux IS

12 BEGIN

13 y <= a WHEN sel="00" ELSE

14 b WHEN sel="01" ELSE

15 c WHEN sel="10" ELSE

16 d;

17 END muxl;




W

o =1 o N

11
12
13
14
15
16
17
18

—~—- Solution 2: with WITH/SELECT/WHEN ---——-
LIBRARY ieee;
USE ieee.std logic 1164.all;

ENTITY mux IS
PORT ( a, b, ¢, d: IN STD LOGIC;
sel: IN STD LOGIC VECTOR (1 DOWNTO 0);
y: OUT STD LOGIC);

ARCHITECTURE muxZ2 OF mux IS
BEGIN
WITH sel SELECT

y <= a WHEN "00", -— notice "," instead of

b WHEN "O01",

c WHEN "10",

d WHEN OTHERS; -—- cannot be "d WHEN
END muxZ;

Illl"

W o

f



LIBRARY ieesa;
USE ieee.std logic 1164.all;

ENTITY mux IS
PORT ( a, b, e, d: IN STD_LOGIC;
sel: IN INTEGER RANGE 0 TO 3;
y: OUT STD_LOGIC);

WO =) Oh h i ek RS

END mux;
-=== Bolution 1: with WHEN/ELSE —-———————c—eeeee--
ARCHITECTURE muxl OF mux IS
BEGIN

¥y <= a WHEN sel=0 ELSE

[ e e
b B = D

14 b WHEN sel=1 ELSE

15 ¢ WHEN sel=2 ELSE

16 d;

17 END muxl;

18 == Solution 2: with WITH/SELECT/WHEH ========

19 ARCHITECTURE mux2 OF mux IS

20 BEGIN

21 WITH sel SELECT

22 ¥ <= a WHEN 0,

23 b WHEN 1,

24 ¢ WHEN 2,

25 d WHEN 3: == here, 3 or OTHERS are equivalent,
26 END mux?; -= for all options are tested anyway

Pk
i
i
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INPUt (7:0) e output (7:0)

Figure 5.6
Tri-state buffer of example 5.3.

Example 5.3: Tri-state Buffer




This 1s another example that illustrates the use of WHEN. The 3-state buffer of

figure 5.6 must provide output = input when ena (enable) 1s low, or output =
“LLLLZZ 27 (high impedance) otherwise.

1 LIBRARY ieee;
2 USE ieee.std logic_1l64.all;

S

4 ENTITY tri_state IS

5 PORT ( ena: IN STD_ LOGIC;

) input: IN STD LOGIC VECTOR (7 DOWNTO 0);
7 output: OUT STD LOGIC VECTOR (7 DOWNTO 0));
8 END tri state;

0 e ————————_—————————— e e e e e

10 ARCHITECTURE tri state OF tri_ state IS

11 BEGIN

12 output <= input WHEN (ena='0') ELSE

13 (OTHERS => 'Z"):;

14 END tri state;




USE leee.std logic llb4.all;

 —E—,————————————————————————————— e —,—,—————
5 ENTITY encoder IS
6 PORT ( x: IN STD LOGIC VECTOR (7 DOWNTO 0);
7 y: OUT STD LOGIC VECTOR (2 DOWNTO 0));
8 END encoder;
0 e e e e e e e o ——
10 ARCHITECTURE encoderl OF encoder IS
11 BEGIN
12 y <=  "000" WHEN x="00000001" ELSE
X(n-1) —»| 13 "001" WHEN x="00000010" ELSE
X(n-2) —» nxm 14 "010" WHEN x="00000100" ELSE
ENCODER | ™10 45 "011" WHEN x="00001000" ELSE
X(1) —>» 16 "100" WHEN x="00010000" ELSE
X(0) —» 17 "101" WHEN x="00100000" ELSE
Fioure 5. 18 “110" WHEN x="01000000" ELSE
Encoder of exampls 54, 19 "111" WHEN x="10000000" ELSE
20 S YIAR

21 END encoderl;



-——== Solution 2: with WITH/SELECT/WHEN ----—--
LIBRARY ieee:
USE ieee.std logic_l164.all;

d e —————————
5 ENTITY encoder IS

[ PORT ( x: IN STD LOGIC VECTOR (7 DOWNTO 0);

r y: OUT STD _LOGIC VECTOR (2 DOWNTO 0));
8 END encoder:

=

10 ARCHITECTURE encoder2 OF encoder IS5

11 BEGIN

12 WITH x SELECT

13 y <= “"000" WHEN "00000001"™,

14 "001" WHEN "00000010"“™,

15 "010" WHEN "00000100"™,

16 "011" WHEN "00001000",

17 “"100" WHEN "00010000",

18 "101" WHEN "00100000",

19 “"110" WHEN "01000000",

20 "111" WHEN "10000000",

21 "ZZZ" WHEN OTHERS;

22 END encoder2:




Example 5.5: ALU

a(7:0) .
I Logic
‘ Mux v (7:0)
_I: Arithmetic
. I Unat sel (3)
cin —
sel {3:{]} #




| sel Operation Function Unit
OO0 Y <=2 Transfer a
0001 y <= a+] Increment a
0010 y <= a-1 Decrement a
0011 v<=bhb Transfer b Arithmetic
0100 y <= b+l Increment b
0101 y <= h-1 Decrement b
0110 y <= a+b Addaandb
| 0111 | y<=ath4cin Add a and b with carry
1000 y <= NOT a Complement a
1001 y<=NOTb Complement b
1010 | y<=a ANDbB AND
1011 | y<=aORb OR Logic
1100 | v ==a NAND b NAND
1101 | y<=aNORD NOR
1110 | y<=aXORb XOR
1111 | v <=a XNOR b XNOR




LIBRARY ieee:
USE ieee.std logic_ll64.all;
USE ieee.std logic_unsigned.all;

B e ———— e

& ENTITY ALU IS

i PORT (a, b: IN STD LOGIC VECTOR (7 DOWNTO 0);

a8 sel: IN STD LOGIC VECTOR (3 DOWNTO 0);
9 cin: IN STD_LOGIC;

10 y: OUT STD_LOGIC VECTOR (7 DOWNTO 0));
11 END ALU;

12 - ———————————————— e =

13 ARCHITECTURE dataflow OF ALU IS

14 SIGHAL arith, logic: STD_LOGIC_VECTOR (7 DOWNTO 0);
15 BEGIN

16 W —=——= Arithmetic unit: -----—-

17 WITH sel(2 DOWNTO 0) SELECT

18 arith <= a WHEN "000",

19 a+l WHEN "001",

20 a-1 WHEN "010",

21 b WHEN "011"“,

22 b+1 WHEN "100",




23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

b-1 WHEN "101",
a+b WHEN "110",
atb+cin WHEN OTHERS;
----- Logic unit: ——————————-
WITH sel(2 DOWNTO 0) SELECT
logic <= NOT a WHEN "000",
NOT b WHEN "001",
a AND b WHEN "010",
a OR b WHEN "011",
a NAND b WHEN "100",
a NOR b WHEN "101",
a XOR b WHEN "110",
NOT (a XOR b) WHEN OTHERS;

WITH sel(3) SELECT
y <= arith WHEN '0',
logic WHEN OTHERS;

40 END dataflow:



FOR | GENERATE:

label: FOR identifier IN range GENERATE
(concurrent assignments)
END GENERATE;

51 oSy GENERATE =

LOOP Usleo 9 WHEN ¢ o Sloc olyops cowl 29,08 Sla oMcl =
LS pdly8 1) aS 5l ez LS VSl =

IF/GENERATE can be nested inside FOR/GENERATE |




[F | GENERATE nested inside FOR | GENERATE:

labell: FOR identifier IN range GENERATE
label2: IF condition GENERATE
(concurrent assignments)
END GENERATE;

END GENERATE;




Example:

SIGNAL x: BIT VECTOR (7 DOWNTO 0);
SIGNAL y: BIT VECTOR (15 DOWNTO 0);
SIGHNAL z: BIT VECTOR (7 DOWNTO 0);
Gl: FOR 1 IN x'RANGE GEMNERATE

z(1) <= x(1) AND y(i+8);
END GENERATE:;




il Sobow! LU Lol ¢ lawl =

HotOK: FOR 1 IN 0 TO choice GEHNERATE
(concurrent statements)
END GENERATE;




puiol @llao LU Ul 8,3 lndo sewo iz 5l S ulplliSw =

OK: FOR i IN 0 TO 7 GENERATE
output(i)<='1' WHEN (a(i) AND b(i))='1' ELSE '0';
END GENERATE;

/
HotOK: FOR i IN 0 TO 7 GENERATE

accum <="11111111" WHEN (a(i) AND b(i))='1l"' ELSE "00000000";
END GENERATE;




5.5 BLOCK

There are two kinds of BLOCK statements: Simple and Guarded.

S v oslaiwl AS sebogo Sau puasi Sl ™
d Ol Cupio 9 Ulgs culld Jawl;ol =

label: BLOCE

[declarative part]
BEGIN

(concurrent statements)
END BLOCE label;

\\




ARCHITECTURE example ...
BEGIN

blockl: BLOCK
BEGIN

END BLOCK blockl
block2: BLOCK
BEGIN

END BLOCEK block2;

END example;



Example:

bl: BLOCK
SIGNAL a: STD LOGIC;

BEGIN
a <= input sig WHEN ena='1l"'
END BLOCK bl;

ELSE

IEI:



A BLOCK (simple or guarded) can be nested inside another BLOCK. The corre-
sponding syntax i1s shown below.

labell: BLOCK
[declarative part of top block]
BEGIN

[concurrent statements of top block]
label2: BLOCE

[declarative part nested block]
BEGIN

(concurrent statements of nested block)
END BLOCE label2;

[more concurrent statements of top block]
END BLOCE labell;




Guarded BLOCK

A guarded BLOCK 1s a special kind of BLOCK, which includes an additional ex-
pression, called guard expression. A guarded statement in a guarded BLOCK is exe-
cuted only when the guard expression is TRUE.

Guarded BLOCK::

/

label: BLOCEKE (guard expression)
[declarative part]
BEGIN

(concurrent guarded and unguarded statements)
END BLOCE label;




LIBRARY ieee:
USE ieee.std logic_ll64.all;

b= L B

ENTITY latch IS
PORT (d, clk: IN STD LOGIC;
g: OUT STD_LOGIC);
END latch:

00 =1 on un

Lo

10 ARCHITECTURE latch OF latch IS
11 BEGIHN

12 bl: BLOCK (clk='1")
13 BEGIN

14 gq <= GUARDED d:
15 END BLOCK bl;

16 END latch;
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DFF Implemented with a Guarded BLOCK

00 =1 v LN = L B

o

11
12
13
14
15
16

LIBRARY ieee:
USE ieee.std logic_ll64.all;

ENTITY dff IS

PORT ( d, clk, rst: IN STD LOGIC;
q: OUT STD LOGIC);

END dff;

ARCHITECTURE dff OF dff IS

BEGIN
bl: BLOCEK (clk'EVENT AND clk='1")
BEGIN

q <= GUARDED '0O' WHEN rst='l"
END BLOCK bl;
END dff;

ELSE d;
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6 Sequential Code

PROCESSES,

FUNCTIONS WAIT. IF, CASE. and LOOP.

PROCEDURES




2 LIBRARY ieee:

3 USE ieee.std logic_l164.all;

B e e e
5 ENTITY dff IS

6 PORT (d, clk, rst: IN STD LOGIC;

7 q: OUT STD LOGIC);

8 END dff;

B e e e
10 ARCHITECTURE behavior OF dff IS

11 BEGIN

12 PROCESS (clk, rst)

13 BEGIN

14 IF (rst='1") THEN

15 q <= '0';

16 ELSIF (clk'EVENT AND clk='1') THEN
17 q <= d;

18 END IF;

19 END PROCESS;

20 END behavior:
2] ———————m———— e




6.2 Signals and Variables

VARIAELE/S are also restricted to be used in sequential code only (that is, inside

a PROCESS, FUNCTION, or PROCEDURE). Thus, contrary to a SIGNAL, a
VARIABLE can never be global, so its value can not be passed out directly.
We will concentrate on PROCESSES here. FUNCTIONS and PROCEDURES



VHDL has two wavs of passing non-static values around: by means of a SIGNAL

or by means of a W]Iﬂﬂ].ﬂ. A SIGNAL can be declared in a PACKAGE.,

ENTITY or ARCHITECTURE (in its declarative part), while a VARIABLE can
only be declared inside a piece of sequential code (in a PROCESS, for example).

Therefore, while the value of the former can be global, the latter i1s always local.
The value of a VARIABLE can never be passed out of the PROCESS directly; if
necessary, then it must be assigned to a SIGNAL. On the other hand, the update of a

VARIABLE is immediate, that is, we can promptly count on its new value in the

next line of code. That i1s not the case with a SIGNAL (when used in a PROCESS),
for its new value is generally only guaranteed to be available after the conclusion of

the present run of the PROCESS.
\\



1

As mentioned earlier, IF, WAIT, CASE, and LOOP are the statements intended for
sequential code. Therefore, they can only be used inside a PROCESS, FUNCTION,

or PROCEDURE.
The natural tendency is for people to use IF more than anv other statement.

the syn thesizer will optimize the structure and avoid the extra hardware

IF conditions THEN assignments;
ELSIF conditions THEN assignments;

ELSE assignments;
END IF:

Example:

IF (x<y) THEN temp:="11111111";
ELSIF (x=y AND w='0') THEN temp:="11110000";

ELSE temp:=(0OTHERS =>'0");




Example 6.2: One-digit Counter #1

The code below implements a progressive 1-digit decimal counter (0 — 9 — 0). A
top-level diagram of the circuit

clk —>

= digit (3:0)

WEOEHZa0 N

\



3]

LIBRARY ieee:
USE ieee.std logic_1164.all;

B o e o o
5 ENTITY counter IS

6 PORT (clk : IN STD LOGIC;

7 digit : OUT INTEGER RANGE 0 TO 9);

8 END counter:

O e o o e o
10 ARCHITECTURE counter OF counter IS

11 BEGIN

12 count: PROCESS(clk)

13 VARIABLE temp : INTEGER RANGE 0 TO 10;
14 BEGIN

15 IF (clk'EVENT AND clk='1"') THEN

16 temp := temp + 1;

17 IF (temp=10) THEN temp := 0;

18 END IF;

19 END IF;

20 digit <= temp;

21 END PROCESS count;

22 END counter:




6.4 WAIT

WAIT UNTIL signal condition;

WAIT ON =signall [, signal2, ... ];

WAIT FOR time;

\\



Example: 8-bit register with synchronous reset.

PROCESS --— no sensitivity list
BEGIN
WAIT UNTIL (clk'EVENT AND clk='1");
IF (rst='1"') THENW
output <= "00000000";
ELSIF (clk'EVENT AND clk='1l"') THEN
output <= input;
END IF;
END PROCESS;



PROCESS
BEGIH
WAIT ON clk, rst:

IF (rst='1') THEN

output <= "00000000";
ELSIF (clk'EVENT AND clk='l') THEN
output <= input;
END IF;
END PROCESS;




Example 6.4: DFF with Asynchronous Reset #2

19

0 =1 oo un

9

10
11
12
13
14
15
16
17
18
19
20
21

LIBRARY ieee:
USE ieee.std logic 1164.all;
ENTITY dff IS
PORT (d, clk, rst: IN STD LOGIC;
q: OUT STD_LOGIC);
END dff;
ARCHITECTURE dff OF dff IS
BEGIN
PROCESS
BEGIN
WAIT OM rst, clk:
IF (rst='1') THEN
q <= '0"%;
ELSIF (clk'EVENT AND clk='1"') THEN
q <= d;
END IF;
END PROCESS;
END dff;



Example 6.5: One-digit Counter #2

LIBRARY ieee:
USE ieee.std logic 1l164.all;

A ——
5 ENTITY counter IS

6 PORT (clk : IN STD LOGIC;

7 digit : OUT INTEGER RANGE 0 TO 9);

8 END counter:
A —
10 ARCHITECTURE counter OF counter IS

11 BEGIN

12 PROCESS -- no sensitivity list

13 VARIABLE temp : INTEGER RANGE 0 TO 10;
14 BEGIN

15 WAIT UNTIL (clk'EVENT AND clk='1"');

lé temp := temp + 1;

17 IF (temp=10) THEN temp := 0;

18 END IF;

19 digit <= temp;

20 END PROCESS;

21 END counter:



6.5 CASE

CASE 1s another statement intended exclusively for sequential code (along with IF,
LOOP, and WAIT). Its syntax is shown below.

CASE identifier IS
WHEN value => assignments;

WHEN value => assignments;

END CASE:




Example:

CASE control IS
WHEN "00" => x<=a; y<=b;

WHEN "01" => x<=b; y<=c;
WHEN OTHERS => x<="0000"; y<="ZZZZI";
END CASE:




WHEN wvalue —-- single value
WHEN wvaluel to value2 —-- range, for enumerated data types
-— only

WHEN valuel | value2 |... —-- valuel or value2 or ...




i
/ Example 6.6: DFF with Asynchronous Reset #3
2 LIBRARY ieee: —— Unnecessary declaration,
3 -- because
4 USE ieee.std logic_llé4.all; -- BIT was used instead of
5 -- STD_LOGIC

g

ENTITY dff IS
PORT (d, clk, rst: IN BIT;
9 gq: OUT BIT);
10 END dff;
ll] -————mm e e e
12 ARCHITECTURE dff3 OF dff IS
13 BEGIN
14 PROCESS (clk, rst)
15 BEGIN
16 CASE rst IS5

0o =



WHEN '1' => g<='0";
WHEN '0"' =>
IF (clk'EVENT AND clk='1"') THEN
q <= d;
END IF;
WHEN OTHERS => NULL; -- Unnecessary, rst is of type
-= BIT

END CASE;
END PROCESS;
END dff3;




6.6 LOOP

FOR [ LOOP: The loop is repeated a fixed number of times.

[label:] FOR identifier IN range LOOP
(seguential statements)
END LOOP [label];

WHILE [ LOOP: The loop is repeated until a condition no longer holds.

[label:] WHILE condition LOOP
(segquential statements)
END LOOP [label];

EXIT: Used for ending the loop.

[label:] EXIT [label] [WHEN condition];




NEXT: Used for skipping loop steps.

[label:] NEXT [loop label] [WHEN condition];

Example of FOR [ LOOP:

FOR i1 IN 0 TO 5 LOOP
¥(1) <= enable AND w(i+2):;
y(0, 1) <= w(1);

END LOOP;




Example of WHILE [/ LOOP: In this example, LOOP will keep repeating while
1< 10.

WHILE (i < 10) LOOP
WAIT UNTIL clk'EVENT AND clk='1l"';
(other statements)

END LOOP;



FOR i IN data'RANGE LOOP
CASE data(i) IS
WHEN '0' => count:=count+l:
WHEN OTHERS => EXIT:
END CASE;
END LOOP;




Example with NEXT: In the example below, NEXT causes LOOP to skip one iter-
ation when 1 = skip.

FOR i IN 0 TO 15 LOOPF
NEXT WHEN i=skip; —— jumps to next iteration

(onn)
END LOOP;




Function & component

Soan a=llao ™




