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ab cin | s cout | <% 9 (Entity) Coos>ge & Jolds oS
g? g [1] 8 .l o (Architecture) s loxe
| R [ 110 [0 1 e s Slas 055 cirogs Jald 5 )lane
Adder 1 0 out [ 00 T 1100 las oz (lgies oo ools slis oS |
cin —p 01 1 0 1 ‘ _
10 1 0 1 Ls;b&o)il.o.cdfoﬁ‘wd.gbkjolxo
ENTITY full adder IS
PORT (a, b, cin: IN BIT;
g, cout: OUT BIT);
END full adder;
ARCHITECTURE dataflow OF full adder IS —>
BEGIN
g <= a XOR b XOR cin;
cout <= (a AND b) OE (a AND cin) OR
(b AND cin) ;
END datarflow;
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3,90 o alulS ples 3l oiwad Jols (Library Declaration) ailsls” e/
Aol oo — Sguiue aidS oo b — a5 o colaiul
WS oo it Ty e [/0 sy L) b (Entity) covgzgo
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Basic
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Sl (o0l ) Jglace oS Slakad 5l (ol de gozme ailoulsS S

Sleilid 51 o 1o )95 p Zeel allulS o plaaS iz (olo )8 el 5l eslana
Sgd oo (Sharing) ¢,135 S il 4 g (reuse) soze oolazuwl

LIBRARY d..:L?uLS S Jg.o.x.o )L.>L~a
PACKAGE
FUNCTIONS
:CR)E;];[;L;F;Z f“'i)b e oS s go a4 ailbels U)LC/%?L:
CONSTANTS LIBRARY library name;
TYPES USE library name.package name.package parts;

AlulS aw 4 3lee (Package) aiw 4w J8lo> 4 VHDL oS ;2 )0 Yoo
:W%)Lb_}Lg 9

ieee wlxls 4 sl std_logic_1164 a. -

std abels 4 ke standard ac, °

LIBRARY ieee; -- A semi-colon (;) indicates WOI'k wleolss « al WOrk - o
USE ieee.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:



(Entity) Co o920
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ENTITY entity name IS
PORT ({
port name : signal mode signal type;
port name : signal mode signal type;
cea)i

END entity name;

sl buffer b 4, inout, out, in ,olis 51 SO el mode )L

Sl 4d,bgs INOUL g4 g 48,5 OUL 51N sloeys ©
IN —»| Circuit [¢—» INOUT “,MS oolazw! 3.5 bJ_;L; &g

T PUTER std_logic  bit wile ssls glgl 51 (S Juls type il

SledS (pl) ol VHDL sos 4,5, SledS 15 a0 ol 2 Silgie NAMeE ol \L

—» OUT




(Architecture) ¢ loxo

3,10 usu g0 1 (g loro A i
dgbs oyl Hloe 0, Sles : 05 g °

ARCHITECTURE architecture name OF entity name IS ( G
[declarations] S) P

BEGIN QST oo S Cudgge pb b asline Jdled 510
(code) .

END architecture name; 23l 5 Cadgse pb les wlgine (5 loaxe U
(=S 5 Dl Jlae SO) ool NAND 85 G L

ENTITY nand gate IS
PORT (a, b : IN BIT;

x : OUT BIT); a
END nand gate; X
ARCHITECTURE myarch OF nand gate IS b —

BEGIN
X <= a NAND b;
END myarch;
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DFF

1] - -——-_——- -

clk —I—> 2 LIBRARY ieee;
3 USE ieee.std logic 1164.all;

st —p—-- S
5 ENTITY dff IS
6 PORT ( d, clk, rst: IN STD LOGIC;
7 g: OUT STD LOGIC);
8 END dff;
0
10 ARCHITECTURE behavior OF dff IS
11 BEGIN
12 PROCESS (rst, clk)
13 BEGIN
14 IF (rst='1") THEN
15 g <= '0";
16 ELSIF (clk'EVENT AND clk="1l') THEN
17 g <= d;
18 END IF;
19 END PROCESS;

20 END behavior;



2R ISim - [MyResult.wcfa]
@ Fie Edic view Simulation Window Help

- 8%
ODFEH S DEX®| W @i ¥y B b I |Loius v = "]
Instances.. + O & X | | Cbjects +08&F X
2 ERE Simulation Cbjects for .., y
1L B 15[
Instance and Process b & -'Jg @ < X
ﬂ mytesth Object Mame o~
<) std_logic_1164 LIB d 'Q
J numeric_std Lli clk -
<) std_logic_arith L@ rst Q
J skd_logic_unsigr ('; q =
& clk_period .
3]
4l
< >
Instan... SOuE... £ > MyResult.wifg
Cansole

~+08 x
This is a Full wersion of ISim.

Time resolution is 1 ps

Simulator is doing circuit initialization process,
Finished circuit initialization process.

ISim:=

Consale EBreakpaints Search Resuls

Sim Time : 50000 ns
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b_} —q NAND o of o 4 DFF 5 ¢ Jlie

DFF

2 ENTITY example IS

3 PORT ( a, b, clk: IN BIT;
4 q: OUT BIT);

5 END example;

B m e e

7 ARCHITECTURE example OF example IS

8 SIGNAL temp : BIT;

9 BEGIN

10 temp <= a NAND b;

11 PROCESS (clk)

12 BEGIN

13 IF (clk'EVENT AND clk='1l') THEN g<=temp;
14 END IF;

15 END PROCESS;

16 END example;
17 m e -
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BIT_VECTOR 4 BIT

STD_LOGIC_VECTOR 4 STD_LOGIC
STD_ULOGIC_VECTOR 4, STD_ULOGIC

BOOLEAN

INTEGER
NATURAL

REAL
UNSIGNED 4 SIGNED

2,5 Lwg ool (i o ools —o

INTEGER
ENUMERATED



0y u:.s).u J.d )‘ LSLQ |

IFEE 1164 . 1EEF 1
1 L 1UT 1La0a1a 4
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7A Al AN\ N . L
/7 J stU) (S} w

ool L, sl
REAL 5 INTEGER 5 BOOLEAN , BIT cloes Jols std alsolis 5l standard s,
STD_ULOGIC 5 STD_LOGIC sles ol ieee sillzs 5 std_logic 1164 ..

i 25 ol yo 4 UNSIGNED 4 SIGNED slyess Jolis ieee aibxls ;5 std_logic_arith a., -
cwl .. g conv_uinsigned(p) s conv_integer(p) ssbe g¢ o &b cposs

Lod A 4 ° g N\ |\T|" ‘ s la oo |
W 9 (W23} G\JVLBLAJ )U 5 | AD i) | )U WO oW |

S

oS ol mlgs els leee alxls 5l std_logic_unsigned 4std_logic_signed sle as
s SIGNED w5 5 4 £ 5 sl a5 55 1|, STD_LOGIC_VECTOR (sls o0l (g5, bl alsil o5l
023 o wiies UNSIGNED

-- X 1s declared as a one-digit signal of type BIT. BIT—VECTOR 9BIT &9"

SIGNAL y: BIT VECTOR (3 DOWNTO 0); Sl Vg0 silaie maw len
-- vy is a 4-bit vector, with the leftmost bit being the MSB.
SIGNAL w: BIT VECTOR (0 TO 7);

SIGNAL x: BIT;

-- w 1s an 8-bit vector, with the rightmost bit being the MSB.

Based on the signals above, the following assignments would be legal (to assign a
value to a signal, the **<="" operator must be used):

x <= '1";

-—- X 1is a single-bit signal (as specified above), whose walue is
-— "1l'. Notice that single quotes (' ') are used for a single bit.

y <= "0111";

-— vy is a 4-bit signal (as specified above), whose wvalue is "0111"
-—— (M5SB='0"). Notice that double gquotes (" ") are used for

-— VvVectors.

w <= "01110001";
--— w is an 8-bit signal, whose walue is "01110001"™ (MSB='1").
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STD_LOG

o
<
T
A
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@)
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&2
o
(o4

4

C

ol i a5 cwslieee 1164 o jlasliwl 4 3lee o laie A dlaie gl SO
Wgd oo oolaiwl o5lw il dolis gl lads polio

Al® J.’L‘B ‘Z, 9 ‘1, 9 ‘O’ )JOLO.A laas

ol5 2 45" il ool solazwl Lo opl 4 (forcing) 48 ¢ (Weak) cans sldl>
03S i (698 £95 polae wil hate 0,5 SO astd_logic g4 5l JUSw 90
(25 Jga2) o9 waale> ol

Forcing Unknown
Forcing Low
Forcing High
High impedance
Weak unknown
Weak low

Weak high

Don’t care

(synthesizable unknown)
(synthesizable logic °17)
(synthesizable logic *07)
(synthesizable tri-state bulfer)

Resolved logic system (STD_LOGIC).

X 0 1 Z W L H -
X X X X X X X X X
0 X 0 X 0 0 0 0 X
1 X X 1 1 1 1 1 X
Z X 0 1 Z W L H X
W X 0 1 W W W W X
L X 0 1 L W L W X
H X 0 1 H W W H X
- X X X X X X X X




STD_ULOGIC_VECTOR ¢ STD_ULOGIC ¢4

ol i oS culieee 1164 o laibinl 4 gl olade 1 blaie pinaw SO
J.:B.w s oalal 6};& Ay 5 deolas 6‘;: lags ).:JLO.A

Cowl 0uls a8l 15 (Unresolved) ‘U’ Jlade L3 Jlade cuie pogdle

O Jais polie S > cpz) LB g5 40 950 Jgu > el o
Sl s spe e RS 4 | Wl g5 b slper oliess (0F S
ROW FRVAPEIR | IRVRCSIARV IS S C e S W (o

BOOLEAN ¢4
a5b o FALSE 5 TRUE jyolie ol
INTEGER g4
5L oo YYFYFATFFY b -YVFVFAYEFY jl s slael Jols
NATURAL g4
il oo YYFYEAYFRY b+ 5l el e sluel ol
REAL ¢4
Gy B g5 ol 2wl 1LOE38 1 -1.0E38 o)L ;5 > slael Jols



UNSIGNED 4 SIGNED ¢4
Xl oads oy x5 leee albuls i std_arith_logic aiws ;o ools glgl oy
Jleel pll el Ll cuol STD_LOGIC_VECTOR g4 L aliwe Ll jalls

i jshilen ( STD_LOGIC_VECTOR g5 G5 L) &)s o |, (Sl
30 11 1y lawloes Jlasl i dy <oll8 INTEGER gg5 bais 555 quiloes

QD gles 0010 Zrusgl iio 3.6 jizw o lail ol

Vs

X0 <= '0°'; -- bit, std logic, or std ulogic value '0'
x1l <= "00011111"; -- bit vector, std logic vector,

-- std ulogic vector, signed, or unsigned
x2 <= "0001 1111"; -- underscore allowed to ease visualization
x3 <= "101111" -- 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
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Example: Legal and illegal operations between data of different types.

SIGNAL
SIGNAL
SIGNAL
SIGNAL
SIGNAL

0T o o oW

b(5);

BIT;

BIT VECTOR(7 DOWNTO 0);

STD LOGIC;

STD LOGIC VECTOR(7 DOWNTO

INTEGER RANGE 0 TO
legal (same
legal (same
legal (same
legal (same
illegal

illegal

255;

scalar
scalar
scalar

scalar

(type mismatch:
(type mismatch:

0);
type: BIT)
type: BIT)

type: STD LOGIC)
type: STD LOGIC)

BIT x STD LOGIC)
BIT VECTOR x

STD LOGIC VECTOR)
illegal
illegal
STD LOGIC VECTOR)

(type mismatch:
(type mismatch:

INTEGER x BIT VECTOR)
INTEGER x
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TYPE integer IS RANGE -2147483647 TO +2147483647; INTTN}ER‘89 :
-- This is indeed the pre-defined type INTEGER.

TYPE natural IS RANGE (0 TO +2147483647;

-- This is indeed the pre-defined type NATURAL.
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.
ENUMERATED L ool bled g5 °
TYPE bit IS ('0', '1');
-- This is indeed the pre-defined type BIT

TYPE my logic IS ('0', '1', '2');

-- A user-defined subset of std logic.

TYPE bit_vector 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.



SUBTYPE L g5y ;
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Lol el & oo cilin glgil 51 sla 00l o (lomlone Jlae! ale) ilie Jlac! aloxi
el )l."u A.wb ngi{o EF ) gsi’ aS LS)LXBA 90 LS‘)%

SUBTYPE natural IS INTEGER RANGE 0 TO INTEGER'HIGH; (LS ¢ 6LQJL~° ‘b 4}9-’ L’) \JLA

-- 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.

Y Jte

SUBTYPE my_logic IS STD LOGIC RANGE 0" TO '17;
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)
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(a) (b) o al,l il slo atws b glgil
[0t 000] [o][1][o][0][o] a JSu - (scalar ) JSIL jlaie S5 ()
L1too o] [1]fo][o][1][o] b Jso = (1D g5 ) som Scal,lb Jlop (o)
[t roo ] []a]fo][o][] c JS5 = (1Dx1D g4 ) alo s 5l sl T ()
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BIT, STD_LOGIC, STD_ULOGIC, BOOLEAN ¢lgl s JISuI o

BIT_VECTOR, STD_LOGIC_VECTOR, STD_ULOGIC_VECTOR, ,elgl balsy o
SIGNED, UNSIGNED
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TYPE type name IS ARRAY (specification) OF data_type;

(oolawl L) u)l.c‘ 09>

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

solizl CONSTANT L VARIABLE l o) & 00 4o olsins SIGNAL s>
o8

Comas yiw B g 009 (63lw dnds jolaie 4 Ladd adql Jlade
1Dx1D 4.11)1 SO e, JLe

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

398 Jbwe J> lp ;500 ol

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



2[)4J)T“5§‘JR)*5:LN1”

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

-- 2D

array
aly] S adsl (ol Jlo
il i ) 0956 5 0,10 05,5 (o3l acds 4o LaBs g ooy (g LB )] SO gl oo lade
:="0001"; -- for 1D array
:t=('0",'0",'0","1") -- for 1D array
:=(('0','1","1',"1"), ('1','1','1','0")); ~-- for 1Dx1D or

-- 2D array

sl aly] sl s g 5bre sloparass 4 by, sldle S Jle
s oo a1 i o oo

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 vy: arrayl;
SIGNAL v: array?;
SIGNAL w: array3;



-- The sca
-- because
- (XrYrVr
x(0) <= y(
x(1) <= v(
X(2) <= w(
y(1)(1) <=
y(2)(0) <=
y(0)(0) <=
w(l,1l) <=
w(3,0) <=
X <= y(0);
<= v(l);
<= w(2);
<= w(2,
v(0) <= w(
v(0) <= w(
y(1) <= v(

y(1)(7 DOWNTO 3) <=

v(1)(7 DOWNTO 3) <=

wi(l,

5 DOWNTO 1) <=

Legal scalar assignments:

lar (single bit)
the "base"

W) .

1)(2);

2)(3);
2,1);
X(6);
v(0)(0);
w(3,3);
x(7);
v(0)(3);
Vector assignments:

2 DOWNTO 0); -

2,

2 DOWNTO 0); --

-- x STD LOGIC)
2); -
3); --

(v

-- a single pair of parenthesis

legal
illegal

(same data types:
(type mismatch:

STD_LOGIC_VECTOR)

illegal
illegal
STD LOGIC)
illegal

illegal
illegal

(mismatch:

(w must have 2D

(type mismatch:

(w must have 2D
(type mismatch:

STD_LOGIC_VECTOR)

X (4 DOWNTO 0); -

v(2)(4 DOWNTO 0); -

v(2)(4 DOWNTO 0); -

legal (same
same size)
legal (same
same size)

illegal

%@tmo ? ﬁL;d“) hy«;bzzﬁﬁ th>

assignments below are all legal,
(scalar) type is STD LOGIC for all signals

-- notice two pairs of parenthesis
(y is 1Dx1D)
-- two pairs of parenthesis

is 1Dx1D)
(w is 2D)

ROW)
ROW x

index)
ROW x

STD _LOGIC_VECTOR

index)
ROW x

type,

type,

(type mismatch)
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——————— Package: —-——-———————————— bﬂi‘

LIBRARY ieee:
USE ieee.std logic 1164.all;
PACKAGE my data types IS
TYPE vector array IS ARRAY (NATURAL RANGE <>) OF
STD LOGIC VECTOR(7 DOWNTO 0);
END my data types;

——————— Main code: —-=———————-————m——————————

LIBRARY ileee;

USE leee.std logic 1l1l64.all;

USE work.my data types.all; -- user-defined package

ENTITY mux IS
PORT (inp: IN VECTOR ARRAY (0 TO 3);
) i

END mux;



gy CONSTANT 3l oolaal b gy &g 1) ais lgie ! Jlo o

——————— Package: -——-——————— -
LIBRARY leee;
USE ieee.std logic 1l1l64.all;

PACKAGE my data types IS
CONSTANT b: INTEGER := 7;
TYPE vector array IS ARRAY (NATURAL RANGE <>) OF
STD_LOGIC_VECTOR{]D DOWNTO 0);

END my data types;
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I R W TP ieee wbuls 3 Std_&i‘lth_lOgiC A 50 Elgil ol
SIGNAL x: SIGNED (7 DOWNTO 0); (o] > J ;o L: oolawl ).o‘)f

SIGNAL y: UNSIGNED (0 TO 3);

INTEGER g4 & <ol STD_LOGIC_VECTOR g5 4 acs jlows o] ol 5 a5 oS dogi’
(ol s s ol jo conl Sow ass] GBS 1)

50 Lol cal VY Jolee 1101 5 8 Joleo 0101 Mo vt e Ko UNSIGNED 5 0las
Sl =¥ Jolae 1101 50 Jolae 0101 s v ¥ poile & ygan o polio SIGNED g4
Sldes o & g oolatwl g gl Sllee o lais STD_LOGIC_VECTOR ¢gg
e

3 & g 9,5 colatul flete Slu> Oldee o Laid UNSIGNED ¢ SIGNED (slycqs
sthio Glles ;o o2 9 ol Gllece o oo STD_LOGIC_VECTOR g4 3l puplyze 31
albuls 4 3l std_logic_unsigned 4 std_logic_signed sle atis b oS oolaw!
oS oolaiul ieee

.. Lo



Example: Legal and illegal operations with signed/unsigned data types.

LIBRARY ieee;
USE ieee.std logic 1ll64d.all;
USE ieee.std logic arith.all; -- extra package necessary

SIGNAL a: IN SIGNED (7 DOWNTO 0);
SIGNAL b: IN SIGNED (7 DOWNTO 0);
SIGNAL x: OUT SIGNED (7 DOWNTO 0);

v <= a + b; -- legal (arithmetic operation OK)
w <= a AND b; -- illegal (logical operation not O0OK)

Example: Legal and illegal operations with std_logic_vector.

LIBRARY ileee;
USE ieee.std logic 1164.all; -- no extra package required

SIGNAL a: IN STD LOGIC VECTOR (7 DOWNTO 0);
SIGNAL b: IN STD LOGIC VECTOR (7 DOWNTO 0);
SIGNAL x: OUT STD LOGIC VECTOR (7 DOWNTO 0);

v <= a + b; -- illegal (arithmetic operation not OK)

w <= a AND b; -- legal (logical operation OK)



Example: Arithmetic operations with std_logic_vector.

LIBRARY ieee;
USE 1leee.std logic 1lé64.all;

USE ileee.std logic unsigned.all; -- extra package included
SIGNAL a: IN STD LOGIC VECTOR (7 DOWNTO 0);

SIGNAL b: IN STD LOGIC VECTOR (7 DOWNTO 0);

SIGNAL x: OUT STD LOGIC VECTOR (7 DOWNTO 0);

v <= a + bj; -- legal (arithmetic operation OK), unsigned

w <= a AND b; -- legal (logical operation OK)

00l Js o

Qb LG Gl g ol plodl alizre £45 L ools g0 o lawdinse Glaies 1) Sllos
slo alxil g95 oS

:03ls Jhaud ol 40

aas sl 1) eols bas |5 a5 prngion oS dshad SO L °

reSe 00l 99290 (Sl Aty 5 (Sl (ol @B 5IL
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Example: Legal and illegal 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
il dubo @b (poi> el leee aibls 5l std_logic_arith acw,

INTEGER ¢4 51 p olb O ade Lo sl conv_integer(p) «b
s Jbos INTEGER ¢4 51 ¢ laie & STD_ULOGIC & SIGNED .UNSIGNED
S

3See o5 UNSIGNED g4 5l s oo a1, L3 glsil laa conv_unsigned(p,b)
3See o SIGNED ¢4 5l s lade &0 1, L3 glgil Len conv_signed(p,b)
UNSIGNED JINTEGER ¢4 51 p .l Conv_std_logic_vector(p,b)

b o5l & STD_LOGIC_VECTOR &4 5l & s & |, STD_LOGIC L , .SIGNED



Example: Data conversion.

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

SIGNAL a: IN UNSIGNED (7 DOWNTO 0);
SIGNAL b: IN UNSIGNED (7 DOWNTO 0);

SIGNAL y: OUT STD LOGIC VECTOR (7 DOWNTO 0);

y <= CONV_STD LOGIC VECTOR ((a+b), 8);

-- Legal operation: atb is converted from UNSIGNED to an
-- 8-bit STD LOGIC VECTOR value, then assigned to y.

Synthesizable data types.

L ool glgil A

Data types

Synthesizable values

BIT, BIT_VECTOR

STD_LOGIC, STD_LOGIC VECTOR
STD_ULOGIC, STD_ULOGIC_VECTOR
BOOLEAN

NATURAL

INTEGER

SIGNED

UNSIGNED

User-defined integer type

User-defined enumerated tvpe
SUBTYPE

ARRAY

RECORD

‘0L
X700, (1, 2 (resolved)

X, 00, (1, 27 (unresolved)

True, False

From 0 to 42, 147, 483, 647

From —2,147,483,647 to +2,147,483,647
From —2,147,483,647 to +2,147,483,647
From 0 to 4+2,147,483,647

Subset of INTEGER

Collection enumerated by user

Subset of any type (pre- or user-defined)
Single-type collection of any type above
Multiple-type collection of any types above
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[label:] PROCESS (sensitivity list) il 9 SO el 3
[VARIABLE name type [range] [:= initial value;]]
BEGIN

(sequential code)
END PROCESS [label];

el il el Coond [0 Wb s 5l oolaiw! &jge ;0 g 00g (g LS b e 51 ool
Qg
5l solaiw! lpo sl accds jo 1add g 009w b8 by aie adgl ke
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12
13
14
15
16
17
18
19
20
21

0955 sy (639,59 b odig YU ad 4 wlu> DFF G Jlis

LIBRARY leee;
USE ieee.std logic 11l64.all;
ENTITY dff IS
PORT (d, clk, rst: IN STD LOGIC;
g: OUT STD LOGIC);
END dff;
ARCHITECTURE behavior OF dff IS
BEGIN
PROCESS (clk, rst)
BEGIN
IF (rst='1"') THEN
q <= "0";
ELSIF (clk'EVENT AND clk="'1"') THEN
q <= d;
END IF;
END PROCESS;
END behavior;

d—

DFF

clk—>

— 4

st
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IF conditions THEN assignments;
ELSIF conditions THEN assignments;

ELSE assignments;

END IF;

] e e e ———————— e e e e
2 LIBRARY ieee;

3 USE ieee.std logic 1164.all;

e e e e o e e
5 ENTITY counter IS

6 PORT (clk : IN STD_LOGIC;

7 digit : OUT INTEGER RANGE 0 TO 9);

8 END counter;

D e —————— ———_——— e e e e
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='1l') 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;

23

IF g

5 yal,S

AmMmEZCOoOnN

> digit (3:0)
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________________________________________ d
LIBRARY ieee; DFF DFF DFF DFF
USE ieee.std logic 11l64.all; > > > >
________________________________________ o LT ]
ENTITY shiftreg IS rst

GENERIC (n: INTEGER := 4); -- # of stages

PORT (d, clk, rst: IN STD LOGIC;
g: OUT STD LOGIC);
END shiftreg;
ARCHITECTURE behavior OF shiftreg IS
SIGNAL internal: STD LOGIC VECTOR (n-1 DOWNTO 0);
BEGIN
PROCESS (clk, rst)
BEGIN
IF (rst='1l') THEN
internal <= (OTHERS => '0');
ELSIF (clk'EVENT AND clk='1') THEN
internal <= d & internal(internal'LEFT DOWNTO
END IF;
END PROCESS;
g <= internal(0);
END behavior;
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Cmd Jolis Wlgias ainl,8 1 09 solazwl WAIT jgiws 5l anlp G 5o o5 yo

WAIT UNTIL signal condition; . ‘)Abffﬁsx“tdjo) - °Cﬁ‘

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

WAIT FOR time;

sl ylin 1 0,55 51,8 ooliiul 050 Wlgte JuSw S Lads (Jol £99 50
gl b WAIT UNTIL jews «cdls ol )0 29,50l B cal (49,500 &l o
Lol ool b gios bbb aS (b ,e .0bb abgre ald jo ooliwl 0,90 gws
O glino
O35 ey b (b DL aiged S x e
PROCESS -- no sensitivity list
BEGIN
WAIT UNTIL (clk'EVENT AND clk='1");
IF (rst='1') THEN
output <= "00000000";
ELSIF (clk'EVENT AND clk='1"'") THEN
output <= input;
END IF;
END PROCESS;
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225 55, WAIT ON 5
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PROCESS

BEGIN
WAIT ON clk, rst;
IF (rst='1') THEN

output <= "00000000";
ELSIF (clk'EVENT AND clk="1l') THEN
output <= input;
END IF;
END PROCESS;

o 3o g (zge S0 adgd) (g3l s sl kads (WAIT FOR ow) pow g4
Sgius oslaiwl (tetsbench) il
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LIBRARY 1leee;
USE ieee.std logic 1164.all;
ENTITY dff IS
PORT (d, clk, rst: IN STD LOGIC;
g: OUT STD LOGIC);
END dff;
ARCHITECTURE dff OF dff IS
BEGIN
PROCESS
BEGIN
WAIT ON rst, clk;
IF (rst='1') THEN
q <= "0";
ELSIF (clk'EVENT AND clk='1l') THEN
q <= d;
END IF;
END PROCESS;
END dff;
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LIBRARY ileee;
USE 1eee.std logic 1l64.all;
ENTITY counter IS
PORT (clk : IN STD LOGIC;
digit : OUT INTEGER RANGE 0 TO 9);
END counter;

ARCHITECTURE counter OF counter IS

BEGIN
PROCESS -- no sensitivity list
VARIABLE temp : INTEGER RANGE 0 TO 10;
BEGIN

WAIT UNTIL (clk'EVENT AND clk='1");
temp := temp + 1;
IF (temp=10) THEN temp := 0;
END IF;
digit <= temp;
END PROCESS;
END counter;



CASE 50

Sodia odliwl (o 5 laaS Ay gl oo jgiwd (]

CASE identifier IS _

WHEN value => assignments; 95L~0¢x‘;J;f
WHEN wvalue => assignments;

END CASE;

CASE control IS (%gfi?yLZQLP(yFHERSoﬁ}SAQ:JuA
WHEN "00" => x<=a; y<=b;
WHEN "01" => x<=b; y<=c;
WHEN OTHERS => x<="0000"; y<="ZZZZ";

END CASE; )

3,5 ool NULL o] Jslso s UNAFFECTED ;| lste ailge a3s5s! ;o

WHEN OTHERS => NULL;

Nlgie OHgo dw o b lade 40,5 asuin o9 oo il ;o WHEN jgius alis

b
WHEN value -- single value
WHEN wvaluel to valueZ2 -- range, for enumerated data types
-— only

.. -—- valuel or valueZ or

WHEN valuel | value2
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] e e =

2 LIBRARY ieee; -- Unnecessary declaration,
3 -- because

4 USE ieee.std logic 1164.all; -- BIT was used instead of
5 -- STD_LOGIC

B e e

7 ENTITY dff IS

8 PORT (d, clk, rst: IN BIT;

9 q: OUT BIT);

10 END dff;

11 —— - -

12 ARCHITECTURE dff3 OF dff IS

13 BEGIN

14 PROCESS (clk, rst)

15 BEGIN

16 CASE rst IS

17 WHEN '1' => gq<='0";

18 WHEN '0' =>

19 IF (clk'EVENT AND clk='1') THEN

20 q <= d;

21 END IF;

22 WHEN OTHERS => NULL; -- Unnecessary, rst is of type
23 -- BIT

24 END CASE;

25 END PROCESS;

26 END dff3;
3
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seven-segment display (SSD)
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digitl

| [nput: “xabcdefg™

reset
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LIBRARY ileee;
USE ieee.std logic 1ll64.all;

ENTITY counter IS
PORT (clk,

digitl,

END counter;

reset

IN STD LOGIC;

digit2

OUT STD LOGIC VECTOR (6 DOWNTO 0));

ARCHITECTURE counter

BEGIN

PROCESS (clk,
VARIABLE templ:
VARIABLE temp?2:

BEGIN

—-——=- ¢counter:

IF (reset='1")

templ

temp?2
(clk"EVENT AND clk='1') THEN

ELSIF

templ

IF

= 0;
= 0;

OF counter IS

reset)

INTEGER RANGE 0 TO 10;
INTEGER RANGE 0 TO 10;

THEN

1= templ + 1;
(templ=10) THEN

templ :=

temp2 :=
(temp2=10)

IF

temp?2

0;

temp2 + 1;

1= 0;

THEN
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END IF;
END IF;
END IF;

———— BCD to 88D conversion:

CASE templ IS

WHEN OTHERS => NULL;

WHEN 0 =>
WHEN 1 =>
WHEN 2 =>
WHEN 3 =>
WHEN 4 =>
WHEN 5 =>
WHEN 6 =>
WHEN 7 =>
WHEN 8 =>
WHEN 9 =>
END CASE;
CASE temp2 IS
WHEN 0 =>
WHEN 1 =>
WHEN 2 =>
WHEN 3 =>
WHEN 4 =>
WHEN 5 =>
WHEN 6 =>
WHEN 7 =>
WHEN 8 =>

digitl
digitl
digitl
digitl
digitl
digitl
digitl
digitl
digitl
digitl

digit2
digit2
digit2
digit2
digit2
digit2
digit2
digit2
digit2

"1111110"; ~-7E
"0110000"; --30
"1101101"; —-—-6D
"1111001"; --79
"0110011"; --33
"1011011"; --5B
"1011111"; —-5F
"1110000"; --70
"1111111"; --7F
"1111011"; --7B
"1111110"; ——7E
"0110000"; --30
"1101101"; -—-6D
"1111001"; --79
"0110011"; --33
"1011011"; --5B
"1011111"; —-5F
"1110000"; --70
"1111111"; —--7F



54 WHEN 9 => digit2 <= "1111011"; --7B

55 WHEN OTHERS => NULL;

56 END CASE;

57 END PROCESS;

58 END counter;

59 m— e e -

LOOP ,giwss

Sgiie oolawl oS ;AwéjbiSCQQ-
5 FUNCTION (PROCESS J>ls sw) oy oS o Lid 15 jgiws oyl
Sgius oslaiw! (PROCEDURE

WHILE/LOOP  FOR/LOOP 55 iyl o, g0

Dguian H1S8 sastine g ol olass @ adl> SO FOR/LOOP 45 5o

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

B Ko eols bys oS sgivne 1S5 Sy b ail> WHILE/LOOP »3 o
[label:] WHILE condition LOOP alsls

(sequential statements)
END LOOP [label]:



1S giin ooliwl dal> L 40 S asin gl EXIT )
[label:] EXIT [label] [WHEN condition];

1S g oolaiwl dal> gLel§ 40 S, sl NEXT
[label:] NEXT [loop label] [WHEN condition];

FOR i IN 0 TO 5 LOOP : )L
X(1) <= enable AND w(1i+2);
y(0, 1) <= w(1);
END LOOP;
oolawl plplo sl <ol wub FOR/LOOP o solaiuwl 5,40 390> a5 oS a> o5
sl,b G choice ] )0 S FOR i IN 0 TO choice LOOP aiile Slygiws
g s J ol (6099
WHILE (1 < 10) LOOP WHILE/LOOP I Jts
WAIT UNTIL clk'EVENT AND clk='1";

(other statements)
END LOOP;

FOR i IN data'RANGE LOOP ((adl> oS @gs ) EXIT 51 oolanl Jlee
CASE data(i) IS
WHEN '0' => count:=count+1;
WHEN OTHERS => EXIT;
END CASE;
END LOOP;



(g 90 4o 18, g =8 sl >l 5l Jlais o) NEXT 51 e
FOR 1 IN 0 TO 15 LOOF
NEXT WHEN i=skip; -- jumps to next iteration

(een)
END LOOP;

0995 9% 4 ey Sedle e 0aliS e So 385 1 Jle
FOR/LOOP g la,ls ,» 5l oslaiwl g gENETIC & 50 ¢ Jol bg, °

IF )93.w$ 9 T2 Slael )‘ ool 9 (5«.‘.’/\ ual.‘> | u)g..a.’ :raﬁd U""ﬁ) ¢

One level below top:

Top level:
dy b{]. dq bl az b',.f
a
v v v v v 3 L
b & 4
co—» T —>» T >y T >
(cin . -2 -7 (cout) cin —» —» cout
v v v
Sﬂ S"l "?\*'I-"

Sj — ’dj XOR h‘]' XOR L]
ci+1 = (aj AND b;) OR (a; AND ¢j) OR (b; AND ¢;)



1l ————- Solution 1: Generic, with VECTORS - ————-——-
LIBRARY ieee;
3 USE ieee.std logic 1ll64.all;

%]

5 ENTITY adder IS

6 GENERIC (length : INTEGER := 8);

7 PORT ( a, b: IN STD LOGIC VECTOR (length-1 DOWNTO 0);
8 cin: IN STD LOGIC;

9 s: OUT STD LOGIC VECTOR (length-1 DOWNTO 0);
10 cout: OUT STD LOGIC);

11 END adder;

12 - -

13 ARCHITECTURE adder OF adder IS

14 BEGIN

15 PROCESS (a, b, cin)

16 VARIABLE carry : STD LOGIC VECTOR (length DOWNTO 0);
17 BEGIN

18 carry(0) := cin;

19 FOR 1 IN 0 TO length-1 LOOP

20 s(i) <= a(i) XOR b(i) XOR carry(i);

21 carry(i+l) := (a(i) AND b(i)) OR (a(i) AND

22 carry(i)) OR (b(i) AND carry(i));
23 END LOOP;

24 cout <= carry(length);

25 END PROCESS;

26 END adder;
27 ——— e e



1 ---- Solution 2: non-generic, with INTEGERS ----
2 LIBRARY ieee;
3 USE ieee.std logic 1164.all;

5 ENTITY adder IS

6 PORT ( a, b: IN INTEGER RANGE 0 TO 255;
7 cO0: IN STD LOGIC;

8 s: OUT INTEGER RANGE 0 TO 255;

9 c8: OUT STD_LOGIC};

10 END adder;

117 -
12 ARCHITECTURE adder OF adder IS

13 BEGIN

14 PROCESS (a, b, c0)

15 VARIABLE temp : INTEGER RANGE 0 TO 511;
16 BEGIN

17 IF (c0='1") THEN temp:=1;

18 ELSE temp:=0;

19 END TIF;

20 temp := a + b + temp;

21 IF (temp > 255) THEN

22 c8 <= "1";

23 temp := temp---256;

24 ELSE c8 <= '0';

25 END IF;

26 s <= temp;

27 END PROCESS:

28 END adder;
29 —— -
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599,49 )bﬁ k;‘gwo Lgl.&s).é..a Slaws odJ)LA.JI: JL.A
LIBRARY leee;
USE leee.std logic 1164.all;
ENTITY LeadingZeros 1S
PORT ( data: IN STD LOGIC VECTOR (7 DOWNTO 0);
zeros: OUT INTEGER RANGE 0 TO 8);
END LeadingZeros;
BEGIN
PROCESS (data)
VARIABLE count: INTEGER RANGE 0 TO 8;
BEGIN
count := 0;
FOR 1 IN data'RANGE LOOP
CASE data(i) IS

WHEN '0"' => count := count + 1;
WHEN OTHERS => EXIT;
END CASE;
END LOOP;

zZeros <= count;
END PROCESS;
END behavior;



CASE 4IF d.lis

Q5,05 glaus Solas g 0og v Jolae 90wl (5,138 Cew o Shee a5 5

-=== With IF: —=———emmmmee——— ———= With CASE: ———eeme—————
IF (sel="00") THEN x<=a; CASE sel IS
ELSIF (sel="01") THEN x<=b; WHEN "00" => x<=a;
ELSIF (sel="10") THEN x<=c; WHEN "01" => x<=b;
ELSE J-C{:d; WHEN "10" => x<=c;
WHEN OTHERS => x<=d;
END CASE;

. WHEN , CASE a..lis
] 00 °‘>)5T Jsd.?- o Le‘JsLQJ 9 LQo\QlM&J

WHEN CASE

Statement type Concurrent Sequential

Usage Only outside PROCESSES, Only inside PROCESSES,
FUNCTIONS, or FUNCTIONS, or
PROCEDURES PROCEDURES

All permutations must be tested | Yes for WITH/SELECT/WHEN | Yes

Max. # of assignments per test 1 Any

No-action keyword UNAFFECTED NULL
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Ll olas SN gl ad 51 SO @

yoko gl eoleiwl asine cud Sl Sl i Wb EVENT cisls 0,90 0
aile Jlygws 3l Lol sl oo IF(clk'EVENT AND clk="1") ,siws Jlw
|, ool cdl> LS b & jyganl 0 a5 1> 05 (g 00> Wb IF(clk'EVENT)
L Uas sl a0l L ( AND c1k="1"dis) ¢85 anlgs Jlai o0 5,8 o &g

PROCESS (clk) ol J&a‘}ﬁ- WL;.A )‘M
BEGIN

IF(clk'EVENT) THEN
counter := counter + 1;
END IF;

END PROCESS;
LgQﬁafaéd_ﬂ ;i§3¢ﬁ_y)LJ‘L&b Q}?ﬁﬁ A&J)éuJQ C@y»Lw> C~W¢J)d uij;M’jﬁ
g <8,S alezx oasol 1) JuKew o] JLLalS Ylia] weis oolawl aisl 3 40 09290

PROCESS (clk) R COR A PE 0] DN CO N K ¥ 7Y )
BEGIN

counter := counter + 1;

END PROCESS:
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(Wgs Jlogl Sy JUSKw (55, uls as T8 ol lpparass Ll 5,5 solatul SIS

PROCESS (clk)

BEGIN
IF(clk'EVENT AND clk='1') THEN
X <= d;
END 1IF;

END PROCESS;

PROCESS (clk)

BEGIN
IF(clk'EVENT AND clk='0') THEN
y <= d;
END IF;

END PROCESS;

AT I s gl 8 UK 5 519 RAM il 5, 3 1

B0 5l (s wSie [y addr w0l 10 00 0 33 83c o,lgen alail> 9,5
A;éjf‘Aés)Ots%gg'bﬁ;S‘JJA‘JObA‘Jb;#O{)4£ét>‘L9fQM§?)
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RAM
--------------------------------------------- . word 0
LIBRARY ieee; data in == word 1 p data_out
USE ieee.std logic 1164.all; word 2
- - addr =y
ENTITY ram IS T T
GENERIC ( bits: INTEGER := 8; -- # of bit i :
clk  wr ena
words: INTEGER := 16); -- # of words in the memory

PORT ( wr ena, clk: IN STD LOGIC;
addr: IN INTEGER RANGE 0 TO words-1;
data in: IN STD LOGIC VECTOR (bits-1 DOWNTO 0);
data out: OUT STD LOGIC VECTOR (bits-1 DOWNTO 0));
END ram;
ARCHITECTURE ram OF ram IS
TYPE vector array IS ARRAY (0 TO words-1) OF
STD LOGIC VECTOR (bits-1 DOWNTO 0);
SIGNAL memory: vector array;

WI_ena
BEGIN gr
PROCESS (clk, wr ena) WI ena
BEGIN d ;; q
IF (wr_ena='1l"') THEN DFE
IF (clk'EVENT AND clk='1") THERN
memory(addr) <= data in; clk P
END IF;
END IF;
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2 LIBRARY ieee;
3 USE leee.std logic 1164.all;

5 ENTITY example IS

6 PORT (a, b, ¢, d: IN STD LOGIC;
7 sel: IN INTEGER RANGE 0 TO 3;
8 X, y: OUT STD LOGIC);

9 END example;

11 ARCHITECTURE example OF example IS
12 BEGIN

13 PROCESS (a, b, ¢, d, sel)
14 BEGIN

15 IF (sel=0) THEN

16 x<=a;

17 y<='0";

18 ELSIF (sel=1) THEN
19 xX<=b;

20 y<='1l"';

21 ELSIF (sel=2) THEN
22 X<=¢C;

23 ELSE

24 X<=d;

25 END IF;

26 END PROCESS;

27 END example;
28 —————— -

o &

o

L X
| B
sel (1:0)
(a)
sel | x vy
(00 a 0
01 b 1
10 C
11 d

(b)
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y = (sel(0) AND sel(1)) OR (sel(0) AND y) OR (sel(1) AND v)
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01 b 1
0 | ¢ v
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GENERIC g CONSTANT :5,ls 095 ol g0 35 <ol polie Cupae iy
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B e SO lude el colaiw! (FUNCTION ¢ PROCEDURE ([PROCESS
Dg JAie (gm0 A priiluane Hoka Algiiel

:CONSTANT s

CONSTANT name : type := value; g Q—"ﬁ‘;

e
CONSTANT Set_bit : BIT := '17";

CONSTANT datamemory : memory := (('0','0"','0",'0"),
[101,101,101',711},
[101,101,111',711}};
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SIGNAL name : type [range] [:= initial value];

e

SIGNAL control: BIT := '0"';
SIGNAL count: INTEGER RANGE 0 TO 100;
SIGNAL y: STD LOGIC VECTOR (7 DOWNTO 0);
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LIBRARY ileee;
USE ieee.std logic 1ll64.all;
ENTITY count ones IS
PORT ( din: IN STD LOGIC VECTOR (7 DOWNTO 0);
ones: OUT INTEGER RANGE 0 TO 8);
END count ones;
ARCHITECTURE not ok OF count ones IS
SIGNAL temp: INTEGER RANGE 0 TO 8;
BEGIN
PROCESS (din)
BEGIN
temp <= 0;
FOR i IN 0 TO 7 LOOP
IF (din(i)='1') THEN
temp <= temp + 1;
END IF;
END LOOP;
ones <= temp;
END PROCESS;
END not ok;



(VARIABLE) iz g5

oslizsl 8 (FUNCTION 4 PROCEDURE PROCESS |3ls _ix) (oo o 3o Laié

2,5 solatwl oy 51 gt (gom bglas o g ol aloldd o1 Sle, 59, 4

2oL FUMCTION 4 PROCEDURE (PROCESS Pl jisu o wb ladd jse SO el

VARIABLE

VARIABLE
VARIABLE
VARIABLE

name : type [range] [:= init value]; :Jte
control: BIT := '0';
count: INTEGER RANGE 0 TO 100;

Vi

STD_LOGIC_VECTOR (7 DOWNTO 0) =:= "10001000";
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LIBRARY ileee;
USE 1eee.std logic 1164.all;

ENTITY count_ones IS
PORT ( din: IN STD LOGIC_VECTOR (7 DOWNTO O0);

ones: OUT INTEGER RANGE 0 TO 8);
END count ones;

ARCHITECTURE ok OF count ones IS
BEGIN
PROCESS (din)
VARIABLE temp: INTEGER RANGE 0 TO §;
BEGIN
temp := 0;
FOR 1 IN 0 TO 7 LOOP
IF (din(i)='1') THEN
temp := temp + 1;
END IF;
END LOOP;
ones <= temp;
END PROCESS;
END ok;



Comparison between SIGNAL and VARIABLE.

SIGNAL VARIABLE
Assignment | <= =
Utility Represents circuit interconnects (wires) Represents local information
Scope Can be global (seen by entire code) Local (visible only inside the
corresponding PROCESS, FUNCTION,
or PROCEDURE)
Behavior Update is not immediate in sequential Updated immediately (new value can be
code (new value generally only available used in the next line of code)
at the conclusion of the PROCESS,
FUNCTION, or PROCEDURE)
Usage In a PACKAGE, ENTITY, or Only in sequential code, that is, in a

ARCHITECTURE. In an ENTITY, all
PORTS are SIGNALS by default

PROCESS, FUNCTION, or
PROCEDURE
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-— Solution 1: using a SIGNAL (not ok) --
LIBRARY ieee;
USE ieee.std logic 1164.all;

ENTITY mux IS
PORT ( a, b, ¢, d, s0, sl: IN STD LOGIC;
y: OUT STD LOGIC);
END mux;

ARCHITECTURE not ok OF mux IS
SIGNAL sel : INTEGER RANGE 0 TO 3;
BEGIN
PROCESS (a, b, ¢, d, s0, s1)
BEGIN
sel <= 0;
IF (s0='1') THEN sel <= sel + 1;
END IF;
IF (sl1l='1') THEN sel <= sel + 2;
END IF;
CASE sel IS
WHEN 0 => y<=a;
WHEN 1 => y<=b;
WHEN 2 => y<=c;
WHEN 3 => y<=d;
END CASE;
END PROCESS;
END not ok;



1 -- Solution 2: using a VARIABLE (ok) ----
2 LIBRARY leee;

3 USE ieee.std logic 1164.all;
e e
5 ENTITY mux IS

6 PORT ( a, b, ¢, d, s0, sl: IN STD LOGIC;
7 y: OUT STD LOGIC);

8 END mux;

0 e e
10 ARCHITECTURE ok OF mux IS

11 BEGIN

12 PROCESS (a, b, ¢, d, s0, sl)

13 VARIABLE sel : INTEGER RANGE 0 TO 3;
14 BEGIN

15 sel := 0;

16 IF (s0="1') THEN sel := sel + 1;

17 END IF;

18 IF (sl='1") THEN sel := sel + 2;

19 END IF;

20 CASE sel IS

21 WHEN 0 => y<=a;

22 WHEN 1 => y<=b;

23 WHEN 2 => y<=c;

24 WHEN 3 => y<=d;

25 END CASE;

26 END PROCESS;

27 END ok;
28— e
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---- Solution 1: not OK - -————————————-
LIBRARY ileee;
USE ieee.std logic 1164.all;

ENTITY dff IS
PORT ( d, clk: IN STD LOGIC;

g: BUFFER STD LOGIC; clk
gbar: OUT STD LOGIC);
END dff;

ARCHITECTURE not ok OF dff IS

BEGIN
PROCESS (clk)
BEGIN
IF (clk'EVENT AND clk='1"') THEN
q <= dj
gbar <= NOT q;
END IF;

END PROCESS;
END not okj;

DFF

q

qbar



-——- Solution 2: OK - ——————————————————
LIBRARY ileee;
USE leee.std logic 1164.all;
ENTITY dff IS
PORT ( d, clk: IN STD LOGIC;
qg: BUFFER STD LOGIC;
gbar: OUT STD LOGIC);
END dff;
ARCHITECTURE ok OF dff IS
BEGIN
PROCESS (clk)
BEGIN
IF (clk'EVENT AND clk="1") THEN
q <= d;
END IF;
END PROCESS;
gbar <= NOT q;
END ok;
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PROCESS (clk)
BEGIN
IF (clk'EVENT AND clk='1') THEN

outputl <= temp; -- outputl stored
output2 <= a; -- output2 stored
END IF;

END PROCESS;

PROCESS (clk) Sgioo odlatwl oS 5 e LS

BEGIN
IF (c¢lk'EVENT AND clk='1") THEN

outputl <= temp; -- outputl stored
END IF;
output2 <= a; -- output2 not stored

END PROCESS;
Sgdis (X) JiKw G 0,035 el (tOMP) jitie G ojyj 3 40 1 Lo

PROCESS (clk)

VARIABLE temp: BIT;
BEGIN

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

temp <= aj;
END IF;
X <= temp; -- temp causes x to be stored

END PROCESS;
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l ---- Solution 1l: Two DFFS - ——————————————
2 LIBRARY ileee;
USE ieee.std logic 1164.all;

5 ENTITY dff IS

6 PORT ( d, clk: IN STD LOGIC;
7 gq: BUFFER STD_LOGIC;
8 gbar: OUT STD LOGIC);
9

END dff;
10 - - -
11 ARCHITECTURE two_dff OF dff IS
12 BEGIN
13 PROCESS (clk)
14 BEGIN
15 IF (clk'EVENT AND clk='1') THEN
16 q <= d; -- generates a register
17 gbar <= NOT d; -- generates a register
18 END IF;
19 END PROCESS;

20 END two dff;
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-—-—- Solution 2: One DFF -———————————————
LIBRARY ileee;
USE ieee.std logic 1164.all;
ENTITY dff IS
PORT ( d, clk: IN STD LOGIC;
dq: BUFFER STD_LOGIC;
gbar: OUT STD LOGIC);

ARCHITECTURE one dff OF dff IS

BEGIN
PROCESS (clk)
BEGIN
IF (clk'EVENT AND clk='1') THEN
q <= d; -- generates a register
END IF;

END PROCESS;
gbar <= NOT q; -- uses logilc gate (no register)
END one dff;
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—————— Solution 1: With a VARIABLE --—-—-———--—-
ENTITY counter IS
PORT ( clk, rst: IN BIT;
count: OUT INTEGER RANGE 0 TO 7);
END counter;
ARCHITECTURE counter OF counter IS
BEGIN
PROCESS (clk, rst)
VARIABLE temp: INTEGER RANGE 0 TO 7;
BEGIN
IF (rst='1') THEN

temp:=0;

ELSIF (clk'EVENT AND clk='1"') THEN
temp := temp+l;

END IF;

count <= temp;
END PROCESS;

END counter;
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—————— Solution 2: With SIGNALS only - --———--
ENTITY counter IS
PORT ( clk, rst: IN BIT;
count: BUFFER INTEGER RANGE 0 TO 7);
END counter;
ARCHITECTURE counter OF counter IS
BEGIN
PROCESS (clk, rst)
BEGIN
IF (rst='1') THEN
count <= 0;
ELSIF (clk'EVENT AND clk='1') THEN
count <= count + 1;
END IF;
END PROCESS;

END counter;
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———————— Solution 1: - - - —————————————-
ENTITY shift IS
PORT ( din, clk: IN BIT;
dout: OUT BIT);
END shift;
ARCHITECTURE shift OF shift IS
BEGIN
PROCESS (clk)
VARIABLE a, b, c: BIT;
BEGIN
IF (clk'EVENT AND clk="1l"'") THEN
dout <= c;

c := b;

b 1= a;

a := din;
END IF;

END PROCESS;
END shift;
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———————— Solution 2: - ————————————————
ENTITY shift IS
PORT ( din, clk: IN BIT;
dout: OUT BIT);
END shift;
ARCHITECTURE shift OF shift IS
SIGNAL a, b, c: BIT;
BEGIN
PROCESS (clk)
BEGIN
IF (clk'EVENT AND clk="'1l') THEN
a <= din;
b <= a;
c <= b;
dout <= c;
END IF;
END PROCESS;
END shift;
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———————— Solution 3: - - ————-
ENTITY shift IS
PORT ( din, clk: IN BIT;
dout: OUT BIT);
END shift;
ARCHITECTURE shift OF shift IS
BEGIN
PROCESS (clk)
VARIABLE a, b, c: BIT;
BEGIN
IF (clk'EVENT AND clk='1"') THEN
a := din;
b 1= a;
c 1= b;
dout <= c;
END IF;
END PROCESS;

END shift;
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———- Solution 1: With an internal SIGNAL ---
LIBRARY leee;
USE ileee.std logic 1lé64.all;
ENTITY shiftreg IS
PORT ( d, clk, rst: IN STD LOGIC;
g: OUT STD LOGIC);
END shiftreg;
ARCHITECTURE behavior OF shiftreg IS
SIGNAL internal: STD LOGIC VECTOR (3 DOWNTO 0);
BEGIN
PROCESS (clk, rst)
BEGIN
IF (rst='1') THEN
internal <= (OTHERS => '0");
ELSIF (clk'EVENT AND clk='1') THEN
internal <= d & internal(3 DOWNTO 1);
END IF;
END PROCESS;
g <= internal(0);
END behavior;



1l -- Solution 2: With an internal VARIABLE ---
2 LIBRARY ileee;

3 USE ileee.std logic 1164.all;

4 o e

5 ENTITY shiftreg IS

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

7 g: OUT STD LOGIC);

8 END shiftregq;

0 e
10 ARCHITECTURE behavior OF shiftreg IS

11 BEGIN

12 PROCESS (clk, rst)

13 VARIABLE internal: STD LOGIC VECTOR (3 DOWNTO 0);
14 BEGIN

15 IF (rst='1"') THEN

16 internal := (OTHERS => '0");

17 ELSIF (clk'EVENT AND clk="1") THEN

18 internal := d & internal(3 DOWNTO 1);
19 END IF;

20 q <= internal(0);

21 END PROCESS;

22 END behavior;
23 m—— e
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PROCESS (reset, clock)

BEGIN
IF (reset='1l") THEN
pr state <= state0;
ELSIF (clock'EVENT AND clock='1") THEN
pr state <= nx state;
END IF;
END PROCESS;
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PROCESS (input, pr state)
BEGIN
CASE pr state IS
WHEN statel =>
IF (input = ...) THEN
output <= <value>;
nx state <= statel;
ELSE ...
END IF;
WHEN statel =>
IF (input = ...) THEN
output <= <value>;
nx state <= statel;
ELSE ...
END IF;
WHEN state2 =>
IF (input = ...) THEN
output <= <value>;
nx state <= stateZ;
ELSE ...
END IF;
END CASE;
END PROCESS;



LIBRARY ieee;
USE ieee.std logic_1164.all;

ENTITY <entity name> IS
PORT ( input: IN <data_type>;
reset, clock: IN STD_LOGIC;
output: OUT <data type>);
END <entity name>;

ARCHITECTURE <arch_pame} OF <entity_name} IS
TYPE state IS (state0, statel, state2, state3,
SIGNAL pr state, nx state: state;

BEGIN - -

—————————— Lower section: ——-ecmmmmmm e

PROCESS (reset, clock)
BEGIN
IF (reset='1l') THEN
pr state <= stateO;
ELSIF (clock'EVENT AND clock='1l') THEN
pr_state <= nx_state;
END IF;
END PROCESS;

—————————— Upper section: ——————————mmmmem -

PROCESS (input, pr_state)
BEGIN
CASE pr_state IS
WHEN statel =>
IF (input = ...) THEN
output <= <value>;
nx_state <= statel;
ELSE ...
END IF;
WHEN statel =>
IF (input = ...) THEN
output <= <value>;
nx state <= statel;
ELSE ...
END IF;
WHEN state2 =>
IF (input = ...) THEN
output <= <value>;
nx state <= state3;
ELSE ...
END IF;
END CASE;
END PROCESS;
END <arch name>;
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2 LIBRARY ieee; BCD o5 ,leis oS

3 USE ieee.std logic 1164.all;

4 o
5 ENTITY counter IS

6 PORT ( clk, rst: IN STD LOGIC;

7 count: OUT STD LOGIC VECTOR (3 DOWNTO 0));
8 END counter;

0 o
10 ARCHITECTURE state machine OF counter IS

11 TYPE state IS (zero, one, two, three, four,

12 five, six, seven, eight, nine);

13 SIGNAL pr state, nx state: state;

14 BEGIN

15 - Lower section: --———————————--o——
16 PROCESS (rst, clk)

17 BEGIN

18 IF (rst='1') THEN

19 pr state <= zero;

20 ELSIF (clk'EVENT AND clk='1') THEN

21 pr state <= nx state;

22 END TIF;

23 END PROCESS;

24 e Upper section: —--———————————————-—
25 PROCESS (pr_ state)

26 BEGIN

27 CASE pr state IS

28 WHEN zero =>

29 count <= "0000";

30 nx state <= one;

31 WHEN one =>

32 count <= "0001";

33 nx state <= two;



34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

WHEN two =>
count <= "0010"; (4slsl) ... BCD o5 ,leis oS
nx state <= three;
WHEN three =>
count <= "Q011";
nx state <= four;
WHEN four =>
count <= "0100";
nx state <= five;
WHEN five =>
count <= "0101";
nx state <= six;
WHEN six =>
count <= "0110";
nx state <= seven;
WHEN seven =>
count <= "(0111";
nx state <= eight;
WHEN eight =>
count <= "1000";
nx state <= nine;
WHEN nine =>
count <= "1001";
nx state <= zero;
END CASE;
END PROCESS;

END state machine;



2 ENTITY simple fsm IS (asl'“ LJ""“*’L") ool FSM JA G}L‘“" ool.:,; JLM)
3 PORT ( a, b, d, clk, rst: IN BIT;

4 X: OUT BIT);

5 END simple fsm; a —Pp

6 m

7 ARCHITECTURE simple fsm OF simple fsm IS b —p» .

8 TYPE state IS (statedA, stateB); FSM —» X
9 SIGNAL pr state, nx state: state;

10 BEGIN d —Pp

11 ———-- Lower section: ——-—-——————

12 PROCESS (rst, clk) * *-
13 BEGIN

14 IF (rst='1') THEN clk rst
15 pr_state <= stateA;

16 ELSIF (clk'EVENT AND clk='1') THEN d=1

17 pr_state <= nx state;

18 END IF;

19 END PROCESS; d=0 d=0
20 @ ———mmm———— Upper section: —-—-————————————

21 PROCESS (a, b, d, pr state)

22 BEGIN rst d=

23 CASE pr_ state IS

24 WHEN stateA =>

25 X <= a;

26 IF (d='1") THEN nx state <= stateB;

27 ELSE nx_state <= stateA;

28 END IF;

29 WHEN stateB =>

30 X <= b;

31 IF (d='1l') THEN nx state <= stateh;

32 ELSE nx state <= stateB;

33 END IF;

34 END CASE;

35 END PROCESS;

36 END simple fsm;
37 = -
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LIBRARY ieee:
USE ieee.std logic_1ll64.all;

(el 00l oolo uL.MJ

ENTITY <ent name> IS5
PORT (input: IN <data type>;
reset, clock: IN STD LOGIC;
output: OUT <data_ type>);
END <ent name>;

ARCHITECTURE {arch_name‘;-v OF <ent name> I5

TYPE states IS (state(l, statel, statel,

SIGNAL pr state, nx state: states;
SIGNAL temp: <data type>;
BEGIN
—————————— Lower section:
PROCESS (reset, clock)
BEGIN
IF (reset='1') THEN
pr_state <= state0;

state3,

ELSIF (clock'EVENT AND clock='1l') THEN

output <= temp;
pr_ state <= nx state;
END IF;
END PROCESS;



Upper section: ==—eecceccccccccccccc e e e -
PROCESS (pr_state)
BEGIN
CASE pr state IS
WHEN state( =>

temp <= <value>;

IF (condition) THEN nx state <= statel;
END IF:

WHEN statel =>
temp <= <value>;

IF (condition) THEN nx state <= state2;

END IF:
WHEN state?2 =>

temp <= <value>;

IF (condition) THEN nx state <

END IF:
END CASE:
END PROCESS;
END <arch name>;

state3;
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ENTITY simple fsm IS
PORT ( a, b, d, clk, rst: IN BIT;
x: OUT BIT);
END simple fsm;

ARCHITECTURE simple fsm OF simple fsm IS
TYPE state IS (statelA, stateB);
SIGNAL pr state, nx state: state;

SIGNAL temp: BIT;
BEGIN

————— Lower section: —--——-———————————————————

PROCESS (rst, clk)
BEGIN
IF (rst='1') THEN
pr state <= stateA;
ELSIF (clk'EVENT AND clk='1') THEN
X <= temp;
pr state <= nx state;
END IF;
END PROCESS:;
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—————————— Upper section: —--———————————————-
PROCESS (a, b, d, pr state)
BEGIN
CASE pr state IS
WHEN stateA =>
temp <= a;
IF (d='1') THEN nx state <= stateB;
ELSE nx state <= statel;
END 1IF;
WHEN stateB =>
temp <= b;
IF (d='1l"') THEN nx state <= stateA;
ELSE nx state <= stateB;
END IF;
END CASE;
END PROCESS;

38 END simple fsm;

39
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LIBRARY leee;
USE ieee.std logic 1164.all;

ENTITY string detector IS
PORT ( d, clk, rst: IN BIT;
q: OUT BIT);
END string detector;

ARCHITECTURE my arch OF string detector IS
TYPE state IS (zero, one, two, three);
SIGNAL pr state, nx state: state;

BEGIN

————— Lower section: —--—————————c——meemeo

PROCESS (rst, clk)
BEGIN
IF (rst='1') THEN
pr state <= zero;
ELSIF (clk'EVENT AND clk='1') THEN
pr state <= nx state;
END IF;
END PROCESS;
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- Upper section: —-—————————————-

24 PROCESS (d, pr state)

25 BEGIN

26 CASE pr state IS

27 WHEN zero =>

28 qg <= '0"';

29 IF (d='1l") THEN nx state
30 ELSE nx state <= zero;
31 END IF;

32 WHEN one =>

33 g <= '0";

34 IF (d='1l") THEN nx state
35 ELSE nx state <= zero;
36 END IF;

37 WHEN two =>

38 q <= '0";

39 IF (d='1l") THEN nx state
40 ELSE nx state <= zero;
41 END IF;

42 WHEN three =>

43 g <= '1";

44 1F (d='0') THEN nx state
45 ELSE nx state <= three;
46 END IF;

47 END CASE;

48 END PROCESS;

49 END my arch;

<=

one;

two;

three;

Zero;

50 mmmmm— e e e
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Encoding Style

STATE BINARY TWOHOT ONEHOT
state() 000 00011 00000001
statel 001 00101 00000010
state2 010 01001 00000100
state3 011 10001 0000 1000
stated 100 00110 00010000
stated 101 01010 00100000
state6 110 10010 01000000
state7 111 01100 10000000
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(Code Partitioning) o5 o ise

(Code Sharing) o5 5,135 S1al 4

(Reuse) saxse solau]
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Main code LIBRARY
_ PACKAGE
Llcl:ll.lil)llc:-:::\m\ ‘ . COMPONENT
FUNCTION
ENTITY PROCEDURE

ARCHITECTURE




XU L (Component) dehd S p,8 4 wgdao oolaiwl obj a5 1) oleaS aslad
m2oae |8 (Package) diwo & =l g alig (Procedure) a9, L (Function)
Sgdaos JlalS AlulS SO o Lol 0 ats

(Package) aws

PACKAGE package name IS
(declarations)
END package name;

Lo Gy y25 ol 5

[ PACKAGE BODY package name IS
(FUNCTION and PROCEDURE descriptions)
END package name; ]

9 TYPE O LSOJ)L!J )‘ > g9y 9 ‘é"s" o axlad 5 09)& u‘j—M C e a_i: J?‘O
3,5 oslarw! ;.5 CONSTANTS
plos ol Jol (i el (0,5 ooliinl wob poi) & j90 jo () 5B (090 5 (ST ]

S aS ol sal cMel e, SO L sl SOl s 8 aS codl 2N Sl sad S & Nl
1l @
3 USE ieee.std logic 1164.all; ool az ' ‘_{_, uu).z.a JLW
4 o
5 PACKAGE my package IS s (635 ‘)-’) oaus eolaiwl arus asuy j‘
6 TYPE state IS (stl, st2, st3, std);
7 TYPE color IS (red, green, blue);
8 CONSTANT vec: STD LOGIC VECTOR(7 DOWNTO 0) := "11111111";
9 END my package;
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11
12
13
14
15
16
17

6 S Jols s S a2 ko

LIBRARY ieee;
USE ieee.std logic 11l64.all;
PACKAGE my package IS
TYPE state IS (stl, st2, st3, st4d);
TYPE color IS (red, green, blue);
CONSTANT vec: STD LOGIC VECTOR(7 DOWNTO 0) := "11111111";
FUNCTION positive_edge{SIGHAL s: STD LOGIC) RETURN BOOLEAN;
END my package;

PACKAGE BODY my package IS
FUNCTION positive_edge{SIGNRL s: STD LOGIC) RETURN BOOLEAN IS
BEGIN
RETURN (s'EVENT AND s='1");
END positive edge;
END my package;



S8 (6,50 pb yo L) work bl s3> g 00500 blaolS 1) ) Jlie 90 sl s 5l plaS™ 12
23,5 oolakwl 3 gllas USE 51 (WL VHDL oS G 2l o e a0l 51 oolawl gl 0lo

LIBRARY 1leee;
USE ieee.std logic 1llé64.all;
USE work.my package.all;

ENTITY. ..

ARCHITECTURE...

(Component) azks
)Qm CMJ ﬂf5j&fs51g&‘AggoAzwodULw\sA5L5¢Qgﬁqudﬁ(sgaoob’?ahg‘d&
S5l o oyl 5 1o oaiiS gaz dln Sl Lo dgpd cods aile onlil e Jlie
.o)S oolaswl L3l 5l coazme iy ya5 4 5Ls 90 (sl 059, @ 40 g oold 1,8 Alulis S
Taxdad 1) 530S oz ST .cwS Taahad® laie 0,55 )18 solaiul 050 0L A4S 505 4SS o A

S,k e pl g oS esliinl (6,500 Jlow o B 1 5l ey @S el g iy
.23l (Hierarchical Designs) _sl,. aludw



Silw wgai 1, o1 w9 (Declare) 43e/ 1, o1 Wb lawl w@adad G 5l soliswl iy
el oals oolo lid g 30 (g3le diged g (Dl 0gou .S (INstantiate)

COMPONENT component name IS :odkel
PORT (
port name : signal mode signal_type;
port name : signal mode signal type;
e )i

END COMPONENT;

Qe pb Wl S Cal Coogzge SO olel aline (Dol ogn a5 wiSiwe alaxdo
Sg ,S3 plaS” 1 (Type)g g 1 g ploS 2 cll> L (Mode)uwo

_ LS)L"“ 439.03
label: component name PORT MAP (port list);

.o
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————— COMPONENT declaration: —-——=———=————-
COMPONENT inverter IS

PORT (a: IN STD LOGIC; b: OUT STD LOGIC);
END COMPONENT;

————— COMPONENT instantiation: ---—-—-————-—-
Ul: inverter PORT MAP (X, V);

Sl odel sl ol g0 caols J1E e las 890 AiluliS J31s g 00,5 b |, (gl azhs a5 8,
13,15 59> g dslal

oS el aalipy Lol dbos I3l 1) o] euilgiee bastiins a5 ol ol Jgl o,
LIBRARY

COMPONENT
Inverter

—o— I\

Main code
COMPONENT \ Component

Nand_2 Declarations
3)_ CU[[[pUIlEIlL
— / Instantiations

COMPONENT
Nand 3 /

=D




oS oolatwl ol dlel g s o5l aS Canl ol a0 ol
Ol soze el @ g5k oS ooliinl axkad | pplese a5 Jb ya 1n) Conl e ped g,

LIERARY
COMPONENT
Inverter
Main code
PACKAGE
COMPONENT
Nand_2 Component Component

—:))_ ——» | Declarations |—1—P Instantiations

COMPONENT
Nand 3

=D:a

Dgude 08 59] widaue Hlis 1) hgy 90 pl 5l (o plaS e aS Jlie g0 aslsl o



9 nand_2 .dnverter Joli) b axlad S 4 hadd | o5 IS e peslesee 1 JUe
So :M)‘o ‘A)Y QS aSs )LQ.> )Liu‘ 6‘)‘3 rb.uS L5jL“° ooL:.‘i () L VO] )\ oolaw! & 9 (nand_3
&S 4SS e ol pled L ol aslip lp oo WS AT G g Slahad 1SS e Gl WS AT
50 b Oladad slod (ool 00,50 solatwl o aivs 51 9> a5 0uS azgi il ol ools lid aelol

a : . gl el ¢ dol aals (g lere o Mel s
b

C } V

d

l - File inverter.vhd: --—-—-——-———

2 LIBRARY ieee;
USE leee.std logic 1164.all;

4 e e
ENTITY inverter IS
PORT (a: IN STD LOGIC; b: OUT STD LOGIC);
END inverter;
8 e ————————————
9 ARCHITECTURE inverter OF inverter IS
10 BEGIN
11 b <= NOT a;

12 END inverter;
13 ———



1l ————-- File nand 2.vhd: -=---c-mmmmmm e
LIBRARY ieee;
3 USE leee.std logic 11l64.all;

5 ENTITY nand 2 IS
PORT (a, b: IN STD LOGIC; c: OUT STD LOGIC);

END nand 2;

=
9 ARCHITECTURE nand 2 OF nand 2 IS
10 BEGIN
11 c <= NOT (a AND b);
12 END nand 2;
13 -
I File nand 3.vhd: ---———-——-- -
LIBRARY ieee;
USE ieee.std logic 1164.all;
4 e e e
ENTITY nand 3 IS
PORT (a, b, c: IN STD LOGIC; d: OUT STD LOGIC);
END nand_ 3;
8 e ——————
9 ARCHITECTURE nand 3 OF nand 3 IS
10 BEGIN
11 d <= NOT (a AND b AND c);

12 END nand 3;
13 -~



1 - File project.vhd: --—————————— - ——
LIBRARY ieee;
USE ieee.std logic 1164.all;

B
5 ENTITY project IS

6 PORT (a, b, ¢, d: IN STD LOGIC;

7 X, y: OUT STD LOGIC);

8 END project;
Qe

10 ARCHITECTURE structural OF project IS

11 -

12 COMPONENT inverter IS

13 PORT (a: IN STD LOGIC; b: OUT STD LOGIC);

14 END COMPONENT;

15 ————————————

16 COMPONENT nand 2 IS

17 PORT (a, b: IN STD LOGIC; c: OUT STD LOGIC);
18 END COMPONENT;

19 @ @ -

20 COMPONENT nand 3 IS

21 PORT (a, b, c: IN STD LOGIC; d: OUT STD LOGIC);
22 END COMPONENT;

23 e

24 SIGNAL w: STD LOGIC;

25 BEGIN

26 Ul: inverter PORT MAP (b, w);

27 U2: nand 2 PORT MAP (a, b, x);

28 U3: nand 3 PORT MAP (w, c, d, y);

29 END structural;
30 ——— e
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Adloe g5 3 a3l oolaswl jslate 4 USE jgiws Jolis Lol dali p a5 0iS a4z g
1l -—————- File inverter.vhd: --—————————- o -

2 LIBRARY leee;
3 USE 1leee.std logic 1ll64.all;

e e e ————————— e

5 ENTITY inverter IS

6 PORT (a: IN STD LOGIC; b: OUT STD LOGIC) ;
7 END inverter;

B e e ——— —————————— e

9 ARCHITECTURE inverter OF 1inverter IS

10 BEGIN

11 b <= NOT a;

12 END i1nverter:
13 —————— e -



1l ————- File nand 2.vhd: -----———-mmmmmm
LIBRARY ieee;
3 USE ieee.std logic 1164.all;

5 ENTITY nand 2 IS
PORT (a, b: IN STD LOGIC; c: OUT STD LOGIC);
END nand 2Z;

8 e e

9 ARCHITECTURE nand 2 OF nand 2 IS

10 BEGIN

11 ¢ <= NOT (a AND b);

12 END nand 2;

13 ——— e e -

l - File nand 3.vhd: -
LIBRARY ileee;
USE ieee.std logic 1164.all;

4 o e

5 ENTITY nand 3 IS
PORT (a, b, c: IN STD LOGIC; d: OUT STD LOGIC);
END nand 3;

8 e e ———_————
9 ARCHITECTURE nand_3 OF nand_3 IS

10 BEGIN

11 d <= NOT (a AND b AND c);

12 END nand 3;
13 = e
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18

————— File my components.vhd: ----——------—---
LIBRARY 1leee;
USE ieee.std logic 1164.all;
PACKAGE my components IS
—————— inverter: —------—-
COMPONENT inverter IS
PORT (a: IN STD LOGIC; b: OUT STD LOGIC);
END COMPONENT;
—————— 2-input nand: ---
COMPONENT nand 2 IS
PORT (a, b: IN STD LOGIC; c: OUT STD LOGIC);
END COMPONENT;
—————— 3-input nand: ---
COMPONENT nand 3 IS
PORT (a, b, c: IN STD LOGIC; d: OUT STD LOGIC);
END COMPONENT;

19 END my components;

20
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————— File project.vhd: --————————————— - ———

LIBRARY leee;
USE ieee.std logic 1164.all;
USE work.my components.all;
ENTITY project IS
PORT ( a, b, ¢, d: IN STD LOGIC;
X, y: OUT STD LOGIC);
END project;
ARCHITECTURE structural OF project IS
SIGNAL w: STD LOGIC;
BEGIN
Ul: inverter PORT MAP (b, w);
U2: nand 2 PORT MAP (a, b, X);
U3: nand 3 PORT MAP (w, c, d, V¥);
END structural;



(Port Map) L ;9 <SS

) anhad Sy oad G ped L 5l Sl s 5 sl (o8ls Sl he e BLI) 0958 eesd s 4
Dguien 485 L3,y Sl (g5l diged >

W] FP N VI TR Y IR | axdad oS & 8
COMPONENT inverter IS : SO ROt iS5

PORT (a: IN STD LOGIC; b: OUT STD LOGIC) ;
END COMPONENT;

g )90 S5 b5 99
> 0 Glge ) Do 4 (Al e MU &5 ) s(Positional Mapping) <o il
10,5 oolaiwl Sl CllSS 5l (g3l diged
Ul: inverter PORT MAP (X, V);

J2 5l ankd ldym @Y 9 X (ol (Bly Sy il iged Sy (2BIS Gl o
Sgdoe Jato D ga 4y s g ay o (Wb 50) ool Gy s
G Liye plaS &S oS )53 bu o by, (pl yo s(Nominal Mapping) ol <ol
o e 28 Lo 10 g fuaie 5050

Ul: inverter PORT MAP (x=>a, yv=>b);

yoglis lallas 4 s ‘Lsol.; S Y Lol conl 5 c&ly g 45 ool GEL& S5 09

M solaw! OPEN Lgd..:.lf
U2: my circuit PORT MAP (x=>a, y=>b, w=>0PEN, z=>d);



(GENERIC Map)  og0s <SS
25 Syga Ll il 0,5 colaiwl GENERIC (sle il )l 5l a5 Sledad g5le aiges (sl
23,5 Jos

label: compon name GENERIC MAP (param. list) PORT MAP (port list);
255 Ol 0oaiS adgi S shou 1 JLie
dzad (a2 a4 bgsye delip o N el (58 oo Jade a5 0sS Az i oul coly oyl oS o
oS Vo el lade (950 dalad g5l diged sl jo g Lol aslip jo Lol ailose Vol
Zwol GENERIC &lalad slg55:9 51 cddao ol (GENERIC MAP g S @) ol oo
ol B 4 bae 6,550 g axdad (el w4 by SOl iSu g0 cal ools lis oS
3 GENERIC 1 oolaiwl ¢ Lol asli p jo askad Dol allin jo a5 0uS 4z g5 .ol by
g oolaiwl o,Lgn b el )b adsl Jlade les aS o 0 og3) Lol
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1 ( ) GENERATOR

=p Output (n:0)




1l ————- File parity gen.vhd (component): -—-—-——-—-——————-

2 LIBRARY ieee;
3 USE ieee.std logic 1164.all;
4 @ ———————————

5 ENTITY parity gen IS

6 GENERIC (n : INTEGER := 7); =-- default is 7

7 PORT ( input: IN BIT VECTOR (n DOWNTO 0);

8 output: OUT BIT VECTOR (n+l DOWNTO 0));
9 END parity gen;

10 == e e e -
11 ARCHITECTURE parity OF parity gen IS
12 BEGIN

13 PROCESS (input)

14 VARIABLE templ: BIT;

15 VARIABLE temp2: BIT VECTOR (output'RANGE);
16 BEGIN

17 templ := '0";

18 FOR i1 IN input'RANGE LOOP

19 templ := templ XOR input(1i);
20 temp2(1) := input(i);

21 END LOOP;

22 temp2 (output'HIGH) := templ;

23 output <= temp2;

24 END PROCESS;

25 END parity;
26 —mmmm e -



Oladad @y ,20 S L ALU S (g5l 00l Jlo

SeS b opl bl wog (self-contained) Jgounsgs oS ol Lol oo J> W8 a> 5 Jlo oyl
ol 00l 0851 o5 S 40 loaze ALU (ol 6l SLo

Cwsl MUX g arith_unit Jogic_unit glpel 4 aslad aw Jolds le aloliS a5 (S (5,8
oolaw! dis 3l g3l oolo sl Jle ol o eeles |y ALU pplges Slakad ol (g9, 3l g
el 00 oo)gi o)l.gso d._ol.;).g le"a‘ LER VR Slalad u)l.ﬁ‘ 9 Sl 0005

sel Operation Function Unit

0000 y<=a Transfer a
0001 y <=a+l Increment a
0010 y <= a-1 Decrement a
0011 y<=b Transter b Arithmetic
0100 y <=b+l Increment b
0101 y <=b-1 Decrement b
0110 y <=a+b Add aand b
0111 y <= a+b+cin Add a and b with carry
1000 y<=NOT a Complement a
1001 y<=NOTb Complement b
1010 | y<=a ANDbD AND
1011 y<=aORDb OR Logic

a (7:0) —I—‘ _ _ 1100 | y <=a NAND b NAND

b (7:0) e e 10Z1C_UNIL 1101 | y<=aNORb NOR
1110 | y<=aXORb XOR
1111 | y<=aXNORDb XNOR

mux — Y (7:0)
-
-I
|
i g arith_unit sel (3)

sel (30) #




l ——————— COMPONENT arith unit: ---—---m——mmm—m o
LIBRARY leee;
USE ieee.std logic 1164.all;

4 TUSE 1eee.std logic unsigned.all;

N e —

6 ENTITY arith unit IS

7 PORT ( a, b: IN STD LOGIC VECTOR (7 DOWNTO 0);
8 sel: IN STD LOGIC VECTOR (2 DOWNTO 0);
9 cin: IN STD LOGIC;

10 X: OUT STD LOGIC_VECTOR (7 DOWNTO 0));
11 END arith unit;

12 —————————— e e e

13 ARCHITECTURE arith unit OF arith unit IS

14 SIGNAL arith, logic: STD LOGIC_ VECTOR (7 DOWNTO 0);
15 BEGIN

16 WITH sel SELECT

17 x <= a WHEN "000",

18 a+l WHEN "001",

19 a-1 WHEN "010",

20 b WHEN "O011",

21 b+1 WHEN "100",

22 b-1 WHEN "101",

23 atb WHEN "110",

24 atb+cin WHEN OTHERS;

25 END arith unit;
26 ————— e ———————————
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———————— COMPONENT logic unit: —--—--————————————— e
LIBRARY leee;
USE ileee.std logic 1164.all;
ENTITY logic unit IS
PORT ( a, b: IN STD LOGIC VECTOR (7 DOWNTO 0);
sel: IN STD LOGIC VECTOR (2 DOWNTO O0);
Xx: OUT STD LOGIC VECTOR (7 DOWNTO 0));
END logic unit;
ARCHITECTURE logic unit OF logic unit IS
BEGIN
WITH sel SELECT
X <= NOT a WHEN "000",
NOT b WHEN "001",
a AND b WHEN "010",
a OR b WHEN "O011",
a NAND b WHEN "100",
a NOR b WHEN "101",
a XOR b WHEN "110",
NOT (a XOR b) WHEN OTHERS;
END logic unit;
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———————— COMPONENT muUX: ====————mee e e e —
LIBRARY ileee;
USE ileee.std logic 11l64.all;

ENTITY mux IS
PORT ( a, b: IN STD LOGIC VECTOR (7 DOWNTO 0);
sel: IN STD LOGIC;
x: OUT STD LOGIC VECTOR (7 DOWNTO 0));

ARCHITECTURE mux OF mux IS

BEGIN
WITH sel SELECT
X <= a WHEN '0',
b WHEN OTHERS;
END mux;

———————— Project ALU (main code): -—————————————m——

LIBRARY ileee;

USE 1eee.std logic 11lé64.all;

ENTITY alu IS

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

cin: IN STD LOGIC;
sel: IN STD_LOGIC_?ECTOR(3 DOWNTO 0);
y: OUT STD LOGIC VECTOR(7 DOWNTO 0));



10 END alu;

1] - e e

12 ARCHITECTURE alu OF alu IS

13 ———

14 COMPONENT arith unit IS

15 PORT ( a, b: IN STD LOGIC VECTOR(7 DOWNTO 0);
16 cin: IN STD LOGIC;

17 sel: IN STD_LOGIC_VECTOR(2 DOWNTO 0);
18 x: OUT STD LOGIC VECTOR(7 DOWNTO 0));
19 END COMPONENT;

20 @ ———mm—————

21 COMPONENT logic unit IS

22 PORT ( a, b: IN STD LOGIC VECTOR(7 DOWNTO 0);
23 sel: IN STD_LOGIC_VECTOR{Z DOWNTO 0);
24 x: OUT STD LOGIC VECTOR(7 DOWNTO 0));
25 END COMPONENT;

26 @ e

27 COMPONENT mux IS

28 PORT ( a, b: IN STD LOGIC VECTOR(7 DOWNTO 0);
29 sel: IN STD LOGIC;

30 x: OUT STD LOGIC VECTOR(7 DOWNTO 0));
31 END COMPONENT;

32 e

33 SIGNAL x1, x2: STD LOGIC VECTOR(7 DOWNTO 0);
3 ——— e —————

35 BEGIN

36 Ul: arith unit PORT MAP (a, b, cin, sel(2 DOWNTO 0), x1);
37 U2: logic_unit PORT MAP (a, b, sel(2 DOWNTO 0), x2);
38 U3: mux PORT MAP (xl1, x2, sel(3), v);

39 END alu;
40 ———
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oS Glg 2 1) 1 e 900,5 Cypai 1) ol iy ol ol wlgs 5l ool 5 olomyl (sl
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FUNCTION function name [<parameter list>] RETURN data type IS

[declarations]
BEGIN

(sequential statements)
END function name;

(o 5o yusio £99) Wil Culgd g LIS Jols Wlgtos 105 O j90 4 ol )y ]

{parameter hst) = [CONSTANT] constant_name: constant_type;
{parameter list) = SIGNAL signal_name: signal_type;:

aib sy JB g o Wlgie Ll g5 .abl Wlgie Gho J) () lade ,o byl b olows

s BB glgl cpl jo a5 asS asgy aJl « INTEGER 4 STD_LOGIC .BOOLEAN auiils

03gd5e 43,5 Lasiw §lp (6,58 > » L ) TO/DOWNTO L 4 RANGE ;| ol

OsS sola

Dy Ladeive data_type SeS a ol g4 a5 el iS5l lade SO slyls aid Al

b gasloc gb ga 69g,5 b aw g atils b fl dgion 00,5l dnlsl jo a5 bl : Lo

b g5 5l 28 L sk bl 4S5 wS axgd aniis JUSew g95 51 C g 00g Sl g3

Olasein pogdle Wl cod i (IS gt oolaiw] CONSTANT 1 STl b g il

5l aS oS axgi .asiloe STD_LOGIC_VECTOR ¢4 5l c g INTEGER g4 5Ib ga ¢34
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FUNCTION f1 (a, b: INTEGER; SIGNAL c: STD LOGIC VECTOR)
RETURN BOOLEAN IS

BEGIN
(sequential statements)
END f1;
&V K (AP ogxi
AL Silgie (Glojes b (ond ) jle Sl Fend B SG Sle 8
X <= conv_linteger(a); -- converts a to an integer
-- (expression appears by itself)
y <= maximum(a, b); -- returns the largest of a and b
-- (expression appears by itself)
IF x > maximum(a, b) ... -- compares X to the largest of a, b

-- (expression assoclated to a
-—- statement)

positive_edge U :Jtuo

IF (cIKEVENT jgiws Jolas g oolo aseis |, S (Cuie ad L) 005y, Vb ad &b oy
il AND clk="1")

—————— Function body: -—-—————————— e~
FUNCTION positive_edge(SIGNAL s: STD LOGIC) RETURN BOOLEAN IS
BEGIN

RETURN (s'EVENT AND s="'1");
END positive edge;

—————— Function call: ———-—- e -

IF positive edge(clk) THEN...



INTEGER ¢4 4 STD_LOGIC_VECTOR g¢ Lo slp onb 1 JLio
—————— Function body: - - - - - - - - - -
FUNCTION conv_integer (SIGNAL vector: STD LOGIC VECTOR)

RETURN INTEGER IS
VARIABLE result: INTEGER RANGE 0 TO 2**vector'LENGTH-1;
BEGIN
IF (vector(vector'HIGH)='1l') THEN result:=1;
ELSE result:=0;

END IF;
FOR 1 IN (vector'HIGH-1) DOWNTO (wvector'LOW) LOOP

result:=result*2;
IF(vector(i)='1") THEN result:=result+l;

END IF;
END LOOF;
RETURN result;

END conv_integer;
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PACKAGE ~ ——> LIBRARY

(+ PACKAGE BODY)
FUNCTION /
PROCEDURE ARCHITECTURE
location (declarative part)
Main code

ENTITY
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LIBRARY ieee;
USE 1eee.std logic 1164.all;
ENTITY dff IS
PORT ( d, clk, rst: IN STD LOGIC;
g: OUT STD LOGIC);
END dff;

FUNCTION positive edge(SIGNAL s: STD LOGIC)
RETURN BOOLEAN IS
BEGIN
RETURN s'EVENT AND s='1";
END positive edge;
BEGIN
PROCESS (clk, rst)
BEGIN
IF (rst='1"') THEN q <= '0';
ELSIF positive edge(clk) THEN gq <= d;
END IF;
END PROCESS;
END my arch;
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AS ax g5 Lol asb s ;o USE work.my_package.all alos> «

——————— Package: ————————mmmm e -

LIBRARY leee;
USE ileee.std logic 1lé64.all;

PACKAGE my package IS
FUNCTION positive_edge{SIGNAL s: STD LOGIC) RETURN BOOLEAN;

END my package;
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PACKAGE BODY my package IS
FUNCTION positive edge(SIGNAL s: STD LOGIC)
RETURN BOOLEAN IS
BEGIN
RETURN s'EVENT AND s="'1";
END positive edge;
END my package;

—————— Main code: =————-mmmm e e
LIBRARY ieee;
USE ieee.std logic 1164.all;
USE work.my package.all;
ENTITY dff IS
PORT ( d, clk, rst: IN STD LOGIC;
g: OUT STD LOGIC);

ARCHITECTURE my arch OF dff IS
BEGIN
PROCESS (clk, rst)
BEGIN
IF (rst='1') THEN q <= '0°';
ELSIF positive edge(clk) THEN g <= d;
END IF;
END PROCESS;
END my arch;
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g b oy B S cwl conv_integer() b Gles dgdase oy p Jle opl o a5 bl
J=lo 1y ol byl jo iaie oolatul INTEGER g45 4y STD_LOGIC_VECTOR go Jrou5 (sl
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————————— Package: - - - ————————————
LIBRARY ileee;
USE leee.std logic 1164.all;
PACKAGE my package IS
FUNCTION conv_integer (SIGNAL vector: STD LOGIC VECTOR)
RETURN INTEGER;
END my package;
PACKAGE BODY my package IS
FUNCTION conv_integer (SIGNAL vector: STD LOGIC VECTOR)
RETURN INTEGER IS
VARIABLE result: INTEGER RANGE 0 TO 2**vector'LENGTH-1;
BEGIN
IF (vector(vector'HIGH)='1') THEN result:=1;
ELSE result:=0;
END IF;
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FOR i1 IN (vector'HIGH-1) DOWNTO (vector'LOW) LOOP
result:=result*2;
IF(vector(i)='1") THEN result:=result+l;
END IF;
END LOOP;
RETURN result;
END conv integer;
END my package;
———————— Main code: - —————————————————————————
LIBRARY ieee;
USE leee.std logic 1ll64.all;
USE work.my package.all;
ENTITY conv_int2 IS
PORT ( a: IN STD LOGIC VECTOR(0 TO 3);
v: OUT INTEGER RANGE 0 TO 15);
END conv_int2;
ARCHITECTURE my arch OF conv int2 IS
BEGIN
y <= conv_integer(a);
END my arch;
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1l - Package: ---—————————— - ——
2 LIBRARY 1leee;
USE leee.std logic 1164.all;

4 o e
5 PACKAGE my package IS

6 FUNCTION "+" (a, b: STD LOGIC VECTOR)

7 RETURN STD LOGIC VECTOR;

8 END my package;

0 e
10 PACKAGE BODY my package IS

11 FUNCTION "+" (a, b: STD LOGIC VECTOR)

12 RETURN STD LOGIC VECTOR IS

13 VARIABLE result: STD LOGIC VECTOR;

14 VARIABLE carry: STD LOGIC;

15 BEGIN
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carry := '0';
FOR 1 IN a'REVERSE RANGE LOOP
result(i) := a(i) XOR b(i) XOR carry;
carry := (a(i) AND b(i)) OR (a(i) AND carry) OR
(b(1i) AND carry);
END LOOP;
RETURN result;
END "+";
END my package;
————————— Main code: —-——=——m———m -
LIBRARY ileee;
USE ieee.std logic 1164.all;
USE work.my package.all;
ENTITY add_bit IS
PORT ( a: IN STD LOGIC VECTOR(3 DOWNTO 0);
y: OUT STD LOGIC VECTOR(3 DOWNTO 0));
END add bit;

ARCHITECTURE my arch OF add bit IS

CONSTANT b: STD_LOGIC_VECTOR[3 DOWNTO 0) := "0011";

CONSTANT c: STD_LOGIC_?ECTOR(3 DOWNTO 0) := "0110";
BEGIN

y <= a + b + c; -- overloaded "+" operator

END my arch;
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PROCEDURE procedure name [<parameter list>] IS

[declarations]
BEGIN

(sequential statements)
END procedure name;

{parameter list) = [CONSTANT] constant_name: mode type;

{parameter list) = SIGNAL signal_name: mode type; or

{parameter list) = VARIABLE variable_name: mode type;
25l asls INOUT 4 (OUT AN slycos 51 (9,5 9 (699,5 sl )b dlass jo Slgie g, SO
g5 (AN =) (63955 LIl sl il ol b ite (JiKs S ailgie plaS j2 oS
5 OUT =) 9,5 sWb&w slp a1 Jl> ailae (CONSTANT) coli «o,8 i

2blgs (VARIABLE) s (0,8 i g4 INOUT



el WAIT 51 oolain] &Sygo 0 do dig,y 5 il 0590 40 s aiaS oo M oS ghailen
o) gy 0590 yo Al g dlesy g BB Ko dols oS e axdad 5l colaiul 4 LK
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ol S a ablowe (IN > g) € 9 b ga (60g,9 aw o 53 )0 00l 8,0 ag, 1 JLo
Aol a5 0S4z g auilow BIT g4 5l oWJLSww € g b o BIT g4 51 (CONSTANT)
L 9> Jl-‘i‘-'*’ 99 LS‘)‘O 49) Q'.’.‘ Ll BA> JB 59959 LSL“):“‘")Li LS‘J'.’ CONSTANT
(INTEGER ¢ ¢ INOUT cdl> L) y ¢ (BIT_.VECTOR g4 4 OUT &dl> L) X (slgls

PROCEDURE my procedure ( a: IN BIT; SIGNAL b, c: IN BIT;
SIGNAL x: OUT BIT VECTOR(7 DOWNTO 0);

SIGNAL y: INOUT INTEGER RANGE 0 TO 99) IS
BEGIN

END my procedure;
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compute min max(inl, in2, 1n3, outl, out2);
-- statement by itself

divide(dividend, divisor, guotient, remainder);
-- statement by itself

IF (a>b) THEN compute min max(inl, in2, 1n3, outl, out2);
-- procedure call associated to another statement
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LIBRARY ieee;
USE ieee.std logic 1l164.all;

ENTITY min max IS
GENERIC (limit : INTEGER := 255);
PORT ( ena: IN BIT;
inpl, inp2: IN INTEGER RANGE 0 TO limit;
min out, max out: OUT INTEGER RANGE 0 TO limit);
END min max;

PROCEDURE sort (SIGNAL inl, in2: IN INTEGER RANGE 0 TO limit;
SIGNAL min, max: OUT INTEGER RANGE 0 TO limit) IS
BEGIN
IF (inl > in2) THEN
max <= 1inl;
min <= 1n2;
ELSE
max <= 1n2;
min <= 1inl;
END IF;
END sort;



26 BEGIN

27 PROCESS (ena)
28 BEGIN
29 IF (ena='l') THEN sort (inpl, inp2, min out, max out);
30 END IF;
31 END PROCESS;
32 END my architecture;
33 ———
Ly JZ I 419,
Ol Ol eoplpl sl oo a5 diwn S 3o Lol el (LS Jlie e Jle ol e
L1y ool ool ylis oS .cllds STl o b 0,5 oolaw] calides slo 0590 9 b aulip o1,
min_max.vhd sl « sl j0) LB SO ol aSul b o, LlalS ailllas LB g0 jo lsiw
2,5 blslS (Ceol ENTITY ob los as
l ———————————- Package: ——————cmmmm e

2 LIBRARY ieee;
3 USE ieee.std logic 11l64.all;

5 PACKAGE my package IS

6 CONSTANT limit: INTEGER := 255;

7 PROCEDURE sort (SIGNAL inl, in2: IN INTEGER RANGE 0 TO limit;
8 SIGNAL min, max: OUT INTEGER RANGE 0 TO limit);

9 END my package;

1



11 PACKAGE BODY my package IS

12 PROCEDURE sort (SIGNAL inl, in2: IN INTEGER RANGE 0 TO limit;
13 SIGNAL min, max: OUT INTEGER RANGE 0 TO limit) IS
14 BEGIN

15 IF (inl > in2) THEN

16 max <= inl;

17 min <= in2;

18 ELSE

19 max <= in2;

20 min <= inl;

21 END IF;

22 END sort;

23 END my package;
28 ————

l ———————— Main code: —=—=—=——————mmmmm e -
LIBRARY ieee;
3 USE 1leee.std logic 1ll64.all;

4 USE work.my package.all;

B

6 ENTITY min max IS

7 GENERIC (limit: INTEGER := 255);

8 PORT ( ena: IN BIT;

9 inpl, inp2: IN INTEGER RANGE 0 TO limit;

10 min out, max out: OUT INTEGER RANGE 0 TO limit);

11 END min max;
12 - -



13 ARCHITECTURE my architecture OF min max IS

14
15
16
17
18
19

BEGIN
PROCESS (ena)
BEGIN
IF (ena='1l") THEN sort (inpl, inpZ2, min out, max out);
END IF;
END PROCESS;

20 END my architecture;

21
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ASSERT condition S5 (ol pel

[REPORT "message" ]
[SEVERITY severity level];

Warning Note wlgiwe o] jlade g ol las cowal g Soks severity_level ;5 jglais
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ASSERT a'LENGTH = b'LENGTH
REPORT "Error: vectors do not have same length!"
SEVERITY failure;
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VHDL o5
entity ExS51 is
PORT ( inp: IN STD LOGIC VECTOR (/ DOWNTO U);
shift: IN STD LOGIC VECTOR (. DOWNTO 0);
cutp: OUT STD LOGIC VECTOR (/ DOWNTO
end Ex91;
?architecture Eehavioral of ExS1 1is
begin
EPROCESS (inp, =zhift)
VARIABLE templ: STD LOGIC VECTOR (7 DOWNTO () ;
VARIABLE tempZ: STD LOGIC VECTOR (/ DOWNTO U);
BEGIN

))



---- 1lst shifter —-——--

= IF (shift(0)="0C") THEN
' templ = inp;
= ELSE
templ () = T07;
= FOR 1 IN TO inp'HIGH LOOP
templ(i) := inp(i-1);
. END LOOP;
. END IF;
-——-- 2nd shifter --———-
= IF (shift(l)="0") THEN
: tempZ = templ;
= ELSE
= FOR 1 IN TO LOOP
tempz (1) = "0";
' END LOOP;
= FOR 1 IN TO inp'HIGH LOOP
tempz (1) := templ(i--);

END LOOP;
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END IF;
-——- 3rd shifter —-———-
IF (shift(2)="0") THEN
outp <= tempZ;
ELSE
FOR 1 IN TO LOOP
outp(i) <= '07;
END LOOP;
FOR 1 IN TO inp'HIGH LOOP
outp(i) <= temp2(i-4);
END LOOP;
END IF;
END PROCESS;

end Behavioral;
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—-——- Signed Comparator: —-———————————————
LIBRARY 1eece;
USE 1eee.std logic 1164.all;

USE leee.std loglc arith.all; -- necessary!
SENTITY comparator IS
GENERIC (n: INTEGER := 7);

Tl

JPORT (a, b: IN SIGNED (n DOWNTO U) ;
%1, x2, x3: OUT S5TD LOGIC) ;
'END comparator;

ARCHITECTURE signed OF comparator IS
T g D
DBEGIN

21 <= "'17" WHEN a > b ELSE "07;
%2 <= '1" WHEN a = b ELSE "07;
23 <= 'l'" WHEN a < b ELSE "07;

'END =signed;
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———- Unsigned Comparator: —--———————————————
LIBRARY icee;

USE leee.std logic 1led.all;

USE leee.std logic arith.all; -- necessary!
EENTITY comparator IS
GENERIC (n: INTEGER := 7);
JPORT (a, b: IN UNSIGNED (n DOWNTO U) ;
x1, %2, x3: OUT 5TD LOGIC) ;
'END comparator;

Tl

2] <= '"1" WHEN & > b ELSE '07;
s <= '1T" WHEN a = b ELSE '07;
%3 <= 'l" WHEN a < b ELSE '07';
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———— Unsigned Comparator #2: ———————————————

library IEEE;

use IEEE.S5TD LOGIC 1le4.ALL;

Hentity Ex9Z2p3 1is

GENERIC (n: INTEGER := 7);

PORT (a, b: IN STD LOGIC VECTOR (n DOWNTO 0U) ;
%1, x2, x3: OUT 5TD LOGIC) ;

end Ex92p3;

[Tl
T L

Hbegin
21 <= '"1'" WHEN & > b ELSE '0';
%2 <= "1" WHEN a = b ELSE '07';
%3 <= '1'" WHEN a < b ELSE '0';
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s =a XOR b XOR cin

cout = (a AND b) OR (a AND cin) OR (b AND cin) VHDL os™ @
- - - -
2  LIBRARY ieece;
3 USE 1eece.std logic 1164.all;
L T E————
5 CENTITY adder cripple IS
& GENERIC (n: INTEGER := 1) ;
7 B PORT ( a, b: IN S5TD LOGIC VECTOR (n-1 DOWNTO U) ;
8 cin: IN STD LOGIC;
9 s: OUT STD LOGIC VECTOR (n-1 DOWNTO U) ;
IR cout: OUT S5TD LOGIC) ;
11 END adder cripple;
e -
13 ?architecture Behavioral of adder cripple is
14 SIGNAL c: S5TD LOGIC VECTOR (n DOWNTO 0U) ;
15 COBEGIN
16 c(U) <= cin;
17 o Gl: FOR i IN to n-1 GENERATE
18 s(i) <= a(i) ZOR b(i) XOR c(i):
19 c(i+l) <= (a(i) AND b(i)) OR
20 (a(1) AND c(i)) OR
21 (b(1) AND c(i)):
22 | END GENERATE;
23 cout <= c(n) ;

24 end Behavioral;
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VHDL o5 o
1  LIBRARY 1icece;

2 USE 1eee.std loglc 1lléd.all;

T ———
4 EENTITY CL&_Adder IS

5 z PORT ( a, b: IN S5TD LOGIC VECTOR (2 DOWNTO U) ;
5 cin: IN STD LOGIC;

i 5: OUT STD LOGIC VECTOR (2 DOWNTO U);
a3 cout: OUT STD LOGIC) ;

9 END CLA Adder;

. -

11 SARCHITECTURE CLA Adder OF CLA Adder IS

12 SIGNAL c: 5TD LOGIC VECTOR (4 DOWNTO U) ;

13 SIGNAL p: 5TD LOGIC VECTOR (2 DOWNTO U) ;

14 SIGNAL g: S5TD LOGIC WVECTOR (5 DOWNTO 0U) ;

15 Ebegin



NG
17
13
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
3
38
39

51: FOR 1 IN [ TO - GENERATE
p(l) <= a(i) XOR b(i) -,
g(i) <= a(i) AND b(i):
s(1) <= p(1) XOR c(1);

END GENERATE;

e CLAU: ————

c(0) <= cin;

c(l) <= (cin AND p(0)) OR

g(U) ;

c(”) <= (cin AND p(0) 2AND p(l)) OR
(g(U) AND p(l)) OR

g(l);

c(2) <= (cin AND p(0) AND p(l) AND p(2)) OR
(g(0) AND p(l) AND p(2)) OR

(g(1)

AND p(2)) OR

g(=) ;

c(1)<=(cin AND p(U) AND p(l) AND p(2) AND p(2)) OR

(g(0) AND p(l) BND p(2) AND p(3)) OR

(g(1)

AND p(2) AND p(3)) OR

(g(2) AND p(2)) OR

cout <= c (1) ;

‘end Behavioral;

g(2) -
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Index a-related Comparison b-related y (quotient) | Operation on 1* column

(1) input (a_inp) input (b_inp)

3 1011 < 0011000 0 none

2 1011 < 0001100 0 none

] 1011 > 0000110 ] a_inp(1)-b_inp(1)

0 0101 > 0000011 ] a_inp(1)-b_inp(1)

0010 (rem)




————— Solution 1: Step-by-Step ———--—---------———

LIBRARY icece;

USE leee.std logic 1164.all;

ENTITY divider IS

z PORT ( a,b: IN INTEGER RANGE to

v: OUT 5TD LOGIC VECTOR (

rest: OUT INTEGEE RANGE to
err : OUT STD LOGIC) ;

END divider;

PJARCHITECTURE rtl OF diwvider IS

BEGIN

Z process (a,b)

VARIABLE templ: INTEGER RANGE
VARIABLE tempZ: INTEGER RANGE
begin

————— Error and i1nitialization: - —————-
templ := a;
temp?Z := b;

= IF (b=0) THEN err <= "17;

i ELSE err <= '0OF7;
END IF;

————— Vid): ————————

-
r

to
to

DOWNTO

-
r

) ;



25 © IF (templ >= tempZ * ) THEN

26 v(l) <= "1"';

27 templ := templ - tempZ*:;
28 © ELSE y () <= "0';

29 END IF;

SO | ————— y(2): ===
31 d IF (templ >= tempZ * 1) THEN

32 y(l) <= "1";

33 templ := templ - temp2Z * i1;
34 B ELSE v() <= "07;

35 END IF;

36 | ———-- y(1): - -—-———————————
37 d IF (templ >= tempZ * ) THEN

3 y(l) <= "17;

39 templ := templ - temp2 * ;
10 o ELSE v(!) <= "0";

41 | END IF;

P | ————— yil): —————————————— -
43 H IF (templ >= tempZ) THEN

44 y(l) <= "1";

45 | templ := templ - tempZ;

16 o ELSE y(U) <= "07%;

B END IF;

48 | ————- Remainder: -—--———-—--------———————
4G rest <= templ;

f'.||'!|

S [ end process; [35 AL iniea szl [ 4ali y ikic Gl

-

Sua END rtl: ML s



B

e B FOO WKW

0 & s
Name ¥alue
;'3 a 0
lab 0
&g w01 w11
-'Lli rest 0
-'Eli err 1

Sl Ay dxS

@ . AR ALHE L Qv % 0 » »E I G
7,167 ps

0 ps |ID,EIEIEI ps |2EI,EIDEI ps 30,000 ps |4EI,DEIEI ps 50,000 ps 60,000 ps 70,000 ps

| I | 1 11 | I | I | I | L1 1 1 I 1 11 | 11 1 | I 11 1 1 11 1 1 I 11 1 1 11 1 1 I | I | | I | I L1 1 1 L1 1 1 I L1 1 1
{ 1] ¥ 11 ¥ 110 ) 4 1001 ¥ 1011 * 1111 3
; 0 # 10 # 1 ;

111 4 0ano ) 4 noo1 ¥ 0011 ) 4 non1 y

! a H L H E' # 10 H 0 ;

P9° UP9)

ST 51a 515 ools it o)l & e 40 1, b sl cewntl s b S
ob wox Jaie b oS oS Al b laie g ool 8 y(n)=1 Mlg~)35)}g
J.JLQ 9 099 (GENERIC l.:) SR cJe‘ u»s) ;.9319' » ‘|°9‘> Lf’ﬁ) VHDL o5
el I 5l olgds Jlade o 4 puens



—————— Solution 2: compact and generic
LIBRARY iecee;
USE leee.std logic 1164.all;

DENTITY divider IS
GENERIC(n: INTEGER := 3);
=) PORT ( a, b: IN INTEGER RANGE TO
y: OUT STD LOGIC VECTOR (
rest: OUT INTEGER RANGE TO
err : OUT STD LOGIC) ;
'END divider;

SARCHITECTURE rtl OF divider IS
EBEGIN
- PROCESS (a,b)

VARIABLE templ: TNTEGER RANGE
VARIABLE tempZ: INTEGER RANGE
BEGIN

————— Error and initialization: —--————-—-
templ := a;
tempZ := b;

= IF (b = ) THEN err <= '1"';
ELSE err <= '0U';
END IF;

F

DOWNTO

-
r

) ;
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26 E

27
28

29 H

30
31
32
33
34
33
36

0 o 0
Mame Yalue
G = o
lsb 0
B v[30] || 15
_"Q rest ]
-IEIJ err 1

FOR 1 IN n DOWNTO
IF (templ >= tempz *
y(1) <= '
templ
ELSE y(1) <= '0";
END IF;

END LOOP;

Remalinder:

LOOP

T .
F

**31) THEN

templ - tempz *

rest <= templ;
END PROCESS ;
END rtl;

**i;
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