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IntegratedMicroelectronicEEngineeringModule 1

Introductionto VHDL

Part1: VHDL for Design
Ed Casas

VHDL is a Very-compla! Hardware DescriptionLanguageusedto
designandsimulatedigital logic circuits.

Intr oduction

Let's startwith a simple example— a type of circuit calledan examplel
that hasone outputsignal (c) which is the AND function of two input
signals(a andb). Thefile exanpl el. vhd containghefollowing VHDL
description:

- An AND gate

library ieee
use ieee.std_logic_1164.all

entity exanplel is port (
a, b: in std_logic
c: out std_logic ) ;
end exanpl el

architecture rtl of exanplel is
begin

c <=aandb
end rtl ;

Firstsomeobserationson VHDL syntax:

e VHDL is case-insensite. Thereare mary capitalizationstyles. |
preferall lower-case Whichever styleyou use,be consistent.

e Everythingfollowing two dashes- - " onaline isacommentandis
ignored.

e Statementganbe split acrossary numberof lines. A semicolon
endseachstatementindentationstylesvary but an“end” shouldbe
indentedthe sameasits correspondingbegin”

¢ Entity andsignalnamedegin with aletterfollowedby letters digits

orunderscoré“_") characters.

IActually, theV standgor VHSIC andVHSIC standsfor Very High SpeedC.
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e thel i brary anduse statements:eedto be placedbeforeeach
entity/architecturgair (moreon this later).

A VHDL descriptionhastwo parts:anentity partandan architecture
part.

The entity part definesthe input and outputsignalsfor the device or
“entity” beingdesignedvhile thearchitecturgartdescribeshebehaiour
of theentity. Althoughit’s possibleto defineseveralarchitecturegor each
entity, we’ll only defineoneandcallitrt] .

Eacharchitecturds madeup of oneor morestatementsall of which
“executé” atthe sametime (concurrently) andcontinuously Concurrent
executionallows usto describehebehaiour of hardvare(which operates
concurrentlyby nature).

Thesinglestatemenin thisexampleis a sighalassignmenthatassigns
the value of an expressionto the outputsignalc. Expressionsnvolving
st d_I ogi c signalscanusethelogical operatorsand, or , nand, nor,
andxor , all of which have equalprecedencandnot whichhasthehigh-
estprecedenceParenthesesanbe usedto force evaluationin a different
order

Fromthis VHDL descriptiona programcalledalogic synthesizecan
generate circuit thatbehaesthe sameway asthe VHDL description.In
this caseit’s not too surprisingthat the synthesizeputputsthe following
circuit:

> A2
b >—
Exercise: Write the VHDL description of a half-adder, a circuit that computes

the sum, sum and carry, car r y, of two one-bit numbers, a and b.

C

Vectorsand Buses

We can usesignalsof type st d_| ogi c_vect or, one-dimensionaar
raysof st d_| ogi ¢, to modelbuses.Thedeclaratiorincludestheallowed
rangeof indices,for example:

a : std_l ogic_vector (3 downto 0)

The indicesof bi t vect or s are usually declaredto have decreasing
(downt o) ratherthanincreasingt o) valuessothatthefirst (leftmost)bit
is the mostsignificantone. st d_| ogi c_vect or constantsareformed

Theresultinghardwaredoesnt actually“execute”but this pointof view is usefulwhen
usingVHDL for simulation.
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by enclosinganorderedsequencef st d_I ogi ¢ valuesin doublequotes
(e.g."0010").

Substringq“slices”) of vectorscanbe extractedby specifyingarange
in theindex expressione.g.a(3 downt o 2)) andvectorscanbe con-
catenatedisingthe & operator(e.g. a & b). Thelogical operatorge.g.
and) canbeappliedto bi t _vect or sandoperateon a bit-by-bit basis.

Exercise: Write a VHDL expression that shifts x, an 8-bit st d_| ogi c_vect or
declared as x : std.ogic.wvector (7 downto 0) ;, left by one bit and
sets the least-significant bit to zero.

SelectedAssignment

Theselectedassignmenstatemenimodelsthe operatiorof a multiplexer —
thevalueassigneds selectedrom several possiblevaluesby acontrolling
expression.Usingst d_| ogi c_vect or sanda selectedassignmenive
cancorvertatruthtableinto aVHDL description.Thefollowing example
describes 3-to-8decoder:

-- 3-to0-8 decoder

library ieee ;
use ieee.std_logic_1164.all;

entity decoder is

port (

a, b, ¢c: instd_logic ;

y : out std_logic_vector (7 downto 0) )
end decoder ;

architecture rtl of decoder is

signal abc : std_logic_vector (2 downto 0)
begi n

abc <= a &b &c ;

with abc select y <=
"00000001" when " 000",
"00000010" when "001",
"00000100" when "010",
"00001000" when "011",
"00010000" when "100",
"00100000" when "101",
"01000000" when "110",
"10000000" when others ;
end rtl

Thekeyword ot her s indicateshe default valueto assignvhennone
of the othervaluesmatcheghe selectionexpression. Alwaysinclude an
ot her s clause.
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Notethatlocal signalscanbedeclarecbetweerar chi t ect ur e and
begi n.
TheVHDL descriptionsynthesizeso:

w_«
-

e D&—g—'
-
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Conditional Assignment

A conditionalassignmenstatemenbehaeslik e if/else statemenin acon-
ventionalprogramminglanguagebut, like the selectedassignmenstate-
ment,it is alsoa concurrent statementUnlike theselectedhssignmenthe
expressionsaretestedin orderandonly the first valuewhosecontrolling
expressions trueis assignedFor example thefollowing circuitis a4-to-3
priority encoder:

-- 4-to0-3 encoder

library ieee
use ieee.std_logic_1164.all ;

entity encoder is port (

b : in std_logic_vector (3 downto 0)

n : out std_logic_vector (2 dowmnto 0) ) ;
end encoder

architecture rtl of encoder is
begi n
n <=

"100" when b(3) ='1 else
"011" when b(2) ='1 else
"010" when b(1l) ='1 else
"001" when b(0) ='1" else
"000" ;

end rtl ;

andtheresultingschematids:
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b3:@1]

Exercise: If we had used a selected assignment statement, how many lines
would have been required in the selected assignment?

SequentialCir cuits

Sofar we have only coveredcombinationalogic circuits— circuits with-
outmemory A pr ocess statemenis usedto describesequentiatircuits.
Thepr ocess statemenis aconcurrenstatementhatcontainssequential
statementsSequentiastatementsxecuteoneafterthe otherasin conven-
tional programminglanguages.The implicationsof this will be covered
in detail later— for designpurposesve only needto know how to usea

procesgo generatdlip-flops andregisters.

As anexample we candescribea D flip-flop in VHDL asfollows:

-- DFlip-Flop

library ieee
use ieee.std_|logic_1164.all

entity dff is
port (
d, clk : in std_logic
g : out std_ logic)
end dff ;

architecture rtl of dff is
begi n
process(cl k)
begi n
if clk’event and clk = '1" then
q<=4d;
end if ;
end process
end rtl

The expressioncl k' event (pronouncedclock tick event”) is true
whenthe value of cl k haschangedsincethe lasttime the processwvas
executed.Thesignalq is only assignedvaluewhencl| k changesndthe
new valueis 1. Otherwisethe outputretainsits previousvalue.

5
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Not surprisingly theresultof synthesizinghis descriptioris aflip-flop
thatis loadedon therising edgeof theclockinput:

> >
FD1
clk[>—P Da

Exercise: What would we get if we replaced d and g with signals of type

std. ogi c.vector?
State Machines
Sequentialogic circuitsareexamplesf statemachinesRecallthata state
machinecomputedts outputand changesstatebasedon its currentstate
andits inputs:
input T output
combinational
logic
current next
clock J

Statemachinesn VHDL areimplementedy usingselectedr condi-
tional assignmentto computeoutputandnext statefrom the currentstate
andtheinputs.A processs usedto implementtheregisterthatdefineshe
currentstate.

For example consideaVVHDL descriptiorfor aswitchdebouncewith
thefollowing statetransitiondiagram:

6
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raw=1 raw=1
raw=0

OO
\—

raw=0 raw=0

state | output
00 0
01 0
10 1

This canbedescribedasfollows:

-- Switch Debouncer

library ieee
use ieee.std_|logic_1164. al

entity debounce is
port (
raw : in std_logic
clean : out std_logic
clk : in std_logic)
end debounce

architecture rtl of debounce is
signal currents, nexts
std_logic_vector (1 downto 0)

begi n
-- conbinational logic for next state
nexts <=
"00" when raw = '0' el se
"01" when currents = "00" else
"10" ;

-- conbi national logic for output
clean <= '1' when currents = "10" else 'O’

-- sequential logic
process(cl k)
begi n
if clk’event and clk ="'1" then
currents <= nexts
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end if ;
end process
end rtl ;
Thesynthesizedircuitis:
rau[ >+ i>°
o]
c1k[> > o]
Exercise: Identify the components in the schematic that were created (“in-
stantiated ") by different parts of the VHDL code.
Signedand UnsignedTypes
We often wantto treatvectorsof logic valuesasbinary valuesin two’s-
complemenbr unsignedepresentation8y declaringsignalso beof type
si gnhed orunsi gned wecanusethestandararithmetic(+, -, *, /)
and comparison(>, >, <=, >=, =, [=) operators. However, only
combinationalogic will be generatedndit may not be possibleto syn-
thesizemultiplicationor division.
We canuseunsi gned signalsto build a statemachinethatimple-
mentsa counter:
-- 3-bit Counter
library ieee
use ieee.std_|logic_1164. al
use ieee.std _logic_arith.all ;
entity counter is
port (
count _out : out unsigned (2 downto 0)
clk : in std_logic)
end counter

architecture rtl of counter is

signal count, nextcount : unsigned (2 downto 0)
begin

next count <= count + 1
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process(cl k)
begi n
if clk’event and clk="1" then
count <= nextcount
end if ;
end process

count _out <= count
end rtl ;

We usedbothcount andcount _out becauséehe valueof a signal
of typeout cant be*“read” insidethearchitecture.

Exercise: Write the architecture for a 16-bit adder with two si gned inputs, a
and b and a si gned output c.

W[ W
BIB

Components,Packagesand Libraries

Whendesigningcomple logic circuitsit’s desirableo decompos¢hede-

signinto simplerparts.Eachof thesepartscanbewritten andtestedsepa-

rately perhapsy differentpeople.lf thepartsaresuficiently generathen
it mightalsobe possibleto re-usethemin future projects.

Re-usein VHDL is doneby creating“components. A component
declarationlike anentity declaratiorspecifieshecomponens inputsand
outputs.

Althoughcomponentganbe declaredwithin anarchitecturecompo-
nentdeclarationsare usually saved in “packages”. A packagetypically
containsa setof componentdor a particularapplication. Packagesare
themselesstoredin “libraries”:

Library

Package Package

‘ component ‘ ‘ component ‘

‘ component ‘ ‘ component ‘

To save componentieclarationsve putthemwithin apackage dec-
laration.Whenthisfile is compiled(“analyzed”)theinformationaboutthe
componenti the packages savedin afile. Thecomponentén the pack-
agecanthenbe usedin otherdesigndy makingthemvisible with ause
statement.

A componenteclaratioris similarto anentity declaratioranddefines
the input andoutputsignals. Note thata componentdeclarationdoesnot
createhardware— only whenthe components usedin anarchitecturewill
hardvwarebe generatedinstantiated”).

For example thefollowing codecreatesapackagesalledf | i pf | ops
containingonly onecomponentalledr s with inputsr ands andanout-

putg whenit is compiled
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- packagenameis f | i pf | ops - declaregher s component:

package flipflops is
conponent rs
port (r, s: inbit ; gq: out bit ) ;
end conponent
end flipflops

- compilingthisfile createghepackage

To malke the objectsin a packageavailable (“visible”) in anotherde-
sign,we usel i br ary statementso specifythe librariesto be searched
andause statementor eachpackageve wishto use.Thetwo mostcom-
monly usedlibrariesarecalledl EEE andWORK.

In mostVHDL implementationalibrary is adirectoryandeachpack-
ageis afile in thatdirectory The packagsfile is a databasecontaining
variousthingsincludinginformationaboutthe componentén the package
(thecomponentnputs,outputs types,etc).

The WORK library is always available without having to usea library
statemenandis the library into which designentitiesare placedasthey
arecompiled.

i brary anduse statementsustbe usedbeforeeach designunit
(entity or architecturejhatmalkesuseof componentsoundin thosepack-
ages.For example,if youwantedto usethe DSP packagen the ALTERA
library youwould use:

library altera
use altera.dsp.all

Using Components

Onceacomponenhasbeenplacedin a packageit canbeused(“instanti-
ated”)in anarchitecture A componentnstantiatiorsimply describeov
the componenis “hooked up” to the othersignalsin the architecture.It
is a concurrent statementike the pr ocess statementatherthana se-
quential statemenandsoacomponeninstantiationcannotbe putinsidea
pr ocess.

The following exampleshavs how 2-input exclusive-or gatescanbe
usedto built a 4-inputparity-checkcircuit usingcomponentnstantiation.
Thistypeof descriptions calledstructural VHDL becauseve aredefining
the structureratherthanthebehaiour of thecircuit.

Therearetwo files: thefirst file describeghe xor 2 componenial-
thoughatypical packagelefineamorethanonecomponent):

- define an xor2 conponent in a package

10
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library ieee
use ieee.std_|logic_1164. al

package xor_pkg is
conmponent xor 2
port ( a, b: instd_logic; x : out std_logic )
end conponent
end xor_pkg

the secondfile describeghe pari ty entity thatusesthe xor 2 compo-
nent:

-- Parity function built from xor gates

library ieee
use ieee.std_logic_1164.all ;

use wor k. xor _pkg. al |

entity parity is
port (a, b, ¢, d: instd_logic; p: out std_logic ) ;
end parity

architecture rtl of parity is
-- internal signals
signal x, y : std_logic
begi n

x1l: xor2 port map ( a, b, x ) ;
x2: xor2 port map ( ¢, X, y ) ;
x3: xor2 port map ( d, y, p) ;

end rtl ;

Theresultingtop-level schematidor thepari ty entityis:

d xor2_0
L xorz2_1 |: P
c -

al:% xar2_2 |

h‘:}

Exercise: Label the connections within the parity generator schematic with
the signal names used in the architecture.

Notethatacomponenheednothave beencreatedn VHDL —it could
beanASIC standard-celbr FPGA configuratiorinformation.

Type Declarations

It's often usefulto malke up new typesof signalsfor a project. We cando
thisin VHDL by usingtype declarationsThetwo mostcommonusesfor

11
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definingnew typesareto declarearraysof given dimensionge.g. a bus
of a givenwidth) andto declaretypesthat canonly have one of a setof

possiblevalues(calledenumeratiortypes).
Thefollowing exampleshavs how a packagecalleddsp_t ypes that
declareswo new typesis created:

package dsp_types is

type node is (slow, medium fast)

subtype sanple is std_l ogic_vector (7 downto 0)
end dsp_types

Note that we needto usea subt ype declarationin the secondex-
amplebecausehe st d_I ogi c_vect or typeis alreadydefined. Type
declarationsreoftenplacedin packageso make themavailableto multi-
ple designunits.

Tri-State Buses

A tri-state output can be setto the normal high andlow logic levels as

well asto a high-impedancstate.This type of outputis oftenusedwhere
differentdevicesmustdrive a bus at differenttimes. Oneway to specifyto

the VHDL synthesizethatan outputshouldbe setto the high-impedance
stateis to useasignalof st d_| ogi ¢ typeandassignt avalueof 'Z'.

Thefollowing exampleshavs animplementatiorof a 4-bit buffer with

an enableoutput. Whenthe enableis not assertedhe outputis in high-
impedancenode:

- Tri-State Buffer

library ieee
use ieee.std_logic_1164.all ;

entity tbuf is port (
d: in std_logic_vector (3 downto 0)
g : out std_logic_vector (3 downto 0)
en : in std_logic

)
end t buf

architecture rtl of thuf is
begi n
q <=
d when en = '1' else
"z7z7727"
end rtl ;

12
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Theresultingschematidor thet buf is:

YA

BTSS

BTSS
L qca)
YA
BTSS
(2
L qtz1

YA

ERE = BTSS
>

v

ql3:8]
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FPGA Configuration Demonstration

To demonstrat¢he useof VHDL we will designa “light chaser’by com-
biningthecounteranddecodedescribecarlier Thedecoder andcount er
entitiesareplacedin adenocompackagegnot shavn) andinstantiatedn
thearchitectureof thedeno entity.

An internalsignalanda type-cowersionfunction are usedto corvert
counters unsi gned outputto thethreest d_| ogi ¢ inputsrequiredby
the decoder A secondinternal signalis usedto convert the active-high
decodewoutputto therequiredactive-lov LED drive signals.

The FPGA demonstratiorboardis configuredso thatthe cl k signal
comesfrom a pushlutton andthe | ed outputsdrive the individual seg-
mentsof a 7-segmentLED display

-- denonstration design |ight chaser

library ieee ;

use ieee.std_logic_1164.all;
use ieee.std_logic_arith.all;
use wor k. denpcom all ;

entity denp is

port (

clk : in std_logic ;

led : out std_logic_vector (7 dowmnto 0) ) ;
end deno;

architecture rtl of demp is
signal count : unsigned (2 downto 0) ;
signal scount : std_logic_vector (2 downto 0) ;
signal ledN : std_logic_vector(7 downto 0) ;
begin
cl: counter port map ( count, clk ) ;
scount <= std_l ogic_vector(count);

13
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dl: decoder port map ( scount(2), scount(l), scount(0), ledN) ;
led <= not |edN ;
end rtl ;
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