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1998/99 WINTER SESSION, TERM 2

VHDL for Complex Designs

This lecture covers VHDL features that are useful when designing complex logic circuits.

After this lecture you should be able to:

make library packagesvisible
e declare components and save them in packages
e instantiate components into an architecture

e declare std_logic, std_logic_vector, signed and unsigned signals
e declare enumerated types and subtypes of array types and save themin packages

e use conditional signal assignments

e convert between std_logic_vector, unsigned and integer types

¢ instantiate tri-state outputs
e model RAM using arrays

Libraries, Packagesand Components

As in the designof ary comple system,in the de-
sign of comple logic circuitsit’s often a goodidea
to decompose designinto simpler parts. Eachof
thesepartscanbe written andtestedseparatelyper
hapsby differentpeople.If the partsaresuficiently
generalthenit’s often possibleto re-usethemin fu-
tureprojects.

A similar principle holdsfor software. We break
down comple programsnto smallersubroutine®r
functions,eachof which is easierno write, test,and
re-use.

In VHDL, we canre-usean entity in anotheren-
tity’s architectureby declaringthe first entity asa
“component. A componenteclarations very sim-
ilar to its correspondingntity declaration— it only
declaregheinputandoutputsignals.

In orderto avoid declaringeachcomponentn ev-
ery architecturevhereit is used,we typically place
componenteclarationsn “package$. A package
typically containsa set of componentdeclarations
for aparticularapplication.Packagesrethemseles
storedin “libraries™
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(“visible™) in anotherdesignwe usel i brary state-
mentsto specifythe librariesto be searchedand a
use statemenfor eachpackageve wishto use.The
two mostcommonlyusedlibraries are called | EEE
andWORK.

In the Synopsys Design Compilet and
Max+Plusll VHDL implementationsa library
is a directory and each packageis a file in that
directory The packagdile is a databaseontaining
information aboutthe componentsn the package
(thecomponentnputs,outputstypes,etc).

The WORK library is alwaysavailablewithout hav-
ing to usea library statement.In DesignCompiler
the WORK library is a subdirectoryof the currentdi-
rectory called WORK while in Max+Plusll it is the
currentprojectdirectory

|'i brary anduse statementsnustbe usedbefore
each designunit (entity or architectureXhat makes
useof componentfoundin thosepackages For ex-
ample,if youwantedto usethenuneri c_bit pack-
agein thei eee library youwould use:

library ieee ;
use ieee.nuneric_bit.all ;

andif youwantedto usethedsp packagen the WORK
library youwould use:

IThelogic synthesizeusedto createthe schematicén these
lecturenotes.

2An exception:whenanarchitecturémmediatelyfollowsiits
entityyou neednotrepeathel i brary anduse statements.



use work.dsp.all ;

Exercise: Why is there no library statement in the second

example?

Creating Components

To createcomponentswe usually put component
declarationswithin a package declaration. When

we compile (or “analyze”) the file thatcontainsthe --

packageand componentdeclarationsthe informa-
tion aboutthe componentsn the packagewill be
sased in a file with the nameof the package(and,
in Max+Plusll, the extension. vhdl vi ew) in the
WORK library. Thecomponentén the packagecan
thenbeusedn otherdesignsdy makingthemvisible
with ause statement.

A componentdeclarationis similar to an entity
declarationand simply definesthe input and output
signals.Note thata componentieclaratiordoesnot
createhardware— only whenthe components used
in anarchitecturas thehardwaregenerated‘instan-
tiated”).

For example,the following codedeclaresa pack-
agecalledf i pfl ops. This packagecontainsonly
onecomponentr s, with inputsr ands andanout-
putq whenit is compiled:

package flipflops is
conponent rs
port (r, s:
end conponent ;
end flipflops ;

inbit; q: out bit ) ;

Exercise: If you this code was stored in a file called f f . vhd,
what file would be created? Where would it be placed?

Component Instantiation

Oncea componenhasbeenplacedin a packageijt
can be used(“instantiated”)in an architecture. A
componentinstantiationsimply describeshowv the
components “hooked up” to the othersignalsin the
architecturelt is thusa concurrent statemenlik e the

The following example shavs how 2-input
exclusive-or gatescan be usedto built a 4-input
parity-checkcircuit using componentinstantiation.
This type of descriptionis called structural VHDL
becauseve aredefiningthe structureratherthanthe
behaiour of thecircuit.

Therearetwo files: thefirst file, mypackage. vhd,
describeghe xor 2 component(althougha typical
packagealefinesmorethanonecomponent):

define an xor2 conponent in a package

package xor_pkg is
conmponent xor 2
port (‘a, b: inbit; x:
end conponent ;
end xor _pkg ;

out bit ) ;

the secondfile, parity. vhd, describegheparity
entity thatusesthexor 2 component:

- parity function built fromxor gates
use work. xor _pkg.all ;
entity parity is

port (a, b, c, d:
end parity ;

inbit ; p: out bit) ;

architecture rtl of parity is
- internal signals
signal x, y: hit
begin
x1: xor2 port
X2: xor2 port
x3: xor2 port
end rtl ;
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Theresultingtop-level schematidor theparity en-
tity is:
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Exercise: Label the connections within the parity generator

schematic with the signal names used in the architecture.
Whentheparity. vhd file is compiled,the com-
pilerwill searctthe(WORK) directoryfor thexor _pkg
package.
Although componentsdont necessarilyhave to
be createdusing VHDL descriptions(they may

pr ocess statementatherthanasequential statement have beencreatedusing designmethodsotherthan

anda componentnstantiationcannotbe putinsidea
process.

VHDL), we couldhave donesoby usingthefollow-
ing entity/architecturgairin file calledxor 2. vhd:



- Xor gate

entity xor2 is
port (‘a, b: inbit ;
end xor2 ;

X : out bit ) ;

architecture rtl of xor2 is
begin

X <= a xor b ;
end rtl ;

Type Declar ations

It's often usefulto make up new typesof signalsfor
aproject.We candothisin VHDL by includingtype
declarationgn packagesThemostcommonusegor
definingnew typesareto createsignalsof of agiven
width (i.e. abus)andto declaretypesthatcanonly
have oneof asetof possiblevalues(calledenumera-
tion types).

The following example shavs hov a package
called dsp_t ypes that declaresthreenew typesis
created:

package dsp_types is
type node is (slow, nmedium fast) ;
subtype word is bit_vector (15 downto 0) ;
end dsp_types ;

Notethatwe needto useasubt ype declaratiorin
thesecondexamplebecausehebit _vect or typeis
alreadydefined. Type declarationsare often placed
in packagego make themavailableto multiple de-
signunits.

Exercise: ~ Write a declaration for a signal that controls
whether the value in a register should be loaded, incremented,
decremented, or held. Write the declaration for an 8-bit signal

type called byt e.

std_l ogi ¢ Packages

In the | EEE library therearetwo packageghatare
oftenused.Thesepackageslefinealternatvesto the
bit andbit_vect or typesfor logic design.

The first package, std_logic_1164, de-
fines the types std_l ogi ¢ (similar to bit) and
std_| ogi c_vector (similarto bit_vector). The
adwantageof the st d_| ogi ¢ typesis thatthey can
have valuesotherthan’0’ and’l’. For example,an
std_| ogi ¢ signalcanalso have a high-impedance

3

value('Z’). Thestd_| ogi c_1164 packagealsore-
defineq“overloads”)the standardooleanoperators
sothatthey alsowork with st d_I ogi ¢ signals.

Thesecondpackages calledst d_| ogi ¢_arith®
anddefinesthetypessi gned andunsi gned. These
aresubtype®fstd_| ogi c_vect or with overloaded
operatorghatallow themto be usedasbothvectors
of logic valuesandasa binaryvalues(in two’s com-
plementor unsignedepresentations)Y he hierarchy
of thesdogic typescouldbedravn asfollows:

declared in
std_logic_1164
— —~
~

(\ std_logic std_logic_vector \

_

declared in
___std_logic_arith
——

~

( signed )
e

N unsigned

~

Although the standard arithmetic operators
(+, -, *, [, **)canbeappliedto signalsof type
signed or unsigned, it may not be practical or
possibleto synthesizecomplex operatorssuch as
multiplication,division or exponentiation.

For example we couldgeneratehe combinational
logic to build a 4-bit adderusingthefollowing archi-
tecture:

library ieee ;
use ieee.std_logic_1164.all ;
use ieee.std_logic_arith.all ;

entity adder4 is
port (
a, b: in unsigned (3 downto 0) ;
c : out unsigned (3 downto 0) ) ;
end adder4 ;

architecture rtl of adder4 is
begin

c<=a+h;
end rtl ;

Theresulting(rathermessy)schematids:

3ThelEEEstandards reallynuner i c_st d butit’ snotwidely
usedyet.



al@1))
b1a1)

n41) \ E |
bI11)) et
al11)

\\E
alz1)) /D E
38 /

513101 | :E :)ED——

—>ci3:0]

~N—t
—
my

a[a::;i)—“r > br21
P S —

b121)) S atid

al3:8] _“,J- N g) br11

71 aos > n38

br3:8) ne o F———» n37

e » n41

\i) brBl

> atd)

b(3:8]

» al3:d]

Conditional Assignment

In thesameway thata selectedissignmenstatement
modelsacasestatemenin asequentiaprogramming
languageaconditionalassignmenstatementnodels

an if/else statement. Like the selectedassignment

statementit is alsoa concurrent statement.
For example,the following circuit outputsthe po-
sition of theleft-most’1’ bit in theinput:

library ieee ;
use ieee.std_logic_1164.all ;

entity nbits is port (
b : in std_logic_vector (3 downto 0) ;
n: out std_logic_vector (2 downto 0) ) ;
end nbits ;

architecture rtl of nbits is

begin
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 ;

Notethattheconditionsaretestedn theorderthat
they appeatin the statementandonly thefirst value
whosecontrollingexpressioris trueis assigned.

In the samewasthat we canview a selectedas-
signmentstatemenasthe VHDL modelfor a ROM
or lookup table,a conditionalassignmenstatement
canbeviewedtheVHDL descriptionof oneor more
multiplexers. For example,the structureof the ex-
ampleabove couldbedrawn as:

b(3)="1"

Synthesizinghe above descriptiorresultsin:

br3:@1
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Exercise: Write a conditional assignment that models a 2-
to-1 multiplexer. Use an array X as the input, a signal sel to
select the input and a signal y as the output. Repeat for a 4-to-1

multiplexer (sel is now an array).

Type Conversion Functions

VHDL is a strongly-typedanguage- eachfunction
or operatormust be suppliedargumentsof exactly
theright type or thecompilerwill give anerrormes-
sage.Althoughmary functions/operatar(e.g. and)
are overloadedso that you can usethe samefunc-
tion/operatowith morethanonetype,in mary cases
youwill needto usetype corversionfunctions.

The following table shawvs the type corversion
functionsfoundin thethestd_l ogi c_arit h pack-
agein thei eee library. Theabbreiations| v, un and
i n areusedfor std_| ogi ¢_vect or, unsi gned and
i nt eger respectiely.

from | to | function
Iv | un | unsigned(x)
Iv in | conv_i nteger(Xx)
un | Iv | std.logic_vector(x)
un | in | conv_integer(Xx)
in | un| conv_unsigned(x,|en)
in Iv | conv_std_l ogi c_vector(x,I|en)

Note thatwhencorverting ani nt eger you must
explicitly specify the numberof bits in the result
(I en).



Tri-State Buses RAM Models

A tri-stateoutputcanbe setto the normalhigh and o .
low logic levels as well asto a third state: high- VHDL alsoallows the useof arrayswith signalin-

impedance This type of outputis often usedwhere dicesto modelrandom-accessiemory(RAM). The
differentdevicesdrive thesamebusatdifferenttimes  following example demonstratesne useof VHDL
(e.g. adatabus). The mostcommonway to specify arraysaswell asbi-directionalbuses. We mustuse
that an outputshouldbe setto the high-impedance thetype-cowersionfunctionconv_i nt eger because

stateis to useasignalof typest d_| ogi ¢ andassign theaddressnput, a, is of type unsi gned while the
it avalueof 'Z’. arrayindex mustbeof typei nt eger.

Thefollowing exampleshavs animplementation
of a 4-bit buffer with an enableoutput. Whenthe
enablds notassertetheoutputisin high-impedance

mode:
library ieee ;
use ieee.std_logic_1164.all ;
use ieee.std_logic_arith.all ;
library ieee ;

entity ramis port (
- bi-directional data signal
d : inout std_|logic_vector (7 downto 0) ;
- address input
a: inunsigned (1 downto 0) ;
- output enable and wite strobe (clock)

use ieee.std_logic_1164.all ;

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

) oe, w : instd_logic) ;
end thbuf ; end ram;
architecture rtl of thuf is
begin
q <=
d when en = '1' else
"7777"
end rtl architecture rtl of ramis
subtype byte is std_logic_vector (7 downto 0) ;
type byte_ array is array (0 to 3) of hyte ;
signal ram: byte_array ;
Theresultingschematidor thet buf is: begi n , ,
VA -- output value is the indexed array el enent
—r BTSS ) d <=
- q3:8]
[ ’ ram(conv_integer(a)) when oe = '1' else
YA "77777777"

BTSS
ara
L qca)

- register the indexed array el ement
YA

5155 process(wr)
: - begin

VA if wevent and w ='1" then

4130 :I BTSS ram(conv_integer(a)) <= d ;
o> ’ end if ;

. . ) . end process ;
Tri-stateoutputsare usedprimarily to implement end rti ;

bidirectionalbus signals. Suchsignalsare declared
of typei nout ratherthanin or out andtheir val-
uescanbe usedwithin the architecturg(unlike sig-
nalsof typeout). Whenthe busis to actasanin-
put, the bidirectionalbus signalsare driven to the
high-impedancestateandin this caseit’s the value
of signalsoutsidethe entity that determinethe sig-
nal'svalue. Theresultof synthesizinghis descriptionis:

Exercise: Modify the design above to create a 16-element,

4-bit wide RAM with separate input and output signals.
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For mary implementationtechnologie{FPGAS,
gatearrays,or standard-celASICs) thereare usu-
ally vendorspecificwaysof implementingmemaory
arraysthat give better results. However, using a
VHDL-only modelwith “random logic” as shavn
above is moreportable.

Exercise: Why is portability desirable?



