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RTL Designwith VHDL

This chaptercovers somefeatuesof VHDL that are usefulfor logic synthesisYou shouldlearnto:

e malelibrary packagesvisible

e declare componenti architectuesand padkages

¢ declae constants

¢ instantiatecomponentito an architectuie

¢ declae std logic, std logic_vector signedandunsignedsignals
e declae enumeatedtypesand subtype®f array typesin architectuiresand padkages
e declare anduseentitieswith generics

e useconditionalsignalassignments

e corvertbetweerstd logic_vector unsignedandinteger types

e instantiatetri-state outputs

e createRAMand ROM memories

We will alsolearnanapptoach to logic designcalled Register TransferLevel (RTL)or “dataflow” design.Thisis the
methodcurrently usedfor the designof complex logic circuits sud as microprocessos.
You shouldbe ableto:

¢ classifya VHDL descriptionasa behavioal, structural, or dataflow(RTL)description
¢ identifytheregisters andlogic/arithmeticfunctionsrequiredto implement particular algorithm
e partition this algorithminto a sequencef theseoperationsandregistertransfes

o write synthesizeabl#HDL RTL codeto implementhe algorithm

We also cover three topicsrelatedto the designof interfacesto logic circuits: metastability input syndironization
andglitches.You shouldbe ableto: identify circuitswhele metastabléehaviouris possible;computethe meantime
betweermetastableoutputs;identify circuits that could fail dueto asyndronousinputs; add syndironizerflip-flops
to reducethe probability of metastability;remave raceconditionsby registeringinputs; and useregisteied outputsto
eliminateglitches.

Reserved Words or it canbe sub-systenof your design.

Table 1 lists the 97 resered words that cannotbe
usedasVHDL identifiers.
Before we usea componentwe first needto de-
) ) clareit. A componendeclarations very similar to
Libraries, Packagesand Components anentity declaration— it definesthe input andout-

putsignals,notthefunctionality
Whendesigningcomplex logic circuitsit helpsto de-

composea designinto simplerparts. Eachof these

parts can be written and testedseparatelyperhaps

by differentpeople.If the partsaresuficiently gen-  In orderto avoid declaringeachcomponentn ev-
eralthenit’s often possibleto re-usethemin future ery architecturewhereit is used,we typically place
projects. In VHDL, designre-useis doneby us- componentdeclarationsn “packages. A package
ing “component$. A componentanbe a general- typically containsa set of componentdeclarations
purposebuilding-block (e.g. anadderor a counter), for aparticularapplication.Packagesrethemseles
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abs access after alias all and architecture ar-
ray assert attrib ute begin block body buffer bus
case component configuration constant discon-
nect downto else elsif end entity exit file for func-
tion generate generic group guarded if impure in
inertial inout is label library linkage literal loop
map mod nand new next nor not null of on open
or others out package port postponed procedure
process pure range record register reject rem re-
port return rol ror select severity signal shared
sla sll sra srl subtype then to transpor t type un-
affected units until use variable wait when while
with xnor xor

Tablel: VHDL reseredwords.

storedin “libraries™:

Library

Package Package

‘ component ‘ ‘ component ‘

‘ component ‘ ‘ component ‘

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

To usea componentn adesignwe usel i brary
statementto specifythelibrariesto be searchednd
a use statemenfor eachpackagewe needto use.
The two most commonly usedlibraries are called
| EEE andWORK.

TheWORK 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
ead designunit (entity or architecture)that uses
thosepackages For example,if you wantedto use
the nureric_bit packagen thei eee library you
would use:

IThelogic synthesizeusedto createthe schematicén these
lecturenotes.

2An exception:whenanarchitecturémmediatelyfollowsiits
entity you neednotrepeathel i brary anduse statements.

library ieee ;
use ieee.nuneric_bit.all ;

andif youwantedto usethedsp packagen the WORK
library youwould use:

use work.dsp.all ;

Exercise 35: Why is there no library statement in the second
example?

Note thata componentefinesaninterfaceto an-
other device. That device may not have beende-
signedwith VHDL sotheremaynotnecessariljpea
correspondingntity declaration.

Creating Components

A componenteclarationis similar to anentity dec-
larationanddefinestheinput andoutputsignals.
Componentdeclarationscan be placedin an ar
chitecturebeforethe begi n. But it's usually more
corvenientto put componentdeclarationswithin a
package declaration. Whenwe compile (or “ana-
lyze") thepackagadeclaratiortheinformationabout
thecomponenti thepackagas savedin afile in the
WORK library. Thecomponentin thepackagegan
thenbeusedin anarchitecturdin thatsamefile orin
otherfiles) by usingthe appropriataise statements.
For example,the following codedeclaresa pack-
agecalledfli pfl ops. This packagecontainsonly
onecomponentr s, with inputsr ands andanout-

putq:

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

inbit; q: out bit) ;

Exercise 36: If this code was stored in a file called f f . vhd, how
many files would be created? What would they contain? Where
would they be placed?

Component Instantiation

Onceacomponenhasbeendeclaredjt canbeused
(“instantiated”)in anarchitecture A componentn-
stantiationdescribesiow the componenis “hooked



up” totheothersignalsin thearchitecturelt isacon-
current statementasis a selectedassignmenstate-
ment).

The following example shavs how three2-input
exclusive-or gatescan be usedto build a 4-input
parity-checkcircuit using componentinstantiation.
This type of descriptionis called structural VHDL

becausave aredefiningthe structureratherthanthe

behaiour of thecircuit.

In thiscasewe have putthecomponenteclaration
into thefile nypackage. vhd. Thexor _pkg contains
thexor 2 componentalthoughatypical packagede-
finesmorethanonecomponent):

- 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 ) ;

A secondfile, parity.vhd, describeshe parity
entity thatusesthexor 2 component:

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

port (a b, c, d
end parity ;

cinbit ; p:oout bit) ;

architecture rtl of parity is
- internal signals

signal x, y: bit

begin
x1: xor2 port map ( a, b, x)
x2: xor2 port map ( ¢, X, y)
x3: xor2 port map ( d, y, p)

end rtl ;

Theresultingtop-level schematidor theparity en-
tity is:

xor2_@

mid

EH xor2_1
a& xar2_2 |
o>

Exercise 37: Label the connections within the parity generator

schematic with the signal names used in the architecture.
When the parity. vhd file is analyzed(“com-
piled”), the synthesizewill searchthe (WORK) direc-
tory for thexor _pkg package.
We couldalsohave putthexor _pkg packagedec-
laration in the parity.vhd file (the packagefile
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would then be recreatedevery time we analyzed
parity.vhd).

Althoughcomponentslont necessariljhvaveto be
createdusingVHDL, we could have doneso by us-
ing thefollowing entity/architecturgairin file called
xor 2. vhd:

- xor gate

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

out hit ) ;

architecture rtl of xor2is
begin

X <= a xor b ;
end rtl ;

VHDL versus C Terminology

Thefollowing comparisorshavs someroughequv-
alentsbetweenthe VHDL conceptdescribedabore
andC programming.

VHDL C
analyze compile
elaborate | link
component| function
instantiate | call

use #incl ude
package DLL
library directory

st d_l ogi ¢ Packages

The | EEE library containstwo useful packages.
Thesepackagedefine alternatves to the bit and
bit_vector typesfor logic design.

The first package, std_logic 1164, de-
fines the types std_| ogi ¢ (similar to bit) and
std | ogi c_vector (similarto bit _vector). The
advantageof the st d_| ogi ¢ typesis that they can
have valuesotherthan’0’ and’l’. For example,an
std_| ogi ¢ signalcanalsohase undefined’X’) and
high-impedancealues(’Z"). Thestd_| ogic_1164
packagealso redefines(“overloads”) the standard

3Theeffect of acall is ratherdifferentthana componenin-
stantiation: in VHDL we get an extra copy of the component
eachtimeit is used.In C we getonly onecopy of afunctionno
matterhowv mary timesit is called.



booleanoperatorgand, or, not, etc.) sothatthey
work with st d_I ogi ¢ signals.

The secondpackagest d_| ogi c_arith* defines
the typessi gned and unsi gned. Theseare sub-
typesof std_| ogi c_vect or with overloadedoper
atorsthat allow themto be usedboth asvectorsof
logic valuesand as as binary numbers(in signed
two’s complemenbr unsignedepresentations)he
hierarchyof thesdogic typescouldbe dravn asfol-
lows:

declared in
std_logic_1164

—, ——
~ ~

(\ std_logic std_logic_vector \

~_ -

declared in
___std_logic_arith

— -~
~ ~

unsigned )
e

The standardarithmeticoperatorq+, -, *, /, **,
>, <, <=, >=, = [ =) canbe appliedto signalsof type
si gned orunsi gned. Notethatit maynotbepracti-
cal or possibleto synthesize&complex operatorsuch
asmultiplication, division or exponentiation.

For example we couldgeneratéhecombinational
logic to build a4-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) ;
¢ : out unsigned (3 downto 0) ) ;
end adder4 ;

architecture rtl of adder4 is
begin

c<=a+b;
end rtl ;

Theresulting(rathermessy)schematids:

4ThelEEE standards reallynuner i c_st d butit’ snotwidely
used.
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Constants

You candeclaresymbolicconstantsn the sameway
assignals.For example:

constant zero_bits : unsigned (3 downto 0) := "0000" ;

A constantdeclaredin a packages availableto all
designunits (packages.entities and architectures)
thatuse thatpackageYoushouldusesymboliccon-
stantsfor ary valuesthatarelikely to changeor if it
makesyour codeeasietto reador easierto modify.

Integers

VHDL alsoincludesani nt eger typewhichis use-
ful for specifyingsmall constantge.g. next x <=
x + 1 ;). However, signals should be declared
std_l ogi ¢ or one of its subtypes,not i nt eger.
Declarationssometimesuse the nat ural (values
>=0), andpositive (values> 0) types. Integer
constantganbe specifiedin non-decimabase.For
example, the value 2000 hex can be specifiedas:
16#20004.

Type Conversion Functions

VHDL is a strongly-typedlanguage— eachopera-
tor mustbe suppliedagumentsof exactly the right
type or the synthesizemwill give an error message.
Although mary functionsand operatorge.g. and)



are overloadedso that you can usethe samefunc-
tion/operatowith morethanonetype,in mary cases
youwill needto usetype corversionfunctions.

Thefollowing typecorversionfunctionsarefound
in thethestd_| ogi ¢c_1164 packagdn thei eee li-
brary:

from | to | function
Iv | bv | to_bitvector(x)
bv | Iv | to_stdl ogicvector(x)

The abbreviationsbv, | v, un andi n areusedfor
bit_vector, std | ogic_vector, unsigned and
i nt eger respectiely.

Thefollowing typecorversionfunctionsarefound
in thethest d | ogi c_arit h packagen thei eee li-
brary

from | to | function
Iv | un | unsigned(Xx)
un | Iv | std_l ogi c_vector(x)
un | in | conv.i nteger(Xx)
in | un | conv_unsi gned(x, | en)
in Iv | conv_std_l ogi c_vector(x,|en)

Functions in the std_logic_arith package
“overload” most of the arithmeticand comparison
operatorge.g. +, =) sothatthey take integeraswell
asunsi gned operands.

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

For example:

constant awidth : integer :

constant dwidth : integer : 8 ;

constant rladdr : std_|ogic_vector (aw dth-1 downto 0)
:= to_stdl ogi cvector (X'1A 0002") ;

signal abus : unsigned (awidth-1 downto 0) ;

signal rl, d: std_logic_vector (dwidth-1 downto 0) ;
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rl <=

d when abus = unsigned(rladdr) else
"00000000" ;
Exercise 38: What is the type of the constant X" 1A_.0002" ?

What is the purpose of the unsi gned() function in the last line
of the above example? What conversion function(s) would you
need to use if r laddr was declared to be of type bi t _vect or ?

Type Declarations

It's often usefulto make up new typesfor a project.
We candothisin VHDL by usingtypedeclarations.
The most commonusesfor defining nen typesare
to createsignalsof a given width (i.e. a bus) and
to declaretypesthat canonly have one of a setof
possiblevalues(calledenumeratiortypes).

Type declarationsare often placedin packages
to make them available to multiple design units.
The following example shavs a package called
dsp_t ypes thatdeclaregwo new types:

package dsp_types is

type node is (slow, nedium fast) ;

subtype word is std_logic_vector (15 downto 0) ;
end dsp_types ;

Notethatwe needto useasubt ype declarationn
thesecondexamplebecauséhest d_| ogi c_vect or
typeis alreadydefined.

Exercise 39: 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.

Generics

An entity canbe declaredwith a busor registersize
that is left undefineduntil the componentis used
(“instantiated”)by addinga genericclausein its en-
tity andcomponenteclarationsFor example,areg-
ister with negatedoutputscould be declaredin the
file nregi ster.vhd as:

- register with negated output

entity nregister is
generic ( width : integer ) ;
port (d: in bit_vector (width-1 downto 0) ;
g : out bit_vector (width-1 downto 0) ;
clk : inbit ) ;
end nregister ;

architecture rtl of nregister is
signal tnp : bit_vector(width-1 downto 0) ;
begin
process(cl k)
begin
if clk’event and clk="1'
tmp <=d ;
end if ;
end process ;
g <= not tnp ;
end ;

then



you might declarethe nregi st er componentn a begin

. n <=
packageas: 100" when b(3) = '1' else
"011" when b(2) ='1" else
"010" when b(1) ='1" else
package registers is "001" when bEO; =1 else
conmponent nregi st er "000"
generic ( width : integer ) ; end rtl

port ( d: in bit_vector (width-1 downto 0) ;
g : out hit_vector (width-1 downto 0) ; o
clk tinbit) ; Notethattheconditionsaretestedn theorderthat

ende?ggfgf‘éfge?t ! they appeaitin the statemenandonly thefirst value
whosecontrolling expressioris trueis assigned.
andthenuseit in anotherarchitectureasfollows: In the sameway that we canview a selectedas-
sighmentstatemenasthe VHDL modelfor a ROM
or lookup table,a conditionalassignmenstatement
o can be viewed the VHDL descriptionof a tree of
ri: nregister multiplexers. For example,the structureof the ex-

i 8
e e (. hout, k) ampleabove couldbedravn as:
"000"

use work.registers.all ;

"001"

You shouldusegenericgf your componentmight
have to beinstantiatedvith varioussignalwidths.

Attributes b

. . . Synthesizinghe abore descriptiorresultsin:
Eachsignal hasa numberof propertiesassociated

with it which canbe extractedand usedin expres-
sions by using VHDL's attributes For example,

the numberof elementsin an array x is given by ...
X" | engt h. Otherusefulattributesarel eft, ri ght,

hi gh, | owwhich extractthe appropriaténdex limits

andr ange which extractstheindex range.

Exercise 40: Write a conditional assignment that models a 2-

Conditiona| A$| gnment 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

In thesameway thata selectedassignmenstatement multiplexer (sel is now an array).

modelsacasestatemenin asequentiaprogramming Thechoiceof selectedbr conditionalassignments
languageaconditionalassignmergtatemeninodels canaffect thelogic thatis generated A conditional
an if/else statement. Like the selectedassignment assignmenimpliesanorderedsequencef two-way

statementit is alsoa concurentstatement. decisionswhich resultsin the multiplexer tree as
For example thefollowing circuit outputsthepo- shavn above. A selectedassignmentmpliesa logic
sition of theleft-most’1’ bit in theinput: circuit that evaluatesall possibleinputs simultane-

ously This implies a single-stagesum-of-products
(or equvalent)circuit. Thecircuit generatedy ase-

library ieee ; . . . . .

use i eee.std_| ogic_1164.all : lectedassignmenill typically requirelesslogic but
, o will incuralongerpropagatiordelay

entity nbits is port ( . . .
b: in std |ogic vector (3 downto 0) : _Howevert_he Ioglc §ynthe3|zg|may needto opti-
n: out std_logic_vector (2 downto 0) ) ; mizetheoriginal circuitto meeteitherspeedr space

end nbits ; constraintsThefinal circuit may not matcheitherof

architecture rtl of nbits is theabore models.



Tri-State Buses Memory Models

A tri-stateoutputcanbesetto highandlow logic lev-
elsaswell asto a third state:high-impedancg'z’). VHDL alsoallows the useof arrayswith signalin-
This type of outputis usedwheredifferentdevices’ dicesto modelrandom-accessiemory(RAM). The
outputsare connectedogetheranddrive acommon following example demonstrateshe use of VHDL
bus (hopefullyatdifferenttimes!). To specifythatan arraysaswell asbi-directionalbuses. We mustuse
outputshouldbe setto the high-impedancstatewe thetype-cowersionfunctionconv_i nt eger because
usea signalof typest d_| ogi ¢ andassignit avalue theaddressnput, a, is of type unsi gned while the
of'Z’. arrayindex mustbeof typei nt eger .

Thefollowing exampleshovs animplementation
of a 4-bit buffer with an enableoutput. Whenthe
enablds notassertetheoutputis in high-impedance

mode:

library ieee ;

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

use ieee.std_logic_1164.all ;
entity ramis port (

entity thuf is port ( -- bi-directional data signal
d: in std_logic vector (3 downto 0) ; d : inout std_logic_vector (7 downto 0) ;
g : out std_logic_vector (3 downto 0) ; -- address input
en : in std logic a: inunsigned (1 downto 0) ;
) -- output enable and wite strobe (clock)
end tbuf ; oe, w : instd_logic) ;
end ram;
architecture rtl of tbuf is
begin
q <=
d when en ='1' else
"7777"
end rtl ;

architecture rtl of ramis
subtype byte is std_logic_vector (7 downto 0) ;

Theresultingschematidor thet buf is: type byte_array is array (0 to 3) of byte ;
! signal ram: byte array ;

>VA BTSS b i
O
- a0 egin

- output value is the indexed array el enent

d <=
’—’—l><r ram{conv_integer(a)) when oe = '1' else

"727777777"

YA
YA
BTSS . .
[\/I - -- register the indexed array el enent
A

process(wr)

% .
: I I BTSS
413 z]D—n;g,—D(r beg! n ’ L
if w'event and w ='1" then

> A ran{conv_i nt eger(_a)) <=d ;
Tri-stateoutputsare usedprimarily to implement end if ;

bidirectionalbus signals.Bidirectionalbusesarede- ende:‘f'l p;' ocess

claredof typei nout ratherthani n or out andtheir

valuescanbeboth‘read’ and‘written’ within thear

chitecturg(unlike signalsof typeout ). Whenthebus

is to actasaninput, the bidirectionalbus signalsare

driven to the high-impedancestateandin this case

it's the valueof othersignalsthatdeterminethe sig-

Exercise 41: Modify the design above to create a 16-element, 4-
bit wide RAM with separate input and output signals. How could

nal’s value. i
Thetri-stateenableis usuallycontrolledby anad- ¥ "7 27
dressdecodelor otherenablenput. Theresultof synthesizinghis descriptionis:
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For mary implementationtechnologieg FPGAS,
gatearrays,or standard-cellASICs) thereare usu-
ally vendorspecificways of implementingmemory
arraysthat give better results. However, using a
VHDL-only modelwith “random logic” as shavn
aboveis moreportableandmaybepracticalfor small
memoriessuchasCPU “registerfiles’”

Exercise 42: Why is portability desirable?

Design Strategies

Thereareanumberof stratgiesthatareusefulwhen
designingcomple logic circuits. Youmayrecognize
similar stratgiesthatareusedin computemprogram-
ming.

One stratgy is to designat the most abstract
(“highest”) level possiblewith the tools available.
For example, using a behaioral designstyle with
VHDL insteadof a structuralstyle (e.g. schemat-
ics)will male it easierto write, read,documentand

8

delug your design.

Anotherdesignstratgy is hierarchicaldecompo-
sition. The device being designedshould be de-
composednto anumberof modules(representeds
VHDL entities)that interface throughwell-defined
interfaces(VHDL ports). The internal structureof
thesemodulesshouldnotbevisible from outsidethe
module. Eachof thesemodulesshouldthenbe fur-
thersubdvidedinto othermodules.The decomposi-
tion processshouldbe repeateduntil the remaining
modulesare simpleenoughto be easilywritten and
tested.This decompositiormalkesit easyto testthe
modulesindividually, allows modulesto be re-used
andallows morethanonepersorto work onthesame
projectatthe sametime.

It's alsoa goodideato keepthedesignasportable
aspossible. Avoid usinglanguagdeaturesthat are
specificto a particularmanufctureror tamget tech-
nology unlessthey are necessaryo meetotherre-
guirements. This will make it possibleto use dif-
ferentmanufcturingprocesseanddifferentdevices
with aminimumof redesign.

Structural Design

Structuraldesignis the oldestdigital logic design
method. In this methodthe designerdoesall the
work. Thedesigneselectghelow-level components
and decidesexactly how they areto be connected.
The parity generatordescribedpreviously is an ex-
ampleof structuraldesign.

A structuraldesigncan be represente@s a parts
list anda list of the connectiondbetweerthe pinson
the componentgfor example: “pin 12 on chip 3 is
connectedo pin 5 on chip 7”). This representation
of acircuitis calleda netlist

Sctematiccaptue is the mostcommonstructural
designmethod. The designemorks with a program
similarto adrawving progranthatallows components
to beinsertedinto the designandconnectedo other
components.

Exercise 43: What would be the most common type of state-
ment in a structural VHDL description?



Behavioral Design

At the other extreme,a behaioral designis meant
to demonstratéhe functionalbehaiour of a device
without concerningitself aboutimplementationde-
tails. Thusa behaioral designmay include opera-
tions suchas integer division or behaiour suchas
propagatiordelaysthataredifficult or impossibleto
synthesize.

However, every designshouldstartwith a beha-
ioral description.The beha&ioral descriptioncanbe
simulatedandusedto verify thatall of the required
aspectof the designhave beenidentified. The out-
put of a behaioral descriptioncanbe comparedo
theoutputof astructuralor RTL descriptiorto check
for errors.

Exercise 44: A VHDL description contains non-synthesizeable
constructs such as propagation delays. Is it a behavioural or

structural description?

RTL Design

RegisterTransfer_evel, or RTL® designliesbetween
apurely behaioral descriptionof the desiredcircuit
anda purelystructuralone. An RTL descriptionde-
scribesacircuit's registersandthesequencef trans-
fersbetweertheseregistersbut doesnotdescribehe
hardwareusedto carryouttheseoperations.

The stepsin RTL designare: (1) determinethe
numberand sizes of registers neededto hold the
datausedby the device, (2) determinethe logic and
arithmeticoperationghat needto be performedon
theseregister contents,and (3) designa statema-
chine whoseoutputscontrol how the register con-
tentsare updatedin orderto obtainthe desiredre-
sults.

Producingan RTL designis similar to writing a
computerprogramin a corventional programming
language.Choosingregistersis the sameaschoos-
ing variables.Designingtheflow of datain the“dat-
apath”is analogousto writing expressionsinvolv-
ing the variables(registers)andoperatorgcombina-
tional functions). Designingthe controllerstatema-
chineis similar to decidingon the flow of control
within the program(if/then/elsewhile-loops,etc).

5The “L” in RTL sometimesstandsfor “Language” or
“Logic” — all refer to the samemethodof designingcomplec
logic circuits.

As asimpleexample,consideradevice thatneeds
to addfour numbers.In VHDL, givensignalsof the
correcttype,we cansimply write:

s<=((a+b)+c) +d;

This particulardescriptionis simple enoughthat
it canbe synthesizedHowever, the resultingcircuit
will be afairly large combinationakircuit compris-
ing threeaddercircuitsasfollows:

A behaioral description, not being concerned
with implementationdetails, would be completeat
this point.

However, if we were concernedaboutthe costof
the implementationwe might decideto breakdown
the computationinto a sequencef steps,eachone
involving only a singleaddition:

w nu nu nu n
TR TR TRRTIT
w nu nu nu o
+ + + +
o 0O T o

whereeachoperationis executedsequentially The
logic requiredis now one adder a registerto hold
the value of s in-betweenoperationsa multiplexer
to selectthe input to be added,anda circuit to clear
s atthestartof thecomputation.

Althoughthis approactonly needsoneaddey the
processequireanorestepsandwill takelonger Cir-
cuits that divide up a computationinto a sequence
of arithmeticandlogic operationsarequitecommon
and this type of designis called Register Transfer
Level (RTL) or “dataflov” design.



An RTL designis composedf (1) registersand
combinationafunctionblocks(e.g.addersandmul-
tiplexers) called the datapathand (2) a finite state
machinecalledthecontoller thatcontrolsthetrans-
fer of datathroughthe function blocksandbetween
theregisters.

In VHDL RTL designthe gate-level designand
optimizationof the datapathregisters,multiplexers,
andcombinationafunctions)is doneby the synthe-
sizer However, the designemust designthe state
machineanddecidewhich registertransfersareper
formedin which state.

TheRTL designercantradeoff datapattcomple-
ity (e.g.usingmoreaddersandthususingmorechip
area)againstspeede.g. having moreadderaneans
fewer stepsare requiredto obtainthe result). RTL
designis well suitedfor the designof CPUs and
special-purposg@rocessorsuch as disk drive con-
trollers, video display cards,network adaptercards,
etc. It givesthedesignegreatflexibility in choosing
betweerprocessingpeedandcircuit compleity.

Thediagrambelov shavs agenericcomponentn
the datapath. EachRTL designwill be composedf
oneof thefollowing building blocksfor eachregis-
ter. The structureallows the contentsof eachreg-
ister to be updatedat the end of eachclock period
with a value selectedby the controller The widths
of theregisters thetypesof combinationafunctions
andtheir inputswill be determinedby the applica-
tion. A typical designwill include mary of these
components.

—= arithmetic/logic

: function S .
o 9 g
S e - - 2 2
% —= arithmetic/logic g >
i‘; : function g =
£ N\
o
=

——= arithmetic/logic

: function

clock

from controller

RTL Design Example

To shawv how an RTL designis describedn VHDL
andto clarify the conceptdanvolved, we will design
afour-inputadder Thisdesignwill alsodemonstrate
how to createpackagesf componentghat can be
re-used.

The datapathshavn belov canload the register
at the start of eachclock cycle with oneof: zero,
the currentvalue of the register or the sum of the
registerand one of the four inputs. It includesone
8-bit register an 8-bit adderand a multiplexer that
selectoneof thefour possiblenputsasthevalueto
beaddedo the currentvalueof theregister

L s .
. 3 _
a g g 3 3
b — 8 ® S —= B
= £ 2
c —= = > g
- E -
d 0—=
/t T
clock

from controller

Exercise 45: Other datapaths could compute the same result.
Draw the block diagram of a datapath capable of computing the
sum of the four numbers in three clock cycles.

The first designunit is a packagethat definesa
new type,num for eight-bitunsignechumbersaandan
enumeratedype, st at es, with six possiblevalues.
nums aredefinedasa subtypeof theunsi gned type.

- RTL design of 4-input sumrer
- subtype used in design

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

package averager_types is
subtype numis unsigned (7 downto 0) ;
type states is (clr, add_a, add_b, add_c,
add_d, hold) ;
end averager _types ;

The first entity definesthe datapath.In this case
the four numbergo be addedareavailableasinputs
to the entity andthereis one outputfor the current
sum.

10



Theinputsto the datapathfrom the controllerare
a 2-bit selectorfor the multiplexer and two control
signalsto loador clear(setto 0) theregister

- datapath

library ieee ;

use ieee.std_logic_1164.all ;
use ieee.std_logic_arith.all
use work. averager _types.all ;

entity datapath is
port (
a, b, ¢, d: innum;
sum: out num;
sel : in std_logic_vector (1 downto 0) ;
|oad, clear, clk : in std_logic
)

end datapath ;

architecture rtl of datapath is
signal nux_out, sumreg, next_sumreg : num;
constant sumzero : num:=
conv_unsi gned(0, next _sumreg' length) ;
begin

- nux to select input to add
with sel select mux_out <=
a when "00",
b when "01",
¢ when "10",
d when others ;

- nux to select register input
next_sumreg <=
sumreg + nux_out when load = '1' else
sum zero when clear ='1" else
sumreg ;

- register sum
process(cl k)

begin
if clk’event and clk ='1" then
sumreg <= next_sumreg ;
end if ;

end process ;

- entity output is register output
sum <= sumreg ;

end rtl ;

Exercise 46: Label the block diagram above with the bus widths
and signal names used in the entity.

What would happen if both ¢l ear and | oad inputs were as-
serted? Why do we need to define both sumr eg and sumsig-
nals?

How many clock cycles will it take to compute the sum of the
four inputs?

The RTL design$ controller is a state machine
whoseoutputscontrol the multiplexersin the data-
path. The controllers inputsaresignalsthat control
thecontrollers statetransitions.In this casetheonly

inputis anupdat e signalthattells our device to re-
computethe sum (presumablybecauseneor more
of theinputshaschanged).

This particular state machinesits at the “hold”
stateuntil theupdatesignalis true. It thensequences
throughtheotherfive statesandthenstopsatthehold
stateagain.Theotherfive statesareusedto clearthe
registerandto addthefour inputsto thecurrentvalue
of theregister

- controller
library ieee ;
use ieee.std_logic_1164.all
use work. averager _types.all ;

entity controller is

port (
update : in std_logic ;
sel : out std_|ogic_vector (1 downto 0) ;

load, clear : out std_logic ;
clk : in std_logic
)

end controller ;

architecture rtl of controller is

signal s, holdns, ns : states ;

signal tnp : std_logic_vector (3 downto 0) ;
begin

- select next state
with s select ns <=
add_a when clr,
add_b when add_a,
add_c when add_b,
add_d when add_c,
hold when add_d,
hol dns when others ; -- hold
- next state if in hold state
hol dns <=
clr when update =
hol d ;

"1 else

- state register
process(cl k)
begin
if clk’event and clk = "1 then
s <=ns ;
end if ;
end process ;

- controller outputs
with s select sel <=
"00" when add_a,
"01" when add_h,
"10" when add_c,

"11" when others ;
<='0 clr or s = hold else '

| oad when s =

clear <= '1'" when s =clr else '0’

end rtl

11



Thenext sectionof codeis anexampleof how the
datapathandthe controllerentitiescanbe placedin

apackageaver ager _conponents, ascomponents.

In practicethe datapathand controller component
declarationsvould probablyhave beenplacedin the

top-level architecturesincethey arenot likely to be

re-usedn otherdesigns.

- package for datapath and controller

library ieee
use ieee.std_logic_1164.all
use work. averager_types.all

package averager_components is

conponent dat apat h
port (
a, b, ¢, d: innum;
sum: out num;
sel : in std_|logic_vector (1 downto 0)
| oad, clear, clk : in std_logic
)

end conponent

conponent control | er

port (
update : in std_|logic
sel : out std_|logic_vector (1 downto 0)

| oad, clear : out std_logic
clk : instd_logic
)

end conponent

end averager_conponents

Thetop-level aver ager entity instantiateshetwo
componentandinterconnectshem.

- averager

library ieee

use ieee.std_|ogic_1164. al

use ieee.std_logic_arith.all

use work. averager _types.all

use work. aver ager _conponents. al |

entity averager is port (

a, b, ¢, d: innum;

sum: out num;

update, clk : in std_logic ) ;
end averager

architecture rtl of averager is
signal sel : std_logic_vector (1 downto 0)
signal load, clear : std_logic
- other declarations (e.g. conponents) here
begin
dl: datapath port map ( a, b, ¢, d, sum sel, |oad
clear, clk ) ;
cl: controller port map ( update, sel, |oad
clear, clk ) ;
end rtl ;

Theresultof the synthesizinghe datapaths:

= !

is in the middle andthe input multiplexer is at the
lower left.
Theresultof the synthesizinghe controlleris:

e

Thefollowing timing diagramshaws the datapath
outputandthe controllerstateover onecomputation.
Note that the stateand outputtransitionstake place
on the rising edgeof the clock. Also notethat the
outputis updatedat the end of the statein which a
particularoperationis performed.
update | |

hold| clear | add_a | add_b | add ¢ | add_d

state hold [ hold

clock

x[ x T o [ a |

sum atb \ a+b+c \a+b+c+d\a+b+c+d

RTL Timing Analysis

As usual,the datapattshouldbe designedasa syn-
chronoussequentiatircuit thatusesthe sameclock
for all registers. All register contentsthus change
atthe sametime. The controlleralsousesthe same
clock asthedatapath.

12



Theresultis thateachdatapatiregisterloadsthe
values‘computed”duringonestateatthe endof that
state(which is thenthe startof the computationfor
thenext state).

We can guarantedhat the correctresultswill be
loadedinto registersif the longestpropagationde-
lay (tpp) throughary paththroughthecombinational
logic thatlies betweerregisteroutputsandinputsis
lessthanthe clock period (t;)gck) Minusthe regis-
ters’ setuptime (ts) andclock-to-outpuitco) delays:

tpp <tglock —ts—tco
timing margin

max. propagation
delay \
[

V)
‘ ‘ ‘ ‘ ‘ clock

<— staten-1 —™=— staten —*=<— staten+l —

register setup time

clock-to—
output delay

register input

%

clock edges
(change of state)

Usingasingleclock meanswve only needto com-
pute the delay through combinationallogic blocks
which is much simpler than having to predict the
effect of propagationdelayson clock signals. This
is why almostall large-scaledigital circuitsaresyn-
chronoudesigns.

Synthesistools can be asled to synthesizdogic
that operatesat a particularclock period. The syn-
thesizeris suppliedwith the propagatiordelayspec-
ifications for the combinationallogic components
availablein the particulartechnologybeingusedand
it will thentry to arrangehelogic sothatthelongest
propagationdelay betweenary register output and
ary registerinputis lessthantheclock period(minus
setupandclock-to-outputdelays). This ensureghat
the circuit will work properly at the specifiedclock
rate.

Behavioural Synthesis

It is possibleo work atevenhigherlevelsof abstrac-
tion than RTL whendesigntime is moreimportant
thancost. Advancedsynthesigprogramgfor exam-
ple, Synopsys’Behavioral Compiler) cancorvert a
behaioral descriptionof an algorithminto an RTL

description.Thecompilerdoesthis by automatically
allocating registersand partitioning the processing
over as mary clock cycles as are requiredto meet
high-level processindime requirements.

M etastability

I ntroduction

The properoperationof a clocked flip-flop depends
ontheinput beingstablefor a certainperiodof time
before(the setuptime) andafter (the hold time) the
clock edge.If the setupandhold time requirements
are met, the correct output will appearat a valid
outputlevel (betweenVo. andVpy) at the flip-flop
outputafter a maximumdelay of tco (the clock-to-
outputdelay).However, if thesesetupandholdtime
requirementare not metthenthe outputof theflip-
flop may take mud longerthantco to reachavalid
logic level. This is called metastablebehaiour or
metastability

An invalid logic level at the outputof theflip-flop
may be interpretedby somelogic gatesasa’l’ and
by othersasa’0’. This leadsto unpredictableand
usuallyincorrectbehaiour of thecircuit.

In the synchronougircuits we have studiedthus
far we have beenable to prevent metastabilityby
clockingall flip-flops from thesameclock andensur
ing thatthe maximumpropagatiordelayof any com-
binationallogic pathis lessthanthe clock periodmi-
nusthe flip-flop setuptime and clock-to-outputde-
lay.

However, wheninputsto asynchronousircuit are
not synchronizedo theclock, it is impossiblgo en-
surethatthe setupandhold timeswill be met. This
will eventuallyleadto theincorrectbehaiour of the
device. It is importantto realizethat all practical
logic circuits will eventuallyfail dueto metastabil-
ity. However, the designershouldtry to ensurethat
thesdailureshapperveryinfrequently(e.g.onceper
10° or 10° yearsof operation)sothatothercause®f
failure predominate.

Computing MTBF

Theaveragetime betweermetastabl@utputs(mean
time betweerfailuresor MTBF’) is givenby thefor-
mula:
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eCatmeT

MTBF = ———
Ci feik faata

whereC; andC, are constantghat dependon the
technologyusedto build theflip-flop, tme is the du-
ration of the metastableoutput, and fgx and fyga
arethefrequencie®f thesynchronouglock andthe
asynchronousputrespectuely.

Let's computethe MTBF assumingwe usedthe
lab FPGA boards internal oscillator as a clock to
registerthe PC-104busIOR* signal.Sincetheclock
andthe signalbeingregisteredare comingfrom dif-
ferent oscillatorsthe input is asynchronous. The
clock frequeng, fqx is 25.175MHz. The exact
frequenyg of IOR* will dependon the programbe-
ing executed but let's assumea valueof fcik2/4 =
8.333/4 = 2.08 MHz. For the Altera Flex10K fam-
ily C; =1x 1013 andC, = 1.3 x 10'°. For cor
rect operationof our circuit the settlingtime of the
flip-flop output, the metastablgime tyet, mustbe
lessthanthe clock periodminusthe maximumprop-
agationdelaysthroughthe combinationalogic ele-
mentsminus the setuptimes of the otherflip-flops
in the circuit. The setuptime of the -4 speedgrade
10K20inputflip-flops,tjogy, isis 3.2ns,thustyer =
tak —tpp —tioay. If we assumepp is, for example,
30ns,tyetr = 39.7— 30— 3.2 = 6.5nsandtheMTBF
is:

el.3><1010><6.5>< 1079
S
1x10-13x 25175x 10F x 2.08x 10°

MTBF =
which about10®® secondga very longtime).

Reducing M etastability

The simplestapproachis to slov down the clock
sincethis provides a longer time for the output of
the flip-flop to reacha stableoutputvalue. Because
the MTBF increasegxponentiallywith tyet asmall
reductionin clock frequeng will oftenbeenoughto
increasehe MTBF to anacceptablealue.However,
in othercaseghis approachwill beunacceptablée-
causeheresultingclock ratewill betoo slow.
Anotherapproachis to useflip-flops with shorter
setupand hold times (and correspondinglysmaller
C, andlarger C, values). Wheneer possible these

“metastable-hardenedlip-flops shouldbe usedon
asynchronoumputs.

If this doesnot resultin the desireddegreeof re-
liability it is possibleto usetwo or more flip-flops
in series. In this casethe outputof the secondflip-
flop will only be metastablef bothflip-flop outputs
weremetastableThe disadwantageof this approach
is that the input will now be delayedby oneto two
clock periods(insteadof zeroto oneclock periods).

I nput Synchronization

Inputs typically affect the resultsloadedinto more
thanoneflip-flop. For example,aninput that con-
trols statetransitionsin a statemachineaffectsthe
variousflip-flops that hold the encodedstate. If an
asynchronousnput changesshortly beforea clock
edge,it is possiblethat the outputsof the combina-
tionallogic will nothave reachedheircorrectvalues
whentheflip-flops areloaded. This will almostcer
tainly leadto inconsistenaindincorrectbehaiour. A
circuit that exhibits unpredictabldoehaiour asare-
sult of the timing of its inputsis saidto have arace
condition.

Such problems can be avoided by registering
eachasynchronougnput using a single (preferably
metastable-hardened)p-flop and using the output
of this flip-flop outputto drive the restof the logic.
Thisresultsin adelayof upto 1 clock periodbefore
thecircuit canrespondo thechangednput. Usually
this is an acceptabl@rade-of for improved reliabil-

ity.
Exercise 47: Draw the schematic of an input synchronizer.

As a generalrule, always synchronize (register)
asynchronous inputs.

Glitches

Glitchesareshorttemporarychangesn outputsthat
are causedby differentpropagationdelaysin a cir-
cuit. Therearetwo reasonsvhy glitchesareundesir
able.

The first setof problemsis relatedto noiseand
power. Sinceglitchesareshortpulsesmuchof their
enegy is at high frequenciesand this power cou-
ples easily onto adjacentconductors. This induces
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noiseinto othercircuits andreducegheir noiseim-

munity. Glitches also causepower supply current
spikeswhichresultin voltagetransient®onthepower
supplylines. Anotherproblemwith glitchesis that
in CMOSlogic familiescurrentconsumptioris pro-
portionalto the numberof transistorswitchingsand
glitchesleadto increasedurrentconsumption.

The secondsetof problemsariseswhenthe digi-
tal outputof onecircuit is usedasa clock in another
circuit (e.g. to drive a counteror register). In this
casgglitchescausaundesiredtlock edgeqsimilarto
switch bounce). In synchronougsingle-clock)cir-
cuitstheseglitchesarenota problem.

Glitchescanbe reducedoy modifying the design
of thecombinationalogic. However, this usuallyin-
troducesadditionallogic. Glitcheson signalsthat
are confinedto shortpathswithin a circuit or inside
achip areusuallytolerated.However, whenoutputs
are broughtoff a chip, boardor system(e.g. ontoa
bus)it is goodpracticeto eliminateglitches.

The simplestway to eliminate glitchesis to use
a registeredoutputsignal. The outputof a flip-flop
change®nly once,ontheclock edge andthuselim-
inatesary glitchesonits input. Therearetwo ways
to registeroutputs.Oftenit is possibleto useregister
outputsdirectly suchaswhenanoutputis alreadyin
a dataregisteror whenthe signalsare statemachine
stateregisters.The secondnethodis to passhessig-
nalthroughanadditionalflip-flop beforeit is output.
The disadwantageof this methodis that the output
will bedelayedby upto oneclock period.

As agenerarule, alwaysregister outputs.
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