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Abstract

IntellectualProperty(IP) designis arapidly growing industryanddesignersandusers
arebeingchallengedo developinfrastructureandstandardnterfacesfor this new indus-
try. This researchstudiesthe impactthat IntellectualPropertycoreshave on the design
of Systems-on-ChigSoC)implementedon Field Programmablésate Arrays (FPGAS).
To obtainanunderstandingf the currentstateof coretechnologya systemwasbuilt us-
ing multiple IP cores. A corewasdesignedo learnaboutcore designissueswhile the
remainingcoreswereobtainedirom vendors.

Theresultswereslightly discouragingasit is nota simpleprocesdo incorporatethird
party coresinto a design,nor wasit easyto obtaincoresfor the system.Still, the experi-
encehasprovidedmuchinsightasto whatproblemanustbeaddresseth thelP industryto
facilitatea designmethodologythatincludesthe useof IP. Thesechallengesncludebasic
concernsuchasinterfacingdifficultiesaswell asdocumentatiomproblemsthathave been
grosslyunderestimatedYet theissueremains:circuits arebecomingtoo complex to cus-
tom designandachieve the desiredtime-to-marlet of a product;so how canwe interface

IP from vendorgo a systemdesignin amethodicalandtimely fashion?
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Chapter 1

Intr oduction

Recently it becameapparento the memberf the chip designcommunitythata “design
gap” is forming— a gap betweenwhat gatesan engineercould designper day and the
actualnumberof gatesavailable[1]. As therehasnot beena major breakthroughn the
ElectronicDesignAutomation(EDA) communitys designtools, the numberof gatesan
engineercandesignper day hasincreasedninimally while the gatedensityand speeds
of the chipsavailableto the market have beenfollowing Moore’s law. Sinceanengineer
is only capableof designingso mary new gatesper day with the tools that are presently
available,theideaof designreusein systemdesignshasbecomevery popular

Traditionally, systemshave beenimplementedn printedcircuit boardsusingoff-the-
shelfintegratedCircuits (ICs) from differentvendors.Thesechipscontainedhe Intellec-
tual Property(IP) of the compalry thatproducedhemandwereusedto provide a certain
functionality to the systeminto which they were incorporated. ICs were easily mixed
becausaninfrastructureof interfacestandardsiadbeendeveloped.Thisinfrastructuran-
cludedtesting,selectionandverificationof componentsothatmixing ICs from multiple
vendorsinto one systemdesignwould not increasehe final products time-to-marlet. At
thattime, Field Programmabl&ateArrays (FPGAs)wereusedto implementgluelogic to
interfacethe differentICs andsimplelogic functionsdueto the restrictionsof their small
sizes.

Sincethattime, the smallerprocessechnologiedor ICs have achieved greaterden-

sities allowing whole systemsto be implementedon one or two chips. Now, System-
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on-Chip(SoC)designis consideredhe trendfor the future wherea chip hasat leastone
programmablenicrocontrollercoreandmemory Application SpecificlntegratedCircuits
(ASICs) are becomingmulti-million gatedevices with more than 80% of their content
determinedby reusablehardware and software blocks (Virtual Componentsksuppliedas
cores[2]. Similarly, FPGAshave alsoincreasedn sizesuchthattheir gatecountsareap-

proachingthe millions, which allow designergo useFPGAsto implemententiresystems.

Designersvantthe samebenefitsfor their SoCdesignsasthey hadfor designample-
mentedon circuit boards. The designersvantthe coresto hide the detailedfunctionality
of the componentsso that they can more easily incorporatedifferent componentfrom
variousvendorgo createthe systendesign.FPGAsarealsobecomingpopularasa substi-
tutefor ASICsasthey allow thevendorto lower Non-Recurringengineering NRE) costs
while still increasingunctionality. They alsoallow the addedbenefitof reprogrammabil-

ity, which canlower re-engineeringostsif the designmustbe changedn thefuture.

In the competitve electronicandustry shorterproducttime-to-marlet may be essen-
tial to obtaininga nichein the market. To combatthe relative lossof designemproducti/-
ity dueto the designgap, creatingcircuits from pre-designedblocks of IP, known asIP
blocks, cores,or virtual componentgVCs), is being explored. The theoryis that these
pre-designedtblockscouldbeusedin SoCsin the sameway thatoff-the-shelflCs areused
to createsystemson printed circuit boards. To further the growth of SoCdesignsandto
simplify theirimplementatioron FPGAs,both AlteraandXilinx have recentlyannounced
thereleaseof anew FPGAarchitecturaghatincludesbothanembeddegrocessocoreand

reprogrammabléechnologyon onechip [3].

SoCsdesignsarepresentlyhinderedn their efficientandeconomicalisagdn industry
by the lack of aninfrastructuresimilar to thatwhich is alreadyin placefor ICs. Thereis
no supportfor the developmentandverificationof coresfor the designerandthereis no
standardvay of interfacingcoresfrom multiple vendors.Eachcorevendorcreatescores,
even oneswith the samefunctionality, suchthat they requiredifferentlogic to interface
with the restof the systemdesign. This creategnary difficultieswhena designettriesto
rapidly integratethesecoresfrom multiple sourcesnto a singledesign,asit increaseshe

overalldesigntime.



Whenthe conceptof reusetook off a few yearsago,the buzzwords“intellectual prop-
erty” (IP) createda whole new market niche. Steve Wolfe, editorof CAD Reportnewslet-
ter, commentedht DesignAutomationConferencgDAC) '98, that everyonewastalking
aboutlP — it wasgoingto be big businessandtransformthe EDA industry Ironically, he
notedat DAC 2000,thatpeoplewerenot taking sucha sunry view of IP—jokingly calling
it the“Incredible Pain”. Many of the IP vendorbusinessearelosingmoneg/ andthe ques-
tion that seemgo be prevalentto the industryis: “Why doesnt the IP businessvork?”.
It is commonlyagreedhatit is a wasteof valuabledesigntime for a designerto rewrite
standarcdcores,but market numberssuggesthatthe benefitsof designreusearefailing to
materializeaservisioned[4].

Obviously, designergealizethe presentconditionof the IP industryis not providing
the desiredspeedup in thetime-to-marlet of a product. The questionthenbecomeswhy
is this happeningandwhatdo vendorsandusersof IP have to do to make the usageof IP
in their designmethodologya seamlessindpainlesgprocedure.This new technologyhas
the potentialto simplify and shortenthe designprocesshut the problemissuesmustbe

addressedébr this methodologyto succeed.

1.1 Motivation

Themotivationof this studyis to exploretheissuesnvolvedin usinglP coresin thedesign

of acircuit. Theseconcernsnclude:

Whatconstitutesa coreandwhatarethe deliverableghataccompan it?

How difficult is it to usecoresin adesign?

Fromwherecouldauserobtainacore?

Whatarethe metricsthatcanbe usedto measureandquantifythe quality of a core?

Is therea designmethodologyfor usingcoresin a systemdesign?

Whatarethe methodsandtoolsfor testingcores?



Therearemultiple reasonshatthis studyfocuseson FPGAsasopposedo ASICs. First
of all, thenumberof gateson an FPGA hasincreasedo the point wherethey maybeused
to implementSoCdesignsaandsoit is possibleo usemultiple coresin onedesign.Thefact
thatFPGAsarenow large enoughfor implementingan entiresystemon chip, asopposed
to just glue logic, makes the study of creatingsystemson this technologyworthwhile.
IP coreshave alsobecomerecentlyavailablefor FPGAs,which shouldshortenthe design
time of new products Finally, thetoolsandhardwarefor FPGAsaremoreeasilyaccessible
thanASICs.

1.2 Objective

Theobjective of thisresearchs to studytheimpactthatIntellectualPropertycoreshave on
thedesignof Systems-on-Chipnplementedn Field Programmabl&ateArrays. Thefirst
stepis to learnmoreaboutcoresby building severalsystemaisingcores.Thiswill provide
thedesignexperienceo discovertheissuegelatedto designingwith cores.In conjunction
with designingsystemsausing cores,an actualcoreis designedo bettercomprehendhe
challengesindlimitations of coredesign.

Having constructednultiple basicsystemasusingcores the next stagels to createa set
of metricsto qualify andquantify coresandtheir effectson systemdesign. Thesemetrics
arethen appliedto the systemsto obtain a measureof the quality of the coresandthe
systemghatusethem. To fully understandhe systemdesignsthe parametersf eachof

thedifferentcoresarevariedto createmultiple versionsof eachsystem.

1.3 Contributions

Initially, | hadintendedo build multiple systemgo determinehestateof the new technol-
ogy in industry Unfortunately | hadnaiely believedthatit would be easyto geta large
numberof coresfrom varioussourcesso thatit would be possibleto constructdifferent
industry size systems.This belief wasunjustifiedandit provedimpossibleto obtainthe

numberof coresrequiredto build multiple systemslInsteadonly onesystemwascreated



usingthe coresthatwereavailableat thetime of thedesign.

Secondlya corvolutional encodercorewasdesignedasa parameterizablenoduleto
learnthe dravbacksof designingin VHDL andthe facility of including a coredesigned
in-housein asystemdesign.Metricswerecreatedo characterize systemdesignmethod-
ology thatusescoresaswell asa coredesignmethodology By varyingthe parametersf
the coresin the circuits, multiple versionsof the systemwereimplemented.Thesediffer-
entversionswerethentestedagainsthe metricsdevelopedfor this study Theresultswere
usedto draw conclusionsasto whatis the stateof the presentstateof IP technologyin

industry

1.4 ThesisOrganization

This thesisis dividedinto six chapters.Chapter2 looksfirst at the stateof IP technology
in industrytoday outlining thedefinitionof acore,thedifferentindividualsinvolvedin the
coreindustry andtheopinionof bothindustryandresearcherasto issuef usingcoresin
designsChapter3 discusseghecircuitsusedin this study Chapte# describeshe metrics
usedto characterizghe designsto be tested. Chapter5 presentghe resultsobtainedfor

eachdesignandChapter6 concludeghis thesiswith suggestion$or futurework.



Chapter 2

Overview of the PresentlP Industry

This chaptemprovidesa summaryof the stateof IP technologypresentlyusedin systems
designs.Thedifferenttypesof coresaredescribedsarethedifferentindividualsinvolved
in theIP industry Finally, the differentorganizationsand programshat have beendevel-
opedby industryto promotethe designreusestratey aredescribedBeforebeginningthis
discussionit is importantto understandhe definitionof a coreandwhatseparateg from
anormalcustomdesign.

An IP coreis a proprietarymoduleof functionality that meetsa certainspecification
allowing designreusability The core may or may not be parameterizedlependingon
its functionality, but there must be somedocumentatiorand a methodof verifying the
corefunctionality provided by thevendor Unfortunately the definitionis madesomevhat
ambiguoudby the word, “specification”,asthereis presentlyno industrywide standard.
Different companiegequirethat their coresmeetdifferent specificationswhich is one
reasorwhy it is sodifficult to incorporatecoresfrom multiple vendorsnto asingledesign.
Although differentorganizationshave suggestedtandardshat coresshouldmeet,unless

they becomeacceptedy the IP industryasawhole,the problemof integrationremains.

2.1 Typesof Cores

IP coresareimplementedatdifferenthardwaredescriptiorievels,which hasresultedn the

creationof threecateyoriesof cores:soft, firm, andhard [5]. A coreis catgjorizedby the
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form of its deliverableandeachof thethreechoicesofferscertainadvantages.
Softcoresaredeliveredin theform of synthesizablélDL and,thereforeoffer the ben-
efits of beingflexible and processndependent.Their major disadwantageis the lack of
predictabilityin termsof timing, area,andpower. Securitymay be anotherissueasthe
sourcecodemustbe provided, althoughpotentiallyencryptedfor integrationinto thefinal
design.Hard coresaredeliveredasnetliststhathave beenfully placedandrouted. These
coreshave theadvantageof beingpredictableandcanpotentiallybe optimizedfor minimal
power andsizefor a specificprocess/endor Consequentlythe lack of flexibility makes
themlessportablebut alsoeasietto protectbecausé¢hereis no requiremento supplyRTL.
Firm coresoffer a compromisebetweenthesetwo extremesand are definedasary core
thatis neithera soft nor hardcoreby specificationsuchasa coreprovidedasa netlist.
Most IP coresfor FPGAsare provided assoft cores. This providesthe possibility for
the userto adjustparametersgreatinggreaterreusepotential. The soft coresare often
suppliedin an encryptedformat, so that the actualRegister TransferLevel (RTL) is not
visible to the userbut the placementandrouting arestill flexible. In theseinstancesif the
coreis parameterizeda headeffile or GraphicalUserInterface(GUI) is usedto provide
theuserwith accesgo the parameterskor coreswith timing-critical aspectssuchasPCI
interfacecores,certainsignalsmay be pre-routedor assignedo specificroutingresources
to meettiming specificationsThesecoresmay be categyorizedasfirm cores.
Sinceacoreis apre-designedlock of code,it is possiblethatthiswill affectthedesign
into which it is beingincluded. The setupand hold times along with the handshaking
signalsof the coremay be unchangeableyhich meanghatthe restof the circuit mustbe
designedo properlyinterfacewith thecore.If acorehasafixedplacemenbr a partially-
fixedplacementthenthis mayaffectthe placemenof therestof thecircuit. Themaximum

clockrateof thefinal circuit couldbesetby thecore,which cannotepipelinedary further.

2.2 Stakeholdersin the Core Industry

The peoplewho areinterestedn the IP coreindustry may be divided into threegroups:

third party IP vendos, third party IP usess, andcaptivelP designes andusess. Thethird



party IP vendos arethosecompaniesvho aresolelyinterestedn developingcoresto sell
asafinishedproductor to complementhe saleof silicon. This groupof individualsis not
concernedvith trying to interfacethe core-producinto a biggerdesignbut, instead works
asavendor TheReusabléApplication-SpecifidntellectualPropertyDeveloper§ RAPID)
is anassociatiorthatrepresentdoth IP suppliersandintegrators giving thethird party IP
vendorsavoicein industry[6].

Thethird party IP uses work for companiesvho aretrying to implementa large de-
sign. They wish to leveragethe advantageof usinga corecreatedoy anexternalsourceso
asto speedthe time-to-marlet of their product. IP usersare developingapplicationspe-
cific productsandarenotinterestedn developingin-housecoresasthereis alow chance
for reuseby the compary. Finally, therearethe captivelP designes and uses who work
for companiesvho do extensie in-housedesignof productsfor a specificmarket. These
individualshave mary opportunitiesfor designreuseastheir designfocusis on onepar
ticular market. Their companiediave developeda designreuseculturefor coresdesigned
in-house.The compaly may alsopurchaseoresdevelopedexternallyasaninvestmento

complementhosedevelopedby internalpersonnel.

2.3 DesignReuseOrganizationsand Programs

SincelP hasbecomea fixture in the chip designindustry differentorganizationshave
beenformedto promotedesignreusestandardsTheir goalis to developa setof industry
standardso facilitatethe usageof IP in designsandto simplify theinterfacingof external
IP to adesign.Thefollowing describegroupsinterestedn the developmentof standards

andtheir promotionto industry

2.3.1 TheVSIA

While designreuseappeargo be the next innovationfor the systemsdesignindustry the
innatechallengego creatinga new setof industrystandard$iave resultedn theformation
of the Virtual Soclet InterfaceAlliance (VSIA) in Septembeof 1996. The Alliance was

createdwith thevision of acceleratingsoCdevelopmenty specifyingopenstandardshat



facilitatethe“mix andmatch”of IP coresfrom multiple sourceg2]. Themembershigon-
sistsof representatiesfrom the systemssemiconductqrintellectualProperty and EDA
segmentsof industry

Thebasicphilosophyis thatif physicalcomponentganberapidly mixedandmatched
on a printed circuit board, IP coresin a standardizedVirtual Component’(VC) form
shouldalso be easily mixed and matchedwithin an SoC. The VSIA hopesto createthis
environmentby specifying“open” interfacestandardso thatVCs (the VSIA termfor IP
cores)canbeeasilyfit into “Virtual Sockets”with minimal (or no) gluelogic. They require
thatthisfit be establishedt boththefunctionalandphysicallevels[2].

VSIA standardéncludethosethatarealreadyindustrystandardspr openor proprietary
dataformats. The VSIA only developsnew industry standardsvhennoneactually exist.
Theirgoalis to createa standardormatfor coredeliverablessothata coreis independent

of theuniquedesignflow of eachcustomer

2.3.2 OpenMORE

SynopsysandMentor Graphicshave formeda collaborationknown asthe OpenMeasure
of ReuseExcellence(OpenMORE)program[7]. It is an assessmergrogrambasedon

the ReuseMethodologyManual (RMM) that was jointly authoredby the two founding
companiesOpenMOREwasreleasedt the IP99 EuropeSoC Conferencein November
of 1999[8]. They have chosento definean IP coreasa designthat may be viewed asa

stand-alonsub-componentf acompleteSoCdesign.FurthermoretheRMM definessoft

coresaredefinedassoft macrosor a coredeliveredassynthesizabldRTL code,andhard
coresashardmacrosor a coredeliveredasa GDSII file. Hard coresareconsideredo be
fully designedplacedandrouted[9].

Whendesignerslecideto purchaséP coresfor theirdesigns|P evaluationbecomesn
importantstageof the designprocess.The OpenMOREprogramis supposedo facilitate
theevaluationprocesdy providing aformatfor astructurecassessmeit thereusequality
of the core. An IP developerentersdatainto a worksheetoutlining rulesand guidelines
for bothhardandsoft cores.Thefinal scoreobtainedfrom this processallows the userto

evaluatethe developers methodof coredesign.
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The worksheetassessmens aimedat improving corereusability therebyimproving
the speedand predictability of IP integrationinto the final SoC design. It mustbe re-
memberedhatwhile individual companiesredevelopinglP designstandardsthey donot
ensurethatthe desiredcoreandactualcore functionality may be easilycommunicatedo
otherg[9]. Thisis becausd¢hereareno guaranteethatanexternalcompaiy will have the
samedesignreuseculture asa compaty who not only purchaseshird party IP but also
designgheirown IP.

The majority of OpenMOREusersare systemscompanieghat typically reuseinter-
nally developedcoresaswell asthird party IP. VendorsarealsousingOpenMOREto try
andmake their coreseasierto usefor their customerssoasto reducethe numberof hours
spenton customersupport. They alsofeel thatstrongreusepracticeswill help counteract

thereputationthatthird party IP is hardto use[7].

2.3.3 RAPID andthe VCX

ReusableApplication-SpecifidntellectualPropertyDevelopers(RAPID) wasfoundedin
1996 by a group of companieghat develop and sell IP. The main function of this asso-
ciation is to promotethe useand acceptancef external IP productsby the electronics
industry The goalsof this organizationareto establishguidelinesandencouragehe use
of good businessand designpracticesamongmemberswhenworking either within the
electronicandustryor with industrystandarderganizationdo malke IP easierto useand
moreaccessibléo designerg6].

The Virtual Componeng&xchanges (VCX) missionis to facilitatetransaction®f Vir-
tual ComponentgVCs) within an efficient, internationaland openmarket infrastructure.
As anindustry-backd initiative, they have organizeda “marketplace”for the buying and
selling of VCs adoptingthe bestfeatures,servicesand structureof a maturestock and
commoditieamarket[10].

Theseawo organizationdave createdoint venturegdo speedhedevelopmenty VCX
of agloballP businessnfrastructure Thehopeis thattheinput from RAPID will provide
VCX with a broaderperspectie on importantbusinessand legal issuesthat will aid its

productdevelopmen{11]. Thereis alsoa privatecompary calledDesign& Reusewhich
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hascreateda CatalogandYellow Pagesto provide informationon IP andSoCs.They also
hopeto leveragethe IP businesdy providing e-Softwarebut unlike the VCX, they arenot

focusingon providing solutionsto the businessandlegal aspect®f coretransaction$12].

2.4 Perceptionsof IP Cores

In the pastfew years poththeindustryandresearctsectorshave commenteanthecontri-
bution of IP to the designprocessBoth the practicalandtheoreticaimpacton the design
of SoCshasbeenargued. Eventhoughthe introductionof IP coresto the market is not
recentthe placeof coresin themarket hasnotyet beenestablishedandusersandvendors

in the coreindustryareexperiencingthe difficulties of this maturingperiod.

2.4.1 Industry User Sentiments

Peoplenvolvedin core-basedesignhase mary seriousconcernsaboutthelack of infras-
tructure. Whenusingthird-party cores,the mostproblematicelementis documentation,
which is closelyfollowed by a desirefor testbenchethat provide 100%coverageso that
the coredesigncanbe verified. Designersvho purchasdP coresregardit asmorethan
justanRTL file andwanta guarante®f performanceor their designg13].

Systemsdesignerdind the advantageof using third-party IP questionabledueto li-
censingproblemsaswell asdesignintegrationprocesgproblems- especiallyif coresfrom
multiple vendorsare usedin one design. Theseproblemsoften introduceconsiderable
delaysthat seemto negatethe suggeste@dwantagethat the useof external IP canhelp
designerschiere a shortertime-to-marlet.

Companiesvho arethoroughlycommittedto the useof IP in the designprocesshave
putconsiderableesourceito developingtheir own internallP policiesandrequirements.
Not only doesinternallydeveloped P needto follow thedesignmethodologybut external
IP shouldbethoroughlyevaluatedbeforebeingpurchasedThe procesof evaluatinglIP is
lengthy— taking anywherefrom weeksto months[14]. Obviously, the costof evaluating
IP is considerableThis canmake theincorporationof IP into a smallercompary’s design

procesgprohibitive.



12

Philips Semiconductorfiasdevoted an entire organizationto the job of acquiringlP,
assessingts reusability and disseminatingt to the groupsthat deploy its products[14].
They have an internaldesignreusemethodology but this doesnot meanthat externally
designedP canbeeasilyincorporatednto theirinternaldesigns Sincetherearenoindus-
try standardgor IP coredesignsthe designmethodologyadoptedoy eachcompaty will

differ, makinglP integrationmoredifficult.

2.4.2 Industry Vendor Sentiments

The experiencean IP userhaswith thefirst corepurchasedrom anlIP vendoris crucially
important. With the IP industry still in a relative stageof infang, engineeito-engineer
“word of mouth”is key. In fact,someof thelP vendorsclaimthatup to 80% of their sales
resultfrom word of mouth contactsg[13]. Obviously, good relationswith customersare
essentialput theIP industryis alsolooking to the Internet.Not only arethevendorsusing
thelnternetasaplaceto list their productsijt is alsobeingusedasmethodof delivery[13].

Programmabldogic companiesare also devoting major resourcego developing IP.
Companiedike Altera and Xilinx view the developmentof a successfulP programas
a key factorin the succesof their new lines of million-gate devices. They have each
developedIP designtechniquego aid their customersunderstandingf this new design
approachaswell asprogramgo offer coresto customerdy makingdealswith third party
IP suppliers. Thesetwo companiesare also developing coresand designtools of their
own [13].

Althoughthesecompaniesell IP corestheir goalis to decreas&PGAdesigntime so
asto sell moresilicon. Licensesfor coresmay be sold suchthatthe coreis node-locled
for aoneyearperiod. This allows the userto usethe corein asmary designsasthey want
duringthatyear Othersilicon vendorswill selltheir coresfor unlimitedusein ary design
while someallow usein a specificdesignand chage a nominalfee for reusingthe core
in otherdesigns. Third party IP vendorswho sell IP astheir main producthave chosen
differentsalestechniquesThey maysell a corefor a setfee, giving the userthe ability to
useit for a specificdesignor for ary futuredesign.They mayalsochooseo sellacoreon

aroyalty basis limiting therisk of theconsumein purchasinghe core.A combinationof
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thesetwo modelsis alsoused[14].

Altera generallysells only encryptedIP deliverablesand doesnot allow the userto
make changedo the sourcecode. The only instancein which a usermay be ableto see
the actualsourcecodeis if the productusingthe coreis beingmigratedto an ASIC due
to high volume of production. In this instance peingableto seethe corecodewould be
required. This will requirethe coreuserto pay anextra fee andis rarely done. Included
with theencryptedP deliverable Altera providesdrivers,andadditionaltestbencheslThe
documentatiorior Altera’s IP coresis foundonlineandmay be downloadedbeforea pur-
chasds made.Altera’s IP Megastoreallows the userto downloada testversionof a core
which theusermay usein simulation.Whencompiledandsynthesizedthetestcoreswill
provide the userwith everythingbut the assemblyfile requiredto programa part.

MemecDesignCompaly sellssoft coresallowing the purchaser$o obtaina netlistor
the actualsourcecodeat a slightly greatercost. Memecchoosedo allow their usersto
purchaseandview the sourcecodeat a low price but requiresthat the designusing the
corebe implementedon Xilinx FPGAspurchasedrom Memecor Insight. The compaly
doesnot intend to make profits off coressales,but intendsto increasesilicon salesby
providing coresthata userneedsn designingfor their FPGAs.Althoughthe development
costsof mostof the older coreshave beenrecoupedthe core purchasersrerequiredto
sign a licenseagreementhat statesthat any improvementsmadeto the core belongto
Memecandnotto the coreuser Thisis becausef theimprovementwere patentedoy the
corepurchasingcompary, theimprovementcould not be usedby anyoneelseandit might

impedethe usageof the coreby otherdesigners.

2.4.3 Reseach Sentiments

Theresearchpublishedthusfar on IP coresandtheir contribution to SoCdesignis rela-
tively new. Much thoughthasbeengivento the protectionof IP including watermarking
technique$15, 16, 17,18, fingerprintingtechnique$19, 20], aforensicengineeringech-
nique[21], andpublic-key cryptography[22]. A studyhasalsobeendoneto analyzethe
designlifecycle of core-basedlesign[23] andsomehave suggestedhe needfor a reor

ganizationof the semiconductoindustryto incorporatedesignreuse[24]. A methodof
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characterizinghe functionaltiming analysisfor IP hasbeenproposed25] andtheissue
of the synthesiof interfacesbetweenP coresthatusedifferentsignalingcorventionshas
beenaddresse{P6].

Someof the concernsfor soft core designare similar to software designandit has
beenexplainedthat certainconceptof software designand maintenancelso appliesto
soft cores[27]. In fact, someresearcherbase chosento usea C++ baseddevelopment
ervironmentandanobjectorientedRTL modelasopposedo dealingwith structuralreuse
atthe VHDL level [28]. IP coresarealsobeingusedin hardware/softvare co-designfor
embeddedsystems. A casestudy hasbeendoneusing an existing commerciallyavail-
ableenginecontrolunit to delineatesomeof the designissueq29]. A hardware/softvare
partitioningapproacHor core-base@mbeddedystemsuggestedby researchirom C&C

Researcliaboratoriedhasprovento lower power consumptior{30].

Therehave beensuggestionasto possibledirectionsfor IP developmentandits inclu-
sioninto the overall designprocessFor instancethe possibility of creatinga databaséor
IP cores,suchasthe DESPERADOproject[31], hasbeenmade.The needfor a database
andothertoolsfor exploiting soft coreswasalsosuggested32] andan EDA tool, called
JaraCAD, hasbeendevelopedthatallows the userto simulatethird party IP overtheinter-
netwhetherit hasbeenpurchasedar it is justbeingdemonstrate{B3]. TheDSPSolutions
Groupfrom Synopsysreateda DSP systemdesignervironmentfor the commercialim-
plementationof an Adaptive Differential PulseCode Modulation codec[34] anda new

library layerto supportboth IP basedandtraditionalin-housedesignmethodologie$35].

Researcherbave studiedaspectof SoCdesignsbuilt usingspecificlP coressuchas
microprocessorf36, 37, 38, 39, 40, 41], Application-Specifidnstructionset Processors
(ASIPs)[42, 43], PCl buses[44], Viterbi Decoderd45], andISDN network routers[46].
TherehasalsobeensomeresearcHocusingon the testingof SoCs. A methodof testing
embeddedoreshasbeendescribedcomparingthe testingof an SoCto thatof a System-
on-Board(SoB)[47], andanimplementatiorof designfor testability(DFT) structureshas

beendescribedhatcanreducetestingoverhead48].
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2.5 Summary

Obviously, previousresearchhasprovidedalook at how specifictypesof coresmaybein-
corporatednto SoCdesign.It hasnot, however, characterizethe coresthemseles.Since
FPGAshave only recentlybeenavailablein sizeslarge enoughto supportSoCdesign all
of the previousresearchasbeenfor SoCsimplementedn ASICs.

This researchcan be differentiatedfrom previous work not only by the fact that it
examinesthe overall effect of using coresin SoCsbut also by the fact that all of these
previous studieshave consideredP coresusedto build SoCsimplementedon ASICs.
Furthermoreanattemptis madeto defineacoreandcharacterizéhepropertiegshatshould
be inherentto coredesign. Finally, two systemshave beendesignedusing off-the-shelf

coresto gaininsightinto the practicalissuednvolvedin usingcoresin systemdesign.



Chapter 3

Circuits

This chapterdescribeghe systembuilt using IP cores. The systemwas composedf a
transmitterand a recever circuit that usedForward Error Correction(FEC) methodsto

correctboth bit andbursterrors. The IP coreswere downloadedfrom Altera’s online IP

Megastore. Eachcoreis available as an encryptedfile that canbe includedin a design
createdusingMAX+plus Il or Quartusools. The MegaWzarddesigntool providesa GUI

for the newer coresthatallows the userto accesshe parametersf the coreandselectthe
HDL. Otherolder coreshave an AHDL headeffile thatthe usereditsto changethe core
parameters$o the desiredsettings.

Whenthe designis compiled,anassemblefile will not be createdunlessthe userhas
obtaineda licensefrom Altera. Althoughthe downloadedversionis availableto anyone,
thereis a fee for obtaininga licensethat allows the userto placeandroute the circuit.
The documentatiorior eachcoreis alsoavailableonline at the IP Megastoreandmay be
downloadedfor free. Whenanindividual purchases core,testbenchemay beincluded
to illustratethe operationof the core.While licensesvereprovidedby Alterafor thecores
usedin this systemdesign,no testbencheweremadeavailable.

To understandhe issuesnvolved with designinga core,a corvolutionalencodemwas
designedandusedin thetransmitterdesign.Anotherconvolutionalencodemwascreatedas
a customdesignsothatit could provide a benchmarkor comparisonsWhile the custom
designusesa modulardesignstructure,it differsfrom the coreby not providing the user

with aheadefile thatenableghechangingof all thenecessarparameteratanabstracted

16
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Communication Channel

sys ck | Transmitter Circuit Receiver Circuit
clk
clk | outvalid
Convolutional enable

enable

] Encoder

start tx_data output data
Module | output data

input data_|

Figure3.1: Block diagramof thetransmittefreceversystemhighlightingthecornvolutional

encoder

level. Thereis no informationhiding so the usermustunderstandhe completefunction-
ality of theencodelto changet for usein adifferentdesign.Figure3.1 providesa block
diagramof the completetransmitter/receier system. The location of the Corvolutional

Encodercoreis outlinedin relationto the overall system.

3.1 Transmitter Circuit

The transmittercircuit that was chosenis a designrepresentatie of transmitterghat are
beingdesignedandusedin industrytoday Transmitteddataare susceptibldgo two types
of errors,both of which mustbe detectableandcorrectabldoy the recever for the datato
be meaningful.Onetype of erroris abursterror;this resultswhennumerousadjacenbits
of transmitteddataaredestryed. The othertype of erroris bit errors,causedoy random
noise,which resultsin singlebits of databeingdestryed at randomintervals. The ideal
transmittercircuit, illustratedin Figure 3.2, would allow the userto simply connectthe

differentIP coresto provide encodershathelp protectthe datafrom bothtypesof errors.

3.1.1 Overview of the Transmitter

To protectthe transmittedsignalfrom the two typesof errors,two differentencoderwill

be used.First the input datawill be encodedusinga ReedSolomonEncodeywhich will



18

** enable
enable K rvalid
** clk_en conv_en outvali
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**Control Signals Generated Internally
Figure3.2: Theidealtransmitteblock diagramimplementedvith cores.
m data data data data check check check check
bits symbol | symbol | symbol symbol | symbol | symbol | symbol symbol
1 2 3 N -2t 1 2 3 2t
I
N symbols =
1 codeword

Figure3.3: A pictureof aReedSolomoncodevord.

generate userdefinednumberof checksymbolsfor a specifiednumberof datasymbols.
For a symbolwidth of m bits, the codevord size,N, canbe a maximumof (2™ — 1) sym-
bols. If the userchoosedo use2t checksymbolsin eachcodevord, the ReedSolomon
decodemlgorithmis thenableto correcta maximumof t symbolerrorsin eachcodevord.
Figure3.3 providesa pictorial descriptionof a codavord to betterillustratetheformatof a
ReedSolomoncodevord.

The codevord is thenreadfrom the encodelinto aninterleaver thatpermuteghe data.
In thisinstanceit writesthedatainto therows of memoryafterwhichthedatais readfrom
the interleaver andwritten out onto the databus by columns. The datasymbolsarethen
latchedinto the convolutional encoderand eachbit is encodedand transmittedserially.
Thesignalsin Figure3.2labeledwith asterisksarecontrolsignalsthatenablethemodules
or changetheir modeof operation.This labelingcorventionwill be usedthroughoutthis
thesisto indicateall signalsthataregeneratedlependentn the presenstateof thecircuit,
usinglogic equations.

Thenumberof errorsin aReedSolomoncodevord areequalto thenumberof incorrect
symbolsin a transmissiorandis independenbf the numberof bit errorsper symbol. It

shouldbe notedthatthe checksymbolsareableto correcterrorsin boththe datasymbols
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andthe checksymbolsthemseles. The ReedSolomonalgorithm may also be usedto
correcterasureskErasure®ccurwhenasignalis recevedindicatingthatthe corresponding

symbolvalueis uncertain Eachchecksymbolis ableto correctoneerasure.

TheReedSolomoncoreprovidedby Altera allows the userto chooseto implementan
encodethatsupportsiotonly erasureshut variableencodingwhichmeanghatthelength
of the codevord canbe changedn thefly. While neitherof thesefeaturesvasusefulfor
the purposeof this transmitterdesign.they provide aflexibility thatenableghe coreto be

usedin agreatemumberof designs.

By combiningthis errorcorrectionschemewhich encodeslataaswords,with aninter-
leaverto interleave the encodedutput,thetransmittedsignalis morerobustagainsturst
errors. If multiple codevordsareinterleaved togethey the datasymbolsare permutedn
blocksor convolutionally. This protectsthe codevord from a bursterrorasfewer symbols
will be destrgyedin eachcodavord. This makesthe errorsmorelikely to be correctable,

thusmakingthetransmissiormorerobust.

Thesecondencodingormatfor thedatahelpsprotectthetransmittednformationfrom
randomnoiseerrors.lIt is a corvolutionalencodethatencodegachbit, producingtwo or
moreoutputbitsfor eachbit to beencodedIf oneof thesebitsis altered theotherencoded
bits canbe usedto helpdetermineheerror. Obviously, thisencodingmethodincreaseshe
amounif datato betransmittecacrosghechanneby atleastafactorof two. To reducehe
transmissiorsize,puncturingmay be usedto remove aspecifiedractionof thetransmitted

datain apredefinedormat.

An overview of the corvolutional encodercoreis providedin Section3.2.1anda de-
scriptionof the decodingmechanisnusedin thereceveris foundin Section3.3.1. While
Figure3.2givesagenerabverview of thecircuit functionality, Figure3.4 illustratesa sim-
plified versionof the actualcircuit that wasrequiredto implementthe transmitterdueto

interfacingdifficulties.

The ReedSolomonencodelis designedo receve a specificnumberof datasymbols
beforegeneratingchecksymbols. It may be run in a continuousmode, meaningthat a
codevord symbol,eithera dataor a check,will be on thers out buson eachclock cycle.

Sincethis interleaver coreis implementedn afashionthatallows it to eitherreadin data
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**Control Signals Generated Internally
Figure3.4: Theactualtransmitterblock diagramimplementedvith cores.

to be permutedor, uponfilling theinterlearer, write out the datain its new ordet it cannot
receve new datawhile it is writing datato its outputport. It is, therefore,necessaryo
buffer the outputof the ReedSolomonEncoder This alsomeanghatthe encodercannot
run continuouslyandmustbedisabledwhentheinterleaver cannotacceptew data.Once
the interleaver is full, it writes the dataout to the corvolutional encoderwhich encodes
the dataserially from Most SignificantBit to LeastSignificantBit. The settingsof the

convolutionalencodeideterminehe settingsfor the Viterbi decodeiin therecever.

3.1.2 DesignDecisions

It shouldbe notedthat the FIFO usedin this designhad one clock and performedsyn-
chronousreadsandwrites. To simplify the design,a look-aheadeadwasusedto access
the datastoredin the FIFO. Anotherinterestingaspecbf this designis thatthereis anin-
herentcorversionof datafrom a parallelto serialformat. Thedatais latchedinto theReed

Solomonencoderasa datasymbolandthe convolutionalencoderencodeghe transmitted
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databit by bit. Thisrequiregwo clocks—onefor theparalleldataandanotherfor theserial
data.

Initially, the circuit wasimplementedwith a serial clock andthe parallel clock was
derivedon-chip. This wasdoneto simplify the testvectorsusedto verify the chip’s func-
tionality. It was not the final implementationhowever, as clock division using on-chip
logic would createtiming problems.This is becausehe secondclock, the parallelclock,
would be using normal signalrouting pathsthroughthe switchesas opposedo the ded-
icatedclock signalrouting architecture.Therefore whenthe final placeandroute of the
circuit wasperformedthe parallelclock signalwasimplementedasa circuit input.

As discussedt the beginning of the chapteya convolutionalencodeicorewascreated
alongwith a customdesignimplementation. Thesetwo moduleswere interfacedto the
transmittercircuit by separatecomponenteclarationghat were selectvely instantiated.
Also, the interleaver allows usersto selectone of two methodsor permutingdata-either
in blocksor corvolutionally. It wasdecidedthatfor the purposeof this study the simpler
circuit, theblock encoderwould be used.

Finally, theencodedlataproducedoy the cornvolutionalencodemwasleft unpunctured.
For the purposeof this study transmissiorsizeis unimportantasis increasingor decreas-
ing the overall Bit Error Rate(BER) achieved by the recever circuit. Thisis becausehe

focusis onthedesignexperienceasopposedo designingthe bestpossiblefinal system.

3.2 Convolutional Encoder Core

The focusof this thesisis to determinehow using coresaffectsthe designmethodology
usedfor SoCs.Oneunderlyingconcepthatmustbeaddressedy the coredesignindustry
is what the actualdefinition of a coreis. While the differencebetweenHDL modules
and hard coresis obvious, the differencebetweena soft core andan HDL moduleis a

moreobscurearea. It is the responsibilityof the coreindustryto provide guidelinesand

standardso differentiatebetweeracoreandnormalHDL code.TheVSIA is dedicatedo

establishingstandards$o be usedin the designindustry|[5].

A soft coreshouldbe designedwith testbenchethatthe usermay utilize to verify the
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functionalityto guaranteghatit meetstheir specifications Soft coredesignsaremodules
of codethatarereusablan differentapplications.They have no fixed placementwhich
meangthattherecanbe no performanceguaranteeshut they provide a greaterdegreeof
flexibility . The designsmay often be parameterizableyhich enableghe coreto be used
in alargernumberof applicationsby providing a greaterdegreeof freedom.Documenta-
tion describingthe operationof the moduleis alsoessentiato enablethird party usersto

incorporatethe coreinto their designs.

3.2.1 Overview of the Core

To obtainsomeinsightinto the presenstateof coredesigntechnologyasoft Convolutional
EncoderCorewasdesignedisingVHDL. This coreencodesa transmittedbitstreamwith
specificconvolutional codesfor later error checkingby a Viterbi recever so thatit may
resole possiblebit errors.By definingtheavailableparameters thecore theuserselects
theminimal numberof two generatingpolynomialsaswell asthecornvolutionalcodes.The
portsto the corearedescribedn Table 3.1 andthe userdefinedvariablesare outlinedin
Table3.2.

Figure 3.5 illustratesthe functionality of the corvolutional encodermodule. As can
be seenfrom the diagram,the right side of the figure containsthe actual corvolutional
encodethatencodeshebitsto transmit. Theleft half of thecornvolutionalencodemodule
containsaregister a counter anda multiplexer. Theregisterstorestheinput symbolfrom
thedataiin bus The counteris usedto selecta bit of the symbolthroughthe multiplexer.
This bit will be usedby the corvolutional encoderto generatehe encodedoutput bits,
encout

The constraintengthis equalto the numberof registerslessonein the encodingpath.
The userprovidesthe valuesof the generatingpolynomialsfor the circuit illustratedin
Figure3.6. The bits setin the generatingpolynomial signify the connectedapsto the
delay path. The mostsignificantbit is connectedo the input A andthe leastsignificant
bit is connectedo the outputB. A generatingpolynomialis requiredfor eachcodedbit.
Figure3.6displaystheencodingcircuit for anencodemwith two encodingbits, aconstraint

lengthequalto five,andgeneratingpolynomialsGA equalto 19 andGB equalto 29.
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Figure3.5: Block diagramof the corvolutionalencodemodule.
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Figure3.6: Block diagramof the encodingcircuit illustrating functionality.
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Port Name | Direction Function
sysclk in Rateatwhichtheinputwordsareread
clk in Rateat which the outputbits aregenerated

(4x, 6x or 8x the sysclk)

reset in Asynchronousgesetwhich occurswhenreset= 1

enable in Thecornvolutionalencodeoperatesvhenthisis
logic 1

data.in in Inputwordsarereadin to beencoded

encout out Theencodedutputbits generatedby the
encoder

outvalid out Dataontheencout busis only valid whenthis

signalis logic 1

Table3.1: Inputsandoutputsto the convolutionalencodercore.

Parameter Valid Values Description

bus width 40r8 Width of the parallelinput databus

N 2,3,0r4 | Thenumberof encodedutputbits

constlen 4t09 Theconstrainiength

(L) (inclusive) | (NumR@gsinpath) + 1

numsellines 2o0r3 Thebase? logarithmof the buswidth

GA,GB N/A Thesetwo generatopolynomialsarealwaysused
GC N/A This generatingpolynomialis usedwhenN > 2
GD N/A This generatingpolynomialis usedwhenN = 4

Table3.2: Userdefinedcoreparameteror the corvolutionalencodercore.

Notingthebinaryvaluesfor eachof theregisterednputs,andthe specifiedconnections
givenin Figure3.6,theencodedutputbits would equal0 for GA and1 for GB. As canbe
seerfrom thediagramthetransmittedits areonly sentin encodedorm andno systematic

bits, copiesof the actualdatabits, are sent. This differs from mary othererror checking
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schemesuchasthe ReedSolomonroutinedescribedn latersections.

Finally, Figure 3.7 containsa timing diagramto clarify any remainingquestionsasto
the operationof the corvolutionalencoder The systemrequirestwo clock inputsandhas
an active high resetfor all of the registersandthe counterin the encodermodule. The
enablesignalis also active high andis usedto turn the encoderon and off. Whenthe
encodelis enabledthe datasymbolsarelatchedfrom the data.in bus on therising edge
of thesysclk. Every rising edgefrom the clk signalclocksa bit from the registereddata

symbolinto thedelaypathandgeneratesa new encodedutput.

3.2.2 DesignDecisions

The circuit is designedusingtwo clock signals:oneto load the datasymbols,andoneto
outputthe encodedbits serially Two clocks are usedso that the overall circuit canrun
at fasterspeeds.If therewereonly oneclock, it would have to be artificially divided by
the numberof input bits in the circuit. This is becauseparallelsymbolsare latchedinto
the corvolutionalencodemandthenencodedserially This could significantlydecreas¢he
throughputof the transmittercircuit becausehe limiting factorfor the speedof both the
serialand parallel clock becomeghe encodingcircuit. If two clocksare used,thenthe
serial encodingof the dataoperatesndependentlyof the parallel portion of the circuit,

removing thetiming dependencies.
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The core useris alsoresponsiblefor settingthe numberof selectlines for the mul-
tiplexer. This is dueto the difficulty of providing an equationthat could calculatethe
numberof selectlinesgiventhewidth of thedata.in bus. The problemarisesfrom thefact
thatVHDL doesnot supportthelogarithmiccalculationnecessaryo determinehow mary
selectlinesarerequiredfor ary givenwidth of the databus.

All thegeneratingpolynomialsweresetto a maximumwidth. The MAX+plus Il com-
piler and synthesistools hadto be usedto createthesedesignsbecausedhe proprietary
coresareencryptedandonly recognizedoy Altera tools. Unfortunately the Altera com-
pilation tools do not supportall of the VHDL designconstructs.For instance a design
cannotspecify constantdeclarationsn the entity declaration.This makespassingvalues
from top level of the designto the architecturdevel morecumbersome.

Therefore,Aldec’s Active-HDL, version4.1, was usedto designandtestthe convo-
lutional encodercoreasit supportsall of the VHDL languageconstructs.Whenthe core
wascompiledusingAltera toolsin the transmitterdesign,the coreheadeffile wasedited
to remove the constantdeclarationgrom the entity declarationandthe userwasrequired
to specifynecessarpuswidthsin boththe entity declaratioraswell asin the constantsn
thearchitecturelefinition.

Finally, therewerealsoproblemsarisingfrom the actualsemanticof VHDL. It does
not allow a userto remove portson a conditionalbasis. In otherwords, a bus cannotbe
removed from a designby declaringit to be of width zero. With parameterizableores,
it would often be usefulto be ableto remove a port from its core. For instance the en-
codedoutputbits hadto be transmittedon a single bus as opposedo separatdusesfor
eachgeneratingpolynomial. Overall, the presensemanticsnakescoredesignmorechal-
lengingandanupdateto thelanguagehatwould includesomeof thesefeatureshouldbe

considered.

3.3 Recever Circuit

Thesecondcircuit createdusingmultiple coreswastherecever circuit, which senedtwo

purposes.Primarily, it is a morecomple circuit logically andwould not have fit on the
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Figure3.8: Theidealrecever block diagramimplementedvith cores.

olderFPGAdevicesif designedisingindustrystandaragizedcomponentsThereasorthis
circuit is logically more complex thanthe transmitteris thatlarge statemachinesarere-
guiredto predictthe expectedvalueof a transmissiorandthento correctanerroneoudit.
Thesecondourposewasthatit enabledhe verificationof the transmittercircuit by encod-
ing datausingthe transmitterandverifying thattherecever decodedhe sametransmitted

data.

3.3.1 Overview of the Recever

Figure3.8is a block diagramof the recever circuit, assuminghatthe coresinterfacein
anidealfashion. The serially transmittedbits, v_in, arethe input bit streamto the Viterbi
Decoder Hard inputswere usedfor the decoderwhich meangthatthe encodemusedone
bit to representhe “hard” logic valuesof ‘0’ and‘1l’. A secondnput bit wasusedby the
Viterbi decodetto indicateanerasurelf thedatawererecevedassoftinputs,thedecoder
would quantizetheinputinto multiple levels.

Multibit inputsrepresenthe degreeof probability that the input was eithera ‘0’ or
a‘l’. It would be usedby the Viterbi Decoderto determinethe outputvaluesbasedon
probabilitiesasopposedo assumptionsWhile theuseof hardinputssimplifiesthecircuit,
the performanceas worsethana circuit that usessoft inputsbecausdy usinga degreeof
probability asthe input value as opposedo a binary value, the decoderis betterableto
resohethebit errors.Thedesignof the Viterbi algorithmmalkesit unlikely to correctburst
errorsbecausasthenumberof consecutieincorrectbitsincreaseshealgorithmassumes
thatit hastraveledfartherandfartherin thewrongdirection.

The outputfrom the Viterbi Decoderis deinterleaed so that the original orderingof
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Figure3.9: Theactualrecever block diagramimplementedvith cores.

the symbolsin the codevord could be regained. Thenthe ReedSolomonDecodetis used
to correctary bursterrorsthathadoccurredduring transmissionRecallingthatthe Reed
SolomonDecoderdoesnot differentiatebetweena single incorrectbit in a symbol and
multiple incorrectbits persymbol,thealgorithmis thenableto correctasymbolregardless
of the numberof incorrectbits, subjectto the numberof symbolsthat canbe corrected
per codavord. The decoderindicatesthe numberof errorscorrectedin a codevord via
the numerrsignalor if it fails to decodethe codevord becauseherearetoo mary errors,
the decfail signal goeshigh. The outputfrom the ReedSolomonDecoderis the initial
codevord createdoy the encodercircuit. Both the dataandchecksymbolsremainandthe
designemustimplementextra logic to strip off the checksymbolsfrom the codevord.
This circuit requiredextralogic to beimplementedor interfacingpurposesFigure3.9is
asimplified versionof the actualblock diagramof the circuit.

TheViterbi coreis codedto have aspecificconstraintength. To ensurehatthedecoder
is ableto determinewhatthe convolutionally encodedits were,thetracebacldepthmust
be setto at leastfive timesthe constraintlength[49]. Sincethe Viterbi decoderoutputs
oneor two bits at a time, the tracebackength shouldbe an even number If not, when

the designertrys to restorethe serialtransmissiorto its initial parallelformat, it is more



29

difficult to realignthe bits. The numberof outputbits from the Viterbi decodeiis equalto
ceil(v/(2--1)), wherev is the tracebacldepthandL is the constrainiength.

The outputbit(s) from the Viterbi decoderarethenstoredin a registerto reconstruct
thesymbolsfrom the serialtransmissionOnceall the bits of asymbolhave beendecoded,
the symbolis storedin FIFO A asshavn in Figure3.9. Thesesymbolsarereadinto the
deinterleaerwhenit is ableto receve data.Whenthedeinterleaeris full, thevalid output
is readinto FIFO B. Valuesarereadfrom FIFO B into the ReedSolomonDecoderwhen
it is readyto decodethe next codevord. The Recever outputis the decodedcodevords
from the ReedSolomonDecoder Thesecodavordsstill includeboththe checkanddata

symbolsandshould thereforebethe sameasthe outputfrom the ReedSolomonencoder

3.3.2 DesignDecisions

Thetransmittedcbits wereassumedo be hardinputs. This wasbecauseventhoughthere
is signaldegradationover a noisy channeljt wasnot addressedasdealingwith transmis-
sionlossesarebeyondthe scopeof this study Furthermoreno erasuresvereintroduced
becausehe size of the transmissiorwasirrelevant. Instead this researclwas more con-
cernedwith the actualsize of the receving circuit. Again, the FIFOsusedin this design
had one clock and performedsynchronougeadsand writes. To simplify the design,a
look-aheadeadwasusedto accesshe datastoredin the FIFOs. This circuit requireda
significantamountof buffering betweercoreswhich visibly increasedheamountof glue
logic. Thiswasdoneto try andpipelinethe circuit to increasehe datathroughputof the
circuit. It wassignificantlyslower dueto the decodingspeedf the Viterbi decoderwhich
requireda large amountof time to decodethe bits. Comparatrely, the time requiredby
the deinterleaer wasnggligible andeventhe ReedSolomonDecodertime wasrelatively
insignificant.

The transmittesrecever systemwasimplementedassumingReedSolomondatasym-
bol sizesof 4, 6, and8 bits. Althoughit would have beenpreferableo implementsystems
thatusedsymbolswith widthsall equalto powersof two, the ReedSolomoncircuit would
betoolargefor 16-bitdatasymbolwidthsandtwo-bit datasymbolsarenot usefulto trans-

mit. This is why a six-bit datasymbol size was chosenas the third option. The Reed
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SolomonCircuit wasalsoavailablein threedifferentformats—discrete streamingandcon-
tinuous. The streamingformatwaschosenbecausat allowed for somepipelining of the
circuit, whereas the discretecircuit would have causeda bottleneckin the circuit. The
continuousdecodemwasnot useddueto its size,which would have requiredthatonly the

largestdevicesof the newestpartscouldbeused.

3.4 Summary of DesignExperience

The third party IP coresusedin thesecircuits reducedthe the total numberof gatesthat
were left to be designed. Unfortunately much of the benefitof the coreswas lost due
to incompletedocumentation.The time sased by not designingthe coresin-housewas
partiallylostin trying to determingheir actualfunctionality. In fact,learningthe operation
of theinterleaver anddeinterleaer may have beenmoretime consuminghenif they had
beencreatedaspartof thisresearch.

Over 75% of the designtime wasspenttrying to understandhow the coresfunctioned.
Althoughit is reasonabléo expectthatbecomingfamiliar with the coresshouldbe a sig-
nificantportionof thedesign,muchof thistime waswastedon determiningheimportance
of undescribednput pins, comprehendinginexplainedoutputformats,andguessinghe
throughputime of the core. This meantthatsomeof the abstractiorthatshouldhase been
providedby the corewaslost. The mainbenefitof usingthe coreswasthata scaled-dwn
versionof eachof the circuits could be createby changingthe core parametersThis sim-
pler circuit couldbeverifiedfirst andonceit provedoperationaljt wasrelatively simpleto
scaleup thecircuitsto createthelarger systencircuits.

The designof the in-housecore provided the opportunityto view IP coresfrom the
designers point of view. Thereweretwo mainchallenges- languageestrictionandusing
theavailabletoolsfor coredesignandplacementThe problemwith VHDL asalanguage
usedfor coredesignis thatit doesnot offer the flexibility necessaryo fully abstracthe
core. Theotherproblemwasthatwhile the Active-HDL tool from Aldec provideda good
ervironmentfor designingthe core,the factthat MAX+plus Il doesnot fully supportthe

languagavhich meanghattheinitial designhadto be changed.



Chapter 4

Testsand Observations

This chapterdescribeghe metricsthat were designedo addresghe differentissuesin-
volvedin usingcoresin systemdesign. The proceduresisedto design,verify, andtest
the circuitsfor theseattributesareoutlinedin Section4.1. The metricshave beendivided
into two sectionsthe quantitatve testsandthe qualitatve characteristicsThe quantitatve
testsareoutlinedin Section4.2 andtheresultsaredescribedn Chapters. The qualitative
issuesof usingcoresin systemslesignarediscussedn Section4.3, addressingoncerns

andproblemsghatarefacedby both coredesignerandcoreusers.

4.1 Experimental Procedure

Thedesignprocedurecanbe brokendown into threebasicportions. Thefirst concernwas
obtainingcoresfor the designof differentsystems.The next wasthe testingof eachcore
andthe overall system. Finally, the issueof choosingtool settingsis addresseas they
will affectthe placeandroutealgorithm,andthereforethe numericalresultsobtainedand
describedn Chapterb.

The first problemwas obtainingthird party cores. Initially, it had beenhopedthat
corescould be obtainedfrom both Altera and Xilinx to build multiple systemson both
platforms. This would allow a comparisorof systemsamplementatiorusing|IP coreson
both of the majorindustrialarchitecturesUnfortunately the limited availability of cores

thatcould be usedto createsystemshasresultedin only onesystem.The seconddesign
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restrictioncreatedy usingcoresin thecircuit designsvasthatall of theresearclnadto be
performedon a personatomputerunninga Microsoft Windows operatingsystemjn this
caseWindows NT version4.1. This platform was necessarpecauséltera did provide
mostof their coresin a formatthatwascompatiblewith the Unix versionsof MAX+plus

Furthermoreit wasnot possibleto obtainthenecessargoresfrom Xilinx andits part-
nersto createanothetransmitterrecever systemwhich resultedn only onesystembeing
built andimplementedusingAltera IP cores. While this is disappointingjt is anindica-
tion of the availability of IP coresfor FPGAs. The challengeinvolvedin trying to obtain
coresfor designsfrom third party vendorsmadeit impossibleto obtainall the necessary

IP blocksfor thesecondsystemon a Xilinx platform.

The systemwas createdand verified using version9.25 of MAX+plus II. Sincethe
Altera software doesnot supportthe VHDL constructdor File 10, all of the verification
wasdoneusingthe Waveform editor. This wasnot a problemwhenthe verificationwas
beingperformedatthecorelevel, butit did createmary challengedor systemverification.
Thisis mainly because&erifying theoperatiornof the Viterbi decoderequireghedecoding

of thousand®f bits, which would be very tediousto drav usingthe waveformeditor.

Onesolutionis to usevectorfiles to generatenputsto the WaveformEditor, but thein-
putsmustchangeat predictabletime intervals. Sinceinputsto bothcircuitsaredependent
on handshakingignalsanddo not have predictablgiming characteristicsyectorfiles can-
not be usedto generatahe input signals.As the Altera simulationtool wasnot providing
a simple methodof verification, Aldec’s simulationtool Active-HDL version4.1, which
doessupportfile 10, was purchasedo simplify the verification process. Unfortunately
eventhoughthe compaly claimsto supportAltera designsthetool doesnot supportall of
Altera’s Megacoreswhich meantthatthetool could not be usedto verify the recever cir-
cuit. In theend,MAX+plus Il hadto beusedto verify the basicoperationof the systems,

dueto thelack of toolsavailablefor testingsystemswith cores.

Oncethesystemhadbeenverifiedto operatecorrectly thetestsdescribedn Sectiord.2
wereperformed. The tools were setto optimizethe placeandroutealgorithmfor speed.

For thesmallercircuitsMAX+plus 11, version9.25,wasusedto placeandroutethecircuits
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on the FLEX 10KA devices. The larger circuits hadto be placedandroutedon APEX
devices,which requiredthat Quartussoftwarebe used.The Quartussoftwareusedfor this
researchwasversion2000.5which doesnot fully supportcorebaseddesign. The circuit

canbeplacedon an APEX 20K device but thetiming analysisfails.

TheFLEX 10KA deviceswereusedbecausehey offeredhigh-speegerformancend
wouldfit themajority of thecircuits. For thelargerrecever circuits,the APEX 20K device
waschosernbecausét hada larger numberof programmable@esourcesWhencomparing
resourceusageon thesetwo typesof devices,it is importantto qualify theterminologyas
MAX+plus Il reportsthe numberof Logic Cells (LCs) andMemory bits usedto placea
circuit while Quartusstatesthe numberof Logic Elements(LESs) and EmbeddedSystem

Block bits (ESBbits) usedin thecircuit placement.

The datasheetdor the FLEX 10K devicesrevealthata Logic Cell is simply another
termfor an Logic Elementandthey areequalunits of measurementSimilarly, ESB bits
are comparableto the Memory bits. The final unit of the Altera FPGA architectureto
be discusseds the Logic Array Block (LAB). It is a combinationof LEs andprovidesa
slightly higherlevel of architecturahbstractionlt is importantto notethatFlex 10K LABs
arecomposedf 8 LEs while APEX 20K deviceshave 10 LEs in their LABs. Sincethere
is a fasterinterconnectrunninginternalto the LAB, changingthe numberof LEs in the

LAB couldeffectthetiming of thecircuit afterit hasbeenfitted to a device.

4.2 Tests

The following sectiondescribeghe metricsusedto measurehe quantitatve valuesof a
coreanda designthatusescores.In chip design,areausageandthe maximumclock rate
of adesignareimportantmarkersof the quality of the design.Obviously, thisis alsotrue
for designghat usecoresbut modifiability is alsoimportantto increasehe reusabilityof
thecore. Thesetestshave beenchoserto reflectthe characteristicthatareimportantto all

chip designsaswell ascharacteristicshatareuniquelyidentifiablewith cores.
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4.2.1 CoreParameterization

Many coreshave modifiablevaluesthatallow the userto scalethe coreor selectdifferent
functionalitiesof interest. This can encouragegreaterreusabilityfor coressuchasthe
ReedSolomonand Viterbi Decodersas they canbe usedin differentapplications. To

testthis characteristioof a core, multiple versionsof eachcore were createdto seethe

effect eachcore parametehason the numberof logic blocksand memorybits required
for the placemenbf thecore. If acoreis well designedit shouldscaleits resourcaisage
proportionatelyto theincreaseof the calculationsizeor functionality.

The numberof logic blocksand memorybits requiredfor the convolutional encoder
corecircuit werecomparedvith thoserequiredto implementcustom-designedersionsof
the convolutionalencoder If the coreis describedn anefficient manneythe coreandthe
customdesignshoulduseapproximatelythe sameamountof resourcesQualitatively, the

facility of adjustingcoreparametersvasalsonoted.

4.2.2 CorePacking

As previously describedcoresshouldideally be ableto interfacewith little or no glue
code. Similarly, codedesignedo include coresshouldnot requiremuchextra codeto fa-
cilitate the interfacebetweenan externally designeccore andthe restof the design. The
systemswveredesignedo minimizethe codeneededo interfacethe cores.Thetotal num-
ber of Logic Cells and Memory bits requiredto implementthe coresin the circuit were
determinedand comparedo the total numberof Logic Cells and Memory bits required
to implementthe whole circuit. The goalwasto determinethe percentagef resources
utilized to implementthe coresversusthe percentagevastedon connectingthe different
cores.Obviously, the goalis to createdesignghatlimit the resourcesisedto connectthe

coressothatmoreresourcesreavailableto theessentiafunctionalmodules.

4.2.3 PredictableTiming

It is importantthat thesecircuits achieve consistentiming characteristicso that perfor

manceis predictable.Multiple placeandrouteswere performedon eachcircuit. Further
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more,anattemptto optimizethe speedf eachcircuit wasdoneby usingthetiming-driven
routingoption. Althoughthis might notachieve themaximumspeedhatcouldbeobtained
by manuallyadjustingthe floorplanafterthe placeandroute,the objectve of this studyis

not to studythe tools but to obsene how thetools treatthe cores. Ideally, the maximum
clock speedf thecircuit shouldbe approximatelyinverselyproportionalto the sizeof the

circuit.

4.2.4 AreaUsage

A corewith a specificsetof parametershouldrequirethe sameamountof memoryand
logic resourcesndependendf the overall systemdesignand FPGA size, therefore,its

performanceshouldnot degradewhenthe circuit usingthe coreis implementednalarger
device. Thetools shouldbe smartenoughto placethe circuit sothatthe maximumspeed
of thecircuit remaingrelatively constanbr evenimprovesdueto theincreaseavailability

of resourcesBy examiningthe maximumclock frequeng for a circuit andthe floorplan
obtainedby the placeandroutealgorithm,it shouldbe evidentif the coresaretreatedas

modulesof circuitry implementedseparatelyn their own space.

4.3 Obserations

Thefollowing describesharacteristicef coredesignthatarenot quantifiableby the met-
rics of the previous section. They are equallyimportantwhen choosingto implementa
corein anSoCdesignor to createa coreasthey candrasticallyaffect thedesigntime and,

thereforethetime-to-marlet of a product.

4.3.1 Implementation Language

Therearenumeroudanguagesisedto createHardwareDesignssuchasVHDL [50], Ver-
ilog [51], AHDL [52], andC++. Of thesefour, VHDL andVerilog arethe mostpopular
in industrytoday with Verilog more commonto North Americaand VHDL moresoin

Europe.Althoughsomebelieve thatAHDL is alanguagéettersuitedto IP coredevelop-
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ment,the factthat AHDL is not anindustrystandardneanghatit doesnot have aslarge

anappeal.This hasresultedin evenAltera’s IP designgroupmakingtheir coresavailable
for usin VHDL andVerilog designsaswell. Sincetheir coresareprovided asencrypted
netlists theactualdesignlanguages unimportantput whenthe MegaWzardaskstheuser
to choosea designlanguagea headeffile is generatedor the corein thatlanguage Other
third party IP vendorswho do provide sourcecodewill often designin onelanguagebut

will willingly translatethe codeto the otherlanguagedor the customer

It seemghatneitherVHDL nor Verilog hasbecomehe commercialstandardor core
design.Companiesuchasthe VCX do not make ary requirementssto which language
shouldbe usedby coredesignersvho make coresavailableon their webpage.They have
alsofailedto noticeary particularpatternemeging asto coredesignbeingeithermainly
in Verilog or VHDL. This is probablydueto the factthat IP is a relatvely nev market.
To expandtheir market, the vendorsmay createa corein one language offer it in both
languagesandthendesignit in the otherlanguagevhenrequired. Anotherpossibility is
thatthe coreis designedn one language andimmediatelytranslatedo the otherupon
designcompletion. The usageof C++ asan HDL is relatvely nev and hasnot gained
acceptancasanindustrystandarddesignlanguage.t is believedthattherearecurrently
nocommerciallyavailableC++ IP coresatthistime. ShouldC++ gainawider acceptance,
it is likely thatIP vendorswill alsocreatecoresfor C++.

Still, it may be worthwhile to considerthe developmentof a new HDL which would
be bettersuitedto coredesign.This researchasdiscoveredthatVHDL is notwell suited
to coredesignin its presentform. It doesnot supportthe removal of portsfrom a design
by defininga bus width of zero. It alsodoesnot provide the ability to calculatedifficult
equations. This suggestghat either VHDL shouldbe updatedwith newv constructsas

Verilogis to createVerilog-2000[53], or thatanotheHDL shouldbe created.

4.3.2 Architecture Independence

Numerous=PGA architecturesre presentlyavailable. The compatibility of coresamong
differentdevice familiesis specifiedby thecoreprovider. Oftentheonly limiting factorfor

backwardscompatibility of a coreon adeviceis thesize. Thereforejf acoreis usableon
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aFLEX device, it shouldbe easilyplacedon an APEX device, which is alsofrom Altera.
Althoughit shouldbe possibleto usethe coresfrom thesecircuitson APEX devices,the
difficulty of achievzing afunctionalplaceandroutewith version2000.50f the Quartugools
madethis difficult to verify.

Thepossibilityof usingAlteracoreson Xilinx partsor Xilinx coresonAlterapartswas
examined.This wasdeterminedo beimpossibledueto theformatof the coreprovidedto
theuser Altera’s coresarelicensedsothatthey will only compileusingsoftwareprovided
by Altera and, therefore,cannotbe usedon Xilinx parts. Xilinx coresare suppliedas
netliststhatare structuredfor the Xilinx FPGA architecture.Sincethesearesignificantly
different,Xilinx coresareunusableon Altera parts.

Finally, somethird party IP vendorssuchasIntegratedSilicon Systemg1SS), sell IP
coresto both ASIC and FPGA designers.SincelSS suppliesits coresin a firm format
asatargetednetlist, the coresarenot directly transferrabldoetweernthe two technologies.
A moreinterestingobsenationis that ISS coresare available for both Xilinx andAltera
FPGAdesignersAlthough,their deliverableis afirm core,they have choserto make their

IP availablefor multiple typesof silicontechnologies.

4.3.3 Security

IP vendorshave the option of providing the sourcecodeor anencryptedhetlistfor a core.
Obviously, thesetwo methodshave different securityissues. If a vendor providesthe
sourcecodeto theuser themainsecurityissueis to ensureghatthecoreis only usedby that
compaly underthe specifiedtermsof the agreemenbetweenboth parties;misuseof the
corewould likely leadto a lawsuit. Both partiesmustbe trustedto respecthe agreement
and,if therearequestionf enforceability thenpossiblerisks shouldevaluated.

If avendoronly providesanencryptedetlistof thecore,theissueof maintainingcore
securityis alsoafactor The encryptionmethodologyshouldbe robustenoughto prevent
anindividual from reconstructinghe sourcecode.ldeally, no oneshouldbe ableto break
the encryption,but realistically aslong asthe costof breakingthe encryptionis greater
thanthatof rederelopingthe actualcore,the encryptionis reasonabl\secure Companies,

suchasAltera, encrypttheir sourcecodeandtheir usersmustthenobtainalicenseto fully
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utilize thecore.

Fromthe usersviewpoint, encryptionof a corecanmalke the designprocessvery dif-
ficult. Thefirst problemis thatthe encryptionnormally interfereswith the usageof tools
from othervendors.By limiting thetoolsthatcanbe usedin the designprocessthe core
may preventthe completeverificationof thedesign.Furthermorethe useris unableto edit
the codewhich meanghattheremay be certainchangeghatwould significantlyimprove
theoveralldesignbut they cannotbeimplementedFinally, theinability to accesshecode
providesfurtherfrustrationwhenthecoreis accompaniethy poordocumentationwWithout

the sourcecodeandgooddocumentationthe coreis a blackbox with unknavn behaior.

4.3.4 Legallssues

It is importantto realizethatthe conceptof IntellectualPropertyassomeform of reusable
hardwaredesignis relatively unestablisheth alegal senseThis oftenresultsin protracted
contractuaheyotiationsassomeof the laws arenot intuitive. For instancea vendormay
licensea coresuchthatthe ownershipof theintellectualpropertyof the coreremainswith

thevendor(licensor). If a coreweresold,insteadof licensedthenit could not be subse-
guentlylicensedfor useby ary othercompaly becausat would belongto the compary

who had purchasedt. A licensingcontractualarrangementeadsto the situationwhere

ary modificationsto a corearethe propertyof thelicenserandnot the designer

Thelicensewill oftenalsolimit the useof the core,andary derivation thereof,to a
specificpurposeon specifiedsilicon. Therefore while the systemdesignis theintellectual
propertyof the designerthe core and ary modificationsmadeto it are the intellectual
propertyof the corevendor This problemdid not exist whenIP wasimplementedn the
form of chipsbecause chip is fixed andunchangeableAn individual could not change
the implementation algorithm or the performanceof the IP asit had beenburnedinto
the silicon. Although soft coresoffer the benefitsof flexibility, they also presentnew

challengesn IP protection.



39

4.3.5 Modular Core Design

Whenthe convolutional encodercore was designedthe designwas madeas modularas
possible. By doing this, it was hopedthat unusedsectionsof code could be removed
so thatunnecessaryesourcesvould not be wasted. This wasaccomplishedy usingIF
GENERATE statementso that this extra codecould be addedto the basicdesignwhen
necessaryUnfortunately VHDL forcesthe additionof unnecessargodesometimesiue
to its syntax.Thelanguagewill notallow theremoval of ports,which canbe cumbersome

whenacoreis scalableasis the corvolutionalencodercore.

Theotherproblemarisedrom inheritanceandthe passingpf parameterfrom onelevel
of the designto another It is not possibleto assigna variablebus sizeat the upmostlevel
of the design. This obviously causegproblemswhenthe input or outputbus of a coreis
dependentnasizeparameterTheusercannotsimply entervaluesfor the constantsn the
entity declaratiorbut mustalsochangehevaluesof the buswidths. While having theuser
changehevaluesof the databusesmanuallysolvesthe problemat a basiclevel, it creates
anothermroblem. The abstractiorthatthe designemwishesto achiese by usingcoresis no

longerintact.

4.3.6 Core Amalgamation Effects

Oftenalarge amountof glue codeis requiredbetweerncoresevenwhenthey arefrom the
samevendor This shouldnot be necessaryf the coredesignemplanswell enoughahead.
Realistically someof the coresin thesedesigngdo notfit togethemwell — eventhoughthey
areoftenusedtogether- sothatthey requirenumerougegistersandbuffers. Also, anef-
ficient placemenbf coredesignsnormally requiresthatthe compilerintelligently remove
redundantcode suchas signalstied high or low permanentlyregisterspermanentlyen-
abled,etc.. While thetoolsavailabletodaynormally performthis function,mostdesigners
would preferthat the removal of thesedevicesoccurredat a sourcelevel asopposedo

curingthe optimizationof the circuit sothatthereis no possibility of failure.
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4.3.7 Methods of Obtaining Cores

Whencoresarenot parameterizablegsin the caseof a PCl core,the simplestmethodfor
auserwould betheability to goto anonlinelibrary/catalogueandfill outarequesfor the
core.Upondoingso,theusercould be emailedthe coreor allowedto proceedo a secure
part of the vendors network to downloadthe core. Thereare very few concernsabout
beingableto obtainanotherversionof a corein this casebecausdhereareno variables
which meanghereis only onecore. The coreis designedo operateasis andin no other
fashion.

In the caseof parameterizedores,it is preferablethatthe requeste for the useof a
coregeneratgrsuchasa Finite ImpulseResponsé€FIR) filter generatarThe userwantsto
be ableto changethe parametesettingswithout having to requestyet anothercore. This
freedomenableghe userto easilyfine tunea corefor the designin which it will beused.
It mayalsoallow theuserto learnthe operatiornof the coreon a scaleddown versionof the

final core,simplifying thelearningprocess.

4.3.8 Toolsfor IP Cores

Thetoolsthatwereavailablefor testingthesecircuitsusinglP coreswereinsufficient. To
provide for thoroughverificationof a circuit’s functionality, it is crucialthatinputfiles can
be usedto generatehe input signalsand outputfiles canbe usedto storetheresults. As
previously mentionedthis wasnot possiblefor this system.The designof the coreusing
Aldec’s Active-HDL wassuccessfuandallowed the userto createa thoroughtestbench.
Unfortunately whenthis core was incorporatednto the restof the design,it hadto be
changedecausdMAX+plus Il doesnot supportconstandeclarationsn the entity decla-
ration which is an essentiacomponenbf userdesignedP cores. This meansthat they
cannotsimply beinstantiatecandimplementedn a systemdesign.

Finally, Altera’s new Quartussoftware,version2000.5,did not provide adequatesup-
portfor their own coresincludedin ausers design.As canbe seerfrom this summarythe
tools availabledo not provide adequatesupportfor the IP coredesignprocess.To protect

their IP, Altera hasmadeit sothattheir IP canonly be usedwith their tools. Sincetheir
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designand synthesigools are not the bestonesavailable, beingrestrictedto their usage

couldaffectthe quality of thefinal design.

4.3.9 Information Abstraction

When a designerchoosedo usea core, as opposedio personallycreatingthe module,
the time-to-marlet shouldbe shortenedy the abstractiorof the detail of thatcore. The
designemvould preferto treatthe coreasablock, consideringonly theinputsandoutputs.
The following sectionsdescribehow the tools and documentatiorprovided by the core
vendorhelpto abstracthisinformationfor thedesignerlf thetools,andmoreimportantly

thedocumentationarewell specifiedthis greatlyfacilitatesthe job of thedesigner

4.3.9.1 CoreGenerationTools

Theobjective of usingcoresin SoCdesignss to provide alevel of informationabstraction
soasto simplify the useof the core. By looking at differentcoregeneratiortools, it was
seenthatthe GraphicalUserInterfacegGUIs) availablefor Altera’s ReedSolomonCom-
piler andDeinterleaer provideda usefullevel of abstractionGUIs werealsoavailablefor
othercoressuchasFIFOsandregisterLPMs but thesewerenot necessarasthey did not
abstractvery muchinformation.

The Viterbi core hada higherlevel AHDL file into which the userenteredthe input
parametersAlthoughthereis lessabstractiorto this design,a knowledgeof AHDL was
notrequiredto determinehow to enterthe new parametersThe majorbenefitof the GUIs
available,suchasa MegaWizard,is thatthey abstracthelanguageof thecoreitself sothat
it may begeneratedn AHDL, VHDL, or Verilog. Thewizardalso“remembers’the state

andconfigurationof the core,simplifying the changingof a corein adesign.

4.3.9.2 Documentation

Thedocumentatiomprovided by the corevendorfor the designershouldbe similar to that
of amanualfor anIC. It shouldgive a succinctdescriptionof the coreasa blackbox, de-

scribingall theexternally-seerstatesof thecore. It shouldalsoabstractheinnerworkings
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of the core so that unnecessargetailsremainhiddenwhile it is easyto amalgamatehe
coreinto afinal design.

The documentatiorior the coresreadfor this thesiswerepoorin general.Overall, the
documentatiordid not enablea designerto understanchow to usethe core quickly. In
fact, it is estimatedhat the majority of designproblemsarosedueto uncleay incorrect,
or absentdocumentationThe industryattitudetoward documentatiomppearso bethatit
is of secondarymportanceandthataslong asthe coreis readyandtechnicallycorrect,a
corereleasecanoccur

Unfortunately without clearand succinctdocumentationthe actualcoremay be well
implementedput the designeris sorelytestedto determinehow to useit. This shouldbe
consideredisa seriouscomplaint— usinglP coresin SoCdesignss only beneficialwhen
the time and costincurredto usethemis lessthanwhatis requiredto generatdahe core
designin-house. Poor documentations not only detrimentalto the designerbut to the
vendoraswell. If thedesigneiis unableto resole their questiongrom thedocumentation,
they will requirecustomersupport.Thelargerthe amountof customersupportrequiredto
usea core,thelessnet profit will resultfrom its sale. This thesishasillustratedthat the
documentatiofior somecoresis poorenoughhatthereis questionablsavingsof time and

monegy.

4.4 DesignGuidelines

Having completedhe designprocessa setof designguidelinesweredevelopedto reflect
the methodologyusedto designeachcircuit.

1) Determinewhatcommerciallyavailablecoressuit your design.Thereis almostcer
tainly morethanonecoreavailablefor your application. Try to ensurethat consideration

is givento IP coresfrom multiple vendors.

2) Checkthatany corespurchasedavill be usablewith thetoolsin the designprocess.
If thisis notthe caseensurethattherearetools availableon the market thatwill support

thecore.
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3) If aspecificcoreis availablefrom morethanonecompary, investigatehe prosand

consof usingacorefrom thatcompalry. Thingsto look for:
e Meetsthe specificationgor your design
e Gooddocumentation
e Goodtechnicalsupport

e Goodtestbencheslustratinghow the componentunctions. It shouldbe notedthat
themorecomple the core’s behaior, thelargerthe numberof testbenchethatmay

be necessaryo thoroughlydescribdts behaior.
e Goodinterfacestructure

e Any other “bonus” deliverablessuppliedby the compaty, suchas a higher level

modelof the coresfunctionality.

If acorefrom thiscompaly hasbeenusedn apreviousdesignwhatwasyour experience?
If it wasnotgoodandthis is the only compalry thatsellsthis core,considerthatit might
be morecosteffective to have it designedn house.Rememberfor coresthatarenot well
documentedit cantake almostaslong to determinea core’s functionality asit canto
designit. Also considerthatif the circuit mustrun at extremelyhigh speedscoresmay

not give you the performance/ou need andmusttherefore pe thoroughlyinvestigated.

4) Having choserthe coresto be usedin your design testthemasseparatentitiesso
thatthereis no “mysterious”behaior. The designemustfully comprehendhe behaior

of thecomponentor all valid inputsto usethe corein adesign.

5) Determinewhatgluelogic is neededo connecthedifferentmodulesn your system.
Considerthe bestway to interfacethe coresuchthatthe glue logic is minimizedwithout

destrying the overall systenthroughput.



Chapter 5

Discussionof Results

Thetransmittelandrecever systemsnaybedividedinto threemaincomponentstheReed
Solomonmodule the Interleaver module,andthe Convolutionalmodule.Eachcomponent
wasdesignedvith adjustablgparametershatwerepermutedn sevendifferentways. The
coreswerecombinedin uniquewaysto createnine differentimplementation®f the two
systems. Therearethreedatasymbol bus widths usedin this study and eachwidth has
threedifferentcore configurations.The buswidths werechoserto be four, six, andeight
bits. Theresultswerestudiedto determineheeffect of parameterizatioandcorepacking

onresourcaisageandthe maximumclock rateof thesetwo systems.

5.1 Core Circuit Configurations

Table5.1 providesa descriptionof the differentReedSolomoncomponentsisedto create
the two systems. Although it was possibleto vary the root spacingin the polynomial
generatorand the first root of the polynomial generatgrthesevalueswere left constant
at oneandzerorespectiely. This is justified by the fact that theseare suggestedn the
documentatioraspossiblevaluesfor thesecomponentsAlso, thesevalueswereadjusted
for thers_1 circuit andit wasdeterminedhatchanginghe valueshadlittle to no effecton
thenumberof LCs usedto implementthecircuit.

Table5.2 describeghe differentinterlearer/Deinterleser componentsisedin there-

ceiverandtransmitteisystemsThesymbolwidth is equalto thenumberof bits persymbol,

44
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ReedSolomon | Bits per Symbols Check Symbols Field
Circuit Labels | Symbol | per Codeword | per Codeword | Polynomial
rs_1 4 5 4 19
rs.2 4 15 4 19
rs-3 6 15 4 67
rs.4 6 19 8 67
rs5 6 52 8 67
rs_6 8 52 8 285
rs_7 8 204 16 285

Table5.1: Descriptionof ReedSolomoncircuits.

asindicatedin columntwo of bothTable5.1and 5.2. For thesecircuits,the symbolwidth
theinterleaver mustbe equalto that of the ReedSolomoncomponenin eachcircuit. To

ensurehatthedesignis robustagainstoursterrors,multiple codevordsareinterleared.

For smallercodevords, four codavordsareinterleavred whereador larger codevords
only two codevordsareinterleared. This wasaccomplishedby alwayssettingthe number
of rowsto four andsettingthe numberof columnsto the numberof symbolspercodevord,
N, for the first four circuits, andN/2 for the remainingthree. The interleaver core also
requestshatthe userspecifythenumberof symbolsin a codevord, the symbolwidth, and
the estimatedit- errorrate. Thesevaluesarejust usedto provide estimatedor theuseras

to the effectivenessf theinterleaving valueschosen.

The Corvolutional Encoder/\terbi Decodercomponent®f therecever andtransmit-
ter systemsareoutlinedin Table5.3. The systemsveredesignedsuchthatthe numberof
codedbits rangedbetweentwo andfour. The constraintlengthwassetto be eitherfive
or seven andthe tracebackdepthwas setto be five timesthe constraintiength plus one.
The convolutional encodercore allowed the userto specifyary value for the generating
polynomialin the headeffile. The custom-desigmequiredthe userto editthe actuallogic
equationsusedto generateéhe encodedutputsto changehe generatingpolynomials.Ob-

viously, bothmethodseffect the changeput the abstractiorprovided by the corvolutional
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Interleaver/ Deinterleaver | Bits per | Number Number
Cir cuit Labels Symbol | of Rows | of Columns
int_.1 4 4 5

int_2 4 4 15
int_3 6 4 15
int_4 6 4 19
int_5 6 4 26
int_6 8 4 26
int_7 8 4 51

Table5.2: Descriptionof interleaver anddeinterleaer circuits.

encodercoreis moreuserfriendly.

Viterbi decoders designedvith suggestedaluesfor thegeneratingpolynomialsgiven
thenumberof codedbits, N, andthe constrainiength,L. Thesymbolwidth mustbe equal
to thatof the interleaver. The Viterbi decoderalsoallows the userto selectthe numberof
bits representinggachencodedit readoff the channel. Sincevarying voltagelevels are
usedto representhevariousbit levels,afinerresolutionmakesthe channemorerobustto

noise.

5.2 SystemCircuit Configurations

The previous tableshave describedhe differentcomponentsisedto createthe two sys-
tems. Table 5.4 providesa descriptionof the basicsystemcreatedby delineatingwhich
componentsvereusedfor eachinstantiation.Thesecombinationsverechoserto provide
insightasto the effect of changingthe differentparametersimplementatiorBc wascho-
sento representomponentghat aretypically in usetoday Thers_7 andvit_7 modules
arecommonlyusedin Digital VideoBroadcastindDVB). An explanationof the compiled

dataresultsis foundin thefollowing sections.

The namingof the systemfolloweda simplecorvention. If it is atransmitteythenthe
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Convolutional Encoder/ Number | Constraint | Traceback | Symbol
Viterbi Decoder of Coded Length Depth Width
Cir cuit Labels (Bits (N)) (L)

vit_1 2 5 26 4
GA=19,GB=29

vit_2 2 7 36 4
GA=91,GB=121

vit 3 3 5 26 6
GA=21,GB=27,GC=31

vit 4 3 7 36 6
GA=91,GB=101,GC=126

vit 5 4 7 36 8
GA=93,GB=93,

GC=103,GD=115

vit_6 4 5 26 8
GA=21,GB=23,

GC=27,GD=31

vit_7 2 7 36 8
GA=91,GB=121

Table5.3: Descriptionof convolutionalencodeandViterbi decodercircuits.

first two lettersof the circuit nameare “tx”, otherwisethe letters“rx” were usedfor the
recever circuit. Thedigit in thenamerepresentthewidth of theinputdatabusto theReed
SolomonEncoder Finally, the letters‘a’, ‘b’, and‘c’ wereusedto differentiatebetween

thethreecircuitsimplementedor thatparticularbuswidth.
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Transmitter/Recewver | ReedSolomon| Interleaver | Convolutional
Circuit Labels Circuits Circuits Circuits
tx_4a,rx_4a rs.1 int_1 vit_1
tx_4b,rx_4b rs.2 int_2 vit_1
tx_4c,rx_4c rs.2 int_2 vit_2
tx_6a,rx_6a rs.3 int_3 vit_3
tx_6b, rx_6b rs4 int 4 vit_4
tx_6¢, rx_6c¢ rs.5 int_5 vit_3
tx_8a,rx_8a rs_6 int_6 vit 5
tx_8b,rx_8b rs.7 int_7 vit_6
tx_8c,rx_8c rs.7 int_7 vit_7

Table5.4: Descriptionof transmitterandrecever circuits.

5.3 Parameterization Effects

Table 5.5 providesthe resultsof the placeand route of eachof the ReedSolomoncir-
cuitsdescribedn Table5.1. The encoderequiresno memorybits for its implementation
whereasthe decoderdoes. The numberof bits requiredis dependenbn the codevord
lengthandthe numberof bits per symbol. As canbe seenfrom Table5.1 by comparing
the parametersisedfor the corecircuits to the numberof LCs requiredto implementthe
encodecircuit, thenumberof LCsis minimally affectedby the numberof datasymbolsin
the codevord. This is sensibleasthe encodeltis letting the datasymbolspassthroughthe
encodemunchanged.

Thenumberof LCs usedto implementtheencodelis affected,however by the number
of bits per symbolandthe numberof checksymbols. This is alsoreasonableincethe
encodergenerateshe check symbolsby using from passingthe data symbolsthrough
the generatingpolynomial. The decoders usageof the chip’s logic resourcedepends
on the total codevord length and the numberof bits per symbol. As the decodemust
correcterrorsin boththe dataandchecksymbols,independenof the symbolwidth, it is

thereforeunderstandablinatthe entirecodavord lengthaffectsthenumberof LCsusedto
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implementthecircuit.

ReedSolomon Decoder Encoder
Circuit Number of | Number | Number of | Number
Name Memory Bits | of LCs | Memory Bits | of LCs
rs.1 256 516 0 40
rs.2 384 533 0 45
rs-3 1152 710 0 77
rs.4 1536 1134 0 106
rs5 2304 1164 0 106
rs_6 6144 1564 0 200
rs_7 12288 2932 0 292

Table5.5: MemoryandLC usageof ReedSolomoncircuits.

Table5.6 outlinestheresourcausageof the Interleaver circuitsdescribedn Table5.2.
As can be seenfrom the resultsin Table 5.6, the deinterle@er and interleaver circuits
requirethesamenumberof LCsandmemorybits. Thisis areasonableesultasthecircuits
arealmostidentical. The only differences the orderin which the datais loadedandread
out of thememory It is alsointerestingto notethatthesecircuitsrequirevery little logic
resourcedut mostlymemoryresourcesSincememorymustbeallocatedn blocks,evenif
only 1 memorybit is actuallyusedfrom the block, therestof theblock becomesinusable.
This meanghatthatthe numbersprovidedin Table5.6 representhe total numberof bits
in the memoryblocksusedby the circuit asopposedo the actualnumberof bits usedby
thecircuit.

Table5.7 providestheresourcausageof the convolutionalcircuits. Neithertheencoder
northeViterbi decoderequirememorybitsin theirimplementationsTheencoderequires
minimal LCsasit is simply a selectve exclusive-oroperation put the Viterbi decodeuses
a significantamountof logic to implementa trellis to provide error correctionto the bit
stream. As the constraintiengthincreasesthe size of the trellis increasegxponentially

The Viterbi circuitry is independenof the symbolwidth but not of the numberof coded
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Interleaver Deinterleaver Interleaver
Circuit Number of | Number | Number of | Number
Name Memory Bits | of LCs | Memory Bits | of LCs
int_1 256 39 256 39
int_2 512 38 512 38
int_3 768 42 768 42
int4 1536 41 1536 41
int_5 1536 41 1536 41
int_6 2048 45 2048 45
int_7 4096 47 4096 47

Table5.6: MemoryandLC usageby interleaver anddeinterleaer circuits.

bits, N. By comparinghe numberof LCs usedby Viterbi decoder®f the sameconstraint,
it canbe seenthatasN is increasedy a bit, the decode.C usageincreasedy 20 to 30
LCs. Obviously, this increases nggligible whencomparedo the effect of the constraint

of lengthonthenumberof LCs used.

Circuit vit_5 providesaninterestingresultasthe numberof LCs requiredto implement
thecorvolutionalencodecoreis lessthanthenumberusedo createhecustom-desiguir-
cuit. All therestof the convolutionalencodercircuitsrequirethe samenumberof LCs to
placebothcircuits. Thisillustratesthatusingan P core,asopposedo a custom-designed
circuit, doesnot necessarilymeanthatit will requiremorelogic to implementthe param-
eterization.Thereasorthatthereis a differencebetweerthe numberof resourceshe two
convolutionalencodecircuitsuseis lik ely dueto theheuristicalgorithmusedto synthesize
the circuits. It shouldbe notedthatthis wasthe only instancein which the coreandthe
custom-desigmrovided differentresultsfor the numberof LCs usedin the design. Fur-
thermorethe custom-desigonly requiresonemoreLC thanthecorewhichis anggligible

difference.
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Convolutional | Convolutional Encoder Viterbi

Cir cuit Number of | Number | Number of | Number
Name Memory Bits | of LCs | Memory Bits | of LCs

vit_1 0 17 0 2248

vit_2 0 21 0 10991
vit_3 0 30 0 2270

vit_4 0 33 0 11012
vit 5(1) 0 33 0 11039
vit_5 (2) 0 32 0 11039
vit_6 0 28 0 2299

vit_7 0 29 0 10991

Table5.7: Memory andLC usageof corvolutional encoderand Viterbi decodercircuits.
The corvolutional circuits labeledwith a (1) usea customdesignfor the corvolutional
encodercircuit whereaghe circuits labeledwith a (2) usethe corvolutionalencodercore

circuit.

5.4 Core Packing Effects

Table5.8 providesthe memorystatisticsfor boththe transmitterandrecever circuits. By
studying column four of the table, it can be seenthat the transmitteris more efficient
in its memoryusagethanthe recever for systemswith four and six-bit symbolwidths.
However, therecever circuitsuselessmemoryasgluelogic thanthetransmittersvhenthe
symbolwidth is eightbits. Thisappearso resultfrom thefactthatthememoryusagen the
transmitteincrease®y afractiondueto the changeof bit width, but therecever'smemory
usageincreasest by slightly greaterthan 100% whenthe bit width is increased.Allof
the systemsgexceptfor two of the recevers, tx_8b andtx_8c, have usedat least70% of
the memorybits for implementingthe IP coreswhich is within reasonabl@esignlimits.
Unfortunatelyit appearshatasthetwo circuitsarescaledupin size,thetransmittercircuit
requiresagreatempercentagef gluelogic to interfaceits cores.Thisdoesnot seento hold

true for the recever circuit, however, which remainsrelatively constanin the amountof
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memoryrequiredto interfacethe IP coresto eachotherastherecever circuitsgetlarger.

Cir cuit Memory Total Memory Percentage
Name | Usedby Cores | Usedby Cir cuit of Memory
Usedby Cores
tx_4a 256 256 100
rx-4a 512 640 80
tx_4b 512 576 89
rx_4b 896 1216 74
tx_4c 512 576 89
rx_4c 896 1216 74
tx_6a 768 864 89
rx_6a 1920 2400 80
tx_6b 1536 1632 94
rx_6b 3072 3936 78
tx_6¢ 1536 1920 80
rx_6c 3840 4992 77
tx_8a 2048 2560 80
rx_8a 8192 9728 84
tx_8b 4096 6144 67
rx_8b 16384 20480 80
tx_8c 4096 6144 67
rx_8c 16384 20480 80

Table5.8: Memory statisticsfor transmitterandrecever circulits.

Table5.9 givesthe LC statisticsfor boththe transmitterandrecever circuits. Column
four of thetableillustratesthattherecever circuitsachiese very efficient corepackingand
needminimal extra LCs for gluelogic. Unfortunately the corepackingfor thetransmitter
coresis notnearlyasgood. Thisis a problempartially dueto theactualtransmittersystem

design.Thereis overheadogic requiredto ensurehatthe systeminterfacesproperlywith
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the outsideworld.

For instancethe ReedSolomonEncoderis notequippedvith signalsto indicatewhen
newv datawords shouldbe suppliedto the encoder This meansthat a counterhasto be
usedto keeptrack of the numberof datasymbolsreadin by the Encoderso that data
symbolswill not overwrite the checksignalsgeneratedy the core. If the corehadan
outputsignalindicatingwhenthe datasymbolshad beenreadin, thentherewould be a

methodof indicatingwhenthetransmittemeededo encodea new datasymbol.

5.5 Timing Results

Table5.10providestheresultsfor the recever circuits, includingthe maximumclock fre-
gueny andthe device automaticallychosenfor the fitting of the circuit. As canbe seen
from columnfive of the table,circuitsrx_6b, rx_8a, andrx_8c cannotbe implementecbn
ary of the Flex partsasthey requiretoo mary LCs. This is dueto the sizeof the Viterbi
decodelin thesecircuits which hasa constrainiengthof sevenandmonopolizegnostof
thelogic resource®n adevice, evenon thelargestof parts.

It appeardhat the placeand route tool obtainsa timing analysisfor circuits that do
not evenfit on a device. Thisis probablydoneby assuminghatthereis an FPGAwith a
FLEX 10KA architectureout is infinite in size. Obviously, this timing informationis only
anestimateandcannotbe assumedsthe maximumclock frequeng if thecircuitis placed
onanAPEX device which hasa slightly differentarchitecture The timing dataalsoindi-
catesthatasthe circuit becomedargerandmorecomple, the maximumclock frequeng
decreasesAlthough circuit rx_6¢ appeardo be an exceptionto this rule, the maximum
clock frequenciesresoclosethatthedecreasen frequeng is relatively negligible.

Sincethe placemenandroutingof thecircuit is performedusinga heuristicalgorithm,
thisinconsisteng in the maximumclock ratefor therx_6c¢ circuit is reasonableThe algo-
rithm basicallysearchea solutionspaceor aminimumwhichrepresentthebestpossible
fit for thecircuit. In doing sothethe searchmay obtaina local minimum andfail to find
the actualminimum on the searchspace. This could resultin the algorithm obtaininga

relatively poor fit for the circuit, asopposedo the bestfit which explainswhy the clock
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Circuit LCs Total LCs Percentage
Name Usedby Cores | Usedby Cir cuit of LCs
Usedby Cores

tx_4a 96 145 66
rx_4a 2803 3027 93
tx_4b 100 272 37
rx_4b 2819 3179 89
tx_4c 104 276 38
rx-4c 11562 12052 96
tx_6a 149 349 43
rx_6a 3022 3437 88
tx_6b 180 391 46
rx_6b 12187 12748 96
tx_6¢ 177 406 44
rx_6c¢ 3475 3916 89
tx_8a(1) 278 528 53
tx_8a(2) 277 527 53
rx_8a 12648 13283 95
tx_8b 367 645 57
rx_8b 5278 5796 91
tx_8c 368 642 58
rx_8c 13970 14622 96

Table5.9: LC statisticsfor thetransmitterandrecever circuits.

frequeng for therx_6c¢ circuit is betterthanexpected.

Although a placementould be found on a Flex partfor circuits rx_4a, rx_6b, rx_8a,
andrx_8c, thetiming analysisfailed dueto a problemwith version5 of Quartussupport-
ing cores. The MAX+plus Il software, however, was able to provide estimatedor the

maximumclock frequeng for rx_6b, rx_8a, andrx_8c even thoughthey did not fit on a
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FLEX part. Whatis evenmoreinterestings thatthe maximumclock frequenciegor these
threecircuits were greaterthanthat for the rx_4c circuit althoughthe tools estimatedhe
maximumclock frequeng for thesecircuitseventhoughthey did not fit onthe Flex parts.
Thiswasaccomplishedby assuminghebasicFlex architecturegiventhereweresuficient
logic resourceso placethecircuit. As canbe seenfrom thetable,themaximumclock fre-
guengy for the rx_4c circuit is significantly slower thanfor the otherlarge circuits. In all
probabilitythis occurredbecausehecircuit fit onthe EPF10k25@artbut used99 percent

of thelogic resourceshencethe fasterroutingresourcesverealreadyused.

Thedesirewasto placeandroutethis circuit, aswell asthe otherthreecircuits which
did not fit on the FLEX parts,on APEX devicesusing Quartussoftware andto obtaina
timing analysis.Presentlyonly version5 is availablefor usein this researctwhich seems
ableto fit the circuits successfullyon a part but unableto performatiming analysisdue
to the cores. It is, however, still interestingto note thatthe Quartussynthesizechoseto
implementthe recever circuits in a significantly differentfashionthanthe MAX+plus Il
software. Much of the circuit hasbeenimplementedn the ESB bits asopposedo in the
LCs. It would be interestingto know what kind of effect this hason the overall circuit
timing.

Table 5.11 describeshe resultsfor the transmittercircuits using both the custom-
designecconvolutionalencoderandthe corvolutionalencodercore. The maximumclock
frequeny givenin columnfour is for the serialclock becausét determinesheoverall op-
eratingspeedf thecircuit. Thetiming resultsfor thesecircuitsarerelatively consistentor
circuits of a givenbit size. Neitherthe corenor the custom-designedersionconsistently
achieve a bettermaximumclock frequeng. Thesix-bit systemgun at speedsomparable

to thatof theeight-bitsystems.

Obviously, FLEX FPGAsaredesignedo bettersupportsystemghat operateon data
thathaswidths of powersof two sincethereareeightLEs in eachLAB. This is because
theesix-bit systemsareslowedby the problemof bit boundariesiotalwaysfalling within a
Logic Array Block (LAB) which hasafastroutingarchitectureconnectingt. If the six-bit
systemswerefit on to the architecturesuchthat only part of the symbolwerein a LAB

andtherestwerein anotheLAB, thesignalswould have to travel alongtheslowerrouting
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tracks,thusincreasinghe pathbetweerregistereddata.

Circuit | Number of | Number | Max Clock Device
Name | Memory Bits | of LCs Frequency
(MHz)
rx_4a 640 3027 41 EPF10K100ARC240-1
rx_4b 1216 3179 37 EPF10K100ARC240-1
rx_4c 1216 12052 28 EPF10K2504C599-1
15488 1284 | Uncalculated EP20K100TC144-1
rx_6a 2400 3437 36 EPF10K100ARC240-1
rx_6b 3936 12748 37 EPF10K-nofit
18688 1925 | Uncalculated EP20K100TC144-1
rx_6c¢ 4992 3916 39 EPF10K100ARC240-1
rx_8a 9728 13283 32 EPF10K-nofit
24064 2397 | Uncalculated EP20K100TC144-1
rx_8b 20480 5916 23 EPF10K130\GC599-2
20480 5796 29 EPF10K25045C599-1
rx_8c 20480 14622 22 EPF10K-nofit
32256 3679 | Uncalculated EP20K100TC144-1

Table5.10: Overview of placeandrouteresultsfor therecever circuits.

5.6 AreaUsageResults

Table 5.12 provides a summaryof placing the samecircuit, tx_8a, on different size
FLEX10KA devices. As canbe seenfrom the maximumserial clock frequeng results,
thefrequeny decreaseasthe partsincreasan size. Thereasorfor this canbe seenfrom
thefloor plansin Figures5.1, 5.2,and 5.3. As the devicesgetlarger, insteadof making
a circuit placementhat keepsthe circuit logic relatively close,MAX+plus Il spreadghe

logic all over chip. By increasinghe lengthof the critical pathin theselargerdevices,the
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Figure5.1: Layoutof thetx_8acircuit onanF10K10device.
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Figure5.2: Layoutof thetx_8acircuit onan F10K30device.

maximumclockfrequeny decreasesT hisillustratestheneedfor goodfloorplanningtools

to improve the overall circuit performance.
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Circuit Number of | Number of | Max Serial Clock Device
Name Memory Bits LCs Frequency(MHz)
tx_4a(l) 256 145 154 EPF10K10A C100-1
tx_4a(2) 256 145 149 EPF10K10A C100-1
tx_4b (1) 576 272 156 EPF10K10A C100-1
tx_4b (2) 576 272 147 EPF10K10AC100-1
tx_4c (1) 576 276 164 EPF10K10A C100-1
tx_4c (2) 576 276 147 EPF10K10AC100-1
tx_6a (1) 864 349 91 EPF10K10AC100-1
tx_6a(2) 864 349 89 EPF10K10A C100-1
tx_6b (1) 1632 391 92 EPF10K10AC100-1
tx_6b (2) 1632 391 101 EPF10K10AC100-1
tx_6¢(1) 1920 406 88 EPF10K10AC100-1
tx_6¢(2) 1920 406 93 EPF10K10AC100-1
tx_8a(1) 2560 528 119 EPF10K10AC100-1
2560 528 99 EPF10K30AC144-1
tx_8a(2) 2560 527 116 EPF10K10AC100-1
2560 527 111 EPF10K30A C144-1
tx_8b (1) 6144 645 94 EPF10K30A C144-1
tx_8b (2) 6144 645 87 EPF10K30A C144-1
tx_8c (1) 6144 642 84 EPF10K30A C144-1
tx_8c(2) 6144 642 88 EPF10K30A C144-1

Table5.11: Overview of placeandrouteresultsfor the transmittercircuits. The transmit-
ter circuits labeled(1) usea customdesignof the corvolutional encoderandthe circuits

labeled(2) usethe corvolutionalencodeicoredesignedor this study
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Cir cuit Percent of Percentof | Max Serial Clock Device
Name Memory Bits LCs Frequency

Used Used (MHz)
tx_8a(1) 41 91 119 EPF10K10A C100-1
tx_8a(2) 41 91 116 EPF10K10A C100-1
tx_8a(1) 20 30 99 EPF10K30A C144-1
tx_8a(2) 20 30 111 EPF10K30A C144-1
tx_8a(1) 10 10 97 EPF10K100ARC240-1
tx_8a(2) 10 10 98 EPF10K100ARC240-1
tx_8a(1) 6 4 70 EPF10K2504C599-1
tx_8a(2) 6 4 74 EPF10K2504C599-1

Table5.12: Overview of placeandrouteresultsfor the tx_8a circuit. The transmittercir-
cuitslabeled(1) usea customdesignof the corvolutionalencodemandthe circuits labeled

(2) usethe convolutionalencodeicoredesignedor this study



Chapter 6

Conclusionsand Futur e Work

Although the desireto uselP coresfor designshasbeenexpressedor mary years,it is
only over the pastcoupleof yearsthatary inroadshave beenmadeto make this dreama
reality. Presentlycompaniesaretrying to develop aninfrastructurethatwill allow them
to efficiently reusedesignsthatthey have createdaswell asevaluatethe quality of third
partyIP. Theidealfuturewould bea marketwherelP corescouldberegardedasthe“soft”
eguvalentto thelCscommonlypurchasedrom multiple vendorsandusediodayin printed

circuit boarddesigns.

6.1 Conclusions

The issuesinvolved with using coresin systemdesignshave beenpresentedhroughout
this thesisin two cateyories. The conclusionobtainedthroughthe designexperienceare
also presentedn this fashion. Overall, this researcthasproved that the actual IP cores
availablearewell designedanddo not seriouslydegradea systemgperformanceHowever,
the succes®f this technologyin industryis dependenbn the developmentof a goodin-

frastructureo addresshe morequalitative issuesnvolvedin a systemdesignusingcores.

6.1.1 Measured Performance

The coresarewell designedrom a technicalstandpoint. They scalein size, relative to

anincreasan functionality, at an acceptableate. In fact, theremay be no extra costfor
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designinga moduleof functionality asa coreasillustratedby the convolutional encoder
The amountof glue logic requiredto interface coresin thesesystemswas low relatve
to the total amountof resourcesusedby the circuits. It is not cleat however, that the
ReedSolomonandinterleaver corescould not have beenbetterdesignedo allow a direct
interface. The needto addbuffering betweenthe two seemaunjustifiedasthey areoften
usedin combination.

Thetiming resultsachievedby thesecircuitswerefairly predictable They illustratethat
usinglP coresin thesedesignshasnot significantlyalteredthe overalltiming performance
of thecircuit. The corvolutionalencodercoreactuallyprovidedbetterspeedperformance
thanthe custom-designedircuitsin mary instancesThe areausageof the circuitsby the
tools wasratherdisappointinghowever. The coreis obviously not viewed asa cohesve
modulethatshouldbe placedin adefinedarea.lnsteadijt is viewedthe sameastherestof
thecircuit logic andis spreadall over the chip which may be detrimentako the maximum

speedat which thecircuit canbe clocked.

6.1.2 Experiential Concems

From a qualitative standpointthe problemswith achiezing the simple integrationof IP
coresinto an SoCdesignare unfortunatelynumerous.For instance yendorsmustworry
aboutthe securityof their IP, while designersnustworry aboutthetime expendedesolv-
ing legalissueswhichsignificantlyincreaseéhetimerequiredo obtainacore.Fortunately
astheindustrybecomesnoreestablishedheseissuesarebeingaddressed.
Thedevelopmentof standardgor IP coredesignandreuseis a seriousconcern.Many
companie$favealreadybeendevelopingstandardequirement$or thelP coresthey design
anduse,but they areonly in-housestandardssothatindustry-widestandardslo not exist.
The Virtual Soclet InterfaceAlliance (VSIA) is attemptingto specifyinterfacestandards
to be adoptedby industryto simplify the mixing of differentcomponentgrom different
vendorsby facilitating communicatiorbetweenthe parts. It is unlikely that companies
who have investedcapitalinto developingtheir own in-housestandardsvill dropthemin
favor of the VSIA standardsdueto monetaryloss. A compromiseis beingreachedas

thesecompaniesareadaptingtheir requirementso at leastinclude someof the standards
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of theVSIA.

The worst problemwith using IP coresin a design,especiallythird party cores,is
documentation.The majority of coresavailable do not include sufficient documentation
to make the core easyto useby anotherdesigner The coreis supposedo actasa black
box thathidesunnecessargetailfrom the user Unfortunately the documentatioris often
insufficient to provide the userwith anadequatalescriptionof the corerequiringthatthe

userexperimentwith the cores operationwhich canoftenbevery time consuming.

Therearealsoproblemswith the availableHDLs, which werenot designedo support
the parameteflexibility requiredfor coredesign,andthedesigntools. Thetoolsavailable
may not allow a userto easilyuseanin-housecorein a systemdesign.More importantly
however, are the difficulties with verifying systemswith coresif the sourcecodeis not
provided. It is very challengingto verify Altera’s encryptedcoresbecausehey do not
have the tools availablefor in-depthtesting. Furthermoretheir corescannotbe verified
functionally usingary otherindustrysimulatordueto the corelicense. It shouldalsobe
notedthatby designinga corewith increasedlexibility sothatit becomesisablein more
designsijt alsocanbecomemoredifficult to verify. Thedesignemwill have to trustthatthe

corehasbeenfairly extensvely verifiedby thevendor

While it may not be possibleto completelyresohe all theseissues,thereare some
definiteimprovementghatmaybeimplementedo facilitatethe useof coresby designers.
Thefirst suggestioris thatwhile anindustrywide standardnaynotbeachievable,in-house
standardsare mandatory Furthermorewhena coreis beingdesignedthoughtshouldbe
givenasto the kind of designsn which it will be used.Couldit be combinedwith other

coresAWhatkind of interfacewould resultin the smallestamountof gluelogic?

Themostimportantimprovementsmustbe madein thedocumentationThedocumen-
tationshouldnotonly includealisting of all theinputandoutputsignalsbut alsoa detailed
descriptionof themodesof operation.This descriptiorshouldincludedetailedtiming dia-
grams statemachinesndary othermeanghatmightclarify how thecorefunctions.What
mustbe essentiallyrealizedis thatsincecoreshave anaddeddepthof flexibility , theirdoc-
umentatiormustprovide a betterdescriptionof the coreandthe interfacingrequirements

thanif it wereanlC.
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6.2 FutureWork

Thechallenge€ncounteredh trying to designsystemghatusedIP coreswerenumerous,
largely dueto the deficienciesn the availabletools. Work is neededo develop design
andverificationtoolsthatenablethe userto maintainthe desiredevel of abstractiorof the
functionality of the cores.lIt is alsoimportantthatsomemethodof standardizing.oresbe
developedsothatencryptedcorescanbeusedin othervendorstools.

Thereis alsoaneedto improvetheHDLs availableby addingnew constructdo support
the desiredabilities to parameterize&ores. Another possibility worth investigatingis the

developmentof a new HDL which focuseson supportingmodulardesignreuse.
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