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Abstract

Theregister transferabstraction (RTL)hasbeenestab-
lishedastheindustrialstandard for ASICdesign,softIP ex-
changeandthebackendinterfacefor chip designat higher
level. Unfortunately, the“synthesizable”VHDL/Verilog in-
carnationof theRTLabstractionhasproblemswhich pre-
ventit from more productiveuse. For example, the confu-
sionastheresultof usingsimulationsemanticsfor synthe-
sispurpose, the lack of facility for componentreuseat the
“pr otocol” level, and the lack of memoryabstraction. Af-
ter a detaileddiscussionof theseproblems,this paperpro-
posesa new RTL abstraction,called MetaRTL,which can
beimplementedbya modestextensionto thetraditional im-
perativeprogramminglanguages. Theproductivitygain is
furtherdemonstratedby thedescriptionof a synthesistool,
calledMetaSyn,which providesthe“added-value”. Exper-
imentsonthebenchmarksetshowthatMetaRTLis far more
concisethanthe“synthesizable”HDL specification,andin-
cursnooverheadfor synthesisresult.

1 Intr oduction

Dueto their complexity, VLSI designsareperformedat
differentlevelsof abstraction.Among themregistertrans-
fer level (RTL) is one of the most important. For ASIC
design,thedominantpracticingmethodologystartsatRTL.
For the boomingintellectualproperty(IP) market, RTL is
becomingthede factosoft IP exchangestandard.Further-
more,RTL servesasthe“assemblylanguage”,or theback-
endinterface,for thehigherlevel (for example,thebehav-
ioral level) designmethodology.

In theory, theRTL designcanbeformalizedasGajski’s
FSMD model[4], which is anextensionof theFSM model
with theso-calledregistertransferoperations,eachof which
canbeconsideredasanassignmentof value,computedas
an expressionover a setof registervalues,to anotherreg-
ister. TheFSM modelcanbe bestvisualizedby theASM
chart,inventedby IBM in the1960s.

In practice,a specificationlanguageis neededto cap-
turetheRTL design.Typically, anRTL languageis usedto
specifytheFSMD modelaswell assomeadditionalinfor-
mation. Someinformationis consideredessential:for ex-
ample,the mappingbetweenexpressionoperatorsandthe
actualhardwarecomponents.Someinformationis consid-
eredonly syntacticalsugar:for example,constructsto facil-
itatemodulardesign.The importanceof syntacticalsugar,
however, cannotbeunderestimated,sinceit is designedto
combatdesigncomplexity, whichbecomesincreasinglyim-
portantwhenonemovesto systems-on-chipdesign.

The dominantRTL specificationlanguagesin use to-
day are VHDL and Verilog, the IEEE standardhardware
descriptionlanguages(HDLs). Unfortunately, the current
RTL designmethodologybased-onHDLs is not without
problems.Someof the fundamentalproblemsarelistedas
follows:

� HDLs aredesignedasa simulationlanguage.Thegap
betweenthesimulationsemanticsandthesynthesisse-
manticscausesunnecessaryconfusion.

� HDLs arenotdesignedwith designreusein mind.

� HDLs arenotdesignedwith atypesystemaspowerful
asthatof softwarelanguages.

� HDLs donotprovideany abstractionsfor memories.

� HDLs donotsimulatefastenoughat theRTL level.

In this paper, we first discussrelatedwork in the litera-
ture. We thenextendthediscussionon the implicationsof
theabove-mentionedissuesin Section3. We thenpropose
in Section4 anew RTL abstraction,calledMetaRTL, which
extendstheFSMD with a rich setof constructsaddressing
the identifiedissues. In Section5, we presenta synthesis
tool, which translatesMetaRTL into theindustrialstandard
“synthesizable”HDLs. To demonstratetheadded-valueof
MetaRTL overHDLs,weshow theirdifferencewith anum-
berof benchmarks.



2 RelatedWork

A numberof efforts have emergedrecentlyto usesoft-
ware programminglanguagesto model register transfer
level hardware.For example,CynAppsannouncedits Cyn-
lib [3], a C++ classlibrary which providesfeaturesso that
C++ canbe usedto modelhardware. The OpenSystemC
Initiative, announceda similar library calledSystemC[8]
[10]. Anotherimplementationwith arguablysuperiorsim-
ulation performanceis the OCAPI library [9] developed
by IMEC. While theexpressive power of thesoftwarelan-
guagescanbe leveragedto someextent, the goal of these
approachesis to repeatHDL semanticsin C syntax,andthe
problemsenumeratedin thispaperremainunsolved.

The V++ synchronouslanguage[2] developedat Ca-
denceBerkeley Lab, as well as its predecessors,suchas
Esterel[1] andLustre[6], alsotry to employ asynthesisse-
mantics(synchronousreactivemodel)rathersimulationse-
mantics.However, noneof themis designedwith a strong
typesystem,andnomemoryabstractionis supported.

The SpecCsystemlevel designlanguage[5], supports
protocollevel componentreusethesamewayasthatis pro-
posedin this paper, althoughit lacksthepolymorphictype
systemdesired.With its powerful typesystems,theOpenJ
language[11] hasprovideda languageframework to exper-
iment with systemlevel designlanguages,althoughit did
notexplicitly defineanRTL abstraction.Nevertheless,both
languagesseemto besuitableframeworksfor MetaRTL to
apply.

3 Problemswith “Synthesizable” HDLs

3.1 Simulation Semantics

VHDL andVerilog (HDLs in thetext follows) werede-
signedassimulationlanguagesfor gate-level hardwaresys-
tems. To emulatethe behavior of hardware,a HDL pro-
grammerwrite a programwhich specifiesa discreteevent
system(simulationsemantics),ratherthanhow hardwareis
constructed(synthesissemantics).While many constructs
in HDLs canbeconvenientlymappedto hardware,thedis-
creteeventsemanticsintroducesartifactswhicharehard,or
even impossibleto map to hardware (synthesizable).For
example,delayis a conceptthatcanneitherbe interpreted
ascertainhardwarenor certaindesignconstraints.Signals
imply potentiallyinfinite sizeof memoryto holdvalues.

Given that, the industryhasdevisedtheso-called“syn-
thesizable”subsetsof HDLs, whereproblematicconstructs
or problematicusesof certainconstructsareexcluded.Still,
one hasto devise a discreteevent systemto simulatethe
hardwareonehasin mind,only to let theEDA toolsto dis-
cover, or “infer” that hardware later. This addedlevel of
indirectionis notonly unintuitivebut alsoerror-prone.

a

b c

...
if( a = ’0’ ) then
    c <= b;
end if;
...

Figure 1. Problem with simulation semantics.

Example1 Unwantedlatch inferring. A wire or register
cannotsimplybedeclaredin HDLs,instead,they haveto be
inferred throughtheuseof signals. In order for an output
signalto beinterpretedasa wire, assignmenthasto beper-
formedin all branchesof a process.A latch will beinferred
otherwise, as is shownin Figure 1. It is not uncommonfor
beginners to forget thesignalassignmentfor certaindon’t-
careconditions,which resultsin unwantedlatches.

3.2 DesignReuse

HDLs provide supportfor designreuseonly at a low
level throughcomponentinstantiation.In orderto reusea
component,onehasto instantiatethe componentby map-
ping the ports of the componentto correspondingwires.
While this procedureis goodenoughfor thereuseof com-
binationalcomponents,thereuseof sequentialcomponents
andmorecomplex IP coresis morecomplex. In thesecom-
ponents,certainprotocols,arepredefinedto communicate
with the components. Typically, such protocol contains
statesandshouldbespecifiedasanFSMD by itself. Lack-
ing mechanismto specify componentprotocol in HDLs,
onehasto consultthe datasheetof componentandspent
considerateamountof time to designthecomponentinter-
face.And every time thecomponentis replacedby another
componentwith similar functionalityduringdesignexplo-
ration,theinterfacecircuitry hasto beredesigned.

u1 : Comp( start, done, din, dout );
...
...
start = ’1’;
for in in 0 to 8 do
    wait until clk’event and clk = ’1’;
    din <= a(i);
end for;
while( done = ’0’ ) do
    wait until clk’event and clk = ’1’;
    start <= ’0’;
end while;
while( done = ’1’ ) do
    wait until clk’event and clk = ’1’;
    b(j) := dout;
    j := j + 1;
end while;
...

start done

din dout
Comp

Component user’s
   interface code

Figure 2. Problem with design reuse.

Example2 IP reuse. Asshownin Figure 2, an IP compo-
nentneedsto bereusedin a design.Sinceusingthecompo-
nentinvolvesa complex protocol with handshakingbefore
feedingthe input dataandobtainingtheoutputdatacycle
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by cycle, the HDL designerhasto designinterfacecircuit
conformingto this protocol specifiedin the data sheet,in
additionto theinstantiationof thecomponent.Thistedious
processis unnecessary.

3.3 TypeSystem

While HDLs mayhave a fairly strongtypesystem(e.g.,
VHDL), their synthesissubset,canonly be consideredas
anuntypedsystem:all valuesarebits or bit vectors.This
is in contrastwith mostsoftwarelanguages,which contain
a rich setof basicdatatypesaswell asmechanismto de-
fine abstractdatatypes. Without a strongtype systemin
HDLs, onehasto rely on humaneffort for type checking
andtypeconversion,a taskonly practicedat thestoneage
of programming.

Polymorphismin HDLs areonly partially supportedby
genericvalues.An RTL designcanhencebeparameterized
with values:for example,bitwidth of dataandaddresses.It
is impossible,however, to parameterizeanRTL designover
thecomponentsit mayuse.This restrictionlimits thegran-
ularity of IP offering,especiallyfor thosewhooffer system
level IPs.

3.4 Memory Abstraction

It is fair to statethatany interestingapplicationwill in-
volve the useof memories. For example, in signal pro-
cessingapplications,memoriesareusedextensively to store
datasamples. In networking applications,memoriesare
usedto buffer data packets as well as maintainprotocol
statesandroutingtables.

Despiteits importance,thereis no memoryabstraction
in “synthesizable”HDLs. This is in contrastto traditional
programminglanguages,whereabstractdatatypesaswell
aspointersareextensively usedto layoutandaccessmem-
ory.

...
struct {
    int    field1;
    struct { char field3; } field2;
    } *p1;
short    a, *p2;
char     b[10];

...
a = 0;
b[3] = ‘a’;
p1−>field1 = 1;
p1−>field2.field3 = 2;
p2 = &a;
... 

Figure 3. Problem with memory abstraction.

Example3 Memoryabstractionin C. ConsidertheC code
segmentsin Figure 3, where memoriescanbeaccessedvia
variables,arraysandpointers. Noneof theseprogramming
abstractionsexist in synthesizableHDLs.

4 MetaRTL: a NewRTL Abstraction

While RTL design has been widely regarded as a
“solved” problem,wereconsidertheveryfirst questionone
shouldalwaysask,basedon theobservationsmadein Sec-
tion 3: Giventheroleof RTL designin theentireVLSI de-
signmethodology, whatexactlyshouldtheRTL abstraction
abstractawayandwhatit shouldnot.

A revisit to theFSMD modelsuggeststhat theRTL ab-
stractionis in fact conceptually“closer” to the traditional
programminglanguagebasedon the imperative semantics
thantheHDLs basedon thediscrete-eventsemantics.Af-
terall, bothFSMDandimperativesemanticsrepresentstate
machines,and the only fundamentaldifferencebetween
themis that statesin FSMD implies timing: statechange
is synchronizedwith an outstandingclock; while statein
imperative semanticsonly indicatesorder. Theotherhelp-
ful abstractionsthat peoplehave developedfor imperative
languagescanbeandshouldbesafelyborrowed.

MetaRTL ::= (Class)*
Class ::= classID [[ Formal(, Formal)* ] ]�

(Field � Method)* �
Type ::= ID [[ Actual � (, Actual)* ] ]

Formal ::= classID � TypeID
Actual ::= Type � Expr

Field ::= sclassTypeID [ = Expr ];
sclass ::= in � out � inout � reg � wir e � Type

Method ::= [ always � public] Type ID
[ ( Param(, Param)*] )

�
(Stmt)* �

Param ::= [ in � out � inout ] TypeID
Stmt ::= [LeftValue= ] Expr ;

� if ( Expr ) Stmt[elseStmt]
� switch ( Expr ) (CaseStmt)+
� [ID] : Stmt
� do Stmtwhile( Expr ) ;
� while (Expr) Stmt
� break ;
� return Expr ;

CaseStmt :: � caseExpr : Stmt � default : Stmt
Expr ::= Literal

� this
� LeftValue
� Expr . ID ( [ Expr (, Expr)* ] )

LeftValue ::= ID � Type . ID
� Expr . ID

Figure 4. MetaRTL syntax.

In Figure4,weshow thesyntaxof a“new” RTL abstrac-
tion that we proposed.The abstractionis presentedin the
form of language,but aswe show later, thebasicconcepts
canbeusedtoextendexistinglanguages.Wegiveit aname,
MetaRTL, for its multi-lingualpurpose.

MetaRTL is new in thesensethat it differssignificantly
from theHDL-basedRTL abstractionin usetoday. It is not
reallythat“new” in thesensethatit is in essenceasyntactic-
sugar-free,polymorphic,object-orientedlanguage.

More specifically, thebasicunit of designencapsulation
in MetaRTL iscalledatype,specifiedby theclassconstruct.
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A typerepresentseitherasetof datavalues,calledthevalue
type,or a setof objects,calledtheobjecttype.A typecon-
tainsasetof fieldsandasetof methods.A methodcontains
asequenceof statements,eachof whichconsistsof expres-
sions.A typeandaclasscanbeusedinterchangeableexcept
whena typeis parameterized,in whichcasetheclassis the
“template”,andthe type is an instanceof the template.A
classcanbeparameterizedoverothertypesandconstants.

class Alu1
�

1
in int i1, i2; 2
in bits[1] opcode; 3
out o; 4

5
... 6
public int abs( int a )

�
7

i1 = a; opcode = 0; return o; 8
� 9

public int min( int a, int b )
�

10
i1 = a; i2 = b; opcode = 1; return o; 11
� 12
� 13

14

Figure 5. A combinational component.

Nevertheless,MetaRTL differs from a traditional pro-
gramminglanguagein thefollowing ways:

� A MetaRTL objecttypecanspecifya setof hardware
objects.Eachobjectrepresentsa pieceof digital syn-
chronoushardware.

� A field of valuetype in MetaRTL object type canbe
prefixed with a “storageclass” modifier. The in,
out, inout, wire, regmodifiersindicatethat
the correspondingfield designatesan input port, an
outputport,aninoutport,awire anda registerrespec-
tively. All othermodifierssuggestthekind of memory
thecorrespondingfield shouldbemappedto.

� A field of a hardwareobjecttype in MetaRTL instan-
tiate the pieceof digital hardwarerepresentedby the
correspondingobjecttype.

� A methodin MetaRTL objecttypecanbeprefixedwith
thealwaysmodifier, indicatingthatthemethodspec-
ifies a pieceof hardwarebelongingto thatobject.Al-
ternatively, it canbeprefixedwith thepublic mod-
ifier, indicatingthat the methodspecifiesthe pieceof
interfacehardwareto communicatewith theobjectin
orderfor certainfunctionsto beperformed.

� While the syntax is exactly the sameas their soft-
warecounterpart,statementsin MetaRTL are not an

abstractionof the instructionssequencesexecutedon
processors,instead,they specifya synchronousstate
machine.Section4.1givesamoredetaileddescription
of thehardwaresemantics.

In thesequel,we show how MetaRTL addressesthe is-
suesthatHDL-basedRTL abstractionfailed to addressus-
ing a set of examples,which leadsto the designof the
squareroot approximationunit (SRA).TheSRA unit com-
putes

�
in12 � in22, asdetailedin [4].

Figure5 andFigure6 show two combinationalcompo-
nents.Figure7 showsapolymorphicconstantshifter, where
theconstantcanbespecifiedasaparameter. Figure8 shows
thesequentialSRA component.

class Alu2
�

15
in int i1, i2; 16
in bits[2] opcode; 17
out o; 18

19
... 20
public int abs( int a )

�
21

i1 = a; opcode = 0; return o; 22
� 23

public int min( int a, int b )
�

24
i1 = a; i2 = b; opcode = 1; return o; 25
� 26

public int add( int a, int b )
�

27
i1 = a; i2 = b; opcode = 2; return o; 28
� 29

public int sub( int a, int b )
�

30
i1 = a; i2 = b; opcode = 3; return o; 31
� 32
� 33

34

Figure 6. Another combinational component.

4.1 SynthesisSemantics

In MetaRTL, thehardwaresemanticsfor eachconstruct
is exactly defined. Eachobject type specifiesa hardware
designunit. Fields in MetaRTL meanexactly what they
aredeclaredfor: thefieldswith in, out, inout mod-
ifiers imply portsof the designunit; the fields with wire
modifierimply wires;while fieldswith regmodifierimply
registers.Otherfieldsarevariableswhoseaddresseswill be
automaticallyallocatedby thecompiler.

The logic containedin the hardwareunit is completely
and only definedin the always methods. In general,
statementsin amethodimply asynchronousstatemachine,
wherethelabelsandloop boundariesindicatestatebound-
aries. For example,the “:”s in Line 66–72indicatesstate
boundaries,eventhoughthelabelnamesareimplicit. When
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no suchboundariesexist, the methodrepresentsa combi-
nationalcircuit. For example,in methodmain at Line 39,
neitherexplicit labelsnor loopsarepresent,whichindicates
thatmain representsa combinationcircuit. Accessesand
assignmentsto wires,portsandregistersimply connections
insteadof theconventionalvalueassignment.

class CnstShift[int op2]
�

35
in int i; 36
out int o; 37

38
always void main()

�
o = i ��� op2; � 39

public int shift( int a )
�

40
i = a; return o; 41
� 42
� 43

44

Figure 7. A polymorphic component.

4.2 TypeSystem

The typesystemof MetaRTL resemblesthatof a mod-
ern software programminglanguage. This brings several
advantagesoverHDLs. First,Arithmeticdatatypesaswell
asotherscanbe usedin placeof the HDL bit vectordata
types. Eventhoughtheir hardwaresemanticsarethesame
andhencebringsno improvementfor synthesisquality, the
typesystemcanexcludea numberof designerrorsat com-
pile time. In addition,the tediouswork of typeconversion
andpromotioncanbe assumedby the compiler. Second,
sinceMetaRTL hasa polymorphictype system,a design
unit canbothhaveconstantsandotherdatatypesasgeneric
parameters.The latter addsanotherdimensionof parame-
terizabilityover HDLs. Third, althoughnot definedin Fig-
ure4, subtypingcanbeeasilyaddedto bring thesameben-
efit asit doesto software.

4.3 DesignReuse

While the powerful type systemof MetaRTL certainly
improvesreusability, anotherfeatureof MetaRTL is thepro-
tocolmethod.Indicatedby thepublic keyword,protocol
methodsencapsulateinterfacingmechanismto the design
unit. For example,at Line 7, the protocol methodabs
specifieshow to interfacewith anAlu1 unit to performthe
abs function (computeabsolutevalue): one shouldcon-
nect the operanda to the input port i1, and connectthe
input opcode to constant0, andget outputat the output
port o. As a morecomplex example,thesra at Line 75
shows how to interfaceanSRA unit to performthesquare

class Sra
�

45
in bit start = 0; 46
out bit done = 0; 47
in int in1; 48
in int in2; 49
out int dout; 50

51
reg int R1, R2, R2; 52

53
Alu1 u1; 54
Alu2 u2; 55
CnstShift[1] u3; 56
CnstShift[3] u4; 57

58
always void output()

�
59

dout = R1; 60
� 61

62
always void ctrl()

�
63

while( start == 0 ); 64
R1 = in1; R2 = in2; 65

: R1 = u1.abs( R1 ); R2 = u2.abs( R2 ); 66
: R1 = u1.max( R1, R2 ); R2 = u2.min( R1, R2 ); 67
: R2 = u3.shift(R1); R3 = u4.shift( R2 ); 68
: R2 = u2.sub( R1, R2 ); 69
: R2 = u2.add( R3, R2 ); 70
: R1 = u1.max( R2, R1 ); 71
: done = 1; 72
� 73

74
public int sra( int a, int b )

�
75

start = 1; in1 = a; in2 = b; 76
while( done == 0 )

�
77

in1 = a; in2 = b; 78
� 79

return dout; 80
� 81
� 82

83

Figure 8. A sequential component.

rootcomputation.Notethatthismethodspecifiesaprotocol
whichhasto beimplementedasanFSMD.

With protocolmethods,theuserof acomponentcansim-
ply make appropriatemethodcalls to achieve the desired
operations.This tremendouslyreducestheeffort of usinga
component,in otherwords,increasesthereusabilityof the
component.

4.4 Memory Abstraction

MetaRTL allowstheuseof memoryvariablesandpoint-
ers(objectreferences).Designerscanaccessmemoryvari-
ableby their namesinsteadof their explicit addresses,as
in thecaseof HDLs. Thesynthesistool not only performs
memorybankandmemoryaddressallocationfor thesevari-
ables,but alsotransformseachaccessto thememory(load
andstore)into appropriatecallsto predefinedmemorycom-
ponentprotocolmethods.Surprisingly, while this abstrac-
tion of memoryis nothingbut a restoringof whatsoftware
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compilershave beendoing sincethe beginning, it greatly
improves the productivity of designingmemoryintensive
applications.

5 Experimental Result

We have embeddedthe conceptsdefinedin MetaRTL
into both a C-basedanda Java-basedresearchSLDL. We
have alsodevelopeda tool, calledMetaSyn,which synthe-
sizestheSLDLs into synthesizableVHDL.

MetaC

VHDL

Protocol
Inlining

 Memory
Allocation

Inter−proc.
Analysis

MetaJ

Parse

  FSMD
extraction

 HDL
export

Figure 9. MetaSyn block diagram.

As illustratedin Figure9, MetaSynperformsa number
of tasks.It first parsesthesourcecodeinto anintermediate
representation.It thenperformsanumberof analysistasks,
whicharereferredto as“inter-procedural”becausethey re-
quirecomputationacrossclassboundaries.Oneexampleof
suchanalysisis pointeranalysis,which computesthestor-
ageclassa pointervaluemaypoint to. It will thenperform
protocolinlining whereall thecalls to protocolsarerecur-
sively expandedinto thecaller. Globalmemoryallocation
is in turn performedto assignaddressesto variables.Next,
MetaSynextractsthe FSMD model from the intermediate
representationandexport it into the VHDL format that is
consistentwith theindustry’ssynthesizablestandard.

We have testedMetaSynwith a numberof benchmarks,
mostof which aretakenfrom LeeandChow’sDSPbench-
mark set [7]. Each benchmarkis synthesizedinto gate
level implementationusing a commerciallogic synthesis
tool from the VHDL codeproducedby MetaSyn.Table1
showsthenumberof linesof thebenchmarksin MetaCand
thegeneratedVHDL respectively. Theareaof thesynthe-
sizeddesignusingthetheTSMC’s0.35microntechnology
is alsoshown.

It is observed that for all the benchmarks,the MetaC
codeis significantlyshorterthanthegeneratedVHDL.

6 Conclusion

Wehavepresentedanumberof problemsassociatedwith
theRTL abstractionstandarddefinedby HDLs. We argue
that theseproblemscanbeelegantlysolvedby a new RTL
abstraction,whoseBNF definitioncanbeasshortashalf a
page.

Benchmark MetaC VHDL Area
(#lines) (#lines) (um2)

fft 45 1028 500652
fir 29 355 272206
iir 46 1201 476529

latnrm 37 748 408111
lmsfir 39 796 405976
mmult 28 451 331058
smult 12 94 57157
sra 16 288 98599

Table 1. Experimental result.
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