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Abstract

A library of layeredprotocolwrappershasbeendevelopedthatprocesdnterentpacketsin reconfigurabléhardware.
Thesewrapperscanbe usedwith a reprogrammabl@etwork platform calledthe Field Programmabléort Extender
(FPX) to rapidly prototypehardware circuits for processingnternetpaclets. We presenta framework to streamline
andsimplify thedevelopmenf networking applicationghatprocessATM cells,AALS frames InternetProtocol(IP)

pacletsandUDP datagramslirectly in hardware.
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1 Intr oduction

In recentyears,Field Programmablé&ateArrays (FPGAs)have becomesufficiently capableto implementcomplec
networking applicationgdirectly in hardware. By usinghardwarethatcanbe reprogrammedetwork equipmentcan
dynamicallyload new functionality. Sucha featureallows, for example,firewalls to add new filters that canrun at
line speed.TheField Programmabl®ortExtendertasbeenimplementedasaflexible platformfor the processingf
network datain hardware. The library of wrappersdiscussedn this paperallows applicationsto be developedthat
processlataat severallayersof the protocolstack.Layersareimportantfor networks becausehey allow applications
to be implementedat a level wherethe detailsof a protocollayer canbe abstractedor layersabove. At the lowest
layer, networks modify raw datathat passedetweeninterfaces. At higherlevels, the applicationsprocessvariable
lengthframesor packagessin theInternetProtocol.At theuserlevel, applicationamaytransmitor receve messages
in UserDatagramProtocolmessagesAn Internetrouteror firewall areimportantapplicationsthat usethe wrapper
library to routeandfilter paclets.

2 Background

In the Applied Research ab at WashingtonUniversityin St. Louis, a rich setof hardwareandsoftwarecomponents
for researchn the field of networking, switching, routing and active networking have beendeveloped. The Field
Programmablgortextendetasbeendevelopedo enablemodularcomponentso beimplementedn reprogrammable
hardware. The modulesdescribedn this documentare primarily targetedto this kit, thoughthe designis written in
portableVHDL andcouldbeusedin ary FPGA-basedystem.

2.1 Switch Fabric

The centralcomponenbf this researchervironmentis the WashingtonUniversity Gigabit Switch (WUGS) [1]. It
is a fully featured8-port ATM switch, which is capableof handlingup to 20 Gbpsof network traffic. Eachportis
connectedhrougha line cardto the switch. The WUGS providesspaceto insertextensioncardsbetweenthe line
cardsandthebackbone.

2.2 Field ProgrammablePort Extender

TheField Programmabl®ortExtende(FPX)[2, 3] providesreprogrammablégic for userapplicationslt provides
interfacego boththeswitchandtheline-card soit canbeinsertecbetweerthesawo cards asillustratedin figure 1(a).

TheFPX containgwo FPGAs:the Network InterfaceDevice (NID) andthe Reprogrammablépplication Device
(RAD). TheNID interconnecttheWUGS, theline cardandtheRAD via anon-chipATM switchcore. It alsoprovides
thelogic to dynamicallyreprograntheRAD. TheRAD canbeprogrammedo hold userdefinedmnodules.Thisfeature
enableaiserdefinednetwork modulesto be dynamicallyloadedinto the system.The RAD is alsoconnectedo two
SRAM andtwo SDRAM components.The memorymodulescan be usedto cachecell dataor hold large tables.
Figurel(b)illustratesthe majorcomponent®n an FPX board.

2.3 FPX Modules

Userapplicationsareimplementedn the RAD asmodules.Modulesare hardwarecomponentsvith a well-defined
interfacewhich communicatevith the RAD andotherinfrastructurecomponentsThe basicdatainterfaceis a 32-bit
wide Utopiainterface.InternetpacletsenterthemoduleusingclassicallP over ATM encapsulatio@mndsegmentation
into ATM cells. The databus carriesheaderand payloadof the cells. The othersignalsin the moduleinterfaceare
usedfor congestiorcontrolandto connecto memorycontrollersto accessheoff-chip memory Thecompletemodule
interfaceis documentedhn [4, 5].

Usually, two applicationmodulesare presenton the RAD. Typically, one handlesdatafrom the line cardto the
switch(ingressyndtheotherhandleddatafrom theswitchto theline card(egress) As with the Transmutabldelecom
System[6], modulescanbereplacedy reprogrammindghe FPGAin the systemat ary time. In the caseof the FPX,
this functionality occursvia partial reprogrammingof the RAD FPGA. A reconfigurationcomponentperformsa
handshakingrotocolwith the modulesto preventlossof data.
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3 Network Wrapper Concept

Network protocolsare organizedin layers. On the ATM datalink layer, datais sentin fixed size cells. To provide
variablelength dataexchange a family of ATM AdaptionLayersexists. Section3.3.1givesanintroductionto the
ATM AdaptionLayer5 (AAL5), whichis generallyusedto transportiP dataover ATM networks. The Network layer
useslP pacletsto supportroutingthroughmultiple, physicallyseparateaetworks.

Componenthave beendevelopedfor the FPX that allow applicationsto handledataon several protocollayers.
Similar circuits have beenimplementedn static systemsto implementIP over Ethernet[7]. Unlike systemsthat
offloadprotocolprocessingo a co-processof8], thislibrary allows all packet processindunctionsto beimplemented
onthesamechip.

Translatiorstepsarenecessarpetweerlayers.A classicabpproactcreateomponent$or eachprotocoltransla-
tion. Sucha systemwould instantiateoneentity to translatedatafrom the cell level to the AALS framelevel. Suchan
implementatiorwould alsoneedto have a componento performthe reversestepaswell. In our approachwe com-
bine thesetwo translationunitsinto one componentwhich hasfour interfacesasa consequencewo to supportthe
lower level protocolandtwo to provide a higherlevel interface respectiely. Also thetwo componentareconnected
to eachother Thisis usefulto exchangeadditionalinformationor to bypasshe application.Thelatteris donein the
cell processofsection3.2).

Whenan applicationmoduleis embeddednto a protocolwrapper the new entity surroundghe users logic like
theletterU (figure 2). Regardingthe datastreamthe applicationonly connectdo the translatingcomponentwhich
wrapsup theapplicationitself. Thereforewe will referto the surroundingcomponentsiswrappers.

To supporthigherlevels of abstractionthe wrapperscanbe nested. Sinceeachhasa well definedinterfacefor
an outerandaninner protocollevel, they fit togetherwithin eachother, asshawn in figure 2. As aresult,we geta
very modulardesignmethodto supportapplicationdor differentprotocolsandlevelsof abstractionAssociatingeach
wrapperwith a specificprotocol,we getalayer modelcomparabldo the well known OSI/ISOnetworking reference
model. This modularity gives applicationdevelopersfreedomto implementfunctionsat several protocollayersin
their designs.They caninterfacetheir logic to a wrapperwith the level of abstractiorappropriatefor their specific
application.Userlevel applicationsfor example,cancompletelyignorehandlingof complicatedprotocolissueslike
frameboundarie®r checksums.

3.1 Wrapper Installation

Therearetwo waysto usethewrapperibrary in aproject.



1. A distributionfile is availablefor download[9], which containsan EDIF- anda VHDL-file for every wrapper
The EDIF-file canbe usedfor synthesizinga designwhile the VHDL-file is for behavioral simulation.Except
for the cell processqgra VHDL-file exists for every wrapperthat combinesa processowith all underlying
wrappersfor corvenientinclusionin a new design. A descriptionof the files in the distribution file is shavn
in Tablel. In orderto simulatethe wrapperscorrectly the simulatormustbe configuredto run in nanosecond
resolution.For the Modelsimsimulatorthis canbe setwhenstartingthe programwith the-t flag:

> vsim-t ns <design>

2. All wrappersareincludedin the FPX CVS tree. A working directory tree can be checled out in the ARL
network with thecommand

> cvs -d /project/arl/fpx/cvsroot co FPX ROOT

Thewrappersarelocatedbelow the subdirectory’'RAD/MODULES/LIB” andcanbe compiledin a Modelsim
library with thecommand

> make w appers_lib

Thelibrary is thenavailableunder"RAD/MODULES/LIB/fpxlib”. In orderto simulatethe wrapperscorrectly
with the libary, designmustuseconfigurationsandrefer to the wrapperconfigurationsasin the examplesin
AppendixA. The configurationnamesof the wrappersarecellpro_conf for the cell processarframeproc_conf
for theframeprocessaripproc_conf for the IP processoandudpproc_conf for the UDP processar

3.2 Cell basedprocessing

At the lowestlevel of abstractiondatais sentin fixed lengthcells. Applicationsor wrappersat this protocollevel
typically procesgshe ATM heademndfilter cellsby their virtual channel.

3.2.1 Control cells

Thebehaior of anFPX modulecanbe modifiedvia control cells. Theseare ATM cellswith awell-definedstructure
andprovide a communicatiorpathbetweeran externalcontroller(e.g. software)andthe on-chipmodules.This can

be usedto remotelyconfiguremodules for example.Controlcells containanopcodefield, multiple parametefields,

a sequenc&umber anda 16-bit CRC,to ensuredataintegrity (figure 3). They aresenton specificvirtual channels,
defaultingto VCI 34 for theNID andVCI 35 for the RAD.
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Figure2: Wrapperconcept



cellproc.vhdl
cellproc.edn

VHDL file to simulatecell processor
synthesizedell processor

fifo_127x32.ednfifo_15x32.edn| coregencomponents

frameproc.vhdl
framenrappervhd
frameproc.edn
fifo_127x32c.edn

VHDL file to simulateframeprocessor

I framewrappercombinescell andframeprocessor

synthesizedrameprocessor
coregencomponent

ipproc.vhdl
ipwrappervhdl
ipproc.edn

VHDL file to simulatelP processor

synthesizedP processor

fifo31x32.ednyam512x16.edn | coregencomponents

udpproc.vhdl
udpwrappewvhdl
udpproc.edn
fifo15x35.edn

VHDL file to simulateUDP processor

synthesizedJDP processor
corggencomponent

HDR

HEC

OpCode

PL1

PL2

PL3

PL4

PL5

PL6

PL7

PL8

PL9

PL10

PL11

Tablel: Filesin thewrapperdistribution
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Figure3: Controlcell format
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Control Cell Format for Probe Response

3130 2928272625242322212019181716151413121110 9 8 7 6 5 4 3 2 1 0

Control Cell Format for Setting/Reading VPI/VCI registers

3130202827 2625242322212019181716151413121110 9 8 7 6 5 4 3 2 1 0

HDR CFREIYA vl [Py ‘ HDR GFC/ VPI vel PTI
L YV VI
HEC IRI=E D HEC HEC PAD
HEEEEEE S e e e Y Y Y B B
OpCode OpCode ModulelD NIA OpCode OpCode ModuleID N/A
e R
PL1 'E' 0x45 X' 0x78 ‘a’ 0x61 ‘m’ 0x6d PL1 V|R reserved (set to zero) Register #
e CA L L e
PL2 'p’ 0x70 "I Ox6¢ ‘e’ 0x65 "' 0x20 pPL2 VPI VCI N/A
e RN NN
PL3 ‘A 0x41 'p’ 0x70 'p’ 070 I 0x6¢ PL3 V|R reserved (set to zero) Register #
T T O Y A M B O A
PL4 ' 0X69 'c 0x63 "a’ Ox61 't Ox74 PL4 VPl vel N/A
Y Y Y Y [ | [ | (I [
PL5 'i' 0x69 "0’ 0x6f n" Ox6e ' 0x20 PL5 V|R reserved (set to zero) Register #
N N N N CSA LT T O O I A [ [
PL6 V' 0x56 ‘e’ 0x65 I 0x72 's' 0x73 PL6 VPI VCI N/A
I I | I I | I | I I | I O I I I I O I O [ [
PL7 ' 0x69 ‘0’ Ox6f 'n’ Ox6e '’ 0x20 PL7 V|R reserved (set to zero) Register #
N N I T | N CSA LT I O [ (|
PL8 "1’ 0x31 ' Ox2e ’0’ 0x30 \0’ 0x00 PL8 VPI \e| N/A
N e A v T e s
PL9 "\0’ 0x00 "\0’ 0x00 \0' 0x00 \0’ 0x00 PL9 N/A
N e v N e I
PL10 CM DATA PL10 CM DATA
N e v e e s I
PL1L Sequence # CRC PL11 Sequence # CRC
e I v O e s I
VC - Valid Command 1 = Valid, 0 = Invalid OpCode
RA - Register Available 1 =valid Reg #, 0 = invalid Reg #0x02 Set VPI/VCI Register
OpCode Command (response only) 0x03 Set VPI/VCI Register Response
0x04 Read VPI/VCI Register
0x00 Probe Request (no payload) Register values: 0x05 Read VPI/VCI Register Response
0x00 Control Cell VPIVCI
0x01 Probe Response 0x10 default application VPI/VCI
(a) ProbeResponse (b) Set/Read/PI/VCI Registers

Figure4: StandardControlCell Opcodes

A standardcontrolcell formathasbeendevelopedto transmitinformationbetweersoftware[10] thatcontrolsthe
FPX. Controlcellsto the NID areusedto setupthe routesbetweerthe line card,the switchanduserapplicationson
theRAD. They arealsousedto uploadnew applicationmodulesto the RAD.

Control cellsto the RAD containan additionalfield, the modulelD, to addresghe applicationmodule. Some
standarcdpcodesareunderstoody all FPX modules.Commandgo changethe VPI/VCI registers for example,are
supportedoy all modulesso that so thatthey canoperateon ary virtual channel. For FPX modulesopcodesn the
range0x00to OxOF areallocatedor commonuse while opcodedgrom 0x10to OxFFcanbeusedfor userapplications.
Thefollowing opcodesave beendefinedfor commonusage:

1. OpcodeOx00is usedasa “Probe Request”. Applicationsresponsevith the “Probe Response(0x01) andan
identificationstring. This mechanisnis usedby the control softwareto querytheconfigurationonthe FPX. The
controlcell structurecanbe seenin figure4(a).

2. Opcodeddx02 and 0x04 are usedto setupand query VPI/VCI registers. Applicationscan be configuredto
operateonary virtual channeby writing to oneof theseregisters.Registersin therangefrom 0x00to OxOF are
againallocatedfor commonusagewhile registernumberdrom 0x10to OxFFcanbeusedby userapplications.
Register 0x00 definesthe virtual channelon which control cells are sent,while 0x10 shouldbe usedasthe
applications defaultchannel.The controlcell structurecanbe seenin figure 4(b).

Thecontrolcell processo(CCP)is a standard-PX modulewith thehardcodednodulelD of zero.lt is connected
to all four off-chip memoriesand can modify the contentof off-chip memory It is usefulfor applicationswhich
implementfunctionality suchaslookuptablesin off-chip memory
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3.2.2 FPX Cell Processor

The wrapperon the lowestlevel is the cell processo(figure 5). It performscell level operationghatarecommonto
all FPXmodules First,incomingATM cellsarechecledagainstheir HeaderError Control (HEC) field, which s part
of the5 octetheaderAn 8 bit CRCis usedto preventerroredcellsfrom beingmisrouted If thecheckfails,thecell is
dropped.

Cellsthatareacceptedare next processedby their virtual channelinformation. The cell processodistinguishes
betweerthreedifferentflows:

1. Thecellis onthedataVC for this module. In this casethe cell will be forwardedto the innerinterfaceof the
wrapperandthusto the application.

2. Thecellis onthe controlcell VC andis taggedwith the correctmodulelD. Controlcellsareprocessedy the
cell processoitself. This mechanisnis coveredlaterin this section.

3. Noneof theabove, i.e. this cell is not destinedor this module. Thesecellsarebypassed@ndtake a shortcutto
the outputof thecell processar

The cell processoprovidesthree FIFOsto buffer cells from either of the threepaths. A multiplexer combines
themandforwardsthe cellsto their laststop. Justbeforethey leave the cell processara new HEC is computed.

The controlcell handlingfunctioninsidethe cell processors designed o bevery flexible, thusmakingit easyfor
applicationdevelopergo extendits functionalityto fit the needsof their modules.Userapplicationgypically support
more control cell opcodeshanthe standardcodes,so extendibility was animportantgoal in the designof the cell
processar

Thecontrolcell processingramewnork performsCRC checkandgeneratiorfunctions,buffering of commondata
structuresandimplementsa mechanismo sharecommoninformation. A masterstatemachinewaitsfor controlcells
destinedor this moduleandthenstoresopcodeuserdata,the CM field andsequencaumber At thesameimeit also
checksthe control cell CRC. Every opcodehasits own statemachine.Soaddinga new commanddoesnot interfere
with existing ones. Every statemachinepolls the signalstate, if a control cell with a valid CRC (crc_ok =’ 1’) has
beenread(state = C RC) andbecomesactive on its opcode. For incoming control cells (requests)responseells
shouldbe sent,if the commanchasbeenprocesseduccessfully Becausehereis a statemachinefor every opcode,
that generatesesponsecell, a multiplexer forwardsthe correctoneto the outputport. Every procesdor a control
cell opcodessendsts responseells out on data XX andindicatesthe starton soc_XX, whereXX is the opcode.The
processcselection checksall soc_XX signalsandforwardsnew control cells. They getavalid CRC beforethey are
forwardedto the cell multiplexer. The currentlyselectedpcodeis presentedn opcode_sel. Processeshouldcheck
this signalto make suretheir cell hasbeentransmitted.A diagramfor the cell processingrameavork canbe seenin
figure6.

TheprocessmO0 is responsibldor detectingProbeRequest$0x00), while the processiata00_out generateshe
ProbeResponseell. Thedefaultstringis “GenericCell Processof..0”. To changehe Responseatring, applications
needonly modify this string.
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cptestapp.vhdl testapplication
modulecptest.vhdl| connectsapplicationwith cell processor
cellproc.vhdl structural/behaioral descriptionof cell processor
or
library from CVS

Table2: Filesto simulatecell processorpplication

The processesm02 and sm04 are responsiblefor setting (0x02) and reading(0x04) VPI/VCI registers. The
responseell is generatedy data04_out in both cases.For opcode0x02 the valuesare written to the registersjust
beforethey arereadagainby smO04for theresponseSincetheregistervaluesfor theacknavledgmentarealwaysread
from theactualregister, thisis agoodmechanisnto checkif thewrite operationwassuccessfulTo supportadditional
registerstheseprocesseaeedto bechanged.

3.2.3 Example Application

Appendix A.1 lists the VHDL sourcecodefor an exampleapplication. It shavs how an applicationinterconnects
with the cell processoandhow a RAD designcanbe setup. The applicationitself simply forwardsdata,but canbe
easilyreplacedwith any othermodule,thatfollows the FPX moduleinterfacespecification.Note thatif you usethe
wrapperlibrary from CVS thatyou alsospecifya configurationin your VHDL files thatrefersto the cell processors
configuration.This is necessaryo simulatecoreggencomponentgorrectly If you usethe structuraldescription the
configurationis notneeded.

For simulationthe files shawvn in Table2 areneeded.The cell processolcceptsa proberequest(figure 7) and
replieswith a proberesponsdfigure8) in a simulator For synthesighefiles from Table3 areneeded.
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Figure7: Simulationinputfor cell processoapplication
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Figure8: Simulationoutputfor cell processoapplication

cptestapp.vhdl testapplication

modulecptest.vhdl connectsapplicationwith cell processor|
loopbackmodule.vhd loopbackmodulefor unusedbath
rad.cptestcore.vhd instantiatesnoduleson RAD
rad.cptest.vhd top level designwith extra buffers
cellproc.edn synthesizedell processor
fifo_127x32.ednfifo _15x32.edn| coregencomponents

Table3: Filesto synthesizeandplace& routecell processoapplication

3.3 Frame basedprocessing

To handledatawith arbitrarylengthover ATM networks, datais organizedn frames which aresentasmultiple cells.
Severaladaptioniayershave beenspecifiedwhich differ in the propertyof beingconnection-orientedr connection-
less,in the ability to multiplex severalprotocolsover onevirtual channelandto reordercellsduringtransmission.

3.3.1 ATM Adaption Layer 5

ATM AdaptionLayer5 (AAL5) [11, 12] is widely usedfor IP networks andis also one of the simpler protocols.
In AAL5 datagram®r framesof arbitrarylengthare put into protocoldataunits (PDU). In the simplestcase(Flow
Type 0), the frame startsat the beginning of the PDU, but it is also possibleto prependan additional headerto
distinguishbetweenseveral protocols. Theimplementatiorfor this modulesis basedon classicallP over ATM [13],

which doesnothave thisheader A PDU's lengthis alwaysa multiple of 48 octets becaus@ PDU is sentasamultiple
of ATM cells. Onebit in the ATM headerthe userbit of the PTI field, is usedto indicatewhethera cell is the last
oneof aPDU. Thelast8 octetsof the PDU areusedby atrailer, which containgnformationaboutthe actuallengthof

theframeanda 32 bit CRCto ensuredataintegrity. Any gapbetweertheframeandthetrailer s filled with padding.
SincePDUsare multiples of 48 octets,the trailer alwaysendsat a cell boundaryand canthereforebe located. The
segmentatiorof frameswith AALD5 is illustratedin figure9.

3.3.2 FPX Frame Processor

The frameprocessois a wrappermodulefor the FPX to handleAAL5S framedata. Its interfaceis designedo give
applicationmodulesa moreabstracview of the data. Theframeprocessoreplaceghe Start-of-Cellsignalwith three
signals(figure 20, namelyStart-of-FramgSOF),End-of-FramgEOF) and Data-Enabl€DataEn).

As thenameindicates SOFindicateshetransmissiorof a new frame. Notethatthe HeadefError-Control(HEC)
is not availablewith this wrapper It is assumedhatonly valid ATM cells are passedo this wrapperandthat valid
HECsaregeneratedrom outgoingcells.

The Data-Enablesignalindicatesvalid payloaddata. It canbe seenasan enablesignalfor the dataprocessing
application.It is completelyindependenfrom the cell structure.Applicationscanthereforeresizeframesor append
dataeasily They canalsogeneratenew frames.Notethatthe Data-Enablesignalis not assertedvhenpaddingis sent,
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Figure9: AAL5 frameseggmentation

sinceit is not considereda part of the frame. The End-of-Framesignalis assertedvith the lastvalid payloadword
beingsent.Applicationsthushave enoughtime to startappendinglatato a frame,if necessary

After the EOF signal,two morewordsaresent,while DataEnablés still '1’. These8 octetsrepresenthe AALS
trailer, but the interpretationis different. The first word containsthe length andthe option field. While the option
field is simply copiedto the new frame,thelengthfield is not taken literally. The actuallengthof the framecanbe
determinedrom the threesignalsSOF, EOF andDataEn.Sincethe FPX uses32 bits datawidth internally; it is only
accurateo 4 octets,though. Thusthe lower two bits of the lengthfield areusedto determinethe valid octetswithin
one32 bit word. Thesetwo bits mustbe setby the applicationif the framelengthchange$y a numberof octetsnot
divisible by 4. Thehigh-ordemits of thisfield arechangedy theframeprocessoaccordingo theactuallengthof the
frame. The secondword is usedto handledataintegrity, i.e., the CRC-32. The frame processohandlegshe CRC-32
of AAL5 framesfor the application. This happensight after cells enterthe wrapperandjust beforethey leave. The
applicationseesanall-zeroword if theframeis correct,otherwisethe CRCfield is replacedwith anon-zerovalue. It
is essentiathatapplicationscopy andforwardthetwo additionalwords.

Theframeprocessomaintainsasimplestatemachineto trackframeboundariegndto generatehe Start-of-Frame
andEnd-of-Framemarkers.Recallthatonly onebit is usedto markthelastcell of aframe. At first glance jt mayseem
simpleto generatédData-Enable- it would just asserthe signalduringthelast12 wordsof eachcell, i.e., 48 payload
octets. But if it wasdonethatway, paddingwould also be recognizedasvalid data. Instead,the frame processor
buffersthelastcell of aframeandwaitsfor thelengthfield beforeit forwardsthatcell. In fact,only thelasttwo words
of every cell but thelasthave to bedeferred.

Ontheoutputsideof the processardatais accumulatedh abuffer, until eitherthesizeof onecell hasbeerreached
or the total size of the framehasbeendetermined.The cells arethensentout. Sincethe ATM headelis only given
oncetogethemwith the SOFsignal,it is copiedandprependedo all generatedells,while the userbit of the PTI field
is setappropriatelyto indicatethelastcell.

10



{applicationfiles} application

framenrappervhdl, moduleframetest.vhdl| connectsapplicationwith wrappers

cellproc.vhdl frameproc.vhdl structural/behaoral descriptionof cell andframeprocessorg
or

library from CVS

Table4: Filesto simulateframebasedapplication
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Figure10: Simulationresultsfor framebasedapplication

3.3.3 CRC handling

AAL5 framesaresecuredvith a CRC-32sentwith thelastcell. The CRC protectghe payloaddatafrom transmission
errorsandalsodetectsdroppedcells.

Recallthatthereis no sequenceaumberfor cellsin AAL5. Usuallythe dataintegrity is checled beforeanything
is passedo applicationsln casethecheckgivesanegative result,theframeis beingdropped.This approactrequires
buffering of thewholeframe,beforethe CRCcanbechecled. Thatresultsin alongdelaybeforedatacanbeforwarded
to theapplication.For outboundcells datacanbe forwardedimmediately sincethe (new) CRCis simply appendedo
theframe.

The FrameProcessaeplaceghe CRCfield with anindication,to whetherthe pacletis erroneousFor outbound
datatheframeprocessocomputesanev CRCfor the(possibly)new payload.Undernormalcircumstancesgutgoing
frameswill have a correctCRC. For erroneoudramesthe indicationwill flip somebits of the computedCRC and
thusinvalidatethe frame. Thus,thereceving nodecanstill detecterrorsandignorethe frame.With this approactthe
wrappercanspeedip frameprocessing@ndsare buffer resource#n thenormalcaseswhile still detectintransmission
errors.

3.3.4 Example Application

AppendixA.2 lists VHDL sourcecodehow to usethe framewrappertogetherwith an application. In the simplest
casean applicationlike the examplein A.1 couldbe used,but ary applicationwith the sameinterfacewill do. Note
thatyou have to usea configurationthatrefersto the framewrapperconfigurationasin the examplecodeif you use
thewrapperlibrary from CVS. This is necessaryo simulatecoregencomponentgorrectly If you usethe structural
descriptionthe configurationis not needed.

For simulationthefiles showvn in Table4 areneededFigure10 shavs simulationresultsfor atwo-cell framesend
to anapplicationandshavstheapplicationlevel signalsfor thisframe.For synthesighefilesfrom Table5 areneeded.

3.4 The FPX IP Processor

The IP processomas developedto supportinternetProtocolbasedapplications. It inheritsthe signallinginterface
from theframeprocessoandaddsa Start-of-Rayload(SOP)signal,to indicatethe payloadafterthe IP headerwhich
canbeof variablelength. This wrappersenesthreeprimaryfunctions:

11



{applicationfiles} application

framenrappervhdl connectghe cell processowith theframeprocessor|
moduleframetest.vhdl connectsapplicationwith framewrapper
loopbackmodule.vhd loopbackmodulefor unusedpath

rad frametestcore.vhd instantiatesnoduleson RAD

rad frametest.vhd top level designwith extra buffers
cellproc.ednframeproc.edn synthesizedell andframeprocessors
fifo_127x32.ednfifo _15x32.ednfifo_127x32c.edn| corggencomponents

Table5: Filesto synthesizeandplace& routeframebasedapplication

31 16 15 14 0

Updates Update Word ‘ 0 ‘ Offset
End of Updates Flag Low order address bit
0 low order word
1 hi order word
31 16 15 14 13 12 2 10
ofeef
AALS Trailer AALS Option /
% _
Error Code Low order Length Bits

00 Packet OK
11 Error! Drop Packet
01, 10 reserved

End of Updates Flag

Figurell: IP updateprotocol

1. It checkgthelP headeiintegrity, to verify the correctnessf theheaderchecksumCorruptpacletsaredropped.

2. It decrementshe Time To Live (TTL) field. As of RFC 1812[14] all IP processingentitiesare requiredto
decrementhis field. Oncethis field reachesero, the paclet shouldnot be forwardedarny more. This is to
preventpacletsfrom loopingaroundin networksdueto mis-configuredouters.

3. It recomputeshelengthandthe headerchecksunon outgoinglP paclets.

An IP headewusuallyhasthe lengthof 20 bytes,or 5 words? The whole heademustbe processedy a checksum
circuit beforeary decisionaboutits integrity canbe made.ThelP Processocomputesandthencompareghe header
checksum©Onafailure,thelP-pacletis droppedby not propagatingry signalto theapplication.If the Time-To-Live
field of anincomingpacletis alreadyzero,the pacletis alsodroppedandan ICMP pacletis sentinstead.Otherwise
the TTL field is decrementetdy one. On outgoinglP pacletsthelengthfield in the headeandthe headerchecksum
aresetaccordingly Thereforea whole paclet hasto be buffered,beforeit canbe sentout.

To save and shareresourcewith otherwrappersthe IP wrapperunderstands protocolto updatethe contents
of bytessentearlierin the paclet. The IP processorcanapply changeso the paclet payloadfor fields, suchasin
headersthatweresentwhenthepacletoriginally streamedhroughthe hardware.Updatecommandsreoptionaland
areinsertedbetweerthe last payloadword (EOF signalassertedhi) andthe AALS5 trailer. An unusedbit (15) in the
AALS5 lengthfield is usedto indicateupdatewordsor the startof the trailer. The lengthfield is alsousedto hold an
errorcode,sothat pacletscanbe droppedbeforethey aresentout. Updatewordscontaina 16 bit updatefield anda
15 bit updateoffsetaddress.The 16 bit word at the offsetaddressn the buffer is replacedby the updatefield. The
formatof thesefield is illustratedin figure 11.

1This appliesto the vastmajority of IP pacletsthatdo notcontainary IP options.
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{applicationfiles} application
framenrappervhdl,ipwrappervhdl connectapplicationwith wrappers
moduleiptest.vhdl
cellproc.vhdl frameproc.vhdlijpproc.vhdl | structural/beh@oral descriptionof cell, frameandIP processorg
or

library from CVS

Table6: Filesto simulatelP basedapplication

m| 0
iptestmodule:d_mod 040103497 0 00000 /45000024 JADEFOOON f040 080 ¥l U
=

B1 nsto 182 ns

Figure12: Simulationinputfor IP processor

3.4.1 Example Application

AppendixA.3 lists VHDL sourcecodehow to usetheIP wrappertogethemwith anapplication.In thesimplestcasean
applicationlik e the examplein A.1 couldbe used,but ary applicationwith the sameinterfacewill do. Notethatyou
have to usea configurationthat refersto the IP wrapperconfigurationasin the examplecodeif you usethe wrapper
library from CVS. This is necessaryo simulatecoregencomponentgorrectly If you usethe structuraldescription,
theconfigurationis not needed.

For simulationthefiles showvn in Table6 areneededFigure12 shavs anlP ping packetin anATM cell sentto the
IP application.Figure 13 shawvs the samepaclet leaving the application. The TTL field hasbeendecrementedfrom
4 to 3) andtheheaderchecksunhasbeenupdated For synthesighefiles from Table7 areneeded.

3.5 The FPX UDP Processor

The UDP processoiis a wrapperto supportuserdatagramsover IP. This wrappercomputesand replaceshe UDP
checksumandthe lengthfield in the headerfor outgoingdatagrams.Incoming datagramsare also checled for the
checksumbut theresultis only availableafterthe whole packet haspassedhroughthe wrapper The UDP processor
usessimilar signalsasthe IP processar It replaceghe SOPsignalwith the Start-of-DatagranfSOD) signal. Ap-
plicationscansimply procesdatagramsr even generatenen oneswithout the needto interpretor generatd JDP

835 ns to 966 ns

Figure13: Simulationresultsfrom IP processor
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{applicatiorfiles} application
framenrappervhdl,ipwrappervhdl connectapplicationwith wrappers
moduleiptest.vhdl

loopbackmodule.vhd loopbackmodulefor unusedbath

rad frametestcore.vhd instantiatesnoduleson RAD

rad frametest.vhd top level designwith extra buffers
cellproc.ednframeproc.ednipproc.edn synthesizedell, frameandIP processors
fifo_127x32.ednfifo_15x32.ednfifo_127x32c.edn| coregencomponents
fifo31x32.ednyam512x16.edn

Table7: Filesto synthesizeandplace& routelP basedapplication

{applicatiorfiles} application
framenrappervhdl,ipwrappervhdl connectapplicationwith wrappers
udpwrappewrhdl, moduleiptest.vhdl
cellproc.vhdl frameproc.vhdlipproc.vhdl,udpproc.vhdl| structural/behaoral descriptionof cell, frameandIP processors
or

library from CVS

Table8: Filesto simulateUDP basedapplication

headers.

To determinethe correctchecksunfor outgoingdatagramsthe whole pacletis buffered. Sincethe IP processor
alreadybuffersa full IP paclet, it would have beena wasteof on-chipresourceso implementan additionalbufffer
justfor the UDP wrapper Instead the UDP processoimformsthelP processoaboutnecessarypdatesn the paclet
andleavesthebuffering to thatwrapper

3.5.1 Example Application

AppendixA.4 lists VHDL sourcecodehow to usethe UDP wrappertogetherwith an application. In the simplest
casean applicationlike the examplein A.1 couldbeused,but any applicationwith the sameinterfacewill do. Note
thatyou have to usea configurationthat refersto the UDP wrapperconfigurationasin the examplecodeif you use
thewrapperlibrary from CVS. Thisis necessaryo simulatecoregencomponentgorrectly If you usethe structural
descriptionthe configurationis not needed.

For simulationthe files shavn in Table 8 are needed.Figure 14 shavs a UDP packet coming out of the UDP
processomndgoing into the IP processar The updatefields for UDP lengthand checksumafter the end-of-frame
signal canbe seen. Figure 15 shows the paclket coming out of the completemodule, shaving the two field being
replaced For synthesighefiles from Table9 areneeded.

{applicatiorfiles} application
framenrappervhdl,ipwrappervhdl connectapplicationwith wrappers
udpwrappewrhdl, moduleiptest.vhdl

loopbackmodule.vhd loopbackmodulefor unusecdpath

rad frametestcore.vhd instantiatesnoduleson RAD

rad frametest.vhd top level designwith extra buffers
cellproc.ednframeproc.ednipproc.ednudpproc.edn synthesizeaell, frameandIP processorg
fifo_127x32.ednfifo_15x32.ednfifo_127x32c.edn | corggencomponents
fifo31x32.ednram512x16.edrfjfo15x35.edn

Table9: Filesto synthesizeandplace& routeframebasedapplication

14



SZE0NO0E |00

Figure14: Simulationinput comingfrom a UDP basedapplication

S wave - default - [

File Edit

d

i 0
0020F 32E

1110 hs

Figure15: Simulationresultsfor a UDP basedapplication
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Wrapper/Module Space Speed| Delay(s)| Delay(l) | Throughput(s)| Throughput(l)
LUTs | rel | (MHz) | in | out | in | out rel. | max rel. | max
Cell Processor 781 | 3% 125| 4 6| 4 6 | 100% 35| 100%| 35
FrameProcessor| 1251 | 5% 116 | 21| 22| 10| 31| 84% 27| 93% 3.0
IP Processor 1009 | 4% 109 | 36| 39| 24| 197 | 84% 26| 93% 2.9
UDP Processor 550 | 2% 114 | 39| 44| 27| 202 | 84% 26| 93% 2.9

Table10: Implementatiorresultsof thewrappers

4 Implementation Results

Our framework is designedor the FPX. The systemclock on the FPX is 100 MHz andthe FPGA usedis a Xilinx

Virtex 1000E-7. Table 10 summarizeghe size (in lookup tablesandrelative to RAD chip-size)andthe maximum
speedf ourcomponentslt alsogivessomeinformationaboutthe delaysof datapassedhroughthewrappersandthe
throughputwhich canbe achieed. Theseresultshave beenmeasuredy sendingUDP pacletsof onecell-size(s)
andwith 512 bytesof payload(l). Delaysaresplit up into delaysbefore(in) andafter (out) anembeddedpplication.

5 IP TestbenchTool

To simplify simulationandtestingof new hardwareapplicationsa setof tools hasbeendevelopedto help developers
creatingtestdata.Thetoolkit is calledthe“IP testbench”pecausés wasoriginally meantto helpin developingan|P
applicationbut it is easilyextendibleandsupportsalreadymoreprotocols.

Thetools parsefiles thatarein a simpleformatandcontaindescriptionsof ATM cells,AAL5 frames,IP paclets
or UDP datagramsi,e. dataon differentprotocollevels. This datacanbe corvertedin any of the otherprotocols.For
example,adevelopercanspecifythathewantsan|P pacletandthetoolscomputethe P headerthe AALS frameand
segmentthatinto multiple ATM cells. Thetools save this informationin eitherits own file format, a simulationfile
for Modelsimor a datafile, which canbereadfrom a VHDL testbench.

The tools canalsoreadthe resultsfrom a simulation,which have beenwritten by a VHDL component.This is
usefulto verify thatanapplicationproducesorrectresults.

5.1 Installation

Thetoolscanbe dawnloadedrom thelP Testbenclweb-pagd15]. They arealsoin the FPX CVS repositoryandcan
be checledout from within the ARL network with thecommand

> cvs -d /project/arl/fpx/cvsroot co iptestbench

Thetoolscanbe compiledby typing “make” onthe commandine prompt.

5.2 Program descriptions

The IP testbenctcontainssereral programso corvert datafrom andto severalfile formats. Most of the tools work
on the TBP-format(Test-Bench-Bttern),which will be explainedin section5.3. The programsip2raw, ip2sim and
ip2fake arethemostoftenusedtools. They readafile in TBP-formatandconvertall higherlevel protocolsto raw-data,
whichis simply thedatathatis sentto an FPX applicationandconsistsof 14 32-bitwords:

¢ thefirst word containsthe ATM header

e thesecondwvord containghe HeaderError Control (HEC) in the highestbyte.

e thelast12wordscontainthe ATM payload(48 bytes).
Thethreeprogramdiffer only in the outputfile’s format:

e ip2raw writesan TBP-formattedbutputfile.
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e ip2simwritesamacrofile thatcanbeincludedandexecutedrom Modelsim’s vsim.
e ip2fake writesa dataformatthatcanbereadfrom thefake NID componentnsidea VHDL testbench.

Thefake2raw programis theonly programwhich readsa differentfile formatthanTBP. It readshe outputfrom a
VHDL componeninsideatestbenctandcornvertsthatformatto TBP, sothatit canbeprocesseérom otheriptestbench
programs.

The tool raw2ip readsa file in TBP format and corvertsall lower level protocols(usually raw) to the highest
possibleprotocollevel (IP or UDP). It is usuallyusedin combinationwith fake2raw.

The iptb programis the mostgenerictool andis capableof corvertingall protocollevelsin ary otherandalso
writesresultsin everyfile format. It takesatleastoneargumentwhichis astringthatdescribesvhatcorversionshould
beperformed.Thecharacters’ and’'+' in thecornversionstringspecify in whatdirectionthetoolsshouldcorvertthe
data.The’-" flagwill corvertdatato lower level protocols,while the'+' flag regeneratesigherlevel protocoldata,
respectiely. An overview is printedwhentheargument'- -help” is given:

> ipth --help
usage: iptb [infile [outfile]] convertstring
convertstring uses the follow ng characters
- down-convert node
+ up-convert node
speci al options node
convert-node characters:
a ATMcells

f AAL5 franes

¢ control cells
4 |Pv4

6 |Pv6

i

4 and 6 conbi ned
A all options in reasonabl e order
speci al - nrode characters:
r raw out put
s nodel si m.do output
f fake-nmodule file output
exanpl es:
iptb i.tbp o.tbp -A convert to raw cells
iptb i.tbp o.tbp -A's same, but output for vsim
ipth i.tbp o.tbp +af regenerate aal 5 franes

TheIP testbenchoolsarewrittenin C. A descriptionof theinternaldatastructuresandfunctionscanbefoundin
AppendixC. Sonew functionality canbeaddedo cover moresimulationscenarios.

5.3 The TBP file format

A TBP (TestBench-Bttern)file containsblocksof userdata.Eachblock belongsto a certainprotocolandcandefine
additionalattributes.Thefile formatis line-oriented Every line canbe eitheremptyor describeoneof thefollowing:

e Commentsareignoredby the parserandstartwith a’#' onthefirst column.

¢ Block delimitersdefineanew datablock andstartwith a’!’, followedby akeyword describinghe protocoland
optionalarguments.

e Userdatais givenin 32 bit wordsperline andis written in hexadecimalalues.

If theblocklengthdoesnt matchtherequiredliengthof a certainprotocol,zerowordsareappendear the datais trun-
cated.For example,thefollowing file describesan ATM cell on VCI 20, which containsthe wordsOXAAAAAAAA
and0xBBBBBBBB followedby 10 zeros.
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# exanple for an ATM cel |
I CELL 20
aaaaaaaa
bbbbbbbb

A descriptionof all definedblock typesis givenbelaw, includinga descriptionof the optionalarguments.

PAD is usedto insertbreaksbetweenblocksfor simulation. The agumentspecifiesthe numberof clock cyclesto
wait, i.e. multiplesof 10ns.

RAW is usedto senta raw block of datato anapplication. The simulatorwill give an SOCsignalfollowed by the
RAW datablock. Thefirst word usuallydefineshe ATM headerthesecondcontainghe HeaderError Control (HEC)
in the highestbyte. RAW hasno additionalarguments.

CELL definesanATM cell. Thedatablockwill beusedasthe CELL payload.lt is expandedr truncatedo 12 words,
if the datablock hasa differentlength. This block type acceptdwo arguments.Thefirst definesthe VCI, the second
is a flag whetherthe PTI field shouldbe set(endof AAL5-frame marker). CELL blocksarecorvertedto RAW by
precedingan ATM heademandaHEC.

CTRLCELL definesacontrolcell asit is usedto configureFPX modules.lt acceptghreeargumentstheopcodethe
modulelD andthecontrolcell VCI. CTRLCELL blocksarecorvertedto CELL by generatinghe controlcell headey
asequencaumberandthe CRC.

FRAME definesanAALS5 frame.TheVCI canbegivenasanargument.FRAME blocksarecornvertedto (multiple)
cellsby generatinga AAL5-PDU, appendingadding thelengthfield anthe CRC.

IPv4 is usedto specify IP version4 paclets. It acceptsup to four arguments:the destinationlP addresgin dotted
guadnotation),the protocolnumberthe TTL valueandtheVCI. IPv4 paclketsarecornvertedto FRAME by preceding
thelP version4 headerincludingthelengthfield andthe checksum.

UDP is usedto sentUDP datagramsThedestinationP addresandthe destinatiorandsourceport canbe specified
asargumentsUDPis corvertedto IPv4 with the protocolnumber7 by precedinga UDP headerincludinglengthfield
anchecksumto the payload.

6 Conclusions

We have presentedh framework for IP paclket processingpplicationsin hardware. Although our currentimplemen-
tationwascreatedor usein the Field Programmablé®ort Extendeythe framework is very generalandcaneasilybe
adaptedo otherplatforms.A library of LayeredProtocolwrappershasbeenimplemented Eachhandlesa particular
protocollevel. By usingan entity that surroundsan applicationmodule (a U-shapewrapper),the relatedlogic to
corvertto andfrom a protocolarelinked, increasingthe flexibility andreducingthe numberof cross-dependencies.
The commoninterfacebetweerlayersalsolowersthelearningcurve.

Theframework is usefulfor developersof networking hardwarecomponentsApplicationsthemselesdon't have
to take careaboutnetwork protocolissues. The completelP processingramevork only utilizes 14% of the RAD
FPGAonthe FPX, leaving sufiicient spaceto implementuserdefinedlogic.
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Appendix A Example Applications

This sectionlists VHDL codeof exampleapplications.

A.1 Cell ProcessorApplication

Thefollowing VHDL listingsdescribeanexampleapplicationthatusesthe cell processofrom thewrapperlibrary.

cptestapp.vhdl

This file containsa simple testapplication. It just copiesthe input signalsto the outputsignals. This file canbe
replacedoy any otherapplicationthatfollows the FPX moduleinterfacespecification.

-- $ld: cptestapp.vhdl,v 1.2 2001/07/26 02:27:41 florian Exp $

-- Cell ProcTest
-- test application for the Cell Processor. This nodul e just connects the
-- input with the output interface to pass data through.

-- Author: Florian Braun
-- (c) 2001 Washington University, Applied Research Lab

library | EEE;

use | EEE. std_l ogic_1164.all;
use |EEE. std_logic_arith.all;
library fpxlib;

entity CPTestApp is

port (
CLK : in std_logic; -- clock
Reset _| : in std_logic; -- synchronous reset, active |ow
Enabl e_| : in std_logic; -- reprogranm ng handshake
Ready_| : out std_logic; -- reprogranm ng handshake
SOC_ MDD IN : in std_logic; -- start of cell
D MD IN : in std_logic_vector (31 downto 0); -- data
TCA MOD IN : out std_logic; -- congestion control
SOC_QUT_MOD : out std_I ogic; -- start of cell
DQOQUT_MOD : out std_logic_vector (31 downto 0); -- data
TCA QUT_MOD : in std_logic); -- congestion control

end CPTest App;
architecture struc of CPTestApp is

begin -- struc

-- purpose: buffer and copy data on cl ock edge

-- type : sequenti al
-- inputs : CLK, Reset_|
-- outputs:
data_copy_proc: process (CLK)
begin -- process data_copy_proc
if CLK event and CLK = '1" then -- rising clock edge

SOC_OUT_MOD <= SOC_MOD_I N;
D OUT_MOD <= D MD_I N;
TCA MDD I N <= TCA_OUT_MOD;
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Ready_| <= not Enable_l;
end if;
end process data_copy_proc;

end struc;

module_cptest.vhdl

This file interconnectghe applicationwith the cell processar It canbe usedasa templatefor otherapplicationsas
well.

-- $ld: nodul e_cptest.vhdl,v 1.2 2001/07/26 02:27:54 florian Exp $

-- Cell ProcTest
-- test application for the Cell Processor. This nodul e connects the
-- application with the cell processor.

-- Author: Florian Braun
-- (c) 2001 Washington University, Applied Research Lab

library | EEE;

use | EEE. std_l ogic_1164. all;
use |EEE. std_logic_arith.all;
library fpxlib;

entity CPTestMdule is

port (
CLK : in std_logic; -- clock
Reset _| : in std_logic; -- synchronous reset, active |ow
Enabl e_| : in std_logic; -- reprogranm ng handshake
Ready_| . out std_logic; -- reprogranm ng handshake
SOC MDD IN : in std_logic; -- start of cell
D MD IN : in std_logic_vector (31 downto 0); -- data
TCA MOD IN : out std_logic; -- congestion control
SOC_QUT_MOD : out std_I ogic; -- start of cell
DQOQUT_MOD : out std_logic_vector (31 downto 0); -- data
TCA QUT_MOD : in std_logic); -- congestion control

end CPTest Modul €;

architecture struc of CPTestMdule is

-- cell proc

conponent Cel |l Proc

port (
CLK :in std_logic;
Reset _| :in std_logic;
Enabl e_| :in std_logic;
Ready_| : out std_logic;
SOC_ MDD IN : in std_logic;
D MD IN :in std_logic_vector (31 downto 0);
TCA MOD I N : out std_logic;
SOC_QUT_APPL : out std_logic;
D OUT_APPL : out std_logic_vector (31 downto 0);
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TCA OQUT_APPL : in std_logic;
SOC APPL_IN : in std_logic;
D APPL_IN in std_logic_vector (31 downto 0);
TCA APPL_I N out std_l ogic;
SOC_QUT_MOD out std_l ogic;
D_OUT_MOD out std_l ogic_vector (31 downto 0);
TCA OUT_MOD in std_logic);
end conponent;
-- test application
component CPTest App
port (
CLK in std_logic;
Reset | in std_logic;
Enabl e_| in std_logic;
Ready_| out std_l ogic;
SOC MOD IN in std_logic;
D MDD IN in std_logic_vector (31 downto 0);
TCA MOD IN out std_l ogic;
SOC QUT_MOD : out std_I ogic;
D OQUT_MID : out std_logic_vector (31 downto 0);
TCA QUT_MOD : in std_logic);
end conponent;
-- input signals
signal soc_in std_l ogi c; -- start of cell
signal data_in std_l ogi c_vector (31 downto 0);-- data
signal tca_in std_l ogi c; -- tca
-- output signals
signal soc_out std_| ogi c; -- start of cell
signal data_out std_l ogi c_vector (31 downto 0);-- data
signal tca_out std_l ogi c; -- tca
-- ready signals
signal Ready_cp : std_|l ogic;
signal Ready_test std_l ogi c;
begin -- struc
-- instantiate cell proc
cp: Cell Proc
port map (
CLK => CLK,
Reset | => Reset |,
Enabl e_| => Enabl e_I,
Ready_| => Ready_cp,
SOC_MOD IN => SOC_MOD I N,
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D MOD I N => D MD_IN,
TCA MDD IN => TCA MD IN,

SOC QUT_APPL => soc_in,
D OUT_APPL => data_in,
TCA OUT_APPL => tca_in,

SOC_ APPL_IN => soc_out,
D APPL_IN => dat a_out,
TCA APPL IN => tca_out,

SOC_QUT_MOD  => SOC_CQUT_MOD,

D OJT_ MDD  => D _OUT_MD,
TCA OUT_MOD => TCA_OUT_MD);

test: CPTest App

port map (
CLK => CLK,
Reset | => Reset |,
Enabl e_| => Enabl e_I,
Ready_| => Ready_test,
SOC MDD IN => soc_in,
D MOD IN => data_in,

TCA MOD IN => tca_in,
SOC QUT_MOD => soc_out,
D QUT_MOD => data_out,
TCA OUT_MOD => tca_out);

Ready | <= not (Ready_cp and Ready_test);
end struc;

configuration cptest_conf of CPTestMddule is

for struc
for all : CellProc
use configuration fpxlib.cellproc_conf;
end for;
end for;

end cptest_conf;

loopback.module.vhdl

This modulejust connectghe input signalswith the outputsignalsandis usedto passdatathroughthe unusedpath
ontheRAD.

-- Applied Research Laboratory
-- Washington University in St. Louis

-- File: | oopback_nodul e. vhd
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-- Entity declaration for RAD nodul e

-- Created by: David E. Taylor (det3@rl.wistl.edu)
-- Created on: August, 16 2000

-- Last nodified: August 18, 2000 @ 11:20 am

-- | MPORTANT: Refer to RAD Mddule Interface Specification

-- for explanations and timng specifications for all interface
-- signals.

library | EEE;

use | EEE. STD _LOd C_1164. al | ;

ENTI TY | oopback_modul e 1S

PORT (
-- Cock & Reset
cl k :in STD LOA G -- 100MHz gl obal cl ock
reset | : in STD LOG G, -- Synchronous reset, asserted-I|ow
-- Cell Input Interface
soc_nod_in :in STD LQGA G -- Start of cell
d_nod_in :in STD LOG C VECTOR(31 downto 0); -- 32-bit data
tca_nod_ in : out STD LQG G, -- Transmit cell available

-- Cell Qutput Interface

soc_out _nod : out STD LQQ G -- Start of cell

d_out _nod . out STD LOQA C_VECTOR(31 downto 0); -- 32-bit data

tca_out _nod . in STD_LQGA G -- Transmit cell available
test data : out STD LOGE C VECTOR(31 downto 0) -- 32-bit data

)

end | oopback_nodul €;

architecture behavioral of |oopback _nodule is

signal soc : std_logic; -- Start of Cell
signal data : std_logic_vector(31 dowto 0); -- 32-bit words of ATM cell
signal tca : std_logic; -- Transmit Cell Available

begin -- behavioral

-- Pass cells through. On reconfig, hold TCA | ow.

CELL_I O FF : process (clk)

begin -- process CELL_FF
if (clk="1" and clk’event) then
if reset |="0" then
soc <= '0";

soc_out_nod <= '0;
data <= (others=>'0") ;
d_out_nod <= (others=>'0") ;
tca <=0 ;
tca_nod in <='0 ;
el se
soc <= soc_nod_in ;
data <= d _nod_in ;
soc_out _nod <= soc ;
d_out_nod <= data ;
tca <= tca_out_nod ;
tca nod in <= tca ;
end if;
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end if;
end process CELL_I O FF;

test data <= data;

end behavioral ;

rad_cptestcore.vhd

Thisfile combinesall modulesonthe RAD. Thetestapplicationsitswithin theingresspath,the egresspathis passed
throughtheloopbackmodule.

-- Applied Research Laboratory
--  Washington University in St. Louis

-- File: rad_l oopback_core.vhd
-- Top level structure for RAD FPGA with ingress/egress | oopback nodul es
-- Created by: John W Lockwood (| ockwood@r! .wistl. edu),
-- David E. Taylor (det3@rl.wstl. edu)
LI BRARY | EEE;
USE | EEE. STD LOd C _1164. ALL;
--library unisim
ENTITY rad_I| oopback_core IS
PORT (

-- O ocks

RAD CLK : IN STD_LOG G

RAD CLKB : IN STD_LOG C;

-- Reset & Reconfig
RAD RESET : IN STD LOG C,
RAD READY : OUT STD LOG G
-- RAD RECONFI G : | NOUT STD _LOG C VECTOR(2 DOMNTO 0);

-- ND Interface

-- Ingress Path

-- Input

SOC_ LCNND : IN STD LOG G

D LCND : IN STD LOG C_VECTOR(31 DOWNTO 0);
TCAFF_LC RAD : QUT STD LOG G

-- Qut put

SOC_LC_ RAD : OUT STD LOG G

D LC RAD : OUT STD_LOG C_VECTOR(31 DOANTO 0);

TCAFF LCNID : IN STD LOG C,

-- Egress Path

-- | nput

SOC_SW N D IN STD_LGOG G

D SWN D IN STD_LOG C VECTOR(31 DOANTO 0);
TCAFF_SWRAD : QUT STD _LOG G;

-- Qut put

SOC_SWRAD : OQUT STD LOG G

D_SW RAD OUT STD _LOd C_VECTOR(31 DOANTO 0);
TCAFF_SWNID : IN STD LOG G

-- note: SRAM and SDRAM i nterface has been renoved for this exanple
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-- Test Connector Pins
RAD TEST1 : | NOUT STD LOG C _VECTOR(15 DOWNTO 0);
RAD TEST2 : | NOUT STD LOG C VECTOR(15 DOANTO 0);

-- Test LED Pins

RAD LED1 : OUT STD LOG C
RAD LED2 : OUT STD LOG C
RAD LED3 : OUT STD LOG C
RAD LED4 : OUT STD LOG C
)

END rad_I| oopback_core;

architecture structure of rad_l oopback _core is
-- Component Decl arations

conponent | oopback_nodul e

port (
clk . in STD_LQGA G
reset | . in STD_LQGA G
soc_nod in : in STD LOAC
d_nod_in : in STD _LOA C_VECTOR(31 downto 0);

tca_nod_in : out STD LCOQ C;
soc_out _nod : out STD LOG C;

d_out _nod . out STD LOA C_VECTOR(31 downto 0);
tca_out_nod : in STD LCA C;

test data : out STD LOGE C VECTOR(31 downto 0)
)

end conponent;

conponent CPTest Modul e

port (
CLK : in std_logic;
Reset _| : in std_logic;
Enabl e_| : in std_logic;
Ready_| : out std_logic;
SOC_ MDD IN : in std_logic;
D MDD IN . in std_logic_vector (31 downto 0);
TCA MOD IN : out std_logic;
SOC_QUT_MOD : out std_l ogic;
D QUT_MOD : out std_logic_vector (31 downto 0);

TCA QUT_MOD : in std_logic);
end conponent;

conponent bl i nk

port (
cl k1 . IN STD LCGAE G
cl k2 . IN STD LCGAE G
reset | : IN STD LOGE G
| edl . QUT STD LGA G
| ed2 : QUT STD _LOG Q) ;

end conponent;
-- Signal Declarations

signal ingress_test, egress_test : std_logic_vector(31 downto 0); -- test pin data
signal 1ogicO, logicl : std_logic; -- Vss and Vvdd
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begin -- structural
rad_ready <= NOT(rad_reset);
| ogi cO <='0";
| ogicl <='1";

-- rad_reconfig(2) <= NOT(rad_reset);

-- Test Pin Flops
TEST_PIN_FF : process (RAD_CLK)
begin -- process TEST_PI N _FF
if RAD CLK event and RAD CLK = '1' then -- rising clock edge
rad_test2 <= egress_test(31 downto 16);
rad_testl <= egress_test (15 downto 0);

rad_| ed3 <= rad_reset;
rad_|l ed4 <= not rad_reset;
end if;
end process TEST_PI N _FF;

I NGRESS : CPTest Modul e

port map (
cl k => RAD_CLK,
reset | => rad_reset,
enabl e_| => | ogi cO,
ready_| => open,
soc_nod in => soc_lc_nid,
d_nod_in => d_l c_nid,

tca_nod_in => tcaff_lc_rad,
soc_out _nmod => soc_lc_rad,

d_out _nod => d_l c_rad,
tca_out_nod => tcaff_lc_nid);
-- test_data => ingress_test);

EGRESS : | oopback_nodul e

port map (
cl k => RAD_CLKB,
reset | => rad_reset,
soc_nod in => soc_sw nid,
d_nod_in => d_sw_ni d,

tca_nmod in => tcaff _swrad,
soc_out _nmpd => soc_sw rad,

d_out _nod => d_sw_rad,
tca_out_nod => tcaff _sw nid,
test_data => egress_test);

BLI NK1 : blink

port map (
cl k1 => RAD_CLK,
cl k2 => RAD_CLKB,
reset | => rad_reset,
| edl => rad_| edl,
| ed2 => rad_| ed2);

end structure;

26



rad_cptest.vhd

Thisfile is thetop level designfile andaddsbuffersto the cptestcore.

-- Applied Research Laboratory
-- Washington University in St. Louis

-- File: rad_l oopback.vhd

-- Top level structure for RAD FPGA with ingress/egress | oopback nodul es
-- Created by: John W Lockwood (| ockwood@r! .wistl . edu),

-- David E. Taylor (det3@rl.wstl. edu)

LI BRARY | EEE;
USE | EEE. STD_LOG C _1164. ALL;
-- synthesis translate_off
LI BRARY uni sim
-- synthesis translate_on
ENTITY rad_| oopback IS
PORT (

-- Cocks

RAD CLK : IN STD LOG C;

RAD CLKB : IN STD LOG C;

-- Reset & Reconfig

RAD_RESET : IN STD LOG G

RAD_READY : QUT STD _LOG C;

RAD_RECONFI G : | NOUT STD LOG C VECTOR(2 DOWNTO 0);

-- NND Interface

-- Ingress Path

-- | nput

SOC LCNND : IN STD LOG G

D LCND : IN STD LOG C_VECTOR(31 DOWNTO 0);
TCAFF_LC RAD : QUT STD _LOG G

-- Qut put

SOC_LC_ RAD : OQUT STD LGG G

D LC RAD : OUT STD_LOG C_VECTOR(31 DOWNTO 0);

TCAFF_ LCNID : IN STD LOG C,

-- Egress Path

-- Input

SOC_SWND : IN STD LGOS G

D SWN D : IN STD LOG C_VECTOR(31 DOWNTO 0);
TCAFF_SWRAD : QUT STD LOG G

-- Qut put

SOC_SWRAD : OUT STD LGG G

D_SW RAD : OUT STD_LOG C_VECTOR(31 DOANTO 0);

TCAFF_ SWNID : IN STD LOG C,

-- Test Connector Pins
RAD TEST1 : | NOUT STD LOG C VECTOR(15 DOWNTO 0);
RAD TEST2 : | NOUT STD LOG C VECTOR(15 DOANTO 0);
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-- Test LED Pins

RAD LED1 : QUT STD LG4 G,
RAD LED2 : QUT STD LG4 C;
RAD LED3 : QUT STD LG4 G,
RAD LED4 : QUT STD LOG C
)

END r ad_| oopback;

architecture structure of rad_|l oopback is

-- Conponent Decl arations
COVPONENT | OBUF_F_12
port (

O : out std_ul ogi c;
I in std_ul ogi c;
IO : inout std_logic;
T :in std_l ogic
)

-- synthesis translate_off

I OBUF_F_12 use entity unisim|OBUF_F_12(1 OBUF_F_12_V);
BUFGDLL use entity unisimbufgdl | (BUFGDLL_V);
-- synthesis translate_on

end COVPONENT;

COVPONENT BUFGDLL
port ( O:
I :in
)
end COVPONENT;

for all
for all

conponent
port (

RAD_CLK
RAD_CLKB
RAD RESET
RAD_READY
SOC LC NID
DLCND
TCAFF_LC RAD :
SOC LC RAD :
D LC RAD :
TCAFF_LC NI D :
SOC SWN D :
D SWN D :
TCAFF_SW RAD :
SOC _SW RAD :
D SW RAD :
TCAFF_SW NI D :
RAD TEST1
RAD TEST2
RAD_LED1
RAD LED2
RAD LED3
RAD_LED4

end conponent;

Z2zZ2Z2

e

€668z=z=2888=2¢

EEEE

out std_ul ogic;
std_ul ogi c

rad_| oopback_core

STD_LOG C;

STD_LOG C;

STD_LOG C,

STD_LOG C;

STD_LOG C;

STD_LOG C_VECTOR( 31
STD_LOG C;

STD_LOG C,

STD_LOG C_VECTOR( 31
STD_LOG C;

STD_LOG C,

STD_LOG C_VECTOR( 31
STD_LOG C;

STD_LOG C,

STD_LOG C_VECTOR( 31
STD_LOG C;

STD_LOG C_VECTOR( 15
STD_LOG C_VECTOR( 15
STD_LOG C;

STD_LOG C,

STD_LOG C,

STD_LOGI O) ;
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-- Signal Declarations

signal rad_clk_dll : std_logic; -- DLL clock output
signal rad_clkb_dlI : std_logic; -- DLL clock output
signal RAD RESET i : STD_LQOA G

signal RAD_READY_i : STD LOd G

signal SOC LC NI D_i : STD_LQA G

signal D LC ND.i : STD_LOG C_VECTOR(31 DOMTO 0);
signal TCAFF_LC RAD i : STD LOd G

signal SOC LC RAD i : STD_LQA G

signal D LC RAD i : STD_LOG C_VECTOR(31 DOMTO 0);
signal TCAFF_LC NI D i : STD LOd G

signal SOC SW NI D_i : STD_LQG G

signal D SWN D_i : STD_LOG C_VECTOR(31 DOMTO 0);
signal TCAFF_SW RAD i : STD LOd G

signal SOC_SW RAD i : STD_LQA G

signal D SWRAD i : STD_LOG C_VECTOR(31 DOMTO 0);
signal TCAFF_SWNID i : STD LOG G

signal RAD TEST1_i : STD_LOG C_VECTOR(15 DOMTO 0);
signal RAD TEST2_i : STD_LOG C_VECTOR(15 DOMTO 0);
signal RAD LED1 i : STD LOd G

signal RAD _LED2 i : STD_LQA G

signal RAD _LED3 i : STD_LQA G

signal RAD LED4 i : STD LOd G

si gnal RAD RESET_pad : STD_LQOA G

si gnal RAD READY_pad : STD LOd G

signal SOC LC NI D_pad : STD_LQA G

signal D LC N D pad : STD_LOG C_VECTOR(31 DOANTO 0);
signal TCAFF_LC RAD pad : STD LOG C

signal SOC _LC RAD pad : STD_LQA G

signal D _LC RAD pad : STD_LOG C_VECTOR(31 DOANTO 0);
signal TCAFF_LC NID pad : STD LOG C

signal SOC_SW NI D_pad : STD_LQOA G

signal D SWN D pad : STD_LOG C_VECTOR(31 DOANTO 0);
signal TCAFF_SWRAD pad : STD LOG C

signal SOC_SW RAD pad : STD_LQA G

signal D_SW RAD pad : STD_LOG C_VECTOR(31 DOANTO 0);
signal TCAFF_SWN D pad : STD LOG C

signal RAD TEST1_pad : STD_LOG C_VECTOR(15 DOANTO 0);
si gnal RAD TEST2_ pad : STD LOG C VECTOR(15 DOMTO 0);
signal RAD LEDl1 pad : STD LOG G

signal RAD LED2 pad : STD_LQA G

signal RAD LED3_pad : STD LOd G

signal RAD LED4 pad : STD LOd G

begin -- structural

rad clk _dll <= rad_clk;
rad_cl kb_dl | <= rad_cl kb;

-- purpose: Double buffer all off-chip signals
1 OB_Flops : process (rad_clk_dll)

begin -- process | OB _Flops
if rad_clk_dll"event and rad_clk _dll ="1" then -- rising clock edge
RAD_RESET_pad <= RAD_RESET;
RAD READY <= RAD_READY_pad;
SOC LC NI D _pad <= SOC LC NI D
D LC N D_pad <= D_LC N D
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TCAFF_LC_RAD <= TCAFF_LC RAD pad;
SOC_LC_RAD <= SOC_LC_RAD_pad;
D_LC RAD <= D_LC RAD pad;
TCAFF_LC NI D pad <= TCAFF_LC NI D
SOC_SWN D pad <= SOC_SW N D;

D_SW N D_pad <= D_SWN D
TCAFF_SW RAD <= TCAFF_SW RAD pad;
SOC_SW RAD <= SOC_SW RAD pad;
D_SW RAD <= D_SW RAD_ pad;
TCAFF_SW NI D pad <= TCAFF_SW NI D;
RAD_TEST1 <= RAD _TEST1_pad;
RAD_TEST2 <= RAD _TEST2_pad;
RAD_LED1 <= RAD_LED1_pad;
RAD_LED2 <= RAD_LED2_pad;
RAD_LED3 <= RAD_LED3_pad;
RAD_LED4 <= RAD_LED4 pad;
RAD_RESET _i <= RAD_RESET_pad;
RAD READY_pad <= RAD READY i ;
SOC_LC NI D i <= SOC_LC_NI D_pad;
D LC NID.i <= D_LC N D_pad;

TCAFF_LC RAD pad <= TCAFF_LC RAD i :
SOC_LC RAD pad <= SOC_LC RAD i ;

D_LC_RAD pad <= D LC RAD i ;
TCAFF_LC NIDi <= TCAFF_LC NI D_pad:
SOC_SW NI D i <= SOC_SW NI D_pad;

D SWN D i <= D_SWNI D pad;

TCAFF_SW RAD pad <= TCAFF_SW RAD i :
SOC_SWRAD pad <= SOC_SWRAD i ;
D_SW RAD pad <= D SWRAD i ;
TCAFF_SWNIDi <= TCAFF_SW N D_pad:
RAD_TEST1_pad <= RAD_TEST1 i;
RAD_TEST2_pad <= RAD_TEST2 i ;

RAD LEDl1 pad <= RAD LED1 i;

RAD LED2_pad <= RAD_LED2_i;

RAD LED3_pad <= RAD _LED3_i;

RAD_LED4_pad <= RAD LED i;
end if;

end process | OB_Fl ops;

rad_| oopback_core_1 : rad_| oopback_core

port map (
RAD CLK => rad_clk dlI,
RAD_CLKB => rad_cl kb_dl I,
RAD RESET => RAD RESET i,
RAD READY => RAD_READY i,
SOC LCNND => SCC LC N DI,
DLC ND => DLCND.I,

TCAFF_LC RAD => TCAFF_LC RAD i,
SOC LC RAD => SOC LC RAD i,
D_LC_RAD => D LC_RAD j,
TCAFF LC NID => TCAFF_LC NID i,
SOC SWNID => SOC SWN D i,
D_SWN D => D SWN D,
TCAFF_SW RAD => TCAFF_SWRAD i,
SOC_ SWRAD => SOC SWRAD i,
D_SW RAD => D SWRAD |,
TCAFF_SW NI D => TCAFF_SWNID i,
RAD_TEST1 => RAD TEST1 i,



RAD TEST2 => RAD TEST2_ i,

RAD_LED1 => RAD_LEDL i,
RAD LED?2 => RAD LED2 i,
RAD LED3 => RAD_LED3 i,
RAD LEDA4 => RAD _LED4 i):

end structure;

A.2 Frame Wrapper Application

This exampleshowns how a network applicationcanusethe framewrapper including the cell andframe processors
from the wrapperlibrary. Most files arethe sameor similar to the above example,so only files relevantto theframe
wrapperarelisted below.

module_frametest.vhdl

This file interconnectghe applicationwith the framewrapper It canbe usedasa templatefor otherapplicationsas
well.

-- $ld: hello_bob.vhdl,v 1.2 2001/02/12 21:14:26 florian Exp $

-- FraneProcTest
-- test application for the Frame Processor. This nmodul e connects the
-- application with the frame w apper..

-- Author: Florian Braun
-- (c) 2001 Washington University, Applied Research Lab

library | EEE;

use | EEE. std_l ogic_1164.all;
use | EEE. std_logic_arith.all;
library fpxlib;

entity FPTestMdule is

port (
CLK : in std_logic; -- clock
Reset _| :in std_logic; -- synchronous reset, active |ow
Enabl e_| : in std_logic; -- reprogranm ng handshake
Ready_| : out std_logic; -- reprogranm ng handshake
SOC_ MDD IN : in std_logic; -- start of cell
D MDD IN :in std_logic_vector (31 downto 0); -- data
TCA MOD IN : out std_logic; -- congestion control
SOC_QUT_MOD : out std_I ogic; -- start of cell
DOQUT_MD : out std_logic_vector (31 dowmnto 0); -- data
TCA QUT_MOD : in std_logic); -- congestion control

end FPTest Modul e;

architecture struc of FPTestMdule is

component FranmeW apper

port (
CLK :in std_logic;
Reset | :in std_logic;
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Enabl e_| :in std_logic;

Ready_| : out std_logic;

SOC_MOD_IN :in std_logic;

D MD IN :in std_logic_vector (31 downto 0);
TCA MOD I N : out std_logic;

D_OUT_APPL : out std_logic_vector (31 downto 0);
Dat aEn_QOUT_APPL : out std_| ogic;

SOF_QOUT_APPL : out std_logic;

EOF_QUT_APPL : out std_logic;

TCA OUT_APPL :in std_logic;

D APPL_IN :in std_logic_vector (31 downto 0);
DataEn_APPL_IN : in std_logic;

SOF_APPL_IN :in std_logic;

EOF_APPL_I N :in std_logic;

TCA _APPL_I N : out std_logic;

SOC_QUT_MOD : out std_logic;

D_OUT_MOD : out std_logic_vector (31 downto 0);
TCA_OUT_MOD :in std_logic);

end conponent;

conponent FrameTest App

port (

CLK : in std_logic;

Reset _| : in std_logic;

Enabl e_| : in std_logic;

Ready_| : out std_logic;

D MOD IN : in std_logic_vector (31 downto 0);

SO MOD IN : in std_logic;

EOF_MXD_I N : in std_logic;

DataEn_MOD IN : in std_logic;

TCA MOD I N : out std_logic;

D_QUT_MOD : out std_logic_vector (31 downto 0);

SOF_OUT_MOD : out std_logic;

EOF_ QUT_MOD : out std_logic;

Dat aEn_OUT_MOD : out std_l ogic;

TCA_OUT_MOD . in std_logic);
end conponent;
-- input signals
signal data_in : std_l ogi c_vector (31 downto 0);-- data
signal sof _in : std_l ogi c; -- start of frame
signal eof _in : std_l ogic; -- end of frane
signal dataen_in : std_|ogic; -- data enable
signal tca_in : std_l ogic; -- tca
-- output signals
signal data_out : std_logic_vector (31 downto 0);-- data
signal sof _out : std_l ogic; -- start of frame
signal eof _out . std_logic; -- end of frane
signal dataen_out : std_logic; -- data enable
signal tca_out : std_l ogic; -- tca
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signal ready_fw: std_| ogic; -- frame w apper ready
signal ready_app : std_logic; -- application ready
begin -- struc

fw FrameW apper

port map (
CLK => CLK,
Reset _| => Reset |,
Enabl e_| => Enabl e |,
Ready_| => Ready_fw,
SOC_MOD_ I N => SOC_MOD_IN,
D MDD IN => D_MOD_IN,
TCA_MOD_IN => TCA_MOD_IN,
D_OUT_APPL => data_in,
Dat aEn_QOUT_APPL => dataen_in,
SOF_QUT_APPL => sof _in,
EOF_QUT_APPL => eof _in,
TCA_OUT_APPL => tca_in,
D APPL_IN => data_out,
Dat aEn_APPL_I N => dataen_out,
SOF_APPL_IN => sof out,
EOF_APPL_I N => eof _out,
TCA_APPL_I N => tca_out,
SOC_QUT_MOD => SOC_OUT_MOD,
D_QUT_MOD => D_OUT_MOD,
TCA_OUT_MID => TCA_OUT_MXD);

app: FranmeTest App

port map (
CLK => CLK,
Reset | => Reset |,
Enabl e_| => Enabl e |,
Ready_| => Ready_app,
D MDD IN => data_in,
SO MOD IN => sof in,
EOF_MXD_I N => eof _in,
DataEn_MOD IN => dataen_in,
TCA MOD I N => tca_in,
D_QUT_MOD => data_out,
SOF_QUT_MOD => sof out,
EOF _QUT_MOD => eof out,
Dat aEn_QOUT_MOD => dat aen_out,
TCA OUT_MOD => tca_out);



-- ready handshake

Ready | <= not (ready_fw and ready_app);

end struc;

-- synthesis translate_off
configuration fwtest_conf of FPTestMddule is

for struc
for all : FranmeW apper
use configuration fpxlib.framew apper_conf;
end for;
end for;

end fwest_conf;
-- synthesis translate_on

A.3 IP Wrapper Application

This exampleshowns how a network applicationcanusethe IP wrapper including the cell, frameand P processors
from the wrapperlibrary. Most files arethe sameor similar to the above examples,so only files relevantto the IP
wrapperarelisted below.

module_iptest.vhd|

Thisfile interconnectshe applicationwith the IP wrapper It canbe usedasatemplatefor otherapplicationsaswell.
-- $ld: hello_bob.vhdl,v 1.2 2001/02/12 21:14:26 florian Exp $

-- | PProcTest
-- test application for the | P Processor. This nodul e connects the
-- application with the | P wapper.

-- Author: Florian Braun
-- (c) 2001 Washington University, Applied Research Lab

library | EEE;

use | EEE. std_l ogic_1164.all;
use | EEE. std_logic_arith.all;
library fpxlib;

entity | PTestMdule is

port (
CLK : in std_logic; -- clock
Reset _| : in std_logic; -- synchronous reset, active |ow
Enabl e_| : in std_logic; -- reprogranm ng handshake
Ready_| . out std_logic; -- reprogranm ng handshake
SOC_ MDD IN : in std_logic; -- start of cell
D MD IN :in std_logic_vector (31 downto 0); -- data
TCA MOD IN : out std_logic; -- congestion control
SOC_QUT_MOD : out std_I ogic; -- start of cell
DOQUT_MOD : out std_logic_vector (31 downto 0); -- data
TCA QUT_MOD : in std_logic); -- congestion control
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end | PTest Modul e;

architecture struc of | PTestMdule is

conponent | PW apper

port (
CLK :in std_logic;
Reset _| :in std_logic;
Enabl e_| :in std_logic;
Ready_| : out std_logic;
SOC_MOD_IN :in std_logic;
D MD IN :in std_logic_vector (31 downto 0);
TCA MOD IN : out std_logic;
D_OUT_APPL : out std_logic_vector (31 downto 0);
Dat aEn_QOUT_APPL : out std_| ogic;
SOF_QOUT_APPL : out std_logic;
EOF_QUT_APPL : out std_logic;
SOP_QUT_APPL : out std_logic;
TCA_OUT_APPL :in std_logic;
D APPL_IN in std_logic_vector (31 downto 0);
Dat aEn_APPL_I N in std_logic;
SOF_APPL_IN in std_logic;
EOF_APPL_I N in std_logic;
SOP_APPL_I N :in std_logic;
TCA _APPL_I N : out std_logic;
SOC_OUT_MOD : out std_logic;
D QUT_MOD : out std_logic_vector (31 downto 0);
TCA_QUT_MOD :in std_logic);
end conponent;
-- application
conponent | PTest App
port (
CLK : in std_logic;
Reset _| : in std_logic;
Enabl e_| : in std_logic;
Ready_| : out std_logic;
D MOD IN : in std_logic_vector (31 downto 0);
SO MOD IN : in std_logic;
EOF MOD I N : in std_logic;
SOP_MOD_IN : in std_logic;
DataEn_MOD IN : in std_logic;
TCA MOD I N : out std_logic;
D_QUT_MOD : out std_logic_vector (31 downto 0);
SOF_QUT_MOD : out std_logic;
EOF_ QUT_MOD : out std_logic;
SOP_QUT_MOD : out std_logic;
Dat aEn_OUT_MOD : out std_|l ogic;
TCA OUT_MID : in std_logic);

end conponent;

-- input signals
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signal data_in std_l ogi c_vector (31 downto 0);-- data
signal sof _in std_l ogi c; -- start of frame
signal eof _in std_| ogi c; -- end of frane
signal sop_in std_| ogi c; -- start of payl oad
signal dataen_in : std_logic; -- data enable
signal tca_in std_| ogi c; -- tca

signal data_out std_l ogi c_vector (31 downto 0);-- data
signal sof _out std_l ogi c; -- start of frame
signal eof _out std_l ogi c; -- end of frane
signal sop_out std_l ogi c; -- start of payl oad
signal dataen_out std_l ogi c; -- data enable

signal tca_out std_l ogi c; -- tca

signal ready_iw: std_| ogic; -- i p wapper ready
signal ready_app : std_logic; -- application ready
begin -- struc
-- instantiate | P wapper
iw | PWapper
port map (

CLK => CLK,
Reset _| => Reset |,
Enabl e_| => Enabl e |,
Ready_| => Ready_i w,
SOC_MOD_IN => SOC MDD IN,
D MDD IN => D_MOD_IN,
TCA_MOD_IN => TCA_MOD_IN,
D_OUT_APPL => data_in,
Dat aEn_OUT_APPL => dataen_in,
SOF_QUT_APPL => sof _in,
EOF_QUT_APPL => eof _in,
SOP_QUT_APPL => sop_in,
TCA OUT_APPL => tca_in,
D APPL I N => data_out,
DataEn_APPL IN => dataen_out,
SOF_APPL_IN => sof _out,
EOF_APPL_I N => eof _out,
SOP_APPL_I N => sop_out,
TCA_APPL_I N => tca_out,
SOC_QUT_MOD => SOC_OUT_MOD,
D_OQuUT_MOD => D_OUT_MOD,
TCA_OUT_MID => TCA_OUT_MD);



instantiate application

app: | PTest App
port map (

CLK => CLK,
Reset _| => Reset |,
Enabl e_| => Enable_ |,
Ready_| => Ready_app,
D MDD IN => data_in,
SO MOD I N => sof in,
EOF_MOD_IN => eof _in,
SOP_MOD_IN => sop_in,
Dat aEn_MOD IN => dataen_in,
TCA MOD IN => tca_in,
D_OUT_MOD => data_out,
SOF_QUT_MOD => sof out,
EOF_QUT_MD => eof _out,
SOP_QUT_MOD => sop_out,
Dat aEn_OUT_MOD => dat aen_out,
TCA_OUT_MOD => tca_out);

Ready_| <= not (Ready_iw and Ready_app);
end struc;

-- synthesis translate_off

configuration iwest_conf of |PTestMdule is

for struc
for all | PW apper
use configuration fpxlib.ipwapper_conf;
end for;
end for;

end i west_conf;
-- synthesis translate_on

A.4 UDP Wrapper Application

This exampleshowns how a network applicationcan usethe UDP wrapper including the cell, frame, IP and UDP
processorfrom thewrappetibrary. Mostfiles arethe sameor similar to the above examplessoonly files relevantto
the UDP wrapperarelisted below.

module_udptest.vhdl

This file interconnectghe applicationwith the UDP wrapper It canbe usedasa templatefor otherapplicationsas
well.

$1d: nodul e_udptest.vhdl,v 1.1 2001/07/24 20:25:00 florian Exp $

UDPPr ocTest
test application for the UDP Processor.
application with the UDP w apper.

Thi s nmodul e connects the
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-- Author: Florian Braun
-- (c) 2001 Washington University, Applied Research Lab

library | EEE;

use | EEE. std_l ogic_1164.all;
use |EEE. std_logic_arith.all;
library fpxlib;

entity UDPTestMdule is

port (
CLK : in std_logic; -- clock
Reset _| : in std_logic; -- synchronous reset, active |ow
Enabl e_| : in std_logic; -- reprogranm ng handshake
Ready_| : out std_logic; -- reprogranm ng handshake
SOC_ MDD IN : in std_logic; -- start of cell
D MD IN : in std_logic_vector (31 downto 0); -- data
TCA MOD IN : out std_logic; -- congestion control
SOC_QUT_MOD : out std_I ogic; -- start of cell
DQOQUT_MOD : out std_logic_vector (31 downto 0); -- data
TCA QUT_MOD : in std_logic); -- congestion control

end UDPTest Mbdul e;

architecture struc of UDPTestMdule is

-- UDP wrapper
conponent UDPW apper
port (

CLK :in std_logic;

Reset _| :in std_logic;

Enabl e_| :in std_logic;

Ready_| : out std_logic;

SOC_MOD_IN :in std_logic;

D MOD IN :in std_logic_vector (31 downto 0);
TCA MOD I N : out std_logic;

D_QOUT_APPL : out std_logic_vector (31 downto 0);
Dat aEn_QUT_APPL : out std_| ogic;

SOF_QUT_APPL : out std_logic;

EOF_QUT_APPL : out std_logic;

SOD_QUT_APPL : out std_logic;

TCA OUT_APPL :in std_logic;

D APPL_I N in std_logic_vector (31 downto 0);
Dat aEn_APPL_I N in std_logic;

SOF_APPL_IN in std_logic;

EOF_APPL_I N in std_logic;

SOD APPL_IN :in std_logic;

TCA APPL_IN : out std_logic;

SOC_QUT_MOD : out std_logic;

D QUT_MOD : out std_logic_vector (31 downto 0);
TCA OUT_MOD :in std_logic);

end conponent;

-- test application
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component UDPTest App

port (
CLK : in std_logic;
Reset | : in std_logic;
Enabl e_| : in std_logic;
Ready_| : out std_logic;
D MOD IN : in std_logic_vector (31 downto 0);
SOF_MOD_IN : in std_logic;
EOF MOD IN :in std_logic;
SOD_MOD_IN : in std_logic;
DataEn_MOD IN : in std_logic;
TCA MOD I N : out std_logic;
D_OUT_MOD : out std_logic_vector (31 downto 0);
SOF_QUT_MOD : out std_logic;
EOF QUT_MOD : out std_logic;
SOD_OUT_MOD : out std_logic;
Dat aEn_OUT_MOD : out std_l ogic;
TCA OUT_MOD :in std_logic);
end conponent;
-- ready signals
signal Ready_uw : std_| ogic; -- udp wrapper ready
signal Ready_app : std_logic; -- test application ready

signal data_in : std_logic_vector (31 downto 0);-- data

signal sof _in : std_logic; -- start of frame
signal eof _in : std_logic; -- end of frane
signal sod_in : std_l ogic; -- start of datagram
signal dataen_in : std_logic; -- data enable

signal tca_in : std_logic; -- tca

signal data_out : std_|logic_vector (31 downto 0);-- data

signal sof _out : std_|l ogic; -- start of frame
signal eof _out : std_|l ogic; -- end of frane
signal sod_out : std_logic; -- start of datagram
signal dataen_out : std_logic; -- data enable

signal tca_out : std_|l ogic; -- tca

begin -- struc

uw. UDPW apper

port map (
CLK => CLK,
Reset _| => Reset |,
Enabl e_| => Enabl e |,
Ready_| => Ready_uw,
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SOC_MOD_IN => SOC MDD I N,
D MO IN => D MOD IN,
TCA_MOD_IN => TCA_MOD_IN,
D OUT_APPL => data_in,

Dat aEn_QOUT_APPL => dataen_in,
SOF_QUT_APPL => sof _in,
EOF_QUT_APPL => eof _in,
SOD_QUT_APPL => sod_in,

TCA OUT_APPL => tca_in,

D APPL_IN => data_out,
DataEn_APPL IN => dataen_out,
SOF_APPL_IN => sof _out,
EOF_APPL_I N => eof _out,
SOD_APPL_IN => sod_out,
TCA_APPL_I N => tca_out,
SOC_QUT_MOD => SOC_OUT_MOD,
D _QUT_MOD => D_OUT_MOD,
TCA_OUT_MOD => TCA_OUT_MD) ;

testapp: UDPTest App

port map (
CLK => CLK,
Reset _| => Reset |,
Enabl e_| => Enabl e_l,
Ready_| => Ready_app,
D MOD IN => data_in,
SO MOD IN => sof in,
EOF_MXD_I N => eof _in,
SOD_MOD_I'N => sod_in,
DataEn_MOD IN => dataen_in,
TCA MOD_IN => tca_in,
D QUT_MOD => data_out,
SOF_QUT_MOD => sof _out,
EOF_ QUT_MOD => eof out,
SOD_QUT_MOD => sod_out,
Dat aEn_QOUT_MOD => dat aen_out,
TCA OUT_MOD => tca_out);

Ready | <= not (ready_uw and ready_app);
end struc;

-- synthesis transl ate_off
configuration uwest_conf of UDPTestMdule is

for struc

for all UDPW apper
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use configuration fpxlib.udpw apper_conf;
end for;

end for;

end uw est _conf;
-- synthesis translate_on
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Appendix B Interface Description

Theinterfaceof thewrapperds derivedfrom the FPX moduleinterface[4]. Thecommonpartconsistof the signals
CLK, Reset_|, Enable| andReady_|. The data-pathinterfaceis split into aninnerandan outerinterface. The outer
interfaceusesananalognamingcorventionasfor FPX modulesj.e. incomingsignalsarenamedox_MOD_IN (e.g.
SOC_MOD_IN), while outgoingsignalsusexxx_OUT_MOD (e.g. SOC_OUT_MOD). Theinnerinterfaceconnectgshe
wrapperto the applicationor a higherlevel wrapper The namingcornventionhereis xxx OUT_APPL (e.g. SOC_-
OUT_APPL) for signalsto the application,andxxx_APPL_IN (e.g. SOC_APPL_IN) for signalscomingbackinto the
wrapper Noneof the wrappersconnectgo neitherthe SRAM nor the SDRAM controller Theseinterfacescanbe
usedby theapplication.

The interfacesfor all wrappersare shavn in Figures16—19. The signalsare describedbelon, while a timing
diagramcanbe seenin figure 20.

CLK
Thisis theclock of theFPX (i.e. 100MHz). All signalsaresynchronouso this clock.

Resetl

Thisis theresetof the FPX. It is asynchronousactive low resetwhich is assertedow for oneclock cycle.

Enable |

This signalis usedto enablethe wrapper Seethe RAD moduleinterfacedocumentatiof4] for furtherdetails.

Ready |

This signal performsthe handshak in responsdo the Enablel signal. After Enablel is deassertetii and after all
buffersareflushedthis signalis assertedow. Seethe RAD moduleinterfacedocumentatiori4] for furtherdetails.

SOC_MOD_IN SOC_OUT_APPL SOC_APPL_IN SOC_OUT_MOD
— ——
D_MOD_IN D_OUT_APPL <Appl> D_APPL_IN D_OUT_MOD
R [
TCA_MOD_IN TCA_OUT_APPL TCA_APPL_IN TCA_OUT_MOD
- = | e — =
CLK
RESET_L
ENABLE_L
I
READY_L Cell Processor
- |

Figure16: Cell Processomterface
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SOC_MOD_IN DataEn_OUT_APPL DataEn_APPL_IN SOC_OUT_MOD
D_MOD_IN D_OUT_APPL D_APPL_IN P_OUT_MOD
TCA_MOD_IN SOF_OUT_APPL SOF_APPL_IN TCA_OUT_MOD

EOF_OUT_APPL EOF_APPL_IN

TCA_OUT_APPL TCA_APPL_IN

CLK

RESET_L

ENABLE_L

READY_L

Figurel7: FrameProcessomterface

DataEn_MOD_IN DataEn_OUT_APPL| DataEn_APPL_IN DataEn_OUT_MOD

D_MOD_IN D_OUT_APPL D_APPL_IN D_OUT_MOD

SOF_MOD_IN SOF_OUT_APPL RaiES SOF_APPL_IN SOF_OUT_MOD

EOF_MOD_IN EOF_OUT_APPL EOF_APPL_IN EOF_OUT_MOD

TCA_MOD_IN SOP_OUT_APPL SOP_APPL_IN TCA_OUT_MOD
TCA_OUT_APPL TCA_APPL_IN

CLK

RESET_L

ENABLE_L

READY_L

Figure18: IP Processomterface

43
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D_MOD_IN
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SOF_MOD_IN

—

EOF_MOD_IN
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SOP_MOD_IN

TCA_MOD_IN

-

CLK
RESET_L
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[—
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-
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D_OUT_APPL

SOF_OUT_APPL

EOF_OUT_APPL

SOD_OUT_APPL

TCA_OUT_APPL

DataEn_APPL_IN

D_APPL_IN

<Appl>
pp SOF_APPL_IN

EOF_APPL_IN

SOD_APPL_IN

TCA_APPL_IN

UDP Processor

-

D_OUT_MOD

=

SOF_OUT_MOD

-

EOF_OUT_MOD
—

SOP_OUT_MOD

TCA_OUT_MOD
—————————

DataEn_OUT_MOD

Figure19: UDP Processomterface
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Figure20: Timing diagramfor differentsignallingprotocols
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D_MOD _IN, -OUT_APPL, -APPL_IN, -OUT_MOD
Thisis a 32 bit dataluswhich feedsthe modulewith data.The dataformatis dependingonthewrapper

e The Cell Processoandthe outerinterfaceof the FrameProcessousea cell baseddataformat. Thefirst word
of acell is availablewhenthe SOC xxx signalis assertedhi. A cell is exactly 14 wordslong (2 wordsheader
12 wordspayload).On eachclock cycle oneword s transmitted.

e Theinnerinterfaceof the FrameProcessoandall higherlevel wrappersarecell independent,e. valid datais
only transmittedon this bus whenthe DataEnxxx signalis assertedi. The first word of the ATM headeris
availablewhenthe SOF xxx signalis assertedhi (the DataEnxxx signalis low then).After the EOF xxx signal
additionaldatais sent,whichis describedn thewrappersections.

SOC_MOD _IN, -OUT_APPL, -APPL_IN, -OUT_MOD

The Start of Cell signalis assertedhi if anew cell is transmittecthroughthe D_xxx bus. Thefirst word of the cell is
availableon the databus onthe sameclock cycle asSOCxxx is assertedOtherwisethis signalis setto lo. The ATM
headeiis followedby the ATM HEC and12 payloadwords.

SOF_MOD _IN, -OUT_APPL, -APPL_IN, -OUT_MOD

The Sart of Frame signalis assertedhi whena new frameis transmittedon the D_xxx bus. The ATM headerof the
first cell is availableon the bus whenthis signalis assertedhi. Following this peakthe DataEnxxx signalindicates
valid framepayload.

EOF_MOD _IN, -OUT _APPL, -APPL_IN, -OUT_MOD

The End of Frame signalis assertedhi whenthe last payloadword of a frameis sent. Following this signalusually
two morewordsaresenton the bus: the option-/length-fieldandthe CRC-field. For correctcontentghe CRCfield is
zero. The UDP Processosendsnoreupdatewordsto the IP Processoasdescribedn section3.4.

DataEn_MOD _IN, -OUT_APPL, -APPL_IN, -OUT_MOD

The Data Enable signalindicatesif dataon D_xxx is valid payloadof a frameor anIP paclet. While payloadis sent
this signalis hi, otherwiseit is lo. This signalis alsohi for theframetrailer.

SOP-MOD _IN, -OUT_APPL, -APPL_IN, -OUT_MOD

The Sart of Payload signalis assertechi whenthefirst IP payloadis transmittedon D_xxx. If the frame doesnot
containavalid IP pacletthis signalis notassertedtall.

SOD_MOD _IN, -OUT_APPL, -APPL_IN, -OUT_MOD

The Start of Datagram signalis assertedhi whenthefirst UDP heademword is transmittedon D_xxx. If theframeis
notan|P pacletor thelP pacletis nota UDP datagramnthis signalis not asserted.

TCA_MOD _IN, -OUT_APPL, -APPL_IN, -OUT_MOD

This signalperformsthe handshak backto the input for cell transfer Whenthis signalis assertednigh, theinputis
freeto sendcells. Holding this signallow preventstheinput from sendingcells.
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Appendix C Internal IP testbenchstructures

The IP testbenchoolkit canbe extendedby new block typesto supportmore simulationscenarios.The dataflow
insidethetoolsis usuallyasfollows: a TBP file is readby a parsemwhich storesthe blocksinsidethefile in asingle
chainedlist of SreamBlocks. This list is processedby variousfilters, which corvert blocksfrom one protocolinto
another Finally thelist is written to anoutputfile.

All datastructuresare definedin the headefrfile testbench.h. Blocks are organizedin a StreamBlockstructure
(listing 1). This structurecontainsthe block-type,a pointerto the payloaddata,a string which holdsthe arguments
anda pointerto the next block. The functionsNewStreamBlock() and DeleteStreamBlock() are usedto createa new
block or deletean unusedlock, respectrely. Data-blockscanbe createdwvith NewDataBlock() andfilled with Add-
ToDataBlock(). Unuseddatablockscanbefreedwith DeleteDataBlock(). Theinitial block-list canbereadfrom afile
with ParseFile().

The function Filter Sream() appliesa givenfilter to a block-list. A filter is a functionwhich takesa StreamBlock
asaninputandreturnsalist of StreamBlocksFiltersconvertblocksfrom oneprotocolinto anotheby addingheader
andtrailer dataor verifying the structureof data. Thefilter typeandall currentlydefinedfilters arelistedin listing 2.

The final list canbe written to a file in TBP format, Modelsim format or fake format using one of DumpTB(),
DumpSm() or DumpFake(), respectiely.

/* structure to store data */
t ypedef struct data_block_ t {
unsi gned | ong *dat a;
unsi gned entri es;
unsi gned si ze;
} Dat aBl ock;

/* structure to organi ze stream */
t ypedef enum { NONE, ERROR, PAD,
RAW CELL, CTRLCELL, FRAME, |Pv4, |Pv6, UDP} Bl ockType;

t ypedef struct streamblock_t ({

Bl ockType btype; /* block type */

Dat aBl ock *data; /* data */

char *options; /* options */

struct streamblock t *next; /* pointer to next block */
} StreanBl ock;

/* functions to handl e data */

Dat aBl ock *NewbDat aBl ock() ;

voi d AddToDat aBl ock (DataBl ock *data, unsigned word);
voi d Del et eDat aBl ock (DataBl ock *bl ock);

/* functions to handl e stream bl ocks */
StreanBl ock *NewsSt reanBl ock( Bl ockType btype);
voi d Del eteStreanBl ock (StreanBl ock *bl ock);

Listing 1: Internaldatastructuresn testbench.h
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[* filter */

t ypedef StreanBl ock* (*Filter)(StreanBl ock*);

StreanBl ock *FilterStream (StreanBl ock*stream Filter filter);
StreanmBl ock *FilterAll (StreanBl ock*strean;

StreanBl ock *Reassenbl eAll (StreamBl ock *strean;

StreanBl ock *UDPFi | t er (St reanBl ock*);
StreanBl ock *1 Pv4Filter(StreanBl ock*);
StreanBl ock *1 Pv6Filter(StreanBl ock*);
StreanBl ock *FraneFilter(StreanBl ock*);
StreanmBl ock *Ctrl Cell Filter(StreanBl ock*);
StreanBl ock *Cel | Fil ter(StreanBl ock*);

StreanBl ock *RACel | Fil ter (StreanBl ock*);
StreanmBl ock *RACtrl Cel | Filter(StreanBl ock*);
StreanBl ock *RAFraneFi |l ter(StreanBl ock*);
StreanBl ock *RAI Pv4Filter (StreanBl ock*);
StreanBl ock *RAI Pv6Fi | t er (StreanBl ock*);
StreanBl ock *RAUDPFi | ter (StreanBl ock*);

StreanBl ock *TTLDecFilter (StreanBl ock*);

Listing 2: Filtersin testbench.h
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