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Abstract

In dynamicallyandpartially recon�gurabledesignsit is
necessarythat the communicationinfrastructure between
the static part and the part to be exchanged remainsop-
erational. Therefore a �xed communicationstructure can
beutilized. The�xed communicationstructure calledbus-
macro has to be implementedmanually using the Xilinx
FPGA Editor. The various requirementsin different sys-
tems(e.g. thearbitrary width of thebusmacros in different
designs)makesa customimplementationof thesescommu-
nicationinterfacesnecessary. In this paperan XDL (Xilinx
DesignLanguage)basedtool to automaticallygenerateand
routecustomizablebusmacrosis presented.Both,thewidth
andheightof thebusmacro canbesetarbitrarily alongwith
additionalfeaturesthat canbeusedsimplyby settinga pa-
rameter. Thesebusmacroscanbeusedin everycommercial
recon�gurationdesign�ow, evenin thenew PlanAheadDe-
sign�ow, Xilinx's latestDynamicand Partial Recon�gura-
tion DesignFlow.

1. Intr oduction and Relatedwork

DynamicandPartial Recon�guration(DPR)is a special
featureofferedby Xilinx FPGAs. It givesthedesignerthe
ability to recon�gureacertainpartof theFPGAduringrun-
timewithout in�uencing theotherparts.In thiscontext, dy-
namicmeansthattheFPGAcanberecon�guredon the�y ,
without a shutdown or reset.Partial meansthatonly a spe-
ci�c partof theFPGAis recon�gured,while therestof the
systemremainsunchanged.Combinedwith thesetwo fea-
tures,the FPGA canbe recon�guredin both temporaland
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spatialdomains.To guaranteea secureconnectionbetween
thestaticpartof thedesignandthemoduleto beexchanged,
oneof two approachescanbeutilized: Onlineroutingor a
�x edcommunicationstructure.OnlineRoutingis themore
advancedapproachbut requirestime to calculatepossible
connectionson an embeddedmicroprocessorsuchas Mi-
croblazeor PowerPC.Additionally, thedesignermusthave
a knowledgeof thebitstreamcompositionwhich is not yet
availableform Xilinx. Thus,�x ed routingstructures(bus-
macros)areusedto copewith therecon�gurationboundary
problem.Thefollowing sectionpresentssomebasicsabout
busmacrosandthepreviouswork thathasbeendonein the
�eld. In section3 the Xilinx DesignLanguage(XDL) is
introducedanddiscussedbrie�y . The structureof a hard-
macroin XDL along with its componentsis presentedin
section4, followedby thedescriptionof thebusmacrogen-
eratorin section5. Finally the paperis concludedin sec-
tion 6.

2. Basicsand Prior Art of busmacros

2.1. Busmacros

Busmacrosare prede�nedunits of logic and act as in-
termediateconnectionsbetweentherecon�gurablemodules
andthestaticpart.Thesemacroswork likeabridgeto guar-
anteea secureconnectionbeforeandafter therecon�gura-
tion. If busmacrosuseDouble-linesor Hex-lines, which
areexplainedin thefollowing section,they arealwaysuni-
directional.In VirtexII or VirtexII-Pro devicesthey areori-
entedeitherfrom left-to-right or right-to-left. If signalsare
bi-directional,two busmacroswith oppositedirectionsare
needed.Thebusmacrohasto belockedin exactly thesame
positionfor all designs.



2.2 Long-, Hex-, and Double-lines

TheLong-linesarebidirectionalwiresthatdistributesig-
nalsacrossthe device. Vertical andhorizontalLong-lines
spanthefull heightandwidth of thedevice [5]. Theboxes
in �gure 1, 2 and3 representswitchmatrices.

Figure 1. Longline [5]

TheHex-linesareconnectedto everythird or sixthblock
ascanbeseenin Figure2.

Figure 2. Hexline (direction east) [5]

TheDouble-linesareconnectedto every �rst or second
blockascanbeseenin Figure3.

Figure 3. Doub leline (direction east) [5]

Both the Double-lines and the Hex-lines are uni-
directional,meaningthat they canonly bedrivenfrom one
end. If the macroshouldgo from left-to-right the signal
lines for directioneastmustbe used. If the macroshould
go from right-to-left thesignallinesfor directionwesthave
to beused.Both theHex-linesandtheDouble-linescanbe
accessedeitherat theendpointsor at themidpoint.

2.3. Tristate Bu�er based busmacros

The �rst versionof a busmacroaspresentedin [6] was
the TristateBuffer (TBUF) basedbusmacro,utilizing tris-
tatebuffers insidea CLB (Con�gurableLogic Block) and
their interconnects.As canbeseenin Figure4, every CLB
row in Virtex devicescansupportthe transferof 4 bits (4
Long-linesperCLB Row). This kind of macrousesLong-
linesto ensurea reliablecommunicationbetweenthe�x ed
andrecon�gurablepart. Hence,thehorizontallonglinere-
sourceslimit thenumberof busmacrosin verticaldirection.
Sinceit is possiblethatsignalsoriginatingin the recon�g-
urablemoduletoggleandthusaffect the staticpart during
the recon�gurationprocess,the TBUF basedmacrospro-
vide a mechanismto disablethem during this time. Al-
thoughit wouldbepossibleit is stronglyrecommendedthat
onceadirectionfor thebusmacrois de�ned, it shouldnever
change.Busmacrosignalsshouldneitherberecon�gurable
norbidirectional.

Figure 4. TBUF based busmacr o

2.4 Lo ok-Up Table based busmacros

In Xilinx' s newer devices, such as Virtex-4, Virtex-5
andSpartan-III,T-BUFsareno longerphysicallyavailable.
Thereforea new type of busmacrohadto be developedto
supportDPR in Virtex-II aswell as in the newer devices.
Hence,a Look-Up Table(LUT) basedbusmacrowasintro-
ducedprimarily by Hübneret. al. [2].

Figure 5. LUT based busmacr o from left-to-
right with enable signal

Thephilosophy of LUT-basedbusmacrosis verysimple:
usingthe logic resourcesinsidea CLB slice to implement
a logic function. It is alsopossibleto addanenablesignal
to this kind of macroby usingthe LUT asa simpleAnd-
Gate. The enablesignal is always connectedto the LUT
in the staticpart of the designascanbe seenin Figure5.
Supposingthattheenablesignalis setto ”0” theoutputsX
andY will alsobe”0”. This will guaranteethat theoutput
signalis notaffectedby therecon�gurationprocess.

3. The Xilinx DesignLanguage(XDL)

There are two ways to edit FPGA resourceson CLB
level: insidethe FPGA Editor [3] or usingthe Xilinx De-
signLanguage(XDL). TheFPGAEditor offerstheGraph-
ical Interfacefor thedesignerto createandedit NMC �les
(Xilinx HardMacro�les) asdescribedby Hübneret. al. [1].
Thedesignercanaddcomponentsandbuild connectionsus-
ing theGraphicalUserInterface. ThedetailedUserGuide



of theFPGAEditorcanbefoundin [3]. In section4 thecre-
ationof a hardmacro�le usingtheXDL will beexplained.
XDL is a very powerful languageusedto describethecir-
cuit layout in a humanreadableformat (ASCII). However
it is not documentedvery well. Somerudimentaryinfor-
mation aboutXDL can be found in the PlanAheadUser
Guide[4]. XDL is usedto physically describethecon�gu-
rationof any Xilinx FPGA,andcanbeusedto manipulate
internalroutingandlogic structures.Thedesignerdescribes
the logic accordingto the XDL syntax. Then, by using
theconverterprogramofferedby Xilinx, theXDL-File can
beconvertedto NMC with thecommandxdl -xdl2ncd
and vice versa(xdl -ncd2xdl ). This allows the de-
signerto make somemodi�cations on the XDL-File, and
convert it backinto anNMC �le.

4 The Hardmacro �le structur e in XDL

4.1. Slice con�guration in XDL

An exampleof theslicecon�guration in XDL is shown
below:

inst "slice9" "SLICE",placed R76C13 SLICE_X24Y8,

cfg " BXINV::#OFF BXOUTUSED::#OFF BYINV::#OFF

BYINVOUTUSED::#OFF BYOUTUSED::#OFF CEINV::#OFF

CLKINV::#OFF COUTUSED::#OFF CY0F::#OFF

CY0G::#OFF CYINIT::#OFF CYSELF::#OFF CYSELG::#OFF

DIF_MUX::#OFF DIGUSED::#OFF DIG_MUX::#OFF

DXMUX::#OFF DYMUX::#OFF F:slice9.F:#LUT:D=A1

F5USED::#OFF FFX::#OFF FFX_INIT_ATTR::#OFF

FFX_SR_ATTR::#OFF FFY::#OFF FFY_INIT_ATTR::#OFF

FFY_SR_ATTR::#OFF FXMUX::F FXUSED::#OFF

F_ATTR::#OFF G:slice9.G:#LUT:D=A1 GYMUX::G

G_ATTR::#OFF REVUSED::#OFF SHIFTOUTUSED::#OFF

SLICEWE0USED::#OFF SLICEWE1USED::#OFF

SLICEWE2USED::#OFF SOPEXTSEL::#OFF

SOPOUTUSED::#OFFSRFFMUX::#OFF SRINV::#OFF

SYNC_ATTR::#OFF WF1USED::#OFF WF2USED::#OFF

WF3USED::#OFF WF4USED::#OFF WG1USED::#OFF

WG2USED::#OFF WG3USED::#OFF WG4USED::#OFF

XBMUX::#OFF XUSED::0 YBMUX::#OFF YBUSED::#OFF

YUSED::0 _SUPERBEL::TRUE

";

Thecomponentcon�gurationinsideasliceis alwaysthe
same:component name::#parameter . All thecom-
ponentnamesareshown in Figure6. Settingtheparameter
toavaluedifferentthan#OFFindicatesthatthecorrespond-
ing resourceis used.In theexampleabovee.g.aconnection
from theF1 input to theX outputis described.This canbe
seenfrom thefactthattheA1 inputof theF-LUT is usedas
well astheFXMUX.

Figure 6. Component names inside a Vir tex-II
slice

4.2. Busmacro nets and Switc h matrices

Switchmatricesarecollectionsof transistorslocatedbe-
tweenCLB blocks to enablethe connectionof two inter-
connectlines. During placeand routeprocessthe switch
matricesandinterconnectsareusedto connectCLB inputs
andoutputs.Thecon�gurationof theSwitchMatrix is de-
scribedin thenet partinsidetheXDL �le. Insidethenet
con�guration, theoutpinandthe inpin of thenetarelisted
�rst. Theoutpinis usedto describethesourceof thenetand
theinpin is usedto describetheendpoint (sink) of this net.
Theconnectionbetweensignalsandpinsis describedby us-
ing PIPs(ProgrammableInterconnectPoints).ThePIPsare
programmablepasstransistorsthatconnecttheCLB inputs
andoutputsto theroutingnetwork. Thewholenetconsists
of a list of PIPs.Hereis anexampleof anet:

net "line0" ,
outpin "slice3" Y ,
inpin "slice7" G4 ,
pip R12C3 Y0 -> E2BEG0 ,
pip R12C4 E2MID0 -> G4_B0 ,
pip R12C4 G4_B0 -> G4_B_PINWIRE0 , ;



As depictedin the example above PIPs always have
the form: pip tile wire0 ! wire1. Figure 7 is utilized
to clarify someof the partsin the exampleabove. It can
be seenthat the outpin is the Y pin of slice 0, which is
indicatedby pip R12C3 Y0. The inpin is the G4 Pin
of slice 0 in anotherCLB column which is indicatedby
G4_B_PINWIRE0.

Figure 7. CLB Slice

The endof a net is alwaysformedby two components:
the Dummy pin and the input PIP (seeFigure 7). In the
exampleabove the Dummy Pin is G4_B0 which is oneof
theswitchmatrix's connectionpoints. This meansthat the
end of the net is the G4 input of slice 0 inside the CLB.
G4_B_PINWIRE0representsthe input PIPG4 of Slice0.
The completerouting of the net examplewith the corre-
spondingPIPsis depictedin Figure8.

Figure 8. Exemplar y Routing with PIPs

A PIP is the most importantcomponentin a net, it is
responsiblefor connectingthe intermediarynodes.As al-
readyexplained, it contains3 typesof information: tile,
wire, anddirection.

4.2.1 Tile

TheR (Row) andC (Column)insidea tile arethe internal
coordinatesusedin Xilinx Virtex FPGAs.A Tile canhave
two forms: R#C# for commonCLBs andBRAMR#C#for
BRAM Interconnects.The R and C internal coordinates
canbecalculatedfrom theexternalX andY coordinatesby
thefollowing equations:

C = bX =2 + 1c (1)

R = v slices � bY=2c (2)

Translation fr om external (XY) coordinatesto internal (RC)
coordinatesfor CLBs

C = X + 1 (3)

R = v slices � (4 � Y ) (4)

Translation fr om external (XY) coordinatesto internal (RC)
coordinatesfor BRAMs

In Equation2 and 4, v slice representsthe maximum
numberof slicesin one column, which is different in all
devices. In a XC2VP30device v slices is 160, twice the
numberof availableCLB Rows.

4.2.2 Dir ection (dir) and Wir e

Thedir de�nesthedirectionof thesignalin thisconnection.
It is representedby the symbol ! . wire0 and wire1 are
the noderesourcesin this Switch Matrix usedto build up
thenet. TheSwitchmatrixconnectionpoints,thesocalled
intermediatenodes,aredepictedin Figure9.

Figure 9. Alignment of Switc hmatrix connec-
tion points (intermediate points)

5. The XDL-basedbusmacro generator

The XDL-basedbusmacrogeneratoris written in Perl.
Perl waschosenbecauseit is a general-purposeprogram-
ming language,that was developedfor text manipulation
makingit suitablefor generatingXDL �les. The program
generatescustomizablebusmacrosbasedon the input pa-
rameters.After all parametersareinput, thebusmacrogen-
eratorwill generatean intermediateXDL-File anda �nal



NMC-File of thedesiredbusmacro.TheNMC-File canbe
openedand editedin the FPGA Editor. Slicesand logic
connectionsareshown in theFPGAEditor's GraphicUser
Interface.If desiredtheintermediateXDL-File canalsobe
modi�ed.

5.1 Necessit y of busmacros with arbitrary
width and heigh t

Different recon�gurationdesign�o ws requiredifferent
typesof busmacros.Signalsthat spana recon�gurablere-
gion must not changeduring the recon�gurationprocess.
Wide busmacroscould thereforebe usedto spanthis re-
gion. De�ning busmacroswith a �x ed bit width (e.g. 8
bits) leadsto a wasteof Sliceresourcesin somecases.If 9
signalscrosstherecon�gurableboundary2 busmacroswith
a bit width of 8 bit eachhave to be used. A customizable
macrogeneratorcouldgeneratebusmacrosthataretailored
to eachdesign.

5.2 Input parameters

In this section,the input parametersare listed and ex-
plained.Theinputparametersde�ne thepowerof a tool. In
this versionof the busmacrogenerator, 10 parameterscan
beset,which cover nearlyall kindsof busmacrosin Xilinx
Virtex-II ProFPGAs.

5.2.1 Name

The input parametername de�nes the nameof the bus-
macro. It is usedfor the nameof the XDL-File aswell as
for theNMC-File. This is bene�cial if toolsthatutilize the
generatedbusmacrosrequireacertainnamingconvention.

5.2.2 Horizontal and Vertical ReferencePoint

ThesetwoparametersindicatetheX-coordinates-start-point
andtheY-coordinates-start-pointof thebusmacro.It is al-
waysthelower left sliceof thebusmacrowhich de�nesthe
busmacro's referencecomponent. This referencecompo-
nent is usedto placethe busmacroon the FPGA using a
locationconstraint.

5.2.3 Horizontal Width (Macro Width)

TheMacroWidth de�nesthenumberof CLBsbetweenthe
startCLB and the endCLB. The endCLB is includedin
this number. It countsall the CLBs, but not the BRAM
Interconnects.In thefollowing Figure10,theMacroWidth
is 10 insteadof 11 becausethereis a BRAM Interconnect
whichdoesnotcountin theMacroWidth.

Figure 10. Busmacr o with BRAM inter con-
nect

5.2.4 Vertical Width (Bit Width)

TheVerticalWidth de�nes theBit Width of thebusmacro.
In oneCLB, at most8 bits canbeset.This is muchdenser
thantheT-BUF basedbusmacro(seechapter2.3).

5.2.5 Busmacroside

A left-to-right macrocaneitherbeplacedat theright hand
sideor the left handsideof a recon�gurablemodule. De-
pendingonthelocationof thebusmacros,theenablesignals
mustbesetaccordingly. Busmacrosthatarelocatedat the
left handsideof a recon�gurablemoduleshouldhave the
enablesignalson theleft sideandviceversa.

5.2.6 EnableFlag

TheEnableFlagde�neswhetherenablesignalswill begen-
eratedor not. If this parameteris setto ”0”, enablesignals
will not be generatedinsidethe busmacro.The parameter
Busmacrosideveri�es thattheenableinputswill alwaysbe
locatedin thestaticpartof thedesign(seeFigure5).

5.2.7 Dir ection

This parameterde�nes the directionof the busmacro.At-
tention should be paid that a busmacrois always uni-
directional. If bi-directionalsignalsare needed,two sep-
aratebusmacroswith differentdirectionsshouldbe gener-
ated. If the direction is set to ”0”, the signalswill travel
from left-to-right. If thedirectionis setto ”1”, thesignals
go from right-to-left.

5.2.8 Device

The Device parameterde�nes the target FPGA type of
the generatedbusmacro.Accordingto the selecteddevice
v slices will beset. In this versionof thebusmacrogener-
ator, only Virtex-II andVirtex-II Proaresupported.



5.2.9 Planaheadcapability

This parameteris usedto generatebusmacrosthat canbe
usedin PlanAhead.Thereforethe pr mergedesignstepis
necessary. The busmacroNMC File hasto be converted
to a ”Planaheadcompatiblebusmacro”by usingthe com-
mandPR_mergedesign input.nmc output.nmc .
This commandonly works in ISE 8.2 sp1 with thepartial
recon�gurationpatchesversion5 or greater.

5.3 Auto-routing algorithm

If themacrowidth is 6, eitherthreeDouble-linesor one
Hex-line canbe used.The busmacrogeneratortries to re-
ducethelatency on thebusmacronetsasmuchaspossible.
ThusHex-lines insteadof Double-linesareusedwhenever
possible. The calculateddelaywhenusing threeDouble-
lines was0.758ns comparedto 0.645ns whenusingone
Hex-line. Thealgorithminsidethebusmacrogeneratorde-
tectswhetherthedistanceis greaterthan6. If so,aHex-line
will be used. This loop will continueuntil the distanceis
smallerthan6. ThenDouble-lineswill beutilized,until the
endCLB of thebusmacrois reached.

As alreadymentionedin section4.2.1 two coordinate
systems(externalandinternalcoordinates)arede�ned. Un-
like theexternalcoordinatesystem,the internalcoordinate
systemalsocountsthe BRAM Interconnectcolumns.The
Input parametersare translatedinto internal coordinates
�rst. ThenthealgorithmgeneratesthecorrespondingXDL
codewhile translatingtheinternalcoordinatesinto external
coordinates.Insteadof calculatingthe interconnectpoints,
pre-calculatedtablesareusedfor the connection.The in-
pinsandoutpinsof thebusmacronetsusedin theXDL-File
are basedon Table 1 and Table 2. Thesetablesare used
becausetheSwitchMatrix Pointsmentionedin thesetables
arethesamefor bothDouble-linesandHex-lines indepen-
dent if a net endsat the END point or a MID point of a
line. Thusonly the type (hexline or doubleline)hasto be
changedinside the program. An exampleof a generated
busmacrowith amacrowidth of 10andabit width of 9 can
beseenin Figure10.

6. Conclusionand further work

In this paper the basicsto generateLUT-basedbus-
macrosusing XDL were presented.Additionally, a bus-
macrogeneratorto generatecustomizablebusmacroswas
introduced.This generatorcanbeextendedeasilyto work
with Virtex-4 devices. The outpinsand the inpins of the
busmacronetsarethesamefor Double-linesandHex-lines.
Hence,nocomplicatedroutingalgorithmis requiredto con-
necttheslices. Theusageof Hex-lines in wide busmacros

Output Slice# SwitchMatrix # EndSlice Enable

Point Point

Y 3 E2BEG/E6BEG 8 G4 G2

X 3 E2BEG/E6BEG 0 F1 F2

Y 2 E2BEG/E6BEG 7 G3* G1*

X 2 E2BEG/E6BEG 1 F4 F1*

Y 1 E2BEG/E6BEG 4 G3 G1

X 1 E2BEG/E6BEG 5 F2 F1

Y 0 E2BEG/E6BEG 3 G2 G1

X 0 E2BEG/E6BEG 6 F3 F1

Table 1. Connection points for Left-to-Right
busmacr os

Output Slice# SwitchMatrix # EndSlice Enable

Point Point

Y 3 W2BEG/W6BEG 8 G4 G2

X 3 W2BEG/W6BEG 0 F1 F2

Y 2 W2BEG/W6BEG 7 G1* G2*

X 2 W2BEG/W6BEG 1 F4 F2*

Y 1 W2BEG/W6BEG 4 G3 G1

X 1 W2BEG/W6BEG 5 F2 F1

Y 0 W2BEG/W6BEG 3 G2 G1

X 0 W2BEG/W6BEG 6 F3 F1

Table 2. Connection points for Right-to-Left
busmacr os

reducestheoverall latency on thebusmacronets.
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