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Abstract—IP addresslookup is a central processingunction of
Inter net routers. While a wide range of solutionsto this problem
have beendevised, very few, simultaneously achieve high lookup
rates, good update performance, high memory ef ciency and low
hardware cost. High performance solutions using Content Ad-
dressableMemory (CAM) devicesare a popular, but high costso-
lution, particularly when applied to large databases.We present
an ef cient hardware implementation of a previously unpublished
IP addresslookup architecture, inventedby Eatherton and Dittia.
Our experimentalimplementation usesa singlecommodity SRAM
chip and a lessthan 10% of the logic resourcesof a commercial
con gurable logic device, operating at 100MHz. With thesequite
modestresources,it can perform over 9 million lookups per sec-
ond, while simultaneously processingthousands of updates per
second,on databaseswith over 100,000entries. The lookup struc-
turerequiresonly about 10 bytesper addresspre x, lessthan half
that required by other methods. The architecture allows perfor-
manceto be scaledup by using parallel FastIP Lookup (FIPL)
engines,which interleave accesseso a common memory inter-
face. This architecture allows performance to scaleup directly
with available memory bandwidth. We describethe treebitmap
algorithm, our implementation of it in a dynamically extensible
gigabit router being developedat Washington University, and the
resultsof performance experimentsdesignedto assessts perfor-
manceunder realistic operating conditions.

Index Terms—IP lookup, Inter net router, recon gurable hard-
ware, Field-Programmable Gate Array (FPGA), Random Access
Memory (RAM).

I. INTRODUCTION

ORWARDING of InternetProtocol(IP) pacletsis the pri-

mary purposeof Internetrouters. The speedat which for-
warding decisionsare madeat eachrouter or “hop” placesa
fundamentalimit ontheperformanc®f thenetwork. For Inter
netProtocolVersion4 (IPv4), theforwardingdecisionis based
on a 32-bit destinatioraddres<arriedin eachpaclet's header
A lookup engineat eachport of the routerusesa suitablerout-
ing datastructureto determingheappropriateutgoinglink for
thepaclet's destinatioraddress.

The useof ClasslesdnterDomainRouting(CIDR) compli-
catesthe lookup processyequiring a lookup engineto search
variable-lengthaddresspre xes in orderto nd the longest
matchingpre x of thedestinatioraddressandretrieve the cor-
respondingorwardinginformation[1]. As physicallink speeds
grow andthe numberof portsin high-performanceouterscon-
tinuesto increasethereis a growing needfor ef cient lookup
algorithmsand effective implementation®f thosealgorithms.
Next generatiorroutersmustbe ableto supportthousandof
optical links eachoperatingat 10 Gb/s (OC-192) or more.
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Lookuptechniqueghatcanscaleef ciently to high speedsand
large lookup table sizesare essentiafor meetingthe growing
performancedemandswhile maintainingacceptableperport
costs.

Many techniquesare available to perform IP address
lookups. Perhapsthe most common approachin high-
performancesystemsis to use Content AddressableMem-
ory (CAM) devicesandcustomApplicationSpeci c Integrated
Circuits (ASICs). While this approachcan provide excellent
performancethe performanceomesat a fairly high price due
to the high costper bit of CAMs relative to commoditymem-
ory devices.CAM-basedookuptablesareexpensve to update,
sincetheinsertionof a new routing pre x mayrequiremoving
an unboundedhumberof existing entries. CAM approaches
alsooffer little or no e xibility for adaptingto new addressing
androutingprotocols.

The FastInternetProtocolLookup (FIPL) architecture de-
veloped at WashingtonUniversity in Saint Louis, is an ex-
perimental implementationof Eathertonand Dittia's previ-
ously unpublishedTree Bitmap algorithm [2] usingrecon g-
urable hardware and RandomAccessMemory (RAM). FIPL
is designedto strike a favorable balanceamonglookup and
update performance,memory ef ciency, and hardware us-
age. Tametedto an open-platformresearchrouter employ-
ing a Xilinx Virtex 1000E-7 Field ProgrammableGate Ar-
ray (FPGA) operatingat 100 MHz anda single Micron 1 MB
Zero Bus Turnaround(ZBT) SynchronousRandom Access
Memory (SRAM), a single FIPL lookup enginehasa guaran-
teedworst caseperformancef 1,136,363ookupspersecond.
Interleaving memoryaccessesf eightFIPL enginesoverasin-
gle 36 bit wide SRAM interfaceexhaustgheavailablememory
bandwidthandyields a guaranteeavorst caseperformanceof
9,090,90900kupspersecond.

Performancesvaluationsusing a snapshobf the Mae-West
routingtableresultedn over 11 million lookupspersecondor
an optimizedeight FIPL enginecon guration. Averagemem-
ory usageper entry was 10.8 bytes,including 36 bits of next-
hopinformationperentry In additionto spaceef ciency, the
datastructureusedby FIPL is straightforvard to update,and
cansupportupto 100,000updategpersecondwith only a7.2%
degradationin lookup throughput.Relatve to thetargetFPGA
eachFIPL engineutilizeslessthan1% of theavailablelogic re-
sourcesWhile this searchenginecurrentlyachiezes500 Mb/s
of link trafc per 1% of logic resourcesstill higher perfor
manceand ef ciency is possiblewith higher memory band-
widths. Ongoingresearctseekso exploit new FPGA devices
andmoreadwancedCAD toolsin orderto doublethe clock fre-
gueny and,thereforedoublethelookupperformanceWe also
areinvestigatingoptimizationgo reduceghenumberof off-chip
memory accesses.Another researcheffort leveragesthe in-



sightsand componentproducedby the FIPL implementation
for anefcient routelookup andpaclet classi er for anopen-
platformdynamicallyextensibleresearchouter[3].

Il. RELATED WORK

NumerousesearctandcommercialP lookuptechniquegx-
ist [4][5][6][7]. On the commercialfront, several companies
have developedhigh speedookuptechniquesisingCAMs and
ASICs. SomecurrentproductstargetingOC-768(40 Gb/s)and
quadOC-192(10 Gb/s)link con gurations,claim throughputs
of upto 100million lookupspersecondandstorageor 100mil-
lion entries[8]. However, the adwertisedperformanceomesat
anextremecost. 16 ASICs containingembeddedCAMs must
be cascadedn orderto achieve the adwertisedthroughputand
supportthe morerealisticstoragecapacityof onemillion table
entries.Suchexorbitanthardwareresourcaequirementsake
thesesolutionsprohibitively expensve and precludeSystem-
On-Chip(SOC)portprocessors.

Themostef cient lookupalgorithmknown, from atheoreti-
cal perspectie is the “binary searchover pre x lengths”algo-
rithm describedn [9]. The numberof stepsrequiredby this
algorithm grows logarithmically in the length of the address,
makingit particularlyattractve for IPv6, whereaddressengths
increasdo 128bits. However, the algorithmis relatively com-
plex to implement,making it more suitablefor software im-
plementatiorthan hardware implementation. It alsodoesnot
readily supportincrementalipdates.

The Lulea algorithm is the most similar of publishedal-
gorithmsto the Tree Bitmap algorithm usedin our FIPL en-
gine[7]. Like TreeBitmap,the Luleaalgorithmusesa type of
compressedrie to enablehigh speedookup, while maintain-
ing the essentiabimplicity andeasyupdatabilityof elementary
binary tries. While similar at a high level, the two algorithms
differin avarietyof speci cs,thatmake TreeBitmapsomevhat
bettersuitedto ef cient hardwareimplementation.A detailed
comparisonof the Tree Bitmap algorithm to other published
lookuptechniquess providedin [2].

Theremainingsectiongrovide anoverview of thealgorithm
andfocusonthedesignandimplementatiordetailsof afastand
scalablelookup architecturebasedon Tree Bitmap. We also
presenperformancevaluationsof FIPL underrealisticoperat-
ing conditions,including incrementalupdateperformanceun-
derfull trafc load. We concludewith algorithmicandimple-
mentatioroptimizationsfor improving lookupperformancend
discusongoingresearciprojectsemploying the FIPL engine.

I1l. TREE BITMAP ALGORITHM

EathertonandDittia's Tree Bitmap algorithmis a hardware
basedalgorithmthat emplgys a multibit trie datastructureto
perform IP forwarding lookups with efcient use of mem-
ory [2]. Dueto theuseof CIDR, alookup consistsof nding
thelongestmatchingpre x storedin the forwardingtablefor a
given32-bit IPv4 destinatioraddressandretrieving the associ-
atedforwardinginformation.As shavn in Figurel, theunicast
IP addresss comparedo the storedpre x esstartingwith the
mostsigni cant bit. In this example,a paclet is boundfor a
workstationat WashingtonUniversity in SaintLouis. A linear

searchthroughthe tableresultsin threematchingpre xes: *,

10*, and1000000011*.The third pre x is the longestmatch,
henceits associatedorwardinginformation, denotedby Next
Hop 7 in the example,is retrieved. Using this forwardingin-
formation,the pacletis forwardedto the speci ed next hop by
modifying the pacletheader

Prefix  Next Hop
* 35
10* 7
01* 21
110* 9
1011*

0001* 68
01011* 51
00110*

10001*

100001* 33
10000000* 54
10000000001 12
1000000011% 7

32 bit IP Address

128.252.153.160
1000 0000 1111 1100 ... 1010 OC

Next Hop
7

Fig.1. IP pre®xlookuptableof next hops.Next hopsfor IP pacletsarefound
usingthelongestmatchingpre®xin thetablefor theunicastdestinatioraddress
of thelP paclet.

To efciently performthis lookup functionin hardware,the
TreeBitmapalgorithmstartsby storingpre x esin abinarytrie
as shown in Figure2. Shadednodesdenotea storedpre x.
A searchis conductedby usingthe IP addresdits to traverse
the trie, startingwith the most signi cant bit of the address.
To speedup this searchingprocess multiple bits of the des-
tination addressare comparedsimultaneously In orderto do
this, subtreef the binarytrie arecombinedinto singlenodes
producinga multibit trie; this reduceghe numberof memory
accesseneededo performalookup. Thedepthof the subtrees
combinedo form asinglemultibit trie nodeis calledthestride.
An exampleof a multibit trie using 4-bit stridesis shavn in
Figure3. In this case 4-bit nibblesof the destinationaddress
areusedto traversethe multibit trie. AddressNibble(0) of the
address;100G in the example,is usedfor the root node; Ad-
dressNibble(1) of the addressp00GQ in the example,is used
for the next node;etc.

The Tree Bitmap algorithm codesinformation associated
with eachnodeof the multibit trie usingbitmaps.TheInternal
Pre x Bitmapidenti es the storedpre xesin the binary sub-
tree of the multi-bit node. The ExtendingPaths Bitmapiden-



32 bit destination address: 128.252.153.16
1000 0000 1111 1100 ... 1010 0000

Fig.2. IPlookuptablerepresentedsabinarytrie. Storedpre®xesaredenoted
by shadedhodes.Next hopsarefoundby traversingthetrie.

32 bit destination address: 128.252.153.160
1000 0000 1111 1100 ... 1010 0000

v
el

Fig. 3. IP lookuptablerepresentedsa multibit trie. A stride,4-bits, of the
unicastdestinatioraddres®f the IP paclet arecomparedat once,speedingip
thelookupprocess.

ti es the “exit points” of the multibit nodethat correspondo
child nodes.Figure4 shavs how theroot nodeof the example
datastructureis codedinto bitmaps. The 4-bit strideexample
is shovn asa TreeBitmap datastructurein Figure5. Notethat
apointerto theheadof thearrayof child nodesanda pointerto
the setof next hop valuescorrespondindo the setof pre xes
in thenodearestoredalongwith the bitmapsfor eachnode.By
requiringthatall child nodesof a single parentnodebe stored
contiguouslyin memory theaddres®f a child nodecanbecal-
culatedusinga single Child NodeArray Pointer andan index
into thatarraycomputedrom the extendingpathsbitmap. The
sametechniquds usedto nd theassociatediext hopinforma-

tion for astoredpre x in thenode.TheNext Hop Table Pointer
pointsto the beginningof the contiguoussetof next hopvalues
correspondingo the setof storedpre xesin the node. Next

hopinformationfor a speci ¢ pre x may befetchedby index-

ing from the pointerlocation.

0 1010100 10010000
Extending Paths Bitmap: 0101 0100 1001 0000
Internal Prefix Bitmap: 1 00 0110 00000010

Fig. 4. Bitmap codingof a multibit trie node. Theinternalbitmaprepresents
the storedpre®»esin the nodewhile the extendingpathsbitmaprepresentshe
child nodesof thecurrentnode.

Theindex for the Child NodeArray Pointer leveragesa con-
venientpropertyof the datastructure. Note that the numeric
valueof the nibble of the IP addresss alsothe bit position of
the extendingpathin the ExtendingPaths Bitmap For exam-
ple, AddressNibble(0) = 100G = 8. Note thatthe eighthbit
position,countingfrom the mostsigni cant bit, of the Extend-
ing Paths Bitmap shavn in Figure4 is the extendingpath bit
correspondingo AddressNibble(0)= 100G,. Theindex of the
child nodeis computedby countingthe numberof onesin the
ExtendingPaths Bitmapto the left of this bit position. In the
example,theindex would be three. This operationof comput-
ing the numberof onesto the left of a bit positionin a bitmap
will bereferredto asCountOnesandwill be usedin later dis-
cussions.

Whentherearenovalid extendingpaths theExtendingPaths
Bitmapis all zeros theterminalnodehasbeenreachedindthe
Internal Pre x Bitmap of the nodeis fetched. A logic opera-
tion called Tree Seach returnsthe bit position of the longest
matchingpre x in the Internal Pre x Bitmap CountOneds
thenusedto computeanindex for the Next Hop Table Pointer,
andthe next hopinformationis fetched.If thereareno match-
ing pre xesin thelnternal Pre x Bitmapof theterminalnode,
thenthelnternal Pre x Bitmapof themostrecentlyvisitednode
that containsa matchingpre x is fetched. This nodeis identi-
ed usingadatastructureoptimizationcalledthe Pre x Bit.

ThePre x Bit of anodeis setif its parenthasary storedpre-
x esalongthepathto itself. Whensearchinghedatastructure,
theaddres®f thelastnodevisitedis rememberedif thecurrent
nodes Pre x Bit is set,thentheaddres®f thelastnodevisited
is storedasthe bestmatchingnode. Settingof the Pre x Bit in
the exampledatastructureof Figure3 andFigure5 is denoted
by a“P".

A. Split-Trie Optimization
In its currentcon guration, which we will referto asthe

“single-trie” con guration, the Tree Bitmap data structure
storegpre x eswith lengthsthataremultiplesof four attheroot
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Next Hop Table Ptr.

Child Node Array Ptr.
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Child Node Array Ptr.

Child Node Array Ptr.

Child Node Array Ptr.

Fig. 5.
nodein thethe datastructure.

of multibit nodes.For example,a 24-bit pre x would bestored
attheroot of alevel 7 node. Examinationof publically avail-
ableroute table statisticsshav that a large percentagef the
pre xesin thetableare,in fact, multiplesof four. For example,

in the Mae-Westdatabaseisedin SectionVI for performance

testing“multiple of four” pre xes compriseover 66% of the
total pre x lengths.

The “split-trie” optimizationseeksto speedup lookup per
formancefor typical database$y shifting “multiple of four”
pre xesinto the leaves of multibit nodes. This can easily be
achievedby shifting all levels of the datastucturedown by one
bit. As aresultof this shift, the multibit trie “splits” into two
multibit-trieswith asinglebit rootasshavn in Figure6. Imple-
mentationof this optimizationrequiresthat two pointers,one
to eachnew multibit root node. Searchedegin by usingthe
most signi cant bit of the destinationaddresgo decidefrom
which multibit root nodeto continuethe search.For lookups
on typical databaseghis optimizationcould sasze onememory
accesyerlookupwhile reducingthe memoryspaceper pre x
requiredfor the Tree Bitmap datastructure. The lookup per
formanceandmemoryutilization of boththe “single-trie” and
“split-trie” con gurationsof theFIPL architecturareevaluated
in SectionVI.

IV. HARDWARE DESIGN AND IMPLEMENTATION

Modular design techniquesare employed throughoutthe
FIPL hardwaredesignto provide scalabilityfor varioussystem
con gurations.Figure7 detailsthe componentsequiredto im-
plement~IPL in thePortProcessofPP)of arouter Othercom-
ponentsof the routerincludethe Transmissiorinterfaces(Tl),

'

0 00 1001 0000 0000
0000 0000 0000 0004
Next Hop Table Ptr.

Child Node Array Ptr.

IP lookuptablerepresentedsa TreeBitmap. Child nodesarestoredcontiguouslysothata singlepointerandanindex may be usedto locateary child

Fig.6. Split-trie optimizationof the TreeBitmapdatastructure.

SwitchFabric,andControlProcessofCP).Providing thefoun-
dationof the FIPL designtheFIPL engineimplementsa single
instanceof a TreeBitmap search.The FIPL EngineController
maybecon guredto instantiatemultiple FIPL enginesn order
to scalethelookupthroughputwvith systemdemandsTheFIPL
Wrapperextractsthe IP addressefrom incomingpacletsand
writesthemto anaddres$-1FO readby the FIPL EngineCon-
troller. Lookup resultsarewritten to a FIFO readby the FIPL
Wrapperwhich accordinglymodi es the paclet header The
FIPL Wrapperalso handlesstandardlP processingunctions
suchaschecksumsaindheadereld updates.Speci cs of the
FIPL Wrapperwill vary dependingiponthetype of switching
core and transmissiorformat. An on-chip Control Processor
receves and processesnemoryupdatecommandson a dedi-
catedcontrolchannel.Memory updatesarethe resultof route
add,delete or modify commandsndaresentfrom the System
Managemengand Control components.Note that the off-chip
memoryis assumedio beasingleportdevice; henceanSRAM
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Fig. 7. Block diagramof routerwith multi-engineFIPL con®guration;detail
of FIPL systemcomponents$n the PortProcesso(PP).

Physical Links L

Interfacearbitratesaccesdetweerthe FIPL EngineController
andControl Processor

A. FIPL Engine

Consistingof a few addresgegisters,a simple Finite-State
Machine(FSM), andcombinationalogic, the FIPL Engineis a
compactef cient TreeBitmapsearchengine.Implementation
of the FIPL Enginerequiresonly 450lines of VHDL code. A
data ow diagramof theFIPL Engineis shavn in Figure8. Data
arriving from memoryis latchedinto the DATA IN_REG reg-
istern clock cyclesafterissuinga memoryread. The value of
n is determinedy thereadlateng of the memorydevice plus
2 clock cyclesfor latchingthe addresout of andthe datainto
the implementationdevice. The next addresdssuedto mem-
ory is latchedinto the ADDR_OUT_REG k clock cycles after
dataarrives from memory The value of k is determinedby
the speedat which theimplementatiordevice cancomputethe
next_hop.addrwhichis thecritical pathin thelogic. Two coun-
ters,memcountandsearch_count areusedo countthenumber
of clock cyclesfor memoryaccessandaddresgalculation re-
spectvely. Useof multicycle pathsallows the FIPL engineto
scalewith implementationdevice and memorydevice speeds
by simply changingcomparevaluesin the nite-state machine
logic.

In orderto generatenext hop.addr.

TREE_.SEARCH generatespre x _index which is the bit

positionof the best-matchingre x storedin the Internal

Pre xesBitmap

PREFIX COUNTONES generatesiext_hop.index which

is the numberof 1'sto theleft of pre x_index in theInter-

nal Pre xes Bitmap

next hop.index is addedto the lower four bits of the Next

Hop Table Pointer

The carryout of the previous addition is usedto select

the upperbits of the Next Hop Table Pointer or the pre-

computedvalueof theupperbits plus 1
The NODE_COUNTONES and identical fast addition blocks
generate the child_nodeaddr, but require less time as
the TREESEARCH block is not in the path. The
ADDR_OUT_MUX selectsthe next addressssuedto memory
amongthe addressefor the next root nodes ExtendingPaths
BitmapandChild NodeArray Pointer (root nodeptr), the next

child nodes ExtendingPaths Bitmap and Child Node Array
Pointer (child_nodeaddr), the currentnodes Internal Pre x

BitmapandNext Hop Table Pointer (curr_nodepre xes addr),

the forwarding information for the best-matchingpre x

(next.hop.addr), and the best-matchingprevious nodes In-
ternal Pre x Bitmap and Next Hop Table Pointer (best-
matd_pre xes addr). Selectionis madebaseduponthecurrent
state.

VALID _CHILD examinesthe ExtendingPaths Bitmap and
determinesf a child node exists for the currentnode based
on the current nibble of the IP address. The output of
VALID CHILD, pre x_index, memcount and search_count
determinestatetransitionsas shavn in Figure9. The current
stateandthe valueof the P_.BIT determinetheregisterenables
for theBESTMATCH_PREFIXESADDR_REGandtheBESTF
MATCH_STRIDE REGwhich storetheaddres®f theInternal
Pre xes Bitmapand Next Hop Table Pointer of the nodecon-
taining best-matchingre xesandthe associatedtride of the
IP addresstespectiely.

ip_add_valid_I=0

else
WAIT_ROOT -

mem_count=n

LATCH_ROOT
< CHILD_SEARCH >

valid_child = 1 & search_count = k | valid_child = 0 & search_count = k

FETCH_CURR_NODE_PREFIXES
else
o prerces > ¥4

mem_count =n

WAIT_NEXT_NODE

mem_count =n

LATCH_NEXT_NODE

LATCH_PREFIXES

FETCH_BEST_PREV_NODE_PREFIX|

else
PREFIX_SEARCH

prefix_index = 15 & search_count =
prefix_index /= 15 & search_count y k

else
WAIT_NEXT_HOP_INFO -

mem_count =n

LATCH_NXT_HOP_INFO

Fig.9. FIPL engine®nite-state-machinbubblediagram.

B. FIPL EngineContmwller

Leveragingthe uniform memoryaccesgeriod of the FIPL
Engine, the FIPL Engine Controller interleares memory ac-
cessef the necessarynumberof parallel FIPL Enginesto
scalelookup throughputin orderto meetsystemthroughput
demands. The schemecentersarounda timing wheelwith a
numberof slotsequalto the FIPL Enginememoryaccesye-
riod. Whenan addresss readfrom the input FIFO, the next
availableFIPL Engineis startedat the next availabletime slot.
Thenext availabletime slotis determineddy indexing the cur-
rent slot time by the known startuplateny of a FIPL Engine.
For example,assumanaccesgperiodof 8 clock cycles;hence,
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Fig. 8. FIPL enginedata av; multi-cycle pathfrom DATA IN FLOPSto ADDR OUT FLOPScanbe scaledaccordingto targetdevice speedall multiplexor

selectinesand ip- op enablesmplicitly drivenby ®nite-statemachineoutputs.

the timing wheelhas8 slots numberedd through7. Assume
threeFIPL Enginesare currently performinglookupsoccupy-
ing slots1, 3, and4. Furthermoreassumehat from the time
thelP addresss issuedo the FIPL Engineto thetime the FIPL
Engineissuedts rst memoryreadis 2 clock cycles;hencethe
startuplateng is 2 slots. Whena new IP addressarrives,the
next lookup may not be startedat slottimes?7, 1, or 2 because
the rst memoryreadwould be issuedat slot time 1, 3, or 4,
respectiely which would interferewith ongoinglookups. As-
sumethecurrentslottime s 3; thereforethe next FIPL engine
is startedandslot5 is markedasoccupied.

As previously mentionedjnput IP addresseandoutputfor-
wardinginformationarepassedetweerthe FIPL EngineCon-
troller andthe FIPL Wrappervia FIFO interfaces.This design
simpli es thedesignof the FIPL Wrappetby placingtheburden
of in-orderdelivery of resultson the FIPL EngineControllet
While individualinputandoutputFIFOscouldbeusedfor each
engineto preventhead-of-the-lindlocking, network designers
will usuallychooseo con gure theFIPL EngineControlleras-
sumingworst-casdookups.Also, theperformanceumberge-
portedin asubsequergectionshowv thataveragdookuplateny
perFIPL Engineincrease®y lessthan3%for an8-enginecon-

guration; thereforeJookupengine“dead-time”is neggligible.

C. ImplementatiorPlatform

FIPL is implementedn open-platformresearctsystemsie-
signedandbuilt at WashingtornUniversity in SaintLouis [10].
The WUGS 20, an 8-port ATM switch providing 20 Gb/s of
aggreate throughput,provides a high-performancewitching
fabric [11]. This switching coreis basedupon a multi-stage
Benegopology supportaipto 2.4Gb/slink rates andscalesup
to 4096portsfor anaggreyatethroughpuf 9.8 Th/s[12]. Each
port of the WUGS 20 canbe tted with a Field-programmable
Port eXtender(FPX), a port card of the sameform factoras
the WUGS transmissiorinterfacecards[13]. EachFPX con-
tainstwo FPGAs,oneactingasthe Network InterfaceDevice
(NID) andthe otherasthe Reprogrammablépplication De-
vice (RAD).

The RAD FPGA has accessto two 1MB Zero Bus
Turnaround(ZBT) SRAMs and two 64MB SDRAM mod-
ules providing a e xible platform for implementing high-
performancaetworking applicationg14]. To allow for paclet
reassembland other processingunctionsrequiring memory
resourcesthe FIPL hasaccesgo oneof the8 Mbit ZBT (Zero
Bus Turnaround)SRAMSs which require 18-bit addresseand
provide a 36-bit datapathwith a 2-clock cycle lateng. Since
this memoryis "off-chip” boththe addressaanddatalines must



belatchedatthepadsof theFPGA, providing for atotallateny
to memoryof n = 4 clock cycles.

D. MemoryCon guration

Utilizing a 4-bit stride the ExtendingPaths Bitmap is 16-
bits long, occupying lessthan a half-word of memory The
remaining20-bits of the word are usedfor the Pre x Bit and
Child NodeArray Pointer, hence,only onememoryaccesss
requiredpernodewhensearchingor theterminalnode. Like-
wise, the Internal Pre x Bitmap and Next Hop Table Pointer
may be storedin a single 36-bit word; hence a single nodeof
the TreeBitmaprequireswo wordsof memoryspacel131,072
nodesmay be storedin one of the 8Mbit SRAMSs providing a
maximumof 1,966,080storedroutes. Note that the memory
usageperrouteentryis dependentiponthedistribution of pre-
x esin the datastructure.Memory usagefor the experimental
datastructures reportedn the SectionVI.

E. Worst-CasePerformance

In this con guration, the pathologicallookup requires11
memory accesses8 memory accesseso reachthe terminal
node,1 memoryaccesdo searchthe sub-treeof the terminal
node,1 memoryaccesdo searchthe sub-treeof the mostre-
centnodecontaininga match,and 1 memoryaccesdo fetch
the forwardinginformation associatedvith the best-matching
pre x. Sincethe FPGAsand SRAMSs run on a synchronous
100MHzclock, all singlecycle calculationamustbe completed
in lessthan 10ns. The critical pathin the FIPL design,re-
solvingthe next_ hop.addr, requiresmorethan20 nswhentar
getedto the RAD FPGA of the FPX, a Xilinx XCV1000E-7;
hencek is setto 3. This providesatotal memoryaccesperiod
of 80 ns andrequires8 FIPL enginesin orderto fully utilize
the available memorybandwidth. Theoreticalworst-caseper
formance,all lookupsrequiring 11 memoryaccessest,anges
from 1,136,363lookupsper secondfor a single FIPL engine
t0 9,090,90900kupspersecondor eightFIPL enginesn this
implementatiorervironment.

F. Hardware Resouce Usage

As the WUGS 20 supportsa maximumline speedof 2.4
Gb/s,a 4-enginecon guration is usedin the WashingtonUni-
versity system. Due to the ATM switching core, the FIPL
WrappersupportsAAL5 encapsulatioof IP pacletsinside of
ATM cells [15]. Relatve to the Xilinx Virtex 1000E FPGA
usedin the FPX, eachFIPL Engine utilizes lessthan 1% of
theavailablelogic resourcesCon guredwith 4 FIPL Engines,
FIPL EngineControllerutilizes approximately6% of thelogic
resourcesvhile the FIPL Wrapperutilizes another2% of the
logic resourcesand 12.5% of the on-chip memoryresources.
Thisresultsin an8%totallogic resourceonsumptiorby FIPL.
The SRAM InterfaceandControl Processowhich parseson-
trol cells and executesmemory commandgor route updates
utilize another8% of the availablelogic resourcesand 2% of
theon-chipmemoryresourcesThereforeall inputlIP forward-
ing functionsoccupy 16%of thelogic resourceseaving there-
maining84%of thedevice availablefor otherpacletprocessing
functionality.
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TCP Sockets

NCHARGE
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Fig. 10. Control of the Field-programmablePort eXtender (FPX) via

NCHARGE software. EachFPX is controlledby an instanceof NCHARGE
which providesan API for FPX controlvia remotesoftwareprocess.

V. SYSTEM MANAGEMENT AND CONTROL COMPONENTS

Systemmanagemerdandcontrol of FIPL in the Washington
University systemis performedby several distributed compo-
nents. All componentsvere developedto facilitate furtherre-
searchusingthe open-platfornmsystem.

A. NCHARGE

NCHARGE is the software componenthat controlsrepro-
grammabléardwareonaswitch[16]. Figurel0shavstherole
of NCHARGE:In conjunctionwith multiple FPX deviceswithin
a switch. The software provides connectvity betweeneach
FPX and multiple remotesoftware processesia TCP soclets
thatlistenon awell-de ned port. Throughthis port, othersoft-
warecomponentsireableto communicatéo the FPX usingits
speci ed API. BecausesachFPX is controlledby anindepen-
dentNCHARGE software processdistributed managemenof
entiresystemganbe performedby collectingdatafrom multi-
ple NCHARGE elements[17].

B. FIPL MemoryManager

TheFIPL MemoryManagelis astandaloneC++application
thatacceptscommanddo add, delete,and updaterouting en-
tries for a hardware-basednternetrouter The programmain-
tainsthe previously discussediree Bitmap datastructurein a
sharednemorybetweerhardwareandsoftware. Whena user
entersroute updatesthe FIPL Memory ManagerSoftwarere-
turnsthecorrespondingnemoryupdatesieededo performthat
operationin theFPX hardware.

Command options:
[Aldd
[Dlelete



[C]hange
[P]rint
[M]emoryDump
[Q]uit
Enter command (h for help): A
You entered add
Enter prefix  x.xX.X.x/s
(x = 0-255, s is significant bits 0-32)

192.128.1.1/8

Enter
*kkkkk

Memory Update Commands:

Next Hop value: 4

w36 0 4 2 000000000 100000006
w36 0 2 2 200000004 000000000
w36 0 0 2 000200002 000000000

In the exampleshavn herea singleaddroutecommandre-
quiresthree 36-bit memorywrite commandsgachconsisting
of 2 consecutie locationsin memoryat addressed, 2, andO,
respectiely.

C. SodketsInterfaces

In orderto accesghe FIPL Memory Managerasa daemon
processsupportsoftware needsto bein placeto handlestan-
dardinput andoutput. Soclet softwarewasdevelopedto han-
dle incomingrouteupdatego passalongto the FIPL Memory
Manager A socletinterfacewasalsodevelopedto sendthere-
sultingoutputof amemoryupdateto the NCHARGE software.
Thesesoftware processesandlinginput andoutputarecalled
Write_Fip andReadFip, respectrely. Write_Fip is constantly
listeningon awell known portfor incomingrouteupdatecom-
mands.Oncea connections establishedhe updatecommand
is sentasan ASCII characterstring to Write_Fip. This soft-
wareprintsthe string asstandardutputwhich is redirectedo
thestandardnput of FIPL MemoryManager The memoryup-
datecommandsieededy NCHARGE softwareto performthe
routeupdateareissuedattheoutputof FIPL MemoryManager
ReadFip recevesthesecommandssstandardnputandsends
all of thememoryupdatesssociatewith onerouteupdateover
aTCPsocletto the NCHARGE software.

D. RemotdaJserlinterface

The currentinterfacefor performingroute updatess via a
web pagethat providesa simpleinterfacefor userinteraction.
Theuseris ableto submitsinglerouteupdatesr a batchjob of
multipleroutesin a le. Anotheroptionavailableto userds the
ability to de ne uniquecontrolcells. This is donethroughthe
useof software modulesthat are loadedinto the NCHARGE
system.

In thecurrentFIPL Module,awebpagehasbeendesignedo
provide a simpleinterfacefor issuingFIPL controlcommands,
suchaschangingthe Root Node Pointer. The web pagealso
providesaccesdo avastdatabasef sampleroutetableentries

FAST IPLOOKUP

Port Number: G Stack Level: l—l

RouteAdd  IPAddress| NetMask:|  NextHop:|
RouteDelete IPAddress|  NetMask:|

Route Modify |P Address: li Net Mask: l— Next Hop: l—
Submit Routes Filename:

Fig.12. FPXWebInterfacefor FIPL routeupdates.

taken from the InternetPerformancéVieasuremenand Anal-
ysis projects website[18]. This websiteprovidesdaily snap-
shotsof Internetbackbonerouting tablesincluding traditional
ClassA, B, and C addresses Selectingthe download option
from theFIPL webpageexecutesa Perlscriptto fetchtherouter
snapshotdrom the database.The Perl script then parsesthe
les andgeneratesinoutput le thatis readabléy the FastIP
LookupMemory Manager

E. Command-low

Theoverall o w of datawith FIPL andNCHARGE s shavn
in Figure 11. Supposea userwishesto add a route to the
databaseTheuser rst submitseitherasinglecommandr sub-
mits a le containingmultiple route updates. Data submitted
from thewebpage Figurel2,is passedo theWeb Senerasa
form. Localscriptsprocessheform andgeneratanAdd Route
commandhatthe softwareunderstandsThesecommandsare
ASCII stringsin the form “Add route A;.Az.A3.As/netmask
nexthop”. The scriptthensetsup a TCP Soclet andtransmits
eachcommandto the Write_Fip software process. As men-
tionedbeforeWrite_p listenson a TCP port andrelaysmes-
sagedo standardutputin orderto communicatevith the FIPL
Memory Manager FIPL Memory Managertakesthe standard
input and processeshe route commandin orderto generate
memory updatesfor an FPX board. Eachmemoryupdateis
thenpassedsstandardutputto the ReadFip process.

After this processcollectsmemoryupdatest establishea
TCP connectionwith NCHARGE to transmitthe commands.
ReadFip is ableto detectindividual route commandsandis-
suesthe setof memoryupdatesassociatedvith each.This pre-
ventsReadFip from creatinga soclet for every memory up-
date. Fromherememoryupdatesare sentto NCHARGE soft-
wareprocesso bepacledinto controlcellsto sendto the FPX.
NCHARGE packsasmary memorycommandssit cant into
a53byte ATM cell while preservingprderbetweercommands.
NCHARGEsendghesecontrolcellsusingastop-and-wait pro-
tocol to ensurecorrectnessthenissuesa responsenessagéo
theuser

VI|. PERFORMANCE MEASUREMENTS

While the worst-caseperformanceof FIPL is deterministic,
an evaluation ervironmentwas developedin orderto bench-
mark averageFIPL performanceon actual router databases.
The evaluation ervironmentwas usedto extract lookup and
updateperformanceas the numberof parallel FIPL Engines
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Fig.11. Commandow for controlof FIPL via aremotehost.
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Fig. 13. Block diagramof FIPL evaluationenvironment.

was scaledup, aswell asdeterminethe performancegain of
the split-trie optimization. As shavn in Figure 13, the evalua-
tion ervironmentincludesamodi ed FIPL EngineController 8
FIPL EnginesandaFIPL EvaluationWrapper TheFIPL Eval-
uation Wrapperincludesan IP AddressGeneratomwhich uses
on-chipBlockRAMsin the Xilinx FPGAto implementstorage
for 16,384IPv4 destinatioraddresseslThelP AddressGenera-
tor interfacesto the FIPL Enginecontrollerlike a FIFO. When
atestrunis initiated,anempty ag is drivento FALSE until all
16,384addresseareread.

Control cells sentto the FIPL Evaluation Wrapperinitiate
testruns of 16,384lookupsand specify how mary FIPL En-
gines should be usedduring the testrun. The FIPL Engine
Controllercontainsa lateng timer for eachFIPL Engineand
a throughputtimer that measurethe numberof clock cycles
requiredto completeeachlookup andthe testrun of 16,384
addressegespectiely. Lateng timer valuesare written to a
FIFO uponcompletionof eachlookup. The FIPL Evaluation
Wrappermackslateng timervaluesinto controlcellswhich are
sentbackto the systemcontrolsoftwarewherethe contentsare
dumpedo a le. Thethroughputimervalueis includedin the
nal controlcell.

A snapshobf the Mae-Westdatabasérom March 15, 2002
consistingof 27,609routeswasusedfor all tests. The on-chip
memoryreadby the IP AddressGeneratowasinitialized with
16,3841Pv4 destinationaddressesreatedvia randomselec-
tions from the route table snapshot. Two evaluationerviron-
mentswere synthesizedpne including “single-trie” FIPL en-
ginesandoneincluding “split-trie” FIPL engines.Eacheval-
uationenvironmentwasdownloadedto the RAD FPGA of the

B. LookupRate

Two evaluationenvironmentswere synthesizedpneinclud-
ing “single-trie” FIPL enginesand one including “split-trie”
FIPL engines Eachevaluationervironmentwasdownloadedo
theRAD FPGAof theFPXandsubjectedo aseriesof testvec-
tors. The TreeBitmap datastructuregeneratedrom the Mae-
West databaseof 27,609routeswas loadedinto the off-chip
SRAM. Theon-chipmemoryreadby the P AddressGenerator
wasinitialized with 16,384IPv4 destinatioraddressesreated
via randomselectionfrom the routetablesnapshotTestruns
wereinitiatedusingcon gurationsof 1 through8 engines.

Eachevaluationenvironmentwas rst testedwith no inter
veningupdatesFigure 14 plotsthe numberof lookupspersec-
ond versusthe numberof parallelFIPL enginesfor the single-
trie and split-trie versions. The theoreticalworst-caseperfor
manceis alsoincludedfor reference.With no interveningup-
datetrafc, lookup throughputfor the “single-trie” con gura-
tion rangedfrom 1.46 million lookupsper secondfor a single
FIPL engineto 10.09million lookupsper secondfor 8 FIPL
engines;an 11% increasen performanceover the theoretical
worst-case.Underidentical conditions,lookup throughputfor
the“split-trie” con guration rangedfrom 1.58 million lookups
per secondfor a single FIPL engineto 11 million lookups
persecondfor 8 FIPL engines;a 9% increasdn performance
overthe“single-trie” con guration. Averagdookuplateng for
“single-trie” FIPL enginegangedrom 656nsfor asingleFIPL
engineto 674 nsfor 8 FIPL engines.Averagelookup lateny
for “split-trie” FIPL enginesrangedfrom 603 ns for a single
FIPL engineto 619nsfor 8 FIPL engines.

In orderto evaluateperformanceunderupdateload, updates
weretransmittedo the evaluationervironmentat variousrates
duringtestruns. Updatetraf ¢ consistedf analternatingpat-
tern of a 24-bit pre x adda 24-bit pre x delete. For the the
“single-trie” con guration, the 24-bit pre x add required25



TABLE |

MEMORY USAGE FOR THE TREE BITMAP DATA STRUCTURE AND NEXT HOP INFORMATION USING A SNAPSHOT OF THE MAE-WEST DATABASE FROM
MARCH 15, 2002 CONSISTING OF 27,609 ROUTES.

Type Total Total Next Hop | Next Hop TreeBitmap | TreeBitmap
(bytes) | (bytes/pe x) | (bytes) (bytes/pe x) | (bytes) (bytes/pe x)
Single-Trie || 409,937| 14.8 124,241 | 45 285,696 10.3
Split-Trie 298,822| 10.8 124,241 | 45 174,582 6.3
12
1 | Mae-West Throughput (Split Tree) | 12
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Fig. 14. FIPL performancemeasurementsseda snapshobf the Mae-West
databasdrom March 15, 2002 consistingof 27,609routes. Input IPv4 desti-
nationaddressewere createdby randomlyselectingl6,384pre®xesfrom the
Mae-Westdatabase.

memory write operationswhich were pacled into 4 control
cells. The 24-bitpre x deleterequired14 memorywrite opera-
tionswhichwerepacledinto 3 controlcells. For thethe“split-

trie” con guration, the 24-bit pre x addrequired21 memory
write operationswhich were pacled into 4 control cells. The
24-bitpre x deleterequiredl2 memorywrite operationsvhich

were pacled into 2 control cells. Testrunswere executedfor

both con gurationswith updategsatesrangingfrom 1,000up-

datesper secondto 1,000,000updatesper second. Note that
theupperendof therange,oneupdateper microsecondrepre-
sentsa highly unrealisticsituationasupdatefrequenciesarely
exceedl,000updategpersecond.

Resultsof testruns of the “single-trie” FIPL con guration
with interveningupdatetraf c areshavn in Figure15. Results
of testrunsof the“split-trie” FIPL con gurationwith interven-
ing updatetraf c areshavn in Figure16. For both con gura-
tions, updatefrequenciesp to 10,000updategper seconchad
no noticeableeffect on lookupthroughputperformanceFor an
updatefrequeng of 100,000updatesper second the “single-
trie” con gurationexhibiteda maximumperformancelegrada-
tion of 6.5% while the “split-trie” throughputwasreducedby
7.2%. For an updatefrequeng of 1,000,000updateer sec-
ond, the “single-trie” con guration exhibited a maximumper
formancedegradationof 56% while the “split-trie” throughput
wasreducedoy 58.9%. FIPL notonly demonstrateso notice-
ableperformancealegradatiorundernormalupdatdoads,but it
alsoremainsrobustunderexcessve updateloads.

# of FIPL engines

Fig.15. FIPL performanceinderupdateoad: measurementsseda snapshot
of the Mae Westdatabasdrom March 15, 2002 consistingof 27,609routes.
Input IPv4 destinationaddressesvere createdby randomlyselecting16,384
pre®xesfrom the Mae-WestdatabaseUpdatesonsistedf alternatingaddition
anddeletionof a 24-bit pre®x.
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Fig.16. FIPL Split-Trie performanceinderupdatdoad: measurementsseda
snapshobf the Mae Westdatabasérom March 15, 2002 consistingof 27,609
routes. Input IPv4 destinationaddressesvere createdoy randomlyselecting
16,384pre®xesfrom the Mae-WestdatabaseUpdatesconsistedf alternating
additionanddeletionof a 24-bit pre®x.



Basedon the test results, a FIPL con guration employ-
ing four parallel search engineswas synthesizedfor the
WUGS/FPXresearclplatformin orderto support2 Gb/slinks.
Utilizing customtraf c generatorsaand bandwidthmonitoring
software, throughputfor minimum length paclets was mea-
suredat 1.988 Gb/s. Note that the total systemthroughput
is limited by the 32-bit WUGS/FPX interface operating at
62.5MHz. Additional testsinjectedroute updatedo measure
updateperformancevhile maintaining2 Gb/sof offeredlookup
trafc. TheFIPL con guration experiencedonly 12% perfor
mancedegradationat updateratesof 200,000updateger sec-
ond.

VII. TOWARDS BETTER PERFORMANCE

Ongoingresearchefforts seekto leveragethe components
andinsightsgainedfrom implementingFastIP Lookup (FIPL)
on the openresearctplatformsdevelopedat WashingtonUni-
versity The rst effort works to increasethe performanceof
FIPL via designanddevice optimizations.Otherefforts seekto
increasehe performanceandef ciency of FIPL via datastruc-
tureoptimizationgo reduceoff-chip memoryaccessegzinally,
FIPL searchenginesarebeingincorporatednto a classi cation
androutelookup systemfor the multi-servicerouterprojectat
WashingtoriJniversity[3].

A. ImplementatiorOptimizations

Coupledwith advancesn FPGA device technologyimple-
mentatioroptimizationof critical pathsin the FIPL enginecir-
cuit hold promiseof increasingthe systemclock frequeny in
orderto take full advantageof the memorybandwidthoffered
by modernSRAMs. ExistingDDR SRAMs are capableof op-
eratingat 200 MHz with the equivalentof two readoperations
percycle. Note thatmodernFPGAsare capableof runningat
this frequeny andno throughpuis gainedvia an ASIC imple-
mentationsinceoff-chip SRAM accessearethe performance
bottleneck.Doubling of the clock frequeny of FIPL, employ-
ing 16 enginesandusinga DDR SRAM directly translatego
afactorof four increasen lookup performanceo a guaranteed
worstcasethroughputof over 36.4million lookupspersecond.

B. RootNodeExtension& Caching

By bothcachingtherootnodeandextendingits stridelength,
the numberof off-chip memoryaccessesanbereduced.Ex-
tendingthe stride length of the root nodeincreaseshe num-
ber of bits requiredfor the extendingpathsandinternal pre x
bitmaps. The increasein the numberof extendingpathsalso
requiresa larger chunk of contiguousmemoryfor storingthe
child nodearray In generalthe numberof bitmapbitsrequired
for a strideof lengthnis 2"*1 1. The maximumnumberof
contiguousmemoryspaceseededor the child nodearrayis
2",

Selectingthe stride lengthfor the cachedroot nodemainly
dependsupon the amountof available on-chip memory and
logic. In the caseof ampleon-chipmemory onewould still
wantto boundthe stride lengthto preventthe amountof con-
tiguousmemoryspacesiecessarjor thechild nodearrayfrom

Destination Address [31:i]

Next Hop

!
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Fig. 17. Rootnodeextensionusinganon-chiparrayandmultiple sub-tries.
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becomingtoo large. Selectionof a stride length which is a
factor of four plusone (i.e. 5, 9, 13, ...) providesthe favor-
ablepropertyof implementingthe exactmatchcaseef ciently .
Normally, the exact match caserequireseither the optimiza-
tion of nodesof deptheightor the additionof leaf nodesstor
ing asinglepre x. Selectingaroot nodestridelengthof eight
requiresextendingpathsandinternalpre x bitmaplengthsof
8192and8191bits, respectrely. Giventhatcurrentgenerations
of FPGAsimplementl6kb blocksof memory the bitmapstor
agerequirementdoesnot seemprohibitively high. However,
the CountOnesand Tree Seach functionsconsumeexorbitant
amountof logic for suchlarge bitmaps.

Anotherapproachs to simply representhe root nodeasan
on-chiparrayindexed by the rst i bits of the destinationad-
dress,wherei is determinedby the stride length of the root
node. As shavn in 17, eacharray entry storesthe next hop
informationfor the best-matchingpre x in the n-bit pathrep-
resentedy theindex, aswell asa pointerto anextendingpath
sub-tree.Searchesimply examinethe extendingpathsub-tree
pointerto seef asub-treexistsfor thegivenaddressThismay
be doneby designatinga null pointervalueor usinga valid ex-
tendingpathbit. If no extendingpathsub-treeexists, the next
hop informationstoredin the on-chiparrayentryis appliedto
the paclet. If anextendingpathsub-treeexists, the extending
pathsub-treepointeris usedto fetchthe“root node” of the ex-
tending path sub-treeand the searchcontinuesin the normal
TreeBitmapfashion.If nomatchingpre x is foundin thesub-
tree,the next hopinformationstoredin the on-chiparrayentry
is appliedto the paclet.

Obviously, theperformancgain comesatthecostof on-chip
resourcaisage Tablell shavs thefollowing:

Array Size(AS) numberof arrayslots.
On-chip Memory(On-CM). the amountof on-chipmem-
ory needed(in termsof bits and numberof BlockRAMs
requiredin the Virtex-E targetdevice) in orderto allocate
therootnodearray
WorstCaseOff-chip MemoryAccesse@NCOff-CMA). the
amountof off-chip memoryrequiredto storesub-trees.
Worst CaseThroughput(WC Tp): millions of lookupsper
secondassuminga 100MHz clock (T=10ns)and200MHz
clock (T=5ns).
Note it is assumedhat all sub-treepointersand next hop in-
formation are 16-bits each. If more next-hop informationis



TABLE lI
MEMORY USAGE FOR ROOT NODE ARRAY OPTIMIZATION.

Stride(i) || As On-CM (bits,BRAMs)| WCOff-CMA | WCTp (10ns,5ns)
4 16 512(1) 10 10,20

5 32 1024(1) 10 10,20

8 256 | 8,192(2) 9 11.1,22.2

9 512 | 16,384(4) 9 11.1,22.2

12 4096 | 131,072(32) 8 12.5,25

13 8192 | 262,144(64) 8 12.5,25

requiredtheon-chipmemorymaybescaledaccordinglyor the
informationmay be storedoff-chip andthe 16-bit eld usedas
apointer
Futureresearchwill seekto morefully characterizehis de-
signoptionby determiningthe following:
On-chip MemoryUsage (On-CMUY) the numberandper
centageof occupiedarrayslots.
Off-chip Memory Usage (Off-CMU): the amountof off-
chip memoryrequiredto storesub-trees.
Throughput(Tp): lookupspersecondvhenusinga back-
boneroutingtablesnapshot.

VIII. CONCLUSIONS

IP addresdookup is one of the primary functions of the
routerandoftenis a signi cant performancéottleneck.In re-
sponsewe have presentedhe FastInternetProtocolLookup
(FIPL) architecturewhich utilizes Eathertonand Dittia's Tree
Bitmapalgorithm. Striking afavorablebalancebetweerookup
andupdateperformancememoryef ciency, andhardwarere-
sourceusage,each FIPL engine supportsover 500 Gb/s of
link trafc while consuminglessthan 1% of available logic
resourcesand approximately1l0 bytes of memory per entry.
Utilizing only afraction of arecon gurablelogic device anda
singlecommoditySRAM, FIPL offersan attractve alternatve
to expensve commerciakolutionsemploying multiple Content
Addressabldviemory (CAM) devicesandApplication Speci c
IntegratedCircuits (ASICs). By providing high-performance
at low perport costs,FIPL is a prime candidatefor System-
On-Chip (SoC) solutionsfor ef cient next-generatiorinternet
routers.
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