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We presenthe architectureand codedesignfor a highly scalable 2.5 Gb/sper useroptical
codedivision multiple accesYOCDMA) system. The systemis scalableto 100 potential
and more than 10 simultaneousisers,eachwith a bit error rate (BER) of lessthan10 °.
The systemarchitectureusesa fastwavelength-hoppingtime-spreadingodes. Unlike fre-
gueng andphasesensitve coherenDCDMA systemsthis architecturautilizes standardn-
off keyed optical pulsesallocatedin the time andwavelengthdimensions.This incoherent
OCDMA approachs compatiblewith existing WDM optical networks and utilizes off the
shelfcomponentsWe discusghe novel optical subsystendesigngor encoderanddecoders
thatenabletherealizationof a highly scalablancoherenOCDMA systemwith rapid recon-
gurability. A detailedanalysisof the scalability of the two dimensionalcodeis presented
andselectnetwork deploymentarchitecture$or OCDMA arediscussed.

PACS: 42.55.Wd42.81.Wg

1 Intr oduction

To deliver multimediaandbursty datacontentto a growing broadbandiserpopulation,intense
researctanddevelopmentave focusedonthetechniquedor providing bandwidthef cient mul-
tiple accesgormatsandprotocols.Commontechniquedor accessindgpandwidthin a multi-user
ervironmenton wireline networks have relied on wavelength-dvision multiple accesfWDMA)
andtime-division multiple acces§TDMA). Whereadoth of theseschemesave beenutilized
individually aswell asconcurrentlyin present-dappticalcommunicatiorsystemsgode-dvision
multiple acces§CDMA) schemeéhassofar beenusedmorein RF wirelesscommunicatiorsys-
tems.In TDMA andWDMA, multiple-usefaccess$o sharecandwidthis allowedby assigninga
time slotwithin anaggreyatedrameandby assigningawavelengthwithin abandof wavelengths
respectiely. Thesesystemgequirestrict enforcemenbf the synchronizatiorof theusersin the
time domainor non-overlappingassignmenof thewavelengthsn thespectradomain.However,
by allocatinguniquecodesthatarecreatecby combiningvariousparametersuchastime slots,
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frequeng, polarization,and phase,CDMA systemsenableasynchronousiccesdo the entire
bandwidthby differentusersof the communicationghannel.In addition, CDMA offers other
adwantagesuchassimpli ed network control,increaseghysicallayerprivacy andon-demand
bandwidthsharingand bandwidthmanagementBy extendingtheseconceptsnto the optical
domain,OCDMA promisedo extendthe e xibility andadwvantage®f CDMA systemsdnto the
vastbandwidthprovided by ber-optics. Theseadwantagesnake OCDMA a promisingtech-
nologyfor future multiple-accessetworks. Many of the barriersto implementingDCDMA are
percevedratherthanfundamentalimits of theavailabletechnologywhentakenin thecontext of
amulti-useropticalaccessietwork ervironment[1]. By leveragingrecentadvancesn photonic
components\WWDM systemsandoptical TDM systemsnew architecturevasedon OCDMA
arebecomingmorepracticalfor future deployment.

In this paperwe presenaainapproachio OCDMA thatenabledarge scale high speednulti-
useraccesgo sharedoptical bandwidthon a broadcastind selectnetwork architecture.Three
critical areasin researcton this systemare beinginvestigated:(i) advancedphotonicencod-
ing and decodinghardware and components{ii) codingalgorithmsand techniques;and (iii)
network architecturescalabilityassessmengndapplications.Thesethreeresearchareasspan
thetechnologyneededo implementanadvancedOCDMA system[2]. Thetheoreticafounda-
tion andtechnologyareoutlinedin this paperanddemonstrateéhe feasibility of developingan
OCDMA systemwith 2.5 Gb/speruserand(BER) < 10 °. Our systemanalysisindicatesthat
the network will demonstratescalability of more than 10 simultaneousiusersfrom a potential
pool of morethan100 possiblecodes.Our approactappliesnovel codingalgorithmsto allocate
sequenceto optical bandwidthsimultaneoushacrossboth wavelengthsandtime slots. New
classef two-dimensionabptical codesare investigatedand analyticalresultsfor the perfor
manceof a multi-userasynchronousiccesssystemare presented.The systemalso leverages
recentinnovationsin ultrafastoptical componentandsubsystemsncluding ultrafasttime slot
tuners,all-optical demultiplexers,and multi-wavelengthlasersources.Finally, varioussystem
architecturesindapproache$o practicaldeploymentof OCDMA in the context of the existing
opticalnetwork infrastructurearepresented.

2 TechnicalRationale

CDMA is rapidly becomingheforemosttechnologyin RF wirelesscommunicationbecausef
the signi cant advantagest offers, suchasenhancedletectionin the presencef multi-userin-
terferencgMAI), higherspectralef ciency androbustnesso multipathinterferenceln today's
RFwirelessCDMA communicatiorsystemgarrierfrequenciesrein therangeof 1 GHz,the
typical bit rateis 10-100kb/s,thetypical chip widthsareon the orderof afew hundrechanosec-
onds,the bits aredividedinto a few hundredor thousandchips,and1-D codesareformed by
populatinga subsetof thesechips. Eachuseris assigneda uniqguecodeandall the userscan
asynchronouslyransmit. Therecever intendedfor a userhasto decodethe assignedisersin-
formationin the presencef interferencdrom otherusers,calledMAI noise. This makescode
orthogonalitya key factorin CDMA systemswhereorthogonalityconnoteshe propertyof a
large autocorrelatiorin comparisorto a small or zero cross-correlatiorfunction. Families of
codeshaving alargenumberof orthogonakodesallowing alargenumberof usersarepossible
in RFwirelessCDMA onaccounbf thelargenumberof chipsin abit periodandthe possibility
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of utilizing bipolarcodes.Sincethedataratesperuserin anRF wirelessCDMA network arerel-
atively modestthe codesscaleto supporta largenumberof usersusuallyin a singlegeographic
area- cell.

The key distinction betweenthe RF and optical domainis the vastamountof bandwidth
providedin anoptical ber useableto a large userpopulationcommunicatingat very high bit
rates(soonexceedingl0 Gb/s per user)while geographicallyseparatedy up to thousandof
kilometers.In comparisorto RF CDMA, the shorterdurationof optical bit period (becausef
high bit rates)canlimit the numberof temporalchipsthe bit canbe dividedinto, thusreducing
the cardinality (the numberof possiblecodes)in OCDMA systems. The cardinality can be
even further constrainedn incoherentOCDMA systemsdue to the unipolarity of the codes.
Consideringthesedifferencesthe constraintamposedby existing technology andthe effects
of ber optic transmissiorover metro/regjional distancesye have optimizedthe codeselection
for optical CDMA. Throughthe optimized codesand properhardware selectionmary of the
percevedlimitationsof OCDMA systemsanbereducedr eliminatedall together

To supportmary simultaneousisers,1-D opticalcodes suchasvariousprime codeq3] and
opticalorthogonaktodeqOOCs)[4,5] wereoriginally designedvith goodcorrelationproperties
(i.e.,thumbtack-shapautocorrelatiorandvery low cross-correlatiofunctions)to discriminate
betweerthecorrectsequencandinterferingnoise.However, mostopticalcodeswith theseprop-
ertiesarealsosparsen binaryones.This meanghataverylongcodelengthis requiredto obtain
a goodextinction ratio (i.e., the ratio of autocorrelatiorpeakto the maximumcross-correlation
value).Onotherhand,dueto practicalhardwarerealizationsareductionof thecodelengthmight
berequiredwhich couldresultin areductionof the cardinalityof the system.Onepossibleway
how to preventthis penaltyis to accessa secondcoding dimension- wavelength,and useso-
called2-D wavelength-timecoded6,7]. Thesecodescanbe viewedasfastwavelength-hopping
codesjn whichwavelength-hopsake placeatevery pulseof acodesequenceln thisareaof 2-D
coding,several codingalgorithmshave beenreported.For example,prime-hopcodeswerecon-
structedby usingprime sequenceto controlthe wavelength-hoppingatternsput hada limited
cardinality[7]. Yim etal. studiedthe useof computerdo searcHor wavelength-timecoded8].
In [9], Kim etal. introduced3D unipolarpseudo-orthogonalodes utilizing spacewavelength,
andtime dimensionsimultaneously

In areaf network-level analyseslittle work associateavith OCDMA hasbeenperformed.
Although codeassignmentechniquesgontentionprotocols,andpower-controlalgorithmshave
beeninvestigatedor usein OCDMA networking ernvironmentg10,11], moreresearchn these
areass requiredto developscalableandrobustsystemghatcanbe deployed.

3 SystemOverview

3.1 SystemAr chitecture

We have demonstrateén incoherentOCDMA systembasedon a wavelength-hoppingtime-
spreadingcodingtechniqueusingrapidly recon gurablecodingdevicesandnovel ultra fastall
opticaltime gatingtechnology Thefunctionalsubsystemef thearchitectureareshovnin Fig. 1.
In this systemthe encodesimultaneouslynodulateghe dataonto multiple optical
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Fig. 1. Schematiof abroadcasandselectOCDMA network.

pulseswith different centerwavelengthsthat are then allotted into differenttimeslots(chips)
within abit period.We usea carrierhoppingprimecode[3], whichis aclassof wavelength-time
codes. Thesecodesallow every pulsein a two-dimensionaktodesequencéo be encodedn a
distinctwavelengthand,thus,maintainzeroautocorrelatiorsidelobesTunability atthe encoder
enablesanindividual userto dynamicallyselectfrom the available codeson the network. The
signalsfrom multiple usersare aggreyatedonto a broadcashetwork. At arecever, a matched
decoderrecoversthe databy performingan autocorrelatiorfor a particularcodeassignedo
that destination. To enhancethe contrastof the autocorrelatiorpeak,a seconddecoderwith
a complementarycode sequencean also be usedin conjunctionwith a balanceddetectorto
further reducethe impact of multi-userinterference. By using an ultrafast optical gate prior
to photodetectionthe autocorrelatiorpeakcanbe separatedrom interferencen otherchips,
to furtherimprove the signal contrastat the detector Timing control at the recever alignsthe
optical gatewith the desiredautocorrelatiorpeak. After photodetectiorandthresholding the
original transmittecdatasequencés digitally recovered.

3.2 ComponentDesign
3.2.1 Optical Transmitter Design

The schematioof an OCDMA transmitter/encodedesignis shavn in Fig. 2. A mode-locled
laseris usedto generatea broadbandsupercontinuunthat is modulatedwith the transmitted
digital binary sequencesingon-off keying. A thin Im Iter (TFF)basedNVDM demultiplexer
is usedto slicethemodulatedsupercontinuunmto multiple wavelengths Adjustabletime delays
separatandaligneachpulsedvavelengthto form atime code.By leveragingultrafasttime delay
selectiontechniquesthe codecanberapidly changedo provide dynamiccodeallocation. The
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individual wavelengthsof the codeare combinedby a WDM multiplexer andtransmittedinto
thenetwork.

3.2.2 Optical Recever Design

Thebasicfunctionof the opticalreceveris to distinguishthe correctcodesequencérom thear
riving wavelength-timeDCDMA waveformsin thepresencef MAI. Thesetupfor ourwavelength-
time opticalreceveris shavnin Fig. 3. Thecorrelatoris setupsimilarto theencoderexceptthat
thewavelengthandthetime-delayarrangementarein reverseorder This assuresheformation
of anautocorrelatiorpeakat the correctrecever addresssincethe pulsesin the codesequence
would then be wavelengthselectedand time-delayedsuchthat they overlap at the correlator
output.Otherwise the pulsescannotoverlap,resultingin alow cross-correlatiofunction.

By properlydesigningthe codesequences signi cant reductionof MAI canbe obtained.
Theelectronicsignalsarethenthresholddetectecanddatabits arerecovered. Theasynchronous
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natureof OCDMA systemsrequirethe detectorto operateat the chip rate, which, to support
morethan 10 usersat a datarate of at least2.5 Gh/sapproache400 GHz. The useof a de-
tectordirectly at sucha chip rateis not possiblebecausenf speedlimitations on commercial
photodetectordHowever, by usinga novel all-opticaloptical samplinggatethe TOAD (seeSec-
tion 5.2),ultrashortgatingfunctionsin thetime domaincanbeappliedto thesignalatthe output
of thecorrelatorto rejectmostof the cross-correlatiomoise.A standarccommerciallyavailable
photodetectocanthenbe usedatthe outputof the samplinggatefor signalrecovery.

An electronictiming controller coupledto a gatedtime slot tuneris usedto monitor the
outputof thebalancedletectoffor trackingthearrivalsof autocorrelatiopeaksandto adjustthe
opticalsamplingtime delayduringinitial channeketup.While areceveris idle, its decodemill
continuouslymonitorthearriving waveformsto seeif ary transmitteiis trying to establishalink
with therecever. Thisis doneby (1) transmitterssendingthe codesequenceorrespondindo
thatof therecever, and(2) therecever continuouslysweepinghe optical gatecontrol signalto
discoverthe presencef autocorrelatiopeaksat differentchip positions.Oncethetimelocation
of the autocorrelatiorpeakis con rmed, the trackingis nished andthetunerwill be x ed. A
hand-shakingrotocolcanbe appliedto facilitatethis initial setup.

4 Codes

4.1 Carrier -Hopping Prime Code

Theuseof multiplewavelengthsn OCDMA codesaddscoding e xibility and,moreimportantly,
improvescodeperformanceln [7], Tancesski etal. introducedthe prime-hopcode,which had
every pulsein eachbinary codesequencef the original prime codeencodedt a distinctwave-
length, resultingin a classof OOCswith zeroautocorrelatiorside lobesand cross-correlation
functionsof atmostone. For agivenprimenumberp, p differentwavelengthsvereusedandthe
prime-hopcodehadlength,weight, andcardinalityof p?, p, andp(p-1), respectiely. By utiliz-
ing p wavelengthsthe codeprovidesa factorof p morecodesequencethanthe original prime
code.However, thecardinalityis still limited andnot e xible, ascomparedo thecarrierhopping
primecode.

As in wirelesscommunicationscarrierhoppingis usuallyreferredto asfrequeng hopping
(FH). Mostof theFH codesstudiedarebasedn the Reed-Solomorodeq15]. For thesecodes,
cardinalityis usually controlledby the pre-selecteanaximumcross-correlatiorvalue and the
numberof hoppingfrequenciesRelaxingthe maximumcross-correlatiowalueto improve sys-
temcardinalityis notfeasiblesinceit dramaticallyworsenghe systemoutageprobability. Thus,
in practice for suchReed-Solomon-basewdes cardinalitycanbeimprovedonly by increasing
the numberof frequencieswhich will be prohibitedin someband-limitedapplications.There-
fore, it is advantageouso have codes suchasthe carrierhoppingprime code whosecardinality
is afunctionof codelength,notthe pre-selectednaximumcross-correlationalue.

In this sectionwe constructthe carrierhoppingprime codeusinga 2-D algebraicapproach,
wherethecodesequencearerepresentedsp:pz : : : px binary(0,1)matricesof lengthpipz : : @ pk,
weightw, andcardinalityp;p, : : : px for two givenpositive integersw andk anda setof prime
numberd pipz:::pcg, wherepk  pc 1 i p2  p1 W. Notethatw is alsothenumber
of rows, relatedto the numberof available carriers,andpip, : :: px is the numberof columns,
relatedto thelengthof thematrices Becauseachmatrix consistof onepulseperrow andeach
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Fig. 4. The matrix representatiomf the carrierchoppingprime codesequencd 00 0f,0 00f;. The
black squaresepresentts orderedpairs. The horizontalandvertical numbersn the matrix representhe
chip positionandtransmittingcarrierindex of the orderedpair respectiely.

pulsein a matrix is assignedvith a distinctcarrier, the codehaszeroautocorrelatiorsidelobes
(i.e., a = 0) andcross-correlatioffiunction of at mostone(i.e., ¢ = 1). With respecto the
Reed-Solomon-baseambde,the carrierhoppingprime codehasthe advantageof improving the
codecardinalitywithout sacri cing thecorrelationproperty

For easeof representationgvery matrix can equivalently be written asa setof w ordered
pairs(i.e.,oneorderedpair (f ,; ty) for every binaryone),wheref , representshe transmitting
carrierindex andt,, shaws the chip positionof the binaryone. For example the carrierhopping
sequencéy,00 Of ,0 0O0f; canalsoberepresentedsa3 9 matrixshovnin Fig. 4, wherethe
black squaresepresenthe locationsof the orderedpairsandtheir transmittingcarriersdepend
ontherowsin which they arelocated. The matrix canequialentlyalsobe representedy a set
of threeorderedpairs[(0,0), (1,8),(2,4)].

4.1.1 Coding Algorithms

Becausef the goodcorrelationpropertiesthe carrierhoppingprime codecanbe denotedasa
classof (w  pyp2:::pk;w;0;1) OOCs.

De nition: Letthe(L N;w; 4; ¢) carrierhoppingprime codebea collectionof binary
(0,2)L N matrices,eachof Hammingweight w, with the maximum autocorrelatiorside
lobeandcross-correlatiofunctionnomorethan , and ., respectrely. In general giventwo
positive integersw andk anda setof prime numberd p;p;:::pk g, suchthatpx  px 1
p: p1 W, matricesXii;z: ik , With theorderedpairs
3

IMW ©

8 2
% (0;0); (L;ia + izpy + i+ TkpaP2iiipe 1)
(202 prin+ (2 p2i2)pr+ i+ (2 pkik) PaP2iiipe 1) 500 Z
w L(w 1) prin+((w 1) priz)pr+ '
E 4 (W D i) PP 1)
T = 0L pr 105i2= 10 L npe 195k = O L pe 19

= W

formthe(w pipz2:::p«;w; 0; 1) carrierhoppingprime codewith p;p;:::px matricesof length
p1p2:::px andweightw, where* ; ” denotessmodulo; multiplicationforj = f1;2; 3;::;; kg.
The original prime codeusedin [13] is a subsetof carrierhoppingprime codewith k =1,
w = p; andonly onetransmittingcarrier Similarly, the prime-hopcodein [7] usesk = 2,
w = p; = pz andis basedonthe choiceof k = 2 minusk = 1. Thereforejt haspsy (p1 1)
matricesp; lessthanthe carrierhoppingprime codewith the samecodeparameters.
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Fig.5. Examplesofthe(8 41,8, 0, 1) carrierchoppingprime code. Thefour matricesrepresenthe code
sequencess, Xo, X11, andxzz, respectiely.

Usingk = 1, p; = 41, andw = 8 asanexample,this carrierhoppingprime code has
41 matrices X1 (fori; 2 [0; 4Q]), representedy the orderedpairs[(0,0), (1,i1), (2,2 a41i1),
(3,3 41i1), ..., (7,7 4i1)]. Figure5 shovsthematricesxy, Xg, X11, andxz,, respectiely.

Table 1 shows the cardinality length,weight, andthe maximumcross-correlatiovalue
of the Reed-Solomon-basembdes[15,16] and carrierhoppingprime codes wherethe number
of carriersis x edto a prime numberp (i.e., w = p). Whencardinalityis equalto p, both
familiesgive comparableerformanceThe Reed-Solomon-basexdeshowever, have to relax

< from oneto two in orderto have a cardinalityof p?. Instead theimprovementin cardinality
canbedonein the carrierhoppingprime codesolely by increasinghe codelengthto p? without
sacri cing .

Tah 1. Cardinality length,weight,andmaximumcross-correlatiowvalue . of the Reed-Solomon-based
codesandcarrierhoppingprimecode.The numberof carriersis x edto aprimenumberp.

REED-SOLOMON CARRIER-HOPPING PRIME
w=p[29] | w=p[30] | k=l,w=p1=p | K=2,w=p1=p1=p
CARDINALITY p p? p p?
LENGTH p 1 p 1 p p?
WEIGHT p 1 p 1 p p
¢ 1 2 1 1
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4.1.2 Correlation Properties

De nition: The(L N;w; ,; () carrierhoppingprimecode,C, is acollectionof binary(0,1)
L N matriceseachof Hammingweightw, suchthatthefollowing propertieshold [7]:

a) Autocorrelation: For ary matrixx 2 C andinteger 2 [1;N 1], the binarydiscrete

two-dimensionahutocorrelatiorsidelobeof x is no greatethana nonneativeinteger ,,
PINp 1

suchthat Xij Xij a, Wherex;; = f0;1gis anelementf x attheith row
i=0 j=0

andj -th columnand“ " denotesamodulo-N addition[3].

b) Cross-corelation: For ary two distinct matricesx 2 C andy 2 C andinteger 2

[1;N 1], thebinarydiscretetwo-dimensionatross-correlatiofunctionof x andy is no
PINP 1

greaterthana positive integer ., suchthat Xij Vi ¢, Wherey;; = f0; 19
i=0 j=0

is anelementof y atthei-th row andj -th column|[3].

4.1.3 Cardinality

In this section,the upperboundof the cardinality of the carrierhopping prime code and its
optimality arestudied. Let (L N;w; ,; () betheupperboundof the cardinality of the
(L N;w; a; ¢)carrierchoppingprimecode,suchthat (L N;w; 4; ¢) = maxfijCj:C
isthe(L N;w; 4; ) carrierchoppingprimecodeay, whereL N is thesizeof eachmatrix,
w is the codeweight, 5 is the maximumautocorrelatiorsidelobe,and . is the maximum
cross-correlatiovalue.

To show thatthe carrierhoppingprime codeis asymptoticallyoptimal, the upperboundof
the codecardinalityis derived by multiplying the Johnsorboundfor the OOCsin [4,5] with L
availablecarriers,andis givenby

L(LN 1)(LN 2):(LN ) L
ww 1w ) ' @)

(L N;w;; )

wherethe maximumautocorrelatiorsidelobeand cross-correlatiorvaluesare assumedo be
identical(i.e., = a= ¢).

Therefore,the upperboundin (1) for the carrierhoppingprime codewith L = w, N =
pip2:::pk, a = 0,and = 1canbemaodied to

(W pip2:ipg; w; 0; 1) (W pip2iiipe;w; 1;1)
w(wpipziipe 1)
w(w 1) @
pip2iipe 1
w 1

= pp2iipk t

Theratio of the cardinalityof the (w  p1p2:::pk; w; 0; 1) carrierhoppingprime code(i.e.,
pip2::pk ) to (2)is foundtobel=[1+ 1=(w 1) 1=(wpip2:::p«)]- Theratiois nearlyequal
to onefor alargew. Thecarrierhoppingprime codeis, thus,asymptoticallyoptimal.
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4.1.4 PerformanceAnalysis

To analyzethe performanceof a multiwavelengthOCDMA systemwith the (L N;w;0;1)
carrierhoppingprime code,the probability g to line up (or hit) oneof the pulsesin a signature
matrix, sayx, with a pulsein anothematrix, sayy, is needed17]. Becauseahe carrierhopping
primecodehasat mostonepulseperrow andcolumnin eachmatrix,we haveq = % where
the factor 1/2 comesfrom the assumptiorof equiprobabled—1 data-bittransmissiongandx is
equalto a chip width dividedby thewidth of optical samplingwindow.

LetTh andK denotehedecisionthresholdof thereceverandtotal numberof simultaneous
usersin thesystemrespectiely. The errorprobability of thewavelength-timeODCDMA scheme
with thecarrierhoppingprime codeandhardlimiting is thengivenby

1 X W ig < °
Pe=5 (D 1 & , ®3)
i=0
whereT h is usuallysetto the codeweightw for optimaloperation.

The probabilitiesof error P of the(L  N;L; 0;1) carrierhoppingprime codeversusthe
numberof simultaneousisersK is plottedin Fig. 6 for variousvaluesof L andN . In general,
theerrorprobabilityimprovesasthe numberof wavelengthgi.e., L) and/orthe numberof chips
(i.e.,N) increase.Becauseof the coding e xibility, the carrierhoppingprime codeallows the
adjustmenbf the numberof wavelengths the numberof chips, or both, in orderto achie/e a
predetermine®ER performanceta givenK .

5 Technology

5.1 Multi-wa velengthLaser Source

To obtainnarrown optical pulsesat differentwavelengthsthe multi-wavelengthlasersourceused
is a mode-locled Erbium-dopedber laserwith a nonlinear ber pulsecompressorPulsesas
shortastensof femtosecondwith 10-40GHz repetitionratecanbe generated.

The multi-wavelengthsourceis basedon the principle of supercontinuungenerationfrep-
resentedn Fig. 7. A high-poveredshort optical pulseis injectedinto a spanof dispersion
decreasingber (DDF). The high peakpower of the lasergeneratesdditionalspectralcompo-
nentsthroughthe nonlinearityin the DDF, whereaghe dispersiorpro le of the ber maintains
the temporalpulsewidth throughthe length of the ber [18]. At the outputof the DDF, the
supercontinuunpulseis spectrum-slicedhroughthe useof a TFF basedWDM demultiplexer.
Over 20 nm of optical bandwidthwas generatedvith an outputoptical pulsewidth of 1.6 ps.
The useof supercontinuungeneratiortechniqueto createthe multi-wavelengthoptical pulses
enableghe useof onelaserasopposedo separatéasersat eachindividual wavelength.
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Fig. 6. Probabilityof error Pe of the (N ;L) carrierhoppingprime codeversusthe numberof simultane-
oususersK , including optical sampling,hardlimiting andchip asynchronizationwherelL is numberof
wavelengthandN is numberof timeslots.
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Fig. 8. (a) Schematicof the TOAD; (b) Normalizedintensity at the output of the TOAD. Inset: Eye-
diagramsat theinputandoutputportsof the TOAD. Theoutputsignalis ampli ed by  6dB.

5.2 TOAD asan ultra-fast all-optical sampling gate

In orderto operatethe OCDMA decodemwith an equivalentbandwidthof the inverseof chip
width, all-opticalgatingis usedto samplethe autocorrelatiorpeakthatfalls within a singlechip
interval. In our systemwe usethe terahertzoptical asymmetricdemultiplexer (TOAD), which
is anultrafastdemultiplexer or “AND” gate[19,20], capableof demultiplexing a datapulsethat
fallswithin anarrav time gate.Opticaltime gatewidthsapproachind pscanbeachieved. Using
enhancedgainrecoverytechniquessamplingratesfor asingleTOAD canbeashighas100GHz
[22]. The TOAD requireslessthan500fJ of optical control enegy, andcanbe integratedon a
singlechip [23].

The Sagnacoversionof the TOAD is shavn in Fig. 8(a). It consistsof a 50:50couplerwith
its two ports connectedogetherto form a loop. A nonlinearelementplacedasymmetrically
within the loop providesthe basisfor its switchingoperationandan intraloop2 2 coupleris
usedto inject control pulsesinto the nonlinearelement.The nonlinearelementypically usedis
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apolarizationinsensitve semiconductoopticalampli er (SQA). Whenatrain of closelyspaced
datapulsesentershe TOAD, eachpulsesplitsinto equalclockwise(CW) andcounterclockwise
(CCW) componentsvhich counterpropagatearoundthe loop andarrive at the SQA at slightly
differenttimesasdeterminedy theoffset, x, of the SQA from the midpointof theloop. The
controlpulsearrivesatthe SQA just beforethe CCW componenbf thedatapulsewhichis to be
demultiplexed, but just afterthe CW counterpropagatingcomponentinducingnonlinearitiesn
the SQA causingthat datapulsecomponentwill experiencedifferentphaseshifts,andconse-
guentlyrecombineandexit theloop atthe outputport. Herethe datapulsegetsseparatedrom
the control pulseby frequeng ltering [28] or otherappropriatdechnique29]. All otherdata
pulsesfor which thecounterpropagatinggomponentsio not straddlethe controlpulsearrival at
the SQA, exit theloop attheinput port. As seenin Fig. 8(b), therising edgeof the normalized
outputintensity whenmeasureésa functionof the delayof the signalpulserelative to thecon-
trol pulse,is nearlya stepfunction. The durationof thefalling edgeis limited by thetransittime
throughthe SOA, nL=c,, wheren andL arerefractiveindex andlengthof the SOA respectiely,
andthe durationof the at topis 2ng x=co, wherenyg is the refractive index of the loop and
Co is the speedof light in vacuum. Also, sincethe TOAD usesan actively biasedSQA, it can
provide gainto the demultiplexed signalasshown in the insetof Fig. 8(b). The demultiplexed
outputis largerin amplitudethantheinputby  6dB.In [21] wasdemonstratethe elimination
of crosscorrelationsignal,MUI (seeFig. 9(b)) usingnovel TOAD-basedOCDMA recever.

Whenthereceverwastunedto decodesignalfrom desiredtransmitte(Tx 3) the crosscor
relationsignal causeddy the transmittersTx 1, Tx 2, and Tx 4 presentbeforethe TOAD (see
Fig. 9(a)) is clearly eliminatedafter the TOAD gate(seeFig. 9(b)). Now at the TOAD-based
OCDMA recever outputonly the autocorrelation/decodesignal from the transmitterTx 3 is
presentError free operationwasobseredwith BER betterthan10 ° andnoerror oor .

To usethe TOAD at even higherdatarates,several techniqgueshave beendemonstratedo
reduceherecoverytime of the SQA [22]. Theswitchingpropertief the TOAD have beenalso
usedto designanopticalcodedrop Iter for OCDMA ring networks[28].

5.3 Rapidly-recon gurable optical delayline

As mentioneckarlier the useof tunableoptical delaylines atthe en/decoderprovide capability
for dynamiccodeallocationresultingin more ef cient bandwidthutilization. For fastrecon-
guration of pulsesinto differentchip positions,tunabledelaylines with very low lateng are
required. We demonstratehe useof a highly scalableparalleldelayline [25], which hasthe
potentialto tune over a thousandimeslotsat 10 Gb/s outputbitrate, using 10 GHz electron-
ics, with an averagelateng lessthan40 ns[26]. The schematiof this delayline is shaovn in
Fig. 10. Considera parallellattice with M armsand a repetitve modulatorgating patternof
periodNT (T is theinput pulseseparation)The delaylattice, with a uniform differentialdelay
= (N=M) T, temporallycompressethe input pulsetrain by a factorM . By varyingthe
gatingpatternto themodulatorthe outputpulsetrain canbeswitchedinto N differenttimeslots.
For correctoperationthereferenceulse(the pulsethroughtheshortestatticearm)of atimeslot
shouldnot coincidewith the pulsesof othertimeslots.This conditiongivesthe constrainthatN
andM shouldbe co-prime.By usingcompositevaluesfor M , adelaylineswith serial-parallel



224 I. Glesketal.

Fig. 9. TOAD-basedOCDMA recever tunedto receve datafrom desiredtransmitter:Signalreceved (a)
beforethe TOAD; (b) afterthe TOAD -only signalfrom desiredransmittelis present.

Fig. 10. Theschematiof a parallelopticaldelayline with N timeslotsanda compressioffiactorof M .

architecturet®asbeendemonstratedyhicheliminatesheneedfor largeparallellatticesfor large
valuesof N [26].

Fig. 11 shows the demonstratiorof a (2, 8) OCDMA encoderwith one wavelength( )
passinghroughtheparalleldelayline andtheother( y) througha x edtimedelay By changing
the gatingpattern differentcodescanbe generateédsshowvn in the gure. The gatingpatterns
choserfor thedelayline for Fig. 11 are(10000000),(01000000)and(00000010)respectiely.
Theaverageateng for codetransitionis 1.2 ns,andthetiming accuray is 1-2 ps. Thetiming
accurag is determinedby the precisionof the ber splicingandcanbe furtherimprovedusing
varioustechnique$27].
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Fig. 11. Theoperatiorof a(2,8) OCDMA encodewith 1 passinghroughan8-timeslotparalleldelayline
and » througha x edtime delay Thecartoonshavs the matrix representatioof the 2D codesgenerated.

Fig. 12. Two differenttypesof broadcastindselectnetwork architectures(a) star;(b) folded bus.

6 Network Architecture

OCDMA technologiesenablemary usersto simultaneouslyshareoptical bandwidthfor high
speedbursty networking applications.Architecturefor OCDMA naturallylendthemselesto
broadcasandselectstructuresThe mostbasicof thesethe starnetwork is shavn in Fig. 12(a).
Transmitteddatafrom N individual userss passively combinedusinga starcouplerandsplit N
waysto broadcasthe optical network traf ¢ to all users.Thereceversat eachnodedecodehe
desireddatafrom the network, rejectingthe interferingtrafc from otherusers. The starcou-
pler network shovn in Fig. 12(a) may be anappropriatearchitecturefor alocal areaor campus
network whereall traf ¢ from individual userscanbe aggreyatedto a centrallocation. The star
architecturecanalsobeusedover alonger, point-to-pointdistancevhereindividual transmitters
andreceversaregeographicallyseparatedin this architecturethe datafrom the transmittersat
oneendarepassvely combinedandtransportedn the sametransmissionber andthenbroad-
castto all recevving nodesat the destinatiorend. A ber pair connectingooth locationscanbe
usedto enablebi-directionaltrafc o w. Althoughthis providesa meango extendthe reachof
the network, it assumeshatthetraf c generatedt thetransmitterss not destinedor recevers
adjacento the transmitterin the local area. This point-to-pointnetwork is suitablefor applica-
tionssuchasalong-haulOCDMA gatevay wherea separat@etwork hasbeenusedto distribute
local OCDMA trafc andonly traf c destinedfor remotenodesis transmittedon the long-haul
ber link.
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Figure12(b)shows the generalarchitectureof a folded optical bus network. Passve optical
couplersareusedto addOCDMA datafrom a transmitterto the bus andto tap power from the
busto decodehedesireddataatthereceier. Thefoldedstructureof thebusenablegrafc from
all transmittergo be aggregatedandbroadcasbn the segmentof the bus containingthe tapsfor
therecever. Ampli ers canbeinsertedon varioussegmentsof the network includingthefolded
portion of the busto compensatéor the insertionlossesof the taps. Although appropriateor
local areaOCDMA applicationsthe folded bus lacksthe resilieng neededor highly reliable
servicesA ber cutin thebuscanbring down the entirenetwork.

OCDMA is ideally suitedfor broadcastaindselectnetwork architectures.Dependingupon
the deploymentandapplicationservironment,certainarchitecturesare more suitablethan oth-
ers.By leveragingmary of theconceptshathave beensuccessfullemployedin today's DWDM
networks, OCDMA networkswill have amoreviable pathtowardpracticaldeploymenterviron-
ments.

7 Conclusion

The adwentof high speedoptical communicationsandnovel photoniccomponentechnologies
hasenabledthe developmentof broadbandptical networks. By usingthesetechnologiesvith
novel codedesignsOCDMA systemghatprovide multi-useraccesso sharedpticalbandwidth
canberealized. We have presentedhe hardware architecturenodedesign,and codeanalysis
that supportthe developmentof OCDMA systemsscalableto 100 potentialand morethan 10
simultaneousiserseachoperatingat 2.5 Gb/s. Thechosercarrierhoppingprime codesoffer the
optimumcorrelationvalues maximumcardinalityandmeasuredaw BER< 10 °. Novel tech-
nologiesdevelopedfor the systemincludescalableandrapidly tunabledelaylines andultrafast
all-optical TOAD-basedOCDMA recever. We have presentednalysisbasedon our OCDMA
systemarchitectureto shav the feasibility of error free operationwith up to 10 simultaneous
usersin a broadcasandselectstarnetwork topology By demonstratinghe feasibility of these
novel technologiesyiable multi-user OCDMA networks can be realizedfor broadbandber
communications.
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