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We presentthe architectureandcodedesignfor a highly scalable,2.5 Gb/speruseroptical
codedivision multiple access(OCDMA) system. The systemis scalableto 100 potential
andmore than10 simultaneoususers,eachwith a bit error rate (BER) of lessthan10� 9 .
The systemarchitectureusesa fastwavelength-hopping,time-spreadingcodes.Unlike fre-
quency andphasesensitive coherentOCDMA systems,thisarchitectureutilizesstandardon-
off keyed optical pulsesallocatedin the time andwavelengthdimensions.This incoherent
OCDMA approachis compatiblewith existing WDM optical networks andutilizes off the
shelfcomponents.Wediscussthenovel opticalsubsystemdesignsfor encodersanddecoders
thatenabletherealizationof a highly scalableincoherentOCDMA systemwith rapidrecon-
�gurability . A detailedanalysisof the scalabilityof the two dimensionalcodeis presented
andselectnetwork deploymentarchitecturesfor OCDMA arediscussed.

PACS: 42.55.Wd,42.81.Wg

1 Intr oduction

To deliver multimediaandburstydatacontentto a growing broadbanduserpopulation,intense
researchanddevelopmenthavefocusedonthetechniquesfor providing bandwidthef�cient mul-
tiple accessformatsandprotocols.Commontechniquesfor accessingbandwidthin amulti-user
environmentonwirelinenetworkshavereliedonwavelength-divisionmultipleaccess(WDMA)
andtime-division multiple access(TDMA). Whereasbothof theseschemeshave beenutilized
individuallyaswell asconcurrentlyin present-dayopticalcommunicationsystems,code-division
multiple access(CDMA) schemehassofar beenusedmorein RF wirelesscommunicationsys-
tems.In TDMA andWDMA, multiple-useraccessto sharedbandwidthis allowedby assigninga
timeslotwithin anaggregatedframeandby assigningawavelengthwithin abandof wavelengths
respectively. Thesesystemsrequirestrict enforcementof thesynchronizationof theusersin the
timedomainor non-overlappingassignmentof thewavelengthsin thespectraldomain.However,
by allocatinguniquecodesthatarecreatedby combiningvariousparameterssuchastime slots,
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frequency, polarization,andphase,CDMA systemsenableasynchronousaccessto the entire
bandwidthby differentusersof thecommunicationschannel.In addition,CDMA offersother
advantagessuchassimpli�ed network control,increasedphysicallayerprivacy andon-demand
bandwidthsharingandbandwidthmanagement.By extendingtheseconceptsinto the optical
domain,OCDMA promisesto extendthe�e xibility andadvantagesof CDMA systemsinto the
vastbandwidthprovided by �ber -optics. Theseadvantagesmake OCDMA a promisingtech-
nologyfor futuremultiple-accessnetworks. Many of thebarriersto implementingOCDMA are
perceivedratherthanfundamentallimits of theavailabletechnologywhentakenin thecontext of
a multi-useropticalaccessnetwork environment[1]. By leveragingrecentadvancesin photonic
components,WDM systems,andoptical TDM systems,new architecturesbasedon OCDMA
arebecomingmorepracticalfor futuredeployment.

In this paper, we presentanapproachto OCDMA thatenableslargescale,highspeedmulti-
useraccessto sharedoptical bandwidthon a broadcastandselectnetwork architecture.Three
critical areasin researchon this systemarebeing investigated:(i) advancedphotonicencod-
ing anddecodinghardwareandcomponents;(ii) coding algorithmsand techniques;and (iii)
network architecture,scalabilityassessment,andapplications.Thesethreeresearchareasspan
thetechnologyneededto implementanadvancedOCDMA system[2]. Thetheoreticalfounda-
tion andtechnologyareoutlinedin this paperanddemonstratethe feasibility of developingan
OCDMA systemwith 2.5Gb/speruserand(BER) < 10� 9. Our systemanalysisindicatesthat
the network will demonstratescalabilityof morethan10 simultaneoususersfrom a potential
poolof morethan100possiblecodes.Ourapproachappliesnovel codingalgorithmsto allocate
sequencesto optical bandwidthsimultaneouslyacrossboth wavelengthsand time slots. New
classesof two-dimensionaloptical codesareinvestigatedandanalyticalresultsfor the perfor-
manceof a multi-userasynchronousaccesssystemarepresented.The systemalso leverages
recentinnovationsin ultrafastoptical componentsandsubsystems,includingultrafasttime slot
tuners,all-optical demultiplexers,andmulti-wavelengthlasersources.Finally, varioussystem
architecturesandapproachesto practicaldeploymentof OCDMA in thecontext of theexisting
opticalnetwork infrastructurearepresented.

2 TechnicalRationale

CDMA is rapidlybecomingtheforemosttechnologyin RFwirelesscommunicationsbecauseof
thesigni�cant advantagesit offers,suchasenhanceddetectionin thepresenceof multi-userin-
terference(MAI), higherspectralef�ciency androbustnessto multipathinterference.In today's
RFwirelessCDMA communicationsystemscarrierfrequenciesarein therangeof � 1 GHz,the
typicalbit rateis 10-100kb/s,thetypicalchipwidthsareon theorderof a few hundrednanosec-
onds,the bits aredivided into a few hundredor thousandchips,and1-D codesareformedby
populatinga subsetof thesechips. Eachuseris assigneda uniquecodeandall the userscan
asynchronouslytransmit.Thereceiver intendedfor a userhasto decodetheassigneduser's in-
formationin thepresenceof interferencefrom otherusers,calledMAI noise.This makescode
orthogonalitya key factor in CDMA systems,whereorthogonalityconnotesthe propertyof a
large autocorrelationin comparisonto a small or zerocross-correlationfunction. Familiesof
codeshaving a largenumberof orthogonalcodes,allowing a largenumberof users,arepossible
in RFwirelessCDMA onaccountof thelargenumberof chipsin abit periodandthepossibility
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of utilizing bipolarcodes.Sincethedataratesperuserin anRFwirelessCDMA network arerel-
atively modest,thecodesscaleto supporta largenumberof usersusuallyin a singlegeographic
area- cell.

The key distinction betweenthe RF and optical domainis the vast amountof bandwidth
provided in an optical �ber useableto a large userpopulationcommunicatingat very high bit
rates(soonexceeding10 Gb/sper user)while geographicallyseparatedby up to thousandsof
kilometers.In comparisonto RF CDMA, theshorterdurationof opticalbit period(becauseof
high bit rates)canlimit thenumberof temporalchipsthebit canbedividedinto, thusreducing
the cardinality (the numberof possiblecodes)in OCDMA systems. The cardinality can be
even further constrainedin incoherentOCDMA systemsdue to the unipolarity of the codes.
Consideringthesedifferences,the constraintsimposedby existing technology, andthe effects
of �ber optic transmissionover metro/regionaldistances,we have optimizedthecodeselection
for optical CDMA. Throughthe optimizedcodesandproperhardwareselectionmany of the
perceivedlimitationsof OCDMA systemscanbereducedor eliminatedall together.

To supportmany simultaneoususers,1-D opticalcodes,suchasvariousprimecodes[3] and
opticalorthogonalcodes(OOCs)[4,5] wereoriginally designedwith goodcorrelationproperties
(i.e., thumbtack-shapeautocorrelationandvery low cross-correlationfunctions)to discriminate
betweenthecorrectsequenceandinterferingnoise.However, mostopticalcodeswith theseprop-
ertiesarealsosparsein binaryones.Thismeansthataverylongcodelengthis requiredto obtain
a goodextinction ratio (i.e., theratio of autocorrelationpeakto themaximumcross-correlation
value).Onotherhand,dueto practicalhardwarerealizationsareductionof thecodelengthmight
berequiredwhichcouldresultin a reductionof thecardinalityof thesystem.Onepossibleway
how to prevent this penaltyis to accessa secondcodingdimension- wavelength,anduseso-
called2-D wavelength-timecodes[6,7]. Thesecodescanbeviewedasfastwavelength-hopping
codes,in whichwavelength-hopstakeplaceateverypulseof acodesequence.In thisareaof 2-D
coding,severalcodingalgorithmshavebeenreported.For example,prime-hopcodeswerecon-
structedby usingprimesequencesto controlthewavelength-hoppingpatterns,but hada limited
cardinality[7]. Yim et al. studiedtheuseof computersto searchfor wavelength-timecodes[8].
In [9], Kim et al. introduced3D unipolarpseudo-orthogonalcodes,utilizing space,wavelength,
andtime dimensionssimultaneously.

In areasof network-level analyses,little work associatedwith OCDMA hasbeenperformed.
Althoughcodeassignmenttechniques,contentionprotocols,andpower-controlalgorithmshave
beeninvestigatedfor usein OCDMA networking environments[10,11],moreresearchin these
areasis requiredto developscalableandrobustsystemsthatcanbedeployed.

3 SystemOverview

3.1 SystemAr chitecture

We have demonstratedan incoherentOCDMA systembasedon a wavelength-hopping,time-
spreadingcodingtechniqueusingrapidly recon�gurablecodingdevicesandnovel ultra fastall
opticaltimegatingtechnology. Thefunctionalsubsystemsof thearchitectureareshown in Fig.1.
In this system,theencodersimultaneouslymodulatesthedataontomultiple optical
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Fig. 1. Schematicof a broadcastandselectOCDMA network.

pulseswith different centerwavelengthsthat are then allotted into different timeslots(chips)
within abit period.Weuseacarrier-hoppingprimecode[3], whichis aclassof wavelength-time
codes.Thesecodesallow every pulsein a two-dimensionalcodesequenceto be encodedin a
distinctwavelengthand,thus,maintainzeroautocorrelationsidelobes.Tunabilityat theencoder
enablesan individual userto dynamicallyselectfrom theavailablecodeson thenetwork. The
signalsfrom multiple usersareaggregatedontoa broadcastnetwork. At a receiver, a matched
decoderrecovers the databy performingan autocorrelationfor a particularcodeassignedto
that destination. To enhancethe contrastof the autocorrelationpeak,a seconddecoderwith
a complementarycodesequencecan also be usedin conjunctionwith a balanceddetectorto
further reducethe impact of multi-userinterference. By using an ultrafastoptical gateprior
to photodetection,the autocorrelationpeakcanbe separatedfrom interferencein otherchips,
to further improve the signalcontrastat the detector. Timing control at the receiver alignsthe
optical gatewith the desiredautocorrelationpeak. After photodetectionandthresholding,the
original transmitteddatasequenceis digitally recovered.

3.2 ComponentDesign

3.2.1 Optical Transmitter Design

The schematicof an OCDMA transmitter/encoderdesignis shown in Fig. 2. A mode-locked
laseris usedto generatea broadbandsupercontinuumthat is modulatedwith the transmitted
digital binarysequenceusingon-off keying. A thin �lm �lter (TFF) basedWDM demultiplexer
is usedto slicethemodulatedsupercontinuuminto multiplewavelengths.Adjustabletimedelays
separateandaligneachpulsedwavelengthto form atimecode.By leveragingultrafasttimedelay
selectiontechniques,thecodecanberapidly changedto provide dynamiccodeallocation.The
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Fig. 2. Schematicof a tunableOCDMA encoder. MOD: modulator;D: tunabledelayline.

Fig. 3. Schematicof anOCDMA receiver.

individual wavelengthsof the codearecombinedby a WDM multiplexer andtransmittedinto
thenetwork.

3.2.2 Optical Receiver Design

Thebasicfunctionof theopticalreceiver is to distinguishthecorrectcodesequencefrom thear-
rivingwavelength-timeOCDMA waveformsin thepresenceof MAI. Thesetupfor ourwavelength-
timeopticalreceiver is shown in Fig.3. Thecorrelatoris setupsimilar to theencoder, exceptthat
thewavelengthandthetime-delayarrangementsarein reverseorder. Thisassurestheformation
of anautocorrelationpeakat thecorrectreceiver address,sincethepulsesin thecodesequence
would then be wavelengthselectedand time-delayedsuchthat they overlapat the correlator
output.Otherwise,thepulsescannotoverlap,resultingin a low cross-correlationfunction.

By properlydesigningthecodesequences,a signi�cant reductionof MAI canbeobtained.
Theelectronicsignalsarethenthresholddetectedanddatabitsarerecovered.Theasynchronous
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natureof OCDMA systemsrequirethe detectorto operateat the chip rate,which, to support
morethan10 usersat a datarateof at least2.5 Gb/sapproaches100 GHz. The useof a de-
tectordirectly at sucha chip rate is not possiblebecauseof speedlimitations on commercial
photodetectors.However, by usinganovel all-opticalopticalsamplinggatetheTOAD (seeSec-
tion 5.2),ultrashortgatingfunctionsin thetimedomaincanbeappliedto thesignalat theoutput
of thecorrelatorto rejectmostof thecross-correlationnoise.A standardcommerciallyavailable
photodetectorcanthenbeusedat theoutputof thesamplinggatefor signalrecovery.

An electronictiming controller coupledto a gatedtime slot tuner is usedto monitor the
outputof thebalanceddetectorfor trackingthearrivalsof autocorrelationpeaksandto adjustthe
opticalsamplingtimedelayduringinitial channelsetup.While areceiver is idle, its decoderwill
continuouslymonitorthearriving waveformsto seeif any transmitteris trying to establisha link
with the receiver. This is doneby (1) transmitterssendingthecodesequencecorrespondingto
thatof thereceiver, and(2) thereceivercontinuouslysweepingtheopticalgatecontrolsignalto
discoverthepresenceof autocorrelationpeaksatdifferentchippositions.Oncethetime location
of theautocorrelationpeakis con�rmed, the trackingis �nished andthe tunerwill be �x ed. A
hand-shakingprotocolcanbeappliedto facilitatethis initial setup.

4 Codes

4.1 Carrier -Hopping Prime Code

Theuseof multiplewavelengthsin OCDMA codesaddscoding�e xibility and,moreimportantly,
improvescodeperformance.In [7], Tancevski et al. introducedtheprime-hopcode,which had
everypulsein eachbinarycodesequenceof theoriginal primecodeencodedat a distinctwave-
length,resultingin a classof OOCswith zeroautocorrelationsidelobesandcross-correlation
functionsof atmostone.For agivenprimenumberp, p differentwavelengthswereused,andthe
prime-hopcodehadlength,weight,andcardinalityof p2, p, andp(p-1), respectively. By utiliz-
ing p wavelengths,thecodeprovidesa factorof p morecodesequencesthantheoriginal prime
code.However, thecardinalityis still limited andnot�e xible,ascomparedto thecarrier-hopping
primecode.

As in wirelesscommunications,carrierhoppingis usuallyreferredto asfrequency hopping
(FH). Mostof theFH codesstudiedarebasedon theReed-Solomoncodes[15]. For thesecodes,
cardinality is usuallycontrolledby the pre-selectedmaximumcross-correlationvalueand the
numberof hoppingfrequencies.Relaxingthemaximumcross-correlationvalueto improvesys-
temcardinalityis not feasiblesinceit dramaticallyworsensthesystemoutageprobability. Thus,
in practice,for suchReed-Solomon-basedcodes,cardinalitycanbeimprovedonly by increasing
thenumberof frequencies,which will beprohibitedin someband-limitedapplications.There-
fore, it is advantageousto havecodes,suchasthecarrier-hoppingprimecode,whosecardinality
is a functionof codelength,not thepre-selectedmaximumcross-correlationvalue.

In this section,we constructthecarrier-hoppingprimecodeusinga 2-D algebraicapproach,
wherethecodesequencesarerepresentedasp1p2 : : : pk binary(0,1)matricesof lengthp1p2 : : : pk ,
weightw, andcardinalityp1p2 : : : pk for two givenpositive integersw andk anda setof prime
numbersf p1p2 : : : pk g, wherepk � pk � 1 � : : : � p2 � p1 � w. Notethatw is alsothenumber
of rows, relatedto thenumberof availablecarriers,andp1p2 : : : pk is the numberof columns,
relatedto thelengthof thematrices.Becauseeachmatrixconsistsof onepulseperrow andeach
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Fig. 4. The matrix representationof the carrier-hoppingprime codesequencef 000 0f 20 00f 1 . The
blacksquaresrepresentits orderedpairs. Thehorizontalandverticalnumbersin thematrix representthe
chippositionandtransmittingcarrierindex of theorderedpair respectively.

pulsein a matrix is assignedwith a distinctcarrier, thecodehaszeroautocorrelationsidelobes
(i.e., � a = 0) andcross-correlationfunctionof at mostone(i.e., � c = 1). With respectto the
Reed-Solomon-basedcode,thecarrier-hoppingprimecodehastheadvantageof improving the
codecardinalitywithoutsacri�cing thecorrelationproperty.

For easeof representation,every matrix canequivalently be written asa setof w ordered
pairs(i.e., oneorderedpair (f v ; th ) for every binaryone),wheref v representsthetransmitting
carrierindex andth shows thechippositionof thebinaryone.For example,thecarrier-hopping
sequencef 000 0f 20 00f 1 canalsoberepresentedasa3� 9 matrixshown in Fig.4, wherethe
blacksquaresrepresentthe locationsof theorderedpairsandtheir transmittingcarriersdepend
on therows in which they arelocated.Thematrix canequivalentlyalsoberepresentedby a set
of threeorderedpairs[(0,0), (1,8),(2,4)].

4.1.1 Coding Algorithms

Becauseof thegoodcorrelationproperties,thecarrier-hoppingprimecodecanbedenotedasa
classof (w � p1p2 : : : pk ; w; 0; 1) OOCs.

De�nition: Let the(L � N ; w; � a ; � c) carrier-hoppingprimecodebea collectionof binary
(0,1) L � N matrices,eachof Hammingweight w, with the maximumautocorrelationside
lobeandcross-correlationfunctionno morethan� a and� c, respectively. In general,giventwo
positive integersw andk anda setof primenumbersf p1p2:::pk g, suchthatpk � pk � 1 � ::: �
p2 � p1 � w, matricesx i 1;i 2::: ;ik , with theorderedpairs

8
>>>><

>>>>:

2

6
6
4

(0; 0) ; (1; i 1 + i 2p1 + ::: + i k p1p2:::pk � 1) ;
(2; 2 
 p1 i 1 + (2 
 p2 i 2) p1 + ::: + (2 
 pk i k ) p1p2:::pk � 1) ; :::;
(w � 1; (w � 1) 
 p1 i 1 + ((w � 1) 
 p2 i 2) p1 + :::
+ ((w � 1) 
 pk i k ) p1p2:::pk � 1)

3

7
7
5 :

i 1 = f 0; 1; :::; p1 � 1g ; i 2 = f 0; 1; :::; p2 � 1g; :::; i k = f 0; 1; :::; pk � 1g

9
>>>>=

>>>>;

form the (w � p1p2:::pk ; w; 0; 1) carrier-hoppingprimecodewith p1p2:::pk matricesof length
p1p2:::pk andweightw, where“ 
 pj ” denotesamodulo-pj multiplicationfor j = f 1; 2; 3; :::; kg.

The original primecodeusedin [13] is a subsetof carrier-hoppingprimecodewith k = 1,
w = p1 andonly one transmittingcarrier. Similarly, the prime-hopcodein [7] usesk = 2,
w = p1 = p2 andis basedon thechoiceof k = 2 minusk = 1. Therefore,it hasp1 (p1 � 1)
matrices,p1 lessthanthecarrier-hoppingprimecodewith thesamecodeparameters.
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Fig. 5. Examplesof the(8 � 41,8, 0, 1) carrier-hoppingprimecode.Thefour matricesrepresentthecode
sequencesx4 , x9 , x11 , andx22 , respectively.

Using k = 1, p1 = 41, andw = 8 as an example,this carrier-hoppingprime codehas
41 matrices,x i 1 (for i 1 2 [0; 40]), representedby the orderedpairs [(0,0), (1,i 1), (2,2
 41i 1),
(3,3
 41i 1), . . . , (7,7
 41i 1)]. Figure5 showsthematricesx4, x9, x11, andx22, respectively.

Table1 shows thecardinality, length,weight,andthemaximumcross-correlationvalue� c

of theReed-Solomon-basedcodes[15,16] andcarrier-hoppingprimecodes,wherethenumber
of carriersis �x ed to a prime numberp (i.e., w = p). Whencardinality is equalto p, both
familiesgivecomparableperformance.TheReed-Solomon-basedcodes,however, have to relax
� c from oneto two in orderto have a cardinalityof p2. Instead,theimprovementin cardinality
canbedonein thecarrier-hoppingprimecodesolelyby increasingthecodelengthto p2 without
sacri�cing � c.

Tab. 1. Cardinality, length,weight,andmaximumcross-correlationvalue� c of theReed-Solomon-based
codesandcarrier-hoppingprimecode.Thenumberof carriersis �x edto aprimenumberp.

REED-SOLOMON CARRIER-HOPPING PRIME

w = p [29] w = p [30] k =1, w = p1= p k =2, w = p1= p1= p
CARDINALITY p p2 p p2

LENGTH p � 1 p � 1 p p2

WEIGHT p � 1 p � 1 p p
� c 1 2 1 1
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4.1.2 Corr elation Properties

De�nition: The(L � N ; w; � a ; � c) carrier-hoppingprimecode,C, is acollectionof binary(0,1)
L � N matrices,eachof Hammingweightw, suchthatthefollowing propertieshold [7]:

a) Autocorrelation: For any matrix x 2 C andinteger � 2 [1; N � 1], the binary discrete
two-dimensionalautocorrelationsidelobeof x is nogreaterthananonnegativeinteger� a ,

suchthat
L � 1P

i =0

N � 1P

j =0
x i;j x i;j � � � � a , wherex i;j = f 0; 1g is anelementof x at the ith row

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

b) Cross-correlation: For any two distinct matricesx 2 C and y 2 C and integer � 2
[1; N � 1], thebinarydiscretetwo-dimensionalcross-correlationfunctionof x andy is no

greaterthana positive integer� c, suchthat
L � 1P

i =0

N � 1P

j =0
x i;j yi;j � � � � c, whereyi;j = f 0; 1g

is anelementof y at thei -th row andj -th column[3].

4.1.3 Cardinality

In this section,the upperboundof the cardinality of the carrier-hoppingprime codeand its
optimality arestudied. Let � (L � N ; w; � a ; � c) be the upperboundof the cardinalityof the
(L � N ; w; � a ; � c) carrier-hoppingprimecode,suchthat� (L � N ; w; � a ; � c) �= max fj Cj : C
is the(L � N ; w; � a ; � c) carrier-hoppingprimecodeg, whereL � N is thesizeof eachmatrix,
w is the codeweight, � a is the maximumautocorrelationsidelobe,and � c is the maximum
cross-correlationvalue.

To show that thecarrier-hoppingprimecodeis asymptoticallyoptimal, theupperboundof
thecodecardinalityis derivedby multiplying theJohnsonboundfor theOOCsin [4,5] with L
availablecarriers,andis givenby

� (L � N ; w; �; � ) �
L (LN � 1) (LN � 2) ::: (LN � � )

w (w � 1) ::: (w � � )
; (1)

wherethe maximumautocorrelationsidelobeand cross-correlationvaluesare assumedto be
identical(i.e., � = � a = � c).

Therefore,the upperboundin (1) for the carrier-hoppingprime codewith L = w, N =
p1p2 : : : pk , � a = 0, and� c = 1 canbemodi�ed to

� (w � p1p2:::pk ; w; 0; 1) � (w � p1p2:::pk ; w; 1; 1)

�
w (wp1p2:::pk � 1)

w (w � 1)
(2)

= p1p2:::pk +
p1p2:::pk � 1

w � 1

The ratio of thecardinalityof the (w � p1p2:::pk ; w; 0; 1) carrier-hoppingprimecode(i.e.,
p1p2:::pk ) to (2) is foundto be1=[1 + 1=(w � 1) � 1=(wp1p2:::pk )]. Theratio is nearlyequal
to onefor a largew. Thecarrier-hoppingprimecodeis, thus,asymptoticallyoptimal.
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4.1.4 PerformanceAnalysis

To analyzethe performanceof a multiwavelengthOCDMA systemwith the (L � N ; w; 0; 1)
carrier-hoppingprimecode,theprobabilityq to line up (or hit) oneof thepulsesin a signature
matrix,sayx, with a pulsein anothermatrix,sayy, is needed[17]. Becausethecarrier-hopping
primecodehasatmostonepulseperrow andcolumnin eachmatrix,wehaveq = w 2

2LN x , where
the factor1/2 comesfrom the assumptionof equiprobable0–1 data-bittransmissionsandx is
equalto a chipwidth dividedby thewidth of opticalsamplingwindow.

Let Th andK denotethedecisionthresholdof thereceiverandtotalnumberof simultaneous
usersin thesystem,respectively. Theerrorprobabilityof thewavelength-timeOCDMA scheme
with thecarrier-hoppingprimecodeandhardlimiting is thengivenby

Pe =
1
2

T hX

i =0

(� 1)i
� w

i

� �
1 �

iq
w

� K � 1

; (3)

whereTh is usuallysetto thecodeweightw for optimaloperation.
The probabilitiesof error Pe of the (L � N ; L; 0; 1) carrier-hoppingprimecodeversusthe

numberof simultaneoususersK is plottedin Fig. 6 for variousvaluesof L andN . In general,
theerrorprobabilityimprovesasthenumberof wavelengths(i.e.,L ) and/orthenumberof chips
(i.e., N ) increase.Becauseof thecoding�e xibility , thecarrier-hoppingprimecodeallows the
adjustmentof the numberof wavelengths,the numberof chips,or both, in order to achieve a
predeterminedBERperformanceat a givenK .

5 Technology

5.1 Multi-wa velengthLaser Source

To obtainnarrow opticalpulsesatdifferentwavelengths,themulti-wavelengthlasersourceused
is a mode-lockedErbium-doped�ber laserwith a nonlinear�ber pulsecompressor. Pulsesas
shortastensof femtosecondswith 10–40GHzrepetitionratecanbegenerated.

The multi-wavelengthsourceis basedon the principle of supercontinuumgeneration,rep-
resentedin Fig. 7. A high-poweredshort optical pulse is injected into a spanof dispersion
decreasing�ber (DDF). Thehigh peakpower of the lasergeneratesadditionalspectralcompo-
nentsthroughthenonlinearityin theDDF, whereasthedispersionpro�le of the �ber maintains
the temporalpulsewidth throughthe length of the �ber [18]. At the outputof the DDF, the
supercontinuumpulseis spectrum-slicedthroughtheuseof a TFF basedWDM demultiplexer.
Over 20 nm of optical bandwidthwasgeneratedwith an outputoptical pulsewidth of 1.6 ps.
The useof supercontinuumgenerationtechniqueto createthe multi-wavelengthoptical pulses
enablestheuseof onelaserasopposedto separatelasersat eachindividualwavelength.
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Fig. 6. Probabilityof errorPe of the(N ; L ) carrier-hoppingprimecodeversusthenumberof simultane-
oususersK , including optical sampling,hardlimiting andchip asynchronization,whereL is numberof
wavelengthandN is numberof timeslots.

Fig. 7. Multi-wavelengthsource:Supercontinuumgenerationandspectrum-slicingof thebroadspectrum.
Theinsetshows thespectrumat differentpositions.
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Fig. 8. (a) Schematicof the TOAD; (b) Normalizedintensity at the output of the TOAD. Inset: Eye-
diagramsat theinputandoutputportsof theTOAD. Theoutputsignalis ampli�ed by � 6dB.

5.2 TOAD asan ultra-fast all-optical samplinggate

In order to operatethe OCDMA decoderwith an equivalentbandwidthof the inverseof chip
width, all-opticalgatingis usedto sampletheautocorrelationpeakthatfallswithin a singlechip
interval. In our system,we usethe terahertzopticalasymmetricdemultiplexer (TOAD), which
is anultrafastdemultiplexeror “AND” gate[19,20],capableof demultiplexing a datapulsethat
fallswithin anarrow timegate.Opticaltimegatewidthsapproaching1 pscanbeachieved.Using
enhancedgainrecoverytechniques,samplingratesfor asingleTOAD canbeashighas100GHz
[22]. TheTOAD requireslessthan500fJ of opticalcontrolenergy, andcanbe integratedon a
singlechip [23].

TheSagnacversionof theTOAD is shown in Fig. 8(a). It consistsof a 50:50couplerwith
its two portsconnectedtogetherto form a loop. A nonlinearelementplacedasymmetrically
within the loop providesthe basisfor its switchingoperationandan intraloop2� 2 coupleris
usedto inject controlpulsesinto thenonlinearelement.Thenonlinearelementtypically usedis
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apolarizationinsensitivesemiconductoropticalampli�er (SOA). Whenatrainof closelyspaced
datapulsesenterstheTOAD, eachpulsesplitsinto equalclockwise(CW) andcounterclockwise
(CCW) componentswhich counter-propagatearoundthe loop andarrive at theSOA at slightly
differenttimesasdeterminedby theoffset,� x, of theSOA from themidpointof theloop. The
controlpulsearrivesat theSOA justbeforetheCCWcomponentof thedatapulsewhich is to be
demultiplexed,but just aftertheCW counter-propagatingcomponent,inducingnonlinearitiesin
theSOA causingthatdatapulsecomponentswill experiencedifferentphaseshifts,andconse-
quentlyrecombineandexit the loop at theoutputport. Herethedatapulsegetsseparatedfrom
thecontrolpulseby frequency �ltering [28] or otherappropriatetechnique[29]. All otherdata
pulses,for whichthecounter-propagatingcomponentsdonotstraddlethecontrolpulsearrival at
theSOA, exit the loop at the input port. As seenin Fig. 8(b), therising edgeof thenormalized
outputintensity, whenmeasuredasa functionof thedelayof thesignalpulserelative to thecon-
trol pulse,is nearlyastepfunction.Thedurationof thefalling edgeis limited by thetransittime
throughtheSOA, nL=c0, wheren andL arerefractiveindex andlengthof theSOA respectively,
andthe durationof the �at top is 2ng� x=c0, whereng is the refractive index of the loop and
c0 is the speedof light in vacuum.Also, sincethe TOAD usesan actively biasedSOA, it can
provide gain to thedemultiplexedsignalasshown in the insetof Fig. 8(b). Thedemultiplexed
outputis largerin amplitudethantheinput by � 6dB. In [21] wasdemonstratedtheelimination
of crosscorrelationsignal,MUI (seeFig. 9(b)) usingnovel TOAD-basedOCDMA receiver.

Whenthereceiverwastunedto decodesignalfrom desiredtransmitter(Tx 3) thecrosscor-
relationsignalcausedby the transmittersTx 1, Tx 2, andTx 4 presentbeforethe TOAD (see
Fig. 9(a)) is clearly eliminatedafter the TOAD gate(seeFig. 9(b)). Now at the TOAD-based
OCDMA receiver outputonly the autocorrelation/decodedsignal from the transmitterTx 3 is
present.Error freeoperationwasobservedwith BER betterthan10� 9 andnoerror�oor .

To usethe TOAD at even higherdatarates,several techniqueshave beendemonstratedto
reducetherecoverytimeof theSOA [22]. Theswitchingpropertiesof theTOAD havebeenalso
usedto designanopticalcodedrop�lter for OCDMA ring networks[28].

5.3 Rapidly-r econ�gurable optical delay line

As mentionedearlier, theuseof tunableopticaldelaylinesat theen/decodersprovidecapability
for dynamiccodeallocationresultingin moreef�cient bandwidthutilization. For fast recon-
�guration of pulsesinto differentchip positions,tunabledelaylines with very low latency are
required. We demonstratethe useof a highly scalableparalleldelay line [25], which hasthe
potentialto tuneover a thousandtimeslotsat 10 Gb/soutputbitrate,using10 GHz electron-
ics, with an averagelatency lessthan40 ns [26]. The schematicof this delayline is shown in
Fig. 10. Considera parallel lattice with M armsanda repetitive modulatorgatingpatternof
periodNT (T is the input pulseseparation).Thedelaylattice,with a uniform differentialdelay
� = (N=M ) � T , temporallycompressesthe input pulsetrain by a factorM . By varying the
gatingpatternto themodulator, theoutputpulsetraincanbeswitchedinto N differenttimeslots.
For correctoperation,thereferencepulse(thepulsethroughtheshortestlatticearm)of atimeslot
shouldnotcoincidewith thepulsesof othertimeslots.ThisconditiongivestheconstraintthatN
andM shouldbeco-prime.By usingcompositevaluesfor M , a delaylineswith serial-parallel
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Fig. 9. TOAD-basedOCDMA receiver tunedto receive datafrom desiredtransmitter:Signalreceived(a)
beforetheTOAD; (b) aftertheTOAD -only signalfrom desiredtransmitteris present.

Fig. 10. Theschematicof a parallelopticaldelayline with N timeslotsanda compressionfactorof M .

architectureshasbeendemonstrated,whicheliminatestheneedfor largeparallellatticesfor large
valuesof N [26].

Fig. 11 shows the demonstrationof a (2, 8) OCDMA encoderwith onewavelength(� x )
passingthroughtheparalleldelayline andtheother(� y ) througha�x edtimedelay. By changing
thegatingpattern,differentcodescanbegeneratedasshown in the�gure. Thegatingpatterns
chosenfor thedelayline for Fig. 11are(10000000),(01000000)and(00000010)respectively.
Theaveragelatency for codetransitionis 1.2ns,andthetiming accuracy is 1-2 ps. Thetiming
accuracy is determinedby theprecisionof the �ber splicingandcanbefurther improvedusing
varioustechniques[27].
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Fig.11. Theoperationof a(2,8)OCDMA encoderwith � 1 passingthroughan8-timeslotparalleldelayline
and� 2 througha �x edtimedelay. Thecartoonshows thematrix representationof the2D codesgenerated.

Fig. 12. Two differenttypesof broadcastandselectnetwork architectures:(a)star;(b) foldedbus.

6 Network Ar chitecture

OCDMA technologiesenablemany usersto simultaneouslyshareoptical bandwidthfor high
speed,burstynetworking applications.Architecturesfor OCDMA naturallylendthemselvesto
broadcastandselectstructures.Themostbasicof these,thestarnetwork is shown in Fig. 12(a).
Transmitteddatafrom N individual usersis passively combinedusinga starcouplerandsplit N
waysto broadcasttheopticalnetwork traf�c to all users.Thereceiversat eachnodedecodethe
desireddatafrom the network, rejectingthe interferingtraf�c from otherusers.The starcou-
pler network shown in Fig. 12(a)maybeanappropriatearchitecturefor a local areaor campus
network whereall traf�c from individual userscanbeaggregatedto a centrallocation.Thestar
architecturecanalsobeusedovera longer, point-to-pointdistancewhereindividual transmitters
andreceiversaregeographicallyseparated.In this architecture,thedatafrom thetransmittersat
oneendarepassively combinedandtransportedon thesametransmission�ber andthenbroad-
castto all receiving nodesat thedestinationend. A �ber pair connectingboth locationscanbe
usedto enablebi-directionaltraf�c �o w. Althoughthis providesa meansto extendthereachof
thenetwork, it assumesthatthetraf�c generatedat thetransmittersis not destinedfor receivers
adjacentto thetransmitterin the local area.This point-to-pointnetwork is suitablefor applica-
tionssuchasa long-haulOCDMA gatewaywhereaseparatenetwork hasbeenusedto distribute
local OCDMA traf�c andonly traf�c destinedfor remotenodesis transmittedon the long-haul
�ber link.
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Figure12(b)shows thegeneralarchitectureof a foldedopticalbusnetwork. Passive optical
couplersareusedto addOCDMA datafrom a transmitterto thebusandto tappower from the
busto decodethedesireddataat thereceiver. Thefoldedstructureof thebusenablestraf�c from
all transmittersto beaggregatedandbroadcaston thesegmentof thebuscontainingthetapsfor
thereceiver. Ampli�ers canbeinsertedonvarioussegmentsof thenetwork includingthefolded
portion of thebus to compensatefor the insertionlossesof the taps. Although appropriatefor
local areaOCDMA applications,the folded bus lacksthe resiliency neededfor highly reliable
services.A �ber cut in thebuscanbringdown theentirenetwork.

OCDMA is ideally suitedfor broadcastandselectnetwork architectures.Dependingupon
thedeploymentandapplicationsenvironment,certainarchitecturesaremoresuitablethanoth-
ers.By leveragingmany of theconceptsthathavebeensuccessfullyemployedin today'sDWDM
networks,OCDMA networkswill haveamoreviablepathtowardpracticaldeploymentenviron-
ments.

7 Conclusion

Theadventof high speedoptical communicationsandnovel photoniccomponenttechnologies
hasenabledthedevelopmentof broadbandopticalnetworks. By usingthesetechnologieswith
novel codedesigns,OCDMA systemsthatprovidemulti-useraccessto sharedopticalbandwidth
canbe realized. We have presentedthe hardwarearchitecture,nodedesign,andcodeanalysis
that supportthe developmentof OCDMA systemsscalableto 100 potentialandmorethan10
simultaneoususerseachoperatingat2.5Gb/s.Thechosencarrier-hoppingprimecodesoffer the
optimumcorrelationvalues,maximumcardinalityandmeasuredraw BER < 10� 9. Novel tech-
nologiesdevelopedfor thesystemincludescalableandrapidly tunabledelaylinesandultrafast
all-opticalTOAD-basedOCDMA receiver. We have presentedanalysisbasedon our OCDMA
systemarchitectureto show the feasibility of error free operationwith up to 10 simultaneous
usersin a broadcastandselectstarnetwork topology. By demonstratingthefeasibility of these
novel technologies,viable multi-userOCDMA networks can be realizedfor broadband�ber
communications.
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