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Abstract

ThispaperreviewstheFSOCtechnologyandpresentsfeaturesbasedmeritsaswellasunmatchedadvantages&associatedmajorapplication
sinvarious
fieldscollatingthemintoasinglereferencepointforfutureresearch.EffortshavealsobeeninvestedtopresentareviewofFSOC slimitations
&innovativeemergingmitigation

techniqueswhichcanprovetobeaonestopfeeder&alaunchpadforfutureresearchin
FSOCdomain.AliteraturesurveyhasheenundertakenofavailableFSOCrelatedmilitaryapplicationstoreview&gatherrelevantinputstot
hrowlightonemergingtrendsin
militaryapplicationsincludingrecentexperiments&researchedareaspertainingtolasersystems&weapons,UnmannedAerial Vehicles(
UAVs),underseausages,terrestrial

applications,aerial,navalships/shorebasedapplications&RF/hybridsystems. Ithasbeenendeavoredtoshedlightonfindings&developmen
tsintheseclassifiedmilitarydomainstogenerateinputsforfutureworkinthisdomain.Finally,afuturetechnical
roadmapandawayahead&suggestionshavebeencoined

Keywords:FSOC,LineofSight,RF,UAVs,0n-offKeying,SubcarrierIntensityModulation,
Bandwidth

Date of Submission; 10-12-2022 Date of acceptance: 25-12-2022

1.Introduction

InFSOC focusedlightistransmittedthroughfreespacemediumforsendinginformationforcommunicationsinaremotemannerforspace
Jterrestrial aerial marine military&civilapplicationshetweenvarioussourcepoints, receivers(Rx), transmitters(Tx),handsets,machine
s,equipmentincludingnetworkswhicharerequiredtobeinLineofSight(L OS).Ithoastsofmuchlowercosts&setuptime, protectionfrom
Electromagneticinterference/ElectromagneticCompatibility(EMI/EMC)issues&hasmuchsimplerequipment&infrastructuretha

nRadioFrequency(RF)networks. TherearenumerousfeaturebasedmeritsofFSOCincludinghigherBandwidth(BW) betterBitErro
rRates(BER)anddatarates.Suchadvantages&featuresorientedmeritshavebeenstudied &collatedherepointwisesoastomakeitasingle
pointbaselineforfuturesurveysinFSOCdomain. TheFSOCtransmissionsdegradeduetoenvironmentalfactors&atmosphericturbule

nce(AT)likerain,mist,fog,heat,physicalobstructions,scatteringimpediments&dispersingetc.However,numerous

mitigatingtechniqueslikecoding,modulation,channelmodeling, RF/HybridFSOCsolutionsarebeingresearched&developedacrossth
eglobe. Apreviewoftheselimitations&emergingmitigationtechniqueshasbeendrawnoutfromvarioussources&preparedasaneasysou
rcepointforresearchers.LiteratureonFSOCMilitaryapplications,beingcustomized,sensitive&classifiedinnatureisnotreadilyavailab
le.Ithasheenendeavoredtogathersuchinformationandprovidealogical&practicalfuturisticwayahead. Collationofmitigationtechniqu
esalongwithdetailsofemergingtrendsinmilitaryapplicationsisnotacommonplaceandhaverarelybeensurveyed&arrangedtogetherasa
nodalreferencewhichhasbeenamotiveinthispaper.

Modulated&collimatedlightasinfrared(IR)lasers,areutilizedinFSOCtotransmitdatabetween Tx&Rxpoints.Itbringsinimport
antusefulfeatureslikeenhancedsecuritythroughmuchLowerProbabilityofDetection(LPD)&Probabilityofintercept(LPI)wit
houtanyinterference&regulationsunlikeRF[1].FSOCisfastshapingupasatechnologyoptionformitigatingbottlenecksofconn

ectivityinasupplementaryroletoexistingRFlinks.OpticalWirelessCommunication(OWC)caneaseoutenormousdatatrafficface
dinnetworksofmicrowave&RF.Therefore,combinationofRadiooverFSO(RoFSO)&FSO/RFsystemscanbeasuitablesolutionto
bear5G&relatedtechnologies.Inthiscontext, paper[2]haspresentedseveralkeytechnologies&applicationsofRoFSOunderliningitssu
periority.FSOCisbeinginvestigatedextensivelybecauseitcanimprovethereach&lastmileconnectivityofOFCnetworks,hasrapidre-

deployability&higherflexibilityinoperationsrelatedtodisasterrecovery&militaryprojects.Presently, OWChasalreadybeenusedtode
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monstrate100Gh/sdatarateapplicationsforbothindoor &outdoorusageinvariedrangesupto10000km. TechnologyoverviewofOWCi
ncludingopticalcamera&visiblelightcommunication,FSOC, Lasersandlightdetectionandrangingarebeingconductedbycontempor
aryresearchersworldwide[3].Latestapplications/trendsofFSOCincludesubcarriermultiplexing(SCM),0WCwavelengthdivision
multiplexing(WDM),visiblelightcommunications(VLC),worldwideinteroperabilityformicrowaveaccess(WiMAX),vehicularvi
siblelightcommunications(VVLC),nextgenerationFSOwirelessterrestrial/globalnetworkarchitecture&Deepspaceopticalcommu
nicationsystems.ResearchersarefacingdifficultiesinevolvingFSOCapplicationsrelatedto5G, internetofeverything/things(loE/lIoT),c
ellphone-

network,underwateropticalapplications&quantumcommunication[4]. ThejourneyofevolutionofOWCtechnologiesspansrightfro
mancienttimestoFSOCoftoday.

Thisreviewpaperbeendividedintovarioussections.Section2comprehensivelyelaboratesdifferentfeaturebasedmerits&related
majoradvantages.Section3enumeratesmajorcontemporaryapplications.Section4dwellsuponlimitations&fewemergingmitig
ationtechniquesweavedinfromvarioussources.Sectionsbringsoutemergingtacticalmilitaryapplicationsof FSOCwhicharespe
cificallybasedonvarioustypesofLaserstechniquesincludinglaserweapons&remotesensingsystems.Section6listsoutvariousev
olvingmilitaryapplications&utilizationinsea,air,groundandspace/UAVs.Section7spansacrossmarine,underwater &RF/Hybr
idsystemsbasedmilitaryapplicationsandscenarios.Section8elaboratesaboutfuturescopeandwayaheadforresearchers.Section9
hasconclusion.

alongwithalmostone-
tenthoftheRFantennadiameterwithrobustsecurity[5]. Historically, researchworkonOWCcanbetracedtoatleast50yearsbackrelated
tospace&defenseprojects,wherein,USmilitarywassendingtelegraphsignalsbetweenvariouspointsusingsunlightenergizedequipment

2.2.Advantages

FSOChasgarneredresearchinterestsowingtovariousinherentmerits&numerousadvantages. Itcanbedeployedrapidlytoobtainhigh-
speeddataconnectivityinwirelessapplicationsattoughandremotegeographicallocations, hills&highaltitudes.RFtechnologyintheseare
asisinaccessibleandopticalfiberslayingisadaunting&expensivetask. Theusageofhighlydirectional &focusedlaserbeamsresultsinlow
losstransmissionswithalargechunkofopticalpoweroutputgatheredbyRx[6]. Duetotheseadvantages, researchersacrosstheglobearefiel
dingFSOCsystemsforshortdistancehighdataratewirelesstransmission&receptionandtheyarebeinginvestigatedforapplicationslikela
st-mileconnectivity, biomedicalapplications,multi-

campusnetworks,militaryaccess, MetropolitanAreaNetwork(MAN),backhaulofcellularcommunications,disastermanagementan
drecoveries. Tosumup,themajoradvantagesofFSOCsystemsareaslisted[ 7]:-
(a)LasersusedatTxhavenarrowbeamwidthsgivinghigh-
gradesecurityfeaturesunlikeRF.(b)FSOoffers2000THzBandwidth(BW)leadingtoenhancedchannelcapacity.
(o)ltisinstalledwithlowercostscomparedwithequivalentdatarateRFsystems.

(d)InFSOC,1ISMbands(Industrial scientific&medicalapplicationbands)usedareunlicensed.Nospectrumregulationareapplicablele
adingtomuchlowerinitialinvestmentsandoperational/maintenancecost.
(e)FSOCtechnologyhaslowinstallationtimeframes, flexibility, rapiddeployabilityinmultiplearchitectures. Itisanenvironmentallyfrie
ndlyandcleantechnology.
(PHFSOCishighlysecurebecauseopticalinterceptorsthattapthetransmittedbeamsarenotthereinintendednarrowpathsbetweentranscei
verpairsandnospecialsecurityframeworksrequiredviewprotectedframework.
(9)FSOCuseslightweight&smallequipmentwithnoend-to-

endcablingorintermediatetransducers.(h) Ithashettertransparency/interoperability&underlyingtransmissionprotocolsarenotaltere
d.

(i)MeantimebetweenFailure(MTBF)ismuchbettercomparedtoRFsystems.
(j)LowerPowerconsumptionwithsmallbeamdivergenceanglewithbetterfocus.
(KEMI/EMCeresilience&electricalisolationduetothephotonicnatureofthesignal.
(Highlyfocusedlasersprovideleastmultipathpropagation,fading&flexibletopology.

3.MajorApplicationsofFSOC

ThefastdeployabilityoftheFSOCispoisedtorevolutionalisethetelecom&I Tindustrythroughmigrationfromtower-
basedsystemstomorereliableunmannedandunsupervisedcommunicationsystemsthataremoreresilient&lowerincost. Humanitarian
&homelanddefenseapplicationscanberevivedfromdamagesusingtemporaryFSOnetworks.Cinema,firefightingapplications,medic
alfield telecast broadcast,securityapplications,equipmentfor LawEnforcementAgencies(LEA),powermonitoringarefewcasestudi
esofcommercialFSOCprojects.Space,satellitecommunication,militaryapplications&terrestrialsystemsareseeingfastgrowthofrese
archesonFSOCsystemsviewcompulsionsofbetterBERanddatarates.Byvirtueofutilizingtowersandbuildingsupport,laser-
basedFSOCplatformscanbeinstalledrapidlyinminimumtimeframes,unlikeRF&satellitecommunicationequipment.Majorapplica
tionsofFSOCsystemsareasencapsulatedbelow[8,9]:-
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(a)StorageAreaNetwork(SAN).SANcanbeframedupthroughtheFSOCsystemfacilitatingintegratedandindividualdatapiec
estocklevels.

(b)RemoteCommunication-

Outdoors. Idealforremotelyoperatingorganizationsforimplementingcommunicationinabsenceoflicenses/specialpermits.
(c)ReinforcementtoFiber. Itprovidesreinforcementsincaseoffailureoffiber-basedsystems.
(d)CellularSystemsApplications.Itprovidesfastdataratestocellularmobilenetworktraffic.

(e)MilitaryAccess. Itisasafe,undetectable&imperceptibleframeworkconnectingzones;

SUITABILITYANALYSISOFFSOSYSTEMSINTHEMILITARYENVIRONMENT

ThischapteranalyzesthesuitabilityofFSOsystemsinthemilitaryenvironment. Whendiscussingthemilitaryenvironment
therearetwofactorsthatmustbeconsidered.First,thereisthecombatortacticalenvironment.Combatoperationshaveuniqu
ecommunicationrequirementsthatarenotnecessarilydirectlytranslatedfromtheciviliansectorduetotheneedtooperatein
remotelocationsunderveryharshconditions.Second,thereistheadministrativeenvironment. Theadministrativeenviron

mentwouldcorrelatetoamajormilitaryinstallationthathasaccesstoarobustcommunicationbackbonelikefiberopticcable
.Themilitaryadministrativeenvironment’scommunicationrequirements,inmanycases,translatedirectlyfromthecivilia
nenvironment.Thevastmajorityofthemilitaryoperatesintheadministrativeenvironment.Nevertheless,itcanquicklycha
ngetothecombatenvironmentintheeventofanattack. Thischapterconsiderstheserequirementsandweighswhetherornot

FSOisaviableoption.ThischapteranalyzeseachofthecategoriesthatwereusedtoclassifythedynamicFSOsystemsintheta
xonomypresentedinChapterll.

A.GROUND-TO-GROUND

Ground-to-
groundFSOlinkscaneitherbestatic,wherebothendsofthelinkarefixed,ordynamicwhereoneorbothlinksarecapableofbei
ngoperatedwhilemobile.Anexampleofastaticground-to-
groundlinkinthemilitaryenvironmentwouldbealinkbetweenahigherandlowerheadquartersCOC.Anexampleofadyna
micground-to-groundlinkwouldbeanoperationallinkbetweentwomovingtacticalvehiclessuchasAlAbramstanks.

1.Static

Staticground-to-
groundFSOhasbeenimplementedwithresoundingsuccessworldwideintheciviliansectorandcanbeaveryviableoptionfo
rthe

military. Thesesystemsaredesignedforestablishingnetworksforenterpriseandcampuslikeenvironments.Militarybases
fitintothiscategory. Thereisasignificantdemandforbroadbandnetworkconnectivityonandbetweenmilitaryinstallations
bothdomesticallyandabroadinbothtacticalandnon-

tacticalenvironments.OfalltheavailableFSOsystems, staticsystemshavebeeninproductionthelongestandhaveprovenpe
rformancerecords. Thesesystemscanbeinstalledquicklyandcheaplywithoutexpendingthelabortolaycableorplaceperso
nnelinharm’sway.Furthermore,theyareavailableasacommercialofftheshelf(COTS)technologythatcanbeacquiredthro
ughtheGeneralServicesAdministration(GSA)forimmediatedeployment.

a.Intra-BaseNetworking

Intra-
Basenetworking,ornetworkingwithinthebase,wouldbeadirecttranslationofFSOtechnologyfromtheciviliansectortoth
emilitaryfornon-
tacticalapplications.Mostofthebuildingsonmilitaryinstallationsareinfairlycloseproximitytoanotherbuilding,wellwith
intherangeofcapableFSOsystems. Tacticalapplications,suchasnetworkingaremoteForwardOperationsBase(FOB)orP
atrolBase(PB)mayrequiremoreruggedizedequipment.However,thiscouldbeachievedthroughminormodificationstoth
eCOT Sequipment.Itshouldnotbetheintenttosetupanetworkbetweenallofthebuildingsonaninstallation,buttoincorporate
FSOinareaswherethereisademandforfiber-
likebroadbandconnectivityandlayingfiberopticcableisnotviableduetooperationalconstraints,cost,orsafetytopersonne
|.Furthermore,anFSO-
RFhybridsolutionwithasufficienttrackingcapabilityshouldbeusedtoensuremaximumlinkperformanceandavailabilityi
nallatmosphericconditionsandperiodsofincreasedbasemotioncausedbyheavyvehicleandaircrafttrafficaswellasshock
wavesfromexplodingordnance.
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ThehighdemandforbroadbandconnectivitywithinCOCswasdiscussedinChapterl,andFSOwouldbeabletomeetthatnee
d.However,anotherareawherethereisanextremelyhighdemandforbroadbandconnectivitywithin

militaryinstallationsisonthenetworksprovidedbyMorale,Welfare,andRecreation(MWR).Whendeployed, militarypers
onnelrelyveryheavilyonInternetconnectivityforcommunicationandentertainmentpurposes.Asa

resultitisnotuncommonforInternetcafé’stobeestablishedbyMWR on

remoteFOBsandforthelargerbasestoprovideinstallation-wideWi-

Fiaccess. Thesenetworksarestressedheavilybyservicemembersconductingvideoandvoicecalls,downloadingcontent,a
ndstreamingvideo.Lowbandwidthmakescallqualitypoor,andstressestheservicememberstryingtocommunicatewithfri
endsandfamily.IncorporatingFSOintothesenetworkswouldimprovetheir

performance.

b.Inter-BaseNetworking

Inter-
Basenetworking,ornetworkingbetweeninstallations,presentsagreaterchallengeduetotheincreasedlinkdistancerequire
ments.Inthecaseofnon-
tacticalmilitaryinstallationsthereisahighlikelihoodofaccesstothefiberinfrastructurenegatingtheneedforFSOinter-
Basenetworking.However,tacticalmilitaryinstallationsareunlikelytohaveaccesstoasecurewiredinfrastructure. Theref
ore,theymustbeconnectedbywirelessmeans. Tacticalmilitaryinstallationsareusuallyplacedwithinaproximitytootherta
cticalmilitaryinstallationssothattheycanmutuallysupportoneanotherinthecaseofanoverwhelmingenemyattack. Thisus
uallytranslatestoafewkilometersorevenlessinhighthreatenvironments.Again, thisiswellwithintherangeofcapablecom
mercialFSOsystems.Forlongerdistancerequirements,systemssuchasT ALON,withamaxrangeof50km[2],wouldprove
effective.However,asdistanceincreasesobstaclesmaybecomeanissuewhentryingtoestablishLOSbhetweenFSQOunits. Te
chniquessuchaselevatingtheunitandcommunicationrelaymaybeusedtoincreaserangeandmitigateLOSissuesaslongass
uchtechniquesaretacticallyfeasible.

c.CommunicationRelayStations

FSOsystemswouldalsobeaviableoptionforstaticground-
basedcommunicationrelaystations.However,considerationshouldbegiventotherelativelyfragilenatureofanFSOlinkdu
etopooratmosphericsandtheL OSrequirements. Ahybridsolution,whichincorporatesFSOandRFcommunications,woul
dprobablybemostviableinthecaseofcommunicationsrelay. Thiswouldaffordthestationthebandwidthandsecuritybenefi
tsofFSOcommunicationsinfavorableconditionsandtheavailabilityofRFcommunicationsotherwise.

d.HastilyFormedNetworks

Theabilitytorapidlyestablishandreestablishcommunicationsisparamountinmilitaryoperations.FSOandFSO-
hybridsystemshavetheabilitytosetuphighbandwidthlinksextremelyquicklyviathe*“flyaway”’kitsdiscussedinChapterIl.
TheyarecapableofdoingsowithoutinterferingwithRFcommunicationsthroughtheuseoflRenergyandunlicensedradiofr
equencies.Thisisidealforreestablishingcommunicationsinadisasterrelieforpostattacksituationwherethecommunicatio
narchitecturehasbeendamagedordestroyed. Thiscapabilityhasalreadybeenprovenintheciviliansectorfollowingtheterr
oristattacksontheWorldTradeCenterin2001[13].

2.Dynamic

FSOwouldproveverybeneficialinship-to-shipandship-to-
shorecommunications.Thiswasdemonstratedusingthe TALONsystem[2]. ThelikelihoodthatL OShetweentwoshipsont
heopenocean,ortheLOShetweenashipatseaandashore-
basedcommunicationsstationisblockedisminimalassumingpropermaneuvercoordination. Increasingthenumberofship
spotentiallywouldallowforamorerobustnetwork,againassumingpropercoordination.Withoutpropercoordination,thel
ikelihoodoflinkblockagegrowsasthenumberofshipsintheareaincreasesandasthecommunicationstation

ismovedfurtherinland.SomeofthechallengesencounteredinestablishingFSOlinksonsurfaceshipscanbefoundin[93].

Fornearlyeveryothertacticaloradministrativecommunicationscenarioadynamicground-to-
groundFSOcommunicationlinkisnotsuitable,exceptinapplicationsthatwouldrequireveryshorttransmissionranges. Thi
sissimplyduetotheLOSrequirement.EstablishingandmaintainingL OSoverthegrounddynamicallywouldbedifficult,if
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notimpossible,especiallyinatacticalscenariowherecoverandconcealmentisrequired.Currently,mosttacticalgroundco
mmunicationsaredoneoverVHFfrequenciesviceUHFfrequenciesforthisveryreason.VHFfrequenciesarebetterableto
mitigateobstaclesbetweencommunicationnodes.UHFisprimarilyusedforair-to-groundandair-to-
aircommunicationsduetoitsabilitytotransmitoverlongerdistanceswithabetterqualitysignal. However, UHFrequiresLO
S.Frompersonalexperience, UHFfrequencieshavenowhereneartheLOSrequirementsofFSO.WithUHF,itispossibletoes
tablishacommunicationlinkfromacoveredposition,suchasunderatreeorinsideabuilding,toanaircraft. WithFSOthiswou
Idnotbepossible.Nevertheless,UHFisstillconsideredunsuitableforground-to-groundcommunications.

B.AIR-TO-GROUND

Anair-to-
groundFSOlinkisoneestablishedbetweenanairborneplatformandeitherastaticordynamicgroundstation. Anexampleof
airtoastaticgroundlinkwouldbetheFMVfromaUAVtransmittedbacktoaCOCortotheUAVsstaticcontrolcenter. Anexam
pleofanairtodynamicgroundFSOlinkwouldbeaUAVtransmittingitsFMVfeedbacktoamovingvehicleorfootmobileco
mbattroop.

1.DynamicAirtoStaticGround

AnFSOlinkfromanairborneplatformdowntoastaticgroundstationmayprovebeneficialinbothmilitaryandciviliancomm
unications.LOSiseasilyobtainablefromanairborneplatformaslongasthatplatformhastheabilitytofly

atanaltitudethatcansupportanadequatelookanglefromthegroundstationtotheairborneplatform,andaslongasthegrounds
tationtransceiverisabletobeexposedforsignaltransmissionandreception. Thisisalmostalwaysachievablewithhighflyin
gfixed-wingaircraftandhigh-altitudeairships.However,lowerflyingrotary-
wingedaircraftandsmallerUAVsmaynotbeabletoestablishandmaintaincontinuousLOSduetotacticalnecessityoraircra
ftlimitations. Thismightbeacceptableincertaincommunicationscenariosaslongasthelinkcanbequicklyreestablished.Vi
aL.ightsuccessfullydemonstratedthisapplicationofFSOwithitsMLT-
20systemfromaTornadofighterjet[78].JohnHopkinsUniversityAppliedPhysicsLaband AOptixalsodemonstratedthisc
apabilitybyestablishingan80Gbpslinkbetweenatetheredaerostatandagroundterminal [80].

2.DynamicAirtoDynamicGround

ThesuitabilityofanFSOcommunicationslinkfromanairborneplatformtoadynamicgroundstationismarginal . Thisisagai
nduetotheL OSrequirement.Whetherthegroundstationisvehicle-mountedorman-
portablethereisaveryhighlikelihoodthatthemovementofthegroundstationwillinevitablyfinditinapositionwhereanobst
acle,man-
madeornatural,willinterrupttheLOSbetweenitandtheairborneplatform.Ahybridsolutionmightworkforthisscenario,bu
tsize,weight,andpowermustbecarefullyconsideredespeciallyforman-
portablegroundtransceivers.Forthisreason,RFsystemssuchastheGhostLinkareamoreviableoptionfortacticalscenarios

TheGhostLinksystem,showninFigure53,isahigh-bandwidthRFsolutionforair-to-dynamic-
groundlinkscurrentlybeingdevelopedbyGeneral
AtomicsAeronautical Systemslinc.

SUMMARY,CONCLUSIONANDRECOMMENDATIONS

A.SUMMARY

ThisresearchsurveyedthecurrentstateofFSOcommunicationsandthenanalyzeditssuitabilityforapplicationinthemilitar
yoperatingenvironment. ThiswascompletedbyfirstprovidingathoroughbackgroundofFSOtoprovideanunderstandingo
ftheircapabilitiesandlimitations.Next,asystematicsurveyofcurrentFSOsystemsrelevanttomilitarycommunicationsw
ascompleted.Fromthissurvey,amatrixofsystemcapabilitiesandlimitationswaspopulatedforeaseofreference. Thenthe
AnalyticalHierarchyProcess(AHP)wasintroduced,asameansofchoosinganappropriatesystem,andanexamplewasgive
nofitsapplication.Next,anexperimentwasconductedusingtwosystems,establishingtwoseparatelinkssimultaneouslyto
gainhandsonexperienceandanunderstandingofrealisticperformanceexpectations.Finally,asuitabilityanalysisofFSO
wascompletedforcommunicationscenariostypicaltothemilitaryoperatingenvironment.
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Themilitaryhasanever-

increasingdemandforbandwidthinaveryRFdenseoperatingenvironment. TheabilityforFSOcommunicationstosecurel
ytransmitverylargedataratesimpervioustoRFenergymakesitveryappealingasapossiblemilitarycommunicationsolutio
n.

B.CONCLUSION

FSOcommunicationisaviablesolutionforcertainmilitaryapplications. Thereareundeniableperformanceadvantagesoff
SOoverRFcommunicationsforcertainscenariosundercertainconditions. ThemodulatedlightofFSOiscapableofsupport
ingmuchlargerbandwidthsthanRFfrequencies. ThecollimatedlaserenergyofFSOprovidesLPlandLPDqualitiesmaking
itveryresistanttoexploitation.FSO’simmunitytoRFinterferencemakesthesignalresilienttojammingandallowsoperatio
nwithoutfrequencydeconfliction. Thesebenefitsaresignificantformilitary
communicationswhereagreatdealofmoneyisspentonequipmentandsoftwareandeffortexpendedsecuringRFcommunic
ationsusuallyresultingindegradedlinkperformance.However,therearealsoconsiderablelimitationstoFSOthatpreventit
frombeingadirectreplacementforallRFcommunicationlinks. Theselimitationsareatmosphericinterference,astrictLOSr
equirementandalimitedabilitytoconductareatransmissions.

TheperformanceofanFSOlinkisdirectlycorrelatedtotheatmosphericconditionswithinwhichitisoperating.Particulatesi
ntheair,turbulenceandairdensityallimpactFSOlinkperformance.Forthisreason,itisdifficulttoaccuratelydeterminehowF
SOwillperforminagivenenvironmentovertimeuntilitcanactuallybetestedinthatenvironmentforanappropriateperiodoft
ime.ThisisalsotrueforRFcommunications,buttheeffectthatatmosphericshaveonFSOismuchgreaterthanonRF. Thisisv
eryconcerningwhenconsideringFSOasacommunicationsolutionwherehigh-
availabilityinallweatherconditionsisapriority.ImplementingahybridFSO-
RFsolutioncanmitigatelinkdegradationinunfavorableatmospherics.However,indoingsothe LPI/LPDandRFimmunity
ofthelinkiscompromised.Additionally,thereareseveralpossibleapplicationsofFSOwhereadverseatmosphericswillmo
stlikelynotbeencountered.Theseincludespaceapplications,highaltitudeair-to-
airlinksandonUAVsthatareonlycapableofoperatinginvisualmeteorologicalconditions(VMC)duetol SRsensorand/orai
rcraftlimitations.

TherequirementforLOSisthebiggestlimitationtoFSObecauseitwillsimplynotoperatewithoutit. EstablishingLOSintacti
calsituationscanbedifficultanddangerousasitusuallyinvolveselevatingandexposingthetransceiver,theoperatororboth.
DuetotheL OSlimitation, FSOsystemsaremostsuitableforstaticground-to-ground,staticground-to-air,air-to-
airandspaceapplications. TheLOSrequirementmakesFSOunsuitablefordynamicground-to-
groundandmarginalfordynamicground-to-
airlinks,exceptinapplicationsthatonlyrequireveryshorttransmissionranges. Therearemerelytoomanyobstaclesencoun
teredbetweentwomovinggroundstationsand
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betweenamovinggroundstationandanairborneplatform. TheexceptionstothisareFSOlinksbetweensurfaceships,betwee
nasurfaceshipandanairborneplatformandforship-to-

shorecommunications. Theopenseaprovidesarelativelyobstaclefreeenvironmentacrossitssurface.However,linksovert
heoceaneventuallyfallvictimtotheLOSrequirementduetothecurvatureof

the Earth.

ThecollimatedlaserenergyusedinFSOcommunicationsaidsinthesecurityofthelinkthroughLPlandLPD,butisnoteffecti
veindisseminatinginformationtomultiplereceivers.Theonlywaytotransmit,fromasingletransmitter,overanareaisbyinc
reasingbeamdivergence.Asbeamdivergenceincreases,therangeofthelinkdecreases.Currently, FSOisnotsuitableforapp
licationsrequiringthedisseminationofinformationtomultipledislocatednodesfromasinglesource.

C.RECOMMENDAT IONSResearchintheareaofFSOcommunicationsshouldcontinuetobeaggressivelypursued.Th

ebandwidth,security,andRFimmunityqualitiesofFSOcommunicationspresenttoomanybenefitstocommunicationsinth
emilitaryenvironmenttobeignored. Thisresearchshouldfocusonbetterunderstandingthecapabilitiesofcurrentsystems, i

mprovingtheperformanceof

FSOinadverseatmosphericconcﬁm,andexploringapplicationsofFSO
systemsinthemilitarycommunicationsconstruct.

D.FUTUREWORK

1.ModulatingRetro-reflectors(MRR)

TheNavalResearchLaboratory(NRL)hasbeenconductingresearchonFSOsince1998.Someoftheirrecentworkhasbeenin
theareaofmodulatingretro-
reflectors(MRR).OneofthecurrentlimitationstoastandarddynamicFSOlinkisthataturret/gimbalisrequiredatbothendso
fthelink. Thisaddsconsiderablecomplexitytothedesignandincreasesthecost,size,weightand
power(CSWaP)requirementsofthesystems. ANMRR,picturedinFigure55,isverysmallandalleviatesCSWaPrequiremen
tsforoneendoftheFSOlink

[97].

Interrogator/Receiver

. Interrogation Beam
e

ywmm . Modulated Beam
LT
Rretsessorscaasmbressororansnts ,Retumed Data
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Figure55.A(a)MRRsystemdiagramand(b)MRRtransmitter,from[97].

ThisispotentiallyaveryvaluableapplicationofFSOtechnology,especiallyinairborneapplicationswhereCSWaPrequire

mentstendtobemorestringent. TheNRL’sworkonMRRshasbeenpublishedin[97]. TheCommand,Control,Communicati
ons,andIntelligenceDivisionofthe AustralianDefenceScienceand TechnologyOrganisationexpandedontheworkdone

bytheNRL.Thatworkcanbefoundin[98].FutureworkwithMRRsshouldfocusonthefollowingareas:

(1)ValidateinterrogationofanairborneMRRbyaground-basedFSOsystem.

(2)ValidatetheabilityofanairborneMRRtosimultaneouslymodulatetwoindependentinterrogationsignalsfromtwodisl
ocatedgroundbasedFSOsystems.

B.5SCONCLUSIONANDRECOMMENDATIONS

TheLaserFiresystemisnotcurrentlyreadyfordeploymentnorwoulditbeaviableoptionfordynamiclinksinitscurrentconfi

guration. Thereareseveralissuesthatneedtobeaddressedbeforethesystemcouldbeusedinanoperationalsetting.First,theis
sueofoverheatingmustbeaddressed.Second, linkacquisitionmustbespedup. Third,thesizeofthesystemmustbereduced.F
inally,datarateshouldbemadeadjustableallowingforoptimizingthetransmissionrateaccordingtothelinkperformanceas
measuredbysignal-to-noiseratioorpacketloss.

ThedesignoftheLaserFireV3needstobeimprovedtoallowforgreaterdissipationofheatfromelementsinsidethemodeman
dtransmitterboxes.Currently,theboxesarecompletelysealed.Theiraluminumconstructionprovidessomereliefduetoitsr
elativelyhighconductivity,howeverthisaloneisnowherenearsufficient.Ondayfouratthehillsite,thetransmitterandmode
mwereplacedintheshadeandinwell-
ventilatedpositions.Bothwerecooltothetouchontheoutsideofthebox.However,themodemstillshutdownduetooverheati
ng.Uponinspectionitwasfoundthatthenetworkcardinsidethemodemwastheonlyelementhottothetouch.

Initiallinkacquisitionisafairlytimeconsumingprocess.ltrequirestheoperatortomanuallyalignthetwounitsandtheninitiat
eanautomatedsearchpattern.Oncethepatternisinitiatedtheamountoftimetoacquirevariesdependingonhowwelltheunits
werealignedmanuallyandthesystem’ssearchconfiguration. Therewereseveralinstanceswherethesearchpatternfailedto
identifytheoppositeendofthelinkandhadtoberestarted. Additionally,duringtestingtherewereseveralinstanceswherethe
LOSofthelinkwasinterruptedeitherbysomeonewalkingthroughthebeamspathoracardrivingthroughit.Innearlyeveryins
tancethiscausedthelinktodropandsentthesystemintoanautomaticreacquisitionsearchpattern.IncorporatingtheuseofGl
obalPositioningSystem(GPS)coordinates,increasingthesearchareathroughadjustablebeamdivergence,andbyimplem
entinganinterrogationprotocolthat
allowsthesystemtoidentifyithasestablishedlinkwiththecorrectunitmayhelpinspeedinguptheacquisitionprocess.Adyna
micapplicationwouldnotbepossiblewithoutnearinstantaneouslinkreacquisition.

Inordertoincreaselinkqualitytheusershouldhavetheabilitytodialbackthebandwidth. Ifahighrateofpacketlossisexperienc
edatalGbpsbandwidth,adjustingthebandwidthto100Mbpsmayimprovelinkquality. Abandwidthof100Mbpsissufficien
tfornearlyeveryapplicationandgreaterthanmostRFoptions.

ItisrecommendedtocontinueresearchanddevelopmenteffortswithSpacePhotonicsinc.aswellasexploringotherFSOsyst
ems.
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