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Abstract

Theshallow waterunderwateracousticchannelcanbeexpressed

asafrequency selectivefastfading channelduetomultipath,sea

surfaceroughness,propagationmedium andsoonchangewithtime

andspace.Inadditionthenatureoffadingvariesascommunication

frequency changefora given channelenvironment.Thereforethe

nature offading changes with time,space,and frequency.The

receiving signalamplitude varies with range from transmitterto

receiverandthereforefadingstatisticsalsochanges.Inherentfactor

ofthisfadingchangeisaconstructiveordestructiveinterference.In

thisstudy,multipath,temporalcoherenceand fading statisticsare

analyzedusinglinearfrequencymodulation(LFM)andpseudonoise

(PN)signals.Basedontheseresults,theperformanceofnon-coherent

M-aryfrequency-shift-keying(MFSK)system isexaminedandfound



thatthe underwateracoustic channelfading depends strongly on

carrierfrequencyandtransmittertoreceiverrangeiftherearestrong

coherentmultipathandscattering.
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1.Introduction

Underwateracousticcommunicationisatechniqueofsendingand

receivingmessagebelow water.Withthedevelopmentofthesociety,

underwateracoustic communication is a rapidly growing field of

research andengineering.Itsapplicationsbecomewiderandwider

suchasremotecontrolinoff-shoreoilindustry,pollutionmonitoring

in environmentalsystem,collection ofscientific data recorded at

ocean-bottom stations,speech transmission between divers,and

mappingoftheoceanfloorfordetectionofobjects,aswellasforthe

discovery of new resources. The application which once was

exclusivelymilitaryhasextendedintocommercialfields[1].

Forunderwateracousticcommunication,themostchallengingtask

istocombatthecomplex and volatileenvironmentofunderwater

channel.Itisconsideredtobethemostcomplexchannelamongall

communicationchannels.Inunderwaterchannel,acousticwavesare

thebestsolutionforcommunicatingsincetheelectromagnetic(EM)

wavespropagatedunderwaterwillsufferseriouslossesoverashort

distance.

Inunderwaterchannel,soundpropagationislargelydeterminedby

transmission loss, noise, multipath, and temporal and spatial

variabilityofthechannel.Transmissionlossandnoisewhicharethe

principal factors determine the available bandwidth, range and

signal-to-noise ratio.Multipath which is time-varying can cause

inter-symbolinterference(ISI)incommunication.Itinfluencessignal
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designandprocessing,andoftenimposesseverelimitationsonthe

system performance.Especially in shallow water,time varying

multipathpropagationismoreimportantcomparingtodeepwater,the

multipatharrivalsfrom variouspathswillinterferewitheachother

over short time scales and cause constructive and destructive

interferenceinreceivedsignals.Moreover,Dopplershiftandspread

whichcausedbythetransmitterorreceivermotionandseasurface

fluctuations can lead to incorrect symboldecoding.In addition,

multipath fading can make the signalamplitude destructively or

constructivelyfluctuatedandrelativephaseofthesignalfrequencies

to fluctuated non-linearly,which willresult in signalspectrum

fluctuation.Therefore,underwateracousticchannelisalsoknownas

atime-varyingmultipathfadingchannel[2].

Alloftheseeffectsabove-mentionedcancauseBERincreasing,so

in the underwater acoustic communication the system must be

designedtobeabletocombattheeffectsofchannelenvironment

factorsforoptimum performance.

The Frequency Shift Keying (FSK) signaling scheme is a

non-coherentcommunicationmethod,becauseonlythesymbolenergy

determinesthetransmittedsignalsymbolsandphaseinformationis

notneededindemodulation.Sointheory,FSK islesssensitiveto

thechannelfluctuationsandmorerobusttocombattheeffectsof

time-varying shallow water multipath channel. In wireless

communicationduetohighdataraterequirement,M-arymodulation

has been renewed application.Multiple Frequency Shift Keying
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(MFSK)cansendmultiplebitspertransmittedsymbol.

There have been many studies for underwater acoustic

communicationtechnologieslikemodulator,equalizer,encoder,OFDM,

etc.However,thereareonly a few studiesto research how the

time-varyingunderwaterchannelaffectsnon-coherentcommunication

systems.

Fortimevaryingoceaninwaterdepthof70m andasourceto

receiverrange of3.4 km,the statistics ofcommunication signal

amplitude fading considering MFSK underwater acoustic

communication has been studied and found that the envelope

amplitude statistics shows a non-Rayleigh or a non-Rician

distributions[2].HoweveraRiciandistributionhasalsobeenfoundfor

adirectpathandasurfacereflectedsignals[3].A temporalcoherence

inshallow waterhasbeenstudiedforthreefrequencybandsofabout

1.2,5,and22kHzandfocusedonthetemporalcoherencedependency

onthesignalfrequency,thesourcetoreceiverrange,andthesound

velocityprofile.Itwasfoundthatthetemporalcoherencedependency

onfrequencyandsoundvelocityprofileisdifferentfrom atheoretical

predictionfordeepwater[4].TheperformanceofMFSK system was

studiedtoquantifytheeffectsofoceanthermoclinevariabilityand

thefadingsignalstatisticsontheBER[5].

Inthispaper,MFSK (M=4)system wasexaminedinshallow sea.

Thepurposeofthispaperistoinvestigatehow thetime-varying

underwateracoustic multipath fading channelaffects the BER of

MFSK system and to derive parameters ofthe optimum system
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design in a fading channel.To achieve the purpose,the fading

channel’senvironmentalfactorson theperformanceoftheMFSK

system areanalyzedbyanalysisofchannelcharacteristicssuchas

channelimpulseresponse,temporalcoherenceandchannelcoherence

bandwidthsandfadingstatistics.Fig.1showsthestructureofthe

underwateracousticcommunicationsystem.

Fig.1.Structureoftheunderwateracousticcommunicationsystem.
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2.UnderwaterAcousticChannel

Underwateracousticcommunicationingeneralmainlygetsaffected

by thefollowing factors:Channelvariations,attenuationandnoise,

multipathpropagation,Dopplershiftandspread.

 

2.1.AttenuationandNoise

Inanunderwateracousticchannel,theenergyofthetransmitted

signalispartlytransferredtoheatenergy.Somepartsoftheenergy

arelostduringscatteringfrom thesurface,bottom andotherobjects.

In an underwater acoustic channelthe loss are considered as

spreadingloss,absorptionlossandscatteringloss.

2.1.1Spreadingloss

Thespreadinglossisoftencausedbysphericallossfordeepwater

andcylindricallossforshallow water[6].Forthesphericalspreading,

thesoundwavepropagatesawayfrom thesourceuniformlyinall

directions,the sound levels are therefore constant on spherical

surfaces surrounding the sound source and the loss of signal

increaseswiththeincreaseoftransmissiondistance,specifically.Itis

proportionaltosquareofthedistancefrom sourcepoint.Whenthe

soundcannotcontinuetopropagateuniformlyinalldirectionsand

onceitreachestheseasurfaceorseafloorthenthesoundstartsfor

cylindricalpropagation.Thecylindricallossisproportionaltoinverse
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ofdistancefrom thesourcepoint.Thereforethespreadinglossfora

distancerfrom sourcepointisgivenby

 
, (1)

kisenergyspreadingfactoranditis2forspherical,1forcylindrical

and1.5forpracticalspreading[7].

2.1.2Absorptionloss

Inunderwateracousticchannel,absorptionlosswascauseddueto

thetransferofacousticenergytotheheatenergy,whichdependson

signal’s frequency.The absorption loss can be approximated as

follows:

 
, (2)

whereristhedistancefrom thesourcepointandaisthefrequency

dependentterm whichisgivenas[7]:

 . (3)

Theterm a(f)istheabsorptioncoefficient[8]:
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The attenuation coefficientisin dB/km and fis in kHz.The

attenuationcoefficientbasedonfrequencyisshowninFig.2.

Fig.2.Absorptioncoefficient(10log(a(f))indB/km).

2.1.3Scatteringloss

Thereasonforscattering lossistheinteraction ofsoundwave

withseasurfaceandseafloor.Iftheseasurfaceandseaflooris

rough,mostofthesoundsignalwillscattertothedirectionswhich

aredifferentfrom receiver’sdirection,andcauseenergylossinthe

signal.Besides,there are othertwo importantlosses worthy of

attention,firstisthelosscausedbysomesignalspenetratingthrough

thebottom,andanotherisduethatsomepartofsignalsdoesnot

reflectfrom theseasurfaceand passesthrough thesurface.The

formersignalloss due to penetration into the bottom is greatly

higherthanabsorptionthroughthewater.Thesecondlossbysurface

and bottom scattering increases as grazing angle ofthe sound

increases.Inaddition,bottom scatteringalsocancauselossbutit

greatlydependsonthetypeofthebottom.
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2.1.4Ambientnoise

Except losses noise also should be considered in underwater

communicationsystem.Thenoiseiscloselyinrelationtofrequency

andsiteofunderwaterchannel.Therearemanynoisesourcesin

underwaterchannelsuch as turbulence,marine organism,passing

ships,rain,winds,breaking waves and man-made noise.Allof

underwaternoisecanbeclassifiedasambientnoiseandsite-specific

noise.Theambientnoisewhichhasacontinuousspectrum follows

Gaussianstatisticsanditisnotwhitenoisesinceitisfrequency

dependent.Nevertheless,site-specificnoiseoftencanbesaidthatthe

nature of noise depends on its source since it has significant

non-Gaussiancomponents.Becauseitisman-madenoise,thelevelof

noiseinseasideenvironmentsisgenerallyhigherthanthenoisein

deeporhighsea.Theamplitudeofthetotalnoisecanbedifferent

from timetotimeforacertainlocationandcertainfrequencydueto

timevariabilityofthechannelenvironment.

2.2Multipath

In underwater acoustic communication,multipath is the most

importantinfluencefactorwhichiscausedbysignalreflectionatthe

seasurface,bottom,and any objects,andsignalrefraction in the

water.

Propagation ofthe acoustic signaloccurs over multiple paths,

thereforeatthereceiverside,thereceived signaliscomposed of

thesemulti-pathsignals.Becausethereceivedmultipathsignalscan
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interferewitheach otherandtheinterferenceistime-varying,the

amplitude of the received signal can increase and decrease

significantlycommonlycalledmultipathfadingandthephaseofthe

received signalalso changed with time.The variability of the

multipathisduetovariability ofthechannelcaused by temporal

fluctuations such as internaland surface waves,turbulence,tidal

flowsandplatform motion.Particularlytheseasurfacefluctuationhas

aseriousnegativeimpactonsystem performancewhichgivesupper

andlowersidebandsinthespectrum ofthereceivedsoundthat

duplicatesofthespectrum oftheseasurfacemotion.Signalrefraction

is a consequence ofsound speed variation which dependents on

environmentalconditionssuchaspressure,temperatureandsalinity.

Inaddition,thenumberofmulti-pathsdependsonthegeometryand

physical properties of the channel. Therefore the multipath

phenomenoncausesdistortioninthereceivedsignalandthechannel

impulseresponsediffersfrom locationtolocationevenfrom timeto

timeforthesamelocation.Fig.3showsthemultipathformationin

shallow (left)anddeepwater(right).

Fig.3.Multipathformationinshallow (left)anddeepwater(right).
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Thechannelresponsecanbeobtainedbyaddingallresponsesof

multi-pathswhichhavedifferentamplitudes,phaseanddelays.Fora

singlepath thechannelresponsedependson thepath length and

frequency. In a real underwater channel, there are infinitely

multi-paths,buttheonesbelow thenoiselevelcanbeignored,only

leavingafinitenumberofsignificantpaths.Eachpathhasitsown

spreadingandmultipathdelayspreadisdeterminedbythelongest

pathorlastarrivedpath.

2.3DopplerEffect

Relativemotionbetweentransmitterandreceiverandmotionofthe

platform whichtransmitterandreceiverstayoncancausefrequency

shiftingandfrequencyspreadingwhichisknownasDopplerEffect.

Thereasonisthatanychangeinthepathlengthduringpropagation

of the signalcauses expansion (when the path increases) or

compression(whenthepathdecreases)oftimeaxisinthereceived

signal[9].

ThemagnitudeofDopplerEffectisproportionaltotheratioof

relativespeedbetweenthetransmitterandreceivertothespeedof

acousticsignalinthechannel,thatisa=v/cwhereaisDopplerratio,

vistherelativespeedandcisthespeedoftheacousticsignal.The

speedofacousticwaveinunderwaterchannelislow comparedto

speedofelectromagneticwaveanditiscomparabletotherelative

speedbetweenthetransmitterandreceiver,soitcanresultinthe

centerfrequencyoftheacousticsignalvariedtoitsleftorrightside,
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whichisoftencalledfrequencyshiftingandspreading.Moreoverthe

speedoftheplatform,whichmeansthespeedofwaves,currentsand

tides,isalsocannotbeignoredcomparabletothespeedofacoustic

signal.Thereforelow propagationvelocityofthesoundinunderwater

channelcan cause severe Doppler distortions.Across the signal

bandwidth,eachcarriersignalmayexperienceamarkedlydifferent

Doppler shift with time lapse and create non-uniform Doppler

distortion.

Dopplereffectscreated by relativemotion ofthetransmitteror

receivercan easily be calculated and removed from the received

signal.However,Dopplereffectscreatedbyplatform motionscannot

easily becalculated orestimated,Therefore the lattermakesthe

Doppleranalysismoredifficult.Besides,asDopplereffectsincrease

thechannelcoherencetimedecreasessincethecoherencetimeand

Dopplerspreadareinverselyproportional.

2.4Timevariability

Therearetwomainsourcesoftimevariabilityoftheunderwater

channel.Thefirstoneisthephysicalvariationsofchannelandthe

secondisthemotion ofthetransmitterorreceiver.Thephysical

variationsofchannelcanalsobecategorizedaslongterm andshort

term factors,The formersuch as daily ormonthly changes in

thermocline does not affect the instantaneous levelof a high

frequency communication even if it affects low frequency

communication signal.But the latter affects the high frequency
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communicationsignal,suchasseasurfaceboundaryfluctuationwhich

effectivelycausesthedisplacementofthereflectionpointbysignal

reflecting from the time-varying waves.It can result in both

scatteringofthesignalandDopplerspreadingduetothechanging

path length,and lead to signalamplitude,phase and coherence

changing[10].
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3.Underwater Acoustic System,channelmodel

andcharacterization

3.1MFSK modulationsystem

Inordertomakethedigitalsignaltotransmitinthebandpass

channel, the digital signal must be modulated to match the

characteristicsofchannels.Thereareseveralbasicdigitalmodulation

methods:ASK,FSK and PSK.In thispaper,4FSK system was

applied.

FSK isafrequencymodulationschemeinwhichdigitalinformation

istransmittedthroughdiscretefrequencychangesofacarriersignal.

MFSK isavariationofFSK thatusesmorethantwofrequencies.

MFSK isaform ofM-aryorthogonalmodulation,whereeachsymbol

consistsofoneelementfrom analphabetoforthogonalwaveforms.

M,thesizeofthealphabet,isusuallyapoweroftwosothateach

symbolrepresentslog bits[11].

ThegeneralanalyticexpressionforMFSK is

 





∆   ≤  , (5)

 ∆     ∆

where  is the frequency for  and ∆ for the

neighboringtones.Theamplitudeisexpressedintermsofthesymbol

energyEs.T issymboltimeduration.Fig.4showstheschematic
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diagram ofnon-coherentMFSKmodulationanddemodulation.

Fig.4.Theschematicdiagram ofnon-coherentMFSKmodulation

anddemodulation.

3.2.Underwateracousticchannelmodelandcharacterization.

Inthisstudy,thechannelgoverningfactorsdescribedinchapter2

arecharacterizedbyachannelimpulseresponse,atemporalcoherence

andachannelcoherencebandwidth,andafadingstatistics.

Sound signals are scattered and imperfectly reflected by time

varyingsurface.Thestatisticsofthescatteredsignalsarecorrelated

withthestatisticsofthetimevaryingsurface.Thescatteredsound

pressureamplitudewillfluctuateanditsintensityisthesum ofa

coherentcomponentwithoutaspatialphasechangeandanincoherent

componentwiththerandomlyspatialphaseandamplitudechanges.

Degreeofthesurfaceroughnessandmagnitudeofthecoherent

componentarerelatedtotheseasurfacecoherentreflectioncoefficient
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.A modeloftheseasurfacecoherentreflectioncoefficient at

an isotropic Gaussian rough surface is developed and used here

withoutproof[12].

)2exp(})sin(2exp{ 22
rghcoh RkhR --=--= q , (6)

here,, and  arethewavenumber,effectivewaveheight,anda

incident-wavegrazingangle,respectively.The  in Eq.(6)is

definedasRayleighroughnessparameter.Theprobabilitydensity

functionofthescatteredpressurechangesfrom GaussiantoRayleigh

as the  increases.In underwateracoustic communication,the

coherentcomponentsignalinterfereswithothercoherentsignalsand

theinterferencelevelchangesanddependson  or.Therefore

iftheunderwaterchannelisaffectedbythesurfaceroughness,its

impulseresponseismodeledasthesum ofatimeinvariantcoherent

multipath components including the coherentcomponentfrom sea

surfaceandthecontinuousincoherentscatteringcomponentsfrom sea

surface.

Theequivalentlow passtimevariantimpulseresponse  of

bandpasscommunicationsystem givenas[13]

 



  

 (7)

Thefirstandsecondtermsshow discreteandcontinuousmultipath
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components,respectively.The isthenthmultipathsignal’stime

variable amplitude which depends on time in variant boundary

reflectioncoefficient,propagationpathloss,andfrequencydependent

absorptionloss,and   isthenth multipath timevariabledelay

time.  is a continuous multipath time variable amplitude.

Thereforereceived signalamplitudeofband passsystem willbe

fadedandthestatisticsoffading signalenvelope    such as

RayleighorRicedistributionisrelatedtomultipathstructure.

Theautocorrelationfunctionof   isdefinedas

)];();([
2

1
);,( 21

*
21 tththEtRh D+=D tttt

, (8)

where ∆ isan observation timedifferencebetween twodifferent

timeinstant .Iftheobservationtimedifference∆ issettobe

0,then   becomesamultipathintensityprofile(MIP).Fourier

transform oftheautocorrelationfunctionof∆ being settobe0,

give a channelcoherence bandwidth .The channelcoherence

bandwidth  in inverse proportion to multipath delay spread is

evaluatedbasedontheeffectivedelay-spread  inrelationsto  in

theequation[14]:

s 
  (9)
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 


 
 

 (10)

Here,  is a power density ofa nth path.The relationship

between theeffectivedelay spread ,andthechannel’scoherence

bandwidth isgivenas

 s


 (11)

If the channel’s coherence bandwidth  is less than the

transmittingsignalbandwidth,thenitwilloccursadistortionand

errorbits.If isgreaterthanthesignalbandwidth ,thechannel

is defined asa frequency non selective channelwhich givesan

error-free, stable signal transmission under no channel noise

condition.

Intime-varyingunderwaterchannel,thesignaltemporalcoherence

isusedtodescribetherateofthesignalfluctuationdependingon

Dopplerspreadeffectbyboundaryorsystem platform motion.The

higher the signalfluctuation,the faster the temporalcoherence

decreaseswithtime.Temporalcoherenceisdefinedbythecorrelation

ofthesignalsseparatedbyadelaytime,normalizedbythepowerof

thesignal,asgivenby[4]

max
*

max
*

max
*

)]()([)]()([

)]()([
),(

tt

t
tr

+Ä+Ä

+Ä
=

tptptptp

tptp
t

, (12)
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where  ⊗  max means the maximum value of the

cross-correlation ofthetwotimeseriesortheconvolution ofthe

time-reversedsignals(denotedby*).A slowlyorfastfadingchannel

isdefinedbylargeorsmallcoherencetime.
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4.Experimentalprocedure

Theexperimentwasconductedinabout15.7m waterdepthnear

Geoje Island in Korea on Aug. 6, 2014. The experimental

configurationwithtypicalseastateandparametersareshowninFig.

5andTableI,respectively.

(a)

(b)

Fig.5.(a)Experimentalconfigurationand(b)typicalseastate.

Therangesbetweenthetransmitterandthereceiveraresettobe
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about100,200,400and800m.Thedepthofreceiverandtransmitter

aresettobe7and10m,respectively.TheLenaimageof20,000

bitswastransmitted ateach transmission rangeby fourdifferent

rates which were 200,400,800 and 1600 bps.By considering

frequency dependent on ambient noise and transmitter output

response, 4FSK four-channel system is applied. Each channel

transmits1of4frequenciesdesignatedas0-0,0-1,1-0,or1-1bits,

sothereareatotalof16frequenciesin alloffourchannelsas

showninTableII.Theorthogonalfrequencyspacingineachchannel

aregivenby1/T (T:symbolperiod)andallfourchannelsignalsare

transmittedsimultaneously.Thereforesymbolrateofeachchannelis

25 symbols persecond (sps)for200 bps.Guard-bands between

channelsareinsertedby1/T.TableIIshowsorthogonalfrequency

groupsforeach data rate.Asshown in TableII,themaximum

frequencybandisfrom 12to19.2kHz.

TableI.Experimentalparameters.

Modulation 4FSK

Channel No. 4

Carrier frequency (kHz) 12-19.2 

Symbol rates (sps) 50, 100, 200, 400

Data transmission rates (bps) 200, 400, 800, 1600

Channel guard band symbol rate

Water depth (m) ~15.7

Bottom property Mud

Tx and Rx depth (m) 7, 10

Tx and Rx range (m) 100, 200, 400, 800

Information data (bit) 20000

System Labview
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TableII.Orthogonalfrequency groupsof4FSK/4Chforeach data

rate.

    bps/sps  

         
200/50 400/100 800/200 1600/400

Ch1

F1 12000 12000 12000 12000

F2 12050 12100 12200 12400
F3 12100 12200 12400 12800

F4 12150 12300 12600 13200

Ch2

F1 12250 12500 13000 14000

F2 12300 12600 13200 14400

F3 12350 12700 13400 14800

F4 12400 12800 13600 15200

Ch3

F1 12500 13000 14000 16000

F2 12550 13100 14200 16400

F3 12600 13200 14400 16800

F4 12650 13300 14600 17200

Ch4

F1 12750 13500 15000 18000

F2 12800 13600 15200 18400
F3 12850 13700 15400 18800

F4 12900 13800 15600 19200

Inactualdatatransmission,thepayloadishalfofTableIsince

linearfrequencymodulation(LFM)andpseudonoise(PN)signalsare

allocatedasshownFig.6whichshowsaframestructureofasignal.

Eachframelasts1s.A framestartswithaLFM signalof10ms,

followedbya20msgap,a400msPN signal,a20msgapandthe

datasignal.LFM signalof12to18kHzbandwidthwasusedforthe

purposeofmeasuringthechannelresponse.PN signalof13to19

kHz bandwidth was used forsymbolsynchronization and fading

statistics ofchannel.In actualsystem,only one ofLFM orPN
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signalscanbeusedforchannelresponseandsymbolsynchronization

andthepayloadcanbeincreased.

Fig.6.Oneframestructureoftransmittingsignal.

Beforedatatransmissionineachrangefrom transmittertoreceiver

(Tx-Rxrange)LFM wasalsotransmittedfor30stomeasurethe

channelresponseandtemporalcoherence.EachLFM signalhas10

ms gap to obtain an independentchannelresponse and temporal

coherencewithtimelapse.

Fig.7and8show thesoundvelocityprofilesandtheeigenray

traceresults,respectively.In Fig.8,thenumericalvalueofeach

eigenraymeansgrazinganglewithrespecttoseasurfaceplaneand

onlythefirstfivearrivalswhichcouldshow highsignalamplitude

areshown.TableIIIshowstherelativetimedelay (ms)ofeach

eigenrayforthefourdifferentTx-Rxranges.
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Fig.7.Soundvelocityprofilesofexperimentalsite.

(a)



- 24 -

(b)

(c)
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(d)

Fig.8.Simulated eigenray trace results offourdifferentTx-Rx

ranges:transmitterdepth7m,andreceiverdepth10m:(a)100m;

(b)200m;(c)400m;(d)800m.

TableIII.Relativetimedelay(ms)ofeacheigenrayforfourdifferent

Tx-Rxranges.

D B S B-S S-B

100 m 0 0.60 1.00 2.80 3.60

200 m 0 0.20 0.50 1.30 1.90

400 m 0 0.12 0.28 0.07 0.87

800 m 0 0.07 0.15 0.36 0.48
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5.Resultsanddiscussion

ThechannelimpulseresponsewasanalyzedbyMIPwhichisgiven

bymatchedfilteringthereceivedsignalwiththetransmittedsignal.

LFM signalswereusedtomeasuretheequivalentlow passchannel

impulseresponses.

Fig.9showstheMIPsof100,200,400,and800m Tx-Rxranges.

Thefirststrongsignalsareprettystableatfourranges.Thesurface

reflectedsignalisshownclearlyin100m rangebutnotinother

threeranges.Thesurfacereflectedsignalsofotherthreerangesare

lumpedtogetherwiththedirectsignalsincethetimeresolutionis

about0.2msfor6kHzbandwidthofLFM signal.Thisisconfirmed

from eacheigenraytimedelaystodirectsignalinTableIII.Other

strong signalsin 400and 800m rangearecaused by abottom

reflectedsignalduetoperfectreflectionconditionformudbottom.

Averagesignalsof30sMIPsinFig.9areFourier-transformed.

Fig.10andTableIV show thechannelcoherencebandwidthsoffour

transmissionranges.Thecoherencebandwidthswillbeinterpretedin

4FSK BERanalysis.
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(a)

(b)
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(c)

(d)

Fig.9.Measured channelimpulseresponsesasafunction ofthe

delaytimeandgeotime:(a)100m;(b)200m;(c)400m;(d)800m.



- 29 -

(a)

(b)
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(c)

(d)

Fig.10.ChannelcoherencebandwidthsforfourTx-Rxranges:

(a)100m;(b)200m;(c)400m;(d)800m.
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TableIV.Channelcoherence bandwidths offourdifferentTx-Rx

transmissionranges.

Tx-Rx range
Coherence bandwidth

(-3 dB)
Coherence bandwidth

(-6 dB)

100 m 60 Hz 600 Hz
200 m 400 Hz 1000 Hz

400 m 200 Hz 1200 Hz

800 m 200 Hz 1000 Hz

TheLFM signalwasalsousedtoestimatethetemporalcoherence

definedEq.(12).Thestepsareasfollows:Firsttakeonereceiving

signalof10msLFM transmittingsignalasthereferencesignaland

thencorrelatedwiththelatesignalsarrivingatalatertime.Second,

takeanextLFM receivingsignalasthereferencethenoneobtains

anothertemporalcoherencecurveatdifferentgeo-time.Fig.11shows

theaverageofallcorrespondingtemporalcoherencedistributionfor

Tx-Rxranges.Onefindsthatthetemporalcoherenceof100m drops

to0.88inabout0.5sbutthetemporalcoherencesof200,400and

800m show about0.96.ItisclearthatDopplerspreadislessthan1

forallTX-Rx rangesby theformulagiven in previousstudy[4].

Temporalcoherencevariation with timeseemsto follow wellthe

surfacefluctuation.Thevariationmagnitudeof100m rangeislarger

thanotherrangessincerelativemotionofseasurfaceisgreaterthan

thatofotherranges.
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Fig.11.AveragetemporalcoherenceforfourTx-Rxranges:(a)100

m;(b)200m;(c)400m;(d)800m.
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Thestatisticsofamplitudeenvelopeanalyzed using PN signals.

Fig.12(a) shows probability densities of16 kHz with 100 Hz

bandwidthforfourTx-Rxranges.16kHzisoneofCh3frequencies

of4FSK for 1600 bps data rate.The probability densities are

approximatedasRicedistributionsfor200,400,and800m rangesbut

Rayleighdistributionfor100m range.Fig.12(b)showsprobability

densitiesof12,14,16.8and 18kHzwith 100Hzbandwidth for

Tx-Rxrangeof100m.Thesefourfrequenciesareallactivatedat

1600bpsdataratein100m range.Theprobability densitiesare

approximatedasRicedistributionsfor12and14kHzbutRayleigh

distributions for16.8 and 18 kHz.Rice orRayleigh distributions

dependonrangeatfixedfrequencyandfrequencyatfixedrange.

RiceorRayleighdistributionsdependonactuallywhetherthereare

strongcoherentmultipathsignals.InFig.9,thereareatleasttwo

strong signalsineachrange(lumpedornot).Thereforeamplitude

envelopeofreceivingsignal canbeexpressedas

tptptp tbaaat ccc fjfjfj eteeth 22
3

2
21 ),();( 32 --- +++=

. (13)

Hereitisassumedthattherearethreestrongpathsconsidering

Fig.9.Ifthreediscretepathsamplitudearesimilartoeachotherthen

overalllevelcan belargeorsmallby constructiveordestructive

addition ofthree terms in Eq.(13).Constructive or destructive

addition determines whetherfading statistics is Rice orRayleigh



- 35 -

distribution,respectively.Sincetimedelay  todirectpathdepends

onTx-Rxrangetheenvelopestatisticsdependsonfrequencyinfixed

rangeandrangeinfixedfrequency.InFig.12,Rayleighdistribution

isfordestructivecaseandRicedistributionisforconstructivecase.

(i)

(ii)
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(iii)

(iv)

Fig.12(a).ProbabilitydensityofamplitudeenvelopeforfourTx-Rx

rangesat16kHzwith100Hzbandwidth:(i)100m;(ii)200m;(iii)

400m;(iv)800m.
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(i)

(ii)
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(iii)

(iv)

Fig.12(b).Probabilitydensityofamplitudeenvelopeof12,14,16.8,

and18kHzwith100Hzfor100m Tx-Rxrange:(i)12kHz;(ii)14

kHz;(iii)16.8kHz;(iv)18kHz.
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Fig.13showsnormalizedreceivingsignalspectrum ofLFM signal

toconfirm thefadingstatisticsdependencyonfrequencyandTx-Rx

range.Thedipsandthemaximainspectrum show destructiveand

constructive interference.Frequencies for dips and maxima give

RayleighandRicedistributions,respectively.

Fig.14 shows error distributions of 4FSK signals based on

frequency and geo-timefor100 and 800 m Tx-Rx ranges(․is

originalfrequency;+iserrorfrequency).In100m range,theerrors

mainlyoccurin16.8kHzfrequencyofCh3and18kHzand19.2kHz

ofCh4,whichthe16.8and18kHzareapproximatedasRayleigh

distributionsasshowninFig.12(b).In800m rangetheerrorsonly

occurin Ch2 and Ch4 which can be interpreted by dipsofthe

spectrum showninFig.13(d).Therefore,theMFSK system closely

boundsupwiththefadingstatisticswhichdependsonthechannel

environmentalfactorsandsignalcarrierfrequency.



- 40 -

10 12 14 16 18 20
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Frequency(kHz)

N
o
rm

o
liz

e
d
 M

a
g
n
it
u
d

e
(d

B
)

100m

(a)

10 12 14 16 18 20
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Frequency(kHz)

N
o
rm

o
liz

e
d
 M

a
g
n
it
u
d

e
(d

B
)

200m

(b)



- 41 -

10 12 14 16 18 20
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Frequency(kHz)

N
o
rm

o
liz

e
d
 M

a
g
n
it
u
d

e
(d

B
)

400m

(c)

10 12 14 16 18 20
-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Frequency(kHz)

N
o
rm

o
liz

e
d
 M

a
g
n
it
u
d

e
(d

B
)

800m

(d)

Fig.13.NormalizedreceivingsignalspectraofLFM signalsforfour

Tx-Rxranges:(a)100m;(b)200m;(c)400m;(d)800m.
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(a)

(b)

Fig.14.Errordistributionsof4FSK signalsbasedonfrequencyand

geo-timefortwoTx-Rxranges:(a)100m;(b)800m.(․isoriginal

frequency;+iserrorfrequency).
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TableV showsthereceivedimagesandBERsoffourdifferent

dataratesbasedonfourTx-Rxranges.Therearenoerrorsin200

and400m ranges.Inbothcases,-6dBchannelcoherentbandwidth

are 1000 and 1200 Hz as shown in TableIV.Maximum signal

bandwidthfor1600bps(400sps)is400Hz.Thereforethesetwo

channelsarefrequencynonselective.However,ifthereisdestructive

interference in any frequencies,corresponding frequency signalor

channelmayshow Rayleighfadingresultinginincreasingerrors.Itis

interpretedthatRayleighfading doesnotappearevenifthereare

twodipsin400m rangeasshowninFig.13.

Forthe800m range,therearenotanyerrorsin200and400bps

(50and100sps).Inthiscasethechannelisfrequencynonselective

andRicefading.AsshowninFig.13,therearenotanydipswithin

4FSK carrierfrequencyrangefrom 12kHzto13.8kHzasshownin

TableII.Forthe800and1600bpsrate4FSKcarrierfrequencyrange

extendsto19.2kHzandthereiswiderangeofdipbetween14and

16kHzasshowninFig.13(d)whichmaycauseRayleighfadingand

increasessymbolerror.

Theworstcaseoferroroccurrenceis100m range.The-6dB

channelcoherentbandwidthis600Hztobefrequencynonselective

forgivendatarateinTableII.Thereforetheerroriscausedmainly

by Rayleigh fading due to destructive interference of discrete

multipath.Sincelowerdatarategiveanarrowerfrequencyrangeof

4FSK thereislesschanceofRayleighfadingthanhigherdatarate.

ThereforeBERsincreasewithdatarateincrease.
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TableV.ReceivedimagesandBERs.

200 bps 400 bps 800 bps 1600 bps

100 m

Error 
bits

130 138 532 856

BER 0.007 0.007 0.027 0.043

200 m

Error 
bits

0 0 0 0

BER 0 0 0 0

400 m

Error 
bits

0 0 0 0

BER 0 0 0 0

800 m

Error 
bits

0 0 420 580

BER 0 0 0.021 0.029
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6.Conclusions

TheFSK system is known to be lesssensitiveto thefading

channeland more robustto combatthe effects oftime-varying

shallow watermultipathchannel.ButtheFSK signalingschemehas

adisadvantage,whichduetoitslow datarate.MFSK isadoptedto

increaseadataratebutitrequireswiderangeoffrequencybandto

decreasechannelefficiencyinlimitedunderwaterchannel.Toquantify

theeffectsoftimevaryingshallow waterchannelontheperformance

of4FSK system,channelimpulse response,coherence bandwidth,

temporal coherence and receiving signal envelope statistics are

analyzed.LFM andPN signalwith12to19kHzbandwidthareused

and analyzed theseparameters.Threedistinctmultipathsignalsat

mostarefoundinmultipathintensityprofiles.Forfourrangesfrom

transmitterto receiver,temporalcoherence is very high to give

Dopplerspreadlessthan1Hzanditstimevariationfollowswellthe

sea state.The receiving signal envelope statistics depends on

frequencyandrangeduetothedistinctstrongmultipathsignalsand

their interference.It was found that this frequency and range

dependencydeterminestheenvelopestatisticsorfadingstatisticsto

beRayleighorRicedistribution.

TheBERsofreceivedimagesusing4FSK system forfourdifferent

dataratesareexaminedforfourTx-Rxranges.Thechannelisa

frequencynonselectiveslow fading.Becauseoffadingdependencyon

frequencyandrange,theBERisstronglydependenton4FSK carrier
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frequencyandTx-Rxrange.

Inconclusion,thereceivingsignalamplitudevarieswithrangefrom

transmittertoreceiverandthereforefadingstatisticsalsochangesfor

agivensearoughnessandfrequency.Inherentfactorofthisfading

changeisaconstructiveordestructiveinterference.Itisconcluded

thatunderwateracousticchannelfadingstatisticsdependsstronglyon

carrierfrequency and Tx- Rx rangeifthere arestrong distinct

multipathandscattering.
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