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机载激光测深雷达中大动态范围信号的
多通道处理技术

李杰1,2,赵毅强1,2,叶茂1,3,胡凯1,2,谢绍禹1,薛文佳1,2,周国清1

(1天津大学 微电子学院,天津300072)

(2天津市成像与感知微电子技术重点实验室,天津300072)

(3天津市红外成像技术工程中心,天津300072)

摘 要:为实现大动态范围信号的有效接收,设计了一种三路并行的信号处理架构,分别设置为低、中、
高三种不同增益,以实现不同水深下不同幅度的回波信号处理.同时利用数据拼接方法以及一种基于五

角函数和高斯函数组合的拟合算法综合处理三路数据并进行水深评估.基于 Wa-LID回波仿真模型得

到回波数据,验证多路并行处理架构的实用性.仿真结果表明,本文提出的多通道处理技术可测信号的

动态范围达86.9dB,对应的最大测深为26m,测量偏差为1.6cm至4.7cm,标准差小于1.1cm.可有效

应用于机载激光雷达测深系统.
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Abstract:Three-channelprocessingstructurewasproposedtoextendtheinputdynamicrange.Each
channelissetupwithlow,middleorhighgainaccordingtotheechointensityfromdifferentwaterdepth.
Afterwards,adatastitchingmethodandanewfittingapproachwiththecombinationofpentagonaland
Gaussianfunctionareappliedtoeachthree-channelwaveformtoestimatethedepthofwater.Themulti-
channelprocessingstructurewasverifiedonthesimulateddatasetsobtainedfromtheexistingWa-LID
waveformsimulator.Thesimulatedresulthasshownthattheeffectiveinputsignalisupto86.9dB
dynamicrangeinthisnewprocessingtechnique,andthemeasureddepthreaches26m.Thebiasofthe
bathymetryestimatesisrangingfrom1.6to4.7cmwiththestandarddeviationbetterthan1.1cm.This
multi-channelprocessingtechnologycanbeeffectivelyusedinALB.
Keywords:Lidar;Bathymetry;Multi-channel;Echo;Widedynamicrange;Datastitchingmethod;
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0 Introduction
AirborneLidarBathymetry(ALB)isanaccurate,cost-effectiveandefficienttechniqueforshallow

watermeasurements.Asthelaserpulsetravelsthroughthewatercolumnandencountersthebottomof
sea,itundergoesabsorption,scatteringandrefraction.Theseprocessesattenuatethelaserreturnenergy,
ultimatelylimitingthedepthatwhichseabottomcanbedetected[1-3].

Ingeneral,thereturnsignalreflectedfromthewatercolumnvariesdramaticallywithwaterdepth[4].
Therefore,thecommonsurveysystempreparestwobottomdetectingreceivingchannels,suchasthe
SHOALSsystem,whichequipstworeceivingchannelsmeasuringthegreenlaserreturnfromshallow
waterdepths,1~12m,andintermediatewaterdepths,7~40m[5].Actually,thePhotomultiplierTube
(PMT)ofHamamatsu,H1156-20-NN,exhibitstypicaldarkcurrentof10nA,whilethemaxoutput
currentreaches100μA.ThedynamicrangeofthePMT

[6-7]iscalculatedbyDRPMT=20×lg(100μA/
10nA)=80dB.

However,theavailablemaximumdynamicrangeofatypicalhigh-speed8bitAnalogtoDigital
Converter(ADC)deviceis48.16dB.Therefore,itisimpossibletoprocessthesignalreceivedaptlyallthe
timeeventhoughthenoiselevelisnotconsidered.

FortheHawkEyeIIsystem,thereceivedsignalfromthetwogreenchannelreceiversisappliedwitha
Time-VariedGain(TVG)filtertoenhancethebottomreturn[8].However,itwouldcausetheproblemof
waveformdistortion.Moreover,onaccountofbottomradianceandwaterturbidity[9-12],theamplitudeof
bottomreturnisvariableandunknown[13],soitisnotimpeccabletoonlydependonopticalattenuationor
gainadjustment.

Inthispaper,weaimtodesignanewprocessingstructuretoreceivethesignalwith80dBdynamic
rangeandverifythereliabilityofthedesignbywaveformstitchingmethodandfittingalgorithm,along
withtheobjectiveofmakingtheentirepredictivesystemmoreaccurate.

1 Materialsandmethods
1.1 Waveformsimulation

ThewaveformdatasetisgeneratedbyusingtherecentlydevelopedWa-LIDsimulator[14],whichis
thesummationofthelaserpulseconvolutionwiththeimpulseresponsefunctionsofthesurface,column
andbottom,aswellasadditionalnoises.Inoursimulations,thepartialvaluesofsystemparametersacting
inthe Wa-LiD equationsandpartialenvironmentparametersarelistedin Table1and Table2,
respectively.

Table1 Systemparameters

Parameters Value
Laserwavelength/nm 532
Emittedenergy/mJ 3
Pulsewidth/ns 5

Digitizingfrequency/GHz 2
Quantizationbits/bit 8
Incidenceangle/(°) 10

Emittedopticalefficiency 0.9
Receiveropticalefficiency 0.5

Instantaneousfieldofview/sr 1.1×10-5

Spectralfilterbandpass/nm 1
Solarradiance/(W·m-2sr-1) 0.025
Electricalbandwidth/MHz) 200

Detectorresponsivity/(A·W-1) 1.5×105

Darkcurrent/A 1×10-8
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Table2 Rangeofenvironmentparameters

Parameters Rangevalues
Two-wayatmosphericloss 0.9
Surfaceroughness 0.24

Concentrationofyellowsubstances/m-1 0.014
Concentrationofphytoplankton/(μg·L-1) 0.237
Concentrationofsediments/(mg·L-1) 1

Bottomalbedo 0.2
Specularreflection 0.9

  Inordertocomputeaccuracystatisticsonthebathymetryestimates,thedatasetisgenerated.Data
setcontains1000simulatedwaveformsforeachwaterdepth.
1.2 Designandanalysisofthree-channelprocessingstructure
  Inordertoreceiveasignalwith80dBdynamic
range, a three-channel processing structure
illustratedinFig.1hasbeenintroducedintothe
design.

PMTwithhighsensitivityisusedtorecord
thereturnsignaleventsandprocessthereturn
signalin conjunction with the three-channel
processingstructure.Here,weusethe Trans-
impedanceAmplifier(TIA)andthefiltertopre-
processthereturn.Afterwards,thestrongsignal

Fig.1 Three-channelprocessingstructure

(shallowwaterreturns),themiddlesignal(intermediatewaterreturns)andtheweaksignal(deeper
returns)withlow,middleandhighgaininparallelprocessingmodeareamplified,respectively,by
utilizingaVariable-GainAmplifier(VGA),aFixed-GainAmplifier(FGA)andthecombinationofthe
two.TheDl,DmandDharethedatasampledby
thehigh-speedADCinthelow,middleandhigh
gainchannelrespectively,finallycapturedbyField
ProgrammableGateArray(FPGA).
  Inthispaper,wesetlowgainGl=1,middle
gainGm=10andhighgainGh=100,whichcould
achievedynamicrangeof88.1(20×lg(256×Gh))
dBtheoretically.Thethree-channelwaveformat
thedepthof18mquantifiedbyADCisillustrated
inFig.2.The ADC usedinthestructureisa
2GSPS,8bitdevice.ThehorizontalaxisinFig.2is
thenumberofsamplepointsandtheverticalaxisis
theoutputcodefromtheADC.
  InFig.2,itisappropriatethatthebottom
returnisamplifiedbyhighgainchannelobviously. Fig.2 Three-channelwaveformwithdifferentgains

1.3 Bathymetryestimationfromthree-channelwaveform
Forthepurposeofutilizingthewaveformsrecordedbythedesignpreferably,thethree-channel

simultaneousrecordingsarestitched.Thestitchingmethodisgivenby

D=
Dl+Dm+Dh Dh=2.∧Qb-1,Dm=2.∧Qb-1( )

Dm+Dh Dh=2.∧Qb-1,Dm<2.∧Qb-1( )

Dh Dh<2.∧Qb-1( )

ì

î

í

ïï

ïï

(1)

whereQbisquantizationbits,Disthedatasetsafterstitching.Furthermore,thereareadvantagesof
keepingthecorrelationamongthewaveformdatainthisprocessandavoidingtheproblemofwaveform
distortionexistinginthesystemwhichusestheTVGfilter.

Afterstitchingandsmoothing,apeakdetectionprocedureisusedonthesmoothedwaveforms.It
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regardsapeakasanylocalmaximainthelidarwaveformthathasanamplitudemuchhigherthanthenoise
level,8timesinthispaper.Thus,thedynamicrangelimitedbypeakdetectionischangedto70.0dB
(88.1-20lg(8)).

Thepeakwiththelargestamplitudeisattributedtothesurfaceposition(As,μs)whilethepeakwith
thelargesttimeisattributedtothebottomposition(Ab,μb).Afterpeakdetection,thefittingprocedure
isappliedtothewaveformsthathaveadetectablebottom.Thepentagonalfunctionisusedtofitthewater
columncontributiononaccountofthedifferentslopesincolumnreturncausedbydifferentgains.The
surfaceandbottomreturnsareconsideredtobeGaussianfunctions.Sothefittedlidarwaveformcanbe
expressedas

R(t)=Gt;As,μs,σs( )+Qt;a,b,c,d,e,g,h,f( )+Gt;Ab,μb,σb( ) (2)
whereG (t;As,μs,σs)istheGaussianfunctiondefinedas

Gt;As,μs,σs( )=Asexp -t-μs( )2/2σs2( ) (3)
whereAs,μs,andσsaretheamplitude,themeanandthestandarddeviationoftheGaussianfunction,
respectively.

TheQ (t;a,b,c,d,e,g,h,f)isgivenby

Q(t;a,b,c,d,e,g,h,f)=

0 (t≤a)
e (t-a)/b-a( )( ) (a≤t≤b)

ec-bg+t(g-e)[ ]/c-b( ) (b≤t≤c)
gd-hc+t(h-g)[ ]/d-c( ) (c≤t≤d)

h f-t( )/f-d( )( ) (d≤t≤f)
0 (t≥f)

ì

î

í

ï
ï
ïï

ï
ï
ïï

(4)

wherea,b,c,d,andfarethex-axispointsoffivecornersforthepentagonal;ande,g,andharethe
ordinatesforthreevertices,respectively.

TheG (t;Ab,μb,σb)istheGaussianfunctiondefinedas
Gt;Ab,μb,σb( )=Abexp -t-μb( )2/2σb2( ) (5)

whereAb,μb,andσbaretheamplitude,themeanandthestandarddeviationoftheGaussianfunction,
respectively.

ANonlinearLeast-Squares(NLS)approachusingtheLevenberg-Marquardtoptimizationalgorithmis
performedtofitthesumofthreefunctions.TheinitialvaluesofNLSfittingarelistedinTable3,where
T0ispulsewidth.

Table3 Initialvaluesoffitting
Parameters Values Parameters Values

σs T0/(8ln2)1/2 d (μs+μb)/2
σb T0/(2ln2)1/2 f (As+Ab)/2
a μs+2σs e As/2
b μs+3σs g Ab/2
c μs+10σs g μb-3σb

2 Resultsanddiscussion
Inordertoverifythatthethree-channelprocessingstructurecouldenhancethebottomreturnand

maketheentirepredictivesystemmoreaccurate,somedatasetsaregenerated.Oftheoverallwaveforms,
thedynamicrangeDR0,i.e.,theratiosofthesurfacepeakandthebottompeakiscalculated.After
simulation,itprovesthattheDR0exceeds71.1dBatwaterdepthsgreaterthan27m,whichisbeyondthe
dynamicrangelimitedbypeakamplitudedefinition(70.0dB).Thus,thedynamicrangeDR0atwater
depthsof1mto27mareshowninFig.3(a),andthepeakdetectionratesofthethree-channelandthe
one-channelprocessingapproachareshowninFig.3(b).

Atthewaterdepthsof1-26m,theDR0reaches68.9dB,whichmeans86.9dB(68.9+20lg(8))for
thereceivedsignalwhenthelimitofpeakdetectiontakenintoaccount.Asaresult,theadvantageofthe
three-channelprocessingstructureisevident.Thebottomreturncanstillbedetectedwhenwaterdepthis
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Fig.3 Theratioofsurfacepeaktobottompeakandthepeakdetectionrateateachdepth

greaterthan8m,atwhichthedynamicrangereaches29.6dB,about47.6dB(29.6+20lg(8))forthe
receivedsignal,whiletheone-channelisout-of-rangefortheproperty.

TheSignaltoNoiseRatio(SNR)iscalculatedforeachwaterdepth,whichisdefinedherebytheratio
ofthebottompeakamplitudeinthewaveformstothenoiseamplitude.Forthewaterdepthsof1~26m,
themaximumSNRsofbottomreturnwithadetectablebottominthree-channelareshowninFig.4.

Fig.4 TheSNRsforwaveformsatthewaterdepthsof1~26m
InFig.4,ThemaximumSNRdecreaseswithwaterdepth,whichreducesfrom804.2at1m water

depthto1.4at26mwaterdepthinlowgainchannel,from8808.7to15.7inmiddleandfrom14851.6to
28.2inhigh.

Byusingthefittedparametervalues,thebias,i.e.,themeandifferencebetweentheestimatedand
simulatedwaterdepthsaswellasthestandarddeviationofthebathymetryestimatesarecomputed.The
fittingresultsandtheaccuracyoffittingalgorithmatwaterdepthsof1to26mareshowninFig.5.

Thesimulationresultshowsthatthebiasrangesfrom1.6to4.7cmatwaterdepthsof1mto26m.
Besides,thestandarddeviationisbetterthan1.1cm.Theoverallbiasandstandarddeviationforallthe
usedwaterdepthsareshowninTable4,aswellastheresultsinRef.[15]andRef.[16].
  Theresultoferrorstatisticsshowsimprovementsof2.7cminbias,7.3cminstandarddeviationand
16mforlimitingdepthcomparedwithRef.[15].Additionally,ittakesonsuperiorityof1.9cminstandard
deviationand11mforlimitingdepthcomparedwithRef.[16].Thisprovesthatitisfeasibletoreacha
greaterdynamicrangebyusingthethree-channelprocessingstructurewhichcouldachievemoreaccurate
performanceforbathymetryestimateandgreaterlimitingdepth.
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Fig.5 Thefittedsimulatedwaveformatwaterdepthof18m,biasandstandarddeviationonbathymetryestimates
Table4 Bathymetryaccuracycomparedwithreferencepaper

Maxdepth/m Bias/cm Std/cm Detectionrate/%
Proposedmethod 26 3.4 0.9 95.4
Ref.[15] 10 6.1 8.2 39.6
Ref.[16] 15 0.5 2.8 <63

3 Conclusion
Inconclusion,weproposeanovelprocessingstructureandmethodtoprocessthesignalwith80dB

dynamicrangeandverifythereliabilityofbathymetryestimatesthroughsimulationandanalysis.The
resulthasshownthattheprocessingstructurecouldmeasuretheechoesofwaterdepthof1mto26m,
withthedynamicrangeof86.9dB,betterthan47.6dBachievedbytheone-channel.Thebiasofthe
bathymetryestimatesisrangingfrom1.6to4.7cmwiththestandarddeviationbetterthan1.1cm.This
processingstructuresatisfiestherequirementofreceivingandprocessingthesignalwithawidedynamic
rangeinlidarbathymetry.Wewillcontinuetostudyvariouscoastalareastodevelopapracticalandreliable
methodforbathymetry.
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