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Abstract:　SyntheticApertureRadarInterferometric( InSAR) processingdependsonphaseunwrappingtoconvert
phasetotopographicheight.However, inruggedterrainthesignaldecorrelationcausedbylayoverandshadowisoneof
thelimitationsforInSARtopographicheightreconstruction, becausethephaseunwrappingisdifficult.Anewalgorithm
isproposedinthispapertoreconstructhighresolutiondigitalelevationmodel( DEM) withthehelpofexistingcoarse
SRTMDEM ( about90m×90m).Firstly, thesimulatedphasefrom coarseDEM isremovedfromtheERS-1/2
interferogram.Thustheresidualinterferogramiseasierforphaseunwrapping.Bycalculatingthevarianceofunwrapped
residualinterferogram, aproperthresholdisselectedtoextractthenoisephaseoflayoverandshadow, andthenthenoise
areaaresubstitutedbysurroundingaveragephasetorecoverthephaseapproximately.Afterconvertingtheresidualphase
toheight, SRTMDEMisaddedtoreconstructthetopographicheight.Theresultshowsthatthismethodcannotonly
solvetheproblemofphaseunwrappingforlayoverandshadowinruggedterrain, butalsoimprovetheheightaccuracy
andtopographicdetailfeatureofcoarseresolutionDEM.
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1　INTRODUCTION

Foralongtime, InSARhasplayedanimportantrole
inthe retrievaloftopographicheightand ground
deformation.Itacquiresthecompleximagepairsofthe
samearea by simultaneousobservation using two
antennasorbytwotimesparallelobservationusinga
singleantenna.Accordingtothephasedifferenceofeach
objectpointbetweenthetwocompleximages, the
differenceofmicrowavetravelingpathbetweenthemcan
becalculated, andthenwecanobtainthe3-dimension

informationofthegroundobjects(Maoetal., 2003 ).
ThereareseveralworkingmodesforInSAR, suchas
across-trackinterferometry, along-trackinterferometry
andrepeat-passinterferometry.Forspace-borneInSAR,
themostcommonmodeisrepeat-passinterferometry.
Becauseofside-lookimaging, inthemountainareas

layoverandshadowoftentakeplaceinradarimages.In
thelayoverregion, objectswiththesameslantrangeare
imagedasonepointandcannotbedistinguished.Inthe
shadowregion, objectscannotreceivemicrowavewhich
resultsininformationlosingintheimage.Boththese

twophenomenadestroythephaseofgroundobjects,
whichmakephaseunwrappingverydifficult(Eineder＆
Holzner, 2000).Soitisessentialtouseotherdatato
assistInSARtoreconstructtheheightinruggedareas.
Nowmanyresearchershavepaidattentionstothisfield.
M.Seymourretrievedthetopographicheightbyutilizing
TRIM DEM (about100m samplingspace), DTED-1
DEM (about90msamplingspace) andGTOPO30 DEM
( about1000m samplingspace) toassistERSand
RADARSATSARdataforinterferometricprocessing.
Thekeyofthismethodisthattheinterferometricphaseis
flattenedwiththebaselineparametersestimatedbycoarse
DEM, and thenthephasein theruggedareasis
unwrappedtoobtainthetopographicheight(Seymour,
1999;Seymouretal., 1998 ).MingshengLiaoobtained
thegroundheightbyusingtheSRTMDEMtoeliminate
thesystemicphaseerrorsandfalseheightpointsduring
theInSARprocessing(Liaoetal., 2007).
SRTM DEMsareimportantresourcesforInSAR,

whichcover80% ofthegloballandsurface, andhave3

differentsamplingspaces, including1 arcsecond(about
30mresolution), 3 arcsecond(about90mresolution)
and30 arcsecond(about1000mresolution) (Penguin,
2006).Amongthem, theglobalDEMswith3 arcsecond
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and30 arcsecondcanbedownloadedfromtheInternetall
overtheworld(NASA, 2007 ).TheseSRTMDEMsare
triedtoreducethedifficultyofphaseunwrapping, and
thushelpInSARtoretrievethetopographicheightathigh
resolution, whichismeaningfultopromotetheuseof
radardata.Thispaperutilizesthe3 arcsecondSRTM
DEMsofSuzhou, Jiangsu Province, todo InSAR
experimentsfortheruggedregion.Thetopographicheight
of this region is reconstructed by removing the
topographicphasesimulatedfromthecoarseDEM.

2　METHODOLOGY

Thealgorithmforreconstructingtopographicheight
using coarseDEM includesthefollowing aspects.
Firstly, thetopographicphaseissimulatedfromcoarse
DEM, andthenresidualphaseisobtainedbyremoving
thesimulatedphasefrominterferometricphase.Because
theresidualphase issmooth, itiseasierto be
unwrapped. This avoids the difficulty of phase
unwrappingin thelayoverand shadow areas.By
calculatingthevarianceoftheunwrappedresidualphase,
aproperthresholdisselectedtoextractthenoisedphase
thatiscausedbylayoverandshadow, andthentheyare
substitutedbyaveragephasetorecoverthenoisedphase
approximately.Accordingtoconvertingformulafrom
phasetoheight, theunwrappedanddenoisedresidual
phaseisconverted to height. Afterslant-to-range
converting, wegettheresidualheightingroundrange
coordination.ThenresampledSRTM DEM isaddedto
theresidualheightinordertocompensatetheremoved
heightduringtheInSARprocessing.Bychoosingseveral
groundcontrolpointstocalibratethereconstructed
height, thetopographicheightisfinallyretrieved.The
flowchartofthealgorithmisshownasFig.1.

2.1　InterferogramsimulationforDEM

Basedontheimagingparametersofmasterandslave
imageandtheircorrespondingpreciseorbitdata, the
interferometricphaseforcoarseDEM canbesimulated
(Wu, 2005 ).InFig.2, theinterferometricphaseisthe
phasedifferenceofthesamegroundpoint, expressedas
follows:

Δ = R2 - R1 =
4π
λ

(R2 -R1 ) +2πN,

N=0, ±1, ±2, ±3, … ( 1)

where, R1 andR2 istheslantrangefromP1tothemaster
andslavesensor, respectively.
Theabovephaseconsistsofflatphaseandtopographic

phase.Theflatphasecausedbytheflatgroundwithno
elevationvariation, isdenseandperiodical.Ithastobe
removedfrom theinterferometricphasetoacquirethe
topographicphase.LetussupposethepointP0 ontheflat
groundhasthesameslantrangetomastersensorMasP1,

thentherangesfromP0 tomasterandslavesensorareR′1,
R′2, thusR′1 =R1.Sotheflatphaseis:

Δ flat=
4π
λ

(R′2 -R′1 ) =4π
λ

(R′2 -R1 ) ( 2 )

Andtheflattenedsimulatedinterferometricphaseis:
 simulate =Δ -Δ flat ( 3 )

2.2　Unwrappingofresidualphase

Accordingto ( 1 ), theinterferometricphaseis
computedusingERSSLCmasterandslaveimages, and
flatphaseisalsoremovedfromit.Thenco-registration
betweenthesimulatedphaseandrealSARphaseis
performedbytheautomaticwindowmatchingtechnique.
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Thusresidualphasecanbeacquiredbydifferential
processingbetweenthem:

φresidual=φδ(R) -φsimulate ( 4)

where, φδ(R) istheflattenedinterferometricphase.
Because the residualphase almostcontains no

componentofthetopographicphase, thevariationofits
value issmall, which makes iteasierforphase
unwrapping.Inourresearch, weuseSHAPHUsoftware
tounwraptheresidualphase, whichisbasedonthe
minimumcostflowalgorithm (Chen＆ Zebker, 2001,

2002).

2.3　Approximaterecoveryforphaseinnoise
region

Theinterferometricphaseinthelayoverandshadow
regionsisnearly allnoises, andcorrespondinglythe
unwrappedresidualphaseintheseregionsalsocontainsa
lotofnoises.Inordertoreducethephasenoiseand
eliminateitseffectsontheheightretrieval, itisnecessary
toextractthephasenoiseinthelayoverandshadow
regions, andthenreplaceitbyothervalues.Inthispaper,
weextractthephasenoisebycomputingthevarianceofthe
residualphaseandchoosingaproperthreshold.Asthe
smoothresidualphasereflectstheoveralldifferencebetween
therealtopographyandthecoarseDEM, herethephase
noiseissubstitutedbyitssurroundingaveragephase.Thus
the residual phase in noise region is recovered
approximately, whichmakesthephaseinthelayoverand
shadowregionsclosetotheactualcondition.

2.4　Heightconversionofresidualphase

Accordingtophasetoheightconversionformula, the
unwrappedanddenoisedresidualphasecanbeconverted
toresidualheight:

h=-λ
4π
g
R1sinθ

Bn
 ( 5)

where, λisradarwavelength, R1 istheslantrangefrom
mastersensortogroundpoint, θisthereferenceincident
angleofthemasterimage, Bnisnormalbaseline, andφis
theunwrappedresidualphase.
Theresidualheightreflectsthedifferencebetweenthe

actualtopographicheightandthecoarseDEM height,
whichcanreflecttheheighterrorofSRTMDEM.

2.5　Reconstructionoftopographicheight

Becausetheresidualheightisintheslantrange/doppler
coordination, itistransformedtogroundrange/azimuth
coordinationforreconstructingthetopographicheight.Both
thecoarseDEMandresidualheightarere-sampledtothe
samespatialresolution.Byaddingthesetwoheightdata, a
newtopographicheightisobtained.Afterheightcalibration
accordingtoseveralcontrolpointsfromareferenceDEM,

thereconstructedheightisacquired.

3　STUDYAREAANDDATAPROCESSING

3.1　Studyarea

ThestudyareaisQiziMountwhichliesinthe
southwestofSuzhouCity, JiangsuProvince.Theareais
about8km×7.2km.Thetopographyofthisareais
rugged, where themaximalaltitudeis294m.The
peripheralareaofthemountainisplainandtheaverage
altitudeisbelow 5m.Duetoradarparticularimaging
mode, thephenomenaoflayoverandshadowpresentin
theradarimage(Fig.3 ).Thisstudyareaisexpectedto
validatetheaboveproposedalgorithmforreconstructing
topographicheight.

Fig.3　TheERS-1 SARimageofstudyarea
( 5 looksinazimuth, 360×400pixel)

3.2　Dataresources

ThedatausedinthisexperimentincludeSRTMDEM,
twoERS-1/2SARimagesandareferenceDEM.Theground
rangeresolutionofERSimagesisabout20m×20m.Table1
showstherelatedsceneparameters.ThecoarseSRTMDEM
hasaspatialresolutionof3arcsecond(about90m).Andthe
referenceDEMhasascaleof1∶50 000, witharesolutionof
about25m, whichisusedtovalidatetheretrievalresults.
Table1　SceneparametersoftheusedERS-1/2SARimages

Sensor Date OrbitScene
Normal

baseline(m)

Temporal
baseline(d)

MasterERS-1 19951230 23309 2979 0 0

Slave ERS-2 19951231 03636 2979 280 1

3.3　Dataprocessing

AccordingtotheERSimagingparametersofthe
masterandslaveimages, wesimulatetheinterferometric
phaseofthecoarseSRTMDEM.Atthesametime, the
flatphaseisalsoremovedfrom thesimulatedphase
(Fig.4 (b) ).Thephaseisnotwrappedinorderto
avoid the interpolation errorin thefollowing co-
registrationduetophasejump.Theninterferometric
processingisperformedforERSmasterandslaveimages
andtheinterferoram isalsoflattened ( Fig.5 ( a) ).
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Meanwhile, theRadarCrossSection(RCS) ofSRTM
DEM isalsosimulated, whichisco-registeredonthe
ERSamplitudetogettheco-registeringcoefficientsby
automaticwindowmatchingtechnique.Thus, byusing

thesecoefficientsthe simulated phase can beco-
registeredontherealERSinterferometricphase.After
differentiationbetweenthem, wegettheresidualphase
ofthestudyarea(Fig.5(b) ).

Comparedwithinterferometricphase, theresidualphase
ismuchsmootherandthephasecyclesaremuchless,
whichmakesphaseunwrappingeasier.UsingSNAPHU
software, thefilteredresidualphaseisunwrapped(Fig.5
(c) ).However, inthelayoverandshadowregion, there
arestillalotofphasenoises.Thevarianceofresidual

phaseiscomputed, anditsrangeis[ 0.208, 3.681] .Thus
thephasenoiseinthelayoverandshadow regionsis
obtainedbythemethodofthresholdsegmentation.Inthis
paper, 1.5 isselectedasthevariancethreshold (Fig.6
(b) ).Thenoisedphaseisrecoveredapproximatelybytheir
nearbyaveragesmoothphase(Fig.6(c) ).

Fig.6　Approximatelyrecoveryforphasenoise
(a)varianceofresidualphase;(b)maskofphasenoise;(c)denoisedresidualphase

Thentheresidualphaseisconvertedtoresidual
heightaccordingtoformula( 5 ) (Fig.7 (a) ).Forthe
residualheightisstillintheslantrangecoordination, it
mustbetransformedtothegroundrangecoordinationin

ordertobethesameasSRTMDEM.Meanwhile, both
thecoarseDEM andresidualheightarere-sampledto
25m×25m, whichisthesameasthereferenceDEM.
Andthentheyareco-registeredonthereferenceDEM.
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Byaddingtheco-registeredresidualheighttothecoarse
DEM, wegetanewtopographicheight.8 controlpoints
areselectedfromthereferenceDEM (Fig.8(a) ), andthey

areusedtocalibratethenewheights.Aftercalibration, the
finalreconstructedtopographicheight( 25m×25m) is
obtained(Fig.7(b) ).

Fig.7　Reconstructionfortopographicheight
(a) residualheight;(b)reconstructedtopographicheight

4　RESULTSANDANALYSIS

Tovalidatetheaccuracyofretrievedheight, the
DEMwithascaleof1∶50 000 ischosenasthereference
height, whichissupportedbytheNationalGeomatics
CenterofChina (NGCC).Itissubtractedfrom the
retrieved topographic height, and heightdifference
betweenthemisobtained, asshowninFig.8(b), withan
errordistributionof[ -90.05, 113.32] andarootmean

squareerror(RMSE) of6.128m.Fig.8(c) istheerror
histogram.FromFig.8(b), itcanbeseenthattheheight
errorsmainlypresentinthelayoverregionswhichare
illuminatedbytheradarwaves.Thisisbecausethatthere
arealotofnoisesintheselayoverregions, althoughthey
arerecoveredapproximatelybythearoundaveragephase,
itcannotreflectthephasedifferenceindifferentlayover
regions.Asaresult, theheighterrorsintheseregions
becomeobvious.Itisneededtostudyfurtherhowto
recoverthephaseinthelayoverregionmoreaccurately.

Fig.8　Validationfortheproposedmethod
(a)referenceDEM( 25m×25m);(b)errormapofreconstructedDEM;(c)errorhistogram

Tocomparetheproposedalgorithm withconventional
InSARtechnique, wealsogeneratetheDEM ofthestudy
areausingthesameERSimagesbasedonconventional
technique(Fig.9(a) ).Thedifferencebetweentheretrieved
heightandreferenceheightisshownasFig.9(b) andFig.9
(c) isitshistogram.Theerrordistributionofitsis
[ -183.53, 286.53] andtheRMSEis30.174m.Obviously,
theaccuracyofretrievedheightbytheconventionalInSARis
lowerthanthatbytheproposedmethod.
Finally, 16checkingpointsareselectedrandomlyfrom

theDEMsretrieved by theproposedalgorithm and
conventionalInSAR methodandthereferenceDEM,

respectively, tovalidatetheperformancesofthesetwo
methods.Thedistributionofcheckingpointsareshownin
Fig.8(a).Table2liststheircorrespondingheightvalues.
Itcanbeseenthatintheplainarea, theelevation
accuracybythetwowaysisalmostthesame.Inthe
layoverarea, theDEMRMSEoftheproposedalgorithm
is7.9688mandthatofconventionalInSARis30.403m.
Intheshadowarea, theformerRMSEis6.7211m, while
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thelatteroneis36.73m.Theresultshowsthatthe
proposedalgorithmhasgreatadvantagesinimprovingthe

DEMreconstructingaccuracyinthelayoverandshadow
regionsofaruggedterrain.

Fig.9　ValidationfortheconventionalInSARtechnique
(a)DEMgeneratedbytraditionalInSAR;(b)itserrormap;(c)errorhistogram

Table2　AccuracycomparisonofDEMsgeneratedbytwodifferentways

Checkingpoints
ID

Reference
DEM/m

ConventionalInSAR/m Theproposedalgorithm/m

DEM errors DEM errors

Plain

2 3.64 5.24 1.6 1.68 -1.96

3 3.73 2.04 -1.69 2.51 -1.22

11 2.20 3.70 1.5 -0.99 -3.19

12 0.80 5.99 5.19 4.26 3.46

16 2.30 -1.94 -4.24 5.84 3.54

Layover

1 22.01 5.99 -16.02 19.63 -2.38

4 81.68 40.34 -41.34 77.28 -4.4

6 16.18 22.07 5.89 11.00 -5.18

9 131.51 82.73 -48.78 115.67 -15.84

14 60.22 44.67 -15.55 64.06 3.84

Shadow

5 87.29 122.09 34.8 101.42 14.13

7 98.68 128.71 30.03 92.56 -6.12

8 80.72 122.98 42.26 83.37 2.65

10 243.98 281.74 37.76 247.07 3.09

13 28.19 73.01 44.82 31.65 3.46

15 167.98 195.57 27.59 170.30 2.32

5　CONCLUSIONANDDISCUSSION

Inthispaper, highresolutiontopographicheightis
retrievedbyInSARwiththehelpofcoarseSRTM DEM
(about90mresolution).Intheruggedareas, becauseof
layoverand shadow, it is hard to unwrap the
interferometricphasewithconventionalInSARtechnique.
Intheproposedmethod, however, theresidualphase
acquiredbyremovingthetopographicphaseiseasierto
unwrap.Andthenoisedphaseisrecoveredapproximately
bythemethodofvarian-cethreshold, whichmakesitclose
totheactualtopography.Resultsshowthattheheight
accuracyretrievedbytheproposedalgorithm ismuch
higherthanthatofconventionalInSARtechnique.
Asfarasthisalgorithmisconsidered, thefollowing

threeaspectscanberesearchedfurtherinthefuture:
( 1 ) Co-registrationbetweenthesimulatedphaseand

realInSARphase.Becausethedifferenceofthetwo
phasesisinvolved, theyneedtobeco-registeredwith
eachother.Here, weuseautomaticwindowmatching

techniquetogettheregistering coefficientsbyco-
registeringthesimulated RCS with SAR amplitude
image.Besidestheabovematchingmethod, otherscan
alsobeusedtoimprovetheco-registeringaccuracy, such

as(Youetal., 2006;Liaoetal., 2003 ).
( 2) Calibrationofcompensatedtopographicheight.

AfteraddingtheresidualheighttocoarseDEM, thenew
heightneedstobecalibratedaccordingtothereference

DEM. As different areas have different height
differences, thenewheightcannotbecalibratedbasedon
onlyonereferencepoint.Itisworthtoresearchfurther
howtocalibratethenewheightbetter.

( 3) Applicationofthealgorithmtoothersatellitedata.

Althoughtheproposedalgorithmhasagoodperformanceon
theERSSLCimages, itisstillnecessarytobetestedon
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othersatellitedata, SuchastheimagesofRADARSAT-1,
JERS-1, ENVISARASAR, TerraSAR-XandRADARSAT-2.
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基于 SRTMDEM的 InSAR高分辨率
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摘　要:　山体的叠掩和阴影现象造成的信号去相关, 一直是 InSAR重建山区地表高程的瓶颈之一。为此 ,提出了一种新的

基于粗分辨率 SRTMDEM(约 90m分辨率 )辅助 InSAR数据重建山区地表高程的方法。利用 SRTMDEM模拟的干涉相位,

对 ERS-1/2干涉相位做去地形相位处理, 得到残余相位。通过对解缠后的残余相位计算方差提取叠掩和阴影区域的噪声, 并

用平均相位近似恢复噪声区域的相位,然后将其转换为高程, 并用 SRTMDEM作高程补偿处理, 从而实现地表高程重建。最

后, 定量比较了该方法与传统 InSAR技术生成的 DEM精度。实验表明, 这种方法能有效提高传统 InSAR技术生成地表高程

的精度, 这对提高星载雷达数据的使用效率具有重要意义。

关键词:　InSAR, SRTMDEM, 相位解缠,高程重建


