
SAR POI.ARIMICTRY  AND IN1’l!I<I~l{IIOMI;T’It>7

Jakob  J. van ~y]

.)(I1 l’rop141Lvio)l  litboratory
Cal@r\li[~ Imlitulc  of Iccludogy

46’00 (2ik Grow IIriw
Pmd(m, CA 91109, (JSA

1. introduction

‘1’hc ficlci  of synthetic apcr[urc radar changd  clramaticall  y over the past clccadc with
the operational introduction of advanced miar  tcclmiqucs  such as polarimctry and
i t~tc.rfcl.c~ll~ctl’y.  While both of t hcse techniques had been dcnlonslratccl mtlch earlier,
raciar po] arj mctry on] y bccamc an opcrat iond  research tool with the introduction of (IIC
NASA/.lPl. AIRSAR systcm in the early 1980’s, and rcachcd a climax whh the t wo
SIR-CYX-SAR flights on boarcl  the space shutt]c 1 indcavour  in April ant] Octobcr
1994. Radar intcrferometry  rcccivcd a tremendous boost when the airborne ‘K)PSAR
systcm was introduccct in 1991 by NASA/JPl., and fmlhcr when data from the
I iuropcan  Space Agency 1 iRS - ] raclar satellite bccamc rout inc] y available in 1991.

‘1’hcsc  a(ivanceci  radar techniques arc now WC]] understood, even if ail the problems
arc not yet Solvc(i . ‘1’his paper summarizes the state-of-lhc-arl in these two fields as of
thC JlliCidC Of ] 995, COJICCJlt~atiJl~  011 thC ]:lSt thI”CC yC:iK.

2. SAR Polarimdry

1 ilcct romagnet  ic wave propagation is a vcctoI phenomenon, i .c. al 1 elect romagnct  ic
waves can bc exprcsse(i  as complex vectors. Plane clcctromagnctic  waves can bc
rcprcscnte(i  by two-dimensional conlplex  vectors. “1’his is also the case for spherical
waves when the obscrvatioJ}  point is sufficiently fdr removed fmm the source of the
spherical wave. ‘J ‘hcrcforc,  if onc observes a wave t ransmit(cci  by a radar antenna
when the wave is a large (iistancc from the antenna (in the fiir-ficl(i  of the aJltcnna), the
ra(iialcci  c]cct ron~agJ~ctic  wave CaJI bc adequate] y dcscribc(i  by a t wo-(ii mcnsional
comp]cx vector. If this radiatc(i wave is now scattcrcci  by an ob~cct,  anti onc obsmms
this wave iJl the fm-ficlct  of the scat(crcr,  the scattcrc[i wave caJ} again bc aciccluatc]  y
(icscrihc(i by a two-ciiJncnsional  vector. III this abstJ’act  way, one can consider the
scat lcrcr as a mathcmat  ical opcralor  which t akcs OJIC t wo-ciimcnsioJ~al  complex vector
(the wave inq~iJ~ging  upon the ob]cct) and changes that into aJlothcr  two-dimcJ~sjonal
vcct or (the scat lcrcd wave). Mathcmat ical 1 y, t hcrcfmc,  a scat tcrcr can bc charactcrizcci
by a complex 2x2 scattering matrix. 1 lowcvcr,  this Jnatrix  is a functioJl  of the radar
frcclucncy,  and the viewing geometry.

‘1’hc t ypical  inq31cnN3Jltat  ion of a radar polarimclcr  iJlvolvcs t ransmitting a wave of onc
polar  i7,at ioJl aJl(i rcceiviJlg cchocs  in two orthogonal polarizations siJndtancously.
‘l-his  is followccl  by transnlittiJlg a wave with a second polariy,ation,  and again
receiving cchocs  with both polari~ations  simultancous]y.  III this way, all four
c.lcmcnts  of the scattering matrix arc mcasumi. ‘1’his implementation means that the
transmitter is in slightly (iiffcrcnl positions when measuring the two columns of the
sc.attcriilg  lnatrix,  but this ciistancc  is typically smali comparcci  to a syJ~thctic  apcrtmc,
an(i tlmcforc  ciocs not lca(i  to a significant dccorrclation  of the signals. ‘1’hc



NASA/JPl.  Al RSAR system pionecrccl  this il~~~~lcll~cIltati(lll  for SAT< systems
[Zcbkcr, et al., 1987], and the same i~~l]>lcjllcl]tatiol]  was used in the SII{-~ part of the
S1 I<-c/X-SAl< IIK]:II’S [Jordan, c1 (/1., 199.$].

‘1’lIc  past three years have seen rc]at ivcly li[tlc advance in the dcvclopmcnt  of hardware
for polar  imctric SAR systems; newer inq~lcmcntat  ions arc simply using more
a(ivanc.cci  technology to inq>lcmcnt  the same basic har(iwarc configurations as the
initial systems. Significant advances were nmic, however, in the field of :inalysis anti
app] i cat ion of polarimct  ric SAR data.

2.1 I’olarimctric  SAR Cal ibrat ion

Many of lhc advances made in analyzing polarimclric  SAR (iala  result directly from
the greater availability of calibr:itcci  (iat a. Po] arimctric  c.alibrat  ion usual 1 y involves
four steps: cross-talk removal, phase calibration, channel imbalance compensation
and abso] utc mdiomctric  calibration [V(UZ Zhyl, 1990]. cross-talk  removal refers to
csscntialiy  correcting the cross-polari~,ed  elements of the scattering matrix for the
cffccls of the system cross-talk that coLq>lcs  part of the co-po]arizc(i  returns into the
cmss-polari~,cd channel. Phase cal i brat ion refers to corrcc[i ng the co-polarized phase
difference for uncon)pcnstitcci  path length differences in the transmit and receive
chains, while channel imbalance refers to balancing the co-polarized an(i cms-
po]arizcci  returns for LIIlcoIllIJclIs:Itcci  gain (iiffcrcnces  in t he t wo transmit and receive
chains. l:inal]y,  absolute raciiomctric calibration involves using some kind of a
reference calibration soLIrcc 10 Cictcrmine  the ovcrd 1 systcm gain to relate rcccivccl
power levels  to normal izcci  raciar cross-scclion.

While most of the polar  imctric calibraticm  algorithms currentl y in usc were published
several years ago [van Zyl, 1990; Zchkcr  and 1.014, 1990; Gtu-y, c1 al., 1990;
Frocfmn) (’t al., 1991, K[ciil (Iml P’rccm(in, 1991] several groups are st ill act ivcly
pursuing the study of improvui calibration techniques and algorithms. ‘]’hc earlier
algorithms are rcvicwcc~  in Xeblwr, et al. [1991] an(i l’rcenmn {’z al. [1992], whi lC
l’mvlIf/11 [ 1992] provides a comprchcnsivc  review of SAR calibration in general.
SOINC of these earlier algorithms arc now rout inc]y use(i to calibrate polarimctric  SAR
ciata operationally, as for example in the NASA/J1)l.  Al f-MAR and SIR-~ processors
~Frc(’l)lml,  Cl {11., 199.5],

Sonic of the recent research cicals with refining earlier algorithms. 1 ‘or example,
@4cgmI [1994] rcccntl y published a unified cross-talk removal and phase ca]ibrat  ion
algorithm and cicrivcci  the concii(iom under which the cross-lalk  removal algorithm
previous] y publisheci by van Zyl [1990] may yield inconsistent results. Sldten  [ 1994]
rcportc(i  a method, bascci  on using a rotatc(i d-ihc(ira]  corner rcfie.ctor,  to rcso]vc a co-
polarix,eci  phase ambiguity ciuring  phase calibl  ation, Othcr research deals with
assessing the accuracy of the calibration algorithms as applie(i  to SAR data. This is
Mm] I y done by performing cross-cal  ibra(ion  experiments using tmck-mountcci
scat lcromctcrs dcploye(i cluri ng t hc SAR overflights, sLIch as the results rcpor[eci  by
S(lr(; lmndi, d (/1. [1994]. in this experiment, the Al RSAR data were calibrated using
the algorithm pub] ishcd by van Zy/ [ 1990] using trihcdra] corner reflectors as
calibration targets, an(i the results comparc(i  to those obtainc(i with the lJnivcrsity  of
Michigan’s 1’01 ,ARS~Arl’ truck-mountc(i  scat Lcromctcr  sys[cm calibrated with a
refcrcncc  sphere. g’hc results show that cohcrcnt  and incohcrcn(  interaction of the
returns from the groLmci  and the trihcciral  comx’ reflectors may signifieant]y  alter the



cxpcctcd  miar cross section of these cd ibmtion clcvices, rcsul[ing in inaccurate
calibral  ion. To ci mmvcnt  these pmblcms,  S(irab(mdi [1994] intmcluccd a calibration
mdhod  that uscs a known ciistributcd  target as the calibration rcfctmcc.  While this
algmithm  dots not suffer from the dcficicncics  associalccl  with those algorithms using
point targets as rcfcmnces,  it requires the known calibration surface to bc mcasmd
with an accurate] y cal ibratcc]  scat (cmmctcr. As in [he case of algorithms involving
point targets, onc must also have ]cfcnmcc surfaces thd am distributed across the
ra(iar  swath in cmicr to cst i mate some oft  hc mngc dcpcmlcnt  cal i brat ion paramctms
such as the systcm cmss-ta]k. Iivcn though scatlcmmc[crs can bc mutinc]y  calibtatcci
to bcttm accumcjcs than SAR systems, it may not always bc practical to measure
cnou~h  sLIrfidccs  to ensure accumlc calibration across lhc entire range swath.

‘1’hc availability y of calibratcci  polar inmtric SAT< data allowed ]cscarch to move fmm the
qualitative intcq>rct:ition  of SAR images to the quantitative analysis of the data. “1’his
sparked significant pmgms in classification of polarimctt-ic  SAR images, lcci to
i mpmvcd  nmdc]s of scat tcring  by ciiffcrcn[  t ypcs of terrain, and allowed the
development of some algorithms  to invert polari  metric SAR data for gcoph ysical
p:ll’alllCtCl’S,  SIICh as fOIUl biomass ad Slll”faCC  ~oll@llcss Nld Soil  lllOjStLUC.

2.2 Classification of ILarth Terrain

Many cart}] science st dim rcc]uirc information about  the spatial dist I-ibut ion of land
cove.I. types, as well as the challgc in land covc~  and land LISC with time. ]n a(i(iition,  it
is increasing] y rccogni~cci that the inversion of SAR (i at a for gcoph ysical  paranwtctx
involves an initial step of segmenting the image into different terrain classes, followed
by inversion using the algorithm appropriate  for the particular  terrain class.
l)olarimctric SAR systems, capable of providing high resolution images unciu all
wcatim  conditions as well as (iuring  day or night, provicic  a wiluablc  ciata scmrcc  for
classification of earth tcn-ain into diffcmnt  land covcx types.

‘1’wo ]nain approaches are LIscci to classify images into ]anci covel”  types: 1 ) maximum
likdihmxi classifiers b:tscci  on 13aycsian  statistical analysis, and 2) knowledge-based
tcxhniqucs  cicsignui  to icicntify ciominant  scattering.

Some of the cadicr stuciics  in Bayesian  classification focused on quantifying the
i ncrcasc(i accLIracy  gainui fl”om usi llg al] the po]arimclric. infomat  ion. Kong d f4/.
[ 1988] and l.im et (il. [ 1989] showcci  that the classification accuracy is significantly
incmascci  when the complctc polarimctric  information is used comparui to that
achicvc(i with sitlglc channc] SAR ciat:i. ‘1’hcsc  earlier classifiers assumcci  equal a-
)~riori probabilities for all classes, an(i mo(iclc(i  the SAR anlplitucics  as circular
Gaussian (distributions, w}~ich mums that the tcxtura]  variations in ra(iar backscattcr
arc not cxmsi[ic,re(i  to bc significant cnougb  to bc inclwic(i in the classification schcmc.
win Zyl and }li~r}zclfc [ 1992] cxtcmic(i  the Baycsian classification to allow diffcmlt (i-
]~riori probabilities for (iiffcrcnt classes. Their mcthmi first classifies the image into
c1 asses assuming equal  a-priori pmbabi I it its, anti then itcrat ivcl  y changes t hcsc
pJ”Ob:ibi]itiCS  for subsequent classifications baseci  on the ]Ocal rcsdts of previous
classification rum. Significant inqwovcmcnt  in classification accuracy is obtaincci
with only a fcw iterations. More accwatc results Me obtained using a more rigorous
maxi mum (i-pa~/miori (M AI>) classific]  where  the (i-prim-i (iistribut  ion of image
c]asscs is nmiclc(i  as a Mwkov  ran(iom ficlci anti the optimization of the image classes
is cionc OVCI the whole i magc instea(i  of on a pixel-by-pi XC1 basis [Ri,gn(x am]



Ciwllclpp(! , 1992] III a subscqLMMt  work, ~Rignot  aIId <lICllappa)  1993] [hc MAP
classifier is cxtencicd  10 inclLdc the case of lnulti-frcqmmcy  polarimctric  radar data.
‘1’hc MA]) classifier was used by l<igjz(~t  Cl (/1. [ 1994] 10 map fmcst t ypcs in the
Alaskan borer] forest. in Ibis s[LIdy,  five vegetation types (white, spruce., balsam
poplar’, black spJ’LIcc, a]dcdwj]]ow  shI”LIbs, and bog/fcIl/ll(JIlforcst) were separated
wit h accLmcics  rmgi ng fmm 62% to 90%, dcpcndi  ng on which frcq Lmcics and
polarizations arc Llsccl.

Know] cdgc-based classifiers usc basal upon clctcminat  ion of dominant scattering
mechanisms through an unclcrxtanding  of the physics of the scattering  prwcess  as well
as cxpcricnce  gaind from cx(cnsivc  cxpcri  n lent al mcasLmcnmnts [}’icrcc,  C( al.,
1994’]. one of the cadicst examples of SLICII a knowlcclgc-based  classifier was
published by van Zyl [ 1989]. III this unsupcr-vised classification, knowlcclgc,  of the
physics of the scat (cling process  was used to classify images into three classes: odd
numbm  of reflections, even numbm of mfJcctions,  and diffuse scattering. ‘1’hc odd
and even numbers of ]eflcction classes arc sqxwatcd  based on the co-polar  i~,cd  phase.
diffcmncc,  while the cliffusc scattering class is identified based on high crms-
polarizc(l  rctLJI’n and low correlation  bet wccn the co-po]arizccl  channels, While  no
direct at[cmpt was made to identify each class with a parlicLdar  tcmin  type, it was
notd that in most cases the odd numbcrx of mflcction  class concspon(icd  to bare
Slu’faces 01” open water, even numbcm of r’cflcctioJ)s  LISLla] 1 y indicated LlhUl areas or
sparxc  forests, scmct i mcs with underst ory floocli  n.g present, whi lC cliffuse scat tcring
is uswilly identified with vcgctalcd  areas. As sLlch,  all vcgctatcd  areas me lLmIpccl  into
one class, rcsh.icting  the application of the IcsLdls.  l’icrce, d al. [ 1 994] cxlcnclcd  this
idea and developed a level 1 classifier that segments imigcs into fcrLw classes: tall
vcgct at ion (t lees), shorl vegct at ion, Lwban and bare sLII”fxcs. 1 d rxt t hc urban areas am
scp:imtcd fmm the rest by Llsi I~g the 1.-band co-polarizcc]  phase diffcrcncc and the
image texture at ~-band.  q’hen areas containing tall  vcgc(ation arc iclcntificd  using the
1,-ban[i  Crms-po]al”izcd  ret Lll”n. } ‘inal] y, the ~;-ban[i cross-pdarizcd  ret Lm an(i the 1,-
band tcxtur-c  is used to sepaIa[c  the areas cent ai ning shml vegetation fmn those with
ham sLwfaccs. AccLll”:icics  bet tm than 90% aI”c I“cporlccl  for (his c]assificat  ion schcmc
when applied to two different images acqL)irccl in Michigan [Pierce, CI al., 1994].
AnothcI  example of a knowledge-basccl class  ificdicm  is rcporlccl  by IIcss et al.
[ 1995]. in this study,  a decision-tree classifim  is used to classify images of the
Amw,onian  floodplain nca~ ManaLls,  Bra~.il  into five classes based on polarimct  ric
scat[cring propcrlics:  water, clearing, macmphytc,  non-flooded forest ancl flooded
fore.st. Accuracies better than 90% arc IcpoItcd,

2.3 Geophysical l’aramcter  IMimation

one of the most active areas of rmcar-ch  in polarimctric  SAR involves cst i mat ing
gcoph ysical paramctcm directly fom the rdaI dat a through model inversion. Space
does not permit a fLd 1 discLmion  of r’cccnt work. Thcrcforc,  in this scclion  on] y a brief
sL/nmlary  of recent work will be provicid,  with the emphasis on vcgct atcd areas.

Many modc]s exist to predict scattc.ring  frwm vcgctatccl  areas [l,a~~g  am] Sidhu, 1983;
l(ichards, c1 {il., 1987; lhvdrn,  et (il., 1989; [Jlaby, d al., 1990; CImdmn  mid IMng,
1991; Sunl et d, 1991; Yuch, et al, 1992;  W(q) c1 al., 1993 ; 11s[4, et al.j 1994;
],(ing, et al., 1994] and this remains an area of active r-cscarch, Much of the work is
aimed at estimating forest biomass [llobso}~, Cl {J1., 1992; l.e ?b(it?, (If (/1., 1992;
R(ijisml  (~]d Sun, 1994; Iic(tdoin, c’1 {il., 1994, l<ignot, et al, 199.5] . 1 iadics works



comlatcd  polari metric SAR backseat (m wit h total above-gmuad bjomass  [Ikkm, cf
(/1., 1992; 1.c Yban, d al,, 1992],  and sLIggcs[cd that the backscat(cr  satut’atcs  at a
biomass level that scales with fmqucncy, a rcsLdt also prcdictcd by thcmctic  mdcls.
‘1’his lcd some invcsligatm  to cmdudc  thal these sat urat ion levels define lhc uppcI
limits for accumtc  estimation of biomass [hJIhofJ; 199.5], alguing  for the usc of low
fIcqLIcncy  Mlws  to bc USCCI  for monitmit]g  forest biomass [RigI?o/,  d (Il., 199S].

Mmc rcccnt work sLIggcsts lhal some spcctI’al gyadjcnls  and polarization  ratios do JIOt
sat mite as q Llickl y and may thcrcfmc bc used to cx(cnd  the Imgc of biomass ICVCIS
for which accm-atc  invcrsicms COUIC1  bc obt ai ncrl [Rm,wm and Sun, 1994]. Rignof,  (Ii
fil. [ 1 995] showed that invcmim mulls arc mos( accLwatc  for mono-spccics  fom[s,
and that accumcics  dccmasc  for ICSS  homogcIMus  fcmsts. ‘1’hcy  conc]ucic  that lhc
accuracies of the raclar cstima[cs  of biomass arc likely to iacrcase jf SIIWCILIM1
d iffcrcnccs bet wccn fmcst t ypcs aI”c accounted fm. dLlrj  ng the inversion  of lhc radar
data .

Such an intcgratcci  approach 10 mtricval  of fmcst biophysical  characteristics is
rcporlcci in l<f~nson et al. [ 1 995] ancl lhbsm c1 al. [ 1995]. ‘J’hcsc st udics fl M
segment i magcs jnt o ciiffcrcnt  forest sll”Llctural  t ypcs, and then LISC algorithms
appropria(c  for each structmi] type in lhc inversion. l“wlhcrmore, lkhon et a/.
[ 1995] estimates the tolal biomass by first using the molar data to cs(imatc  t]cc basal
aI.ca ad height ad crown biomass. ‘1’hc h“cc basal area and height arc thetl  LIscd in
dlomctt”ic c.cluatims to estimate tbc trunk biomass. The total bjomass, which is the
sum of the trLInk and crown biomass values, is shown to bc accurately related to
al]omcttic  total biomass ICVCIS Llp to 25 kg/n12, while Kmischkc  c1 al. [ 1995] estimates
that biomass ICVCIS as high as 34 to 40 kg/m2 ccmlcl  bc cs(jmatcd  with an accuracy of
15-25%,  usjng lllLllti]>ol:trj~,:itiol~  C;, 1., al)cl P-l)and SAR data.

Research in retrieving gcophysica]  pmmctcrs fmm non-vegetated areas is also m
ad ivc research at’ca,  although not as maII y groups arc invo]vcd.  onc of the cadicst
algorithms to infer soil moist Lm ad surface roLIghncss for bare SLIYPNCS was
pLlblishccl  by Oh ct al. [ 1992]. ‘1’his algorithm LISCS polarization ratios to separate the
cffcc(s of surface ImIghIIcss ad soi 1 moj st Llrc on the radar backseat tcr, an(i an
accuracy of 4% for soi 1 moj st LIIC is IcpoIlcd. More rcccnt] y, l)ubois cf al. [ 1995]
I“cpoIlccl  a slightly ciiffcrcnt  algmithm,  b:isc(i  only 011 the co-polarizcci backscattcrs
mcasu~cd at l.-bami.  Ti~cir rcsu]ts,  using (i at a from scat tcromctcrs,  airbomc  SARS
at](i spaccbomc SARS (SIR-C:) show an accLaacy  of 4.2%) when infcming  soil
moistLlrc over bare sLIr~dccs. Shi fiid lk).zier [ ] 995] rcportccl aII algorithm to mcasLwc
snow wetness, an(i cicmonstratcct  accuracies of 2.5%.

3. SAR lnlcrfcromdry

SAR intcrfcyomctry  mfcm to a class of tcchniqL1cs where ackiitional  information is
cxtractc(i  from SAR images that arc acquirc(i from (iiffcrcnt vantage points, m at
(iiffcrcnt times. Various jll~l>lclllcllt:itioIls  aliow ciiffcrent  types of jtlfomation  to bc
cxt mete.cl. 1 ~or example, if Iwo SAR images alc accluircci  fmm slightly different
viewing gcomct  rics, in fomat ion about the topography of the sLIrPdce can bc infcrrcci.
011 ti)c other hami, if images arc taken at slightly ciiffcmnt  times, a map of surface
vclocjt ics CaII bc pmci LICCCi. 1 ‘j ad 1 y, jf sds  of intcrfcromct  ric jmagcs  arc combjnc(i,
subtle clm~gcs jn the scene can bc mcasLu’cci  wjth cxtrcmc]y  high accLwacy.



in this sccticm,  wc shall first djscuss  so-cal]cd  cmss-lmck  jlltcrfclc)l~lctcls  used for the
mcasurcmcnt  of surfiacc topography. This will bc followed by a djscussjon  of along-
1 rack jntcrfcmmctcm  used to mcasLlrc  sLuface  vclocjt y. The section k cncld  wjth a
discLwsion of djffcL’cntial  jntcrfcmmclry  usc(i to mcasLMc  sw’face chmgcs  and
dcformaticm. We shall not repeat the thcmy of Mctw in[c~fcmmctry  here; as j( has
previous] y been dcscribcct by (;raham  11 974], Zid [ 1972a, 1972b], ZJbkev ad
Goldslcin  [ 1986], and Mal$LYOnnd  am] l{abau~c  [ 1 993]. 1 nstca(t,  wc shall concentrate
on j mplcmcnt at ions, and pojnt mt lhc anxs  where nmc mscarch is nccdcc].

3.1 Radar lntcrfcromdry  for Measuring Topography

SAR jnlclfcmmctry was first demonstrated by Graham [ 1974], who dcmmshatcd  a
patbm of nulls m inlcrfcrcnce  frjngcs by vcciorally  adding the signals mccivcd from
two SAR antennas;  onc physjca]ly  sit Llatccl above the other. 1.atcr,  Y<’l>ker  ad
Gold,sfcin [1986] dcmonstralcd  that these jntcrfcrcnce  fringes can bc fomcd after
SAR pmccssjng  of the jnclividual  j magcs jf both lhc amplitLlcic  and the phase of the
radar j ma~~cs  arc prcscrvcd  cl Lwing the pmccssi ng. For (ictai  IS oft he theory of radar
i ntcl.fcmmctry, the tcadc.r  is rcfcrrcd to Ro(lriguu and M(}rlin [ 1992].

SAR intcrfcmmcters  for the mcasurcmcnt of topography can bc implcmcn[cd jn onc of
two ways, in the case of single-pass illtclfcl’olllctly, the system is configLuccl  to
mcasmc the two jmagcs at the same time thmLIgh two djffcrcnt  aatcnnas  Lmally
amngcd  onc above the other. ‘1’hc phys]cal scpamt ion of the antennas is rcfcncd to as
t hc bascli nc of the intcrfcmmetcr. 1 n t hc. case of repeat-track intcrfcromct ry, the two
i magcs  arc acquired by ph ysicd 1 y imaging t hc sccnc at two different t imcs usjng two
djffcmnt viewing gcomclrics.

So fw all single pass intcrfcmmctcrs  have been implcmcntc~i  using airborne SARS
\Zd>kct-  md Goldstein, 1986; Zdkr el {Il., 1992; l~(~llcr and Meict-, 1995]. Mos( of
the ]CSCWC1l  has gone into lltlclclsti~ll(lii]g,  the various cmw sources and how 10 comcct
thcjr effects clurj ng and aflcr processing. As a first step, carcfLll  motion compcnsat  ion
mLwt bc pcJ.fomlcd  dLu;ng processing to correct for the actual dcviat ion of the :ii rcmf[
p]a{ form from a slraighl  t ra~cctory  [Md,ww, ct al., 199.?]. As mcnt joncd before, the
si nglc-look  SAR processor  mLIst prcscrvc both the amp]it uclc ad the phase of the
images. Af[cr sing] c-]ook pmccssing,  the images am cal”cfLdl y co-rcg;slc]ed  to
maximize the correlation bctwccn the imagcsi ‘1’hc so-called jntcrfcrogram is fomcd
by subtracting the phase in one image fmn that in the other on a pixel-by-pixc] basis.

Once the images a~c proccsscd and combined, the measured phase must bc
un wrappccl. l>Llr;ng  this pl’occdLu”c,  the mcasLil”cd  phase, which var;cs on] y bet wccn
() and 3600,” mL]st  bc unwJ”appcd  to rctricvc the original  phase by a(iding or sL~btmc.ting
mult ip]cs of 360°. The cw”licst  phase m wrapping  rout i nc was pLlb] i shed by
Goldstein  d al. [ 1988]. in this algorithm, a]cas where the phase will bc
di scent jnmus dLlc to layover  m poor sjgna] -to-noise ratios al”c iclcnt  ificcl  by branch
cuts, and tl~c phase unwrapping routi nc is i mplcmcnt ccl sLJch that branch cuts arc not
cmsscci when unwrapping the phases. 1 ixtcnsions  and rcfincmcnts  of this tcchniqLlc
were pmposcct  by l.in ct (il. [ 1992]. Phase Lm wrapping  rcmai m onc oft hc most
act ivc areas of research, and mm y a]gorjt  hms vmain  undcl’ dcvclopmcnt,  bLlt have
not yet appeared in the open I itcrat Lwc.

1 lVCII af(cr the phases have been mwrappcd,  the absolute phase is still not known.
‘1’his is rcqujrcd  to prodmc  a height map that is caljbratcd  in the absolute sense. Onc
way to estimate this absolute ph:tsc is to usc ground control  points with known
c.tcvations in the sccnc. 1 lowcvcr,  this human  itltcrvcntion  scvcJ’cly  limits the case



wit h which intcl’fcl’onletry  can bc Llscd ojlcl’al  iond i y. Md,w?n et [1/. [ ] 993] YcpoJ”lcd a
method by which the Mlar data itself is used to estimate this absolute phase. ‘l’he
nvdhod  breaks  the molar banciwidth up into an uppc]” and lower halves, and then uses
the. diffcmnt ial intcrfcrogmnl  fomcd  by Subt racli  ng the upper half spcct  t’Lml
intcrfcrogmm  from the lower half spcctrLlnl  intcrfcrogmn  to fom an equivalent low
frequency intc~fcromctcr  to estimate the absolute phase. UnfortLmatcl  y, this algo]jthm
is ml robust enough  in practice to fLd 1 y automate i ntcrfcmmctric  proccssi  ng. ‘J’his is
one area where significant rcscwch is ncccled  if the full potential of automated SAR
i ntcrfcromct ry is to be md i~,cd.

Absolute phase cictcmination  is followed by height rcconstmction.  Oncc the
elevations in the sccnc arc known, the entire digital elevation map can be geometrically
rcct ificd. 1 ~or I he NASA/J1’l. ‘1’C)PSAR intcrfcromctcr,  M(4ds(v1  et al. [ 1993] reported
accuracies ranging  between 2.2 m r.m. s, for flat terrain and 5.5 m r.m. s. for tcmiin
with significant relief.

An altcmittivc  way to fom the illtclfc]olllctljc  basc]inc  is to usc a single channel radar
to image the same scene from slightly different viewing gcomctrjcs.  This tcchniclue,
known M repeat-tmck intcrfcmmctry,  has been mostly app]iccl  to spaccbomc  data
starting wjth data col]cctcd  with the 1.-band SEASAT SAR [(;oldstciII, et al., 195’8;  }.i
(Ind Goldslcin,  1990; l>rat i (Hid Rocca, 1990; ]>raf i et al., 1990; 2M>kcr md Villa.wnor,
1992; l)rati am] l{ocm,  199.5’]. Othcr invcsti~atms  used data fmn the 1.-band S1 R-13
[Gabriel, et (il., 1989], the ~-ban(i  liIKS- 1 mlar [Galel/i,  et al,, 1994; Zebker, CI [1/.,
1994(i], and I11OI’C recently the 1.-band S1 R-C: [S@m, et al> 199.5] an(l the X-bancl  X-
SAR [Moreira, et aI., 199.5]. Repeat-track intcrfcronletry  has also been dcmonstmtcd
using airbomc SAR systems [ (;ray and l’~~lri,~-Mc//tlzi}lg,  199.?].

‘1 ‘WO main problems Ii mit the usefulness of rcJ>cat-t  rack i ntcrfcmnetry. “1’hc first is
dL]c to the fidct that, unlike the case of single-pass inlcrfcromctry, the baseline of the
repeat-track intcrfcmmctcr  is not known accLIratcly  enough to infer accurate elevation
i nfomat  ion from the intcrfcrogram.  Zebkcr  ef al. [ 1994a] shows how the baseline can
be cst i mat cd using ground cent ml points in tllc i magc. ‘]’hc second problcn]  is due to
differences in seattcrjng  and propagation that result from the fi~ct that the two images
foming tllc intcrfcmgram  wc accluirecl  at different times. Onc result is tcJmporal
dccorrclation,  which is worst at the higher  fmcjLlcncics  [Zehker (id Villasmor,  1992].
‘1 his problem  more than any other limits the, usc of the cumnt  operational spaccbomc
single-channel SARS for topographic mapping, and led to proposals fol dedicated
int crfcron~ctrie  SAR missions to map the cnt ire globe [Moccia ad Ve(rcl(a, 1992;
Zd)kcrj cl al., 199411].

3 . 2  A]o]]g ‘J’rack lntcrferomdry

in some cases, the temporal change bctwccn  intcrfcmmctric images  cent ains much
i nfomat  i on. Onc such case is the mapping of ocean surface movement. 1 n this case,
the intcrfcromctc~  is inqicmcntccl  in such a way that one antenna images  the scene a
slml time before the second ant cnna, prcfcmbl  y using the same vicwi  Ilg geometry.
~;o~ds[ci~l and Zebker  [ 1987] dcscrjbcd such an in]plcmcnt at ion in which one antenna
is mounted forwarci  of the othcI” on the body of the NASA 1X-8 aircraft. ]n a later
work, Goldstein, et al. [ 1989] mcasurccl occ.an currents  with a vclocit  y resolution of 5
to 10 rids. Along-track  intcrfcromctry  was used by A4arom a al [ 1990] and Marom d
al [ 1991 ] to cst i mate ocean surface current  vclocit y ancl wavcnumbcr  spc.ctm.  ‘l’his
tcchniqLlc was also applied to t}]c mcasurcmcnt of shipgcncmtcd  intcmal wave
velocities by 7hompson  and Jensm [ 1993].



in addition to mcasurhl,g ocean surfwm vclocitics,  (’ammlc? [ 1 994] rcpmls a dual
basc]inc inql]cmcntat  ion, implcmcntcd  by alkx’natc]  y transmit (ing out of the front ancl
aft anlmnas, to measure ocean cohmcncc time. IIc. estimated typical ocean coherence
times for 1.-band to be about 0.1 s. ShcmC?t-  clml M(irom [ 1993]  proposed a method to
mcasuJ’c ocean cohcmncc  t i mc using on] y a n]o(ic] for t hc cohcrencc  t imc and one
intcrfcromct  ric SAR obsmvat ion.

3.3 ])iffcrcntial lnterferomctry

Onc of the most cxcit  il~g applications of ]adar intcrfclomctry is implemented by
subtracting two inlcrfc~onmtric pairs separated in time fmm cad olhcr to fom a so-
ca] Id diffcmnt ial i ntcrfcrogram.  1 n this way sLwface dcfomat  ion can bc mcasLwcd
with unpmdcntcci  accuracy. ‘1’his tcchniqLlc  was first clcmonstratcci  by (;(ibriel ct (il.
[ 1989] usins data from S1 iASA’1’  data to n]casLMc nlillimc{cr-scale gJ”ound  motion in
agricli]t  Lmil  ficlcls.  Si ncc then this tcchnicluc  has been app] itxi  to measure ccnti  nlctc.r-
to mctu- scale co-seismic (iisplaccmcnts  [Mfis,wmnd, et al., 199.?; Massomzd, et [~1.,
1994; Zcl)kcr, cl al., 1994c; l)elfzcrj cl [{1., 1994; l)cllzrr aild l<o,vetl,  199S; A4as.wflllcl
cl al., 199.5]  an(i to nlcasLuc cent i mctm-scale volcanic dcflat ion [Mmsomzd md l’cigl,
199.5]. ‘1’hc a(icicci information provi(ic(i  by high spat id rcsolut ion co-seismic
(icfomation  maps was shown to provicic  insight into the slip mechanism that woul(i
not bc at(ainablc  from the seismic rccorfi [Pel(zcr, c?t al., 1994; Pcltzcr  and Rosen,
1 99.5].

1 )jffcrcntial  SAR intcrfcromctry has also lca(i to spcctacLdar  applications in polar icc
shed research by provi(iing i nfomat  ion on icc (icfomat ion and sLwFdcc  topography fit
an unpmccdcnte(i  level of spatial details. Goldslcin d al. [ 1 993] ohscrvcd ice stream
lnolion :tnci tidal flcxLlrc of the Ru(for(i  (;]acier in Antarctica with a pl”ccision
of 1 mm lV.X day an(i summarizcci the key a(ivanl  ages of usi ng SAR intcrfcromct  ry for
glacier stu(iies. JouSllin d al. [1995] stuclic(i  the separability of ice motion and
sui.face  topography in ~J~CCIIlaIId  an(i comparccl  the rcsu]ts with both radar and ]ascr
altimetry. Rignof CI al. [ 1995] cstimatc(i the precision of the SAR-dcrivc(i  vdocitics
using a network of in-situ vclocitics,  and dmonstratcd,  along with Jmghin cf al.
[ 1995], the practicality of using SAR intcrfcmmctry  across all the (iiffcrcnt melting
rcginlcs of the Cimcnlan(i ICC Sheet. 1.argc-scale applications of these techniques is
cxpcctcd  to yiclci  significant impmvcmcnts  in OLII know] ccigc of the (iynamics,  mass
ba]ance and stability of the world’s major icc masses.

Onc confLlsing fidctor in the i(icntification of swfacc (icfomation in ciiffcrcntia]
intclfcrograms is dL]c to changing atmospheric con(iitions.  ]n observing the car(h,
ra(iar signals propagate throLlgh the at mosphcrc, which int[o(iLlccs  aci(iit ional phase
shifts that arc not :tccountc(i  for in the stan(id geometrical collations describing ra(ial”
intcrfcmmct~y.  Spatially varying pattcms of atmospheric water vapor changes the
local in(icx  of refraction, which, in tLml, intro(iLlccs  spatially varying  phase shifts to
the in{iiviciLml  intc~fcrograms.  Since the two (or mom) intcrfcrogmm  arc acqLlirc(i at
(iiffcmnt times, the temporal change in water wqm intm(iLlccs  a signal that coLdci  bc
on the same or(im of magnit  Llcic  as that cxpcctcci  from surface cicfomat  ion, as
ciiscusscd  by Goldslciil [ 1995], Another  limit at ion of the tc.chniclLlc  is tcmpom!
(iccorfclat  ion, CXangcs  in the surface propcr( ics may lca(i  to complctc  (icccmclat ion of
the images an(i no cictcctablc cicfomat  ion signat urc [Zebket-, et al, 1994c].

(hLTCIlt  research iS only bCgjl)lljllg  tO IWdjZC thc fU]] pOIClltjal  Of I“adar lIltC~fC~O1)lCh”y.
1 ivcn though some significant prob]cms  st ili have to bc solvc(i bcfom this tcchniqLlc
wi 1 i bccomc fuliy operational, the next fcw ycm wiil uncioLlbtc.cil  y see an explosion in
IIN intcmst  an(i LISC of radar intcrfcronvdry  (iata.
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