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We cxanlillc  the feasibility of IIICa<III I IW Al u)g-’llack  lntcrfel  mllctric  (AT’]) vector

ocean velocities using the aziln~~th  Iwalllwidt}l of tlw SAR at)tcnna  to tll~tail]  angular

diversity, at the expense of sprIt id I esolut i L ,1) A sill~;)lc Inodcl  of tllc ]ll~asurelnent  is

introduced for point targets and I(lovitl~, OCCaII surfaces to lICIII illt(:l  j)~ct t}le velocity

measurements.  Due to the s~I(n  ~oI illtf[;i iItiotl times ~lscd ill fol-llliIlf,  tile syIlthctic

aperture, this model is easier t(~ int c! lm!t  t tlti!~ convcltional  SA1{ aIId iltteI fcvomctric

SAR ocean scattering models. Wr ~)rcLI’111 t rwlcofl cm,sidmations fox tl]c processing

parameters, and usc the JPL 1~ lhIId ale.  IF, t.rti k interfetoluctri(  systcIII  a~ MI example.

We also present an assessment of thr  M m I M) of the n,cthoci , slmv:i~i~,  t)I(I fc~sibility

of mapping vector ocean currf-ults  v:illl  s;tii.[iici(u  y accuI  acy tit t]w sca]cs  of illtctcst  to

oceanographers. Finally, we prtsm,~ al t (W, II 1111~.  of vmt m CUI rw,ts taker, iil {:urrituck

Sound, North Carolina.

Along- rJYack Interferornetry  (A’]’] ) [ 11 ] IL’ SIII NW great  pI onkisc iII nwtisurillg the com-

ponent of ocean motion which lies a]or Ir, [.. II< )):)I[linal SAR look dirwtic)]l  at high range

resolution (- 10 meters). This xcx+(jlIIt  ion ~~ tlI(:  :11)111 o]miatc  SCX-JC  for xrwasuring  wave nm-

tion, and promising results for nm~<lll-i~l~,  wii~’( s])ccha  using AI’] IIaw II(WII  reported [2?],

[3], [4]. llowcvcr,  many oceanographic i,],d,cal mns arc Conccrl,e(l  wit])  vector velocities

at ]owcr s]]atia] resolution. The ]cII:, [) I SC,!](S O! lntwcst  fol” ]aTgc scale oceanography are

on the order of the Rossby radius of dcfI }] ntat i( ~11 (~~ 30)inl), wlli)c the velocities of inter-

est range between O(lm/s) for bcmlIdal  y [ UI Icl Ils, t o  cJ(]oClll/S)  fo] cddit%  and  ~OCII1/S)

for weak open ocean currents, FOI coa<t  al al )j )} lcat io~m, cm fm resolvill[’,  ildxm)al  waves, a

finer resolution is needed, but a slmt ial  J cwIlut.I!oI  of ()(100 m) is still sufficient for most

applications. As a point of compal  isolj, t ht ‘1’01 ‘IJX tilt  il[wtel  syslcIII fol IImwsuring  g;lobal

.gcostrophic currents has an amuracy (~(f) 111/s)  {)11 scales of . . . 10okXII.  Ar[’l }Ia.s also been

used successfully to map the radial  COIJIImIIt:IIt  d large stale CUI rents [5], coz<tal currents [1],

[6], [7], and internal wave signatuIcs  18], ‘1 ‘1)( liI~ ,iiatio]l of the nlcasilIcI1wlds  to radial  only
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velocities, however, places  a smm c colIstI ai[lt  (III the uscfuhess  of such data for oceano-

gra~)hic applicatiorm  This limitation call  iw OVCI come Iy flying  OIthogoIIal  K1’1 passes over

the same  site  [7], but this severely ci~l Isl 1 ~ Ii I IK t) lC spatial cc~vvragc t Imt calI be practically

achievccl. The ~mrpose  of this palwt  is tti i tlt I ! Klucc a ltmv tcchlliquc  to Iimsure  vector

surface currents using a single ~)ass  A’.i’l  1111’ iLLIII cmcud. We will slIow t}mt the accuracy

and resolution of this technique a~t’ adcilwitc  k): really occatl( jgraphic apj d i cations, making

vector ATI a useful new tool for occa]m~,l iipllic  IIwest  igat ion.

While the range resolution of A’]’] calI I)( qllite )ligh, the cohcrcncf:  Lilm! of the ocean

sets fundamental limitations on the a:~.i~] tui It t US( l] utiol) [9), [1(1], [1)], 112], 113]: the efkctive

syllthmizcd  antenna length is equal tc} tll~’ IJI OCIU( [ of the ~llatfm  n~ velocity a~ld the coherence

time of the ocean return. The result il]~’, ;t~.inl(}t II rcsolutiml cell  sim is a]q)) oximately  given

by

(1)

where A is the clectrornagnctic  wavclc] l~;l I 1, h ]! the platforln  lwi~ld, l) i s  the j~latform

velc)city,  7C is the ocean coherence tit! w, ari(i 4 is the l~lcidcllcr all~,le, (Ibser vations [14],

[15], []6] indicate the ocean cohere,,cx  ti],l +,[ 1, ~~and varies a~q)roxiln;it  e]y between (4.05s

to 0.25s. For the JPL L-Band  SAI{ systc)ti  [1 (I], M )IOSCI rclcvaId paI a]lwters  are prcsexited  in

Table  1, the corresponding achicwtit.lh  a’tIII Iut II Itxolut  iml can va~ y twtwwl XIII and 125m

for these  corrclaticm  times, which is lnu(}l  [lt:~.Iadfx:i  relat ivc to t hc illt rillsic  I alge resolution.

Using this lillc! of reasoning, ttwr(>  i<. 11) ~id~{illta~c  fol occall  a)q)lications  in trying to

increase the azimuth resolution by usill~, t }11’ I(H)l’,  irltqyat  ion t.iums  al]~no]lr  iatc  for imaging

of stationary talgcts, In this palwr,  \vc J uo~)(w an alternate usc fol tllc data collected

while a given ocean  patch remains ill t )1( I ii{i;tI  llcaln: i)mtcad  of usi)l{:  mm loI~g integration

period (of several seconds duratiorl),  wc l)} o;ms! that lrliiny short ijltcyp  iitio~l  ~mriods  (on

the order of t}m field corrclatiorl  ti]ilc)  I w used, I ogcthm with IIoplder sllwpcning,  and the

interfcromctric  phase, to interrogate tl]c sa!llf’ SIIIjaCC ]ntc.h floIr] a vwi(:ty  of azimuth look

directions (see Figure 1). ‘The intc]  f{] o])](I 1 ic })!)ii.~e diffrrerm:,  01, rcsultil]g  from each of

these nlcasurcmcnts  will be propor  t,iorl:il  t{ I t tl( III c)jwt iotl of thu surface  velocity vector U
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along the look clircction given try t}w urlit  \IwtoI i~i = i} sill  ~l; -1 fl.cl COS ~1, :

In the previous equation, k is the CICC(I  ollm~lw~ic  field wavcnulllbcl,  -i is the delay time

between ATI measurements, and ~j: is t hf w ilrlul  1( angle ill the phmc dcfiJwd by the plat form

velocity and  the broadside direction to ilw :c,ittrl  iug ~mtcJi. If nwasure~imllts  are made at a

sequence of @i’s, both components [Jf t,ll(. sul fwx’ v(~locity  can bc dctcllllillcd  by least  squares

fitting the phase difference data usint. till  tlI(I  olwervatio)l  an~,lcs. II] tllc IIext section, wc

will give a procedure for deternlinillg  tlww  q’11’s usin~ the inte Kfero~ImtI  ic IIhasc  differences

and Doppler sharpening.

‘1’he technique proposed here is sill  Ii l:L! ill fiaw to one ]noposcxl lp’ Madsen [1’7] to

measure vector velocities using a s~)lit l)(!i)ltl  a?itclil)a. Ill that technique, two narrow physical

beams, displaced by 90° relative to caclI otlIcI  and t)y :k-45C relat ivc to the flight path,

are used to isolate an ocean pat  CII i] I al IKU laT space so t]liit  OX’t]lOF,oll~]  COIIl~O1l(!IltA O f

the surface velocity along the bea~ll  d iJ e: t i(m: can I)e obta.incc]  usil]~ com’entional A T 1

processing. The technique propcmxl )I(:r(’  11A< t] lc aclw]d  age that cnlc call meamre vector

velocities using a single beam,  so that t lIr 1{11 IeIit Aq’1 ccnlfig~uatim~s  CaII IW used to derive

vector velocities without any hardware III( ldlfi(::it  ion. It IISS the additi(nlal  advantage that

both components of the surface velocity tir~: (ICLCI ~ilincd  silnulta]leously,  whcrcws in the split

beam technique each component is dctct  J tli~wd at dif[c]cnt  tinms. ‘1’lIe ~)xescnt  technique

has the disadvantage that range Iesolut iol  I II IUSL I)c sacrificed ill ordm to obtain  reasonable

velocity accuracies. The spatial lcsolut  iolw fich I(wzzblc,  ]Iowcve], are sat isfactory  for many

oceanographic applications.

The ou]ine of this paper is a,, fol kwv ill 1 )IC! first secti(m, w(! 1)1 csrllt  the algori thm

to determine the velocity of a ~mild s(att N (’r. ‘J’}le  lmwedul  c fox dete] llliIlillg  the vector

velocity is the same for an oceau vcloci{!;  ficl:i, but  iI! this simplified case the resultant

velocity can be related in an unaII  I} ]ij;u( Ius f~i~hion  io the targcl  velocity. In the next

section, we present a simplified mcIcfcl fIH tlw ~~:turu fI o]Il  a movillf,  occalI with t}le aim of

interpreting what the measured vc]c)cit  y I ( ‘~)r esI I Its 1 d~ysically. 1 )uc to t.lw short integration
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tirncs, the measured quantities a~c JIKU r {i~~~il~ I elated  to physical qua!lt it ics than in the

conventional long integration t,inw ] N w wj~il Ig In the third  secliml, wc s tudy how the

intcgraticnl  time and range resolul im I ] [ iaJ 11[’ s’ 1 to (qjtil[iize  sysl,cI[)  ~x’1 forllmnce.  1x1 t h e

fourth section, wc discuss randoni  and systclll:tt ic nw:wurcmmt  erlors  aud give formulrrss

for determining system accuracy. Fi]]:illj. ]lt tlw last  scctiml, wc plcswit.  all example of

vcctor-ATI  (VAT1) derived velocities f(~! iIIJ ~xx:tl~ SCCJW,

2. VM:’1’0}{  A’]] l’()){ ]’OIN’r ‘] ’AR(WI’S

Aspxcscnted  i~~tl~c ixltroducti()]l,  tll[ilf:al) t.}Lill(lttl  [VArl'I alg(~ritllln  is simple: radial

velocities for many azimuth angles a]c ol!’lailml  by fomiing  Dopplc] s]larpcned  interfere

grams. Since each of thcnlewuwd  ladi}il  f’()()ci(icsrc~)lesellts  a plojcctio]l  of the trucve-

locityvector  aloxlgdifferf~nt  dir[:cti{]lls,  tll(i I~lt!\t  'locityv{:ctcl1  ca~~tlc  r~(ollstrllctedasl  ong

as the rwinmth  incidence angles a~c k]l(w’11. 1 IClwwer, tlic incidcmcx:  a)lg,les  arc not known

a priori: in conventional DopplcI s}IaI J)(!I Ii)l{;  fI (ml stationa~.y SMUICS three is a one-to-one

ma~)ping t )etwecn  Doppler shift at Id a~i ) I III t 1 I d i I (:ct ion. lbr a IIlovillg  taTgci, a relationship

still exists, but it now depends 0]1 the t ti~ gt:( ~~lclcity  itself, wllic}l is tll(!  quantity wc arc

trying to estimate! To ovcrcomc this lil!l  i tilt  k)]l, wc US(I the AT] I adia I velocity estimate

itself  to estimate the target’s trajectory II) I alq~! 1 )opp]er  space, as wc SIIOW ixl detail below.

As with conventional SAR p~occssitl{;, j[, is Ilscful  to look at tl]c sarlw technique from

a variety of pcI spcctivcs. In the IIlaill  111.)(ly  of this paIICI, we ado~)t  a geometrical per-

spective which is intuitively appcali  I IF,. .$, s}w:t.ral  ~ms})ectiv(>  CaII also be adoptecl, a n d

that approach is useful in undcmtal)(lill~,,  1 I(IW [L I arget  velocity ill tlic alm)g-t]ack  direction,

which corresponds to a p]atforn)  jlyil~{t,  v.Iii}I a I liffereIli  velocity tlla~l  tlic OIIC used for pro

ccssing, can bc determined by usi  I IP, t }Io II C( U) I I fror)) two ofl set al lt.cnllas  to estimate the

image a]cmg-track shift. This ap~)I  oac)I  i: si~llila~ in flavor to wlmwltiold  SAR autofocus

algorithms [18]. This alternate poild of vmw is ~mesent  ed in A~q)cl~dix  A.

To obtain the Doppler sharpcYIwi A’.l’1 xet III n fl om a ~mitlt  tal get, let us model the
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(3)

where t is slow time, G(t)  rcpresc]lts  t}w wii~’,}lting dlw to tlw aTIteIIIIa  ~}attern, and the

-z;~r(~) relJreseI]tst]]ctwc>\va}~  ~)r[I~Hal:atIIJII  pllascfr(n)~  tll(:ladar to theta-get. Thefactore ,

field at thcsecon  dant,cnna  isgive}]  lry till id(:tit~falc  x\lr{:ssiol~w  itlltllcc  xcc~Jtio~ltllat  the

distance to the target, r,isevaluatcd  til (t{ 7), whc]c’r  isthctin  ~crec{uirf  !dforthesccond

antenna to revisit the location of t}te  fll$( dlltf’llllii.

‘J’lIc itll  l>o~)plcr--sharpcncd ~Ii(,~c~l])t:[iit,ItL  f(,l t,ht! first al]telllm is ol)tailwcl  by Fourier

tral~sforxllillg  tllc field over ati]nc ilitervtil  7 cc),lcred atwut slow tilllc  t,

where W(t – ti) is a weighting fur)ctioll  (of duration  F* ?’) introduced to rcducc  azimuth

sidelolms. If T is short cnougll (i]) a SC]LS( v:lli(il  will tw ]nadc rno]c clcaT Iw1ow), one can

expand

r(t) =r(t~)+i(il)  (f- fi)-{  =17iii:  (i-ii)-{  . (6)

aperture ccmter to the target

where ti and  U arc the platfor-nl

‘~ ‘ “1 (~; “ o (7)

a)l(l  t al F,([ }Ct:lc,lity  vectors, rcs~mclivcly.  Since the illumi-

nation due to the antenna changes vet y ,. ,,IOL!,IY  ~,O1llJ)arcd  to q’, t]le illtc{:l al call be evaluated

to obtain

E(1)(Q) r (;i{”i
~’~-’t~~’(f)  + ~~;i)~-if~fi (8)

where G i represents the antentla  g,aill lmttt:l  l! ill the synthesized clilcc.i  ion, ri is the range

to the target at the center of the syllt IIwin:d till[ Cnxm, tLTld ~, tlw FouTier transform of W,

is the poilktj  target response in Do})J)lt:t  s~):i(  c, “1’lle  cfff!ct  of target  IIlotiml C)II  this term is
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to shift the location

try an amount equal

of the peak of th{l ~loill!  tal ~~,{t respo}lse mla.tive to a stat icmary target

to the IlopplcI  shift  of tlI~!  I ti~get relative to a statit)llary  cberver.

Assuming that the change ill ] a~l~t dl]ri]If,  ~lw lcvisit tillw, 7 , is ]JIuch smaller than

the range  resolution, the return  sig)lfil  at t IIC srcond ATI a~]tclllla is identical with tile

except ion of a plmse factc)r exp[- 2i kiIj I [) I ], M])i(:]l Iq)r(.sents t]Ic ]IIIaS(. (IU(: tC) nlOtiO1l  Of

the target in the radial direction bctwcc]l  tllr io] [I(atio]l of the two syllt het ic a~wrtures.  The

interferometric  return can be written a-s:

E(l)(fl)(E\2)  (Q))” = l~~,l~li~’(i~ I 2k~1)[zCXj)l-  2?iA’iJ1  . f~?]t (9)

where we have assumed  that the cl)aIl~I,(’ ili 1 hl~l~del shifl fl oni the t al get to the second

antenna is much smaller than the wiclt  IL of Illt 1 hllqde]-sllace  ~)oint tktg(:l  I csJ)onse, so that

one can approximate both point t al get J e:.p{nts. ‘S M bcill~  c.cntmccl oll thr’ same I)opp]er.

This approximation is valid as IOIJ{: as 2(70’)(llT  ) /Jrl <:<: 1, whit.11 will always be valid for

the c~~es wc are considering. As cxpcwt{xl, (Hlc c:~~l obtai]l an estimate of the velocity in the

radial direction using only the pha.<e of t III’ IIdc: fcronletl ic procluct IIy acquiring a set of

these measurements along differed d 1)-(scI i O)X, o! w ca.1) SOIVC for the full  vector velocity.

]n order to proceed, it is J mwsstil ~’ t~~ j[,)f(lulat(:  all a~)J)loacll  w)lic.1)  allows  f o r  t h e

estimation of the range and  th[! 1 k)p]dc] t’llif(  t I i tlw r(:soluti(m cell as a fu~lction of time.

This is possible because the interlclt]lllrtl  ic ])l]~iw  difference is clur to tile target motion

alone, so that a correction can b~! a~qdiw] ttj t IIc : I idiollary  target allgk-1 )()])~)lcx  relationship

by using the measured phase diffc!rcllcr  t () ~)r!n’i!  i( the co] Jecth)ll tcrf[l  (SW’ l“igure 2). once

the azimuth angle is known, the range ~~f i lIir t,arl:d is rtlso kll(}wrt  (Fig,ul ( 1). ?’he following

paragraphs present an approximate ]mmxlu!  t! f: u accolnl)lisllillp,  this  IIlal>})i[lg.

Select a reference value of the l)c)p~de) slli~t,  f t~,, (e.F,., t IIe expected  1 k)~qdel for a station-

ary target in the antenna. boresight  dirtx:t  i, IIJ ), a lId perfo] ]n unfocmssed ArI’l compression a..

described above to estimate the itltcrf(:l  (I][wt ! ic J)IWC difference (usill~  ] all~e multi-looking,

as described below, to obtain a st:itdc cstil m;it t:] ‘J’}IC il,terfcl oliwtl i( ]Jla.<e difference will

be given by

q~O , 2):J  (/1, 0:)s gl,, +- 1111 sill ~)o) (lo)
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no = 2L [(tJ .- 1~11 ) sill & - Z1.1 cosq’,o ) (1.1)

away from the I adar. Fkom equati[nis  ( 1 I 1 ) a]l( 1 ( 11 ), it is ~mssitdc  to stdv(! for sin @o, to

From Figure ), one can alsc)  write
II((J

sill ~1),, z --- (13)
ro

where r. c.orres~)onds to the range txI t II(T t; LI{ ;ct :Lt till IC tcl. Wc IIitvc ado~ jt ccl the convcmtion

tha t  i = O corresponds to the tilllc f(l) i I(M!SK approacli  ii wc take 10 to ccmrespond  to

the time corresponding

possiblct,o  solve for po,

to the ccl)t(!l of t}w i~lt($,ratioxl  ilkerval. Mcml this equation, it is

the range at closet til)~ll  oacl) (SCC Figure  1):
,. -— . . .-. ..-

/
!I’(, Q) 2

PO ‘~o~{lS~}()  : 1(} 1 ‘- - ‘1 jjt~

d

2kVT  , : )
(14)

Given this range at closest approach, it is I lowiltlt  to calculate the I ali{;c and azimutl~  angle

to the sam[! cell for all subsequell(  inlc~,t:if  iot I i) d ervtils

r, : [\ (/ + (2)11)2 (15)

I)tl
sill (#1 : - (16)

p,)

and ti is tlw time corresponding t{) tllc c<.] iler o! t }N! it Ii ilitc~l al,iml  ti)llv.

while  it is now possible to fo~kw t}!c t lil y,[!t  i~l range :Ln@! sJxLce, it is also required to

follow it in range Doppler  sj]acc: F;ivc] i all e.~.ill~  t It h ang)c, the COII CSJ toliding  Dopphx  pa-

rameter,  used fol focusing the retul  ]i ill t II( dir(v  t ion of tllc talgct,  ciiII t hwl km determined.

The Doplder  shift to the target fcn thr it h s}Jh I){tic a]w] Lure is giwwl b)

(17)
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From equations ( 10 ) and ( 12 ), onc ot~t:til~s

do ] . . !:tl (1 -+ 0[17)]

UJ : ~’”i ==’:-=  :=j- (18)

\/II  ( ;’:; 4 ;f;, )

‘$(,
.~~. !.––.. . ,R -

/ “i,,: --’”;,; 2

(19)

\/) “ (2,,,.,.+ ~A,, )

where WC! have used the fact that, Ull /t $ 10  2 ~<. 1. We appl-oxilllatc  t IIc 1 hpplcr  shift by

!J’Q
Qi % 2k 11 sill  (~), - : ?~ = ===2 COS ~J1

/(

(20)
1- % .{ >kt)flQ
\ >kt!l )

The previous approximation ildnccs  rIll rI f{u in thu cstitl]atcd  1 k~IJplcT  given by

Ill q ] + f~07)cosd  J1
C$Qt =: -zk l],, sill~, - - . ,,””” ( 1 (21)

‘1’aking the variation of equatio~l  ( 1 ‘i ) will) ro.~wct to d4~i, and scllvill~,  it)r d~)i, the corre-

sponding error in the estimated zwiun)i  }1 all{’,](!, {)[w ohtaills

(22)

Therefore the fractional

for most applications.

U/v w]Iich  can be ignored

I]aving  obtained the mapping Iwtw(wll  i lIr az i~nuttl  all~,les  and ilw c(jrlcspollding  lloppler

frcqucncics,  we art! now ready to ))rcsc]ii  t 1]~ l’,fi’]’l lmcm:ssin~,  algol itll~]l:

1. Range  compress the data to ttlc ~])]llo~l)i~it c rcsolut.ioll  a]ld Iw~ fo] III nwtion  conq)en-

sation corrections. In ordcl to I(X1 l)c(’ I! jisc,  o]w must avel ag,c looks in the range

direction. This is simplest to a!:cm~l] ]Iislj  1 y dividill~,  the t~allslllit  cl]irp spectrum into

different frequency bands  and l)] (XW .s! t 1~, ~tich baud selmratcly  u]It il tllc interferon~et-

ric ~hse is estimated.
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2. Forcach resolution cell tc)l)[! ~lri][’(!s’.[!{l , sl)t]divicte  th(! rctulm  floxll cacll  channel into

n grcmps  of equal duration to l){’ UWI.1 ]~i f{ )J lnin~ tlm difl’cleld  aiiillmt h looks. Choc)se

the duration of the integratkm  t i~fl~ tt~ 11[ the sl[)iill~r  of tlw cxlwctcd  decor-relation

time  or the unfocused SAI{ linlit  illi  !:’s,l  at io[l tilnc, Ihcl( grou~l will be indexed by i,

where –(7L -- 1)/2 < z < (9L - 1)/2.

3. Select a reference Doppler, usin~,  tl)n t!sl iltlaied  aIMI~na  squixlt  angle, pm form Dc)ppler

sharpening using ccluatio~l  ( 4 ), aIId c.:!il},ate t}lc il)tcrf~’rclIllctIit:  ])lIasc  difference by

multi-looking the phase diflmcllccs fIt IIII c;tch ra]lge sub. tmd usi Ilg the maximum

likelihood phase estimation algoI  itlll II [] g; Usc tht cquat  icnls  dm ived it) this section

to obtain the azimuth angles, I +il IF,C., Mid 1 )c>pple~ shifts for each of the integration

l)eriods.

4. IIaving  obtained the resolutiml  ctll’:  t ] aj(’ttory  ltl range-lkqlplcl  s~~ace, proceed to

~)oillt  each synthetic apcrtul c to i l){ ta~~(~ ald obtai[l 1,11(! 1 )cqq)l(!]  sharpened re-

sponse. T]lis is acccnnplislwd  ty itlt (:I ~)( )Iat lIlg the rt’tur)~s ill rmI~l’  to ? i, and applying

equation ( 4 ).

5. UsiIlg the return  from both  A’]’] cl IaIIII(ls fern] tll( intcrfmogralll  fox each angle ~~~,

and take range looks to stahilizr  t))(’ (:.st  ill,:ttc.

6. l%timatc ~lJ and  Ull by least squar(!~ fl!tillf:  equatiwl  ( 2 ).

7. Proceed to next resolution ccl] :I]M-1  rvprat  ttle process.

In this section, wc extend the II Iodcl cl[whq  )(x]  ill t hc previous section  to accomc~datc

a moving ocean surface. This nmde] will II(:glo  f many  SCCO]IC1  order cfl’ccts  both in the

ocean hydrodynamics (small wave II ml u) fit iml l)}’ large waves, wwvc bl~!akillg,  etc. ) and in

the scattering process (tilt modulat  io] ~, ]llllltlJjlt  ~xattcli~lp,, etc.). Ncv{:rtllc]css,  the model

is probably realistic enough tc) give al I irldilatkol  shout the ffvmil]ility  of tllc technique
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~lrc,poscd here. ]n contrast with tllc u<ut~l  SAR (1!}],  [JO], [1 1], [1 2], [13]) alicl AT1 ([20], [21],

[22]) models, the results presented  ),c,,: ,,, t){ Iclatc(l to physical qualit  itics more e~si]y

duc to tlw  short integration times and tli{ uuv.!quer)t  almncc of t}w ]m)l linear  aspects of

wave imaging.

l’rovidcd  the surface patch is sl~l:ill  c}l}u~,tl  st) that wc ca~l i~,llol  c 1 kqqkv  variations in

both range and azimuth, and usirlg t Ilc u$,u:-i]  s! op-start approxitllat  iol) for SAR modeling,

the scattered field at the first A’J’1 il~lt(:])l~~l.  (iiiI km nmdclcd  as:

where  t is the slow time indexing the J)]:~t  f{ Irlll  11 lotion,  ~(f.) rt?jumcnlts  t]lc weighting duc to

tllc antenna pattern, and e(f) is t )Ic scat ICI wi fit 1(1 frolll t llc surIace  1(!ss t }Ic factor c-”?i~r(tj,

which represents the two-way plojmgati[l] I )~llti<[.’  from t lie ] adar to ~ IN’ J)atcll. As in the

previous section, the field at the sccml(l  ;ild e])) i~ is ~ivmt b} all idc~d ical ex~n-ession with

the exception that the field is evaluai.ml al (~ -1 ~).

In analog with equation ( 4 ), t II{ 1 J[)J*I)I(’1  s ]lfLrjX!IICd returli  is ]lo\v ~ive]]  by

(24)

wllerc 6(w) is the Fourier transfcjrll}  (If ~ (t~i.  I;XJ muding tlIe raIlgc usiIi~, [:quation ( 6 ), and

again assuming G(i) is constal~t  cnw tl)~! i]lt o~;l atioll intcrvall  OIIe of t }Ic integrals can bc

evaluated. The result is

The effect of surface motion 01) tllc a~.il[l(lt  II r,.sdutiou  facior,  1~~, is to cause frequency

dcpcndcl]t  shifts, which introducx! llllc(’rt  WI1lI ies i(l t}l~! arlgular  location  of t}lc pixel if the

radial velocity is not known. q’hc si~,llal at 1 hr second  A’1’I anfcxll)a is idmltical,  w i th  the

solo exception of an additional p]lasc iw’t (Ii! (’x)); i!,m] insicle  t] w intcgl al.

in order to calculate the mean ixlle[fe),)ln(!t  ! i{: return for the sxnal]  ]~iitd], (E~1)E\2)  *),

one must make assumptions dJC)Ut tl](’ 1 h )] IjJc I spcct] UIII of t}ic Md sc;ittered  from the

surface. III this paper, simple Brag~, scat t m i] Ip, [ 14] will be Msunm{j:  t IN! return  will d[!pcnd
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only on surface waves traveling akuI~; N (1 - ,ii)fI1/l(l  ‘-~~)~~il Hlld llaviIlg  wavenumber

k~~ = 2ksintl,  where O is the a]@: of )Iltidctlcc (this inq)lic.itly awunles  that  the look

dircctio~l  totllcscatterilig~  )atcl] is fll)~)l(]~.l]ll:it{  lycf)llst:i~lt ~lurill~,  tllcilitcg[atioll~  )(!riod).

As these  waves travel along tlm sw]f:ic~’l tli~y ;ilf!  calri[d alculg  by C.ulmlks duc to  o the r

waves and by tile mean flow of t]u:  occal I ll~i~c istlw illtritlsicfl{!(]~lt:llcy  ofthcsc!  waves as

given by the dispersion relation,  t lw local  ft tt]w JICy due to l>op}dcl sliif(i]t~  is given by [23]

where it IIas becm assum(!d  that, diflerc]ll  jIc(jwJIcy  occa~l  waves a~c il)(lc~wndcnt,  which is

a good approximation [23]. If the rlull~lw)  ()[ sllrlacc ~)atches  is larf,e CII(@I so that they

are rc]n-cscntatiw  of the distribution] of v;~Iv \’{l(Ic.ity,  {111’ I)o1)l}lc]  S]) M:t III III for the cnt,ire

patch can bc writtenas

,.-4

where ~(kBIV . Uti, ) is the distributi(ul  fu~~(;[iol)  of the wave ladi[il velocity, and we have

separated the contributions of 1 h-a~,{;  wav{~. ~,oi)) ~1, towat d or away fro~l[  t II(>  raclar for nota-

tional convenience. Experimentally, it lIaL, t )(.(.], ( (I]firltled that  the 1 kqIplcI  s~]c:ctrutn  does
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indeed have a form very similar t {1 t lie w Ir (h I Ived almvc  (SCC [14], for atl exarriple.).  The

distribution fuxlction  1) is very clcm:  to IN(l}{I,  (;tiussiw,  for wind driven oceans  at 1,-13and,

and the l)opplcr bandwidth corrcs~~(ui{ls  1 I) tlw lm.JKlwidth  d~lc tcj the radial wave motion,

Making these assumptions, tllc ill(  c)fc] ~)]~~(1 r kc r(!t,UIJl  k f;ivcll ]ry

current. Ill the absence cjf big waves, ~(c.,})  : fi(, ), and awrrl~itlg  Ilrasg waves moving only

in onc dir(!ction, the interferonlctl  i(: v(,]ocitj  for cacll  11] agg w.avc co:l~l)ollcllt  will be given

by

(31)

The second term is recognized as t)I(.I  C(II III 1[.1~11 I It of th( curj-e~lt vclocit~!  along the radial

direction. For gravity waves, the dis~jcr  si(]l,  x,.s1;I1  mn p~f!dicts  tllal WC, :- \/g2~:si~l%,  wlm-e g is

th~! gravitational acceleration. Usiug tliis ] (.’l;itic,~, onc IIas that, ~t)o/2k = <q”/k}~ sin 0, which

onc recognizes as the component of t}w I :rti~,~,  ~Iave phase  velocity ill tlw raclial  direction.

IIence,  for an infinitely narrow I)oI~plcr s1)(I( t] uiIl, onc obtains t IW exlwclcd  result: the ATI

phase diff’(!rencw  measures the radial u ~] 1 lj m] le) J ! of t I]c vcloci  ty. 1 f III a~,{; waves moving in

botl] directions are presc!nt,,  the A’I’] II Icas\II(d Yu]ocity will IN> ]]ro]~orl  knld h the phase o f

the sum of the two returns, so tllal  a[i(litm]l.al  il]for]]lation aljcmt ttlc Ivavc s~)ectrum (e.g.,

wind driven vs. isotropic. waves) is ]NX(.SW ry it) (II dcx t<) letricvc  tile vcloci! y (similar results

for conventional ATI have beeII p] cscIIt~d  i] I [8; )

Thus far, it has been assumed llia( 1 )1( IJa! r}l is ]larrow  emm{~h  ill t I](! direction per-

~mndicular to t]]e look direction t l,at tl, c slmi  J;II dl~lJ~(’ i]] 1 kqq)]t!t  call  he lleglectcd. In

~n-actice,  the return  is the sum oft IN ~(!I U1 ]] ju~l r) maIIy il~delw]lde]lt  lmtc}les  located at the

same range,  but having different 1 kq)})lt:]  :i)lifts ‘lb obtain  tll(!  illterfc]c)ll)(~tric  signal duc to

all the patches, we expand the look dir (:c( i(li I iL, shout a specific dilcx:t  ion illo. If we choose

the coordinate system given hy fi~, ~, 8 I! I ~ : IJo x i, t lImJ tile di wet io] I vector to points

which lic at thf! same range but alo]lt,  lIIP dilc, lion ~)e) ~]cndiculm to tllc look direction is
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approximately given by

fi s fi[) ‘i ;~o j) (32)

where p is the coordinat~!  along tllc ~~ (Iii (!i t L:)I)  Simila?  ly, it ca]~ hc SIIOW]I that, the velocity

vector  to the point can be approx  illlat t,{] I }y

(33)

where wc have defined VP to b(! t)i(”! IIltit  f(~l JII YI’k }city a]oJIg  th(!  ?; dirccl  i(}ll. ]teplachyg  the

previous two equations in equatic)ll ( 30 ), al I{] ilii  c!g] atillg  ovct p, oIlt:  ol)tailis tile following

exlmcssion  for tlw interfcrometric.  ret, ur I)

where  w(t)  is the ilwerse Fourier tr:L!lsf(]lJIl  of IM’ ((,7)12, iLIId w have illt  r(]duc(!cl  71 == Uc.p/vp,

the ratio of the components of the CUTICII(  iili(] ~j]atforlli  vc’.kwiti(!s  pcrjwldimllar  to the look

clirecticm,  Typically, one has that 7/ <:1,

The integral in equation ( 34 ) is t I]( 1 ‘(OU i~~ tra~wf(mn  of the scat.t{!l  ccl field  I)cq)p]er

s~)ectrunk,  i.e., it is proportional to tll(, fi(lld  tiri~(  covarifillce  f’ullclioll,  (~(i). Furt}lcrmorc,

sinc(! $(w) has  been  as sumed  to  lW a ~}] olml)~lit,y  densi ty  fullcticlJ1, ~~((1)  = 1, and the

integral is in fact the scattcrcd  field  co] J <~liit io]] fuIIct i(ul. TII(: final  I csII)t fo] the complex

intcrf[!rcnnctric correlation function, ‘~, is ~,,it’t,ll  t )),

–ik~;fi~.U~;7  ~1117t,/(1 $/)

[

(+ ‘{ tio T/(J r)) ., ~:; )c-tw7/(1- V)c! 0(,

77 = .1.— . — . — -  .  .

I
,,${”1 .: ~p ‘--- “-”” “-1

~u’(=wk’v)_.—_ . . . .
u) (())

‘N = ~*$J -I L;’

(35)

(36)

(37)
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Whcre,  S2 = il d: Wo. in additiol~  to t lw si~]l:il  decorrclatioll,  tlw cfl{:ct  of  thermal noise

decorrclation  in both channels has also 1 m’]! l[lcluclc!d  [16].  ‘Nw to( al cot-relation is the

product of the signal correlation fullc[iol~  t ill m+ “~,, slid the l~oise  correlation function, ~~.

T}w ]dmsc of -y is used to obtain  the ill(  N fclfl![lctric  vc]ocity, wllilc the ]Ilagnitudc  of -y

governs the variance of the phase (i.(:., VCI( )fity ] cstinlatc  [19].

The efkct of the finite signal ~mdv’idi  ]) is t () makt: the I!leawrcl[m[t  (OI relation func-

tion dcpe]ldent  on the fi~!ld correlation fllrlci  ion, as OIIC would expect i]ltuitivcly. Theefkct

of having both forward and backww ds II a}clli)ll,  waws  is to ii)troclucc  a ],1 Iasc  shift and cle-

crease the magnitude of the correlati[l~l  fuIIcl ion (k CaII write  the c] oss sect ion-dependent

w h e r e  OS and od are the sum WI(1 (]iffcI  cIIr{.’ of t]w f{)] w’aI(]  and ]laCk ]]K)]jagathlg  cross

sections, respect ively.  This shows t lla,t Ml I(  II I t jot]  I forv’ard a]]d lNdw’aI d t I avdiug  waves are

equal in magnitude, there is a dec] m.w I(1 ttl{  o 1] ]elatioxl  funr.lim]  l}y a factor  of N cos wo~,

wllilc  the veloci ty measured corrcslx )1)(I! .SO]{,]}  tt} tllc c.l]rr-e]~!. velo(,  ity. 1 )clmlding  on the

ratio Od/#~, it is ~jossib]c  to add ally ])]l{L~i i~l t 1 I{ rallgt:  :+ W(17 to t ]Ic cst illlat  cd ATI ~~hase,

Additional information, such as t}l(  v;iT i at i III  {If  t IIC velocity a< a fuIlc~io)l of it]cidencc angle,

must  bc used in order to separate thr two f!~l(!ci  \,

‘J’llc leugth  of the integration JW1 iw(l ii.lst)  c, l~ltril}utcs  to tl~(!  dtxoIJ clatio]l of the two

fields through tlm uJ(–rp/(1  – 7]))  tm  III, 1 M c(nit tibutioll  will bc sIIIall a~ lml.g as T >> rp,

where  7’ is the duration of the illtv~,lat  itll~ lX’I it) 1,

4. Sysqm  1)} ;sI(:;  N (X) Ns]DJ:ItA’IIOhI

III the ~mevious  discussion, thmc  a7~ srvcr al ~mrametels which w c fl rc to vary rmd may

bc chosen in order to optimize sys{ (VII l)[!ri!~]  Jriall(:e. Ill tljis scctio]l  wc will examine two of

these parameters: range resolution] wld ild ~::,( i3t IOII tilue.

Integration Time:
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Angular resolution is obtained by ill[ c1 J)] (1 ill~: DOI)I)ICT  shifts  ill 1(!] Ills of a~lgle  by means

of the DoJ)pler shift relation

A

where dj is the resolution with wllicll  a si[,llal  fI (II II the scattering  IMtcll call IN: resolved. If

onc views the return sig]lal  as the ]n oduc[ (d [i dctermiliistic  signal v:llich  call  be resolved

with resolution dj~ = 1/?’, and a Iil)itc  tmdw idth Iandom si~,md whose correlation time

is 1 /-rC, then  the angular resolutic]ll  ~)ossil)l(:  is g,IvmI  by [13]

(39)

It is clear from this equation that tllc IIlaxi!nl)rll  :~llgula.~ )cscdlltioll  whit])  cwi be achicvcd is

given by 6&11= = ~/(2rMC) and tl)a,t  ill(c~l  alill$,  flor tillms  much loIIgc]  1 lm~I t]m correlation

time does not increase the angulal  I cs(dut,i~n ~ si}=.l)ificalltly

Another restriction on the intcgrati(ljl  tililc is giwm l~y til(!  l-t~[l~iir(~ll[![lt  that the range

curvature term, which was ignored ill (’(]llidi<)ll  I C ),c(}xll  rit)llte!;o lllyasrll  allfactortc)tlle

return phase

IICIICC, the requircrncnt  on the illtt!gr;iti(])l  ‘lil!l(’ J~, given  t)y

(40)

(41)

where  f#) is the azimuth ang]c. Figulc  3a I)]c.:NIIs the liulit,s  set ty the ild,c~~ation time on

tllc JI>I, AI RSAR  L-13a~)cl ATI syst,c][I M ;, flil)[[  ioll[lf  ill(:idcllcv  ;i)jgl(’.  Thisvalucshould

tJcco~lll~ared  agaixlst  tllety~>ical  c(lIrclatir]l  tilrlc. fortlwcweayl  at IPllall{l, wllichare in the

0.05-0.25 second range [16].

A further restriction on th~! i~]tc~lati,l] ( )tjiltl(:  i s  delivcd  frol(l t}I( tcIIIl w ~, in

equation ( 36 ), which implies th;it ill (M~k.I  t(l ]lmxil)~ize  the co~lclatioll, it is desirable

that, T >> 7/?. l’his is no t  a  vmy strillf’,~’11~  1~.x~llilcmrl]t since iol the ~]’11 AIRSAR  A’I’1,

~ = ().() 94scc or T := o.047seq  dqj(:]ldi]~p,  (JI) w)j(,~}m  both  a~ltellllas tlii!)sJIlit  o r  Only 011(!

transmits, respectively [16].
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A final consideration in choosi))p. 111( iI~I CII,I at io]l  ti]nc is that hy dec]e~~ing  the integrat-

ing time, one increases the numbm of aIIglcs which cal I be usccl ill fitting  f’o] the velocity

vcctfor, at the expense of spatial I cst d u I iol ~. }11 WWCI,  fur a give)]  ] esolut iml and as loxlg

M the mmber  of looks is large elmu~.11, it is (’qu ivalexlt  to trade one quiillt ity for the other

since the noise reduction by a factor of ,4’
]  ‘7 i< tile SZ.]lIC wilel,}~t:l  OIIC takes the lcmks  i n

ang]c or real space..

Given all the previous considerali(ots, it S( ,(>]J)s ap~n op] iate  to choose  atl itltcgration  time

on the order of ~ 0.1 seconds for tll{:  ,1} ’1, A] t{,SAR 1, l-:alld A’]’] sysi,e]ri.

Range Resolution:

Two considerations put restrictions 0111 II I( dc;ired  ] auy,c resolution: mw wishes to have a

coarse range rescdution  (of the sat]lc mdcl  l.lf llm~tl*itude  as the azimuth  rc.solution)  ill order

to have to avoid making range mi~rat  i(n) co] I (’( tiolm; oxt the (Mlcl  lItiI, d, if tllc range cell

is too large, points at the two extrmues  of tl)[. c1 II ma-y have sigl~ifica~d  ly diflcrent

shifts, which will cause defocusing,.

‘1’hc an~ount of range migratlio:l  wit }li~~ a tl~( illteg~ati(m t iinc  Y’ is ~ivcll  ty

A 7  z: ;,7 v ltl’sin~)

Dopp]er

(42)

If the range resolution is denoted hy Ii, al~I I MV ~cquiw that tl~e ] a~IKc xiLigr ation  be smaller

than 1/10 the range resolution, o:w dc) iw:~ t Iw jl.dlowillg  I est] ictiol) o]] t IIc ra~lge resolution

1{ :> l(h2)sil~@ (43)

For the JPL AIIWAR  parameters, aii il}t {~:,1  :~ti(jl] tixlte  of 0.1 see, aucl all axi[nuth  angle of

3°, this inlplics  that the range resolulio~l  II lUK1 Iw greatcl  than ‘.’ 11 III

The interferometric phase diffmcm  OWSI aII intcgla!  ion lwt iod, d’, CaII be written in

terms of the incidence angle, O, a]ld t h{’ w lnmt II angle i]) the x-y plallc, o, a.$

@ s zi~fii  . ~tj : 21;vTsil,  crsin 0 (44)

~hking  the derivative of this qualltit.y  wit II l(s}xcl  to 0, using tlw fact tll~t  66’ == R tan fl/rt,

and requiring that the interfcronwt  ric IJI; LW clifl(’rence during tlm i]ltq;l aticnl interval and

—
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across the resolution cell be less tlla]~  71 /4, OIIC (lwivm t hc folhw’i~lg.  ml I icti(n]  on the range

resolution]]

](<: . z’’ ___
8iiJOTSilJ  rysill  ti

(45)

Figure! 3b shows the maximum rallgc ] (:solu~  io]~ allowwd, givwl  t.iIc Illiixilllut]l  allowed inte-

gration tilnc.  Recalling that the iic] os} it a(k I csolut  i(nl is Iclatcd  to t lw range  rmolution

by a factor of 1/ sin f), one sees tllal., ~,ivflI  tli(’  (irsired spatial rmcduticnw, time is nc) major

practical restriction on the degradation  of r;k~ Ig,I ~ lt!scjluti(lll  allowed to IIlil,inlize  range  walk

and to minimize the intcrpolatiolj  of t IN’ t i at a ‘J’his  is also advmkagcolls  ill that onc may

take looks by subdividilig  the Ict U1 II dli! 1) sl~:xt.runl  i)l the f(wplwwy dm[lain to cjbtain

independent looks of the same ra!lgc  cc] I v,’llir.ii arc colocated.

Random Er rors :

A Monte Carlo  experiment was I)(!1 for J ficd i [i ordeI to t es{ the ;iccul  acy of the technique

outlined above as a function of th(’ S1]J fa(:~, vclo:i(y  magnitude  and o] iclltatioI1.  l’he  major

source of llmasurcnlent  error is duc to !l)Is  IOS< of corrclat.ion  Iwtwmv) t}lr  two ATI channels,

For each azimuth angle, AI’r Aq’1 ][i(:ti.~l]r(]tl(rti  IJairs welt siunllatcd  by gctmrating  pairs of

circular (;aussian  random numbms  (d ~,i }W i m] rt’lat ion al d slli fled i tl I)}ws(!  relative to each

other as in equation ( 2 ). Using tlwsc (1 at,ti,  tlw interfw ograms  were (m I Iputd, averaged

over all the range samples, and tlw iIIt(II I(’I (J]rlct  I ic phase wa.. cst i~lmtcd.  l~inally,  the vector

velocity was estimated by least squarws i it t I II}; ~ ’11 is 1)1 occss w’ks  I cp(!atcd 103 tirncs in order

to obtain stable estimates for tllc m I (.)Js  al~fi Ili[alls,

We present the results here in tcrll]s of 1 ]lc l,IJlnlalizc(l  veh~city  V’ = U/( A/7).  Figure 4

presents a conversion tab]c  betwc(ll  Il(j)I~,alI  Ywi velocity ami tr uc SUI face velocity for the

va r ious  J}’L AI1l.SAR AT1 configurtiti(}]ls ‘J’}1  r(w Inagl)itudm  of t}Ic ]lor~[litlizcd  su r face

velocity were examined, U’ = ().()5, 0.1, ().2, atd t hc surface velocity (iircctioll wa.11 allowed

to point at 0°, 45”, and 90° relat.ivv  to tlv aid{ ljl~a borcsigl)i  ciiIectioll.  Notice that, when

the velocity vector points along tl)(  look (i] 1 ((li(,],,  a ~lorlllalized  velocity of 0.2 corresponds
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stalldard deviation can be approxi  i[iai({l  1,) its f TIaIIIcI-l{ao  l)ouIId, u’)licl,  is given by [19],

1 ,/(] — ‘#
(,4, , , .

\’;! h’, ?
(48)

‘J’hc solid lines i)l Figure 7 rcprescl)[  t lie rwIl  [ oi I cplacin!, c!quaticnl  (48 ) ill equation ( 47 ).

racy of t}w velocity vector can b[! {.!s1 ililat  oil io] ii~bit I ary mcitsurclnmd c(lllfigurations.

‘J’ranslating  the results in Figuw  ‘i irlt( ! ] {al t(kcitics by usill~ }’i~ul c 4, wc see that it

is ~wssitde in principle to measut  (’ t)w I}H1:111(’1 wm))c)]w]kt  of t ILc velocity to an accuracy

which is  on the order  of 10cnl/s  (Ill a sl)ai ial scale c~f (Kin) x (Hhil. g’his  is accuracy is

a l r e a d y  c)f c)ceanographic interf!st al sJ)at  liil sc tk~es I[mcll  sndlc!x i haTi tllosc r equ i red  by

most oceallogral)hic  applications. ,Sill((!  t }1[ vcl{wity  erl or vrill dccl wi.w’ linearly with the

resolution cell sire, this implies that  vch mil.y 11~[’fisurcroclits  of the 0] do of lcm/s  accuracy

Motion ~ompensation  Errors:

A detailed discussion of motion  UIIIIINI  Ml i{ ~1 I issues  is bcyold the scqx: of this paper,

and will be discussed elsewhere (l Ir]cl a)~’1 lio(ll  igum, iI] pItyatat  icj]().  ll~!rc,  we present

results which arc applicable under tli(, ~olilli  ~ioll:  ~ssur[wd in A~j~mlldix 11.

‘J’lie ~mimary  effect of uncomlx!l]sat  (’(l 1) IIO<[ ion lmols will bc olI tlIc itltcrfcrmnetric  ldmsc,

with secondary (negligible) effects ml t )W :Jylltll(l.  ic alwrt ure ~joir]tillg,  WC moclel  the int(!r-

feromctric  phase  return with mciioli  cfjl[lIl{’lls;tti{}[l  errors  as d’; ~ d’~ -{ d’$’”),  where the last

term represents the pha~e duc to ulwo]ll~mlsat  l’;{ mot ioli ill the look dil cction.  For shcmt

integration times, wc model th~? Irlotio:k  c(l[l]))clliatioll  plIam crlol  as

(49)

In the limit of many observations, (OIC (tilI Ityl:t( c the summatimls  ill equations ( 61 ) and

( 62 ) by integrals. ‘1’hc errors duc t(l III( d ion ((III Ipensat ion call tlwll tw V: I itten as

(50)

(51)
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where  Ta is the total time used to oIM!] w tt,l Lmgct while forl](ilq;  tltc velocity vector

estimate. These  equations show tJIat t lw ])n}wll~llcular  colnlxnmlt  of the wkwity is sensitive

to tlw mean uncompensated pat]) ii~lcl i 11~ ] iid ,rl I accclel  atio]l;  the Iml tLllcl conq)oncnt,  on

tile other hand, is sensitive to uYl(:cj])i])[:tis.~.(  ~(1 1,~clial ve]ociti(:s. ‘.I’l)C ]IIC%C1lCC  of the 1 /~)~;

factor  in the dcnominatcm of cquati(ul  ]Ii,. [..c k < t t~<’ palallc]  colilj~ollcl]t  IIill[:l]  nlorc sensi t ive

to residual motion errors than tllc lJC1 ~)[li{lilul:l~  col~q]ollent,

An additional systematic scmwc of [I 1 ~)] [s duc to mislegistrat  i(ul  l~etwecn  t h e  t w o

images. Since misrcgistration  leads t () ii f! A])J,I!  ent xootiorl of’ C)]W illla~,c  relative to the

ot}Ier, call also lead to errors ill tlw c<tll]l}ltc[i  velocity. If dx is tlIc raxI~c  or  azimuth

misregistration,  the induced errol crrol ill cit II(I coxn]~cnlcnt  of the vclcwity  is given by

(52)

W h e r e  [J == /)J_ Wh(W  6X is a rall~t!  ]lli$;~t’[:;s~lii(  ~on, ano [) : ~)11 W~ICII ~z k a n  a z i m u t h

misregistration.  This type of ]nismgistl  at i{ III is I )1 ese]dr if the int whn 011)(4 I ic lmse]inc  or the

aircraft velocity are estimated ilm II ]t’ct 1 y.

6. VATI ]) EMC)NS’TRA’I’JON  l}!+IN(;  THE ,1]’] J A] ]LSA1{ ]NSrI’RUhlENl

1]] this section, we briefly ~j)(w~)t  ] (: .ults  {~1 apl)lyillg t tic VN1’1 al{:orit  hm dcscribcd

here to interfcrometric  radar data acqlIiIfil l,)<ill~, the 1,-l~mld J} ‘1, Al liSAll AT] configurat-

ion [16]. A fuller description c)f t IIc details of 11 (e ~]r(}c(’ssinp,  will Iw l)rcsclltcd separately

(Imel and Rodriguez, ill prcparatiol,:).

‘l%e data used her(! was COIICCIU1 (,v, ] t II( (h]] J it uck Sounc] (No] I h Grolina) which

lies nortlJ of Kitty Hawk Beach, t]){:  Aliw!{ II Iii.I  II Scm]ld , anti Q))(!  1 lat trras (see Figure 8),

~’hc JPI, AIRSAR  ATI instrunmd  fi{v, i~l t }1{:  S( mth-[!ast dil ectiolJ, rougl]ly  following the

western coast c)f the sound. 1 rt)i~.1i(.1  A’J’I  (i;~la  were ~:ollectcd  ald 1)1 OC(’SS(!CI  using VATI

IJroccssixlg,  Unfortunatc]y,  wc have )1[.) [[t t,(lIId  L 1 [lth data fol this site 1 )llc to the enclosed

nature of the Sound, however, wc MSU1[I(’  t Ila{ fl[~v;  in tile Sou~~d )t[ust  1)[! d(nnillated  by tidal

currents, whic]l  must bc roughly IMII allcl 1(, t II(’ hound axis. lllllolll(]~,c~l(’itif!s  ill the observed

currents can be due to interactiml  \\’iil[  t }](’ l.jolll]daties,  or with  t)ot toll]  to~)ograp]ly.  The
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south-eastern section of the prc)ccssml  il ) )z1:,( als } cent .aills  data ft 011  I a ctmtid  region on the

Atlantic ocean.  Wc expect the wave lwi~,li  1 ill t i 1{ soultd  to bc km’ (wit]] C(H responding high

temporal c.orrelat ion times). By cm It)r a~t, w{ exl}f!ct  significant  wave IJmtion in the shoaling

region of the Attantic Ocean,  lead in!, to s! ml h:i t,enl]mral  cotrclati~  n). \3fv cll~phasize  that,

du[!toth  cabsencf  !ofgroundtruth  data, LI,(w: tire IIlercly s;)(![:ulatio)ls  }m.sed on “typical”

conditions.

lrigurw  9prcsents  thccstimatccl  vectol ~(lwil. icsa,ftcr  av(!ragirq’,of  thllcsultsoverap-

proximatcdy  (300m) 2 . Tlleil]lage)]li~llt]l{is  isttlc  unfocused  SA1{ i[uap,~’of  tlwregicnl  after

equalization by a ramp in the xa]l~,c clilw(i(ll~  t(l comlmlsa.te  f’o] i)]cidcllcc  al@e  variations,

ll~tllis  illlagc, la)ldcax~t~e secxlasl)ri~,llt j(atl)r(ix)t}  le~]~)~)c:lrigl)t  lIaIId (south-cast) and

lower left hand (north-west) corlwrs. ‘J’11(  (liil} ~)atch ill thu s(n]t.11-ca,st  (:o~ncr  rc~wescnt,s

returns from the small bay shc)wli ill l’i~llr{ 8. III addition to tl]c Land ]cturns,  there arc

modulations in the returns fronl  the  wwtc I wlli[ Ii call  bc as in-ight as ttl(!  returns from the

landas  wcllas lesser-modulations, It is Id kr,wn  wlwthc!r  thcs(! l[l(~(llllatioxlsareclucto

t)at}]y~~~etricm odulatiox~o  ftllev'a\'cs  })[c~rlll1j  t) to local  willdgustillg.

The vector velocities in Figure g SI)~lV,  ~t)]],,tc]lt  structulcs  ill ]a~ig,(!  and a z i m u t h .  A

I)ossibly  s~jurious  effect is the lll(~dulatit~l,  t,:~llti! ill the pamllrl  velocity wl~ick~ are visible

from near to far ranges, perpe~ldicu)itl  to lILC ;iilpla]lc lleadi]l~,, This IImdulation  is most

clcarl.y  visitrleat a distanceof m20k111 alOII1’, tla($ Since these barlds haw signatures in both

water and land, and for all ranges, t)ie} I1!:L):  III ducto  ~lllcol~llje]lsat~:cl  nlotion  (dctailson

tllel~lotiol] coxl~~)ellsatioll  used arc will INIIWSC[(lI’C1 t)yl]!lcl arldl{oclri~,ll(  :z, ill~wcparation).

Figure 10 shows a histogram for t Ilc t v,( 1 (: OIIIJ }oncllts  of the w!locit  im s) ImvlI  in Figure 9.

These velocities are consistent in ordcl of llia~:llituclc  with expected curlcnt velocities for

both tllcrallge  ali{lw,i~~lutll direct  ions, al~llt}u{;tl  thetilollg  track  colu)m]w]lt  shows greater

estinlaticm noise. T~lelllagnitudcC)ft]~(’  l~t>l~)(.’rld  llularc olll~~C)ll[!l~t,  0]1 tlwothel hand, shows

a hard limit  in the histogram due to ~Ii\]~ aIOIIIId  cfl’ccts  of the IJh:Lw:  diflcmncc  ancl  could

be~)ote]ltially  berelnoved  llsillg a~)llasc ~ll]\vrtill~)i)  lgalf,(]ritlll[] [24].  AsexIx!cted,  lnost o f

tlm current is~~aralleltotlleScl\llIfl  axis vlli(.11 (liangesf]oln  bcillgat  :i slight  angle to the
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flight dircxlion,  in the beginning of the IM:., t{] I)tiT]g al~nost perfectly ali~,ll(:d  with the track

direction in the western bounds-y, t owa] d’ t IN ii (d of t.ttc  paw (SW Fip,urc 8). The largest

cohcrcmt  feature of the current is a st I<lIIJ: l(N!JI)( ~lw~d which is very  II(VIT 1S tangential to the

eastern boundary of the Sound. Tlm c is ;lIw) Z. strollg conqwl~cnt loacatcd  at about 5km

along-track: it is not clear whethm this  is :~]1 a] 1 ifact, or can be att[ ibuted  to wind gusting

or the narrowing of the Sound at tlw IIOI 111(:111 IN IIlndary  of the data t ah’. Since the velocity

increase is only present in a small sectim~ (If’ the watec, alld not thmug]l  all raliges, it is not

very likely that it can be attributed to ]]1(,’li<~ll  ( <}mpcnsrition  e~rors. Wr IIck the presence

of coherent, velocity patches which al c i)l})l]rlo~;~llcn~lsly  distributed ill tl)r ra~lgc direction,

again arguing against motion coIIII, )cIIs:it i( III  (T I i os. ‘Jllesc velocity modulations sometimes

coincide with brightness features (sout hc: n INi! [ of the run), Imt m e sometimes present

without any perceivable surface lllallifrst a I i{ H). l’inally,  we notv thr slioalinf,  zone current

seems to bc! significantly noisier thal~ tlw v[lo(iti[:.:  in th(c SOUIICI. g’his  is lm:lbably  duc to the

presence of strong wave motion or t rur (UI I t:td  vttr iabilityi  Neverlhcless,  tlw shoaling current

seems to follow the shoreline closely, ill a{.rrrIlll  II( wit]l  itltuitivc  cxlwct at imw. Finallyj we

note the prescncc  of non-zero velor. it ics owl sw i N: of ttlc land x cgiolw. The  largest vectors

seem quite noisy and appear to b[! di I c(:1 (!( i af’,a i T 1+ the Irl.ain flow di I ccl iol 1. whether there

is a physical mechanism due to these WA x i tics, (II whether tllcy am xImasure]Imnt  artifacts,

is an open issue.

7. (: ON(:] lISIC)NS

We have presented a new teclll)iquc fo~ ]lwa.~urin~  vcctc)r  ve]ociti(!s  flol[l  uloving ocean

surfaces using the angular diversity p] fn’idwl b} the a.r, inluth bcmnwidth  of the ATI instru-

ment. Wc also presented a physical scat I (!1 i~ q; I) It ldcl for t.}~c n[emured  vch wity showing the

contributicm  of current and Bragg  wave vcl(h(’it  I l:s to tlw fk-d II leasut  cd velcjcitics.  System

and processor issues were also acl d rcss[t{i ~ arid fi(msitivitj~  equatio]ls  W(!I (: dcn ived for both

components of the velocity. ‘1’hww cqklaf.  ioits  q!,reed well witl~ a sil[lulaticnl  of  the mea-

suremcmt. Using the parameters for t IIc J 1‘1, A 1 RSA R i] 1st r un~cxd. wc slmwed that useful

measurements c)f the surface vcloci t y coul(l  1 IC I I rode, ~)rcwided  ~J)itt ial aveI  ap,iIIg over a few
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hundred meters was performed. W C a)sc} al!alyzed tllr effects c}f ulw.cj]llpcnsated  n(otion,

and showed that this may be the  do I[li Ila I It ctl)lt  I ibut or to systc]llat ic m rc)rs in the parallel

componcxlt of the velocity. To df:]rloltstl  ilt ~’ t II( tec}llliquc,  wc ~mwcsscd data taken over

the Chmituck  Sound (North  ~an.dills ), ;in~l s] 1{ )WCX1 that the ]ttcasul  (:cI vclcmities showed

coherent effects which were not iIIc(uIsi%tmIl  WI1 )1 phySica] C! XjlC!CtatiOIIS.  However j due to

the lack c)f gromld  truth, these ol)s{l~ilti)ll~  otllld  not b[! verified. WC cc~~wludc  that the

technique presented here is pc)tclhially  wv y useful for oceatl  c.uri WA lmasurements.  To

make the technique viable will rcqu ir { w’ 1 y go d platfo] m xnoticm  xl Iciisurel]lent,s.  We be-

lieve

GPS

that, these ]ncasurements  alc CUI I t’xl[ IJ lw,omitlg  fcasildc with t lie usc of diff(!lential

coupled with accurate inertial ~laviy,at,i[)li  ~lt~its.

In this apprmdix

spectivc.  The range

by

After making a translation to accoultt 10] {,1)1 d i’.] Awexnc:lt twtwcml t hc two antennas, the

range from the second antenna to t,lw t,a~ f,~ !t is ~,i ven by

{-””

.-. . . .
;

T2(t) = (p(l ~~ (i -! 7 )L’., ); I [(IJ -- Ull)t --- Vi/7 1 (54)

H a d  ther(!  been 110 perpendicu]a)  COIJIII[m(>IIt  t‘ I the velocity, t hcnl o])( wcmld have t}lat

rz(t) = r] (t — dt.), where tit = ill17  /(7)  till ) (()] tfSIjcn](ls to a colistallt Iil]lc shift be tween

the two signals. When UJ # O, t,}lc Icltit iol}~;lli])  i’. IIC)  longyv exact, ])ut cal, tw a~)proximatcd

by

(55)

So that, in this approximation, the phiisv lli+;l{ II} f }r the second  poild  target  is [!qual  tcj the a

time shifted version of thf! phase shift f(,t t 1,(! fir si t ra~et I! lultil)liwl  t )y a ~ J)mc  ~)ro~)ortional



24

to the pcrpcndicuh.r  component, of t II( v(1( wit). TIIO F’ourim t ralisfor  III of the signal from

the second antenna will then be ~,ive~l  ty

wlmrc! G(i) is the antenna patta  J1. hflaki II[d, a ( ]!angc of wu ia~dcs,  a?Id alqdying  the usual

stationary phase approximation] [) 8], Otl(,  iilt(ls

which is identical to the result  oht ai~lc{l u’ill~,  t Iw geonwtric.a]  ap~noacll

The additional insight affordccl  by t 1, IV SCCI  )1 Id aJJp] oac)l is t lIal (~] )C r(!cognizes that

estimating the parallel velocity ct~ln~](~lwllt  is t“.:uivdcnt  to cstilllati]lp,  a shift in the two

intmferomctric  images in the aloll{: triick (Iilect  t III by the aumullt  illl~.  ‘1’)lis  ~)oint  of view

can also give rise to different iml)lcl[ic~lt  al i(~]ls of t }Ie alg(n ithlll  ~wescl]ted l)cre. For instance,

if O1lC uses COIWeIltiOIIa]  SAR m(:l.~Iod L t(i  f(l]Jl I t~le two images, t IIcI1  t 1 [(! })crpendicrdar

conq)oncnt  can be measured by cst ilil;ii illy,  1 IIc 1 )htw: diflerencr  lwtwuvl  the two i]nages,

while the parallel components call  tw ~[wi.~~11-t.(i by filldi]lg the optiloal  alolig track shift

bctwccn  the images. This along t] ack slli~l COU1(l  he Tllm.sured by local esti][lation  of the

along-track correlation peak.

In this appendix we derive the CXINLC.IC  I staldard  deviation of t hc vdocities  assuming

that the bcamwidth  is small, and t lw lWLS al t u II ifornlly  sam~dcd ill an~;ular  sJ)acc  and are

symmetric relative! to the broadsid(’ direct i }11
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In the small angle approxirrlaf IOD, t})t: in~(!rli’lomctl  i( phase call  Iw written a~

(59)

Assuming uniformly spaced synthct  ic a]m t u] c< wc call  writr

the variance  of the estimated v[!lcwit ics {lv Ki w! I ~ by

w,, = .—. .
4is) “(l; “v’hi;; - “’; -

—. - .
N;l;

(61)

(62)

(63)

(64)

(65)
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Wavclcmgth  (cm)

Azimuth Bcamwidth  (deg)

Nominal Altitude (km)

Nominal Velocity (m/s)

Along-7kack  Spacing (m)

1-----Along-hack S~Jacir:g(wavclt:Ilgi}l<)

Nominal Revisit ‘1’imcs (msec)
— — . . — . — — .

Table 1: Parameters fo] tlw ,)1’1, Al IMAR A’J’1 il)strulimlt.

(:li’illd Irlliild.. ___ ._. .—
:), ‘i 24,(1

2,’, &

g, ‘,) 8.2

p]:, 215

],!: 19.8

3[ 82

4 :1/Y. () 47/94
-—— . —  . . -

q’o maximize measurement sciisit ivit}, ilI( 1, baml confip,m  iitio]l  wit II t,lIc

L-Iongcr revisit time was used in tl}lis  IJ])I) c I.
. - .  - —  ——. — - . . .__. - _. .._
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Figure 1:  Conceptual  diagra~~l  of t]){’  ~fl~ii~lire]n~llt  co]]rc}lt ~oI tllr VA’1’1  t echn ique .

‘Mc intctvals  between tick marks  aknt~,  t)lc fli~tlll  path rcprcsi:IIt t}Ic sc~,l[mits  of data used

to form t,}lc! sylkhetic  beams  (dasllcd Ii)l{s)  I)(,] Ilted at tllc surface ~EIt c}] in the direction

fi(~)), where  q$ is the azinmtb  angle. I;ii(lt  i]lt et Il:ronwt  ric lll(!asurwlwIlts  is l)roportiona]  to

the velocity vector projected on t )w look {Iii (x:t ~ot],

F igure  2 :  For  s t a t iona ry  tal tp,cts tlmI c [t.ists  au ap]~:loximatc]y  lillcar rclaticmship

between the azimuth angle,  f#J, arlcl tlw I h)l)})l([ shift, Q (didIed  lilw). Witcn the target

moves, this relat  ionsllip  is shift 42(1 1 I}’ d)/l 2:: 2), U1 (m f#), w IIWC 4) is t })(!  illterfcroxnctric

plmm difference and T is tbe revisit. tiIllc };itlc(:  4) caIl  be mmsured iI]t(:]mdcrAly  of Q, tile

rclaticms]lip  between @ and Q car) lW CS[ aj ,li~}lc,l (solid line).

Figure 3: (a) Maximum intc~~atioll  til II( al I( IWed f{j~ unf(~cuscc]  SAll  l~locessing  for the

JPL AIRSAR  L-Band system. (b) 1,ar~,cst  x iiIjg( resolution allowed by the rw stricticm that

the I)opp][!r signatures from the fi ont alt(i  1 ~:i,cl {If tlw range. pixel liave  t }~e same Doppler

signature. The azimuth angle was assu J it(: i t (~ t ~! 3.5C’ for bot II cases.

Figure 4: Conversion table tx:twcc)l t ~ 0{ Yttdial ve]ocity  and IIorll]alizecl  velocity.

Figure 5: (a) Dwell time  of a 7(’ a]lt(u}ll:t as /. fu)@,ion c]f incidmm! at@, The nominal

3clll  bca]nwidth  of the JI”L AIIWAI{ 1,- I\aII(~ all[cnna  is 8°. (t)) Nu]nlwl of look angles pcr

dwell  time and incidence angle giwn; al, li]lf{~cu~(ii  SAIL intc[>,jatioll  tilllf  of 0,1 sec.

Figure 6: (a) Azimuth rescduti(l)l  aC a fi) t Irtioll  of inci(lcr)cc art~,lc fol a 0.1 s(!colld

integration time. (b) Number of ] an~( Io[)ks IN( azilnut h resolution cell  a-s a function of

incidence angle, and assuming a 40h4 t 1~ cltir~} lxi~ldwidth.

Figure 7: Estimated standard devial i(,~~ oft )Ic pa] allcl col[qmxmd oft lIe radial velocity

froxn Mo]itc Carlo  simulations (syJIklI(t]s)  [III(I  t Iwory (solid Ii]lc). ‘J’hc velocity vector can

point along the broadside directicnl,  ~, : (I “’, at 4!) dqy ees to tile look direction, ~~ = 45°,

or along the velocity vector, @ :- 90(’. ‘1’lIc II(II  I[l:ilizied  ltlagltii  udcs of t Iic velocity wt!re 0.2

(+), 0.1 (0), or 0.05 (A).

Figure 8: Map of the Curlituc.k  S{N}T)II  1 c{:iI~N in North (ki~oliila  ‘1’}tc  SAR swath is
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approxinlately  giw!n by the parallekl~,l  ~1[) ill till’ midclle  of (hrrit,mk  SmIIId.

Figure  9: Estimated vector vclo[itie  fw the (;uu itucl  Sm]nd  data ‘J’hc un focused

SAIL image is presented to help s~!paI at c m U] 1 and kuld returns. ‘1 ‘Ilc rcd vectors in the

up~)cr  right  hand corner represcld  2 ]11,/s  I ~t(iiitl  and azinmtll  veloc.  i tics. hTotice  that one

needs to multiply the slant range  lry a fac.i 101 1 / sitl 0 zx 2, whcm O is t )](: incidence angle, to

go from Shmt range to ground s~)~~i))[’,  ill t )11’ 1 an~~e direction

Figure? 10: Normalized histo~~ a][ls of t II(S ~w~allel  (solid lil]e)  aud lw1 jmdicular  (dadled

line) velocity conlponents  fo the (;w I it UC] $ou[id data set.
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