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1
METHOD FOR DETERMIMNNG THE
COMPLEX SCATTERING FUNCTION OF AN
OPTICAL COIERENCE TOMOGRAPITY
SAMILE

CLAIM OF PRIORITY

Thas application chams the benelit of 1L, Provisional
Applicanion No. 6IF602,652, filed Mar. 17, 2002, which iz
incaparalod o s endrely by reforonos hercin,

BACKGROUND OF THE INVENTION

1. Field of the Imvention

The present imventsnn nelates generally ta apnaratoses and
mthends foroplical coberence toipography, srd mone speciki-
cally o apparatuses mnd methods for providing improved
ol coherence lomogrphy imasges.,

2 Diescription of the Related An

Ursdical coherence Tomography (OCT) g widely wed in 2

msilacins o imge fissues of various part of the body. See,
.. T. Asalra, “lerernanomal rrewds i opice aond plesbomic
ICO ¥, {Springer-Verkig, Bedin leiddbenz, 199%) pp. 355
38 10 Honng, e al, “Chtical coferonce tomagraphi ™ Si-
ence, Vo, 254, pp. VITR-D181 {1991 k& JL G, Figimnalo, of al.
"ﬂ,ﬂiuafbiqm @l FErETARE s eurion] colerence fomog-

© Narore Medicine, Vol, 1, pp. 970-972 {1995); AL B
[‘m:hn' C. K. lhwenberger, G. Kump, and S, ¥, El-Zial,
“Measwrement of intravcular distances by bockscaieriog

imterferometry,” (pr Canurn,, Yol 117, pp. 43-38
(19955 G, [ lassber and M. W, Lindler, “Cobanence radarand
specirel redar  New twols for dermoivlogiool disyrosis,” S
Biamed Opr_ Vol 3, pp. 21-31 {1908 ): M. Warjtkswski, B A.
Levigeb, A. Romabeayk, T, Dijrscewski, and A. T, Tencher,
=l vivo buman remal imaging by Fearier domane oprical
cakerence femegrapdy ) 2 Blomed, o, Yol 7, pp. 457463
(2003]); K. A Leitpeb, C. K. Hienbenger, and A, F. Fercher,
“Performarce of Fowrler doniaie v Hme domars aprisal
cakerence tmegrapdn: " (pcles Express, Vol |1, pp 880804
{20037 M. AL Choma, M. V. Sanmic, C, Yang. ond L. A Lz,
=Remsirhvity advanrape of roept sownce and Mruver dosiein
aptical cokerenoe fomograply: ™ Owics Express, Vol, 11, pp.
2183-2189 (2003); K. A, Leitgeb, €. K. Hitzenberger, A. K.
Fencher. zmd T. Bajracrewsks, “Phose-shiffing algoritien Io
aciieve bigh-speed long-dopthramge probiog by frequency
demuzin aptical carereace iemiograpky,” O, Len., Val, 28,
P 22002203 Q2003 B, A, Leigeb e al. “UTnchigh rego-
fution Fearier domain option] coberence  frmograpin,”
Opics Fxprees, Vol 12, pp. 2156-2165 (2004).

Flis%s. LA and 1B schematically illustrate tove O30T con-
figmrstions for use with the mwo major sechoiques of OCT
timse-domezan O T zad frequency-domain OCT, respectively.
In both fime-domain 001 angd frequency-domain O, a
brsadhamd E]_.Ll'u source 1, spch asa h.l.‘lll:l'llmlillﬁulﬂi i,

a mode-Jocked lagser, or even a sUpERCOGIINIIN pENERg

fiber, Feods am imerferemctor 20, nepically a Michelzon imer-
Fermiter. A reference broadhand misnsr 30 15 phoad on ome
arn o 1he wierferometer 20, and the tssue 40 15 o e mber
anm of the tnterferometer. In the OC T configurations of FIGS.
LA and 18, the bght sowrce is split inlo bwo Gebds using 2
beam splinier 50 or & fiber coupler (FC), and cach field is
directed towcands one arm of the inderferameter 200 The
reflected light from the tissue 400 and from the relenece
mirror M are combined collinearty at the detoctor 60, The
kasic difference between time-domain OCT and frequency-
domain OCT is thed in time-domain OC T, the reference mir-
ror M 55 3 movable mirrer, which is scanned s a function of

|- d
in

LT

L]

g

i

s

2

fime during ibe image aeyuisition. However, in ithe fie-
quency=domain T, there are nis misving pers, wwd o the
detector e, the spestrum of the inkerference betaeen the
two peflecied signals coming firoam ench anm of the interfer-
omieter s reconded by naeans alan optical spectrum analyer
(CISA), e, a charped-coupled-device (CCTH armay with the
appesprEse eezing optics. Thene sre significant advantages
ol Meguency<boman 0T awer imeadomain OCT, sech ax
higher spead and higher semsitivity.

SUMMARY OF THE INVEN TGN

T coriaim embodiment s amelhod delermnes te complen
seaitering function of o portion of o samgle onder amalysis.
The method comprises providing o magninede spectnam of &
couplex spatial lownier transfom: of 3 conplex iotermediate
fimngtion. The conuplex intermediate finction is dependen:t on
the complex sealtering lunstivn ol the porin of the sample
uncer amlvsis. The magnitude pectinam i obtained [om
power spectrim ks of frequency-domain oplical coherence
wigraphy of the pariios of the sumple under mmalvsts. The
methid fisther comprizes providing an estimated plase tenm
ol the csniphes spatia] Fourser irans ke, The ncthasd further
coinprzses mubliphyiag the mognlule specirum and 1be et
mated phase orm iogether o genersie an estinsated eomplex
patial Fourwer iranslonm. The meibod furibher comprias cal-
culatisg an inverse Fourer irusforn of the eviinested com-
plex spatial Founer trnstorm. The inverse Fourier transtonm
ol Thestimatod conmples spatial Fourier Drums fism is 2 spatial
fimection. 'Ihe methed forther comprises calenlsing an esti-
mated intermadiste fanction by applving at least one con-
stmant o the iverse Feurier transtorm of the cstimated com-
plex spatial Founer irmpesfonm.

lo venuin embodiments, ¢ ampaler syslam ompnses
means for obraining 3 magninode specmam of 3 complex
spalial Foaurisr i fomm of o comple inbomsadiate lmetien.
The cemplex internedinte function is dependent oo the com-
plex semiering function of 3 pertion of a samaple under analby-
gis. The magmaluibe specimm iz obtamned Taem power spoe-
ium  dete of frequency-domain  optcal  coheremce
tomography of the portion of the smple wnder analysis. The
compiter svstem farther comprises means for estimating an
estimeated phase term of the complex spatiod Fourier trams-
fisrma, The conpalier system Nisther comprises mesns foemal-
tiplving the maguatade spactrum 2od the estimated phase
terms together te generle an stimated complex spanal Fows
ey Lransform, The compuler sysiem ferber comprives meuns
Tor caleulaticg an iverse Fourier transform of the extumated
conmpbon apatial Fousior tranzform. The tnverse Foarier brans-
fisrma 420 1l estamatiad comples, spotiad Fourer mmsbonn o o
gpatial fumction. “The compwier system fortber comgprises
means for calenlating an csfimated indermodsas: fanction by
applying ot beasl ope constraial bt igverse Fourber bans-
form of thee estimated complex spatial Fourier tramsfonm.

In certan ewhediments, an opparies messures o -
guency-donkin aptical erlennos mography power Spec-
trurn [rm a0 simphe. The apparaie: comprizes a basdband
light sewrce. The apparatus furbercompnses anoplucl spec-
trurn snalvaer The apparanks furher comprizes a parially
nelhcive element opieally coupled 1o te lighl seunce, w e
opiical specimam analyzer, snd fo the ssmple. A first pomicnef
light from the light soupee is reflocted by the pamialby refloe-
five element and propagates o the optical spectnom acalyeer.
A secomd portion of light from the light soorce propagates
thremgh the pamially reflective element. impinges the samplz.
reflects fmoun the sample, and propagates io ke optical spec-
trum analyzer
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3
HEIEF DESCEITTION OF THE DEAWIMNGS

FIGS. LA and 1B schemarically illwaie rose O T ooi-
frgorations for use with the mwo majoer wechaigues of OCL,
tumse-domzan OCT and frequency-domain O T, respectively.
FEGS. 1A and 1B represent prios an.

FIG. 2 1= 3 flow diagram of an cxample fertive enmor-
reduction methed for detennining the comples scafiering
function fiziof 3 sample in accondance with certain enshidi-
menis described berein,

FIGS. 34 and 38 sre graphs of the magnitude and phase,
respoctively, of ancxample sinulsied comple tisaac scatier-
g funoion (solid lines) and 2 recovered complex tissee
scatiering Mpction {dashed lines).

FIG, 4 3.2 graph oo the compaled piswer spectrum, i 2., e
square of the Fourier tandform magninsde of the armlaned
laue seattenmng funcion of FIGE, 34 and 38,

IG5 5A and 513 show dlse magmimde and phase. rspoc-

tivehy, of the simulated tisme scattering fimetion {solid lines) -

s Uhe recoreered lissue scablering lanetion {cdashed lines) i
anciher examgle simuiation in which z, equals showt 1.2
i blmetere,

FIG. & 15 a graph of Uk compuled power specinam of b
simmbxiod complex ssue scattoring funetion of FICRS, 54 and
5H.

IGE. TA and TH show the mapritude and phase, nespec-
tivehy, ool zn exumply amnl=tsl hsase u‘ull.ﬂ'inﬁ Tt
{mediad limesh s @ recovened tissue scallerning lunction (dashed
line} for 3 mtie of Rimas {1211} approximately equal 1o 5.

FIG. &5 o graph ol an example simulsiesd power spocLoom
with an addad 3% peak-vo-peal amplitude unifosm randon
mise.

1G5, 9A and 91 are graphs of the magnitude and phase,
respectively, of The simulated issue seanermg function (salid
Lines) comrerponding te the simulated pewer specinus ol FIG.
8 and the revoverad tissue scattenng function (dashied luwes).

Flis. 10 schematically illustrases an example frogueney-
domann OCT configuraticn compatible with cenain enbodi-
meenis deseribed herein,

DETAILED DESCRIFTION OF THE PREFERREEL
EMPOMENT

In ceriain embodiments descnbed herein, 1he concepl of
mirimum-phes unclions is apphicd 1o mpreve optical
coborence  lomogruphy  svstems.  Cerluin - embodiments
desonibed herein acvantageously provide a simple processing
techmigue For the covvenlion] lregueency-domain C0T wn-
Gigaration that enables a hetter sipnal-o-paise o, an
i proved messuremient mnge, and that reguires 5 lower-rea.
Tstvenn optical spectrum analdvaer than the currently existing
processang  lechnigues. Cermin embodiuents  deseribed

herein rely on the propeny of sunmsum-phaze fanctions

{MPFs) 10 advaniszeonsly allow a fanction, complex o real,
i e secovered froan oaly s Fowmer wansfonm (F1 ) magi-
Ttk daita.

Cierumn embadiments deseribod herein ane useful i cons-
paepimplemenied aslyses of the complex ekl seativring
fumcibon of frequency-domain OC]. The genceal-purpose
compuicrs wsed e such anabyses can take a wide vancty of
forms. inchiding network servers. worksiations, personal
compuicrs, mainframe comguiers amd the lise, The code
which configures the eompuiar e perform such amalyses is
tepxally provided to the user co o compuber-readable
meddmm, such s 3 C1-ROM. The code may akso be down-

13

LT

L

i

s

4

loaded by o vser {rom a nefword server whicl is parm of 2
hrcudeamnz metwark (T AN] or o wide=aren netwerk (WAN),
such as tle [nbermet,

The peneral-purpose compuier mnning the sofwane will
rypically inchude ane or mone tnput devices, siach s o moiss,
trckball, wmachpasl amlisr keybimrd, o display, omd omm-
puter-readable memory media. such a8 mndom-access
memmory {RANM) miegrated cincunts and a kard-d=k dave. T
will be appreciziad ikl o or mere porticns, or all ol the
cole iy be remabe from e user sl for example, cesdenl
o a network resouree, Aich aga TAMN server, latermet semves,
oetwork sorage device, eoe. ln tvpscal ensbodinseats, the sofi-
WA FECRIVES A% an iNpul 3 variely of information concerming
the meerial (o2, siruciural infomeaiion, dimensivns. peevi-
oushe-mezsured magninsdes of retlection of rammbssion
EpeCin).

In aypical OCT conligursiions, such as thosge shown in
FIGS. 1A and 1B, the e fective complex scamering fanctica,
which inchices in its definition both the tissue 40 and the
relerence mirmsr 30, either is o minimum-phase fumction
(MP) ar is close to being coe. In cerfain embodimmis
deserihed herean, this property alkws the effective complex
sezltering function e be necoered by mens of either the
amalytecal Hilben tmesfonmation or the ilerative processing
ol the menaard prvwer spectrem ki,

Tn the froquency=domuain{ )T configuration schematically
lusaated by FIG, 10, the complex fedd scattensg fumcton
(sometimes 2l called the seatensg potentinl) of the Bxue
ulioenest is fle), whens ¢ s simply the depth inlo the Bsue,
witl: 220 definang 1he tisue. The spectral meensity duirdbu-
tion of the broaclhand soarce 2 5k, where k=225 and b
the warvelggth of light 1o the [wllowing desapiion, e
oocaon i close to ot given by . IBusler and M. W
Timdlber, *Codeereies rndor sad specoral reder—New gl for
dermatodogical dagmasls, " S Blomed. Ope_ Yol 3. pp. 21-31
(149K} "The power spectnam detectad ai the optical spectrum
armlyzer (O5A] of FIG, 1R can be wrilien a:

TN EE S Lr:!:IT-ﬂ'l,Fﬁ"hf'. J{

where glZ 1R 140 =) umed 15 peferred we henem o the
intermediote unction or the effective scoaftering Tanction of
the sysiem, A7) s the spanial [Nirse-delts fusenon, k=k-2
Tk, By B U comer Irequency ol SIkL R i the (b neilec-
tivity of the rederence mairmor, £, b ihe olffset ditance betaeen
the refarencc arm and the e arm as shawn in FIG. 1R, and
0 1> lhe refroctive dodes of the lizsee, whene the dispersion of
the tisste bas been assumed o be pegligitle and is ignorsd.
i e khsnip This last assumpasan is quite sa'c and has alsn
becn used in other tremments of OCT. If coe defines the
spatial Fourier transfom F 1) frogoency 35 f=—knJn, then
the eapression in Fay. {17 takes the fem ol @ Fourier brans-
firma:

WSt

wliere Gif 1 15 the spateal FTofplz} Re&z 1 afi{z =20 S
iz hreesd and smonth enoagh e determine: the resalution of the
OCT systeny, (ben [ s 1G{FU", where s is simply a propus-
ficmality comsinmt.

‘The comventional processing teckniques of frequeency-do-
main OT measuremenis are based en a processing algoe-
itk which direcily takes the imverse [T of g, (2], Certain
embodiments described herein are companed 2 the comen-

(g
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fiomal processing techniques by assuming that Sif) is broad
enoangh o present 3 simple aral i companssn by assuming
theal, wilboud Joss of generality, the consiont s bas been
dropped, i.e. I(=1G(11*, This assnmption will slso be mode
For e oot sonad processg Lechmigues, so it has no ellec
on 1he dicusson berein and The effect of 30) oa the resohs-
Lo e O30T svsteen i na relovar 1o certan ambadimens
deseonbed herean

In the cosvenional processing ochmigoes, inking the

innverse Fourier irsnsforms (1T ) of the msisored 05 A spog- 1

trwin (K GOF)Y ") directly yields:
FTIGEY= B LC ] R -2 e

B fimer] (1)
where AAL" denotes the complex au-cnrelaiinn funedion,
and *¥* demdes the eomplex comnjuiabe operalion. The impar-
Ras berm Sor Ue recovery of the Dssue scatienng Rusetion is
the last term of Fa. (3 e R*fiz-7,). However, the A0 {
()} werm in By (3} is comensd amund w=0 and uswally

ohscures B*-fiz—z.) by spaiind aliasing, thereby degrading :

the semsitivity and the gignal-in-npise rtio of the froguency-
demain 0T memsunemenis. Tn the conventional processing
techmiques, 7. ischosen to be Lege enongh such that B=-fiz-
75 is shifted i space away from the origin, therehy reducing
spatial aliosing with the AC{ 21} term. Por example, fora
broadhand sowrce with o cobwrence kength of about 20
mucrmeters, 3 vabue of =200 micrmeters would be sulli-
cien wapnificamby avowd the spatial overdap. By flvering e
B=-fiz=z.} verm arcand 7=%,,. the complex scatienmg poter-
Kzl wof the wssue of insenesl, Flzh & recovened [lowever,
choosng 7, 1o be lape eaough te aveid spatial aliasing istoo.
dluoes vtk prohloms. For caample, lange values ol e canse
e Irnges observed in the 05 A specirum v gel closes o o
anoiber, which cam become 3 significant problem, espocially
e @ bw-resolulion (RA. Furthermone, in geeral, 8 lange
vatlue of £, reduces (e accessible deplh infosmativn in ke
tissue for a given (54 in the OC] confignmiion.

Cermam embodimonts deseribed bereinunilize a simple pro-
coazing 1ochnique that iz hased on minimun-phase fanetions
{MPTs) t0 impeove e resolution, the signal-io-neise roiio,
and the meseanement range of the recoversd imeges in fre-
guency-demuin OCT svstems, The inlermediue lnction
i) B-di i fiz—z, }in an OCT svsiem is chose to an BPC,
il mo an exact MPF,

Far the imtermediste fanction giz' =R -8z j=f(z'=z.) rel-
evaml b the power spectrum messurement of OCT, tissee
vpically bus n=1.5, somusf i)} <] {where man 1)
1} i the maxinam magninae of the lizme scaltering finc-
o, wheress B & approsimutely equal w1, Therelire in
suach confignrations, the imermedante fanction g2 1-R-80z"1+
Jir'=z,} haz a domanan peak at the ongin, o gz} either is
chose 10 an MPT o b an exact MPT. L cortinn embodiments,
|h|s propeny of the mermediate funcion gl 6 used 10

recover The tssne seantering fnction iz} from only
il knowladee of WGIF), repardess of the vahe of 2. I
cortain embodiments in which the cosdiion of max {I1f(Z]
1}==l s ven smishied, mone powver can be directald b he
reference zom o makoe R larpges, wsd henee to have adomisan:
peak at the origin for g7 =R-8 {72,

I is generally not possible o fully recover & one-dimen-
siomal fimction from the keewledze of B8 FT magnimude
akene. Llowever, there are Familics of foctions which ane
excoplicns io this mle for which the FI phase can be rocoy-
anod from the FT magninsde alone, and vica vers, One oxem-
plary such Bundly is the family of mininmm-phase functions
{MIFs) An MPF is characterized by hoving 3 z-transform

13

L]

s

L

s
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with all its pobes and zeres cither on or instde dee wnit circle.
As a resultof thas property, the [T phase and ke bosanthe of
the FT mugmitude of wn MPF are Hilkert tmnskrms of one
amother. See, e.g., V. Oppenhein and K. W Schater, “Dizinl
Signal rocessing” {Prenlice Hall, 2002k Chap. 7. 1. k.

Cuatien, [r.. and A, ¥, Opperhein, ~lemtve iechniques fr
minimum phase stgnal neonsineion [rom phose or magmn-

nide,” JEEK Trans. Acous,, Speech, Sigaol FProcessing, Vel

200 pp. VERT-1193 {1981 M, Hayes, 1 5, Lom, and A, V.
Oppenbein, “Signal reconstruction from phase or magg-
tude,” IEEE Trans. Acoust., Speech, Sigual Processing, Vol
28 pp. 6720804 19800, Consequoently, ms MPT can be coleu-
laned Eroo only irs FT anplivade.

In ceriamn emboments, this roovery of he function of
ineerest fe.g., the imermediate fonetion g{Z=R-537 (-
#oJiean be b fom enly is FT amplioske feg BGOPI
by first taking the [Glbert tramsform of te bogasithn of the
fimetion®s FT magnimude {c.g.. the legarithmac Hilbon trans-
fvrma o ibe unetion®s FT measnatudke) i obiain ike FT phese,
amd iheen iverting the foll complex F1. However, this direct
appeoach is ned the prefiemed sphition boesuse of difficulies
in ils numerical inplememiation, in parioulsr phise ueeep-
ping. In certain embodiments, an ilerative emmor-redection
techmigue is wsed, a5 desoribod mone flly bk,

A second approach for the recovery of the faneticn of
inberest (e, e inlermedinle Gmetion gl R-52 0 (-
Z, )} istouse an ferabve eoor-reduction metbod. Examples of
lerubive ermersnedugion mithods melude, bub ame o lmitd
W, hose described by L R, Fienup, “Recomstrnction of an
oljrct fram te .w.nniu.nlu:' afits Fourier traesfeem,” Ope. Lert.,
Vol 3, pp- IT—I‘:‘['I'J':‘H]MR W, Crerchbong ond W.0), Santen,

“Praciical algorithm for the determination of phase from
inrggr awd diffrection plone pichares,” ik Vol 35, pp.
237246 (1972).

FIgi, 2 is a Mo diagram of an exemplary ilemtive crmis
reduction method 100 B detenmnaze the complex Bssue
scatering function fiz) ofa portion af'a sample under analy-
gis i acconlance with certaim embodimeans desenbal berein
Thas ftesative evsor-peduction metlod 100 imolves usisg 3
knoovn (e.g., measured) magnitade spoctrum I8 1 of acom-
plex spatial Founer wansfom of o comglex inlermediabe
function gl 2}, togetlser with kaown propeniies of the fosetion
{zg.. that it is a real fiumcBon oF a consal fmction, o correct
an inilkal guess of e inlenmediane lmetion 2. o cerain
embodiments, 1his comection is done ieriively, (D certain
embsdiments, U intermaslinle Rumction gl isdependent on
ihe comiplix lisswe seallening function ) of the senple. as
described mare flly beloa:,

In gertain corhodiments, ke coly quantthy that is fied inte
the method 100 is the magnitcde spectrum 1K, of the
counplex spatial FT of the complex infenmedite function
g2k whene the mbsenpt M denctes thot ks mognihede
specirum is o missursd Qerdtity, s dusan by lheoperatocal
block 110, [n cerain embodunents, providing the magnihade
speetram (G 1) comesponding fothe miermediace foretion
2l b comprises nwseuring o lreguency chman (0T power
spectrum T the portion of the simple under analvirs and
calenbating the squasre-ront of the measured froqueoncy-de-
main OCT power specirum o yiedd e meusured FT magni-
fude specirum K11, I certain other embodineenss, poo-
viding the magmitude spectrum (G 0 W comprises providing
o previously-measured fregquency-domain OCT power spec-
trurn and ealenlating the square-poot of the previousbe-mea-
surcd freguency-domain ()T poawer spoctrum oF providing
the square-root of a previoushy-measunad requency-<demain
OC1 posweer specirum.
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Ripce the Fl phase tem is missing {rom the measarcnient,
sy wniti] guess for the phase, g 0, 15 wsed 1 provide an
estimated phase tenm expdjé. bin the operotional block 120, 1o
eortain embodiments, this initial poess does pot siguificantly
allect the secuncy of the nesull of the convergence of he
meetheod 108, Tor this revson, the sl guess for the plass
g Mhean becamvenicatly ehosen w equal zero (e.g., g =00
or soune other real or complex constast [eg., 772} Incernn
embodimenis. the initial guess for the phese can be a privi-

emehy-stored function (T ] retrieved from e compater sys- 1

tem. In cenxn embodionenis, ibe mitkal gues for the p|l:u¢u
can be a phoce obtsined from s different portion of the sample.
For cxanple, imtizzoe imaging. the indiial goess forihe phaso
4.1} can be a phase resuliing from aportion of the tissee
adpacent 5 the ponion of the surfbce under analysis. Thus. in
a reail imaging sivation, The iniiul geess o the phose 6,00
can be dyosmically assipoed 1o be the new phase resuliing
from a previoss messumament. [n cenain embodiments, the
imbial guess Jor the phase caum be caloaluled Dom the men-

sared mesgnitode spectnam /G f ) using o logarithmie Hil- 2

bt wramsfinm.

In certinn embudiments, (e magmilode spectinm wxl b
edimated phes tem are muliiplied wgabker fo genemte an
estimaled complex spatial Fouror transfom 16, wexpijg,
Tee tenverse Fourier tmwsborm (IFT) of M wxpding) is den
compuicd mmnerically, az showa by the operational hlack
130, i caloubsie an mveres Fourier trmsfom @) of he
eatimated complex spatial Fourser transform, wherein the
imverse Fonsnior irans foem 2'(7]) iz a spanial function. In eemain

cimbodiments, the eperatiozal Mock 140 congprises applyng 3

a1 kens1 one consiraint to the imverse Foorier irassiomm g'z) 1o
caloulsic an cstimabed imermediaie fanction g (7). In cemain
cmbodiments inwhich the smnple has  know n gpatial exteat,
applyving the ai leasl one comstraint comprises sefing the IF]
I weny for regions culside e kovan spotial extenl of ke
sample. [or example, since g{Z) approximastes 3 minimuan-
phase functson (M) and since MI'Fs are cansal, only the
=0 potin of gie) s relaned (o2, e casality comlion),
and all vahees of iz} for 2o are 561 10 zero, thereby produc-
g 2 niw fanctin g, (x)

In certnn embucliments n which the inlenmediale naxo
ei7) has = knowa spatial extent (e.g.. w0 be Jess than | milli-
mcier doopl U operaiioral hlack 140 can alay e hide set-
Lng the everse Touter wrunsfonn @) e sero lor ragions
cmside e known spatial exies of the inermedisic function
@0 by inscring v [or 2 prcaker than ithis imit {eg., w1
millimeter) 1o proctce the function g (7). thenekry: advants-
geonsly speeding vp convergence of the emor-rediociion
medlend. In cenain embodiments, the new oction g, (2] pro-

vided by the operatsane] block 140 serves as o first estiate of -

ibe complex MPF (i.<.. the estimabed inlermedisie finciion
glzlhl.

In gertmin embodiments, the FI of the edimated indenme-
ehaale Function g () s calewluted i ibe operatins] hlwk 150,

thereby provading o oew calculated phase §, (F Hbencen mew

caleulaed ternn cepipy, 1] asd a now magninsde spec-
e Wi {7 Foribe FT el the extimared inlenmediale lumcixn
gi0z). o cerzan embodinems, e caleulated I'T magnisuds
spoctrum (G (f) is replscad by the measured magninide
specirum WG AT0. = shown by twe aorow 160, 1o cenun
embodimenis, the boop is then repesiod using the measured
mgritude spectrom 1606 and the caleulstod phase term
cxp(i, | a5 the pew inpur fuccion in the eperaticonal block
130, which provides a second fumciion g.(z). In cefain
ambodiment=, only a single fiertion is wsed, while in oiher
cimbodiments, this loop is repented vl comverngeneoe 15
schicved. In certain embodiments, comvergence is defined 1o

&

f

L]
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be achieved when the differeice betwomn consecmtive osti-
mates of the function [Ig, (=g, (07 1g, () e s loss
than o predetermined sukoe, for exomple (1%, Lo certain
embodiments, less than 1} iterations are sdequate For
uchieving cormengence, taking less than o esoond b compele
usng & milier show p g envircnment sech as MAT-
AR 5 on a SO0 MHz computes with 2° data poings. In coran
enibodiments, applving the cmstraiet in the operatoeal
block 140 advantagecnsly reduces the nomber of nerations
which achicve comvergence.

In cerimin other embodiments, the loop s repeated o pee-
determimed rumber of times (e.g. 1905, 7 cortaim cmbaxdi-
memis, ihe proceierminial mumbsr of limes = selocied e be
sufticiently lorpe so that e methed achieves, or 15 close o
achicving, convergence. Incertainembodiments, at the end o
the n-th ilerution, g () is the reovvensd complex: MPE. In
certair; other enshodinsents, the wemtions of 1ke Joop ane
stopped when the user (g, the docor reviewang the (0T
imszpes) determives that e image quality i suffaent.

Fmypirical resubis inclicate thai such itcrative crror-noduc-
fivm meetbiads coneonge e b mimamamn-phase: Fundiion -
responding 100 gven F U magnihade. (See.e.g. 1. F Choatien,
Jr, and A, V. Oppenheim., “feeranive seciiqures for meimismey
pivase sigral recanstrietion fronr plhase aF magainade.” IFFE
Trans. Acoust, Speech, Signal Processing, Vol, 29, pp. 1187-
193 {1981 ;; A, Creangt al, “Nerasive provessiug of secomds
ey sptical menlinearity depdl profifes.” Opt. Tapress, Vol
12, pp. 33073370 (200d); A, Owcan et al, “Growp defoy
recowery using ieranive procersing of anmplitude of tramgnciie
siear speciver ol fihre Broyy proffnogs,” Electron. Len., Vel 40,
P D104 11060 {20040 I atbver weords. for the infinste Gty
of T phuse luecibonrs ibal can be associaved with a wan
fe, meamned] [T nsspeimede. ceraln embodimenis
deseribed heran csmverge b e ane and onkby ome FT phase
Jumiction ot hus thee manimum phase. Since this solaiien is
nnige, if it is known o priori that the function 1o be necon-
sinacled is an MPF {or that the fuscion sppmsximabes an
MPT). ihen the subaion provided by e emor-nadectivn
metheed i the cameet function

To endersiond mtwitively which physical luncoms suchas
gizh are bBkely W be mnumum-plase fusctons, g,.00) 15
used wr dbernibe an MPF, whsse nois an imboger thal numbers
sarmpled values of Uhe [unclivn varable feg. spoce o Ror e
fissne seatbering potential i), Becawse all phorsical MMz
are causal, g, in) et e cusl o sems Rie n<0. A dscussod
by V. Oppenheim and B W, Schafer in "Nyl Sgeaf P
cofstng, (Prentice Hall, 20023 Chap. 7. the energy of a
minimaum-phese [umetion, which is defimad =

E e mi?

fior e s s o e Moo o, sabisdiess Ve Kol how ing imeyusl -
iy:

e

Ll

LN |
brmaff = 3 leinf®
e

-

T

foir all possible valoes of m=0. In Fag. (41 g(n) represenis 2y
of the furctions that have the some [T megnitede a5 g, (o)

Thas property sisggests that most of the enengy of g, in) s
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copcentrated amond p-0. Swied differenily, aoy function,
cammplew or real, with o dominan! pesk mrouml n=0{i.¢., clse
to the onigind will be either 2 minimam-phase fancten or
Close bo o, and thus the functien will work extremedy well
wilh tlemitive emvrredaction methisds mo socordmce wih
certaun embodiments described berein, Although there may
ke other types of MPF: heside: functinas with a deminant
peutk, this cles of MPFs con ke wosd o desonbed henean
bacawie they are strarghiforwarnd 1o constrsed with OC] data

and becanse they yield sxcoodingly good resulis. Soe, ala, AL 1

Checzan, M. )L F. Dhgonner and G, 8. Bino, “fenative frocess-
img of sevond-order aptival mordinearily depeh profiles, " g,
Express, Vol 12, pp. 336T-3376 ( 200M),

Fevovering fiz) from oaly the knowledge of HG{F) wsing
amor-podnciion methods computible winh cenain corbodi-
mens describad hepein advanlupeously proviies signilicmt
advantages in frequency-domain OCT over the comeentional
processing apposches. In cerlan embodiments, the emor-
reduction melbod doss mA vl o mimmem cosboand e

Z. 50 I, can coavendenthe be chosen close 10 oero, Such

embodiments privade 2 signilant improvenent on U ress
Tutiom peguirement of the O5A o the OCT system, Furher-
msoee, sinee the depth meamanement raage il e e i
imerscly proporxmal be the mexmon spatial Treaguency

meeasred in the O5A spectnam. in prnciphe, a valoe of &, 1

chose o 2o allews a lasger measurcencen mange for the O]
confmuration. In cerzn ombodimenis, ihe crr-roducion
meibod deals with ithe squase-rool of the measored power
spocirum Ik L wheneas the comvertional appeosches take a
direct T of KK, 1o terms of noise sensitivity, incemoin such
ambodimenis, the emer-redociion meibod perferms much
biticr than the comecniional appmach. since the moise term in
WE') s much sironger than in JTE. For example, by adding
somme random noise 1o K, e K +ooise, theadded noise
lerm becomes stronger, e, ~2- K oeise. In cerain
embodiments, the amor-reduction methed advantapeously
avoads the degradation in the signal 4o-notse rafio in the clas-
sicall processing lechnigues ussuciied with the spatzal aliss-
ing due to the AC {21 venn in B (3), thereby viekling 2
beticr porfumance.

In an example numencal amulaiig, o smalate o mber
challenging peohlem, the complex fissue seamiering function
1 sdmaiksbod o be @ umiliem randiim varahle, both i magni-
s el pllssee, s shovwn by sofid lines 1o FIGS. 3A ud 303,
respeciively. [n this exsmple oumerical simuolation. it ig
aweumal thet v =0, which mesins thal the lengih of the uppor
amn is rospghly maiched o the kength of the kwer arm of the
Michelson interferomeier m the OU1 configumtion sche-
matically dlusrated by F1G. 10 The field reflectivity of the
timsue is allowed i vary in mezniade between 001 apd (LH.
These mambers are nod eritical, and couldd a5 well be chosen 1o
be iber different. For the suce example simulotin, the
muirroy refbactivity B used in the O] configuration was cho-
semn e b equoal b 1, which is the smnce off the shep peak
ohierved in the scaltening, furktion showe in FIG, JA, The
whake erosa-soction of the deawe is assunsed to be abow 0,25
milhmester, amd this valse could @ well be chosen kinger or
senaller wathout any change 1 the resulls,

L. 4452 graph of the compaiod porwer spocorn, 1., the
square o] the FT megmitude of e simulated scaienng (unc.
tom showm in FlGh, 34 and . For this compunation, &
resodmtion off ahowt (0.5 panometor was assumed for the (05 A,
and a cenber wavelength of 340 napometers was assnmed for
ihee birousdband source. The while treee shown in FIG. 4 has
anby 312 datz points. Feoding the squane-nond of the pewer
specirum shown in FIG, 4 to the ferntive emor-reduction
metbnd 10 showm by FIG. 2 viglds & recovered complex
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lissne scatiening funcion o5 shown by ihe doshed lines in
FIGE, 3A amt 3R, The recovery For belly Uhe meggni hecke and
the: phose of the fissoe scattening function is so good that the
recoveped curves canned be distinguizhed from the onginaliy
simmulubel cumvise s shewn in FIGS, 34 iexd TR, The caleu-
latkon of the recoversd curves fook less than o second using
MATLAR 50 2 300-MHz computer, which siggeats that by
using @ Dster programming evinonmend such as Cas,
wgaber wih a Bwier procesior, sus-millsecond compati-
ticm firncs can be achioved.

Thee saslial lines of FIGE. SA ad 58 show Uhe nns iode
and phase, pespectively, of the tisme sesiterieg foaction for
anather exampde rumerical simalation in which 7, aquals
abowi .12 millimeter. The other parameters of this simula-
ficm wiere assumed to be the same o5 in e examiple of FIGS.
I B, und 4. FIG. 6 35 o groph ol the compubal power
spectmon of the sinoulated complex tissue scantering fumction
of FIGS. 5A and SB. e o z,=<0.12 millimeter. the fre-
quency of Iringes in e power specinam gets more mpkl. a5
shown by acomparison of FIGS. 4 snd 6. Feeding {he square-
st o] the e spectrum of FIG. & o the ol ormss
recdugtivn method 10 ol TRG. 2 viehls o reacoversd comple
lisue waiering fumcion as shown by the dashed lmes of
FIGS. 5A and 5B, The noamwery 1= agenn cxcellonl, with U
recovend comphis Hisue scaitering Ranction betaeen aboal
0.12 millimeter and about 0.2 millimseter peady indisin-
ussheble ot simulalod comples e sl fune-
tion e the pap region ¢p., between O and 0.12 millimetes.
the reemverod phase of the tisse scanering furetion cam sim-
ply be ipnored since the magnimede of ihe function in that
ineerval is zevo. making the definiticn of a defindte phase
meaninghess im the gap regeom.

The parameter of the wtio of B o mox{Ifi2V] indicases
how closzibe effective complex scattering function gl F=R-&
kil =5) 15 w o o MPE. [o the example numerival
simulations discwsed sbove, this mio ws chosa o be
LiE=25, For tvpecal mmaged Tisse samples, the scattering
Fanetion s quite wewk, s rtivel 25 e resonable wsump-
tion. lowever, for certaen embodiments in whach max | If{)
|]'":'t1 1% il sabisiedd, an uneoven boem sphitier can be wsal m
e OCT conligunativn b insnese thas rbie. Other numerical
simulations have showmn that the ferative error-reduetion
methsd 100 ol FIG. 2 coveonges for ralios of B rlm{lj{..!'}
1} reuter tham ubout 10 FIGS. TA and T show e maygr-
rde and phase. respectively, of a simlansd tsse scamering
[emiztiem {zodid lime)and o neevwenal lis<ue scalicrig fumetion
{dlaslved line) sing the iterntive ermr-reduction method 100
of Ptz 2 for which z,=0 and K is redoced we 0.2 while still
keeping max{ 1fiZ )] 004, ic. a mtiv of 5. As shown @
Flees, TA and 78, e recoversd tissee seaflening fpction in
this case deviaies from the simulabad lissue seatiering fme-
tion. which is due 1o the bower value of the Bimax] | fiz7)}
mtio,

1 cerin embochments the relerenoe mimor el o Uee
Y o o e Michelson snterfenmeter shown i TG, 1B
iz a hrnadhard miroor with a spatial scarienng fimetion whach
1% i Dimeadelia metien 807, In cerin other embedanvenis,
thie spatial scattering funciion of the reference mamor 1 nol a
tre dela fimetion. In ccrtain sach cmbodaments, the refer-
ence mirror bis o brvader spotial scallering Fumclion asd
commprises & sisched diclectric mimorora fiser Brogg grating.
In eonain embodiments in which the scaticring fonction of
the reference miros is much narrewer than the widih of fiz)
{eg.. by a facior of 10, the fterative enmor-reduction method
104 ilhustrated by FIG. 2 siill converges s the nnigue sols-
tion. For example, for cerain embodments in which the
fisse thickness that is imaged is | millimeter. o refermoe
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muirrey that has 8 spatisl scatienng fopction width of about 50
migromcters oF bess can b sceesslully ssod, For typical
metal-coated reference minmors. 1be spotis] scattering func-
tiom widih is essentially bess than & micron, so the spatial
scaliermy lanction of such nzfenmce nrirmsms can be sppaox.
meated by @ troe Dirsc-delin fanction 5.

FIGi. ¥ iz a graph of a aimulaed power spectrem (dashed
Ened with ar added 3006 peakipeak amphitwde wnifivrm
randam soise {2016 lane) o dinseane the sirengih in terms of
naise onstnary of corn erbodimems deseribed hencin by
showang bow mecurenent ecnsrs ankd molse an the pvwer
spocirum affect the acenmey of the recovered tssue scatier-
ing fanction. The resoluzion of the (5RA in the simulation of
"I, 8 was apain limied v aboat (5 panemeter and all the
cther parsmeiers of the simulstin ol FIG. Bwere chosentobe
Ihe sume as im e simalation ol F1G, 3. TIGS, ®A ad 90 e
graphs of the magninsde and phase, respectively, of e simu-
labed tismue sextiening funciion (solid lines) comesponding o
Ihe sumuksbed pwer spectum of FIG. 8 and (e recsensd

timsue septtening function (dmshed lines] wsing the iterative 2

ermorereduction method 100 shisan by FIG, 2, As shasam 1n
IS, 9A sand 983, (he agreament of ol the migomivube s
e phags berween the simulatad and rocovered tasne seanier-
i Funciins, undercven WP uniforma randism neise, 1sguite
umpresave. Admost all the detaals of the ussue scatiering
fusction kave boen recoverod, densonstratiag thet in cemtain
cmbodiments. e flerative omorensbodion melod 100
shown in FiCx 2 eould confidemby be sed even in a fairdy
naigy (71 eonfigaration.

IG5, 10 schematically illustrates an expmple frequency- 2

domain O] configuration 20 compatible wilh cefain
cmbadimenis deseribed honeinwhich can provide a lange and
casily realizable B manc{ {211} ratio {e.g.. preateriza [0)io
bewtilized for g =R- 1+ fir'-m). The fequency-domain
OCT conligurstion 280 schemutically illustruted by FIG. 10
15 sinpler than the classical frequency -domain OCT conbig-
ratean schematically lhustrbed by FIGR, 18 in that the con-
Dguration 200 has o singhe amn exiending from the liber
coupker S0 wwards the sample 40, [nsiead of 1he relerawcs
oo 30 2nthe knveer ! e Blachelsaon interforomietier 20
shown in TIG. TR, the [reguency=demain OCT cenligartion
200 wses the back reflection from a pamially reflective cle-
ment feag., Uhe Gher ond 70 as the meloronee signal. The
partially rellective element 15 oplically coupled s the light
sompeee 10w the (N4 60, and wo the sample 40, A firsi ponion
ol Teght (o the hght sounce 10 s relloctiad by b parially
refbeciive element and propagates 1o the O6A 60, A second
pomtion of lighi from the light ouree 10 propagaies through
e partially reflective clemenl. impinges the sample 40,

retbects from the sample 40, and propegatesio the (%A 60, In |

this configuratica 2, the cifective complex senicring func-
tom will stall be of the fom: g2 R-de'14fi2-z,) Nlowever,
for certain embodiments utilizing a hare fiber end 70 in i ns
e pariiczlly redleciive ebament. B will be limited w abou 0.2,
In certan such embochments, the tssue sample 40 will pen-
erale a maxamum magnitude of the Hesue scatening funen
ol hescs then s, 0002, 220, m.a:ﬂLf{r’_H’l_'rnﬂm In cesriznn
such emboduents, Qe fanction g(#) R efid'=z,) will
ke clese crough ina wrue MPF sach that ihe crme-rodioctinn
meelod: described herein can successhlly be applied w
umiguely image the complex tissne scaimering fonction. In
conain cmbadiments, the partially refloctive clemem com-
prizes & tilied broadband sttenuwsior positioned bemween the
fiber coupler 50 and the tisswe zamiple 40 o reduce the msxi-
mum vahaeof the measured magnitudzof the tissue scatiering
fumction, [ cerain other emboduments, o Gber emd 70 coated
with 3 partzal iy reflective materinl is used to increase thevaleg

i

L]

an

s

L

s

12

of K. (hlver configumtions ane also compatible with embodi-
mumts deseribedd bencin by provichng sulliciently linge nitios
of Rimax{fizil} 1o wtilize the eworreduction method
deseribed hervin,

Fuor certin embeshimvents whick am amgled Giber end Tas
wsed in fhe contizumtion schematically ilstrosed by FHG. 10,
the vahse of B appeosimates #om, soch that there i eo inber-
leremce al the (5 A Tn cerlann such embodiments, the me-
sured quantiry will be siniply the power spectrum [F()F of
the tissne’z complex scaricring fumcton, fiz). In corxn
enmbodiments, T{a) will have o sharp ek close o the omgan,
due 1 the high eeflection from the air-fissoe mesface, asch
that fiz) approximates an MPE. Thue. in ccrain such embodi-
mems, (e whole complex f{z) can be fully recovered from
only the measunement of [F{f)1* using the amabytical Hilbert
inmslommulivn or be demlive ermecraduciion melhod
dicwssed bercin. [n cerain embodiments. this relatively
simple, non-inferferomeinic nethod based on MU' s advonka-
geasly providles [osl magng ol mos (1ssues. In cerlam
enbodiments, ep. for messurements made from Essue
which s a stnng scalloning siwnce m decper parts ol tha by,
Fiz) woukl pot approxamate an MPE. Therefire, in sech
embodiments the compler i) would aen be fully recoverad
iromanly the meusairement of IFLFIE. Hineever, aninterienes
metn conbguration m which R dees ool approxmate e
cam b used for such strongly seatfesing tissue, as deseribod
heran,

Warions embodiments of the present iwention kave bem
deserihed ahove. Although this imention has boen deseribod
with referewce o these specife embodiments, the descnp-
tions are intended fo be illusimtive of the invenfion ond sne not
ingended o be limiting. Various modifcations and applica-
tions may ocour to these skilled in the ot withoet departing
froma the true spir aad scope of the imvention as defined inthe
uppemsled Sloins,

What 5 cloimed 1

1. A method for determining the comgplex scattering fune-
tion of o porkmn ol @ smple under analsiz, G0 method
COMIPrE M

() provicing a magnitwle spocinum of 2 comples spalial
Feurier ranslonn of o complex inlemmedate i,
the complex intermediste function dependent on the
cumiphe seatbening Rumciion ol the porisn of the senphe
voler amalvsis, the mugnilude spectrum oblained (rom
power speciom dacy of frequency-domain optical
crherenee wmogriphy of the poston of e semphe
unider annkysis;

(b] providing an estimated phase tenm of ihe complex
spatial Founer teashom;

(e} multiphaing the nagnituds spectrom apd the estinated
phase werm fogether (o generate an estimated complex
spotial Founer teashon;

(d] eokulating an irverse Founer imesfonm of the oti-
rmates] comples, spaticl Fourer trnsfisnme whensin the
imvers: Founer transfom: of the extmated complex spa-
tial Fawrer ransfonn i a spatial fumciion: and

(e} calcubsiing an estimuted mimedie Fncion by
opplving 3 ket ane constmmt 10 the imverse Founer
ranzform of the astimaied complex spatial Fourier
Lrzans .

1. The methad of ¢laim 1. forther comgrising:

(T} calenlating a Fourier ransfonm of the estimated inter-
mediate furction: and

(g] cakubsting a caleulsied phase benm of the Fourier rons-
fomm of the estimated imtermediate Runetion

3, The metivod of claim 2, wherein colculating the calcw-
lmted phase term of the Foamier imnsfom of the estimated
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inlermediae function comprises vsiog & Hilber transfonms-
g o] the Fosanier rms [ovem of the estimuted mermadinte
Fomction,

4. The meethed of hxim 2, fisther conprising:

il using the caleulated phase wer of (2] as e estmated

phaze termoof (o) and repesting (c)-e).

5. Ihe methad of claim 4, wherein (cl-(h} are iemtvely

repeated untl the eetimated imermadime function reaches

&, The methesd of clem 5, wherein evmengence s reached 1

when a difference between estimated imermediate functions
obtamad sfter twa comectutive ilerations 15 Jess than o prede-
termimad vailue,

T 1The et af elaion 6, wherein the predeternined valae
a5 0L 1% o] i cstimedid inlermadiabe [imelion of anibersbon.

E. The methad of claim 4, wheran (cl=(h} are iemtively
repeated a predeternnned mumber of tmes.

9. The mocibed e iclaion 1, whoercin providing te magnide
spocienm of The complex spatial Fourier iranstorm compeases
measunng 3 frequency-domain aptical cohercnee tonsygra-
phy porser spectrum Trsm the portion of the ssmphe undor
anafysis and caleulstimg the sguare-rood of the measuzed fne-
quency-domam optical coherence tomngraphy power spec-
ram,

T, The mctboad ol claim 1, whensn provviding U magni-
Tl spucirum of e complex spuiial Powrer ires form com-
priscs providing 3 previosly-measuned foquency <fomain
oplical coherense wmaography poswer spectnim and cakeulat-
ing the squaps-poot of the previowshy-mexsursd {reguency-
domnin eptical coherence iomography powor specinam or
previding the squarc-pol of a3 proviously-mwssuned  Ine-
guency-<domain optical coherence tomography power spec-
tnam,

1. The method of claim 1, whencin providing the esii-
malod phase o comprises providing an invitial estimated
phase egual v areal of complex consuu.

12. The methed of clam 1, shenin providing the esti-
musted phose tem compreees providiog an mital estimaled
phace equal to a provioudly-sioned flnetion reericved from a
compuler sysbem.

13, The method of claim 1, whercin providing the csii-
a different portion of the sample,

kil
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14. The methed of cloim 13, wherein the different portion
is ncljwcuml by thee portion of the xmple under amalysis.

15. The wetbod of cliim 1. wherein providing the esti-
mabedl phose fenn comprises providing o phose calonlated
froma the nummitude spectnum wsng @ byganthmic Halkert
trnsbonn,

16 The methadafelaim 1, whenzinthe samphe hazaenomn
spcitial extent amd applying the al lest one constrant b the
inverse Fourser mansfonn of the estimased complex spatial
Fiusser ranafimm compriaes setling the inverse Fourier trans-
fisrma e s lor negions outside the ko spatzal extent of
the sample.

17 The metbad of claim 16, whenein the estimated inber-
mediare function is forced o be cawsal by serming te imerse
Fourber transform of the esiinaied complex spatial Fourier
irmslomm eyual e e for nagions outsile the knoan spalzal
extent of the samphe.

18. A computer-readeble medivm having instrections
slorel thereen which coese o general-purpose compuier ke
pertomn the methed of clim 1.

19, A compuler syslom compnsang:

s for ebloining @ mugmitude spectrum of @ complex
gpatial Fourier wamaform of & com igermod it
Tunectuen, the comphes ietermcdiaie ncton depombonl
on the conzplex scalteniog functon of a porion of a
sample under  amalysiz, e i AP
vhlaimad Tnome poseer spoctrum daks of Inogeoncyde-
mamaptical eoherenes tomograpky of the porion of the
zample undder ansbyia;

rneams for estimating an estimated phase term of the com-
plex spatial Fowrier ransbomi:

meams for mubiplying the magnitede spoctrum and the
estinated phase tema together o generte an estineated
complex spaiial Fourier Immsfonm;

s for caleudating an imvwerse Founer tmnsfono of de
eslimated complex spatial Fourier transfonn, wheren
the inverse Fourter iransform of the eslimated complax
sputial Founer trensfonm is o spatal [upclion; amd

means for calculating an estmated infenmediate fupction
by applyimg 2l beasl v concbrzand b the invers: Founer
ransfoms of the etimaled complex spaiil Feuner

transform.



