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DESCRI PTI ON BACKGROUND OF THE | NVENTI ON The i nvention
relates generally to the field of direct-to-digital

hol ography (interferonetry). 5 Mrre particularly, the
i nvention relates to off-axis illumnation for

WO MG resolution in direct-to-digit&FVHREYREFhy.
DI SCUSSI ON OF RELATED ART Prior art direct-to-digital
hol ography (DDH), sonetinmes called direct-to-digital
10 interferometry, is known to those skilled in the
art. For instance, BESGRIRTION ustrates one sinplified
enbodi mrent of a DDH system Light froma |aser source

BAdl@éRbﬁNBmeiﬂNVEMTmN beam expander/ spati al filter 110

d then trav hr ns 415 Subseauen t he
The é‘}é’ﬁ%{ﬁaé fep |g?“F’§‘bY fa%*rei %ﬁt st g’r °1°g‘ 315% T ’{‘4 ) 120.
Mord hatitn@epaip intetton S tonaff- abexlpmmthoa Ifdrymprpwﬂ Ir@g}pﬁlqmen The

. hor f Light reflected fromthe beansplitter 120
duegggné%ﬁtph@t% }th'n obj ect beam 15 125 which travels to the

obj ect 130. The portion of the object beam 125 is that
DISCHSSION GERBIATED A e obj ect 130 then passes thr ough

.the b amspllt er 120 an avel s cusi
Pron 45t GBSy ploIGErEN pothe PGS SRRLRET ens
interfefdmei Gis tkfic@meth ShoteOskélled I’ixaﬂ@etrtc Butphsedced BI. ¢ allusigBEDpe

simEFEoEAG o (P el 1TAPRAOH b Bl 106 el oy 977,
" bearg e¥@tdet/petikfilten | 0edng rthen d@"ﬂéﬁe@wu@%leﬂsﬁﬁé Sebsequerethpeam

expah ﬂltéreci it Iﬁl%lﬁg fbéﬂmﬂﬁtemm I' Phe bLﬂprlﬁfer @Omlbe parﬁ’a‘ﬂﬁ' e.

e refl ected reference beam 135 fromthe mrr t hen

refleptivgy, Ehegogipnod Hight tefester g bpamsplitter 11‘2‘{9**5“% T BT of
125 twhigh £RE1SH @R 6EjedP BB MTHsortoh 8t the (ﬁ] esteéaknaas Eﬂhaf i ﬁalﬁectdddby

litter 120 .the thro cusing
e Y 4% e Pt B e TS R O BRI RS
This(ighicthdn pﬂéﬁeshie@gh th2 Fochsingriens 45 40 trersls g ¢hems coulBd devide t he
fer am 135 fromthe focusing | ens 145
(CCbg a%%SFE’t"ese a plurality of object and reference waves
150 and will interfere at the CCD to produce the
The ba{l&{ Je @k ﬁ%@ﬁonp@é @195 ﬁ%ﬁs@&tﬂ%d thb Feaddplifier 120 A@stiRR AS

noted in 078 30 Ln F G e
a refsﬁpfécb@;nbéﬁém%e%rfg“p%f?fa|lﬁ%}s fff{?“e S e W‘ﬁ

- anglé. Nehe SBibdisdadferdid iBanl 235. ﬁo]fhhﬁmmblytﬁﬁ tafels Bivkdrdstad beapephittan b e

120. ' feeple{non otI 1% rStSrende) be?n)l(ll 135 %hlatl i Eshec?‘él G OH the beamsplitter 120 then
travels through the focusing lens 145 and toward the CCD camera (not shown). The object
beam 125 from the focusing lens 145 and the reference beam 135 from the focusing lens 145
constitute a Iilurality of object and reference waves 150 and will interfere at the CCD to
produce the interference pattern characteristic of a hologram as noted in U.S. Pat. No.

6,078,392,

In FIG. 1, the object beam 125 is paraliel to, and coincident with, the optical axis 127. This

type of DDH sei-up can be referred to as on-axis illumination. -
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limtation of this technol ogy has been that the

i magi ng resolution of the DDH systemis Ilimted by

the optics of the system The nost notable |imtation

of the optics is the aperture stop, which is required
WQ R BYent degradation of the i mage quaPFTysN3e27sey

aberrations. Wth regarzd to a two-di nensional Fourier

‘ ’ I , T . > ircle

& I of O kBl Bl oBA B i B NEAGCE S L bRkt
limigpd by shie optick pithd relen. dhe mesheotahlsdintitation ofvihe ppticsid ihg gpegfime

stopR RIS FeqiRl tEir&tht QpraetBR bOhSRALe @hlitf duB THBAEYods AT, -
i s_need herefore, is an roach, .t hat

What ed, th ) 1.app e
rega5hio 3 e diEpnsiopa) FoyriFrchifng PR QRiech grala! feavprigiss withi p girclsrof
radiBgi caiSbeahsinittel. intitiea s B dntaid illufldMidARiC £pbrtutd¥itl hiNF 1 ON
wordfh TIEL 2 oRBE LBy (06, B0 L RULRONESREELS holde
thatpbregespatishleaquenciesAutsida the qirgle ploadins ¢8 bbe btnswoftted. he

i nvention, a process of recording an off-axis

illumnated spatially heterodyne hol ogram i ncl udi ng
SUWYQEWMW9Ne fringes for Fourier analysis, 15
ThefGETP hited &6t the Blidwiiztabpd@s af hehRnRRAC Or BRA the iVt is not
m %g} gﬂéence m nor at a non-normal angle; reflecting an
el o d3Pe 8L £ r om an obj ect at an angle with respect to

an optical axis defined by a focusing |ens; focusing

e o tal corder to form _ -axi s
spatjally heterodne belossaymingluging ypatidly deteserypaciringst Hyffourist pnpbsipdi ng
comPad, teBbckite  rEHRE BN BB hdtGESmifY at FRMLbSTa AR VST S;

di, %I taﬂé%r egor ding the off-axis illum nated spatially
reflespgan p S 2o 1 BYPtATARARRA WIEhTTTBeoLp 4t pseA grisslsinsd gy ne
a fodusingigsfofusing thoidfetefte bamahy/&é hjecftaati 41@ focaladlad ofZ dighpl t he

| -Acc%lla,g%{o%ﬁ gsgegp@?nge?ggqmggo&e&gf Arsg%tan%&.%{ah@h%@ docal

recorded off-axis illunmnated spatially heterodyne
reo R e B Rt A E5oR Pl B ) PG

hetetortyne fringes i Hoprispesalysisf digitlly receniivg the dffefis tlaminged spitialisi nat ed
heteﬁ,ﬁﬁt h@&oé:%m 2 SAEMY Bet Ot RO AR folil i b sis RalHA! | Y

eterodyne fri| gies. in Fourier space to sit_on top of a
analyping die gregrAw offais flaminptedyttislichipterpyng hedeprasmalyingseptially
heteb&}n}é\&@ges-bﬁ&ngf&ﬁﬁf_ t gleibfe sfltbe&amt td@c&ﬂ‘f—z%xﬁ@lfhﬁﬂdf 'a_@@spaﬁa'ﬁybeam 4

a iing a digital, er tQ cut _off signals around an
e K hph i Sl b gt B P o L P
hetefodyne cogrier freqasusy dafimed asin aplachietvgent e reftratchBmasdbedbjeed t he

I [ chi he. e t.o. diagital record an
bemlé)’? % %5)? i(a%lt?] ?ift%% cqu{adt%%%fg‘g%{ﬁ%ﬁ 031/1 glﬁ‘agto lgﬁ?% %én%enh ol ogram
perfgrmyime groinvegge Equaieritmpsfopm.het er odyne fringes for

According to another aspect of the invention, a machine operable to digitally record an off-
axis illuminated spatially heterodyne hologram including spatially heterodyne fringes for
Fourier analysis, comprises: a laser; a beamsplitfer optically coupled to the laser; a reference
beam mitror optically coupled to the beamsplitter; a focusing lens optically coupled to the
reference beam mirror; a digital recorder optically coupled to the focusing lens; and a

computer that performs a Fourier transform, applies a digital filter, and performs an inverse
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30 Fourier analysis, conprises: a |aser; a 2 March 2007
beansplitter optically coupled to the laser; a
reference beammrror optically coupled to the
beansplitter; a focusing lens optically coupled to the
reference beam ni rror; a digital recorder optically
WRYMPEY t 0 the focusing lens; and a coRplUEPO30O/AE
performs a Fourl er tran@;form appl ies a di gi t al
filter, and forns an .inve
Fours U Pa BT PO PO B PO TERAPS e apat P ar m
non-MéRed] @igle, & obeét@éaaiiciecideatapon a8 objert dtde atalewyitb resiebtdo an
¢ 0 fect DA afe fooiddd
ophcalgrlég%g%debg%e%cusmﬁ lens Ehe?e& ae%genﬁégﬂar{)&%eggjectat gn % nol e
by thefcising apee focsl olamf ﬂl@@ﬁltabra@fﬂﬁw forgy éhfe joffays ifymipgid
span‘fil&%& oaﬂge ﬁogc;éﬁ}ujl lﬁéﬂ.ﬁmg %g%gﬁ%s| i df?&@ﬁﬁg@é Yo Holt@tr Qﬂb’ﬁ:t beam

ocuse ens_at a fg& E}Jr?? e of

which fsgeceiidest by dlie df@@é‘?’%{éﬁ‘ apdghe GOPRLET HENSERRS 2555068 PR nat ed

off- a%s tﬁlﬂﬁinh@cl Ap)(t%ahﬁﬁe&fo@ﬁ? m@oghﬁi lﬁ@rdajgwspaﬁmymetemgmsmgg; ally
et erodyne fr es .for rier

roulEe ol e v bl PO g B

referbricalieaih andbe chjeetbeanf and dvts Offelgmi@ecdnd @fOFlgia%l prgiy Yeforeni nat ed

perf% é?lggllvé{?el%?&rﬁfﬁ)a%% hol ogram i ncl udi ng spatially

yne ‘fringes in Fourier space to sit on top of
a heterodyne carrier frequency defined by an angle

Thesp eah%ﬁ& LsB&:ts of Qice GAvEINEE wilER Bein dpﬂré&ﬁte@ Bijdaetierdn@a mhand
cuts off gnal s around_ an 3=foreﬁ 10

conigpd i CARMGLTAT HF UPEEE FRTPREN o PRACPOP I RUD® T

shouf@t lkbeﬁndera&me ﬁ&x&vﬁf thithise fomwmig deseyiptid, [while indietting rvanous

reciated an der R f
emb nﬁno t e IHVE,II l? Ig]ume F%cvhﬁéggé? egt%?:?fp ?sl %ﬁeq gé‘/] ) o
1]1usm010 repdL Yt ngimmn ey Sllbsﬁmgmutﬂ@ldlﬁ@fl%d@ld@?‘@oﬂ‘dm
rearrgu%gﬁéﬁ%r ay 0 &laad Pt (B dcPioREhe %%ﬁbh F.i/lthdill:"élepz\‘i«"ﬂgI fdm the

catl 'g various 15 enbodi nent i nve I.Oﬂ and
P

spiri theresefoend Gp dwpripy ingades plf guch r?é'?SBE}P"“S’l 1§°d3‘?e°€fé’ﬁs’ By

and/brirdablgbdntsOn and not of limtation. Many
substitutions, nodifications, additions and/or
rearrangenents nmay be nade vvlthl n the scope of the

BRIERPESCRIPTION OFQHE RBRAOMINGSNg from the spirit thereof,

~ The %m%mt]gs aecc%mr}n\éﬁmg B8 £ ﬁﬁ%ﬁagte(?f i } oSiHE oS MP Hetuded ttd @Jﬂ)ﬁ;t

rearr an errent S.
certams@ts mﬁmRreMUmWI@m mwm%mnma fr?@lg"ms

LRRE @%{eﬁxg p:%{?l@edfu% Bk BSerBaM, twilDfecdnid Iﬁoréﬁﬁlﬁly bpp@att bpn'
re included to depict certain alrsgec ﬁ a&iﬂ the
refermaw inthe ﬁ?ms&aw ‘é’&r ef% AERigRtIgy godimenss j IIRS T Bt
dravﬂfgs,hﬂ&eﬁ@d@ﬁﬁﬁﬁ@feﬁnce numerals designate the same clements. The mventlon
may be better understood by reference fo one or more of these drawings in combination with
the description presented herein. It should be noted that the features illustrated in the

drawings are not necessarily drawn to scale.

FIG. 1 illustrates a schematic v{ew of a conventional direct-to-digital holography apparatus,
appropriately labeled "PRIOR ART."
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and operation of systens provided with the inverst March 2007

will becone nore readily apparent by 25 referring to
the exenplary, and therefore nonlimting, enbodinents
illustrated in the draw ngs, wherein identical
reference nuneral s designate the sane elenents. The

WO 2087 on  may be better understood by PeVERUHEESYo

one or nore of these drévvl ngs in conbination with the

FIGdﬁglfﬁ?rﬁa{%% I chﬂerf’?au %%Qto‘i:" 1ﬁmﬁlhatno§t31?éd - dgﬁal ﬁl&g&é})ﬂ hat
ures | Iustra ed In draw ngs are not

apprgEse Gusafeiomyien] rimven quexis pasiiéon, FPreRRe Fwoéwfaqfeﬂ;e
nveafdaemati c view of a conventional direct-to-digital

hol ogr aphy apparatus, appropriately |abeled "PRI OR

ART." 2 March 2007 WD 2004/023217 PCT/ US2003/ 027569 4
FIGFi fﬁusnateé b buGhaiavies oﬁths Gﬂﬂ-emaiﬂmﬁmanoﬁ dir@f-todixitd hblogaphp

e hol ogr aphy appar at us
appir?t?ﬁl{n% “(5%2’( gkng a‘é‘r’] on ax‘?os posi tion, representing
an enbodi ment of the invention. 5 FIG 3 illustrates

FIGa4 L ng@at t{vg df‘(rie "IS\MnﬁfFO\}TEleplglE for 3 bifect dnbwilk B tris@ibe of on-

direct-to-diqgl par at us
axis( i piesfionetng fet et orffraas ﬂg‘mi“ﬁ“"&nf%fﬁemﬁ‘ﬁ P efodipent o
the faldiond 1!/l ustrates a two-di nensi onal Fourier plane for
an object show ng one instance of on- axis
illum nation and one instance of off-axis
FIGi § fllusrhtesad tivo-dimetistons] Feeiat plang fonan eljdoodipwipgéne dfstanc 0f anhe
i al;mn a%? foExl tanées o% J)ﬂd%(&s 1ﬁ1 &1 Ee seQﬁﬂg%H%%@ﬂlent of
ane 'tor an obje ﬁ g on€ I nstance of
themwnncaw s illum nati on and four i nst ances of off-axis
iIlum nation, representi ng an enbodi nent of the
invention. 15 FIG 6 |Ilus rates a two- 1(1.‘“ nen onti;lll
FIGFéullu'i‘sg?tespF dresdipgsionsh Fapen olangs {3 i ghiset Shosig, afpeta
freqhenEIEGHUIRID EonBiButh Rdalfuseddptatrinh (heget tmape)f tafrasntnp ecdnbodiment
l?e gﬁi?d i mage), representing an enbodi nent of .the
of e &P on. 20 FIGS. 7A-7F illustrate the discrete
- Fourier spectra (7A-7E) obtained fromfive different
mg%&gg{ ﬁm;m@% Bl %Sﬁoqne?rg H tJ;mv(E? BhtainddeR2 8RN IRt

e |nven
holograms and a fused s;;ectrum (7F), representmg emboduncnts of the invention.

FIG. 8 illustrates an object amplitude reconstructed from the on-axis illuminated hologram,

representing an embodiment of the invention.

FIG. 9 illustrates an object amplitude reconstructed from a fused result, representing an

embodiment of the invention.

FIG. 10 illustrates the intersection of the two apertures Wo(g) and W, (), representing an

embodiment of the invention.
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' conte t of the |nvent|on can inc
datast 5

FIG 8 illustrates an object anplitude reconstr ugiesich 2007

fromthe on-axis illum nated hol ogram representing

an enbodi nent of the invention. 25 FIG 9 illustrates

an object anplitude reconstructed froma fused result,

representing an enbodi nent of the invention. FIG 10
w‘??"ﬁﬂ@fzﬁ ates the intersection of the twoPQpEPHRIEE

W (q) and Ak(q), representing an 30 enbodinent of the

DESCREATOR OF PREVRRRED %Q/%DIM@N%QO‘” 023217
PCT/ U82003/ 027569 DESCRI PTI ON OF PREFERRED

The-jprmfavpdihe variqes ﬁﬂ*}*i%*rﬁml efaniagepuy drgaily erpQd gt exlaipadm®e and
ful@dea Ii’df@@&ﬂbl $he d&ﬁaamﬁng ehRRANRAE thatfa: 1&2@%@! 1ﬁ1 8 al¥BfRnyidgul | y

r.e t he nonlim nts that are
e it R T e, R BRI P ) o 808 | e
maferialg, Ipeocésgind Gelinigesd espongptsi amh eqmmr arptomtteﬁ sofas el to

unﬁ%ElsQééﬁ‘l $hedled lth@gnv'éntﬂ;ﬁtn? ﬁén@‘ R sthol%e'%ﬁ‘lgﬁ&dt ﬁ&n%%ﬁm

nponents ana equl
deta}?ﬁ deeaptionang §e @ ?éupﬂeﬁevhﬂm@mmfmd erahodindents ftthe

311'&161&4 |agh Q&n Wl Soif G Giratib® WRY 8hd, nok mﬁtwa} he I1mﬁ?rfoﬁ‘.' V&8s
SCri n.and, t he specific exanp
R

whi
AP RPN T SR ERRS S P P ef
theahderighgvieventy covapt 01l bebdnteSdppaidni 10 Mhosdkilled Bkh @t frddy thivay
dm853&|n1tat|on Various substitutions, nodifications,
ddrti ons and/ or rearrangenents within the spirit
and/ or scope of 10 the underlying inventive concept

‘ Wn\Mnl this Qgﬂi@am%n aBeal sﬁbtlwahgnst el?@?e@ereigédl ﬂyeﬂrabl@ M%&l@rélthﬂlr om

scl osure. hi s app i"cat1 on sever al
Pﬁfﬁ’ﬁ’sﬁef Ealt siigfinos Ly Ele?ee@é P@ﬁre @&hwonﬁ\mbbfcfow@rfé tha lerd fitheni n
speﬂﬂtfaedﬁt ies@acly frddeting e @lain@Nied B¢ sdohtR HRadir L AHBET The

be. found.at th nd of the 15
d‘S@fﬁ%‘%ﬂ F A P R B PR TE By ER PR Y e
referdnes hereig far G plrpael ofiiglidRddgairedadkgsund bhide fieatdnoadiliesmitf al |
ﬂmhg§§%mgﬁblications in their entireties are hereby
expressly incorporated by reference herein for the
pur pose of indicating the background of the invention

In g@:ﬂ:ﬂil it bdhSokd A ttde Aentibd Gin %Icﬂ&eeobgfmng %nﬁgr Jnddfogtgpbliﬁh oAt al,

tal ning,
f°ﬁi5ﬂ IeoPerng) Ay mqlydeipreeting diegielidata the EFPEEAE SRt of
imapd) Ghei contenéfitiprimvestion il stl thelu @ tRRHSing @t @i hatipléidages t hat

into a%%l:ggd?’i%ggtes an

The invention cap include a method of acquiring improved resolution holographic imagery
from a direct-to-digital holography system using off-axis illumination. The invention can also
include an apparatus for acquiring improved resolution holographic imagery with a direct-to-

digital holography (DDH) system that uses off-axis fllumination.

In general, the object to be observed (imaged) is optically coupled to an illumination source

* via one or more optical components. As discussed with regard to FIG. 1, the illumination

beam is typically passed through the center of the target objective (i.e., lens system) along,
and thus parallel to, the optical axis. This type of DDH configuration can be referred to as
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- the inh%us- dl %I&I or ore off.laﬁls

i mage. The context of the invention can al so i nc} Nfhech 2007

transformng data fromnultiple images into a nerged
i mage. 25 The invention can include a nethod of
acquiring i mproved resol ution hol ographi c i magery
froma direct-to-digital holography system usin
WP0Z24% i | | umi nation. The invention cafCHIEYHE ude

an apparatus for acqui rPng i mproved resol ution

o GRS B Sl PR by o

certalﬂ linuinGz @) athiich i, deBniden bytbevdicative aeliere.obj ect to be observed
(imaged) is optically coupled to an illum nati on
source via one or npre optical compone ts.

The @iventionsese ipclyderan “ofEgyds iHunpeption” gpenatio, Whges th1 %}Pﬁlﬁ#&? foBe

is difRa Idte?an Yt @He b¥anPAB §ﬁﬂthfoﬁlgh(ﬂiégtﬁedt bBigfecBi@nitRrentarfyetstiie

t t th
parageg E‘%Pq Qpfic ag(% %l“ﬁ%ﬂl&ﬁxfuzf%g% llecgl? tXalthqu:% %e&%g %he @%gv us
be Madehi gmn aliei ehject ainsohe anglé &y thechptie! ads. 2 Dvirte Hhi O xIND

Illurle% 13% 2 g‘pztlaﬁ) %I(é] (%%%? ?ﬁ(ﬁ@?& é’l@ %b_]grit caip rpess tﬂgugﬁ )ﬁie%b]ectwe -

quenci es_ (Q)
apertutpe andb]medle obwrm@a thea cperl it oruwtlaurﬁnahe% r i iR 2 fRetant gO) |
advaldkeRmk Rvdlfier m ned by the objective aperture. The
I nvention can include an "off-axis illum nati on"
scenario, where the illum nation source 5 is
The GHveabi&e choldtl Aarepteddyd BDH k3tin (iph@atinp adupted ol dighallysagte ough

t he. object objective. o m"gtg(mo g_imylgt sﬂﬁ Lolse o@@&a'fbﬁ' to

invehittoa uani 4y hehfle mtalyaflg dior p;bqe@@g |(ﬁ}%ng) tigeigitpll %@W@d don
The% hlﬁtln%%s?& ?etmﬁ Qﬁfmmh& rah of Hﬁua@ﬂédu&@ies ﬁﬁﬁ i anylQEifBe £ O

um nat I on, g]dgersatla
originpl defogsamesi B Prayiipep gt dncrsiy Bthe nomipaljmaging e igee ¢ he
the s%i&n%bh]béféﬁ to AP Ed Wilefdno affekid-Mbtbindda dob fewalekle. t han can
th oh-axis illumnation. This is an inportant 10
advant age of the invention. The invention can include
As ididd sxotechelRagihickobyiat effoniappal A yyterasdalihited by e optics,
I gi I I ca tur
mosaopbl G i St by MR AU Ee AR BRS nOmlil
due tomb@mtmne ¥ hwm sty 1§ m!ir@ﬂie praveal aﬁsiﬂﬁgf higher @W“ﬁﬁ'%‘%"é% si ng
subs(::%glﬁ 'dghge)dattoﬂ S fhf gfné alllahb_(r ﬁf?soﬁlééﬁseﬂe St of tjle'sDﬂSHststem are

fuse

I:

contaln a.,w der
. Suchélpﬁét’flliéﬂbleﬁtls@&ﬂérﬁ@ie’é%es FRsipe ‘f“ﬁ le gl o “WPH;‘F@E? o ©"

casel ¥ bR MisAiEminatib %eﬁb&tvﬂedmﬁgadﬁ\s g0 @pbefrs @amnfed bm e reagetial N’

th th d
k5 G Wl Lt SR e B P
shifiay/@igl, @liiedeft) Asthnfiiqeaicypdoonie. 'I'ltlhel_pkqsﬂgt ngherdaetprin iwdish of
the Jpgrglgealy&u%e& lspa%etﬁ%r?cﬁe@ Thn 430 b Pt e YOu! RedoRRideCdme

spatial frequencies with g close to g0 are “lost” in the opposite direction. By acquiring a

second image with the illumination shifted in the opposite direction, the aperture appears
shifted (e.g., to the right) and thus the spatial frequencies “lost” from the first image are
regained with additional frequencies beyond g0. Fusing the information from the two images
results in one image with better resolution. Since DDH records the phase information on the

complex image wave, the information from both (or more) images can be fused with
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20 nost notably the aperture stop, which is requil Magch 2007
to prevent degradation of the image quality due to
aberrations. The aperture stop is required to prevent
aIiasing of higher frequencies and subsequent
gr adatr on of imaging quality. This nmeans the ogtl CS
WOHHORRI'DDH system are  such that only oBfEERISEHY 3
frequencies within a circle of radius gqO can be
RAt bge: the
R A R TRy A e
smetpatregaqdleeefwmency (qg=0). In the case of off-axis
illumnation, the aperture with radius O appears

hifted (e.d., to the | ef t requenc
The eion, i e ent o116 DRt ROGR ReRg |
capt@P @bih haxis SndSdif-didseithymisapee tiokkrahs. etjel emaitios cani dsh iphd© ar e

metl%oﬁ%tgs tzé 5 fuse %Iegl!lﬁs %%L%{og&a@tg gﬁidqic? He@htation of the

et 8 W ose
obseop olsiéct mﬂdnm@gaﬁabwolﬂw taae gailableigtheprios BBEAE | mage with
the illumnation shifted in the opposite direction,

the aperture appears 30 shifted (e . g,, to the ri ht)

s et TG Ty PRAMPRE 2 R Re s el i s | 1 .

this s&RE QanWcGeferted %hsﬂﬁdlxié\ﬂlﬁuhmﬁdﬂi toaal ilimiedios weitesetizey ond
0.. Fusing the jnf fro the t

hanaiI é@fﬂﬁ ‘f’i‘heic se Srﬂeée *‘hﬁ'ﬁ F%a?lﬂg%m i c nt u on t‘{vo ?b LIPS %tsg%lee DDH

angle etb rrebgect toethqpbydicad axmﬂZi’r (mtemmleam ﬂfumteddmﬂpﬂ abjec Bage

- 215 é)@iv usegleﬂé'? .o‘gﬁ‘g%rjgégﬂa%rn%m&so{or}m]{l&g oﬂ‘%@)ﬂuhﬁﬁ?@ﬁ&h@an

2 007 WO 2004/ 023217
appIpeCiF prosiebiseatiey 5 dentted 1o spFY§ OnkY RidileRreseifis prffastiye non-
imifil@S¥ddpk. The invention inproves the resol ution of
generic object structures regardless of orientation.
The i nvention can include an extension of the
Refdringda EISt AlandDDich ay&ﬁmttocﬁ as off-exmiliveiattoy DIBI apagituie
. ath.o n l.q@nrnans.«.Jhe
PR PSR £ el o i i P AakaE nt RPNECR £l
modiﬁspstem fishibat tthe dasdr ts@ras 103, tlwesheanh ertpengerépaiialt ftep F 8 Hng éhe dens
115 51@ oﬁpceﬁ %cﬁatcblﬁﬁte?fzonwﬁd RSBk \éﬁ:ﬂ)srﬁ@i(ﬁ c ‘ihé’\ﬂn&l&uﬁ@ﬁfcan

tial resolution than available in Rrio Dq—l
be nar%ble alone anAxig dhat is pufstpigtly parallel F?éhf‘o%]ﬂ@t%mb‘é&rﬁ 111%‘8 detadl,
the dﬂﬂﬁs’ﬂ{'e' 204 cah Be hd¥eblddlnk Grbdxisabat 1§ su%%aﬂ@&op‘mhleﬁtha hawealto 10
hi s segﬂﬂup can be referred to as on-axis
ion. Of-axis illum nation, on the other
hand, refers to the case where the obj ect beam 125'is

Sﬁllir%r%p%'{dép?ﬂ]dtshaese&ﬂh &11’1&‘??(91 g@l i&ﬂﬁn oﬁﬂ&!'b?ec%feghve

e optl ca axl s an exarrp

210} 14 16k % dbeclbetpuredencionyecdds it arifpned 365 raOhe SHEWPPRA2E| G
reﬂegas off he lﬁaﬁﬁlﬁtemﬂ ¥ pﬁﬁ'ﬂ{?&@ﬁﬂl& QnRfd? 'th@hf@eo@fﬂ{]ecﬁﬁél 230. The

[ um nati on; roach resent d her E{ g
ObJeFtﬂie% a%ﬁoth%ﬂdeagerﬂ%ﬁef’b&m jegive 214 g0 gl Ta‘m"% ¢ op 130,

centérBE4rOnd (e oftied) axis 127. In this conﬁguration, on-axis lllummatlon is achieved
and the system of FIG. 2 is effectively the same as that in FIG. 1.

In FIG. 3, however, the laser source cmclosure 205 is shifted (up in this particular

configuration) so that the object beam 125 passes through the object objective 210 off-center.




10

15

20

25

30

15 limting exanple. Referring to FIGS. 2 and 3,2 Rfirch 2007
enbodi nent of an off-axis illum nation DDH appar at us

is illustrated. In FIGS. 2 and 3, there are two

primary nodifications fromFIG 1. A first

nodification is that the | aser source 105, the beam

WOMMRL  spatial filter 110, and the | eRSTBYIBALSE, o

grouped into a conputergcontrolled noveabl e encl osure

- 205. encl o I [

OF P B ot T AT 1) SRLRArHEy B foafk BMRE AT ©
focudiR7 progertiesTof e dgéchbbiective 111@ n objes Lbeam 21551626’&% thpeobigst abl e
obJechlvg 91% i& clﬁ% lﬁ)oﬁ QB é&lﬁ)%pﬂrérﬁ%@%ilﬂyre%%@ oazﬂéi&ptlh’ﬂl E)hs

retrerr i ng to
127, Fhe@ acmewffsms ﬂu@@@@ﬁdﬂ%&}efohé%?qa@ﬁli @n P'ﬁ AP on
the dBfectll B‘@sugﬁin%@lgr n&tiiaﬁﬂél kovtBe opBd &kis 1M The &Bjectdearh BOS refRsed

source encl osure S0, t at t.he pbhj ect
oy er e o ek Do rise pocetts D Siberi piecat e efl oo o
propEx’ﬂtEs(Mlgih objére o@eeﬁtteew al ﬂtel‘f@cuﬂiig lewtl SQ)iSJS'tdbbWWQ 02 1i¢.CChe
(ot g}ﬁgn‘“ m A8 aﬁ‘ € Ruhil&lon c gu og:%es%gg\%Euoﬂdoj 8o} Ene 10

st IREHEE upon centered around
hologriwe faped &t e C@a by ﬂ].ezvterfqrwcet ¢f the abispifbeagud0sand e TdHs s
beanh 145U NG Ebnie%Faﬁglrﬁe@Neﬁaes AOncacit e a® Yot Geerell whihc 2
Is efrectively the sane as that in FIG 1. In FIG 3,
on-ajjpifferastiont he | aser source enclosure 205 is shifted (up
in this parti cuI ar configuration) so that the object

T i IR DI BRSO SR s it 210
hete@ﬂﬁé LEROO3ANBTE Fotially heter@ly@ffringeuforiourier dnelyfin swrprisiegir ce
a 1as§'é gbe nglt%f %J(&Eallf aipidd & 8 Bk MEL YncD 6o Riifdk BlicalgWN.

aus ocu3|ng properties of the qbject
coupldjtceths egraspBite an qbjset optifalbaounisdpihobeamIpiEG AR TS hj ect

opti@fy c%ﬁﬁléd‘f@bo%ﬂtﬂe rbf‘é’redcé‘&laﬁ@cﬁﬁor WOk dbfRe; %ﬁ&écofﬂ&&pﬁfalbs one
e Wwth respect to t 4010a axi s her eby

GOUPEG% *EWW@‘“%‘F%"& § ompif Pﬁ ) *Hﬁgansfoﬁg’ ag%?ré%af beam
digitgl kBterCana pmrrmﬁg@h iRdtte Ropn trnstoiieg whinjiecbferb B beam is

. .Subst gnt.i non araIIe The
i 3ol iR At Ehorbf ala ARl St BAFEL back
uport th @bjegifat @h&lm}hemwttb wva»beclszli@e@bﬁh#mu@ng Butthelue to

sithte b PlBra bﬁﬁﬁmﬁme&eaﬁee 210
L P Sl DR A

and Qbap@twagwoqu@cusqd K the focysing legs 4t a focgl p]arllﬁoﬁtgf q&l gﬁa TRGRLGeT tot he
fomﬂirs%iﬁl 8# He@Bdyaé hcﬂiigfaﬁ\ciidhﬂﬁg kpatidilp haterddpet frifghefor Hatiogr am

e T

recofied @t igticicmlynt haerenioiheiingefatisllybeterbiyeciinghatfowiee not

spacgp) AE ot t%}g of 3 etergdyne carrier frequency defined by an angle between the

reference beam and the object beam and cuts off signals around an original origin before
performing the inverse Fourier transform. The apparatus can include an object objective
optically coupled between the beamsplitter and the object. The apparatus can include an
aperture stop coupled between the object and the focusing lens. The beamsplitter, the
reference beam mirror and the digital recorder can define 2 Michelson geomeiry. The

beamsplitter, the reference bearn mirror and the digital recorder can define a Mach—.‘Zehner.
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on-axis illumnation. Thus, the invention can ingp\ds 2007
an apparatus operable to digitally record a spatially
het er odyne hol ogram i ncl udi ng spatially heterodyne
fringes for Fourier analysis, conprising: 15 a |aser;
a beansplitter optically coupled to the |aser; a

WQ 894028 Hce beam mirror optl cal ly coupl ed PEFUSRHE027569
beansplitter; an object ?opticall y coupl ed to the

bea litter: n tica to
scorig 10 e B sl e Rl Sfedlp SOUPIEE:
for pdifgyining b Fousiearagidorm Gyl yiagsd digjtal ftl‘tmmlﬁ eaforngng ﬂnen‘fﬁm usi ng
Fom{ie? BiseoAl g]madé% uhermf 19&1ud9§&é]9 Emefaes@mﬁqemeseﬁmls

ranst or plying a ag [ter, and perform ng
The appataiyesn ineluges bednesxpandoa st ﬂﬁf 2%9@?&‘@11%0%?1?‘1@?%%% beam

lased add %@béaﬂﬁihg&nﬁxe bk@ﬁrﬂet{v&ﬁ tHe @fr@dned e @n RAAM Bedt &, ﬁlﬁ ad

nan- nor ma| a ect on the
e oA S GG BT 1 s i e
mayd&fmlhrmﬂur&)bf thl @aﬁaﬂﬂmddgle helpgsm ntladingrspdtialiydhetemdineam and

| b doko i

ﬁm%es Oﬂpugeﬁe%a?smr afey en t&%’;ﬁ érc&)%%%m%e\%éﬁel% Mgr en%fsoc used
eactipvingtwo pisduist frigeel ambe mwdad fTbriateniisn grnancyide ¢ fpatiadly gi t al
hetefoﬁﬁlg Ecqggrrarﬁ Roduf f%@ab%%ﬁcﬁﬁédﬁp;ﬂﬁh@ ERAELARE o DdoRGHitEM

I ncluding spatially heterodyne fringes for Fourier 25
feadd?‘F‘a‘PWP% which is recorded by the digital recorder,

and the conputer transforns axes of the recorded

aceilpe Gt Ph ek et rep o i Rl O Y o

hologratnéricindinglypatally beterddgne fingesdor&oipr @dﬁmm@@pbsymgawh@n@q e
1%3&%&}0% r&&cef; ARG d&s‘e@ﬁ* By B BDinESHeard @5% AN

cuts of signal's arou an original_ origin before

refeygroe frisrarhtagon-pramdl prglsi iglectng iicioBject bramfomg ppiec#ign angle

witlHRPRI B hkSprie Bid Jéﬁde&lﬁgﬂi t@é'lls I@Cfbcuﬁmg B€lefetétceJehintaal theal | y
coupl ed, bet ween %ﬁ”ﬁ‘ tte#r and t he object, The
ge ﬁﬁ“

oty AP GRCRRSS 14 e B SRS ST
the ﬂaaismgm at hocablie of a digitel réchﬁerftmmsa spefiallehrgrodiedologram

mclﬁflnslsgag?ﬂy gétgrrg e{rlu? es for :1f[1e(?: Qx?aﬁrmp W@}%ﬁﬁé%ﬁ {u}rﬂg
hetelvdpmbglpgrant ecludutghmuﬂhrﬁxetpreﬁme&lwaﬁx Friurigr gnalysipdroprice

(=] 1 al Q 2 0 07
A sl

by tepsARiAL 1SS o A1 reerrd<d spafellybeferodimefiolperamyinciudiy Wedi um
heteﬁbﬁjdﬁ @ GestiORduhi® slﬁ&r’f@ st kop of Qlieteﬂﬂfnfe QéirfFir nigquancl;‘» Qefinbdos

an g ompen G Rl reBin e el Ph e e TG
signal@@oind 61 atigivaloriGBnChampedndbPatinatse Befiemesiopnx@es.  The
motGRAR n?gu%ére;%ﬂngctﬂ&éb#ag agne&ﬁ%ﬂhﬁssgmgﬁre/ba@@wﬂ%ng hiter

tween
object beam 1Iom an object atan angle with respect to an optical axis defined by a focusing

lens and after reflecting the object beam from an object at an angle with respect to an optical
axis defined by a focusing lens. The step of transforming axes of the recorded spatially
heterodyne hologram can include transforming with an extended Fourier transform. The step
of digitally recording can include detecting the beams with a CCD camera that defines pixels.
The off-axis illuminated spatially heterodyne hologram can be an off-axis iﬂuminated
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5 laser and the beansplitter. The angl e between 4 Rfrch 2007

ref erence beam and the object beam and a
magni fi cation provided by the focusing lens, can be
selected in order that the digital recorder may
resol ve features of the spatially heterodyne hol ogram
WQ 24849281 'g spatially heterodyne fringesPEBES2M30F75Er
anaIyS|s So that t he di®gital recorder may resolve a

st Stk Papes Py B e SR At B0,
undapaatal ikl fogtoa Gisiore YDt BMPIHIESHRICEd mbodcR
also %blo%p s{.}cﬂﬁi the %Qt?aﬁ &%&%@WH@M&%% e SRRPHARS -

I nvention,can
for Fovrisk andlysigas digitt dula. Ge W@E‘b?aﬂ Plﬁ7gm%l“d§ FRleviag PSFHEY er odyne
anal s(ﬂ%aﬁm&teﬁﬁgﬂéq{blﬁﬁaﬁ PRetnheol yan"d@& REG AR mittgligEsuledr

ourier anaIyS|s r.isi n aser
e iR el b B e AR RO e B PR e
}mhgﬁﬁbe@mmmgﬂbhmwfaﬁemﬁmﬁamﬁeamﬁbmahmacmmﬁ@r@uh@en1rror
edat a non-normal angle; reflecting the object beam from
MR object at an angle wth respect to an optical axis
defined by a focusing lens; focusing the reference

beam and t he 0ijﬁ&mgﬁ§ﬂ&mm%}Ch constitute a
plurality of sinultaneous re erence anﬁ oB&ect waves,

Refoging io FiGhd aftwe-gigpnsignal Eygerplang i depigied fr 2 tical ¥ ¢ al
whede @6:6 FrEtREncl @osfxs)ﬂlmeatersmtmalﬁbqaexhgmﬂﬁdtyjéwz;dsmbrmg:roadmeo

I d
| %%d%log %ara$ gﬁeguglilclyf t:ﬂ:%l:ogo 2 n f {hn%p ﬁal fﬁg{uenc f e
objeheteecemﬂm bly dtledidjedoairele Ml Lmraﬁg l@pmaprm Vil cweeqnb’dW@
frequenclégglgcgcgtee b E&U{ 'd%ﬁ%éﬂgltfﬂ? One E&%ﬁéeecff of BRAR iAot he

et er odyne hol ogram i ncl udi ng

howgfpramlh%pt}uehl@tf@ﬂ@m indipgtqd by dhe dagholing piggleci2fyy ﬁihﬁgm&ﬁ“é% of
of oft- 85 IEGRLHIE hn SHRLd Bed zidASbaRQB¥RGpIRIOg0am i ncl udi ng

spatially heterodyne fringes in Fourier space to sit

on top of a heterodyne carrier frequency defined as 25
A DBH pGie daed wakin stohe inBGeend 8 doebomad o daptere ol] sat

b appl yi a d| fi. 0 S
it GREHRARR 5 b8 oftafd oo it S8 e ke bl
mmMmméM$ewF@uhh@%mmmaﬁgﬁGﬂﬁmwmhemmﬁéﬁh@@e@aﬁﬂﬁﬁ@ﬁ@&é
of ﬂxb gl{uéc@ GetnBgh b Qﬁly&qhegeqolog%ﬁé Qu%&ﬁbu%r& sﬂxE]Je §&cbnsPR}e8 Ghdgy €

ore reflect trng t he jeCt beam frqom an oc#iect at

will i digaygspdin deteil belevs pbg fecftnatruaﬁd ipies eagconia dl gfdieighgedy o
spatxﬁl%ﬁ@nﬁ@s anll @$ prandh aasfghiﬁﬁanﬂyeﬁlb&@ tebdlglioh Rago ijremy sigam

ool BB, B P By R BET iy B i & e

exankpled AR o oot ingndad @ predide b:hmammc:msdﬁmdhmp at otla:t dpyroaches.
- het erodyne hol ogram can include transformng with an
extended Fourier transform The step of digital
The ingentipmiéan dncledathe qaptie (légitel acquisttionpf 618 -b &4 heloammsh FIg-
1Ilus&m%f)$tﬂ?ﬁe Qeﬂ&és%@xﬁau@ﬂ &b of hJiEﬁanQBff a s@t)ﬁf ﬁold)gkahﬂd Wh&@t ed

spat| et erodyne hol ogram can be a L axi s
N=4; |S}1rel‘lﬁr ﬁ%}\é@dtl FlG e Epesepisghe Fourier plane of the object where the zero

frequency 505 is the center point. The solid circle 510 represents spatial frequencies
observed with on-axis illumination while the dotted-line circles 515,-520, 525, 530 represent

spatial frequencies observed by four different off-axis illuminated holograms. = By
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| ow-frequency heterodyne hol ogram the phrase

| ow-frequency inplies that the fundanmental fringe

spatial frequency is below the Nyquist sanpling limt.

The nmethod can also include storing the spatially
WhERBH ne hol ogram i ncl udi ng spati al | y PREPRPGEEHE

fringes for Fourier andl ysi s as digital data. The

net hod can al so |n rier
amm®ﬁ§¢W§%EE@%%@W§WP§ q%?%ﬁ@ ¥ﬁ6@%m§”ﬁ? mm&%%hd can
of théb ISP sysﬁﬁhstaﬂecuwmaemairanm spatigl ﬁraqmme mdzcaﬂwy;t@ claded |

I hologranr The invention can
fegmf"ﬁ I“Er’g'[lg °°§th'§6 *3%?“% ¥ odyne hol ogram prepared by
t he above- descrlbed nmet hod(s), enbodied on a

In ﬂl%?l{xg&td%ﬁlalﬁ q&%%@ speEfF:rgl' d{* e oﬂ@c’t Y §béﬁrb?r Ve hortbsigy of

rrlng 4 |nenS|ona Fourier plane is

Flg) Gegisnof Ea/ f%(ﬂsaObFFfﬁéPFéfhb&QEm‘Bbﬁﬂee&g“’ Rhere zero
frequency 405 is the center. The zero frequency for
the object 405 correspond heterodyne or
carrier frquEHéywyme ﬁ ?@Qﬂéﬂ% of the spatia
frequencies of the object are represented by the
filled circle 410. On-axis illumnation will capture
orwhyrepmsnamaaeﬁmqmmt sadphaeditch resRrolyyt HEEFR Y| i ne
ﬁlaﬁ éhﬁarerg{%fﬁe?}ﬁl‘t,@(ﬂﬁe of off-axis illum nation,

ver, capture the frequencies indicated by t he
-dash- Irne circle 420. O her instances of off-axis

The nbdntitH cABh¢1I0 n6riEkiZAng Pl b a)nq)terha“.hlg foe gargimestriode corltrastsoBpect

n
e g R L
G (@utlobd rp;br&eﬂmhej@nmmsfommf onegwquisd @Jeetrrwﬁﬁlf image) g (0):

illumnated - of t egz ?ect area. Realizing that
each such hol ogram® t al'rfs" 1°nf or mat i on about
erence atia requenc RS t hods
“m“Fo 2 9?ém§p@§%mﬂg?ﬁ”’%%%neﬁ%mgg&ﬁ%¥goa gﬁngmggg

r ecogigpucsefl, (gyrye} Vbt {u ey (dr@ﬁt@%@)rrtfmb}et ai |
bel ow. The reconstructed i mage can contain all of the

and observed spatial frequencies and thus provide a

signif] gzgl-?ridggﬁe%rge pggn)ﬂm@nt any single

25 rectft presente hereafter are

for k1 ended it QLEENVE BS 4:QREEIEMBE ald WerenexX impd esl ahale ar e
not i ntended to precl ude extensions, nodifications, or

376} h@taRpe HIQ&EJPQ)Sner trahkrerm dpbretivii The inae £i, olﬁ:@hswd@tﬂlct@é by -
capture (digital %UISIIIOH of k=(0
keeplng | oolyr tharBequéaFias, of58: (¥)| somzon 42 8 @) slb‘iafhie ei?fer?’t"% Heréhci es

ont i n each, of hol ogr of a s
o i e G ety S R Reflenrs B b WoollObAOORS |
g (15 int!lré 8. Rle@6mAin ﬂ‘eﬂlﬁné?@cﬁ)cﬂe VRBER ab 1hE infeEdion of the two
aperwres W,(g) and W,(g) as illustrated in Fig. 10. Once &io{*)and &o.(*¥)have been
constructed, a ratio image X () i_s computed as |

()= Bl pexolir)
S g mexplire)
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frequency 505 is the center point. The solid ci rﬁv%rchZOO’i

510 represents spatial frequencies observed wth

on-axis illumnation while the dotted-line circles
515, 520, 525, 530 represent spatial frequencies
observed by four different off-axis illum nated

WhsHMdg2ZHEns. By 2 March 2007 WO 2004/ 023R4TUS2603/627569
PCTI US2003/ 027569 11 &ppropriately fusing the
[ nformati on fromall five holograns, the resol ution
(i.e., bandwi dth) of the DDH systemis effectively

After 'c&Epﬁ s0datNlagd] the SRR ifittlge donegy enbhesmbneaiinstied By t he
shade region 610 in FIG 6 co t)rlbutetotheflnal
samplemgléavelsgeDPfthqﬂ@ag%’d??fébr“a%ﬁ‘&ﬁ?lx"’fet the true spectrum

of the object be give F(q). The portion of F(Q)
(region of F(Qq)), é(ﬂt/n(@. Hserved by each hologramis
t hen g| ven by Gk ( ‘) Pk exXP rk) F(g)W (q), 10 where

wherg lgélés glg Bels eq%:e? ofjf’p 1s Elnr t|:| Og4 itiee8) thii At dge@ﬂ&i PRI sSreadnfs SR

am is the square root
mag;ﬂﬁdeﬂﬁ@&fth‘d&h@ﬁﬁge éfb]ﬁnglerpmﬁbqatm can include normalizing

e e ON
Sg%g{?gtfoﬁ 8 1? DFAL P(Q*%I{zﬁé aiRf éréa Etglsaftlﬁé f&gﬁ ARGLFRE! On e

cont t nofrnmali zatbfgn C%n be
methdﬂmmhasbef@eta@nﬁabtalﬂmm omipuis the wgme TaHiodmegs dgscribpdsabeye

fnng Rﬁla@t whiRlifai &) mnﬁﬁé@elﬁ%hhs@ fflet, aﬁSf?DF m) chan O:Fi@uiad:q;u i red
obj ect wave (or | mage) (x): (a) = s{gk(x)}
the (Widitled sanfpie me’adpﬁhﬁtpél@epfrrbﬁ rﬂ@@ﬂ@ﬂéﬂkfx?ansf or m oper at i on.
We now define two addltlpnal i mges 9$k.o (x) = s-'

t Gk W ” F Vk W
L% (010 (Vi) O (0 (1)

heragiwela%e bl ensraon e @it M Bl g
wherla ROk, Fﬁ;tae@eléhlﬂ fa&b‘xeﬁlstﬁ% Iﬁﬁt«’d‘crh@{tfofvfaai’ﬁﬁb@dmm,gm mghtmg The

|rraeg i s constructed by {; 1Jo P%ﬁ f{\]
factof s Gxpd el fe@neo adfter Wdl’iﬁ'ﬁﬂ%ﬁw?‘%h“lﬂ% fo g"fiaygﬁ PSR E The
magrﬁtﬁée? bLEME Gdiviia Sma@PukX Jo comPitéink adtio)imageh®his mege el k

(x) conprises only the frequenci .0 X)oROJHpn to
becagsp tphaso Hatg g5 O WAk ey %1% % & Erlﬁgosm%r e%r%enm es
embéddidniTer cWhgiting ihe eelghasg hdwe is nter sectl on of the two

apertures W(q) and _L( illustrated in Fig. 10.
Once gko(x)and g0 Yk Rave-been
=D W NEW LN

Similarly motivated weighting factors may also be employed. Another method for phase

- offset estimation is described as follows. Often phase offset is due to errors in locating the

carrier frequency. Under such a condition, the phase offset of the ratio image takes the form
Ly (x)= exP(](etxl tex, +7; ))

whete e; and e; are related to the error in finding the carrier frequency. In this situation, both

. ey and ez must be found in addition to 7:. The above equation can also be written as

Ly, (x)= cos(elx1 +é,x, + yk)+ j sin(e‘lxi +ex, + yk),
The real and imaginary parts can be considered separate elements of a two-dimensional

vector
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constructed, a ratio image % (x) is conputed as) Nfrch 2007

(x) = gk.o (x) kk exXP(/Yk } go.k(x) koexp(jyo)

March 2007 WD 2004/ 023217 PCTI US2003/ 027569 12 After

conputing the ratio inmage, the relative fringe

contrast, Pk | /20, can be estimated as the sanple
WOPEHA2PHver age) of the magni tude of the PEFVBIB/AHHYE Xk

W kk ZIxk (Xi )I {lU P31=1 5 where p is the total

nunber of pixels inythe (digitize rati o i mage and |

xk (x, )I re%ﬁé@#ﬁlﬁﬁ‘@ b }val ue of the ratio

i mage at a sigém @ikasnkecke:ron?«The i nvention can

i ncl ude nornmalizing and/ or conpensating for the phase

of fsets. One nethod for phase offset normalization is
The tifceqamptiteintdhaticaomsherright of the pexye cqtetins r- dpeel 2BbBve Fbr

fringe ntrast, normal i zation.. Th ' hase
nenger SRt AR PR ey o B g ATyt Bl B
standandrogHliteecptimmatioh echmgasy  of t he phase of the ratio i mage
xk (x) : eXp(i(Yk-Yo))G ZP ak(xt)LXk(xr) where Lxk (Xx;
) is the phase éangl e) of the (digitized) ratio ipmage
Thugtafter finen gpreitagsapd Phascopiiet ngpnaliztion \ifesapetioh dy Be qoeer
spegﬁ%%joggnfca@tb@ﬁmpﬁmdtohe nost strai ghtforvvard
enbodi nent, the weighting factor is fixed equal to
one. In other enbodi nents, the weighting factor maybe
related to the 15 | ugws(f the individual images
used to conpute the ratio inage. This may be used
because phase data is often inaccurate when the

' i tude i L. 3 'n todid@lo
In tlérggagg]\Je te#uﬁtgon%,ﬁig?%?égarfi?l#ga \?(19?391 fdifidh i TR ABRR redidAlof

npu actor 1s P lgk(xi)llg (xl)I
the Emettiingfogerad by baigen) 4 A0 Smple FEAIPLP F6 IRAAY dYPCRRBt GPR i ng
FIGT PEERT 5 JBY tPdns hsRE 2aRITb QXS thdRBietiek oiRésI50g) sins2phase

of fset estimation i s _descrihe s foll ows. en phase
525 PP et s SEEEH ERPGRET T TURN IR RALLS Tl e F

' circhlirgQuaRE Bulthielérh feidida: a condi tion, the phase offset of

the ratio irrag;(gakes the,form L% (x) = exp4l(elxl +
62X2 +7k )) wlg)= 2m
[]+\/(Q|—C:)2 +(?2‘Cz)z]

r

where g; and g, Tepresent the horizontal and spatial frequency variables of the vector g, ¢/
and c; represent the center point of the function in the Fourier plane, 7 represent the radius of

the function, and # is the order of the filter.

The goal of the fusion method is to fonn an estimate of F{(g) from the observations Gifg).
One approach to estimate F(g) is to employ a linear estimator based upon the minimum mean
square error criterion; this is the well-known linear, minimum mean-square error (LMMSE)
estimator. Using a linear estimator, the estimate for F(g), where g represents a sample in the

discrete Fourier domain, is given by
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where el and ez are related to the error in find R@rch 2007

the carrier frequency. In this situation, both 25 ek
and ez nmust be found in addition to 7k . The above
equation can also be witten as Z% (x) = cos(el xl
+82x2 +YK)+l sin(elx, + e2x2 + Yk ) The real and
WO0E@RRAEry parts can be consi dered separ BERUSISHEFOs of

a two-di nmensional veauor 2 March 2007 WD 2004/023217
PCTI US2003/ 027569 13 Re{Zzk(x)} cos{el xi +e2x2 +7k)
(1 n{ka(x)})~(sLaée +eZxZ +7k)) The three paraneters
in question on F :riﬁk(ﬁﬁkﬁqhe above equation - el,
e2, and ik - can them be estinmated fromthe
observations (on the left of the above equation)
through any 5 standard non-I|inear o %i m zation

where i@ chefficiguie as dBtvosined iy the EMMSE Spien@oit %“’ég Y and phase
of fset normalization, the equation for the observed

spectrum i n hol ogram k be sinplified to 10
Gk-(q);F(q)Vﬁéa%)z k quations, Vk(q) is
essentially n

dow X uget,| at represents the
regi on of the specfamm 6 g%?‘\:/(gg by hol ogram k. As a

si npl e exanple, the wi ndow functions from FIG 5
woul d be equal to one inside and zero outside the
where! cf? ﬁ%%&sﬁtﬁ@n@béﬁﬁa&&pﬁﬂs a(lj ﬁﬁlﬂﬂ%mtﬁm“?@ @e_lec?eﬁ a
nmor e sophi st.icat enbodi - ! neli®n can
depengeat e %&eﬁi‘g?sn‘éfetge "EIr cul a?‘%@l syﬁ%e ric Butferworth
compénkh{jﬂi:ﬁ)i $99tEm Mise.dj) =perfeet o noisq gse(cp cid by Fot 1q zefo, I{RCR o
' na. QL 70 Ahctitd) hck phttinAhe frodacpgency
case ‘geaﬁs%% ér?%?e%tg {%ge_m%ggntpor (fgeel ﬁtwan c2 rﬁ@t??e??@ the
undesivahilet anttfacsin e fused Tmps- Feroes GHEHRTPHEPREH? °ef “pl'dne, r
come o 36fber o E%ﬁ?&l&; Sperinifl tmﬂfaﬁﬂgﬂ? mfe{a“@. s
e order o e filter, e : SéOfbniEet ho
appropakes; §(a} Gnbeaift @tfl?rn’ﬁtaec%ﬁsm&(oa?g? %%ml%hh@e%abége rvati ons
compleétioflal -analye¥8 @f &p pbse@etholograens taﬁdrima@S-F(Iqu speh aPU""’é]i‘Fﬁlf?Iy a
comthling e Eeﬁ%z%ﬁ%%ﬁéne?e?&%e‘ﬂ@@!&d bfosfhiilicA AR TRAN

Simple averaging or LMMSE estimation are perhaps the most straightforward:approaches for
computing the fused image. A few alternative optimization criteria for computing the fused
image, well-known fo those skilled in the art of image processing, might include maximurm
likelihood (ML) estimation, maximum a posteriori (MAP) estimation, and/or total least
squares (TLS) estimation. Note that these examples are not exhaustive.

Experimental Results
FIG. 7 shows the discrete Fourier spectra obtained from five different holograms. The first
image 705 corresponds fo on-axis illumination while images 710, 715, 720, and 725

~ correspond to various off-axis illumination conditions. The fusion method described above

was employed to produce the fused spectrum shown in image 730. FIG. 8 shows the object
amplitude reconstructed from only the on-axis illuminated hologram. FIG. 9 shows the
object amplitude reconstructed from the fused result. It is important to note the grid structure
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square error criterion; this is the well-known |3 Readh2007
m ni mum nmean-square error (LMMSE) 25 estimator. Using
a linear estimator, the estimate for F(a, where ¢
represents a sanple in the discrete Fourier domain,
is given by 2 March 2007 WD 20041023217

WEORNRIBR003/ 027569 14 N F(q) =Lfi k( q) Ck( ge1/uteed/ozber e
the coefficients, as deﬁerrri ned by the LMVSE

criterion, are glvenb %‘hké)n%'@ N 5 .Yk=0 dV\k
that Yegires (appereuthie rFEG & (g3 Wbidh 1Sp§’§‘?“f SV rto ti?all“”“aa‘q"r’
hESENk Sof e @Bishar i zation paraneter that can be
resa]{s“é?é‘ct%ﬂ glependent upon the specifics of the system

This regul ari zati on paranmeter is used to conpensate
The cﬁ&foseﬁ Y&l oRieOdhe® a céoiputtr @etdlled; tnpvezlds enclhoirese the si5etne( )

for p?l‘g)rmlp% 76 f“}Slcg‘taﬁf% 3 16-%1en£)gothe solarcm%a%hexéagxd&@ﬁﬁaltﬂ"l@r £ lchdRt €

a S| nmple average ractice,
that thelObjecd béamglassesibmugir el nbiess ObJﬁﬁﬁ‘dfe@rqu&?ﬂ ;) Oﬁ‘iei‘t?rah"ct dhej

struc?xreefmf %i@]@?& Er@&?ce plat] &Pﬁ&er/ﬁkﬁa@'ﬁﬂéﬂtaﬁ& AR E6h mmay oteh | S

t.ant nh
st @ s by barva or Uiane P oHer bhgsbtihelBo g’

fhrougiP ReOgHeRe &ecﬁkqan-déﬁt& fieofs@btef Gictutiieg, Byoway cbhmestpleta or

0 vary S C I
v b e Pl e BB A Sl
the ftBMpQGE i the OOD cark&ra ehtiput haguich @eam@gpﬂnéqrfp@ml ;ﬁgsﬁ and

lens, %aa}r%ﬁl tere erxamn? a Pe%esdo? Xﬂ_%l\/% Epﬁ(:alteféﬂ% (§E' hir@f), biks bld@edr t .

averag ng stimation are perhaps the
examptostﬂe:sblvtah@hﬁﬁewwg?@blapproaches for conputing the
fused image. A few alternative optl m zation criteri a

for conputing the fuse
“The tsfaisia|ogd, §sysedl Argeilyape d&%ﬂcgﬁfa"ﬁ °f8?°6 tﬁ"g‘é’f‘% SI?& te““g‘%n‘tgﬂ ude

used WBRSih, Wdéﬁﬁ’e@ ad thvis ef inbre eein (WL Jhe exet ik, arysed igweinms mﬁged

oo Pt e S e B B ey P Gl bl
comrmahg eixhqaas Iangu@e) Ehpemn sropiedats wRddERiDsis Befmed 28 CORERS: ¢ he
aithoH% o ne%e%saﬁ?%éc&)? a&ﬂ%@ﬁé&ésaggtnﬁbﬂaﬁgallﬁ @B et YprlinfafeBT ent
as used herem, is defined as at least close to a given value (e.g., preferably within 10% of,

more preferably within 1% of, and most preferably within 0.1% of). The term substantially,

as used herein, is defined as largely but not necessarily wholly that which is specified. The

term generally, as used herein, is defined as at least approaching a given state. The term
deploying, as used herein, is defined as designing, building, shipping, installing and/or
operating, The term means, as used herein, is defined as hardware, firmware and/or software

for achieving a result. The term program or phrase computer program, as used herein, is
defined as a sequence of instructions designed for execution on a computer system. A
program, or computer program, may include a subroutine, a function, a procedure, an object
method, an object implementation, an executable application, an applet, a servlet, a source
code, an object code, a shared library/dynamic load library and/or other sequence of
instructions designed for execution on a computer or computer system. The phrase low-
frequency, as used herein, can be defined as implying that the fundamental fringe spatial

frequency is below the Nyquist sampling limit.
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25 image 705 corresponds to on-axis illum natiom w2007
i mges 710, 715, 720, and 725 correspond to various
off-axis illum nation conditions. The fusion nethod
descri bed above was enpl oyed to produce the fused
spectrum shown in inmage 730. FIG 8 shows the object
WP RR2de reconstructed fromonly the oRCEK$203/027569
illum nated hol ogram H&6G 9 shows the object
anpl i tude reconstructed fromthe fused result. It is
important to note the grid structure 2 March 2007 WO
2004/ 023217 P@Idcusa,?ﬁ&a%zﬁé&%m hat becormes
apparent in FIG 9 (and which i1s absent in FIG 8) due
A pregical lappliceion @ sednventiys ahautlmmmehﬁ&mxf ms WichfoideicslMrds e
I [ e s sh o ute
metrcﬁléﬁ qlﬂc J\Qﬁhag 1§Clls ¢h %5[%&0 of E0 njfcrocle §‘fr?nffg[? ﬁ]?ﬂg]cal}s for

controf I ed, novea e enclosure as
fabrigstions gpichrps-fer semieondugier mppettion Theinyaytinrigalioesfd dumgierctiseam

with @a&ﬁﬁﬂﬁ@lﬁéy&%&éhahevglbﬂxﬂeﬁtr an@ 'ﬁﬂndfﬁ;ﬁlﬁngc‘ Quch tap ﬁgnoﬁgﬁ?hzgtj%}n ect

beam passe H‘}t%ﬁ‘ t he object objective on-center or
© Ggventiqn, i, Bi“'ﬁ‘F & theyponigkt of din Anjerferqmeter

usingséigit procelsbg nndrpadigial Aap adgiisitiod, ifdr teRdmpRd dlté’dﬂ-ﬁ) &R be

holo@a[ﬂﬂ BBIHJ%GCI ]pt? glgclflrgr} 5 lograi}lﬁrp ol e ovmgagg{?gé%]rﬂ%}% dipes %?r ﬂi.‘fass es

mVﬁW%MWhtch@ee@mtbxdmwﬂle@tlve on-center or off-center,
i ncludi ng, by way of exanple' a 10 noveabl e pl at f or m _

for displaci ng AdientheosmphidBss the mrror, the
H%ect obj ective, the object, the focusing |lens and
A mefhpd, aRDEEOE Edior QP Atoieis, rEmestiitieg B baknenbeRIMinvention,

can b@lfd@%fﬂ&fvé &ﬁ%ﬁ&aﬁl&gegdslf&%{ leégiﬂe foﬁ!&ﬂﬁ%re%gnsaﬁeqrﬂf?&tm% Fan

‘fﬁ a series of nova el erren
provi CP?'{ELFffg)cmelrof gjech Humingiion. Thy iestien ean plowids fukien afpesun;m
from foiuttiple BO1GlARLS. (I'Hebhxﬁentlaﬁ cﬂr_:h ﬁrohﬁé' RBniflcaflly Horead® ilded

' resolugﬁ ellhle utw%rgtleog 1mpr0\§a% &u% r?dggrcg ré?esitshgaglgggdn ?wlggushgﬁ I’en

apPl‘O%Ch@n two. The term anot her, as used herein, is defined

as at least a second or nore. The terns including

and/ or havi ng, as used herein, are defined as
All thE d’l‘fblPﬁeg |eﬁb°d(ni"mé of ﬂ@p@ﬁﬂtioalﬂgdaﬂgé)melﬂ' k& bemmiecodipteéd, as
without S8€he féﬁ;ﬁeﬁinéhtaubﬁ m‘i%ilﬂ ek AR10GRNNRE 1§ Gtion ?ln%pﬁﬂﬁ% b90t
ﬂmwﬁ@‘é ¥ rect ¥ %]D and not necessaril ‘

“*‘8 Wi o4 \ﬁ&hdbep‘?esﬂq%%qawma@na@ inyeiign

conterfipdategi by thei meﬂtafs nsnﬁadloﬁbﬁ lﬂicude&ﬂtwe iSkRRe id 19t BmBHaRRval ue

. it will f Wt hi % nore .preferably -
ccorbifig e il 8 b oideRt g By o B GOTOMBRY . The
Pfam"@‘é‘?ﬂ?ﬂﬂslﬁﬁﬂé@ahwﬁicmiy desclled bsed herein, is defined as

| argel y but not necessarily wholly that which is

ggm fied. The termgenerally, as used herein, is
Furthey the indayiua) goraponqmis greqd ng%p pasebinied inghealisgpsed ponéguadtiens, Bih e

cquld tiebftbined in virtually all configurations. Further, variation may be made in the steps
or in the sequence of steps composing methods described herein. Further, although the
apparatus described herein can be a separate module, it will be manifest that the apparatus
may be integrated info the system with which it is associated. Fuﬂhermore, all the disclosed

elements and features of each disclosed embodiment can be combined with, or substituted
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depl oying, as used hereuy is defined as designi NOpfarch 2007

bui I di ng, shipping, installing and/or 25 operating.
The term nmeans, as used herein, is defined as
hardware, firmwvare and/or software for achieving a
result. The term program or phrase conputer program
WRHHZRY herein, is defined as a sequen&€TBy2003/027569
i nstructions designed for execution on a computer
system A program or conputer program may include a
for, the isrlosed Pleresnts and fatoesi of wvenaothr diselesert wubodipens fcant fvhere
such e@%{i}g&’feaﬁl&s Q@in@tﬁahlybfﬁﬂsi@ﬂem ation, an executable
application, an applet, a servlet, a source 30 code,
an object code, a shared library/dynamic |load |ibrary

It willPJe aRitesiOhdd QdrioSQEHIEHERs, ¥odifibaisis| 4daitiom Ry 0l egirgpen or

execut jon on a canputer..or caonputer system The phrase
ofhefEe py B o) mos RS BT g iy S e
the urideryinginventivé ahcepthis isf deevake riteun tha bpifitrandigecopp af theadnderlying

. fre | I | A | do¥8 wh Mar ch
imventys SMERY sieBop G A H AN B SATBU e bR o 10
substimgiesis; reodificadings, adfitiqup end{onieaFrngsdl™tA practi cal application
of the invention that has value within the
technol ogical arts is. .metrol.ogy. The.invention is
The appepded, Flaimy 2% Bl 1, RiciPiemiriedat el “&grg%eé‘?sé’ti‘{siﬁgﬁ'i‘°é‘?%%tﬁg‘ﬁi cal )
unlessxudhad1fnhiG@dniiOdRplicRiy edoiteddn & givensdnim cangdheqhse(s) frspesdtd’ on.

The inyention | | s ef.ul i ' t |
sndior 36 00 TGy peade o B ol s AR rh 8B afehdha
indepevdient fohimsusnd ribgir swivhleds Spenifisy pattedimient® of dlp, invention are
i AR EARUD SR epenles i dkiir oiR1veNt i on s usef ul
I'n thé cohtext of -an interferoénmeter wusing digital
processing and/or a digital data acquisition, for
exanple, a direct-to-digital holography tool based on
el ectron hol ography. There are virtually innunerable
uses for the 10 invention, all of which need not be
detail ed here. Advantages of the Invention A nethod,
appar at us and/ or conputer program representing an
enbodi nent of the invention, can be cost effective
and advant ageous for at |east the foll ow ng reasons.
The invention can provide conputer-control of object
il lumnation. The invention can provide fusion of
results 15 fromnultiple hol ograns. The-ifiventi on can
provide significantly increased imaging resolution.
The invention inproves quality and/or reduces costs:
conpared to previous approaches.




Al the disclosed enbodi nents of the invention 2DAmch2007

di scl osed herein can be made and used 20 wtho

undue experinmentation in |light of the dlsclosure. The

invention is not limted by theoretical statenents

recited herein. Al though the best node of carrying out
WOHE0E3ent i on contenpl ated by the i nveR§HY$3003427569

di scl osed, practice of fihe invention is not linited

thereto. Accordingly, it will be appreciated by those

skilled in the art that the invention may be

practi ced ot herw seREBBRERSESpecifically described

herein. 25 Further, the individual conponents need not

M beGGdaEEQﬁ ﬁ*@&hw “tnlarsdu%o%% a{#ogfpc@ﬁ fqlm@g but

onbi invirtu ations.
) FuV?qu’%rE et\?]a @E‘fdf‘?f’ﬁ“ rejeeen HP&R&@P]? Kﬂ‘ﬁ‘@f Aqagggcs/Plppum n t he
PubBsbgti@pme of steps conposi ng nmet hods descri bed herein.

) o bl s obi i ion ! R WrRon i et o R e

_ﬂnapparatus 30 may be integrated into the systemwth
which it is associated. Furthernore, all the disclosed
el ements and features of each discl osed enbodi nent can
be conmbined with, or substituted 2 March 2007 WO
2004/ 023217 PCTI US2003/ 027569 17 for, the disclosed
el enents and features of every other disclosed

enbodi ment except where such elenments or features are
mutual Iy exclusive. It will be manifest that various
substitutions, nodifications, additions and/or
rearrangenents 5 of the features of the invention
maybe made w t hout deviating fromthe spirit and/or
scope of the underlying inventive concept. It is
deened that the spirit and/or scope of the underlying
‘inventive concept as defined by the appended cl ai ns
and their equivalents cover all such substitutions,
nodi fications, additions and/or rearrangenents. 10 The
appended clains are not to be interpreted as including
nmeans- pl us-function limtations, unless such a
limtation is explicitly recited in a given claim
usi ng the phrase(s) "neans for" and/or "step for."
Subgeneri c enbodi ments of the invention are delineated
by the appended independent clains and their
equi val ents. Specific enbodi nents of the invention are
differentiated by the appended dependent clains and-
their equivalents. 15 _
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2 March 2007 WD 2004/023217 PCT/ US2003/ 027569
RFFF. RF, NCRS (1) Goodman, Joseph W, "I ntroduc?%aﬁr%hzom
Fourier Optics," MGawHi |1, 1998. (2) Voel kI, E. et
al ., "l ntroducti on to El ectron Hol ogr aphy, " Kl uwer
Academ cs/ Pl enum 5 Publishers, 1999. (3) Eugene

woHeee32i7 Qpti cs, Third Edition," Addi sonPU¥ES2e03/0273998,
page 465-469; 599- 602.1%2 March 2007 WD 2004/023217
PCTI US2003/ 027569 19 CLAIMS What is clained is: 1. A
met hod of recording a8 axis illuninated spatially
het erodyne hol ogram 5 including spatially heterodyne

Whet isiclaigedisf or Fouri er analysis, conprising, reflecting a
reference beamfroma reference mrror at a non-nor nal
an reflecting an_object beamfrom an object at an

nfgrﬂefhw of FPC‘?féIBEp@@%’atﬂélﬂalﬁmﬁﬁ’tsi’@aﬂy hateiodyne Belegrated by a

mchfdag hbihﬂ% hét&BSme HifedSs Mibridk Elﬁlyﬁ@f:&ﬁp@iﬁlﬁga beam and t he
%m at. a focal _pl ane %:;ltal recorder 10

0
dJ f?é‘?%at’ gt heam, frpma & pefefeg ?ﬁ“i‘%’ﬁ?’é‘b“é’bﬁ & 2pgl% het er odyne
h akftegtirgan bijet hesth fign shjettat dnyinddevitiragyne an dticanges f or

Jysis; digitally recording the off-axis
dem!:e?wdnfﬁ{% épati al |y heterodyne hol ogram i ncl udi ng

s patubing thyreferstas besahyandthé ehijaatheam fte Hockplnd dp d'awéreycsﬂes
to foEn?ME bifhxi AAYA RN Betb SER lﬁﬁgraﬂfu(cru% ﬁsaﬁa bl kR
spatially heterodyné hol ogram 15 | nc udi ng spati aI 'y
fingpelpiiopdy ELFE T nges by transforning axes of the
I epgaitacbofiing ﬂazsff.sxxs iithhitiddrpadietd ie@Rdnehdiogrdahaagy ne

‘ tJaIIy het erodyne fringes in
Spaﬁ%&?ﬁgtggyneé"ﬁﬁeé té’ggr B top of a heterodyne carrier

f rhouriee meiyzickethd mededeff-anr ikmglad hetialle eterodyas hologduar ence
incluﬁﬁé‘@a@aﬁlg h&gﬁy&%xﬁg by %ﬁ%ﬁning axes of the recorded off-axis
illuminated spatially heterodyne hologram including spatially heterodyne fringes in Fourier
space to sit on top of a heterodyne carrier frequency defined as an angle between the
reference beam and the object beam;
applying a digital filter to cut off signals around an original origin; and then

performing an inverse Fourier transform,

2. The method of claim 1, further corhprising refracting the object beam with an object

objective before reflecting the object beam from the object at an angle with respect to the
optical axis defined by the focusing lens; and refracting the object beam with the object
objective after reflecting the object beam from the object at an angle with respect to the

optical axis defined by the focusing lens.

3. The method of claim 1, further comprising fusing the off-axis illuminated spatially
heterodyne hologram with at least one hologram selected from the group consisting of an on-

~ axis illuminated spatially heterodyne hologram and another off-axis illuminated spatially

heterodyne hologram to compute a single reconstructed image.
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applying a digital fil ter to cut off si gnal s ar o3Rf avoo7

original origin; and then 20 performng an inverse
Fourier transform 2. The nethod of claiml, further
conprising refracting the object beamw th an object
obj ective before reflecting the object beamfromthe

woohbameiziat an angle with respect to the poptd6@l28a6 S
defined by the focusinggl ens; and refracting the
obj ect beamw th the object 25 objective after

4. r ghé methddngcliihé, valojeinclte ofeinilumiated dngiasdijestiyrat an angl e

el B85 P e Bl

conprising fusing the off-axis illum nated spatially

5. h%@&eﬁa@b@ olRR) 10@ﬁe@em Webibn 8dtnd tﬁz@%ﬁecﬁﬁﬂ)fhﬁ'oﬁﬁtﬁ SWkerved
ected from the gr oup consi sti ng an on- 30 axis
by ﬂ"f" Pﬁﬁfiﬁlﬂ‘ﬂ’f’%‘i%%“i’%? TIWWF&PE’%’GW@“?W%@‘ am and anot her

off-axis il Igpq gap@deﬁeﬁu ap@c?p;}g@})er odyne hol ogramto

conpute a sin construct nage. 2 March 2007 WO
where § 04/ r%é’s?nl 4 saEﬂE |uU§2 Q31O Lol YHomain or a?daorémata' hetormtdrod of

f | | t ed t
conhﬁ“é*vseén sl gt g e oo o s PRClPRER gl o ©
the offpais iilhintinatell epatidlly deferedyny hélegren o diigeis hodvlo@mafunctl&x thdthe

repregéﬁtrs Il?érj u o C(lf?h%gtr&g@ tgﬁsg se ?{'I rL%gbi?BLsoﬁllu t he g? - ail(lll S

heterq; mlmlqsatnédF(gmmeam Wemnetrfdhmbw%ﬂo)gmmqu@re root of

negativeBiesented by G (q) _ Pk exp(lyk) F(q)Wk (q), where
q can represent a sanple in the discrete Fourier
domain or a coordinate vector in the continuous

6. Fat¢ inthoplofiarim 5t Whaddl i) dy enolidka diti pigeladp Bynireesic and

Bute%%ﬁ offset respectlvely, for the off-axis

MRSl ed spatl ally heterodyne hol ogramk, W(q) is

a w ndow function that 10 represents the region of the

7. SRAChEHY £ Qﬁﬁ{ v %hpryco El%]ﬂ%ffﬂs@)ihcsoff s qmn'ﬁﬁ%@ Q]f"taﬁaﬂy

spatially heterod ramk F(g) 1s the trué
heter }oalmnmﬂl ftkeast 6B l@tosramaﬂatﬁd fipw the groue ensiftias plgB en-of

axis MNBQRAtbY Srailf hetéedy%mwm Abthé |ofriakis FlumiARB Spafialkk ( q)
eled with cjrcul artg%l;tei?/mmtrl c 15 Butterworth

heter?dt‘ﬁﬁq’?’]dgﬁmmfompf’ﬁé‘s%]faﬁ8ﬁ‘s ™8 1, further conprising
- whereig a tegien afftffe-tax spectiutn| ofl thie nigécecbssra by ahdlggramhistlenady ne

from Eh% e, @mﬁmﬂé& o oft B3 u:BREa POV RELAAL BaLEE: LY the

consi
on-ams zllummated spatiaity heterodyne hologram is represented by

Gilq) = py exp(jy i) - F(@OWi(q),

where q represents a sample in the discrete Fourier domain, g and y; are the fringe contrast
and phase offset, respectively, for the hologram &, Wi(g} is a window function that represents
the region of the spectrum observed by the hologram k, Ffy) is the true spectrum of the
object, and j is the square root of negative one, and

an estimate of the computed single reconstructed image is represented by
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caxis illumnated spatially heterodyne hol ogram @gdamh 2007
another off-axis illum nated spatially 20 heterodyne
hol ogram to conpute a single reconstructed inage,
wherein a region of the true spectrum of the object
observed by a hologramk selected fromthe group

wosoasbsis ng of the off-axis illum nated seaidazhyiseo
het er odyne hol ogram ang,the on-axis illum nated
spatially heterodyne hologramis represented by Gk (Qq)
= Uk exp(Jyk) F(g) W ), 25 where g represents a
sanple in the diB@ghet® Bogi¢gp) domain, /1k and yk are
the fringe contrast <‘gnd phase offset, respectively,
for the hologramk, V&(qg) is a wi ndow function that
represents the region of the spectrum observed by the
wherhiol ogram I ¢, F(q) is the true spectrumof the object,
and j is the square root of negative one, and an
estimate of the conputed single reconstructed inage is
repr esent ed b% 0 2 Markl{gp007 WO 2004/023217
PCT/ US2003/ 027569 ~2 NF(&%%( >ak ()G (q) k=0
where /jk (q) = N VE{‘:%) A+e(@ VW (q)+c(qg) where
c(qg) represents a regularization paraneter. 8. The
met hod of claim11, wherein region of the true spectrum
0 ' observed by 10 the off-axis illum nated

Wheres{s % %Teﬁtg&%é’{lagrg%g?/%aéwtgf'ogr amis represented by Gk (Qq)
= F(g)Wk (q) where q represents a sanple in the

8.  UTRGHALEA AN |, HheBRIBRIRN af &GS %pe%tﬁ.lm‘%f W1 _;Qc\fvogsgreecdtbly on

féhat_ represents the region o e spectrum observed

the o ‘V‘stﬂllf’é““@gﬁ spafially htarqdimeihplagrarg issqpeesanig by 15 het er odyne
hol ogram k and F(q) is the true spectrumof the
object. 9. The nmethod of claim@8, wherein VW(q) is a
function, at |ea$w{mBOFi6d a Butterworth filter.

where g represents a sample in the discrete Fourier domain, Wi(g) is a window function that

represents the region of the spectrum observed by the off-axis illaminated spatially
heterodyne hologram &, and F(g) is the true spectrum of the abject.

9. The method of claim 8, wherein #i(g) is a function, at least in-part of 2 Butterworth
filter, '

10.  The method qf_ claim 1, further comprising fusing the off-axis illuminated spatially
heterodyne hologram with at least one hologram selected from the group consisting of an on-
axis illuminated spatially heterodyne hologram and another off-axis lluminated spatially
heterodyne hologram to compute a single reconstructed image,

. wherein a region of the true spectrum of the object observed by a hologram # selected
from the group consisting of the off-axis illuminated spatially heterodyne hologram and the
on-axis illuminated spatially heterodyne hologram is represented by

Gi{q) = F(g)W:.(g)
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fusing the off-axis illumnated spatially heterodyne

hol ogramwi th at | east one hol ogram sel ected fromthe

group consisting of an on- axis illum nated spatially

het er odyne hol ogram and anaggsher off-axis illum nated

spatially heterodyne hologramto conpute a single

reconstructed image, wherein a region of the true

spectrum of the object observed by a hol ogram k

selected 25 fromthe group_ consisting of the off-axis
where; q [8pFRSeRiSER SpRie i the dipEeier iR demaiBg a ind windew function that
repres@Ats Rk Srelgloh UsA hat StbciRat drdkbivisd BL BHeOHYIBSrahoL, Qﬂ'fdamqg% the true

represented by & (q) = F(g)W (qgq) 2 March 2007 2
speciryef MePhiegh@dent s a sanple in the discrete Fourier

de @ timhate/i(tHe cd)rﬁpléted\fsiﬂgi@\ﬁécfoﬁaﬁidtmniagé'is repRBEREEBY S

the region of the spectrum observed by the hol ogram k,

and F(qgq) is the true spectrumof the object, and an

estimate of the conputed<&hngl e reconstructed inmage is

represented by N P:E(:g)'? Pekg Hy: (9=0 where /fk(q)=

VK(g) N ~k=a W(q) + c(d; where c(q) represents a

regul ari zati on paranmeter. 11. The nethod of claim1,

wherein the step of digitally recording includes
wheredetecting the beans with a CCD canera that defines

pi xel s. 12. The nethod of claim1, further conprising

storing the off-axis illum nated spatially heterodyne

hol ogram i ncl udi ng spatially jer odyne fringes for

Fourier anal ysi sfaéqyHei . —,The net hod of

claim1, further conpr Eﬁg ﬂ%gmé@)t he Fouri er

anal yzed off-axis il ufdpated Spatially heterodyne

hol ogram 14. The nethod of claim11, further

conprising transmtting the Fourier analyzed off-axis

where ¢(q) represents a regularization parameter.

11.  The method of claim 1, wherein the step of digitally recording includes detecting the
beams with a CCD camera that defines pixels.

S 12, The method of claim 1, further comprising storing the off-axis illuminated spat'ialiy

heterodyne hologram including spatially heterodyne fringes for Fourier analysis as digital data.

13.  The method of claim 1, further comprising replaying the Fourier analyzed off-axis

illuminated spatially heterodyne hologram.

~14.  The method of claim 1, further comprising transmitting the Fourier analyzed off-axis
illuminated spatially heterodyne hologram.
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2007 23 15. A machi ne readabl e nedia conprising data
generated by the nmethod of claim1l. 16. An apparatus
operable to digitally record an off-axis illum nated
spatial |y heterodyne hol oggeamincluding spatially
het erodyne fringes for Fourier analysis, conprising: a
| aser; a beansplitter optically coupled to the |aser;
15, a,qh?afcﬁ.hsﬂ&a%aeemdm EdnirisPBldafAbenbrRONPY BE ridth claim 1.
beamsplitter; a focusing lens optically couple
t he reference beammrror; a digital recorder
16. oM iErkits GOUBIED GG FocbREASbRGxb mnﬁqmaera%paueﬁgmgr@ayne
that perfornms a Fourier transtorm applies a digit
hologram| inciydingsspatipllyhetaredyna fringep Jer Foarieranalysis, campisingy m
whesgtn a reference beamis incident upon the
reference beamnirror at a non-normal angle, an
obpearespliderpriically aeyrlrstie thpBReran obj ect at an angle
VY Felferb Rt mmaapteeﬁy ERble@th the tHaIIsPREr0Y the
focusing lens, the reference beam and t he object beam
# tocrgd easiopipalitrouried &y tergleranss baamanineieal pl ane of
th@igil Sdcdofder bﬁlfc@ﬂ)ﬂ&'upieﬁ th HeFobddthgQbhs; @xd s 111 um nat ed

spatially heterodyne hol ogram i ncl ud|n atially

r?e?%?%{!]‘ifﬁ%atﬂ)?rfﬁr@@sa Friertansiem, éH@!W@l%g'WhP iiteh ang pérforms an

inversd B&@ed @8nddymt he digital recorder, and the conputer
transforns axes of the recorded off-axis i1 lum nated.

SHRrPIBPIrGerRore PeRT) ifdntiderd gpamifiedeterrmion geap tiiran atyp non-normal
angle, Bﬁbﬁfe@ﬁb@%% & iricR@8BupoR neibidceht arﬁé??j;feﬁgﬁrpre&béct Rart @pﬂlcﬁlfams

a heterodyne carrier frequency d
defined gy fledprusing lensetherefgaace Eaam aRd tharbiesh Pe%m af?efaﬁm#d)v the

focuswfgllbﬁs &fd fosal %%b Sf MeQligid] RBorAE} BifeH th@ ToFfCHxIR mﬁﬁlﬁé@d spatially
erformng the inverse Fourier transform

heterogysigioloram Bcludingispatielly hetgradyas fringemior & PW{?rﬁﬁé’bﬁ? \Q’E'Fh is
‘recordwlé)e%ld{gia%%rﬁél b eWBhPdter RELNERTR 4x88 oPRRMEIRddd Sf-axis

he object. 18. The apparatus of claim 16, wherein

ilumingtad spafially héterodrdainasarn ncidingsspalially thetesedype finges i Fourier
space £b95|t ofBp apP® ﬁét@idd?n@éarﬁér&fé@ihé&y JeRREEYarlt BRyle between the

ansplitter, the reference beammrror and the
fefeferlﬁﬁ&ﬁmanfié%%@rt berain iaRd caisafictignalsaoyeRetrioinal orgin efare
| perforrﬁﬁgafeah\tb?s@#o&ieﬁtrénskﬁm wherein the beansplitter, the

erence beammrror and the
17. The apparatus of claim 16, further comprising an object objective optically coupled
between the beamsplitter and the object.

18.  The apparatus of claim 16, wherein the laser is moveable relative to the beamsplitter.

19.  The apparatus of claim 16, wherein the beamsplitter, the reference beam mirror and the

- digital recorder define a Michelson geometry.

20. The apparatus of claim 16, wherein the beamsplitter, the reference beam mirror and the

digital recorder define a Mach-Zehner geometry.




digital recorder define a Mach-Zehner geonetry.
March 2007 24 21. The apparatus of claim 16, g%%FCh2007
conprising a digital storage nedi um coupl ed to t he
conputer for performng a Fourier transform applying

a digital filter, and perfojymng an inverse Fourier
transform 22. The apparatus of claim 16, wherein the
digital recorder includes a CCD canera that defines

pi xel s. 23. The apparatus of claim 22, wherein the

angl e between the reference beam and the object beam
21, ahe 2eraalv ofickeimi18nfughendoawising arkpital Yerage mpdiuaheoupleddo the

compui&H f@%&%rmlﬂg %W)%Flerttrb?kfotnheapdvlrgj 4 &Plﬁl%ﬁé}l %4 pdf¥ming an inverse
resolve features of the off-axi's IIlumnated spatially

Fourieprarsfyilyne hol ogram i ncl udi ng spatially heterodyne
fringes for Fourier analysis and two fringes, each

having two pixels per fri ng are&pvi ded. 24. A
22 nﬂlﬂ*ﬁﬂﬁ’éfﬂt‘@dﬁé’lﬂ"@ Thevhereibdig ipitgl FRpotssr Wclydaep SICRIcaRS A dhat
definet PRei@ppar atus of cl ai m 16.

23.  The apparatus of claim 22, wherein the angle between the reference beam and the
object beam, and a magnification provided by the focusing lens, are selected in order that the
digital recorder may resolve features of the off-axis illuminated spatially heterodyne hologram
including spatially heterodyne fringes for Fourier analysis and two fringes, each having two

pixels per fringe, are provided.

24. A machine readable media comprising data generated using the apparatus of claim 16.




