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CompUler !o.imulated Fresnel holograms :llHlthl..'ir numerical rcconstruclion <In; ohtained in lhis v.'ork llsing hinaries and gray levels images
Il"'c ohjec(s, The frcsnd.Kirchhoff theory is applied without rcstrictions to implcrnent tlle digital hologram. The same theory is taken to
...irnulate nUlllerically lhe ohject oht3ined fmm the digital ho!ogram. In the optical reconstruct]OI1 prt)(ess from the digital fresnel hologram
,1 real imagc for c¡lher hinary nI' gray objcct ciln he visuali/cd with a higth qua lity images and lo\\" Ievel noise.

Keyword\': Digital holograms: Fresncl dilTraction

I:n este trahajo se lleva a caho la simulación numérica de la generación y reconstrucción de hologramas digitales de fresnel. usando objetos
hidimell!.ionalcs hinarios y de tonos de gris. Tanto para implementar estos hnlogramas digit:llcs como pam rc('onstruirlos numéricamente se
tlti liZ:l la lcoría de Fresncl-Kirchhoff sin restricciones. Al visualizar la reconstrucción óptica dc estos hologramas se observ3 un nivel de ruido
hajo y all,l calidad de las imágenes.

Dc.\Cri¡/l(J/"f".\: Hologramas digitales: difracción dc Frcsnel

I'ACS -12.-10J

Th(' inlensity distrihulion pattern produced hy Ihe interfcr-
ence fringes in lhe holographic plate olle to Ihe superposition
01 Ihe t\\"o \Vave fronls is givell by

when: 1(X. }") is lhe complex amplitude fllnClion of lhe oo.
jecI in lhe ohjecl plane. J...: = '27T /,\ is the wave numocr.
,\ is the wa\"e Ienglh L1seu in lhe reconstrllclioll step. amI

where O(.r. y) ami 11(1". y) are the complex amplitudc distr;-
hlltioll fUllctiolls associaled lo the object anJ to the rcferencc
wave front respectively. Becausc Ihe process 01' wave front
propagalion fmm lhe objecl plane lo Ihe holographic plale
can he oOlained frolll Ihe Fresnel-Kirchhoff diffraclion for-
mula. lhe ohjecl wave front Jistriblltioll function at the holo-
graphic plane may he represenled hy [91

( I )

(2)

E(r.y) = 10(.1". y) + 1I(.r.y)!'.

;." In I(X.I.)c)h cos(,'. rl
O(r. y) = -------dX dI".

. _". -(\ l'

lit'ld Ihe most acemalc possible. The results are shown ap-
rlied lo llat ohjects wilh levels of gray and binary. Tlle direct
fotorcduction of thc HGC. visualil.ed in a compuler moni.
(or. is ohlaincd: t!lis \Vay Ihe representation of lhe HGC is
nemer lo Ihe realily lo difference 01' lheir hinary rcpresen-
talion. In Ihe recollslructeu with light laser. Ihe holographic
il11ages presenling a low level of noise and focuscd. so llluch
lhe real and conjllgated image, in several planes of depth.

1. Intro£!lIction

Since the appearance 01' the f1rst digital hologram. a hreach
opened up lo a new arca 01" interes!, as much acadelllic
as tech!lological: al (he dale !lew tcchnological applicaliolls
are carried out. using holograms generated by rOlllputer
(HGC) [l.:n From a hcginning the dccoding technique 01'
digital holograms has hern thcir hinaril.alion and c\'en sOllle
<luthors conlinuc employing it [3 .. 11. Ahove Ihis, Ihey have
proposctl l1lany hinaril.alioll techniques wilh the goal of rc-
ducing Ihe noise in which the image reconstructed is in-
\'oh'es /-I-7J. On thc other hand. Ihe use of the lechniquc of
fasl Fourier transform (FFT) have hecn cmployed. for their
lo\\' cost computer, for Ihe obtaining nI' lhe near and dis-
tant dilTraclioll f1eld [8,91. Some works arc supported hy the
angular spectrum thcory 110-12]. Ihat represenl in lhe fre-
qucnc:' space the Fresncl-KirchhofT formula. wilh this wa)'
\\"end is applicd the 17FT algorithm. is very fast to make Ihe
hologram. However exist a strong restriction. this rcslriction
i" due hy thc poinl 1l1l111herscontained in Ihe ohjecl, because
in (he frequencial space the number 01' clemcnts are equal 10
lhe sil.e elelllents frorn Ihe ohjecl [13]. with this Iilllitation. in
the recollslruclion slep Ihe image has low quality.

Up day Ihe Fresn~~I.Kirchhoff theory has a new impe-
tus (1.1-1 G 1 hecause the ne\\' compuler machine open Ihe pos-
sihilily to ohtain these holograms wilh this way 10 represenl
more exacIly possihle lhe holographic lIeld as lheir recon-
",tructioll too.

In Ihis \\"ork is applicd \vithouI reslriclion Ihe Fresnel-
Kirchh{llT scalar dilTraction Iheory witlHHlllhe use 01' the fFT
is implcmcnled. wilh the rurpose 01"ohlaining Ihe ditTraction
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/' = [(,1" - .Y):.! -+- (,1/- )')"2 +."."2]I/:.! iSllledislancehL'lweell
;IlIY poinl in lhL' Ohjl'l'l p1anc (S. r) and ;In)' point in lile
htll()~rarn plalll' (,l". ,1/), cos(ii. ,";"')is lhe ohliquily'" faclor. Ik-
Clll"'L' tlll' ohjel"l is di"t'lt:tc wc work witll digilal illlages, <llld
hl_ (.2) la"L'" 111L'Imlll

4. Digital hologram record

The L'olllplex alllplitude al eadl hologralll cell 1/(.I'/,.IIm)
in lhe h(Jlo~r¡¡phic plane can hc c;lkulalcd addin~ Eqs. (.~)
and (5):
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\\'heI"L'l. l/l. JI and 'J an: rt'al illlcger nUlllhcrs. ThL' indicL's /, 11/
;ll"l' Ihe nlJl11hL'r01' cklllenls in lhe !lologralll matricial array
in lhe liolographic plane, lhe indices /1. (/ corrcspnnt! lo lhl'
nlllllhn 01' l'lL'lllellt.s in llll' ohjecl lllalrici,lI <lrray, Thl' v<tllles
(Ir r and (j indil'ale lhe lolal llLJllllk'r 01' ohjecl-samplL's in
IhL'.1"and.IJ dircclions, similarly. lile L ami .\/ \'alLles indicall'
lhl' IOlal 1l1l1llhL'r01"samplcs in lhc S tlnd )' direcliolls al 11ll'
h(Jlo~ralll plane. AlIlhe possihl~ \'altlcs rOl"I";;.',~!arc gi\"Cn hy
llll' rcbliOlhhip

";;.',;1 \/(.Y1, _ .1"/)"2 -+- n:, - ,11111)"2 -+- ..,"2.

and lhe irr;ldiance dislrihlllioll. 1;(./"1.,1111I)' is tllL' prodllct 01"
11(.1'/ . .'/,,,) \\'illi ils cOlllplcx conjugalL',lhcrcforc \Ve obl:tin
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J. Rl'fl'rl'IH.'c )lIarle "'avc

_ . ¡ 1 = 11,.. J - 1:
/"1,111 = ,1'/1 + .11111.1 + ,"r.', II

/11 = .' , .\1 - l.

1h,'I..;ll•...1..'\\ 1..'\\;llll rringc." in 1111..'digital hlllugram \\'ith llla:\i-
IIlUIIl \isihilil: \';¡lul'. olle pnssihle way lo choose lhe arnpli-
ludL' \'ahIL' of rckrl'lH:e \\,,1\'C, A. i, giVL'1lby
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Equalion (10) indicales lhal lhc irradi.1I11.'e \'aluc in each ccll
in lhe holographic plane i, lhe conlrihulion nr a con,lant
valuc dlle lo t1ll' !ir,,! tcrm. The olhL'r lhrL'e temh are illvcrscly
proportinn:lI lo lhe distallcc hl.'[\\'el'n ll1c ohjel CL'I1'ii1nd lhe-
hologralll n'lIs coordinales. ¡\I"o. lile secnnd lenll depel1ds
dircclly nI' lhe irradiallce value associatcd lo e<lch ohjcel cell
and lhe lhird 11'1"1ll¡., dclcrfllined hy lhe rcfcrencc v;¡luc he-
l\\'cen lhe elllL'rgt'1l1 'phcrical \\'II\'(.' of each t\\'o di tTcrent cells
frollllhe ohjecl. Finally, lhe fnLlrlh te!"ln is lhc conlrihtltion 01"
all lhe di\'l.'rt'ing ,phL'rical \\'an' I'nHlh l'onling out from the
ohjecl cel]"; Wilh JIll' rdcrencl.' \\'1I\'e fron!.

5. lJsl'flJl paral11etl'fS

Thc IlUllIl'ric;l1 implelllL'ntali(J1l (JI' hl. (1 ()) iJlynl\'es the a..;sig-
nalion of "lllllL' paralllL'tl'r" valuc". Inr e\<lmplL': llll' rl',olu-
,ion and phy ....ical ....i/cs in holl1 llll' ohjel and digilal holo-
~ralll plalll'.lhl' dislancc hel\\'l'l'nllll' ohjn'l and lile hologram
planes and 1I1l':ullplilUdc and lill orIlle I"CfcrellCe wa\"l'. Some
nI' lhese par:lllll'lCI"" are related and "omc can he cho(lsL'.

Thc IL....olulion 01' 111L'digital hologram can hl' ohlained
from lhe graling L'qualion. which ¡., givL'11hy

\\'hefe'¡ is lhe frin~e pcriod "aluL's. Ó is lhe anglc bet\\'cen lhe
objcl ami n:krL'nCl' \\'avcfrnnl :Ind /1 ¡., lhe dillraction orJer
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IJ lhe rckrellcc plane \\'<I\'C has SOllll' lill, 1l1cn

which is lhe radius (JI' lhe di\'crgell spherical W(\\'es whiclJ
l'lllLT~es from the object and arri\'c lo lhe holographic plane.
Th~ Iu Ilcli(lll (J( .1'/. .11m) n:prCSCIlI.'i lhc discrclc \\'avc frollt
lhal is dClCClcd in lhe holographic p1:lnc.

\\l1efe IhL' \\-aH' nlJlllbL'r \L'(lnl". 1,', i~ represenl hy

and CO'i(O,l. C(l..;(O'Il. l'O";(O:) and 1.)./,' are lhe dirL'clor
Clhilll'" amI the nlll"lllali/L'd \'cclor in Ihe .1". .tI and .: dirL'c-
lion,. rL"pcctivcly. The di..;\ancc \"('clm '--:'"1 has Ihe fol1owing
rl'I;llioll \\'ilh Ihe ,1'/. .1/", ,llld ,<.: \,¡¡ltles:
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(a) (e)

In) (d)

FIC;URE 1, a) CorrL'~polld (o a binal"~ imdgc cmploycd (O make Ihe hologram, I[ j~ rl'pn .....l'llled h~ ;1 ma(ricial array 01' 330 x 37X pixels
/1) !...(he holngr;llll 01 [hc hinary imagr. Ilcre it is possihll' (o sce (hal Ihis hnlogram is no[ hinary. ami 11;\... ()o.j. gray Icvels. This ho!llgram
1.."11lrc...pomb [11;llllalricial arr;¡y 01"500 x 500 pixels. e) C01Tl'spund 10;\ imagc wilh gl":IYlen'k il is rl'prl'selllcJ by a matricial array 01' lOO

. ¡(lO pixels. Ih;l1 i~llscd 10 rnakc lhe hnlogram. d) Is ilS hulogralll wllh lhe S:l1l1l'I.."ondiliulls;]s (h)

nUlllber. This n.•...olulioll can he cakulaled when Ihe inter-
krellce patlerll fringes have a minimulll pcriod \'aluc. dllllll•

\\hich is ohtaincd using (he reference W;l\T \\'ilh Ihe 1110'"dis.
1;[111poinl 01' lhe (Ih.il'l. Ihis minilllUIIl period value is givL'n by

( 12)

\\'here

IO.Q;[l + 1:'(./"1 . .tJm)]), lo oblain lhe lransmittance funclioll 01'
11l!?plly ..•ical l1ologralll a pholography of lhe VGA monitor
\\'a ..•iaKL'll, Tlle physical si/.l~ 01' lhe irnage in Ihe screcn is 17
cm h~ 17 cm and lhe Screcll rcsolulioll is 102-1- hy 76X pixels.
\Ve reducL'd il pllolographically sllch (Ilal Ihe real sil.c 01' (he
digi(al hologr;ull is 2 cm by 2 CIll. A Nikon F~12 camera \vilh
Ihe hohlgraphic lilm SO-253 wcrc t1scd in lhe ph(llograph ano
reducing slcp,

( 1.1)

(,. ){~SllItS

is Ihe maxilllulIl angle bCl\Veell Ihe veclors 1,', amI i;~;.',~I.
ThL'rerorc if we hlHl\\' Ihe minimul1l period, Ihe hologram n:s-
11lulinll in lhe .1' and .IJ directions is delennincd hy Ihe 11l;l\i-
11l1l111IrL'quL'nL'~nr by Ihe nUlIlher 01' Ihe lIlinimUIll period pc-
riod pcr ullil ur len~lh filia:.:' l!lis illlplic:-I lhat lhe maxillllllll
rre(juency is

lhe (lplical reCOllsII"lKlioll (lf,hc digital f'resnellullogralll
was GUTied oul wilh lhe SClllP sllo\\'1l in Fig. 2. lnlhis case (he
illlage was rCL'ollslrllcted lahing in (o ;¡CCOlllll the samc dis-
lance 10 lllL' OI'iginal posilion oflllL' ohjccl. As \\'C can ohscrve
Fig .. "J¡ashows (hrec illlagcs l!lal were oOlaincd with oplical
reconslruclion. Ihe lero order. IIlL' dilTrJClion patlern of the
image L'oll.iu~ale pseudoscopk, :ll1d Ihe real onlHlsL'Opic im-
age. Figure 30 This scene shows lhe sillllllaled reconstrurtion
and il is possihk 10 SeL'Ihe \\'holc lield wilh all "illd 01' delails
forlllcd hy lhe lero ordcr :lIld IhL' lwo lirsl dillr;lClcd onlL'rs.
Figurc 4a sho\\'s I'our imagcs ohlaillL'd in IIlL' oplical rCC(lIl-
slruction, IIlL' IL'nJ ordcr. Ihe dilTraclion pJlIcrn of lhe imtlgc
cnlljugalc pSl'udo.scopic. t1nd lhe real orthoscopic illlagc. Ihe
()lher 1\\(1 (1:111illlages ClllTL''';P{HHIh) highL'r ordcrs. I;igure 4b
...I1U\\'S lhc ...illll1laled I'L'consll'llL'lion ami il is possihlL' lo sce
lile \\Iwil' lil'ld wi(h all "inds ul' dl'lails forllled hy lllL' lero
ol'lkr ¡¡!Hlllll' 1\\'0 lirst ditlraclcd ordcr.s. as ils highcr order:-l.
rcCOnSlrllL'lioll. lhL' lel'O onkl'. Ihc dilTraclioll paltcrn nI' Ihe
image conjugalc p..;cucioscopic. and Ihe real onhoscopic im-
ag!?, Ihc olhcr 1\\'0 darh illlagcs corrcspond 10 higher orders,
Figun ..' -I-h ...IH1\\'''' (he silllulatcd I'cL'onstl'llClion and il is possi-
hle 10 SL'Clhc \\'hole field \\'ilh :111hinds of dClails forllled hy
lhe ICI'O onkr :llld lhe l\\'o lirsl ditTr:lcled ordcrs. as ilS higher
(lrdel'\.

( 1.1){"¡lllax = Ill;¡X{~ill-1

ThL' hinary ohjell ;llld lhe gr:l)' Ievel ohjecl used ({l lll;\hl'
11lL't!it'i[;lI l1ologr,ll11 ,m.: shown in Fig. Ia ami Fig. le, rL'-
spl'cli\'L'ly. This dit'-ilal l10lngralll \\'as 1l1l11ll'rically c<lklll:lled
<llld has si\ly fOlll ~r:lY k\'els wilh 7()X hy 768 pixels. TIlL'
L.ol1lpUler linlL' wilstcd <lway in Ihe hologram simulaling \Vas
;lboUI 126 hr. 01' CPU, lIsing a -n~Cl-()6 Person~1 C011lpUIL'r,
l:i~. 1h and Fig. Id. In onkr lo n..',,:nrd pholngraphically more
inf(ll'lllalion 1'1'0111Ihe Wl':lk. fringes nI' Ihc interfcrcnú' P:ll-
IL'rtl. il \\'as nen.'ss;¡!')' lo display logarill11ically Ihe digilal
l1ol0t'r:ull Illl 11lL'Illollílm screen (lIsillg lile lúllowíng rc!aliun:
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FI(iI'IH. 3. a) This photograph repre<;ents thc hinar) ohjecl. In the
optical lú'Oll'tflll,:titlll 0'- Ihe I¡eld. \n' Oh'L'I\'t' Ihc lcal nrlho'copíc
imagL'. Icnl ollkr. anu the dillr~K(ion p~l1lern nI ttlL' umjugale real
p\eud\l\cupic ímage. h) Sh()\\'~ Ihe illlagc ohl:lI11nJ inlhe \imulated
nUIIl(Tíl.:;¡[ ICCtll1\lfllctinn.

+1 o -1
FJ(;UHE 2. Sctup cmploycd for thc optical rcconstruclion of the

digiw[ Fresnel hologrmn.

7. Cnndllsions

In [his work we malle [he digital and oplÍcal reconstruction
of digital Fresnel hologram using lhe Fresnel-Kirchhoff the-
OfY with the intention 01' lhe han: IhL' mosl L'xacl possihle
thL' dillrilL'tioll lIelds. These Frcsnel holograms was recorded
in ditTcrenl gray tOlles. The hig dillen:ncc hctween Diffrac-
tion hesnel thcory lIsing PFf is that lhe holographic images
real ¡¡lld conjugale are in one rlane, without FFT are in dif-
fercnt pLJIlL'S:\Ve oowincd lhe second ones. Likewisc rhe re-
constructcd holographic real imagcs llave similar ampliflca-
(ion and distance Ihan [he original objcct. \Ve oblained holo~
graphic illlagc wirh a signal lo noise ratio heltcr than those
reports llsing FFT.
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(a)

(b)

Fr{,l'\{¡; 4. ;\) Thi\ photoglaph repre\ellt Ihe CJ'¡ [e\'el:-; gray nbjecI,
ltll" opliclt Il'U)II\!lIlcting uf Lhe lield. ",hefe ale locali/.nl Ihe real
orthOSl'Opic irnagL'. lero ofc1er. amI the diffr;lL'lioll pallcrn nI' the
conjllg;¡te real pSL'udoscopic imagr. h) Sho\\', Ihe irn:lge nhlaincd
in IhL' "i1l1l1blL'd Illlllll'rica[ reconsllllction.
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