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1.1 HEE=S

FE% L AIFOPECIX, BAWERZFMI 272012, HDWIE, MIEBEDO X H =
ALZRALNTT D702, MIEAREZ 2L S 5E O A OB 72 KIS
RHENTWD. ZOMBEOIGER, MENIOWEORRE & IEOTEREZRL ) H R
I, ZOFHEO 7= OO RERBIE &t 2 AW IR O 40 FBIE RN T
TW5., fifaoREZ I~ 7ot~ A 7 BETHY, AMEOBEICIE
HFEFWEPFIH I TV D. 2 LT, BFEEBEOMREDOR EIE, AMENTAED
HHEMERBIS A L0 IEMRICHEAET 5 ECEERRE RT3, 20, ;i
B LOREETORRICHEY, Hr ORIz bE -2, SBE, S2—H%rY
T A DRFBREELE B LIoZERN % < fThbhv T\ % [1, 2, 3,4, 5,6, 7, 8, 9].
MRS < ITE\AFEHCTH Y, I EHWABEMEE ClE, REowm o L o e4NE
HMEZAWARTE, By 52 MEELAARW (Fig1)[10). LarL, —h
5 ONRMEME OF|RITIFRTAERNLETH Y, 4T L HMEIZEEN2NDITT
7. F2, I ONREMEIL, BIREZ L OWBEOAZBIZET 5 HFETH
n, TN DEELZBETET, REMBIE CIIABEESHBEORMENAEL S
(11, 12, 13, 14, 15]. ZD7=®, EERMICE-T, HMgzE=4 ) v 7§ 54504
FANOWE T CidZe <, MIEFREL FRICEUE LI-WiEE, HDHWIE, MlaoifRie
ZESGMNCEE LT WEAICIE, SANREME AR AE T ICHlaEELZ 84 T 5 51k
MELIS.

BAE, Az & AR oOBEFEE LT, MHABEBESFAIN TS, AL
FREEMEEIL, AR TEMEORIREHANCHVW SN TR Y, SEEENEFTFRORER
LWENTEALT D L 2R LT, X0WEZ2ER, HDHVIE, KE L0
EOE b LT 2HMETH S, MIOL ITEAFEPHTH LN, TOWNEBOHM
U/ NEREITRARDRITRE REX E2F - TS, 2oz, (HEEHSEL, o’
RERZIOEMOMEFIA LT, BILEEZITY 2 &<, MlaFkEszBETX 5.
ik, #RREOFHEBELIZVHEORIZRE L AT D Z LN TE,
BEONRIL L REELNFIREIC A2 5. NARBESE & L C, 1942 41T F.Zernike 12
XD RFINI-(FEETEMEE & 1952 /£ G.Nomarski & XV 35z S -85 T 458
WEENR LML TWDS (16, 17]). BA = (HZEBEREE L 7 <L X3 —5 TR
WEEITENE, WEONFES & ZOZEMBIMELZ, &IRMEORFHEA 72 EFRIC
KVEFLC, MERE®E L TEHET D, ZULDOHEMELX, MEONFEIZEH
L CHIBOSREEG 2 TS 2 BEME TH VY, WEREE) LA 2 EHEFRA RS
ZEMTERNTD, EMEOMFEERE L X TS,

TS OERMMABEMEE Y, BB TIIOEAZTO 2L MREBERTED
72, BRICKIBESCHBEEBZBREGET2ENICEWTERTHD. Z0d),
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Fig. 1 Comparison of bright field microscopy and fluorescent microscopy [10]:
(A) Bright field microscopy, (B) Fluorescent microscopy

Fig. 2 Gynecological smear in a saline solution [27]: (a) Phase contrast micro-

scopic image, (b) Differential interference-contrast microscopic image.

E% - AW ONE THILI b > CAASHTHE Y, ERAEEN2IGH LT
WRORIEE, BE), BELL, MIER S OREOERBHIMARE LTS
18, 19, 20, 21, 22, 23, 24, 25, 26]. L L, ERMAEHROBEZRATEAIC,
AL OIS, OB ST B TR ICER T 5 %o 0 RIES A
F 5. RAEFMEE T, MIONEE S OILESAE VERIC AT LIFER S K
RRL = — R4 7 LT BB RGEE OB ESECN LT 2B ENRAEL, B
RATEEIIC 25 (Fig.2(a))[27). £72, MO THBMET, (OZEBRMEITR LT
NEBFEERA LRV, BEIEE ) v AR —T ) AR NS, T
AF w7 — LD LS ICEBIEE b OMEEFIRATE R, S wAAF—T Y RL
DF Nk UCRE AN A L (Fig.2(b))[27]. 2 LT, ZhboHE
ST, MIRONFE S 2 2% L CREREGIC SR 5720, MO 3 KIEHFE
BESTERV. Z07w, EHRAMATERE b RS S i REE I MO T
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TNEMATHIET, INHEDOT—F 777 MelEEL, MHESHAERIET S HE
DRETENTWS 28], £ LT, HIREOFEITIE, 3WITHIZRFERS, Hx DM
EIROBANCB N THERATHD ZERMEIN TS 28], LiL, TOBEMEET
VAR R A BE L TBY, 2L OFEEREENTWS. 20D, FAT5
BESBE OB L > CHEATE RWEANRH D.

W, FHEMCIREEEOMRER LIV, BEMBEOT VX bR ED S Tn
5. LT, THHERmCHMERE B EREL LT VX VA EZ FHWT, (AR5
i % EREMICE LT 5 EENMATEMSEOBRZRMTh T\ 5 [4, 29, 30, 31, 32, 33].
EENARTMEEIL, YORBOAR & ALFEGAR, & 2 WIIALAR 30 O A% TE BRI E
L, MEGHmESEREZHAVIEEEZRNT, TOEITTFHLFEHEZAWTHER SN
L. FLT, (MBS HaERMETLSZLICLY, MEDEL L BITRSHICET 5
FERERETE 5. b OEEMMBBEMEE, BEMEETT V&2 R WA O
TEFRELHELT, BBREFERICET2ERENETTICMEEREZETTE H
D, BHOBRICEE OGN A HFROFMENEIEIND. £, KOS ET T
7oL, BESHAOLEONDIGEITIE, BT NEZ 77 4 R EONOERREZHHT
HETNEEANTDHZLNARETH Y, IO 3 RITIFER B EERORG L fEEThHh
% (Fig.3)[34, 35, 36, 37]. #faiX 3 kAL RELZFF > TH Y, ZiuTMiaokie
IZEDETEMLL TS, 207D, 2WITHZRBEIZH LT, K0 IERCHaOIR
REAFIMECX D ENIFFCTX 5. F70, KO EMEMNFETEMEE CIXEER 2 TSk
2, BRSO ERAEE O CRHMBEEIT 5 23, EEMAABEKE CIImEES
BRI ZLENTED., 20D, BOENE-EOMBERZREWRNSINY 5L, EEH
ETOMEEICEEND AR O EZBENICRO A Z LICHLFIHTE 5.

EEMAAEME T, BBREICTOEZ AT AT ERANDLN, BIEOREERITL
DBEIFR LNGEE TRV, IRE LEMERBER» O EOMNEFRZMHET S
TODERREFHERT VY XLNRSLELRD. ZoOMAEDEICIE, BE,
TEMRFET R, BELEEZSETH-OICKE ERITHEBENITOA TN
29, 38, 39, 40, 41, 42]. ERICFEMELEET DI101L, £XKH D FIEOF I HHEIE
RRICK L CHEN R PELER L, BENECIVTHKETAZ EBMNEIZRDE. 0D
72OIZlE, FEOFHEZI G RITT e B0, BT LT Y X AOFHE D% <
1%, BHERL SR OS8R EE 540 2 F O T2 EMERI AR B AN % <, AR TR A2 HIE LT
BROBIEREEC D RRRED EEMRE VT H 2> T, Fiz, EELFETEM
BEOREREEITEER T VT U XL TERL, BEAEROBEELEIZIT 5.
BAMEE 2 5% 5 L, MEROBRFHRNCER T 5121F, #EtR L HIEMSICER T 5
MENAEBRICGENA L EZEZEBLRTNERGT, ZTOMOEITY Z ENME
T b [43, 44, 45]. ZO7=HICIE, HE L2 EBREEIC X D EERE OFHE 721 T
1372 <, BIERROBEREBAEFZ RO/ EOREREICEELY 5 2 2 ERN %
ERNZREFRERFEET VOBRBERE THD. ZNICEY, BBRAEFROKE T
A—ANEZ DR EREE~DEBESLZONE CTEL2YHRAL LIRS LN T
X, HHCOHERROBIRIZTZ 4 — RNy 7T D52 ENARRICRD EEZEZbND.
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Fig. 3 Refraction tomogram of bacteria (E.coli). (a)-(d), Perspective views
along the directions indicated in a (arrows) with grouping in pseudo-colours of

refractive index difference[37].

1.2 WTHEEH

AFHXTIE, EEMHEBEMED 1 D ThLIT VANV EFa T 77 4 v 7 BASEZ X5
LT, EEMMEEHOBE#EET VI XLA0WBE ERIERROFEMEZERE L, T
CENTEAT T T 4V BEMEOEBEBROBE, AEETOTDOFENRT LT
X LDFERE & fREEDFMM, 4 — b7 4+ — I ADOEEILOKEFT, KO, #EEFRE
IR RL B BHIREE 4 A FTRE /R RSB B BLE 7L O R 1TV, ZDET L
W EEMAEBEMBEORIERFCET 25 HE 21T 5 .

1.3 ERXFERL

AKX O A LLTFICRT. 61 E T, Ao L BEMZE, RO, KXo
RO ZIT 72, IRIZ, FL2ETIE, TUXAVFRT T T 4 v 7 BEMEOERE
BABEL, Bm EORESAA EMAIMEESGT 5720 OFERT VI U XAIZD
WCHRET S, BT LI XAE, B AT EONROBERIRIEOE T L FDERIRE
g OB E~DOBELEH GRS D, ERIREOCEITLTIE, BERT7T &) 7
IZ XD HFIECRREIAAFE S 7 M iE, F LT, ZEMBAIAEY 7 MEMUENRFETDH
BN, ZFORIERE DM D% < 1, BRICKIMEBR GO EMEAFMTHY, &
MAEEHAI 21T 5 72356 O E B LRI ERERL 0 FRE, LEMEDEWVICTOWN TS5
TR, 2RO OREFEHRFIED, BESNTCVWIEZ OFEOEMEL - TH
V, HBETDHEMENZ . F2T, £, INOOFEICL Y B SN EENMAE

4



=
£

1=

AR DORNEREE & SRRSOV T, EBRIC L VEHlZITY, T OFE & REIZOWNT
FET . Wi, BEFE TCOBERIEFIEICOWTHNS. B F COHELRRTE
%, LAV =Y o ~—T7x)V NEITRES L 207 LXVIEEBFIE SN S, Znbd
B OFHEICIT 7 — ) 2EBBmAANLNTERY, HEEEREROEEL (YT
VU TRENMMEE D, ZORBEERRT 572 OETES OFERFEFIEICON
THRET 5. 72, 7L 3VEUEIT 2856 ORIERE OE 2 ERICL Y RET
%, RS IS X A BB AT 9O WA, A T B8 E £ TOMEHREESE A 38~
HUBENDDH. BEHOIL, MNUEEAEALTLA— N7 — BT REL,
ROTEE 2§32 720 O SRR 0 /MU O 2 B 2 TR Pz 1T 3, UER O R
{ENFRETCH D Z E&RT. ZLC, BELLETAVIY XLETIZ, /AT
N E—/L ROIRBIE 21TV, RE2RFMAZITS. B3 ETIE, BIELXIT I HNFR
ICEET HREICOWVWTIANDS. BT ROBREIL, —&BIZ, A 7 VA SE %
RTRIED VBRI K VM SN D, AFETIE, R NNOHMAERZHET 5
EHEFEL BRI FTROREN ) EREZHET 2 ET VEEAEDES Z LT,
B E L OMIREBIE LIZBEOMMBSAAN, HEtrrz@ L CEORESILT S
DEFMT H72DDNA TV v NETVERBTH. BEICIE, SRR FED
12 TohHWH| 3%IE FDTD & & HFROMEZFIH LIZEIIT R FIC L DG EE
PHAEDETET MMEEITH. £ LT, TEMHEFHANC X AWK EHR 2 "/TRE 72
FlEFED TRV E LT, F /ATy hE—LRE~A 7 kT2 AN, SHEE
THUNERMEREZEENICHIR TX 2N EMIET 5. BRI, MEDES LEfTEL
AL SHTBEORE B I 2 L— a3 U&7V, JEXMNG LB FERORENEE
AAEEHHI OB EREEIZ 5 2 DBELZTR5. FEAETIE, KRHXOBREEZITD.
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2.1 [FLHIC

KETIE, TVFNAFRTTT7 4y 7 BMEOEREBLZBEL, Br Lot
FIREEAETT HTOOFERT L ITY A AZHONTHRNS,. 2 LT, TORMEEE
ERICFHMEIT A2 2 E2BRET D, £9, 228iTIE, TUXAERT T T 4128
LT VHENTFR T T AOER EERMEERIZ L AFIRICOWVWTIRRS. WIS, 2.3
BT, ZOTVENERTTLERET DO, EHODERL-EREEBEDN
FHEICOWTHHT S, 2L T, 248 TIE, TYXALKRaT T ADLWIEOE S
BAETHOONRFHRTLITY XAICHOWNTEA L, HEHE L ERBERL2FHT
HZ LT, BT NATY XA LEERT DEFIEOREEZFMT 5. T LT, FED
BIRFELREFEICOWTRFL, BERT7T VI ) X LEHEETDH. 2.5 #iTi,
MELEFEERTVITY X 0%, EEEEEBRBBEMCHDLT /AT v hE—
NVRICEA L, EEMHEFHIORERE & pfifes EEMICEHMET 5. &EIZ, 2.6
HCTAREDHREE LD 5.

2.2 TIAINLEKRATS T4 DRI

ab—L Y FRREERANEEIZ, 200 EE TEHESE 5 & THESHRER
END. ZOTWEIHRERNT 4V AIZREEL, TIICHEHEXZRBET L L, T
WEFR L CODTTONDOEREFETLHZLNTE S, ZOTEROMITrin 77
LEFETIN, ZONEROFAEENIT, murT7 0 bMEN5. Au 2/ J AT
W ETER L T2 HORE LNARBERPRRF SN TS, IATIZEIBEERE T
%, HOBEFROALZTLILT D720, MIED 2T RBOHZFTHRT H T & L
TERVWDIIHL, 20X Z I LhE2RWIEOFAIL, SOMEERTE-D,
SIRTEDOBEHBETHIENTESL. Aa VT 20OEICITTHLRFEZNHWLN
5. TR L 0EREZT O EEIIE, BIELE BB 2 50O THHEE %
FIRT 5. RN 1L, BRI E2BNT 2 LIk ELSNDHBR, TG
EEWL, 2B, MR IHEERETICER L CEX2E2EBW TS, 025
DONZETHEETELT A NVLICRETHZ LT, Au s I IR END. ma s
77 4 CITFHEHREZFRT L7120, THREZER T ABREDRFEDaE—1L R
MERSIND. KIRE LT, ERFEILEOE—FEENIRARE LIZHEITIE, Bt s
ZHRIL, FhEn,

O(x) = [O(z)| expli®o ()] (1)
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R(x) = |R(z)| exp[i®r(z)] (2)

LRETXS. 22T, Ox), Rlx) EWENE L BREDERIEE, O(x) =
argO(x), ®,.(x) = arg R(x) 1%, %f¢7‘5k7§ﬁaﬁ:@1¢m THTCTH L. R"a T
L, WL ZROUIC I VB SN2 PSR M THLOT, Au s T AOHRES
fiz [(x) LRELT, REFAR B L TWLIHEEHEETL L, ROLIICES
ns.

I(z) = |O(x) + R(x)|* (3)
= [l0(z)]” + [R(z)[’] + O(x)R(x) + O(z)R(x) (4)
= [l0(z)]” + [R(z)[*] +2|0(2)||R(z)| cos [Po(x) — @y (2)] ()

X (4) OB 1 EFREFTROAZEATEY, FEREPFTRY, HDHWVIE, B &
PEIEA A, 2B 2THP KO 3THIX, WIRLOREFER EMMAEREZEALTEY, 21
ENFEE, BB TN, EWVICERETHD. ZOEGBREERITL, BIEES
FYEDOMARFRPEENTEY, sun /77 ¢ TlE, ;m%@r,ays)a%m;t@rﬁ%&%
BT 5L T, MEOBREEETD. Auer T AL, THEEZRELEZBEICHW:
S ER— O E BT D L,

R(z)I(z) = R(z) [[O(z)* + |R(z)|?]
+ O(x)R*(x) + O(x)|R(z)|?

LD, ZOREHIIHFEEL LIRS, X (6) OFAEE 3EIL, WIEtOERIRIE

NEEHOBESHICL YV BRELFINZETHY, BRIEOEESHP—HKTHD
2, MIEROBERIEEN R0 7T ANnEEASH, BIEKOBENEREND. £

7z, R (6) ITRT LI, Au T A, Bitks EEBREERSDBEENTND

e, BANEZRKFNTHZ LT, ThO6DSb AT 7 A LRIICHEIND.

IO OBESIEIARERES TH Y, EBRITHIE L2WEmIcER S Z L T, E

HIRTORKE RS, KT ﬁééht%%@@’ﬁbf %@@%% AN %

X 511%, Twin-image kﬂ?iﬂ CDORBERRDETRIRET LI E0knm 7 7

T ADED1DOLIEoTVNDS,

RbHHEMRGE L LT, SREEZEEELRET S, Z0sE, SR

R(x) = Rpexp(ika - x) (7)

LEED. DT, kIR, a = (0 a,) 1E, BBREOBRGR LT HARE,
x = (z, ) O EOBEE oS, DX, 5 (6) 13, KDL RS,

R(z)I(z) = Ry [|O(z)|> + Ro(x)?] exp(ika - x)
+ O(2) R2 exp(i2ka - ) + O(x) R?

INEY, BAEXERD T LMIRET 5 L, EREZIEISROL LR U el micis
L, EREDIIZRIEO 2HFOFHRETEHRT D, £ LT, BERDIISRLIC

(6)

(8)
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(a) Object (b) Amplitude of object wave

zero-order ity o imag

NN

\

§§§ N\

NN

\

L real image

b A\
(d) Hologram (e) Amplitude image () Phase image

Fig. 4 Simulation of holography and digital holography using diffraction theory.
(a) object. (b),(¢) amplitude and phase distribution of the object wave on the
recording device. (d) hologram or digital hologram. (e),(f) amplitude and phase

distribution of the reconstructed image.

KON ERZ =TT, oMK LR CHFRICERT 5. Pt & SRR FRERO
BElllE, a=07Tbhbh, 2TORSVEL> THAEAINS. WL L S ROLH FEH
DEBEDFO T T 7 41X, A TABEar T 7 0 LIRS, X LT, &
2RI L TET 72858100, a#A0THY, ZOHAe, 3 O0O/MDITE:
LA L, BAESND. ZOZBEPWESEICH L TER L TWAHEE DR =
7740, ATTXVARAR ST T 4 LIS, AT TXRABERe ST T 4O
AL, BRIEOEE EAn 7T AL OEIREREN -+ RE T, 35Dy
EOBETAZ LN TELLD, RERMSDELRD ZEICIIBEERTASGET SHZ
ENRTED. K413, BEIERBICLIV A 77 7 0B85 ekaer I a1 —v 3
YLTEBITHS. (a) lIMEROBE S TH Y, (b),(c) TR DOFRE 537 & BT
B LB ORI ORB EMABSH THDH. ZOWEXEZ FEHSEY EERED
B, THRESHL2HETD L, (d)odasIanEGons. £LT, Zokas
T RIEARERET S 2T, (e),f) OFABBNELS. mu ST T o TIXFEAEN
ERETAZEICED, Au ST AN BESH, TOBFEBITIER, D
WIIHATIZEVBEIND. 20k, BEERE (e) MEOLNLHEBTHY, (iElE
H (D IZOWTIFBRET DI ENTERN. Aal T Ak, EBRRS EERIERR
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INEENDTZD, (6) DX IICHEABRIZINLDORSNERD Z LT, EENHIL
T5H. Aur 77 0 OEGEIZE, SRAEOESITHIER 2 WD, SROLOMEE 248
MEFEHZET, TNODORTEDEETE 5.

w777 0%, BRAMEIOBRBUENLETHY, BOBESMOLEBETS.
CDORBERETDHEDIZ, TN T T T AN INTZ. TUXNAMFR ST
74T, BT 4 ofRbvi, EMEREZFA LI CMOS 7 27 CCD %
AT ERANCER YT LETHTH. ZOHETHE, BESN-TERERESHIIT
DHENERE ST NN, HEENTT VXA ST LRSS LT, Wik
DBEBEAET L. TUXNERT T LAOREIZIE, TUXNVIATHRANONS T
W, BT 4 VL EROTGEICLERBBOE AT S LEN L, B LM O]
BWRRRETHD. T, TUXNFO T T NIFHEENICEEERE S L TRVYAEND
720, THuRNIIE T T A ENELVEARGIIT) ZENTE S, S
KV, TUENFRT T AMMIEEN TV DL RERETRK G ORES, DFREOERIR
g & L CORY PO NATBEIC R 5.

—F, TUHNFu T T T 4 TiE, CCD I ATREDFBEEBEOL 7 /LY A X
WIXR RN D B2, BNT 4 VA ERTEHEGEENMET 5. 0=, TUXL
Ao 7T MEENDEBIRBRS N7 ) T EREYHRETALEND S, WK
W BRI ONT, ZNH AT HEPTEmEEON, WEREORTFmE & 20
HDOEITEE R O FRREDOZEN R BRI VEAEDEEZE XS, 20 2 5OEHTF
EEORIEZ Ay, Ay, FHEIREE o, 0 &L, WIHINMVHEEZERTSE, 250
BT EEE O TR MAIE, X (5) LvkDLHTR5.

I(:c) = A% + A% + 2A1A2 COS[kJ(CMOl - acg) : :1:] (9)
ZOR (9) O SEICHEALEREZEAT S L, KROBEIELNE.
A=A 2p (10)
Al — Qe

ZIZC, ANFTEmoOEY, pligwmimoREEEOY ) L HMETHD. T
THNER T T LOREE, BT 4 LERWTEEEII LT, K (10) DBRIC
ffsns. M5, ERMEEREZ S22V USAFISBL T A N2 —Fy hoT Y
LR ua 7T LN, BERAEZIT> T SGEOFEREAICHL. 0T FFn s
7 LE, SRREEE SERERRODERIC LD TEHICEIVIESNTEY, FOERIET
HREOBBARE IERAMEERZHEZ L TWDHR, TOLE»LEEN S & a0 g
D720, EARMEERAHE L. BAEBRERD L, ERMEEE AWM S 720
PECHABPBREL TWDA I N gD, Z0XkH2, TUXNFa s T 7 ¢ T,
EARLEBICLVFHIREND 2D, mu 77 4 DEHIISBADEEZ ZHEMEE5
ZEICEY, REREWRS ZBRETDICHRARS L. 20, REREKD ZR
ET BTV T XAPKEITRD.

TYRNFR T T T 4 OEBRTIE, ZoKX(10) 2R TLE O, TYXAER
75 0ERETS. RA)ICEVRENDETVZ KRS T AL, BWYRT VX VAL
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(a) USAF1951 test target (b) Digital hologram (c) Intensity image

Fig. 5 Example of the intensity image reconstructed from the digital hologram
not satisfying sampling theory. (a) Object (USAF1951 test target (negative).
(b) Digital hologram. (c) Reconstructed intensity image.

BAEH LT, EBRY, H5WTEBEREHMELZET 5.
I(@) = DlI()] = O(2)R(x) or O(x)R(x) (11)

ZZC, DIFEA LT VXNV TH Y, [ (x) It OERIREZ & ERE
Thsn. 2o I (x) ZWiEE, H5VINE, GBEE CREBN CTHEMICEHRIES 2
& T, MIRDIRE DA EAESDANEOND. T OWEROIRIE AR & (LA 246 ORIE
BELREMIL, TYVFNERa 7T AZEETHERERE, KO, BHERT7LITY X
LOEVEITRTET D, 207, BER 7 /LVIT) ZLAOWBAFME L, EWYRFEL
BIRTHZ EDBHMEIZRD.

2.3 TIUAINIFKATS T 4 DEERLE

BN T L2 ) X LORHET, %?ﬁ*t%@iﬂ.i“%x AT, BEEFHEZHW-EE
720 TldZe <, ERICEXZFHMMEAMLEL D, £ZT, 1DIL, TYXVFEaTT
T4 EERTAT-OOT AN RO T LAOREIEBELZERE LT-. ToX)NFkal 7
LAOWREDT-HDORFERIL, KOnOFBENREINTEY, £hbid, Gabor
A TA R, F 7T X ARO 3 FEHEIC ﬁ%éﬁé IHIT, KFEZRRNICL X%

ETHA1TiE, Fourier B & Fresnel BICHEIND. K 6 IR OMEX 2 /~d.
Gabor # T3, 7‘5/&'57535@7‘5%%{7«!-‘19'&?%5@15'] IHERETIT, WRICERS LTS
WA AR T 5. K 6(a) DL DI, BEEO—ENIL, ik SEP Sk &
720, MEEREERLZ2WENLSNORE LD L, SHtE LTERTS. 2
DIz, ZRIEPVFIZLVEINRNE S /NS MROBEITHE L TS, 20D
TR = VBN EIZFHRIRI RN T DRI FHANCFIA ST 5 46, 47]. 2z
LT, 4174 BULE Y — B eELZRERRRRFIETHD. A T4 BT
IR S DI ZWIRAl & SRBANZASEI LT, WENSEITSNTZEE, SRELFET
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Recore 'II“ [b](i( CSS weconstruction process
(al)
i 1
incident
wave
Gabor type:

N /A

ensitive film Sensitive film
oital camera) ) (Digital camera)
reference (b2)
wave
incident
. wave
In-line type:

(cl) reference
wave
incident

. wave
off-axis type

Fourie type:
(off-axis)

reference
wave

focal plane focal plane focal i)l(mw

(el) reference
wave
incident
wave
Fresnel type: !

(off-axis) 1)

Fig. 6 Schematic representation of experimental setups for recoding process
(al)-(el) and reconstruction process (a2)-(e2): O, I and I’ are the object, real
image and virtual image respectively, +0 is the zero-order, +1 and —1 are twin-

image components.

HETEREDLEDLZ LT, "ul I 082K THHETHL. A T4 8%, F
RN—AENZxE LT, WERRN/NS RICHIR S e E WS FLERH D, Lo
L, M6(b) Lo, Aar 7 anbBEAEINLBIE, Eiky &Yy hod ik
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BREHZROENERE L CTHAESNDOIREND D, Z0H, BOFEIDIE, MEV T
MED XS, BEKOEBSERBERMHELERRZF2LELTH. TR— 1 EE2 A
VIAVRNZED THETIHRALH DN, KRS TIIRLR DR E L TERVES.
F7THRART, K 6(c) DL, W ESREONEOMEE N AT LT
BLBRWEETHY, mal T ACEENIERDERRLFRICHEASND. Z0
e, ma ST AEERT DR OF N DRERICVE RS O 2TV S0 &
IRENRDHY, 1KEDOEe ST A THBEENAETHD.

TUENKR T T T 4 TlE, REBFEFO/NEULICIRER DR H B0, DATOE &
N A XZEY, BEBOGEENMEEIN, E7 A X0 4oLV,
L)L, MO X S 2N eiE 2 e+ 5121, DA TZOE 72t A XBEDS
FRRECIIAR T+ TH L7, FHRFERIHEBG LV XZHBA LT, M2 IEKREBE
TAHZEWM TS, ZOLDITHBAFEREZBEA LT VAN RC T T 7 401%, T
CENTRT T T 4y 7 BEMEE LN, KINEMIESNTEM L U X E RV
B2, ETRFUCE VWV MRREZ R T D 2 ENTE D [4]. 2OV XDE N, A
VIAREFTTRARMOEL L DOGEEIZHITH 2 TE S, Fourier BT,
B 6(d) ® Loz, YR e RmERITENEIREBLTRORMAIE R & RS R
CELE S ND [48]. 2ol &, MEEICBT 2K ORPTEOBRERIL, Bk
BT AERIREDO 7 — ) 2B/ 5. 22Xy, Mo 7 X227 —A
7 MERERE ECEERS ZLENTE S, £, R E L TCEREEE A,
ZBRERmE I O LS BALE R ORMAE SmICEE S, ZREEE & L TRE
ZRBET DG, BERASVEER CEXT D20, EEBLEBENVERKDICE
DB L WFIERH S, —F, Fresnel %, K 6(e) DL DI, Mk L GENE
REEBEICH D, T VX AKal T AoREITBELE, HDH0NE, BENOLT 74—
A LTALETITOND. 20D, MEOBIZIIAZEE, HAHWE, TAT7ENMD
BEIROMEICM S NS, Fresnel Bl OF U X )vikna 75 7 4 v 7 BEMEE O B,
BEHERERETHT LT, REMAARZEMERAZTL L TRATELZ D,
ERMECINEMIEE T VXV EITTE D 2 L0, WM EE2Z LT L LRV
EEADENTRETH L LWV IFERH S [49, 50]. Z0ESEDEOREIT, Ml
DEERBESCRERRBEFICAE LD 74— DA RY 7 N E2RIET 20 TH D
LEZLNTWS [B0]. EEDLIL, 0 Fresnel T X vkn 7T 7 4 v 7 B
DALTA R R, 7T X AMERNETD.

712, RECHERTAIBRITEZERa T 7 v 7 BEMEED EBIERE O
. BRI, oY o X —FEETHY, WIEROILKRBE O HIZHHK
Bxtp Lo XEEAL TS, T, BEHREEO He-Ne L—F —J (632.8nm),
2imW)) 225 Sz iE, OD 7 4 V&I X VSRR SN =%, EREE— L
AT v X=X A E SRRANZEI S D . RN SE S, WIRRR
RGBS L v X (x60 F, NA=07)IcLViEkEans. —JF, SR
DEIS NI, WA SR F N —ET 5 L 51, EHEERICL VIR
DS, AT YT 4V FICXVERERICERIND. Z OSBRI O mEih =R
DRI OWE M RIGES< L2 ICHET S, ZOBAIE, EREROW X A
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Beam splitter

Mirror

%)
Object arm

Optical
density filter
Object
\/2 —
wave plate Microscopic
lens (MO)

Beam
\lilﬁtk'l

2 camera

Fig. 7 Schematic representation of the our experimental setup of the digital

holographic microscopy for transparent microscopic objects.

ESBRBIOTFHICEIVITHHELEAE Y. £ LT, BIEMEKREZERE L CTWRVIREETIE,
TUHNER T T AOTWEEE S, FEEICLA2THERL LIRS, OF
D, 4T A4 RIOEEITIERE K BB W TN E U — 7258 E 45 & 72
D, 7T % AROEEICIEIE—FEE BB W CEREO AT TiEIc 5. T
Wate A 77X 28 L U CHIAT 258100, WL SIBEE2 8T 25720 O E(F
K= R T o X —BENMERI ST D, T2, AT VRIOBEITIE, Z0E
RHEE—L ATV v H =Y AT —VEROITH LT, T/ A= UEET
A& ZHIE L TN E 52 5. BRERIIZ, TH»OHD ST HEoAIL,
CCD # # F (1628 x 1236[pixel], ©7 &AL H A X 4.4 x 4.4[pum]) 12k v Lk Sh,
BE.LEIRIE 1024 x 1024 [pixel] EF%ET H. F£7o, Wikm & B OMOFET x60
ICRETH. CCD # A ZXBEOKRFICHRBEINTEKY, # AT LBEOMOESE
d%, EBBAEFRCHT DT 74— D ABLE L CERTD. T 74— W AR dDHFE
X, BHRLEV LI ATDRFINMNETHEXICEET S, EBREMOIL, BELETY
ANEKRB T T 7 4y VBEMEOKRIEE, BB T LIV XLAOFGiZITO 2 LITh
L. 2Ok, JEMGIIR EEITENEEM ThH oEEL b > /A7 U Uk
E—/L R (18 10[pm], & & 350(nm|, JEHTE 1.4537) #xt5: L 55, £7-, BEDF
ENTFEDIR DX LA MEIRGA 1Y, BEEMRE LT USAF1951 7 A2 % —%~ > b
(x ) &2XtGR LT 5. T 74— A&IT Olem] 75 5[em] FC 1em] MR TEE L
T, TUOANTOT T LERETS.
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START
“

Input the digital hologram

Reconstruct the object wave on the camera

Preprocessing of the phase distribution

Auto-focusing and numerical propagation

Phase unwrapping
|

Postprocessing of the phase distribution

——

Fig. 8 Reconstruction algorithm for the quantitative phase measurement in

digital holography.

2.4 BER7ILIYVXL

X7 IR TEBREENOBOLNDT VXA 7T LM%, MIEXOBERREEL ST
THRESFATHY, TIDOBEFEAT DI, ZOTHHEEESHRICT V4 LAL
AL, SEEOMEXOBRIEELHET L 2 ERMEICRD. ZOBE EOY
R DOFREE AR IR OFREEHRIZRTIG L, PO 13K % 188 L 7= B o
AFREALIZRET 5. ZoBE EOWEOBERIBRZFHAETH72DOT VT Y X A4
X, BT LY AL EMEEND. 812, T NVIY RAOMEERT. T
CENET T T AINSBBEEEITOOOEMEET LT RAFREL 5O0BRE
I EIND. £T, BELETUXARE ST AN N AT EOWIKEOEZIER
T 5. RIZ, TUXNERFBESCNE[ED K 57, AT EONMGAHOM
ENVERNEEZFEITT S, £ LT, BiRicH L TESEDEEZTHI DL, A— b
T =N TDFEEZANT, 73— TOREZIMMT D, BRNEGS T
RO EIZIE, AT EOMIES TR OBERREZ AW CEFTES ZEE L,
HEBRACTHREmO OEREE TUELEEHRIES. ZHUT XY, BRORIER G
ENABDAANFHEIND. EBRTIIAFROFEEESCL V AOREIZLI YV D AT
O GRICRRZENRET S, F, MHESAITVEECHEIND 2D, EER

14



F2E TUXNKROTTT 4 v 7 BRSO B TFIEO R

[—m, 7] ICHIBRE N TR, REFEE LD, ZOREGERVAEILT » 700 & T,
MIEDONZE S 23T 5 720121E, 7 v A B FEE SSRGS 5 EEONLFE
DHEBETTODVERDD. ZO7D, (S EWERONEE SITHIG LI5S
BT D720, MAET T v 7 ERHEN A B 1T, T Dk, EERIEE
SRR T HEEEZEET DLEROIVIMABSHOBELEETDH. ULy, ¥
BROIREE G &AM AAFHI S 5.

2.4.1 HhAZLEOYAERIXDERIRIEOBERK

AT EOWMIREOERIBEZBFHET DI, TYUXNAEO T T AOTWRERES Y
MERTR (4) »OEFKS & Twin -image ZBRET2MERIH DH. 2 DOFE,
AVIA BT OHNRa T T T 4 b F T TR ABFT A a7 g TRELS R
2B, AVITALVRITUENER ST T 4T, AuS T ACEENDETORPTE
Sy FICEAESND 2D, DBEO T OIS TN FTRE /R B ik e S B N L EE I 7
L. AVIAVBITOENTA T T T 01BN ORI E BT ST D
REMRFELELC, WADICKVBEBINMEY 7 NERESFIHERLTWD
29]. oY 7 MEX, MHEY T NETFSEEROT VR r ST Ak RN
THEEBREZITO FIET, Ay 7L A XDOEBNARETH DL Z ERMESN TS
[51]. —F, A7 T7FLRABFCH RIS T T 41%, BEBAEMERLTNDZ &0
SEPTERS OSBEEZITWOS . BESEOERNT, BEEZERICBT 5 AT MVoTH
DYATRE L L TRDLND O, ERBZER ETOT 4 02 Y 72 X 55BN AT R
Thb [38]. £/, ATVTHRVABMFT L NAO ST T TR, BREPERLTH
L7128, ZIREOMBSHDMEIOERRIEL Y b RRICENTH. ZDOEMAY
BRI ONFE R Z AWV CTRECTFEIC I VR 2 2RI S 7 Mk
HLI/EINTND [39]. A7 TFABO N L OFEIFHRRIEBEL HVD Z &7
<, 1OTVENFa T T ENOHEERT A2 ENTELRERH L. 2 2T,
AV TALREF T TRV AROENZENORERIZKT LT, AT EOMIEEOESRE
RIEZHAETHEOOFERIIOWVWTHRAL, Z0OEF LRI, T LT, BEKRT IV
DY RNERER L2412, 2.5 HIoBWT, BIERE L SMEEDTEZ1T S .

2.4.1.1 BREZES T ME

NARY 7 MEE, SBRGINEY 7 N2 2880 T V2 vEkn 7T LR
L, 207V NERa 7T 0V THERERZITH) 2 LT, ®REmICEITI2WE
HOERIRBLFHET L HETHD [29]. ZOSBEOMEY 7 ME, HFEFELY
HINSWEN Z, BREOEBEIZGZDVERD DD, Ey AT —UD L 57
EREOEMNEGZ A ENTXHEENMEIZRAS. 912, 7 74— AE%L
2em] & L7=BEDT /A TV hE— NV ROAL T LBIOT O LEn 7T A
DWERERETT. TNWODF U AEnZ T A, nr/2, (n=0,1,2,3) OFEY
T MEMATHIRE L W5, EBREETII, Wt ESBEYroRmEiiRE2 —H S8
WA, AT VBB AT VXA n 7T MITHREE S 20D, (HEE
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(a) Ag =0

" (¢) Ag = 37/2 () Aj — 2

Fig. 9 The four recorded holograms of the line-structure mold (Height 350[nm],
Width 10[pm]) with each difference phase shift A¢ of the reference wave. These
digital holograms were recorded by the in-line digital microscopy.

SNz 5 Z & CFEEmA T EN L THRESGLE(LT S, ZnbnToH
NIRRT T ENB AT EOYRNOERIRIBEZFLETH. SRKITE X HMINEAL
AP LTHE, ZRHIROILIICKRHIATES.
R(x) = |R(x)| exp[iP,(x) + iA¢)] (12)
TOEE, FUAAKRT ST AOBESHIL, ROL IS,
Ing(z,y) = [|O(z,y)|* + |R(z,y)|?]
+2|0(z, y)||R(2,y)| cos[®o(2,y) — D (z,y) — AQ]

AT 7 MEX, ZOMEENM A¢ %ER LTCEROT V2 NVERn 7T LEiRE
5. ZONMHEENEY A =0,7/2,7,31/2 &£ LIZHEIL,

(13)

PA(b(xay) = COS[(I)O(CC,y) - q)r(xay) - Agb] (14)
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L5 L, BAARBMRICH LT, 2 (14) HKRO L5 12k 5.

Py(,y) = cos[P,(z,y) — P (2,9)]

Prpa(z,y) = Slﬂ[ o(®,y) — @r(z,y)]

Poley) = cosl@y(r.y) — () (o)
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Fig. 10 The complex amplitude of the reconstructed wave calculated by tem-
poral phase-shift method on the camera plane.
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(a) Digital hologram (b) Fourier spectrum

(¢) Filtered Fourier spectrum (d) Shifted Fourier spectrum

Fig. 11 Each process of Fourier filtering method. (a) Off-axis digital hologram
of the line-structure mold (height 350[nm], width [p#m]), (b) Fourier spectrum of
the digital hologram, (c) Filtered Fourier spectrum of the real image component,

(d) Shifted Fourier spectrum of the real image component.
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Fig. 12 The complex amplitude of the reconstructed wave calculated by Fourier
filtering method on the camera plane.
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Fig. 13 The effects of the size L of the weighted function on the special phase
shift method.
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Fig. 14 The complex amplitude of the reconstructed wave calculated by spacial

phase shift method on the camera plane.
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Table. 1 Computational time of the reconstruction methods (unit:[sec])

FF | SPS (M =3?) | SPS (M =52%) | SPS (M =T72) | TPS
2.10 | 39.77 84.61 150.29 3.97

* FF, SPS and TPS mean Fourier filtering, spacial and temporal phase shift, respectively.
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Fig. 15 Coordinate of diffraction from a plane aperture.
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Fig. 16 Magnification correction of the reconstructed image by using the nu-
merical thin lens. These images are calculated by the simulation based on Fourier

optics theory.
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Fig. 17 Amplitude and phase distributions in the x — z plane of y = 0 for
Rayleigh-Sommerfeld diffraction integral without/with zero-padding. These re-
sult were calculated by convolution theorem of Eq.(43). The left and right
columns show the amplitude and phase distribution, respectively. (a),(b):
ay = 0.0, up = 0.0. (¢),(d): oz = 0.04, uo = 0.0.
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M, =1&%%. %1, % (47) TRSNHEFRRET uy — 1 EEEL, up =0 &
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Fig. 18 Amplitude and phase distributions in the x — z plane of y = 0 for
Rayleigh-Sommerfeld diffraction integral without/with zero-padding. These re-
sult were calculated by convolution theorem of Eq.(44). The left and right
columns show the amplitude and phase distribution, respectively. (a),(b):
ay = 0.0, up = 0.0. (¢),(d): oz =0.04, ug = 0.0.
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Fig. 19 Calculation errors of amplitude and phase for Rayleigh-sommerfeld
diffraction integral. The left and right columns show the amplitude and phase
distribution, respectively. (a), (d) are for the analytical transfer function. (b), (e)
are for the numerical transfer function calculated by discrete Fourier transform.

The parameters a, and ug in these results are 0.00.
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Fig. 20 Amplitude and phase distributions in the x — z plane of y = 0
for Rayleigh-Sommerfeld diffraction integral without/with background value
padding. These result were calculated by convolution theorem of Eq.(43). The
left and right columns show the amplitude and phase distribution, respectively.
(a),(b): ay = 0.0, up = 0.5. (c),(d): @z = 0.04, up = 0.5.
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Fig. 21 Amplitude and phase distributions in the x — z plane of y = 0
for Rayleigh-Sommerfeld diffraction integral without/with background value
padding. These result were calculated by convolution theorem of Eq.(44). The
left and right columns show the amplitude and phase distribution, respectively.
(a),(b): ay = 0.0, up = 0.5. (¢),(d): az = 0.04, ugp = 0.5.
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Fig. 22 Calculation errors of amplitude and phase for Rayleigh-sommerfeld
diffraction integral. The left and right columns show the amplitude and phase
distribution, respectively. (a), (d) are for the analytical transfer function. (b), (e)
are for the numerical transfer function calculated by discrete Fourier transform.

The parameters a, and uo in these results are 0.0 and 0.5, respectively.
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Thbd. LT, (¢), ()%, BEWERE 2 2B 05 ¢ —yWimEoiRzZE4%2x (50), K
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Zokd, AFRETIE, HEESBEOL X, 2 < 2N,(A,)?/A D&M &5
BICIHEEES AT TE X, SlE2E S RVEA I IS SR HIEr 5 %
5. %7, WRESETEAVEEICE, WRIE YT 427 2A, BICEEEK
BRI 52 5.

Table. 2 Computational time of the diffraction integrals (unit:[sec])

512 x 512 | 1024 x 1024 | 2048 x 2048
Rayleigh-Sommerfeld (analytical*!) 0.863 3.48 15.00
Rayleigh-Sommerfeld (numerical*?) 1.10 4.69 21.18
Fresnel (analytical*!) 1.01 4.39 20.11
Fresnel (numerical*?) 1.26 5.29 24.81

*I and *2 mean analytical and numerical transfer functions, respectively.
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(d) z = —3.4 [cm)] (e) z = —2.4 [cm] (f) z=—1.4 [cm)]

Fig. 23 The reconstructed amplitude images at the different distances: (a)-(c)
USAF Test target, (d)-(f) Line-structure mold. The best focused image is (c)
and (f) respectively.
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Fig. 24 The focus measure for the intensity object (USAF1951 test target) and

the phase object (Line-structure mold).
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. 25 Scaling algorithm of the digital hologram for acceleration of auto-focusing.
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Fig. 26 Relation between the focus measure function and the scaling rate of the
digital hologram of the line-structure mold. (a) overall view, (b) part near the

extremal value of the focus measure.
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Fig. 27 Convergence of Fibonacci search
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Table. 3 Computational time of the auto-focusing (unit:[sec])

Fixed step search t; | Fibonacci search to | t1/to
x1 736.7(1) 105.5(1) | 7.0
x1/2 163.6(1/4.5) 95.23(1/4.2) | 6.5
x1/4 33.1(1/22.3) 6.5(1/16.2) | 5.1
x1/8 8.9(1/82.4) 1.6(1/65.8) | 5.6
x1/16 2.16(1/340.9) 0.36(1/292.3) | 6.0
A TH D72, MET V7 v B 7k EGEN MRS R E2ETT 5.
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Fig. 28 The amplitude and wrapped phase distribution of the reconstructed
wave calculated by temporal phase-shift method after auto-focusing.
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Fig. 29 The amplitude and wrapped phase distribution of the reconstructed
wave calculated by temporal phase-shift method after auto-focusing.
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Fig. 30 The amplitude and wrapped phase distribution of the reconstructed
wave calculated by temporal phase-shift method after auto-focusing.
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Fig. 31 The two-dimensional phase unwrapping method by the iteration of the
one-dimensional phase unwrapping method (Itoh’s method).
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Fig. 32 Definition of residue and branch-cut based phase unwrapping.
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Fig. 33 Test datum of phase unwrapping: (al),(bl) True phase, (a2),(b2)

Wrapped phase, (a3),(b3) Residue and branch cut.
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Fig. 34 Quality map calculated by phase derivative variance function.
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Fig. 35 Unwrapped phase distribution calculated by each unwrapping method.

(a) Itoh method, (b) Quality guided path method, (c) Quality guided path
method with brunch-cut.
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Fig. 36 Optical imaging model for calculating the reconstruction distance and

magnification.
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Fig. 37 Reconstruction distance calculated by Fourier optical theory and auto-

focusing using experimental datum.
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Fig. 39 Height distribution calculated by Fourier filtering method.
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Fig. 40 Height distribution calculated by spacial phase shift method.
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Fig. 41 Height distribution at y = 0 calculated by each method. FF, TPS and
SPS mean Fourier filtering, temporal and special phase shift method respectively.
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Fig. 42 RMS error of height distribution at y = 0 calculated by each method.
FF, TPS and SPS mean Fourier filtering, temporal and special phase shift method
respectively.
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Fig. 43 Amplitude distribution reconstructed from the digital holograms of the
nano-structure mold with different line width.

1000
—— TPS
800 —— FF
— SPS
600+ line width 0.5 [um]
g line width 0.6 [um]
S 400 —F—=
= ‘ f . H i line width 0.4[um]
# - Ik
[5) ( Y[
T 2004 | | HHE
\
14 ‘
o\ | ‘; "M i
] i |
-200 T T T T T T
-20 -10 0 10 20 30
X [um]

Fig. 44 Height distribution reconstructed from the digital holograms of the
nano-structure mold with different line width.

64



B2E TUXNARRT T Ty T B O FERCFE O R R

900
800
7004
600
500
400

Rayleigh-Sommerfeld
Fresnel

300
200
100

Height [nm]

04
-100 4

T T T T T T T
-20 -10 0 10 20

X [pum]

Fig. 45 Comparison of the height distributions calculated by Rayleigh-
Sommerfeld and Fresnel diffraction integrals.
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Fig. 46 Error map of the height distribution between Rayleigh-Sommerfeld and

Fresnel diffraction integrals.
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Fig. 47 Height distribution of the line-structure mold at the different recon-

struction distances calculated by auto-focusing with scaling hologram.
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Fig. 48 Quantitative phase distribution of the red blood cells and the lymph cell.
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ERA L TOMEE CRET L ENARETH Y, MEWIRITSNIRD L 5 IT/ERT
5. LT, XEEOS O »OEGEL SN I ASBEERE IC o TaIkT 5. A
SrEEER T _EOBES AL, ASTEEERE & WEBMRICH D5 HBEERmE IS S, e
VAT LOBEIZENT D.

AHE FOEESTHNOHI AT EORa 7T LxHETL8BIE, 4 o0EHEND
s ins., £7, AR EOBEBSGSHNGT v _XOIEKRSEEIC LY, SHHEER
W EOESSMAEFHET S, KRIC, FTHERE EOBS DM E T OB EEICHEE
5. LT, 20O8E¥YHE LOESSH R E £ CRITHERIC IV ERIS YD, &%
2, MR EBRAEOTWRBESM THDLT VA NTO ST L EFHETS. b
DHEEITH O DERILE, LLTIZHRRS.
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Yo To Yyr

Fig. 49 Schematic representation of optical imaging system model: (x,,,) and
(zr1,yr) are the local coordinates in the object plane and image plane, respec-
tively. Subscripts (0 and 1) denote object and image space, respectively. (&, 7;),
i = 0,1 are the sine coordinates of the spherical pupils. (£',7’) is the tangential
coordinate of the spherical exit pupil. R;, ¢ = 0,1 are the radii of the spheri-
cal pupils. a;, i = 0,1 are the aperture radii of the spherical pupils. a} is the
aperture radius of the tangential plane of the spherical exit pupil.

3.2.1 AGTREBKE & SHEERKE LD EHH H OB FRN

BHEIZB2ESEFHET DI21T, HHERE EOBSOEREELFHET I LE
BoHb. L DA, ANHEEOEBZORESHDNEEIND D, AN§HEEDE
B L B HE EOBHOBGAMEIC/R S, AFEERE & G HEERE O B O ES 6
DORAfRIE, Haver HIZ X0 EAL 3 Tz [43]. 3, Frx o 5 B LFERD,
Ty ROEFZFENBRT D EERET D, 7 v XOEZEME, YiREloE P F
DO FHRRLE, ST DB AIOEIPFEmEE O HFMRZEO D, EFrORBUCL S
THIERTHL I LEEDLFMETH S, Kl ORI TlEeL, #HAORTH
V=T REBRERGT 5720, BB L A EED T REREFRTIE, Ty
ROEFFREEFHRET DI OICEFFIND. Lo R LA E A E=HE L, Akt
BEERTE & B HBEERE EOBHZ O RNV X —PNRFEIND ERET D &, RIXD e
—REERIZB T AR T 4 7R PLVOREX S

€
Pl = 5|2 (81)
ThDHDT, =R/ —RFANZ

ev|E|*dS = const (82)
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Fig. 50 Components of electric field vector on spherical entrance pupil: ko is
the unit normal vector to the spherical surface, and 8¢ and po are the unit vectors

of the perpendicular and parallel states of linear polarization, respectively.

L%, 2T, nidEITE, e = n? IIFHEE, dS IIEOBG RICEAS T 2 Bk
HEOEBERR, v=c/nITHETONEFEETHD. clINFEETHE. LB ->T,

no|Eo|?dSo = n1|Eq*dS, (83)

753‘?%‘ Eﬂ%) Z T, EO, E1 ieai @%Eiﬂgrpﬂa, o, nl Ei‘ﬁ%, dSo, dSl GZU\%?“
EW@&%&@%@L@ BREOEERA TH D, MAEAITEEAY ML EBEERN
b5, K50 DL %ﬁ?ék EIETR AR AN % GO/ NV

ko = ko(sin ag cos OF + sin o sin 0g + cos o 2) (84)
k1 = k1(—sinaq cos 0 — sin aq sin 0y + cos a1 2) (85)
ThoHDT, MERH EFEE7 MVOMUNEROBRIE, R TEZLND.
dk; »dk;
o Whg Ul 4 .
i — ) - 17
dsS; = R; oy (i 2) (86)

2T, Ry BEMEEO R, k= 2mng/\ 0, N SREDOR, ko, by K
Ok 13, 2 (84) RN (85) THENDWHEAY ML ORSTHS. 3 (83) 12, =
(86) AT B L, KABBLNS.

o dko o dko 4 5 o dk1 o dkq y
s 2 | |C = —_—
no g k2 cos ag [Bo|” = 1 By k3 cos ay By (87)
L7=23-C,
Ry k1. [dkozdko,
By =2 Y| By
‘ 1‘ Rl \/k-o } \/dkal xdk‘l v () (88)
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L. T yNOERKEEMRET DI EEREL TV LDT, HEAEFROMGEL
M L32E, WOBMRIAKD L.

k k
M= 0,x _ Mo,y _ TS0 (89)

kl,x kl,y nis

ZIT, s =sinoy mas, ¢ = 0,11%, WA BAIORMFHIFHORTH L. A4
Mg B i O FEAE (€0, m0) & ASHEEDBH F 2R a THIEAL L7 MBEIEZ (p,0) &< &,
p=(&4+n)" ap THY, BMFEHERND cosay = (1 —niM?s2p?/nd)'/?,
cosa; = (1 — s2p?)/2 8 TE 5. MEFRE M, L+5 &, Tlrplky,

MRy 1o
_ 90
Rl nlMP ( )
PHSLT DT, ZhbOBMRRAR (88) ICRAT B &, KAUCRHET 5.
_ 1 [no (=St
By = M, \ o (1= n2 222 Jnd) /A | Eol (91)
_ L jmo
= anR(p)|E0|‘

[
([
e

1 ¢2,2)1/4
Twl0) = (T g (92
1L, =RAX—RFERIDGEH S D ASERRE & S HERRm oMo IE&E RS/ To
RIBFEFELER L TWD. HBERICERITMEN 72 <, BT RONERER+ 75/
SWEAEEZD. WEREN /NS WE X, BFRONZEITEBIEHESE AV
CRETH L RTES. WEOWIENEE A(p,0) & L, (AE(E O(p,0) &
Bl WEEEBRE LEROSZEEE T(p,0) 1%, ROXIITRETES.

T(p,0) = Tr(p)T1(p,0) (93)
Ty (pv 9) = A(p, 9) eXp[i@(p, 9)] (94)

ik, EEBETES. X (91) 1%, BEHZ MLOKE TR L TRNT
LEBRTHLDOT, FREBBET VOB T HEMRICERT 5. o *x
X IEIRT SR T A BEEIZAH L CERIND. 77U Fh—7 7 —iEOTF
T, ANEEERE EOBHIERFN L 0V, ZTOERFABRNELE), 0L
DT, HOBMEITEEFMCEER 2 ODORSD_EMERD. ZDH, KORE
x5 (91) OEEEERIL, PRI MK L CERE LT ROERK S ORIEE
BELELL D, 2T, M50 D50, BERSELRFEOEMS Rk
ICHEE R s RIET & p RIERDICREIT L. 2oLk, STk TRINS.

_ Eg g cost + Ey,ysinf

By (p.0) = 202 (95)
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Ey s(p,0) = —Epsinf + Eg,, cos b (96)

Sk x, HIMERE LOBERSIE, 1 (93) FHNT,

El,s(pa 0) 1 InO EO,s(pv 9)
k@é ST HHBEER L Téﬁf%f RIEFERIZET S &, SHHEERE LoOE
BRI, RO L HITEEIND.
(98)
(99)
(100)

&S|
=
8
SIS
> D
SN— N—
(.
=
= =
he] =
@) @)
o °
wn wn
Q 9
) =
z. 8
B &
T
+
= =
@ w
@) wn
2 B
>

97)
_ T(p,0) [ng (1-— 3%;}2)1/2
Ev.(p,0) = M . (1 —n2M2s2p? /n2)1/2
p 1 1 1P7/ My
X (Eo.4(p,0) cos® 0 + Eg(p,0) cosOsin )

+ (Eo,2(p,0) sin? 0 — Ey ,(p, 0) cos Osin 0) } (101)

_ T(pv ‘9) no (1 2p2)1/2
Brylp,0) = =3 ny (1 —n2M2s3p? /n2)1/2
P 1 178107/ My
x (Eoz(p,0) cosOsind + Eg ,(p. 0) sin® )

+ (= Eo(p. 0) cos 0sin 0 + Ey ,(p, ) cos® 0) } (102)

T(p,0) [ng S1p
E z 79 = -
12(p:0) M, n1 (1 —niM?s?p?/nd)t/?

X (Eo,z(p,0) cos b + Eg ,(p,0) sin6) . (103)

ERBLIND. AFEEEKE EOBEL~Y MG S HHERE EOES N7 ML EER
L7ct%, BUSALMIERE (p, 0) 2 IERURALEZELR (§1,m) 12, RREHWTERRT 2.

& =aypcosb (104)
m =aypsind

ZIT, ay IIHHEERE OB DR TH D.

3.2.2 STHEREM SIRFZEF TOEITGKRETE

R L ORI 25 R T 572018, HHHERKE OB S 2R L E TRk
SEDH. OB, FEFESEAWDZETITY 2L TE . SHERE Lot
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B OBBESARIT D EITES OFTARIIARZEH S TR, 2ok, [EfE
SIEMERESIC L VBT AILERNDL D, ZOBSIIHEFLE LEOEEERICKTSHE
BhoThby, Vo7 OARR EOBBEDOFEERAWVTREEZHEDICITFTE 2 A b
NEm<< 25, 2oy, EHFEICGEUEZEALTT7 - BB\ TRETE 5L 91
ER(LT D BT TWb ., FHEERE EOES ST 2 EIES L, ~L
LRIV FRRROBFBERTHD T X 27— A7 MVEBRICE BN A EA T
HZET, 7=V EHBRTEIND. ZORBENZEITESIL, T /51 [mirfEs &
BRI A, T34 BEFES 1T,

. ki ki1,y
E(gj’yvd) = _L // ES( ki Rl, ul Rl) GXp(ikl . a:)dk:l xdkl.y (105)
2 0 kl,z ’ ’
ERIND. ZIZT, = (v,y,d) EERLIE. dIZT 74— D AETHD. E I3,
Strength Factor & FEIEI, BZEM CONMBICHERBEREY M ThHY, &G
RIS B W TR EOMEITEKTE LR WETH D [72]. HHEEEKE D & B ~0D%E
HEEEEEEX T, E;,=RE, t5x%. X (85) #f\5 L, Strength Factor
DEFITRD L HICRBETE 5.

k
§1= ——Ii’x Ry = aypcost

by (106)
n = — YR, = a1psinf

k1

ZhuE, R (104) o5 HEEERE FOZETH Y, R (101)-(103) OB % EHF
RATszZenTxs. KX (105) 1EB 0¥ a) & HHEERTOFE R BRI WGE
2, BEORWERARBIMET D, T A FESIC LD FE S NTIRE SR Y BT,
BHEIFHICIBWNT, EBRICIVEONTIRESAN Y EE —8T 52 LhMESN
TW5 [45]. £, 7— U = BHBIC K LB IIEAHMEARET 5720, ENZ B#im T
1%, X (105) Ofif % #R SR 2 AW CHEMATRIC KRBT 5 FiEERE L T\ 5 [70].
LML, T74—AABERKRIWEEICIE, TAAEOZHANWD ZLRTER0,

FI =N ASNT-BEZFHETI-DIC1E, ~VAFRLVY HFRROBERTHD L
AV — -V r~v—T7x)b NG PFIRAETSH 5. BAIOR DS+ S0
AT, FEEP A AT A Z L TELND 7 LR VETFES THRE O BUWEERR
Bohd. 22T, HEETALORENS LAY — s Ve —T o)L NETFE S
EHWS. LAY — -V r~—7 )b NEFTRESIZ L DELEEIT, Odate 5208
—RESEDAICK T HENFEOTIEZRE L TS [T1]. ZoFHE T, FE ko
AN T —BEEZTHBEIL, TOBKRE LEOFBBRN1 L5191, FEEoAD
S ELEEZ LD HFEERLTWS., ZOHEFREY, SHEREG FoESRSH
DEEAC, YH EDOEBEBSDRMCTHIGEUSH TS, Zo=0121%, HHEskmE
DEGHA LT OB PEICRETO2VLERHD. 2T, FHxld, HHERE EOE
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YorAn & € OB E EOBSSMOBREZRO LS ICEXD.

RZ
Et(€I77]/) = 5/2 +77/; +R2L(5/7T},)E1(€177]1) (107)
1
2 2y1/27 1
& =& {cos Sh (&) 2 +R711) } (108)
2 2y1/27 1
n'=m [cos sin~* %} (109)

Z 2T, EYIIMHERE O YE EoES S, L) 3B L v XDRE
M#cThY,

L) =exp l—ilﬁ (\/6’2 + 1%+ R? — Rl)} (110)

EEERTD. ZOFRZIZBWT, Fxld, K49 IR T X912, HDIEBNE HEEER
HERZDDRIZBITHERN, TONXMEETLERORE EOERIZ, —xt—TxSL
TWAHZEEEELL. 2oL, fEmLOBESS/HMIZLA Y —- - Vo v—T /b
MEPTFESIC LY, kX TREINS.

Bolw) = 5= [ B€) ™D (i Jagar )

r

ZZTC, r=\(x—&)2+ (y— 1)+ 22 z IHHERKE OB T L REEOR
BE, o) IIEETEOMOEE, O = {(¢. 7))V +1? <a)} IESEESERT. B
THEROBO¥EE, o) = Rytan [sin”'(a1/Ry)] THH. K (111) 17, Ao —=
VAR 2=y a BRI VEHET A LN TE S [T1]. ZOFEITFHEZLOKTHIE
BRIRCX 5720, WATHEIZBIT KRl T AOKTREBHEEICRET L &M
TE 5. EElEZ AV 5BE1E, 7 b7 LR VEITES D ZOFEICHIET S,
B51LIELAY— -V r~—7x/V NalfhfEsy &7 31 ETfE S OFERB R4 i L
bDOThD., ZORMEIIFHERRT LOBREN—EOBRET, Ho, BN 1HS
DHEHLOBFEOHERERETH L. K51(a) 1Tt EOTFEFLIFEELZE L TBY, X
51(b) IZMEEICHBIT D ¥ EFEOMEHFERLTND. ZOFRLY, 71 [EF
BET 74— AEPKREL DL, LAV — -V r~—7 =)L NEWTHES B K
LT TRY, FEBENBILLTCND ZENSND. iz, TAAEIFESICK
DEONDNMFEGHIL, Lo RZLVALKEMELZ LRI ENTND. 20
72, K 51(a) DT/ BIHTFES ORESAIL, BHEICx L TRFRR 5590 & 72 T
L. vAY— Y r~—7x)L NEliTFES CA L 28 EOME O mbERIE, ik
P TIZENT, 7=V e FHwmn O RN THEETE 5.

di(r) = L (1-+ "1g°> r? (112)
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Fig. 51 Comparison of Rayleigh-Sommerfeld (RS) integral and Debye integral.
(a) Normalized amplitude distributions on the z axis. (b) Phase distributions on
the radial axis in the image plane. Result is computed under the following con-
ditions: image magnification M = 60, pupil magnification M, = 107°, refractive
indices no = 1.0, n1 = 1.0, wavelength A = 632.8[nm], focal length f = 3.0[mm],

and numerical aperture of the lens is 0.7.

T2, MEE L OYR SRS, g0, g IXENER, HFRICHEATEZEA L
EBAEOL Yy XENSWIEE, R, L XENSEE~ORETH 5.

3.2.3 FTIoAILKROTSLOHE

Wik DEG A Eo(x,y) L BRICOES I Eg(x,y) OTWREIRE SN T
CVEANTFR T T EERD., ZOTVENER T T AOWMENE H(x,y) £ L,
A TRIND.

H(z,y) = |Eo(z,y)|* + |Er(z,y)|* + Eo(z,y)Er(z.y) + Eo(z,y)Er(z,y) (113)

22T, Eo(z,y) RO Ex(z,y) ZENEN, BELEBRBEOEZREOEEL
HTHD. BOO2EIOREIFEFRLTEBY, EHHKS EMEIND. £/2, 3
HREOEAET, WECOBERRIBOBFHREZZATEY, TNENER, BB L X
END. YIalb—yarTlE, K (113) TERSNST VL Lkn 2T A 8[bit]
Tty b~y 7EgEE LTEFL, TORICHBRT VI XLZ2EHAT5. K
(113) OBBHEET /LT H71-012, FxIIBBAEOMESHOETT L E LT 2K
e L2 AN,

Er(z,y) = Epexpli(ser + syy + de2® + dyy?)) (114)

ZIT, By 3EL P LTHY, ZREDORIELET. KX (114) 13ERTHA S
NOBRNE =T DL ITERETES L.
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Fig. 52 (a) Schematic representation of the FDTD model, which consists of
three areas: (,(2),() denote the total field area, scattering field area, and CPML
absorption boundary condition, respectively. (b) Object model of a mold with
linear step structure.

3.3 FDTD E®TFJ/L

FIEi Y, BEBHEETLOERILICOWVWTHBEA L. ZoBHEET LVIIAS
T2 E LT, REROARERE OB SMEVELT L. ZOBBGHMEFE
T 572D, Fxlk, 3k FDTD 2 W5, Z 0 FDTD {EIXERE O %
WARREEX 5~ 7 A0 = VEHRROBEZHENIZE X 5. K521, FDTD {ED
HETT L ERT. WEFFHEEEOFLICEB L TWD. HEET VL, AHTE
i 28 AT 572912, Total Field/Scattered Field (TFSF) R &4 43% T T\
% [73]. ZOBEFREMFIE, HEERE KX 2 0M8E%ICHE L TRY, TFSF &R
W TIL, @EMAOEREHEZ, TFSEF EHME CIXHELROETEZHET L. W
Ki%, TFSF BEROWNEICERE L2 TSR bR, 22T, &ERRIE, ERICHK
AT HEMAZERL, BELRIZL, TRECELSNOWERBIFIE LR WGEE O AFEO
BWHR %2, MIERNFEETIHEOEBHANORET D2 L TEOLND BRI Z EW
+T5. Bb, 2ERRE B, H, AfHR% B, H™, &iLR% E<°, H*
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LRI L, TOBMRIIRATERIIND.
Etot — Einc + Esca (115)
Htot — Hinc + H5¢e (116)

ZONFREBELROSBENFIRE TH D DIF, WHREE B LS H, kO, BHRE
ED LESEOHERPERETHLIZEABREL TWVLHEOTHD. ZOHEITIE,
~ 7 A0 2 VEFRRITBREM S HRERE 20, AR EBELFRIIMNII, ~ 7 AU =
NIEFRBRAZET S, FDTD T, WMo i eEZmEIl LVBEEkT 2, 2o
728, TFSF SR OELEEOK T SIZB O THERIL 21T > 858, T Ol ERIX
LEMALEIHROBE G, UL, v 7 27z VR, 2B & 8ELR
Wt L ORSZIC HF R AR T 572, Zib0RBNE—FRAICHERICEEND Z &
IHY 2720, Zok, BEBFRANZOFEEmET 5 &L 912, TEFSF HR TIX
ZTOMIEEZNMZ . ZOWBICBWTAREEELZ 52 T\, HEEEL A3
EFHE T, HEATY OMENSHEAEFEKNFRTHL. FDTD ETIE, #HEHER
MO DR RET 27210, WINER R4 5 RERORICRET D LEND S.
ORISR OFETFERR O TIE RS, REBBET D, ZORSIE, WIER
[CAST 2 BREE ORIBICTF L, RIBS/NSWIZERFNEOREITEHRTE S, —
Rz, BRI L CHELR OIREIT NS . o7, TFSF SR 4%&ME, BRI
BRNODORHOEEL/NSSTHIENTES. MH2OFEET LTI, FHEMA
oM, WIS & LT, Convolutional perfectly matched layer (CPML)
AN SR 2 BB 5 [T4].

FDTD {EIEFH RSN O 2 T O 7 OB L GO~ 7 bV ORERZL
EHETLHZLNTES. LnL, ZOFHEHEBEORE I, JFEATYPERTH
L2 EMBHIRIND. BEMIZIE, FEBELZRSTZOIC, #FHERIE, AFHOLR
OERD 1/10 205 1/20 LT TRIFIUTR G220, 24U, MEOHEEIZL > THiE
Br=iT5. 2ok, FDTD ETIEIMEREE IR T 2B A O LEHEST L Z
EMTE V. FHEEBOIMIIC S 5 AHERE EOBEH AL HET H 01T,
FHRSEIR AN OIS A E U E M L2 E e b7, 20 Near Field to
Far Field (NFFF) Z# LI 5. & SHME EO AT 7 =50 AEE O RIZBIT
HART—GEHETHHIEL LTEL, AANVADFRENISHMON TS, B
RONT AR LT, TOFEBISHIET 5% L LT, Stratton-Chu O 2
XNREFEETD. 77U h—7 7 —BUBESLT 25E6121%, Stratton-Chu OFE 5y
AR, FEEEERICBWT, ROXHICRBETLHILENTES.

Eo(r,w) = B ik // [7’ X 7 x Jy(r' w)eF T
4mr Q

1 (117)

F7 X M (', w)e* | ds’
T

S IT, P IREEICS L TSmO ARG Fo s, Q1 NFFF Z#E & WS

NABSE, © 1L QLOS, r B Mbr ORES, 1T r OREHIEAY
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MV, €, p, TIZZNZEN, FEE, EWE, LOEMBEOA L E—F L ATHY,
T=\/ple ThHD. EnIT, J KO M I XEnENEMER, EMBTEE rEidh,
ROEIITEREINS.

Js(r,w)=n x H(r,w) (118)
M;(r,w) = —n x E(r,w) (119)

X (117) OFRIE, AFBEERE EOEEO R OB ZMINLICHET H Z &ﬂT EThH
5z kf,_hilﬁgﬁﬁﬁwﬁtwﬁs®#/7)/&k W HIFE ;é@@
BoyoEm#EbEEEICT 5. NFFF Z#oBEhmot o 7Y o 7 oRMBEICE LT
1%, SCHk [66] THmS N TWD

NFFF Z#c %wf,%ﬁi,ﬁ(ﬂﬂ%l%ﬁkﬁﬁﬁﬂﬁbf@j;Lﬁﬁ
5. WELFIUICHOWTE XD &, NFFF Z#um Q, ITEHFEOBREZ L H, 2B O
HEERANBICEET DL IICRETS. %LT, Zom bz, NFFF £
mQ, FOBEE LRSS MLOER TS Y, B EMEOEH L LTEAT v
THICHET S, BOmIZ2KIETHDHDT, %@ﬁk@ﬁik@%N7bw@ﬁ%
EAb R EFT 21X S IR EEAIN M E L 72, FE AT FORENELD. &HF
77— T, BRRSEE O T — 2 A 2T AT RICERDAMENH LD, Z0H
TILE S 720, Z0d, Fxid NFFF 2H0OHEIZBWT, BREER 77— =
T RND., ZOFEL AT v TEICES ERGD AT NVERHFTHFE
<Thh, T— &@ﬁﬁﬁm%ﬁﬁf%)t ST D MEN R, KETIE, B
EHFEEBR VKD 7=, FEIREEEE 7 — Y =& #0%, FDTD SEORHENEFIRIEIC
o THhBATH. T Ly, HEREOEMA AR THY, HFEBE LIRS &
NCTEDH., 2L, INEENEEZTE D HEICIE, BERECTHEZITY, BRI
T BWOFHEAT v I EVBEIILS U TEDICED. ZLIZKVEHESINE
NFFF ZHE EOBER EHBO AL bz, L (117 ICRATHZ L1k, A
KT EOEL N7 M OBEREZHETE S, KIS, AHRICT 5 NFFF £
BUICONWTE 2D, AFFICHT S NFFF Z2#mE Q, 1%, K52(a) DL 512, 2z #hic
ﬁﬁfﬁk%Lﬁ@NFFFW?ﬁﬁQ Dz EHEROEEERDLHICHEETD. 20X
IICERET HEBEIE, AFHRLEBEROEMIGZXIE ST 5720 Th 5. BHENRT
ﬁ&iﬁ%m ITEEROKRE A LS TVDHN, HEHTE 2 DA FEEIL, £
BRSO EEIEN TOMEFE TS =80, AFHIL TFSEF Rk > T
TMUVEROLNTWSEIICRZD. ZORNT EFIVE O TWS, FHEMEKNOKT
R EOAFFmEE A AT NFFF Z#%2175 &, K 53(a) IZ7-T X518, &I
HEINLBIC %%T FHR O ORI RIED X 9 2 FmEOEANEND. ZDFE
Fr e WET D 72D i,A%ﬁ’ﬂﬁéNﬂmﬁﬁﬁﬁz@ﬁ%é%#%ﬁﬁ%ﬁz
f%iﬁéﬁ%ﬁ%é 2T, TFSFERTOHEIIENT, ANRAEZHET S
DIEEE O HEICEE R AR, O ECARNEORELFHET L Z L 2HAH
7 %. NFFF Z#im Q; EOSNSZ0ERE TAL, TOROARNEDOES%
FIHTSHZ &, NFFF Z#mE Q, EOEEOROEMSE 4525, Zhicky, &
FAEEAMAE TASRICKT S NFFF Z2HBEO KX I ZJLET 528 TX 5. X
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Fig. 53 Normalized amplitude images of the incident plane wave near the image
plane: (a) NFFF surface ; is small (side length is 10 [um]). (b) NFFF surface
(2 is sufficiently large (side length is 100 [pm]).
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Fig. 54 Sketch of off-axis digital holographic microscope used to demonstrate
our model. BS;{,BSs: beam splitters, M;,Ms:mirrors, Pj:half-wave plate, Si:
special filter, O: object, MO: microscopic object lens, I: image plane. The beam
splitter BS; is slightly inclined.

(oijs Mogs 20ij) \CBT D EHZ, KX (117) 2K (120) ZAVWTHETILERH 5.
Z O SASHEERE_EOREF R (€oijs 10js Z0i5) 1,

a (R
£oij = a_ifg cos ltan L # (121)
a B (5{2 4 77/.2)1/2
Noij = (7(1)77; cos [tan L le (122)
20i; = (R§ — 5(2)z'j - 77813')1/2 (123)

LEZBNG. ZIT, (240X )V? <o) HRT DRI, (63,413, < ao %
W= BETE OB T ASETE OB AORICH S L&, b, (407 )V? = a
DEBIZBNTOR, SERRIT 5. ZHUE, fEEIEET AT L%, ABHEEKE O
FAADAMUDN AR AL RN LAERLTWND.

3.4 TETIRIED-OHOERERE - EBREH

5412, ETFARRIEDT-DODF 7T X AT O R L Ra 7T 7 ¢ v 7 BEREED
EBIEEOMIRN 2 =T, BRI, vV = A —FBRERTH L. E
BRCIE, =b—Lr hRE LT, ERFELED He-Ne L —+%— (A = 632.8[nm],
2mW]) ZH\W%. L—F—REN L RH SN T E—2 A7 v ¥ — (BS1) I
kv, 2o0mEICHEIEND. T LT, TNENWIKRAE S BAIONE & ik
L. WIREIOREE T, L=V —3EExE (0) ICBRH S, ZoFEBNIE, K

81



HBIE TUHNERRTTT 4y 7 BHEORGEHEE T L 0B %

#gExt L X (MO, x60, BAO% N.A. = 0.7, HESERE [ = 3mm]) ICXVED
bId. ZOXML XX, T —LOERD XD ITEWVIRICE Y AL HERmINE%
WETH-OOMEREZ LD, £ LT, ZOBEMEL X%, BiRETLvEr b
Uy 7 FRTHDH. ZOBEBENHL XL VED LN, KFROGHEIC
Mo CTEXT D, —JF, SRAIOREICIE, FEER (P1) 280 i Tnsd. 2
DEFERIT, FHEFHOHOICENT, WEA L SRAIORCRER -T2 L9
2, ZEEOERFEEOREFMEZEESES. b, SREE, YRR E
MR L 2BAIOREEMENS—FTLHL915, ATy /L7 0 F (S1) 12X 0 EREHK
A IND., 2LT, E—ART Y v — (BS2) 2Ly, MiEkESRIITERK
SN, EOTWRIBESMIL, BEOHFIMEST L CCD AT (7 2AYA X
4.4 % 4.A[um], €27 B 1600 x 1200[pixel]) 12 &> CHERSND. A T & (2T
OEOEREE, 77 +— 0 ARTHY, d=3.8(cm] Thd. BEHEW (0) 13, &
VAT T A~ A kit (CEERIE 8.1 £+ 0.5[um], ZE¥ERZE 0.9[pum], EITE
1.56) &= TEMAMK (BT 1.333) Titfis b L, FHNRT A U iEEx b
F I ATV RE—I R (TA M8 Blpum|, 74 &S 350nm], EHE 1.4537)
EEKPCTBETS. ©—baA7 Y v & — (BS2) 13477 X ABIEHERT B2
i, EIEMSE TN D.

3.5 FDTD ®ETIDHREE

T NVORBEEEIT Y 1208, ~A 7 vkitet /A7) v hE—)L FOKEHE
2170 . BIEXMNBROWEOET ) > 7L, HEFEKO ST SR EIrRICKIG
TOHFBREEIVYLCTHZETITY. £, BERICEAL UL, BEZEZOBREREEL
WERGET D, ~A 7 mhiF O FDTD B2 X 5E7 b TiE, K 52(a) D& DI,
~A 7 ki OFLR, FHEFEROFESICEESND X)) ICHERERET D, Bk
BiZix, EAFREFEZRY, TOBFHBITZA=X/10 75, 2L T, FKEHAT v
7%, Courant OZEFRMGETHRE T DL 91, At = 0.5A/c ERETH. 2T,
CIFEZEFONRFEETH L. TESF HERNOMERO K E 1% 190 x 190 x 190[cell]
ET5H. EBRTIE, ~A 7 i FiEyy— L EOMKOFIZIHSETEBY, ~v17
PRI D BEEENRE WD, Yy —LDEREFEL TS, Uy —L#EL
WXL A TR EBE LTS E, Y LOERICLVERBINENELD. L
ML, ZOERENZET, MERMSEOMHYL U AZHANDZ LICE>THIETE 5
=%, FDTD IEOEFANTIE, v — LICLHERBENZEOEZE I/ NS WS LT,
Y —LOEFTY I ThRW. ki, 7/ 7V b E—/L RO FDTD EICL S
ETMUIZONWTIRR D, FEBEROBEBLICITEARE T ZHY, Z0OKT7HE
% Az, = Ay, = A/10, Az, = A/20 &&ET 5. TFSF HZRNOHEBKO KR E 1%
1390 x 1390 x 100[cell] & L, BfiAT v 7% At = 0.5A/c L&ET 5. K 52(b)
DL Hic, TFSFHESANICT /A 7V v hE—/L RAHRE L (HFEXRL2525. ¥
52(b) DR—=AEHSDIES ty 1%, EEOEI LY H/NIRME (fh = ) ICREL TV

82



FIE TUXNEAT T T 4w BAMEEOREGFETE T L OB

Fig. 55 The simulation result of FDTD method for the borosilicate glass microsphere.
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Fig. 56 The simulation result of FDTD method for the line-structure mold.
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Fig. 57 The extraction of the object wave on the hologram plane from the

g u"?—.f-":?

digital holograms of the simulation (the top row) and the experiment (the bottom
row): (a),(e) the digital hologram, (b),(f) the frequency spectrum of the digital
hologram, (c),(g) the digital masking and (d),(h) the amplitude distribution of
the object wave on the hologram plane
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Fig. 58 (a), (b) Amplitude distribution and (c), (d) phase distributions of the
borosilicate glass microsphere in the X-Z plane obtained by the simulation (left

column) and the experiment (right column)
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Fig. 59 Amplitude and height distributions of the borosilicate glass microsphere
in the focus plane obtained by the simulation (left column) and the experiment
(right column): (a), (b) amplitude distribution, (c), (d) height distribution and
(e), (f) three-dimensional graph of (c), (d)
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Fig. 60 (a), (b) Amplitude distributions and (c), (d) phase distributions of the
mold with linear step structure in the X-Z plane obtained by the simulation (left

column) and the experiment (right column).
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Fig. 61 (a), (b) Amplitude distributions and (c), (d) height distributions of the
mold with linear step structure in the focus plane obtained by the simulation
(left column) and the experiment (right column). (e), (f) Height distribution on
the cross section at ¥ = 0.
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Fig. 62 Exact and simulated height distributions of microlenses having different
refractive indices n and maximum heights H: (a) H = 0.5 [um], (b) H = 2.0
[pm], (¢) H = 3.0 [pm], (d) H = 4.0 [pm]
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62(c),(d) OfEREZBIET L L, BITENEMT L EBEITIRELS LoTWE. —F,
¥ 62(a) TR UEITETY, (¢),(d) ICRLNLBPEEREOBIEIZA O, &
DZENE, ZOHRBEIMEORBITRIZT TIERL, BEOESICHLERRH L Z &
WOy InD . NLFRH 28 S A E T 53 (125) 1%, a2 IRICIRE Lz RiT
LEFEAE LT, BEETAHZEARELTWS. UL, BIFRBEN+5E, 0
BERENC L DEITEBIFORENEE TEX 2 RD. 20D, BIFRNENT S &
FHAFE R EIETR DS LR B EEB 2 LD, Fi0, BEINHEINT 5 &Kkl
RNEMNT 5720, BITOEEBLZEZIT5EEB2ONS. ZOZ L LEEDRRK L
2o TS, ULEDORERNG, FREOEEMABEMEEIC LV BITROROIIEE
HD & LHMEZRET 25101, BREEIZRITEROEWRREZFIRT 52 & nE
FLL, TORERERIT, BEBEEFROBROICLIEELEE L CTRIRTIVLERD
DI EMNTIND.

3.7 KEDEESD

ARETIE, BAA—T L 7EEFDTD EERAWET VX VRe 7T 7 v 7 BEM
BORGHETT VEREL, ERICIVETLVORYMZBRIELT-. ZOHEET
VT, AATEEBEOMDOT 7 4+ — N ABEEBET H-DIZ, LAY —Y ~v—
7 =)L FEIFES 2 W, SRR EoBES AL A ) — Vv —T 2L b
EIFEDIC L VIR T 2 720ic, SHERE EOES % 5 HEBRE OB I & E
T 5 HEEZ R L. FDTD ECIdANERGE FoERE A28+ 57-012, NFFF &
#az AW, ZoR, FDTD E0FHEEIIARTH 5D T, A EmEENSFHEE
WIZL->TUVEROENTLES. 2o RN A FmEE 2 NFFF Z#i2 L0
G SE 5L, HEEROERNFEEDE LTERL, @D AEFEOELNE
C%. ZORMBEERET D, ANEROEFRZFET RIS, FEEEMNCH D
NFFF Z#im EO AR % TEFSF SERSETHOW D ARENOMMT 5 2 & THEAE
L, BADMEMTELZ a2 R, BIEER T, EEMAAFANC X D ESHIED
ARERFIE ZF D ThRWHIE LT, /AT IV U hE— NV RE~ A7 BRI LT
EEMAHFHZITV, ZORREEBHEETNVICLVBFR T 2R, £
LT, MELFERIFEETLE~A 0Ly ROMIEICR L CERET 52 & T,
IR DR L BB R O REDNRIEREICE X 2B LR L. TORE, Wik
DIEENBIIZET HEALTIE, FHBIEFROMOIC L HE TE B S »
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AFLTIL, EEAAETEMEEIC X 2WEBREHIOERBE(Z BRI E LT, &kl
TUENERT T T 4y VBEMBEOERRZELEL, MEOMNESHEETT A0
O FRERRFEOFERE &, R EREN SRR T 2 5HARE 2 FHME T 5 &
GBHEETNVOBELIToT.. LT, BBHETTAZHWT, MiEBIROdEREL
JESTERD EEMARFH OBREREICE 2 5 B2 R~

B2ETIE, ZBRBTOANFRT T 7 4w 7 BEMEOFERRATEE L, FHERT
N Y ZLEERTLEFEORELZFMEL TWD. 72, — b7+ —BRITBT
HEEICOVWTHREFLTWS. BERT VI Y XAE, 747 EoWiRoE T,
BEL o XL DERER, A — N7+ —D A, BIHES, NMHET 7 70D
BRcShb., £7, I A7 LOMEHOERREOETFEICEHL UL, 194
VR AT T X U AROREN R FETH DEERIAOMMA Y 7 ME, BT o X
Uo7k, LT, ZEMBIAHEY 7 MEORIERE, ofiFse, HERFFOFEMEZIT-
2. ZOFHmICIE, IR EBITRERNEEMO S ) A T ) o b=V REBRIERSLE L
THA L. ZOfRE, FRLENOFEICBWT, ELEENSWEIERGRICKHT 5
RMSfaZE# T DL, 77—V =7 40X Y 7KF 26.7[nm|, ZEEBNFES 7 b
1T 28.4[nm|, FEEIRONCAE S 7 REIL 28.0[nm] TH Y, ZNDHOFEORICZETFE
RN T= —F, BEENEIE LZBEOFEHR 2 RMS 82 L T, 7—
U7 4 NE ) 7k ZERINA Y 7 MEO RMS #82EE, 2149 32.5[nm],
35.0[nm] & BEICEITR LN R -7y, iy 7 MEICBE LTI, BEOFHEIT
#40 — 50[nm] EfLFIEL B L CRE L, BERICHBENRR LN, £, ofiFkE
B L CIE, & FRIEOIRESAM EARSAIEIET, EHTRALIT O 0.4[nm] OFRED
T/ ROHEEZHBIT D Z LT T& o728, 0.5, 0.6[nm] OFEOE—/L RO
BEITHRT D ENTET. BRELT, AV IA BT T X RABOEFIED
DRERRICEITR N oo, FEREICEL X, 77—V =7 &) v 7 EEHE
TV BHIZEIVHET I ENTE, BEIESTCIE7 -V =T o VXY T TE
B LAY MG Z W ERETICEFERNA T 5720, FERBMUFEICHAS
THEMECE . HBRELT, RERRTIE, HERM, ZEME, BIERE, HfEED
BAENL 7=V T g A2 U RIFIMFE L AT, RAEBICENT-FEE - T
WHZ EERINTE. RIZ, AT EOMEEE BRI ER L TG EOESRIREZ H
AT HIBFE TR, EESOREFEFIEZRBRT 5720 0ERELZTH N, TERME v
T4 T ERWLGEE IR DG ERER A TS AT FR RV E &R L
7. FLTC, HBELEFERRZRTIE, BEREORIEHRISNT, LAY —7 L x/LE
gD &7 LR VEIITFES OB OBEN/NE L, BIETE5 2 2R L. BfEY
DIGHEIEBE D EICHAWA A — N 7 3 —h > 7Tk, HERBAREL 25720,
EHEbEZ BRI E U CHE/NVLFRA B AT A Z L2 RE L. ZOM/IMUFEOEAIZB
T, EAGHEBE S E L CoBBEEE A WD L, TUXIERR ST NTHEINILER & 5
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LCHHEEEN RSN Z EaR L. 2 LT, M/ EZEAT S Z LICL 5
R EEREDRE S /NS L, EEMEFHRORBE ~OEE T/ W 2R L. Zh
IZEY, = 7 — I AOHERMEZR o O—F TEMTEZ. £ LT, &ElS,
BIFEA EOSRMERE U L RERAZBIE L, MiEo 3RITREICET 2 EHRE G T
5 LR LT,

% 3ETIE, M FR EPEMNRICER T 5 EHBRERE LM T 2B EET L
DIEFEEIT > TWD. FEGBEETT VL, BREHENST FIETH S 3Wilis FDTD
HEICEY, WiKE AFHEOMABEEAZZH5E L, NFFF Z#0c X 0 #E800F 52 0 A K i
OB OER EMHESHEAEHE LTS, 2ok, FDTD iEosEMERITATR
ThHHDT, AFERENFEERIC L > THVERLATLEY, Z0lERsNAT-
ANEEEE 2 NFFF 28I LSS5 &, HEEBROERNGEHA & LTE
AL, BEEOASEOELNEL S, ZOMEERET 57-DI12, NFFF ZEH#ofs
S w FDTD O EFEBOIMUE TR L CRHAET 2 HIEZEAL, BE EOA
FOBLNEBEEIND Z & MR Lz, ASEE EOEB M 2 5 HE Lo BB
BT LT7-1%, TOBHEDMAENATHE TIERIED ZERMEIIRD. T VX IVE
ny77 4y BT, AT EBEOMICT 74— AERHHDT, ZOT
TA—DAEEEETHEOIC, HHEXRE O OHREmE COXEBRICLA U —V
~—7 )V NEITESEEA L. HHERE FoBESSHE LAY —Y v —T =
v NEIFTFE S L VRIS D 7210, ST HBERE = OB % 5 HREER T O#2 FiE (2

ELARTNER6Rn. ok, SHERkm EoES L #EYm EOBES ORIV
X—NRETDEIICEAMEBEE G2 TREZ T, LT, mREOESLSmD
LFCANERA T TLADY I ab—ar iz, BFEETFTIVORIEERTIX, EEN
FERHANC X 0 ESIENTRERBIE 5 TRWHIE LT, 7/ A7V hE—/L K
L~ A 7 Rk L CEBNMMEHI 24T, TOREEAFEGEHETT VICL Y EE
PINCHBRTEL 2 tamLe. LT, BELLEBHETS TV E~f 7L R
OWIRIZHT L CHEAT 5 2 & T, MR BB ROBENBITEREICS 25
HELBRR L. TOME, WEADOESNEBICELT DEA TIX, EBEFROH
ML ARETEEEER DN Y a3, BENELDIZ Emnani. £, W
EOEIRDREVGEITIL, &I EAAESH OB OMIZRER AL ETIZ, ¥
FIRZHETERLSRDZLETRENT. BELEHEETLVIE, nbDiEEL
EBICHRD Z LN TE 570, HELEFBBERROTMCERICL VAT SN
TREROMIRICFIACTE R EEZLND.
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