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CD X° DVD ZD WA b L— U@L, EWEEEE L &\ T — F Rl (N2 T
KB E EHEMEZ R AZ TOD Z 0D, AREBESCERERESICB T 57 —
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AL SNDBRESIZENT, 7T A 7T RETFT VX NERITZNE TL EIZEAE
LTW5. flzix, ENESKEEICBWNT, T VX L ENT-FTE O S EIIRT
720 CTHRI10PB IZE#ET 5 [2]. F£70, FEE LW/ AFEO S8 TIE, kit —7
Y —=IZ Ko TLHEMITER SN DT THFREIXPB A — X —ICKS[3]. 2O X HICE
TEDT VX NVATBIZLRT & IHTNEVOEREL A L TR, 5% b7 VX UEFRON H#
BIIMEAIZHER L T EBEZX LN TND. o T, BUTHA FL—Y 0K B Th
% Blu-ray disc(BD) TS X bFRM 72T —h A 7H@E L L CHoa&il ez RS20 2
EIFIBNTH D, TBMisc A— & —DFLEEE & Ghps 4 — & — D7 — Z #i5ik Wi i % {if
R o LRI AR b L —DHIF OB N LERAI R TH S.

THETHR b L—UHIFOEEIL, L—FOERE(E L > XD E NABH D
B L > TR LET SN TE ., L Laend, L—FDikE% BD @ 405nm 725
XL TH L, FEEEEIC XD HMUIRESHRT D, £z, ﬂ%VVX®NA
1, PN ZZR TSN TWAIRY 1.0 282 5 2 L NFERACRATRETH 5729
BD T/HWHI 5 0.85 IXFEERIRBRTHS. %OT,BDﬁ%&ﬁﬁtXFV~v&
M ~DOHELIE, TERD X 5 I FFHFOEMERILICHE O W 7 L — 27 2L —030
B DH. 2T, ROERAZE X AN ENAR Y NERAWTERZ ST D
IR AN 4], TEH 2 oI O =TSNk T 2 TR g A £ Y
[51X°% )8 BD HAN[E]E N ZFNFNRE - REfshvTWnbd., BIEETIZ, BL7 41 A
I%, 20 J&§ 500GB/disc DFLEREE 4 FEBLT 5 D RINZIEAE Y OBIRICRIIL, £
DRI %A 2012 FICBAE S 7z ISOM'12 THREL TWAH[7]. £7-, TDK X, 16 J=
512GB/disc DFLFREE L E AIRE L T 5% )8 BD HifizBF L, T i 2011 40D
CEATEC JAPAN TH# L T\ 5[8]. Z DX H 12 A b L— VAT OMFIERI 1%
BHRICHER L TBY, EROFEFENT D ORENT L > THA N b— T OREEIE IR
B ELTWnD. L Lens, 2O RSEX N L —UHFCkB T,
SO Lo THBOFEA FH E 21T 9 WA 2RI ITZEL L T pnicd, TREERIC
M B3 2508 L R TT — R IO A TN D ORBURTH 5.

o X RO, Fmu T 7 4w 7 AFE U (HDS: Holographic data storage)id
TB/disc A — & — DL E & Ghps A — & — DT — X Erieil E O RIRFEH 2 FHEL 975
ZEMND, WHRYEA P L —UHITOARME L TRE S HFFSN TV A]9,10]. HDS T



X, 222 8 45(SLM: Spatial light modulator)[11]1C & » T R T_2— 27 — X NERH &

NG T T, ZROLE ORI L o> TR E I A 77 L LTl T 5. Z O,
RUEBKIEE ~ DS RO DO AR RIF(AEE, R, W6, WMo mEa£E2 52 E7T, Bied
BEOR—TF = et OR —FHriche 775 LTEEREERTHIENT
5. TEORN—UTF —=F 2 FELIZWGAE, TN ERek LIRS [F— D ASEMET
S USRI IR TR V. 0L 9IL, B R_R—UT — X Z iR O fF
—EANCSHLF CTE DR E =V T — ¥ 2 —fE TRl A T 2RI, &l
JE b T — Z R ORISR Z AIHEIZ T 5. 7 A U @ Inphase #Lic & % HDS %&i#&
DOFRAEMITZE N E 4L 1.6TB/disc & 1Gb/s DFLFRE L L iR A2 A L TRV [12], Zihidfth
DOWHMARSEA b L —VHIFOMWEEZ ENCERE L T D, L LARRD, —&kiktae s
T 7 4 U RS O PRERHY 72 IR JTRCERE EE IR T IS L& 500TB/disc TH 2D Z &b
[13], HAT HDS ORieE ORI AR ITMD TR, RSB RORMITE - E72£<
I TWDLERGND.

EEIE ORI AR MENTERER E LT, £, ZRICHRIDERZERICA T 7T L0
B)—ICRLER ST W R W EDZET HiLD. EKkD HDS TiX, B£HXAKR > FOALEZEE O
H NI > TH/INENL SED Z L THRE 2T ADOLELEREITTH> TWDHT®, B DOV
EHMICHKTHLEAA T T LOE—BA+0Ths. ZORICKT HRKE L LT,
R =RITT ANy 7 v 7 S EBEGRPREI N TV DHA[14], ZoHFRT ed0es %
EROVD, BEREHREROP L EICHLE L TEWROBRANETH 5.

BEORAMENMEND 9 —DOHERNE LT, EHERR ST LANEDI B A =20 )
A R(R=VM 7B A =)L T 5NH[15]. A1 ST AELET S EREOERER T
Ium LR CTHDICHEDL LT, EEOZHEMRII—VR 7 o 2 h—27 244 57291
20um FLE IR E SN TE Y [16], Z X HDS OIEEFEN 72 % EALEE 1 A3 1/400 (2% S
L2 LEEWT L. BAEGHFOEMAEKmEIZE RV EZRETHI L TX—VH 7R
A =7 ORI A KD 7R ZE TICRE SN TV B R[LT7], ZOFHETHAEE S &
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wva 727 4 w2 A% (HDS: Holographic data storage) i, 2 Rt D X—TF — X &5
L DOFWIC Lo TR 740 UTRSEVE IS T 2RO AETY TH 5.
RO T T T 47T 4 AT LA DS TIE, 3RITikERe 7T AL L CREskiiE F
IZFCERT DAY, HDS DAL, 2 RTMIRTH B — T — X Z5oekiiVE 12 % Einsk
T 5.

HDS 1%, fERD Lk Cld7e < AREELER 1T 5 72, BD D15 D Feks & 2 2Rk
TE5. LLAans, FEOBKGLESFEERA T Y ORBEICL>T, O To
£ O ICREEEE O SIS B T A IEEEN 2 EIRTEX 2R TIE R 2o TS, T LA,
FFETARE AT 2 WoeX—U T — X O—FEUBIC X 5 EEIN 7 — 2 5t LEEIC S
BL]. Fiz, ROy MEE IR TIE, —2OE Y MK L T— 2O E A %
JE L TWDA, HDS TiE, — 20Dt v MIGLEREE O RFEERIC oK L Citdk S h
TWD70, e EO—RIC L 5T — X HERZRT 2 FERHEKS. Zofhich,
RO AEY LRERC, BEWIRGFESCAEINE, Zo 207 7Aoo RRE%
HLTWA.

2.1 HiTIE, HDS ORAMER & Fosk « BAERBIZOWTRRS. 22 #iTlE, ZihvE
TIEBERIN TWAREN RS EFRICHOWN TS, 23 #iTlE, HDS OPERE % 2
5 ETEEERDZNSDONDONRT A—=ZIZONTHRRS. 248 TlX, ZhETioh
EEIN TS HDS @ / A RAXIHA;MT 2k~ % .



2.1 EABME - FR

HDS O FAIZRZTEESGT UL, KBlT 5L oo bns. —olx, B sl
MEINEES SR ZREEE T TTH ST RG] THD. bH—>
i, TRl B ST 2 S ZERIICNT L TV D15 B & 2R & fld il e b < 1
Wsd2a2) =7 HKX[34]ThHd. IHIT, WEF—2DHRB T T LE—D2DE v ME
WE LTI ~A 7 adknr T Lpsk i[5 OMELIEHRILL TVE. ZnbDHK
IZIEZENENREWR EENEAHFE LTS, FHFRE, oK EHET L&
R L0, HFRORAUL - B EZ R, o, AFROEIRHL5E, =5
DHKITRIR HEEEZITHI2D, I HH-e 77 LOMERTZHLS. —F, *xf
WL XD NABILE)ETEESHDOZDIZAND ZENTE HaTa ) =7 R
KT LFREFERD. a2V =7 HAL, BSOS LICHE SN2, 1
KDt AE Y (CD X DVD) & Rk ORI FRa MR T2 Z LA TE, 7o, 1k
A THONUEY—REMN 2T 2 2 & b AREIC/ D, 72, FROBEEN S
RO 2SR, L, 2V =7 FRITB T 2G5 & 2FotEE—o
KL XY D720, L O DA E T E SR THEIT S Z LIk
5. Thbb, 2 =7 HFRUTE T D ER TR RS LT Ot kT 5 2o
KIU21Z70%. ~A 7 ukn 77 L5EFAE, EROIEAEY LIZER ULFREMEAT
BH12, (R A E Y THEONIE TR EMRCY — RS2 20 AT 2 &
NTED. 70, B OARDITHEHBLITE 520, ~—UHALO HDS & [FAREED
FUBMBE A ER TE D, — T, v~ 7ukru T a0, kA LRERICT
—ZAEIIE Y NN TIT b b T, T — ZHRk IR A Y LITIEEDS
RN FREREEEA M B S L ITESEHE b M E LR TAUE, T—Z A RL—U & LT
DEENIR T TH DD, ZOmRR~A 7 akra T LAFRORKOMBES E LT
Fohs.

LR, Y% vz HDS oftsk « with LEMEIC DWW Tk~ 5. 370,
B 2.1 C R T RSB ICOWNTIR AR S, BN DS SN D L—kIE, BE—aRx Y
Uy ZICko T oK HEIESND. E—L ATV v X Z2E\T 506, =2/t
7% i % (SLM : Spatial Light Modulator)X°7 ¥ % /v~ A 7 rm I 7 —(DMD : Digital
Micro-mirror Device)lZ & - T 1000x1000 f2E D &7 & /L ZRfD 2 IRTE_X— T — X %4
I, FEELesd. — BT —2ERHFNZ, ATV —mELRHTH LD, fif
FHAFRTICmALFRBIZ VD Z E b REETH D, 27121, NAHERCRIEE T =
AT 254, BE O CCD Oftb W I AR SR 2 EAT 2 LER H
L. N=UT—ARERINIAEZEHIL, L X eFEiRmT 5 LT, aREE I
LI ND., —FH, ©—2AT Y v Z a2 LTEIE, SRt E U CRiskiiE 2
Sh, EEXEnTHWHmERETS. 22T, SEHEL LT FRY ~v—[9]°7
4+ bV 7777 ¢ THEER[10]E W56, TERLS AL7e T oA Lt U7 s 384y
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MAFEIEEPICHEIND. ZOMFTRDMIIN—V T —F 2EMT o0 7T 0L
L CHRET 5. 2D ARNFHFELZEZ D TR 7 AOZEFLEKEZITOI Z LS
TEDHH, FELWVEINIEEKT 5. )iz, K 2.1b0)2rd w i LiBfRIZOW T 5.

—MRANILFLERIRE & R — DO AR 2 2 722 RO 2 ORI E R O R v 7 L
5. Z0ORE, 77y 75&MER LIZBEERFe 77 A6 S L, ZolEdr
N E i kA 3 T-(CCD : Charge Coupled Device) <P fifi i 4> J& i1 24 35 (4 (CMOS

Complementary Metal Oxide Semiconductor Sensor)2s D4 EizB W THRE SIS, 22
T, T X—VINAHHERZMHIM L T DE5EEE, RBEFEFECEERETE RV
D, (AR WD BN S D, MARREER IR L TL 33 Hi TR TWn 5.

| O o
Collimate BS
lens y :
(a)Recording architecture { ==z Page1
| oz Page?2
\ ==z PageM |
SLM : Spatial Light Modulator
BS : Beam Splitter
OL : Objective lens -
CCD : Charge Coupled Device | === Page1

| ==z Page2

| &=z PageM

CCD g

Collimate BS

E B 0
PR | |
lens

(b)Reading architecture

Fig. 2.1. Off-axis architecture for holographic memory.



2.2 ZEFE SN

FEEE O CHATNICEBOR—V2FESRAD I N TE 2ZEHNIRITLH L, 7
7w ZFERIEZFAT 26 0 L ZROCOMARHBEZFIAT 2 b O0RH 5. 77 v 73R
BORFN 2L TN LTS, AELEGA, WRLHEGA, Bk 7 8T
MR EGA[1L], RY Py 7 ZEGADNRTOND. —T7, (ARMEBER DL E I
E LT, MEZE LA, Ay 7 v 7 FEEGK, a) =707 R ETAENR
FFons. LR TIE, REMRZEGRCHEL TRRRT 5.

221 Ty 7@PAIZESN
AELE

AL EGEKT, HDS MMER I TLOR, RbBEHWLNTE L ERHRSTAT
b 5[12]. M 2.2 I ELELEOBEAN Z 7T, ZOHXNTIE, ZLDICHLAEG, T
—KBAOFR 7T LEflik L%, ZREOMEZWNMIAOTIZTELSETFEAD
Ru T AEEEL, RIZSDICAEZAOTEITEILSET=FHOARR 7T A& iiik
T, EWVIEBEEARVIKL, ERER VT AESELGEL TV, FEAR ST LH
SEBINICT — X 2 AT AT, BEWha 75 A0T T v F T EEIC kT 5 A
EIRMEZFIH T 5. Kogelnik O AIEBIEGHIC L 5 &, BlRMA R 75 ADREizhiHEy
WAL EAGITK LT sine B " O TEIND.

nzsinz( mAnL jsinc{—ﬂl'sme0 Aej (2.1)
Acosé, Acosd,
ZIT, AR, AnFRITERARE, LiIZArS T A0RSTHD. ZORND,
—EMRRI EAEZTH L TEELE L T < 2 & T, Filt LEROLO ASA I
DEFHRATETZEBRICEHFT SEL 2N TES. 22T, AVOKRRr T T L% Xl
T2 12O R/ MR B I FEAA LR, 7o H A BEEIRMES,
_ Acosd,
~ Lsing,

(2.2)

TERIND.
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Reference beam

Holographic disc
Fig. 2.2. Angular multiplexing.
KRZHE

23T EZ ELGHORAX 2~ 7. WESEFLEIIAE ClI < HROKEE
L TCTT T v ZTESEM 2084 5 FIETH H[13,14]. HENT 7 b LI=5GE, BT

RS
sin?[ 2L gine? 2mLsin” 6, AL (2.3)
7 Ac0s6, A? cosé, '

ED. ZDEE, AWVNIAT YT AEXBT A7 DI REEETH DR
FMEAA T,

_ A*cosb,

- 2nLsin? @,
TERIND. ZORND, ERBRENE GHRDDL 0, DER T LRD5E,
F D BEWITHTUSIR T 2O T R DA 77 AOGETH D Z L1350
5.

WEZHELHETIIREAIEDO L= 2 AT 2 2 L1250, £ONPITFEIR ATRE"R
B RAFENIA S, BIPER ORI, WECEEL, 1 oBRKROMEICES 2
RSN Z &3 RO BN L. BUED L ZAHZD LD ROERIT LI AFTE £ 9127
WA, b LIRS DEMFE AT L —POREARI T E R, WREZHELERLARRE
HELFBEO DLV ES.

(2.4)
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Reference beam

\ &=

Holographic disc
Fig. 2.3. Wavelength multiplexing.

KEKy 7 NEE

4 2.4 (ZERMPE 7 N ZERLEBRORAK ZRT. 7T v VRO R % 75 AR
FALT, T4 AZHRO XS R AT 4 7T OREBRICE > TR—VEBINTEX LV AT A
DERHEPE S 7 N2 EFATH H[15,16]. AL TIE, SRR UIFEET 2 B
EROCDEPFECTHD. 22T, EEXEZTFEHE THDL EIETD. ZOEFKES
OO T A RFTHIZ AU, SRREKmEE O —HIXZEFEEE L alTtE 50 7T, ﬁﬁ
W& LOFIC LD 03508k S D & At 5. BRI IS FLeR B E DAL
ofﬁ@é%fﬁ\%ﬁTé$ﬁ&@%Ak&ﬁﬁé®f?i%ﬂihéEﬁ%%®%
FE S FEEVE E OB Ko THEFICE LT 5 2 LT 5.

K7 N2EITEWERe 7T 5077 v FIERWEZ L LT b7, Frzh=®
DIEIE O LR D DICHERBRONLE Y 7 N E(Y 7 MBIRBEEE) X, &7 hic
kKt UTHAT R AT 7 v @R G R)TIhE <, BERFN(Z T v ZHgiRm) Tk
REL 2D, FFIEBRESBIOMFPEER BELWES, 7 MERMET 7 v 7
BIRFEZ T O L RTITHEE L,

R
nLsiné,
b, QIXMEENESRADLRTAETH D, 7 MRFWEIIAR Yy M4 XLV
HHFNINDT, AR Y 2D LoV 7 FEELH 2L THRRY T LELHEHTD
T2 ENTED. ZOFATIE, BEENEL 21T 8T 7 MERPEIIHR 2D, &
DEHDOFRa T L ESELEKTED.

AX =

(2.5)
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~ Spherical
reference beam

Holographic disc

Fig. 2.4. Shift multiplexing with spherical wave.
222  (rtEHEARIZE G
NARS BTN

AL EG AT, ZROEOZERMAAS M2 LR T D Z Lic&kvhn 7T AeLELT
2 THD. FIEAR Y MZBW TSRO ZZ M A RBU LB TN 2 WS, fe
77 AOEPIENERIY, FERSHOL L HAESROLOZEFAAHOMHBIZ L > TIREDY,

7 =106 [ A (6 Y)A reaa (x, y)dxdy (2.6)

LEEND. ZIT, g BHBILER, Ay & Aw EENEHERBIRL L A SR
SOIRIE, T AKX Y A TEFEIEEERT. COMBEERATS L, Kot DI
OB A% — L 2T 5 = L 10 LB SEILATREE 25, ZHETIE, T
HT A2 E ORI T+ 4 DRI & N Ay 7 LS8R0, 2RI 2SS
% RO T VM BT B A4 2 BIREIC BT B A0 = — RS E R 3R
STV,

fifl=— R4 H

MR =2 — RZEE, EEYAAAETZRE 2 AW TSR ON A 2 #3252 L ik
0 2 E(LE1T O T TH DH[LT]. 25 [ ZRTHRIS, VAT AZA[ER A LT L L
ZEMRERFETHD. ZOFKXTIE, HERX—VICEWCERT M MHE2 SIS
RHZEMTEDID, ELZERT VX LML ER S LR ~—VH 7 n X h—
7 HMMAD T ENTE D, FEBRIEL, MAREREF S EWAAHI O E N ZER SN D720,
FRIZITE > T,
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Phase-coded
Reference beam

Holographic disc

Fig. 2.5. Phase code multiplexing.
Ay I VEE

Ay 7 NEE ST, FEMIIIHEa— REEFREFR L TH D0, MAHEH
WORDVIZT VI T RAED T o F AMLFBE 2 AV THERIIZ T > 4 KR O
HOET—UEMHI[18,19]. 22T, A 7L EL, 72 F LMLFAEE DB OEGEL
HRHEWCTHLE D 2 & THEEBTFICER SIS 2 T R FOEWBEAIROTRE 5
fiThHD. Ay 7 NVEZETIE, ZRNEERO T ¥ LAHETE 2 DT 0BS5S
Z LT, SO ERNABRBENHEA L, BELOERAEDEORE, BikE LTHAE
PR D, HMZR S AT AP CE, FEHEZHEEFIC AN TRk ST s,

ARy I N T RNEE

2.6 IZANy 7 VT S ZEREROBRAX 2R, ANy 7 AVBRET T N EET
AT, (CFEMEBIC K 2@ PUWEZ SR & LTV 5201 Z D56 OBIRMEIEA(2.6) L D

n= 77(0,0)” Ay (x, y)A* et (X+ AX, Y + Ay)dxdy 2.7

OFD B OB TR SN, A1 2T AOBESITHEE LRV, Ay (Hiik Ak y -

IZBT LS HOEER, AX, Ay IZZEhEhEEO X, y My 7 MEEEZE£T. 1ZEA
EogA, HOMBEEKIIP OB THLOT, MBERMOY T FEZETIE, X, y DOl
Moy 7 MEFRBERHTIFEL 2D,

K(2.7)0 H CHIRIBI%L I, Wiener-Khintchine EFL A W 5 &,

n=n00)][ < a, (x, y)12>exp{ j2(f,Ax+ £, Ay )jdf,df, 2.9)
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DEHCT— ) TEBROBRCERT 52 L b T 5. <aref (% y)‘2> AR I 5

FLBREDAPENRT — AT bv GBEART MVOEEGYY) 2K L, LU
ZEFEABRETH 5.

weaq |eubis

Speckle
4 reference beam

Holographic disc

Fig. 2.6. Speckle shift multiplexing.
aYZT7VT7 N EE

27122 =7 7 NEETEOBAK A4 RT[21). Kk 7 hEHE, AXy 7L
V7 FEELFERRC, FEERIEE DY T Mo TCTF =& X—=V 058 AN TE S G
I —=oOHFAUC2 Y =T HANRH 5. Zhix, BH—0 SLM (21T X > THRAIFERIZ(E 75
S, AMABESRIC BB ARBLL, 25D oD A BE—Oxt L X% @ L C Rk
BIZENL, THIELIHFNTHD. HAERNCE, EXALRELE-OSBIEEZ T
FRTTENDT A=k HAMNT. Bl Lk o, 2 ) =7 HFRESsRL ey
BN E B L TN D72, BFROREMEICENRL TS, £, HENHE—-T
HOLEND, WERNATY EHFERPVAEBLLTRY, =Rz oEEmATE S
EVIHRBLRRTHD.
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Collinear pattern

Reference area
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\ &=, 4

Holographic disc

Fig. 2.7. Collinear shift multiplexing.
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2.3 PERE/RT A —H

3 URTLHAER T D HDS IS, BFBRAUC & o CHID & 2 MR 72 S48 B
LR OA—HThD. Lin UEBICIE, B M I CRAET D /) A XBMEE L,
i)y TR 2T AOEHIERN S EROMIMCE LT 5. X5, FECHYME
Bk A R AR CE DR Y T AS BRI b 5 120, FF 7o B
[REN%. HDS DKM D IX, UTFORTEZ bib.

2
o MDNS

a

(2.9)

ZIT, MIFERR YT ALEY, NATERDEERGIC L > TERESN D=V %D
DY 7B, MiZha s T A8, NAZZERPEEFEICE > TERER D -V
WY O T v, DUMER A L A TENLELE-KBOO ARy METHD.
7o, B 7'MEL, LU REREHAZf 95 L, Nyquist O 7Y T ERLY

Af
D, =Dy =1~ (2.10)
p

MRV EO[22]. DDy LV b/hEWNWE, BV BAMODIZ oA h—INREL R0,
RNV T —HIE L TE LD, B0 L XD D% NAG 1
I N,

H ~ P
NA;, =sinbg, = T (2.11)
THDHDT, FLEEED I,
2NA,, Y
D=M ﬁf (2.12)

LD T, IR R YA RRE (E=1 o & & Nyquist DB YA X) THDH. =D
KD, HDS DFERB L 2 TR DB IERNAGIE) D MG L 72D 2 L3 nD.
WERDIET 4 27 LREBRIS, L XD NAITEL, L= E VITEVETNE
RLEREE A BT E 5.

LT Ivr vy

WIZZEM ORRICHONWTEZ L. mus I h5MKELEDETHIHES, Ae s T
INDIEIEE B =S

2
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LY, ZEEMOFIIKHAIL THADT L2 086 TVWSH[23]. EXD M#(—
DT UNRNIFEFEE DX A T I v 7 LV ERTANTA—EZTH, Aur/ 741
B4 7= 029 DR O R ORF & L TERIND.

M
|W#=§:Ja' (2.14)
MEDEIT AL R & %720 O ﬁ#gmi&ﬁ FOREHOFREIZHFIT 5. 2O M#A o
77-5;1 0)%’?@;:6%%% uq:{ﬂﬁvgqéf:_ ibiﬁﬁb‘%hé
R
HDS OFAICEBIT 5T — X EREHE R IZ T & L TR EEOMREITIEIE L,
N 2
R=—1F (2.15)

t

int

EREND. 3 HBORBENETH S, 2T, HMENMEZET5 LHAERD
TH hrEEDLNRL R AHTD, TF3—0NHINT 5. FOmH, 10°FED RAW B
o hE T —RERRTEDLL) 2t \CHEODIUERDHD. WE, ¥—7 v FDBER %

FERT AT DICKERHNEO L E BNV AT L7+ FoOBaE n 55 &,

P 2
R_ T et [M# (2.16)
n, hv

NESNDS. 6> T, HDS OFi LEEX, L— U — BFE, s/ o461
&= 0 OREIFTHRIZEL > TIREESNLD.
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2.4 J A RIEREHT

HDSIZBIT 5 /A XX, TV X LA XEBENTTRFEERIET VX LA X
WHETLZENTED. IEFHERR T TLNED ) A R(R_—=VRZ A h—2)LT7
L) ARXD—FETHY, ZHITOTHARARER ) A X THDH. [FEkIZ, CCD DY
gy M ARYG, BEIICT U F L ) A XTHY, KBTDZENHLY. 2kt
LG, idkEINdhue T AORE—MENSAE L DHAR—TT —XORELLLE Y
BB A N—21%, FHES—UT —HIZBWTURIEER 72\, T I
BB/ ARXEEZLND.

24.1 W7 4 NE

G.W.Burr HIZ K> TIREINZW 7 4 VX, BEMNR ) A XERET 57200
chy, FEITIEFICS TV THDH[24]. T, SLM 225 CCD £ TOFHE~L—
T—H, XX, ZEFERT T LENLOFET —F =T L— R LTHIELT
B IO, =Pl v A =7 PNEULRWEREICRE S SERBEMMEL, 1o,
BEMDON—TF =2 2 HELZNO 2T D, ZhiE, WETL7 7 L— T
TUHEL)ARXTHDLN—VM I/ A N—ICCD /A4 ANEEND T & &=ERET S
7O ThD., AL, ZNDDT U H L) A RXEREORE LT,

T — IBRRESTHRIE, TNERIC T A NVEZEERT D, W7 4 VX OEFE
X, BAER—VT =X 2T ETOY 7 VN EMeBELZFF S L HICT52L T
b5, DFED, T L— MIBWT, BNV ON B EAHEKIE L Y £ < 0k
Wiff 22 & 0, WCHERE ANV OFF &7 B /VIZ@EHE 20+ A Ko7 4 ¥
ERDIAERFAEETH S, M281%, 74 NVFEFEHLIZSGAEZE D TRVWEEDH
ERERERL TS, 74V ZOEHAICEY, By b= T —FRRIEIZEEI N TH
L2 ENRTHENS.
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£
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Fig. 2.8. Histograms of detected pixel values for holograms before and after use of the

predistortion technique.
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N=UMZ v A N—7 ORWE B E LT, SRS ORi%IC o0 4 FRE A,
ENENOERmIZE YR — IV EEE T 5 FIENRRE I TV AH[25]. X 2.9 133LER
BRIV OBEEZ R LTV D, BB E ORNCAE SN2 R —UE, =Y —
Z DR @2 M EE By 2 RE L, FsRITE O MERR B AT S Z LN TE D,
ZAUCK U, R E OBANCEE L7 AR — LI R—V s a A h—7 B RET
HZZEHRHBE LTS, LOLANRE, Euh— L 52EETAZ L CHEERICEE
b JAREARRT % 7T, REFRICBWLTEHELS 2L —RIICHN TV D TE
THY, LAV R—IIZE>TRYVRS 2D TERNS—VR 7 B X h—27 2140
AR T 2 0 DN EERREE S 2 5.

—
/ [ Recording J T r— {Reconstructlon}—\

Passing through Passing through
confocal schems confocal scheme
é. 2>
I
npu' data  Nyguist aperture Storage medium j Nyquist aperture  Output data
\

Fig. 2.9. Schematic of the reflection-type holographic memory with confocal scheme.
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pir B

aEa—HE, BRSER, TR LX -2 L, xRz LD ENCLT
WHD, ZHUIHEFOSIFIZB W T LAk E E 2 5. BIZIE, 2B a—X EFomp
BICE T, Fex DEIRIZRDEIRNT VXN ATONAE Y a T 4 AT LA %N
FEINTWD., LOLRREL, ZTHODHT /A AL, HOZE M HRIEE 8O L 15 )
DHZ AL Ea—F THIEIL TB Y, ERAABEROGIEZIT > Ty, —iRIIZ,
HOFANTIRIE LV b 2L DIEREBIET HZLNTELLINTEY[], KoikkiE
AR B DEEREZ 22— Z 2o THIET 5 2 L T, X EEromttaes
HTNA AR THZENTED. FlIE, REREEZ 22 —ZI2 L > THIE
THIET, BERRZIRILT A AT VA ZHKBLTHZ LN TEH[2-4]. Fio, HHEFIRE
IEHIEIC X o C, AEERNOZEBELS] & W E B[ L7t fE iR 2 KBl CX % Alhg
b L. ZOMIZEH, SCEFRRIEREENL, AGXOT—~TbhHorAnrsr 77 ¢
> 7 A< Y (HDS: Holographic data storage) D Fl&kis & 0T — & el & & Kig 12 i X
HHZLHTED. ZOLHIE, KORE T Tl A b & DI L ERIREH T,
IV ZOREEEZ R L TE Y, REEE ORI THELAEE > TS, KETIE, =
DI FIRMEHE OMRER 2 H 5 KON ONERIEEAERK - RHESFXERNT 5.

RO REORCESFIER AR T EIL, —o0ZE/M 24 (SLM: Spatial light
modulator) DEANELE T 5. —HKAIS, SLM ITEOIRNE & (7 F8 &[RRI 2]+ 5 2 &
MTERNIZD, —D0 SLM TIRIEZ, & 9 —2? SLM T A%, ZHEIVMALIZE
T HZ L CLEOEBIREL AR T H2LERNDDH. ZHuUIxt LT, —20 SLM T
BEOEFRREL AT 2 51EE LT, HEMEG A 2 7 L (CGH: Computer-generated
hologram) DAl R ZE T S 5. Sk L2k, —> D SLM TIRIE & (748 &[RRI 25380
T2 LI TERVD, ERIREERERFEIIMAOLE L LN —HlIZmra—RL
72 CGH /"% — % SLM (2R L, ZOZEFEICKR U ClEEIZ 7T 22— NLE 4
fid Z EIc ko TC, MEOEFEREZ TR LICHBT 52 L3 Tx5.

ROHRBEWCERRERBHEME LT, fifiy 7 hFU X vdka s Z 7 ¢ (PSIE
Phase shifting digital holography)23%5iF H41%. CCD X° CMOS %D iRfg 113, —fix
NG Z I DO ZEMIRIRIE R O AR ATRE L U, MAREH A2 BT 2 N T& e
V. L, BEEROERRIBIERESEOCOFHICL > TRESMIC= a2 — L,
FOxTya— RRF = ERBHFETICE > THRIHT 2 2 &, EERIREEFROFH A A
REIZ72 5. PSIIX, ZROLDONAEZ S 7 M2 2 & THE O 3 — FRZ — U (FiaE)
BERTILERSH Y, ZOMNMEY 7 NE4T) FEICE S THETLIZENTE L. R
BETIL, PSI OFTHH RN S 7 Nk, ZBRNEY 7 NE, msar o7 4097
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3.1 —O® SLM T L B2 ERIRIEARR

—fEH7e SLM X, —ODEENRT A—XEE VIZE > THIFI SN TV D, - T,
—20 SLM I &k » THEFFmICBIT 52 COEERBME A2 RHT 5 2 & ITFEICR
AEETHS. LLRBEL, Z50 SLM ZHAGhH, &tV EEE V, 09 =5
DEE/RT A —F ZMNLITHIET 2 Z & C, LR OB RIREM A2 RELT 5 2 L A AHEIC
725[6,7. Z 2T, SLMIZ X 0 £ I D EFERIEMEZ h(V), #KiEE aV), fifHZ oV)
LT 5.

h(V)=a(V)exp[ip(V)], (3.1)

3.1, (AH EHRIEISE DN FEA L2 —i%E72 TN B SLM O BhERIRR O —61 2 7~J-. &)
YERXT A—5 NV ZEET 52 LT, IRIE a(V) EMHH o(IERIR SN2l s, =
DX HIT, —oD SLM THEFZEEH LOLETOEBIREEZEZIT D Z L IIARAHRETH
5.

> Re

Fig. 3.1. Operating curve of SLM whose amplitude and phase are coupled.

3.2() & (b)iZ, —D2?D SLM ZHlAE D DG D _SOEERELZRT. X 3.2(a)
T, WHIRICEE Sz oD SLM IZ X » T, THEHIMSL LTz —H>OZEFEN %
AL, ZO%BSICE-TENLEZRT D2 & T, LEOEMERRIENLEKBLI N
L. ZO¥E, o0 SLM OEMERRRIE, OB THAGDLIND Z L1272 5. XL
TR 3.2(b) T, SLM & SLM2 23 4f Yo R A #k A CHEANCKE S L TWD . Z05A,
ZOOBMEBE, FEOIE THAG b SN 5. X 3.2 2RI SIELE O FEREIE, X 3.2(b)
IR TESIEEORE L T, KOS RATFREANTERATE L R0 5.
F72, K 3201 TEINEE DL KA SLM 12K > TEBT 56, FL
FIRZIRMNMEL 7225, AT, &R SLM NE 4 5D 5 A RFill fatctor)ix, 5
SLM OF L & bl U Chied TRV, BLED Z &vn, BURTIE, 3.2
I E 2 W CHERIBIEZ AR T2 ZENLDEE L.
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(a) Additive architecture (b)Multiplicative architecture

Fig. 3.2. Architecture for combining two spatial light modulators.

X 3.3(a)ix, —oOEMEMBOFIEZTS Z &1k o TERIATREIC 22 5 EFIRIEE 2 R
LCW5. RELARERERIREMAZRET 572012, ETIEEMESER hV)OHDHTE
DRAMNDIED D, ZO/R AR LT, BIEHR (V)OI Z KR35 L9122 LE
bis. wiz, BEIR V) EORBIZH L THLRBEOZ EE21TH. 20X H7%EL
A EEEHRR h(V) EOETORIZH L TITH 2 & T, RILATREREEIRIEE O
ARE S LD,

ZOOEEMREFEOE THAG DY 256 bIAER, BIEIBROFEE log A 7 — LI
EHL, TNUHERLEDLESHZ LT, REWMBERERREEL RO Z ENTES.
ZOOEEHBROR h(V)h(VIF, log 2 & % &, loghy(V)ho(V)]= log[hy(V)] + log[ha(V)]
DFRIZER S NS.

|
\\\ K15)
» Re > Re

A

An)+ Av)

> Re

Fig. 3.3. Accessible complex amplitude value by combining two spatial light
modulators.
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3.2 HEWESRE T 7T A L D2 BERIRIBAER
321 AAFVU—FENARKRE T T A

FEEAA R 77 A(CCGH)DOH T, kb ilr<, RbALRITIEZXA W. Lohmann &
WL TREINTAA TV —FRN AR 7T LA THH[8]. ZOHIETIE, Au s
7 LB DO ET O /V(N, < N BN ZEI L, EOFITERIT 2RI L OmEE T
OEIEZ, BlE/LVONE TVAHEZRHETD.

34 IERNHE e 7T AOEK Z/RT. A 7T AmEICx LT, LRI 7
SNEER AR T 535,

Up(x,y)::exp(—j2%5x3h19) (3.2)
Z 2T, AR E, 0 13N EmE O ER s My E AR e 7T AERREOMEE,
IR 7T A TO X G OZERAEZ RS, Tk E R e 7T Al ﬂbfﬂ@
AHT2HAEE, Av 7T A TOAZEMAVE X IZBWT, O AT R RS
BEESLIICTHDTHD. X HHOEVIEIZAS &R IZBIT AN AR O 18

W4 7pbb A/ sinh £ X HICRET D2 LT, BlR/LVONEIMEE DI T
XH LT 5.

B EEE

Bl

b

Fig. 3.4. Concept of detour phase effect.

WIZ, Aal T AHIZBWT, =20 ALOTITIEW, W)DREIELRH LG5I, 7
— B L ADBME S EICAER SN D EPTNY = BB 2D, a7 T AEOE]
TalL, LFORICL > TEHREINS.

t, (X, y)= rect(xv_v—x"j rect(%} (3.3)

y

DT, (oyolE, KBS T AR COREAOTLIEL AT, ORELE, (3.2
(R A T R B A,
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U, (x,y) =exp(-jksin g,)rect (XV—V—XOJ rect(%] (3.4)

X y

R0, OGO NFN) T — ) mERAIE, LT CTERINS.

Wx(u+Afa) sinc Wyv
Af Af

LM(KY)=MZ$NSMC(

(3.5)

exp| j 2—”[(u +Afa)x0+vy0]|
Af

T, ERERDDE, 7—V 2 EBBROME THHHEUER & REEHEE2 A VTR,
a =sinfll &35, KIZ, J:T@ﬁu IZDOWTEZD. X TFHOTIVIE W, DA g
DOEREY N ENEE, T72bb, W,<<a' THDHEE, —2H sinc B
B DBER D ITERT D 2 <‘:7§>“Cé°%> F7-, HAEBE TORE LT 5 aE (LX)
23 sinc BAZXOIE X 0+ /S WS, b0 E 1 EalT5 2 &N TES. U
FLEEBETDE, —0OBANRELGTHHENESE AT, UTFToRXITERTE 5.

WW . 2
U,(x,y)= fyexp( jZﬂaxo)expEJ%[ux0+vyo]j (3.6)

UTTIE, Au 27 AEICEWT, EEOELRH D56 DE/ 2 — 2o TH
ié.%ﬁ»i@@f%ﬁ?é&#é F70, KR ITER DR O AA I (W, W,)
RO, 62, BAEMMEEZ, BlELORIMIEESEELNT X FACEET52 LT
HEHT DT DL, (p,q)%'éa% TADOPIMIEE, UTFORICE > TEBTE 3.

(XO)pq = pAX+(5X)pq’(yO)pq = pAy (37)
ZHICE - T, BEICRT DRI

Nx- 1Nyl (W )

U, (xy)= Z % exp(27a pr)exp[Zﬂa(é )pq]
p=0 g=0 (38)

.2
exp( j %[upr +u(8, )pq +quyﬂ

EleDh. T, Aa YT A TOAKEHEEONAREY ot 1T — 2D UE Ax 12 L
SRRITFHER BT, RVOEEEIETHITFEIC 2r OBELE 5. 2D, ZOHET
1EELSZENTES. EBIT, (L2, -LU2ITTES T u FIANTIEN D 65 & 9 D14 hE
DA+ hE <,

Ly (6) b

<1 3.9
2Af (39)

TH D eI, FEEEIECEIX
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.2
exp[—j ﬁu(&x)pq} ~1 (3.10)
7B, Pbizky, KBOIEILUTOLIICEEEND.
o (W )
}: i plep[2ﬁa(5j%q}
P=0 a=0 (3.11)
exp(j:f?[upr—kquy]]

Z 2T, FrEOBERRELAMZ anXy)epy) & L, ERXERD &, W, & W, %) i)
B35 Z & T, [LRDOEIE ayXy)ZRHTEDHZ LN 0nD. £,

exp| —127a(5,) 1 | = exp(igy,) (3.12)

ZN 1T (G)pg ZIBINT D2 & T, fLEDNMHEZRITHZ ENTES. 3512, A
TV —Ahne s T LOWEED B RT.

qdy

»
L

p_ll.\'
Fig. 3.5. Structure of the (p,q) cell in the binary hologram.

F7-, K361, XA FY—FRNHEEIT T LEZFDERT T T ANLOHESREF N
S (N

(a)Hologram (b)Reconstructed image

Fig. 3.6. Binary Fraunhofer hologram.
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3.22.  LeelZ X AFERINV AT 7T A

ATHETCRRIT LT3 A U —iFERIAAR 1 7 F AT, BV 2 EE VO ZERITY
PO & R 2 Z NS NMNLICREE S 2 2 & ¢, 7— U = A HAfEE COHABLONFE & 7
M2 HE LT 5. Lee HIXZ OERENAEA 2 7T LAOBEEE AW BIO kA2 TEZE L
TWB[9]. ZOHFETIE, —2OBNHNOZERNC R HALEIZEE L2 U2 OF&
APHE S, —OBIXEOERH S (A 0), —2 BITIEDEEERS (T 1/2), =2
H XA OEER S (A my, W2 BHIXADOEEE 5 (MAE 3n2)&2RT. £, FEAICT
L— LUV DBIBR AR5 2 L T, [EEOREZHET 5.

LT TIX, Lee HIZ X ATFENAEA R 7T AR ZfEHTAICRT. £, JTTOBR
g oA f(y)D 7 — U ZEBHAATY, Gl e 7T AEICE T 24 B/ TOEFEIRE
SIARIF(UV)| explige(x )] % 3K 8 % . Z OMEFEARIE 5346 |F(u,v) [expligpg (6 Y) VXL FIZ =9I
DDOBEREFTED.

F(u,v)exp[ jo(u,v)]=F (u,v)-F(u,v)+ jF, (u,v)- jF(u,v) (3.13)
ZIT,

|F (u,v)|cosg(u,v) if cose(u,v)>0

Fl(u,v):{

0 otherwise,
F; (u,v) = F, (u,v)-|F (u,v)[cos(u,v),

|F(u,v)[sing(u,v) if sing(u,v)>0

Fz(u,v)={

0 otherwise,

F, (u,v) = F, (u,v)=|F (u,v)[sing(u,v). (3.14)

L%, FUVIZIEDOFEEE, FuIZEDEEERZ, Fauv)IiZADFEEIE, Fiu,y)
FREOEEMEz TR L TND.

wiz, RS OEAEAS (Bl VIS IENCER LIV E R e 7T Aomr a—
RT2TEICOWTHT 2. IEOFEEOH LB GUVEZHEL, 07— =48 H#
O3 gYNIE W x W OFEEFHIZHIIR STV 2 ERET 5. ZHUZ Lo C, Bf B4R Gy(u,v)
I,

G, (u,v)=G(u,v) i i&(u—nlw +b,v-m/W), (3.15)

M=—00 N=—00

EEMIND. 2B, JUWIT IRITET AFEEE L, B b X7 FoRT A—H LR
ND. ZOVT "RT A=ZZONTIEHRICERRD . 51T, BRI Guy) (kv
7 L) O 77—V ZEWAG gixy) (Bm) 1%, LFTORICE->THEILND.
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gs(xiy):tn(x_nwly_mw)v (316)

t. (X, y)=9(x y)exp(j2znbW) (3.17)

ZZC, RBINE D &, % t(xy) BB 3 L TR T exp(2rnbW) 3 fF7E L TV 5.
iU, Ble N EISTTONMBENHZEMICZb 2TV 7 N5 2 LT, BIHDH D FFEDNL
EICAFEZE L exp(i2nnbW) 2 76T Z L 2B L TWAD. Z 2T, tixy)zplice v,
t(xy) £ 7 hoXT A —H b ORMERE —EIZT .

b tl(va)

0 a(x.y)
1/4W J9(x.y)
2/14\W -g(x.y)
3/4W -jg(x.y)

FRFEND, T T A= b=0 DK, t(XY)TFHEBROEOFIEEH 7%, b=1/4W
DOFE, t(xYIXFEEBOEDREIY %, b=2/AW O, t(xyIIFEAEE DA D ELERSY
%, b = 3/4W OFf, t(xXWITFEGOBDOREH »ETNENRT I ENGND. OF
v, UMW Too 7 FENEHODEIELOWShn o2 FIHT 52 LT, {50
FREE 7 — ) B EN L TED Z LN TE D[N 3.7].

A

A
WY femmmmemnnnans s Fy i >
1/
f f v
gy Jgly) i-gxy) -gxy)

m'w
Fig. 3.7. Structure of the (m,n) cell in the Lee's hologram.
IR T, FEBRIZ, BlAu 7 Ao OfABERRE M EE 2D, £31%, U
DEIENLVE YW TO 7 852 ETERINDERFRZ T A HuV)Z L FORIZ
KoTHET.

H(uv)= >

M=—00 N=—00

iFk(u,v)é[u—(4n—k+1),v—m/W]. (3.18)
K=

1
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ZIZT, RUWE, EQEHTHY, SL—LEFOLT . BEIC, Glikrs
T AHUWE 7 — ) =4t 5 2 8T, DTFIOR T OEERIEN M523 5.
o0 o0 4
h(xy)= D> fi(x—nW,y—-mW )exp| jn(k-1)z/4] (3.19)

m=—o0 N=—00 k=1

g Ja 3812, AFRZBITLEHAR T T LEENDT— ) TG (FF4E)
ZIRTY.

(a)Hologram (b)Reconstructed image

Fig. 3.8. Lee's hologram.
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323, HSARTT A

BEONFARR 7T LT, BEESROtoTHRIAREINL N, Zhxary
22— ETHEATIE, SLM 12X > THEEOBERRE 24K T 5[10]. T72bb,
arta—4 LT, FEEHREBRIEENENOR R Z T A L TOBERIRE DA 25K,
FNHICE D THRAERE L, TOTH#HEZ SLM ICERTIUZE W,

IR T, AGROFEREMITHINRT. F5K Ugldhn 7 7 AmOERIZxH LT
WATIZ, ZHOEEE U 3R 1 77 A OERICH L THE O TAR LG 6 252 5.
Us 13- e 7T AT HESIOER N %, U idhn s 7 ARICBIT 25K
W OEZE N DA TN ENET T, BT ToORICI - TRELEND
LT 5.

U, =a(x, y)exp{-i[kz + o(x, y)I} (3.20)

U, =bexp{-i[kzcosé +kxsin 8]} (3.21)

Z 2T, alxy) & b idEF 0 &L BROCDIRIE AT, ) HME BRI MmET 5. 4,
A5 AEFZ=0DMBICHEETHE, Uk UM FOL S ICEXEED.
U, =a(x, y)exp[-ip(x, y)] (3.22)

U, =bexp[—ikxsin£] (3.23)
ZRB OO FHIC L W U FICRT AR S T AhuRE S,
U, +U.[ =u,[ +u,[ +UU, +U'U,
a(x, y)‘2 +b(x,y)

FIAOFELVHEE 2 HIT, RERFRTHLIOMV RS Z&nTE, BT TD X
AR SND.

(3.24)

‘4 2a(x,y)bcos[kxsin @ +p(x, y)]

A (X, y)=ly+2a(x,y)cos[kxsin &+ (X, y)] (3.25)

22T, A SLM IR T HIRIEAR 1 7T A, 1ol E A(ky) & IEICRDT 0 D47 &
v Mgy ET 5. ERICE o THEINZIREA T 77 A AXY)% SLM IZER <L, &
FROEHE 2 B2 2 & C, SR LI EOERFRB L AR THZENTE S,
721, K39ITRTy, RigAr 77 AOFEtIL 0 AF T U, +1 RKILH M
UU% -1 OEFTNC U U2 & 2iater= s, 228 B EeE CArE o +1 wkalrt
Ry DB T D ER B 5.
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i ) Hologra
Signal light U(X))  plane

Output
plane

Plane wave

Oth order
-1st order

Fig. 3.9. Off-axis amplitude hologram.
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324, _HEFMHEB T A

ATECRAT Lzfilsh s e 7T A Clx, +1 RGICHTEOERIRES 2 A L Tz,
— O ZENMAR T AT, 0 JOLITEEOERIRIESEZERT L ENTED
[11,12]. ©F Y, SLM ~D AGHHE & Rl G T2 OEEIRES 2 /L9255 Z L8 T
X570, LOMEAANRFRTERTES. £72, AFXTIE, HLEOEZIREON,
PCFERCA 1L SLM IZ K o CEBERBLL, IRIERSIAARE T ORI L > TRETS.
SOFEV, R T T AEIIBITAET — X BT BVEBIIAARE 2R L, & D10
PR S L o THRIE Z i3 5.

IR, X 3.10 IR THE&ERE FAWT, “EAMHRr 7T A0EEC OV TERK
PN 5. 77, TR OEFRIRE alxy)o(x.y) ZLL TIZAT DD HEO(X.Y), O2(X,Y)
IEHET 5.

6.(x,y) = p(x,y) +cos ™ [a(x,y)],

0,(x,y) = p(x,y) —cos™[a(x, y)] (3.26)

Z0f%, K310 IRT LIS, ZThbOODOMMRIEEERIICRLICERE LT =
AR — RELAR S Z — L &AL, ZhE SLMICFE 7T 5. 310 2SS Blsd 2
L, KT —F 7 RNEBICRD IR OA B ST S, FlZE, a(xy) =0
DEE, p(xy) -1/2 & p(xy) + 12 OREFEA B % A F ) — TRk T ER S, o
AARAE T I AT S D EITE TEIRIT I A~EET S0 5. [FERIZ, a(xy) = 112 DEF, o(x,y)
-1/3 & p(xy) + /3 DAARIED & Bl D BIHTRE 1 2SR S 41, Z ORI ASTT 200,
0 KT & @IRITIAISENEIL 50% T DhlfrEid. X HIZ, aXxy) =0 ORRHE, 7—72
YA VRIS 012 BT, ARV ER SN T, RTOARKENZDOEE 0K
FH~e@Eimd 2. LEDO X DI, (koS Z2Hd 2 2 & T, 0 kA mEmK
BT 2 5 & TS 5. BT 4B ) L A Lo TERRESTE T &2y
AU, IRIEZ ST 2 Z LA FERICR D,
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Output

Spatial
P ne

frequency plane pla

Plane wave

x ) + cos(A(x,y)/2) T A eelietsl
&(x V)= x,y) - cost(A(x,y)/2)

Fig. 3.10. Double phase hologram.
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325 F® /)T Fx—Ah

BHEIREEH axy) oY) BT IIEBEE G T 256, 07— ) 2B AT L
Fla(x,y)o(x)iE—RICEEL L7222 5. TBELIR IS\ T, AFR AR i3 e ik o
FEAERTOERERBFHEEALTEY, RIEDMIIRETH L] &V I SLOMEEEF)
L, BELARY SV ONARS AR O F arg{F[a(x,y)e(x,Y)]}ZHHL, Z#h % SLM (2
T T D, LLERX ) 74— N X ABEBRBAER OB S TH H[13,14]. ¥/ 7 4+ — A4
I, iR e 77 AR ZEAHA R 7T LD X OIS, RERETRAS S & FFio 720 o,
TR BN E . E£72, CGH IR W TR R 7T AARUTN D FHR BT
HERRETHDIN, ZORICBNTH, ¥/ 74— AEFSREOHEEZARELE T 57
DHEK CGH L0 HENR TS, L LAand, ¥/ 74+—A1, #ilEs 77—V =
T L > TROTEBY, F s T AESLM #) EGEiT7— Y BRI R D
[X3.11]. 2% 0, BEAFEER SLM miZxhd 27—V fEICRESIND. X 5IT,
X 7 — LTI, —RRRBELAY MEEZG D 2012, MRS T & LF
FZMIL, I EZ T 5D. 20, BAEBIZITIRE R ALY 7L ) A4 XN
WETD.

=

Phase image |, Inverse FFT i

Hologram image
plane

Reconstruction
image
2L

Fig. 3.11. Kinoform using Fourier transform lens
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3.3 NFY 7 FTFUZE TR ST T 41 kBN ERIRIERE

S DB HEIRIE 2 T A ERTIEL, Vv v 7L b=t o G5 R
fiRt o3 HRA16], MAHS 7 TV F R0 ST T 4 EREF HRG. LTFO& T,
JFFEE OHIT, JBBIGEAELS, 220, RbFHINTWLAMHY 7 FTF VLR
7' 7 4 (PSI: Phase-shifting digital holography)\Z W CRtA3 5. PSI %, #RaHADE &
OF Wz Ak T 22 L CTHEEBEIONMMEY 7 a5 25 2 L CHRERRIEZ
BT 5. ZONMT 7 EAT O FIEIE, KE 5T TR 7 bk & Z2RIAiFE &
7 MECHET DN TE D, BT 7 MEIE, PSHIZET D bIIHIORET
b, PV FEFEICLDINBIEERIC L > T, BRI 7 2525, 2
Z, WEMINCFES 7 METIE, EEEIOTWHEFHIARD Hi1d. ZhIckt LT, ZE/ifr
Y7 METIE, SLM FDZEMNARZET T /A 2% FHIWT, S ROGE I 22 M 2200
W7 IR 6N0D. ZDT, ZEHNEY 7 MEIZET 2 FHfEEHIIE—E O AT
B, oF 0, BRI Y 7 METIINAE > 7 b 2B E iy, SRS 7 ik
TIINLFES 7 h &2 25 ECIT 95 2 &k D,

331  FRHIALAEHT T ME

B 3.12 ICHFEINLAE & 7 MEDEABEE Z T [17]. ZROLKICIZ— RS 7 M &
B2y REFEAREIND. VB FE2 IR > THUINEMSE L Z LT
OIS U C— RN S 7 b & B 2, BEE O Wke 2 @55 THiS 3 2. =
B 2 —Z RICHY A EN T EER O FEHRIRE /34 & DL RIS R TRICRAL, HFHRIR
g4 2 SR 5.

ol L y) = 1(xy)
plx.y)=tan { (%, y) — (% y)}

a(x,y)oc \/[I4(X, y)—1,(X, y)]2 —[1(x, y) = 15(x, y)]2 (3.27)

a( Y FHE R DOIRIE AT, o ) I IREFHRDE DA A & 5. E72, Li(xy), l(xy),
I3(xy), L)L, TNENBEENITHT DA 7 b&EMD 0, w2, n, 3n/2 DEFOTU
fECH L. EXITART v T T AT ANIESNTEY, 3AT T T LAY X
LR2AT T NTY XALEREFNA Y 7 MEIZEHAT5 2 & b URAETH 5.
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HET RIS

IJ(":J’)*Iz(x:y):l

P = {11 @1y

a(x.y) [ L)~ L] - [LGe) - L)

Fig. 3.12. Temporal phase-shift with piezo actuator.
332  ZERINAHY T hE

ZERINA S 7 MBI, IR IS LT TR W RN 7 N 2525 2
ET, EREL7Z h(xy), L(xy), ls(xy), lxy)EOEHEOFimEHREZ 2 TEHT —KOF
2 (X Y) & B8 FI2 K-> THS T 5[18]. = B a—FNIZMVIAENT—KDOT
VAR 1O LY), (), 1a(XY), la(x.y) % DEER OF- W o fig <4, (3.27)% H
WD Z L CHRERIEE DA NRED. TR OZERNAR > 7 P BRI 2505
B, AT O SLM OFIH D &b — i T 5725, SLM IZIEFE I Eli 72 XL T
FFTHD. £ZT, L0LMARFFITE > TEBMAEY 7 k2R 5 HECWERY
BN Y 7 MR EAND Z LA BN Y T M EART D HENRZNETIC
BitETWad. BLFTIE, ZOZEMMAEY 7 b & 52 5 BEREOE SO FIEIZ o0
Tk 5.
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Fig. 3.13. Spatial phase-shift with spatial light modulator.

()EENAEZIRIC K B 22/ 7 b

321 Fio/AAF Y —FWINFEA 7 7T A TR S D ERNAE R ZISHT 5 2 &
T, WRGFEFEICEBNIEY 7 N3k 5252 ENTED. X 3.14 [TERINAEZD R
(2 K DZERMINAE S 7 MEOEEEZ R T[19]. TRt 3E 1 OVERRITRT L THE 0 7217 x il
HENAEN - RS B2 RS2, = O, REHEFmICRET DB REHmIEA x
HYONLEIZI W TR DA EFFOZ L2 s. [l ox O 7Y v 7 RO
NARY 7 M &L dp = 2n0xsing/h TH 5. ZDOWE, KV 7 ) o 7S TOMIEY 7 &
MO =n2 |22 D XD MATMEOZRET HI LT, Btz Lz 4 JIZBIT 23 ROLK
mOMAIX 0, 72, ©, 302 L7 5. ZOJHIEE, ZERNAMHT 7 N &5 2 5B 725
FHRETH DD, Zfi, 7o, BMHBRNFREFEBRTESH., LonLleis, KGR
TIE, ZEMNEAR S 7 R OGBS ROCOMEE FIRFE L, SEHRAMEY 7 &bz
HZENTERWED, —DOOZEMEMNIIS T D 2RI E N KX < HPEIZ/2 5.
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EEAAESTH
5

A TEK

Lo

FH 6, 6,= 66 = 2rSvsing/A I\
SHAIR

ﬁ Il I—u#r-a:-

N
H A -

Fig. 3.14. Spatial phase-shift using detour phase effect.

(N7 F LT 47 2—PITLDERNMMET 7 b

BRI HC G 2 5 22N 7 D ASARIE ST LG EHIR THh 5 LB 1322 <, 220
AL TR DA ZFF > TOVIUTERIRBEZFHT 2 2 LB TH H. Z DB XITHE
SN RN T v F BB E W RN Y 7 METH H[20]. K 3.15 1XF D
MEERLTRY, ZRIERICT U F LT 4 7 2a—FE2RETHI LTI X LREBHR
W A AT D

ZIT, BETE LSBT AHERDEOIRIES A & alxy), NS E exy), T
v H LBROCOIREA % alxy), MG E pxy)& T 5. 22T, X315 TR 7T kR
(2, BRI 31 a(x.y) Z RS 54 B 7 B VNI T, AR A T (X)), 9r2(X.Y), gra(X.Y),
oY) ZFFO LT D, T X LBZRICORIEZAM alxy) &AM oY), oY),
03(XY), @u(XY)DBEERITH D556, LA NIRRT RIC L o THFHIDE ORI />4 ag(x.y) &
NABIIAT ps(Xy) &R D Z LMW TE 5.

—tan? (Is - |4)(C05¢’r1 _C05¢r2)_(|1_ |2)(C05¢r3 —COSq)M)
(1= 1,)(sings —sing,,) = (1, 1,)(sing, —sing,,)

(Il_lz)

%= 2a, [ (cos@,, — 03¢, )OS @, + (Sing,, —sing,, )sin, |

Ps

(3.28)

B, M,y la, 0%, SAAMEISKIS T 2 TSR &9 5. £72, Z2RNLE O HEEE(XY)
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IFAERLTWD.

== a/(x.y): BRIEOIRIES 6
o/(x) SRBEOEESH

s el

axy) 0,(xy)

! | ! !
TS

Fig. 3.15. Spatial phase-shift using random diffuser.

AFEFROFIRUZ, EBENEY 7 ha2 52 5% 1L LTSLM b0 IZT 0 77 A0
T ANEDTUE LT 4 T 2a—FEHANDZ LT, LRl EFREMBETE DA
b, —F, AHFRTIE, WBFEFEHTOT U Z LS OERIERSAG %2 T O
LTBIMERDD. £z, AHFATIE, KX(B.27) LK (3.28) % thik 3 5 & o HERIC,
BHIREZRD DO DOFEENRKE V. ZoMicy, AFRXTIE, &7 L
BWTEBIEOMER ST o F A THD EREL TWDA, EBRIZITS RGN o
NABDMENE —RRIT 72 2 FHGEIR  AFAE 9 5 70, ERIRIEF I ORS E NS mic s b+
5.

(I)EE Z VAR FBHIRIT K DIRBET 2 HVWIZZ2RAMET 7 b

B 2 SRS AR IS 6 U COF D 2 IS U, BN E D 2 VR v R E(Zr = 2L30) D%
{5 DRE(Z = mZy), BHINLE TOBECEGIEAMEER L 2RI LD D. 2F D,
L RV TH 2O L) e ERGBNEREROERZR I DB HBLT L. 20
O RBEIIE NNy PR LI, ZORFEIZ L > TEREN BT Z LRy Ma
ERETND[21,22]. AT, &DZNVRy MENBIRD Z VAR > MEOITBILENLE %
E< E(Z=mZr +P), ESHIZ ARy FRIRE WD BIRIRWBIG N EE 5. fl21E, F
W 2 N A T U —IRIEH IR T 5 &, a8 Z LRy FRIZBWT, £o0 O/
(72 NABAE D B 70 DAARKG T2 — LV B BET 5 2 LN TE D, W, AT U —if
O 2 RS9 5 &, W Z VR Yy RRICEBWT, A3 7 — 2 2 @5
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HIENTEAD.

SCHR23] T, SR & LCosq F U — RIS 72500 L, IRIEHS - & A
E O OIS A2 ARy MR Z = mZy + U IZRET 5 2 & T, AAi o s
PRI ZERIRIRR S 7 454 % THR Ll B [RIEB.A6)]. AH s oFaIE, Zemfia s~
M55 b0L LT, MBI T S = & 23T 2 IRIEHK T 2FIH LT 5
BICh D, — 5T, WREET AR T OB OERE, 550, R T O E o
e & SRR ORI K% < BT 5 2 LICEET D LERD 5.

Fig. 3.16. Spatial phase shift using fractional Talbot effect.
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333. AKuT I T4 v I HANRN—UT 4 TE

WERINIAH & 7 M IRIZRHAIR I 240k o U, ZERINIA S 7 MBI ZE RIS JE A e 1o &
L. IS LT, mu T T T 4w 7 XA =T ¢ FPHE(HDI: Holographic diversity
interferometry) Tix, EEOF WAL EHORBGEHRE 2L > TRRIZIRGT 5720, &
W+ 55 FRRE 2R SR ARIE F I A3 B T RE IS 72 D [24].

31715, 2 AT v T3 Y X L%ET A L= HDI O FEARIEE 2 /7. #atHDEI,
12 P EREZBE L, PRIEE SN 111 TH D 45 EEMRRLIZ /D, —FHDE
FRYEIE, V4 IEREGERL, MFEEICHESNS. KIZ, BSICX > THGFEHIDE & &
WNEWEND. D%, PEHIDEA PBS Z2&ild 5 2 & T, #eH 7 1 ITHEHIDE
D PRI DY, BT 2 \THEHADED SRR N BIET 5. £72, Z2IOE PBS
FET D& T, REFEF LICSHOLO PRI DS, g FE 1 2 122D SR
A DEET S, FREHICB W T PARIERS & S mIER 3TN n/2 OAFRZED &
B2, WgpFET 1 EREHE T 2 1CEET AT 2 OMHAENRET TV, o
X -TC, mEBEFET1EWEFET 218, 12 OMEELEFF - ZEHIDE & 2RS0T
Wiaa FIRFICBS T2 2 &N TE 2.

WgpFET 1 L REFET 2 TEHIESN D THHRESMZZTNTN 1, & L, TORE
LTS ORE S % 1o &35 &, LT ORUT Lo TEHFERE as(xy)os(xy)ZRkHH Z &

MHKD.
l.,,-V
—tant| lz2—Yo
o= bt
2 2
as(x,y):\/(lo_vo) +(|7r/2 _VO) (329)
2r,
22T, Volx
2
v, = |0+Iiz12+2r02_\/(|0+|7zl2+2r02) _2(|02+|n/22+4r04) (3.30)
2
95,
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A EER

Fig. 3.17. Holographic diversity interferometry.
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Fig. 3.18. Compensation effect of phase distortion by optical phase conjugate light.
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Fig. 3.19. Optical phase conjugation with photorefractive crystal.
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Fig. 3.20. Digital-optical phase conjugation using complex amplitude control
technique .
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Fig. 3.21. Digital phase conjugation using complex amplitude detection technique.
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Fig. 4.1. Schematic of multilayer collinear holographic memory.
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Fig. 4.2. Propagation model of FFT-BPM for single calculation layer.
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Fig. 4.3. Mesh layouts in real space and spatial frequency space.
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Reading step

Recording
medium
Collinear or i )
SLM reference light FTL 1 Diffracted light CCD

FTL : Fourier transform lens

FFT FFT-BPM IFFT
Fig. 4.4. Simulation model for multilayer collinear holographic memory.
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Table I. Simulation parameters.

Wavelength, A (nm)
Focal length, f (mm)
Numerical aperture of objective lens, NA
Index,n0
Refractive index modulation depth, N
3
Recording medium size, Wy x Wy, x L (um)
Sample number, X x y x z
3
Step size, dx x dy x dz (um )
Pixel number of SLM, Np, X N,
2
Pixel pitch of SLM, d, x d, (um )
Oversampling ratio, N;
Zero-padding ratio, N,
Diameter of inner (outer) circle of reference pattern to dimension of SLM
Total recording power, P, (mW)
2
Saturation energy flux density, E_ (J/cm )

Exposure time, t (s)

408
4.0
0.54
15
40x10°
162.8 x 162.8 x 600
512 x 512 x 400
0.318 x 0.318 x 1.50
256 x 256
20 x 20
2
1
0.8 (1.0)
1
0.46
1
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Fig. 4.5. Shift selectivity along x axis that depends on thickness of the medium.
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Fig. 4.6. Shift selectivity along z-axis that depends on NA of objective lens.
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Fig. 4.7. Shift selectivity along z-axis by numerical simulation and average speckle size
on recording plane.
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Fig. 4.8. Inter-layer crosstalk.
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(a) (b)

Fig. 4.9. Refractive index distributions on recording plane. (a)Locally-intense
distribution. (b)Widely-scattered distribution.
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Fig. 4.10. Suppression effect of inter-layer crosstalk by MRPM.
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Fig. 4.11. Page layout along z-axis.
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Fig. 4.12. Improvement effect of SNR by MRPM.
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Fig. 4.13. Three-dimensional page layouts. (a) In the case of conventional CHM. (b)-(d)
in the case of MCHM.
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(3@ S (d)B 35
Fig. 4.14. Cross-section of refractive index distributions at each depth related with Fig.
4.13.
Table. 1. Design specification of each page layout in Fig. 4.11.
Recording Shift pitch along x ~ Position of recording  Number of recorded holograms,  Limited recording
layouts axis, Ax (um) layer along z axis, M, x Myx M, (64) Volume, DxxDy x
Pntn layer (Hm) Dz(um3)
(a) 1.91 x (8 x8x 1)
(b) 2.87 0, 600 (6 x6x2)-8 143.9x143.9
(c) 3.51 0, 300, 600 (5x5x3)-11 x 600
(d) 4.45 0, 200, 400, 600 (4x4x4)
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Fig. 4.15. SNR comparison between page layouts designed in Fig. 4.10.
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Fig. 4.16. Evaluation of the achievable number of pages.
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Table I11. Experimental parameters.

Wavelength of laser source
Focal length of objective lens
Numerical aperture of objective lens
Index of recording medium
Thickness of recording medium (um)
Pixel numer of data page printed on OHP film
Shape of reference pattern printed on OHP film
Size of binary random phase mask (mm?)
Pixel pitch of binary random phase mask (um?)
Pixel number of CCD (um?)
Entire size of CCD (mm?)

532
4.0
0.65
15
400
32 x 32
Ring of all white
12 x 12
30 x 30
1280 x 960
5x5

&)

NA=0.29 NA=0.35

oy ¥
Tt
o Amine

PN

. F x
DAL EAL

Y- S

NA=0.49

Fig. 4.17. Collinear patterns for each NA of reference light By changing diameter of

collinear pattern, reference NA can be changed.
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(f = 100) 5% RPM : Random Phase Mask
Objective  Photopolymer CCD : Charge Coupled Device
RPM === Z lens (f =4.5) (L=400pm)
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Fig. 4.18. Experimental setup.
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Fig. 4.19. Shift selectivity along z-axis for each reference NA by experiment.
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Fig. 4.20. Shift selectivity along z-axis for each reference NA by simulation.

z=10.0pm fz=13.3um

fz=16.6um
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Fig. 4.22. Spatial correlation property of binary phase mask.
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Fig. 4.23. Improvement effect of SNR by MRPM.

fz= 50 um fz= 100 ym fz= 150 pm
(@FIHETRI%ELTMT 555 (MRPM)

fz=0pm fz=50 pm fz= 100 pm fz= 150 pm
(b)Y RVEEE T 5154 (FRPM)

Fig. 4.24. Reconstructed images with and without MRPM

77



4.4 FLOHLEBOBE

HDS TiE, 2 kot 7T — & _— P Z ik E 2 3 Rt sE, A7 I 5L LT
BT D, TR h, HDS I, FLERZEMATERD 2 RITH 6 3 RTTHINCHLEIRT 5728,
ERESNLEABII T NV — LA FEOERZ@mNIHES. L, THETO HDS T
X, REEMEE O S A~ LA B F T AR BICEEOIALNCEREENTED,
SRITEDRIBER ZNRETEHTETVD LIV, 0 X 2 EnD, A&
TlE, ZEba) =7HR a5 7 4 v 7 AF U MCHM)ZIR L. 4.22 &lZBW\T,
Wkoa =7ka s T 7 v 7 AF Y (CHMIZELIELE O & J51H O FL i 8k % %)
RYIERATER2NWZ a2y 32—y a il THLNC L., £0%, 423 fi
TiX, L XD NA 73 0.60 O, FLBBE ORI FIZLE{bTEoh-n 7 7 A
BORAPKI0ETHH A2 Ialb—railloTRL, ZEbilioRE 72
AREMEE R LT, S BIT, 424 8iTlE, FEHT X A~ A7 (MRPM) A3 AT 5 2
ETC, B ZeA N7 B TEL I EERLIE. 425 HiTlE, MCHM 28\ T,
2 BSOS E TR bEmWBENMAZRAR/ O N, REAETR L 2HRER LTS
TLEEBOMNC L. 43 HiTIE, 5 oAk n 2T ADOLE R A A ERAVIC IR
L.

ASBOBEE LTCE, 9, 3 ko X—VRELZRELL, MCHM IZXk->THELR
LAt BE A AL T HMEND D, Z DL, mAhm~F a7 T AESEitdk L
TGAICRET D=V v A h—7 B2 2 TOZEMBICx L CEEbd 2 %3
W5, FRRIC, RS FM~Ar 7T LEZ@aek LIsGaIl8ET 5 — V7 v X
F—7 (@7 vx h—27)&E2 2 TOZEHBICH L TEELT 20 ER’H L. Z0 X
I IR TEEMN LT O%, Z ORISR Z I, 3 Wi — UllE O Z X5 2
ENEFE L.

NR—=UREOKELZX D Z & THLNDFLEEEOUGEIL, KEAEE->TH 2
SRR S HEH S, R 2RSSR EOWELZEI T 57-0I121E, RS Hmo 7 1A b
—7(@RE7a A N—=7)RHEFMDO 7 B A =7 %I LITHH L TWnS Z L0030
VERFIRTHD. ZNETITRESNTE 7 8 A b —7 REEHEIFHE0 L 72 MRPM
%, Z2EA T T AL A 7T AOMEMBEEZETSES2H0THY, DR
FRRFD 7 v A N — 7K E AT LM TED. LLRDR D, An /7 AOMA
FERE 2 HEMICSERIZFICT 5 Z LIXZEARARBTH Y, b T /e X h—213%
BRI ANLRELTLEY. 207D, SEERO T RICK - THAR T 7 A0 5[H
faens7ax h—7BE2WDLESEDLOTERL, BAROEHTICE-The s T A
DHETENTZ7 v A b —7 B KT 5 2 ERESH%O T v A b — 7 KEERICRD 5
NHRTHD. £IT, FAETIE, A7 ahoRITENTZ7 8 X h—27 ORIER
KA ATREIC 9~ 5 7 ¥ X VIR AT 2 12 L T 5.

78



L@ %175 = LT, A SNR MK BB MIE, B2 0 h—2 LIS, B
EERLOEBLEZ HND. 2T, BEOEROIEBICHESNIZAE Y5 A% T
THE, 2OR0T T KPbOEIDEE, BRI S WA 7 T A%
WY 52 LIC2Y, ZOBRICAAREILZ R 5. OB, REHE 7E TREL
fb& o THN, BEMEEZRTSEDREMENH D, Z OAAHBEELO ME Z2 R4 5
—ODFEL LT, MIRHT VT Y XA LS REHEOR#EENEZ 5N,
0, AR ST MK D WEELLZ T 5 & 5 AR 2 & EN T L) X
DT X o TR, ZOMABNE % SLM %0 Z2MEATHFE T & > TRk IcERT 5.

—

79



BE R

[1]

(2]

(3]

[4]

(5]

(6]

[7]

H. Horimai et al., “Collinear technology for holographic versatile disk,” Appl. Opt., 45, pp.
910-914 (2006).

Mitsuru Toishi et al., “Experimental analysis in recording transmission and reflection
holograms at the same time and location,” Appl. Opt., 45, pp. 6367-6373 (2006).

K. Kawano and T. Kitoh, Introduction to Optical Waveguide Analysis, Wiley, New York,
(2001).

S.R. Lambourdiere et al., “Simulation of Holographic Data Storage for the Optical
Collinear System,” Jpn. J. Appl. Phys. 45, pp. 1246-1252 (2006).

T. Shimura et al., “Analysis of a collinear holographic storage system: introduction of pixel
spread function,” Opt. Lett., 31, pp. 1208-1210 (2006).

Hisayuki Yamatsu et al., “Shift Selectivity and Hologram Playback Margin Dependence on
the Average Speckle Size of a Randomly Phase Encoded Reference Beam,” Jpn. J. Appl.
Phys., 43, pp. 4949-4953 (2004).

T. Muroi et al., “Optical compensation of distorted data image caused by interference
fringe distortion in holographic data storage,” Appl. Opt., 48, pp. 3681-3690 (2009).

80



BEE

NR—TH7 n R =7 BRD T D DT D& )VERILBEAT
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ZHUTXE LT, ek, 7Y Z O VEGILHELT(DIDT: Digital image diffusion technique)
EMEEN D R—U R B A =7 K A Bz IR E L, SRR RO KIE R BN % X
%. DIDT TiE, 7y ¥ L7 4 72—V EHNTTORE IR AHETZAML,
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Z D% ONABLE T EL T VX AR GHEEANOWLRE) 12179 2 & T, e fiadt
Bt LR &2 REICTE 5. LLEDO X 2 DIDT 1L, HEALEL L 7 ¥ & L ALER
ENRNCAE T2 2 LT, 1k B FA—DfiFERNFREHNT =R Z7 2 2 b
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DRFOE SR a;(r) £ 975, IRAFj(=1,2,3, .. )F =YK LT 5. KiZ, LR
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XTRET 5.

g;(r) = A;(r)exp(-ig(r)) (5.1)

A 1E7 =V BB OESIRE L KT, £, T X LT 4 72— OMARS ¢, (r)
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H(r) = 27”(n ~Dh(r) 62)

Thd. ZIZT, nlE7T 4 7 2a—VFOREITE, 1 FL—VFHEOWE, h(r)IET 4 7 2—%
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LIRS > TW5, REE D DFEAH SR ERIPEE, £0%, L X1 2L X2 29
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Ak* (N exp{ig(r)}+ a(r)exp{-i5(r)} (5.3)

T, WAFKIIHET = R_R=TU0F S, §1HEIIALE R HET — 2 ~— U4y,
B2 HIN—VR I a A =Tl EEL, aln) X7 o F LIRERENA, p)IXT o HF A

83
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A’ (1) explig(r)yexp{-ig(r)}+ a(r) exp{-iA(r)}exp{-i#(")} (4

Z DR, FET —Z = Uy OMRERIIEE SN D0, T LRR=V7 X b
— 7 I3 E SITIRE IR S D .

A () +a(r) exp{=iB(r) yexp{-ig(r)} (55)

AFM XL X3 &I LTIRGR FHIICEGE L, &R BET —2 =Y, (B3RS
nNa. —J, % 2 HBON—URBZ oA h—7 5%, FREEL Y b & S IIRE ISR
L1280, TOREZNBL A 3 OIS, LLER—UM 7 o 2 b— 7 (KD AN
AThD.

Holographic medium

Speckle reference light
Binary phase mask
Random diffuser

SLM : Spatial light modulator

[

\J v \
Signal light Diffused signal light Rotating for multiplexing
(a) Recording optics

Phase conjugate
readout light
Interpage crosstalk

Phase conjugate diffracted light \

Recovered signal light Rotating for retrieving
Phase conjugate mirror

Reconstructed
data pages

(b) Phase conjugate reading/reconstruction optics

Fig. 5.1 Basic concepts for removing interpage crosstalk in the case of speckle shift
multiplexing.
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fR, ZORENTRIT, ERIREEZHETL2LEHFESE SLM I K-> TRET 5 805N,
—EH) 72 HDS Ot FR E 2L R—ThD Z 005, £, K52 RT e L
WFECIE, FEBRIOEZA A& Ui Thd, BFOFIEIE-> THRa 7T 4005
BT 5 15T, # OEERE 2 MARIEEIC X - CEHIIT 5. MAMRHEEE, V5 3es
RIS U TN IUX R WA, B HEE LT, @D @ (A AE R H AT
BERARu 777 4 v 7 XA =27 ¢ FUEMHDI: Holographic diversity interferometry) 73 2%
Foid. —FE, &2MEOBEBIREEZFHIIT VUL, FHEENTE ORI LTk A 72
BRSO ERGT R 2 Ml oW L ICAT 9 2 E N ATREIC /2 5. AR TIE, B EOBEFEE
i 2 SRR OB ICHLE SRR g TRHERI L, 2 0% OB % RENIT T Y 5
ZET, BAENRFERESERICAEICT S, M2l arta—& ETIThLdT P F AL
FIIR AR ONFET VAR, T WOICEHA Lz BT O AR AP 2 5 5H 9 5.
wIT, 7=V BHmAR L, BET F LT 4 72— I X DAL exp{-ig(r)} Z {50
T4, ZO—EOLMIE, (ALK AFET L Z L RFMLZER A E T — ) =
B, 5% NKin S 7= 22 ARE T explig()} 2T b5 Z L Eichy, KA
FINZIZE D LD HETHRBEON—VM 7 8 2 =27 KBRS CX 5. ERIMVAEE
PN FEMIME I, W7 — ) = EWmEIT, R REET — 2 =V 555,
ZOT VE NI RABBRICB T DR EIL, EARNIZIET U HVETRIE 5 A R
L lREE, 2N2log, N+ N2 (2L - TEEDLND. LLED X 91T, HEEREA RN & EEEE
R EZEAL, arva—% EOF 2 VAR &SR % S BT % 2 & T,
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Computer Multiplication by diffuser

Input transmission function Output
FT

Y
P

A

PSLM : Phase-type SLM |
Reference light for

making hologram
(a) Digital diffused signal generation step (b) Recording optics

Signal light Diffused signal light

FT : Fourier transform, IFT : Inverse FT

Computer Multiplication by diffuser
Normal Output transmission function Input
diffracted light IFT

P

Recovered signal light Interpage crosstalk

PTM : Phase detection method . : )
Phase conjugate diffracted light

Reference light for reading hologram

(c) Reading optics (d) Digital phase conjugate reconstruction step

Fig. 5.2 Schematic diagrams of digital spatial spectrum diffusion technique in the case
of the speckle shift multiplexing. (a) Digital diffused signal generation step. (b)
Recording optics. ISLM and PSLM play roles in generating the diffused signal light
with various complex amplitudes. (c) Reading optics. PTM detects complex amplitudes
of the diffracted light to perform the subsequent phase conjugate reconstruction step in
the computer. (d) Digital phase conjugate reconstruction step. Phase conjugation is
calculated by inverting the sign of the phase terms in the diffracted light on the input
plane.
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FTL 1
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FTL : Fourier transform lens
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(a) Digital diffused signal generation step
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Phase conjugate
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(d) Digital phase conjugate reconstruction step

Fig. 5.3 Simulation models
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Fig. 5.4. Mesh layouts in each plane of the simulation model. (a) On real space plane.

The oversampling rate N1 is for increasing calculation precision. The zero padding rate
N2 is for subdividing the step size dxs in spatial frequency space. (b) In spatial
frequency space. The recording medium is divided into Nz discrete calculation layers.
(c) Binary phase mask plane in the reference path.

Table I. Simulation parameters.

Wavelength, A (nm)

Numerical aperture of the objective

lens, NA

Thickness of the medium, L (um)

Index of the recording medium, n
Oversampling ratio, N1

Zero-padding ratio, N2
Sample number, x Xy x z

Step size in real s;ZJace, dxr x dyr
(nm?)

0

Pixel number of SLM, Npx x Npy

Pixel pitch of SLM, Ipx x lpy (um

Step size in spatial frequency
space, dxs x dysx dz (um®)

)

408

0.08

400
15
4
8

1024 x 1024
x 600

7.5%x75

32x32

30 x 30

0.32 x 0.32
x 0.67

Refractive index modulation
depth, Npax

Saturation energy flux density,
Esat (chmz)

Total recording power, Pj, (mW)
Exposure time, t (s)
Index of the diffuser, ny
Spread angle of the diffuser, Gy;

Incident angle of speckle
reference beam, 6;,

Pixel number of binary phase
mask, Nme x Nmn

Pixel pitch of binary phase mask,
dme x dmn (um?)

Square aperture size, Ax x Ay
2
(um°)

4.0x10°

0.30

0.1
0.1
15
10.0

28.0°

128 x 128

25x%x25

163.2 x 163.2




522 ETHEREOE

itk HDS T, 2 EDMENE#E AT 5155 % SLM 23R LT 7273, DIDT T
%, xR ERIEEEEZ R OIEE 5% SLM IC X » ORRICERT 208 R’ H 5. £
DIz, BETEAME SLM 2RI 5 = & i3, AR HLFGEE M < THEMED & 5.
T, B ORLEY S 2 b—3i g VETFAZHWT, MBS BN E OBRE
T, 7235, CCD ORSTHEIL IS SLM OZN LD bR/, CCD Iz L2 H
TALHARZE LR, E7e, SLM ORTEICH T 5 LIS E 2 T 5
LAGET % . HRIE & AR OB TR N ZRBSLIATY, 2 =4 ETRbR
% SR & R E N BY MR O RS FE (double B)THbILD 5. I,
SLM OFi¥E & 2 T2 BB OFAEFE S D SNR 278 LTS, 22T, SNR(E SHRHEE
), UFoRIck-TEZH 2 5.

Hon — Hog

2 2 (5.6)
Gon + O-off

Uon & Lo iF ON & OFF v 7 BV DOFREEERIE, 60y & oo id ON & OFF B2 /L DFEHE
REZTRT.ERERD &, B E LI 513E, BT LR 2O IR~ 1255 720,
SNR NFE SN TS, SLM DTS & L CT—i%172 8hit DA% A5 &, T SNR
DK TR GNDD, ERBEERREFELC W W ER00n5. T4, 12bit O
BEFAE 295 LCoS-SLM DB b#E SN TEBV[3], InzEFHAT D L & LiRzE
ITIEIFERTE DL YU IR D EEZLND.

SNR =

Table 1. SNRs depending on the gray level of two SLMs. Quantization-related noise is
decayed with increasing gray levels. Optical complex amplitude in the computer is
basically treated in the double-precision floating point of 64 bit representation.

No quantization by 7-bit 8-bit 9-bit
SLM gray level gray level gray level gray level
5.99 5.52 5.76 5.89
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NEPRITH) 3.5um ThH o7z, LFOZELEHET I 2 b —2 3 VBT, Au s 7
LADSEMWEIL, X 56797 MERIMEOKI 3 E L, xBlihmaR 8.1um. vyl
6] 2 #9 10.5um IZF%E L T 5.

x-axis

sixe-A

Shift pitch along y-axis

E‘..........E
Shift pitch along x-axis

Fig. 5.5. Page layout in speckle shift multiplexing. Black mark indicates the
reconstruction hologram. for evaluation.
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Fig. 5.6. Shift selectivity along x and y-axes in speckle shift multiplexing.
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Fig. 5.7. Comparisons of reconstruction characteristics in the proposed and
conventional method.
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Fig. 5.8. Relationship between diffusion angle and crosstalk suppression effect.
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Fig. 5.9. Achievable multiplexing number depending on hologram shift pitch
when the threshold SNR is set at 2.0.

wIZ, N—=VHI7/ A =7 HEZ@EL T, LEFEZHNTE5Z L4277, X510
T, RGN ERETNUCBT DER RS EMZ I L T\ 5. HKIKRLEZR

95



SNR(BE)IZ2.0ICF%E LTV A. fERERLD &, ERAFRXOEGE, Ha2lorn 77 A
Z 2 E ek LR R CHRAESNRASBIEIZEIE L T D, xf LT, EHROYH, 536
KMDFRa 7T Nk Eiiek LR CHASNRABIEICEEL T D, ZokRIE, £
FRURICE L- sk mis 2 B85 &, 536/42 x (190 x 200 um?)/ (190 x 200 ym?®) = 5.5
GORBABELZRESTNUC Lo T ETELHZ 2R LTS, 2L, ZORRITT
VELT 4T a— I DI E R 10CICRE LI BAD—HITH Y, R E &
EEHDZETHEARIFABABOUELAEETHS. Kl T AOLERMRE 20512
REL TN RICBWTREOIH T/, Y0k )hLEMBETH > THDIDTIZX
D R E DILRIZFATRE T H 5.

T T T T T T T T T

6.0 -

= — Proposed method with diffuser shift

551 - >— Conventional method

T
u
[}
n
L]
14
5'0__ ’ Shift pitch 2 times larger than selectivity
45 “\
11
404 9
35 L

30 9

SNR for data page #1

254 @

20

T T T T T T T T T
100 200 300 400 500
Multiplexing number of data pages, M

=
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conventional methods when the threshold SNR s set at 2.0.
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Fig. 5.11. Experimental setup
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Fig. 5.12. Original data page and it is also used in normal speckle shift
multiplexing

Fig. 5.13. Diffusion phase-only image and it is also used in speckle shift
multiplexing with our method
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Fig. 5.14. Reduced optical system for the pixel matching between SLM and
CCD. Image on the SLM is imaged onto the CCD with 1:1 relationship.
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Fig. 5.15. Image alignment on SLM and CCD. In the case where optical image
is not correctly imaged onto the CCD plane, as illusrated in Fig. x(b), due to
image tilt and size expansion/reduction, digital phase conjugation does not
work.

102

(¥zZ'968)

(9€2'968)



(i) EFEEHDFIE

WP HTFREBWT DI, FHFRTPORERMAHELEZZT, ZHEMIELR
WG, REBRIZE T 57 VX WL AR L., BRICEREZ 5 25+
BARBER L L CE, H5ALICE T DAL o AREFOIZERCKI L o RO SAEI
Bl SN idk g Nz o s, B, EAREERE=75SmmO M Lo XL, K& 7l
REFFOTZD, HIRICKE RINEE G2 5. £, JES1.6mmA FF Otk il E & RIS,
BT D IWICHEFICRE REREINEE 52 5.

K516l ARFEBR CHW-EAMIEAIEEZRT. £, SLMIZHBER—YE2RRL, &
PR U= ik 2, CCDIfi L CTHDNC X » THAREHIT 5. Z 0B, JeeRicsE
HWIRNIGE, —ERA NI AR SR SN DX T TH D0, FHFHE T OPWESLTHE -
BOREMESICEAMAELRPFHIS NS, 22Tk, ZORME LIAHERSZ —
HEEZMIET—% & LTHWD. BARMICIE, HAMHEEEE L2, 28—
2 ECZOFEBIZR LT, fAHER Y — ZF2 L5 E, MFHEADEWHIE S U
TENCFHEMR 2155 . @ WZER AR 2 FE oA ER OS54, ©7 L b Ak — 2 & 21l
RN Z ST 5 DT TIEZR WA, KEBRCIIA 72 < &b Z Offi el iEn+4
(ZHERET 5.

(a) Measured phase image a’(x,y) when the initial
deformation image of the SLM is displayed on it. Ideal
case where optical system have no distortion, constant
| phase distribution is supposed to be obtained, but in

'i this experiment, spherical lens aberration is observed.

. Previously-measured Correct phase image
Measured phase image, distortion image, without the distortion,
s(x,y) + a’(x, a’(x, s(x, i |
i - s L
- —_—
: — —

(b) Compensation procedure of optical distortion in the computer.

Fig. 5.16. Compensation of optical distortion such as lens aberration and dust on
optical elements. When optic distortion is compensated, digital phase
conjugation can be realized.
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Fig. 5.17. Reconstructed data page in normal speckle shift multiplexing.

N 3

|ml'

Fig. 5.18. Reconstructed data page in speckle shift multiplexing with our
method.
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o Output Spatial Fourier
Diffusion image plalne {FFT plalne T I Complex ob]ect

Diffusion light Digital random  Object light
diffuser
FFT : Fast Fourier transform IFFT : Inverse FFT

! : @)
Calculate Eliminate
phase amplitude

conjugation component

Display cross-
modulated image

Reconstruction

%

!_________________T_______,: Modulated light Optical random Reconstructed
Cross-modulated image diffuser object light

(b)

Fig. 6.1. Conceptual diagrams of spatial cross modulation. (a)Digital encode step in
computer. (b)Optical decode step.

Reconstructed complex ob]ect

110



6.2 B I 22— gy
621 YIal—YarEFIL

LBEOHITIE, SCMM OFARMEZHE Y I 2L —ra L2 X > TRl L TV 5.
Z 2 CAREITIE, SCMM, “ENMARAR B ST A, AT T 7 A CGH, TNEOHIHE
Vial—varDETMIOWVWTIEHAT S v Ialb—v g URXT A—F 3R
[ IZHED TV D,

Table I. Summarized simulation parameters.

Common parameters Parameters for spatial cross modulation
Wavelength of laser source, A (nm) 532 Diffusion angle by diffuser, 8 (degree) Variable
Focal length of Fourier transform lens, L¢ 200 Zeropadding rate, No 32
(mm)
Number of data pixel, Ngx X Ngy 32 x 32 | Gray level of random diffuser, Ggirr (level) 2048
Pitch of data pixel, Lax X Lqy Variable | Parameters for double phase modulation
Nyquist aperture size, Dy (um) AL¢ | Lgy “umber of subpixel per data pixel, Nu. Variable

uy
Gray level for amplitude image, G, (level) 8 g:ze of spatial filter in Fourier plane (xDx), Variable
Gray level for phase image, G, (level) 8 Parameters for off-axis amplitude hologram
Parameters for SLM Number of SLM pixel per grating, Ns Variable
Gray level of SLM, Ggn(level) 256 Number of grating per data pixel, Ng Variable
Pitch of SLM pixel, Ly X Ly, () 10 x 10 Incident angle of reference light, 6 21 (NeLsy)

(degree)
1024 x : e . .

Number of SLM pixel, Ny x N, glze of spatial filter in Fourier plane (xDy), Variable

f

1024

Modulation depth of phase-only SLM, Md 2n

VI ab—va rTIRET S SLM OfERE R, ¥ 7 2L $:1024%1024, Z8FH#E : [0, 27),
7 L— Ll ;256 BEFH(8bit), 7 4 VT 7 7 H— RO SER(FBIER) : 100% &3 5. A
WD BRI, fE(fbo-D 2D Wi L35, X62 £X6312, YIalb—¥
3 VDONFEET AN E 70 —Z2RT. WIEOADEAR, SEOZD SLM &
FC SR E IR E LTV D, 72720, SCMM OEFIEIX Z DR Y Tid/enz
CIHEET D X 630)NIRT —HEHMAFR ST ADY I alb—r a7 a—ZBWT,
B FIRIEE AX,Y)exp[io(x,y)] D — 2> DAFERZ kv Oy & O, ~Do3 iR I L F ORUZHE - T
1ToTW5.

A y)} ' (6.1)

0,0 ¥) = p(x, y)+cos1[
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0, (%, ) = p(xy) —COS{

A(X, y)]
2

(6.2)

6.3C)II"T AT TV ACCGH DY I al—v a7 —|(ZBWTC, SLM IZFKRT
LIRMEAR T 7T DAXYILTORIZ L > TEX BN S.

1(x,y) =l +A(X, y) cos[kxsin 6, —p(x, y)]»

(6.3)

lo1Z cos MW FICIETH DT DDA T ALY, On 2B HEHEIE O AFAE LT 5.

[Encode step] [Decode step]
Output Spatial Fourier Input SLM Modulated Spatial Fourier Reconstruction
plane Diffusion plane plane plane light plane plane
3 light ”“ gpmpllle? A A A Reconstructed
-------- . Random ~ objectlight R AN object light
Sl diffuser Sso
FTL .. $la” ,,——’(\' """" FTL ">~ ,,_—ﬁ """" y
y S$Lo--7 FTL 4 4 N SSLo--77 FTL
R v ‘~‘\\ e v \\\\§
IFFT FFT IFFT [ FFT
Step 5 Step 4 Step 3 Step 2 Step 1 Step 8 Step 9 Step 10 Step 11 Step 12
Step 6 Step 7
(a) Spatial cross modulation method
SLM Modulated Spatial Fourier Reconstruction

plane
X

light pla‘ne Reconstructed plane

object light 4

Square
apertur’e,/
b T FTL

A

_________ 4l
mFI'L\\\ .

o <X

— o~
ﬁ_i
(2] 2

Step 3

FFT IFFT
Step 4 Step 6

Step 5 Step 7

(b) Double phase modulation and off-axis amplitude hologram

Fig. 6.2. Simulation models.
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[Encode step] [Encode step]

Step 1. Make light with original complex object ~ Step 1. Decompose original complex object into
in input plane two values using Egs. (1)-(2)

Step 2. Fourier-transform light by FFT Step 2. Calculate encoded image like chess-board
Step 3. Multiply spatial spectrum of object light  pattern using two values

and spatial phase distribution of random diffuser [Decode step]

Step 4. Inversely Fourier-transform multiplied Step 3. Make light with above phase distribution on SLM plane
light by IFFT Step 4. Fourier-transform diffracted light by FFT

Step 5. Diffusion image is obtained in output Step 5. Extract zeroth diffraction order by spatial filtering
plane Step 6. Inverse Fourier transformation of filtered light by IFFT
Step 6. Eliminate amplitude components in Step 7. Complex object is reproduced on

diffusion image reconstruction plane

Step 7. Calculate phase conjugation of the

diffusion image (b) Double phase modulation

[Decode step]

Step 8. Make light with cross-modulated [Encode step]

image on SLM Step 1. Make plane wave as reference light

Step 9. Inversely Fourier-transform modulated  Step 2. Calculate encoded image by interference of complex
light by IFFT object and plane wave with given incident angle using Eq. (3)

Step 10. Multiply spatial spectrum of modulated [Decode step]

light and spatial phase distribution of random Step 3. Irradiate plane wave onto hologram on SLM plane
diffuser on Fourier plane Step 4. Fourier-transform diffracted light by FFT

Step 11. Fourier-transform multiplied light Step 5. Extract +1 diffraction order by spatial filtering

Step 12. Original complex object is reproduced  Step 6. Inverse Fourier transformation of filtered light by IFFT
from phase only image on reconstruction plane Step 7. Complex object is reproduced on reconstruction plane

(a) Spatial cross modulation (c) Amplitude off-axis CGH

Fig. 6.3. Simulation flows.
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Ng,No (=N,) X Ng,No (=N,) X, Ny No(=N,)

A A - A
Ny Nai NgyNyy NeyNgN,
Ngy
= Z Z
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(a) Spatial cross modulation (b) Double phase modulation (c) Amplitude off-axis CGH

Fig. 6.4. Pixel layouts on SLM plane for each complex modulation. (a) Zero padding
rate N is for extra area to diffuse original image. (b) One data pixel consists of Ny x
N,y subpixels (SLM pixels). (c) One data pixel consists of NsNg x NsNg SLM pixels.

WIZ, FREFHEIEICAER Ly a— RRZ— O %X 6.5 /7. HVZA
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6.5(C)iEL, Ns=4, BLT, Ng=2 DEEICBT HIRER 2 7T AEBRZ R L TND.
BT =2 BT RIVOHFMIZ “ODORFBFEL, TRTNORFIZMSD SLM 7 &
APEENTND ZENRRND.

Magpnification of
one data pixel area

(a)Spatial cross molatlon (b)Double phase hologrém (c)Off-axis amplltue hologr

when Az is 8. when A, xN,, is 8 x 8. when A;is4 and A, is 2.

Fig. 6.5. Example of encoded images displayed on the SLM. These are used for
reconstructing original complex object.

TUELT 4T a—VETNELTUL, AT VT T AT 4 72—V HREL
TWD. FEHEENTWDIZEAEDIRAT 4 b a—Wi3H v o7 VA A CAHEIRE% %
FoTWa., FUX AT 47 2a—FOFBEKIIU FTORICL > TEIN,

t(x, y):eXp[i%(ndiﬁ —1)h(X,y):|’ (6.5)
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6.2.2  EhERER
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LEFML, IFFEmmICEIL IR TWD. —F, EAREB®IL, HToER/ A X%
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(d) © ® ()

Fig. 6.6. Full complex amplitude modulation by spatial cross modulation method.
Number of data pixel in used image is 256 x 256 and diffusion ratio by diffuser is 4.0.
Note that the number of data pixel is different from that shown in Table | just in this
case. (a)Original amplitude image; (b)Original phase image; (c)Spatial profile of
random  diffuser; (d)Diffused  amplitude  image; (e)Diffused phase
image(Cross-modulated image); (f)Reproduced amplitude image; (g)Reproduced phase
image.
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6.23. TFUX LT 4T 2—FOUBREEME

T 2T, PEHCE Nagg O B L72Sd, AR & BANAR S OmER ED X 51
LT 2MELET 5. X671, HAEERIRIFBEBRIZET 2 WEOILERKFEEL R L
TW5., 22T, BAEMEORMEEE L LT, LFTONXTERE SN D15 5% HE L(SNR:
Signal to noise ratio) # & A3 5.

Ny Nay

ZZO(deX,nLdy)2

SNR(dB) =10log,, ———"=0"=0 ’ (6.6)
dx Ndy 2 2
ZZ{O(dex,nLdy) —R(MLy Ly, ) }
m=0 n=0

(MLgy,NLgy) 13 x-y FETE TOZEM B 7 B VFERE, O(MLgynlay) & R(MLgy,NLay) i L Z 3LZ FUIT E]
L ARG Z R, K67 21D &, PEHER Ngy OIEINZE, FAERIEEH O SNR
M ELTWS. ZhuE, JCIRIEEGOTE RO TEHCER Nyg O BN PO ECELAL AR R/~
BATT D720 EE20N05. ZHUCx LT, HANMMAERDO SNR I1X— RAWRiEEL
HAETWD. Ngir =3 LLTFOEE, Nagg DEEANZEEYY, SNR FME MMEM 27825, Ngig =3

PLEDWE, —ii4 LT SNR (ZEIIMEM 2753, LUF CIXAENMFEO SNR BME T35 2 &
IZOWTELEZIT . ETIEHEE N DMEWIGE, BELIRIE B4 1 TR D TR — 72k e
2B L EZBND. FOBRE, & L COREIBIRMEEL) & — E iR G L)
DOINZKE X v v TREEN, ZNUHNFEMHBEEROSLEH EEXLND. 3L
T, JEBCE Ngg DS OE, BELEEEGRIZL Y —HREEE2 AT 25 L5120, Zh
IZE o TRREX Y v 7DReES N, MR SNR O EICEN S EHEHIESNS. B4
MABD SNR ME R4 5 6 5~ etk & LT, Johikapksy 25 B ELIRE Mg (12—
EIRESIND)~BATTHZ ENEZOLND. LL, bLINPETHIGA, BFE

fZAH SNR 1%, Ngx=3 22756 TH, IR FEHEMZRTIFETTHD. - T, E
FEL7ZAMREME IS E S ND. 728, Nar 25 11 M 2 D1, FAENAFHO SNR ICRZE
DROENDD, ZHVUFTRLLNHET v T ORBETHL L TEIND.

118



¥ 2 k&Y ¥ §F L obEg 4 % A X F ¥ L2 4 ¥ k% oy Kk % E&q
35 - e ‘.T‘“‘_
—=— Amplitude Ty N
30 —e— Phase ‘ )
254 ¢ =
~~ |
x| |
S \ %
20 - o® .
[a'd |
=z t e
7)) L u .96
15 ® l.... =
%o ol
10 - -
||
| |
-.’.
5 T T L S AL S N L

T AN W T T ¥ Y
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Diffusion ratio, N/,

Fig. 6.7. Reconstruction quality depending on diffusion ratio Ny by random diffuser.
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6.2.4. ZEMIFRBEE K OB IR O g

FPNL, KEBLFHSR(SCMM, —FENAHR T T T A, 47T 7 A CGH) & EERL ]
HE 72 25 FEIfRAG FE DB/ & 9% . X 6.812, SNR & =1— R L— | (CR: Code rate)®
BfRZ "7, ZZ2C, 22— RL— |k CRIL L= a— NEG#HO A Xt Th
D, ZERfGE 2R AR & 72 D, Bl X, CRAAKE VI, 2RISR IR &
L, CRZOVNIWEE, ZERIBBEITEVET 5. KVFELVWERIE, X 6.8 DFBIIC
RSN TWD., fREAD &, BEFSFAITHB T 2ILET HHmE LT, CR O
IZPEVY, SNR 23 BT 5. kb &R TNESMEMIE, 2TOa—FLb—FCRIZEST,
SCMM D FIZHER T ALV BV SNR ZHERF L TWA Z & THhDH. ZOFERIE, [ U SNR
DDV a— KL — k CRIZ SCMM O3tk Ak 0 RnZ & 2R LT
W5, BIZIE, SNR % 10(dB)Za% & L7c%d, AHRUT2~3 D CR %, HEkTIL6
FEED CREZZNETNMEL T, LLEX D, SCMM 13563k 520 & 0 22 MM IE D T
BENTWD Z &0 5. X 6.9 12 CR =8 DIFAICK T A KT oo A FIRE E
BaERT. “HEMNHERe ST AEFTT 7 VA CGH OFAERRERLE, T—X 7
TADOBEREPIERLT TEY, PLEECLLLABEIND. —F, AKFXOFAE
fakZ 5 &, B (B 22 EE R Sy) 1THERF S TR, £ b BIEH I/ SV,

354 e |

Spatial cross modulation (Our method)
—m— amplitude

30/ —°® phase

Double phase hologram

—m— amplitude

25 —®—phase _

Off-axis amplitude hologram /
»— amplitude "

gZO phase /. i _
a4 n e
% 15 .// /’//f;t/' _
//0 |/’:)/
n’ _® /./
10{ o~ /3/ |

I IR I BB I N I SN NN SN NN N L N N
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Code rate
Fig. 6.8. Comparison of achievable spatial resolution between our method and
conventional methods. Code rate in horizontal axis is defined as the ratio of the size
between original image and encoded image on SLM and it is used for evaluating the
achievable spatial resolution. For example, in our method, if the phase-only diffusion
image is displayed on the SLM in the region being 4 x 4 times larger than the original
image, the code rate is 4. As well, in the case of the double phase hologram, if the
number of subpixels Ny, x Ny, within one data pixel is 4 x 4, the code rate is 4. In the
case of the off-axis amplitude hologram, if the number of SLM pixels NsNg xNsN,
within one data pixel is 4 x 4, the code rate is regarded as 4. Size of the square aperture
used in the off-axis amplitude hologram and double phase hologram is optimized to
obtain highest SNR for performing fair comparison.
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Spatial cross Double phase Off-axis amplitude
modulation modulation hologram

(a) Amplitude

2n

(b) Phase

0

Fig. 6.9. Example of reproduced complex images for each complex modulation
methods when code rate is 8.
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G ZHUE, ITEOERRIEER %4 FEHRT 572010, REREWFTRE S ZREL T
W5 Z EICERT AKX 6.11(b)]. [AEEIC, 477 7 v A CGH DA, 5%LL T OEHT%)
RLUMER I TR, RIS, 47T 7 2 A CGH ZIEMET— R TIEAR < fiflE— R
TEESELELELTH, BONDEIIRITBLZE 200RETH L. b DRk
X, REZRBEITRE S ZbRE L, BERETRES 2T 2 &) SchmlL TkY
[ 6.11(b) & X 6.11(c)], EAvwpz, BERKFIREZREIHTZIRIFIER IRV, 2T LT,
SCMM Difii RA 75 &, 90%LL EDEFTZNRNER SN TS, SCMM (2B W T, M
FHEINd7nRAETa b—a VERIE, B ORTRAG O A BT S, BRI
X, Z7Lb—XPFFDE I, BTOAF TRV F =N ZOHR—S3Ifibind. =
O DFERNS, BEHTNROBISICBWT, SCMM 12tk FRXE k&< BT 52 L
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Fig. 6.10. Comparison of achievable diffraction efficiency between our method and
conventional methods. The size of the square aperture used in the off-axis amplitude
hologram and double phase hologram is the same as used in Fig. 8.

(a)Spatial cross modulation

(b)Double phase hologram

(c¢) Off-axis Amplitude hologram

Fig. 6.11. Spatial Fourier spectrum for each complex modulation method. (a) No
unwanted diffraction order appears. (b)Oth diffraction order corresponds to desired
complex signal. (c)1st diffraction order corresponds to desired complex signal.
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6.3 RaTTT 47 AEY~DIEH

O/ 0 AE Y 2 L VESCMM)IE, SIKIET A AT LA, S A A A—D 7,
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6.3.1  FEAKEE
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BA~DSLETIRITEICE L TRICHIZRW. Aa 7T A0FAH LTEDS, k@0,
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DAL 2 BT 5 (M AR 5 & KRS E D). £ D%IE, X 6.12(a)l2 k7 2 (oA L4k
ik zATVy, STOERRIET — 2 ~—UNFLESND.
Ja

-—
) Fourier
SQAM signal pIaIne
|

; W Diffusion  Recording Diffracted
Phase-only diffusion image light medium diffusion light
(Cross-modulated image)

Reconstructed SQAM signal

2
! ! Reconstructed Digital random Phase conjugate : SRR
------------------------- signal light diffuser diffusion light Phase conjugate diffusion image

(c) Digital phase conjugate reconstruction in computer (Decode step)
Fig. 6.12. Conceptual diagrams of our system when spatial cross modulation is
introduced in the holographic data storage. In this system, the complex signal is

digitally, not optically, reconstructed by importing phase information of the optical
diffusion image into the computer through the phase detection method.
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6.3.2. EBAXFEXR - EBRFE

B 6.13 IZFEBRTHEH LI FREZ Y. ETEAFEFOMRELTH T L. Hoker
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=T ¢ T#EH(HDI: Holographic diversity interferometry) (22295, & 2T, AFEE
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J DPSS Laser
A=532nm

HWP2
Digital phase conjugate
PBS2 ’ reconstruction
L6 Reference 2
L2 (f=150)

Leouslajey

L7  SLM: LCoS-SLM

Rec%r.dlng (f=20) (x10468, Hamamatsu) Holographic
medium CCD: F125B, Stingray Diversity
E i v | qup | I sisonet
(f=75) BS: Beam splitter Q KT

PBS: Polarized BS

L4 L5 | HWP3
(f=200) (f=200

Fig. 6.13. Experimental setup for our system. Reference 1 is for optical hologram
recording/reading. Reference 2 is for phase detection method. In this experiments,
holographic recording/reading is not conducted for the simplicity, so the reference 1 is
not used actually. SLM used in our experiment is phase-only LCoS-SLM(Hamamatsu,
x10468). The recording medium arranged in the focal plane of L2 is nano-gel
photopolymer with the thickness of 400um provided by Kyoeisha Chemical Co.. In
addition, the phase of the diffusion image propagated from the SLM is detected by a
holographic diversity interferometer (HDI) composed by two CCDs.

1 E |
0 . 0
(a) Intensity (b) Phase
Fig. 6.14. Original SQAM signal used in our experiment. Each pixel in intensity image
takes either of two values 1 and 0.25 randomly, as well, each pixel in phase image has

either of four values n/2, , 3n/2 and 2=, therefore, totally 8-level SQAM is to be used.
Each data pixel is represented by 16 x 16 SLM pixels.
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Zn‘ . |
0 0

(a) Displayed on SLM (b) Measured on two CCDs

Fig. 6.15. (a)Cross-modulated phase image displayed on SLM. LCoS-SLM used in our
experiment can modulate 2n when gray level is 85. This image is displayed on the
region of 512 x 512 SLM pixels. (b) Cross-modulated phase image measured by
holographic diversity interferometer using two CCDs. This image is also detected on
the region of 512 x 512 CCD pixels.
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B 6.16 (2, 7 VX NAFESEEBARREL I U CHA SN ERREEG Z~7T. 7
ARIBERIE, HFIERT TOD A, 2 EEENIHEICBIE TE 5. Z0IXTORRKIT,
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PEBCRIEAFYE 2 7R, JEHCR Ngg O¥EINSHEY, FAEMERRE U L TV RT3
D, ZORERIE, KETIORTYIalb—va UEREFICEBETHD.

(a) Intensity ) (b) Phase .
Fig. 6.16. SQAM signals recovered through digital phase conjugate reconstruction in
Fig. 12 (c).

Diffusion ratio N,z

(a) Intensity

(b) Phase

Fig. 6.17. Experimental results for reconstruction quality vs. diffusion ratio Ngjs.
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