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ZFAo} : computer generated holography, CGH, multiplexed holograms, multi-phase holograms, spatial light phase modulator.
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CGH+= A&Eske EART ofdgt AAIR SRR &4
9 $EtA o2 FREE EA2RE AAEY 2 4 s
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Holurhs A& 7HAL Qleh oebA ole FFEAE,
HaA, 234 2 33 tAaEdol, Pz, oA |
290, B HAF 53 T2 FASHIA A
2 ARgEa gkt

CGHE 999 E4E ®E Hlo|H3} & & R33E A
A AADE 1960 Fyto] E0J44 AW. Lohmann™&-
71ETE ARSSHA] ok =HEQl BAIZE 7HsE Bl of
sto] 22k YA 7158 4= 9l detour phase hologram
ol CGHE #etatqlct. 1 ¥ 4ol 9%t CGHE 44
8l7] §Jste wHEY d1EE 5 A8 7] RE3) Hol
23] AtEo] oy, o) WoeE HAHE CGHe o
FE o]Z E2T0|ql7] &l A4 (object image)d} T
WA conjugate image)S FAlo| AYTEHN AAAFrel 3|
A5 &S dojmg= AANE vt E3 £33} o] o}
2} CGHofl A& 4= Sl Augo] gehd 4= ok It
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oriented THYY 0]z CGH} AAMHPE Aotglglon, o]
A FAE} 7les AR dEd AH3E] FAAto] A=
of B33} H&= BAlE AlEAY 1 F 3R EA7
AR Ao At 2uje] EAEE B33 T 5 U+ ¢
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B A5ES o v S7HIF17] $iste] o9 71X BAlE
€ T 83538} sl AFE 4= = WHLE detour phase
hologram 3.t} A7} gol3l1 A5 E3t 243t CGH. B35
3} S AT o] WS 7€ 914 7HER pixel
oriented THAd ©]% CGHEr} A3t oA £ st
A BASE A, TAFo] B bl a17] skl
chejrto g2 Hodlsl= BAENG: 7HAFE pixel oriented
oAd oA A4E CGH dA71esE ARSIt old
CGH AAE 35t AMSE Y8 Fd2 27171256 X256 I
Al o)W A== H|EYY ordof 64x64 27|19 871A] F
7o Q& Ay Aold, dAE CGH Hel= =717} 256
X256 ARl o] AAYS] A== H|EY ode A
Bt =ARBITE ES ROHYHE Foto] 533 o
g YA FEE& HHsaL, TEe] o7 7HA RES)
o] gt gt FAE e AeE CGHe| 3da
&, BaATN 2 A% o T3 T e via 7Y
st 1 ARE AXNEAE 223 CGHHHERSE 48
AL FH R AQAsL7] flste] RS B I F
A HZ7|E o] g3ty o] Yz7]|= PAL-SLM(parallel
aligned nematic liquid crystal spatial light modulator)!' 3}
LCD(liquid crystal display) 22|31 0|5 A% F+= =,
LCDef} ¥& 8|3 LD(laser diode) S22 FA=o] Qich
E3] PAL-SLME AYE 71 A9 oz 880 vla

2 wWohd 712 SLMo|| ARSI twisted-nematic liguid crystal

Al BB 3] Uojuhx] gk WA HA} BE3 By
o2 HFHUFSEN 70%7HA]Y B2 PAAER A&E ¥&
$ 9 FEHo R o= AEE parallel aligned nematic
liguid crystal-& ARE-8LT QUch o]t ¥HAE A Ft T
A ARTE o] 83lo] o 7k Rus griog HAE
CGHHHES AAte R &8st Aade &4 vz
Hofoo], npAgto g HAEE Wi 3T AAE AXSHTL

L HFE 4Y #20Y

AFEE &8t 2O Rl Ailsto 44
A& o] CGHolth. E4% E4l9] shds AREE &
g3lo] Ao g fatEos gAE 4 ot olHd &
A& B3] PoHAQ YR ARG # Q= FEF
2 AFEE AFE = Atk

ol HFE-FAY FRIHY JHAY RIS F=
B4 7S 1 AolE T Qi oldHd A
7188 239 AERREE A ()T 2o] EFE:

Kz, v) =|Re®™ + A(x, y)e *I|*
=R*+ A%(x,y) +2RA(x,9) * cos[2max—¢(x, )] (1)

A (oA Re=x= 71&0)A 71ZWE, A(x,yeh =
EAE BEY (x,y) = 71E0S EAT Afeld] 2t

uiele] Al7|stolch. CGH A7) 2Hg)e BaB|otd A
e g3 2o} oREe s, of7|4 A8 HE B
BIE Bagh B2 BRI 27) SL 2749} WEZK]
g shrzrezel AEke ejugic.

2.1. Pixel-oriented CGH

pixel oriented CGHE TI=t B33} Axle E4EA &
230] AL F7NElo1 B, A4S 5 3712 GAE
s 4 ok

BAEA BEEF ulx, nE WE7Z] H3 Aegd EA4
EE olx,y0l 4 FFEE ¢(x, E F3ITH

u(x, y) = olx, vexplid(x, )] @

A7) BE |xlzax/2, T [s=ay/29] HdtA
o(x, y)=0°|ch

w(x, )8 Felo] HEste] 42 5 U, v 3L 9]
of ojmxje] YXPRE 7HX] 1L QU&= o] F4E HA A
Z3} S B oF 4 3)E E& 5 Stk

U, v) = 1 U g, v cos[2a(xg e + yov) + ¢ p, V)] 3

Q7NN [, VI U, v) Q] RZOAL g, v)= Uy, v)
9] YAdolth 1B Uplp, )& IEFF CGHY EAFIE
solt}. YA4% CGHY 3% 4] 3) oty BELAFEAI e
Up(p, &t Zro] &R $14ute] & bito] & 4= ok

Up(y, v) = Cexpli{2x{xgp + yov) + ¢lue, V)}] C))

A71A ¢ & Aol &, 8w e MEAA CGH
7t AAHA doh. 4 ¥ CGHY B¢ 71§ 1R F
T AlA SRS MEAFIRE o] CGHYHE &
T w gl 2AUE QA I, LFIJE FIEESY &
< 9L FYSRE e 2 FEES A Hrk

2.2. Chafd et Had CGH

CGHol| ¥% g+ 3A #3238 7le, &&=k oA
A71e o2 v o en, 7N SEfdIe: R
3 2] Aot HAE: 71Ee] ) 7HtE pixel oriented
o ohdA 91838 CGHY 238 23 34 417}
ZA8l7] wigol o8 Eadt A ZAFH EarIe 7}
4F% pixel oriented THE thtA 4% CGH F-&3} W
£ Adstaal gk &, 2 IojMe YdeE Y 8=
Agstn glew, 4 Jdie = VIS, 1~89) P&
e Aoz 7PERt

1) 914 7143 pixel oriented CGH
EAEAY B o, (x, )E TE7] Al Aol 24
2= O'i(x,Y)oﬂ 0\21—0491 %%‘E‘E b (x,Y)% ‘El"‘:_l'q'
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a’ i (x,3) =0 (x, yexplig; (x, )] ®)

9 BaBA0) e EEskse] Falo] WA Fo] ot
A Aol G4 Boto] e WasE et 2L A
e 4 9k

U (p,)=2n(x; p+ y; v) + ¢; (u, V) ©)

A71A 22t y; I Ao I FukpE N, B4 wHS
A L AL AXE A= offset Zho] Hui, o]
3t offset gh2> A A] BA EEFY o (x, 5 L3}
£ AL YA e Fo2HE A7) Ysle] 13
Aok gtk o714 8Ad A 7 CGHEY 734, 4] (6)]
oJaf Aol AR Wy (1, 1), Tolu, ), Talp,v), Eylp,v),
T, )y Tlp,v), Tl v), e, ) B 4 (DI Zo
3t F3 3t M2 AT Bpale, & TE T,
A ()T} o] AE BAFIF Upa(p, E F3ITH

>, Ui(u,v)
Bea(s, V)='_—8— @)
Upa(u, v) = CpaexpliBpa(s, v)] ®)
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2 WEOIRE oW 7MY CGHE Y94 8711 & 7
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T 4 9ek
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@ SetAS
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© AgA

A gl ARERE F4 8Vt FEEE AFRY
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4ty CGHE| A-2ol= a4 HAS A8t/ Hstod ot
Al IR FAS) ARt ZH2he] YH P4l gt &
2O BiREY 37 Fu4 tEirt BEstA olf
o127 = BAZ I 1(b) Zol Z+ Aol diF
2HEY &, gAEZIF AAHY WA FYstA] g7
o 49 f5go] "ol EAA ] WA=k

2) A A33 pixel oriented CGH

84d Al AYH CGHY -9, 2.1.800A4 Hdgst o]
et 87FA] EA G it el B Fuk ok, oy,
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a9 2. 4 ZY¥Y CGHY AN M=,

(1, 3)s (22, 3), (23,99, (xg, v0)s (x5, 35), (x5, %),
(7, ¥1)s (x5, ¥3) H|& Ao yebHA "k

Iy A7) A 22 A AFY CGHY 3% EXY
go] WordsE 47 Al 98 79 CGH #d& A3k
Igol F7ten, ES A¥2 2 st CGHY 277t &
el @He 7T ok

3) BAEIG 4 7H4H3) pixel oriented CGH

Zt B4EA ) dFEe= A4 CGHY BARIRES
BE 39t Y2e BEARNNSLE 3 £ olof dgEE
CGHE dAsIH A 4%¥ CGHe 93 o872 CGH
HE& 2%k 3FS gl 4 3, 139 CGHe) 279
FU 2719 Y CGHE WE 4 9k

BASI: M ok S CGHE) 3%, 4] (9)
o & BARUREES T A (103} 2L A2 B

B Up B 01831 AAgt

Up 1. v)= g Cp,expliBp, (1, v)] (10)

A7 Cpe Aol = 1~89 Adghe vehd
o o]9] A 149 CGHO| 7A--¢f upr x| 2 37171 5
g Bt ofzt 4+ fdd Aol digt JAREs 2 1(b)2t
Zro] FYsA] g2 $AF 7HiHY pixel oriented CGHO| 3¢
ot g2 I8 1) Zo] d<3tAl vehdr] miid A%
EZ 1] AR 24 "ojxR| ge AFE /AR
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2.3. Yxtst An2E

CGH7} A|ZHE]7] Ao CGHY| AEZEREE vehl= 3
T Ee B4 vy O A vEA] gxigs) gojopgt 3t
ok g Eslet F2HQ 7HE R s WEY = A
AEE FES 13 9 GAER 27 IS = AL
TEch B dFolMe RSt & o) FAIS) ozt AA 2
s, E3F LAB7|7F P ALrAIZEO] o Fe AHL
A9 A3 SRS EE ol 83tgnh &, o)A YRIs} of
d oA g g FA5E7] g o] me) Ao A9
0, n2} -2 =gt 294 9] gho] obd 4, 8, 64, 128, 256 T
A2 gholl hSE=E FABleie] thadA YAkzke = CGH o
e otk 1y Petdom pEE v suA 9 gt
28 A3} st A3k

m 48 ¥ 2o

Ay P8t QuAZL olgstel Sk AR A A
¥ R BARUAS HY b oA S14E CGH )
B2 BHEE ol §3to] Adsteck T CGH Heige
APFE A RNEE T AAT F WY 47 3
F AE27)E o186 UE AXE TAse] AAZ A I
YRS FEHHoR AYNA Belck 191 Ao} B3
3t ol 2 COHES S4< wla L4stgct

31 ERE BoluY Zn

A% 2UHY] ASE YFGPORE ojd guex
Bl TS ol§HAL, of AL 7k 256x256 5
o, ei7le] 1Y 33 22 64x64 A F7)0) 87}%) %
7 AER (9] F, A, EL A, A
', A 9ol o AFY YUyl gt zoes
o 58 JLoINY AYUE 4, (u, VT HE THE o]

2 FALE 2, 9E A O ASNA F AW IS
e o83t 874 109 14 CGHE 22 AAsa
o). o3 4AY CGHES o Felo] MBS Eatel A4
4 gslon), o8 ThF TFolAALS Raw TR &
sk w3 4] 87he) YHGAL HA BRE shte] CGH
o yaety] $istel 94 7MY CGHoL A 239 CGH
% TR 7MY CGHE 247 Ak,

a9 494 79 5, 39 6ol 87le] APANE 2] o)

L
=]

H
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(@ (b) (© (d) (© M ® Ly

a9 4. 39 3.9 (2) AL, (b) AD2, (c) A3, (d) A4, (o) AEs, () A6, (2) AT, (h) A8 5 87HA] YHFEEE AW ¥A%

Wil puslsiel 9L 2171 $IAY CGH .

S5 CGH £9 Hea} 914 71418, A 258 9 Bas
e 7MY 258 el wet 8719 dHAE A%
ste] A 8-d CGHES) wel, T2jm moAYL E3)
AENZ G GERRGTE AN BEol A 7t
Ao A AR goito] Uehdg B 4 glov, A A%
1} BARTHS TpEe] A Fosbo] Uyehia) ok
2 Bolst 4= itk

w 7WHg, A A%E 9 BAEDGS: 7 CGHEQ)
A5S BrIsl) st 4] (13} 22 TR Aol 2|5}
L gooxe BRI e, 4] (12)9 2 239 ¥
ol CGHel of#) A Foio] AH gsle o 0111411-%?—
A Aol sk A Yo -EE W oY) HZ A
== FEaeM, g2 4 (13)F 2L TEE Aol
k= GFofMe Az of Zgue ate] vlmatich

a9 5. UGS AR skl Ra3RE () A M
[2CH] (b) A FRB[2CH] (0) BT 7HB[2CH]
(d) 9V 7MIRUCH] (o) A FAFCH] () BAFulet
% 7MIS4CH] (g) S 7MIR[SCH] (h) 44 ZFRBCH)
() BARTI5 7HIGECH] CGH e

%

(d) .

| (2

MSE=—33 2% |k, 3) — e, )| dvdy (1)
2220 lg(x, y) ddy
7T ek, i ady
ZZ | h(x, ) dxdy
2320 1h(x,3) —2glx, )\ *dnaly

220 Mz, 9)g'(x,) 3
DR (3

(12)

SNR=

%’ A=

Wx,y) : FoRA S A
glx,y) : 78 4

F oo 7834 sk Ao] E4sie 9

H AR AX oY

]

XY A sk g FASE 999 B4 4

a2 6. 1% 5.9 (a) 94 7MIS[2CH] (b) A AR[2CH] (o) &
£BAEE FHAE2CH] (d) AT 7HME4CH) () A E
FHACH] (f) B2FHG 7MIFACH] (8) A 7H4H3
[8CH] (h) & ZZH[8CH] (i) EB2EANF 7H3(8CH]
CGH Hgg Rojdgez Z7 Ay F4



304 =73k A5 A4Y, 2004F 8

E 12 BoUgoR T3 WY CGHY Add Ras
st SRl iR BEABE, sane, AE o
F-SHSNR, SNR[AB) 5-& A2 ulws) Fx glom, 13
79 19 82 72t BAAEL Foke] TR AP0t RE
W Sl ot ASRES BelFT gk

of Fue Hu BB E A9 4 AWY CGH} $ha
FMIgot B 7H4HY CGH Mt Aol $ 1t
ehe, BasatHe JHR CGHE B9 Y47t S7Ht
® 12 gro] A Wolxx) 4m o8le) 23H FoLUS B
& gleh WRATARY AL HuxRe) B
2 Rasmg 7 CGH/L S ZMbEolt A 2R
CGH wr} o] 3 Uehtel, A 471 3715l 5
A REI PUS AT B9 7 ol Ak ARA @
L & 4 gtk 42 G FSu A FFAFAE
o A9} shhE BARIRIS 7R CGHI 14 7
Aol 4 BYUY CGH 1t Aol 34 ehtol, g

47} Z7EeE SU% Rast e A8Y 29 1 7
o] ZA WolX|A Y= AL B 4 vt =N TEFH
Mg T A9 BAEIYS 7Y R0t guos
AAE CGHY| 37 9 7Higa A 283 Ros
MO A8 CGH Reh o] $43h2 ¥ 4 glon,
Eo] Ad 47t WolAolete AA L HoAFolE &
AT o F3He] A I Zsol A ASEHA S &
% geh

32, #8 4 gnt

SI kT A 2R B BASTES MY Rest
oz AAE oY oAl S14Y CGH sjglozne
ool ARl WA 9y B2 B SPazlE B
ANZEe R AAE S5 ek AL 1Y 99t Atk

B AFe] 3o & Coherent AF2] &8]o] 100 W<l diode-
pumped, frequency-doubled Nd:YAG(A = 532 nm) o] E

E 1. 2odoes £449 (@) 1 A4, (b) 24, (o) 444, (d) 84 43 CGHE| Fus Pz A 0e s

(a)
Ads 1 CH .
P Y 4 8 64 128 256
3AFLM) 0.40184 0.62914 0.69809 0.69858 0.69868
MSE 0.01081 0.00699 0.00583 0.00582 0.00582
SNR 1.61782 250225 2.99936 3.00360 3.00477
SNR[dB] 2.08930 3.98331 4.77029 477642 4.77810
(b)
A 3 Al [2CH]
i A FHFEISUM] A AHF(SUB] 243 7HRFAM]
QA | 4 8 64 128 | 256 4 8 64 128 | 25 4 8 64 128 256
AAAZM) | 0.18057 | 0.24589 | 0.26889 | 0.26909 | 0.26914 | 0.41327 | 0.63749 | 0.70496 | 0.70538 | 0.70548 | 0.35707 | 0.56173 | 0.62052 | 0.62099 | 062103
MSE | 0.01772 | 0.01641 | 0.01595 | 0.01595 | 0.01595 | 0.01421 | 0.01032 | 0.00918 | 0.00917 | 0.00917 | 0.01402 | 0.00979 | 0.00855 | 0.00854 | 0.00854
SNR | 1.20384 | 1.30012 | 1.33759 | 1.33796 | 1.33804 | 1.50116 | 2.06776 | 2.32521 | 2.32687 | 2.32729 | 1.52128 | 2.17989 | 2.49680 | 2.49969 | 240005
SNR[dB] |0.80568 | 1.13985 | 1.26325 | 1.26443 | 1.26468 | 176426 | 3.15499 | 3.66463 | 3.66772 | 3.66850 | 1.82209 | 3.38436 | 3.97384 | 3.97887 | 397831
()
Ad=s I A 3 A [4CH]
| S 7HHESUM] A Z2#3IsuB] A 7RIAM]
SekAs | 4 8 64 128 | 256 4 8 64 128 | 256 4 8 64 128 256
AR | 0.13450 | 0.19865 | 0.22679 | 0.22682 | 0.22686 | 0.42088 | 0.61336 | 0.67007 | 0.67040 | 0.67047 | 0.38915 | 0.56937 | 0.62215 | 0.62242 | 0.62246
MSE | 0.01860 | 0.01737 | 0.16685 | 0.01684 | 0.01634 | 0.01393 | 0.01070 | 0.00976 | 0.00976 | 0.00975 | 0.01346 | 0.00965 | 0.00852 | 0.00851 | 0.00851
SNR | 1.12454 | 1.20443 | 124172 | 1.24185 | 1.24189 | 1.50116 | 1.95452 | 2.14328 | 2.14426 | 2.14460 | 1.55389 | 2.16837 | 2.45536 | 2.45717 | 2.45741
SNR[dB] | 0.50975 | 0.80783 | 0.94025 | 0.94070 | 0.94085 | 1.76427 | 2.91040 | 3.31079 | 3.31277 | 3.31346 | 1.91421 | 3.36133 | 3.90116 | 3.90435 | 3.90478
(d)
Ads FAZ A AT A [SCH]
2 A FHAFB[SUM] : A AY¥ISUB] A% 7HEIAM]
oA 4 8 64 128 | 256 4 8 64 128 256 4 8 64 128 256
B AEEM)| 0.21143 | 0.24205 | 0.22957 | 0.22949 | 0.22955 | 0.41607 | 0.59573 | 0.65272 | 0.65302 | 0.65305 | 0.41911 | 0.58562 | 0.63607 | 0.63629 | 0.63635
MSE | 0.01714 | 0.01660 | 0.01678 | 0.01678 | 0.01678 | 0.01404 | 0.01122 | 0.01033 | 0.01033 | 0.01032 | 0.01327 | 0.01007 | 0.00910 | 0.00910 | 0.00910
SNR | 1.20189 | 1.24135 | 1.22828 | 1.22817 | 1.22822 | 1.46740 | 1.83578 | 1.99469 | 1.99554 | 1.99569 | 1.55264 | 2.04592 | 2.26456 | 2.26545 | 2.26564
SNR[dB] | 0.79865 | 0.93895 | 0.89298 | 0.89260 | 0.89276 | 1.66549 | 2.63819 | 2.99876 | 3.00060 | 3.00093 | 1.91069 | 3.10889 | 3.54983 | 3.55154 | 3.55191
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Ag3tck dlolAod e W M2 B I UE
(spatial filter)S 73 F&g a7l the, A= 19 23
Hegoz vhsozy o] F REE FYHA sttt ol
g7 wh=olzl Wle B ¥ els)(polarized beam splitter)S
B35 AAZ G4 HErh A sk 9 37 A

saadn(®]

4 8 64 128 256
Y AL
@
0.015
0.014
0.013%-0—1 CH —#-2CH —4—4CH —@~8CH]]
0.012
L, 001 o N,
$ 0010 ~C ‘k“
0.009 -
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Realization of the multi-phase level CGH according to the multi-channel encoding method using a PAL-SLM
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We proposed more efficient encoding methods that can design a multi-channel multi-level phase only computer-generated
hologram(CGH) that can reconstruct many objects simultaneously without a conjugate image. We used a fabrication technique
for the pixel oriented CGH for designing the pattern of the proposed multi-channel CGH. We investigated the difference of the
optical efficiency(n), mean square error(MSE) and signal-to-noise ratio(SNR) of multi-channel CGHs that were designed by three
kinds of encoding methods according to the number of quantization phase levels, and we estimated the performance of the pattern

* of the proposed multi-channel CGH. Generally, as the number of input objects' reference patterns stored in the CGH is increased,
the reconstruction quality of the CGH is degraded. But we observed through computer simulation that the diffraction efficiency
of the 1-ch CGH is 70%, and those of the 2-ch, 4-ch, 8-ch CGHs are 62%, 62% and 63%. Therefore we found that the diffraction
efficiencies of the multi-channel CGHs using the newly proposed encoding method are similar to that of 1-ch CGH. We
implemented the CGH optically using a liquid crystal spatial light phase modulator that consisted of a PAL-SLM efficiently
coupled with a XGA type LCD by an optical lens and an LD for illuminating the LCD. We discussed the output images that
are reconstructed from the PAL-SLM.

"OCIS Codes : 070.0070, 090.1760, 090.4220, 100.0100.



