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1.1.1 L—HY—F 4 RXTLA

L—Y—F 4 A7 L A OFERIEH <, 1964 F121F He-Ne L —H —Z R L L7
T 4 AT LA OEEN Texas Instruments L2 K » THEIEINL TV D [1,2]. TD#%
Zenith Radio #f, General Telephone & Electronics 12 X > T% He-Ne L —H#H —=%
Ar+L— V=R LloF AL —F—ZH\WIET 4 ATV AREEINLTWD [3,4]. H
AKIZBWTH AR AERT KT NHK A HEINFZERTIC TLYr =% —F 4 27 L A O#f
ZEMAT DI [5-7], 1970 FFICIT KR AECTCL—HF =B 7 =T LEDRERRNFER S
7. L2L, ThbDLb—HF—=F 4 ZAF LA IFZHTAL—F =2 H VTN HITH
HBENDPRELS, BRITEMRMBICEEL RN T,

L= =T 4 27 ARSI m it 1o i8R L — 3 — 038 &
LAa 72 2000 FERLIETH D, 2008 X —EBHICI VAT TRAER L
— =T LrERElicsh7z[8]l. TOoHbL—F—T o r =~y N7 v
TAAT VLA, "y R U T 4 AT LA REORELEBED 5TV DA,
WEFRLV— V=T u =22 —0fifRAREFERLKD, 2014 FLRICIT L —
P—=T oz =0 EEARKEILL TV D [9,10].

L —H%—7 1= ¥ —|%, MEMS (Micro Electro Mechanical Systems)7¢ & @ i %
Lz bOEAM T n s 2 —L, kDT F Y Z—LFEEIC DMD
(Digital Micromirror Device)<> LCD (Liquid Crystal Display), LCOS (Liquid Crystal on
Silicon) e Wo = EAERFETFE2H WA T v V= X =l Tons. EAERL —
Y=ozl 2—1%, NMUYERARERT 7+ — DA 7YV —LRBREN TR TH D
EWORIER DD, Fm, A7V - TEHAMEKEECEEL -V —KEEELT
mBEEEKRTAIMEEEN O Ve 27 X — b EINL TV D [11].

EMNEERAZTFEZH DL T e 27 =%, 1 DOGCEHOL—F—F 1% H
WLHENREL, BWHERERIALIHARICHNLNDL Z ENE V. ZEHRIEER
RrEEHT LIV —T a7 -0l LT, KR-fk - HOZBFTITII
— P —HEEH NN 2T RGBL—V—7 027 ¥ —Dk# % Figure 1.1 (271



T. P27 RGBL—H—Tmv=r2—PsICh, FOL—F—RHEICI DRI
Broy=r2—0"bd. flzlE, HFELV—¥—& L —F— G EaOe0E 2 M
W T oD 7 —0, HaL—F —L L —F — B EE O ICR A
V=Y —ZMA TR =T =T XA MENNET 0 =7 =7 80— RITH
WHNTWND.

=27 RGB V=¥ =7 m o= Z—0ORAITEMENSFERICEVEEL R
BT & % 8T, &It UHD (Ultra High Definition) ® #1#% T & % BT.2020 & A % &
N=F LI LNAETHL. £, HELGEIRBHEOKRZIZHEL TWD., —FHT
TR T e 2/ ¥ —1F, E2aT7 RGBL—HF—7nm =% —50 k=2 bt
MABETH L, M TR e Y= 7 —TL{FEHIRL TV,

L= =Tz 2 —CHns L —%—LLTIX, HFAL—¥—I21% InGaN R
OB E AW R R LY — Y — [12], AL —F -t FaL—F—LRED
InGaN R OM B Z AW 8K L —F — 75y, PEERL —F —pE R L — 3 — i
[ & L — ¥ — % SHG (Second Harmonic Generation)# 12 &k » T EZLH L =K E
LML —H— [13,14] 08 S, R o L — % —(121% AlGalnP % DM B2 H v 7= 2
HEKLV—F—[1516]|3fFHEI N 2. oL —F—T v r X —TiX
AL —H—L L CEEEMRL —F— D HN RN Th o72p, BETIEARE Y
AL - —ORERMICHEVERZERL —F — b R —F —(CEE DY
DOBH L. 2L, 550 nm B EORBEREOMKE L —F—RLERGEITITKKZL L
TEELEHB L -V —BEHEhTnD. RERORAL—F—2REHINLH & L
Tix, 3D FRELTCTELADOIRTHEEN 20nm RERZ2LZHEEEH WD 6P3D (6
Primary 3D) i X2 T 255 ERFIToND.



DMD(R)  prism

Projection lens

Red lasers

Dichroic
mirrors

Green lasers Blue lasers

Figure 1.1 Schematic diagram of pure RGB laser projector with 3 chip DMDs.

L= —TuY=/ 4 —ORARIEIEY R AA, A—AT T H—H, BREHRA N
YhearvHd—brER—VAREZEICH S0, FEICBCE AR T E O EE 2R
HDonbd. EHOL—HF = XN AL—FL7DOX 2010 FUT, 2013 FIT
Christie Digital Systems #:73 K[E X — 0 7 O AMC 7 # — 2B W CTHRRE TL
— =T el —@ENLLOBRMR TN CoOFHLY—Y—x~v7Frd=
7 H—=To 5 [10]. D%, 2014 FIZIT KEOBREHF CL—HF—Tnd=2 ¥ —0
WERER NG E N [17]. BARICEB W TS 2015 I IMAX tHic X » TRIKIC v
— =T u s =PREAINTEOERZYIVIZ, 2017 FIZERE, 2018 FI24



wE - IR, 2019 AT ITALIR - AR - e - B R - TR - EE - BR - MR LI
bl—HF—T vz —nE8AIh, BRATOLV—% =~ DKL RITHIT
TRE<SERLTWD.

Ihoolr—Y =TV ¥ —ERIZHLTREREELRDLION, L—P—
DFWICEoTHELDARY IV I A XTHD. ARy I ) A XNFEAET DL
BENRRKRELBETFT D20, AXy IV )AL XORPA LV —F—T a7 X—T0D
RERBELRoTWNDE., ARy IV ) A XOERFIL, vy =r 2 —lToOxEK
A Y=l TOREKICDLDTFOND. A7 U=V TORENZIEE L TR
V=V BIREISEDHEDRH LN, A7V —VIRHICIEIZRLI A MR85 4

ZLL,ETEBMAEDOAZ ) —VICENOEATLIZERE LN E VS ERMEND S .
LieRoT, 7oyl —flITOAXRy JALRKRPEETH D.

L2L,BIRTIE a2 2=l TORAXy 7 VEKER+2Th D EEE 2T,
B =T o2 =2 FATLHIRICA ) — IR LT TEAL
TAXy 7V ERBL TS HAEZ . Gflie A7 ) —VRE T AT ADEAN
VAEEZLE, V=T e 0Bk EHLIEL2EHERE DD, 5#
L= =7 v/ —42RICERIEL DT, Yavz7Z—fllTOI LR
DAy 7 VR ARD BTV D.

1.1.2 AR ILEZFTDRIE

ARy ZFae—Lbvy FRAPMHEICEY Z 0 X AICHBEIND Z LITE ST
AU THHRRZLTHY, Hlx2E Figure 1.2 17T X HICAZ7 ) - THELS L
— Y= N ETCTHT L LICL2TAELD. ANy 7 ML —F =% i
LESBCHEZFIANLLIB V-V —RHAEORZ LI DI TiEel, H<EFFT Y
TATUTRKBORAR T Ml EERHWTHAENTHOILT W [18]. K17
IR E > T2DIT L —HF —NHP S 1960 F LI T [19-21], $FIZ 1970 4 2
A 75 Goodman X° Dainty, §l B 5 12 X - THEBEM 2L NE & T & 72 [22-25].
2000 FRICAD &, L= =T 4 2T VLA DORHBIIFo-TL—F—FT 4 AT L A1
BITDLZAXy ZVIZOWNWTOMIEDS S PAIITORD X 5127 -7 [26,27].

ARy ZNVIIEZDOFRAERELEELTICL > T oo fEINH Y, L—3
—7u v X —THRETDH Ay 7 L Figure 1.3 27”77 objective speckle &
subjective speckle ® 2 FEHIZ /71 H 415 [28,29]. Subjective speckle i A 27 U —



DEENENEBREFEREZEB > TERIND Ay 7 )L XK — 2T, —F D objective
speckle ZfEB I F R L THELND Ay 7 L/ — 2 Th . Subjective
speckle Z& B2, Yo vz X —NOXRFRPFRTCAZ Y —> LICTHE D X
— VN T & 5 projectedspeckle &, A7 U —> DM % — U WK TFHENAELT
ThEor¥— EIZ N — 228l 5 screen speckle I3 175 2 &N T 5 [29]. L —
=Tyl X —THICHBE L 72 % DI screen speckle TH 5 7=, AK#FIE TIE
screen speckle # FIZH YD # 5 .

Screen speckle |, =2 b —L v hERITHTWICae—L 2 MR, A7 VU —
YOESIICT U HELRMIINT = D BERTKHLER T DL THRET .
27V —=roMigNZ =&Y, 27U = TOBEDLITIZ T > F LR AL S AR
MBEATDH. FUXLRMBESMEZR > ZBELAFEG LT RZEY, @K LD
AT Y — ETHBETOIBRICHBSMICIECETH A= RELD. 20T
WX Z — % screen speckle THD. A7 V=M I TFEURERNTH DD
T, MUNEEZFESTZHBAETHLAZ Y - ORBEBRRD E ALy J RN F — R
RELENTL2REDH D .

Projected speckle e ED A7V — 2 LICEL DN F — I 3BHEOMNENE D -
THEIL7Z2 WA, screen speckle [FBH B DM EIZ L > TARZ =R EDL L
o, BRI EEZEZTLEONZ — {5 screen speckle & A7 U — o R
BRICHARE O NN Z — 0 N TELMD ) A XE RN TLHZENRARETHD.

Coherent light

Screen

Observer

Interfere
pattern!

Figure 1.2 (left) Principle of speckle generation, (right) monochromatic speckle

pattern of green laser taken by a CCD camera.



(a) Objective speckle (b) Subjective speckle

Coherent light Coherent light

Screen Screen

Sensor

|

Figure 1.3 Objective speckle and subjective speckle.

Fle, ANy I NVOMDGEE LT, BAEAXYy 7 )LENT—AXy 7 )VIZHhHE
THZENTE D [30-34]. ARy 7T, RIRIZ—2DJREA DI (RO,
DH, HFOHIRE) ZHHWTZHE DAy 7 )T, Figure 1.2 [IZ/7R”" T X 5 IZH KD
F—r ELTHRBEND., —HFTHIT—A_Ry 7 ViE, RENPEEROFRGNL RS
GEICHEHNDIANYy IV THL BEOFREANEAARy 7 V2L TWD5E,
ETNENDORATHREORY -V RERRL-0, ThAoEAMLIEBICHERE LT
Figure 1.4 " T RO BB DL T T —AXy IV EBRT 5.

BEEAOEFICL > THNALD ALy 7 488 — 03 1970 ERL SRS TW
722 [35,36], L=V —FT 4 AT L AITBWVTIE 2014 FI(2EB [30,31]I2L->TH
TF—ANy NN ELTHRREBINDETIHTHADAXXy 7 Lbay T X NTOEwmN
FEAETH- . BHIZE o TCL—F—FT 4 AT LA TOHT—AXy 7 VO]
ANEBEINERIE, PT—ZAXy 7L CONWTHBAICHERDREND L HICH
> 7.

V=P =T a2 —TOEBEOBRMBIZIE, ZOXIRBEARAXYy I L ERT
— ANy I AVOWMERBEND. EEL, TAZENOATHARR Yy 7 VA KT
FEFRFICH T — ANy 7 VB EBEND 0, AR TIEHEICHA ALYy 7 LDIK
WizEEB L.



Figure 1.4 Color speckle with red, green and blue lasers.

1.1.3 ARXy I I)Larv b33 Rk

ARy 7 VDERIICIE, HOEARy 7 VORELZRTHEETCHDL ALy 7 Lo
YETA B —RICHVWO D, ARy 7 vary b7 AL, TRo@Y AT
TRELZHEAD ANy 7 VEBICONTHIREOEAER2E o & FHEIO L %2 )
LZETRkoObND.

‘~|| 2

1-1

Figure 1.5 /X, AX v 7 AR EWGE &R LB E RS TONIRE O iR E
JERI ¥ & R T. Figure 1.5(@)IZFA Xy 7 A BEL R WG A OMEHEERK T, EY
WMEZoN 0 ThLlOARy Zar b7 A MG 0&7 5. Figure 1.5(b)I%, FEF
Wate—Lb 200 EERZHW, 227U =2 TOBWENDOMHELSMADN 20 IZb
D12 L TWDEEICEL S fully developed speckle D fERE ER K T, Z
DG T EEEEDAOREKRBEERICHES Z&NMmbTWD [27,37]. 2D L &,
R E L EYNRELWED ALy 7 bary N T A RMNI1LERD., —ICE, A
I NIEIND 2 O00MOREE LS.

BB, ANy I N T AMUNADOEFIZLI DAy 7 VOFMbRE ST
BV, Bl 2 IX SID (Speckle Influence Degree) [38,39] & W O FRIEAZ H W5 2 L7 R
BEIRLTVD., L, Ay rary b7 AMDEIICIKLS E R LEZEEICIX
Mo TWRVOBRERTH 5.
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Figure 1.5 (a) Probability density function of intensity when there is no speckle. (b)

Probability density function of intensity of fully developed speckle.

1.2 ARY Y ILDIE B

ANy ZNVOBERBFELCONTHE INE TR RTELIED LN TWND . fil X
TR NORBAZIET L ERAZ ) = 28T ICLsTANY 7 VDK
WRARETHDHEVNIZ N, L—HF =2y 7 L RUMICHE SN E-EICHRE S
NTWn5 [19]. Fio, BHOEEZH WL Z LICL o TANYy 7 AREBTE 54
IZOWTH, 1970 FFRATEICITERD [40,41)1 K CHGHM [42,43]ICHE STV 5.



ZOHHLEZL OFRMEDRESNTVDEIN, FIZL—F—F 4 A7 L A OBFEN
Ak L L7z 2000 FEFARMABEICIE, V=V =T 4 AT L AL LT XAy 7 VIR
FIEOREDR#EZ I TWD.

L= =7 a7 —TOAXy 7 VKRB FELELTE, BELZEHE - AELE -
RltZHEE, A7V —vEfolc ARy 7 VRERET NS, 22T, THUEN
DHEIZODWTHEBEICHHAT 5.

1.2.1 RERZ%E&E

BEZHEIIEDISEHINRZ ANy 7 VEBFEO —D2THL., L—F—Tn
VA —THRESZELSEBTDHHFIELE LT, Figure 1.6 /R T X9 ICHLEED
REDEHOV—F =2 AVWTEZEENT D2 HESL, L=V —0DRAXT FLVIEE R
FoLHERLLHVWLEND.

AR MNVIEZIRT 5 HEIC LD A~y 7 VEEIX Goodman [27]12 & v & X1k
SNTWSH., A7 U= TCOBENEKHRTO—EEET, AXT7 MBI T~
TRENDHIEAIC, PLEAEEED, 27 hLD 1/e ®ME 28y, TLEREEL X
7V =D REHEBEB M S 2oy, A7 UV —2~DANHfMA L HE A% 6,0) B L,
ARy I Nary N7 AMITATRTZENTES.

e= (12 (2) (
z(mnz( ) (

::?,Mxiu&ﬁmﬁﬁﬁf%é.mzﬁaﬁwum@&%@x&yyw:y
b7 A MEHREFE R % Figure 1.7 127”7, 04=30 um O HHITIXE R E 2 nm H i
ARy VIR R B HE LD .

1

2 2

T
>»|| Q

)2 (cos B, + cos 6;)? )

1
1

)Z(COSB +cos€)> , 1-2)

>~ 2
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(a) Multi-wavelength lasers (a) Broad bandwidth laser

Wavelength Wavelength

Figure 1.6 Speckle reduction by wavelength diversity using: (a) multi-wavelength

lasers, (b) broad bandwidth laser.

Speckle contrast

Spectral width 6A [nm]

Figure 1.7 Speckle reduction effect by using broad bandwidth laser. ¢,=30 pm,
=532 nm, 6;=0,=0°.

T VA=l BTORESLEICLD ANy 7 R O RE S IE, 2000 L ELRE
IRk & T R STV 5. Murata b X, R, fkfa, A0 L —F — OB
HERICEHEAEZEET 2L TERELZIRT, AXy 7 var b7 2 BB ERBT
52 EEWME L TV D [44,45]. Furukawa H X, v~/ F XA b T4 FREEKRL —
P—TH#IT L2 I v AHREEACE I v P ORELELESE, A7 LD
FEEEZ 0.8nm 205 3.7mm FTHIRT LI LT, ANy 7 bar T 2R3N 0.2
M5 0.05 F TR LA EHRELTWD [46]. Yao B, WEIEOK W7 = A ML
— P —ZFZ AWV ZAXy 7 VEBAE®RSE L TWD [47]. £72, Yu 6% TPLN
(Tandem-poled Lithium Niobate)fi i # v 5 Z & T, 6.5 nm g D Fk L — ¥ — & FH
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LTCARy 7 VERKBLEERE L WD [48].

B oW E % AR X Kuksenkov & 23 fkfa L — % —% 0.5 nm M T 3 EE
fEH L7k 5 [49]1%, Wang D2 L — % —% 4nm ME T 3 WEMH L2
R [50]%, Tran bR FOL —HF—TEZHE R LEHER [SLIZ2HELTWND. £t
Ma L ITHEEEDO L - =1L Ay 7 VERBOHEGR A ZFER L, 532nm D
DPSS (Diode Pumped Solid State) L' — % — & 520 nm @ LD (Laser Diode) % fl \» 7= 1}
FEAE R A A L TV [52].

V=Y =T nv=r2—C#ENT556, KERZEIZAXy 7 VERBERNKE
<, FLENBICERLIPEOLVL—F—ZFH WL T TEMAIGETH D 72D LAY
HARBHETHLEVWIFERDH L. L, ZWEAT D27DICHEE KN E
DL—HF—%HEH LWALINKFTIHENSZMESL, L—VF—T a7 ¥—0
FIRThHLIEmVEAMERBLRLDNLIARENRD DL E Vo EREN® 5. LK K
THoMERIRFICHFLERTHETHY, B AETHRTIE 640 nm (2 ~T 655 nm D
REREN S HTHLD, 640nm 2z 1 EEZ T THEMT 5 27 A2, L—
P—DNRT =% B2 T 5O —F —% 655nmm AR L TEZERLLEZV AT
ATIEWD SN 3EREKRTT 5.

1.22 AEZE

EZEILZ, A7 V-V ~ER538FE0% 2 AF 3528 TARy 7 V2K T
%7 THDH. Figure 1.8 IR T K912, A7 U —2 AHEBARO M E DA % £
STWVWABEBIC ANy 7 VERERBTX 5.

Screen

Light
source

Finite angular
divergence

Figure 1.8 Speckle reduction by angular diversity. Speckle is reduced when the

illumination light has finite angular divergence.
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Goodman IZ L D &, ZENEREBEF2HNWD 0 V=V X — TR EMEHL -
BADAMELEICL D ARy 7 VEBIZ TR THEEIND [27,53].

1
_(K+Mi1)7

KM 1-3)

T, KIFZEMEZEE, MIZFRFMZEE, 2O/ 513K E L > X0 B G overfill
SN TWD(+)2, underfill SN TWVWDH()NIZ X > THRED.

ANy I NENATTHMET 2856, ZMZEEKITIRO X >icEHland [27].

K“%ﬁ (1-4)

ZZT, Figurel9 IR LEE 2T Qpix A2 V= EO—ShbEE L X% A
Teyifkfy, QIZAZ V= b= ANy ZVHIED AT OT NF ¥ —%& RiA
DNMEATHDL., LEENo T, ZMEREEKZRELSTHILETANYy 7V EKR
THEDICE, BV AERIALSEA Q2 RELTD0, MIEI AT OT RF
¥ —ZHACYEA QB /NS TLHOILEND S .

Qo RELTDHHEBELTCUX, ALK E WILHR % FHJ 5 515 MEMS
T 2RI AFT Yy T L5 HIE 4] ENDHD.

Projection
lens

Screen

Imaging Qq
lens  Aperture

Figure 1.9 Solid angles subtended by projection lens and camera aperture.
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QENELLZEICED ANy 7 VEREIE, FIZIEA2 Y —> - 7 AT WERZ X
ST, BDATOTANANFx—H A XE/NELTDHRE, BATZTOWESRMEE
P EHDHZ L THEBTES[4653]. LrL, MELETORBEOEA LML 25
Z2HE, AZV—UPLBEFEITCOMEEFTEETSINTEY, BIEOBELY A XL E
EEHEDZEETERVEYD, ARy I LVERBT2720DI1C Q0 /ST 52 &
FEBRICIFELY. 2720, BB T2 ARy 7 v 2T 5 BICIFIIEFICE
HThb.

REMH) 22 B M 1E, A 0RO R 28 00 B 43 B[R] N IS R L Dt B Y L2 90037 7 B0 EE X &
—rOoHETHY, FlZAEEBERKEzRB I ECMMEERRMICELIEDH
1% [37,55-611%°, I 7 — & RE S & 5 i1k [62-65], 7 7 A N— &+ 2 )ik [66-
68], [E#7% % #% ¥ (DOE, Diffractive Optical Element) % {RK&) - B &) - [z <& 5 5
15 [69-72], 74 A TR EZOMDOINFHRETZRE S D I71E (73] L THM
EHBHENTES.

RN L —HF —=TRWIESITIE, MHENKEMNIICT VX LNICEBT 5720 M I
REVICIERFIC R ERME L 2% [27]. FERIZ, ML —VF—DEHEEAELT &, M
MRV —=F—F LRSS ERRARL DT, L—F —HRIE O WLl o BT
DT D EMEIICMSI 2N — O BNAEC T MBEMT 5. £/, —D2D L —HF—N»n
LHHEND2RBRE— FOBEEAHLT I LLRAKOIRERD L. B, Ay
MR D T2 O 2 — 5D RGN D 1000 E DM 2T — FRREKT L L —H—N
WMEESNTWS [74]. £72, ZEHICEL > TR L —PF—FHEZHLCTZ LICX
HAN 7 VIR RN RE SN T WD [75]. 27 L, MIrZp L — % — o E 5K % B
RUEELGEICE, FHZEEMET TR EMZEEKLELT L IR EZLN
HDDOTEENPLETHD.

MEZBEIIANYy 7 VERBHEPREVDR, L=V =T s ¥ —Z@#HHATD
WA, MEIRNY O ERIZHEE L XD f-number (f/#)TRE->TWN5DH. AEIL
DEREXLSTH572HIICIEL f-number O/ BE L X E2FEHTH2HERNH 5N,
f-number O/ R LV A EMHEHN T LT V2 X —0Da s P T A NRBEKT
TLHLLEVWORMEY, BELVVADIaARNT vy FIZORNBDLLEVWOIMERHD. LI
DoT, WL AD f-number [ IE X R WHIH T TE LT AHEIRND 2 KE<
THILETARNYy I L ERBT D2HEGRZ 0.
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1.23 REZE

ERXTLH2HEORGITAWVICTFHBLARVWED, ER25FEKEOREZH WD Z
LTARYy IV EZRBMTELSL AR LD WML EHIZE D Ay 7 V{RBEUIL, Figure
LI ART EIIC 2B T LI LENTED.

—OHIE, A7V -V TOREBBEICEDARy 7 VERBTH L. Bl IXHRD
BOWREREO~ Yy PRV =0 RXabt = TCAF N EZEHERHET 52 & TAS
HDRICHEENECLD5E, 2 BMEORIEHR D N EWICMIL IR ANy 7 VN T —
EEHR L, ANy 7 VBRI T D [22,23]. WMAEMBICLA2WMAESZEENRKK 2 TH
D70, MEHEIZEDZ ARy 7 VKM CANy 7 vay F T2 N&E1/N2ETET
SEDHIENAERTH S.

CZOoRE, AREOREREBICEILIARy I AR THL. 27 ) - AFKIC
RO ZEZHNDZ LT, &6 2 DORNZEEL2EATLIZLENARETH
% [26,27]. AR ORHERBIZL DAy 7 VKB E LTI, flxFEMAEICE ST
RICIREBEZERZ DI L TERIALLHAINKRE S L TWD [76].

INL2MEOHMELEDELLMELEORBETIRRN4 LD, Ay
N R TARNE 1R FEFCTETEIHLZILENTES. WAEZEITEABES TH D
BN, LCDR LCOS R EDEMFE AL Ty 22—, WX D 3D EEH
MEHWDIEAICEmAEZEIZINHTE 2R E, FHTELZ2HRZMFERATHS.

(a) Polarization diversity due (b) Polarization diversity due to
to depolarization on screen unpolarized illumination light

[llumination light

e—-:},""

Scattered light

[llumination light

—F

screen screen

Figure 1.10 Two types of polarization diversity: (a) polarization diversity due to
depolarization on screen, (b) polarization diversity due to unpolarized illumination

light.
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1.24 RO V)—>

KNRELZE -AELE - WEZEUMCLDIANXy 7 VEBELELTE, 227U —
YEAMATALONRND L. ANy I NVIEA TV = DT U H AR RY — T &
STHRELDTFUTHLIED, A7V —VDORMENRAXy 7 VIZE 2 5 EBITIHEIC
REW., FIZESKHWLNR D ARy JVERBFETA ) - 2RI EDH
1% [46,77-80]1T, A7 V=V ZEHBHIETRAZ UV =MD RZ — v &R 2L
S¥DE, ATV —OMMPFRETELD ARy 7N F— b RERICElT
5. LeRoT, WATZOHBFRNEHLNHORORER e (B+ ms) WNTEHT
DANR Yy J NG — R END T, ANy ZABRKRBIND.

27V —=UREICED ANy Z VKRB RIZRE DR, XA 27 Y =D&

WCRERAZ Y =V ICRBEELZRT L LITHEFICaX B3N, FLBERF
DAY —=VICIFRBEEZEBNT L2 LR ELNE VWS TEMERD L. 207D,
27— UIRBIIFEANETICRRELE - AELE - FREZERSOLFEL T TO X
Ny TR R RO 5N DHEENL .

flilcd, ~4 7L X7 LA %A= LTHNWDZETARNYy 7 VAR
WS 55k [81,82]°, Emabolchifaale~A 7TV EAT Y — b L
THERALTAXRy 7 VAR T 55515 (83,84], anA Ran@Etixrs ) —rv%
Wiz A~y 7 VR [85] e EbE SN TV,

Flo, A7V —VOMHBERIERZEESLRNEZEEZBL TAXy 7 VKRB R

CHEEEZL. Bl2E, 121 TRLEEIIE, A7V —roREHINBKE N
BERREZEIZLIDAXR Yy Z VRBIRNKRELS 2D, F2, 1.23HTRLEZELD
2, AFXORAEMERAELLZAZ V= 2HVDERIELEICL TRy 7L
PRI T S .

1.2.5 ARy T IIEFEFED L&

WREZ2E-AELZE-FKRELELEAT ) —VIREBIICEL D Ay 7 VIKBIZOWT,
PR LTI A PE2F LD TCTablell IR #H L. WEZELAESZEOMAS LY
B, EREERaRXAMNEEZ TCRKBEEEZIOND.

15



Table 1.1 Comparison between each speckle reduction method.

Wk % H®H A% ®H /% & A7) — ViR
O O A ©
7l SRR EEAES CAEERDEREL c HRIEIRKRT - RITIEFICRE
TIEEDRNREL 2D THIEEDIENELS 12 EBEH W
5
© O © X
cHELEEBOL— AN ERELS c FHIZE AW - KD R IREE
P—ZHEHLTWDY 257202 f/#0/hS #E RENMET, A B
a2z BN EEEEZDIET RV UCXEMEH N
ThHEDBNK=a THLaxX Ty
2 WL REEZR
WHIFH TH NI K =
A N CHEER
- RETXHBENE - f/HO/NSRBEE L CLCDXLCOS = - BEFOR T Y —r
F AU BRONDLHARERSDS U RAEMEHTLE, T ol r Y IZHENGEATS
v b CHEEORWEREEZ rY s X —0AL 7 X —TIEIAH ZEiFE LW
o LD INETY v ICERERND TEARN
%
1.3 AR ILDAIERE

1.3.1 ARYYIBEAEDIZEA

ZOXIIE, ARy ZIVRBO DIk R GIENESNTWD R, —FHFTA
Ny NV EEBNICHEMT AL LIEFICEETHD. ANy 7 VOFEMIZ T AR
I NAL P TAMR—EIERASRD., ARy I ar P TR ME, ARy
NN AZRECIVFEEL, GO NREOEERAE L FHMEOL L LTKRD
bhbd.

ANy JVDORERIL, A7V —vEKEBT D200 L XL NHOIRO R &M%
RBABE T 272007 NF ¥ =06 5% )t%%, CCD (Charge-Coupled Device)
REODEBUCY =IO IND. B, UTFTE&MGBLETFREEUV P —2 G AR
I NRAERZED AT ERET L2561 H 5.

FCHEHBEOANy 7 vary b7 A2l 256 TbHERPEDNITEOHE
EIREL LTS, 2O, ANy 7 )a s N7 ARMNELRKBT HITER—OFMHF
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THELEHEREZRERT D2 ENMETHLI N, FMAROFEMR N7 A — X T4 H
BIZK > ThRk A TH D72 [86], Fkx RHIEN 725 WERTHIEL MR E LR
THZEEFHLIo .

Z 2T, 2012 D EHEE MBI TH 5 IEC (International Electrotechnical

‘EHI

Commission)?® Technical Committee TC110 (23T, A~ v 7 )L Hl|E O ARl 25
W HITWS [87]. IECTC110 TlE, 3 2015 FFI2 A Xy 7 )LIZB T 5 H 58 O E B
PEHE Nl 7E S 4172 (IEC 62906-1-2:2015 Laser display devices - Part 1-2: Vocabulary
and letter symbols). £ D%, 2016 FIZITHED Ay 7 va >y h 7 XA NORES
FEIZ O W T EBEEMEN K E S 72 (IEC62906-5-2:2016 Laser display devices -Part 5-
2: Optical measuring methods of speckle contrast). [EFSFE % [EC62906-5-2:2016 T
BREINTVLIMERICER LAy 7 VIESHRLE LTI, fl2EAFd 1 Mt
@ Dr. Speckle [53,88] R ZF T H L 5.

T, BAANY 7 VIZKRWVTH T — ANy I IO T HIEELRED LT
BY, 2018 FI2H T — Ay 7 O ETTIEIT DV T O EBEFEAEDHE S h 7 (IEC
62906-5-4:2018 Laser display devices - Part 5-4: Optical measuring methods of colour

speckle).

132 BIERDARY I IIIZHRT BEE

ARy 7N ary b I XA FOMECKBEEG X577 A =2 L LTIL, MBREFR
O f-number 7 NF ¥ —H A X, A7V —2 - H AT OER, By —ov sk
N A X, WEME, BOLRMH, MBREFERONERENETOLNLD.

A7 Y= s BATHOEHLE I ATOT RF v =V A X 2B IEDL L, 1.2.2
HCRLEEDICAEZEHENELT DH. A7 Y = - A THEBEARETNIZTLE,
EFETARF =P A XARPENEE ARy 7 var F T A MBETT 5 [46,53]. %
T, TNNF XY= A XTI ARy I VO A X2y EEL 5 %25, Goodman IZ K 5 &,
WEE A SBEFRO f-number & Lt 725&, B —ETORAXy 7 04X
I3 Afa ICH B 5 [27]. F-number 137 A T DT SNF v —H A XK HIF 5 720
TRFX—P A ZARNRKREWVIFEEARy IV A ZAN/NEL D, Ay 7P AR
MY —DE 7L A XL E/NIVGEA, HRELTHELNZARX Y 7 LXK
—VIEEB L E N LD E RS0, ANy I AP AL ANRPENVIEFEERALy T Lo
YETAMBNESKLKRDH[89]. DFY, TRFYx—HV A X2 RELTHREITE-
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T f-number Z/NS< 5L, AEZHEEZOMMICL 2 ANy 7 vary T X M
me&, ANy I AP A ZAR/NSLKBYOVADATOLIEZ BLVNTEHLIND Z LI
E2a I ANBALDDO2O0D0ENELDL. 7 BATAL AR+ /I 0EHAEIC
I% f-number O WA & & HICHFICa L T XA MR INT 5 [90,91]2%, BV &AW
AAXDBF5/h S L 2V EIZE f-number 2D S ETHAXNYy 7 a3 BT AR
WP T D EnHD.

Flo, AN I AVOWWEAEIZL>THEANXNy 7 vary N T X MNIEMLRT D, H
ERENRKRES DL, ANy IZVAERD AT U —v ETOMRBI A XN KEL
RO, MEZHENEML TAXRy JAVRIVREBT 22 LR ES LT
% [92-94].

RESREER R EBEB T 2 KFRTEEHL TV DHEE, Ay 7 VHIESR DR
R ANy 7 VHEICHBEE 525203520605, BXAKFHSENIZERS
SNDOMNNE =37k, ANy 7 ary T XA MBEMT 52 L0 TE
SNDHD, Bt ms~H s OFWHTIEARy 7 rar bTAMIFEALEENL R
W2 EDRHmE I N TV D [95,96].

F, A2V =V EOEBEAXRy I NVMEROE Y — EOMEE LICH BT D
GBI TFRONEL ANy 7 vay F TR MIEEL 5 x5, Kang b I1%, BH LR
2 — LY PEOBACEAERONEZTANYy 7V ay b T A MNTEBEL R
W97, ERWIIZE 22— LY R RXOGEICITINENANy 7 ba s MT A
MCEBEZ525[98]22HELTND. ~fHICTuY 27 X —ZBWTIEAY
V= 2 RE T2 HEHOMIIat—L e FTHDEED, MBEEFERICNERD D
BHECEARy 7 ar P I AP RESEBT L. Lo T, ANHOIRAZBRE
LEHERTARy 7 vary XA M2RETLIHGICE, AHOIROINZEZ EJE
TOLVENDD.

133 ARYHYILAVEFSRARMNODHEBIE

131 HETRLELIIC, 2y 7 vay b5 2 FOWRIEEICOW TITAEAE|NT
bilnr, V=P =T a2 —ORBOLZDITIEIARy 7 ra s T A NOFF
BEEZPAOLNICTLH2ILLEETHD. B, AXy 7 Var bTRANOHFRMEL
FAMPIBCTRIEBICANXy 7 ARMRTERIRIMEEET. XXy 7 a3k
FAPDOHFAEMBIINETITH —SNEEITZRLS, RAREINEREIATNDS.
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Bl Z X, HEOFIEBEBIZONWTOARy 7 )bay T 2 hOFEEIX, Roelandt
5I1XJR 0.036, %k 0.032, # 0.044 [99], KR K& BE&EFIZHK 0.05, #% 0.05,
H 0.08 LHAELTEY [100], AICL> CTHHFRMAERLDI/BRLEAL-TND.

T, BIECTOANy Z7)ary T A NOFRMEICZOWVTIE Verschaffelt & 23R
0.07, #k 0.06, 7 0.05 & & L TV, HILEGOR KR LITHRZR D F OFFEMI» M
D2 EBEEVEVERLEAS TS [101]. L2rL, MESHN TV DLENH TOFAFE
X3EaDANy 7 Lay h 7 A MERIKBICEAAIETHEMLEERTHL 2D, &
HARYy Z VA FTARNDEWRAD ANy 7 WL Tl 2 ADRERNBEL S
nNi-eEZEz2zohs. LT, RUNAD 2EICOVWTITIHFARAENEELIY /S
KHEHES, BB EERIERLERTWVDIATREELRD S.

COEIC, ARy 7 a7 A NOFRMEIZTRL RENEESINLTWD R,
ROLEBLWEATHLANy ZLbar bT AN 003 UFTHNIZHFARTREE LT
WBTD, ARy 7L ary b7 A2 003U TECTEKTFSHELIETAANYy 7N
TFRTCELLRVICRhRDEEZLND.

T, AL THLANRYy I LAy T A NOHFRMBNRLDZERBREINT
WHD, =BT LEEBE TCORENRT EIICHFRADO Ay 7 VTR EHKITH
RTHFELIZSWEEZLN TS, HFOAXy 7 UBNAHE LI WEHRIE, ARM
OHRMITH D 3FEBEOHAEMLD > L, HEEL DL S HAEDH G N RKD 5%
ELIHEFEIIARNWTZDTHDLEEZLND [102]. #d, REKLD L #E L%
UL M#ERICOWTIE, EFAREFFo TV TH ALK TL#EE MH#ED
e L/(L+M)2Y 0.27~0.94 & K& < HE72Y [103], Kemgolrbo b+ oAy 7
VKBNS LB LD,

1.4 EITHEDRE

ZOERIIE, ARy Z VI ODNWTIHINETICHA 2 ERITOhATE. Ly
L, V=F =T 4 ATV AIZBT LAy 7 VERBMICEAL TXEREZ < OBBENE
ST,

REBRBEO—2L LT, FEZEICLIDIARy 7 VERBEAEZLEIZL D A
I VRBORGFEERHA LI TV RN ERFETFLNE. L—Y—Tr U
JH—=DAXy JVERBICHET 2 NETCORETIE, ERZELAEZEICLD
ARy 7 VARBIE RS b TE Y [26,51,66], TNZI DALy 7 VKRR
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DHAALFEICOWTHBRNELLIIERPNICHELLXRITIAEONL o, —F
T, TNENDRMYTHL I L2 R THBOERMSER b RSN TE LT, FEMAR
TNl DEZAThole. WREZEHEEAESZHITIAMNR ANy 7 VREFIET
HY, ZLOL—HF—T BV X —TEINLEMAEDE TANXy 7 L% IKH
LTS, Lo T, ZOWRMGFHEEZHALNIZT DI EIFHEMICANy 7 LV EIK
WT D7-HDICEETHD.

RBFGE T, Ay 7ML BH b ERILTCL—F =T a2 s =0
B ZME I H7-01C, HGAOEROBE D Ay 7 VIKICE T 558 %

1T - 7=.

1.5 MEDEW

AW OETDHHMIL, kxR A 7V —VICBWTAESZEHEEKRZEDOMAK
FHEEZBBE LAy 7 VRBHR AR -ERTENAOHAONITLHZLETHD.

AR L7z, ARy 7 VERBIZOWTIE IR E TR 2ERRFTCEROR
HERRENTVWDLN, BEZHEHLEAESZLHICID ARy 7 VERBOKEEIZOWT

IR EZERUIZOERINATWRNSTE., 22T, AMATIHERZEL VA
EZEIZEDAXRy 7 VIRBOKEELZEZERICTHLNIT L. b1, BKESLE
EAMELEICLD ARy J VIRBOKENEEZZBE LG ET VOBELITY, FE
BRI K D MAEE T D .

T, ZOfRRET e 72— CEMALEZSEGE LT, oY X — DMK
WHEDOERRLIBEH DOV —F -2 HVWTEERS Xe 70 T2 0T ERZITY, H
AR OB EFEMT L. ZNICKY, AR THETLIHBET AN TR Y =
72 —ICHEHHAMETHDLZ L ERT.

fiticd, ZhETRELLOATWARNoTle~yy AT Y = by RN —=27 ) —
TORIBEEZHEICL D ANy 7 VKRB ROE VR, BHBROW DL SN Ay 7 pay
FTARNEARY INDRZFICEZDEERE S FERNLRBRIAEEZIT S .

1.6 MXEREBME

AR LIE 4 6 ETHERIND. Figure 1.11 I AR L OHER EKEFEDO SN Y & X
X+ %.
FB1ETIE, AMEOT REAXy 7 VICHET I EBHEGBGEE D, 7, A
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ERERICEZDHBIZOWTHERD., KEIC, RBFFEO BB LG SCHRIC SV TR
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NWIRA=B ANy 7 ary b T A MOBBEEZFMT 5. /o, AMOIRZBEL
FRERICOVWTHEREEZITY. 610, BELEARYy 7 ALAEREZH O TEE
ZHE-AEZE-RFRAEZEETNLETNNOAXRy ZJVKBHREZHE LM RIZONT
baml, BEZELAELZEICL DI ARy 7 VKRB ML TRV &% ERHIC
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BI3ETIE, BEZELAEZEOKFEEZZELEASNy 7 VIRBOHEGRET
NMZOWNWTIHRDL ., WREZEOLOLEAEICHSOWVWTIEZINE TIZ Goodman Ay > 7
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ROETNHEAXRT PAREROT T OMTREINDHEGITILE L -G E
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WL, A7 V=V EELEICHIMEN MO 5 HREROBEGHET L TITER LT
WA NS - RIS X DM MHIEZ EE L, McKechnie IC X » T/RSINL TV D E -
MERRLDHEEDOAXy 7 VIGOMBBEEK [43]zMlAabED LT, KRLE
CAELEW G EBE LG AOHEBETAZEN TS, SN LEHEGETE T VE M
W, BREZHELAESZEHICLID ANy 7 VKRB ROKGFELZHERT S .

BAETIE, FI3IECHEHLABART T LVORYMEZERMICKRIET 5. EEO
R 2200 0 —F—2 VW THEZERPAELEHICLD Ay 7 VIREZIR %
WEL, HimETr vEERMEREOLE, B8EE1T.

BEETIE, Yoyl —~@HLELGELT, YoVl —ZEEDOR
BRHL—F =2 5O LEBACOVWTRELZEROCAESLEICL DAy 7L
R RERIET D, EHIT, Xe 7V TE2HEHLEZHEGICOWVTH XAy 7 LR
DMROBRIEEITY, FEI3IECTHHLEARET AN e Y27 X —ICHAMRER TS
HZlwRT. Fl, VLV —Tm T2 X —FHNE ANy I L OF A, B
BT L=V =TVl X —DAXNy I AV ERBICOVTHEHET S

FoETIE, B1ENOLESEETOMARREZHBRIE L, RUFE THL LKW
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Figure 1.11 Organization of the dissertation.
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2.1 ARy IVAIE R

211 AMIETHWREATER

Figure 2.1 IZAMIE THWE ANy 7 VHIEZROBEXNMZRT. Ay 7 LT H
BOWmA CCD I AT (Vv b7 A&+, BS-44DUV) Tz L, CCD # A 712X
27U =% CCD B — RICRBT D720 L o X (B k& 4, LM50HC)
ETNRF vy —HFHEL. CCD A AT L Ly XOMEET Table 2.1 IR . 78 F %
— A XE, ANHMOBZEBELEZZATOMMELXITS> HAIXER D=1.0 mm &
L [104,105], # W LA4 D A 1X D=0.2 mm, 0.4 mm, 1.0 mm, 1.5 mm, 2.0 mm, 3.0 mm,
4.0 mm, 6.0 mm OF LR LIZ. A7 U —2 - A TMOEEE LS E[E 0,1
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Aperture
CCD camera
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Figure 2.1 Schematic diagram of speckle measurement system used in this study.
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Table 2.1 Specification of speckle measuring camera and lens.

16 bit monochrome
Camera type
cooled CCD camera

Camera temperature 5°C
Pixel pitch 7.4 pm
Speckle measurement area 256x256 pixels
Lens focal length 50 mm
Lens focus Screen

212 O ARY Y IJWVAITEZR

13 @itk Hie, FEECHEIZI-TRAREDZ ANy 7 VHERDHNT
BNTW%. £ EWE Schmidt IZX > TEEDLNTWD A [86], = Z Tidft
KHRWERTH 5 Oxide 1L @ M| £ & [53,88] & LIPA (Laser Illuminated Projector
Association) D #l] & % [106]IC DV TR~ 5.

TNZENOREROFM%Z Table 2.2 IZ/°F. WiF L L CCDIATEZHONTWVD
B, REKERLIOFVCAOEREBEHET XFYr—DOEEZETHD. WTiLh AH
DIRZHEEET D7D b OMEERMA L TS, Oxide @l & % 1L Kubota @ ##
R [104)I2 SN TV D DIZxk L, LIPA @ #l & % X Roelandt H D £ % [89]I2 &S\
TEY, VoAOERREHE T ATy —OEENLINLENERDELR> TS,

AWFZETIE, WHEICHENL2HBICEID AMOREZEERELZUERE T 25HEI1TIF
Kubota ®#ERICHE S W HERZ H W=7, Oxide Ol E R & FHE O E R % £
MLTW5.
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Table 2.2 Comparison between speckle measuring system from Oxide and LIPA.

Item Oxide [53,88] LIPA [106]
16 bit monochrome 8 bit monochrome CCD
Camera type
cooled CCD camera Camera
Camera temperature 0°C
Pixel pitch 6.45 um 4.65 um
Lens focal length 50 mm 16 mm
Camera aperture diameter 0.8~1.5 mm 3~4 mm

213 ABODBEZEBHLEFARY S IBEEFE

ARy I Ay 8 ITAMIARY I AVUERDANT A—=ZICKRELIKEFET D, L
RN oT, ANBOoHELE BT HLI9ICARy 7 ILVOREEITI> ZHICIE, AMOD
REBE LM EREMEH LR TRIERLR20. K, MEROT XF v —H A X
FHERRICRKRELSEKFTLIOTHEERS BRI ILE D, AHOKREZ Y I =2
L—varvd 57007 N Fx—H A XL L TEHERORERDY, 2 2ITKHT
& % [89,104,106,107].

— 1%, Roelandt 5 [89]} O% LIPA [106] 12 LT A EF 3~4mm DT NF ¥ —
EMHAT S HET, b9 22 Kubota [104] MR ET HEE 0.9~1.2 mm O T /XF
Y—Z2HTL2HETHD. 22 TENETNOREELZT LD D.

Roelandt X, AMOIREZ T I 21—y a3 3572012 3.2mm OT NF v —%
O ZLEZROBEHNLHEEL TN D.

e BREAEDO AT U — U HEE (48 cd/m2)TiX, AMOIROBEY 4 X XHB L% 3.2 mm

Th 5.

s NHOROMBGEIZNAZDKBELZ T TNILIN, WEZIDIAXYy 7 L~DE

BIImATX D [97].

NG 2OD0RMMNE, HOHITEBEDOABOROEY A XLFE LA XDT RF ¥
—ZHERE LTS,

LALLM 5, Roelandt 5238 L TW5 Kang H DL ZE L A2y 7 LD BRI
B9 2 BFZEHE R [97]1%, L—H =T a2 X —CHAT5DIIRETH 5.
Roelandt H 285 L CWwW5 k512, Kang BTN EE2Rabe —1v > Dl
BB RONEN ARy 7 VICHEZ D EBIIBEATEIEREL TV DR, L
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— =T V2 X —OEAICIERARITIT e — L PR THDI I ERNITE A
EThb. Ltﬁofxmga@#%iv P—=Tn V= H— BWHTER.
Kang HIXZERMBICH a2t —Lv o b2 LE L THWESGGITNEIC X -
TARy ZJARKRIBIZEBEENLZ EbHRELTEY [98], VL—HF—Twvr=r X
—TEHILLDRMRZEMHT 20/ ZYETH D.

— 77 T Kubota & Goodman (& 2010 FIZ AMDOIRZHHE S+ 25 72O 2 EA 0.8 mm
DT RF X —% AT LEEREL TV [37,58]. ZOfE, ABORE D AT
DEMZEE Kxhik+ o2 TcHEINE.

AN ORDOZEM % EE KX, Goodman (2 X 5 & [27]

2

K ~ 47 x 1077 (22 @2-1)

' Az, )’

EMMTDH. 22T, DR a Y e s A —DT RN Fy —DEEE, zo ATV — LR

OB, 2,370 Y24 =227 )= OEETHDL. RE-DIZTERMICE S

7= N[ @R @ LSF (Line spread function)% & S ICHE B L7 DO TH Y [108], A D
ROWNZEZZE LI E2>TWD.
— 5T, WATDZEMELEE KX

Dz 2
K~ 2 2-2
<Dezp> ( )

EMTF L. 22T, DelZ W ATOTARNF ¥ —DEETHD. 202 OD%EMLEE
EHELVWEELS S, BEAOKICX LT D=0.8mm BNEHELND.
XR-DEPRDTHREIND AMOBE AT AT OEMSZEE KiZWT b i Ll i
b 57, Kubota [T XV KERFHEELZITH) 2 & T, 2014 FIC N ORZHET 2
TmODT NRNF vy —H A4 XL LT D=0.9~1.2 mm % FHEE L7 [104]. XV EfE/eze
M &EE KDERKXIL, Goodman I L > T FRROEY HEx 65 TWwW5 [27].

-1

1
K = (A_g [ dAxdAyP.(Ax, Ay)|u, (Ax, Ay)|* ) . (2 -13)

TIZT, pp EEELUAND AT Y — B E L0 IRIE O B L AE BB 5k T,
AT A7V = ETORD BB O A CHBIBIE, Ae 13114 5010 B B o i
ThD.

BHEOIROETNVIZOWT, BFA X0 3mm O L X0 RBIAAEE»DL KD
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TEHLZEEKENEZDERTELIMABT AT ¥ —Z WA T AT TOZEMLEE K
BT HZ LT, kil T NF ¥ —F A4 XM D=0.9~1.2mm Th D L w37,
Ubizdnid, o= —Lvr b aEHT -V —Tno=72—-1BT
X, AMOIROZEE EE L T2 Roelandt 5 O EZITHEY TidenEExbh
5. —J7 T, Kubota [ZINEDHLMOET NV AZMHAL T, AELEIZLD ANy 7
MR DO ZIT> T Wb, LR >7T, 09~1.2mm DT RNFx —%FHT L5 L0
9 Kubota D#EN LV AHMOIREZEE T 20128 L T\ 5D.

214 FRHALER) -0

ARy TV RIT A7V = OB KRELIKGFTDH. KFETITEED
A7V = EHWTARy 7V VOHEEIToTZ HEHLEZAZ U —2 @ —% % Table

231277,
Table 2.3 List of screens.
Surface
Screen Manufacturer Type Gain
roughness (pm)
Finesilver240 Kikuchi Science Laboratory Inc. Silver 2.4 2.1
Spectral240 Harkness Screens Ltd. Silver 2.4 2.3
Solution240 Screen solution Silver 2.4 -
Perlux220 Harkness Screens Ltd. Pearl 2.2 3.5
Perlux180 Harkness Screens Ltd. Pearl 1.8 -
Perlux140 Harkness Screens Ltd. Pearl 1.4 -
MattPlus Harkness Screens Ltd. Matte 1.0 1.8

Table 2.3 (ZFitd#id> A 27 U —>® 5 &, Finesilver240, Spectral240, Perlux220,
MattPlus {Z2WT, L —¥ —E#H8 (VK-8700, sl thdr—= 0 2) AV T=R
7V —roOXRBHSERAEHSOMOERELEEBONEZITo72. WEL v FIT
280nm, HIE=T VU 71X 200pmx270um ThH DH. _EEHEmMMEIITENE N
Finesilver240 7% 2.1 um, Spectral240 7% 2.3 um, Perlux220 7% 3.5 pm, MattPlus 73
1.8um Tho7o. 7o, THEN DKM S S 50 O MR % E B % Figure 2.2 2R
T. RMLEY L RR—=R2 U —2THhH % Finesilver240 & Spectral240 [T MEREEBEE
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HEULTEBY, ARy 7 VIR THIREBELRBE LD EE X BN 5. MattPlus b
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Figure 2.2 Probability distribution function (PDF) of surface height of screens.

Adapted partly from ref. [109].
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LHEZEZFF>TWVWLD, RAERFORELZ RTHLLICTIAEKEELXH L. Z0
2%, KFFETHEHE LYV N—227 U —>2® 55, Finesilver240 & ¢ 1 ¢t @
RN 2 EBRIC X » #E38 L7-. Figure 2.3 |Z Finesilver240 ol & f% 5 % = 4.
HEMAEN SCOLAGITITHEEENBLE 180 BE TR EZ L RET 22, HEA
ERREL LD EWHLHITHRAIZHESLS o TE, WEME 45°0 55 1TIXHT
s 20 FRFEE & TR T L /2.

HLEHEPRREWGEEIZIE, ARCORERELZRGFL THELT 272ORLLHIC
KAy ZVRBITIZEAELC RV, HAEER/DNIWE ARENERFLETH -
THBENICEBEOREE SRR SY, RAEZEICLD Ay 7 VREBAE L D W]
FEMERNDH L. —DODOREKDSONEEZ L, b)) FORERIONEE L LEZE
E, RHEZHEHICLDIDAXRNy 7V EBIZELID2AXy 7 rary T 2 MO TFRIE
VEFEZ/L+L)ENT D70, MELER 20 DB ADARy 7 a5 A Lo TR
T 095 RE LD, LR oT, 45° O EMNLRELEHZEG THLRHAEZEICLD
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ARy J VARBIT R KT SRRETHY, RHESZHEICLDI ANy 7 VB R ITK
EIRGRAAAN

F 72, Spectral240 (2> W T H X a7 [110]Ici#H SN TWBHB T —F & LIl ERk L
72 7°Z 7 % Figure 2.4 |27k L 7=. Spectral240 % Finesilver240 & [a 4§ O fH 1 % 7~ L
TBEY, WThDOZXZ7 = THRAZEICLDI ARy 7 VEBHRITRE S W
ZENbhrol.
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Figure 2.3 Viewing angle dependence of extinction ratio of Finesilver240.
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Figure 2.4 Viewing angle dependence of extinction ratio of Spectral240. The data is
taken from the Harkness screens catalog [110].
2.2 AERNMARYINVIZEZ DZEE ORI

Wiz, 211 HCTRLEMERZHAWT, B AF O f-number, HEHEEE, &£ 547
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F9, P AT O f-number fu N AR Z VI HEZDZEBIZOVWTOHEEIT- -,
AT D fnumber (FARXY I AP A XL ALy 7y T A MIEETLI L
DHEHI B AL TWD [27,89]. F-number 137 A Z7 L XDENE#E 7 XF v —H 4 X
DEETHREDLD, METCITESERLY f~50mm T—EL L, 7TXF v —H A4 X%
Z % Z & T f-number 2 £k & ¥ 7-.

£FF, CCD W AT ETOARy 7Y A4 X250 THEEIT - T-.
Goodman( [27] Section 5.1)IC K 5 &, CCD B — ETD Ry 7 L3R E O KL
L BBEEIIRDO XS IThiT 5.

L (50|

nDr
/1Zi

C(r) =12 2-4

IIT, fEE Ry, DIIAATT ATy —OERE, VITER, 23l
ATLUANE CCD BV —FTOHEBTHD. Ci(rs)=05 72D ree ALy 7L
A REEHRETDE, AN I A AL XFROLIITHITS.

AZi
r = 0517 = 0514f, (2-5)

Figure 2.5 [ZAXNy Z ¥ A ZPEFEBRROMBEX 2 -7 . L—F =06 H
L7 % %7 7 A 73— (Numerical aperture NA0.39, = 7 [E £ 400 um) 12 A4 L,
77 A RN—OHFNE RNy A7 71 —% (UOES 2mm, £ 50 mm,
CB18769, Fiberguide Industries,Inc.) T# —~ft L. v v KA 7 7 L —% Ol
Biza ) A= L X (BRAEHE79mm) EEL X (BAKEBE 750 mm) TX
gV —rvicgEg L., 227V —rvid~vy h A2 U — 2 (MattPlus) & v/ N —2 27 1
— > (Finesilver240)% H\ 7. #H E1X 2=532nm, " A 7D L XLt —FTO
PEEEIE zi=50 mm, A 27 U — - B A ZEEHEIE 700 mm, #IE ML 6,=17°L L -,
NAZOL Y AFHTITERDN D=0.2~6.0 mm O 7 /XF ¥ — &2 & E L 72,

BoONTZAy 7 VEBITRE O NE 2 IE LRI EEERELZFEHEL,
ENOLDOHERDZETCARy 7 bary b AMNERMBLE, ARy 7 va sy b T
A NOFFEFMIL 256x256 ¥ L L. Afiuny KA VT 7 L — X OiE G %
27V = ICEKET HMERIT1I00FERET, A7V -V ETORABAA—TD 1
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V— =R 3 RS EE R L — Y — O RIRBANTIC R EERFE T
% i % 7= NECSEL (Necsel Extended Cavity Surface Emitting Laser) L' — % — [13,14] %
M7z, NECSEL L —H —[ZEARPE A FER L -9 —ThH 572 521 nm~555 nm &
WOIRWEERENPOHREORELZRNT LR T, ZEREMICLDIARNY Y
R R OMFEICHE L CTWW5. 150 NECSEL L — ¥ — 2 51X A 5 48 Ak
E—AaNHE S, 48 KD — LB EO W RIEITFESRET 0.1~0.2nm BETH
5.

NECSEL L' — ¥ — DO O FEMIT T8 A ICRiH L 72,

Condenser Screen
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Figure 2.5 Schematic diagram of speckle measurement system.
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Figure 2.6 Speckle size on CCD sensor. Circle and triangle points show the measured
results. Solid lines shows the calculated results from Eq. (2-5). Adapted from

ref. [111].
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Figure 2.6 I, W AT OT7 /NF ¥ —H% A X% D=0.2~6.0 mm (f,=8.3~250) F TZ 1t
SHTEHZEDOARXy I v A XOFHFEMEEEMFELZRT. XQESTHERLELEBY, 7
NRF X =P A ZANRRKRELLRDIFEARY I NI A AN /NS ol 2, VIR
— A7V —=rltwy FAZ Y=V TIEARY I LOY A XCEITRLNT, Ay
INHAXNFTAZ Y = TR ELRWNZ ERbholz.

ARy NP A XN CCDEBEVYY—DE T ALY A XLV NIV E, Ay 7L
RY—VINZERIICESeSh, AXy 7 rvary v T A MNOWMEMBR/NSL D
& 2% Roelandt HLIZ X > THE SN TWD [89]. EMFEHICLDZ ANy 7 ra b
7 APOEAEJAJAEKFET D, 22T, Al AT EZ BV OER, AT T
TRINDAXRY I NP A X THD.

_4xz

¢ D2’ (2-6)

Figure 25 D EBR A TIL, 27 AP A4 X 74 umx7.4um TohH 5 D T Ap=54.76 um?,
Ac T ARy I v H A AR H/HEL< 72D D=6.0mm DHFAHIZOVWTHET L &
Ac=25.02 ym2 Th 5 O T, [JA,JAc=15L 72 % . Roelandt b2 LT, JA,/A. =150
XX, EREHICID ARy I v ary b T AMBLIERERTTS20, b
PIZAN Yy 7 ay N T ARNIEBEEZDZZERD>7-. D<20mmD 412
XA /A <058 720, Ay 7 VOERTEHITIZIERETE 5.

WIZ, BATDTNRNFx =Y A XE2L2EEDANy I )Va Ly b T X RTDON
T Figure 2.5 O FEBR AL MW THIE %Z1T > 7. Figure 2.7 ICAXy 7 ) a s kT X
FNOMEMPEEZRT. DATOTRNF v =P A X &2/ TDHL, ARy I pay
FNIZAMB/NSLSole, THIZE, TRXF v —H A XIBN/PINVIEFEEMESZLEENK
XL ot ThHDH. Furukawa B [46]X° Geri © [91], Janssens [90]iT L 4L,
f-number /PN LD EAXRY T NVDZEMPEHITL > TAXy 7 va >y FT7 AR
DI TFT D2 EnHEINTWD. — T, Roelandt & [89]X° Schmidt [86]IZ &L #U
(X, f-number & — EELU LICHEMSELEAELHEOHRICLY Ay 7 VPR TF
THLZLERRENATWD., A TORERH TIEX, Ay 7 R2— 2 0ZERF
PPN RIIRELS WD, 7T3F v —H A X2/ FT 5, DFY f-number & K &
KT2HEARy 7 Vay P T7 A MIERIZKDTI-RE R ST
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Figure 2.7 Speckle contrast versus camera aperture size. Camera-to-screen distance is

700 mm.
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Figure 2.8 Speckle contrast versus camera-to-screen distance. Camera aperture size is

1.0 mm.
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Figure 2.9 Speckle contrast versus focus position. Camera-to-screen distance is

700 mm. Camera aperture size is 1.0 mm.
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WIS, MBOWEENAy 7 vary T A NI 2222 %E L. Figure 2.5
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Density)0.3 (Zi# 3 50%) O ND 7 4 v ¥ — % FEH T 54, 0D0.7 (FiE = 20%)
DND 74N —%FHTLI2HEDO3IEVICOVWTANXy 7 bay b7 A MORE
AT o0z, HEZEZZEIZ CCD B —0 vy PRBIXZREBEICRD X9,
ND 7 4 v —OREHIZIE U THERMEZRMELL. 2k, Ay 7 Lo ERHIZ
ARy 7 ary T ARMCEELR W &M Suzuki HIZ k> THE I L TW
% [95].
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N=Z27 V= DONTRIZBNTSH, BENEHMLLTEAXy 7 bar b7 X M
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Figure 2.10 Speckle contrast with various ND filters. Adapted from ref. [111].

2.3 Non-speckle noise WAXR YV JLBIEIZE R 52L&

ARy I NAy NI AN AATTHMETLIHE, 20 7 XA FOREEZ A~
v 7 VLA D /) A4 X (non-speckle noise) D B A2 %15 5. k¥ L7ZHE GO HEE D
/7 #ClX speckle noise & non-speckle noise D 3 # DO LB, a2 FTF A D
HEMTIKROELHIICNHLS ZENTES.

0.5
Ctotal = (Cszpeckle + Cr?on—speckle) ' (2 - 7)
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DFEFHMEBICRRT S a vy b ) A AR SICERTAMER ) A X EDD
AT I)ARRL, ATV —vONNE =2 ERBZLD [59,106].

Cnon-speckle DM EZIT I 72, Xe 777V ¥ —%2HWTH /it
AL, BEEgEE W AEELSETARy 27 ar b2 FOMELITo7-. Xe
YT =2 = bDNEF ==L L a e — L ABREW, 5B
Ay ae—L Yy PAETEHRNEDANYy I ARE - 2BKT L. Z0L X,
B AR EEZXDEMELEENEILTLHLEDICAXy 7 Lvar VT XA M AL
7= . Speckle noise I X 5 =2 7 A MNTE BT A XICB L ZWHE T 250,
non-specklenoise IC X 52 7 X MIHEB YA ANEHL THIFEELLRWVWE
W, Xe 77 Oary b T ARMIKROLIICEHEMTE S,

B B \

0.5
CXe = (Cgon—speckle + CWWZ) ’ (2 - 8)

T, (wiEEHBETHS.

Figure2.11 X Xe 7> 7D Ay 7 bar v T A MIEME, Q8T Cwr 7 «
T A TN T A= LESAEOEMMBRERT. WEH LD D, Cron-speckie D fE
1% MattPlus T 0.013, Finesilver240 T 0.058 T& - 7=.

Afa L7 & B Y, non-specklenoise (3 AT D/ A XL AT Y —2DRE—|C
XD/ A4 AN EEND. CCOANATIZED /A XE, EiZvyay b/ AKX, GHHL
D) AKX, BER/ AAXOMERD. KPR TORNESRMETIE, BEIR /A XL
HEY A XF gy AR ANT/hSNWED, Yay N ARXABNERDAT
JAXTHDH. FRTOCD B —DA Y Ik £ 8000~10000 7 7 >
EThY, RFFETHEHLIZCD A AT TIECCD Y F—D1H T ERET 1.6
fE 3 Y § 272, CCD #w kA 8000~10000 T 4LIiXEF 13000~16000 &
BEICHETS. Yay b /A XFEFTHOFITMRTHEAONDDOT, ZOHAEIC
Fray b AXICED2a L FTXAMEEBLZ 0.008~0.009 Tho/oEXOND.

Finesilver240 |Z &\ TlX non-speckle contrast (5 X% 0.06 ThH-o7=7=%, 74
non-specklenoise (33 a3 v h ) A XA TE R ATV =0 DONRNE =KD/ A4XT
HHEEZEZHILDH. — 5T, MattPlus Tld non-speckle contrast (X3 L% 0.01 Th
ol ay b AXDEFEENRKRE .
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Figure 2.11 Speckle contrast of Xe lamp with various image sizes.
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241 RAEZBEIZEBRARY T ILER

T, WMAZEICEIDZ ARy 7 VEBIZOWTHIE2ITo72. WELEITITA Y
U=V BEICEREOREZAH DL EICLDRIEEEL, 27U — v TORKMR
HBIZLXD2RAEZEO 2HEELPDLY, TNLENOHRIZOVTRIEEZIT - 7.

FE B R % Figure 2.12 ([2/87. Figure 2.5 IZ/ R L EBRRICEERSCRE 772 £ %
BMLE., 7 7ANN—OEXF 30m &L, VL=V —(koFEtE7 7141 —1C
KoTMWE L., vry A "N—tHKtEry FA T 7L —2TH L%k, R
HTFRWERREORAENRFFERTZ2BEL TCAZ ) = CHEE L. 27 U —2idi#
LRt EHEEFE LW~y b A7 U — 2 (MattPlus) &, Wt EHEGFET D L3 —
A 2 J —  (Finesilver240)% i\ /=. A7 U —2 & CCD A AT OMHHIX 700 mm &
L, CCD A ATITIFESAEMS0mm OL > X EEHKED=1.0mm OHET XF v —%
BRIE L7,
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Figure 2.12 Experimental setup to measure speckle reduction by polarization diversity.
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¥~y FAZ V= TEREEOREEZFHOICELISED D, 77 A= ELH
WTHRHEOREELZELS T DI ETARY IV EZRBT D ERTHETHD Z &
MWbhhole, —HT, YAAR=ZZ7 V)V —=VIZBWTIEHRLEZEOFEICL S T A
I NAY T AMIBE-ETHoT. DFD, BRERETEZ I ANRN—227
—VIEBWVWTEHRAEZEICL D ARy 7 VRBOIRB RN &R Do T,

B RERELIIMITCFHB LWL T, YANRN—=X27 U — 2 TliERE
HEEICED ANy 7 VKBRS Z2VEBIX, KOXHICHRIND. Mk =
DORIEBR T NN—=Z27 ) = THIEINTSGE, EZENORKK D XA WITH
MTTFH LR, LhL, TATNDORAEKRDIZHONT, A7 U =2 O[F CALET
BEL S 72l oW TIE AR 7 U = DMy N F — 2 Ko TR CALFE 0 40 23 FIN &
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Figure 2.13 Speckle reduction by polarization diversity. Adapted from ref. [112].
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STARy I NVay b T AIRENLTWDEZERNbMhoT2., DFD, A7 Y —V
TORMEMHICELD ARy ZVIRBN AL, £/, AT 22EHET AT Y —
YTORMEHFEHICE > TANy 7 AR EBLTWLIHEICHO VTS, WET10H
BIILoTAXRy ZVar P I AMRELE. LIERA-2T, v hZXA2Z U =T
IAREOREHREBICLD ANy 7 VR E R 7 ) — 2 TOREMEE O HIZ L -
TARy Z AR T 22 LR bhoilc

REZEIZED ARy 7 VIR O # G Lok KIEIT AR ORI IRREIZ L D A~
v 7 VAR 0.71 45, 227 V) — > TORIGEHEHIC L D Ay 7 VKR 0.71 £ T,
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Figure 2.14 Speckle contrast measured on the matte screen with various polarization

diversity. Adapted from ref. [112].
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Figure 2.15 Experimental setup to measure speckle reduction by angular diversity.

Figure 2.15 [IZEBR X Z <~ . Figure2.5 IZ - L FERRICMZ, WHEZEE M
AL &8 5 72 (IR B L B (LSR-3010-6D-VIS, Optotune Switzerland AG) % B L
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Inc) ICAH L, Z7 A4 —0b O WKL RBILHMK CHEL L. Z0%, 228
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AR LEBRICAARYy R4 T 7L —2TH kL, A7V —vicEELEZ. L—
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L, A7 U=V ARTIHRFERRLETIEIRS, BRELCICEVREEL - T
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IRp ] 22 B IE L — § — o0 B8 Ot il K MR B D iR Y 0 ON/OFF 12 K » Tk &
o, WREBILHMR OIRE) ON/OFF £ £ 4 IZ DWW T NECSEL L — W — 0O ERME %
12A 705 20A £ TEILEH, LN —R 27 U — > (Finesilver240) & ~ v h 2 7 U —
¥ (MattPlus) TA Xy 7 ba v T 2 b&flE L 7Z#ER % Figure 2.16 [Z7~ 3. &EiR
EEZE{SHED L Figure2.16 [Z/R- L7z L H A7 U —2RELENLT 5728, CCD
AATZOHT Y FEPFEBREL DX REICR T TELKHZ2 LT,

~y hAZ Y= IZBWTEBRBELZEMEE 2 L, BE) OFF O EI2IF ANy 7
Nar F T ARNBEAD LENEREE ON OBAICIEARy 7 vary b7 A MTIEE A
EEAB I oTe. Fo, BWMMENAREL 25T EIRE ON & OFF DAy 7 L=
VRITRARNDETNEL ol YANR—Z 7 Y — B WTCiL, EE ON oA
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Figure 2.16 Illuminance and speckle contrast with various driving current.
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Figure 2.17 Speckle contrast with various angular diversity. (@)Qq is fixed and Q; is

changed, (O) Q; is fixed and Q4 is changed. Adapted with modification from ref. [112].
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Figure 2.18 Experimental setup to measure speckle contrast of Xe lamp projector.

Figure 2.19 3B OB B Z A ) LIcfZ Al T a v =7 ¥ —nb iS5 o =
N7 M ERT. AT BV ORIEIIE G E (HR2000, Ocean Optics Inc.) & Hl W 72,
Figure2.19 ® A X7 b1 7e v 22—l Shiz e 20 E EHkERC
BORAAELEDANT v, AT L 2~5F X KRR T 4 & —%H TR
NI MNVEREBLLIZGAEDART PV THD.

WIZ, Figure2.19 CTRL7EZ5DDAXT FMLIZOWTANy Z)ary F7 A RD
WEEIT>7-. BBV A XX 840 mmx1600 mm, A7 U — 2 - B A T [H B
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Figure 2.19 Spectra of green light from a Xe lamp projector. Spectrum 1 is the spectrum

of the green light from the projector. Spectra 2~5 are narrowed by using band pass

filters. Adapted from ref. [112].

Table 2.4 Spectral width and speckle contrast of green light from a Xe lamp projector.

Adapted from ref. [112].

Spectrum #

Full width at

Speckle contrast

1/e2 maximum [nm] Matte Silver
1 86 0.019 0.84
2 54 0.020 0.95
3 31 0.023 0.109
4 24 0.025 0.117
5 13 0.031 0.135
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Figure 2.20 Schematic diagram of laser projector and speckle measuring system.
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Figure 2.21 Ray diagram of a simplified system to show the relation between the

magnification of the image and angular diversity.
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Figure 2.22 Speckle contrast of a projector using 1~5 lasers with different
wavelengths. Image size is 840 mm x 1600 mm and 2400 mm x 4500 mm. Adapted

from ref. [112].
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AELEICONWTIE, A2V —r0bb—RICAKNT LI AR EONIKA 0, 25
fbx®dhHiEE, A2V =D —mNhOHATOT NNTF ¥ —%RIADLNIERMA Q4 &
Pl E2HEO @Y THEZEEZERLESYE, AXy 7 rar b7 2 FOHIE
EAToT. TORE, WINOHETAEZEHEZZLIERLELEATH, Ay 7
Nary h T AMIQE QDOHIZIEETETHI ERDNoS T,

WEZHEICOWVWTIE, Xe TV T ENRVEIERRAT 4V E—FH WD Z L TANY b
N E B S ETLEGE AT SV TORELEIZ LD Ay 7 VAR R O #lE
EiTol2. =9 PRIV =0 b R=R7 V=0 DVWTRDAZ Y —2TH, A
YENRRAT AN E =Ko TART MV ERENMNTDEARYy 7V a BT X FR
ERATDHZENMEETEL. AT MUIEAE 86 nm 205 13 nm £ THRAELT H &
T, WFRORZ V= THLARy 7 Vary b7 ANBBEIZ 6FBE LTS
EBbho T,

EHIL, BEORZRLIBHOL—HF—FHOTEERZEICLD Ay 7 VKEH
BIZOWTHLRAEEIT->7-. AESZEHEEORLD 20044 THRESZEHEIZEL D A
v I VAR R OB EEZITV, AEZEORESINFERLEICL D Ay 7 VR
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HWRICEBEEZD AR L. MEROMETITIRESZELAESLEIZLD AR
v J VARBUTI M ASZ IR o TW b e, EREEIN TV D EGH T T /L Tl
HTERWHRZRT ZLENTEL. AEZEIADCERZEICL D XAy 7 VIKHE
FIE<HVWOLN TV FETHIED, TROLOKRGFEEEZHLNICT D Z L ITE
ARy ZVEEBL, V=Y =T 4 2TV A OEREZMET H0OICHEREICHE
HTho.
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% 3=
WEZE-AESLEOMAEKEELZZEL -
2~y 7 VAT O B RS B T LA S

ARETIE, ERZAKROCAELEBICLD ARy 7 VERBICET 28w E T L OH
HE2T). TNETCREEZECAESZHEICL D Ay 7 VKRB OEGHE T VILH
EINTHWLIN, ERZELAEZEICLDI ANy 7 VRIS bhTE Y,
ENENDALy 7 VKRB O EKGFEICOWTORRET VIEHE I T
> 7.

B2 ETRLELEBY, AFRICBVWTERREZEHEEMAELEICLDIANYy 71
B OMEERGEEZ R TEBRERIND TCHLNL. 22T, KECTIERESLEL
AEZEOMEKRGFEZBELZHERETT VOMEZIT). FULDICERZEO AR
DEFAHICOVTRKRMOENTNWDEIH T T VAT ML TOREGNAZILE L CTHEK
KEOGAEOHGET NVOBEBZITY, RICKREZHELMAELHEOM G L EZE L

LBaOMmET NVOEHEZT .

3.1 EEZEOHFADBEDARY IV FSA MEY

£, WEZEOHLOHFEDAXy 7 bary T A E2EBT L., A7 R
AT TRINDBEDEEZHICE DAy 7 va sy 8T 2 MTOWTI,
Goodman I K> THEMHINTWD [27]. T Z TiE, Goodman O EXHX%E A7 L
WBEEOTO T OMTRINDGAIWCIET DI LT, fEED AT FVITIHE
AR ANXy 7 vary 87 A NOXE2EHT 5.

Goodman (2 kB &, WUV T VvDAXRT M E Lok RNTa vyl X —D0n56H
Han, A7V —rRETO—EHFEEIZE > TAXy 7 VRN F =V ERRLE ET
L&, ANy 7 Nary b7 AMIROELIINTS.

ca=]fzgmwmm%nwmu B-1)

(Y
(Y
e

Ry(Av) = foog(v)g(v + Av)dv, (3-2)
0
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lu(Aq,)|? = exp(—afAq2), (3-3)

21| Av|

Aq, = (cos 8, + cosB;), (3—-4)
gWYIFHAL R T — A XY MVEE, v TR, on 1 TAZ UV —r 0 ZRFHEE
LS, clIdel, Aq i3 @EL N7 MLVOEERDTDE, 0,137 AT OREME, 0%
ATV = ~DAKHAETHD.

Goodman D EREZILE L, XU —AXT NVEERRO LI BB O T VT v
DMTRINDIBAEEERD.

=S acron (-G

A IS A =122 85T, vildZnZEnNDoT 7T D AT FL
b, vildhLEEETHL. ZoHEe, AXy 7 Aar T A MIBHIIZKRD S
ZénTtEsn., AG@EHEAB2DICKRAL, oL Ea2A3E3), B4 L bick
GDIZRATDE, 2y 7 Vary b T A MIRDEIIICEEIND.

Z(Vi _Vj)z Bi,j )

€Xp <_ (SV#SV] 1+ Bi,j
A;A

[ 1
I I
=|{Zjij m JI.

(3-6)

B;; = 2m° %& i (cos 8, + cos 6;)2. B-7)
Vi Vi Aidy

EEOAXRT "VIFBEEOT YT oM TEHEBMTE 5720, XB-6)% H W TE
BHOANXZ M TOERZEICLIDIANy 7 vary b7 A MRFRETE LS. X (3-6)
ZHWT, A7 K2 Figure 3.1(a)IiZ-xn L7 & 912 530 nm, 534 nm, 538 nm,
542nm O 4 REOMTHABH/ICHOWVWTDORANy 7 Lvary N5 A NDEHEEIT-
7o R % Figure 3.1(b)IZ/~"T. 4 REELHBEEHRIFIFALC L L, KEM®N 0.1 nm,
0.5nm, 1nm OHFHICHOVWTARXy 7 Lbary hIF XA NeRD-. ANAE, HEA
FEIXENZEh 6i=10°, 0,=10°¢ L7=. WRIE 0.1l nm O A, REMH I 2% 10 pm 2
EFEFTCEHREMINVRKRELSIRDEARYy 7 APETL, 10 um ML ETIEFAXRy 71
A RTAMREFIE—EER o, T, EEHHEIA10um L ETIE 420 E
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WCEDARY Z VR — I IERIZMNLERY, 4 DOMN LT ALy J L8 x —
PORLADETAN Yy 7 ary b T A MNPI/NA=05BEEEZTCHERTFTLEED TH
. WREZA 0.5mm X 1nm OGS, Rk S 25 10 pm LT O T AR
DFERZRLTWVWS. L2L, EEHEIA10um A LI 2 EHEROEEIZL -
TARy Z)ay N7 A PMIENBENALTEY, KEMW 0.5nm <> 1 nm TITAXy 7
NA ETARBOSUTICHAT DLV FEBRIGFELNT.

—_—
1]

(b)

1.2 1
= 1 0.8
c
K
2 0.6
L <
> 0.6 J oa
204 '
3
£02 0.2

0 0
528 532 536 540 544 0 20 40
Wavelength [nm] rsm surface roughness of screen [um]

—FWHM 0.1 nm —FWHM 0.5 nm —FWHM 1 nm —FWHM 0.1 nm =—FWHM 0.5 nm —FWHM 1 nm

Figure 3.1 Calculation results of speckle contrast by wavelength diversity. (a) Spectra

used for calculation, (b) calculated speckle contrast.

3.2 ERZELAEZEDHEKRGFEFRZZEELESEDARY YLV TR
kEH

3.2.1 AR ILAVEFSAMDOEH

ZLOXMTIEHEEZEICLIDIARYy I Vvary VI A NGE, AELEICL D A
Ny I nvary T AN CoRHEESEICELDAXy 7 bay bT A b Co TMLITHY
WonTEBY, T XTEERRBICERELESAOANXy 7 Lbar b T XA MIRD KD
ZRINLTWD.

C = C,CoC, (3-8)

L2L, BEZEHEICIDANy VKM EAELEREICL D Ay 7 VKA ST
THLINEIDITINETICREINTWARED T2, RIFRTHO CHELE L KE
LZEOMAKMAFEZ R TERMERNGONTLLD., T TRREZELEAELED
MEKRFEZZELZAGETVEZEHT LS. RRZELAEZHEOEELGDYE
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AR IV T ARE GatT5DHE, A0 A_Xy 7 vary b7 XA MIKRD
Lo b,
C = CyaCs. 3-9)

ZOHITIE, GexRITHBET VOB ZIT D .

KWREZELEAESZRERICLDIANy 7 VRBEZEET 22010, ROFHEEZREL

7.

(D) A7 V=B RL2AECARTIRALITAVIZA a2t —1L 2 FThHD.
SFN, FELCAORHPEORLR L 2 AR B EIND TS v —1L v
FChd., (AELZLEICLDIANy 7 VKBICHDLAIFHZEE M LML E
EKDI>L, MR KXV b+ REVWEAICHET 5.)

(2) A7 UV — v AH O H NG A - K K5 1E fully developed speckle
I(x,y; 4, a, YZE LT D . (cosa, cosB)IZ AB D AL D A7 Y — > M J7 |
Ry, A R, oy) B iE o EE T, [(xyAa B) T H L S
[Jdxdy I(x, y; A, a, By = To & iii 7= . 72721, Iold A, a, BITHRAE L 720>,

ANH DO « MENHD fA, a B)E T, fFORBKISEN[[dAdQws (A, a, B) = 1

Wi T T DL, FEEXY)TDOARy ZVDBEIZROLICHS ZENTE D,

I(x,y) = f dAdQg pf (4, a, I,y ap), (3—-10)

22T, JAAFEEAKE, [dug I ARASKICOWTORE Y EET. LB o T,
ALy JNNRE = DEBRE L 2 RE—A L MIKROEICHLS ZENTE S,

(Iy= f f dxdyl(x,y) = f f d2dQg pf (A, a, B) ( f dxdyl(x, y; 4, a, ﬁ)) =1, (3-11)
(12)=f dxdyI?(x,y)
— [ i, || 220005, £ arr B Gt ) [ iyl e,y A, BTG 73 2, 82)
- j f d1,d0, s, f A2, 5. f Gyt Bf Gigs 0 Bo) Ty (g, @ B, Ay iz, B), 3-12)

Z 2T, I (A, ax, B, Az, @z, B2)=[fdxdy I(x, y; A1, a1, B1) I(x, y; A2, a2, B2)ITX A X 7 v
LoOmEMBEBEE TH D, Goodman [27]12 XL 5 &, fully developed speckle O 5 £ fH
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BBEEITIR DO LY T ENTED.

I = B[ 4 [pa(Ay, aq, By, Az, az, B2) 1], (3-13)

T, pa T LEZARy 7 VOB FRRBEOHBERTHS. LR T,
HBEDORMEANYy IV N T AMIRDOEIIEINS ZENRTX D,

o7 =12 j f dA,d0, 5 f A1,d0%, 5, f Oy, @y, BOS Gt B ia G s, By 2t B)I% (3 — 14)

Y
Cro = 0

- J f f dA,d0, s, f j A2, 5. f st BOF Gy iz B) Gy By Ay iz B)IZ. (3= 15)

322 ARV ILIGEOEFRIKRIEOREILEHERE K

WAT, LR [27,43]12 L TRy 7 L35 O 3 IRE O KK L AH B B Bz 8 5
%. Figure 3.2 IZ/R L7k 212, AZ VU=V ARENR AT Y — THIELKH S5
KA 7 )= ThodmaxaEAR, Sz zih, 227V —mOEREZEn), B
HCTOEEZ(x,y), ANFEEMIL OB~ AR E n, z@BiE T HAEZzTNLE
M (ai, Bi, 6i), (o, Po, 65), T D IJ7 [0 R 5% % (Do, Dg, Dg,)> (DayiDp,,De ) L ELS . Z D&
&, A2V —vEHETOBINOLGOERRIEIT, ROLS5CHEZLND.

.
a€,n) = Byexp (19E,n) + - {(Da + Dpn) = (D + D)}, (3-16)

ZIT,0EAZ Y = TOT U AIRBENC K o THUELE I HVN S 4L 5 748 43 A
Ecl3EHTHD. A7V —=—viFH-ICRHASA TV ERELTVWD. A7 U —r
THELEINDI AT KR AZ V= RETO —HBEDOHIZ L > THEL I N D & IKE
T5E, PIIEROEIIINS ZENTED.

?(&,m) = q;h(, ), 3-17)

7T, qz=j—’1’(coseo+cosei) FAZ U= ETOBMERYZ FAOEEKS, h(E n)
FAZ V= ORMEERI DM THH.

i ETO Ry VB OEEREE A(x, )RR OS85 A Bk x, y; & 1)
FRAVWTKRRATRT ZENTE S,
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z z

Incident angle
(o4, ) Lens

~--—Observation -
///ﬂ -angle (a, £,) T

N S
~ ~
~ ~
~. ~
- ~

Pupil function
Screen plane P(u,v)

(& m (x,»)

Image plane

Figure 3.2 Coordinate system of imaging system. Adapted from ref. [105].
A(x,y) = J. dédnk(4;x, y; &, ma(€,n). (3-18)

Ta% 2O0DAXy 7 VG OBERFEWOMBBEEKET D, 250D Ay 7 VG ITEK
£ & A AN (A, air, Bin) & (A2, aiz, Bi2) T, HIEAEIZTE 2 (a0, fo) THDH ET D
L, Mo L HsITn 2 ENRTE S,

L (x1,¥1, %2, ¥2) = A1 (x4, }’1)A§ (x2,¥2)

= ff dfldmf dé,dn, {kuﬂxv}ﬁi51:771)](*(/122352:)’2;52,772)%(51:771)“3(52:772)},

(3-19)

2T, NI E R AEERT.

T [27] TARENT NS LI, A7 U — v OEEEHSSMAPEERE 6y DY
DAGHTHY, BEAXGOMBEERT VXEAKER R TR TE DT E+H /0
SWVWERETDH. BMEXBOBMOMEFLHIETAZ V- OXRE®E h 12OV T DK
REEEBORBERBEAZHNTKRKDOEIITRIND.

a;(§1,m1)a5(82,m2) « A(Aq,)

% exp |2 (P = D)l + (0g, = Dg,)m _ (Pasy = D)6 + (D, = Dy, e
A Ay

X 6(& —&)6(m —n2), (3—-20)

1
148g,)] = exp(~507(84,)?), (3-21)
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::T,Mfwnﬂm=hi@m%&m%@—i@wwﬂm%ﬂiﬁﬂNﬁBW@

BERDDETHD. £, ANy 7 VHEICEE LR VEHHITEAK L.
A7) = TOMENFERTO— R TIERL EEEORILLEBRELTH D
BE, A A7 )=V ARERZAZ )=V ICAKHLTHrOHFE T2 ETONRKE I
CONWTOMERFEEBOBEMKEBERILETRLEREZA NS Z ERT
&5 [27]. BRI DOWEREESMPIERERZE 200000 A5 E+ 5 &, (3-21)
L AR T IAAG,)| = exp (—302(Aq)? )& BT 2 L R TE 5. UM EMIBKLTH 250
EEBL, ox VW TRERT 5.

WIZ, Plu, Vgt FROmEER, m 24 KL+ 5L, fg o mBEAKIIRD
Eoiem< e nTE S [113].

2T
(F - mout G-mw)),  (3-22)

(A, y:6,m) = 53

22T, Figure 32 7T L2182 EAZ UV —vnbiEBEFERECTCOREE, 21X
BN RNOBEHETCOHEEBT, z & 2 m=z/27 %Wt A7 Y —2TOEE
DEBEHE T 25 A>T EB-2008 X3B-22)2 X@B1DITRAL, Ay 7 L=
YRTAMOFHREICEBE LRV IHEEERS TS L, HEMEITROLIITRD.

Iy = Jf df1d771j dé,dn, {k(/11;X1,Y1;f1.n1)k*(/12;x2,y2;{2,nz)al(fl,nl)a;(gz,nz)}

1
=;AM%XUd%¢%PO@%—fw%—D%)M%—fU%JJ%D

x P* (Attg = 2'(Day, = Dat,) ¥ — 7' (Dp,, — D, ) )

X exp (21‘[i {uo(xzz_ X1) N vo(y2 — }’1)}>’ (3 —23)

V4

DT, ROELKEWEAT o 72 i u= g —z'(Dg, — Da, ) v = 4vo —2' (Dg, — Dp,). F 7=,
X1= X2, y1=y2 LB 2 & T, ANy I AGOERRIEOHKACHEBEEEIZIXKD X S
ZREbohD.

Iy
(A = A3, a1 = @iz, Bin = Piz)

pa(Ay, @iq, Bins Az @iz, Biz) =

= A(Aq )Y (\y, @iy, Bin, Az, @iz, Bizs o, Bo), (3—124)

(Y
(Y
e
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[f dugdvyP(uy, v7) P* (U3, U3)
lp()\llail' ﬁillAZIaiZ' ﬁiZ; O_’O,ﬂo) = e ad 2 1’

[ﬂ duodvo[P(Muo'/hvo)]zﬂ dugdv, [P (A, uy, /12'70)]2]5

(3-25)

U, = Aug — Z,(Daik — Dao),v_k = Ay — Z'(Dﬁik — Dﬁo)' k=1,2.
EBRARADBPWNEZOEETCXI2ER rOMELY XA THDI L, BEAKEIKRD X I
FIhsb.

1 2 2 2
=[5 1ET)
A(B20)2 B2 ATDHE, VEIROLIITRIND.
S
Y= (3-27)

JS.S,

(Y
(Y

w
S

T, S1 & S FFNE R Figure3.3 -T2 20 OEHET, SIF2>0MOHE
BOWMOTOHBETH D .

e M 1: *?%;_1, EP’I\—A\<;_1(D0511_DIZO)’ %(Dﬁu_Dﬁo))'
e [ 2: ﬂéf%;—z, EPL‘(;_Z(DOCH_D%)' ;_Z(D,Biz_Dﬁo)>'

g S

Ug

z' z' z' z'
(@2 E0n=00) (3000 F s, 00)

Figure 3.3 Domain of integration for the correlation function ¥. Adapted with

modification from ref. [105].
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2ODHDYEEZZNTN 1, r;, POHBEHZ dLESEL, S35 L,

T (d<Ip—nlo L x)
S={rE+ i —drysing;,  (In—nl<d<n+nd & ), (3—-28)
0 (d=2n+nd L %)
Sl =T[T12, (3_29)
S, = mrZ, (3-30)

AN T A il O

ré+d?—1r}
cos ¢4 :Tl (3-31)

r+d?—rf

cos ¢, = >dr
2

(3-32)

3.23 AFAOSHTEHBERARY IV EFTR b

AR DB A, o IFTERSFMAICEIVIRESLN, 22 TRHBREXST VL H
BTHELPTEZ2EEOEER DS, AESA D Figure 3.4 12" L7z K57 A
A 0 T nz Pl EICHY, BEEA D~y Iy NMUSATH D AL
WHOHGEEZ2 L. Ik BIZRLIZEY, AREOSMBEEETRO LI T Z &
NTED.

N
_ A4 = Ai) (@, B) € Qiop-na
f(/l,a,ﬂ)— kzﬂ k k top t:

0 (otherwise)

(3-33)

2
Qtop—hat = { (a, B) | cos?a+ (cos B cos@; + /1 — cos2a — cos? Bsin6;) < sin? Oy, },

TIT, AkiTEHTH D, B33)ERB2)EAXGBIDITRAT D E, KOAXRy Y
a7 ARRELND.
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N[ =

N N
Ga=| [ s [ d0ap DD AAIAGEIY o b ke )
(alrﬁl)entop—hat (azﬁz)EQtop—hat k=11=1
1
N N 2
52
= dQy, s, f dQq, s, Z ALA, exp(—alz(AqZ)z)ﬁ . (3-34)
(alrﬁl)entop—hat (azﬁz)EQtop—hat k=11=1 12

My TNy NRIBESAZLTEEEENSFROAXy 727 vay b T A ME, 20
FAXEHWTCRkDBZ ERTE B,

Incident beam

Screen plane

Figure 3.4 [llumination light toward a certain point on screen with top-hat angular

distribution.

3.24 AR ILAVETRFDEE B

wiz, X@3xHWEZHEZWS Shrd. £, WEZELINRLSAESLEE
DHOFLE, ThbERGE34)T N=1 ODHEICOVTOFHEMEE Figure 3.5 25
T. Ouw FELESHEEHACOVWTHEEZIT Y, TOMD T A — T 6;=0°,
z'=700 mm, r=0.5 mm, A=530nm, o;=3um & L72. Qa & QTN ENAT U —V
WHEHATOT NF ¥ —% BADLNEBL, 27 ) = ~DOAFHEONEBTHY,

Q4=2m(1-cosBaiv), 2p=2m(1l-cos(atan(r/z’)))=1.6x106sr T&H 5.
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[EnY

+ 0.8 —

o / /

g 0 ///’

< 04 ,.’

s :’I/ —Eq (3-34)

) ; L
0.2 / ____C=(Qd/Qp)O.S

O 1

0 1 2 3
1040,

Figure 3.5 Calculated speckle contrast of single wavelength laser.

AESZEIZLD ANy 7 VIRBIZC~ 0,/ TR TED 2L BHES T
% [26,27]7%%, Figure 3.5 {2/ L7z & S ICARMFR TOFFEAE RITC = /0,/245 0 b/
S Ao THEY, IS,/ /0a0 K X WEE LTI B C ~ 0,/ b O TE Bl 2 K &
Ho .

WIZ, 2WEDEA, ¥72b bR (3-33)T N=2 DEAITHOWT D H#E R % Figure
3.6 I27R ¥ . B4iv=0.0005 rad % 72 1% 0.0015 rad, 8;=15°, #,=0°, z’=700 mm, r=0.5 mm,
A1=530 nm ([ &), 22=530~540 nm (" %), 0/=3 um & L72. 12-21=0nm D & X [
FAEZEOAHRIZ LS TAXRYy ZAPREBLTEY, P RES LD LEERELE
DAy 7 VRBHI RN RO N - B —EMWEU L2 & Znh EAy
JNAPMERB LR o7 ZHIE 2-0 BD/AASWVWEHRITIE 2 DORENEDL ARy 7
SR B — U WFE RN TIER L, - DEIC L » T 2004 — OB NEA
TN, e B —EELU EICRDEEREICLIDLT 20D RNy 7 82— P58
RIS E 2D, WRAEZRESLTHBEEZHIZLD ANy 7 VIERBR RS EL
L 2l Thban. 2B, 2REOLATIRREZEENRKKNT 2 THDLH2D,
WREZEICELD ANy 7 VKB L/N2TaIT 5. LER- T, HEEXHHKE
WA, A2-4=0nm D & TR TANXy 7 bay T X NR1/N2E L o T,

Oaiv DEIR D 2 ODOFERZET 5 L, A-41=0nm ® & T ITAE L EEOE W
RV ARy I ary FTRAMRRLSTED, BEEZRELSLELAICEES
BHIZEX DAy 7 VEEA BT OWEZED Ouv T X > TRRDFRE R o7,
MREVIFE, 2FVAESZEERNRET VT EARNy 7 VEBICHEREREZEDK
S pole., TR, BEZEEMEZLEIZLD ANy ZVEREA ML TIER WD
LEZRLTWSD.

Gdiv
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— B4=0.0005 rad |
— 6,,~0.0015 rad

Figure 3.6 Calculated speckle contrast of two wavelength lasers.

RBIC, 2 HRCTAHEZHENEHR TEZ255 >0 TAGBeO)xHWTERE L
et ANGB3NEHWTHRAELEZEGEAOK R AL HE T 5. 6,=0°, 6,=0°, 2’=700 mm,
r=0.5 mm, A:=530 nm, A2=530~540 nm, o¢,=3 pm (X (3-6)TiX 04=3 um) & L, K
B3 TIHAELZLEIZLDZ ANy 7V ERBHHIREDEFERLI 2D LD
04iv=0.000001rad & L7=. FHHEMER % Figure 3.7 127" 4. AESZEHELERELZEOWN
FEEBEELEAGB3DTHELONTEHEE, HEZEOALZE 2 -XNGB-6)DOFMERN L —

BHLTWDLZERfERTE.

1
+ 0.8
E ¥
§ 0.6
Q
~ 04
g —Eq (3-6)
v |

0.2 - —Eq (3-34)
O | 1 1
0 5 10 15 20

Figure 3.7 Speckle contrast of two wavelength lasers without angular diversity

calculated by Eqgs. (3-6) and (3-34).
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3.3 ARYIERKIZCOVWTOERETILO & A EHEH

KB3VNOHEHBET NVITIROEFHIZY TR ELIHACIEEATE WA gEENH
L1OFEDMLETHD.

o WML NIWEBN DN E

o MbE 2RO AH - BOMWEDOLE

s B2V —vEMEHNLES G

Goodman IZ X5 &, MELEICL DAy 7 Lar b7 A MI, M &2 REHZEE,
K#Z7ZEM 2 EE & LT

M+K+1
- (3-135)

ET L. HmETNVEHORICKHHZEHE M P ZEMZHEE KLY b RS0
WELTWD D, MR ERIDRNGEITIEZORENRY LT 725 7]
RRMENDH 5.

HEMENRREVES, A7V —r EToOat—1L 2 XEEO IR 814 01 B
BIZKHIETL2A7 )= ETCORBRKRPRYET D720, Ay 7 vars b7 X FRE
{f£9 % Z & Kubota, Kurashige 5 [92-94]iC k- THEIN TV 5. WEAHE%
0o £ LT E, Ay 7 ar b7 A ME(cos )05 IZ LN TIKRTTSH. A4
AENRNRKRENVGAICOWVWTHRKT, 2D 0HAICIERNG3)IC L D5 HE & EH &
DTFNNELDEEZLNRD.

27 Y =IO TE, EXFUNO T RIS < 8E S b X 9O FrgkIciR G
ENTeAT Y = EOEAEICE, KGLO)DONMFHE N — K72 A7 U — v &k
LHRERDIENBEZIONDTED, HARICITIFERRILETH D.

F, WEZEOARAZZELEAGBOICOWTIE, AREOHEIRN Y LR D A
g - ROWEOZBELEZET HDIIHLERXGB29)0 ¥ #8E L TWVWDHZD, A
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Figure 4.1 Experimental setup to measure speckle reduction by angular diversity.
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Speckle contrast

Figure 4.2 Speckle contrast with various angular diversity. Angular diversity is altered
by changing camera aperture size D and camera-to-screen distance L. Focal length of
collimation lens fis 7.9 mm. The solid line shows the calculated contrast with top-hat

angular distribution, and the dashed line shows the calculated contrast with Gaussian
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Figure 4.3 Speckle contrast with various angular diversity. Angular diversity is altered
by changing the magnification of the rod integrator to the screen. Camera aperture
size D is 1.0 mm, camera-to-screen distance L is 700 mm. The solid line shows the

calculated contrast with top-hat angular distribution, and the dashed line shows the
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Figure 4.5 Schematic diagram of speckle measurement system using two lasers.
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Figure 4.6 Speckle contrast of two lasers divided by the average speckle contrast of

each laser. Incident angle is fixed to 0°, and measuring angle is changed from 6° to 45°.

Solid lines show the calculated contrast. Adapted with modification from ref. [105].
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Figure 4.7 Speckle contrast of two lasers divided by the average speckle contrast of

each laser. Measuring angle is fixed to 0°, and incident angle is changed from 6° to 27°.

Solid lines show the calculated contrast. Adapted with modification from ref. [114].

70



{ 8i ’ 90)
0-95 ° (3,3
0.9 A (13°,13°) | |
@ (22°,22°)

. AN
A

\2_

Normalized speckle contrast

0.7 1 1
0 5 10 15
Wavelength interval [nm]

Figure 4.8 Speckle contrast of two lasers divided by the average speckle contrast of
each laser. Incident angle and measuring angle are changed together while keeping
specular position. Solid lines show the calculated contrast. Adapted partly from

ref. [114].
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Figure 4.9 Speckle contrast of two lasers divided by the average speckle contrast of
each laser. Incident angle and measuring angle are fixed to (6i, 8,)=(0° 17°). Angular
diversity is altered by changing the focal length of the collimation lens. Solid lines

show the calculated contrast. Adapted from ref. [105].
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Figure 4.10 Speckle contrast on various screens. (a) The speckle contrast of one laser.
(b) The speckle contrast of two lasers divided by the average speckle contrast of each
laser. The red, blue, and green solid lines show the calculated contrast when o; is 3.2,
10, and 30 pum, the speckle reduction factor by polarization diversity C, is 1, 0.9, and
0.5, and the contrast of non-speckle noise Cnon-speckie is 0.06, 0.06, and 0.01,

respectively. Adapted with modification from ref. [105].
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Figure 4.11 Difference in optical path length when incident or measurement angle is
not normal to screen. (a) Incident angle is not normal to screen, (b) measurement

angle is not normal to screen.
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Figure 5.1 Schematic diagram of laser projector and speckle measurement system.
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Figure 5.2 Measured and calculated speckle contrast of two lasers with various
wavelength intervals normalized to the average speckle contrast of one laser. The red
and blue lines are the calculated speckle contrast by Eq. (4-1) when the image size is

840 mm x 1600 mm and 2400 mm x 4500 mm, respectively. Adapted from ref. [109].

WIS, L= =% 1~5 A L8 a 0 Ay 7 V5 R % B Fh R L b
3 57, Table5.1 IR LA EMBORLLZ 3y bOL—F—2H N TEH
RU—F -2k 2 2Ry 7 VEBHREZHME L. ThEhOL—F—t v b}
RMIWE 0.1 nm LT, 6nm B ED 3FMETH 5.

1 nm 2 B,

Table 5.1 List of wavelengths of lasers.

Laser set Wavelength Wavelength (nm)
intervals #1 #2 #3 #4 #5
1 <0.1 nm 534.3 534.3 534.4 534.4 534.4
2 ~1 nm 530.1 531.4 532.5 533.5 534.4
3 ~6 nm 523.9 530.1 536.4 543.9 550.1
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(a) Silver screen, 840 mm x 1600 mm
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Figure 5.3 Speckle contrast of up to five lasers with various wavelength intervals. The
image size is (a) 840 mm x 1600 mm and (b) 2400 mm x 4500 mm. The solid lines
show the calculated speckle contrast by Eq. (4-1). Adapted from ref. [109].
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Figure 5.4 Speckle contrast on matte screen. (a) The speckle contrast of two lasers
with various wavelength interval normalized to the speckle contrast of one laser.

(b), (c) The speckle contrast of 1~5 lasers with various wavelength intervals with the
image size of (b) 840 mm x 1600 mm, and (c) 2400 mm x 4500 mm. The solid lines

show the calculated contrast. Adapted from ref. [109].
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Figure 5.5 Comparison between speckle contrast on matte and silver screen using
1~5 lasers with ~1 nm wavelength interval. Image size is 840 mm x 1600 mm and

2400 mm x 4500 mm. Solid lines show the calculated speckle contrast.
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Table 5.2 The range of AA at which A or ¥ becomes nearly zero.

Conditions AXA at which A or ¥ becomes nearly zero.
Screen Image size A v
Matte screen Small AL > 1.5 nm ALl > 12 nm
Matte screen Large AA > 1.5 nm AL > 6 nm
Silver screen Small AL > 15 nm AA > 12 nm
Silver screen Large AA > 15 nm ALl > 6 nm
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LW, KIFROFRETITEGE AR NLVOHAE LBERA XY MLV O%A TH
BEOAXy 7 VIRBORZGONTZLEEZOND., —HT, vy FAZ V=00
BAECE 12 m BEOEEMBALNIEA Xy 7 LN KB TE D20, 2EFD A
N7 FVIEAFECHEAE TS 6~7nm HBOBEHR A7 VXD bHEKE X7 LD
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EIONED ARy Z AR LIZEEZZOND.

Figure 5.6(b,c) DMt & STz ZThn L —HYF—L Xe 7T DRI bz HW
THBEDAXy 7 rary b7 A MOFHEMELE T, R@E-DITBWNT, ZHETOE
BEFEBRIZ~Y Yy PA2Z U —2 Tl Cron-speckle=0.01, C5=0.5, /L /N—R 27 J — 2T
IX Cnon-speck1e=0.06, Co=1 & L72. CLoPFREICHEHT2AXT FALLADRT A —
ZiE Xe 77V —HF—TRH - L. BmitHEICLs TEREREL LIJIHET
XL EBNbhotT.

B, Xe 7T DALY kUL Figure 5.6(a)iC s L7z K 9 IR ALY b AL TH
570, BERG3NEHANWTARXy 7 Lary b IR GQokitET 2 enTER
W, £Z2°C, vy hAZ U —2TlE 0.1lnm M, ¥+ X—ZX27 J—2TiX 0.5nmm
MR CTAXZ b ZEHILT 22 TARNy 7 Lar b T XA MOFEEFEMRL .

(a) 7 Spectrum 5 (b) Silver screen
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Figure 5.6 (a) Spectra of green light from a Xe lamp projector. (b,c) Speckle contrast
of a projector with Xe lamp or lasers on: (b) silver screen; and (c) matte screen. Dashed
and dotted lines show the calculated speckle contrast for lasers and Xe lamp,

respectively. Adapted partly from ref. [112].
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5.3 BRARICEDIARY Y I ODOEEE

WIZ, VL=—HF =Ty —TRRLEBRIZONT, ZEEHITLD Ay
I AR R L, HgEOH L EICE ARy I LDR AT DOENEERRRIC
Tl ZOME, 1EEND SERICZWELT LI LETARNYy 7 ARRUC
BBV s AW L RIETSHBREOE SN REICHML, ZHREITED AN
v I VIR R B ER X, Fe, ANy I rar b T A MNREUEEICITE B
WHDLZWTNR ARy 7 Vv E B LT W ERHLNTR- T

531 BEFERARYIVILAVIFSAIPELGLIEBRODRAAICET 5 E/ETE

FBR R IL Figure5.1 IR LR ERUEUTH H. HfEH A XL 2400 mm x 4500 mm
&L, BEICH —7IpNFZ— 2 & L7, Table5.1 ® Laserset1 (3% & [# % AA<0.1 nm)
L Laserset3 (JEEMME AA~6nm) OZNZENS5 DD —HF —ZRFFICAT I
GAEWHOWT 2HEOEREABRELITo7-. BEEABROSMEFIXZ 424 THOH, &M
# D JE M % Table 5.3 [/

B IX Table5.4 IZ R L7 3 DOFRMFETEM L. MIBOWEILX, Yuny=r 2 —
DEF NS —  ZFRE 100% DY) — 72 lifG & HE 20% 0% — R B » 6 &RNT 5 2
ETER L. BEIXIDMD DT 2 —7 4 —HIZXoTHEIATWD., £/2, £
ENOEBTTOARy 7 a7 A KMY Table 5.4 /R L7, Ay 7 )bay
N7 A MOWPEFEDT 5.1 iOFELERTTHY, 27U —2 « AT OEE
700 mm, JEMAE 0,=17°, CCD H A T O L v XHE L 50 mm, L > X ORTICH
BLEZT RXFy—F A4 X1.0mm & L. 224/ LA L) ICHEHBOH D (XA
Ry ZNary b7 ANMNIEEEEL 52202, [A LU Laser set #fEH L7214
BENERoTHEARy 7 a7 A MIELTHL., A7V —2iF~vy FA Y
V=V o R =27 U =& HWniz.
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Table 5.3 Participant attributes of the sensory test.

Participant attribute Number of participant
Male 34
Gender

Female 8

20-29 7

Age 30-39 16
40-49 12

50-59 7

Previous experiences Those who are acquainted with

11
on speckle speckle phenomena.
phenomena in laser Those who are not acquainted
31
projectors with speckle phenomena.
Table 5.4 Measured speckle contrast in each condition.
Condition Laser set Luminance [cd/mZ2] Speckle Contrast
11 on matte screen 0.17
(a) 1
23 on silver screen 0.39
11 on matte screen 0.08
(b) 3
23 on silver screen 0.19

48 on matte screen
() 3 Same as condition (b)
99 on silver screen

1 >HOERMMO FIEZ FLllrd.
1. 227V =03 ELICEDL, ANy ZJARRIE0E I 0EHBT 5.
2. I1m FRSTARY AN ZDZNE I DHET 5.
3. AN INAUNER 2250, A7 U —2inb 12m OALEIZ TN S E TTFIE
2 R0 R,
12 HOERMOKE R % Figure 5.7 (28 9. [A UM E O #% 2 Figure 5.7(a,b) % Lt
W oL, ANy 7 ar h7ARNBPRKRE Laserset 1 DIE D BNELS B TH AN
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VI NVEBRMTEDLENbholz. Ay 7 bar hT A MNIFE U THERTZE
Z T2 #E & Figure 5.7(b,c)& b9 25 &, HENEHWIZ I BDEI N D ANy 7 L & &
MTEHZ ENbhoio.

w2, 2 OoHOFRMNMOFIEZ FREIZrRT.

1. A2 U —=rnb4m OMEICIELD.

2. ANy I NE T 4 BBECHMT S - 1. AR, 2. [Tk D, 3. A DH50BKIZ

BV, 4 B,

Figure 5.8 |2 2 D H O EBERIFMOER 2 RT. v~y b A7 U =2 TiX, £ O
BRAENDIFHELATTRZZY, FLEFAZIBPRICRLRVWERIZE L. v —
27U —rTIiE, 1IREDAR D Laserset 1 O AITITIEE A EOWEBRE N R, *
7IX &S D & Bl% L 7= (Figure 5.8(a))7%, [A] UMEE C© 5 KM H L 7= Laser set 3
DHBEICITEHEU EOPERENARZDINAKRIC R LRV, FLERXRVERZEL
(Figure 5.8(b)), WMEZHICL VWV ARy I 1ar b I A MPNETFT D ERLy 7L
WA LICK Kb B bnrolz. L2L, 5 HEETHEENEWVWEAIZIEZL
DWERFE N AR, £-FRI1C7 D L EIZE L (Figure 5.8(c)), 1 -2 H OB #E il £ &
FERICHEEIC L S TARY I VDORIFTVRELSEDLDLZ LR Lo T2
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(a) Laser set 1, low luminance
Luminance: 11 cd/m? on matte, 23 cd/m? on silver

15

# of people

0 1 2 3 4 5 6 7 8 9 10 11 12 >12
Distance from which speckle cannot be perceived [m]

(b) Laser set 3, low luminance
Luminance: 11 cd/m? on matte, 23 cd/m? on silver

15

@

210 -

[«}]

o
S 5 -

; _

0 1 2 3 4 5 6 7 8 9 10 11 12 >12
Distance from which speckle cannot be perceived [m]
(c) Laser set 3, high luminance
Luminance: 48 cd/m? on matte, 99 cd/m? on silver
15

]

=3

o]

[«}]

o

(T

o

: 18Ny

% 7
3 4 5 6

0 1 2 7 8 9 10 11 12 >12

Distance from which speckle cannot be perceived [m]

B Matte screen Silver screen

Figure 5.7 Distance from which speckle cannot be perceived. (a) Laser set 1, low

luminance, (b) laser set 3, low luminance, and (c) laser set 3, high luminance. Adapted

partly from ref. [111].
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(a) Laser set 1, low luminance
Luminance: 11 cd/m? on matte, 23 cd/m? on silver

“:'.:13 ////

1
Speckle level

(b) Laser set 3, low luminance
Luminance: 11 cd/m? on matte, 23 cd/m? on silver

B
o

# of people
Mo
o

|

Speckle level

(c) Laser set 3, high luminance
Luminance: 48 cd/m? on matte, 99 cd/m? on silver

30
o
520
@
ey 10 77
o
2 o

0
1 2 3 4
Speckle level

B Matte screen Silver screen

Figure 5.8 Speckle evaluation results on a four level scale (1. very annoying, 2.
annoying, 3 visible, but acceptable, 4 imperceptible) at 4 m apart from the screen. (a)
Laser set 1, low luminance, (b) laser set 3, low luminance, and (c) laser set 3, high

luminance. Adapted partly from ref. [111].
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5.3.2 %

INH2O008RENE, HOAAXRY J VDR X FIFAXy 7 var T XA Dk
TRELZDIFTIEHRNWZ ERHALNIIR ST ARy 7 Lary P T X MBFELETYH,
2 WEGDOIE) BHLNICANy 7 VA LR T o iz,

H2VWHEBGDOIEZINARy 7V EEMLTW—20FK & LTiE, 5308 A
MOBILOKREIICEELLGZLILENBLALND. 242HIZR R LIZL )T, B A
FTCETARTF Yy —HFAZXNRKRELLRDEIEARYy 7 Lar P TAMBERESRD.
X, TATF =Y A ARRKRELRDENDATOMBENEGS D LITERL
TWb. —HFTABOHETIE, WAV A AN RKRELRDENENRELS Y BB E
WKL 2D, 200, NHOIROELY A AR/NSL 2L, T D20 ATT
NF X =D A RNIRELSBRDZIENHRESNTWVSD [104]. LR > T, A DR
DEFAITIE CCD A AT LT, LY A AR /NSL B2 FEMEBELELTDO RNy 7
Nay P T AMIRELSRDEEZOND. ZD7D, MENGWVEBOIT D 2 HE
BEEDOAR Yy J VR E = DAy 7 ary 8T ARMIRKREL Y, Ay 7 LR
LT R2LEEZOND.

fitDERE & LTI, ALY A XK THBELETOARYy 7 LVDOREEINEDD
DI ANy 7 VDR 2 FNENLIZ RN & 5. Figure 2.6 IZ/x L7 X 91T,
ANy I NEHDATTUMELLZGEICET NF ¥y —H 4 X2k ->T CCD ¥ —
FEOAXRy I AY A ZINRENT D, ABOIRTAXy 7 V2803 585 6121%, B
AT AR Lo THBELELTOARYy Z VA XABREHL, Ay 7 VDR X TITE
BrhzoreEZzohbd.

5.4 MEEEIZCBITE2ARY Y ILOEITE

K&, BMEFICBVWTL—Y =TVl X4 —DAXy 7 )bar k7 A&}
ELTEEET T, WEZEMLEZBBEL CIE, Yoz —flTOANYy 7L
BHA R+ ThHhoT DR AZ Y - E2REL TS, 22T, AXy 7L
BEEHBHABICEI S TRERHAZ7 )V -0 R LTARYy I VERBT 27200 5 k%
ME L7z,

B, WELLL— Y —T a2l —TCTER - - HFLETWKXL—HY—ZHNT
WAHN, 133 HTHERZLIICHFITAXRYy 7L EHT LICS K ANy 7V RNMEE
RHZEBIFEEAERVWED, ANy 7 AVOREITREFBOIITONTEMR L 7=,
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541 R )—VREA Y - AT TOARY Y ILAVFSRAMDEWL

Table 5.5 & O* Figure 5.9 I[CMEfE TO ARy 7 VRIESRMHEZRT. A~y 7 V|

ENZ X Table 2.1 TR L7ZW{EZHRZH W, CCD A ATIZHEE 1.0mm OFT RNF v —%
HE L. BB TORRICE D Ay 7 VHERIE, BEBIAVLTVWE TR RO
JEEAA T CERBIND Z ENEL, ZTOMBEAETIIAZ I —rbOBEHENE L2
1I5mONEICHSETD. 20D, BAT7OREMBEIZAZ Y =215 15m O
& & L 7= (Figure 5.9(a)). AZ U —2 ETOARLy 7 )VHEIESIT, A7 UV —rHb
(Figure 5.9(b)D A ) & L7z, B AT DHLAZ YU —v ED A RZERNET S EEOH
EAEIX, B 15m CRIZIERBE CTH-72.CCD I AT OFENKERIL30s & L7z,
Figure 5,10 27 B Y = 7 X = O HFEHFN I N DD AT M R$ . fetald 3 I
B, FaZ 2 EHEALTWS.

Table 5.6 ICHE LT AXRy 7 a s b T A MERT. R, ELERITONTA
J Y=V ARSIV ALEHIEIETLEAEOAXXy 7 vary 8T XA MERIE L.
WH) off TOAXy 7 bay hTF X MIIRN 0.045 2K Lk 0.021 THYH, FEoD
WEIODBAXRy 7 ay T RAMINWIhol., T, RN 2EEICK Lk 3K
REER¥NZL, FLETNTNOEEOERBELHOIIZINKRENWZDTHD &
Ezohbd., A7V —rvOREHE on IZT5&, bbb ARy 7 Lrar bT Ak
2 0.012 F TIKF L7,

Table 5.5 Measurement condition at a movie theater.

# [tem Description

CP4330-RGB (Christie Digital Systems)

1 Projector
1.38” 4K DMD
2 Screen Perlux180 (Harkness Screens)
3 Screen size 184 mx 7.7 m
4 Auditorium size ~19mx 22 m
5 Projection angle 7° (downward)
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Top view
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(b)
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oy fuuy fuuuug 3.85m

Side view

Figure 5.9 (a) Speckle measurement setting in the auditorium. Speckle was measured

from the red point. (b) Screen size and speckle measurement point A on screen.
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Figure 5.10 Spectra of green and red light from the projector.

Table 5.6 Measured speckle contrast.

Vibration Color Speckle contrast
Green 0.021
off
Red 0.045
Green 0.012
on
Red 0.012
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5.4.2 %

AR TANy 7V ERE LZBRERCIX, 72l ¥ —TOAXy 7 LIKH
T+ TERVWEDODAZ U —VIEHICL > TARXy 7 L EEBLTWS., A7
—VIRER L TOAXRy 7 v ay TR MEREET D E, FEO 0.021 (2 THEN
0.045 L K& <, FIZHROANYy ZJANPMETAZ )V —VIREBZEATLZLERH
S 7= R REME AY .

22T, AU —VIEB AL THFHIRARNYy 7 AR T A0l kS Rk E
BRICTAERVW O ZHAGBIEICLIVBRF L., Ay 7 var b7 2 OB
FAEIX, 15m Of@ENDB A7V —2 ED A SEHETHEMET, ROoWEL 2 W
ELVHHEOLELAIC OV TARGB3)ITLV RO, B, AESHND Ny Ty
KNG, DMD HEH o RE AN 10°TH L5 E{KE L. DMD O % 4 R x4 1.38
A FTET BVHEDN 21604096 THDHZ &6, HilE 184m DA 7 U —2~D

WERIZE590ThHDH. Lien-> T, DMD A OB A D 10°OH 5 I21F A7
U—2 AHHEOREAIL 04iv=0.0003rad 725, A7 U —1r~DO AR (X Figure
59(a)iIcr L7 =7°L L, Bl AEITEEL L. £7-,4.2.33H &[4 0/=10 um,
C,=0.9 & L 7=.

Figure 5.11 I[ZHtHEERZRT. 2 HETCHEMBES 3nm L EOSGE, Ay 7
A b T AT 0.046 L2, ERERLEEVELISFLONTL. 1.33HTHw L
BV, Ay 7 0ar b I A MNOHFRMBICOVTIEHERDL DN TWVDD, KbEL
WHATHLARy 7 bary F T ARN 003 LFTORIEHFRATRELE STV
W, ANy 7 )NVary kI A2 003U TETEKRTSELZZETAZ Y —UIREIRL
THANXNY I URFRTELHLVLRLIIRD EEZE X BN D, Figure5.11 v b, 5K E
TENZTNOEEMBZ 3am U EEF 22T, Ay 7 bar b7 X KM% 0.03
UFETHZEENAETHD. BRTIE 637nm & 656 nm @ 2 EETHDL DT,
HEMBEZ 3nm 2L ET5#E (#l 21X 637, 641, 646, 651, 656 nm) &5 C
TR Y —VIEBAR L THHICARY I ALVIERB TEXALLEZONS.
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Figure 5.11 Calculated speckle contrast of red lasers on the point A from 15 m away

from the screen. The number of wavelengths is altered from 2 to 5.

5.5 FEH

AETIE, 7oV 2—LEEORBRDLS5OOLV—F =% LI EGD AR
v VIR R EREL, BT T AL EDOLBEET 2. YANR—R 7 U =TI
BB A RNCE o THEREZEICLDAXRy J VIRBH RN RERDL LR bh ol
IHE, BBV AR THESZHEENELLL, HEZEICK DAy 7 K

BTG 20 EE2ND. —FH Ty FAZ U —2TiE, BB A XE2E
ATHOERRLZEICLID ARy 7 VEBHRTFILAEELL LT, vy PR
U= OBEIZIEFAZ ) = EELRE O ESAE o N RE WD, ANy 7 K
BICHLELREREMBR A7V =V BROBICE > TREY, AEZEHEICLDEHE
WENEDoTZEBZLND. BRI L o THHKOBERB LN, & 3 BT
HHLEHEGBARN L -V —T o7 X —CEHHATELZ 2R LK.

T, XeF VT ENRYRRRAT 4N T —FHVWT#EAXY ML EESLE
MEL, L7V ¥ —~y RIZX L TCHEEMB2 6~7 nm © L — ¥ — % H%
TEHWEHEARART PVICK2BESZEIROUKEZITo 2. TORE, Xe 7
YTE L= TR FAVIERFABREOLAIZIE, YA N—RA 7 Y = TEAN
Yy NAL T ARNPIEERBEELRY, v~y P A7 U =0Tl Xe 707D AN
I N T ANDIEINNMSIL ol THIE, ANy VKRB L E R R
ME2A V=227 =2 TiE 8nm RELROICHL, vy A7 U =0T
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1I~2mmBEBETHLIDEEEZOLND. VAN —Z27 U —2TiE 8nm L FD AR
7 PAREEIT ANy 7 VRIS KR E REBITE A 22D, 6~7nm [ THEED
BREERAOVEHBEAXZ SVOFAELEEANT DVOSEE TIEIERBED RN
v I VKB RRGEON B2 0N, BndE CHLRKOMENE O, Xe 7
YT ERHWESAICOVWTHEGHREICL s TERERELZHBATCEL L2 R,

Elo, BREMEMOMBEND, BREZHICIV ARy 7 Lary b I AMBKTT 5
EHADLMNIZANYy I APME LIS DI LE, ANy I vars T X RMREL
THARy ZVOE L HFIEMEICKRFEL, BMERGWIZEAXy 7 L& MR LICL
WZ EERLTC.

RGBS, RE CL— Y —TF P2 X =Ry 7 VAIEEZEM L. KAz
2K (637, 656 nm)7Z A L TWDHRTIE, A7V —VIREZL TIEAXNY Y
VA BT AN 0.045 EEmWTEO ANy Z AR D T2 DI A7 Y — AR BB D
METHo7., L, HimitFEickv, 53K (637, 641,646,651,656 nm)IiZ 2% ¥
BT 22 TAZ YU —VREEHZLT 003 UFETCANy 7 bary b7 A MEIK
WMTEx2L%&mLi, ANy ZLa b7 A RN 0.03LUTFERNIE, AT U —V
REL2 L THOARY I AUPRHFARTELAREELAEGLS, ANy 7 VEBIET 5 TH D
LEXD.
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AKXk, v—HF—T vVl BT AELELRESEOKFEZBE
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I MNP EEOT T o OMTRENIGAEDEELZEIZLD Ay 7 LR O
HEETVENZI T2, RIZ, A7V —UBEDLICEHMENDAMMED S HHERkD
BWMET NV CTIEEEL COERALN - RHBEFIC K2 HEEZZEL, AELE LK
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