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producing the statistically independent speckle images are studied theoretically
Key words

Based on the speckle suppression theory of the superimposed statistically independent speckle image, a

image

mask with N apertures is designed. It is placed in the pupil plane of the imaging lens. Required conditions of
effects of the center spacing between the adjacent apertures and the single aperture diameter on the formation of
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statistically independent speckle image are experimentally analyzed. Diameter of the single aperture has an effect on
the experimental results agree with the theoretical analysis.
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diffuser and the detection plane of the CCD are placed on the conjugate imaging planes of the lens, respectively. The
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In the simplified optical system
the speckle particle size. Without considering the impact of the experimental apparatus on the measured accuracy,
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Fig. 1 Schematic of the effect of mask with multiple apertures on the laser speckle

XFFEA N A ZECAL AR AR . CCD R0 b B R A58 A T (e .y) R

N
Iz, = A |?=D) [A, (x| +2 D) Re[A,(x.3)A; (x.3)] (D

n=1 m=1.,n<"m

KA, (z.y) FRBE 0 MBI EHEREL £, (wa0) (n =1,2, -+ N Fr i3 5] /1) B R 1) 2 3R i e85
Re[ « ] Jy Ui & ki 41

CCD M 1} b # R AT W A (e sy ) ey s o) Z 18 B 50 BE 1) B AH S BRECH

R, (Ax,Ay) = (x 1,y ) I(xs.y3)), (2)

A O RBARIEEIRFE, (Ax, Ay)=(x,— 29, y1—¥2)0

MR Goodman BIS  WOL 2 BUR R B Wi 58 4 WU ABE 3 38 A IBDE B2 08 w9 e 1. SR U5 &3 B2 0
MR I N AN ECALIES S TE CCD BRI N AN AN A 3G 4 181 52 18 i 07 HCBE 37 19 78 Jin o 196 A2 AF 1] 19 ¢
AR o TR A AN ) 325 56 FL H W 380 A9 2 ok ) HICSS R B9 B3R I8 9 B0 AN T) 20 o 3000 e AN ) 328 16 AL A HICE 0 1Y
ERmEER ST M B, X — 58 M Angel E ES, X F nom =1,2,-,N Hn # m, &
(A, (s y)A, % (ray)) =00 FETRX— gl i (DHFATH CCD #RIM 17 L A ) HICRE &R B4 1 24568 15

N
(I(z.y)) = D> (A, (x|, (3)
n=1

AL (DR T I F .
Xt F R 5208 e e, FOR AR OC Ry (A, Ay) 5HHI5E Ry (Ax, Ay) il it
Ri(AxAy) =(I)*[1+ | pa(Az,Ay) ] D
R AR EM T H T pa(Ax . Ay)E LK

R,(Ax ,AY)
,uA(Ax,Ay):%o (5)

R V8 PG -1 e v B, COD P8I0 i L B P15 37 09 52 4R 1 B9 19 AH SC pRSCIE B 2 18 A I 56 J3E 23 A

0101005-2



HORLAL ) et ok |

_ , A A
RA(Azx,Ay) =CA(x,,y1)A ¥ (x3,y,)) = C//{\P(u,v)‘z}[ -~ yj

_K Ax Ay
QZH* VARVA
2 7L ) 7R G L AR 4 KO A Y R CCD 4R T 3 4 105 P52 h AR AR T K/ 58 4 4
() P19 325 D' LT 7™ A U 45385 06 L ) G 1B PR £, Cu s o) FTIACH 2 B FL PRER £ (s o) 7B wo T T8 A [A) 7
BT Bl A, (usv) =k (u —u,sv—v,) HeH (u,y sv,) RARF 0 DNENRILWEMNERE(=1,2,,N),
) 22 FLAEAR AR b 3% ' FL Y pRECH

(6)

| P(u.o)|? —Z‘k (w—u,sv—uv,) %, 7
LEACDE- W AWN(DE- v ﬁ*ﬂﬁﬁ@iﬂfﬁr?ﬁ%lﬁﬁ%%%i CIEE:
RA(Al-,Ay):Ro(Al-,Ay)Zexp{—j%(u”AI JrvnAy):', (8)

Horr,

Ro (A sBy) = (A, Grrsy DA s sys)) = 7 |k (uro) |? }(N Mj (9

(AZe)? Mo AZ
KA (e ay) BRI b Cu o) FHE (o y) A0 FRAF I BUBE 37 1) 52 B W R 8. ph (8) U (5) AT, o
By g (1) Hy

(I =R ,(0,0) =NR,(0,0) =N<(I,), (10)
HAp (I, =R, (0,00 J&(3) ARG B, ok A HEBAR 54 3 6 AL rp i 39 /9 6 e CCD Bl =2
(R BCBE R S 5 B . i N A8 6L T 7= A 1 OB (R B4 SF 35 5 B AR )

¥ @O XA KXRA G, B HE ] 15

1

N
| paCAz,Ay) [P =——+— |R,(Azx,Ay) |* X IN +2 2 cos 27“[(14,, —u,)Axr + (v, —v,)Ay] o
N? (I, ot AZ ¢
(1D
XTFHEAN D WEEEEIL R, (Ax . Ay) N
Ru(Ae iy =<2l {nD (Ax)? + (Ay)” =D /(A" + (a7 || 12)
AZ ¢ AZ ¢
o T, GO —Br Bessel %L,
K D)2
<Io>fRo(OaO)fmT[ (?j ° (13)

i (12) XM s L OB R 2 Z LA § 5 78 CCD = Al Y HOBE PSR rh B5BE 0B 4 7 2 R/ h A
B CAL TR B P ) B AR DG R R, (Ax » Ay) P64 S0 AL 1Y 98 BE R i B, 20 0 1,220 Z ¢ /D, i 5 3% AL
T wv FHERINWAE TR, FAD XT3, Fn.m=1,2, < ,N Hn #m 9ECFLI b (w —u, v —
v, kG —uw, sv—v,) K HENTRIPE RO Z E) & A T 95 AR PEBGR T cos (o), BT P AR Y T35 25 80 F- 1
AN A, =2Zc/d .. s Hhd,, =/ (u,, —u,)" + (v, —v,)",

X —NEAGEHEN D O HEE R d 8PS AE R BT 35 6L R AR . (1) X

1 2
R,(Azx Ay |2 242
N<I>><‘O(1 y)‘{+cos(zn

(1) EW X —xF B e AL A i+ 88 2 U 9 AZc/do TR PIAEC AL o A BE o W, —J7 T L 7R
ESM%E CCD L= A 988 28U I AL /N, 2 BUR A3 3 4, B CCD WA A9 ) — s 23 7 A AN [ 9 AR 62 22
REAE A JE IR 37 O AR R BRI /M A A ,L#/\VﬁEJF{meﬁEI’JT'JEE,Mﬁﬁﬂﬁﬁﬂﬂwf@%ﬁ FOE
53— 7 T AN [R]85 56 AL 6 AROR BB B AN T DX B HIOR 9O BEE 3 B934 33 RO B R 5C 1 32 s
55 AE AR T CCD L 18 53 9 HICHE 18T 4500 2 T80 R L P4 A [R) DX 38 i i 130 T 15 A i 52 8 E&ﬁﬁ(ﬁj‘:
PG L BE B 2 AR . P S AR T 2R i P 3 A AZ ¢ /d iR s/ T CCD 8N 9 fe /b 7 R A,

0101005-3

| s Az Ay) [

dij:|o (14)



H I # ot
H AR SR PIAL ™ A2 B DA IO B R S B A8 R AR G . AR HESE ) - BAT N A OG AL R L AT AR &8 75
A B L P R R B L d, =AZ ¢/ Ax i s N A GETHISL BURE R U AT = A L 0 N AN HORE L& fE CCD
PR AT 2 B 5 B e I A Y . A SRR A A AR B T R 5 Sk M T, DU T R R PR ONS L R R
JERI 1/ /N AE™

3 SLMR ANl ST RO BRI S 800 B
3.1 EHFA

MG FRFE A A WA 2 o, SR A 32 mW L BHDEERE EAE 4 0.2 mm 4 4 [ 2530
JEAF (I A =532 no) AE R OGTR B R R 85 4 50, FH O B R A3 4 2= 80, IR #8058 BUe B
MOCTE BAREE BIAE 7 mm, 6 HUS R 3f S 8O S B0 K EO R B OGBS M R 7E CCD (Texas
Instruments DMK-21BUOD ¥Rl b . #FEH B HUN A 12 em, fEFEH 50 mm, AL N 25 mm, H i
T _FACE AT Z AL . CCD 1923 [ 73 BE N 640 pixel X480 pixel, BAREK/NN 5.6 pm X 5.6 pm,

lens+mask with

aperture ~ diffuser multiple apertures

CCD

beam expander

solid-state
laser (532 nm)

e

K2 SiPH
Fig. 2 Experimental setup
3.2 Geit IS B B 5 xS AR AR _E AR 48 7 AN 1T S LAY Hh oD 18] BE AR B AN B S FL AL R O IR
g X T LR D R 2 mm A RIE B OGEAL, AL G RIEE @ M 3 mm F] 9 mm Z [A] 454k,
MR KA 1 mm, CCD e 5 B 36 20 SO R an 18 3 7R o 45 BBt B8 AR C =0 /(D) (o N BERIR
M5 2 (D) R OBt R R F 350 ) e vh 3 FOXT FL B, 25 SR R 4,
@ | [OF :

3 LN 2 mm WA BEOCALZ EAFE O EE 4 TMANEEREL. (0 d=3 mm; (b) d=4 mm;
(¢) d=5 mm; (d) d=6 mm;(e) d=7 mm; () d=8 mm
Fig. 3 Speckle images for different d between the two apertures with the diameter of 2 mm. (a) d =3 mm;
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Table 1 Average sizes of the speckle granules under the apertures with different diameters

Parameter Value
Diameter of the aperture /mm 2 4 6 8
Average size of the speckle granule /pm 27.82 13.91 9.27 6.95
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Fig. 6 Granules observed in the speckle image for the apertures with different diameters in the defocus case.

(a) d=2 mm, d=5 mm; (b) d=4 mm, d=7 mm

4 e

M b AE RSB AL 2 K, HEARAE WA E AL ORI BE d ZAZ o/ Az s BN d =20 Z, f/
(Zo—f)]1/A% 0w =532 nmX[12 cm X5 mm/(12 cm—5 mm) ]/5.6 pm=238.14 mm , W # i iX P 4~ i S fL 15
B B PGS BB GO GE it B Sr i . AR SC 3.2 79 v S50 D 3 45 R 6 WY 75 Ol L AL AR 7 A T S R L 8 ST Y
PERZ P AR AR B LD RIE 2 R Z: D=2 mm.d =8 mm;D =4 mm.,d =9 mm;D =6 mm,d =
8 mm;D=8 mm,d=>10 mm, AJ WL, 755 J8 52 56 3 1 X I 0K BE 1Y 52 ol i), S50 45 R 5 B 2 A B AR )
Ho o, ERCERT, BIRE AL AL 5 AR B AL rhoCo (8] BE 22 (8] B A WA OGP L B AT & ) Bl s Ot FL AL AR
4 148 K R L 208 00 2% [) B 2 i 2L o 15 B 328 S L AL A28 X 77 A 20 <7 80 BRE T4 %) R 208 R L =2 T 1% [i] B A7 7 )
F5 ) L 3 g2 K R 2 3E EALFLAR /N T 6 mm B HEUBEURL - 4 K/ 5 CCD B BRANMR 2 RS 22 ] Y 26 7 6 2
Nyquist 3, # CCD #RM & 1c 5% A HUBRE ER AN 25 K 28 25 (8] 295 & G ALALAR K T a5 T 6 mm B, i
/& Nyquist &3, i CCD #RM 5 i sk # B KR By B2 vh L 78 CCD M MR R LB Ok & A 1 28 1) 7 3,
HBEE ECALALAR IS K, 2SR B 2 2% . 8 HORE 52 th ok A UGN R B0 09 P A B T Y
AT YC I B, AH DG 23 R s 28, {H iy T 25 (0] F 3 3R B A AE T3 6L Y v 18] BEATS e 1 2 B8 45 1

5 4% ©

DL 2 G5 A7 FE BUS M B SOGBE R 50 R I 0 G, R 62 R G L 55 7 2 I a1 7 FCBE 1 1 10 3
SeHCBEAN B FE AT T RET AT T 2 AL F A 45 B35 6 FL G Hh L B 5 AN B AL 9 AL AR
SO HCBE A P P R 0 T T35 2 AL L 4 40 T A3 56 L% 2 A S T 7 BE PR 15 A 3B e AL
Y FLAR KN LA B AR B A~ 355 Y FL A O [ BE R ) 56 2R 03X — R R I ST % T 45 22 AH 4B 35 6L al [|] B, 78 —
5 RS HOHEBEAR 1 40 A 38 56 7L 10 BOhE 3 20 32 % S0 AL AL A2 10 B Ah  B% W 2 FLA B 0% 2 T A T BB PS04 1 5
Bk T B 5 0 B B . 3 M R 22 FLIE AR - 55 Tk B A 83 Y6 AL 11 A SO0 L 1 T 0 3¢
B R 2 G P AT BB R R TR o T T A5 3 5 WOR BRI R 7 AR T R SR

2 X% X #

[1] Roelandt S, Meuret Y, Craggs G, et al. Standardized speckle measurement method matched to human speckle
perception in laser projection systems[J]. Optics Express, 2012, 20(8): 8770-8783.

[2] Goodman J W. Speckle phenomena in optics theory and application[ M]. Englewood: Roberts and Company Pulishers,
2007: 23-27.

[3] Volker A C, Zakharov P, Weber B, et al. Laser speckle imaging with an active noise reduction scheme[]J]. Optics
Express, 2005, 13(24): 9782-9787.

[4] Mehta DS, Naik D N, Singh R K, et al. Laser speckle reduction by multimode optical fiber bundle with combined
temporal, spatial, and angular diversity[J]. Applied Optics, 2012, 51(12): 1894-1904.

[5] Shin SC, Yoo SS, LeeSY, etal. Removal of hot spot speckle on laser projection screen using both the running screen
and the rotating diffuser[J]. Displays, 2006, 27(3): 91-96.

[6] AnS, Lapchuk A, Yurlov V, et al. Speckle suppression in laser display using several partially coherent beams[]].
Optics Express, 2009, 17(1): 92-103.

0101005-6



H = # ot

7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Yao P H, Chen C H, Chen C H. Low speckle laser illuminated projection system with a vibrating diffractive beam
shaper[]]. Optics Express, 2012, 20(15): 16552-16566.

Bashkansky M, Reintjes J. Statistics and reduction of speckle in optical coherence tomography [J]. Optics Letters,
2000, 25(8): 545-547.

Akram M N, Tong Z, Ouyang G, et al. Laser speckle reduction due to spatial and angular diversity introduced by fast
scanning micromirror[J]. Applied Optics, 2010, 49(17): 3297-3304.

Deng Q L, Lin BS, WuP J, et al. A hybrid temporal and spatial speckle-suppression method for laser displays[]].
Optics Express, 2013, 21(25): 31062-31071.

Hao Li, Zhang Yue, Liu Weiqi, et al. Speckle suppression in laser display[J]. Laser & Infrared, 2006, 36(10): 927-
930.

o, sk E, XUABE, S O RR T EBER G L] OS5 405h, 2006, 36(10): 927-930.

Angel L, Tebaldi M, Bolognini N, et al. Speckle photography with different pupils in a multiple-exposure scheme[]J] .
Journal of the Optical Society of America A, 2000, 17(1): 107-119.

Goodman J W. Introduction to Fourier optics[M]. 3rd ed. United States: Englewood CO Roberts & Company, 2005:
67.

Uno K, Uozumi J, Asakura T. Speckle clustering in diffraction patterns of random objects under ring-slit illumination
[J]. Optics Communications, 1995, 114(3-4): 203-210.

Xu M F, Gao W H, Shi Y B, et al. Measurement settings for speckle characterization in laser displays[J]. Lasers in
Engineering, 2015, 31(1): 53-69.

0101005-7



