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Abstract

We studied the characteristics of annular phase gratings as spatial frequency filters. We first
calculated the Fraunhofer diffraction patterns of annular gratings and then got the modulation transfer
function (MTF) from the =zeroth order Hankel transform of the intensity distribution function.
Binaryphase annular grating shows higher diffraction efficiency than binary phase rectangular grating.
But the MTF decreases linearly in the low-frequency region as that of rectangular grating does. The
diffraction pattern of 4-phase annular grating is similar to that of 2-phase grating and hence MTFs of
the two are much alike. For 8-phase annular grating, the 7th order diffracted beam is the lowest one
next to the first. Consequently, the diffraction efficiency is very high and the MTF graph is curved
upward. The diffracted beams except the first order are negligible and hence the MTF characteristics
are more improved in the case of 16-phase grating. But the degree of improvement becomes lowered
compared with 8-phase grating. We made a 16-phase annular grating and measured its MTF. The
experimental result agrees well with the calculated one.
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Fig. 1. Phase structure of the annular grating.
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Fig. 2. Diffraction pattern of the 2-phase
annular grating. The radial distance is
normalized to the order of the diffracted
beam.

28¥ AAE & AU "EHZ AEE 9
NHHez Hedd £ e F)9 NES 1 A F
G E¥o =7 E CCDY &t A(pixel) F719 <
A A7 Aolth olH Ao el EXNL FA
gt Ha T st HH g&orh o] Al
Bd BE&L AA HAME FAM 1 A 3 Ao
AR et HE2 HE 4 o 29 1d UEa
2 94 198 AAY Fd §&2 80 %ol A
2% 2o 2 94 A7 AAA 13 3" Ee
Egol 65 % A WusH of e ¢ wL
Aot}

4 g A o o 2& F0 285
| F7)e] whuEste] H A9 F(width)o] T4
il golye Frherh a#u Zb xte] A7)
Hgoly 34 g82 a4 ‘*‘O}Xl 2=t Azt
F717F ZhAstH wrule] dake]l A7 oyt 10
F7] olst7t E AfdE A —‘ﬂ a3 A= <l
a0 A 3dgFo] FAlol Yebdrl,

(a)

Intensity (arbitrary)

JAN N et

0
0.90 0.95 1.00 1.05 1.10

Radial Distance

' (b)

o111 f

0.074 [

Intensity (arbitrary)

0.037

0000 AN N —

2.90 2.95 3.00 3.05 3.10

Radial Distance

a¥ 3. 2-94 2e¥ Azl oF 1 AHa), 3 3
(b) 3AF BRI &3 A9 dAstzn
ol Hl&& 273 : 1 o)t}

Fig. 3. The intensity distribution of the first
order(a), and the third order(b) di-
ffracted beams. They resemble each
other in profile, but the intensity scale
of (a) is 27.3 times larger than (b).



4 94 28§ AR =T /20 ga) 54
AHe A AT 2 e A9 go] 5%
gk vegon m ik AR ArE m

d vi#AsAch Bt §8 A4E 2 A4 A%
b 2 Futel glow gk 7 259 A7) BE
weofol 19 3o vebdl Ao wlEo g dzFol

8 914 mely AP, =n7/4)) Agol
24 4ol Aede tad, 1 A 3"Fo] s
#aA Jeva 3 F 2 5 ae EA8A gan
79,1517, 8m ~1 8m +1 (M =123 ) 29| H=
st Yepych a2 3 983477 A5
AA g v H e BAEFe 4FH FAH 1
ab ol YR ALt 7 Aol I Aivle 1
zhe) 1/3400) Estnz 1z FHEFY F&o] W
T+ Fogat AT F UdE 741*& A3 93 %l
o2} olFEA & A E8&2 FAYY Iy
249 45 FND + AL 8L% AL 9
49 NFE 29 AFAFFE e e 944 4
Aol Az 4L wAT 9 Y 5EHA Fol
7] wW&Eelt},

16 94 g AR, =nT 8o Ao
12 % 1517,31,33,16m -1 16 m + 1 (m =123)
ae) slagw veg o] A= 7 A Y
F A7I7F A Aol drulEEte FEgeed
I F43dd. 16 94 28d AA A 5 &
< 96 % o]4to|th,

g AHXe] MTF A2 R B4
B 7t A A2 Al (incoherent imaging system)$}
OTF(optical transfer function)x ZAAA Y FiF
o Ad 54& Uede o, dHdA A
7] BX9 Feuigoz AR wEtM AF
g Zte Ao disl v Zol & 5 vt

OTF:0(c)=2x J: I(R)RJ,(2nR¢)dR ®)

MTF= OTFe Zuigtolrh ko] 4 (4)olM 78

A7) REE A A gYstd ANHE MTFE
T8 4 Aok 4 G HE Foe ez

2@U7A ol AW AUHOR Brssmm

T4 @As ok shed M7 EX7h OTF 9%
& mAE FARAE ok @ SABe] A5t

10 27F 98 A$ol A7l 1 A9 01 %ev %

997

A7 ARG =R, 178 A9E, 2004 98

ol BE ¥ ulE glov 16 YA AL 1
at HHFe AT MY ¢ A7) 1517 Ao
o2 BE FAS 17 AR 2@ste] HEIA

2 14 nEld ARl dis e & 23t
o A4 MTF 2 ZE 1Y 404 B & ok
oA tEEL 13 4% Bxe aV)RE)
g o4 siae g4 Fr1e 2A 3 2714
A BFESTE Nyquist Fa342 7338309
a¥e 2 A 2 F7)47 10 A ol
ol o ol MTF7} W3z ¥&< ¢4 & il
4816 A A% 10 F7] o4 £FE ud
o}k MTF7F ®slA @sterm wepx] RE Z S
10 217t £38te] MTFE Al4ta i

.0 3 i 2. " AEEN
0.0 0.5 1.0 1.5 2.0 2.5

Spatial Frequency(/Nyquist Frequency)

a8 4. 2-9% n8d ZHAAe MTF 2= 4
2b ete] #RAEL AR F7|4E 9w
gt 13 FHF £xY AV|(ARE 7
Hete] 314 Fr1e A & @A 7t
2%& Nyquist FHF2 7485 o
MTF graphs of 2-phase annular
gratings. The numbers in the boxes
mean the number of periods of the
grating. The spatial frequency is
normalized to the Nyquist frequency on
condition that the diameter of the first
order diffracted beam is equal to the
pixel size of the imaging system.

Fig. 4.

A9 HeElE Nyquist F34H
¥ Addn xRt e RS
Rolch, webA] o]l T
0%¥ Nyquist F37AE F4gke
oo A+ 02 Aol Nyquist F 3t
’9(" F9el A MTF gte] 2ow 1 AH
F Aol AxPg u sFEsE vz

z T
u;\zﬁ
>
Al

T

=

e
oﬂ.ﬂ‘iﬂ



J. of KIEEME(in Korean), Vol. 17, No. 9, September 2004.

Nyquist F3Fret & 9o MTF ko] 00]
ol oy FHE vEd AT A3z A
a9 48 B¥W 2 94 28y Azlel MTF 1g)=
b AFse d9d9 A Ad gt "Hoh 2 94
Azt Aze] MTFRE Aol ==d|[10], 22t A}
o Hlsll mEd Azte] FHE Tl kol ARy
F g MTF #tol Fristd 92 B¢ X
A Hee] 22 E QAR AoE vhEvbR
22X et HAch B2 MTF gtol 00 Hi=
BFseogrel Az AAe g F ey o
Azpe] F718 WIANA 2HET F U Aol
& MR EY EFH(scale)® F oA oy
MTF Zefjate] AA#H mgo] ofuz} Jut uf
A A e FHAE nely 4zvt " Azl
o & volxl el gl &4 vk

2% 49 T =Ze A Nyquist F+3FR} & 2
e d9E BE MTF glo| vng 288 o
Atk 53 MTF7F 771 &< FAzt Zxe)
Hluatd 1ogre] mieAtan ¥ 4 ow uel
A 18y AAE AMEE A Folw T
o= Az7t Ao} oadd

8o ok

ni

e
'}
ox
oo
=]
ox
14
ACH
3]
5 it
:&9
0¢
Sy
I
oft
il
4 )
24
o

MTF& 2% 50 vetych 2% ¥
3te]  AlMtEtA R FolA 9 zzlo] TAEGEE
Nyquist F3452 73 3}8 9 o}

a2l 4 A4 n2d Axke) MTF e =st
2 YA Azl Po) 11%1/\ o] RMo] 5
=y AAE BE 99 A 5 AxMTF7F A9
TAT A%E Ak ole @ A3 r 51 7o)
A7) EXERE o8 £ Qub 4 94 Azl
A% 2 945t gol BE B4 A7 Tasha
2 ASE A7) BE Zon W EEE Aol
b gt &, A7) B¥SL A Fdsirz 1 ¥
2ol WE OTFE H|£éitha &

8 #4129 Aztel MTF:
o= ubsl 7ol 4 Yatnt tan AE2nd g Ao
A RN Mot 92 BEF mao] Hiy
ol nAGE gol EAeA 2y wY HUE
ol 17 WEd Aew odF +
& g A MTF glo] Am 2 o] AR
AWE|Z ALY Aol Fa A AR} &
odzt g F Ak 16 Y42 A= AF
g oA 8 YAt wHFME ] 2
€ 5 AUk wakA %JE1£/\194 oo i
FH BT & F Aok a2y 944

7t golx| FEe Az HAHNN o e
Aol dasta dh. FAHY Ut welx

e
K
e
(&)
2
X
e
s

ol o fo dp
4 4 a2
NN
o Wy

g2
o 1|

Aol "ol Eyk ofvEt HH® x Azt
(etching) ZololA 9] 2o o3 Azt 34 7
fo] golx 1 ol MTF o] zasd:E a9l
), webd ddze] daid L AN oHdd o
2 HAg 4 =2P0E Yol o

. —— 4-phase
08 N, - = -8-phase
A 16-phase

06

MTF

0af

02}

0.0 0.5 1.0 1.5 20 25
Spatial Frequency(Nyquist Frequency)

8 5. 4816-91% 188 Azte] MTFIZ, 1
2 -y BXo ar(AEE tUAd v}
2ol B4 Fr)ek ZA & A T}
2% & Nyquist T342 733538

Fig. 5. MTF graphs of 48, and 16-phase
annular gratings. All the conditions are
the same as those of Fig. 4.

4 AMF 9

16 44 1218 AxE AAL Agsa &
A2 & o]-43te] MTFE £A3 Fol& g u
stsitt. A9 OTF+ Fraunhofer 3 4% A
Exo Fgoditelmzg AHzld FHsE WS
QAL A7 AWM A7 BXE A3}
FEIE FYd W@k FH FAe 19 6
7z

oo

]

2}

m 24

A

Laser + 2% 2% NDEE CCD

axum) 82 BE O Siypy BFH

ag 6. OTF &4 9 A=,
Fig. 6. Diagram of OTF measurement system.

998



FPdo2E B3 5435 nme He — Ne o)
A(Melles Griot, 25LGR025)E A}&-39t. Ax&
Az o 32 550 nmE 71FoE dPeng 1
o 713 Jhgm PHE #HelHE ArgsdY.
9] o7k thEF 1 %9dl ol= Az} A2 e
QA2 %)HY} Aaeng FAE 5 Qirh #Ho]A9

Z8& 02 mWolz 9% wr(CW) #HolAelr)
H ol A F(beam)d FHEA A7 EEE 7HS
2384 (Gaussian) B goln A& (1 /e?) & 063

mme]t}. Agd AR Azt FrI7t 96 mol2
2 #o|A 3 &Ko 6 Tl Eol7tA fhot %<&
gl 7](beam expander, 10)& A& st F A9
Fraunhofer 3|4 #g& 7] 98liAe FHSE
e AL AAok sty whEtx W=y F g
@zel o 2HW Alold G HAAE ¥& F
NEE 27 Azt 30 cm? A2 E ARSI AT

Z2AWAMY A7 EXE &Y fste CCD
7ol 2HUNIQ2] UP600)E At&stdct. CCDY
B AT 659x494 AMolxn HAd A T4x
74 mmelth, giHEtE FHEIE FHHAo] W
et CCD 384F X3 Al7|2 2 ND(neutral
density) BE(HE 2008 CCD <o dA s,
CCDY A3 & 94 #EEHZ=(frame grabber)&
3] HAREIZE dlo] Felo HEsct

Aol AR AEE 16 94 a8ld FAlo]
o}, Az AEE F2l(soda-lime silicate glass)
ozl FHEEL 15239tk A 07 mmdl #¢
el % 2 E 29 9 (lithography) ¢t 4] ZHetching)
o FAE WA A ARE ek
AF FAHL, AHE 3 fFi dud 29 =™
(2500rpm, 30%) WHeo s ¥EHAXE(PRIE &

Fadx, 60% 7}% 37| (baking) % 5?1 w3 3
Zl(contact aligner)oll Al 350 mWel 6 = F<¢ =
Z . A4 A8od sidske ’—47—} Lol

530 nmeli 2#4#AE 10 nmeolth. 16 $14 A=}
AA A& Awkzte] AdAE n/B(225%)°H 1
ol 66 nmolth 94 A e FL 6 ym
ol mztr Az}l Fr|& 96 gmolth.

3" MTF& Ax#En ohvet #old #e
T EE AR CCD, 94 85 K= F9 9%
o] Mm% %gtH Aot} olE8Ho R FF AR
MTF¢ vlaslz] slx= Axge] MTFE &34
sjor @r dukyg oz ol HA Al MTF+
Z+ T a4E9 MTFY Fo& vebdeH(13]. ut
2B AZE HAE F 54 MTFE A=A glo
ZA g MTF2 viro] Azwte] MTFE $43%d
o &2 dne g 79 2o

999

A7) AR A B8 3=, A17E A9E, 20049 9¥

1.0
|
084 ° measured
0.6
1
‘.—
= 04
0.2
0.0 T T T —
0.0 05 1.0 1.5 2.0
Spatial Frequency(/Nyquist Frequency)
o™ 7. 16 A4 uEd Axte] MTF &4 4%
FRFIgE Of 4elre} go] A
&gt
Fig. 7. Measured MTF of 16-phase annular

grating. The spatial frequency is nor-
malized as in the Fig. 4.

a9 79 &4 AAE HY cJEFHoR o=
d 7 go| AFdg dHoA MTF a#jzrt
Az BE2HSE ¢ & At o AFHs 9
Aol MTF #el 37t &E ovsts 3lo)lx oet
A 16 4 nEld AzAE AHEstE 9 &9
HAmsh 2 A v e AolE dHE F
At

AY Ade olEX9 vluy F dAsA 1
T gooa] %k ztol & Holnl i I
Nyquist F35oA MTF Fteo] 0o == &tel.
ABE e u 2z zlole] 2ate} vF AN T
ZE U5 dodd Q9 A(mis-align) 5 FHYY
o o& AP AMr] BE:} o|EX9 Ptz
th e FHdlE o2 ogE A9 g HGo
EA 3R gkoler 3R A& A3 HAHe o2
A8 AAZ= e 0 2 AP EAFES AE
el A B 4 sk @ Holwk f3he A7) &
Asts d4E FeEd HEstd d5dert Hu
2 0 % 3Ad3e MTF 2 =ZE & A &
d8re gvh, webA Nyquist F3<FelM MTF g
°] 0ol HA @& olfE T 23 wiolg
‘_ 4":, oh;],

T4 ot o8 HH HEo T2T AL
ol MTF 3 E7} ol R Kt} ol ufjefelek

@} ey 29 7ol AE olen Aol ¥ Aol
g molx @tk ot NYS U FRI e
33 SAFEAA CCDIA EAaA 247 o
goje} wean



J. of KIEEME(in Korean), Vol. 17, No. 9, September 2004.

5.4 2
293 AAe 34 AW olgHoz T
108 F AWY BHR AHYEL de) 54
& BASY 2 faww ol 4816 § o
F 94ney A4e 94Y PEE ANG 2
324 A4 AR RSl RE F5A 5%
of EAT WHol 8 A4 AL 1 A% A

8m — 1 8m+1l (m= 123 ) x9 FHHF=w
ettt =8 16 9439 Feedes 1 A #@4
1om—1 16 m +1(m= 123 ) 2] sdFE
s 2y 2E Aol 2 A7) )
€& 594std ma AFe] AvE m7 ) v
stk 1 & 3ldge 382 24 A4 ¥ A
2ol Agole oF 80 %NIL 8 YAY Aol e
92 %, 1E 216 K4 ALAEw %ol olz2grt.

7zt 18y Ao sldy Avl EEXE FId
HEEte] MTFE A4tstder ey Azly 33
Fgo] A A& & =qAWL 24 4 A
o AFEog FYGolA MTF 2= 7 2 A )
7t =e], 718§ vi| tEE £3g 22g 5 9
e HE 7AW A% FHAAE Az AR
o Fd3da & 4 Aok 28 nF oy AR
AAELRE A7 ARG F5E FA39d 3
kel 9 Aty FE 8 i 1622 I AF
g GG A= MTF gre] F7kska 1e 7] 9

EEZ3 2%l HUI Nyquist F35 o]/4d9

1 A
AT

fu

Ao gkl Aet & zpol7t §iSiTh
1y AAE Ay 1 MTFE &
A A ol&x Zo| ATy 49y
ol F7hE & RStk g o
3 ¥ AzE FUNFH4s HHZALEE
Y d=rt F48 F ASE FAdde 2y
Aol 71 FotgeE Az 3R 71 FobE
3wl FAALe] oo 9fsl MTF gho) ol &
22 8e dojXug Jdd e HAFH M=o
gasith

#dAte 2

B oA7E 20029 9tz addFy A
o elsl FaARRen ool ZA=HYT.

2D 29

[1] G. C. Holst, “CCD Arrays, Cameras, and Dis-
plays”, SPIE Optical Engineering Press and
JCD Publishing, Washington, chap. p. 8, 199%.

[2] R. H. Vollmerhausen, and R. G. Griggers,
“Analysis of Sampled Imaging Systems”,
SPIE Press, Washington, chap. p. 7, 2000.

[3] G. C. Holst, “Sampling, Aliasing, and Data
Fidelity”, SPIE Optical Engineering Press,
Washington, chap. p. 4, 1998.

[4] T. Asaida, “Optical low-pass filter including
3-crystal plates for solid state color-TV
camera’, U.S. Patent, p. 4761682, 1988.

[5) J. E. Greivenkamp, “Color dependent optical
prefilter for the suppression of aliasing
artifacts”, Appl. Opt. 29, p. 676, 1990.

[6] K. Fusisawa, M. Uetsiki, and Y. Nishida,

“Grating optical low-pass filter”, Jpn. J.

Appl. Phys. 35, p. 1768, 1996.

Y. H Oh, J. C. Lee, S. Lim, S. H. Kim,

and C. S. Go, “Grating images of multi-

phase grating optical low-pass filters”, Opt.

Eng. 42, p. 994, 2003.

[81 C. S. Go, Y. H. Oh, S. Lim, S. Kim, and J.
C. Lee, “Grating optical low-pass filters
with near perfect stop band characteristics”,
Jpn. J. Appl. Phys. 41 , p. L1090, 2002.

A4, nEF, A4S, 2835, oAH, “H

FEHIZ dA% £20¥9 3 Add dE9 &

BN, A7l HAAREE A A167, A12S

3, p. 1261, 2003.

[10] J. C. Lee, S. Lim, S. H. Kim, Y. H. Oh, and
C. S. Go, “The filtering characteristics of
simple grating optical low-pass filter”,
Appl. Phys. B. 74. p. 563, 2002.

[11] J. W. Goodman, “Introduction To Fourier
Optics”, McGraw Hill, New York, 5, 1968.

{121 J. D. Gaskill, “Linear Systems, Fourier
Transforms, and Optics”, John Wiley &
Sons, New York, p. 317, 1978.

[13] G. C. Holst, “CCD Arrays, Cameras, and Dis-
plays”, SPIE Optical Engineering Press and
JCD Publishing, Washington, chap. 10, 1998,

171

(9]



