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Abstract: A sparse aperture configuration named dual three sub-apertures composed of nine sub-aper-
tures was introduced and the models of configuration were described. The dual three sub-apertures
system was compared with the GOLAY 9, which composed of nine sub-apertures, to research the im-
aging of two kinds of sparse aperture systems. The comparison of their characteristics and modulation
transfer functions (MTF) with the dual three sub-apertures and the GOLAY 9 were given. The equiv-
alent diameters and the practical equivalent diameters of two kinds of sparse aperture systems were
calculated, and the image simulations and Wiener filtered images of two kinds of sparse aperture sys-
tems with different fill factors were shown. Their image quality was evaluated with their standard de-
viation (std) and image contrast. Through the comparison, it is shown that the MTF of the dual three
sub-apertures is obviously higher than that of the GOLAY 9 at the direction of maximal MTF except

at the normalized spatial frequency between 0. 55 to 0. 65. When the fill factor is not smaller than
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20%, the equivalent diameters and the practical equivalent diameters of two kinds of sparse aperture

systems are almost equal. The image quality of the dual three sub-apertures is better than that of the

GOLAY 9 at the spatial frequency between 24~45 Ip/mm. The performance of the dual three sub-ap-

ertures is almost same as the GOLAY 9. The dual three sub-apertures system has the advantages of

symmetric configuration and easy fabrication.

Key words: space remote sensing; sparse aperture; MTF; imaging; filtering

1 7]

o

Wit 5 2 1) 2 SR A 8 AN W R o AT TR
RIG2 RGN 73 B R ESRBOR AR . 3 B0
PSR E O R G D AR RIS L H O AR R 2Ok
SERPRE L 2 A A B L [ R O AR
BOR GERY PR BN S AR 3 R 2 XA RS
RSP INHE . I e S e R G E B —
YR THY 7 58 © Al B AT R BR B 2K
NATTIT U6 3R B H AR T G R A7 ok 48 85 25 (1)
AR PR B AL R 2 — AT
fLARH — AR AL 5 e — 8 R AU B A
—RALARX I AT AR AR AR T
AR/ T SR T TS ARG AR KR By ok
F4 DR X - S0 RE R AT AR FLAR G 2 AR A 24 1Y 23 (]
Oy PEA . LR R H g AL AR A5 M A R B = A
GOLAY &5#9 55 A SO 48— Bl 3 501 14 i i
fLRgi— 24 =757 ik T Hep X o
HEAT B AL A Wiener J89% .38 3 5 GOLAY 9
Fi g FLAR AR LA ik — 2P 20 B 1 JLEE A R0 R
Jot e AR O

2 AAH=FHEEMH XA GOLAY 9
W ILR M

HE=THM A TERABR A 1. 8=
N BRA W — D RPOHE. B8 D T3 ER
Hds =AWPSCA N — T, High D,
PR 2 N A =T s .

WA & =T 5P ouAd T a5 7 A
. 25 =7 5f = e, R & =
THRIBEa =7 18 . 245 =748 11 &
k2>, BE =18 1 B =B M
YA =78 1 a4 R Bt =17

D,

D

1(a) BE=FE4W

Hg. 1(a) Configuration of the dual three sub-apertures

B 1(b) GOLAY 9 45ty
Fig. 1(b) Configuration of the GOLAY 9

gt A JIIE!

2 ZMEE=THLN
Fig. 2 Three kinds of models of dual three sub-apertures

BEWIM AR YD . &2 A =8 T AU = A IR G i
FAR PO 1) G A Y]

GOLAY 9 H s fLA2 &5 44 i JuA> B8 4l ik
CaniE 1b) U F 8 dk— A - i fE — K
B P 5 B WS S 0 i AL AR S5 4

3 AA=F44 GOLAY 9 85 MTF

3.1 BRAFHERET
Mg fLie R G — DT LR HES I E— AL



28 2 K TR 514 %

BEA KA, HE N — SR ts v e
T RN TWE M F &R

o B BAL 3T T 8L
% LA 3L B

HE =T HM GOLAY9 # )8 T JU M s fL 2 &

g UGS T F= 2% it d % TR 7% D
NG IE ) EHAE . B 4(a) HEA5=F8 18 MTF =4/ 4 2R K
B T KN T W B LR R4 B F=20%

B ] AU 2 7 T B/ Fig. 4(a) Three dimensional and two dimensional
WAL 62 7 S A R SR B K M of durlthree subraper
3.2 AEAEZTBEFHES=FHEM GOLAY 9 )
B FLE K MTF

A= F 1AL AV I Al T HFfLiE
HEFNAS ] % R ) MTE 3 A oA ), A ] Y 52
G =R MTE A8 A A [F) 6 FR v, 2 IE S
WIE A . e & . 11 785455 () A0 X B 25 e 3
ZEHIK . FBOL MTF [ i AR5 6 ity 4 b AR 3 Ab
%ﬁf)ﬁl?iﬁ{%fﬁ Ho A MTf RS K 4(b) GOLAY 9MTF =4 fil ~4k B R F=20%
B0 A LTI A 19 53 A 8 L A 2 T L Fig. 4 (b)  Three dimensional and two dimensional
Bt R, TR MTE REPES T 1T RLALIT AL Z MTEs(F=20%) of the GOLAY 9
S NI E A = T8 1A GOLAYY #iBi
L= MTF #4732,

I 3~& SMTF =4t F1 — 4k & 7 & w] 50 .

K 5(a) BA=F45 18 MTF =4:Hf 4T rE
F=30%

K 3(a) 4 =TF48 18 MTF =48 — 48 55 & Fig. 5(a) Three dimensional and two dimensional
F=10% MTFs(F=30%) of dual three sub-aper-

Fig. 3(a)  Three dimensional and two dimensional

MTFs(F=10%) of dual three sub-aper-

tures |

B 3(b) GOLAY OMTF =#4f 45 RE F=10% K 5(b) GOLAY 9MTF =41 — 4k 8~ ¥ F=30%

Fig. 3(b) Three dimensional and two dimensional Fig.5(b)  Three dimensional and two dimensional

MTFs(F=10%) of the GOLAY 9 MTFs(F=30) of the GOLAY 9



e A PR B AL AR 2R 8 BB T 5T 29

51 EAE
i F=10%
0.9 —— filled aperture
8§ +_—_&Zi;glleercg-sub-apcrlurcs-
=
0.4
0.3
0.2
01b A S~ A N
0.10203040.5060.70.809 1
jf/ft‘)ul-oﬂ‘
1 F=20%
0.9 filled aperture
0.8 — glloail:{{ez-sub-aperlures
0.7 -
E .
=
0 ~»
0 0.1020.3040.50.60.70.80.9 1
ﬁft‘)ul—oﬂ'
i F=30%
0.9 filled aperture
8?; i—_o— ?;:;Ll/l:{;gsuh—'\pcrlurcs.
< 0.6
=
0.5
= 0.4
03f 1\
0.2 \
0.1 ST -
0
0 0.1020.30.40.50.60.70.80.9
f/fl'\ul—nl'l‘
K6 ANEIEHFES =78 1 RA GOLAYI 1)
MTF i (MTF e KA J7 1)

Fig. 6 MTF curves of the dual three sub-apertures I
and GOLAY 9 with different fill factors at

the direction of maximal MTF

BEEH AR F F K. 26 =75 1 &M GO-
LAY 9 i %1% %6 56 80 MTF o bifi %5 3% K 8K
B4 ZTF4 T A GOLAY 9 9 MTF, 54 =+
Bi 1 B MTF 2 XJE X #4501 » GOLAY 9 1)
MTF 734 15]

h F gL RE LA L 2 fLE R 5
438 ' T AR R/, B, R s LR R
MTF 2L ARG M MTF R K TR, & 6
B 7 el B a8 =F5 188 GOLAY 9
ANFEE T F ) MTF 5K AH 5 15 15— 1k #h 28 Fn
MTF fe/MET7 H— bl 4. 76 o/3 85
HEA=F5 18K MTF {E& K, 15—
RAE 0.25 F1 0. 45 BffiL, H MTF {H Il KMH, F
=10 % B M RAE 29K 0. 3, F=20 % B L 4% K AE 249

H0.35, F=30% I}, M KMH 2 0. 40, £ =/6
921 B0R5 J7 1) MTF (B fe /) MTFE gl /IME 4k 1
{f<20.20, GOLAY 9 iy MTF 4 Ai#45) .24 F>
10% JH— b4 >0. 15 i} . MTF Ay R A8 b <<
0.05,

F=10%

1

0.9 filled aperture

0.8 +—+dual three-sub-apertures
— — GOLAY 9

0.7

0.6)
0.5
0.4
0.3
0.2
0. 1

MTF

. \//N/\‘/A\\
0 0]0203040506070809
ﬂﬁm(uﬂ

F=20%

0.9 filled aperture
0.8 +——+ dual three-sub-apertures 4

: — — GOLAY 9
0.7

0.6
0.5
0.4
0.3
0.2

0.1 - DN

MTF

\
0.10.2030405060.70.809 1
ﬁfr‘:m-oﬂ‘

F=30%

1

0.9 filled aperture

0 8 +——+ dual three-sub-apertures
) — — GOLAY 9

0.7

0.6,
0.5
0.4
0.3
0.2
0.1

00 0.10203040.50.60.7080.9 1
Hout-ott
K7 AREAREFES=F85 1T8HM GOLAY9 i1
MTF #i £ (MTF f/)ME 7 1)
Fig. 7 MTF curves of the dual three sub-apertures 1
and GOLAY 9 with different fill factors at

MTF

the direction of minimal MTF

e84 =748 1 BF GOLAY 9 i) MTF
Bk, MeflERmEME. E4 = F5 1 8M
GOLAY 9 fEARSIER 43 i) MTF 5 2k 3 K, 76 5 4
A MTF i R A%/ 2 MTF 1 85 KAE 7
A =15 18 MTF Bl & & T GOLAY 9
) MTF , 7E )3 — 4L S % 0. 60 Bif i X3k . & A =
B 1 Ay MTF e GOLAY 9 iy MTF . 7
MTF 5 /IME J5 ) CEL 7)) 5 78 K H6 4 25 1] 4 R
M. EZ A = F8 T B MTE b GOLAY 9



30 2 K TR

%14 5

MTF Ik ,GOLAY9 ) MTF gt/

K6 sl 7 pat R R efLiE R MTF i
gt FRNELS =781 8 MTF fhZk. &
4K GOLAYY iy MTF fii k. Ko B A 45 o
H— A= (a5 R
3.3 AMBRACHELERNIGRENER

M FLAR B SRR BLAR 5 LR - MTF 55 #i i £L
& MTF g AR (8 A T AR 25 19 B L i o B2 119
.

LR IEE RG2S ) oy BESR B G 2E R G
A 1 R i 4t v, e MUTF (i B 25 1) 450 25 1 33
1T R ZE R R AR X, MTF [ K F %, 1
Mg fLAEGF R G . i1 T R G000 86 1 AL > L A
ANT AR ) BN MTE AT REA 2 5 B
DU I 25 (R A3 15 Bk & 2R X AN TR &
F18y v ] 22 R) 45036 1) £ B XA R GRS R
E X MTF 55—k H B I F % 07 10 23 1) 450 %
Fhras IR R £ MR RS fe M4
IG5 FR GG I AR 8 SR R B AL AR R G 1 S B
EER.

ST ERE A= FB 1 B GOLAY 9 K[H
L3 PR 10 A5 A0 L AR RN S PR S AR AR L S RS F
%1,

®1 AHRRLENELEENMIGENER
Tab.1 Equivalent diameters and the practical equivalent

diameters of two kinds of sparse aperture systems

W+ WBfLE  F=10%F=20%F=30%

s EE=T8 18 0.6798 0.7989 0.8139

AR GOLAY 9  0.8231 0.8798 0.8996

. ST TR 0.2109 0.5969 0.7578
SR E AR

GOLAY 9 0.5500 0.5859 0.8236

MNFE 1AL %5 E % GOLAY 9 K TFHE A

F=10%

| — ——
aswegri=! 1 2vsoxlll
sgn ?",? n=lz B s
T —t EEL
- W= 3:

M=16
n=l

F 20%

ST RLAEMFEE T MTE HEE &1L
FGOLAY 9 RGE/NTFEAG =TH 1T B, Wi
GOLAY 9 MIIRENTEA =F5 1 8, b
SRR AR I 3 T B i AR AT AR b, F =100 Al
F=30%H},GOLAY9 LS BB K TES
=T8. AR F=20% 0 GOLAYY (452 bR 3%
BRNTEEG =T,

4  FFR LMD RAL TR K S
1% i

a9 |

4.1 MK

i FL A% 2R 5 11 V81 ] 1% 32 pR B MITE #5242 4L
HARGWHE T MTE B F RS RS RRENT
R T A REEEFE A = F5 TR
GOLAY 9 B BLMG » b5 B T L AR 1 17

FH—YhR A (8 23 B ARAE WA 62 R 4
Hh FR TR B ALAR A AR R AR 2 AR LR
1/20, 4 0. 55 pm. B ] ZEMAX S22 R4
WKL R RGBSR

M 8 FE 9 ol WL, b & AT F F 3k,
BRI E A =F % 1 8 GO-
LAY 9 i sf%, 7840 R 3 58 7 915 00 7E 4R
ME<AS B B RaHERE 5 =FH IS T
GOLAY 9, %} >45 i}, B 5 ¥R GOLAY
9 HEA ZTFER.
4.2 Wiener B EHBE & L&

BARETEE FHE A = F5 1 8 GO-
LAY #i g5 FLA2 53 590 BUAG » I I Bt AL e 7, 15 e L
(SNR) K 20,4k J5 F] Wiener JE IR K & K%, L3k
PR B FL AR 5 F 15 0L, Wiener 38U )5, B
R 58 D SR A AL A5 B o g 7 e g ] 4 A e

F=1302A)

I Eg',',','ggxlllgl I
g e, WMEIE
N I III= Y
|G 8
=I8

I 8 KHE%I?E%E?% T BIBE LR 1R

Fig. 8 Image simulation of the dual three sub-apertures I with different fill factors



SORIE LA IR B L AR 2R S8 1Y R BIE S

31
F=10% F=20% F=30%

- —_- -
‘.'.t:mmgl | ssiSm=) | asigonm= |

- -
me e WSI2 SR E, MSI2 ==iE mS)2
"" m=in e = Izl: o = M=
WEIS - M= .ln=li
lﬂ-m.-m 1A=z 100z e

&l 9

R EF GOLAY 9 Bl 5L %

Fig. 9 Image simulation of the GOLAY 9 with different fill factors

VEW I AELR X R <45 WL B RE A=
B 1AL GOLAYO & .
4.3 BERIEMFALLE
4.3.1 #HHHILI2 ARG BIR g £

PR B ALAR 2R G0 BB B K AR 5 2 LR &
G5 0 AR W K BEAE MEAT L3, SR 9 2 A b o 25 5 Ok
ﬁﬁﬁ‘%ﬁi‘tﬁé%?ﬁﬁﬂ%m%ﬁﬁm 1, B 7 B L

7RG G 2L R GG I 25 7 AL,

KO E Gy ) s L2 7 5 BHRHEAR ZR 1K
JEAE L Eo (i) o 2 LR R G0 BR AR 2 IR
{EL s m X o R B A B R/
4.3.2 HrBEEALGLE

N 2 BRI < B A 5 R AR G R PR
i L AL AR B0 A 9 22 (B0 /0N 5 B B 5 3 5 TR 5 1y 1
R PRI B FL AR 2R 48 T LR 5 4 LA &R G0 BT I
G834 5 FR] - 1) 38 R i L AR 1 B A5 B

TN L. WBRES = FH 15 GOLAY 9. 767
DIDNE ) —E, (i)
_ |i=1 =1
std = ! P a— , (D
| mm |m | mm
——— — e
wsignx 1= 1 2Msax =11 20Swgpx|lI=] |
L - = l:uu g@s 2, =
sew iy, MS1E 3w, MSl2 ==uir N=1e
ow _MEIY 5 = Ill-l: T L
M=16 - m=l N=1B
HEI AU EELE =
K10 HE& 55 T TR AR I i Wiener JE I K] F=30%
Fig. 10  Image simulation, added-noise and Wiener filtered images for the dual three sub-apertures 1 with
30 % -fill-factor
0 Im
— =
Az =11 2 sax =) | as "'suxIIIEI I
= SOxX !!zmmu EEE = e —
:;: ENTHER - msleg =0, Nl
0wz EDOmEN WSSl
TEN EHTE EEVE E
B 11 GOLAY 9 BLfl A% i 75 #1 Wiener JEWE F=30%
Fig. 11

W B LT S5 =780 T AR i 22 (e s

Image simulation,added-noise and Wiener filtered images for the GOLAY 9 with 30 %-fill-factor

/NF GOLAY 9 #HHIE .



32 k2 TR -
k2 FHBRILERSREE 1
Tab. 2 Standard deviation (std) of two 0.9 —, Hled aperture
+—+ ‘ua three-sul —apcrlurcs
kinds of sparse aperture systems 0.8 S—oGOLAY 9
0.7
% HANT HAEW T HFEH T Z 06
10% 20% 30% £ 05
S 04
. INMEJE 90.27  86.42  81.60
HEE=TFHT ) 03
WS 86.24  75.56 75.45 02
MR R 92,00  86.55 82.37 0.1
GoLAy 9 o F N R <o
VWG 91.49 80. 55 78. 06 0 10 20 30 40 50 60 70 80 90

4.3.3  BEBURAR A 2T AR

B— i B E K Wiener 38 3 5 FZ H 4%
O X LE B (R, O s X bl B £ B 12 2
Wiener J8 % 7 LX) EL E B £k, ] 13 J& Wiener
B I 6 L ) EAG R L B 2 T R g L AR Y
HWARKEFH 30%. MEH AL, Wiener 38 5
PP g L AR A XF L BE R U AT B A OK
Wiener JEPHT G - 75 45 KX & =T 5 T
GOLAYY H R XS L B S A AR Y, 7E R T 45 £
Xk, GOLAY9 i EMEXT ER TR G =748 1,
SFREIE 10 FIIE 11, GOLAYY 16K T 45 48 Xy 23
RAL B B R TE G =75 TmER

|
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0570720 30 40 50 60 70 80 O
Frequency/(Ip/mm)

—— filled aperture
+—+dual three-sub-apertures |
S—©GOLAY 9

Contrast

12 Wiener 1 A B8 X bE B Hh 28

Fig. 12 Contrast curves before Wiener filtering

12 FIP 13 s AUR R LIS R GEXT I

S % Uk

Frequency/(Ip/mm)

& 13 Wiener J& 3 5 RI% X He B il 28

Fig. 13 Contrast curve after Wiener filtering

B I+ Fa N EE =78 Tx it . A
P2k 03 GOLAYY X 1 il £ .

N 7 22 FDGE b il 2 18] Hhon] L3 A7 B R
LR RGN R B, N3 2 B b 2 (E
B4 =T T/ GOLAY9, 3 1 F0 s 5 FL
T2 o 2 (AR 22 AR /0N S i S B AR 1 5 L 3 A 22
CARAH & .

5 & #®
Ha=THEAEMARTCA 0B L1824

.o R—MEanmRilERE. WETEA =
TEEM GOLAY 9 B4y . MTF 23 A B8 1%
Ml Wiener JEH GO, A = F 5 A GOLAY 9
HB LA T B R MTF 49 A 4545 45 5 B 48k
15 H Wiener 8 J5 (14 G 38 50 A o 22 (8 1 5 A
XF b BE T £ G #C L A A [ A3R Ry 24 ~ 45 1p/mm
B G XS L EEE S = F 4 T T GOLAY 9, 1E
ity L B A = PRl =AM R RO E R A
8 72 BURSCRAE ST 26 =T S
TR e AN R PR o L S R g A

O AT SIS 7E T 0 G Bk BE 1 A &0 48
R S8 L TE IR R R0 SR

(1] Zsk AL, RIOGCTWHEARD] A% #% 14,2003, 11(4): 320-325.
WANG H T,ZHOU B F. Astronomical optical interference technology[J]. Optics and Precision Engineering ,

2003,11(4) ; 320-325 . (in Chinese)
(2]

EHEFALT. BFGERIAETYRGEARIT] A% 4% 42,2002, 10(5) . 434-442.

WANG H T,ZHOU B F. Optical synthesis aperture interference image technology[J]. Optics and Precision Engi-

neering » 2002,10(5) . 434-442. (in Chinese)



CRR SR LA PIRR BAL AR 2R GE Y R T 5T 33

[3]

[4]

[6]

[7]

[8]
(9]

FIETE R D, TANTALO T A. Image quality of sparse-aperture designs for remote sensing [J]. Optical Engineer-
ing, 2002, 41 (8): 1957-1968.

MEINEL A B, MEINEL M P. Large sparse-aperture space optical systems[J]. Optical Engineering , 2002, 41
(8): 1983-1994 .

BR, R, X%, . AA = TRBEIIRLI] L5 FR.2005, 25(8):1030-1035.

QIAN L, WU Q Y, WUF, etal. Study on sparse-aperture imaging of dual three sub-apertures design [J]. Acta
Optica Sinica » 2005, 25(8):1030-1035. (in Chinese)

HARVEY ] E,ROCKWELL R A. Performance characteristics of phased array and thinned aperture optical tele-
scopes[J]. Optical Engineering , 1998,27 (9): 762-768.

ZHENG Y F,CUI X H. CT scout Z-resolution improvement with image restoration methods[J]. SPIE,2003,5032;
1851-1857.

WU Q Y.QIAN L,SHEN W M. Image recovering for sparse-aperture systems [J]. SPIE, 2005, 5642.478-486.
R v R T FLAR R G0 AR AN R AT IR TELT ] 8ok 4 & ,2005,26(6) :40-42.

WU Q Y,QIAN L,SHEN W M. Imaging and image recovering of sparse-aperture systems[J]. Laser Joumal,
2005,26(6) :40-42. (in Chinese)

[10] GUAN L,WARD R K. Restoration of stochastically blurred images by the geometrical mean filter[ J]. Optical

Engineering , 1990, 29 (4). 289-295.

PEE T A RAEHE965—) 2 VLIR RIL i P LRI & 550 M IR ARG 2 SR BE 5 e 18 L k5 A= 22 58 05 1l ol

R MBS A AL . E-mail : wqyeyh(@ tom. com



