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Abstract: A lightweight hybrid refractive-diffractive optical system and an optically constrained princi-
pal-mode point spread function (OC-PM-PSF) model are proposed for small-satellite visible-light imag-
ing payloads subject to spatially varying degradation. A Binary 2 diffractive surface is incorporated into a
double-Gauss configuration, and the system is optimized across the 450~660 nm spectral range and a
34° full field of view to minimize axial chromatic aberration, improve modulation transfer function
(MTF) consistency across the field, and maintain compact spot sizes. Diffractive optical element
(DOE) diffraction efficiency, spectral weighting, detector response, field position, and variations in
MTF and root-mean-square (RMS) spot radius are incorporated into the principal-mode decomposition
of broadband PSFs. The reconstructed spatially varying PSFs are integrated with a Richardson-Lucy al-
gorithm with total variation regularization (RL-TV) for non-blind image restoration. The lens count is
reduced from six to four, the maximum clear aperture is decreased from 19. 130 mm to 13. 998 mm, and
the estimated front-end optomechanical mass is reduced by 34.9%. At unsampled field positions, the
mean and maximum relative reconstruction errors for broadband PSFs are 4. 98% and 7.76%, respec-
tively. Following restoration, PSNR is increased from 22. 54 dB to 30.11 dB, and SSIM is improved
from 0. 840 to 0. 940. Additional experiments using nonidentical degradation PSFs and mismatched res-
toration PSFs demonstrate robustness to limited modeling errors. These results support the integration
of lightweight optical design and optically constrained PSF modeling for spatially varying image restora-
tion in small-satellite imaging payloads.

Key words: hybrid refractive-diffractive optics; diffractive optical element; lightweight imaging; OC-

PM-PSF; spatially varying restoration; RL-TV algorithm
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(c) Hybrid refractive/diffractive components
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Fig.1 Schematic diagram of chromatic aberration correction
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Tab.1 Structure parameters of traditional refractive sys-

tem (mm)

T RMAR iRk BRSO MBS HR
1 Standard  29.863  2.670 LACS8 17.528
2 Standard  75.638  0.758 < ——  16.440
3 Standard 11.756  2.680 LAC9 14.036
4 Standard  20.834 1.710 FDI5 12.542
5 Standard  9.583 5.163 ——  10.082

Stop Standard TR 8.829 ——  6.260
7  Standard —11.058 1.310 FEL4 12.002
8  Standard  99.172  3.964 BACD5 15.304
9 Standard —16.050 0.255 ~——  16.598
10 Standard —229.509 2.498 LACL5 18.536
11  Standard —31.719 33.578 ——  19.130
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Fig. 2 Structure of traditional refractive system
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Tab.2 Structural parameters of hybrid refractive-diffrac-

tive system (mm)

KRR PR JFE RS HRE

1 Standard 21.963 1.065 H-ZLAF75C 13.246

2 Standard 45.979  5.009 — 12.938
3 Standard 8512.420 0.600 H-ZF52 8.614
4 Standard 24.141 0.947 — 8. 158
Stop Standard ~ JGRR  1.175 - 7.836

6 Standard —14.428 6.198 D-ZLAFS85L 8.064
7 Standard —19.073 0.600 — 12.204
8 Standard 44.388 1.673 D-ZPK3-25 13.838

9 Binary 2 —13.041 57.014 — 13.998
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Fig.3 Structure of hybrid refractive-diffractive system
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Tab.3 Comparison of optical structure and equivalent opto-mechanical mass parameters
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Tab.6 Reconstruction error of OC-PM-PSF in unsampled fields of view
kSRR (0,,0,) SRR/ () PSF A} i5 2 MTF Hi % i 2 B 4 X B 2
(2.83°,0%) 2.83 0.0318 0.0254 0.006 8
(8.50%,2.83%) 8.96 0.043 7 0.034 6 0.010 2
(8.50%,8.50%) 12.02 0.056 1 0.044 3 0.014 7
(14.17°,8.50%) 16.52 0.068 5 0.054 2 0.0189

& 10 F1 3 6 £ B, OC-PM-PSF & # 45 ' fE
R F R REEL Y PSF B R AL B A £
T, W& S 2. 8374 & 16. 527,
PSF AHX MR 22 1 0. 031 835 £ 0. 068 5, MTF
AHXT R 25 B 0. 025 436 % 0. 054 2, 32 I 25 b
2B B0 J5 PSF B 245 4% 1k F 2 18] 45 {F M B 3% 7
HR o AMREMEAR RN 1 °F- 34 PSFE AHX R
2229°00.050 0,5 7X7 BB R A% T AY 3% 4 4 (1
WEREN—H.

Sk ik — 25 oy AT A R AR U K TN A A A 2
FE M ERE, 20 S AE 450, 540 1 660 nm B 4%
1 PA S 450~660 nm 5528 58 1% S5 48 T, % 60 4>
SR AL T PSE MG B A 1R 22, FF 22 il 40

iR A . R 1AL R TR 3E 454 R iR
2553 A B AT A RL A 2 1) A8 Ah s 3, rpols IX iR 22
FERT AR, B KR 25 A T G & PSF Y
5 78 A A PR ) o 3 XS

TE 540 nm B 3 B, 56 UE A 3% 19 °F- 1
PSF X220 0. 043 6, e Kk K 0.067 5,1
AV T 90 s ARG U 35 . 450 nm A 660 nm 514 F
{715 PSF 2 2243 51 4 0. 056 8 F10. 052 7, % W]
P KA 2 DOE & it 3% K J& , PSF 25 [ 48 fb & 4%
JE RV M ME B A TR N . SERE ST P4 PSE
BR2E 9590 4 15 22 e KR 243512 0. 049 8,
0.069 8 F10.077 6, F# MTF % 2 Ffl it K MTF
P20 0.039 1/10. 059 8,



3020 e K TR 5 34 %
®7T TELIESEMGTRRENS PSFEMIREHiT
Tab.7 PSF reconstruction error statistics in unsampled FOV across different spectra
S st 20 S7 3 A FHPSF PSFiR#95%  #KPSF FHMTF K MTF
YRR . . o . . .
) Bl % S LA w2 % i

450 nm 60 0.056 8 0.0795 0.087 2 0.044 6 0.067 8
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Fig. 11 Full-field relative PSF reconstruction error distributions under different spectral conditions

ERZE R EL, OC-PM-PSF 1 8 R L fig
YT A1 R AR R 3 Ak 1) PST 38 RE A X oK 2 15 2
A0 B A 3 AT o S s A . AR S [R] SR (8
BTG T R ZBOR R SRR
PSF I MTF #1525, A1itj i — 2D 30 UE 1 BT 42
TR AE 4 W 37 3 TR 9 9 25 )z AR g ) o
4.4 XENESHHBMESHERBS T

AR5 P RE S E o, f Ay 50 5 T

Wl 6 OMTF AL F S B R = 2862415
ISOOIEN: B BN IR A LB TN B A
LY S BRAE T T G AR T 28 560 1 E AL T S
B2 TT R T S U S T RS

S R R 2 3 58S PSFE R &
S R0E , A H (] B B B 7 X 7 A W35 4 B 9 PSE
T OC-PM-PSF AU 4, 60 > 2 805 WE L
FF AL EE 2 BUUR A 53 7 R S 0 46, 2 Sy T



5519 1

FRBE S T 16 28 ) A2 A0 S I R A AT IR B Ot e R BT RS IR B 3021

MHAS HART SR, A BRI R 21
A E SR, IR PSF & O RS 47
WP E RL-TV IE WS 808 A5 1k & — 3
A3 B TGO A TR BRI 2R 2 B B
Py IR ALY RN S B & S R 2, x4
M7 F- 3 PSF EA R 22 S MTF B3R 22
K PSF #4152 22 UL K AR [A] 6 PSF 247 T /9 B1%
S RAE AR AT LB 25 R B 12 R .

TIPSR M TMIFIRS [ ) APSFiRE

0.08
0.06
0.04
0.02
0.00

=25z S hE xR

REE I L4 P8

!% P #

(a) PSFSMTFE {4122

(a) Reconstruction error of PSF and MTF

26.9" S P 40.936
S04 0934 <
3 =
109322
292 ’
0.930
29.0

| || | 0.928

WO E B E BB E &

X B S ¥ s @& om X o

REEXL LLF K

= & = N

(b) FEHR ST e

(b) Image restoration performance

K12 AFEBE NI PSF B2 5 EGE 5k be
Fig. 12 PSF reconstruction errors and image restoration per-

formance under different weighting configurations

i & 12 (a) BT L, = 2 BT 2 o B Rk ok o
PSF 4, {HAE HI 5 A (6] - 403 o & 24 o 2 %2
R AR 2 L 37 B KR 25, MTF 293 3= 22 [ AR 0
B R DR 22, SUEE 2 X34 PSF 5% 22 i3 5
o PIIEL =T R 5, 45 I 22 i — AP
%, BEWIAR TR 2505 BB BAME

SWUEENART P PSF iR 2 CEFHMTE
1R 25 FlFe K PSF 1% 22 43 511 4 0. 049 8,0. 036 8 #l
0.067 2, % To AL E AL R 43 | BEAIK 14. 726 ,19. 7%
M22.00%. MEHEEIAWELESEHN =
0.30,8=0.35% y=0. 35, HALFENEE,F

¥ PSF 15 22 {XF#AIK 0. 000 7,

B 12(b) % A0 & X N PSNR Fl SSIM
2y 9k 29.56 dB A 0.935, 5 8 R & i 45 R
29.61 dB F1 0. 936 4E # #235 o hy dhE f0 5 X A R
B ok R 2, T R4 S BUR BT B 5 LS g
FKHa=p=y=1/3.
4.5 BEGaE

KR TR A R GRS
Ji i 23 78 A R ¥k 22 1) A M XL AT i &R
GERPTATIR A &R Ge iR Ak B R 43 B ik AT &R
JRAb 3 IF X R R B R R R . R
PSNR FIl SSIM X [5144 52 J5 1if Ji5 A9 o1 et F A7 2 &t
PR PSNR & — Fh 3k TR % 25 0 1% G 4
P, 32 N2 O 15 22 9 AR RE e e TR R LR
BE T SSIM I — 25 DR 5 Ja& 0 0 A, 3 2ot
BV I R AE 52 B 6 Lo B2 RN 45 4 = A )y T 4 4
DL SR PFAy BT d , HC (B T A O ) 1 22 ), e
I 1 2R 5 AR FEGOEAR 1 o

e HAR 0 ELRORT G SERE L, 0F — A T
TR AR AR EA & R Y R RO K S0
51N A S - = W IR A 7S (Poisson-Gaussian
Mixed Noise) , LA 52 BR CMOS &l &% (1 0+
FBORE MR 7 G RV AR R R L 5 B 5] A M
J&i Ay 1R 36 B2 OC HEBE AR 0B A L 4R 43 B ik
W B I Ay X VEE LR TR Ay T
B TV IEWA LI TV (/) 5EIER A D(f )1
RF ML, I5 i Ze 0 355 SO0 R 1 Al 2 e S R
e AE Ay o

i £ 1 B — SR R IZ A Tl R 0
IX10 "Wk Ef. F13h Mg 2B %HE

N
)
=}
=

o, /=462x10

TV regularization term, TV (u)
) )
) )
[e] o0
(=) i

-1.6380 -16370 -16360-1.6350 -1.6340 -1.6330
Data-fidelity term, D(u)

E 13 L ik 50 5 3 55150

Fig. 13 L-curve analysis and corner identification



3022 e R TR % 34 %
L AL R, A5 BT X A Ay =4, 62X 10 °RI *®9 EMBER
R MR KT S R R S 8. BRI Tab. 9 Evaluation result
SIS EE SR R 8 TR . %Ak PSNR/dB SSIM
=88] 22. 54 0. 840
%8 OC-PM-PSFE#HEESERSHIZE =V 30. 11 0. 940

Tab.8 Parameter configuration for OC-PM-PSF model-

ing and restoration

S8 A
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TR R 21
a 1/3
B 1/3
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Fig. 14 Comparison of image restoration results
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Tab.10 Image quality indicators for optical systems

PSNR/dB SSIM
KU ARG ITINRE BRI HiAnRA

52 5T 22.08 22.54 0.831 0. 840
g )G 27.73 30. 11 0.920 0. 940
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Tab.11 Performance comparison of different spatially

variant restoration algorithms

ok ZfFIfE /s PSNR/AB  SSIM
A IRk 50. 46 28.52 0.935
Nagy % 273.54 28.59 0.931
MultiWienerNet 1 38. 64 29. 38 0.934
EigenCWD 86. 32 29. 74 0.937
OC-PM-PSF 120. 56 30.11 0. 940
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M2 12 a0, EAERNR PSF IR fL 4514 F L iR
1k B 1% PSNR H1 SSIM 43 %1 Ky 22.38 dB #i
0.836, & JH OC-PM-PSF #i %1 & J5{ J5 ,PSNR #
SSIM 43 5l #2 F+ & 29. 56 dB 1 0. 935, 5 A ¥
PSF 44 F 30. 11 dB #1 0. 940 i 45 S A e, AE ]
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Tab. 12 Restoration results under non-identical PSF degradation conditions
S S A B ALY B PSNR/dB  SSIM
Bk R 13X 13 Zemax % i PSF B Y — 22. 38 0.836
[/ 5 PSF & J& 7X 7 RFE OC-PM-PSF A5 1l 7X 7 R OC-PM-PSF A5 1 30. 11 0. 940
Ak [ I PSF & Ji 13X 13 Zemax i it PSF 5 7l 7X 7 R OC-PM-PSF A5 Kl 29.56 0.935
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Fig.16 Image restoration performance under different

mismatch conditions
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