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Abstract

In order to meet the demand for high luminous flux and multispectral sensing capability of the sys-
tem under low illumination environment, and to address the problems of shallow depth of field and
difficulty in wide-band chromatic aberration correction in traditional refractive multispectral large
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aperture system, this paper proposes a compact large aperture dual-wavelength imaging system
design based on wavefront coding. The system adopts a reflective structure as the common optical
path for multispectral light, introduces free-form surfaces as well as aspherical surfaces for wave-
front coding of the two bands simultaneously, and separates the spectra using a beam-splitting
prism, and for the coded images, uses the DeblurGANv2 network architecture after adding the point
diffusion function for image decoding. The results show that the depth of field of the system is ex-
panded by a factor of 10 in both bands, the modulation transfer function of both bands is greater
than 0.1 at 40 cycles/mm, and the image decoding is able to restore the image well.
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DA IS RGER A5 R RE, K6 % B R L B o5 B I el s AL 75 R o
SO, ERIAMEE]. FFMAER]. EVEFRM A EED) (3] RSOWII[4] LK S LS A0 5
[S]55 A 2 SRR B A AT B AIER, 2o i A mr LLRAR 7 Bt — 0T W8 B BRI

SR, T RAIEAEHE, JE KNS IR (Depth of Field, DoF) 2 [BIfFTEE A HIHI 2 K &R
BELEROK, SRR . IXEgm T OO e R A Iz N .

TR — MR, I SRR R SRS A o o =2 MU R AR (6] THE UG SR R
(WRBR. BMGR) [T eF IR A 78], Hh, A& AT 4% (Optical Wavefront Coding) [9]
FORAENS A RO SCBL R T B A B . A FF LA A 5. SR 2 ng A M &, Rz 30
2R AR M OTE TR I A6 5] R 1 4a iSAH LA (W =X AH A2 Cubic Phase Plate, CPP)
[10], FHACHT NS R HEAT AL RS, 15022 RE N AP BRI $(Point Spread Function, PSF)E— & 5tIR
T P %o 1 A AR L AT AL AN A P (Shift-Tnvariance), 5 58 45 5 0 S A 8 S92 R AT A BAL s 2 ) P 45
R B A3 R

2020 4F, Lei Yang F1 Meng Chen [ 1 1|44 J% FT4mhd B H T N BB 50T, B SR K 17 1+F5. 2021 4,
Sun Ti F1 Hu Jingpei [ 12K A 4t B T 2208 Bk, R T I BUR R o i@ Bt . ek, IR
S A HT S 25 G RO WU E ST, 2023 4F, Shijie W A1 Huachao C [13 ¥ E % 2] 5 ik A i
MEEE, BT TR BRI RS . 2024 45, Xueyan Li 1 Haowen Yu [ 14115 F % B 5 31 A3 i 4
T2 & R B PR % . 2025 4, T M Reyes Alfaro A1 C Toxqui Quitl [15]% 11 T — AN b5 ik
B 7%, HA Jacobi-ff TLINHEFE R HOHAT Y, HAMHE M2 H T H - fihd .

DA RPN AT ImAS e RS, 2RO S R ZE e, REHALARIMEE K, ZF 2k
sz, BT a U A Ak B DAL R, I HAAME RN Ge)mdT it % (n = 4.0) 5 IE (L HURF: (Abbe
VL~ 100) [16], 5AT WA (G H-KIL, n=1.5, VL=65)LIEH%, (ERIEHME.

BEXFLA IR, AR SCHEH T — P T U8 A g A 14T s A0 B BB S iR R R R R G it .l
KA RGN, ok, v OGS IR B RO, BN RG AR KA
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M SAERRIEE &, B BIBRT DI BOR,  [FIX A WG L AN BOHAT SOR s 18l 7 e B &
SREEHE, PN BCRENE RN RS . SRR, 1206 RGUREXT AT WLGAE LD AN BT SRR R, fEN]
WGBS IR AN B, RSB MTF 1E 40 cycles/mm 40 KT 0.1, ff IS H DeblurGANvV2 57k RERS
TR B 1 Ji i 4 PR
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2.1. FERBIEISER
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BN R G, S FARAIAR « ST BRI AT AR B E B 2 T A AL AR ) SR SR B R e 2, MIEYT

JERISR TSI T — SRR .t R O R R B T TR A5 S, Bl AT DA T S A B
AT -

optical system
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Figure 1. Diagram of wavefront coding working principle
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K g, v TSR ANR, o AL S5

SRR B I A B AR ok P A 6 2 4% 328 R 1 (Optical Transfer Function, OTF), H A SR pk
T A H4% % B8 #(Modulation Transfer Function, MTF). R, XL E TSI THMAKRSH a « XFhAL
T ARAL R HIE RS K OTF/MTF FPELE R AEFAF NRFERECAE, WP T 2G5k,
2.2. KFRGHET

HFRGNSHUIE 1 Fiom. A TSI ERE S, A0 ZERFFRA SR B R R

KALRES, HMLfEA ST, fEa] WOeP BGE T 098N 640 x 5120 B2 NFN 13 um AR RS, 7EIE
STAMEBOE R T 20N 1280 x 7200 182 RSN 13 um (AL RS .

Table 1. The parameters of the optical system

Item VIS NIR
Focal length 130 mm 175 mm
Wavelengths 486 nm~656 nm 800 nm~1200 nm
F-Number 1.85 2.5
FOV 4.2° 4.2°
Absolute distortion <5% <5%
MTF >0.1 @40cycles/mm >0.1 @40cycles/mm
Relative Aperture 3 3

AR H Ritchey-Chrétien 54 (F 9 w] WG ST LM RIIERDERE . S NG A L R 22, B
T S S B RERE AL IR = Br Bk ZE AN 22, (HLI 35 IO AR ORI il R A2 KA A B AR IBAEAE, 7 B 3 o
TEFRAEAT B ZEAME[20]
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Figure 2. Diagram of the optical system
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TR BT S B, 2R AT WG LA G LA 4 AT R E AR E . N T RO
MR i@, 5INTEARES, D MRE T Petzval F1, 8 EBUGRETFRE, RAGXLEE
%o

IEAAMDEREB TR, BRKEK, ZRRGATH AR, TS RER AR, A Hek Hd
AR TR, IR T JURMR ZE 2 BT &

PRI R G, RSS2 8 R LRI RO, P sk & TRt ,
TAAR AR, FENTE RS, PRI SORE I Fi 4 5 ¥ ) e o TR0 DA R AR BR T 25 40 78 T Rl B v

ARG BRGERIAE, W 20 BAHE 5 R0 — Ml S8 M1, JEBRI RO M2 4> eisds S1.
1EiESE S2. i e S3. IEiEH S4 MBS S5 . MANIEH ARG MR, SeAiT M2 JEBkiE
WEE, RGN 95 mm x 85 mm x 85 mm, 2 RST/NTRGFER, KOE M1 14488 39.7 mm,
P M2 B 04808 12.92 mm, KRIEHREMHXALERTFREAR21], &8 RGNS ILERN 3.07, T
THEDR

RGP AR T R S E W% 2 Fios.

Table 2. The parameters of the aspherical surfaces

2. FREEESH

Item M1 M2 S3
curvature radius —105.101 mm —46.964 mm —24.16 mm

conic (k) -1.13 -0.67 0
4th order aspherical coefficients 0 2.7250e—06 4.0098e—05
6th order aspherical coefficients 0 —1.1241e—09 1.4604¢—-07
8th order aspherical coefficients 0 5.2195¢-13 4.5788e—10
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Figure 3. Diagram of the MTF of the optical system. (a) VIS; (b) NIR
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FEARERI AN XY 22 50 5 H 1 20 45 170 B
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Figure 4. Diagram of the MTF plots for different depths of field in the VIS band. (a) 0; (b) 5; (c) 10
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Figure 6. Diagram of the distortion of the optical system. (a) VIS; (b) NIR
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Figure 7. Diagram of the PSF of the optical system in the VIS band
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Figure 8. Diagram of the PSF of the optical system in the NIR band.
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Figure 10. Diagram of the decoding effect in VIS. (a) Original; (b) Blur; (¢) Wiener; (d) L-R; (e) Improved DeblurGANv2
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Figure 11. Diagram of the decoding effect in NIR. (a) Original; (b) Blur; (c) Wiener; (d) L-R; (e) Improved DeblurGANv2
11 SELIOMER B RRISMRE. ()RE; () REER: (o) HMEHE; () LR BD; (o) BUEAY DeblurGANV2

JLEE 10, [ 11, W] DA B8 P A G 500 g i PR AT AR (R R I AN, A 0 I SR T A A
B4 TP AR, L-R AR G A IR SR, (H 2 B0 O ORI 4R 4N

DOI: 10.12677/mo0s.2025.148544 31 A ()


https://doi.org/10.12677/mos.2025.148544

R %

g, DRI A A SR A RS R AN, 17 2503k ) DeblurGANV2 5237 EL 4% HA%: 48 S50 o8 1 1) 25 ORI 258
B, FHEHASERBR N, &JEEME ) PSNR 23] 27 dB, SSIM 1A% 0.8.

DL UG A B 5 BRI i, HR T 65 R GG 2= FRT S RO A 2 o B GAN W) 45 X6 AU
ﬁﬁ%ﬁ@@%ﬁﬁ%@,%ﬁ?%ﬁ@%%@%Tﬁﬁ,ﬁﬁ%ﬁ%ﬁ@@@,TMLL%%%E@
G BHREE, FRE GAN WZREAT ISR, SRAFFIERL, 58 S gt BRI RS .

4, B&

ARFERR T T IR AT AL 1) SRR R B B R Gt (1) N TR RILBE I H ARG R k5t
W, BAESE SRR AERR T/ B B I N T AT, N T RS R ARG, KRR R 10 55
RN T R G AR RSE, Bt T BB R RS B iR L R G- (2) RIS RPN I B
B RAG BT SR RS, IS T AL R S B & TG — B, R R SR R RE S
(3) AT B UG BRI A B T BT IR — VI A 48, JFd i 7E DeblurGANV2 45 H H I s 4 B
BRI E RS T B R G IR E . g8 L, AU KFLEN BOC S R R G B, IF B
PNEME A3 7 AR I ORGSR, RSk AT DAFE S m b {5 P St B8Ry 36 47 St LD A RS 200 SR P ] AT MR R AIE o
S

IR SRS 2T R S RS TR A TR OIES S E .

SE 3k
LA, BIHEIR A RS RG], BHIRTT 2 53R, 2023(8): 30-33.

]
2] ”Bﬂ%ﬂﬁ% . B S YR UG TR E R R LS S PR [I]. EFTRME, 2023, 44(6): 32-43.
[3] . 1R P B R BB A6 R B A YR S R R B e Ay AT I RIT 254, 2024, 37(23): 42-45.
[4] WE, MR ek, XI%oT, 2. BEmfe y SRRSO PR S—— G RS UMS R R BB sE[)]. RCEERE, 2021,

39(3): 350-376.
[5] fEmdf. H TSR A G UG B AR FANERE TR E 0 R F]. 15 BI0RM kL 2025, 26(2): 141-143, 152.
[6] % RE, /NG, XMy, & AR AU RIREATT]. 62 54R, 2023, 43(20): 111-122.
[7] BORME, @EEMR, KB, . R BAREIRTENRS B JE R 3 5 b BT 7ot R (RRE) (7], WOt E T2t e,
2024 61(2): 486-499. https://www.opticsjournal.net/Articles/OJ5d6d1b5cea32d95¢c/Abstract
[8] =%, SWEDDE, PNER, & RESURBR R G EOCHRTINESRIR[T]. HiRIR SRR, 2023, 44(6): 1-11.

[91 EEAT, M, BOUE, %, T Iargmidmsa M e KRG ERT BRI Y62k, 2025, 54(1): 131-
142.

[10] ZE@B28, #&2, XURF]. KERES TR oL T 5 M MHER[T]. Je5s % T, 2022, 30(17):
2088-2093.

[11] Yang, L., Chen, M., Wang, J., Zhu, M., Yang, T., Zhu, S., et al. (2020) Extended Depth-Of-Field of a Miniature Optical
Endoscope Using Wavefront Coding. Applied Sciences, 10, Article 3838. https://doi.org/10.3390/app10113838

[12] Sun, T., Hu, J., Ma, S., Xu, F. and Wang, C. (2021) Polarization-Insensitive Achromatic Metalens Based on Computa-
tional Wavefront Coding. Optics Express, 29, 31902-31914. https://doi.org/10.1364/0e.433017

[13] Wei, S., Cheng, H., Xue, B., Shao, X. and Xi, T. (2023) Low-Cost and Simple Optical System Based on Wavefront
Coding and Deep Learning. Applied Optics, 62, 6171-6179. https://doi.org/10.1364/a0.494397

[14] Li, X.,Yu,H., Wu, Y., Zhang, L., Chang, D., Chu, X., ef al. (2024) Super-Resolution Image Reconstruction of Wavefront
Coding Imaging System Based on Deep Learning Network. Electronics, 13, Article 2781.
https://doi.org/10.3390/electronics13142781

[15] Reyes-Alfaro, J.M., Toxqui-Quitl, C., Padilla-Vivanco, A., Gonzalez-Amador, E. and Espejel-Rivera, M.A. (2025) Blind
Deconvolution Network of Encoded Images in Wavefront Coding Systems. Optics Express, 33, 15207-15221.
https://doi.org/10.1364/0e.555474

DOI: 10.12677/mos.2025.148544 32 e RSE TR


https://doi.org/10.12677/mos.2025.148544
https://www.opticsjournal.net/Articles/OJ5d6d1b5cea32d95c/Abstract
https://doi.org/10.3390/app10113838
https://doi.org/10.1364/oe.433017
https://doi.org/10.1364/ao.494397
https://doi.org/10.3390/electronics13142781
https://doi.org/10.1364/oe.555474

Rl 2%

[16]
[17]

[18]

[19]

[20]

[21]

[22]
[23]

TR AN AT\ R FI[T]. R 48, 2010(8): 66-68.

Zhu, L., Li, F., Huang, Z. and Zhao, T. (2022) An Apodized Cubic Phase Mask Used in a Wavefront Coding System to
Extend the Depth of Field. Chinese Physics B, 31, Article ID: 054217. https://doi.org/10.1088/1674-1056/ac5979

Xu, N., Qi, D., Cheng, L., Pan, Z., Zhou, C., Lin, W., ef al. (2025) Sparse Point Spread Function-Based Multi-Image
Optical Encryption. Communications Physics, 8, Article No. 184. https://doi.org/10.1038/s42005-025-02105-1

Zhou, D., Cheng, H., Tam, H., Wen, Y. and Ye, X. (2013) Extending the Depth of Field of Integral Imaging System by
Employing Cubic Phase Plate. Optik, 124, 7065-7069. https://doi.org/10.1016/j.ijle0.2013.05.145

Zhao, N., Papa, J.C., Fuerschbach, K., Qiao, Y., Thompson, K.P. and Rolland, J.P. (2018) Experimental Investigation in
Nodal Aberration Theory (NAT) with a Customized Ritchey-Chrétien System: Third-Order Coma. Optics Express, 26,
8729-8743. https://doi.org/10.1364/0e.26.008729

BB B, XS0, KA, &, EORAXT LA T R AT S I AMERL B [T]. 2T HL T2k, 2006(2): 155-158.
BN, ATNE. —FRER AL SR B AT BB R, 2013, 37(8): 133-135.

Kupyn, O., Martyniuk, T., Wu, J. and Wang, Z. (2019) DeblurGAN-v2: Deblurring (Orders-of-Magnitude) Faster and
Better. 2019 IEEE/CVF International Conference on Computer Vision (ICCV), Seoul, 27 October-2 November 2019,
8877-8886. https://doi.org/10.1109/iccv.2019.00897

DOI: 10.12677/mos.2025.148544 33 e RSE TR


https://doi.org/10.12677/mos.2025.148544
https://doi.org/10.1088/1674-1056/ac5979
https://doi.org/10.1038/s42005-025-02105-1
https://doi.org/10.1016/j.ijleo.2013.05.145
https://doi.org/10.1364/oe.26.008729
https://doi.org/10.1109/iccv.2019.00897

	基于波前编码的紧凑型大光圈双波段系统设计
	摘  要
	关键词
	Design of a Compact Large-Aperture Dual-Band Imaging System Based on Wavefront Coding
	Abstract
	Keywords
	1. 引言
	2. 理论模型和设计方法
	2.1. 波前编码理论模型
	2.2. 光学系统的设计

	3. 仿真图像解码算法
	4. 总结
	致  谢
	参考文献

