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Table 1 Requirements for space camera

Requirements VIS MWIR
Aperture/mm 500 500
Resolution/m < 0.7 <6
Imaging width/km =20 =17

Distortion < 1.5% < 1%
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Table 2 Comparison of design parameters

Parameters Design in this thesis Design in Ref.[ 5] Design in Ref.[ 6]
FOV/L()X ()] 0.7X2.3 1.4%0.6 0.380.43
Focal length/mm 5000/1 500( VIS/MWIR ) 6 000/1 280(VIS/MWIR) 500/600( VIS/MWIR)

Aperture/mm 500 512 125
MTF 0.26/0.5(VIS/MWIR) 0.35/0.4(VIS/MWIR) 0.3/0.2(VIS/MWIR)
Number of lenses 8 9 16

12 (FFE
Wtk RGeS Bt b L, G381 R Ge 45 M I =X nT LU/ ING 223 oin T 2E
FIEE BN ME B, 4 8 R G WFR B . 225 5 IR as AR MLI A2 RFR EE B BRERIE W M ER L RS

0222002-2



1G4k 5, 55 AT ILALAh— Ak 5 W 25 DD F R gr it

R LR S M B — IR A Bt 22 B Lo o AT DL DY R v e 21 A1 6 38 BB e i i () Al = e 45 4
B IR, TE I i R FH A 37 3 B0 4 7% 238 2ok A I il AT B R T D O UG O B R e s 20 A0 RO i SR
XU B[R B BUAR o o 1 S RO B 08/ F2 458 1 T LR o — AR 09 7 B A E B O BEE . X TR IOk
oy Z Gk U, OB 2k O I8 37 18 0 ]l = B854 5 T il 2T ANy R L H s b T WO A RGN
F R, 38 T A A R UE S i B9 = 85 14 80 ( Three—mirror Anastigmats, TMA ) Bl &5 44,

VIS

Bl k¥ RGELEHEH
Fig. 1 Layout of the optical system

TE I 2 (Y 1E AU 7 T, O AF &R S8 AT UG i [R] ZE GR FR 43 B CMOS B 4 A% & 2% (Time Delay and
Integration-CMOS, TDI-CMOS) f{% T K 12 288X 128 , 4456 K/ K 7 pm, 4l FH 3 4 A ] B #4800 28 7614
LRSI R HES I AR T 6 R G R L R A X — 843, mTRLSEEE 36 000 X 128 {E T
FE5 3R 2 25.2 ke 09 188 58 52, Q01 2 s o TR L A0 43 R 48 38— 0OR THT I 1 ¥ A 21 AR P00 2%, HAR o 8
'3 000X 2 500,18 IC KN 18 pmo IZA A% o1 BEHE B 11 8O 18 't bR R A T ZH R, £ T % O BRI Y R
25 90 mm, WK 3 FF 7 .

)1/ Window $40 mm

> <
| glass ' !
I { 540.1 mm
: A A
| N, —
Non vignetting g A >
g \
“one ﬁ g @30 mm Cold stop
________ ignetting | o | @
zone X & 3
@ o0

\ 'I‘ | L y A 4 Y
IDI-CMOS C | ili0,0Z mm
| Filter / ¢9 mm’),

Pixel array

W2 1w s FH #A4H TDI-CMOS B3 WM B FHEA
Fig. 2 TDI-CMOS with offset field-of-view arranged in a Fig. 3 Optical interface diagram of medium wave infrared
triangular pattern detector

2 WIREHEGETE

21 [EH=RVIAEEEKE

R T e Tl ZR e e D T B S B R S K AR B A B T R, B i TMA 254 F 20 28 70 454X Bk 4
Hh L BN T X A (8] 2 B AORTL A R B Y A DG RGOS B . B TMA B W) 46 254 1
TF— M H (Rl = 5 2R 5 B Ak i ok )l = 5 3R G i 00 46 45 0 2 BT AR R ) g% 2 Be AT oR Mg
FlAFR , = RAG WA S 1, F5 (M) KB (M2) =5 (M3) = A~ K551 il 32424351 0 R,
R, Ry, FEEFN B MR R o, EE B =B B0 o, = B2 81MGE M BE B8 4, BE Xt B MR R o),

0222002-3



P/ R

S UCBE B A L R, OB A = B R b OR300 Ry 3., T S B B ) T FLAR AR AR O FL AR A
ﬁ’%’]ﬂﬂ u1\u2\u3$u U ! Uy ! \Us ' a_€12\_€22\_632ﬁ%uﬁ:iﬁ\ﬁgﬂ‘%ﬂg:ﬁ\ﬁﬂﬁ/%ﬁo

M1 1
hl
M2 l S
ol e T T h
Image'<ﬁf: ————————————— e ———— - F e
-, —
_dz
<1, —d,
I
Tfi'
_13/

M4 BEEH=ZRZGNWEEN

Fig. 4 Initial structure of the coaxial three~mirror reflective system

TE [ i = 2 ZRGe v, o i A 24 BE T 4%

Lk
011—f1,’\’hl (3)
_ b s (4)
LT,
L' u,
'Bl—ljwuz’ (5)
Z:;/Nﬂ
/32*73”\’“3, (6)
LS TIRTPE Y]
2
R, = . 7
ﬂlﬂzf (7)
R=——2 (8
R+ p) )
R.— 2aia;
5= 115 (9)
1—a; |
d,\= ' 10
25 S (10)
d :M]ﬂ (11)
2 ﬂz
l'=aa, [’ (12)

Gyth Sy =0, M A1) 9 15 22 B ie A7

(1+p)B: 1+5,
PSS AN
a, a,a,

[F] Fsf AR 4 ok 2 R 25 AR oK, T DL AS )
Si,Sy,Sy=0 (14)

1, S1 Sy Sy il Fon Bk 2% 25 AR I Y P& P8R8 22 280, M Matlab 0 2 R oK g 30 (3) ~(14) , 4R
PTG R ER MBS I 0, BN AT 1H B R GRS SR

(13)

0222002-4



1G4k 5, 55 AT ILALAh— Ak 5 W 25 DD F R gr it

22 BEHTMAZH

T SR Y EA S B, a6 R gk Rl il = e g5 M =0, i 2040 B 4l TMA R G200 1R
ABER AN A6, WIE A& TR L , B 0,70, LA 00, B4l A I XA = Fl, 20 2 G 16 i & 00 3% T B A0
8 T B il A S Tk 21 A0 43 FR 4 S R RO e Y ST R R T . D I R — L L AR O PR D
B8 TR AR Tl S B | DA 3l A O Y B 422 1 s il =X, &1 5 P o

Stop

——

1
]
i
i TMA 3
i
1
1
1
A_

TMA_1

E5 G R E M TMA 47 46 45
Fig. 5 Initial configuration of the pupil off-axis TMA optical system
K5, DN ARG AR BAS, TR B &, d eI — B (TMA_ DB T %5 "5 (TMA _2)/
G ZBINEEE . B d>0m, RGOS . R BN — A O o, IO R A B Al R LA S
r=lrd. D (15)
1—a 2
H TG A b5 K 2B V8%, 28 G AN 15 LA T 2 o Bk, A% 8 1 B i 1 0 B S RS L TR R A B R R
22 BRI X FLEAT 0 A o G W B S, REE R B R 22 Rkl

W= 3 30 2, (W), (Het) [(o+ 1)+(o + 1) [ [1+(o 1) | (16)
A, W, R R BAR 22 R A, R R L) AR I R U, L3 FLAR A AR O R U, T Ao 24 348 A5 22 X WL 37 AL
RRRIBOC R H N — BT R i, o N — AL B 5 5, T o )3 — ot i f o < B . B3 B9 R 48
Sl ANKEAER PR 22, A0 2o 5 L 0% BR 1 w5 AR 5K mME DURS IE R SR 22 . 1845 TOeA A ey il i n T i 4

AR AR A EL e TS AR Bl AR G b R] LA ARORE T &R G AR X PR R 2

3 ZFZigit
RS 14 vp 2 LA P 94T 45 R RT3 45 B 0 W L 2T Ah— (R Ab 62 R S5 i 48 459 T3 3. 1
WL 2 G5 O A AR W T | A% 5 45 4 8 O T (19 R T G g
R3 —FBUXFRSGEMZITIER

Table 3 Design specifications of integrated optical system

Design specifications VIS MWIR
Entrance pupil diameter/mm 500 500
Effective focal length/mm 5000 1 500
F-number 10 3
FOV/[(") X (*)] 0.7X2.3 0.2X2
Pixel/pm 7 18
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Table 4 Structural parameters of visible light subsystem
Parameter Surface type Radius/mm Thickness/mm Conic 4th 6th Tilt angle
M1 Quadradic —1984.504 8 —767.038 2 —0.938 7 — — —
M2 Quadradic —627.077 1 969.477 3 —2.5626 — — —
Fold 1 Plane Infinity —600 — — — 45°
M3 Asphere 903.506 6 1093.1324 —1.0023 9.9845X107" 4.3624x107" —

Image — — — — — — —

2 2 G0 0 A% T 52 T RN A% 3 pR B UE AT BEAL . IR 7 TR 6 R G MTF #2337 B B
16 71.43 Ip/mm 0925 28 B SR RE R A & 37 B9 MTF K T 0.26., 40 & 8 T/ , 4% W 37 ok i e 44 7 4R

w10 B — Diff. Limit-Tangential E--- Diff. Limit-Sagittal )
5 E— 0.5500, 1.4000 (deg)-Tangential E--- 0.5500, 1.4000 (deg)-Sagittal
° E— 1.1500, 1.0500 (deg)-Tangential E--- 1.1500, 1.0500 (deg)-Sagittal
= B 0.0000, 1.0500 (deg)-Tangential E--- 0.0000, 1.0500 (deg)-Sagittal
<05 E— 0.5500, 0.7000 (deg)-Tangential E--- 0.5500, 0.7000 (deg)-Sagittal
% EH— 1.1500, 1.4000 (deg)-Tangential [g--- 1.1500, 1.4000 (deg)-Sagittal
2 E— 0.0000, 1.4000 (deg)-Tangential E--- 0.0000, 1.4000 (deg)-Sagittal
= 0 g— 0.5500, 1.0500 (deg)-Tangential g 0.5500, 1.0500 (deg)-Sagittal
— 1.1500, 0.7000 (deg)-Tangential === 1.1500, 0.7000 (deg)-Sagittal
0 7.1 143 214286357429 50.0 57.1 643 71.4 — : :
Spatial Frequency in cycles per mm B— 0.0000, 0.7000 (deg)-Tangential E--- 0.0000, 0.7000 (deg)-Sagittal
Polychromatic diftraction MTF
Zemax
2026/1/11 Ansys Zemax OpticStudio
Data for 0.4500 to 0.9000 um.
Surface: image g 200
VIS.zmx
| Legend items refer to field positions Configuration 1 of |

BT WOt A G A Bl &

Fig. 7 Modulation transfer function of visible part
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40.00

OBJ: 1.1500, 0.7000 (deg) OBJ: 0.5500, 0.7000 (deg) OBJ: 0.0000, 0.7000 (deg)
IMA: -101.206, -61.599 mm  IMA: ~48.178, 61319 mm IMA: 0.000, ~61.236 mm

Surface: IMA

Spot diagram
2026/1/11
Units are pm. Airy radius: 8.235 um. Legend items refer to wavelengths Zemax
Field 1 2 3 4 5 6 7 8 9| Ansys zemax OpticStudio 2022 R2.02
RMSradius 3276 2.393 3.189 2.013 4.400 4.784 3.560 4.911 4.708
GEOradius  6.421 5.812 7.237 4.983 9.377 10.219 7.869 10.667 10.474 VIS.zmx
Scale bar: 40 Reference : chief ray Configuration 1 of 1

K8 WAL, ARMAFE
Fig. 8 Point plot of visible part
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Field: 2.3000 w 0.7000 h degrees Ansys Zemax OpticStudio
Image: 201.77 w 62.01 h millimeters 2022 R2.02
Maximum distortion: 1.2740% SMIA TV distortion: 0.0000% VIS.zmx

Scale: 1.000X, wavelength: 0.6750 um Configuration 1 of 1

B9 kARG R
Fig. 9 Distortion grid of visible part
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Configuration 1 of 1
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Fig. 10  Optical layout of MWIR part
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Table 5 Structural parameters of MWIR part

Parameter Surface type Radius/mm Thickness/mm Conic Y decenter/mm Tilt angle
M1 — — — — — —
M2 — — 1143.6189 — — —

Fold 2 Plane Infinity —432.860 2 — 45°
TMA _1 XY polynomial 1711.107 9 329.991 2 2.798 7 —221.082 6 —
TMA 2 XY polynomial 275.1357 —240.093 3 —1.132 3 —87.4267 —
TMA 3 XY polynomial 295.432 1 400.044 3 —1.307 8 —182.297 7 —
Window glass — Infinity 5 — — —
— Infinity 15 — — —

Cold stop — Infinity 80 — — —
Filter — Infinity 1 — — —

— Infinity 9 — — —

Image — — — — — —

WE 1L, AL Ah 73 R 58 MITF 3530 A7 A BR L 72 27.78 Ip/mm B 2% 22 7 45 SR R 00 R Ak 25 WL 3 19
MTF R T 0.5, @k 1207R , & 98 T ok B 7 iR (RMS) E A2 e KN 9.9 pm, /N T SCHBER ST R/
WA 13 B, & GE e KA S 0 — 0.833 006, W 8 159 31 R 4P AL IE

FRAE A e ity i A 2 808 i Matlab 7 B 3 =4S XY 2000 B i i 4800 w181, el 14,

FLEH T TRT £ 0 T R 0 SR AR R T B4 O 3, MR e TR A A R A i R R AT T %
it 725 2 14 fie K AR DR T A TR A 0 T B A W RE T B XA SCR el R 6 TS R
BRUAT B0 2R e 22 QP 15 T s, = A [ o T ) e R i 5 A A A 65 e, o A A AN K
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Spatial frequency in cycles per mm
Ed— 1.0000, 0.1000 (deg)-Tangential E-=-1.0000, 0.1000 (deg)-Sagittal
E — 1.0000, 0.0000 (deg)-Tangential Ed---1.0000, 0.0000 (deg)-Sagittal
B — 0.5000, -0.1000 (deg)-Tangential &~ = = 0.5000, -0.1000 (deg)-Sagittal
Ed — 0.0000, 0.1000 (deg)-Tangential E4---0.0000, 0.1000 (deg)-Sagittal
E— 0.0000, 0.0000 (deg)-Tangential E4-==0.0000, 0.0000 (deg)-Sagittal
Ed — 1.0000, -0.1000 (deg)-Tangential B4~ - = 1.0000, -0.1000 (deg)-Sagittal
B — 0.5000, 0.1000 (deg)-Tangential E4- -~ 0.5000, 0.1000 (deg)-Sagittal
B — 0.5000, 0.0000 (deg)-Tangential B4~ -~ 0.5000, 0.0000 (deg)-Sagittal
Ed— 0.0000, -0.1000 (deg)-Tangential B4 - - - 0.0000, —0.1000 (deg)-Sagittal
Polychromatic diffraction MTF
2026/1/11 Zemax '
Data for 3.0000 to 5.0000 pm. Ansys Zemax OpticStudio 2022 R2.02
Surface: image
MWIR.zmx
Legend items refer to field positions Configuration 1 of 1
B 11 d 2o b o 2 40 09 O 2 3% 8 B et A&
Fig. 11 Modulation transfer function of MWIR part
OBJ: 1.0000, 0.1000 (deg) OBJ: 1.0000, -0.1000 (deg) OBJ: 1.0000, 0.0000 (deg)
B+3
(=3 B=4
2| 4 = L
2
IMA: -25.688, 29.200 mm IMA: -25.540, 34.256 mm IMA: -25.612, 31.722 mm
OBJ: 0.5000, 0.1000 (deg) OBIJ: 0.5000, —0.1000 (deg) OBIJ: 0.5000, 0.0000 (deg)
IMA: -12.879, 29.116 mm IMA: -12.806, 34.161 mm IMA: -12.841, 31.633 mm
OBJ: 0.0000, 0.1000 (deg) OBJ: 0.0000, —0.1000 (deg) OBJ: 0.0000, 0.0000 (deg)
& O
IMA: 0.000, 29.088 mm IMA: 0.000, 34.127 mm IMA: 0.000, 31.602 mm
Surface: IMA
Spot diagram
2026/1/11
U%i?s/ a/re pm. Airy radius: 14.16 um. legend items refer to wavelengths Zemax
Field: 1 2 4 5 6 7 8 9 Ansys Zemax OpticStudio 2022 R2.02
RMS radius: 8.590 8.651 7.381 6.591 9.163 6.136 6.347 8.545 6.123
GEO radius: 25.537 32.430 25.373 16.570 35.312 23.574 20.139 38.604 24.638 MWIR zmx
Scale bar: 100 Reference: chief ray Configuration 1 of 1
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Fig. 12 Point plot of MWIR part
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Fig. 13 Distortion grid of MWIR part
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Polychromatic diffraction through focus MTF
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Ansys zemax OpticStudio 2022 R2.02
Data for 0.4500 to 0.9000 pm.

Spatial Frequency: 71.4300 cycles per mm.

VISof.zmx
Legend items refer to field positions Configuration 1 of 1
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Fig. 16  Off-focus MTF of visible part
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MWIRof.zmx
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Fig. 17 Off-focus MTF of MWIR part
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Table 6 Allocation of tolerances
Tolerance type Tolerance value
Lens thickness and air gap +0.02 mm
Lens surface tilt 40.000 5 rad
Lens surface decentering +0.02 mm
Lens local aperture 0.2
Lens aperture 2
Lens refractive index +0.001
Abbe number of lens +0.002
Conic constant (quadric) +0.001
Curvature radius (quadric) +0.02
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Table 7 Results of Monte Carlo analysis for visible part Table 8 Results of Monte Carlo analysis for MWIR part
Probability MTF Probability MTF
90% 0.217 965 04 90% 0.473 278 94
80% 0.242 745 39 80% 0.476 327 93
50% 0.290 565 76 50% 0.494 725 32
20% 0.318 640 02 20% 0.507 410 12
10% 0.335 669 76 10% 0.519 677 18
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Fig. 18 Visible-infrared integrated optical layout
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Design of Visible-infrared Integrated Wide-width Space Optical System
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Abstract: In recent years, the development direction of space optical cameras in various countries can be
summarized as high resolution, large aperture, and multi—spectral. Compared with single—band visible light
imaging optical systems, visible-infrared dual-band optical systems have advantages. Infrared light can
penetrate certain objects to obtain information such as their internal structure and heat distribution. At the
same time, infrared optical systems have stronger concealment. When combined with visible light systems
for imaging and detection of space targets, it can not only acquire rich spectral information across different
bands but also achieve all-weather, round-the-clock space remote sensing detection and imaging. Space
optical systems can be divided into three design types: refractive, catadioptric, and reflective. Refractive
systems have no light obstruction and are easy to assemble, allowing optical design for large fields of view;
however, it is difficult to achieve lightweight designs for large—aperture optical systems. Catadioptric
systems can achieve large—aperture optical designs, but for systems with large fields of view and infrared
detection requirements, the few available infrared refractive materials have low transmittance, poor
thermal stability, and high prices. Additionally, lens chromatic aberration is difficult to correct, lens
aperture sizes are limited, making it challenging to widely apply in space exploration. Reflective systems
combine advantages such as large aperture, wide field of view, long focal length, broad wavelength range,
and lightweight design. Currently, most visible-infrared integrated optical systems adopt catadioptric
designs, requiring multiple optical elements to correct chromatic aberration, and are unable to meet design
requirements for long focal length, large aperture, wide field of view, and lightweight simultaneously.

This paper adopts a reflective system structure. The initial structure of the system is solved based on
paraxial aberration theory, and optimized design is carried out using optical design software, with
reasonable field-of-view settings to avoid light obstruction. Considering factors such as aperture, volume,
weight, and environmental adaptability of space cameras, the optical system adopts an integrated design
scheme of shared aperture with separate fields of view. The visible light and mid-wave infrared bands share
the front—end coaxial three-mirror primary and secondary mirrors. At the rear end, the fields of view are
split and redirected via two fold mirrors into the visible light imaging path and the mid-wave infrared
imaging path, achieving simultaneous dual-band imaging. To minimize the aperture size of the primary
mirror, the first image plane is located near the center of the primary mirror. For the visible light
subsystem, a coaxial three-mirror structure is used for an off-axis field; for the mid-wave infrared
subsystem, the front end consists of the primary and secondary mirrors of the visible light subsystem, and
the light path enters the rear three-mirror anastigmatic off-axis structure via a fold mirror. Regarding
detector selection, the optical system uses a visible light TDI-CMOS with 12 288} 128 pixels, 7 pm pixel size,
and three identical detectors arranged in a ‘zigzag’ pattern on the image plane, utilizing only a part of the
non-vignetting region of the image plane, achieving a 36 000X 128 pixel array and 25.2 km swath width.
The mid-wave infrared subsystem uses a large—format cooled infrared detector with 3 000X 2 500 pixels
and 18 pm pixel size. This detector consists of a glass window, filter, cold stop, and focal plane, with a
distance of 90 mm between the focal plane and the cold stop.

The working wavelength range of the visible light subsystem i1s 0.45~0.9 um, with a focal length of
5 m, an F-number of 10, and a field of view of 0.7°X2.3°. At an orbital position of 500 km, the imaging
swath width is greater than 20 km. The working wavelength range of the mid-wave infrared subsystem is
3~5 pm, with a focal length of 1.5 m, a field of view of 0.2°X2°, an F-number of 3, and 100% cold stop
efficiency. The two optical systems share the primary and secondary mirrors of a coaxial three—reflector
system at the front end, achieving simultaneous dual-band operation through field-of-view segmentation.
The entire system uses eight reflective elements. To meet system specifications and correct aberrations,
the three mirrors of the front—end three-reflector system use 6th—order aspheric surfaces, while the three
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mirrors of the mid—wave infrared system adopt freeform surfaces. The imaging quality of the visible and
mid-wave infrared subsystems is evaluated using spot diagrams, modulation transfer functions, and
distortion assessments. For both subsystems, the spot diagram RMS radii are smaller than the Airy disk
radius, the MTF values at the Nyquist frequency are close to their respective diffraction limits, and
distortion is controlled within an acceptable range.

A reflective optical system integrating visible and mid-wave infrared light was designed based on
paraxial optical theory. This study also verifies the manufacturability of freeform surfaces in engineering
practice. The maximum deviation between the freeform surfaces and the optimal aspheric surfaces does not
exceed 65 pm, meeting current processing standards. A defocus analysis indicates that the system
maintains good imaging quality within the depth of focus. Finally, considering current lens fabrication and
assembly conditions, and based on tolerance allocations from previous reflective systems, a tolerance
analysis was conducted using the system's rear intercept as a compensating quantity. The results show that
the system has good tolerance performance. In summary, the designed optical system meets the initial
design specifications, does not require consideration of secondary spectral issues from transmissive
elements, affords good imaging quality, and possesses practical engineering feasibility.
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