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Table 1 Specifications and system parameters of GeoF WHIS

Specification and parameter Value

Orbital altitude

Geostationary orbit (~36000 km)

142 A 556 o TR 45 18/ 1142 47 0% M 5, 76 B0 i Swath width /(km X km) 400 400
i EHBER PR R 0O ST A 3 g s, Field of view /L)X ()] 0.6470.64
M B s i B 5 TR E A RS Entrance pupil diameter /m 3.2
#2 GeoFWHIS & BLHOL ¥ RS
Table 2 System parameters of GeoF WHIS at full-spectrum
Band Bl B2 B3 B4 B5
Wavelength range /pm 0.3-0.56 0.55-1.01 1-2.5 3-5 8-12.5
Spatial resolution /m 25 25 50 50 100
Spectral resolution /nm 4 5 10 50 200
MTF 0.17 0.17 0.17 0.12 0.12
SNR 250 250 150 — —
NETD /K — — — 0.3 0.3
Focal length /m 21.6 21.6 17.28 17.28 8.64
F number 6.75 6.75 5.4 5.4 2.7
Detector resolution 4096 X 2048 4096 X 2048 2048X 256 2048 X 256 1024 X 256
Pixel size /pum 15X15 15X15 24X 32 24X 32 24X 32
Total length of slit /mm 241.3 241.3 193 193 96.5
Number of splicing spectrometers 4 4 4 4 4
Single slit length /mm 61.44 61.44 49.152 49.152 24.576
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Fig. 1 Working principle diagram of GeoF WHIS. (a) Layout diagram; (b) pointing to different coverages by turning the platform
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Fig. 2 Afocal three-mirror system. (a) Coaxial three-mirror; (b) off-axis three-mirror; (c) zigzag-axis three-mirror
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Table 3 Specifications of three objectives

Specification

Objective [

Objective I Objective Il

Wavelength range /pm 0.3-1.01
Entrance pupil diameter /mm 200
Field of fiew /[ (*) X ()] 10. 24X 0. 22
Focal length /mm 1350
F number 6.75

1-5 8-12.5

200 200
10.24<0. 26 10.24<0.53

1080 540

5.4 2.7
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Fig. 3

Off-axis three-mirror imaging systems. (a) Two-mirror system; (b) three-mirror system with intermediate image; (c) three-

mirror system without intermediate image
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Fig. 4 Optical path of fore-optics system. (a) 3D model of fore-optics system; (b) optical path with scanning mirror at edge position of

—2.56°% (c) optical path with scanning mirror at edge position of +2. 56°
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Fig. 5 MTF curves and spot diagrams of fore-optics system in B2 band. (a)-(c) MTF curves with scanning angle of —2.56°, 0°, and
+2.56°; (d)-(f) sport diagrams with scanning angle of —2.56°, 0°, and +2. 56°
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Table 4 Comparison of advantages and disadvantages for different spectrometers
Spectrometer . L .
Characteristic Advantage Disadvantage
type
Off - Convex grating; - Long working distance; - Large volume with a long slit;
ner
- Concentric structure +No smile and keystone *Residual astigmatism
- - Advantages of Offner type; - Additional polarization;
nne-
O}lif - A meniscus is added near the grating of Offner type - Anastigmatism; -Hard to manufacture grating on
ner
- Compact meniscus
Freeform - Advantages of Offner type; - Extremely difficulty;
+ Three freeform elements .
Offner -Compact +High cost
Immersed ) o ) - Advantages of Offner type; +High cost;
- Light travels in dielectric ; )
Offner - Ultra-compact +High risk
- - Concave grating; -Large relative aperture; - Large volume with a long slit;
son
Y - Concentric structure +No smile and keystone - Short working distance
Wynne- - A meniscus is added behind the hemispherical lens - Advantages of Dyson type; ) i
+ Short working distance
Dyson of Dyson type + Ultra-compact
) ) ) + Advantages of Dyson type;
Advanced *Several meniscus lenses added into the classic . . . .
+Relatively long working - Large volume with a long slit
Dyson Dyson type ;
distance
- High cost;
*Double pass structure; . )
. +Compact; - Tight tolerance;
R-T - Plane grating; . . .
) , +Small distortion - Small space between slit and
+ Littrow mounting .
image
COVIS - Catadioptric structure; - Long working distance; - Residual keystone;

- Immersed grating

+Compact

- Thermal sensitive
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K8 GeoFWHIS/H RGN . (a) BLigEL; (b) B2iE B (o) B3 EL; (d) B4 B ; (e) B5iS% B
Fig. 8 Optical path of spectrometers in GeoFWHIS. (a) B1 band; (b) B2 band; (c) B3 band; (d) B4 band; (e) B5 band

S5 RGN EEREES

Table 5 System parameters and performance of spectrometers

Band Bl B2 B3 B4 B5
Package size /(mm>X mm X mm) 140X 110X 100 170X 111X 106 160X 132X 89 168X 165X 88 90X 9249
Smile /pixel 0.06% 0.11% 0.26% 0.31% 0.95%
Keystone /pixel 0.33% 0.47% 0.79% 0.42% 1.00%
MTF 0. 86 0.77 0.72 0.41 0.28
Grating density /(lp-mm ") 310 210 68 19.1 8.8
Blazed angle of grating /(°) 3.7 4.6 3.1 2.6 2.8
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Fig. 9 SRF of optical splitting systems for each band. (a) B1 band; (b) B2 band; (c) B3 band; (d) B4 band; (e) B5 band
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Fig. 10 Lightpath diagram of GeoF WHIS
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%6 GeoF WHIS ££ 7% 22l R M 40 9 MTTF 25048
Table 6 MTF of GeoF WHIS at Nyquist frequency

Band Serial number Scanning angle of —2. 56° Scanning angle of 0° Scanning angle of +2. 56°
Wavelength /pm 0. 30 0.43 0.56 0.30 0.43 0.56 0.30 0.43 0. 56
Diffraction limit 0.88 0. 84 0.80 0.88 0.84 0. 80 0.88 0.84 0. 80
Spectrometer 1 0. 80 0.76 0.75 0. 80 0.79 0.77 0.60 0.59 0.57
b Spectrometer 2 0.82 0.79 0.76 0.82 0. 80 0.78 0.77 0.72 0. 66
Spectrometer 3 0.81 0.79 0.77 0.85 0.79 0.78 0.75 0.71 0.63
Spectrometer 4 0.73 0.69 0.67 0.78 0.74 0.72 0.61 0.58 0.53
Wavelength /pm 0.55 0.78 1.01 0.55 0.78 1.01 0.55 0.78 1.01
Diffraction limit 0.78 0.72 0. 66 0.78 0.72 0.66 0.78 0.72 0. 66
o Spectrometer 1 0.65 0.62 0.57 0.71 0.64 0.59 0.60 0.58 0.53
Spectrometer 2 0.66 0.65 0.58 0.74 0.70 0.62 0.65 0.62 0.56
Spectrometer 3 0.69 0.67 0.58 0.73 0.70 0.63 0.64 0.59 0.53
Spectrometer 4 0.65 0. 60 0.56 0.72 0.69 0.62 0.60 0.55 0.52
Wavelength /pm 1.00 1.75 2.50 1.00 1.75 2.50 1.00 1.75 2.50
Diffraction limit 0. 84 0.74 0.63 0.84 0.74 0.63 0.84 0.74 0.63
Spectrometer 1 0.69 0.63 0.55 0.72 0. 60 0.54 0.63 0.55 0.40
b Spectrometer 2 0.79 0.70 0.62 0.81 0.70 0.65 0.69 0.62 0.51
Spectrometer 3 0.77 0.70 0.61 0. 80 0.71 0.65 0.77 0.69 0.55
Spectrometer 4 0.78 0.71 0.61 0.79 0.68 0.63 0.78 0.66 0.54
Wavelength /pm 3 4 5 3 4 5 3 4 5
Diffraction limit 0.52 0.47 0.42 0.52 0.47 0.42 0.52 0.47 0.42
Spectrometer 1 0.42 0.38 0.35 0.42 0.39 0. 36 0.38 0.33 0.31
B Spectrometer 2 0.49 0.45 0. 40 0.50 0.46 0.42 0.45 0.45 0.39
Spectrometer 3 0.47 0. 39 0.38 0.50 0.44 0.40 0.43 0.42 0.37
Spectrometer 4 0.46 0.40 0.32 0.47 0.39 0.34 0. 36 0.32 0.29
Wavelength /pm 8.0 10.3 12.5 8.0 10.3 12.5 8.0 10.3 12.5
Diffraction limit 0.35 0.31 0.27 0.35 0.31 0.27 0.35 0.31 0.27
Spectrometer 1 0.28 0.25 0.22 0.31 0.26 0.25 0.29 0.25 0.23
B Spectrometer 2 0.31 0.27 0.23 0.32 0.27 0.24 0.31 0.27 0.24
Spectrometer 3 0. 30 0.26 0.23 0.31 0.27 0.26 0.30 0.26 0.22
Spectrometer 4 0.29 0.25 0.24 0.30 0.26 0.23 0.30 0.25 0.22
600 zenith angle of 0° B5 1 B 6 A S8R0 il ¥ B2 2 90 K #8300 K 4 i
- e oy FARI NETD % 0. 28 K., 36 45 bR 5 ok
zenith angle of 60°
400, ' 4 LRGN S I
e
& o 4.1 & T

2001

100+

0 :
0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Wavelength /um

11 FE W B TE 2 B0 PR 45 T, L K T3 A1 A 357 BRI ]
2 80 ms it B2 3% Be i W4k L h £

Fig. 11 SNR curves for B2 band in cloudless environment

when observation zenith angle is 35° and integration

time is 80 ms
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25 i pe 4% JUAT I IR 8 22, 151 13 O B2 3% B e 4% 2 il
K, al LA 2, 70 1S BLBOR] 7 4 R 48 35 LN D0

F43% £ 8HI/2023 £ 4 B/RFER

B, DA S 25 5 (d)) Ky 14. 992 pm, 5 7] 1 SF-£7
FERZEA AL 0.5 pm,

M 12 fEERHREE . () B1.B21K Bk AE, K 61. 44 mm 58 15 pm; (b) B3 B4 B4t WU B, B K 49. 16 mm \BE 24 pm; (c) B5
BB sE K 24,58 mm, i 24 pm
Fig. 12 Silicon long slits. (a) Slit for B1 and B2 bands with length of 61. 44 mm and width of 15 um; (b) slit for B3 and B4 bands with
length of 49. 16 mm and width of 24 pm; (c¢) slit for B5 band with length of 24. 58 mm and width of 24 pm

@

®) &
dl=14.992 um
o)
100 120 140 160 180
Y /um

K13 B2ik B e st s I . (a) 10X AR R R 5 (b) A 4 5 J3 I3 235
Fig. 13 Micrograph of slit for B2. (a) 10X micrograph; (a) test result of slit width
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P14 T AR S R R I U 3R, AR AR D T ) OB A O REE - (a) B B, M B D 312, 1 1p/mm, [N AR 3. 8"
(b) B2 & B A8 2 0y 210. 1 1p/mm, [NREFA A 4. 757 (¢) B3TEE M3 B 68,5 Ip/mm, [N 4 3. 175 (d) B4 & B 18 % %
519, 1 Ip/mm, NHEFf A 2. 8% (e) BSIEEL ME% 4 8. 8 Ip/mm, [N N 2.8
Fig. 14 Convex blazed gratings and their groove shapes, the lower right corner shows AFM test results of groove shapes. (a) B1
band, groove density is 312. 1 Ip/mm and blazed angle is 3. 8"; (b) B2 band, groove density is 210. 1 Ip/mm and blazed angle
is 4.75%; (c) B3 band, groove density is 68.5 Ip/mm and blazed angle is 3. 1°; (d) B4 band, groove density is 19. 1 Ip/mm and
blazed angle is 2. 8"; (e) B5 band, groove density is 8. 8 Ip/mm and blazed angle is 2. 8"
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Fig. 15 Diffraction efficiency curves of gratings at B1-B5 bands. (a) B1 band; (b) B2 band; (¢) B3 band; (d) B4 band; (e) B5 band
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spot 1 spot2

P16 I s U5 OB A7 20 6 R GE X 3 o () L AIF s 5008 B3 5 (D) ) P R 05 Il B8 X ¥ B3 40 D6 ZR e P i 3 9 25 T B 3o
(e ) s it BB A0 3 P TR ok T 2 AR

Fig. 16 Alignment of the spectrometer by utilizing a point source microscope. (a) Self-developed point source microscope;

(b) alignment of two separated meniscus in B3 spectrometer with point source microscope; (c) star images of two spherical

surfaces in field of view of point source microscope
B Je g I T S5 R OF R AR BC R AR — YR e R SE al i R DG BT B 2 BEOR . AT 1T R 8 LAY A%
BT, SE SRR G 3 BE TR B, PRIE R 8 HAEATHED 1% B e R G BAEHL .

@ ——

E17 Bt RGN (a) BLIEE; (b) B2 B (o) B33 EL; (d) B4 Bt ; (e) B5IEE:
Fig. 17 Full-spectrum spectrometer prototypes. (a) B1 band; (b) B2 band; (¢) B3 band; (d) B4 band; (e) B5 band
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Fig. 18 Test device and test results of B2 spectrometer. (a) Test device of spectral property; (b) spectral lines; (¢) SRF of 546. 1 nm

spectral line; (d) scatter diagram of 546. 1 nm spectral line and its fitting curve

KT B2IBBUMERGH FWHMOGRHE /M %)
Table 7 FWHM (spectral resolution) of B2 spectrometer

FWHM /nm
Wavelength /nm - - - - -
—1 field —0.5 field 0 field +0.5 field +1 field Average
546. 1 5.02 5.01 .99 4.99 5.01 5.01
643.8 5.02 5.02 5.02 5.00 5.01 5.02
959.8 5.02 5.00 5.02 5.02 5.02 5.02
1017 5.02 5.02 5.01 5.01 5.02 5.02

L B WO R s LB 18(d) ], TR R AR 1 £
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33. 3 Ip/mm ## % & 4b 1 MTF W88 Ry 0. 76, #2350 1iT

SRR o BBAb, SRR AR B4 BRAE S R B G TR, 3
T R G AR 0O , 25 ) 4k 2 8O 2 K00 ik 2
9 0.09% , 63k 4k 2% WO R B S5 ol 0. 4550,
AR 45 T R 0L L 3% 43 6 R GEAE A3 1 N OGRS Y 2
P OGS AR N SRR AR EOL S AL B A S
TR o RS M BE
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Fig. 19 Testdevice and spectral lines of B5 spectrometer. (a) Test device; (b) spectral lines
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Table 8 FWHM (spectral resolution) of B5 spectrometer

Wavelength / FWHM /nm
nm —1 field 0 field +1 field  Average
8224 201.3 201.0 200.9 201.1
8834 202. 4 202.1 201.9 202.1
9350 205.9 204.9 204.2 205.0
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Abstract

Objective

It is necessary to develop full-spectrum hyperspectral remote sensing technology from geostationary orbit to

fully meet the application requirements of continuous monitoring as well as fine identification and classification in the fields

of disaster prevention and mitigation, environment, agriculture, forestry, ocean, meteorology, and resources. In view of

the increasing demand for efficient and accurate spatial and spectral information acquisition, imaging spectrometers are

driven to develop in the direction of faster response, larger width, higher resolution, and higher signal-to-noise ratio

(SNR). Since the satellite in a geostationary orbit has the unique advantage of keeping relatively stationary with the

ground, it has high timeliness and continuous observation capability and can obtain information from ground scenes quickly

and widely. However, at present, most of the spectral remote sensing payloads serving on the geostationary orbit are

multispectral payloads. They have only a dozen of spectral channels in the full spectrum, which is not sufficient to obtain

fingerprint information of ground scenes, and their ability to identify types and components of substances is far inferior to

that of hyperspectral payloads. The fusion with hyperspectral data in the full spectrum can greatly improve the recognition
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accuracy and can provide more descriptions of targets. However, due to the great difficulty and high cost of such payloads,

there is little related research reported at present. In this paper, we present an optical system of the geostationary full-
spectrum wide-swatch high-fidelity imaging spectrometer (GeoFWHIS). The prototypes of the spectrometers are

developed to verify the correctness and feasibility of the design.

Methods According to the characteristics of the geostationary orbit, the imaging spectrometer covering near-ultraviolet
to long-wave infrared (LWIR) is analyzed and designed. The full spectrum from 0.3 pm to 12.5 pm is divided into five
sub-spectral bands and integrated into the optical system. Each sub-spectral band adopts four spectrometers to splice in the
field of view to realize an ultra-long slit required for the wide width. The total length of the slit is 241. 3 mm, and 400 km X
400 km ground coverage is realized through internal scanning. The compact long-slit spectrometer meeting the splicing
requirement is studied specifically. It is pointed out that low distortion, low stray light, high SNR, and uniform spectral
response are the requirements for high-fidelity spectral imaging. The high-fidelity Offner and Wynne-Offner spectrometers
based on convex-blazed gratings are designed. The performance of each part of the GeoF WHIS is fully evaluated, and the
prototypes of each sub-spectral band are developed. Long slits for each band based on silicon substrate are developed by
semiconductor technology, and the convex-blazed gratings are manufactured by holographic lithography and ion beam
etching. The properties of the long slits and blazed gratings are tested and discussed. The alignment and test of the VNIR
spectrometer and LWIR spectrometer are introduced as examples. In addition, we adjust the optical elements of
spectrometers by using a high-precision point source microscope and achieve micrometer-level alignment precision. The
performance that affects the fidelity of the spectrometers, such as MTF, spectral resolution, spectral distortions, and stray

light, are tested and discussed.

Results and Discussions The optical system of GeoF WHIS is designed and evaluated. The design results show that its
imaging quality is close to the diffraction limit in the full spectrum, and its spectral distortions, including the smile and
keystone, are less than 1% pixel. The SNR of the system is also analyzed; the SNR of the B1 and B2 bands is higher than
250, and the SNR of the B3 band is higher than 150. Core elements of spectrometers are manufactured and tested. The
results show that the maximum length of a single slit is 61. 44 mm, and its width is only 15 pm. The groove density of the
gratings in five spectral bands ranges from 8.8 Ip/mm to 312. 1 Ip/mm. The peak efficiency is all above 70%, and the
maximum efficiency is 86.4%. The prototypes of the spectrometers are assembled and tested. The test results are
consistent with the design results, which show high imaging quality, low distortion, low stray light, and uniform spectral

response.

Conclusions The optical system of GeoFWHIS designed in this paper can realize hyperspectral imaging with a wide
swath and a full spectrum. The full spectrum of 0.3-12.5 pm is divided into five sub-spectral bands, including UVIS,
VNIR, SWIR, MWIR, and LWIR, which are integrated into the optical system to realize a swath of 400 km, spatial
resolution of 25-100 m, and spectral resolution of 4-200 nm. The high-fidelity spectrometer is studied emphatically. The
designed Offner and Wynne-Offner spectrometers can meet the requirements of a long slit and a small volume and have
high imaging quality, low spectral distortion, uniform spectral response, low stray light, and high SNR. The prototypes
of the spectrometers for each band are developed. The test results show that the convex-blazed grating has the desired
sawtooth groove shape and high diffraction efficiency. The test results of the prototypes demonstrate high-fidelity
performance, and all specifications meet the requirements. The GeoF WHIS reported in this paper provides a technical
scheme for full-spectrum hyperspectral remote sensing from a geostationary orbit. The successful development of full-

spectrum high-fidelity spectrometers verifies the feasibility and correctness of the design.

Key words optical design; imaging spectrometer; full-spectrum; high-fidelity; geostationary orbit; convex-blazed grating
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