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Abstract

In order to improve the space emergency rescue capability at night, a new elec-
tro-optical remote sensing with computational imaging under low light con-
ditions is designed. The hyperspectral remote sensing snapshot imaging tech-
nology was studied under the conditions of low illumination at night with the
spectral resolution 5 nm. We use a long thin grating primary mirror with an
optical aperture of rectangle to collect energy. The grating primary mirror can
be folded in one direction during emission and unfolded in orbit. Spectral dis-
persion adopts snapshot spectral imaging, which uses the coding plate to en-
code in the primary image position, and divides the spectral data cube into 2D
space for imaging for improving the system’s light energy utilization rate. At
the same time, a large-dynamic range ultra-low noise ultra-high gain SPAD
device is used for low-light level detection, then the target under the condition
of extremely low image signal-to-noise ratio is identified stably. In order to
enhance the recognition ability under low SNR 12 dB, the system adopts se-
mantic recognition mode. We set up an experimental spectrograph and the
experimental results are compared with predictions from theory. The hyper-
spectral computational imaging technology was studied under the conditions
of low signal-to-noise ratio.
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1. Introduction

At present, the water environment situation in China is as follows: Firstly, water

pollution remains relatively severe. In key river basins, the intensity and load of
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pollution emissions are high, and the emissions of major pollutants far exceed the
environmental capacity of the receiving water bodies. Secondly, potential envi-
ronmental problems are constantly emerging. Organic pollution has not been
eliminated, and long-term accumulated problems such as heavy metals and per-
sistent organic pollutants are beginning to surface. Thirdly, the pressure for pol-
lution reduction continues to increase. Fourthly, environmental risks still exist.
The water quality of some centralized drinking water sources is difficult to stably
meet the standards, posing potential safety hazards.

Low-light spectral imaging utilizes the natural spectra (visible and near-infra-
red spectral bands) at night to provide more detailed spectral information [1]-[3].
Hyperspectral technology, by taking advantage of the uniqueness of the target
spectrum, has played an important role in environmental monitoring [1] [3].
Low-light hyperspectral imaging makes use of the visible and near-infrared imag-
ing spectral bands [2] [4]. Through the technical approach of low-light spectral
imaging, it can enhance the imaging energy, meet the detection requirements un-
der low-illumination conditions such as at dawn, dusk or at night, and can be used
alternately with the visible light channel. Since the imaging spectral band is similar
to that of the visible light channel, the visual effect of the low-light image is better
than that of the infrared image, and a higher spatial resolution can be achieved,
which makes up for the problem of insufficient spatial resolution in night imaging
detection [3] [5] [6] [7].

However, during traditional night spectral imaging, it is necessary to increase
the aperture of the imaging system. But due to the limitations of factors such as
the preparation of optical system materials, processing technology, and launch
vehicle capacity, the traditional imaging method cannot meet the subsequent
needs of aerospace for large-aperture and ultra-large-aperture optical imaging
spectrometers. Restricted by factors such as the materials of the optical system,
processing costs, and launch vehicle capacity, the implementation cost increases

rapidly, and in some cases, it may not even be achievable at all.

2. Method

Since the optical payload is used to obtain hyperspectral data under low-light con-
ditions, the imaging signal-to-noise ratio of the system has become an important
issue faced in the development of the optical payload. The following presents the

signal-to-noise ratio formula of the system, as shown below:

SNR = Signal/(Signal + Noisexensor” + Noisecircui® + NOis€other?) "’ (1)

among them,

Signal = flux * t * QE * Acenter/hc (2)
Flux = Asensor ot (1 - 8) *L*TH Rspectrum/(4 * F#z) (3)
GSD/H = Aensor/f (4)

Thus, it can be concluded that:
Signal =GSD**D**m* (1 - 8) *L*TH Rspectrum *t*QE* }\center/(hc * 4 F#z) (5)
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Among them, GSD is the spatial resolution, T is the scanning period, L is the
radiance, and h is the Planck constant h =6.63x107*J s, The speed of light is
denoted as ¢ =3x10°m/s . D is the diameter of the optical aperture, ¢ is the per-
centage of the optical aperture that is occluded, QE is the quantum efficiency, F#
is the F-number of the optical system, T is the transmittance of the optical system,
A center is the central detection of wavelength, Rypectrum is the spectral resolution.

From the above expanded formula, it can be known that the positive propor-
tional relationships between the signal-to-noise ratio and the ground resolution

(GSD), spectral resolution (Rspectrum), and radiance (L) are as follows:

(;SD2 * D2 * L * Rspectrum & SNR (6)

From this, it can be seen that under the same system, in order to achieve high-
resolution and high-spectral performance, it is necessary to simultaneously im-
prove the spatial resolution, spectral resolution, and reduce the radiance. As the
spectral resolution is improved, it will inevitably lead to a decrease in the signal-to-
noise ratio of the image. If the signal-to-noise ratio of the image is to be guaranteed,
it is necessary to significantly increase the optical aperture (D) of the system.

According to the calculation method of spectral imaging of aerospace remote
sensors, under the condition of a full moon night in a 500-kilometer orbit, to
achieve a observation with a resolution of 4m/20nm, the aperture of the system
needs to be at least @10 m (pixel size 28 um, F# 0.3). Firstly, for the weight of a
large-aperture optical imaging remote sensing system, the weight of the main mir-
ror of the optical system accounts for the majority. Usually, the weight of the main
mirror of the optical system considered only includes the weight of the mirror
surface, without reflecting the weight of the support structure. However, the sup-
port structure and the active control mechanism also account for a large part of
the weight. Internationally, the optical telescope assembly (OTA) is usually used
to describe the weight of the main mirror. The surface density of a single sub-
mirror of the main mirror in the James Webb Telescope is 15 kg/m?. However,
the surface density of the OTA increases by 5 times after including the support
structure, reaching 74 kg/m?. For the main mirror of a traditional optical system
with a diameter exceeding 3 m, the relationship between the surface density and

the diameter can be expressed as:

Surface density « Aperture diameter>? (7)

According to the direct proportional relationship formula, for a traditional re-
flective optical telescope with a @10 m aperture, it can be calculated that the sur-
face density is approximately 237 kg/m?, and its weight will reach 18,605 kg. Sec-
ondly, when designing the optical system, it is quite difficult to correct the aber-
rations of a small F# system like 0.3. In addition, the small depth of focus of the
system leads to extremely strict tolerances, making it difficult to ensure the reali-
zation of the payload in engineering.

To this end, a new spectral imaging system based on a grating primary mirror

is proposed. A new type of ultra-light grating film is used as the primary mirror.
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Through satellite push-broom scanning, high-precision detection of spectral in-
formation and imaging information of the same ground object information can
be achieved over a large range, and at the same time, accurate detection with a
large field of view, high spectral resolution, and high spatial resolution can be re-
alized. By using a focal plane array detector (such as iCCD, sCMOS devices, etc.),
the scenery within the field of view can be spectrally separated and imaged simul-

taneously at one time.

Figure 1. Schematic diagram of the spectral imaging system scheme using a grating pri-
mary mirror.

The principle of the imaging technology of the grating primary mirror is shown
in Figure 1. The collimated light beams with different field angles represent the
targets in different angular orientations. At this time, all the spectral information
of the target is included. When the light beams are incident on the thin-film planar
transmission grating, they are dispersed and split. At a specific and identical dif-
fraction exit angle, the exit light beam corresponding to each field angle only con-
tains the light energy of a specific wavelength. Subsequently, after passing through
the optical focusing imaging system, a slit is placed at the primary imaging plane.
At this moment, the light energy contained in the slit is the superposition of the
light energy of the respective specific wavelengths corresponding to each field an-
gle. By placing a dispersive device again behind the slit and conducting spectral
detection, the intensity information of specific wavelengths in different fields of
view can be obtained. Through the scanning motion of the system, the light energy
distribution of all wavelengths in all field angles can be reconstructed, that is, spec-
tral imaging detection is achieved.

At the same time, the thin-film grating spectral reflector has the advantage of
being easy to fold and deploy. By folding the thin-film grating reflector, the entire
device can save more space during launch. This design well meets the require-
ments of ultra-light weight and ultra-large aperture for space reflectors. Different
from the traditional reflective primary mirror with a hard substrate, the thin-film
grating spectral imaging technology uses a thin-film planar grating device as the
primary mirror of the spectral imaging system, which can reduce the surface den-
sity of the optical primary mirror by approximately one order of magnitude. It is
one of the strong contenders for the technical route of the optical primary mirror

of the next-generation space payload. Meanwhile, the length direction of the long-
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strip planar grating is utilized to increase the ground energy information, and dif-
ferent diffraction orders of grating diffraction are adopted to compress the optical
path, so as to achieve accurate detection with high spectral resolution and high

spatial resolution (Figure 2).

Imaging

‘ Converge energy

with a grating

Primary mirror with a
rectangular aperture

Meet the requirement of energy collection

Figure 2. Schematic diagram of the circular aperture and the rectangular long-strip grating

The thin-film grating spectral imaging spectrometer effectively takes advantage
of the above-mentioned merits of the spectral imaging technology of the diffrac-
tion grating. It accomplishes both dispersion and imaging simultaneously, and is
a unique spectrometer with axial dispersion. By combining high spatial resolution
and high spectral resolution, it has the advantages of a compact structure, high
throughput, and staring imaging with a large field of view.

A desktop system has been designed. A transmissive diffraction planar grating
with 1740 lines/mm is adopted. The focal length of the system is 40 mm, the field
of view is 18.7° x 1°, and the F-number is 1.2. Among them, the spectral splitting
system adopts the design of an image-side telecentric optical path, and the Zemax
optical design software is used for design and simulation. The specific design dia-

gram is as follows (Figure 3, Figure 4).

Figure 3. Design and simulation diagram of the imaging spectrometer with a transmissive
grating primary mirror.
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Figure 4. MTF curve of the imaging system based on the transmissive grating primary mirror.
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3. Experiment

According to the results of the optical simulation verification, a desktop verifica-

tion device was built, and the experimental device is shown as follows (Figure 5).

»

Figure 5. Schematic diagram of the desktop principle experimental device.

The 0%-order image of the grating and the 1%-order spectral image collected at
the detector end are shown on the left side of the following Figure 6, and the color

effect is shown on the right side of the Figure 6.

Figure 6. Imaging results of the system (the grayscale image is on the left and the color
image is on the right)

After extracting the spectrum, a dispersed single-spectrum image at the posi-
tion of the primary image is obtained. The spectra of some spectral bands are

shown in the following Figure 7.

(432nm) (532nm) (632nm)

Figure 7. Single-spectrum image at the position of the primary image.
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The dispersed single-spectrum image at the position of the primary image is
subjected to spectral translation correction, and the spectral images of all spectral
bands are shown in the following Figure 8. The spectral resolution reaches 5 nm.

The spectra of some spectral bands are shown in the following Figure 8 which
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Figure 8. Spectral images of each spectral band.

select the red, green and blue spectral bands (433 nm, 518 nm, 620 nm) for color
synthesis to obtain the target color image as shown on the left of the following

Figure 9. The image on the right is the original color image of the target. The color
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synthesis effect of the spectrum is highly consistent with the original color of the

target (Figure 10).

(432nm) (532nm) (632nm)

Figure 9. Single spectral band image.

Figure 10. Color composite image of the target (left image) (right image: original color
image of the target).

4. Conclusion

To enhance the spectral imaging capability at night, we propose a new imaging
method: the space-based spectral imaging system technology based on a grating
primary mirror. This method collects energy through a long-strip grating primary
mirror and acquires the target image using computational spectral imaging. The
results of the imaging experiment show that the principle of the slit push-broom
imaging technology based on the reverse grating primary mirror is feasible, and it
can achieve spectral imaging with high spatial resolution and high spectral reso-
lution in the visible and near-infrared spectral bands, with a spectral resolution of

5 nm.
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