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Abstract: Combining the requirements of spectrometers for unmanned aerial vehicle platforms,
a miniaturized airborne wide-angle push-broom imaging spectrometer with an Offner configuration
is designed. The system comprises an objective lens and an Offner-type spectrometer with a spectral
range of 400~1000 nm and a spectral resolution of 15 nm. The objective lens and Offner spectrometer
are designed in isolation before integration. The front objective lens is an inverted telephoto with a
focal length of 13 mm, a relative aperture of 1/4.5, and a field of view of 54°. The frequency of the convex
grating in the Offner configuration is 102 LP/mm, and the dispersion width is 2.6 mm. The modulation
transfer function of the integrated system is greater than 0.4 at the Nyquist frequency in all spectral
bands. To estimate the volume and weight of the system, a preliminary optical-mechanical design
scheme is given in this paper. The entire spectrometer has a volume of 130 X 80 X 120 mm and is less
than 3 kg, which realizes the miniaturization design of the imaging spectrometer with a wide field of
view for unmanned aerial vehicle platforms.
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1. Introduction

The spectrometer appeared in the late 1970s and it is a breakthrough in the remote sensing field [1].
Since its birth, it has been favored for its wide application range, which includes military reconnaissance,
surveys of agriculture, forestry monitoring, and mineral resource exploration [2-5]. With the rapid
development of unmanned aerial vehicles (UAVs) and small satellite technology, the demand for
miniaturized spectrometers has become increasingly intense [6—-10]. We have investigated some typical
small commercial spectrometers suitable for UAVs. For example, the AFX10 of Specim Spectral Imaging
Ltd. for visible and near-infrared (VNIR) bands, which has a spectral resolution of 5.5 nm, a field of
view (FOV) of 38°, a volume of 131 x 152 X 202 mm, and a weight of 2.5 kg. Hyspex’s VNIR-1800 has a
spectral resolution of 3.26 nm, an FOV of 17°, a volume of 390 x 99 x 150 mm, and a weight of 5 kg.
A spectrometer with a wide FOV has a larger imaging width, which could improve the efficiency of
the push-broom. The spectral resolution of these commercial spectrometers is already very high, but
the FOV and miniaturization design still need to be improved to meet different application needs.

The traditional spectrometer with grating or a prism has the disadvantage of spectral line curvature.
The Offner spectrometers have been widely developed for their miniaturization with better image
quality and spectral resolution, which consist of three spherical concentric elements (a convex grating
and two concave mirrors) that simultaneously achieve aberration correction and spectral separation.
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The Offner spectrometer not only realizes a long slit length and a low f-number with a miniaturized
structure, but also solves the problems of “smile” and “keystone” distortions [11-17].

According to the application requirements, combined with the development status of the airborne
push-broom spectrometers, a miniaturized Offner-type spectrometer with a wide FOV, which can be
integrated into a UAV platform or other aircraft, is designed in this paper. The objective lens and Offner
spectrometer are designed in isolation before integration based on the calculation of the signal-to-noise
ratio (SNR). A preliminary optical-mechanical design scheme is also discussed in this paper.

2. System Specification

2.1. Specifications of the Spectrometer

Our project uses the F-40 fixed-wing surveying and mapping UAV of Easy Fly Ltd. The maximum
mission payload of the F-40 UAV is 6 kg, the maximum flight speed is 100 km/h, and the maximum
flight altitude is 3.5 km. The positioning and orientation system uses PPOI-A28 from Leador Company,
which adopts a customized integrated structure with a volume of 150 X 140 X 120 mm and a weight
less than 2.5 kg. Based on the project requirements and the UAV platform, the specifications of
the spectrometer were determined and are shown in Table 1. A wide FOV, a broad spectral range,
and miniaturization should be achieved simultaneously.

Table 1. Specifications of the spectrometer. The signal-to-noise ratio (SNR) is meaningful only at a
given reference radiance, which is provided by the application.

Spectral Spatial Coverage Total
Resolution Resolution Width Weight

0.4~1.0 um 15 nm 0.5 m@1 km 1 km@1 km <3 kg >100

Spectral Range SNR

2.2. Optical System Parameters

The optical system is an important part of the spectrometer, as it determines the performance and
weight of the spectrometer. The main parameters of the optical system include focal length (f"), FOV,
relative aperture (1/F), and dispersion width of the slit image (d). The FOV ang]le of the optical system
is calculated to be 53.2° according to the coverage width and flight altitude.

2.2.1. Sensor Selection and Frame Rate

The image sensor is the core component of an airborne spectrometer. After researching existing
commercial products, we selected the GSENSE2011 CMOS of Gpixel. Its specific parameters are shown
in Table 2.

Table 2. The parameters of GSENSE2011 CMOS.

Parameters Value
Pixel number 2048 x 1152
Pixel size (um) 6.5 % 6.5
Dark Noise (e7) <6
Dark Current (e~ /p/s) <1
Maximum frame rate (fps) 167

According to the spectrometer’s instantaneous field of view (iFOV), flight speed (v), and flying
altitude (H), the frame frequency of the sensor (fps) can be calculated, and its expression is as follows:

1 . H
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According to the spatial resolution (0.5 m@1 km) in Table 1, the iFOV is 0.5 mrad. When the
aircraft’s altitude is 1 km and the speed is 100 km/h, the fps should be 56 frames, and the corresponding
integration time is 0.018 s.

2.2.2. Focal Length

The focal length (f ’) of the optical system is related to the sensor’s pixel size (p), the Ground
Sample Distance (GSD), and the flying altitude (H), as shown in Equation (2):

H-p

f'=Gp )

After calculation, the focal length is 13 mm when the altitude is 1 km.

2.2.3. Relative Aperture

The relative aperture mainly affects the SNR of the spectrometer. The larger the relative aperture
is, the higher the SNR of the image is, which is beneficial to obtain high-quality spectral data.
However, the aberration is difficult to correct, and the volume and weight are also increased. A small
relative aperture will result in a decreased energy in the image and a small SNR. Combining the existing
spectrometer, the relative aperture of the front objective lens is determined to be 1/4.5 according to the
SNR estimation and the optical design analysis.

2.2.4. Dispersion Width of the Slit

A wide dispersion width facilitates an increase in spectral resolution, but the dispersion of energy
also reduces the SNR. Although a narrow dispersion width is advantageous for improving the SNR,
the positioning accuracy of the secondary spectral filter is required to be much higher. Therefore, the
dispersion width of the slit depends on the specifications of the sensor, spectral range, spectral
resolution, and SNR.

From Table 1, the spectral resolution of the spectrometer is 15 nm, and the spectral range is
400~1000 nm, which could be divided into 40 channels. For spectral detection, one channel could be
extended to 10 rows of pixels, that is, the slit image is expanded to 400 pixels. The dispersion width of
the slit (d) could be calculated by:

d=NxXcxp 3)

where N is the number of spectral channels and c is the number of pixel rows in each channel. According
to Table 2, d is 2.6 mm.

3. SNR Calculation

3.1. SNR

The SNR of the spectrometer directly affects the subsequent imaging effects. The SNR equation of
an optical imaging remote sensor is as follows:

SNR = Se _ Se 4)

Ne  \[S, + (nog)? + nD,

where S, is the number of signal electrons; oy is the dark noise; D, is the dark current noise; and 7 is a
coefficient, which is equal to 10 in this paper because 10 rows of pixels are combined in the output of
the operating spectrometer.



Appl. Sci. 2020, 10, 2627 40f12

3.2. Signal Electron Number
The number of signal electrons generated per unit wavelength can be calculated by:

TAAGL(A)To (A)DEtinenn(A)AA

Se(A) = 4P2he

©)

where A is the wavelength value; A; is the pixel area of the sensor; L(A) is the spectral radiance of
the entrance pupil; 7,(A) is the transmittance of the optical system; DE is the diffraction efficiency of
the grating; t;,; is the integral time, which is estimated to be 80% of the integral time calculated from
Equation (1); n(A) is the quantum efficiency (QE) of the sensor; AA is the interval of spectral sampling;
F is the f- number of the optical system; & is the Planck constant (6.626176 x 1073 J:s); and c is the
speed of light in a vacuum [18,19].

The spectral radiance of the entrance pupil was calculated by Modtran software, and the calculation
conditions were:

Altitude: 1 km;

Solar zenith angle: 30°;

Ground albedo: 30% (a commonly used remote sensing condition);
Atmospheric model: Mid-latitude summer;

Boundary temperature (T): 300 K; and

AR N

Aerosol model: Rural aerosol, visibility 23 km.

The spectral radiance curve of the entrance pupil for 0.4~1.0 um calculated by Modtran is shown in
Figure 1.
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Figure 1. The spectral radiance curve of the entrance pupil.

The diffraction efficiency (DE) of the grating is shown in Figure 2, which is the measured data
from grating manufacturers. The quantum efficiency (QE) of the sensor is shown in Figure 3.
The other values of Equation (5) are shown in Table 3.

Table 3. Relative parameter values for Equation (5).

Parameters Value
Ay 4.225 x 10-11 m?
To(A) 0.85
tint 0.014 s
AA 15 nm

F 4.5
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Figure 2. The diffraction efficiency of the grating.
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Figure 3. The quantum efficiency of the CMOS.
3.3. Calculation Results
By substituting all parameters into Equation (4), the SNR of the full band can be obtained.
As shown in Figure 4, the average SNR is 138, and the maximum SNR is 216 at 0.61 pm. This meets the
SNR requirement of the spectrometer shown in Table 1.
300
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Wavelength(um)
Figure 4. The SNR of the spectrometer in the spectral range of 0.4~1.0 pm.
4. Objective Lens Design

After analysis and calculation, the optical parameters of the objective lens are determined as
shown in Table 4.

The front objective lens is a wide-angle, broad-spectrum optical system. A telecentric optical
system should be used to achieve pupil matching with an Offner spectrometer [20]. The optional
objective lenses include double Gauss objective, inverted telephoto objective, and fisheye lenses.
The double Gauss objective lens is a large-aperture, wide FOV optical system, but it is difficult to
achieve image telecentricity with it. Fisheye lenses can achieve very large FOV’s, but the distortion is



Appl. Sci. 2020, 10, 2627 60of 12

difficult to eliminate. The inverted telephoto objective lens has a certain ability to eliminate distortion.
By complicating the front group of the inverted telephoto objective lens, the FOV can be enlarged,
and the image telecentricity can be formed by using a field lens in front of the focus. Finally, an inverted
telephoto is adopted with good corrections for aberrations, especially chromatic aberrations. The final
design result of the front objective lens is shown in Figure 5, which consists of 10 spherical lenses.
The total length and back focal length are 85 and 11.7 mm, respectively. Figure 6 shows the modulation

transfer function (MTF) of the optimized front objective lens at 77 LP/mm, and the MTFs of all bands
are greater than 0.32.

Table 4. Optical parameters of the objective.

Parameters Value
Focal length 13 mm
Relative aperture 1/4.5
FOV 54°
Spectral range 400~1000 nm

50 mm

Figure 5. The layout of the objective lens.
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Figure 6. Modulation transfer function (MTF) of the front objective lens for (a) 400 nm, (b) 600 nm, (c)
800 nm, and (d) 1000 nm.
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The field curvature and distortion of the system are shown in Figure 7, and the maximum relative
distortion is less than 1.2%. The relative illumination is shown in Figure 8, and we can see that the
illumination of the edge FOV is about 70% of the center FOV.

Field Curvature F-Tan(Theta) Distortion
27.0 — \ 77 27.0 —
20.0 20.0
>
+
10.0 10.0
1
0 0
-0.20 0 0.20 -2.0 0 2.0
Millimeters Percent
F—1.0000-Tangent ial B---1.0000-Sagit tal
B —0. 8000 Tangential B---0,8000-%agittal
H—0.6000-Tangential B---0.6000-5agittal
B—0.4000-Tangential B---0.4000-Sagittal IE—I L0000 B—0.8000 B—0.6000 A—0.4000

Figure 7. The field curvature and distortion of the objective lens.
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Figure 8. The relative illumination of the objective lens.
5. Design of the Offner Spectrometer

The Offner spectrometer is a concentric three-reflection optical system, which was developed
from a reflective Offner relay optical system. The Offner spectrometer with convex spherical grating
consists of three mirrors, and the second mirror is a convex spherical grating. It has a small volume
and negligible spectral “smile” and “keystone” distortions. Therefore, this design adopts the Offner
configuration with convex spherical grating. The specific parameters of the Offner spectrometer are
shown in Table 5.

Table 5. Offner spectrometer parameter index.

Parameters Value
Working wavelength (nm) 400~1000
Slit length (mm) 13.5
Slit image dispersion width (mm) 2.6

Object space NA 0.11
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The designed Offner spectrometer is shown in Figure 9. The first mirror has the same radius of
curvature as the third mirror, and the second mirror is a convex spherical grating, whose frequency
is 102 LP/mm. Since the grating is used as the dispersive element, there is interference with the
second-order diffracted light, and a cut-off filter should be used to avoid interference.

50 mm
Figure 9. Configuration of the Offner spectrometer.

The MTFs of the Offner spectrometer at different wavelengths (400 nm, 600 nm, 800 nm, and
1000 nm) are shown in Figure 10. It can be seen that the MTFs in all spectral bands are greater than
0.45, which is close to the diffraction limit.
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Figure 10. MTF of the Offner spectrometer (a) 400 nm; (b) 600 nm; (c) 800 nm; (d) 1000 nm.

For spectrometers, the dispersion image of the slit will cause spectral “smile” and “keystone”
distortions. The “smile” distortion (sometimes called spectral line curvature or slit curvature),
which refers to a curvature of the monochromatic image of the slit in the spectral dimension, leads to
the misregistration of the sensor pixels across the FOV of the spectrometer in the spectral dimension.
On the other hand, the “keystone” distortion, which refers to variations in the slit magnification
with the wavelength, leads to interband spatial misregistration in the spectral dimension [1]. After
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optimization, the maximum “keystone” distortion and spectral line curvature are 8 and 19 um,
respectively, which could be improved by spectral calibration.

6. Integrated System and Image Quality Evaluation

6.1. Integrated System

The front objective lens and the Offner spectrometer are combined as shown in Figure 11.
The overall optical system has a volume of 120 x 50 X 90 mm.

k 1 50 mm

Figure 11. Integrated configuration of the spectrometer.
6.2. Image Quality Evaluation

The MTFs of the combined system are shown in Figure 12. We can see that the MTFs at the
Nyquist frequency are all greater than 0.4.
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Appl. Sci. 2020, 10, 2627 10 of 12

7. Optical-Mechanical Design

In order to adapt to the UAV platform, the spectrometer requires a compact structure, strong
rigidity, and high thermal stability. From Table 1, the total weight of the spectrometer needs to be less
than 3 kg, so we give a preliminary optical-mechanical design scheme in this paper. All the lenses in
the objective are assembled into two lens barrels, and the Offner spectrometer is in a frame structure. To
improve the environmental adaptability, all structural parts can be made of aluminum alloy, while the
optical components of the spectrometer, such as mirrors and grating, are made of aluminum-based
materials. This design takes this approach to the selection of the mechanical and optical materials.

7.1. Optical-Mechanical Design of the Objective Lens

The objective lens consists of 10 lenses, a plane mirror, and a slit. When designing the
optical-mechanical structure, all components are installed in two lens barrels, as shown in Figure 13.
Lens barrel 1 contains four lenses, lens barrel 2 contains six lenses, and the distance between the lenses
is guaranteed by spacers.

Lens Barrel 1 Lens Barrel 2 Slit Plane Mirror
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Figure 13. Optical-mechanical structure of the objective lens.
7.2. Optical-Mechanical Design for the Combined System

The Offner spectrometer comprises a concave mirror, a convex grating, and a sensor. All of the
elements are assembled in a frame structure that is connected to the objective lens with an L-shaped
bent plate, as shown in Figure 14. The total weight of the system is approximately 2.9 kg with a volume
smaller than 130 x 80 x 120 mm, which meets the technical requirements.

Figure 14. Integrated layout of the spectrometer.
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8. Conclusions

Based on the parameters of the UAV platform in Section 2.1 and the small commercial spectrometers
in Section 1, a miniaturized wide-angle airborne imaging spectrometer was designed with a spectral
range of 400~1000 nm and spectral resolution of 15 nm. The optical system parameters were calculated
based on the spectrometer specifications, and the SNR of the system was also analyzed. The front
inverted telephoto objective lens and Offner spectrometer of the airborne push-broom spectrometer
were completed with good performance. The objective’s full FOV is 54° with a relative aperture of 1/4.5.
The grating frequency in the Offner spectrometer is 102 LP/mm, the slit length is 13.5 mm, and the
dispersion width is 2.6 mm. The MTF of the integrated system is greater than 0.4 at the Nyquist
frequency in the spectral range, and the maximum “keystone” and spectral “smile” are 8 pm and 19 pum,
respectively. To estimate the volume and weight of the spectrometer, a preliminary optical-mechanical
design was also developed. The entire spectrometer has a volume of 130 X 80 x 120 mm, and the
weight is less than 3 kg. The results show that the spectrometer is compact with a wide FOV, which
meets the needs of UAV platforms for miniaturized spectrometers in our engineering project.
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