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We report the design and performance analysis of an off-axis three-mirror telescope as the fore optics for a new hyperspectral
sensor aboard a small unmanned aerial vehicle (UAV), for low-altitude coastal remote sensing. The sensor needs to have at least
4 cm of spatial resolution at an operating altitude of 500 m, 4° field of view (FOV), and a signal to noise ratio (SNR) of 100
at 660 nm. For these performance requirements, the sensor's optical design has an entrance pupil diameter of 70 mm and an
F-ratio of 5.0. The fore optics is a three-mirror system, including aspheric primary and secondary mirrors. The optical performance
is expected to reach 1/15h in RMS wavefront error and 0.75 in MTF value at 660 nm. Considering the manufacturing and
assembling phase, we determined the alignment compensation due to the tertiary mirror from the sensitivity, and derived the
tilt-tolerance range to be 0.17 mrad. The off-axis three-mirror telescope, which has better performance than the fore optics of
other hyperspectral sensors and is fitted for a small UAV, will contribute to ocean remote-sensing research.

Keywords: Fore optics, Off-axis three-mirror system, Remote sensing, Unmanned aerial vehicle
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TABLE 1. Payload requirements and operation environments of

UAV
Parameter Specification
Field of View (FOV) 4.0 degree
Spectral range 400 nm ~ 900 nm
Spatial resolution (GSD) < 03 m

MTF requirement > 0.3 @ Nyquist frequency

SNR requirement > 100 @ 660nm

Permitted weight < 15 kg
Permitted volume size < 120 x 100 x 150 mm

Operation height 300 ~ 500 m
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TABLE 2. Determined optical design requirements of a fore optics

Parameter Specification
Effective Focal Length 350 mm
Entrance Pupil Diameter 70 mm
Pixel size 26 um
Optical MTF requirement | > 0.75 @ Nyquist frequency (660 nm)
RMS wavefront error < /15 A
Distortion < 0.1 %

Modulation Transfer Function

Spatial Frequncy (cycles/mm)
(b)

FIG. 1. Principle requirements estimation. (a) expected SNR estimation among F-ratio of optical system, (b) the optical MTF requirement
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TABLE 3. Lens data sheet from ZEMAX

Radius Thickness Semi-Diameter
Surface . Glass Note
(Conic constant) (mm) (mm)
Object -
Mi -739.056 139,25 Mirror 45 Y-axis decenter
(-4.710) -61 mm
M2 (Stop) 237912 139.25 Mi 25
0 . itror
P (-0.766)
Y-axis decent
M3 -362.108 -125.00 Mirror 40 anis decertiet
61 mm
FM - 166.02 Mirror 22
Image - 10

Sl
Image Plane

(Slit position)

Folding Mirror
(FM)

Tertiary Mirror

Secondary Mirror (M3)
(M2) T
Apez\:re\‘ \
Stop N - Sesl . .
. '~ Optical axis
N
Principal \ \
ray NN

Primary Mirror
(M1)

FIG. 2. Optical layout of a three-mirror system.
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FIG. 3. Spot diagram at 5 fields. (a) center field (0.0, 0.0), (b) middle field (1.4, 0.0), (c) edge field (2.0, 0.0), (d) middle field (-1.4, 0.0),

(e) edge field (-2.0, 0.0)
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FIG. 4. MTF plot for the three-mirror optical system (@ 660 nm).
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FIG. 5. Field curvature and distortion plots for the three-mirror
optical system (Maximum field is 2.0 degrees at X-axis).
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FIG. 7. Sensitivity analysis for M2 and M3 tilt parameter. (a) X-axis tilt, (b) Y-axis tilt of M2, (c) X-axis tilt, (d) Y-axis tilt of M3.

TABLE 4. Tolerance allocation and analysis of three-mirror system

Component Parameter Tolerance Max. RMS spot diameter (um) Max. RMS WFE (\)
Dec. X 0.0 2.182 0.068
Dec. Y 03 mm 2371 0.093
Tilt X 2.243 0.098
MI Tilt Y 0.12 mrad 2342 0.079
Despace 0.15 mm 3.374 0.099
Radius 0.2 1.992 0.053
Dec. X 0.15 mm 2.496 0.090
Dec. Y 2.158 0.090
Tilt X 1.788 0.060
M2 Tilt Y 035 mrad 2.098 0.058
Despace 0.18 mm 2.682 0.099
Radius 0.1 2.102 0.052
T¥lt X 017 mrad 3.451 0.114
M3 Tilt Y 2.753 0.112
Despace 0.4 mm 2.553 0.073
Radius 0.2 2.254 0.60
Dec. X 1.0 mm 1.901 0.037
M Dec. Y 1.901 0.037
Tilt X 0.87 mrad 2.197 0.055
Tilt Y 2.197 0.055
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