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Abstract—Flooding is one of the most severe environmental
disasters, impacting millions of lives and causing significant
economic losses. Effective flood monitoring is therefore essential
to support timely disaster response, resource management, and
damage assessment. However, current optical remote sensing
methods to monitor floods, particularly multispectral imaging
(MSI), are limited by low spectral resolution and rely heavily on
complex post-processing algorithms to extract accurate flood
information, leading to higher computational costs and reduced
efficiency. To address this limitation, this study presents the
hardware design and simulation of a high-resolution
hyperspectral lens system optimized for CubeSat deployment.
The optical system was modeled and optimized in ANSYS
Zemax OpticStudio, targeting a spatial resolution of 30 meters
with a 20-degree field of view across 24 spectral bands from 465—
810 nm. The final design achieved an effective focal length of
133.394 mm and a total system length of 142.087 mm, with a
compact weight of approximately 590 grams, making it suitable
for 2U CubeSat integration. Performance analysis confirmed
strong imaging quality, with an Airy disk radius of 7.937
micrometers and a Strehl ratio of 0.942. These results
demonstrate the system’s capability to deliver high-resolution
imaging with minimal reliance on post-processing, offering a
compact and efficient optical solution for spaceborne flood
monitoring.

Keywords—Hyperspectral Imaging, Lens design, CubeSat,
Optimization, ANSYS Zemax OpticStudio.

I. INTRODUCTION

Floods are among the most destructive and frequent
environmental disasters, affecting millions of lives and
causing major economic losses each year [1]. Water-related
disasters made up 73.9% of all natural disasters globally, with
over 5,000 such events recorded between 2001 and 2018 [2].
While early detection is crucial, post-flood damage
assessment is equally important for guiding emergency
response, infrastructure repair, and long-term recovery efforts.
High-resolution imaging technologies are particularly
valuable in assessing flood-affected areas with greater spatial
and spectral detail.

Remote sensing has played a crucial role in advancing
flood observation by enabling wide-area coverage through
satellite imagery. Conventional systems typically rely on
multispectral imaging (MSI), which captures reflected
radiation across a few broad spectral bands. While MSI offers

Luhur Bayuaji
Faculty of Data Science &
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INTI International University
Nilai, Malaysia

Indra Riyanto
Faculty of Information Technoloy
Universitas Budi Luhur
Jakarta, Indonesia
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ease of use and rapid data processing, its limited spectral
resolution restricts its ability to detect subtle environmental
variations, often necessitating extensive post-processing to
derive usable flood-related information [3].

Hyperspectral imaging (HSI) captures detailed images
across a large number of narrow spectral bands (10-20 nm
wide) [4], spanning wavelengths from the visible to the near-
infrared (NIR) region [5], as illustrated in Figure 1. This
allows for more accurate identification of water presence,
flood extent, and changes in land surface and vegetation.
HSI’s higher spectral fidelity can reduce dependency on
complex processing algorithms and improve the precision of
flood mapping and water quality analysis [6].

Continuous spectrum

Separated band
Ith

2nd

nth

Hyperspectral Multispectral

>

Intensity

Y
> IIII>

Wavelength Wavelength

Intensity

Fig. 1. Spectral Resolution Comparison between hyperspectral and
multispectral imagery (Jung et. al., 2024)

However, traditional multispectral and hyperspectral
systems are typically mounted on large and costly platforms
with limited revisit capabilities. Landsat-8, launched in 2013,
is a widely used satellite operating at 705 km in a sun-
synchronous orbit. It features the Operational Land Imager
(OLI) and Thermal Infrared Sensor (TIRS), capturing visible,
NIR, and SWIR bands at 30-meter resolution, a 15-meter
panchromatic band, and 100-meter thermal bands (resampled
to 30 m). Despite its broad spectral coverage, Landsat-8 relies
heavily on post-processing algorithms, such as NDWI,
MNDWTI, and machine learning classifiers like RBF-SVM, to
achieve water detection accuracies above 92%. This
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dependence highlights limitations in its raw spectral fidelity.
(7]

The ALOS-2 satellite employs PALSAR-2 L-band
Synthetic Aperture Radar (SAR), offering high-resolution (~3
m) imaging even under cloud cover and dense vegetation.
Although its radar-based design ensures day-and-night, all-
weather monitoring, its flood detection accuracy remains
moderate, averaging around 67.66%. ALOS-2 applies
probabilistic modeling and Bayesian inference to support
flood simulations, but its performance is constrained by
inherent noise in radar backscatter and water differentiation
challenges from similar low-reflectance surfaces [8].

The COSMO-SkyMed constellation uses X-band SAR for
high-resolution monitoring with a spatial resolution of 0.8 x
0.8 meters. Its short revisit time enhances temporal monitoring
during disasters. For flood detection, COSMO-SkyMed
integrates algorithms such as AUTOWADE and ISODATA
clustering with spectral indices like NDVI. These techniques
enable accurate water area mapping with reported accuracies
reaching 90.50%. Despite its strength in rapid monitoring, its
reliance on post-processing and environmental correction
methods highlights the limitations of raw radar imaging alone
for flood delineation [9].

Recent advancements in small satellite platforms,
particularly CubeSats, have introduced a scalable, cost-
effective alternative for Earth observation missions. CubeSats
feature modular construction, faster development cycles, and
reduced launch costs, making them ideal for rapid-deployment
missions in disaster-prone areas [10]. Despite these
developments, existing CubeSat-based flood monitoring
missions still rely heavily on limited-spectrum sensors and
algorithm-heavy processing. This study aims to address that
gap by designing and simulating a compact, high-resolution
hyperspectral lens system specifically optimized for CubeSat
integration. This work presents a preliminary optical design
study focused on lens performance, rather than a complete
hyperspectral camera system. By addressing the lens
subsystem first, the study establishes a foundation for future
integration with sensors, spectral components, and image
processing required for full operational deployment.

By focusing on improved optical design at the hardware
level, the research seeks to enhance raw image quality,
minimize reliance on intensive post-processing algorithms,
and support more accurate, efficient flood damage
assessment. Through simulation and performance analysis,
the proposed system aspires to contribute to more effective
damage assessment using spaceborne remote sensing.

II. SETUP AND METHODOLOGY

The optical design and simulation in this study were
carried out using ANSYS Zemax OpticStudio 2025 RI
(Student Version), a ray-tracing software widely used for
optical system modeling, analysis, and optimization. To
guide the system design, key mission functions and
operational requirements were first established to ensure that
the lens meets the necessary specifications for flood detection
and damage assessment, as shown in Table I.

TABLE L MISSION REQUIREMENTS FUNCTIONS
FUNCTION OBSERVATION
MISSION
Performance Spatial Resolution 30 m
Spectral Wavelength 465 — 810 nm (24
Range bands)
Hyperspectral Image Sensor 6 um
Sensor Ground Sampling Distance (GSD) 30m
Scanner Type Pushbroom
Operating Altitude 700 km
Field of View (FOV) 20°
Coverage Latitude coverage +98°
Swath width 246.86 km
Orbit Type Sun-Synchronous
Orbit Orbital Period 98.62 minutes
Revisit Time (Single Satellite) 11.11 days

To ensure consistent lighting and global coverage, the
hyperspectral lens system is designed for a Sun-Synchronous
Orbit (SSO) at 98° inclination [11]. With a 20° field of view,
it achieves a swath width of 246.86 km and an orbital period
of 98.62 minutes [12]. However, a single satellite offers a
revisit time of 11.11 days, which is inadequate for timely
flood monitoring. To meet daily observation needs, a
constellation of 10-11 CubeSats is proposed, enabling rapid
flood detection and enhancing environmental monitoring
capabilities [13].

To ensure the effective performance of the
hyperspectral system, several key equations have been
formulated to define critical parameters as mentioned above.
These equations will guide the design process and help
optimize the lens system’s functionality. The lens system for
this research will be modeled for a CubeSat with an altitude
of 700 kilometers, image sensor with a pixel size of 6
micrometer, and a refractive index of 1 which represents the
space’s vacuum. The system will be modeled initially with
SCHOTT N-BK7® with a refractive index of 1.517.

hXp

GSD =
f

(M

where

h = altitude of the satellite (in meters)
s = pixel size of the sensor

f = effective focal length (in meters)

With the focal length f'is
1
f== 2)
¢

where
¢ = optical power

Optical power ¢ is defined by:
p=m;—ny)c 3)
where
n = refractive index
¢ = curvature
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And curvature ¢ can be calculated from:

c== )

where
R = radius of the lens

With the parameters defined, the hyperspectral lens
system was modeled in Zemax OpticStudio. While the
system was dimensioned to meet the requirements for flood
detection as one potential use case, no hyperspectral imagery
was simulated in this study. Instead, optical performance was
evaluated through Zemax’s built-in analysis tools and
standard RGB test images, which serve only to qualitatively
verify imaging quality rather than to replicate mission-
specific spectral data. The system was modeled to operate at
an altitude of 700 km, with a 10 mm entrance pupil diameter
and a total field of view of 20°, sampled at five field angles
between 0 and 28.284 mm in 7.071 mm increments. From
equation 2, it was discovered that the system’s target effective
focal length (EFFL) is 140 mm. Spectral performance was
assessed across 24 wavelengths ranging from 465 nm to 810
nm, covering red-green-blue (RGB) and near infrared (NIR)
[14][15][16].

Wavelength (pm) Weight Primary Wavelength (um) Weight Primary
1 0.465 1.000 | O 13 0.645 1000 O
2 0.480 1.000 | O 14 0.660 1000 O
3 0.490 1.000 ® 15 0.675 1.000 (@)
4 0.510 1.000 (@] 16 0.690 1.000 (@]
5 0.525 1.000 (@) 17 0.705 1.000 (@)
6 0.540 1.000 (@) 18 0.720 1.000 (@)
7 0.555 1.000 (@) 19 0.735 1.000 (@)
8 0.570 1.000 O 20 0.750 1.000 (@)
9 0.585 1.000 O 21 0.765 1.000 (@)
10 0.600 1.000 O 22 0.780 1.000 (@)
1 0.615 1.000 (@) 23 0.795 1.000 (@)
12 0.630 1.000 (@) 24 0.810 1.000 (@)

Fig. 2. Wavelength Data

Although this paper focuses on designing a hyperspectral
lens system for flood monitoring, it can also be used for
vegetation analysis such as Normalized Difference
Vegetation Indices (NDVI) and Green Normalized
Difference Vegetation Indices (GNDVI), Land Use/Land
Cover Classification (LULC), soil and surface analysis, as
well as water quality monitoring. This is because the designed
lens system incorporates visible (RGB) to near infrared
spectral bands.

The initial system incorporated three positive meniscus
lenses followed by a triplet with a radius of 70 mm, as
calculated from equations 3 and 4, with a minimum lens
thickness of 2 mm. This initial design served as the
foundation for further optimization. The framework of this
study is illustrated in Figure 3.

st

\T/

Define Camera Technical
Specifications for Flood Monitoring

l

‘ Set Up System Architecture ‘

l

‘ Simulation Execution |

l

‘ Design Optimization

MO

Qbtain EFFL error = 5%
and TOTR. < 150 mm

‘ Analysis of System Performance ‘

N~

Fig. 3. Flowchart of the Simulation

The system was first aligned using the Quick Focus tool,
followed by sequential optimization using local Damped
Least Squares (DLS), global Hammer Current DLS, and both
local and global Orthogonal Descent (OD) algorithms to
refine optical parameters and enhance image quality by
adjusting the radii, thicknesses, and materials of each optical
element. The finalized optical system comprises three
positive meniscus lenses, followed by a doublet and an
additional positive meniscus lens, as detailed in Figure 4 [17].

H?A |
|
—_l

(b)
‘—4 50 mm

Fig. 4. Optimized Lens System in 2D (a) and 3D Isometric View (b)
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The system achieved an effective focal length (EFFL) of
133.394 mm, a total optical track length (TOTR) of 142.087
mm, and a total lens assembly weight of 589.975 grams,
estimated from the lens materials. Its lens radii, thicknesses,
and material selections used in the design are listed in Table
II.

TABLE IL FINAL DESIGN LENS DATA
Stop Inner Outer .

(singlet/ Radius | Radius Th;;’:: )ess Material
doublet) (mm) (mm)

Firstlens | 39 67 | 30949 21.67 BAFL4
(s: singlet)
Sec"(“s‘)l lens | 10503 | 27.41 9.49 N-SF6
Th‘r(‘;)lens 4432 | 7221 2.90 KBR
Fourth lens
(& doublepy | 4834 | 11136 2.20 ALN
F‘ﬁ(};;ens 11136 | 36.61 16.46 BAFD7
S‘th)lens 101.63 | 253.47 1.15 EXTEM_XH1015

III. RESULTS AND DISCUSSION

This chapter presents the performance evaluation of the
optimized hyperspectral lens system using a series of optical
performance metrics. These include spot diagrams, Huygens
Point Spread Function (PSF), relative illumination, and
image simulation, which collectively assesses the system’s
imaging quality and alignment with the design objectives.

A. Spot Diagram with Airy Disk Radius

The spot diagram analysis provides insight into the spatial
resolution and focusing accuracy of the optimized
hyperspectral lens system. It visualizes how rays from a point
source converge at the image plane, where a tighter spot
distribution means the rays are concentrated closer to the Airy
disk radius, indicating sharper and more precise imaging [18].
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Fig. 5. Spot Diagram

The spot diagram of the optimized hyperspectral lens
system presented in Figure 5 demonstrates a well-controlled
distribution of focused light across the field of view. The

RMS spot radius, which measures how tightly rays converge
at the image plane, remains close to or smaller than the Airy
disk radius of 7.937 pm at 7.273, 7.254, 6.957, and 6.888 um
for 0°, 2.5°, 5°, and 7.5°, respectively. This indicates that at
the central to mid field angles, the system is operating near
the diffraction limit, delivering sharp, high-resolution
imaging. While at 10°, the RMS radius is larger than the Airy
disk, at 12.842 pm which suggests some residual aberrations
at the edge of the field. Although not diffraction-limited, the
system exhibits sufficient focus quality to detect and point out
key flood-related features, such as water boundaries,
inundation zones, and terrain variations. This level of spatial
accuracy supports the system’s suitability for flood mapping
applications, where consistent image clarity across a wide
field is essential for informed decision-making and disaster
response.

B. Huygens Point Spread Function (PSF)

To complement the geometric evaluation provided by the
spot diagram, the Huygens Point Spread Function (PSF)
offers a diffraction-based assessment of the system’s
performance on how well an optical system focuses light
from a point source.

X = 24.4, Y = 0.03312

At y = 0.0000 um

iance

0
30.4 24.3 18.3 12.2 6.1 0 .
X-Position (um)

Huygens PSF Cross Section X

Zemax
8/15/2025 Ansys Zemax OpticStudio 2025 R1.00
0.4650 to 0.8100 pm at 0.00 (deg).
Image width is 60.84 ym.
streh] ratio: 0.954 fyp hsi after o
Center coordinates :  0.00000000E400,  0.000000DDE4D0 Millimeters Gonf

Fig. 6. Huygens PSF

Figure 6 shows the Huygens PSF cross-section of the
optimized system, characterized by a sharp central peak with
minimal light spread into the surrounding regions. The
system achieved a Strehl ratio of 0.954, which is close to the
ideal value of 1.0, indicating near-optimum focusing quality
and performance close to the diffraction limit. This high
concentration of light in the central peak reflects excellent
focusing precision, allowing the system to capture fine spatial
details with minimal blurring. Such performance
demonstrates the lens’s capability to deliver sharp, high-
contrast images, ensuring reliable optical performance for
accurate CubeSat-based flood damage assessment.

C. Relative Illumination

Relative illumination evaluates how evenly light is
distributed from the center to the edge of the image field. An
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ideal lens system would show a flat line of 1.0 across the field
of view.

visettingg £ lalalem /O =A 2 EH= & 3x4- @ standard-
Automatic + i

Field = 28.11, RI = 0.8813

e R T

Relative I1lumination

0 2.83 5.66 8.5 11.3 14.14 16.97 19.8 2.6 25.46 28.3
¥ Field in Millineters
Relative T1Tumination

max
10/2/2025 Ansys Zemax OpticStudio 2025 R1.00
Wavelength: 0.490000 um

Fig. 7. Relative Illumination

After optimization, illumination remains high across the
field, with a slight drop from 1.0 at the center to 0.8813 at the
edge, typical of compact optical systems due to vignetting.
This fall-off results from prioritizing aberration correction
and sharpness, but does not compromise image quality. In
flood monitoring, where resolution and clarity are more
critical than uniform brightness, this trade-off is acceptable.

D. Image Simulation

The image simulation in this study is based on a standard
RGB test image provided within ANSYS Zemax
OpticStudio, as hyperspectral image simulation was not
supported within the available software environment. The
chosen image serves only as a visual reference to assess the
optical system’s ability to maintain sharpness and contrast
after optimization.

The selected image in Figure 8 is a post-disaster flood
assessment which occurred in Xaythany, Laos, on July 21,
2025. The image simulated has a size of 36.8661 x 28.2433
mm. This map was prepared by the Mohammed Bin Rashid
Space Centre (MBRSC) covering the area of interest (AOI)
of 101.793° E to 102.990° E longitude and 19.3123° N to
18.1741° N latitude, extracted from Sentinel 1C. The flooded
area in the image is shown in blue.

(a)

Image Simulation: Source Bitma

10/2/2025 " X . . Zemax
Bitmap is 2530 pixels high, 3392 pixels wide. . Ansys Zemax OpticStudio 2025 R1.00
Bitmap file is post disaster flood assessment Taos cropped.jpg.

fyp hsi after optimization test — Copy.ZMX
Configuration 1 of 1

(b)

Consider changing the field Type to object height for improved accur:

See Help Files for more cetails.

ved accuracy.
Image Simulation: Geometric Aberrations

10/2/2025 ] Zemax
Object height is 28.2843 Millimeters. Ansys Zemax OpticStudio 2025 R1.00
field position: 0.00 mm

Center: chief ray .

Tmage size is 37.8661 W x 28.2433 H (Millimeters)

fyp hs1 after optimzation test  Copy.ZMX
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Fig. 8. Flood Assessment in Laos Source Image (a) and Simulation (b)
(MBRSC, 2025)

The image simulation in Figure 10 illustrates that the
system effectively captures fine image details with sharp
focus across the central field and an almost identical contrast
retention throughout field angles.

IV. CONCLUSION

This study successfully designed and simulated a high-
resolution hyperspectral imaging system optimized for flood
detection and monitoring. The final lens system achieved an
EFFL of 133.394 mm, with only a 4.72% deviation from the
target value, and a total track length of 142.087 mm. The
overall weight of the optical assembly is approximately 590
grams, making the system compact and lightweight. These
specifications confirm that the design can be effectively
integrated into a 2U CubeSat, while allowing space for other
essential subsystems.

Performance evaluations confirm the system’s
suitability for flood monitoring, with the spot diagram and
PSF demonstrating strong spatial accuracy and sharp focus
across the field. Although a slight decline in relative
illumination is observed at the edges, the overall image
quality remains high, making the trade-off acceptable for
flood monitoring applications.
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With this design, it is hoped that flood detection and

mapping can be performed more efficiently by reducing
reliance on extensive post-processing. This improvement in
hardware-level performance is expected to enhance the
reliability and responsiveness of satellite-based flood
monitoring, supporting more accurate and timely disaster
management and recovery efforts.
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