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Abstract

The importance of a safe food supply has increased due to climate change and its consequences. The number and severity
of floods, droughts and plant diseases are rising which causes massive crop failures. Early and precise detection of plant
diseases can lower crop failures as it enables early containment. Moreover, it promotes the targeted use of pesticides
to protect the biodiversity. Satellite sensors improve the detection of plant diseases by enabling frequent and extensive
vegetation observation. Hence, we present the design of a camera system for Earth observation on small satellites with a
focus on the detection of plant diseases. The disease detection of sugar beets was chosen as the primary objective due to
theirimportance for the German agriculture. This work is divided into two parts. First, the spectra of sugar beets are analyzed
to determine spectral channels for a camera system. Second, a camera system is defined to capture spectral information
within the previously defined wavelength ranges. The spectra of healthy and diseased sugar beets were measured in fields
for agricultural research in Central Germany using a portable spectroradiometer. The investigated diseases are Cercospora
leaf spot and virus yellows, which are among the most important pathogens worldwide. Based on the measured data, the
so-called Normalized Difference Sugar Beet Index (NDSBI) is defined, which is a custom index to detect these diseases.
We can prove that this index enables more precise detection of these sugar beet diseases than existing indices like the
Normalized Difference Vegetation Index (NDVI). The camera system is designed as a payload for the small satellite Research
and Observation in Medium Earth Orbit (ROMEO), which is being developed at the University of Stuttgart’s (US) Institute
of Space Systems (IRS). The proposed design fulfills the high radiation requirements as well as the system constraints of
mass and volume. Three different options for the camera system are developed: two designs for the development at the US,
one with lens optics and one with mirror optics, and an adjusted commercial camera system. All defined camera systems
permit the measurement of the NDSBI to precisely detect sugar beet diseases.
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NOMENCLATURE ROMEO Research and Observation in Medium Earth Orbit
Symbols SNR Signal-to-Noise Ratio
L Radiance W/sr/m? SSO Sun-Synchronous Orbit
TAPAS  Transmissions Atmosphériques Personnalisées
Abbreviations Pour I'’AStronomie
CDI Cercospora Detection Index TID Total lonizing Dose
CLS Cercospora Leaf Spot TOA Top Of Atmosphere
CLSI Cercospora Leaf Spot Index TRL Technology Readiness Level
COTS  Commercial Off-The-Shelf us University of Stuttgart
FOV Field of View VY Virus Yellows
GSD Ground Sampling Distance
IRS Institute of Space Systems 1. INTRODUCTION
LEO Low Earth Orbit Satellite-based camera systems are essential for many ev-
MEO Medium Earth Orbit eryday applications. They play a key role in weather fore-

casting and regular mapping of the Earth to update naviga-

MTF Modulation Transfer Function ’ - .

. . . tion systems. In addition, these systems help to monitor nat-
NDMI" Normalized Difference Moisture Index ural disasters as well as the climate. Multispectral camera
NDSBI  Normalized Difference Sugar Beet Index systems are necessary for many scientific purposes. Using
NDVI Normalized Difference Vegetation Index different spectral channels enables the classification of var-
NDWI Normalized Difference Water Index ious objects and surfaces [1]. Moreover, having wide-band

] spectral information about an object enables advanced anal-
PRI Photochemical Reflectance Index yses of it [1]. Both principles are applicable to vegetation.
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On the one hand, multispectral imaging is used to distin-
guish between different plants and on the other hand, the
multispectral information facilitates the monitoring of the vi-
tality of plants [2]. This principle is applied using the Nor-
malized Difference Vegetation Index (NDVI), which is an in-
dex for general plant monitoring. It is based on the fact that
the difference in reflection in the visible and near infrared
spectrum changes depending on the crop’s state of health
and water content. This enables the detection of healthy
and diseased plants and can be used in diverse fields of
application. Farmers can improve their farming by using
satellite data for precise fertilization and irrigation of their
fields. Furthermore, a local application of pesticides is pos-
sible, which protects the biodiversity and improves the farm-
ing efficiency. Moreover, the findings can help on a global
scale. For example, the time series of vegetation monitor-
ing data help to analyze climate change based on its effect
on vegetation [3]. The importance of vegetation monitoring
on a local and global scale increases as the consequences
of climate change will become more severe during the next
decades [4].

Multispectral satellite imaging on a global scale is mainly
conducted by national space agencies as part of extensive
Earth observation programs like the Copernicus Program of
the European Space Agency [3]. The highly capable and
complex satellites of these programs have long development
times and high costs. However, the emerging private space
industry (“New Space”) leads to the extensive deployment of
small satellites and CubeSats as cost-effective alternatives
with small development times [5]. This is achieved by de-
signing small custom satellite missions and by using Com-
mercial Off-The-Shelf (COTS) hardware. This cost-effective
access to space is also an interesting option for universi-
ties [6]. Academic satellites can test challenging mission
designs as well as critical technology demonstrations due
to the lower financial and commercial risk. This allows for
the testing and deployment of components and systems for
specialized applications on individual small satellites.

As of July 2023, there are over 6,700 satellites in Earth’s
orbit [7]. Among these, 88 % operate in Low Earth Orbit
(LEO) below 2000 km, while 9% operate in geostationary
and higher orbits. The remaining 3% are distributed in
Medium Earth Orbit (MEQO), with a majority located in the
slot region between the inner and outer Van Allen radiation
belts at an altitude of approx. 20.000 km. The University
of Stuttgart's (US) Institute of Space Systems (IRS) is
currently developing an academic small satellite mission
called Research and Observation in Medium Earth Orbit
(ROMEOQ) that targets to operate in the underutilized orbital
regions above 2000 km altitude by using a cost-efficient de-
sign approach. Beyond that, the ROMEO satellite supports
several payloads including a camera system. This offers
the opportunity to develop, test and operate a customized
multispectral camera system. As elaborated previously,
vegetation monitoring is increasingly important, which
is why this application was chosen. To improve current
vegetation monitoring with general indices like the NDVI,
a custom index called Normalized Difference Sugar Beet
Index (NDSBI) is defined for specific crop monitoring of
sugar beets. It enables more precise monitoring to improve
the farming of a specific crop. The sugar beet is one of
the most common crop plants in Germany next to grain
and canola and it is the most important source of sugar
in the northern hemisphere [8]. Therefore, it represents
a suitable target for national, European and international
satellite observations.

2. CUSTOM INDEX DEFINITION

2.1. The Sugar Beet

The sugar beet is a biennial plant of the amaranth family [9].
Its beet, which sprouts during the first year of the plant’s life,
has a high sugar content and is therefore used for sugar pro-
duction. Around 50 % of the global amount of sugar beets
is produced in Europe [8] with Germany being the second
largest sugar beet producer after France [10]. About 1.5
million hectares are cultivated with sugar beets in the EU
[10]. Consequently, its cultivation is of great importance
for the European agriculture, which is why satellite observa-
tions of sugar beets provide crucial information. Infections
by pathogens are, next to droughts and floods, major causes
of crop failures [4]. For the spectral analysis, it was focused
on Cercospora Leaf Spot (CLS) and Virus Yellows (VY) dis-
ease. Cercospora is considered to be the most harmful
pathogen for sugar beets [11]. It is a fungus that causes
circular leaf spots with red-brown edges. This leaf damage
can cause crop failures of up to 50 % without proper treat-
ment [12]. VY is caused by several viruses which are spread
by aphids [13]. The relevance of this disease has increased
during the last years due to the ban of neonicotinoids in Eu-
rope, which are effective insecticides against aphids to sup-
press the spread of viruses, but they are harmful to pollina-
tors like bees [13]. This disease can also cause crop failures
of up to 50 % without proper treatment [12].

2.2. Methodology

2.2.1. Measurement Campaign

The spectral field measurements were conducted on
October 1, 2021, at sugar beet fields close to Northeim
(Lower Saxony) and Wernigerode (Saxony-Anhalt) in Cen-
tral Germany in close cooperation and in agreement with
Nordzucker AG. At the field close to Northeim, various test
cells were designated to study the spread of CLS disease in
sugar beet plants of different genotypes. In these test cells,
no fungicide was applied. In comparison, VY was spread
in designated test cells at a field close to Wernigerode,
in which no corresponding crop protection products were
applied. This experimental design allowed studying spectral
properties of healthy plants as well as of sugar beets with
varying degrees of the diseases. At this time of the growing
period, the sugar beet plants in Northeim and Wernigerode
showed well-expressed damage patterns.

The spectral measurements were conducted using a Spec-
tral Evolution RS-3500 spectroradiometer [14]. The field
portable instrument covers the wavelength range 350 nm
to 2500 nm with a spectral resolution of 2.8 nm at 700 nm,
8nm at 1500 nm and 6 nm at 2100 nm [14]. The instrument
collects light via a fibre optics cable, which is then guided
through dichroic beams splitters, which guide the light
through gratings that further spilit up the incoming radiation.
Wavelength specific intensity values are then recorded
using three detectors: a Si photodiode array covering
the range 350 nm - 1000 nm, and two InGaAs photodiode
arrays covering the wavelength ranges 1000 - 1900 nm
and 1900 - 2500 nm. Spectral signatures were captured
using two different measurement setups. The first setup
was realised using the bare fibre optic with 25° Field of
View (FOV) placed in approximately 1 m distance above
the ground, resulting in a diameter of the integrated spot
of approximately 15dm?. The calibration of the raw data
into relative reflectance values was realised using a Zenith



Lite™ reflectance standard of very high (ca. 95 %) and ho-
mogeneous reflectivity. This setup was utilized to measure
spectral signals that represent the sugar beet stock within
the designated test cells representing different degrees
of damage patterns and sugar beet genotypes. Several
measurements were conducted per test cell and afterwards
averaged. This approach results in mixed signals of sugar
beet leaves and other plant parts as well as soil per test cell.
Therefore, it generates spectra that are comparable to the
mixed signals registered by imaging instruments for remote
sensing from air and spacecraft. However, since the solar
illumination serves as light source, such measurements are
heavily affected by the atmospheric conditions during the
spectra acquisition. As the weather conditions at the time
of the field campaign in Wernigerode were partly cloudy,
the resulting spectra were impaired by varying illumination
conditions, which could not be fully compensated even by
taking the white reference in very short intervals.

A second measurement setup comprised measurements
conducted with a contact probe and a leaf clip for specific
measurements of leaves of different health conditions at the
same test fields. The probe is equipped with an internal light
source and allows contact measurements by integrating
spectral information within approximate 1.5cm in diameter.
For each leaf, five measurements were conducted on the
leaf surface as well as on the underside of the leaf. One
healthy leaf and four leaves representing different damage
levels in the different test cells were measured for both dis-
eases. This setup provides spectra that are not affected by
atmospheric conditions and recorded under stable illumina-
tion conditions. However, the spectral signatures represent
solely the leave spectra and are thus less comparable to
remote sensing in which mixed signals are measured.

2.2.2. Analysis of the Measured Spectra

First, a healthy and dead leaf spectrum from the measure-
ments are presented in Fig. 1. The former shows the typi-
cal sharp change (“red-edge”) in reflectance in the range of
670 nm - 750 nm [15]. It is caused by the high absorption of
the visual spectrum by chlorophyll and the high reflection of
the near infrared spectrum in the leaf structure [16]. Hence,
healthy leaves with high photosynthetic activity demonstrate
a particularly sharp red-edge in their spectra. Moreover,
the spectrum of the healthy leaf shows two minima around
1400 nm and 1900 nm, which are caused by water absorp-
tion [16]. The spectrum of the dead leaf looks different. The
red-edge as well as the water absorption minima are hardly
distinct as a result of the missing photosynthetic activity and
the low water content.

60

—} Healthy
—}— Dead

Reflectance in %
N w B (42
o o o o

-
o

o

500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength in nm

Fig 1. Measured mean reflectance of a healthy (blue) and dead
(red) sugar beet leaf

As elaborated earlier, the contact measurements are well
suited for the feature detection in the isolated leaf spec-
trum. However, these measurements vary across the leaf.
Thus, averaging over the different measurements of the

same leaf is necessary. The area measurements generate
a mixed signal which is more representative for satellite
observations but is strongly influenced by the weather and
the atmosphere and disease features are less distinct.
Consequently, the contact measurements are analyzed
first to determine the isolated leaf spectrum. A mean
spectrum is calculated for every leaf based on each contact
measurement of the leaf. Then, the area measurements
are analyzed with respect to the detected spectral features
from the contact measurements. The different area mea-
surements within one test cell are used to calculate a mean
spectrum for each test cell.

The average spectra of healthy plants are compared to spec-
tra of diseased plants with different severities of the disease.
The focus of the analysis is to detect the spectral bands
with a high difference in reflectance which are suitable for
an index definition. Higher differences in reflectance result
in higher index differences, which improve the classification
with the index. The spectrum analysis concentrates on the
spectrum from 400 to 1000 nm due to the higher availability
of camera components in this spectrum as well as the high
variation of the atmospheric transmission beyond 1000 nm.

2.3. Results

2.3.1. Results from the Contact Measurements

The calculated reflectance differences of four different
leaves with CLS are presented in Fig. 2. Slightly infected
plants show reflectance differences that can already be
detected when the visual features of the disease are hardly
distinct. However, these differences vary too much for the
reliable detection of CLS. This changes with the increasing
severity of the disease. Heavily infected plants have distinct
differences which can be used for sufficient classification.

—}— Leaf 1 - Slight CLS infection
—}— Leaf 2 - Slight CLS infection

9
6
3
0
3
6
9

400 500 600 700 800 900 1000

A Reflectance in %

—}— Leaf 3 - Heavy CLS infection
—}— Leaf 4 - Heavy CLS infection

A Reflectance in %

©O© O W O w o ©

N
o
o

500 600 700 800 900 1000
Wavelength in nm

Fig 2. Differences in reflectance of infected plants compared
to healthy plants from contact measurements for a slight
(up) and heavy (down) infection with CLS

The reflectance differences for plants with VY are shown in
Fig. 3. It can be seen that even slightly diseased plants fea-
ture differences in reflectance that are sufficient for a classi-
fication. Moreover, the differences of all plants with VY are
larger than the differences with CLS.

To conclude, both diseases result in changed reflectances
in the spectral range from 400 nm - 1000 nm. In particular,
the spectral range from 500 nm - 700 nm and from 750 nm -
1000 nm are of great interest for spectral bands for an index.
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Fig 3. Differences in reflectance of infected plants compared
to healthy plants from contact measurements for a slight
(up) and heavy (down) infection with VY

2.3.2. Results from the Area Measurements

The results of the analysis of the area measurements are
separated according to the different test cells in the test field.
The differences in reflectance from the area measurements
for plants with CLS are presented in Fig. 4.
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Fig 4. Differences in reflectance of infected plants compared
to healthy plants from area measurements for a slight
(up) and heavy (down) infection with CLS

The genotypes in test cell 1, 4 and 5 show the smallest de-
viations from the healthy sugar beet spectrum, which is why
infections of these genotypes can hardly be detected. Test
cell 2, 3, 6, 7 and 8 show distinct differences which enable
a sufficient detection of the disease. The largest differences
occur in the spectral range from 700 nm - 1000 nm, with max-
ima around 750 nm - 800 nm, which is therefore the most
promising spectral range for a detection of CLS.

The differences in reflectance from area measurements for
plants with VY are presented in Fig. 5. As mentioned in sec-
tion 2.2.1, the area measurements on the test field with VY
are difficult to calibrate because of the varying illumination
during the measurements. The large calculated differences
can therefore only be partly related to the disease. However,
differences in the spectral range 500 nm - 650 nm and 750 nm
- 1000 nm are detected.
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Fig 5. Differences in reflectance of infected plants compared to
healthy plants from area measurements for an infection
with VY

2.3.3. Definition of the NDSBI

The spectral channels of the NDSBI are defined based on
the presented analyses of sugar beet spectra. An index
compensates effects that affect several spectral channels
by forming a ratio, which for example equalizes the effects
of shadows from clouds. Hence, the definition of the NDSBI
is analog to the NDVI [2]. The goal is to achieve a suffi-
cient differentiation of healthy and diseased plants with a
small number of spectral channels, which ensures a feasi-
ble deployment on small satellites. Moreover, larger band-
widths are preferred to enable higher radiometric resolutions
and shorter exposure times. The NDSBI is calculated using
the radiances L of two spectral channels (Channel 1 and
2). The radiances are calculated by summing the measured
spectral radiances over the spectral channel. The NDSBI is
defined as follows:

LC’hannelQ - Lchannell

M NDSBI Lchannel2 + Lohanneit

The corresponding spectral channels are defined within the
detected spectral ranges with high differences. They are op-
timized by iteratively varying the bandwidth for both chan-
nels in 10 nm steps starting with the minimum bandwidth of
30 nm to evaluate all possible combinations. Moreover, the
area measurements with CLS are used for the optimization.
The resulting channels are channel 1 from 620 nm - 700 nm
and channel 2 from 750 nm - 780 nm. The calculated mean
NDSBIs and their differences between healthy and infected
plants for CLS and VY are presented in Tab. 1 and Tab. 2.

Tab 1. Calculated mean NDSBIs of CLS affected sugar beet
plants and their differences to healthy plants with the
spectral channels 620 nm - 700 nm and 750 nm - 780 nm

Mean NDSBI Mean Difference

Healthy plants 0.538 -

Test Cell 1 0.133 0.405
Test Cell 2 0.176 0.362
Test Cell 3 0.186 0.352
Test Cell 4 0.350 0.189
Test Cell 5 0.296 0.242
Test Cell 6 0.032 0.506
Test Cell 7 0.135 0.403
Test Cell 8 0.075 0.464

To achieve a high degree of certainty for a reliable disease
detection, the target minimum difference is set to 0.2. For
CLS, the minimum mean difference is 0.189 and the aver-
age mean difference is 0.365. For VY, the minimum mean
difference is 0.317 and the average mean difference is 0.342.



Tab 2. Calculated mean NDSBIs of VY affected sugar beet
plants and their differences to healthy plants with the
spectral channels 620 nm - 700 nm and 750 nm - 780 nm

Mean NDSBI  Mean Difference
Healthy plants 0.674 -
Test Cell 9 0.347 0.326
Test Cell 10 0.357 0.317
Test Cell 11 0.291 0.382

The results in Tab. 1 and 2 demonstrate that the NDSBI pro-
vides a good differentiation of healthy sugar beets and sugar
beets with CLS or VY. All infected plants achieve higher dif-
ferences than the minimum difference for a detection of 0.1.
Furthermore, all test cells except for test cell 4 reach higher
differences than the target minimum difference. Test cell 4
can still be sufficiently detected due to the high difference
of 0.189. Additionally, the average mean differences widely
exceed the target difference which promises a detection of
the diseases independent of the genotype.

2.3.4. Performance of the NDSBI

The performance of the NDSBI is tested against several
other indices. The following indices from [17] were used:
NDVI, Cercospora Leaf Spot Index (CLSI), Photochemical
Reflectance Index (PRI) and Cercospora Detection Index
(CDI). The NDVI and PRI are indices for general vegetation
monitoring and the CLSI and CDI are specific indices for
CLS. Consequently, these indices are well suited for an
analysis of sugar beet spectra. However, the indices in [17]
are defined using a single wavelength. Therefore, they
cannot be used for remote sensing as the bandwidth of
1 nm is too small. Nevertheless, these indices are used to
determine the quality of the NDSBI. The indices and their
differences are calculated for the mean spectra of the area
measurements with CLS. The results are shown in Tab. 3.

Tab 3. Calculated mean differences of infected plants com-
pared to healthy plants for the indices from [17] for the
area measurements with CLS

Minimum Average Maximum

Difference Difference Difference
NDSBI 0.189 0.365 0.506
NDVI 0.088 0.207 0.389
CLSI 0.038 0.091 0.118
PRI 0.020 0.035 0.044
CDI 0.008 0.021 0.041

The calculated differences in Tab. 3 indicate that the NDSBI
achieves a better detection of CLS than existing indices for
the analysis of sugar beet spectra. All alternative indices
feature minimum differences smaller than the minimum
threshold of 0.1 for the detection of an infection. More-
over, only the NDVI provides an average difference which
is suitable for a detection and can therefore be used as
alternative. Nevertheless, the NDSBI demonstrates higher
differences and hence superior performance.

Apart from that, the NDSBI is tested against indices that are
already applied in space. For this reason, the NDVI, Nor-
malized Difference Moisture Index (NDMI) and Normalized
Difference Water Index (NDWI) from the Sentinel-2 mission
are calculated [18]. These indices are less specific to sugar
beets than the aforementioned indices but they are suitable

for remote sensing because of their sufficient bandwidth.
The NDVI and NDWI have a spatial resolution of 10 m while
the NDMI has a resolution of 20m. The calculated mean
differences to healthy plants for CLS are printed in Tab. 4.

Tab 4. Calculated mean differences of infected plants com-
pared to healthy plants for the Sentinel-2 indices [18]
for the area measurements with CLS

Minimum Average Maximum

Difference Difference Difference
NDSBI 0.189 0.365 0.506
NDMI 0.115 0.320 0.540
NDVI 0.031 0.079 0.147
NDWI 0.034 0.065 0.121

The NDVI and NDWI from the Sentinel-2 mission have mini-
mum and average differences below the detection threshold
of 0.1 and are therefore not suitable for a detection of CLS.
However, the NDMI achieves differences that are above the
threshold making it more suitable for the monitoring of sugar
beets despite its lower spatial resolution. Its differences are
smaller than the differences of the NDSBI which is why the
latter demonstrates a better classification compared to the
indices of the Sentinel-2 mission.

3. CAMERA SYSTEM DESIGN
3.1. The ROMEO mission

The idea of the ROMEO mission is to extend the current
trend for reliable, high-performance, cost-effective and
compact design of satellites into regions beyond LEO.
This endeavor necessitates the development of radiation-
tolerant avionics capable of withstanding the particle flux of
the inner radiation belt, which is predominantly character-
ized by highly energetic trapped protons [19]. Additionally,
a green electrolysis-based water propulsion system [20]
will be demonstrated to raise the apogee above 2500 km.
To ensure a natural de-orbit within 25 years, the perigee is
simultaneously lowered below 330km [21]. Besides the
qualification of a radiation tolerant spacecraft in MEO, the
unique mission design enables various scientific payloads
hosted on the ROMEO satellite: an Earthshine telescope for
Earth albedo measurements, particle detectors for space
weather studies, a perovskite solar cells experiment, the
demonstration of an adaptive high-speed data downlink
system as well as camera systems for Earth observa-
tion [22]. The main characteristics of the satellite platform
are 80 kg system mass including 12kg payload and 11kg
water as propellant. The dimensions of the launch config-
uration are 55 x 57 x 68cm®. The solar panels cover an
area of 180 x 57 cm? in deployed state, resulting in an initial
power generation of more than 200 W. The satellite will be
three-axis stabilized with an absolute pointing performance
of under 0.1°. The satellite is currently in the development
phase C and its launch is planned in 2025.

3.2. Preliminary Definition of the Camera System

Besides typical environmental requirements in space, the
ROMEO mission induces high radiation challenges. The
satellite and its payloads have to resist a high Total loniz-
ing Dose (TID) and have to be tolerant against single event
effects and displacement damage. The requirements for
the instrument from the ROMEO mission are summarized
in Tab. 5. Moreover, the camera system shall measure



the previously defined NDSBI for sugar beet observations.
Therefore, it has to measure the two spectral channels of
the NDSBI with a spatial resolution of maximum 10 m and
a temporal resolution of maximum 14 days. The spatial and
temporal resolution ensure the local and early detection of
the diseases.

Tab 5. Requirements from the ROMEO mission

Maximum volume 15 x 15 x 40 cm?

Maximum mass 1.5kg
Maximum power 5W
Maximum data 0.5GB/d
Lifetime 1year
Radiation TID > 20 krad

3.2.1. Limitation of Key Parameters

The key parameters of the camera system can be limited
based on the requirements from the ROMEO mission as
well as the objective to measure the NDSBI with sufficient
resolution. The camera system is designed for the initial
orbit of the ROMEO mission which is a Sun-Synchronous
Orbit (SSO) with 600 km altitude. Important key parame-
ters are the focal length and pixel size. Their ratio is de-
termined by the Ground Sampling Distance (GSD) of 10m
and the orbit altitude. On the one hand, a large focal length
allows the use of larger pixels with higher capacity and there-
fore higher maximum Signal-to-Noise Ratio (SNR). On the
other hand, it requires a large optics and hence high mass
and volume. Moreover, possible aperture diameters are de-
termined which also promote higher SNRs with larger and
therefore heavier designs. The minimum aperture diameter
for a given wavelength is determined by the Rayleigh crite-
rion and has to consider an oblique view. The maximum
diameter is determined by the given mass and volume re-
quirements. Furthermore, the FOV is calculated which is
dependent on the pixel size, number of pixels and the focal
length. Consequently, the sensor format defines the FOV
for a given pixel size and focal length. The preliminary limits
of the key parameters are summarized in Tab. 6.

Tab 6. Key parameters of the camera system based on the
ROMEO mission requirements and scientific objectives

Pixel size

Focal length
Aperture diameter
Sensor format
FOV

4.5 pm - 10 pm

270 mm - 600 mm

80 mm - 120 mm

1024 x 1024 pix - 2048 x 2048 pix
0.98 x 0.98° - 1.96 x 1.96° -

3.2.2. Preliminary Component Selection

Next, a preliminary component selection is done according
to the previously determined key parameters and the re-
quirements. First, possible baffles are investigated. For this
reason, the cut-off angles of a baffle for several lengths with
the mean preliminary diameter of 10 cm and a FOV of 1° are
presented in Tab. 7. Smaller cut-off angles provide a better
performance as less stray light enters the optics. The results
in Tab. 7 indicate that a longer baffle offers better stray light
suppression. However, the available volume is very limited
and the optics has to be long to achieve the required focal
length. Consequently, a baffle longer than 50 mm is not fea-
sible with the required volume despite its superior stray light

suppression. Furthermore, the necessary stray light angle
is estimated. The camera system needs daylight for the ob-
servation of sugar beets. The local time of the ascending or
descending node of the SSO should therefore be between
8h and 16 h, which results in an angle between nadir and
direction towards the Sun of greater than 120°. Hence, the
Sun is always out of sight, even with a target pointing of 30°
away from nadir. The Earth represents a FOV of roughly
4+43° in the initial altitude. Thence, a baffle with 100 mm
length or less cannot block stray light from highly reflective
areas on the Earth like the poles. To conclude, a baffle with
20 mm length is the best option under the given constraints
as it blocks stray light from the satellite itself or the Sun un-
der extreme target pointing while needing the smallest mass
and volume. Larger baffles with up to 100 mm in length have
no benefits regarding stray light from the Earth despite their
increase in mass and volume.

Tab 7. Cut-off angle of a baffle with 10 cm diameter and 1° FOV

200 mm
27.0°

100 mm
45.2°

20mm
78.7°

50 mm
63.5°

Length
Cut-off angle

One of the goals of the ROMEO mission is to promote the
cost-effective design of small satellites, which requires the
use of COTS components. Thus, only COTS camera sen-
sors were considered. Moreover, only CMOS sensors on
silicon basis are taken into account because of their high
quantum efficiency in the relevant spectral range and their
higher radiation tolerance compared to CCD sensors [23].
Additionally, the high orbit velocity and short exposure time
necessitate a global shutter. The selection of a camera sen-
sor has an important influence on the SNR. On the one
hand, the quantum efficiency and the maximum capacity of
the camera sensor are critical for the relevant signal. On the
other hand, it is the component with the largest noise contri-
bution next to the photon noise of the signal itself. The SNR
dependent on the sensor is presented in Tab. 8. The pre-
liminary SNR is calculated using known radiances for three
spectral channels in the relevant spectral range from previ-
ous work at the US [24]. The exposure time is calculated
under the constraint that the maximum allowed offset during
the exposure is one pixel which is equivalent to an offset of
the GSD on the ground for nadir pointing. Therefore, the
maximum exposure time is 1.32 ms for the orbital velocity of
roughly 7.6 km/s in the initial orbit.

Tab 8. Calculated ranges of the SNR due to different camera
sensors for three channels for vegetation [24] with an
exposure time of 1.32 ms and 10 cm aperture diameter

Spectral Summer Summer  Winter
channel (clear) (dusty) (dusty)
Green 50 - 57 25-35 16 - 26
Red 38-55 20- 36 13-28
Near infrared 94-170 68-131 52-108

The results in Tab. 8 state that the camera sensor has cru-
cial influence on the SNR which increases for longer wave-
lengths. Hence, the use of sensors with high quantum effi-
ciency in particular for high wavelengths is beneficial. Based
on the mentioned criteria, 18 potential COTS camera sen-
sors can be found. The four camera sensors that fit best
are: Sony IMX 174, Sony IMX 566 (2x2 binning), Sony IMX
430 and ams CMV 4000.



This preliminary selection of camera sensors features pixel
sizes from 4.5 um to 5.86 um. As mentioned before, this de-
termines the focal length of the optics. The optics has a
strong influence on the relevant signal and hence the SNR
as it determines the incident light with its f-number and trans-
mission quality. The resulting parameters of the optics from
the sensor and baffle selection based on the key parameters
and requirements of the camera system are listed in Tab.
9. A market research indicates that only custom optics are
available with these parameters and mission constraints.

Tab 9. Preliminary parameter limits of the optics

Aperture diameter 80 - 120 mm
Focal length 270 - 444 mm
Spectral range 400 - 1000 nm
Maximum volume @130 mm x 330 mm
Maximum mass lkg

The Modulation Transfer Function (MTF), which is a mea-
sure for the resolution and contrast of an optical system [25],
for an ideal optics with spherical aperture is calculated to
determine the expected optical performance. The calcula-
tion of MTFs for several focal lengths in the relevant spectral
range with a fixed aperture diameter of 10 cm demonstrates
that a larger focal length results in a smaller MTF and hence
less contrast. Further analysis shows that the MTF improves
for larger aperture diameters. It is also important to mention
that the MTF of a real optics is always worse than the ideal
MTF due to aberrations. Taking this into account, the ex-
pected maximum MTF for pixel sizes from 4.5 um - 5.86 um
(1111p/mm - 851p/mm) is 0.4.

3.2.3. Orbit Analysis

The temporal resolution is crucial for time series and reliable
observation of certain areas. It is determined by the number
of passes and the time between passes, which are highly de-
pendent on the orbit. As described previously, the ROMEO
satellite has a water propulsion system and will therefore
change its orbit during the mission. The mission can be di-
vided into three phases: initial orbit, transfer phase and final
orbit. The initial orbit is a SSO with an altitude of 600 km.
During the transfer phase, this SSO changes gradually to
an elliptical orbit with an apogee of 2500 km and perigee of
330 km. This phase is investigated using four orbits from the
ephemeris during the transfer phase with increasing apogee
(1000 km, 1500 km, 2000 km, 2500 km). The calculations for
the last phase are done using the last orbit of the orbit trans-
fer. The passes are simulated for a sugar beet field next
to Hildesheim, a city in Germany in a region with high agri-
cultural importance. The simulations are conducted for sev-
eral minimum elevations which implies different nadir angles
for the satellite. The calculated number of passes for each
phase are presented in Tab. 10.

Tab 10. Calculated number of passes depending on the nadir
angle with a maximum distance of 1000 km

Nadir angle 10° 20°  30° Duration
Initial orbit 21 42 68 3 Months
Transfer phase 40 50 68 6 Months
Final orbit 12 24 39 3 Months
Total 73 116 175 12 Months

The results demonstrate that a larger nadir angle leads to a
higher number of passes. However, this results in a higher
slant range which increases the GSD. Moreover, the foot-
print of the images changes due to the tilted observation.
Consequently, a better temporal resolution leads to a worse
spatial resolution and vice versa. The results also show
that the transfer phase and the resulting final orbit feature
a worse temporal resolution than the initial orbit. Neverthe-
less, the orbit analysis proves that images of specific loca-
tions can be taken at least every two weeks during the whole
mission with reasonable degradation of the spatial resolu-
tion. But it also indicates that nadir pointing is not sufficient
to achieve an adequate temporal resolution. Moreover, it
is important to mention that the transfer maneuver changes
the imaging geometry. The illumination hardly alters at the
beginning of the mission due to the SSO. This changes for
the elliptical orbit caused by the transfer maneuver. The illu-
mination can then vary between every measurement which
impedes the comparison of measurements.

3.3. Custom Camera System Design

3.3.1. System Architecture

First, the system architecture for the custom camera design
is chosen. Possible system architectures for multispectral
imaging and their evaluation for the ROMEO mission are
presented in Tab. 11. Two concepts pose reasonable archi-
tectures: a camera with butcher block filter and a camera
with a beam splitter. On the one hand, the architecture with
beam splitter has operational advantages as it records both
spectral channels with the full FOV while the architecture
with butcher block only covers one half of the FOV per chan-
nel. On the other hand, the former needs more electronics
as well as more mass and volume. However, the operational
advantage cannot justify the increase in resources which is
why the architecture with butcher block filter is chosen.

Tab 11. Evaluation of diverse architectures of camera systems
for multispectral imaging

Architecture Feasibility Reason
Butcher block filter Yes

Beam splitter Yes

Line scan sensor (Yes) Target pointing
Multi-layer sensor No Spectral resolution
Separate cameras No Mass & volume
Mosaic filter No Spatial resolution
Filter wheel No Mechanics

3.3.2. Component Selection and Accommodation

Second, the components for the custom camera design are
selected. As mentioned before, the optics needs to be a
custom optics as no suitable COTS optics is available. The
parameters of two custom optics, one with lenses and one
with mirrors, as well as the resulting system parameters are
summarized in Tab. 12. The mirror optics includes efficient
internal baffles while the lens optics needs an additional baf-
fle with the aforementioned length of 20 mm with low stray
light suppression. According to optics manufacturers, a fo-
cal length of 350 mm is considered to be the maximum pos-
sible focal length under the given physical constraints. The
system parameters are calculated using the results of the
selection of the camera sensor, electronics box and struc-
tural components which are described in the following.



Tab 12. Preliminary parameters for a lens and mirror optics
and the resulting system parameters

Lens optics Mirror optics
Focal length 350 mm 350 mm
Length 300 mm 210 mm
Diameter 80 mm 130 mm
Optics mass 1.5kg 1.7kg
MTF >0.3@ 111lp/mm > 0.3@ 90Ip/mm
Cut-off angle +79° +5°
System volume 12 x 12 x 40cm?® 15 x 15 x 30cm?
System mass 2.15kg 2.30 kg
System power 2W-3W
System data 0.5GB/d

The focal length of 350 mm reduces the number of possi-
ble camera sensors from section 3.2.2 as sensors with pixel
sizes larger than 5.86 m cannot reach the required GSD. All
remaining sensors have comparable Technology Readiness
Levels (TRL) and costs. The final sensor trade-off is hence
based on the following criteria: pixel size, full well capacity,
noise, quantum efficiency and quantization. This trade-off
results in the Sony IMX 430 being the best option for the
ROMEO mission due to its small pixel size for a high spatial
resolution and its high quantum efficiency with low noise.

The missing components of the camera system are struc-
tural elements and the electronics for the operations of the
camera. The mass and volume of the electronics box are
estimated using the payload cameras of the previously men-
tioned research at the US on the satellite Flying Laptop [24].
Based on its cameras, the electronics box has an estimated
mass of 0.4 kg and volume of 80 x 80 x 80 mm?. The struc-
ture consists of two optical benches made of sandwich struc-
tures with face sheets of carbon fiber reinforced polymer and
an aluminum honeycomb core due to the high stiffness, low
thermal expansion and low density. The resulting designs
for both optics are presented in Fig. 6.

Fig 6. Camera design with lens optics (left) and mirror optics
(right) - Components: Optics (red), electronics (blue),
structure (black) and baffle (green)

3.3.3. Performance

First, the camera system is evaluated looking at its scientific
performance, which is determined by the SNR and the clas-
sification of diseased sugar beets with the NDSBI. In sec-
tion 2.3.3, the NDSBI was defined based on the measured
spectra without considering technical constraints of a cam-
era system. However, specific adjustments of the spectral
bands can compensate for technical constraints and there-
fore yield higher performances. The analysis of all param-
eters of the SNR calculation reveals that the quantum effi-
ciency of the camera sensor is the only technical parame-
ter that has crucial influence on the spectral band selection.

Moreover, the definition of the NDSBI is based on radiances
measured 1 m above the field without relevant atmospheric
absorption. Consequently, the Top of Atmosphere (TOA) ra-
diances have to be calculated which is done using atmo-
spheric transmissions from Transmissions Atmosphériques
Personnalisées Pour 'AStronomie (TAPAS) [26]. The op-
timization of the spectral channels with the TOA radiances
and the quantum efficiency of the sensor analog to the opti-
mization in section 2.3.3 results in a slight change of channel
1 to 580 nm - 690 nm. Channel 2 remains unchanged de-
spite the transmission minimum of the atmosphere around
760 nm. All mean differences between healthy and diseased
plants for this custom NDSBI* are above the threshold of
0.2. It achieves better results than the general NDSBI and
is therefore used for the camera system. Overall, the ex-
pected differences promise a good detection of the investi-
gated sugar beet diseases. The resulting SNRs for the two
spectral channels of the custom NDSBI* with the TOA radi-
ances are presented in Fig. 7.
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Fig 7. SNR for both channels of the NDSBI* with the TOA radi-
ances of sugar beets for the custom camera designs

It is crucial that the SNR is high enough for the scientific uti-
lization of the camera measurements. The recommended
threshold for scientific observations is 100 [24]. The maxi-
mum SNR of 158 is determined by the full well capacity of
the camera sensor. Fig. 7 demonstrates that the target SNR
can be reached with exposure times from 2 - 5ms. How-
ever, the maximum exposure time of 1.02 ms with nadir point-
ing in the initial orbit results in SNRs from 50 - 70. Conse-
quently, target pointing is necessary for images with higher
SNRs. Apart from that, a high SNR with nadir pointing can
be reached by taking several images with a high frame rate
and superposing these images. The key performance pa-
rameters of both custom camera designs are summarized
in Tab. 13. All'in all, it can be shown that images with high
SNR and sufficient spatial resolution are feasible, which en-
able adequate scientific measurements of the NDSBI*.

Tab 13. Important performance parameters in the initial orbit
for both custom camera designs

GSD (nadir) 7.7m
GSD (target pointing) 10.3m @ 30°
Imaging area 12.59 km x 9.63 km
Swath 12.59 km
FOV 1.20° x 0.92°

580 nm - 690 nm
750 nm - 780 nm

Spectral channels

3.4. Commercial Camera Systems

Commercial camera systems are also considered next to
the previously presented custom camera designs. Roughly
20 suppliers of camera systems for space applications were
found during a market research. From these suppliers, only



three cameras partly comply with the requirements in Tab.
5 while achieving the necessary GSD. These are the Hy-
perScape 100 and MultiScape 100 from Simera Sense [27]
as well as the 90 mm camera from KairoSpace [28]. How-
ever, the peak power of both cameras from Simera Sense is
higher than the required maximum power. Moreover, these
cameras use a line sensor instead of an area sensor, which
induces operational constraints. Hence, the 90 mm camera
is the only commercial camera to fully comply with all re-
quirements after several adjustments, which are described
in the following. Therefore, it demonstrates a reasonable al-
ternative to the custom camera designs. The design of the
adapted 90 mm camera is presented in Fig. 8.

Fig 8. Adapted 90 mm camera from KairoSpace [28] - Compo-
nents: Optics (red), electronics (blue), structure (black)

Several adjustments are necessary for a deployment of the
90 mm camera on the ROMEO satellite, which were elabo-
rated in cooperation with KairoSpace. The camera needs
to measure the two spectral channels of the NDSBI*. This
is attained by adding a butcher block filter. Moreover, struc-
tural elements for a proper accommodation of the camera
inside the ROMEO satellite are necessary. For this reason,
an optical bench as described in section 3.3.2 is added. The
electronics box already features mounts which are adapted
to the ROMEO satellite by the manufacturer. The key param-
eters of the adapted camera are summarized in Tab. 14.

Tab 14. Key parameters of the adapted 90 mm camera from
KairoSpace [28] in the initial orbit

System volume 10.8 x 10.8 x 24.3cm?

System mass 1.4kg
System power 4.2W
System data 0.5GB/d
GSD (nadir) 4.5m
GSD (target pointing) 6.0m @ 30°
Swath 14.9km
FOV 1.5°

Finally, the achievable SNR with the 90 mm camera is ana-
lyzed analog to section 3.3.3. First results indicate that the
SNR of roughly 25 with nadir pointing is insufficient. This is
mainly caused by a small exposure time of 0.59 ms due to
the small GSD. However, this can be avoided by using 2x2
binning. Even with binning, the camera system achieves a
sufficient GSD of 9 m, which results in a longer exposure
time and higher full well capacity and therefore significantly
higher SNR. Hence, it is possible to choose between high
spatial or high radiometric resolution during the operation of
the camera. The calculated SNRs with 2x2 binning are pre-
sented in Fig. 9. They are higher than the SNRs simulated
for both custom camera designs. Nevertheless, nadir point-
ing is not sufficient to achieve the target SNR of 100. This
can be reached with exposure times from 2 to 4 ms.
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Fig 9. SNR of the 90 mm camera with 2x2 binning for both chan-
nels of the NDSBI* with the TOA radiances

4. CONCLUSION

First, spectra of healthy and infected sugar beets with CLS
or VY disease were measured. The analysis of these spec-
tra shows that both diseases cause differences in the leaf
spectrum with the highest differences in the spectral ranges
500 nm - 700 nm and 750 nm - 1000 nm. Further analysis re-
sults in 620 nm - 700 nm and 750 nm - 780 nm being the best
two spectral channels for the NDSBI, a custom index to de-
tect these diseases. Moreover, the comparison with existing
indices for sugar beets as well as indices of the Sentinel-
2 mission demonstrates that the NDSBI achieves superior
performance on the detection of the investigated diseases.

Second, a camera system is defined to measure the NDSBI.
Initially, the design demonstrates that the planned measure-
ments are feasible within the requirements of the ROMEO
mission by limiting the key parameters and components and
by analyzing the orbit. Then, two custom camera designs
are developed which can achieve the mission goals and
comply with the requirements except for the allowed system
mass. Furthermore, a market research identifies a com-
mercial camera system that complies with all requirements
with several adjustments. It is the best option as secondary
payload of the ROMEO satellite due to its smaller mass and
volume as well as higher resolution besides a higher TRL.

To conclude, this work demonstrates that specialized in-
dices deployed on custom or commercial cameras on small
satellites have the potential to outperform comprehensive
Earth observation programs on certain tasks. The devel-
oped camera system enables the regular, large-scale and
precise monitoring of sugar beet diseases by measuring
the NDSBI. Due to the consequences of climate change,
an increased spread of diseases is expected, which results
in crop failures and necessitates for extensive application of
pesticides [4]. As this can be significantly limited by using
the data of this camera system, it promises an important
contribution to the agricultural economy and biodiversity.
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