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HORUS: Multispectral and Multiangle CubeSat Mission
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Abstract: This paper presents the HORUS mission, aimed at multispectral and multiangle (nadir
and off-nadir) planetary optical observation, using Commercial Off-The-Shelf (COTS) instruments
on-board a 6-Unit CubeSat. The collected data are characterized by a sub-kilometer resolution, useful
for different applications for environmental monitoring, atmospheric characterization, and ocean
studies. Latest advancements in electro-optical instrumentation permit to consider an optimized
instrument able to fit in a small volume, in principle without significant reduction in the achievable
performances with respect to typical large-spacecraft implementations. CubeSat-based platforms
ensure high flexibility, with fast and simple components’ integration, and may be used as stand-
alone system or in synergy with larger missions, for example to improve revisit time. The mission
rationale, its main objectives and scientific background, including the combination of off-nadir
potential continuous multiangle coverage in a full perspective and related observation bands are
provided. The observation system conceptual design and its installation on-board a 6U CubeSat bus,
together with the spacecraft subsystems are discussed, assessing the feasibility of the mission and its
suitability as a building block for a multiplatform distributed system.
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1. Introduction

Passive methods for spaceborne Earth Observation (EO) used for the analysis of the
landscape and environment towards the understanding of natural phenomena rely mostly
on the usage of optical-based panchromatic, hyperspectral and multispectral sensors [1-10].

Panchromatic imaging systems use a single channel detector with a broad sensitivity
window, encompassing the entire visible-light spectrum. Panchromatic images offer high-
spatial resolution information suitable mainly for mapping purposes, without specific
spectral information, with an achievable spatial resolution typically equal to four times the
one of Visible and NIR (VNIR) bands [11-14].

Hyperspectral imaging systems can acquire images in as many as 200 (or more)
contiguous spectral bands across the VNIR and Short-Wave InfraRed (SWIR) parts of the
spectrum [15], offering a higher level of spectral details and a consequent higher sensibility
for detecting variations in the reflected radiant energy. The increasing number of narrower
recording spectral bands represents also an improvement in spectral resolution [16], yet
introducing a greater amount of generated data. The higher amount of acquired data can
lead to on-board memory saturation, especially for multiangle acquisitions over the same
area of interest (AQI) [2,17] that can be only partially mitigated by on-board pre-processing
techniques [18]. Furthermore, hyperspectral sensors have some issues in terms of quality
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of gathered data. The narrow spectral band required for a higher spectral resolution
introduces a decrease in the signal-to-noise ratio (SNR) [19], due to the lower amount of
energy available in each spectral channel.

Multispectral imaging systems are based on a multichannel detector with less than
10 spectral bands. These sensors usually perform between 3 and 10 different band measure-
ments in each pixel of the multilayer images they produce [20]. This typology of systems
was introduced with the NASA’s Landsat program, started in 1972 [21,22]. Landsat 1 ac-
quired until 1978 EO data in four spectral bands (green, red, and two infrared) in medium
spatial resolution, implemented to study Earth’s landmasses [22]. Multispectral satellite
data with medium spatial resolution represent a valuable source of recent and historical
land cover, ocean and atmosphere information [23], whose implementation has been car-
ried out by different governmental programmes, such as the NASA’s Earth Observing
System (EOS) [24] or the European Union’s Copernicus [25].

Depending on the required application and aim, Earth Observation missions can
be characterized by different spatial resolutions of the spaceborne sensors. While high-
resolution data (pixels of less than 5 m) are ideally suited for addressing small holder
agriculture problems, accurate surface mapping, 3D city models and other applications
where a finer detail shall be detected within the AOI and among groups of adjacent pix-
els [14], medium and low resolution sensors are applied to monitor the environment and
global changes in natural resources and agriculture. These sensors typically have large
swath widths and provide global coverage on a daily basis. For example, this is the
case of Moderate Resolution Imaging Spectroradiometer (MODIS, [26,27]) and Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER, [28,29]), instruments
on-board the AQUA and TERRA NASA’s missions, of Landsat 1, 2, 5 and IRS-1/LISS.
Moreover, medium and low resolution sensors find a favorable application also on small
satellite platforms and nano-satellite missions. The miniaturization of the required tech-
nology achieved recently allows the integration of a multiplicity of sensors, with the
possibility to combine different view angles, to be installed on the same satellite platform
for multiangle observations.

The NASA’s TERRA satellite and its Multiangle Imaging SpectroRadiometer
(MISR) [30], operating in Low Earth Orbit (LEO) since 1999, can be considered a good
example of a large satellite combining off-nadir perspectives combined with multispec-
tral acquisitions. The MISR is provided with nine cameras pointed at fixed angles, one
in the nadir direction (local vertical) and the other viewing symmetrically the forward
and afterward off-nadir directions along the spacecraft’s ground track. The MISR’s data
acquired in the last years have been used to measure thermal emissions, troposphere
pollution, surface/ocean reflections and main features, to characterize clouds and Earth’s
radiant energy and properties, and to study the atmosphere and aerosol characteristics at
global scale [31]. The same features can be reproduced on a smaller payload installed on a
nano-satellite platform.

This paper describes the features of HORUS, a 6U CubeSat aimed at performing
low-resolution multispectral multiangle observations on CMOS sensors. The HORUS
Mission aims to use a low-cost and COTS-based configuration of cameras on-board a 6U
CubeSat in order to acquire a combination of multispectral and multiangle data of the same
ground targets to be used for remote sensing applications related to the surface, ocean
and atmosphere monitoring. Section 2 clarifies the mission objectives and the aim of all
the nadir-pointing and off-nadir sensors installed on-board, Sections 3 and 4 describe the
payload and bus modules design. Section 5 discusses the potentiality and expected results
of the HORUS mission.

2. Scientific Background

The main scientific purpose of the HORUS mission is to scan the Earth surface in the
optical band to acquire data for ocean chlorophyll concentration monitoring, detection of
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surface characteristics, reflectance, land vegetation indices and the study of albedo, aerosols
and clouds’ features.

Chlorophyll-a (Chl-a) concentration in ocean waters can be measured by analyzing
imagery acquired in the visible spectrum. The most used wavelengths linked to this appli-
cation belong to blue and green bands. Results can be improved by observations in the
near-infrared (NIR) band [32]. Consequently, acquisitions in blue and green bands permit
to quantify ocean chlorophyll concentration, important for estimating the phytoplank-
ton abundance in the oceans and used as a health indicator of marine ecosystems. The
concentration of this species affects the water color and increases the light backscattering.

Vegetation and land cover classification can be performed by analyzing data acquired
in red and NIR bands. Generally, the normalized difference vegetation index (NDVI)
is calculated as a ratio difference between measured canopy reflectance in the red and
near infrared bands, respectively, to be used as a simple numerical indicator to allow the
delineation of the distribution of vegetation, agricultural area, thick forest, etc. [33]. Indeed,
the NDVI of a densely vegetated area will tend toward positive values, whereas water
and built-up areas will be represented by near zero or negative values. Data acquired in
the blue and green bands can be used to improve the obtained results. The retrieval of
heterogeneous lands can be attempted if there are features with different brightness in
the acquired scene by assuming that although the surface brightness changes, the surface
bidirectional reflectance distribution function (BRDF) does not significantly change.

Routine and global observations permit to measure the aerosols’ climate. Moreover,
atmospheric aerosols from space should be ideally observed by imagining them over a
surface that is completely dark. Indeed, the amount of light reflected in all directions
from the ocean surface can be calculated in the red and NIR bands if the features (wind
speed, direction, etc.) of the wind blowing at the ocean surface is known because the
ocean surface is dark. For what concerns the surface reflection, this is estimated from the
fraction of incoming light seen in different directions—by means of the BRDF of surface—
especially over thick forests that tend to be dark in the blue and red bands (not in green).
Consequently, the characterization of different atmosphere properties and both ocean
and land aerosol measurements, such as the estimate of the related optical depth, etc.,
can be obtained by combining the data acquired in all the bands (red, green, blue, and
NIR) [34-36].

Red and NIR acquisitions allow observing the effects of clouds on infrared radiation
on cloud-free nights (radiative effects), useful to assess how the global climate is affected by
the long-term average of all the effects linked to this phenomenon. Additionally, different
types of cloud forms and their physical structure (shape, heights, thickness, and roughness
of cloud tops) can be obtained by studying the change in reflection at different view angles
combined with stereoscopic techniques. Finally, the total amount of light reflected by the
cloud (“albedo”) can be obtained by collecting reflectivity measurements from more than
one view angle. Indeed, clouds do not reflect solar radiation equally in all directions and
albedo retrieval is expected to be 10 times more accurate than those obtained from similar
measurements with only a single camera looking at nadir [37,38].

The combination of multiangle and multispectral data allows improving the type and
level of information details to be obtained from each image or from the combination of
more than one, acquired in multiple bands or view-angles. Acquisitions taken at nadir
offer an imagery less distorted by the surface’s topographic effects and characterized by
minimal influence from atmospheric scattering. Those are usually used as reference to
navigate the other images acquired from the other off-nadir angles, to ease the calibration
of overall imagery and as comparison with other cameras to determine how the imagery
appearance changes with the view angle (bidirectional reflectance measurement).

Acquisitions taken with a view-angle of £26.1 degrees can be used in stereoscopic
image mapping (exploiting parallax from the different view angles to determine topo-
graphic heights and clouds’ heights), ensuring a base/height ratio near unity for stereo
work. Furthermore, these acquisitions can provide a view sufficiently separated from nadir
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to have independent information, but not so large that the angular reflectance variations
due to geometric effects close to the vertical are missed [39].

Images taken with a view-angle of £45.6 degrees ensure a sensitivity to aerosols
property (obtained only when looking at the Earth’s surface at an angle) that increases with
the viewing angle [39].

Acquisitions taken with a view-angle of +-60.0 degrees provide observations through
the atmosphere with twice the amount of air compared to the vertical view, and present
minimized directionally oriented reflectance variations among many different types, to
estimate the amount of reflection at each ground point (hemispherical albedo) [39].

Imagery taken with a view-angle of £70.5 provide maximal sensitivity to off-nadir
effects. Both forward and afterward pointing capabilities are required to get similar
acquisitions with respect to sunlight as the spacecraft passes over the northern and the
southern hemispheres of Earth, because the lighting effects are symmetrical about the
Earth’s equator [39].

The combination of four spectral bands and off-nadir angles from 0 to 70.5 degrees al-
lows obtaining data and collecting information within the applications described in Table 1,
in agreement with the NASA-JPL MISR payload [40]. The HORUS Earth Observation
payload potentially covers the full range of view angles, depending on the orbital height,
which actually includes all the NASA-JPL MISR view angles, as discussed in detail in
Section 3.

Table 1. HORUS main applications and requirements in terms of angle, band, and spatial resolution.

Associated Spatial

Application Type View Angle/View Angles Required Band Resolution
Blue (main) and green
Ocean color Nadir (0 degrees) (secondary)/improvements by 275 to 550 m
using NIR
Surface classification Nadir (0 degrees) red/NIR (main) and green/blue 275 to 550 m
(secondary)
Land aerosols +60/70.5 degrees (main) and Blue and red (main) and 11 km
+45.6/26.1/0 degrees (secondary) green/NIR (secondary) '
Broadband albedo All Green (main) and blue/red /NIR 1.1 km
(secondary)
+60 degrees (main) and .
Ocean aerosols +45.6/26.1/0 degrees (secondary) Red/NIR (main) 1.1 km
. . +60/70.5 degrees (main) and .
Cirrus cloud detection +45.6/26.1/0 degrees (secondary) Blue and NIR (main) 1.1 km
Cloud height Allangles (especially stereo Red (secondary) 1.1 km

images at £26.1)

The optimal local time for acquiring this type of information over the targeted areas
is about 10:30 a.m., ensuring a sufficiently high elevation of the Sun, enough light for
the photographic exposure, while producing enough shadows to guarantee contrast-rich
images [41]. Furthermore, this local time is particularly suitable for production agriculture
because this allows for early morning fog to lift, lets plants reach their normal, unstressed
metabolic state, avoids afternoon cloud buildup, and avoids thermal stress which occurs
around 6 pm on hot days [42].

Acquisition Methodology

Push broom scanners are commonly used in large satellite optical observation sys-
tems. Examples of EO satellites using push broom sensors are SPOT, IKONOS, QuickBird,
and TERRA [43-46]. This technology, also known as line imager, is based on a linear
arrangement of detector elements covering the full swath width. The related read-out
process delivers one line after another along the ground track, and each detector element
corresponds to a pixel on-ground. In this case, the ground pixel size and the velocity of
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the sub-spacecraft point define the integration time [47]. The most recent technological
developments in optical sensors, combined with power, mass and volume constraints
typical of CubeSats, suggest using COTS imagers based on CMOS sensors, also known as
step-and-stare scanners, based on a NxM (image rows x columns) arrangement of detector
elements that can be used as a matrix imager to acquire pictures from orbiting spacecraft.
Each detector element corresponds to a pixel on-ground. The ground pixel size and the
sub-satellite-point velocity determine the integration time [47].

HORUS optical payload is based on CMOS sensors and each line of pixels will be used
as a separate push broom-like sensor, collecting the light backscattered from the ground
from a specific area at the same time. CMOS sensors are typically arranged in a rectangular
shaped detector matrix, originating a nonsymmetric field of view. The FOV along the larger
side of the rectangle is referred to as horizontal field of view (HFOV), the FOV along the
smaller side of the rectangle is referred to as vertical field of view (VFOV). In the HORUS
configuration, the HFOV is aligned along track and the VFOV cross-track, as shown in
Figure 1.

Spacecraft’s
Sensor

Instantaneous Acquired Matrix

Figure 1. Acquisition geometry of a matrix imager, with HFOV aligned along-track.

The information collected within each row of the sensor will be characterized by a
different instantaneous field of view (iFOV) per pixel, as shown schematically in Figure 2, in
which the Earth is considered as a sphere, and no scale is properly kept. This configuration
ensures the required coverage, depending on the camera HFOV and the integrated number
of cameras. With this implementation, observations can be obtained at as many off-nadir
angles as the number N of pixel (“rows”) in the sensor array.
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Vsat

S HFOV

iFOV per pixel

b
" e

N pixels

Pixel projection
on ground

Figure 2. 2D representation of HORUS iFOV.

3. HORUS Multiangle and Multispectral Observation Module

To cover a sufficiently large off-nadir angle with appropriate optical characteristics,
multiple cameras can be used, with appropriate boresight angle (off-nadir-tilt in the along-
track direction). In the implementation selected for HORUS, the complete angle coverage
is obtained with four sets of four identical cameras, or camera quadruplet, as shown in
Figure 3. The Type (a, b, ¢, d) within the camera quadruplet respectively indicates the
position in the sequence in the off-nadir order, starting from forward off-nadir and ending
with afterward off-nadir camera pointing. Each camera HFOV is aligned in the along-track
direction, covering a FOV of 33.4 degrees. All the cameras are mounted on the spacecraft
with boresight angles of £16.7° and 450.1°. This arrangement allows continuous coverage
of a full range of nadir angles from 66.8 degrees forward to 66.8 degrees afterward.

Vsar

Figure 3. The HORUS camera quadruplet (Types a-b-c-d) FOVs and off-nadir boresight angles (not to scale).

The relation between the on-board off-nadir boresight angle and the view angle at the
observation point depends on the satellite orbital height, by straightforward geometrical
considerations, indicated in Figure 4:

siny =R,/ (R +h) sinc
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boresight satellite

angle h
view angle \
Earth
Re

Figure 4. Geometrical relation between view angle and on-board off-nadir boresight angle.

The camera arrangement in Figure 3 guarantees that all the NASA-JPL MISR view
angles fall within the view angles reached by HORUS, as also schematically shown in
Figure 5 (not to scale). Table 2 indicates the off-nadir boresight angles obtained at various
orbital heights, corresponding to o = 70.5°. All of them are within the HORUS camera
system total off-nadir field of view of £66.8 degrees.

Vsar

Figure 5. Schematic representation of NASA-JPL MISR view angles, all within the view-angle range reached by HORUS

(not to scale).

Table 2. Off-nadir angles corresponding to the view angle of 70.5° at various orbital heights.

Orbital Height 300 km 400 km 500 km 600 km 700 km
Boresight angle for o = 70.5° 64.2° 62.5 60.9 59.5 58.1

To obtain multispectral acquisitions, four camera quadruplets are used, each one
with a suitable optical filter in the required optical band. In the HORUS implementation,
we have four spectral bands, namely Red, Green, Blue (RGB) and NIR, therefore we
have four camera quadruplets, summing to a total of 16 cameras. To simplify the system
implementation, the same sensor type and optical system is used for all of the 16 cameras,
except for individual optical filters mounted on each camera.

The selected CMOS-based sensor is provided with Global Shutter to expose all the
images at the same time, ‘freezing’ the moving object in place. Different types of windowing
are allowed, in case only portions of the scene shall be acquired [48]. The features of a
typical commercial CMOS sensor, selected as a reference for the present analysis ([49]), are
listed in Table 3.
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Table 3. Main features of the selected CMOS sensor for HORUS payload.

Parameter Value
Pixel size 5.5 um (H) x 5.5 um (V)
Resolution 4 MP, 2048 x 2048 px
Maximum frame rate 90 fps
Shutter type Global
Power consumption (typical) 32W

The selected effective focal length (EFL) of the lens and the effective aperture diameter
ensure the best compromise to minimize the instrument volume, while keeping the system’s
performances within the required spatial resolution. Table 4 illustrates the main features of

the selected optics.

Table 4. Main features of the selected optics for HORUS payload.

Parameter Value
Focal length 18.7 mm
F# 14
Effective aperture diameter 13.7 mm
HFOV (along-track) 33.4 degrees
VFOV (cross-track) 33.4 degrees

Table 5 illustrates the main features of the selected COTS filters.

Table 5. Main features of the selected COTS filters for HORUS payload.

Spectral Band Central Wavelength (nm) Spectral Bandwidth
Blue 443 30
Green 555 20
Dark red 670 20
NIR 865 60

The acquired data will be preprocessed on-board the spacecraft through a dedicated
processing unit, mainly to obtain a set of lossless compressed data, stored on a high-capacity
solid state data recording (SSDR) unit, sized to increase the operations’ flexibility and avoid
the constrain given by the total amount of data that can be downloaded every day. A
summary of the main features of the HORUS instrument is provided in Table 6.

Table 6. Main features of the HORUS payload module.

Type of HFOV VFOV Opt.l cal Axis Filter’s Central
Boresight Angle
Camera (degrees) (degrees) Wavelength (nm)
(degrees)
1. al: 443 (blue)
2. a2: 555 (green)
a 33.4 33.4 +50.1 3. a3: 670 (red)
4. a4: 865 (NIR)
1. b1: 443 (blue)
2. b2: 555 (green)
b 33.4 334 +16.7 3. b3: 670 (red)
4. b4: 865 (NIR)
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Table 6. Cont.

Type of HFOV VFOV Optical Axis Filter's Central
Boresight Angle
Camera (degrees) (degrees) Wavelength (nm)
(degrees)
5. bl: 443 (blue)
_ 6. b2: 555 (green)
c 33.4 33.4 16.7 7. b3: 670 (red)
8. b4: 865 (NIR)
1. c1: 4430 (blue)
_ 2. c2: 555 (green)
d 33.4 33.4 50.1 3. 3: 670 (red)
4. c4: 865 (NIR)

3.1. Spatial Resolution

The achievable performances of the HORUS instrument in terms of spatial resolution,
are strongly dependent on the camera view angle and observation wavelength, are shown
in Table 7, with reference to the NASA-JPL MISR view angles, in the configuration described
in Figures 3 and 5.

Table 7. Ground sample distance (GSD) and diffraction limited resolution at different wavelengths
and view angles for 500 km orbital height.

View-Anele Central Diffraction-
8 Type of Filter Wavelength GSD (m) Limited
(degrees) .
(nm) Resolution (m)

Dark red 443 147.1 62.1

0 Green 555 147.1 50.7
Blue 670 147.1 45.2

NIR 865 147.1 79.0

Dark red 443 180.8 76.4

Green 555 180.8 62.3

+26.1 Blue 670 180.8 5.6
NIR 865 180.8 97.1

Dark red 443 289.8 122.4

Green 555 289.8 99.9

+45.6 Blue 670 289.8 89.1
NIR 865 289.8 155.7

Dark red 443 534.7 226.0

460 Green 555 534.7 184.4
Blue 670 534.7 164.5

NIR 865 534.7 287.4

Dark red 443 1065.8 450.9

Green 555 1065.8 368.0

+70.5 Blue 670 1065.8 328.2
NIR 865 1065.8 573.6

3.2. Signal-to-Noise Ratio

The performed signal-to-noise ratio (SNR) analysis shows that the HORUS payload
performances are compatible with the defined mission objectives. Generally, satellite’s
optical sensors aiming at similar applications within the EO field set a minimum SNR of
100 as requirement. Indeed, an SNR of 100 is particularly adequate for atmospheric aerosol
optical depth (AOD) retrieval at 550 nm under typical remote sensing conditions and a
surface reflectance of 10% or less [50]. Moreover, this minimum requirement ensures a good
data quality to accurately differentiate among materials for multispectral applications and
hyperspectral applications [19]. Finally, the most known reference off-nadir multispectral
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data currently available are the ones acquired by the TERRA’s MISR since 1999, where the
minimum requirement for the related SNR was set to 100 for a 2% reflectance [51].

To evaluate the SNR, the radiance at the sensor was calculated considering the exo-
atmospheric solar irradiance in each selected bandwidth [51], the atmosphere transmittance
on the downward path at the solar incident angle for a 10:30 am Sun-Synchronous Orbit
(SSO) orbit [52], a worst case Earth’s surface reflectance of 2% and the atmosphere trans-
mittance upward path which varies with the off-nadir angle [52]. The radiative transfer
equation was used to evaluate the light received by the sensor in all mission wavelengths
and view angles. Only the portion of light reflected by the surface was considered, without
including the part scattered or reflected by the atmosphere, with the assumption of a
Lambertian surface.

The optical field of view determines the number of photons collected, transformed into
signal electrons according to the sensor quantum efficiency (QE), which is higher than 50%
for all the selected wavelengths. The main noise source considered in this configuration
is the shot noise due to the high photons” number. The other main sources of noise are
dark current noise and read out noise. The expected number of shot noise electrons, at
minimum illumination, is around 100. Dark current noise is 125e~ /s at 25 °C, so the square
root of the dark current multiplied by the low exposure time is negligible. The readout
noise is 5e” RMS, which is also negligible.

Therefore, the SNR is approximately the square root of the detected signal. A summary
of the parameters used in the SNR analysis is shown in Table 8. The HORUS predicted SNR
values at different wavelengths and observation angles are summarized in Table 9, showing
that the SNR performance is in line with the minimum values of other EO missions [51].

Table 8. SNR analysis parameters.

Parameter Value
Integration time 17 ms (60 FPS)
Quantum efficiency 50% blue and NIR/60% red and green
Dark current 125 /s
Read noise 5e~ RMS
Full well capacity ~10° e~

Table 9. SNR analysis results.

0° Nadir 26.1° 45.6° 60° 70.5°
Red 203 191 169 141 116
Green 177 167 148 123 101
Blue 150 142 125 105 86
NIR 305 288 254 213 174

For what concerns the thermal control, the payload module shall be maintained in
temperature as low and stable as possible during the images acquisition. The expected in
orbit temperature range for an internal component of a CubeSat is between —5 and +40 °C.

The non-operating temperature range for the sensor is —30/+80 °C, therefore, no
active thermal control is needed while the sensor is switched off. The operating temperature
of the sensor is 0/+50 °C, therefore, a well-defined thermal analysis and thermal testing
shall be performed to evaluate the expected temperature during the operative phase and
how the internal power dissipation of the sensor affects the temperature stability. However,
as the sensor is located on a CubeSat face that shall not be facing the Sun, extremely
high temperatures are not to be expected. The same can be applied for extremely low
temperatures as the image acquisition is performed only while the CubeSat is illuminated
by the Sun.
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4. Satellite Architecture and System Budgets

The satellite architecture is based on two distinct modules hosting, respectively, the
HORUS instrument and the satellite bus components, each one occupying one half of the
satellite, corresponding to a 2 x 1.5U CubeSat volume. The satellite CAD model (shown
in Figure 6) shows the HORUS instrument in the lower 2 x 1.5 Units and the satellite bus
components in the upper 2 x 1.5 Units.

Figure 6. HORUS CAD model.

Deployable solar panels, each comprising three 1 x 3U solar panel modules, are
installed on the side of the spacecraft. For improved visibility of the spacecraft components,
Cartesian projections are presented in Figure 7.

The HORUS On-board Data Handling (OBDH) subsystem includes a high-performance
microcontroller, which is in charge of system management, scheduling of the on-board op-
erations, and execution of the scientific and housekeeping tasks. The on-board computer is
integrated with native connectivity with a Software Defined Radio (SDR) for X-band down
link of the scientific data at a high data rate. An X-band patch antenna is mounted on the
CubeSat Nadir-pointing side. The Telemetry, Tracking and Command (TT&C) subsystem
is based on an Ultra-High Frequency (UHF) link, with a dedicated radio and omnidirec-
tional antenna. The Attitude Determination and Control Subsystem (ADCS), assuring a
pointing accuracy of +0.1 degrees during operations, includes a star tracker, integrated
solid-state gyroscopes and magnetometer, sun sensors on each of the six satellite sides,
reaction wheels and magnetorquers. The control strategy with the four reaction wheels is
obviously three-axis stabilization with zero-momentum control. The ADCS operation is
managed by a dedicated processing unit. A miniature GNSS receiver provides for precise
orbit determination and on-board timing for appropriate synchronization of the payload
operation. The orbit maintenance is performed by a FEEP thrusting system occupying
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a volume of roughly 0.8U, propellant included. This subsystem will also perform the
post-mission disposal (PMD) at the end of the spacecraft mission.

a
e
i

Figure 7. Cartesian projections of the HORUS spacecraft CAD model.

The spacecraft electric power subsystem (EPS) includes two battery packs for a total
energy storage of approximately 70 Wh and a photovoltaic system composed of body-
mounted and deployable solar panels, with 16 advanced triple junction solar cells on
the body-mounted panels and a total of 42 cells on the two deployable panel wings. In
the orbital configuration, the solar panels point to the zenith. A dedicated solar array
conditioning unit and related power distribution units manage and distribute the power.
The satellite thermal control mainly relies on passive control.

The spacecraft structure is manufactured in aluminum alloy Al7075, with an outer
envelope of 340.5 x 226.3 x 100.0 mm, in compliance with the 6U CubeSat Design Specifi-
cation [53].

4.1. Mass Budget

The spacecraft indicative mass budget is summarized in Table 10. All the components
and sub-unit masses are reported with the related margins. According to [47], the margins
are set to 5% for components with high technology readiness level (TRL) and flight heritage
on other nano-satellite missions, to 10% for components with lower TRL or awaiting
modification, to 20% for in-house manufactured fixtures or sub-units with inherently low
TRL or high uncertainty. The adopted margin policy is compliant with the European Space
Agency recommendations and with the European Cooperation for Space Standardization
documents [54]. With respect to the maximum mass limit of 12 kg indicated by the 6U
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CubeSat specification [53], the mass budget shows a margin of about 2.0 kg, corresponding
to about 17% of the allowable total mass.

Table 10. HORUS nano-satellite indicative mass budget.

Subsystem Mass (kg) Margin Mass with Margin (kg)

Structures and mechanisms 1.700 10% 1.870
OBDH 0.200 5% 0.210

EPS 2.300 10% 2.530

TT&C 0.600 5% 0.63

ADCS 1.300 10% 1.430

ODCS 1.000 10% 1.100

Payload optical systems 1.400 10% 1.540
Payload data handling systems 0.200 10% 0.220
Harness 0.400 20% 0.480
Total 9.100 10.010

4.2. Power Budget

The power generation is evaluated considering the satellite in an SSO orbit with
10.30 a.m. orbit node local time. In this orbit, the angle between the Sun direction and the
orbital plane has a slight seasonal variation with a worst-case maximum value of 25 degrees.
Furthermore, since the deployed solar panels are oriented opposite to the HORUS payload,
the power generation follows the orbital motion of the nadir-pointed payload, leading to a
useful illumination only in half of the orbit. Whenever the payload is not nadir pointing, a
sun pointing attitude is commanded, to improve the electrical energy generation.

The optical payload remains activated when the combination of payload view angle
and sun-angle is favorable, which can be conservatively assumed a range of +80 degrees
from the subsolar point. Most of the on-board components are steadily activated, except
for the UHF transmitter, which is active for about 15 min per day, the X-band transmitter,
which is active for about two hours per day (see link budget and data budget discussion in
Sections 4.3 and 4.4, the electric thruster, which is active on an average less than 5 min per
day, as discussed in Section 4.5.

The power budget is reported in Table 11, showing a positive margin of 2.11 W (about
6% of the average per-orbit power generation).

Table 11. Power budget for average daily power consumption.

Component Peak Power (W) Duty Cycle Average Power (W)
Solar panels’ generation 754 0.44 33.20
Main OBDH -0.9 1 —0.90
TT&C on board UHF transmitter -3.0 0.01 —0.03
TT&C on board UHF receiver —-0.4 1 —0.40
X-Band transmitter —28.5 0.08 —2.30
ADCS + GPS —4.0 1 —4.00
Thruster —40.0 0.006 —0.24
HORUS camera system —51.2 0.45 —23.04
Image acquisition system —-2.0 0.45 —0.90
Margin 211

The 2.11 W of margin gives confidence of maintaining all the subsystems operational
in all the operating conditions. The reported power budget already presents worst case
estimations for the operational power consumptions of each component, both in terms of
peak power consumption and duty cycle. As an example, the AODCS systems report a
peak power consumption of 4 W with 100% duty cycle, while the actual operations will
very likely consider lower power consumption values for the majority of the operational
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time. Therefore, a similar power margin is considered reassuring with regards to the actual
spacecraft operations in-orbit for the management of all subsystems.

In some cases, commanded operations can consider a negative power margin (thus
consuming the battery charge to continue the operations) for short amounts of time (one or
few orbits). This can be done by extending the down link time to down link more data,
when in visibility of more ground stations operating in coordination with the satellite
or when performing longer orbit control maneuvers. The significant energy storage on-
board the satellite batteries supports these operations, if relatively infrequent. As obvious,
each peculiar case shall be considered separately, by taking into account the satellite
power consumption before planning the actual operations, in order to reduce the depth of
discharge to preserve an extended lifetime of the spacecraft EPS.

4.3. Link Budget

The satellite will use a TT&C up/down link channel in the UHF band and a down link
channel in X-band for high data-rate transmission of scientific data. The UHF downlink
channel uses an omnidirectional antenna, whereas the X-band uses a patch antenna. The
selected data rate for the link budget computation is 300 MBps, which has been demon-
strated in [55,56] and that is allowed by commercial hardware for CubeSat platforms [57].
The ground station antenna gain’s values refer to conventional performances for Yagi
antennas in UHF band and 4-m paraboloid antennas for X-band data down link. Whereas
command uplink does not pose any problem in terms of link budget, detailed evaluation of
down-link budget is necessary, due to the limited power resources available on-board. The
downlink budgets are reported in Table 12, considering a worst-case condition at 5 degrees
of elevation.

Table 12. Downlink link budgets (UHF and X-band).

UHF (435 MHz) X-Band (8.0 GHz)
Parameter Value (Linear) Value (dB) Value (Linear) Value (dB)
RF output (spacecraft) 1w 0 dBW 3 4.77 dBW
Spacecraft line loss 0.6 dB 0.6 dB
Spacecraft antenna gain _05dB 13 dB
(and pointing losses)
Free space loss 5 degrees elevation 151.6 dB 5 degrees elevation 176.9 dB
Ionospheric/ Atmospheric 25dB 24 dB
losses
Polarization losses 3dB 1dB
Ground .sta.tion antenna 0.7 dB 1.1dB
pointing loss
Ground stat1.0n antenna 141 dBi 483 dBi
gain
Effective noise temperature 510K 27.08 dBK 24536 K 23.90 dBK
Ground station line losses 1dB 1dB
Data rate 9600 bps 39.8 dBHz 300 Mbps 80.0 dBHz
Eb/NO 17.7 dB 6.77 dB
Band efficient 8PSK
Eb/NO threshold (GMSK, BER 107°) 10.6 dB Concatenated Viterbi/Reed 42 dB
Solomon Rate 1/2
Link margin 5.2 dB 3.57 dB
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4.4. Data Budget

The amount of data generated by the HORUS instrument depends on the identified
target angles. The selected HORUS implementation ensures the coverage of view angles
equal to the ones of the NASA-JPL MISR payload indicated in Figure 5, but many other
angles can be potentially covered on request.

The daily data amount generated in one observation angle in one single spectral
band is shown in Table 13, together with the data downlink time, in the assumption of
12 bits / pixel bit-depth and 300 Mbps communication channel.

Table 13. Data amount generated in one single acquisition in one observation angle.

Parameter Value
Pixels per line 2048
Bits per pixels 12
Bits per pixel-line 24,576
Orbit altitude (km) 500
Orbital speed (km/s) 7.616
Ground speed (km/s) 7.062
Ground speed (pixel/s) 48.04
Required frame rate with 25% margin (fps) 60
Payload reference duty cycle 0.45
Average generated data bit rate (Mbps) 0.664
Total data amount per day (Gbits) 57.331
Data rate of the transmission system (Mbps) 300

Daily transmission time per observation angle, per

spectral band (50% lossless data compression) 1 min36s

The actual daily data generation depends on the number of angles and spectral bands
included in the observation campaign. The payload allows for large flexibility, and different
operational plans can be implemented, according to selected scientific objectives.

An evaluation of the system performance can be given, as an example, considering a
daily acquisition plan including the nine observation angles of NASA-JPL MISR payload
indicated in Figure 5, in all four spectral bands. The values for this observation plan are
summarized in Table 14. In particular, the large amount of data generated, in the order of
260 Gbytes can be downloaded in less than 1 hour/day, relying on a very high latitude
ground station, capable of reaching the spacecraft several times per day, or a ground
segment based on a multiple ground stations” architecture.

Table 14. Daily data and downlink time for “MISR-like” observation plan.

Total data amount per day, including nine angles and four
spectral bands (Gbits)
Daily transmission time per observation angle, per spectral band
(50% lossless data compression)

2064

57 min 20 s

When computing the access times with reference locations for the ground stations, an
example mid-latitude station will be able to communicate for approximately 30 min per
day with the satellite, while high latitude stations would be able to communicate for up to
75 min per day, hence a daily data down link appears feasible by using an X-band network
with a minimum configuration of one polar station or by multiple mid-latitude stations.

4.5. Propulsion System Operations and Propellant Budget

The orbit maintenance will be performed by an electric thruster. A thrust of 0.35 mN
and a specific impulse of 2000 s are assumed as typical reference values [58]. The largest
force to counterbalance in the long term is atmospheric drag, which can be evaluated in the
order of 1 uN, when considering the average atmospheric density at 500 km altitude [47]
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and an exposed flat plane surface of 0.03 m?, with a drag coefficient of 2.2. The resulting
acceleration on the satellite, assuming 10 kg mass, is in the order of 0.1 um/s?, correspond-
ing to an average required AV of about 3 m/s/year and a propellant consumption of about
1.4 g/year. Due to the possible thruster activation times, which can last for minutes or even
hours, the orbit adjustment maneuvers could be performed once per week, exerting the
required weekly AV of 0.06 m/s. A typical electric propulsion system will be able to fulfil
this AV value in about one hour, including the necessary 30 min typical warm-up time.
A typical on-board propellant storage of 0.1 kg could last for several decades, exceeding
the satellite operational life with great margin and allowing for a suitable post mission
disposal maneuver, in compliance with the guidelines for small satellites [59].

5. Implementation, Technical Challenges and Extensions to Multiplatform Missions

The development and qualification of the described 6U CubeSat can be scheduled
to last for two years, with particular effort on the payload prototyping, flight model
development and qualification. The orbital bus is based on commercial components and
will present shorter times of development, potentially with a PFM philosophy (probably
limited to the bus only, with an engineering model development for the payload). Indeed,
all the bus components present a TRL between 8 and 9, with the large majority of the
platform components presenting flight heritage and maturity in all the development and
qualification processes [60-66]. On the other hand, the experimental payload presents a
lower TRL (between 5 and 6, with a technology which is operations-ready but with the
need to be space-ready) and requires a more thorough qualification for launch on-board
a nano-satellite mission like HORUS. During the development and qualification of the
payload, special calibration campaigns for the sensors shall be taken into account. As an
example, the fixed pattern noise of the imagers shall be evaluated through a calibration test
with a blank screen. This campaign would significantly improve the impact of the mission
and of the acquired data, yet potentially requiring post-processing techniques aimed at
filtering out such noise while on-orbit.

The scientific challenges of HORUS can be related to the exploitation of a different
sensor with respect to the MISR, which can offer interesting opportunities in terms of
acquisition strategy. Indeed, the HORUS mission uses a CMOS sensor instead of a push
broom sensor (which is implemented on MISR and other similar missions). Therefore, the
CMOS may be used to perform image acquisitions of the target to be combined with the
push broom-like radiometric measurements. This could be also extended to a full imaging
observation campaign. The acquired data can be complementary to both imaging and
radiometric missions, extending ground coverage and revisit time. An in-orbit calibration
campaign shall be performed at the beginning of the operations over known targets. These
tests will allow to evaluate the real performances of the developed sensor. Such calibration
can be repeated at regular intervals to evaluate the degradation of the sensors over time,
representing another technical challenge of the mission, as not many multispectral payloads
have been flown on small satellite missions and their performances in longer term missions
can be studied for further extensions of the mission concept. Although a low degradation
due to radiation is expected, thus allowing a mission of several years, alternative procedures
in case of higher degradation (e.g., adjustment of the sensor integration times) can be
considered for managing the later operations of the CubeSat and for maintaining the
significance of the acquired data at the requirement levels.

Finally, the HORUS payload implementation in 6U CubeSat allows for effective and
inexpensive multiplication of the sensors on a multiplatform system, such as multiple
satellites at appropriate distance along the same orbit, with the aim of reaching a daily or
two-days revisit time, potentially useful in complementing the measurements of larger
Earth Observation satellite platforms.

The simplest configuration of a HORUS multiplatform-based mission includes a
number of identical satellites, all at the same orbital height in a 10:30 am SSO. The number
of satellites necessary in this configuration for daily revisit depends on the HORUS cross-
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track VFOV of 33.4 degrees and on the orbital height. As an example, for full daily revisit at
the equator with 500 km orbital height satellites, nine spacecraft in the same orbital plane
are necessary.

6. Conclusions

HORUS is a 6U CubeSat designed for multispectral planetary observation under a
continuous range of view angles in the along-track direction, ranging from 70.5 degrees
forward to 70.5 degrees afterward nadir. Spectral bands include blue, green, red, and near
infrared. The instrument spatial resolution is in the sub-km range, targeting the analysis of
large-scale phenomena. The instrument is based on Commercial-Off-The Shelf components,
including 16 CMOS cameras with a global shutter, pointing at different view angles. The
preliminary instrument and satellite design shows the feasibility of the mission, analyzing
both the instrument optical performance and spacecraft system budgets. The overall
mission design can take advantage of the flexibility and maneuverability of the proposed
platform, to deploy a system of several spacecraft to improve coverage and revisit time.
In addition, the HORUS system could operate as a stand-alone mission or in a synergetic
approach to complement data collected by already operational large satellite platforms.
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