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Abstract

The last decade has witnessed exciting progress with the miniaturization of essential components of space-
craft, leading to the development of nano-and micro-satellites beyond their use as mere technological experiments.
These small satellites are now considered to be important complements of much larger and more sophisticated
probes to conduct scientific research. In this context, the current authors have conducted a feasibility study of a
near-ultraviolet (UV) telescope onboard a three-unit (3U) CubeSat. The scientific purpose of this payload will be
to collect time series of photometric measurements of bright, mainly massive, stars down to an optical magnitude
of V=5. This paper presents the optimized optical design of the payload and its associated detector. It further
discusses the system accommodation and integration, as well as a providing a preliminary mission analysis. A
photometric budget taking into account the characteristics of the target stars and the payload performances is also
presented. This feasibility study demonstrates that it is possible to conduct a robust science mission using a very
small satellite at limited cost.

1. Introduction Moreover, several far-IR space observatories are

under construction or in planning. However, there is
currently no mid-to far-UV mission at a similar level

Since the termination of the International Ultravi-  ©f Preparation, though the UV domain has great diag-
olet Explorer (IUE) mission in 1996 and the end of the ~ NOstic potential, especially for the study of bright mas-
Far Ultraviolet Spectroscopic Explorer (FUSE) in  SIVe stars whose spectral energy dlstrlbut_lon peak_s in
2007, the ultraviolet (UV) domain suffers from a lack  the UV. Spectroscopy clearly offers the highest scien-

of dedicated instrumentation. Indeed, the situation is  UfiC return, as many chemical elements have strong

very different from other wavelength domains. The resonance lines in this wavelength domain. The anal-
optical and near-IR (infrared) wavelength ranges can SIS of such lines provides sensitive diagnostics of the

be observed from the ground at many observatories. stellar and wind parameters. However, high-resolution

1.1. Astrophysical Background
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spectroscopic astronomical missions require large ap-
erture telescopes. This can only be accommodated on
medium or large space missions (e.g. Gdmez de Castro
et al., 2014). On the other hand, as demonstrated by
the Optical Monitor (OM) instrument on-board XMM-
Newton (Mason et al., 2001), sensitive UV photome-
try can be performed with much smaller telescopes. In
particular, monitoring the photometric variations of
stars has an important scientific return. Such data are
of paramount importance for asteroseismology, where
measuring the radial and non-radial pulsations of stars
allows probing the physical conditions in their interi-
ors (e.g. Handler, 2013). In asteroseismology, an im-
portant problem, especially for massive stars, is the
identification of pulsation modes. Such an exercise re-
quires multicolor photometric time series. The UV
data are especially important here to complement op-
tical data because the relative amplitudes of the photo-
metric changes are larger at shorter wavelengths
(Aerts et al., 2010). Space-borne platforms constitute
an essential tool in this context, as they overcome the
limitations due to variable atmospheric absorption as
well as the long daily gaps measurements. However,
the power of such data is not restricted to asteroseis-
mology. lllustrations are the intriguing CoRoT light
curves of early-type stars in NGC 2244 (Blomme et
al., 2012, and references therein), or the detection of
flaring activity and rotational modulation in magneti-
cally active late-type stars with Kepler (Davenport,
2016). In addition, accurate space-borne UV photom-
etry also allows studying the development of disks
around Be stars, as well as many phenomena linked to
binary interactions (i.e., tidal deformations, eclipses,
etc.).

1.2. Proposed Instrument and Mission

Ambitious, sophisticated space observatories are
complex and expensive (typically around 1 billion eu-
ros), usually restricting their construction and opera-
tion to major space agencies. FUSE, for example, was
a NASA mission whose development was led by the
Johns Hopkins University. Collaborators originated
from other universities (Boulder and Berkeley) and in-
ternational partners, such as the Canadian and the
French Space Agencies (Conard et al., 2000). In the
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same vein, the IUE mission was an international col-
laboration between NASA, the European Space
Agency and the United Kingdom’s Science and Engi-
neering Research Council (Bogges et al., 1978).

The situation is different for CubeSats, which are
built from one or several 10 x 10 x 10 cm?3 units. Over
recent years, it has been demonstrated that such Cu-
beSats can be developed by small teams and success-
fully used for scientific research for a typical cost of a
few million euros (Woellert et al., 2011). In the same
field of application as the current project, the BRITE
constellation (Weiss et al., 2014) and the ExoplanetSat
(now called ASTERIA) project (Smith et al., 2010)
provide good illustrations of CubeSats being used or
developed for the study of stars and their environment.
CubeSats cannot compete with large, expensive space
observatories, but they can complement them, and fill
some niches that are not covered by the larger facili-
ties.

In this context, the current paper presents a feasi-
bility study of a new space-borne near-UV telescope
that could be installed onboard a three-unit (3U) Cu-
beSat. The aim of the telescope is to acquire photomet-
ric time series of bright, mainly massive, stars between
2500 and 3500 A. Such a mission has never been per-
formed before. Indeed, most scientific CubeSats are
designed for Earth and atmosphere observations, cos-
mic rays detection, or stellar observations in the visible
domain (Swartwout, 2013). Observing in the UV pre-
vents the use of a refractive telescope composed of
lenses such as used for BRITE. These configurations
are generally more compact, and thus more suitable for
such small platforms. This study’s goal is to reach the
scientific requirements summarized in Table 1. These

Table 1. Scientific Requirements for the Proposed Near-UV Tele-
scope

Parameter Requirement Goal
Spectral range 2500-3500 A | N/A
Angular resolution 15 arcsec 10 arcsec
Field of view (diameter) 1° 2°
Target magnitudes V<4 V<5
Photometric accuracy 0.001 mag 0.0005 mag
Typical exposure time 5 min 1 min
Mission duration 2 years 4 years
Duty cycle 60% 75%
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requirements are inspired by the OM instrument
onboard XMM-Newton (Mason et al., 2001), but
scaled for a smaller telescope size. They also take into
account security margins which anticipate the limita-
tions of very small platforms. The current study aims
to use the smallest possible spacecraft platform, which
is the 3U CubeSat. Indeed, a smaller platform would
not allow designing a telescope sufficiently sensitive
to meet the specifications while carrying the elements
necessary for the operation of the satellite. In view of
numerous successful 3U CubeSat scientific missions,
such as CINEMA or EXOCUBE (NSF-NASA, 2013),
one can be confident that a 1.5U volume is sufficient
to accommodate the service module. Nevertheless,
achieving the photometric accuracy with a small tele-
scope is a great challenge. Section 2 discusses the op-
tical design, Sections 3 and 4 present the components
and orbit to be used, and Section 5 examines the pho-
tometric budget. Concluding remarks are found in
Section 6.

2. Optical Design

2.1. Basic Considerations and Constraints

Since the transmission of lenses is very poor in the
UV, reflecting optics must be used. The baseline de-
sign in the current study is thus a Ritchey-Chrétien tel-
escope composed of two reflective hyperbolic mirrors.
This kind of telescope has advantages such as a high
optical performance with only two reflective surfaces,
as well as a large aperture. Preliminary research on off-
the-shelf components for CubeSat revealed that at
least 1.5U is needed for vital sub-units such as elec-
tronics, communication, attitude controller, etc. The
payload is thus constrained to fit into the remaining 1.5
CubeSat units, with the optical axis oriented along the
CubeSat length to benefit from the largest focal length
possible. The mirrors are coated with a specific UV
aluminum coating (Melles Griot, 2016), offering an
average reflectance of 87% over the spectral domain
of the instrument. To reject unwanted light that could
reach the telescope’s focal plane, two devices will be
implemented. First, a UV filter (Schott, 2016) will be
placed directly in front of the focal plane to reject the
light of wavelengths outside the [2500, 3500] A range
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(surface #4 in Figure 1). In addition, a baffling system
will be installed on the two mirrors to reject the light
from outside of the scientific field of view (FoV).

Figure 1. A 2D view of the near-UV telescope optical design and
the representation of several off-axis rays passing through the en-
trance pupil and reaching the focal plane. Surfaces: #1 = entrance
pupil of the telescope, #2 = primary mirror, #3 = secondary mirror,
#4 = front face of the UV-filter, #5 = back side of the UV -filter
and #6 = focal plane.

2.2. Design Characteristics
2.2.1. Optimization Workflow

The optimization process consists in obtaining an
optical design that fulfills both the scientific require-
ments and the inherent constraints of a CubeSat pay-
load. A first constraint is the diameter of the entrance
aperture of the telescope (surface #1 in Figure 1). This
latter is set to 90 mm to maximize the amount of light
collected by the telescope while simultaneously re-
specting the volume constraints given by an off-the-
shelf 3U CubeSat structure (ISIS Space, 2017). Then,
the allocated room for the optical design is fixed to
1.5U for the reasons previously explained.

Typical near-UV optimized detectors exhibit pixel
sizes of 13 or 26 um (e.g. Teledyne e2v, 2017). It was
decided to use 13 um pixels as a baseline, to reduce
the dimensions of the entire focal plane. The smaller
pixel dimension also enables the use of shorter focal
lengths for a given angular resolution and eases the
coupling of the optical design to its CubeSat architec-
ture.
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Anticipating saturation issues (addressed in Sec-
tion 5.3), the study fixed the number of pixels illumi-
nated by the PSF at four. Therefore, the light of an ob-
served star will spread onto a square of 26 pm side to
relax the photometric budget of the instrument. Know-
ing the pixel size and the required angular resolution
of 15 arcsec (Table 1), the minimum required effective
focal length fes is evaluated to 357.5 mm.

The above constraints and requirements were then
set in Code V to obtain an optimized telescope that fits
within 1.5 units of a CubeSat. Another critical param-
eter is the obstruction by the secondary mirror (surface
#3 in Figure 1). The goal during the design process
was thus to minimize the size of this element to max-
imize the incoming photon flux. For that purpose, sev-
eral mechanical layouts of the telescope within the
range of the strict CubeSat volume constraints were
studies, and the one that fit the above considerations
was selected.

The final value of fef after optimization amounts to
487.5 mm, yielding an angular resolution of 11 arcsec.
The study was therefore able to take advantage of the
available platform room and surpass the requirement
in Table 1. It also achieved a reduction in light trans-
mission due to the obstruction of only 13% (without
the baffling system presented in Section 2.2.3), which
is completely acceptable for the current application, as
will be demonstrated with the photometric budget de-
scribed in Section 5. The 2D layout of the telescope
and the associated characteristics are presented in Fig-
ure 1 and Table 2, respectively.

Table 2. Geometrical Characteristics of the Near-UV Telescope
Presented in Figure 1

Parameter Requirement
Entrance aperture diameter (surface #1) 90 mm
Primary mirror diameter (surface #2) 92 mm
Secondary mirror diameter (surface #3) 32 mm
Effective focal plane diameter (surface #6) 12 mm
Distance between surface #1 and surface #2 100 mm
Distance between surface #1 and surface #4 143 mm
Distance between surface #1 and surface #6 147 mm

Attempts to increase the size of the FoV beyond
the required diameter of 1° revealed a very fast deg-
radation of the PSF for large off-axis angles. This deg-
radation of the PSF was due to astigmatism, the main
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aberration suffered by the Ritchey-Chrétien telescopes
(Figure 2). Optimizing the telescope efficiency up to

0° 0.25° 0.5°

Figure 2. Spot diagrams of the designed photometer for squared
areas of 26 um side considering 3 off-axis angles (0, 0.25 and
0.5° from left to right).

2° led to the use of complex optical surfaces and large
central obstructions. It was decided to favor simplicity
and the light transmission of the selected design for
our CubeSat baseline. On the other hand, photometric
measurements may still be carried out slightly beyond
1° with the somewhat degraded angular resolution.

2.2.2. Spot diagrams

The spot diagrams for several off-axis positions
are shown in Figure 2 where the squares are 26 x 26
KUm since the system is optimized to fit the spot onto
four pixels of 13 um size. As can be seen for small off-
axis angles (0° and 0.25°), the light is uniformly (or
quasi-uniformly) spread over the bundle of pixels illu-
minated at the focal plane. For larger angles (near
0.5°), the spot is elongated along the radial direction.
The flattening of the spot is typical of astigmatism op-
tical aberration. This degradation of the PSF uni-
formity has implications on the data reduction, alt-
hough observations of fields with several bright stars
(V < 5) falling into the FoV of the instrument will be
the exception rather than the rule. Thus, the degrada-
tion of the spot uniformity for large off-axis angles is
not considered to be an issue. It was also noted that the
central holes that appear in all the spots are simply due
to the central obscuration at the entrance pupil of the
telescope.

2.2.3. Baffling System and Stray Light Analysis

As all telescopes do, Ritchey-Chrétien telescopes
suffer from stray light when not protected by an optical
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baffle. A baffling system was designed in this study,
based on procedures described by Terebizh (2001) to
prevent stray light from directions outside the FoV
from reaching the focal plane. This enables a geomet-
rical optimization of the baffles to block unwanted
light from the sky while simultaneously minimizing
the obscuration of the system by the baffle placed on
the secondary mirror M2. This concept is based on two
conic baffles located in front of the two mirrors. A
main baffle surrounding the overall instrument and
some vanes on each baffle were also added, to block
internally-reflected, second-order stray light. The final
configuration of the baffling system installed on the
telescope is presented in Figure 3. Considering this fi-

Front baffle

Figure 3. Cross-sectional view of the baffling system integrated
around the optical design.

nal layout, the study was able to reassess the value of
the effective diameter of the telescope. The secondary
mirror and its baffle produce an obscuration equivalent
to a diameter of 38 mm that must be compared to the
90 mm diameter of the entrance pupil, leading to a tel-
escope effective diameter equal to 81.5 mm, and cor-
responding to a reduction in light transmission of 17%
compared to the 13% without the baffling system. The
new effective diameter will be used in our photometric
budget computation in Section 5.

Using the ASAP software, this study quantified the
relative amount of photons coming from off-axis an-
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gles of an entire sky hemisphere, entering the tele-
scope, and reaching the focal plane. This quantity was
determined by defining a light source covering a part
or the entire focal plane, and then assuming that this
source emits light in one hemisphere in the direction
of the secondary mirror. The light is then back-propa-
gated through the telescope until it reaches the en-
trance pupil. Those photons are then sorted according
to their incidence angle on the pupil to identify the off-
axis fields reaching the detector since their propaga-
tion path is reversible. This method is commonly used,
since any simulation using the direct path cannot sim-
ulate an infinite set of FoVs. For modeling, the inner
walls of the baffles are coated with Chemglaze (black
coating with very low reflectance) (Persky, 1999), but
they still induce some scattered reflections. The study
also used the Harvey model (Harvey, 1975) for char-
acterizing the reflections on the mirrors, more specifi-
cally their scattering behavior with respect to rough-
ness.

Figure 4 presents the relative quantity of photons
that pass through the telescope and reach the central
position on the focal plane as a function of their off-
axis angles (measured from the center of the FoV
(0°,0°)). From this figure, it can be seen that the max-
imum is naturally reached on-axis at (0°,0°). However,
scattered light enables some other fields of view to
reach these pixels too. Nevertheless, the levels of those
directions are below 0.0001% of the on-axis maximum
level. When the entire noise over the hemisphere is in-
tegrated, assuming a uniform emission, it was found
that for one effective photon from (0°,0°), 0.007 pho-
ton is also obtained from the rest of the field.

To assess the effective level of stray light, the
brightness of a sky hemisphere must be evaluated as it
will be seen from space. According to Roach (1964),
there are two main contributions: stellar and zodiacal
light. Using the results of Leinert et al. (1998) and
Gonhalekar et al. (1980), it was estimated that the
combined amount of light from these contributions at
the entrance of our instrument is Ns. = 8.73 * 107 pho-
tons/cmz.s over the 25003500 A range for an entire
hemisphere. This value will be associated to a noise
parameter in the photometric budget.
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Figure 4. Relative quantity of photons, passing through the instrument and reaching the central position of the focal plane, as a
function of the fields of view/off-axis angles over an entire hemisphere of the sky. The quantity of photons is given in a loga-

rithmic scale.

3. System Overview

3.1. Solar Panels Configuration

Figure 5 shows the design of the 3U CubeSat with
its solar panels in a table configuration. It can be seen

S/C alurainura
struc ture

Telescoype
aperture

that the payload fits into 1.5U as it was chosen. The
other half of the S/C is dedicated to the sub-units
needed to obtain a fully operational satellite. The vol-
umes of these units (top and bottom parts of Figure 5)
are simulated using computer-aided designs (CAD) of

Deplosable
antenna

Deployable
solar panels

M2 and its
baffle

Detector
asserbly

Coraraunication
controller

M1 and its
baffle

Onboard Battery
computer

Attitude
control

Figure 5. Overview and cross-sectional side-view of the table configuration of the 3U CubeSat. Bottom figure from left to right: the
secondary mirror and its baffle which are mounted on a support linked to the S/C structure by three thin feet; the primary mirror and its
baffle which are mounted on a support directly fixed to the spacecraft structure; the detector assembly composed of the detector, an elec-
tronic card, a thermal insulation made of Permaglas, an aluminum structure and a radiator; the onboard computer (CAD from ISIS
Space, 2017); the communication controller (CAD from GOMSpace, 2017); the battery (CAD from GOMSpace, 2017); the attitude
determination and control system (ADCS) (volume from Blue Canyon Technologies, 2017); and the deployable antenna (CAD from

GOMSpace, 2017).
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some components off-the-shelf (COTS) from several
manufacturers. The sub-units will be briefly discussed
in Section 4.3. Four deployable solar panels are repre-
sented.

During the design process, the table configuration
was compared to a cross one where the solar panels are
attached to the opposite side of the telescope aperture.
The comparison was made with respect to the con-
straints on the sky visibility of the two configurations,
assuming the satellites in the same orbit presented in
Section 4.1. The cross configuration solution suffered
from a lack of pointing flexibility because it is highly
constrained by its Sun aspect angle for the power gen-
eration and also avoidance zones where the Earth or
the Moon could be in the field of view. The table con-
figuration is able to point in almost any direction in the
sky for scientific observation during the mission while
the sky visibility of the cross configuration is restricted
to a narrow band of the sky around the ecliptic, ex-
plaining our preference for the table configuration.

3.2. Detector Characteristics

To reach a high efficiency in the near-UV, it is best
to use a back-illuminated, thinned CCD detector. As
an example, an off-the-shelf detector from e2v (e2v
Technologies, 2017) that is suitable for the current ap-
plication was identified. The main characteristics of
the detector are shown in Table 3. The UV-coated

Table 3. Characteristics of the CCD47-20 from e2v (e2v Tech-
nologies, 2017)

Parameters Value
Pixel size 13X13 pum
Number of pixels 1024X1024
Full well capacity (peak) 100 ke /pixel
Dark signal at 0°C (at —40°C) | 25 e /pixel s (0.05 e /pixel s)
Charge transfer efficiency 99.9 %
Readout noise at 20 kHz 2 rms e /pixel
Maximum readout frequency | 5 MHz

CCD has a non-constant quantum efficiency ranging
between 55% and 75% in the spectral domain under
consideration.
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3.3. Data storage and transfer

Current printed circuit boards proposed for Cu-
beSat applications are designed with several ports for
memory cards up to 8 GB. It is reasonable to assume
that onboard data storage capacity will be at least 16
GB. A scientific image size can be quantified using the
number of pixels (Table 3). Assuming that each pixel
contains 32 bits of information, the size of each image
is evaluated at 4.19 MB. If memory cards are only used
for storing scientific data, they are able to receive more
than 3800 images before saturating.

Table 1 indicates a duty cycle goal of 75%. In other
words, it assumes that 75% of the mission is dedicated
to scientific observation. Anticipating the orbit defini-
tion (Section 4.1), the duty cycle could be translated
into approximately 75 min per orbit, considering the
period of Table 4. If the observation time goal of 1 min

Table 4. Orbital Parameters of a Dusk-dawn SSO for a
Launch on January 1, 2020, at midnight. The Parameters
have been Defined Using the J2 Propagator of the Satel-
lite Tool Kit (STK) Software

Parameters Value
a, semi-major axis 7178.14 km
e, eccentricity 5.70681e-16
i, inclination 98.5880°
Q, RAAN 190.128°
w, argument of periapsis 0°
vo, true anomaly at launch 0.1089° 0.1089°
T, period 100.8735 min

(Table 1) is reached, 75 images will be acquired per
orbit, which corresponds to 314.25 MB stored in
memory cards. It will then take a little bit more than
50 revolutions to fill up the entire memory.
Off-the-shelf antenna and communication control-
lers are numerous for CubeSats. From research on
manufacturers’ websites, a data transfer rate up to 100
kbps is considered for a preliminary data transfer eval-
uation. In terms of image transfer, it would take 5
minutes and 35 seconds to download a full image from
the spacecraft to the ground station — i.e., more than
five times longer than the time of data acquisition.
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Hence, it is not possible to download full images while
respecting the duty cycle requirement. Restricting the
data to a window of 100 x 100 pixels will reduce the
image size by a factor of approximately 100, which
will be easier to handle with a COTS antenna. Such a
window of 100 x 100 pixels is sufficient to collect the
signal of a target star and also the background for data
reduction. Since the mission is designed to observe
bright stars, which are relatively isolated, such a win-
dowing will not reduce the scientific return. However,
if several targets were to be observed simultaneously,
the windowing algorithm associated to the CCD elec-
tronics would need to be adapted to enlarge the win-
dow or to select several windows corresponding to
each star of interest. It could be anticipated by estab-
lishing a very precise and complete observation plan
for the entire mission.

4. Thermal Environment and Analysis

4.1. Orbit Definition

The strategy for orbit definition was to maximize
the duration of sunlight exposition to benefit from a
maximal power supply. It was also a goal to minimize
the Sun exposure variation over the lifetime of the mis-
sion. Considering these constraints, a dusk-dawn Sun-
synchronous orbit (SSO) was chosen that provides a
relatively constant and maximal solar exposure during
the mission. It was also assumed that the orbit would
be a low Earth orbit with an altitude not higher than
800 km. A hypothetical launch date of January 1,
2020, at midnight, was used. The associated orbital pa-
rameters are presented in Table 4.

The propagation of the orbit of Table 4 with the
STK software allows analyzing, for a two-year mis-
sion, the percentage of eclipse over a full orbit as a
function of time (Figure 6). From Figure 6, it is known
that 148 days of the entire mission (£20%) are subject
to an eclipse with a maximum duration reaching 17%
of the orbit (i.e., 17 min per orbit). Since there are
eclipses, even though not all the time, an on-board bat-
tery is required. The knowledge of the illumination
also provides direct constraints for the thermal design
of the spacecraft (see further details in the next Sec-
tion).

Copyright © A. Deepak Publishing. All rights reserved.
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Figure 6. Percentage of a full orbit spent in eclipse as a
function of time and for a two-year mission starting January
1, 2020.

4.2. Thermal Considerations

A preliminary thermal analysis was conducted to
quantify the temperatures of the elements onboard the
CubeSat, especially to check whether the temperature
of the detector and the solar panels fall in their opera-
tional windows. Figure 6 shows that the CubeSat will
spend very long periods exposed to the Sun. There-
fore, a worst case hot stationary scenario was ana-
lyzed, where the solar panels are exposed to sunlight
and where other sides of the CubeSat are exposed to
the Earth’s thermal radiation and albedo. It was also
assumed that the payload was working, because this
makes the detector electronics dissipate some heat and
warms it up.

Since the detector is a CCD, its dark noise in-
creases as it gets hotter and therefore, the colder it is,
the better. Heat from the detector will be evacuated via
a dedicated radiator made of copper that is mechani-
cally connected to the detector assembly (Figure 7).
This radiator is thermally decoupled from the rest of
the CubeSat and faces deep space to radiate heat to its
environment. The mechanical connection between the
radiator and the detector, as well as the radiator surface
itself, have been optimized to achieve a sufficiently
low temperature of the detector allowing observing
stars, even in the worst case.

The geometrical and thermal mathematical models
(GMM and TMM) of the CubeSat, the payload, and
the sub-units are built in ESATAN software. The main
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Figure 7. Cross-sectional side-view of the detector assembly and its
radiator. The radiator is connected to the back of the detector
thanks to a copper cold finger and a copper thermal strap. The blue
part surrounding the detector and the copper parts is composed of
Permaglas, to minimize the conductive heat transfers between the
detector and its mechanical support connected to the satellite struc-
ture.

purposes of the GMM are the computation of the radi-
ative exchange factors of each surface and the defini-
tion of interfaces and their associated conductance.
The TMM defines the thermal and thermo-optical
properties of the materials and surfaces. Special atten-
tion has been paid to external surfaces that receive heat
from the main sources (Sun and Earth) and radiate heat
to the cold space. Their surfaces are covered by white
paint, to reduce absorbed flux from external sources
and increase the power radiated to cold space.

The worst case hot thermal analysis provides the
following results for the temperatures of the solar pan-
els (SP) and of the detector, respectively: Tsp = 60°C
and Tcco = 0°C 0°C. According to Clyde Space
(2017), the solar panels are working up to tempera-
tures of 125°C. The current analysis thus confirms that
the panels’ temperature is in their operational range.
Concerning the detector, Tccp is close to 0°C, where
the detector has a level of dark noise approximately
equal to 25 e /pixel s (e2v Technologies, 2017) —i.e.,
500 times higher than the level at —40°C (Table 3).
This value of dark signal is quite high, compared to
more classical configurations where the sensor is
cooled down, but the signal-to-noise ratio calculation
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in Section 5 demonstrates that it remains acceptable
for the current application.

4.3. Power Budget

Several COTS have been considered to quantify
the current general characteristics of main CubeSat
units, and are described here to reference their power
consumption:

e For the onboard computer (OBC), it is pro-
posed to use an ISIS On Board Computer (ISIS
Space, 2017). This space-qualified processing
unit has a flight heritage since 2014. Its power
consumption amount to 400mW on average,
with a peak at 550mW.

e The communication system proposed is com-
posed of the NanoMind A3200 and the Nano-
Com AX100 (GOMSpace, 2017). The first is
an additional OBC that could add some data
storage volume and redundancy for the sub-
units in charge of the control software and the
second is a software configurable narrow-band
transceiver for ultra-high frequency (UHF) and
very high frequency (VHF) transmission that is
able to reach the data rate transfer presented in
section 3.3. The total peak power consumption
is 4W.

e The deployable antenna is the NanoCom
ANT430 (GOMSpace, 2017) and is a quasi-
omnidirectional canted turnstile antenna. A
high power consumption of 10W is associated
to this component.

e The ADCS is the FleXcore (Blue Canyon
Technologies, 2017) which is a fully integrated
ADCS composed of micro reaction-wheels,
two star trackers, and a micro-controller. Its
maximum power consumption peaks to ap-
proximately 4W. Regarding the pointing accu-
racy of the FleXcore, it is able to achieve +21.6
arcsec (3o0) for three axes, with a fine attitude
determination of the order of 1 arcsec. The ac-
curacy of £21.6 arcsec is worse than the instru-
ment resolution leading to some uncertainty on
the actual positioning of the target on the focal
plane. However, the fine determination of the
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pointing of the order of the arcsec (Hegel,
2016) will reduce the uncertainty, allowing
derivation of the target photometry. Moreover,
achieving the best accuracy on the photometry
will probably require implementation of a
chopping mode similar to that used for the
BRITE satellites. Indeed, chopping coupled
with an appropriate data processing signifi-
cantly improved the data quality and specifi-
cally the robustness against CCD radiation
damage defects for the BRITE satellites (Pablo
et al., 2016; Popowicz et al., 2017).

e The solar panels are deployable panels from
Clyde Space (2017). Their power generation at
60°C (the temperature derived from the ther-
mal analysis) and at beginning of life (BOL)
amounts to 6.91W per panel. At end of life
(EOL), a loss of a few percent in the panel ef-
ficiency is expected and the final power gener-
ation is estimated at 6.01W per panel. The
EOL total power generation is then evaluated
to 24.04W with a deployable four-panel con-
figuration and 30.05W if a fifth body-mounted
panel is added.

e The NanoPower P31U (GOMSpace, 2017),
which can store power up to 20Whr and man-
age an amount of 30W coming from the solar
panels, is chosen as a battery and power sup-
ply. Its power consumption for the supply
management peaks to 0.2W.

Table 5 presents the power budget, summarizing
all the units of the CubeSat. The maximal power con-

Table 5. Power Budget

. Maximum power
Maximum power - -

Component consumption (W) consumptlc_)n with

20% margin (W)
Detector assembly 2.00 2.40
On-board computer 0.55 0.66
Communication system 4.00 4.80
Deployable antenna 10.00 12.00
ADCS 4.00 4.80
Solar panels (mechanism) 5.00 6.00
Battery 0.20 0.24
TOTAL 25.75 30.90

sumption of each unit is considered and 20% margins
are applied for uncertainties. Within those margins, a
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total power of 30.9W is obtained considering the spe-
cific worst case where all the units are working simul-
taneously at their peak power. This budget complies
with the power supply system because, with the fifth
solar panel added, 30.05W are generated at EOL at
normal Sun incidence. On the other hand, the battery
is able to store 20Whr which is sufficient for the eclip-
ses which last 17 min at maximum. However, this con-
sumption of 30.9W is very pessimistic, since this situ-
ation will probably not occur. This is why Table 6 con-
siders several more realistic operational phases. It can
be concluded from these cases that there is benefit
from some margins with respect to the power budget
during the mission, even at EOL where the solar pan-
els are less efficient. Indeed, in the most energy-de-
manding case, “observation + data transfer,” a little
more than 80% of the available power is engaged. This
flexibility on the power consumption can also be used
to enhance the sky visibility by relaxing the request of
a normal Sun incidence on the solar arrays, thereby al-
lowing tolerance of incidence angles up to 30° from
normal.

5. Photometric Budget

5.1. Modeling

The aim of the photometric budget is to quantify
the amount of photons reaching our detector for any
given target star. It will inform about the observing
time needed to achieve the requirements (especially
the signal to noise ratio (SNR)). Stars are differenti-
ated according to their magnitude V and their effective
temperature Tesr. Appendix A provides the detailed cal-
culation of the photon flux dN emitted by a star for a
small range of wavelength d4, the final result being:

8.402 x 103410~ 04(V-Av+BC+432) 4
- 1.439 108
4
TorpA* (exp (—ATeff ) - 1)

All the parameters of dN are known for stars of the
main sequence except for the color excess Eg v that are
encountered in the expression of the interstellar extinc-
tion Avand A;. The latter is specific to each source, and

(1
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Table 6. Expected Operational Phases During the Mission
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Phase g:é?ﬁé?; OoBC Comg:tr; |r(r:]at|on Antenna | ADCS ?éi;gs:ﬁ: Battery (;—gg/‘i Ingg:g?r:)
Deployment NO YES NO NO YES YES YES 117w
Observation YES YES NO NO YES NO YES 8.1W
Data transfer NO YES YES YES YES NO YES 22.5W
Observation + data transfer YES YES YES YES YES NO YES 24.9W
depends on the environment between the star and the . hetonm s on s s ol T 2o Y st 228
observer. Since it is intended to establish a general i =it
photometric budget that is a function of V and Tes, the _ S e e “;,_-
study considered some extreme values for the stars of R e e 5
interest. A 3

The primary interest focuses on massive stars of
spectral type OB down to fifth magnitude. Such stars
are the brightest in the UV domain and their influence
on their direct neighborhood and on the galactic scale
is very important making them very interesting targets
to observe (Puls et al., 2008). It was thus expected that
most of the targets would be nearby objects with a rel-
atively modest interstellar reddening. Using the Yale
Bright Star Catalog, the distribution of Ay was investi-
gated as a function of spectral type and magnitude for
over 250 stars, including all bright O-type stars and B-
type stars down to spectral type B5. It was found that
Ay falls in the range between 0 and 2.5 for all the stars
in this sample, with a mean at 0.3. Therefore, it was
possible to define two extreme cases for the photomet-
ric budget: the first one being the worst case, corre-
sponding to the highest extinction for which Ay = 2.5
was adopted, and the second being more realistic,
where the absorption is at the sample mean of Ay=0.3.
Fixing the value of Ay then sets the values of Eg-v and
also A; (see Appendix A). Knowing all the parameters
of the photon flux, it was calculated by integrating dN
over the spectral domain —i.e., between 2500 and 3500

AN=] ;1 2:23550000 ; dN. Figure 8 presents the curves of

N for several magnitudes V and as a function of Teg.

5.2. Signal to Noise Ratio

The required photometric accuracy (Table 1) can
be translated into an SNR. It is necessary to reach an
accuracy of 0.001 mag, which corresponds to a SNR
of 1086. As a first step, the signal is computed as S =
N * Texp * Aet * 17 Where Texp IS the exposure time, Ae
is the effective area of the telescope and 7 is the overall

Copyright © A. Deepak Publishing. All rights reserved.

Figure 8. N (expressed in photons/cmz.s) as a function of Test
(in K) and V in the highest absorption case (Av = 2.5).

efficiency of the instrument. The » parameter accounts
for the reflectivity of the mirrors (between 82% and
92% with an average of 87%) (Melles Griot, 2016),
the transmission of the UV filter (50%, per Schott,
2016), and the quantum efficiency of the detector,
which is assumed constant over the spectral domain.
Considering 10% margins and the lowest efficiencies
for all the elements of the telescope, the study found a
minimal efficiency of #min = 12%, which is used in this
Section. Concerning the noise, the photon noise, the
dark signal of the detector, the readout noise, and the
sky background presented in the stray light section
were considered. The expression of the SNR is there-
fore:

SNR ==

accp

NAefftexpn
N Agpptexpn + nDteyy, +nR% 4 0.007 NSLAefftexpn'

(2)

In this equation, D is the dark signal, R is the RMS
value of the readout noise and n represents the number
of pixels illuminated by the PSF (i.e., n =4). The worst
case for the SNR computation corresponds to one of
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the cooler stars with V = 5 and suffering from the high-
est extinction, i.e., Av = 2.5. Figure 9 presents the re-
sults of this worst case on the left: to fulfill the require-
ment for V = 3, the integration time must be approxi-
mately equal to 70 seconds. For the other magnitudes
V =4 and 5, it is not possible to achieve the required
SNR in the specified integration time of 5 min because
of the noise contributed by the stray light. These re-
sults are showing the limits of such a small telescope
for the observation of the faintest stars among our pos-
sible targets. Nevertheless, the right side of Figure 9
corresponds to the same results but for a mean extinc-
tion, and in this more realistic case, the requirements
of Table 1 are met: an SNR of 1086 is achieved in 105
seconds for a fifth magnitude B5 star, showing that the
scientific requirements, and even the goals of Table 1,
will be honored for the vast majority of the targets.
Some other effects can affect the SNR of the in-
strument, such as the aging of the CCD sensor, which
is vulnerable to radiation-induced performance
changes. The changes are categorized into two types
(Burt et al., 2009): changes due to the ionizing dose of
energetic charged particles and displacement damage
arising from heavy particles (protons and neutrons).
The main drawbacks due to these radiations are an in-
crease of the dark signal and a decrease of the charge
transfer efficiency. These effects need to be evaluated
during pre-flight tests by performing accelerated aging
experiment and by calibrating the sensor in-flight.

SNR for an exposure of duration L, and for T_, = 15200K

130C

Furthermore, their effect can be mitigated by imple-
menting a chopping mode similar to what is done for
the BRITE satellites (Pablo et al., 2016; Popowicz et
al., 2017). Another effect is the jitter noise introduced
by the reaction wheels of the ADCS. The wheels im-
balance induces micro-vibrations that could disturb
the spacecraft and make it lose its pointing position,
hence moving the target in the focal plane. Knowing
the wheels imbalance of the FleXcore allowed compu-
tation of the amplitude of the jitter peak, assuming that
the satellite is a rigid body, which is equal to 1.15
arcsec. The dynamical behavior of the satellite should
be taken into account to refine the jitter peak determi-
nation. However, the study considered large safety
margins in the assessment of jitter noise, and it can be
concluded with confidence that the 1.15 arcsec peak is
a realistic value that moves the image of the target
within the illuminated pixels, hence not disturbing the
signal to noise ratio in a significant way.

5.3. Saturation Issues

The photometric budget has shown benefit from a
high quantity of photons at the entrance of the tele-
scope in many cases. Therefore, even for the worst
case presented in the previous section, it will not be
necessary, and actually not possible, to integrate over
five minutes on the same star, because of the limit of
the full well capacity C of the detector. The saturation
limit can be expressed as:

SNR for an exposure of duration . andfor T__ = 15200K

Figure 9. SNR for a star with Ay = 2.5 (left) and Av = 0.3 (right), Test = 15 200K and a single exposure of duration texp . The horizontal

red dashed line corresponds to the requirement.
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NAeff n texp

- + D teyp + R* +

n

2P <. (3)

It was assumed that all the energy of the PSF is
uniformly spread over the pixels illuminated by the
star. This assumption is checked when looking at the
spots of Figure 2 for low off-axis angles.

Two extreme cases were considered to demon-
strate the feasibility of the observations with our de-
signed telescope. The first case is the worst in terms of
saturation where the photon flux is the highest. Con-
sider a putative hot star with an effective temperature
of 42 000K, a magnitude V = 0 and Av = 0. Such an
object does not exist in reality, but it allows us to probe
the limitations of the instrument. Moreover, consider
a situation where the efficiencies of all the optical ele-
ments are maximum yielding: nmax = 21%. Figure 10
(left) presents the number of generated e~ on a pixel
illuminated by the hypothetic hot star as a function of
the exposure time. The saturation occurs very quickly
(< 0.012s). For this observation case, a more complex
strategy must be considered, consisting of several very
short exposures that will be combined at the end to rec-
reate the signal. Two exposures of 0.01s are sufficient
to reach and even exceed the SNR requirement.

The second case is the worst one for the SNR cal-
culations that was presented in the previous text (i.e.,

Crestod e-/pixel

oN
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Tert = 15 200 K, V = 3, Av = 2.5, 7 = 5min). Figure 10
(right) presents the results for this case: saturation now
occurs for integration times around 0.18 seconds. It
has been shown in Figure 9 (left) that an exposure time
of approximately 70 seconds is required to achieve the
required SNR. Therefore, it is necessary to combine a
number of exposures, to have some margins on the full
well capacity. In this case, 472 exposures of 0.1s du-
ration are needed to reach the requirement. Note that
to limit the volume of data in the on-board memory,
the images related to the same observation have to be
processed by the OBC using dedicated software.
These numerous observations are still compliant with
the maximum observation time of 5 min per target. Im-
agining that the readout of each exposure also takes
0.1s, the total observation time would be 94.4s, still
within the allowed limits. However, the readout of the
images will be done much faster considering the pos-
sible readout frequency of the detector up to 5 MHz
(Table 3).

6. Conclusion

This paper demonstrates that the proposed UV
photometer fulfills the scientific requirements. The de-
sign is optimized and accommodated to the 3U struc-
ture to obtain a fully functional model. The optical lay-
out of the photometer is analyzed regarding optical pa-
rameters. The optimization is driven by the volume

Creatod eJpixal

Figure 10. Number of generated on a pixel illuminated by a very hot star considering a low interstellar extinction (left) and a cooler
star considering a high interstellar extinction (right). The horizontal red dashed line corresponds to the full well capacity of the de-

tector.
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limitations that the CubeSat platform imposes. More-
over, to increase the performance of the imager, a baf-
fling system has been designed and a stray light anal-
ysis was performed to quantify the effect of the sys-
tem.

The system integration led to the 3D model of the
spacecraft configuration with its solar panels and sub-
units. The characteristics of an UV optimized and suit-
able detector are presented, as well as a discussion on
the data storage and transfer relative to the observa-
tions made with it. It emerges from this discussion that
transfer rates are very constraining, implying that a de-
tector windowing strategy will have to be imple-
mented.

A brief mission analysis was conducted, composed
of an orbit definition and a preliminary thermal analy-
sis based on the environment that derives from the or-
bit. This led to a power budget, associated to the per-
formances of the solar panels for power generation,
which proves that the power consumption is not a crit-
ical point for the mission considering current COTS.

The photometric budget allowed verification that
the optimized design is able to observe the stars of in-
terest, most of the time. Due to noise, mostly induced
by the stray light component, it is not possible to ob-
serve the fainter stars in the most pessimistic observa-
tion configuration. However, it was demonstrated that
in more realistic situations, the requirements for all the
selected targets are met. A perspective for achieving a
better photometric budget would be to design a de-
ployable baffle in front of the current telescope aper-
ture to block the light coming from high off-axis an-
gles. However, such an improvement has significant
technical and budgetary impacts.
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Appendix A: Photometric Budget

For any given star, the absolute magnitude in the
V band is given by My =V — DM — Ay, where V is the
apparent magnitude, DM =5 log d — 5 is the distance
modulus (d being expressed in parsecs), and Ay is the
interstellar absorption in the V band. The bolometric
magnitude is then given by Myoi = My + BC where BC
is the bolometric correction in the V band. The bolo-
metric luminosity (in erg/s) is given by:

Lpor = 3.03 % 1035 x 10%4Mbol = 3,03 x 1033

% d2 % 10—0.4(V—AV+BC) (Al)
It was assumed that the spectrum of the star can be
represented by a black-body, whose emission follows
the
2 hc? 1
BA(Teff) T

% . (A2)

exp(—) — 1
p(/lkTeff)

The power emitted over a narrow range of wave-

lengths di hence becomes de = B;dA. The integral of
this quantity over the full electromagnetic spectrum is

TS ] ] ] L.
%. Applying this to a star of bolometric luminosity

: Lpoy By dA
Lbol, One finds: dF = 2ol 2221
4md?o Terf
the flux of the star over the narrow wavelength interval
as one would see it from a distance d with zero inter-

stellar absorption. The corresponding photon flux is
dN = dhL:. Therefore:

. This formula yields

dN = 2c Lbol A 1 (A3)
 4d20Th, A4 hc
eff exp (T’Teff) -1

Expressing 4 and d2 in A and the photon flux dN
in photons cm™2 s™!, one obtains:

8.402 x 1034 107 04(V-4v+BO) 4

B 1.439 108 '
Tt (e (V57,) = 1)

(A4)
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This number further needs to be corrected for the
interstellar absorption at the relevant wavelength:

8.402 % 1034 107 04(V-4Av+4n) 4

B 1.439 108 '
Tt (e (M7,) = 1)

(A5)

The interstellar extinction in the UV can be ap-
proximated as a function of wave-number ¢ = 10000/4
by (Teays, 2002):

(M _ 156=1.0480+ L1
Epy 0T U9 (6 = 4.60)2 + 0.280
for 2.70 < 0 < 3.65
A
=229=18480+
< EB—V
101 3.65<0<7.14. (46
(o —460)2 + 0280 / 0T 36> =0 =714. (46)
A
=16.17 = 3.20 o + 0.2975 o2
Eg_ v
\ for7.14 <o <10,

where Ep-y= (B—V) — (B—V)o is the color excess ex-
pressed as a function of the observed and the intrinsic
color index with A, = 3.1E5_y.
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