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Sky visibility analysis for astrophysical data return
maximization in HERMES constellation
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Abstract. HERMES is a scientific mission composed of 3U nanosatellites dedicated to the
detection and localization of high-energy astrophysical transients, with a distributed space
architecture to form a constellation in Earth orbits. The space segment hosts novel miniaturized
detectors to probe the x-ray temporal emission of bright events, such as gamma-ray bursts, and
the electromagnetic counterparts of gravitational wave events, playing a crucial role in future
multimessenger astrophysics. During operations, at least three instruments separated by a mini-
mum distance shall observe a common area of the sky to perform a triangulation of the observed
event. An effective detection by the nanosatellite payload is achieved by guaranteeing a ben-
eficial orbital and pointing configuration of the constellation. The design has to cope with the
limitations imposed by small space systems, such as the lack of on-board propulsion and the
reduced systems budgets. We describe the methodologies and the proposed strategies to over-
come the mission limitations, while achieving a satisfactory constellation visibility of the sky
throughout the mission duration. The mission design makes use of a high-fidelity orbit propa-
gator, combined with an innovative mission analysis tool that estimates the scientific perfor-
mances of the constellation. The influence of the natural relative motion, which is crucial to
achieve an effective constellation configuration without on-board orbit control, is assessed.
The presented methodology can be easily extended to any kind of distributed scientific space
applications, as well as to constellations dedicated to Earth and planetary observation. In addi-
tion, the visibility tool is applicable in the context of the constellation flight dynamics operations,
yielding optimized results and pointing plans based on actual satellite orbital positions. © 2020
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOIL: 10.1117/1.JATIS.6.4.048001]

Keywords: astrophysical transients localization; nanosatellite constellation; scientific perfor-
mances optimization; natural relative dynamics; distributed space system.
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1 Introduction

HERMES is a scientific space mission dedicated to the detection and localization of high-energy
astrophysical transients, such as gamma-ray bursts (GRBs), and of the electromagnetic counter-
parts of gravitational wave events (GWESs), whose detection probability is increased by distrib-
uting numerous sensors on Earth-bounded orbits. Therefore, a constellation of 3U nanosatellites
is implemented to guarantee the distributed satellites architecture. During operations, at least
three spacecraft, in the required configuration, shall observe GRBs events to perform triangu-
lation and get a significant scientific content from the differential measurements.'

HERMES space segment is composed of a distributed architecture of 3U spacecraft to fly on
low Earth orbit. The science operations scenario is identified by means of analyses concerning
the visibility of the sky and, thus the expected number of GRBs in view of HERMES constel-
lation. The operational orbit and the injection strategy of the elements of the constellation
determine the dynamics and the evolution of the relative orbits of the spacecraft. In addition,
the pointing strategy is crucial to perform the alignment of the scientific instruments field of
view (FOV). The FOV alignment, together with the mutual distances between the spacecraft
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(i.e., physical baseline), yields to the distance projected along the pointing direction of the sci-
entific instruments (i.e., projected baseline). Furthermore, the effective GRBs detection by the
nanosatellite payload is achieved by respecting numerous feasibility constraints on the orbital
and pointing configuration of the spacecraft. The feasible projected baseline is evaluated to
assess the fulfillment of the scientific objective, allowing to determine the region of the sky
that can be triangulated and, hence, the expected number of triangulated GRBs.

The current phase of the mission development is focused on the implementation of a techno-
logical pathfinder (TP) and a scientific pathfinder (SP) using a reduced constellation of 3 + 3 nano-
satellites to be launched in 2021. HERMES-TP was selected by the Italian Ministry of University
and Research supported by the Italian Space Agency, to design, integrate, and test the first three
nanosatellites. HERMES-SP, funded by the EC-H2020, extended the constellation with an SP of
additional three space elements. The options to launch the six satellites with a single launch or with
two separate launches are still open, and the mission design had to cope with this variability.

This paper describes the methodologies and the proposed strategies to cope with HERMES
constellation, in the complete six spacecraft configuration. The limitations imposed by the small
space system, such as the lack of on-board propulsion and the reduced systems budgets, shall be
overcome, while achieving a satisfactory constellation visibility of the sky throughout the mis-
sion duration. The proposed methodology combines a high-fidelity orbit propagator, including
all the major environmental perturbations, with a sky visibility tool that analyzes the scientific
constraints based on relative positions and pointing directions. The tool allows to perform the
analysis of the preliminary constellation in any orbital scenario. Moreover, the investigation
entails the possibility to compare different pointing strategies for the spacecraft, in order to select
the nominal attitude motion that maximizes the visibility time. The presented tool is useful for
flight dynamics operations planning, being flexible enough to be able to utilize in-flight data to
generate optimal pointing schedules. The influence of the orbital injection of the nanosatellites,
both for a single and separate launch, is assessed in terms of the evolution of relative motion and
achievable observation time. A propulsion system is not available; hence, it is critical to leverage
natural motion and differential perturbations to achieve the desired configuration. The available
results and the presented mission design work serve as a basis to implement an extended full
constellation (FC) of N satellites that will compose HERMES-FC.

This research represents the basis for the design of satellite constellations dedicated to the
observation of the sky, maximizing the coverage with numerous scientific detectors available.
This is becoming particularly relevant for small satellites mission, whose advantage is based on
the possibility to exploit a distributed system composed of many simple elements, rather than a
unique scientific detector with advanced system capabilities. For this reason, the mission analy-
sis shall exploit innovative techniques and tools capable to boost the constellation performances,
while respecting the typical scientific requirements and the small system limitations.

The methods proposed in this paper are suitable for nanosatellites distributed scientific appli-
cations, easily configurable to include any kind of scientific requirement that can be formulated
as a mathematical relation. Moreover, the possibility to investigate the available scientific per-
formances considering the natural relative dynamics is crucial for small-space platforms without
on-board propulsion.

The developed tools can be further generalized to distributed missions dedicated to Earth and
planetary remote sensing observation, being pointing direction and FOV of the scientific instru-
ments completely configurable as per system and mission requirements. The proposed analytical
optimization technique can easily include ground related scientific merit parameters, as long as
they can be defined with mathematical sets and formulas, as will be described for the proposed
HERMES applicative case in Sec. 3.

In summary, the intended scientific contribution of the paper can be summarized as follows.

o To present the mission design for the HERMES constellation. In particular, being a nano-
satellite mission, smart solutions are required to solve the shortcomings arising from
limited mission resources (e.g., no orbital control and limited launch budgets).

o To describe the development of a sky visibility tool to assess scientific mission yield. The
tool can be utilized by both constellation designer and operators to predict mission
outcome or generate optimal pointing plans with respect to sky visibility performances.
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o To analyze different optimal pointing philosophies in terms of number of detected GRBs,
sky regions coverage, and triangulation accuracy.

o To investigate the effect of number and frequency of spacecraft maneuvers required to
change the payload pointing directions.

o To investigate the robustness of the mission architecture against expected uncertainties and
the possible extension of the proposed design, providing useful insights for future nano-
satellite constellation designer.

The remainder of this paper is structured as follows. Section 2 presents a discussion on orbital
injection strategies, analyzing the main gravitational perturbations in low Earth orbit, to highlight
the most effective way to achieve the desired intersatellite baseline, within the existing limita-
tions in launch opportunity for small space systems. Section 3 describes the methods and the
developed tool to analyze the sky visibility of the constellation, associated with certain instru-
ment pointing directions. Section 4 discusses the effects of the definition and planning of the
operational pointing directions on the astrophysical data return. In particular, the differences in
GRB triangulation accuracy and in sky coverage are presented, as well as the influence of the
pointing variations frequency. This section also presents the pointing directions optimization
algorithm, designed to improve the scientific outcomes of the mission. Section 5 presents the
proposed HERMES constellation scenario. The robustness of the selected design strategies,
with respect to mission uncertainties, is assessed with a statistical analysis. Different pointing
strategies are compared to select the one providing the greater scientific results. Moreover, the
guidelines to extend the constellation design to a larger FC are discussed.

1.1 Scientific Requirements

HERMES payload is a simple but innovative detector” to probe the x-ray and gamma-ray emis-
sion of bright high-energy transients. It is hosted in a single CubeSat Unit (1U), and the detector
assembly is primarily composed of 60 scintillator crystals and 12 silicon drift detectors (SDD)
arrays, each with 10 independent cells. Both SDDs and crystals are employed to detect high-
energy photons, the former in the x-ray range, the latter in the gamma-ray range. The crystals are
optically connected to the SDDs, and each crystal is read out by two SDD cells. The detectors are
supported by a dedicated mechanical structure, a payload data handling unit, a power supply
unit, and an optical filter, to provide effective filtering of visible and UV-IR emissions. The
payload is designed and assembled by the Italian National Institute of Astrophysics (INAF),
which is also responsible for the payload operations.

HERMES mission design is strongly characterized by the payload operations as well as the
set of mission and scientific requirements. In particular, since a minimum number of GRBs
shall be detected simultaneously by at least three space elements, the main scientific require-
ments affect the baseline between the satellites and the alignment of their FOVs. Formally, the
requirements are as follows.

o At least three satellites shall have common FOV, within £60 deg to maintain 50%
efficiency in the detector field.

o The physical baseline between at least three co-observing satellites shall be >1000 km.

o At least two couples of co-observing satellites shall have the baseline projected along
the mean pointing direction of the scientific instruments >1000 km.

These requirements shall be satisfied within the HERMES system possibilities. In fact,
HERMES satellites are equipped with complete attitude control subsystem, but no propulsion
unit is presented on-board. Therefore, the pointing direction of the payload and the FOV overlap
can be controlled, but the physical baseline between the satellites shall be guaranteed by means
of natural dynamics only.

Additional scientific requirements led to constraints on the operational orbit of the constel-
lation: detector lifetime is limited by the leakage current, which depends on the radiation envi-
ronment, which is a function of orbit altitude and inclination. The requirements applied for the
orbit design are as follows.
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e The mission duration shall be >2 years.
o The altitude of the operational orbit shall be <600 km.
o The inclination of the operational orbit shall be <30 deg or >70 deg.

The first requirement can be translated in a lower bound for the orbit altitude: a HERMES
spacecraft, with a mass to area ratio in the order of ~50 kg/m?, has an orbital lifetime >2 years
for an initial orbit altitude >450 km, with average solar activity (i.e., F10.7 ~ 100 sfu).3’4
Hence, the orbit design process is constrained to nearly equatorial orbit or Sun synchronous
orbit (SSO) with 450 km < & < 600 km.

1.2 Orbital Simulator

The mission design relies on accurate modeling of the satellite orbital motion. In particular, the
dynamical model shall be accurate enough to catch the natural relative dynamics between the
spacecraft of HERMES constellation. The methods and the analyses presented in this paper
are supported by an orbital propagator, developed, and validated by the authors at Politecnico
di Milano. The dynamical model takes into account all relevant perturbing forces acting in
low Earth orbits, namely as follows.

o Earth geopotential based on EGM96 model. The accepted truncation error for the spherical
harmonic order at the given altitude is selected according to the intrinsic accuracy of the
EGMO96 model, as per ECSS guidelines.™

e Solar gravitational perturbation. Sun’s position is based on DE431 Ephemeris
model.’

e Lunar gravitational perturbation. Moon’s position is based on DE431 Ephemeris model.’

o Atmospheric drag perturbation on flat surfaces. The atmosphere density is based on
Jacchia-Roberts model. Solar activity coefficients (F107-AP index) are available from
NOAA Solar flux prediction model-2016 update.®'°

o Solar radiation pressure on flat surfaces. Solar activity is taken into account and the solar
coefficients (F107-AP index) are available from NOAA Solar flux prediction model-
2016 update.'”

The propagation is performed using a Runge—Kutta—Fehlberg 7(8) method on a C com-
piled code.

2 Orbital Injection Strategies

The orbital injection of nanosatellites is crucial in determining the subsequent natural orbital
evolution, since the lack of orbit control capabilities. In particular, the relative natural dynamics
between the satellites of a constellation is specifically dependent from the orbital injection phase.
In general, the relative positions of the spacecraft are not fixed in time. Thus the constellation
design has to optimize this dynamical evolution of the uncontrolled relative orbits, coping with
differential environmental perturbations, orbit acquisition inaccuracies, and limitation in the
launch options availability.

This aspect is particularly relevant for HERMES constellation design, which has to guarantee
a minimum physical baseline between the satellites. The proposed solution for HERMES mis-
sion can be applied to a generic constellation of nanosatellites without on-board propulsion
subsystem. The aim is to propose a smart solution to a typical nanosatellite mission limitation.
In particular, this section presents a discussion on the solutions to naturally bound and passively
control the relative motion of different nanosatellites injected in low Earth orbit.

Two main options are possible to achieve a non-null relative distance between the satellites
as follows.

o Dedicated multiple injections—one per satellite—into different true anomalies at .
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o Single injection of multiple spacecraft with initial relative motion imposed by the
deployer’s release spring. In this case, it is convenient to release the satellites in groups
of three elements (i.e., triplets), imposing a certain relative dynamics to each triplet.

The first option is highly sensitive to the release conditions: natural perturbations provoke
a slightly controlled relative drift, which is emphasized by the launcher and deployer injec-
tion uncertainties. Moreover, this option asks for a dedicated launch, making it less convenient,
especially for nanosatellites.

The second option can be realized even if no dedicated launch is settled. A triplet can be
released in a single launch event with no dedicated maneuvers. N satellites are released with N /3
single injections. The shift in true anomaly between different triplets’ release events is settled
at design level and it is affordable by either a single launcher maneuver or with separate launch-
ers. Furthermore, the relative motion is actually imposed by the deployer spring authority, which
overcomes the natural perturbations effects and the launcher injection uncertainties, as will be
discussed in Sec. 5.2. Hence, the expected scientific outcomes are more robust with respect to
the release conditions.

A formation-flying-like triplet scenario would be beneficial to keep the spacecraft within
acceptable bounded motion throughout the mission. Nevertheless, the lack of propulsion, the
launcher inaccuracies, and the spring injection Av prevent the bounded motion to be achieved.

2.1 Dedicated Multiple Injections

In the case of dedicated multiple injections, the initial true anomaly separation yields differential
perturbation acceleration resulting in a secular drift of the satellites. Formation flying and, in
general, distributed space systems orbital design often relies on linearized, unperturbed dynami-
cal models given the short relative distances acquired, and maintained during the mission.
HERMES spacecraft are rather peculiar because of the large distances involved, which are
reached during the mission, coupled with the incapability to perform orbit control. The relative
motion is hence unbounded, but it is quasiperiodic. Given the importance of their relative
motion, it is critical to assess the influence of perturbations, initial true anomaly, and spring
injection, on the long-term orbital motion. In case Keplerian motion is considered, the relative
positions of the satellites are easily predicted throughout the whole mission. In addition, the
relative positions are invariant to the initial true anomaly separation. Obviously, in reality,
this is not the case due to the irregular shape of the Earth, leading to differential perturbations.
Natural motion due to spherical harmonics is highly dependent on the initial true anomaly of the
three satellites. Figure 1 shows the orbital acceleration, as a function of the satellite true anomaly,
with gravitational perturbations up to J,,, along a 550-km nearly equatorial orbit.

The acceleration components are represented in the local-vertical/local-horizontal (LVLH)
frame, which is defined by the radial vector pointing outward (i.e., zenith direction) and by the
orbital angular momentum. The third axis completes the right-handed triad, in the horizontal
direction with respect to the ground. The latter component is oriented in a direction very close
to the along-track direction (i.e., velocity). Note that for circular orbits, the horizontal component
is parallel to the velocity direction.

A differential value in the along-track acceleration component, shown in Fig. 1(b), builds up a
non-null relative velocity, which yields disparity in the accumulated orbital motion. This differ-
ential effect is highly dependent on the initial true anomaly of the satellites, resulting in a non-
static relative motion that is hardly predictable during the design phase, because of inherent
uncertainties on (f). In fact, true anomaly precise injection is hardly achievable in typical nano-
satellite launch and deployment phases. Moreover, it may be noted how the periodicity of the
perturbation acceleration in the horizontal direction is >2x [see Fig. 1(b)]. This is due to the
physical source of the perturbation, which is the Earth geopotential. Hence, the period of
the resultant acceleration is the revisit time of Earth location, rather than orbital period with respect
to the inertial frame. Indeed, it is possible to quantify the angular displacement, after one orbit, of
these two reference frames as ~24 deg, for the considered 550-km nearly equatorial orbit.

The perturbation accelerations are several orders of magnitude lower than the dominant
Keplerian dynamics, as shown in Fig. 2. The Keplerian acceleration power spectral density
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Fig. 1 Orbital acceleration, with gravitational harmonics up to J,,, on a 550-km nearly equatorial
orbit, expressed in LVLH frame. (a) Radial direction component, (b) horizontal direction compo-
nent, and (c) orbital angular momentum direction component.

(PSD), reported in Fig. 2(a), refers to the osculating orbit point-wise two-body acceleration.
Being osculating orbits, beside the frequency peak corresponding to the orbital motion, the
PSD shows a small peak at twice the frequency, which is linked to the periodicity of magnitude
of the radius of the osculating orbital motion. The gravitational perturbation acceleration PSD,
in Fig. 2(b), shows the peaks corresponding to the orbital mean motion and its integer multiple
due to the spherical harmonic terms. The accumulated differential velocity with initial true
anomaly separation of 20 deg is in the order of 5 to 10 m/s, according to the acceleration field
analysis up to J,,.

This result prevents the multiple dedicated injections from being a good option, beside the fact
of increasing the cost for dedicated launches or launcher phasing maneuvers. Even for multiple
dedicated launches, the nanosatellites deployment is performed using a preloaded spring, which
injects the spacecraft into orbit. In order to inject a spacecraft at a defined true anomaly (e.g., the
case of multiple injections), the natural motion is exploited. In particular, a harmonic motion cross
track is pursued to keep the satellite around a specific true anomaly, vanishing the effects of the
initial spring Av. In this case, gravitational perturbations drive the natural motion. This technique
is valid for any nanosatellite injection. Indeed, since the spring release impulse is inevitable, one
smart solution to maintain a given true anomaly without drifting is to be injected across track.

2.2 Single Injection of Multiple Spacecraft

In the case of single injection, the relative motion could be restrained to bounded relative orbits
only if along-track injection Awv is null. Such condition would be beneficial with respect to the
048001-6

J. Astron. Telesc. Instrum. Syst. Oct-Dec 2020 « Vol. 6(4)



Colagrossi et al.: Sky visibility analysis for astrophysical data return maximization. ..

(a) 10

(b)

Frequency (Hz)

Fig. 2 PSD of orbital acceleration on a 550-km nearly equatorial orbit, expressed in inertial frame.
The PSD frequency range is shown within the validity of Nyquist-Shannon sampling theorem, with
reference to the data-set sample time (i.e., 60 s). (a) Keplerian acceleration and (b) gravitational
perturbation acceleration up to Jos.

temporal evolution of the relative distances between the satellites, but several considerations
need to be made if a single-injection strategy is analyzed. As said, a bounded relative motion
can be achieved by vanishing the along-track differential velocity. Such method relies on the
energy-matching principle, in which the energy of the absolute orbits of the different spacecraft
are equal.'"'? An impulse on the radial-cross plane results in a bounded motion. Nevertheless,
the entity of the Av provided by the spring is not enough to inject the spacecraft into three
different orbits that result in a bounded relative motion respecting the minimum required mutual
distance. Figure 3 shows the maximum achievable distance during bounded cross-radial motion
as a function of the injection angle in the radial-cross plane. The maximum reachable relative
distance is in the order of 10! km, which is far from being acceptable for the imposed scientific
requirement of 103 km. This sets the need to introduce a relative unbounded drift between the
satellites to achieve, at least for a certain amount of time, the required baseline. Indeed, inserting
arelative drift makes the formation loose with a periodic relative motion. The satellites need to be
injected into different directions to prevent two, or more, satellites from being too close during
mission operations. A satisfactory strategy consists in injecting the three satellites along +v, —v,
h-bar, respectively; the injection condition is expressed in the LVLH frame of the launcher at
injection time. The satellites injected along-track start drifting, whereas the spacecraft injected
cross track evolves in a harmonic motion around the injection point. In this condition, the result-
ant relative motion propagated for ~3 days is depicted in Fig. 4.

In a realistic scenario, a true simultaneous injection is hardly feasible. However, the above
considerations have been proven to be still valid when dealing with short-delayed injections
(~10/15 min). The nanosatellites deployment is performed also in this situation using a pre-
loaded spring, which injects the spacecraft into orbit. The analysis on the long-term perturbed
propagation has shown that spring release injections with at least 0.25 m/s dominate the relative
dynamics imposed by the natural perturbations, as presented in Sec. 5. Hence, the design can be
done regardless of the initial injection true anomaly, as will be discussed in what follows in
this paper.
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Fig. 4 Injection strategies forcing relative drift to quickly achieve the required relative distance.
The satellites are injected along +v, —v, h-bar with a spring of Av = 2 m/s. The physical baseline
is achieved in ~3 days.

3 Methods for Sky Visibility Evaluation

The HERMES constellation sky visibility depends on the pointing direction of the satellite’s
FOV. In fact, despite the orbital control is not available and the positions of the spacecraft are
completely dependent from the imposed natural motion, the attitude control is accessible to align
the scientific instruments on different regions of the sky, allowing the overlapping of at least
three satellites’ FOVs. In particular, the accurate selection, alignment, and maintenance of certain
pointing directions can be exploited to enhance the whole mission scientific return, by increasing
the time and the area of the sky that can be used to perform GRBs triangulation.

The resulting performance index for the constellation is defined as an area of the sky that can
be viewed by at least three satellites for a certain amount of time and, thus, is denoted as time-
area parameter: tA, whose dimensional units are steradians-day (sr-d). Time-area parameter is
defined so to be well suited to estimate the number of expected GRBs detected by the HERMES
constellation. In fact, according to previous missions, the rate of measurable GRBs is known.
For example, FERMI-GBM'*!'* mission detects ~250 GRB per year in the whole sky not
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covered by the Earth (i.e., ~8 sr), which corresponds to almost 1 GRB every 1.5 days in the FOV
of ~8 sr, or 0.083 GRB/sr-d.

3.1 Sky Visibility Tool

The evaluation of the performance time-area parameter is performed with a sky visibility tool
developed and validated by the authors at Politecnico di Milano.

The visibility tool takes as input the trajectory parameters of the N satellites. It propagates the
orbital dynamics with the orbital propagator described in Sec. 1.2 and evaluates the time-area
performance parameter. The developed tool, which is extensively used for HERMES mission
analysis, is actually a generic framework that can provide useful insights for any mission that
includes visibility optimization and pointing constraints. In addition, it is foreseen to be
employed during operations planning. The optimized pointing can be predicted in the short time
horizon using in-flight orbital data.

3.1.1 Satellite position constraints

The software implements the scientific requirement and constraints, as well as possible system
and platform constraints. At each iteration steps, the tool verifies if the satellites position with
respect to the Earth surface is compatible with the observations. For example, large radiation flux
regions are not compatible with scientific instrument operations, as high-leakage currents in the
active detectors may damage the payload. Similarly, when the satellites are in eclipse regions or
ground stations areas, they may be not able to correctly observe the sky for power or antenna
orientation constraints. For this reason, position requirements are enforced at all times for any
i’th satellite S; as

S;Seder, eP, (1)

where A is the set of active satellites, r; is the position vector of S;, and P is the set of allowed
positions. For example, Fig. 5 shows the allowable regions in black with respect to the radiation
flux constraint. In general, any constraints on the scientific operations of a nanosatellite depen-
dent from the orbital position can be implemented in a similar way.

3.1.2 Satellite FOV

The FOV of the satellite is characterized by the specific instrument installed on-board. It can be
defined as a region of the sky that is enclosed within certain geometrical boundaries. In
HERMES, the instrument’s FOV is the semisphere in front of the detector plane. However, the

Fig. 5 Large radiation flux regions. Allowed positions in black.
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Fig. 6 Single instrument FOV. Pointing direction p in RA = 0 deg and DEC = 0 deg. (a) 2D pro-
jection and (b) 3D view.

sensitivity of the detector has a cosine profile with respect to the line of sight (LOS) and, thus the
full-width at half-maximum of the instrument is 120 deg. As a consequence, for each active
satellite, the effective FOV is defined as the portion of the celestial sphere with an angular
distance <60 deg with respect to the instrument axial planes, I1, and TI,, as reported in Fig. 6.
In particular, for a given pointing direction of the LOS of the instrument p, which is found by
the intersection of the two axial planes as

p=T,nII, @)

the FOV of the i’th satellite F; is defined as

Fi- {§| (gmx < g) A <§4ny < g) } 3

where § is a generic direction in the sky.

3.1.3 Satellite pointing constraints

The developed tool is capable to include pointing constraints, in order to accommodate possible
scientific requirements penalizing certain regions of the sky where the scientific performances
are not acceptable. The pointing constraints are divided in “soft” and “hard” depending on the
consequences of constraint violations. On the one hand, the soft pointing constraints identify
regions of the sky where the satellite could, in principle, be pointing but without yielding valu-
able scientific measurements (e.g., high instrument noise). On the other hand, hard pointing
constraints identify forbidden regions to be pointed, due to the potential degradation of the sci-
entific instrument if not respected. Both constraints are assumed to be always respected, thanks
to the attitude control system of the nanosatellite.'> The soft pointing constraint region is for-
malized for a given constraint direction ¢ as

C = {S|cos™!(s - ¢) < .}, 4)
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where a, is the exclusion angle. Then the effective i’th FOV simply results from

}"El,zfi/fiﬂc. (5)

It shall be noted that only active satellites belonging to .4 have an effective FOV. For satellites
that are not active, it results in

Fel(S; ¢ A) =0. (6)

3.1.4 Triangulable field of view

According to the imposed scientific requirements, a region of the sky can be triangulated if it is
contained in the FOV of at least three satellites. Hence, the overlap of at least three effective
FOVs is defined a j’th triangulable FOV as

]:TJZFElﬂszﬂfElﬂfEN WlthNZS (7)

Figure 7 shows an overlapping map in which six satellites are active at a given epoch. The
triangulable FOVs are the yellow regions in the map.

3.1.5 Baseline requirements

The physical and the projected baselines for all the possible triangulable regions are evaluated.
Indeed, for any j’th triangulable FOV there exist at least three co-observing active satellites,
whose physical baselines are immediately available from their orbital position. The projected
baselines are computed knowing the pointing directions of each element. If the baseline require-
ments, described in Sec. 1.1, are satisfied, the triangulable FOV region is kept in the compu-
tation. Otherwise, the triangulable region is cancelled and set equal to zero.

3.1.6 Constellation field of view

At any epoch, each point in the sky visible by at least one active triplet (i.e., Fr, # &) is con-

sidered as observable and triangulable; the total area observed at any time is computed by inte-
grating the observable points over the whole celestial sphere and it is denoted as constellation
FOV. The constellation FOV results from the union of all the triangulable FOVs respecting the
baseline requirements as

Fe=Fr,UFp,...UFr... UFr, with M>1. (3)

The constellation FOV area is measured in steradians (sr). Figure 8 shows the constellation
FOV for the considered example.
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Fig. 7 Satellite FOVs overlap.
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Fig. 8 Constellation FOV.

3.1.7 Time-area parameter and estimate of observable GRBs

The instantaneous observable area (i.e., the constellation FOV) is integrated over the whole
mission lifetime to obtain the time-area parameter tA. The estimate of the observable GRBs is
performed as detailed in Sec. 3.

4 Definition of Operational Pointing Directions

The definition of the pointing directions of each spacecraft, together with their evolution in time,
is fundamental elements in the determination of the scientific performance of the constellation.
In fact, pointing strategy design has to find a solution that, while minimizing the number of
the required attitude maneuvers and the control effort, allows the coverage of distinct and not
obstructed regions of the sky with the overlap of N > 3 FOVs. The alignment is performed to
guarantee the investigation of the celestial sphere on a certain sky area for a minimum amount
of time.

Besides simple pointing strategies, such as zenith and fixed inertial pointing, optimized
pointing strategies can be implemented, aiming to determine the pointing directions that maxi-
mize the scientific outcome of the mission. In this way, the definition of sequential operational
pointing directions comes directly from the sky visibility analyses and it is inherently connected
to the scientific return of the mission.

The adoption of time-varying optimized pointing directions is proposed to overcome the
limitations given by the lack of orbital control. In fact, the natural relative drift between the
elements of the constellation determine a temporal evolution also in the overlap of the FOVs
aligned with respect to an LVLH direction, as evident from Fig. 9. Therefore, periodic align-
ments of the different FOVs are required. Ideally, a continuously aligned strategy would be the
best option, but this is not feasible due to the limitations inherent with a small space system.
In alternative, alignment of the distinct FOVs on inertial directions could provide a different
solution to the same issue. However, inertial directions are periodically covered by the Earth
surface, leading to a detriment in scientific performances. Moreover, also in this case, periodic
alignments on inertially defined regions of the sky are necessary.

Dedicated optimization algorithms have been developed to define the best set of operational
pointing directions according to the configurations of the constellation along its dynamical evo-
lution. The frequency of the attitude maneuvers, needed to vary the pointing directions, is not
constant and it can be selected by the constellation designer and operators, according to the
available attitude management resources and to the required scientific return. The developed
optimization algorithms support the constellation design and the baseline scenario selection.
However, their capabilities also will be extensively used during the mission operations as a part
of the flight dynamics software to set up the pointing sequence schedule.

Given the topology of the constraints on the sky, a heuristic approach has been adopted for
the optimization. Indeed, the constraints on the sky lead to a non-mono-convex domain, which
means that the domain is a collection of disjoint sets. The selected algorithm is the MATLAB
built-in particle swarm, with a swarm size of 20 elements and a maximum number of iteration
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Fig. 9 Constellation FOV evolution along 1 week for a LVLH pointing direction. (a) Constellation
FOV at t, and (b) constellation FOV at ty + 7 days.

equal to 100, in order to quickly obtain near-optimal solutions.'® The best suboptimal solution
is then locally optimized using the MATLAB “fmincon” function, which implements an
interior-point algorithm to reach the closest local minimum.'” The numerical effort required
to estimate the scientific performances of the constellation with a proper spatial resolution of
the sky, using the approach described in Sec. 3.1, is quite computationally intensive. Thus it is
very time-consuming to perform the optimization directly on the actual estimate of the trian-
gulated GRBs. Hence, in both optimization algorithms, only a representative subset of the
available instantaneous visibility data has been used. This subset includes a finite number
of orbital positions of the constellation within the optimization time period, which correspond
to different instantaneous drifted sensors positions with the respective constellation FOV
configurations.

4.1 LVLH Optimal

The working principle of the LVLH optimal strategy is to periodically optimize the direction of
the LOS of each satellite with respect to its own rotating LVLH reference frame. As mentioned,
it is possible to use a small number of instantaneous visibility data points to estimate with enough
precision the effectiveness of a given pointing configuration over a short period (e.g., few days
for 1-week optimization). This feature, which reduces the computational time, is beneficial for
the integration of such optimized tool in the flight dynamics software for operation planning.
Indeed, due to the slow behavior of the relative dynamics between satellites, which is in the order
of 80 to 100 days, and due to the fact that the Earth is fixed in the LVLH frame, the constellation
FOV evolution is slow and it is not dependent from the orbital positions of the spacecraft.
Figure 9 shows the evolution of the constellation FOV along 1 week of simulation, from a generic
ty to ty + 7 days. It can be noted how the instantaneous observed area of the sky has little
differences, and the only significant time evolution of the FOV is contained in the orbital plane
of the spacecraft with a fast periodicity of 2z scan every one orbit.

In order to efficiently exploit this reduction of the optimization computational costs, it is
convenient to remove, during the estimation of the triangulable GRBs, the constraints related
to the ground track of the satellites (e.g., large radiations flux regions). Indeed, the dynamics of
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Fig. 10 LOS definition in LVLH reference frame.

this constraint is too fast to be correctly identified and to become part of the optimization process.
Moreover, the passages of the satellites in forbidden regions are only barely influenced by the
pointing direction.

With more details on the presented example cases, the algorithm takes into account three
points for each optimization window (i.e., the first, the median and the last point of each opti-
mization period) and computes the mean triangulated fraction of the sky. It uses two angles for
each satellite, a and f in Fig. 10, as optimization variables to define every LOS in the LVLH
frame during the optimization time window. Therefore, for 6 satellites, 12 optimization degrees
of freedom are exploited. The optimization algorithm employs 5 to 15 s for each optimization
period, depending on the satellite configuration, on a 2.6-GHz Intel i7 processor, with no parallel
computing technique.

It is interesting to underline that this pointing strategy includes also one particular solution,
in which all the spacecraft are zenith pointing. Nevertheless, this is typically not the optimal one,
since a beneficial overlap of the spacecraft fields of view is not possible when the spacecraft have
enough physical baseline.

4.2 Inertial Optimal

The working principle of the inertial optimal strategy is to periodically optimize the direction of
the LOS of each satellite with respect to the inertial reference frame. Different from the strategy
presented in Sec. 4, the Earth is moving with respect to the FOV of each satellite with a period
of one orbit (i.e., ~90 min). Therefore, the dynamics of the constraints is not slow enough to
allow the optimization on a reduced set of equally spaced data, as in the LVLH optimal case.
Anyway, the relative orbital dynamics between satellites is not correlated with the pointing strat-
egy and thus shows the same slow dynamics presented in Sec. 4. In order to match both the fast
and the slow dynamics of the constraints, the optimization of the LOS direction of each satellite
is performed using a more refined time grid over one orbit (e.g., 18 points in one orbit, for the
presented example cases).

The logic of the optimization algorithm is similar to the one presented before, with the differ-
ence that the optimization variables a and f are defined with respect to the inertial reference
frame, and the number of points in the optimization window is larger. The optimization algo-
rithm requires 20 to 50 s for each optimization period, depending on the satellite configuration,
on a 2.6-GHz Intel i7 processor, with no parallel computing technique. The advantage of the
inertial optimal solution is related to the possibility to easily implement and satisfy pointing
direction requirements or constraints on the sky. The pointing requirements or constraints are
typically limiting static inertial regions of the celestial sphere, which, in turn, are time varying
if projected in the LVLH frame.
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4.3 Influence on Astrophysical Data Return

The two different optimized operational pointing strategies have a direct influence on the astro-
physical data return in terms of accuracy of the triangulation, coverage of the sky regions, and
number of triangulated GRBs. The latter is also influenced by the frequency of pointing direc-
tions variation, related to the number of necessary attitude maneuvers, which is also discussed
in this section.

Triangulation accuracy is related to the baseline value of the observations. In fact, even if the
required minimum baseline is 1000 km, the larger is the projected baseline value during triangu-
lation, the better is the accuracy of the measurements. Figure 11 shows the statistical distribution
of the triangulated GRBs as a function of the projected baseline for the LVLH pointing strategy.
Since most of the GRBs are observed with a baseline between 1000 and 5000 km, which is larger
than the required one, this pointing strategy leads to a good accuracy in locating the astrophysical
events in the celestial sphere. Figure 12 shows the statistical distribution of the triangulated
GRBs as a function of the projected baseline for the inertial optimal pointing strategy. The
typical value for the observation baseline (i.e., ~2000 km) is lower with respect to the LVLH
optimal pointing strategy. Therefore, the localization of the GRBs in the sky is less accurate for
inertial optimal pointing, with respect to the LVLH one.

Figure 13 shows the coverage of the sky for the whole two years mission for both inertial and
LVLH-optimal pointing strategies on equatorial orbits. The adoption of different pointing strat-
egies leads to different coverage of the sky: while the inertial pointing strategy promotes the
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Fig. 11 Projected baseline distribution for LVLH optimal pointing triangulation: (a) Probability
density function and (b) cumulative density function.
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visibility of the polar regions, the LVLH-optimal is more suitable to triangulate GRBs in the
equatorial region of the celestial sphere, namely from —60 deg to 60 deg of declination.
This result highlights how the current design provides a partial analysis of the whole celestial
sphere. Hence, to have an investigation over the complete sky catalog, the current constellation
design shall be extended, as will be discussed in Sec. 5.3.

The selected pointing strategy has a direct impact also on the raw number of potentially
observable astrophysical events. In fact, as evident from Fig. 14, the number of triangulated
GRBs is directly dependent from the specific pointing of the constellation. However, the def-
inition of the coordinated LOSs directions is not the only pointing design parameter; the number
of alignment attitude maneuvers plays a non-negligible role in determining the scientific output
of the mission. In general, since the optimized pointing strategies are evaluated over a certain
time window, it is easily arguable how more frequent attitude maneuvers, to periodically align
the different FOVs, lead to a finer optimization grid, and thus to better scientific performances.
On the contrary, the consequent load on the system platform may be not sustainable within the
limitations of a small space system. In these regards, Fig. 14 shows the influence of the maneu-
vering frequency on the scientific results for both LVLH and inertial pointing. As expected, for
both strategies, the higher the optimization frequency is (i.e., lower pointing update period), the
better the scientific return is. If the pointing update period is longer than the period of the relative
motion (i.e., 80 to 100 days), the two strategies show similar results. In this case, the rare point-
ing optimization maneuvers do not allow to overcome the limitations due to the natural drift
of the constellation. The benefit in selecting specific optimal directions is marginal. Conversely,
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if the pointing update period is reduced, the LVLH optimal pointing strategy is able to ensure a
higher gain in the number of triangulated GRBs. This strategy beneficially exploits a frequent
optimization of the alignment between the constellation elements. In this way, the best FOV
overlap is available at any time the satellites are satisfying the position requirements. This is
not the case for the inertial optimal strategy since, even with ideal continuous pointing optimi-
zation, some areas of the sky are periodically behind the Earth sphere for certain elements of the
constellation. Hence, there is an upper limit in the possible scientific gain.

5 HERMES Constellation Scenario

The proposed method has been employed to design and analyze the effectiveness of HERMES
constellation. In particular, to consolidate the results with respect to unavoidable injection and
release uncertainties, dedicated Monte Carlo statistical simulation campaigns are used.

5.1 Mission Scenario Definition

The possible operational orbits, according to the scientific requirements discussed in Sec. 1.1, are
nearly equatorial orbits or SSOs with altitude between 450 and 600 km. Due to orbit injection
errors, a nominal orbit with altitude of 500 km, or lower, does not guarantee the 2-year mission
duration requirement in all the possible cases, with enough confidence. Hence, a nominal orbit
altitude of 550 km is selected, in combination of a nominal eccentricity of O (i.e., circular orbit).
It is worth noting that the presence of large radiation flux regions at the poles of the Earth, as
specified in Fig. 5, reduces the available observation time for polar and nearly polar orbits.
Indeed, the available estimates of the scientific performances on SSO are tremendously reduced
with respect to those on low inclination orbits. Hence, the nominal scenario is set on equatorial
orbits with i = 0 deg.

For what concerns the injection strategy, the single injection of multiple spacecraft is con-
sidered to be favorable both for the greater performances in terms of launcher availability, and for
the lower sensitivity with respect to release condition errors, as extensively discussed in Sec. 2.
Hence, this is assumed as the nominal injection condition for the considered mission scenario.
The remaining free variable is the phasing angle between the releases of the two triplets in the
constellation. The nominal angular separation between the two injections of the triplets has been
selected with a preliminary analysis on the possible phasing angles between the two release
events. In particular, a phasing angle in the order of 140 deg to 220 deg results in better scientific
performances. This is because, the central elements of the triplets (i.e., spacecraft injected along
the h-bar direction) remain always on opposite side of the orbit, guaranteeing the possibility to
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Fig. 15 Estimate of the scientific performances as a function of the phasing angle in the true
anomaly separation for two triplets injected at h = 550 km. This figure reports both the exposure
tA and potentially observable GRBs.
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form an active triplet as soon as a third satellite is available with enough relative distance. The
triangulable GRBs as a function of the phasing angle between two triplet injections are reported
in Fig. 15.

The nominal spring value for the release Av is selected according to the availability of typical
nanosatellite deployers. A nominal release Av = 1.25 m/s has been selected. In this case, the
relative motion is dominated by the spring authority over the natural gravitational perturbations.

The selection of the nominal optimal pointing strategy is dependent from the comparison in
Sec. 4.3 and from the robustness analysis discussed in the next section. An example pointing
update period of 1 week is used, being a good compromise between the complexity of the space-
craft operations and the scientific return.

5.2 Robustness Assessment with Statistical Analysis

To assess the confidence on the estimate of the scientific performances and the robustness of the
proposed mission scenario with respect to unavoidable injection uncertainties, a comprehensive
statistical analysis is set up. In particular, a Monte Carlo simulation campaign is used.

The pool of uncertain variables adopted for the robustness analysis is reported in Table 1.
The selected set includes launcher’s and deployer’s injection errors.

As far as the launcher is considered, both temporal and orbital uncertainties are taken into
account. In particular, the time variability is represented by a 2-year wide launch window (i.e.,
the launch date is within 2 years from April 1, 2020) and a 2-day wide phasing window (i.e., the
second triplet is released in a different point of the orbit within 48 h from the first triplet). It is
worth noting that the phasing window can be extended to a longer time frame without significant
changes in the results. The orbital uncertainty of the launch is represented with errors in all the
six Keplerian parameters of the nominal orbit. The reference values for launcher injection uncer-
tainties come from the combination of the worst cases among the European launchers (e.g., Vega,
Ariane 5, and Soyuz), with a margin of 100%.

In addition, the analysis considers the uncertainties for the release from the deployer. In fact,
after each triplet is injected with uncertainties into the orbit, the spring release of each satellite
from the deployer is taken into account. The three satellites of each triplet are released in three
different LVLH directions to achieve the desired relative motion. The spring release is affected

Table 1 Nominal variables, ranges, and random errors.

Design range Random error
Nominal
value Range Distr. 36 Distr.
Launcher
Launch window (year) 0 2 Uniform — —
Phasing (h) 0 48 Uniform — —
SMA (km) 6928 — — 30 Normal
e(-) 0 — — 0.0024 Half-normal
i (deg) 0 — — 0.30 Normal
o (deg) 0 — — 1.2 Normal
Q (deg) 0 — — 0.4 Normal
0 (deg) 0 and 220 — — 1.2 Normal
Release
Spring Av (m/s) 1.25 0.25 Uniform 10% of Avpom Normal
Injection angle (deg) 0 — — 4 Normal
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by errors in both the magnitude and direction of the spring Av, as listed in Table 1. The injection
angle error is taken from the worst cases among the European launchers in terms of upper stage
attitude control accuracy, margined by 100%. For what concerns, the uncertainty on the impulse
imposed by the release spring, uniform distribution around the design nominal value of Av,,, =
1.25 m/s is used. For each run of the analysis, a unique uniformly dispersed Awv,,, value is
selected within the spring Av range (i.e., spring value for the single run Av,, = Av,o, =
uniform). This is done to prove the robustness also with respect to different spring Avs of com-
mercially available deployers. Then each satellite is released with the actual spring value Av,,
which is dispersed normally around Awv,, (i.e., Avg = Avy, £ normal).

The number of runs of the statistical analysis is selected to represent the global response of
the system to the assumed uncertainties, according to Hanson.'® The goal of the analysis is to
estimate the value of the expected triangulable GRBs by the constellation of nanosatellites.
Therefore, in terms of statistical analysis, the goal is to estimate the mean value of the expected
GRBs and to bound the scientific output within a box at ~99.73% of probability to achieve the
scientific result. Preparatory analyses showed that with ~100 samples the standard error of the
estimated mean was below 2 GRBs. In this way, the expected mean number of GRBs can be
estimated with a precision range of 5. Pool of variables is created exploiting a Mersenne Twister
random number generator with seed continuously shuffled according to code execution time on
different servers.

The results for the statistical analysis employing the LVLH optimal pointing, described in
Sec. 4, are reported in Fig. 16.

At 550-km nominal altitude, the mean value of expected GRBs is 234.80, the standard error
of the mean is 1.94, and the standard error of the standard deviation is 1.39, as reported in
Table 2. Hence, the mean value of expected GRBs is estimated to be between 228.98 and
240.62 at 99.73%.

The results for the statistical analysis employing the inertial optimal pointing, described in
Sec. 4, are reported in Fig. 17.
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Fig. 16 Statistical analysis results for the optimized LVLH pointing. Number of expected
triangulable GRBs throughout the mission.

Table 2 Robustness analysis results for the LVLH optimized pointing strategy.

h (km) 4« (GRB) 36 (GRB) SE, (GRB) SE, (GRB)

550 234.80 57.03 1.94 1.39
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Fig. 17 Statistical analysis results for the optimized inertial pointing. Number of expected
triangulable GRBs throughout the mission.

Table 3 Robustness analysis results for the inertial optimal pointing strategy.

h (km) 4« (GRB) 30 (GRB) SE, (GRB) SE, (GRB)

550 144.31 8.83 0.30 0.22

At 550-km nominal altitude, the mean value of expected GRBs is 144.31, the standard error
of the mean is 0.30, and the standard error of the standard deviation is 0.22. Hence, the mean
value is estimated to be between 143.41 and 145.21 at 99.73%, as reported in Table 3.

The statistical analysis presented in this section has been used to prove that the estimate of
triangulable GRBs is basically uncorrelated to the uncertain variables taken into account in the
mission analysis. This feature is beneficial in terms of mission design, given that the statistical
analysis was performed against typical launch and injection uncertainties. Thus the presented
statistical analysis does not explore different mission concepts (e.g., correlation with design var-
iable), rather it guarantees the achievement of nominal results.

The LVLH optimal pointing strategy is confirmed to provide better results than the inertial
optimal one, in terms of both number of triangulated GRBs and typical observation baseline.
One reason for such result is the FOV occultation due to Earth. In the inertial pointing, Earth
enters the FOV of the satellite instruments forming a triplet, alternately. This leads to preferred
pointing regions close to the poles, which in turns are restricted by the achievable projected
baseline. This degrades the performance in terms of available observation time and observable
regions. The lower standard deviation of the inertial distribution may be due to the modest sen-
sitivity to relative motion, differently from the LVLH pointing strategy, which has a temporal
drift in the FOV overlap, as discussed in Sec. 4. For the aforementioned reasons, the nominal
pointing strategy for the HERMES mission scenario described in Sec. 5.1 is the LVLH optimal.

As anticipated in the description of the mission scenario, the correlation of deployer spring
Av with the scientific outcome has been assessed with a Monte Carlo campaign on a set of 250
samples. In particular, weak correlations are outlined in Fig. 18. The Pearson’s linear correlation
coefficient is 0.43. In addition, it is here remarked that, as the Av decreases, the dispersion of the
expected GRBs increases, and the absolute number decreases. This may be explained by the fact
that, for low spring impulses, the relative motion is governed by the differential geopotential
acceleration experienced at injection into orbit; hence it is highly sensitive to initial conditions.
On the other hand, the relative motion is governed by the imposed impulse whenever higher
Avw is delivered by the spring.

The robustness of the mission design is sought also with respect to non-nominal configu-
ration scenarios and eventual satellite failures. One potential non-nominal configuration is the
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Fig. 18 Correlation between potentially observable GRBs and release spring Av.

presence of a single triplet. Results show that acceptable scientific outcome can be guaranteed
even with just three satellites, scaling almost linearly the number of expected GRBs regardless of
the operational pointing strategy (i.e., ~50% scientific performances reduction with respect to a
constellation of six elements). The analysis is useful to evaluate a hypothetical scenario, in which
the two triplets are launched with a significant in between delay. Indeed, in such configuration,
the six satellites constellation would exist far <2 years. For instance, assuming the two triplets are
launched 1 year apart, the constellation will function as a single triplet for 1 year, a six satellites
constellation for another year and, again, as a single triplet for the last year. A further possible
non-nominal configuration is a five satellites constellation. This is representative of an early
failure in a single space element (e.g., one satellite is lost during injection or commissioning
phase). The results demonstrate that losing the possibility to form two distinct triplets reduces
the performances to almost those available with a single triplet. In fact, at any instant of time, the
constellation FOV is analogous to the one available with just three elements. However, five
satellites have better performances than a single triplet. This is because five satellites reduce
the time, in which triangulation is not possible due to position constraint violation of a single
element in the constellation. Thus a satisfactory robustness toward a single satellite failure is
present. Indeed, the reduction in the estimate of the scientific performances is in the order
of ~40%, with respect to a constellation of six elements, for both operational pointing strategies.

5.3 Extension to a Full Constellation

The present mission design is dedicated to the improvement of the scientific performances within
the HERMES pathfinder mission requirements. However, the constellation configuration can
be extended to achieve better or more astrophysical data. In fact, the major shortcoming of
the current design is the limitation in having all the spacecraft on a single orbital plane. This
is motivated by the launch opportunity availability, but does not allow a complete three-
dimensional triangulation. In fact, the hemispherical uncertainty, with respect to astrophysical
events coming from above or below the orbital plane, cannot be solved by the proposed con-
figuration. Moreover, the selection of the LVLH optimal pointing strategy leads to an incomplete
catalog of observable astrophysical events, restricted to those coming from the equatorial section
of the celestial sphere, as outlined in Sec. 4.3.

A complete sky coverage can be achieved by dividing the two triplets, in a way that one is
inertial pointing and, the other, LVLH pointing. Nevertheless, a lower number of triangulated
GRBs are expected. It shall be noted that an increase in the frequency of pointing updates, even
with a mix of inertial and LVLH directions, does not solve the intrinsic limitations of the present
configuration. Additionally, it may overstress the attitude control subsystem, potentially leading
to premature failures of the small space system. Then the simple enlargement of the constellation
in its current configuration is not the best viable solution.

The proposed extension to an FC of small satellites for localization and triangulation of
astrophysical events is to have Ngc > 6 spacecraft, subdivided in different orbital planes. The
greater part of the constellation shall be located at low inclination (i.e., <30 deg, while few
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complementary triplets shall be placed in nearly polar orbits. This design would allow a complete
sky coverage, with the possibility to completely solve the three-dimensional localization of the
astrophysical event. With this configuration, all the spacecraft can be pointed in LVLH optimal
directions, guaranteeing a positive scientific return, and solving the limitations of the pathfinder
design.

The specific values of the scientific performances for the FC composed of Ngyc satellites,
along a 2-year mission, are: >15 GRB/SC for zenith pointing without optimization maneuvers,
and >35 GRB/SC for LVLH optimal with update period of 1 week. The lower bound of
the specific performances for the FC is relative to Ngc = 18, whereas a smaller constellation
typically guarantees better specific values.

6 Conclusion

This paper introduced a general framework for the mission analysis and sky visibility evalu-
ation of distributed instruments flying in nanosatellites constellation. The study case was
applied to the HERMES constellation, dedicated to the detection and localization of high-
energy astrophysical transients. In particular, the propulsion-less nature of the mission forced
an accurate and detailed analysis of the dynamical behavior of the satellites in natural
motion. The definition of constellation injection strategies to assure the fulfillment of scientific
requirements was presented. This analysis was supported by a thorough investigation on
the influence of the injection impulse, as well as the most significant gravitational field
perturbations.

In order to overcome the limitations given by the lack of orbital control, resulting in a tem-
poral drift of the constellation, specific pointing strategies for the scientific instruments were
discussed. In particular, an optimization routine was proposed to increase the scientific return
of the mission, computing the most-performing pointing directions for the coordinated satellites.
The available pointing strategies were compared and critically discussed with respect to their
influence on astrophysical data return, in terms of accuracy of the localization, coverage of the
sky regions, and the number of observed events.

The resulting constellation baseline entails a quasisimultaneous injection for multiple space-
craft along three different directions, namely +h, +v, and —v-bar. Such strategy guarantees
a relative natural drift that ultimately takes the satellites to the required physical baseline.
The pointing strategy is optimized with respect to LVLH pointing directions. A comprehensive
mission analysis tool, coupled with a high-fidelity dynamical propagator, was developed to
assess the scientific performance of the constellation, taking into account all the imposed mission
requirements. The available simulated results were used to support the presented discussions,
assess the robustness of the proposed design and propose possible extension to an FC.

The simulation set-up and the proposed methodology can be easily extended to include any
constraint, expressed with the same mathematical formulation. This allows the tool to be imple-
mented for different mission scenarios, involving distributed instrumentation in propulsion-less
nanosatellites constellations. In addition, the methodology can be applied to Earth-monitoring
and planetary remote sensing constellations, in which the pointing direction and FOV calculation
are simply transferred to Earth or planet projections. The proposed analytical and optimization
technique can easily include ground related scientific merit parameters, as long as they can be
defined with mathematical sets and formulas.
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