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Abstract

The High Energy Modular Ensemble of Satellites (HERMES) project intends
to build an all-sky monitor operating from keV to MeV for the detection and
localisation of transient events, like gamma ray bursts. HERMES is a modular
observatory composed by detectors on-board of nanosatellites. HERMES aims to
revolutionise the world of multi-messenger astrophysics thanks to the innovative
concept of a modular instrument based on small satellites and characterised
by reduced design and development times and low costs, in the face of high
technological content and scientific profile of the mission.

A first part of the project, HERMES Technological Pathfinder, composed of three
CubeSats, aims to demonstrate the feasibility of detecting transient phenomena
in high energy with small satellites. The next phase of the project, HERMES
Scientific Pathfinder, will expand the constellation up to six satellites, allowing
routinely accurate triangulation measurements.

This paper presents an analysis that aims to be propaedeutic for the design of

the final HERMES Full Constellation, which will be an all-sky monitor made
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up of tens/hundreds of nanosatellites in Low Earth Orbit with a total effective
area of ~m2. An adequate number of nanosatellites, simultaneously detecting a
transient, provides a source localisation accuracy of the order of magnitude of few
arcmin and large effective area. The objective of this work is to define possible
strategies of injection in orbit of the complete constellation. In this first analysis
we used only the number of triangulable Gamma Ray Bursts (simultaneously
detected by at least three nanosatellites) as discriminating factor in order to
maximise the constellation performance. By achieving the goal of at least a mean
number of 20 Gamma Ray Bursts triangulated per nanosatellite over the two
years life-time, optimal configurations for the complete constellation, consisting
of seven to fourteen CubeSats, have been identified.

Keywords: Satellite constellation, Gamma-ray Burst, CubeSat Mission,

HERMES project, Multi-messenger astrophysics, Transient events

1. Introduction

The fast detection and positioning of Gamma Ray Bursts (GRBs) is one of
the challenges of the contemporary science, with many implications in different
fields of astrophysics [1, 2, 3]. Several space missions have shown the great utility
of space platforms in detecting high-energy photons [4, 5, 6, 7, 8, 9, 10, 11].
These missions are characterised by long development time and very high costs
[12, 13].

In this context, the High Energy Modular Ensemble of Satellites (HER-
MES) aims to realise a new generation instrument for the observations of
high-energy transients characterised by a different approach from that commonly
adopted for space-based observatories. The HERMES concept is an experiment
distributed over several units, up to tens/hundreds simple units. The main
advantages of the HERMES strategy with respect to traditional High-Energy
Astrophysics experiment are: modularity and quick development with limited
costs [14, 15, 16, 17]. The mission space segment consists of 3-U CubeSat
(30cm x 10cm x 10cm) [18, 19, 20], in Low Earth Orbit (LEO), with a collect-



ing area ~ 50 cm?, operating in ~ 3 — 300 keV energy range [21]. Therefore
the total payload is distributed over several tens/hundreds of such units, and a
total sensitive area of the order of magnitude of ~m? can be reached. HERMES
aims to play a key role in multi-messenger astrophysics in the coming decades
[14, 22] through the prompt and accurate localisation of bright X-ray/soft y-ray
transients such as GRBs and will allow to investigate the temporal structure of
GRBs down to fractions of micro-seconds.

The first part of the project, HERMES Technological Pathfinder (HTP),
actually ongoing, is composed of three CubeSats 3U financed by the Italian
space agency (ASI, Agenzia Spaziale Italiana) and by the Italian national Min-
istry of Education, University and Research (MIUR, Ministero dell’Istruzione,
dell’Universita e della Ricerca). This part of the project aims to demonstrate
the feasibility of detecting high energy photons from astronomical sources with
small satellites. The next phase of the project, HERMES Scientific Pathfinder
(HSP), composed of a further three 3U CubeSats funded by the European
Union through the Horizon 2020 Research and Innovation Program (Grant
Agreement No. 821896), will expand the constellation up to six satellites, for
a total sensitive area of at least 300 cm? [16], improving the accuracy in tri-
angulation measurements. Moreover, the Italian Space Agency approved and
funded the participation to the SpIRIT (Space Industry Responsive Intelligent
Thermal nanosatellite) CubeSat. The SpIRIT project, which is supported by
the Australian Space Agency and led by University of Melbourne, will host an
HERMES-like detector thus providing a seventh unit to the HERMES constella-
tion [14, 23]

The mission design and performance of the constellation composed by the
nanosatellites of the HTP and HSP missions, in orbit starting from and 2022/be-
ginning 2023, has been deeply analysed in [24, 25]. The HERMES-TP /SP payload
(see Fig. 1) was conceived and designed by the University of Cagliari and Istituto
Nazionale di Astrofisica (INAF); it is described in detail in [17, 22, 23]. The
satellite platform is developed by the Politecnico di Milano which, in collabora-

tion with Istituto Nazionale di Alta Matematica (INAAM) and the University of



Rome Tor Vergata, has been responsible for the HTP mission analysis package
[26].

HTP and HSP missions are pathfinders devoted to test the feasibility of
the experiment, which has been designed to detect GRBs and localise them by
the temporal triangulation method, i.e., by measuring the time delay between
the arrival times of the same wave front in at least three different satellites.
A further development of the mission is the extension of the constellation to
a much greater number of satellites, up to tens/hundreds of CubeSats. This
HERMES full constellation (HFC) will allow to increase the total sensitive area
up to the order of one square meter, distributed on all the constellation satellites.
The HERMES localisation capability is directly proportional to the number of
the constellation satellites observing simultaneously the same event and to the
average baseline between them [14]. Therefore a source localisation accuracy of
the order of magnitude of several arcmin can be reached, for transients with short
time scale (<ms) variability [22], using an adequate number of nanosatellites on
opportune orbital planes, which simultaneously detect a transient.

This paper presents an analysis that aims to be propaedeutic for the design of
the HERMES Full Constellation (HFC) mission. For the present analysis we
have considered constellations composed by a number of spacecraft greater than
six and taken into account orbital planes with quasi-equatorial and quasi-polar
inclinations. A significant difference between the constellation design presented
here and HTP, HSP missions is that there are no attitude control manoeuvres
aimed at obtaining an optimal pointing strategy (see [25]) to maximise the number
of triangulable GRBs. This choice was made in order to reduce the complexity
of a constellation design which looks towards HFC. Therefore the purpose of
this study is to evaluate the performance obtainable from a constellation that
increases the dimensions of those of the HTP and HSP missions. In this analysis
we chose to evaluate the performance margins by using only the number of
triangulated GRBs (i.e., simultaneously detected by at least three nanosatellites)
over the life time of each single satellite, that each additional CubeSat can offer.

Using this parameter, we intend to answer two main questions: considering



all the mission constraints, what are the maximum performances obtainable
from the constellation as a function of the number of satellites that compose it?
Is there a limit size of the constellation beyond which adding satellites causes
an unacceptable decline in performance? The paper will try to estimate the
maximum performance obtainable from the constellation as a function of the
number of satellites composing it, starting from the minimum number of seven
units. It is important to remark that the main goal which guided the analysis
was the possibility to detect and triangulate the greatest number of GRBs (over
the life time of each single satellite), leaving other relevant aspects (e.g., the
accuracy of the positioning of the transient events or the effective area) for
future analysis. In this way, we want to identify the optimal strategy for placing
satellites into orbit in terms of the number of CubeSats that have to fly at the
same time.

In Section 2 the mission scenario and the developed software tool are described.
Section 3 presents the analysis aimed at identifying nominal orbits, while Section 4
discusses the nominal configurations of the constellation. In Section 5 the
robustness analysis regarding the perturbative effects of atmospheric drag and

solar radiation pressure, and the consequences of early failures are evaluated.

2. Mission scenario

As mentioned, the considered space segment is composed of at least 7 space-
craft (S/C) in Low Earth Orbit. In this work the possibility of modulating the
constellation will be provided in order to maintain performance, described in
terms of mean GRBs for S/C observable over the lifetime (2 yrs), approximately
constant. The definition of the mission scenario (scientific objectives and require-
ments, and software tool), leads to the identification of the nominal orbits and

configurations.

2.1. HERMES Full Constellation scientific objectives
The HFC mission aims to reach high-level scientific objectives, the main of

which is to achieve all-sky coverage with a flux sensitivity of ~0.2ph/cm?/s for
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Figure 1: Structure of the HERMES X-/~-ray detector (figure taken from [17]).



short GRBs in the energy range 50-300 keV [14]. Regarding the localisation,
HFC aims to accuracy of bright long GRBs better than 15’ on each coordinate,
corresponding to an error box of <0.2deg?. Such accuracy would allow prompt
identification of the transient counterpart at different wavelengths, greatly easing
the multi-wavelength follow-up. In case of short GRB, a localisation better than
1 deg in both coordinates, corresponding to an error box of ~3 deg?, would allow
prompt identification of the electromagnetic counterpart of a GWE (Gravitational
Wave Event) and guide prompt multi-wavelength follow-up facilitating the
identification of the event’s host-galaxy in a volume a factor of ~10 larger
than the case of the GW170817 (see [14] for more details). The accuracy in
determining the position (op4, position accuracy) can be approximated by the

following simple formula:

U?iezay +0%pos T OF e + 02 .
Tpa ~ _ with N >3 (1)
ABvN —3

where 0gejqy is the error on the delay (e.g., obtained applying cross-correlation
techniques between two light curves), orryg is the uncertainty on absolute
time of the collected photons, orpos is the error due to the uncertainty on the
position of the satellite, 04y, is a systematic uncertainty, AB is the Average
Baseline, namely the average distance between detectors, and N is the number
of detectors observing a given event simultaneously. A detailed description of
the terms that appear in Eq. (1) is proposed in [14], but the aspect that is most
relevant for the present analysis is that op 4 is a function that varies according
to 1/ v/N —3. This implies that triangulation accuracy should improve if a
very large number of satellites observes the same event. This is true except
for o4y, especially for the faintest GRB population, and which will be better
investigated with HERMES pathfinder data. In other words, by increasing NV,
the sensitivity improves as long as the other terms in Eq. (1) are kept under
control. Nevertheless, the analysis of the data of the HTP and HSP missions

should allow a better knowledge of the systematic errors. On the other hand,



when many satellites observe the same event, the ratio between the total number
of triangulated GRBs and the S/C number dramatically decreases. Moreover, to
achieve an all sky coverage monitor, it is necessary at least one of the following
two alternatives: a) to consider orbits with non-equatorial inclination; b) resort
to attitude manoeuvres for scientific pointing [27]. In the described scenario,
the present work proposes to be a preliminary analysis aimed at identifying the
limits of constellations in which redundancies are reduced (and therefore the
parameter GRBs per spacecraft is maximised). The proposed solutions can be
replicated in a modular way, up to a constellation composed of tens/hundreds of
nanosatellites, so that a given event is observed simultaneously by a large number
of detectors. Furthermore, it can drive the choice concerning the execution of
attitude control manoeuvres. A constellation consisting of such a number of
units would allow a total collecting area of the order of a few m? and feeding
light curves of relatively bright GRBs (>10ph/s/cm?) with a few counts every
10 ps, thus allowing to fully exploit the good time accuracy of the mission (better

than a few hundred nanoseconds).

2.2. Mission Analysis requirements

The mission requirements and constraints have been agreed between the
different parts of the project in order to maximise the scientific return of the
mission. The main Mission Analysis requirements taken into account are listed
below. With a few exceptions, they are the same as those of the HERMES

technological pathfinder mission.

o Orbital requirements. Since the radiation environment strongly depends
on orbit altitude and inclination, the altitude of the operational orbit shall
be lower than 600 km to preserve the payload. In fact orbits with altitude
higher than 600 km would imply a lifetime of a few months. On the other
hand, since there are no station-keeping manoeuvres, it is necessary to
consider only altitudes greater than 500 km to avoid that the perturbative
effects of atmospheric drag cause the de-orbiting of the CubeSats before

the end of the operational life of each small satellite (2yrs). Indeed, as



demonstrated in [28], the trapped particle fluxes dramatically increase for
inclinations greater than 30 degrees, therefore the duty cycle is drastically
reduced above this value. Moreover, in [28] it is also shown how, within
the orbits with a high inclination (>60°), the quasi-polar orbits have a
higher duty cycle. Therefore, considering the FOV of the instrument (see
the Field of View item below), for the observation of astronomical events
up to mid-latitudes, equatorial inclinations are preferable. On the other
hand, for observing astronomical sources at high latitudes, quasi-polar
orbits are preferable (and, above all, sun-synchronous orbits for launch

opportunities). The minimum mission duration shall be 2 yrs.

Attitude manoeuvres. Only a zenithal pointing (maintained by the HER-
MES'’s spacecraft attitude control subsystem) can be considered in order to
fulfil the requirement according to which each spacecraft shall not perform
attitude manoeuvres aiming to obtain optimal pointing which, in general,
does not coincide with the zenithal one. This requirement is one of the
main differences with respect to the HTP/HSP, and it has been introduced
with the purpose to simplify the operation phase of a potentially very
large constellation, for which the optimal pointing strategy adopted for

the Pathfinder missions [25] cannot be feasible.

Forbidden regions. The detectors on board each satellite shall not be
operative while the spacecraft is passing inside forbidden regions, which
are the "High flux regions’ corresponding to the South Atlantic Anomaly
(SAA) and the high radiation flux polar regions. In Section 3, the forbidden
regions are shown and a dedicated analysis allows the identification of the

inclinations that minimise the passages of the spacecraft over them.

Field of View. The effective Field of View (FoV) for each satellite is defined
as the portion of the celestial sphere with and angular distance of 60° with
respect to the detector pointing direction (Full Width at Half Maximum

of the instrument sensitivity). For the FoV an average inclination of 45°



respect to the  and y axes of the Local Vertical, Local Horizontal (LVLH)

reference frame, centered on the spacecraft, has been considered.

e FoV overlapping. A group of co-observing S/C (Ngo—ops) is composed by
at least three active payloads having FoVs overlapping. The co-observing
group is active and able to perform triangulation measurements to localise
transient events such as GRB and the satellite FoVs overlappings are
computed. A satellite is considered active whenever it respects the radiation

flux requirements, i.e., when it is outside of all the forbidden regions.

o Physical baseline. The physical baseline shall be > 1000 km between any

pair of elements in a group of N.,_.ps satellites.

o Projected baseline. Taking into account that the mean pointing direction
of a group of co-observing satellites shall be computed as the arithmetic
mean of the N ,_ops line of sight (LoS) directions (the arithmetic mean of
the Neo—ops LOS versors), it is possible to compute the so-called ‘projected
baseline’ between any pair of the N.,_,ps elements over the mean pointing
direction. It is required that the projected baseline shall be > 1000 km for at
least two pairs of elements in a group of N.,_ops satellites. This requirement
is necessary because the actual uncertainty of the position reconstruction
is inversely proportional to the mean time delay with which the same GRB
is detected among different sensors. This delay in time is proportional
to the average distance between co-observing satellites, projected along
the mean pointing direction. Therefore baselines much larger than the
requirement would be desirable either for a better localisation either to
evaluate all statistic and systematic effects. On the other hand, as shown
below, without pointing manoeuvres, the overlap between different FoVs

decreases with increasing projected baselines grow.

At any epoch, each point in the sky visible by at least one active triplet is
considered as observable; the total area observed at any time is computed

by integrating the observable points over the whole celestial sphere. The to-
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tal observable area is measured in sr. The instantaneous observable area is
integrated over the whole mission lifetime (Time Area parameter, tA). The
total number of the triangulated GRBs is computed using the conversion factor
acgpm = 0.083 GRB/sr/day deduced from the scientific return obtained by the
Fermi Observatory [9, 29]. This conversion factor is realistic for the HERMES
mission since, as reported in [14], considering the mock population produced and
developed in [30], the majority of the Fermi/GBM GRBs should be detected also
by HERMES pathfinder. HERMES payload misses some of the faintest/hardest
GRBs, but gain some soft GRBs (thanks to the broad band extending to soft
energies, inaccessible to the Fermi/GBM). For the full constellation, the trian-
gulation of ~20 GRB/spacecraft during the 2-years lifetime has been set as a
goal. For this purpose, we introduce a performance efficiency parameter denoted
with the 17 symbol; it must be interpreted as follows: the total number of GRBs
detected by at least three units (so triangulable) during the lifetime (2 years) is
divided by the number of satellites composing the constellation, therefore it is
expressed in GRB/spacecraft/2y. Even if the actual number of GRBs detected
by each unit will be greater than 20, the adoption of this efficiency parameter
allows to compare the performance, in terms of scientific return per spacecraft,
achieved by constellations of different size. The goal of 20 GRB/spacecraft has
been identified by the HTP and HSP mission analysis: Monte Carlo simulations
have shown how, for a constellation of 6 equatorial satellites (3 HTP + 3 HSP
nanosatellites) with zenithal pointing, an upper limit of ~ 120 GRBs in 2 years
can be triangulated [25, 27]. This constraint is mandatory for equatorial satel-
lites, where it is demonstrated that it can be achieved; whilst, for satellites in
quasi-polar orbit, the goal is to reach the highest value of triangulated GRBs
taking into account all the other constraints. The n parameter is closely related
to economic and practical feasibility. On the one hand, the construction and
orbit injection of each satellite has an economic cost; but, on the other hand,
this parameter remains consistent with the requirements only if the units of each
constellation are able to operate simultaneously. Therefore it is necessary to

provide for the launch of additional satellites to ensure the continuous turnover
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of the constellation, allowing the nominal units to operate simultaneously.

2.8. Mission analysis software

The scientific performance of the constellations has been evaluated using
dedicated software tools developed specifically for these analyses. The developed
software-package includes two main blocks: the orbital propagators and the
visibility tool. Three different propagation profiles have been provided for orbital

propagators:

e Low Precision Orbital Propagator (LPOP): is a fast propagator that takes
into account only the effects of polar oblateness (J; zonal harmonic). This
profile was used only for the analysis of the optimal inclination which does

not require particular accuracy in propagation.

e High Precision Orbital Propagator 1 (HPOP1): is an high-fidelity propa-
gator which takes into account the Earth geopotential based on EGM2008
gravity model [31] up to 30th order and degree and the lunisolar third-body
perturbations. The Sun and the Moon positions are estimated with the

DE431 Ephemeris model [32];

e High Precision Orbital Propagator 2 (HPOP2): a high fidelity propagator
which includes all the effects modeled in HPOP1, plus the atmospheric
drag and the solar radiation pressure (SRP). Both Jacchia-Roberts and
MSISE90 can be alternatively selected as atmospheric drag model, while
for the solar activity the F'10.7 and A, indices are taken as per ECSS
guidelines [33], under three levels of solar activity (low, moderate and

high).

HPOP1 is adopted for all the analyses related to the nominal configuration
of the constellation, being the atmospheric drag and SRP closely related to
the mission operating epoch, which is currently still not defined. HPOP2 is
considered for the CubeSat lifetime assessment and for the robustness analyses

of the nominal configurations. The orbital propagators work with a time step
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equal to 60s. High fidelity propagators were validated by comparison with
commercial tools. The ephemerides of the satellites are the input of the visibility
tool, implemented in MATLAB environment, and developed for the estimation
of the GRBs detected and triangulated by the constellation taking into account
the scientific requirements. In all analyses, 1 Apr 2022 at 12:00 UTC was
conventionally considered as the initial epoch (since, of course, the date of
injection into orbit of the constellation is yet to be decided).

The tool, for each combination of three S/C (triplet) obtainable with the
considered satellites, takes their trajectories as input and evaluates the triangula-
ble GRBs during the mission lifetime (2 years), through the following procedure.
For each time-span it is verified in the following order that: a) the three S/C are
outside the forbidden regions; b) all the physical baselines are > 1000 km; ¢) at
least two projected baselines greater than the mean LoS are > 1000 km. If the
previous step is overtook, the triplet is considered as a potential co-observing
group and the instantaneous FoVs overlapping is computed. At each time-span,
the FoVs overlapping each triplet are added up to remove potential redundancies
(if a sky portion is observed by several triplets, it is considered only one time).
The tA parameter is computed, integrated over the lifetime and converted in
detectable GRBs by means of the factor agpy = 0.083 GRB/sr/day. Fig. 2
summarises the flow diagram of the logical operations processed by the mission

analysis software tools.

3. Nominal orbits

This section illustrates the strategies adopted to identify the nominal orbits
of the constellation satellites. The main goal is to maximise the number of
triangulable GRBs with good localisation. The FoVs overlapping and the baseline
distance requirement are in some cases in contrast. Thus, a compromise solution
is required, with the aim to avoid over complication in mission operations, that
could lead to practical infeasibility, avoiding at the same time an excessive,

although inevitable, reduction in the scientific performance. The scientific
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requirement concerning the forbidden regions in Section 2.2 requires a preliminary
parametric analysis over the orbit inclination to minimise the transits of satellites
in the forbidden areas. Furthermore, due to the reasons explained in Orbital
requirements (Section 2.2), orbits with a nominal altitude of 550 km have been
considered. This value represents a good compromise between the need to
preserve the payload and to limit the effects of atmospheric drag on orbital decay,
therefore on the lifetime. Taking into account a group of co-observing satellites,
defined as a group of N spacecraft sharing a non-null portion of overlapped FoV,
it is evident that if the transits of each satellite in the forbidden regions do not
occur simultaneously the operational time of the triplet reduces considerably.
The interval for which the co-observing group is not able to produce measurement
will be given by the amount of the residence time of any satellite in the forbidden
areas. This suggests to consider nominal orbits so that, for the S/C of each
co-observing group, a wide overlap in the transit in forbidden regions is verified.
However the other mission requirements on the physical baseline (> 1000 km)
and projected baseline (> 1000 km) are in conflict with the overlapping in the
forbidden regions transits. The constraint on physical baseline, implies that two
satellites cannot be too close. Moreover, in case of zenithal pointing, in order
to have at least two projected baselines over 1000 km, different orbital planes
for the satellites in a co-observing group must be considered. The guidelines

considered to identify the nominal orbits are the following:

o Pairs of satellites for which the physical baseline is approximately 1500 km
and is close to a frozen-condition are identified; it means that the physical
baseline is quasi-constant during the satellites lifetime. These pairs will be
called leader pairs. The main advantage of the leader pairs is that the S/C
transit in forbidden regions in a quasi-simultaneous time. Furthermore the
FoV overlap between the satellites in one leader pair is continuously high

(about the 90 % of the FoVs is always overlapping).

o A third satellite, called complementary satellite, is related to each leader

pair, completing a nominal triplet. This satellite, generally orbiting in a
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distinct orbital plane, shall guarantee that the projected baseline between
itself and the two leader satellites is large enough to satisfy the requirement
(> 1000 km). At the same time it shall assure a good overlapping with the
leader pair FoVs in order to have the maximum number of triangulable
GRBs. While the leader pairs show a moderate interaction (in terms of
overlap) with the other ones, each complementary satellite works with the
other leader pairs generating also a non-nominal triplet, which allows a
significant increase of the scientific performance of each constellation. This
strategy allows a high level of modularity for the constellation, keeping the
global performance sufficiently high even if the satellites are not all placed

in orbit at the same time.

e The total orbital planes number shall be the minimum which allows to
obtain a reasonable number of detected GRBs. The total orbital planes
number shall be the minimum in order to minimise the launch campaign
(therefore the total cost of the mission) and to reduce the time required for
the orbital injection of the entire constellation. In this context, the strategy
chosen in this work is minimise the overall number of orbital planes, at

the expense of reducing the total number of triangulable GRBs.

The identification of the leader pairs and complementary satellites orbital el-
ements was the result of an in-depth sensitivity analysis whose aim was to
maximise the triangulated GRBs using the least number of orbital planes. A sim-
ilar strategy could be adopted to have larger (quasi-frozen) projected baselines,
for example of 3000 km. This would improve the accuracy of the localisation of
transient events but, on the other hand, it would cause a considerable reduction
in the overlap between the FoV of the triplet satellites, decreasing the number

of detectable GRBs.

3.1. Forbidden regions analysis

Fig. 3 shows the forbidden regions mask (SAA and high radiation flux

polar regions) plotted at 550km, nominal altitude of the considered orbits.
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A parametric analysis on inclination and LAN (Longitude of the Ascending
Node) has been carried out. As LAN we refer to the geographical longitude,
measured from the Greenwich meridian in the ECEF (Earth-centered, Earth-
fixed) reference frame, where the satellite ground track intersects the inertial
equator from south to north. Therefore, the LAN varies over time as a function of
the reference meridian position. The aim is to identify the relationship between
these orbital elements and the residence time of a S/C in the forbidden regions, in
which the scientific instrument cannot operate. For this investigation the LPOP
propagator was used, since the perturbative forces have reduced effects on the
variation of the inclination. Analyses were conducted by varying the inclination
between 0° and 90° and the LAN between 0° and 360° with a step equal to 1°.
For retrograde inclinations, symmetry with respect to polar inclination 7 = 90°

can be taken into account. A propagation time of 2 years has been considered.

Latitude (deg)

" Longitude (deg)
Figure 3: Forbidden regions mask (in grey). High flux areas in which the scientific instrument

shall not be used: South Atlantic Anomaly (SAA) and high radiation flux polar regions at an
altitude of 550 km.

Fig. 4 shows the percentage of the spacecraft lifetime spent inside the forbid-
den regions as function of the orbital plane inclination over the equator, with an
error bar showing the influence of initial LAN. For inclinations up to 39° the
total transit time in the forbidden regions is less remarkable than for medium

and polar inclinations (the S/C avoids the polar regions). Therefore the optimal
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inclinations are the quasi-equatorial ones and, in particular, the inclination for
which the permanence time in SAA is minimum, is equal to 4° (about 6 %). For
polar and quasi-polar inclinations the time for which the scientific instrument of
each satellite cannot be used is over 30 % of their own lifetime. It is important
to remark that inclinations between 30° and 70° cannot be considered due to
scientific constraints. Considering only a zenithal pointing strategy to avoid
attitude manoeuvres dedicated to scientific observations, to perform triangula-
tions also on polar areas, satellites on non-equatorial orbital planes must also be
considered. For these reasons, it will be necessary to distribute the satellites on

both quasi-equatorial and quasi-polar inclinations.
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Figure 4: Percentage of residence time in forbidden regions (SAA and poles) as function of the
orbital inclination.
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3.2. Leader pairs

For the constellation design, an equatorial nucleus from 7 up to 9 satellites
has been planned. This group has been extended up to 11, 12 or 14 S/C with the
sun-synchronous satellites. This modulation allows the planning of the in-orbit
insertion of the S/C in different epochs. Leader pairs have been investigated, for
equatorial and polar inclinations, under the constraint to maintain the physical
baseline between the satellites within the range [1000, 1500] km. This has required
an analysis of differential orbital perturbations for the considered inclinations.
For this analysis the propagation profile HPOP1 has been considered. The
reference epoch was fixed at 1 Apr 2022 at 12:00 UTC; and for all nominal orbits
a circular orbit (e = 0) with a semimajor axis @ = 6928.00km (at an altitude
of 550 km with respect to the equatorial radius) and an Argument of Perigee
AoP = 0° have been fixed. The output of this analysis are the values of the LAN
for which the physical baseline between pairs of satellites remains quasi-frozen.
Three leader pairs have been defined for quasi-equatorial inclinations (A4, B,
(') which allow higher performance. Since, due to higher permanence in the
forbidden regions, the SSO scientific performance reduces considerably, only two
polar leader pairs (D and E) have been considered. Table 1 summarises the
initial nominal values of the orbital elements at the presumed launch epoch;
the subsequent behavior of the orbital elements is determined by the orbital
perturbations. In this table the TA is the true anomaly, while the RAAN is the
right ascension of the ascending node (i.e., the longitude of the ascending node
measured in the J2000 inertial reference frame), which is correlated to the LAN,
as a function of the epoch, by the Greenwich location in the J2000.

The table highlights how the leader pairs orbit on only three orbital planes:
A and B are over an orbital plane with ¢ = 4.00° which minimise the transits
in forbidden regions. The last equatorial leader pair (C') has been placed at
i = 7.8° this inclination allows a strong interaction (in the sense of capability
to triangulate GRBs) between this pair and the other equatorial ones. For
equatorial pairs, the physical baseline can be (approximately) frozen at about

1500 km for an initial true anomaly phase between the pair’s satellites (Af)
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Table 1: Leader pairs (h = 550km, a = 6928km, e = le — 6).

Satellite i (deg) RAAN (deg) LAN (deg) TA (deg)

SAT1A 4.00 80.20 70.65 0.00

SAT2A 4.00 80.20 70.65 14.00
SAT1B 4.00 80.20 70.65 130.00
SAT2B 4.00 80.20 70.65 144.00
SAT1C 7.80 156.50 146.95 5.00

SAT2C 7.80 156.50 146.95 351.00
SAT1ID  97.72 99.55 90.00 354.80
SAT2D  97.72 99.55 90.00 5.00

SATIE  97.72 99.55 90.00 175.00
SAT2E  97.72 99.55 90.00 185.00

close to 14°. Polar orbits shall be considered for detecting the GRBs in the high
latitude regions. Although at these inclinations the permanence in forbidden
regions is minimum for ¢ = 90°, the sun-synchronous dawn/dusk orbit has been
considered in reason of the multiple technical advantages that this solution can
offer [34]. At the considered epoch, for a = 6928 km the nominal SSO dawn/dusk
orbit can be obtained for ¢ = 97.72° and LAN = 90.00° (RAAN = 99.55°).
The sun-synchronous dawn/dusk LAN/RAAN is a function of the epoch. For
SSO inclination the differential perturbations are more accentuated compared to
equatorial orbits and the physical baseline can be frozen only for Af ~ 10° and

for exact values of the initial true anomaly.

8.8. Complementary satellites

Complementary satellites provide at each leader pair a third satellite, which
completes the nominal triplet, able to create at least two projected baselines
> 1000 km in the co-observing group. In addition they maximise the number
of detectable GRBs, not only for the nominal triplet, but also for the whole
constellation configuration. For the quasi-equatorial planes, an optimal difference
of 3.80° in the inclination (A7) between the leader pair orbital plane and the
one of the complementary satellite has been identified through a sensitivity
analysis to identify the solution for which the maximum number of GRBs was

triangulated. A constrain included in this investigation has been the reduction
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of the overall orbital planes (this justifies the choice of i = 7.80 degree for the
leader pair C'). For this inclination delta, choosing appropriate values of the
LAN and true anomaly of the complementary, it is possible to meet the projected
baseline requirement and contextually contain the physical baselines between the
complementary and the leader satellites within quasi-constant values. This allows
a good overlapping among the FoVs of the entire triplet, and consequently to
obtain a high rate of detectable GRBs. Fig. 5 and Fig. 6 well show this behaviour
for the nominal triplet A. Fig. 5 illustrates the evolution of the projected baselines
of the S/C of the triplet: while the projected baselines between the complementary
satellite SAT1C and the leaders constantly remain > 1000km (green and royal
blue lines), the one between SAT1A and SAT1B is always < 1000 km (lime-
colored line); these three baselines remain, simultaneously, less than 3000 km.
On the other hand Fig. 6 shows how the physical baselines among the three
satellites are without interruption > 1000km. As noted, projected-baselines
greater than thousands of kilometres would allow to obtain higher scientific
performances in terms of accuracy in the positioning of the transient event.
This suggests the possibility of adding satellites to the constellation, placed on
appropriately chosen orbits, with the aim of increasing the projected-baselines
between the satellites of a co-observing group. This strategy would increase the
scientific return, at the price of a decrease in the technological performance of
the constellation, in terms of triangulated GRB/spacecraft.

A dedicated investigation for dawn/dusk SSO leader pairs has highlighted
that there is no Ai for which quasi-frozen physical and projected baselines can
be obtained. For this reason, orbit at SSO inclination with different LAN shall
be considered. Only one complementary satellite (SSO__C\S) which presents an
optimal interaction (in terms of triangulable GRBs) with both the SSO leader
pairs has been considered. Indeed, the reduced marginality allowed by other
complementary SSO satellites, suggests considering only one of these for both
the SSO leader pairs. Table 2 recapitulates the complementary satellites initial
orbital elements at the presumed launch epoch. Including them, the maximum

number of satellites here considered for the constellation configurations reaches
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Figure 5: Projected baselines evolution for the nominal triplet A. It is required that the
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Table 2: Complementary satellites (h = 550 km, a = 6928 km, e = le — 6).

Satellite i (deg) RAAN (deg) LAN (deg) TA (deg)

SAT3A 7.80 19.00 9.45 0.00

SAT3B 7.80 19.00 9.45 342.00

SAT3C 4.00 80.20 70.65 24.00
SSO_CS  97.72 336.00 326.45 0

the value of 14. The next section presents the modulation opportunities related
to the constellation configurations up to 14 S/C and shows how the addition of

further SSO spacecraft decrease the mean detectable GRBs per satellite.

4. Constellation configurations

This section is dedicated to the presentation of the constellation extension
by a minimum of 7 up to 14 spacecraft. As explained in Section 2.3 a dedicated
MATLAB tool has been built to evaluate the number of triangulable GRBs
for each configuration. Equatorial satellites generally allow the detection of a
higher number of GRBs compared to the SSOs (as seen, mainly due to shorter
transit times in forbidden regions). For this reason, the former ones shall
be primarily considered, compared to the latter, in the orbit insertion. The
nominal configurations were built to have a strong interaction between leader
pairs and complementary satellites of different nominal triplets which allows
a mean triangulable GRBs in line with the goal (n > 20). In other words
the performance of each configuration is higher than the one obtainable by
summing the performance of the nominal triplets that compose the constellation.
For example, the triplet A triangulates 45 GRBs during its lifetime whenever
considered alone (1 ~ 15); once inserted in the complete constellation the leader
pair of the same triplet works also with complementary satellites nominally
belonging to other triplets, achieving n > 20. Two typologies of nominal
configuration have been planned mixing leader pairs described in Table 1 with

correspondent complementary satellites of Table 2:

a) Equatorial-only configurations, up to 9 satellites:
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e FC-7, with nominal triplet A plus the leader pairs B and C,
e FC-8, with nominal triplets A and C plus the leader pair B;

e FC-9, with the three equatorial nominal triplets A, B and C, i.e.,
composed of all the satellites of Table 1;

b) Equatorial and SSO configurations, up to 14 satellites:

e FC-11, with the three triplets of the FC-9 plus the SSO leader pair
D;

e FC-12, with the satellites of the FC-11 plus the complementary
satellite SSO__C'S;

o FC-14, with the satellites of the FC-12 plus the SSO leader pair F,
i.e., composed of all the satellites of Table 1 and Table 2.

The first ground-track at the reference epoch (1 Apr 2022 at 12:00 UTC) of
each satellite for each configuration is shown in Figures 7-12. In these figures,
each color identifies a nominal triplet, whilst the yellow portion of the figures
indicates the sunlighted area.

Table 3 reports the performance of the nominal configurations. The % and
Sr/Day columns indicate the observed sky portion, in percentage and solid
angle terms. The GRBs column reports the total number of triangulable GRBs
during the two-years mission lifetime for each configuration. The last column
reports the 7 efficiency parameter which, as mentioned, is computed as the total
number of GRBs triangulated by the constellation divided by the number of
the nanosatellites that compose it. Its maximum value is obtained by FC-9
(n = 22.15) composed by all the equatorial S/C. When further equatorial satellites
are added the increment in the overall performance is marginal, suggesting that
the FC-9 configuration is enough to practically completely cover the sky in the
equatorial band. The only way to significantly increase the total number of
detected GRBs is the addition of sun-synchronous satellites to the constellation,
at the price of a decrease in the constellation performance. Indeed, for FC-14,

1 drops below the threshold, fixed as a goal, of 20. For this reason, a further
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Table 3: Nominal constellation configurations.

Configuration % Sr/Day GRBs n

FC-7 18.80 2.36 143.13  20.45
FC-8 22.74 2.86 173.18 21.65
FC-9 26.18 3.29 199.39 22.15
FC-11 29.76 3.74 226.74  20.61
FC-12 31.68 3.98 241.34 20.11
FC-14 35.62 4.47 27141 19.39

extension of the constellation is not taken into account. In the next subsection,

more considerations about this aspect are reported.

4.1. Further satellites

In this paper, constellation configurations with at most 9 equatorial S/C and 5
SSO S/C have been considered. The parameter used to discriminate the efficiency
of the constellation was only the ratio between the number of triangulable Gamma
Ray Bursts (simultaneously detected by at least three nanosatellites) detected by
the constellation and the total number of nanosatellites over the two-years lifetime
(i.e., ). The overall size of the constellation could obviously be extended with
other equatorial or polar satellites but, in this case, the n parameter degrades.
In example a constellation of 11 S/C, composed by the FC-9 satellites plus an
another optimal equatorial leader pair (in the same orbital plane of the A and B
pairs, with the same characteristics in terms of quasi-frozen physical baseline),
would guarantee only 17 GRBs more than the nominal FC-9. This occurs because
the 9 equatorial S/C are arranged in order to contain the redundancies between
the nominal leader pairs. Therefore the additional leader pairs allow, mainly, to
"re-detect" GRBs already observed by the nominal FC-9 satellites. As regards
further SSO satellites, every additional sun-synchronous S/C can increase the
total number of detected GRBs, but produces a deterioration in the overall
efficiency in terms of i parameter. This is the product of two combined effects:
primarily the permanence of the SSO satellites in the forbidden regions (more
than 30 % of the lifetime); in second order, the redundancy in the equatorial belt

(with the first 9 satellites). Adding more satellites in quasi-polar orbits would

26



cause the decrease of 17 under the fixed goal.

Thus, when only the zenithal-pointing is considered, and the attitude manoeuvres
are not performed, the contemporary injection in orbit of a large number of
satellites on the one hand allows the constellation a reduced marginality in the
performance of any additional S/C. In other words, each additional satellite
allows a number of GRBs certainly lower than 20 to be triangulated. Under
this point of view, if a large number of satellites (e.g., > 25) shall be considered
for the full constellation, the results obtained in the present analysis suggest
that spreading the satellites over a longer period of time with respect to the
nominal mission duration of two years (considering, for example, a periodic
replacement of the satellites) allows the detection of a higher total number of
GRBs during the entire mission. On the other hand, the injection of many
satellites into orbit at the same time could be fruitful for several reasons. First, it
will allow us to have spare satellites, properly positioned for each configuration,
to remedy the potential early-failure of one or more CubeSat. Secondly, since by
adding more units the same GRB is detected by a higher number of satellites,
the scientific performance of the mission improves; indeed, the positioning
accuracy increases by a factor of \/m according to Eq.(1). Moreover,
since positioning improves as the projected baseline between satellites increases,
additional CubeSats can be exploited to maintain projected baselines between
co-observing satellites greater than several thousand kilometres. Observing the
same GRB with many satellites also increases the effective area, then collecting
more photons. Furthermore, the detection of one event by several sensors allows
to optimise the detection by selecting the sensors able to measure photons with
low incidence angles. Finally many contemporaneous satellites would allow an

all-sky monitor, which is the main purpose of the HERMES Full Constellation.

5. Robustness analysis

In this section, the robustness of the constellation performance has been

analysed. Particularly the effects of atmospheric drag and SRP perturbations
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Figure 7: First ground-tracks of the FC-7 configuration at the reference epoch. White ground
tracks refer to the triplet A, blue and green tracks refer to leader pairs B and C (images
elaborated with AGI - Systems Tool Kit 12.0 software).

Figure 8: First ground-tracks of the FC-8 configuration at the reference epoch. White and
blue ground tracks refer to the triplet A and B, green tracks refer to leader pair C' (images
elaborated with AGI - Systems Tool Kit 12.0 software).
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Figure 9: First ground-tracks of the FC-9 configuration at the reference epoch. This configura-
tion consists of all equatorial satellites: white, blue and green tracks refer to triplets A, B and
C' (images elaborated with AGI - Systems Tool Kit 12.0 software).

Figure 10: First ground-tracks of the FC-11 configuration at the reference epoch. This
configuration consists of all equatorial satellites (white, blue and green tracks refer to triplets
A, B and C) plus SSO leader pair D in red (images elaborated with AGI - Systems Tool Kit
12.0 software).
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Figure 11: First ground-tracks of the FC-12 configuration at the reference epoch. This
configuration consists of all equatorial satellites (white, blue and green tracks refer to triplets
A, B and C) plus SSO leader pair D (red tracks) and the SSO_CS unit in cyan (images
elaborated with AGI - Systems Tool Kit 12.0 software).

Figure 12: First ground-tracks of the FC-14 configuration at the reference epoch. This
configuration consists of all equatorial and SSO satellites: white, blue and green tracks refer to
equatorial triplets A, B and C; red and violet trackes refer to SSO leader pairs D and E; cyan
track refers to SSO__C'S unit (images elaborated with AGI - Systems Tool Kit 12.0 software).
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Table 4: Solar index values.

Long-Term
Index Low Moderate High
F10.7 65 140 250
Ap 0 15 45
Short-Term
Index Low Moderate High
F10.7 65 140 300
Ap 0 15 240

as well as the failure of one S/C will be considered. The consequences of these

effects over the number of detectable GRBs will be examined.

5.1. Atmospheric drag and SRP perturbative effects

HPOP1 orbital propagator does not consider the perturbative effects of
atmospheric drag and SRP since they are not exactly predictable as they strongly
depend on the solar activity (and on the launch epoch during the eleven-years-
long solar cycle). For this reason these perturbative effects have been examined
separately, throug HPOP2 orbital propagator, considering the three solar activity
profiles recommended by the ECSS (low, moderate and high solar activity).
Table 4 summarises the solar activity index values taken by ECSS standard [33].
In this analysis, a realistic value for HERMES CubeSat of mass to area ratio
in the order of 50 kg/m? has been considered. Since, given the nature of the
mission, based on small satellites, and as already mentioned, no station-keeping
manoeuvres are planned, a first check is that the semi-major axis remains
high enough to ensure a lifetime which fulfils the requirements. For high solar
activity, the minimum semi-major axis after 2 years reaches the value of about
6880 km (corresponding to h ~ 500km). Table 5 reports the performance for the
nominal constellation configurations taking into account the above-mentioned
solar activity profiles. The worst conditions have been observed for high solar
activity; in that case the complete constellation could triangulate a minimum
mean value of about 18.15 GRBs per S/C. For FC-8 and FC-9 configurations

the goal n > 20 is always achieved.
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Table 5: Performance considering atmospheric drag and SRP.

Solar Activity: Low Moderate High

Configuration ~ GRBs n GRBs N GRBs n
FC-7 141.85 20.26 140.36 20.05 130.94 18.71
FC-8 172.40 21.55 171.52 21.44 162.40 20.30
FC-9 198.38 22.04 196.24 21.80 186.83 20.75
FC-11 225.85 20.53 223.85 20.35 214.88 19.53
FC-12 240.54 20.05 238.46 19.87 230.16 19.18
FC-14 269.79 19.27 265.33 18.95 254.15 18.15

5.2. Early-Fuailures analysis

A second analysed aspect is the early-failure of one satellite, in order to
identify the minimum number of detectable GRBs when one spacecraft is not
able to cooperate with the others. This aspect is very relevant considering
that the design of the constellations is based on the leader pairs concept. The
objective of this robustness analysis is to answer to the question: when one of
the units of a nominal constellation is unable to work, does the constellation’s
performance remain consistent with the mission requirements? The analysis has
been conducted by simulating the failure of each unit of each constellation, and
then computing the number of detected GRBs by the remaining satellites. For
example, for the FC-9 the failure of each of the 9 nanosatellites has been simulated
and then the triangulated GRBs by the remaining 8 units were computed. For
each configuration the worst case corresponds to the failure of the unit for
which the number of detected GRBs reaches its minimum. The analysis has
been carried out with HPOP1 propagator (no drag and no SRP) since the real
operating scenario, especially in terms of atmospheric density, will be closely
connected to the launch epoch and, in particular, to its position with respect
to the eleven-years-long solar activity cycle. Therefore, it has been preferred to
analyse the effects of drag (and SRP) separately.

Table 6 reports the results of the investigation. The n efficiency parameter is
calculated taking into account only the active satellites. The early-failure of one
satellite is an event particularly critical for FC-7, indeed in this case ) could be

less than 15. However the table shows that the early-failure of one satellite is
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Table 6: Early-failures analysis results.

Equatorial-only

Configuration Min Max
GRBs 7 GRBs n
FC-7 83.61 1394 11591 19.32
FC-8 114.56 16.37 143.21 20.46
FC-9 152.47 19.06 173.29 21.66
Equatorial 4+ Polar
. Min Max
Configuration GRBs . GRBs 0
FC-11 182.70 18.27 200.71 20.07
FC-12 199.07 18.10 228.38 20.76
FC-14 232.04 17.85 258.52 19.89

an event that can be accepted without a marked (or unacceptable) loss in the
performance: 7 remains close to the goal of 20. Moreover an early-failure causes

decreasing effects with the increasing of the total number of the S/C.

6. Conclusion

A mission analysis, which intends to be propaedeutic for the HERMES Full
Constellation design, consisting of at least seven CubeSats, has been presented.
In the case of a large constellation the performance for each nanosatellite has
been estimated for several configurations, based on orbital planes with quasi-
equatorial and quasi-polar inclinations, without station-keeping and optimal
pointing manoeuvres. An average number of 20 triangulable Gamma Ray Bursts
(simultaneously detected by at least three nanosatellites) detected by each
nanosatellite over the two years life-time (i.e., ) has been used to discriminate
the performance of the constellations. In particular, the number of detectable
and triangulable GRBs by each configuration, as a function of the number of
satellites forming the constellation, have been estimated.

The quasi-equatorial orbital inclinations are preferable as they limit the transits
of satellite platforms in forbidden areas (SAA and polar regions). Nevertheless
using only satellites on quasi-equatorial orbital planes, the performances (in

terms of 1) of constellations composed by more than 9 quasi-equatorial satellites
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rapidly decrease, due to the redundancies between the different nanosatellites.
By adding S/C on sun-synchronous orbits, the performance remains in line with
requirements only for constellations including up to fourteen nanosatellites; for
larger ones, 1 drops below the threshold of 20. In this way, as the size of the
constellation increases, overall performance deteriorates in terms of 7.

The perturbative effects of atmospheric drag and solar radiation pressure do not
have a significant impact over the number of detectable GRBs. Furthermore,
the early-failure of a CubeSat produces generally non-irreparable effects.

In conclusion, if it is desired to linearly increase the raw total number of
triangulated GRBs by increasing the number of satellites in the constellation,
it appears more convenient to distribute them along a longer time span, with
respect to have all of them contemporary in orbit for just 2 years (spare satellites
can be in any case considered to limit the failures of other CubeSats). On the
other hand, it must be considered that the accuracy in localising the transient
event is directly proportional to the number of CubeSats that detect the GRB
and to the average baseline between them. Therefore, the simultaneous injection
into orbit of tens, or even hundreds, of nanosatellites, against a number of GRBs
detected by each payload lower than the initial goal, allows to increase the
accuracy of the triangulation up to few arcmin. Furthermore, a higher number
of satellites would allow to increase the effective area and then improving the
data quality by collecting more counts in the detectors from the astrophysical
sources.

At this point, a further development is to identify the minimum number of
satellites such as to obtain an all-sky monitor in which, simultaneously, every
point of the sky is observed by at least three detectors. In this way, any transient
event could be detected and triangulated. With the current HFC mission
constraints this is not an easy goal to achieve, especially for mid-latitudes sky
coverage. By removing the constraint on inclinations, the complete coverage
of mid-latitudes by the constellation would be possible even without pointing
manoeuvres. An all-sky monitor constellation thus obtained would inevitably

produce redundancies, with most of the GRBs detected by more than 3 units.
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On the one hand, this significantly deteriorates the n parameter but, on the
other hand, it allows a more accurate localisation of the transient event and,
increasing the collecting area, the improving of the data quality by collecting
more counts in the detectors from the astrophysical sources. This issues will be

investigated in a future work.
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