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Abstract

Some key elements to consider when designing 8- Tools

constellation will be presented, based on the swmidi CNES studies rely on adaptable and extensivelylatsi
carried out at CNES for Low Earth Orbit projectsdarly software developed by the mission analysis teane Th
phases over the recent years. Designs can become moconstellation simulations are performed by the R&lol,
robust by paying close attention to the missioteda and  developed in Scilab and Java. It notably reliestlom
requirements, the simulations modelling, the défér Scilab toolbox Celestlab, freely available at [£]2).
design methods, the performance trade-offs, antirtke

with other domains than spaceflight dynamics. C. Conventions
We will use the following abbreviations or symbivighe
l. INTRODUCTION paper:
A. Motivations a Semi-major axis
Various kinds of flight dynamics studies are perfed in : Elccinmt_c'ty
the department in charge of mission analyses fojepts ! neination
Q orraan Right ascension of the ascending node

in early phases at CNES, the French space agenruy: o

and manoeuvre design, geometrical computations, etc a Argument of latitude
Some of the projects involve the design of corstielhs
of satellites, which expand the range of available Il. ESTABLISHING REQUIREMENTS

performance and possibilities: with a single satell

design, ambitious mission objectives that are aneble  A. Criteria Types

with a single spacecraft can be achieved. Onediioit 0 1he mission requirements need to be translated anto
the use of constellations is the overall cost efitfission. 1 pination of performance criteria for the mission
As aresult, deS|g.n|ng_a co.n.stellatlon wnhw_s@r_tbquwed analysis. These criteria can be of very differepes.
number of satellites is critical to the feasibilty such  gyme of these types are addressed in the paper:

projects. » Global or partial coverage of the Earth’s surface.

* Reuvisit time, defined from any location on the Bat
surface, as the duration between the end of an
Earth/satellite visibility and the next one.

* Number of satellites in simultaneous visibility afiy
location on the Earth’s surface.

» Data latency, defined from any location on the Eart
surface, as the duration between an Earth/satellite
visibility and the next station network/satellite
visibility. This last visibility can either be witlhe
same satellite or with another one linked througbrt
Satellite Links (ISL).

» Access time, defined from any location on the Earth
surface and at any time, as the duration between th
current time and the next Earth/satellite visilgilit

This paper will not cover the whole process of a
constellation design. Its objective is to explaimg key
elements to consider when designing a Low EarthitOrb
(LEO) constellation, illustrating each step withaexples
based on several studies carried out at CNES dneer t
recent years, which cover diverse fields of interes
meteorology, ground observation, augmentation of
navigation services, electromagnetic monitoringgrinet

of things, etc.

The paper starts by exposing in section Il theeddtand
requirements that the mission must satisfy, coetiwith
some considerations on the modelling in section Il
present different design methods in section IMilltthen
show some performance trade-offs in section V, and

finally in section VI some results linked to otftamains ~ Other types can be used: _
than spaceflight dynamics. » Access latency, defined from any location on the

Earth’s surface, as the duration between the pusvio




station  network/satellite and
Earth/satellite visibility.

« Mission latency, defined from any location on the
Earth’s surface, as the duration between two .
successive station network/satellite visibilitidsatt
surround an Earth/satellite visibility.

» Global response time, defined from any locatiothen
Earth’s surface and at any time, as the delay ketwe
the current time and the next station network/teel
visibility that follows an Earth/satellite visikiji.

visibility an

I

Note that to compute the Earth/satellite visibilitgsses,
we partition the Earth ground into a mesh grid \whic
contains several mesh cells. More details are given
section 111

.
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B. Statistical quantities to consider

The criteria can be specified in terms of worstecealues,
mean values, median values, or other percentilels as
“90% of the cases”, as illustrated on Fig.1.

Figure 1 - Criteria representation example: revisihe.
Walker Star constellation with 14 satellites, 4r@a, phasing factor 1,
altitude 630 km, lateral field of view of 40°.

The mean values are useful to compare consteltation

between each other, because the values are ggnerall

smooth. However, they rarely are adequate to gattief o .

mission constraints. C. Criterion representation

For some criteria (such as revisit time), the nvairiations

The worst-case values (maximum or minimum, dependin are generally a function of latitude and results laardly

on the criterion) are generally the first studi¢gtistics. ~ dependent on longitude. Two-dimensional plots are

Unfortunately, they often lead to highly populated redundant and graphs which are a function of ldit(see

constellations. the right column of Fig.1) are easier to interpFetr other
criteria (such as data latency), results deperti@station

Compromises are then needed between the constellati network and two-dimensional plots are unavoidable.

performance and its cost, and are mathematicatfppe

through the use of intermediate percentiles (wétlugs at ~ Surprises occasionally happen. Fig.2 illustrateseso

90% or 95% for example). However, there are severalinexpected variations that may be observed when

subtleties with this approach. In particular, itmgportant  studying the mean revisit time.

to fully understand what the percentile refersltet us « Inconsistencies in the modelling (mesh grid sizes,

illustrate by a case where we are interested irrehisit simulation step size, and so on) may produce uredant

time, and consider the non-visibility durations far signals. Small non-visibility holes appear betwéen

specific mesh cell on the ground. The 90%-percentil  satellites locations at each simulation step asdugt

value (writtenL from now on) means that 90% of the non-  the final statistical distribution.

visibility durations are below. It does not mean thétis « The studied simulation time is not long enough to

worth 90% of the maximum non-visibility durationpm produce a smooth output. The ground tracks of the

that the non-visibility durations are beladwduring 90%
of the simulation time. The statistics only appliesthe
sample of the non-visibility quantities, which meahat
it is possible to have a rare non-visibility holeitb
particularly long. By the way, such large duraticare
observed at the junction of the ascending and desug

orbit planes in Walker Star constellations on high

latitudes, as represented of the top right of Fitnlthis

example case, should we prefer a compromise on the

maximum non-visibility durations instead of the rhen
of non-visibility holes, we could use the accessetias
criterion instead of the revisit time; however,bitings
other subtleties as the visibility passes are twemted in
the statistics.

orbits are still visible on the final graph, antraduce
longitude-dependent results.

The geometry coincidentally makes the satellitemfr
different planes get very close to each other dher
latitude 60°. When it happens, the non-visibility
duration is twice the usual duration at these ocat
Consequently, we obtain a very noticeable
augmentation on the mean revisit time around this
latitude.
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Figure 2 - Sensitivity on mean revisit time.
Top: same case as Fig.1, with a poor choice ofrggtt(longitudinal
field of view is too small compared to the simolatstep).
Middle: same case as Fig.1 with a new altitude&8 Bm on a three-
day-long cycle duration repeat orbit.
Bottom: Walker Delta constellation with 25 satelif 5 planes, phasing
factor 2, altitude 767 km, lateral field of view4d°.

[Il. MODELLING
For projects in early phases,

propagation of the satellite orbits is generally meeded.
Simpler analytical models offer a sufficient prémisand

a much faster computation time. However, numerical

discretization is by all means still needed. ThetlEés
partitioned into a mesh grid which contains sevarash
cells; the simulation time period is discretizedsimall
time steps. Combining these steps, the Earth/gatatd
station network/satellite visibilities can be knovinom
any location at any time.

A. Iso-surface mesh grid

Instead of an intuitive iso-longitude mesh defuonitj
where mesh cell sizes are of a fixed longitudelatidide
range, one can save a subsequent number of meghes
using an iso-surface mesh grid as seen on the afht
Fig.3. The definition is a bit more complex
mathematically, but for the same mesh cell sizethat
equator, it allows to drastically reduce the nundfanesh
cells at high latitudes for an overall gain of 3@%&e
Tab.1).

Table 1 - mesh cells amount
25

Number of cells in latitud: A 60 90 180
(as in Fig.3)

Iso-longitude 1250 7200 16200 64800

Iso-surface 792 4584 10312 41252

precise numerical
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Figure 3 - Mesh grid possible definitions.
Iso-longitude (left) or iso-surface (right).

B. Mesh cell visibility

A mesh cell/satellite visibility at a specific tinwan be
defined with three possible rules, given here ftbenmost
restrictive one to the least restrictive one:

» The satellite sees every corner of the cell.

» The satellite sees the center of the cell.

» The satellite sees at least one corner of the cell.

Depending on the size of the cells, this setting have a
strong impact. We generally choose the second rule
(center of the cell), because of its simpler apginaand its
sensitivity to small variations of the visibilitieven with
large mesh cell sizes.

IV. CONSTELLATION DESIGN METHODS

The mission analysis outputs for a constellatiosigte
include the orbits to consider and the constelfatio
characteristics: number of satellites, number dfitar
planes, position of the satellites in each plawsijtipn of
each plane. There are numerous methods to obtzse th

A. Orbits

Repeat orbits are orbits for which ground trackdicate
after the so-called repeat cycle duration. Theisterce
and design can be computed by linking the orbi¢aiqa
to the Earth rotation period, and can even encosiies
drift due to J2 (see [3]). Some of them are showfig.4.
They are almost systematically used by our mission
analysis team. It means that when a project prevale
specific altitude to work on, a close repeat oibibften
found to replace it. The reason is that the use @peat
grbit guarantees the stability and representabdityhe
results: when simulating a constellation during riyeeat
cycle duration, all possible ground tracks comboret
are encountered. In the general case longer siimuolat
times would be necessary to reach the resultsilisyab
which extends the computation time and adds thdsek
a preliminary analysis to find the adequate simomat
time.
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Figure 4 - Repeat cycles at low altitudes (Demafi@elestlab [2]) satellites per plane, near altitude 623 km andiiration 80°.

) , As far as the phasing factor F is concerned, syatiem

B. Constellation design types studies for small constellations have not demotesira

To limit the number of parameters, simple desigres a strict rule in favour of specific F values (see .B)g
used. However, we determined that starting with & 0 or F =

1 value is a decent choice when starting to check a

Homogeneous constellations (circular orbits witle th constellation performance, because it often happebs
same semi-major axes and same inclinations) aren optimal value.

considered most of the time. They provide staldalts at

an orbital period scale, as different semi-majasaxould . Optimal values for F .
lead to different orbital periods (through Keplettsrd . D | By
law). They enable to lower the station keeping letdxy ¢ —————— W o —
reducing differential perturbations effects between s - —— — — ————— b
satellites [4], as the long-term effects of J2lemarbit are 25— 3
then the same for all satellites (see [3]). 2 — !
Z—— | =1 (B
Among homogeneous  constellations, Walker 21—
constellations [5] are preferred. They enable rdtlthe N —————

H H 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
number of free parameters in the design. The oedyeks PEloaIiTS Eaawhior Fe et
of freedom left with the classical Walker Delta  Figure 6 - Optimal phasing factor distribution whetudying all
constellations are: the number of satellites, tinmlmer of possible small Walker Star constellations with 9ems orbital planes,
orbital planes, the phasing factor, respectiveliftem T, 9 or less satellites per plane, near altitude 6&8dnd inclination 80°.

P, and F. These constellations are homogeneously

distributed in space. Walker Star constellatiorte®othe  \walker Star constellations are not spatially honmege:s.
definition of Walker Delta. The orbital planes amet  \ye have discovered that it is possible to outperftite
defined over 360° like before, but on a hemisphel@se  reyisit time performance of a Walker Star constieita by
to 180°. leaving the Walker formalism and slightly modifyitige
S ) raan anda of one satellite in the constellation. Such a
The distribution angle of 180 is not always thequate  sdy has been realized for example for a contitsila
choice when using orbits with a non-polar inclioati  ith'6 satellites and 3 planes, near altitude 667and
such as Sun-Synchronous Orbits for which the iaélm  \yith Sun-Synchronous Orbits. However, the bengiits
is close to 100°£4°). The junction between ascending very limited (a few minutes of maximum revisit tifrte
and descending planes is imperfect, visibility bappear  pe compared to an approximate performance of 2u8sho

angle value such as 200° or 220° is sometimesrai#fe  f the design simplicity.

The distribution angle considered in our simulagids

generally found by trlgl and error (see the itemati _C. Constellation design approaches

approach in next section). However, some systematic ) ) )
studies of the optimal distribution angles alsddatk that | © find out the optimal number of satellite andéobital
values lower than 180° can occasionally be suitdole  Pl2nes, various approaches can be taken:

very small constellations) as seen in Fig.5. , i o
y ) g The geometric approach relies on the orbit altitanie the

field of view, and estimates how many orbital plamsi
satellites per plane are needed to comply withmitssion




objectives. It generally works with criteria suchglobal Table 2 — Trade-off between two Walker Star colaiehs at altitude
and permanent coverage. However, the results withls 630 km. The second constellation has 6 fewer gatelbut 2 more

. o o B planes. Its maximum revisit time is slightly bettart its mean revisit
hypotheses are quite approximate; this approactaisly time is a bit worse.
used to initialize the iterative approach.

Number of satellite: 30 24
Reference results stored in tables or graphs (ampbe is Number of plane: 6 8
presented of Fig.7) can be methodically produced _ Phasing facto i 2
beforehand for given problems. When projects asigle _ BSUEETD 57
constraints close to the ones considered for tfezenece Maximum revisit time at equatc  1.75h  15h
results, the mission analysis team can then: Maximum revisit time at latitude 6( 2h 1.75h
« Instantaneously provide some approximate numbers Mean revisit time at equatc 0.8 h 1h
(number of satellites or orbital planes). Mean revisit time at latitude 6 ~ 0.4h  0.5h

« Appreciate the sensitivity of the results, to knloow
much performance is changed by adding or removinghat mainly drives the completion cost is typicéihe

a few satellites or one orbital plane. number of orbital planes, directly linked to themher of
» Use these results as a basis to initiate thetitera required orbital launches. In many cases, one lawilt
approach. only populate one orbital plane as transfers betwee

planes would take a heavy toll either on the sadslfuel
. ) e or on the deployment schedule time. However, it is
k o oo difficult to assert a general rule. Sometimes ib dze

13 - ! 1 - anei0deg
& Ddeg

9 R B ST | preferred to add more satellites on every plarteerehan
) B § w0l | adding a new orbital plane. In other cases, a rlaneps
S P VGRS SRS O Bk N A mandatory to improve the performance, especially fo
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Figure 7 - Reference results to reach a permankaftaj coverage, Sometimes, the sensitivity of the constellatiore gz the
with Walker Delta constellations (limited to oddmoers of plans), mission constraints and criteria is very low. Inclsu
: at different minimum elevations. _ situations, one needs to separate the constelldésign
Left / Right (respectively): optimized number afr@s / satellites. bl f th traints. This kind of t
The two graphs do not always refer to the sametetiatons problem 1rom ese c_ons raints. g IS Kind of even
(see section V.A). happens for example with a constraint on the woash
_ _ _ latency value as shown in Fig.8. At some pointadter
A more general way is the iterative approach: ahow many satellites or orbital planes are addethéo
preliminary constellation is simulated and its paeters  constellation, the performance will be capped adanly

are adjusted based on the resulting performancelsTo pe improved by a change in the distribution of station
need to be as fast as possible (a lot of consteigimay  network.

be tested) and adaptable to enable both autoncatmeg
and manual tuning, depending on the mission caiteri

Data latency: maximum duration (minutes)

V. PERFORMANCE ANALYSIS AN, @;
..

A constellation design output is hardly a single *
constellation with characteristics perfectly matchihe -

Longruse o)

miSSion_ constraints. F_OI’ proj_eCts in early phas_a'ssion Figure 8 - Maximum data latency (left), for a Walgar constellation
constraints are rather imprecise. The constellatinay be with 1400 satellites and 25 planes (the requiremeas to see every
drastically reduced with a small constraint reliéf. point of the Earth with a sufficient elevation witfdifferent satellites at

contrast, some constraints will have no impact loa t altitude 650 km), with a European station networgft).

constellation performance whatsoever. Results shoul
include several concepts to help us understand this™ _ o _ .
sensitivity. The objective is to guarantee the bestAnidea frequently arises in discussions aboutcidLihe

g. Heterogeneous constellations

performance for the minimum completion cost. size of a constellation: to try to use heterogeseou
constellations. Two main reasons explain such gitem
A. Number of satellites or number of orbital planes * When deciding between two contradictory tendencies

that both present advantages. For example, on one
hand Sun-Synchronous Orbits (SSO) lead to easier
satellite design because of the stability of tigating
characteristics on the orbit over the year, buthen

A choice needs to be made between the optimization
the number of satellite or the optimization of thember

of orbital planes. In fact, these objectives may be
contradictory as illustrated on Tab.2.




other hand missions interested in populated arda anto replace another satellite. When a satellite umaifion

subsequent limited latitude range (below 60°) would
be interested in orbits with inclinations limitex @0°,
as the covered latitudes are linked to the indlmat

occurs, the mission performance is not ensured anti
redundant satellite has taken place of the defeative.
The main drawbacks of this approach are that it lwan

value. A heterogeneous constellation concept can beeen as a waste of resources (the redundant testeltie

evoked, with both SSO and 60°-inclination orbits.

To take advantage of pre-existing satellites or
constellations with different orbital charactegstiFor
example, a constellation design is needed to falfil
revisit time objective, and some pre-existing diatsl
could be associated to the mission, even if theyaar
an altitude which is unattainable for the next titgs.

operational and age like the others but do notyréally
contribute to the constellation performance), ahd t
replacement can take some time which will be dediuce
from the mission uptime. These redundant satellites
should be injected to the same orbital plane. Gtiser,

the replacement would be too expensive (in timeinor
fuel). If the redundant satellites are placed datifierent

We could hope that their use would be advantageousiltitude than the mission altitude, the orbitalipas will

even if different altitudes mean different orbital
periods.

In spite of these hopes, we never found a situatibere
such an idea would turn to be profitable. What lesysps
that the heterogeneous constellations indeed ineptiosr
best situations, but also preserve the worst-casesve
usually define worst-case criteria or close-to-waese
criteria for the performance, the benefits of tidisa are
usually insufficient.

VI. ITERATIONS WITH OTHER DOMAINS

Before validating the constellation design, soraeaiions

differ. The J2 perturbation will be endured diffetlg so

the orbital plane will drift and will have to be mt&ined

by manoeuvres. If all satellites are placed on dhme
plane and altitude, an adequate geometry needsto b
considered. If all satellites are evenly distriloijtehe
operational satellites geometry will not match thigial
constellation design and performance needs todesasd
again. Another solution is to keep the initial ag@mal
distribution and to add redundant satellites wheris
possible, raising the need to station keeping studi

Secondly, we may consider a warm redundancy, where
more working satellites are launched than deemed
necessary by the initial constellation design. Some

always need to be performed with other domains tharfdditional performance analyses are then necedsary

spaceflight dynamics to challenge the design.

A. Launcher capacity

This is a very simple but very important examplesoth
a useful iteration. Assuming that one launch witllyo
populate one orbital plane, if the launcher hasjacity
of C satellites per launch, the number of satellitdadoch
per orbital plane (including the possible redundesjc

should be as close as possible to an integer number

multiple of C. As an example it would be regretful to have
a constellation design with 24 satellites per alhitane,
for a launcher with a 22-satellite capacity. Twarlahes
per orbital plane would be necessary, the lattdr ivery
small occupancy.

B. Reliability and redundancies

When the constellation design is optimal, a satelli
withdrawal will lower the performance and the nissi
requirements will not be fulfilled anymore. Unfonately,
many malfunctions can lead to such withdrawal,tge t
eventuality needs to be taken into account. Rechméda
are necessary, both inside the platforms (whiafoisthe
concern of the spaceflight dynamics teams) anciioyng
more satellites to the initial constellation desigwo
approaches are possible:

First we may consider a cold redundancy, where
redundant satellites are launched into orbit butndb
contribute to the constellation performance uhttneed

confirm the suitability of the degraded heterogerseo
constellations that appear (see Fig.9). Three ekodre
possible when a satellite malfunction occurs:

» Adjust the whole orbital plane geometry to obtain a
homogeneous angle of separation between working
satellites, which requires manoeuvres for all sitdsl
in the plane. It is as more expensive as therdas af
satellites per plane.

» Keep the orbital plane geometry as it is. Note ¢vain

if the plane satellite population has been augntente
with the warm redundancy, the worst separationeng|
on the plane after a withdrawal will be superiothe
initial design separation angle. The resulting
constellation is heterogeneous.

A compromise could be reached between both
previous options: to only adjust the position dea
satellites around the malfunction position. It wbul
reduce the worst-case separation angle, but also
slightly increase a few nominal separation angles
around the missing spacecraft.




Augmented constellation
with malfunction,
with geometry adjustment

\

Initial
constellation

Augmented
constellation

Augmented constellation
with malfunction

?

Figure 9 - lllustration for the warm redundancyatgy.
SP is the nominal number of satellites per plane.
R is the number of redundant satellites.

First: initial constellation with &360°/SP separation.
Second: Augmented constellation witt360°/(SP + R) separation.
Third: Malfunction with a “steady geometry2, x 360°/(SP + R).
Four: Malfunction with compromise, the highest sepian angle is
lower than in the third case, but the other ona Lt higher.

C. Local times and satellite design

For the CMIM study [6], Walker Star constellatio(¥s
planes, 2 satellites per orbit) with Sun-SynchraOubits

Evolution of beta angle
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Figure 10 — Evolution of angle depending on the period of year and
the mean local time at the ascending node (Demu Zelestlab [2])

The constellation has then been shifted #nan

(equivalently, in local times) to minimize the oakrg

variations reached during a year for the consteliafsee
Fig.11), so that they become compatible of the sgibke
“tilt” range. In the end it meant putting the lotathes of
every plane as far away as possible as the 6hovdl8es,
because they are the local times with the rostriations
as seen in Fig.10. Afterwards, each plane “tilts feeen

have been considered. Once the design has beefyi,sted to maximize the lighting ratio. The ligigtiratio
performed, the Walker parameters (T, P, F, and th&ith rotating solar panels finally reached at le&2¥ for

distribution angle) are to remain unchanged so that
constellation fulfils the required mission perfomoa.
With Sun-Synchronous Orbits, the mean local tintébea
ascending node (MLTAN) will stay rather constant fo
each orbital plane. Still, a degree of freedom liemaAll
local times can be shifted by the same value withou
changing the performance. In our case it has bessilgie

to tune this shift in order to improve the poweficéncy
and then facilitate the satellite design, as preskbelow.

Solar panels can be fixed or rotating, the latterbding to
achieve a better illumination over an orbit. A slep
satellite design requires that solar panels needeo
installed on the platform in the same way for evatyital
plane of the constellation. However, it is therfidifit to
reach good lighting conditions for every plane. et
is possible to “tilt” a little the way the solar mpels are
attached to the platform structure, the accessinliation

range is only of ~20° because of the mechanical

constraints involved.

The lighting conditions per orbit are derived frahe
angle between the normal to the solar panels an&tim
direction. The suitable quantity to study thishie aingles

between the orbital plane and the Sun directiorer@ve
year, for a specific local time at the ascendindey@

fluctuates because of the Sun apparent motioneas @e
Fig.10.

each plane (taking the eclipses
understandable on Fig.12.

Beta range depending on the first MLTAN

—— omit-1
—— omit-2
—— Omit-3

Orbit-4

Beta angle [deg]

S TN teptme o]

Figure 11 - Beta range of each plane over a yearnminimize the

overall 8 variation (maximum value minus minimum valuesjide@
choose the first MLTAN at 1h or 13h.

Beta range with MLTAN; = Oh

Beta range with MLTANy = 13h
Mean (rotating) solar array efticiency - Alt= 630.0 km

SAtiR (deg)

i
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Sun bata angle (deg)

Figure 12 - Solar array efficiency with rotating pels, depending ofl
and the solar array tilt (Demo from Celestlab [2). the original beta
range (grey area), no tilt in [-20;20]° would alloan efficiency higher
than 50%. With the new beta range (green area3,pbssible to stay
over 62% efficiency when navigating in tilt betw@8rand 20°.

90 80 70 -60 50 40 30 0 30 40 s 60 70 80 8

into account) as



VIL. CONCLUSION

Some key elements to consider when designing a
constellation have been shown and illustrated i th
paper. Still, the mission analysis of a constellatielated
project in early phase implies many more elememas t
have not been evoked here. As more and more
constellations appear in today’s space programdsides,
each one with different mission constraints or écdl
advances, it is not possible to be exhaustive; new
possibilities and new design methods will contirtoe
emerge.
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