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Abstract

This paper describes the application of an evolutionary optimization method to design satellite constel-
lation for continuous regional coverage without intersatellite links. This configuration, called mutual
coverage, is related to some technical limitations that exist on small satellite technology. The coverage of
the north Algerian seismological network is taken as an example of application. A Multi Objective Ge-
netic Algorithm (MOGA) is used to make a trade-off between the improvement of the coverage rate, the
minimization of the total number of satellites and the reduction of the satellites’ altitude. First, some ex-
periments have been performed to find the weight distribution of the fitness function that shows the most
significant improvement of the average fitness function. Then, some optimized constellation designs are
given for different ranges of altitude and it is shown that the size of the MOGA constellation design is
significantly reduced compared to the traditional geometrical design.

Keywords: Multi Objective Genetic Algorithm; Constellation Design; Regional Coverage; Mutual Cov-
erage; Small Satellite Constellation

1. Introduction mization process. The aim is to find a constella-

tion with a minimum number of satellites, in order
Designing a constellation of satellites for a given to reduce the system’s cost and complexity. Be-
space mission is a complex multi-parametric opti- sides the number of satellites, the designer has to
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define the configuration of the constellation by spec-
ifying the trajectory of each satellite defined by six
initial Keplerian orbital elements: semi-major axis
a, eccentricity e, inclination i, longitude of the as-
cending node €, argument of perigee ® and mean
anomaly M (Seee.g !).

In order to simplify the design process and to re-
duce the launch cost and scheduling, symmetrical
constellations have been introduced (See 2). Ac-
cording to the type of coverage, some models exist
based on geometrical approximations. For instance,
the Delta patterns constellations proposed by Bal-
lard 3 and Walker # are the most popular for sin-
gle global coverage using circular orbits; while the
Street-of-coverage geometry introduced by Liiders
in 1961 3 is used for single and redundant regional
coverage by Rider 7. However, some missions re-
quiring specific coverage constraints need to be re-
solved by means of optimization methods ®.
Evolutionary algorithms like simulated annealing °,
Ant colony '° and Genetic Algorithms (GA) ' have
been used to propose new satellite constellation ge-
ometries and to help for the optimization of existing
constellation designs. Most of the applications have
studied the global coverage general case. We can
cite Ferringer, et al. 12 and Whittecar, et. al !3.

For a regional coverage problem, which is our object
of study, Genetic Algorithms have been mostly em-
ployed compared to other methods. In 2001, Con-
fessor, et al. '# proposed a genetic algorithm to de-
sign an elliptical orbit constellation for regional cov-
erage and bands coverage in high latitude regions.
The regional coverage has been also deeply explored
in the region of China by Wang, et al. !>, Mao, et
al. '® and Xiao, et al. !7 to design constellations
increasingly optimal for different mission objectives
(communication, navigation, etc.).

In this work, we introduce the design optimization
process of constellations of small satellites for re-
gional coverage without intersatellite links (ISLs).
As an example, we propose the application of re-
gional data collection. In traditional communication
satellite networks, when the data center is not visi-
ble from the satellite forwarding the data, the latter
is routed via other intermediate satellites by means
of intersatellite links until it reaches the data center.

Small satellites and especially the CubeSats '3 used
in this study present some technical limitations. One
of them supposes that it is difficult to control ISL
because of the low accuracy of the attitude control
subsystem !°. Therefore, in order to maintain a con-
tinuous coverage of the ground stations and the data
center, we consider that the satellites must insure
continuously a mutual coverage of all the ground
stations and the data center supposed to be within
the same area.

For this purpuse, this paper is organized as follows:
first, the concept of mutual coverage is described in
Section 2. Due to the fact that the existing geometri-
cal models do not solve the mutual coverage design
problem and most of them treat the instantaneous
coverage of a single point on Earth, Section 3 is in-
tended to describe the implementation of a genetic
algorithm to design a constellation of satellites dedi-
cated to provide a mutual coverage of a given region.
Because we shall take into account many objectives
(visibility, number of satellites, orbital altitude) in
the fitness function, we are using a multi objective
genetic algorithm, called MOGA (for more details,
see e.g. 20, 21).

Section 4 presents an example of application and
describes the design of the area considered for the
mutual regional coverage, which is the north Alge-
rian seismological network, as well as the selected
GA parameters. Finally, the results are presented
and discussed in Section 5 where some optimal con-
stellation designs are computed with the help of the
GA. The results obtained are compared with the tra-
ditional geometrical approach used in single point
coverage.

2. Constellation geometry for regional
coverage

2.1. Continuous coverage

The main objective in permanent data collection is
to maintain a continuous coverage of the region of
interest. Because of the reduced time of visibility
due to the Earth’s rotation, a constellation organized
into P > 1 orbital planes, each containing s satellites,
is needed in Low Earth Orbits (LEO). For illustra-
tion, Figure 1 shows a 3D view of a constellation of
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inclined LEO satellites with 9 orbital planes, each
containing 4 satellites.

W satelits

Trajectory

YR]

Fig. 1. 3D view of a LEO satellite constellation (P =9,s =
4). Filled squares: the positions of the satellites. R: the
Earth’s mean radius.

Near-circular orbits (e ~ 0) are more suitable
for communication satellites because the satellite
is at a nearly constant altitude resulting in a con-
stant strength signal to communicate. The P orbital
planes are chosen with the same inclination angle
and regularly distributed in longitude of the ascend-
ing node Q. In what follows, the altitude parameter
h is used instead of the semi-major axis a, with
a=R+hand R~ 6371 km the Earth’s mean radius.
h is considered to be constant for all the satellites.
When considering all these simplifications, Figure 2
illustrates the geometrical coverage configuration of
a single point on Earth by a satellite orbiting at an
altitude £ of a circular orbit.

Fig. 2. Coverage geometry of a satellite with a conical field-
of-view.

For a constellation covering permanently this
point, the number of orbital planes, P, and the num-
ber of satellites per orbital plane, s, can be deduced
by the expressions,

ef

w[3

The symbol | | denotes the ceiling function and f3,
the Earth’s central angle of visibility viewed from its
center, is defined by

(1a)

(I1b)

B = 2arccos <RR )

+h Cos(emin)) - emin

with 6,,;,, the minimum elevation angle. From 2 it
is supposed that the minimum elevation angle 6,,;,
must be typically equal to 5° for satellite-station
communications.

2.2. Mutual coverage

Intersatellite links are two way communication
paths between satellites. They are used to increase
the temporal resolution of LEO satellites. How-
ever, in order to maintain the communication be-
tween two satellites, a high accuracy of the satellite
attitude control is required, and because of the rela-
tive motion between the satellites, the use of an an-
tenna steering mechanism is unavoidable. All these
requirements will make ISL difficult to perform on
a simply designed CubeSat as it is supposed here.
Thus, we consider that no ISLs are available, mean-
ing that a mutual coverage has to be maintained be-
tween all the transmitting stations and the data cen-
ter.

A satellite mutual coverage of two different Earth
stations means that at instant ¢, a satellite has to be
visible from both stations (in our case a transmitting
station and the data center DC) as illustrated in Fig-
ure 3.
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Station

Satellite

Fig. 3. Mutual coverage of two ground stations from a satel-
lite point of view.

The coverage function from the i-th satellite to
the j-th station and the data center (DC) at the in-
stant ¢ is defined by

1 if 9,"]'(1‘) > Gmi,, and 9@1)@(0 > Omm

cipe(t) = 0 else

3)
where 6; ;(t) and 6; pc(t) are the elevation angles of
the i-th satellite from the j-th station and the data
center DC, respectively. We suppose that a constel-
lation with N satellites is visible if at least one satel-
lite is visible. Then, the coverage of the constellation
from station j and the DC at an instant ¢ is defined
as

“)

Cjpe(t) = max cijpe(r)
3. Constellation design using Genetic
Algorithm

Genetic algorithms (GA) proved their effective-
ness as an optimization method for nonlinear multi-
parametric problems 2. Starting with a random in-
tial population of solutions, a GA selects individu-
als with good chances of reproduction (best fitness
function) and reproduces the new generation of indi-
viduals using operations such as crossover and mu-
tation. The process is repeated several times until it
runs a certain number of generations or until a solu-
tion considered as optimum is reached.

The parameters of an individual to be optimized are
represented by a structure called chromosome and a
binary coding is adopted here.

For satellite constellation design each chromosome

represents a constellation model and the parameters
to be optimized are the constellation parameters P
and s, the altitude /4 and the inclination angle i. For
the other orbital parameters, according to the sim-
plifications supposed before, the orbital eccentricity
e = 0 and the argument of perigee @ = 0. Q and M
are uniformly distributed for all the constellation.
The aim of our optimization is to design a constel-
lation which offers a continuous mutual coverage of
aregion by reducing the constellation size (and con-
sequently the system cost) and the orbital altitude of
the satellites. To reduce the CubeSat’s altitude is in-
teresting in order to find easily launch opportunities
and also to respect the lifetime restriction law. This
point will be discussed later with more details.

A Multi Objective Genetic Algorithm (MOGA) is
then implemented to find a trade-off between the fol-
lowing three objectives:

(i) Maximize the visibility rate, Rv;
(i) Minimize the total number of satellites, N;
(iii) Reduce the altitude, 4.

3.1. Fitness evaluation

Every individual (constellation) is assigned a value
called fitness which is used to select the elected
individuals for reproduction. The fitness function
takes into account the visibility rate, the total num-
ber of satellites N and the altitude /4. We apply a tra-
ditional weighted multi objective function 23. Thus,
the fitness function of a constellation i can be ex-
pressed as:

Nmin hmin
N, +wp X I
where wg,, wy and wy are the weights associated
with the importance of each objective function and
Wgry +wn +w, = 1. N; and h; are the size and the
altitude of the constellation i. To normalize and
increase the fitness function, N,,;, and h,,;, are the
minimum values of N and 4 in the search range. Ry;
is the visibility rate of a constellation i. It is defined
by the mean of the visibility rates of the m stations
we would like to cover mutually with respect to the

data center:

®

Ji =wgry X Rvi+wy X

m
j=1 R;

m

Rv; = (6)
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where, R;, the visibility rate of a station j during a
period T is given by:

_ DV;jpc

R; T

(N
and DV pc is the mutual visibility duration of a con-
stellation from station j and the data center during
period T. It is deduced from equation (4) and is
given by:

to+T
DVj,DC = / Cj’Dc(l) dr (8)

1o

3.2. Selection

The individuals are selected according to their prob-
ability of reproduction. Among the different selec-
tion methods that exist 2%, we decided to use a ran-
dom selection that simulates a roulette wheel with
fields of different sizes. Each individual is associ-
ated to a field. The size of the field is proportional
to its fitness (higher fitness: bigger fields; lower fit-
ness: smaller fields).

In a population of size N,, the probability of selec-
tion of an individual with index i is

_fi

P(i) =

)
where § = ZIJYL 1 fj- Then, the i—th individual is se-
lected if it satisfies the condition

Y fi>r (10)
j=1

with r a random number bewteen 0 and S.

This selection process is then repeated until the
number of selected individuals equals the population
size.

3.3. Reproduction

To create new offspring from the selected parents,
two main operations are usually used.

(i) Crossover: New offspring which share the par-
ents’ genetic inheritance (genes) are generated
with probability P,. (usually 0.1 < P, < 0.9);

38°

36°

34°

(i) Mutation: This allows for diversity in the pop-
ulation by generating new types of genes in the
chromosomes. This operation is less frequent
than crossover and occurs on a chromosome’s
bits with a probability £, < 0.05.

4. Satellite constellation simulation results

4.1. Coverage parameters

As an example of regional data collection applica-
tion, we consider the Algerian seismological net-
work deployed in the northern part of the country.
This area is located between latitudes 33°N and
37°N and longitudes —2°E and 8°E, and the data
center (DC) is situated at (36.7°N; 3.02°E).

In order to simplify the coverage geometry, the area
to be covered is represented by the dashed polygone
covering the whole ground network as it is illus-
trated in Figure 4. Table 1 contains the geographical
coordinates of the 5 positions (A, B, C, D, E) sur-
rounding this area and the position of the DC.

We suppose that, at an instant ¢, each couple
of points [DC-A, DC-B, DC-C, DC-D, DC-E]
is covered by at least one satellite. In addition,
if a satellite simultaneously covers the DC and
one of the points, then all the stations located

within this axis are also visible by this satellite.
0° 5° 10°

Fig. 4. Geographical delimitation of the coverage of the
north Algerian seismological network.

Table 1. Positions of the terrestrial limits (A, B, C, D, E) of the
area to be covered as well as the data center DC.

Latitude(°) | Longitude(®)
DC 36.7 3.02
A 36.32 —2.51
B 37.43 8.52
C 33.67 —2.10
D 34.22 3.41
E 34.78 8.93
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4.2. Genetic algorithm parameters

Since we consider only symmetrical constellations,
inclined near-circular orbit constellations are de-
signed in this study. Four parameters are to be op-
timized: the number of orbital planes P, the num-
ber of satellites by orbital plane s (P x s = N), the
orbit altitude /& and the inclination angle i. In or-
der to avoid the radiation emitted by the Van Allen
belt which may affect the CubeSat components, the
satellites are in general launched at altitudes below
1000 km. Furthermore, in order to reduce the atmo-
spheric drag and thus increase the mission lifetime,
we put the minimum altitude at 500 km. The or-
bit inclination angle is usually chosen close to the
maximum latitude of the area to be covered which is
bounded by the limits presented in Table 1.

Hence, the constraints on the altitude 4 and inclina-
tion angle i are

500 km < h < 1000 km, 37° <i<50°

and the selected parameters of the GA are

NP()pulation =30, Ngeneration = 200,

Pc=05, P,=0.0l.

P, = 0.01 is a typical value. Fc = 0.5 has been
chosen because when compared with Fc = 0.9 (the
value of Pc in Non-dominated Sorting Genetic Al-
gorithm, NSGA-II ?°) it shows a better evolution of
the average fitness function, which is an evaluation
parameter that we are discussing in Section 5. The
values of Npopuiation and NGenerarion are sufficient for
the evaluation below.

The fitness function, defined previously in equation
(5), uses the mean value of visibility rate of the mu-
tual coverage between the data center and the po-
sitions (A, B, C, D, E). To do that, we have im-
plemented a near-circular orbit propagation simu-
lator using the software Matlab. The effect of the
Earth’s dynamical flattening linked to the Stokes co-
efficients J; is the main perturbation. Our software
evaluates the visibility time of the satellites of the
constellation from each couple of ground stations

during a period T = 24 hours.

Also, the time sampling is chosen to be 30 seconds.
Besides the fact that this choice will reduce the cal-
culation time of our algorithm, it is considered that
the occurrence of 30 seconds gaps in the data trans-
mission is not critical in the case of seismological
monitoring process. A constellation is considered
best when its fitness function is higher than the fit-
ness of the other constellations in the population.
To fit perfectly with the continuous mutual cover-
age objective, the selected constellation must have
100% of visibility rate.

5. Results and Discussion

5.1. Weights distribution of the fitness function

One of the most important choices that affects the
GA evolution is the fitness function. The average fit-
ness function (AFF) has to be improved during the
optimization process. In Figure 5, we have tested
different weight distributions, defined in (5), to max-
imize the AFF with respect to the number of gen-
erations. One way to do that is to choose a weight
distribution leading to a good evolution of the GA.
According to the importance of each objective func-
tion, we have considered that the weight associated
to the maximization of the visibility rate, wg,, is
always greater than wy and wy,: the weights for the
minimization of N, and A, respectively. To normal-
ize the fitness function, we have put N,,;, = 12 and
Rmin = 500 km.

We can see in Figures 5a, 5b and 5c that the AFF
trend decreases for wg, < 0.6. However, an im-
provement is observed when wg, is much greater
than wy and wy, for wg, > 0.7. This improvement is
especially more significant for the weight distribu-
tion (wg, = 0.9, wy = 0.05, wy, = 0.05) (Figure 5f).
For that reason, we shall use this weight distribution
in what follows.

Figure 6 shows the set of solutions with Rv = 100%
where the number of satellites N is plotted versus
the altitude /.
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Fig. 6. N versus h of constellations with 100% of visibil-
ity rate. The black squares with labels show the solutions
with the minimum N and the minimum # in each interval of

altitudes.

Since we are interested in constellations with the
minimum N and the lowest altitude 4, we splitted the
interval of altitudes (500-1000 km) into 5 subinter-

vals. The minimum N we obtained for each interval
and the corresponding altitude are given in Table 2.

Table 2. Minimum N and 4 for each interval of altitudes.

h interval [km] [500-600] [600-700] [700-800] [800-900] [900-1000]
Minimum N 36 32 30 27 24
Minimum /4 [km] 587 675 748 815 946

5.2. Optimization

In a practical case, when designing a constellation
of satellites we are faced with certain constraints.
Some of them are related to the budget that mainly
limits the maximum number of satellites, NV, and oth-
ers are related to the selected launcher and orbits to
be reached (particularly /4 and i). For that reason, we
suppose that the maximum number of satellites and
the maximum altitude are fixed. There is no con-
staint on the inclination angle since it has not been
taken into account in the optimization objectives.

The aim of this step is to improve the results ob-
tained in Table 2. The MOGA is used to find and
design an optimum constellation by taking into ac-
count these contraints:

e Rv=100%;
o Constellation size N < Nyjax;
o Altitude of the satellites orbit & < /4y

This approach is repeated for the other conditions in
Table 2 and the results are summarized in Table 3.
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Table 3. Local optimum satellite constellations whith two requirements: Nqy and 7,4y

Expected solution Solution found Geometrical
design

Nax Ny [ km] N hlkm] P i[deg] Number of Generations | N P

36 587 36 584 9 42 7 60 10

32 675 30 672 10 48 46 54 9

30 748 30 705 10 49 24 45 9

27 815 27 812 9 50 13 40 8

24 946 24 928 8 48 12 40 8

The first part of Table 3, “Expected solution”,
contains N, and h,,,.. In our case, because we
know in advance the expected solution, this one is
used as a stop condition of the GA. Thus, we have
chosen the expected solutions (N,;x, Amayx) from the
results obtained in the first part of the optimization.
Thus we know in advance that these solutions ex-
ist. However in a practical case, we have a couple of
conditions (Nyay, fmay) and we try to verify if an op-
timal solution can be found with the MOGA. If so,
the constellation parameters (N, P, h, i) are given by
the algorithm. Otherwise we conclude that no solu-
tion has been found after a certain number of gener-
ations.

The second part of Table 3, ”Solution found”,
presents the results of the optimization process and
gives the parameters of the designed constellation
(N, h, P, i) as well as the number of generations
spent to find this solution. We notice that, in all the
simulations, the altitude / has been slightly reduced
which probably means that the results obtained from
the first part of the study was near to the optimum
and that Ngepneration = 200 was enough to carry out
the optimization. Also, we notice that for the solu-
tion of the second simulation (second line of the Ta-
ble 3), N has been reduced from 32 to 30 satellites.
For the other cases, the optimization gives the same
results, which means again that the results presented
in Table 2 are effective.

The last part of Table 3, “Geometrical design”,
serves to compare the optimized constellation pa-
rameters with the constellation that would be de-
signed with a simple geometrical approach pre-
sented in Section 2.1 for continuous coverage de-
sign. We notice that the constellation size N is sig-

nificantly optimized using the GA compared to a tra-
ditional geometrical approach. Indeed, for an alti-
tude equal to 584 km, the minimum N found with the
GA optimization is 36 satellites while it is 60 with a
geometrical design. The gain of N is about 40%.
This difference is due to the approximations sup-
posed in the geometrical configuration (represented
in Figure 2) such as the spherical aspect of the Earth
(the Earth’s radius R is considered constant at every
point on Earth). However, the effect of the Earth’s
dynamical flattening, J>, has been considered in the
orbital simulation used by the GA optimization.

5.3. Satellite orbital lifetime

For continuous mutual coverage of the north Alge-
rian seismological network, the minimum constella-
tion designed using our MOGA corresponds to the
last line of Table 3: N =24, h =928 km, P = 8
and { = 48°. However, satellites launched at these
altitudes have an orbital lifetime greater than what
it is allowed by the Inter-Agency Space Debris Co-
ordination Committee (IADC) 2°. Indeed, for LEO
satellites the orbital lifetime is limited to 25 years.
Otherwise, the satellite must contain a deorbiting de-
vice 27 which forces its re-entry. The use of such a
system will increase the system cost and complex-
ity. For that reason it is more suitable to opt for a
solution without deorbiting system by choosing an
appropriate orbital altitude.

The orbital lifetime of a CubeSat, with and without
an on-board deorbiting device, is illustrated in Ap-
pendix A.1 for altitudes below 1000 km. For alti-
tudes up to 667 km, we can see that the orbital life-
time of a satellite without a deorbiting device is 25
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years. Then, the optimum solution corresponding to
this altitude is the constellation for which N = 36
satellites, P =9, i = 42°, h = 584 km.

6. Conclusions

In this paper we have presented some numerical re-
sults for designing a small satellite constellation us-
ing MOGA, intended to insure a coninuous mutual
coverage of the north Algerian seismological net-
work by reducing, precisely, the constellation size
and the orbital altitude. Effects of the weight distri-
bution of the fitness function have been studied and
it appears that (wg, = 0.9; wy = 0.05; w;, = 0.05)
is a good choice. Afterward, the algorithm has been
used to design a set of constellations in a range of
altitudes from 500 to 1000 km and according to
some supposed project requirements: maximum to-
tal number of satellites and maximum altitude, and
by taking into account the LEO orbital lifetime law,
we can propose two solutions:

o Simple CubeSat: N =36, P =9, i =42° and
h =584 km;

o CubeSat with deorbiting device: N =24, P = 8§,
i =48° and h = 928 km.

These first results are satisfying compared to a tra-
ditional geometrical design (60 satellites with ge-
ometrical design and 36 with the MOGA for h =
584 km and i = 42°). However, further studies
should be done to compare and improve these re-
sults. Testing other kinds of MOGA such as Ran-
domly Assigned Weighted Aggregation (RAWA) or
Non-dominated Sorting Genetic Algorithm (NSGA-
IT %) seems to be more pertinent than studying ex-
tensively the effects of other GA parameters (popu-
lation size, generation size, crossover and mutation
probability, etc.).
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Appendix A

A.1. Satellite lifetime estimation

The Inter-Agency Space Debris Coordination Com-
mittee (IADC) 2° limits the LEO satellites lifetime
to 25 years. Numerical simulations have been per-
formed using the software STELA 2 to estimate
the orbital end-of-life of a CubeSat (10 x 10 x 10
cm?, 1 kg) to be launched in the range of altitudes
(500 — 1000 km) and with an orbit inclination angle
equal to 41°. Figure A.1 shows the orbital lifetime
of the selected CubeSat without and with a deorbit-
ing device (marqued with *). The deorbiting device
used is a passive drag sail 27-?° with the dimensions
presented in Table A.1. It is supposed to be de-
ployed after the mission lifetime in order to reduce
the orbital lifetime when this one exceeds 25 years.

—— Without Deorbiting device
—+—With drag sails

I I I I I I
100 200 300 400 700 800 900 1000

500 600
Perigee Altitude [km]

Fig. A.1. CubeSat orbital lifetime (*) without a deorbiting
device and (-) with a deorbiting device, example: drag sails.

Table A.1 summarizes the parameters used in the
estimation of the orbital lifetime of a 1U CubeSat.

Table A.1. Lifetime estimation parameters

Parameter Value
Satellite Mass 1 kg
Reflecting coefficient 1.5
Reflecting area 1.01dm?
Drag area 1.01dm?
Drag sails Drag area 25 dm?
Atmospheric drag Quadrature points 33
Recompute every 2 steps
Solar radiation pressure  Quadrature points 11
Simulation Re-entry altitude 120 km
Integrator step 24 hours
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