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Sistemas satelitales para
el desarrollo espacial de
Colombia a través de
operaciones multidominio

Satellite Systems for
Colombian Space
Development with
Multi-domain Operations

XXX

Resumen: Resumen: el desarrollo de las zonas rurales de Colombia y su conexidon con las areas
urbanas ha sido uno de los grandes desafios para garantizar una presencia efectiva del Estado
en el territorio. Como parte de las alternativas para potenciar el desarrollo integral de la infrae-
structuray las comunidades rurales, se han propuesto opciones para la prestacion de servicios
aeroespaciales que ofrecen medios de comunicacién permanentes y herramientas para la ob-
servacién terrestre, asistencia ante los efectos de fenémenos climéticos, cuantificacién de-
mografica, control de areas y poblaciones, y la determinacién de rutas y vias de acceso, entre
otras. A partir de ello, se propone una metodologia para el analisis, disefio, desarrollo, imple-
mentacion y evaluacidn de un proyecto espacial, que incluye el calculo de condiciones oper-
acionales y elementos orbitales, pardmetros de desempefio, dreas de cobertura, nimero de
aviones y satélites, y varios modelos de constelaciones de satélites dentro del territorio nacio-
nal. Esta propuesta busca identificar diferentes alternativas para el disefio y uso de equipos
satelitales, con el fin de formular planes estratégicos a nivel estatal que permitan la apropiacion
de las tecnologias aeroespaciales, ofreciendo servicios equiparables al nivel de acceso a las co-
municaciones y la observacion terrestre, como medio para la planificacidn de politicas publicas
orientadas a mejorar la conectividad y las capacidades tecnolégicas de Colombia.

Palabras clave: disefio de constelaciones; cobertura regional; redes de nanosatélites; agentes
heterogéneos.

Abstract: The development of regions in rural areas and their connection with urban areas in
Colombian territory has been one of the great challenges for an effective presence of the state.
Different alternatives have been proposed for the provision of aerospace services that offer
means for a permanent communication and tools for terrestrial observation, as well as sup-
port against the effects of climate phenomena, demographic quantification, the control of ar-
eas and populations, the determination of routes and access roads, among other alternatives
that enhance the comprehensive development of communities and their technological infra-
structure. Based on this, we developed a support methodology for the analysis, design, devel-
opment, implementation and evaluation of the presented design process, which includes the
calculation of operational conditions and orbital elements, performance parameters, coverage
areas, number of planes and satellites, and different models of satellite constellations within
the national territory. The foregoing in order to provide different alternatives for the design and
use of satellite equipment with useful information for the structuring of State-level strategic
plans that allow the appropriation of aerospace technologies and provide services comparable
to the level of access to communications and ground observation, as the means for planning
public policies aimed at enhancing connectivity and technological capabilities in Colombia.

Keywords: Constellation design; regional coverage; nanosatellite networks; heterogeneous
agents.
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Palavras-chave: XXX



Introduction

Earth observation and monitoring through the capture
of images are highly significant for risk management
and, especially, the provision of useful information
related to territorial organization processes and the
deployment of capacities to rural areas and remote re-
gions. The development of tools for the monitoring and
surveillance of the territory seeks to support high-level
decision-making (Rouff & Truszkowski, 2001). For exam-
ple, satellite systems facilitate the evaluation and devel-
opment of contingency plans against climate change
and its associated risks to different sectors of the coun-
try. Likewise, the environmental impact of certain activi-
ties (e.g., illegal mining) over our natural resources, such
as water sources, natural reserves, and biodiversity, can
be actively monitored (Schilling, 2017).

Consequently, the development of an aerospace
culture associated with the development of capacities,
in particular the design and development of networked
satellite systems such as constellations with low-cost
satellites (Yoon et al., 2014), will significantly contribute
to the sustainable use of resources and the protection of
Colombian society (Corredor-Gutiérrez, 2017; Ximenes
etal., 2019; Rodriguez-Pirateque et al., 2020). The alter-
natives for the access to space through democratization
and the new space have opened paths for the design of
strategies and the search for solutions to connectivity
needs and the presence of governments in remote ar-
eas of the country (Alvarez-Calderén et al., 2019). In this
sense, different proposals for the use of space technolo-
gies have been presented, such as the constellations of
satellites (Alvarez & Walls, 2016; del-Portillo et al., 2019;
Minggqi et al., 2016), which allow solving multiple needs
and, in turn, provide tools for the collective develop-
ment of the country. Given this, the biggest space agen-
cies of the world have based many of their technological
developments on the support of satellite systems, such
as the services provided by gps (Allende-Alba et al.,
2017), galileo, glonass, and Copernicus, among others,
as well as on the recent process of satellite internet im-
plementation through the Starlink constellation, devel-
oped by SpaceX (McDowell, 2020), as shown in figure 1.
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Figure 1. Starlink Constellation by SpaceX.
Source:authors.

With the advancement of new private actors,
the integration of technologies such as the Internet of
Things (IoT) (Prescornitoiu & Morales, 2019; Qu et al.,
2017), the management of big data and, more signifi-
cantly, new

materials, with the implementation of Micro-
electromechanical systems (MEMS) (Kvell et al., 2014;
Shahzad-Shaikh et al., 2018), satellite systems have
evolved into networks of small satellites that can be
more eligible for national-scale space projects.

Against this, extensive research has been devel-
oped to offer different scenarios for the use of these
technologies (Fugmann & Klinkner, 2020), such as mul-
tipurpose networks (Barakabitze et al., 2020; Saeed et
al., 2020), support systems, and even sensing and data
processing capabilities that facilitate the use of aero-
space services (Minggqi et al., 2016).

Taking as a reference the first evidence of space
projects in Colombia, Libertad 1 satellite and FAC-
SAT1 are shown in figure 2, displaying their respective
planes and orbital conditions. These satellites are the
materialization of the efforts and initiatives to reach
space resulting from the advances offered by the de-
mocratization of space (Rodriguez-Pirateque et al.,
2020a, 2020b; Schaub & Junkins, 2009). According to
the above, this article proposes design network satel-
lite systems as a strategy for the coverage of areas and
difficult-access territories, as part of the proposal for
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the provision of communication and ground observa-
tion services in the face of Colombian regional aero-
space development.

TBERTAD_

Figure 2. Libertad 1 and FACSAT1 satellites.
Source:authors.

For the development of these purposes, this arti-
cle is organized as follows. The section after this intro-
duction presents the problem statement, which seeks
to evaluate the impact of capacities constellations. The
next section describes the composition of constella-
tions design. Afterwards, we address the application of
the constellation proposals designed to meet regional
needs and coverage in Colombia. The last section pres-
ents the conclusions and recommendations for future
works on the subject.

It is worth mentioning that our simulations were
made using both MATLAB R2018a Software and AGI
STK 11 software, under an educational or free license.

Methodology

The project was carried out following a design me-
thodology for the technological management of engi-
neering projects (ADDIE) (Rodriguez-Pirateque, 2017),
which starts from the study of the needs and require-
ments identified in the process based on five phases:
analysis, design, development, software implementa-
tion, and evaluation of the functional and logistical al-
ternatives that provide support to the connectivity and

scope of aerospace technologies across different re-
gions of the country. The method is based on a func-
tional review, the structuring of algorithms, and the
fine-tuning of modeling means that illustrate both the
characteristics and the operational requirements of
the proposed networks (Bandyopadhyay et al., 2015;
Burleigh etal., 2019).

In each phase, the objectives of the mission are
proposed, and the analyzes and designs of the constel-
lations that can supply the required services are dis-
played, detailing the parameters and simulations that
model the intended proposals (Lansard et al., 1998).

Constellations Design Process

The process for the design and configuration of satel-
lites in orbit (Lansard et al., 1998; Lo, 1999) starts from
the need to identify variables and specific parameters
that illustrate the operation of constellations in differ-
ent flight conditions, such as the number of satellites
and orbital planes required, the characteristic orbital
elements (figure 3), or the specifications in spectral, ra-
diometric, temporal or spatial resolution demanded
by aerospace services.

Vertex of the parabola (V)

Perihelion

Reference direction

/) Vemal equinox Y’

Reference plane
(Ecliptic)

Argument of the perihelion ()

Q
Ascending
node [Inclination (i)

Longitude of ascending node (2)

Figure 3. Orbital elements.
Source: Bistafa (2021).

Table 1 presents a set of definitions to provide the
reader with a better understanding of the concepts ad-
dressed in this document.

Satellite Systems for Colombian Space Development with Multi-domain Operations



Table 1.
Relevant definitions.

Symbol Definition
0 Angle of coverage
¢ Half cone angle
€ Elevation of an observation
a Altitude of the satellite
A, Superficial area of the spherical cap
d Distance between ground station and the satellite
G Gravitational constant
h Height of the spherical cap
i Inclination of the satellite
M Mass of the Earth
R, Coverage radius
Re Radius of the Earth

Fuente: Wertz (2012).

Main Design Method

This method uses the following equations to calculate
the coverage radius and the half cone angle (Fugmann
& Klinkner, 2020), which is represented as the ¢ angle
in figure 4. The known values are: €, Re and A. This cre-
ates a triangle of sides Re, d, Re + a (Minggqi et al., 2016).

k»

Sat

Figure 4. Trigonometric relationship between the different elements of the
Walker Method.
Source: Prescornitoiu and Morales (2019).

Using the law of sines to solve this triangle, we
formulate equation 1:
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sin(90°+¢€) R, _sin((p)
+a "R (1)

e

which can be solved for ¢ to obtain the half cone
angle as shown in equation 2.

Re
O rcsin =sinoe € (2)

arcsin =sin 90°
=(R,+a(+))

Also, the coverage angle can be calculated using
equation 3:

0=90-(¢ +¢) 3)

With this, the coverage radius is calculated as a
terrestrial arc length:

r.=RS (4)

Satellite footprint [T

Another useful application for the coverage radi-
usis to find how much area can the satellite fully cover.
In order to achieve this, it is necessary to know the def-
inition of a spherical cap, which is shown in figure 5 as
the result of intersecting a sphere with a plane.

©

Spherical Cap

Plane 7

o (b)

Figure 5. Sphere section or spherical cap.
Source: Soldovieri and Viloria (2016).

Now, the superficial area of this spherical cap
is the coverage area of the satellite shown in figure 4.
This area can be calculated with equation 5, in which
A_ represents the superficial area of the spherical cap,
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R_is still the radius of the Earth, and h the height of the
spherical cap.

A,=2«T«R_«h (5)

It can be inferred from figure 4 that h is just as it
is represented in equation 7, where 6 is the same as in
equation 3:

h=R,-[R, = cos(8)]
h=R_ +[1-cos(8)] (6)

resulting in equation 7 in order to find the super-
ficial area of the spherical cap.

A =2+« R?«[1-cos(8)] (7)

Temporal Resolution Analysis

Looking for a way to calculate the time it takes a sa-
tellite to be on the same spot relative to Earth the fo-
llowing simulation has been created.

First, the speed of the Earth is taken into account
to move a point in a circular motion according to this
variable, which can be solved for ¢ to obtain the half
cone angle as shown in equation 2.

this point is the target location on the surface of
the globe.

Then, the speed of the satellite is also required,
and it has to be decomposed on the direction of rota-
tion of the Earth and another direction perpendicular
to this movement.

After that, the simulation runs one second per it-
eration, time in which the position of the satellite and
the target location are calculated. Finally, in each iter-
ation the angular distance between these objects, the
satellite and the target, is calculated. When this num-
beris lower than 8 (equation 3), revisit is achieved, and
the number of iterations calculated so far is the time
(in seconds) that the satellite took to revisit the same
location twice.

There are two kinds of revisit: an oblique revisit
and a nadir revisit. The first one is when the satellite is
just in range for communication purposes, that is, its

elevation for the observer or the receiving antenna is
at least 20° (€ =20°). The second, when the satellite is at
least at an elevation of 80° (¢ = 80°).

Next, this simulation is repeated with a satellite
with an inclination that varies from j=0"to j=100°. The
results for the two kinds of revisits are shown in figures
6and7.

Temporal resolution, h = 492km , Epsilon = 20°
18 N

Time [Days]

2 KR K XRS
XX ¥ XX RR
KX &
-
0 20 40 60 80 100

Inclination [°]

Figure 6. Revisit with & = 20°.
Source: authors.

Temporal r h =492km , Epsilon = 80°

250

200 >

150

Time [Days]

0 20 40 60 80 100

Inclination [°]

Figure 7. Revisit with & = 80°.
Source: authors.

Regional Development Strategies by
the Network

The development of Colombian regions through spa-
ce technologies demands a set of strategies. Among

Satellite Systems for Colombian Space Development with Multi-domain Operations



them, various alternatives for territorial coverage with
ground observation missions and communications
will be presented below.

The main objectives of missions lie in the provi-
sion of communication services for remote areas and
the capturing of images for registration, surveillance,
control, and territorial planning, which provide tools
for the deployment of public policies and government
programs capable of linking the needs of regions (Ros-
coeetal.,2018).

First, the FACSAT1 satellite system is presented,
equipment that is operationally active and in use by
the Colombian Air Force, from the Aerospace Tech-
nology Research Center (CITAE), and that is comple-
mented by the projection of FACSAT2, which is in the
process of mission design and represents the most re-
cent solutions in the democratization of space by the
Colombian state.

Later, a projection of what would be a constella-
tion with complete coverage in different orbital planes
is presented. Some alternatives in the design of cons-
tellations include the calculation of satellites located
in a single orbital plane, in order to cover a linear peri-
meter in the orbit (figure 10).

There is also a multipurpose constellation with
communication and observation equipment, which
can be configured with different numbers of satellites,
planes, and orbital inclinations, adjustable to the pro-
gress and results of the analysis of enabling conditions
and requirements established by CONPES 3983/2020
of the Colombian spatial development policy.

As special alternatives, two revolutionary desig-
ns known as satellite formations are presented in the
satellite context. The first formation has a number of
in-flight agents capable of carrying out coordinated
and cooperative missions, while the second alterna-
tive counts on different satellite clusters or grouped
formations, in different orbital planes, for super-reso-
lution image objectives and even elevation models,
thanks to configurable network architectures that can
be developed in these formations.

Finally, an integrated system between space, air,
land, maritime and cyberspace means is proposed.
This system seeks to develop multidomain missions

REVISTA CIENCIA Y PODER  AEREO | vol. 16 n.°
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capable of interconnecting the different domains and
capacities for specific objectives that project the inte-
gration of structures and services, with the purpose of
accomplishing operations and meeting the needs of
the Colombian territory.

Current Satellites of the Colombian Space
Program

Colombia currently has within its satellite inventory
the FACSAT1 type 3U, with RGB camera of 30m/pixel
with the current TLE, and the FACSAT2 type 6U, with
5m/pixel, each in a different orbit (figure 8).

« FACSAT1: operational satellite that provi-
des terrestrial observation services with a 3U
(30x10x10cm) 4kg CubeSat type satellite, for pur-
poses of initiation and promotion of the Colom-
bian space sector, with an emphasis on research
and development processes, such as the ground
station to support the operation and maintaina-
bility of the service.

+ FACSAT2: satellite proposed by the space program
to provide terrestrial observation services with
greater capacities than FACSATL, using a CubeSat
6U (30x20x10cm) 10kg satellite (aprox.) that allows
the transfer and appropriation of knowledge for
the integration of equipment, laboratories, and
autonomous operations by CITAE.

Figure 8. FACSAT Space Program.
Source: authors.
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Full Coverage Constellation

In order to have a constellation with at least one satelli-
te at a given time on a given location some conditions
must be met, these conditions are as follows:

« Apolar constellation to cover all the latitude ran-
ge over the world;

« A number of orbital planes enough to cover all
the longitude range all over the world at any time;

« Anumber of satellites in each orbital plane to co-
ver the whole orbital plane at any time.

To achieve this, a MATLAB script was created to calcu-
late these 2 figures. This script creates a TLE file with
all the satellites on the constellation, and has the fo-
llowing inputs:

« Thealtitude of the satellite.

« Theinclination of the polar orbit.

+ The minimum elevation of the satellite for the ob-
server, depending if the satellite is used for ob-
servations (80°) or communications (20°). This
is used to calculate the half cone angle, which is
then used to determine the number of satellites
in an orbit and the spacing between orbits.

In this case study, the inputs are:

« Altitude: same as FACSATL1.

+ Inclination: same as FACSATL1.

« Minimum acceptable elevation to link: 20°.

« In order to acquire the two first inputs, the script
downloads the TLE file for the FACSAT1 and ex-
tracts the required information.

It is worth noting that to have full coverage in the
middle points between orbits, all the constellation
needs to be inclined with respect to the rotation axis of
the Earth so that there are no gaps between coverage
regions, as shown in figure 9.

The results are provided in the following list and
in figure 9, where 6 Satellites are shown on coverage
over CATAM airport, Colombia.

o Altitude: 490,3671 km

« Inclination: 97,4135°

« Minimum acceptable elevation: 20°

« Orbital planes: 14

+ Number of satellites in each orbital plane: 27
+ Total number of satellites: 378

Figure 9. Full coverage constellation scheme.
Source: authors.

Lineal Constellation

Multi-agent Systems Mission (SMA1). Proposed under
the name of “Arpia,” its purpose is the realization of
multi-image shots, counting on the fact that the goal
is to operate as a homogeneous or hybrid constella-
tion for taking images under continuous scanning or a
discrete perspective in a single orbital plane, with full
coverage of the orbital circumference or perimeter by
configuring network satellites with optical sensors or
Synthetic Aperture Radars (SAR) (figure 10).

Figure 10. Lineal constellation.
Source: authors.

Satellite Systems for Colombian Space Development with Multi-domain Operations



The main purpose of this configuration is the co-
verage and monitoring of the entire American conti-
nent, as an added value with neighboring countries,
for the generation of strategic alliances, cooperation
and the offer of services deployed by the temporary
resolution of said configuration; in addition to the
advantages regarding security and defense throu-
gh border and territorial control and the exercise of
sovereignty.

Multipurpose Constellations

Multipurpose constellations are the basis of the pro-
posals for Colombian territorial coverage, since they
provide communications and terrestrial observation
services necessary to supply the means of connectivity
and identification of areas and natural resources.

On this regard, three configurations are propo-
sed. Each of these considers different payloads, orbital
planes, and number of satellites, depending on the ob-
jectives of a mission agreed by the different actors who
use aerospace services.

1) First configuration: A Constellation divided into
14 6U multi-band communications satellites, four
6U observation satellites of 5m/pixel, and two
12U observation satellites with a resolution of
1m/pixel; they can be placed in different orbits to
provide good coverage to the territory.

In order to achieve full coverage over all the Co-
lombian territory for the first multipurpose constella-
tion, multi-band communication satellites must have
a minimum inclination greater than or equal to the hi-
ghest latitude of the country, that is, 16.2°. Hence, the
selected inclination will be 16.5°. For observation sate-
llites on this same constellation, the selected inclina-
tion is 85° so they have coverage over almost the entire
globe. The altitude for each of these subgroups is se-
lected to be 450, 550, and 750 respectively. Each sate-

Figure 11. First multipurpose constellations.
Source: authors.

2)

Second configuration: A constellation of six sate-
llites, four with optical sensors (RGB, NIR, PAN),
one satellite with SAR (3m, 0.8m, HV VH, HH VW),
and one last satellite with a 180-band hyperspec-

tral camera (figure 12).

Figure 12. Second multipurpose constellations.
Source: authors.

llite has his own orbital plane which are equally spaced 3)
between satellites of each subgroup. The footprint for

each subgroup is 4,242, 5,109, and 6,768 km, respecti-

vely. The results are as shown in figure 11.
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with only multispectral cameras in polar or-
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equatorial orbit, and the last two with multi-band
communications equipment (figure 13).

Figure 13. Third multipurpose constellations.
Source: authors.

Heterogeneous Formation

Multi-agent Systems Mission (SMA2). Homogeneous or
hybrid-cluster-type in formations, proposed under the
name of “Gules,” associated with the groups of para-
troopers from the Aguilas de Gules of the Colombian
Air Force. In this case, the equipment would carry out
the capture of multi-objective images with super-reso-
lution by means of groups of satellites with hybrid sys-
tems of multi or hyperspectral equipment or SAR for
interferometry and 3D elevation models with forma-
tion control and leader changes.

For this particular case, it is stated as a formation of
a group of five 3U satellites spaced a certain distance
from each other. One observation will be carried out
with RGB camera, two with multispectral camera, and
the last two with hyperspectral.

This constellation is thought to have a hexa-
gon-like formation (5 satellites) so that all satellites
can look at the same location, at the same time, and al-
most at the same angle. But there must be a minimum
distance between them, called a security distance, that
is typically 65 km.

Consequently, a MATLAB script is used to accom-
plish this. The inputs for this script are as shown:

« Inclination=5°

o Altitude =450 km
« Distance between satellites =65 km
« Number of satellites =5

Apart from the inputs, the rest of the informa-
tion required to fully describe a satellite using TLE data
is the same as in the FACSAT-1 currently orbiting the
Earth.

The script did the following in a sequential order:

1) The TLE constellation file was created using the
most recent TLE information about the FACSAT-1
as the central point of the constellation (red cen-
tral crossin figure 14).

2) To create the hexagon, two vectors were created
in MATLAB workspace: one representing the dis-
tances along the vertical axis (Y) and another one
representing the distances along the horizontal
axis (X).The first result is a hexagon, as shown in

figure 14.

60 =

40

o
20
o

E 0
-

-20

40 ©

i ¢}

-60'-

-60 -40 -20 0 20 40 60

X [km]

Figure 14. Hexagon formation.
Source: authors.

3) The RAAN was taken into account to separa-
te two satellites along the axis X in figure 14. A
conversion from distance (km) to angular sepa-
ration between orbits for satellites of the same
constellation was made using the following
equation:

Satellite Systems for Colombian Space Development with Multi-domain Operations



X [km] 360[°]
RIkm] ~ 2nirad]

ARAAN [°] = (8)

4) The orbital speed is required to make the conver-
sion and calculate the right spacing along the ho-
rizontal axis between satellites. Therefore, this
data is obtained

The second result is a TLE file containing the in-
formation required to describe the satellite formation
shown in figure

Figure 15. Heterogeneous payloads in formation.
Source: authors.

Note. This procedure, or script, is only valid if the inclination of the constellation is
between 80 and 90 degrees, thatis, polar constellations. To create a more general
script, a more complete and complex conversion method is needed, although
formations on lower inclinations only retain its form for some weeks and are not
useful in the long run.

Multiple Cluster

Cluster configurations are made up of groups of sate-
llites in formation located in different orbital positions
or planes, which can have homogeneous or heteroge-
neous payloads and different control architectures,
such as distributed, hierarchical or centralized, de-
pending on the mission to be carried out. Using the
heterogeneous formation presented in the previous
section as point of reference regarding one of the diffe-
rent groups of satellites that make up the cluster, three
clusters with 5 satellites each were modeled. | the first
case, as shown in figure 16, the three clusters are even-
ly distributed in the same orbital plane. In the second
case, three groups of independent satellites are desig-
ned, where each one is configured in its own orbital
plane as shown in figure 18, in addition to having diffe-
rent temporal resolutions and consequently a revisit
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frequency in different time ranges that offers many
possibilities for this configuration. There are two diffe-
rent configurations, the first one with the synchronous
clusters, as shown in figure 17, and the other is asyn-
chronous, with which it is possible to think of different
operational modes such as that illustrated in figure 18,
where cluster 1 is linked to the ground station in Cali
(Colombia) while cluster 3 is linked to Antarctica, whe-
re it is expected to have a remote workstation for coo-
peration and research purposes with allied countries.

Figure 16. Synchronic cluster model..
Source: authors.

For the synchronic cluster access shown in figu-
re 17, the satellites are in the same orbit but distanced
120° one another. As for the asynchronous cluster mo-
del shown in figure 18, the orbits for each cluster are not
in the same orbit but the inclinations of each orbit are as
shown in table 2. The orbits are selected based on the
informationin figure 7.

Figure 17. Synchronic cluster access.
Source: authors.
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Figure 18. Asynchronous cluster model.
Source: authors.

Tabla 2
Clusters: inclination and altitude.

mm Inclination [°] Altitude [km]
1 10 450

Equator
2 Polar 83 650
3 Media 52 550

Source: authors.

Figures 19 and 20 depict the variations suffered
by a geometric configuration of 5 satellites with chan-
ges in the inclination of the orbital plane, showing a
significant deformation in equatorial inclinations, for
which it is necessary to rethink the design of the for-
mation as well as the parameters associated with the
disturbances and factors that affect these geometries.

Figure 19. Inclination and deformation cluster.
Source: authors.

Figure 20. Synchronic Cluster with deformation geometry.
Source: authors.

These variations in geometric configuration
pose the need to align the satellites in new geome-
tries capable of maintaining the groups or clusters in
each of their orbits and intersatellite distances. Evi-
dence of these new challenges in the cooperation and
coordination of satellite swarms, which can they ope-
rate together at different levels of inclination accor-
ding to the mission objectives that are available for
each swarm.

Multi-domain Networks

It refers to a constellation linked simultaneously with a
network of several UAVs, all interconnected with each
other and with ground stations. An example of this is
shown in figures 21 and 22.

The mission design for these multidomain opera-
tions, in turn, seeks the integration of information and
permanent support on command-and-control activi-
ties in areas of difficult access, as well as outreach on
natural resources, remote areas and populations with
public needs, where integration systems provide the
services demanded through equipment networks and
data flow in real time.
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Figure 21. Multi-Domain operations (MDO).
Source: US Army (2020).
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Figure 22. Multidomain constellation.
Source: authors.

Conclusions

Proposals for the design of networked satellite sys-
tems with different types of configurations were obtai-
ned. These were modeled with orbital elements and
performance calculations for the provision of covera-
ge, resolutions and required operational means.

Simulation models are developed for the eva-
luation of configurations in types of payloads, hetero-
geneous models in different network designs and the
analysis of services such as multiband communica-
tion systems, remote sensing with optical, multi and
hyperspectral systems, and even synthetic aperture
radar systems. These developments offer ground evi-
dence despite the meteorological conditions of great
cloudiness that is characteristic of tropical countries
such as Colombia.
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