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Abstract

The Strategic Program of Space Systems (PESE) aims to strengthen Brazilian sovereignty
by developing satellite constellations for secure communications and monitoring. This
work proposes and validates the development of a computational simulator in Python to
model and simulate the integrated operation of these systems. The simulator’s architec-
ture separates the intensive physics simulation from the event logic. Orbital dynamics
are pre-calculated using the SGP4 analytical propagator, from TLE (Two-Line Element)
data, to establish trajectories and determine visibility windows between satellites, ground
stations, and regions of interest. The core of the operational simulation is managed by
Finite State Machines (FSMs) that govern communication logic and the autonomous ex-
ecution of activities on the satellite. The simulator implements a registry module and
a priority queue (heapq) for telecommands, capable of validating complex prerequisites,
such as continuous target visibility, task dependencies, and time delays. Validation was
performed using a 24-hour scenario of the SGDC-1 geostationary satellite. The results
confirmed the success of the operational cycle: commands were executed in the correct pri-
ority order, and all prerequisites were respected. The simulation also revealed an emergent
"polling” behavior from the ground station, which proactively re-initiated communication
to downlink data generated by completed tasks. This work delivers a flexible, validated
simulation platform, parameterized by JSON files, serving as a robust foundation for mis-
sion analysis and future developments, such as modeling subsystems (power, data) and
integration with the CONCEPTIO laboratory.
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1 Introduction

1.1 Motivation

The interest in developing national capabilities in the space domain has intensified in
recent decades due to the growing dependence on satellites for strategic applications such
as communications, remote sensing, environmental monitoring, and positioning systems.
For Brazil, a country of continental dimensions and a vast territory to be monitored,
technological and operational independence in space systems represents a critical factor
for national sovereignty and security (Brasil. Ministério da Defesa. Estado-Maior Con-
junto das Forcas Armadas, 2018). In this context, the Strategic Space Systems Program
(PESE) emerges as the official initiative of the Federal Government to consolidate a frame-
work of projects capable of meeting both defense needs and civilian demands, ensuring
the availability of dual-use space products under the full control of the Brazilian State
(Agéncia Espacial Brasileira, 2022; Brasil. Ministério da Defesa. Estado-Maior Conjunto
das Forgas Armadas, 2018).

The primary motivation for the creation of PESE stems from the National Defense
Strategy (END), which establishes as a guideline the construction of an integrated moni-
toring and communication complex that includes launch vehicles, geostationary and low
Earth orbit satellites, as well as automated ground stations, in order to provide continuous
and accurate surveillance of the country’s airspace and continental areas. This guideline is
materialized in the creation of the Commission for the Coordination and Implementation
of Space Systems (CCISE), responsible for managing PESE and establishing technologi-
cal and industrial development goals for the national space sector (Brasil. Ministério da
Defesa. Estado-Maior Conjunto das Forgas Armadas, 2018).

From a strategic standpoint, PESE provides Brazil with significant advantages:

e Operational and Technological Autonomy: Direct control over satellites and launch
vehicles reduces dependence on foreign providers, increasing reliability and security
in critical defense and monitoring operations (Brasil. Ministério da Defesa. Estado-

Maior Conjunto das Forgas Armadas, 2018);
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e Territorial and Environmental Monitoring: The program foresees constellations of
optical and radar remote sensing satellites, which enable continuous monitoring of
the continental territory, the Exclusive Economic Zone (EEZ), and sensitive areas
such as the “Blue Amazon” (Miranda, 2019);

e Development of the National Space Industry: By prioritizing the use of small plat-
forms (LEO satellites) and fostering offset agreements with technology transfer
clauses, PESE promotes the consolidation of a robust production chain, capable
of sustaining annual launches and increasing the nationalization rate of systems
(Brasil. Ministério da Defesa. Estado-Maior Conjunto das Forgas Armadas, 2018);

e Enhancement of the Aerospace Defense System: The Brazilian Aerospace Defense
System (SISDABRA), as an integral part of PESE, expands the coverage of detection
and interception in the national airspace. Space monitoring will be an integral
component and an indispensable condition for fulfilling the strategic tasks of the
Brazilian Air Force (FAB), such as multiple surveillance and local air superiority
(D’Amato, 2017);

e Economic and Social Applications: In addition to military uses, the satellites de-
veloped under PESE provide telecommunications services in remote areas, envi-
ronmental monitoring, and support to activities related to natural disasters and

agribusiness, directly benefiting civil society (Agéncia Espacial Brasileira, 2022);

e Integration among the Armed Forces: PESE promotes interoperability among the
Army, Navy, and Air Force through data sharing and the use of integrated ground
stations (COPE and ERDO), which reinforces SISDABRA (Brasil. Ministério da
Defesa. Estado-Maior Conjunto das Forgas Armadas, 2018).

Furthermore, the simulation of space systems offers substantial advantages for the

successful implementation of the program:

e Preliminary Project Validation: Modeling orbits, payloads, and ground stations in
a simulated environment makes it possible to identify design flaws before physical

construction, reducing technical risks and costs associated with late-stage tests;

e Operational Training and Preparation: Simulations allow mission control teams
to train telemetry, tracking, and telecommand procedures under varied scenarios,
improving their ability to respond to critical events such as loss of attitude or un-

expected orbit changes;

e Optimization of Launch Resources: By studying different constellation configura-

tions and launch windows with orbital perturbation models, it is possible to better
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plan launch services—such as the use of the Alcantara Launch Center (CLA)—and

to minimize fuel consumption and wear on ground stations;

e Acquisition of Operational Metrics for the Program: The determination of metrics
such as the average revisit time for each point of interest and the dwell time guides
launch planning, the sizing of the number of satellites required, and the definition of
contact windows with ground stations, ensuring that surveillance, communications,

and remote sensing goals are effectively achieved.

1.2 Hypothesis

This work is based on the premise that it is possible to develop a simulation algorithm

that meets the following requirements:

e Study of Orbits and Constellation Patterns: Application of orbital elements for each
satellite of the constellations envisioned in PESE, covering LEO, MEO, and GEO

orbits, with the use of simplified gravitational perturbation models.

e Constellation Modeling: Representation of all constellations orbiting the Earth si-

multaneously, with global coverage analysis and cross-checking of visibility data.

e Simulation of Interaction between Satellites and Brazilian Ground Stations: Geolo-
cation of ground stations according to the PESE topology, computation of contact

windows, and simulation of active communication.

e Logging and Transmission of Telecommands: Implementation of a routine that
records pre-programmed telecommands for each satellite, generates a priority queue
for transmission, and automatically sends these commands when the satellite is

within the coverage region of a ground station.

e Coupling to the CONCEPTIO Laboratory Environment: Interoperability between
the algorithm developed and the existing or planned interfaces and simulation logics
of the CONCEPTIO laboratory at ITA.

The central hypothesis of this work is that, by satisfying each of these technological
requirements, it will be possible to simulate, albeit in a simplified manner, the operability
of the mission proposed by PESE at low cost, allowing this work to be used for early project
validation, operational training, and performance analysis of Brazilian space missions. It
is also assumed that the Python programming language, combined with strategic libraries,
is capable of providing adequate computational performance for near real-time simulations

without the need for supercomputing infrastructure.
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1.3 Objectives

Given the scope of PESE and the desired functionalities, the general and specific

objectives of this work are described below.

1.3.1 General Objective

To develop and validate a computational simulator that enables the integrated model-
ing and simulation of the operation of the space systems envisioned in PESE, encompass-
ing orbits, constellations, ground stations, telecommands, and orbital perturbations, and
integrating the simulation into the environment of the CONCEPTIO laboratory at ITA.

1.3.2 Specific Objectives

e Requirements Elicitation for PESE: To analyze in detail the official PESE docu-
ment and other references (PNDAE, END, PNAE) to identify orbital parameters,
constellation topology, and operational specifications for each satellite and ground

station.

e Implementation of the Orbital Dynamics Module: To create structures in a pro-
gramming environment to represent Keplerian orbital elements, convert classical
parameters into Cartesian states, and include simplified perturbation models to up-

date orbital elements in discrete time steps.

e Constellation Modeling: To define the constellations required by PESE, assigning
initial parameters of inclination, altitude, and temporal reference, so as to simulate
all constellations simultaneously around the Earth and generate global coverage

plots.

e Geolocation and Coverage Calculation for Ground Stations: To collect geographic
coordinates of the COPE, ERDO, and COPE-S stations, implement a visibility-

ellipse algorithm, and define communication windows for each satellite—station pair.

e Telecommand Logging and Queue Module: To develop a data structure for the reg-
istration of standardized telecommands, priority logic, and an automatic triggering

routine based on visibility prediction.

e Integration with the CONCEPTIO Laboratory: To assess the architecture of the
CONCEPTIO laboratory environment at ITA, identify integration points, and im-
plement interfaces for reading and writing files containing orbital parameters and

satellite states.
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e Validation and Performance Testing: To design test cases involving representative
scenarios of PESE missions and evaluate the accuracy of orbital positions and com-

munication latency.

These specific objectives constitute the necessary steps to achieve the general objective,
ensuring that the simulator covers all required functions and is validated within acceptable

standards of accuracy and usability.



2 Literature Review

2.1 Orbits

2.1.1 Basic General Formulation

The study of orbits in celestial mechanics is based on Newton’s Law of Universal
Gravitation, which states that two point masses m; and ms, separated by a distance r,

attract each other with a force given by

7 (2.1)

where G is the universal gravitational constant (G ~ 6,67430 x 10~'"' m® kg ~'s72) (Curtis,
2020; Kluever, 2018). From this relation, the standard gravitational parameter of a central
body (in this case, the Earth) is defined as

w=GM, (2.2)

in which M is the mass of the central body, which in this case is the Earth (Curtis, 2020).
In the context of orbital dynamics, the satellite is approximated as a particle of mass

m < M, resulting in the unperturbed two-body problem.

The equation of motion of the satellite is given by

—

= r
where 7'is the position vector of the satellite with respect to the Earth’s center and r = ||7|
(Montenbruck; Gill, 2012).

From equation (2.3), it is observed that the specific angular momentum of the satellite,
defined as

—

h=7xr, (2.4)

is a conserved quantity in the unperturbed two-body problem. Its magnitude h = ||h]| is
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directly related to the semi-major axis and eccentricity of the orbit

The mechanical energy per unit mass of the satellite is given by
(2.5)

==

€= 77—

N | —

In the elliptical orbit regime, one has e < 1 and € < 0. In the parabolic orbit regime,
e =1) and £ = 0. In a hyperbolic orbit, e > 1 and € > 0 (Curtis, 2020; Kluever, 2018).

The relation frequently used to obtain the velocity ||7]| as a function of the distance r

and the semi-major axis a is the equation:
(2.6)

5 oo (2 1)
Vi=r-r=pl-—-—1.
rooa

This expression follows directly from the conservation of energy shown in (2.5).

2.1.2 Orbital Elements

The orbital elements are a set of parameters that uniquely characterize the shape,

orientation, and position of a satellite along its trajectory (Curtis, 2020). The six classical

elements that describe an unperturbed Keplerian orbit are presented below:

1. Semi-major axis (a): defines the size of the orbit. For elliptical orbits, a > 0; for
parabolic orbits, a — +o00; for hyperbolic orbits, a < 0.
2. Eccentricity (e): measures the “stretching” of the orbit relative to the circular shape.
For elliptical orbits, 0 < e < 1; for parabolas, e = 1; for hyperbolas, e > 1. The
eccentricity vector € is defined by equation 2.7.

1 /. -
5:—(th>—
1

(2.7)

<3y

In this case, one has e in the form e = ||€]|.
Inclination (7): angle between the orbital plane and the Earth’s equatorial plane.
(2.8)

0 <7 < 180°.
i=cos ! E
B h

Here, h, is the z-component of h.
Right ascension of the ascending node (€2): angle measured in the equatorial plane,

4.
from the z-axis of the geocentric—equatorial frame to the line of nodes (intersection
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between the orbital and equatorial planes), in the counterclockwise direction.

N,
cos™! (Wx) ) Ny, >0,
Q= (2.9)

— N,
271 — cos ™! (W) , N, <0,

In this case, N = (N,, N,,0) = k x h is the node vector and N = | N|.

5. Argument of perigee (w): angle in the orbital plane, from the line of nodes to the

perigee point (point of minimum distance).

N -¢
cos ( Ne ) , e, >0,
w = (2.10)

6. True anomaly (v): angle in the orbital plane, from perigee to the current position

of the satellite. Given the position vector 7 and the vector €, the true anomaly is

defined by equation 2.11.

cos™! (ﬂ) 7> 0,
v = ‘r/. ' (2.11)

Formulation of the orbital elements: the orbit, in the perifocal frame ({5, g, 127}), is

described by: )
= % (2.12)
cos v —sinv
P =1 |sinv|, Fp= \/g e+cosv| , (2.13)
0 0

where p = a (1 — €?) is the semi-latus rectum. The local orbital velocity is

v = u(g—1> (2.14)



CHAPTER 2. LITERATURE REVIEW 19

2.2 Coordinate System Transformations

To move from the perifocal frame {p, ¢, 0} to the geocentric-equatorial frame {7, 7, l%},

the following rotation matrix is used:

Qpg = R3(—Q) Ri(—i) Ry(—w) (2.15)
where
cosae  sina 0 1 0 0
R3(a) = |—sina cosa 0|, Ri(8)= 1|0 cosB sinf
0 0 1 0 —sinf cospf

(Curtis, 2020). Thus, the position and velocity in the geocentric—equatorial frame are
TGE = QPE Tpf; TGE = QPE Tpf- (2.16)
In the perifocal frame:

e p points from the focus (Earth) to perigee;
e ¢ lies in the orbital plane, orthogonal to 5 in the direction of orbital motion;

e w coincides with the angular momentum vector h.

2.3 Remote Sensing

Remote sensing is the technique of acquiring information about an object or phe-
nomenon without direct physical contact, using sensors onboard satellites or airborne
platforms (Campbell, 2002; Lillesand; Kiefer; Chipman, 2015). These sensors detect elec-
tromagnetic radiation reflected or emitted by the Earth’s surface, enabling environmental
analyses, land use and land cover mapping, natural resource monitoring, and applications

in defense and security.

In the context of PESE, remote sensing is a fundamental pillar, divided into two main
mission families: optical sensing (CARPONIS) and radar sensing (LESSONIA), both
designed to operate in Low Earth Orbit (LEO) and to provide vital data for National
Defense (Martins, 2021).

A remote sensing satellite is equipped with optical or microwave instruments capable
of recording data in multiple bands of the electromagnetic spectrum. It is characterized

by the presence of:
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e Optics with high spectral and spatial resolution;

Data collection and storage systems;

Transmission antennas to send information to the ground station;

Attitude control systems for precise sensor pointing;

Power supply (solar panels and batteries) and thermal systems for satellite stabi-
lization (Lillesand; Kiefer; Chipman, 2015).

2.3.1 Optical Sensing

Optical satellites capture solar radiation reflected by the Earth’s surface. They use
detectors sensitive to wavelengths in the visible spectrum, approximately in the interval
0.4-0.7 pm), and in the near-infrared, approximately in the interval 0.7-1.1 ym), recording
reflectance levels that vary according to land cover (water, vegetation, bare soil, etc.)
(Lillesand; Kiefer; Chipman, 2015).

This capability is the focus of the CARPONIS family of PESE. It consists of a set of
high-resolution Optical Remote Sensing (SRO) satellites (Martins, 2021). The objective
of the Carponis-1 satellite is to provide submetric and color imagery (Martins, 2021),
enabling detailed identification of targets to support intelligence in military operations and
civil inspection. Although Brazil already cooperates in the CBERS program, CARPONIS

aims at a sovereign capability with superior resolution.

For optical sensing, the following are required:
e Focusing lenses or mirrors: direct light to the detectors;
e CCD/CMOS detectors: convert photons into electrical signals;

e Spectral filters: isolate specific spectral bands;

e Attitude stabilization systems: ensure stable sensor pointing, minimizing blur ef-

fects;
e Data processor: for digitization, compression, and temporary storage;

e Telecommunication antenna: for transmitting images to the ground station (Camp-
bell, 2002).
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2.3.2 Radar Sensing (SAR)

Synthetic Aperture Radar (SAR) emits microwave pulses, typically in the 1-10 GHz
range, directed toward the Earth’s surface. The reflected signal returns to the satellite,
where it is captured by the receiver. The SAR image is formed from the phase and
amplitude differences of the returned echoes, allowing the generation of images that are

independent of solar illumination and weather conditions (Campbell, 2002).

Within PESE, this mission is carried out by the LESSONIA family, a fleet of Radar
Remote Sensing (SRR) satellites (Martins, 2021). The Lessonia-1 system, composed of
the satellites Carcard I and II, is already operational. The main tactical advantage of
SAR is the ability to provide 24/7 surveillance, regardless of meteorological conditions
(such as clouds or fog) or solar illumination, which is crucial for continuous monitoring of
borders and the Amazon (Dual Use Defense/CENSIPAM) (Martins, 2021).

The basic equation for received power in a SAR system can be expressed as:

_ PRGG, N0

P = G R (2.17)

where:

P.: power received by the radar;

P,: transmitted power;

Gy, G,: gains of the transmitting and receiving antennas;
A: carrier wavelength;

o: radar cross section of the observed area;

R: distance between the satellite and the target (Campbell, 2002).
For radar sensing, the following are required:

e High-power radio-frequency transmitter: generates microwave pulses;

e Synthetic aperture antenna (SAR): performs azimuth scanning to synthesize a larger

antenna;

e Radio-frequency receiver: captures and converts the returned echo into digital sig-

nals;
e Onboard processor: performs correlation of the received signal for image formation;

e Attitude and orbit control systems: ensure appropriate orientation and stable alti-

tude for SAR, since the acquisition geometry directly affects resolution.
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2.4 Communication

Communication satellites have as their main objective the retransmission of radio,
television, telephony, Internet data, and other microwave services between different regions
of the Earth’s surface. These satellites act as active repeaters, receiving signals from
a transmitting station, amplifying them, and retransmitting them to distant locations
(Maral; Bousquet, 2011; Pratt; Bostian; Allnutt, 2003).

PESE addresses sovereign communications through a “system of systems” architecture

with two distinct families that complement each other at the strategic and tactical levels:

e CALIDRIS: Focused on Strategic Communications from Geostationary Orbit (GEO)
(Martins, 2021).

e ATTICORA: Planned for Tactical Communications in Low Earth Orbit (LEO)
(Martins, 2021).

The essential characteristics of a communication satellite include:

e Transponders: sets of receivers, power amplifiers, and transmitters operating in
specific frequency bands (C, Ku, Ka, L, S, X, etc.);

e High-precision antennas: typically fixed-beam antenna arrays to cover large geo-

graphic areas or spot beams;

e Frequency conversion systems: for translation from uplink (ground station to satel-

lite) to downlink (satellite to ground station);

e Power supply: solar panels sized to support the power of the transponders, as well

as batteries for continuity during eclipses;

e Attitude and orbit control system: ensures precise antenna pointing for geostation-

ary orbit or another appropriate orbit (Maral; Bousquet, 2011).
A typical communication satellite mission includes:

1. Occupation of geostationary orbit (GEO) at about 35 786 km altitude, maintaining

a fixed longitude position;

2. Reception of signals in the uplink and retransmission in the downlink, with ampli-

fication and filtering;

3. Distribution of signals to multiple ground stations, satellite TV operators, Internet

providers via VSAT (Very Small Aperture Terminal), and mobile telephony systems;
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4. Power budget management to ensure link quality even under adverse conditions

(rain, interference) (Maral; Bousquet, 2011).

2.4.1 Forms of Communication

Satellite communications can be classified, among other criteria, by the bandwidth
used in the radio link. The distinction between narrowband and broadband is fundamental
for the selection of countless design parameters, such as data rate, modulation complexity,
and hardware requirements. Narrowband is usually employed for telemetry, telecommand,
and payloads with low data volume, whereas broadband supports high data-rate demands,

such as image transmission and Internet access via satellite (Maral; Bousquet, 2011).

In narrowband systems, typical bandwidths range from a few tens of kilohertz up to,
at most, a few hundreds of kilohertz. This reduced spectrum imposes limitations on the

data rate according to the theoretical capacity given by Shannon’s formula:
C = Blogy(1+ %) (2.18)

where C' is the capacity in bits per second, B the bandwidth in hertz, and S/N the signal-
to-noise ratio (SHANNON, 1948). In practice, narrowband systems in small satellites (for
example, CubeSats in VHF /UHF) operate with B ~ 25-100kHz and achieve data rates of
up to a few hundred kilobits per second, being suitable for platform telemetry and remote
command (Pratt; Bostian; Allnutt, 2003).

This type of tactical communication corresponds to the mission of the ATTICORA
family of PESE. As a low Earth orbit (LEO) constellation, its purpose is to provide voice
communication and data collection in remote regions. The main advantage is to enable
the use of “light and small terminals” by tactical units in the field, such as reconnaissance

teams, which could not operate with the large GEO terminals (Martins, 2021).

In contrast, broadband communications exploit frequency ranges from the megahertz
spectrum, such as L-band between 1-2 GHz and S-band between 2-4 GHz, up to multi-
gigahertz bands such as Ku-band between 12-18 GHz and Ka-band between 26-40 GHz,
with bandwidths of up to hundreds of megahertz per channel. These ranges support
data rates of several gigabits per second, which are essential for the transmission of high-
resolution imagery and broadband services for end users (RICHARIA, 2012).

This broadband, high-capacity profile defines the CALIDRIS family, represented by
the Geostationary Defense and Strategic Communications Satellite (SGDC-1) (Martins,
2021). Operating in GEO, SGDC-1 provides dual-use strategic communications: it uses
X-band, exclusively and securely for the Armed Forces, and Ka-band, of high capacity,
for the civil National Broadband Program (PNBL) (Martins, 2021).
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To maintain link quality over orbital distances, the free-space path loss model is ap-
plied:
FSPL(dB) = 20 1og10(%) (2.19)

where d is the satellite-Earth distance and A the wavelength (SKOLNIK, 2008).

Regarding onboard devices, narrowband systems require low-complexity transceivers,
consisting of band-pass filters with restricted bandwidth, low-noise amplifiers (LNA),
modulators/demodulators with simple modulation schemes (for example, BPSK), and
moderately directional antennas (helical or patch) (Maral; Bousquet, 2011). In broad-
band, satellites must incorporate high-capacity transponders with solid-state power am-
plifiers (SSPA) or traveling wave tube amplifiers (TWTA), wideband filters, modems
with high-order modulation (QPSK, 16-QAM, or higher), and large reflector antennas or
phased-array antennas capable of forming narrow, steerable beams (RICHARIA, 2012).

2.4.2 Two-Line Elements (TLE) and the SGP4 Model

Whereas the classical Keplerian orbital elements, described in Section 2.1.2, provide
an ideal geometric description of an unperturbed orbit, the propagation of real satellites
requires the inclusion of significant perturbations, such as the Earth’s polar flattening
(J2, J3, J4) and atmospheric drag. For this purpose, the most universally adopted data
format for Earth-orbiting objects (LEO and GEO) is the TLE (Two-Line Element).

A TLE is not merely a data format; it is a set of input parameters inseparably linked
to a specific family of analytical propagators, notably SGP4 (Simplified General Pertur-
bations 4) and its derivatives (e.g., SGP, SGP8, SDP4, SDP8). SGP4 is an analytical
propagator (and not a numerical one), which makes it computationally very fast. It was
designed to include the secular and periodic effects of the main perturbations, allowing

reasonably accurate trajectory predictions over several days.

The data in a TLE are not osculating orbital elements (i.e., the instantaneous geo-
metric state of the satellite), but rather mean elements. These elements are the result
of a complex fitting process of observational data (radar, optical) to an SGP4 model. In
short, the mean elements of a TLE are those values which, when supplied to the SGP4
algorithm, produce a trajectory that best approximates the real observed trajectory of
the object.

The TLE format consists of two lines of 69 characters each, in plain text, preceded by
a title line. The structure, exemplified by the TLE of the SGDC-1 satellite used in this

simulation, is as follows:

SGDC-1
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1 42692U 17023B  25294.12501553 -.00000244 00000+0 00000+0 @ 9999
2 42692 ©0.0439 67.7207 0003191 159.5177 132.7639 1.00272242 31015

The most relevant fields for propagation are:

e Line 1: Contains the TLE epoch (year and fraction of the day, e.g., 25294.12...),
which serves as the time ¢y of the element set, and the drag coefficient B* (a term

derived from the ballistic coefficient), which models the effect of atmospheric drag.

e Line 2: Contains the six mean orbital elements required by SGP4: Inclination (7),
Right Ascension of the Ascending Node (2), Eccentricity (e), Argument of Perigee

(w), Mean Anomaly (M), and Mean Motion (n, in revolutions per day).

In this work, orbital propagation is not performed by numerical integration of the clas-
sical equations of motion (Equation 2.3), but rather by the direct application of the SGP4
model, as implemented in the Python library sgp4. When instantiated, the Satellite
class uses the provided TLE to initialize a Satrec object (via Satrec.twoline2rv). This

object is the SGP4 propagator.

Subsequently, in the physical simulation phase (Section 3.2.3), the propagate method
calls this object at each discrete time instant (via satrec.sgp4), obtaining the state vector
(position 7 and velocity ¥) of the satellite in the TEME (True Equator Mean Equinoz)
inertial frame. This state vector is the “truth” of the system at that instant, and serves
as the basis for all subsequent geometric calculations, such as the verification of ground-

station visibility and regions of interest.



3 Methodology

3.1 Materials

The development of the modeling and simulation algorithm will be carried out in the
Python programming language (Foundation, 2020). Python is a high-level, interpreted,
dynamically typed language, widely employed in scientific and engineering projects due
to its clear syntax and large support community. Its native constructs, such as class
definitions and function creation, allow for the modular structuring of entities in the

simulation domain, such as satellites, ground stations, and orbital perturbation modules.

For orbital modeling and simulation in the scope of this work, the Poliastro library
is employed, developed to provide interactive and programmatic orbital mechanics func-
tionalities (Le6n; Alarcon; Soto; Zuluaga, 2018). The main objective of its use lies in
the ease of defining Keplerian elements, propagating trajectories, and applying maneu-
vers and perturbations through dedicated classes and methods. Among the fundamental
classes, Orbit, responsible for representing orbits in the central-body frame, and Maneu-
ver, which allows the definition of sequences of orbital impulses, stand out. For orbit
creation, the Orbit.from_classical method makes it possible to instantiate an orbit object
from the semi-major axis, eccentricity, inclination, right ascension of the ascending node,
argument of perigee, and true anomaly. Orbit propagation can be performed using ana-
lytical and numerical integrators, accessible via the orbit.propagate method, which admits
specification of propagation time and integrator type. The application of perturbations,
such as the effect of polar flattening (J2), is enabled by defining perturbation elements in
the numerical propagator, allowing a more accurate modeling of the real trajectories of

satellites.

For the definition of the PESE satellite constellations, the library will be used in the
programmatic generation of multiple orbits, repeating the structure of orbital parameters
in successive planes according to the desired Earth coverage patterns. Replication of the
Orbit object around the Earth will allow revisits and coverage times to be mapped, which
are fundamental for simulating telecommands to be sent when the satellites are within

the line-of-sight region of Brazilian ground stations.
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Complementing Poliastro’s functionalities, the Astropy library provides full support
for the handling of physical units and the definition of coordinate systems, enabling con-
sistent conversion of orbital parameters between different reference frames without the
risk of scale errors (Astropy Collaboration, 2013). Together with this, NumPy offers a
structure of multidimensional arrays and high-performance vector operations, facilitating
batch execution of orbital calculations and the simultaneous evaluation of multiple con-
stellation scenarios (Harris et al., 2020). For numerical propagation and the treatment
of differential equations that model perturbations such as the J2 effect, SciPy provides
advanced integration routines and ODE solvers that are proven in scientific applications.
Finally, Matplotlib enables the generation of two- and three-dimensional plots of orbital
trajectories, as well as the plotting of coverage and revisit curves, supporting qualitative

and quantitative analysis of the results (Hunter, 2007).

The pandas library plays a fundamental role in the handling and analysis of tabular
data generated during PESE simulations, allowing records of positions, velocities, and
coverage events to be organized into high-performance DataFrame structures (McKinney,
2018). With it, it is possible to import and export data in various formats (CSV, HDF5,
Parquet), perform filtering, grouping, and aggregation operations to extract operational
metrics such as the distribution of revisit times and dwell durations per ground station.
In addition, advanced join (merge) and temporal resampling functionalities facilitate the
combination of data from different constellations and the generation of standardized time
series for subsequent statistical analysis. The integration of pandas with NumPy and
Matplotlib ensures a cohesive workflow, in which DataFrames directly feed plotting func-
tions, resulting in visual reports and summary tables that support the evaluation of the

simulation results.

In practice, the simulation begins by defining Poliastro Orbit objects with classical
elements, while Astropy ensures that all values are in consistent units, simplifying the
composition of state vectors and transformations between angles and distances. Next,
NumPy is employed to organize vectors of time instants and parameters of different or-
bital planes, allowing the creation of input matrices to be propagated in parallel. SciPy’s
integration functions are then called to compute the temporal evolution of positions and
velocities, including additional perturbations, through programmatic interfaces that ac-
cept custom acceleration functions. Finally, Matplotlib will be used to generate detailed
visualizations of orbits and coverage maps, integrating trajectory lines, geographic pro-
jections, and line-of-sight indicators for Brazilian ground stations, which facilitates the

evaluation of PESE’s operational metrics, such as revisit times and coverage durations.
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3.2 Simulation

The simulator architecture was designed based on a separation-of-concerns philosophy,
dividing the logic into distinct phases that will be detailed in the following subsections.
The backbone of this architecture is the set of data structures used to define scenarios,

manage the state of agents (satellite and stations), and record results.
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FIGURE 3.1 — Diagram describing the methodology adopted for the simulation.

3.2.1 Data Structures

The flow of information in the simulation is managed by two main categories of data
structures: static configuration files, which define the scenario input parameters; and
dynamic runtime objects, which maintain the state of the simulation and execute the

operational logic.
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FIGURE 3.2 — Diagram of the main data structures and their interaction.

The simulation is parameterized by a set of configuration files in JSON format, allowing
complex scenarios to be defined without changing the source code. The commands.json
file serves as the initial mission plan, detailing the sequence of telecommands (TCs) that

each ground station will attempt to transmit to the satellite.

Each command in this file references an id_atividade, whose fundamental properties,
notably duracao_seg (duration in seconds), are cataloged in the sat_actions.json file. The
commands also specify their execution prerequisites, such as visibilidade_area_alvo. The

target areas (ROIs), in turn, are defined as geographic polygons in the rois.json file.

Finally, the timing of the communication protocol (duration of beacon, uplink, etc.) is

governed by the parameters in comm_config.json.

At runtime, the static configuration parameters are deserialized to instantiate the
agent classes that encapsulate the state and behavior of the system. The Satellite class
is the central agent, storing the SGP4 propagator and, after the pre-computation phase,
the complete trajectory results in the rs_km and vs_kms vectors. Critically, this class
manages the command_queue, a priority queue (min-heap via heapq) that stores received
TCs and ensures that the highest-priority activities (lowest numerical value) are evaluated
first. The class also tracks the timing of key events, such as the receipt of TCs, in the

event_timestamps dictionary.

In parallel, the Ground_Station class models the ground stations, storing their fixed

geographic location and their TC queue for transmission, command_outbox, implemented
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as a deque (double-ended queue) for efficient loading and sending operations.

Finally, the essential bridge between physical simulation and event simulation is es-
tablished by precomputed visibility vectors. These structures, typically boolean NumPy
arrays, store the result of geometric calculations for each time step, allowing the main
event loop to perform instantaneous state checks without the need for repeated orbital

computations.

3.2.2 Configuration and Instantiation

The configuration and instantiation phase is the initialization process executed by the
main module, main.py, before the start of the simulation loop. The first step is defining
the simulation “clock.” The epoch time, t0, is extracted directly from the satellite TLE
(Two-Line Element), serving as the temporal zero mark. From this t0, a simulation
horizon is defined (the variable periodo_ref, set to 24 hours) and discretized with a fixed
time step (60 seconds). The result is the master time vector, a NumPy array named times,
which dictates each instant at which the system state will subsequently be computed and

evaluated.

Concurrently with the time definition, the system agents are instantiated. The Satel-
lite class is used to create the sgdcl object, which is initialized with the TLE lines and
the sensor opening angle. During its initialization, the Satellite class stores the TLE and
immediately uses the SGP4 library to create the Satrec propagator instance. This propa-
gator is retained but not executed at this stage; propagation of the complete trajectory is
a subsequent pre-computation step. Similarly, the ground stations are instantiated from
the Ground_Station class (cope_station, cope_s_station). The Ground_Station constructor
receives the geodetic parameters (latitude, longitude, altitude) and the line-of-sight cone
opening angle, using them to create and store an EarthLocation object from the AstroPy

library. This object will be essential for visibility calculations.

Once the agents are instantiated, their mission data are loaded. The main.py file
reads and deserializes all JSON configuration files, such as rois.json, commands.json, sat_-
actions.json, and comm_config.json. The “data injection” step occurs when the load_-
commands method of each Ground_Station instance is invoked. This method filters the
command dictionary (originating from commands.json) searching for a key that matches
the name of the station itself (“COPE”). The commands found are then enqueued into the
station’s internal data structure, command_outbox (a deque), preparing them for future
uplink. The data from the other configuration files, such as sat_actions_config and comm_-
config, are kept in the main scope to be injected into the state update functions at each
simulation step. At the end of this phase, the system is fully configured and ready for the

geometric pre-computation phase.
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3.2.3 Physical Simulation

A fundamental architectural decision in this simulation is the complete separation
between orbital propagation, which is computationally intensive, and event simulation.
All mission geometry is precomputed in this phase, before the main event loop is started.
This phase transforms the static input parameters into full time series of position and

visibility for the entire simulation horizon.

The process begins with orbit propagation. The main.py module invokes the propagate
method of the Satellite object, passing the master time vector (times) as an argument.
Internally, this method iterates over each time instant and, using the Satrec library, com-
putes the state vector (position 7 and velocity ¥) in the TEME (True Equator Mean
Equinox) inertial frame for that specific instant. It is important to note that the SGP4
model inherently includes the main orbital perturbations, such as the effects of polar flat-
tening (J2) and atmospheric drag. The resulting state vectors for the entire simulation

are stored directly in the Satellite object, in the rs_km and vs_kms arrays.
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FIGURE 3.3 — Diagram describing the methodology for the physical model of orbital dynamics.

Once the complete trajectory is available, the next step is to compute visibility events.
This calculation is delegated to the agents themselves. The main.py file invokes the cal-
culate_visibility method of each Ground_Station instance. This method uses the physical
parameters of the station: its geodetic location (an EarthLocation object from the AstroPy
library) and its opening angle (opening_deg), which defines the line-of-sight cone from the
zenith (e.g., an angle of 40° requires a minimum elevation of 50°). The method iterates
over the entire rs_km trajectory, converting the satellite TEME position, at each step, to
the station’s local frame (Altitude/Azimuth). By comparing the computed elevation with
the visibility threshold, the method generates a boolean vector (e.g., cope_visible) that

maps “True” or “False” for each instant of the simulation.
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FIGURE 3.4 — Line-of-sight geometry for the satellite sensor and the ground station.

An analogous process is carried out for the regions of interest (ROIs). The main.py file
invokes the check_polygon_visibility method of the Satellite object. This method uses the
satellite sensor half-opening angle (sensor_opening_deg) and the polygon coordinates (read
from rois.json). For each time step, the function computes the satellite subpoint (nadir)
and the angular radius of its footprint on the surface, using the spherical trigonometry
function sensor_ground_range. It then checks whether all vertices of the ROI polygon

are contained within this footprint. The result is another boolean vector that defines the
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FIGURE 3.5 — Diagram describing the methodology for the physical model of the ground stations.

The visual consolidation of this phase is generated by the ground_track_plot func-
tion. This function processes the complete trajectory, converting the TEME positions to
geodetic coordinates (latitude, longitude) and plotting them on a 2D world map using the

Cartopy library. The resulting plot (saved as ground_track_plot.png) displays the satellite
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trajectory, the sensor coverage swath, and the ground-station visibility cones, providing

a complete overview of the mission geometry.

3.2.4 Communication Simulation and Event Logic

After the physical simulation phase, the simulation enters its main event loop, iterating
step by step over the entire time horizon. In this phase, the boolean visibility vectors act
as triggers that activate the communication logic. Communication is not modeled as a
continuous flow, but as a discrete protocol managed by Finite State Machines (FSMs),

both on the satellite and on the ground stations.

The communication channel is simulated through buffer variables in the scope of the
main loop. At each time step, the agents (satellite and stations) read and write to these
buffers, simulating the exchange of data packets. The logic of which agent can speak or

listen is governed by their state update methods.

When visibility between the satellite and a station is established, the ground station
initiates the protocol. It transitions from the IDLE state to WAITING_BEACON, in-
dicating that it is awaiting the first communication. The satellite, upon detecting this
state in the station, responds by transitioning to DOWNLINKING_BEACON, sending a
health packet and starting a timer. The duration of this and all communication stages is

defined by the comm_config.json configuration file.

After the beacon, the satellite transitions to the UPLINKING state, signaling that it is
ready to receive commands. The ground station, upon detecting this change, transitions
to its own UPLINKING state, starting the duracao_uplink_comandos_seg timer. At the
end of this timer, the station aggregates all pending commands from its command_outbox
queue, loaded from commands.json, and places them in the transmission buffer, empty-
ing its local queue. The station then switches to the DOWNLINKING state, awaiting

confirmation telemetry.

The satellite, upon receiving the command packet in the buffer, performs one of the
most critical actions in the simulation: it iterates over the received commands and inserts
them into its internal priority queue, self.command_queue (a min-heap). At the same
time, it records the arrival time of each command, which is crucial for checking delay-
based prerequisites. The satellite then transitions to DOWNLINKING_DATA, where it
sends its telemetry packets, including the queue state and the output files generated by
completed activities, before returning to the IDLE state. The station, upon detecting
that the satellite has returned to IDLE, considers the pass complete and also returns to
its IDLE state. If visibility is lost at any time, the ground station’s update_state method

forces an immediate return to the IDLE state, recording a loss-of-signal event.
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For managing multiple ground stations, the simulator implements an implicit priority.
Within the main loop, the COPE station has its update_state method executed before
COPE. Likewise, the satellite’s update_state_communication method checks the state of
COPE before checking that of COPE-S. In practice, this ensures that if both stations are

simultaneously visible, the satellite will communicate with COPE.

3.2.5 Activity Execution Simulation

The core of the satellite’s autonomy lies in its ability to manage and execute tasks.
This logic is encapsulated in the update_state_activity method, operating independently
of communication. Within the main simulation loop, activity is always updated first at
each time step, ensuring that activity decisions are made before any new communication

Interaction.

When the satellite antenna receives a telecommand (TC) packet from the ground
station, it does not execute them immediately. Instead, it inserts them into the satellite’s
internal command queue, command_queue. This data structure is implemented as a
priority queue (a min-heap from the heapq library), which orders commands based on
the prioridade field defined in the commands.json file. An insertion counter (command_-
insertion_counter) is used as a tiebreaker to ensure FIFO (First-In, First-Out) ordering

for commands with identical priority.

The “brain” operates as a simple Finite State Machine (FSM) with two main states:
IDLE and BUSY. If the satellite is in the IDLE state and its command_queue is not empty,
it adopts an opportunistic execution logic: it extracts the highest-priority command from
the queue (the top of the heap) and submits it for prerequisite checking via the auxiliary
method _verificar_prerequisitos. This method is the gateway to execution. It validates
the command against the current world state (world_state), checking conditions such as
target-area visibility, whether a dependency command has already been completed, or

whether a waiting period (delay) has already been satisfied.

If all prerequisites are satisfied, the satellite transitions to the BUSY state. At this
moment, it stores the command under execution, queries the action catalog to determine
the activity duration, and sets a completion timer. If the prerequisites are not satisfied,
the command is reinserted into the priority queue and the satellite remains IDLE, ready

to evaluate the next command in the following cycle.

While in the BUSY state, the satellite monitors two conditions at each time step.
First, it checks whether the current time has exceeded the completion timer. Second, it
continuously reevaluates all prerequisites of the command under execution. This imple-

ments an interruption logic: if a continuous prerequisite, such as target visibility, is lost
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during execution, the _verificar_prerequisitos method will fail. The satellite will record a
“FAILURE,” interrupt the task, and reinsert the failed command back into the priority
queue, returning to the IDLE state.

If the completion timer is reached without interruptions, the activity is considered a
“SUCCESS.” The command identifier is added to the completed_commands set, and the
output files defined in commands.json are recorded in the output_files dictionary. This
dictionary, together with the current activity state, constitutes the activity telemetry.
During the next communication pass, when the satellite antenna is in the DOWNLINK-
ING_DATA state, this data packet will be sent to the ground station, closing the command

cycle and allowing mission control to receive the results of the executed tasks.

3.2.6 Results Structure

At the end of the main simulation loop, the main.py module executes a final data
collection and persistence routine, generating a set of output artifacts. These artifacts are
divided into two categories: a graphical result for visual validation of mission geometry

and a set of textual log files for detailed traceability of communication and activity events.

The graphical result consists of an image that, using the Cartopy library, renders the
2D projection of the satellite orbital trajectory (the ground track), the sensor coverage
swath, and the ground-station visibility cones on a world map. Its main purpose is to
provide visual and qualitative verification of the physical simulation phase, confirming

whether the calculated visibility windows correspond to the expected orbital geometry.

The primary results of the simulation are the textual log files, which provide a complete
chronicle of all events that occurred. The main.py module consolidates the log lists from

all agent instances and writes them to individual text files.

The formatting of these files is standardized to facilitate reading. Each event recorded

in the objects is a tuple containing a timestamp, an event type, and a descriptive message.

The content of these logs enables a multi-perspective analysis of the mission. The
sgdcl_activity.txt file records the satellite’s activity events, allowing the lifecycle of all
satellite activity executions to be traced. The communication files sgdcl_comm.txt and
cope_comm.txt record handshake protocol events from the perspective of both agents,
detailing pass start, telecommand transmission, and interruptions due to loss of visibility.
Finally, the cope_downlink_data.txt and cope_s_downlink_data.txt files are crucial, as they
record not only events but the telemetry payload received from the satellite, including the
final output_files dictionary, which confirms which data files were generated and are ready
for downlink. Taken together, these files provide complete traceability, allowing failure

debugging and verification of the simulated system’s operational performance.
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FIGURE 3.6 — Flowchart of the generation of simulation result artifacts.

3.3 State Machines

The execution logic of the simulation is governed by three distinct Finite State Ma-
chines (FSMs), which operate together within the main event loop. Two FSMs manage
the communication protocol, while the third manages the satellite’s autonomous task

execution.

3.3.1 Ground Station Communication

The communication logic of each instance of the Ground_Station class is controlled by
its internal comm_status attribute. This FSM is responsible for initiating contact, sending

commands, and receiving telemetry. The states are:

e IDLE: The default state. The station is not in communication. It transitions to
WAITING_BEACON at the instant when the geometric pre-computation vector

indicates visibility with the satellite.

e WAITING_BEACON: The station is waiting for the satellite’s initial signal. It
remains in this state until it detects that the satellite’s public state attribute has
changed to UPLINKING.

e UPLINKING: Upon detecting that the satellite is ready to receive, the station tran-

sitions to this state. An internal timer is started. The station remains in this state
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until the timer expires. Upon expiration, it groups all commands in its command_-
outbox queue, places them in the transmission buffer, and empties its local queue.

Immediately afterward, it transitions to DOWNLINKING.

e DOWNLINKING: The station has already sent its commands and is now waiting
for the satellite’s response. It remains in this state while the satellite transmits its
data. The transition back to IDLE occurs when the station detects that the satellite
has completed its cycle and its status has returned to IDLE.

A global failure transition overrides this logic: if the ground station loses visibility
with the satellite at any instant, the station’s update_state method forces an immediate

return to the IDLE state, regardless of the current state, recording a loss-of-signal event.
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FIGURE 3.7 — Finite State Machine for the ground station communication logic.

3.3.2 Satellite Communication

The satellite has two independent FSMs. The first, its antenna, mirrors the ground

station logic. The states are:

e IDLE: The default state. The antenna is not in communication. It transitions
to DOWNLINKING_BEACON upon detecting that a visible station (with priority
given to COPE) has changed its state to DOWNLINKING_BEACON.

e DOWNLINKING_BEACON: The satellite is transmitting its initial message to the
ground station. A timer is started. Upon expiration, the state automatically changes
to UPLINKING.
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e UPLINKING: The most critical state of communication. The satellite is receiving
commands from the ground station. A timer is started. During this state, the satel-
lite monitors the input buffer. If commands are received, they are processed: each
command is inserted into the internal activity priority queue via heapq.heappush,
and its arrival time is recorded. At the end of the timer, the state transitions to

DOWNLINKING_DATA.

e DOWNLINKING_DATA: The satellite aggregates its state telemetry and the results
of completed activities and places them in the output buffer. A timer is started.

Upon expiration, the communication is considered complete and the state returns
to IDLE.

Activity condition

Condition loss

FIGURE 3.8 — Finite State Machine for the satellite communication logic.

3.3.3 Satellite Activity Execution

The second FSM of the satellite is its “brain.” It operates independently of the antenna
and is updated first at each time step. This FSM has only two states:

e IDLE: The satellite is not executing any internal task. In this state, at each time
step, the satellite checks the top of its priority queue. It extracts the highest-priority
command and submits it to the verification method. If the verification is successful,
the state transitions to BUSY. Otherwise, the command is reinserted into the queue
and the satellite remains IDLE.

e BUSY: The satellite is actively executing a task. Upon entering this state, a com-

pletion timer is set based on the activity duration, read from the sat_actions.json
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file.

Two conditions can cause the satellite to leave the BUSY state:

1. Success: The current time reaches or exceeds the activity time. The task is marked
as “SUCCESS,” its ID is added to the set of completed tasks, its results are stored,
and the state returns to IDLE.

2. Failure/Interruption: At each time step, while in BUSY,, the continuous prerequisites
are rechecked. If this verification fails, the task is immediately interrupted. A
“FAILURE” event is logged, the command is reinserted into the queue, and the
state returns to IDLE.

Activity condition

Condition loss

FIGURE 3.9 — Finite State Machine for the satellite activity execution logic.



4 Results

This section presents the results obtained from the execution of the simulation, ac-
cording to the methodology detailed in Chapter 3. The test scenario is based on the input
parameters defined in the configuration files, simulating a 24-hour period of operation
of the SGDC-1 satellite. The objective is to validate the state machines, the prerequi-
site logic, and the interaction between the physical (orbital) simulation and the event

simulation (communication and activities).

4.1 Simulation Description

The simulation was executed with a set of input parameters to validate the architecture
of the model. The main agent is the SGDC-1 satellite, instantiated from its real TLE
(Two-Line Element). The TLE, with an epoch of 2025, indicates a geostationary satellite,
with a mean motion of 1.0027 revolutions/day and a very low inclination (0.0439°). The
simulation horizon was configured for a period of 24 hours, with a discrete time step of

60 seconds.

Two ground stations were modeled: COPE (Brasilia) and COPE-S (Rio de Janeiro),
both with a line-of-sight cone of 40° from the zenith. The satellite was configured with an
imaging sensor with a half-opening (off-nadir) angle of 6.0°, used to monitor the Region
of Interest (ROI) Sdo Paulo (SP), defined by a polygon over the state of Sao Paulo.

The mission plan was loaded via commands.json, assigning three telecommands (TCs)
to the output queue of the COPE station:

1. TCOOI_-MANUTENCAO: A low-priority (3) battery maintenance task, with a du-
ration of 1800 seconds and a prerequisite delay of 3600 seconds after receipt of the

command.

2. TC002_-FOTO_SP: A high-priority (1) task to image the “SP” ROI, with a duration

of 240 seconds and a prerequisite of continuous target visibility.

3. TCO003_AJUSTE: A high-priority (1) orbital adjustment task, with a duration of
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5000 seconds and no execution prerequisites.

The communication times were defined in comm_config.json, allocating 60 seconds for

the command uplink and 60 seconds for the telemetry downlink.

4.2 Physical Simulation Analysis

The first stage of results focuses on validating the mission geometry. Since the SGDC-
1 satellite is geostationary, the expected behavior is high positional stability with respect

to the ground.

4.2.1 Ground Track and Visibility Analysis

Execution of the ground_track_plot function, which processes the complete trajectory
of the satellite and converts it to geodetic coordinates (latitude, longitude), produces the
trajectory plot. As expected for a GEO satellite with low inclination and eccentricity,
the resulting ground track is not a long sinusoidal strip, but rather an almost stationary
point over Brazil. The small inclination of 0.0439° and eccentricity of 0.0003191 result
in minimal daily drift, known as an analemma, which is correctly captured by SGP4

propagation.

A direct consequence of this stability is constant visibility. The boolean vectors gen-
erated by the calculate_visibility method take the value True for all 1440 time steps of
the simulation (24 hours). The COPE station has full and uninterrupted coverage of the
satellite, since it remains fixed in its skies within its 40° line-of-sight cone, while for the
COPE-S station it is not visible for this line-of-sight cone. Similarly, the 6° sensor foot-
print illuminates a fixed coverage area on the ground which, given the satellite longitude,
also continuously covers SP. Therefore, the SP visibility vector also takes the value True

for the entire simulation.
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FIGURE 4.1 — 3D visualization of the satellite orbit.



CHAPTER 4. RESULTS 43

FIGURE 4.2 — Visualization of the geostationary ground track and station coverage.

4.2.2 Orbital Analysis

The SGP4 propagation worked as expected, generating a stable trajectory. Because
this is a geostationary orbit, the true anomaly should behave approximately linearly, since
it is an approximately circular orbit. This behavior was observed in the simulation, see
Fig. 4.3.

FIGURE 4.3 — Evolution of the true anomaly over time.

Furthermore, given the location of the ground stations and the opening angles of

the ground-station and satellite sensors observed in Fig. 4.2, it is expected that, due



