
































Chapter 1

Introduction

Mexican history of modern Satellites begins in the decade of 1960 for providing worldwide
coverage of the Summer Olympic Games of 1968 and for the FIFA World Cup in 1970. Those
first services supplied by Intelsat [6] continued expanding and in in the decade of 1980, the
first two Mexican Satellites (Morelos I and Morelos II) developed by Hughes Space and
Communications Industries and launched from the USA provided communication services
to Mexico until 2004, when the last of those satellites stopped working [7].

Solidaridad I and Solidaridad IT were the next generations of Mexican satellites launched
in the 90s. Mexsat Satellites (acquired by EUTELSAT some years later), Eutelsat 117 West
A, Eutelsat 115 West B and the QuetzSat-1 followed those first satellites [2].

Big satellites for high altitude orbits provides great value communication capabilities for
Mexico; however, large systems of this kind implies significant costs since the development of
spacecraft for a high altitude orbit have a price in the order of hundreds of millions of dollars.
Usually, large satellites also require several years for their construction, launch, calibration
and technical probes before starting operations; furthermore, those satellites represent a
substantial financial risk [8], [9].

The Centenario, a Mexican satellite intended to be part of a constellation to three satel-
lites, became lost during its launch stage in 2015. Even though the insurance covered the
$390 million USD of the cost of the Centenario, this loss, considered as a large project failure
[10, 11], is vast. The case of the Centenario contrasts with the loss of smaller satellites where
replacement is quicker and with a much lower cost.

Small satellites are much faster and cheaper to build and launch than big satellites [12].
Even though there are limitations like onboard computing [13], propulsion, and available
power, the constellations of small satellites are becoming more capable of performing missions
that were previously only thought for big satellites [14]. Ambitious projects of small-satellite
constellations like OneWeb of Airbus propose global access to the Internet [15] which is one
of the market segments for the space industry. Other essential market segments like traffic
and fleet management, commercial aviation, agriculture, fishing, and maritime transport are
part of the 64 market segments identified in the Roadmap for Mexico Space Industry and
are achievable with a flexible satellite platform of small satellites in the low earth orbit [16].

Important social applications for small-satellites constellations in Mexico are communica-
tion in rural areas, monitoring of agricultural lands and natural disasters surveillance. Closer
observance of natural disasters could help to prevent casualties by giving timely alerts to



specific areas and having a quick response in case of accidents or human life threat.

1.1 Motivation

Space is one of the natural resources that we could exploit more in Mexico. There are a lot
of ideas and opportunity areas related to the utilization of this natural resource, some of
them are the observation and communication using satellite systems. Mexico, as previously
mentioned, get its big satellites from other parts of the world but it is also possible to
entirely design and generate satellites systems in Mexico. Minimization of high costs and
risks associated with geostationary satellites is achievable thanks to nanosatellites; the scope
of a mission using them is variable but also increasing with time.

A good proposal or appropriate implementation of a nanosatellite or small satellite mis-
sion could increase the interest to space from the Mexican academic and private sector and
even create regional interest to design and manufacture new components for use in satellite
missions at space or ground scenes.

1.2 Research Questions

Do a communication network with small satellites in low Earth orbit allows communication
with agriculture sensors in a field?

What are the required subsystems and its characteristics at ground and space that allow
communication between a ground station and a small satellite orbiting in the low Earth
orbit?

What are the communication parameters for the link budget that guarantee reliable com-
munication from ground to a small satellite in the low Earth orbit?

What are the main characteristics of orbits to guarantee total coverage in Mexico through a
communication network enabled with small satellites?

What are the lessons learned from previous small satellite projects that would improve the
design of a small satellite communication network for collecting measurements of sensors in
agriculture fields at the ground?

1.3 Problem Statement and Context

Space is an exploitable natural resource for communication purposes. Satellites are the
primary space technology for communication, but they are costly. Nanosatellites helps to
reduce economic costs and time for development compared with big satellite projects and are
continuously increasing their capabilities; some missions have even reached longer distances
than the terrestrial orbits.



For defining a satellite communication project it is necessary to identify the hardware
and operational requirements for the satellite mission, then it is essential to have in mind a
mission. Equipment and operations vary according to each mission, but there is a base of
systems and protocols usually found in related satellite communication projects; thus, the
mission would serve as a reference point to guide the project and the selection of resources
and operations.

A satellite project requires of some physical resources at space and ground; also requires
of other resources like frequencies for communication, orbits, and a series of evaluation of
communication parameters to ensure link availability from its orbit to Earth and vice versa.

Given the diversity of necessities for a satellite project as previously stated, it is essen-
tial to have a complete reference of requirements in terms of hardware, operations, prac-
tices, problems, restrictions, and the establishment of communication between Earth and
the spacecraft.

Simulations and specific analysis are necessary to identify the right physical and opera-
tional resources for a nanosatellite system; thus, it is also fundamental to include simulations
including both analysis of the ground, space, and link to form an integral project that could
serve as a basis for a nanosatellite project or a specific part of it.

Lessons learned from previous satellite projects of different sizes, budgets and for different
missions could serve with a significant role in designing a nanosatellite project since it could
help to avoid repetition of mistakes and guide to an improved implementation. It is essential
to identify some of those lessons learned and understand how they apply to the particular
nanosatellite project.

1.4 Objectives

The primary objective of this project is to show the feasibility of a nanosatellite system
in the low Earth orbit to provide a communication network for agriculture applications in
Mexico.

Specific Objectives:

1. To describe the required characteristics of the satellite system from an integral point
of view; including both communication aspects, hardware requirements, and operational
considerations.

2. To understand the integration of hardware and operations in a small satellite project,
identify the functional components of a small satellite and describe how they inter-operate
to achieve the proposed mission.

3. To identify the technical requirements of the network to achieve the proposed mission.
4. To describe the wireless link characteristics and it how it is affected during the com-

munication between a particular location in Mexico and a small satellite in the low Earth
orbit.



5. To determine the orbital characteristics of a small satellite in the low Earth orbit and its
influence in the coverage for a particular location in Mexico.

6. To discuss lessons learned from previous satellite and small satellite projects to improve
the mission design.

1.5 Main Contribution

This project proposes a way to modernize agricultural activities utilizing a robust and flexible
small-satellite network following some requirements of the Internet of Things. The proposed
mission tries to show that satellites and space have not only purely scientific purposes and
that space and satellite technology could bring benefits and innovation to Mexico on sectors
like agriculture.

This thesis includes a definition of the desired specific mission as well as a discussion of
available resources, possible configuration, standard practices, expectations for the following
yvears and opportunities to implement similar approaches to solve other problems. The
project aims at providing an overall background and general guide as a kind of a survey
that could be useful for future research and or implementation of this project in Mexico by
a research institution like a university as well as simulations to some key sections.

1.6 Scope of the project

This project aims to provide a comprehensive outline of the requirements for satellite com-
munications, including surveys of space and ground requirements for communicating with
small satellites in the low Earth orbit. The thesis includes a definition of the mission; this
proposed mission proposes to provide communication for agriculture applications including
communication with sensors and actuators, but, it is not the intention of the project to go
further in the areca of agriculture but in satellite technology and enabling strategies. As
part of the definition of the mission, tables of available hardware for agriculture applications
accompany the project, mainly with information of sensors, data loggers and transmitters.

The thesis includes a survey of different topics like hardware for space and ground, com-
munication protocols, overall network requirements, communication strategies, frequencies,
and suitable orbits to provide communication on Earth; however, deep research of any of
those topics is not part of the work since the intention of the project is to board multiple
involved areas providing relevant information. Simulations for orbits were performed in two
different software packages to evaluate the options of coverage.

A link budget analyzes the transmitted and received power and requirements for reception
of the signal at the ground and at the satellite, but no transmission impairments were
included in the calculation. A rain attenuation model, which is one of the greatest causes
of attenuation, is also developed as part of the thesis but it is taken into the calculations
of the link budget since it is calculated for a particular location and the link budget aims
to provide a general idea of the reliability of satellite communication with LEO satellites at
different places. Effects of the channel are not included in the link budget calculations and
it is proposed as a further topic for research and continuation of this project.















The previous orbital parameters describe the geometry of the orbit but the description of
the position of the satellite at any moment in its orbit requires of two more parameters which
are the argument of Perigee (AOP) and the True Anomaly (TA). With all those parameters
the description of the orbit and its plane is complete, as well as the position of the satellite
at any moment.

5. Argument of perigee, w. Is the angle from the ascending node to the perigee.

6. True anomaly, 6. This is an angle from the perigee to the current location of the
satellite.

The Low Earth Orbit (LEO) is a kind of orbit with a typical altitude of few hundred
kilometers above the ground but reaches heights up to 5000km. Satellites at LEO have a
higher velocity than the Earth rotation velocity, accomplishing a full orbit around the Earth
in roughly 100 minutes for altitudes close to 1000km. Important considerations related to
the selection of the semi-major axis are the radiation belts around the Earth and the space
trash belts or debris belts which are an increasing concern to space missions [19].

The two-line orbital element format (TLE) is a usual format to write the orbital param-
eters of a satellite. This format contains three lines with the name of the satellite at first;
the second line includes relevant information about the satellite, its orbit and the year of
launch. Finally, the third line contains the information which describes the orbit. A com-
plete description of the TLE format is available at [20] and [21]. Fig. 2.3 shows an example
of the TLE format retrieved from an open-access online database called Celestrak. This
website contains a large amount of information (in TLE format) of the satellites that are
orbiting the Earth; the data is available by characteristics of the mission, orbit or size (e.g.,
communication satellites, geostationary satellites, cubesats). The URL for this website is in

[22].
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Figure 2.3: Description of the two-line orbital element format (TLE). (a) Inclination ¢, (b)
Right ascension of the ascending node (RAAN) w, (¢) eccentricity of the orbit e assuming

a leading decimal point, e = .0004001, (d) argument of perigee w, (¢) mean anomaly M, (f)
mean motion n. Incises a,b,e are given in degrees.

The altitude of the satellite is one of the main parameters to define an orbit, and it
corresponds to the semimajor axis the orbit when the eccentricity is zero. The calculation
of the semi-major axis from a TLE format requires the mean motion shown in point (f) of
Fig. 2.3. The mean motion is the number of revolutions per day of the satellite around its
orbit, and the semimajor axis is determined from the equation of mean motion

= \/; (2.1)





















Chapter 3

Defining the Mission

Defining a mission is the first step for proposing or designing a network architecture. The
mission definition tells us what is to be done and helps to understand some critical design
parameters like how often to take measurements of some variables and estates why a satellite
is required.

The mission in this project will serve as a reference point to guide some general ideas. For
example, an observation mission that requires taking high-quality pictures from a defined
area of the Earth surface, in general, would need more bandwidth or throughput to transmit
the high-quality images than a mission transmitting or collecting measurements of some
ground or attached sensor.

The proposed mission is to provide a communication network for taking measurements
of agriculture fields at any place of Mexico, sending the retrieved information to centers or
a cloud to be processed and then deliver it to the farmers. This kind of structure will allow
farmers to know the state of their fields, make smart decisions, and control some actions like
irrigation or adding of pesticides remotely with satellite communication or from the Internet.

This network should be able to carry the information generated by a given number of
sensors and packets from the user containing orders to some actuators like valves. According
to the Internet of Things Definition (IoT), the instructions from the user to some actuator
comes after the user has received added value information and decided to execute some
action, or performed automatically after some set of conditions have been met.

The purpose of the mission is to provide a flexible and robust communication network
to farmers to monitor their fields even if they are dispersed or have a great extension, also,
to give a platform to control an execution of actions from a single site. Those processes, has
previously mentioned, could be directly ordered by the farmer just with the information of
his field, but also mixing the info of his crop fields with additional information at the data
center (like the weather forecast) and in this manner implemented actions could have more
accuracy.

A mission like this would help to develop ideas to modernize the Mexican agriculture
practices and to give a proposal to include the Mexican soils and farmers in the Internet
of Things. The scope of this project is to discuss some of the challenges and the required
elements for enabling the development of such a flexible and robust communication network
for this mission.
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3.1.1 Case studies on similar applications

This section introduces two case studies published by the companies Campbell Scientific and
MeterGroup which are related to this project. More case studies are available at [29].

California Irrigation Control

Flood irrigation is the common method of irrigation for alfalfa, and in this case study, a field
of alfalfa of 60x220 m? was initially irrigated with two valves by flood irrigation from the
highest part of the crop field and personally supervised by employees to determine when to
close the valves. MBK Engineering and two universities installed 12 water sensors close to
the lowest end of the field, a data logger and a full-duplex modem to transmit measurements
of the sensors using the Internet to cellular towers. After the installation, the employees
monitored the readings of the sensors and avoided waste of water which was in the order of
thousands of gallons. More details of this case study are accessible at [30].

Trans-African Hydro-Meteorological Observatory (TAHMO)

Weather is a crucial factor to decide when to plant, and this case study aims to provide a
platform to decide when to plant by installing thousands of ground weather sensors across
Africa. Those sensors will help to complement other observations (such as satellite observa-
tions) and help determine farmers when is the best moment to plant, thinking in achieving
a higher volume of crops and avoiding a loss of time and resources by planting in the wrong
epoch of the year. More information about this case study is available at [31].

A network of sensors including communication through a satellite channel is proposed
to modernize the production of agriculture fields and to provide better resources utiliza-
tion. This network could also be used to quantify and record in some way the levels of soil
degradation, allowing modernization of agriculture activities with less harm to the soil.

3.2 Devices of the Network

A network may allow devices such as sensors, actuators, data loggers, transmitters, receivers
or intermediate devices for communication to the satellite. Additional elements required for
the network are the ground station and ground installations for control and telemetry. Some
of those devices could be transparent to users (e.g., not noticed, with no direct interaction)
and its location could be far outside an agriculture field. This section includes a list of some
available devices. The requirements for the ground station are discussed in the next chapter.

3.3 Existing and required devices

The physical elements to be located in the bottom of the proposed network are sensors to
collect information of the field like humidity, water content, actual nutrients in the soil, soil
degradation, wind velocity, rain intensity and more. The parameters to monitory may vary
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4.2.5 Access methods

Three classical methods to share the satellite channel over multiple users are the time division
multiple access (TDMA), frequency division multiple access (FDMA) and code division mul-
tiple access (CDMA), several sources such as [34] describe those methods. Sources such as
[35] mention that FDMA is the most common method for multiple access in satellite commu-
nication, but using this method usually generates interference as a result of the transmission
of multiple signals [35].

Attempts to include multiple access in nanosatellites are discussed at [36], [37], [38], and
[39] among few others. Power and onboard computation limitations are two of the signifi-
cant barriers to achieve higher data throughput; however, as discussed at [13], nanosatellite
technology and capabilities are evolving rapidly.

4.3 Space

The space segment refers to the satellite, a constellation, or a swarm or satellites orbiting
the Earth. This section includes a description and recommendations of orbits, frequencies,
and hardware that is suitable for the satellite to achieve the mission.

4.3.1 Orbit

Low Earth Orbit has benefits compared with geostationary orbits in terms of the round trip
time and attenuation of the signal. Those factors are significant at the time to achieve low
latency in communication.

Polar orbits are one of the most common orbits for satellites and are usually circular
sun-synchronous orbits too. This kind of orbits is very usefully in a constellation; however,
a constellation requires more satellites, launches, and usually more ground infrastructure.
Iridium is an example of a constellation of Low Earth Orbit (LEO) satellite constellation with
polar orbits; this constellation consists of 66 big satellites evenly distributed in six orbital
planes achieving global coverage [40]. Telesat is proposing a LEO satellite constellation
for communications with global coverage [41] mixing polar orbits and orbits with another
inclination.

Lessons Learned 4.1

Although a polar orbit can provide global coverage and provide benefits of
fixed position between satellites (which is usefully for inter-satellite commu-
nication), it passes only around two times per day over the same region of
coverage.

An orbit with some inclination could provide more time of coverage for a specific region
inside the geographical band covered by the satellite. Figs. 4.2, 4.3 and 4.4 show an orbit
with an inclination of 30° while Figs. 4.5, 4.6 and 4.7 show a polar orbit. In both cases, the
simulation had a duration of 24 hours, and the figures show the path covered by satellite
while it is moving in its orbit.
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Figure 4.6: Simulation of an orbit with inclination of 97° in GMAT. The orbit was sim-
ulated for one day starting at Nov. 15, 2019, at the 12:00:00, and the picture shows the
position of the satellite after 16 hours orbiting the Earth.

Figure 4.7: Simulation of an orbit with inclination of 97°in GMAT.The orbit was simu-
lated for one day starting at Nov. 15, 2019, at the 12:00:00, and the picture shows the po-
sition of the satellite after 24 hours orbiting the Earth.

The inclined obit described in Figs. 4.2 and 4.4 has a semi-major axis of 7371 km. The
following fragment of a two-line orbital element format (TLE) contains more information
about the orbit:

30DEG ORBIT SAT
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Propulsion subsystem

The propulsion subsystem generally consists of thrusters, motors or other devices to place
the satellite in the correct orbit once ejected from the launch vehicle, to perform orbital
corrections and to modify the attitude of the satellite. This subsystem is critical because
it can help to extend the satellite life by keeping it in its orbit or deorbiting after ending
its mission life. In addition, when the satellite is part of a constellation, it is necessary to
maintain a certain distance between satellites and this subsystem deals with such position
corrections [52].

Some categories for propulsion are the chemical, electric, propellantless, solid, and hybrid
propulsion [52]. Tables including technical details and describing technologies with different
types of thrust corresponding to each of these categories are included on [47]. Not all small
satellites include this subsystem, but it is essential to know that this subsystem offers benefit
to the satellite life cycle and to its capability to achieve a mission.

Power supply subsystem

The power supply system for satellites consists of solar panels, rechargeable batteries, regu-
lators with different output voltage levels, inverters, and a system to recharge the batteries.
Solar panels can be flat for 3-axis stabilized satellites or cylindrical panels for spin-stabilized
satellites [46].

Generally, the batteries have a longer life when their cycle of charge and discharge is longer
and when the level of discharge of the batteries is lower. Batteries are usually connected
with an unregulated line (batteries are in parallel to the solar array) or in regulated line with
a regulation system between the solar array and the batteries [46].

The number of required solar cells by a satellite is given by

= -i (4.2)
@sn

where P is the required generated power in Watts (W), ¢ is the solar flux in a normal
direction to the solar cells in W/m?, 5 is the efficiency of conversion associated to the cells,
and s is the area of the surface of the solar cell in m2. The energy in the form of solar
radiation available when orbiting the Earth is about 1370 W/m?, but it is necessary to
consider in the design of the power system the eclipses and the time without solar radiation.
There are different kind of suitable batteries for nanosatellites, but lithium-ion batteries
are the most popular. Those batteries have high specific energy (power per unit of mass) and
energy density (power per unit of volume). The Lithium manganese nickel (LMC) battery is
one of the preferred lithium batteries for aerospace applications with specific energy around
150 to 200 Wh/kg. A table comparing different lithium batteries and a performance analysis
is provided at [53]. Tables and descriptions of different batteries, solar panels, and power

management and distribution hardware is found at [48, Chapter 3]

Structural subsystem

The structural system weights around 7 % to 10 % of the satellite and some constraints for
its design are the low mass, resistance to vibrations during the launch, resistance to cyclical




























































The term % is the constant of Boltzmann (1.38 x 1072* Joule/Kelvin), Ny is the noise
spectral density (W/Hz), N is the noise power and B the bandwidth. The noise temperature,
T, is expressed in Kelvin.

Noise temperature appears in the receiver and at the antenna. When the noise temper-
ature is low in the section connecting those sections the noise temperature of the receiving
or transmitting system can be simplified as the individual sum of the noise temperature at
the antenna (74) and the noise temperature at the receiver (Ty). The noise temperature at
the receiver (Ty) is usually much lower than 290K, and it is generated by the internal noise
and the gain of the amplifier [62].

The noise temperature at the antenna is composed of terrestrial and extraterrestrial noise.
Terrestrial noise tends to be the most critical part since it tends to be much higher. Some
situations like the antenna intercepting the Sun can generate a large quantity of noise coming
from the space, but there are recommendations of the ITU to deal with this case and similar
ones [62].

ITU recommendations for transmission impairments

Additional attenuations occur at low altitudes by clouds and fog as described at [63] and at
[64], also by the rain as described in the following section and according to [65]. Gasses are
also a factor of attenuation, especially for the Ka-band as mentioned in section 4.3.2. Fig.
4.11 previously introduced shows the attenuation effects of gasses for different frequencies;
usually, gas attenuation is mainly occasioned by water vapor and oxygen and a procedure to
calculate it is provided at [66]. The sky noise is a noise contribution which affects the receiver
and involves noise added by the sun, the moon, distant stars and in minor amount by galactic
noise, which is characterized as a uniformly distributed noise at all the frequencies. Table 4.8
list relevant I'TU recommendations of attenuation to consider in satellite communications.

Relevant ITU Recommendations
ITU Recommendation I[ssue
ITU-R P.372-13 Radio noise
ITU-R P.531-13 Ionospheric propagation
ITU-R P.676-11 Attenuation due to atmospheric gasses
ITU-R P.838-3 Rain model for prediction of the attenuation
ITU-R P.840-7 Attenuation due to clouds and fog

Table 4.8: Relevant ITU Recommendations for satellite communications systems

4.6.2 Channel estimation

Free-space attenuation, LFS, shadow fading, and multipath fading causes attenuation and
distortion to the signal at the receivers. Multipath fading refers to the received signal
containing additional components originated by reflection or echoes of the original signal in
the surroundings while shadowing refers to affections by physical obstacles the propagation
[67]. The Log-normal channel and the Rice channel are the most common scenarios proposed
when working with LEO satellites [17].


































































5.3 Global coverage

Different orbits arrangements can conduct to global a coverage scenario, for example, a
single satellite in a polar orbit will cover all points over Earth after enough time orbiting
at Low Earth Orbit. Mixing polar and inclined orbits such as the proposed in this project
will increase the coverage to higher latitudes, and including enough satellites guarantees
coverage to all the globe. One of the critical points for designing a global coverage network
is to guarantee that satellites will transmit with enough power to communicate to ground,
to communicate with other satellites as previously mentioned, to onboard processing, and to
operate the internal subsystems. The orbit design can guarantee that a receiver in Earth will
always have a satellite in its line of sight, but the link budget must assure that communication
is feasible.

5.4 Security

Small satellites have a little amount of available energy usually assigned to the primary
payload such as the communication system. Most efficient security protocols would require
some degree of data encryption thus increasing the computational on-board requirements and
the energy consumption. Effective security techniques with low computational requirements
are desirable for nanosatellites. Several communication systems as the proposed in chapter
3 for the payload of the satellite support certain level of encryption such as AES, however,
data should also be transmitted from Earth with a certain level of encryption to increase
security, meaning that all devices of the network communicating with the satellites must
support some level of encryption. Systems to provide security to the network proposed in
this project is a potential future work, and it is required according to the definition of the
[oT as mentioned in chapter 1.

5.5 Research opportunities for nanosatellite technol-
ogy

Several aspects of the satellite design provide research opportunities to extend this project.
For example, even though chapter four mentions and describes the power system, there is
not a developed power budget for the mission. The electrical system and power system
are required to guarantee the satellite can provide enough power for the payload and the
basic systems such as the attitude and control system. In chapter contains a link budget for
communications including in its calculations the radiated supported power by the hardware;
however, if it is desired to transmit with a given EIRP, the power design of the satellite
should support that required power. The satellite requires to have enough solar panels,
internal conversions for different output voltages compatible with each of the subsystems
and adequate dimensions, weight, and components, which are crucial in space projects.
Deorbit is another essential aspect just slighly boarded in the project but required by
regulations [90]. For the proposed altitude in this project, natural decay of satellites could
not happen in decades, and an external system is required to cause the reentry of the satellite.
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