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C.Bettanini: Introduction to the design of nanosatellite

LEO orbits for local coverage 

Objective: The webinar will describe main aspects of satellite evolution in Low Earth

Orbits (LEO) and introduce the design criteria for LEO satelliteôsconstellations

related to different operative scenarios

focusing on local/reginal coverage applications

Target audience : technical or non-technical professionals who need an introduction

to the problem of orbital design in LEO through a general understanding of applied

orbital dynamics

About this webinar 
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About this webinar 

Main topics

- Satellite constellations in general

- Main drivers in the constellation design

- Prediction of orbital evolution in Low Earth Orbit (perturbed two-body problem of Keplerian

orbital dynamic)

- Evaluation of ground track of satellite, repeated track calculation

- Satellite ground coverage and satellite visibility from multiple ground stations. (azimuth and

elevation)

- Constellations for global coverage (Walker and SoC)

Focus on constellation preliminary design

- Mathematical models for sensitivity analysis/ preliminary design/ optimisation ( also with GA

and particle swarm)

- Present special configurations for regional constellation

- Test case for nanosatellite transmission to multiple ground stations and implications on

satellite ADCS .
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A constellation is a set of satellites distributed around a central body working together to

accomplish a common goal.

Satellite constellation

There are an infinite number of constellation solutions to a given mission, whether it be global

navigation, constant communication, imaging or weather tracking, so selecting a final design

relies on budget, timeline and the pros and cons of constellationôsdesigned architecture .
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Planet.com: 3 different flying constellations for Earth imaging

Different coverage,

resolution and imaging

bands.

All sats in sun-

synchronous orbit
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Constellations have been in use since the dawn of spaceflight with the inaugural system TRANSIT, 

also known as NAVSAT or NNSS (for Navy Navigation Satellite System), the first used for global 

positioning by the United States Navy in 1964

This constellation system consisted of only five satellites in

equally spaced polar orbits at 965 km altitude, relaying global

positioning of military units around the globe roughly once per

hour.

First operative satellite constellation in 1964 
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Since then, TRANSIT has been eclipsed by multiple military 

programs, one of which is widely known as the Global 

Positioning System (GPS), which provides millions of 

people with instant access to their current location on Earth 

at any time. 

Evolution of satellite constellations for navigation : GPS
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Evolution of satellite constellations for navigation

GPS constellation design was different from NAVSAT  

LEO (Low Earth Orbit) : 500 - 2000 km 

altitude

MEO (Medium Earth Orbit) : 5000 - 25000 

km altitude

ñWealso wanted to have reasonably high orbits, because we didn't want them disturbed by

atmospheric resistance. This is the reason we ended up with 12 hour orbits. (20000 km altitude)

At the same time, in high orbits there was more visibility, more coverage on Earth.

Therefore, by providing the satellites with adequate antenna and power, the constellation with 24

satellites ( 4 satellites in 6 orbital planes) was designed to provide excellent coverage on Earth.ò
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Glonass constellation
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Galileo constellation
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The outer van Allen belt extends at an altitude of approximately 10,000ï65,000 km and is 

particularly intense between 14,500 km and 19,000 km. Compared to the inner belt, the outer belt 

also contains a greater variety of particles and is characterized by a lower energy level (less than 

1 MeV), which increases significantly only in the presence of a magnetic storm

Van Allen belts

The inner van Allen belt extends between the altitude 

of 1000 km and 6000 km. The inner belt contains 

fairly high electron concentrations, with energies of 

the order of hundreds of keV and energetic protons 

that exceed 100 MeV
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GEO belt or ñ Clarke beltò

Proposed in 1945 

Real in 1965 with first 

GEO satellite  Intelsat I
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Geostationary satellites -> the GEO belt
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Meteorological GEO satellites
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GEO stationary satellites orbit at 36000 km altitude

Geostationary satellites communication 

GEO sats show excellent coverage but 0.5 s latency and high launch costs

The total latency is a combination of processing delay, queueing delay, transmission time, 

and propagation delay, being the latter determined by the physical distance between 

source and destination.
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Need for local/regional dedicated constellations

A different constellation shall be designed to provide coverage of Polar regions

GEO satellites have limited visibility of polar regions

Already above 60ÁLatitude signal is poorly transmitted to ground  strations -> 

Satellite ñelevationò in the sky is very low
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Iridium constellation (LEO circular at high inclination)

The Iridium satellite constellation was conceived in the early 1990s as a way to reach high 

Earth latitudes with reliable satellite communication services. (77 satellites were foreseen, 

hence the name Iridium)

In August 1999 Iridium filed Chapter 11 bankruptcy, but services were re-started in 2001

under Iridium Satellite LLC and is now still operational

Actual configuration implies 66 active satellites in six orbital planes, orbiting in circular orbits at

780 Kilometers in altitude and at an inclination of 86.4 degrees which allows for global coverage.

The orbital period is 100.5 minutes.
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Molniya constellation ( HEO at «locking»  inclination)

T =   ~12 h , i=63.4; 

e>0.69; w=-90;   

HEO 

(Higly Elliptical Orbit) 

Launched sats: 164 
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ÅCoverage

Å Transmission architecture ( to ground and with or without satellite interlink

communication)

Å Launch site & associated cost to orbit

Å Satellite Revisit Time

ÅóVisibilityôfrom ground (Minimum elevation)

ÅGround Sample Distance (GSD) or ñGroundresolutionòfor imaging

Å Station-keeping ( impulsive maneuver to compensate for drag)

Å End-of-life disposal

Å Self-induced collision avoidance

Å Build-up geometry & associated reduced service

Å Robustness ( capacity to offer normal services in case of satellite fail)

Key parameters for constellation design

For every constellation there are some key common drivers to consider

in the design
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Letôsconsider a signal from a satellite antenna and let Ŭ and ‭,
respectively, represent the line sight angle and the elevation observation

angle from ground.

q is the angular radius (geocentric angle) of the footprint

‭ is the elevation angle measured at the edge of the footprint

representing the worst communication condition from ground (only

when the elevation angle is greater than ‭, users can connect to

satellites and get/use their services).

.
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Coverage 

Ὤ, —, and ‭are related by trigonometric relations 

In case of not circular orbits the maximum Earth-centered half-

angle and the maximum swath width of the satellite sensor occur 

when the satellite is at apogee. 
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if h is fixed, Ů decreases if ɗ 

increases and lower operating limits 

on elevation angle Ů will maximise

ɗ

Coverage
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Thus, an change in ɗ always brings an effect, either in terms of altitude 

or minimum elevation angle. 

if Ů is fixed, ɗ increases if h increases;

The satellite with the lowest required 

value of ɗ will allow the lowest operating 

altitude for a fixed value of Ů  (Less 

transmission power or smaller GSD )
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R and q, respectively, represent the radius of coverage by 

satellite and the geocentric angle.

A satellite at altitude h  with minimum 

elevation angle‭( either emitting 

cone or a instrument FOV) projects 

a footprint on the Earthôs surface

Coverage

Ὑ Ὑ—

In the simplest case the footprint ( or area of coverage)  is the 

circle of a sphere with area S. 

Ὓ ς“Ὑ ρ ÃÏÓ—

The  radius R (radius of coverage ) is  calculated as an arc 

length of a great circle along the sphere

The coverage area and footprint  

depend on subsystem geometry 

and may not be circular
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Coverage and constellation efficiency 

The value of the central angle radius of

earth coverage ɗ,which is required for the

constellation to achieve continuous global

coverage, can therefore be used as a

measure of the efficiency of the

constellation configuration.

This means that ɗmay be the performance

index that characterizes the global system

quality and the optimization method

consists of minimizing ɗ.

The lower the value of ɗfor fixed number of

satellites the more efficient the constellation
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Communication architecture

Å the space segment,

Å the ground segment, with the set of GSs,

which are responsible of major control and

management tasks of the space segment,

plus the ground networks and other mission

control centers;

Å the user segment, which refers to the rest of

communication devices at ground level,

including IoT devices, smartphones,

gateways or cellular base stations.

The communication architecture includes three main segments:
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Transmission for a more connected worldéLEO constellations with S2S communication

Need fast connection.. no delay ..

high bandwidth with small antennas

( portable devices)

Interestingly, wireless communications through LEO

satellites over long distances present an advantage in

propagation delay with respect to terrestrial

communications.

Electromagnetic waves propagate in space at the speed of

light, whereas the propagation speed in optical fibers

around 1:47 times slower
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The use of

cos(A)= -cos(B)cos(C)+sin(B)sin(C)cos(a)

Considering the triangle at launch site with A=i, C=ɓ( launch

azimuth or angle vs local N direction ) and a = ŭ(Latitudine of

launch site) (B=90Á)

Brings to the expression:

cos(i)= sin(ɓ)cos(ŭ)

ŭ

Launching site  for direct orbit injection 

To understand launch capabilities from ground istes we

need to consider spherical trigonometry
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Cape Canveral possible beta angles and achievable inclinations for direct launch

Cape Canaveral  ŭ=28,5Á

35Á<ɓ< 120Á

sin(90Á)*cos(28,5Á)  <cosi(i)< sin(35Á)*cos(28,5Á)

Final orbit inclination

28,5Á< i < 57Á

( ISS=51.5Á)

Launch site

To reach orbotal planes not included in the

allowable range, a plane change manouver is

needed

DV is very expensive!!!
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Launch costé

Launch cost to LEO is rapidly decreasing thanks to

the use of new vectors and space «commercial» use

with big constellations

Launch cost per kg (or 

Launch/bottle of water) 

depends on final orbit

and is lower for lower 

orbits
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https://www.satellitetoday.com/content-collection/ses-hub-geo-meo-and-leo

https://www.satellitetoday.com/content-collection/ses-hub-geo-meo-and-leo
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Starlink LEO constellation

Phase 1:

Å first shell  1,584 satellites  at 550 km altitude, i= 53Á

Å second shell  1,584 satellites  at 540 km, i= 53.2Á

Å third shell 720 satellites at 570 km altitude, i=70Á

Å fourth shell  348 satellites at 560 km , i= 97.6Á.

Å Fifth shell  172 satellites at 560 km, i= 97.6Á.

Phase two :

7,518 satellites orbiting at altitudes 

between 335 to 345 km, orbital 

inclinations  42Á, 48 Áand 53Á

Stralink project will lauch around 12000 small satellites (260 kg) in different orbital ñshellsò

Each shell will have several orbital planes (up of 72 orbital planes per shell)   
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Number of satellites Main purpose

1832 satellites Communications purpose

906 satellites Earth Observation

350 satellites
Technology development and 
demonstration

150 satellites Navigation and positioning

104 satellites Space science and observation

20 satellites Earth science

10 satellites Other purposes

https://www.statista.com/chart/17107/countries-with-

the-most-satellites-in-space/
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According to the Index of Objects Launched into Outer

Space, there were 7,389 individual satellites in Space at the

end of April, 2021; an increase of 27.97% compared to 2020.

Lots of traffic

https://www.euspaceimaging.com/the-lifespan-

of-orbiting-satellites/

https://www.esa.int/Safety_Sec

urity/Space_Debris/The_current

_state_of_space_debris

https://www.unoosa.org/oosa/osoindex/index.jspx?lf_id=

