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About this webinar

/

Objective: The webinar will describe main aspects of satellite evolution in Low Earth
Orbits (LEO) and introduce the design criteria for LEO s at e | donstellatiors
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
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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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Satellite constellation

o

—

A constellation is a set of satellites distributed around a central body working together to
accomplish a common goal.

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 consof c o n s t e | dessgghed architesture .
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Planet.com: 3 different flying constellations for Earth imaging
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First operative satellite constellation in 1964

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.
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Evolution of satellite constellations for navigation : GPS

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.
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Evolution of satellite constellations for navigation

=

'GPS constellation design was different from NAVSAT

A Wealso 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.o

LEO (Low Earth Orbit) : 500 - 2000 km
altitude

MEO

MEO (Medium Earth Orbit) : 5000 - 25000
km altitude
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Galileo constellation

/V

GLOMNASS GPS GALILEO
Number of nominal satellites 24 24 30
Number of orbital planes 3 6 3
Orbital Inclination 654°8' 55° 56°
Orbital altitude 19.140 km 20.180 km 23.222 km
Period of revolution 11h 15m 11h 58m 14h 22m
Launch site Baikonur/Plesetsk| Cape Canaveral |[Kourou (French Guiana)
Date of first launch 02/10/82 22/02/78 N/ &
Satellites for launch 1/3 1 2
Datum PZ-90.11 WGS5-84 GTRF
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Van Allen belts
/

Molnya elliptical orbit - -
Russian television

(useful at ? —

Global Posttioning
System (GPS)

Glonass

k- Jl f.'l II| | |

_?Em-nm // / '/ |III|

Low Earth Orbit (LEQ I'l
},‘;,g’.;m}!;;,%_'— | he inner van Allen belt extends between the altitude
S of 1000 km and 6000 km. The inner belt contains

T o fairly high electron concentrations, with energies of

Geostationary orbital ring (GEO) Spaceway. Astrolink, DirecPC, VSAT,
o

" Yogookioneres  Tamarsat. lntlsa, television e the order of hundreds of keV and energetic protons
oot o st e mon. 5 it sy that exceed 100 MeV

The outer van Allen belt extends at an altitude of approximately 10,0007 65,000 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
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RADAR AND THE INDUSTRY

October 1945

Wireless World

EXTRA-TERRESTRIAL

Can Rocket Stations Give World-wide

HOUGH it is possible, by
a suitable choice of fre-

quencies and routes, to pro-
vide telephony circuits between
any two points or regions of the
earth for a large part of the time,
long-distance communication is
greatly hampered by the peculiar-
ities of the ionosphere, and there
are even occasions when it may
be impossible. A true broadcast
service, giving constant field
strength at all times over the
whole globe would be invaluable
not to say indispensable, in a
world society.

Unsatisfactory though the tele-
phony and telegraph position is,
that of television is far worse,
since ionospheric  transmission
cannot be employed at all. The
service area of a television station,
even on a very good site, is only
about a hundred miles across. To
cover a small country such as
Great Britain would require a net-
work of transmitters, connected
by coaxial lines, waveguides or
VHF relay links. A recent theo-
retical study® has shown that such
a system would require tepeaters
at intervals of fifty miles or less.
A system of this kind could pro-
vide television coverage, at a very
considerable cost, over the whole
of a small country. It would be
out of the question to provide a
large continent with such a ser-
vice, and only the main centres
of population could be included in
the network.

The problem is equally serious
when an attempt is made to link
television services in different
parts of the globe. A relay chain
several thousand miles long would
cost millions, and transoceanic
services would still be impossible.
Similar considerations apply to
the provision of wide-band fre-
quency modulation and other ser-
vices, such as high-speed facsimile
which are by their nature re-
stricted to the ultra-high-fre-
quencies.

Many may consider the solution
proposed in this discussion too far-
fetched to be taken very seriously.
Such an attitude is unreasonable,
as everything envisaged here is a

By ARTHUR C. CLARKE

logical extension of developments
in the last ten years—in particular
the perfection of the long-range
rocket of which V2 was the proto-
type. While this article was being
written, it was announced that the
Germans were considering a simi-
lar project, which they believed
possible within fifty to a hundred
years.

Before proceeding further, it is
necessary to discuss briefly certain
fundamental laws of rocket pro-
pulsion and ‘‘astronautics.” A
rocket which achieved a suffi-
ciently great speed in flight out-
side the earh’s atmosphere would
never return. This *‘orbital’”
velocity is 8 km per sec. (5 miles
per sec), and a rocket which
attained it would become an arti-
ficial satellite, circling the world
for ever with no expenditure of

305

RELAYS

Radio Coverage?

the atmosphere and left to broad-
cast scientific information back to
the earth. A little later, manned
rockets will be able to make simi-
lar flights with sufficient excess
power to break the orbit and re-
turn to earth.

There are an infinite number of
possible stable orbits, circular and
elliptical, in which a rocket would
remain if the initial conditions
were correct. The velocity of
8 km/sec, applies only to the
closest possible orbit, one just out-
side the atmosphere, and the
period of revolution would be
about go minutes. As the radius
of the orbit increases the velocity
decreases, since gravity is dimin-
ishing and less centrifugal force is
needed to balance it. Fig. 1 shows
this graphically. The moon, of
course, is a particular case and
would lie on the curves of Fig. 1
if they were produced. The pro-

power—a second moon, in fact. posed German  space-stations
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4 >
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DISTANCE FROM CENTRE OF EARTH. (KILOMETRES)
Fig. 1. Variation of orbital period and velocity with distance from

the centre of the earth.

The German transatlantic rocket
Ato would have reached more
than half this velocity.

It will be possible in a few more
years to build radio controlled
rockets which can be steered into
such orbits beyond the limits of

would have a period of about four
and a half hours.

It will be observed that one
orbit, with a radius of 42,000 km,
has a period of exactly 24 hours.
A body in such an orbit, if its
plane coincided with that of the
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Meteorological GEO satellites

/
7 SAREEERR OEL T GOES-East (US; 75°W)

EAST VI L

Meteosat-9 ( urope; 0°E)
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Geostationary satellites communication

/
/

GEO stationary satellites orbit at 36000 km altitude

GEO MEO LEO

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.

478 ms

: 1 Signal: +31dB vs GEO
))‘i’\;) I PP PPPPPPPPPPPPPPPPPPRP
‘Launch: ~$5,000/kg un
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Need for local/regional dedicated constellations

GEO satellites have limited visibility of polar regions

_, 6378
42 164

= 81.30° Maximum visible north or south latitude.

¢ = cos

Already above 60ALatitude signal is poorly transmitted to ground strations ->
Satellite nelevationo in the sky is ver

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

4 y 4
'- - C.Bettanini: Introduction to the design of nanosatellite
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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

4

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.

T y 4
D - 'G', : C.Bettanini: Introduction to the design of nanosatellite
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Molniya constellation ( HEO at «locking» inclination)

0 160
L] : |

HEO
(Higly Elliptical Orbit)

T= ~12h,i=63.4;
e>0.69; w=-90:

# 1 (time in hours)
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Key parameters for constellation design

=

~

For every constellation there are some key common drivers to consider
in the design

To T Bo Po To  To Po Do To o I»

s 7
Y G "' : C.Bettanini: Introduction to the design of nanosatellite

Coverage

Transmission architecture ( to ground and with or without satellite interlink
communication)

Launch site & associated cost to orbit

Satellite Revisit Time

&/isibilityéfrom ground (Minimum elevation)

Ground Sample Distance (GSD)orfi Gr ou a 8§ o | fortimhagimyo

Station-keeping ( impulsive maneuver to compensate for drag)
End-of-life disposal

Self-induced collision avoidance

Build-up geometry & associated reduced service

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

LEO orbits for local coverage



Coverage
" L et dbrssider a signal from a satellite antenna and let U and 7, srd
respectively, represent the line sight angle and the elevation observation Satellite
angle from ground.
g is the angular radius (geocentric angle) of the footprint
e
i : : DE = ]
7T 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 7, users can connect to 4
satellites and get/use their services). 5

" "Q—andj are related by trigonometric relations

| i 'Zé,{‘g%,&'l'@c'))) and — &&é(iﬁﬁ]ﬁé}) i

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.

L Ap
- . doHE - OR
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Coverage
/
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or minimum elevation angle.
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Coverage

Orbit
Ground Track
*  Nadir

A satellite at altitude h with minimum
elevation anglef ( either emitting
cone or a instrument FOV) projects
af ootprint on the

In the Simp’llest case the footprint ( or area of coverage) is the
circle of a sphere with area S.

The coverage area and footprint

Y 'Y (p AT-® depend on subsystem geometry
The radius R (radius of coverage ) is calculated as an arc and may not be circular
length of a great circle along the sphere
e

R and q, respectively, represent the radius of coverage by
satellite and the geocentric angle.
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Coverage and constellation efficiency

/'/
—_——

The value of the central angle radius of
earth coverage d ,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 d may be the performance
index that characterizes the global system
quality and the optimization method
consists of minimizing d.

The lower the value of d for fixed number of
satellites the more efficient the constellation
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Communication architecture

=

~

The communication architecture includes three main segments:

GEO
with traditional
big satellites

A the space segment,

A 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 LEO
control centers: small-satellite 00 verocity

! constellation ~ 7.6 km/s
- /-
A the user segment, which refers to the rest of ’@ﬁ%’
communication devices at ground level,
including loT devices, smartphones,

m gNB
gateways or cellular base stations. \GS —
°%‘%%:;%?h

Ground coverage Earth ToT devices

:::'*\
~ 2ms EIEH/‘_L
progéalgatmn ~

ay
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i
Transmission for a more connectedwo r | d édorst@lations with S2S communication
- —t

Need fast connection.. no delay ..
S e, high bandwidth with small antennas
( portable devices)

R
(o) (o)
(o) (o)

‘ Urban . Rural . Remote and Isolated (Satellite to satellite [S'ZSJ)
Interestingly, wireless communications through LEO x/\x
satellites over long distances present an advantage in grg’;;dd[tgm]
propagation delay with respect to terrestrial Ground to Satellite to
commun icationS satellite [G25] ground [S2G]

. ¥ . & 'H'"J;‘IIIH:?{
Electromagnetic waves propagate in space at the speed of Gs <) HeNB
light, whereas the propagation speed in optical fibers o g s Eg e o o
around 1:47 times slower Other ground terminals
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Launching site for direct orbit injection

=

~

To understand launch capabilities from ground istes we
need to consider spherical trigonometry

€0s a =c0s b cos ¢ + sinb sinc cos A
©0s b =c0s ccos a + sincsina cos B
C0S ¢ =C0S @ cos b + sinasin b cos C,

cos A=-cos Bcos C+sinBsinCcosa
c0s B=-cos Ccos A +sinCsinA cos b
c0s C =~-cos A cos B + sin A sin B cos ¢

sinA sinB sinC

sina sinb  sinc

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=b ( launch
azimuth or angle vs local N direction ) and a = u (Latitudine of
launch site) (B=90A )

Brings to the expression:

cos(i)= sin(b )cos(u)
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Launch site

/C

- ape Canveral possible beta angles and achievable inclinations for direct launch

KENNEDY SPACE CENTER

AZIMUTH,

Npo DEG 35 Cape Canaveral Ui=28,5A
RS -\ SOLID ROCKET
g AA  1a2n. M./ _ /;aoosna IMPACT 35A<h< 120A
30 < - //, ’, (263 km)
LSS ALLOWABLE
L /;;,,_.;{ / LAUNCH
o 8.5 ///5// AZIMUTH
N 90 : S A S i :
o E Sy ? 77 sin(90A*cos(28,5A) <cosi(i)< sin(35A*cos(28,5A)
R\ S
“R e W AT Final orbit inclination
~ / ‘ 120 o ¥
o Nge LYo I 28,54 < 57A
& e (1SS=51.5A
2 |- ,/'f.":':
P // . -
7 To reach orbotal planes not included in the
2 L 1 | 1 A o2 | allowable range, a plane change manouver is
5 83 82 81 80 79 78 77

LONGITUDE, DEG W needed

DV is very expensive!l!
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Launch cost

- | C O $27MMikge
$ | 2MM/|<g A A A (et ‘ ‘ i Marti.ah Surface

to Lunar Surface . 5 . ! 2k < g Sour.te: http://www.popsci.com/
348000 km : . 2y . real-cost-nasa-missions
Source: www.Astroboticcom . . : 4 X
A Y 3 - $27klkg
; .S GEOg

.Soun:e;' Rocketbuilder®om

L -8
‘. s IO
i " 200-1200km

+ .Source: htth/www.busw'nessinswdehcom/spacgmcket-cargo- J
L "p.n'ceAbyAweigthOI6~6/#boﬁle-of—wa(en9\ -to-43180-1

Launch cost to LEO is rapidly decreasing thanks to
the use of new vectors and space «commercial» use
with big constellations

S per kg to LEO

Launch cost per kg (or
Launch/bottle of water)
depends on final orbit
and is lower for lower
orbits

launch costs

Saturn V
(1967-1973)
Shuttle
(1981-2011)  AtlasV

(2002-Present)
Antares

Falcon9  (2013-Present)
(2011-Present)
SLS
Falcon Heavy (Est.2019)
(Est. 2018)

$23,750 $18,900 $16,250 $9,350 $10,750 $1,200  $3,750

*Antares Launch Cost Estimated. Source: NASA, ESA, CBO, Company Data, Space News,
Goldman Sachs Investment Research

C.Bettanini: Introduction to the design of nanosatellite

LEO orbits for local coverage



MAJOR DIFFERENCES BETWEEN

LEO, MEO & GEO GEO (36,000km) MEO (5,000-20,000km) LEO (500-1,200km)

SATELLITE SYSTEMS
Altitude latency’ High Very low
-+

SATELUITE HEIGHT AN

500-7500 1 “ Satellites required Three

Z"S’!-ZOI::I -
ORBITAL PERIOD R ] ] : ]

1043 NUTES A Antenna speed Stationary 1-hour slow tracking 10-minute fast tracking

NUMBER OF SATELLITES ?~ Clai tf
o ' High throughput (HTS) Proven low latency comparable . aims support for -

, ,‘ - '%’ technologies enable basic to terrestrial networks, offers hlgh.-frequiln't‘:y :‘radlrl;g, virtual

broadband internet applications fibre-equivalent performance gaming, and high-perrormance
computing applications
Advant

SATELLITE LIFE R
o Smaller, | tellit
Ll“‘: Fewer satellites over very large Simple equatorial orbit covers maller, lower power satellites

: : o p batch-launched more cheaply
fixed geographical areas 96% of global population than GEO

High altitude and distant Dual tracking antennas r:ﬁ:é i‘;‘;ﬂﬁﬁi trlalf:mcc?r:ﬁ':te
ground networking impacts required to maintain gconstella tion muI;t be in p?ace
__ S - : latency-sensitive applications continuous connectivity before service starts
GATEWAY COST Disadvantages
o % Signal power losses require Inclined plane orbits needed to Unproven business model, risky
larger satellites and antennas cover high latitudes technology, and space debris risk
PROPAGATION LOSS
LEAST 'l'l'“'l' |l' "Total end-to-end network latencv is dependent on around infrastructure
s E .. . . .
L ON P C.Bettanini: Introduction to the design of nanosatellite
) LEO orbits for local coverage
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https://www.satellitetoday.com/content-collection/ses-hub-geo-meo-and-leo

Starlink LEO constellation

/
- Stralink project will lauch around 12000 small satellites (260 kg) in differentor b i t al Ash
Phase 1. Phase two :

z

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

A second shell 1,584 satellites at 540 km, i= 53.2A 7,518 satellites orbiting at altitudes
A third shell 720 satellites at 570 km altitude, i=70A  patween 335 to 345 km. orbital

A fourth shell 348 satellites at 560 km , i= 97.6A inclinations 424 48 Aand 53A

A Fifth shell 172 satellites at 560 km, i= 97.6A

Each shell will have several orbital planes (up of 72 orbital planes per shell)

N

STARLINK
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How to read this

Countries that =l A
Dominate Earth's Orbit

L— 1 Comparative size bubble

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

S%e 6%
1%y the-most-satellites-in-space/
UK

1,388 ]
Russia
I%e
J

us. |

The Countries With the Most

Satellites in Space

24%
\ Satellites currently orbiting Earth by country” (as of April 2020)
USA & 1,308
China & 356
Number of satellites Main purpose Multinational @ 177 Satallita usas
1832 satellites Communications purpose RUSSia = Civil
: ; ussia Y 133
906 satellites Earth Observation Military Commarci
. . Ia
: Technology development and  [IRGACINEEERY S RE = 1,440
220 sactites demonstration
: ; ; o : Japan 0 78 Mixed uses
150 satellites Navigation and positioning P 318
104 satellites Space science and observation JilzlE =
20 satellites Earth science Canada § | 39 S

10 satellites Other purposes
* Country of operator/owner

Source: Union of Concerned Scientist Satellite Database
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Lots of traffic

~ 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.

Payload Launch Traffic into 200 =h, = 1750 km

400 | EEEl M = 10 kg
B 10 kg < m < 100 kg

B 100 kg/< m < 1000 kg
B m > 1000 kg

350 1
300 A1

250 1
https://www.esa.int/Safety Sec
urity/Space_Debris/The_current
_state_of space_debris

200 A

150 4

NumbDer or objects |- |

100 A

50 4

) 1960 1970 1980 1990 2000 2010
Launch Year https://www.euspaceimaging.com/the-lifespan-
of-orbiting-satellites/
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https://www.unoosa.org/oosa/osoindex/index.jspx?lf_id=

