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Elements of satellite technology and communication
B Y  O D D  G U T T E B E R G

1 Introduction and
overview

More than 35 years ago, on 4 October
1957, the world’s first artificial satellite
was launched by the Soviet Union.
The satellite, which became known as
Sputnik-I, opened up a new era of prac-
tical use of the outer space. The satel-
lite’s weight was 84 kg and it circled
1400 times around the earth before
burning up in the atmosphere after 93
days. The launch of Sputnik-I was fol-
lowed by the United States’ Explorer-I
in January 1958. Even though these
satellites were primarily not intended
for communications, they demonstra-
ted that this was technically and eco-
nomically feasible.

The use of artificial satellites in earth
orbits is now a well established and
integrated part of the world’s telecom-
munications network. The evolution of
the satellite technology together with
more powerful launchers have made
the satellites suitable, not only for long
distance communications, but also for
national communications, television
broadcasting and mobile services.

A satellite communication system is
divided into two major parts, the earth
segment and the space segment. The
satellite and its control station form
the space segment, while the earth
segment comprises the traffic and traf-
fic control stations, see figure 1.

The satellite control station (TT&C
station) maintains the satellite in orbit.
It keeps control of the satellite status
(Telemetry), orbital information (Trac-
king), and performs orbital attitude
manoeuvres and configures the com-
munication system (Command).

The communication part of the satel-
lite system is simply a radio system
with only one relay station, the satel-
lite. The signals are transmitted on a
carrier frequency, fA, from an earth
station (traffic station), received in the
satellite, amplified, shifted in fre-
quency to f 'Aand transmitted back to
the receiving traffic station. The satel-
lite transmits and receives on radio
frequencies mainly in the microwave
band, i.e. 3 - 30 GHz. On these fre-
quencies it is feasible to use parabolic
reflector antennas. Such antennas con-
centrate the radio signals in a small
cone; thus it is possible to “illuminate”
the whole earth or part of the earth,
see figure 2. The illuminated part is
called the coverage area, and most of
the transmitted power from the satel-
lite is concentrated in this area. The
larger the transmitting satellite
antenna is, the smaller the coverage
area becomes.

The up-link signals have only one des-
tination, the orbiting satellite, which
means that it is required to transmit
energy only to the satellite. The trans-
mitting earth station therefore nor-

mally consists of a large antenna and a
high power amplifier. Since it is expen-
sive and complicated to generate an
equally high power in the satellite, the
output power from the satellite is
generally much smaller. Due to this,
the receiving earth stations have to
use larger receiving antennas; up to
30 metres in diameter, in the early
days of satellite communications.

However, due to larger satellites, i.e.
higher output power, and to better
receiving technology, the earth sta-
tions can use smaller and cheaper
antennas, e.g. satellite TV broadcast-
ing.

2 A brief historical review
The first person to suggest the use of
the geostationary orbit for communi-
cation satellites, was the English phy-
sicist Arthur C Clark (born 1917). He
published his article “Extra-Terrestrial
Relays” in the Wireless World Maga-
zine in October 1945. In this article a
satellite system for broadcasting of
television, was described. At that time
there was a discussion going on about
how to distribute television. The pre-
sent technology was not mature for
the construction of reliable and un-
manned satellites. In 1945 no-one
could predict the rapid development
within electronics, e.g. the invention of
the transistor in 1947.
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Figure 1 The main building blocks in a two-way satellite com-
munication system

Figure 2 A geostationary satellite “illuminating” the coverage
area on earth
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The Space Age started with the laun-
ching of the first artificial satellite,
Sputnik-I, in 1957. It is worth while
noticing that the first trans-Atlantic
telephone cable was stretched the
same year. In the following years seve-
ral satellites were launched, both for
scientific purposes and for other speci-
fic applications. Communication expe-
riments with passive reflecting satel-
lites, Echo-I and -II (1960), were also
carried out.

An operational system with passive
satellites was never realised, but the
project made essential contributions to
the development of the earth station
technology.

The first active telecommunication
satellites were launched in the early
1960s, Courier (1960), Telstar-I and -II
(1962 and 1963) and Relay-I and -II
(1962 and 1964).

They were all put into low earth orbits,
the height varying between 1,000 and
8,000 km. Telstar-I was the most
important of these satellites, figure 3.
This satellite transmitted television
directly from USA to England and
France for the first time. The Nordic
countries started early to make use of
satellite communication. In 1964 the
Nordic countries built a common
receive earth station at Råö, outside
Gothenburg. It was an experimental
earth station which participated in
NASA’s experiments with the Relay
satellites.

The first satellite in the geostationary
orbit was Syncom-II in 1963. The
launch of Syncom-I the same year was
a failure. This was an important break-
through for commercial satellite com-
munication. Several important experi-
ments were carried out. One of them

Launch data

Date:

Vehicle:

10 July 1962

Thor-Delta

Orbital data

Orbit:

Inclination:

Apogee:

Perigee:

Period:

Elliptical

44.8 degrees

5653 km

936 km

157.8 min

Satellite data

Weight:

Diameter:

No of transponders:

Bandwidth:

Output power:

77 kg

0,9 meter (spherical)

1

50 MHz

3 Watts

Figure 3 The Telstar satellite, main data.
The satellite was designed and built by Bell
Telephone Laboratories and launched by NASA

INTELSAT I
(Early Bird)

1965

240

40

1

INTELSAT II

1967

240

85

3

INTELSAT III

1968

1 200

150

5

INTELSAT IV
        + IVA

1971

6 000

790

7 + 5

INTELSAT V

1980

12 000

1 040

13

INTELSAT VI

1989

36 000

2 230

6

INTELSAT VII

1993

18 000

1 400

12

Telephone
channels

Weight in
orbit (kg)

No. of
satellites

Figure 4 The INTELSAT satellites. Technical development
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was to examine whether or not geosta-
tionary satellites could be a part of the
public telephone network. The prob-
lem was the time delay of the radio
signal. With a mismatch at the other
end of the connection, one would hear
oneself half a second later. This was
thought to be a major obstacle for a
two-way telephone conversation. Effec-
tive echo cancellers were then develo-
ped. This reduced the problem to such
a degree that the telephone users
accepted a connection via satellite.

In 1965, the first commercial geostatio-
nary satellite, Early Bird, was placed in
a position over the Atlantic Ocean.
This became the first satellite in the
international organisation for telecom-
munication satellites, INTELSAT.
A preliminary agreement was made in
1964 between 11 countries, but the
final agreement was not signed until
1973. This organisation has been the
leading one in the development of
communication satellites. Over 100
countries are members, and there are
almost 600 earth stations in 170 coun-
tries. INTELSAT has launched 35 geo-
stationary satellites and only six have
been unsuccessful.

Figure 4 shows the development of
the INTELSAT system.

The first Nordic INTELSAT earth sta-
tion was built in 1971 at Tanum in
Bohuslän. This earth station communi-

cates with geostationary satellites over
the Atlantic and Indian Oceans. The
first European commercial communi-
cation satellite, EUTELSAT-I, was
launched in 1983.

3 Applications
The most important application of
satellite communication has up till
now been inter-continental telephone
and TV transmissions. This was the
first application and is still the most
important. Large and expensive earth
stations with antennas up to 20 m in
diameter are employed. The INTEL-
SAT-A system is an example of this.

The rapid development in the satellite
technology and the use of more
powerful launch vehicles has led to
the use of satellite systems in more
restricted areas. As an example the
Norwegian Telecom employs satellites
as a part of its domestic telecommuni-
cation network and offers satellite con-
nections between the Norwegian
mainland and the oil installations in
the North Sea, figures 5 and 6, as well
as to the Arctic islands of Svalbard
(the NORSAT-A system). This system
transmits via one of the satellites in
the INTELSAT system.

The main station in the NORSAT sys-
tem is located at Eik in the south wes-
tern part of Norway. It was put into
operation in 1976 and was the first

earth station in Europe intended for
domestic traffic. Svalbard was connect-
ed to the terrestrial public network via
this system in 1979 with an earth sta-
tion at Isfjord Radio, figure 7. The TV
broadcasting to Svalbard was estab-
lished via one of the EUTELSAT satel-
lites in 1984.

Regional systems can make use of
satellites with global, semi-global or
spot coverage. This can be achieved
by larger satellite antennas. The Euro-
pean EUTELSAT system is a satellite
system with several application areas.
The development of this system start-
ed in 1970. The system intended to

- transmit telephony traffic between
large national earth stations

- exchange TV programmes (Eurovi-
sion)

- cover the need for special services
(as business communication)

- distribute TV programmes to cable
networks.

The first satellite system for maritime
mobile communication, MARISAT,
became operative in 1976. This system
is now replaced by the INMARSAT
system. The first operational Euro-
pean coastal earth station was put into
service at Eik in Norway in 1981. This
station will now expand to cover satel-
lite communication with aeroplanes

ISFJORD RADIO (Spitzbergen)

EIK
(main station)

STATFJORD

FRIGG

EKOFISK

ca 200 km

ca 200 km

ca
 3

00
 km

Oslo
Stavanger

Bergen

Trondheim

Tromsø

INTELSAT-IV

Figure 5 The NORSAT-A system started in 1975. The initial
system used leased capacity on an INTELSAT-IV
satellite

Figure 6 NORSAT-A earth station on an oil rig in the North
Sea
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Figure 7 The earth station at Isfjord Radio, Spitzbergen, 78°
North. At this station the maximum elevation angle
towards a geostationary satellite is 3.1°

Figure 9 Nittedal earth station outside Oslo, Norway

Coastal
earth station

Large vessels Small vessels

Large aircrafts
Land mobile

(trucks)

Land mobile
(cars/persons)

Small aircrafts

•  Necessary reduction in terminal cost

•  Increasing number of terminals

Figure 8 Mobile satellite communication system
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(INMARSAT AERO). The evolution
points at communication with even
smaller units such as trucks, private
cars and individuals, figure 8.

As the satellites become more power-
ful it is possible to make simpler earth
station equipment. Then the satellite
terminals can be located closer to the
user. This is done in the VSAT sys-
tems which are mainly used for busi-
ness communication. The Norwegian
Telecom has established an earth sta-
tion at Nittedal, 1987, for European
data communication via the EUTEL-
SAT system, figure 9, as well as a traf-
fic control station at Eik for business
communication, the NORSAT-B sys-
tem. The NORSAT-B system offers
connections between unmanned earth
stations in Europe.

The last application area is broadcast-
ing of television and sound. This is a
point-to-multipoint system where we
make full use of the advantage of satel-
lite communication. One satellite in
geostationary orbit will cover 97 % of
all households in Norway. Today more
than 100 television programmes are
transmitted via satellite to European
countries. Arthur C Clarke’s original
idea from 1945 has become a reality.
Figure 10 shows the total involvement
of the Norwegian Telecom in satellite
communication.

4 Orbital considerations
A satellite’s period of revolution is
determined by the distance from the
earth. The farther from earth, the
longer the period. The nearest satel-

lites, e.g. the space shuttle, has an
orbital period of approximately 1.5
hours. An example of a satellite with a
long period of revolution is the moon.
Due to the long distance from earth
(ca 385,000 km) the period is about
27 days.

The orientation of the orbit with
respect to the earth’s equatorial plane
may also be different, i.e. inclined
orbits.

The movements of a satellite are de-
termined by the laws of Newton (1642
- 1727) and Kepler (1571 - 1630).
Applied to satellites Kepler’s laws are:

1 The satellite orbit is an ellipse with
the earth at one focus.

EIK
   • NORSAT - A
   • INMARSAT
   • NORSAT - B

• INTELSAT
• INMARSAT
• EUTELSAT
• TELE-X
• THOR OIL RIGS (1976, 1984)

SHIPS 
(1982)

SVALBARD (1979, 1984)

NITTEDAL
   • EUTELSAT
   • TELE-X
   • THOR

Satellite broadcasting
Satellite business communication

(1984)
(1986)

(1986)
(1989)
(1992)

(1976)
(1982)
(1986, 1989)

Figure 10 The Norwegian satellite involvement; main earth stations and utilized satellites
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= centrifugal force
= gravitational force
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Figure 11 Forces acting on a satellite in a circular orbit

Figure 13 The geocentric equatorial coordinate system. The 
z-axis coincides with the rotational axis of earth.
The x,y-plane cuts through the earth’s equator and
is called the equatorial plane. The x-axis is the
direction from the centre of earth through the centre
of sun at the vernal equinox (≈ 21 March), see
figure 14

Figure 14 Definition of the x-axis in the geocentric equatorial
coordinate system

Figure 12 The elliptical satellite orbit with major and minor
semiaxis a and b and eccentricity e = c/a. The
semilatus rectum p = h2/µ where h = v ⋅ r (the
angular momentum per unit mass)

Figure 15 Three satellites in the geostationary orbit will
almost cover the whole earth

Figure 16 a) and b) Orbits for launching of geosynchronous satellite. The incli-
nation of the transfer orbital plane is equal to or larger than the lati-
tude of the launch site
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where

p = semi-latus rectum = 

e = = eccentricity (o < e < l)

a = major semi-axis
h = v ⋅ r = the angular momentum

per unit mass

The earth is located in F, one of the
two foci. When the two foci coincide (e
= o) the orbit will be a circle. The
point closest to earth is called “peri-
gee” and the farthest point is called
“apogee”. The angle (φ) measured
from the perigee to the satellite is cal-
led the true anomaly.

The true anomaly, eccentricity and
length of the semi-major axis deter-
mine the satellite’s position in the orbi-
tal plane. In order to locate the satel-
lite in space, we need information
about the orbit’s orientation. We intro-
duce a fixed reference co-ordinate sys-
tem called the geocentric equatorial
co-ordinate system, figures 13 and 14.
This co-ordinate system moves with
the earth around the sun, but it does
not rotate.

The intersection of the equatorial
plane and the orbital plane is called
the line of nodes. The ascending node
is the point where the satellite is cros-
sing the equatorial plane from south to
north. The angle between the x-axis
and ascending node is called the right
ascension (RA) of the ascending node
(Ω). The angle between the ascending
node and perigee (ω) specifies the ori-
entation of the ellipse, and is called the
argument of perigee. The inclination
(i) of the orbital plane is the angle be-
tween the equatorial plane and the
orbital plane.

The five orbital elements, a, e, Ω, ω,
and i, completely define the satellite’s
orbit around the earth. These ele-
ments are time independent. The last
element, ϕ, specifies the satellite’s
position in its orbit, and is the only
time dependent parameter.

For communication satellites there is
one orbit which is particularly interes-
ting. This is the near circular equato-
rial orbit with period of revolution
equal to the rotational period of earth
(24 hours). A satellite in this orbit will
follow the earth’s rotation, and for an
observer on earth’s surface, the satel-
lite will appear to be “fixed in the sky”.

c

a

h2

µ

This orbit is called the geostationary
orbit (GEO).

The geostationary satellite has a
period of revolution a little under 24
hours, due to the fact that the earth
moves around the sun in one year.
This means an extra revolution with
respect to the fixed stars. The period
of a GEO satellite will accordingly be

= 86 164 sec

Using equation (4.6) we can now cal-
culate the radius of the geostationary
orbit:

= 42 164 km

The satellite’s height above the earth’s
surface will be:

h = r - Rj = 35 786 km

where Rj = 6 378 km = equator radius
of the earth.

The satellite’s velocity is:

= 3.075 km/sec

From a satellite in the GEO orbit
approximately 42 % of the earth’s sur-
face will be visible. Accordingly, with
3 satellites in the GEO orbit, we will
have almost full coverage of the earth,
except for areas above 81° latitude
north and south, figure 15.

Our problem with the geostationary
satellites is the transmission delay of
the radio signal between the earth and
the satellite. Since radio waves propa-
gate with the speed of light (300 000
km/s) the time delay will be about
270 milliseconds to and from the satel-
lite. This was in the early days con-
sidered to be a major problem for
speech connections via GEO satellites.
However, it showed up that the prob-
lem was much less than anticipated as
mentioned previously.

In the last few years other orbits than
the geostationary have been reconsi-
dered with great interest, especially
low earth orbits for mobile satellite
services, and highly inclined elliptical
orbits for broadcasting services, ref
Hovstad/Gutteberg: “Future systems
for mobile satellite communications”
(this issue).

v = 2πr

T

r = µ T

2π






2











1/3

T = 365.25

365.25 +1




 ⋅24 ⋅60 ⋅60

2 The radius vector to the satellite
sweeps out equal areas in equal
times.

3 The square of the period of revolu-
tion is proportional to the cube of
the orbit’s semi-major axis.

Considering a circular orbit, the forces
acting on the satellite are shown in
figure 11.

With reference to figure 11, the gravi-
tational force Fg on the satellite is
given by Newton’s law:

(4.1)

where G is the universal gravitational
constant.

According to Newton’s general law of
motion, the centrifugal force is given
by

(4.2)

Counterbalancing of forces, Fc = Fg,
gives

(4.3)

or the satellite velocity

(4.4)

The period of orbit, T, is given by

(4.5)

Inserting for the satellite velocity,
equation (4.4), the period will be

(4.6)

where µ = G ⋅ M = 398 600 km3/sek2

(Kepler’s constant).

This expression is a mathematical sta-
tement of Kepler’s third law. This
equation applies even if the orbit is
elliptical, substituting the radius r with
the semi-major axis a.

An elliptical orbital geometry is shown
in figure 12.

The equation describing the orbit in
polar co-ordinates (r, ϕ) is

(4.7)
r = p

1+ ecosϕ

T = 2π r3

G ⋅ M
= 2π r3

µ

T = 2πr

v

v = G ⋅ M

r

G
M ⋅m

r2 = m
v2

r

Fc = ma = m
v2

r

Fg = G
M ⋅m

r2



5 Launching
For a satellite to achieve the geostatio-
nary orbit, it must be accelerated to
3.075 km/s at a height of 35 786 km
with zero inclination. Theoretically,
one can place the satellite directly into
the geostationary orbit in one opera-
tion. However, considerations regard-
ing costs and launching capabilities
call for a multistage launch vehicle (2 -
4 stages). The launching of the satel-
lite represents a major part of the total
investments in a satellite system.

The conventional, and most economi-
cal, method of launching a satellite is
based on the use of the Hohmann

transfer orbit, figure 16. For the follo-
wing reasons, the launch site should
be near equator:

(i) To make maximum use of the sur-
face velocity of the earth

(ii) To achieve minimum inclination.
This will give minimum velocity
increment for the correction of the
inclination. The minimum inclina-
tion achievable is equal to the lati-
tude of the launch site.

The launch sequence is as follows:
The satellite is placed into low earth
orbit with an altitude of about 200 km,
e.g. by the space shuttle. There must
be two velocity increments; one for
injection into the elliptical transfer
orbit (∆Vp) by the perigee kick motor
and one for injection into the geosyn-
chronous orbit (∆VA) by the apogee
kick motor. The transfer orbit has an
altitude of the perigee and apogee cor-
responding to the transfer and geosyn-
chronous orbit altitudes, respectively.

Alternatively, one can put the satellite
directly into the elliptical transfer
orbit, by a multistage launcher, e.g.
Ariane, see figure 17. The idea of
using a multistage launcher is to get
rid of the unnecessary mass, to
achieve the sufficient velocity.

Correction of the inclination has to be
done at one of the nodes of the trans-
fer orbit, in order to achieve an equa-
torial circular synchronous orbit. The
velocity increment is depending on the
inclination and on the velocity of the
satellite. The lower the satellite velo-
city, the more economical the man-
oeuvre. The circularization manoeuvre
should therefore be carried out at apo-
gee. This implies that the orientation
of the transfer orbit has to be such
that the line between the apogee and
perigee is in the equatorial plane, cfr.
figure 13. The altitude of the apogee
has to be equal to the altitude of GEO
orbit. The magnitude (∆VA) and direc-
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Figure 17 Multistage launcher Ariane
Figure 18 Velocity diagram on a plane normal to the line

of nodes
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θ
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= required velocity increment
= direction of impulse

∆V
A

Figure 19 Apparent movement of satel-
lite in an inclined synchronous orbit
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Figure 20 Exploded view of the THOR satellite



tion (θ) of the velocity vector can be
calculated from figure 18. If the geo-
synchronous orbit has some inclina-
tion, the satellite will apparently move
in a figure-of-eight with respect to the
nodes, figure 19. The maximum excur-
sion from equator in the north or
south direction will be equal to the
inclination.

6 The spacecraft
The main purpose of a communication
satellite is to receive and transmit
radio signals within the coverage area
on the earth. This means that the
spacecraft should be a reliable and
stable platform for the communication
system. The satellite is generally divid-
ed into two main modules:

1 The communication module (or the
“payload”) which includes

- repeaters (or transponders)

- antennas

2 The service module (or the “bus” or
“platform”) comprising the following
subsystems

- attitude and orbit control (AOCS)

- telemetry, tracking and command
(TT&C)

- power supply.

Figure 20 shows an exploded view of a
typical spacecraft.

6.1 Attitude and orbital control
subsystem

The objective of the attitude control
subsystem is to maintain the commu-
nication antennas correctly pointed
towards the earth, and the solar cells
correctly pointed towards the sun. The
movements of the satellite about its
centre of mass can be described by
rotations about the three orthogonal
reference axes: roll (x), pitch (y) and
yaw (z), see figure 21.

There are two different methods of
controlling the attitude: spin stabilisa-
tion and body-fixed stabilisation (3-
axis stabilisation), see figure 22. In the
first type, the satellite spins around its
main axis of symmetry. The rotation is
normally about 60 rpm. This will pro-
duce an angular momentum in a fixed
direction. For a geostationary satellite,
the spin axis (pitch) has to be parallel
with the earth’s axis of rotation. To
maintain the pointing of the communi-
cation antennas towards the earth, the
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Figure 21 Definition of the reference axes, roll, pitch and yaw

Figure 22 a) and b) The two concepts of stabilization



platform containing the antennas has
to rotate in the opposite direction (de-
spun). Pitch correction is done by
varying the angular velocity of the des-
pin motor, since the rate of change of
angular momentum is proportional to
the torque. Yaw and roll corrections
are made by thrusters mounted at
appropriate places on the body. A typi-
cal spin-stabilised satellite is shown in
figure 20.

To keep the gyroscopic stiffness in a
body-fixed stabilised satellite, one may
use a momentum wheel inside the
satellite. This gives rather moderate
antenna pointing. Instead, it is usual to
use three reaction wheels spinning
around the three main axes. While the
momentum wheel is spinning at high
velocity (about 10 000 rpm), the reac-
tion wheels are spinning in both direc-
tion around zero speed. By varying the
speed and direction of the reaction
wheels, controlling torques can be
applied around all axes. When the
wheels reach their maximum speed,
they must be unloaded by operating
thrusters on the satellite’s body.
A typical body-stabilised satellite is
shown in figure 2. For operating the
torque units, it is necessary to obtain
the attitude of the satellite. This is
done by sensors on board the space-
craft sensing the direction to the sun
and earth. As seen from the geostatio-
nary orbit the sun subtends only 0.5°.
It is therefore a good source for ob-
taining attitude reference. The sun
sensor consists of photo cells which
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produce an electric current when illu-
minated by the sun.

The earth, seen from the satellite, has
a much larger view angle (17.3°) and
its centre cannot directly be mea-
sured. However, using infrared detec-
tors (bolometers), one can measure
the edge of the earth, due to the diffe-
rence in radiation from the cold sky
and the warm earth. Infrared detectors
can be used both day and night. If two
bolometers are mounted on a spinning
spacecraft, as shown in figure 23, the
pointing error (β) can be calculated
measuring the time between the two
horizon crossings (t1 and t2), knowing
the spin rate (ω) and the angle be-
tween the bolometer beams (2α).

On a 3-axis stabilised satellite scan-
ning mirrors have to be used, since
the satellite itself does not spin.

A higher degree of pointing accuracy
may be obtained by using a radio bea-
con on the earth. In such a system the
satellite antenna is directly locked to
the transmitted radio signal from the
earth beacon.

6.2 Telemetry, tracking and
command (TT&C)

The satellite is supervised and control-
led via a dedicated earth station,
TT&C station, which in turn is connec-
ted to the satellite control centre
(SCC). The main tasks of the space-
craft management is to control the
orbit and attitude of the satellite, moni-
tor the “health” status, remaining pro-
pulsion fuel and transponder configu-
ration, together with steering of anten-
nas.

The satellite’s TT&C system is shown
in figure 24.

The telemetry subsystem collects data
from various sensors on board the
spacecraft, such as fuel tanks pres-
sure, voltages/currents in different
subsystems, sighting from infrared
and sunlight detectors, temperature,
etc. The information rate is usually
less than 1 kbit/s. The data are trans-
mitted on a low-power telemetry car-
rier using an omnidirectional satellite
antenna during the transfer phase
and/or a spot beam antenna when the
satellite is on station.

The command subsystem is used for
remote control of the different func-
tions in the satellite. This may include
attitude and orbital manoeuvres, swit-

ching transponders on and off, stee-
ring antennas, firing the apogee boost
motor in transfer phase, etc. When
receiving a command, the command
subsystem generates a verification sig-
nal, which is sent back via the tele-
metry link. After checking, an execute
signal is transmitted to the satellite.
This prevents inadvertent commands.
As in the telemetry link the omni
antenna is used during the transfer
phase, while spot-beams are used
when the satellite is in its geostatio-
nary position.

The tracking or ranging subsystem
determines the orbit of the spacecraft.
There is a number of techniques that
can be used. One method is to mea-
sure to pointing of the TT&C earth
station antenna towards the satellite,
together with the slant range to the
satellite, i.e. the range vector. The
range to the satellite can be measured
by modulating the command carrier
with multiple low frequency tones
(“tone ranging”). These tones are
demodulated and remodulated on the
telemetry carrier and received in the
TT&C ground station. By comparing
the phase between the transmitted
and received tones, the range can be
calculated. The highest tone gives the
best accuracy, but several lower tones
resolve the ambiguity.

6.3 Power supply

Solar energy is the only external
energy source for orbiting satellites.
The solar radiation intensity is about
1.4 kW/m2. The sun energy is conver-
ted to electrical energy by means of
photovoltic cells (solar panels). The
efficiency of the solar panels is about
10 - 15 %. On the spin-stabilised satelli-
tes the solar panels form the exterior
of the spacecraft’s body, see figures 20
and 22. 

One disadvantage of the spin-stabilis-
ed satellite is that only 1/3 of total
solar array is exposed to the sunlight.
On the body-stabilised satellite the
solar panels are mounted on two
deployable “wings”, as shown in figure
2 and 22. The satellite moves around
the earth in 24 hours. For intercepting
maximum solar flux, the solar panel
wings have to make one turn per day.
They are driven by two separate
motors.

A measure of efficiency is the ratio of
produced electrical power to the mass
of satellite. For a spinning satellite this

ratio is about 10 Watts/kg, whereas
for the 3-axis stabilised satellite the
ratio is about 50 Watts/kg. This
means that if we need a satellite with
high RF output power, we should
select a body stabilised satellite. The
disadvantage is that they are more
complex. 

On-board batteries are needed to pro-
duce power during the launch phase
and when the satellite enters the sha-
dow of the earth (eclipse). This hap-
pens around the equinoxes, and the
maximum duration is approximately
70 minutes. This is due to the fact that
the earth’s equatorial plane is inclined
with an angle of 23.4° with the direc-
tion to the sun, see figure 25. During
the summer and winter seasons the
satellite is out of the earth’s shadow,
figure 26, whereas during the equino-
xes the satellite passes through the
earth’s shadow once a day for 42 days,
figure 27, i.e. the satellite will experi-
ence 84 eclipses per year.

6.4 The communication module

The communication subsystem is the
primary system in the satellite. All
other functions in the satellite can be
considered as supporting activities for
this system. It consists of the receiv-
ers, transmitters and the communica-
tions antennas. One receive/transmit
chain is called a transponder. A satel-
lite with 5 transponders is shown sche-
matically in figure 28. The building
blocks are:

- A wide band receiver and a down
converter

- An input multiplexer (IMUX)

- 5 channelised sections including the
high power amplifiers

- An output multiplexer (OMUX).

The wide band receiver/converter
operates in the whole up-link band,
e.g. in one of the common bands

- C-band (5.9 - 6.4 GHz)

- Ku-band (14 - 14.5 GHz)

- Ka-band (17.3 - 18.1 GHz)

or other bands allocated to satellite
communication.

The frequency conversion could either
be single, as in figure 28, or dual. In
the latter case the first mixer converts
the frequency down to an intermediate
frequency (IF). After the channel
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amplification on IF the signal is con-
verted up to the down-link frequency,
before the last power amplification.
This is often done because it is much
easier to make filters, amplifiers and
equalisers at an intermediate fre-
quency. The intermediate frequency

can be chosen independently of the
up- and down-link frequencies.

The input multiplexer separates the
up-link band into individual channels
with a certain bandwidth. For example
can a 500 MHz wide up-link band be
separated into 12 channels with chan-
nel bandwidth of 36 MHz. The chan-

nel bandwidths may also be unequal.
The channel amplifier/attenuator sets
the gain (gain-step) of the transponder
in order to control the input back-off of
the TWTAs. This can be done from
the TT&C station by the up-link com-
mand system.

The last high-power amplifier (HPA) is
usually a travelling wave tube ampli-
fier (TWTA). This amplifier establis-
hes the level of the output power,
which may be in the range of 10 - 200
Watts depending on the application.
The TWTA operates near saturation.
The input/output characteristic is
shown in figure 29. The output multi-
plexer combines all the channels
before signals are transmitted to the
earth by the antenna.

6.5 The satellite communication
antenna

Antennas are used for receiving and
transmitting modulated radio frequent
signals from and to the earth. The
most commonly used antenna in the
microwave frequency band is the para-
bolic reflector antenna. The antenna is
characterised by its radiation pattern
and the maximum gain, that is the
antenna’s capability to concentrate the
energy in one direction.

The design of the satellite antenna is
depending on required coverage area,
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Figure 27 The satellite passes through the earth shadow at the equinoxes once a day

Figure 26 During summer and winter the satellite is always illuminated
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see figure 30. This determines the
beam width of the antenna, usually
taken as the half-power beam width
(or 3 dB beam width). The 3 dB beam
width is given by

(degrees) (6.1)

where

K = 65 - 75, depending on the
antenna aperture field distribu-
tion

λ = wavelength

D = diameter of antenna.

The gain of the antenna is proportional
to its area, and is given by

(6.2)

where

η = antenna efficiency (0.5 - 0.8)

A = area of antenna

or in dB:

(6.3)

Obviously the gain and the beam
width of a reflector antenna are rela-
ted. The gain is approximately given
by

(6.4)

where

θ3dB is given in degrees.

Should the service area be the whole
earth, the required beam width would
be 17.4° as seen from the geostatio-
nary orbit. This corresponds to a satel-
lite antenna with 20 dB gain. By in-
creasing the size of the satellite anten-
na only a small area of the earth is illu-
minated. These narrow beams are cal-
led “spot beams”. If we should cover
an area on earth with a diameter of 300
km, the beam width of the antenna
should only be 0.5°, with a correspon-
ding gain of 50 dB. This means that we
need less power from the HPA in the
spot beam to achieve the same flux
density on earth as in the global beam.

To express the transmitted power of a
satellite, the Equivalent Isotropic Radi-
ated Power (EIRP) is used. This is
simply the product of output power

G = 30000

θ3dB
2

G(dB) =10 log η πD

λ






2











G = η 4π
λ2 ⋅ A = η πD

λ






2

θ3dB = K ⋅ λ
D

16

Output power (dBW)

Pmax
Saturated output

Output back-off

Input back-off

Input power (dBW)

Pin
at saturation

45 cm 65 cm 210 cm

EIRP: 49 dBW
54 dBW

antenna
diameter

39 dBW

N Coverage area
θ = θ3dB

equator

Sub
satellite
point17,4

o

θ

Side lobes

Main lobe

Antenna radiation pattern

Figure 29 Input/output characteristic of a TWTA

Figure 31 The preliminary EIRP contours of the THOR satellite and the correspon-
ding receiving antenna diameter for TV reception with good quality

Figure 30 Coverage area of the satellite antenna. For global coverage the required
beam width is 17.4°



from HPA(Pt ) and satellite antenna
gain (Gt):

EIRP = Pt ⋅ Gt (6.5)

So instead of plotting coverage con-
tours (or gain contours) we can plot
EIRP contours. An example is given in
figure 31.

A satellite can have more than one
antenna. Modern satellites employ
several antennas, both with global,
hemispheric and spot coverage.

As described, the communication pay-
load overall can be characterised by
the following parameters:

- the coverage area

- the maximum EIRP

- the input power flux density for satu-
ration of the output high power
amplifier

- the channel arrangement or fre-
quency plan.

7 The satellite link

7.1 The link geometry

In order to communicate with a satel-
lite, it is necessary to know the correct
pointing of the earth station antenna.
We shall limit ourselves to geostatio-

nary satellites. In that case, as previ-
ously mentioned, the satellite will not
move with respect to an earth station,
and the antenna pointing can be fixed.

The pointing of the antenna is defined
by two angles, azimuth (α) and eleva-
tion (ε). The azimuth is the angle
from true north to the projection of the
line to the satellite in the local horizon-
tal plane. The elevation is the angle
above the local horizontal plane to the
satellite.

Knowing the satellite’s position, i.e.
the longitude, and the earth station
position, i.e. longitude and latitude, we
can calculate the earth station anten-
na’s pointing angles. The geometry is
shown in figure 32.

With the terms given in figure 32, the
azimuth, elevation and distance to
satellite are given by:

(7.1)

(7.2)

(7.3)
d = Rs

1− cosφcosγ( )2

cosε

ε = arctg
cosφcosγ − Re

Rs

1− cosφcosγ( )2

α = arctg ± tgγ
sinφ







The maximum latitude coverage of a
geostationary satellite (ε = 0, γ = 0)
will be

= 81.3° N or S

7.2 Link analysis

The purpose of a satellite system is to
provide reliable transmission with a
specified quality of the received signal.
The transmitted information has to be
modulated on an RF carrier. In analo-
gue systems, where frequency modu-
lation (FM) is the dominating modula-
tion method, the signal-to-noise ratio
(S/N) after the demodulator is a mea-
sure of signal quality. In digital satel-
lite links the measure of quality is the
bit error rate (BER). The modulation
method most often used in digital sys-
tem is phase shift keying (PSK).

In both analogue and digital systems
there is a unique relationship between
the carrier-to-noise ratio (C/N) and
the signal-to-noise (S/N) ratio or the
bit error rate (BER). Given the modu-
lation method, the performance of a
total link is generally specified in
terms of a minimum C/N in a certain
percentage of time. In order to estab-
lish the link quality, we therefore need
to calculate the carrier power (C) and
the noise power (N) at the receiving
station.

ϕ max = π
2

− arcsin
Re

Rs
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Considering an isotropic antenna, that
is an antenna which radiates with uni-
form intensity in all directions, the
power flux density (PFD) at a dis-
tance, d, will be

(7.4)

where Pt = the total radiating power.
Using a directive antenna with a gain
Gt , the power flux density can be
increased by Gt :

(7.5)

If the receiving antenna has an effec-
tive area of

Ae = η Ar (7.6)

where

PFD =
Pt ⋅Gt

4πd2 = EIRP

4πd2

PFD =
Pt

4πd2

η = efficiency

Ar = physical area

the received power (C) will be:

(7.7)

Using the relationship between the
effective antenna area (Ae) and gain
(Gr), equation (6.2), the received
power may be written as

(7.8)

The term in the middle is called the
free space loss:

(7.9)

In addition to the free space loss, we
have several other sources of attenua-
tion, such as atmospheric absorption,
rain attenuation, etc. ref O Gutteberg:
“Effects of atmosphere on earth-space
radio propagation” (this issue).

All components, active and passive,
produce electrical noise. This is due to
the thermal agitation of electrons. The
thermal noise power (N) increases
with temperature (T) and band width
(B) and is given by

N = kTB (W) (7.10)

Lo = 4πd

λ






2

C = EIRP ⋅ λ
4πd







2

⋅Gr

C = PFD ⋅ Ae = EIRP

4πd2 ⋅ Ae (W )

where

k = Bolzmann’s constant 
= 1.38 ⋅ 10-23 W/Hz ⋅ K

We can now define an effective input
noise temperature of a receiver (or a
network). This is the temperature of a
noise source located at the input of a
noiseless receiver giving the same out-
put noise power as the noisy receiver.

Noise power at the earth station re-
ceiver input has contributions both
from the noisy receiver and the noise
picked up by the antenna.

Hence, the total system noise tempera-
ture (TS) is given by

TS = TA + TR (7.11)

where

TA = antenna noise temperature

TR = effective noise temperature of
the receiver.

The total noise power (N) is then
given by:

N = kTSB (7.12)

If the received carrier power (C) is
measured at the same point, according
to the equations (7.8) and (7.12), the
C/N ratio will be

(7.13)

Equation (7.13) is called the link bud-
get, and the term Gr/ Ts is the recei-
ver’s “figure-of-merit”. It specifies the
sensitivity of the receiver, either in the
satellite or in the earth station. The
reference point for Gr and Ts has to be
the same.

A typical receiver “front-end” is shown
in figure 33. Referred to the low noise
amplifier’s input, the overall noise tem-
perature is given by

(7.14)

where

L = feeder loss

To = ambient temperature = 290 K

TLNA = noise temperature of the low
noise amplifier.

Succeeding stages of the receiver will
not contribute if the gain of the LNA is
sufficiently high.

Ts = TA

L
+ L −1

L




 T0 + TLNA

C

N
= EIRP ⋅ 1

Lo
⋅ Gr

Ts
⋅ 1

kB
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Instead of giving the noise tempera-
ture of a component, the noise figure
(F) is often used. This is defined as
the signal-to-noise ratio at the input
divided by the signal-to-noise ratio at
the output:

(7.15)

If the source noise temperature is at
the standard temperature To = 290 K,
then

(7.16)

where

g = gain of the network.

Using the definition of effective input
noise temperature:

(7.17)

or

T = (F - 1) 290 (7.18)

A satellite system consists of both an
up-link and a down-link. Noise on the
up-link will also contribute to the over-
all noise power received at the earth
station. The basic satellite link is
shown in figure 34.

The total received noise power at the
receiving earth station is given by

Nt = Nu ⋅ g ⋅ gd + Nd

where

Nu = noise power on the up-link

Nd = noise power on the down-link

g = total transponder gain

gd = “section gain” on the down-
link (free space loss and
antenna gains).

The total noise-to-carrier ratio is then

since 

and C = Cdown

C

g ⋅gd
= Cup

N

C
=

Nupggd + Ndown

C

=
Nupggd

C
+

Ndown

C

=
Nup

C / g ⋅gd
+

Ndown

C

F =
k To + T( )B ⋅g

kToBg
=1+ T

To

F =
Si

So
⋅

No

Ni
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g
⋅

No

kToB

F
S N

S N
i i

o o

= /
/

then

(7.19)

Using equation (7.19) we can calculate
the total C/N ratio, knowing C/N
ratios on the up- and down-link.

If the (C/N)up is more than 10 dB
above (C/N)down, the noise contribu-
tion from the up-link to the down-link
is only a few tenths of a dB. Often it is
disregarded in link calculations where
there is enough power on the up-link.

Knowing the

- location of satellite and earth station

- EIRP and G/T of the satellite

- EIRP of the earth station

- the required quality (C/N)

- the carrier frequencies

- the receiver overall system tempera-
ture T (or noise figure F)

- the equivalent noise bandwidth of
the receiver (B)

we are now able to calculate the recei-
ving station’s figure-of-merit (G/T) or
receiving station’s antenna diameter.

C

N
= 1

1
C / N( )up

+ 1
C / N( )down

In figure 35 is shown the EIRP con-
tours for INTELSAT-V A satellite in 1°
west.

Using the above developed equations,
the corresponding receiving antenna
diameters have been calculated, figure
35. For the calculations the following
parameters have been assumed:

C/N = 12 dB (TV reception with
good quality)

B = 27 MHz (receiver noise band-
width)

F = 1 dB (receiver noise figure)
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TA = 30 K (antenna temperature,
clear sky condition)

L = 0.5 dB (feeder loss)

f = 11.7 GHz (carrier frequency).

Corresponding calculations have been
done for the diameters given in figure
31. The noise from the up-link has
been disregarded.

In the calculations above we have only
considered additive thermal noise.
There are also other sources of degra-
dation such as interference from other
satellites and radio links, intermodula-
tion from the unlinear transponder,
etc. The effect of these sources are
often also treated as additive thermal
noise and the C/I terms should be
added in equation (7.19):

(7.20)

C

N
= 1

1
C / N( )up

+ 1
C / N( )down

+ 1
C / I + etc.

Keeping the interference from other
satellites below a certain value will put
severe limits on the minimum diame-
ter of the receiving earth station’s
antenna. Knowing the radiation pat-
terns for the satellites and earth sta-
tions involved, one can calculate the
interference level. The geometry is
shown in figure 36.

In the near future, the interference
from other satellites may be the criti-
cal factor for the design of earth sta-
tion antennas. This is already the case
for certain positions in the geostatio-
nary arc over Europe.

8 Satellite networks
The simplest form of satellite net-
works is the point-to-point or point-to-
multipoint configuration shown in
figure 37a) and b). So far, we have
only considered these cases. However,
there is often a need for several earth

stations to be interconnected through
the same transponder, multipoint-to-
multipoint, shown in figure 37c). The
methods for allowing several users to
utilise the same transponder are called
multiple access techniques. The trans-
ponder is a resource which can be
characterised by its available power
and bandwidth. Efficient use of this
common resource is a very important
problem in satellite communication.
The channels are designed to the
users either fixed (pre-assigned) or on
demand (demand assignments).

There are basically three methods of
multiple access:

- Frequency Division Multiple Access
(FDMA)

- Time Division Multiple Access
(TDMA)

- Code Division Multiple Access
(CDMA).

Random Access (RA) may also be uti-
lised.

In FDMA, each user is permanently
allocated a certain frequency band, out
of the total bandwidth of the transpon-
der, figure 38a). To reduce the adja-
cent channel interference, it is neces-
sary to have guard bands between the
sub-bands. Frequency drifts of the
satellite’s and earth station’s frequency
converters have also to be taken into
consideration. FDMA is the traditional
technique due to its simple implemen-
tation. However, due to the non-linear
characteristics of the transponder,
figure 29, a certain back-off of the
TWT is necessary for multicarrier ope-
ration, in order to control the intermo-
dulation products. This reduces the
total transponder capacity.

In TDMA all stations use the same
carrier frequency, but they are only
allowed to transmit in short non-over-
lapping time slots, figure 38b). Thus,
the intermodulation products due to
the non-linear transponder are avoi-
ded. This means that the high power
amplifier in the transponder can be
operated near saturation. Accordingly,
both the total transponder power and
bandwidth are available. However, the
TDMA technique obviously requires
time synchronisation and buffer stor-
age. This leads to rather complex
earth stations.

In CDMA all users occupy the total
transponder bandwidth all the time.
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The users can be separated because
each channel is multiplied by a unique
spreading code. The composite signal
is then modulated onto a carrier. The
information is recovered by multiply-
ing the demodulated signal with the
same spreading code. The receiving
earth station is accordingly able to
recover the transmitted message by a
specific user. No frequency or time co-
ordination is needed before accessing
the transponder. New users can easily
be included. CDMA signals are resis-
tant to interfering signals. This pro-
perty can be utilised in systems with
very small aperture terminals (VSAT),
where interference may be received
from adjacent satellites. The main dis-
advantages are cost and complexity of
the receivers.
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