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Satellite Communications

Lecture (3)

Chapter 2.1
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Gravitational Force

• Newton’s 2nd Law:

• Newton’s Law Of Universal Gravitation 
(assuming point masses or spheres):

amF rr
⋅=

122
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2body →⋅= u
r

mGmF rr

• Putting these together:
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Kinematics & Newton’s Law
s = Distance traveled in time, t 

• s = ut + (1/2)at2

• v2 = u2 + 2at

u = Initial Velocity at t = 0

v = Final Velocity at time = t

a = Acceleration

F = Force acting on the object

N t ’

6

• v = u + at

• F = ma

Newton’s 
Second Law
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orbit

the

If these

• Force = Mass × Acceleration
• Unit of Force is a (Newton)
• A Newton is the force required to accelerate 1 kg by 1 m/s2

• Underlying units of a Newton are therefore (kg) × (m/s2)

FORCE ON A SATELLITE : 1

• Underlying units of a Newton are therefore (kg) × (m/s )
• In Imperial Units 1 Newton = 0.2248 ft lb.

• a = acceleration due to gravity = μ / r2 km/s2

• r = radius from center of earth
• μ = universal gravitational constant  

ACCELERATION FORMULA

G multiplied by the mass of the earth ME
• μ is Kepler’s constant and = 3.9861352 × 105 km3/s2

• G = 6.672 × 10-11 Nm2/kg2 or 6.672 × 10-20 km3/kg s2 in the 
older units
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The acceleration (a) due to gravity at a distance r from the earth is 

 μ is the product of the universal gravitational  constant G and the mass of the earth ME
this is kepler’s constant and has the value μ = 3.986004418 × 105 km3/kg .

The universal gravitational constant is G = 6.672 ×10-11 Nm2/kg2 = G = 6.672 ×10-20

(km3/kg s2) in the older units.   

Force=mass × acceleration

The centrifugal acceleration, 
The centrifugal force, 

Force mass × acceleration
Centripetal force acting on satellite, FIN

If the force on the satellite are balanced

The velocity v of a satellite in a circular orbit is, 

The period of satellite’s orbit, T
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PHYSICAL LAWS
Kepler’s 1st Law:  Law of Ellipses

The orbits of the planets are ellipses with 
the sun at one focus
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PHYSICAL LAWS
Kepler’s 2nd Law:  Law of Equal Areas

The line joining the planet to the center of the sun 
t l i l tisweeps out equal areas in equal times

T5 T4 T3
T2

T1A2A3A4A5
A1

T6 A6

PHYSICAL LAWS
Kepler’s 2nd Law:  Law of Equal Areas

t2

t0

t1

t2

Area 1Area 2

t3

t1-t0 = t3-t2

Area 1 = Area 2
Satellite travels at varying speeds
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PHYSICAL LAWS
Kepler’s 3rd Law:  Law of Harmonics

The squares of the periods of 
two planets’ orbits aretwo planets  orbits are 

proportional to each other as 
the cubes of their semi-

major axes:
T12/T22 = a13/a23

In English:
Orbits with the same semi-

major axis will have the 
same period
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Vs.
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Solar vs. Sidereal Day
• A sidereal day is the time between consecutive crossings of any 

particular longitude on the earth by any star other than the sun.
• A solar say is the time between consecutive crossings of anyA solar say is the time between consecutive crossings of any 

particular longitude of the earth by the sun-earth axis.
– Solar day = EXACTLY 24 hrs
– Sidereal day = 23 h  56 min.  4.091 s

• Why the difference?
– By the time the Earth completes a full rotation with respect to an 

external point (not the sun), it has already moved its center 
position ith respect to the s n The e tra time it takes to cross

29

position with respect to the sun. The extra time it takes to cross 
the sun-earth axis, averaged over 4 full years (because every 4 
years one has 366 deays) is of about 3.93 minutes per day.

Calculation next page
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LOCATING THE SATELLITE 
IN ORBIT: 1

Start with Fig. 2.6 in Text ϕ is the Trueg ϕo is the True 
Anomaly        
See eq. (2.22)

C is the 
center of the 
orbit ellipse

31

O is the 
center of the 
earth

NOTE: Perigee and Apogee are on opposite sides of the orbit
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• Book Lecture notes

LOCATING THE SATELLITE 
IN ORBIT: 1

Start with Fig. 2.6 in Text ϕ is the Trueg ϕo is the True 
Anomaly        
See eq. (2.22)

C is the 
center of the 
orbit ellipse

52

O is the 
center of the 
earth

NOTE: Perigee and Apogee are on opposite sides of the orbit
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LOCATING THE SATELLITE 
IN ORBIT: 2

• Need to develop a procedure that will allow the• Need to develop a procedure that will allow the 
average angular velocity to be used

• If the orbit is not circular, the procedure is to use a 
Circumscribed Circle

• A circumscribed circle is a circle that has a radius 
l h i j i l h f h lli

53

equal to the semi-major axis length of the ellipse 
and also has the same center

See next slide

LOCATING THE SATELLITE 
IN ORBIT: 3

Fig. 2.7 in the textFig. 2.7 in the text
η = Average angular velocity

E = Eccentric Anomaly
M = Mean Anomaly

54

M = arc length (in radians) that the 
satellite would have traversed since 
perigee passage if it were moving 
around the circumscribed circle 
with a mean angular velocity η
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ORBIT CHARACTERISTICS

Semi-Axis Lengths of the OrbitSemi Axis Lengths of the Orbit

21 e
pa

−
= where

μ

2hp =

and h is the magnitude of 
the angular momentum

See eq. (2.18) 
and (2.16)

Ch 2

55

( ) 2/121 eab −= where
μ
Che

2

= See eqn. 
(2.19)

and e is the eccentricity of the orbit

ORBIT ECCENTRICITY

• If a = semi major axis• If a = semi-major axis,
b = semi-minor axis, and
e = eccentricity of the orbit ellipse,

then
bae −

56

ba
e

+
=

NOTE: For a circular orbit, a = b and e = 0
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Time reference:

• tp Time of Perigee = Time of closest 
approach to the earth, at the same time, time 
the satellite is crossing the x0 axis, 
according to the reference used.

i l d i lli l

57

• t- tp = time elapsed since satellite last 
passed the perigee.

ORBIT DETERMINATION 1:
Procedure:

Given the time of perigee tp, the eccentricity e and 
th l th f th i j ithe length of the semimajor axis a:

• η Average Angular Velocity (eqn. 2.25)
• M Mean Anomaly (eqn. 2.30)
• E Eccentric Anomaly (solve eqn. 2.30)
• ro Radius from orbit center (eqn. 2.27)

58

• ϕo True Anomaly (solve eq. 2.22)
• x0 and y0 (using eqn. 2.23 and 2.24)
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ORBIT DETERMINATION 2:

• Orbital Constants allow you to determine• Orbital Constants allow you to determine 
coordinates (ro, ϕo) and (xo, yo) in the 
orbital plane

• Now need to locate the orbital plane with 
respect to the earth
M ifi ll d t l t th bit l

59

• More specifically: need to locate the orbital 
location with respect to a point on the 
surface of the earth

LOCATING THE SATELLITE 
WITH RESPECT TO THE EARTH

• The orbital constants define the orbit of the 
satellite with respect to the CENTER of the earth

• To know where to look for the satellite in space, 
we must relate the orbital plane and time of 
perigee to the earth’s axis

60

NOTE: Need a Time Reference to locate the satellite.  The 
time reference most often used is the Time of Perigee, tp



08/03/1430

31

GEOCENTRIC EQUATORIAL 
COORDINATES - 1

• zi axis Earth’s rotational axis (N-S poles 
with N as positive z)

• xi axis In equatorial plane towards FIRST 
POINT OF ARIES

• y axis Orthogonal to z and x

61

• yi axis Orthogonal to zi and xi

NOTE: The First Point of Aries is a line from the 
center of the earth through the center of the sun at 
the vernal equinox (spring) in the northern 
hemisphere

GEOCENTRIC EQUATORIAL 
COORDINATES - 2

Fig. 2.8 in textg

RA = Right Ascension 
(in the xi,yi plane)

δ = Declination (the 
angle from the xi,yi plane 
to the satellite radius)

62

To First Point of 
Aries

to the satellite radius)

NOTE: Direction to First Point of Aries does NOT rotate 
with  earth’s motion around; the direction only translates
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LOCATING THE SATELLITE - 1

Fi d th Ascending Node• Find the Ascending Node
– Point where the satellite crosses the 

equatorial plane from South to North
– Define Ω and i Inclination

63

– Define ω Right Ascension of the Ascending 
Node (= RA from Fig. 2.6 in text)

See next slide

DEFINING PARAMETERS

Fig 2 9 in textFig. 2.9 in text

Center of earth

Argument of Perigee

Right Ascension
Inclination 

64

Orbit passes through 
equatorial plane here

First Point 
of Aries

Right Ascension of orbit

Equatorial plane
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DEFINING PARAMETERS 2

65(Source: M.Richaria, Satellite Communication Systems, Fig.2.9)

LOCATING THE SATELLITE - 2

Ω and i together locate the Orbital• Ω and i together locate the Orbital 
plane with respect to the Equatorial 
plane.

• ω locates the Orbital coordinate 

66

system with respect to the 
Equatorial coordinate system.
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LOCATING THE SATELLITE - 2

• Astronomers use Julian Days or Julian Dates• Astronomers use Julian Days or Julian Dates
• Space Operations are in Universal Time Constant

(UTC) taken from Greenwich Meridian (This time is 
sometimes referred to as “Zulu”)

• To find exact position of an orbiting satellite at a given 
instant we need the Orbital Elements

67

instant, we need the Orbital Elements

ORBITAL ELEMENTS (P. 29)
• Ω Right Ascension of the Ascending Nodeg g
• i Inclination of the orbit
• ω Argument of Perigee (See Figures 2.6 & 

2.7 in the text)
• tp Time of Perigee
• e Eccentricity of the elliptical orbit

68

• e Eccentricity of the elliptical orbit
• a Semi-major axis of the orbit ellipse (See 

Fig. 2.4 in the text)
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conclusions

Definition of terms for earth-orbiting 
satellite

• Apogee The point farthest from earth. Apogee 
height is shown as ha in Fig

• Perigee The point of closest approach to earth. The 
perigee height is shown as hpperigee height is shown as hp 

• Line of apsides The line joining the perigee and 
apogee through the center of the earth.

• Ascending node The point where the orbit crosses 
the equatorial plane going from south to north.

• Descending node The point where the orbit 
crosses the equatorial plane going from north to 
south.

• Line of nodes The line joining the ascending and 
descending nodes through the center of the earth.

• Inclination The angle between the orbital plane 
and the earth’s equatorial plane. It is measured at 
the ascending node from the equator to the orbitthe ascending node from the equator to the orbit, 
going from east to north. The inclination is shown 
as i in Fig.

• Mean anomaly M gives an average value of the 
angular position of the satellite with reference to 
the perigee.

• True anomaly is the angle from perigee to the 
satellite position, measured at the earth’s center. 
This gives the true angular position of the satellite 
in the orbit as a function of time. 
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• Prograde orbit An orbit in which the satellite moves in the 
same direction as the earth’s rotation. The inclination of a 
prograde orbit always lies between 0 and 90°.

• Retrograde orbit An orbit in which the satellite moves in a

Definition of terms for 
earth-orbiting satellite

• Retrograde orbit An orbit in which the satellite moves in a 
direction counter to the earth’s rotation.  The inclination of a 
retrograde orbit always lies between 90 and 180°.

• Argument of perigee The angle from ascending node to 
perigee, measured in the orbital plane at the earth’s center, in 
the direction of satellite motion.

• Right ascension of the ascending node To define 
completely the position of the orbit in space, the position of 
the ascending node is specified. However, because the earth 
spins, while the orbital plane remains stationary the longitude 
of the ascending node is not fixed, and it cannot be used as an 
absolute reference. For the practical determination of an orbit, 
the longitude and time of crossing of the ascending node are 
frequently used However for an absolute measurement afrequently used. However, for an absolute measurement, a 
fixed reference in space is required. The reference chosen is 
the first point of Aries, otherwise known as the vernal, or 
spring, equinox. The vernal equinox occurs when the sun 
crosses the equator going from south to north, and an 
imaginary line drawn from this equatorial crossing through 
the center of the sun points to the first point of Aries (symbol 
). This is the line of Aries.

Six Orbital Elements
• Earth-orbiting artificial satellites are defined by six orbital elements 

f d h k l i lreferred to as the keplerian element set. 
• The semimajor axis a.
• The eccentricity e 

– give the shape of the ellipse. 
• A third, the mean anomaly M, gives the position of the satellite in its 

orbit at a reference time known as the epoch. 
• A fourth, the argument of perigee ω , gives the rotation of the orbit’s 

perigee point relative to the orbit’s line of nodes in the earth’s 
equatorial planeequatorial plane. 

• The inclination I
• The right ascension of the ascending node γ

– Relate the orbital plane’s position to the earth.


