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At the end of the Course, Student will be able to:

CO 2 : Demonstrate the concepts on Orbital Mechanics

and Launcher systems.
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Learning  Outcomes

At the end of this lecture, Student will be able to: 

LO 1 : Understand basic concepts of orbit(Orbital 

parameters, laws).
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Orbital mechanics:
developing the equations of the orbit
• Newton’s laws of motion:

• 𝑠 = 𝑢𝑡 +
1

2
𝑎𝑡2

• 𝑣2 = 𝑢2 + 2𝑎𝑡

• 𝑣 = 𝑢 + 𝑎𝑡

• 𝑃 = 𝑚𝑎
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g = 9.80665x10-3 km/s2

𝑎 =
𝜇

𝑟2
𝑘𝑚/𝑠2

Kepler’s constant=GME =3.986004418x105 km3/s2

G=6.672x10-11 Nm2/kg2=6.672x10-20 km3/kgs2

Centripetal force acting on the satellite is
𝐹𝐼𝑁 = 𝑚 × Τ𝜇 𝑟2 = 𝑚 × Τ𝐺𝑀𝐸 𝑟2

Centrifugal force acting on the satellite is
𝐹𝑂𝑈𝑇 = 𝑚 × Τ𝑣2 𝑟

If the forces are balanced,
𝑚 × Τ𝜇 𝑟2 = 𝑚 × Τ𝑣2 𝑟

𝑣 = Τ𝜇 𝑟 Τ1 2

Period of satellite orbit=𝑇 =
2𝜋𝑟

𝑣
=

2𝜋𝑟

Τ𝜇 𝑟 Τ1 2 = 
2𝜋𝑟 Τ3 2

𝜇 Τ1 2

9
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Orbital Mechanics

 The path of satellite revolving around the earth is known as orbit.

 Orbital mechanics is the study of the motion of the satellites that are present in

orbits.

 Orbital Elements: Orbital elements are the parameters, which are helpful for

describing the orbital motion of satellites. Following are the orbital elements.

Semi major axis

Eccentricity

Mean anomaly

Argument of perigee

Inclination

Right ascension of ascending node
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Semi major axis

 The length of Semi-major axis (a) defines the size of satellite’s orbit. It is half

of the major axis. This runs from the center through a focus to the edge of the

ellipse. So, it is the radius of an orbit at the orbit's two most distant points.

 Length of semi major axis (a) not only determines the size of satellite’s orbit,

but also the time period of revolution.
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Eccentricity

 The value of Eccentricity (e) fixes the shape of satellite’s orbit. This parameter

indicates the deviation of the orbit’s shape from a perfect circle.

 If the lengths of semi major axis and semi minor axis of an elliptical orbit are a

& b, then the mathematical expression for eccentricity (e) will be

 The value of eccentricity of a circular orbit is zero, since both a & b are equal.

Whereas, the value of eccentricity of an elliptical orbit lies between zero and

one.

13Satellite communications                                MSR Sekhar, Associate  Professor, ECE15-05-2023



Aditya Engineering College (A)

 The following figure shows the various satellite orbits for different eccentricity

(e) values

 In above figure, the satellite orbit corresponding to eccentricity (e) value of

zero is a circular orbit. And, the remaining three satellite orbits are of elliptical

corresponding to the eccentricity (e) values 0.5, 0.75 and 0.9.
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Mean Anomaly

 Mean anomaly (M) gives the average value of the angular position of the

satellite with reference to perigee.

 If the orbit is circular, then Mean anomaly gives the angular position of the

satellite in the orbit.

 But, if the orbit is elliptical, then calculation of exact position is very difficult.

At that time, Mean anomaly is used as an intermediate step.
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Argument of Perigee

 Satellite orbit cuts the equatorial plane at two points. First point is called

as descending node, where the satellite passes from the northern hemisphere to

the southern hemisphere. Second point is called as ascending node, where the

satellite passes from the southern hemisphere to the northern hemisphere.

 Argument of perigee (ω) is the angle between ascending node and perigee. If

both perigee and ascending node are existing at same point, then the argument

of perigee will be zero degrees

 Argument of perigee is measured in the orbital plane at earth’s center in the

direction of satellite motion.
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Inclination

 The angle between orbital plane and earth’s equatorial plane is known as inclination

(i). It is measured at the ascending node with direction being east to north. So,

inclination defines the orientation of the orbit by considering the equator of earth as

reference.
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 There are four types of orbits based on the angle of inclination.

 Equatorial orbit − Angle of inclination is either zero degrees or 180

degrees.

 Polar orbit − Angle of inclination is 90 degrees.

 Prograde orbit − Angle of inclination lies between zero and 90

degrees.

 Retrograde orbit − Angle of inclination lies between 90 and 180

degrees.
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Right Ascension of Ascending node

 We know that ascending node is the point, where the satellite crosses the

equatorial plane while going from the southern hemisphere to the northern

hemisphere.

 Right Ascension of ascending node (Ω) is the angle between line of Aries and

ascending node towards east direction in equatorial plane. Aries is also called

as vernal and equinox.

 Satellite’s ground track is the path on the surface of the Earth, which lies

exactly below its orbit. The ground track of a satellite can take a number of

different forms depending on the values of the orbital elements.
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Eccentricity

 We know that satellite revolves around the earth, which is similar to the earth
revolves around the sun. So, the principles which are applied to earth and its
movement around the sun are also applicable to satellite and its movement
around the earth.

 Many scientists have given different types of theories from early times. But,
only Johannes Kepler (1571-1630) was one of the most accepted scientist in
describing the principle of a satellite that moves around the earth

 Kepler formulated three laws that changed the whole satellite communication
theory and observations. These are popularly known as Kepler’s laws. These
are helpful to visualize the motion through space.
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Kepler’s First Law

 Kepler’s first law states that the path followed by a satellite around its primary

(the earth) will be an ellipse. This ellipse has two focal points (foci) F1 and F2

as shown in the figure below. Center of mass of the earth will always present at

one of the two foci of the ellipse.
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 If the distance from the center of the object to a point on its elliptical path is

considered, then the farthest point of an ellipse from the center is called

as apogee and the shortest point of an ellipse from the center is called

as perigee.

 Eccentricity "e" of this system can be written as −

 Where, a & b are the lengths of semi major axis and semi minor axis of the

ellipse respectively.

 For an elliptical path, the value of eccentricity (e) is always lie in between 0

and 1, i.e. 0 < e < 1, since a is greater than b. Suppose, if the value of

eccentricity (e) is zero, then the path will be no more in elliptical shape, rather

it will be converted into a circular shape.
22Satellite communications                                MSR Sekhar, Associate  Professor, ECE15-05-2023



Aditya Engineering College (A)

Kepler’s Second Law

 Kepler’s second law states that for equal intervals of time, the area covered by

the satellite will be same with respect to center of mass of the earth. This can be

understood by taking a look at the following figure.

 Assume, the satellite covers p1 and p2 distances in the same time interval.

Then, the areas B1 and B2 covered by the satellite at those two instances are

equal.
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Kepler’s Third Law

 Kepler’s third law states that, the square of the periodic time of an elliptical

orbit is proportional to the cube of its semi major axis length. Mathematically,

it can be written as follows −

μ is Kepler’s constant and its value is equal to 3.986005 x 1014m3 /sec2
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Kepler’s three laws of planetary motion:
1. The orbit of any smaller body about a 

larger body is always an ellipse, with the 
centre of mass of the larger body as one of 
the two foci.

2. The orbit of the smaller body sweeps out 
equal areas in equal time.

3. The square of the period of revolution of 
the smaller body about the larger body 
equals a constant multiplied by the third 
power of the semi major axis of the orbital 
ellipse. That is , 𝑇2 = 4𝜋2𝑎3 /𝜇 where T 
is the orbital period, a is the semimajor axis 
of the orbital ellipse, and 𝜇 is kepler’s
constant. 25
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Geocentric coordinate system

The gravitational force F on the satellite is 
given by

ത𝐹 = − Τ𝐺𝑀𝐸𝑚 ҧ𝑟 𝑟3

G=6.672 x 10-11 Nm2/kg2

But force=mass x acceleration

ത𝐹 = 𝑚
𝑑2 ҧ𝑟

𝑑𝑡2
From above two equations,

−
ҧ𝑟

𝑟3
𝜇 =

𝑑2 ҧ𝑟

𝑑𝑡2

𝑑2 ҧ𝑟

𝑑𝑡2
+

ҧ𝑟

𝑟3
𝜇 = 0

26
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𝑑2 ҧ𝑟

𝑑𝑡2
+

ҧ𝑟

𝑟3
𝜇 = 0

Orbital elements

The orbital plane coordinate system

Expressing previous expression in terms of the 
new coordinate axes x0 , y0 ,z0 gives

ො𝑥0
𝑑2𝑥0

𝑑𝑡2
+ ො𝑦0

𝑑2𝑦0

𝑑𝑡2
+

𝜇 𝑥0 ො𝑥0+𝑦0 ො𝑦0

𝑥0
2+𝑦0

2 Τ3 2 = 0 eq.1

This eq. is easier to solve if it is expressed in a 
polar coordinate system rather than cartesian 
coordinate system 

27
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ො𝑥0
𝑑2𝑥0

𝑑𝑡2
+ ො𝑦0

𝑑2𝑦0

𝑑𝑡2
+

𝜇 𝑥0 ො𝑥0+𝑦0 ො𝑦0

𝑥0
2+𝑦0

2 Τ3 2 = 0 eq.1

𝑥0 = 𝑟0𝑐𝑜𝑠𝜙0

𝑦0 = 𝑟0𝑠𝑖𝑛𝜙0

ො𝑥0 = Ƹ𝑟0𝑐𝑜𝑠𝜙0 − ෠𝜙0𝑠𝑖𝑛 𝜙0

ො𝑦0 = ෠𝜙0𝑐𝑜𝑠 𝜙0 + Ƹ𝑟0 𝑠𝑖𝑛 𝜙0

Using these vector components in eq.1 and using standard 
mathematical procedures, we can develop an equation for the 
radius of the satellite orbit, r0 , namely

𝑟0 =
𝑝

1 + 𝑒 cos 𝜙0 − 𝜃0
Where 𝜃0 is a constant and e is the eccentricity of an ellipse 

whose semi latus rectum p is given by  𝑝 =
ℎ2

𝜇

Latus rectum of the ellipse is defined as the length of the line 
segment perpendicular to the major axis passing through any of 
the foci and whose endpoint lies on the ellipse. The length of 
the latus rectum of an ellipse is 2b²/ a.

ℎ 𝑖𝑠 𝑡ℎ𝑒 magnitude of the orbital angular momentum of the satellite

28
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Describing the orbit of a satellite:
The quantity𝜃0 serves to orient the 
ellipse with respect to the orbital 
plane axes x0 and y0 . We can 
always choose x0 and y0 so that 𝜃0
is zero. This gives the equation of 

orbit as 𝑟0 =
𝑝

1+𝑒 𝑐𝑜𝑠∅0

The lengths a and b of the semi 
major and semi minor axes are 
given by

𝑎 = Τ𝑝 1 − 𝑒2

𝑏 = 𝑎 1 − 𝑒2 Τ1 2

Perigee and apogee

To make 𝜃0 =0, we have chosen x0

axis lie along the major axis of the 
ellipse.

29
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The differential area swept out by 
the vector r0 from the origin to the 
satellite in time dt is given by

𝑑𝐴 = 0.5𝑟0
2

𝑑∅0
𝑑𝑡

𝑑𝑡 = 0.5ℎ𝑑𝑡

Orbital period 𝑇2 = 4𝜋2𝑎3 /𝜇
To be perfectly geostationary, the 
orbit of the satellite needs to have 
three features:
a. It must be exactly circular
b. It must be at correct altitude
c. It must be in the plane of 

equator.

Geostationary v/s synchronous

Orbital period of a GEOsatellite is 
23h56min4.1s
Sidereal day: longitude

30
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Locating the satellite in the orbit:
Equation of the orbit 

𝑟0 =
𝑎 1 − 𝑒2

1 + 𝑒 cos𝜙0

The rectangular co-ordinates of the satellite are 
given by
𝑥0 = 𝑟0 cos𝜙0

𝑦0 = 𝑟0 sin𝜙0

The average angular velocity is

𝜂 = Τ2𝜋 𝑇 = ൗ𝜇 Τ1 2 𝑎 Τ3 2

Eccentric anomaly   E
𝑟0 = 𝑎 1 − 𝑒 cos𝐸
Relation between eccentric anomaly E to the 
average angular velocity 𝜂,
𝜂𝑑𝑡 = 1 − 𝑒 cos𝐸 𝑑𝐸
Mean anomaly, M

𝑀 = 𝜂 𝑡 − 𝑡𝑝 = 𝐸 − 𝑒 sin 𝐸
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Locating satellite with respect to the earth:
Geocentric equatorial coordinate system:
First point of aries
The xi ,yi plane contains the earth’s equator and 
is called equatorial plane
Angular distance measured eastward in the 
equatorial plane from xi axis is called Right 
ascension
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Ascending and descending nodes.
Right ascension of ascending node is 
calledΩ .
𝜔 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑟𝑔𝑢𝑚𝑒𝑛𝑡 𝑜𝑓 𝑝𝑒𝑟𝑖𝑔𝑖 𝑤𝑒𝑠𝑡
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• Example 1: Geostationary satellite orbit radius:

• The earth rotates once per sidereal day of 23h 56min 4.09s. Find the 
radius of the GEO:𝑎3 = 𝑇2𝜇/(4𝜋2)

• Example 2: low earth orbit: The mean earth’s orbit is approximately 
6378.14 km. A  space shuttle orbits at an altitude of 250km above the 
earth’s surface. If the orbit is circular, find the period of space shuttle 
and the linear velocity of the shuttle along it’s orbit.

𝑇 = 2𝜋a2/3 / 𝜇1/2

v=(𝜇/r)1/2

𝜇=3.986004418 x 105 km3 /s2
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• Example3 : elliptical orbit: A satellite is in an elliptical orbit with a 
perigee of 1000km and apogee of 4000km. Using a mean earth radius 
of 6378.14km, find the period of the orbit in hours, minutes and 
seconds, and eccentricity of the orbit.

• 2𝑎 = 2𝑟𝑒 + ℎ𝑝 + ℎ𝑎

• 𝑇 = 2𝜋a2/3 / 𝜇1/2

• 𝑟0 = 𝑎 1 − 𝑒 cos 𝐸

• 𝑟𝑒 + ℎ𝑝 = 𝑎(1 − 𝑒)

• 𝜇=3.986004418 x 105 km3 /s2
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• Answers:

• 1. a=42,164.17km

• 2. T=89min 30.3sec, v=7.755km/s

• 3. T=2h18min45.19s, e=0.169
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• Look angle determination:

• Latitude and longitude

• France v/s England

• The coordinates to which an earth station antenna must be pointed 
to communicate with a satellite are called look angles.

• Azimuth and elevation angles
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Elevation and azimuth
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Subsatellite point

The communication coverage region on the earth from a satellite 
is defined by angles measured from nadir at satellite to the edge 
of coverage
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Elevation angle calculation

is related to the earthstation north latitude Le and west 
longitude le and the subsatellite point at the north latitude 
Ls and west longitude ls by
cos 𝛾 = cos 𝐿𝑒 cos 𝐿𝑠 cos 𝑙𝑠 − 𝑙𝑒 + sin 𝐿𝑒 sin 𝐿𝑠

By law of cosines

𝑑 = 𝑟𝑠 1 +
𝑟𝑒
𝑟𝑠

2

− 2
𝑟𝑒
𝑟𝑠

cos 𝛾

Τ1 2

El=𝜓 − 900

By law of sines, we have
𝑟𝑠

sin(𝜓)
=

𝑑

sin(𝛾 )
Combining above three equations yeilds

Cos(El)=
𝑟𝑠sin(𝛾 )

𝑑
=

sin(𝛾 )

1+
𝑟𝑒
𝑟𝑠

2
−2

𝑟𝑒
𝑟𝑠

cos 𝛾
Τ1 2

An accurate value of average earth radius is 6378.137km
Approximate value is 6370km.

𝛾
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• Azimuth angle calculation:azimuth angle from the earth station to satellite is same as earth station to 
subsatellite point

• Specialization to Geostationary satellites:

• Since Ls=0,

• cos 𝛾 = cos 𝐿𝑒 cos 𝑙𝑠 − 𝑙𝑒

• With rs =42,164.17km and re =6,378.137km

• 𝑑 = 42,164.17 1.02288235 − 0.30253825cos(𝛾) Τ1 2km

• Cos(El)=
𝑠𝑖𝑛 𝛾

1.02288235−0.30253825𝑐𝑜𝑠 𝛾 Τ1 2

• For a geostationary satellite rs =42,154.17km and re =6378.137km,(rs /re)=6.6107345,

• El=tan-1 [(6.6107345-cos 𝛾 )/sin 𝛾 ]- 𝛾
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• Azimuth angle:

• 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑎𝑛𝑔𝑙𝑒 𝛼 = 𝑡𝑎𝑛−1
𝑡𝑎𝑛 𝑙𝑠−𝑙𝑒

sin(𝐿𝑒)

• Having found intermediate angle, azimuth angle can be found from:

• Case1: earth station in northern hemisphere with

• A. satellite to SE of the earth station: Az=1800 - 𝛼

• B. satellite to SW of the earth station: Az=1800 + 𝛼

• Case2: earth station in southern hemisphere with

• A. satellite to NE of the earth station: Az= 𝛼

• B. satellite to NW of the earth station: Az=3600 - 𝛼



Visibility test:
for a satellite to be visible from an earth station, its 
elevation angle must be at-least 00. this requires that

𝑟𝑠 ≥
𝑟𝑒

cos 𝛾
this means that maximum central angular separation 
between the earth station and the sub satellite point is 
limited by
𝛾 ≤ 𝑐𝑜𝑠−1

𝑟𝑒
𝑟𝑠
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An earth station situated in the Docklands of London, needs to calculate the look angle to a geostationary satellite in 
the Indian ocean operated by Intelsat. The details of the earth station site and the satellite are as follows:
Earth station latitude and longitude are 52.00N and 00 .
Satellite longitude(subsatellite point) is 66.00 E.
step 1:find the central angle 𝛾:
cos(𝛾)=cos(Le )cos(ls -le )=cos(52.0)cos(66.0)=0.2504
yielding 𝛾=75.49810

the central angle is less than 81.30 so the satellite is visible from the earth station.
Step 2: find the elevation angle El:
El=tan-1[(6.6107345-cos 𝛾)/sin 𝛾]- 𝛾=tan-1[(6.6107345-0.2504)/sin (75.4981)]-75.4981=5.8470

step 3: find the intermediate angle 𝛼

𝛼 = 𝑡𝑎𝑛−1
𝑡𝑎𝑛 𝑙𝑠−𝑙𝑒

sin(𝐿𝑒)
=tan-1 [(tan(66.0-0))/sin(52.0)]=70.667

step 4:find the azimuth angle
the earth station is in the northern hemisphere and the satellite is to the southeast of the earth station.
This gives
Az=180- 𝛼=180-70.667=109.333(clockwise from true north)
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visibility and visibility test
inclination
end of design life
end of maneuvering life
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Orbital perturbations:

satellite and earth respond to many influences like asymmetry of the earths gravitational field, the gravitational fields 
of sun and moon, and solar radiation pressure.

Osculating orbits with orbital elements a, e, tp, Ω, 𝑖, 𝜔

satellite’s position at any time t1 is calculated from a Keplerian orbit with elements 𝑎0 +
𝑑𝑎

𝑑𝑡
𝑡1 − 𝑡0 etc.

anomalistic period: the elapsed time between successive perigee passages.

Longitudinal changes: 
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Longitudinal changes: effects of earth’s oblateness:
the nonsphericity of the earth, the noncircularity of equatorial radius and Mascons lead to a nonuniform gravitational 
field around the earth.

LEO- averaging out of the perturbing forces in line with the orbital velocity vector.
GEO
four equilibrium points in geo stationary orbit due to mascons
stable points: 750E   & 2520E
unstable points: 1620 E   & 3480E
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Inclination changes:
Effects of the sun and the moon:
Ecliptic
Satellite orbit inclination
The acceleration force induced by moon on a 
geostationary satellite is about twice as large as 
that of the sun.
The net effect of acceleration forces induced by 
the moon and the sun on a geostationary satellite 
is to change the plane of the orbit at an initial 
average rate of 0.850 / year from equatorial 
plane.
Maximum years: 1988 and 2006(0.940 /year)
Minimum years: 1997 and 2015(0.750/year)
Inclination 14.670over 26.6 years

maneuvers
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• Rocket motors like arc jets and ion-thrusters offer increased efficiency 
with lighter mass.
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• Example:

• A quasi GEO satellite is in a circular equatorial orbit close to 
geosynchronous altitude. The quasi geo satellite, however, does not 
have a period of one sidereal day: its orbital period is exactly 24 
hours. Calculate:

1. The radius of the orbit

2. The rate of drift around the equator of the sub satellite point in 
degrees per solar day,.

3. Is the satellite moving toward the east or toward the west?

Answer: 1. 𝑇2 = (4𝜋2𝑎3)/𝜇
𝑎3 = 𝑇2𝜇/(4𝜋2)

a=42,241.095km
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2. The orbital period of the satellite is longer than a sidereal day by 
3min 55.9 s. this will cause the subsatellite point to drift at a rate of 
3600 x 235.9/86400 per day or 0.9830/day.

3. The earth moves toward the east at a faster rate than the satellite, so 
the drift will appear to an observer on the earth to be toward the west.
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Orbit determination:

TTC&M: telemetry tracking and command monitoring
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Launches and launch vehicles:

GTO geostationary transfer orbit

A geostationary satellite must be 
in an orbit of height 
35,786.03km with inclination of 
0degrees, an ellipticity of zero 
and a velocity of 3074.7m/s 
tangential to the earth in the 
plane of orbit.

staging
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Expendable launch vehicles
Space transportation system
Re-usable launch vehicle
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• The earth spins toward the east. The equatorial launch reduces the 
energy required by about 6%



Expandable launch vehicles
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Illustration of the GTO/AKM(Geo 
stationary transfer orbit and Apogee 
kick motor)
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Geostationary transfer orbit with slow orbit raising

Direct insertion to GEO
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• Orbital effects in communications systems performance:

• Doppler shift
𝑓𝑅 − 𝑓𝑇
𝑓𝑇

=
∆𝑓

𝑓𝑇
=
𝑉𝑇
𝑣𝑝

∆𝑓 = Τ𝑉𝑇𝑓𝑇 𝑐 = Τ𝑉𝑇 𝜆
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• Example:

• A low earth orbit satellite is in a circular polar orbit with an altitude, 
h, of 1000km. A transmitter on the satellite has a frequency of 
2.65GHz. Find 

• The velocity of the satellite in orbit

• the component of velocity toward an observer at an earth station as 
the satellite appears over the horizon, for an observer who is in the 
plane of the satellite orbit.

• Hence find the doppler shift of the received signal at the earth 
station. Use a mean earth radius value re of 6378km.

• The satellite also carries a Ka band transmitter at 20.0GHz. Find the 
doppler shift for this signal when it is received by the same observer.
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1. 𝑇2 = (4𝜋2𝑎3)/𝜇
T=6306.94s
circumference of the orbit is 2𝜋𝑎 = 46,357.3𝑘𝑚
velocity of satellite in orbit is 2𝜋𝑎/T =7.35km/s

2.    Cos    =re/(re+h)
𝑣𝑟 = 𝑣𝑠 cos 𝜃 = 6354𝑚/𝑠

𝜃

𝜃

𝜃



15-05-2023
Satellite communications                                MSR Sekhar, Associate  Professor, 

ECE

Aditya Engineering College (A)

64

3. ∆𝑓 = Τ𝑉𝑇𝑓𝑇 𝑐 = Τ𝑉𝑇 𝜆=6354/0.1132=56.130kHz

4. ∆𝑓 = Τ𝑉𝑇𝑓𝑇 𝑐 = Τ𝑉𝑇 𝜆=6354/0.015=423.60kHz
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• Range variations:

TDMA:LEO



15-05-2023
Satellite communications                                MSR Sekhar, Associate  Professor, 

ECE

Aditya Engineering College (A)

66

Solar eclips
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Sun transit outage(interruption)


