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SATELLITE COMMUNICATIONS 

The idea of a communication through a satellite, in particular with a synchronous satellite 

was conceived by Arthur C. Clarke, a famous British science fiction writer in 1945. Clarke had 

already pointed out that a satellite in a circular equatorial orbit with a radius of about 42,242 

km would have an angular velocity that matched the earth's. Thus, it would always remain 

above the same spot on the ground and it could receive and relay signals from most of a 

hemisphere. Three satellite spaced 120 degree apart could cover the whole world with some 

overlap provided that messages could be relayed between satellites and thus reliable 

communication between any two points in the world was possible. Clarke had also stated that 

the electrical power for the satellite would be obtained by conversion of the sun's radiation by 

means of solar cells. Clarke's paper went almost totally unnoticed until man-made satellites 

became a reality with Sputnik I (October 4, 1957). However, it may be noted that the 

synchronous orbit was not achieved until 1963. 

Structure of Satellite Communications System 

Communications Satellites are usually composed of the following subsystems: 

 Communication Payload, normally composed of transponders, antenna, and switching 

systems. 

  Engines used to bring the satellite to its desired orbit 

 Station Keeping Tracking and stabilization subsystem used to keep the satellite in the right 

orbit, with its antennas pointed in the right direction, and its power system pointed towards 

the sun. 

 Power subsystem, used to power the Satellite systems, normally composed of solar cells, and 

batteries that maintain power during solar eclipse. 

 Command and Control subsystem, which maintains communications with ground control 

stations. The ground control earth stations monitor the satellite performance and control its 

functionality during various phases of its life-cycle. 

 

The bandwidth available from a satellite depends upon the number of transponders 

provided by the satellite. Each service (TV, Voice, Internet, radio…etc) requires a different 

amount of bandwidth for transmission. This is typically known as link budgeting. 

WEEK 1

http://en.wikipedia.org/wiki/Transponder_(satellite_communications)
http://en.wikipedia.org/wiki/Antennas
http://en.wikipedia.org/wiki/Solar_cell
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INTRODUCTION TO ORBITS 

Satellites (spacecraft) orbiting the earth follow the same laws that govern the motion of 

the planets around the sun. From early times much has been learned about planetary motion 

through careful observations. Johannes Kepler (1571–1630) was able to derive empirically 

three laws describing planetary motion. Later, in 1665, Sir Isaac Newton (1642–1727) 

derived Kepler’s laws from his own laws of mechanics and developed the theory of 

gravitation. 

Kepler’s laws apply quite generally to any two bodies in space which interact through 

gravitation. The more massive of the two bodies is referred to as the primary, the other, the 

secondary or satellite. 

Newton’s Law of motion can be written as 

     
 

 
     

          

     

where: s is the distance travelled from t=0, u is the initial velocity at t=0, v is the final velocity 

at time=t, a is the acceleration, F is the force acting on the body, and m is the mass of the body. 

Kepler’s First Law 

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

be an ellipse. An ellipse has two focal points shown as F1 and F2 in Fig.1. The center of mass 

of the two body system, termed the barycenter, is always centered on one of the foci. In our 

specific case, because of the enormous difference between the masses of the earth and the 

satellite, the center of mass coincides with the center of the earth, which is therefore always at 

one of the foci. 

The semi-major axis of the ellipse is denoted by a, and the semi-minor axis, by b. The 

eccentricity e is given by: 
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Fig1. The foci F1 and F2 , the semi-major axis a, and the semi-minor axis b of an ellipse. 

Note that: e=0 for circular orbits, i.e., a=b 

 

The eccentricity and the semimajor axis are two of the orbital parameters specified for 

satellites (spacecraft) orbiting the earth.  For an elliptical orbit, 0 < e < 1. When e =0, the orbit 

becomes circular. 

Kepler’s Second Law 

Kepler’s second law states that, for equal time intervals, a satellite will sweep out 

equal areas in its orbital plane, focused at the barycenter. 

Referring to fig. 2, assuming the satellite travels distances S1and S2 meters in 1 s, then the 

areas A1 and A2 will be equal. The average velocity in each case is S1 and S2 m/s, and because 

of the equal area law, it follows that the velocity at S2 is less than that at S1. An important 

consequence of this is that the satellite takes longer to travel a given distance when it is 

farther away from earth. Use is made of this property to increase the length of time a satellite 

can be seen from particular geographic regions of the earth. 

 

Fig.2 Kepler’s second law. The areas A1 and A2 swept out are equal in time. 

 



 

 

UNIVERSITY OF ANBAR   ADVANCED COMMUNICATIONS SYSTEMS  FOR 4th CLASS STUDENTS 

COLLEGE OF ENGINEERING                by: Dr. Naser Al-Falahy   ELECTRICAL ENGINEERING 

6 

 

Kepler’s Third Law 

Kepler’s third law states that the square of the periodic time of orbit is proportional 

to the cube of the mean distance between the two bodies. The mean distance is equal to 

the semimajor axis a. For the artificial satellites orbiting the earth, Kepler’s third law can be 

written in the form: 

   
 

  
 

where   is the mean angular velocity of the satellite in radians per second and µ is the 

earth’s geocentric gravitational constant. Its value is: 

                        

The orbital period in seconds is given by: 

  
  

 
 

The importance of Kepler’s third law is that it shows there is a fixed relationship between 

period and semimajor axis. One very important orbit in particular, known as the 

geostationary orbit, is determined by the rotational period of the earth. In anticipation of this, 

the approximate radius of the geostationary orbit is determined in the following example. 

 

Example: Calculate the radius of a circular orbit for which the period is 1 day. 

Solution: There are 86,400 seconds in 1 day, and therefore the angular velocity/mean 

motion is: 

  
  

     
                   

From Kepler's third law: 

  √[
             

             
]

 

 

            

Since the orbit is circular, the semi major axis is the same as the radius. 
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Earth-Orbiting Satellites 

As mentioned previously, Kepler’s laws apply in general to satellite motion around a 

primary body. For the particular case of earth-orbiting satellites, certain terms are used to 

describe the position of the orbit with respect to the earth. 

Sub satellite path. This is the path traced out on the earth’s surface directly below the 

satellite. 

Apogee is the point farthest from earth.  

Perigee is the point of closest approach to earth.  

 

Apogee and Perigee Heights 

Although not specified as orbital elements, the apogee height and perigee height are often 

required. The length of the radius vectors at apogee and perigee can be obtained from the 

geometry of the ellipse: 

          

          

Example: Calculate the apogee and perigee heights for the following orbital parameters: 

Mean earth radius of R= 6371 km, e =0.0011501 and a =7192.335 km. 

Solution: 

Using Eqs. above: 

ra =7192.335(1 + 0.0011501) = 7200.607km 

rp =7192.335(1 - 0.0011501) = 7184.063 km 

The corresponding heights are: 
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FREQUENTLY USED ORBITS 

Geostationary Orbits (GEO) 

 

To an observer on the earth, a satellite in a geostationary orbit appears motionless, in a 

fixed position in the sky. This is because it revolves around the earth at the earth's 

own angular velocity (360 degrees every 24 hours, in an equatorial orbit). 

A geostationary orbit is useful for communications because ground antennas can be aimed at 

the satellite without their having to track the satellite's motion. This is relatively inexpensive. 

In applications that require a large number of ground antennas, such as Direct 

TV distribution, the savings in ground equipment can more than outweigh the cost and 

complexity of placing a satellite into orbit. 

The main drawback of a geostationary orbit is the height of the orbit, usually which requires 

more powerful transmitters, larger-than-normal (usually dish) antennas, and higher-

sensitivity receivers on the earth. The large distance also introduces a significant delay, of 

~0.25 seconds, into communications. 

For GEO, h≈ 36000 km , i=0o and e= 0o. 

Since i and e cannot be exactly zero in any practical satellite, the more accurate term 

geosynchronous orbit is frequently used. 

For small inclinations i< 0.5o, the satellite appears to move in north-south direction slowly in 

an oscillating fashion with 1-day period. 

For small eccentricities; the satellite appears to oscillate in the East-West direction in 1-day 

period as well. If both oscillations are combined, a figure of 8 motion will appear. Station 

keeping task is to reduce the amplitude of oscillation to small magnitude. 

 

Fig.(3) figure of 8 traced by satellite. 

 

 

 

 

 

http://en.wikipedia.org/wiki/Angular_velocity
http://en.wikipedia.org/wiki/Equatorial_orbit
http://en.wikipedia.org/wiki/DirectTV
http://en.wikipedia.org/wiki/DirectTV


 

 

UNIVERSITY OF ANBAR   ADVANCED COMMUNICATIONS SYSTEMS  FOR 4th CLASS STUDENTS 

COLLEGE OF ENGINEERING                by: Dr. Naser Al-Falahy   ELECTRICAL ENGINEERING 

9 

Example 

 

Sol: 

 
 

 

Polar Orbiting Satellites 

 

Polar orbiting satellites orbit the earth in such a way as to cover the north and south Polar 

Regions. (Note that the term polar orbiting does not mean that the satellite orbits around one 

or the other of the poles). 

 

Fig.4 a Geostationary orbit and one possible polar orbit. 
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Figure 4 shows a polar orbit in relation to the geostationary orbit. Whereas there is only one 
geostationary orbit, there are, in theory, an infinite number of polar orbits. The U.S. 
experience with weather satellites has led to the use of relatively low orbits, ranging in 
altitude between 800 and 900 km, compared with 36,000 km for the geostationary orbit. 

 

Low-Earth-orbit (LEO) 

 

A Low Earth Orbit (LEO) typically is a circular orbit stretch approximately 160 to 1600 

km above the earth’s surface. In addition, satellites in low earth orbit change their position 

relative to the ground position quickly. So even for local applications, a large number of 

satellites are needed if the mission requires uninterrupted connectivity. 

Low earth orbiting satellites are less expensive to launch into orbit than geostationary 

satellites and, due to proximity to the ground, do not require as high signal strength (Recall 

that signal strength falls off as the square of the distance from the source, so the effect is 

dramatic). Thus there is a trade-off between the number of satellites and their cost. In 

addition, there are important differences in the onboard and ground equipment needed to 

support the two types of missions. 

LEOs are subject to aerodynamic drag caused by resistance of the earth’s atmosphere to the 

satellite passage. The exact value of the force caused by the drag depends on atmospheric 

density, the shape of the satellite, and the satellite’s velocity. This force may be expressed in 

the form: 

               
                 

where 

pa: atmospheric density. This density is altitude-dependent, and its variation is exponential. 

Cd : coefficient of aerodynamic drag. 

Aeq : equivalent surface area of the satellite that is perpendicular to the velocity, 

v : velocity of the satellite. 

 

If the mass ms of the satellite is known, the acceleration ad due to aerodynamic drag can be 

expressed as: 

   
  

  
           

 

The effect of the drag is a decrease of the orbit’s semi-major axis due to the decrease in its 

energy. A circular orbit remains as such, but its altitude decreases whereas its velocity 

increases. Due to drag, the apogee in the elliptical orbit becomes lower and, as a consequence, 

the orbit gradually becomes circular. 

 

http://en.wikipedia.org/wiki/Low_Earth_Orbit
http://en.wikipedia.org/wiki/Signal_strength
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The longer the influence on the orbit, the slower the satellite becomes, and it eventually falls 

from orbit. Aerodynamic drag is more significant at low altitudes (200 to 400 km) and 

negligible only about 3000 km because, in spite of the low value of atmospheric density 

encountered at the altitudes of satellites, their high orbital velocity implies that perturbations 

due to drag are very significant. 

 

 Aerodynamic drag tends to reduce orbital height & eccentricity. It does not affect 

inclination and it is negligible in geosynchronous satellite. 

 

 The effect is to remove kinetic energy from spacecraft & causing it to fall toward the 

earth, which in turn increases the orbital velocity resulting in higher drag & faster 

orbital decay.  

 

Medium and High Earth orbit (MEO) & (HEO) 

Medium Earth orbit (MEO), sometimes called intermediate circular orbit (ICO), is the 

region of space around the Earth above low Earth orbit (altitude of 2,000 kilometers) and 

below geostationary orbit (altitude of 35,786 kilometers). 

The most common use for satellites in this region is for navigation, communication, and 

geodetic/space environment science. The most common altitude is approximately 20,200 

kilometers, which yields an orbital period of 12 hours, as used, for example, by the Global 

Positioning System (GPS). Other satellites in Medium Earth Orbit include Glonass (with an 

altitude of 19,100 kilometers) and Galileo (with an altitude of 23,222 kilometers). 

Communications satellites that cover the North and South Pole are also put in MEO. 

The orbital periods of MEO satellites range from about 2 to nearly 24 hours. 

 

 

 A high Earth orbit (HEO) is a geocentric orbit with an altitude above that of a 

geosynchronous orbit. 

 A highly elliptical orbit (HEO) is an elliptic orbit with a low-altitude (about 1,000 

kilometers) perigee and a high-altitude (over 35,786 kilometers) apogee. 
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Such extremely elongated orbits have the advantage of long dwell times at a point in the sky 

during the approach to, and descent from, apogee. Visibility near apogee can exceed twelve 

hours of dwell at apogee with a much shorter and faster-moving perigee phase. Bodies 

moving through the long apogee dwell can appear still in the sky to the ground. 

Examples of HEO orbits offering visibility over Earth's Polar Regions, Molniya orbits, named after 

the Molniya Soviet communication satellites which used them. 

 

Molniya Orbit 

 

For areas close to the North (and South) Pole, a geostationary satellite may appear below 

the horizon. Therefore Molniya orbit satellite has been launched, mainly in Russia, to alleviate 

this problem. The first satellite of the Molniya series was launched on 1965 and was used for 

experimental transmission of TV signal from Moscow uplink station to downlink station 

located in Siberia and the Russian far east. 

Molniya (meaning "lightning") was a military communications satellite system used by the 

Soviet Union. The satellites were placed into highly eccentric elliptical orbits (HEO) known as 

Molniya orbits, characterized by an inclination of +63.4 degrees and a period of around 12 

hours. Such orbits allowed them to remain visible to sites in Polar Regions for extended 

periods. 

 

The Molniya orbit is designed so that the satellite spends the great majority of its time over 

the far northern latitudes. Its period is one half day, so that the satellite is available for 

operation over the targeted region for six to nine hours every revolution. In this way a 

constellation of three Molniya satellites (plus in-orbit spares) can provide uninterrupted 

coverage. 

 

 

 

http://en.wikipedia.org/wiki/Molniya_(satellite)
http://en.wikipedia.org/wiki/Transmission_(telecommunications)
http://en.wikipedia.org/wiki/Signalling_(telecommunication)
http://en.wikipedia.org/wiki/Uplink
http://en.wikipedia.org/wiki/Downlink
http://en.wikipedia.org/wiki/Siberia
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Satellite Motion 

Consider a satellite travelling in a circular orbit, the gravitational force exerted on it by 

the Earth provides the centripetal force that retains the satellite in its orbit; otherwise the 

satellite would fly-off in the direction of its tangential velocity. 

 

The centripetal force F is: 

  
      

  
              

Also, the centrifugal force is 

  
    

 
 

then 

      

  
  

    

 
 

and 

    
    

 
 

Where  

G: Gravitational Constant ≈ 6.673×10−11 Nm²/kg² 

m: mass of satellite 

R: radius of satellite orbit 

mE: Mass of Earth ≈ 5.98×1024 kg. 

v: Satellite tangential velocity. 

WEEK 3



 

 

UNIVERSITY OF ANBAR   ADVANCED COMMUNICATIONS SYSTEMS  FOR 4th CLASS STUDENTS 

COLLEGE OF ENGINEERING                by: Dr. Naser Al-Falahy   ELECTRICAL ENGINEERING 

14 

 

The velocity is independent on satellite mass, but only on the radius of the orbit, using: 

   
    

  
 

Where go is the Earth acceleration = 9.8 m/sec2 

R is the Radius of the Earth=6370 Km. 

then: 

    
   

 

 
 

Example 
Calculate the velocity of an artificial satellite orbiting the Earth in a circular orbit at an altitude 
of 200 km above the Earth's surface.   Ans:      v = 7,784 m/s 

 

For circular orbit, the distance travelled by a satellite is 2πr. Then, the period of the satellite 

orbit will be: 

T=(2πr)/v 

The table below shows the orbital velocity, height and period of four satellite system. 

 

the orbital speed ( ) of a satellite traveling along elliptic orbit can be computed as: 

  √  (
 

 
 

 

 
) 

where: 

  is the standard gravitational parameter. 
   is the distance between the orbiting bodies. 
   is the length of the semi-major axis. 
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Examples 

Example1 GEO 

 

Example2 LEO 
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Exercises: 

1- An artificial satellite is in an elliptical orbit which brings it to an altitude of 250 km at 
perigee and out to an altitude of 500 km at apogee.  Calculate the velocity of the 
satellite at both perigee and apogee. 
 

2- Calculate the radius of orbit for a Earth satellite in a geosynchronous orbit, where the 
Earth's rotational period is 86,164.1 seconds. 
 

3- A satellite in Earth orbit passes through its perigee point at an altitude of 200 km 
above the Earth's surface and at a velocity of 7,850 m/s.  Calculate the apogee altitude 
of the satellite & the eccentricity. 
 

4- A satellite in Earth orbit has a semi-major axis of 6,700 km and an eccentricity of 0.01. 
Calculate the satellite's altitude at both perigee and apogee. 
 

 

 

Launching Orbits 

Satellites may be directly injected into low-altitude orbits, up to about 200 km altitude, 

from a launch vehicle. Launch vehicles may be classified as expendable or reusable. Typical of 

the expendable launchers are the U.S. Atlas-Centaur and Delta rockets and the European 

Space Agency Ariane rocket. Japan, China, and Russia all have their own expendable launch 

vehicles, and one may expect to see competition for commercial launches among the countries 

which have these facilities.  
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When an orbital altitude greater than about 200 km is required, it is not economical in terms 

of launch vehicle power to perform direct injection, and the satellite must be placed into 

transfer orbit between the initial LEO and the final high-altitude orbit. In most cases, the 

transfer orbit is selected to minimize the energy required for transfer, and such an orbit is 

known as a Hohmann transfer orbit.  

Assume for the moment that all orbits are in the same plane 

and that transfer is required between two circular orbits, as 

illustrated in Fig. The Hohmann elliptical orbit is seen to be 

tangent to the low-altitude orbit at perigee and to the high-

altitude orbit at apogee. At the perigee, in the case of rocket 

launch, the rocket injects the satellite with the required 

thrust into the transfer orbit. With the STS, the satellite 

must carry a perigee kick motor (PKM) which imparts the 

required thrust at perigee. At apogee, the apogee kick 

motor (AKM) changes the velocity of the satellite to place it 

into a circular orbit. 

It takes 1 to 2 months for the satellite to be fully operational. Throughout the launch and 

acquisition phases, a network of ground stations, spread across the earth, is required to 

perform the tracking, telemetry, and command (TT&C) functions. 

Velocity changes in the same plane change the geometry of the orbit but not its inclination. In 

order to change the inclination, a velocity change is required normal to the orbital plane. 

Changes in inclination can be made at either one of the nodes, without affecting the other 

orbital parameters. Since energy must be expended to make any orbital changes, a 

geostationary satellite should be launched initially with as low an orbital inclination as 

possible. It will be shown shortly that the smallest inclination obtainable at initial launch is 

equal to the latitude of the launch site. Thus the farther away from the equator a launch site is, 

the less useful it is, since the satellite has to carry extra fuel to make a change in inclination. 

Russia does not have launch sites south of 45°N, which makes the launching of geostationary 

satellites a much more expensive operation for Russia than for other countries which have 

launch sites closer to the equator. 
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ORBIT MANOUVERS 

 

 Orbital plane change (inclination) 

It is an orbital maneuver aimed at changing the inclination of an orbiting body's orbit. This 

maneuver is also known as an orbital plane change as the plane of the orbit is tipped. This 

maneuver requires a change in the orbital velocity vector (delta v) at the orbital nodes (i.e. the 

point where the initial and desired orbits intersect, the line of orbital nodes is defined by the 

intersection of the two orbital planes). 

 

In general, inclination changes can take a very 

large amount of delta v to perform, and most 

mission planners try to avoid them whenever 

possible to conserve fuel. This is typically achieved 

by launching a spacecraft directly into the desired 

inclination, or as close to it as possible so as to 

minimize any inclination change required over the 

duration of the spacecraft life. 

When both orbits are circular (i.e. e = 0) and have the same radius the Delta-v (Δvi) required 

for an inclination change (Δvi) can be calculated using: 

 

where: 

 v is the orbital velocity and has the same units as Δvi  

  (Δi ) inclination change required. 

 

Example 
 

Calculate the velocity change required to transfer a satellite from a circular 600 km orbit with 
an inclination of 28 degrees to an orbit of equal size with an inclination of 20 degrees. 
 

 
SOLUTION,  
 
 r = (6,378.14 + 600) × 1,000 = 6,978,140 m   ,      ϑ = 28 - 20 = 8 degrees 
 
      Vi = SQRT[ GM / r ] 
      Vi = SQRT[ 3.986005×1014 / 6,978,140 ]   
      Vi = 7,558 m/s 
 
    Δvi  = 2 × Vi × sin(ϑ/2) 
    Δvi = 2 × 7,558 × sin(8/2) 
    Δvi = 1,054 m/s 

WEEK 4

http://en.wikipedia.org/wiki/Orbital_nodes
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 Orbital altitude change 

In orbital mechanics, the Hohmann transfer orbit is an elliptical orbit used to transfer 

between two circular orbits of different altitudes, in the same plane. 

The orbital maneuver to perform the Hohmann transfer 

uses two engine impulses, one to move a spacecraft onto 

the transfer orbit and a second to move off it. This 

maneuver was named after Walter Hohmann, the German 

scientist who published a description of it in his book. 

The diagram shows a Hohmann transfer orbit to bring a 

spacecraft from a lower circular orbit into a higher one. It is 

one half of an elliptic orbit that touches both the lower 

circular orbit that one wishes to leave (labeled 1 on 

diagram) and the higher circular orbit that one wishes to 

reach (3 on diagram). The transfer (2 on diagram) is 

initiated by firing the spacecraft's engine in order to 

accelerate it so that it will follow the elliptical orbit; this adds energy to the spacecraft's orbit. 

When the spacecraft has reached its destination orbit, its orbital speed (and hence its orbital 

energy) must be increased again in order to change the elliptic orbit to the larger circular one. 

 

 

The total energy of the body is the sum of its kinetic energy and potential energy, and this 

total energy also equals half the potential at the average distance, (the semi-major axis): 

 

Solving this equation for velocity results in the vis-viva equation: 

 

where: 

 v is the speed of an orbiting body 

 μ =GM is the standard gravitational parameter of the primary body, assuming M+m is not 

significantly bigger than M. 

 r is the distance of the orbiting body from the primary focus 

 a is the semi-major axis of the body's orbit. = (r1 + r2)/2 

 

Hence, the energy of the transfer orbit is greater than the energy of the inner orbit (a = r1), 
and smaller than the energy of the outer orbit (a = r2).  The velocities of the transfer orbit at 
perigee and apogee are given, from the conservation of energy equation, as 
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Vperigee is the perigee velocity & is given by: 

 

  
    {

 

  
 

 

     
}  

And the velocity at apogee is given by: 

 

  
    {

 

  
 

 

     
} 

 

As we know, the velocities of the circular orbits are: 

        √      and        √    . 

Hence, the required impulses at perigee and apogee are, 

 

, 

 

                          

 

, 

where  and  are, respectively, the radii of the departure and arrival circular orbits. 

 

The total  is then: 

 

 

If the initial orbit has a radius larger than the final orbit, the same strategy can be followed but 

in this case, negative impulses will be required, first at apogee and then at perigee, to 

decelerate the satellite. 

 

Whether moving into a higher or lower orbit, the time taken to transfer between the orbits is: 

 

 

Which is one half of the orbital period for the whole ellipse, where is length of semi-major 
axis of the Hohmann transfer orbit. 
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The following diagram illustrates the geometry of the coplanar Hohmann transfer: 

 

 

Example 

A spacecraft is in a circular parking orbit with an altitude of 200 km.  Calculate the velocity 

change required to perform a Hohmann transfer to a circular orbit at geosynchronous 

altitude. 

 
Sol: 
 

Given:  rA = (6,378.14 + 200) × 1,000 = 6,578,140 m 

      rB = 42,164,170 m 

      a = (rA + rB) / 2 

      a = (6,578,140 + 42,164,170) / 2 

      a = 24,371,155 m 

 

      V1 = SQRT[ GM / rA ] = SQRT[ 3.986005×1014 / 6,578,140 ] 

      V1 = 7,784 m/s 

 

      V2 = SQRT[ GM / rB ] = SQRT[ 3.986005×1014 / 42,164,170 ] 

      V2 = 3,075 m/s 

 

      Vp = SQRT[ GM × (2 / rA - 1 / atx)] 

      Vp = SQRT[ 3.986005×1014 × (2 / 6,578,140 - 1 / 24,371,155)] 
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Vp = 10,239 m/s 

 

      Vap = SQRT[ GM × (2 / rB - 1 / atx)] 

      Vap = SQRT[ 3.986005×1014 × (2 / 42,164,170 - 1 / 24,371,155)] 

      Vap = 1,597 m/s  

 

      V1 = Vp – V1  = 10,239 - 7,784 

      V1 = 2,455 m/s 

 

      V2 = V2 – Vap  = 3,075 - 1,597 

      V2 = 1,478 m/s 

      VT = V1 + V2  = 2,455 + 1,478  ,  VT = 3,933 m/s 

 

Ex- For the geostationary transfer orbit we have  = 42,164 km and e.g.  = 6,678 km 

(altitude 300 km). 

 

 

 

In the smaller circular orbit the speed is 7.73 km/s, in the larger one 3.07 km/s. In the 

elliptical orbit in between the speed varies from 10.15 km/s at the perigee to 1.61 km/s at the 

apogee. 

The delta-v's are 10.15 − 7.73 = 2.42 and 3.07 − 1.61 = 1.46 km/s, together 3.88 km/s. 

 

  Students need to validate the above exercise! 

 

Exercise 

A communication satellite was carried by the Space Shuttle into low earth orbit (LEO) at an 

altitude of 322 km and is to be transferred to a geostationary orbit (GEO) at 35, 860 km using 

a Hohmann transfer. Determine the characteristics of the transfer ellipse and the total Δv 

required. 

 

From the inclination change equation, we see that if the angular change is equal to 60 degrees, 

the required change in velocity is equal to the current velocity. 
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Plane changes are very expensive in terms of the required change in velocity and resulting 

propellant consumption. To minimize this, we should change the plane at a point where the 

velocity of the satellite is a minimum: at apogee for an elliptical orbit. In some cases, it may 

even be cheaper to boost the satellite into a higher orbit, change the orbit plane at apogee, and 

return the satellite to its original orbit. 

Typically, orbital transfers require changes in both the size and the plane of the orbit, such as 

transferring from an inclined parking orbit at low altitude to a zero-inclination orbit at 

geosynchronous altitude. We can do this transfer in two steps: a Hohmann transfer to change 

the size of the orbit and a simple plane change to make the orbit equatorial.  

A more efficient method (less total change in velocity) would be to combine the plane change 

with the tangential burn at apogee of the transfer orbit. As we must change both the 

magnitude and direction of the velocity vector, we can find the required change in velocity 

using: 

 

where Vi is the initial velocity, Vf is the final velocity, and ϑis the angle change required. 

 

Example 
 
A satellite is in a parking orbit with an altitude of 200 km and an inclination of 28 degrees.  
Calculate the total velocity change required to transfer the satellite to a zero-inclination 
geosynchronous orbit using a Hohmann transfer with a combined plane change at apogee. 
 
   Given:  r1 = (6,378.14 + 200) × 1,000 = 6,578,140 m 
           r2 = 42,164,170 m 
           ϑ = 28 degrees 
 
      V2 = 3,075 m/s 
      V1 = 1,597 m/s  
      V1 = 2,455 m/s (last Example) 
 
      V2 = SQRT[ VtxB2 + VfB2 - 2 × VtxB × VfB × cos  ] 
      V2 = SQRT[ 1,5972 + 3,0752 - 2 × 1,597 × 3,075 × cos(28)] 
      V2 = 1,826 m/s 
 
      
      VT = V1 + V2 = 2,455 + 1,826 
      VT = 4,281 m/s 
 
 

As can be seen from above, a small plane change can be combined with an altitude change for 

almost no cost in V or propellant. Consequently, in practice, geosynchronous transfer is 

done with a small plane change at perigee and most of the plane change at apogee. 
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Solar Eclipse 
 

If the earth’s equatorial plane coincided with the plane of the earth’s orbit around the sun 

(the ecliptic plane), geostationary satellites would be eclipsed by the earth once each day. As it 

is, the equatorial plane is tilted at an angle of 23.4°to the ecliptic plane, and this keeps the 

satellite in full view of the sun for most days of the year, as illustrated by position A in Fig. 

Around the spring and autumnal equinoxes, when the sun is crossing the equator, the satellite 

does pass into the earth’s shadow at certain periods, these being periods of eclipse as 

illustrated in Fig. The spring equinox is the first day of spring, and the autumnal equinox is the 

first day of autumn. 

 

Eclipses begin 23 days before equinox and end 23 

days after equinox. The eclipse lasts about 10 min 

at the beginning and end of the eclipse period and 

increases to a maximum duration of about 72 min 

at full eclipse. During an eclipse, the solar cells do 

not function, and operating power must be 

supplied from batteries. Figure (a) shows eclipse 

time as a function of height. 
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Ex. A LEO satellite with 600 km height, calculate eclipse period & frequency.  Take the Earth 

radius as 6400 Km. 

According to the geometry, 

            

    
    

2𝛳/360=0.36 which means 36% of its period the satellite will be in eclipse 

We previously knew - from Kepler's rule - that,  a3=µ/n2 

n=0.001078 rad/s 

p=2π/n 

p=5828.519 sec. = 97.142 min = 1.619 hrs. 

This means that the satellite is orbiting the earth more than 14 times a day, so 14 eclipse per 

day take places. 

Now 36 % eclipse for a period of 97.142 min=~100min will be a 36min eclipse period. 

 

Exercise1: Check the eclipse period & frequency for LEO satellite with 200 km height.  

Exercise2: Check the eclipse period & frequency for GEO satellite in minutes. 
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SATELLITE POWER SYSTEMS 

The primary electrical power for operating the electronic equipment is obtained from 

solar cells. Individual cells can generate only small amounts of power, and therefore, arrays of 

cells in series-parallel connection are required. 

Higher powers can be achieved with solar panels arranged in the form of rectangular solar 

sails. Solar sails must be folded during the launch phase and extended when in geostationary 

orbit. The solar cells are folded up on each side, and when fully extended, they stretch to its 

full area. The full complement of solar cells is exposed to the sunlight, and the sails are 

arranged to rotate to track the sun, so they are capable of greater power output than 

cylindrical arrays having a comparable number of cells. The HS 601 model can be designed to 

provide dc power from 2 to 6 kW. 

The satellite power system is responsible for supplying electric energy to various satellite 

subsystems. Needless to mention that this subsystem has to meet stringent mass and volume 

limitation. 
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A typical power system is shown below: 

 
Typical satellite power system  

DC/DC Battery Charge Convertor -Battery Charge Regulator- (BCR) 

BCR is a module responsible for charging the batteries during sun light. BCR monitors the 

charge state of the batteries and determines charging current accordingly; it should work at 

high efficiency. 

DC/DC Battery Discharge Convertor -Battery Discharge Regulator- (BDR) 

During eclipse, when the solar panel stop generating electric power, and the spacecraft 

electric bus is powered by the rechargeable batteries, the BDR controls the output voltage 

from the batteries and provides the necessary bus voltage. 

A key constraint on satellites is power. Solar cells can power the satellite transponder. Due to 

the inherent risk of nuclear fuel, solar energy power becomes attractive. 

Above Earth's atmosphere, the average solar flux that falls on a spacecraft solar panel is about 

1353 W/m2 (the solar constant). If we are able to harness the sun’s energy, we will be able to 

develop a power source for the satellite; the power source may be defined as: 

                 

Ps : effective solar system power (w). 

Ks : solar constant . 

Aa: panel area. 

  : Ratio of effective solar cell area to the panel 

area (80~98) % 

   : solar cells’ conversion efficiency; depends on 

the material used, for example: 

    : ~26% for gallium arsenide (GaAs) semiconductor. 

    : (10~14) % for silicon semiconductor. 
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  : inclination angle of the panel with respect to the sun light. 

 Solar cell efficiency is reduced by 30% when operated in outer space for long period 

(~7 years) due to the exposure to the nuclear radiation. 

 

During eclipses, solar cells are inactive. To keep the communication system operating, backup 

batteries make up the power system. 

Ex. A system requires 150W of continuous power for a communication satellite. Design a 

power source that meets this requirement, you have only gallium arsenide with an unused 

area of 15%. 

There are several types of solar panel configuration exist, the most commonly used can be 

order into the following categories: 

i- A spherical (or nearly spherical) satellite can be designed where solar panel 

covers the satellite skin. In this case, no orientation (attitude) on the satellite 

is required. The area exposed to the sun is given by: 

     
 

 
       

where ASun is the effective area illuminated by Sun. 
           Atotal is the total spherical area. 

ii- Cylindrical satellite with spin stabilization. Solar panels cover the side skin 

of the satellite. In this case the effective area exposed to the Sun is given by: 

     
 

 
           

Where δ is the angle made by the sun with respect to the plane 

perpendicular to the spin axis. 

iii- Body stabilized satellite: In this class deployable solar panel can be used, 

solar panels normally are design to track the Sun in its motion. However, 

variation of declination of the sun is normally not compensated for the sake 

of simplicity. In this case: 

                

where 𝛳 is the angle between the sun elevation and the plane perpendicular 

to the rotation axis of the sun tracking motor. 
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Secondary Energy Source: 

 

The secondary energy source store energy from the primary source & provide the stored 

energy when the primary stop functioning (e.g. during eclipse). Types of batteries used are 

Nickle-Cademium and Nickle-Hydrogen.   

Their capacity is determined by: 

i- Spacecraft load during the eclipse. 

ii- Eclipse duration. 

iii- Frequency of eclipse. 

 

To compute the battery capacity, the following equation is used: 

                         
        

  
 
        

   
 

where: 

Weclipse: Maximum load during eclipse. 

VB: Battery Voltage 

Teclipse: Maximum duration of eclipse time. 

DoD: Allowable depth of discharge. 

For geo satellites, they encounter 84 eclipses per year & DoD is around 0.4 to 0.5. 

For LEO the case is different, the satellite encounters around 15 eclipse per day with about 35 

minute duration. This means the battery has more than 5000 charge/discharge per year, for 

this reason; batteries for LEO are allowed for (0.15~0.2) DoD. 
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Transponder 

A transponder is the series of interconnected units which forms a single communications 

channel between the receive and transmit antennas in a communications satellite. Some of the 

units utilized by a transponder in a given channel may be common to a number of 

transponders. Thus, although reference may be made to a specific transponder, this must be 

thought of as an equipment channel rather than a single item of equipment. 

The bandwidth allocated for C-band service is 500 MHz, and this is divided into sub-

bands, one for each transponder. A typical transponder bandwidth is 36 MHz, and allowing 

for a 4-MHz guard band between transponders, 12 such transponders can be accommodated 

in the 500-MHz bandwidth. By making use of polarization isolation, this number can be 

doubled. Polarization isolation refers to the fact that carriers, which may be on the same 

frequency but with opposite senses of polarization, can be isolated from one another by 

receiving antennas matched to the incoming polarization. With linear polarization, vertically 

and horizontally polarized carriers can be separated in this way, and with circular 

polarization, left-hand circular and right-hand circular polarizations can be separated. 

Because the carriers with opposite senses of polarization may overlap in frequency, this 

technique is referred to as frequency Re-use. Figure shows part of the frequency and 

polarization plan for a C-band communications satellite. 

 
Fig.(4) Section of an uplink frequency and polarization plan. Numbers refer to frequency in megahertz. 
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COVERAGE AREA AND SATELLITE NETWORKS 

Clarke foresaw in his article that it would be possible to provide complete radio coverage 

of the world from just three satellites, provided that they could be precisely placed in 

geosynchronous orbit. Figure below demonstrates this. 

 
Complete coverage of the earth’s surface from three satellites. 
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The amount of coverage is an important feature in the design of earth observation satellites. 

Coverage depends on altitude and look angles of the equipment, among several factors.  

To establish the geometric relationship of the coverage, we take a section of the satellites in 

the above figure as an illustration. 

 

The maximum geometric coverage can be defined as the portion of the earth within a cone of 

the satellite at its apex, which is tangential to the earth’s surface. Consider the angle of view 

from the satellite to the earth terminal as α; then the apex angle is 2α. The view angle has a 

mathematical physical function given by: 

 

Exercise: Compute the minimum angle that's required by a satellite with 1000 km height to 

cover the maximum geometric coverage of the earth. 
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PATH LOSS 

The path loss elements include free-space loss, atmospheric losses due to gaseous and 

water vapor absorption, precipitation, fading loss due to multipath, and other miscellaneous 

effects based on frequency and the environment. 

If the principal path is governed by free-space loss, it is calculated using the Friis free-space 

loss equation, which can be expressed as: 

 

The antenna gain accounts for the antenna directivity and efficiency, while the inverse 

distance squared term accounts for the spherical wave-front (geometric) spreading. 

The Friis free-space loss equation can be expressed in dB as: 

 

where a negative sign has been included so that the value of LdB is in fact a loss. 

In many applications, the antenna gains are excluded from the path loss expression, in which 

case the free-space loss is: 

 

The link margin is obtained by comparing the expected received signal strength to the 

receiver sensitivity or threshold.  

The link margin is a measure of how much margin there is in the communications link 

between the operating point and the point where the link can no longer be used. The link 

margin can be found using: 

                                    

where 

EIRP is the Effective Isotropic Radiated Power in dBm 

LPath is the total path loss, including miscellaneous losses, reflections, and fade margins in dB 

GR is the receiver gain in dB 

THRx is the receiver threshold or the minimum received signal level that will provide reliable 
operation in dBm 
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Example/Consider a 100-m link that operates in free space at 10 GHz. Assume that the 

transmit power is 0.1 W, and both transmit and receive antennas have 5-dB gain. If the 

receiver threshold is -85 dBm, what is the available link margin? 

Sol: 

The first step is to compute the EIRP of the transmitter.  

PT =100 mW = 20 dBm 

EIRP = PT + GT = 20+5 = 25 dBm 

 

        (
   

      
)           

 

The resulting link margin is  

                           

 

 

RECEIVER GAIN  

The receiver gain is equal to the antenna gain less any radome loss, cable or waveguide loss 

(receiver loss), polarization loss, and pointing loss. 

 

The received signal level RSL is the EIRP minus the path loss, plus the receiver gain: 

 

The signal-to-noise ratio can then be computed using the RSL and the noise floor: 

 

The allowable path loss is given by the sum (in dB) of the free-space loss, the fade margin 

(FMdB), and any miscellaneous losses: 
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NOISE 
Receiver noise is caused by the thermal agitation of electrons, in the front end of the 

receiver. This noise is modeled as having a Gaussian amplitude distribution. In addition, it is 
modeled as having a flat (constant) power spectral density of No/2, meaning that the power 
density is the same over all frequencies of interest. Thus, the thermal noise usually 
characterized as “white”. Finally, the thermal noise is additive in nature (i.e., independent of 
the actual signal involved). Therefore, thermal noise is modeled as additive white Gaussian 
noise (AWGN). 
 
The theoretical thermal noise power available to an antenna is: 
 

       

 
where: 
                                        
                                   ) 

                           
 

The noise-equivalent bandwidth is the bandwidth of an ideal band-pass filter that would pass 

the same amount of white noise power as the system being analyzed. In most modern digital 

communication systems, it is closely approximated by: 

 

 
 

 
 

Real-world components are sources of additional noise so that the overall noise level is 
always greater than the theoretical value. For example, a receiver adds noise of its own by the 
very presence of resistive elements in its front end. Receiver noise can be characterized by 
either the effective noise temperature or the noise figure (they are related). The actual noise 
power is then: 
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where F = (1 + Te /T0) is called the noise factor and Te is the equivalent noise temperature of 

the receiver. This term, F, is generally referred to as the noise figure, when expressed in dB. 

 

The computation of the total noise power can also be performed in dB: 

         
   

  
                     

 

The noise figure can also be defined as the ratio of the input signal-to-noise ratio to the output 

signal-to-noise ratio. 

 

  
     

      
 

 

Where: 

      
 

    
 

 

       
 

           
  

 

By substitution: 

    
  
  

 

Example: 

Given a receiver for a 10-megasymbol-per-second signal, determine the available noise power 

present with the signal and find the noise figure of the receiver if the equivalent noise 

temperature of the receiver is 870 K. 

 

Sol: 

 

  
  

 
           

The noise figure is: 

    
  
  

 

   
   

   
        

 

The noise power present with the received signal will be: 
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When there are several cascaded elements to be considered, the noise figure of the composite 

system can be readily determined. First, consider the case of two cascaded amplifiers as 

shown in the below figure. Assume the system is driven by a source whose impedance 

matches the first amplifier stage and whose noise level is: 

 

         

 

The accompanying signal is Sin.  

 

 
 

The output of the first stage will be: 

 

 
Or 

 
where Te1 is the effective temperature of the first stage, referenced to the input. 

The signal at the input to the second amplifier is the output of the first amplifier, S1. To 

determine the output of the second amplifier, we add the apparent noise of the second 

amplifier, which is characterized by T0 + Te2, and multiply by the gain. Thus the output of the 

second amplifier is: 

 
To find the noise figure of the combined system, the definition of the noise figure is applied: 

 

 
 

 
 

 

it can be shown that for any number of cascaded amplifiers, the composite noise figure is 

given by: 
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Based on the preceding analysis, it can be seen that the first stage of a well-designed system 

sets the noise floor and thus must have the best noise performance of all of the stages and 

relatively high gain.  

Any losses present between the antenna output and the receiver input increase the overall 

noise figure of the system. For terrestrial systems, where the input temperature is assumed to 

be the standard noise temperature of 290 K, the new noise figure is computed by simply 

adding the losses to the receiver noise figure.  

 

Example: 

Consider the receiver system shown below: 

Given that the cable loss is 7 dB and the noise equivalent temperature of the receiver is 630 K, 

what is the noise figure of the receiver system? 

SOL: 

The noise figure of the receiver alone is: 

    
  
  

      

The total noise figure of the receiver will be 7+5=12 dB. 

 

-------------------------------- 

 

Q1/ Consider a receiver with a 4-dB noise figure and a 2-MHz bandwidth. If a carrier-to-noise ratio 

of 15 dB is required for acceptable BER performance, what signal strength is required at the 

receiver?  

Q2/ Given a receiver with a 100-kHz bandwidth and an effective noise temperature of 600 K, what 

is the noise power level at the input to the receiver? 

Q3/ Consider a point-to-point communication link operating at 38 GHz, using 35-dB dish antennas 

at each end. The radome loss is 2 dB at each end, and a 10-dB fade margin is required to allow for 

rain fades. If the transmit power is -10 dBm, the receiver noise figure is 7 dB, the bandwidth is 50 

MHz, and the link distance is 1.2 km, what is the signal-to-noise ratio at the receiver in dB? 

Assume that free-space loss applies. 

Q4 / A communication link operating at 28 GHz, using 30-dB dish antennas at each end. A 10-dB 

fade margin is required to allow for rain fades. If the transmit power is 0 dBm, the receiver noise 

figure is 7 dB, the bandwidth is 50 MHz, and the required carrier-to-noise ratio for reliable 

operation is 12 dB, find the following (Assume that free-space loss applies): 

(a) The required received signal level.    (b) The allowable path loss. 

(c) The maximum allowable range. 
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FRIIS TRANSMISSION FORMULA 
 

The important Friis transmission formula published in 1946 by Harald T. Friis. 

 

 

 

Referring to figure above, this formula gives the power received over a radio 

communication circuit. Let the transmitter T feed a power Pt to a transmitting antenna of 

effective aperture Aet . At a distance (r) a receiving antenna of effective aperture Aer intercepts 

some of the power radiated by the transmitting antenna and delivers it to the receiver R. 

Assuming for the moment that the transmitting antenna is isotropic, the power per unit area 

at the receiving antenna is: 

 

   
  

    
 

 

& for an antenna with certain gain Gt : 

   
     

    
 

 

The power collected by the receiving antenna of effective aperture Aer is: 

          
         

    
             

The transmitting antenna gain can be expressed as: 

   
      

  
 

Substituting this gain in the equation yields the Friis equation: 

 

    
          

     
             

where Pr = received power , W  

Pt = power into transmitting antenna, W  

Aet = effective aperture of transmitting antenna, m2  

Aer = effective aperture of receiving antenna, m2  

r = distance between antennas, m  

λ = wavelength, m 
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Q/ What is the maximum power received at a distance of 0.5 km over a free-space 1-GHz 

circuit consisting of a transmitting antenna with a 25 dB gain and a receiving antenna with a 

20-dB gain? The gain is with respect to a lossless isotropic source. The transmitting antenna 

input is 150 W. 

Sol: 

 

 

 

 
 

 

 

Q/ Design a two-way radio link to operate over earth-Mars distances with 2.5 GHz & 5 MHz 

bandwidth.  A power of 10-19 W /Hz is to be delivered to the earth receiver and 10-17 W/Hz to 

the Mars receiver.  The Mars antenna must be no larger than 3 m in diameter & Earth antenna 

of 100 m in diameter with 0.5 efficiency for both.  Specify transmitter power at each end.  

Take earth-Mars distance as 6 light-minutes. 

 

Sol: 

 
 

 

 

 

 

 

The required 5*10-13 W could be obtained by increasing the Mars transmitter power by a 

factor of 6.25 
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Line of Site & Earth Curvature 

When considering line-of-sight (LOS) propagation, it may be necessary to consider the 

curvature of the earth (Figure below). The curvature of the earth is a fundamental geometric 

limit on LOS propagation. In particular, if the distance between the transmitter and receiver is 

large compared to the height of the antennas, then an LOS may not exist. The simplest model 

is to treat the earth as a sphere with a radius equivalent to the equatorial radius of the earth. 

 
 

 

             
           
            

 
Since             

  √    
 

where: 

r: earth radius 

h is the antenna height from the surface of the earth. 

 

The radius of the earth is approximately 6390 Km at the equator. The atmosphere typically 

bends horizontal RF waves downward due to the variation in atmospheric density with 

height, for now it is sufficient to note that an accepted means of correcting for this curvature 

is to use the “4/3 earth approximation,” which consists of scaling the earth’s radius by 4/3.  

 

The effect of wave bending is taken into account by using the so-called 4/3’s-earth model. The 

model consists of simply replacing the earth’s radius by 4/3 of its actual value in horizon 

calculations. The 4/3’s factor is based on an ITU reference standard atmosphere at sea level 

and as such represents an average. While not universal, the 4/3’s-earth model is very widely 

used. 

Thus: 

  √ 
 

 
               √

 

 
     

Exercise: 

Given a point-to-point link with one end mounted on a 30m tower and the other on a 15m 

tower, what is the maximum possible (LOS) link distance? 
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RADAR EQUATION 

RADAR is an acronym for RAdio Detection And Ranging. 

Early radar was designed to detect large objects at a distance, such as aircraft or vessels. 
 

 
 
As development continued, split antenna apertures were used to sense the direction of the 
returning wavefront (mono-pulse radar), providing greater angular accuracy. Another key 
development was the use of filter banks to detect the Doppler shift on the return signal which 
provided the operator with target velocity information. Modern imaging radars can also 
provide information on target size and sometimes target identification by using pulse 
compression and other range resolution techniques as well as synthetic aperture processing. 
A radar “target” may be an aircraft, vehicle, vessel, weather front, or terrain feature, 
depending upon the application. 
 
Consider the radar configuration shown in figure, where, the transmitter and receiver are co-
located and share one antenna (monostatic radar) and the received signal is a reflection from 
a distant object. A pulse of RF energy is transmitted and then the receiver listens for the 
return, similar to sonar. The strength of the return signal depends upon the transmitted 
power, the distance to the reflecting target, and its electrical size or reflectivity. 
 
The radar receiver determines the distance to the target by measuring the time delay between 
transmission and reception of the reflected pulse. By measuring the phase front (angle of 
arrival) of the returning signal, the radar can also estimate the location of the target in 
azimuth and elevation within its beamwidth 
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The radar range equation is used to determine the received radar signal strength, or signal-to-
noise ratio. It can be used to estimate the maximum distance at which a target of a given size 
can be detected by the radar. The power density at a distance, d, is given by: 
 

  
    

    
       

 
EIRP is (Effective Isotropic Radiated Power), 
 

            

 
The power available at the output of an antenna in this power density field is the product of 
the power density at that point and the antenna’s effective area : 
 

    

  

    
               

 
 
As we know that: 

  
    

  
  

Then 
 

    
        

 

       
           

 
 
 
Instead of a receive antenna effective area, in radar, the return signal strength is determined 
by the radar cross section (RCS) of the “target.” The RCS is a measure of the electrical or 
reflective area of a reflector. It may or may not correlate with the physical size of the object. It 
is a function of the object’s shape, composition, orientation, and possibly size. The RCS is 
expressed in m2, or dBsm (10log(RCS in m2)) and the symbol for target RCS is σ. Since the RCS 
is an intrinsic property of the target or reflector, it does not depend on the range or distance 
from which it is viewed. It may, however, vary with the frequency and the polarization of the 
radar wave and with the aspect angle from which it is viewed. 
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The strength of the reflected signal is determined from the power density at the target by 
replacing the receive antenna capture area with the RCS. 
 

      
     

    
             

 
 
The power density back at the radar receiver from the reflected signal is: 
 

   
     

    
 

  

    
               

 
 
When multiplied by the effective area of the radar antenna, this becomes the received power. 
 

    
          

       
           

 
 
the expression for the received power can be written in terms of the antenna gains.  
 

    
           

 

       
            

 
For a monostatic radar, GT = GR. 
 

    
   

      
 

       
 

 
Using the minimum detectable receive power, one can solve the radar equation for d and find 
the maximum distance at which detection is possible. In radar, it is customary to use R for 
range instead of d for distance, so: 
 

     √
         

          

 

       

 

 
This is called the radar range equation. It provides an estimate of the maximum radar 
detection range for a given target RCS. The maximum range is proportional to the transmit 
power, antenna gain, and target RCS and inversely proportional to the minimum required 
receive power and the radar frequency. 
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RANGE AMBIGUITY 

Radar systems radiate each pulse at the carrier frequency during transmit time, wait 
for returning echoes during listening or rest time, and then radiate a second pulse, as shown 
in figure below. The number of pulses radiated in one second is called the pulse-repetition 
frequency (prf) , pulse repetition time          . 
 

 
 

The radar timing system must be reset to zero each time a pulse is radiated. This is to ensure 

that the range detected is measured from time zero each time. The prt of the radar becomes 

important in maximum range determination because target return times that exceed the prt 

of the radar system appear at incorrect locations (ranges) on the radar screen. Returns that 

appear at these incorrect ranges are referred to as AMBIGUOUS RETURNS or SECOND-SWEEP 

ECHOES. 

The maximum unambiguous range Runamb is: 

       
 

 
     

Example: 

A radar system with a 1 millisecond prt, scanning two targets A & B. 

For target A, the pulse travels round trip in 0.5 millisecond, which equals to a target range of 

75,000 meter. 

Since 0.5 millisecond is less than 1 millisecond, displaying a correct range is no problem. 

However, target B is 180,000 meter distant from the radar system. In this case, total pulse 

travel time is 1.2 milliseconds and exceeds the prt limitation of 1 millisecond for this radar. 

While the first transmitted pulse is traveling to and returning from target B, a second pulse is 

transmitted and the radar system is reset to 0 again. The first pulse from target B continues its 

journey back to the radar system, but arrives during the timing period for the second pulse. 

This results in an inaccurate reading. In this case, the first return pulse from target B arrives 

0.2 millisecond into the second timing period. This results in a range of 30,000 meter instead 

of the actual 180,000 meter. 
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RADAR TYPES 

Radar systems are often divided into operational categories based on energy 

transmission methods to continuous wave (cw) and pulse modulation (pm). 

The CONTINUOUS WAVE (cw) : transmits a constant frequency and detects moving targets by 

detecting the change in frequency caused by electromagnetic energy reflecting from a moving 

target. This change in frequency is called the DOPPLER SHIFT or DOPPLER EFFECT. 

The PULSE-MODULATION (pm) : uses short pulses of energy and relatively long listening 

times to accurately determine target range. Since this method does not depend on signal 

frequency or target motion, it has an advantage over cw radar. It is the most common type of 

radar. 

Radar systems are also classified by function. SEARCH RADAR continuously scans a volume of 

space and provides initial detection of all targets. TRACK RADAR provides continuous range, 

bearing, and elevation data on one or more specific targets. Most radar systems are variations 

of these two types. 

RADAR FREQUENCIES 

Conventional  radars  generally  have  been  operated  at  frequencies  extending  from  

about 220 MHz to 35 GHz, a spread of more than seven octaves. These are not necessarily the 

limits, since radars can be, and have been operated at frequencies outside either end of this 

range.  

Skywave HF over-the-horizon (OTH) radar might be at frequencies as low as 4 or 5 MHz, and 

groundwave HF radars as low as 2 MHz. At the other end of the spectrum, millimeter radars 

have operated at 94 GHz. Laser radars operate at even higher frequencies. 
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Q1/ A monostatic radar is employed to detect a target of a typical RCS of 4 m2. Its operational 
frequency is 10 GHz, the transmitted power is 1000 W. If its antenna gain is 30 dBi, find the 
operational range of this radar. 
 
Q2/ Consider a radar system with the following parameters: 

f = 2 GHz Transmitter frequency 
PT = 1 W Peak transmitter power (PT = 0 dBW) 
GT = GR = 18 dB Antenna gains 
R = 2 km Range to target 
B = 50 kHz Receiver bandwidth 
F = 5 dB Receiver noise figure 
σt = 1m2 Target radar cross section 

 
What is the SNR at the receiver? 
 
Q3/ Consider a radar system with 
 

 
What is the Noise figure of the system & SNR of the return from a 1-m2 target at 20 km? 
 
Q4 / Consider a radar system with the following parameters: 
 
Transmit power Pt = 10.0 kW 
Antenna gain G = 25 dB 
Frequency f = 10 GHz 
 
What is the received signal level from a 13-dBsm target at 10 km? 
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