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SYLLABUS 
 
  

UNIT 1: ANTENNA FUNDAMENTALS  Antenna parameters, Radiation from a current 
element in free space. Quarter & half wave antenna. Reciprocity theorem. Resonant and non-
resonant antenna. Effective length and aperature, gain, beamwidth, directivity, radiation 
resistance, efficiency, polarization, impedance and directional characteristics of antenna, antenna 
temperature. 

 
 

Beyond the Syllabus 
Practical applications of Data and Wireless Transmission                                      

 

Learning Objectives 

Learning communication of information from source to destination in free space, basic theory of 
electromagnetic waves and various antenna terminologies and its characteristics. 
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UNIT- I 

Antenna Fundamentals 

 

Introduction: 

Antennas are metallic structures designed for radiating and receiving electromagnetic energy. An 

antenna acts as a transitional structure between the guiding device (e.g. waveguide, transmission 

line) and the free space. The official IEEE definition of an antenna as given by Stutzman and 

Thiele follows the concept: “That part of a transmitting or receiving system that is designed to 

radiate or receive electromagnetic waves”. 

 

How an Antenna radiates? 

In order to know how an antenna radiates, let us first consider how radiation occurs. A 

conducting wire radiates mainly because of time-varying current or an acceleration (or 

decelerations) of charge. If there is no motion of charges in a wire, no radiation takes place, since 

no flow of current occurs. Radiation will not occur even if charges are moving with uniform 

velocity along a straight wire. However, charges moving with uniform velocity along a curved or 

bent wire will produce radiation. If the charge is oscillating with time, then radiation occurs even 

along a straight wire. 

The radiation from an antenna can be explained with the help of Figure 1 which shows a voltage 

source connected to a two conductor transmission line. When a sinusoidal voltage is applied 

across the transmission line, an electric field is created which is sinusoidal in nature and these 

results in the creation of electric lines of force which are tangential to the electric field. The 

magnitude of the electric field is indicated by the bunching of the electric lines of force. The free 

electrons on the conductors are forcibly displaced by the electric lines of force and the movement 

of these charges causes the flow of current which in turn leads to the creation of a magnetic field. 
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Fig 1 Radiation from an antenna 

 

Due to the time varying electric and magnetic fields, electromagnetic waves are created and 

these travel between the conductors. As these waves approach open space, free space waves are 

formed by connecting the open ends of the electric lines. Since the sinusoidal source 

continuously creates the electric disturbance, electromagnetic waves are created continuously 

and these travel through the transmission line, through the antenna and are radiated into the free 

space. Inside the transmission line and the antenna, the electromagnetic waves are sustained due 

to the charges, but as soon as they enter the free space, they form closed loops and are radiated. 

 

Near and Far Field Regions 

The field patterns, associated with an antenna, change with distance and are associated with two 

types of energy: - radiating energy and reactive energy. Hence, the space surrounding an antenna 

can be divided into three regions. 
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Fig 2 Field regions around the antenna 

 

The three regions shown in Fig 2 are: 

Reactive near-field region: In this region, the reactive field dominates. The reactive energy 

oscillates towards and away from the antenna, thus appearing as reactance. In this region, energy 

is only stored and no energy is dissipated. The outermost boundary for this region is at a distance 

R1 = 0.62[D3 / λ]1/2 where, R1 is the distance from the antenna surface, D is the largest dimension 

of the antenna and λ is the wavelength. 

 

Radiating near-field region (also called Fresnel region): This is the region which lies between 

the reactive near-field region and the far field region. Reactive fields are smaller in this field as 

compared to the reactive near-field region and the radiation fields dominate. In this region, the 

angular field distribution is a function of the distance from the antenna. The outermost boundary 

for this region is at a distance R2 = 2D2 /λ where, R2 is the distance from the antenna surface. 

 

Far-field region (also called Fraunhofer region): The region beyond R2 = 2D2 /λ is the far 

field region. In this region, the reactive fields are absent and only the radiation fields exist. The 

angular field distribution is not dependent on the distance from the antenna in this region and the 

power density varies as the inverse square of the radial distance in this region. 
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Isotropic radiator: 

In general, isotropic radiator is a hypothetical or fictitious radiator. The isotropic radiator is 

defined as a radiator which radiates energy in all directions uniformly. It is also called isotropic 

source. As it radiates uniformly in all directions, it is also called omnidirectional radiator or 

unipole. Basically isotropic radiator is a lossless ideal radiator or antenna. Generally all the 

practical antennas are compared with the characteristics of the isotropic radiator. The isotropic 

antenna or radiator is used as reference antenna. Practically all antennas show directional 

properties i.e. directivity property. That means none of the antennas radiate energy in all 

directions uniformly. Hence practically isotropic radiator cannot exist  

Consider that an isotropic radiator is placed at the centre of sphere of radius r. Then all the power 

radiated by the isotropic radiator passes over the surface area of the sphere given by 4πr2, 

assuming zero absorption of the power. Then at any point on the surface, the poynting vector P 

gives the power radiated per unit area in any direction. But radiated power travels in the radial 

direction. Thus the magnitude of the poynting vector P will be equal to radial component as the 

components in θ and ɳ-directions are zero i.e. Pθ =Pɳ =0. Hence we can write,  

 

The total power radiated is given by,  

 

Now this radial component Pr is the average power density component which can be denoted as 

Pavg.  

 

where, Prad = Total power radiated in watts, r= Radius of sphere in meters  
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 Pavg = Radial component of average power density in W/m2 

Radiation intensity 

In electromagnetism, radiation intensity describes the power density that an antenna creates in a 

particular solid angle. A solid angle is a section of the surface of the imaginary sphere around the 

antenna. 

Given an antenna's power density , radiation density is calculated by multiplying it with the 

square of the distance ( ) from the antenna to the designated solid angle: 

 

This is so because unlike power density, radiation intensity does not depend on distance: because 

radiation intensity is defined as the power through a solid angle, the decreasing power density 

over distance (i.e. over of the imaginary sphere around the antenna) due to the inverse-square 

law is offset by the increasing area of the solid angle due to the same law. Therefore, power 

density can be converted to radiation intensity by multiplying it with . 

 

Radian (Beyond the Syllabus) 

Radian is the ratio between the length of an arc and its radius. The radian is the standard unit of 

angular measure, used in many areas of mathematics. 

Radian describes the plane angle subtended by a circular arc as the length of the arc divided by 

the radius of the arc. One radian is the angle subtended at the center of a circle by an arc that is 

equal in length to the radius of the circle.  

 
Fig 3 Representation of 1 radian plain angle 

More generally, the magnitude in radians of such a subtended angle is equal to the ratio of the 

arc length to the radius of the circle; that is, θ = s /r, where θ is the subtended angle in radians, s 
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is arc length, and r is radius. Conversely, the length of the enclosed arc is equal to the radius 

multiplied by the magnitude of the angle in radians; that is, s = rθ. 

It follows that the magnitude in radians of one complete revolution (360 degrees) is the length of 

the entire circumference divided by the radius, or 2πr /r, or 2π. Thus 2π radian is equal to 360 

degrees, meaning that one radian is equal to 180/π degrees. 

 

Steradian (Beyond the Syllabus) 

The steradian (symbol: sr) is the SI unit of solid angle. It is used to describe two-dimensional 

angular spans in three-dimensional space, analogous to the way in which the radian describes 

angles in a plane. 

A steradian can be defined as the solid angle subtended at the center of a unit sphere by a unit 

area on its surface. For a general sphere of radius r, any portion of its surface with area A = r2 

subtends one steradian. 

 
Fig 4 Representation of 1 steradian solid angle 

 

Analogue to radians: 

In two dimensions, the angle in radians is related to the arc length it cuts out: 

 

where , l is arc length, and 

 r is the radius of the circle. 

Now in three dimensions, the solid angle in steradian is related to the area it cuts out: 
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where, S is the surface area, and 

r is the radius of the sphere. 

 

Directivity 

The directivity of an antenna is the maximum value of its directive gain. Directive gain is 

represented as , and compares the radiation intensity (power per unit solid angle) that 

an antenna creates in a particular direction against the average value over all directions: 

 

where, and are the standard spherical coordinates angles 

U is the radiation intensity 

The beam solid angle, represented as , is defined as the solid angle which all power would 

flow through if the antenna radiation intensity were constant and maximum value. If the beam 

solid angle is known, then directivity can be calculated as: 

 

which simply calculates the ratio of the beam solid angle to the total surface area of the sphere it 

intersects. 

 

Gain 

Analogously to the directivity factor, the gain G is the ratio of the radiation intensity Fmax 

obtained in the main direction of radiation to the radiation intensity Fi0 that would be generated 

by a loss-free isotropic radiator with the same input power Pt0  

G = Fmax / Fi0 

where,  Fi0 = Pt0 / 4 π 

In contrast to the directivity factor, the antenna efficiency η is taken into account in the above 

equation since the following applies: 

G = η D 

Gain and directivity factor are often expressed in a logarithmic form: 
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g = 10 log G [dB] and d = 10 log D [dB] 

 

Effective length 

For antennas which are not defined by a physical area, such as monopoles and dipoles consisting 

of thin rod conductors, the aperture bears no obvious relation to the size or area of the antenna. 

An alternate measure of antenna gain that has a greater relationship to the physical structure of 

such antennas is effective length leff measured in meters, which is defined for a receiving antenna 

as:  

 

where, V0 is the open circuit voltage appearing across the antenna's terminals. 

           Es is the electric field strength of the radio signal, in volts per meter, at the antenna. 

The longer the effective length the more voltage and therefore the more power the antenna will 

receive. Note, however, that an antenna's gain or Aeff increases according to the square of leff, and 

that this proportionality also involves the antenna's radiation resistance 

 

Effective Aperture 

Antenna aperture or effective area is a measure of how effective an antenna is at receiving the 

power of radio waves. The aperture is defined as the area, oriented perpendicular to the direction 

of an incoming radio wave, which would intercept the same amount of power from that wave as 

is produced by the antenna receiving it. 

At any point, a beam of radio waves has an irradiance or power flux density (PFD) which is the 

amount of radio power passing through a unit area. If an antenna delivers an output power of Po 

watts to the load connected to its output terminals when irradiated by a uniform field of power 

density PFD watts per square meter, the antenna's aperture Aeff in square meters is given by 

 

So the power output of an antenna in watts is equal to the power density of the radio waves in 

watts per square meter, multiplied by its aperture in square meters. The larger an antenna's 

aperture is, the more power it can collect from a given field of radio waves. To actually obtain 
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the predicted power available Po, the polarization of the incoming waves must match the 

polarization of the antenna, and the load (receiver) must be impedance matched to the antenna's 

feed point impedance. 

Aperture and gain 

The directivity of an antenna, its ability to direct radio waves in one direction or receive from a 

single direction, is measured by a parameter called its gain, which is the ratio of the power 

received by the antenna to the power that would be received by a hypothetical isotropic antenna, 

which receives power equally well from all directions. 

It can be shown that the aperture of a lossless isotropic antenna, which by definition has unity 

gain, is: 

 

where, λ is the wavelength of the radio waves. So the gain of any antenna is proportional to its 

aperture: 

 

 

Radiation pattern (Beyond the Syllabus) 

Radiation pattern is one of the important characteristic of an antenna as tells the spatial relative 

distribution of the electromagnetic wave generated by the antenna. The radiation pattern is a plot 

of the magnitude of the radiation field as a function of direction (θ,ɳ). The radiation pattern is 

essentially a 3-D surface.  

In the field of antenna design the term radiation pattern (or antenna pattern or far-field 

pattern) refers to the directional (angular) dependence of the strength of the radio waves from the 

antenna or other source. 

Particularly in the fields of fiber optics, lasers, and integrated optics, the term radiation 

pattern, or near-field radiation pattern, may also be used as a synonym for the near-field pattern 

or Fresnel pattern. 
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This refers to the positional dependence of the electromagnetic field in the near-field, or 

Fresnel region of the source. The near-field pattern is most commonly defined over a plane 

placed in front of the source, or over a cylindrical or spherical surface enclosing it. 

The far-field pattern of an antenna may be determined experimentally at an antenna 

range, or alternatively, the near-field pattern may be found using a near-field scanner, and the 

radiation pattern deduced from it by computation. The far-field radiation pattern can also be 

calculated from the antenna shape by computer programs such as NEC. Other software, like 

HFSS can also compute the near field. 

The far field radiation pattern may be represented graphically as a plot of one of a 

number of related variables, including; the field strength at a constant (large) radius (an 

amplitude pattern or field pattern), the power per unit solid angle (power pattern) and the 

directive gain. Very often, only the relative amplitude is plotted, normalized either to the 

amplitude on the antenna boresight, or to the total radiated power. The plotted quantity may be 

shown on a linear scale, or in dB. The plot is typically represented as a three dimensional graph 

(as at right), or as separate graphs in the vertical plane and horizontal plane. This is often known 

as a polar diagram. 

 
Fig 5 Radiation Pattern 

There are various parts of radiation pattern: 

1. HPBW: The half power beamwidth (HPBW) can be defined as the angle subtended by 

the half power points of the main lobe. 

2. Main Lobe: This is the radiation lobe containing the direction of maximum radiation. 
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3. Minor Lobe: All the lobes other then the main lobe are called the minor lobes. These 

lobes represent the radiation in undesired directions. The level of minor lobes is usually 

expressed as a ratio of the power density in the lobe in question to that of the major lobe. 

This ratio is called as the side lobe level (expressed in decibels). 

4. Back Lobe: This is the minor lobe diametrically opposite the main lobe. 

5. Side Lobes: These are the minor lobes adjacent to the main lobe and are separated by 

various nulls. Side lobes are generally the largest among the minor lobes. 

 

Antenna efficiency 

In antenna theory, radiation efficiency, which is often abbreviated to just efficiency is a figure of 

merit for an antenna. It is a measure of the electrical losses that occur in the antenna. 

Radiation efficiency is defined as "The ratio of the total power radiated by an antenna to the net 

power accepted by the antenna from the connected transmitter." It is sometimes expressed as a 

percentage. It will be frequency dependent. 

The gain of an antenna is the directivity multiplied by the radiation efficiency. 

Antenna efficiency is the ratio between its radiation resistance and its total resistance: 

 

where, - active power (accepted by the antenna from the connected transmitter), 

- radiation power, 

- power of losses. 

Efficiency of a transmitting antenna is the ratio of power actually radiated (in all directions) to 

the power absorbed by the antenna terminals. The power supplied to the antenna terminals which 

is not radiated is converted into heat. This is usually through loss resistance in the antenna's 

conductors. The efficiency of an antenna is equal to  

ɳ = Rr / (Rr + Rloss) 

 

Self Impedance of Antenna 
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The impedance of antenna measured at the terminals where transmission line carrying R.F. 

power connected is called antenna input impedance. These terminals are nothing but feed points 

of the antenna, the impedance is also called feed point impedance or terminal impedance. As the 

R.F. power carried by the transmission line from the transmitter, excites or drives the antenna, 

the antenna input impedance can be alternatively called driving point impedance of antenna.  

 
Fig 6 Representation of antenna impedance 

 

When the antenna is lossless and isolated from ground and other objects, the impedance offered 

by antenna to the transmission line is represented by two terminal networks with impedance ZL 

as shown in the Fig. 6(b). Note that the notation ZL represents that the antenna impedance acts as 

load to the transmission line driving antenna. With a lossless and isolated antenna, the antenna 

terminal impedance is same as the self impedance of the antenna, which is represented by Z11. 

The self impedance of the antenna is a complex quantity given by, 

Z11 = R11 + j X11      …(1) 

The real part of Z11 i.e. R11 is called self resistance or radiation resistance of antenna, while the 

imaginary part of Z11 i.e. X11 is called self reactance of antenna.  

For half wave dipole, the self impedance is typically given by,  

Z11 = R11 + j X11 = 73 + j 42.45    ... (2) 

 

Note:  The self impedance of antenna is always positive. The value of self impedance is same for 

antenna used either as transmitting antenna or receiving antenna. The self impedance of the 
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antenna is nothing but the impedance measured at input terminals of an antenna with all other 

antennas is isolated from it. 

 

Mutual Impedance of Antenna 

While considering the self impedance of antenna, we assumed that the antenna is lossless and 

isolated from the other objects and ground. But many times in the large antenna systems, any 

antenna may be placed in the close vicinity of other active antennas. In such cases, the antenna 

terminal impedance is not simply equal to the self impedance of the antenna but another 

impedance gets introduced due to the currents flowing in other active antennas placed close to 

the antenna considered. Such impedance is called mutual impedance of antenna. Before 

discussing mutual impedance of antenna, let us consider the coupled circuits with two circuits 

kept very closed to each other. When current flows in circuit-1, the voltage is induced at the open 

terminals of circuit-2. Similarly the current flowing in circuit-2 induces voltage at the open 

terminals of circuit-1. It is illustrated in the Fig. 7 (a) and (b).  

 
Fig 7 Representation of voltage induced in coupled circuits 

 

Thus the mutual impedance of the coupled circuit is defined as negative ratio of the voltage 

induced at the open terminals of once circuit to the current in other circuit. Mathematically we 

can write,  

 

Note that mutual impedance and transfer impedance are altogether different concepts. The 

mutual impedance is the negative ratio of the induced voltage in one circuit to the current in 
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other circuit. While the transfer impedance is the ratio of voltage imposed in one circuit to the 

current in other circuit. In mutual impedance induced voltage is measured across open terminals 

while in transfer impedance current is measured in short circuited terminals.  

Let us consider two antennas kept very closed to each other (such antennas may be called 

coupled antennas) as shown in the Fig. 8 (a) and (b). 

 
Fig 8 Coupled Antennas 

Exactly on the similar lines to the coupled circuits, the mutual impedance of the antenna is given 

by,  

 

But according to reciprocity theorem, we can write mutual impedance of antenna as, 

 

The mutual impedance depends on, 

i) Magnitude of induced voltage, 

ii)  Phase difference between induced voltage and input current, 

iii) Tuning conditions of coupled antennas.  

 

Radiation Resistance  

In general, an antenna radiates power into free space in the form of electromagnetic waves. So 

the power dissipated is given by,  
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Assuming all the power dissipated in the form of electromagnetic waves, then we can write,  

 

The resistance which relates power radiated by radiating antenna and the current flowing through 

the antenna is a fictitious resistance. Such resistance is called radiation resistance of antenna and 

it is denoted by Rrad or Rr, or Ro. 

 

Note: The radiation resistance is a fictitious resistance such that when it is connected in series 

with antenna dissipates same power as the antenna actually radiates. But practically the energy 

supplied to the antenna is not completely radiated in the form of electromagnetic waves, but 

there are certain radiation losses due to the loss resistance denoted by Rloss. Thus the total power 

is given by,  

W = W'+ W" = Ohmic loss + Radiation loss 

W = I2 Rrad +I2 Rloss 

W = I2(Rrad + Rloss)          …(3)  

Note: The radiation resistance of antenna depends on antenna configuration, ratio of length and 

diameter of conductor used, location of the antenna with respect to ground and other objects. 

 

Beamwidth 

Half Power Beam Width (HPBW) of an antenna- 

The main beam is the angular region where primarily the radiation goes. The effective width of 

the antenna main beam called the HPBW is defined as the angular separation between directions 

where the field reduces to 1/√2 of its maximum value. Since the power density of a wave is 

proportional to the square of the electric field, when the electric field reduces to 1/√2 of its 

maximum value, the power density reduces to 1/2 of its maximum value. That is, the power 

density reduces by 3-dB. The HPBW therefore is also referred to as the 3-dB Beam width. There 

two HPBWs, one for the E-plane pattern and other for the H-plane pattern. For the Hertz dipole, 
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the E-plane HPBW is 900 and the H-plane HPBW is not defined since the radiation pattern is 

constant in the H-plane.  

The HPBW is a better measure of the effective width of the main beam of the antenna compared 

to BWFN because there are situations when the effective width of the antenna beam changes but 

the BWFN remains same. 

 

Side-Lobe Level (SLL) 

The local maxima in the radiation pattern are called the side-lobes of the radiation pattern. 

Since ideally the antenna should radiate along the direction of the main beam the side-lobes 

essentially indicate the leakage of power in undesired directions. The side-lobes in general is an 

undesirable feature in a radiation pattern. 

The ratio of the main beam to the highest side-lobe is called the SSL of the radiation pattern. For 

a good communication antenna the SLL lies in the range of 30-40 dB 

 

Bandwidth 

The bandwidth of an antenna refers to the range of frequencies over which the antenna can 

operate correctly. The antenna's bandwidth is the number of Hz for which the antenna will 

exhibit an SWR less than 2:1. The bandwidth can also be described in terms of percentage of the 

center frequency of the band. 

BW = 100 × (FH − FL) / FC 

where, FH is the highest frequency in the band, FL is the lowest frequency in the band, and FC is 

the center frequency in the band. In this way, bandwidth is constant relative to frequency. If 

bandwidth was expressed in absolute units of frequency, it would be different depending upon 

the center frequency. Different types of antennas have different bandwidth limitations. 

 

Polarization 

 The polarization of the EM field describes the orientation of its vectors at a given point and how 

it varies with time. In other words, it describes the way the direction and magnitude of the field 
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vectors (usually E) change in time. Polarization is associated with TEM time-harmonic waves 

where the H vector relates to the E vector simply by  

 

In antenna theory, we are concerned with the polarization of the field in the plane orthogonal to 

the direction of propagation—this is the plane defined by the vectors of the far field. Remember 

that the far field is a quasi-TEM field. 

 

 Hence the polarization is the locus traced by the extremity of the time-varying field vector at a 

fixed observation point. 

According to the shape of the trace, three types of polarization exist for harmonic fields: linear, 

circular and elliptical. Any polarization can be represented by two orthogonal linear 

polarizations, (Ex , Ey ) or (EH, EV), whose fields are out of phase by an angle of δL. 

 
Fig 9 Types of polarization 

 

Antenna Temperature 

Antenna Temperature ( ) is a parameter that describes how much noise an antenna produces in 

a given environment. This temperature is not the physical temperature of the antenna. Moreover, 

an antenna does not have an intrinsic "antenna temperature" associated with it; rather the 

temperature depends on its gain pattern and the thermal environment that it is placed in. Antenna 

temperature is also sometimes referred to as Antenna Noise Temperature. 

To define the environment, we'll introduce a temperature distribution - this is the temperature in 

every direction away from the antenna in spherical coordinates. For instance, the night sky is 
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roughly 4 Kelvin; the value of the temperature pattern in the direction of the Earth's ground is the 

physical temperature of the Earth's ground. This temperature distribution will be written as 

. Hence, an antenna's temperature will vary depending on whether it is directional and 

pointed into space or staring into the sun. 

For an antenna with a radiation pattern given by , the noise temperature is 

mathematically defined as: 

 

This states that the temperature surrounding the antenna is integrated over the entire sphere, and 

weighted by the antenna's radiation pattern. Hence, an isotropic antenna would have a noise 

temperature that is the average of all temperatures around the antenna; for a perfectly directional 

antenna (with a pencil beam), the antenna temperature will only depend on the temperature in 

which the antenna is "looking". 

The noise power received from an antenna at temperature can be expressed in terms of the 

bandwidth (B) the antenna (and its receiver) are operating over: 

 

In the above, K is Boltzmann's constant (1.38 x 10-23 [Joules/Kelvin = J/K]). The receiver also 

has a temperature associated with it ( ), and the total system temperature (antenna plus 

receiver) has a combined temperature given by . This temperature can be used in 

the above equation to find the total noise power of the system. These concepts begin to illustrate 

how antenna engineers must understand receivers and the associated electronics, because the 

resulting systems very much depend on each other. 

A parameter often encountered in specification sheets for antennas that operate in certain 

environments is the ratio of gain of the antenna divided by the antenna temperature (or system 

temperature if a receiver is specified). This parameter is written as G/T, and has units of 

dB/Kelvin [dB/K]. 
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 RECIPROCITY THEOREM: 

Statement: "In any linear and bilateral network consisting the linear and bilateral impedance the 

ratio of voltage V applied between any two terminals to the current I measured in any branch is 

same as the ratio V to I obtained by interchanging the positions of voltage source and the 

ammeter used for current measurement."  

The ratio V to I is generally called transfer impedance. Here both the voltage source and 

ammeter are assumed to have zero impedance. This theorem holds good if both, voltage source 

and ammeter have same internal impedances.  

This theorem is equally useful in the circuit theory as well as the field theory. Let us consider 

that the antenna system is represented as a 4-terminal network with pair of terminals at input and 

another pair of terminals at the output. It is also called two port network as pair of terminals is 

defined as port. The 4-terminal representation of the antenna system is as shown in the Fig. 10 

(a). Note that the pair of terminals or ports are nothing but the terminals of the dipoles as shown 

in the Fig. 10 (b).  

 
Fig 10 4-Terminal representation of the antenna system 

 

Thus according to the reciprocity theorem for the linear and bilateral networks, the conditions of 

the reciprocity of the network are,  
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The impedances z12 and z21 are called mutual impedances which are individually ratio of open 

circuit voltage at one port to the current at other port. Similarly admittances y 12 and y 21 are 

called transfer admittances which are individually the ratio of a short circuited current at one port 

to the voltage at other port. Finally the impedances zɳ12 and zɳ21 are called transfer impedances 

which are individually the ratio of an open circuit voltage at one port to a short circuit current at 

other port. 

 

Proof: 

 
Fig 11 T Network 

Case I 

Let us find response I2 of voltage source E in the position shown in Fig 12. 

 
Fig 12 
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Case II 

When position of source, i.e. E, and response, i.e. I are interchanged as shown in Fig 13. 

 
Fig 13 

 

From the above it can be seen that I2 = Iɳ1. Hence theorem is verified.  

 

Applications of Reciprocity Theorem:- 

1. Equality of Directional Patterns- 

Statement: 'The directional pattern of an antenna as a receiving antenna is identical to that when 

used as a transmitting antenna."  

Proof: The above mentioned antenna theorem is the outcome of the application of the reciprocity 

theorem used in the linear and bilateral networks. Basically a directional pattern of a transmitting 
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antenna is represented as a polar characteristic because it indicates the strength (amplitude) of the 

radiated field at a fixed distance in several directions in the space. (As the amplitude and 

direction, both are involved, it is called polar characteristics). Similar to this the directional 

pattern of a receiving antenna is also a polar characteristic which indicates the response of the 

antenna for unit field strength (amplitude) from different directions. To measure the directional 

pattern of an antenna as a transmitting antenna, the test antenna is kept at the centre of very large 

sphere and the small dipole antenna is moved along the surface of this sphere as shown in the 

Fig. 14. 

 
Fig 14 Directional pattern measurement for a transmitting antenna 

 

A voltage V is connected to the test antenna placed at the centre of the imaginary sphere and the 

current I flowing in short dipole antenna is measured using ammeter at different positions. This 

current is the measure of the electric field at different positions of the dipole antenna. Now using 

the concept of the reciprocity theorem, the positions of the voltage excitation and the current 

measurement are interchanged. Now the same voltage V is applied to the terminals of the small 

dipole antenna which is moved along the surface of the sphere and the current I is measured in 

the test antenna located at the centre. Thus the receiving pattern for the test antenna can be 

obtained. But according to the reciprocity theorem, for every location of the dipole antenna, the 

ratio of V to I is same as before obtained for the test antenna as a transmitting antenna. Thus the 

radiation pattern i.e. directional pattern of a receiving antenna is identical to that of the 

transmitting antenna.  
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Instead of the circular polarization, if the linear polarization is considered, then under such 

condition, the small dipole exploring antenna is oriented in such a way that direction is 

perpendicular to the radius vector and parallel to the electric vector. 

 

2. Equivalence of Transmitting and Receiving Antenna Impedances-  

Statement: "The impedance of an isolated antenna used for transmitting as well as receiving 

purposes is identical."  

Proof: Consider two antennas, namely A1 and A2, are widely separated. As the antenna A2 is 

located far away from A1, the self impedance of the antenna A1 can be written as,  

Self impedance of A1 = Zs1 = V1 / I1 = Z11     ... (1)  

 

Note that when two antennas are separated widely, the mutual impedance Z12 of the antenna A1 

can be neglected if the antenna A1 is used as a transmitting antenna. But if the same antenna A1, 

is used as a receiving antenna the mutual impedance Z12 cannot be neglected as it is the only 

parameter indicating coupling between two antennas. So consider that load ZL is connected to the 

antenna A1 used as receiving antenna. Similarly the coupling between A1 and A2 is represented 

with the help of a mutual voltage Z12 I2 which is due to the mutual impedance Z12 and current I2 

in the antenna A2. The equivalent circuit of antenna used as a receiving antenna is as shown in 

the Fig. 15 (a). Since the two antennas are separated with a large distance, the variation in the 

load impedance ZL connected to the antenna A1 will not change the current I2, in the antenna A2. 

Thus the generator of value Z12 I2 can be considered as an ideal generator with zero internal 

impedance providing constant voltage at its output terminals. 

 
Fig. 15 Equivalent of the receiving antenna 
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Under the open circuit condition, the voltage measured across terminals 1-1' is given by,  

 

Under the short circuit condition, the short circuit current flowing from terminal 1 to 1' is given 

by, 

 

Hence the ratio of Voc & Isc is called as the transfer impedance and it is given by, 

 

 Under all the three conditions mentioned above, the generator of value (Z12 12) acts as a 

generator with internal impedance Z11. Hence from equation (4) it is clear that the receiving 

antenna impedance is equal to the transmitting antenna impedance. 

In the discussion of the impedance measurement of an antenna, we consider two antennas which 

are widely separated. But we can use the same concept for several antennas assuming all are 

widely separated from the antenna whose impedance is to be measured. Now assume that the 

other antennas are placed very close to the antenna being considered for impedance 

measurement. Under such condition, the mutual impedance cannot be ignored as it is comparable 

with the self impedance. Thus the receiving impedance will be the addition of the antenna self 

impedance and the impedance due to the presence of other antennas. But even under such 

condition, the transmitting impedance is equal to the receiving impedance if for the transmitting 

condition, other antennas are connected to the impedances equal to the impedances of the 

generators that used to excite them.  

 

3. Equality of Effective Lengths (leff)-  

Basically the effective length (leff) of an antenna represents the effectiveness of an antenna as a 

radiator or collector. The effective length (leff) is defined as the length of an equivalent linear 

antenna which has current I(o) along its length at all points radiating the field strength in 
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direction perpendicular to the length same as actual antenna. The current I(o) is the current at 

the antenna terminals. For the transmitting antenna,  

 

 
Fig 16 Representation of effective length 

For the receiving antenna, the effective length can be defined as the ratio of the open circuit 

voltage developed at the antenna terminals to the given received field strength. Hence for the 

receiving antenna, the effective length (leff ) is given by, 

 

To show the equality of the transmitting and receiving effective lengths, let us apply the 

reciprocity theorem as shown in the Fig. 17 (a) and (b).  

 
Fig 17 Representation of prime and double prime situation of antenna 



Antenna & Wave Propagation  Antenna Fundamentals 

 

Prepared By- Raj Kumar Jain Page 28 

 

First consider an antenna used as transmitting antenna. Let Za be the antenna impedance 

measured at the antenna terminals. Assume that voltage V is applied at the antenna terminals as 

shown. Then the current produced at the antenna terminals is given by, 

 

Similarly the current at any point Z along with the antenna is I(z). This is called prime situation.  

Now consider that the same antenna is used as the receiving antenna as shown in the Fig. 17 (b). 

Consider that an electromagnetic field Ei
z is incident on it. This induces voltage Ei

z dz in the 

element dz. As this induced voltage is independent of the current through antenna, it can be 

indicated as an ideal generator of voltage Ei
z dz in series as shown in the Fig. 17 (b). When the 

antenna terminals (terminal 1) are short circuited, the ideal generator produces current d Isc, in 

the antenna. This is called double prime situation.  

According to the reciprocity theorem,  

 

 

According to the superposition theorem, the total short circuited current at the antenna terminals 

is the sum of the currents produced by all the differential voltages along entire antenna length. 

Hence we can write,  

 

But according to the Thevenin's theorem, the open circuit voltage at the antenna terminals is 

given by,  

 

The negative sign in equation (8) represents indicates conventional voltage polarities (upper 

terminal positive).  
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For the constant incident field (Ei
z = Ez) along the length of the antenna, we can write,  

 

Hence, 

 

Hence from equations (5), (6) and (10) it is clear that the effective length of an antenna used for 

receiving purpose is equal to the effective length if it is used for the transmitting purpose. 

 

Radiation from a current element in free space 

To calculate the electromagnetic field radiated in the space by a short dipole, the retarded 

potential is used. A short dipole is an alternating current element. It is also called an oscillating 

current element. 

In general, a current element IdL is nothing but an element of length dL carrying filamentary 

current 1. This length of a thin wire is assumed to be very short, so that the filamentary current 

can be considered as constant along the length of an element. The important usage of this 

approximation is observed in case of current carrying antenna. In such cases, an antenna can be 

considered as made up of large numbers of such elements connected end to end. Hence if the 

electromagnetic field of such small element is known, then the electromagnetic field of any long 

antenna can be easily calculated. 

Let us study how to calculate the electromagnetic field due to an alternating current element. 

Consider spherical co-ordinate system. Consider that an alternating current element IdLcos ωt is 

located at the centre as shown in the Fig. 18.  
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Fig18: Electromagnetic field at point P when a current element is placed at origin. 

The aim is to calculate electromagnetic field at point P placed at a distance R from the origin. 

The current element IdLcos ωt is placed along the z-axis. 

Let us write the expression for vector potential Ā at point P, using previous knowledge. The 

vector potential Ā is given by, 

 

Here the vector potential is retarded in time by r/v sec, where v is the velocity of propagation. As 

the current clement is placed along the z-axis, the vector potential will also have only one 

component in positive z-direction. Hence we can write, 

 

 

From equation (2) it is clear that the component of vector potential Az can be obtained by 

integrating the current density J over the volume. This includes integration over the cross section 

area of an element of wire and integration along its length. But the integration of the current 

density J over cross-section area yields current I. Now this current is assumed to be constant 

along the length dL, the integration of J over the length dL gives value IdL. Thus mathematically 

we can write.  
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Substituting the value of integration from equation (3) in equation (2), the vector potential in z-

direction is given by,  

 

Now the magnetic field is given by  

 

As we are using spherical co-ordinate system, to find the curl of Ā, we must find the component 

of Ā in r, θ and ɳ directions. From the Fig. 18, it is clear that,  

 

Hence is given by, 

 

Now note that Aɳ=0 and because of symmetry ∂/∂ɳ=0 as no variation along ɳ direction. Thus 

first two terms in equation (7) can be neglected being zero. 

 Putting values of Aθ and Aɳ, from equation (5), we get,  

     

Substituting value of AZ, 
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Hence the magnetic field  is given by, 

 

Putting value of (∆ x Ā) from equation (9) we get, 

 

 

Equation (10) indicates that the magnetic field exists only in ɳ direction. 

 

Let (t- r/v) = t ɳ, substituting the value in equation (11), we get, 

 

After calculating the magnetic field, now let us calculate the electric field given by, 
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Separating variables & integrating with respect to corresponding variables, we get, 

 

Let us calculate each term of separately. 

From the definition of curl of a vector, the component in  direction is given by 

 

But ∂/∂ɳ=0 

 

Substituting value of Hɳ from equation (12), 

 

 

Let us calculate the component in direction 

 

But again ∂/∂ɳ=0 

 

Substituting value of Hɳ from equation (11), 
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Finally the component of in direction is zero. 

From equation (13), the component of  in  direction is given by 

 

Putting value of from equation (14), 

 

  

 

 

Put (t- r/v) = t ɳ 
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Similarly from equation (13), the component of  in  direction is given by, 

 

Substituting the value of from equation (15), 

 

 

 

 

 

Significance of field components: 

In this section the significance of each term in the expressions for the field components are 

describe. Let us rewrite the expressions for the field components. There is only one component 

for the magnetic field, in direction given by, 

 

There are two components for the electric field, in  and direction, given by, 
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Consider expression for the component Hɳ. 

1. The first term varies inversely with distance r. This term is called radiation or distant 

field. 

2. The second term varies inversely with the square of distance r. This term is called 

induction field. When distance r is small, the points are very close to the current element 

and the induction field term is dominating. But when the points are far away from the 

current element, then for such larger distances induction field term is negligible as 

compared to the radiation field.  

3. The amplitudes of both the terms in Hɳ have equal amplitudes. The condition at which 

the amplitudes are equal is given by  

1/r2 = ω/rv 

r = v / ω = v / 2πf = (v/f) / 2π = λ / 2π = λ/6 

4. In the induction field term t is replaced by the retarded time t ɳ. The term can be written 

as  

  Basically this expression is similar to the expression for the magnetic 

field strength due to the current element derived from Bior-Savart law, extended for 

alternating current Icos ωt. 

5. For steady currents, the radiation field term is absent.  

6. The radiation field term indicates flow of energy away from the current element while the 

induction field term indicates the energy stored in the field during one quarter of the 

cycle which is returned back during next cycle.  

Now consider the expressions of the components Er and Eθ. 

1. The component Eθ has both the induction field and radiation terms along with a term 

which varies inversely with the cube of a distance r.  
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2. The component Er, has only induction term along with a term which varies inversely with 

the cube of a distance r.  

3. In both the field component expressions the term which varies inversely with cube of a 

distance r is called electrostatic field or simply electric field. 

 

Power Radiated by a Current Element  

Consider a current element placed at a centre of a spherical co-ordinate system. Then the power 

radiated per unit area at point P can be calculated by using Poynting theorem. The power flow 

per unit area is given by Poynting vector.  

According to Poynting theorem, the instantaneous power is given by,  

 

The components of the Poynting vector are given by,  

 

         But we know that when current element is placed at the origin, then the Eɳ component of 

the electric field is zero. In other words, the Poynting vector will have only θ and r components.  

        Let us rewrite the field components of the electric and magnetic fields due to the current 

element, replacing v by c for the propagation in free space,  

 

 

 

The θ component of the instantaneous Poynting vector is given by  
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      Using property 2 sinθcosθ = sin2θ, 

       

Consider middle term inside the second square bracket, 

 

   

Putting value of the term considered back in the original expression, 

 

The average value of sin2ωt' and cos2ωt' terms over a complete cycle is zero. This clearly 

indicates that for any value of r, the average of Pθ is always zero over a complete cycle. Thus 

there will be the power flow back and forth in θ-direction only. Hence in θ-direction, there is no 

net or average flow of power.  

Let us calculate now radial component of the Poynting vector,  
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Rearranging the terms,  

 

Again the average value of the sin2ωt' and cos 2ωt' terms is zero over a complete cycle. Hence 

the average radial power is given by  

 

 

 

But for free space intrinsic impedance ηo= 1/εc 

  

The power component represented by equation (3) is in radial direction. Hence it is called radial 

power. Equation (5) represents the average power flow. The radiation terms in the expressions of 
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the fields contribute to this average power flow. When the point is away from the current 

element at far distance, the radiation term contributes to the average power. But when the point is 

very close to the current element, the terms related to the induction and electrostatic fields are 

dominent and only 1/r terms contribute to the average power flow. From the expressions of Eθ 

and Hɳ, the amplitudes of the radiation fields only can be obtained. The amplitude from Eθ 

component is given by, 

   

 

 

 

Similarly amplitude from Hɳ component is given by, 

 

The radiation terms of Eθ and Hɳ are in time phase and are related by  

 

The total power radiated by the current element can be obtained by integrating the radial 

Poynting vector over a spherical surface. Consider a spherical shell with the current element IdL 

placed at the centre of the spherical co-ordinate system as shown in the Fig. 19. The point P at 

which power radiated is to be calculated is independent of an azimuthal angle ɳ so the element 

of area ds on the spherical shell is considered as strip. 
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Fig 19 Element of area on spherical shell in the form of strip 

The element of area ds is given by 

ds = 2 π r2sinθ dθ        …(9) 

The total power radiated is calculated by integrating average radial power over the spherical 

surface, 

 

      

   

In spherical co-ordinate system, θ varies from 0 to π. Hence putting limits of integration as, 

 

 

Using the reduction formula for calculating integral, 
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Hence n is 3 i.e. odd, hence we can write, 

 

Substituting this value in the expression of power, we get, 

 

 

The power represented by equation (12) is in terms of maximum or peak current. 

We know that, 

 

Thus the power can be expressed in terms of effective current as 

 

 

For free space ɳo = 120π and 

 

Substituting values of ɳo and ω2/c2 in above equation (13), we get,  
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Equation (14) is another form of the power radiated in terms of the effective current. As we 

know that the power is in the form of I2R. Thus the coefficient of power in the equation (14) is 

nothing but the resistance. This resistance is called radiation resistance of the current element, 

represented by Rrad. 

 

  

Quarter Wave Antenna 

· It is quarter wave length long & is a vertical radiator. 

· It is simplest to construct. 

· Radial buried ground system is used (would be 450 from the horizontal). These 450 

drooping radials simulate an artificial ground & lead to an antenna impedance of about 

50Ω. 

· If this antenna is grounded then it is also called as half wave Marconi antenna. 

· Used for AM broadcasting. 

 

Half Wave Antenna 

· It is used at 30MHz. 

· Input impedance is nominally 50Ω. 

· Each of the conductor forms an arm (i.e. λ/4 long) for a total span of λ/2 with small gap 

between center. 
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Fig 20 Half wave dipole antenna with current & voltage distribution 

· The current is zero at the ends & maximum in the middle where the antenna is driven by 

the transmission line. 

· The voltage is zero in the middle & positive maximum at one end & negative maximum 

at the other end. 

· Impedance is purely resistive at 73Ω. 

· Maximum radiations are broadside to the antenna arms. 

 
Fig 21 Radiation pattern 

Resonant Antenna 

· Length of resonant antenna is in exact multiple of λ/2. 

· These antennas are open at both ends. 

· These are not terminated in any resistance. 

· Used at fixed frequency. 

· In these antennas, forward and backward i.e. standing wave exists. Hence radiation 

pattern is multi-directional. 
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Fig 22 Radiation pattern 

· Also known as periodic antennas. 

· Current and voltage distribution in resonant antennas are shown as- 

  
Fig 23 Current & voltage distribution 

 

Non resonant Antenna 

· Length of resonant antenna is other than multiple of λ/2. 

· At one end of the antenna, it is excited and other end is terminated. 

· It operates over range of frequencies. 

· Has wide bandwidth and also called non-periodic antenna. 

· No backward or reflected wave exists. Hence radiation pattern is unidirectional. 

· Example- Long wire antenna, V antenna, Inverted antenna etc. 

 
Fig 24 Non resonant antenna 


