
 

 

Program : B.Tech 

Subject Name: Antenna & Wave Propagation 

Subject Code: EC-602 

Semester: 6th  

 

 

 



                                                  Department of Electronics and Communication Engineering 

Sub. Code: EC 602                            Sub. Name: Antennas & Wave Propagation 

UNIT-2 

Syllabus: Antenna Fundamentals 

Introduction, network theorems, directional properties of dipole antennas, travelling –wave antennas and effect of 

feed on standing-wave antennas, two–element array, horizontal patterns in broad-cast arrays, linear arrays, 

multiplication of patterns ,effect of earth on vertical patterns, Binomial array, antenna gain, effective area.  

 

Important terms related to an antenna: 

1>Directivity: 

According to the definition, “The ratio of maximum radiation intensity of the subject antenna to the radiation 
intensity of an isotropic or reference antenna, radiating the same total power is called the directivity.” 

An Antenna radiates power, but the direction in which it radiates matters much. The antenna, whose performance is 

being observed, is termed as subject antenna. 

Its radiation intensity is focused in a particular direction, while it is transmitting or receiving. Hence, the antenna is 

said to have its directivity in that particular direction. 

 The ratio of radiation intensity in a given direction from an antenna to the radiation intensity averaged over 

all directions is termed as directivity. 

 If that particular direction is not specified, then the direction, in which maximum intensity is observed, can be 

taken as the directivity of that antenna. 

 The directivity of a non-isotropic antenna is equal to the ratio of the radiation intensity in a given direction to 

the radiation intensity of the isotropic source. 

Mathematical Expression 

The radiated power is a function of the angular position and the radial distance from the circuit. Hence, it is 

expressed by considering both the terms θ and Ø. 

 Directivity = Maximum radiation intensity of subject antennaRadiation intensity of an isotropic antenna  

(OR) Directivity = ϕ(θ, ϕ)max(from subject antenna)
ϕ0(from an isotropic antenna)  

 Where 

 ϕ(θ,ϕ)max is the maximum radiation intensity of subject antenna. 

 ϕ0 is the radiation intensity of an isotropic antenna (antenna with zero losses). 

 

2>Aperture Efficiency: 

According to the definition, “Aperture efficiency of an antenna is the ratio of the effective radiating area (or effective 

area) to the physical area of the aperture.” 

An antenna has an aperture through which the power is radiated. This radiation should be effective with minimum 

losses. The physical area of the aperture should also be taken into consideration, as the effectiveness of the 

radiation depends upon the area of the aperture, physically on the antenna. 

Mathematical Expression 

The mathematical expression for aperture efficiency is as follows: 

εA= AeffAp  

where 

 εA is Aperture Efficiency. 

 Aeff is effective area. 

  Ap is physical area. 
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3>Antenna Efficiency: 

According to the definition, “Antenna Efficiency is the ratio of the radiated power of the antenna to the input power 

accepted by the antenna.” 

Simply, an Antenna is meant to radiate power given at its input, with minimum losses. The efficiency of an antenna 

explains how much an antenna is able to deliver its output effectively with minimum losses in the transmission line. 

This is otherwise called as Radiation Efficiency Factor of the antenna. 

Mathematical Expression 

The mathematical expression for antenna efficiency is given below − 

 ηe = PradPinput 
Where 

 ηe is the antenna efficiency. 

 Prad is the power radiated. 

 Pinput is the input power for the antenna. 

 

4>Gain: 

According to the definition, “Gain of an antenna is the ratio of the radiation intensity in a given direction to the 

radiation intensity that would be obtained if the power accepted by the antenna were radiated isotropically.” 

Simply, gain of an antenna takes the directivity of antenna into account along with its effective performance. If the 

power accepted by the antenna was radiated isotropically (that means in all directions), then the radiation intensity 

we get can be taken as a referential. 

 The term antenna gain describes how much power is transmitted in the direction of peak radiation to that of 

an isotropic source. 

 Gain is usually measured in dB. 

 Unlike directivity, antenna gain takes the losses that occur also into account and hence focuses on the 

efficiency. 

Mathematical Expression 

The equation of gain, G is as shown below. 

G=ηe.D 

Where 

 G is gain of the antenna. 

 ηe is the antenna’s efficiency. 
 D is the directivity of the antenna. 

The unit of gain is decibels or simply dB. 

 

5>Near and Far fields: 

The radiation intensity when measured nearer to the antenna differs from what is away from the antenna. Though 

the area is away from the antenna, it is considered effective, as the radiation intensity is still high there. 

Near Field: 

The field, which is nearer to the antenna, is called as near-field. It has an inductive effect and hence it is also known 

as inductive field, though it has some radiation components. 

Far field: 

The field, which is far from the antenna, is called as far-field. It is also called as radiation field, as the radiation effect 

is high in this area. Many of the antenna parameters along with the antenna directivity and the radiation pattern of 

the antenna are considered in this region only. 

Field Pattern: 

The field distribution can be quantifying in terms of field intensity is referred to as field pattern. That means, the 

radiated power from the antenna when plotted, is expressed in terms of electric field, E (v/m). Hence, it is known 

as field pattern. If it is quantified in terms of power (W), then it is known as power pattern. 

The graphical distribution of radiated field or power will be as a function of 

 spatial angles (θ, Ø) for far-field. 
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 spatial angles (θ, Ø) and radial distance(r) for near-field. 

The distribution of near and far field regions can be well understood with the help of a diagram. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The field pattern can be classified as − 

 Reactive near-field region and Radiating near-field region – both termed as near field. 

 Radiating far-field region – simply called as far-field. 

The field, which is very near to the antenna, is reactive near field or non-radiative field where the radiation is not 

pre-dominant. The region next to it can be termed as radiating near field or Fresnel’s field as the radiation 

predominates and the angular field distribution depends on the physical distance from the antenna. 

The region next to it is radiating far-field region. In this region, field distribution is independent of the distance from 

antenna. The effective radiation pattern is observed in this region. 

 

6>Radiation: Radiation is the term used to represent the emission or reception of wave front at the antenna, 

specifying its strength. In any illustration, the sketch drawn to represent the radiation of an antenna is its radiation 

pattern. One can simply understand the function and directivity of an antenna by having a look at its radiation 

pattern. 

The power when radiated from the antenna has its effect in the near and far field regions. 

 Graphically, radiation can be plotted as a function of angular position and radial distance from the antenna. 

 This is a mathematical function of radiation properties of the antenna represented as a function of spherical 

co-ordinates, E (θ, Ø) and H (θ, Ø). 
7>Radiation Pattern: 

The energy radiated by an antenna is represented by the Radiation pattern of the antenna. Radiation Patterns are 

diagrammatical representations of the distribution of radiated energy into space, as a function of direction. 

Let us look at the pattern of energy radiation. 

 

Far field Near field 

Radiative Non-radiative 
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The figure given above shows radiation pattern of a dipole antenna. The energy being radiated is represented by the 

patterns drawn in a particular direction. The arrows represent directions of radiation. 

The radiation patterns can be field patterns or power patterns. 

 The field patterns are plotted as a function of electric and magnetic fields. They are plotted on logarithmic 

scale. 

 The power patterns are plotted as a function of square of the magnitude of electric and magnetic fields. They 

are plotted on logarithmic or commonly on dB scale. 

  

 

Radiation Pattern in 2D: 

Two-dimensional pattern can be obtained from three-dimensional pattern by dividing it into horizontal and vertical 

planes. These resultant patterns are known as Horizontal pattern and Vertical pattern respectively. 

 
The figures show the Omni directional radiation pattern in H and V planes as explained above. H-plane represents 

the Horizontal pattern, whereas V-plane represents the Vertical pattern. 

Lobe Formation 

In the representation of radiation pattern, we often come across different shapes, which indicate the major and 

minor radiation areas, by which the radiation efficiency of the antenna is known. 

To have a better understanding, consider the following figure, which represents the radiation pattern of a dipole 

antenna. 

 
Here, the radiation pattern has main lobe, side lobes and back lobe. 

 The major part of the radiated field, which covers a larger area, is the main lobe or major lobe. This is the 

portion where maximum radiated energy exists. The direction of this lobe indicates the directivity of the 

antenna. 
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 The other parts of the pattern where the radiation is distributed side wards are known as side lobes or minor 

lobes. These are the areas where the power is wasted. 

 There is other lobe, which is exactly opposite to the direction of main lobe. It is known as back lobe, which is 

also a minor lobe. A considerable amount of energy is wasted even here. 

Example 

If the antennas used in radar systems produce side lobes, target tracing becomes very difficult. This is because; false 

targets are indicated by these side lobes. It is messy to trace out the real ones and to identify the fake ones. 

Hence, elimination of these side lobes is must, in order to improve the performance and save the energy. 

Remedy 

The radiated energy, which is being wasted in such forms, needs to be utilized. If these minor lobes are eliminated 

and this energy is diverted into one direction (that is towards the major lobe), then the directivity of the antenna 

gets increased which leads to antenna’s better performance. 

Types of Radiation patterns 

The common types of Radiation patterns are − 

 Omni-directional pattern (also called non-directional pattern): The pattern usually has a doughnut shape in 

three-dimensional view. However, in two-dimensional view, it forms a figure-of-eight pattern. 

 Pencil-beam pattern − The beam has a sharp directional pencil shaped pattern. 
 Fan-beam pattern − The beam has a fan-shaped pattern. 

 Shaped beam pattern − The beam, which is non-uniform and pattern less is known as shaped beam. 

A referential point for all these types of radiation is the isotropic radiation. It is important to consider the isotropic 

radiation even though it is impractical. 

 

8>Isotropic radiation: Isotropic radiation is the radiation from a point source, radiating uniformly in all directions, 

with same intensity regardless of the direction of measurement. 

The improvement of radiation pattern of an antenna is always assessed using the isotropic radiation of that antenna. 

If the radiation is equal in all directions, then it is known as isotropic radiation. 

 The point source is an example of isotropic radiator. However, this isotropic radiation is practically impossible, 

because every antenna radiates its energy with some directivity. 

 The isotropic radiation is nothing but Omni-directional radiation. 

 It has a doughnut-shaped pattern when viewed in 3D and a figure-of-eight pattern when viewed in 2D. 

 
The figures given above show the radiation pattern of an isotropic or Omni-directional pattern. Figure 1 illustrates 

the doughnut shaped pattern in 3D and Figure 2 illustrates the figure-of-eight pattern in 2D. 

Gain: 

The isotropic radiator has unity gain, which means having a gain factor of 1 in all directions. In terms of dB, it can be 

called as 0dB gain (zero loss). 

Equivalent Isotropic Radiated Power: 

According to the standard definition, “The amount of power that an isotropical antenna radiates to produce the peak 
power density observed in the direction of maximum antenna gain, is called as Equivalent Isotropic Radiated Power.” 
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If the radiated energy of an antenna is made to concentrate on one side or a particular direction, where the radiation 

is equivalent to that antenna’s isotropic radiated power, such a radiation would be termed as EIRP i.e. Equivalent 

Isotropic Radiated Power. 

Though isotropic radiation is an imaginary one, it is the best an antenna can give. The gain of such antenna will be 

3dBi where 3dB is a factor of 2 and ‘i’ represents factor of isotropic condition. 
If the radiation is focused in certain angle, then EIRP increases along with the antenna gain. Gain of the antenna is 

best achieved by focusing the antenna in certain direction. 

Effective Radiated Power: 

If the radiated power is calculated by taking half-wave dipole as the reference, rather than an isotropic antenna, 

then it can be termed as ERP (Effective Radiated Power). 

ERP(dBW)=EIRP(dBW)−2.15dBi 
If EIRP is known, then ERP can be calculated from formula given above. 

 

 

9>Beam Area: 

According to the definition, “Beam area is the solid angle through which all the power radiated by the antenna 

would stream if P (θ, Ø) maintained its maximum value over ΩA and was zero elsewhere.” 

The radiated beam of the antenna comes out from an angle at the antenna, known as solid angle, where the power 

radiation intensity is maximum. This solid beam angle is termed as the beam area. It is represented by ΩA. 
The radiation intensity P (θ, Ø) should be maintained constant and maximum throughout the solid beam angle ΩA, 
its value being zero elsewhere. 

Power radiated=P(θ,Φ).ΩA watts 

Beam angle is a set of angles between the half power points of the main lobe. 

Mathematical Expression: 

The mathematical expression for beam area is ΩA = ∫ P(θ, Φ)dΩ2𝜋0   Sr 

dΩ=sinθ dθ dΦ watts 

Where 

 ΩA is the solid beam angle. 

 θ is the function of angular position. 

 Φ is the function of radial distance. 

Units 

The unit of beam area is Sr (Steradian). 

 

10>Beam Efficiency: 

According to the definition, “The beam efficiency states the ratio of the beam area of the main beam to the total 

beam area radiated.” 

The energy when radiated from an antenna, is projected according to the antenna’s directivity. The direction in 
which an antenna radiates more power has maximum efficiency, while some of the energy is lost in side lobes. The 

maximum energy radiated by the beam, with minimum losses can be termed as beam efficiency. 

Mathematical Expression 

The mathematical expression for beam efficiency is − 

ηB = 
ΩMBΩA  

here, 

 ηB is the beam efficiency. 

 ΩMB is beam area of the main beam. 

 ΩA is total solid beam angle (beam area). 

 

11>Antenna Polarization: 
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An Antenna can be polarized depending upon our requirement. It can be linearly polarized or circularly polarized. 

The type of antenna polarization decides the pattern of the beam and polarization at the reception or transmission. 

Linear polarization: 

When a wave is transmitted or received, it may be done in different directions. The linear polarization of the antenna 

helps in maintaining the wave in a particular direction, avoiding all the other directions. Though this linear 

polarization is used, the electric field vector stays in the same plane. Hence, we use this linear polarization to 

improve the directivity of the antenna. 

Circular polarization: 

When a wave is circularly polarized, the electric field vector appears to be rotated with all its components loosing 

orientation. The mode of rotation may also be different at times. However, by using circular polarization, the effect 

of multi-path gets reduced and hence it is used in satellite communications such as GPS. 

Horizontal polarization: 

Horizontal polarization makes the wave weak, as the reflections from the earth surface affect it. They are usually 

weak at low frequencies below 1GHz. Horizontal polarization is used in the transmission of TV signals to achieve a 

better signal to noise ratio. 

Vertical polarization: 

The low frequency vertically polarized waves are advantageous for ground wave transmission. These are not 

affected by the surface reflections like the horizontally polarized ones. Hence, the vertical polarization is used 

for mobile communications. 

Each type of polarization has its own advantages and disadvantages. A RF system designer is free to select the type 

of polarization, according to the system requirements. 

 

Isotropic Radiators: 

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 Omni-directional radiator or uni-pole. 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 the 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 as shown . Then all the power radiated by the 

isotropic radiator passes over the surface area of the sphere given 

by 4n r2, 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. 
 

Fig.   Isotropic Radiator Placed at 

centre of sphere with radius r 

Thus the magnitude of the poynting vector P will be equal to radial component as the components in θ and φ 
directions are zero i.e. Pθ = Pφ =0. Hence we can write, 

 
rP P   

  

The total power radiated is given by, 
 

rad rP Pd s P ds     
 

r 

O 
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rP ds   … Pθ=Pφ=0 

Now this redial component Pr is the average power density component which can be denoted as Pavg. 

  2 24 _ 4rad avgP P r where ds surface Area r      
 

 2

2
/

4

rad
avg

P
P W m

r


   

Where, Prad = Total Power radiated in Watts 

  Pavg = Radial component of average power density in W/m2 

  R = Radius of sphere in meters 

 

 

Reciprocity Theorem:  

This Theorem states that “If transmitting antenna 1 is fed with AC current I1 then EMF developed at open terminal of 

receiving antenna 2 is E21 will be equal to EMF E12 developed at open terminals of antenna 1 (as receiver) when 

antenna 2 (as transmitter) is fed with current I2 , provided I1=I2”. 
Assumption for Reciprocity Theorem: 

1> Medium between two antennas should be passive and isotropic. 

2> Both current should be of same frequency and amplitude. 

3> Voltmeters and ammeters used for measurement should have zero or equal impedance. 

 

 

Explanatory and equivalent 2 port circuit diagram for the theorem is shown below: 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                   Figure: Reciprocity theorem 

Proof: 

Now applying KVL in both the loops: 

 

Z11+Zm I1 –Zm I2 =0  …….  (1) 

Z12I2 + Zm(I2-I1) =E12  …..  (2) 

On solving (1) and (2) for I2 and E12 we get: 

I2=
𝐸12.𝑍𝑚𝑍11𝑥𝑍22+𝑍𝑚(𝑍11+𝑍22)  A  ……..(3) 

Also if we change the position of excitation current and emf developed we get equation in terms of I1 and E21 as: 

I1=
𝐸21.𝑍𝑚𝑍11𝑥𝑍22+𝑍𝑚(𝑍11+𝑍22)  A ……….(4) 

Now if I1=I2 then E21=E12. 

Application of Reciprocity theorem: 

i)Equality of directional Pattern. 

+ 

- 

 

AC Excitation I1 

Antenna 1 TX 

EMF developed 

E21 

Antenna 2 RX 

  

 I1 

 Z11  Z12 

 Zm 

I2 

Equivalent 2 port circuit 

E12 
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ii) Equality of Directivities. 

iii) Equality of Effective Lengths. 

iv)Equality of Antenna impedance. 

Application of Network Theorems to Antennas: 

The properties of transmitting and receiving antennas are related to each other through various antenna theorems. 

These theorems are applied to analyze the antenna properties. Sometimes properties of the receiving antennas 

cannot be computed easily because the basic antenna properties like directional properties, impedance properties 

etc are not identical for transmitting as well as the receiving antenna. By using the following antenna theorems the 

properties of the receiving antenna can be obtained from its properties as the transmitting antenna and vice versa.  

 

The equity 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   antenna    is  represented     

as  a  polar   characteristic   because  it indicates    the   strength  

i.e. 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 from different    directions. 

 
Figure : Directional Pattern 

measurement for a transmitting 

antenna 

To measure the directional pattern of an antenna as a transmitter, the test antenna is kept at a centre of very large 

sphere and the small dipole antenna is moved along the surface of this sphere. 

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. 

 

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 A1 and A2, are widely separated. As the antenna A2 is located away from the antenna A1, the 

self impedance of antenna A1 can be written as, 

Self impedance of A1  =  Zs1  =  V1/I1  =  Z11 
  

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 considering   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 

I 2   which    is    due   to  the  mutual   impedance   Z12    and   current   I2   in  the antenna  A2.The  equivalent   

Test 

Anten

Small 

Dipole 

Antenna 

V 
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circuit  of antenna  used  as a receiving  antenna  is  as shown in  the below Figure (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. 

 (a) 

(a)Loaded Condition 
 

(b) Open Circuit Condition 
 

(c) Short Circuit Condition 

Figure : Equivalent circuits of a receiving antenna 

Under the open circuit conditions, the voltage measured across terminals 1-1’ is given by 

 𝑉oc = Z12I2 
  

Under the short circuit conditions, the short circuit current flowing from terminals 1 to 1’ is given by  

 𝐼sc = Z12I2Z11 = Z11 
  

Hence the ratio VOC to ISC is called the transfer impedance and is given by 

 𝑉oc𝐼sc = (Z12I2)(Z12I2Z11 ) =  Z11 

  

Under all the three conditions mentioned above, the generator of value (Z12I2) acts as a generator with internal 

impedanceZ11. Therefore from equation 2.2.2.4 it is clear that the receiving antenna impedance is equal to 

transmitting antenna impedance. 

 

Equality of effective lengths: 

Basically the effective length of an antenna represents the effectiveness of an antenna as a radiator or collector. The 

effective length is defined as the length of an equivalent linear antenna which has current I(0) along its length at all 

points radiating the field strength in direction perpendicular to  the length same as actual antenna. The current I(0) is 

the current at the antenna terminals. For the transmitting antenna, 

 𝐼(0)𝐿𝑒𝑓𝑓(𝑇𝑟𝑎𝑛𝑠) = ∫ 𝐼(𝑧)𝑑𝑧𝐿2−𝐿2                    𝐿𝑒𝑓𝑓(𝑇𝑟𝑎𝑛𝑠) = 1𝐼(0) ∫ 𝐼(𝑧)𝑑𝑧𝐿2−𝐿2  
  

 

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 ( L e f f )    is given by, 𝐿𝑒𝑓𝑓(𝑟𝑒𝑐) = −𝑉𝑂𝐶𝐸  
  

To show the equality of the transmitting and 

receiving effective lengths, let us apply reciprocity 

theorem. 

 
Figure   Representation of effective length 
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(a) Transmitting Antenna 

 
(b) Receiving Antenna 

Figure  : Representation of prime and double prime situation of antenna 

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 

 𝐼(0) = 𝑉/𝑍𝑎  

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 above.  Consider that an 

electromagnetic field EZi  is incident on it. This induces voltage EZi  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 EZi  dz in series. 

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 reciprocity theorem,  

 𝑉𝐼(𝑧) = 𝐸𝑍𝑖  𝑑𝑧 𝑑 𝐼𝑆𝐶  𝑖. 𝑒. 𝑑 𝐼𝑆𝐶 = 𝐸𝑍𝑖  𝑑𝑧 𝑉 𝐼(𝑧) 
 

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

currents produced by all the differential voltages along entire antenna length. Therefore 

 𝐼𝑆𝐶 = 1𝑉 ∫𝐸𝑍𝑖  𝐼(𝑧)𝑑𝑧  
  

But according to the Thevenin’s theorem, the open circuit voltage at the antenna terminals is given by, 

     𝑉𝑂𝐶 = −𝐼𝑆𝐶𝑍𝑎 
 

 ∴ 𝑉𝑂𝐶 = −𝑍𝑎𝑉 ∫𝐸𝑍𝑖  𝐼(𝑧)𝑑𝑧  
 

 ∴ 𝑉𝑂𝐶 = − 1𝐼(0)∫𝐸𝑍𝑖  𝐼(𝑧)𝑑𝑧  
  

The negative sign of above equation  indicates conventional voltage polarities. 

For the incident field (𝐸𝑍𝑖 = 𝐸𝑍) along the length of the antenna, we can write, 

     𝑉𝑂𝐶 = − 𝐸𝑍𝐼(0)∫  𝐼(𝑧)𝑑𝑧  
  

Hence 𝑉𝑂𝐶𝐸𝑍 = − 1𝐼(0) ∫ 𝐼(𝑧)𝑑𝑧   meter                                                  [𝑉𝐸 = 𝑣𝑜𝑙𝑡𝑣𝑖𝑙𝑡𝑚𝑒𝑡𝑒𝑟 = 𝑚𝑒𝑡𝑒𝑟] 
  

Hence from above equation 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. 
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Travelling wave Antenna: 

Travelling or non resonant antennas are those antennas in which there is no reflected wave that is standing wave 

does not travel over such antenna. Since in radio communication which employ ionosphere for reflection, frequently 

required to operate on a widely spaced frequencies and thus there is a need for antenna having greater bandwidth. 

This need is met by using travelling wave antennas. To avoid reflected wave, other end of antenna is terminated at 

its characteristics impedance with one end at source fed. The field strength at a distance ‘r’ from the wire at an 
angle θ can be calculated by: 
E=

60.Irms.Sinθr(1−Cosθ) . sin(πLλ {1 − cosθ})    V/m 

Where L is length of wire and λ is operating wavelength. Thus a single wire radiator, if terminated with impedance 
of value equal to characteristics impedance Zo, will work as travelling wave antenna. Figures shown below are of 

travelling wire radiator and its radiation pattern. 

  

 

 

 

 

 

 

                          Travelling wire radiator                                                      Radiation pattern 

 

 

If radiation pattern for various length are plotted as shown below, it would be seen that as the length of wire 

increases, the major lobes get closer and narrower to the wire axis. 

 

               

               

               

               

               

               

               

               

               

               

               

                

Antenna Array: An antenna, when individually can radiate an amount of energy, in a particular direction, resulting in 

better transmission, how it would be if few more elements are added it, to produce more efficient output. It is 

exactly this idea, which led to the invention of Antenna arrays. 

 An antenna array is a radiating system, which consists of individual radiators and elements. Each of these radiators, 

while functioning has its own induction field. The elements are placed so closely that each one lies in the neighboring 

one’s induction field. Therefore, the radiation pattern produced by them would be the vector sum of the individual 

ones. The following image shows another example of an antenna array. 

The spacing between the elements and the length of the elements according to the wavelength are also to be kept in 

mind while designing these antennas. 

The antennas radiate individually and while in array, the radiation of all the elements sum up, to form the radiation 

beam, which has high gain, high directivity and better performance, with minimum losses. 

Direction of travelling 

 

Zo
Wire axis 

For 

L=λ/2 

For L=λ 

For 

L=4λ 

For 

L=8λ 
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Advantages 

The following are the advantages of using antenna arrays − 

 The signal strength increases 

 High directivity is obtained 

 Minor lobes are reduced much 

 High Signal-to-noise ratio is achieved 

 High gain is obtained 

 Power wastage is reduced 

 Better performance is obtained 

Disadvantages 

The following are the disadvantages of array antennas − 

 Resistive losses are increased 

 Mounting and maintenance is difficult 

 Huge external space is required 

Applications 

The following are the applications of array antennas − 

 Used in satellite communications 

 Used in wireless communications 

 Used in military radar communications 

 Used in the astronomical study 

Types of Arrays 

The basic types of arrays are − 

 Collinear array 

 Broad side array 

 End fire array 

 Parasitic array 

 Yagi-Uda array 

 Log-periodic array 

 Turnstile array 

 Super-turnstile array 

 

Practically various forms of antenna array are used for radiations. Some of the arrays are broadside array, End fire 

array, Co-linear array and parasitic array. 

 Broad side Array: 

In broad side array, all the elements are parallel to each other and the direction of maximum radiation is always 

perpendicular to the plane consisting elements. A typical arrangement for broad side array is shown in figure 

2.5.1(a). A broad side array consists number of identical antennas placed parallel to each other along a straight line 

called Antenna Array Axis. Each of the antennas are perpendicular to the antenna axis and are equally spaced by a 

distance “d”. In Broadside Array arrangement, all the elements are fed with currents with equal amplitude and same 
phase. In this arrangement the maximum is in the broadside direction i.e. perpendicular to the line of axis of array. 

The radiation pattern of the broadside antenna array is bidirectional. 
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(a) Broad side array of antennas 

 

 

(b) Broad side array with two isotropic point 

sources with equal amplitude and phase 

Now consider the two isotropic sources A1 and A2, placed equally around the origin of the co-ordinate system with 

equal amplitude and phase. 

Let the point P is far away from the origin at a distance r. The wave radiated by the radiator A2 will reach to the point 

P earlier than by A1, because of the path difference. This path difference is given by, 

 𝑃𝑎𝑡ℎ 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑑 𝑐𝑜𝑠ф   

This path difference can be expressed in terms of wavelength as, ∴ 𝑃𝑎𝑡ℎ 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (𝑑/𝜆) 𝑐𝑜𝑠ф   

The phase angle is defined as the 2𝜋 times of the path difference, therefore ∴ 𝑃ℎ𝑎𝑠𝑒 𝑎𝑛𝑔𝑙𝑒 = 𝜓 = 2𝜋(𝑃𝑎𝑡ℎ 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒)  

 𝜓 = 2𝜋[(𝑑𝜆) 𝑐𝑜𝑠ф]  

 𝜓 = (2𝜋𝜆 )𝑑𝑐𝑜𝑠ф   

Now phase shift = 𝛽 = 2𝜋𝜆 . Therefore above equation  can be written as 

 𝜓 = 𝛽𝑑𝑐𝑜𝑠ф    

 

 End Fire Array: 

The arrangement of the End Fire Array is similar to the Broad Side Array. The difference is in the direction of the 

maximum radiation. In Broadside Array the maximum radiation is in the direction perpendicular to the array axis, 

whereas in End Fire Array, the direction of the maximum radiation is along the axis of the array as shown in figure 

below 

All the antennas are fed individually with currents of equal magnitudes but their phases vary progressively along the 

line to get the final arrangement unidirectional. Whereas the radiation pattern of the broad side array was 

bidirectional.  

Therefore the End Fire Array arrangement can be defined as the array with the direction of the maximum radiation is 

same as the direction of the array axis to get the unidirectional radiation. 

 
(a) Top View 

 

 
(b) Front View 

Fig  : End Fire Array 

 

 

 Collinear Array: 

In the collinear array the antennas are arranged co-axially i.e. antennas are arranged end to end along a single line as 

shown in figure below. 

Fig   Broad Side Array Antennas 
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Axis of Array 

(a) Vertical 

 
(b) Horizontal 

 

Figure  : Different types of collinear array 

In collinear array the individual elements are fed with currents equal in magnitude and phase, as in broadside array. 

In collinear array the direction of maximum radiation is perpendicular to the array axis. The radiation pattern of the 

collinear array has circular symmetry with the main lobe perpendicular everywhere to the principal axis, and 

therefore the collinear array is also called omni-directional array or broadcast array. 

The gain of the collinear array is maximum if the spacing between the elements is of the order of 0.3λ to 0.5λ. 
However this small spacing introduces constructional and feeding problems, therefore the elements of the array are 

operated with their ends very close to each other by connecting the ends by an insulator. 

In collinear array the power gain does not increase in proportion with increase in the number of the elements. 

Therefore a collinear array with more than four elements is not practically used as the power gain is not sufficient. 

Practically two elements collinear array is used as it allows multiband operation, known as two half waves in phase. 

 

Parasitic Array: 

Parasitic array is the array of the antennas in which the parasitic elements get the power through electromagnetic 

coupling with the driven element which is in proximity with the parasitic element. To overcome the feeding problem, 

the elements are fed through the radiation from the other nearby antenna. 

The simplest form of the parasitic array consists of one driven element and one parasitic element. In multi-element 

parasitic array, there may be one or more driven elements and also one or more parasitic elements. Therefore in 

general the Multi-element parasitic array consist of at least one driven element and one or more parasitic elements. 

The common example of the parasitic array with linear half wave dipoles is Yagi-Uda Array or Yagi Antenna. 

The amplitude and phase of the current induced in the parasitic element depends on the spacing between the driven 

element and parasitic element. To make the radiation pattern unidirectional, the relative phases of the currents are 

changed by adjusting the spacing between the elements, called tuning of the array. For spacing between the driven 

and parasitic element equal to λ/4 and phase difference of π/2 radian, unidirectional pattern is observed.  

  

Two-element Array: 

Let us represent the electric fields in the far zone of the array elements in the form: 

E1= E1 x Exp(-jΨ/2) and 

           E2= E2 x  Exp(+jΨ/2)  

 

And let these fields due to 2 element array separated at distance‘d’ from each other, superpose at far point ‘P’, as 
shown in figure below: 

 

Phase angle Ψ = 2𝜋𝜆  x path difference 

So,  Ψ=2𝜋𝜆   x dCosθ 
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Or  Ψ =β x dCosθ  radians. 

Now net E in direction of θ is given by: 
E=E1+E2 

E= E1 x Exp(-jΨ/2)+ E2 x Exp(jΨ/2)  

 Now take CASE I:  Array elements with equal amplitude and  

same phase: 

E1=E2=Eo 

So E=Eo(Exp(-jΨ/2)+Exp(-jΨ/2))…………(a) 
Multiply and divide above equation with ‘2’, we get 

E=2Eo
Exp(−jΨ/2)+Exp(j−Ψ2 )2  

We can rewrite it as: 

E=  2Eo   ∗   [Cos Ψ/2]. 
 

 

By putting 2Eo=1, Ψ =β x dCosθ and d=λ/2 , we get: 
E=Cos(π/2 Cosθ)                                     
                                                                                                                           Figure: 2 element array separated at distance ‘d’ 
For finding maximum direction of radiation field, we equate above equation to +_1, we get: 

Cos(π/2 Cosθ) = _+1 

π/2 Cosθ          =   nπ 

π/2 Cosθmax     =  0 

Cosθmax                  =  90o
 and 270o  

For finding minimum direction of radiation field, we equate above equation to 0, we get: 

Cosθmin                  =  0o
 and 180o  

Half power point direction: At half power points power is ½ or voltage or current is 1/√2 times the maximum value of 

voltage or current. 

Cos(π/2 Cosθ) = _+1/√2 

π/2 CosθHPPD    = (2n+1)  π/4            

CosθHPPD               =  60o
 and 120o  

Note: The CASE I ( Array elements with equal amplitude and same phase) is idea behind broadside array design, 

where direction of radiation of an array is in normal direction of antenna axis. All these direction of pattern is shown 

in figure below:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Now take CASE II:  Array elements with equal amplitude and opposite phase. 

E1=-E2=Eo 

So E=Eo(Exp(-jΨ/2)-Exp(jΨ/2))…………(a) 

 

Amp Phase 
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Multiply and divide above equation with ‘2j’, we get 

E=2jEo
Exp(−jΨ2 )−Exp(j−Ψ2 )2𝑗  

We can rewrite it as: 

E=  2jEo   ∗   [Sin Ψ/2]. 
 

 

By putting 2jEo=1, Ψ =β x dCosθ and d=λ/2 , we get: 
E=Sin(π/2 Cosθ) 
For finding maximum direction of radiation field, we equate above equation to +_1, we get: 

Sin(π/2 Cosθ) = _+1 

π/2 Cosθ          =   (2n+1)π/2 

π/2 Cosθmax     =  π/2 

Cosθmax                  =  0o
 and 180o  

For finding minimum direction of radiation field, we equate above equation to 0, we get: 

Cosθmin                  =  90o
 and 270o  

Half power point direction: At half power points power is ½ or voltage or current is 1/√2 times the maximum value of 

voltage or current. 

Sin(π/2 Cosθ) = _+1/√2 

π/2 CosθHPPD    = (2n+1)  π/4            

CosθHPPD               =  60o
 and 120o  

Note: The CASE II ( Array elements with equal amplitude and opposite phase) is idea behind Endfire array design, 

where direction of radiation of an array is in the direction of antenna axis. All these direction of pattern is shown in 

figure below: 

 

 

 

 

 

 

 

 

 

 

 

 

Now take CASE III:  Array elements with unequal amplitude and any phase.  

Let us consider the figure 2.6.1(a). Assume that the 

two point sources are separated by distance d and 

supplied by currents which are different in 

amplitudes and with any phase difference say α. 

Consider that source 1 is assumed to be reference 

for phase and magnitude of fields E1 and E2, which 

are due to source 1 and 2 respectively at the 

distant point P. Let us assume that E1 is greater in 

 
Figure   Vector diagrams of fields E1 & E2 

magnitude than E2 in magnitude as shown in vector diagram in figure above.  

Now the total phase difference between the radiations by the two point sources at any far point P is given by, 

 𝜓 = 2𝜋𝜆 𝑐𝑜𝑠ф + 𝛼     

Where 𝛼 is the phase angle with which current I2 leads current I1 .  

Amp Phase 
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If 𝛼 = 00, then the condition is similar to the two point sources with currents equal in magnitude and phase. 

Similarly if 𝛼 = 1800, then the condition is similar to the two point sources with currents equal in magnitude but 

opposite in phase. Assume value of phase difference 𝛼 𝑎𝑠 0 < 𝛼 < 1800. Then the resultant field at point P is given 

by, 

 𝐸𝑇 = 𝐸1𝑒𝑗0 + 𝐸2𝑒𝑗𝜓 = 𝐸1 + 𝐸2. 𝑒𝑗𝜓  ∴ 𝐸𝑇 = 𝐸1(1 + 𝐸2𝐸1 𝑒𝑗𝜓)  ∴ Let 
𝐸2𝐸1 = 𝑘   

Note that E1>E2, the value of k is less than unity. Moreover the value of k is given by 0 ≤ 𝑘 ≤ 1. 
  ∴ 𝐸𝑇 = 𝐸1[1 + 𝑘(𝑐𝑜𝑠𝜓 + 𝑗𝑠𝑖𝑛𝜓)]   

The magnitude of the resultant field at point P is given by, 

 |𝐸𝑇| = |𝐸1[1 + 𝑘(𝑐𝑜𝑠𝜓 + 𝑗𝑠𝑖𝑛𝜓)]|  ∴ |𝐸𝑇| = 𝐸1√(1 + 𝑘𝑐𝑜𝑠𝜓)2 + (𝑘𝑠𝑖𝑛𝜓)2   

The phase angle between the two fields at far point P is given by, ∴ 𝜃 = 𝑡𝑎𝑛−1( 𝑘𝑠𝑖𝑛𝜓1 + 𝑘𝑐𝑜𝑠𝜓)   

 

 

n-Element Uniform Linear Array: 

 

Single beam radiation is necessary for point to point communication at high frequencies. Such highly directive single 

beam pattern can be obtained by increasing the point sources in the array from 2 to n. 

An array of n element is said to be linear array if all the individual elements are spaced equally along a line. An array 

is said to be uniform array if the elements in the array are fed with currents with equal magnitudes and with 

uniform, progressive phase shift along the line. 

 

Consider a general n element linear and uniform array with all the individual elements spaced equally with distance d 

and all elements are fed with currents equal in magnitude and uniform progressive phase shift along line as shown in 

figure below: 

 
Figure: Uniform Linear array of n elements 

 

The total resultant field at a distant point P is obtained by adding the fields due to n individual sources. Therefore 

 𝐸𝑇 = 𝐸0𝑒𝑗0 + 𝐸0𝑒𝑗𝜓 + 𝐸0𝑒2𝑗𝜓 + ⋯+ 𝐸0𝑒𝑗(𝑛−1)𝜓  
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∴ 𝐸𝑇 = 𝐸0[1 + 𝑒𝑗𝜓 + 𝑒2𝑗𝜓 + ⋯+ 𝑒𝑗(𝑛−1)𝜓]   

Here 𝜓 = 2𝜋𝜆 𝑐𝑜𝑠ф + 𝛼=total path difference of the fields from adjacent sources calculated at point P. 𝛼 = progressive phase shift between two adjacent point sources, 0 < 𝛼 < 1800. 

If 𝛼 = 0, we get n element uniform linear broad side array, and if 𝛼 = 1800, we get n element uniform linear end 

fire array. 

Multiplying equation by 𝑒𝑗𝜓, 

 𝐸𝑇𝑒𝑗𝜓 = 𝐸0[𝑒𝑗𝜓 + 𝑒2𝑗𝜓 + 𝑒3𝑗𝜓 + ⋯+ 𝑒𝑗𝑛𝜓]   

 Now, 

 𝐸𝑇 − 𝐸𝑇𝑒𝑗𝜓 = 𝐸0{[1 + 𝑒𝑗𝜓 + 𝑒2𝑗𝜓 + ⋯+ 𝑒𝑗(𝑛−1)𝜓] − [𝑒𝑗𝜓 + 𝑒2𝑗𝜓 + 𝑒3𝑗𝜓 + ⋯+ 𝑒𝑗𝑛𝜓]} 

 𝐸𝑇(1 − 𝑒𝑗𝜓) = 𝐸0(1 − 𝑒𝑗𝑛𝜓) 

∴ 𝐸𝑇 = 𝐸0 [1 − 𝑒𝑗𝑛𝜓1 − 𝑒𝑗𝜓 ]   

Simplifying, 

 𝐸𝑇 = 𝐸0 [𝑒𝑗𝑛𝜓2 (𝑒−𝑗𝑛𝜓2 − 𝑒𝑗𝑛𝜓2 )𝑒𝑗𝜓2 (𝑒−𝑗𝜓2 − 𝑒𝑗𝜓2) ]  

We know that 𝑒−𝑗𝜃 − 𝑒𝑗𝜃 = −2𝑗𝑠𝑖𝑛𝜃, then 

 𝐸𝑇 = 𝐸0 [𝑠𝑖𝑛 𝑛𝜓2𝑠𝑖𝑛 𝜓2 ] 𝑒𝑗(𝑛−12 )𝜓
   

 Above equation indicates the resultant field due to the n element array at distant point P. 

The magnitude of the resultant field is given by 

 𝐸𝑇 = 𝐸0 [𝑠𝑖𝑛 𝑛𝜓2𝑠𝑖𝑛 𝜓2 ]    

Phase angle 𝜃 of the resultant field at point P is given by, ∴ 𝜃 = (𝑛 − 1)2 𝜓 = (𝑛 − 1)2 𝛽𝑑𝑐𝑜𝑠ф + 𝛼    

 

Array Factor:  

With 𝜓 = 0,in above equation of ET becomes indeterminate and hence D’ Hospital rule is applicable, in which 
numerator and denominator are differentiated separately. 

 𝑙𝑖𝑚𝜓→0 𝐸𝑇 = 𝐸0𝑙𝑖𝑚𝜓→0 [ 𝑑𝑑𝜓 𝑠𝑖𝑛 𝑛𝜓2𝑑𝑑𝜓 𝑠𝑖𝑛 𝜓2 ] = 𝐸0 𝑙𝑖𝑚𝜓→0
𝑛2 𝑐𝑜𝑠 𝑛𝜓212 𝑐𝑜𝑠 𝜓2 = 𝑛𝐸0  

Therefore the maximum value of ETis nE0  i.e. 

 𝐸𝑇𝑚𝑎𝑥 = 𝑛𝐸0  When 𝜓 = 0  
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The maximum value of E is n times the field from a single source. The normalized field is given by 

 𝐸𝑇 = 𝐸𝑇𝐸𝑇𝑚𝑎𝑥 = 𝐸0 (𝑠𝑖𝑛 𝑛𝜓2𝑠𝑖𝑛 𝜓2 )𝑛𝐸0  

 

 𝐸𝑇 = 1𝑛 . 𝑠𝑖𝑛 𝑛𝜓2𝑠𝑖𝑛 𝜓2 = (𝐴𝐹)𝑛 

 

It is also called the normalized array factor(𝐀𝐅)𝐧. 

 

 Array of n-Elements with Equal Spacing and Currents Equal in Magnitude and Phase- Broadside Array: 

Consider the n identical point sources carrying current equal in magnitude and phase. The distance between the 

each of the radiators is d. Therefore the maximum radiation will occur in the direction normal to the line of array. 

Such an arrangement is called Uniform Broadside Array. 

Consider a broadside array with n identical radiators as shown in figure below: 

 
Figure   Uniform Broadside Array 

The electric field produced at point P due to an element A0 is given by 

 𝐸0 = 𝐼 𝑑𝐿 𝑠𝑖𝑛𝜃4𝜋𝜔𝜀0 [𝑗 𝛽2𝑟0 ] 𝑒−𝑗𝛽𝑟0    

As the distance d between any two elements is very small  as compared to the radial distances of point P from A0, A1, 

… An-1, we can assume that r0, r1, r2, …rn-1 are approximately same. 

Now the electric field produced at point P due to an element A1 will differ in phase as r0 and r1 are not actually same. 

Hence the electric field due to A1 is given by 

 𝐸1 = 𝐼 𝑑𝐿 𝑠𝑖𝑛𝜃4𝜋𝜔𝜀0 [𝑗 𝛽2𝑟1 ] 𝑒−𝑗𝛽𝑟1  

But 𝑟1 = 𝑟0 − 𝑑𝑐𝑜𝑠ф 

Therefore ; 

 𝐸1 = 𝐼 𝑑𝐿 𝑠𝑖𝑛𝜃4𝜋𝜔𝜀0 [𝑗 𝛽2𝑟0 ] 𝑒−𝑗𝛽(𝑟0−𝑑𝑐𝑜𝑠ф)                                           as 𝑟1 ≈ 𝑟0  

 𝐸1 = 𝐼 𝑑𝐿 𝑠𝑖𝑛𝜃4𝜋𝜔𝜀0 [𝑗 𝛽2𝑟0 ] 𝑒−𝑗𝛽𝑟0𝑒𝑗𝛽𝑑𝑐𝑜𝑠ф  

 𝐸1 = 𝐸0𝑒𝑗𝛽𝑑𝑐𝑜𝑠ф   

Exactly similar, we can write the equation for the electric field produced at point P due to element A2 as, 

 𝐸2 = 𝐼 𝑑𝐿 𝑠𝑖𝑛𝜃4𝜋𝜔𝜀0 [𝑗 𝛽2𝑟2 ] 𝑒−𝑗𝛽𝑟2  
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 𝐸2 = 𝐼 𝑑𝐿 𝑠𝑖𝑛𝜃4𝜋𝜔𝜀0 [𝑗 𝛽2𝑟1 ] 𝑒−𝑗𝛽(𝑟1−𝑑𝑐𝑜𝑠ф)                                           as 𝑟2 ≈ 𝑟1  

 𝐸2 = 𝐼 𝑑𝐿 𝑠𝑖𝑛𝜃4𝜋𝜔𝜀0 [𝑗 𝛽2𝑟1 ] 𝑒−𝑗𝛽𝑟1𝑒𝑗𝛽𝑑𝑐𝑜𝑠ф  

 𝐸2 = 𝐸1𝑒𝑗𝛽𝑑𝑐𝑜𝑠ф  

From equation of E1 , substituting the value of E1 

 𝐸2 = [𝐸0𝑒𝑗𝛽𝑑𝑐𝑜𝑠ф]𝑒𝑗𝛽𝑑𝑐𝑜𝑠ф   

 𝐸2 = 𝐸0𝑒𝑗2𝛽𝑑𝑐𝑜𝑠ф    

Similarly the electric field produced at point P due to element An-1 is given by, 

 𝐸𝑛−1 = 𝐸0𝑒𝑗(𝑛−1)𝛽𝑑𝑐𝑜𝑠ф   

The total electric field at point P is given by, 

 𝐸𝑇 = 𝐸0 + 𝐸1 + 𝐸2 + ⋯+ 𝐸𝑛−1  ∴ 𝐸𝑇 = 𝐸0 + 𝐸0𝑒𝑗𝛽𝑑𝑐𝑜𝑠ф + 𝐸0𝑒𝑗2𝛽𝑑𝑐𝑜𝑠ф + ⋯ + 𝐸0𝑒𝑗(𝑛−1)𝛽𝑑𝑐𝑜𝑠ф  

Let 𝛽𝑑𝑐𝑜𝑠ф = 𝜓, then the above equation will be, 

 𝐸𝑇 = 𝐸0 + 𝐸0ejψ + 𝐸0ej2ψ + ⋯+ 𝐸0ej(n−1)ψ  ∴ 𝐸𝑇 = 𝐸0[1 + 𝑒𝑗𝜓 + 𝑒2𝑗𝜓 + ⋯+ 𝑒𝑗(𝑛−1)𝜓] 
  

Multiplying above equation  by 𝑒𝑗𝜓, 

 𝐸𝑇𝑒𝑗𝜓 = 𝐸0[𝑒𝑗𝜓 + 𝑒2𝑗𝜓 + 𝑒3𝑗𝜓 + ⋯+ 𝑒𝑗𝑛𝜓]  

Now, 

 𝐸𝑇 − 𝐸𝑇𝑒𝑗𝜓 = 𝐸0{[1 + 𝑒𝑗𝜓 + 𝑒2𝑗𝜓 + ⋯+ 𝑒𝑗(𝑛−1)𝜓] − [𝑒𝑗𝜓 + 𝑒2𝑗𝜓 + 𝑒3𝑗𝜓 + ⋯+ 𝑒𝑗𝑛𝜓]} 

 𝐸𝑇(1 − 𝑒𝑗𝜓) = 𝐸0(1 − 𝑒𝑗𝑛𝜓) 

∴ 𝐸𝑇 = 𝐸0 [1 − 𝑒𝑗𝑛𝜓1 − 𝑒𝑗𝜓 ]  

∴ 
𝐸𝑇𝐸0 = 𝑒𝑗𝑛𝜓2 (𝑒−𝑗𝑛𝜓2 − 𝑒𝑗𝑛𝜓2 )𝑒𝑗𝜓2 (𝑒−𝑗𝜓2 − 𝑒𝑗𝜓2)   

We know that 𝑒−𝑗𝜃 − 𝑒𝑗𝜃 = −2𝑗𝑠𝑖𝑛𝜃, then above equation can be written as 

 
𝐸𝑇𝐸0 = [𝑠𝑖𝑛 𝑛𝜓2𝑠𝑖𝑛 𝜓2 ] 𝑒𝑗(𝑛−12 )𝜓

   

The exponential term in above equation represents the phase shift. The magnitude of the electric field can be 

written as 

 |𝐸𝑇𝐸0| = 𝑠𝑖𝑛 𝑛𝜓2𝑠𝑖𝑛 𝜓2    
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Multiplication of Pattern: 

 

It can be defined as “The total field pattern of an array of non isotropic but similar sources is the multiplication of the 

individual source patterns and the patterns of an array of isotropic point sources each located at the phase center of 

the individual source and having the relative amplitude and phase, whereas the total phase pattern is the addition of 

the phase pattern of the individual sources and that of the array of the isotropic point sources.” 

Let    𝐸  = Total Field, 

   Ei(θ, ф) = Field pattern of individual source, Ea(θ, ф) = Field pattern of array of isotropic point source, Epi(θ, ф) = Phase pattern of individual source and Epa(θ, ф) = Phase pattern of array of isotropic point source, 

Then, the total field pattern of an array of non isotropic but similar sources is 

 
𝐸 = {Ei(θ, ф) × Ea(θ, ф)} × {Epi(θ, ф) + Epa(θ, ф)} 

    (Multiplication of field pattern)   (Addition of phase pattern) 
  

The angles θ and ф represents the polar and azimuth angles. The principle of multiplication of pattern is true for any 

number of similar sources. For two dimensional case, the resultant pattern is given by 

 𝐸 = 2𝐸0𝑐𝑜𝑠 𝜓2   

 𝐸 = 2𝐸1𝑠𝑖𝑛𝜃𝑐𝑜𝑠 𝜓2    

or 𝐸 = 𝐸(𝜃). 𝑐𝑜𝑠 𝜓2    

The total field pattern is multiplication of field pattern known as the primary and 𝑐𝑜𝑠 𝜓2  the secondary pattern. 

Using Multiplication of Patterns, the patterns of complicated arrays can be drawn just by inspecting the elements. 

The width of the principal lobe and the corresponding width of array pattern are the same. In the resultant pattern 

the number of nulls is sum of the nulls of individual patterns and array pattern. 

 

 

Radiation Pattern of 4 Isotropic Elements Fed in Phase, spaced λ/2 Apart: 
Let the 4 elements are in a linear array as shown in fig 2.9.1(a), here the elements are placed at a distance of λ/2 and 

are fed in phase i.e. 𝛼 = 0. We know that two isotropic point sources λ/2 apart and in phase provides a bidirectional 

pattern as shown in figure (b). Moreover the radiation pattern of two isotropic sources spaced λ apart, fed in phase 

is as shown in figure (c) 

 

 
 

(a) Linear array of 4 isotropic elements spaced 

λ/2 apart and fed in phase 

(b) Field pattern of 

two isotropic elements 

spaced λ/2 apart and 
fed in phase 

(c) Field pattern of two 

isotropic elements spaced 

λ/2 apart and fed in phase 

Figure   Radiation pattern of four isotropic elements fed in phase and λ/2 apart 
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Now consider elements (1) and (2) as one unit say A and consider it to be placed at the center of the two points, 

similarly (3) and (4) as another single unit say B placed at the center of (3) and (4), as shown in figure below. These 

two units will have the same radiation pattern as shown in figure (b). 

The units represented by A and B will be separated by a distance λ. Thus the four elements spaced λ/2 are now 

replaced by two units spaced λ. 

 
Figure   (a) 4 isotropic elements spaced λ/2 

 
Figure   (b) Two Unit Array spaced λ apart 

 

Now according to the pattern multiplication theory, the resultant pattern can be obtained by multiplying the 

radiation pattern of individual elements to the array of two units spaced λ as shown in figure 2.9.3. 

 

× 

 

= 

 
(a) Unit pattern due to two 

individual elements 

(b) Group Pattern due to array 

of two sources 

 (c) Resultant Pattern 

Figure   Resultant radiation pattern of 4 elements by pattern multiplication 

  

  Effect of Earth on Vertical Pattern: 

When an antenna is not isolated and is close to the earth, the earth has considerable effect on the radiation patterns 

of antenna. The magnitude and phase of the induced currents depends on the frequency, the conductivity and 

permittivity of the earth. Horizontal and vertical antennas situated at the earth are shown in figure below. 

Figure : Image charges 

& currents replace the 

charges & currents 

induced in the 

conducting plane. 
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The boundary conditions to be satisfied at the surface of perfectly conducting plane are that the tangential 

components of �⃗�  and the normal component of �⃗⃗�  must vanish. This implies that �⃗�  is normal and �⃗⃗�  is tangential at 

the surface. Charges distribute themselves and current will flow on the earth in such a way that these boundary 

conditions are satisfied. The total electric and magnetic fields are not due to the charge and currents on the antenna 

but due to these induced charges and currents. Thus the fields of these antennas are the resultant of the actual and 

image antenna. The image principal can be used to obtain the resultant field. Therefore as far as electric and 

magnetic fields in the region above the conducting plane are concerned, the same result can be obtained with the 

conducting plane removed and replaced with a suitably located image charges and currents as shown in figure 

above. 

The image charges will be the mirror image of the actual charges, but will have opposite sign. The currents in actual 

and image antennas will have same directions for vertical antennas but opposite directions for horizontal antennas. 

As shown in figure below the resultant field is 

considered to be made up of direct wave and 

reflected wave. The image antenna is the virtual 

source of reflected wave. The vertical component 

of electric field for incident wave is reflected 

without phase reversal. The horizontal component 

is assumed to have 1800 phase reversal. 

In image principal the earth is replaced by an 

image antenna situated at height 2h below the 

actual antenna, where h is the height above the 

ground of actual antenna. The field of this image 

antenna is added to the actual antenna to give the 

resultant pattern as shown in figure below. When 

a vertical antenna is above the earth its image is 

created by the earth i.e. earth is replaced by an 

image antenna. 

 
Figure:   Image antennas as virtual sources for the 

reflected waves 

 

 
(a) Vertical pattern of a horizontal antenna above the earth, obtained by considering the pattern of the 

antenna and its negative image. 

 
Figure (b) Vertical pattern of a vertical antenna above the earth, obtained by the principle of images and 

the principle of multiplication of patterns 

 For vertical antennas, the point source radiators have the same phase and for horizontal antennas opposite phase. 
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Binomial Array: 

To increase the directivity the array length needs to be increased, however with increase in the length, side lobes 

appears in the pattern. In some special cases side lobes need to be eliminated completely. Such pattern can be 

achieved if the broadside array radiate more strongly from the centre than from the edges. Consider the array of two 

identical point sources spaced 𝜆/2 apart as shown in figure below. Then the far field pattern is given by 

 𝐸 = 𝑐𝑜𝑠 (𝜋2 𝑐𝑜𝑠𝜃)   

This pattern has no minor lobes as shown in figure below. In case of uniform four element array, the resultant 

pattern shows four side lobes. The secondary lobes appear in the resultant pattern, because the elements producing 

the group pattern have a spacing greater than one half wavelength. 

So in 4-element array, the elements producing 

pattern are spaced a full wavelength apart. So if we 

reduce the spacing between the two elements to 

one half wavelength then only the primary lobes 

are obtained. The resultant pattern can be 

obtained by using the concept of multiplication of 

patterns. The arrangement is as shown in Figure 

below. In this arrangement, two 2-element arrays 

are spaced 𝜆/2 apart from each other. Such array 

produces increased radiation pattern with no 

secondary lobes. 

 

 
Figure  : Field pattern for two point sources with 

equal amplitude in-phase current 

 

Here antenna 2 and 3 coincide at the centre as shown in figure (a), therefore it can be replaced by a single 

element carrying double current compared with other elements. Thus as shown in figure(b), the resultant 

array consists three elements with current ration 1:2:1. 

 

 
(a) Arrangement of 4-elements with 𝜆/2 

spacing 

(b) Pattern for 2-element array & 4-element array 

Figure:  Array of 4-elements with spacing 𝝀/𝟐 producing no secondary lobes 

 

The same concept can be extended further by considering three element array as a unit with a second similar array 

spaced half wavelength from it. This result in 4-element array as shown in figure below. In this array, the current 

ratio is 1:3:3:1. 

 

 
 

Figure  : Four Element Array 

 

If we continue this process, we can obtain the pattern with arbitrarily large directivity and without minor lobes. But it 
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is necessary to adjust the magnitudes of the currents, which corresponds to the coefficients of the binomial series. 

This concept was first introduced by John Stone in 1929. The secondary lobes or side lobes can be eliminated 

completely, when the amplitude of the currents in the radiating sources are proportional to the coefficients of the 

binomial series. The coefficients are displayed below by Pascal’s triangle, for different number of sources i.e. n in an 
array. 

Table : Pascal’s triangle displaying coefficients of the binomial series 

1 n=1 

1     1 n=2 

1     2     1 n=3 

1     3     3     1 n=4 

1     4     6     4     1 n=5 

1     5     10     10     5     1 n=6 

1     6     15     20     15     6     1 n=7 

 

In general, the pattern for the binomial array is given by, 

 𝐸 = 𝑐𝑜𝑠𝑛−1 (𝜋2 𝑐𝑜𝑠𝜃)   

Where n= Number of sources in the array. 

 

  Effective Area or Effective Aperture or Capture Area: 

The concept of Effective area or aperture is best understood by considering an antenna to have an effective area or 

aperture over which it extracts electromagnetic energy from the travelling EM waves. It may be defined as the ratio 

of power received at the antenna load terminal to the poyenting vector (Power density) in Watts/metre2 of the 

incident wave. 

Thus  

 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐴𝑟𝑒𝑎 𝑜𝑟 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐴𝑝𝑎𝑟𝑡𝑢𝑟𝑒 = 𝑃𝑜𝑤𝑒𝑟 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑𝑃𝑜𝑦𝑛𝑡𝑖𝑛𝑔 𝑣𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑤𝑎𝑣𝑒 

Or 𝐴𝑒 = 𝑊𝑃 ≡ 𝐴   𝑜𝑟  𝑊 = 𝑃𝐴                                     [
𝑤𝑎𝑡𝑡𝑚𝑎𝑡𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 𝑋 𝑚𝑒𝑡𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 = 𝑊𝑎𝑡𝑡] 

Where W = Power received in Watts. 

 P = Poyenting vector of incident wave in Watts/m2  

 A = Effective Area or Effective aperture in m2. 

Let the receiving antenna be placed in the field of plane polarized travelling waves having an effective area A and the 

receiving antenna is terminated at a load impedance 𝑍𝐿 = 𝑅𝐿 + 𝑗𝑋𝐿  

If I be the terminal current, then received power 𝑊 = 𝐼𝑟𝑚𝑠2  𝑅𝐿 

Where 𝑅𝐿 is the load resistance in Ω and 𝐼𝑟𝑚𝑠 = 𝑇𝑒𝑟𝑚𝑖𝑛𝑎𝑙 𝑟𝑚𝑠 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

Then Effective area A is, A = 𝑊𝑃 = 𝐼𝑟𝑚𝑠2  𝑅𝐿𝑃  

 

 

 

 

 

Downloaded from www.rgpvnotes.in

Page no: 26 Get real-time updates from RGPV

https://www.rgpvnotes.in
https://alerts.rgpvnotes.in/
https://www.rgpvnotes.in/


 

We hope you find these notes useful. 

You can get previous year question papers at  

https://qp.rgpvnotes.in . 
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