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Electromagnetic theory is a discipline concerned with the study of charges at rest and in motion. 

Electromagnetic principles are fundamental to the study of electrical engineering and physics. 

Electromagnetic theory is also indispensable to the understanding, analysis and design of various 

electrical, electromechanical and electronic systems. Some of the branches of study where 

electromagnetic principles find application are: 

 

RF communication 

Microwave Engineering 

Antennas 

Electrical Machines 

Satellite Communication  

Atomic and nuclear research 

Radar Technology 

Remote sensing 

EMI EMC 

Quantum Electronics 

VLSI 

 

Electromagnetic theory is a prerequisite for a wide spectrum of studies in the field of Electrical 

Sciences and Physics. Electromagnetic theory can be thought of as generalization of circuit theory. 

There are certain situations that can be handled exclusively in terms of field theory. In 

electromagnetic theory, the quantities involved can be categorized as source quantities and field 

quantities. Source of electromagnetic field is electric charges: either at rest or in motion. However 

an electromagnetic field may cause a redistribution of charges that in turn change the field and 

hence the separation of cause and effect is not always visible.  

 

Electric charge is a fundamental property of matter. Charge exist only in positive or negative 

integral multiple of electronic charge, -e, 191.60 10e coulombs. [It may be noted here that in 

1962, Murray Gell-Mann hypothesized Quarks as the basic building blocks of matters. Quarks 

were predicted to carry a fraction of electronic charge and the existence of Quarks have been 

experimentally verified.] Principle of conservation of charge states that the total charge (algebraic 

sum of positive and negative charges) of an isolated system remains unchanged, though the charges 

may redistribute under the influence of electric field. Kirchhoff’s Current Law (KCL) is an 
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assertion of the conservative property of charges under the implicit assumption that there is no 

accumulation of charge at the junction. 

 

Electromagnetic theory deals directly with the electric and magnetic field vectors where as circuit 

theory deals with the voltages and currents. Voltages and currents are integrated effects of electric 

and magnetic fields respectively. Electromagnetic field problems involve three space variables 

along with the time variable and hence the solution tends to become correspondingly complex. 

Vector analysis is a mathematical tool with which electromagnetic concepts are more conveniently 

expressed and best comprehended. Since use of vector analysis in the study of electromagnetic 

field theory results in real economy of time and thought, we first introduce the concept of vector 

analysis. 
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Free-space wave equation 

 

We consider first propagation in a homogeneous,isotropic,nonconducting(σ=0),source-

free(ρ=0,J=0),dielectric medium. and  are constants at all points and in all directions in space). 

We have: 

0E


0B


 

B
E

t


 D E

H B
t t

 
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Since a time-varying B-field gives rise to an E-field,and vice versa,it may be possible to derive a 

single differential equation for E


.We do this by faking: 

2
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( ) ( ) ( )
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But, 0E


,so we have: 
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This is the Maxwell wave equation for the electric field.If one want to eliminate E in Maxwell’s 

equation,one must find the same wave equation for H: 

2
2

2

H
H

t




 

One can solve either wave equation for E and H,and then use Maxwell’s equations to determine 

the other.It turns out that although virtually all optics publications start with the wave equation for 

E,there are situations(e.g. photonics crystal mode calculations)when it is preferable to solve for H 

first. 

 

Of course, you might ask,what does 
2 E


 even mean?The Laplace operator 2  operates on 

scalar wave equations,one for each vector component: 

2
2

2

j
j

E
E

t


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       j=x,y,z 

 

Wave equations have the general form 

2
2

2 2

1
( , )

f
f r t

v t


 

Where              f=scalar wave amplitude 

                   v=speed(more precisely,the phase velocity of the wave) 

Thus the speed of an electromagnetic wave is: 

1
v  

In vacuum r = r =1,so the speed of light is: 

8

0 0

1
2.997924580 10 /c m s  

For most optical materials, r =1,so: 
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Where rn is the familiar index of refraction. 

 

Plane Wave Solutions: 

 

The simplest solution to Maxwell’s wave equation is, of course,the simple harmonic plane wave 

0( , ) cos( )
    
E r t E t k r 0E


=constant 

Where 

k


=propagation vector or wave vector 

              | k


|=
2

, =wavelength 

It should be noted that,strictly speaking,the plane wave is an unphysical solution——it has infinite 

extent in both space and time.Indeed,it is well to remember that just because a particular 

mathematical solution exists does not mean it can exist in physical reality.So why is the plane 

solution so useful?Two reasons: 

 

1. There are physical situations which are very approximated by this solution.(e.g. the central 

region of a well-collimated laser beam) 

2.These solutions can serve us as a mathematical basis set for expanding realistic waves in.(We’ll 

come back to this later). 

 

The electric field is a measurable quality,and hence must be represented as a real number.It is 

convenient,however,to write 0( , ) exp[ ( )]
    
E r t E i t k r and then take the real part as physically 

relevant field. 

 

Plugging into the wave equation,we have: 

2 2 2
0 0exp[ ( )] { exp[ ( )]}

       
E E i t k r E ik i t k r k E  
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And: 

2
2

2

E
E

t
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So 

2 2k  

This is called a “dispersion relation”,which relates the wave vector to the frequency. 

Applying Maxwell’s equations to the plane wave,we have: 

0E


 

=> 

0 0 0{ exp[ ( )]} exp[ ( )] exp[ ( )] 0
        
E i t k r E i t k r ikE i t k r  

Or: 0k E
 

 

=>The field is transverse to the direction of propagation (same is true for the B field). 

From the curl equation: 

B
E

t




 

=> 

ik E i B

k E B

  

    

Thus the plane wave has the following structure: 
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Here shows the wave fronts (dotted line) 

(Note that k


, E


,and B


 form a right-handed orthogonal set) 

Also,E and B are in phase: 
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A summary of Electromagnetic Theory: 
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