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What is Electromagnetic Field Theory ?
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│ Electromagnetics or Electromagnetism is about the combination of electricity and 

magnetism

│ We know the relation between electricity and magnetism

│ Field is any area. In this case, field is the area where the combined effect of 

electricity and magnetism can be felt

│ Theory is simply defined as a system of ideas intended to explain something



Theories of Electromagnetic Field in Real Life ?
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│ Wireless communication (Antennas)

│ RADAR 

│ Machines and Drives

│ Biomedical applications

│ Sensors



Short Review of Some 
Fundamentals



Fundamental SI Units
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│ Derived Units



Prefixes to Represent Numbers/Units
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Scalar and Vector Quantities
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│ Scalar Quantity

│ Physical quantities requiring magnitude for complete description

│ Represented by medium-weighted italic font

│ Vector Quantity

│ Physical quantities requiring magnitude and direction for complete description

│ Represented by bold face font (or a normal letter with arrow above it)

│ Magnitude is represented by a medium-weighted italic font

│ Direction is represented by a unit vector (bold face letter with circumflex 

above it)

𝐄 = 𝐸 𝒙



The Nature of Electromagnetism



Nature of Electromagnetism
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│ Electromagnetic force is one of the natures fundamental forces

│ It operates at the atomic scale

│ Its effects can be transmitted through electromagnetic waves through free space 

and material media 

│ Source of electric and magnetic fields

│ Combination of electric and magnetic fields (electromagnetic field)



Electric Field



Electric Field
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│ Source of electric field is electric charge

│ Electric charge may have positive or negative polarity

│ The resulting force may be attractive or repulsive

│ All matter is composed of neutrons (neutral), protons (positively charged), and 

electrons (negatively charged)

│ The fundamental quantity of charge is that of a single electron denoted by 𝑒

𝑒 = 1.6𝑥10−19𝐶𝑜𝑢𝑙𝑜𝑚𝑏

│ Charge of a single electron is 𝑞𝑒 = −𝑒, and that of a proton is 𝑞𝑝 = 𝑒



Coulomb’s Law
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Coulomb’s Law
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│ Where 𝐹𝑒21 is the electric force acting on charge 𝑞2 due to charge 𝑞1

│ 𝑅12 is the distance between the two charges

│  𝑅12 is the unit vector pointing from 𝑞1 to 𝑞2

│ 𝜀0 is a universal constant called the electrical permittivity of free space

𝜀0 = 8.854 x 10
−12𝐹/𝑚

│ 𝐹𝑒12 = −𝐹𝑒21



Electric Field Intensity
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Electric Field Intensity
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│ The electric field intensity, due to any charge 𝑞, can be defined as

│ Where, 𝑅 is the distance between charge and the point of observation

│  𝑅 is the unit vector pointing away from the charge



Two Important Properties of Electric Charge
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1. Law of Conservation of Charge: The electric charge (net) can neither be created 

nor destroyed

│ if a volume contains 𝑛𝑒 number of electrons and 𝑛𝑝 number of protons, then 

the total charge 𝑞 is given by 𝑞 = 𝑛𝑝𝑒 − 𝑛𝑒𝑒 = 𝑛𝑝 − 𝑛𝑒 𝑒

2. Principle of linear superposition: the total vector electric field at a point in space 

due to a system of point charges is equal to the vector sum of electric fields at 

that point due to the individual fields.

│ Polarization of atoms of a dielectric material:



Two Important Properties of Electric Charge
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│ Polarization of atoms of a dielectric material due to a positive charge 𝑞: Under 

normal conditions, electric field at any point inside a molecule is zero. When a 

positive charge 𝑞 is placed inside the material, the electrons of all the atoms 

get attracted to q, hence giving rise to electric dipoles. The overall process of 

electric dipole creation and their alignment is called polarization.



Electric Dipole and Polarization
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│ Electrons exist around the nucleus of atoms under normal conditions, but if 

due to any external force the electrons get concentrated on one side, leaving 

the rest of the charge on other side, such a polarized atom is known as electric 

dipole

│ The intensity of polarization depends upon the distance of the atom from the 

test charge



Permittivity and Relative Permittivity of Material
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│ The electric field intensity at a point near a test charge, is different in vacuum as 

compared to that in a material. It is given by

│ 𝜀 is the permittivity of the material

│ Normally the permittivity of different materials is given with reference to that of 

free space as 𝜀 = 𝜀𝑟𝜀0 (𝐹/𝑚), where 𝜀𝑟 is the relative permittivity of that material

│ For vacuum 𝜀𝑟=1, while for air near earth’s surface 𝜀𝑟=1.0006 



Electric Flux Density
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𝐷 = 𝜀𝐸 (𝐶/𝑚2)



Magnetic Field



Magnet and Magnetic Field
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│ Magnets occurred naturally

│ The idea of magnetic field lines, their direction, and poles was presented using the 

compass needle as a testing instrument



Magnet and Magnetic Field
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│ Magnetic field lines surrounding the magnet shows the magnetic flux density 

represented by 𝐵

│ Magnetic field is also generated by the flow of electric charge.

│ The following relation, known as Biot-savart law, describes the magnitude of 

magnetic flux density around a current carrying conductor 

│ 𝜇0 is called the magnetic permeability of free space and its value is 

4𝜋 x 10−7 𝐻/𝑚

It is analogous to the electric permittivity 𝜀0



Biot-Savart Law
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│ The magnetic field induced by a steady state current flowing in the z-direction



Magnetic Permeability
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│ As discussed for electric permittivity, for magnetic permeability we have

𝜇 = 𝜇𝑟𝜇0

│ Also, in analogy to the relation between electric field intensity and electric flux 

density, we have

𝐵 = 𝜇𝐻

│ Where 𝐵 is the magnetic flux density, while 𝐻 is the magnetic field intensity



Vector Analysis



Vector Analysis
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│ Vector representation

│ Need of vector analysis in EMF



Vector Analysis
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│ Appearance of vector

│ Magnitude and direction of vector

│ Unit vector



Base Vectors and Components of Vector in Cartesian Coordinate System

31Dawar Awan | Electromagnetic Field Theory

Base Vectors Components of a Vector



Components of Vector in Cartesian Coordinate System
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Components of a Vector



Equality of Two Vectors
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Addition of Two Vectors
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Addition of Two Vectors (Graphically)

35Dawar Awan | Electromagnetic Field Theory



Subtraction of Vectors
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Position and Distance Vectors
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│ Position vector of a point P in space is a vector from origin to point P

│ Distance vector from 𝑃1 to 𝑃2 is defined as



Position and Distance Vectors
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│ The distance 𝑑 between 𝑃1 𝑎𝑛𝑑 𝑃2 equals the magnitude of 𝑅12



Vector Multiplication
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│ Simple Product: multiplying a constant 𝑘 to a vector A to get vector B

│ Scalar Product/dot product:



Properties of Dot Product
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Vector Multiplication
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│ Vector/Cross Product:



Vector Multiplication
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│ Properties of Vector/Cross Product:

 𝑥 x  𝑦 =  𝑧  𝑦 x  𝑧 =  𝑥  𝑧 x  𝑥 =  𝑦



Vector Multiplication

43Dawar Awan | Electromagnetic Field Theory

│ Properties of Vector/Cross Product:



Example
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𝑎) 𝑉𝑒𝑐𝑡𝑜𝑟 𝐀, 𝑖𝑡𝑠 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒, 𝑎𝑛𝑑 𝑎 𝑢𝑛𝑖𝑡 𝑣𝑒𝑐𝑡𝑜𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐀



Example
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c) 𝑉𝑒𝑐𝑡𝑜𝑟 𝐁

d) 𝐴𝑛𝑔𝑙𝑒 𝜃𝐴𝐵 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝐀 𝑎𝑛𝑑 𝐁

b) 𝑎𝑛𝑔𝑙𝑒 𝛽 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑉𝑒𝑐𝑡𝑜𝑟 𝐀 𝑎𝑛𝑑 𝑦 − 𝑎𝑥𝑖𝑠



Example
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e) 𝑡ℎ𝑒 𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑜𝑟𝑖𝑔𝑖𝑛 𝑡𝑜 𝑣𝑒𝑐𝑡𝑜𝑟 𝐵



Coordinate Systems



Coordinate Systems
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│ Orthogonal

│ Cartesian

│ Cylindrical

│ Spherical

│ Unorthogonal



Cartesian Coordinate System
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│ Differential lengths

│ Differential surface

│ Differential volume



Cylindrical Coordinate System
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│ A point is defined by three variables 𝑟, ∅, 𝑧

│ 𝑟 is the radial distance from the z-axis

│ ∅ is the azimuth angle as measured with reference to the positive x-axis

│ 𝑧 is the same as that in Cartesian coordinate system



Cylindrical Coordinate System
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Cylindrical Coordinate System
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Spherical Coordinate System
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Continued …


