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UNIT -III: ELECTROSTATICS & MAGNETOSTATICS  (Syllabus )

Review on Co-ordinate Systems, Vector Calculus. 
Electrostatics: Coulomb’s Law, Electric Field Intensity, Electric Flux
Density, Gauss Law and Applications, Electric Potential, Maxwell’s Two
Equations for Electrostatic Fields, Illustrative Problems. Convection
and Conduction Currents, Dielectric Constant, Continuity Equation,
Capacitance, Example problems on Rectangular, Cylindrical and
Spherical coordinates.
Magnetostatics: Biot-Sarvat's Law, Ampere’s Circuital Law and
Applications, Magnetic Flux Density, Two Equations for Magnetostatic
Fields, Magnetic Scalar and Vector Potentials, Forces due to Magnetic
Fields, Ampere’s Force Law, Inductance, Example problems on
Rectangular, Cylindrical and Spherical coordinates.
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Review of Coordinate Systems and Vector Calculus

Vector Algebra

Coordinate Systems

Vector Calculus
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Review of Coordinate Systems and Vector Calculus

Vector Algebra:
• Scalar and Vector

• Unit Vector, Position Vector and Distance vector

• Vector Multiplication(Dot product & Cross Product)

• Vector Addition and Subtraction

• Problems

Coordinate Systems:

Coordinate Systems: Three coordinate systems are used to analyze EM
waves.

1. Cartesian Coordinates (x, y, z)

2. Cylindrical Coordinates (ρ, ф, z)

3. Spherical Coordinates (r, θ, ф)
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Review of Coordinate Systems and Vector Calculus

Vector Calculus:

• Differential Length, Differential Area and Differential Volume

1. Cartesian Coordinates

2. Cylindrical Coordinates

3. Spherical Coordinates

• Line , Surface and Volume Integrals

• Del-Operator

1. Gradient of a Scalar

2. Divergence of a Vector and Divergence theorem

3. Curl of a Vector and Stroke's theorem

4. Laplacian of Scalar
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Review of Coordinate Systems and Vector Calculus
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Review of Coordinate Systems and Vector Calculus
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Vector Algebra

• A scalar is a quantity that has only magnitude.

• A vector is quantity that has both magnitude and direction.

• A vector ҧ𝐴 may be represented as

ഥ𝑨 = 𝑨𝒙𝒂𝒙
ᴧ + 𝑨𝒚𝒂𝒚

ᴧ + 𝑨𝒛𝒂𝒛
ᴧ or simply as (𝑨𝒙, 𝑨𝒚, 𝑨𝒛)

Where 𝑎𝑥
ᴧ - Unit vector along  𝑥-axis 

𝑎𝑦
ᴧ - Unit vector along  𝑦-axis

𝑎𝑧
ᴧ- Unit vector along  𝑧-axis

• it has its magnitude that represented as ҧ𝐴 , where

ҧ𝐴 = (𝑨𝒙
𝟐 + 𝑨𝒚

𝟐 + 𝑨𝒛
𝟐) andthe unit vector of ഥ𝑨 is 𝑎𝐴

ᴧ =
ഥ𝑨

ҧ𝐴
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Vector cont.,
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Vector  Multiplication

• Scalar Multiplication(DOT PRODUCT) - 𝑨. 𝑩

• Vector Multiplication(CROSS PRODUCT) - 𝑨 × 𝑩

DOT PRODUCT - 𝑨. 𝑩 :

ҧ𝐴. ത𝐵 = 𝐴 𝐵 𝑐𝑜𝑠𝜃𝐴𝐵

Say ഥ𝑨 = 𝑨𝒙𝒂𝒙
ᴧ + 𝑨𝒚𝒂𝒚

ᴧ + 𝑨𝒛𝒂𝒛
ᴧ and

ഥ𝑩 = 𝑩𝒙𝒂𝒙
ᴧ + 𝑩𝒚𝒂𝒚

ᴧ + 𝑩𝒛𝒂𝒛
ᴧ then

ҧ𝐴. ത𝐵 = 𝑨𝒙. 𝑩𝒙 + 𝑨𝒚. 𝑩𝒚 + 𝑨𝒛. 𝑩𝒛

CROSS PRODUCT - 𝑨 × 𝑩 :

ҧ𝐴 × ത𝐵 = 𝐴 𝐵 𝑠𝑖𝑛𝜃𝐴𝐵𝒂𝒏
ᴧ

Say ഥ𝑨 = 𝑨𝒙𝒂𝒙
ᴧ + 𝑨𝒚𝒂𝒚

ᴧ + 𝑨𝒛𝒂𝒛
ᴧ and

ഥ𝑩 = 𝑩𝒙𝒂𝒙
ᴧ + 𝑩𝒚𝒂𝒚

ᴧ + 𝑩𝒛𝒂𝒛
ᴧ then

ҧ𝐴 × ത𝐵 =
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Position Vector and Distance Vector

A point P in cartesian coordinate

system may be represented as (𝑥, 𝑦, 𝑧).

The position vector 𝒓𝒑 (or radius

vector) of point P is the directed

distance from the origin O to P .i.e,

𝒓𝒑 = 𝐎𝐏 = 𝒙𝒂𝒙
ᴧ + 𝒚𝒂𝒚

ᴧ + 𝒛𝒂𝒛
ᴧ
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Position Vector and Distance Vector
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Position Vector and Distance Vector
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Problem 1
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Vector addition and subtractction
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Problem 2 cont.,
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Cartesian Coordinates (x, y, z)

• A point P(𝑥, 𝑦,𝑧) is represented in 
Cartesian coordinates as shown Fig.

• The range of the coordinate variables 𝑥, 𝑦, 
and 𝑧 are

−∞ < 𝑥 < ∞
−∞ < 𝑦 < ∞
−∞ < 𝑧 < ∞

• 𝑎𝑥
ᴧ - Unit vector along  𝑥-axis

• 𝑎𝑦
ᴧ - Unit vector along  𝑦-axis

• 𝑎𝑧
ᴧ- Unit vector along  z-axis



Tuesday, May 16, 2023EM Waves and Transmission LinesL, UNIT-II                                                Mr.T.Srinivasa Rao, Associate Professor, ECE

Aditya Engineering College (A)

Cartesian Coordinates (x, y, z)

• A vector ҧ𝐴 represented in Cartesian coordinate system as

ഥ𝑨 = 𝑨𝒙𝒂𝒙
ᴧ + 𝑨𝒚𝒂𝒚

ᴧ + 𝑨𝒛𝒂𝒛
ᴧ or simply as (𝑨𝒙, 𝑨𝒚, 𝑨𝒛)

Where 𝑎𝑥
ᴧ - Unit vector along  𝑥-axis 

𝑎𝑦
ᴧ - Unit vector along  𝑦-axis

𝑎𝑧
ᴧ- Unit vector along  𝑦-axis

• Ithas its magnitude that represented as 𝐴 , where

𝑨 = (𝑨𝒙
𝟐 + 𝑨𝒚

𝟐 + 𝑨𝒛
𝟐) andthe unit vector of ഥ𝑨 is 𝑎𝐴

ᴧ =
ഥ𝑨

𝑨

𝑎𝑥
ᴧ .𝑎𝑥

ᴧ=𝑎𝑦
ᴧ .𝑎𝑦

ᴧ =𝑎𝑧
ᴧ. 𝑎𝑧

ᴧ=1

𝑎𝑥
ᴧ . 𝑎𝑦

ᴧ = 𝑎𝑦
ᴧ . 𝑎𝑥

ᴧ = 0

𝑎𝑦
ᴧ . 𝑎𝑧

ᴧ = 𝑎𝑧
ᴧ. 𝑎𝑦

ᴧ = 0

𝑎𝑧
ᴧ. 𝑎𝑥

ᴧ = 𝑎𝑧
ᴧ. 𝑎𝑥

ᴧ = 0

𝑎𝑥
ᴧ × 𝑎𝑥

ᴧ= 𝑎𝑦
ᴧ × 𝑎𝑦

ᴧ =𝑎𝑧
ᴧ × 𝑎𝑧

ᴧ=0

𝑎𝑥
ᴧ × 𝑎𝑦

ᴧ = 𝑎𝑧
ᴧ𝑎𝑦

ᴧ × 𝑎𝑥
ᴧ = −𝑎𝑧

ᴧ

𝑎𝑦
ᴧ × 𝑎𝑧

ᴧ = 𝑎𝑥
ᴧ 𝑎𝑧

ᴧ × 𝑎𝑦
ᴧ = −𝑎𝑥

ᴧ

𝑎𝑧
ᴧ × 𝑎𝑥

ᴧ = 𝑎𝑦
ᴧ 𝑎𝑥

ᴧ × 𝑎𝑧
ᴧ = −𝑎𝑦

ᴧ
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Cylindrical Coordinates (ρ, ф, z)

• A point P(ρ, ф, z) is represented in 
cylindrical coordinates as shown Fig.

• The range of the coordinate variables 𝜌, ф,
𝑎𝑛𝑑 𝑧 are

0 ≤ ρ < ∞
0 ≤ ф < 2𝜋

−∞ < 𝑧 < ∞

• 𝑎𝜌
ᴧ - Unit vector along  𝜌-axis

• 𝑎∅
ᴧ - Unit vector along  ∅-axis

• 𝑎𝑧
ᴧ- Unit vector along  𝑧-axis
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Cylindrical Coordinates (ρ, ф, z)cont.,

• A vector ҧ𝐴 represented in Cylindrical coordinate system as

ഥ𝑨 = 𝑨𝝆𝒂𝝆
ᴧ + 𝑨∅𝒂∅

ᴧ + 𝑨𝒛𝒂𝒛
ᴧ or simply as (𝑨𝝆, 𝑨∅, 𝑨𝒛)

• Where 𝑎𝜌
ᴧ - Unit vector along  𝜌-axis

𝑎∅
ᴧ - Unit vector along  ∅-axis

𝑎𝑧
ᴧ- Unit vector along  𝑧-axis

• Ithas its magnitude that represented as 𝐴 , where

𝑨 = (𝑨𝝆
𝟐 + 𝑨∅

𝟐 + 𝑨𝒛
𝟐) andthe unit vector of ഥ𝑨 is 𝑎𝐴

ᴧ =
ഥ𝑨

𝑨

𝑎𝜌
ᴧ .𝑎𝜌

ᴧ=𝑎∅
ᴧ .𝑎∅

ᴧ =𝑎𝑧
ᴧ. 𝑎𝑧

ᴧ=1

𝑎𝜌
ᴧ . 𝑎∅

ᴧ = 𝑎∅
ᴧ . 𝑎𝜌

ᴧ = 0

𝑎∅
ᴧ . 𝑎𝑧

ᴧ = 𝑎𝑧
ᴧ. 𝑎∅

ᴧ = 0

𝑎𝑧
ᴧ. 𝑎𝜌

ᴧ = 𝑎𝜌
ᴧ . 𝑎𝑧

ᴧ = 0

𝑎𝜌
ᴧ × 𝑎𝜌

ᴧ= 𝑎∅
ᴧ × 𝑎∅

ᴧ =𝑎𝑧
ᴧ × 𝑎𝑧

ᴧ=0

𝑎𝜌
ᴧ × 𝑎∅

ᴧ = 𝑎𝑧
ᴧ𝑎∅

ᴧ × 𝑎𝜌
ᴧ = −𝑎𝑧

ᴧ

𝑎∅
ᴧ × 𝑎𝑧

ᴧ = 𝑎𝜌
ᴧ𝑎𝑧

ᴧ × 𝑎∅
ᴧ = −𝑎𝜌

ᴧ

𝑎𝜌
ᴧ × 𝑎𝜌

ᴧ = 𝑎∅
ᴧ 𝑎𝑧

ᴧ × 𝑎𝜌
ᴧ = −𝑎∅

ᴧ
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Spherical Coordinates (𝒓, 𝜽, ∅)

• A point P(ρ, ф, z) is represented Spherical 
coordinates as shown Fig.

• The range of the coordinate variables 𝜌, ф,
𝑎𝑛𝑑 𝑧 are

0 ≤ 𝑟 < ∞
0 ≤ ∅ < 2𝜋
0 ≤ θ < 𝜋

• 𝑎𝑟
ᴧ - Unit vector along  𝑟-axis

• 𝑎∅
ᴧ - Unit vector along  ∅-axis

• 𝑎𝜃
ᴧ - Unit vector along  𝜃-axis
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Spherical Coordinates (𝒓, 𝜽, ∅)cont.,

• A vector ҧ𝐴 represented in spherical coordinate system as

ഥ𝑨 = 𝑨𝒓𝒂𝒓
ᴧ + 𝑨𝜽𝒂𝜽

ᴧ + 𝑨∅𝒂∅
ᴧ or simply as (𝑨𝒓, 𝑨𝜽, 𝑨∅)

• Where 𝑎𝑟
ᴧ - Unit vector along  𝑟-axis

𝑎∅
ᴧ - Unit vector along  ∅-axis

𝑎𝜃
ᴧ - Unit vector along  𝜃-axis

• Ithas its magnitude that represented as 𝐴 , where

𝑨 = (𝑨𝒓
𝟐 + 𝑨𝜽

𝟐 + 𝑨∅
𝟐) andthe unit vector of ഥ𝑨 is 𝑎𝐴

ᴧ =
ഥ𝑨

𝑨

𝑎𝑟
ᴧ.𝑎𝑟

ᴧ =𝑎𝜃
ᴧ . 𝑎𝜃

ᴧ = 𝑎∅
ᴧ .𝑎∅

ᴧ =1

𝑎𝑟
ᴧ. 𝑎𝜃

ᴧ = 𝑎𝜃
ᴧ . 𝑎𝑟

ᴧ = 0
𝑎𝜃

ᴧ . 𝑎∅
ᴧ = 𝑎∅

ᴧ . 𝑎𝜃
ᴧ = 0

𝑎∅
ᴧ . 𝑎𝑟

ᴧ = 𝑎𝑟
ᴧ. 𝑎∅

ᴧ = 0

𝑎𝑟
ᴧ × 𝑎𝑟

ᴧ= 𝑎𝜃
ᴧ × 𝑎𝜃

ᴧ =𝑎∅
ᴧ × 𝑎∅

ᴧ =0

𝑎𝑟
ᴧ × 𝑎𝜃

ᴧ = 𝑎∅
ᴧ 𝑎𝜃

ᴧ × 𝑎𝑟
ᴧ = −𝑎∅

ᴧ

𝑎𝜃
ᴧ × 𝑎∅

ᴧ = 𝑎𝑟
ᴧ𝑎∅

ᴧ × 𝑎𝜃
ᴧ = −𝑎𝑟

ᴧ

𝑎∅
ᴧ × 𝑎𝑟

ᴧ = 𝑎𝜃
ᴧ 𝑎𝑟

ᴧ × 𝑎∅
ᴧ = −𝑎𝜃

ᴧ
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Coordinate transformation (𝒙, 𝒚, 𝒛) ↔ (ρ, ф, z)

• The relationship between Cartesian coordinates and Cylindrical

Coordinates illustrated in the Fig. below.

(𝒙, 𝒚, 𝒛) → (ρ, ф, z)

• (ρ, ф, z) → (𝒙, 𝒚, 𝒛)
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Coordinate transformation (𝒙, 𝒚, 𝒛)↔(𝒓, 𝜽, ∅)

• The relationship between Cylindrical Coordinates and Spherical

coordinates illustrated in the Fig. below.

(𝒙, 𝒚, 𝒛)→(𝒓, 𝜽, ∅)

(𝒓, 𝜽, ∅) → (𝒙, 𝒚, 𝒛)
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VECTOR CALCULUS

• Differential Length, Differential Area and Differential Volume

1. Cartesian Coordinates

2. Cylindrical Coordinates

3. Spherical Coordinates

• Line , Surface and Volume Integrals

• Del-Operator

1. Gradient of a Scalar

2. Divergence of a Vector and Divergence theorem

3. Curl of a Vector and Stroke's theorem

4. Laplacian of Scalar
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Differential Length, Differential Area and Differential Volume 

(Cartesian Coordinates)
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Differential Length, Differential Area and Differential Volume

(Cylindrical Coordinates)
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Differential Length, Differential Area and Differential Volume

(Spherical Coordinates)
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Line , Surface and Volume Integrals

Line Integral:

The line integral of a vector ҧ𝐴 is defined as the integration of tangential component of a

vector that vector along a curve L. i.e.,

𝐿׬
ҧ𝐴. 𝒅𝒍 = 𝑎׬

𝑏 ҧ𝐴 𝑐𝑜𝑠𝜃 𝑑𝑙This is line integral of ҧ𝐴 around L.

If path of the integral is closed curve such as abcba as in Fig., the above equation
becomes closed contour integral as

𝐿ׯ
ҧ𝐴. 𝒅𝒍 = 𝐿ׯ

ҧ𝐴 𝑐𝑜𝑠𝜃 𝑑𝑙 The closed line integral is called Circulation of ഥ𝑨.
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Line , Surface and Volume Integrals cont.,

Surface Integral:

The surface integral of a vector ҧ𝐴 through surface S is defined as flux of ഥ𝑨 .

o

The surface integral of a vector ҧ𝐴 through a closed surface is defined as the net outward

flux of ഥ𝑨 . i.e.

Volume Integral:

The volume integral of a scalar 𝝆𝒗 is defined as 𝑣׬
𝜌𝑣 𝑑𝑣
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Del-Operator (𝜵)

• The del operator written as 𝛻 , is the vector differential operator. In cartesian

coordinates, cylindrical coordinates and spherical coordinates, it is represented as

• The vector differential operator is also known as gradient operator and it is not

vector it self.

• The operator is useful in defining

1. The Gradient of a Scalar V, written as 𝛻𝑉

2. The Divergence of a Vector ҧ𝐴, written as 𝛻. ҧ𝐴

3. The Curl of a Vector ҧ𝐴, written as 𝛻 × ҧ𝐴

4. The Laplacian of a Scalar V, written as 𝛻2𝑉
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The Gradient of a Scalar V, written as ∇𝑉

• The gradient of a scalar field V is a vector that represents both the magnitude and the

direction of the maximum space rate of increase of V. written as 𝛻, is the vector

differential operator.
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The Divergence of a Vector ഥ𝑨, written as 𝜵. ഥ𝑨

• Definition: The divergence of a vector field ҧ𝐴 at a point P is the outward flux per unit

volume as the volume shrinks about P.

• Divergence Theorem:The divergence theorem states that the total outward flux of a

vector field ҧ𝐴 through the closed surface S is the sane as the volume integral of the

divergence of ҧ𝐴 .
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The Laplacian of a Scalar V, written as 𝛁𝟐𝑽

• Definition: The Laplacian of a scalar field 𝑽 , written as 𝛁𝟐𝑽, is the divergence of the

gradient of 𝑽.

𝒊. 𝒆. 𝑳𝒂𝒑𝒍𝒂𝒄𝒊𝒂𝒏 𝒐𝒇 𝑽 = 𝛁. 𝛁𝑽 = 𝛁𝟐𝑽
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• Definition: The curl of a vector field ҧ𝐴 is defied as the maximum circulation of ҧ𝐴 per

unit area as the area tends to zero and whose direction is the normal direction of the

area.

• Stoke’s Theorem:The Stoke’s theorem states that the circulation of a vector field ҧ𝐴

through the closed path L is the sane as the surface integral of the curl of ҧ𝐴 .
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ELECTROSTATICS -Study of Static Electric Field

Electrostatics –Free Space

• Coulomb's law

• Electric Field Intensity (E)

• Charge distributions – Line, Surface and Volume Charge

• Electric Flux Density (D)

• Gauss’s law -1st Maxwell’s Equation

• Electripotential (V)

• Relation between E and V - 2nd Maxwell’s Equation
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ELECTROSTATICS Cont.,

Electrostatics – Material Space

• Convection and Conduction Currents

• Dielectric Constant

• Continuity Equation

• Capacitance

• Example problems on Rectangular, Cylindrical and Spherical

coordinates.
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Coulomb's law 

Coulomb's law states that the force between two point charges 𝑄1 and 𝑄2 is :

1.Along the line joining them

2.Directly proportional to the product 𝑄1𝑄2 of the charges.

3.Inversely proportional to the square of the distance 𝑅 between them.

Expressed mathematically as 𝑭 ∝
𝑸𝟏 𝑸𝟐

𝑹𝟐 => 𝑭 = 𝒌
𝑸𝟏 𝑸𝟐

𝑹𝟐

Where k is the proportional constant i.e𝒌 =
𝟏

𝟒𝝅𝝐𝟎

Where 𝜖0 is the permittivity of the free space and have the value

𝝐𝟎 = 𝟖. 𝟖𝟓𝟒 × 𝟏𝟎−𝟏𝟐 =
𝟏𝟎−𝟗

𝟑𝟔𝝅
Τ𝐹 𝑚
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Coulomb's law cont., 



Tuesday, May 16, 2023EM Waves and Transmission LinesL, UNIT-II                                                Mr.T.Srinivasa Rao, Associate Professor, ECE

Aditya Engineering College (A)
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Coulomb's law cont., 
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FORMULUS

• The force acting on a point charge 𝑄 at point 𝑟 due to another point charge 

𝑄1 at 𝑟1 is give by

𝑭 =
𝑄1 Q(r − 𝒓𝟏)

4𝜋𝜀𝑜 r − 𝒓𝟏
3

• The force acting on a point charge 𝑄 at point 𝑟 due to several point charges 

point charge 𝑄1, 𝑄2,𝑄3 ,…….,𝑄𝑁 at 𝑟1, 𝑟2, 𝑟3 … … . 𝑟𝑁,  is give by

𝐹 =
𝑄

4𝜋𝜀𝑜

෍

𝑘=1

𝑁
𝑄𝑘(r − 𝑟𝑘)

r − 𝑟𝑘
3



Tuesday, May 16, 2023EM Waves and Transmission LinesL, UNIT-II                                                Mr.T.Srinivasa Rao, Associate Professor, ECE

Aditya Engineering College (A)

Electric field Intensity (E)
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Electric field Intensity (E)
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FORMULUS

• The electric field intensity at point 𝑟 due to another point charge 𝑄1 at 𝑟1 is 

give by

E =
𝑸𝟏(𝒓−𝒓𝟏)

4𝜋𝜀𝑜 𝒓−𝒓𝟏
3

• The electric field intensity at point 𝑟 due to several point charges point 

charge 𝑄1, 𝑄2, 𝑄3 ,……., 𝑄𝑁 at 𝑟1, 𝑟2, 𝑟3 … … . 𝑟𝑁,  is give by

E =
1

4𝜋𝜀𝑜

෍

𝑘=1

𝑁
𝑄𝑘(r − 𝑟𝑘)

r − 𝑟𝑘
3
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Example-1

Point charges 1mC and -2mC are located at (3,2,-1) and (-1,-1,4), respectively. 

Calculate the electric force on a 10nC charge located at (0,3,1) and the electric 

field intensity  at that point.
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Example-1
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Example-1
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Example-2

Point charges 5nC and -2nC are located at (2,0,4) and (-3,0,5), respectively. 

(a) Determine the force on a 1nC point charge located at (1,-3,7).

(b) Find the electric field E at (1,-3,7).
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Example-1

Point charges 1mC and -2mC are located at (3,2,-1) and (-1,-1,4), respectively. 

Calculate the electric force on a 10nC charge located at (0,3,1) and the electric 

field intensity  at that point.
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Example-2

Point charges 5nC and -2nC are located at (2,0,4) and (-3,0,5), respectively. 

(a) Determine the force on a 1nC point charge located at (1,-3,7).

(b) Find the electric field E at (1,-3,7).
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Example-2
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Example-2
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Charge Distributions

There are four possible charge distributions:

1. Point Charge - Q

2. Line charge distribution with line charge density 𝜌𝐿(C/m)

3. Surface charge distribution with surfacecharge density 𝜌𝑆 (C/𝑚2)

4. Volume charge distribution with volumecharge density 𝜌𝑣 (C/𝑚3)
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Charge Distributions
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Electric field due to Line Charge Distribution
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Electric field due to Line Charge Distribution
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Electric field due to Line Charge Distribution
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Electric field due to Line Charge Distribution
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Electric field due to Line Charge Distribution
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Problem-3

Calculate E at (1,1,-1) due to the line 𝑥 = 0, 𝑧 = 2 caries charge 10𝜋nC/m.
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Problem-3
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Problem-4

Calculate E at (4,0,0) due to the line charge 3𝜋mC/m along the y-axis.
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Evaluation of Electric field intensity due to 
surface Charge Distribution
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Evaluation of Electric field intensity due to 
surface Charge Distribution cont.,
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Evaluation of Electric field intensity due to 
surface Charge Distribution cont.,
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Evaluation of Electric field intensity due to 
surface Charge Distribution cont.,
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Problem-5

Find electric field intensity E at (2,1,3) due to THE plane  𝑥 = 1 carry 

charges 10𝑛𝐶/𝑚2.
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Problem-6

Find electric field intensity E at (1,1,-1) due to two planes 𝑥 = 2 𝑎𝑛𝑑 𝑦 = 3

carry charges 10𝑛𝐶/𝑚2 and 15𝑛𝐶/𝑚2 respectively.
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Problem-6 cont.,
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Electric flux density(D)

• The electric flux per unit area is called Electric flux density D.

• The electric flux  is expressed in terms of flux density as

𝜳 = න

𝒔

ഥ𝑫. 𝒅𝒔

• It is independent of permittivity of the media.

• It can also be written expressed in terms of field intensity as

ഥ𝑫 =∈𝟎
ഥ𝑬

• It is also called Electric displacement.

• It measured in 𝐶/𝑚2 .
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Electric flux density(D)
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Problem-7

Find D at (4,0,3) if there is a point charge -5π mC at (2,-3,4) and a line 

charge 3 π mC/m along the line x=-2 and z=3.
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Problem-7 cont.,

Find D at (4,0,3) if there is a point charge -5π mC at (2,-3,4) and a line 

charge 3 π mC/m along the line x=-2 and z=3.
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Statement: Gauss’s law states that the total electric flux 𝜳through any closed 

surface is equal to the total charge enclosed by that surface.

Thus 𝜳𝒄𝒍𝒐𝒔𝒆𝒅 = 𝑸𝒆𝒏𝒄𝒍𝒐𝒔𝒆𝒅-----------(1)

that is 𝜳𝒄𝒍𝒐𝒔𝒆𝒅 = 𝒔ׯ
𝑫. 𝒅𝒔 ---------(2)

But the total charge enclosed by that surface 𝑸𝒆𝒏𝒄𝒍𝒐𝒔𝒆𝒅 = 𝒗׬
𝝆𝒗𝒅𝒗 --------(3)

From equations (2) & (3), we have

∴ 𝒔ׯ
𝑫. 𝒅𝒔 = 𝒗׬

𝝆𝒗 𝒅𝒗 ------------(4)

From Divergence theorem ׯ𝒔
𝑫. 𝒅𝒔 = 𝒗׬

𝛁. 𝑫 𝒅𝒗 -------------(5)

From equations (4) &(5), we have ∴ 𝒗׬
𝜵. 𝑫 𝒅𝒗 = 𝒗׬

𝝆𝒗 𝒅𝒗 or 𝜵. 𝑫 = 𝝆𝒗

This is 1st Maxwell’s  Equation for STATIC ELECTIC FIELD.
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Relation between ഥ𝑬 𝒂𝒏𝒅 𝑽
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Relation between ഥ𝑬 𝒂𝒏𝒅 𝑽cont.,
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• When apply an electric field to dielectric material, then the positive charges 

and negative charges are displaced from its equilibrium position and the 

dipoles are generated as shown in figure.

• The dipole is formed by two equal amount of charges separated by a small 

distance as shown in figure above.
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• The process of generating dipoles is called Polarization. 

• The dipole moment of a dipole is give by ҧ𝑝 = 𝑄 ҧ𝑑

• The measure of intensity of polarization is called polarization P which is 

proportional to the electric flux density D as 

𝑃 ∝ 𝐷 => 𝑃 ∝ 𝜀0𝐸

=> 𝑃 = χ𝑒𝜀0𝐸

Where χ𝑒 is called electric susceptibility of the material

𝜀0 is the permittivity I free space

𝐸 is the applied electric field
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• The total electric flux density D , in a dielectric material is  

𝐷 = 𝜀𝐸 ………(1)

Which is equal to the sum of flux density in free space and polarization ത𝑃D =

𝜀0𝐸 + ത𝑃

= 𝜀0𝐸 + χ𝑒𝜀0𝐸 (Since ത𝑃 = χ𝑒𝜀0𝐸)

= 𝜀0 1 + χ𝑒 𝐸

= 𝜀0𝜀𝑟𝐸 …………(2)

Where 𝜀𝑟 = 1 + χ𝑒 is called Dielectric constant.

∴∈ 𝐸
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From equation (1) and (2) we can write 𝐷 = 𝜀𝐸 = 𝜀0𝜀𝑟𝐸

∴ 𝜀 = 𝜀0𝜀𝑟 => 𝜀𝑟 =
𝜀

𝜀0

Dielectric constant(Relative permittivity): It is the ration of the permittivity 

of the dielectric material to the permittivity of free space.

Dielectric field strength: It is the maximum electric field that a dielectric 

material can tolerate or withstand without electrical breakdown.
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• Current: The current flowing through a given area is the electric charge 

passing through the area per unit time.

That is I =
𝑑𝑄

𝑑𝑡
=

∆𝑄

∆𝑡
………….(1)

• Current density: The current density is the flow of current per unit area.

That is J =
∆𝐼

∆𝑆
=> ∆𝐼 = 𝐽∆𝑆

=> ∆𝑰 = 𝑱 . ∆𝑺

Therefore the total current flowing through a surface S is

𝐼 = 𝑆׬
𝐽 . 𝑑𝑆 ……….(2)
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Convection Current: 

• Convection current, as different from conduction current, does not

involve conductors and consequently does not satisfy Ohm’s law.

• It occurs when current flow through an insulating material such as

liquid, rarefied gas, or a vacuum. A beam of electrons in a vacuum tube

is an example for convection current.

• Consider a filament as shown in Fig. below.
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• If there is a flow of charge , of density 𝜌𝑣, at velocity 𝒖 = 𝑢𝑦𝒂𝒚 , from 

equation (1) , the current through the filament is  

∆𝐼 =
∆𝑄

∆𝑡
= 𝜌𝑣∆𝑆

∆𝑦

∆𝑡
= 𝜌𝑣∆𝑆𝑢𝑦……………(3)

• The current density in y-direction is given by 

𝐽𝑦 =
∆𝐼

∆𝑆
=> 𝐽𝑦 = 𝜌𝑣𝑢𝑦

Hence in general 

𝑱 = 𝜌𝑣𝐮……………(4)

The current I is called convection current and the J is called the convection 

current density.
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Conduction Current: 

• Conduction current requires a conductor. A conductor is characterized by a

large number of free electrons that provide conduction current due to an

impressed electric field. When an electric field E is applied , the force acting on

an electron with charge −e is

F = −eE .........(1)

• But from Newton's law the force acting on electric charge −e, moving with

velocity 𝒖is

𝑭 =
𝑚𝒖

𝜏
……….(2)

where 𝜏 is the average time between collisions and 𝑚 is the mass of the −e.
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From equations (1) and (2)
𝑚𝒖

𝜏
= −eE

=> 𝒖 = −
e𝜏

𝑚
E ………….(3)

• If there are 𝑛 electrons per unit volume, then the volume charge density is

given by 𝜌𝑣 = −𝑛𝑒 …………(4)

• Thus the conduction current density is

𝑱 = 𝜌𝑣𝐮 =
𝒏𝒆𝟐𝝉

𝒎
𝑬 = 𝜎𝑬

or 𝑱 = 𝝈𝑬 …………(5) It is the point form of Ohm’s law.

Where 𝜎 =
𝒏𝒆𝟐𝝉

𝒎
is the conductivity of the conductor.
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• The continuity equation is derived from law conservation of charge. From the

law of conservation charge , the time rate of decrease of charge within a given

volume must be equal to the net outward current flow through the closed

surface of the volume. That is

𝐼𝑜𝑢𝑡 =
−𝑑𝑄𝑖𝑛

𝑑𝑡
………….(1)
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• The capacitance C is the physical property of the capacitor and it is measured in

farads(F).

• The capacitance C of the capacitor is defined as the ratio of the magnitude of

the charge on one of the plates to the potential difference between them. That

is

C =
𝑄

𝑉
………….(1)

• Types of Capacitors:

A. Parallel –Plate Capacitors

B. Coaxial Capacitors

C. Spherical Capacitors
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A. Parallel –Plate Capacitors

• Consider a parallel plate capacitor as shown below, that each of the plates has

an area S and they separated by a distance d.

• The capacitance C α
𝑆

𝑑

=> 𝐶 =
𝜀𝑆

𝑑

Where 𝜀 is the permittivity of dielectric material

That is 𝜀 = 𝜀0𝜀𝑟

where 𝜀0is the permittivity of the free space

𝜀𝑟 is the permittivity of the free space

And 𝜀𝑟 =
𝐶

𝐶0
, where 𝐶0 is the capacitance of capacitor filled with air.
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B. Coaxial Capacitors

• A coaxial capacitor is essentially a coaxial cable or coaxial cylindrical capacitor.

• Consider length L of two coaxial conductors of inner radius a 𝑎 and outer radius

𝑏(𝑏 > 𝑎) as shown in figure.

• The capacitance of a coaxial capacitor is given by

𝐶 =
2𝜋𝜀𝐿

ln(
𝑏
𝑎

)
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C. Spherical Capacitors

• A spherical capacitor is the case of two concentric conductors.

• Consider inner sphere of radius 𝑎 and outer sphere radius 𝑏(𝑏 > 𝑎) separated

by a dielectric medium with permittivity 𝜀 as shown in figure. as shown in

figure.

• The capacitance of a spherical capacitor is given by

𝐶 =
4𝜋𝜀

1
𝑎

−
1
𝑏
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MAGNETOSTATICS

• Biot-Sarvat's Law

• Ampere’s Law Maxwell’s Equation

• Magnetic flux Density-Maxwell’s Equation

• Magnetic Scalar and Vector Potentials

• Forces due to Magnetic Fields

• Inductance
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MAGNETOSTATICS
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MAGNETOSTATICS
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MAGNETOSTATICS cont.,
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Biot-Savart’s Law
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Biot-Savart’s Law cont.,
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Biot-Sarvat's Law cont.,
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Biot-Savart’s Law cont.,
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Biot-Sarvat's Law cont.,
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Biot-Sarvat's Law cont.,
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Magnetic field  ഥ𝑯 due to Straight filament conductor 

• Consider a straight current carrying filamentary conductor of finite length AB,

along 𝒛-axis with its upper and lower ends, subtending angles 𝜶𝟐 and 𝜶𝟏 at

point P, the point at which ത𝐻 is to be determined.



Tuesday, May 16, 2023EM Waves and Transmission LinesL, UNIT-II                                                Mr.T.Srinivasa Rao, Associate Professor, ECE

Aditya Engineering College (A)
Magnetic field  ഥ𝑯 due to Straight filament conductor cont.,
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Magnetic field  ഥ𝑯 due to Straight filament conductor    cont., 
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Magnetic field  ഥ𝑯 due to Straight filament conductor  cont., 
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Magnetic field  ഥ𝑯 due to Straight filament conductor   cont., 
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Example-1

Problem: Find ഥ𝑯at (0,0,5) due to a straight current carrying conductor along X-axis

of length 2m of current 10A.
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Example-2 

Derive the expression for magnetic field intensity ത𝐻 at point P(0,0,h) due to a

circular ring of current element 𝑥2 + 𝑦2 = 𝜌2, 𝑧 = 0 carries a direct current of I.
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Example-2 cot., 
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Example -2 cont.,
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Example-3 

A circular loop located on 𝑥2 + 𝑦2 = 9, 𝑧 = 0 carries a direct current of 10A along

𝑎∅ .Determine ത𝐻 at (0,0,4) and (0,0,-4).
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Example-3 cont., 

A circular loop located on 𝑥2 + 𝑦2 = 9, 𝑧 = 0 carries a direct current of 10A along

𝑎∅ .Determine ത𝐻 at (0,0,4) and (0,0,-4).
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Ampere’s Circuit law-Maxwell’s Equation
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Ampere’s Circuit law-Maxwell’s Equation cont.,
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Magnetic Flux Density-Maxwell’s Equation
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Magnetic Flux Density-Maxwell’s Equation cont.,
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Maxwell’s Equation-Static Electric and Magnetic Fields 
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Scalar Potential(𝑉𝑚)- Measured in Amperes
Magnetic Potential

Vector Potential( ҧ𝐴)- Measured in Wb/m

Scalar Potential(𝑽𝒎):                                      

• Recall the vector identity, for a scalar quantity 𝑉𝑚, we have 

𝛻 × −𝛻𝑉𝑚 = 0………(1)

• From Ampere’s law, we have     𝛻 × 𝑯 = 𝑱and for 𝑱 = 𝟎, it becomes 

𝛻 × 𝑯 = 𝟎 ………..(2)

From equation (1) and (2), we can write 

𝑯 = −𝛻𝑉𝑚...........(3)     𝑁𝑜𝑡𝑒: 𝐽𝑢𝑠𝑡 𝑙𝑖𝑘𝑒 𝑎𝑠 𝑬 = −𝛻𝑉

Where 𝑉𝑚 is called Magnetic Scalar Potential and it is existing for 𝑱 = 𝟎. 
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Vector Potential(ഥ𝑨):

• Recall the vector identity, for a vector quantityഥ𝑨, we have 

𝛻. 𝛻 × ഥ𝑨 = 0………(1)

• From the basics of magnetic fields, we have     𝛻. 𝑩 = 𝟎 ………..(2)

From equation (1) and (2), we can write 𝐁 = 𝛻 × ഥ𝑨...........(3)

Where ഥ𝑨 is called Magnetic Vector Potential and it can be expressed as  

ഥ𝐀 = 𝐋׬

𝛍𝟎𝐈𝐝𝐥

𝟒𝛑𝐑
………….(4)

But 𝜳 = 𝒔׬
ഥ𝑩. 𝒅𝒔 = 𝒔׬

(𝛁 × ഥ𝑨). 𝒅𝒔 = 𝑳ׯ
ഥ𝑨. 𝒅𝒍 (From Stoke’s theorem)

𝜳 = 𝑳ׯ
ഥ𝑨. 𝒅𝒍 ………..(5)
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There are three ways to experience the force due to magnetic fields.

1. Force on a moving charge in a magnetic field ത𝐵

2. Force on a current element in a magnetic field ത𝐵

3. Force between two current elements

1.Force on a moving charge in a magnetic field ഥ𝑩:

• The electric force 𝐹𝑒 on moving charge or stationary charge 𝑄 in an electric field 

ത𝐸 is give by 𝐹𝑒 = 𝑄 ത𝐸……….(1)

• A magnetic field can exert  force only on a moving charge.

• The magnetic force 𝐹𝑚 on moving charge 𝑄 with velocity ത𝑢 is given by 

𝐹𝑚 = 𝑄ത𝑢 × ത𝐵………(2)
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• The total force acting on a charge particle 𝑄 in the presence of both electric 

field ത𝐸 and magnetic field ത𝐵 is given by 

𝐹 = 𝐹𝑒 + 𝐹𝑚

That is 𝐹 = 𝑄 ത𝐸 + 𝑄ത𝑢 × ത𝐵………(3)

This is called Lorenz’s force equation.
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2. Force on a current element in a magnetic field ഥ𝑩:

• The force acting on a current element ഥ𝑑𝑙 carrying current I in the presence of 

magnetic field ത𝐵 is given by 

𝑑𝐹 = I ഥ𝑑𝑙 × ത𝐵

• The force acting on a current element of closed length L carrying current I in the 

presence of magnetic field ത𝐵 is given by 

That is ҧ𝐹 = 𝐿ׯ
I ഥ𝑑𝑙 × ത𝐵………(3)

From the equation (3), we can define magnetic flux density ത𝐵 as
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3. Force between two current elements:
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• A closed circuit carrying current 𝐼 produces a magnetic field ത𝐵 that causes a flux 

𝚿 = ׬ ത𝐵. 𝑑𝑠 to pass through each turn of the coil as shown in figure.

• If the circuit has N number of turns, the flux linkage λ as    

λ = N𝚿………..(1)

• The flux linkage  λ is proportional to current 𝐼 as 

λ ∝ 𝐼 or λ = LI……..(2)
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• A closed circuit carrying current 𝐼 produces a magnetic field ത𝐵 that causes a flux 

𝚿 = ׬ ത𝐵. 𝑑𝑠 to pass through each turn of the coil as shown in figure.

If the circuit has N number of turns, the flux 

linkage λ as    λ = N𝚿 ………..(1)

The flux linkage  λ is proportional to current 

𝐼 as λ ∝ 𝐼 or λ = LI ……..(2)

• Where  𝐿 is a constant of proportionality called the Self-Inductance of the 

circuit. A circuit or part of a circuit that has inductance is called a inductor.

• The inductance of an inductor as the ratio of the magnetic flux linkage λ to the 

current 𝐼 through the inductor., as 𝐿 =
λ

𝐼
=

𝑁𝚿

𝐼
……….(3)
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• The energy(magnetic) stored in an inductor is 𝑊𝑚 =
1

2
𝐿𝐼2

Mutual Inductance:

• If instead of having a single circuit, we have two circuits carrying current 𝐼1and 

𝐼2as shown in figure. Four fluxes 𝛹11, 𝛹12, 𝛹21and 𝛹22 are produced.

• 𝛹12 - the flux passing through circuit 1 due to current 𝐼2 in circuit 2.

• 𝛹21 - the flux passing through circuit 2 due to current 𝐼1in circuit 1.
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Mutual inductance (𝑴𝟏𝟐):It is defined as the flux linkages of circuit 1 per unit 

current 𝐼2; that is 

Mutual inductance (𝑴𝟐𝟏):It is defined as the flux linkages of circuit 2 per unit 

current 𝐼1; that is 
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Energy stored in Capacitor and Inductor

• The electric energy stored in a capacitor 𝑾𝒄 =
𝟏

𝟐
𝑪𝑽𝟐

This also expressed as 𝑾𝒄 =
𝟏

𝟐
׬ 𝑫. 𝑬 𝒅𝒗 =

𝟏

𝟐
׬ 𝜺𝑬𝟐 𝒅𝒗

• The magnetic energy stored in an inductor 𝑾𝒎 =
𝟏

𝟐
𝑳𝑰𝟐

This also expressed as 𝑾𝒎 =
𝟏

𝟐
׬ 𝑩. 𝑯 𝒅𝒗 =

𝟏

𝟐
׬ 𝝁𝑯𝟐 𝒅𝒗


