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ELECTROMAGNETIC FIELD THEORY (3-1-0)

Module-1 (12 Hours)
The Co-ordinate Systems, Rectangular, Cylindrical, and Spherical Co-ordinate System. Co-
ordinate transformation. Gradient of a Scalar field, Divergence of a vector field and curl of a
vector field. Their Physical interpretation. The Laplacian. Divergence Theorem, Stokes
Theorem. Useful vector identifies. Electrostatics: The experimental law of Coulomb, Electric
field intensity. Field due to a line charge, Sheetcharge and continuous volume charge
distribution. Electric Flux and flux density; Gauss’s law. Application of Gauss’s law. Energy and
Potential. The Potential Gradient. The Electric dipole. The Equipotential surfaces. Energy stored
in an electrostatic field. Boundary conditions. Capacitors and Capacitances. Poisson’s and
Laplace’s equations. Solutions of simple boundary value problems. Method of Images.

Module-11 (10 Hours)
Steady Electric Currents: Current densities, Resistances of a Conductor; The equation of
continuity. Joules law. Boundary conditions for Current densities. The EMF. Magnetostatics:
The Biot-Savart law. Amperes Force law. Torque exerted on a current carrying loop by a
magnetic field. Gauss’s law for magnetic fields. Magnetic vector potential. Magnetic Field
Intensity and Ampere’s Circuital law. Boundary conditions. Magnetic Materials. Energy in
magnetic field. Magnetic circuits.

Module-I11 (12 Hours)
Faraday’s law of Induction; Self and Mutual Induction. Maxwall’s Equations from Ampere’s and
Gauss’s Laws. Maxwall’s Equations in Differential and Integral forms; Equation of continuity.
Comcept of Displacement Current. Electromagnetic Boundry Conditions, Poynting’s Theorem,
Time-Harmonic EM Fields. Plane Wave Propagation: Helmholtz wave equation. Plane wavw
solution. Plane Wave Propagation in lossless and lossy dielectric medium and conductiong
medium. Plane wave in good conductor, Surface resistance, depth of penetration. Polarization of
EM wave- Linear, Circular and Elliptical polarization. Normal and Oblique incidence of linearly
polarized wave at the plane boundry of a perfect conductor, Dielectric-Dielectric Interface.
Reflection and Transmission Co-efficient for parallel and perpendicular polarizrtion, Brewstr
angle.

Module-1V (8 Hours)
Radio Wave Propagation: Modes of propagation, Structure of Troposphere, Tropospheric

Scattering, lonosphere, lonospheric Layers - D, E, F1, F2, regions. Sky wave propagation -
propagation of radio waves through Ionosphere, Effect of earth‘s magnetic field, Virtual height,
Skip Distance, MUF, Critical frequency, Space wave propagation.




MODULE-I
STATICELECTRIC FIELD:

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.

Sources of EMF:

* Current carrying conductors.

* Mobile phones.

* Microwave oven.

» Computer and Television screen.

* High voltage Power lines.

Effects of Electromagnetic fields:
* Plants and Animals.
* Humans.

* Electrical components.




Fields are classified as

* Scalar field

* Vector field.

Electric charge is a fundamental property of matter. Charge exist only in positive or negative
integral multiple of electronic charge, e= 1.60 x 10-19 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 has 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 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.

Vector Analysis:

The quantities that we deal in electromagnetic theory may be either scalar or vectors. There is

other class of physical quantities called Tensors: where magnitude and direction vary with
coordinate axes]. Scalars are quantities characterized by magnitude only and algebraic sign. A
quantity that has direction as well as magnitude is called a vector. Both scalar and vector
quantities are function of time and position. A field is a function that specifies a particular
quantity everywhere in a region. Depending upon the nature of the quantity under consideration,
the field may be a vector or a scalar field. Example of scalar field is the electric potential in a

region while electric or magnetic fields at any point is the example of vector field.




A vector can be written as, where, is the magnitude and is the unit vector which has unit

magnitude and same direction as that of .Two vector and are added together to give another

C=A+E

vector . We have Let us see the animations in the next pages for the addition of

two vectors, which has twol.parallelagram law, 2. Head &Tail rule

rs

PARALLELOGRAM RULE FOR VECTOR ADDITION

USE THE FLAY AND STOPF BUTTONS TO VIEW HOW THE
VECTORS A AND B ARE ADDED AND THE RESULTANT C IS
PRODUCED

Fig 1. 1(a):Vector Addition(Parallelogram Rule)

>

A

HEAD TO TAIL RULE FOR VECTOR ADDITION

USE THE FLAY AND STOPF BUTTONS TO VIEW HOW THE
VECTORS A AND B ARE ADDED AND THE RESULTANT C IS
PRODUCED

Fig 1.1(b): Vector Addition (Head & Tall Rule)




VECTOR ADDITION

HEAD TO TAIL RULE FOR VECTOR ADDITION

USE THE PLAY AND STOP BUTTONS TO VIEW HOW THE
VECTORS A AND B ARE ADDED AND THE RESULTANT C IS
PRODUCED

Fig 1.1(b): Vector Addition (Head & Tail Rule)

VECTOR

SUBTRACTION

CLICK FLAY AND STOP TO SEE THE VECTOR SUBTRATION
OFAAND B

Fig 1.2: Vector subtraction




CLICK FLAY AND STOP TO SEE THE VECTOR SUBTRATION
OF A AND B

Fig 1.2: Vector subtraction

Scaling of a vector is defined as, where is scaled version of vector and is a scalar.

Some important laws of vector algebra are: commutative Law Associative Law Distributive Law

The position vector of a point P is the directed distance from the origin (O) to P.

Fig 1.3Distance Vector




—

If ' = OP and "?= 0Q are the position vectors of the points P and Q then the distance
vector

—_—  — —

PO=00-0P=r,-r,

PRODUCT OF VECTOR:

When two vectors and are multiplied, the result is either a scalar or a vector depending how the
two vectors were multiplied. The two types of vector multiplication are:

Scalar product (or dot product) gives a scalar.

Vector product (or cross product) gives a vector.

The dot product between two vectors is defined as = |4||B|cos0AB

Vector product AxB =|4]|B]sin 65

7 is unit vector perpendicular to 4and &

e Fig 1.4: Vector dot product

—

The dot product is commutative i.e.. 45 =58" Aand distributive i.e..

A(B+0)-AF+AT
. Associafive law does not apply to scalar product.
The vector or cross product of two vectors Aand £is denoted by Ax 5. A% Bis a vector

. .2 Il : . AllB|sin &
perpendicular to the plane containing “and & . the magnitude is given by [4]i2] AE

and direction 1s given by right hand rule as explained in Figure 1.5.




Hera we wil get Here we wil gex

C=Ax B C=-2BxA

Here we will get, Here we will get

C=AxB C-2BxA

i, - - .
where % is the unit vector given by.

The following relations hold for vector product.

—_— — —_ —
AxB =—8x4A 1.€.. cross product 1s non commutative

:{x[_ﬁ + E) = Ax B+ AxC

1.€.., cross product is distributive.......ccooeeeeneennnn, (1.9)

1.e.. cross product 1s non associative




Scalar and vector triple product :

—_— g — —

H-[Té x E) =I§-(c><ﬂ) C-(Axﬂ )

Scalar triple product

Vector triple product

Co-ordinate Systems

In order to describe the spatial variations of the quantities, we require using appropriate co-
ordinate system. A point or vector can be represented in a curvilinear coordinate system that may
be orthogonal or non-orthogonal .An orthogonal system is one in which the co-ordinates are
mutually perpendicular. No orthogonal co-ordinate systems are also possible, but their usage is
very limited in practice .Let u = constant, v = constant and w = constant represent surfaces in a
coordinate system, the surfaces may be curved surfaces in general. Further, let , and be the unit
vectors in the three coordinate directions(base vectors). In general right handed orthogonal

curvilinear systems, the vectors satisfy the following relations:

These equations are not independent and specification of one will automatically imply the
other two. Furthermore. the following relations hold

In the following sections we discuss three most commonly used orthogonal coordinate Systems.
1. Cartesian (or rectangular) co-ordinate system
2. Cylindrical co-ordinate system

3. Spherical polar co-ordinate system




Cartesian Co-ordinate System:
In Cartesian co-ordinate system, we have, (u, v, w) = (X,y,z). A point P(x0, y0, z0) in
Cartesian co-ordinate system is represented as intersection of three planes x = x0, y = y0

andz = z0. The unit vectors satisfy the following relation:

V|

Cartesian Coordinate System

Fig 1.7: Cartesian Co-ordinate System

Ey
Fa! !
a,.a,

n L

— LaY
OP =a, xy +a, ¥, *a.z,




— 2% iy n
- - a - A=a +a, A +a
In cartesian co-ordinate system, a vector Acan be written as v ¥y Vs ‘A"

The dot and cross product of two vectors Aand & can be written as follows:
AB=A4AB8 +AB +AB

AxB =a,(4,5, - 45,)+ a,(43, - 4,5,)+a (43, - AB,)

Since x. y and z all represent lengths, hy= hy= hy=1. The differential length, area and
volume are defined respectively as

df=dxar;+dya';+.:izar;
ds: =dydza,
dsy = drdza,
dss = dxdya:

du = dxdvdz

Cylindrical Co-ordinate System:

. : = .. Fir, Zq) -
For cylindrical coordinate systems we have Ww.v.w)=(r.g.2), point (75, 6.2) 1s
determined as the point of intersection of a eylindrical surface r = ry, half plane




containing the z-axis and making an angle ; with the xz plane and a plane parallel

to xy plane located at z=zj as shown in figure 7 on next page.

In cylindrical coordinate system, the unit vectors satisty the following relations

T

— o L
A=A a +tAa+HAa

A vector <1 can be written as .

The differential length 1s defined as.
di=a dp+pdpa,+dzas

Fa) fad 'y
Beldy =ds
n, s s
@g¥ds = d

.8 i i

AeXdp =dp

X

Fig 1.7 : Cylindrical Coordinate System




Differential areas are:
ds,=pdgdza,
ds, =dpdza,

ds, = pdgd pa,

Differential volume,

du = pdodgdz

X

Fig 1.8 : Differential Volume Element in Cylindrical Coordinates

— gt e e
A=ap A tag A, +as 4

Let us consider 1s to be expressed in Cartesian co-ordinate as

— My oy
A=ar A +ay

-_— fat T g i
A=Ada, =la, A va, A *a 4 |a,

A +a .
youE A’ In doing so we note that
and it applies for other components as well.




n n
@, @, =cosp
At

@, @, =sind

T T :
@, &, = cos(g +;) =—ging

~

2,.a, =cosff

Therefore we can write,
A, =Aa, =A,cosp- A,sing

— N

.4:, =4 ay

= A sn p+ A, cosd - SERE29)

— A

A=Aa=4

Fig1.9: Unit Vectors in Cartesian and Cylindrical Coordinates

These relations can be put conveniently in the matrix form as:

A cos¢ —sing Of|A,
Al=|sing cos¢ O]|4,
af Lo 0 a3

A A, and — :
L 4 4 themselves may be functions of s

X=pcos¢
y=psng




A4, and 4,

1emselves may be functions of ©- gandz,

x=pcosd
y=pang

Spherical Polar Coordinate System

Fig 1.10
Thus we see that a vector in one coordinate system is transformed to another coordinate system

through two-step process: Finding the component vectors and then variable transformation.




Spherical Polar Coordinates:

: : = . P(r.8 :
For spherical polar coordinate system., we have. (,v.w) =(.6.9) A point (73 &b, gﬂ?3)15
represented as the intersection of

(1) Spherical surface r=ry

(11) Conical surface &=6 .and

(111) half plane containing z-axis making angle 4 'ﬂjwith the xz plane as shown in the
figure 1.10.

Ry o, ey

a,Xa, =a,

) N 4l

@y " a,=a,

The 11,11'1[1 vectors satisfy the following relationships:

The onentation of the umt vectors are shown in the figure 1.11.

Orientation of Unit Vectors

Fig 1.11: Orientation of Unit Vectors




—_ e iy
: . : . . A=A a+4 a,+ A a
A vector in spherical polar co-ordinates is written as : Aarhya,tdyay and

di =a,dr +a, rd8+a,rsin 8d¢

For spherical polar coordinate system we have hi=1, hy=r and h;= 75111 =3

rsinfd¢

X

Fig 1.12(a) : Differential volume in s-p coordinates




Fig 1.12(b) : Exploded view

With reference to the Figure 1.12. the elemental areas are:

ds, =r*sin Edﬂd;ﬁar:,
ds, =7 sin fdrdda,

dsp =.?"-:1.?"(1(9-::."?5

and elementary volume 1s given by

du =r?sin gd'd*?dﬂf',..........

Coordinate transformation between rectangular and spherical polar:

We can write




.

a, . =sin & cos &
=sin Fsin &
=cos &
=cos&cosgr

cos &sin @

= cos(& _'_:’_2!':. = —zin &

cos @+ ;’—;} = —=sin &

cos &
0

Fig 1.13: Coordinate transformation




A sinfcos@ cosfroosg -—sing||A
A |=|smnésing cosfsing cosg ||4,
A cos @ —sin & 0 4, (1.39)

£ r,8and ¢ r,fand ‘;""u‘c

, A, and A . )
The components 4.4, ?themselves will be functions o

related to x.y and z as:

x=ranBcosy
¥ =rsin&sin ¢

z=rcosd

and conversely.




Line Integral: Line integral is the dot product of a vector with a specified C: 1

other words it is the integral of the tangential component £ along the|curve C.

Vecitor fleld E

Figure : Line Integral

Fig 1.14: Line Integral

—_—

As shown in the figure 1.14. given a vector £ around C. we define the integral

P
JE.dI = IEcos 8d!

as the line integral of E along the curve C.

iy

Figure: Closed Line Integral

Fig 1.15: Closed Line Integral




Surface Integral :

—_—

Given a vector field 4. continuous in a region containing the smooth surface S. we

define the surface integral or the flux of Athrough S as

we= 1Acos 8ds = J}i.a?,, ds = l}idfs"

as surface integral over surface S.

Surface 8

Fig 1.16 : Surface Integral

w=?ﬁd§

If the surface integral is carried out over a closed surface. then we write




The Del Operator:
The vector differential operator was introduced by Sir W. R. Hamilton and later on developed by

P. G. Tait. Mathematically the vector differential operator can be written in the general form as

V=

1 8 . 1. 1 8.
——a, t——a,+t——a,
by Ou — hydv ol ow

Gradient of a Scalar function:

In Cartesian coordinates:

In cylindrical coordinates:

3 18
V=—a, +——a,+

—d
do 7 pdg &

and in spherical polar coordinates:

1 a8 .
- _apt
rsind 8¢

Fig 1.17: Gradient of a scalar function




Divergence of a Vector Field:
In study of vector fields, directed line segments, also called flux lines or streamlines,represent
field variations graphically. The intensity of the field is proportional to thedensity of lines. For

example, the number of flux lines passing through a unit surface Snormal to the vector measures

the vector field strength.

,,,@‘/:

Fig 1.18: Flux Lines

We have already defined flux of a vector field as

yr= !J‘-lms Bds =JE a,ds = i:ﬂh ds

We define the divergence of a vector field 4Aat a point P as the net outward flux from a
volume enclosing P. as the volume shrinks to zero.




P Ads
div A=V 4 =lim L

av=0 Av

Fig 1.19: Evaluation of divergence in curvilinear coordinate

.

Let us consider a differential volume centered on point P(u,v,w) in a vector field 4. The
flux through an elementary area normal to u 1s given by .

Net outward flux along u can be calculated considering the two elementary surfaces perpendicular to u

| -] avaw = V2P 4)

du _du
u+Tv,w Tv,w




Considering the contribution from all six surfaces that enclose the volume, we can write

+ dudvdww + dudvde:::qw)

div A=V A = lim o
fv—s0 P }q}g}%ducfvdw
o a1 [30snAa) 3(h4)  3(hnd,)
ivh | du

3 (Mhd, )
du

SF Ads  dudvdw
3 =

Henece for the Cartesian, cylindrical and spherical polar coordinate system. the expressions for divergenc
written as:

In Cartesian coordinates:

In cylindrical coordinates:

7 =la(pﬂ")+l%+%
o deo o og

1 3(sin84,) .
rsin & d&

In connection with the divergence of a vector field. the following can be noted

- Divergence of a vector field gives a scalar.
Vi (A+B)=V A+V'B

—

VWA=V A+ ATV

Divergence theorem :
Divergence theorem states that the volume integral of the divergence of vector field 1s
equal to the net outward flux of the vector through the closed surface that bounds the

[7 Adv = 353- ds
volume. Mathematically.




Curl of a vector field:
We have defined the circulation of a vector field A around a closed path as. Curl of a vector field

is a measure of the vector field's tendency to rotate about a point. Curl is also defined as a vector

whose magnitude is maximum of the net circulation per unit area when the area tends to zero and

its direction is the normal direction to the area when the area is oriented in such a way so as to

make the circulation maximum. Therefore, we can write:

4l —.I-D

Curl A= fo'-l—hm— (fﬁ dl

Fig 1.19.a




C represents the boundary of &5, then we can write

iﬁ-dhiﬁ-dhgfﬁ-dhJ;E-dhiﬁ-d?
[

The integrals on the RHS can be evaluated as follows:

f'd?= (A8, + A, + A4, ) lylvd, = Aty

dLE-d?r[A,k}ﬁwa%(Mhmm]

The negative sign 1s because of the fact that the direction of traversal reverses. Sumilarly.,

iﬁ- di =[A,k3&w + % (M&w]&v]

Lﬁ-dh — A b ow




Adding the contribution from all components. we can write:

a(h,A,) (kA

Therefore.

[‘\_!'X A‘].ay [\TJ'XA).a

In the same manner if we compute for and we can write,

A d,) _oUnA)

}%[ B ] Wi | aw B

This can be written as.

;gl'ﬁu '&2&\' 'han
1 |8 a3
k| d By dw
hnd, A, b,

In Cartesian coordinates:

dind,) _3("%14,.3'] [5(}%1‘%) ﬂ(ﬁﬂlﬂn)]
T hy

w




In Cylindrical coordinates.

In Spherical polar coordinates.
Curl operation exhibits the following properties:

Cur! of a vector field is another vector field.
?x(_ﬂ.+§)=‘?xﬁ+?x§
Vx(VA)=VVxA+VVx A

T (VxA)=0

VxVi¥W=0
?x(ﬁx§]=ﬁv.§—§?ﬁ+(§.?]ﬁ

Stake’s theorem:
It states that the circulation of a vector field around a closed path is equal to the integral of over
the surface bounded by this path. It may be noted that this equality holds provided and are

continuous on the surface.

?jﬁ-df=]‘s‘?><ﬁ-d3.

coverenn( 1L82)




Coulomb's Law:

Coulomb's Law states that the force between two point charges Qland Q2 is directly
proportional to the product of the charges and inversely proportional to the square of the distance
between them. Point charge is a hypothetical charge located at a single point in space. It is an
idealized model of a particle having an electric charge.

Mathematically, where k is the proportionality constant. In SI units, Q1 and Q2 are expressed in

Coulombs(C) and R is in meters.
kOO

7= 12 2 L
~

4;'1?0
Where

H= 1 QIQJ

- 2
Therefore 4HE"J R

As shown in the Figure 2.1 let the position vectors of the point charges Qqand Q; are given

—r —

by Mand 2. Let By represent the force on Q; due to charge Q2.|

73

Fig 1.19.b
w_ @ FLor-n

4mE, <3 -

-7
Electric Field:

The electric field intensity or the electric field strength at a point is defined as the force per unit

charge. That is




Folimt F-%
Q—LIIIQ or, Q

The electric field intensity E at a point r (observation point) due a point charge Q located at r

(source point) is given by:

5. Q0-r)

—3

41E, ‘r-r"

Electric flux density:

As stated earlier electric field intensity or simply ‘Electric field' gives the strength of the field at
a particular point. The electric field depends on the material media in which the field is being
considered. The flux density vector is defined to be independent of the material media(as we'll

see that it relates to the charge that is producing it).For a linear isotropic medium under

—_— —

consideration; the flux density vector is D= 8B (2.11)

We define flux as

Gauss's Law:
Gauss's law is one of the fundamental laws of electromagnetism and it states that the total

electric flux through a closed surface is equal to the total charge enclosed by the surface.

Fig 1.19.c




Let us consider a point charge Q located in an isotropic homogeneous medium of dielectric
constant . The flux density at a distance r on a surface enclosing the charge is given by
D=gk= 2 a

il'

]
AT (2.13)

If we consider an elementary area ds, the amount of flux passing through the elementary area is
given by

duyr= Dds = © ~dscosd
4w

Application of Gauss's Law
Gauss's law is particularly useful in computing or where the charge distribution has Some
symmetry. We shall illustrate the application of Gauss's Law with some examples.
1. An infinite line charge
As the first example of illustration of use of Gauss's law, let consider the problem of
determination of the electric field produced by an infinite line charge of density pLC/m. Let us
consider a line charge positioned along the z-axis. Since the line charge is assumed to be
infinitely long, the electric field will be of the form as shown If we consider a close cylindrical
surface as shown in Fig. 2.4(a), using Gauss's theorem we can write,

of =0 = tffuﬁd.;= J‘E‘,]E.d;+l£'ﬂ§.d;+g‘f,]§.dg
Considering the fact that the unit normal vector to areas S1 and S3 are perpendicular to the
electric field, the surface integrals for the top and bottom surfaces evaluates to zero. Hence we

can write,

P = g E.2mal




Fig 1.20 : infinite
line charge

E

Infinite Sheet of Charge

It may be noted that the electric field strength is independent of distance. This is true for the
infinite plane of charge; electric lines of force on either side of the charge will be perpendicular
to the sheet and extend to infinity as parallel lines. As number of lines of force per unit area gives
the strength of the field, the field becomes independent of distance. For a finite charge sheet, the

field will be a function of distance.




Uniformly Charged Sphere
Let us consider a sphere of radius rO having a uniform volume charge density ofdetermine

everywhere, inside and outside the sphere, we construct Gaussian surfaces for the infinite surface
charge, if we consider a placed symmetrically as shown in figure, we can write:
¢Dds=2DAs=p As
s
s

E:

Fig 1.20.a




£
For the region 7 =70. the total enclosed charge will be

-

(a) (b)

Fig 1.21: UniformlyChargedSphere

By applying Gauss's theorem,

v 537
Epo-ds - I f D.r?sin 8d8d¢ =4mr*D, =0,
s gebo=0 (2.19)




Therefore

Electrostatic Potential and Equipotential Surfaces:

Let us suppose that we wish to move a positive test charge from a point P to another point Q as
shown in the Fig. below The force at any point along its path would cause the particle to
accelerate and move it out of the region if unconstrained. Since we are dealing with an
electrostatic case, a force equal to the negative of that acting on the charge is to be applied while
moves from P to Q. The work done by this external agent in moving the charge by a distance is

given by:

AW = -AgEdi

............................. (2.23)

o

Fig 1.22 Moment of Test Charge




The negative sign accounts for the fact that work is done on the system by the external agent.

The potential difference between two points P and Q ,VPQ, is defined as the work done per
unit charge, i.e.

Fig 1.23 Point Charge




Further consider the two points A and B as shown in the Fig. 2.9. Considering the movement

of a unit positive test charge from B to A , we can write an expression for the potential difference

For line charge,

For surface charge,

(r ')dv
J‘-‘qf

For volume charge, U "0 (2.33)

The potential difference is however independent of the choice of reference

We have mentioned that electrostatic field is a conservative field; the work done in moving a
charge from one point to the other is independent of the path. Let us consider moving a charge
from point P1 to P2 in one path and then from point P2 back to P1 over a different path. If the
work done on the two paths were different, a net positive or negative amount of work would
have been done when the body returns to its original position P1. In a conservative field there is

no mechanism for dissipating energy corresponding to any positive work neither




any source is present from which energy could be absorbed in the case of negative work. Hence
the question of different works in two paths is untenable; the work must have to be independent
of path and depends on the initial and final positions. Since the potential difference is
independent of the paths taken, VAB = - VBA, and over a closed path,

ViV g = PE-dl =0

Any vector field Athat satisfies ¥ *4 = Ojs called an irrotational field.

From our definition of potential, we can write

AV = gdx+%dy+£dz = -Edi
dx dy ax

—id

g . v .  avr .
—ﬂx+ +—ax I
dx ay 7 8z

(dadi, +dyi, +dzd, )= -E"dl

VVedi=-Edl (2.40)

from which we obtain,




Electric Dipole:

An electric dipole consists of two point charges of equal magnitude but of opposite sign and
separated by a small distance .as shown in figure 2.11, the dipole is formed by the two point
charges Q and -Q separated by a distance d , the charges being placed symmetrically about the

origin. Let us consider a point P at a distance r, where we are interested to find the field

The potential at P due to the dipole can be written as:

24l
a7, |n » e, | nn

d
ry—n=2X—cosd=dcos&
When 7, and 7,>>d, we can write 2 and !

5-_L
2TE 0

%,

£=0d s the magnitude of the dipole moment. Once again we note that the electric field of
electric dipole varies as 1/r3 where as that of a point charge varies as 1/r2.

Equipotential Surfaces:




An equipotential surface refers to a surface where the potential is constant. The intersection
of an equipotential surface with an plane surface results into a path called an equipotential line.
No work is done in moving a charge from one point to the other along an equipotential line or

surface.

In figure , the dashes lines show the equipotential lines for a positive point charge. By symmetry,
the equipotential surfaces are spherical surfaces and the equipotential lines are circles. The solid

lines show the flux lines or electric lines of force.

Fig : Equipotential Lines for a Positive Point Charge

Michael Faraday as a way of visualizing electric fields introduced flux lines. It may be seen that

the electric flux lines and the equipotential lines are normal to each other

In order to plot the equipotential lines for an electric dipole, we observe that for a given Q and d,

cosd

a constant V requires that  ~ is a constant. From this we can write © ~5»¥95€ 1g pe the
equation for an equipotential surface and a family of surfaces can be generated for various values

of cv.When plotted in 2-D this would give equipotential lines




To determine the equation for the electric field lines, we note that field lines represent the

direction of £ in space. Therefore

—

dl = kE  Kkisaconstant

d,dr +rd8a, +drsin8=k(4,8, +a,8, +a,8,) = di

For the dipole under consideration ~*#=0 , and therefore we can write,

dr _ rd 8

E. K
dr _2cos8d8 _ 2d(sin &)

¥ sin & sin &

— |
Integrating the above expression we get r=c.sin” 8 , Which gives the equations for electric
flux lines. The representative plot ( cv = ¢ assumed) of equipotential lines and flux lines for a

dipole is shown in fig . Blue lines represent equipotential, red lines represent field lines.

Boundary conditions for Electrostatic fields:

In our discussions so far we have considered the existence of electric field in the
homogeneous medium. Practical electromagnetic problems often involve media with different
physical properties. Determination of electric field for such problems requires the knowledge of
the relations of field quantities at an interface between two media. The conditions that the fields

must satisfy at the interface of two different media are referred to as boundary conditions .

In order to discuss the boundary conditions, we first consider the field behavior in some
common material media In general, based on the electric properties, materials can be classified
into three categories: conductors, semiconductors and insulators (dielectrics). In conductor |,
electrons in the outermost shells of the atoms are very loosely held and they migrate easily from
one atom to the other. Most metals belong to this group. The electrons in the atoms of insulators
or dielectrics remain confined to their orbits and under normal circumstances they are not

liberated under the influence of an externally applied field. The electrical properties of




semiconductors fall between those of conductors and insulators since semiconductors have very

few numbers of free charges.

The parameter conductivity is used characterizes the macroscopic electrical property of a
material medium. The notion of conductivity is more important in dealing with the current flow

and hence the same will be considered in detail later on.

If some free charge is introduced inside a conductor, the charges will experience a force due to
mutual repulsion and owing to the fact that they are free to move, the charges will appear on the
surface. The charges will redistribute themselves in such a manner that the field within the

conductor is zero. Therefore, under steady condition, inside a conductor 2 =0

From Gauss's theorem it follows that

—

E=q,

The surface charge distribution on a conductor depends on the shape of the conductor. The
charges on the surface of the conductor will not be in equilibrium if there is a tangential
component of the electric field is present, which would produce movement of the charges. Hence
under static field conditions, tangential component of the electric field on the conductor surface
is zero. The electric field on the surface of the conductor is normal everywhere to the surface .

Since the tangential component of electric field is zero, the conductor surface is an equipotential

surface. As  £=0 inside the conductor, the conductor as a whole has the same potential. We
may further note that charges require a finite time to redistribute in a conductor. However, this

time is very small sec for good conductor like copper.

Fig : Boundary Conditions for at the surface of a Conductor




Let us now consider an interface between a conductor and free space as shown in the figure

Let us consider the closed path pgrsp for which we can write,

cp_E’-.;fE=0

For &% —0 and noting that & inside the conductor is zero, we can write

& =0
Et is the tangential component of the field. Therefore we find that
Et=0
In order to determine the normal component En, the normal component of Z, at the surface of

the conductor, we consider a small cylindrical Gaussian surface as shown in the Fig. Le &s

represent the area of the top and bottom faces and bk represents the height of the cylinder. Once

E

again, as 4% —0 | we approach the surface of the conductor. Since “ =0 inside the conductor is

Zero,

sncﬁ-d'é = 5B s = pfs

B =L
£n

Therefore, we can summarize the boundary conditions at the surface of a conductor as:
Et=0

B =L
£

Behavior of dielectrics in static electric field: Polarization of dielectric:

Here we briefly describe the behavior of dielectrics or insulators when placed in static electric
field. Ideal dielectrics do not contain free charges. As we know, all material media are composed
of atoms where a positively charged nucleus (diameter ~ 10-15m) is surrounded by negatively
charged electrons (electron cloud has radius ~ 10-10m) moving around the nucleus. Molecules of

dielectrics are neutral macroscopically; an externally applied field causes small displacement of




the charge particles creating small electric dipoles. These induced dipole moments modify

electric fields both inside and outside dielectric material.

Molecules of some dielectric materials posses permanent dipole moments even in the absence of
an external applied field. Usually such molecules consist of two or more dissimilar atoms and are
called polar molecules. A common example of such molecule is water molecule H20. In polar
molecules the atoms do not arrange themselves to make the net dipole moment zero. However, in
the absence of an external field, the molecules arrange themselves in a random manner so that
net dipole moment over a volume becomes zero. Under the influence of an applied electric field,
these dipoles tend to align themselves along the field as shown in figure . There are some
materials that can exhibit net permanent dipole moment even in the absence of applied field.
These materials are called electrets that made by heating certain waxes or plastics in the presence
of electric field. The applied field aligns the polarized molecules when the material is in the
heated state and they are frozen to their new position when after the temperature is brought down

to its normal temperatures.Permanent polarization remains without an externally applied field.

As a measure of intensity of polarization, polarization vector P (in C/m2) is defined as:

n being the number of molecules per unit volume i.e. £ is the dipole moment per unit volume.

—

Let us now consider a dielectric material having polarization £ and compute the potential at an

external point O due to an elementary dipole P v,




X

Fig : Potential at an External Point due to an Elementary Dipole dv'.

With reference to the figure, we can write:

Therefore,

2 2 2 5‘5
R={(x=x) +(y-y) +(z-2")
Where x,y,z represent the coordinates of the external point O and x',y',z" are the coordinates of

the source point.
From the expression of R, we can verify that

gy 2] L PN
47, & R

Using the vector identity, ¥ ) =V A+ AVS \where fis a scalar quantity , we have,

A 21 il PR AT
4 |4 | R R

Converting the first volume integral of the above expression to surface integral, we can write




1 L Pa
=
47, 4 R

I =

Where a~ is the outward normal from the surface element ds' of the dielectric. From the above
expression we find that the electric potential of a polarized dielectric may be found from the

contribution of volume and surface charge distributions having densities

0y, = P4,

O =V

These are referred to as polarisation or bound charge densities. Therefore we may replace a
polarized dielectric by an equivalent polarization surface charge density and a polarization
volume charge density. We recall that bound charges are those charges that are not free to move

within the dielectric material, such charges are result of displacement that occurs on a molecular

scale during polarization. The total bound charge on the surface is

(fppjcis =c13}5-a?;5

The charge that remains inside the surface is

Jpprdv = J—? Fedv

The total charge in the dielectric material is zero as

fppjds+tl‘pw =$E-d§+l—?-ﬁdv=‘lv-ﬁ—‘lv-§=0

If we now consider that the dielectric region containing charge density < the total volume
charge density becomes

B =8t O
Since we have taken into account the effect of the bound charge density, we can write

v-§=w
£

Using the definition of & we have




VigE+P) =p
Therefore the electric flux density
D-gB+F
When the dielectric properties of the medium are linear and isotropic, polarisation is directly

proportional to the applied field strength and

— —

P = I'E-I:I I&‘E
is the electric susceptibility of the dielectric. Therefore,
D=g, (1+ IJE - g5 E=cE

& =1+7 is called relative permeability or the dielectric constant of the medium. %%

is called the absolute permittivity.

A dielectric medium is said to be linear when % is independent of Z and the medium is
homogeneous if  is also independent of space coordinates. A linear homogeneous and
isotropic medium is called a simple medium and for such medium the relative permittivity is a
constant.

Dielectric constant & may be a function of space coordinates. For anistropic materials, the

dielectric constant is different in different directions of the electric field, D and E are related by a
permittivity tensor which may be written as:

For crystals, the reference coordinates can be chosen along the principal axes, which make off
diagonal elements of the permittivity matrix zero. Therefore, we have

‘Dx
‘DJ'
‘Dx

Media exhibiting such characteristics are called biaxial. Further, if 17 %2 then the medium is
called uniaxial. It may be noted that for isotropic media, A=878

Lossy dielectric materials are represented by a complex dielectric constant, the imaginary part of
which provides the power loss in the medium and this is in general dependant on frequency.




Another phenomenon is of importance is dielectric breakdown. We observed that the applied
electric field causes small displacement of bound charges in a dielectric material that results into
polarization. Strong field can pull electrons completely out of the molecules. These electrons
being accelerated under influence of electric field will collide with molecular lattice structure
causing damage or distortion of material. For very strong fields, avalanche breakdown may also
occur. The dielectric under such condition will become conducting.

The maximum electric field intensity a dielectric can withstand without breakdown is referred
to as the dielectric strength of the material.
Boundary Conditions for Electrostatic Fields:

Let us consider the relationship among the field components that exist at the interface between
two dielectrics as shown in the figure . The permittivity of the medium 1 and medium 2 are
and 22 respectively and the interface may also have a net charge density

Medium 1

Medium 2

Fig : Boundary Conditions at the interface between two dielectrics

We can express the electric field in terms of the tangential and normal components
B =5, +E,

Ey=E,+ X,

Where Et and En are the tangential and normal components of the electric field respectively.

Let us assume that the closed path is very small so that over the elemental path length the

variation of E can be neglected. Moreover very near to the interface ,ﬁk -0

Therefore




(PE.::EE =E,fow — E fow + g[ﬂh + B, - %[Em +E,)=0

Do P

B =8y or & & je the tangential component of an electric field is

Thus, we have,
continuous across the interface.
For relating the flux density vectors on two sides of the interface we apply Gauss’s law to a small

pillbox volume as shown in the figure. Once again as, Al —0 \we can write
cj‘jﬁ- de=i(D &,+D, & )ls = o,hs

i.e, Dlx _Dﬂx =54
G, ~ &, = 2,

Thus we find that the normal component of the flux density vector D is discontinuous across an
interface by an amount of discontinuity equal to the surface charge density at the interface.

Example

Two further illustrate these points; let us consider an example, which involves the refraction
of D or E at a charge free dielectric interface as shown in the figure

Using the relationships we have just derived, we can write

B, =Hsmng =£sina91=_€:Hr = B, s51n &, =%sin5‘3
1 £y

D, =Dcesd =11, =D.Cosd,

In terms of flux density vectors,

oo oD, .
“Lsing =—2sin &,
£ £

Dcosd =1,C0:8,

tan & _ g _ &

Therefore, &% & &4
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Fig : Refraction of D or E at a Charge Free Dielectric Interface

Capacitance and Capacitors:

We have already stated that a conductor in an electrostatic field is an Equipotential body and any
charge given to such conductor will distribute themselves in such a manner that electric field
inside the conductor vanishes. If an additional amount of charge is supplied to an isolated
conductor at a given potential, this additional charge will increase the surface charge density.
1o
Since the potential of the conductor is given by 4”"505[ ", the potential of the conductor
£
e C=

will also increase maintaining the ratio ¥ same. Thus we can write " where the constant
of proportionality C is called the capacitance of the isolated conductor. SI unit of capacitance is
Coulomb/ Volt also called Farad denoted by F. It can It can be seen that if V=1, C = Q. Thus
capacity of an isolated conductor can also be defined as the amount of charge in Coulomb
required to raise the potential of the conductor by 1 Volt.

Of considerable interest in practice is a capacitor that consists of two (or more) conductors
carrying equal and opposite charges and separated by some dielectric media or free space. The
conductors may have arbitrary shapes. A two-conductor capacitor is shown in figure




Fig : Capacitance and Capacitors

When a d-c voltage source is connected between the conductors, a charge transfer occurs which
results into a positive charge on one conductor and negative charge on the other conductor. The
conductors are equipotential surfaces and the field lines are perpendicular to the conductor
surface. If V is the mean potential difference between the conductors, the capacitance is given by

£ i . e
o Capacitance of a capacitor depends on the geometry of the conductor and the permittivity
of the medium between them and does not depend on the charge or potential difference between
conductors. The capacitance can be computed by assuming Q(at the same time -Q on the other

I=- J‘E_.:ff

conductor), first determining B using Gauss’s theorem and then determining .
We illustrate this procedure by taking the example of a parallel plate capacitor.

Example: Parallel plate capacitor

Gausian
Surface

Fig : Parallel Plate Capacitor

For the parallel plate capacitor shown in the figure 2.20, let each plate has area A and a distance
h separates the plates. A dielectric of permittivity fills the region between the plates. The electric
field lines are confined between the plates. We ignore the flux fringing at the edges of the plates
and charges are assumed to be uniformly distributed over the

2

conducting plates with densities * and — %, ATy




By Gauss’s theorem we can write,

As we have assumed “ to be uniform and fringing of field is neglected, we see that E is
b
V= Eh= =
constant in the region between the plates and therefore, we can write ed . Thus,

& A

U===5—
for a parallel plate capacitor we have, Y

Series and parallel Connection of capacitors :
Capacitors are connected in various manners in electrical circuits; series and parallel connections
are the two basic ways of connecting capacitors. We compute the equivalent capacitance for such

connections.

Series Case: Series connection of two capacitors is shown in the figure. For this case we can
write,

vV

Fig : Series Connection of Capacitors




Fig : Parallel Connection of Capacitors
The same approach may be extended to more than two capacitors connected in series.

Parallel Case: For the parallel case, the voltages across the capacitors are the same.
The total charge & = &1 *&h =G + 0%

Therefore,

o

c, =E-c+c,
v

Electrostatic Energy and Energy Density :

We have stated that the electric potential at a point in an electric field is the amount of work
required to bring a unit positive charge from infinity (reference of zero potential) to that point.
To determine the energy that is present in an assembly of charges, let us first determine the
amount of work required to assemble them. Let us consider a number of discrete chargesQ1,

, QN are brought from infinity to their present position one by one. Since initially there is
no field present, the amount of work done in bring Q1 is zero. Q2 is brought in the presence of
the field of Q1, the work done W1= Q2V21 where V21 is the potential at the location of Q2 due
to Q1. Proceeding in this manner, we can write, the total work done

W= 00 + 5 0L +05, 050+ V&)

Had the charges been brought in the reverse order,

W= {Fylh + PEN—Q xnr-l;lQN-z + PEN—EWQN—E) + PEN—IWQN—I

Therefore,




If instead of discrete charges, we now have a distribution of charges over a volume v then we
can write,

W= % ‘J‘V,Gvdv

Where A

Since,

is the volume charge density and V represents the potential function.
=V L we can write

W = ; l[v D)V.::Ev

Using the vector identity,

VD=0 VV+pv-D _We can write

W = I[‘E’.(Vﬁ) —E:T-W') v

CJS(E?’D) ds—_I(E- VI )dv

¥

Ly m)as _ _ _ 1 _
In the expression : . for point charges since Vvariesas ~ and D varies as
1

the term V& variesas °  while the area varies as r . Hence the integral term varies at least
1

as » and the as surface becomes large (i.e.
Thus the equation for W reduces to

J‘( )dv J(Eﬂj)dv =‘1!‘w£.:1’v

" 7% ) the integral term tends to zero.
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w, = — &&*
2 , Is called the energy density in the electrostatic field.

Poisson’s and Laplace’s Equations:

For electrostatic field, we have seen that

Form the above two equations we can write
V(B =V (- =g,

Using vector identity we can write, £¥ ¥V *V¥ Ve=-g5

£ isconstantand ¥==18

For a simple homogeneous medium, . Therefore,

L
WoEY

This equation is known as Poisson’s equation. Here we have introduced a new operator,
(del square), called the Laplacian operator. In Cartesian coordinates,
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At points in simple media, where no free charge is present, Poisson’s equation reduces to

PR W —
L Sl F
!_r"

which is known as Laplace’s equation.

Laplace’s and Poisson’s equation are very useful for solving many practical electrostatic field
problems where only the electrostatic conditions (potential and charge) at some boundaries are
known and solution of electric field and potential is to be found throughout the volume. We shall
consider such applications in the section where we deal with boundary value problems.

Method of Images:

The uniqueness theorem for Poission’s or Laplace’s equations, which we studied in the last
couple of lectures, has some interesting consequences. Frequently, it is not easy to obtain an
analytic solution to either of these equations. Even when it is possible to do so, it may require
rigorous mathematical tools. Occasionally, however, one can guess a solution to a problem, by
some intuitive method. When this becomes feasible, the uniqueness theorem tells us that the
solution must be the one we are looking for. One such intuitive method is the “method of
images” a terminology borrowed from optics. In this lecture, we illustrate this method by some
examples.




Consider an infinite, grounded conducting plane occupying which occupies the x-y plane. A
charge q is located at a distance d from this plane, the location of the charge is taken along the z
axis. We are required to obtain an expression for the potential everywhere in the region z > 0 ,
excepting of course, at the location of the charge itself. Let us look at the potential at the point P
which is at a distance "™ from the charge q (indicated by a red circle in the figure).




MODULE-II

A definite link between electric and magnetic fields was established by Oersted in 1820. As we
have noticed, an electrostatic field is produced by static or stationary charges. If the charges are
moving with constant velocity, a static magnetic (or magneto static) field is produced. A
magneto static field is produced by a constant current flow (or direct current). This current flow
may be due to magnetization currents as in permanent magnets, electron-beam currents as in
vacuum tubes, or conduction currents as in current-carrying wires. In this chapter, we consider

magnetic fields in free space due to direct current.

Analogy between Electric and Magnetic Fields.

Term Electric Magnetic

ol dl X a
411'R2

F=
% % dl = llill!-'l'li:
F =

Qan

Basic laws dB =

Force law F=QuxB
Source element ; Q QOu =14l

g . : V I
Field intensity E=— H = 7 (A/m)

Flux density | = g : B = %Wh#’mj}

Relationship between fields B = uH
Potentials o = H=-VV, (=

14l
A=[”"

Energy density

Poisson’s equation




Biot-Savart's law states that the magnetic field intensity dH produced at a point P, as shown in
Figure below, by the differential current element Idl is proportional to the product dl and the sine
of the angle a between the clement and the line joining P to the element and is inversely

proportional to the square of the distance R between P and the element.

That is Fig2.2.1

dH (inward)

_ kIl dlsina
RZ

dH
Wherek is the constant of proportionality. In SI units, k = I/4m, so the above equation becomes

_Idlsina

adH -
4R~

From the definition of cross product in above equation it is easy to notice that the above equation

is better put in vector form as




dH = — -
4TR? 47R?

WhereR = |R| and ar = R/R. Thus the direction of dHcan be determined by the right-hand rule
with the right-hand thumb pointing in the direction of the current, the right-hand fingers
encircling the wire in the direction of dHas shown in Figure2.21. Alternatively, we can use the
right-handed screw rule to determine the direction of dH: with the screw placed along the wire
and pointed in the direction of current flow, the direction of advance of the screw is the direction
of dHas in Figure 2.2.1

Determining the direction of dHusing (a) the right-hand rule, or (b) the right-handed screw rule.

«H

A1

(b

It is customary to represent the direction of the magnetic field intensity H by a small circle with a
dot or cross sign depending on whether H (or 1) is out of, or into, Just as we can have different
charge configurations, we can have different current distributions: line current, surface current,
and volume current. If we define K as the surface current density (in amperes/meter) and J as the

volume current density (in amperes/meter square), the source elements are related as

Idl=KdS = Jdv

Thus in terms of the distributed current sources, the Biot-Savartlaw becomes




[ Tdl X ag
. 47k’

(line current)

[ K dS X ag

5 (surface current)
4R

5

[ Jdv X ap
4wR?

(volume current)

As an example, let us apply above equation to determine the field due to a straight current
carrying filamentary conductor of finite length AB. We assume that the conductor is along the z-
axis with its upper and lower ends respectively subtending anglesa/ and o2at P, the point at
which H is to be determined. Particular note should be taken of this assumption as the formula to
be derived will have to be applied accordingly. If we consider the contribution dHat P due to an
element dl at (0, 0, z),




Butdl = dza,and R = pa, — za,, so

dl X R =pdza,

Ip dz
H= | ————=a
J41r[p2 + PP ¢=

Letting z = pcot e, dz = —p cosec” o dex, and eq. (7.11) becomes

“2 5% cosec’ a da
H= *a,

p° cosec” o

iX=
a, J sin o de

-
/ |
!_H = m (cos oy — Cos a:l)aq-,J

This expression is generally applicable for any straight filamentary conductor of finite length.
Notice from the above equation that H is always along the unit vector a4 (i.e., along concentric
circular paths) irrespective of the length of the wire or the point of interest P. As special case,
when the conductor is semi-infinite(with respect to P) so that point A is now at O(0, 0, 0) while B
is at (0, 0, °°); al=90°, a2= 0°,

I/
H=—
dmp e

Another special case is when the conductor is infinite in length. For this case, point A is at(0, 0, -

00) while B is at (0, 0, °°); al= 180°, a2= 0°,s0 the above equation becomes




Ampere's Circuital Law:
Ampere's circuital law states that the line integral of the magnetic field H (circulation of H)

Around a closed path is the net current enclosed by this path. Mathematically,

— —+

PHA -1,

The total current lgnc can be written as

I = l}.d;

By applying Stoke’s theorem, we can write

—_—

33H..:f?=lvxﬁd;~’

lvxﬁ.dE =Jff..:f§

- VXH =J Which is the Ampere’s law in the point form.
Applications of Ampere's law:
We illustrate the application of Ampere's Law with some examples.

We compute magnetic field due to an infinitely long thin current carrying conductor as shown in
Fig below Using Ampere's Law, we consider the close path to be acircle of radius p as shown in

the Fig.below
If we consider a small current element %(= #24;) @& jg perpendicular to the plane

Containing bothdland R(=pa,) therefore only component of H that will be present isH,




By applying Ampere's law we can write,

2
T ~ _
H= 21’@% JH'M¢—H,p27r I

i

g-L g
2?&:} - - -
Therefore, this is same as equation.

Magnetic field due to an infinite thin current carrying conductor

We consider the cross section of an infinitely long coaxial conductor, the inner conductor
carrying a current | and outer conductor carrying current - 1 as shown in above figure We

compute the magnetic field as a functionp of as follows

In the region 0<p<R;

=2
=




In the region R1<p<R;

— —
H or B lines

S

(a) (b)

Similarly if we consider the field/flux lines of a current carrying conductor as shown above
figure (b), we find that these lines are closed lines, that is, if we consider a closed surface, the
number of flux lines that would leave the surface would be same as the number of flux lines that

would enter the surface. From our discussions above, it is evident that for magnetic field,

cfE..:fE= 0

1%_3“..:1?5 =JV.§.:£1: oy




B =0

Hence
This is the Gauss’s law for the magnetic field in point form.
MAGNETIC FORCES, MATERIALS, AND DEVICES
INTRODUCTION

Having considered the basic laws and techniques commonly used in calculating magnetic field B
due to current-carrying elements, we are prepared to study the force a magnetic field exerts on
charged particles, current elements, and loops. Such a study is important to problems on
electrical devices such as ammeters, voltmeters, galvanometers, cyclotrons, plasmas, motors, and
magneto hydrodynamic generators. The precise definition of the magnetic field, deliberately
sidestepped in the previous chapter, will be given here. The concepts of magnetic moments and
dipole will also be considered. Furthermore, we will consider magnetic fields in material media,
as opposed to the magnetic fields in vacuum or free space examined in the previous chapter. The
results of the preceding chapter need only some modification to account for the presence of
materials in a magnetic field. Further discussions will cover inductors, inductances, magnetic

energy, and magnetic circuits.
Magnetic Scalar and Vector Potentials:

In studying electric field problems, we introduced the concept of electric potential that simplified
the computation of electric fields for certain types of problems. In the same manner let us relate

the magnetic field intensity to a scalar magnetic potential and write

From Ampere's law, we know that

Therefore

But using vector identity




Boundary Condition for Magnetic Fields:

Similar to the boundary conditions in the electro static fields, here we willconsider thebehavior

of Band# at the interface of two different media. In particular, we determine how the tangential

and normal components of magnetic fields behave at the boundary of two regions having

different permeability. The figure shows the interface between two media having permeabities-":‘L!

and s 2= being the normal vector from medium 2 to medium 1.

Medium |

Medium 2

Figure: Interface between two magnetic media

—

To determine the condition for the normal component of the flux density vectorZ | we

Consider a small pill box P with vanishingly small thickness h and having an elementary area

£.5 for the faces. Over the pill box, we can write
EPSB.a’s =0

Since h --> 0, we can neglect the flux through the sidewall of the pill box.
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and

Since &85'is small, we can write

That is, the normal component of the magnetic flux density vector is continuous across the

interface.

In vector form,

Eal

a,!_(gl—gg) =0
To determine the condition for the tangential component for the magnetic field, we consider a

closed path C as shown in figure . By applying Ampere's law we can write
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e have shown in figure , a set of three unit vectors&z |
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such that they satisfy
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Z=(R.H. rule). Here®is tangential to the interface and ==~ is the
vectorperpendicular to the surface enclosed by C at the interface

The above equation can be written as
HiNar-Ha Ny = 1= J N
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i.e., tangential component of magnetic field component is discontinuous across the
interfacewhere a free surface current exists.




If Js = 0, the tangential magnetic field is also continuous. If one of the medium is a
perfectconductor Js exists on the surface of the perfect conductor.

In vector form we can write,
(Hl - H3 ).c;t:r M

= (El—ﬁz).[;‘pxgx]&f

= Jey =dsapdd
Therefore,

o —_

ﬂxK(El—Ezj =0z

Magnetic forces and materials:

In our study of static fields so far, we have observed that static electric fields are produced by
electric charges, static magnetic fields are produced by charges in motion or by steadycurrent.
Further, static electric field is a conservative field and has no curl, the staticmagnetic field is
continuous and its divergence is zero. The fundamental relationships forstatic electric fields

among the field quantities can be summarized as:

—_—

Wel=po
For a linear and isotropic medium,

D=¢kE
Similarly for the magnetostatic case

It can be seen that for static case, the electric field vectors and and magnetic fieldvectors and

form separate pairs.




MODULE-III
INDUCTION:

In electromagnetism and electronics, inductance is the property of aconductor by which a
change in current flowing through it induces (creates) a voltage (electromotive force) in both the
conductor itself (self-inductance) and in any nearby conductors (mutual inductance).

These effects are derived from two fundamental observations of physics: First, that a steady
current creates a steady magnetic field (Oersted's law), and second, that a time-varying magnetic
field induces voltage in nearby conductors (Faraday's law of induction). According to Lenz's
law, a changing electric current through a circuit that contains inductance induces a proportional
voltage, which opposes the change in current (self-inductance). The varying field in this circuit
may also induce an e.m.f. in neighbouring circuits (mutual inductance).

Faraday’s law of Induction:

Faraday's law of inductionis a basic law of electromagnetism predicting how a magnetic
field will interact with anelectric circuitto produce an electromotive force (EMF)-a
phenomenon called electromagnetic induction. It is the fundamental operating principle
of transformers, inductors, and many types of electrical motors, generators and solenoids.

The most widespread version of Faraday's law states:
The induced electromotive force in any closed circuit is equal to the negative of the time rate of

change of the magnetic flux enclosed by the circuit.

Faraday's law of induction makes use of the magnetic flux ®g through a hypothetical surface X
whose boundary is a wire loop. Since the wire loop may be moving, we write X(t) for the surface.
The magnetic flux is defined by a surface integral:

Dp = //B(r. t)-dA

=(t)

where dA is an element of surface area of the moving surface X(t), B is the magnetic field (also
called "magnetic flux density"), and B-dA is a vector dot product (the infinitesimal amount of
magnetic flux). In more visual terms, the magnetic flux through the wire loop is proportional to
the number of magnetic flux lines that pass through the loop.

When the flux changes—»because B changes, or because the wire loop is moved or deformed, or
both—Faraday's law of induction says that the wire loop acquires an EMF, ¢ , defined as the
energy available from a unit charge that has travelled once around the wire loop. Equivalently, it
is the voltage that would be measured by cutting the wire to create an open circuit, and attaching
a voltmeter to the leads.

Faraday's law states that the EMF is also given by the rate of change of the magnetic flux:

dd B
ot
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Where ¢ is the electromotive force (EMF) and ®g is the magnetic flux. The direction of the
electromotive force is given by Lenz's law.

For a tightly wound coil of wire, composed of N identical turns, each with the same ®g,
Faraday's law of induction states that

where N is the number of turns of wire and ®g is the magnetic flux through a single loop.
Self Inductance:

We do not necessarily need two circuits in order to have inductive effects. Consider a single
conducting circuit around which a current I'is flowing. This current generates a magnetic
field B which gives rise to a magnetic flux ® linking the circuit. We expect the flux ® to be
directly proportional to the current I, given the linear nature of the laws of magnetostatics, and
the definition of magnetic flux. Thus, we can write

O=LI

where the constant of proportionality L is called the self inductance of the circuit. Like mutual
inductance, the self inductance of a circuit is measured in units of henries, and is a purely
geometric quantity, depending only on the shape of the circuit and number of turns in the circuit.

If the current flowing around the circuit changes by an amount dl in a time interval dt then the
magnetic flux linking the circuit changes by an amount d®=LdI in the same time interval.
According to Faraday's law, an emf

d
=9
dt
is generated around the circuit. Since d®=LdI , this emf can also be written

g:—Lﬂ
dt

Thus, the emf generated around the circuit due to its own current is directly proportional to the
rate at which the current changes. Lenz's law, and common sense, demand that if the current is
increasing then the emf should always act to reduce the current, and vice versa. This is easily
appreciated, since if the emf acted to increase the current when the current was increasing then
we would clearly get an unphysical positive feedback effect in which the current continued to
increase without limit. It follows, from the above, that the self inductance L of a circuit is
necessarily a positive number. This is not the case for mutual inductances, which can be either
positive or negative.

Consider a solenoid of length | and cross-sectional area A. Suppose that the solenoid
has N turns. When a current | flows in the solenoid, a uniform axial field of magnitude

B= ,uOINI
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is generated in the core of the solenoid. The field-strength outside the core is negligible. The
magnetic flux linking a single turn of the solenoid is ®=BA. Thus, the magnetic flux linking
all N turns of the solenoid is

2
O=NB AZM

the self inductance of the solenoid is given by, which reduces to L :?
1 NZA
I

Note that L is positive. Furthermore, L is a geometric quantity depending only on the
dimensions of the solenoid, and the number of turns in the solenoid.

L=

Engineers like to reduce all pieces of electrical apparatus, no matter how complicated, to
an equivalent circuit consisting of a network of just four different types of component. These
four basic components are emfs, resistors, capacitors, and inductors. An inductor is simply a
pure self inductance, and is usually represented a little solenoid in circuit diagrams. In practice,
inductors generally consist of short air-cored solenoids wound from enamelled copper wire.

Mutual Inductance

Two inductively coupled circuits.

Consider two arbitrary conducting circuits, labelled 1 and 2. Suppose that I, is the instantaneous
current flowing around circuit 1. This current generates a magnetic field B; which links the
second circuit, giving rise to a magnetic flux @, through that circuit. If the current I, doubles,
then the magnetic field B, doubles in strength at all points in space, so the magnetic
flux @, through the second circuit also doubles. This conclusion follows from the linearity of the
laws of magneto statics, plus the definition of magnetic flux. Furthermore, it is obvious that the
flux through the second circuit is zero whenever the current flowing around the first circuit is
zero. It follows that the flux @, through the second circuit is directly proportional to the
current I; flowing around the first circuit. Hence, we can write

¢, =My,
where the constant of proportionality My, is called the mutual inductance of circuit 2 with
respect to circuit 1. Similarly, the flux ®; through the first circuit due to the instantaneous

current I, flowing around the second circuit is directly proportional to that current, so we can
write




¢ =Mpl,
where Mj; is the mutual inductance of circuit 1 with respect to circuit 2. It is possible to
demonstrate mathematically that M;,=M;. In other words, the flux linking circuit 2 when a
certain current flows around circuit 1 is exactly the same as the flux linking circuit 1 when the
same current flows around circuit 2. This is true irrespective of the size, number of turns, relative
position, and relative orientation of the two circuits. Because of this, we can write

M12:M21:M

where M is termed the mutual inductance of the two circuits. Note that M is a purely
geometric quantity, depending only on the size, number of turns, relative position, and relative
orientation of the two circuits. The Sl units of mutual inductance are called Henries (H). One
henry is equivalent to a volt-second per ampere

IH=1VsA™t
It turns out that a henry is a rather unwieldy unit. The mutual inductances of the circuits typically
encountered in laboratory experiments are measured in milli-henries.Suppose that the current
flowing around circuit 1 changes by an amount dl; in a time interval dt. The flux linking circuit 2

d¢, = Mdl,
changes by an amount in the same time interval. According to Faraday's law, an emf

__44,
2 dt
is generated around the second circuit due to the changing magnetic flux linking that circuit.
Since, d®,=MdI; , this emf can also be written

g =—M dl,
dt

Thus, the emf generated around the second circuit due to the current flowing around the first

circuit is directly proportional to the rate at which that current changes.

Likewise, if the current I, flowing around the second circuit changes by an amount dl; in a time

interval dt then the emf generated around the first circuit is

g=-M dl,
dt

Note that there is no direct physical coupling between the two circuits. The coupling is due
entirely to the magnetic field generated by the currents flowing around the circuits.
As a simple example, suppose that two insulated wires are wound on the same cylindrical
former, so as to form two solenoids sharing a common air-filled core. Let | be the length of the
core, A the cross-sectional area of the core, N; the number of times the first wire is wound
around the core, and N, the number of times the second wire is wound around the core. If a
current I, flows around the first wire then a uniform axial magnetic field of strength Bi;=poN;1,/1
is generated in the core. The magnetic field in the region outside the core is of negligible
magnitude.




The flux linking a single turn of the second wire is B;A. Thus, the flux linking all N3 turns of the
second wire is.

®=N,B;A= HoN;N, Al

The mutual inductance of the second wire with respect to the first is

M., :%: ,uONiNZA
1

Now, the flux linking the second wire when a current I, flows in the first wire is ®;=N;B,A,
where B,=poNzlo/ | is the associated magnetic field generated in the core. It follows that the
mutual inductance of the first wire with respect to the second is

M & _ HoN, N, A

12 =
3 |

Thus, the mutual inductance of the two wires is given by

M = HoN; N, A
|

As described previously, M is a geometric quantity depending on the dimensions of the core, and
the manner in which the two wires are wound around the core, but not on the actual currents
flowing through the wires.

Maxwell’s Equations

Symbols Used

i = electric

E = Electric field p = charge density current

= current

B = Magnetic field g = permittivity density

D = Electric| _ ermeability © = speed of
displacement Ho=Pp Y light

H = Magnetic field M

strength - Magnetization |~ - Folarization
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Name Integral equations Differential equations

' P
Gauss's law #-mE - dS V- E=—
- il = =

=0

Gauss's  law

for #HEEB - dS

magnetism

Maxwell-
Faraday

equation . 4 _
(Faraday's j{,z E-de dt //z B -dS

law of
induction)

Ampére's
circuital

d )
law (with B -df — uo J - dS + poco— E-dS v xB-u (u@)
% = dt = ot

Maxwell's
addition)

where the universal constants appearing in the equations are

 the permittivity of free space ¢ and
« the permeability of free space uo.

In the differential equations, a local description of the fields,

« the nabla symbol V denotes the three-dimensional gradient operator, and from it
« the divergence operator is V-
« the curl operator is Vx.

The sources are taken to be

« the electric charge density (charge per unit volume) p and
« the electric current density (current per unit area) J.

In the integral equations; a description of the fields within a region of space,

e Qisany fixed volume with boundary surface 0Q, and
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% is any fixed open surface with boundary curve %,

# a1 is a surface integral over the surface 0Q (the oval indicates the surface is closed
and not open),

. f/fp is a volume integral over the volume Q,
. / fz is a surface integral over the surface X,

. jb.;): is a line integral around the curve oZ (the circle indicates the curve is closed).

Here "fixed" means the volume or surface do not change in time. Although it is possible to
formulate Maxwell's equations with time-dependent surfaces and volumes, this is not
actually necessary: the equations are correct and complete with time-independent surfaces.
The sources are correspondingly the total amounts of charge and current within these
volumes and surfaces, found by integration.

e Thevolume integral of the total charge density p over any fixed volume Q is
the total electric charge contained in Q:

o~ f[fra

where dV is the differential volume element, and

« the net electrical current is the surface integral of the electric current density J,
passing through any open fixed surface X:

I://ZJ-::IS.

where dS denotes the differential vector element of surface area S normal to surface . (Vector
area is also denoted by A rather than S, but this conflicts with the magnetic potential, a separate
vector field).

The "total charge or current” refers to including free and bound charges, or free and bound
currents.

Gauss's law

Gauss's law describes the relationship between a static electric field and the electric charges that
cause it: The static electric field points away from positive charges and towards negative
charges. In the field line description, electric field lines begin only at positive electric charges
and end only at negative electric charges. 'Counting' the number of field lines passing though
a closed surface, therefore, yields the total charge (including bound charge due to polarization of
material) enclosed by that surface divided by dielectricity of free space (the vacuum
permittivity). More technically, it relates the electric flux through any
hypothetical closed "Gaussian surface" to the enclosed electric charge.
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Gauss's law for magnetism: magnetic field lines never begin nor end but form loops or extend to
infinity as shown here with the magnetic field due to a ring of current.

Gauss's law for magnetism

Gauss's law for magnetism states that there are no "magnetic charges” (also called magnetic
monopoles), analogous to electric charges.®! Instead, the magnetic field due to materials is
generated by a configuration called a dipole. Magnetic dipoles are best represented as loops of
current but resemble positive and negative 'magnetic charges’, inseparably bound together,
having no net 'magnetic charge'. In terms of field lines, this equation states that magnetic field
lines neither begin nor end but make loops or extend to infinity and back. In other words, any
magnetic field line that enters a given volume must somewhere exit that volume. Equivalent
technical statements are that the sum total magnetic flux through any Gaussian surface is zero, or
that the magnetic field is a solenoidal vector field.

Faraday's law

The Maxwell-Faraday's equation version of Faraday's law describes how a time varyingmagnetic
field creates (“induces") an electric field.!®¥! This dynamically induced electric field has closed
field lines just as the magnetic field, if not superposed by a static (charge induced) electric field.
This aspect of electromagnetic induction is the operating principle behind many electric
generators: for example, a rotating bar magnet creates a changing magnetic field, which in turn
generates an electric field in a nearby wire.

Ampére's law with Maxwell's addition

Ampeére's law with Maxwell's addition states that magnetic fields can be generated in two ways:
by electrical current (this was the original "Ampere's law") and by changing electric fields (this
was "Maxwell's addition™).

Maxwell's addition to Ampere's law is particularly important: it shows that not only does a
changing magnetic field induce an electric field, but also a changing electric field induces a
magnetic field.®!! Therefore, these equations allow self-sustaining "electromagnetic waves" to
travel through empty space (see electromagnetic wave equation).

The speed calculated for electromagnetic waves, which could be predicted from experiments on
charges and currents,"® ? exactly matches the speed of light; indeed, light is one form
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of electromagnetic radiation (as are X-rays, radio waves, and others). Maxwell understood the
connection between electromagnetic waves and light in 1861, thereby unifying the theories
of electromagnetism and optics.

Equation of continuity.
The continuity equation can be derived by taking the divergence of

AxH ="+
ot

Where H is the magnetic field, in amperes per meter (A/m) and D is the electric flux density, in
coulombs per meter squared (Coul/m?).

And also using, A-D = p, we get
A-J+ %P _ 0
ot
This equation states that charge is conserved, or that current is continuous, since V - J. represents
. ) : N

the outflow of current at a point, and a_lt) represents the charge build up with time at the same
point. It is this result that led Maxwell to the conclusion that the displacement current density
oD : :

Y was necessary in (1.1b), which

can be seen by taking the divergence of this equation.
Comcept of Displacement Current.

In electromagnetism, displacement current is a quantity appearing in Maxwell's equations that is
defined in terms of the rate of change of electric displacement field. Displacement current has the
units of electric current density, and it has an associated magnetic field just as actual currents do.
However it is not an electric current of moving charges, but a time-varying electric field. In
materials, there is also a contribution from the slight motion of charges bound in
atoms, dielectric polarization.

The electric displacement field is defined as:

Where:

go 1S the permittivity of free space
E is the electric field intensity
P is the polarization of the medium

Differentiating this equation with respect to time defines the displacement current density, which
therefore has two components in a dielectric:
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The first term on the right hand side is present in material media and in free space. It doesn't
necessarily come from any actual movement of charge, but it does have an associated magnetic
field, just as does a current due to charge motion. Some authors apply the name displacement
current to the first term by itself.

The second term on the right hand side comes from the change in polarization of the individual
molecules of the dielectric material. Polarization results when the charges in molecules have
moved from a position of exact cancellation under the influence of an applied electric field. The
positive and negative charges in molecules separate, causing an increase in the state of
polarization P. A changing state of polarization corresponds to charge movement and so is
equivalent to a current.

This polarization is the displacement current as it was originally conceived by Maxwell.
Maxwell made no special treatment of the vacuum, treating it as a material medium. For
Maxwell, the effect of Pwas simply to change the relative permittivity e in the
relation D = g E.

The modern justification of displacement current is explained below.
Isotropic dielectric case
In the case of a very simple dielectric material the constitutive relation holds:
D=¢E
where the permittivity ¢ = & &r,

e g is the relative permittivity of the dielectric and
e & Is the electric constant.

In this equation the use of ¢ accounts for the polarization of the dielectric.
The scalar value of displacement current may also be expressed in terms of electric flux:

The forms in terms of ¢ are correct only for linear isotropic materials. More generally ¢ may be
replaced by atensor, may depend upon the electric field itself, and may exhibit frequency
dependence (dispersion).

For a linear isotropic dielectric, the polarization P is given by:
P=¢.E=¢(s ~1E

Where y, is known as the electric susceptibility of the dielectric. Note that:

e=¢&¢&,=1+1.)¢
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Figure 2-19 Gauss’s law applied to a differential sized pill-box surface enclosing some

surface charge shows that the normal component of ¢,E is discontinuous in the surface
charge density.

Electromagnetic Boundary Conditions:

1. Gauss’ Continuity Condition
$5,E-da= oydS =e,(E,, —E,,)dS = oydS
S

& (Ey—Ep) =05 = ﬁ'[‘cfo(Ez - El)]=(75

2. Continuity of Tangential E

nx(E; —Ey) =0

Figure 3-12 (a) Stokes' law applied to a line integral about an interface of dis-

continuity shows that the tangential component of electric field is continuous across
the boundary.

E'CEZ(Elt_EZt)dI :0:E1t_E21 =0

nx(E,—E,)=0 Equivalent to ®,= ®,along boundary.




3. Normal H

(]S,uol-_l-da:O

S

to(H,, —Hy )A=0
Han = Hb
n[H,-H,]=0

n

4, Tangential H

Surface current K out
of page (amp/meter)

§F-ds=[7.da+ 3 [sE da
C S S
H,.ds—H,ds = Kds
Hy—H, =K
nx[H,-H,]=K

5. Conservation of Charge Boundary Condition

- — d
3:33 -da+aIpdV

\

o =0
N[, =31+ 05 =0

Poynting’s Theorem:
The Poynting theorem is one of the most important results in EM theory. It tells us the power

flowing in an electromagnetic field.




John Henry Poynting was the developer and eponym of the Poynting vector, which describes the
direction and magnitude of electromagnetic energy flow and is used in the Poynting theorem, a
statement about energy conservation for electric and magnetic fields. This work was first
published in 1884. He performed a measurement of Newton's gravitational constant by
innovative means during 1893. In 1903 he was the first to realize that the Sun's radiation can
draw in small particles towards it. This was later coined the Poynting-Robertson effect.

From these we obtain

H- (VxE)=-H:

E-(VxH)=J.E+E
Subtract, and use the following vector identity:
H-(V-E)-E-(VxH)=V-(E-H)
We then have:
v.Exf=-TE-RZ_ gL
ot ot
Next, assume that Ohm's law applies for the electric current:

J=0cE

= V- ExH) =05~ T-E- 2

= V-(ExH)=—o|E[ -

From calculus (chain rule), we have that

Hence we have

_ 2 10,5 10,- =
V- (ExH)=-0c|E| —,uaa(H-H)—gEa(E-E)

This may be written as
V- ExH) =—0]E - 2 CufF) - = C o[

Final differential (point) form of the Poynting theorem:




V. (Ex F|):—J\E\z—%(%,u\ﬁf)—%(%g\ﬁf)

Time-Harmonic EM Fields:

In linear media the time-harmonic dependence of the sources gives rise to fields which, once
having reached the steady state, also vary sinusoidally in time. However, time-harmonic analysis
is important not only because many electromagnetic systems operate with signals that are
practically harmonic, but also because arbitrary periodic time functions can be expanded into
Fourier series of harmonic sinusoidal components while transient nonperiodic functions can be
expressed as Fourier integrals. Thus, since the Maxwell’s equations are linear differential
equations, the total fields can be synthesized from its Fourier components.

Analytically, the time-harmonic variation is expressed using the complex exponential notation
based on Euler’s formula, where it is understood that the physical fields are obtained by taking
the real part, whereas their imaginary part is discarded. For example, an electric field with time-
harmonic dependence given by cos(cot + ¢), where o is the angular frequency, is expressed as

E:Re{Ee“”‘} (Ee""t+(Ee‘“") ) = E, cos(at + )

where E is the complex phasor,
E=E.e"
of amplitude EO and phase ¢, which will in general be a function of the angular frequency and

coordinates. The asterisk * indicates the complex conjugate, and Re {} represents the real part of
what is in curly brackets.

Maxwell’s equations for time-harmonic fields:

Assuming ejot time dependence, we can get the phasor form or time-harmonic form of
Maxwell’s equations simply by changing the operator /ot to the factor jo in and eliminating the
factor ejot. Maxwell’s equations in differential and integral forms for time-harmonic fields are
given below.

Differential form of Maxwell’s equations for time-harmonic fields
.D= p (Gauss’ law)
.D= p (Gauss’ law)
B = 0(Gauss’ law for magnetic fields)

VxE=—joB (Faraday’s law)

VxH=1J +joD (Generalized Ampére’s law)

In egral form of Maxwell’s equations for time harmonic fields:
ds = Q; (Gauss’ Law)
=0 (Gauss’ Law for magnetic field)
= —ja)J- B-dS (Faraday’s Law)
_[ (J + joD)-dS (Generalised Ampere’s Law)




Plane Wave Propagation & Plane wave solution.

In the physics of wave propagation, aplane wave (also spelled planewave) is a constant-
frequency wave whose wavefronts(surfaces of constant phase) are infinite parallel planes of
constant peak-to-peak amplitude normal to the phase velocityvector.

It is not possible in practice to have a true plane wave; only a plane wave of infinite extent will
propagate as a plane wave. However, many waves are approximately plane waves in a localized
region of space. For example, a localized source such as an antenna produces a field that is
approximately a plane wave far from the antenna in its far-field region. Similarly, if thelength
scales are much longer than the wave’s wavelength, as is often the case for light in the field
of optics, one can treat the waves as light rays which correspond locally to plane waves.

Mathematical formalisms:

Two functions that meet the above criteria of having a constant frequency and constant
amplitude are the sine and cosinefunctions. One of the simplest ways to wuse such
a sinusoid involves defining it along the direction of the x-axis. The equation below, which is
illustrated toward the right, uses the cosine function to represent a plane wave travelling in the
positive x direction.

q"\y t=0 Ao

N

In the above equation:

A(x,t) is the magnitude or disturbance of the wave at a given point in space and time. An
example would be to let A(x,t) represent the variation of air pressure relative to the norm in
the case of a sound wave.

A, is the amplitude of the wave which is the peak magnitude of the oscillation.

k is the wave’swave numberor more specifically the angular wave number and
equals 27/, where X is the wavelength of the wave.

k has the units ofradians per unit distance and is a measure of how rapidly the disturbance
changes over a given distance at a particular point in time.

X is a point along the x-axis. y and z are not part of the equation because the wave's
magnitude and phase are the same at every point on any giveny-z plane. This equation
defines what that magnitude and phase are.

@ is the wave’s angular frequency which equals 2z/T, where T is the period of the wave. @
has the units of radians per unit time and is a measure of how rapidly the disturbance
changes over a given length of time at a particular point in space.

t isa given point in time
¢ s the phase shift of the wave and has the units of radians. Note that a positive phase shift,

at a given moment of time, shifts the wave in the negative x-axis direction. A phase shift
of 2z radians shifts it exactly one wavelength.
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Other formalisms which directly use the wave’s wavelength A , period T , frequency f
and velocity ¢ are below.

A=A cos[27z(x/ A—t/T) +¢]
A= A cos[2z(x/A— ft) +¢]
A= A, cos[(27/ A)(x—ct) + ¢]

To appreciate the equivalence of the above set of equations note that f = % and c= % = %

Arbitrary direction

A more generalized form is used to describe a plane wave traveling in an arbitrary direction. It
uses vectors in combination with the vector dot product.

A(r,t) = A, cos(k-r-amt+ @)

here:

e k is the wave vector which only differs from a wave number in that it has a
direction as well as a magnitude. This means that, |k|=k =27/4 . The

direction of the wave vector is ordinarily the direction that the plane wave is
travelling, but it can differ slightly in an anisotropic medium.

e . isthe vector dot product.

e 1 is the position vector which defines a point in three-dimensional space.

Complex exponential form

Many choose to use a more mathematically versatile formulation that utilizes the complex
number plane. It requires the use of the natural exponent e and the imaginary number i .

U(r t) — Ao ei(k-r—(ut+¢7)

To appreciate this equation’s relationship to the earlier ones, below is this same equation
expressed using sines and cosines. Observe that the first term equals the real form of the plane
wave just discussed.

u(r,t) = A, cos(k-r—wt+ @) +iA, sin(k-r— ot+ @)
u(r,t) = A(r, t) +iA; sin(k- r— o t+ @)

The introduced complex form of the plane wave can be simplified by using a complex-valued
amplitude U, substitute the real valued amplitude A, .

Specifically, since the complex form...
U(r, t) — Ao ei(k-r—wH(p)
equals

U(r, t) _ AO ei(k~rfwt)ei¢
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one can absorb the phase factor €' into a complex amplitude by letting U, = Ae" , resulting in
the more compact equation

u(r,t) =Ue'«r

While the complex form has an imaginary component, after the necessary calculations are
performed in the complex plane, its real value can be extracted giving a real valued equation
representing an actual plane wave.

Re[U(r, t)] = A(r, t) = A, cos(k- r— o t+ @)

The main reason one would choose to work with complex exponential form of plane waves is
that complex exponentials are often algebraically easier to handle than the trigonometric sines
and cosines. Specifically, the angle-addition rules are extremely simple for exponentials.

Additionally, when using Fourier analysis techniques for waves in alossy medium, the
resulting attenuation is easier to deal with using complex Fourier coefficients. It should be noted
however that if a wave is traveling through a lossy medium, the amplitude of the wave is no
longer constant, and therefore the wave is strictly speaking no longer a true plane wave.

In quantum mechanics the solutions of the Schrdodinger wave equation are by their very nature
complex and in the simplest instance take a form identical to the complex plane wave
representation above. The imaginary component in that instance however has not been
introduced for the purpose of mathematical expediency but is in fact an inherent part of the
“wave”.

Helmholtz wave equation.

In a source-less dielectric medium,

D, =0
B, =0

= joD; = jocE,

<,
<E,

:_ja)és :_jwﬂﬁs
Taking curl gives
Vx(VxEg)=Vx(-jouH,)
= V(V-E{)-V°E, =— jou(VxHy)
DV(V'ES)_VZES :_jwﬂ(ja)gﬁs)
= V°E, =V(V-E,) - 0’ usk
:>V2|§S =(qJ—a)2,ug|§S
Similarly, it can be proved that
V?H, = -0’ usk,

Finally, Let’s Analyze the Helmholtz Wave Equation
Let’s compare general wave equation (8) and Helmholtz wave equation
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O°F,
8X2
From the above comparison, we get,

+f°F, =0|| V’E, + ousE

ﬂ:a)\//?

But, we already knew that

where c is the light velocity.

Plane Wave Propagation in lossless medium:

In a source free lossless medium, J=p =0 =0.

Maxwell’s equations: J =current density
- © =charge density
VxE = y Q o =conductivity

V><H:<5‘E

-~

ot
V-E=0
V- -H=0

Take the curl of the first equation and make use of the

second and the third equations, we have: |Note:
VxV=E=V(V-E)-V’E

2
2

VZE:/.{;VXH:,LIS E
ot

c
or’
This 1s called the wave equation:

-2
~2

V’E —,usf:—zE =0
cr

A similar equation for H can be obtained:

2

V*H — us H-=-0

2

@,
or
In free space. the wave equation for E is:

~2

V3 E — t,2, %E =0
or*

Ao&Ey =

c being the speed of light in free space (— 3 x 10® (m/s)).
Hence the speed of light can be derived from Maxwell’s
equation.




To simplify subsequent analyses, we consider a special
case 1n which the field (and the source) variation with
time takes the form of a sinusoidal function:

sin(@f + @) or cos(at+ @)

Using complex notation, the E field, for example, can be
written as:

X.V.zZ.1)= ej E(x.v.z e;(—x.
E(x.y.z./)=R | EGr . ) }

where E(x,_l-‘,z)is called the phasor form of E(x,).z.7) and
is in general a complex number depending on the spatial
coordinates only. Note that the phasor form also includes
the initial phase information and 1s a complex number.

Therefore differentiation or integration with respect to
time can be replaced by multiplication or division of the
phasor form with the factor jew. All other field functions
and source functions can be expressed in the phasor form.
As all time-harmonic functions involve the common
factor € in their phasor form expressions, we can
eliminate this factor when dealing with the Maxwell’s
equation. The wave equation can now be put in phasor
form as (dropping the dot on the top. same as below):

~2

VE—tt,5,—=E=0 > V' E—u,5(jo) E=0

In phasor form, Maxwell’s equations can be written as:

V<xE=-joB
VxH = joD
V- D=p
V-B=0

Using the phasor form expression, the wave equation for
E field 1s also called the Helmholtz’s equation, which 1s:

V?E + 6,0 E=V’E+k’E=0

where Ik = @,/ 1,8,

k 1s called the wavenumber or the propagation

constant.
2 2
=k, =o g, = 27 =—
c Ay
where A, is the free space wavelength.
In an arbitrary medium with e =g,&, and g =gi4¢ .

-~
v = (o‘\j J‘fOED/L!rgr = E A" /Lfrgr = ‘;L._'?T v 4[[?' gr
C

We call,

A= = wavelength in the medium




In Cartesian coordinates, the Helmholtz’s equation can
be written as three scalar equations in terms of the
respective x, v, and z components of the E field. For
example, the scalar equation for the £ component is:

'-,)2

2 -2
C

—+—+k’ J E =0
CZ

Consider a special case of the E_ in which there 1s no
variation of £_1in the x and y directions, 1.e.,

+

¢
3
ox~

-
cd
<

Solutions to the plane wave equation take one form of the
following functions, depending on the boundary

conditions:
_ + _—jk=
1. E(z)=EJe

2. E(z)= E je’™
3. E(z)=Eje ™ + Eje™ ™

E," and E; are constants to be determined by boundary
conditions.

Eje ' and E,e™’" are plane waves propagating along the
+z direction and —z direction.

Plane Wave Propagation in lossy dielectric medium:

i, (A/m)

, ”\ /N
VALV

H3r

A lossy dielectric is a medium in which an EM wave loses power as it propagates
due to poor conduction.

In other words, a lossy dielectric is a partially conducting medium (imperfect dielectric or
imperfect conductor) with a ¥= 0, as distinct from a lossless dielectric (perfect or good
dielectric) in which a = 0. Consider a linear, isotropic, homogeneous, lossy dielectric medium
that is charge free (pv = 0). Assuming and suppressing the time factor e}, Maxwell's equations
become




V-E;=0

V-H, =0

VxEgy =—jouH;
VxHg =(c+ joe)E;

Taking the curl of both sides of eq
VX VXE, =

Applying the vector identity

VX VXA=V(V-A) - VA

From the above equation we get that...

yEs) — V’E, = —jwu(c + jwe)E,

VZE,. - 'yZES =0

Y = joplo + jwe)

and gama is called the propagation constant (in per meter) of the medium. By a similar
procedure, it can be shown that for the H field,

V’H, — v*H, = 0
V'H, — v'H, = 0
V’E, — v'E, =0

Y = japo + joe) y=atjb
We will obtain a and /3 from egs. by noting that

-Re '}(2 = -d= wzue

V| =8+ =wp Vo + o




From the above equations , we obtain.
[ [ 72
SN PIN P
2 [ | we |
i [ 12
A EZ (A1 + | -Z | + 1}
2 | we |

Without loss of generality, if we assume that the wave propagates along +az and that Es has only
an x- component, then

E; = E,(2)a,

Substituting this into eq.

VE, — v'E, =0
(V2 - YQ)ExS(Z)

PHD | PED | ELD

a
\/axz N \/avz az? 'YzExs(Z) =0
Q

0

2

Lbz - Z]Em(z) =0

This is a scalar wave equation, a linear homogeneous differential equation, with solution

E.(z) =Ee ™+ Ee"

where Eo and E'o are constants. The fact that the field must be finite at infinity requires that E'o
= 0. Alternatively, because eiz denotes a wave traveling along —az whereas we assume wave
propagation along az, E'o = 0. Whichever way we look at it, E'o = 0. Inserting the time factor
ejo" into eq. above, we obtain

EG 1) = Re[E2)e™a] = Re (e e ™)

E(z, 1) = Eje” “cos(wt — 32)ﬂx—|

i




A sketch of |E| at times t = 0 and t = At is portrayed in Figure 10.5, where it is evident that E has
only an x-component and it is traveling along the +z-direction. Having obtained E(z, t), we
obtain H(z, t) either by taking similar steps to solve eq. or by using eg. in conjunction with
Maxwell's equations, We will eventually arrive at

H(z, /) = Re (H,e e/ ™%a)

PLANE WAVES IN GOOD CONDUCTORS
A perfect, or good conductor, is one in which o >> we so that o/ we —

g =%, £ = &, N

Without loss of generality, if we assume that the wave propagates along +az and that Es has only
an x-component, then

E; = E . (2)a,

Substituting this
(V2 - Tz)Exs(Z)

Hence

Phuka) | OhD) | PES)
5 /6y2 az2

0 0

VE(2) =0

dz
[E - 2]&5(@ =0

DEPTH OF PENETRATION:

Penetration depth is a measure of how deep light or any electromagnetic radiation can penetrate
into a material. It is defined as the depth at which the intensity of the radiation inside the material
falls to 1/e (about 37%) of its original value at (or more properly, just beneath) the surface.

When electromagnetic radiation is incident on the surface of a material, it may be (partly)
reflected from that surface and there will be a field containing energy transmitted into the
material. This electromagnetic field interacts with the atoms and electrons inside the material.
Depending on the nature of the material, the electromagnetic field might travel very far into the
material, or may die out very quickly. For a given material, penetration depth will generally be a
function of wavelength.
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According to Beer-Lambert law, the intensity of an electromagnetic wave inside a material falls
off exponentially from the surface as

I(z)=Le™

If 5}? denotes the penetration depth, we have

"Penetration depth™ is but one term that describes the decay of electromagnetic waves inside a

material. The above definition refers to the depth 5}? at which the intensity or power of the field
decays to 1/e of its surface value. In many contexts one is concentrating on the field quantities
themselves: the electric and magnetic fields in the case of electromagnetic waves. Since the
power of a wave in a particular medium is proportional to the square of a field quantity, one may
speak of a penetration depth at which the magnitude of the electric (or magnetic) field has
decayed to 1/e of its surface value, and at which point the power of the wave has thereby

2
decreased to 1/ € or about 13% of its surface value:

1 2
o= —m = — = 25,

¥

Note that 9e is identical to the skin depth, the latter term usually applying to metals in reference
to the decay of electrical currents (which follow the decay in the electric or magnetic field due to

a plane wave incident on a bulk conductor). The attenuation constant ﬂ’/[2 is also identical to the
(negative) real part of the propagation constant, which may also be referred to as cx using a
notation inconsistent with the above use. When referencing a source one must always be careful
to note whether a number such as cx or drefers to the decay of the field itself, or of the intensity
(power) associated with that field. It can also be ambiguous as to whether a positive number
describes attenuation(reduction of the field) or gain; this is usually obvious from the context.

The attenuation constant for an electromagnetic wave at normal incidence on a material is also
proportional to the imaginary part of the material's refractive index n. Using the above definition
of cv (based on intensity) the following relationship holds:
1 1 W
af2=—=—=—Im(n(w
/2= 5= 35 = ¢ ()

where 11 denotes the complex index of refraction, w is the radian frequency of the radiation,

and c is the speed of light in vacuum. Note that ”(‘“-‘-") is very much a function of frequency, as is
its imaginary part which is often not mentioned (it is essentially zero for transparent dielectrics).
The complex refractive index of metalsis also infrequently mentioned but has the same
significance, leading to a penetration depth (or skin depth 55) accurately given by
a formula which is valid up to microwave frequencies.

Relationships between these and other ways of specifying the decay of an electromagnetic field
are further detailed in the article: Mathematical descriptions of opacity.
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It should also be noted that we are only specifying the decay of the field which may be due
to absorption of the electromagnetic energy in a lossy medium or may simply describe the
penetration of the field in a medium where no loss occurs (or a combination of the two). For

instance, a hypothetical substance may have a complex index of refraction 7 = 1+.015 A
wave will enter that medium without significant reflection and will be totally absorbed in the
medium with a penetration depth (in field strength) ofde = 16X where Ais the vacuum
wavelength. A different  hypothetical material with a complex index of

refraction 7 = 0 4 017 will also have a penetration depth of 16 wavelengths, however in this
case the wave will be perfectly reflected from the material! No actual absorption of the radiation
takes place, however the electric and magnetic fields extend well into the substance. In either
case the penetration depth is found directly from the imaginary part of the material’'s refractive
index as is detailed above.

Polarization of EM wave:

Polarization (also polarisation) is a property of waves that can oscillate with more than one
orientation. Electromagnetic waves such aslight exhibit polarization, as do some other types of
wave, such as gravitational waves. Sound waves in a gas or liquid do not exhibit polarization,
since the oscillation is always in the direction the wave travels.

In an electromagnetic wave, both the electric field and magnetic field are oscillating but in
different directions; by convention the "polarization” of light refers to the polarization of the
electric field. Light which can be approximated as aplane wavein free space or in
anisotropic medium propagates as a transverse wave—both the electric and magnetic fields are
perpendicular to the wave's direction of travel. The oscillation of these fields may be in a single
direction (linear polarization), or the field may rotate at the optical frequency
(circular or elliptical polarization). In that case the direction of the fields' rotation, and thus the
specified polarization, may be either clockwise or counter clockwise; this is referred to as the
wave's chirality or handedness.

The most common optical materials (such as glass) are isotropic and simply preserve the
polarization of a wave but do not differentiate between polarization states. However there are
important classes of materials classified as birefringent or optically active in which this is not the
case and a wave's polarization will generally be modified or will affect propagation through it.
A polarizer is an optical filter that transmits only one polarization.

Polarization is an important parameter in areas of science dealing with transverse wave
propagation, such as optics, seismology, radio, and microwaves. Especially impacted are
technologies such as lasers, wireless and optical fiber telecommunications, and radar.

Linear polarization:

In electrodynamics, linear polarization or plane polarization of electromagnetic radiation is a
confinement of the electric field vector or magnetic field vector to a given plane along the
direction of propagation. See polarization for more information.

The orientation of a linearly polarized electromagnetic wave is defined by the direction of
the electric field vector. For example, if the electric field vector is vertical (alternately up and
down as the wave travels) the radiation is said to be vertically polarized.
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The classical sinusoidal plane wave solution of the electromagnetic wave equation for
the electric and magnetic fields is (cgs units)

E(r,t) =| E | Re {|¢)) expli (kz — wi)]}
B(r,i) =z x E(r,t)/c
for the magnetic field, where k is the wavenumber,
w = ck
is the angular frequency of the wave, and ¢ is the speed of light.
Here

| E |
is the amplitude of the field and

0 def (V2 _ cos f exp (1a,)
( sin 6 exp (zcy,)

is the Jones vector in the x-y plane.

The wave is linearly polarized when the phase angles ®=> Yy are equal,

oo def
O, =0y =

This represents a wave polarized at an angle £ with respect to the x axis. In that case, the Jones
vector can be written

) = (Gop ) exp o)

sin f

The state vectors for linear polarization in x or y are special cases of this state vector.
If unit vectors are defined such that
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0 (})

then the polarization state can written in the "Xx-y basis" as
|10} = cosfexp (i) |z} + sin fexp (ic) |y) = Uz|x) + Uyly)
Circular polarization:

circular polarization of an electromagnetic wave is a polarization in which the electric field of
the passing wave does not change strength but only changes direction in a rotary manner.

In electrodynamics the strength and direction of an electric field is defined by what is called
an electric field vector. In the case of a circularly polarized wave, as seen in the accompanying
animation, the tip of the electric field vector, at a given point in space, describes a circle as time
progresses. If the wave is frozen in time, the electric field vector of the wave describes a helix
along the direction of propagation.

Circular polarization is a limiting case of the more general condition of elliptical polarization.
The other special case is the easier-to-understand linear polarization.

The phenomenon of polarization arises as a consequence of the fact that light behaves as a two-
dimensional transverse wave.

The classical sinusoidal plane wave solution of the electromagnetic wave equation for
the electric and magnetic fields is

E(r.t) =| E | Re {Qv) exp i (kz — wt)]}
B(r,t) =z x E(r,t)

where K is the wavenumber,
w = ck

is the angular frequency of the wave, Q = [x,¥]is an orthogonal 3 x 2 matrix whose
columns span the transverse x-y plane and ¢ is the speed of light.

Here | E | is the amplitude of the field and

10 def (Vz) _ cos f exp (ia'm)
Uy sin f exp (o)

is the Jones vector in the x-y plane.

If Xy is rotated by ?T/Q radians with respect to @z and the x amplitude equals the y amplitude
the wave is circularly polarized. The Jones vector is

= — (:Iiz) exp (216v;)
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where the plus sign indicates left circular polarization and the minus sign indicates right circular
polarization. In the case of circular polarization, the electric field vector of constant magnitude
rotates in the x-y plane.

If basis vectors are defined such that

e (')

oo 5()

then the polarization state can be written in the "R-L basis" as
1) = ¥Rl ) +¢¥L|L)

where

Vr =

def (cns 6 + isinf exp (id) ) exp (i)
V2
def ({:DS f# — isinf exp (id)

W =

80009)

Elliptical polarization:

In electrodynamics, elliptical polarization is the polarization of electromagnetic radiation such
that the tip of the electric field vector describes an ellipse in any fixed plane intersecting,
and normal to, the direction of propagation. An elliptically polarized wave may be resolved into
two linearly polarized waves in phase quadrature, with their polarization planes at right angles to
each other. Since the electric field can rotate clockwise or counterclockwise as it propagates,
elliptically polarized waves exhibit chirality.

Other forms of polarization, such as circular and linear polarization, can be considered to be
special cases of elliptical polarization.

The classical sinusoidal plane wave solution of the electromagnetic wave equation for
the electric and magnetic fields is (cgs units)

E(r,t) =| E | Re {|v)exp[i (kz — wt)]}
B(r,t) =z x E(r,t)
for the magnetic field, where k is the wavenumber,

w = ck
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is the angular frequency of the wave propagating in the +z direction, and o is the speed of light.

Here | E | is the amplitude of the field and

0 det 1.\ _ [cosfexp(ia,)
' Uy sin ) exp (1oy)
is the normalized Jones vector. This is the most complete representation of polarized
electromagnetic radiation and corresponds in general to elliptical polarization.



http://en.wikipedia.org/wiki/Angular_frequency
http://en.wikipedia.org/wiki/Speed_of_light
http://en.wikipedia.org/wiki/Amplitude
http://en.wikipedia.org/wiki/Jones_vector

MODULE-IV

RADIO WAVE PROPAGATION

Introduction

Radio propagation is the behavior of radio waves when they are transmitted, or propagated from

one point on the Earth to another, or into various parts of the atmosphere. Radio signals are
affected in many ways by objects in their path and by the media through which they travel. This
means that radio signal propagation is of vital importance to anyone designing or operating a
radio system. The properties of the path by which the radio signals will propagate governs the
level and quality of the received signal. Reflection, refraction and diffraction may occur. The
resultant signal may also be a combination of several signals that have travelled by different
paths. These may add constructively or destructively, and in addition to this the signals travelling
via different paths may be delayed causing distorting of the resultant signal. It is therefore very

important to know the likely radio propagation characteristics that are likely to prevail.

Mode of Propagation
There are a number of categories into which different types of radio propagation can be placed.

These relate to the effects of the media through which the signals propagate.

o Free space propagation: Here the radio signals travel in free space, or away from other

objects which influence the way in which they travel. It is only the distance from the
source which affects the way in which the field strength reduces. This type of radio
propagation is encountered with signals travelling to and from satellites.

Ground wave propagation: When signals travel via the ground wave they are modified
by the ground or terrain over which they travel. They also tend to follow the earth's
curvature. Signals heard on the medium wave band during the day use this form of
propagation. Read more about Ground wave propagation

lonospheric propagation: Here the radio signals are modified and influenced by the
action of the free electrons in the upper reaches of the earth's atmosphere called the
ionosphere. This form of radio propagation is used by stations on the short wave bands

for their signals to be heard around the globe. Read more about lonospheric propagation
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o Tropospheric propagation: Here the signals are influenced by the variations of
refractive index in the troposphere just above the earth's surface. Tropospheric radio
propagation is often the means by which signals at VHF and above are heard over

extended distances. Read more about Tropospheric propagation

Sky Wave Propagation and Space Wave Propagation

Layers of the Atmosphere

There are two main layers that are of interest from a radio communications viewpoint. The first
is the troposphere that tends to affect radio frequencies above 30 MHz. The second is the
ionosphere. This is a region which crosses over the boundaries of the meteorological layers and
extends from around 60 km up to 700 km. Here the air becomes ionised, producing ions and free

electrons. The free electrons affect radio communications and radio signals at certain

frequencies, typically those radio frequencies below 30 MHz, often bending them back to Earth

so that they can be heard over vast distances around the world.
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Structure of Troposphere

The lowest of the layers of the atmosphere is the troposphere. This extends from ground level to
an altitude of 10 km. It is within this region that the effects that govern our weather occur. To
give an idea of the altitudes involved it is found that low clouds occur at altitudes of up to 2 km
whereas medium level clouds extend to about 4 km. The highest clouds are found at altitudes up
to 10 km whereas modern jet airliners fly above this at altitudes of up to 15 km.

Within the troposphere there is generally a steady fall in temperature with height and this has a
distinct bearing on some radio propagation modes and radio communications that occur in this
region. The fall in temperature continues in the troposphere until the tropopause is reached. This
is the area where the temperature gradient levels out and then the temperature starts to rise. At
this point the temperature is around -50°C.

The refractive index of the air in the troposphere plays a dominant role in radio signal
propagation and the radio communications applications that use tropospheric radiowave
propagation. This depends on the temperature, pressure and humidity. When radio
communications signals are affected this often occurs at altitudes up to 2 km.

Tropospheric Scattering

Tropospheric scatter (also known as troposcatter) is a method of communicating

with microwave radio signals over considerable distances — often up to 300 km, and further

depending on terrain and climate factors. This method of propagation uses the tropospheric
scatter phenomenon, where radio waves at particular frequencies are randomly scattered as they

pass through the upper layers of thetroposphere. Radio signals are transmitted in a tight beam
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aimed at the highest point on the horizon in the direction of the receiver station. As the signals
pass through the troposphere, some of the energy is scattered back toward the Earth, allowing the

receiver station to pick up the signal.!
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Tropospheric Scattering

Normally, signals in the microwave frequency range used, around 2 GHz, travel in straight lines,
and so are limited to line of sight applications, in which the receiver can be 'seen' by the
transmitter. So communication distances are limited by the visual horizon to around 30-40 miles.
Troposcatter allows microwave communication beyond the horizon.

Because the troposphere is turbulent and has a high proportion of moisture the tropospheric
scatter radio signals are refracted and consequently only a proportion of the radio energy is
collected by the receiving antennas. Frequencies of transmission around 2 GHz are best suited
for tropospheric scatter systems as at this frequency the wavelength of the signal interacts well

with the moist, turbulent areas of the troposphere, improving signal to noise ratios.

lonosphere
The ionosphere /ar' pne sfiar/ is a region of Earth's upper atmosphere, from about 85 km (53 mi)
to 600 km (370 mi) altitude, and includes the thermosphere and parts of

themesosphere and exosphere. It is distinguished because it is ionized by solar radiation. It plays

an important part in atmospheric electricity and forms the inner edge of themagnetosphere. It has

practical importance because, among other functions, it influences radio propagation to distant

places on the Earth.
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lonization Layes
lonospheric Layers - D, E, F1, F2
At night the F layer is the only layer of significant ionization present, while the ionization in the
E and D layers is extremely low. During the day, the D and E layers become much more heavily
ionized, as does the F layer, which develops an additional, weaker region of ionisation known as
the F; layer. The F, layer persists by day and night and is the region mainly responsible for the
refraction of radio waves.
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D layer

The D layer is the innermost layer, 60 km (37 mi) to 90 km (56 mi) above the surface of the
Earth. lonization here is due to Lyman series-alpha hydrogen radiation at a wavelength of
121.5 nanometre (nm) ionizing nitric oxide (NO). In addition, with high Solar activity hard X-
rays (wavelength < 1 nm) may ionize (N2, O,). During the night cosmic rays produce a residual
amount of ionization. Recombination is high in the D layer, so the net ionization effect is low,
but loss of wave energy is great due to frequent collisions of the electrons (about ten collisions
every millisecond). As a result, high-frequency (HF) radio waves are not reflected by the D layer

but suffer loss of energy therein. This is the main reason for absorption of HF radio waves,

particularly at 10 MHz and below, with progressively smaller absorption as the frequency gets
higher. The absorption is small at night and greatest about midday. The D layer reduces greatly
after sunset; a small part remains due to [galactic cosmic rays]. A common example of the D

layer in action is the disappearance of distant AM broadcast band stations in the daytime.

E layer

The E layer is the middle layer, 90 km (56 mi) to 120 km (75 mi) above the surface of the Earth.
lonization is due to soft X-ray (1-10 nm) and far ultraviolet (UV) solar radiation ionization of
molecular oxygen (O,). Normally, at oblique incidence, this layer can only reflect radio waves
having frequencies lower than about 10 MHz and may contribute a bit to absorption on
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frequencies above. However, during intense Sporadic E events, the Eglayer can reflect
frequencies up to 50 MHz and higher. The vertical structure of the E layer is primarily
determined by the competing effects of ionization and recombination. At night the E layer
weakens because the primary source of ionization is no longer present. After sunset an increase
in the height of the E layer maximum increases the range to which radio waves can travel by
reflection from the layer.

F layer

The E layer or region, also known as the Appleton-Barnett layer, extends from about 200 km
(120 mi) to more than 500 km (310 mi) above the surface of Earth. It is the densest point of the
ionosphere, which implies signals penetrating this layer will escape into space. At higher
altitudes, the number of oxygen ions decreases and lighter ions such as hydrogen and helium
become dominant; this layer is the topside ionosphere. There, extreme ultraviolet (UV, 10—
100 nm) solar radiation ionizes atomic oxygen. The F layer consists of one layer at night, but
during the day, a deformation often forms in the profile that is labeled F;. The F, layer remains
by day and night responsible for most skywavepropagation of radio waves, facilitating high
frequency (HF, or shortwave) radio communications over long distances.

SKY WAVE PROPAGATION

Introduction

In radio communication, skywave or skip refers to the propagation of radio

waves reflected or refracted back toward Earth from theionosphere, an electrically charged layer

of the upper atmosphere. Since it is not limited by the curvature of the Earth, skywave

propagation can be used to communicate beyond the horizon, at intercontinental distances. It is

mostly used in the shortwavefrequency bands.
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Shortwave communication through sky wave communication
Propagation of radio waves through lonosphere

As electromagnetic waves, and in this case, radio signals travel, they interact with objects and the
media in which they travel. As they do this the radio signals can be reflected, refracted or
diffracted. These interactions cause the radio signals to change direction, and to reach areas
which would not be possible if the radio signals travelled in a direct line. The ionosphere is a
particularly important region with regards to radio signal propagation and radio communications
in general. Its properties govern the ways in which radio communications, particularly in the HF
radio communications bands take place.

The ionosphere is a region of the upper atmosphere where there are large concentrations of free
ions and electrons. While the ions give the ionosphere its name, but it is the free electrons that
affect the radio waves and radio communications. In particular the ionosphere is widely known




for affecting signals on the short wave radio bands where it "reflects” signals enabling these
radio communications signals to be heard over vast distances. Radio stations have long used the
properties of the ionosphere to enable them to provide worldwide radio communications
coverage. Although today, satellites are widely used, HF radio communications using the
ionosphere still plays a major role in providing worldwide radio coverage. The free electrons do
not appear over the whole of the atmosphere. Instead it is found that the number of free electrons
starts to rise at altitudes of approximately 30 km. However it is not until altitudes of around 60 to
90 kilometres are reached that the concentration is sufficiently high to start to have a noticeable
effect on radio signals and hence on radio communications systems. It is at this level that the
ionosphere can be said to start.

The ionisation in the ionosphere is caused mainly by radiation from the Sun. In addition to this,
the very high temperatures and the low pressure result in the gases in the upper reaches of the
atmosphere existing mainly in a monatomic form rather than existing as molecules. At lower
altitudes, the gases are in the normal molecular form, but as the altitude increases the monatomic
forms are more in abundance, and at altitudes of around 150 kilometres, most of the gases are in
a monatomic form. This is very important because it is found that the monatomic forms of the

gases are very much easier to ionise than the molecular forms.

Effect of earth‘s magnetic field

As an ionized medium, the ionosphere plays a special role in radio wave propagation.
The Martian ionosphere differs from Earth’s in a number of ways. Due to the greater distance
from the Sun at Mars than Earth, the weaker solar radiation flux generates a lower plasma
density in the Martian ionosphere. While Earth’s ionosphere has four layers, the Martian
ionosphere is a single layer of ionized gas that extends from about 100 kilometers to several
hundred kilometers above the surface, as shown in Figure 2.2-1 from Viking Lander 2 direct
measurements. Earth’s ionosphere is shielded from the solar wind by a strong planetary magnetic

field. In contrast, the Mars ionosphere is directly exposed to the solar wind because Mars lacks a

strong magnetic field. Presence of a magnetic field can influence the plasma motion within the

ionosphere and also affect low frequency radio wave propagation.
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Previous missions made inconclusive measurements of the Martian magnetic field. The weak
magnetic field (< 100 nT) measured by the previous missions had been interpreted as the
evidence for a Martian magnetic field , although argued that the measurements could be better

explained in terms of a draped interplanetary magnetic field (IMF). Recent measurements by the

Mars Global Surveyor (MGS) mission have confirmed that there is no intrinsic dipole magnetic
field in Mars. The MGS magnetometer discovered that the Martian magnetic field is very weak
compared to that of Earth’s magnetic field, only 1/800 the strength. The weak magnetic field is
probably generated by a diffused draping IMF. The solar wind rams into the Martian ionosphere

and generates complicated magnetic fields. Thus, this region may have a complicated interaction
with the Martian magnetosphere.

Virtual height

Since the ionosphere have different types of layers namely D,E and F layers. So when a pulse
transmitted from transmitter it get deflected or we can say reflect by these different layers and
reaches to the receiver. Thus the path followed by the pulse is the Actual path.

The distance between the highest point of actual path and the earth surface is called Actual




height. When a short pulse of energy sent vertically upward and traveling with the speed of light
would reach taking the same two rays travel time as does the actual pulse reflected from the

ionospheric layers. that height is known as Virtual height of an antenna.
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Skip Distance
A skip distance is the distance a radio wave travels, usually including a hop in the ionosphere. A
skip distance is a distance on the Earth's surface between the two points whereradio waves from
a transmitter, refracted downwards by different layers of the ionosphere, fall. It also represents
how far aradio wave has travelled per hop on the Earth's surface, for radio waves such as
the short wave (SW) radio signals that employ continuous reflections for transmission.

Radio waves from a particular transmitting antenna do not all get refracted by a particular
layer of the ionosphere; some are absorbed, some refracted while a portion escapes to the next
layer. At this higher layer, there is a possibility of this radio wave being bent downwards to earth

again. This bending happens because each layer of the ionosphere has a refractive index that

varies from that of the others.!#Because of the differing heights of refraction, or apparent

reflection, the radio waves hit the earth surface at different points hence generating the skip

distance.
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Critical frequency

In telecommunication, the term critical frequency has the following meanings:

In radio propagation by way of the ionosphere, the limiting frequency at or below which a
wave component is reflected by, and above which it penetrates through, an ionospheric layer.
At near vertical incidence, the limiting frequency at or below which incidence, the wave
component is reflected by, and above which it penetrates through, an ionospheric layer.

Critical Frequency changes with time of day, atmospheric conditions and angle of fire of the
radio waves by antenna.

The existence of the critical frequency is the result of electron limitation, i.e., the inadequacy of
the existing number of free electrons to support reflection at higher frequencies.
When the refractive index, n has decreased to the point where n = singi, where ¢ is the angle of

refraction f will be 90° and wave will be travelling horizontally. The higher point reached by the
wave is free. The electron density N at the that point satisfies the relation

N s_|n¢| _ s_|n¢| — singi = 1_81N2max (D)
singr sin90 f 2t

f?. =81N max

Where f_is the critical frequency

(Maximum Usable Frequency) MUF
In radio transmission maximum usable frequency (MUF) is the highest radio frequency that

can be used for transmission between two points via reflection from the ionosphere( skywave or

"skip" propagation) at a specified time, independent of transmitter power. This index is
especially useful in regard to shortwave transmissions. In shortwave radio communication, a

major mode of long distance propagation is for the radio waves to reflect off the ionized layers of
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the atmosphere and return diagonally back to Earth. In this way radio waves can travel beyond

the horizon, around the curve of the Earth. However the refractive index of the ionosphere

decreases with increasing frequency, so there is an upper limit to the frequency which can be
used. Above this frequency the radio waves are not reflected by the ionosphere but are
transmitted through it into space.

critical frequency

MUF =

cosf

2
f 2muf = COfSZC¢i = f 2c 8802 ¢|
.. (4)

f . = f_sec’ gi
The above equation is known as secant law, it indicates that f,_ . is greater than critical frequency

by a factor of sec¢. It gives the frequency which can be used for sky wave propagation for given
angle of incidence between two locations.
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SPACE WAVE PROPAGATION

Introduction: The radio waves having high frequencies are basically called as space waves.
These waves have the ability to propagate through atmosphere, from transmitter antenna to
receiver antenna. These waves can travel directly or can travel after reflecting from earth’s
surface to the troposphere surface of earth. So, it is also called as Tropospherical Propagation. In
the diagram of medium wave propagation, ¢ shows the space wave propagation. Basically the
technique of space wave propagation is used in bands having very high frequencies. E.g. V.H.F.
band, U.H.F band etc. At such higher frequencies the other wave propagation techniques like sky

wave propagation, ground wave propagation can’t work. Only space wave propagation is left

which can handle frequency waves of higher frequencies. The other name of space wave

propagation is line of sight propagation. There are some limitations of space wave propagation.

1. These waves are limited to the curvature of the earth.
2. These waves have line of sight propagation, means their propagation is along the line of sight
distance.

The line of sight distance is that exact distance at which both the sender and receiver antenna are
in sight of each other. So, from the above line it is clear that if we want to increase the
transmission distance then this can be done by simply extending the heights of both the sender as
well as the receiver antenna. This type of propagation is used basically in radar and television
communication.




The frequency range for television signals is nearly 80 to 200MHz. These waves are not reflected
by the ionosphere of the earth. The property of following the earth’s curvature is also missing in
these waves. So, for the propagation of television signal, geostationary satellites are used. The
satellites complete the task of reflecting television signals towards earth. If we need greater
transmission then we have to build extremely tall antennas.

Direct wave

Space wave Communication
Space Waves, also known as direct waves, are radio waves that travel directly from the
transmitting antenna to the receiving antenna. In order for this to occur, the two antennas must be

able to “see” each other; that is there must be a line of sight path between them. The diagram on

the next page shows a typical line of sight. The maximum line of sight distance between two

antennas depends on the height of each antenna.

Generally, space waves are “line of sight” receivable, but those of lower frequencies will “bend”
over the horizon somewhat. Since the VOR signal at 108 to 118 MHz is a lower frequency than
distance measuring equipment (DME) at 962 to 1213 MHz, when an aircraft is flown “over the
horizon” from a VOR/DME station, the DME will normally be the first to stop functioning.




