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CO-ORDINATE
SYSTEM

1.1. Introduction

1. Vector : It has magnitude and direction. In addition, it follows Vector Law of Addition.
e.g. :- Electric field, Magnetic Field, Force etc.

2. Scalar : It has magnitude and no direction. It does not follow Vector Law of Addition.
eg — Current, Distance, Potential etc.

3. Tensor : It has magnitude and direction. It does not follow Vector Law of Addition. It shows different values in different
directions at the same point.

e.g..— Conductivity, Resistivity, Refractive Index.

4. Unit Vector: It is the vector which has unit magnitude and directed along increasing direction of parameters.

1.2. Equation of line in 3-dimentional

X—X X 7-12
1 _ YN 1 — constant

X=X Yo=Y 24

X=X _ Y=Y _Z—

z
2 — constant

Or
X=X Yoa=N L4
ax+by+cz=d
Eg. 3x+4y=5
Equation of line in two-dimensional. However, equation of plane in three-dimensional.
1. X = Constant.

(@) A plane is parallel to Y and Z-axis.
(b) Y and Z-axis is tangential component.
(c) X axis is normal component.

2. Y = Constant.
(@) A plane is parallel to X and Z-axis.
(b) X and Z axis is tangential component.
(c) Y axis is normal component
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[ Electromagnetic Field Theory

Z = Constant

(@) A plane is parallel to X and Y-axis.

(b) X and Y-axis is tangential components.
(c) Z axis is normal components.

1.2.1. Cross Product

B
AxB=ABsin6o
0 A o= Outward direction (Anticlockwise)
B = = .
Bx A= ABsin6®
®= Inward direction
0
A
Y A
B B
0
0 . -
Vg = B B AxXB=®
T B =0 A B ©
a a, &
KXE = al a2 a3

b b b

1.2.2. Dot Product
A«B=ajby +a,b, +asb;
1. Projection of B along Vector A
B
Allar=B cos 6

0 g

2. Projection of vector B along Vector A.
B
K>Har =Bcos OA
0 g

3. Projection of vector B perpendicular to Vector A.

Auir =B—(Bcosh)A .
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[ Electromagnetic Field Theory

1. Cartesian to cylindrical Y
p=VX2+Y2, ¢:tan‘1(§j, Z=Z pd)
2. Cylindrical to Cartesian i

X =pcosd, Y =psiny, Z=Z

3. Cartesian to spherical

I’=«,X2 +y2 +22
ezcosfl ;
«’Xz +y2 +Z2

d=tan™? (Xj
X

4. Spherical to Cartesian

X=rsin0cos¢
y=rsin0sind

Z=rcos0O

5. Cylindrical to Spherical

r=yp?+122, 9=cos‘1[

z
) ],¢=¢
«/p +z
6. Spherical to Cylindrical

p=rsind, b=¢, Z=rcoso.

1. Cartesian to Cylindrical
[4,] [cos¢p sing 0] 4,
ay |=|-sing cos¢ O] a,
4, L 0 0 1__32_
2. Cylindrical to Cartesian
‘4, | [cos¢ —-sing 074, ]
ay |=|sing cos¢p O] g
4, | L 0 0 1__32_
3. Cartesian to Spherical
_ér_ [sinBcos¢p sin@sing  cosO || 4,
dy |=|cosOcos¢ cosOsing —sind || 4,
4| | —sin¢g cosd 0 4,
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Spherical to Cartesian

Electromagnetic Field Theory

ay sinfcos¢ cosOcosd —sind || &,
ay [=|sinBsin¢ cosOsing cos¢ || dy
a, cos0O —sin© 0 ay
5. Spherical to Cylindrical.
4, | [sind cos® 014,
q |=| O 0 1| &
a, cos® -sin® 0 éq,
6. Cylindrical to Spherical
a | [sin6 0 coso |4, ]
3 |=|cos® 0 —sin@| &,
ay 0 1 0 Jg
1.3. Differential Length, Area and Volume
Parameter Coefficient
u Vv w hy h, hs
X y y4 1 1 1
p ¢ z 1 p 1
r 0 o 1 r rsin®

It is a vector quantity and directed along tangential direction.

di = hydudu + h,avéy + hydwéw
(a) Cartesian co-ordinate system.

dl = dxéx -+ dyay + dz&:
(b) Cylindrical Co-ordinate system.

di = dpép + pddéds + dzé:
(c) Spherical co-ordinate system.

di = drér + rd6do + rsin6dpas

d 5 =dsa.
&, = unit normal tothe surface
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[ Electromagnetic Field Theory

It is a vector quantity and directed normal to the surface.
In general Form

d § = h,h,dvdwas + hh,dudwa, + h hdudvay
(a) Cartesian co-ordinate system.
d S = dydxé + dxdzéay + dxdyé.
(b) Cylindrical co-ordinate system.
d S = pdddzép + dpdzap+ pdpd péz
(c) Spherical co-ordinate system3.
d S =r?sindd@dga: +r sin Odrd gés + rdrd 4,

In general form

dv = hh,h,dudvdw

(a) Cartesian co-ordinate system :—
dv = dxdydz

(b) Cylindrical co-ordinate system :—
dv = pdpd¢dz

(c) Spherical co-ordinate system.
dv =r?sin@drd@d ¢
1.3.1. Position Vector

€)] Cartesian co-ordinate system

x %2 F=x+Yyj+2zK

(0, 0, 0)

(b) Cylindrical Co-ordinate system.
r :pép +24, > ‘Z’ is an axis
=34, +ya, - Y’ is an axis
r =pép +X4, - ‘X’ is an axis
) Spherical Co-ordinate system :
r=ra
(d) Position vector in 2D
(Y, — ;)& —'Z"axis

(z,—z,)& —'X'axis

ho

Il
io)
S

Il
—_
~=

|
=<
N
@J)

+ + +

(z, —2,)& —'Y'axis
000
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VECTOR CALCULUS

2.1. Introduction

I. Differential Form

1. Gradient of scalar function
2. Divergence.

3. Curl.

4. Laplacian operator.

Il. Integral Form

1. Open line integration
(a) Path independent
(b) Path dependent
2. Closed Line integration.
3. Closed Surface integration.
4. Volume integration.

Gradient of scalar function ‘f’: —

1. Definition: It is a vector quantity which gives maximum rate of change of scalar function ‘f” and is directed normal to

surface ‘f” or scalar function ‘f’.

2. Formulae:

(a) Cartesian Co-ordinate system.

(b) Cylindrical Co-ordinate system.

(c) Spherical Co-ordinate system.

_E

df A
=—/| an

dlax
1of , 1o . 1of ,
—au+——av ——a
au h, ov hs ow

of L 8f 6‘f

_aX _ —_

OX 8y 62

\%i :iap+lqa¢+qaz
op o

vi =T g 104, L Ty

or r oo rsinea_cb
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[ Electromagnetic Field Theory

3. Physical Significance:
(a) Maximum rate of change of scalar function ‘f” will be given by gradient of scalar function ‘f’.

|
dl | pax
(b) To find directional derivate.
D.D=Vf.A
(c) It gives unit normal on surface.
. Vf
an=——
V]

(d) To find angle between the surfaces.
() A= Vf
'f'=Scalar function of vector A

4. Properties of Gradient

@ V(f+g)=Vf+Vg

(b) V(fg)=fVg+gVf

o 9[1)- 51w

g g

5. Application:

(@ Vr=ar
() ?(r”)z(nr”‘z)f‘
@ V(=1

) V r2+lnr)=(2r +ljér
r

rzlnr): r(2+Inr)ar
Inr} (r—ZrInrJ .

= 7 ar
r r

1. Definition: It gives total outward flux per unit volume.

Lo AdS
va-
lim Av
Av—0

® v

(hy Vv

(a) V.A= Divergence at a point.

(b) cﬂ)ﬁu dS =Divergence in a range.

GATE WALLAH ELECTRONICS AND COMMUNICATION HANDBOOK



[ Electromagnetic Field Theory

(©) ﬁ)ﬂ-d§ =I(V-A)dv = Divergence theorem.

v

2. Formulae:

oo L {8(h2h3Au)+8(h1h3Av)+8(h1h2Aw)J
hhhs|  éu v ow

(a) Cartesian Co-ordinate System

G ik Oy A
oy oz
(b) Cylindrical Co-ordinate System.
o i L[ 0pAe) oA O(pAe)
pl op 16} oz

(c) Spherical Co-ordinate system.

1 [@(r*sin0Ar) 5 (rsinoae) LO(rm)

V.A= S s
resin® or 00 o

3. Physical Significance:

It gives outward flux.
Outward Flux # 0

N
Inward Flux =0
) Net Flux #0
V.A>0
4
(b) Outward Flux =0
Inward Flux # 0
v Net Flux #0
V.A<0

(a)

v

(c) Outward Flux
= Inward Flux

( \ et Flux =
( ] Net FI 0

/TN

v V¥V V¥
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[ Electromagnetic Field Theory

> Qutward Flux < Inward Flux
:ﬁ H—> Net Flux # 0
v V-A<0

(e) /\ Outward Flux > Inward Flux

( ﬁ: Net Flux # 0
v V.A>0

Outward Flux =0

(f)
() D () Inward Flux =0
Net Flux =0

(8) Vo(A+B)=V-A+V.B
(b) V-(fA):f(V.A)M.(vf)

(©)

5.  Application
(a) Ver=3

(b) W-(r”ér) =(n+2)r"*

1. Definition:
§Adi

lim AS
AS—0

A

VxA= A

Curl gives total Motive Force due to Aper unit area. And it is directed normal to the rotatory plane.

@) VxA=cCurlata point
(b) Sf)ﬁ\-m = Curl in a range

(©) @Aﬁ = “‘(Vx A)-dg = Stoke’s theorem

2.  Formulae:
hau hodv  hyaw
1 0 0 0

hhh| au v ow
AL hhyAr hgAw

VxA=

GATE WALLAH ELECTRONICS AND COMMUNICATION HANDBOOK



(a) Cartesian Co-ordinate system

ax dy
vxh=| L 2
oX oy
Ax Ay

(b) Cylindrical Co-ordinate System.
dp pay
vxA-i 2 2
plop b
Ao pAY

(c) Spherical Co-ordinate system

ar ras
VxA-—r| 2 2
resin@| or 0o
Ar  rAo

3. Physical Significance: — It gives rotation.

(a)

(b)
V.A=0

(©
} V.A%0

(d)

RDOLC

Electromagnetic Field Theory

2 Rl @

Qo

rsin0de
0
B
rsin0A¢

GATE WALLAH ELECTRONICS AND COMMUNICATION HANDBOOK
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[ Electromagnetic Field Theory

4. Properties:

@ Ar(BxC)=B:(CxA)=C{(AxB) x
N - A4
A«(BxC)=|by b, by o B

Q G G —

(b) A(BxC)=0=[ABC]=0
Then A, B &C are independent vectors and they do not lie in a single plane.
(c) Volume of parallelepiped
AO(BXC)‘
2. Vector Product:

3. Mixed product with Del operator.
(a) ?(? f): Doesnot exist

(b) V.(v f )= V2§

() Vx(Vf ) =0

(d) W(V. *) = exist

(e) ?-(?- A) = does not exist
H Vx ( *-A) =does not exist
(©) ?(W X A) =does not exist

() Vx

1 V(f+g)=Vf+Vg

5 V(fg)=fVg+gVi

GATE WALLAH ELECTRONICS AND COMMUNICATION HANDBOOK 9.11
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10.

11.

12.

13.

14.

Laplacian operator with scalar function ‘f’

V2§f = v-(vf )

il o
1 a( 3 aul

[ Electromagnetic Field Theory

Thhghy|  au

(a) Cartesian co-ordinate system

2 2 2
v2f =9 ;‘+6 Z+62f
ox: oy: oz
(b) Cylindrical co-ordinate system.
2 2
yeg_ O f 1o 10571

—_ + JR—
(c) Spherical co-ordinate system :—

vep O°f 20 10%

s
h, ov hy ow
ov " ow
1t

oz°

cot0 of 1 8%f

__+_
or® rar r? oe?

—+
r? O (rsing)* o¢?

GATE WALLAH ELECTRONICS AND COMMUNICATION HANDBOOK
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[ Electromagnetic Field Theory

1df (r) d?f(r)

Note: When scalar function ‘f’is function of ‘r’ only. Then, vt (r) :F ar + =
r
(d) (i) V2r" =n(n+1)r"? (i) Vr =%
(i) v2[ 1 =0 (iv) Vanr ==
r r2

2. Laplacian operator with vector A
25 2% 25
e L
h ous hyove hy ow
(a) Cartesian co-ordinate system.

25 A2K  A2R

V2A:5 '26‘+8 '2A‘+a 'ZA
oxt oy: oz

(b) Cylindrical co-ordinate system
A 1 0°A @A

VA== 42y
o2 e o

(c) Spherical co-ordinate system.

Some Important points:

(@ Vr=ar
(b) Ver =3
() Vxr=0
v2r=2
(d) r
(e) V2r=0
ooy df(r)
() vf(r)= ™ ar
sz(r):gdf(r)erzf(r)
© rodroodr’

(h) V-A=0 then Ais solenoidal and diversion less.

(i) Vx A=0 then Ais irrational, conservative and path independent vector.

2
@) V=0 (Laplacian Equation).

GATE WALLAH ELECTRONICS AND COMMUNICATION HANDBOOK
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[ Electromagnetic Field Theory

2.3. Path dependent open Line Integral.

1. [P
Condition for path dependent open Line Integral is given as.
VxP=0
Then the above integrals will be solved using parameterization process.
Example:
The Line Integral of the Vector Field

F=5xzi+(3x?+2y) j+x?zk along a path from (0, 0, 0) to (1, 1, 1) parameterized by (t, 2 t) is ......
Solution:

x=t=dx=dt

y = t? = dy = 2tdt

z=t= dz=dt

j Fedi= j 5xzdx +_[(3x2 +2y)dy+szzdz
= st?dt+ || (3t +2t%) (2at)+ J’:tSdt

5,101 20+33 53 _, 4y

Condition for path independent open Line Integral is given by VxP=0
So, open line integral is performed through straight line.

Question:
As shown in the figure, C is the arc from the point (3, 0) to the point (0, 3) on the circle x*> + y> = 9. The value of the
integral.

j(y2 +2yx)dx+(2xy +x*)dy

C
1S.......

I\y
(0,3)
3.0 x

Solution:

Method I: - Basic Method
X2 + y2 = 9
X= +,9-y%  y= /9%

Since, the curve lies in 1% quadrant of xy plane. Hence,

GATE WALLAH ELECTRONICS AND COMMUNICATION HANDBOOK 9.14



Electromagnetic Field Theory

X=\9-y?,y= \/m
| :LO(Q—XZ)+2[(\/9—7)x}dx+f03[2(\/9—7)y+(9—y2)}dy =0

Method I1: - Parameterization Process.
X +y?=9 = x=23c0s0, y = 3sind

x=3100 =>9=Oto%
T
y=0to3 =>9=0t05
(%2 3 2
I_L (y +2yx)dx+'[0 (2xy+x")dy

=3[ 2(9sin” 0 +18sin0 cos0)(~sin 0d0) +3 2 (9cos 0-+18sin 6 cos6) (cos 6d0) =0
Method I11: - To check path independent or dependent.

_[(y2+2yx)dx+(2xy+x2)dy

= J'((y2 +2yX)ax+(X° +2xy)ay)-(dxax+dyay)
y I Podl
ax CYIR-
b 2

VxP= 1) o)

ox oy oz

y>+2xy 2xy+x> 0
=(0-0)ax—(0—-0)ay+ (2x + 2y — 2y — 2x) &

=0a+0a+0a=0
I\y

(0, 3)

W

(3,0) X
So, the open line integral will be through straight line.

X—_?’zy—_oz>x=-y+3:>y=3—x
3-0 0-3

I =I(y2 +2xy)dX+(2xy + x*)dy
j;’[(s— X)? +2x(3~X) Joc+ j:[z(s— Y)y+@-y)*]dy =0

Method 1V:

Open line integral is not performed through curve ‘C’ but through along x-axis and then along y-axis.

GATE WALLAH ELECTRONICS AND COMMUNICATION HANDBOOK 9.15



Electromagnetic Field Theory °®

/\y

(0, 3)

. o

(3,0) x

Along x-axis,y=0,x=31t00,dx#0,dy=0
|l=ﬂ:(0)2+2XX0:|dX+J.|:2X(0)+X2:|(O) =0

Along y-axis,x=0,y=0t03,dx=0,dy #0
1,=[.[2y(@)+y*](0)+ [, [0 +2(0)y ]dy =0
S I=11+1,b=0+0=0
3. ggﬂ-m = closed line integral

To solve above integral, we use closed line integral or open surface integral.

§ A= [[ (VAo
Quiestion:
Consider the line integral

I(xdy - ydx)

The integral being taken in a counter clock-wise direction over the closed curve ‘C’ that forms the boundary of the
region ‘R’ shown in the figure below. The region ‘R’ is the area enclosed by the union of a 2 x 3 rectangle and a
semicircle of radius 1. The line integral evaluates to —

ANy
C
L R <
2T R
1o g
i P >
| 4 5 X
Solution:
Method I: Using closed line integral
Path 1. x=1to4,y=1,dx#0,dy=0

I1=_[14—ydx|y:1 =-3
Path 2. Along semicircle centre = (4, 2)
(x =4+ (y—-2)*=(1)°
X=Cc0sd +4,y=sinp +2
y=1to3=2+sing=1t03

sinc|>=-1t01:>¢=—g tog

X =4+ cosdp = dx = -sindpdd

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 9.16



® Electromagnetic Field Theory

y =2 +sing = dy = cospdd

I, =_é (4+cosg) (cos¢d¢)—J.(2 +sin @) (—sin ¢pd @)

I,=[2 4cospdg+ |2 dp+ [22singdp =8+
2

z z
2 2

Path 3.
X=41t0l,y=3,dx#0,dy#0

1
I3=_|.4—ydx|y=3 =3x3=9

Path 4.
x=1,y=3t0l,dx=0,dy#0

1
I4=J3xdy|X:l=-2
I=li+L+13+ 1,
=-3+(m+8)+9-2=x+12

Method 2: - Using Stoke’s theorem or Green’s theorem
¢Koa ZII(VXK)OES.

95 (xdy — ydx) :gs (—yax+ Xxay)s(dxax+dyay)

A=—yax+xay
ax ay a
V| o e
OX oy oz
-y X 0
=l-(D]a=2a

Since, the given curve line in XY plane. Hence differential area will be written as

ds=dxdya.

z=0

cﬁ(—yax+xay)-(dxax+dyay)

:_[.[Zaz-dxdyaz:ZHdXdy

= 2 (Area of Curve)

= 2 (Area of rectangle + Area of semicircle)

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK
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3__-...
1
1- —

i ——
| 4 5

2
:2(2x3+%j:7r+12

X

Note: As we have seen that open surface integral is simpler method than closed line integral. So, we generally
use Stoke’s or Green theorem to solve closed line integral.

4. Closed Surface Integral or volume integrals.
pA-ds=[(V-A)dv
= Divergence theorem

Volume integral is easier than closed surface integral.

Question:

Consider a closed surface S surrounding a volume V. If r is the position vector of a point inside S, with n the unit

normal on ‘S’, the value of the integral

<ﬁ>5Fonds i

(A)3V (C) 10V
(B) 5V (D) 15V
Solution:

Method I: - Assuming closed as a cuboid (cartesian co-ordinate system).

Y
(07b70) (a b 0)
0,b.) (a,b.c
0,0,0) (a,0,0)
(OJO:C) (G,O,C)

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 9.18



® Electromagnetic Field Theory

L
chd- a, |_1._§

f dedy (-a,) .o
v

!

—t—dvdza,|

dydz (_"}.1] =il X

/

) dvdz (~a,)

<ﬁ>5?.d§

:_|'_|.5(xi+yj+zk).dydzaX . +5.|..|' (xf+yj+zk).dydz(—ax)

i SJI (xf+yj+zk).dxdzay‘y

+ 5[ (xf+yj+zk).dxdz(—ay)‘ + 5[] (xi+yj+zk).dxdya,| + 5[ (x€+yj+zk).dxdy(—az)
y= z=C

b
:5'([

=5abc — 0 + 5abc — 0 + 5abc — 0 = 15abc = 15V

z=0
b

+ Sﬁdedy| —S'i'jzdxdy|
00 00 z

Oty

xdy dz| —Sﬁxdydz| +5ﬁydxdz| —STTydxdz|
x=a 00 x=0 00 y=b 00 y=0 z=C =0

Method I1: - Assuming closed surface as a cylinder (cylindrical co-ordinate system).

ds =5d5 db &

z=h

z=h

———>ds=8dhdz dy 5 _,

z=0

ds=5d5 db (—a.)

z=0
dpsr-ds
= 5”(pap +za;)epdgdza,

=s5["[" pidgds  +5 [7[ pzd pdg| 5[ [ pzd pdg|

o SH(pap +28:)(pd pdga:)|

7=

5[] (oartza.)+(pd piga)
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® Electromagnetic Field Theory

2

= 5 a27h + 5h %271—0

= 10ma’h + 5ra’h = 15ra’h = 15V

Method I11: - Assuming closed surface as a sphere (Spherical co-ordinate system).

ds=r’sin0d0dd a,

r=R

dpsreds = L’iojgs(rar).(rzsineded¢ar)

= 5R3(2) (2r) = 20nR®

3
: 15(47;R j
3

=15V

Method 1V: - Consider a cuboid as volume.
| =<_ﬁ>5?-d§=j(ﬁ5?) dv
Vv

r=xi+yj+zk

=1+1+1=3
| =5jv(ﬁ.F)dv

=5><3J'dv

= 15I0a_|';_|':dxdydz
= 15abc

Method V: - consider a cylindrical as volume.

F:pap +ZaZ

vle(@(p-p)+a(0)+a(p.z)j
Pl Op o¢p oz

1(2p+0+p) =3
P
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® Electromagnetic Field Theory

| :j(ﬁ-ﬁ)dv

A

= SJ-(?-F)dv

v

=553 [[[ ] papn

= 15 (na*h)
=15V
Method VI: - Consider a spherical as volume.
— — - 2 qf Y
f=ra,, Vi = | 2S00 5,513
resino or
I=[V+(5r)dv

=15[" [["r*sinodrdody

3
_ 15[47TR j
3

=15V

Note:
() In all three-co-ordinate system, closed surface integration in spherical co-ordinate is easier.

(b) Volume integral is easier than closed surface integration.

000
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MAXWELL
EQUATION

3.1. Type of Medium

(A) Free space/air.

e Volume charge density (py) =0

Conductivity (o) = 0 (perfect insulator)
e Dipole moment (P) # 0
e Displacement current density (Jg) # 0

o c=e =t x10°F/m = 8.85x10°2F/m
° 36n

o p=p,=4nx10"H/m

° €r=1,|»1r=1

(B) Lossless Dielectric/perfect dielectric: -

e Dielectric is a type of insulator in which it has dipole.
e Perfect dielectric means perfect insulator.

* p~=0,

e Conductivity of dielctric (c4) =0

e Dipole moment (P) =0

e Displacement current (Jg) # 0

L 6=€O€r

® U=l

e Ingeneral e > | and u, = | (Non-magnetic).

(C) Lossy Dielectric/Imperfect dielectric: -
e py= 0

e oy + 0 (It gives conductor loss)
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E=€pE,

= Ho kr

In general € > | and pr = | (Non-magnetic).
Dipole moment (P) # 0

Ja # 0 (due to dipoles)

Conduction current density (Jc) # 0

— due to conductivity of lossy dielectric

o 4ol | owloss dielectric
we 100
1 Gd . . .
o < 2. <100 = Medium-loss dielectric
100 we

e 203100 = High-loss dielectric

we
Uncharged Dielectric Charged Dielectric
+ + +
g + o+ o+
®———0 + 4+ +
+ 4+ o+
® S &
+ + +
py=0 py#0
Uncharged Conductor Charged Conductor
e e € + +
® 60 O
+ +
e € €
® ® 6 + +
€ g € + +
® ® 6| | ,
p,=0 py=0

but ps # o (surface charge density).

(D) Conductor:

e py=0,0c#0 (Veryhigh)
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o¢ = conductivity of conductor.
Conductor is very high loss dielectric.
Perfect conductor: - oc = oo (Very-very high)
eg: - Gold, Silver etc.

Good conductor: - o = very high

eg: - Brass, conductor etc.

Poor conductor: - oc = high

eg: - Aluminium

3.2. Types of Conductors

E =0, H = maximum

E = maximum, H=0

E=0,H=0

3.3 Properties of Medium

(A)

(B)

(©)

Linear: If consecutive property of any medium does not depends upon strength of field, then that medium is linear.
o, W, € # f (E, H) — Linear Medium o, p, € = f (E, H) — Non-Linear Medium

E E2 HS3
§=—+—*+——

10 1023 20319
Homogeneous Medium: If consecutive property of any medium does not depends on the point in space, them that
medium is homogeneous.

€r=5 — Homogeneous

€r=5 — Linear +..... =Non-Linear

€r=10x (x + 9) — Inhomogeneous

er=f(10f+ 1) — Inhomogeneous
€, o0=1(x,y,279, ¢, zr, 0, ¢) — Inhomogeneous
€, W0 £#f(X,y,2 9, ¢,zr, 0, $) — Inhomogeneous

Isotropic Medium: If consecutive property of any medium does not depends upon direction, them that medium is
isotropic.
Case I: Isotropic Medium
D=cE, ¢ =3
D=3, E,=(D,i+D, j+D,k)=3&, (Ed +E,j+EX)

D, =3¢, E,, D, =3¢ E,, D,=3¢, E,
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Since Er is same in all direction. Hence medium is isotropic.
Dx 300 Ex
Dy|=|0 3 O|E,| Ey
Dz 0 0 3 Ez

l, Scalar Matrix — Isotropic Medium
Case I1: Uni-isotropic Medium

O 00O

l, Diagonal Matrix
Dy = 3€0Ex, Dy = 4€0Ey, D, = 5¢.E,
Case I11: Anisotropic Medium

D, 2
Dy |=6& |5
D, 6
Dy = 2€0Ex + 3€0Ey + 4€oE,
Dy = 5€0Ex + TeoEy + 9€oE;
D; = 6€0Ex + 3€0Ey + €0E;

Note: All homogeneous are isotropic and all isotropic are homogeneous.
=
(D) Non-Dispersive: - If consecutive property of any medium does not depend upon frequency then that medium is non-
dispersive.
o =2 — Non-dispersive
o = Swe — dispersive

3.4. Electric Gauss Law

Total electric flux through closed surface is equal to algebraic sum of charges enclosed.
¢pDeds=Qgnc

(a) VeD=p, — Point Form of Gauss law

(b) pDads=[[ (?-‘D’)dw [[] pvav

Gauss theorem or divergence theorem

(©) @ﬁdgsTotal Flux through Closed Surface.

(d) @EchETotal number of electric field lines.

(e) Gaussian surface must be closed.
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NAL -
B

q

(f) Gaussian surface may be irregular/regular.

Y=q Y=q Y=q

(g) The charge will be placed anywhere inside the Gaussian surface.

st %<t

center Anyvvhere Just outside
Y=q

(h) When charge is placed outside the Gau55|an surface.

e A0

outside Just outside
Y=o Y=o

(outward flux = inward flux)

(i) Qenc = algebraic sum of the charges enclosed.

Qenc = q1- Q2+ q3— Q4

(j) Total flux through closed surface

M A (i

at center outside
Y=q Y=o
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(iii) % (iv) #‘

(/

Just inside Anywhere inside
Y=q Y=q
V) g (vi) \
Just outside at the ?urface
Y=o ¥=3

(k) Total flux through cube, when charge is placed at

°q
. q
(i) (i)
Y=q Y= %
(Flux through one cube). (Flux through one cube).
a g

(iii) (iv)

v= g w= g

(Flux through one cube). (Flux through one cube).

(I) Flux through the plane

(m) Flux through infinite length plane
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3.5. Magnetic Gauss Law

Total magnetic flux through any closed surface is zero.
{pB-ds=0

() Pointform=V.B=0

(b)  Integralform = Beds =0

#E_dg =0 —> Divergericeless
- — Solenoidal
(© V-B=0 — Magnetic monopole does not exist

L Originating and terminating
point are not defined

3.6. Electric Field Conservative /KVL.

@Ea =0, VxE=0
Work done in a closed path is zero.
gSEE:O — Irrotational
o — Path independent
— Conservative

— KVL
— Does not exist in a closed loop

3.7. Ampeare Circuital Law

Total magneto motive force in a loop is equal to algebraic sum of current enclose.

$HI =gy, VX H =1,

() If loop is closed in anticlockwise or counter clockwise direction, then
Q) Outward current is taken as positive.
(i) Inward current is taken as negative.

(b) If loop is closed in clockwise direction then
Q) Inward current is taken as negative.

(ii) Outward current is taken as positive.
® 9BA .
©10A $H.dl =lenc

® 5A
=—10+5=5A
(©)
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® 30A
©® 20A ggﬁ dar =1
d 10A oo
@ (e =-20-10=10A

) ° $H.AI =g =-31-1=-2I

3.8. Maxwell Equation in Statics

Integral Form Point Form

(8) $Ddl=Qun VxD=p,
Electric Gauss Law

(b) gsza:o VxE=0
Electric field conservative

(©) §pBds=0 VxB=0
Magnetic Gauss Law

(d) PH.dI=lgc VxH=J

Ampeare Circuital Law

3.9. Maxwell Equation in Ideal and Practical Medium

Ideal Practical
(a) C_ﬂsﬁ-dngenc d Y
(b) V.D=p, v x
(c) — ~_ Qenc v x
E.ds==—"——
fpEas==C
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(d) GLEZAY v x
€
) $E-di=0 v v
(f) VxE=0 Y d
(@) $D-di=0 v x
() VxD=0 Y *
(i) §pB-ds=0 v v
() V.B=0 ‘/ v
(k) fpH-ds=0 v x
0 VeH=0 i *
(m) PHedI=1gn, v v
() VxH=1] d d
(0) PBedl=prlgnc v x
) VxB =1l d *

e |deal Medium: Linear, Homogeneous, and Isotropic

e Practical Medium: Non-linear, Innomogeneous and an isotropic.

3.10. Maxwell Equation in Different types of Medium

Q:OI,DLzopps:O;pvzo
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1=0,K=0,J=0

. <ﬂ>5-d§=Qenc V.D=p,

. c_")EdI:O VxE=0

. Beds=0 V.B=0

° cﬁﬁ(ﬂzo VXHZO
Q=0,p.=0,ps=0,pv=0
1=0,K=0,J=0

. gﬁﬁﬁ.oﬁzo V.D=0

® @E-C_jizo §XE=6

® ﬁ)ﬁ.dgzO ?‘EZO

[ ] @ﬁoaizo vxﬁ:()

3.11. To Find Unknowns of E, H & V.

(@ V.B=0—-Unknownof B
(b) VxE=0-—Unknownof E
€  V?V=0-—Unknownof V
(@ py=V-D

— —_—  —

e) J=VxH

3.12. Continuity Equation/KCL

e It gives flow of charge in a medium.
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e Continuity Equation in point form.

v.j - “OPv
ot

e Continuity Equation in integral form

fpieds=- jy(%)dv

e KCL

c

@ p, =P © 0 p, =
ot ot
© p, =p,€ °© (d) Q=Qe *

& L
Where — = 1 (Relaxation time constant)
o
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e Flow of charge in conductor.
o is very high
So, T (Relaxation time constant) =0

o

Hence, p,, = pvoe_; =0

ov
Py

| t
Very fast flow of charge in a conductor. So, charge does not reside inside conductor.
e Flow of charge inside insulator.
o4 = 0 (very low)
So, t (Relaxation time constant) = co

(e)

Py =Pw€ * =Pwo

pv

o

There is no flow of charge inside perfect insulator.

3.13. Laplace’s Equation/Poisson Equation

(i) For Ideal Medium

(ii) For Practical Medium

dv — Free space/air/vacuum/uncharged/ dielectric/conductor/singular charge distribution/cavity/source free medium charge
free medium.

V2V =0 = Laplacian Equation
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3.14. Difference between Laplacian & Poisson Equation

Laplace’s Equation

Poisson Equation

(a) VvV =0 (i) v2y = _Pv
&
RV L VALY, N N AV P
(b) 7ty t—5=0 (i) p ot o= -
ox: oy oz ox: oy: oz &€
(c) Complementary function (i) Complementary function + Particular integral
(d) Unique solution and follow uniqueness theorem (iv) Does not follow uniqueness theorem
e Linear Equation (V) Non- Linear Equation
()] Homogeneous Equation (vi) Non- Homogeneous Equation
3.15. Magnetic Force
Fo=1(IxB)
I = length of wire and directed along current direction.
3.16. Magnetic Energy Density
1o o R
=—B.H==-uH"=—
Hm 5 5 H 2
1. = S . .
Him ZEJ'A where A = Magnetic vector potential

3.17. Faraday’s Law

When magnetic field lines cuts conductor, then an electromotive force will be developed, which is known as induced

electromotive force.

The induced electromotive force is directly proportional to time rate of charge of flux.
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dym R
ea——= Faraday's Law
dt yl _ —_-." d\v m "-
j
(C) Faradays and Lenz’s Law in integral form Lenz’s l
— Law Faradav’
- araday’s
e = [[-Las Law
ot
(d) Faraday’s and Lenz’s Law in point form
VxE--B
ot
()
® y,, =Magnetic Flux
N = Number of turns
I = length of solenoid
&y = Magnetic flux due to one turn
A = cross-sectional area of solenoid
(f) A
e |=(N-1)d \ ST '
I
e H =¥
e B=uH= —'u:\”
e 4 -Ba-tNA

|
o Yy =LI(Weber)

—dyy, —yNZA[gj__Ldl

e ¢ =—L—
dt | dt dt
° V:-e:+Lﬂ
dt
(9) Toroid
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d r:net ZQ(VXB)"‘qu {‘/
e E, =BxV
e e=BVLsingd 0 i
B
e:(\7>< B).T

3.18. Modified Ampere’s Circuital Law:

e Since, conductivity of conductor is very high. Hence, conduction current is very high.

e Since, conductivity of dielectric is very low. Hence, conduction current is very low. (Leakage Current)

e Since, number of dipoles inside conductor is very low. Hence, displacement current is very low.

e Since, number of dipoles inside dielectric is very high. Hence, displacement current is very high.

Conductor Dielectric

le >4 le <lg
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(d) Ampeare’s circuit law is modified by maxwell

@H-ﬁ:lenc = In statics
SBH-W:IC + 14 = In time varrying

(e) Modified Ampeare’s circuital low in integral low

GHdl =1, +1g4

(f) Modified Ampeare’s circuital law in point form

vxl:l :‘]C+‘]d

(9) J; = Conduction current density = ¢E

Jg = %D = g%z = Displacement current density

(h) I, =[[Jc.ds

_0Ve

lg= pm =Time rate of change of electric flux per unit time.

1=4J02+32

tanéS:i
Jg

I=1c+1q

(i) vxﬁzjc+jd=cé+g%=(c+jm)é

(K) @H.mzjj(oéwaj}dg = [[(o+ joe)Exds

3.19. Maxwell’s Equation in time Varying Fields

@  §HD-ds =Qenc M  VD=p,
Electric Gauss Law

)  §pB.ds=0 (i)  V-B=0
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Magnetic Gauss Law
- oB - - B .
c Eedl =— || —«0S iii VxE=——=—jwuH
© ¢ 15 (iii) ~ =
Faraday’s and Lenz’s Law
(d) <_f>F|-a=IC+Id (iv) va=JE+€%=(G+jW£)E

Modified Ampeare Circuital

3.20. Magnetic Vector Potential and Magnetic scaler Potential

J=0 = Volume current density = 0

VxH=0 = H=-W,

Vi = —IFI . dl|— Magnetic scalar potential

e B=VxA (A= Magnetic Vector Potential )

. gSA-dj = ”(? X K)-ds’ = _U B.ds =y, = Magenticflux
° ﬁ(ﬁ-ﬂ) ~V2A= 7]
(@) InstaticsVeA=0]  ..V2PA=—p]

.
(b) In time varying (W@-A)) = P‘saat_?

~ 0%A -
VA e T

aao
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ELECTROMAGNETIC
WAVE

4.1. Time Harmonic Equation

(@) Lossless Medium

2 2
Vzﬁ:ue :Vzﬁ:izg
vp ot
2 2F
VZEZME—ESV2E=%§
Vp ot
Where, Vp =Phase velocity in a medium.
(b) Lossy Medium
= @E  @°E
VE=po—+pe—0
K o K o2
— oH ~_2°H
V?H=po— +pne
Hﬁat K o2
Loss: crE G@
: Mo Mo
H . o%E o%H
armonic : pe?, pne v

4.2. Wave Equation/Helmholtz Equation/Telegraph Equation

(@) Lossy Medium
Vzﬁzyﬁ, V2ﬁ=y2ﬁ

y=\/jop(c+ jok)

y=a+jp

m
radian j

o = attenuation constant ( Neper)

3= Phase constant (

y = Propagation constant (%)

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK

9.39




® Electromagnetic Field Theory

VZE—((DZH e)EzO
Vzﬁ—(mzu e)ﬁ =0

y=joJue,a=0B=0jue

4.3. Equation of Electric Field and Magnetic Field

e E-= Eoefotze*jﬁzej(’)t ax (Complex Form)
e H=Hpe “e iy, (Complex Form)
o E=Eye “cos(ot—Bz)ax

e H=Hge *cos(ot—Bz)ay

e E,=Amplitude of Electric Field(%j

e o = Attenuation constant( Neperj
m

e e ™ = Attenuation Factor

e Hy =Amplitude of Magnetic Field (%)

e fP= % = Phase Constant/\Wave Number

4.4. Intrinsic Impedance/Wave Impedance.

e Itrelates conversion from Electric Field to Magnetic Field or vice versa.
e Itis impeadance offered by medium during conversion Electric Field to Magnetic Field or vice versa.

e 1 = Intrinsic Impedance (Q)

n:E:E_J:—Eo_:jwu: Yy _ | Jou
IH| Hg Hy Yy o+joe \o+joe
()]

SONC T Ly

E=Egje el ay

. ot Wave travelling in +z direction
H=Hge el ay
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(@) VxH=(c+ joe)E  (Modified Ampeare Circuital Law)
B __ v
Hy o+ joe
(b) VxH=—jouH (Faraday’s + Lenz’s Law)
Ey _Jou
Hg 7
E =Ege"elay
H=Hge"el*ta,

(a) VxE=—jouH (Faraday’s + Lenz's Law)

} Wave travelling in -z direction.

“Eo _Jon

Hy v
(b) VxH=(c+ joe)E

B _ v

—— (Modified Ampeare circuital Law)
Hy o+t]Joe

4.5. Phase Velocity and Group Velocity

(a) Phase Velocity: The velocity which is along the propagation direction and defined at single frequency.
T =
PIRT & lp
p

(b) Group Velocity: The velocity which is along the propagation direction and defined for multiple frequency.

* ap = unit vector directed along propagation direction.

(c) Phase Velocity and Group Velocity in Dispersive and Non-Dispersive Medium.

Dispersive Non-Dispersive

@ vp="Tf(w) @ vp=f(w)

Phase velocity depends upon frequency of operation. Phase velocity does not depend upon frequency of

operation.

(b) Vp # Vg (b) Vp =V
(€) Boco (NOT) (€ Bero

p B
(d) ® (d) ©
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Vp
o dvp
Vp do
dv
(i) vpif(w):d—o‘;:O:wg =V,
(i) vp =T (o)
dv
Case I: “Pso=v, >V
do g p
dv
Casell: —P<0=v, <v
do g p

(e) ® o =0 = Lossless and Distortionless.
o

/'G,:U
I’ - . >

e o = Constant = Lossy and Distortionless.
ACL

()]
e o =50 = Lossy and Distortive.

e o =0 = Lossless, x = f(w) = Distortive
o« # 0 = Lossy, x # f(w) = Distortionless

*  All lossline medium is distortionless medium but all distortionless medium is not lossless medium.

4.6. Wave Parameters of Different Medium

Free Space or Air Lossless or Perfect Lossy or Imperfect High Loss or Conductor
Dielectric dielectric
a 0 0 o4 \/E [ruf o.
2 \e
Lossless and Distortionless Lossless and Lossy and Distortionless Lossy and Distortive

Distortionless

B Bo =o\1o o oyJu € =PoyHr & U E=PoyHr & Jrfuoc

Non-Dispersive Non-Dispersive Non-Dispersive Dispersive

A _ 21 21 . 7\.0 271 . 7\.0 E

Ap = — -V - __ "V
° Bo B Jure B Jurer B

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 9.42



® Electromagnetic Field Theory ®
Vp 1 -C 1 . CO 1 _ CO 20
=Cy =9 =0
JHo €0 JHE  Hr & VHE K & HOC
Vg Vo Vo Vo vy,
Vp Vg Cg CS Cg Ao
Hr & Hr €r
n
Ho _1007 =377 (Resistive) \/E:120n Br _ \/7 o d\’/_ = R+jX =Rg + jXg
' o € \ & € 2wed 200 200

377 \/H_T (Resistive) (Complex and Inductive)
Er

Complex and Inductlve)

4.7. Wave in Space

(a) BZBXax-FByay +Bzaz
B=\B%+B5 +B2
0 =g

+ =+
Moag Ay g
1.1 1 1
2 2
Y Ve, Vg,

(c) 7=
p Vpx

4.8. Tangent Loss

VxH=Jq=c2E = jocE
ot
= JCOEOEr E

Where e, is real quantity.

VxH=Jc+ Jg
U U
Loss Storage

VxH=(c+ joe)E = joey (g, —j——)E
COEO

VxH = joy eoer E

er:COmpIex form of relative permittivity

x L om )
Er=€r )& =& )
wey
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Where €,=€, gives storage
" (e} R
e, =—— gives loss
weEp

tanész‘]_cz Loss
Jyq Storage
tanB:ﬁzl_C: °© _&r
Jd Id WEEr g
(i) tan6=i=V_R=£
XC VC Qc
R C
— AW ——
(i) tan8=i=\i=i
XL VL QL
R L
——AAW— TS —
(i) Y =G + jBg
ans=C -Xc_ P _Ir
MEAA_IR
— >
Cc I
(iv) Y =G - jB,
tan6=£=ﬂ=i=|_R
Tij
) y=o+jB=yjoulc+ joe)
2(1[3:0)“0
B2 —a?=wue
o 203

tand=—-=
oe Bz_az

9.44
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) n= M intrinsic Impeadance
o+ joe

g—tan‘l(wej
g =%  \O9J

1 2

:% :cot(ZOn)

:é:tan(Zen)

—tand= tan(29n)
-.8=20, =2(L/E-/H)

4.9. SKkin depth and Depth of Penetration.

Skin depth = pum to cm
Depth of Penetration = cm to m.

E= Ege ™ cos(ot—Pz)ax
decreases Constant.
with distance

1 E.e ™ :
Eo I
Eo |\ z=0 e

1== -

z=2
o

N y
Q

(a) Skin Depth: The distance at which the amplitude of electric field becomes o times of its initial value.

Ey—=4 5> Epe™ :%:mcd _1md=t
o

- &= Skindepth = é’;:l
o
For high loss medium or conductor, attenuation constant is very high (10° to 108).

Hence, & is very small (um). So, it is called as skin depth.

;

1 I £ =verysmall

Conductor

Electric field remains at the surface of conductor. It will not penetrate inside conductor.
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azﬁz%za/nfucsc

. ()]
N=Rs + JXs; Rg =Xg = Z_M
Gc
111 VY1
o B gfﬂ?fucc 21 (O] GCRS

(b) Depth of Penetration:
For Low Lossy medium, attenuation constant is very low. Hence, electric field penetrates very high to that medium.

2 \e

2 e

Og VM

(c) Lossless and Perfect Dielectric:
o4 =0=a =0=> Depth of penetration = .

(d) Perfect Conductor
o, == a=0= Skindepth =0

(e) Surface Resistance
It is found at high frequency.

Rg =g ol
ZGC

RdetRac

Rdd

fo
pl f ou
R =, R = —_—
dc A ac ZGC

Attenuation Factor = AF = e~

AF |gg=—20log;o e~ =20ad log,,e =8.680d dB

AF lgs :+8.680c(d—8j :0{ Neper)
d m m

1Neper =8.68dB

GATE WALLAH ELECTRONICS & COMMUNICATION HANDBOOK 9.46



® Electromagnetic Field Theory

4.10. Angle of Wave Impedance or Intrinsic Impedance.

(¢

90° —tan* (mej
0. —

n 2

_E 0, =B
n_ﬁ: n- -

(a) Lossless Dielectric / Free Space / Air
6=0=6,=0

SLE-ZH=0=ZE=/H

Hence, Phase of Electric Field and Magnetic Field have same.

(b) Conductor / High Loss Medium
0, =45°
= /E—/H =45°

Hence, Electric Field leads Magnetic Field by g

Magnetic Field lags Electric Field by g

(c) Low Loss/ Medium Loss Dielectric
0<6,, <45°

4.11. Pointing Vector

(a) Propagation Loss = —@(Exﬁ).d§

(b) Conductor Loss or Ohmic LossE—IIj(cEz)dv

(© %U(ue +um)dv] =—@(Exﬁ)°d§—jGE2dv

\
The above equation represents flow of Electromagnetic energy in any medium.
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® Electromagnetic Field Theory

(d) Poynting Vector = E x H(M)

m2

Instantaneous Poynting Vector = P(t) = E(t) x H (t)
Instantaneous Power Density = E(t)x H(t)
Complex Poynting Vector = E(t)x H (t)

(e) Re(P)=Re(E)xRe(H)
Re(P) = Real part of Poynting Vector

(f) Average Poynting Vector. (ﬁavg)
(i) Lossy Medium

[nl= Erm ,n= Complex + inductive
Hrms

-0z —oz
Ems =Eoe  Hpms =Hge

2

= EqHy _ E5
Pag=—2-Le?%cos0,ap  =-"2-e?*cos,ap
2|n|
InlHG
-1 067 c050,8p  =EgmsHems COSO,ap
2
=—8.c0s0,,ap = | H s cos6, ap
Inl
(i) Lossless Medium (5=0,a.=0,0, =0)
5 EoHo Es nH§ Ef 2
Pavyg = 5 ap =Zap =Tap =EmsHms@p =—ap =mHpsap

(i) Pavg =~ Re(Ex i)

(lV) Power (W) = J-Iﬁavg -dg(Watt)
Total Power (Wp) = ¢pPavg +dS(Watt)

o)
v) E>o, 0BV, f =

H—>oc,co,[3,}»,vp,f:2£
T

P — 2, 20, 2B, 0.54,V,, f =2
T
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4.12. Polarization of Electromagnetic Wave

Polarization
Linear Circular Elliptical
Polarization Polarization Polarization
—* Horizontal — Right circular (RCP) —> REP
— \frtical — Left circular (LCP) —>LEP
— Linear
(a) Horizontal Polarization
E = E( cos(wt —Bz)ax
Ay
-E, EE E, .
P

Electric field is propagating in (z) direction and oriented or polarized in (x) direction.

(b) Vertical Polarization.
E =Egcos(ot + By)(—ax)

Electric field is propagating in (-y) direction and oriented or polarized in (-x) direction.
X

E,

(c) Linear Polarization.
E = E, cos(ot —Bz)ax + E, cos(wt —pz)ay
Wave is linearly Polarized in X and Y, propagating in +z direction.
Tilt angle (0) :- The angle subtend by Electromagnetic Wave at z = 0, t = 0 with
X — Axis = (XY Plane)
Y — Axis = (YZ Plane)
Z — Axis = (ZX Plane)
E,
E

tan0 =
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® Electromagnetic Field Theory

Ay
S t=0
=T
rd b >
-E, 4 p E X
............ _E2
(d) Circular Polarization (E; =E,, Ap=290°)
Step 1. Thumb represent direction of Propagation.
Step 2. Remaining Finger gives rotation.
Step 3. Right hand gives Right Circular Polarization where as Left hand gives Left Circular Polarization.
(i) Right Circular Polarization
E = Ey cos(wt —Bz)ax + Egsin(wt—pz)ay
Z =0=E =Ejcos(wt)ax + Eysin(wt)ay
t=0=> E = anx
t=—= E = EO dy
t= I = E = _EO ax
2
t = g f— E = _Ean
4
t=T = E=Ejax
F y
¢ T
tEo\, 4 RCP
T
t=_
=0
-E i
0 E, X
3T
-E t=—
0 4
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(ii) Left Circular Polarization.

E =E(cos(wt —pz)ax —Egsin(wot —pz)ay
t:O:>E: anx

T
t=—=E=-E,a
2 ody

t=£:>E:—anx

t=%2>E=Ean

F 3 y
E, LCP
=0
-E, Eo X
_E(}
(e) Elliptical Polarization
E,=E, Ap=+00°+180° E,#E,, Ap=+180° E; =#E, Adp=+90°
(i) Right Elliptical Polarization (E; #E,)
E =E, cos(ot —Bz)ax + E, sin(wt —Bz)ay
A y
T
{=—
4 XEz REP
f/ \\\
// \
/ ITY\
By \ E
/.\ X 1 >
—T ‘\ \j_. /’t:O X
t_E \ P /
X A
\\X__’/
E, t:3T
4
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'y y
t=T

4 REP
VSN B,
t:I \/_. t=0 X

2 P

AT
/Nt

(ii) Left Elliptical Polarization (E; #E,)

E =E, cos(wt —Bz)ax — E,sin(wt —Bz)ay

4.13. Normal Incidence

B(O—E u —E E—RH,

YZ
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(a) Formulae
() Teg=-Ty
(i) tg=1+T¢
(i) ty=1+Ty=1-T¢

(iv) m= no( n; = \/7

(V) I'e =
nt +1‘|,

(vi) _ M S M &
\/ut Si +\/l-‘~| St

Non-Magnetic Material p; =p; =1
(vii) Tg :M
Je e

" Bi —B¢
(viii) B E:FE B.+Bt

(ix) /Ioc—:>l“E A=

T atA

Vo —Vp,
() Ve oo oTp =Pt P

Jer Vp, +Vp,

1 n.—n,
(i) npoc———=lg=—t—1
\}Er 77 +77|

Electromagnetic Field Theory

- n' _n -
(xii) noc e, =>Tg =——L (n =Refractive Index)
n +n
1

t

Magnetic — Magnetic Material =€;=1

(xiii) */_ i
= Ja

(xiv) ﬁoc\/E:rE_?t ny?
el p A

xv) 4 \IT:FE Py

Vp. =V,
(xvi) Vp ot A= =>Tg =t

\/Z Ve, +Vp,

n,.—n,
(cvil) 7700 \Jpgy =T =
\/_r n, +n,
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n —-n

(xviii) noc [, =g =——

n +n.
t 1

(xix) B, =—|"g[R,

) P :—(1—|1“E|2)ﬁ>i

(b) Representation of electric field and Magnetic field.
E; =E, cos(Wt—32)4, E, =T'eE, cos(Wt + 52)4,
E, =7eE, cos(Wt— 42)4, H; =H, cos(wt - 52)4,
Hy =TyHycos(wt+3z)a, H;=74H,cos(wt—42)4,

Y
X
HiC ) Ei HrC ) Er
¥ 2 A7 Z
€y Wiy Mo Bi
€ Mo Mo By 7
H(P—E
(c) When wave travels from rarer to denser medium.
H®—E, Er—@ H,
Y +27 1
E, rarer
E, * denser
H®— E

N <N =g <g ('.'noc er)

- I'e :@ <0=T'y=-Tg>0

e

. Er =Tg <0:>E<0:> E: & E; are of opposite sign.
i i
. :r ='y>0= %>0:> H: & Hj are of same sign.
[ [
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(d) When wave travels from denser to rarer medium.

H®—E, ®—E
ﬂk
denser
rarer
H, E
* Ni>N=g > ( N er)
N=FN=
. E =I'g>0 :%>0:> E: & E; are of same sign.

% =I'y<0= % < 0= H: & Hi; are of opposite sigh.

i i
(e) Range of Reflection and Transmission coefficient.
. Fe[—l,l]
e T e[O, 2]
(f) When wave travels from air to conductor.

air n;
conductor n

M :7701,ﬂ
Sr

jo,
=10 L
o.t+ Joe
Since o is very high. Hence 7, value will be in the range of milli ohm.
. 1 >>>> 1
. Me=2"""_ 3 p, =T =1

Th + 1}

b TE :1+FE:0 & TH :1+FH :2

. E=—1:>E,r=—Ei
Ei
. %zO:Et=O—>Minima
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H

f—1=H, =H,

I T T

_t=2:>Ht =2H; —> Maxima
i

Reflected and Incident Electric Field are out of phase.

Electric Field at the surface of conductor is ‘0’ (minima).

Magnetic Field at the surface is maximum.

»  Hence, Electric Field and Magnetic Field on the surface of conductor is having 90° phase difference,

i.e. Electric Field at the surface of conductor lags Magnetic Field at the surface of conductor by 90°.

* Inside Conductor, Electric Field leads Magnetic Field by% .

*R=-R
- B=0
(9) Effect of polarization during normal incidence
Horizontal Horizontal
\ertical \ertical
Linear Linear
RCP Y TLCP
LCP RCP
REP LEP
LEP REP
Horizontal
\ertical
vy Linear
RCP
LCP
REP
LEP

4.14. Oblique Incidence

(I) Parallel Polarization (A) Perpendicular polarization
(1) Vertical (B) Horizontal
(1) P - polarization (C) S - polarization
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Incident
planet=0
_ C
& U.0;=0Vy A : Refracted
! planet=t,
| D

(1) ./,ur & SiNG =./44 € Sin@ — Lossless Medium
Non-magnetic z =4 =1

(i)  Jesing=gsing (i) Boc\le = Bsing =psing

1 sing, sin@, 1 sing, siné
= = (V) Vp = =

\/; A 4 " \/; th Vpi

1 sing, _sing,

(vi) noc\je_: , , (vii) noc\fe; =n;sing =n;sing
r t i

(v) Ao

Magnetic — Magnetic g;=¢,=1
Juising = [ sing
i sing  sing
= =

i)  Boc i =B sing = Bsing, (ix),zocJZ 7 )

1 sing, _sing,
- =
Ju Ve Vg
(xi)  mocyu =msing = sing

(xii)  noc\[u, =nsing =nsing

(x) Vp

4.15. Parallel /Vertical /P-Polarization
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. F=xi+2zK

. r=xi—zk

. I =xi+zk

. &g =singi+cosgk
. ap =sing i —cos@, k
- & =sing i +cosf k

. B =fsin@ i + 3 cos@k
- B =fsing i+ cosgk
- B =4singi+ A cosgk

© A=ams

(0]
* :Btzcﬂ\//”t St
0

. 77|:770 ﬁ

S
g T =7701/ﬁ
St

(@) Iy =-Tg

(c) e :(1+FE)(C059'j

cos &

_ 73,C0SG —17, €054
1} COS G, +17; COS 6,

© . — «/M €; COS 6, —«f,ui € COS 6

o M € COSE, + /14 € COS 6,
For non-magnetic (i = u: = 1)

() r _ Jeisech — & secq
= = JErsecd, + =, 4
(9) B oc g, :>1"E — ﬁi Secei _Bt SECBt
B; sec; + P seco;

d@ TIg

® Electromagnetic Field Theory
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_ A cos@, — 4 cos 6
A, cosé, + 4 cosél

h Aoci:ﬂ“
E

=
1 :>VFi cosé —Vp cos 6,
Jer Vg cosé +Vp cosé

r

(i)  Vpo

. 1 cosé. —1; COS G
(J) 77 e = £ — 77t t 77I ]
Jer 77, €086, +17; C0S 6}

k) noc\/a:rE :”tCOSQt—nicosal
N, Cos €} +n; cos 6,

For Magnetic medium (g=¢,=1)

r _,/utcoset— 1 COS 6k
E=
M COS G + /14 COSE;

_ fcos;— [ cosé

(0

M) por i =Tk

L COS; + 3, cos G
) doc 1 T _ Aisec — A secq
Jur 7 Jisec@ + A sec,
) Ve o 1 r _ Vg secé —Vp sec
P*—— E=

Jin

(p) nocu =TIg

Vp sect; +Vp sec

_ 73,0056, — 17 C0S 6}
13, COS &, +17; COS B

Ny cosé —n; cosé
n I =
@ OC\/Z: E N COS & +n; Cosé,

(r) Representation of Electric Field and Magnetic Field
oE= Eo(cos6} f—siné}l?)eth e 1B
F=xi+2k
Biot =(Bsing ) x+(f cosé )z
OFE, =1“EE0(cosél,|“+sin61,I2)ej""t e ipret
o] :rEEO(cos@f—sin @R)ej""‘ e iR

OF; = Fo gt g-ifieh

T

OH, =Ty [E}GW e 1At

i
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0) Ht =7y (Eje]m e*jﬁt'rt
7

(s) Power Density

. E2 . e PE2
P=—4 ,0PF=5E124
©n 2 O 2

_ 2\ COS & E2 ).
O R =(1-Jre [F) 22 [Z—?Jaa
t i

P 2 PR ( 2) cosé,
oo (14
QPI ICe| QP, ICe| 2054

(t) When electromagnetic wave travels from air to conductor.

air Ni
conductor N

jw
on, =7701/ﬂ on =,/—‘ a
= o + jwe

O Since, o is very high. Hence, 7, value will be found in the range of milli ohm.
O 1 >>>1
_Th cosg, —; cosé, _1
13, COS G, +17; COS B,
=I'y=-Tg=1 =7 =14+ =0 &y =1+1' =2

o I'Ee

@TE =1+FE =0 &TH =1+FH =2
oL 1oE -—E
Et

(DE=0:>Et =0— Minima

(DWI:2:>Ht =2H; — Maxima
[

o Reflected and Incident Electric Field are out of phase.

O Hence, Electric Field and Magnetic Field or the surface of conductor is having 90° phase difference.

i.e. Electric Field at the surface of conductor lags Magnetic Field at the surface of conductor by 90°.

o Inside conductor, Electric Field leads magnetic field by %
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4.16. Perpendicular polarization/Horizontal polarization/S-Polarization

o =xi+2K

o =xi—2K

o =xi+2K

-8 =singl +cosak

“4p =sing i —cosg k
-4y =sing, i +cosg, K
B =fsin@ i + S cos@k
« B =Bsing i + 3 cosak
« B =B singi + 3 cosgk

CO
@
B= N s
(0]
*7i =T A
€

@ Ty=-Te

G
(0) n=(1+Ty )[ig’;t J

(C) TE :1+FE

@ T _ M Seco; —m; sech,
1 SeCO; +n); seco;

© T _J,ut € SeCl; — /14 & sech;

£ JH € SeCE, + /1 & sech,
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For Non-Magnetic (ui = ut = 1)
6 oo Jei cosé, — & cosé,
Jei cosé, +\[& cosg,

S cos@ — [ cos G
e =
@) Bocya =Te 3 cos@ + f3, cos 6,

_ Ay sec, — A sect;

(h) loci:FE =
A secé, + 4; sec,

Jer
() Vpo—oTp=

=
()] noci: E:Utsecﬁt—nisecé}
Jer 17 SEC 6, +17; Sec e
(k) nmE:rEzni cosé —n, cos 6,
n; COs & +n, Cos &
For magnetic medium (&=¢,=1)
() Tg= i sect, — 1 sec,
Ji4 sec, + [ sec
(m) Bocfu =T = S sec,— 3 sec &
f3 sec,+ /3 cos &,
() Ao ory 2210086 ~Acos
Jur 2 c0s & + 4 cos 6,
1 VF} cosé —VPI CoS 6,

0) Vpx—=TI=
©) P ./yr E Vp C0s§; +Vp COs 6

Vg sec6, —Vp sect;

Vg secé; +Vp sec

73 SECE —17; Sec
oC =l =
() nocfu =T 115666, 171, 5600

nesecé, —n;secé
n =g =
@ . \/E E Ny Secé, +n;secé,

(r) Representation of Electric Field and Magnetic Field
o E =E,eM"™ e‘jﬁi'riéy
OE, =T'g E el e‘jﬁr'rréy
OF =r¢ E,eMe iy

OH; =5(—0056‘, f+sin6}l€)ej‘"’t g 1B
77

- E a . ~ i _iR
OH, =Tg —°(—cos:9, I —sin@ k)eJWte Vo -ty
Tl

OH; =7y 5(—cost i +sin Htlz)ej‘"’t e iAT
Th
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(s) Power Density
2

. E
P=—24
©n 2 1
22
. |Te["Es &
p-LEl =04
o 2 1

o R =(1-|r |2)E_3@
t E 277t R

Q%:|FE|2 o &:(1_|FE|2)(COSGI ]
|

R cos G,
(t) When electromagnetic wave travels from air to conductor.
air i
conductor i

Uy
on =ny,|—
Sr

jwu
O =19 :
o, + Jwe

Since, o is very high. Hence, 7; value will be found in the range of milli ohm.
i >>> T}
_psech —mpsech

I'e
13, Secé, +m; secok

j—t FH :_FE :1

@ TE =1+FE =O

cosé j_ 2c0s 6

=(1+T
O e =(1+ E)(coset cos &,

@% =—1=E, =-F

E
©

Et=0:>Et =0— Minima
i

H
O—L=1=H,=H
Hi r 1

Hy _2cosg _ =(2c036}

H; — Maxima
H; cosé Cos

O Reflected and Incident Electric Field are out of phase.

O Electric Field at the surface of conductor is ‘0’ (Minima).
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© Magnetic Field at the surface is maximum.
© Hence, Electric Field and Magnetic Field on the surface of conductor is having 90° phase difference.

O Electric Field at the surface of conductor lags Magnetic Field at the surface of conductor by 90°.

O Inside conductor, Electric Field loads Magnetic Field by % .

=0

|
|

R =-R ©

-
—

4.17. Critical angle and total integral reflection (TIR)

When wave travels from denser to rarer medium, then at some angle, the electromagnetic wave starts gazing or travelling along

the surface. So that angle is known as critical angle.

A 4

0; < 6. 0i = Oc 0i > 6c
Transmission + Reflection Wave travels along the surface No Transmission + Only Reflection
(TIR)
. 6; >0, = 6; = Imaginary angle or does not exist.
E//‘Attenuation during transmission

(Evancent Mode)

. . <
e Ingeneral medium sin@, = [Pt
Hi €
- - - et
. In non-magnetic medium sin®; = [—
S
. . I
o In magnetic medium sin@=_[—
Hi
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4.18. Brewster’s Angle

ei = GB
o No Reflection only Transmission

o The angle of incidence at which Electromagnetic wave is only transmitted but not reflected.

Case | :
o g sin0g =[e sinG,
J at 0; =0g,I'g =0, 1 =1
o For S-polarization 6; =0y (does not exist)

. For P-Polarization, 0; =0g exists.

tan0g = S
Si
—  Perpendicular Polarization
—> S - Polarization
—> Horizontal Polarization
(Unpolarized wave)

— Parallel polarization
— P-Polarization
— Vertical Polarization

Incident

Reflected

: Horizontal
Circular

Eliptical Horizontal
Vertical (0]
Horizontal Horizontal
Linear §B:6B Horizontal
Transmitted
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€ . . . .
tanfg = |- For P-Polarization only, not for S-Polarization.

S

0g +6; =90° i.e., Reflected and Transmitted wave are perpendicular to each other.

Case Il :

JUi € sinBg =/ & sin6;

(Mt S i et)et

For S-polarization, sinfg = "B
Hi (ei —Et)

(Hi € —t § )Ht

For P-Polarization, sinfg = 2 2
(Mi My )Ei

For general medium, Brewster’s angle will exist for both S-and P-Polarization
Their Brewster’s angles are different for same medium.
For non-magnetic medium Brewster’s angle will exist for S-polarization. Whereas it will not exist for P-

polarization.

4.19. Difference between Brewster’s angle and Critical angle.

Critical Angle Brewster’s Angle

(@) 0; >0, — Total internal reflection (@) | 6; =65 = Brewster’s Angle
(b) 0; >0, = Many angle (b) | ©; =65 — Only one angle
() Only Reflection No Transmission. (c) | Only Transmission No Reflection
(d | wave should travel from denser to rarer medium (d) | No constrain for EM wave transmission
(e)

sing, = |t (e) | tan6g = St

S S

) Critical angle exist for both P-polarization and S- ) For non-magnetic medium, Brewster’s angle exist

polarization. only for S-polarization only
@ | n=1<=0 (@) | M=0=1

aaa
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TRANSMISSION LINE

5.1. Introduction

+ +
— —_—

Iz, )RAz LAz | lz+AzY)

| b V(z +Az,t)
V(z, 1) AZ o

o %:(R+ij)l(z)
. #z(G+ij)V(Z)
N LIRS
2
dgz( ) VI — Wave equation.
V(z
. dz—2=y2V(Z)
d’I(z.t) _ izdzl(z,t)
dz? Vo dt?

Time harmonic Equation.

a2 V) dt?

d2V (zt) z[ 1 ]2 dAV(z,t)

Here, V, = phase velocity.

1. Transmission Line Parameter:

(a) R =Resistance per unit length
(i)  Itisdistributed along the transmission line.
(i)  Itis due to conductor loss.
(iii)  Itisin series.

(iv) It gives attenuation in the voltage.
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(b) G = Conductance per unit length.

It is distributed in between the transmission line.
It is due to dielectric loss.
Itis in parallel.

It gives attenuation in the current.

(¢) L = Inductance per unit length.

(i)

(i)
(iii)
(iv)

It is distributed along the transmission line.
It is due to storage of magnetic field.
Itis in series.

It gives phase shift in voltage.

(d) C = Capacitance per unit length.

(i)  Itis distributed in between the transmission line.
(i) Itis due to storage of electric field.
(iii) Itisin parallel.
(iv) It gives phase shift in current.
@ RV £0—P 5L
G-I s6—PC
(f) LC=pe
G od
9) cC E

L0

oV
VA

Co-axial Twin-wire Semi infinite
(h) cable parallel plate
()
Semi-Infinite Parallel Plate Co-axial cable Twin wire
R 2Rs Ra  Rs 2Rs
w 2ra 27nh 2mr
C VE 2nE nE
d ) o
a r
: ud 2y, 2uy,(d
w 2 \a 2r \r
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Woy 2mG ¢ 216y

d H

Zo [\/gj(v%j G?Ftlr '”(gj 12\0EHX In[%j

(a)Z:V_J_—VO__R+jWL_ vy _ [R+ joL
g g Y  G+joC \G+ joC

(b) It is defined at every point of transmission line.
(c) It is independent from length of the transmission line.

(d) Zo = depends upon oy, o, 1, £ (medium) and geometry of transmission line.

R = 0 — Perfect conductor - o — o©

G =0 — Perfect dielectric > cqg=0 —>tand=0

@ v= R+ joL)G+ joL) = \J(R+ joL)(G + joL) = jo/LC

o = 0 = Lossless and Distortionless

B= oVLC = Non-Dispersive

B = o/LC =mfue =Boyfure
Mo

VHrEr

(b) %=

(©) V= 1 1
o= - -
VLG Jue  urg

1
d) Vg= —
D% e

1

e) Vp.Vg= —=

_[C
(f Zo—\/g

@) a, B, A, Vp, Vg — Medium dependent

Zo — medium and geometry depend
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LG =RC
(@ a=+RG =G\/g — Lossy and Distortionless

B=wVLC =0)\/E=[30~fur8r — Non-dispersive

(b) Vo = 1 1 ¢
= - =
JLC o Jue e,
1
C) Vg= —=—
() g \/E
2
@A) V. V= L = o

N Hrér

LC
_ |[R_|L
(e) ZO_\E_\E

@ rv-r -2

o =72

© Ty =%e‘jzﬁx

s

(€) Ty Z%;;z

(f) 2(x) Zo = (2 : JJZS :2: EEX] (For lossless Tx-line)

Z, +Zotann(yx)
Z,+Z tann(yx)

(9) 2(x) = Z, [ ](For lossy Tx-line)

(@) Zoc =—jZ, cot I

(b) Zsc = jZ, tan Bl

(€) Zoc - Zsc = (Zo)*

(d) For Z. = Zo, Zin=Zo
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® Electromagnetic Field Theory

Length Zsc Zoc
O<l<? Inductive Capacitive
A A Capacitive Inductive
—<l<=
4 2
A | < 3 Inductive Capacitive
2 4
3 <l<i Capacitive Inductive
4
(e)
Series Resonance Parallel Resonance
Zsc Zoc Zsc Zoc
I—@ I_(2n+1)7» I_(2n+1)7» I—@
2 4 4 2
- 20 _ 41 5 41 - 20
(2n+1 (2n+1) n
¢ :n_\/p ‘¢ _ (2n+1)V, Al (2n+1Vv, _n_\/p
° 2 ° 4 g 4 ° 2
2n+1)\ 22 - 1. . ,
" I= @n+Dn = Zj, ==%= Zin == impedance in version
4 Z Z

(9) Normalised Impedance

Input impedance = Z;, = %
(0]

Normalised load impedance = Z, :%
o
0 1-2=2,-2,
() 1-2, 22
w3
() l=%%%

Z -z
a3
o~ J&L
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® Electromagnetic Field Theory

5.2. VSWR

SWR : Standing wave ratio

Vmax
V =
SWR Vimin \\\
~
J"max N
Iswr = S~o_ s
[min “.""--.‘__\ 1+‘1—~|
E _-= p=
ESWR: EmaX _,-"_’,// ]_|r|
min ///
H i Hmax Pid
SWR — -
Hmin
Z < Zy Z1,> Zy
ZL:O ZL:ZO ZL:OO

Case |: Z, = 0 = Short Circuit

1. [[=2=% _0-% —1=1e" =T |=1,6p=x
Z +Zy 0+2,

2. Vmax = Vf (1 + rl_) = 2Vf
Vmin = Vf (1 - FL) = 0

3. VSWR = —1+|FL | =
1-I |

4 7o = (2nmt + )L _ 2n+DAr

Ant 4
gz 3 BA Th O
max 41 4 ] 4 L] 4 ] 4 ]
T
1%t Maxima
5 7 - (@n+D)m+ A (n+DA
S At 2
0, ~/2, %,
2

b

Zmin = 1st Minima
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o Electromagnetic Field Theory

6.
Case ll: Z. < Zo
7 _7 =K
1. T ==t 09— K=Kel"= gr_, 0<K<1
ZL+ZO

2. Vmax = Vf(l + K) < 2Vf
Vmin = Vf(l — K) > O

1+K
3. Vo= T
4 _ @nt+m)A  (2n+1A
Lo 4 4
gk 35
max 4, 41 41
5. 7. = (@n+Dr+mA _ i
47 2
AL 3A

Zmin = 0, E, A ?, 2A, ...

Load
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® Electromagnetic Field Theory

Case lll: Z. > Zy
Z, -7 I' FK
L 0 K | L|

1. I'L = , 0<K<1
ZL+ZO 9r=0
2. Vmax:Vf(1+K)<2Vf:Vf(1—K)>0
3. VSWR:ﬁ
1-K
2nt+0A nA
4, Zpox= —— L —_ "~
b 4n 2
A 3A

Zmax = 0,2 0,22 20, ...
. 2’7" 2

_ (2nmT+ A _ 2n+DAr

5. Zmin— 4 4
7 = A 3A 5h
min 41 41 41-
ST ST S T T TS TS TS~
I 1 I | | | 1 |
PR N WP Y AP VP Y A WP PUNY AN N L L L e Ll WS i il
I 1 | 1 | | | 1
: l : l l l l i ke 1
S Bt i
I | I | | | | |
I | I | | | I |
| | | | 1 1 1 1
A ﬁ 3 & Load
4 2 4

Case IV: I'L =0 = Open circuit
_Z -2y _1-Z417 _
Z +Zy 1+2Z4/Z,

1. FL 1:>|r|_|=l, er:O

Viin = V¢ 1=|T°_[) =0

1+ |
3. SWR = =00
1-|T |
2nt+0A nA
4, Ty = ~— — © /%
i A7t 2
A 3\
Zmax= 0,5,7\.,?,2}\,,."
g 7 - (@n+Dm+0R _ (2n+Dh
. min 4Tc 4
A 3L 5
Zpin = Z,T,T,...
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® Electromagnetic Field Theory

I [ I I
L —— e ———— dm———— [ [ —— 2[/},-
I [ I I <]
R K R R T
T~
I [ I I ~A
6. I [ I I 4
I [ I I
Z i 30 A A0
4 2 4
Load

1. Distance between two successive maxima = A/2
Distance between two successive minima = A/2

Distance between two successive maxima & minima = A/4

2.
\Y I 4 4
Maximum Minimum Maximum _ (2nmn+06r)r
max 47[:
Minimum Maximum Minimum Zmin =
((@2n+2)m+6p)A
Ant

3. (a) Complete matched or matched

I, =0, VSWRzﬂzl
T
(b) Complete mismatched
1-|L |

For example: S/C, O/C, pure inductive, pure resistive.
(c) Mismatched:

-1<T <1 = 1<VSWR<w
4. VSWR € [1, »)
I' e [-1,1]
5. T(@)=TLe?=|I, |e+j6re—j92 4T, |ej(61——2fz)
Magnitude of reflection coefficient does not depend on distance. But phase of reflection coefficient depends upon
distance.

_ 14|0(2)| 14| |
1-T(@)| 11T |

VSWR
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Electromagnetic Field Theory

VSWR does not depends upon distance.

o

ZL:00
—VZL:ZO
— 7 <7,
ZL=0

neither maxima
nor maxima
at load

7 Z; 1s complex

8. (a) In case of maxima at load, Z, > Zo.
Z -Z (z -z
FL — ZL O = |FL |: L O)
L+Zo (ZL +2Zo)

vswr = 1AL _ 2
-0 | Zo

(b) In case of minima at load (Z. < Zo)

FL_—ZL—ZO <0

_ZL +ZO
Zn—2
|FL|:_FL:—ZO L
o+tZL

vswr =1Ll Zo
-] Z

1-|T | Cp+l
Maximaatload =7, =, ' =1
VSWR =00
Minimaatload =27, =0, I} =-1
: Zy
Maximaat load = 7, >Zp, VSWR = 75 T =TL
VSWR = finite = p 0

Z
Minimaat load = 7, <Zo, VOWR==2, |\ |-T}
L

VSWR =p = M:>|FL|_P_1

12. Inideal case, matched = [I'\|=0, VSWR =1

In practical case, matched = 1 < VSWR < 2.
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® Electromagnetic Field Theory

InY, Z, h, g parameter, open circuit and short circuit conditions are required. But in transmission line, short and open circuit
cannot be achieved throughout the transmission line.

So, S-parameter concept is introduced in microwave devices.

= S-parameter for coupler.

Tx. line Tx. line

1 0] 2
Coupier
Port Port
Vi’ SD ®n V2
) . J — 1
N _ )V A— PV
Vi V2+
Coupier
Vi Sp1 .
S11
S22
Vi S12 5
v,
e — |—— V5> R,
v S11 S12 : VI =S+ SpVy
¢ L 821 813 === V2+ V2_ e 821V1+ a8 822V2+
(@) When V;" =0 = Port (1) matched
v
S=05)
V2 Vl =

Si2 = Transmission coefficient at port (2) due to port (2) when port (1) matched.

= Reverse voltage gain

Vo
Sy = Y2

+_
V2+ Vi =0

S22 = Reflection coefficient at port (2) due to port (1) when port (1) matched
= Output reflection coefficient

(b) When V," =0 = Port (2) matched

V5 =0
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® Electromagnetic Field Theory

S11 = Reflection coefficient at port (1) due to port (1) when port (2) is matched
= Input reflection coefficient

S21 = Transmission coefficient at port (2) due to port (1) when port (2) is matched

= Forward voltage gain

Zo Zo
——] —
—> 4
Zin1 Zin>
Zi, —Z (a) For Symmetry
1. 811 =In= %

im 40 Ziny =Zin,
28u=u=1+Ty =Bu=5
3.5,=T1= % (b) For reciprocal

in, +

g+ 70 Forward gain = Reverse gain
4,S12=1,=1+1>

Pi P R
1 5 n > t
— 0 P2 sy=|=t sy= 2L

R Ry
Pr,

P /F% /F%
(] ) ( (] . FZ Sp = P_Z, S = P_l
2 i2 i2

For lossless device

P P
R =R +R, = 1= 42 = 1 =|5uP + [Suf
h ]

PIZ = Prz + F%z = 1= |822|2 + |812|2
For lossy device:

R, >P. +R, = ISul +|Sxu <1

R, >R, +R, =[Sy [* +|S1, <1
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® Electromagnetic Field Theory

For Amplifier

R, <P, +R, =[Sy +]Sy *>1

R, <P, +R, = ISulF +|Sp, [>1

For Lossless
S*S=|

S {511 312}:{1 0}
S, Sy |52 S»] [0 1

111 P +]S5 =1

$11S15 + 55155, =0
) — Unitar property 11512 721722
[S12]” +]Sx =1

*

812511 + SS9, =0

} —> Zero property

1. Return loss at port (1) = — 20 logio|S11]
2. Return loss at port (2) = — 20 l0g10|S2]|
3. Gainat port (2) = 20 logio Sz

4.  Gain at port (1) = 20 logio |S12|

2

5. Intertion loss at port (1) = —20log e 5
=Sy |

Intertion loss at port (2) = — 20log;g| —22~—
1-[Sz |

Qaa
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WAVEGUIDE

6.1. Introduction

e Waveguide directs the wave in one direction

y
E H
T X direction  Standing wave (r?:?n) (r%oaS;()
kl) Ydirection  Standing wave (r?wlinn) (nﬂoai()
3 > Rectangular waveguide. Zdirection  Propagating wave -jp,z e P22
[ )
y
/ : ; E H
T X direction ~ Standing wave  Min, Max.
b Rectangular ~ Ydirection ~Standingwave  Min.  Max.
l Resonator. __ . _
3 3 Zdirection ~ Standingwave  Max. Min.

(1) Analysis of propagation constants.

() f<f,=B,=—j\B2—P°
b) f=f =p,=0

No Propagation only Oscillation

N n
22DV

(c) f>f.=B, =«/B2 —;33 # 0 Only Propagation occurs.
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Electromagnetic Field Theory

2. (@ f<f,&A>A; Attenuation, Evancent mode.
(b) f="f;, &A=X%; Only Attenuation
(c) f>f,&A<A, Propagation

[H ()

Oscillation

attenua

o I’ Propagation
-tion

1=t f
Rectangular

Waveguide
(3) Transmission Line:

4

H ()]

Cd

i

It will act as a low pass filter. It will behave like an all pass filter within Frequency range.

(4) Resonator:

['H ()

1=/ £
It will act as a band pass filter.

(5) Cut-off frequency and Cut-off wavelength.

St BN

x 2 “r Er

(6) Ax =Wavelength in X-direction.
Ay = Wavelength in Y-direction.

A, = Wavelength in Z-direction
Ay = Guided wavelength

A = Operating wavelength.
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® Electromagnetic Field Theory

hg =z
. 2a 2b
}\'X:H! )\‘yZF
A
B R
s 1 1.1
S Y-
* 0 =tiltangle
. sine:%z%:&:%
c (O]
mrt nr
* Bx:?vﬁy=F,BZ:Bcose

*  Be=4B%+PB; =Psino.
(7) Phase velocity and group velocity.

\7p = phase velocity inside waveguide
Vg = group velocity inside waveguide
Vp = phase velocity in free space

Vg = group velocity in free space

_ V _
. — p —
Vi _ﬁ,vg =V, cosO for f > f;
° V. = CO
P VHr €
=0 f<f.
° \7p = f=f.
___ Ve fsf
2 C
(3
f
Vo
\79
f=fc
2
° VP'Vg — CO
Hr &
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® Electromagnetic Field Theory

* Inside waveguide, Vp >Vp
* Inside waveguide, Vg <Vp

*  Atvery high frequency, Vp =V, =Vp
(8) Intrinsic Impedance:

®*  nrem = Wave Impedance in free space or TEM wave.
®* 1Ny = Wave Impedance in TE mode

®* 1w = Wave Impedance in TM mode

TITEM 2710\/2—T
/ —jx  (Capacitive)

Nre > o0 Open circuit (Parallel resonance)

MN1e4

MTEM |- e .. £

~ v

Nre > MTEM

*  Atvery high frequency, Nre =Mmem
Inductive

Short circuit (series resonance)
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® Electromagnetic Field Theory ®

N™v4

NtEM

Nrm <NTEM

*  Atvery high frequency, "ty =Mrem
2 2| U
* TheMtMm =MTEM =N (e—rj

r

. _"tEm f> fc

hd Yy Z(T]TEM )COSO f> fC
(9) Some Important Terms

(i) Dominant mode: The mode which has lowest cut-off frequency and highest cut-off wavelength, is known as
dominant mode.

» Fora>b— TEj dominant mode —» f. = %
a

. Co

» Fora<b— TEe dominant mode —» f. = €

i & i A%
» Forc>a>b— TEjudominantmode » f, =———,|| = | +| =
2p, € \\2 c
2 2
» Forc>b>a— TEe: dominant mode — f, =i (1) +(1j
2\/ur g \\b c

(ii) Single mode frequency operation

(@ For a>b—>%< f <%—>2b<k<2a

(b) For a<b—>(2:—g< f <(2:—g—>2a<k<2b
(iii) Non-Existence Mode:

The mode which does not exist.

(@) Rectangular waveguide:

TEoo, TMoo, TMon, TMmo
(b) Rectangular resonator

TEooo, TEmoo, TEono, TEmno, TEoop, TMooo, TMoop, TMmop, TMmoo, TMono, TMonp
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® Electromagnetic Field Theory

(iv) Existence Mode:
The mode which exist
(a) Rectangular waveguide
TEon, TEmo, TEmn, TMmn
(b) Rectangular resonator:
TEonp, TEmop, TEmnp, TMmno, TMmnp
(v) Evanescent Mode:
The mode which exist but operating frequency is less than cutt-off frequency.
(vi) Degenerate Mode:
» Two modes have same cutt-off frequency
» These modes are existance mode
» These modes exist in a square waveguide (a = b) and cubic resonator (a =b =c).
e.g. TEmn=TEnm, TEon = TEmo
TMmn = TMnm,
TEmop = TEonp = TEpom = TEopm.
(vii) TEM mode:
» The mode which has no cutt-off frequency is known as TEM mode.

» TEoo, TMoo, TEooo, TMooo are TEM mode

* | Rectangular Circular Co-axial Twin-wire

* | Single conductor Single conductor Double conductor Double conductor
* | fo#0 f.#0 f.=0 f.=0

* | TEM does not exist TEM does not exist TEM exist TEM exist
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® Electromagnetic Field Theory

» Semi-infinite parallel plate waveguide
> fc =0
» TEM exist
(viii) Attenuation Constant in Rectangular Waveguide and Circular Waveguide.

v

fe 21, 34, f
This graph is valid for all modes of rectangular and circular waveguide except TEo1 mode in circular waveguide.

a/\

v

R . /) f

TEo: mode of circular waveguide has lowest cutt-off frequency
(10) Open circuit voltage:

» Fora>b — TEi mode is dominant

«—oc—

VOC = Eob
» Fora<b — TEg1 mode is dominant

VOC = an
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(11) Electric Field Pattern:

(@)

Electromagnetic Field Theory

AY
Y
~
/ 5 >
X X
TE,, TE,,
Y
> TEZO
X
TE,, X
Y WY ° °
. NN
' " NVAVZ
1 o
(b) TM mode :
Yl\
AN e
.\.4/ TN T
TE,,
///7 \ - o E U\
Front View Side view TM,, g
000
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ANTENNA

6.1. Antenna and its Radiation Pattern.

« Antenna: It is a device which converts electrical signal into EM wave & EM wave into electrical signal.
»  Some Important terms related to antenna.

W,: Total Radiated Power (Watt)

Prad OF Pay: Time average power density or time average poynting vector or Radiated power density (Watt/m?)
U(0, ¢): Radiated power Intensity or Radiation Pattern (Watt/steradian)

Q.i: effective solid angle (Steradian)

0e: Half power beam width or elevation angle. (radian)

o or 04: Half power beam width or azimuthal angle. (radian)

D or Gp: Directive Gain

D, = Maximum directive gain or directivity.

Gp: Power gain

Gpo: Maximum Power gain.

ec. efficiency due to conductor loss.

eq: efficiency due to dielectric loss.

ecd: efficiency due to conductor and dielectric loss.

er: efficiency due to reflection

Rr: Radiation Resistance (€2)

Ri: Loss Resistance (Q)

V V V V V V V V VYV V V V VY V V V V

Pin: Direct of transmitting Antenna.

\4

P:: Direct on transmitting Antenna.

P: : Direction of receiving Antenna.

PLF: Polarization Loss Factor

A Effective Aperture Area (m?)

vV V V V

Lpny: Physical length (m)
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® Electromagnetic Field Theory ®

> lesr Or lay: Effective length or average length (m)

>  Voc: Open circuit Voltage (Volt)

(@) dQ = sin6dodo

(b) Qsphere = 4n

(€) Qeft =0 x B4 = Non-uniform cone
= 0% - Uniform cone

(d)1 Steradian =1 radian x 1 radian

(180°)2

2
T

=3282.8

& 4 B0y I
Pav= rad — i a'p:Erms'Hrmsap
n
EH, .
0 oap
2

The strength of EM wave transmitted by the antenna which depends upon distance (r) and direction (0, ¢) is radiated
power density.

U(9’¢):3\g( Watt j

Steradian
_ dWO
rad d

S
W, = [ [P, r* sinododg

dw,
dQ
W, = [[U(6,4)sinododg

U(0.¢) =

(@) Itis point size antenna.
(b) Itisideal Antenna.
(c) Itisreference Antenna.

(d) Itis reference Antenna
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Electromagnetic Field Theory

Radiation pattern

Isotropic antenna

(e) W, = Total power radiated by isotropic

(f)  Qsphere = 4 r Steradian

@ Uy, ¢)=%‘;

P = W, 5
4r R,
-2 W | |
P, = —2—tRadiated Power Density
’ S
- WO
B 2
(h) 4t R,
(I) Do =1, C;p0 :1; ed=1e=16=1
5. Directive Gain And Directivity
Uy(®, )

U@, ¢)

_Radiation Pattern of general antenna
Radiation Pattern of isotropic antenna

p_U®.9) _4nU®.¢) 41U ¢)
TUL0,9) W,  U(6,)sinbdodd

For General Antenna - U(6, ¢) = Uq(6, ¢)
. D-p_ N0,
U, (6, 9)

D, > 1 — General Antenna
e 0SD<DyD, 21" °

~~ D, =1 — Isotropic Antenna
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® Electromagnetic Field Theory

4 A . .
D =—= — Non-uniform conical beam

’ QG0

A . .
= ra — Uniform conical beam
E

D = f1(0, @) - directional antenna.

D = fi(0) or fi(p) > Omnidirectional Antenna.

D = K = constant - All directional antenna.

6. Ry = Loss Resistance

RL—[ B +£]1
2na 2nh

/ R, :(ZRS ]l
l Ta

7. Efficiency:

Pmn

« & =1 (Perfect conductor)

. &= R, — (Good or Poor Conductor)
R +R,
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® Electromagnetic Field Theory

e« €4=1 — Perfect dielectric
« 0<e;<1 — Conductor loss

o 0<eyg<1 — Dielectric loss
er=()
2
e, = (1-[rT")
o ©=1— Perfectly matched

0 <er <1 — Mismatched

er = 0 — Perfectly mismatched

e €. -€ Rr
* cd A
R +R,
R
* et: cd er_R rR (1_|F|2)
r+ L
o Wo=¢e(Pi
° GPo:etDo

Dolde = 10g10 Do
Gy |, =1010g,, Gy,

PLFlqs = 10l0g10 PLF

12
. =—D
A\eff 472_ 0

}\'2
e« Af =—D,(PLF)
4n

Y Y

\/ U
N\
Aest

Area efficiency = ——
phy

d2
G, =e D =e,en’| —
p, =% s Atﬂ.(/lj

Y

» Same phase — Planner wave

2
Gp =6.5 d — Gain of parabolic antenna
P %

_ _ 702 Y
First Null Beam width = FNBW = T
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® Electromagnetic Field Theory

. 581
e Half Power Beam width = HPBW = T

(&) A Horn antenna is used as feed antenna.
(b) A secondary reflector which is hyperbolic in Shape.

(c) A primary reflector which is paraboloid

Pt = Direction of transmitting Antenna

Pr = Direction of receiving Antenna

PLF=| -5,

O-Polarization X-Polarization
Received = 100%o, Loss = 0% Received = 0%, Loss = 100%
Tx Rx Tx Rx
H H H \V
V V V H
/ﬁv _ /ﬁv ] /ﬁv ] \@[ v
RCP LCP RCP RCP
LCP RCP LCP LCP
LEP REP REP REP
REP LEP REP REP
le'l ‘|n
] W, W,
D, D,
efdf e(d
Z{’ ef'r e}‘r Zn
en err
G G,

©
>
=

A 4

le
¢ R
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Electromagnetic Field Theory ®

P
etr _VV
° r
e Gi=exD:
e Gr=¢éyrDr
o Ex :l _lrt |2
° err :| - | 1—‘r |2
e %
bz, +Z,
e [ — Zin2 _Zo
' Z,, +2,
R
® -t
t R, +R,
) e :L
o Rrr + RLr
o S =Cu Eq

° etr = ecdr € r

PLF=5-Af

/12
=—0D,
° A}t 47 !
/12
=—D
° Aer A '
W,
e Power density at the receiving antenna due to transmitting Antenna when transmitting antenna is isotropic = 47R?
W. D,

e Power density at the receiving antenna due to transmitting antenna when transmitting antenna is not isotropic = 47R?

2

. . . e E
e Power density of the receiving antenna in terms of Electric field = —2
n
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® Electromagnetic Field Theory

e where D=1 (Isotropic)

° D, = 1.5 (dipole antenna)

° D, =1.63 (I =A/2 = half wave dipole).
e Power Received

w _WDA, WA A

" 4AzR? R212
> p

 SBOD R o p) B |1y p)PLF
(47R)? (R, +R, R, +R,

»_PRGF

r (47[Rj2
A

Link Formulae

47R
Pr |dB: Pt |dB +Gt |dB +Gr |dB _20|0910 (T)

> Path Loss = 20log,, (?)
> P W,D?c” + A
' 647°R*

o? = Cross-Sectional area of object.

RADAR

Dipole — Centre feeding.

Monopole — Base feeding.
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® Electromagnetic Field Theory

/= % — Half wave dipole antenna

l= % — Quater wave dipole antenna.

12. Types Of Dipole Antenna

(@) Infinitesimal dipole antenna/Hertzian dipole.

dl < i
50
(b)  Small dipole antenna/short dipole antenna
A A
—<l<—=
50 10
(c)  Large dipole antenna
A
| >—
10
13. Current Distribution In Dipole Antenna
A
IO
@ — Hertizian dipole antenna.
>/
dl di
2 2
(b)  Small/Short dipole Antenna
+1(2)
[()
— 10
av 2
> 7
dl 0 d
2 2
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® Electromagnetic Field Theory

(c) Large dipole Antenna:

14.
(@ r>R1-> Near field
(b) Ry <r <R3z - Fresnel’s region.
(c) r>R2-> Farfield.

ey
o Rl_o.es\E, R, ==

(e) The distance at which radiation field and inductive field.

_A
27

pr=1->|r

I, dl
ivag

E=

SinO)(ipe "4,

H =

1 dl, . ) -
0 ng e /'y
- sino)(jB) y

g Eo
H¢
(@  U(0, ¢) = Ksin’@ > Omnidirectional antenna.

2
(b) R, =80n? (%j —> Radiation Resistance.
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Electromagnetic Field Theory

D= gsin2 6 — Directive Gain.

D, =g — Directivity

(a) Hertzian dipole Antenna
(b)  Small dipole antenna.

(c) Half wave dipole antenna.
Rr=73Q
Zin= (73 +j42.5) Q
o =1.63
(d)  Quarter water dipole Antenna.
Zin=(36.5+j21.25) Q

D, =3.26
=45 R =73Q
(e) 2
| =% —>R =365Q
A
I :§ —R =1825Q
ﬂ 2
T 2
1=% R =2072| 16 | 227
16 A 64
() Hertzian monopole antenna.
) —
2
R' :&:40n2(ﬂ]
2 A
| I
(g) Small/Short Monopole Antenna
R'=101" [ij
A
(| I
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® Electromagnetic Field Theory

(9)  Grounded Antenna

o] Rr'" =2Rr

Rr

(i) Hertzian Grounded dipole antenna

2
R =2R! =1607* (ﬂj
A

(j) Hertzian Grounded monopole antenna

2
R" =2R' =807r" (ﬂj
)

(k) Small/short Grounded dipole Antenna
I 2
R =2R, =40r° (—j
A

(I) Small/Short Grounded monopole antenna.

2
R" =2R' =207 (l]
A

(m) Folded Antenna (n-fold)
R =R,

R’ =radiation resistance due to n fold

R: = radiation resistance due to one fold
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® Electromagnetic Field Theory

17. Radiation Pattern:
(@  Hertzian Dipole/small dipole

T 3n
° Oy =—, —
M™2 2
L] 6N=0,T[
° 0 :E3_TC5_E
HPP ™4 4" 4" 4
T T
° HPBW=—ie.0y =—, 0 =—
H ™2 IR
2
T
° Qe =—
off =74
A2 a2
[} ff: = —
Ae Qeff 752

e Fnpw=m i.e. Fnsw =2(HPBW)

(b) Two element array of antenna

s P — Farfield

|E. |=2E,

3

w = Bd cos 8+ «
° dzﬁ,oczo
2
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® Electromagnetic Field Theory

F 3

> Board side array
w, D

Number of Lobes = = =2

° d—&,azn
2
\J » End fire array
Number of lobes = %:2
e d=Ax=0
Numberoflobes:%:4 %
o d=Na=n

A

)
C/

I

N

Number of lobes = % =4

([ ] d:&,(x‘:E
2 2

Y

.
\

Number of lobes = % =2
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® Electromagnetic Field Theory ®

F‘
N

v

Number of lobes = % =1

Number of lobes = % =1

-

o d=2)A0a=0

4d

Number of lobes = =8

Note:-Number of lobes = %

sin(NZl//j
|E, |=E

(c) N-element Linear array

(d) Vertical Grounded dipole antenna.
Number of Lobes = ZTh +1

h = distance of dipole antenna from Ground.

(e) Horizontal Grounded dipole antenna

Number of Lobes = ZTh

h = distance of dipole antenna from ground.
000
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