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Static Fields

Chapter
(Solutions for Text Book Practice Questions)

Objective Practice Solutions

01. Anms:1
Sol: V =x cos’ y1+x GJ+ZSII1 yk

_ 2 A 2.zA .2 A
= X COS an+Xeay+ZSIH yaz

From divergence theorem

VD= (xcos y)+—(xze )+—(zsm y)
=cos’ y+sin’y=1
dv = dxdydz
Putting these value in equation 1 we have

1

jj Ixdxdydz
0

0

ffvads

dx'][ dyj dz =
0 0

02. Ans: (¢)
Sol: Given A = xyax +x2ay
Letl= fA.d ¢, 11is evaluated over the path

shown in the Fig., as follows
y A

0 /43 2/43

Fig.

v
e

e - 1 2
I= §A.dx ax,y=1, x =from — to —
55

+J.K.dygy,x= y=from 1 to3

2
R
1
—J‘A dx ax, y=3,x =from Tt T
—jX.dyzy,x:l/ﬁ,yzfromltos
=Ixy dx+J.xzdy—J'xydx—J'x2 dy
e 51243

2 |3 X 2 |3
+XY|1—Y7 -x7y,
143 143

at y=1 x=2//3 y=3 x=1//3

1(4 1) 4 3(4 1) 1
7(5‘5)*3“‘“‘5(5‘5)‘3“‘“

2

=y
a

03. Ans: (d)
Sol: F= pa, + psin 0 ay — za,
=Fpa, + Fyap+ F.a,

vE=L 2R )+ L E)+ 2 (F,)

p Op p Oob 0z
10,y 10 0
_E%(P ) —a—(l)(PSln ¢) 6z( Z)

=2 + 2sindcosd —1

= 1 + 2sindcosd

V.F i 2, VH, _, =
V.F = 2V.H o0
04. Ans: (¢)

Sol: D=2a_-2+/3a, B:‘Bﬁn

D[ =Vie =4

=psa,
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05. Ans: (d)
Sol: V = 10y* + 20x’

E=-VV=-60x"a, —40y3éy
D =g,E =-60x’g,d, —40y’ed,
V.D=p,

d ) d ;
= (—60x’g,)+ —(—40y’e
(o ax( 0) ay( y'g)

=120 xgo — 120 y’go

py(at 2, 0) = —120x 2gy — 120 x0” g
=-240 €0

06. Ans: (d)
Sol: Given
V(x,y,z)=50x>+50y*+ 50 Z2°

E (x,y,z) in free space = —grad (V)

=-VV

Z—[iVa—)(>+iVa—;+iVa—;}

X oy 0z

~[100x a; + 100y a, +100za,|V/m

N

E(l,-11)=

~ 100 a, —100a, + 1004, [v/m

TRy 1y

E(L-11)=100+/(-1
= 10043

Direction of the electric field is given by the

unit vector in the direction of E.

TIUSIN N oy
E |E 111 \/_ X y z

or in 1, j, k notation, aE = \/_ [—1 +j- ]

07. Ans: (b)
Sol: Forvalid B, V.B=0

[aa +ia +§a ](xzax—xyay—szaZ)=0
VA

ox * oy Y
2x x—-Kx=0
=2-1-K=0
L K=1

08. Ans: (d)
Sol: The two infinitely long wires are oriented as

shown in the Fig.

z 1 1A 3
% y
_% ﬁ
Ay — .
& >y

The infinitely long wire in the y-z plane
carrying current along the a, direction
produces the magnetic field at the origin in
the directionof a, x —a, = —a_ .

The infinitely long wire in the x-y plane
carrying current along the a_direction
produces the magnetic field at the origin in
the directionof a, x —a, = —a,

where a,_,a  and a, are unit vectors along

the ‘x’, ‘y’ and ‘z’ axes respectively.
". X and z components of magnetic field are
non-zero at the origin.
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09. Ans: (a)

Sol: V.B=0
A divergence less vector may be a curl of
some other vector

B=VxA
VxA=B
fA di=[B.ds
1 s

IE& is equal to magnetic flux

through a surface.

10. Ans: (¢)
Sol: In general, for an infinite sheet of current

density K A/m
= lean
2
H= %(sax xa,)
-—4a, (va,xa,=-a,)

11. Ans: (b)
Sol:

D _Dnl :pS - (a)

n,

D, =€E, =¢ja,
D, =¢,2x2a =4¢;a,
From (a)

(e0—4 €g) ax=ps= ps= -3 €0

12. Ans: (a)
Sol:

u, =2 u, =1
z=0
B, =1.2a, +0.8a, +0.44,
B, =044,

13.
Sol: Tangential components of electric fields are

(Since z = 0 has normal component ay)
B, =12a +08a,

We know magnetic flux density is
continuous

Bnl = an

B, =04a,

Surface charge, k =0
H -H, =0

H =H,

My Btz =M, Btl

B, = % (1.2a, +0.8a)

B,=B,_ +B,
=0.6a,+0.4a,+04a,

pop, H, =063, +04a,+04a,

H, = i[o.é a,+04a,+04a,] A/m

Ko

Ans: (b)

continuous (Etl =Et2)

E,sina ,=E,sino, ————(1)

8rl = 3
7 P
a

E, £, =3

Normal component of electric flux densities
are continuous across a charge free interface
D, =D,

3E,cosa = \/EEZ cosa, ————(2)

a = 60’

@3 tan o, _ tan o, — tan o =1
@ 3 3 ’

o, =45°
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14.
Sol:

15.
Sol:

16.
Sol:

17.
Sol:

18.
Sol:

Ans: (b)

E=-VV

Statement (I) is true

Statement (I1) is true

But Statement (II) is not the correct
explanation of Statement (I).

Ans: (a)

Y = Qene (from Gauss’s law)

Statement (I) is true.

V= Qene = §B ds

Statement (II) is true.

Statement (II) is true and correct explanation
of Statement (I).

Ans: (b)

Statement (I) is true

W= Force x displacement

Statement (I1) is true

E=L‘[i

Q,—0 Qt
Statement (II) is true but not the correct
explanation of Statement (I).
Ans: (¢)

v2V =~ PV (poisson’s equation)
€

For charge free region, p,, =0
V?V =0 (Laplace’s equation)
.. Laplace's equation is a special case of

Poisson’s equation. So, statement (I) is true.
In case of charge free region Poisson’s

equation becomes Laplace’s equation.
So, statement (II) is false.

Ans: (d)

Etan = O

On the surface of conductor, tangential
components of E-field does not exists
Statement (1) is false.

For a conductor to dielectric interface,
normal components of electric flux densities
are equal to surface change densities.

D =p, a

n

Statement (I1) is true

19.
Sol:

20.
Sol:

21.
Sol:

22.
Sol:

Postal Coaching Solutions
Ans: (¢)

H,-H, =4, xK
Statement (I) is true.
B,, =B,,

Statement (I1) is false.

Ans: (d)

Magnetic field is always tangential to the
conductor.

Statement (1) is false.

P
I
N - ©
d d
2 2
H, =, +H,
Here, H, = —H,
= H =

Statement (I) is true.

Ans: (b)

In static fields E and H are independent
Statement (I) is true.

VxE =0

VxH=17

In time varying fields E & H are depends on
each other

VxE=—a—B

ot
VXﬁZJ+QB
ot

Statement (I1) is true.
But Statement (II) is not the correct
explanation of Statement (I).

Ans: (d)

The solution of Poisson’s equation and
solution of Laplac’s equation are not same.
Statement (I) is false

Statement (1) is true.
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Chapter

Maxwell Equations & EM Waves

Identify polarization of following
(Page number 75 in Volume-I booklet)

01. E=20sin(wt—Px)d, V/m

Sol: Atx=0

E =20sin(ot)Jd, V/m

Let 0 = ot

0=0=E=0

0=" = E=20a
2

0=n= E=0

=3—7T E=-20a

2

0=n= E=0

i.e., linear polarization and also vertical

polarization with respect to X — axis

02. H=45cos(wt —pz)a, A/m
Sol: This is linear polarization

03. E =20sin(wt—pz)a, +30sin(wt - Bz)éy

Sol: phase difference between a_component and

a_component is 0
So that it is linear polarization
Note: For

phase  difference

in linear polarization.

04. E =55cos(ot—Pz)a_+55sin(ot - [32)?1y

Sol: Phase difference between a_component and

~ LT
a_ component is —
’ 2

Amplitudes are same.

So it is circular polarization
atz=0and let 6 = ot
6=0= E=553_+04a,

0" & 180,
irrespective of their amplitudes it must be

0s.

Sol:

06.

e:%:i:o&stay

It is CCW direction i.e. RHCP

E = 40sin(ot — By)a, +50cos(ot —By)a,
Phase difference = g

Amplitudes = not same

So it is elliptical polarization. To decide
direction of rotation follow below procedure.

Aty =0,and Let 0 = ot
0=0= E=0a_+ 504

T = A A
6=5:> E=40a_+ Oa,
0=n= E=04 -50a
ez%“: E=-404 + 04,

It is Anti clock wise direction i.e., Right
Hand Elliptical Polarization.

Sol: E= Re{[éx d jéy]ej(mm—[sz)}

(cos(ot —Bz)+ jsin(wt —Bz))A, +
j(cos((nt —Bz)+ j* sin(ot — Bz)éy)
E :(cos(cot —Bz)a, —sin(ot - [?)Z)éy )

Magnitudes of amplitudes are same, phase

.m .

is —; So it 1is
2

polarization. Now we proceed to decide

direction of rotation.

difference circular

Here
E =cos(ot —Bz)a, —sin(ot —Bz)a,

Atz=0&let 0 = ot
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0=0= E=4 -0a

6= = E=04,-4,
0=n= E=-a_+0a

ez%“zizoax-ay

i.e., we get clock wise rotation i.e.,
Left Hand Circular Polarization

07. not a valid EM wave representation

08.

Sol: E = 5cos(wt —fr)a,
Letr=0&0=ot
at 0=0=>E=54,

0="=TF=03,
2

0=n= E=-54,
ez%": E=04,

i.e., linear polarization

09.
Sol: E = Im{[ﬁx + 2jéz]ej(tolfliy)}
_[[cos(wt —By)+ jsin(wt - By)R, +
=Im
2j[cos(ot — By)+ jsin(wt - By,
= sin(ot—Py)a_+ 2cos(wt—Py) a_
Lety=0&06=ot
0=0= E=0a +2a

6=§:>E=éx+0§11

0=n=E=0a -2a
9:37“:>E=—£1X+Oéz

So it is Right Hand Elliptical Polarization

10. E =20sin(ot—By)a, +30 sin(o)t —By +45° )éz

Sol: lety=0& 0=t
At0=0

= E=0a_+30sin45°a,
.30 .
=0a +—a

x \/E z
At @ =§: E =204_+30sin(135°)a,
30,
\/E z
AtO=n= E=0a_+30sin(225)a,
20,
\/5 z

At 0= 37“ = E=-204_+30sin(315"),

=20a_+

:Oéx_

30,

\/E .

Note: 0 = 62.76 is the maximum values
direction obtained by

= -204 —

d—E:O at y=0 & ot=06

de
at 6=—£:>E:_20§x+051
4 V2
at == :>E=2€1X+30£1Z
4 V2
So it is RHEP

11. E=20sin(ot-pz)a, + ZOsin(mt —PBz+45° )éy
Sol: Valid EM wave but polarization can not

defined.

This is a valid EM wave representation but it
1s not satisfy anyone of the polarization
principle
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01. Ans: (¢)
Sol: Given flux ¢ = (£-2t)mWb

Magnitude of inducted emf ‘e" = ‘@
dt t=4sec
\e'\ =322
t=4sec
=3(4)"2
=46mWb

This ‘e’ for one turn; but for 100 turns
¢ = Nle'| =100 x 46mWhb

|e| = 4.6 volts

02. Ans: (d)

Sol: Given,
E=120m cos (10°mt— BX)QyV/m

H= A cos (10° n t — Bx) a, A/m

&=8; =2
E
We know that, —~=n= 1/£
H, €
E 2E
H,= Y = Y =2A/m

H, =2 cos (10° 7 t — Bx) a, A/m
SLA=2
10%tx~/2x8
:0) e —
b */“_ 3x108
=(0.0418rad/m

03.

Sol:

Ans: (b)

This question relates to normal incidence of
a UPW on the air (medium 1) to glass
(medium 2) interface as shown in Fig.

Medium, 1 Medium, 2
Ai Glass slab
n = 1 np, = 15
Wi = Mo M2 = Ho
€E1= €y €2= €0 €r
Fig.

If n; and n, are the refractive indices and v;

and v are the velocities

no_ve e
n, Vi VR, &,
e
= |— forp, =p, =y,
€,

Forni=1,n,=1.5

& _ L

e 15 3

Reflection coefficient,

Er_ ) _5_1 __l
Ei i+1 —+1 5
)
2
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04. Ans: (d)
Sol: Normal incidence is shown in Fig.

® ®

free space lossless (o = 0)
6 =0, u=py, non-magnetic(p = )
€= €<

dielectric(e > €y)

Incident. wave

Reflected. wave

" nterface
Fig.

Given: Enax =5 Enin  1n medium 1.

.. VSWR, S = B _ 5
E

min

| |_S—1_5—1_g
S+1 S5+1 3
Reflection coefficient,
Ny
K:E - e @S
E, LIE 3
Uuh
JLEA
n mn
n o1 _ 1
T]l 55 n2 Snl
n = Ro
S

= J4rx107 x 367 x 10°
= (120m) Q

.. Intrinsic impedance of the dielectric

medium, n, = %x 120t =24n

05. Ans: (a)
Sol: Given:

E = 10(a, +ja,) e ** in free space.
E = (B,a,+E,d,) e ™
®

B=25=—=
C

®=25c¢=25%x3x10® rad/s
f=1.19 GHz~ 1.2 GHz

4
X

4
(Dt:kX
/j ‘ Z

ot = 90° \\ ot = 270°
ot=180°
E,=10,E,=j 10
E, leads E, by 90°

Atx=0

Let Ey = 10 cos (ot)

then E, = 10 cos (ot + 90°)

A Left Hand screw is to be turned in the
direction along the circle as time increases
so that the screw moves in the direction of
propagation, ‘x’.

.. The wave is left circularly polarized.

06. Ans: (b)
Sol: H=0.2cos (ot — Px)a,

Wave is progressing along + X direction

— (+X)
E:n :—EZ
H, H,

- E=0.2ncos(ot — Bx) gy

E,=0.2ne"™a, H, =0.2¢"™a,

ol
I

E xH,

Vg

| — N

(0.2)" nax
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= 1(0.2)2(120n)éx w/m> 09. Ans: (b)
2 Sol: — = >
x = 1 plane = ds =dydza, we  2xmx25x10° x80x8.854x10™"
Wayg = |P,,.ds watts =44938.7
S Since -2 >> 1 hence sea water is a good
_ 1 2 0e
= ~(02)"120m) [[dydz conductor
1 Where attenuation is 90%, transmission is
) [5(@-2)2(120@)}[%(5)2]X 10* 10%, then ™= 0.1
0.0592 Watt Where a is attenuation constant
=0. atts
=59.2mW ~ 60 mW o= /%
07. Ans: (a) _\/2><n><25><103><47c><10'7><5
Sol: P o iz 2
r o =0.7025
—ax =/Mn(0.1)
2 2
Po_% _ (R) —0.7025x = - 2.3
Pp ré RY X =3.27m
2
10. Ans: (b)
Po _4_, 11
1 : Sol: 6=—=—=0.159
P o 2n
08. Ans: (b) 11. Ans: (c)
b 1 Sol: E is minimum
Sol: & = \/ = \/ P H is maximum
®HO T™Ho i.e., ‘¢’ is the option
8(1. lji: f_2 ETanIZ Tan2:0
f J, f, [perfect conductor E,, =0]
HTan — JS X a’n + HTan
9 1 2
g: 8X109 Hszl :Jsxan
0 2x10 [perfect conductor Hy,, =0]
o = L5_ 0.75 um
2 12. Ans: (d)
Similarly Sol: H=0.5¢""cos(10°t-2x)4, A/m — (+X)
15 /18x10"_3 E,___ E
S 2x10° H, H,
5= 15 _ 0.5um Wave frequency = 10° radians/s
3 M Phase constant B = 2 rad/m
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B=E=2rad/m
A
A =mn =3.14m.

The wave is traveling along +X direction,
Given wave is polarized along Y.
-~ It has Y-component of electric field

13. Ans: (a)

Sol: The normal incidence of a plane wave
traveling in positive y — direction is shown
at the interface y = 0 in Fig.

med (1) med (2)
Incident wave
E; » Transmitted
wave >
Reflected wave
E, < E
free space lossless medium
(01=0, 1 =po, €1=€0) | (62=0, 2= o, €2 =9¢)
N1 ="MNo y<0 y>0 n2
y=0
Fig.

Given: E, = E, a,

where E,, =24 cos 3x10°t —By) V/m

o =3 x 10% rad/s, B = 9,
v

For free space, v=vy=3 x 10% m/s

- B=1rad/m
Eiz
N =Ny = H_
.y = Ein _ 24 cos (3x10°%t — By)
'X Mo 120
Iin = Hix _>x

My
i_nl_n2=n2 s
Ho m+m My
N,
Where L= VRS /S 960:3
N, S & o
H _3-1_1
"H, 3+1 2
~ 1 24 _
H =— cos 3x10%t +1y) a,
2 120=

= 1 cos(3x10°t + ly)a, A/m
107

Note that H_is reflected wave which travels
in negative y direction, which corresponds
to + By term with B = 1 in the expression

for H, .

14. Ans: (b)

Sol: Brewster’s angle 0,=tan"

At this angle there is no reflected wave when
wave is parallel polarized.

n;sin6; = n,sinO;

V€, sin B, = /€, sin0O,

) € .
sinB,= _[—Lsin 6,
)

sinf, = /3 %(ei =30°)

0,=60

ACE Engineering Publications
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15. Ans: (d) 18. Ans: (a)
Sol: Given that Sol: Skin depth & = ﬁ
Et = _2EI‘ H .
For perfect conductor, conductivity
Where 7
: : : (0)=0w0=08=,—=0
E; is electric field of transmitted wave 00
E, is electric field of reflected wave Statement (1) is true
E.__, =57
E, Statement (I1) is true
) ) o Statement (II) is the correct explanation of
If E; is electric field of incident wave. Statement (I).
B 2E,  2n, 19.  Ans: (d)
ut - B n,+, Sol: For TEM wave, electric and magnetic
E 1 3 fields does not exist along the direction of
and S propagation.
E.  m+n, Statement (I) is false.
and also E, _Nny E,H and K are always orthogonal to each
E, m,+nm other.
. ML= __—MN ELHLK
n,+n, mn,+n, Statement (II) is true.
N =2 20. Ans: (b)
no_ ) - \/g o - € _ 4 Sol: Intrinsic 1mpc?dance
M, € & _E_ | jop
N=—=.—"—"_
H C+ Joe
16. Ans: (b) So, it will depends on medium properties.
Sol: Solutions of wave equations represents a Statement (1) is true.
wave. For good conductor
Statement (I) is true E O st
An EM wave is a function of both space & n=—= 1/—e”s = Electric field leads
time. i . °
Statement (I) is true magnetic ﬁeld.by 45°
But Statement (IT) is not the correct Statement (II) is true.
explanation of Statement (I). But Statement (II) is not the correct
explanation of Statement (I).
17.  Ans: (d) 21. Ans: (d)
Sol: The direction of Poynting vector is same as Sol: For oblique the wave vector will makes
the direction of wave propagation some angle to the normal
So, Statement (1) is false. Statement (I) is false.
Polarization of a wave is defined as For perpendicular polarization electric
orientation of electric field vector fields is normal total plane incidence
Statement (II) 1s true. Statement (I1) is true.
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22.
Sol:

23.
Sol:

24,
Sol:

25.
Sol:

26.
Sol:

Ans: (b)

K - wave number

B - phase shift constant

p=IK]|

Statement (1) is true.

Suppressing time variations will gives
phasor form

Statement (II) is true.

But Statement (II) is not the correct
explanation of Statement (I).

Ans: (b)

Brewster angle is that angle of incidence
for which no reflection takes place
Statement (1) is true.

Critical angle is the maximum angle of
incidence, for reflections will exists

6. >0, — TIR occurs

Statement (II) is true.
But Statement (II) is not the correct
explanation of Statement (I).

Ans: (b)
For good conductor

o= =
g 2
Statement (I) is true.
Skindepth 6 = L
o
Statement (II) is true.

But Statement (II) is not the correct
explanation Statement (I).

Ans: (d)

To achieve elliptical polarization the phase
difference between transverse fields would
not be 0 (or) 180

Statement (I) 1s false.

VP and HP are the special case in LP
Statement (II) is true.

OUGC

Ans: (¢)
Displacement current is the out come of
Maxwell

27.

Sol:

Statement (1) is true.

Existence of magnetic charges would result
displacement current

Statement (I1) is false.

Ans: (b)

EMF —

da

dt
A - magnetic flux linkage
Statement (I) is true
According to lenz’s law the induced
voltage in a loop is always so directed of to
produce a flux opposing the change in the
flux density.
S, - true
But Statement (II) is not the correct
explanation of Statement (I).
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Conventional Practice Solutions g3°l
ol:
01. 2+ X
E; =30 7)Y
Sol: Assuming the wave is coming from free cos(or2)y
space i.e. medium 1, n; = 1207, at frequency
f=2GHz.
Medium 2 is a conductor and I _Y{) __________ > ZO
o=
o, =58x10"S/m e =12
We have, 2<0 “r _3
o 58x107x36n Free space r
— = 5 — >>1 220
we 2nx2x10" x10 Z=0
i.e at given frequency medium 2 is a
conductor . ) )
(i) Standing wave ratio:
y = o +jB in conductor, ¢ = = .[2H
2 e omamm
_\/27t><2><109><47t><10‘7><5.8><107 =|T|" my+m,
2

= 120m,
— 0.67x10%m N

. 6 /
So,oc_B—60.67‘><10 /m M2 ="No =120 x =60m
v=0.6 x10” (1+51)

-6

Skin depth 8:l:10 =0= 1ie no ) 60n —1207 1 1+1/3
(04 0.6 ..F:—:——:p: =

60m + 1207 3 1-1/3

exiting wave
s0,T=0,1mM2=0,"=-1

(S)f)l . (ii) Reflected magnetic field:
We have, conduction current density 0 4 E,
(Jo) = oE. and displacement current density R =4 n
(Jp) =joeE _
] s E. =TE,
—<| = tan O = — is known as loss tangent
Jq ®E 1 A\a
= - 3 x30cos(ot + 2)y

If i>>1:>6:90°, then the medium is
we A 5

i Qpg =2
behaving as conductor.

2 << 1= 0 = 0° medium behaves as o Hy=-2x-§ cos(ot +z)
0e 1207

d:lectnc H, =% L cos(mt + Z)

—= 1= 6 = 45° medium behaves as a 12n

®E

Quasi conductor or semi conductor
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04. _EB
Sol: Given: E = Egcos(wt — Bx) ¥, _(D_MX cos(wt - x)
E A
H =—2cos(ot — Bx) Z in free space. ~H= E—(’Bcos((ot - Bx)i
wp
In free space , E, ou 1 u
. y 0
0) 0) () T Ty RV, Ty X === =T,
Vy = — = = —_ = = H p \/:
p B B v, 1/\/; z B \ Ho€o 0
[ @ E
®yHogy = P=— L =N = b: B:(’J\/MOSOZ2
c H € c
. E 0
Intrinsic impedance —=n=_[—> 7
H Ve at 10 MHz, B = 23“1102 =§—g
X
As Ey # 0, based on Maxwell equation T oad/m
VxE= —p% 15
o Mo = |2 =120
Xy 2 g,
= ai ;;1 aﬁ = —Mg(Hxﬁ+Hy§’+H22) As E is only along y-direction, it is a linearly
(;( E, OZ polarized wave. The wave is propagating
along + x direction.
OE. |. . .
= 0-—2|x-[0-0]y+| =—2-0|2
0z
0 0
=—-pu—HX+-u—H y+-p—H 2 0s.
K PV B o A PV
~ (O),\ (0),\ aEy X Sol:
OOy T Ei= 110 cos(ot —4nx)2 V/m
H A~ H A H grl = 4 8r2 = 9
=—p—HX+-pn— +-u—H 2z
“8 ' “8‘[ L\ ‘ n = 1208 =60 U =4
Hy=H,=0 J4
c=0
So B, M, 4
x| o n2:120nx\/;
oH 1 0
L=———I(E t—
= ot u 8X( ‘ COS((D BX)) = 1207 x %
z—&x—sin(mt—ﬁx)x—ﬁ — 807
N =
:—EOBxsin(mt—Bx) r_M-n _ 80m—607 1
HE n,+n, 80m+60n 7
H, = _[— P x sin(ot — Bx )dt
n

®
Phase constant ; = —,/e, =4n
c
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Electromagnetics

06.
Sol:

Er =TE; Z%x 1 IOCos((ot + 4nx)2

|E1| = 1E; = (I4D)E; = (1%)110 = %XIIO

=125.7
By = (D\/H_S |:"(x) 47I><C}
2= r’r * =
c V4

4rxc

NIx4 =127
2c

. Er=125.7 cos(6m x 10% — 1271x) 2

Given: H = 2¢ '™ ¢, v, = 2x 10° m/s and
p=1.8 . Wehave B =0.1n

o =2nf=v, x B=2x 10°x0.1x

=f=10 MHz
Y 8
V= =2x10
’ VHE,
8
3x10 5510}

T
1.5
=——=1.118
= e, ==

=g = (1.118)°=1.25

8
k:&:2x170 ~ 90
f 10
|El=n|H]
=120mx 18 x 2
1.25
=904.778 V/m

07.
Sol: Given: u;=4, &,=9, f=10MHz = 10'Hz
a, = éy .given E4,=400V/m.

We have,
1 c _3x10°
vV = = = =5x10"m/sec
’ \/E JHE  AIx4
7
p= 220 2T i/m
v, 5x10 5
vV 7
NS
f 10
n=./= =1207x “r=120nx\/§:80n§2
€ €, 9
E(t)=E,, cos(wt—By)k

= 400005(211 x107t —% yjﬁ

and H(t)= %005(271 x107t— 2?Tcyj(— 2)

=—1.59lcos(2nx107t—2?nyj2

08.
Sol: Normal incidence is shown in Fig.
Medium, 1 Medium, 2
Free space Thick brass sheet
c=0 , w=1e=1
H=Ho=4nx107"H/m | 5=1649 x 10" mhos/m
1
eE=¢€gp= 9 F/m
36mx10
E, X
Inc. wave
V4
»/ g
Hy
In medium, 1 Fig.
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Given: E = E a,
E, = 1225 cos (5.89 x 10'° t — Bz) V/m,
where ® = 5.89 x 10" r/sec.

E
H = n" , where 1, =1, =(120 ) Q
1
For medium, 2 :
c  1.649x 107 x 36x 10°

= _ >> 1
oY= 5.89 x 10"

Brass sheet can be taken as almost
perfect conductor with E and H equal to
zero inside it.

. Hy in the first medium gives rise to a
surface current of linear current density, Js
Js=Hy A/m
Power that causes heating of the brass sheet
= Power dissipated in the brass sheet
=P=1J2_ R

s, rms s

where Js mms 18 the rms value of Js and Ry is
the surface resistance given by Ry = Nreal

(for good conductor) = [%
(¢)

R \/5.89 %10 x 47 x 1077

2x1.649 x 10’

=474 %107 Q
(1225)°

P = = x474x107° W
2(120m)

= 25x102 W = 025W

09.
Sol:
z
Hinc
Einc
Eref —]
>y
Href
X

y=20
or x —z plane

Fig.

In a charge free medium, electric field is
givenby E = A sin(By) sin(wt) a,

esl]

:%[cos((a)t—By)—cos(u)t+[3y)]ax ...... (1)

E can be written as

where E; = % cos(ot — By)

and

X

E . =- % cos(ot + Py)

E has only x component. The y and z
components are zero.
(b) The 1 term E!

represents a plane wave traveling in the
positive y - direction with velocity

in equation (2)

® . .
v = — and the 2" term E_ in equation

(2) represents a plane wave traveling in
the negative  y-direction  with
the same velocity ‘v’ as shown in Fig.,
giving rise to a standing wave with
reflection coefficient, —1 and standing
wave ratio, oo in the y - direction which
does not progress.

(a) From equation (3) E_ =—E; so that E
aty=0isequalto E_ + E_=0.

.. y = 0 plane can be taken as a perfect
reflecting surface with no transmission
for y>0
Let the intrinsic impedance of the
medium be 1. For free space

N =mno= (120 7)Q.
Then the associated magnetic field H is
givenby H = H a,+H, a,,

where H' = ~E and H, = E,
Mo Mo
= —-A
~H [cos(cot—By)+cos(mt+By)]A/m

T 240n
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{ﬁu ACE 18 Electromagnetics
10. . ®
Sol: Normal incidence of an EM wave is shown (d) Phase velocity, v, =v, = E
in Fig. g
Medium, 1 Medium, 2 = M m/s
Free space Copper slab 2.62 x10
M:Eo, € :760, 6,=5.8x 10’ ml}g)s/m — 72 %x10° m/s
61=0,0,=0 W =po=4n x 107" H/m . o
vi=vo=3x10*m/s 1 (e) Group velocity, v is given by
_ €, =€g= — F/m
p=on ST _ve = 20T s 10" s
Incident Ve = Z - 72)(103 -
wave > Transmitted
wave o
Reflected wave d 11.
- Sol: Normal incidence at the interface between
Fig medium 1 and 2 is shown in Fig.
Given f= 300 MHz Ei
. —_—
B in free space,
» E
®  2mx300x%10° Er ‘
B=— = g = 2n r/m - .|
v, 3x10
27 @ @
as B, =—,M=1m .
A Free space Lossless medium
dium. 2- H=ppe=g | 020, W=7
In medium, 2: Vs s - -
o, 5.8x107 x 361 x 10’ v
= and v, = —
0E, 2ax3x10° Fig.
=348 x10° >>1
v 1 1 oy 1
(a) Attenuation constant, o = Phase shift _— = » Vo =
\/Mlel \/Hoeo VH2 &
OUG
constant, By & ,|——
2 Vo _ Mo
o, = nfpc v, e,
= Jrx 3x10° x 47 x 107 x5.8 x 107 Given: Y2 = %
V]

=21x10% /3 x 5.8 = 2.62x10° Np/m

(b) B2 =2.62 x 10° r/m

(c¢) 0 = Skindepth

1
2.62 x10°

= 0.38x107

a,

m =

mm

VI, € = 241, &

or —dpp o= —
2 e m S0 9 100

It is also given that a standing wave is set
up in medium 1 (free space) with reflection

coefficient K = % = —-0.125

i

ACE Engineering Publications
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In terms of intrinsic impedances:

L

K=" glyg="_g
LIPR N N
Uh

K- = (k41
uh

N, K+l 0.875

0875 _ 7
1125 9

N I-K
As _JE M [ Ve 7
n= ’ -
€ €, \/p_ 9

1
/Hzeo _ Z or K, & =£ ’
€ Mo 9 €4, 8l

B o3 0200 i @)
S,
From (1) and (2),

i 4 49 )

S S LAY
M= 510w g1 (20

2 7

= —120%

H2 = 35105 9

= % (4mx107) H/m

14
= (3 uo} H/m

From (1),
4 9

T 9x10"° 14xdnx10"

F/m

=

7 (36mx10’ 7

12.
Sol: Given
8ay +6ay +5a,

E - E ej(oot-i— 3x — 4y)

0 J125
—(1)
f=10 GHz

e

V/m

The equation of the plane wave traveling in
the direction of unit vector n normal to the
plane of constant phase is given by

E = E, e/ PO f 5(2)

where o = 2rf is the radian frequency

and P = phase shift constant in the direction
of n.

r is the position vector in X, y, z
coordinates

r=xa +ya, +za, .....ccooeennn. (3)

fi = cos(A)a, +cos(B)a, +cos(C) a, cereenn(4)
where cos A, cos B, cos C are known as
direction cosines.

A, B and C are the angles which the unit
vector h makes with the positive x, y and z
axis.

A.T = x cos(A)+y cos(B) + 2 cos(C) -+ --..neee(D)
B Byell@-Gox=Gpy-God g (6)
where Bx = 3 cos (A),
By B cos (B)
................ 7)

Bx, By and B, are the phase shift constants in
X, y and z directions respectively

Similarly
, _2m__2m )
“ B, Beos(A)
_— 27 >
¥ Bcos(B)
.............. (8)
\ = 2n
* Beos(C) /
NI R
© B, Beos(A)
®
Vy = Bcos(B) > .............. (9)
®
v, = o
Bcos( )
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@ .MQE. 20 Electromagnetics

(i) Comparing (1) and (6), it can be 13.
concluded that the field vector E given Sol: Normal incidence is shown in Fig.

by equation (1) represents a plane wave x4
in the direction of the unit vector fi med (1) med (2)
where U= Lo
n = 8 a, + 6 a, + > a, Incident wave :zoer_jen
V125 V125 7 125
8 W » Z
and cos(A) = —,
V125 Lo, €0 a#0
cos(B) = 6 c=0,a0=0 Block of Ice
V125 Free space y
5 Fig.
cos(C) = — '
125

In free space, given:
By =B cos (A)=-3, E-[Ed +Ea @ % (1)
By = B Cos (B) = 4’

8= p (©)=0 where EXZIO\/E V/m,
=P cos =

E,=11.84/1 V/m

. . _ o =4mn x 10° /s
(ii) The propagation constant y is given by

Yy=0+jB=jP Phase shift constant
B:+B; +P; =B’ (cos’A+cos® B+cos’ C) k=B=oJue .oooiviiiiiii )
Magnitude of the electric field in the
_ B 64 36)_ 4 B’ incident wave, E, is
125 125) 5 Ef = E; +E;
%Bz — (<3) 4 (42 =25 = (10> +11.8°) & = 23924 &
B’ = 5% 25 Intrinsic impedance in free space
4
55 n=n,= M = (120 Q
p="7"=25 J5 t/m=5.59 r/m o
oy =1559 (a) Let the Average power associated with
SR the incident wave be P;
E2
(iii) Phase velocity in the y-direction p = -
® o 2n,
Vv = - "
* "B, Pcos(B) - % = 0.997 W/m’
21 x10x10° e
49 (b) For ice given: € = €' —je"
= S5mx 10" m/sec Where €' =9 € and
=15.7x10° m/sec €"=0.001 x9eo=10" &’

X0 OB 03 T TR P IO IS0 N Hyderabad « Delhi « Bhopal « Pune « Bhubaneswar « Lucknow « Patna « Bengaluru « Chennai « Vijayawada ¢ Vizag « Tirupati « Kolkata « Ahmedabad




A
/4 N}
v v
v v
VN .Y Engineering Publications

21

Postal Coaching Solutions

The loss mechanism in a non-magnetic
dielectric medium different from free
space is modeled by p = po and a
complex permittivity

e=¢e'—j€e”
This gives rise to values of a, B and n
different from free space values

o = attenuation constant
= Re{jk}

= Re{jwauoie' - je"i}

B = phase shift constant

= Im{jk}
~ im0

1 = intrinsic impedance

For the given values of €’ and €”,

"

S =107 (<<1)
S

Under this condition,

o zge” 1fh
2 e'

8
:MX9EOXIO_3X ﬂ
9¢,
5 -9
=27:x—10 x9x10 x 407
36w

=2nx 107 n/m=6.284 x 10~ n/m

B=P, ~ 0)\/”0 € =0)\/],t0 9<,)
=41 x10® x 3 x

3x10%
=47nr/m=12.56r/m

andn:nzz\/t: :\/920
0

_120m _ soma =125.66 0
Skin depth in ice,
3
5=t -1 _is50m
o 6284

(¢) In ice as a # 0, the amplitude of the
field decreases exponentially according
to the factor e™* .
.. B> inice = E; in free space x ¢
.. E; at a distance = 50 1is given by
E,=E e *®=E; e V/m
.. Average power density at z = 5 o
from the interface is

2
P, = Ey, _23924n e
21, 2x40m

=3xe' Wm?
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Chapter > Transmission Lines

Objective Practice Solutions Given £= 50 MHz
01. Ans: (b) v, =2x 10° m/s
7 4
Sol: 7. =7, Zx + ‘JZOtan B¢ K ,j4[ﬁj )
Z, + jZytan B¢ —L=e ¥ =e¥"=1(0or) =1
Phase velocity * )
N
"B
03. Ans: (b)
2nf Sol:
v, =—— )
p : SL
B 2nf  2xmx10® . v
= = 3 = S I::| ZR
v, 2x10 B A
Bl =nt = n (Given [=1m) iO ¢ ;: 1
anpl =0 e—x-0.10 —f
Zin = ZR ll: 3 =I
=(30- j40)Q
V=Ce ™ +Ce™
02. Ans: (a) C p
. _ T2 . 2jpx
Sol:  f——dm— &
Zo |
B A |Z K, = 0.3¢ " = < e Ihx
® ® 1
_ X =2m
x=0 K. = & Q2iB(x-0.12)
B Cl
K &GZjBX T
X C, C, Ljpx 401
K C
K,=—2¢"at(x =2 y=—
) e at(x =2) K, Gy i
C
C, . 1
K, =C—262JB(0) at (X — O) K, = KA.e—jAn
1
Cs g2in0) = 03¢ e
I<B — Cl =e'j4B ~i102°
K, %ej4ﬁ =03¢™’
I Note: In the options 0.3¢"” is given. But
o) T —jt02’
Vp =E =3 =E correct answer is 0.3 eJ102
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04. Ans: (c) . . 7, - Z,
Sol: From the voltage SW pattern, Reflection coefficient at PQ = Z, +7,
Vmin = 1, VmaX: 4, VSWR = S = 4
Zo=Re=50Q 25 _ 4 "
Let the resistive load be Ry, -3 s s
For Resistive loads 25 + 50 175 7
S = Ry for R, >R, 3
R, . At the input RS,
R B
= R—O for R,>R, Reflection coefficient, I' = — > e 12B!
L
©~ RL=SRyp=4x50=200Q for Rp>Ry ASBE_—TE&_E
Rp. =Ry/S=50/4=12.5Q for Ry >R B )
As voltage minimum is occurring at the 5 5
load point, R = 12.5 Q. I'=- 7 e’ = =
05. Ans: (a) 07. Ans: (d)
Sol: Reflection coefficient: .
_R -R, _125-50 _ . Sol: 7. = ZO[ZL +iZ, tanﬁq
R, +R, 12.5+50 ' Zy + 12, tanpr
06. Ans: (d) 1) For a shorted line,
Sol: The interconnection of TL’s is shown Z.=0
in Fig. o
2 —_—
Z, = (59 =250 2 AW
100 Br=""xZ ==
50)2 A8 4
Z, = 00 =12.5Q 0.~
Zin: Zo 1%
25 Z,+0
71, =25|125==—Q
3 Zin=]Zo
i1) For a shorted line means Z; =0
100 Q . A
A/ Given that / :Z
{
- Bl = nh_=x
Zy=50Q N 4 - 2
r Fig. n 7 - 0
200 Q L
Zin = ©
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i11) Open line means Z; = oo,
Given that / :%

2T A
:—.E:n = tant =0

A

~ Z, +jZ,tanm
" Z,+jZ, tanm

Y

Zin -
Zin=171
iv) For a matched line of any length
ZL = Z()
7 - Z{ZO +J:ZO taan: s
Z,+]Z,tanP/

08.
Sol:

Ans: (¢)

The line is matched as Z; = Z, = 50 Q and
hence reflected wave is absent.

For the traveling wave, given:

Phase difference
2 mm = 7t/4 rad
Frequency of excitation = 10 GHz

for a length of

. ®
Phase velocity, v, =—

o =27 x 10 x 10’ rad/sec
3 = Phase-shift per unit length

:% rad/m
4x2x10

2t x 10" x 8
VP = 3
tx10
Ans: (b)
0.320°
[s]= .
0.9290

For reciprocal;

=1.6x10° m/s

09.

0.9.,90°
Sol: }

0.220°

S12 =S
It is satisfied.

For lossless line |Sn|2 +|Slz|2 =1
(0.3 +(0.9F=0.9=1

. Itis a lossy line

10. Ans: (b)

Sol: If we connect infinite number at
transmission lines, the input impedance is
same as characteristic impedance.

Statement (1) is true.
An infinite line is equal to finite line when
the finite line is terminated by Z,

gZL:ZO

Zy

Statement (II) is true.
But Statement (II) is not the correct
explanation of Statement (I).

Ans: (b)
For a Transmission line
The propagation constant,

11.
Sol:

Y=o+ jB=yR+joL)G +joC) (1)
The distortion  less  condition  for
transmission line is

R G

- 2

e (2)

From equation (1) and (2)

a+jB=R\/§+jw\/E (or)
a+j[3=\/%+joo\/ﬁ

L= R\/g (or) G\/% ----- 3)
B= ovVLC
0) 0] 1 )

P T BT oVlC  JLC

.. A distortion less condition is same as the
condition for minimum attenuation. So,
statement (I) is true.

From equation (3) and (4), it is clear that
attenuation constant (o) and phase velocity
(vp) are independent of frequency in a
distortion less transmission line. So,
statement (II) is true but not the correct
explanation for statement (I).
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12. Ans: (b) 15. Ans: (¢)

<

Z. +jZ, tan Px Sol: Impedance transformers are used for
Sol: Z(x)= Z{ZR v iz ° an BX} matching purpose.
0 R Statement (I) is true
If x-changes, Z(x) - changes 2
AN
So, impedance is not same " 4) z,
Statement (1) is true. ‘
The reason for reflections is the impedance Statement (II) is false.
discontinuity
Z, -7
F=ZL—Z° 16. Ans: (b)
Lt %o Sol: Transmission line are wused as circuit
Statement (11) is true. clements
. Length Short Open
But Statement (II) is not the correct Circuited Circuited
explanation of Statement (I). Line Line
le A | 1. Inductor 1. Capacitor
13. Ans: (a) 4
Sol: Z, =27, 2_& <I< L) Capacitor | 2. Inductor
— ZL ZO _ 4 2
Z +7Z, 3 [:& 3. Parallel 3. Series
4 Resonator Resonator
S = I+ |r| - 4. ] = & 4. Series 4. Parallel
1- |F| 2 Resonator Resonator
Both Statement (I) and Statement (II) are Stubs are used for matching purpose.

individually true and Statement (II) is the

correct explanation of Statement (I). Both Statement (I) and Statement (II) are

individually true but statement (II) is not the
correct explanation of statement (I).

14. Ans: (¢)

Sol: The successive distance between two

minimas is % 17. Ans: (d)

_Z. -7,
Statement (1) is true. Sol: I' = 7 17
. .. L + 0
At the location of voltage minima,
Voltage is minimum and current is Zr=%jX
maXimum (Vmin,Imax).
AV If=1
L= =7
max S =
Statement (II) is false. . Statement (I) is false but Statement (II) is
But Statement (II) is not the correct
explanation of Statement (I). true.
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18. Ans: (b) Conventional Practice Solutions
Sol: Both Statement (I) and Statement (II) are
individually true but statement (II) is not the
correct explanation of statement (I). 01.
Sol: Lossless co-axial cable diameter ratio = 2
19. Ans: (b) _b
Sol: Z,, =t =7, a
2 & = 2.025
Statement (I) is true For co-axial cable
Z |1=@2n+ 1)& _ Z_(2> Inductance =L = Lln(b/a)
in 4 . 27
-7
Statement (II) is true — ﬂln(z) =13.86uH
Both Statement (I) and Statement (II) are 2n
individually true but statement (II) is not the C y _ 2me  2mggE,
: apacitance C = =
correct explanation of statement (I). In(b/a) In(b/a)
-9
|, 10 \ 2.025 _ 2.025 <10
36n  In(2) 18In(2)
=0.16nF
-6
Zy= \E g LEE. L L TR Ye!
C 0.16x10
02.
Sol: 50
I .
£=100 kHz 50 100
100-50 1 P =100 mW
HT ==
100+50 3
1
y T 13
(1) VSWR (p)= ——=—— =
=T 1
3
(iii) Position of 1*' Ve at 1= 0 (at load)
1.e., RL>Ry
and 1% Viin at 1 = M4 i.e., Vinax and Vipin
separated by A/4
(iv) Impedance at Vi = Rpax = Ro p
=50 x2=100
R
p 2
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A% Therefore  the effective load  for
P = =100mW 100 V / 75 Q generator is a short-circuit.
L
The current through the generator,
_ -3 _
:>Vmax - \/looxlo x100 =3.162 . = @ = i A as shown in F1g2
v 75 3
VSWR = —Vma"
min (4/3)A %Ig A
3.162
=V, =——=1581Volt
2 75 Q
S
Attenuation loss: Reduction in power cl v y
g
carried by the wave due to imperfection of / 100V
the structure (or) medium.
Reflection loss: Amount of reduction in Fig. 2 B

delivered power at load due to mismatching
at the load.

Transmission loss: Amount of reduction in
the load due

transmission of wave from input to load end.

available power at to

Return loss: Amount of reduction in
available power at the input due to
mismatching at the input.
03.
A \ A
Sol: The 3 TL consisting of two o
sections is shown in Fig.1
Po A c
75 Q
Zy=Ry =600 Q
100 V
Qo
B D
A4 A4
Fig.1

The short — circuit at CD gives rise to open
— circuit at AB and the open — circuit at PQ
gives rise to short — circuit at AB.

04.

Sol:

For a lossless transmission line the voltage,
V; at any distance ‘/’ as shown in Fig. 3 is
given by V; =V, cos B/ +j I; Rg sin 3/

For l= M4, Bl=n/2

(4/3) A
Po . e: A
+
+
A
Qo ; . )
e I
Fig.3
.. Voltage at PQ is given by

Vrq =] Ig Ro =] (4/3) (600)
=7 (800) V = 800.£90° V

Given : V, =200 V (rms)

Internal resistance R, =200 Q
Characteristic impedance, Z, = 200 Q
Length of TL, /=10 m

Load resistance Ry (or) Zp = 100 Q
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> MW—o o
I
Zin

v —>

200V ) ZL§IOOQ
(tms)

< I=10m >
Fig.

For a loss-less (oo = 0) transmission line
input impedance Zi, is given by
Zy + jZytan (BY)
ZO + _] ZL tan(BZ)

V4

in = Zyg

The wavelength A for transmission line is

given by A = %
Given operating frequency, f=37.5 MHz
=37.5x 10° Hz
3x10° 300

= = =8 m
37.5x10° 375

The angle (/) is given
Br =2y = 2T
A 8

=2m (125) = (27: + gj
and tan (Bl) = tan (27 + ©/2) = tan (1/2)

Therefore the input impedance Z;, becomes
2
7. = Zi_ 200200 4000
Z, 100

(a)

(b)

(©)

Current drawn from the generator, I, is
given by
Lo Ve 200
© (R, +Z,) (200 +400)

= @ = l A (rms)

600 3

The current drawn from the generator will
also incident on the load resistance at a

phase shift of n/2 radians

Magnitude and phase of the current
flowing in the load are 1/3 and —90°

Power incident at the load, Pj,; is given by
P. =027

1 2
< (E) x100 = 11.11 W

Reflection coefficient at the load is given by
re Z, -7, 100-200 1

~Z,+Z, 1004200 3

Power delivered to the load = Py, (1 — | T )

=11.11 (1 - éj =9.875W
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Chapter > Waveguides

Objective Practice Solutions

01.

Sol:

02.

Sol:

03.

Sol:
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Ans: (b)
Evanescent
propagation.
Dominant mode means, the guide has
lowest cut-off frequency.

TMy; and TM ¢ not possible, the minimum
values of m, n for TM are at least 1, 1
respectively.

modes means no wave

Ans: (a)
The mode which has lowest cutoff
frequency is called dominant mode TE;.

At 4GHz all modes are evanescent.
At 7GHz degenerate modes are possible
TE;; and TM,; are degenerate.

c 3x10°

22 2x3x107
At 6 GHz dominant mode will propagate.
At 11 GHz higher order modes are possible

¢ TEqg -

=5 GHz.

Ans: (a)

Given: In a rectangular WG of cross-section
:(axDb)

E = m—!;l (n) H, sin(27t xj sin(ot — B2z)¥y

h a a

The wave 1s traveling in the
z-direction having E, component only as
function of ‘x’. As there is no component of

E in the direction of propagation, a, the
Electric  (TE).
Comparing the ‘sin’ term in E with the

wave 18 Transverse

. . mrm
general expression: sinjp —— X
a

m=2
As there is no function of ‘y’ in E,n=0

. The mode of propagation in the WG
1S TE20

04. Ans: (d)
Sol: Given
a=4.755,b=2.215,
f=12 GHz,c =3 x 10° m/s
Cut off frequency

¢ |(m) (n)
2 a b
For TE o, mode

fo= = =3.15GHz
2a
f> £, (TE ;o mode) so it propagates

For TE,; mode

fC (TEZ()) — % (g]

=2 [f(TE ;)] = 6.30 GHz
f> £, [TEy0] so it propagates
For TEy; mode

c |1

fc (TEo1) — E b_2
c

= —=6.77GHz

2b

. £> 1, (TEq] so it propagate

For TE;; mode
c |1

fc[TE11] 2 5 a—2 + == 7.47 GHz

f>f. (TE ;) so it propagate
So, all modes are possible to propagate.
05. Ans: (a)
Sol: Givena=6cm,b=4cm =3 GHz

Cut off frequency

=536




& ACE so
TEo: f.= Zi = 2.5 GHz S0 we get My, = 469.520
a
Putting all the values
TEo: f,= — =3.75 GHz <+ Wayg = 31.32kW
2b
08. Ans: (a)
TEll-f=3/i+i=450GHz 3x10'0
oNa » Sol: f, =— = =7.5GHz
0 2a 2x2
. C / 1 1 For b =a/2 , the next high order mode is
TM]]. fc— 5 a—2+b—2—450 GHz TE()] or TE20'
10
3x10
06. Ans: (a) s, =t = =15GHz.
Sol: T _ 2n m=2 So the range of single mode (dominant
a a mode propagation ) is
nm_3m_, 3 7.5 < f< 15GHz.
b b
For TM wave propagating along z-direction 09. Ans: (a)
E,#0and H,=0 ) ) )
> > MoA, A
c |(m n
™, =f = 5 [;j +[gj f. =0.908GHz
Substitute ¢ = 3 x10'° cm/sec 3x10"
m:2’ a =6cm C=m=33.03cm
n=3, b=3cm . A _
we get f, = 15.811 GHz Substitute A, =40 cm, A.=33.03 cm
Y We get, A =2547cm
M =M 1_(?j f=3><1010
S 25.47
0=10"=1=10"_10 gy, =1.18 GHz
2 2m
and n=120r. & f.=15.811 GHz \
Substitute all the above values and we get 10.  Ans: (a)
Nnmm = 375 Q. c
Sol: — =0.908 GHz
2a
07. Ans: (¢)
2 3x10"
. — 1 yo . T] a= 5
Sol: W, =———ab;n, = = 2x(0.908)x10
N, ~(x/2,)
10 =16.51cm
n=120m, 2 ==21% _ 5 75em
£ 11x10 — b=2=826cm
Ae=2a=2x2.29 =4.58cm 2
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11. Ans: (a)

Sol:

B 27
25.47

(0908

1.18
=(0.157 rad/cm
=15.7 rad/m

12.
Sol:

Ans: (a)

Waveguides are used as transmission lines
at microwave frequencies

Statement (1) is true.

At microwave frequencies two wire lines
offers high attenuation

Statement (II) is true.

Statement (II) is the correct explanation of
Statement (I).

13.
Sol:

Ans: (b)

Wave propagation inside the waveguide is
by means of total internal reflection
between the walls

Statement (I) is true.

The propagating modes inside the wave
guides depends on excitation.

Statement (II) is true.

But Statement (II) is not the correct
explanation of Statement (I).

14.
Sol:

Ans: (b)

The mode which has lowest -cut-off
frequencies or highest cut-off wavelength is
called dominant mode.

Statement (1) is true.

Dominant mode is recommended to have
maximum transfer of energy through the
waveguide.

Statement (II) is true.

But Statement (II) is not the correct
explanation of Statement (I).

15.
Sol:

16.
Sol:

17.
Sol:

18.
Sol:

19.
Sol:

Postal Coaching Solutions
Ans: (d)

Rectangular waveguide does not support
TEM waves

Statement (1) is false.

Waveguide has no central conductors
Statement (II) is true.

Ans: (b)
A, = A

g 2
at
f
g 2N

Statement (1) is true.

s ()

f. depends on dimension of the waveguide
(axb), medium inside the waveguide and
mode of propagation.
Statement (I) is true.

Ans: (b)
For Evanescent mode, o # 0, B = 0 and
y - real. So, Statement (I) is true.

Evanescent waves are not propagating
through the waveguide.

Statement (1) is true.

But Statement (II) is not the correct
explanation of Statement (I).

Ans: (¢)

If two different modes have same cut-off
frequencies then those modes are called
degenerative modes.

Statement (I) is true.

Degenerate modes are possible in the
waveguides.

Statement (I1) is false.

Ans: (d)
TM waves should not have magnetic field
along the direction of propagation.
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20.
Sol:

21.

Sol:

Statement (I) 1s false.
For TE waves, electric fields lie entirely in
the transverse plane.
Statement (II) is true.

Ans: (b)

Waveguides are in cylindrical structure
Statement (1) is true.

The preferred cross section of the
waveguide are circular, rectangular or
elliptical.

Statement (II) is true.

But Statement (II) is not the correct
explanation of Statement (I).

Ans: (b)
B, =B 1—(f—f°j atf=1;
Pe=0

Statement (1) is true.

Above cut-off frequency (i.e. f > f.), the
propagation constant (y) is imaginary

i.e. y=jP (for lossless medium)

Statement (I1) is true.
But Statement (II) is not the correct
explanation of Statement (I).

Conventional Practice Solutions

01.
Sol: Spacing between plates a =8 cm, f= 6GHz

10
For TE o mode f, - 3x10 =1.8GHz
2a 2%x8
10
L W L) LS -
f 2 f 6><10
- j
f
kg: > = > =52cm
\/ 18) 09
(%)
6
n, = mn . 377 :377:39684Q
£\ 1.8 0.95
¥
f 6
02.
Sol: Given:

Cross section for rectangular WG is

(5cm x 3 cm)

Relative permittivity, €, =3

(i) Cutoff frequency for mode numbers, m
and n is given by

2 2
¢ _ Y [(m)  (n
=136
- [ 1 1
0 Jue ne, €,
8
=3X10 =\/§x108m/s

N

For TE;; mode,

f. = ﬁ x 10° ! -+ 1 5
2 (0.05) (0.03)
fo = £ x 10° x38.87 =3.366 GHz
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Postal Coaching Solutions

(ii) Given:
Attenuation constant,
o = (3m) Np/m for TE;; mode
For f<fc, wave does not exist.
For rectangular WG with (x x y)
cross-section, the fields are attenuated
with the factor, e **

where o = 4Jue (0p — ®°)
o=2n e iz £ = 2% 2
Vo
g a’v;
¢ - 47[2
f2 _ f2 _ OL2 V(2)
C 47_52
2.2
f= ff2-2%
4n
a’vy  9m’ x3x10"° 27 108
47’ 47’ 4

= (3.366)> x 10"

o’ v? 27
f¢ ———% = 10" | (33.66)* — =
¢ T [( )? 4}

= 10" x 1126.25
f = 10°x33.56 Hz = 3.356 GHz

03.
Sol: For hollow rectangular WG given
Free space wavelength, Ao =3.2 cm
Conditions to be satisfied
(i) For TE;g mode, A = 1.4 Ao
(ii) Ac for TM;; mode = 0.4 Ac for TE;o
mode
To design rectangular WG 1i.e., to find the
cross section a x b.
Cut-off wavelength,

Ac for TEjgmode=2a............... (1)
From the condition (i):

A=14N0 e, ()

The relation between A , Ac and A, is given by
o1

LAl A

F

Using (2), 1.4 3,

Ao =2, (ij = 3.2x1.429 = 4.5724 cm

J96
Using (1), 2a =4.5724, a=2.2862 cm
Ac for TMy; = 2
()
- + —
a b

=0.4 [7\4C for TElo] =0.4 (28.)
2 =08a

1 (1Y
_lt + —
() 6)
Squaring on both sides
1
= 0.16a
[ +6)
a b
a 2
0.16 + 0.16 (—j =1
b

0.84

S

0.16

(a] — 22913
b

2.2862

22913
Therefore Cross-section of the given rectangular
waveguide = 2.2862cm x 0.9978 cm

= 0.9978 cm
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Q. NO. 4 and 5 solution

Sol: A
y
Dielectric Conducto
b ¥y
'Y
)

Rectangular wave guide
. The geometry of a rectangular waveguide is
shown in fig.
. Where it is assumed that the guide is filled
with a dielectric material of permittivity &
and permeability p.
. Consider a>b Where a=Ilength of the
waveguide, b = breadth of the waveguide.
. Waveguide 1is a single conductor hollow
structure.
. The walls of the waveguide are usually
made of “Copper alloy (Brass)” and its
inside surface is coated with a thin layer of
either gold or silver in order to
1) Improve the conductivity of the walls of
the waveguide.

ii) To ensure that the inside surface is
smooth which reduces the losses inside
the waveguide.

Properties and Characteristics of Waveguide

1) The conducting walls of the guide confine
the electromagnetic fields and there by
guide the electromagnetic wave through
“multiple reflections” as shown in fig below
Thus a number of distinct field
configurations or modes can exist in
waveguides.

2)

3)

4)

5)

6)

Walls of the wave guide

Multiple reflections

A = wave length of signal in unbounded
medium.

A .. ..
= ——=is in the direction normal to
cos0

the reflecting plane

A

n

A, = L = is parallel to the plane.
sin0

When the waves travel longitudinally down
the guide. The plane waves are reflected
from wall to wall as shown in fig. This
process results in a component of either
electric or magnetic field in the direction of
propagation of the resultant wave. Thus
only TM & TE waves can propagate
through the waveguide.

TEM waves can’t propagate through the
waveguide since it requires an axial
conductor for axial current flow (or) an
axial displacement current to support a
transverse magnetic field.

The wave length inside the wave guide
(called guide wavelength 2A,) is quite
different from the free space wave length A.
Because of multiple reflections from the
walls of the guide, “A, will always be
greater than A”.

When the wave length inside the waveguide
differs from that outside the waveguide, the
velocity of the wave propagation inside the
waveguide must also be different from that
through free space.

If one end of the waveguide is closed using
a shorting plate and allowed a wave to
propagate from the other end, then there
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will be complete reflection of the waves
resulting in standing waves. If the other end
is also closed using shorting plate, then the
hallow space so formed can support a signal
which can bounce back and forth between
the two shorting plates. This results in
“Resonance”. The hollow space so formed
is called “Cavity” and the closed
waveguide then becomes a “Cavity
Resonator”.

In a two-line lossless transmission line
system, all the frequency signals are
allowed to propagate. But in a waveguide,
there exist a cut off frequency (f;) below
which propagation is not possible. i.e., all
the frequencies above f. are allowed to
propagate and hence waveguide acts as a
“high pass filter”.

A Rectangular waveguide made of metallic
of high conductivity with perfect dielectric,
such as air of magnetic permeability p and
permittivity € inside the guide.

For the conductor to dielectric interface, the
boundary conditions are

Conductor
(High loss)
Boundary
Dielectric
(Low loss)
Etan = 0
Dn = pS
H,=J
Bnormal :O = MHn :0
H, =0
y A Wa .
Ve propagation
(Z-direction)
y=bf—=
y=0L" .
x=0 X=a

J Consider the wave is propagating in z-
direction.

° There are four boundaries i.e. x=0, x =a,
y=0,y=b

Boundary Conditions are
i)  The tangential component of electric field
must be zeroE, =E 0

i1)  The Normal component of magnetic field
must be zero H,=H,,,,.., =0

Aty =0 and y = b(XZ-plane)
E,=0=E,;=0,E,=0
H,=0=H,=0

tangential —

Atx =0 and x = a (YZ-plane)
E;=0=E;=0,E,=0

H,=0=H, =0
From the above boundary conditions we
conclude that

. Electromagnetic waves do not pass through
conductors, but rather, they are reflected.

. Any electric field that touches a conductor
must be perpendicular to it.

. Any magnetic field close to a conductor
must be parallel to it.

. Fields associated with a propagating wave
inside the waveguide are expected to satisfy
Maxwell equations, wave equations &
boundary conditions.

. The Maxwell equations in time domain are
expressed as

VxE:ZQE
ot

VxH= a_D:JD
ot

V.D=p,

V.B=0
Here the dielectric occupy the hollow
region of waveguide is either low loss (or)

loss less (=0 (or)J—C <<1)
Ip
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The electric & magnetic field components
are assumed to vary sinusoidally with
respect to time.

E=Ege "%/®" then

%—f:Eo(jco)eYZejm:ij and %k
=E(-7)e "™ =—E

0’E RO ) 0’E

= =E,(jo)’ e e =— »’E and -

=E,(-7)’e """ =7’E
H=Hye "e!®' then

OoH = OoH
—=H,(jo)e™e" =joH and —
ot o(J )e ] o

=H, (7)o" = —7H
0’H RO 0’H
P =H,(jo)’ e e = ®*H and P
=H, (-7 e e =7'H

For time varying fields the Maxwell
equations are

VxH=joweE — ME -1 (Maxwelleq—1)
VxE=— jouH —ME - 2(Maxwelleq-2)

Consider Maxwell eq — (1) (ME-1)
VxH=jocE

é'X Ay éiZ
o o0 0| . . A n
6_x 5 5 :Jcoe[EXaX+Eyay+EZaZ]
H, H, H,
Equating the components on both sides
H. OH
o, Ty =joeE,
oy 0z
H H
Hy oH, =jweE,
0z ox
oH, 0&H
— Y X —jweE,
ox 0Oy

Rearranging the above equations

Ms i, =joeEy ——G)
dy

oH, . .
—vHy _X:J(%Ey ——(11)
oH
Ty My =joeE, ———(iii)
ox 0y

Consider Maxwell eq — (2) (ME-2)
VxE=-jouH

a, a, a,

9 9 9 iou[Ha +HA +HA ]
ox 0y oz Y

E, E, E,

Equating the components on both sides
oE, OE

L—— =—jouH

By 6 Jopn,

OE, OE
L——Z—— jouH

oz ox

E, ©OE
~——=—jopH,

ox Oy

Rearranging the above equations

OE : :
L +7E, =— jouH, ——(i)

OE : .
= Lo jopH, i)
OE E
—y—a—":—joopHZ — ——(iii)
ox 0oy

Combining (i) of ME-1 and (ii) of ME-2
From (ii) of ME-2

1 OE
73 {VEX ’ 6XZ }
Substituting Hy in (1) of ME-1
oH OE
2oy 3B+ T | ok,
oy Jou ox
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oH, 7° ¥y OE, .
Z+_y EX+.Y £ =joeE,

Jdy jou jop ox

oH, 7 OE, . 72

+
oy jop ox X
oM, 7 E,_ —w’pe—72 .
dy jop oOx ' x
8HZ+.7 8EZ=—.h2E
Jdy Jjop 0x  jop

_j aEZ __](DH 8Hz

* h* ox h* oy
Where h® =7 + o’pe

X

Similarly,
_—YOH, joedE,
YTh2 oy n? ox
- cH, N joe OE,
h? 0x h* dy
__Y ¢E,  joudH,
YU h2 oy n? ox

X

The field components of the waveguide are
E :—_78EZ _ jou oH,

" h? ox  h? oy
__18E2+j0)u6HZ

Y h?dy h? ox
Yy 6H, joedE,
xT71 T
h® 0x  h® Oy
__ Y 0H, jotdE,

Where h? :72 +c02u8
We know for a TEM wave
E =0 and H =0

Substituting these values in above
equations. The field components along x
and y directions i.e. Ey, Ey, Hy, Hy vanish.
“Hence a TEM wave can’t exist inside a

wave guide.

Inspecting the above set of equations it can
be concluded. That wave propagating inside
the waveguide is either

TM(H,=0&E, #0) (or) TE(H,#0 E,=0)

In other words there is no possibility of
TEM wave propagating inside the
waveguide in other words for a wave
propagating  inside = the  waveguide
supporting by transverse electric &
magnetic fields there must be one of the
longitudinal existing i.e. when a wave
propagates along the waveguide in z-
direction either E, field is present or H, field
is present.

This implies that to support wave
propagation inside the waveguide when
H, = 0, E, field is present which is termed.
TM-wave, where as when E, fields is zero
H, field is present the wave is TE wave.

For TM wave =H, =0, E, #0
For TE wave =H,#0, E, =0

TM Wave (or) E-Wave (or) Transverse
Magnetic Wave: =—H, =0, E, #0

The field equations are
v OE,
* __h_z 1)'¢
__ ¥ OE,
y __h_za_y
_Joe OBy
Y h? oy
_Joe B,

=——1forTM wave
jog
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TE Wave (or) H-ware (or) Transverse
Electric Wave: =—H,#0, E, =0

The field equations are

Jou oH,
Yon? oy
y h2 Ox
Y oH,
X h2 ox
¥ oH,
y h2 ay
Where h? :72—1-(02“8
flx =N = I]—EIy =J(DTMforTEwave
y X Y

From the above relationships

2
NTENT™ -k :[\/EJ :(nTEM )2
€ €

TM Wave solution:
For TM (Transverse magnetic)waves the
magnetic field exists only along transverse
directions and no component along the
direction of propagation but Electric field
components present in all directions.
The wave equations for waves propagating
along the z-direction are given by

2

0°E
V2E, = e &22 and H, = 0 for TM wave

0°E, 0°E, 0’E
22 + 22 22 :_(DZHSEZ
ox oy 0z
2 2
E E
g = 8—2Z+72EZ:—032H6EZ
14 oy
2 2
E E,
0 2Z +a +(y +® MS)E
ox
2 2
E E
2 = OE, Z+h’E, =0
0x oy

Where h? =72 + 0’pe

The above equation solved by using
“separation of variables” method.

Let us assume E , = XY

X = a pure function of x only

Y = a pure function of y only.

XY 6XY

5 +h*XY =0
ox oy’
2 2
v >2(+Xa §+h2XY=O
ox oy
Dividing both sides XY
2 2
10°X 10 Y+h2:0
X 0x? Y oy?

2 2
ia >(_|_h2 +ia_Y:0
X ox? Y oy?

Let us assume

2 2
107X 2 A2 then 29 A2 g
X ox? Y oy?
Rearranging
2
10X +h2o A2y LO )2(+132:0
X ox2 X ox
Where B2 =h?- A2
2 2
12 )2(+B2:O:>a )2(+B2X:0
X 0x 0x
The general solutions are
X =C;cosBx +C, sinBx
Where C; and C, are constants.
2
ia—Y+A2=0:a Y+A Y=0
Y oy’ oy’

The general solutions are
Y =C5cos Ay + C, sin Ay

Where C; and C4 are constants.
SLE,=XY =
(C; cosBx+ C, sinBx)(C; cosAy+C, sinAy)

X0 OB 03 T TR P IO IS0 N Hyderabad « Delhi « Bhopal « Pune « Bhubaneswar « Lucknow « Patna « Bengaluru « Chennai « Vijayawada ¢ Vizag « Tirupati « Kolkata « Ahmedabad




#ACE a9

The above general solution is required to o0%H

satisfy boundary conditions. zez +—2Z + VZHZ = -’ ueH,
E,=0 t{x =0 x= a} 2 iy
=0 a
‘ y=0 y=b 6}% 8H +(y + o ;,LS)H =0
E,| _, =C C;3cos Ay +C,C,sin Ay Ox
62HZ o°H,
E,| _, =0 only when C;=0. 8x2 o +h’H, =0
E,|,_o =CiC; cos Bx + C,Cj sin Bx Where h? =72 + 02ie
Ez| =0 only when C3=0. The above equation solved by using

“separation of variables” method.

E; = CyCysinBx sinAy Let us assume H , = XY

EZ|x=a =C,CysinBa sin Ay X= a pure function of x only
E | 0 only when Y= a pure function of y only.

“ix=a 0’XY  0°XY
sinBa=0 5 +h*XY =0

ox oy*

Ba=mn 52 52y

g mm Y—+X—+h’XY =0
”B:T where m =1,2,3,...... Ox oy
E,|,_p =C2CysinBx sin Ab ik i ol X
E,| _, =0 only when l62X+l82Y+h2_0

sinAb=0 X ox*> Yoy’

Ab=nn 1 82 2

0 |:§8 >2(-|-hz}—|—i_a g:o
A= TTE where n=1,2.3,...... ox Y oy
Let us assume
E, = C2C4sin(mjx sin(n—njy 1 62X 102y
a b — 2+h2=A2thn——2+A2=O

TE wave solution: X 0x Y oy
For TE(Transverse electric)waves the R .
electric field exists only along transverse earzr anging 5
directions and no component along the 107X +hi-A?=0> 19 >2( +B%?=0

direction of propagation. But magnetic field X ox? X 0x
components present in all directions. 2 2 .2
The wave equations for waves propagating Where B® =h"-A

along the z-direction are given b 2 2
VZHZ =pe 22 and E,=0 for TE wave. 0% 0%
ot
0°H, o*H, o°H The general solutions are
V4

= —o’ neH,

ox? oy? oz* X = C5cosBx + C¢ sin Bx
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Where Cs and Cg are constants.
— 2 +A° :O:z;—ngAZY:O
The general solutions are
Y =C; cosAy +Cg sin Ay
Where C; and Cg are constants.
~H,=XY
= (C, cosBx + C, sin Bx)(C, cos Ay + C, sin Ay)
H, =C,C,CosBxCosAy + C,C,CosBxSinAy
+ C,C,SinBxCosAy + C,C,SinBxSinAy
The above general solution must be satisfy
the boundary conditions are
E,=0,E,=0,H, =0 at x=0 and x=a
E,=0,E,=0,H,=0at y=0and y=b
TE Waves are
jou oH, ¥ OH,
o T
H, =C,C,CosBxCosAy + C,C,CosBxSinAy
+C,C,SinBxCosAy + C,C,SinBxSinAy

) E, =

X

oH,

=0aty=0&y=Db
= Satisfies boundary conditions
E, &H,=0aty=0&y=Db

Similarly,
E,=0H, =0atx=0&x =a

To satisty this 5;{2 =0atx=0&x=a
X

oH,

=C,C,(~B)SinBxCosAy

+C,Cq (— B)SianSinAy
+ C,C,BCosBxCosAy
+C,CBCosBxSinAy

H
oH, =C,C,(~ A)SinBxCosAy
0y
+C,C;ACo0sBxCosAy
+C,C,(~ A)SinBSinAy
+C,C;ASinBxCosAy
oH .
z :C6C7BCOSAy+ C6C8BSIHAY
X |,
oH
£ =0onlywhen Cg=0
0X |4_g
oH .
z :C5C8COSBX+C6C8ASIHBX
3y |,
cH
2l =0onlywhenCg =0
oy |,
. H, =C5C,CosBxCosAy
oH
Z =C5C,(~B)SinBxCosAy
ox
oH .
Z =C5C4(~ A)CosBxSinAy
ay
H
— =CC, (- B)SinBaCosAy
ox X=a
o, =0 only when SinBa =0
OX |,_,
SinBa=0
Ba=mn

B=m Wherem =1,2,3,.........

a
oH
z =C5C;(~ A)CosBxSinAb
oy |,
H
oM, =0only when SinAb =0
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SinAb=0 In a rectangular waveguide TMyy, TMy,
Ab=nr TM;o modes does not exist.

- The lowest TM mode that can exist in a
.. A=— Wheren =1,2,3..... rectangular waveguide is TMy;.
b 2. TM o018 the propagating TM wave in
~H,=C 5(;7(;05(M ijos(annyj the rectangular waveguide.
a .
The Ficld E ) The field Equations are:
e Field Equations are: : :
B _ E, :—gm—zz—“‘)—fcsq(— A)CosBxSinAy
Exz—%a—zz—lzcqucOsBxsinAy h* 9y h
h® ox h i i
= O _ Ey =J(D—2p'a§—zzjw—2“ C5C7(— B)SianCosAy.
E,=- L 22— 1 .C,C,ASinBxCosAy AT
h™ o h H,=-—0"2=-1C,C;(-B)SinBxCosAy
joe OB, jme . h® ox h
x :T z ZTC2C4ASIHBXCOSAY ? oH ?
h 0y h =— L = 2__ T CsC,(~A)CosBxSinAy
y =— J(DS aEZ =— ']0)8 C2C4BCOSBXSIHAY mit nT7 2 -2 2
h? ox h2 WhereBz—,AzT, h” =y~ +o ue
a
Where B=27% , A:% Depending on the values of m and n, we
a

1)

2)

3)

4)

Depending on the values of m and n, we
have varies modes in TM waves. In general
we represent the modes are TMpy,.

Various TM,,, Modes:

TMy, Mode:

For which m = 0 and n = 0, we observe that
all field components E, E,, Hy, Hy are
vanish inside the waveguide.

Hence TMyy Mode can’t exist inside the
waveguide.

TMy; Mode:

For m = 0, n = 1 then all the fields are
vanish “Hence TMy; does not exist”

TM;y Mode:
1.e. m=1 and n = 0. In this mode also all the
fields are vanish

.. TM;o mode does not exist.

TM;; Mode:

m =1 and n = 1. In this mode all the fields
are not vanish. This mode is exist in
rectangular waveguide.

.. TM;; mode exist

1)

2)

3)

4)

have varies modes in TE waves. In general
we represent the modes are TE,y,.

Various TE,,, Modes:

TEy Mode:

m = 0 and n = 0 all field components
Vanish inside the waveguide.

Hence TE(, doesn’t exist.

TEy Mode:

Form=0andn=1= E,;=0,H=0, E
and Hy are exist.

.. TE¢; mode exists inside the waveguide.

TEo Mode:
Form=1 & n=0 = E,=0, Hy =0, E;&H,
are exist
.. TE;o mode exist
TE; Mode and all other higher modes
Can exist inside the waveguide
.. TE¢) mode doesn’t exist in rectangular
wave guide.

TE¢ mode = H, component is constant.
Then all Ey, Hy, Hy, Ey are Zero.

TE,, modes does exist for all values of m
except m = 0. i.e. TEq, TE,, ...... are exist
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o TE.n does exist for all values of n except n =
0.1.e. TEy, TEp, ...... are exist

. The lowest values of n for TE,, existisn=1

o In Rectangular waveguide TMyy, TMyp,

TMmo, TEgo modes doesn’t exist.
Propagation Characteristics

Note: The cut off frequency, cut off wave length,
and phase and group velocities are  same

for TE and TM modes.
We know that
2 2
h2=72 +wlue=A2 +B% = [ﬂj +(n§]
a

Where m, n are integers.
a = width of the wave guide
b = height of the wave guide

mn 2 nmw 2
o] (5] o
a b

The Propagation constant of the waveguide
is

2 2
y:J(mj 2] —otue e
a b

Case (i): Cut-off frequency:
We observe that all the lower frequencies
are attenuated completely and higher
frequencies are propagated. Thus there must
exist a frequency at which the propagation
just  begins. This frequency  is
called “Cutoff Frequency” or “Threshold
Frequency” denoted by fc.
At cutoff frequency f = f; (or) o, =2nf,.

There is no wave propagation.
ieat f=f,,y=0(or)a=0=p

mm 2 nw 2
GO
a b

The value of @ that causes this is called
the cutoff angular frequency (®, ) that is

2 GAG)

Cutoff frequency is

t :2\/15 V[?Jz +(%j2

.. Cutoff wavelength

SR

. Note that the cutoff frequency for a
particular rectangular waveguide mode
depends on the dimensions of the
waveguide (a, b), the material inside the
waveguide (e,u), and the indices of the
mode (m, n).

The dominant mode in a particular guide is
the mode having the lowest cutoff
frequency. All the frequencies greater than
f. is allowed to propagate inside the
waveguide and those less than f. are
attenuated.

All wave lengths greater than A, are
attenuated and those less than A, are allowed
to propagate inside the waveguide.

Case (ii) (Evanescent):

The Propagation constant of the waveguide
is

2 2
VZJ(mJ (o) —stue s
a b

When a wave guide is exited at frequencies
less than cutoff the behavior is entirely
different from the behavior at frequencies
greater than cutoff.

At low frequencies i.e.

2 2
mn nm _ .
f <f, or o’ue<| — | +|—|, 7 is real
a b
and positive equal to attenuation constante .
Therefore the wave is completely attenuated.

Also there is no phase shift and hence the
wave can’t propagate, i.e.y=o; B=0

X0 OB 03 T TR P IO IS0 N Hyderabad « Delhi « Bhopal « Pune « Bhubaneswar « Lucknow « Patna « Bengaluru « Chennai « Vijayawada ¢ Vizag « Tirupati « Kolkata « Ahmedabad




CEX<,

A
o N,
v
v
'\ .Y Engineering Publications

43

Postal Coaching Solutions

Case
[ ]

In this case no propagation at all. These
non-propagating (or) attenuating modes are
said to be “Evanescent”.

(iii) (propagation)
At high frequencies ie.
2 2
f>f, or mzus>(m) +(%) , ¥ become
a

imaginary equal to ;S phase shift occurs
with respect to some reference and hence
the wave propagates with some wave
lengths inside the waveguide.
In a two-line lossless transmission line
system, all the frequency signals are
allowed to propagate. But in a waveguide,
there exist a cut off frequency (f;) below
which propagation is not possible. i.e., all
the frequencies above f. are allowed to
propagate and hence waveguide acts as a
“high pass filter”.

7=if @=0
The phase constant B becomes

1B

:\/cozua—(oczua

ol {) ey ()

The phase constant of the wave propagating
inside the waveguide that is fis a non-
linear function of frequency. This implies

that wave propagation is dispersive type
inside the waveguide i.e. the wave changes
non-linearly with the frequency.

Phase velocity

Q) 1
V, =—= =

FEET

v=velocity of the wave in freespace

and Vp >V

The phase velocity is defined as the rate
at which the wave changes its phase in
terms of  guide wave length.
or The velocity at which a point of constant
phase moves.

The velocity at which energy is transported
down the length of the waveguide is defined
as the group velocity.

In the waveguide phase velocity is not equal
to the velocity of energy transport along the
waveguide (group velocity).

The information in a wave guide generally
does not travel at the phase velocity.
Information travels at the group velocity,
which must be less than the speed of light.
Note: The velocity of propagation for a
TEM wave (plane wave or transmission line
wave) is referred to as the phase velocity
(the velocity at which a point of constant
phase moves). The phase velocity of a TEM
wave is equal to the velocity of energy

transport.
L
dp
do

Group Velocity v, =
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1 1
V. = =

W

do

-3~

v, <v v=velocity of wave in free space.

From the above we conclude that

2
V,>V.>V, (or) vy <v<v, and

Vng:V
v = velocity of wave in unbounded

dielectric medium.

v, =Phase velocity of the wave in
waveguide.
v, = Group velocity of the wave in
waveguide.
2 2
. B= o[ 2 21 ol i (fe
L B=oyue, |l (m] = ==2nf I (fj
= i:ij v, = A\
LoV,
11 2
—=—_|1-| — :>X
LA Ae
A A

and
A>A

A <A

- A= guided wave length = propagating
wave length inside the waveguide.

RCIES O

Where

A .= cutoff wavelength

A= free space wave length

A = guide wave length.

We conclude that the wave length inside the
waveguide is greater than the wave length

outside the waveguide i.e. L >\

Wave propagate through the waveguide
only when A <A

The relation between phase velocity and
guided wavelength of waveguide is

(XJ Vp A v A
BT HR . TR T T

Pl v.oAo v,
We already know that
vy B B
ﬁ
Mg = =+ :

N1em : 1€ Mg > Niem
)
f
f 2
s oY)
Y B £ !

£’ £’
(3 {3
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Evanescent
region

Normalized wave impedance

f/ffe—»

l.e- -'.nTM < nTEM

From the above we conclude that
Ny <Nrew <Nre NreNow =0rew )
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Chapter > Elements of Antennas

Objective Practice Solutions

01. Ans: (¢)

Sol: Antenna receives 2 uW of power: P, =2 uW

RMS value of incident E field
=20 mV/m
Power density, P4

_E* _ (20x107)°
n 377

W/m?

. P
Effective aperture area, A, = P—r
d

o 2x10° 377 x2
© (20x107%)> 400
377
02. Ans: (b)

=1.885 m?

Sol: Lossless antenna directive gain =6 dB =4

Input power to the antenna = 1 mW
for lossless we get 100% efficiency
W

rad __ o _

Win - Do -

Wrad = Win
Wrad = ImW

03. Ans: (¢)
A,sin’ 0,

a
2
r r

Sol: P.q= W /m?

2n T « 2
A 0, .
Wiag = J‘ J%rz sin 0d0d¢
$=0 6=0 r
= Ao 2n j sin® 0d0

0=0
4
=Ap2m—
0773

87
Wiad= Ay —
d 0 3

=2
U=r1 Pmdzr2 A‘)LGeonsinzG
r
A, sin’ 0
Dimax = Umax 4n = ‘ 08 T x 47
T
rad ?AO
_ 4rA, 3
8mA,
= E =Dpax = 1.5
2
04. Ans: (d)
Sol: Where W_, = ﬁﬁrad ds
ﬁrad :W_ra(;.é"r =@ér ,.«l\K]/n'l2
2mr T
05. Ans: (b)
Sol: R..a=30Q, R, =10Q
GD = 4, Gp — ?
n= —R“‘d = ﬁ =0.75
R_,+R, 40
G,=n G,
=0.75x4=3

06. Ans: (¢)
Sol: D, =30dB = 1000
Pr=7.5kW

_ 4mxRadiation intensity
¢ Radiated Power
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U

Dy =4n

rad

_ 75 x10° x1000
4n

S U

= U=r"Prq
Pr.q : Power density we have to find
Pogatr= 40x10° m

U
I_2
7.5%10° %1000 .

 4mx(40x10°)2

Praa =

07. Ans: (d)
Sol: W, ,q = 10kW
Enax = 120 mV/m

R =20km
n=98%
_E;
rad ZT]O
~(120x107%)°
2x120m
=1.909x10"°
Unax = (20x10%)?x1.909x107
=7636
D, = 4n Y
Wrad
Do = 4n 763 9'45’ =9.59
10x10
n= So _ .08
DO
Go = 0.98x9.59
=9.407

08. Ans:0.21

Sol: Given:
Antenna length, / = 1cm
Frequency, f=1 GHz
Distance, r = 100L
Wave length, A = %

_3x 10*
10°

=30 cm
% = % , hence the given antenna is
Hertzian dipole.
In the far field, the tangential electric field
_Jnld/sin6 B

is given by, E, = )
T r

. 377x100x107° x2wx107 x1
30x10° x4 x100x30x1072

~|Eo|=0.21V/cm

09. Ans: (¢)

Sol: Given:
Length of dipole, / =0.01A
As it is very small, compared with
wavelength, hence it can be approximated to

Hertzian dipole

2
R, =801’ [%j
A

=80 7 (0.01)
Riag = 0.08 Q
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Where, L = (n—1)d

48
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10. Ans: (d)

oin 1O L = nd (.-n=1000,very large)
Sol: AF= 4xnd
sin ¥ b= A
2
.. 4x1000A
take limit = ﬁ
X
sin 2P
Lt 2 g . D =1000
2, DO 2 Directivity, (in dB) = 30
2 —-n
sin > 13. Ans: 7.78
29
v @ 2 Sol: Directivity, D = 47—
2 rad
Given: U(0, ¢) = 2sinf sin’p; 0 < 0 <,
11. Ans: (b) 0<b<n
Sol: In broad side array the BWFN is given by -

Where, L = length of the array 6=0 ¢=0
L=(n-1)d non
. (n=1) =2 [ [sin’ sin’ pdod¢
Given:n=9 s
: A
Spacing, d =— 3 (n)(4j
4 =25
2)A3
BWFN = 2 7 _4n
9-1)— EY
©=D7 3
_21 180 D=dnx
20w (;j
.. BWFN = 57.29°
D=6
Directivity, (in dB) = 10log6 = 7.7815
12. Ans: (d)
Sol: The directivity of n-element end fire array is
. 14. Ans: 2793
given by
AL Sol: For Hertzian dipole the directivity, D is
DZT givenby D= 1.5
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15.
Sol:

A.=0.119 )2

3x10°

10" 3m

Wavelength, A =

S A=0.119%x9
A.=1.074 m’
Aperture area of antenna is given by
Al

P
Where, P, = power received at the antenna
load terminals.

P = power density of incident wave

_3x 10°°
1.074

5. P=2.793 uW/m? (or) 2793 nW/m*

Ans: (¢)

Broadside
direction

30°
emax = 600

—end me

>
O >

Axis of array

— A
Given: No. of elements, n = 4
A
Spacing, d =—
pacing 4

Direction of main beam (or) principal lobe,
emax = 600

16.
Sol:

17.
Sol:

18.
Sol:

Array phase function, y is given by
v = PBdcosb + a

To form a major lobe. y =0

o = —BdcosOmax

o :—Ex&cos@
A4

o=——
4

The phase shaft between the elements

C
o T
required is o = e

Ans: (b)

Quarter wave monopole radiates in the upper
hemisphere only

Statement (1) is true.

All dipole antennas are half wave dipole
antennas

Statement (II) is true.

But Statement (II) is not the correct
explanation of Statement (I).

Ans: (b)

Isotropic radiator radiates uniformly in the
all the directions. So it is a non-directional
antenna.

Statement (I) is true.

Isotropic radiator is taken as reference
antenna

Statement (II) is true.

Statement (II) is not the correct explanation
of Statement (I).

Ans: (b)
A;cD
2
e = X_D
47
If A. - high
D - high
Statement (I) is true.
47

D=—
Q,

A
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D 1 23. Ans: (b)
OC_A Sol: For lossless antennas directivity and power

19.
Sol:

20.
Sol:

21.
Sol:

22.
Sol:

Q, - Beam area

Statement (II) is true.
But Statement (II) is not the correct
explanation of Statement (I).

Ans: (a)

Omni directional antennas will radiates
uniform radiations in azimuthal planes and
non-uniform radiation in the elevation
planes.

Statement (I) is true.

Hertzian dipole antenna is omni directional
antenna.

Statement (II) is true and correct explanation
for Statement (I).

Ans: (b)

Polarization of antenna is one of the design
parameters of an antenna.

Statement (1) is true.

Polarization of wave is the property of the
wave.

Statement (I1) is true.

But Statement (II) is not the correct
explanation of Statement (I).

Ans: (b)

Antenna array would result high directivity
Statement (1) is true.

High directivity antennas are used for point
to point communications.

Statement (II) is true.

But Statement (II) is not the correct
explanation of Statement (I).

Ans: (b)

Fields in Fraunhofer near field zone are
reactive fields.

Statement (1) is true.

Antennas are operated in the Fraunhofer far
field zone only.

Statement (II) is true.

But Statement (II) is not the correct
explanation of Statement (I).

24.

Sol:

25.

Sol:

26.

Sol:

gain are same

Statement (1) is true.

Radiation intensities is defined as power
radiated per unit solid angle

Statement (II) is true.

But Statement (II) is not the correct
explanation of Statement (I).

Ans: (a)

For broad side antennas the maximum
radiation is normal to the array axis.
Statement (1) is true.

For maximum radiation normal to array axis
the antennas are excited with uniform
amplitudes and no progressive phase shift.
Statement (I1) is true.

Statement (II) is the Correct explanation of
Statement (I).

Ans: (b)

The maximum value of directive gain are
called directivity

Statement (I) is true.

Isotropic radiator (non-directional) antenna.
Directivity is unity.

Statement (II) is true.

But Statement (II) is not the correct
explanation of Statement (I).

Ans: (b)

The array factor is unique for a particularly
geometry of antenna array

Statement (1) is true.

Over all radiation can not be obtained by
array factor.

Statement (II) is true but not the correct
explanation for statement (I).
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Conventional Practice Solutions

01.

Sol: A 2 - element array is shown in Fig. 1.
where the elements are marked as 1 and 2
with, =k I} Za spacing=d and direction
of radiation with line of antennas =

/ /Izkléa

Fig. 1

In the present problem,

L=1,=1£0, k = lI |
|L |
a=0and d=0.5A

=

General formula for n-elements with k =1

sinﬂ
e (%)

E, sin (Wj
2
27

v=Ppdcos¢+a, ===

where E; is the field strength due to antenna
1 alone and Er is the magnitude of the total
field strength due to both the antennas.

Forn=2,0=0,d=0.5x
= 2771 0.5\ cos(¢p) =mcos ¢

2 sin A4 cos A4
Er _ 2 2

E, sin(wj
2
= |2cos (Ej‘ = ‘2 cos (E cos (I))‘
2 2

The radiation pattern is shown in

o Ex/ Eo
0° 0
90° 2
180° 0
-90° 2
360° 0
90° max
2
180° 0°
Null Null
y
2
Fig. 2
—90° max

Directions of maximum radiation are
¢ == 90° (Broadside array)

By turning the direction of maximum
radiation by 90° either clockwise or
anticlockwise, the radiation pattern is as
shown in Fig.3.

90°

/}\ Null
|

180° maxé%> o
| 0° max
|
| Null
. \4
Fig.3 —90°

Direction of maximum radiation
are 0° and 180° (End-fire array)
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= i(t) = Iy cos (ot) —» i /

Fig. 2

Let o = ok be the phase shift required for
this change in the pattern

O(’x

2

E
2 cos (n
2

2 = |2 cos (E cosS
2

1 = |cos [_

1 = isin(

(XX
2
ox = £180°

Note that the requirement of o = —pd (=
+180°) is satisfied for the end-fire array in
Fig. 3.

02.

Sol: The 2 — element array of antennas A and B
is shown in Fig. 1, where ¢ is the direction
of radiation from the line of antennas and
0 =90° - ¢.

I £0 <%—— 34 —>] b Za

Fig,
General formula for || k=1

A

—T=2c0s£, = Bd cos(¢) + a
E, (J\v Bd cos(¢)
27 3A 3n
=-——,d=-—— d=2"
B y p 5

Y = 3Tncos((i))jtoc

Er 2¢cos 3—cosd) + &
E 4 2

A

For the null at 6 =30° or ¢ = 60°, a. = ?

0= 2cos(3—7t + Ej,
8 2

3n
8

s

o
. LAY
2

r
2’ 4
With this value of o,
[B; 3n T
— =2cos| —cosdp +—| .... (1
T

A

il

A

For maximum radiation,

37 i
—COS +—=0o0or*xn
A (9,) 2

cos(d,.) =—l, ¢, =+99.6°

or 0, = —9.6° and — 170.4°

The radiation pattern is shown in Fig. 2.
according to equation (I) with typical values
of ¢.

i) /2 Et1/Ea
0° T =™ 185
8 8

60° I 0

2
90° r 1.85

8
99.6° 0 2
180° _Z T 0.77
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6=90" Because of the perfect reflection from the
. ideal ground, this dipole configuration is
99.6° 60 equivalent to 2-element array as shown in
2 Null Fig. 2, where ‘B’ is the mirror image
antenna. Spacing between the antennas d =
2 4nH
2H,k=1,0=0, pd = ““x2H = -~
A A
E
. —— = 2cos [Ej
o=x180" 77 185 $=0 Ex 2
v =PBdcosd = 4nt cos ¢
=2 (max.) , if y=0
=0 (min.) , if y=mx
2
Null X o
96 " 60" For Null at ¢ =45
b =—90° 4TEH( 1 J
y=n = =
Fig. 2 r V2
H_ 1 A
03. A 242 242
Sol: A dipole antenna having a sin O radiation B o iation
pattern can be considered as an Hertzian -0 Bd —0.b=090°
dipole or elementary dipole (I dl element, ¥ =0, Pdcos¢=0,¢
dl < < A). Such a dipole ‘A’ vertically 04

located above the ideal ground plane is

shown in Fig.1 DIPOLE, A
A
H
J
GROUND PLANE
Fig. 1
A e
T
H
= S
T
H
g,
Fig. 2

Sol: (a) Linear array of two half — wave dipoles
A and B is shown in Fig. 1.

Al d —>|I B
= Q Y
0 o N
M OM s L to NM
OM = d sin(¢)
N7
¢

X \\ rA \\ I'B
to a remote
point, P

Fig. 1

Given: d = %,IBZkIA Zo,k=1,aa=-90°
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- -

The radius vectors r, and r; to a remote
point, P can be considered parallel.
Then rg =14 — OM =15 — d sin(¢)
.. Path difference = rg — ra

= —d sin(0)
Phase difference due to this path difference

—ade _2m
=~ Bdsin(0), p=—

.. Phase difference between radiations from
the two antennas,
y=Bdsin(d)+ta......ceeereen. ()

g = ra may be used as far as the magnitudes
of the fields from the two antennas are
concerned.

.. Phasor sum of the fields will be

E=EA (1 +kel")

where E, is the field strength due to A
alone.

The magnitude of the field strength
ET:’EA(I +k€”’)‘

=E, \/(l+kcosw)2 +k*sin” (y)
For k =1 as in the present problem

Radiation pattern for E: in the XY plane
E A

is given by equations (II) and (I).

From (II) and (III)
Er 5o H%Sm . %H .......... (IV)

E,

: E
For different values of ¢, values of —- are

A
given below and the sketch of radiation
pattern is shown in Fig. 2, with these values

o
‘I
a

R

90°
180°

-90°

| | o
m‘ﬁ L‘:_] IN

o= 180°

Null 2 Null

¢ =-90° ¢ =90°

$=0°
Fig. 2
0s.

Sol: The three element array with elements 0, 1,
2 is shown in Fig. 1

(I) \
M ¢
0 1 2
|€<—0.51 —>]«<—0.51 —>|
Io,=1£+90° I, =214£0° 1,=1./-90°
I /o 1 22a 1 Z3a
MN = d cos(¢)

Fig.1
Element spacing d =0.5 A
Path difference = MN = d cos(¢)
Phase difference due to this path difference

= Pd cos(¢)
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2
Bd = 2—TEX& =TT &
A2 v E
Progressive Phase difference between the ‘
0 16 (max)
currents :
a=ZLL) - L= L, - /] T Or —TC 0 (min)
T \|f:7tcos<1)—E =" cosd)—l
= -90°= Y rad > >
1 I = 0, when ¢ == 60° (for max)
k,=|-+[=2, k, =2 =1 1
I, I, =-m, when cos ¢ = -5

Total progressive phase shift between
successive radiations from the elements,

y=Bdcosd+a=mcos —g

5 1+k, e +k, e
0
=1+2e" 4"
=(1+2cosy + lcos 2vy)
+3 (2 sin y + sin 2y)
E, [

= (1+ 2cos y + cos 2y)°* + (2 siny + sin 2y)*

0
=[2cosy+2cos’y]* +[2siny (1+cosy)]

=[2 cos y (1 + cos y)]* + [2 sin y (I+cos )]

=(1+cos y)* (4 cos® y + 4 sin® y)

2
=4 [2 cos? E}
2

0
Differentiate w.r.t

—T| is maximum or minimum when :

sin ¥ cos ¥ =0 or siny =0
2 2

vy =0 (formax), y=mn (for min)

¢ =+ 120° (for min)
.. The direction of major lobe is + 60°

Half - Power Beam width

In terms of y , half power angles are given
by
O AR ¥

2 2

]
cos? Y - -

2 2
cos ¥ = |1 _ g4

2 V2
% = +328 , y = £65.6°

In terms of ¢ , half power angles are given
by

" o
ncoscl)—E = +65.6

cosd)—l = iﬂ = 1+ 0.3644
2 180
cos ¢ =0.8644 or 0.1356

¢ =+30.2° or +82.2°

.. Half - Power Beam width = 52°
T

When ¢ =0, W:E 3
T T E

:i—, = — — —T=4

b=ty v="5 E,| [
T

(1):7'5, W=+E y,
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2

The power pattern or | —-| pattern is shown

in Fig.2.
$=90° 1 Power
82.29
52°
Max.
60° \ 1/2 Power
1200 8 302
4
8
¢ =180° d=0°
4
8
4
1/2 Power
° 16 /\ ~30.2°
o ax/ -
- 120 12 ~60°
Powe / 52°
—82.2°
o =-90°
Fig .2
06.
Sol:
A ©mmmmmmees
%

Fig. 1

The array of 2 half wave dipoles A and B is
shown in Fig.1

Given: d=1.5A, Bd—2—731157»—3n

(a)IB:IAZOL, ’IA|:|IB|
k=1, a =0, (Broadside array)
E
L = 2cos(£j
E, 2
v = Bd cos () + a
Fora=0,d=3n
y =3 1 cos (¢)

Er 2 cos (3—75 cos (d))}

E, 2

—L is maximum = 2, if ¢ = 90°
A

For half-power beam width, BW =2 A¢

1,

3n
2 cos|— cos (90 £ A(p} =
[2 V2

3w . T
. —sin (Ad) = —
5 (A0) 2

sin (A¢) = %, Ad =9.6°
Half power Beam width =2 A¢ = 19.2°

(b) [Ta] = [I], k=1
a=540°=3nrad=*3n = £t =

v = Bdcos(¢p) +a
= 3mcos(dp) £3m

= — Bd (End fire array)

= 2 cos (Wj
A 2

=2 cos 3—n005(|)4r3—7t
2 2

Q

m‘m

E . .
‘—T is maximum = 2

A

3n
if 2= cos =0
5 s¢ +

~¢=0and 180°

Two principal maxima occur.
For half-power beam width =2 A¢

3n 3n| L
2 cos [2 cos (Ag) — } f

2T rcos(Ad) — 1] = ig
1
[cos(A) 1] = %
cos (Ad) = 1—% = %
Ap =33.6°

Half-power beam width = 2A¢$ = 67.2°
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07. Principal (main) beam at y = 0
Sol: The three element array is shown in Fig. 1. E, 3
— = Nn =
0
n Bdcoshp+a=0
i N * T cos d=-a = I
d d 4
0 * 2 cos¢=—%, o ==120°
Fig. 1 . o
N o =+165°, gives cos ¢ > 1, ¢ is imaginary
. Not possible)
d=2 4. =33.56 (Not p
4’ I The radiation pattern is shown in Fig. 2. for
2 A 0w the sake of practice.
Bd = —X— = —
A4 2 ¢ =90°
y=pdcosd+a 120°
Prin. Max)
E sin ny 3 Null
il 2 | n=3 2.415 33.56°
E, sin ¥
2 6= 180°
3y _ 0.4
Nulls at — = * &, + 2, etc 2415 - $»=0°
2 4
= +t—m,t—7 etc —33.56°
v 3 3 2415 Null
Bd coS (I)N +o=+ %TE Prin. Max.
5 3 ~120° ¢=-90°
o == 3 T — g c0s33.56°
2 - Fig. 2 Radiation Pattern
o =+—7m — —x0.8333
3 2
= +£120 - 75°
= —195° (165°) or 45°
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