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Electromagnetic Wave Propagation  dswlhliieg < cila gall LIS

Our first application of Maxwell's equations will be in relation to electromagnetic wave
(EM-Wave) propagation. The existence of EM waves, predicted by Maxwell's equations, was
first investigated by Heinrich Hertz. After several calculations and experiments Hertz succeeded

in generating and detecting radio waves
In general, waves are means of transporting energy or information

In this chapter, our major goal is to solve Maxwell's equations and derive EM wave motion in

the following media:

1 — Free space (=0 ,e=¢ ,u=Up)
2 — Lossless dielectrics (0 =0 ,e=¢&¢&y U= UMy ,0 K WE)
3 — Lossy dielectrics (a#0 ,e=¢&¢& U= UU

2 — Good conductors (=00 ,e=¢g ,U=Uly ,0 > WE)

Before we consider wave motion in those different media, it is appropriate that we study the

characteristics of waves in general. This is important for proper understanding of EM waves

10.1 Waves in General

With time dependence e’/ for both E and H, Maxwell's equations become
VXE =—jou H
VXH=(o+jwuE
VE=0
VH=0
Taking the curl
VX (VXE)=—jou(Vx H)

VX (VXH)=(0+jou) (VXE)
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V2H = y2H
V2E = y%E
y is the propagation constant
y=a+jp
Of particular interest are solutions (plane waves) that depend on only one spatial

coordinate, say z. Then the equation becomes

2
°H

dz? =vH

which, for an assumed time dependence e/“t, is the vector analog of the one-dimensional

scalar wave equation. Solutions are as above, in terms of the propagation constant y :
H(zt) = Hyetr% eJ®t a,,

E(z,t) = EgeTY? eJ®t g

Or

E =Eye % cos(wt — fz)

_w_Zn
ﬁ_c_/l

Note the following characteristics of the wave in eq. above

1- It is time harmonic because we assumed time dependence e/®¢

2- Epis called the amplitude of the wave and has the same units as E.

3- (wt — Bz) is the phase (in radians) of the wave; it depends on time t and space variable z
4

w is the angular frequency (in radians/second); S is the phase constant or wave number

(in radians/meter).

Example: The electric field is given by:
E =50cos(10%t + Bx)a, V/m
(a) Find the direction of wave propagation.

(b) Calculate fand w
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Solution:

(a) From the positive sign in (108t + Bx), we infer that the wave is propagating along —a,

(b) w = 108
o 108 _ s ;
T CRE L

10.2 Wave Propagation in Lossy Dielectrics

Al 3 3155 (DA Apualiliie g ) i sall Lt

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

conduction

UE o 12
= —| [1+|—]| -1
a=w > \/ +[a)£

Ue o 12
=w |=—| |1+ |— 1
f=w > j + [a)e] +
Where «a attenuation constant or attenuation factor
E(z,t) = Eje * cos(wt — fz)a, V/m
The intrinsic impedance n (in ohms) of the medium is given by:

jou

o+ jan ~ "L6x

r’:

E
=45

E
H=—e"%cos(wt— Pz —0,)a, A/m

ul
tan(26,) = ° "Loss t t"
an n) = WE oss tangen

Notice from equations above that as the wave propagates along a,, it decreases or attenuates in

amplitude by a factor e ~%#
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10.3 Wave Propagation in Lossless Dielectrics

S8 Aagie 5155 I Apunghliia 5 ) iy sl ki

In the lossless dielectric, 0 < we . it is a special case of that in section 10.2

0=0 ,e=¢&¢ U=l

Substituting gives:

n= /710
And thus E and H are in time phase with each other

E(z,t) = Ejcos(wt — fz)a, V/m

8,
H= ITI_OICOS(wt —pz)a, A/m

10.4 Wave Propagation in Free Space

Al sLadll JMA Apdaliag g gl el gall L

This is a special case of what we considered in Section 10.2. In this case, a

=0 yE=E& U= Ho ’ €r=.ur=1

Substituting gives:

W
a=0 B=w ﬂogo:?

Where the speed of light in a vacuum ¢ = 3 x 108 m/s

Also

n= |2 - 1207 0 = 3770

€o
E(z,t) = Eycos(wt — Bz)a, V/m

Eo
H= mcos(wt —pz)a, A/m
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The plots of E and H are shown in Figure below:

Electric
field variation

Magnetic fiekd
variation is
parpandicular

to electric field. |

Both E and H fields (EM waves) are everywhere normal to the direction of wave propagation,
ak. That means, the fields lie in a plane that is transverse or orthogonal to the direction of wave
propagation. They form an EM wave that has no electric or magnetic field components
along the direction of propagation; such a wave is called a transverse electromagnetic
(TEM) wave.

10.5 Wave Propagation in Good Conductor

Baal) cila gal) A dudaliva g 1<l cila gall LS
. . . (e .
A perfect, or good conductor, is one in which ¢ > we we so that — = o0; that is

o= ,e=g U=l

w
= |— |45°
n Ul

and thus E leads H by 45°. If

E(z,t) = Eje * cos(wt — fz)a, V/m
_ Eo —az 0
H_In_le cos(a)t—ﬁz—45 )ay A/m
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Therefore, as E (or H) wave travels in a conducting medium, its amplitude is attenuated by the
factor e~%2. The distance § through which the wave amplitude decreases by a factor e~ (about

37%) is called skin depth or penetration depth of the medium; that is,
1

Jrfuo

The skin depth is a measure of the depth to which an EM wave can penetrate the medium.

1
d=—=
a

Example: A uniform plane wave propagating in a medium has

E = 2e **sin(10%t — Bz) a, V/m .If the medium is characterized by e, =1,

U, = 20 and ¢ = 3 mhos/m, find a, 8 and H.

Solution:
We need to determine the loss tangent to be able to tell whether the medium is a lossy dielectric

or a good conductor

g 3
e 108 x 1x 885 x 10-12 5393 >1

Showing that the medium may be regarded as a good conductor at the frequency of operation.

Hence,

WUO 108 X 20 X 4r X 1077 x 3

w 108 x 20 X 4T X 1077 8007
n = 7ﬂ |45° =\/ 3 [45° = /TMSO

2
H= e~ %sin(108t — Bz — 45%) ay A/m
8007
3
ay = ag Xag =a; Xa, = —ay

H = —69.1 e %1427 5in(10%t — 61.42 z — 45% a, A/m
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Example: In a homogeneous nonconducting region where u, = 1, find & and w if

E= 30nej(wt_§y)az H= ej(wt_gy)ax?
Solution:

Compared with:
E = Eoe_azej(Wt_ﬁY)aZ

Then:

4
a=0 ,IB:§

The media is a lossless dielectric because « = 0 and E/H # 120w

_EL_ e

T=1H] " e

30m ’ , ’ 1
_ liolir: Ho &:1207-[\/:

1 Eo&r & | & &

1 30m

e, 120w

& =16

4 1

37 3x108 PVHE

oY X6

- = X

3 3x108
_4><3><108_108 p

w = YV rad/sec
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Example: Determine the propagation constant y for a material having u,.=1, & =8 ,
o = 0.25 PS/m if the wave frequency is 1.6 MHz?

Solution:
o 0.25 x 10712
_— — = 10_9 << 1
we (2w x 1.6 x10%) x 8 x8.85 x 10712
So that the material is lossless material
a=20
UE V1 X8
B = w\/ue = 2nf “Lf r=2n><1.6><1063><108 =9.48 x 1072 rsd/m

y=a+jB=0+;9.48 x 1072 = j9.48 x 102

Example: Find the skin depth § at a frequency of 1.6 MHz in aluminum, where o = 38.2 MS/m
and u, = 1. Also find y?

Solution:
1 1
Jrfuo  Vmx 1.6 X 10° x 1 x 4w x 10~7 x 38.2 x 106
=f = 1 = 1 = 1.55 x 10*
“=F =5~ ea6x10% =

Yy =a+jB = 1.55 x 10* + j1.55 x 10*

Example: In free space E = 103 sin(wt — fz) a, V/m (V/m). Obtain H(z, t).?

Solution:

In free space

E =71 =120

g 1T e

aH=aanE=aZXay=—ax

- E  —103sin(wt — Bz)a,
T 120m 1201
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Appendix

oD,  aD,  aD, .
V.D T & 3y a, +¥az ( Cartesian)
10 10D, oD, o
V.D !—)ngp 230 +— ( cylindrical)
vp=—2,2 a('90)+ 1 9Dy herical
T2 T rsingag oY 70 T sing a9 (spherical)
- av av av Cartesi
=——ay+ @ay +-2; ( Cartesian)
W_aV +16V +6V lindrical
_apap pa(Z)aw 9 a, ( cylindrical)
ov 10V 1 oav _
=5t 5% g 9p ™ (spherical
v 0V 9%V
L, 0V 9V 9% :
VeV = pA Nl ( Cartesian)
b, 10 avy 1 (3%V\ 0%V o
vy = ;%(p %) +? 307 +ﬁ ( cylindrical)
2y — O(ZOV)_l_ 1 8(_ 96V)+ 1 0%V herical
29r\" ar) " rZsingag\°" " 90) " 12 sin? 6 02 (spherical

U xH= 0H, O0H, +(
“\oy "oz )*

10H,

oH, OH, oH,

9z ‘W)aﬁ(a‘ 3y

oH,

)a.

( Cartesian)

v aHQ,) | (%8, _oH,
“\pop oz 4 oz  dp

>a¢+

(1 d(pHy) 10H,
p Op

( cylindrical)

)a.

p 00

_ 1 a(Sll’le H@) 6H9 1 1 aHT a(TH@) 1 a(THQ) 6H,, i
VxH= rsin9< a0 INFY) ar+ r\sing 090  or a9 + r ar 96 ay  (spherical)
£0=7—-10"=8854x10"2  ®/m U, = 4w x10~7 H/m



