CHAPTER EIGHT

Propagation of Electromagnetic
Wave In different media
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Non Homogenous Wave equations for E and H

Wave equations for E:

VXE = 0B
T
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VXVXE=—-——VXB
ot
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p _— oE 0%E
V(E)—V E—-[JO’E—‘UFJF

) oE 0%E p _
VE — S uem =V (E) General wave equation for E

Wave equations for H:

VxH + oD VX H E + i
X H = — - X H = —
J* 5 AT
d
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BRANNFTY AR TANNFT:
1 P(V-B) - V2H = 0H 0*H
m — RIS TR Gz
0H 0%H _
VZH — MGE — ,ueﬁ =0 General wave equation for H
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Plane electromagnetic waves

Theoretical and experimental works investigated that radio waves produced by the
antenna, and waves produced by Dipole are plane electromagnetic waves.

In plane waves, the two vectors (E & H) are infusing, but perpendicular to each other.

The (E X H) gives the direction of propagation.

If (E) is in the x-direction and (H) in the y-direction, then:
Ex — Eoei(wt—kz)
Hy — Hoei(wt—kz)

w = 2nf f = Frequency , Ey& Hy = is the max. intensity
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Propagation of Electromagnetic Wave in different media

1- Propagation of Electromagnetic Wave in Free Space:

0E 0°E

p
2F _ oy el — _ (B
v'E K5 ~ H a2 V(e)
w2y 0H 0*H _ 0
Ko ~HE ez =
In free space o =0, p=0, u=uyy , E=¢&
0%E .
V2E, — Hogg =0, By = Eoel® .. 1
or
ZHy (wi—k2)

—_ — WUl—KZ
VZHy—,uOS(,?—O ,Hy—Hoel ......... 2
0H 0 . _ o _
aZy — ZHOel(Wt_kz) — (_lk)HOel(wt kz) _ —lkHy

oH, 0

o — aI_Ioei(wt—kz) — (iW)HOei(Wt—kZ) = iwH

0%H, 0°H, o .
: 922 —MOEOW = (—tk)“Hy — pogo(iw)“H, = 0

—k? + poggw? =0

w? 1 w 1
- = - —_ =
k2 #080 k 1’#080
w1 d of light (In f )
u=—= = C speedollig niree space
k v Ho€o
UxE=-28
T
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i i i aH H H i(wt—kz)
ox oy oz| Moo v — Ho®
E, E, E

dE, OF oy

9z d Holtw

Intrinsic impedance

SE[ 4
>

The ratio of E, to H,, is constant, so that E,, and H,, are in phase.

The square root of ? is called the intrinsic impedance () and has the dimensions
0
of ohms.
.Uo
= |[— Q
n go @)
41 x 1077 =
In free space n_ =120 (Q)

8.85 x 10-12 L
m

1 |uo
HoHy o .Uofo
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The Poynting vector and Power consideration(E x H):

oD
VXH—]+E

E (VXH— +aD>
=J ot

v-(ExH)=—E-(VxH)+H'(VXE)=_E'(]+?3_€>+H'<_g_]f)

OE OH g0, med
v (EXH)__EOEE_HOHE__?E(E )—?a(H)

0 (g, E? 0 (o H?
V-(ExH)=—a<02 >+E<02 )

d E? H?
fV-(ExH)dv=——J(EO —FH0 )dv

ot 2 2
0 [ (e0E? poH?
_(f(ExH)ds— 3 < > + > dv
Flux Time rate of energy
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2- Propagation of Electromagnetic Wave in non conductor(perfect dielectric):

VZE — uaa—E— o°E =l7(£)

ot Marr T g
vl — 0H 0%H _ 0
Mot ~ Mg =
Innon conductor =0, p=0, u=uol, , £ = &y&yr
If the direction propagation in the z-direction
2 azE i(wt—kz) i(wt—kz)
V°E — ,ueatzzo E, = Eye , Hy, = Hye

(—ik)%E, —us(iw)’E, =0 - —k*+pusw?=0

w? 1 w1
k2 ue k  \ue
w 1 1 1 d of
u=—= = : speed of wave
k \/ﬁ \/[1080 \/Mrgr
In perfect dielectric u, =1
c c? ,
u= or & =—=n
Ve T
" - C
n= \/s_r n = Refraction index = ”
UxE = 0B
X [ —
Jt
OE oH,, , _
== H— - —ikE, = —u(iw)H,,

E__g I Ho  |Br
H_k_“
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Ey My
—_— = = X _—
H, T="o / £

Ex Ex w Ey . .
—_— == —=u Speed of wave in the media
H, uB, k B,
Poynting vector E X H : (H.W)
K= Holyr €= &ér
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3- Propagation of Electromagnetic Wave in Loss Dielectrics (Conductor)

OE 62E p
2 —
L P T V( )
5 0H 0*H _
V°H — ﬂO'a— - MEW 0
Innon conductor p+0, u=pol, , E = &&r

If the direction propagation in the z-direction

Ex — Eoei(Wt_kZ), Hy — Hoei(wt—kz)

d?H, 0H, 62

H —
ol G el G e
(—=ik)*H, — po(iw)H, — pe(iw)*H, =0 -  —k* —ipow + pew? = 0

o
k? = uew? — iuow - k% = pew? (1 — i—)

We
aD g OF _
]—d = —at = ot = lWEE =W—€= (p
Jc ok oE ok o

1— ¢ <0.02 Good conductor
2— @ =00  Perfectdielectric
3— o>¢ >0.02 Loosydielectric (conductor)

psw?

[
k? = pew? (1 —5> = uew? — i

k = propagation constant
k =k, —ik; k, = attenuation factor
k; = phase shift constant

k? = k2 = 2ik;k, — k? - k?=k%—k?—2ikik, ....... 2
By Compare between the (1&2)equations we get:

k2 — k? = usw?
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pew?

Y

_ UE 1
Real part k,=w (7) ’1 + ? +1
. ue 1
Imaginary part k; =w (7) 1+ ? -1

Zikikr =1

Q1/ The electric field intensity E of a uniform plane wave in air has an amplitude of
(800 volt/m) and wave length (1 = 2foot) find:

a- The frequency b- The period c- The value of (K) if the field is expressed in
the form (E = Acos(wt — kz)) d- The amplitude of H

Q2/ A (9.4GHz) plane wave is propagation in polyethylem if the amplitude of the H
IS (7 %A) and the material is assumed to be Lossless. Find

a- U b-Ainpolyethlylem c- The phase constant

d- The intensity amplitude of (H) d- The intensity amplitude of (E)
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4- Propagation of Plane Wave in Conductor media (Lossy dielectric )
1 _io (ki
k=wue)/?-(1+)V4 et 6 = tan 1(—)
@ Ky
The phase of E with respect to H
VXE = 9B
- ot
E, wu wu

Hy k  wue)t/2-(1+ %)1/4 . o—if

Ex ,“ 1 i0
—_—— _-—1. e
H, € (1+-)1/4

¢

E, Ho
i, = ,80 for free space

E
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H, &o | &
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Hy — Hoei(wt—kz—e) — Hoei(Wt—(kr—iki)Z—e) — Hoei(Wt—er—G)—kiZ ______ 2
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C C ] ) AO
w=2nf = an_o = I Ao = befor propagation , A = =
(‘ug)l/z = (.urgr)l/z (Hogo)l/z

1/2
C &
kr _ A, Uy T)I/Z [(1 + _)1/2 + 1]
1 U-E 1 1/2
kr /1, 7‘27')1/2 [(1 +F)1/2 + 1]

For perfect dielectric @, =1 , ¢ =0

1
ky = /1_6 (Sr)l/z

krdo = (87‘)1/2 n* = &r

n = Refractive index
n=n,—iK n. = Real part
K = Imaginery part

n =k, = Ak, — ik;]

n = Ak, — idpk; ne = Ak,, K =2k
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Poynting vector E X H :

oD
VXH—]+E

E (VXH— +aD)
=J ot

V- (EXxH)=H-(VXE)—E-(VxH)

V-(ExH)=H-( aH)_E_(an_E_H)

o ot
0 (uH? ¢€E?
V.(EXH):_E T+T —E]

0 (uH? ¢€E?
jv(EXH)dU=](—a<T+T>—E1>dU

0 uH? €E?
— fﬁ(E X H)ds = Ej (T + T) dv+ | (E-])dv « loss heat energy

Flux Time rate of energy
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5- Propagation of Plane Electromagnetic Wave in Good Conductors

In conductors ( Lossy dielectrics)

Ue 1
kr =w (7) 1+ — +1
ue 1
kl == (7) 1 + —2 - 1
WE 1
Y= =50
in Good conductors
= W—g <L i
¢ o 50

Then kr=ki=W\/@'\/%=W\/@'\/%

WO
= (%) in Good condcutors

OE 0%E p
VZE—,uaE—uesz(g) But p=J;=0

If the direction propagation in the z-direction

d2E, dE,

—0
dzz M9t
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(—ik)?E, —uo(iw)E, =0 - —k?+iuow =0

k? = —iwuo
\/—1:3_1:
1-1i _COSE—iSinE
k = \Jwuov—i = /wuo N 4 4
V2 1 1 1-i
- =
2 2 2

o = W/Zw (1_i)=\/W‘u0'_i\/W,UO'

2 2
k =k, —ik;
wuo
ke =ki= =5
The attenuation constant:
1 2

4 is the distance the amplitude of the wave attenuation by a factor of (%) in one
radial.

e AS o —inceased — O decreased

So Good conductors are there for always opaque of light. Except in the form of
extremely thin films.

e The non-conducting media at optical frequency are necessary transport.
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oB,
VXEx:_W

E, wu wu 1 wu 1

Hy k  Jwpo -1 wpo

.TT
— = |— e+ Impedence

There for E leads H by(%) radian in Good conductors

EOx Wi
= [— H.
Hy o (H.w)

The phase velocity u

1

w w 2w\2

(e

2
n = /1,0k == Alo(kr - lkl) = Alokr - i/lloki

n=n.,—K

Poynting vector E X H

V-(EXH)=H-(VXE)—E-(VXH)

|7-(E><H)=H-(—Z—f>—E-(]C+]d)

oH
V- (EXH)=—pH —-—E-]

0 (uH?
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9
jv (Ex Hydv = — = <“ )dv—f(E J)dv

3€(E X H)ds = m j ( >dv + f(E -J.)dv < loss heat energy

~—

F lux rate increas of magnetic energy

6- Propagation of Plane Electromagnetic Wave in low pressure ionized
gas:

We shall use the general result of a homogenous (Isotropic) medium, which its
properties do not vary from point to point.

Isotropic: The properties are same in all direction from any given point.

The wave equation for (E ) and ( H) in such media follows:

OE 0%E p
2 e
V°E — uaat ,ueatz V()
5 J0H 0%H
V°H — MGE_‘“SatZZO

We assume the Gas pressure is low so that collations

And energy loses can be neglected . We all so neglect thermal agitation by setting
T=0

Under these conditions the pressure in ionized gases is different from that in metals.
Let us consider a plane electromagnetic wave travelling in z-direction through
ionized gas, which an ion own properties ( mass=m, charge=q&velocity=v),situated
at (x,y,z) then:

Fe=qE, , Fn=q(vxB,))

Fr =Fg + E, =qEx+qu X B, = q(Ex + v X B,)

p B 62x+62y+622 _dx +dy +dz
—ME= MGz T2 T 92 ) Ve T e Y T e

Propagation of Electromagnetic Wave in different media - 98



dx dy dz dz dox
vXB=ldr dt dt|= g Bt B,

B, B, B,

K} K}

. d0%x 0%y 0%z
. F=m Py +6t2 +6t2 =q(Ex + v X By)

62x+62y+62z L g +uxB
otz dt2  Ot2 _m(" v X By)

62x+62y+622 _9. dzB +de
oz Tz Yoz ) T B g B g Byad)
2%y
dt?
%x q <E dzB ) .
otz m\ ™ dt 7
0%z qdx 5
otz mdt 7
From eq(1):
0%x dz E B, dz
_=i(Ex__By) :u(l__y_)
at> m dt m E, dt
E
In free space approximate =~ g=¢
0%x qE 1d
_=u<1___z> _____ 3
Jt> m cdt
From eq(2):
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0’z _q de
ot2  mdt 7

0°z _qE, B, dx qE, 1 dx
gt2 m E, dt m c dt

Assume that v << ¢

Then we can written the eq(3) as:

0%x qE,
F = 7 ) E, = E, cos(wt)
9% _ 9 p coswt)  (accelaration) 5
3¢z = gy Eocos(w accelaration
WX _ 1 g osinwe)  (velocity) 6
7 = o Eosin(w velocity
X =— - E,cos(wt) (distance) ———— — 7
From eq(4&6) we get:
9?2z qE, 1 q _ 0%z  q*E? _
5z mx = WmEosm(wt) - 2 mrwe cos(wt) - sin(wt)
0’z q°E§ . .
= - sin(2wt) where  sin(2wt) = cos(wt) - sin(wt)
Jdt>  m?wc
accelaration
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dz  —q*E§

il cos(2wt) (velocity)
q’E} , .
7 = SmZwic sin(2wt) (distance)
dz —q2E¢ 5 1
at = amzwze COS@WH X ¢
1dz —q%E¢
cdt Tmzwrar (oSO
1 /dz —q°E} ,
E(E) = Ittt at Max.velocity cos(6) =1
Max.

If the charge particle it’s an electron:

m=91x103%g , ¢g=16%x10" , w=2nf

Power
1/dz E¢
—(—) =217 %103
c\dt Max. fz
For free space S=EXH = EHsinf
S=EXH=EH sin90 =1
B = uH
2
S = E_ n f 1
c ’ — = in free space =c
Ho B vV Hoéo
S = gycE?

1 28
Sap = EeocEg - EZ = EOCZJ
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1 /dz E2 1 2§ 217 %103 S
=217%x103—= =217 x 103 — - —% — i
(dt)Max Iz fZ Tgoc 266 x 1073 f2

v

1(dz> 163 % 106 2
c Max . fz

dt
(d )
t Max.

dz 1
(&), * 7
dt/max.

This seems to indicate that it is possible for (d ) to exceed the velocity of light
Max.

source, we have neglected the relativistic effect.

. 1/d
The ratio - (—Z) =

C

Is usually much smaller than unity.

Example: At 1km from an antenna radiating 50kwatt of power is tropically at
frequency of 1IMHz.

6 50x10°

=108

c

Sol/ —(ﬂ) = 1.63 x 105 5‘“’ = 1.63 x 10
t/ Max.

Example: A laser beam can carry power density of the order of (1016 % at f =

1015Hz) (visible light).

dz

Sol/ —(—) —163><106Sﬂ—163x106 ~ 1.63 x 1078
c \dt Max.

15)2
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The conductivity of an ionized gas

Since vy (drift velocity)can be a scribed to the E, we can consider the ionized gas as
having conductivity (o) such that:

{S = oE Jp = pv, for Gas
conduction current convecti(\;;l current
v
n P —~
. X1l dt
=1

E, = E,cos(wt) = Eje™t

dx Q _
J. = o iNQ o e w2
c=0L = i z<—> dx T
=1 dt E = WEO COS(Wt—g)
T LT
cos(wt—z) = ¢'Wt=3)
n 2
O.Eoeiwt — NiQi Eoei(wt—g)
— WM,
i=1
= N, Q2 T T
_ i¢i T _iE_ L N
o= Wmie 2 e 2—cos(2) lsm(z)— i
i=1
i~ N.O2 —iN,0?
L iQ; IN.Q¢
g=— - o=——— Forelectrons
w m; wm,
i=1
R—V— l— —1 let l=A h =y=2z=1
_I_’DA_p_a et |l = suchas x=y=z=1cm
y
X
o
z| A+
source
| It
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1

For this case o = = G Conductance in (Resistance)

R
Baad
Resistance
1 . . .
g=—7Pp = Y Conductance in (Coil + Capacitance)
Impe\ziJance
Z=2oWMe Where I=—=%
=—=1 = iw ere I =
o N7 N.Qé
me . . . . . .
I = N.0Z is the equivalent inductance of an imaginary cabic of plasma
exe
N,Q2 —i 1
conduction current J. = oE = —i Qe E=—FE - ]f: = —
wm, wli —iE  wl
) dD dE _
displacement current Ja = T o PT Ja = iggWE

This means that J. loges E by (% Radius) and J, leads E by(% Radius), so
Jq leads . by (7 Radius) , or J; and ], are by (r Radius) out of phase.

A
J
Ud +]c)
iE
W
Wp
W . .
at — >1  The total current is Capacity
w.
p
W . . Il
at — <1 The total current is inductive
w.
p
atw = w, The total current is zero
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Q1/ Copper (Cu) has a conductivity o = 6 x 107 ﬁ 1. = 1land e, =3.5, at

6MHz. Find: ¢, skin depth, phase velocity and . Or Find ¢,6,—,u, 7|

we  2%3.14%6%10°%3.5%8.8542+10712 _
=== = 19.46 x 10712
o 6%107

2 2 0.066
= = = =2.694%10"°m
\/wpw" \/2*3.14*/‘*4*3.14*10_7*6*107 V6%106

1

u=kK= - 1:(%)E=5W=2.694*10‘5*2*3.14*6*106=
T

1107.79m/s

E wp_ [2%3.14%6%106%4%3.14x10~7
e - = 8881.26
Hpyy o 6%10

Q2/ If the 20MHz laser beam passes through a glass whose index of Refraction is
n=1.6 find:

1= & ,u,
2 — Eyinthe glass
3 — Hyinthe glass

C c 3x108 m
n = Refraction index = — u=—= = 1.875% 108 —
u n 1.6 S
n=4/ & =n%=(1.6)*=256
Ex—u—no \/E=120*3.14XJE=1.875*108
By, &r &r
1.875 * 108

Vir = 5o s = 49761146 x e, = 629434.24

Uy = 396187464197.33
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