N&d\ﬁ ;K/Z 3 patiocall Z-LA\A.J‘
}Fﬁj,}ﬁ\ e—uﬁ
Mustansiriyah University
College of Science

Physics Department

PhD-Lecture (1l1):EMW Interaction with Matter

Edited by:
= Prof. Ali A. Al-Zuky
» Dr. Haidar J. Mohamad
= PhD students (2017-2018)



Harmonic Electromagnetic Fields
1. The wave equation

a) For source free regions (g = 0 and u = 0) the wave equation given by:

V2E = joucE — w?ueE = y*E (1)
V:H = joucH — w?ueH = y*H (2)
Where

y? = jouo — w?ue = jou (o + jwe)
y = a + jf§ = propagation constant

a = attenuation constant (Np/m)

[ = phase constant (rad/m)

b) For source free and lossless media (o = 0) the wave equation given by:

V2E = —w?usE = —B%E (3)
V:H = —w?usH = —p*H (4)

Where /)’2 = wzﬂe , pis the phase constant is also represented by(K).

2. Uniform Plane Waves in an Unbounded Lossless Medium

a) Electric and Magnetic Fields

Let us assume that a time-harmonic uniform plane wave is traveling in an unbounded

lossless medium (e, x) in the z direction (either positive or negative), as shown in

figure (1). In addition, for simplicity, let us assume the electric field of the wave has

only an x component. We want to write expressions for the electric and magnetic fields

associated with this wave.



Figure (1): A plane wave traveling in the z direction

Et = ES cos(wt — fz) (5)
H; = lj?—°+cos(wt — Bz) (6)
Att=0

Et = ESfcos(—Bz) (7)

H* = iicos(—ﬁz) (8)

3. Wave Impedance

Since each term for the magnetic field (A/m) in eq. (1) and (2) is individually identical

to the corresponding term for the electric field (\VV/m), the factor \/% in the

denominator in (1) and (2) must have units of ohms (\V/A). Therefore the factor \/g IS

known as the wave impedance, Z,,, denoted by the ratio of the electric to magnetic
field, and it is usually represented by 7.

Ef (9)



E; (20)
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ZW—H—H+—H_—\/;— y Mo = 60—3770hm

probleml: The electric field of a uniform plane wave traveling in free space is given
by E = a,(Efe P + E-elf?)

E = a,(Ey + E;)
Where E-* and Es are constants. Find the corresponding magnetic field.

Solution: For the electric field component that is traveling in the +z direction, the

corresponding magnetic field component is given by

+
H* =—a, E it
770
And
Es .
H™ = a, — ef?
no

1 . .
H=H'+ H = a4, —= (—EteP? + Erelf?)
4. Phase and Energy Group Velocities for real part

E, (z,t) = E} + Eg = R (Etelwt-F2) 4 Erei(wt-p2)) (11)

E, (z,t) = ES cos(wt — Bz) + E- cos(wt + fz)

H, (z,t) = \/% (E cos(wt — Bz) — Es cos(wt + fz)) (12)

Phase velocity given by:

+ 9z _

P =4t~ B wvme Vi

w w 1

(13)

The power associated with positive traveling waves:
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Bt = %eE;z = %eEﬁzcosZ(wt — Bz) (14)

1 1 2
Pt = EuH;z = E“(£E°+ cos?(wt — Bz)) (15)

P* =P} + P} = €E+ cos?(wt — Bz)

Where P;fand B;t represented the power of electric and the power of magnetic field

respectively.

Poynting vector:

€
St=E*tx H* = a, ES cos(wt — fz) X &y\/; E}cos(wt — B2)

=a4,S*t = dz\/% E+*cos?(wt — B2) (16)
Energy (group) velocity v/ :

€ 2
o+ o+ /—Eﬁ COS?(wt—Bz)
vl === =£
- - - 2
€ Pt PS+Pp €EF " C0S2(wt—P2)

vy = — Velocity of the wave energy (17)

Vue

The speed of light

1 _ .
W) =vjvs = pr the same holds for negative traveling waves

5. Standing waves

When waves of the same frequency and amplitude traveling in opposite directions
meet, a standing wave is produced. A standing wave is a wave in which certain points
(nodes) appear to be standing still and other points (anti-nodes) vibrate with maximum

amplitude above and below the axis.



Looking at the standing wave produced on the right, we can see a total of five nodes in
the wave, and four anti-nodes. For any standing wave pattern, you will always have
one more node than anti-node. Standing waves can be observed in a variety of patterns
and configurations and are responsible for the functioning of most musical

instruments. Guitar strings.
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Figure to show standing waves
E.(2) = Efe /B% + EselP? (18)
= ES (cosPz — jsinfz) + E- (cosPfz + jsinfz)

= (E + ES)cos Bz — j(E" — ES7)sinfBz

E.(z) = \/EJZ +E72 4+ 2EXE-cos(B2) e "Gt ge) (19)
|Ex (2) | max = + |E"| when fz = mm,m = 0,1,2,3, ... ... ... bright point
|Ex(2) | min = | when Bz = (2m+1) =0,123, ........ dark point

The standing wave ratio (SWR) :

|Ex (Z)|max _ |E°+|+ |Es |

SWR = IEx(@Dlmin  |EF|- |ET| 0
1+|E‘jr|
|ES | 1+ | | (2
= 1)
1+|Eo | —|T |
|EF|



where T is the reflection coefficient.
|ISWR|,in = 1 occurs when | T' | =0 no interference is found.
When Ef = E::
|Ex (2)| g+, - = 2EF |cosBz|
= 2E5 |cosfz|
6. Skin depth

Wave impedance (intrinsic impedance Z,):

m

1]=E

jop
c+jwe

N.=2Z= for lossy medium (22)

The distance the EMW must travel in lossy medium to reduce its value to (e = 0.368
=36%) is defined as the skin depth.

_1

= (23)
aw\/u_\/%[ 1+(£)2 —1]
5= . (24)

Ve j;[ 14(2) -1

In summary, the attenuation constant a, phase constant 3, wave Z,, and intrinsic n
impedances, wavelength A, velocity v, and skin depth 6 for a uniform plane wave
traveling in a lossy medium are listed in the second column of Table below. The same
expressions are valid for plane and TEM waves. Simpler expressions for each can be
derived depending upon the value of the (o/we)® ratio. Media whose (c/me)? is much
less than unity [(c/me)? << 1] are referred to as good dielectrics and those whose (o/we)?
is much greater than unity [(o/me)® >>1] are referred to as good conductors.

In general: -
o \2 : :
(E) &« 1 = referred to as a good dielectric
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o
(E)2 >» 1 = referred to as a good conductor

Good dielectric: | source free lossy media EM for Ampere’s law given by:-

VX H = oE + jweE

VX H=(o+jwe)E (25)
Good conductor:-
a—a)\/el[ 1+(i)2 — 1]
- HE 13 we
— 1,0 1 4172 _ 4112
oV [ G gl -1
we
_ (o 11 1 1 e
- 'ue[z(we-l_zi 8 (2)3 )]
wE we
w
a = /ﬂ also B = /%
2 2
The skin depth is measured by length unit.
EMW in lossy media
Exact eq. Dielectric conductor
Attenuation o [u WHO
constant 1 o \2 a=s5le a2
a—w\/u— = 1+(E) —1]
Phase constant
i [ () o
2 Brw Jeu | B >
Wave _ | jou H ~ [@K
impedances UC_\/cﬂwe 0™ e e |55 (1H)
Wavelength —2n ~ 2T
g A B A~ w\HE A= 21 w%w
H w
velocity 9= i 9 ~ 1 2w
Jie o




Skin depth 5= 2

Q|
(%)

Q
QN
W
(%)

Q

: |
= |
3

cal

Problem 2: If the earth receives 2 solar energy. What are the amplitudes of

mincm

electric and magnetic field of radiation.
Solution:

from pointing theorem, the energy flux per unit area per second is |S| = |E X H| =

EHsin 90 = EH

The energy flux per unit area per second at earth is given

cal 2%x4.2%x10%  joules
= / = 1400
min cm 60 m?2 sec?
EH = 1400

E _ |u | 4w x1077 3766
H |e ./8.85x%x10-12 '

vol

E =1400 x 376.6 = 726.1—

From (2)
1400 1400 _ . A
- E 7261 m

problem 3: A plan electromagnetic wave travelling in positive z- direction in an
unbounded lossless dielectric medium with relative permeability w, = 1 and relative

permittivity &,. = 3 has a peak electric field intensity E. = 6% find.

(1) The speed of the wave .
(i) The impedance of the medium.

(iii) The magnetic field.



(iv) Pointing vector,

Solution:

v
E. = ’E,%-FE}% = 6&

(i) The speed

1 1 ¢ 3% 108
v Uy o .\/Srg" VU Er \/1 X 3

m
=173 X 108?

(if) impedance of medium

47 x 107 _3766_
8.86 x 1012 ° 3_ @ - ensbonm

(iii) The magnetic field.

H=22_0 _276 x1022
Tz 2176 7 m

(v) Pointing vector.
S=EXH

2 2
Pointing vector = E. He = — = —— = 0.165 =
Z 217.6 m

Problem 4: EMW spreads in dielectric medium of frequency f = 100MHz &

A = 1m, if the medium is lossless and nonmagnetic, find the characteristic of this

medium.

(u=7,€e=7)
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Solution:

. 1
e For lossless medium Af = v = —
f —

e [For nonmagnetic medium u = pu,

1
Ho €

. Af:

&

Af = €,=—
VHo€oEr €o tr €o
3x108

VEr
€=9€, F/m

1x 108 =

2> €,=9

p= fo H/m
§=0(@Qm)?!

Problem 5: EMW spreading free source air of H-field given by
Hz = Hee/=5™) 2 find 1-F and 2- E field

Solution:

a) K =5m

8
K = wyie = 2nf Ve = 2L = 5m - f = 220

3x108

b) V X H :]WEoE = EX = —noHoe_](Wt_sn:V)K

m

11

= 750MHZ



