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Announcements

I
HW 26 is due next monday at midnight

prelab6 is due next sunday at midnight.

Wave Polarization: since | did not have time to
cover this very well last time, it is not on the final
exam.

Email me if you need to take the alternate final
exam.



Chapter 7 Overview
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Lecture Coverage

o
Today's lecture:

Review of Sections 7-1 through 7-3 of the book:

7-1: Time-Harmonic Fields

7-2:. Plane-Wave Propagation in Lossless Media
7-3: Wave Polarization

Sections 7-4 through 7-6 of the book:

7-4: \Wave Propagation in Lossy Media
7-5: Current Flow in a Good Conductor
7-6: Electromagnetic Power Density



Chapter 7 Review

0]
Complex Permittivity: & = € — jB —g —je"

Source-Free Medium, time-harmonic Fields:

~~

V-E =0,
fol:—ja),uﬁ,

V-H =0,
Vxﬁzja)ecii.



Chapter /7 Review

Wave Equations for Fields Propagating in unbounded
media:

V?E + w’ue.E =0

define: ¥ =-w’ue (which is complex)
get:

V’E — yzil =0. (wave equation for E)
Through a similar process we can get:

V2H — yzﬁ = (0. (wave equation for ﬁ)



Chapter 7 Review

I
Lossless Media: ‘V2E+ K’E = 0‘ k=w\/UE

Z-propagating plane wave:
E(z) = RE] (z) =REe /",

EX(z) EL

H(z) = o e
n n
Intrinsic impedance:
_op_ op _ p
=% = o/pe \ € (£2)



Chapter 7 Review
B

Uniform Plane Waves:
Phase velocity: (as with transmission lines)

B, SN N
L N TT T |
Wavelength:
A=t ()



Chapter 7 Review
-

In a vacuum:

|
Ho€o

n=no= ‘/% —377(Q) ~ 1201 (Q),

=3x10°  (m/s),

up:C:

c is the velocity of light in vacuum
n, 1S the intrinsic impedance of free space



Chapter /7 Review

.
att=0:  E(z,t) = %3.77 cos(—(0.021rad/m)z + 1.05rad) (mV/m)

X
1 H(z,t) =y10cos(—(0.021rad/m)z + 1.05rad) (uA/m)
3.77 (mV/m) +

_ =
7

()
BLIC LN A\

y = A
H H




Chapter /7 Review
N

General Uniform Plane Waves:

A

Direction of propagation: K.

~ 1 ~ =
H=—KkXE,
n
E=-nkxH
Works for lossless and lossy media.
Just use appropriate expression for



Chapter /7 Review

I
y Ellipticity angle
c
Y
Major Rot?tion
axis AHELL

Polarization ellipse



Chapter 7 Review

-—
Y =-900 Y =5 Y =0 oy

X —— 45° Left circular polarization O O O

O

D
|

X — 22.5° Leftelliptical polarization O
X — (° Linear polarization |

X — -22.5° Right elliptical polarization

O o 7 0
0

X — —45° Right circular polarization O

O



/-4 Plane-Wave Propagation in Lossy Media
I

Recall: Vzﬁ 1 a)2u SCE — ()

where: 2 — _p?ue. = —w?u(e — je’)

g =ecand " =0/

set: Y=o+ jp

get:

(a+jB)* = (a®—B*)+ j2ap = —0*pe + jo’ue"
Equate Real parts: o’ — B? = —w’ue

Equate Imaginary parts:  2af = o*ue”



/-4 Plane-Wave Propagation in Lossy Media
I

2. B2 . . el

So: o —p°=—o"pue
208 = w*ue’

Giving:

i 5 1/2

UE el

\ L ML

(Np/m)

1N L/2




/-4 Plane-Wave Propagation in Lossy Media

e
Here's the algebra for showing the previous resuilt:

aQ o 52 — _w2’u£/
208 = wpe"

Use second equation to solve for a:

1
a=—wpe"

23

Plug this expression for « into first equation:

WP ue)® — (28)26% = —(28)%w? e’



/-4 Plane-Wave Propagation in Lossy Media
I

1 T* 2
[%] [w2'u€//] —62 =_w2u€/

W ue"]”* - (28°8* = —(28) %y’
Let ¢ = (3%
[wz,LL&‘”]Q B 4(]2 _ _4qw2'u€/

2
(—4)¢* + (4w?ue)q + [w?ue"]” =0

Use the quadratic formula to solve for ¢:
aq® +bg+c=0

—b + Vb? — dac
2 — 9
a




/-4 Plane-Wave Propagation in Lossy Media
I

2
(—4)¢” + (4w?pue")g + [Wpe"]” = 0

—b+ Vb? — dac
q = 5
a
- —4w2,LL€' = \/(4w2ye’)2 — 4(—4) (w2 pe")?

= 2(—4)
0= sl £ 4V (W2pe)? + (Wpe)?

2 —8

2 2\ el

1 n\ 2
g=-wlue [1+4/1+ (S
2 o/



/-4 Plane-Wave Propagation in Lossy Media

1 "\ 2
q——w2us 1j:\/1+(6€—,)
= = 1/2
1e’ A ¢
— |1x4/1 —
2 +(s’)

For (3 real, need square-root of a positive number:

: SN 1/2
'u It 2
7 14+14/1+ (?)




/-4 Plane-Wave Propagation in Lossy Media
I

Get « using first equation:

(12 _ﬁZ - _WQN&J

052 — 62 —wzus'

;
1 "\ 2
a2=—w2#5<1+\/1+(6—,)
2 €
\
(
1 5”
=t e (5)]
- 12
!/ 17 2
a=w e —14+4/1+4+ <
2 g’




/-4 Plane-Wave Propagation in Lossy Media
I

For both o and 3 we want the positive square-root.



/-4 Plane-Wave Propagation in Lossy Media
0

For a uniform plane wave propagating in the
+z-direction:

A~

E(z) = REge %%e IP*

- E .
H(z) =¥ Tlioe_o‘ze_fﬁZ



/-4 Plane-Wave Propagation in Lossy Media
I

Look at the loss:
Ex(2)| = |Exoe™%e P = |Eygle™%

The energy in the wave is converted into heat due to
the conduction in the medium.

The skin depth

05 = — (m)

_>Z




/-4 Plane-Wave Propagation in Lossy Media

Examples:

1. Perfect Dielectric: 6=0, £"=0
so: =0 and skin depth: §_ =
propagates without loss

2. Perfect Conductor: g=
so: =« and skin depth: § =0
cannot propagate

3. Coaxial Cable: outer conductor, high o

designed to be several skin depths thick
prevents energy from leaking: both directions.



/-4 Plane-Wave Propagation in Lossy Media
I

Categoiries:
Low-Loss , Good
uasi-Conductor
Dielectric Q Conductor

e : -
102 1 1072

=
—

E!




/-4 Plane-Wave Propagation in Lossy Media
0

Low-Loss Dielectrics

1/2
in general: Y=Jj0\/ UE (1 — —) .
when &"/e'<<1, use the approximation:

”
YR jOy/ UE (1 —12—8,)

which leads to:

~ 0)8”

(Np/m)

Ne =

™=

B~ w\/ue =w/ue (rad/m).

(low-loss medium)



/-4 Plane-Wave Propagation in Lossy Media
0

Good Conductor
1/2
in general: 7= Jwvue’(l— —) .

when £"/¢'>>100, use the approximations:

5 =y/mfuc (Np/m),
Bra~ /rnfuc (rad/m),

nem i =+ =142 @.

(good conductors)

a~= o




Example /-4
I

Plane Wave in Seawater

Given: Plane wave travels in +z-direction
e =80,u=1,0=43/m
at z=0:

H(0,t) = y100 cos(27 x 10°rad/sect + 15°) mA/m
Find: E(z,t), H(z,t), skin depth, 4,
Solution: propagation direction is along z,

H is along y, so:
E must be along x



Example 7-4
I

Plane Wave in Seawater

Can write the form of the answer:
E(z) = kEpe *e /P?,
H(z) =3 £x0 e~ %eiPZ

Need to determine the 4 parameters:
a, B, 1, and Exo

Start by determining:

8" / 8'



Example 7-4
N

Plane Wave in Seawater
Since: ® = 271 x 10° (rad/s)

= ! =9x 10°
g  we we&g 2mx103x80x (1079/367m) |

So, we can use the "Good Conductor" approximation.



Example 7-4
N

Plane Wave in Seawater

O=+/TfUC

— /7 x103x47 x 10-7 x 4
=0.126  (Np/m),
b =0=0.126 (rad/m),

(04
0]

Tc :(1+j)

4. 0.126 .
= (V2 ef”/“)T — 0.044¢/"*  (Q).



Example 7-4
N

Plane Wave in Seawater

Plug in, and convert to time-domain:
E(z,t) =fRe [i|Ex0|ej¢°e-aze'jﬁzejw’]

= %|Exo|e 1% cos(2m x 10°t — 0.126z+ @)  (V/m),

L) = i [y 0.044¢77/%

= §22.5|Exgle "' *%cos(2m x 10°¢
—0.1267+ ¢ — 45°)  (A/m).

e—aze—jﬁzejwt]



Example 7-4
I

Plane Wave in Seawater

Comparing our expression for H with the one given, we
can conclude:

22.5|Ew| =100x 107> 80: |Exn|=444  (mV/m)

and:

¢() —45° = 15° SO. (p() — 60°,



Example 7-4
N

Plane Wave in Seawater

E(z,t) = %(4.44mV /m) e~ %126m "2 05((6.26 x 10°rad /sec)t—(0.126rad /m) z+60°)

H(z,t) = ¥(100mA /m) e~ %126™" "2 c05((6.26 x 10°rad /sec)t—(0.126rad /m) z+15°)

with a skin depth of: 6_= 1/a = 1/(0.126m™")
d, = 7.9m



Module 7.5 Wave Attenuation

wl=1002+4n

[E=0.278T + 2T

=l » .I|||I.
Reset

Eyl(t)

L

Examples | General Input|

Instructions |

¥ Envelope

E-phasor Magnitude

6, = 16073

= H-phasor Magnitude

wE(t) wH(1) |

« Show b4

>

| Examples

s Examplel | Slightly Lossy
E(z=0)=100[V/m]o =0.001[S/m
f=10.0 MHz €. =90

Example 2 | Moderately Lossy
E(z=0)=100[V/m]o=001[S/m]
f=10.0 MHz £,=90

Example 3 | Highly Lossy
E(z=0)=100[V/m]o=1.0[S/m]
f=10.0 MHz €,=90

I

<4 Apimation speed  **

Output Fields

2=0.01=00[m]
I'=6.0 =59.70513 [m]
65 = 1.6073 A = 15.9941 [m]

Phasors

|[E(z) |= 10.0 [V/m]
LE(z)= 0.0([rad]

|[H(z) |= 8.03616 x 102 [A/m]
LH(z)= -0.0987 [rad ]

Average Power Density
S, (2z) = 3.99852 x 10-1 [W/m?]




/-5 Current Flow in a Good Conductor

0
—O — Q=2 O
lf f
VMV Fl= 'VIYV . A
R 2 10
DC Current: AC Current:
J uniform in wire J decays from surface

This is due to the skin depth.
Let's investigate the details...



/-5 Current Flow in a Good Conductor

T
Conducting half-plane = Eg —
We know: — Jo
HO e
E(z) = %Epe e /P2, — —
ﬁ(z) = @e—aze—jﬁz. :jx(z)
UR T
SO. N ——— .~
J(2) =& J,(2) } Y

o —oz ,—jPz =
Ji(z) = OEpe e Exponentially decaying J,(z)



/-5 Current Flow in a Good Conductor
o

Conducting half-plane /=ty C—
Since: A Jo

—_—
———-
. o e
Ji(z) = 0Ege” % IF*
——
—

_ J.,—0z,—jBz i

=R e T —J.(2)
and a=[5=1/6s for a s
good conductor: o e e e e

To(z) = Joe~(D7/4 |

N -

Exponentially decaying J(z)



/-5 Current Flow in a Good Conductor
e

Conducting half-plane e i
Total current flowing through ——4 AR
a rectangular strip of width w — /: ¥ ?s

J()—>

along the y-direction, and
from O to « in z-direction is:

fo%e) |
T:w/ Jo(z) dz :
J O |

I




/-5 Current Flow in a Good Conductor
e

Conducting half-plane e i
Total current flowing through ——4 AR
a rectangular strip of width w — /: ¥ ?s

J()—>

along the y-direction, and
from O to « in z-direction is:

fo%e) |
T:w/ Jo(z) dz :
J O |

I

. /0 Joe~ (D3, g, o



/-5 Current Flow in a Good Conductor
e

Conducting half-plane e i
Total current flowing through ——4 AR
a rectangular strip of width w — /: ¥ ?s

J()—>

along the y-direction, and
from O to « in z-direction is:

fo%e) |
T:w/ Jo(z) dz :
J O |

I

. /°° Joe~(1H)2/8 g oy
Jo © Z
[= 20%% (A)
(14 j)




/-5 Current Flow in a Good Conductor
e

Conducting half-plane T B

Voltage in the x-direction, — T
J— | w ~

across a length, /, at — /: ¥ ?s

the surface is:
- Jo

V:E()IIEI. F-——--1
|
So the impedance of a slab: :
width w, length /, depth > 558: l
Y% \
V. 147 1

] 08 w



/-5 Current Flow in a Good Conductor
-

Conducting half-plane
So the impedance of a slab:
width w, length /, depth > 56

V 1+
z=VY_ 1L 5
] 00y W
Define the surface impedance:
147
z=—2 @
O O,

SO.

[
Z:ZS—.
w

JO—>

il

|—/
W,
4
-
by
oD &L




/-5 Current Flow in a Good Conductor

0
Conducting half-plane e [ i
The surface impedance: —7: o T
So—p | 4 Os
14 Jo—— - _ |- -
z=—1 (@ —| A 1"
0-53 —>../_|___J,I
Since the imaginary part is > O: |
Z =R, + joL, :
and: l
—— \
R, = I - nf_“ (Q), 00 VA
0 O o
we used:
T S 5 TR

" wod, 2\ nfo " & =1/a~1/J/rfuo



/-5 Current Flow in a Good Conductor

Conducting half-plane
Define the AC Resistance:
[ [

R:Rg_:
W OOWw

(£2).

which Is the same as the
DC Resistance...

[
R:G_A (Q)

but with the cross-sectional area:
A= 6SW

W,
¥
) RSP -
7|
/7
| ST ST
|
|
|
|
by
o0 VA




/-5 Current Flow in a Good Conductor

0
AC Resistance of Coax /Outer conductor
Inner conductor has a — =\ -- - -
: Dielectric i K}
thin layer where there @ '4):261 2h
i Dielectric t
Is actually current. e %) ----

Inner conductor

(a) Coaxial cable

Unwrap this thin layer

into a slab: width 2a S
] \
since: R=R, — L
|44 (b) Equivalent inner conductor

R = (Q/m).

R R
|  27a



/-5 Current Flow in a Good Conductor

e
AC Resistance of Coax /Outer conductor
Similarly for the —— =\ - - - -
Dielectric £ T
outer conductor: T {=2a 2b
y Dielectric “J ¥
R,
R/2 - S (Q /m) Inner conductor
27h (a) Coaxial cable
Total AC resistance is 57[{1‘
the sum: >

R 1 1 Equivalent inner conductor
R :Rll +R/2 = — (; A= —) (C2/m).

o 7 (as in chapter 2)



/-5 Current Flow in a Good Conductor

Module 7.6 Current in a Conductor Module displays exponential decay of current density in a conductor.

Y -
Module 7.6 Current in a Conductor Pl s & Ervelope @showd, [ Instructions
[r=0.0T wi=0° ] < \/
| | { :I,Illll. E-phasor Magnitude
w I 6z | Reset [ ME«1)  [JHy (1) I
E, —e E, (1
Hy, b
____..._) —
i
: —_—
skindepth T

- Z
> R

—

-

>
. 0,=0.1592 % = 5.03292[pm]
: Iz ‘
) |

' “T ‘

. TTM. RS — = s
. l h :

z \
0 ‘ h =101
_I Equivalent Jq

Input

Frequency f = W Hz
Conductivity o= W S/m
Relative Permittivity & = T
Relative Permeability ue= 10

E-field Amplitude (2=0) Eg=| 1.0  |V/m
E-field Phase (z=0) ¢ = 0.0 rad
Height Displayed (2) h=|10 ) Y
Length of Sample (x) ! =[10 'm
Width of Sample (y) w=|10 Im

<< Animation speed

| | Update I

-

Output | Impedance Properties |

Surface Impedance

ZS-R5+ij8Rs+jWLS

= 0.019869 + j 0.019869( Q)

Surface Inductance

Lg=3.16 x 10712 [H]
Total Impedance Z=2Z¢ x (! /w)

Z =0.019869 + j0.019869[Q]
Total Current in the Sample

Tiot = 35.588127 . -0.7854 rad [A]
Voltage Across Sample

Vit=10 -0.0rad (V]




/-6 Electromagnetic Power Density

Define: S=ExH
Called the Poynting Vector
with units of Watts/m?.

Define a planar area in space:
Total Power flowing

thru this aperture:

Y VY

P:/AS-ﬁa’A (W)

|

|




/-6 Electromagnetic Power Density

Time-Average Power Density:

So = L e [E X ﬁ*] (W/m?)
Note the complex-conjugate on H.
Recall the definition of complex conjugate:
if Z=a+b
thenZ*=a -jb

so: just replace every j with a -j



/-6 Electromagnetic Power Density

For a plane wave in a lossless medium:

~~

E =(XE, + yE,o)e "

. 1 |

H" =~ (=XEj + yE;g)e ™
n

S,y = %9% [E X I-i*]

]- A A A Tk A Tk Y\
Sav — %me [(XECBO I yEyO) X (_XEyO § yEa:O)



/-6 Electromagnetic Power Density

For a plane wave in a lossless medium:

1 A A A T A Tk
Sav = —SRe [(XECBO + yEyO) X (—XEyO + yEa:O)]

2m

L 5 * *
Sav — %Z(ECEOEmO ~+ EyOEyO)

L, 2 2
Sow = %Z(‘ExO‘ + | Eyo|)

{

Sav = — EQ
S-([EP)




Example 7-5
I

Solar Power

Given: Solar power on the Earth's surface is S_ =1 kW/m?
The radius of the Earth's orbit: R =1. 5X108 km
The radius of the Earth: R_ 6380 Kkm

Find: (a) Total power radiated by the sun, P_
(b) Total power intercepted by the Earth, P.



Example 7-5

Solution:
Assume the sun radiates
equally in all directions.

P =S A
sun av = sphere
A = 47 R?
sphere
SO.

P__=(1 kW/m2)4z(1.5X10"'m)?

P

S

L =28X 10%° Watts

‘_-_~

\
v S
\
\
\
N\
N
~
~

/ i
Area of

spherical surface

Agph = 47R:




Example 7-5

e
Assume the power intercepted by @P

the Earth is approximately the same
as intercepted by a circular disk with
the same radius as the Earth: l

A, = TR’
SO:

Pint — Sav (ﬂRez)

P_=(1 kW/m2)z(6380X10°m)>?

P,,= 128 X 10" Watts|




/-6 Electromagnetic Power Density

For a plane wave in a lossy medium:

~

E =(XE 0 + yE,0)e” **e7P?
N 1 _
H* = (—%F'y L+ 3 )e g tire

Calculate the time-average power density:

Sy = %%e [E X I—i*]



/-6 Electromagnetic Power Density

o | Say = 5% [E % H]
H* =—(—RE}, + yE} e “*et7P?
(75

1 A A i * A Tk
Sav = §§R6 [(XE:BO o yEyO) X (_XEyO + yEa:O)

e—aze—jﬁzie—aze—kjﬁz]
e
1 A o * —20z 1
Sav — §§R6 Z(E:I:OE:I;O + EyoEyO)e F
c

2(|ELol? + | E,ol? 1
Suy = 2Bl *1El) e H
Ne



/-6 Electromagnetic Power Density

2(|E % + | Eyol? 1
Sav _ (l 0| +| y0| )6—202 Re [_]
2 Ne
[ | I 1
§R€ e :%6 Ty
-nc_ -|nC|e .7?7_
I 1 o |
Re | = | =Re eti0n
LT | [7e
[ 1
e | —| = cos(6y)
el nel
2(|Exo|? + |Eyol?
S,, = Z(l OI + | yUl )6—202 COS(On)

2|77c:|



/-6 Electromagnetic Power Density

For a plane wave in a lossy medium:

A 2 2
S, = z(|EfBO| + IEy0| )6—2az COS(&,?)

2[nc|

ST B =0 = ol + | Eyol’

e >%cos O (W/m?).



Example 7-6
I

Transmitter

Submarine Communications antenna
Given: depth: 200m N\

f= 1KHz '—P“’\ ”

[E(z = 0)|? = 4.44mVim o

Receiver
antenna

a =0.126 Np/m i Ll
n,=0.044 £45° Q

Find: Power density incident on the submarine's antenna



Example 7-6
I

Transmitter

Submarine Communications antenna

[ S —

Pth

| —

Water

Receiver
antenna

Solution:

Sav(z) =12 Eol” e *%cosf
2|nc| !



Example 7-6
I

Transmitter

Submarine Communications antenna

[ S —

Pth

| —

Water

Receiver
antenna

Solution:

Sav(z) =12 Eol e *%cosf
2(n. !

_, (444 16~}
T 2x0.044

e—O.252z cos45°




Example 7-6
I

Transmitter

Submarine Communications antenna

[ S —

Pth

| —

Water

Receiver
antenna

Solution:

Sav(z) =12 Eol e *%cosf
2(n. !

_, (444 16~}
7 2x0.044

=20.16e %% (mW/m?).

6—0.252Z CcOS 450




Example 7-6
I

Transmitter

Submarine Communications antenna

Ptn-l !

plug in z=200m

Water

Receiver
antenna

4
L} Pr

Sa =2{0:16% 10 H=22x20)

=2.1x107%°  (W/m?). SO T

Note that this is so small that it is below the noise power in
the system, and so it would not work.

This is why submarines surface in order to communicate.



Homework
B

Homework 26 is due tomorrow at midnight.

submit to gradescope via the canvas site.



Next Time

1\
Sections 8-1 through 8-3:

Wave Reflection and Transmission: Normal Incidence

Snell's Laws



