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Lecture Coverage

O
Today's lecture:

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



/ Unbounded EM Waves
I

Examples:
Light waves emitted by the sun, or other stars
Radio transmission by antennas

Headlights on cars



/ Unbounded EM Waves

Spherical waves: i Spherical
Radiating wavefront
antenna 1
produced by a localized source \, im0
A ‘\
wavefront is surface where . 1
_ . -l "
every point is at the same L 5
distance from the source } e o i

For a point source: spheres

For single-frequency sources, a wavefront has the same
phase at every point.



/ Unbounded EM Waves
N

Uniform plane wave—_ |

Plane waves:

produced by a distant source ./ | Aperare
o — L — N

areceiving antenna "sees” = "{ i

a wavefront that is nearly flat \

wavefronts are still spheres,
but in a small localized region,
can approximate as planar.



/ Guided EM Waves
N

Guided waves:

Example:

Radio waves between

3 and 30 MHz

reflect off the ionosphere:

propagate along a
material structure

[onosphere

Transmitter

Earth's surface



/ Guided EM Waves

0
Guided waves:
Example:
propagate along a Time-varying fields in a
material structure coaxial cable are guided

AllLA
—
S [ISATL

.
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: |
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/-1 Time-Harmonic Fields
e

These are the 4 Maxwell's Equations, where we are
assuming B=uH and D=¢cE:

V-E=p,/¢
OH
VXE= Y
V-H=0
VxH=J- saE

ot



/-1 Time-Harmonic Fields
e

Assume that all the fields are oscillating at the same
frequency:
So, we can use the concept of phasors:

E = Re {Eejwt}
H = Re <[ﬁejwt}

J = Re {jej‘*’t}




/-1 Time-Harmonic Fields
e

Time-Harmonic Maxwell's egns for media that are:
linear, isotropic, and homogeneous
with material properties: ¢, u, o

V'E:ﬁv/g,
VXE = —ja)ufl,

V-H=0,
folzj—l—ja)eﬁ.



/-1 Complex Permittivity
T

RS B 5 s G =
VxH=J+ja)eE:(0'+ja)e)E=ja)(£—j6)E.

So define the Complex Permittivity:
-0- / I
=g ~ J— =& —JE"
Ec J - JE .
rewrite:
VxH= jwecﬁ.

For a lossless medium:
g=e &"=0



/-1 Source-Free Medium
I

A source-free medium is defined with:
p,=0

Maxwell's Equations become:

~~

Y- =10,
fol:—ja),uﬁ,

V-H =0,
Vxﬁzja)ecii.



/-1 Wave Equations
)

Let's derive a differential equation for E:
Start with one of Maxwell's Equations:

VXE = —ja)uﬁ
Take the curl of both sides:
V X (Vxﬁ) = —jwu(foI)
Use another Maxwell Eqgn:

- VxH = joe.E

Vx (VX E) = —ja)u(ja)ecﬁ) — o’ e E.



/-1 Wave Equations
N e —
So given this:
Vx (VXE)= w’ueE
from calculus we can say:
Vx (VXE)=V(V-E)-V’E

Because of another Maxwell Eqgn:

E

V-E=0

we get:

VZE + 0’ue.E =0




/-1 Wave Equations
B
V’E + 0’ueE =0

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

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

V2H — y'zfl = (0. (wave equation for }~I)



/-2 Lossless Media
e

Lossless media have 6=0, £.=¢, SO:

yz = _a)zug (real)
and the wavenumber is defined as:

k= w\/ULE
SO: R
therefore:

V2E+ KE = 0




/-2 Uniform Plane Waves
e

The wave eqn: ‘V2E+ K’E = 0‘

If we have: E = RE, + JE, + 2E.,

Plugging into the wave eqgn:

¢ 9* ~ ~ =

+k*(RE, + §E, + 2E;) = 0.

which must be true for each vector component
separately.



/-2 Uniform Plane Waves

So we get: 2 7 2N
(W+ay2+az2+k)E“":0’

and similar expressions for £, and E...

If we have a uniform plane wave, with uniform
properties across the x-y plane, then E and H are not
functions of x or y:

JE./dx=0  0E,/dy=0
SO wave eqgn becomes:
d’E,

- +KkE, =0
7




/-2 Uniform Plane Waves

~

We get similar expressions for: E  H,, and H,.
What about E, ?
One of Maxwell's eqns says:
VxH= ]coeLE
The z-component is:

= ZTWEE..
( Jr dy ) ;

But since: 9H, /dx = dH,/dy =0, then: E. =0.

~

Similarly: H. = 0.




/-2 Uniform Plane Waves

S0, a plane wave has no components in the direction
of propagation.

For instance: propagating in z-direction:

E=%E;+JE,



/-2 Uniform Plane Waves

Let's solve the differential egn for each component of
the Electric Field. For instance:
d’E,
dz?
has the solution:

+K2E, = 0.

where E and E_, are constants to be determined
from boundary conditions.

This is 2 waves: one traveling in +z-direction,
the other in the -z-direction.



/-2 Uniform Plane Waves

Let's solve for the Magnetic Field:
Simplified case:

E(z) =RE; (z) =RE}e~/%.
Use one of Maxwell's eqgns:

VXE = —ja)uﬁ
WN]EFJi:QZ

VXXE = —

E

X
~ 0
dx
7(z)

O\S-’lQ)%>
oXuw




/-2 Uniform Plane Waves
I

o~ N’

Soweget: H, =0, H,=0
and: ﬁ B 1 aE;_<Z)
Y —jou  dz
recall: N |
Ef(z) =Ege ™
SO: - |
OEf(z)  O[Ej e %]
0z 0z
OEF(2)

= —jk E}, g %2

0z



/-2 Uniform Plane Waves
I

With: s 1  9ES(2)
Hy= o
' —jou  dz
OE (2) i
o — il BT jkz
0z Ik By e
get:
r7 1 ' + _—jkz
r7 k + _—jkz
Hy = _E:cO e
Wi

~

— g+t —3k=z
Hy=Hye



/-2 Uniform Plane Waves
—

since:
k

—E,

o

define the Intrinsic Impedance:

B L




/-2 Uniform Plane Waves

I
so for this z-propagating wave we have:

o~

E(z) = RE] (z) = REe /%,

~ "
H(Z) s o yEx (Z) s y@e—jkz
n n
. . 14
so Eand H are perpendicular to each other,
and to the direction of travel

Hence it is called a:
Transverse Electromagnetic Wave (TEM)



/-2 Uniform Plane Waves

Convert to time-domain:
since it's a complex number: :

(T
E;) — ’E§)|€j¢ -

we get:

E(z.1) = Re |E(z) ¢/ | = KIE| cos(wr —kz+ ) (V/m),

o |Ex

H(z,1) = Re [ﬁ(z) ef‘wf]:y . cos(@t —kz+¢T)  (A/m).

Note: the cos() terms are the same,
so E and H are in-phase with each other.



/-2 Uniform Plane Waves

I
Phase velocity: (as with transmission lines)

B
L N TT T |
Wavelength:
/\:2_71-: 2r 2muy Up @




/-2 Uniform Plane Waves
—

In a vacuum:

|
Ho€o

n=no= ‘/% —377(Q) ~ 1201 (Q),

=3x10°  (m/s),

up:C:

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



Example /-1

Given: Plane wave traveling in +z-direction
frequency: 1MHz
in air (=¢,)
E =XF,
reaches a peak value of 3.77 mV/m at
=0, z=50m

Find: E(z,f), H(z,?)

c  3x108

Solution: Wavelength 7 1x 106

- 2
Wavenumber: ;. _ 2T _ 5 09q rad /m
300m

= 300 m,




Example /-1

I
General expression for E:

E(z,t) =R|E}|cos(wt —kz+ ¢ ™)
plug in values:
E(z,t) = %x3.77cos((6.28 x 10° rad/sec)t
— (0.021rad/m)z + ¢") (mV/m)
Maximum value for E occurs when cos()=1:
Plug in =0 and z=50m:

(—0.021 rad/m)(50m) + ¢ =0

¢ = 1.05rad



Example /-1

I
Plug In:

E(z,t) = %3.77 cos((6.28 x 10° rad /sec)t
—(0.021rad/m)z+1.05rad) (mV/m)

and since:

H(z,t) = yE(z’ )

Mo
H(z,t) = 310 cos((6.28 x 10°rad /sec)t
— (0.021rad/m)z + 1.05rad) (pA/m)




Example /-1

.
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)+_
S,

4

()
BLIC LN A\

y By \
H H ‘




/-2 General Uniform Plane Waves
e

recall for a z-propagating wave we have:

o~

E(z) = RE} (z) = REe /%,

~ Ef(z) _E}
H(z) =y— =y—e¢
(z2) =¥ - yn

A

Direction of propagation: k= %

— jkz

Noticethat: zx x =1y
So:



/-2 General Uniform Plane Waves
e

~

Similarly: zxy=—x

so: -—-npkxH=E

Turns out, this is true for all plane waves:

s

H=—kxE,
)

E=-nkxH.

Direction of propagation: k



/-2 General Uniform Plane Waves
—

Direction of propagation: ﬁ
Can get this using the rignt-hand rule:
Curl fingers from E to H, thumb points: Kk

(electron6.phys.utk.edu)



/-2 General Uniform Plane Waves




/-2 General Uniform Plane Waves

Case 3 ﬁzi dE:ﬁE+(Z> +§’E+(Z)

- ~ Er +
i loxo 3 B0 JEE
N n n

o Ef(z ~ E+
H;—(Z): Y ( ), H-I—(Z): X (Z)




/-2 General Uniform Plane Waves




/-2 General Uniform Plane Waves

Module 7.1 Linking E to H Select the directions and magnitudes of E and H and observe the resultant wave vector.

Module 7.1 Linking E to H k —> AZ
E ~r
Frequency = 10.0 [GHz] H
"(} - >
€r =10
0=450" ¢ =00
IEI=100[V/im] =00
() Select E () Select H
n =376.991[Q]

Ikl=209.43951[rad m-!]
k, = 148.096098 [ rad m-1]
k, =0.0[rad m-1]

k, =148.096098 [radm-1)

IEI=10.0[V/m]

=\
\
\

E, =0.0[V/m] i
E, =10.0[V/m] .
E, =0.0[V/m]

IHI=0.026526 [A/m]

H, =-0.018757 [A/m]
H, =0.0[A/m]

H, =0.018757 [A/m]

Instructions




Exercise /-1
I

Given: Uniform plane wave
f=10MHz
0=0, u=u,, =9
Find: phase velocity, u
wavenumber, K
wavelength, A
intrinsic impedance, n

1 1 C
VIE  /IoE/& /&
3 x 108

\/_

Solution:  u, =

Up =

_‘ 1x 108 (m/s)




Exercise /-1
I

®w 21 x 107
ket = 5 :‘0.628 (rad/m)‘

27 2717 ‘ |
k=3~ A=5 027: )

\[ \/7 vz 377:'125679‘




Exercise /-2

Given: Uniform plane wave
Lossless medium
n=188.5Q, u=u,

—~

E = 710e /*® (mV/m).

Find: H, E(y,t)

Solution: because E is a function of -y, k=+¥.

—~

kx E =

~~

H =

LY Ll
n y



Exercise /-2

. wni Y
n
-3
H=% al 12 812 e I — g 53¢ /4Ty

Since we expect the functional form to be:
e IkY

k=47 = 12.57 rad/m

(LA/m).




Exercise /-2
I

Since: 1 =n0/V%,

2 2
SOREAR
n 188.5

1 ¢ 3x10°

Up =

—— = 1.5x 10° (m/s).
VHE /&

0 = kup =41 x 1.5 X 10% =18.85 x 10° ~(rad/sec)



Exercise 7-2
I
E(z,t) = Re[E(z) /']
— 210cos(wt — ky)

— 7 10cos((18.85 x 10°rad/sec)t — (12.57rad/m)y) (mV/m)



Plane Wave Module

Input
Frequency f =1.0ES Hz
Conductivity o =00 S/m

Relative Permittivity

&= 1.0
pr= 1.0

E-field Amplitude (z=0) Eo= 1.0

Relative Permeability
Vim

E-field Phase (z=0) @ =00 rad

1 =10 A
Area (1.0 m?
= ¥

<4 Apnimation speed = **

Length Displayed

[A] & [B] Windows

Update |

J Pacince | t/Output | Ph Pl | Instructi
Module 7.2 Plane Wave nput/output [} Phage Planes ) Instructions |
[ =0.653T w [ = 2352 N S ¥ |Phasors|
.I|||I. E-phasor Magnitude = H-phasor Magnitude
Reset |
y A
E (t) B
u/m ., -
H, (t ‘/ 7 WW
1'/ o /
Pl
\\""\.
| |
0 1=1.01
Zn
Zp
AL | A
B Ll |- B
A) z,=00h =00([m] f=1.0 GHz B) zg=10% =30.0[cm]
|Egl= 1.0 [V/m] I=1.0x =30.0 [cm] |Eg|= 10 [V/m]
LE, = 0.0([rad] LEg = -6.28319[rad ]
| Hy | = 2.65258 x 1073 [Aﬁm-}—| Phasor fields on selected phase planes '—> | Hg |= 2.65258 x 103 [A/m]
LHy = 0.0[rad] | "Ex[t..' WHy(t) | LHg = -6.28319 [ rad ]

Output Viave Properties ‘

Wavelength A = 30.0 [cm]
Phase Velocity u, = 3.0x 108 [m/s]
Period T=10x107%[s]
Impedance of the Medium [ ) ]

N =376.991118 +j 0.0

= 376.991118 £ 0.0 rad
=376.991118 £ 0.0 2

Penetration (Skin) Depth

s=®
Phase and Attenuation Constants
B = 20.94395 [ml]
a = 0.0 [Ne/m]
0 /we= 0.0

The material is vacuum (perfect dielectric)




/-3 Polarization

- Look at the E field of a
} plane wave at z=0, as a

377 (mV/m)--\>\ function of time.
/k 1 A\
u A

\E \ This wave has E varying
10@Am) o /”\ between +E, and -E,,

H H

A Looking at it along z: it

E L just appears as a point

'\ tracing out a vertical line:
'\ / up-down-up-down...

v forever.

—




/-3 Polarization
—

. This wave has E varying
I between +E, and -E

3. 77 (mV/m)+
AR\
( )‘\\i Looking at it along z: it

/ \ = \ just appears as a point

10 (uA/m) 0 /\ tracing out a vertical line:
S AN up-down-up-down...
4 forever.

Wil Other shapes possible




/-3 Polarization
I

Recall for a z-directed plane wave:

~

E(z) = RE,(z) + E, (2)

where: E (2) = Expe ke,

Evy (Z) — Ey()e—‘]kz,

E ,and Eyo are complex,
each with an amplitude and phase.

Polarization depends on both E_j and Eyo.



/-3 Polarization
N

Polarization depends on the amplitude and phase of both
the x- and y-components.

But it depends only on the relative phase, so define:
Eyo = ax,
E}() — a_,,,ej 6,

where a_and a are positive real numbers

0 is the phase difference between the
x- and y-components.



/-3 Polarization
N

The total E field phasor is:

E(2) = (Rax + §aye/®)e 7/,
with the corresponding time-domain field:

E(z,1) = Re [E(z) efwf]
= Xa,cos(wt — kz) + ya, cos(wt — kz+0)

For given z,t this is a vector in the x-y plane.

Let's look at the magnitude and direction of this vector.



/-3 Polarization
I

Magnitude of the E field:

E(z.t)| = [EX(2.t) + EZ(z.1)]"/2

= [a? cos®(wt — kz) + ai cos? (ot —kz+ 8)]'/2

X

The direction of the E field is defined by the
Inclination angle, y:

Ey(z,t)]

w(z,t) = tan™! [Ex )



/-3 Polarization

The Electric Field vector in x-y space at one moment in
time:

- the
component
magnitudes
and
iInclination

angle, v

¥y T' - shown are




/-3 Polarization
I

Linear Polarization
As time varies, the tip of the arrow traces a straight line.

Happens if: =0 (in-phase) or d=x (out-of-phase)
E(z,t) = (Xax+ yay)cos(wt — kz), (in phase)
E(z,t) = (Xax — Yay) cos(wt — kz). (out of phase)



/-3 Polarization

I
Linear Polarization: out-of-phase case:

E(z,1)| = [a; + a3]'/?| cos(wr —kz)|

_a'
l[/:tan_1 ( y)
Ay




/-3 Polarization

Linear Polarization: out-of-phase case:

The green line shows
the trace of the tip of
the E field vector as
a function of z.

Depending on the
relative magnitudes
of the x- and y-
components this line
could be at any

angle, v



/-3 Polarization
I

Circular Polarization
As time varies, the tip of the arrow traces a circle.

Happens if:
x- and y-components have equal magnitudes,
and: 0=t n/2
case 1:
with: ax =ay,=aand 6 =7/2
get:

o~

E(z) = (Ra+ yaej”/z)e_ﬂ‘Z = a(ﬁ—l—jy)e"jkz,



/-3 Polarization
N

Circular Polarization
with: ax =ay,=aand 6 =7/2
get:

E(z) = (Ra+ Jae'™?)e 7% = a(X + j§)e /%,
E(z,1) = Re [i?:(z) ef’wf]
= Xacos(wt — kz) + Jacos(wt — kz+ 7w/2)
= Xacos(wt — kz) — yasin(wt — kz).
E(z0) = [EX o)+ E}zn)]

= [a*cos? (ot — kz) + a*sin (ot — kz)]'/?

=da



/-3 Polarization
I

Circular Polarization
with: ax =ay =a and 0 = /2.

get: [E(z1)| =a

v(z,t) =tan~

1| Ey(z:1)
_Ex(Za’)]

i | —asin(wt — kz)

| acos(wr — kz)

= fan

] = — (0t — kz).

at z=0: y = —or
the inclination angle decreases with time.



/-3 Polarization

Circular Polarization: Left-hand Circular (LHC)
with: ax =ay =a and 6 = /2.

get. |[E(z1)| =a

at z=0: vy = —owt

the inclination angle decreases with time:

T With the left hand,
a @ point the thumb in

K /E(< . the z-direction:
! A . the fingers give the

\ . direction of rotation




/-3 Polarization

Circular Polarization: Right-Hand Circular (RHC)
with: ax=ay=aand 6 = —7/2

get: |E(zt)| =a

at z=0. y = + ot

the inclination angle increases with time:

T With the right hand,
il e @\ point the thumb in
. the z-direction:
—x the fingers give the
‘ ' direction of rotation

N
o
Q




/-3 Polarization

Circular Polarization: Right-Hand Circular (RHC)

Transmitting  Note that the

antenna

Left screw sense
in space

Right sense of rotation
in plane

polarization is
defined at a
constant position.

When looking at the
wave at a constant
time, it can appear
to have a different

direction of rotation.



Example 7-2
B

Given: RHC-polarized plane wave
traveling in +y direction
|IE| = 3 mV/m
e=4e,, u=u,, 0=0
f=100 MHz
Find: E(y,t), H(y,t)

Solution: since traveling in +y direction:
components must be in x, z



Example 7-2
-

Solution: since traveling in +y direction:
components must be in x, z

since RHC:
i So assign:
Ez=a
T E =gei™?
” N X

/ w X
: -, where a = 3 mV/m




Example 7-2

e
Solution:

o~

E(y) = %E, + 2B, = Rae /% 1 hae~
= (—&j +2)3e” (mV/m),

§x (—%j+2)3e P

(Zj+%)e ™  (mA/m).



Example 7-2

1\
Solution: need w, kand n

w=271f =6.28 x 10% (rad/s)

k_w\/§_27r><108\/1
¢ 3x108

=4.19 (rad/m)

No 1207
— ~ — 1 /
i)= e T 88.5 (L)




Example 7-2

e
Solution: in the time-domain:

E(y,t) = Re :E(y) efw’]

= fRe (—f(j—l—i)?ae_jkyejw’]

=|3[xsin( @t — ky) +zcos(wt —ky)] (mV/m)

H(y,) = Re :ﬁ(y) & “”]

=$R¢ %(ij-i—ﬁ)e‘jkyejw’]

2‘0.016 [Xcos(wt — ky) — zsin(wt — ky)] (mA/m)l




/-3 Polarization
—

Elliptical Polarization
most general: E field traces a tilted ellipse:

y a_and a are the
components along

e \ the x- and y-axes

t S
\ )
Q
-

Polarization ellipse



/-3 Polarization
—

Elliptical Polarization
most general: E field traces a tilted ellipse:

y no longer the
inclination angle,

= now called the
auxiliary angle:

/V
ta L S
8
&
-
§ =
I
| &
—
)
VAN
S
VAN
STES
N

Polarization ellipse



/-3 Polarization

Elliptical Polarization
most general: E field traces a tilted ellipse:

y major axis:
length a¢

along the

¥ £ direction

Major
axis

Polarization ellipse



Aa BB B/AS ES ZC

Hn 00 It Kk Ax M
Nv Z¢ 0o lx Pp Zec
Tt Yy @¢ Xy Yy Qo

(historyextra.com)



/-3 Polarization

Elliptical Polarization
most general: E field traces a tilted ellipse:

y minor axis:
length ay

along the

*  n direction,

Polarization ellipse



/-3 Polarization

Elliptical Polarization
most general: E field traces a tilted ellipse:

y rotation angle:
: —n/2<y<m/2.
I
/ X
Major Rotation
: angle

Polarization ellipse



/-3 Polarization
—

Elliptical Polarization
most general: E field traces a tilted ellipse:

y Ellipticity angle  ellipticity angle:
1
¢ tany = < 8 + —
\ .
i 9
/ +: |eft-handed rotation

Rotation

-: right-handed rotation
angle

Polarization ellipse



/-3 Polarization
—

Elliptical Polarization
most general: E field traces a tilted ellipse:

y Ellipticity angle  ellipticity angle:

Rotation
angle

Polarization ellipse



/-3 Polarization
—

Elliptical Polarization

most general: E field traces a tilted ellipse:

y Ellipticity angle

Polarization ellipse

Rotation
angle

ellipticity angle:
tany = + -1 — il
ag R

axial ratio:
R = ag /an

=1: circular plzn
=e0: |inear plzn




/-3 Polarization

I
Elliptical Polarization

tan2y = (tan2yp)coso (—x/2<y<m/2)
sin2y = (sin2yp)sind  (—xw/4 <y <m/4),

y > 0if cosd >0, x > 0 if sind > 0,
y < 0if cosd <O. Y < 0if sind < 0.



/-3 Polarization

-—
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



Example 7-3
B

Given: plane wave with electric field:

E(z,t) = X3 cos(wt — kz+ 30°)
— y4sin(wt — kz +45°) (mV/m).

Find: The polarization state

Solution: First we need to find the phasor representation.
So, convert the sin() to a cos()

E = %3 cos(wt — kz+30°) — y4cos(wt — kz +45° —90°)
= X3 cos(wt —kz+30°) — y4cos(wt — kz — 45°).



Example 7-3
L

So the phasor is:

~

E(Z) _ i3e—jkzej30 _y4e—jkze—j45
s ﬁ3e—jkzej300 _'_y4e—jkze—j4506j180°
. . (o) . . o
=f{3e_1kzej30 _'__y4e—jkzejl35 ,
SO: 0y = 30° and o, = 135°

§=5,— 6, =135°—30° = 105°

4
Wy = tan ™! (Z—y) = tan ! (5) =53.1"



Example 7-3

I
tan2y = (tan2yp)cos & = tan 106.2° cos 105° = 0.89,

2 solutions: vy = 20.8° and -69.2°.
since cos 0<0, choose -69.20‘

sin2y = (sin2yy)sin o
= sin 106.2°sin 105° = 0.93 or | = 34.0°.

So, it's‘elliptically polarized\ and because y is positive,
it means it's|left-handed




/-3 Calculating Polarization Angles

T
tanl//():Z—y (OS‘VOSE)
2
Y
ay/

Polarization ellipse




/-3 Calculating Polarization Angles
—

tan2y = (tan2yp)coso (—x/2<y<m/2)
sin2y = (sin2yp)sino  (—xw/4 <y <m/4),

y > 0if coso >0,
y < 0if coso <O0.

x > 0 if sino > 0,
Y < 0if sino < 0.



/-3 Calculating Polarization Angles
N

Since arctan and arcsin are multi-valued:

Need to look for the "appropriate” solution, given the
solution from your calculator

Generally can go £180° from the calculated answer.
In our case, since we have tan(2y) and sin(2y),

we should try £90° on y and y in order to satisfy the
sign constraint.



The polarization is ELLIPTICAL ( right-handed

Instructions

Amplitude X

1.0

Phase X  (e)deg ( )rad
0.0

Amplitude Y

1.0

Phase Y (e)deg ( )rad
-69.5

Animation speed

|  Update ||

-

Trace: @On OOf‘f

=]
e 7 The wave travels in the z-direction (towards the viewer)




Module 7.4  Polarization Ii InIpLJJtIOutput[ Phase Planes| lnstructionls | Input Update |
| [t = 04447 w t = 1602 ] § 44 Animation speed J » g frequency f =[1.0e9 e
T il Relative Permittivity &p =|1.0
|l 1
Reset Relative Permeability Hr=l1.0
E (t) A B Reference Amplitude E°= .0 [V/m]
Reference Phase (z=0)¢@ =|0.0 [rad]
1
o] Length Displayed 1 =W [2]
afeas L E,=10E, Ey= 1.0 E,
A I~ E = B 1=
z
N 1 SN ~ @(E;)-@(Ey)=0.0°
N i = ] ]
E,(t Gk
u
// ~ P
e Wavelength A = 30.0 [cm]
Phase Velocity u, = 3.0x108 [m/s]
| |
0 l=1.0%1 Period T=10x109[s]
Zy 28 Impedance of the Medium [ (2]
N = 376.991118
A [ = a
B [ T4 B Phase Constant
B = 20.94395 [m1]
A z,=00k =00[m] f=1.0 GHz B) zg=10%k =300[cm]
|Ex|= 10 [V/m] I=1.0x =300 [cm] | Ex:li=-1.00 {Vi/m] LINEAR POLARIZATION
LE, = 0.0[rad] LE, = -6.28319rad]
|E,|= 10 [V/m] » |E,|= 10 [V/m]
LE, = 0.0[rad] WE, (1) WE,(1) WE,(t LE, = -6.28319 [rad ]




Homework
2

Homework 25 is due tomorrow at midnight.

submit to gradescope via the canvas site.



Next Time

1
Sections 7-4 through 7-6:

Wave Propagation in Lossy Media
Current Flow in a Good Conductor

Electromagnetic Power Density



