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|. Faraday’s Law & Origin of Electromagnetics
Il. Transformer and Motional EMF
I1l. Displacement Current & Maxwell Equations

IV. Wave Incidence (normal, oblique)
I. Lossy materials
Il. Multiple layers

Electricity => Magnetism

» In 1820 Oersted discovered that a
steady current produces a magnetic
field while teaching a physics class.

[ R This is what Oersted
discovered accidentally:

A Simple Giraat ﬁﬁdi=fjd§
L N
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Would magnetism would produce

electricity?
® Eleven(11) years
later, and at the same Voo —N@
time, (Mike) Faraday emf dt

in London & (Joe)
Henry in New York
discovered that a
time-varying magnetic
field would produce

an electric voltage! fﬁE dl = _NfaiB.dS
L s t

Cruz-Pol, Electromagnetics UPRM

Len’s Law = (-)
e |f N=1 (1 loop)

d¥
Vo =—— Vo —§E-di=-2N[B-d5
if dt emf f al _[

® The time change

Change in B can referto Bor §

B
(increasing)
=~ \‘

& 7 . ) I
; * B duced
O i

Electromagnetics was born!

e This is Faraday’s Law - %% W s
the principle of motors,
hydro-electric generators

and transformers
operation.

Faraday's Law ﬁEdi = —f%—BwJS’
L s t

Ampere's Lawflr]-dlﬂ=flj-d§
L s
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Faraday’s Law

® For N=1 and B=0

1 v N
v 2

emf’ dt
A Simple Giraat

Vi = fﬁE dl = IR
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Maxwell noticed something
was missing...

* And added J,, the —~ i
; \< >
displacement current g A

: R e

fHdl deS 1

enc =

H-dl=(J-dS=0 S
frdi=g

dle (] ds <9 (D-as =92 _
]:Hdl_g,, dS—dt{DdS -1

At low frequencies J>>J,, but at radio frequencies both

terms are comparable in magnitude.

(Luldl) Limitations of non-cooperative sharing

Example: 5 GHz doppler weather radar & WiFi LAN access point

Incident details:

+ LAN access point < 250 mwW

« In line of sight, 14 km from
radar

« TX frequency 10MHz below
radar band

Interference « Transmitter leakage generated
source 6 dB interference/noise at the
radar
Interference
strobes

Field data from an incident in 2009,
San Juan, Puerto Rico. Investigation
results and figure from NTIA
Technical Report TR-11-473

Spectrum access will be limited unless
there is a mechanism to mitigate
misconfiguration errors.

The Electromagnetic Spectrum
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7
Uniform plane em wave 7 &% i‘\
approximation ¢ %
1 -I:I— I = — >= Observer
Radiating % AL : ( NG L . ! | Aperture
antenna | X~ - ;L '
R N
S \Sphcncal A
/-7 -\ wavefront Uniform plane wave—""|

(b) Plane-wave approximation
(2) Spherical wave

Figure 2-1: Waves radiated by an EM source, such
as a lightbulb or an antenna, have spherical wavefronts,
as in (a); to a distant observer, however, the wavefront
across the observer’s aperture appears approximately
planar, as in (b).
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Maxwell Equations
in General Form

Differential form | Integral Form
V-D=p, fD'dS =fpvd" Qﬂeﬂlduﬁﬁ s Law forE
Gauss's Law for H
V:B=0 f B-dS =0 field. Nonexistence
g of monopole
V-5 | fp=-? p.ds Faraday' s Law
at ) atd
ap aD Ampere's Circuit
VxH=J+$ .fH'dl=f(J+E)'dS Law

Cruz-Pol, Electromagnetics UPRM
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Would magnetism would produce

London and Joe
Henry in New York
discovered that a

electricity?
® Eleven years later,
and at the same time, Ve
Mike Faraday in emf

Electromagnetics was born!
xS W o

® This is the principle of
motors, hydro-electric
generators and

transformers operation.

This is what Oersted discovered

time-varying magnetic accidentally:
field would produce oD
an electric current! fE-dl = —ifB-dS fH'dl =f(J+at) ds
L at+ *MentiLon some esxam
s ples of em waves
Special case Phasors for harmonic fields

® Consider the case of a lossless medium Working with harmonic fields is easier, but

o=0 requires knowledge of phasor.

® with no charges, ie.. p = 0 ] o ]
» The phasor is multiplied by the time factor,

ot
The wave quesltion can be derived from Maxwell e/, and taken the real part.

equations
VE+w ue E=0 p=wi+b

What is the solution for this differential equation?
® The equation of a wave!

Cruz-Pol, Electromagnetics UPRM Cruz] Im{rej¢} = I”Sin(a)t + ¢)

’Re {re’’} = rcos(awt + ¢)‘

Maxwell Equations
for Harmonic fields

A wave
Differential form* e Start taking the curl of Faraday’ s law
Gauss's Law for E field. VXVE, = _jw’.N.XHS.
. ® Then apply the vectorial identity
V-uH =0 ﬁﬁﬁi@;ﬁ: for H field. [VxVxA=V(V-4)-V’4
VxE =- jouH Faraday's Law e And you'’ re left with
‘V “H =J+ ]ng‘ Ampere’s Circuit Law V(V-E))-V’E, = - jou(o + jwe)E,

= _yzEs

{ * (substituting D = £ E and H = uB) ‘ Cruz-Pol, OPR

Electrical Engineering, UPRM
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A Wave

E
VE-y’E=0 i
Let’s look at a special case for 2
simplicity

without loosing generality:
*The electric field has only an x-

component
*The field travels in z direction
Then we have E(z,t)

whose general solution is
E@z) = Ee”+Ee™”

Cruz-Pol, Electromagnetics UPRM

To change back to time
domain

® From phasor
— - _ -z(a+jp)
E (z)=Ee”"=Epe
® . .to time domain

E(z,t)=E e “ cos(wt - fz)x

Cruz-Pol, Electromagnetics UPRM

Several Cases of Media

1. Freespace _0 = -
(0=0,e=¢,u=p)
2. Lossless dielectric (0=0,e=¢c¢e,u=pupu oro=0)
' ot 15T
3. Low-oss (0=0,e=¢¢, u=pp oro<<we)

4. Lossy dielectric (0=0,¢e= ee U= ,u'yo)

5. Good Conductor (o=x¢e= £, W=up Oro>> we)

h Permitivity: €,=8.854 x 102 F/m]

Permeability: W= 4w x 10-7 [H/m]

Cruz-Pol, Electromagnetics UPRM

1. Free space

There are no losses, e.g.

E(z,t) = Asin(awt - fz)x
Let's define
® The phase of the wave
® The angular frequency
® Phase constant
® The phase velocity of the wave
® The period and wavelength

® How does it moves?

Cruz-Pol, Electromagnetics UPRM

3. Lossy Dielectrics
(General Case)

® In general, we had

E(z,t)=E e cos(wt - fz)x

|’ = jou(o+ joe)| 7=+ if

—Rey’=p*-a’ =w’ue
‘yz‘ =p’+a’ =wuNo® + '€’

® From this we obtain

ue 1+(i) —l] and f=w HE
we 2

a=w |—
2

lﬁ)z +1}

® So, for a known material and frequency, we can find y=a+jf

Cruz-Pol, Electromagnetics UPRM

ummarv
i Lossless | Low-loss medium | Good conductor i
Any medium medium (e7/e” <.01) (e"/e’ >100) Units
(0=0)
B 0 [Np/m]
o ue o _
o 7[ (%) ’1] s Vfuo
B [ [ (oY [rad/m]
N [ | o |
- [ohm]
n jou [u u a+pHe
O+ jwe £ £ o
Uq o/ ! 1 df
— [m/s]
Ve | uor
u u u, [m]
A 2m/B=u,/f - il 2
% ; ; ;

Electrical Engineering, UPRM

cuzpo, Ecciinlreg:space; & =8.85 102 F/im  u,=4n 107 H/m 4,=120x Q




Dr. S. Cruz-Pol, INEL 4152-
Electromagnetics

Table 2-1: Expressions for c, f8, 1, up, and A for various types of nonmagnetic media.

Lossless | Low-Loss Good
Any Medium Medium Medium Conductor Units
(0=0) | ("/e'<]) | ("/e'>1)

. [ 2 e "

- Uoe'ey i 57” 2 e Vv 2e"

= w|: - \/1 (E) 1” 0 - £ (Np/m)
12
2

s Uoe'ey gl 2aVe 22V mV2e"

- [ ¢ {1_(5,) ” SBR[
N\ -1/2 .

_ Mo (€ o o 1+ j)mo
i Vo (-5%) e | vo | e | @
P w/B Ve | Ve | o2ler | s
A= 2n/B =up/f up/f up/f up/f (m)

Notes: In practice, a material is considered a low-loss medium if ¢” /¢’ < 0.01 and a good conducting
medium if €” /e’ > 100; ¢ = 3 x 108 m/s; 1o =377 Q.

g =¢'-j e (Relative) Complex Permittivity

0

k=B=w WEE, For lossless media,
The wavenumber, k, is equal to
The phase constant. This is
not so inside waveguides.

Cruz-Pol, Electromagnetics UPRM

The attenuation and phase constants can also be expressed as:

a=-w\|ue, Im{\/;}
B=w\u soRe{\/;}

Cruz-Pol, Electromagnetics UPRM

Intrinsic Impedance, n

® |f we divide E by H, we get units of ohms and
the definition of the intrinsic impedance of a
medium at a given frequency.

n= [ % <lze, e
o+ jwe

E(z,t) = E e “ cos(wt — fz)X .

e *Not in-phase
H(z,1) = ~2 ¢ cos(at - fz -6,y for a lossy

] medium

Cruz-Pol, Electromagnetics UPRM

Note...

E(z,t) = E e cos(wt - fz)x

E A
H(z,t) =% “ cos(wxt - fz-6,))
I
® E and H are perpendicular to one another
L]

Travel is perpendicular to the direction of propagation
® The amplitude is related to the impedance

® And so is the phase

® Hlags E

Cruz-Pol, Electromagnetics UPRM
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Loss Tangent

e |f we divide the conduction current by the
displacement current

‘ Jcs
/4

Cruz-Pol, Electromagnetics UPRM
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Relation between tan6 and e,
VxH=0E+jw£E=ng[1—j£]E
we

The complex permittivity is

g =¢|l-j—|=¢"-je
we

Cruz-Pol, Electromagnetics UPRM

Review: 1. Free Space
(U=O &= 60’ lLt Al’to
® Substituting in the general equations:

a=0, f=wus =wl/c

d ! =c /1=2—”

o s V8, B

= [Hes0°=1200Q =377 @
Eﬂ

E(z,t)=E,cos(wt—fz)x V/m

H(z,t)=£cos(a)t—ﬂz)ﬁ Alm
.

o

Cruz-Pol, Electromagnetics UPRM

Skin depth, &

> Is defined as the
depth at whichthe  e™' =0.37 = (37%)
electric amplitude is e -l
decreased to 37% e“=e atz=1/a=9¢

\“,"\u\/‘ N N —

d=1/a [m]

2. Lossless dielectric

a—Os ee, u=uu oro=0)

® Substituting in the general equations:

a=0, f=wjue

1 ,1=2l

_
B Jue B

= Lro0
£

U =

Cruz-Pol, Electromagnetics UPRM
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4. Good Conductors
(U OO &= g()’ lLl lurlu()
° Substltutlng in the general equations:

wuo
a=p0p=.—
P 2
‘7 ) Is water a good
1 = @ = 2£ A= zl Q conductor???
B Nuo B
E(z,t)=E e “ cos(wt - fz)x [V /m]
n = DE 450
e “cos(wt— fz-45%)p [A/m]

o H(z,t) = £,
@
o,

Cruz-Pol, Electromagnetics UPRM

Skin depth

|Ex(@)|
|Exol

Figure 2-10: Attenuation of the magnitude of Ei(z)
with distance z. The skin depth & is the value of z at
which |Ex(z)|/|Exo| =€ ', orz= 8 =1/a.

Cruz-Pol, Electromagnetics UPRM
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Short Cut ...

® You can use Maxwell’ s or use

where £ is the direction of proR/Iagation. of the wave, i.e.,
the direction in which the EM wave is traveling (a
unitary vector).

Cruz-Pol, Electromagnetics UPRM

Exercises: Wave Propagation in
Lossless materials
. A wave in a nonmagnetic material is given by
H =250c0s(10°1 - 5) [mA/m]
Find:
(a) direction of wave propagation,
(b) wavelength in the material
(c) phase velocity
(d) Relative permittivity of material

(e) Electric field phasor

Cruz-Pol, Electromagnetics UPRM

Exercises: Wave Propagation in
Lossless materials

. A wave in a nonmagnetic material is given by
H =1250e™ cos(10°1 - 5y) [mA/m]

Find:

(a) direction of wave propagation,

(b) wavelength in the material

(c) phase velocity

(d) Relative permittivity of material

(e) Electric field phasor

Radio Wave Propagation
Power in a wave

Receive

Antenna
ower and

\\:\\ r/i/ fransmits it o\

wherever it goes

Transmit Antenna e A wave carries

The ppwer density per
area garried by a wave
is gi' by the
Poynjihg vector.

Transmission
Line
.

Transmission Line

Cruz-Pol, Electromagnetics UPRM
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Poynting Vector Derivation...

flExH)-ds = —%I(SEZ s )dv -~ for?dy

S\

—
Ohmic losses due to
conduction current

Rate of change of

Total power across stored energy in E or H

surface of volume

® Which means that the total power coming out of
a volume is either due to the electric or
magnetic field energy variations or is lost as
ohmic losses.

Cruz-Pol, Electromagnetics UPRM
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Power: Poynting Vector

® Waves carry energy and information

® Poynting says that the net power flowing out of a
given volume is = to the decrease in time in
energy stored minus the conduction losses.

o - Represents the

S=@=ExH [W/m’] instantaneous
power vector
associated to the
electromagnetic
wave.

Cruz-Pol, Electromagnetics UPRM
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Time Average Power

® The Poynting vector averaged in time is

S —%iy dt =%_Z(E><H)dt =5Ri:{};"v x[fly}

® For the general case wave:
E =Ee“e ™% [V/m]

2

e o

e?*cosf, 2 | [Wm’

s

" =%e"’e"ﬂ’j} [4/m] T 2|

For general lossy media

Cruz-Pol, Electromagnetics UPRM

Total Power in W

The total power through a surface S is 8

QW=£@W%5 ] —

Figure 2-11: EM power flow through an aper{

® Note that the units now are in Watts

® Note that the dot product indicates that the surface area
needs to be perpendicular to the Poynting vector so that
all the power will go thru. (give example of receiver
antenna)

Cruz-Pol, Electromagnetics UPRM

Exercises: Power

1. At microwave frequencies, the power density considered
safe for human exposure is 1 mW/cm?. A radar radiates a
wave with an electric field amplitude E that decays with
distance as £(R)=3000/R [V/m], where R is the distance
in meters. What is the radius of the unsafe region?

® Answer: 34.6 m

2. A 5GHz wave traveling in a nonmagnetic medium with
£~9 is characterized by E = $3cos(wt + fAx) - £2 cos(awt + fx)[V/m]
Determine the direction of wave travel and the average
power density carried by the wave

. .
ADSWEE: & 20,05 [W/m’]

Cruz-Pol, Electromagnetics UPRM

o
Polarization:

Why do we care??

® Antenna applications —
* Antenna can only TX or RX a polarization it is designed to support.

Straight wires, square waveguides, and similar rectangular systems
support linear waves (polarized in one direction, often) Circular

waveguides, helical or Tlat spiral antennas produce circular or
elliptical waves.

® Remote Sensing and Radar Applications —
® Many targets will reflect or absorb EM waves differently for different
polarizations. Using multiple polarizations can give different
information and improve results. Rain attenuation effect.

® Absorption applications —

® Human bod)é, for instance, will absorb waves with E oriented from
head to toe Better than side-to-side, esp. in grounded cases. Also,
the frequency at which maximum absorption occurs is different for
these two polarizations. This has ramifications in safety guidelines

and studies.
Cruz-Pol, Electromagnetics UPRM

TEM wave

Transverse ElectroMagnetic = plane wave

® There are no fields parallel to the direction of
propagation,

¢ only perpendicular (transverse).

® If have an electric field E,(z)

e ...then must have a corresponding magnetic field
HX(Z)

® The direction of propagationis &, < a,, = a,

Cruz-Pol, Electromagnetics UPRM
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Polarization of a wave
|EEE Definition:

The trace of the tip of the Wave Polarization
E-field vector as a function “x
Of t’me seen from behlnd Vertical Polarization
Basic types: p WA JL
. ~
® Vertical, E,
E (2)=E, e’ * X
E‘(Z) = Em cos(wt _ ﬁZ))AC Horizontal Polarization
® Horizontal, E, A A e Z’(
E (@)=E = E, e ljj

E (2)=E, cos(wt - fz+0)y

Cruz-Pol, Electromagnetics UPRM
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Polarization
® |n general, plane wave has 2 components; in x & y
E(z)=3E, + szy

® And y-component might be out of phase wrt to x-
component, J is the phase difference between x and y.

E =E, e E, =a/s0°

= E, o ,=a, e

)%%HZ

ddral, Electromagnetics UPRM

Hy B El

Figure 2-4: The wave (E,H) is equivalent to th
of two waves, one with fields (E; , H,' ) and anothe
(E,",H,}), with both traveling in the +z direction.

Figure 2-5: Linearly polarized wave traveling in the
+z direction.

Cruz-Pol, Electromagnetics UPRM

5 z (out of the page)
\
N
-4 F5)
i EXN
' a @

(a) LHC polarization

2 (out of the page)
4

0
a e
e o), \o
' a >
Figure 2-5: Linearly polarized wave traveling in the b ’
+z direction. e o £

(b) RHC polarization

Figure 2-6: Circularly polarized plane waves propagat-

Cruz-Pol, Electromagnetics UPRM
ing in the +z direction (out of the page).

Several Cases
e Linear polarization: 6=0,-0, =0° or +180°n

e Circular polarization: 6,-6, =+90° and a,=a, RHC is -90°

Elliptical polarization: 6,-6,=+90° and E, #E,,, or 6=#0° or
#180°n even if £ =E

® Unpolarized- (Natural radiation)

Cruz-Pol, Electromagnetics UPRM

Linear polarization

Front View

®5=0 .
E =E "

X X0 ) Exo —
E =E, e’ {

® @z=0 in time domain
E, =a cos(wt)

E, =acos(wt)
Back View:

O

Cruz-Pol, Electror

1

‘cos(§:90°) = isin(&)‘

Circular polarization

» Both components have E, =a.cos(ot)
same amplitude a,=a, E, = a,cos(wt-90")

in phasor:

»6=6 y-é x= -90°0 = nght E(z)=(.§a+§ae"°”)e‘f‘: —a(i-j9)e”
circular polarized
(RCP) E(z,t)= xacos(wt kz)+ yacos(wt —kz - 90"))

> E(z.t)=(Racos(wr - kz)ﬂasm(wt kz))
Cruz-F

<

Electrical Engineering, UPRM
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Elliptical polarization

]

. g( anag’ g components have different amplitudes a #a, and
24000 .

® Or6#+90°and E,=E,,

Cruz-Pol, Electromagnetics UPRM

Polarization example

All light
"":>
Nothing comes
= out this time.

Polarizing glasses

Unpolarized

radiation
LI
enters =

Cruz-Pol, Electromagnetics UPRM

Polarization Parameters

tan 2y = (tan2a, ) cos 8

* Rotation angle, sin2 y = (sin2e,)siné

T T
-=y==

2 2 a

o tan y =+ = y Ellipticity angle
e Ellipticity angle, % s

T _ = 1 ¢
27773 A
7 I
Z e
X X Maios otation
e tan of Axial ratio  axie— Minr el
axis
ay ellip:
tanox o =
a, Figure 2-8: Polarization ellipse in the x-y plane, with

the wave traveling in the z direction (out of the page).
Cruz-Pol, Electromagnetics UPRM

Transmitting
antenna

\

Left screw sense
in space

A

Right sense of rotation
in plane

Figure 2-7: Right-hand circularly polarized wave
czpc  Tadiated by a helical antenna.

Polarization for em waves

45°  Left circular polarization
225 Leftellptical polarization 4 | \ 5 O :v
0° Linear polarization |
-22.5° Right elliptical polarization \{ ) ) ;A

-45° Right circular polarization ) \
> SN S S

Figure 2-9: Polarization states for various combinations of the polarization angles (1, x) for a wave traveling out of the
t
page.

Electrical Engineering, UPRM

sin(& +90°) = xcos(&)| |sin(E=180°) = —sin(&)
cos(E£90°) = Fsin(&)| |cos(&=180°) = —cos(&)

» Determine the polarization state of a plane wave with
electric field:

% E(z, t) = x3cos(ax - Sz +30°) - ydsin(awt - Sz +45°)
b-E(z,1) = X3cos(at - fz+45°) + y8sin(at - fz +45°)

c. E(z,t)=x4cos(wt- fz—45°)-y4sin(at - fz +45°)

a. Elliptic
a. E.(») =14( R-j2)e b. -90, RHEP
c. LP<135
Cruz-Pol, Electromagnetics UPRM
d. -90, RHCP
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inside the Human
Brain

Cell phone & brain

® Computer model for
Cell phone Radiation

Decibel Scale

® In many applicationts need co%'lnpet\rigon of two
powers, a power ratio, e.g. reflected power,
attenuated power, galn,..g

® The decibel (dB) scale is logarithmic

6o Pu

B,
P
GldB] =10log| —-
[dB] og( Pﬂj

® Note that for voltages, the log is multiplied by 20
instead of 10.

Cruz-Pol, Electromagnetics UPRM

Power Ratios
G G [dB]
10% 10x dB
100 20 dB
4 6 dB
2 3dB
1 0dB
0.5 -3dB

0.25 -6 dB
0.1 -10dB

0.001 -30 dB

Attenuation rate, A

® Represents the rate of decrease of the magnitude
of P .(z) as a function of propagation distance

ave

A= 101%%) =10log(e™)

ave

Assigned problems ch 2 1-3,5,7,9,13,16,17,24,26,28, 32,36, 37,40,42, 43

Wave incidence

. Brewster angle

Cruz-Pol, Electromagnetics UPRM

Reflection and Transmission

. Wave arrives at an angle
. Snell’ s Law and Critical angle
. Parallel or Perpendicular

Electrical Engineering, UPRM

Incident Reflected Incident Reflected Incident Reflected
wave wave wave - wave wave wave
'
o \ /
Medium 1 0
m Medium 1 '
m Medium 1
M8
0 = >
C;
Medium 2 Medium 2 Medium 2
L] n n
Transmitted wave Transmitted wave Transmitted wave
(a) Normal incidence (b) Ray representation of (c) Wavefront representation of
oblique incidence oblique incidence

Figure 2-12: Ray representation of wave reflection and transmission at (a) normal incidence and (b) oblique incidence, and
(¢) wavefront representation of oblique incidence.

Cruz-Pol, Electromagnetics UPRM
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Reflection at Normal Incidence

H;

Incident t
wave Tfransmitted

Medium 1

€1, 015 g
E, 501>
a

Medium 2
Et

; €5 Uy, Oy
ay

o
g O z

! 740
A H,

Reflected
wave

Now in terms of equations ...

e Incident wave

Eis (Z) = Eioe_ylz‘)e

H[S(Z) = Hioe_}/]zjj =

E. .
le‘ylzy
771

E;
H; é_’“k

Incident
wave

e It's traveling along —z axis ’

E

Reflected wave

W ‘—é H,

Reflected

. (Z) = Eme}’lz)’e. wave

. . E -
H”‘V (Z) = Hroehz(_y) = _ie/lzy

m

The total fields

* At medium 1 and medium 2

E-B+B  E<F
A=f+f A =H

* Tangential components must be
continuous at the interface

E,(0)+E, (0) = E,(0)
H,0)+H,(0) = H,(0)

* Reflection coefficient, p

Normal Incidence

* Transmission coefficient, T

Note:
p=Ln M=t =JZ-J2 el+p=1
E. + g g
o M ¥ Th \/g*'\/g «Both are

dimensionless
and may be
complex

E, _ 2 -+ 0s|p|s1

Ei() 772 + 771

Table 2-3: Expressions for EM fields in loTess d Jossy media under normal incidence.
nci

Lossless Media Lossy Media
E' = §Eje, H =% E ez Ei = §Eje", H=% L enz
m e,
r i - jkiz 4 Ey iz | g i~z T L p—
Ef =$§pEje /12, H =—fp — ¢™/92 | E' =§pEje "2, H=-%p N2
m e,
; E} 5 E}
E'=§rE e, H'= g7 -0 e/k2 E'=§7Eje’”, H' =gt 0 o2
mn e,

Phase matching: (E'+E)| _ =E'|_,
(H +H)| o = HY_,

_Mm—m

5 T=1+
m+m 2
21 2
k= 8l ky = (4
= 10 2= 5% V2
Mo Mo
m=-r, m= >
Ve Ve

Phase matching: (E'+E°)|__, = E_,
(H+H)|_ = H| _,

_ Moy =Ty

] T=1+p
ey +10c,
n=a+jb, rn=a+jp
_ _ Mo
Ney el Ney NG

Notes: & = &] — je; & =& — jej.

Electrical Engineering, UPRM
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Oblique Incidence

» Normal , a,

> Plane of
incidence

g

Medium 1 : ¢, u,

Medium 2 : &, u,

Cruz-Pol, Electromagnet|

Expression for fields
E =FE, cos(k,x+k._z—at)
E =E cos(k x+k_z-awt)
E =FE cos(k x+k_z-owt)

k. where

k[

= \}kli+ki =ﬂl =w Aulgl

Tangential £ must be Continuous

E(z=0)+E (z=0)=E (z=0)

Snell Law

*Equating, we get k, =k,

From this we know that

| B, sin6, = B, sin H,I

Also written as,

C
N =—=4/&,
U

Inl sin@, = n, sin0, I
or

where, the index of refraction of a medium, n,,

is defined as the ratio of the phase velocity in
free space (c¢) to the phase velocity in the

medium.

denser medium,
the refraction is

W, =0, =0, =0 frequency is a property of
the wave. So is color.
kiA‘ = er = ku' = k(
kn = krv = kn = k) N
- So 700nm is not always red!!
kix =
Bysing, = B, sinf, 0,=0,
Inward refraction Outward refraction
: '
' .
- 01 6] m\‘%;/ When going to a

'
'

n B
'6;

/

@ m<m

n

Ulaby,

6, <0,

n '
'

) m>nm

No transmission

.
|
L
m N0 6
o

6, =90

(¢) m >mand 6) =6,

inward.

Figure 2-15: Snell’s laws state that 6] = 6, and
sin = (n) /ny) sin ;.. Refraction is (a) inward if ny < np
and (b) outward if ) > ny; and (c) the refraction angle is
90° if ny > mp and 6; is equal to or greater than the critical
angle 8 = sin™! (np/my).

Critical angle, 6.
..All is reflected

*When 6, =90°, the refracted
wave flows along the surface
and no energy is transmitted
into medium 2.

®The value of the angle of
incidence corresponding to
this is called critical angle, 6.

oIf . > 6, the incident wave is
totally reflected.

Electrical Engineering, UPRM

sin6, = "2sin g, [6, =90°]

n
n_ |2
n €
(for w, = u,)

Example; €, =9;¢,=4

sin6, = |<25in90°
srl
sin42° = \/g(l) =67

$in40° = .64 = .67(sin 73°)

sin50° =77 = .67(sin??°)
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Optical fibers have cylindrical fiber core with
index of refraction n, surrounded by another

Fiber OptICS cylinder of lower, n, . n,, called a cladding.

Acceptance Cone

eLight can be guided with total reflections
through thin dielectric rods made of glass or
transparent plastic, known as optical fibers.

Fiber core
[ Cladding

no

(b) Suceptive intemal reflections

Y g & . .. [Figure from Ulaby, 1999
Waves can be guided along optical Sbers s long s the reflection angles exceed the criticli g3 or T° v; 1999]

(a) Optical Fiber

®The only power lost is due to reflections at them_mg
input and output ends and absorption by the
fiber material (not perfect dielectric).

total internal reflection

Use Snell and critical angle to

derive: . Acceptance angle
eFor total reflection:

(ny =)

sing, =sinf, =2 6,+6,=90° [sinf, =
n n,
Perpendicular (H) or Parallel(V) Parallel (V) polarization

Medium 1: &)
i e It's defined as E is || to incidence plane

)

Medium 1:¢, u4, {X

E
X x
| ki
E; z
Medium 2: ¢ Medium 2: & R
' Medium 2:
(a) Horizontal polarization (b) Vertical polarization 8 1
[Figure 2-16: The plane of incidence is the plane containing the direction of wave travel, ki, and the surface normal to the
boundary. In the present case the plane of incidence containing k; and 2 coincides with the plane of the paper. A wave is
(a) perpendicularly polarized (also called horizontally polarized) when its electric field vector is perpendicular to the plane
of incidence and (b) parallel polarized (also called vertically polarized) when its electric field vector lies in the plane of
incidence.
Equating for continuity, the tangent Reflection and Transmission
fields Coefficients: Parallel (V) Incidence
Which components are tangent to the )
. > ® Reflection
interface between two surfaces?
E, n,cosf -ncoso,
® yand x p=—r=n ' i
E, m,cos0,+n,cos0,
At z =0 (interface):
% E, (cos6,)e” Jpi (xsing, +zcos6,) +E,(cost, )ef//l,(\sinﬁ, -zcos6,) _ E, (cos Hl)effﬂg(nmﬂﬁzcmﬁ,) 7,= & _ 27]2 COS@;
)ﬂ):&e-,ﬂ‘(ys.nﬁ,ﬂww,) _Ee»m (xsing, ~zcos8,) _ ﬂe-,ﬁz(n.nﬂ,umm,) E,-o m, COSQ, +17, COS 9,'
i m .
X:E, cost, +E, cosl =E, cosb, where  7,=(1+p,) cos,
cos0,
U Y m

Electrical Engineering, UPRM
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Property . | Normal Perpendicular Parallel
Reflection and Transmission W | Incidence
Coefficients: Perpendicular(H) Incidence Reflection e ol [ net ]
coefficient n,+1, Mo 1, cosb, +1, cosb, P27, cost, 056,
E cosf, —n,cosb
P, === 1, €085, 1, €08 G, Transmission I 211, 056, 2cost
. = 7, = > B , cosb),
E, mn,cos0,+mn, cosb, coefficient "+, 1030, + 0080, |1
Rosion | 7=1+p =
E, 21, cos, =
TL=E T cosO.+ 1 cosd. Power ) 2 L =lol
o 1,€080; +1,c0s6, Reflectivity I'=|o| Ty = ‘PH‘ 1=l
Power T =1-T
l+p, =71 Transmissivity T=1-T L=1-1 'ZT|=1—F”
€ 1
Snell's Law: 7
Crzpol, Eectomagnetics UP{SITL ) = n_Singi where n, =/u,,¢,,
2
Table 2-5: Expressions for p, 7, T, and T for wave incidence from a lossless medium with intrinsic impedance 1), onto B r‘ ews're r' G ng I e 6
a second loﬁrlass medium with intrinsic impedance 1. Angles 6, and 6, are the angles of incidence and transmission, 4 B
respectively.’
i i i ® Is defined as the incidence angle at which the reflection
Normal Incidence Horizontal Vertical coefficient is O (total transmission).
Property 6=6=0 Polarization Polarization
: Reflection coefficient p= sl = mmgl —meosy = mws;}z—mws? T = w =0
mtm My086; +1, cos b, Mpc086; +1), cos b f 1, c0s 8, +1), cos b, * 6 :
| Ao £ 2m 2mc0s6; 2mp¢08 6 B IS
| Transmission coefficient | 7= = W=
h+n 1,086, + 1y cos B, 1,08 6, +1; cos B known as
[ | [ o - 6,=0
| Relation of p to 7 T=14p n=14p “=““‘”§%31 1, €086, =17 COS U the
! ] . 1-(&u,/ g,u iZi
[ Reflectivity r=|p? = |2 I'=|p sm 95\ = (1#22]) olarizin
I 1—(81/62) angle
| Transmissivity T=|} (TD—) T=|nf nicost =%} nicos6;
° L7} i nyc0s6; - " 1pc0s0;
| Relation of T'to T T=1-T T=1-1* r=1-T
Notes: sin6, = /&{/gjsinfy; m; =1no/+/e}; 1 ="0//8.
http://www. g larchive/Oblique/Oblique-2.html ar
Cruz-Pol, Electromagnetics UPRM —

Able 2-3: Expressions for EM fields In lossless and lossy. media under normal Incidence.

Reflection vs. Incidence angle. —OT -

E} = §Ei e hxsing, -zeos0r) E}, = (—Rc0s 6; —2sin ;) Eige i (xsints ~zc0s6,)
! o ey it
B = (050, + i) H i) B =y S -zt
1 1
O IR N peT—— E = (Rcos 6, — 2sin 0y )py Elge- i city 2con)
- B = (oot + 13m0 ) 0 ot | g, B ity
. I |
Reflectlon VS. B v B = Bl e Asaimeoat B} = (~Rcos 6 — 2sin 6y, Elge-alesnte-sosty)
incidence angle e[ B = Gontr im0 o) | g, B ey
. 2 )
for different : 02
. 0.4 ) ~ — 7\/(5,/51)”5“130 [fpsmfe,] 7(5-) cosf;
tYQeS of soil and Dry soil e _ 10086, —mycos6, 08O 2/ L} P> cou 5 Sy cos 61PN Ve it
=3 - " macosBy+micosB, +1/(e/e) —sin? T m + 6 g ., 17 (e
parallel or (&r=3) _ - p2Cos GiEhaiicos cos B, \/(e;/t,)*sm o 208 6 + 1)1 cos 6 [z?fsin‘ﬂx} *(:Z)C‘“”‘
- 02 o
perpendicular B=1tm »=0+m) g,
polarization. o= e m=" m=T
AR S 6 D e Jo "’ ¥ Y8
2 - 5 8 7
’ b= 2;/;; kasin 6 = ky sin 6
(B dry soil)” (B wet soil)” (0 water) h LG
Incidence Angle 6; (Degrees) S0 [‘ g (k; ““8') ]
Cruz-Pol, Electromagnetics UPRM *Notes: (1) Lossless medium: & = ¢’; (2) lossy medium: ¢ = &’ — je” and jk should be replaced with
Plots for |I"; | and |I"y| as a function of ¢; v = j(2my/e"=je")/dq.

Electrical Engineering, UPRM
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Table 2-6: Oblique incidence in a lossless medium onto a lossy medium."

Horizontal Polarization Vertical Polarization
E}, = §Ej e /h(xsin0,—zcos0)) Ei, = (—R00s 6) — 2sin ;) Eige /i (xsind; ~zc0s0))
H, = (Rcos 6, +2sin6;) Eio - jhi(xsinty ~zcosy H =9 Eig - jhi(asind; ~zcos))
m m

E; = 9pEle Jky (xsinBy +zcos 6;) E, = (Rcos 6; — 2sin 0 )pyElge Jky (xsinBy +zcos6;)
Ej - E} - )
Hj, = (—Rcos 8, +2sin6))py, # e hlxsindizeost) | g —gp ’T\:\ ¢ i (xsinfy +zcos ;)

E}, = §7,Ejge T2 (xsin0y—zc0s6y) E! = (~R008 0, — 2sin 6;) 7, Eige 2 (xsin0~zc0s0s)

H, = (%cos 6, +2sin )7, Ebo ,n(xsinty—zcostn) H =9z, El ,-nlxsinty-zcosty)
mn m
_ Macos6; —ncos b _ Mcos By — 1, cos
"~ 2086 + i cos B ¥~ acos 6y + n cos B
cos 6,
Hw=14+pm -nf(lep\)msgZ
Notes:
2 o o
et/ ] = -
1= \/_, m= "z m=—
27 g S sy,
n=a+ip=j5 Va 128in6; =k sin6; o=g-jg

X )

: 2112 , 12
cosb, = 1—(11‘) sinﬂ,) =[I—( ; Gt ”)sinth}
72 §—Jg

1

0.9

0.8

0.7

b, 06

or 05

ol = = =lpu| (2= 50 —0)
bl 041 lovl (e2=50—0) 1
03k | = = -lenl (e2=50-25) J
— lpv| (62 =50 —j25)

02| - - - oy (62 = 50— j50) 1
01t lov! (e2=50-j50) 1

0 L el
0 10 20 30 40 50 60 70 80 90
Incidence angle 6 (degrees)

Figure 2-19: Angular plots of |p,| and |py| for
incidence in air upon a material with &, = &} — jej'.
Cruz-Pol, Electrom._....— —. ...

Dielectric Slab:
2 layers
® Medium 1: Air o, =0

® Medium 2: layer of thickness d, low-loss (ice, oil,
snow) oL _ :
& =6 -j&, 1h=01jp
® Medium 3: Lossy , "
&=6-j& 1=+
Snell’s Law Phase matching condition at interphase:

7, sinB, =y, sind, =y, sind,

cosf, = ]—(ﬁ—'sinﬁl)
-8

Cruz-Pol, Electromagnetics UPRM

if2 low-loss

Reflections at interfaces

® At the top boundary, p;,,
® At the bottom boundary, p,3

For H polarization:

_m cost), —n, cos6, _ 150086, — 1), cos b

12 23
1, cos0, +1, cosb, 1,080, +1, c0s6;

For V polarization:

_ M, c0s0, —m; cos6y _ 1:€056, =1 c0s0,

12 23 Q Q
1,086, +1,cosb, 1,086, +1, cos O

Cruz-Pol, Electromagnetics UPRM

Medium 1: &} z  p=sum of infinite numl Medium 1
i of reflected rays #
Incidentray |
6116, ‘g/v :
it 5}1‘ A
j ! z=0
Medium 2: &; = &) — jé Medium 2
z2=-d H
H
Medium 3: £3 = &3 — j&§ 16, 42
z=~d —————— x
Medium 3 \ Bottom boundary
Figure 2-20: Multiple reflections in a two KA
A3
'

composite.

Figure 2-21: Electric field amplitudes of downward and
upward propagating waves in media 1,2 and 3.

Cruz-Pol, Electromagnetics UPRM

Multi-reflection Method

® Propagation factor: = g 1240802
P =P A Tl T 4 TPl ot T, =14,
=Pt TuTpPpd (a4 +.) T, =1+p, =1-p,

2 2
P4 T, TP Ty

003471,

Cruz-|
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0 =0 f=1GHz
fice 3202 £5ea =87~ j58

0 N N P S S
0 10 20 30 40 S50 60 70 80 90 100

Ice thickness d (cm)
Figure 2-22: Plots of (a) |p| as a function of ice-layer
() o) versus thickness d for normal incidence and (b) |py| and |pn| asa
oyl ot I function of incidence angle 6, for a 20 cm ice layer over
v the ocean surface.

d=20cm f=1GHz
h polarization

Eioe =32-j02  £,00=87 )58

10 20 30 40 S0 60 70 80 90
Incidence angle 6 (degrees)

(b) Ioy] and |py] versus

Cont... for H Polarization
P= P+ T Ty 4 TPl Tyt T =14,
=P+ Ty TPl (L4 x4 X7 +.0) T, =1+p, =1-p,

Substituting the geometric series: L =l4x+x"+...

1-
- plz)(l - plz)p234’2 !
1-p,0,4°

pP=pnt

. __ - 1adcost,
And then Substituting L=e and P, =-p,
= BTV
L+ p,0e :
Cruz-Pol, Electromagnetics UPRM
! Az 1Py wpit'n
0 \/ / / Medium 1
=
2 5 A Medium 2
T2 P21P23L 7T nPnLTy
d
PRV
z=-d
Medium 3

Figure 2-24: Multiple reflection process.

Cruz-Pol, Electromagnetics UPRM

Medium 2
d
Medium 3
Figure 2-23: Reflection, ission, and
Cruz-Pol, Electromagnetics UPRM
Code 2.4 Reflection by Two-Layer Composite
et S S

1598 module computes thx: refloction propertics of & two-layor
comnposito with planar bouxdarcs, Modura 116 a:r
incidence zngle in medium 1,ad 1he frec-se-cy ara
nprrs. The refiec-ion caefiriant ane reflectivity are plotten
aqainst.the =~icknass o the top layar, far both h and

Rofloction Crefficant

=« Polartzation
= b Polarization

Ieflection Coefliclent Magnitude

1 92 03 o4 bn 06 07 om sa a4
Thickness of Middle T ayer, meters

Rea Part: e 2
tmeg Fert: 22 0.0
© Plot lieficction Coeficiont Megnitude
Resi Tort: 61 30 #lol Reflectivity
Tme I [
Incicence Angle (¢eg): 40
Froquency (GHz2): 1

An example of one of the interactive modules available at the book website: mrs.eecs.umich.edu.

Antennas

Now let’ s review antenna theory

Cruz-Pol, Electromagnetics UPRM
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