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Electromagnetics:
Electromagnetic Field Theory

Waves in Lossy Dielectrics

Lecture Outline

* Complex Wave Parameters
* Visualization of EM Waves

* Complex Wave Parameters for Special Cases
* Lossy dielectrics (general case)
* Good dielectrics
* Good conductors
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Complex Wave
Parameters
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The Complex Permittivity €

There are two ways to specify the electrical properties of a material:

Complex Permittivity: £ =¢'— jg"
Real Permittivity & Conductivity: ¢ and o

The two systems above can be related using Maxwell’s equations.

Complex Permittivity: VXH = ](05E
Real Permittivity & Conductivity: V/ x [ = j i ]Cz)é‘E

=oLE+ jock
The relation is: . -,
=(o+ jwe)E
~ ' . " o | T L
E=&—Jj& =+— (5 N
Jo =joli—+¢
JO
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Parameter Values for Various Materials

Complex Permittivity

Complex permittivity

a laboratory tap

Material under test 3 [

Alr In an empty 0.937 ~ 1.010 -0.020 ~ +0.007
container

Water collected from [ 10,030 ~ 11.949 16.783 ~ 14.759

Conductivity

Water, 25 °C [8]

10.032 ~ 7.674 17.671 ~ 12.461

il | conductvityo |

Copper 5.96 x 107 S/m

Gold 4.10 x 107 S/m

Nickel 1.43 x 107 S/m

Iron 1.00 x 107 S/m

Drinking Water 5x103S/m

Air ~1010S/m

Teflon ~1024S/m
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The Complex Permeability fi

Similarly, the permeability fi can also be a complex number.

A=u—ju

It is unusual to see complex permeability fi used in practice.
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The Complex Wave Number k

A wave travelling in the 4z direction can be written in terms of the complex wave number k
as

E(z)=Pe Pk ik

Substituting k = k' — jk'’ into the wave solution gives , o
attenuation & oscillation

— — (1 e ey —
E —p —jK=jk")z Bk ikt
z)=re =Pe " e
-
attenuation oscillation

NN
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The Complex Propagation Constant, y

A wave travelling the +z direction can be written in terms of the complex propagation
constant ¥ as

—

E(z)=Pe F=r'+iy"

Substituting this into the wave solution yields

E(z2) =Eoe_(7+” o E e e

OH,_JA,_J

RN

attenuation oscillation
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Attenuation Coefficient o
and Phase Constant 3

A wave travelling the +z direction can also be written in terms of an attenuation coefficient
and a phase constant fand as

E( ) E —k"z —]kz

E(z)=E, ¢75e
E(z)=E el e E(z)%@;fﬁ
RN N

attenuation oscillation

attenuation oscillation

This provides the physical meaning of the real and imaginary parts of the complex wave
number k and propagation constant j.

k=p-ja y=a+jp

az—hn[l:r} a=Re[7]
<) EMPossible p=Re|k| f=m[7] s
9

Physical Meaning of ¢ and £

Equation of the Wave
E(z) = Eoe*”’ze_jﬁz

Attenuation described by o
/ —Qaz
e

Oscillation described by S

—Jjpz
e S takes on the meaning of the wave
1 : vector we discussed up to this point.
ﬁ— —kn
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Calculating @¢and ffrom fi, € and o

Given complex permeability i and complex permittivity &,

a =—Im[a) /ZEJ

kzﬂ—ja:a)\/E -
ﬂ:Re[a) ,&é}

Given real permeability u, real permittivity € and conductivity o,
-V =0’ pE=0’u(e+o/jo)

7' = jou(o+ jwe)

(0:+j,8)2 = jou(o+ joe)

r 7 ] a collects all loss information into a
(az _ﬂ2)+j(2aﬂ)=(—a)2,ug)+j(a)ya) azw\/ﬁ 1_{1) _1 single parameter.
2 L “e J pcollects all phase information into
J = = a single parameter.
2
az—ﬂzz—wz,us p=w HE 1+(ij +1 Both @ and [ are a crazy mix of the
208 = wuc 2 | ws ] fundamental parameters.
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Absorption Coefficient, a,
The absorption coefficient a;, describes how power decays as a function of position.
_ —apz
The attenuation coefficient « was previously defined as how the field amplitude decays as a
function of position.
E(z)=Ee “e '’ \
Given that P o« E?, the attenuation coefficient & and absorption coefficient ¢, are related
through
E(z) E
P(z)= () — Lo g
n n S——a,=2a
ﬁ EMPOSS|b|e Slide 12
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1D Waves with Complex Wave Number k

Purely Real k Purely Imaginary k Complex k

L

* Uniform amplitude * Decaying amplitude * Decaying amplitude
* Oscillations move power * No oscillations, no flow of * Oscillations move power
* Considered to be a power * Considered to be a
propagating wave * Considered to be propagating wave (not
evanescent evanescent)

These are the only 2.5 configurations that electrodynamic fields can take on.
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2D Waves with Complex Wave Vector k

Imaginary k, Complex k,
= ky = —jky ky =k — jky

Imaginary Ey
Ey = —Jjky

= ¥
- i
Complex k, Ry; | ‘ ’JMA _‘.&%%‘\R
~ ’ .7 _—-— ~
k, =k, — jky ; ] = x%—h‘v v
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Complex Impedance 7

The wave impedance 7j is in general a complex number.
7=n|£6, =R, + jX,

The amplitude/phase form is the most meaningful when substituted into the
expression for the magnetic field component of a wave.

A —

. kxDP i kXP _jker1a
H=""—e'*" = e (ke+6r)
n |77| 0, affects phase

k | | affects magnitude

Slide 15
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Complex Impedance 7 in Terms of fi, §, and o

Given complex permeability i and complex permittivity &,

n=

ven real permeability u, real permittivity € and conductivity o,

Gi
. 4| pe
77_\/5+G/ja)_\/1+0/ja)g
__ we Lo
lnl_[l+(cr/w£)2]l/4 4{77—2t (COE)

7] collects all amplitude and phase information between EandHintoa single parameter.

Slide 16

The complex impedance 7 is a crazy mix of the fundamental parameters.
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Complex Refractive Index 711 (3 of 3)

be a complex number as well.
n=n, —jlgk

Ordinary refractive index, n,

Extinction coefficient, x

imaginary parts of k as well as to and .

Recall that & =k, n. However, k is a complex number, so refractive index must

The real and imaginary parts of refractive index 71 can be related to the real and

~ Re [lg ]
k =k, ny=mta =t
kO kO
' an .
k'— jk —ko(no—]lc) _____________________ -
_____ Im k o
,B—jO(:kO(no—jK) K:—k =
S EMPossible 0 0 Side 17
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Complex Refractive Index for Various Materials
Gold _ , Crystalline Silicon (rSi) ‘
* oF ek 5.0
1.5F
g : gs F 40
] 103 2 ]
%1.0 ; %4 F B.DE
05 < ok S
10
Lt
00 ; 2 3 4 é é - 1 2 3 4 % ‘; ‘7 o0
Photon energy Av (eV) Photon energy hv (eV)
Copper ___ - —Amorphous Silicon
it 12 1
o (3 3-K
Fl 107 F ¥
Erol é B 2
rMIJ.S)- 1a é = |g
2L
b .
1 2 3 4 5 6 3 4 5
Photon energy hv (eV) Photon energy hv (eV)
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Loss Tangent, tan 6

Sometimes material loss is given in terms of a “loss tangent” tan §.
U4

g G — nz
tand =—=— P(z)zPOe ko
s we

Recall that interpreting wave properties (velocity v and loss ) is not intuitive using just the
complex dielectric function €. In this case, the complex refractive index 71 is preferred.

It turns out that the loss tangent tan § and the extinction coefficient k are essentially the
same quantity.

It is called a loss tangent because it is the we

2K O[abs angle in the complex plane formed
5 = — = between the resistive component or

n k n and the reactive component of &'
0 the complex permittivity.

o or &'
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Visualization of
EM Waves
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Waves in Materials (1 of 3)

Waves in Vacuum

Vacuum « His 377 smaller than E.

E
=1 =376730

0
« Eand H are in phase

Im[f]]=0

T

«E L

bl

HockxP

* Amplitude does not decay

o=0

Slide 21
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Waves in Materials (2 of 3)

Waves in Dielectric

Dielectric

oC
"
« E and H are still in phase
Im[7]=0
«ELH
HockxP
* Amplitude still does not decay

o=0

«His larger now, but still smaller than E.
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Waves in Materials (3 of 3)

Waves in Lossy Dielectric

4 Lossy Dielectric

nx—=

A

« E and H are out of phase!

Im[r]];tO

«ELH

HokxP

* Amplitude decays

o#0

* H remains larger, but still smaller than E'.

Slide 23

23

S EMPossible

More Realistic Wave (E Only)

It is important to remember that plane waves
are of infinite extent in the x and y directions.

ﬂ-T ik
T b Al iy
I 1P m,h}".lnll
1 \ iy "t Kl

iy

" ""*.11
Wy i
"
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More Realistic Wave (E & H

i It is important to remember that plane waves
DIiditr e oo .~ areof infinite extent in the x and y directions.

\\_‘

< EMPossible
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More Realistic Wave (Amplitude & Phase)

This representation shows the wave
amplitude and phase more realistically, but it
fails to convey polarization and that there are
P separate electric and magnetic field
components.

<) EMPossible
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Complex Wave
Parameters for Special
Cases
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Summary of Waves in Lossy Dielectrics
Condition: This is the general case. All materials have loss.
Fundamental Parameters: O, [ = [, & =&, :g+j_a)
Attenuation Coefficient: a:—Im[ﬂ a:a)\/ﬂ— p{ij 1
2 0]
Phase Constant: [ = R[ J B= w\/ﬁ 1+(£J 1
2 0]
Impedance: 7= \/7 ’u/g
1+0/ jowe
1
|n| = —/1/4 An=—tan" (ij
[1+(0'/a) ) } 2 23
S EMPossible
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Summary of Waves in Lossless Dielectrics

Condition: o <K w¢

Fundamental Parameters: o =0, 1=y 1, &= 5,

Attenuation Coefficient: o =0
& No attenuation

Phase Constant: S = w./ue
f His~3xsmallthanE. 7 .4 F arein phase

Impedance: 77=\/g=770\/§ 7| =u/e ,gnzo,_J

Notes:  Most commonly analyzed, due to easy math.
* Usually a good approximation for dielectrics.
Not physically real, except in vacuum. All materials have loss.
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Summary of Waves in Good Conductors

Condition: o> w¢

Fundamental Parameters: O, f =l ., € = E)E,

Attenuation Coefficient: o == _a);zta Strong attenuation
Phase Constant: o= 4= /%
E and H are out of phase.
Impedance: 7= [/22  |p= £ L7 =45°
o o

Notes: e« Very strong attenuation.
* Waves tend to reflect from good conductors so often do not experience the loss.

« FEleads H by 45°.
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