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Classification of Materials

1. Homogenous or Inhomogenous
2. Isotropic or Anisotropic

3. Linear or non-Linear

4. Dispersive or non-dispersive



Electric Properties of Materials
Frequency Behavior (Complex Permittivity)
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Frequency Behavior of Sea Water
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Wave Equation

Time Dependent Homogenous Wave Equation (E-Field)
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Wave Equation

Time Dependent Homogenous Wave Equation (E-Field)
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Wave Equation

Time Dependent Homogenous Wave Equation (E-Field)
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Wave Equation

Time Dependent Homogenous Wave Equation (E-Field)
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Wave Equation

Time Dependent Homogenous Wave Equation (E-Field)
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Wave Equation

Time Dependent Homogenous Wave Equation (E-Field)
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Wave Equation

Source-Free Time Dependent Homogenous Wave Equation (E-Field)
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Wave Equation

Source-Free Time Dependent Homogenous Wave Equation (H-Field)
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Wave Equation: Time Harmonic

Time Domain
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Wave Equation: Time Harmonic

Time Domain
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General Solution Case: Time Harmonic
Rectangular Coordinates
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General Solution Case: Time Harmonic
Rectangular Coordinates
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Separation of Variable Solutions
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Assume Solution of the form:

E, (X, y,2) = T1(x)g(y)h(z)



Separation of Variable Solutions
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Assume Solution of the form:  E, (X,Y,2) = f(x)g(y)h(z)

" 00g(y)h(z) + F(x)g"(Vh(z) + F(x)g(y)h"(z) + B*F (x)g(y)h(z) =0



Separation of Variable Solutions
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Separation of Variable Solutions
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Assume Solution of the form:  E, (X,Y,2) = f(x)g(y)h(z)
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Separation of Variable Solutions
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Assume Solution of the form:  E, (X,Y,2) = f(x)g(y)h(z)
constant
" " " ~—
0, 9°0) '@,
t(x) a(y) h(z)
N v J \ v J H—/
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of X ofy of z

Question: How can a function of x + a function of y + a function of
Z + constant equal zero for every value of x, y and z?



Separation of Variable Solutions

0°E, ©0°E, O0°E, _,
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Assume Solution of the form:  E, (X,Y,2) = f(x)g(y)h(z)
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function function function
of X ofy of z

Answer: Each of the terms must also be equal to a constant!



Separation of Variable Solutions

constant
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Separation of Variable Solutions

constant
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Separation of Variable Solutions

(1) f(x)——ﬂ —> f”(X)+,B f(x)=0
@) gg(‘yy;= oo g'(y)+ 4, 9(y) =0
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equations instead of one partial

differential equation! You
should know how to solve these!



Separation of Variable Solutions

f"(x)+ 8.7 f(x)=0

How do we solve this?



Separation of Variable Solutions

f"(x)+ B,°f(x)=0
Guess: f(x)=Ae”
AlSZ SX-|-A1,82 sx_
= S +f =

= s=t\-p =B,

= f(x)=Ae " +Be”



Separation of Variable Solutions

f7(x)+ B, f(x)=0
g"(y)+,°9(y)=0
h"(z)+B,°h(z) =0

f(x)=Ae x4 B el

- g(y)=Ae
h(z) = Aje /2% 1 B,e 2
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Separation of Variable Solutions

f(x)= Ae P4 B el

g(y) = Ae

h(z) = Aje /% 1 B,e 2

Lets look at these solutions a bit more carefully. What do

they physically represent?



Separation of Variable Solutions

f(x)=Ae " +Be

g(y)=Ae " +B,e"

n(z) = Ae

6,7
B.e

Lets look at these solutions a bit more carefully. What do

they physically represent?

Answer: It depends on these constants f,, 8, and j3,



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #1: B, Is a real number

00 = Ae 7 + Be
E(x,t) =Re{f (x)-e*|

E(x,t) = Ref A e + B el ] git]
E(x,t) = RejA e/*#) 4 g gllet+0]

E(x,t) = A cos(at — S, X)+ B, cos(wt + £, X)



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #1: B, Is a real number
E(x,t) = A cos(at — B X)+ B, cos(at + £, X)

These solutions represent waves traveling in the x direction
called “traveling waves”



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #1: B, Is a real number
E(x,t) = cos(wt — 5, X)
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Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #1: B, Is a real number
E(x,t) = B, cos(wt + S, X)
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Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #1: B, Is a real number
E(x,t) = cos(wt — S, X) + cos(wt + 5, X)



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #1: B, Is a real number
E(x,t) = cos(wt — S, X) + cos(wt + 5, X)
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Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #2: B, Is a purely imaginary number



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #2: B, Is a purely imaginary number

Let [, = ja wWwhere o ispurely real



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #2: B, Is a purely imaginary number

Let [, = ja wWwhere o ispurely real
— _jﬂxx jﬂxx
f(x)=Ae P +Be

f(x)=Ae*" +B el
f(x)=Ae"*+B e



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #2: B, Is a purely imaginary number

Let [, = ja wWwhere o ispurely real
aXxX —aX
f(x)= Ae“* +B,e

E(x,t) = Re{f (x)-e'|

E(x,t) = ?e{[Ale“X + Ble‘“x]-ej“’t}
E(x,t) = ?e{Ale‘)‘Xej”t + Ble‘“xej“’t}
E(x,t)=Ae™ Re{ej“’t}+ B,e ™ Re{ej”t}




Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #2: B, Is a purely imaginary number

Let [, = ja wWwhere o ispurely real
f(x)=Ae” +Be™
E(x,t)=Ae” Re{ej”t}+ B,e™” Re{ej”t}

E(x,t) = Ae”™ cos(wt) + B,e™ cos(wt)



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #2: B, Is a purely imaginary number
Let S, = ]Ja Wwhereaispurely real
f(x)=Ae” +B e
E(x,t) = Ae” cos(wt) + B,e™ cos(wt)
These solutions represent waves that do not travel but instead either

grow or attenuate in space. These solutions are called “evanescent
waves”



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #2: B, Is a purely imaginary number
E(x,t) =e™™ cos(awt)

Electric Field




Separation of Variable Solutions

f(x) = Ae ' +B e/

Answer: It depends on these constants f3,, 3, and j3,

Case #2: B, Is a purely imaginary number
E(x,t) =e* cos(wt)
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Separation of Variable Solutions
f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #3: B, Is a complex number

Let B, =1y + Ja where o and y are purely real



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #3: B, Is a complex number

Let B, =1y + Ja where o and y are purely real
f(x)=Ae "+ B e

f (X) — Ale—j-(i%l-ja)x + Bl ej(iy/—ja)x

f(x)=Ae“e " + Ae™e "+ B e e + B e" e



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #3: B, Is a complex number

Let B, =y=% Ja where o and y are purely real
f(x)=Ae e " + Ae e " + B e *e* + B, e/

E(x,t) = Re{f (x)-e/*|
E(X,t) = ReﬂAle“Xe‘j”‘ + Ble_axej”( + Aie_axe_jﬂ“ + Bleaxejﬂfx].eja)t}
E(x,t)=Ae” Re{ej(a}t_ﬂ)}-l- Ae™ RE{ej(wt_ﬂ)}+ Be™ Re{ej(a}tﬂ/X)}_l_ B,e™ Re{ei(a’HN}



Separation of Variable Solutions

f(x)=Ae " +Be
Answer: It depends on these constants f3,, 3, and j3,

Case #3: B, Is a complex number

Let S, =y% Ja where o and y are purely real
X
f (X) — Aleaxe—j)/X + Ale—axe—jyx + Bl e—axejyx + Bl eaxejyx
E(x,t)=Ae” Re{ej(“’t‘”)}Jr Ae ™ Re{ej(“’t"“)}Jr B,e™ Re{ej(“’t+7“)}+ B, e Re{ej(“’t+7“)}

E(x,t) = Ae” cos(awt — )+ A e ™ cos(awt — yx)
+ B, e” cos(wt + yx) + B,e™ cos(awt + yx)



Separation of Variable Solutions

f(x) = Ae ' +B e/

Answer: It depends on these constants f3,, 3, and j3,

Case #3: B, Is a complex number
Let B, =y % Ja where o and y are purely real

E(x,t) = A e™ cos(at — ) + A e ™ cos(wt — 1X)
+ B,e™ cos(awt + X) + B,e™ cos(awt + X)

What do these solutions look like physically?



Separation of Variable Solutions

f(x) = Ae ' +B e/

Answer: It depends on these constants f3,, 3, and j3,

Case #3: B, Is a complex number
Let B, =y % Ja where o and y are purely real

E(x,t) = Ae” cos(awt — )+ A e ™ cos(wt — yx)
+ B, e” cos(wt + yx) + B,e™ cos(wt + yx)

These solutions represent waves that travel and either grow or
attenuate as they travel.



Separation of Variable Solutions
f(x)=Ae " +Be”

Answer: It depends on these constants B,, 8, and j3,

Case #3: B, Is a complex number
Let B, =y=% Ja where o and y are purely real

E(x,t) =e ™ cos(wt — X)
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Separation of Variable Solutions
f(x)=Ae " +Be”

Answer: It depends on these constants B,, 8, and j3,

Case #3: B, Is a complex number
Let B, =y=% Ja where o and y are purely real

E(x,t) =e ™ cos(wt + yX)
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Electric Field




Separation of Variable Solutions
f(x)=Ae " +Be”

Answer: It depends on these constants B,, 8, and j3,
Case #3: B, Is a complex number
Let B, =y=% Ja where o and y are purely real

E(x,t) =e” cos(wt — X)

Electric Field
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Separation of Variable Solutions
f(x)=Ae " +Be”

Answer: It depends on these constants B,, 8, and j3,

Case #3: B, Is a complex number
Let B, =y=% Ja where o and y are purely real

E(x,t) =e” cos(wt + yX)

Electric Field
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Separation of Variable Solutions

B purely real B purely B complex
Imaginary
Traveling and Evanescent waves

standing waves

f(x)=Ae P +Be’*
E(x,t) = A cos(awt — S X)

+ B, cos(at + 5, X)

f(x)= Ae™ +B e

E(x,t) = Ae” cos(at)
+ B,e™ cos(at)

Exponentially modulated
traveling wave

f(x)=Ae“e "+ Ae e
+B,e"e)* + B e/

E(x,t) = Ae™ cos(at — yx) + A e cos(wt — yX)
+ B,e™ cos(at + yx) + B,e™™ cos(wt + yx)




	ELEG 413�Lecture #4
	SUMMARY
	Classification of Materials
	Electric Properties of Materials �Frequency Behavior (Complex Permittivity)
	Slide Number 5
	Wave Equation
	Wave Equation
	Wave Equation
	Wave Equation
	Wave Equation
	Wave Equation
	Wave Equation
	Wave Equation
	Wave Equation: Time Harmonic
	Wave Equation: Time Harmonic
	General Solution Case: Time Harmonic�Rectangular Coordinates
	General Solution Case: Time Harmonic�Rectangular Coordinates
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions
	Separation of Variable Solutions

