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i o ° Jo, Note: The free-charge density p, refers to those
\Y . . .y .

J I o charge carriers (either positive or negative) that

T J c are free to move (usually electrons or ions). It is

zero for perfect insulators.

i
i Impressed current (source)

C . . C
J " conduction (ohmic) current  J~ = p, V

: , C
Linear medium: J ZGE (Ohm'’s law)

Note: The electric field is set up in response to the impressed current source.
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VxH=J+jwskE

Ampere’s law:

VxH=J +0E+ jwcE
e X \

Source Conduction Displacement






. O This "effective"
Define: E =& — J — permittivity accounts
€ Q) for the conductivity.

Note: If there is polarization loss (molecular or atomic friction), than &
will be complex in addition to «,.

Ampere’s law becomes:

VxH=J+jwe E

Ampere’s law thus becomes in the same form as for free space:

Vxﬂ:ii+ja)gog



Note: g Is often called ¢ for simplicity in most books.

However, be careful!
D=¢E
D=¢E

Even though the effective permittivity appears in Ampere’s law, it is the
actual permittivity that relates the flux density to the electric field.



This principle allows us to solve problems involving a
homogeneous (lossy) material, as long as we know
how to solve the corresponding free-space problems.

VxH=J ! + J Q) ‘90 E (Free-space problem)

@ Ey = &,

VxH= Jl + ] &, E (Material problem)

The formulas for the fields remains the same: we simply make this simple substitution.



Ocean

A dipole is embedded in an infinite medium of ocean water. What is
the far-field of the dipole?

First examine problem in free space (next slide).



Dipole in free space:

As I — o0

E, = 1407);:0 sin@de " Kk, = w1y,



Dipole in ocean:

Ocean
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Write this as:

The loss tangent is defined as:

8(;' Note: The loss tangent
tan o = — combines losses from atomic
gc and molecular friction together
with loss from conductivity.

e, =Re(¢)

- Note: In most books, the symbol ¢is used to
gl'=—1Im (g) + = denote &, in the time-harmonic steady state.
)
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Some Common Materials

f=3 GHz

Material tano

Water (pure) 0.156

FR4 0.018

Duroid board (typical) 0.001
Polyethelene 0.00031
Teflon 0.00014
Quartz 0.000061
Sapphire 0.00002
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VxH=J+jwe E
=)' +0E+ jwsE
=J'+0E+jowg E+ jo(e—¢&,)E
oot T T

Source Conduction Free-space Polarization
J° displacement JP

Four types of current density (nonmagnetic medium)

I

Note: The free-

current is not an
actual current flow.

/_\A
o © pV
o)
oo © space displacement
J P

~ JC J
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Model of polarization current:
N, dipoles per unit volume

- + q
X Vv
o9 O0—090 .
The dipoles stretch rather than rotate.
o0® 00 0O POES S o
0—© 0—© 0—© As the elect.rl_c field changes,. yve imagine
0—O 0—©O 0—O that the position X of the positive charge
changes, with the negative charge being
o0 o0 o0 stationary.
oo o060 090
»
From the charge-current equation:
— P _ A0y —
% (qX)Nd . —PVV—(qu)V
dz dx
X
dt dt d.2

Hence %p :W

14



In general,

d7
P_ "=
A

Time-harmonic steady state:

J" = joP = joe,  .E = joe, (¢, -1)E = jo(e—¢,)E

37 = jo(s-)E

This agrees with the conclusion from Amperes’ law.



If magnetic material is present. ., = i%’ — M :> H = i
Hy Hy

VX(iE—M}IHweCE
Hy

=ii+ag+ja)a‘§

LHS is that of Ampere's
law in free space.

l =J'+0E+jogE+jo(e-¢)E
1

Vx| —B|=J"+0E+ jog, E+jo(e—g)E+VxM

Hy / /

Polarization current from Polarization current from
dielectric properties magnetic properties

B-M
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V x iﬁ =)' +oE+ joeg, E+jo(e—¢)E+VxM

oy |
Conduction Bolarizati Magnetig
3¢ Free-space olarization  nolarization

Source

p
B displacement J Jme

Note: The free-
space displacement
current is not an

actual current flow. Five types of current density

0 —
' NP g D
Ji OO \ lp ime

—_ JC
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3t )) o7 o

Nonmagnetic body
Inside the body,

VxH=josE
= JwgE+ ja)(gc _EO)E
Define:
leq = ja)(gc _gO)E

18



Interpretation: )
I// T \\\\
| P g My The body is
l T | replaced by its
'\ \ ! equivalent current in
€q free space.

Note: The equivalent current is unknown,
since the electric field inside the body is unknown.
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The equivalent current combines the conduction current and the polarization
current.

ey
&, =&— | —

/ | ’

€q

|
i
o s
S

—~~
™

SO

Polarization current Conduction current
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