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Assume

E=XE(2)

Then V°E, +k°E, =0
d2E,
dz?

or

+k°E, =0

Solution:

E (z)=E,e
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p=u

(k = o/ ue)

y



The H field is found from:

VxE=-JouH
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H=— - Vx(ZE,(2)
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1 (9dExj
Jou\— dz

1 A
=-———(-JK)YE,
Jou




But

Hence

= = (real number)
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Lossless: 7 Is real.

There is no reactive power.
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Plane Wave in a Good Conductor

X

Eoyr Mo

E(z)=E e

K=w.ue, :a)\/; g—jg
@



—I>1
O E

Assume

The we have

,—/ . O /,ucf 1-] OUT :
kz — | — = = —1—
ONH Ja) @ a)(\/Zj 2 d=1)
Hence

k=K' k"~ [ (1- )

Therefore

k’zknz %
2

10



k,zk”z hatntd
2
Denote 5=dp:%
Then we have
5-d,- [
OUC
k'zk"zi
o

“skin depth”

E.(2)|=|E,oe™”
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Actual

Surface Impedance

_>Z~

Equivalent surface current

Model
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| = I J (2)dS = Ay jow J. (z)dz Actual current through Ay
S

| = JSXAy Surface current model

Hence

o=, 3.(2)dz
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Define

E(z)=E e

J = 'O°°Jx(z)dz

SX

= maEx(z)dz

J0

N — jkz
=], cE e "dz

oE, | ez

Integrating, we have

14



Hence

J

SX

=ok,,

=okE,,

=ok,,

= ook,

-, }
| J(k' = JK7)

1
_(krr 4 Jkr)

1
K71+ ))

[,

15



1 :
Zs = (gj (1+ J)

Define “surface resistance” and “surface reactance”
L. =R + JX,

SO

16



Impedance of a Bulk Conductor

W << 4,

Electrodes are
attached at the
outer (top) surface.

Electrodes

Assume no x or y variation
V=E,L
| =J W
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7 = S(Lj Assumption: (w, L) << 4,

Z, =R+ X =R,(L+ J)[%j L s j)(%]

R jX
— W AN
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DC Equivalent Model

w

DC problem
)l

The thickness in the DC
problem is chosen as oc L 1(L 1 (L L
the skin depth in the Ry~ = - =—| = |=R| = =R
. oA ol\ow) oco\w w
high-frequency bulk
conductor problem.

Hence R = REC



DC Equivalent Model (cont.)

High-frequency problem (R) DC current problem (R /°¢)

R =R
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Example

Find the high-frequency resistance and inductance for a solid wire.

Zin :Zs Lj

W

V(& L
2L
2ra

O << a

Ring electrode

The current is uniform along the boundary
(¢ direction), and therefore we can treat
this as a “rolled-up” version of a bulk
conductor (w = 27za).
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Example (cont.)

We can also get the same result by using the equivalent DC model.

L

o

Equivalent DC Model:
a

R—RDC—LfV L —R—L
° oA o2rad > 2ra

. : L . . L L
Z =R+ X =R(1 =R —(1 =R (1 — =7 | —
" ] ( +J) S27za( +J) S( +J)27ra S(Zﬂ'aj
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Example (cont.)

High-frequency

equivalent circuit: _
Assumption: L << 4,

O << a




Example

Find the high-frequency resistance and inductance for a hollow tube.

The electrodes are attached from the outside.

V(&

5 <<(a,b)
Zin = Zs (Lj
Ring electrode 27b
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Example

Find the high-frequency resistance and inductance for a hollow tube.

The electrodes are attached from the inside.

Zin = Zs (Lj
Ring electrode 2rra
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(%)

Power Dissipation

! Fields are evaluated on this plane.

<9é|> = time-average power dissipated / M? on S

1 * A 1 * 1 *
— ERe(EXﬂ )z=0 A :ERe(ExHy)hO = ERe(EXOHyo)
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Use

EXO — 77H y0

where

- L+ )R,

Ex - Ex0 e_jkz

_ — jkz
H,=He

= EXO/HyOZEX/Hy:n

Note:
n= =
Hy

E

7, ==
JSX
n=~L<,

= JSXzHy
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We then have

1 R 1
<%> :ERe(ExHy)z:O ZERe

1q
2

In general,

1
<%>:§Rs‘ﬂt0‘2

()|H

H

2
o

2
o
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For a good conductor,

J ~ 2)( HtO (exactly true for a PEC)

Hence, using this approximation, we have

1
<%>:ERS ‘ls‘z
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For the reactive power absorbed by the conducting surface
(VARS/m?) we have:

1 . 1
Im Sz :Elm(ExHy)z:O :Elm(n)‘Hyo

‘2

Hence
1 1
ImS, =2 X, [ =R 3, =ReS, =(%)

VARS / m? = Watts / m?
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