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Example: copper
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Denote

Then we have
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Skin Depth
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For a good conductor, the 
depth of penetration is 
called the “skin depth”. 

The symbol is δ.
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Skin Depth (cont.)
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Example: copper
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0 4 10 [H/m]µ µ π −= = ×

75.8 10 [S/m]σ = ×

Frequency δ
1 [Hz] 6.6 [cm]
10 [Hz] 2.1 [cm]
100 [Hz] 6.6 [mm]
1 [kHz] 2.1 [mm]
10 [kHz] 0.66 [mm]
100 [kHz] 0.21 [mm]
1 [MHz] 66 [µm]
10 [MHz] 21 [µm]
100 [MHz] 6.6 [µm]
1 [GHz] 2.1 [µm]
10 [GHz] 0.66 [µm]
100 [GHz] 0.21 [µm]
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Skin Depth (cont.)
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The same penetration principle holds for curved conductors, as long 
as the radius of curvature is large compared with the skin depth.

Coax

Penetration into 
inner conductor
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The distance z′ is now measured from the boundary of the conductor.

Penetration into 
outer conductor

Skin Depth (cont.)
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Regions of strong currents
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Coax

rε
a

bc

Skin Depth (cont.)

(outer surface of inner conductor and inner surface of outer conductor) 
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The fields are confined inside the coax if 

tδ <<

Coax

Skin Depth (cont.)
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Equivalent surface current
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Surface Impedance
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The 3D volume current 
is collapsed into a 2D 

surface current.
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Surface current model
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Actual current

Surface Impedance (cont.)
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Define the surface impedance:
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Surface Impedance (cont.)
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Surface Impedance (cont.)
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Define “surface resistance” and “surface reactance” from

s s sZ R jX= +

We then have:
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Surface Impedance (cont.)

(1 ) [ ]s sZ R j= + Ω



Example: copper
7

0 4 10 [H/m]µ µ π −= = ×

75.8 10 [S/m]σ = ×

Frequency Rs

1 [Hz] 2.6×10-7 [Ω]
10 [Hz] 8.3×10-7 [Ω]
100 [Hz] 2.6×10-6 [Ω]
1 [kHz] 8.3×10-6 [Ω]
10 [kHz] 2.6×10-5 [Ω]
100 [kHz] 8.3×10-5[Ω]
1 [MHz] 2.6×10-4 [Ω]
10 [MHz] 8.3×10-4 [Ω]
100 [MHz] 0.0026 [Ω]
1 [GHz] 0.0083 [Ω]
10 [GHz] 0.026 [Ω]
100 [GHz] 0.083[Ω]

2sR ωµ
σ

=
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Surface Impedance (cont.)



Find the high-frequency impedance for a solid wire.

Impedance of Wire

Note: The current mainly flows on the outside surface of the wire!
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Z = impedance seen by source
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Surface-current model:
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Impedance of Wire (cont.)

Z = R + j X = impedance
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Therefore, we have
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Equivalent circuit:

R jX 

2s
lR X R
aπ

 = =  
 

a
l

,σ µ

1
2sR ωµ

σδ σ
 = = 
 

17

Impedance of Wire (cont.)



Assume:

0.00825 [ ]sR = Ω

62 2.090 10 [m]δ
ωµσ

−= = ×

Example: copper wire
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σδ σ
 = = 
 

a R = X
10 [µm] 6.57 [Ω]
0.1 [mm] 0.657 [Ω]
1 [mm] 0.0657 [Ω]
10 [mm] 0.00657 [Ω]
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Impedance of Wire (cont.)
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DC
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Compare with the same wire at DC:

a R
10 [µm] 2.7 [Ω]
0.1 [mm] 0.027 [Ω]
1 [mm] 2.7×10-4 [Ω]
10 [mm] 2.7×10-6 [Ω]
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DC

a R = X
10 [µm] 6.57 [Ω]
0.1 [mm] 0.657 [Ω]
1 [mm] 0.0657 [Ω]
10 [mm] 0.00657 [Ω]

1.0 GHz

Impedance of Wire (cont.)
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Derivation:



We use the surface resistance concept to calculate the 
resistance per unit length R of coax.

Resistance per unit length:
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Coax (cont.)
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Coax Formulas 
(R, L, G, C)
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8.686α=Attenuation (dB / m) 

α = attenuation constant (np / m)
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Coax (cont.)
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Frequency dB/m
1 [MHz] 0.01
10 [MHz] 0.03
100 [MHz] 0.11
1 [GHz] 0.40
5 [GHz] 1.0
10 [GHz] 1.5
20 [GHz] 2.3

Approximate attenuation in dB/m for RG59 coax:

[ ]0 75Z = Ω

[ ]
[ ]

0.292 mm

1.85 mm
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=

=

=

(from Wikipedia)



Coax (cont.)
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Fiber-optic guides give a much lower attenuation than coax:

Typical  single-mode fiber optic cable: 0.3 dB/km
Typical multimode fiber optic cable: 3 dB/km

Frequency dB/m
1 [MHz] 0.01
10 [MHz] 0.03
100 [MHz] 0.11
1 [GHz] 0.40
5 [GHz] 1.0
10 [GHz] 1.5
20 [GHz] 2.3

Fiber optic cable

RG59 Coax



Appendix
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Summary of Formulas
(Good Conductors)
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