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Lecture 24 – Outline 

• Finish good conductors 
• Examples of propagation in lossy medium 
• Wave polarization 
• Linear, Circular (and Elliptical Polarization) 
 
 
 
 
 
 
 
Reading assignment  
Prof. Kudeki’s ECE 329 Lecture Notes on Fields and Waves: 
24) Signal transmission, circular polarization 
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Good Conductor 𝝈 ≫ 
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Good Conductor 𝝈 ≫ 

Medium Impedance 

Phase Velocity 

Wavelength 
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Good Conductor 𝝈 ≫ 

A strict rule of thumb is that approximations for good conductor 
can be applied when 

When this assumption is verified, the attenuation 
constant 𝒂 and the propagation constant 𝜷 are 
approximately equal. 
 
The medium impedance  has nearly equal real and 
imaginary parts, with phase angle 𝝉 ≈ 𝟒𝟓° = 𝝅 𝟒 . 

Therefore, in a good conductor electric and magnetic field have 
always a phase difference 𝝉 ≈ 𝟒𝟓° = 𝝅 𝟒 . 
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Good Conductor 𝝈 ≫ 

For a good conductor, this is called “skin depth”.  In general, 
𝟏/𝜶 can be called “penetration depth” 

In a good conductor the fields attenuate rapidly.  The distance 
over which fields are attenuated by a factor 𝐞𝐱𝐩 −𝟏  is 
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Perfect Conductor 𝝈 → ∞ 

For this ideal material, the attenuation is also infinite and the 
skin depth goes to zero. This means that the electromagnetic 
field must go to zero below the perfect conductor surface. 

“General Medium” 

Following the previously introduced rules, we can define the 
general medium to be in the range: 

In this case, we need to use the complete formulation, since 
approximations would be too inaccurate.   

Of course, this is arbitrary.  The full model is valid for all cases. 
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“General Medium” 

It can be shown that 

Full result for the propagation constant 
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“General Medium” 

Medium Impedance 

Phase Velocity 

Wavelength 
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Summary of the special cases (table in the notes) 
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Example  
 
The intrinsic impedance of the medium is complex as long as 
the conductivity is not zero. The phase angle of the intrinsic 
impedance indicates that electric field and magnetic field are 
out of phase.  
 
Considering the forward wave solutions 
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The time-dependent fields are recovered as: 
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Example: A typical good conductor is copper (Cu), which has 
the following parameters 

What is the skin depth of copper at 30 GHz? 
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Example: Although copper is a good conductor, at what 
frequency it stops being that?  At what frequency does it 
become an imperfect dielectric?  Assume that the conductivity 
is always 5.8107 S/m. 

Conventionally, copper ceases to be a good conductor when  

Copper starts to be an imperfect dielectric when  

X-rays 

Gamma rays 
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Example: Consider sea water, with parameters 

What type of material is sea water at 25 kHz? 

good conductor 
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Example: Poynting vector in imperfect dielectric 

Plane TEM wave at 1 GHz with 𝝈 = 𝟏𝟎−𝟑  𝐒 𝐦   and  𝜺 = 𝟒𝝐𝟎 
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Magnetic field 

𝑒−𝑗𝜏 = cos 𝜏 − 𝑗 sin 𝜏 = 0.9999975 − 𝑗0.00225  

Time Average Poynting vector 

NOTE “−𝟐𝜶𝒛" 

≈ 𝟏 
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Time Average Poynting vector 

Even if the medium is an “imperfect dielectric” the wave has lost 
85% of the power over 10 m. This power is transferred to the 
medium due to induced current density corresponding to a term  



Some examples follow for you to explore more. 

 

We do not have time to cover them in class but 
we will point out some important concepts. 
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Example – Consider now the same 𝐄 field in sea water but at 
frequency of 1kHz.  Sea water has typically 𝝈 = 𝟒𝐒 𝐦  and 
𝜺𝒓 = 𝟖𝟎 to 𝟖𝟏. 

good conductor 
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The expressions of magnetic field and Poynting vector are very 
similar, but now parameters are quite different 

≈ 92% power 
reduction 

lower attenuation at lower frequency but less 
communication bandwidth 
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Penetration depth for sea water at 1 kHz. 

This frequency would be suitable for communications with 
submarines at shallow depths. 
- Band for shallow depth communications is 3 kHz-300 kHz. 
- For deeper communications (up to 100’s of meters) the 3 to 300Hz band 

has been used. US SAGUINE System worked at 76 Hz. Signals are limited to 
a few characters per minute; transmitting antennas (buried in the ground) 
cover very large areas and need enormous power.  This is a one-way 
technology since submarines cannot carry large enough antennas. 

- Acoustic technologies are still being developed, including acoustic (in 
water) and radar (in air) hybrid systems.  
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Significance of penetration (skin) depth  

space scale in units of  
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Significance of penetration (skin) depth  

space scale in units of  
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Significance of penetration (skin) depth  

space scale in units of  
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Example – Current in a conductor 
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Current in a conductor 

actual current distribution 
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Current in a conductor 

equivalent uniform current model flowing only in the “skin” layer 



Wave Polarization 
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Consider two TEM waves transmitted simultaneously 
and amplitude modulated with the same signal   

The resultant vector for the combined fields rotates in time. The tip of the vector 
describes a circle rotating counter-clockwise for an observer facing the incoming 
wave along 𝒛.  This is called a right-handed circular polarization.    

polarized along 𝒙 polarized along 𝒚 

combined wave 
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The polarization state of the wave identifies 
how the tip of the electric field vector evolves 
in time. 
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looking into the thumb 
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Right-Handed Circular Polarization 
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Polarization of Plane Waves 

The electric field of a general electromagnetic wave can be decomposed into two 
orthogonal components.  The resultant field vector propagates with a pattern 
which depends on the relative amplitude and phase of the components.   
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𝑥 

𝑦 linear 
polarization 
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Linear Polarization - 𝑬𝒙 and 𝑬𝒚 in phase with same magnitude 
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𝑥 

𝑦 linear 
polarization 



40 

Linear Polarization - 𝑬𝒙 and 𝑬𝒚 in opposition of phase with same magnitude 
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left-handed 

circular 
polarization 
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Left-Handed Circular Polarization 
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Representation with two circular polarizations 

An alternative way to synthesize any polarization state is to 
combine two orthogonal right-handed and left-handed circular 
polarization fields as a basis function, instead of two linear 
polarizations, such as for example 

By assigning variable weights to real and imaginary parts of the two 
basis functions, it is possible to reproduce any ellipse, including 
linear polarizations which correspond to very thin ellipses. 
 
In this formalism one can map the polarization states to a sphere 
(called the Poincaré Sphere) – This is shown in the EXTRA material 
that follows.  

right-handed circular left-handed circular 



All other possible cases with arbitrary 
amplitude and phase generate “elliptical 
polarization” 

 

Some examples are illustrated in the video 
animations (posted on the website). 
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EXTRA MATERIAL  

FOR THE INTERESTED STUDENTS 
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right-handed 

elliptical 
polarization 
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Right-Handed Elliptical Polarization in Quadrature and 𝑬𝒙 = 𝟎. 𝟓 𝑬𝒚  
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left-handed 

elliptical 
polarization 
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Left-Handed Elliptical Polarization with ∆𝝋 = 𝟒𝟓° and 𝑬𝒙 = 𝑬𝒚  
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Phasor representation 

The phasor of the total polarized field has the form 

where 

The ratio between the amplitudes of the two components gives 

The complex ratio in polar form provides a simple guideline to 
classify the polarization state, when mapped to its complex plane. 
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∆𝜑 

𝑥 

𝑦 

LEFT-HANDED 

RIGHT-HANDED 

vertical polarization 
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EXTRA     Parameterization for Poincaré Sphere 



57 

EXTRA     Projection onto a plane of Poincaré Sphere 
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Example: Poynting vector of polarized signal – Lossless medium 
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Getting the Magnetic Field from the Electric Field (propagation along 𝒛) 
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Poynting vector of polarized signal – Lossless medium 

Modulus of the 
electric field 
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Example: Poynting vector of polarized signal – Lossy medium 
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Poynting vector of polarized signal – Lossy medium 


