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Electromagnetic Waves 2.3
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Electromagnetic Waves COPPE A
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Let us now consider harmonic fields and use complex notation with the general time dependence;)c —
of Then the rate of change equals a multiplication with jw meaning that the second

de{ivative wrt. time Is
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Electromagnetic Waves
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Wave Equation in Complex Notation:
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Electromagnetic Waves

Taconic High Performance Materials - T

pical Values

- ‘ \"o'lu,n'c Sl{rf;?cF Flex Moislu‘rc 'Ihcrm'al' CTE* Peclls;;'icl:lg(h
Part # Composition Dk Resistivity | Resistivity Strength Absorption |Conductivity o . i
a Mohm/cm | Mohm kpsi % W/M'K et Wit
Profile Cu
=¢r|=tan MD | CD x |y | z CV1
TLY-5A PTFE - Glass Diy7e 0.0009%® 10" 10° 14 13 <0.02 0.22 20 20 280 12
TLP-5 PTFE - Glass 2.20% 0.0009% 107 107 >12 >10 <0.02 0.22 20 20 280 10
TLY-5 PTFE - Glass 2209 0.0009" 10" 10° 14 13 <0.02 0.22 20 20 280 12
TLY-3 PTFE - Glass 2.33% 0.0012% 10" 10° 14 13 <0.02 022 20 20 280 12
TLX-0,9,8,7,6 PTFE - Glass 2.45-2.65% | 0.0015 - 0.0021“ 10" 10° >23 >17 <0.02 0.22 9 12 140 12
TLA-6 PTFE - Glass 2.65 0.0017 104 10" 13 12 0.02 0.19 9 12 140 >10
TSM-26, 30 PTFE Ceramic - Glass [ 2.60*, 3.00 |0.0014', 0.0013% 108 107 >7 >6 0.03 027 23 28 78 8
fastFilm™27 (FF-Z?)T PTFE Ceramic - Film 2.70 0.0012 10° 10°% 4 4 0.03 0.34 29 28 112 16
TLC-27, 30, 32, 338, 35 PTFE - Glass 2.75-3.50% | 0.0023 - 0.0037% 10° 10° 24 19 <0.02 024 9 12 70 12
TSM-DS PTFE Ceramic - Glass 2.85% 0.0010% 10° 10° 15 8 0.04 0.45 11 18 57 8
TLE-95 PTFE - Glass 2.95@ 0.0026@ 10° 107 >24 >18 <0.02 0.28 9 12 70 12
RF-30 PTFE Ceramic - Glass 3.00® 0.0014® 10° 10% 20 16 0.02 0.20 11 21 208 10
TSM-DS3 PTFE Ceramic - Glass 3.00@ 0.0011@ 108 10¢ 12 8 0.07 0.65 10 16 23 8
TRF-43, 45 PTFE Ceramic - Glass 4.30, 4.50 0.0035 107 107 17 15 0.06 0.43 9 9 40 >8
RF-60A PTFE Ceramic - Glass 6.15@ 0.0038@ 108 10% >18 >15 0.02 0.40 9 8 69 8




AH = —w?ueH

AE = —w’ucE
Fie} € 5 (1 — j%)

For a good conducting material (i.e., metals, for example, silver, copper, gold, aluminium, brass,
..) we can neglect the real part of € up to highest millimeter wave frequencies (because o > ¢)

- O Figure 4.1: Complex permittivity € and loss tangent tan ¢ :E :
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and obtain —_— Q_‘_oéw)
AH = jwucH (4.25)
AE = jwuckE (4.26)

The same notation also holds for the current density (J = o E):

AJ = jwpcd (4.27)



Solutions of Wave Equation
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E\ectromagnetic Waves
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Electromagnetic Waves
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In physics, a wave vector is a vector
which helps describe a wave. Like any
vector, it has a magnitude and
direction, both of which are important.
lts  magnitude is either the
wavenumber or angular wavenumber
of the wave, and T

its direction is ordinarily the

of wave propagation.




Electromagnetic Waves
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Therefore, in a medium, electromagnetic waves propagate slower than in vacuum.



Electromagnetic (lossy and lossless) Waves

Wave Equation in Complex Notation:
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Electromagnetic (lossy and lossless) Waves
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Electromagnetic Waves
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Electromagnetic Waves

Good electric conductor: T > W

But for a good electric conductor (¢ > sw) the wave number becomes
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Good electric conductor: T > W

with the phase constant £’ N—p &
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and the so-called damping constant k” (here being equal to k')
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Poor electric conductor: @@~ - (%
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Poor electric conductor:
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Skin Depths: Skin effect is the tendency of an alternating electric current to become distributed within a conductor
such that the current density is largest near the surface of the conductor and decreases exponentially with greater

. \
depths in the conductor.
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Figure: Skin Depth
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Example: The skin depth of copper with o ~ 56-10°S/m is
67 um
/7 IMH7]

This yields a skin depth of 67 um at 1 MHz, 6.7 um at 1@nd 0.67 pnm at 10 GHz. At

50 Hz we get a skin depth of 9.5 mm.
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