ECE 313: Electromagnetic Waves

Lecture 8: fields in Dielectric and
Good conductors

Lecturer :Dr. Gehan Sami
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A sinusoidal electric intensity of amplitude 250 (V/m) and frequency

1 (GHZz) exists in a lossy dielectric medium that has a relative permittivity of 2.5 and
a loss tangent of 0.001. Find the average power dissipated in the medium per cubic

meter.

Solution First we must find the effective conductivity of the lossy medium:

o

tan é, = 0.001 =

b

W€ E,

0= 0.001(211:109)(13() 6-:)(2'5)

= 1.39 x 10™#(S/m).
The average power dissipated per unit volume is
p =3JE = 30E?

=1 % (1.39 x 107%) x 250 = 434 (W/m?).

< 12 -9
0=8.85*10 =10 /(36m)



Example 11.4

consider plane wave propagation in water,at microwave frequency of 2.5 GHz

At Irequencies 1n this range and higher. Real and imaginaryparts of the permittivity
Eil;tf present, and both vary with frequency. ¢” that increases with increasin g [requency,
e’ decreases with increasing frequency. At 2.5 GHz, ep =18 and €j =7
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similar to that for «, we [ind g = 464 rad/m. The wavelength 15 A =27/ = 1.4 cm,
whereas 1n free space this would have been Ag =¢/f =12 cm.
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Exa m ple: Let the internal dimension of a coaxial capacitor be a = 1.2 em, b = 4 cm. and [ = 40 cm.
The homogeneous material inside the capacitor has the parameters e = 107! F/m, g = 1077
H/m, and ¢ = 1077 S/m. If the electric field intensity is E = (10°/p) cos(10°t)a, V/m, find:

a) J: Use

10 ;
J=0E = (—) cos(10°t)a, A/m?
[i]

b) the total conduction current, I., through the capacitor: Have

I.= / / J - dS = 2mplJ = 20l cos(10°¢) = 87 cos(10°¢) A

¢) the total displacement current, I, through the capacitor: First find

oD 0 _(10%)(107 ) (10%) . 1.
4= 57 = dt{EE) =— . sin(10”t)a, = - sin(10°t) A/m

Now
I = 2nplJg = —2nlsin(10°¢) = —0.87sin(10°¢) A

d) the ratio of the amplitude of I4 to that of I.., the quality factor of the capacitor: This will

be
[T 0.8
= — =101
I 8
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The Radial Resistance of a Coaxial Cable

Example 27.3

Coaxial cables are used extensively for cable television and other electronic appli-
cations. A coaxial cable consists of two concentric cylindrical conductors. The
region between the conductors i1s completely filled with polyethylene plastic as
shown in Figure 27.8a. Current leakage through the plastic, in the radial direc-
tion, 1s unwanted. (The cable is designed to conduct current along its length, but
that is nof the current being considered here.) The radius of the inner conductor
is @ = 0.500 cm, the radius of the outer conductor is » = 1.75 ¢m, and the length
is L. = 15.0 cm. The resistivity of the plastic is 1.0 % 10'3 €} - m. Calculate the resis-
tance of the plastic between the two conductors.

SOLUTION

Conceptualize Imagine two currents as suggested in the text of the problem. The
desired current is along the cable, carried within the conductors. The undesired
current corresponds to leakage through the plastic, and its direction is radial.

Categorize Because the resistivity and the geometry of the plastic are known, we
categorize this problem as one in which we find the resistance of the plastic from
these parameters. Equation 27.10, however, represents the resistance of a block
of material. We have a more complicated geometry in this situation. Because the
area through which the charges pass depends on the radial position, we must use
integral calculus to determine the answer.

Analyze We divide the plastic into concentric cylindrical shells of infinitesimal
thickness dr (Fig. 27.8b). Any charge passing from the inner to the outer conduc-
tor must move radially through this shell. Use a differential form of Equation
27.10, replacing € with dr for the length variable: dR = p dr/A, where dR is the
resistance of a shell of plastic of thickness drand surface area A.

Polyethylene

Inner Outer
conductor conductor

- Current
) direction
o

/

dr

Figure 27.8 (Example 27.3) A
coaxial cable. (a) Polyethylene plastic
fills the gap between the two conduc-
tors. (b) End view, showing current

leakage.



Analyze We divide the plastic into concentric cylindrical shells of infinitesimal dr Current
thickness dr (Fig. 27.8b). Any charge passing from the inner to the outer conduc- e %duecmn
tor must move radially through this shell. Use a differential form of Equation %\ /

27.10, replacing € with dr for the length variable: dR = p dr/A, where dR is the H—'

resistance of a shell of plastic of thickness drand surface area A. ,%/

g . | pdr _ p + AL
Write an expression for the resistance of our hollow dR = 1 = = dr End view L\V\/
cylindrical shell of plastic representing the area as the ’ i Figure End view, showing current ‘
surface area of the shell: '~ 1eakage.

| : Sy
P b dr P b <
I hi ion f = = b: 1 R=JdR=—J—=—1 — ’
ntegrate this expression from r= ato r (1) onL | 7 T 9aL n (a)
1.0 X 10 - m 1.75 cm
Substitute the values given: R= In{———]= 133 X100
8 97(0.150 m) (0.500 cm)
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APPENDIX G DIELECTRIC CONSTANTS AND LOSS TANGENTS FOR

SOME MATERIALS

If Teflon is coaxial dielectric material compute
its conductivity, Complex permittivity, phase velocity Material Frequency €r tan§ (25°C)
, ratio of conduction current to displacement current and Teflon 10 GHz 2.08 0.0004
penetration depth

_7LW'{: o= —>

— ’e ~2 =4 -
e, o= WeEtan§ =277 x 10 X & FEA160 x2- 05 Xx4xI10 — 4_g x)c?
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* Good conductors has large conduction current w.r.t displacement current

(Jc>>'ld' or Jc/Jd>>1) Loss tangent(tan©)
J ot o
— === =——|>>1 & =¢gy¢,
J,| |oeE| |we

- ~j\- jouc
E

iy = joyue, = joJu(e' - je") = jw\/w’\/l— J ~

S /—w§0(1+j):a+j,8 — a=ﬂ=,/%=\/ﬂfﬂ0 ecz—j%?J’g”

J=j=1/-90° =1/ - 45° =

1_ i
—J Attenuation and propagation
A2 inside good conductor

Depend only on freq & conductivity



* Medium of EM travels: parameters in general formula

* Free space:

c=0 ¢=¢g,

e Lossless dielectric:

c=0 ¢=¢g,¢

or

O <K &

* Lossy dielectric:

c#0 e=¢g,¢,

e Good conductor:

OR®O &£=¢g,

or

O >> W&

H = Hy
:u::uO:ur
H = HoH,
H = Hy
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Lossy dielectric is the most general case

Lossy dielectric partially conducting medium



Assume E, travelling in +z direction

E, =E, e “e el =E e ™™ cos(at — z/ruc)

At boundary surface z=0
Displacement current is negligible(at good conductor)

E, = E, cos(wt)
J, =oE

CX X

Exponential decay to e1=0.368 of initial value(z=0) at:

Z:1:511

fuc :Ot:,B

Skin depth or depth of penetration

Perfect / Good
dielectric conductor

“H T T./;df '

FIGURE 11.3

The current density J, = Jge /%74
decreases in magnitude as the wave propa-
gates into the conductor. The average power
loss in the region 0 <x <L, 0 <y <bh,
z > 0, is 8bLJZ, /4o watts.



* For cupper 0,,=5.8X107 S/m so skin depth §.,=8.53
mm at f=60HZ

Electromagnetic energy is not transmitted in the
interior of a conductor; it travels in the region
surrounding the conductor, while the conductor
guide the wave.

* As frequency increase skin depth decrease, so at
microwave frequencies only 0.0001 inch coating
silver for waveguide(may be glass) is excellent at
these frequencies.

So skin depth depend only on frequency and
conductivity,

* We will see for submarine communication a very low
frequency is required to made a communication in
water.

Frequency O cu
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 [nm]
10 [MHz] 21 [um]
100 [MHz] 6.6 [um]
1 [GHz] 2.1 [um]
10 [GHz] 0.66 [pum]|
100 [GHz] 0.21 [pm]




1 =
) for copper at 60Hz —» f# =117.211, 6, =1/ =8.53mm
7T
A=—=270 A =27 x8.53mm = 5.36cm
p v, =27x8.53mmx60=3.215m/s
v, = % = 215
Y7 . WU 1., |ou
= —_— = — 4+
1 \/: _ (JE J\/E) _
NEi : :
VAT =L = Y2 s
o oo oo



Example 116

Let us again consider wave propagation in ater, but this time we wil consider sea-
water, The prmary difference between scawater and fresh waer i of course the sal
content, Sodium chloride dissociates in water o form N and (1™ fons, which, being
charged, will move when forced by an electric field. Seawater s thus conductive, and o
will atemuate electromagnetic waves by this mechansin, At frequencies n the victnity of
10" Hzand below, the bound charge effetsin water discused earier are neghigble, and
losses n seawater anse principally from the salt-assoctated conductivity. We consider an
imcident wave of frequency | MHz. We wish to find the skin depth, wavelength, and
phase veloaty. In seawater, 0. =4 S, and ¢, = 8.

Electrical conductivity in S/m

10 10 10 102 10-2 10t 1 10 102 1o 104
| Ignecus Rocks | | Fresh water | | Ore Minerals |
[ Seimray o]
Limestones Clays

Solution. We first evaluate the loss tangent, using the given data:

o 4

— =89 % 10> 1
we’ (2w x 105)(81)(8.85 x 10-12) % >

Thus, seawater is a good conductor at | MHz (and at frequencies lower than this). The
skin depth 1s

1

1
5 f— f—
Jafue /(< 105)(4r x 10-7)(4)

=025m=25¢cm

Now
A=2m5=16m
and
v, = wd = (2 x 10°)(0.25) = 1.6 x 10° m/sec

In free space, these values would have been A = 300 m and of course v = ¢.

With a 25 cm skin depth, it is obvious that radio frequency communication in
seawater is quite impractical. Notice however that § varies as lfﬁ, so that things
will improve at lower frequencies. For example, if we use a frequency of 10 Hz in the
extremely low frequency (ELF) range, the skin depth is increased over that at 1| MHz by

a factor of ,/10%/10, so that
5(10Hz) = 80m

The corresponding wavelength is A = 278 = 500 m. Frequencies in the ELF range are in
fact used for submarine communications, chiefly between gigantic ground-based anten-
nas (required since the free-space wavelength associated with 10 Hz is 3 x 107 m) and
submarines, from which a suspended wire antenna of length shorter than 500 m is
sufficient to receive the signal. The drawback is that signal data rates at ELF are so
slow that a single word can take several minutes to transmit. Typically, ELF signals are
used to tell the submarine to implement emergency procedures, or to come near the
surface in order to receive a more detailed message via satellite.



Consider a good conductor, a plane wave normally incident on this conductor is mostly reflected, and the power that is
transmitted into the conductor is dissipated as heat within a very short distance from the surface[pozar page33]
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for coaxial with inner conductor rafdﬂ,ﬁs a, outer éonductér radius b

1 1
Sinner - 272&(75 ’RSouter = 272'b(75, Rtot — RSinner T Rsouter Q/m
F _ ‘ e




11.22. The mner and outer dimensions of a copper coaxial transmission line are 2 and 7 mm, respectively.
Both conductors have thicknesses much greater than §. The dielectric 1s lossless and the operating
frequency 1s 400 MHz. Calculate the resistance per meter length of the:

a) mner conductor: First

1 |

(S = - p—
VAo /a4 x 108)(4r x 10-7)(5.8 x 107)

=33x10"°m = 3.3um

Now, using (70) with a unit length, we find

| 1
Rin = = — , = 0.42 ohms/m
2racd  2w(2 x 1073)(5.8 x 107)(3.3 x 1076)

b) outer conductor: Agaim, (70) applies but with a different conductor radms. Thus

. 2
;—/ = Rout = ER;H = 5(0.42) = 0.12 ohms/m

N PING b

¢) transmuission line: Since the two resistances found above are 1n series, the line resistance 1s their
sum, or R = R;, + Ryur = 0.54 ohms/m.

=




