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Abstract

The effect of the earth’s conductivity and permittivity, along with angle
of arrival of the incident plane wave, on the reflected wave are examined.
Time-domain results are obtained for both a unit-step indident field and a
double-exponential incident field. Results show that for angles less than the
Brewster angle itis possible for the composite field to be larger than the
incident field. '

*The research reported in this Note was performed under Subcontract
No. 7685 PA $38 with Union Carbide Corporation.



I. INTRODUCTION

The phasor form for the plane wave reflected from plane wave
incidence on a plane earth is well known [1,2], and is easily derived. The only
case consideréd in this work is that where the magnetic field vector is parallel
to the earth’s Sl;rface. The time-domain form of this reflected wave can be
obtained by finding the inverse Fourier transform of the product of the
coefficient of reflection and the Fourier transform of the incident wave. An
alternate approach is that of convolving the time-domain form of the
incident wave with the unit-impulse response (or inverse Fourier transform of
the coefficient of reflection). Unfortunately, thisimpulse response hasno
closed form, so the former method was chosen. The defining integral for tHe
inverse Fourier transform was converted into a real integral and evaluated

numerically using a digital computer.
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il. FORMULATION OF THE PROBLEM

The coefficient of refieétion isdefined here to be the ratio of the
magnitude of the reflected electric field intensity to the magnitude of the
incident electric field'intensity atthe (plane) earth’s surface. The phasor form

of this reflection coefficient is given by
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for Figure 1. It has been assumed that the plane wave approachesthe earth

in free space (u, ) and the earth has the frequency iIndependent parameters

Ho = 4ux 107 (free space permeability), ¢ = ege,, &, = 109361 (free space
permittivity), and o (conductivity). Notice that codirected tangential
components of E are assumed in Figure 1, and a negative sign appearsin (1).
Thus, It > -1 foro— w.

The following definitions simplify the appearance of equation (1):
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Figure 1. Geometry of the problem: plane wave incidence on a plane
earth with the magnetic field parallel to the earthéf surface.
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The special case o = 0and (therefore) a, = ¥ = 0is considered first. For this

case equation (5) becomes

Co B

ry= m (0= 0) ‘ | (6)
and there will be no reflection (I';=0) when § = 1. The angle 6 for this

condition is called the Brewster angle or polarizing angle. Itis calculated

from equation (3) with p = 1:
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Although there is no true Brewster angle for the general case (o > 0, QR >
1), itis informative to consider the high frequency behavior of Iy, for B<1,=
1,and § > 1. The behavior of I'y(w) for high frequency determines the éé_rly
time behavior of Ty(t).
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This behavior is exhibited in Figure 2 and Figure 3 where the magnitude and
- angle (respecfively) are shown as functions of normalized frequency, w/a,, for
c.R = 10 and 0g= 17.55". The case 0 < 0y is distinctly different.

Based on the results of the preceding paragraph, it seems quite likely
that the ground reflected wave from an e.m.p. may add to the inéident wave -
for early time aﬁd 0 < 0g. This, along with the gene;al behavior of the
reflected wave, is examined by calculating

8
!'."_(t)z l"_l{h',_(m)}: !"_l{le"((.))l'”((-))} (8)

foro = 0.01,0.001: g = 10, 15:0 = 10°, 14.48° (= Op for g;p = 15), 17.55° (= Oy for eg = 10),
18°, 36°, 54°, 90°. The inverse Fourier transform integral was converted into a

real integral and evaluated numerically.
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This behavior is exhibited in Figure 2 and Figure 3 where the magh'ivt'L:Jde"and
anglel (reépectively) are shown as functions of ﬁbrmalized frequehcy, u-)/a(.,, fO.l’
eg = 10 and 0g= 17;55°. The case 0 < Oy ié ‘disti'nctl‘y differérit. | R
Based on the results of the préceding ‘péragraph, it ;eems dUife Iikely'
that the ground reflected Wave from an emp méyadl to the inciaeﬁt wave
for early time and 0 < 8g. This, annQ with the general behavior of the
reflected wave, is examined by calculating :
(=17 (= 17 ‘{14:;(mn'”(m)} (®)
foro = 0.01,0.001; e = 10, 15,0 = 10°, 14.48° (= Op for ey = 15), 17.55° (= Op for g = 10),

18°, 36°, 54°, 90°. The inverse Fourier transform integral was converted into a

real integral and evaluated numerically.



Ii. RESULTS |
Results are sﬁown in Figures 4 through 17. Notice carefully that E(t) is

plotted for comparison purposes, and - E{t) (that is, the negvative of the

reflected wave) is shown. The incident field at the earth’s surface was

mathematically modeled by the usual double-exponential form:
o | (9)
u L - u,t

Et=Ele '—¢ *
l'}“: 52,500 V/m

a, = 4x10°% see !

a,= 478 x 10G sec” !

or

1 1
Blw)= K| —— - — | (10)
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For very low frequencies equation (5) gives I'yy = - 1, and therefore the
late time behavior of the reflected wave is such that (L) =_- Bt In other
words, - 15,41) and 15(t) should beéome identical for large t i?Figufes 4 through
17. This is the case.

For 0 < oitis possible, as suspected, for the reflected wave to add to the '

incident wave. In order to demonstrate this explicitly, the composite wave is

shown in Figures 18, 19, 20. The composite wave results from adding the
incident wave and the time—dellayed reflected wave. The time delay is given
by 2h sin 0/c, where ¢ = 1/V,e, is the speed of light, and h, the height above

ground, was chosen to be 10 meters (typical of power transmission lines). Itis ]
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Figure 4. Reflected electric field (-): ep= 10, 8 = 10°. The
incident field is given by equation 10.
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Figure 5. Reflected electric field (-): ep = 10, 6 = 14.48°. The
incident field is given by equation 10. . .
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Figure 6. Reflected electric field (-): ep = 10, 8 = 17.55%. The
incident field is given by equation 10. ' :
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Figure 7. Reflected electric field (-): eg = 10,0 = 18°. The
incident field is given by equation 10. R ‘
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 Figure 8. Reflected electric field (-): ep = 10, 6 = 36°. The
incident field is given by equation 10.
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"Figure 9. Reflected electric field (-): ep = 10, 6 = 54°. The
incident field is given by equation 10. . A o
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Figure 10. Reflected electric field (-): ep = 10, 8 = 90°. The
incident field is given by equation 10.
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Figure 11. Reflected electric field (-): e =15, 8 = 10°. The
incident field is given by equation 10. . -

18

'
\_»‘/



60

T T T T T T [T T T I T T T T [T T T T T T T T T T T T T 7T

0:=14.48°
- ‘ 8R= |5

Incident Field

40 |

KV/m

20

100 200 300 tns .

Figure 12. Reflected electric field (-): ep = 15, 6 = 14.48°. The
incident field is given by equation 10.

19




SOOI TT T T T I T [ TT T T T T I T[T T TTT T I I [ TT 7T TTT11
8=17.55"
i £q=15
Incident Field
40 i
kV/ml*x
0=10"2
20 -
c=10"3
olttuvt v vt bl
100 200 300 t ns
< -

Figure 13. Reflected electric field (-): €p = 15, 6 = 17.55°, The
incident field is given by equation 10.
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Figure 14. Reflected electric field (-): eq = 15, 8 = 18°. The
incident field is given by equation 10.

21




60 T T T T [T T T I T T I[P T T T I T T TT T TTTT]

8=36
8R=|5

Incident Field

40 |

“V/m

20

ol it bl bl r v e bttt et it

100 200 300

tns .

Figure 15. Reflected electric field (-): eq = 15, 8 = 36°.
incident field is given by equation 10.
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Figure 16. Reflected electric field (-): ep =15, 6 = 54°. The
incident field is given by equation 10. '
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Figure 17. Reflected electric field (-): e = 15, 8 =90°. The
incident field is given by equation 10. ' ‘
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Figure 19. Composite field for h = 10 m, eg = 10 and & = 17.55°,
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Figure 20. Composite field for h = 10'm, ep = 10 and o = 54°.
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clear from Figure 18 (0 < 0g) that the composite field is greater than the
incident fiéld, particularly so for the smaller conductivity (o = 10-3). Notice
also that the composite field is relatively small for t > 400 ns in all three cases.
The unif—step response for the reflected wave was also calculated fér

the purpose of comparison with the work of Baum [2. The results are given in
Figures 21 through 34 where the same parameters are used as were used in
Figures 4 through 17. Notice that the negative of the step response is actually
shown. Also, notice that '

k(0= -1 (t=0)

r B+ 1

from the initial-value theorem, and

B ()= —1 (t = o)
from the final-value theorem. The results are in very good agréement with

: thbs_é of Baum, and Figure 25 was chosen as an example to demonstrate this.

28

RS, -

S



D
D N
L0
@)

~-0.5

Figure 21. Unit-step response, reflected field: ep =10, 6 = 10,
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Figure 22. Unit-step response, reflected field: ep = 10, & = 14.48°,
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Figure 23. Unit-step response, reflected field: ep = 10, 8 = 17.55°,
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Figure 24. Unit-step response, refiected field: €p = 10, 6 = 18°.
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Figure 25. Unit-step response, reflected field: eg = 10, o = 36°.
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Figure 26. Unit-step response, reflected field: eg = 10, 6 = 54°.
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Figure 27. Unit-step response, reflected field: ep = 10,_0 = 90°,
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Figure 28. Unit-step response, reflected field: eg = 15, 6 = 10°.
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Figure 29. Unit-step response, reflected field: eg = 15, 0 = 14.48°.
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Figure 30." Unit-step’response; reflected field: e, = 15, 8 = 17.55°.
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Figure 31. Unit-step response, reflected field: €p - 15,‘ 6 = 18°.
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Figure 33. Unit-step response, reflected field: eq = 15, 6 = 54°,
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Figyre 34. Unit-step. response, reflected field: ep = 15,76 = 90°.
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iV. CONCLUDING REMARKS

The results of this work indicate that for angles greater than the
Brewster angle (6 > 8g) the composite wave (for the chosen value of h) has a
peak value determined only by that of the incident wave, and the response is
negligible in 400-500 nanoseconds. The conductivity and permittivity of the
earth and the height h will obviously affect the results. On the other hand,
for angles less than the Brewster angle (0 < 0g), the peak value of the
composite wave may be larger than the incident wave. Generally speaking,
this effect will be more pronounced for “poor” earth parameters. These
results are important in determining the rise time, fall time, and peak value
of the current induced in a long wire located above (and parallel to) the

earth’s surface.
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