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The Transient Electromagnetic Field Created by Electric
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Abstract The transient electromagnetic field of an electric line source on a two-layer earth model can be expressed in
analytical form. To derive closed-form expressions for the fields anywhere on a two-layer earth, the modified Cagniard
method is used. This method is used to perform the numerical calculation of the electric field for different points of excitation
and observation on the earth, as well as for different values of the earth’s conductivity and permittivity. The numerical results
will be presented graphically for the transient electromagnetic field for various values of the permittivity and electrical
conductivities of the two layers. The effect of the conductivity is of significant importance for the calculation to get the

transient electromagnetic field on a plane conducting earth.
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1. Introduction

Several experimental and theoretical models have been
studied the electromagnetic transients. In early 1969, T.T.
Wu [1] stated: “It is worth emphasizing that our knowledge
about the transient response of the antennas is very meager
indeed. Any progress in this rather neglected field is
certainly going to be of a tremendous value”. Now, the
literature on this subject is vast. Some of these studies are
motivated by the desire to provide adequate protection of
electronic equipment in a strong electromagnetic pulse (EMP)
(Vance [2]). Other studies have been applied to the probing
of the fields in geological media (Wait [3]), determination of
the current in a lightning return stroke (Uman and Lain [4]),
the detection of nuclear bursts (Johler [5]), and the
discrimination of a radar scatterer (Moffatt and Mains [6]).

In this paper will study the problem of the transient
electromagnetic field of an electric line source on a two
layered conducting earth. Furthermore, we will focus on the
effects caused by the presence of the earth’s surface. A
classical work in this area is that of Van der Pol [7] for the
transient field over a non-conducting earth generated by a
vertical dipole source situated in the interface between the air
and the earth. The transient solution of an elevated dipole
was also obtained by Van der Pol and Levelt [8] and
Bremmer [9]. Wait [10, 11] and Novikov [12] studied the
transient response of a vertical dipole with a step or ramp
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function current source over a finitely conducting earth.
Since the Sommerfeld-Norton ground wave expansion is
employed, which is valid for a distance large enough
compared with the free space wavelength, their results are
expected to be accurate mainly in the very early time portion
of the response. Approximate expression for the transient
field at later observation times was found by Chang [13] and
Wait [14] under the assumption that the dissipative
half-space can be replaced by an impedance surface.

However, an attractive alternative is furnished by De
Hoop [15] modificationn of Cagniard’s technique that found
wide applications in the theory of seismic waves in Cagniard
[16] and [17]. Also, few electromagnetic problems have
been investigated along these lines (De Hoop and Frankena
[18] and Langenberg [19]). Kooij [20] and [21] studied the
transient electromagnetic field of a pulsed vertical magnetic
dipole above a conducting earth, and of an electric line
source above a plane drude model plasmatic half-space,
these showed that it is possible to arrive to a representation
for the field in the transform domain that allows the
application of the Cagniard-De Hoop method.

Kuester [22] investigated the transient reflected field of a
pulsed line source over a conducting half-space. Bishay and
Sami [23] expressed, in an analytical form the transient field
in the time domain of a thin circular loop antenna on a
two-layered conducting earth model.

Sami [24] calculated the influence of a magnetically
permeable surface layer on transient electromagnetic field of
a vertical magnetic dipole on a two-layer conducting earth.

The aim of this paper is to drive a representation for the
field in the transform domain that allows the application of
the Cagniard-De Hoop method to obtain the transient
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reflected field in the form of a single finite integral. Of
particular interest is the physical insight provided by the
Cagniard-De Hoop method at each point in the configuration,
the transient field is decomposed exactly into physical
meaningful parts. Numerical results will be represented
graphically for the electric field anywhere on a two layer
earth for different values of the earth’s conductivity and
permittivity.

2. Description of the Configuration

We consider the electromagnetic field in the upper half
space of two homogeneous, isotropic, semi-infinite media.
To specify the position in the configuration, we employ the
Jartesian coordinates (X, y, z) with origin O and three
mutually perpendicular base vectors (i, j, k) of unit length
each. The upper medium occupies the half space 0 <z < oo,
whereas the lower medium occupies the half space -0 < z <
0, as Figure 1. The time coordinate is denoted by t, with teR.
The electromagnetic properties are characterized by their
permittivity € , permeability u , and the electrical
conductivityo. The media are modeled according to the
classical Maxwell model with constant permittivity,
permeability and conductivity. For the upper medium we
have, € = €,,u = u, and ¢ = 0. For the lower medium,
we have e=€;, u=pu; =y, and o # 0. An electric
current line source starts to radiate at the instant t = 0, at the
earth's surface.

3. Method of the Solution

The electromagnetic field in the configuration is described
in terms of the electric field strength E and the magnetic field
strength H. the action of the source is characterized by
specifying the volume density of its electric current J. In any
domain where the field quantities are continuously
differentiable, they satisfy the following electromagnetic
field equations:

VXE= —p,— 2
at
9E
v.l€o+ a§)= , (3)
v E=o0. )

There are three cases as:
1 - Incident field {E‘, H'}, is the field that source world
generate if no boundary were present.
2 —The reflected field {E™, H"} is the difference between
the total field in region0 < Z < oo and the incident field.
3 The transmitted field {E*, H*} which is the field in the
region - oo <Z< 0 across the interface of the two media,
the boundary conditions below hold,
limZ_>0(Ei + Er) = limz_,o Et )
i T t
limZ_>0 (aa_i + aai ) = limz_>0 aaiz'
lim,_o(H' + H") = lim,_o H®,
i T t
limz_,o (60_1.21 + 1361; ) = limZ_>0 aaiz )
Further, the primary field is the field generated by the
source, should travel away from the source, and the
secondary field is the field generated by the secondary
sources at the inter face, should travel away from the
interface (radiation condition). In media of the type under
consideration, electromagnetic waves travel at the speed

®)

i=0,1when —0 < z < 0. (6)

To carry out our analysis, we cast the field representations
in a particular from that is characteristic of the Cagniard— De
Hoop method. first, we subject the field quantities to a one —
sided Laplace transformation with respect to time , where the
relevant transform variable (S) is taken to be real and
positive the Laplace transform of quantity with respect to
time by a circumflex over the relevant symbol , we have

Exzs) = [_ E(xz1) e Vdr,

with Im (S)=0and S> 0. )
The Fourier transformation with respect to x according to

oF - o A
vxH=€5+ ok, @ Ea,z;5) = [7, B (xz;9)e>dx, with @ € (8)
Electric line source I Z Air
k d Ea g
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e
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Figure 1. Geometry of the problem
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The inverse Fourier transformation,
E(x,zs) = Zimfj; E (a,z; 5)e(™5da, 9)

in which [ denotes the imaginary axis. Once a suitable
expression for E = E'+ E™ has been determined, the
representation (9) is used to arrive at an expression
for E(x,zt) =E'(x,zt)+E (x,2t) This s
accomplished by a specific scheme of transformations in the
complex (x) plane followed by an application of the
unigqueness theorem of the one — sided Laplace transform (7).

4. Incident and Reflected Field
Representations

We take into account the two — dimensionality of the
problem. To this end, we decompose each vectorial quantity
in to a component that is parallel to the line source, this
component is denoted by the subscript || and a component in
the plane perpendicular to it, this component is denoted by
the subscript L. Taking into account that V= V.. andJ =/
we can rewrite the electromagnetic field equations (1)-(4) in
a from where only an E- polarized field is generated for
which E; # 0 and Hy = 0. In this section, we determine the
representation of the type (9) for the incident and reflected
field. The incident electromagnetic field satisfies Maxwell's
equations (1)-(4) with e = €, and o = 0.For the localized
line source of Figurel, we have

] =7®)d(x,2), (10)

Applying the transformations (7) and (8), we can get the
E-polarized filed as

Ey —_—Ju(S)e( S¥olzD (11)

and
= [~(ai - vok)] ® [jy 2vo) eelD],  (12)

in which y2 = c;2 — a?, when Re (a) = 0,and &(x, 2) is
the Dirac-delta function.

Similarly, for the reflected field, we obtain the generated
E-polarized field as

Ej = ;—50}_'u (s)RgeC*10?) | with0<z<oo, (14)

and
HE = p5 ' (i — vok) X Efj, when0 <z <o, (15)
where R. denotes the electric field reflection Factor for E —

polarized waves. Applying the boundary condition (5), we
obtain

Vu -1

1’0+1’1 (16)
where ¥, is given by
~ 2 Olg l -2 2 l
Vi=(yi+—)2,and y; = (ci” —a%)?,
whenRe (y;) = 0. @an

5. Integral Representation of the
Reflection Factor

In this section, the reflection factor Rg is rewritten in the
form of an integral representation such that the Cagniard- De
Hoop technique can be applied. First, we multiply both the

numerator and the denominator of Rg with (y, — ¥1), then
__ s(r3+rD+ou, 2vo(syftome) o1
RE - s(cfz—cgz)ﬂiuo + S(cfz—cgz)ﬂyuo Y1 (18)
The factor y, 77 can be written as
~— +a a
Y1Y11= SZ L R (19)
[(s+o) —a ]2 [(s+o) —a ]2
where

=r (20)

2y
The representation (20) can be recognized as the Laplace
transform [25]

=1 _fkoio

V17 a{l,(ak) — I, (ak)}e¥) ek qk, (21)

In equation (21), 1, and I, denote the modified Bessel
functions of order zero and one, respectively. The technique
of rewriting the reflection coefficient Rg as a Laplace
integral is a key step that is also the basis of the exact image
theory developed by Lindell and Alanen [26] and Nikoskinen
and Lindell [27]. Substitution from equation (21) in equation
(18) and using the factthat yZ — y2 = c;2 — ¢;? = p, (€,—
€, ), we obtain

Ry = W, +ﬁWB o BWD] =Bk, (22)

where
WA(a) = (24)
~ — Zﬁ _ Yo—Y1 _
g () = Y1 Yotvi L (25)
~ _ _nYo ook opok OHo
we(@ = -2 {l, (35) -1 (55} e [- 5] 0
and

(@ =B (2) {1 (55) -1 (55} -0 - 271

(@7)

6. Time Domain Field Expressions

By applying the inverse Fourier transformation (9) with
respect tox to equation (14) and (15) together with equation
(24 —29), we obtain the corresponding expressions, which
are of the form

(28)
(29)

Ej = Sj||(S)§E (x,z5),
= sj(s) x g'(xzs9),
where
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_ . (—s(ax+yoz)) — v — 0
~E . _ ﬁ 10 e BWB 0 ﬁWD (—Sk)
P zs) = g T .{WA P8y 2 [wC +—S+B] e dk} dar, (30)
and
sH(x 7:5) = —~ [ (i — esCxtvon) (o BW o [ L BWb] (“sk)
8 zis) = o [ (od = vok) =5 .{WA +52 4 12, [wC + s+B]e dk} da.  (31)

In the next step it is shown that the integrals at the right — hand side of (30) and (31) can be transformed by using (8) for
Laplace transform into

' (xzs) =[x, eV gt (xz,0dr, (32)
and
g1z = [Tr, Vg (k2 dr (33)
where
R =[x+ 22]2, (34)

the only real values of T occur in the integration and where R’ is the distance from the image of the electric line source to the

point of observation. Now, we observe that sj||(s)e(‘”) is the Laplace transform. Of a function of time that vanishes when

0j (t— .
D \vhen T < ¢, for the fields E and HL ,

t <t and equal P

hence, we get

0 when0 <t <R'/c,

Ejloz0) = [f}:'/co ng(X, z,T)dt when R' /¢, <t < oof (35
0 when0 <t <R'/c

Bz = [f;:'/co 61”;—0 x gf(x,z,7)dt when R /c, <t < oof’ (36)

where T =R /c.

7. Cagniard — De Hoop Technique

In this section, we will apply the cagniard — De Hoop technique in order to find an expression for Ej(x,z,t) and
HI(x,zt). Inview of subsequent deformations of the path of integration, we take Re(y,) = 0 and Re(y;) = 0 notonly on
the imaginary a axis but everywhere in the complex a plane this implies that branch cuts are introduced along
{a € |cgi < |Re(a)| < oo, Im(a) = 0}. Now, the path of integration in the complex a plane is deformed in a cagniard — De
Hoop contour defined through,

Re{ax +v,z} =1, and Im {ax + y,z} = 0. (37)
If <7< oo, inwhichT=R"/c,, (38)

the contour is a branch of a hyperbola. let @ = @(7) denote its parametric representation in the upper half of the complex a
plan (i.e., {a€[] | -00<Re()<o0,0<Im(a)<o})e , then the contour consists of @ together with its complex conjugate @. By
solving (37), we obtain

a(t) =5 +i—s[t? - TZ]% = L[x‘r +iz(z? — Tz)%] with T<t<oo (39)

R'Z R'Z R’Z ) > .

Along the contour, we further have

1 1
Yo (1) = % — i% [t? -T?%)z = é [ZT —ix(t? — TZ)E], (40)
and
M _ i¥,
(t2-T2)2

Taking into account the symmetry of the contour with respect to the real « axis and reversing the orders of integration in
order to apply the uniqueness argument of equation (32) — (36), we obtain,

gf(xz1) =gt (xz1) + g8 (xz1) + g83(x 2, ©) + g8 (x,2,1), (42)
Where
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' Re{W
g81(%,2,7) = Ut — R /C,) eWa®}

2m(t2-T2)2
g2 (x21) = pU(r - R'/CO)M « BeCFOU(T)
2m(t2-T2)2
gE‘3 (X, z, T) — HOU(TZ_T[R /Co) fr["f Re {WC(TE)} dE '
(£2-12)2

g5 (x,2,1) = MUCR/C) (Rl D) gp , go-poy(r).
am &2-12)2

Similarly, we can set g"(x,z 1) by using equation (32) as

where
and
>
-10]
4
-2
=30/
0 ’.“1 ‘4 DIS 3‘5
t
(@
&l
(1] t 06
®

g'xz1) =g"xz1D +g"xz0)+g"xz0) +g"(xz 1),

g™ (x,2,1) = ~U(x — R /C,) FlETobTa 0}

1
2m(t2-T2)2

g"2(x,2,7) = ~U(x — R /C,) “LEX BT 0L gohoy o),
2n(t2-T2)2
gH3(x,2,7) = _U(r—ZRn/co) IN Re{(@®)i-¥o (E)El)Wc(T,E)} dE,
(2-12)2

g (x,2,7) = — U(t—R'/Co) f‘r Re{(a(i)i_VL’(E)KzWD(T,E)} dE * BeBOU (D).
L (€2-12)2
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Figure 2. [(a-e)and 2(f-j)] represent the normalized reflected electric field at the distance d=1m. and d=10m., where the permittivity ? =2,5,10,30and

100, respectively. Thered, green, blue curves corresponding to the values of the conductivityO = 3 ms\m., 30 ms\m., and 300 ms\m, respectively



International Journal of Mechanics and Applications 2015, 5(1): 16-22 21

In (43) — (51) the function U denotes the Heaviside unit
step function and the * symbol stands for the convolution

operation with respect to T. Further, we have that
Wyp(t) = WA,B (E(T)) and WC,D .8 =Wcpa®),t—
£). Expressions (42) and (35) form the desired closed-form
expression for the space-time reflected electric field and
expressions (47) and (36) form the desired closed-form
expression for the space-time reflected magnetic field.
Further, it is easily verified in the expression (42) and (47),
together  with (43) - (51), that the terms
gh2, gb3 g4 ofl2 oll3 gnd gH4 vanish if ¢ - 0. In the
final space-time expression of the reflected field, the
convolution of the excitation function j, and the exponential
function in (44), (46), (49), and (51) can be carried out
analytically for various types of sources.

The current in the electric line source is defined by:

jll(t) = TW% [U(t) - U(t - Tpulse )]E

In which U (t) is the Heaviside's unit step function, T,
is the pulse duration and T,,,;5c = 1. The convolution of the
source function j; and the exponential function in (45), (47),
(50) and (52) is carried out analytically. If BAt > 1, where
At denotes the numerical time discretization step, we can

approximate the function g exp(—pt) by a Dirac delta
function, which simplifies the expression for g&(x, t).

8. Numerical Results and Discussion

The transient electromagnetic field due to electric line
source on a two-layer conducting earth can be expressed in
analytical form. The normalized reflected fields have been
calculated for different values of conductivity, and ratio of

permittivity :—1 at the two distance pointe (d = 1m and 10m)
of observation and excitation.
The results represented graphically and illustrated by

Figure 2 [(a-e) and (f-j)]. These figures represent the
normalized electric fieldfor different values of conductivity

0 = 3ms\m.,30 ms\m.,and 300 ms\m, and indicate
that the normalized electric field for different values of the
ratio of the permittivity 2—1 = 2, 5, 10, 30 and 100, at the
distance d =1m, and 10m., respectively. The effect of the

conductivity o indicates that, the values of the normalized
reflected electric field decrease with increasing of the

conductivity o of the lower medium and the distanced. This
means that with increasing distance d between the source and
the receiving end, the values of the normalized reflected
electric and magnetic fields decrease, furthermore, the effect

of the ratio of permittivity 2—1 is shown in Figure 2.Figure
2[(a-c) and 2(f-h)] shows th:;t the normalized electric field
are increasing in the values with the increase of the ratio of
the permittivity 2—1 =2,5and 10, at the distance d = 1m., and
10 m., respecti\;ely. Beginning with the ratio of the
permittivity E—i = 30, the normalized electric and magnetic

fields have the fixed values as show in Figures, at the
distance d = 1m, and 10m. Comparing the results in Figures 2
(d-e) and 2(i-j), we notice that for ratios of the permittivity

2—1 of 30 or lager, there is absolutely no effect of the reflected

field on the fields observed at the distanced =1m and
d =10m.

9. Conclusions

The transient electromagnetic field of an electric line
source on a two-layer conducting earth can be expressed in

an-analytical form, and the effect of the conductivity o is
taken into consideration.The transient electromagnetic field
of an electric line source on a two-layer conducting earth has
been derived in an analytical form. In these expressions, the
effects of the conductivity and the ratio of permittivity have
been taken into consideration. They depend on the distance
between the source and the received point. It would be
interesting to evaluate the normalized parallel component of
the reflected electric field Ej(x,z;s) numerically with

different values of the conductivity o of the lower medium,
and different values of the ratio of the permittivity 2—1 We
conclude that when the ratio of permittivity 2—1 = 30 or large,

there is absolutely no influence of the interfering on the
received signal, even if the arrival time coincides with the
free-space arrival time.
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