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Abstract: In this paper, analytical formulas have been derived for the electromagnetic fields
(EMFs) radiated from a vertical magnetic dipole (VMD) buried in planar stratified media.
Three planar-layered conducting media model are adopted: air, seawater and ground.
Expressions for the Hertz vector which are used to determine the electric and magnetic field
components of the dipole in the three planar-layered media are reduced to the integrals
obtained by Sommerfeld previously. A simple technique with the aid of the complex image
theory is used to obtain highly accurate analytical expressions for Sommerfeld integrals (SI)
that arise in these calculations, which earlier were very tedious and complicated to evaluate.
Closed-form expressions for the far field in the three regions due to a vertical magnetic dipole
buried in second region (sea-water) are calculated and their physical meanings are discussed.
The results are numerically evaluated and plotted. In addition, the results obtained in the three
regions are compared with each other and with those mentioned elsewhere, and are proven
that this method is very effective and simple. The formulas and computations can be applied
to the communication in lower frequencies region. The achieved results will also be useful for
remote sensing of the ocean surface, especially when the transmitter is close to the surface.

Keywords: Far-field, radiation in the sea, electromagnetic propagation, stratified media,
buried vertical magnetic dipole (VMD), Sommerfeld Integral (SI).

I. Introduction

The electromagnetic wave radiated from a vertical magnetic dipole (VMD) buried or
submerged in planar stratified media is of interest for remote sensing, communication
purposes, radar, microwave systems and applied optics.

The problem of dipole radiation over media was originally formulated by Arnold
Sommerfeld, in his classic work published in 1909 [1]. Since then, this problem has received
a significant amount of attention and hundreds of papers have been published on the subject.
The complete history of the problem is beyond the scope of this work, but suffices to say that
independent derivations by Weyl [2], Norton [3] and others have presented more accurate
representations for the field of the dipole, and have confirmed that there is an error in the sign
of Sommerfeld's paper [1]. In 1941, Norton [4] has developed his formula for the field
components to a stage where numerical results can readily be obtained.
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In the pioneering work by Wait [5 —9],the Sommerfeld integral (SI) for the electromagnetic
field of electric and magnetic dipoles radiating in the stratified medium (layered region) were
evaluated by using asymptotic methods,contour integration,and branch cuts.In 1966,Bafios
[10] represented a complete perspective of the historical development of the mathematical
analysis of the problem.

The electromagnetic fields of vertical and horizontal electric dipoles on or near the boundary
between two different media have been well known in terms of closed-form expressions for
many years. When this classical problem is solved, the Sommerfeld integral will occur and
there is no way of avoiding the evaluation of the Sommerfeld integral for either numerical or
closed form solutions. Due to the highly oscillatory and slowly decay nature of the
Sommerfeld integral, it was difficult to apply a direct numerical integration technique to
evaluate these integrals. Therefore, some well-known approaches such as steepest saddle-
point method, branch cut method and stationary phase point method, have been employed to
obtain some approximate solutions. However, these methods, involving lengthy algebra and
several transformations, are very tedious and complicated. Moreover, the properties of the
electromagnetic field radiated by a dipole get more complicated when the boundary includes a
layer of third material with intermediate properties.

In the early 1980’s, Chew and Kong [11] computed the electromagnetic field of a horizontal
dipole (HD) on a two-layer earth. The medium was assumed to be low-loss such that the
image-source fields were important. Integral representations of image source fields were
evaluated with uniform asymptotic approximations. In 1982, Bannister [12] derived
expressions for the field components of a horizontal electric dipole (HED) in the presence of a
conducting half-space and his formals were valid from the quasi-static to the far-field ranges.
In a series of works by King [13 —15], the complete formulas have been obtained for the
electromagnetic fields excited by horizontal electric dipole (HED) and vertical electric dipole
(VED) in planar two- and three- layered media.

In 1988, Chew [16] was the first who derived simple and accurate formula (simple technique)
for Sommerfeld integral. This formula was represented in an easily remembered steps. In
2001, Long et al. [17] developed the simple technique [16] and derived the far-field
approximation of the Sommerfeld integral rapidly depending on the stationary phase-point.
Furthermore, the slowly varying part in the Sommerfeld integral has no singularities at the
stationary phase point, leading to use Chew's formulas in other similar problems to calculate
the far-field.

The subsequent developments on the electromagnetic field of a dipole in layered region have
been carried out by many investigators, especially including Long et al. technique [17].
Recently, many papers were published by Bishay et al. [18-21] that treated analytically the
electromagnetic field of a vertical magnetic dipole in the presence of a three-layered rough
region in details because of its many useful applications, especially in microstrip antenna.

In this research, in order to tip the scales, we substituted the rough region used previously in
Bishay et al. [18-21] with a planar media. Therefore, to obtain higher degree of numerical
efficiency, higher accuracy and faster results, we used in this paper Long et al. [17] technique
with the aid of the complex image theory [12] to derive closed-form expressions for the far
field in the three planar layered media due to a vertical magnetic dipole buried in second
layered (sea water). The physical meaning of these expressions is discussed and the numerical
computations are also carried out. In addition, the results are represented graphically and
compared with those mentioned elsewhere.

I1. Geometric Description and Basic Formulation

The relevant geometry that is illustrated in Fig.1, shows the model used in the calculation
where it comprises three layers (air, sea, and ground). The source is a vertical magnetic dipole
(VMD) located in the sea (the middle layer) at depth d, horizontally. Physically, this
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represents a small loop antenna of area S, carrying a circulating current | . R is the distance

between the source and an observing point P (r,z) which is located in the sea at depth d,. We
suppose that the sea is of finite mean thickness a . If we describe, the geometry of the system
by using the cylindrical polar coordinates(r,¢,z), then for the whole space 0<r <o and
0 < @ < 27 . Moreover, the air and the ground layers are infinite upward and downward along

the z—axis, respectively. All regions are also infinite sideward and are homogeneous. A
fundamental assumption in this analysis is that the displacement current (in the sea) is
negligible compared to the conduction current [20].
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Fig. (1): Geometric configuration of a VMD located in the sea with a planar interfaces.

It is well known that the electromagnetic field generated by a vertical magnetic dipole
(a small horizontal loop antenna) can be derived from the magnetic Hertz vector IT which has
only one component IT, in the z-direction for the time variation e’ consequently, the
components of the electric and magnetic fields are given by [22]:

, or1 0Tl 0o 10
E =—low £ H =- Z and H,=—-|—+——|II, . 1
’ o or " oroz : {ar2 r 8r] ’ @

The tangent components of either electric or magnetic fields are continuous at the boundary,
so the Hertz vector and its derivative by z are continuous [22]. Then, the z-component of the
Hertz vector IT, should satisfy the following boundary conditions:

I; =15 , oIl /oz=20I12/oz at z=a (2a)
M2 =11, , oIl%/oz=2or1s/oz at z=0 (2b)

Note that, the Sommerfeld radiation conditions [23] in the first and third media should be
satisfied for (r? +z2?)¥? —» 0.
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11 The Integral Representation of the Fields in Three Media

According to Sommerfeld [23], the z-component of the Hertz vector in each region at the
general observation point P(r, z) can be obtained as follows:

IS, T uyz
ni(r,z)=8—;jA(z)e 3, (Ar) dA at a<z<w  (3)

2(r,z) = =0 {ui e " L B(1) % +C(A) e} J,(Ar) dA

8z ° |u,

at 0<z<a (3b)
Hi(r,z)z% jD()L) e’ J,(4Ar)da aa —oo<z<0 (30
7[ —00

where u, =,/4* —k?, (i= 1, 2, 3) and its real part is positive, and J,(Ar)is the Bessel

function of order zero. A(1), B(1), C(4), and D(A) are the constant functions, which we
find them by combining the boundary conditions (2) and (3) leading to:

2/1eu1a efuz(afh) +r efuz(a+h)
A(A) === 23 ,

—2u,a (48-)
21 1- Py IF23 € ?
u,a —u, (a—h) —u, (a+h)
B(ﬂ,):;tez r,,e 2 +1,, e 2 m
1_ r. r e—2u2a ’ ( )
2 21'23
—u,h —u, (2a—h)
C(ﬂ)—i e 2 +0r, e ?
o —2u,a ) (4C)
2 1- I, I3¢€
—u,h —u,(2a-h)
D(/l)—2/1 e 2 +1r, e g
— — 1_ r r e72u2a ’ (4 )
23 21123

where T, :ui‘J./ui+j =U; —u; /u +u;, (i, j=1,2,3) is the Fresnel reflection coefficient.
The non-vanishing components of the electric and magnetic fields in the three regions can be

directly obtained after a fair amount of manipulative algebra, by substituting from (3) in (1) as
follows:

In the air regionat a < z < oo

E,(r,z) :_'%OISO J' AAA) e HP(Ar)da (5a)
7T —o0
H}(r,z):ﬁ j Au, AR e HP U da (5b)
8r 7
1 ISo i 2 —U,z (2)
Hz(r,z)=8—j/1 AR) e HP (Ar)da . (5¢)
T —0
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In the seawater regionat O < z < a.:

Z%I(ie“ﬂusu) " 1C() e”zzJﬂ“ HOUN i, (6a)
T

E2(r,z
,(12) .,

—00

H(r,2)= 1% j(-i e +B(1) e ~C(2) e’ j u, 2 H? (r) da

87 S\ b . (6b)
H2(r,z) = 'SOT A gl LB et 1 C(A) e |2 HO (ar) da 6
2\ ST 8r T 0 J ( C)
—© 2
In the ground regionat —co <z <O0:
—ia) 1S K Usz
Ej(r,z):#[@ D(A) e"* H® (Ar)dA | (7a)
Hf(r,z):_gl % [ 2u,D(2) e HP (AN d2 (7b)
4 —0
3 |So T 2 usz ()
Hz(r,z)z—jﬁ, D(2) e H@(Ar) dA . (7¢)
87 °.
It should be noted that, the following notations are introduced:
dJ,(Ar 0> 190
Jl(ﬂr)Z—l% s [Wﬂ—FEJJO(Zr):—ﬂzJO(ﬂr) (8)
3 =S HEW+HPW}  HP 0 =—HP ) ©

where H®?(Ar) and H®(ar) are the second kind Hankel function of order zero and one,
respectively.

IV. Analytical Solution for the Far-Field in Air
In this section, we will discuss the process of solution for the far-field in the air region. In this
case the observing point P(r,z) is at distance d, over the sea surface. We focus our attention

on (5a) to calculate the electric field E;. The magnetic fields Hf and H! can be also

calculated in a similar way. It is clear that, the integral (5a) represents the upward wave from
the sea surface to the observing point. Substituting by the value of the constant function
A(A) from (4a) in (5a), the electric field E; can be rewritten as follows:

—iwu, 1S, 7 1+r,,e 720"
£} = 1 olS [ 24 e—uldz-%d{ 2 _ZUajHl‘Z)(ﬂr)le T
87 < Uy, 1-r,r,.e >
Taking into account the following relations:
‘r21r23e_2uZa <=1 and 1 => x" (11)
1-x m=0
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then the denominator in (10) can be expressed as an infinite series:

£l _ 1w 1S, J' 24 otidz—uzd; (1+ r23e—2u2h) «
? 872' 7wu;1
! (12)
[Z( Fyy Vs e‘z“za)m} H®Ar)yada
m=0

According to the complex image theory [12], when the condition |kZ| = [k?| is satisfied,
we have:

N, = u;l/ugl ~e™d 2u,/uj, =~1—e ™ (13)

where d =—2i/k, . Using the formulas (13) and properly arranging (12), we have:

— i IS, & (<
-2 (S

where
D, = zuil (r, )" e l@ermdtz(de2m) Ly @ (3ry 3 94 | (15a)
D, = Iouil(rzg)rn+l g (dzrmd)-uz (dhr2mas2h) |y 2 (3r) 3 dA | (15h)
CD3 _ __]iuil (r23)m e—ul(d2+(m+l)d)—uz(d1+2ma) HJFZ) (ir) ﬁ, dﬂ, ’ (15C)
CD4 _ _]iuil (r23)m+l e—ul(d2+(m+l)d)—u2(d1+2ma+2h) H1(2) (/1r) AdA (15d)

To find the value of @, , we used the technique in [17]. Therefore, the integral (15a) can be
rewritten as:

LT A nemdy @ m _—u,(d +2ma) Hl(z)(ﬂl')
O, = {—e H®& ) [[(r;)"e Wi di .  (16)

when Ar — oo, the first factor in (16) is rapidly varying while the second one is slowly
varying. Moreover, according to Jones [22], the location of the stationary phase point is given

by:
0 i[—(ka—f)(dz+md)—/1rL=ﬂi =0 , 17)

oA
which has the following solution:

A =rk /R, . R, =/r? +(d, + md)? . (18)

When Ar — oo, we can use the following approximation for Hankel function:
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H[E]Z) (/1 r) ~ 2 efi(ir —-mz/2—x/4) . (19)
\ 7 Ar

After using (19) and some straight forward manipulations, Eq. (16) can be expressed as:

2irk (1—n\" .= .
b, =—— 1 e*"ﬁRm —ik, (d;+2ma) 20
1T TR? [1+n) : (20)

By the same way, we can obtain:

- +1
CDZ _ 2|ﬁr2k1 (1__: zjm efik1§m*ikz(d1+2ma+2h) ’ (1)
m
- m
D, = — élzl’ K, (i; 2) e Rnaike(dr2ma) (22)
m+1
. +1
o = 2irk,(1—n " kiR i-ikz (d+2ma+2n) (23)
* RZ, 1+n !

where n=k,/k,, R, :\/r2 +(d, +(m+1)d)*> and the approximations u, ~ik, and
U, ~ ik, are used because the condition ‘kzz‘ - 80‘kf‘ is satisfied [12].

Substituting by the values of @, (1 =1,...4) from (20) - (23) into (14), the final expression of
E; can be obtained as follows:

0 m-+1 —ik;Rp, —ik; Ry
El _ a)/lo ISO r k N e*ikzdl Z 1—n e*ikz(Zma) e 1Ky _ e 1K R 1
» 1 52 52
4 “=(17n RZ R

m+1

. (24)

where N = {(1—n/1+n)+ g k(2 } . One of the contributions of this paper is equation (24),
where the component of the electric filed that used to be calculated previously by Long et al.
[17] with an approximation for 2 ~k, and R, ~R,,, ¥R, now we attain its value without
this approximation.

The physical meaning of Eq. (24) can be explained that the first term indicates a series of
waves, which propagate upward from the source and make m round trips between the sea
surface and the bottom, then travel along the path R_ in air and arrive at the field point,

where (1—n)/(1+ n) is the reflection coefficient at the sea bottom. The reflection coefficient
at the sea surface is regarded as almost unity. The second term indicates another series of
waves, which propagate downward from the source first, then reflect upward at the sea
bottom, and travel along the path R__, in air and arrive at the field point.

V. Analytical Solution for the Far-Field in Sea-Water

The field point P(r,z) is at distance d, under the sea surface as illustrated in Fig.1. In order to
evaluate the value of the field in the sea-water region, we must solve the integral equations
(6). It is clear that the first term of the integral is the direct wave (the primary field) from the
source to the observing point. This term is important, if the transmitter and receiver are set
very closely. However, if the two points are separated far from each other, this term will
vanish because the propagation path is in the sea and the attenuation is very large. The second

term is concerned with €"2*, which represents the downward wave from the surface of the
7
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sea to the observing point. The last term, which is the third term is concerned with e™2* | that
represents the upward wave from the sea bottom to the observing point, if the receiver is close
to the bottom, this term seems to be useful.

Starting with the integral equation (6a) and after substituting by the values of the constant

functions B(A) and C(A) from (6b) and (6c), we can write the electric field in sea-water E;
after a fair amount of manipulative algebra as:

—iou 1S, <
EZ I’,Z —_ /70 "o LIIi 25
o(1:2) 87 .21: ’ )
where
TA _u,-
W, — Iu_e IHD @ Ada (262)
—o 2
w, = [Letren ( Eo JH‘Z’(M)W (26b)
° U, “ 1_r21 rzse_zuza ' |
) (2+h) 1+r,e "
N _efu2 Z+ r 21 H(z) Ar) A dA
° Jo.ou 2 2 [1_ r21 r23e72u2a J ' ( ) | (26C)

Starting with the integral Eq. (26a), and by using the same method in [17], we can rewrite ‘¥,
as:

_ (A gl o H? (A1)
i JL ©T (M)Hl Hon |4 &7

When Ar — oo, the first factor in (27) is the rapidly varying part while the second one is the
slowly varying part. Then, the location of the stationary phase point is given by:

9 [_(\/W)(z—h)—ir]l_ﬂz =0 , (28)

oA
The solution of equation (28) is:

A, =rk,/R and R=,r?+(z—h)? (29)

After solving the rapidly and slowly parts, we have the solution of ¥ as follows:

¥, = Zi(rsz e_”‘sz , (30a)

2

In the same manner, we obtain the solution of ¥, and ‘¥, as:

v _ 4k12 r N i(m+l)(l_njm+1 e—iklRm+l efikz(d1+d2+2ma) (30b)
2 kg m=0 1+n Rﬁw—l ’
4kir & (1-m\" —ik, (z+h+2ma) me F (m+1) g i ~2ik, d,
ta= k? 2 1+n ° R i Ry i
2 m=0 m m+1
, (30c)

8
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where R, =/r>+{md}? and R, =+/r’+{(m+1)d}

From (30) in (25), it is easy to get the solution formula for the electric field E; in sea-water
as follows:

. 2 . m+
£2 _ —|a),IJOISO kl r |k23 e_isz +§: (1_nj 1 e—ikz(Zma) %
0 2 2 p2

27K; ki R S\1+n

me—i ki R e’iklRerl .
= e—i ke (z+h) | (m +1) = (N e—ikz(d1+d2) +eflkz(2+h+2d1))
m m+1

The physical meaning of (31) can be explained that the second term represents a series of
waves, which propagate upward from the source and make m round trips between the sea

surface and the bottom, then travel along the path R, and arrive at the field point in sea-
water. The third term represents another series of waves, which propagate downward from the
source first, then reflect upward at the sea bottom, and travel along the path R.,,; and arrive
at the field point.

(3D

V1. Analytical Solution for the Far-Field in The Ground

In this section we will analyze the integral equations (7) to find the solution of the far field in
the ground region (third-layered). In this case, the field point P(r,z) is at distance d, under
the sea surface. We begin with the integral equation (7a) and after substituting the value of the

constant function D(1) from (4d), the electric field E; can be expressed as:

—2u,d,

—2u,a

cs _ —iou1S, Tz/l eUthsz( 1+r1,e

H®Ar) AdA . 32
¢ 87  Jul, 1—r,,r,.e J v (4N (32)

Using the first formula of (11) and (13), then the electric field E; can be rewritten as:

Ia),uOIS

>t A (h+2ma) d

—U,Z—U +Z2ma)—um

- $ [ A gvrnoaman
—o0 23

m=0

, (33)
(r,)" (1+ e‘zuZdl_uld) H®(Ar) 2dA

Using the similar procedures for finding E; and Ej , the final result of the electric field after
some lengthy but straightforward manipulations can also be given by:

E3 :_ic‘)/“olsokl2 r( 1 ] pikszikeh z( j
? 7k’ 1+n 1+n

ik R —iky Ry, :
e—ik2(2ma)[me i (m+1)e & 1e—ikz<2d1)J

(34)

R3 R3

m m-+1
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It is clear that, the first term of (34) represents a series of waves, which propagate upward
from the source and make m round trips between the sea surface and the bottom, then travel

along the path R, and arrive at the field point in ground. The second term represents another
series of waves, which propagate upward from the source first, then reflect downward at the
sea surface, and travel along the path R,,,; and arrive at the field point.

VI1. Numerical Results

We here present some graphs showing the electric fields which is computed in three regions
for different values of a (thickness of the sea). The source is a VMD located in sea at height
h above the sea bottom. In these Figures, the vertical scale is normalized by the factor

(a)yo 1S, /4 71) . To attain the numerical calculation, we ascertain that >*  is a match for

>, under the conditions shown in Figures (2) - (10).

Figures (2), (5), and (8) show clearly that the decrease in the sea thickness a led to an
increase in the electric field. Moreover, Figures (3), (6) and (9) show that an increase in the
height of the source h, increases the electric. Figures (4), (7) and (10) show that the electric
field increases when the vertical distance of the field point d, is increased until it reaches to a

certain value then decreased. Furthermore, Figures (11) - (13) show that the electric field is
strong in sea-water region, where the source and the filed point are in the same region. These
results coincide with previous results obtained by using other methods. However, this method
is much easier and delivers these results more quickly and thus save the time exhausted in
previous tedious approaches. Therefore, this method which is another contribution of this
paper, is very important as it saves the researcher's time in finding the accurate results of the
problem in a very short time.

1 10 _ ! 8 =2
_El_ |Eg|><10 at a=50m _El_ ‘ED‘XSXIO at h=25m
| E}|x10° ar a=20m | EL|x2x10" at h=35m
F q . -
Py |EL|x4x107 ar a=10m | |60 F [y = E!|x5x107 at h=45m
0 : \ 50
00 Y 40
] -
20 fa 30
20
10 10
1 L l { 1 L l
0 20 30 40 2 0 2 30 40 50

Figure (2): Variation of the abselute value of

E'| versus the

[

the electric field in air region

radial distance (1) at a=30, 20, 10 m,

respectively, h =4m and d, =5m.

10

Figure (3). Variation of the absolute value of
the electric field in air region ‘E,_'_, versus the
radial distance (1) at a=50m, h=25, 35, 45
m, respectively, and d, =3m .
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Figure (4): Variation of the absolute value of the electric field in air

region |E,L

versus the vertical distance of the field point d, at

a=r=350, 20, 10 m, respectively, and h = 4m.

g2 |2[x107 ar a=som | | g2 | E2|<10° ar h=15m
_|£; x3%x10% at a=20m - |E;‘><2><105 at h=25m
............ 2 2 =10: I\ [E— 4
50 | E2x6x10% ar a=10m | |49 b 1Y | E2[x310% ar i =35m

40

Figure (3): Variation of the absolute valie of
the elecwric field in seawater region Fj‘

versus the radial distance (v) at a=50, 20,
10 m, respectively, h=4m and d,=5m.

Figure (6): Variation of the absolute value of
E 2

the electric field in seawater region |E_

versus the radial distance (r) at a=50 m,

h=15, 25, 35 m, respectively, and d, =5m.
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Figure (7): Variation of the absolute value of the electric field in

seawater region |E i| versus the vertical distance of the field point d,

at a=r=50, 20, 10m, respecrively, and h =4 m.

ES |Ew3 %10 at a=50m
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N |E; 10" ar a=10m
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|
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E—3 ‘E; ‘xlﬂ” at h=5m
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22|

0l : \‘ """""" ‘E;|><10“5 at h=25m

Figure 8): Variation of the absolute value of

the electric field in ground region |.E, ; Versus

the radial distance (r) at a=30, 20, 10 m,
d, =55, 25, 15m respectively, and h = 4.
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Figure (9): Variation of the absolute value of

the electric field in ground region |.E, ; Versus

the radial distance (r) at a=50m, h=3, 15,

25 m, respectively, and d, =35m .
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Figure (10): Variation of the absolute value of the electric field
i ground region ‘Eq

versus the verfical distance of the field

point d, at a=r=>50, 20, 10m, respectively, and h =4 m.
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Figure (11). Variation of the absolute value Figure (12): Variation of the absolute value
of the electric field |E¢|-.'2":‘| in three regions: of the electric field ‘E :,'i‘ in three regions:
air, seawater and ground, respectively, air, seawater and ground, respectively,
versus the radial distance (r) at a=250m, versus the radial distance (r) at a=20m,
h=4m, and d, = 3.5, 55 m respectively. h=4m, and d, =5, 5, 25 m respectively.
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Figure (13): Variation of the absolute value of the electric field |E \L‘E"| in

three regions: air, seawater and ground, respectively, versus the radial
distance (r) at a =10m, h=4m, and d, =5, 5, 1 5m respectively.

VIII. Discussion and Conclusion

In this paper we summarized our research work and its visible deliverable are the complete
formulas that have been derived for the electromagnetic fields generated by a vertical
magnetic dipole embedded in sea (the three-layered media) with planar interfaces. The
observation point is located in air, seawater, and ground, respectively. Moreover, the distinct
physical meanings of the derived fields in each of the three regions are discussed separately.
Numerical calculations of the field components are performed and illustrated.

This paper also contributes to the analysis of the EMFs which is based on this method, as it
depends on the use of some integral identities and the identification of the stationary phase
point of the integrand to evaluate Sl rapidly. This was illustrated by showing the form
solutions of the far-fields were first expanded, and then with the help of the complex image
theory [12], closed form expressions of the far-field in the three regions were obtained simply.
It is necessary to note that, the slowly varying part in SI has no singularities at the stationary
phase point. The results of this work agreed to a great extent with the conventional stationary
phase method or saddle -point method, but it is quicker and it can be easily used to calculate
the far — fields for similar problems.

The results obtained are useful in many engineering applications such as underwater
communication, mine communication, radar and geophysics exploring. It can also be used in
developing fast and simple interpretation tools for estimating the earth structure and other
remote sensing applications.
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