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SECTION 1
INTRODUCTION

Electromagnetic radiation in the presence of stratified media is a
fundamental problem in geophysical sciences, printed circuits, microstrip
devices, etc, [1,2]., It has been a subject of extensive research for
eighty years beginning with the well-known Sommerfeld integral. However,
this is also an area noted for its lack of numerical data and practical,
generalized solutions. The electromagnetic problem is complicated because
of a variety of physical parameters such as the source location, the layer
thicknesses, and dielectric constants in individual layers. The solutions
are often complex and are, as a rule, only applicable to particular cases.

With the advent of high-speed digital computers, it is increasingly
more desirable to seek numerical solutions that are simple to use and are
applicable to a broad spectrum of problems. The generalized formulation in
terms of reflection coefficients and one-dimensional integrals in kp
appears to be a very suitable representation for numerical computations
[3,4). The primary difficulty in this approach is in the computation of
the integrals which involve Hankel functions,

A highly efficient technique to compute these integrals is by way of
Fast Fourier Transform (FFT) [5-8]. The integrand is organized into a
product of two functions, one of which includes a Bessel function. The
function without the Bessel function is expanded into a discrete Fourier
series via FFT. The exponential terms of each of the resulting discrete
Fourier series containing kp are then combined with the remaining integrand
for closed-form integration, There are three difficulties involved in this
approach. Firstly, the integral after FFT expansion must be suitable for
evaluation in closed form. Secondly, the resulting closed-form integral
must be easy to compute numerically since there may be thousands of them in
the Fourier series expansion. Thirdly, proper decay of the integrand is
required for the FFT expansion.

In this report this approach is expanded to cover the general problem
of radiation and scattering in the presence of stratified media. The

integrand is, in most practical cases, a product of two functions; an even

or odd function of kp and a Hankel function (or its derivative) of the




first kind. It is demonstrated in this report that a general algorithm to

compute this class of problem is feasible.




SECTION II
FORMULATION OF THE PROBLEM

The fields in the L-th layer due to a Hertzian dipole in a stratified

medium as shown in Figure 1 can be expressed in the following general form

[4]
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Figure 1. A stratified medium with Hertzian dipole

excitation.
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where H(l) denotes the n-th order Hankel function of the first kind and H
n

n
its derivative. Sy, Cn and n are determined by the dipole excitation
involved. Sé and C; are derivatives of §, and C . The e "% term is

suppressed and the cylindrical coordinates are adopted, in which

2 2 2 n
Ky =k, + kp .

for the %~th layer. In Equation (7), k is independent of the layer and
- P
kt w Ve M,
The four constants, Ay, By, C¢, and Dy are determined by enforcing the
boundary conditions at each layer interface. For example, the continuity

of displacement flux D normal to the interface atz = dj requires

ik

€y (Aze-jklzdl + Bye” iz d ) (8)
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There are a total of four equations similar to Equation (8) at each R
interface which constitute the necessary and sufficient boundary

conditions.

The quantities n, S,, Cp, Ag, By, Co, Do are determined by the dipole
excitation. First, the fields due to a Hertzian dipole in the absence of
stratification are expressed in integral forms similar to Equations (1-6).
These constants and coefficients are then determined by a comparison
between Equations (1)-(6) for « = 0 and the fields for this particular
dipole source in the absence of stratification. The details are included

in References 3 and 4, and are included in Appendix A for convenience.




SECTION II1I
FFT METHOD AS APPLIED TO A SPECIAL CASE

Before presenting the application of FFT method to the general
integrals, the FFT method that was used (5], [6] to evaluate a specific
integral will be discussed. The integral is given as,

N (1)
Iy, B(k,) By (ko) dk) (8)

- dk
2 E(kp) Jl(kpp) 0
)

where E denotes an even function., We first define
g(kp) - ZE(kp) exp(VRkp) . (9
The Discrete Fourier Transform (DFT) of g can then be expressed as,
-]
G(f) = g(kp) exp (-2ﬂjfkp) dkp R (10)
where
f=n/(Nak ).
p
We can now approximate g(kp) by a DFT expansion as follows:
1 (N2)-1
g(kp) &'-N_A—k: E : G(f)exp(ijfkp) (1)
n=-N/2

for 0 <k <[(N/2)- 1 )4 kp

By substituting Equation (11) into Equation (8) and recognizing that
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Thus the integral in Equation (8) is transformed into a finite series
expansion in Equation (13), and can be readily computed on a digital
computer.

Several fine points in this method need careful and proper handling.
An arbitrarily chosen number, vR is required in Equation (12) to be larger
than zero. However, Vg must algo be smaller than z so that g(kp) as defined
in Equation (9) vanishes as kp approaches infinity. 1In the problem treated
in Reference 5, a term exp (jklzz + vp kp) is contained in g(kp). In order
to maintain a finite g(k,), Vg * 2/2 is chosen so that g(kp) vanishes as kp
approaches infinity. Another concern is that a real k would lead to
singularities in the-integrand. This difficulty can be overcome by adding
a small dielectric loss to remove the singularity from the real axis.

A key feature of this approach is to transform the interval of
1ntegracxon (—=,*) into (0, ®) so that g(k ) nearly vanishes outside (o,
C— -1) &k ) for a properly chosen Vg. After this is accomplished, closed-
form 1ntegratxon similar to that of Equation (12) is needed to handle the
remaining integral containing a Bessel function. In essence, the FFT
method transforms an integral containing a Bessel function to an
approximate summation which is void of special functions and therefore can
be readily computed. 1In the next section, the FFT method will be shown to
be applicable to all the integrals in Equations (1-6). This can be
established by showing that for these integrals the interval of integration
can be changed from ( —=, ©) to (0, «) and simple, closed-form integration

can be carried out for the remaining integral containing a Bessel functionm.




SECTION IV
APPLICATION OF FFT METHOD TO THE GENERAL INTEGRALS

For dipole excitation, the order of the Hankel functon, n, is either 0
or 1. The coefficients Az, Bl’ Ck, and Dx are all formulated in matrices
and can be readily evaluated on a computer. The evaluation of the
integrals involving Hankel functions can be handled systematically by the
FFT method just described.

A key to the success of the FFT method is the term exP(jklz z +
VR kp),whichcauses g(ko) to vanish for a properly chosen positive vg, as
ko approaches infinity. As can be seen in the Appendix, terms of this type
exist in the general form of the integral. That a suitable vg exists and
the integrand would vanish as kp approaches infinitycan be argued on the
basis of the existence of the solutions. It can also be proved, separately
for the cases of a dipole below and above the field point, that a suitable
VR exists.

The next hindrance to the FFT method is in the closed-form evaluation
of the remaining integral containing the Bessel function. It is shown in
the.following that a closed-form integration similar to Equation (12) does
exist for each integral that may be encountered.

The integrals involved in Equations (1-6) can be divided into the
following eight types, each of which can be handled in a manner similar to
that of Equation (8) discussed in the preceding section. E and O denote

"even" and "odd" functions in the following discussion.

E - 08
1, = E(kp)ﬂo (kpp)dkp

= 23 E(kp)No(kpo)dkp , (14)




where N, is a Bessel function of the second kind of

closed-form integral can be employed,

order 0, the following
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the closed-form integral of Equation (12) can be used.
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where 0'(kp) is the derivative of O(Rp), the following integral can be

employed
- _ 2,2 1/2 !
e vko No(kpp)dkp = 2 72 n wH(vTHp7) R
o .,r(v2+02) p
(21)
where Rev > Imp = 0,

In the last step of Equation (20), the first term can be readily

evaluated by substitution. However, this term generally vanishes because

of the unique nature of N, at o and = .

E
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SECTION V
NUMERICAL ANALYSIS

The preceding discussions demonstrated that a general numerical
approach for the problem of dipole radiation in stratified media is
feasible. In fact, a computer algorithm can be developed for the general ,
case of arbitrary dipole configurations, geometries of stratification, and
dielectric and ferromagnetic properties. The well-organized integrals in
Equations (1-6) can be readily computed by the FFT method after the
parameters are specified. The matrix formulation for the coefficients A,
By, C;, and Dy can be easily computed for any number of layers, dielectric
constants, layer thicknesses, etc. Note also that these four coefficients
are all even functions of kp . Whether the integrands devoid of the Bessel
functions in Equations (1-6) are odd or even can also be readily
determined.

Several delicate points in this method should be carefully observed.
The choice of N, Akp and Vg must be properly made to insure that the DFT
expansion is valid. As will be shown in the next section, good convergence
and accuracy were achieved in all the examples tested. Obviously, the fact
that the basic FFT techniques are well established has a great deal to do
with the success of the present method.

A major limitation of this method is its deteriorated convergence in
computing fields at locations with large p . In order that g(kp ) be
sufficiently near zero outside (-NAkp/2, NAkp/Z) for the FFT expansion, 2k,
must be chosen to be much smaller than 1/p ; and N must be chosen
sufficiently large. The limited central memory and speed of modern digital
computers restrict the FFT expansion to finite distances of p . Depending
on the nature of the function g(kp ), accuracy of the computation
deteriorates when p 1i8 larger than several to several hundred wavelengths.
Extension of this method to cases of large p is possible and, of course,
highly desirable.

In this research, no attempt was made to develop a generalized
computer program. Instead, basic techniques and subroutines were developed

and tested to demonstrate that a generalized algorithm is indeed feasible.

15 |




SECTION VI
NUMERICAL TESTING

Several methods were employed in testing the accuracy, efficiency and

I S

versatility of the FFT method for problems involving stratified media. The
results were checked against known data in the literature, against data
obtained for limiting cases, and by numerical convergence with variations
in N and Akp . All the three field components, Ez, E¢, and Ep, vere
computed for the more involved cases of horizontal electric and magnetic
Hertzian dipoles. The excellent numerical results demonstrated that the

present method is indeed a powerful and general computing tool for

electromagnetic problems in stratified media.

The first case tested was for E, due to a horizontal electric dipole
in media of two and three layers, which had previously been computed by the
FFT method [5,6]. Excellent agreement between the present analysis and FFT
results was observed.

E, due to & horizontal magnetic dipole is similar to that due to a
horizontal electric dipole because they both have the same type of
integral, Isl of Equation (8). Figure 2 shows a case that has been
extensively studied for t = 0 and €7 = 80t, by Kong and his colleagues ([9]
-[11]. Their earlier results in References 9 and ]0 were inadequate and
were later discussed [11] in conjunction with the newly obtained correct
data. It must be emphasized that the integral involved is of the same type
as that computed by FFT method in their earlier work. Even though some
convergence problem may exist since the source and field points have the
same z coordinates, their earlier FFT algorithm should have readily yielded
limiting-case data if the general and universal nature of this method had
been recognized and taken advantage of. This is illustrated in Figure 3,
in which a comparison is made for E; with various values of t to compare
with the data for t = 0 in the literature. The present computation was
actually made for the case in which the layer with water, for which €2~80€°,
was approximated by a perfect conductor as often done in experiments.

As can be seen, the computed results converge nicely to the t = 0
case when t is reduced from 0.1: to O.OZAO . The ripples in the curve

o
corresponding to t = 0.02Ao are indications of poor numerical convergence
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Figure 2. A horizontal magnetic Hertzian dipole in a
three-layer medium.
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vhich will be discussed later in greater detail. The deterioration of
convergence for small t is due to the reduced distance in z coordinate
between the source dipole and the field point, as was explained in an
earlier section,

Because of a lack of existing data that could be used to check against
the present computation involving horizontal magnetic dipoles, we resorted
to cases for which independent image-theory calculations can be made. For
example, a horizontal magnetic Hertzian dipole in a homogeneous medium over
a ground plane can be analyzed easily by image theory. These data can be
used to compare with those computed by the FFT method. Figure 4 shows a
comparison in the amplitude and phase of E, for a horizontal magnetic
dipole in a medium with € = 2 ¢, over a conducting plane. Figure 5 shows

a comparison for E, in this case. An accuracy of 0.1 percent or better is

¢

achieved in these cases.
The convergence test is another useful check in the present FFT

method. Figure 6 shows how convergence is reached by increasing N in the
: computation. It was observed that numerical convergence is consistently
accompanied by the smoothing of the ripples in the E vs. p plots.
Convergence can also be checked by varying the value of Akp chosen in the
FFT computation.

All types of integrals involved in Equations (1-6) and discussed in

Section IV were numerically tested successfully, Thus, the applicability

of the FFT method to the general electromagnetic radiation in stratified

media has been clearly demonstrated.
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SECTION VII
CONCLUDING REMARKS

It is established in this report that a general and universal method
exists for numerical analyses of the general electromagnetic problem in
stratified media. The problem can be formulated such that a computer
algorithm can be written for the general problem of arbitrary excitation,
layer thickness, dielectric constants, etc. The integration is by the FFT
method which transforms the integrals involving Bessel functioms into a
summation of simpler functions. Excellent numerical results were obtained
for many test cases some of which are presented in this report.

There are, however, two shortcomings in the present FFT method.
Because of the limited central memory and execution speed, computation is
limited to field points having a radial (p) coordinate of several to
several hundred wavelengths, depegsing on the nature of the particular
integrand involved. In addition, convergence deteriorates as the distance
(in z~coordinate) between the source and field points decreases.

For future research, it is recommended that a user~oriented general
computer algorithm be developed on the basis of the findings in this
report, Furthermore, the two shortcomings in this FFT method should be

examined for improvements.
ACKNOWLEDGEMENTS

The author wishes to thank Messrs. Brian Caldwell and Mark Keenan for

their programming assistance in this research.

23




10.

11.

REFERENCES

J. R. Wait, Electromagnetic Waves in Stratified Media, Pergamon Press,
New York, 1970.

A. Banos, Dipole Radiation in the Presence of a Conducting Half-Space,
Pergamon Press, New York, 1966.

J. A. Kong, "Electromagnetic Fields Due to Dipole Antennas Over
Stratified Anistropic Media," Geophysics, Vol. 37, December 1972.

J. A. Kong, ed., Research Topics in Electromagnetic Wave Theory,
John Wiley & Sons, New York, 198l.

L. Tsang, R. Brown, J. A. Kong, and G. Simmons, "Numerical Evaluation
of Electromagnetic Fields due to Dipole Antennas in the Presence of
Stratified Media,"J. Geophys. Res., Vol. 79, pp. 2077-2080, May 1974,

J. A. Kong, L. C. Shen and L, Tsang, "Fields of an Antenna Submerged
in a Dissipative Dielectric Medium," IEEE Trans. Ant. Prop., Vol.
AP-25, pp. 887-889, November 1977.

A. Q. Howard, "On Approximating Fourier Integral Transforms by
Their Discrete Counterparts in Certain Geophysical Applications,"
IEEE Trans,., Ant., Prop., Vol. AP-23, pp. 264-266, March 1975.

J. Lajoie, J. Alfonso-Roche, and G. F. West, "EM Response of An
Arbitrary Source on a Layered Earth: A New Approach,” 42nd Annual
Meeting of the Society of Exploration Geophysics, Anaheim, CA,
1972.

W. M, Chan, J. A. Kong and L. Tsang, "Geophysical Subsurface Probing
with a Horizontal Magnetic Dipole," IEEE Trans. Ant. Prop., Vol. AP-
24, pp. 877-879, November 1976.

D. Chang, J. A. Kong and L. Tsang, "Geophysical Subsurface Probing
of a Two-Layered Uniaxial Medium with a Horizontal Magnetic Dipole,"
IEEE Trans. Ant., Prop., Vol., AP-5, pp. 766-769, November 1977.

W. C. Chew and J. A. Kong, "Asymptotic Approximation of Waves due
to a Dipole on a Two-Layer Medium," Radio Science, Vol. 17,
pp. 509-513, May-June 1982.

24




APPENDIX A

CONSTANTS AND COEFFICIENTS FOR THE k -space INTEGRAL
EXPRESSIONS OF FIELDS IN STRATIFIED MEDIA

25




APPENDIX A

CONSTANTS AND COEFFICIENTS FOR THE k,-space INTEGRAL
EXPRESSIONS OF FIELDS IN STRATIFIED MEDIA

Equations (1-6) are valid for the general problem of dipole radiation
in stratified media. Although the application of these results to a
specific case is straightforward, it is convenient to summarize all the
relations needed in the determination of all the constants and
coefficients, which are described in detail in Reference 4.

At each medium interface the following boundary conditions exist

-jk, d k, d
ep(hge "4z L + Bzej £z°4)
_'k d -
= el-l(Al—le 3 (l—l)z £+ Bl—lejk(z-l)sz) . (A 1)
[
=jk, d jk, @
= ~jk d ;
- u“-l(cﬂ._]_e 3 (4-1)z £ + Dz_le']k(ﬁ—l)zdl N
klz ("Ale-Jkﬁ'Zdl + BleJklde ) (A-3)
~-jk d
= k(x-l)z(“Ag_le I (-1)2% + Bl_lejk(k_l)zdz ) » and
-jk d k, d
kg, (-Cpe Jk e o Dg‘ej Lz %)
(A-4)

= kg1, e 2 + p, e -n2ly)

An arbitrary Hertzian dipole can be considered to be the superposition
of four basic Hertzian dipoles, vertical electric, horizontal electric,
vertical magnetic, and horizontal magnetic. The quantities n, Cp, Sny Aoy
By, Coy Do, are determined by comparing Equations (1-6) with the fields of
the specific dipole under consideration with the fields due to this
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particular dipole in the absence of stratification (infinite region). The
latter is often referred to as the "primary” contribution in the general

stratified-media solution and is summarized as follows

(1) Vertical electric dipole (VED)

e

«©
. L | o z >0
E =
z dkpEved -3k z; H0 (kpp) *z2 <0 (A-5)
— e ~ 0z
and H, =0, (A-6)
where
~ 183
Eved ™ Bmoe k. ° (A-7)
0 0z

and I& is the electric dipole moment. Note here that 0 denotes layer

index, not "free space", in ¢, kg, Hp.

(2) Horizontal electric dipole (HED)

L ik, 2z 220
E, = J[ dk By g e 0z ‘ H{l)(kpp)cos¢, (A-8)
- )_ejkozz f z<0
© jk_ 2z z2>0
. e’ 0z . (1)
|, f dkpl{hed{ ‘. HV Gepdsing s (a-9)
e-jRO:!:z
xakzp
Eped = 3 '81rmso . and (a-10)
Ilkz
Bred = 1 Tk . (a-11)
0z
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(3) Vertical magnetic dipole (VMD)

E_ =0, (A-12)
z
® ‘eiROz (1) z20
d H k
and B, . kH o l Lk zf 0 (k) ' o (A-13)
oo e~ 0z -
where
IAk3
— P -
B = -3 B , (A-14)
0z
and IA is the magnetic dipole moment.
(4) Horizontal magnetic dipole (HMD)
foo ‘ eJkozz l (l) 2 10
Ez = dkahmd } . ‘ Hl (kpp)51n¢, < (A-15)
— -jk. z z<0
e - 0z
o eJkozZ ' (l) 2z 10
0, - f dic H ‘Hl (k p)cosé , (a-16)
=ik _ 2z z <0
- -e ~ 0z
where
IAwu0k2
Ermd © TBuk » and 1)
0z
2
H --IAkp (A-18)
hmd 8n *

Because of the functional difference between z > 0 and z < 0 in the

integrands of the fields described above, the coefficients Ag, Bg, Cp, and

Do are denoted by Ag+, Bps, Co+, and Do, for z 2 0 and Ag-, Bp-., Cg-, and
Dg- for z < 0.




The fields in region 0 for the four types of dipoles can be determined

by the following relations

« (1) VED

A = Aved

+ E for z > 0 (A-19) ;

ved ved

0+ = ° |

= A + E

C.. =D

ved ved (

B, = Bieq for z < 0 (A-20)

Coo =Dy = O %
i

where Aved and Bved characterize contributions due to the stratified medium

and are to be determined by the boundary conditions.

(2) HED
A0+ - Ahed
0+ = Bhed + E:hed

= > -
C°+ Ched for =z 0 (A-21)

D,. =D

hed hed

Ap = Aed ™ Fhed
0- = nhed

co_ * Cied * Hhed for z < 0 (A-22)

0- = Phed f

where Ahed’ nhed’ ched’ and Dhed are to be determined by the boundary ;

conditions. i
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Cos * Comd forz 2 0 (A-23)
D0+ = Dyma * Hyma
AO— =By =0
Co- ™ Comd * Homd z< 0 (a-24)
D0- = Dvmd

where Cvmd and Dvmd are to be determined by the boundary conditions.

(4) HMD

Ao+ = Mg
B9+ Prmd * Enma
Co+ ™ Ctmq for z > 0 (A-25)
Do+ ™ Prmd * Prma
40- 7 4nd * Frmg
Bo- ~ Brmd
Co- = Crmd = Bhmd for z <0 (A-26)
Do- = Phma

where Apnd? Bimd’ chmd’ and Dyng 8T€ tO be determined by the boundary
conditions.

It is convenient to reorganize Equations (A-1)-(A-4) in either

A ™ A
[ l] = Tegeepy [ Ll:l . (a-27)
B - B
L [

C C

Yl . L] A (A-28)
D H(E-1) D ’

L =1

ey ot e < e =




A A
1 Mot (A-29)
R TESS D) B, ’

Bl-l_
-
[CLI ) 7{5 ne’ [CZ] . (A-30)
Doy D,
where
oM L[S “(2-1)3]
R(2-1) 2 €g klz
-j(k -k )d -31
™ 'j(kﬂ.z"'k(l-l)z)dl e Lz (2-1)2" %2 , (z: )

Rg(‘e_l)e

IE _1 [ a1 kKao12 ]
R’(E"l) 2 UR_ klz

o3 ®az ke Riﬁn_l)ej(kzz+k(2-l)z)d;]
I e D I L
€4 kg
={;{5:-1)1" = % [e + k £ ]
-1 (4-1)z
ej(k(ﬁ-l)z_klz)dl Rf?_l)lej(k(l-l)z+klz)dl
Rie-1 eIy e Iy ) [ala3)
and
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— +
Yoy k(2—1)2

=TE 1 [ ig) kg, ]
2

V-1 =

RE eIy,

ej(k(z-l)z'kzz)dz (2-1)2%

+kmz)dz

RIE 3k 1yt )4 e 3k g 15,7k,

(4~1)2

In Equations (A-31)-(A-34)

TE L= ugkig gy, M1k,

R =

o ek /b,
P-4 ek, /e Ky,

and

TE TE
R(z_l)l 'Rz(l-l) 4

™ ™
Raenr ™ Regan)

In region 0, we have
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(A~34)

(A-35)

(A-36)

(A-37)

(A-38)




B
™. 0~ _ 1 -
fo- TR, T am o (132,40
0(-1)
2
!
(g ) T e /
s (-1) N exp[-j2klzd1]
L expl-g2k . 4] Rl(T-(l) (-2)
R’I‘M pl-3 -1z 0
0(-1)
2
1
1= (;ﬁd———_—) exp[-jz(k-lz".k--Zz)d--ll
(-1)¢-2)
+
e expl-i2k . d . ]
RTM P ~2z -1
(~1)(~-2)
™
+ R(-N+1) (-N) exp [-32k g d 01
(A-39)
A L}
™. "0+ _ 1
Ro+ = By, M exp[32k; d, ]
01
2
1
1- (—Tr—M———) exp[j2(koz+klz)dl]
Ro1 exp(j2k, d,]
+ + x
L exp{y2k. d.] Rg
v expliZk  d)
Ro1
2
1 - (——_Ti! ) exp[j2(k12+kzz)d2]/
R
12 .
+
1
/ T exp[jZkzde]
12 .
+ ... + Rm xp [j2k ]
' (M-1)M® M1z T (A-40)
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and

D
RTE = 0= . g™

0- Co_ -
e . 0+ | M
Ro# = D o+

(A-41)

(A-42)

The wave amplitudes in region 0 for the four types of dipoles are

(1) for vertical electric dipole

™ ™
+
Rosll * Ry

A, = OF 0 g
0+ ™ ved
1- Rgzko-

(1 + R
Bos ™ TMz;M Eed
1 - RoRy_

(1 + R

A, = E

0~ TM ™ ved
- RoiiRo-

™ ™
Ry (1 + Ry

- E
0~ ™ . TM ved
L- Rorko-

(2) for horizontal electric dipole

™

R0+

™
- R

Agy = M TH Eed

T
1 - RyRo-

(123

, and

(A~-43)

(A-44)

(A-45)

(A-46)

(A-47)




™
@ - M

= ————— F
0+ TMFTM hed
1 RO+ 0

TE TE
Ry, (1 + Ry)

Co, = ———m
0+ TE.TE _ Phed
1- RER)E

1+ &5
Dy, = TE.TE  ‘hed

1 - R R

1 - Rgf)

-— Y
0- ™ hed
1 - rRMg
Ro+Ro-

™ ™

_ R - Ry E

0~ ™ T™ hed
! ROERO—

1+ Rgf)

0- | RTEIE Hed
0+ 0-

TE TE
Ro- 1 * Ry

0- | _ STE.TE Hred
0+ 0~

(3) for vertical magnetic dipole
TE TE
o o Boa R

0+ = | _QTETE M omd
0+ 0-

(1 + RE)
D, = H

0+ TE.TE  vmd
1= RosRo-

and

(A-48)

(A-49)

(A-50)

(A-51)

(A-52)

(A-53)

(A-54)

(A-55)

(A-56)




(1 +RE)
C, = ————=——H , and
0- TE_TE vimd
- A-57
1 - Ry R (4-57)

RTE(l + RTE)
D = __0."__...__01_ H
0- TE_TE vmd ‘
1l - R0+R0_ (A-58)

(4) for horizontal magnetic dipole

Rg?(l + RI")
0+ ™ ™ hmd ’

1 - R RO (A-59)

a + &M

Bos ~ TMETM Emd i
- o (A-60)
1 - RyR

RTE(1 - RIE)
Cor ® —r it Bma
+ TE m _
1 - R0+R0_ (A-61)

TE
(1 - Ry

D, = — e
0+ TE_TE 'hmd ’
1 - Ry Ry” (4-62)

™
1+ R0+)

A, & ’ (A~63)
0- TM_TM Ehmd
- Rof:Ro-

™ ™
Ry (1 + R

0- TM TM hmd
- RofRo-

(A-64)

- R
C = o ________0_'!'_ K
0- TE_TE l'l'l-mxd , and

1 - R0+R0_ (A-65) '
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