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ABSTRACT

Both the near-zone and far-zone electromagnetic fieid of an
arbitrary-oriented dipole above a two-layer earth surface is obtained
to a high degree of accuracy using a combination of numérical and
analytical computational schemes, It is shown that marked differences
‘exist between the field’structures of a vertical dipole and a horizontal
- dipole in the case when the observation is made on the earth surface in‘
the plane of the dipole. The magnitude of the power flux in the near
field zone is shown to have maxima and minima depending upon the thick-

-ness and the electric constants of the first-layer.
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1., Introduction

Iﬁvestigatidn of VHF and UHF performance of thin wire structures in
the presence of a realistic ground environment is important in EMP simula-
tion as well as other antenna applications [Baum, 1972].  Since the earth
is not very conductive in these frequency ranges, effect of the ground
reflection can no longer be accounted for by the structure's mirror image.
In some cases, wire structures large compared with the free-space wave-
length, are aétually placed on the top-of a prepared ground surface such
as a non;reinforced concrete slab of finite thickness. The prdblem of
finding the scattered field is then further complicated by the fact that
.the slab can now provide a physical mechanism for energy to spread out in‘A
the lateral direction in the form of a 1ossy surface-wave.

As a first step leading to the better understanding of this problem,
we shall discuss in this report.the development of a numerically-efficient
scheme for computing electromagnetic fields produced by an arbitrariiy
oriented electric dipole source located in air over a multi-layered,
dissipative half-space. Typically, the medium consists of only two layers
with a top layer being a concrete slab of finite thickness and the bottom
layer, a homogeneous earth of infinite extent. To be able to obtain all
the electric aﬁd magnetic field components accurately and efficiently in
both the near-field and the far-field regions is important, due to the
faét that an integral equationkformulation of a thin-wire structure can
usually be constructed once the field components produced by.individual
dipole sources are known. |

In what follows, we shall discuss first the spectral representation of

the scattered field due to a horizontally-stratified half-space using an



approach similar to that of Wait's [1966]. We then proceed to discuss a
numerical scheme for the computation of the so-called Sommerfeld integrals.
Siﬁce all six field components are needed. a method is developedbfor
simultaneous integration of these components. Also investigated is the
choice of possible paths of‘integration, with spécific reference made to the
work of Lytle and Lager [1974, 1975] which finds the field components of
a homogenous half-space. In addition to the numerical integration, we
‘shall also discuss the appropriate asymptotic and near-zone expansions of
each field component. They are then incorporated into the computer program
in order to improve the computational efficiency. A related work in this
case is that of Tsang and Kong [1974] where various asymptotic evaluations
of the léngitudinal magnetic field were found for a horizontal dipole
placed on a lossy dielectric slab, having a thickness in the order of a
few wavelengths. However, their computation was restricted to observation
on the slab surface. Also included in the report is a comparison of the

numerical results with various known special cases.



2. Formulation of the problem

Figure 1.shows a tiltéd electric Hertzian dipole above a finitely
conducting stratified half space. This‘dipolé is p1aced in the x-z
plane ét (0,0,ho) making an angle¥6' ~with respect to the vertical z-axis;
the prime fefer§_to the source céordinate system; hb represents the
height of the dipole above the surface of the layered earth. The dipole
can be decomposéd into two components; one parallel to the earth surface
al@ng the x-axié witp a current moment Idx' and anothgr'perpendicular to
the earth along the z-direction with a current moment of Idz'.
Contribution to}the electromagnetic field from both dipoles can be formu-
lated in terms of the electric Hertzian potential T which consists of |
T and - In this report only the derivatioh leading to\the expressions
for field prodﬁced by a horizontal dipdle will be demonstrated. We also
note that the method follows a somewhat different approach
than the one derived by Wait [1966] even though the two solutions are
formally the same. |

For a horizontal Hertzian dipdle, the scattered field in the mth—layer

can be written in terms of ﬂi n and W: n’ which has the following
form; ) ‘
s _ 2 ' .
moon = @/ [ [0 pEmexpl-ygH, + 1(EXrN1dE dn )
S s 2. 1r% . .
moom = Gk [ i g0, (E.mexpl-y H ri(EX+n0)]dedn ()
m=1,2,... M
2 2 ¥ . 2 2.z, 2 _ i .
where y_ = (£ +n - )% =-i(1-&"-n ) s ong = et mm/(weo),

e € and o, are the refractive index, relative permittivity
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Figure 1: A vertical .and a horizontal dipole above a
~finitely conducting stratified half space



and conductivity of the layered media; ® represents the operating frequency
with a suppressed time convention of exp(-iwt); € is the permittivity of
free space, Q0 = icoIdx'/(Sﬂz) is the normalized dipole strength;
X=kx, Y=ky and H =k h are the normalized distances; ¢ _ and k

o 0 o oo o 0
represents the free space intrinsic impedance (= 120m Q) and the propagation
constant in free space respectively.

Since each component of the Hertzian potential satisfies a homogeneous

wave equatibn of the kind:
@2 + 3ndF=0
om

expression for ¢
X,m

b4

and ¢ are then readily known
z,m

. ) _ H ‘.
O n(®) = T, plexply, Z+H)1+ R exp[-y, (Z+H )]} (3)
W= X,Z 3 m=1,2, M
and y_ = (52 + n2 - 112)4‘f ; Re(y.) >0 : =k / d H =k (h,+h._+...h )
m m Yp! 2V 5 2= oZ and - H =K (h,+h,+...h

are both normalized distances.

Thus, the values of & (z) and its derivative with 1z, @' at
W,m W,m

the top surface of the mth layer, i.e. Z = -Hm-l’ are related to the

values at the bottom, i.e. Z = —Hm, by .the matrix given as’
o c y-ls' o
w,m 4 m m m "
1 : = 7 ' k (4)
q)w,m ‘ Ymsm cm L Q)Wsm_
Z=-H ‘ Z = -H
m-1 m

Here, the prime denotes derivative ; c, = cosh (YmHm) and S =151nh(YmHm)'

We now proceed to find & in the (m—l)th—layer from a knowledge of

w,m-1

@w o in the mth—layer. The boundary conditions at the interface z==—hm_1v

>

are



k2 T - k2 T =
m w,m m-1 w,m-1 W= X,z
2 2 .2 009
kn 52 Te,m = Kn-1 32 x,m-1
and
._a._ + _ﬁ_ =-8—'n” + a
9X X,m - 9z zZ,m 9x XxX,m-1 9dz z,m-1

By applying the above boundary conditions to (1), (2), (3) and (4) we can

establish a matrix expression for ¢ , o , @ and ¢' at one
X,m-1 x,m-1 z,m-1 zZ,m-1
layer in terms of ¢_ , @ , @ and ¢ at the adjacent layer as follows:
Xm X,m Z,M Z,m
K 7] T ¢ ' -1 0 o 1 e,
X,m-1 m Ym °n ‘ X,m
1 Y. S c : 0 0 o'
Qx,m—l : m m m | X,m i
o T o 0 c -1 o
z,m-1 | | m m °n z,m
' -1 -1 '
<I>z,m—lJ ' Am “n CYmAm) Sm Ymtm®m Amcm ] ¢z,m
=-H = -
m-1 Z= Hm
(5)
where
2 2
Ay = M1/ (6)

Thus the field at any layer interface can be obtained in terms of the
th . .
field in the bottom layer, i.e. the M layer, by successive interation.
Let us now define a transverse coupling matrix as follows:
] ) - -y ’ - '
!
(¢k,m.1 Nm Tm i ®x,m

;_Qz,m_J nm}‘m anm! <I>z,m

it



It is interesting to note that Nm’ Kmf can bg considered as the transversev
impedance of the TE and TM-modefrespectively in each layer. Xm and T
are the coupling coefficients of thesé two modes across the interface
between the (m—l)th and the.mth layer; After the.substitution of (7) into
(5) and then equatiﬁg like coefficients for @ m and @z,m’ it is possible

to obtain a relationship between the transverse coupled impedances at the

(m—l)th in terms of the impedances at the mth layer as,

Npop = YN, + vy tanh (v HO 1/ [y, + Ny, tanh (v B )] (8)
Kpop = BplK, + 8, tanh(y H)]/[B + K tanh(y H )] (9)
where in the above result Bm = Ym/n; . . The cross coupling. terms Am

and T, are given by

- -1,, 2, - - ;
Am_l = Am/wm_+ a - Am )/nm, T = rm/wm | (10)

where ‘Am - can be found in (6) and Wm -can be written as follows:

Wm = [ym-+Nm tanh(ymﬂm)][Bmf Km tanh(YmHm)]coshz(YmHm)/(YmBm)

m=1,2,... M v(ll).

. . ' ‘ : . ' t ' ,
Since no reflection can occur at the bottom layer, i.e. the M h layer,

H

R, = 0 in (1) and (2) then we conclude that

this impiies Ri M=
Sy k= g2 L o i
NM = Yy KM = YM/nM and Ty = AM = 0. Therefore by using (8)-(11) the

following information can be obtained;

Z
1

] ) 2
M-1 - M ? KM-; = Yu/ My

>
T
[om—
|
-
~
=]
=
I
[y
=
~
T
(-
I
o



Up to now, thé impedances in each of the M layered earth are
explicitly known via an iterative procedure based upon (8) - (12). To
find the total field in the air region{ we note that the electric vector
pofential of a horizontal dipole in the air region can be written in terms

of a primary field plus a scattered one.
M o e : W= X,z (13)

where the superscript H refers to a field due to a horizontal dipole;

p and s refers to primary and scattered field,respectively and the

subscript o refers to air region. NE o and ﬂg o are given by
P - -1 _ _ . .
o= % ijo exp| yo|z Hol + i(EX + nY)]d&dn | a4
. - 00 ’ o
P _go | |
nz,o 0o (15)

The primary field given in (14) and (15) were obtained using the wave
equation in free space with a source excitation. The scattered ﬂz o

field can be written as in (1) and (2) with @w o given by

H ' _
Qw,o = Rw,o exp(—YOZ) W= X,Z (16)

Now by applying the boundary‘conditioﬁs at the interface z=0 to (1),(2),
(14), (15) and (16) the following results for the reflection coefficients

in free space can be obtained:

H _ -1 o o _
Re,0 = Yo (v, - N/ (v +N) (17)
Rg,o - —2>\o[(>‘o+No)O‘o+Ko)]-1 (18)



where No’ Ko and AO can be found from (8)-(12) by successive iterations

dépending on the number of the earth layers. It can be shown that solutions

and: RH
z

for Ri are consistent with an earlier work given by Wait [1966],

> b

even though the concept associated with the coupling coefficient AO is not
explicitly used in his work.
The derivation of the Hertz vector potential for a vertical dipole

is much simpler because only the z-component of the Hertz potential is

needed. Thus, following the same procedure previodsly described, we have
¥V =P g (19)
Z,0 z,0 z,0 .

where V refers to field due to a vertical dipole and the primary field

P is given as

Z,0
P g [[ylewly |z- L(EX + (20).
Mo = Q J Vg exel Yo |Z-H | + 1(EX + nY)]d&dn (20)

and the scattered'field ni o is given by
3

s _ . ' : '
2,0 '.Ql.[jﬁwz,o(g’n)e#p[ Yol *+ 1(8X + m¥)]dedn (2t)
and v
o 1 2
Q1 = 1§OIdz / (817)
where Idz' is the current moment for a vertical dipole.' wz o is
written as
_ RV 7
wz,o =R 0 exp (-y,Z)
and
RV =yt K)/(y +K) (22)
z,0 Yo (Yo = K/ Yy * K _ ‘ _
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where KO can be obtained from (9) by successive iterations. The total
field for a tilted dipole above a finitely condﬁcting stratified half space

is then the sum of vector potentials given in (13) and (19).

T =T +T (23)

The subscript -o has been dropped in the above result. Now if we write

dx' = sin6'd? and dz' - cos 6'dt and using the following identities:

~ . 1 -1 , | s -
G11 = exp(lRll)/R11 (zﬂ)Ji['Yo exp[-y0|Z—H0,+1(ZX+nY)]dbdn

= (24)
(%ﬂ)_/jﬁY;IGXP[-YO(Z+H0)+1(£X+nY)]dEdn

Gy = exp(iR))/Ry,

2.3 2 2

_ 2 T . _ 2 2.% -
where R11 = [(Z—HO) +071° R12 = [(Z+HO) +p7]° and p =X+ Y,

we can write ﬂx and ﬂz as follows:

e 1
ﬂx = C(G11 - G12 + V2) sin © (25)
= b - \l - (]
m, = C[(G11 G12 + Vl) cos O + V351n 0] (26)
where C = i;oldﬁ/(4ﬂ) and Vl’ Vé and V3 are given by
v =]; Fm(a) ffp[“Yo(Z'*Ho)] J, (ep)oda m=1,2 (27)
2 : -
V3 = -COS ¢4[F3(u) exp[-yo(Z+Ho)] Jlﬁxp)a do (28)

where J and Jl are the Bessel functions of zero and first order
O .

respectively and

F(@) = 20y, *+ K

(29)

Fz(u) 2(y_ + N )~
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and

Fa@) = -2 [0y, + NG, + k)17

In getting V Vzvand V3 given in (27) and (28) we have used the

1’

following transformations:

b
1)

r cos ¢ ; y =T sin ¢

Y
]

cos ¢ sin
a ¢, > MN=o0 Py,

' 1
which implies g2 + nz - 0% and Yy = (uz - ni)2 ; Re y, 20,

where m=0,1 ... M.
Using Maxwell equations, the electric and the magnetic fields in the:
air region are then obtained in terms of the vector potential 7 according

to

tm
1)

V(v-m) + ki 7
(29a)

jan]
]

-1 X T
weoV

We have listed the components (Ew, Hw), where w=Xx,y,z in Tablel and. 2.
‘Table I gives the field due to the direct contribution éf the dipole, desig-
nated as (Ewl’ le) with w=Xx, y or z. In’order to qbtainhthe field .
due to the pérfect image, designated as (sz, sz), one just replaces R11

by R and (Z—Ho) by (Z + Ho)- in Table I. 1In Table 2, we have

12

written the remainder field as a sum of two parts; one contains a Bessel
function of zero order Jo and the other has the Bessel function of order

one le

| I o |
(Byge Hyg) =) fo €D, XD expl-y, (Z+H)1I (p)oy 'da  (30)
m=0

m=0, or 1
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Thus the total field for each component (EE, Hz) is then given as

/ 3
t t -~
By, B = EH) 5 CUMREH D v =y, (31)
W 2 |

where 2 _ 5
E = ic0k0(1d2/4ﬂ) and H = kO(Id2/4W),
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3. Numerical scheme:

In this section‘we will discuss the numerical method used for the
computation of those integrals listed in Table 2. Our primary concern is
to compute all six fieid coﬁponents for a two-layer earthbrepresenting a
slab of lossy dielectric which has the electric contstants of a non-reinforced
concrete ‘and is iocated above a homogeneous earth having electric property of

a wet dirt. A typical integral form can be written as follows:

Q :,,f'r(éc)av;l da | j (32)

0

where T(a) is given by
T(@) = G@)exp[-y (z + H)]J (@p); m=0,1

and G(a) is a typical function listed in Table 2 , which has poles and
other algebraic singularitieskin the complex a-plane. Typically the integrand

%

in (32) has branch cut singuiarities due to Yo==(u2—l) and another due to
Y2==(a2 - ng)%; Yo and Y, are the normalized propagation constants along
the z-direction for the two infinite layers 0<z<« and —°<><z<—h1

respectively, where h, is the width of the slab in a two layered earth
P 1 _

media. The integration given in (32) can be split up into two parts.
‘ 0 -1 | o
Q= [f + f] T(@)oy, do (33)
o] 1 .

and by using the transformation T= a - az)% in the first term of (33)

. 1 .
and T = (az—l)I in the second term, Q can be reduced to the following

(o]

form: _
. 1 4 .
2.% , 2.%
Q=1 T[1-17]%dt + T([1+17]17)dr . (34)
f f ;

0
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The form of Q given in (34) will be uéed in our computation algorithms f
discussed in App%ndix c. We note that, in a similar work by Lytle and
Lager [1974], a deformed path beneath the real axis asvshown in Figure 3 was
used. While such a deformation avoids the numerical difficulties
arising from possible poles‘and other discontinuities close to the real axis,
if necessitates the use of a Bessel function with cdmplex argument. Since
the vaiue of the Bessel function grows exponentially for a large.but complex
argument, it appears such a deformation would not be a particularly effiéient

- one when the horizéntal distance is substantially greater than the free space

wavelength unless it is very close to the real axis.-r

complex

o-plane

Figure 3: A path beneath the real axis avoiding the branch
point at o = 1 and pole singularities close to
the real axis.

_PLytle and Lager [1974] pointed out that one way to avoid such a problem
is to use a deformed path formulation based upon a maximum decay and, or
minimum oscillation criteria. Actually, the use of the steepest-descent
path as a function of observation angle is another appropriate alternative
[Banos, 1966; Kong, 1974]. In any case, the extension of such an approach
to a multi-layered earth would involve the inclusion of contribution from
possible singularities as a result of the deformation of the path.
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We next consider the pole locations of T(a) ,in the cdmplex a-plane
particularly those, if ény, close to the path of integfation on the real
axis in the range 1‘§0%<<w‘ (with the choice of branch cuts shown in
Figure 2, pole(sjllocated_in the rangei 0 <ar-< 1 is lessbsignificant
since it would have to be oh the other side of the cut in the same Riemann
sheet; and hence, can infiuence the integrand value only indirectly through
the,contribution‘around the branch point). The strategy that we have adopted
is first‘to determine possible existence of poles, then for each pole which
is‘close to the real axis, we would‘define a circle of influence within which,
smaller partition of fhe ihtegral is adépted to insure the accuracy of the
numerical integrafion.

By invéstigating the functional form of T(a) as tabulated in Table 2,
it is easy to see-that T(x) has poles whenever the denominator of Fl or

F, vanishes. The poles of F, can be determined from (29) as the root of

2

the following equation:

1

Y +K =0 (35)

and they are the TM-type modes. The poles of F2, on the other hand, can
be found from

¢orfesponding to a set of TE-type modes.. By using the relation-
:ships given in (8) - (12) for a tWo-layer earth, a more explicit representa-

tion of (35) and (36) is

2,2 20 N 2, _
[yoyzHl/n2 - 2] tan Z + (Z/n])IYH, + Y2H1/n2} =0 (37)
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for the TM type modes and
[y v.H: - 2%] tan Z + Z[y H, + yH ] = 0 | (38,
0'2'1 ol 21 ' ‘

for the TE type modes, where Z = iy,H and H =kh is the normalized

slab width; YOHI_”and Y2H1 are given by:

2 2 2.3 . ..2 2 2.3
YOHl - [—Z + (nl - l)Hl] - —1[2 - (nl - l)Hl] o
and v :
2 20 2,28 . 2 2 2..2.%
Y2H1 = [-27 + (nl-nz)Hl] = -ifz" - (n1 - n2)H1]'

Thus, the problem reduces to finding the zeros of (37) and (38) in a complex Z-plane
Once found, the corresponding value in the complex o-plane is then obtained
from the relatibnship: a = [ni - [Z/Hl)z]% . |

It is of intérest to note that (35) would reduce to the Sommerfeld

pole of a half space problém whenever Hl + 0 or « and (36)

would have no zeros as expected since it reduces to (Yo + yz) when

H1\+ 0 and to (YO + Yl) for H1 »> o,

In the éase of 0, ~ ® or the second earth layer is a perfect‘conductor,

2
equation (37) and (38) reduces to

(@ - DH - 27 (Z/ni)étan Z=0 (39)

for the TM-type modes and

1 .
Z+ [(nf - 1)Hi - 22]f tan Z = 0 , : (40)

for the TE-type modes. Thus for a lossless slab where n is a real quantity

(39) and (40) represents a set of even TM-type and odd TE-type surface wave

modes respectively. These real roots'are,then used as a starting value in
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the search of’the'complex roots when the conductivitiés of earth and
slab are finite. ‘The’compufational teéhnique for finding these roots is
deSciibed in Appendix C.

We have plotted in Figure 4a location of the pole corresponding to
the TMl—mode over a frequency range from 100-370 MHz, for a cemént slab |
(gfl = 3 and 0y - .002 mho/m) of width h1 =10 cm over a wet earth
(gr2:=10, g, = .01 mho/m). As frequency increases, the pole moves upward
and. the branch cut moves downward. At about 400 MHz the pble disappears
in the next Riemann éurface; If we now reduce the slab width gradually,
but fix the 6perating frequency at 400 MHz, as shown in Fig. 4b, the
pole reappears in the proper sheet when the slab width is reduced to 9 cm,
and continuously ﬁoves dbwnward as width decreases. At h1 =0, it reduées
td a Sommerfeld pole for a half space region:f’ It is'nofeworthy that
equation (38) presents no TE-type of solution until the slab width is greater
than 10 cm. Ih Table 3, we haﬁé tabulated the 1ocation§ of both TE and T™M
modes for hl ranging from 10 cm to 50 cm.‘ It is obvious that those pqles
- which are far away from the real axis should pregent no real problem for
our numerical computation of the Q—integrals.‘

Excepﬁ for the region with the possible appeérance Qf a simple pole,'
the path bf'integration in t34) is subdivided basically according fo the
extent of oscillation associated with the Beésel function‘and the rate of
decay of the exponential function in the integrand. The infinite integral
is then truncated at a value of T where either the infegral béyond that

point is negligible, or an analytical approximation to the remainder is

possible. Incorporation of this scheme is detailed in Appendix C.

TThe disappearance,foliowed'by a reappearance, of a slab mode was also
observed earlier in related work by Schevchenko [1972].



21

8TYZST+T + Z009"T
WL

6TZLVLO-T +20PS"1 8Z0GST- T+ ¢8TTIS 1T SYLSEZ T + SL0986° 00¢
4L gL 4L
NNMNHN.M;.mmmo.H TYSeT-T+ LL6CZV6®
WL WL
SOVOST-T+ ¥/LSLS°T S6£¢ST-T + LSQTI86"
L AN
00¢
C99SZ-T+¢/8ZS°1 80Z86Z T + IS¢8TI6 " C698ZL0-T + £SLTIS6°
WL WL . RL
6CPSOS T +CCSPT'T 968LCT-T + 8G8¢S6” LYTOLLOST + $08056° ZSP8LSO-T + ZSYHS6" 00T
WL WL WL WL
— N
w g = Iy w 0g = Iy w 0z = 'y w 97 = My %ucQMWQHm

Aousnboxy pue YIpIM Qe[S FO UOT3IDUNT B SB wpoom

¢ dT9VL



22

‘Aousenbaxy poxty ® I0F UYIpIM qeIS JO uotriduny ® se sorod jo uorieso] (q)

‘YIPIM QBIS pOXTJ B 103 Adusnbalj JO UGTIOUNF B SB SIND youelq pue sofod jyo uoraeo0T (B) :p 2IndTy

(q)

T WIZ Jo sdays ui
wo0-8:'4 9-2
wag='y -y

ZHWN OObt= ADN3ND3 Y4

S0

(o3}

gl

(e)

S0

ZHNOLE ¢
ZHWN 0GE ¢+
ZHW 001 40 sdajs  ut
ZHW 00€ -00t €1
w/oyw |0 ‘0= %
W/0ywZoQ 0o




23

4. Computation based upon asymptotic and quasi-static expansions

The numerical integration we outlined in the,pfevious section for the
functions given in Table 2, and in»the case of a two-layer earth is inefficient
for a very large and a very small observation distance. To improve thé efficiency
we need to incorporate into our numerical program an asymptotic solution for the
case of avery long distance, say over 10 free space wavelengths-and a quasi-static

solution for the case of a very short distance, say less than .0l wavelength.

4.1 Asymptotic method.

In this section we seek the asymptotic solution of a function
T(R) in the form of
I'R) = fG(oc)eXP[-YO(Z '+HO)] Jm(o_cp)aY;l‘ do , m=0 or 1 (41)
0 .

R
2.2
1

We assume that G(a) has only one simple pole at o = ap sufficientiy close

where G(a) 1is a typical function listed in Table 2, R = [(Z~+HO)2 + P

to the path of integration. By extending the integration in (41) over the
negative real axis of the complex a-plane one can transform T(R) into the

following form:

[oe}

I'(R) =f £() RE@) 4 | (42)

-~ 00

where , , ‘ o
£(0) = (/26 @H NV @e ™, m=0,1 (43)

Hél)(ap) is the Hankel function of the first kind of m “order. It has been
‘assumed that G(®) 1is an even function of o whenevef the order of Bessel
function Jm(ap) is even and odd function of o whenever the Bessel function

order is odd. g(0) is given as

T In what follows, R,, will be replaced by R for convenience.

12
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g (o) =E-Yocose¥+jxx$in6 (44)
. : : " N ;_/ )
where Z+H0 = R cos 6; p =R sin © and R = [(Z+H0)2 + pz}‘2 is the distance

from the image source of a perfect conductor half-space to the observation

point and © 1is the angle that R has with the vertical z-axis.

In ordér to'develop an appropriaté‘asymptotic expansion, we now follow
fhe wofk of Brekhovékikh [1960]; by deforming the contour of integration
frdm the rcal éxis to the sfcepest descent path in the complex a-plane, passing
through a saddle point O where g'(as)=0. Assuming such a deformation
yields no additional residue contribution and defining a real variable s
along the steepest descent path so that 52 = g(ds) ; g(a), we have the
following expression

Rg(a) [~ .
rR) = e  ° J o(s) e 1% 4s

-00

where ¢(s) = f (a) %%u From (44), it is not difficult to show that

ds = sin 0 so that‘g(us) = i. Now_since we have assumed the existanée_of

a paif of poles é; a_=.i up in the complex a-plane, the.expression ’©(s)
also possesses a pair of poles in the complex s-pléne 1océted correspondingly
at s = i B whefe

6 im/4

L5 2.% . %
-(8(@5) - g(ap)] = e 1 - (l—apv) cos 0 - up sin 9]

Thus, we can rearrange the expression for I'(R) in the form of

2
iR [T e S v
I'(R) = e | ¥(s) 5 ds (45)

s -B

pie o]

The term Y(s) = (52—82)®(s) is then a smooth function near the saddle
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point s=0 and therefore can be expanded in TaYlor series as
@ 0 n
RICES A

Substitution of this expression into (45) and subsequent evaluation of the

individual intégrals yield the following asymptotic expression

: . 2
: L -
T(R)y =2m7° R0 g 2n

% Qn® (40

where imxz
Q,, (W) = f €4
m X
X
u
here u = + 5 YR and again,R =R Tyﬁically,onlytwo terms are uséd in our

12°

computation. The coefficients C0 and C2, in this case, are known explicitly
~in terms of f(a), g(a) and their derivatives (Brekhovskikh [1960], and

Felson and Marcuvitz[1973]);

C, = (0) = - B°0(0)
- oy L 28008 £ )
2C2 - k[_).'(O)/Z - f(OJ " 2 f (0) - gn
(g")
- : 2
1 gIv 5 g"') 1 .
| 2 e I 2l L f(o)-

Here, the primes denote derivatives with respect to a. Now, since

\ L s
do ir/4 cosf

72
ds| =2% e

along the steepest descent path we have from (44) and the definition that

f (o) (da/ds) = @(s) the follbwing expression

¢, = - B (2% M cose) £ (0) o
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3C, = 3 2% 1 4cos0{3sin 6 £1 (0) - cos? B £ (0) + (3/4 + J/B)E(O}  (48)

1

s

Here we note that, because the function f typically behaves like (ao+9)—
where is some slowly—varying function afound szo; its derivatives are
singular at a=1 eVen though the Qalue of C2 is finipe. Thus, in order
to avoid the difficulty in numerical computation, we can define a new

variablé o= sin w so that

2
L q2 R df d™f
1c. = - (1+j)B" {2 51n€)aa- - cos&—jz

2 -
w=6 dw w=0

+ (3/4 + j/BZ)f(w=6) cos 0} (49)

and f 1is given in (43),

4.2 Quasi-Static approximation

We have mentioned earlier that the typical numerical computation of
the field integral becomes very time consuming, when an observation
distance is much smaller tﬁan a wavelcngth. Due to the slow convergence
of the exponential aud Bessel function the numerical computation of the
integral in'(30) needs to be cafried out for excessively large values of a.

Obviously, for a two layered earth No and Ko as found in (8) and.

(9) can be approximated by

N 2
Ko Yo/nl

for those values of o where

o > max (6/H1, IO[nll)

Thus the leading terms of Fz(a)(l =1,2,3) as given in (29) will behave as
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-2

F - B3YO

42,2 B 2 2
where B1 = 2n1/(n1 + 1), B2 =1 and B3 = (n1 - 1)/(n1 + 1).
The subscript q refers to quasi-static.

We can now add and subtract these terms to the original integrals

given in (27) and (28) and write the Sommerfeld integrals as follows

v, = Vél),+ v v, (50)
where -
(0 I ~YoP -1
Vg ‘= BQ Oe Jo(ap)ayo‘da
0 -y b
v - fd [Fy(0) ~Fp (@Te © I (ap)oda
a, °
.f v -Y,b
and AV2 = ) [Fz(a) - Fﬁq(a)]e Jo(ap)ada" (51)

where 'ab = max (6/Hl, lolnll), b=2+H and ¢ =1 or 2.

The leading integral Vél) is known‘explicitly from (24) in terms of G12
as S
1) _ elR

\Y = B

P T (52)

The integral ,sz, integrating from 0 to oy still needs to bekevalugted
numerically in the usual manner. However, the remaining integral Véz)"
can be obtained analytically since now the integrand converges rapidly as
‘>F2(a) approachesb ngﬂu) for large o. This integrai is evaluated in

Appendix A with the result given as

2) _ ' . -a,b - _
vl = C {b 2n(R+b) -R + [y + zn(ao/z)/]b-+e /o } £ =12 ° (53)
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where C1 = Zni/(ni +1), C2 = (ni—l)/4 and Y = .57721566 is Euler's
constant.

Similarly, we can split up the expression for V3 given in (28) in

the following form

v, = vél) + vgz)a v§3) + OV, - _ (54)

where

. oo [o o R b
) _ 2 ™ o -1
Vg'' = Bg cos 6 5 db | e Jo(ap)QYb dal

3 ]
b o)
: w b
(@) . B[ L1, Vo
V3 = B3 cos eap J [Y2 - Y2‘]e Jo(qp)adu
o 1 o
o
-y b
(3) . o2 [ -2, Yo
V3 = cos 0 30 [F (o) - 3Y1 le Jo(q)udu
oy
and finally
| 5 (O 22, TYP
AV3," B3 cos egg-J [F3(q) - BSYl ]e' Jo(ap)ada (55)
o ,

We note that in (54) an additional term BSYIZ has been added and sub-
tfacted instead Qf'just adding and subtracting Bsng. The reasoﬁ for this
kind of arrangement is to avoid the siﬁgularity at o = 1 .when we integrate
- numerically from 0 to o albng the real axis in the complex o-~plane.
On the other hand, in the analytical evaluation of Véz); the path of
integration is to be understood as being indénted into the lower half plane.
aroundkthe branch\point‘af o = 1.

A simi1ar.te§hnique as applied to ch) can be applied to the different

terms of VS' Analytiéal expression for - Vgl) is derived in Appendix B as

v B pcos B ([R@+DI]™ - (.5)n(Reb) Ty in 2)} (56)
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Thus, the leading term of V3 behaves as 1/R, which is similar to the

leading terms of V1 and Vz. On the other hand, analytical expressions

2 3 ST
for V§ ) and _V§ ) are known as (Appendix B).

o 5
(n7-1) - n
v§2)= ; B, pcos B[b(R+b) T + (v -} -Ti/2-8n2 + é fnn,)
. (nl—l)
+ n(R+b)] | (57)
and _
v§3)= ~C4p cos SN (B+R) +b®R-B) L + (v-}-tn2+ tn a )l (58)

where C3 =v(3ni +1)(ni—1)2(n§ +1)_2/8 and 7Y 1is Euler's constant. The'
last term AV3 will be evaluated numerically. We note that, once all the
V's are found and then substitute in (25) and (26), expressions for the field-

components are then carried out analytically according to (29a).
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S. Discussion of results -

A cbmpﬁter program was developed for the computation of the
frequency-domain electromagnetic response of an electric dipole located
above a two-layer earth representing a non-reinforced concrete slab on the
surface of a dissipative earth. The progrém computes all three components
of the electric and magnetic field simu{taneously for an arbitrary-oriented
dlpole with a known dipole moment. Unless otherwise spécifiéd the dipole
source is assumed to be always located along the vertlcal axis at a given
height ho. Geometry 1nd1cat1ng relative p051t10ns of the source and
observation points is shown in Figure 5. Also, relevant parameters for

the computations in this section are chosen as follows:

Frequency of operation = 300 MHz
Relative dielectric constant and conductivity in
1) Air, (ero,oo) = (1.0, 0.00)

2) Cement slab, (3.0, 0.002)

3) Earth, (e,,,0,) = (10.0, 0.01)

Salb width hl = .1lm

In order to check the numerical accuracy of the program, we have fifst
computed the vertical electric field component due to a vertical dipole
above a homogenous dissipative'earth, for which the analytical solution as
well as the mumerical solution is available [Chang and Wait, 1970]. Accuracy
‘to within five digits is acheived for any given distance.

Next, asymptotic expansion of the exact Sommerfeld integrals for high~.
angle observations is used to compare with results obtained numerically for
the case when the observation point is located on the siab surface at a fixed

observation angle 6= 5°. We vary the separation between the source and the
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5Rl|- [(z-hp) +r2]|/2
Rpz? [(Z"ho)z*"z]' ‘
a1'= [(dx") 2+ (a2 )2]'72

Idz'

Air I

- 31

Observation Poiht
Pix,y,z)

T e

Non- reinforced

Concrete Slab I

Earth

Fig. 5: A tilted dipole above a two layer half-space.
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observation point and the result is shown in Table 4-9 together with the
sky-wave (plane wave) solution for three different orientations of |

soufces, a vertical dipole (Case I); and a hqrizontal dipole observed in

the plane of the dipole (Case II); and a horizontal dipole observed in the
plane perpendicﬁlar to the dipole (Case III). Our results from the exact evalu-
ation of the Sommérféld ihtegrals are all withinzifraction}afa.perceht for
distanées'about 5 meters or.larger (in this case, a freé—spaceVWavelength

is one meter). Only when the distance drops to withiﬁ one meter does the

two results show any significént diffefence.

Comparison is also made fér a fixed observation distance R =40 meters,
(R ;R125, and a vafying observation ‘angle ranging from 5° to 80° (Table 10-12).
The ”agreement is again excellent until the Qbsgrvatién angle is
near graiing (i.e. the case when 6 =‘80°). This is obviously due to the
limitation of the sky-wave solution near the slaB surfaée.

Thqwglgctromagpet}p‘fig}d‘cgmpopents as pbtained by a two-term
asymptotic expansion with the inclusion of the contribution from the ground
wave correction (see Section 4.1) are tabulated in Table 13 for angles
0 = 30°, 45° and 80° and R = 40 meters. Clearly, these results with
ground wave corrections are now iﬁ good agreement with the exact numerical
results given in Table 10-12. We note however thét computation time for
the asymptotic result is much less than the time spent in evaluating the
exact Sommerfled integrals.

Comparison of thevquasi-static and exact results is shown in Table'l4
for R = ;OOS meters and.é‘= 4,5°. As é rule of thumb, the time consumed

in computing the quasi-static result is less than one third the time spent

in getting the exact answer.
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To further demonstrate the range of validity of the approximate
méthods, we show in Figure 6 the magnitude of Ez»on the slab surface

versus the distance R (R=R.,) for a fixed observation angle 6= 5°,

12
The solid curve represents the exact field calculation for the two differ-
ent orientations of the dipole source (verﬁical and horizontal) observed
in the plane of fhé dipole (6 =0°). The long dash line represents the‘
asymﬁtotic resuits-while the long dash-short dash line fepresents the
quasi-static résult. Similar comparison can be made for other compqnents
of the field. |

As pointed out by Lytle, et al. [1976], a convenient way to display
the électromagnetic field structure near the dipole source involves the
use of the power flux or the time-average Poynting vecfor_§ defined as
IRe(E xH*). It is well-known that in the far-zone the power,flux. ?0

of an isolated dipole in free space can be given as

_ - 2. _ )
_Po = arP0 sin“6; PO ’no(ZX Rll)

where no = 120m ohm is the free-space characteristic impedance and A is’

the free-Space wavelength. Thus, the power flux density in this case

-2

Sk The

points radially outward, while decaying with the rate of R
magnitude of thé’power flﬁx én the other hgnd vanishes along the dipoie
\axis’at 6 = 0° but is at maximum in the broadside direction, i.e. 8= 90°.
The power flux of a vertical dipole source, nofmalized to Po,abbve
a two-layer earth surface is plotted in Fig. 7. It is seen that the
direction of the perr flux as‘indicated by the direction of the arrow

departs significantly from the radial direction near the slab surface.

Magnitude of the normalized power flux (1 cm of the thick arrow corresponds
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Figure 6. Magnitude of the vertical electrical field E

on the slab surface as a function of distance
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R for an angle 0 = 5°.
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11°

partly to the rapid decay of the inductive field near the source regioh

to a‘unity) also decays faster than R Tﬁis situation can be attributed
and partly to/the dissipation of the:eléctromagneticbfield underneath
’the slab surface. On the slab surface the power flux, or‘the Poynting’
vector ié generélly tilted into the surface. |

A similar plot of the power fiux’for a-horizontal dipole’sourge shows
some remarkably different features; As seen in Fig. 8 and for observation
in ﬁhe plane 6f the dipole, the power flux no loﬁger vanishes along the
dipole axis. Furthérmore, in the region close to the dipole on the slab
the direction of the vector also not always points toward the slab surface.
Since the dipole field in the absence of the two-layer earth is known fo
.be small in'thiskdirection, the phenomenon undoubtedly is caused by the
‘scattered fiel& in the source région near the slab Surfacé. For observa-
tion points in the plane perpendicular to the dipole (© = 90°), Fig. 9
shows that the power fluk now behaves in a mdre predictable manner.

To further investigate the field behavior on the slabvsurface,‘Figures
10 ‘and ll(show, respectively, the ﬁagnitude and the tilt angle of the
normalized power flﬁx as é function of observation distances. If is seen
that, except for thé regidnvciose td the source, the tilt angle, or the‘
direction of the Poynting &ector of a horizontal dipole observed in the
plane of the dipole, approaches to that of the vertical dipole, while
the tilt»apgle observed’iq the perpendiqular plane approacheé to a
'different.limit. As it is well known in the theory‘of>ground wave
propagation fWéit, 1962],kth¢‘tilt angle depends, in addition to the
reffactive indices of the different media; upon mainly the type‘of

polarization of the impinging wave, rather than the exact orientation
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of the dipole sdurce* Thus, the tilt angle of both the vertical and the
~ horizontal dipole obéerved in the plane of the dipole should approach to
the wave tilt 6f a‘TMFwave, ﬁhile the other approaches'to the wave tilt
of a TE-wave. |

As shown in Fig. 10, the change in the magnitude of the power flux
along the slab surface for the three dipole arrangements. as a function of
observation distance also differs significantly. In the case of a horizon-
tal dipole, a minimum and then a maximum are observed as one moves away in
the plane of the dipole. The tip occurs at r = .45 or for an observation
angle of 77.5°. However no such tip is observed in the other two arrange-
ments. To éxamine thé,occurrence”of‘this tip in detail, we include in
Figure 12, ;he magnitude of the power flux versus observation distance for
several slab thickness, including hl==0 which corrésponds exactly to the
case of a homogenqus earth in the absence of the slab. It is shown in
this case, the tip occurs at r = .65 . As the slab thickness increases
the location of the tip moves toward the sogrce ungil h1 =.3m; thereafter,
a_sécond tip emergeé. Figures 13 and 14 show the éhange in the magnitude
of the power flux for the other two dipole arrangements. However no
drastic change in the magnitude‘Of the powervflux is observed as one moves

away on the slab surface in these cases.
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6. Conclusion

‘in this report a numerical'prograﬁ is devised Whiéh computes all
components of the electromagnetic field‘simultaneously 5y integrating an
array of functions aiong‘the-real axis in the complex arpléne; Inéreased
efficiency is obtained with the incorporation of the quasi—static.ahd
asymptotic approximations. The inclusion of a root finder in the program
also makes it possible to integrate effiéiently for the case when a polé is
close to the path of integration. It-should be’noted, however, for the
typical parameters we have studied, the'polestwere sufficiently away from the
real axis so that no particﬁlaf effort is needéd. In principle, we can also
extend the method to treat‘the case ihvolving more than one pole.

- The computér.progrém is also capable of finding the field for a semi-
infinite half-spacé pfoblem. In this case,‘the slab width hl will be
either zero or infinity. ’However, if quasi-static approximation is used, -
the case of hl approaches infinity should be chosen. The reason for
this restriction is that the approximations we have used assumes a finite hl

so that beyond a certain value ofvao- analytical expression for the integral

can be obtained.
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APPENDIX A~

In this Appendix, the analytical expression for Vg?), £=1,2 given

in (50) is derived.-
(2) _ Yo
ViR - [ @ - Fy @]e

Qg

Jo(ab)ada A ‘ (A-1)

Now, if we use the choice of o to be large such that tanh[Y1H1| =1,
then the expressioné for NO and KO in (8) and (9) will reduce to Yl

and Yl/ni respectively. Therefore V(Z) and ng) can be written as

1
% 2n Y b
iSh| i st IR N COL (h-2)
o 0 1 (n1-+1)Y0
and
: . o -Y b :
ao Yo Y1 (o}

By expanding in the inverse power of Yo’ Véz),2==1,2', cén be

approximated to the following form:

v =cy L=1,2 | (A-4)

%
where

“ -Yb _ v 5
vV = f‘e o Jo(ocp)OLY03 [1+0(Y02) + ... Jdo | (A—S)

The constants C, - and C, are given by

2

¢

—Zni/(ni + 1)
and

CZ;

(ni - 1)/4

9

Thus if we just keep the leading terms of (A-5)and the assumption that

o >> 1 then
(o]
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o0

T -ab do.
vv_[ DN
The above integral can be evaluated by taking the derivatives with respect

to p and then splitting up the integral into two parts; one has the limit

of 0 tovinfinity and the other from 0 to o

o o.
oV -ab da © _ab do
'E“{Le ey - [ e e T
0

The first integral can be found exactly (Gradshteyn and Ryzhik [1965])

e I v
fe-ax 3 Bx) - /e t 8 - o)
(o} v X \)8\) (A-6)

Re v > 0, Re a>|Im 8|
therefore

1

f e P J, (ap) 510% = (R-b)p = = p(R+b)'1
o

Hlowever the second integral has been evaluated approximately by using

Taylor expansion of two variables b and p around b, p =10

% o '
_ __-ab do _ 0 2
[) ey (ap) & = 20 + 0D

After substituting the values of the first and second term in (A-6), we can

integrate back with respect to p which will lead to

; o
V= R+ b in(Reb) + 0% - C(b)

where C(b) 1is a function of b only and is given by

Ez(uob)

(o)

-C=b-Db2n 2b+

Here E2 is the exponential integral of order 2 and is given by (Abramowitz

and Stegun [19@4]).



60

- n N
-0, b ke (-1)" (e n)”
n=1- nn!

Ez(aob) = e +‘Y(a0b) + aob Qn(aob) + aob

where Yy is Euler's constant .5772.

| éince R << 1, . terms of the order R2 or greater will be ignored.
Also, it should be noted that we have assumed that obb énd a,p are
small compared to the leading terms that are of the order R‘l. Thus -V
can be written.in a simpler form as

-a b
o)
e

V=-R+bl[y+ Zn(ao/Z)] + + b An(b + R) (A-7)

(o)

The substituion of (A-7) into (A-4) then gives the analytical expression

~ for the correction terms Véz)', 2 = 1,2 as indicated in (50).
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APPENDIX B

In this appendix, approximate solutions for Véj) , - (j=1,2 and 3) is
obtained as R approaches zero. As in Appendix A, we assume that o, is

so that tanlelﬂll”= 1 can be used. However the

large compared to Hl

product of uoR' is still assumed to be small compared tol as R>0. The

leading term Vél) ih'(54) is written here as

‘ (o0}

. A -yb = ' '

v B cos ¢ > | db e ©J (@p)oy lda ©(B-1)
3 3 ap : o o
b 0
_ iR12

The integral with respect to o is known as G12f= e /R12‘ If we

now split up the integration over b into two parts, one runs from 0 to

and the other from o to b, the first integral then reduces to the Hankel

function form 2%— Hél{p). However, for the second integral, Taylor

expansion of G will be used since R is very small. After integrating

12 12
(1)
3

the first three terms of the expansions, it is easy to show that V can

be given as

vi =B cos ¢ _ ) (o) + 2+ & sinh™ /o)) | (B-2)

It should be noted that in obtaining the above result the differentiation
with respect to = p 1is applied after the integration over b is performed.
Expression for Vgl) can be further’Simplified if we replace the'Hankel

function by its small argument expanéion to yield
Vglh - B, pcos ¢ {[RR+b)]™T - .5 In(R#b) - ¥(Y-3-Ti/2-In 2)} (B-3)

where Y = .5772 is Euler's constant.

The second term from (54) that needs to be evaluated anélytically

is Véz) and is given by
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(2) _ 2N S S W P
v -8 cos ¢ 2 LD[;?T., Lrle ° 3, (eodade (8-4)
(o}

Again, the integral can be divided into two pérts, one runs from 0 to Oy

and the other from o to ‘o and approximation techniqueé similar to the
ones given in Appendix A can be applied here. It should be noted that
the outcome of the integratioh should be independent of~ao. Now V§2) can

be written as

(2) _ (2) (2) _
Vs = Vgt Vs (B-5)
where
. O ~ b
(2) _ N I S WU I
V31 = B3 cos ¢ 30 J [ >~ - ]e’ Jo(up)ada_ (B-6)
oYy o ,
and
(2) _ 5 (2 | | -
Vg = Bs(nl - 1)I cos ¢ | | (B-7)
I R ada 0 “To ado
1= 30 Lle Jo(ap) ( )2 T J e Jo(ap)——z
o YoV1 ) Yo
(B-8)
- 2 | ' 1 1 2 2.
In writing V§2) above, we hgve replaced (;7—-— ;EﬂJ by [(n1 -1)/(Y0Y1) ].
4 1 o

Then, we have used the assumption that ao is large so that Yl would be
replaced by Yo- Thus, the differentiation of I with respect to b is
- known as - %%— ,' where V is given by (A-5) and known explicitly in (A-7).

Hence, can be written as

I
ap
91 _ o

P _by_ b
b R p a-z)

Integrating the above expression to get the value of I as

[ = 30 sinh™ (6/p) *bp (R + b)"L - K(@)]  (3-9)
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and the integration constant K(p) is determined froﬁ the condition at

b =20 o0,
K(p) = f choco)ocz ‘—1——2‘
o Y
o} e
- o da
o o
[¢]

It is then not difficult to show that K(p) satisfies the first order
differential equation

o]

oK K _ do
ot T J Jo(ap) 3
o : :
o
The integral on the right side of the differential equation can be replaced
by a two term expansion, ignoring the series terms which are of the order

02 or greater [Abramowitz, page 481, Eq. 11.1.20, 1964]. Thus the

differential equation reduces to the following form

~

(s3]

K K _ »
Bt =Y Qn(aoo/?)

which has a known solution of the form
K@) = - 2 [y + (e /2) - 3] - Sanp
T 2 o) 2

where Y here is Euler's constant. The substitution of the above value of

K(p) into (B-9) and then the value of I into (B-7) will give vgg) as

(n]-1)

viDa L " 0B cos & [n(b+R) + b®RD) T+ (-3 -tn 2+ Ana)]  (B-10)

Clearly,'the result we have gotten for 'Vég) is dependent on oy and this
(2)

term should cancel out with the contribution from V31 up to the order of
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Rz. ‘Since b and p are both small a two variable Taylof expansion

(2)

around b, p = 0 gives approximate expression of V31 and is given by

o : .
o} ‘ .
vi e B gcos g f o’ [ - Slda | (811
. o Y1 Yo ' '

The evaluation of the integral -can be readily carried out, provided the

integration path is understood as being indented into the lower half-plane

‘at ch= 1.
2 2
@ 2 (%™ 2 L2
Va) - #B; cosp [n)en 7, + (n] - Danfo - 1)
%
- nf n ni + ﬂl(n - 1)} (B-12)

Thus, with the assumption that ao:»>]nl| we finally have the resultant

expression in the form of

2 ‘ - : 2
(2) ( - D B o [ 2 . " q i (B-13)
31 2 ngc S ¢ L- 4n ao — n n1 - 751 N -
(nl - 1)

Substltutlon of the expressions for V( ) in - (B-13) and V§2) in (B-10)

into (B-5) now yields the result
2

(n; -'1) :
V§2)= ——l§—~——-B3 pcos ¢ {&n(b+R) + bR + b)_l
‘ A ' 2
"
* (y-%2-m/2-0n2)+ —5 2n nl} (B-14)
(nl‘- 1)

which,isbthen«indépendent,of the parameter O ‘that we somewhat arbitrarily.
have chosen.

The last integrél'needs to be evaluated is Vgs)in (54). ‘Since oy
is large such that tanh]ylﬂll =1, then N and K = will be replaced

by e and ¢ yllni re;péctiyely. Thus V§3) can be written here as
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) . (2 2@-1 (0} -1) -y b |
Vg ’= Bgcos ¢ 3 J[ > 5 - Je 7 J (@p)oda - (B-15)
o:onl(yq+ Y (p#Yy/mp) (yp +1my
| 1 (“f’l)» 3) .
If we now approximate Yl = Yo 5 ,  the leading term of Vgoo in
Yo

(B-17) can be shown to be associated with the integral I given in (B-8) which

is evaluated in (B-9). Consequently, we have

v§3) = - Cg0 cos ¢ [An(b+R) + bR*D) T + (Y-2-n 2-In )]  (B-16)

3

-where
Cy = (Sni ¢ D@ - 1)/(nf s 1)1%/8
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APPENDIX C

‘A computer program was developed to find the elecfromagnetic field.
response of a tiled dipole above avfinitely conducting two layered earth
éccordihg to the ﬁumeriéal scﬁeme described‘in Section 3, with provision for

‘the asymptotic and quasi-static caléﬁlafion as explaiﬁed in Section 4. Flow
chart of the program is shown in Figufe 15. 'The program mainly consists‘of
three subroutines calied QSTATC, RESULT and ASMPT, each of which is‘capable
of caléulating field components for different ranges of observations in
space.

The subroutine RESULT is used to integrate along the real axis of the
complex a-plane for a given integrand. It follows the same steps given in
Section 3, where tﬁe integration has been split up into two different régioné
- as given in (34). As mentioned’before,’a provision is made when the location
of the pole is close to the path of integration. By drawing a circle of
influence with a radius oag = |ap—1| and centered at up, we can integrate
separately the interval within this circle in order to insure good numerical
accuracy. Thus og determines how the integration path should be split up,u
for example if og Z,l then the integration will proceed exactly accord-
ing fo (34). But if ag <1 then the path of integration will be subdivided.
Obv1ously our path of integration is taken beneath the branch cut for o
between 0 and 1 and the pole could have stronger influence if it is close to
or beyond the branch point at o= 1. Usually the situation where the pole is
close to the braﬁch point at o = 1, occurs when we have a two region conducting
half-space (such as air énd earth). For a typical application of a concrete
slab above a homogenous earth and for the frequency range (100-1000 MHz), the

poles are actually not very close to the path of integration as shown in Table 3.
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LARGR > FIELD DIPOLE » PROOT
Plane Wave Free space Finds roots
Solution Green's of eqs. (35,36)
Function '
IQIA = 3 IQIA =1
IQIA =2
. RESULT
ASMPT Follows Sec- QSTATC
Follows sec- . »
. tion 3 Follows Sec-
tion 4.1 .
o ‘ tion 4.2
o IQIA=1 ap > 50
CORREC 71 ASYMP
INTEGR
Romberg Qv3
Integration
, : o>1 o<1
GGRT1 ’ GLES1
Second First
term in term in
eq.(34) eq. (34)
Y | IR SUBG e ———1
FACTOR BEJY
——®| Calculates
.Jo,Jl,YO,Y1
uv
- Calculates
Functions listed
in Table 2
function
W(Z) \
FVALUE
Calculates
FisFohFq
FINDZY
Calculates
N ,K , etc.
0" o

Figure 15. A flow chart of the computer program
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However, we have léftlthis subdivision criteria in theupfbgram so that

thé program.céh be a general purpdse one. Our program without further
modification cannot handle the cases where the poles are directly on the
real axis whichvcorre5pond$ to lossless slab(above a perfectly éonducting
sheet. But in most of the.casesvwhich involves losses in both media the
poles usually move upward away.from the real axis. A root finder called
PROOT,is déveloped which uses the poles of a lossless slab aboye a perfectly
‘coﬁducting sheet as a basis‘té march toward the roots for a lossy slab and
earth.‘ A combinatioﬁ of bisectional and‘Newton's methods are used to séarch
the complex roots of (35) and (36). In Figure 16, we have shown the flow
vchai; of the root‘finder, where at first the subroutine ROOT will searéh

the real roots of the lossless slab above-a perfectly ;onducting sheet then these
£oots (if any) will be used in ZROOT to search for the complex roots of a

lossy slab above a finitely conducting earth.

Excebt for the fegion nearby the pole the two integrals in (34) are
further broken ub’intO“segmgnts where numerical integration baéed upon a
modified Romberg scheme is performed. Segment interval is determined either.
from tﬁe nature cycle of the Bessel functions, i.e. Ao = 2m/p, or from
the decay.fate of fhe,exponential fgp;ti033; i.e. Ao %,3/(Z+Ho); Obviously
the number of integratibns and the comﬁutation time increases when p and
(z + HO) are either very small or{?eyy‘iérge. In such cases, the program
ié then switched to the quasi—static and asymptotic routines even though the
norﬁal integration method égn bé performea. g |

We now discués the type of cdnvéigence criteria we have adopted for the
truncation of the infinite integraliin (34). Judging from the expression
for the integrand as given in (30), if is obvious that one can simply -

integrate until the argument of the exponential function Yb(Z+Ho) is large
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l

ZROOT
Complex
functions
root
finder

:

CROOT
Searches for
complex root
by using both
Newton's and

bisection
method
' Y
Function Function
CY(Z) - CX(2)
given in eq. given in eq.
(35) (36)

Figure‘lG. A flow chart of the root finder

PROOT
ROOT
Real
functions
root finder
bisection
method only
Function Function
FY(Z) FX(2)
given in eq. given in eq.
(39) (40)
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enough, say 12, so that the remainder of the integration will be of the order
10f7yor smaller. However,,thisxéritefion becomés less effective for obser-
vation near the surface when”(Z-+H0) is small. 1In that ca§e, we switch the
truncation criterion to one that depends on the argument of the Bessel function
0P, kwhere o = kor and r 1is the horizontal distance from the source to
the observation point. When op Treaches a certain large number, say 50 or
more, we can replace the Bessgl function by its asymptotic form (Abramowitz
7[1964]). Then the remainder of the integral can be evaluated analytically»by
an asymptotic series. Since each term of the series decreases by the factor
, (ap);l froﬁ its previous term, we used a two term expression and estimate
the error bound. The truncation is then determined by arspécified accuracy

of five digits. These remainder terms can be deduced from (30) and typically

given as follows:

Tm(qt) = JrF(a)[cos X - P(a) sin x]da m=90,1 (C-1)
‘ﬂ *t 4m2-1
where x = (0p - %— - 1; ), Plo) = g and «a_ is the limit where

the Bessel function can be replaced by its asymptotic form. F(a) is

given by ‘

F) = (/map)¥ aG@)/y,

and G(a) is a typical function listed in Table 2. Now, if we twice perform

the integration by parts in C-1, Tm(at) will reduce to approximately

. sin x cos x JF (4m?-1 cos y _3
0 0 m-1)

T (0)=- ——F(a) - - 2] - Fe) + 0(p )
m- t’ o) St , p2 do o =at 8@0 p2 t |

(C-2)

where '

= ( mm 1[)
Xo = WP T2 T g

The result given in (C-2) will be added to the truncated integral if the

truncation was made on the Bessel function argument. The subroutine that
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handles the evaluation of TmGXt),‘is called ASYMP. In the case of the
quasi—static method we have added a third criterion for the truncation of'
the integration and that depends on ad acéording to the method discussed
in Section 4.2.

As we mentioned before numerical integration of individualvsegment along
the real axis is‘performed by a modified quadrature Romberg scheme. The
subroutine thaf performs the integrafion is called INTEGR, which is known to
be a fast convergeﬁt one unless there'is‘a discontinuity in the function -
within the integrated limits. INTEGR has been.developed to integrate an
array of functions. Thus all six integrations of the EM field components
in the space region can be performed at onﬁe. Thevusual criterialof stopping

" the integration is by checking if either the absolute or relative error of

the integration has reached the needed tolerance. More specifically in
‘Figure 4, the integration foﬁtine calls two functions "GLES1" and "GGRT1"
which they represent as the functions of the first and second integral in
(34) respectively. SUBG gives the valué of T(x) for any x vas required in
'l(34). SUBG calls two other subroutines, one is called '"BEJY" whiéh calculates
 the Besselyfunction JO and Jl; the other is "UV" which computes the
values of the functions (E&,)ﬂ&); 2 =0,1  and w ='x,y,z, listed in
Table 2. Two other subroutines EVALUE and FINﬁZY are used in UV for the
purpose of calculating the functions Fz(a), L. = 1,2,3,'énd No’ KO, etc.,
as given by (29) and (8) for a single slab respectively.

As we have noted earlier the usual method of integration becomes a.
time consuming one for large R. For sucha case, we switch the program to a
subroutine called ASMPT, based upon the asymptotic solution we derived in
- Section 4.1. For computing efficiently, this part of the program is further
split up into a sky-wave region and a ground-wave region. This means we usé
a two term sky-wave solution where the observation is made away from the
ground (subroutine LARGR) and a two-term ground wave’solution as described

in Section 4.1  (Subroutine FACTOR).
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The subroutine_QSTATCkserves the purpose of finding the fields for a
very smali'Value 6f R, .where R = kOR12 is the normaiized distance from
the dipole image to thg observation point, R12 = [(z +'ho)2 + rz]%‘. This
subroutine folloWs.exactly the procedure described under section 4.2 excepf
Maxwell equations has to be used first to find the electromagnetic field
cOmponents. Thg,finite integration from 0 to R for AVZ'(Q =1,2,3) in (51)
and (55), was performed by calling the subroutine "RESULT'. However, analytical
expression has been used to réplace the integration from R to infinity, i.e.
Véz) (2=1,2) in‘(53) and V§3) in (58). This analytical result has been

built in a subroutine "CORREC'" which is called from "RESULT" automatically

‘when the integration has reached the upper limit a,- The 1éading terms,

1)
L

~calling two other subroutines "FIELD" and "QV3", the first of which calculates

i.e., V (£=1,2) 'in (52) and Vél) in (56), are calculated in QSTATC by
the free space Greens functions given in (24) and the second calculates the

leading term of the cross‘coupling field V3 “and is given by (56).

Finally, we should emphasize that the subroutines QSTATC and ASMPT
are built to speed up the program. They are auxiliary routines to the main
program which provides adequate approximate answers as an alternative to

“the exact but time consuming results available from the subroutine RESULT.
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- APPENDIX C

List of the Computer Program
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SUBROUTINE DIPOLE(FREQN.EpsRosIGMA,HlaHo.R.TH-PH9THP9NOROOT.A09 -
1 ACCINTsTOTFLOD s IFLAG)

SUBROUTINE DIPULE WAS DESIGNED TO FINU THE &M FIELD DUE TO AN
ARBITRARY=ORIENTATED DIPOLE SUURCE ABOVE A TwO LAYER CONDUCTING
EARTH o THE [NPUTS TO THE PROOLRAM ARE!

FREQNEFREQUENCY OF QPERATION. ’

(EPSR) AND (SIGMA) EACH OF WHICH SHUULD HAVE Tmt OIMENSION OF 3

REPRESENTING THE DIELECTRIC CONSTANT AND CONDUCTIVITY (MHO/M)

IN THE THREE MEDIA3AlRsSLAB KEGION AND GRUUND RESPECTIVELY.

H1ESLAB WIDTH,.

HOSHEIGHT OF THE DIPOLE FpOM THE SLAB SURFACE.

RETHE DISTANCE OF THE DIPOLE IMAGE ABOVE A ptRFECTLY CONDUCTING
GROUND ' TO THE OBSERVATINN POINT, R=SQRT((Z+rQ)%#2¢(SR)%%2) }§
WHERE SR=SMALL R +1IS THE PRQJUECTION OF R INTO ThE X=~Y PLANE.

THETHETA IS THE IMAGE ANGLE (IN DEGREES) wHICH THE OBSERVATON
POINT MAKES WITH THE 2-aXIS (REFEK TQ FIG«5 OF THE REPORT),

PHEPHI IS THE OBSERVATICN ANGLE (IN DEGREES) MEASURED IN THE X=Y

PLANE . ’
THPETHETA=-PRIME IS THE ANGLE (IN CEGREES) THAT THE DIPOLE MAKES
wWITH THE VERTICAL Axls. IF THF=0 THE OIPOLE IS VERTJCAL AND
IF THP=90 THEN. THE CIROLE IS FORIZONTAL,

NOROOT=1S A LOGICAL STATEMENT WHEN IT IS TRUE NO SEARCH WwILL BE

= MADE FOR THE PULES (PHYSICALLY *SURFACE wAVE MODES) IN THE
'SLAB REGION ALSO NO CALCULATON OF THE SOMMERFELD POLE WILL
BE MADE IN THE HMALF.SPACE CASESIF (NORUUT) IS FALSE THEN
A SEARCH FOR POLES wILL BE MaDE.

AOSIS THE POLE CLOSEST 70 TmE REAL-AXIS IN THE COMPLEX ALPHA=PLANE
o 1T SHOULD BE SPEClFIED ARBITRARILY IF THE ROOT FINDER IS NOT
USED

ACCINT=ZIS THE ERROR TOLERANCE OF THE NUMERICAL INTEGRATION -

TOTFLDZARE TrE CALCULATED VALUES CF ALL TmE EM FIELD COMPONENTS.

IT SHOULD BE DIMENSIONED AS TOTFLD(3,2). Tht FIRST COLUMN
ARE THE E=-FIELD COMPUNENTS (EAWEY AND EZ)s AND THE SECCOND
COLUMN ARE THE HeFIELDS (HX,HY AND HZ). -
IFLAGZIS A LOGICAL STATEMENT wHICF IF IT 1S TRUE QUASI=STATIC AND
" ASYMPTOTIC APPROX,., wILL BE LstkDe IF (IFLAG) IS FALSE THEN
USUAL NUMERICAL INTFGHRATION METHOD wILL 8E PERFORMED ON
THE SO CALLED SOMMERFELD INTEGRALS.

COMMON /MAIN1/N(3)sHeEPSR(3) sRKOsKOsZHM TOL
COMMON /MAIN2/BsPHIsTHETADYCT19ST1sCPLesPLyCPc,ySHE
COMMON /MAIN3/5S(3) 4EE (3) ¢HHsOM
COMMON /TYPE/IGIA
LOGICAL NOROOTsIFLAG
COMPLEX NsaQsJsFA4A
COMPLEX DI4DSySOMFLDTOTFLDeWAVE«PZS9PXS9PZIsPXI
REAL KOsMUQ
DIMENSION A(5)sSIGMA(3)
DIMENSION DI(3+2)40S(3+2),SOMFLD(3,2)9PZ25(3,2)4PXS(342)
14PZ1(392)9PXI(3+2) sWAVE(342) 9 TOTFLD (392)
TOL=ACCINT
J=(0.!~1-)
P1=3.,141592653
C=2+99793E+08
EPSO=846854E=12 $ M(J0=4 ,#P14]1,0E~Q7
EGZI=SQRT (MUO/EPSO)
CONV=PI/180.
OMEGA=2.#pI#FREGN
KO0=0OMEGA/C
H=H1#KQ )
FHEKO*K0/4,/P] $ FASJ®EGZ]®FB
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Do 12 L=1y3 . ‘
12 N(L)=CSQRT (EPSR(L)*(0es1a)#SIGMA(L)/OMEGA/EPSO)
51 THETASTH®CONV
Z=R#COS(THETA)=HO $ ~ RO=R#SIN(THETA)
ZH=Z+HO $ ZHM=Z<HA
B=ZHeKQ $ RKO=RO#KO0
PRINT 8B9FREQN (N(L) 9EPSR(L)sSIGMA(L)oL=1e3)

88 FORMAT (1H1®FREQUENCY=®#EQ, 29 1x*C/S#/91X4REFRACTIVE INDICES OF AIR,
1CEMENT AND EARTH RESPECTIvELY«/lX”NU:“FQ.AoofJ#FQ.boIOX*EPSRD=°E8.
2193X“SIGMA0=*E10-3/1X*N1=4F9.4c°0¢bF9-4010X*EVSR1=”E8.193X°SIGMA1=
3#E10.3/'lx*NZ:“F9.4.*OJ¢Fq.«o1ox*EPSR2=»E8.1y3x*slGMA2=“Elo.3/)

PRINT 14924H0sH1R9TH

14 FORMAT (1x99Z=¢E10,392xemey3x#0BSERVATION HEIGHT#/1X#H0o=#E10,391X
1eM# 9 3XODIPOLE HEIGHT®/ 1A 1=%E 10,29 1A¥Ma93XaSLAS WIDTR#/1X#R=#E10,
2392X#M®,3Xx2SOURCE T0O OBSERVATION DISTANCE“IIA“THETAzaFS.lolx“DEG“.
3IIXHANGLE OF INCIDENCE#®/) ' .

NO SEARCH FOR POLES WILL BE AVAILABLE WREN NOROOT IS TRUE»THUS THE
POLE LOCATION AO SHOULD BE SPECIFIED «1F THESE POLES ARE FAR AWAY
FROM THE REAL AXISsASSIGN ANY ARBITRARY POLE IN THE FIRST QUADRANT

. OF THE COMPLEX ALPHA=PLANE. THIS POLE SHOULD NOT BE CLOSE TO THE

PATH OF INTEGRATION,
IF }NOROOT) GO TO 22

CHECK IF WE HAVE A TWO=LAYER £ARTH MODELsIF SO CaklL RROOT ¢
1F (HeGTe1,0E=0540R,HeLT41,0E405) GO TO 20

IF NOTy WE MAVE A SINGLE LAYER EARTH oHENCE WE NEED TO FIND THE
SOMMERFELD POLES ‘ o

IF (HeLE+1,0E=05) AQ=N(3)/CSART(N(I)*N(3)=1l.)
IF (HeGE+1,0E+05) AQ=N(z)/CSART(N(2)¥N(2)+1,)
60 TO 22 '

SUBROUTINE RROOT WAS DESIGNED TO FIND THE SURFACE WAVE MODES THAT
EXIST IN A DIELECTRIC SLAB ABOVE A DISSIPATIVE EaRTH.

26 DO 23 I=1,3
EE(I)=EPSR(I)

23 §S(1)=SIGMa (D)
OM=OMEGA $ HH=h
CALL RROOT(AsAD)

A0 WILL BE THE POLE CLOSEST TO THME PATH OF INTEGRATION,

{A) WILL BE -THE POLES THAT ARE FOUND o PLACES WHERE RROQT FAILS A
MESSAGE WILL BE PRINTED anDd THE . ARBITRARY PULE (,95+.15) wILL BE
ASSIGNED, UP TO 5 POLES WILL BE SEARCHED WITH THE EXISTING DIMENSION
OF A(5)e« IF MORE EXIST sTRE DIMENSICN OF (a) IN DIPOLE AND (ZERO)

IN RROOT SHOULD BE INCREASED. _

22 PHI=PH®CONV $ THETAP=THP#CONV

CT1=COS(THETAP) $ STI=SIN(TRETAF)
CP1=COS(PHI) $ SPI=SIN(PHI)
CP2=C05(2.*PH]) % SPZ:SIN(Z.QPHI)

IF (IFLAG,LE.0) GO TO 165

THE FOLLOWING THREE RQUTINES wILL BE USED FOR THE EVALUATION OF
THE SOMMERFELD INTEGRaLS

(1) WUASI=STATIC APPROX. ,
121“NORMALWINTEGRATION-ALONGuIﬁE_REALWARIS.IN”THE-LOMPLEX.ALPHAz
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PLANE. ‘ :
(3) ASYMPTOTIC TECHNIQUES (USING STEEPEST DESCENT METHOD ).

RN=R#KQ
IF (RNeGT,5+0E=02,0RsRN,LT¢3 nE~01) GO TO 165
IF (RN.GE.3-0E°01) GO To 77

QUASI-STATIC APPROX, wILL Bf PERFoRNED .

1QIA=1

CALL QSTATC(AOoNAVEo302oIOIA)
GO TOo 33

ASYMPTOTIC APPROX. WILL BE PERFQRMED
77 1QIA=3

CALL ASMPT(AQyTHETA,WAVE ¢392)
G0 TO 33

IN REREY JUST REGULAR INTEGRATION METHOD wILL BE USED TO FIND THE

SOMMERFELD INTEGRaALS .

165 CALL FIELD(DSyKO0sZHMIROWPZS9IPXS93,2)

CALL FIELD(DIsKO9ZHIRO PZI.PXIoB,Z)
1Q1A=2
CALL RESULT(AQ9ySOMFLD9342,1Q1IA)
DO 6 JJ=1,2
DO 6 1I=1,3
6 WAVE(I], JJ)-DS(II;JJ)‘DI(IIcJJ)tSOMFLD(IIoJJ)
33 DO 2 Jd=ly2
DO 4 Il=143
IF (JJstQe2) GO TO 56
TOTFLD(I1,40uJ) =FASWAVE(I140d)
GO TO &
TOTFLD(IT140ud)=FB*WAVE (IIsyd)
CONTINUE
CONTINUE
RETURN
ENP

on
(AL IR ¢
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SUBROUTINE FIELD(DyKeZHO+ROIXosYsTeM)

THIS SUBROUTINE EVALUATES ALL THE ELECTROMAGNETIC FIELD COMPONENTS

‘DUE 70 AN ELECTRIC VECTOR POTENTIAL OF THE FORM Gl1=EXP(J*R11)/R11
- OR G12=EXP(J¥R12)/R12 +WHERE R11=SQRT((Z-H0)##24RHO##2) AND

R12=SURT ((Z+HQ)##2eRHO%%2) o ZyHO AND RHQO ARE NORMALIZED TO THE FREE
SPACE WAVELENGTH KN, THE INPUTS ARE 3 :

(1) K 1S FREE SPACE WAVELENGTH,

(€) RO IS A RADIAL DISTANCE, . R

t3) ZHo REPRESENTS THE NON=-NORMALIZED DISTANCE (Z=HO) OR (Z+HD)e
THE QUTPUTS ARg )

{1) D REPRESENTS THE FIELD DUE TO G611 OR Gl2.

(2) X aND Y REPRESENT THE FIELD ODUE TO A VERTICAL AND A HORIZONTAL

- DIPOLE RESPECTIVELY.

COMMON /MAIN2/BBsPyToCTyST
COMPLEX GllyJyFeDeXsY
REAL K .
DIMENSION X(342)0Y(392)9D(302)
JZ(0eele)

ReSGRT (RO#RO«ZH0#ZHO)

A=14/ (K®R)

Gll= CEXP(JoKuR) oA

B=A#A

"XR=R0O%COS (P)./R $  YR=RO®SIN(P)/R
ZR=ZHO/R ’
'F=10‘>31“J“A.30“B

X(lel)==FeXReZR®G11#CT § Y (l9l)m=(FaXROXR=1.=J0A+R)#GL114ST
X(291)==FeYReGL14ZR4CT 8  Y(241)S=F4YR®G]]1oXReST
X(39]l)==(F?ZR#ZR=] = J0A+B) #G]1]14CT $  Y(3,1)=-FuxRaZReG114ST
X(192)=(J=A)aYROGI1®CT = S  Y(1+2)2(0e90e)
X(212)=(A=J)#Gl12XRacT $  Y(2s2)s(J~A) %G1 #ZReST
X(392)=(0400.) $  Y(312)=(A=J)?YR®GL11#ST

D0 22 JJ=1+2
00 22 p1=1,3

22 D(IToddd=X(I1edJdYeY (1T o)

RETURN
END
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SUBROUTINE LARGR (THETAFLOs 1 ¢MM)

THIS SUBROUTINE EVALUATES THE EM FIELD COMPONENTS IN THE AIR REGIGN
ASSUMING A PLANE WAVE INCIDENCE ON THE AIR AND SLAB INTERFACE (SKY=-
WAVE ASYMPTOTIC APPROXIMATION OF THE SOMMERFELD INTEGRALS).THE INPUT
IS THETA=ARCTAN(RO/(Z¢H0)).THE OUTPUT IS FLD. I1 AND MM ARE VARIASLE
DIMENSIONS,

COMMON /MAIN1/N(3) yHeE (3) sRK K0 yZHM

COMMON /MAIN2/B9PeTP+CToSTHCP

COMMON /2ZYY/YZ(3)

COMMON. /FUV/AL +GG0+GGl 4662

REAL KO

COMPLEX GGOoGle6629PZSoPXS’PZIvaIoYZ'REFLI-REFLZ

1,DI4DSyFLDIN,J .

DIMENSION DI(3+2)9DSt342)sFLD{I]sMM) .PZS(?,?).PXS(S,E)

19PZ1(3+2)9PX1(3+2)

JE(Qesls) :

AL=SIN(THETA) $ GGO0==JaCOS(THETA) .

GG1=CSQRT (ALeAL=N(2) 6N (2) )

GG2=CSQRT (AL#AL=N(3)#N(3}))

ZH=B/K0 $ RO=RK/KO

CALL FINDZY

PARALLEL POLARIZATION REFLECTION COEFFICIENT.
REFL1=(GGO=YZ(1)1/(GGO+YZ (1))

PERPENDICULAR POLARIZATION REFLECTION COEFFICIENT.
REFLé:(GGO-YZ(Z))/(GGOoYZ(Z))

EM FIELD oué TO Gl1=EXP(leR1l1)/R11
CALL FIELD(DS+K0sZHMyROPZSIPXSsITsMM)

EM FIELD DUE TO G12=EXP(I#R12)/R12
CALL FIELD(DI KOsZHIRO4PZIWPXIsITMM)
DO 5 M=1l¢MM
DO 5 1=1,11

S FLD(I.M)=PZS(TIsM)+REFL1#PZI(IsM)+PXS(IoM)+
1(=REFL19CP+REFL2% (14~CP))#PXI (I4M)

RETURN
END
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SUBROUTINE RESULT(ALPHAQyVALUE KKyt L91IQ)

THIS SUBROUTINE CALCULATES THE SOMMERFELD INTEGRALS GIVEN IN EQ,
(30) OF THE REPQRTIHUWEVER WHEN IQ=1,THEN IT CALCULATES THE
INTEGRALS OF (S51) AND. (55),

INPUT Z(ALPHAO) IS POLE LCCATION IN COMPLEX ALPHA PLANE,

- OUTPUT 'Z(VALUE) sKK AND LL ARE VAKIABLE DIMENSIONS.,

COMMON /MAIN1/N(3) sHIEPSR (3) 9RKsFK4ZMs TOLRNS
COMMUN /MAIN2/BoPHI,THETAP

COMPLEX NyalPHAQIVALUE

COMPLEX SUMySAVE

DIMENSION SUM(3+2)9SAVE (3,2) 9VALUE (KKeLL)
EXTERNAL GLES1+GGRT)

LOGICAL TEST

PI=3.141592653

N1=2048 "

EE=1.0E=06

CRITERIA FOR THE SUBDLIVISION OF THE INTEGRATION.

CR=6.0/(RK+EEY =~ § C2=3, 0/ (BEE) $ CH=140/(HeEE)
FACT]1 =AMINLl(CRsCZoCH)

CRITERION FOR UPPER LIMIT TRUNCATION IN THE ouASI-STATIc CASE
SEE SECTION 4e¢2 OF THE REPORT.

EN=CABS (N (2)) 3 EN1=10,2EN
HC=SQRT (50, 0#CH#CHeEN®EN) $ CCH=AMAX] (HCYEND)
00 1 LI=l,L
- N0 1 KlzlykK
1 SAVE(KI4LI)=(0s90,)
ACC=TOLRNS

HEREsWE DETERMINE THE CIRCLE OF INFLUENCE DUE TO THE POLE MOTION
AS DISCUSSED IN SECTION 3.

AR=REAL (ALPHAQ) $ AIBAIMAG (ALPHAQ)
RR=SQRT ((AR=1,)#%24p]%02)
IF {AR4GT.1s) GO TO 33
DIF=le=4,4RR (3 ADD=7.%4,#RR
60 T0 36
33 pIF=AR=4 ,#RK $  ADD=AR+4.%RR
36 tF. (DIF) 15915416

THE POLE HAS NO INFLUENCE ON THE PATH OF INTEGRATION +THUS THE
PATH WILL BE SUBDIVIDED AS GIVEN BY EG. (34) OF THE REPORT

15 1’1:00. ' $ T2=lo;
1J=1 $ GO 70 27

16 IF (DIF.LE.le) GO TO 105

THE -POLE HAS AN INFLUENCE BEYOND THE BRANCH PQINT AT ALPHA=1l.

EPS1=SQRT(DIF#DIF~1,) < EPSZ=SURT (ALD#ADD~14)
Ti=0. $ T2=1,

1J=3 % 1=}

EPS=EPS)

RZ=AMIN1(CR*C2Z)
1F (EPS14GE+RZ) EPS=RZ
GO0 TO 27

HEREs THE POLE HAS AN INFLUENCE IN THE REGION FOR ALPHA BETWEEN
_OIAND ls

105 gPS1sSQRT(1«=0DIF*DIF) L3 EPS=SQRT (ADD®ADDel, ]
T1=0, $ T2zLFS1 )
1J=2 % Ii=0

EPS2=AMIN1 (EPS9CR+C2)
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c FIRST INTEGRATION FOR ALPrA BETWEEN o AND 1} AS GIVEN IN THE FIRST

c TERM OF (34), GLESIZREPRESENTS THE FUNCTIONS TO. BE INTEGRATED 1IN
C THIS REGION,

27 cALL INTEGR(TlvTZ'AchNIoGLES1vSUN.KKoLLoXoxRELvNUSED TEST) ,
DO 3 LI=lyibl
DO 3 KI=1lykK

3 SAVE(KIZLI)SSAVE(KIyLI) (A0l )#SUM(KIsLI)
IF (TEST) PRINT 200¢ X9 XREL e T1 T2 ((SUM(KILT) 9SAVE(KIsLI) -
1oKI=1oKK) oL I=19LL) oNUSED
IF (IJ«EQ,1) GO TQ 35
IF (1l1.EQ.1) GO TO 30

T1=T2 $ T2=1.0
11=1 A ACC=TOLRNS $ G0 70 27
30 NI=1024. § IF (I1J«EQ.3) GO TQ S¢
T1=0% $  .T2=EPsZ $ - Ir=2
ACC=TOLRNS/3.0
GO TO 40
90 T1=0, $ T2=EPRS] (3 Il=1
GO0 TO 40 .
45 11=T2 $ T2=EPS2
ACC=TOLRNS $ I1=2
60: TO 40
35 T1=0. $ T2=T2+FACT]

C SECOND INTEGRATION IS FOR THE REGION BEYOND. THE BRANCH POINT AT
C ALPHA=1l+ GGRT1ZREPRESENTS TWE FUNCTIONS TO BE INTEGRATED.

40 calLlL INTEGR(TI9T2oACCvNIvGGRT]vSUN RK.LL.XuxRELvNUSED TEST)
DO S LI=1,LL
DO & Kl=1l,KK
S SAVE (KI4LI)SSAVE(KI LI)+SUM(KIILT)
IF (TEST) PRINT 2004Xs XREL 971, TZ.((SUM(KI'LI)vSAVE(KX LI
- 1yKIZS1IKK) oL I=19LL) sNUSED :
IF (1JeEQua3+aNDeIleEQel) w0 TO 45

ACC=TOLRNS/3.0
A=SQRT (1e+T2%T2)
FACT2=A%RK
c CHECK IF THE ARGUMENT OF THE BESSEL FUNCTION HAD REACHED THE VALUE
C OF 509 IF SO .+USE ASYMPTOTI¢ APPROX, FUR THE REGIUN BEYOND THIS
c POINT AS DESCRIBED IN APPENDIX-¢ EQ. C=2 OF THE REPORT,
1F (FACIZ.GEAS0.0.AAD.TZ.GE.EDS) (c]) TQ 39 .
c CHECK IF WE HAVE A QUASI=STATIC CASE4IF SOy PERFORM THE INTEGRATION
€. GIVEN IN EQ, (51) AND. (55) AND +THEN,ADD THE CORRECTION TERMS
C WHICH REPRESENTS ANALYTICAL APPROx. OF THE INTEGRe FROM ALPHAT
c TO INFINITY AS DESCRIBED IN APPENDICES 4 AND B.

IF (IQ.EQ.I-AND.TE‘GEQCCH) 60 T0. 115
202 TT=B*T2

Cc CHECK IF THE EXPONENTIAL FUNCTION - EXP(-GAMMAQ®#B) HAS REACHED t
o THE VALUE OF EXP(=12) +]F SO STOP THE INTEGRATIONS .

IF (TTe6T.12.) GO To 100

T1=72 $ T2=T2+FACT] !
GO TO 40

115 cALL CORREC(AsSUMyKKsLL) !
60 TO 110 - » ' i

39 CALL ASYMP (AySUMyKK,LL)
110 p0 7 LI=l,L
: NO. 7 KI=l,KK
7 SAVE(KIsLI)=SAVE(KI,LI)eSUM(KIsLT)
100 DO 9 LI=l,LL
DO 9 Kl=zl,kk ' ‘ : A
9 VALUE(KloLI)-SAVE(KIoLI)
200 FORMAT (/5xs1#ABSeyREL. Fpps.-aZ(axsls.e),3xaLL-«e13 5y3X*UL=#E13.5
1/71X98UM MATRIX#/1X96(R2E13,595X92E13e5/7) 92X8NUMB. OF ITER.=®I6/)
RE TURN
END
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SUBROUTINE INTEGR (AQB'EPS'NSTEPOFQVALUEOLOM.XOXRELTVOK'G)

THIS SUBROUTINE PERFORMS AN (L+M) ARRAY OF COMPLEX FUCTIONS
INTEGRITION USING MODIFIED ROMBERG TECHNIGQUE .
ASLOWER LIMIT 4 BSUPPER LIMIT OF THE INTEGRATION
EPSZREQUIRED TOLERANCE,
NSTEPZ MAXe NUMBER OF ITERATION TO BE USED FOR PERFORMIG THE
INTEGRATICON,
F2 A_SUBROUTINE HAS AN (LM} ARRAY OF FUNCTIONS (INTEGRANDS),
VALUES OUTPUT OF THE INTEGRATION 4 (L,M) ARRAYS OF vaLuEs,
XS RETURNED ABSOLUTE ERROR XRELTVS RETURNED RELATIVE ERRORs
KENUMBER OF ITERATION USED IN PERFORMING THE INTEGRATION.
GSLOGICAL STATEMENT IF IT IS FALSE THEN ,THE INTEGRATION WAS
PERFORMED WITHIN THE REQUIRED TOLERANCE (EPS) AND THE ITERATION

SIZE (NESTEP), OTERWISE IF IT IS TRUE sTHEN X 4 XRELTV AND K
WILL BE RETURNED.

COMPLEX FCNA.FCNR.FCNXI’T0$UMvQX19QXZ'VALUE'Q .
DIMENSION SUM(3.2),FCNA(3'2)oFCNB{BoZ)-T(3v2),FCNXI(3o2)v
10X1(3-2),QX2(392)oVALUE(LvM)oQ(16o3’2) o
LOGICAL 6

H=zB=A

CALL F(AIFCNA,L 4M) $ CALL F(ByFCNByL M)

00 67 MJU=14M

D0 67 LJ=1yL

67 T(LJ'MJ)'(FCNA(LJOMJ)‘FGNB(LJ’MJ))““/20

Nx=1l. .
Nzl

1 Kz2wap

HSH/EQ
00 22 MU=14M
D0 22 LJ=1sL

22 SUM(LJIMU)=(0490,)

po 2 11 9NX
XI=2e#FLOAT(]) =1,
XAzAex]eH

CALL F(XA4FCNXIyL M)
DO 24 MJslsM

D0 24 LJ=1sL

24 SUM(LJUWMJI)=SUM(LIIMIY sFCNXT (LJeMJ)
"2 CONTINUE

DO 26 MJ=1M .
D0 26 Lu=]4L o '
TALIIMII =T (LUyMI) /724 s HOSUM (LU 9 MY)

26 Q(NoLJvMJ)=(T(LJ-MJ)0H¢SUM(LJvMJ))“2./3.

IF (N=2) 1043,3

3 F=4,

DO 4 u=2yN
IaN+lad A
FaFaé,

D0 27 MJ=slyM -
DO 27 rLu=mlsL-

27 Q(;,LJ,MJysQ(Io1.LJ.MJ)#(Q(IOI:quMJ)-Q(InLJoMJJ)/(F-I-)
4 CONTINUE

IF (N=3) 945,5

5 x=0, $  XRELTV=0.

DO 29 MJ=1,M

D0 29 LJslsl

XREAL=ABS (REAL (Qt1sLJoMJ)=QX2 (LUsMJ) ) ) +ABS (REAL (QX2 (LJsMJ)
1=QX1(LJoeMUI ) )
XIMAG=ABS (AIMAG (O (1sLJsMJ) =QX2(LJeMJ)) ) +ABS (ATMAG (QX2 (LJsMJ)
1=QX1(LJIMI))) - : ‘
CR=CABS (Q (14LJsMJ))

IF (CR.EQ,0.0) GO TO 33

XR=AMAX1 (XREALsXIMAG)/CR  $ G0 TO 107
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33 XR=0.0 B
107 XRELTV=AMAX] (XReXRELTV)
29 X=AMAX] (X¢XREAL 4XIMAG)
COMPA=X=3,4EPS
COMPR=XRELTVa3,#EPS
IF (COMPA.LE.O'OOOR.COMPR.LE‘O.O) 1108
CIF (NSTEP=K) 11,11,9 ’
DO 37 MJ=1sM. :
DO 37 LJ=1,yL
37 QX1 (LJsMU)=QX2 (LJ9MJ)
10 DO 39 MJ=1+M
DO 3% LJ=1sL o
39 QX2(LJOMJ)=Q(1,LJOMJ’
12 NX=NX#2
. “NaNel
GO TO 1}
11 00 41 MJU=14M
- DO 41 Lu=1,L
41 VALUE(LUIMU)=Q (Ll eLJIMY)
GENSTEPLTeK = '
RETURN
END

O ®

SUBROUTINE GLES1(TsGLsIyJ)

HEREy WE EVALUATE THE FIRST INTEGRAND OF EQ. (34) OF THE REPORT
THE REGION IS FOR ALPHA BETWEEN 0 AND 1,
T IS THE INPUT ,OUTPUTZGG 1S AN ARRAY OF (IsJ) FUCTIONS.

COMPLEX GyGL
DIMENSION GL(I14J)9sG(3+2)
XESQRT (le=T#T)
CALL SUBG(XsGyIyJ)
DO 10 Nxl,J
D0 10 M=1,I
10 GL(MyN)=G(MsN)
RETURN
END

SUBROUTINE GGRT1 (T+GGs1d)

THIS SUBROUTINE EVALUATES THE SECOND INTEGRAND OF EQs (34) OF THE
REPORT. THIS REGION IS FOR ALPHA GREATER THAN 1.
T IS THE INPUT ,QUTPUTZGG IS AN ARRAY OF (I,J) FUCTIONS.

COMPLEX GGG
DIMENSION GG(IsJ)9G(3+2)
XzSART (144TuT)
CALL SUBG(X1GyIvJ)
DO 10 N=1l+yJ
Do 10 m=l,1
10 GG (MsN)=G(MyN)
RETURN
END -
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-SUBROUTINE.SUBG(ALPHAonIIoJJ)

C HERE, WE CALCULATES THE FUNCTIONS GIVEN IN €Q. (30) OF THE REPORT.
c INPUTZALPHA » OUTPUTZG IS AN ARRAY OF (I1.dJ) FUCTIONS,

! . )
COMMON /MAIN]/N(3)¢H.EPS(3)'RKO
COMMON /MAIND /B :
DIMENSION BESSJ(Q)QBESSY(Z)oY(3v2)vZ(3'2)0G(II'JJ)
COMPLEX N'CKOGAMAOQYOZOJO'JIQG
AsALPKA -
IF (X-IQO) 10,20430 L
10 GAMA0=(0-9'1.)“SORT(1.-X°X) 3 GO T0 40
20 GAMAO=(0490.) % GO TO 40
30 GAMAO=SQRT (X#X=],)
40 KA=X#RKO -
CX=CEXP («GAMA(®B)

C A CALL WILL BE MADE TO SUBROUTINE (UV) TO EVALUATE THE FUNCTIONS
C  LISTED IN TABLE=2 OF THE REPORT. |

CALL UVI(XeGAMAOSIY 201144y

»
0.0

THE OTHER CALL WILL BE MADE TO BEJY 70 EVALUATE THE BESSEL
FUGTIONS J0 AND J1 , :

CALL BEJY(RAJBESSJUIBESSY,240)
JO=BESSJ(]) $  Jl=BESSJ(2)
00 22 UM=14Jy
. DO 22 IM=1,11 , _
22 G(IM(JM)=CX”(X(IMoJM)“Jooz(IM(JM)#JI)
"~ RETURN -
END

SUBROUTINE UV (ALPHA+GO,UyVsIds 1K)

c SUBROUTINE UV CALCULATES THE FUNCTIONS LISTED IN TABLE=2.INPUTS ARE}
c (1) ALPHA,WHICH IS REAL SINCE THE INTEGRATION IS ALONG THE REAL=

c AX1S IN THE COMPLEX ‘ALPHA=PLANES

C " (2) GO=SQRT((ALPHA)##2=1) 9HERE GO IS COMPLEX AND THE CHOICE OF

c THE BRANCH CUT IS G0==J#SQRT(1-(ALPHA)#%#2) FOR ALPHA<],

c THE OUTPUTS ARE §

c 1) U AND V REPRESENT THE VALUES OF THE LEFT AND THE RIGHT COLUMNS
c OF TABLE=2 RESPECTIVELY. .IJ AND IK ARE VARTABLE DIMENSIONS,

CUMMON /MAIN1/N(3) sHeEPSR(3) yRKO

COMMON /MAIN2/BsPyT9CToSTICPySPyCP2sSP2

COMMON /F INDF /F (3) .

COMMON /FUV/A,GAMAD 461462

COMPLEX NyGO,GlyG2yGAMAQ

COMPLEX FoFG,U,V )
ODIMENSION U(342)4V(342) : - .
A=ALPHA o

GAMAD =GO

Gl=CSQRT (A#AaN(2)eN(2))

G2=CSQRT (A%A=N(3) eN(3))

RK=RKQ

A2zAwp
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FIND THE VALUES OF (GO®F1),(GO®F2) AND (GO“F3),WHERE Fls+F2 AND F3
ARE GIVEN IN EQ. (29) OF THE REPORT.

CALL FVALUE
FG=F (2) =GO#F (3)

U(lol)=(F(2)=FGrA2#CPOCP)*ST

VI1Y1) = (FGPCP2¥ST/RK*GO#F (1) “CP#CT) #a
U(2y1)==A2#FGaSP265T/2, ’ '
V(291)=A® (FG#SP2#ST/RK«GO¥F (1) #SPaCT)
U(3ys1)=a24F (1)%CT
VI391)SA®(GOUFG~F (3)) #CP#ST
U(ly2)==A2#F (3)uSP29ST/2,

V{192)=A% (F(3)4SP2#ST/RK=F (1) «SP«CT)
U(2+2)=(=GO9F (2)+A2%F (3)8CPeCP) ST
VI292) =A% («F(3)9CP2¥ST/RK*F (1) “CP*CT)
U(392)=1(0,40,)

V(392)=A“F (2)eSPasST

RETURN
END

SUBRQUTINE FVALUE

THIS SUBROUTINE EVALUATES DIFFERENT TYPES OF FUNCTIONS DEPENDING
ON THE VALUE OF (I) IN THE COMMON BLOCK (TYPE). (I} DETERMINE THE
FOLLOWING CASES
{1) IF I=19 THEN +IT CALCULATES THE QUASI~STATIC FUNCTIONS LISTED
IN EQs (51) AND (55) OF THE REPORT.
(2) FOR I=2y FVALUE CALCULATES (GO®F])9s(GO%F2) AND (GO#F3) WHERE
F19F2s AND F3 ARE GIVEN IN (29) OF THE REPORT AND
GO=SQRT ((ALPHA)9n2=1,) o .
(3) WHEN I=3+ (FVALUE) CALCULATES Fl,F2 AND F3 AND THEY WILL BE
- USED IN THE ASYMPTOTIC FORM FOR THE EM FIELD COMPONENTS,
THE OUTPUT OF THIS SUBROUTINE IS THE COMMON BLOCK /FINDF/
THE INPUTS ARE THRU THE FOLLOWING COMMON BLOCKS
/MAINL/Z N(3) AND EPSR(3) aRE THE REFRACTIVE INDICES AND RELATIVE
DIELECTRIC CONSTANTS OF THE. THREE MEDIA. '
/FUV/Z LAY =(ALPHA) o (G0)=(GAMMAOQ) . (Gl)=(GAMMAL) , (62)=(GAMMA2),
H IS THE NORMALIZED SLAB. WIDTHe
/7YY/ ZY (1) =(KO) o ZY(2)=(NO) 4 ZY(3)=1/Wl AS GIVEN IN EQe (8)1
(9} AND (il) OF THE REPORT. ' -

COMMON /MAIN1/N(3) +HeEPSR(3)
COMMON /F INDF /F (3)

COMMON /FUV/A,G0,61,62
COMMON /ZYY/ZY (3) ‘

. COMMON - /TYPE /1

COMPLEX FyZY,LAMDALl,LAMDAZ
COMPLEX NyGO+G1sG2+E1+E2
CALL FINDZY '
El=N(2)®#N(2) $ E2=N(3)eN(3)
LAMDA2=]14/E2=1,/E1
LAMDAY=LAMDAZuzZY (3)=1,41,/E]

F(l)m2.9G0/(G0+2ZY (1))
F(Z):Z._ﬁGQ/(GO.zy(a)\
F(3)=LAMDAL# (F(2)=F (1)) /(2Y(2)=2Y(1))
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IF (I=2) 10+20430

10 F(1)=F(1)-2.%E1/t51'l.)
: F(2)zfF(2)=l, )
F(3)=F(3)-(E1-1.)“GO/((El*l.)“GlooZ)

"RETURN

30 F(l)= 24/(G0+2Y(1))
Flal= 2./7(60+z2y(2))
F(3)=LAMDA1“(F(2)-F(1))/(ZY(Z)-ZY(I))

20 RETURN
END -

SUBROUTINE FINDZY

THIS SUBROUTINE CALCULATES THE VALUES OF KOsNOs AND 1,Wi AS GIVEN IN

(8)5(9) AND (1l) OF THE REPORT , THE OUTPUT IS THRU THE COMMON
BLOCK rsz2YY/

COMMON /MAIN1/N(3)yHsEPS(3)

COMMON /FUV/A,G0,G1,62

COMMON /2YY/2Y(3) .
COMPLEX NeG0yGl962922,Y2,242YyTyE14E2,CT9DENY,DENZ

El1=N(2)eN(2y ¢ g2=N(3)eN(3,
23(0"10)“61, $ T=Z%H

Y2=62 : $ 22zv2/E2
ZI=zAIMAG(2.#T)

IF (ABS(Z1)+GEe60.0) GO TO 10

CT=CSIN(T)/CCOS(T)

DENY=ZeY2uQT 3 DENZ=2/Elez2uCT

LY (31=292/(E10DENZ#DENY®045% (14¢CCOS(240T)))
20 ZY(1.=s(Z/El)%(Z2-2%CT/E1})/DENZ '

ZY(2)=2%(Y2-24CT) /DENY

RETURN

10 ZY(3)=(Q..0.) $ ! CTS‘OQOIQ’
DENY=ZeY24CT $ DENZ=Z/E1+224CT
GO0 TO 20 ’

ENOD
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SUBROUTINE HEJY(X9BJeBYsMoN}
DIMENSION BJ(2)sRY (2)

BEJY CALCULATES THE BESSEL FUNCTIONS J0sJl19YO AND Y1.INPUTS ARES
(1) X WHICH IS THE ARGUMENT OF THE BESSEL FUNCTIONS.
(2) M AND N DETERMINES WHICH TYPE OF BESSEL FUNCTIONS IS NEEDED)
EXAMPLE WHEN (MyNy=(1+0) JO wILL BE CALCULATED, .
THE OUTPUTS ARE BJ AND BY REPRESENTING E:SShL AND NEUMANN FUNCTION
RESPECTIVELY.

T=X/3,

Y=TeT

Z=3e/X%

IF(XeGEed.) GO TO 10

BU(l)=l,=Y#(2,2499997-ye (1 ,2656208Y6(,3163866-y4(,04444679a

1Y% (40039444=y4,0002100))3))

GO TO 11
10 w=SQRT{X)

AF=,79788456- z»(.0000007702°(.0055274002“( 00009512~ zot.00137237

1-Z#(400072805-72%,00014476)))))

THETA=X=¢78539816=Z#(,04166397+Z4(400003954~ Z°(.00262573

1-2%(400054125+2%(4,00029333=2%,00013558)))))

BJ(1)=AF®COS(THETA) /W

s

.11 IF({N«GT40) GO TO 20

IF (MegQ.2) GO TO 40
RETURN
20 IF(X.GE+3.) GO TO 30
BY(1)=2./3, 14159265aAL0G(X/Z.)uaJ(I)0,367466910Y«( 60559366
1Y# (. 7“35038“-Y“(.25300117'Y“(.0“26121"Y“(-00“2791°-Yw.0002“3“6)))
2))
GO TO 31
30 BY(L)=AF®SIN(THETA) /W
31 IF(M.EQ.2) GO TO 40
RETURN
40 IF(XeGEe3,) GO TO 50
BU(2)=045-Y4({.56249985-yu(,21093573=~ Yo(.03954289-Y°(.00443319
1=Y#(.00031761-Y4,00001109))))) .
BJ(2)=BJ(2) %X
GO TO 51
50 AF-.79788456~Z“(.0000015602“(.016§9667°Z“(.00017105 Z#1(+00249511
1220 (,00113653.2%,00020033)))))
THETAzX=2.35619449425(,12499612420(«00005650=-2%(,00637879
1= Z“(.000743&8*2“4.00079824-2“.00029166))))) ’
BJ(2)=AF*COS (THETA) /W
S1 IF {N.EQ.2) GO TO 60 °
RETURN
60 IF(XeGEe3s) GO TO 70
BY(2)=2¢/34141592654X0AL0G(X/24)4#RJI(2)~e63661098+y0(, 2212091ey#{
124168270974 (1,316482T7-y#(,2123951~Y#(es0400976=Y4,0027873)))))
BY (2)=BY (2) /X
GO TO 71 .
70 BY(2)=AF°SIN(THETA)/W
71 RETURN
END
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SUBROUTINE ASYMP(X92e11,Jd)

THIS SUBROUTINE CALCULATES THE TRUNCATED INTEGRALS FROM ALPHAT
TO INFINITY AS SHOWN IN Ce=2 OF THE REPORT, INPUT (X) REPRESENTS
THE LOWER LIMIT OF THE INTEGRAL. (2) IS THE CUTPUT WHICH IS THE
CALCULATED ANALYTICAL APPROXs +II AND JJ ARE JUST VARIABLE DIMENS,

COMMON /MAIN]/N(3) 4HsEPS (3) yRK

COMMON /MAIN2/B : L
COMPLExHF.GG.FF;YY,ZZ.YX.ngNgGAMAO'Z.Gl.GZ-DYZ.DFY.OFZ'PF.RF»
DIMENSION YY(3:2)'ZZ(3-2)'YX(3o2)-ZX(3'2)061(3'2)062(302).Z(II’JJ)
lvPF(3v302)'RF(303'2)90FY{3.2)QDFZ(3v2)

FF(XX4GGIRR) =XX#SQRT (24/ (34141592653 4RR) ) $CEXP (=GG*R) /GG
Pl1=3.161592653 .
GAMAO=SQRT (X2 Xw1,)

RAzX&RK g PPzRA«PI/6.

CALL UVI(XyGAMAOWYY9ZZo]T4dy)

SI=SIN(PP) $§ Cl=COS(PP)

F=FF(X9GAMAOYRA)

DO 10 u=l,uy

00 10 1=1,1I]

PF{lslyd)=Fayy(I,0) $  RF(1y1.0)=F*2Z(1, 0y
lGl(I’J)=(-PF(1010J)“(SI-CI/(B.“RA))0RF(1vIoJ)“(CI-3.“SI/(8o“RA)))
/RK

0=1 QOE.O“

00 39 M=2,3

XD=Xe (M=])eD $ ROz x0eRK

GAMAQ=SQRT (XD#XD=14)

CALL UVI(XDsGAMADSYX9ZXsIIvJd)

DYZ=FF(XDyGAMAO»RD)

DO 37 J=1l,JJ

DO 37 131,411 .

PF(MoTod)sDYZOYX(TsJ)

RF (MaT9J)=DYZRZX(I9J)

CONTINUE

R2=RK#RK

00 20 J=1,JJ

DO 20 I=lyI1I

OF Y(1oJ)2(=3,0PF (1910J)s4e®PF (2014J)=PF (3411J))17/(244D)
orzgx.J)=(-3.uRF;1.x.J).a.»RF(Z'I.J)-RF(BoI.J))/(2-90)
G2(1sJ)=(=CI®DFYII4J)=STI®OFZ(IsJ))/R2
Z(19J1sGl(19J)eG2(I o)

RETURN ’

END
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SUSROUT;NE QSTATC(AQTOTLYIIvJUJdyIQ)

QUASI-STATIC APPROX. WILL BE EVALUATED IN THIS SUBROUTINE.

(AQ) REPRESENTS THE POLE LOCATION IN THE COMPLEX ALPHA=PLANE,
(TOTL) IS THE OQUTPUT OF THIS SUBROUTINE WHICH IS THE CALCULATED
ARRAY OF FIELD COMPONENTS, II AND JJ ARE VARIABLE DIMENSIONS.

(

IQ) IS A FLAG AND IT SHOULD BE 1 IF QUASI-STATIC’ APPROX. IS NEEDED,

COMMON /MAINI/N(3)oH.E(3)°RKoK002HM
.COMMON /MAINzxa.PHx.T.CT ST
REAL k0 .
COMPLEX N.os.oxoPZS PZ1+sPXSPX1,Q, TOTL-SOM.c.Ao El
DIMENSION 05(302)tDI(302£9PZS(3’2)OPZI(392)QPX5(302)0PXI(302)
19TOTL (I19JU) 9ySOM (342 ,4Q( : )
El=sN(2) %N (2)
IH=B/K0 $ RO=RK/ K0
CALL FIELD(DSyKO4ZHMyROyPZSsPXSsITs JJdy
CALL FIELD(DIsKOsZHIROsPZIWPXIII, JJ)

" CALL QV3(QyI1,ud)

10

CALL RESULT(ADsSOMsITrJJeIQ)

Cal,%El/(Elel,)

00 10 J=lyJJ

D0 10 I=1,11 o _ '
TOTL(I.J)=DS(I-J)-DI(IoJ)‘C“PZI(I-J)OPXI(IoJ)oQ(IoJ)°ST‘$OM(IoJ)
RETURN )

END

SUBROUTINE QV3I(HEsIsJ)

COMMON /MAINLI/N(3)yHsEPSR(3)4RK

COMMON /MAIN2/BsP o ToCT,STyCP, SP.cpz.spz

DIMENSION HE (3+2)9T1(342)9T2(3s2)

COMPLEX NyCoyHE9T19T2eKsEELrd

PI=30141592653 s Jz{0erle)

ElaN(2)%N(2)

Ke(EL/(El= 1.))°(--61593151-.5°J°PI¢CLOG(N(Z)))
Ca(N(2)9N(2)=1,)/(N(2)#N(2)el,)

Ez(Elwl.)nCr2,

~ R=SQRT (BB +RK#RK)

20

AA=ALOG (ReB)

R3=1,/R##3 $ RS5=z1,/R*45 § RBl=1./(ReB)
RB2aRB1#RBl § RR=RB}/R $ RBz{2.%R¢B)%R3I#RA2
Tltlel)= C*(R3=3.4R58 (RK4CP)##2+.5%( (BYCP/R) «u2+Speu2) /R)
T1(2+1)=5=C4RKuRK#SP26 (1 459R5+ ,254R3)
T1(3+1)==C#RK4CP% (RR*34#R#RG++5# (RHR3I=AA))
T1(142)3CaRKURK®SP2%(,54RB+«25%RR)

T1(292)=C&(RR~ RB“(RK“CP)““2-.5“(AAoRR9<RK#CP)““2))
T1(392)=(0640)

T2(191)SEvRBl«4 (BuCP#CP/R+SPuSP)

T2(291)S-E¥SP2* (RK*¥RR]) ##2/R

T2(391)SE#RK#CP® (=2, #RR+AA+B#RBL +K)
T2(192)=0.54E8SP2# (RKH#RB]) @82
T2(212)=~E% (AA+RRBL# (ReCPaCP+B#SPU#SP) oK)
T2(302)=(0420,)

DO 20 JJd=lyeJ -

DO 20 II=1+1 )
HE(IToJU)=TL(IT9Jd)+T2(110J)
RETURN

END
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SUBROUTINE CORREC(XeFoelledd)

THIS SUBROUTINE IS USED. wHENEVER A QUASI=STATIC CALCULATION Is
-NEEDED. AFTER THE. INTEGRATION AAD REACHED CERTAIN LIMIT (ALPHAOD) ;
AS DESCRIBED IN SUBROUTINE (RESULT) THIS SUBROUTINE wWILL BE EXCUTED
TO GET THE REMAINDFR OF THE INTEGRATION IN AN APPROX. FORM,

THESE APPROXe HAVE BEEN SHOWN IN SECTION 4.2 v EQS, (50) aND (54)
OF -THE REPORT, : .

- COMMON /MAIN1/N(3) 4sHeEPSR(3) ¢RK

COMMON /MAIN2/BsPsToCTyST9CP,SPyCP2y5092

DIMENSION F(3,2)9T1(3+2)4T2(342)473(3,2)

COMPLEX NyEloFoJdoKloKk24T19T2,T3,K3 '
ElaN(2)eN(2) $ J=(049l,) $ PI=3.141592653
K2z (E1=1e)/4, $ Klze2,9E1/(Ele]l,) %22 ‘ '
K33=(349E]1414)® ((El=14)/(EL1%1.))002/8,

R=SQRT (B?B+RK¥RK)

BR=1le/(R+B) [ RR=BR/R
C==04115931514AL0G (X)

AL=ALOG (ReB) $ E=EXP (=X#8)

Tl(lel)aK14RKuCP#CT#RR .
T2(1-1)=K2“((-1.‘(1.-8/9)“CP“CP)°BR*8¢(ALoC)-R‘E/x}“ST
T3(19)1)=2.9K34 (B4CP4CP/ReSP4SP) #3R4ST
T1(2y1)=K12SPuCTHRK#RR
T2(291)30.,50K205P24 (R-B) 8RR4ST
73(211)=-K3HSPZ»ST9(RKQBR)a¢2/g
TL(312)3K19 (1,/Re (Xe14/X)*E+B% (AL+C)=R)#CT
T2(341)=K2¢RK#CPaST#RR
T3(301)=K39CPeSTORK® (=2,8RR+AL+BRBR*C)
Tl(le2)2=K16RK4SPaCTeRR
T2(192)=(0s90,) ' '
73(1oZ)=.5¢K3oSPZ#$T¢1RK98R)oa?
T1(292)=K]19RKeCP8CTORR
T2(2+2)=K2% (AL+C=E) #ST ,
T3(212)3=K34STH (AL+Ca (R¥CPRCP+B4SP#SP) #8R)
T1(392)=(0e90.)
T2(3+2)=K24RKoSPaSTa#gR
T3(3¢2)=2(0e10,)
LO 10 UN=l1,2
DO 10 IN=1,3

10 FLINYUN) =TI (IN9UN) #T2(INyJIN) ¢TI (INyUN)
RETURN :
END
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SUBROUTINE ASMPT (POLEWTsEH»II9JJ)

“THIS SURROUTINE PERFORMS THE ASYMPTOTIC EVALUATION OF THE EM FIELD
‘COMPONENTS USING STEEPEST DESCENT METHOO. SKY WAVE APPROXs IS

_'PERFORMED BY SUBROUTINE . (LANGR) AND GROUND WAVE SOLUTION IS
. CALCULATED USING SUBROUTINE (FACTOR). THE INPUTS ARE 3

- (1) POLE WHICH IS THE POLE LOCATION IN THE ALPHA PLANE,
(2) T IS THETA WHICH IS THE ANGLE GIVEN BY ARCTAN(RO/ (Z+H0)) .
EH IS THE RETURNED ASYMPTOTIC FIELD.II AND JJ ARE VARTIABLE DIMENS.

COMMON /MAIN1/N(3) ¢HeE(3) sRReKO 9 ZHM
COMMON /MAIN2/ByPHIZTP.
gthLEX POLE:EHvSMRvSl;S?'DS:DI PZSOPXS’PZI PXIONyGoGPvIJoP
AL . KO o

DIMENSION EH(II.JJ)vSMR(BoZ)

1, DS(3.2).DI(3.2).PZS(B.Z)oPZI(3'2)oPXI(3v2).PxS(SoZ)
IJ=(0esle)
GP==1J%CSQRT (POLE®*POLE=1,)

20 X=SIN(T) $ C=COS(T)

R=SGRT (RReRR+B«B) ; .
RO=RR /KO . $: ZH=B /K0

L —(l.vIJ)ﬁCSQRT((1.-GPnc-qu0LE)¢R/2,)
CP=CABS (P) : o
IF (CP.GE.T.5) GO TO 25 ‘,,

CALL FACTOR(T+X+CoPOLE sR+SHR 11 94

CALL FIELD(DSsKO+ZHMsROsPZS+PXSyITyJd)
CALL FIELD(DIsKOsZHIROPZI®PXIsIT*Jd)

DO 10 J=1,JJ
00 10 1=1,1I
10 EH(IoJ)~DS(I.J)-DI(I-J)‘SMRtI.J)
60 TO 30 -
25 CALL LARGR(TvEH' 1199
30 RETURN h
END

SUBROUTINE FACTOR(TT+AyGOsAPWReHE+KKoLL)

THIS SUBROUTINE CALCULATES THE ASYMPTOTIC FORM OF THE EM FIELD
IN THE AIR REGION TAKING INTO CONSIDERATION THE GROUND waVvE

SOLUTION.TWO TERM APPROX, HAS BEEN USED OuT OF THE ASYMPTOTIC
SERIES.FORWARD, CENTRAL AND BACKWARD DIFFERENCE METHOD HAS BEEN
USED TO REPLACE THE DERIVATIVES IN THE SECOND TERM,

COMMON /MAIN1/N(3)sHE (3) RO
DIMENSION BESJU(2)+BESY (2)9U(342)9V(302) SO0(4¢302)951(4e392)
1 .TR1<3.2».TR2(3.2>.05(3.2).Dos(3.2>.ss<3.a).HE(KK LL)
COMPLEX WB1yaWB2sGGsUsV4SQeS1sCFeTR191TR240S,DDS9SSWHE
COMPLEX NyAPyJsB) slz.GP.rR H1QsH119F 4F O, Fl.w.p.wl
J=(Qesle) 3 pPl=3, 14ﬁ592653
RaP=RgaL (APeaP)
IF (RAP.LT+1.0) GO TO 17
GP==J#CSQRT (AP4AP=]l.) $ GO TO 34
17 GP=CSQRT (1s=ApnAp)
34 B-(1-¢J)“CSQRT((lo-Gp“Go-AP*A)/2.>
FB:I.O
AB=AIMAG(B)
IF !AB.LT.O.O) FB=-100
PxFB#R4SQRT (R)
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6l2=CEXP (y#R)
Wlsw(P)uF8
C------------------------.-.--.----------

C N(P)EEXP('PVP)"ERFC(‘J“P)

c.-.‘--.-—---i---.--------..-------'-------

wBlswWi/a g WRZ=Bw (Jowl eFR/ (P#SQRT (P1)))
CF=Ple(lemJd)wBeBug]2

D=5.,0E=04

AD1=TT*D . $ AD25TT=D

DO 39 M=z1,4

IF (ADI-GE.I.570796.09.A02.LE.0.0) Go TO 42

IF (M.GEs4) GO TO 293
AD=SIN(TT+FLOAT (M=2) D)
1D=0
GO TO 88 .

42 IF (AD1.GE+l1.,0) GO TO 72
I0=l  §  AD=SIN(TT4FLOAT (M=1)4D) $ GO TO 88

72 I0=2 s AD=SIN(TT=-FLOAT (M=])#D)

88 GA=SQRT (l.=AD#AD) $ GG==JuGA

40 X=AD®RO

- F=ADOCEXP (=JuX)/SQRT((1,4GA®GO+AD#A) 42,)
CALL BEJY(X9BESJUBESY 2,2) -
H10=BESJ(1)+JeBESY (1) $  H112BESJU(2)+JuBESY(2)
S FO=Hl04F $ Fl=zMllef

CALL UVEADPGGrUs VIKKLL)
DO 22 L=lylLL
D0 22 K=1,KK
SO(MIKIL)Y=F 00U (KoL)

.ZZ-Sl(MthL)=Fl°V(KoL)

39 CONTINUE .

201 CONTINUE
IF (ID«GE.1l) GO TO 85

C "CENTRAL DIFFERENCE

DO 83 L=1,LL
Do 83 K=1,KK
,DS(Kog)z(so(3.KoL)-50(1.K'L)¢51(3oK-L)-51(1ox.Ll>/(2.~0)
DDS(K-L)=(SO(3-KoL)-2.#SO(ZoKnL)‘SO(IvK.L)osl(3oKoL)-2-°51(2oK!L>
1+S1(24Kol))/Due2

83 SS(K,L)=-J“Go«<50(2.x.L)o51<2.K.L))

G0 TO 106
85 IF (ID.EQ.Z) D==D
c FORWARD OR BACKWARD DIFFERENCE

00 93 L=1l,yLL
DO 93 K=1,KK ‘
DS(KOL)=(-3.“SOt1tK’L)OQ.“SO(2'K'L)’50(3’K0L)-3o“51(ch'L)
1444951 (29K9L)=S1(391KeL))/(2.%D)
DDS(K-L)=(2.“SO(1'KvL)-S.*SD(ZvK-L>°4.“50(3'KoL)-SO(4’K9L)
102.“51(lqK’L)—S.“Sl(2.K.L)¢4."Sl(3oKoL)-$l(6.K’L))/D°92
93 SS(KIL)I==J®GO®(SO(1vKrL)eS1(1sKsL))
106 PO 57 L=l,LL
DO 57 K=lyKK .
TRI(K(LLSCFOWB1#SS (KoL)
TRZ(K!L)=CF*WB2“(-2-“J0A*DS(K'L)OJ“GO“DDS(K’L)‘(J/B“°20-75)°
1SS(KoL)) . : .
57 HE(KsL)STR1(KeL)+TR2 (KoL)
. RETURN
END
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W

COMPLEX IoZ’leZ?yZSoS1pS“'P1 P3QK'K1;FR

10

5

100

122
124
120
226

COMPLEX FUNCTION w(Z)

(Z)SEXP(=Z#Z)wERFC (=182

I=(0e9ls)
X=REAL(2) s Y= AIMAG(Z)

IF (Xe6T+3¢9.0ReY4GT.3.0) 104100

Pl=lwgz $ 2S=2¢42

IF (XeGTeBs040ReYeGT.6,0) GO TO 5
Wz pl“(-4613135/(25-.1901635)0.09909216/(25-

144002883894/ (ZS5=5. 5253437))
RETURN

WSP1®(,5124242/(75=,275255])+, 05176536/ (Zs

RETURN
P=24/SQRT (34141592653)
ll==1u27

S3221 S S4=S3  § - .Z2sz]ee2

DO 120 J=1,+200

N=J=1

Al=FLOAT (29N+}) L
P3=S3wz2%Al/A2

§3=P3 . '§ - P5=CABS (P3)
IF ((N/292) JNEJN) GO TO 122
S4aS4-P3 $ GO TO 124
S4=544+P3 '

IF (PS.LE,l.0E-09) GO TQ 226
CONTINUE

K=(1-.10v) $ Klﬂflot'lo)
‘FRzK#géoP /2,

W=CEXP (=20Z) @ (]le=K]19FR)
RETURN
END

92

1.7844927)

«2.724745))

A2=FLOAT (29N##2+59N+3)
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105 PRINT 724 IN
101 IN=IN-]
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SUBROUTINE RROOT (ZERO s AP)

THIS SUBROUTINE SEARCHES FOR THE ‘SURFACE MODES THAT EXISTS WITHIN

A LOSSY DIELECTRIC SLAR ABOVE A FINTELY CONDUCTING GRAUND (REFER TO
SECTION=3 OF THE REPORT) AT FIRST,THE REAL ROOTS OF A: LOSSLESS
DIELECTRIC SLAB ABOVE A PERFECTLY CONDUCTING SHEET,wlLL BE SEZARCHED,

* THESE ROQOTS ARE OF TwO TYPES OF POLARIZATION,TM (EVEN) AND TE (0D0)

AS GIVEN BY EQS (39) AND (40) OF THF REPORT,THE RQOTS ARE THEN,
PLUGGED IN EQS (37) AND (38) RESPECTIVELY To SgaRcH FOR ThE COMPLEX
OF A LOSSY SLAB ABOVE & FINITELY CONDUCTING EARTH, UP TO 5 ROOTS ARE
SEARCHED ANDsTHEN SEND BACK TO THE MAIN PROGRAM VIA THE VARIABLE
(ZERQ) o IF MORE ROOTS EXISTS ,THE DIMENSION OF (ZERO) SHOULD BE
INCREASED. THE ROOT CLOSEST TO THE REAL AxIS IN THE COMPLEX ALPHA=
PLANE WILL BE SENT THRU THE VARIABLE (AP). IF THE PROGRAM FaILS To
FIND ANY ROOT WITHIN A GIVEN INTERVAL AN ARBITRARY POLE LOCATION
(¢959415) WILL BE ASSIGNED FOR ALPHA. THE INPUTS ARE THRU THE -
COMMON BLOCK /MAIN3/, SIG(3) AND EPSR(3) REPRESENTS THE
CONDUCTIVITIES AND RELATIVE DIELECTRIC CONSTANTS IN THE THREE MEDIA
STARTING WITH REGIONS (1) AIRs (2) SLAB AND (3) EARTH.

H=SLAB WIDTH « OMEGAZ ANGULAR FREQ. IN RADIANS,

OUTPUTS ARE}

ZEROZ ZEROES FOUND.

APZ THE ROOT CLOSEST TO THE REAL AXIS IN THE COMPLEX ALPHA=PLANE.

COMMON /MAIN3/SIG(3)+EPSR(3) ¢HsOMEGA
DIMENSION ZERO (5)
COMPLEX ZERO+2Z4AP :
LOGICAL G
EXTERNAL FX,FY
PI=3,141592653
F2=H®*SQRT (EPSR(2)=]4)
INSINT(24%F2/P1) o}
I1=IN . ‘
X=FLOAT (IN) /2, $ Y=FLOAT (IN/2)
IF (X.EQsY) GO TO 55
62 Tl:FLoAT;{N-l)“PI/Z.»I.OE-OB
TT2=FLOAT (IN) #P1/2,=1,0E=05
Te=AMIN1(F2,TT2)
. PRIN 65
65 FORMAT (1X94ROOT OF TM TYPE MODES/)
CALL ROOT(T14T21FYyX1+1009100E=0541004196)
IF (G6) GO T0 308 ‘ '
RALPHA=SQRT(EPSR(2) =X1%X1/H/H)
PRINT 754 X) yRALPHA
IM=2
CALL ZROOT(IMeX142246)
IF (G) GO TO 4
ZERO(IN) =22 [ GO TO 101

- 4 PRINT 79,22

ZERO(IN)=(0950015)

IF (INJLE.O) 6O TO 15
55 T1=FLOAT(IN=1)#P1/2,4+1,0g=05

TT2=FLOAT (IN)¢P1/2,=1,0E-05

T2=AMIN] (F24TT2)

PRINT 69
69 FORMAT (1Xy#ROOT OF TE TYPE MODES#/)

CALL ROQT(T14724FX9X1910091+0E~05,1004+G)

IF (Gy 6O TO 107
- RALPHA=SQRT(EPSR(2) =X1*x1/H/H)

PRINT 7S,x1,RALPHA '

IM=]

CALL ZROOT(IM0X1.ZZtG)

IF (6) GO TO &

ZERO(IN)=22 $ GO To 109
6 PRINT 79,72 .



ZERO(IN)=(+95,,15)
107 PRINT 724IN , v
109 IN=IN=1 = § 60 TO 62 . :
75 FORMAT (1X9#GAMAl H1z#E13+593X#ALPHA REAL=%E13.5//)
72 FORMAT (1X+#REGION®I3+5X#NO REAL ROOTS HAVE REEN FOUND#/)
79 FORMAT (1X&NO ROOTS ARE BEING FOUND. OR IT DIDONT CONVERGE®,}1X
O 1#Z2s82(2XE13.5) /). . . :
15 IF (IT.LE.1) GO TO 9
AA=AIMAG(ZERO (1)
Do 12 1=2,711
AI=AIMAG(ZERO(I))
“IF (AAJLE.AI) GO TO 12
I1K=1 $ AAzAl ;
.12 CONTINUE _
AP=ZERO (1K) $ ‘60 To 16
9 APaZERO(1) - :
16 RETURN
END
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SUBROUTINE ROOT(AsBoF sXsJMAXsEsE]+G)

THIS SUBROUTINE USES THE BISECTION METHOD TO SOLVE FOR ONE 0DOD
ROOT OF F(X) = 0 ON THE INTERVAL (AsB)s THE FUNCTION PASSED
THROUGH F MUST BE DECLARED EXTERNAL IN ALL CALLING PROGRAMS, E 1Is
INTERVAL OF UNCERTAINTY DESIRED FOR THE ROOT. AND MUIST BE SMALLER
THAN THE STARTING INTERVAL, W = B=A, THE NUMSER OF BISECTIONS IS
DETERMINED By NMAX = LN{(W/E)/LN(2). AFTER BISECTINGy THE FUNCTION
VALUE IS COMPARED TO Els IF ABS(F(X0)) > E1 THEN THE SUBRQUT INE
PRINTSt DISCONTINUITY AT X = X0, A RANDOM SEARCH OCCURING JMaX
TIMES IS USED TO LOOK FOR A CHANGE OF SIGN IF SIGN(F(A}) =

SIGN(F (B)) e ,
- DISCONTINUITY AT X = o A RANDOM SEARCH OCCURING JUMAX TIMES IS

USED TO LOOK FOR A CHANGE OF SIGN IF SIGN(F(a)) = STGNIF(B)),
A PLOT OPTION IS AVAILABLE THROUGH ENTRY POINT PLOT
THAT WILL PLOT THE FUNCTION F ON THE INTERVAL (A,B) AT JMaX

“EQUAL|Y SPACED POINTS. WMEN USING THE PLOT ENTRY, JUMAX MysT BE

S 1005 AND THE FOLLOWING SUBROUTINES ARE NEEDED: KPXNYNs KPRINT,
AND KSC120.

LOGICAL G
REAL LN2
DIMENSION Y(3)

QUESTION? ‘DOES F(A) = 0.

Y1=F (A) ‘

IF(Y1 ,NEJO4) GOTO 10
X=A )

GOTO 80

QUESTIONS DOES F(8) = 0,

Y2=F (B)

IF(Y2.,NE«0+) GOTO 20
x=B8 :

GOTO 80

QUESTION: ARE THE SIGNS OF F(A) AND F(B) DIFFERENT,

11=SIGN(l.sY1)
12=SIGN(l.9Y2)
WsB=A

IF(I1.NE.I2) 6OTO 60
SEARCH FOR A CHANGE IN SIGN,

DO 30 J=lydMax

X=A+RANF (04) #W

I3=SIGN(1o'F(X))

IF(;3.NE.II) GOTO 50

M=y .

CONTINUE

PRINT 40 .
FORMAT (1X#NQ CHANGE OF SIGN FOUND#/)
G=JM¢EQQJMAX

RETURN

B=X

DETERMINE NUMBER OF BISECTIONS
LN2=0.693147181

NMAX=ALOG(W/E) /LN2+1,
Y(2+11)=A
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Y(2=11)aB
BEGIN BISECTION

DO 70 N=1,NMAX
’X‘(Y(l)‘Y(S))/Z--'

© - ¥3=F (%) ’

C IF(Y3,EQ.0.) GOTO 80
T3=SIGN(1,49Y3) ’

T0 Y(2¢13)=X

.80 IF(ABS(F{X)).LE.El) GOTO 85

Nl s)

CONVERGENCE 710 A DISCONTINUITY
PRINT 82+X

82 FORMAT(IX“D!SCONTINUITY AT X = °Exz-4/)

G=ABS(F(X))sGT.EY
RETURN .

CONVERGENCE 70 A ROOT

85 PRINT 90X
90 FORMAT(1XoONE ODD ROOT AT X = #E12.4/)

G:ABS(F(X)).GT.EI
RETURN

END

FUNCTION FX(Z)

Q. (40) »SECTION 3 OF THE REPORT. TE (0DD) TYPE ROOTS WILL BE

SEARCHED.

COMMON /MAIN3/S(3)9E(3) M
FXEZOTAN(Z)#SQRT((E(2)=],) #H#H=287)
RETURN

END

FUNCTION FY(2)

EQs (39) +SECTION 3 OF THE REPORT. TM (EVEN)
SEARCHED ’

COMMON /MAIN3/S(3)9E(3)H

El=E(2)

FY=(Z/E1)#TAN(Z)=SQRT((E1" 14) #HAH=292)
RETURN

END

TYPE ROOTS WILL BE
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SUSROUTINE ZROOT(IT.X'ZoGGG)

THIS SUBROUTINE WILL SEARCH FOR THE COMPLEX ROOT OF A LOSSY SLAB

ABOVE A FINITELY CONDUCTING EARTH, BY USING THE REAL ROOT FOUND FROM
THE SUBROUTINE (ROOT) AND SENT THRU THE VARIABLE (X) TO THIS PROGRAM
FROM THE SUBROUTINE (PROOT) ¢ A COMPLEX ROOT WILL BE SEARCHED FOR
THE SITUATION OF ‘A LOSSY SLAB ABOVE GROUND . THE VARIABLE (IT)
DETERMINE IF THE ROOT 1S IN THE TM OR TE CATAGORIES. (Z) IS THE
RETURNED COMPLEX ROOT .(GGG) IS A LOGICAL STATEMENT +1F IT IS TRUE
NO COMPLEX ROOT IS FOUND OR PROBABELY FAILED TO CONVERGE TO A RQOT.
OTHERWISEs (GGG) 1S FALSE AND +THUSs A COMPLEX ROOT IS FOUND.

COMMON /ZZZZ/N(3) yHsEPSR (3}

COMMON /MAIN3/S(3)4E(3)9sHHIOMEGA

COMPLEX NyCX,CENTRIZERQ9Z9CYyALPHA

EXTERNAL CXsCY

DIMENSION SIGMA (3)

- LOGICAL GG+GGG

P1a3,141592653

EPSo=8,854E=12

FREQN2QOMEGA/2./P1

HakHMH )

DO 99 JJsl,3

SIGMA(JJ) =S (YY)
99 EPSR(JJ) =E (JJ)
DO 12 U=ml,3
12 N(J)=CSURT(EPSR(J)*({0es0ls ).SIGMA(J)/OMGGA/EPSO)
CENTR=X
IF (IT.EQe2) GO TO 115
CALL CROOT(CXyCENTRyZERO,TT9GG)
IF (GG) GO TO 66
GO TO S0

115 CALL CROOT(CY,CENTRyZERQ+TT+GG)

IF (GG) GO TO 66

90 PRINT 88,FREQN, (N{J) sJdsle3d)

88 FORMAT (1Xs#FREQ.=®E1ll, 3/20x~N0-~r7.3.°oJ°F9 b/
120X¥N1E9FTe342¢J8F9¢4/920X8N2E#FTo3019eJ0F944//)
ALPA=CSQRT (-ZERO“ZERO/H/HeN (2)9N(2))
PRINT 18,ALPHA

18 FORMAT (1Xs¢ALPHAR#E13,5,%eJ9EL3,5/)

109 Z=ALPHA

GGG=TT«GT+1.0E~5
RETURN

66 Z=CSQRT (= ZERO“ZERO/H/HON(Z)ﬁN(Z))
PRINT 6742477

.67 FORMAT (1Xe®IT FAILED TO CONVERGE'04X°ZER0=“EI3 So“OJ“EIS 5y

14X#TEST=#E13.5/)
GGG'TT.GT.I 0E=S
RETURN

END



c
c

c

98

SUBROUTINE CROOT(CFvZOoROOToTESToG)

IN THIS SUBROUTINE. A NEWTONS METHOD PLUS A HALVING TECHNIQUE WILL
BE USED 7O SEARCH FOR COMPLEX ROOTS..

COMMON /PRIME/DCP
COMPLEX CFyDCF
COMPLEX ROOToFoDFoZOoZIoZOI

o LOGICAL 6

25
30

100

J=0
I=0

F=CF (20) s DF=DCF -
TEST0=CABS (F) -
IF (TESTo.GT.1.gE-osy G0 TO 25

TEST1=TESTO GO TO 100

Z1=Z0-F/DF

F=CF(zl) $ DF=DCF

TEST1=aCABS(F) $ 201=21-20 $  Zo=2)

IF (TEST1.LE,1.0E=05) GO TO 100
IF (J.GE.S50) GO TO 100

JaJdel

IF (TEST1.LE,TESTO0) 60 To 25
CAB=CABS (Z01)

IF (CAB.LE,1.0E=-05) GO TO 100
21=20201,2, $ Ialel
IF (1, ee.xo) 60 ro 100

G0 TO0 30 :
ROOT=20

TEST=TEST]

- GzTESTcGYal .08-05

RETURN
END

COMPLEX FUNCTION CX(Z)

EQs (38) ySECTION 3 OF THE REPORT«

COMMON /PRIME/DCX

COMMON /ZZZZ/N<3).H.EPSR(3>

COMPLEX DCX

COMPLEX N9ZsE1sE29GN2sUyHN

COMPLEX 60+62,0G0+D62+C5,CCy62Z B

H2sH9H $ El=N(2)eN(2) ‘$  E2aN(3)eN(3)
Uz=Z%Z+E1%H2 -

HNaE2#H2

G0=CSQRT (U~H2)

G2=CSART (U=HN)

CS=sCSIN(2) $ cc=¢Cos(2)

DG0=-2/G0 $ D62:z-2/G2

GZ=aGOouG2/Z=2

CX=GZ#CS/CC+G0+G2
DCX:GZ/CC/CC‘t060“62120DGZ°GO/2~GO’GZ/Z/Z-1o)°CS/CC¢DGO‘DGZ

~ RETURN

END



- C

«a

99

COMPLEX FUNCTION CY(2)

EQs (37) +SECTION 3-OFfTHE REPORT,

67

"COMMON /PRIME/DCY

COMMON /ZZZZ/N(3) yHeEPSR (3)

COMPLEX DCY

COMPLEX NeZyE19E24GN29yUyZ2Z4HN

COMPLEX 6G01G2,0GNyD62+CS.CCyGZ -
H2=HoH $ ElsN(2)eN(2) $ E2sN(3)6N(3)
==Z*Z+E1%H2

HN=E2aM2

‘60=CSQRT (U=H2)

G2=2CSART (UmhHN)

2Z=2/E1 $ GN2=G2/E2
CS=CSIN(2) 3 CC=¢C0S(2)
DG0a=2/6G0 $ 0G2e=4/G2
G2=G0#GN2/2Z2-22
CY=GZeCS/CCeGOSGN2

DCy= ¢ -GO“GNZ/ZZ/Z‘(DGO“GNEOGO'OGZ/EZ)/ZZ'I./EI)“CS/CC
146Z/CC/CC+0GO+DGR/ER

RETURN

END



