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| compared with a quarter wavelength monopole.

of an antenna in air located above the lossy earth.
the fields in terms of space waves and surface waves
determine the effects on the far-figld

near a lossy earth is described.

The objective of this report is to theoretically investigate the potential
of several low profile antennas for use at or near ground level locations, as
Of specific interest is the radiated
field intensity at low elevation angles produced by VHF multitum loop antennas
having various orientations with respect to a fiat lossy earth.

To accompliish the objective stated above, we start with Norton's classical ,
expressions for an antenna over a flat lossy earth and obtain a qualitative indi- !
cation as to how the presence of a lossy earth affects the far-field power pattermn i

, and a parameter study to
pattern of varying the pattern radius, the
ground constants, and the antenna height above the earth.
straightforward method for determining the far-field pattern of an antenna located
This method is then used to calculate the far-
field power patterns of a few electrically small multiturn loop antennas.

This includes a description of

Next a computationally
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The objective of this report is to theoretically investigate
the potential of several low profile antennas for use at or near
ground level locations, as compared with a quarter wavelength monopole.
Of specific interest is the radiated field intensity at low elevation
angles producec by Viiff mu:liturn loop antennas having various orientations
with respect to a fiat lossy earth.

70 accomplish the objective siated above, we start with lorton
ssical expressions for an aﬁtEﬁna over a sia. aOSSV earih and gbta
a gualitative indication zas how the presence of a lossy earth affe
the far-field oower nat an antunra in air EOuaLEu above the 1ossy
earth. This sﬁciudis a H n of the Tields in terms of soace waves
and surface waves, and a ?arameie study to determine the effects on
the far-field patterm of varying the pattern radius, the grouna
constants, and the antenna height above the earth. !Hext a compu-
tationally straightforward method for determining the far-field
pattem of an antenna located near a lossy earth is described. This
rmethod is then used to calculate the far-field power patterns of a
few electrically small multifurn loop antennas.
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A INVESTIGATIO! GOF THE EFFECTS OF A LDs5Y
cRaTL AT s BATTOaNE AT yLC
EARTH O AGTELNA PATTERNS AT YHF

I. IiiTRODUCT IO

The objective of this report is to theoretically investigate
the potential of several low profile antennas for use at or near
ground level locations such that the low angie radiation can bs
pared with that of a quarter waveiengih monopole raving Tour cu
vwavelengths radial ams. Since the moncpole is not necessarily vert
with resgec; to the earth, we are interested in patiern resa?z fbr

i various tili angles of both the wonopoie and the iow profiie an
p under iavestigation.
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The principle low profile antenna of interest is the multitu
loop antenna on a small ground plane tiltec at various angles with
vespect to the lossy earth. Thus, there is a need to develope a method
for calcuiating the far-fieid pattern of an arbitrariiy shaped antenna

having an arbitrary orientation with respect to the earth. Therefore,

a secondary objective cf this report is to describe a method for doing

this.

rn

In Section II a computationally straightforward method for
performing the calculations descrited above is presented. The methed
is bascd on the assumpticn that the antenna current is not affected
by the lossy ground and gives accurate radiation patterns for certain
antennas over a flat lossy earth void of protruding vegetation, A
buildings, etc. 1In Section II, then, are presented the field equations
used in determining the antenna patterns. The equations are interpreted
in terms of space waves and surface waves

g o

In Section Ili a parameter study is made using the theoretical
expression of Section Il to determine qualitatively the effects on an
antenna's far-field pattern of the distance from the antenna to the
observation point, the antenna geometry, and the conductivity and
permittivity of the ground.

In Section 1V we show how a continuous current distribution can
be expressed in terms of a finite number of infinitesimal sources,
and in Section V the results of Sections II any 1Y are used to
calculate the far-field power patterns of four antennas.

3 Appendix I contains descriptions and listings of computer
programs used, and Appendix Il compares patterrns calculated by the
methods of this report with those found elsewher2 in the literature.
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In this section we wish {0 describe g computationally < trargit
forward method for determining the radiated tield. of an antemna
located over an infinite flat ground plane of arbitrary permittivity,
and conductivity. A number of approximations are made and these are
described along with their resulting limitations in the text to
follow. 7he method is best aoplicable to electrically small antennas
which are at least partiaily shielded from the lossy earth by &
smail perfectly conducting ground piana or by a cavity, and yields
the radiated fields to witnin a few wavelengths of the antenna.
Electrically large antennas can be treated through tne use of increased
computer time.

The basic approximation in this method is that the antenna
current with the antenna located in free space be identical to the
current with the antenna located over a finitely conducting flat
earth. Rigorously this is clearly not the case. However, it is a
reasonable approximation for an antenna which is shielded from
the finitely conducting earth as is the case for an antenna in a-
cavity or over a small ground plane, and it is these configurations
that we will consider. A typical configuration is shown in Fig. i.

AIR ANTENNA
SMALL PERFECTLY
¢~ CONDUCTING GROUND
LANE

77 777 7 /5 7 7 7/ 7
FINITELY CONDUCTING GRGUND

Fig. 1. Antenna shielded from ground by perfectly
conducting ground plane.

Since small changes in a current distribution cause even smaller
changes in the far-field pattern, our approximation is most applicable
to determining far-field patterns.

ihe problem of determining the far-field pattern of an antenna
must begin with a determination of the currents on the antenna. When
the antenna is in the presence of a conducting earth this can be
done using the rigorous Sommerfeld-integral approach[1-3], or by
some approximate technique, one of which is a reflection coefficient
approximation described by £. K. Miller et al[4,5]. The reflectiun
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coefficient apprcximation is a technique using the Fresnel plane-
; wave reflection coefficients to account for the influence of fields
' reflected from the interface upon the antenna current distribution, N
and is found to yield the input impedance generally to within 10-
of the results obtained 5y the rigorous method but at about 1% of
the computer cost. Our approach is more approximate than either
of the above, but has the advantage that computer programs 1lready
exist to evaluate Lhe currents on antennas ]ocated in free space':

as antenna i

Lrv—

g1
As oreviousiy mentioned, it i< most appiicable when i
somehow shielded from the earthi. However, it wou}c 23
antennas sufficiently e2levated from the earin.

W rl)
7

e

Assume now thet by some ﬁethod a current distiriSution has besn
determined on an antenna or a wire-grid model of t?

the fields radiated by this aruxtrary current distr
asrst find the fields radiated by an arbitrarily or-en:ated infinitesimal
electric current element located in air and near a plane earth of
relative permittivity c,, conductivity ¢ expressec in electiromagnetic
units, and permea?illty ug of free space. (Note une electromagnetic unit

or emu equals 107! mho/neter). To do tnis we can use expressions yiven
by wortonLlﬂ]

Figure 2 shows the coordinate system to be used We let the
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fig. 2. <eometry for dipole radiation formulas.

Nwwwu

origin of our coordinate system be at the surface of the earth under
the current element and choose a right-handed set of unit vectors

L
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3, and k in the direction of X, ¥, and z. Tne cylindrical
coord1nates r, ,, and z, and corresponding unit vectors r, ¢, and k

are also shown. Ri; Ry, and a are defined in Fig. 2 and in addition ;
M k = 2a/», r» = free space wavelength '
, 2 2 . ‘
(2) G = ke =x)
(3) . =18 k108, foc ;
i
(4) Sem, - ¢dnd conductivity ea. ssed in emu |
(5) fkc = frequency in Kilocycles per second i
- i
(7) u = k/k,.

. Nurton found simplified and computationally useful expressions -
for £ and we will include some of then here. While Horton's expressions 1
are valid in the upper half-space to within a few wavelengths of the
source, the field components to follow are ;1m511fied for the far-field.
By far-fxe]d in this report we mean 1/R >> 1/K For a vertical electric
current element, with e “t time dependence surpressed, and locatad at
z=a, x=y=0, as shown in Fig. 2,

i -3k8, -3k, Y
(6)  EY=- jkdcos’o" &+ R costy'
z | R] v R2
‘- 1
-3kR,
] + (1-R }(1—u2+u4 c052¢') Fe& -
v Y
i
t where,
; (9a) RV = (sing' - ji U2LOS o' )/ (sing’ + LJ] chos ‘) A
(9b) sing' = (z+a)/R2
(9c)  F = [1-j fwe™ erfc(iW)]
2
= 0
(9d) W 4p]/(1 Rv,
(9e) Py = p e'Jb
} ) :RZ cos b
(9f) p g ——

XA
X
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(Sa) tan b = (. + cos ' )/«

(9h) sing”

(z-a)/R] .

In Eq. {8) the first wo terms represent the direct or space wave
radiation from the source and its image (located at z=-a, x=y=0)
respectively, and both vary as 1/R. The last term represents the
ground or surface wave radiation and varies as F/R. F is generally
termed a ground wave attenuation Tunction, and depends upon the

PSRRIy

earth's constarts and upon the distance to the Tield point. p and o
are generally termed the numerical distance and phase factor
respectively for vertical dipoies. The remaining comporents for the
vertical elenent are
v ; e-jk?ﬁ ~3kR,
(10) £V = jk -singcose® S—— + R sin.‘coss’ S
r i n] \Y .-.2
- l
o - kR,
=1 2 2,; e -
- €05 (]-Rv)uﬂ—u cos“ ' F Sg——
2
2 2 2 < 2 0\
. {g _u (1-u"cos"y') S L L
\ 2 ¢ ji
i
(1) £V = 0.
3 A
. For a horizontal infinitesimal electric current element aligned
with the x-axis
-ij] -JkR,
L - . . N 5 =
} (12} E_ = - jkcose{siny"coss” & - R sins'cos.' T——o
Z n-i Vv Rz
L e L
+ cosz® {1-R )uj’i-u COSZ;:}‘ F&E ]
s v R
3 § 2
* V4 2 ] . 2 i :
;-4 (1-u cosea%') , sin .,‘\_
2 2 jé :
=i, n 7 J-(
i -JEr =Jix
, h_ o d2,e ] 2.,e ¢
(13) £ = jkcoss ysin“¢" ——— - R sin"¢' =5———
r 3 R, v R,
3 - .
—ijZ -jkR, )
I “
1 + {‘i+?‘h) (. - €OoS i,s‘uz{}—n ) F g
- = i 9 v ‘2 -
| °
3
_ = 3




; -3kRy -3kR, -3kR, 1

oo e e e
= - jksing 4 - R + (4R ) G Z——
IR, h R, h Rz |

—
—
o+

Nt
m

|

i
N

PR - [ —

{15a) R = (é]—u coszg’ - usin;’}/(é}-uzcoszu' + usin,')

(15b) & = [1-57av eV erfe{(jv/v}] /

{15¢) v = 4q]/(7+2h)2

(15d)  a; = -qe?

s ]
u;;!"z

(15e) q E Tcos(B")

(15F)  tan(p') ¥ (er-coszé'}/x )

6 is a ground wave attenuation functior similar to F. q and b' are
ienerally termed the numerical distance and phase factor respectively
for horizontal dipoies. In Egs. (8) and (10)-(14) surface waves
terms can be identified by the presence of F or 5 as a facto~. Egs.
(8) and 710)-(17) including higher order terms were programmed for
the Datacraft 6024 digital computer. Subroutine TIPOLE is described
in Appendix 1. v

He nuw wish to investigate the nature of the around wave
attenuation functions. Since they are similar we will loox only
2t F. Combining fgs. (S4d-f) we have

.
-ib
it

o

2

(16) " dacos(b) e
TG
v

ot

If we consider a point in the far-field and at a low elevation angle, «a,
such that RZ -> (2+a), then from Eqs. (9a,b) we have Rv % -1 and

R
Z

Ay
X

(17} w % =cos(b) e Ik

Inserting the value of x from Eq. {3) into Eq. (17) we have

jb KE kc

(18) w e zcosib) e -~ .
1.8x10 1830
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F%r frequencies near 200 ".iz, and a typical ground conductivizy
of 10713 emu, w w111 be on the o Jer of Ry (meters) in magnitude.

from £q. (9g) we see 0 - b - /2 and thus --/2 - arg w - 0. Thus,

the argument of the complementary error function of £q. (9c) is a
complex number whose phase is between #/4 and «/2. Its magnitude may
be evaluated exactly using Eq. (18), but for freauencies around

200 MHz and for typical ground constants (i.e., c. % 5, 5 % 10°13 emy)
its magnitude is on the order of vR> % /R (meters). In this case

the following asympiotic expansion for erfc{z = jv.) is validiii:

2 ;1.3

M cedm_ 3 )
(19)  Tze? erfe(z) 1+ § SISAER
F

m=1 (222)m
Retaining only the first term of the summation we have
22 2
(20) /= z e° erfc(z) ~ 1 + 1/22°.
If in Eq. (9¢c) we make the change of veriables j = z we get
—22
(21) F=[1-v/zze erfc(z)].

Combining Eqs. (20) and (21) we get finally the well known result J

(22)  F ~ - 1/22% % constant/R.

Since_surface wave terms vary as F/R or G/R we then see that they nave
a 1/R¢ distance dependence four VHF frequencies and typical ground
constants.

We next wish to concsider tne far-field space wave at low
elevation angles. Hoting that cosw" % cos,' % 1, and Rv ¥ -1, the
space vave portion of Eg. (8) becomes

7-3kR -3kR,-

v e [ 2\
(23) £ (space) = - jk - 1.

z Rl

RZ )i

We can write RZ in terms of R] using the apprcximetieon
(24) R, & Ry + AR = R] + 2asina % R]+2aa.

Combining £qs. (23) and (24) and using /Ry & /R, % 1/R ve get
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. -jkig
(25) EZ (space) % 2ak e 5 .

|6

Tnus, for a given elevatinn angie o the space wave has the usual

1/R dependence, and we would expect it to predominate the surface

wave =xcept at elevation angles so small that a is on the order of

or smailer than 1/R. Eq. (25) also predicts that the space wave field
strength should increase with increasing elevation angle or increased
height of the vertical dipele from the earth's surface. Hight on the
earth's surface, wiere .« = 0, the space wave vanishes aend ail radiation
is due to the surface wave. Summarizing we see that the surface wave
predominates at very low elevation angles, and the space wave at the
higher elevation angles.

From the above discussion we dn not mean to imply that the
peak magnitude of the surface wave field is always considerabiy less
than the peak magnitude of the space wave field. The numerical distance
can be related to F! or IG’ and can thus be a measure of the
relative importance of the surface wave. In irg. ; is plutted «we

1.0

G.5
0.3
0‘2

o.l

003

0.01

0.003

ATTENUATION FACTOR-F|

00! 0.03 04 03 | 3 10 30 10C 300 1000

NUMERICAL DISTANCE —p

Fig. 3. The absoiute value of the ground wave attenuation
function for vertical dipoles versus the numerical
Jistance.




absolute value of the ground wave attenuation function, [F;, versus
p, the numerical distance for vertical dipoles, and we sec that for
p -~ 10, Fis, 1/2p[14]. Thus the surface wave is less important for
larger values of p. If we consider the example

f
R

[4]

200 MHz,
1 km, and
10‘12 emu,

wou

then we have

However, i
F4

3 >
and ,F. % 1.0. The horizontally polarized surface wave is gencraily
attenvated more rapidiy than the vertical solarizati
Balmain[14] present a good discussion of the effe
constants. frequency, and range on the pattern of i
current elements.

feEro~T

I11. HNUMERICAL PARAMETER STUDY

a

A. Introduction

In this section we wish to look at the far-field power patterns
of the basic radiating elements, which are the horizontal and vertical
infinitesimal electric current ¢lements. The element patterns were
calculated for the planes shown in Fig. 4. BDue tu symmetry only the

A o

first 90° of the pattern in the xz plane will be snown for the vertical
element. Patterms for the horizontal element, assumed to be aligned
with the x axis, will be shown for the first 90° of the plane containing y
the dipole axis and the plane perpendicular to the cGipole axis, 1 2.,
the xz and yz planes raspectively.

‘||.|||||I||||LI'I|||I|||II||I\ mlllIIIIIIIIIIIIIIIIIIIIIII\

;“;lllllllllllllllllllllllilll

The pattern for an antenna over a lossy earth is dependent upon
F many factors. Sore of the most important are:

P

1. Radial distance from the source.

2. Geometry of the antenna, and the antenna height from the

. surface. ‘
% 5. Conductivity and permittivity of the lossy ground.
4. In a practical sense, the vegetation, buildings, vehicles,
etc.

[

Clearly it is impractical to show the influence of the first three
parameters each time an antenna pattern is displayed ind virtually
impossible to account for the fourth. Thus, we wish to do a parameter
study on the infinitesimal electric current element to obtain a
qualitative indication for the effects of the first three parameters
on real antennas. Buildings, vegetation, hiils, and other obstacles

O f———
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PATTERN IN

’///'xz PLANE
DIPOLE /

VERTICAL

PATTERN IN
44z PLANE

\

— y
\HOR!ZONTAL DIPOLE

ALLIGNED WITH THE x-AXIS

Fig. 4. Geometry for patterns.

effect an antenna's pattern in two ways. They may either scatter

or absorb some of the energy radiated by the antenna, and this
scatvering or absorption may have a much greater effect on an
antenna's pattern than any or all of the first three parameters. Yot
krowing the geometry of the obstacles one can only assume that the
amount of radiation received at one point from a source located at
another point is directly proportional to the amount of radiation
received in the absence of the obstacles. This is our justification
for studying the problem of propagation over an infinite flat lossy
earth. Stated another way, we wish to show the effect of the lossy
earth on an antenna‘s pattern, wnile we understand that in practice
there are other factors, (i.e., scattering or absorbing obstacles)
affecting the pattern. Unless it is one of the parameters being
varied, patterns will be shown for R = 1 km, ep =5, 5= 3 x 1013
emu = V.03 mho/meter, and f = 162 MHz. A log log scale was chosen to
display this data because it emphasizes the low elevation angles of

10




interest in this study and provides for a good dynamic range. For cach
of the three paraneter studics the patterns arc normalized such that the
largest peak power for any curwe shown, within a particular parameter
study, is unity. Thus, even though a particular study may contain wary
graphs, each having many curves, any two curves may be compared directly.

The pattern calculations in the following sections were made
using subroutire CIPQOLE cescribed in Appendix I. Subroutine TIPOLE
includes the effects of space waves and surface waves, even tnougn for
many of the calculations only the space wave is significant. In these
cases much efiort may de saved by using only tag Tirst two terms in
£qs. (8) and (10}-{(14).

B. Pattern Radius

In this and in following sections various far-field power patterrs
. will be given for R = 1 km. If these patterns are_assumed to apply

to other radii by simply introducing the usual 1/32 power cependence
some error will be incurred, especially for low elevation angles.

Using the 1/R2 dependence essentially amounts to ignoring the surface
wave and assuming the Space wave predominates. As was seenr in

Seciion II, thic approximation will be valid except at low elevation
angles. Figures 5, 6 and 7 have been drawn to obtain an idea of the
nature of this error. The two curves of Fig. 5 are the relative errors
in extrapolating from 1 km to 0.1 km or 1 km to 10 km using a 1/32
power dependence for a vertical dipole located /4 above a ground

with ¢, = 5, ¢ = .03 mho/meter = 3 x 10713 emu, and f = 162 ¥hz. If
P3 is the power at Fy and sore elevation angle, and Pp is the power

at Ry and the same elovation angle, then the relative error in
extrapolating from Ry to Ry is given by

I— R, 2 }
I -
: (26) E = l\?b T ?ai/Pb.
} H

Fiqures 5-7 were drawn by calculating the error exactly {i.e.,
using subroutine DIPCLE) every 0.1° from 0.1° to 1.0° and every degree
from 1° to 10°. The error 3t any point is not only a function cf the
relative nacgritude of tie space and surface waves, but also of their
relative phases. Thus, .t a point where the space and surface waves
add in the preper phase the error may be considerably less than at
nearby pcints. This accounts for the sometimes erratic nature of the
curves in Figs. 5-7.

o
o

In Fig. 5 we see that it is possitle to extrapolate from 1 to
0.1 km with a relative errcr less than 1% for elevetion angles greater
than 6°, while extrapolation from i to 10 %r can be done with i
error less than 1% for elevation angles greater than 2°. Figu
7 are identical to Fig. 5 except that they are for horizonta

n
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with the pattern in the xz and yz planes respectively. iote in

Figs. 5-7 that extrapolation to greater radii is done more accurately
than to sherter radii. This is because the surface wave, which is
the cause of the erroi, is less significant at greater distances.

C. Dipole Grientation and Height from Surface

Here we wish to obtain an indicatior of the type of patiern
radiated by the infinitesimai vertical dipole and the horizontei
dipole in either plane. we aiso desire to determine the efiect of
elevating the dipoles from tne earth's surface.

in 7ig. 8 curves are shown for the vertical element, anc rigs.
9 and 10 contain curves for the horizontal element in the xz and yz
planes respectively. We note the fcllowing from rigs. 8-10.

1. As one would expect, the vertical elements are the best
radiators at low elevation angles, and this is especially true when
the elements are less than 1/2 from the earthi's surface. The
horizontal elements radiate best at very large elevation angles.

2. Except for tne norizontal dipole in the xz plane, which is
the poorest radiator at low elevation angles, raising the element

from the earth’s surface greatly increases the amount of radiation
at low elevation angles.

3. The radiation frem an elevated element is the sum of
radiaticn from the source and its image. Thus, raising the element
makes the source look larger and sidelobes appear in the patterns.

In Fig. 11 we plot the elevaticn angle corresponding to the
first pattern meximum versus tiie dipole height. ‘ote that for the
vertical element, and the norizontal! element in the yz plave it is
possiktle to shift this maximum well under 2° by elevating & or more,
wniie the peak of the pattern for the horizontal element in the
xz plane is never less than 40°.

Figures 8-10 can be used as qualitative design information
since the fields of an extended source is simply an integration ¢/’
sunration of the fields of infinitesimal sources. For example, if
one wants to design an antenre to radiate at low elevation angles,

anc is restricted to placing his antenna very near the earth's surface,

ther he shculd rely on vertical wires. However, if radiation at high
elevation angles is desired, then horizontal wires should be used.

AS a second example assume one has the pattern for a horizoentel
linear anterra located 1/Z above the earth in the plane containing
the antenna axis. It is desired to find the effect of lowering the
antenna almost to the earth's surface. Fror Fig. 10 we see that this

will seriously degrace the antenna's performance, especially at the
lower elevation angles.

-
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> . Ground Constants

Here we wish to determine the effects on a power patterr of
vaiying the permittivity and the cenductivity of the La h. ’he yange
of ground constants covered is «p = 2 to 32 and - = ID to 10-1%
emu or 0.1 to 0.0001 mho/meter. All curves are for the infinitesiuwal
dipcles located x/4 above the earth's surfece and at 7 = 1 km.

Figure 12 is for the specific case ¢f a vertical dipole, s = 1012 emu,
and curves are drawn for ¢y = 2, 4, 8, 16 and 32. _figures 13-15

are identicai to Fig. 12 except that 10 'a }“‘*4, and 16-15 emu
respectively. Ficures 16-15 are ident1ca] to r*gs. 12-15 respectively
except that they are for a horizontal dipole with the pattern in

the xz plane, and Figs. 20-23 are identical to Figs. 16-19 except

that they are fcr ¢ horizontal dipole in the yz alane.

fiote that in Figs. 12-23 varying ¢ over 3 orders of magnitude

i has almost no effect on the patterns, while varying ¢, from 2 to 32
does significantly alter the patterns especially for the vertical

dipole. Increasing ¢, increases the radiaticn at low elevation

! angles for vertical dipoles, and decreases the radiaticn at low
elevation for horizontal dipoles. The radiation from horizontal

ﬁ dipoles at large eleveticn angles is increased as .y is increased.

Figures 12-23 could be used if one knew for #xawple the pattemn
of a vertical linear antenna over a grourd with .y % 4 and o 3 10-1
emu, anc it was desired to cualitatively predict 1t1,performarce if it
were loczted cver & ground with ¢ % 10 and » % 107! emu. Then
using figs. 12 and 14 we see that tae power at iow elevation angles J
will be increased siightly, while that at large elevaticn angles wiil
be essentially uncranged.

IV.  REFRESENTING CORTINUCLS CURRENT DISTRIBUTICKS
BY A FINITE HUMBER CF IﬂFI&IiESIMAL SOURCES

In this secticn we wish to devise a method for determining the
fields radiated by an arbitrery current Gistributicn in terms cf 2
finite summation cof the fields of infinitesimal sources rather thar
by an integraticr cver the scurce distribution. Cfonsider the wire
in_Fig. 24a which is assuw>d to carry the arbitrary current distribytion
T(&'). The fields of this curreni distritution at the field poirt F
can be expressed using the following linear vecicr function

(27) EQ®) =

.

L_‘;’ Pl i VRS W R~ O 1
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vinere,

. o° h e . g
(28) A:ir E';cos; + 1¢E‘2s1n¢ + jkE chs;
+ jresing - j¢E’gcos¢ + JkeNsing

~n ~n_y
+ XrE’ + + kkE.
k. 0 kk 7

Mote that the jo term of A differs in sign from that given by Nerton{}
and it is felt that this is probably a typographical error in XNorton's

paper.

01,

The unprined electric field components are defined in Zgs. {8)
and {10)-(14), and the primed components are related to the unprimed
components by

(29a) Et = E‘:cos¢

i h_ 'h'

(29b) E¢ = E $51n¢
h _ - .

(29c) E, = E',cos¢ .

¢ and ¢ are defined in Fig. 2 and are in general functicns of (S-i‘).
Comparing Eqs. (10)-(14) and (28), (29) we see that ail field components
in Lq. (28) can be evaluated without dividing by sin¢ or cose.

It seems reasonable that the fields radiated by I(R') would
be closely approximated by the fields radiated by several inf’ tesimal
current elements orientated collinear with and located along v.ie wire,
and having a complex magnitude related to the complex magnitude of
I(R') at their locetions. To make this more c¢lear censider for
example a vertical linear antenna of lenath L located along the z axis
as shown in Fig. 24b. In this case Eq. (27) becoumes

z) .
(30) E@) = Jf Hz') - A(R-2")dz'.
Zz

s
a

Qur approach will be to numerically evaluate the intugral of Eq. {30).

ror example we couid use the trapezoidal rule which is the approxi-
mation




~ A a A |
R=ix+)y +kz
i " o=ix" Jy &k
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B 1
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(b)
g Fig. 24. Current distributions on a wire (a) Arbitrary wire,
} {b) Straight wire aligned with the z axis.
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¢
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?2 Xz‘x] .

(3] ) J f(X)dX"*d -—-2——{f(x} )+f(x2)j.
X
1

In this case L£q. (30) becomes

» ap 1 - L .
(32) E(R) % HiFiz) iz ]
where 7
F Fiz')=1(z' }-AR-z').
f in essence we are approximating the continuous current distribution
of Fig. 23b by two infinitesimal current elements located at z; and zj
and of magnitude ard orientation given by %-E(zg) and -E—i (25} respectively.
Iy lherz i3 considerable variation of the current over the length of
tne wire w2 may wisk to s51it the integral of Eq. (30) into two parts
to get
SO T N | PN PG Nk WE TN
(35) (R} & <122 y4F i 55—+ FFi-S5~— +F(2))
'-;a\2}ﬁ§_§2‘j b| ‘
(e +(ZaY 2\ 1, ]
g lleonypr @ By Irony
2@*:(Zai+§:'\ i !+ ?tzbfl - 1
E Clearly we could continue this splitting to obtain
pedirie ,';v ” 1!-‘. 13 ;{ H ... = H ‘g,r},f t
(38)  ER) % all5F(z )+ {(zy)+- - -+F(zy_;i+5% (23)]
; where, {
2 = o1y
(35a) sl (Zb z /M
¥ = H E_ H = .. ¥
(35b) zp =2zt it n=0,1,2,---N.
Inspection of Eq. {34) shows that we are representing the continucus
S current distribution by N+l infinitesimal current elements located

at z; and with complex magnitude and orientation

)
ot
1
e

L;’E: . i e mme e —— R b s ————————




.

5= iz} r=0 or i

AP

i(z;) otherwise.

Any numzrical integration, such as Gaussian :juadrature or
Simpson's rule, will permit representing a continuous distribution
bv a series of infinitesimal current elemnents whcse location,
orientation, and magnitude are most obvicus after the numérical
integration is written out explicitly.

#hile in t;*s example we chose our current distribution to
se a}igncd with the z-axis, zh%s in nc C Way Y restricis our procadure.
for exampie if we wish to approximate the fields radiated by the
current distribution irn Fig. 25 by one application of the trapezoida:

rule, we »ould have

z,z
i 3 : 1
(%, 2¥ps2p)
2\
5 - - ‘
R-R

(xﬂ :y('l!z:l)

rig. 25. Current distribution on an arbitrarily
orientated straight wire.

- £ >-—r1 -::—y x‘_-:?. - .
(36) ER) = | I{R'} - A(R-R") diy gtir(xé,gg,zé}*F{xg,yg,zbéj
wire
4
' 2 2 Y.
..;- Ye x.i. = ; t_ .t + 1_,, 1 + Pt .
1€ (x3-x;) {y3-vp) (z,-2})
35
]
4
‘ . - e s S -t
e e an et ol e R  — i vl




A large class of antennas can be modeled by a wire-grig con-
sisting of many straight wire segments. Often sewveral segments
connect at cre point. In representing such a complex structure by
3 finite nuvmber of infinitesimal electric current elements, the
path of integration in Eq. (27} is over the entire wire-grid
structure. To avoid errors, it is recommended that this integral be
spiit into smaller parts to avoid integrating past a point where two
or more wires connect.

e

Far-field patterns calculated using the metnods of tnis report !
are compared with patterns found in the literature in Apperaix II. 4

Thus far we have treated only curreat districutions zs would
exist on a wire antenna, or if a wire-grid rodel was made of a complex
antenna. The technicue can however be extendsd to two or three
dimensional sources. The aporoach wouid be to numericaliy cvaluate
the surface or volume integral corresponding to Ea. (27;. This would
replace the surface or volume intecral by a double or a triple
summation, the inspection of which would indicale the leccation and
magnitude of the infinitesimal electric current elements.

We will now summarize the ideas of the preceding sections.
The problem we wish to solve is that of finding the pattern of an
antenna in the vicinity of a flat finitely conducting earth. e
use the approximation that the curreni on the antenna is unaffected
by the presence of the earth, and thus, may be calculated assuming
the antenna to be in free space. This 1s a reasonabie approximation
if the antenna is shielded from tiie earth by, for example, a small {
perfectly conducting ground plane or is sufficiently elevated avove
the earth. #ext the continuvous currents on the wires of the antenna
are represented by a number of infinitesimal current elements. The
fields of the individual elements can be found using Eqs. (8) and
. (10j-(14), and then summed to yield the antenna pattern. 7his pro-
! ’ cedure will be appiied to several antennas in the next section.

V. THEORETICAL AHTEMNA PATTERKS

Ye now wish to apply the methods of Szctions II and IV to
determine the far field patterns of four antennas of particular
interest:

1. A gquarter wave monopole over four quarter wave arms as
shown in Fig. 26.

2. A 3-1/2 turn multiturn loop (MTL) as shown in Fig. 27.

-

3.

i+

12 turn “picket fence" HIL as shown in Fig. 28.

J
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4, A 12 tum “picket fence® MIL as showm in Fig. 28, but
with a four inch diameter reflecting plate placed G.4" above

fntennas 2, 3, and 4 are placed over a perfectly conducting
ground plane 1/2 in diameter. The four horizontal quarter wave arms
of anterna 1 approximate a ground plane ./2 in diameter. The small
perfectly conducting ground plane is_then placed :/8 over a lossy

earth with ¢ = 5 and s = 3.0 x 1072 emu = 0.03 mnofmeter, as shown
in Fig. 2%a. ZAntenna power patterns will be shown for 5 = 1 xm,

2813

f = 162 KHz, and for various antemna tilt angles as defined in

rig. 29b. For large tilt angles the 1/2 diameter ground plane inter-
sects the lossy carth. This, a problem since subroutine DIPOLL,
used in makiag the calculations in this section, applies only to
sources located above the iossy carth. However, since we are mainly
interested in seeing trends as thc antenna is tilted, this pioblem
is avoided by simply ignoring the few sources which are jocated
beneath the earth's surface.

-

fs nas been pointed out, a calculation of the far-field pattern
of any antenna begins with a calculation or an approximation of the
currents flowing on the antenna. Thus, for antennas 2-4, we begin
by making a wire-grid model of the MIL antenna, the :/2 diameter
grourd plane, and for antenna 4 the 4 inch reflecting plate. -ntenna
1 is identical to its wire-grid model. iext the currents flowing on
the antenna are calculated using a moment metinod solution, and the
assumption that the wire-grid model is located in frec space. As
indicated in Section IY the currents flowing on the wire-grid model
are replaced by a number of infinitesimal electric current elements.
Finally, the fizlds of these infinitesimal sources are calculated
using Egs. (8), (19)-(14}, and (27), (28} and added vectorially to
form the antenna fieid patterns. Fower patterns are obtained from
the field patterns by taking the magnitude squared of the field and
multiplying by the antenna efficiency defined as

F. -P P
in loss _ _rad

{37) Efficiency = 5
“in in
wiere Py, Ploss. Prad are power input, ohmic power losses, and
the radiated power respectively. The efficiencies were measured[12]
using a method employed by Wheeiler{13]. The efficiency of a {iTL is
strongly dependent upon the volume it occupies, on its geometry, and
on the conductor resistance and therefore the ciameter of the wire
beina used. A study is presently being conducted at the Electro-
Science Laboratory to optimize the efficiency of MIL antennas. At
this point tysical results are 35% for antenna 2, and 20% for antennas
3 or 4. However, these values am not to be taken ac¢ being the best
possible for a g.ven MIL, but simply typical results tc date. For
comparison, the efficiency of antenna 1 is taken to be 70Z.
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Fatterns will be shown for the antennas tilted through soae
angle . as shown in Fig. 29b. iiote that the antennas are assumed
to be tilted directly toward the positive x axis. khen an antenna
is tilted through some angle §p the location and orientation of the
infinitesima® sources representing the antenna are changad, but not
their magnitude or phase. This is a result of calculating the antenna
currents assuming the antenna to be in free space. Clearly as ¢ in-
creases the 1/2 ground plane becomes less efféct.ve in shielding the
antenna from the lossy earth, and our "free spacé assumption” becomes
iess valid.

-

in Figs. 30- -33 the :ar-?ield power patierms jor antennas i-4
are shown. Patterns are shown for 3: = G°, 35°, end 65G°, ang in both
the xz and yz nianes. The patterns are normaiized so that the pover
into 2ach antenna is one watt, and so that tihe peak power radiatec oy

antenna 1 corresponds to £ db.

At low elevation angles and o = 0° tire 3-1/2 turn il {antenra 2}
's several d3 below the 1/4 monopole over four /4 arms (antenna 1;.
Hewever, when g4 = 607 and for low clevation angles near the positive
x axis antenna 2 is several dB superior to antenna 1. In Figs. 32 and
33 the 12 turmn picket fence #IL is seen to have a very unsymmetrical
pattern in the xz plane. This is largely due to the anienna 5eing
fed unsymmetrically. If a symmetric pattern °s desired, a symmetiric
feed is required. Comparing Figs. 32 and 33 we see that the 4 inch
plate above the ¥TL has almost no effect on the far-field pattern.
Ffntennas 3 and 4 exhibit behavior similar tc antenna 2 in that, at
low elevation angles and =+ = 0° antenna 1 is several d8 \uscr-or.
while at larger o the 12 turn picket fence 7L mayr be superior.
MTL antennas have been investigated experimentally, and were ruund to
have pattems super.or to the quarter wave monopcle over four quarter
wave arms at low elevation angles for the cace 5: = 60°. These measure-
ments wiil be presented in a future report.

it is possible to convert the relative power in dB values from
igs. 30-33 directly to the absolute magnitude of the field strength
n volts/meter. This can be done via the relationship

= (2.25 x 1074 - 107720 yo1ts/meter.

P4

i
)
Pov]
L
rr 1

o2

e

iiere P is a relative power value taken from Figs. 30-33 and will :
less than or equal to zero. Equation (38) assumes 1 watt of real

pecaer input to tne antenna.
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VI.  SUMMARY AND CONCLUSIONS

In this report we have had two basic aims directed toward
accomplishing the objective of this investigation as stated in
Section I. Thesc aims will be sunmarized in this section. The
first aim was to obtain a qualitative indication as to how the
presence of a lossy earth affects the far-field VHF power pattern
of an antenna located in air above the lossy earin. Our second aim
was to describe a computationally straighiforward meincd Tor determ-
ining the fer-field pattern o7 an antenna iocated in &ir near &
lossy earin.

To obtain a qualitative indication of the lossy eartn's effect
it was decided to study in detail the in{initesimai horizontal and
vertical electric current elements instead of specializing to a
specific antenna geometry. First, computationally useful expressions
for the fields radiated by the current elements were presented and

it was shown how these expressions could ve interpreted in terms of
space waves and surface waves.

Space wave fields have the’r maximum radiation away from the
earth's surface, are characterized by a 1/R radial depsndence in the
far-field, and vanish at the earth's surface. Surface waves have
their maximum radiation at the earth's surface, and are characterized
by a 1/RZ radial dependence in the far-field for frequencies above
approximately 100 MHz and typical ground constants. Thus, the surface
wave is only important at very low elevation angles.

Far-field power patterns are shown for horizontal and vertical
elements located between 0 and 2x from the earik's surface. it wa:
found, as expected, that vertical elenents are better radiators at Tow
elevation angles, while horizontal elements are better radiators at
large elevation angles. Elevating an element from the earth's surface
was found to generally increase the radiation at low elevation angles.

fer-field power patterns were also shown for the horizontal
arnZ vertical element located x/4 above the earth and tor vary..ag
ground parameters. It was found that near 200 MHz varying the ground
conductivity from 0.1 to 0.0001 mho/meter has little effect on the
element patterns. However, varying the relative permittivity from
2 to 32 increases the radiatior at low elevation angles for verticai
elements, but decreases it for horizontal elements.

Because in the far-field the space wave field varies as 1/R
and the surface wave field varies as 1/RZ some error will be intro-
duced in extrapolating a pattern from one radial distance to another
if th2 usual 1/R field dependence is assumed. At frequencies greater
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than 160 MHz and typical ground constants it was found that extrapo-
lating from R = 1 km to greater radial diztances can be done with
little error since the surface wave at these frequencies attenuates
rapidly with distance from the source.

Determining the far-field pattern of an antenna can be thought
of as consisting of two steps. First tne current on the antenna must
be determined. If the antenna is located near a lossy earth the
exact soiuticn will invoive an integrai eguation which contains
the Sommerfeid integral, end will be very difficult and time consuming
to solve. Our aporoach was to assume that tne antenna current was
unc:angec Dy tne preseace of the lossy eartn, and thus it could be
found using availabie computer programs for finding antenna currents
in free space. Tnis approximation is best applicable when the antenna
is shielded from the lossy earth as by a cavity or a small perfectly
conducting ground plane, or if the antenna is physically removed
several wavelengths from the earth.

Regardless of how the antenna current was obtained the problem
sti1]l remains to find the radiation pattern of a now known current
distribution in the presence of the lossy earth. The exact solution
involves an integration over the antenna. The integrand will contain
the Sommerfeld integral and again will be difficult and time consuming
to evaluate. Jur approach was to replace the continuous current
distribution on the antenna by a finite number of infinitesimal
electric current elements. The fields of the individual elements
can be evaluated using expressions developed by Horton[10], and then
summed to yield the antenna pattermn. The accuracy of this approach
is discussed in Appendix II.

The above approximations were applied to calculate the far-field
power patterns of several antennas located near a Tossy earth.
Specifically we compared the pattern of a quarter wave monopole
above four quarter wave arms to the patterns of a few electrically
small multiturn Toop (MTL) antennas placed over a half wave diameter
perfectiy conducting grourd plane.

None of the antennas considered had an overall super%or far-
field pattern. However, for large tilt angles (e.qg., 8¢ = 60°) with
the antenna tilting generally in the direction of the obsesver, the
*heoretical calculations tend to indicate a higher level of radiation
a2t Tow elevation angles from the MTL than from the quarter-wave dipole
(e.g., Fig. 31a and Fig. 30a respectively). This geometry was of
particular interest in this investigation since it depicts the situation
wherein an MIL mounted on a projectile would impact the earth at a

large tilt angle and transmit back to the area from which it was
launched.




In addition, since the theoretical calculations described in
this study were made, the patterns of several MIL configurations
superior to those in Section V as well as the quarter wave monopole
over four quarter wave radial arms have been investigated experimentally.
These measurements indicate an even greater superiority of the MIL
over the quarter wave monopole for the geometry of particular interest
described above. This is most likely due to the tact that when st = 60°
the radials do not shield the monopcle from the earth and the theoretical
calculations can be expected to be in error. Apparently this error tends
10 cause a theoretical prediction in field intensity greatér tnan that
which is observed in practice for the monopole. Since in @ communication
system the important factor is the minimum assured power level, and our
measurements showed this minimum level to be several d3 petier for the 4
MTL than for the monopole, we conclude that the ML has better radiation
characteristics for tne application of primary interest in this work.
An area of future work would be to determine better MiL configurations.

P
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APPENDIX 1

In this appendix two computer programs will be described. They
are DIPOLE and WERFC and form the basis for all pattern calculations
macr in this report.

Figure 34 is a listing of subroutine DIPOLE. Included is a
brief description of the program and definitions for the 12 input
and 3 output parameters. Uf these EXCIT, =X, EY, and £Z are complax,
and the remainder are real. The prcgram is an extension of equations
developed by Norton[10] to include electric current elements of
arbitrary position with respect tc a fixed coordinate system. In
Fig. 35 is shown an arbitrarily orientated electric curreni element
located at the rectangular coordinates (XS, Y5, ZS) meters. The xy
plane is assumed to separate a lossy half-space, described by a
relative dielectric constant ER and a conductivity SEMU expressed in
emu (1 mho/meter = 10-11 emu), from air or free space. The lossy
half-space is located at z < 0. The source is assumed to have an
e-Jut time depencence with frequency FKC in kilohertz. It is desired
to evaluate the field at a poinrt described by the cylindrical coordin-
ates (RF, PF, ZF) with RF and ZF expressed in meters and PF in
radians. The orientation of the current element is described by THETA
and PHI in radians as shown in Fig. 36. Here the x'y'z' rectangular
coordinate system is the xy: system of Fig. 35 translated to the
source point (XS, ¥YS, ZS). The subroutine returns EX, EY, and EZ
which are the x, y, and z components respectively of the electric
field in volts/meter. NBUG enters the subroutine through a
CGMMOM statement and is used ir debugging. If NBUG = 1 the messages
"ENTER DIPOLE" and "ZXIT DIPOLE™ will be printed when the subroutine
is entered or exited respectively.

DIPOLE may be used only when the source point anc the field
point are in the air half-space, and are separated by at least a few
free space wavelengths. The program has one difficulty. Errors
sometimes occur when calculating the fields very near (less than one
degree) the vertical axis. This difficulty can be overcome by
interpolating the fields at either side of the vertical axis to
obtain the fields at the vertical axis. In the far-field, the fields
are varying slowly and interpolation may be done with high accuracy.

DIPOLE uses the complex function subprogram WERFC in evaluating

the ground wave attenuation functions of Eqs. (9¢) and (15b). Figure
37 is a listing of WERFC. Specifically

2
(39) WERFC(z) = e 2 erfe(-jz), z = xtjy.




SUBRGU?lmsﬁi?ﬁiE!Xvas'ZSoRF,PF'ZF.ER,SEHU.Fsc'EXCIT'THETA.Phi'EX'
2EY €2
ttc::a::::c::::::::.‘c::::: “““
CEIIITFIIITIISOIILILIITITSS S
[ SUBROUTINE DIPULE eVALLLIES vy LF TRt
C ELECTRIC FIFLD OF 2 INSINITLSINAL ELECTHIC CUKRE%T L-L»?=9 H-Y
C AND REAR A LNOSSY HALF = SPALL., THE ECGUATIONYS USEHL Lkz VALID sned
c Ttik FIELD POINT 1S MLRE THAN A FEW WAVELENGIHS FRUL2 TeE SUBRCE,
C REFERENCE FOR FGIATITCHS 15 YTHE PRIPLLATION 0F RADID wbaVES OVikR
c THE SURFACE 0F ThE SAXRTH L0 I8 THE UPPER ATMLIPHEKE! BY K. 4.
C NORTOM, PROLLEDINGS OF ThF JRcy VOL., 25, NUMBLR 9, PAGE 12G3.
C INPUT PARAMETENS ...
[ XS = X COORHINATE 0F THE CURK gL IN veIERS,
C YS = ¥ COGOKGINATE DF Jser Cﬁ&knﬂ? FLEH T wETERS.
c 2S = 7 CODHLINATE OF THE (JnkENT ELEMENT TR METERS.
C RF = POLAR saDiuS LF Tni Fifi g POINT 5 ci=38.,
c PF = POLAR AKGULAKR LGURDINLTE Pl OF @ FIEro POINT I RADIANS.
c F = 2 CUORDINATE GF JHE FIELD POINT I METERS.
C ER = RELATIVE CISLECTRIC CGHSTAMNT OF Tt GRGUND.
C SEMU = CONDUCTIVITY (F 1hE GRGUND 1IN £Mu. 1 MA0/MZTER = 10=3-11 EMU.
C FRKC = FREGUERCY ifi KILGCYCLFS,.
c EXCIT = COMPLEX M2 Hi?"b{ OF TmE CURNENT TLZMENT,
C THETA = SPHERICAL 1mE7A CODRDINATE OFSCRIBING CURREINT ELEMENT
C ORIERTATILN IN RADIANS.
c f SPHERICAL Phi CODRLINATE DESCRIUBING CURRENTY ELEMENT
C ORIENTATIUN IN KADIANS,
C OUT: § PARAVETERS cse
C EX = X COMPUnEnT (F THE FLECTRIC FIELD IN VOLTIS/METE
c EY = Y COMPONLNT OF THE FLECTIRIC FIELD N ViLTS/RETZR,.
c EZ = Z COMPORENT (F THE FLECTRIC FIELD iN VOLTS/METER. )
C HOTE NBUG ENIERS THE SUBX0UJIME THROUGH CUOMMQN, IF MEUG = ] THE
[ MESSAGES *ERTER DIPOLE® ALD ‘EXIT DIPOLE' ARE PKIKTED WwhEN THE
[ SUBROUTINE IS ENTSRED OR EXITED RESPECTIVELY.
C SUBROUTINE WERFC 1S5 USED,
C$$$$$¢=¢# PRI S Y IS I TSI IR - TS STNTTISLISISTISSI LI IILISETSLLSSBLIAD
ct#::#ﬂ::;‘:ttt:::t:ﬁt::::3:‘:"-‘3:#:22¢====3=3¢$$====L’===t::::::::::::::fo‘:::
COMPLEXEX] oF X2 oF1 9E29X1 9 X2 9 X201 VoG EXCIT
COHRPLEXXNZ2 3 X3 sU oPP WP JRVoFsP 1l oe RHEZV2sERV,EPV,EZH+ERHyEPHeEXy
2EYSEZ A
~ COHPLEXIX!IY,!ZyRE’E?'ERpH,EPPH’EZ"H . . - -
COMPLEXWERFC
COMMONNBUG
IF{NBUG.EQ.1INRITE (641) o )
1 FORMAT{SX *ENTLR DIPOLEY)
XJ=CHMPLX(0.0,1.0) - ’
. Pl=4,0=A1ANL1.0)
1 A=2S -
: C=2.998E3
WAVE=C/{FKL=100Nn,.0)

XK  =2.0sP1/HAVE

SET UP CCORUINATES.

[aEuTal

XPF=RFLOSIPF]-XS
YPF=RFeSINIPF }-YS

2PF=2F
RPF=SORT{XPFXPF+YPFSYPF)
PPF=ATANZIYPF L XPF}
R=SORT{RPFERIF+IPFRIDF)
XX=1.BE1B3SEMU/FKL
XK2Z2=CSOQRTULR+XITXX }SXK

Us XK/ XK2

Fig. 34. Computer listing of subroutine DIPOLE.

Ly

55

bR

- - - 3~ PR e . N~ — i 3 S




[aXalnl

[aXulal

[uXaNal

[aXaNe

RZ=SCKTIRPFSRPEF+ (IPF4A}2(IFF+A))
RI-SORTIRPFIRPH« ([PF-AIStiIFF-A))
SNC=ZPF/R

SHCP=l7PFen)/R?
PPrAJEXEFR2U~U/7 .0
HP=PP{1.C+ LA+[PF I/ (LR2) )32
COCP=SURT (] .N=-SHLE=5%NCP )
RV=USCSORT (1 .0~ (USCSCP Y= (U=L5CP))
RVz{ SRCP-RV I/ (SNCP+RV )

B2 ATANL (EE+LSCP=LSCP )/ XX)
P=PlsR2sCUSIB I/ IAASAAVE)
Pr=pPsCLxP (X328}

WS4, 03P /Ll 0= )2 {1,5-%V11}

F=l 0+#XJZLSURTEIV] u):wéer{CSQR?{H):
SNCPP={ZPF-A}/RY
CSCPP=SUKTI(1.0-SNCPP322])
EX1=XJSAK=R]

EX2=XJT L=R2

E1=CEXPic X1} /R1

E2=CEXP{EX21/R2
X1=01.0/7EX1)-{1.0/FX1532)
X2={1a0/EX2)=(1.0/EA2=%
X3=CSORT{1.0-Uss23(C5CP=22]

DETERHINE EZV

EZV=CSCPP==25F1+RVICSCP=32=E2

E2V=EZIV4 {1.0-RV = (1 .0-30+Uss4={5{P22)sFcE2

EZvV=EZIV~ U‘73'(?.'¢SNCP)’§Z!1X2
EZV=EIV-EI7X1211.0-3.035807F

E2V=EIV-EZz=42={1.0-3. OFSNCD}

EZY=XJ=XKZEZV

Al=CABS{EZVZR/{2.03XK))

DETERMINE ERV

ERV=SNLPP2CSLPPSEL+RVISNCP=LSLPREZ

ERV=ERV-CSCP={] 40-RVIZUSXIZr3E231140-0.55Us328X 352240, 53500 PS22-0.
257EX2)

ERV=ERV+SKCFP=CSCP=()40-RVITE2/EX2
FRV=ERV=-3.035NCUPSCSIPP X1 =E1+L50PaUSX3x {14 0-RVITE2/{2.067EX2)-3.0%
2SKCP2LSCPaX2-R2

ERV=~XJ3XK=ERV

DETERMINE EPV,

EPV=LMPLX{G.0+0.0)

RH={X3-U<SHCP}/ (R3+U=SK(P)

BP=ATARI[IZR-S(CP=22V /47X -
Q=FIsXX3RZ2/7ICOS 2P )5nAVE])

Ql=~Q=LEXP {~-XJ3HP)

V=4,0c017{1.,C+RK 322

Gz 1.0+ XJSLSGRTIPI=VISWERFCILSQRTIVY) T . - cTT T

DETERMINE £lH.

E2H=SNCPP=LSL PP‘FI-Rv=<N' SCSCPRE24CSCPE L1 L G-RVIFUSXISFTELT (140~
2UsUs0.53% 2Z40.5ISNCP=E2-2,.5/78X2)

EIH=EZr=SKNIPeC P {] JO-RVISE2 /X233, 05 SNCPPCSTPP+XISE]
EZH=EZ~L50 1.0 RV )SUSXITEZ /T 2o OSEX2) 3, 05SKNOP=LSLPIX23F2
EZPH=XJSXKS
EZh=EZ#H=LOS

Fig. 34.
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SOG [xNeNal

[aNeEaNuleXe]

DETERMINE ERH,

ERH=SNCPP=221E1-RVISNCPZE23E24( 1, 0+RH )G E2-CSCPE323y2222 (] ,6-RV }
2%F=E2
ERH=ERH~X12(]1.,0-2,03CSCPPT32)3E 14X 22 (14 0~3.03CSCPS2)5{1.0-Uz22s
201 04RV)-UF322{]1,I=<V ivF )3E2

ERH=ERH+U2323CSCPe = FLla0-AV)IS{ 140~ 1. Q/EX2)F{FF{UTS2TX3~SALP222
3-1.0/8X23+1.3/EX21=22

ERPH==XJ=XKAExA

ERH=ERPHZCIS{PPR)

DETERMINE EPH,

EPH= 1 -RHF2v 11 08N )2 o023, =1, 0/EX1)5L /X1

EPHSEPH (1.0=1 07822330 0302 0} o 0eRV ) =uiv S 231 L O=RVIFFVZF 271 X2
EPH:(Ph+0.5=u¢¢?=(l.u-x#)=(F:(u==2=x3—SNCP¢°2-!.G/EX2)+i.3!‘32)3
2E2/7EX2

EPPH=XJ¢XKSEPH

EPH=EPPHSINI(PPF)

PLACE PROPER MAGHITUDE AND PHASE ON AiL COMPCHI NTS.

CORVERT TO RECTARGULAR CODRUINATES.

IX=EXCITESINITHFTAISCOSIPH] )
IY=EXCIT2SINCETHITL)SS IN(PHLE)
FZ=EXCIT=COS{THETL)

RESIX=ERH4 IYZERPHES IN(UPF Y41 Z3ERY
EP=IXZEPH-1YSEVPH=COS (PPF)
E2=IXTEZR4IYSEIPHASIN(ZPF )122¢E2V
EX=REFCOS{PPFRI-EP=SINI~-PE)
EY=RESS I IPPF)+EPZCOS(PPF)
IF{NBUGLEQ.1 IWNRITE (542)
FORMATL 204, *EX]T GIPULE®)

RETURN

E&D
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Fig. 35. iocation of the source in subroutine DIPGLE.
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Fig. 36. OUrientation of the source in subroutine DIPGLE.
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110
160

130
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CAMPLEXFUNCT INNWERFC(Z)

WERFC(Z) EVALUATES WIZ) = ZXPU-22%D)SERFCI~J%1) USING N,R.S.
ENS, Tule?3 AYD 7.1.29.

CrEePLEXHERFL 7 4XJ9724FFFCo84B4C
CNRMUNERUG

CASHIX I ={FXP{Y)-#¥P{-X}13/7.0
STHHIX)r{EXP{Y ) =2 dP{=X}}1/2.0
FUIXgYoNI=2 08X =2 O USLOSHINTSY ISLUS{ 2.0 XSY I+ NCS INRINZYISSIN(2.63X=

2Y)

OUX Y oNI=Z 63X Ch (N2Y IS IN{ 2. DX TY 4 NS INHINSY ) LGS (2, 623Y )
JFINBUG,FGL LM T {6y ]}

FORMATISX YOoNTEY »TMF(Y)

Pl =4, 0tATAN(1.D)

XJ=CMPLX{0,0,1.G)

27 =~XJd=7

X=REALIZ7)

Y=AIMAGL]7 )

WPITE(6,901X,Y

IFLABS X ) aGT . R0 012 ARS(Y ). 5T.3.0)06070200
T=10/01.6+,3275Q112X}

FUFX=] o0~{ 256 472C502 5 -, PRL4GGATIATTSE2+1,42141374613T523-] ,45315202
272122441 . 061408L2G2 TS5 )5EXP {—X=X)
CzERFXH{EXPI=XTX)/{2. 03P 1eX )15 {11, 0-COS{2.0XY} 1+ I=STIN{2 03XV )}
AzCMPLX{0.0,0.0)

1=0

NNI00N=1,100

B (EXP{=,25342N )/ (HENe4, 03XSX 12l FUX Yo N)+XJS06I X, Y4 N} )
AzhkeB

HWRITE(6H,2012,7

FORMAT{SX 40 15.5)

IFINJLEL?2 IGGHEIIND

RI=zABS{Rr AL (81 )

R? zABS{REALI))

SISARS{AIRAGIRY))

S2=ABS{AIRAGIA) )

IFIRIZIRIARZ I LT 3, 0E-6ANDLS1/7151+482) LT3, 0£-6)60T0110
1=0

GT0100

=i+l

1F{1.GE 315010120

CNNT [ NUE

HRITE(6,]30)

FARMATI//SX,'S2FC FAILED TO CONVERGE?Y,//)
A=2,QSE¥D[-X3X)TA/P]

ERFC=1.0-1+5)

WFRFC=ERFLCZCEXP(=-727)

Fig. 37. Computer listing of function subroutine WERFC.




T
G0OT0300
200 ERFC=CMPLX(1.0,:0.0)
1=0 .-
NUAX=CABS(Z2)
Ni=1
DN150N=1 hMAX
NiMz-NUYS (25N-1) -
A=ERFC
ERFU=ERFCHNUIA/12,0%22=22 13N
IF{NLJLELY1IGOTRISO
XA=CABS (A}
A =CABS(ERFC
RAT=ABS {XA-XEY/XE
IF (RAT.LT.1.0F=-51G0TC1E0 B
1=0
GNTN150
160 =i+l
IF(14GEL2)1G0TNLT70
150 CiWNTINUE
IF(RA. 77, o 0F~3)IHRITE(6,180)RAT
150 FORMZ Ay YWFRFC FAILED TC CONVERGE RATIO = ',E13.4/7)
170 WFRFC  + © (Z72SORY{(P1))
300 Ccouti
IF {(NBUL L )HRITE (64 190)Z+WERFC
190 FORMAT(LAs'Z = 332E154545%Xy'HERFCIZ) = 1,2E15.61)
IF INBUGLEQ .1 )=RITE (642}
2 FORMATI20X o *EXIT WERFCH)
RF TURN
£ND
Fig. 37.
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The follewing formulae are used[11],

2 g [ TP -
(40) rzelerfe(z) v 1+ §(-1)7 1-3---(2m-1)

# m=1 (222)m

for |x] > 3.9 or ly| > 3.0, and

2 :
-X B
] (41) erf(x+iy) = erf(x) + ez—x [(1-cos{2xy)) + jsin{2xy)] §
; ; 2 'X2 ° e-n2/4 [f( ) - ( )'i ‘
t—e L.~ N Xsy! *+ J9 \X,¥) ] ]

f A L n

otherwise. In Eq. (41)

[ (42a) erfc(z) = erfc(x+iy) = 1-erf(z) 1
(42b) fh(x,y) = 2x-2xcosh(ny)cos (2xy)+nsinh(ny)sin{2xy)

(42¢) gn(x,y) = 2xcosh(ny)sin(2xy )*nsinh{ny)cos (2xy).

NBUG enters this function subprogram through a COMMON statement 3
b and is used in -“ebugging. If NBUG = 1 the messages "ENTER WERFC"
and "EXIT WERFC" will be printed when the function subprogram is

entered or exited respectively. Z and WERFC(Z) will also be printed
if NBUG=1.
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APPENDIX 11

In this appendix far field-patterns, evaluated using subroutine
DIPOLE described in Appendix I and approximations descrited in
Sections II and IV, will be compared with patterns from the literature.
In Figs. 38-4C we compare far-field patterns of infinitesimal electric
current elements calculated using subroutine DIPOLE with patterns
presented by Jordon and Balmain[l4]. The ground parameters and
frequency for these patterns are identified by the parameter n and
by € @S follows:

(43) n=xfe.
where

18 x 10° O mho/meter
(44)  x = T Tz :

Each figure shows curves for n=1 and =100, and the curves are
normalized so that the n=100 curves have maximum field strength of
1.0. Figures 38-40 are for a vertical element at the earth's surface,
a vertical element 1/2 above the earth, and 2 horizontal element /2
above the earth with the pattern in the yz plane (see Fig. 4)
respectively. In addition our calculations have bteen found %o have
the proper rotation symmetries.

Next we will investigate an extended source, namely a vertical
half-wave dipole with its center height one wavelength above a
lossy earth. The frequency is 20 MHz and field patterns are shown
for the elevation plane (see Fig. 4). Assuming the antenna to be in
free space we approximate the antenna current &s being sinusoidal.
Using the trapezoidal rule and the methods of Section [V the antenna
was represented by 11 vertical infinitesimal electric current
elements. The fields of these 11 :.finitesimal dipoles were
determined using subroutine PIP0LE and then summed to yield the
patterns shown in Fig. 41. Patterns calculated by Horn[15] are also
shown. Fig. 4la is for ¢ = 0.1 mho/meter and ¢, = 30, and Fig.
41b is for 5 = 0.01 mho/meter and e, = 10. Our patterns and those cf
Horn have been normalized so that the peak field strength of the
patterns shown in Fig. 4la are unity. Note the excellent agreement cf
the location and magnitude of maximums and nulls in Fig. 41.
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