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PREFACE

This thesis is a theoratical and experimental investigation of the
behavior of radio wave propagation, and of a horizontal center-~fed half-
wave-length dipole antenna, operating in the VHF range noar and in the
ground, In particular, the effect on the field strengtl, and the radiation
impedance and radiation patteru of the antenna are investigated,

In the event of a nuclear attack, it will be necessary to have com-
munication with civilians in bomb shelters, as well as military roquire-
ments for underground communications, With the large number of
civilinn and military VHF installation that oxist, it was considered
appropriate to investigate the characteristics of this frequency range in
and near ground. Following a brief discussion of some of the previous
work in this area, and the general behavior of the earth with regard to
irequency, a theoratical discussion is given for relative signal strangth
and radiation pattern variations with height and depth for a real earth and
a perfect conducting earth, Experimental results are then presented and
discussed relative to the theoretical calculated values, The exporimental
measurements were made at frequencles of 179,5 Mc/s and 93,7 Mc/s,

Appreciation is expressed to Air Force Cambrldge Research
Laboratories for providing the equipment used in the field tests, The
assistance of personnel of the Electrical Engineering Research Laboratory,
Balcones Research Center, was greally appreciated, In particular, I wish

to thank Professor A, H, LaGrone for his encouragement and for serving
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1. INTRODUCTION

Somerfeld in 1909 conaidered the problem of radio wave propugation
over a spherical earth having finite conductivity, Other scientists and
mathematicians worked on the same problem in the following years,
but little consideration was given to the problem of radio waves propa-
gating within the earth until the close of World War II, The need fo»
cominunications with submerged submarines stimulated intercst in the
problem, and today, the possibility that many activities, both civil and
military, may have to go underground because of radiation hazards, again
provides a stimulus for investigation in thia area,

Some of the major contributors in this field of latc have been
A. Banos and J. F, Wesley (1953), J. R, Wait (1957), K. G, Budden (1957),
A. F, Gangi (1960), and R. K. Moore (1960), Thes moit extensive recent
studies were reported by the University of New Mexico Enginearing
Experimental Station, dealing with the air-dea problem (1961), and the
Spaco-General Corporation, dealing with the air-earth problem (1962),

In both of these studies, the frequency range was 10 cps to 10 kcps,

In studying the effects of the earth on radio wave propagation, many
complex factors must be considered. The earth, for example, behaves
as & conductor at certain frequencies and as a dielectric at others, In

betvreon, there is a frequency band where the behavior i8 not clear cut
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and the earth must be treated as an imperfect dielectric, The earth is
also nonhomogeneous, so that the conductivity and dielectric constant both
vary with soil types, terrain, and moisture content,

In order to provide some information in the VHF range, which
includes two important communication bands, FM and TV, this study is
made at f = 93,7 Mc/s and f =179, 5 Mc/s, The effects of the earth on
the field attenuation and on the radiation impedance and radiation pattern
of a half wavue dipole in and near the carth are investigated, Horizontal

polarization is used,




II, THEORETICAL DISCUSSION

Whether the earth is to be considered a conductor or dielectric

depends on the frequency, and, in turn, upon the loss factor u—:— .

qQ
n

-
"

w = radians per second

conductivity in mhos/meter

permittiv 1£y in farads/meter

Figure 1 showe the variation of f: with frequency for the terrain

typee given in Table 1, The criteria for considering the earth as a

dielectric or a® a conductor are those stated by Kra.ule]' as given below.

Dielectric: -z
we

Imperfact Dielectric

or Semi-Conductor: 1/100 < ;cr; < 100

Conductor: 100 < o
Table 1
Types of Terrain Dielectric Constant Conductivity
{relative) {mhos per meter)

Low hills, rich uoil2 20 10-2
Medium hills, forestation 13 0.5x 1072

Rocky soil, flat sandy 10 0.2 x 1072

Wet earth’ 10 103

Dry carth 5 10-5

“3.
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In the frequency range selected for this study, the VHF range, the
ecarth behaves as a borderline dielectric, Thus, the problem becornes
ons of analyzing the behavior of the field and of a half wave dipole antenna
near the boundary of a perfect dielectric (air) and an imperfect dielectric
(earth), Horizontal polarization is assumed.

The geometry of the problem is shown in Figure 2, where r>>h>z,
Under thesc conditions, the fisld at ''r'' is assumed to be a plaue wave
polarized with the E field normal to the plane of incidence, It is further
assumed that the path near the receiver is flat, that 01 = 02, and angles are

conatant over the small range that z varies,

A. Fileld Above Ground

The field above ground at ''r + x'" can be expressed ;l:4

E =E e (1)

siB % B, =
x I:e z-Mbe

"jpz z ]

where:

Incident electric field at r,

=
n

£ 4in @
x P 1
a

w
[}

[¢] = 4 o8 0

z v 1
a
v, " 1 = phase velocity of wave in air, "
z -z l
. e
p L +z




"¢ 9Id
AYLI3WO039 W3904<d

SITUAN 9 =4

D381 = 3
Hiyv3 orf =
w/soyw, 0] = ¥

t-H
VNN3INY
ONIAIZO3N
LINIOd
NOLLOT43Y Wi 01X 2%y o,
w/y,Olxay = orf
0= 9o

3UN0S




Directional impedances in the z direction are

for Air: Z‘ = fh/COB 01

. 2
r Ve 2 —*
1- (—;:) sin 91 ] (2)

intrinsic impedance of the air = 120w,

for Earth: Ze

n

Ma

complex intrinsic impedance of the earth,

ﬂec

Since the earth is to be trezted as an imperfect dielectric,

the intrinsic impedance n R is complex and is given by Ramo~Whinnery as:

Sl CLCIEI T

With the following relationships and the fact that "T'; <],

equations (3) and (3) can be combined and simplified.

n v <
With: -i=-5:-=’-3--j:1_—
v IR} N
a a 8 (-]
; Mg e 1 2 -J‘
Then: Z.eﬂTF—(li-j:z—‘;——)(Lr sin 01) (4)
Q © C

With the original assumption of r »>n, the angle 91 approaches

90° and it can be assumed that ainz Oln 1. Then




e
2w =2 (14 o2 (5)
i ke'l ]

Using the trigonometric form of the exponentials, equation (1) .

can be written as:

~JB, x

E=E e * [(1+p)c0l B 8 +) (1 p)win plz] 6)

To obtain theoretical values that can be compared with experi-

mental values, the parameters as given in Figure (2) are used,

For 179.5 Mc/s
1500 ft

1 oz 22 g . =
tan 91 % miles’ 01 2,7" and 01 87.3°
8
s 2 1.795810 - 3.76 rad/mm
Iix10
2.(1.795)10°
p = ZLTISN0 o 047y = 0,177 rad/m
z 8
3Ix10
Y
Zn * %047 ° 7900 ohms
377
z_ = 22T (14 0.067) a 100 /3.8° chms
[
and _ 7800-j6.6
P = " B000+j6.6

Since the rcactive component of p in this caae contributes

little to the magnitude or phase, it will be neglected.




Then p = -0.975
Suhstituting these values into equation {53), the expression for

E in terms of the variables x and & becomes:

E= £ o) 376x
&

[0. 025 cos (0.177x) + § 1.975 ain (2. 1772)] (7)
For 93.7 Mc/s
8

p = 2T . 4 96 rad/aec
Ix10

8
[ _?-_(._()ﬂ%]_o_ (V. 047)= U, V9] rad/sec

3x10
2, = 7900 2 =(377/[14)(1+]0.128) a 100 /7.3°
7800 - 12,8 _ _
P = Booo +yiz.8 ~ - 90973
Then
-1, 96x
E =Es [ 0,025 cos (0, 091z) 4 j 1,975 win(0,091z)] (8B)

The magnitude and phase of E vs height (2) is shown in Figure 3
with the value of E normalized at the earth's surface, In the vertical plane
* above ground, E behaves as a standing wave with the first maximum intensity
occurring at 8, 85 meters (29 {t.) for 179.5 Mc/s and at 17. 3 meters (57 ft.)
for 93.7 Mc/s. Figure 3 shows only the variation below the first maximum,
The electric field and the phase vs hoight for the earth as a perfect conductor

is also shown,

RS ol s i
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The assumption of the earth as a perfect conductor for determin-
ing field characteristics above the earth is observed to be good at VHF

frequencies.

B. Field Below Grnund4
The field (Ee) below the ground is the transmitted portion of
E‘ into the earth, Since the earth is a lossy dielectric, the fleld will be

attenuated as it penetrates into the earth,

Thent
“y. X =y z
E=1Eexe'.where
[} a
Y, ® (o, +JB,)con @, Yy * (ag+ 1B ) nin 8,
Ello ZZe
T*TE i hz
a e a

ool

Me‘e 'l ;3 1
@ v ( 5= 4 )
e 2 ul.:

ey 5 .
e ® e
re (he 50
w e
e

Using the values of the purameters as given in Figure 2 and
previously determinad values for Ze and Z“. the theoretical fiaeld below

ground is calculated,

i
i
!
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The assumption of the earth as a perfect conductor for determin-

ing field characteristice above the earth is observed to be good at VHF
frequencies,

B. Field Below Grou-nd‘

The field (Eﬂ) below the ground is the rransmitted portion of
Ea into the earth., Since the earth is a lossy dielectric, the field will be
attenuated as it penetrates into the earth,

Then:

“Y.* Y, %
E = 1TE ¢ * e ¢ , Where
e a

Y, ® (c:te 4+ pe) cow 03 Yy (n°+ jﬂe)lin 03

E . 2Z
r oo LN o

E Z +«Z
a L) a
"R} [
g e e
°e-‘°[ z (J“‘rz'l)
w(e

o

by € j
. e ‘o e
0.9 <1+22+1>
w‘a

Using the values of the parameters as given in Figure 2 and
previously determined values for Ze and Zl. the theoretical field bolow

ground is calculated,




For { =179.5 Mc/s

12

. 8 1 r—
&, = &r(l.795 x 10 )f-——-—-——-ﬁ— (fn(o.oe-n - 1)

2(0, 774 x 10°)

a, = 0.685 nepers/m

B, = 2n (1,795 x 10%) f'—l’——a? <f1+(o.067)2+1>

p_ = 14,6 rad/m

w

l7

i |8

cos 03 B

[V

588

sin 93 = 0,266

2(0.774 x107)

= === 0,964 03 = 15,4°

. - 2(100 =
T = 3500+ 100 - /40
Then: E =1/40 E e 0.174x
e [ §

For f = 93,7 Mc/s

e-0.6322 e-j 3,89x e—j 4.1z (9)

e
li

2m(0.937 x 108)j

a, = 0.478 neper

k>
[t

27 (0.937 x 10°) ]

<f1+(o 128)% - 1)

2(0. 774x10 )

n/m,

(/1+(o 128)% + 1>

2(0.774 x 108

ﬂe = 7,62 rad/m
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«0,125x 0,462z ~j2.0x ~j, 735
e e e

Then: E =1/40 E e (10)
) a

Using equations (9) and (10), the theoretical variation of the
relative field strength with depth is plotted in Figure 4a. Also shown is
the theoretical varistion of 0.1 Mc/s and 1. 0 Mc/# signals with depth for
comparison purposes, Assuming the field strengtiis at the ground level to
be the same, the strength of the 0.1 Mc/s field at a depth of four meters is
found to be approximately eight times that of the VHF field being considered,

In Figure 4b, tho theoretical variation of the transmission
coefficient with frequency Is shown, With the conatants that were used for
the earth, the transmission coefficlient resaches its maximum (0. 028) at
approximately 93,7 Mc/w and its phase approaches rero. As the frequency
approaches zero, tie transmission coafficiont goes to zero, Consider
signals of 0,1 Mc/s and 93,7 Mc/s as having the same incident field otrength
E. at a distance (r), then the VHF field strongth is approximately fifteen
times a» great as that of the 0.1 Mc/s field at the earth surface, This is
shown in Figure 5, From the above discussion and Figures 4 and 5, it
appears that for depths less than five (5) meters, with the same incident
field, the VHF f{requencies provide greater available field strength due to

the larger transmission coefficient,
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C. Radiation Patterns

This discussion is limited io the E~plane, or horizontal patiern,
of a half-wave center-fed dipole, The two cases involved, above ground
and below ground, are discussed scparetely,

Assuming a perfectly conducting earth, Krauls has developed an
equation for the radiation pattern of a horizontal half-wave dipole above the
earth, It is based on treating the problem in the same manner as a two
antenna array, where the image antenna is the second antenna. Using this

approach, the equation for the field pattern is:

cos ((%) cos ¢ cos n>
2rh .
E = v | min (T sin a) (11)

l-com ¢ cos o
with the geometry as shown on the insert in Figure 6, The factor in brackets
represents the field pattern of a dipole in free space, while the seccad
factor is the array pattern, With the spatial angle a = 2, 7", a corstant
inthis paper, the second factor i# a function of antenna height only, and can
be considered constant in the determination of the E-plane pattern of the
antenna, The effect of height on the combined signal can be determined by

reference to equation (1). Then equation (11) can bo written an;

con (IZT- con ¢)
E=|l—ms — (X (12)

where K is a function of height and cos a 21,0




( FREQUENCY 179.5 Mc)
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Figure 6 shows the plot of the bracketed term in equation {12), and
the previously determined magnitudes as a function of the antenna height.
factor, K, for heights of 8,95, 4, and 2 meters above local grouad.

At ground level, the theoretical analysis of the antenna pattern above
a real earth becomes complicated. Since the earth has a finite conductivity
and is in contact with the antenna, sonie antenna current flow into the earth
occurs, However, the conductivity of the antenna alement is 80 much
greater than that of the earth that essentially 21l of the current is confined
to the antenna, Therefore, the antanna pattern in form at the earth surface
is primarily that of a half-wave-length dipole in free spacs,

Using the parameters as given in Figure 2 for the earth, the velocity
of propagation of radic signals in the earth is approximately vne-fourth that
of air or 0.78 x 10B m/sec. The wavelength of the signal in the earth is
likewine reduced Lo 0.259 )\.. Therefore, a half-wave-length antenna in
air becomes a 1. 78 wavelenght antenna in the ground, Using the equation
developed by Kraus6 for the far elactric field:

cos ( Lcosg)/ 2) ~-cos( L/2)
8in ¢

E = |E| (13)

with f = 2r/X and L =1,78A, the theoretical antenna pattern of a 1. 78\
dipole is calculated and shown in Figure 7, Thia puttern is based on a
homogeneous earth with parameters as given in Figure 2, and in shape,

is the same as that obtained for a 1, 78)‘& antenna in free space,
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An antenna cut to a half-wavelength as measured in the ground, using
the constants for the local ground, essentially produces the free-space

half-wavelength dipole pattern.

D. Summary

VHF characteristice near the surface of a real earth are not
significantly different from VHF characteristics near the surface of a perfect
conducting earth. The differences that occur are (1} the maximum field
strength for real earth is slightly less due to the reflection coefficient being
less than unity, and (2) the ‘ield strength at ground level does not go to zero.

Below ground, the VHF refracted field strength is attenuated due
to the earth being a lossy dielectric, Radiation patterns are not significantly
differcnt from free-space patterns as long as the antenna length is determined
from local ground characteristics, and antenna depth is such that boundarzy
conditions at the interface do not affect the pattern, If a receiver system
(receiver, transmisaion lines, antenna) had a system sensitivity of 20pv/m
across the receiver input terminals, and was five (5) meters (16,4 ft, ) desp
in the earth, thenthe incident field strength at the earth surface would have
to be 8 mv/m for minimum reception, From this, it is apparent that opera-
tion below ground at VHF frequeticies requires high transmisgion powers
und short distances. As previously pointed out, for depths less than five (5)
meters, the VHF frequency range theoretically does offer greater available
field strength than frequencies below 0.1 Mc/# for the same incident field

strength, duc to the magnitude of tha transmission coefficient,




1III. EXPERIMENTAL

The experimental work was performad at The University of Texas,
Balcones Research Center. The geometry of the path is shown in Figure 2,
Two source frequencies were utilized, (1) Channel 7, TV :udio at 179.5 Mz/s
with average radiated power of 150 kw and (2) FM &t 93.7 Mc/s with average
radiated power of 94 kw, Both transmitters were on the same tower. The
soil conditions at the receiver consisted of a sandy clay to a depth of
approximnately three feet where a porous rock was encountered,

The receiver system consisted of a General Radio oacillator (1215-B),
mixer (874), and IF amplifier (1216-A). The antennas used were center-fed

resonant half-wavelength horizontal dipoles.

For: f = 179.5 Mc/s; antenna length - 77 ¢m.
Length I 51
Diameter L. 5
f = 93,7 Mc/s; antenna length - 147 cm.

Length  _ 147

Diameter 1.5 38.

The transmisaion line fron. antenna to mixer was 9. 66 meters of

50 ohm coaxial cable having an approximate loss of 1 db at both frequencies.

A. Reclative Field Strength
In measuring the relative field strength variation with height and
depth, a variable length line and tuning stub were inserted at the receiver

input for matching purposes. Starting at 1. 0 wavelength nbove ground,

-21-
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measurements were taken every tenth of a wavelength down to the earth
surface at both frequencies. These results are shown in Figure 8,

A study of the curves shows the correlation between the
measured data and the theoretical data to be gquite good. Inthe theoretical
expressicn of the reflection coefficient, the term primarily affecting the
magnitude of the reflection coefficient is the impudance of the earth (Ze)
which is itwelf determined by the value selected for the dielectric constant
(Ke) of the earth, The value selected for Ke was fifteen (15), howevev, a
value of twenty (20} would have given better correlation with the experi-
mental data.

Figure 9 shows the measured relative field strergth variation
with distance below the surface of the earth. These meanurements were
made with an antenna cut to a half wavelength as measured in air, The
theoretical variations of the field strength as a function of depth in wave-
lengths is shown for comparison. Poor agreement between the curves is
obvious, The poor agreement is believed to rerult primarily frorn the
loes of directivity of the antenna cut to a half-wavelength in air when buried

in the ground as will be discussed later.

B. Radiation Patterns
The radiation patterns above ground were obtained by rotating
the antenna in ten (10) degree increments through 130 degrees of rotation.

Since it was expected that the antenna pattern at 1, 0 wavelength above
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ground would approach the free space pattern, the antenna was first oriented
for maximum gain at this height for a reference, No attempt was made to
match impedances during these measuremaer. s since Terml.n6 states that
the radiation resistance, antenna efficiency, directional pattern, and
directive gain are not affected by failure to match impecances.

Figure 10 shows the experimental half-wave dipole radiation
pattern for 179.5 Mc/s at 1, O\, above ground and the theoretical free space
pattern of the same antenna. Since only minor variations in the pattern were
obtained from 1. Oh. to 0. zxa. only the pattern for 1, 0)\Il is shown. Figure
11 shows the patterns at the ecarth's surface, 0. Ok‘. at 0. lk. and the free
space pattern. Figures 12 and 13 show the patterns obtained for the 93.7
Mc/ s half wave dipole above ground at the heights indicated, The same
measuring procedure is used at 93.7 Mc/» as was used at 179.5 Mc/s.

The patterns obtained at 1. ox. above ground at both {requencies compare
favorably with the theoretical free space patterns. Tho deviation in the
pattern observed at both frequencies appears to be that of a misalignment

of approximately five degrees in the orientation of the experimental patterns,

At ground level, correlation between the theoretical and measured
patterns was actually better than expected since difficulty was encountered
in keeping approximately the same amount of earth in contact with the antenna
as it was rotated in taking the pattern. The same deviation {indenting of the
pattern) Figure 11 and Figure 13, occurs at both frequencies, therefore it ie
not believed to be an error in the measurement of the data, Thir deviation

may be due to one or several obstacles which were present in the test area,
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A great amount of time was spent in trying different methods
of obtaining radiation patterns for underground antennas. Figure 14
shows the radiation pattern obtained at a depth of 0, 1)\‘ by rotating the
antenna in 10 degree increments. This required burying and digging up
the antenna nineteen times, This method is unsatisfactory if for no other
reason than the amount of digging required. However, thore are other
problems involved which make the technique undesirable, such as (1) main-
taining a constant depth, (2) keeping the surface above the antenna uniform,
(3) keeping the ground cover of the same consistency, and (4) preventing
damage to the antenna, Figure 15 shows the radiation pattern obtained at
a depth of 0, 3)‘1 by moving a small transmitter with a short dipole around
the test antenna at & constant radius, This method introduces the problems
of maintaining a level and constant Leight platform for the transmitter, of
variations in the soil conditions, and other obstructions below the surface
which can not readily be accounted for. However, for the directions indi-
cated by dotted lines in Figures 14 and 15, these relative amplitudes were
obtained upon repeated experiments, These patterns show the loss in
directivity which partially accounts for the difference between the theoretical
signal strength and that obtained experimentally with a xn/z antenna below

ground, as mentioned previously in par, 3A.
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C. Feed-Point Impedanca

The antenna driving- or foced-point admittance was measured
at height intervals of one tenth of a wavelength from a starting height of
1. 07\l above ground at both frequencies., The admittance was measured
at the receiver end of a coaxial cable connecied to the anienna by using a
General Radio admittance meter (1602-B), Using & Smith chart and
correcting the measured values for the electrical length of the coaxial
cable, the impedance at the antenna was determined.

Figures 16 and 17 show the {feed-point resistance and reactance,
and the standing wave ratio present on the transmission line for the above
ground measurements, The theoretical feed-point resistance and reactance
for the same measurement heights above a perfectly conducting earth are
also shown,

The theoretical values were obtained by assuming an image
antenny having the same current distribution and physical characteristics
as the test autenna, The feci-point immpedance was then obtained by treat-
ing the problem as one of two lincar center-fed antenrao side by side, The
original work dealing with this approach was done by P, S, Carter in 1932
and is presented byKrau-7 in his text on antennas., Carter's development
is for a perfectly conducting earth, with the two antenna current distribu~
tions the same, Under these conditions, the theoreticai values of the

impedance can be obtained easily.
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The method of images is also applicable to the problem involv~
ing a real earth, where the current distributions on the subject and
image antennas are not the same, Inthe case of the half wave dipole,
the difficulty i in determining the current distribution for the image
antenna and expressing it mathematically, The genera! exprussion for

the voltage at the test antenna tarmin;lls is:

v

u

-
N
e
—
N

where: ¢ the antenna current

I, = the immge current

oy

Z‘ = gelf-impedance of the antonna
Zm= mutual impedance, antenna and its image
and E = -dV/ds.

Figure 18 shows the measured impedances below ground for
both frequencies. The measurements in these cases were obtained in the
same manner as thcse in the above ground cases, The impedance of an
antenna cut to xe/z is also given at ground level,

From these measurements it is apparent that a considerable
variation and mis-match in impedance occurs between tha 50 ochm coaxial
line and the antenna when thc antcuna 13 near the surface of the earth, In
the case of the 93.7 Mc/s st the earth surface, tho resistive component

is approximately two hundred ohms and the mis-match is particularly bad,
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1IVv. SUMMARY

(1) The radiation pattern and radiation impedance of a half wave-
length dipole at VHF', in and near the ground, have been measured and
are reported here.

. (Z)> The varintion of the field strength of VHF signals, in and near
the ground, have been measured and are reported,

(3) Good corzelation was found between the measured and theuretical
radiation patterns and field strength variation for above ground conditions.

(4) Theoretically, for the same incident field strength, a larger
signal is found for a few feet below the surface of the ground at VHF than
at 1.0 __Mu/l. The difference in the attenuation and transmission charac-
teristics at these frequencies account for this,

:fk)l'urge variations in the field strength oczur for various soil

conditions at any given depth. W&Wﬁgﬂw

0f 129 8.Mr ) 8.0

The half wavelength dipole appears to: be acceptable as an antenna
for underground reception, although it does suffer a large loss in capture
area when cut to the proper length for local ground conditions,

It appears that a better antenna nystem than the unshielded dipole
used in this study is desirable if one Ln to tuke advantage of the available
field strergth, at VHF, balow the esrth's surface, Balowl, 0 Mc/s
considerable investigation of possible antenna syftems has been made

and some of these may be usable at VHF, As afi example, H. A. W'heelur,q
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at 1, O)ﬂc/l, used a vertical loop in a spherical radome and also a hori-
zontal insulated wire with both ends connected to grounded electrodes,
These antenna systems and other might well be investigated for use at

VHF',
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