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solution of 4 mhos/meter conductivity.

ABSTRACT

A laboratory-size model of the flat earth-air ( two-..ayer)
problem, constructed to verify certain proposed theories on
electromagnetic propagation through the sea, is described.

The modeling system and technique is used in scaling and meas-
uring electromagnetic field components of electric or magnetic
antennas submerged in sea water.

Specifically, the experimental results fre compared with
the theory of radiation from a horizontal 2lectric dipole
antenna submerged in the sea, representing a conducting half-
space. The results agree well with the theory within the vali

sauge of variation of the parameters and in some cases even

beyond this range. The results presented here verify (1) that

the cylindrical coordinate Er and Ep field components measured
in the sea vary with radial distance from the antenna as 9'3 i
the near zone and El and p'2, respectively, in the far-zone;
(2) all field components vary with depth, z, as exp(-2/8), whe
§is skin depth; (3) the E. and Ey components vary with ¢ as
cos # and sin @, respectively; (4) all field components vary
linearly with length, £ , and dipole current, I.

the H¢, H., and Ez components were measured in the air as a

In addition,

function of p for the static-zone, near-zone, and far-zone.
The modeling system representing the sea includes a
cylindrical tank 12' diameter, 2' deep, containing a salt

The transmitting
ii
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frequency varied from 100 to 400 mc/s. For antennas that can
be validly scaled at least 102 in size and 10-4 in frequency,
this model can conveniently be used to verify experimentally

the radiation from these antennas when they are submerged in

the sea,
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A MODELING TECHNIQUE FOR EXPERIMENTAL VERIFICATION

OF DIPOLE RADIATION IN A CONDUCTING HALF SPACE

1.0 Introduction

For many years, in addition to propagation through the
atmosphere, scientists and engineers have been interested
in the nature of propagation of electromagnetic energy through
the earth (ground or sea). For purposes of communication,
propagation through the troposphere was accepted &s the most
desirable because radio frequency energy is too rapidly
attenuated when propagated through the sea, ground, and even
undcr certain conditions through the ionosphere. However,
follcirivg the acceptance of the submarines in naval warfare,
expecially the atomic submarine, it has been vitally importaat
to develop a theory and technique for communication between
submerged submarines; that is, communication through the sea,

A number of theories on electromagnetic propagation through
the sea and submerged antenna design have been proposed for
communication purposes, Most of the valid thenries have been
verified either by using submarines directly or by some mod-
eling procedure. The purpose of this report is (1) to describe
a laboratory model for testing antenina impedance and propa-
gation characteristics; (2) to verify the theory uf i{he radia-
tion of a submerged horizontal electric dipole.

The present theory of communication between two arbitrary

points near the surface of the earth was originated by

1
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sommerfeld [ 19097 1926 ] and Weyl [1919]. However, these and
other early theoretical investigators considered the problem
of the transmitting antenna as well as the receiving antenna
on or above the surface of the ear+h,

Although many investigatoi's worked with buried and sub-
merged antennas before 1940, few reliable results were published,
The first extensive theoretical and experimental work was con-
ducted by rthe Naval Research Lahoratory, Washington, D, C.,
[Norgorden, 1940; 1isely, 19Ml]. Norgorden was probably first
to analyze ino insulated loop submerged in sea water; he deter-
mined thec:ivt izally and erperimentally that hori-~ontal antennas
were supericy ia tha sea {ccmpared to vertical antennas being
superior in cn: air). e iiso determined the variation of
received sisnals as functions of frequency, field strengths
in air above the loop, depth, and Q of the loaop.

Isely experimentally investigated field strengths and
noise levels of various types of submerged receiving antennas
at different frequencies., He determined that signal streagth
increased with lower frequencies, Fratianni [1946; 19&8]
investigated various methods of coupling submerged loops to
submarine receivers., The possibility of usirg a submerged
loop for transmitting signals was also considered by Quinn
and Norgorden {19“6].

In addition to the work on magnetic antennas theoretical
and experimental work on the aorizontal electric antenna was
initiated by investigators at the Naval Research Laboratory
[Flath, 19#9}. Flath and Norgorden determined the input imped-

ance of an electric coaxial transmission line; then Appleman
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[1951] experimentally verified Flath's and Norgoruen's results,
In a dissertation Moore [1951] analyzed communication using two
submerged antennas and considered all four anterna configura-
tions (vertical and horizontal; electric and magnetic). He
also derjv<i the impedances for these anterna configurations,
and his results agree with those of Flath and Norgorden,

Extensive modeling of horizontal electric antennas veri-
fyving Norgcrden's and Moore's theory has been conducted by
Masselman [1953], Musselman and Roos {1955], Rauen [1953],
and Snodgrass and Rudnick [1954]. iHusselman tes’.ed the hori-
zontal electric antenna as a receiving and transmitting antenna,
investigating impedances, efficiencies and other parameters.
Rauen tested the horizontal electric antenna as a submerged
tran.mitting antenna,

A rigorous mathematical analysis of the horizontal electric
dipole in a semi-infinite conducting medium is presented by
Bafios and Wesley [1953: 1954]. Some of the results of Moore
and Bahos and Wesley have been verified experimentally. Near-
zon' . magnetic field intensity from submerged dipoles was
measured by Kraichman [1960]: and the exponential variation
of electric field strength with depth was measured by Saran
and Held [1960]. Wait has written several papers on Gipole
radiation in a semi-infinite, conducting medium, including
a recent summary paper of accepted theories [Wa;t, 1961] .
Moore's analysis has been summarized and is availahle in a

recent paper by Moore and Blair {1961].
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2.0 Theoretical Relations for Submerged Dipole Radiation

The above-mentioned thecretical and experimental results

indicate that the submerged horizontal electric dipole is

best for transmitting and receiving electromagnetic energy in
the sea. That is, qual.tatively, the electromagnetic energy
density, at some arbitrary point of observation (in near-zone
or far-zone) in the sea, is largest if the transmitting dipole
is a horizontal dipole.

The mode of communication can be described qualitatively
as follows:

i. electromagnetic fields, radiated in the sea by a sub-

merged transmitting dipole, are attenuated capidly (exponentially):

the fraction of the energy that reaches the surface directly
above the tyansmitting antenna refractsrinto the air and estab-
lishes effactively a vertically polarized electric wave;
ii. this wave appears as if it originated from a vertical
electric dipole located on the surface directly over the actual
submerged transmitting dipole, and travels outward along che
surface attenuating radially; moreover, this wave is weighted
by cos g, where ¢ is measured from the horizontal dipole axis:;
iii. as the energy travels radially along the surface, a
fraction of the energy continuously refracts into the sea; and
this fraction of energy essentially travels Qirectly is-wnward
as a rapialy (exponentially) attenuating uniform .ane wave.
Summarizing, the path ot propagation from a submerged
transmitting dipole to an arbitrary receiving digole in the
sca is the following: From the transmitting dipole, directly

up through the sea to the surface, through the air along the
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surface, and directly down through the sea to the receiving

dipole, as show+m in Figure 1. The largest attenuation is

incurred (1) as the wave travels through the sea and (2) as

the wave refracts out of and back into the sea,

The field compcnents in the sea [Moore and Blair, 1961;
Banos and Wesley, 1953] for a submerged horizontal electric
transmitting dipole are the following:

For near field:

-1

W7 <pgl, 2z 20, zr‘io,z<<p,f<50kc/s.

3 -2/8
E, ~5.92 x 10727 wike

(1 + 3p - p?)cos 4 (1)
op
Sr0a-2/8
By m1.18 x 10726 w71e 77 (1 | jp)sin g (2)
ap
E O[J_&- (Er or E¢)] , negligible. (3)
g
- 2.0.-2/5 E
H¢ == 5.26 x 10'24 0’5/ e (L+3p- ;)2)cos;¢‘=,ﬂ—r (#)
c P 1
23 /29 75 _E
Hrﬁnl.OSXIO —;In;B——(l'fjp)Sin ¢——-ﬁf (5)
H, ~ O[J—:l,:p(n . or H)) J, negligible (6)

For far field:

1< p<102, 2z, 20, 2, 20, 2 < p, £ <50 kess,

wI10e-2/8
E_ w - 5.92 x 10727 @238 7 (4 -%--z-z)cos p (7)
op P
b EPRW 1
E¢ ~ 3 1.18 x 10726 "LE-‘:-‘;'.Z_ (1 - -}F)sin "4 (8)
p

1
E, ~ 0[,/—6_ (B, or E¢)] , negligible (9)
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5/2-..~2/ E
Hy ~ 7T 5.26 x 10-2H el Ite 7 1y ) Zycos g ==L (10)

(o} 0 P 0 n

I T P aid j By
Hﬂ %-4/3- l.O;xlO —?72-;_7-—-(1--23)811’1¢—-ﬁ (11)
H, ~ 0[:/—__]-'- (H¢ or Hr):l , negligible. (12)
3P

For the field just at or sliguily above the surface, the theory

states the following:

For the near field:

10 <pgl, ztzo, zr=0,z<<p,f<50kc/s,

-21 w/%yge"2/8
mélw 01/39 (1+jp)cor & (13)

Ezs-./j'l.98x10

For the far field:

1_<_p<102, z, 20, zr=0,z<< p, £ < 50 ke/s,

_21 5/212 “zt/s
» ?/301 (1 - %)cos .¢ (14)

EZ A - A/:T 1.98 X lo

All. other field components in the air near the surface are
negligible in magnitude compared to Ez.

The coordinate system is illustrated in Figure 2, and

z, 131 transmitting antenna depth

z, is receiving antenna cdepth

z =2 +2z, is vertical distance (downward} in cylindrical

coordinate system

r is radial distance in cylindriral coordinate sya-.em

4 measvved positive from x-axis

p, distance factor, =2 r = iKr/A, .

{, depth factor, = -wE z = 21rz/)\°
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air (medium 2), z < O
X

/ (6,0,2) \

(x’Y:zr)3(r’¢szr)
sea (medium 2), z > O

vz

Pigure 2--Distances and coordinite system
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w, radian frequency = 2¢f; £, frequency in cps.
¢ 1is speed of light in free space

AQ is free-space-wavelength

S, skin depth = /27w o,

0, is conductivity of sea =~ 4 mhos/meter

o R ) WA 4 AN IWMWWMW ﬁ'%‘%ﬁ

Bos €, are perméability and permittivity, respectively,
of free space

19 is antenna moment magnitude

I is r.m.s. antenna current (constant over length, L)

? is antenna length
g 2
g = we s ln l 3 M, intrinsic impedance uf sea = JjEE:?Gi

n2 is the index of refraction of the sea with:respect
to free space

i = J=T and only the first quadrant root of ,/J and
fourth quadrant root of ./~ areused,

S P A

Unrationalized MKS system of units is used,

3.0 Experimental Mcdel for Verification of Theory

: The modeling technique reported hergin is premised -.a

: two facts: (1) Onli electric fields need be measured; from
the electric field, the magnetic fields can be determined.
Similarly, if only magnetic fields are measurec, then the
electric fields can be determined. However, for most of the
experimental work here, the electric field component: were
measured. (2) Frequency and conductivity scalin~ .s such
that a laboratory scale experiment can be used (thot is, a
tank several feet in diameter with antennas a few inches long).

Modeiing at this small scaie has the usual advantages of

a laboratory-size model such that (1) one or two technicians
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can easily operate the model; {2) antenna position for depth,
orientation, separation between antennas, can be adjusted
quickly and conveniently; (35} Wscause the frequencies are
higher, antenna impedances are higher, thus matching dif-
ficulties can be more easily eliminated; (4) various control
conditions and uniformity can be obtained (for example, the
conductivity of the conducting medium, salt water, can be
changed easily; (5) materials and equipment costs are con-
siderably reduced from those of larger models,

3.1 Scaling Ratios for Model. This modeling technique

actually employs wavelength scaling, not similitude scaling.
In a dielcctric medium, the wavelength scaling factor, 87,
is expressed as follows:

Sy~ N Adf'l s rere Ay = A - (15)

A conducting medium is specified by a complex permittivity,

€ =¢ - jo/o (16)

such that 0/w >> €. This inequality means that for a given
0 and ¢ of a conducting medium, then £ << ¢/27¢. The scaling

factor, sl, in the sea is then expressed as fc¢llows:

$y -~ A, = 218 ~ (05)"2/2 (17)
Thus for wavelength scaling, the air (dielectric) scaling
factor, §,, varies as f'lg and the salt water (conductor)

L)

scaling factor, §,, varies as (uf)'l/‘, for £ << 900 me/s,
In actual practice, it was determined that if £ < 400 mc/s,
the medium still maintained satisfactory characteristics as

a conducting medium.
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Wavelength, or frequency, scaling provides two useful
experimental advantages: (1) because of the available wide
range of frequencies, one can obtain very large scaling
factors. (2) Moreover, the scaling factor is different in
the salt water in the tank than in the air above the tank,
This has the advantage that if a distance in air is scaled

4

by 1077, then a distance in the sea, or salt solution, is

scaled by only 10'2. For example, using these scaling factors,
an air distance of 10 km. is scaled to 1 meter; but a 10 m.
antenna in the sea is scaled to 10 cm, which is convenient
laboratory size for a model antenna., For this reason, simili-
tude scaling is undesirable, since the 10 m. antenna wculd

also be scaled by 10'”

down to 1 mm., which is an inconveni-
entiy smail laboratory size,
Consequently, the scaling factors are determined for

both air and tank solution as follows:

for air, the scaling factor 8, ='éi
n fz. \1/2
for conducting medium, the scaling factor S; = .r—é-
m 1lm

where fm = model frequency

f = original frequency
%1 = conductivity of model tank solution
0y = original conductivity of sea.
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FPor example:
farameters Actual Values Model values

frequency, £, c/s 101‘ 108
conductivity, 5, mhos/meter 4 16

(.. scale factors are S, = 10'“, S, =5=x 10"3)
skin depth, §, 2.5 m. 0.25 m.
separation, 4, 20 km. 2 m,
aatenna iength, £, 20 m. 10 cm.
transmitting antenna depth, z, 20 m. 10 cm.
receiving antenna depth, z - 30 m. - 15 om.

The impedance of a horizontal electric dipole; that is,
a coaxial transmission-line type antenna, submerged in a

conudccirs medium [nath, 1949; Moore, 1951} is:

Z=%&+j%‘[0-116+m(am1,0 <Sb¢cl, 252 b« A, (23)

where a = diameter of inner conductor of coaxial antenna.

b = diameter of dielectric of coaxial antenna.

A3 = wavelength in dielectric »
The outer conductor is actually the sea of comnducting salt-
w2ter solution surrounding the dielectric. This is discussed
in detail later. It is interesting to realize that the resist-
ance jis independent of the diameters of the inner coanductor ané
dielectric as well as the conductivity of the seca oz tfank
solution. Moreover, the reactance is a function 2€ inner
conductor diameter, a, omly, and is independent of the dielec-
tric diameter, b. Thus as long as {b/2)} > 2, b <« 13, the
impedance is independent of ﬁ. Continuing the above example:
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Parameters Actual Values Model values
a, 2.0 cm, 0.10 mm.
b, 5.0 cm. 0.25 mm.
g 1.97 - j 0.62 ohms 99 - j 127 ohms

The model values for a and b appear to bes quite small,
but the ratio (b/a) = 2.5 can be increased considerably
without changing the impedance or violating any theoretical
restrictions, Actually larger model values of a and b
are used for the experimental work (see Appendix), and this
has no effect on the use of the modeling techrique nor on
the experimental verification of the theory used here,

3.2 Experimental Model and System. The cylindrical

tank £ill:3d with salt water used in this model is shown in
Figure 3. A wooden frame supports a wooden crossbeam over
the tank. The submerged transmitting and receiving antennas
are mounted on the end of the vertical plastic rods which
are attached to the two slide blocks on the crossbeam. Each
slide block is conveniently positioned along the crossbean
by a nylon cord and pulley arrangement which is fastened onto
the top of the crossbeam. The signal generatcr, driving the
transmitting antenna, is shown to the right of the tank on
the floor. Similarly, the receiving equipment is si!<wn to
the lefc of the tank.

The slide block, antenna rod, and coaxial antenna are
shown in Figure 4., The slide blocks are made entirely of
rlastic so that the wooden beam and plastic slide block

combination produce negligible distortion of the electro-

magnetic fields on and just above the surface of the tank.
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Centimeter marks on the beam and the rod are for horizontal
and vertical positioning of the amtemaas.

The coaxial antenna used as a horizoantal electric dipole
is shown in Pigure 5. This is essentially a short-circuited
coaxial (transmission-line) antenna that is made as follows
(see Pigure €): {1) The insulation, cuter conductor, and
dielectric are stripped back from an open end of the coaxial
cable, exposing the inner conductor to the salt water. The
iength of the exposed imnner conductor must be at least ‘Alﬂl,
where A; is the wavelength in the sea. (2) Thep the insula-
tion and outer comductor are stripped hack exposing the
dielectric for a length, £, where { is the dipole length.
The length, £, must be less than Ay/L, where ), is the wave-
length in djelectric. {3) Finally the insulatiom is stripped
at least one centimeter, exposing the outer comductor. The
antenna is shown mounted in the end of tke vertical plastic
rod.

The nature of this coaxial antenna can be described
[noore, 1951] as follows: The phase velccitvy of a wave trav-
eling through the dielectric for 2 ¢ (b/a) < i0, where E/a
is the ratio of dielectric d.ameter to inner conductor diam-
eter, is in the order of haif that of the velocity of light.
Consequently, for the freguencies usa=d in this modeling
technigque, @ << }.BIQ- It is tren rather obvious that the
r.m.s. current, I, through the inmer comductor ovexr the
exposed lengtk, £, is nearly comstant. FPurthermore, the

curreat is conducted from the exposed inner conductor through
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the sea to the exposed outer conductor, Because I is nearly
constant, the dipole moment If, as shown in Figure 6a, is
conscant,

A variation of this antenna is the open-circuited coaxial
(transmission-line) antenna, which is the same as the short-
circuit antenna except that the inner conductor is cut off at
the end of the dielectric and the inner conductor is insulated
from the sea. Since the current at the end of the open circuit
antenna is zero, the current decreases approximately liinearly
from I at the beginning of the antenna to O at the end of the
antenna., Consequently, the dipole moment is I{/2, as shown
in Figure 6b.

The model tank, transmitting and receiving equipment,
and apparatus were placed on a University of New Mexico dor-
mitory roof. Fiqure 7 is a telephoto of the setup showing
the receiving antenna being adjusted. The tank had to be
placed so that any object above the surface of the tank had
negligible reflection coefficient or was several wavelengths
away, in order to prevent reflections from distorting the
field patterns over the surface of the salt water in the tank.
Since an anechoic chamber was not available, the setup was
placed on the roof where the nearest obstacle higher than the
surface of the water was the dormitory penthouse 100*' from the
tank (usually 5 to 50 wavelengilhis from the tank).

When a remote meter was used to indicate the Field strength,
the data taker was at least 20' from the tank. Consequently,

there was no metal or material with significantly iarge
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reflection coefficient above the surface of the tansk for

a radius of over 100°'.
A detailed list of materials and specifications of the

model tank and apparatus is given in the Appendix.

4.0 Experimental Measurements and Results

4.1 Field Components Measured in the Se¢a. The horizontal

electric dipole is used as a transmitting antenna because it
is the most efficient radiator in the sea and the theory des-
cribing the radiation fields from this dipole is well known.
The following Figures 8 through 15 show the conuparison with
various parameters of experimental to theoretical results for
variation of Er and Eﬁ electric field components in the salt
wate_ 0del sea. The important parametexs that are used as
independent variables are: separation between antennas, p;
antenna depth, 2z; relative angular orientation ¢g; antenna
length,Q; and antenna current, I.

Figure 8. One common problem with a finite model of the
earth, used for radiation measurements, is to eliminate all
extraneous reflections from the finite boundaries of the model,
thus eliminating standing waves in the region of measurement.
One convenient method of determining the standing wave pattexrn
on the surface of the salt water in the tank is to iix the
separation between the transmitting and receiv. .y hciizontal
elelctric dipoles and then move the dipoles along the diameter
without changing antenna separation, depth or orientation, If
there is no standing surface wave, éhe detector should show a

constant field strength, regardless of the position of the
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dipoles in the tank. If the transmitting dipole has an input
voltage in the order of a volt and the receiving dipole is
separated far enough to measure a few microvolts, this test
is sufficiently sensitive to check for a standing surface
wave. Figure 8 shows the field strength deviation from the
mean to be less than one microvolt for all s8ituations tested.
For the various frequencies used, the deviation is plotted as
a function of the distance from the edge of the tank to the
midpoint between transmitting and receiving antennas.

If either dipole were positioned a distance less than about
two wavelengths in salt water from the side of the tank, then the
reflections are sufficiently large to cause incorrect field-
strength data. Consequently, the transmitting and receiving di-
poles were always kept far enough from the edge of the tank so
that there were negligible reflections from the side and edge of
the tank, .

Figure 9. A critical test of this modeling system is the
comparison of the absolute value of the experimental to theo-
retical electric field components for a given set of variables.
Figure 9 shows a comparison c¢f the Er and E¢ field components
(1), (2), (7), (8), in the sea as a functioh of radial distance
factor, p = Zwr/xo, thus checking both near-zone fields (p < 1)
and far-zone fields (p > 1). Theoretically, the slope tc¢ a
first order approximation is -3 in the near-zon.; aia is -1
for the Er component and -2 for the Epcomponent in the far-
zore., Consequently, the division between the near-zone and
the far-zone (p = 1), common to both the near-zone and
far-zone components, appears to have a discontinuqus slope.

This never occurs in nature and a second order theory expanded
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about p = 1 indicates [Moore, 1951; Banos, 1954; 195&] that
the slope has continuous derivatives.

The theory is restricted to the case of r >> 2., It is
interesting to note this indicates that the theoretical restric-
tions are more conservative than they need by; because if the
experimental data is compared to the theoretical data for
r 2.2.5 z and r pa 2.59_, then theory and experiment agree re-
markably well.

The experimental Er curve diverges upward from the theoret-
ical curve with decreasing separation between th¢. two antennas:
the reason is (effectively) that the receiving antenna is
moved too close to the transmitting antenna so that the receiv-
ing antenna no longer "sees" the transmitting antenna as a
point scurce, The experimental field components diverge upward
from the theoretical curves with increasing separation between
antennas hecause the field intensity decreases to the noise
level of the receiver.

Figure 10, 11. By varying the frequency of the trans-

mitter, one can model various regions of the near-zone and
far-zone fields. Figure 10 shows the variation of Er field
component with distance factor for frequencies varying from
20 mc/s to 400 mec/s. Figure 11 shows the same results for

E¢ field component. In bot:r figures, the experimental curves
diverge upward from the theorec.ical curve at both ends of the
curves. The reasons are the same as thoee for Figure 9; that
is, (1) as the separation decreases between the transmitting
and receiving antennas, the receiving antenna no longer "sees"

the transmitting as a point source; (2) as the separation
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increases between the antennas, the field invensity decreases
to the noise level, wnich is a constant with increasing
separation,

Figure 12, Examination of (1) through (12) shows that
all field components vary with total depth, z, as exp(-z/§).
Figure 12 compares the experimental to theoretical variations
of field intensity with z. When the field components are
plotted on a semi-log graph, the field components theoreti-
<ally vary linearly with a slépe of -1/6§. The curves diverge
upward from the theoretical curve with decreasinc, field strength
because the field intensity was approaching the noise level.
Since the slope is a function of S, which is a function of o,
then this is also an indirect check on the exponential varia-

tion ¢cr 7.

Figure 13. As shown in Figure 12, the field components

vary exponentially with the total depth, z = 2, + 2.8 that

is, the field components depend only on the sum of the depths
of the transmitting dipole and the receiving dipole and do not

depend on the relative depth of the dipoles. Figure 13 shows

that if z is constant, the field components are independent

of the relative zy and z,..

tions of 2, and zr such that z = z, + Z, is held constant., all

The abscissa shows various combina-

other parametérs are also held constant. The ordinate snows
the deviation from the mean of the magnitude of the £ and E¢
field components. This deviation indicates a random variation
of less than one micro-volt and represents a variation of

field strength of less than 5%.
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Figure 14. Examination of (1) through (12) shows that
all field components vary with the polar angle, g, as cos ¢
or sin ¢, where g is measured from the axis of the horizontal
electric transmitting dipole. Specifically, the Er component
(1) or (7) varies as cos @, and the Ey4 component (2) or (8),
as sin ¢, Since the variations are identical in all four quad-
rants, only the first guadrant variations are shown. Theoreti-
cally these cos ¢ or sin ¢ variations are semicircles, whose
diameters are the maximum magnitude of each field component;:
both theoretical and experimental data have beer normalized by

the maximum magnitude of the theoretical E_ or E¢ component

as the case may be.

The deviation of the experimental curve from the theoreti-
cal curve is caused by the situation that the receiving antenna
did not "see" the transmitting antenna as a point source.
instead as the relative orientation between the two horizontal
antennas changes, then the effective distance between the two
antennas ‘also changed; hence, the distance factor, p , changed
slightly with the variations in ¢. This deviation could be
eliminated by using increased transmitting power and wider
separation between anteni.as.

Figure 15. All field components (1) through (1?7} theo-
reticallv vary linearly with the transmitting electric dipole
moment, M = I, For a finite ~lectric transmitting antenna,
this means that the antenna be proportional to the dielectric
length, £ , and to the uniform transmitting antenna current,

I, such that If = M. Figure 15 shows that the Er component

varies linearly with I and £. The variation of E_ with { is
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not as smooth as it should be, because the driving-point
impedance (13) of the antenna is a function of length. Con-
sequently, the impedance as well as the radiated field changes
with length. This changing mismatch of the antenna to the
transmitter was impossgible to eliminate, In spite of this dif-
ficulty, Figure 15 still indicates that the Er component varies
linearly with £. All other field components measured varied

with I and § in a similar mannexr.
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Figure 9--Variation of —aximum magnitude cf the electric field
components with radial distance in units of free-
space-wavelength/2r
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Figure ll--Variatior of normalized magnitude of th2 electric
field component, Eg4, with radial distance in units
of free-space-wavelength/27.
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Figure 1l4--Variation of normalized magnitude of the electric
field components with polar angle ¢ measured from
horizontal electric dipole axis.
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4.2 FPield Components Measured in Air. In addition to

the Er and E¢ components measured in the salt water model sea,

the Ez, H¢, and H, components were measured in the air over

the surface of the sea. These components were measured as a

function of p > O with all other parameters fixed, including

fixed heiqht,—zr. Thus the receiving antenna passed directly

over the transmitting antenna giving data in the static-zone,
near-zone, and far-zone.

Theoretically there is no difference in the measurement

technique between using the receiving antenna ir the ai~ or in

the sea. However, there is one practical difiriculty involving

the field measurements in air: Any receiving antenna must te

coupled through a transmission line to the field intensity

weter, heance the transmission line distorts the field in the

region near the receiver, This difficulty is avoided when the

receiving antenna is submerged because the transmission line
is 3also submerged; and since the wavelength in the sea is much

shorter than the wavelength in air, there is negligible dis-

tortion of the received signal,
Figure 16. The Ez component in air was measured by

attaching a 16 cm, wire (electric monopole) to the vertacal

plastic rod on the slide blocks (see Figure 4), The slide

block and antenna were kept at a constant height above the

surface and were then moved ridially outward (g = 0; from a

point directly cover th2 transmitting antenna (r = Q). Since

tha field in the static-zone was also measured, the theory

for the normalized E, component is given [Baﬁos, 1953]:
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where the subscript n implies normalization such that

an z. — )
‘Ezln maximum = 1 4t T =2 /2,
z' = z, - 2, 2, < C since 2, is above the surface
(see Figure 2).

Banos has also shown that for the receiver height used in this

model case, the E, component, which is the dominant field

component, varies as 9'2 in the near-zone and p'J in the far-

This is predictable from the expressions for Ez at the
surface, (13) and (14).

zone,

Figure 16 shows the experimental data of Ez as a fanction

vf p compared to the three theoretical expressions for Ez for
the static-zone, near-zone, and far-zone. In spite of the dis-
tortion of the field by the receiving antenna transmission line,

there is still reasonable agreement between experimental and
theoretical data., It is interesting to note that the theories
for the static-zcne and the near-zone do not overlap in the
ranges of validity.

Figures 17, 18. The H¢ and H. components in air were

measured by attaching a 3" diameter loop to the vertical plastic

rod at a fixed height on the slide block. The axis of the loop
was oriented perpendicular an® parallel to the .(ramsmitting

antenna axis for measurement of H¢ and Hr components, respec-

tively. The H¢ anc Hr components were measured as a function

of r with ¢ = 0, for r > 0. Consequently, these two magnetic

field components were measured as r varied from the static-zone
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through the near-zone to the far-zone, The theory for the

normal ized

I ————" .“"""“W"}‘\IWWM“M i MW%

By and H. components [Baﬁos, 1953] are:

e 21, z!
| =2(2- - — r— 20
l ¢|n (r) + (rn- + Z.L).L"TZ ( )
_ (2'y2 z2'y _ - z'
Felo = 22 N\ | P o } (22)

where IH¢ln maximum = 1} 3t ¥ = 0.

BaTios has also shown that for the receiver height used in this

model case, the H¢ and Hr components vary as 9“3 in the near-

zone and vary as p'l and p'% respectively, in thr. far-zone,

Since the tangential magnetic field compcnents are continuous
across the surface boundary, these p variations are predictable
from the exrressions for H¢ and Hr componants in the near-zone,

(4) and (%), and in the far-zone (10) and (11).

Figures 17 and 18 show the experimental data of H¢ and H_

as functions of - compared to the theoretical expressions for

the static-zone, near-zone, and far-zone. As in Figure 1o,

there is no overlap of the theories for the static-zone and

the near-zone. The deviation of the experimental curve from

the theoretical curves is cauted by two effects: (1) the

receiving antenna transmission line distorted the field meas-
ured by the receiving antenna, and (2) the receiving antenna,

when destecting the field in the static-zone and the near-zone

does not "see" the transmittine antenna as a point source.

However, these two disturbances were not severeenouqh to

serjously alter the experimental data in this case,
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5.0 Conclusions

The three results of the experimental work are the follow-
ing:

(1) A laboratory-size model system and a technique were
developed for measuring scaled variations of the electric and
magnetic field components with frequency, properties of the
conducting medium, relative positicn and orientation between
transmitting and receiving antennas, and various model antenna
shapes and designs.

This model requires that the antenna be scaled satisfac-

torily in size and frequency such that the theorv of operation

of the antenna under actual conditions can be used to describe

its operation under scaled conditions. 1If the theory is valid

and the antenna can be physically scaled, then the model system

can be used for frequency scaling (£ £ 400 me/s) .

(2) To determine the capabilities andé limitations of this
modeling system, variations of the E. and E¢ electric field
components, for both near-zone and far-zone fields in the sea,
were determined with respect tc¢ the following variables:

(i) separation between transmitting and receiving
antennas, o0:

(i1) depth of transmitting and/or receiving antennas, z:

(1ii) angular orientation of trsansmitting and/or :eceiv-
ing antennas, ¢;

(iv) length of transmittinc~ antenna, £ ;

(v) dipole current, I;
(vi) conductivity of salt water, o0;

(vii) frequency (for five selected frequencies, giving Sy5
scaling factors, from 2.5 x 10-% to 2.5 x 10-5).
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The results have been graphed and can b2 summarized as

follows:

(1) E_ varies as p"3 in near-zone
p'l in far-zone

E¢ varies as p'3 in near-zone
p-2 in far-zone

(i1) E, E¢' and all other field components vary as
éxp{ ~-z/§) with 5 being skin depth.

(144) E. varies as cos ¢, and E¢ varies as sin &,

(iv) E,, By and all cother field components vary linearly
with I and £ .

(v) The field components vary in a complicated manner
‘7ith £ and 0. These two parameters were not checked
independently, but were indirectly checked during the
other tests, Most of the tests, however, we con-
ducted with £ = 100 m¢/s and ¢ ~ 4 mhos/m. The Ez
and Hz field components in the sea are negligable
compared to the transverse electric and magnetic field
components,

This set of tests was used because the theoretic3il results,
used as a comparison for the experimental results presented
here, have been predicted by Norgorden, Moore, Bafios and Wait,
and are rucepted by investigators in VLF research. The fact
that the theoretical and exrer<mental results agree as well as
they do is strong indication that both are quite accurate,
because the chance that both results can be in such agreement,

and be incorrect, is certainly negligible. There was no

serious deviation of the expérimental data from the theory over
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the wvalid range of variations of the parameters. In fact,
the experimental data agreed with the theory often beyond the
valid range of variations, implying that some of the theo-
retical restrictions are more conservative than necessary.

(3) In addition to the E. and E¢ components in the sea,
the H¢, H, and Ez components for the static-zone, near-zone,
and far-zone fields in the air were measured as a function of
p, all other parameters being h2ld constant. The results have

peen graphed and are summarized as follows:

Ez varies as: »p in static-zone, indepencent of
iredquency; and reach2s a maximum
at r = z'/2.

p'2 in near-zone,

p'l in far-zone.
H¢ varies as: constant in static-zone, independent
of frequency; and reaches a maximum
at r = 0.
82 in near-zore.
01 in far-zone.
Hr varics ag: constant in static-zone. independent
of frequency; and reaches a maximum
at r = 0.
9'3 in near-zone.
p"2 in facr-zone,
The experimental data agreed reasonably well with the theo-
retical data over the ranges of validity. Some f£ield dis-

tortion was caused by (1) the receiving antenna transmission

line coupling the antenna to the receiver, and (2) in the




R,
am e PHRENS WW%WMWW%WMW ol %%@;&m%

43

static-zone the antennas were too close together for the

transmitting antenna to appear as a point souxce,

This model, while not at all new in concept, may be
used effectively to measure scaled propagation patterns and

impedances of various submerged transmitting antennas., The

principal advantage of this model system is its small (labora-

tory) size, hence: one can expect relatively easily controlled

experimental variables, smaller antennas, lower power require-

ments, and probably less expense than in the case of a larger

model or full scale experiment. The principal cisadvantage

is the high frequency (small scaling factor), hence: some

antennas cannot be modeled at such a high (VHF) frequency and

the theory describing the VLF radiation from the antennas may
not be vaiid at VHF.
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Details and Specifications of Model

- e

: Tank: 11.5' diameter x 2°¢ deep.

tank wall: Five weatherized masonite panels, 1/4" x 2

x 8*', bolted together.

tank liner: Polyethelene liner, 0.08" thick, fabricated

for a cylindrical tank 12' diamete. x 2.5
deep.

capacity: 208 cu. ft., 1550 gallons; 7-1/2 tons of

salt water.

soluiions: Variation of conductivity from 3 mhos/m to

5 mhos/m; i. e., from 400 to 500 1lbs of

granulated 99.¢% NaCl dissolved in watecr,

Crossbeam: Choice redwood beam, 2" x 4" x 16', supported

by two end frames constructed from 2" by 4" pine,

Slide blocks: Constructed from nylon and phenolic plastic

stock.

Pulley System for positioning slide blockes: Constructed using

nylon pulleys and 1/8" nylon cord,

Coaxial antenna: Constructed from ke 142/C coaxia.. cable.

iuner conductor: Silvered copperweld; diamet..,

a =0.912 mm.

dielectric: Teflon (e, = 2.06); diameter, b =2.94 mm.

outer conductor:

b/a = 3.24

Silvered copper braid.

4y
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insulation: Tape moisture seal, single fiber glass.
braid: Silicone-varnish impregnated.
characteristic
. impedance of
cable:

zo = 50 ohms.

overall diameter: 5.23 mm. (nominal).

woy e oy umw-nmmwmwmmwm‘ﬂmﬁﬁ Wmmey'ﬁ%;"” gﬁ#‘ i
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Transmitting equipment: (1) Hewlett-Packard VHF signal

generator model 608c (freq. range 10-480 mc/s; maximum

pover out, 20 mw = 1 volt across 50 ohms); (2) General

Radic VHF signal generator mcdel 1021 (freq. range
40-250 mc/s; maximum power out, 80 mw = 2

= Z volcts across
50 ohms.)

Receiving equipment: Stoddard Aircraft VHF radio inter-

ference field intensity meter model NM-30A (freq. range

20-40C me/g; maximum sensitivity one microvolt across

50 ohms). Remote meter was used with 20' connecting

cable,
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