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Experiments were performed to measure field strength at a frequency of 18.6 kilocycles
per second in fresh water of conductivity 2.66 < 10~3 mhos/meter down to depths of 1,000 feet

using monopole and loop antennas.

The experimental results verify the theoretical values

of field strength attenuation with depth for all antennas and of the ratio of vertical to
horizontal field strength for the monopole antennas.

1. Introduction

The theoretical relationships of field strength in
air and in the conducting medium for different
antennas imbedded in the semi-infinite conducting
medium have been presented by different authors
[1to 7.4 M. B. Kraichman [8] has presented experi-
mental results of the measurements of magnetic field
strength in air for the various dipoles and loops im-
mersed in a concentrated sodium chloride solution,
which are in agreement with the above-referenced
theoretical work. His experimental results, however,
are limited in the horizontal range to a distance of
over a wavelength in the conducting medium but a
fraction of wavelength in air. Experiments are now
in progress at Boeing Airplane Company to verify
the theoretical results of electric field strength in air
and in the conducting medium for the horizontal
electric dipole in salt water for distances of several
wavelengths in air.

Unfortunately the model-scale experiments per-
formed in a laboratory are generally limited in
scope due to the small dimensions of the tank, lead
lengths, and the scaling factors that are introduced
to fit the experiments to the limited space. There-
fore full-scale experiments were performed. They
are described briefly in this paper.

The experiments were performed at Lake Chelan
in the State of Washington during the summer of
1959. The attenuation of field strength for different
antennas down to depths of 1,000 feet was measured,
and the field strength relationship between the hori-
zontal and vertical monopoles was established experi-
mentally. The conductivity of the water was
2.66 X 107% mhos/meter, which is comparable to that
of the ground. The large size and great depth of
the lake simplify considerably the experiments with
regard to configurations and orientations of the
antennas.
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The signals were received from the U.S. Navy
Radio Station (7') Jim Creek, Oso, Washington, at
a frequency of 18.6 ke/s. The field strength at
different places on the surface of the lake was
nearly 40 millivolts per meter.

The antennas tested were a 10-ft loop with 15 turns,
a 6-[t loop with 15 turns, and a 36-[t short-circuited
coaxial antenna with 88-ft bare wire for grounding
to the water. The short-circuited coaxial antenna
consists of an insulated section and a bare-wire
section for grounding to the water [2]. All antennas
were made of wire gage No. 4 with neoprene insula-
tion.

2. Theoretical Results

The theoretical results of field strength for the
electric and magnetic dipole antennas imbedded in
the conducting medium are of the following general

form:
v=CPy(f, o) exp. {—2/6}h(, 1, 9).

(C'=a constant,

P=clectric or magnetic dipole moment,
o=conductivity in mhos/meter,
z=sum of depths for the transmitting and the

recelving antennas,
0=|2/wues]*t, skin depth,
f=frequency,
r, ¢=range and azimuth.

While the theoretical results involve different
assumptions in the solution, they all suggest that
the field strength attenuates exponentially with
depth for the different antennas in the conducting
medium. The exponential variation, furthermore,
1s invariant to the mode of excitation and reception
for the antennas, as long as the distances involved
are much greater than a skin depth [5]. The
behavior of appropriate electromagnetic waves,
therefore, is similar to that of a plane wave propagat-
ing in the conducting medium. For attenuation
measurements in the lake water, therefore, only the
relative amplitude of the electromagnetic wave was
measured and is of importance.
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The ratio of vertical to horizontal component of
the electric field strength in the conducting medium
for a plane wave propagating along the interface is:

n:Ev/En: (wGO/{U]I/Z'

For a wave propagating in water, the vertical
component is negligible compared to the horizontal
component of electric field strength. The index of
refraction of water is determined by the conductivity
and is large compared to that of air. The direction
of propagation of a wave in the water, therefore, is
nearly vertical [9].

3. Experimental Apparatus and Procedure,
and Results

3.1. Apparatus and Procedure

The apparatus consisted of a wooden raft, a small
boat, a tank, antennas, and the receiving equipment
consisting of batteries, converter, recorder, and a
timer. The metal tank was used to accommodate
the receiving equipment and could withstand pres-
sure down to water depth of 1,500 ft. The test
antennas were kept at a distance of nearly 12 f{t
from the tank. The tank and antennas were
supported by a nylon rope from a wooden raft.
A barge was used only to handle the weight of the
tank when the latter was out of the water. During
the experiments, however, the barge was taken
away and kept at a distance of at least 2,000 ft
from the test site. The timer inside the tank was
set to start the receiving equipment approximately
12 min before the end of each hour and to shut off
the equipment a few minutes past the hour. During
the equipment-on period, the signals from the Naval
Radio Station followed this sequence: a period of a
few minutes with no signal followed by a period of
approximately 5 min with e¢w power. During the
cw signals, the antenna depth was varied with the
rope on the wooden raft. The signals were also
monitored in the air with another receiver on the
raft to notice possible variation in field strength and
to check the period of ew power from the radio
station.

3.2. Experimental Results

The attenuation of field strength with depth for
the monopole and the loop antennas are presented
in figure 1. The field strength follows an exponen-
tial law as E=1I, exp. {—z/6}. At one skin depth
(72 meters for this case), for example, the field
strength decreases to 1/e of its value at the interface
of air and water. The field strength, furthermore,
decreases to 4o and Yoo of its interface value at the
depths of 164 and 329 meters respectively.

The vertical component is smaller than the hori-
zontal component of the field strength. The exper-
imental ratio of vertical to horizontal components
is 0.0141, 0.0138, and 0.0149 for the respective depths
of 3, 10, and 50 meters.
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Attenuation of field strength with depth for the
electric and magnetic dipole antennas.

Frcure 1.

4. Discussion of Results

The experimental values of field strength with
depth correlated closely with those of theoretical
values represented by K=FE; exp {—z/6}. Precau-
tions were taken to keep metal objects, including the
barge, at least a few thousand feet away from the
test site and the wooden raft. In order to avoid any
questions about the transmission of the signal over
lines or wire, only nylon rope (no wires) was used to
lower, raise, or handle the receiving equipment in
the water.

The theoretical ratio of vertical to horizontal com-
ponents of the field strength in the conducting
medium 1s 0.0197 for the frequency of 18.6 ke/s and
conductivity of 2.66X107* mhos/meter. The ex-
perimental values are lower than the theoretical
results and are presented in table 1.

TaBLE 1.—n, Ratio of vertical to horizontal component of E in

water
Depth in | Experimental | Theoretical
meters n n
3 | 0.0141 0.0197
10 | L0138 L0197
50 ] . 0149 L0197

The discrepancy of 20 to 30 percent could have
been caused by the change of azimuth angle and test
site during experiments. The strong winds, partic-
ularly during these tests, on the lake could easily
have moved the raft at least a mile away from the
original test site. The change in both the azimuth
angle and test site can influence results; the former
because of transmitter location and the latter be-
cause of the variation of field strength with location
at the surface of the lake.



5. Conclusions

The experimental results for the attenuation of
field strength with depth for the different antennas
correlate with the theoretical results. The experi-
ments, furthermore, verified the theoretical results
that the horizontal electric antennas are superior to
the vertical antennas for reception, and also for
radiation (by reciprocity theorem), in the conducting
medium.
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