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Scale-model experiments were conducted to determine
the radiation pattern in air above horizontal insulated-wire
antennas submerged in seawater. Radiation patterns were
measured over a wide range of frequencies for both end-
exposed and end-sealed antennas that varied in physical
lengths from 2 to 16 feet. Antenna cables with ratios of
dielectric diameter to conductor diameter of 3.6 and 11.2
were used for the measurements.

The results showedthat the radiationpattern in air was
a figure eight for all antennas of electric length less than
1/4 wavelength. The major lobes of the pattern were axial
to the antenna. As the antenna length was increased to 3/4
wavelength, the lobes of the figure-eight pattern began to
splitwith reduc ed field strength in the direction ofthe
antenna. The ratio of dielectric diameter to conductor
diameter didnot affect the shape of the patterns. The change
or split in the lobes of a figure-eight pattern is explained
in terms of the phase angle introduced by the difference in
propagation constants between air and the antenna
dielectric. These results applied to both end-exposed and
end-sealed antennas.
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FIELD PATTERNS OF HORIZONTAL-WIRE ANTENNAS b
SUBMERGED IN SEAWATER ot

INTRODUC TION

.Studies of electromagnetic wave propagation in salt water show that to establish radio
communications between completely submerged locations will require an antenna unique in
its physical and electrical characteristics (1). The analysis of the composite propagation
path of seawater and air at frequencies in the vif range has shown the horizontal insulated-
wire antenna to have many essential properties for a submerged radiator. This antenna
has been investigated to determine the parameters for optimum design.

The insulated-wire antenna is simply a copper conductor encased in a dielectrical
material and submerged in salt water in a horizontal position. Two types of antenna can
be constructed, the end-exposed and the end-sealed type. The end-exposed antenna has
the conductor at the far end exposed for a sufficient length to insure adequate contact with
the seawater. In the end-sealed antenna, the inner conductor is insulated from the seawater
by dielectric material over its entire length.

Theoretical expressions for input impedance of the two types of antennas have been
developed, and were verified by experiments conducted on a scaled-model basis (2). The
values of impedance for antennas of practical dimensions were such as to represent a good
load for either receiver or transmitter equipment. In choosing between the two types of
antennas on an impedance basis, the end-exposed antenna is the better since short lengths
have an inductive impedance, which simplifies the problem of obtaining a good match to the
equipment.

The radiation and reception properties of the horizontal-wire antennas have also been
expressed by theoretical formulas and these have also been substantiated by scale-model
measurements (3). The results showed that the inducted voltage for reception, or the
radiated field for transmission, increased with increasing antenna length. Maximum
values were reached at 1/4 wavelength and 1/2 wavelength for the end-exposed and end-
sealed antennas respectiveiy. It was also shown that end-exposed antennas as short as
1/10 wavelength were still efficient radiators, indicating low loss resistance. The end-
sealed antenna of this short length was inefficient. Since practical application would
require the antenna to be short in physical length, the end-exposed type would again be
the better antenna.

To complete the analsyis of the submerged horizontal insulated-wire antenna, a series
of experiments was conducted to determine the radiation field pattern in air and the factors
influencing the pattern. These measurements were made on a scaled-model basis.

THEORY

A submerged insulated horizontal-wire antenna radiates in a manner fundamentally
similar to that of an antenna in air, with a field pattern in the water essentially omni-
directionala. The attenuation of the radiated energy as it is propagated through the water
is an exponential function of the distance traveled. This rapid increase in attenuation
limits, for all practical purposes, the range that can be achieved through a seawater path
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to less than 100 feet. However, a wave front lying within about one degree of normal to the
surface penetrates the seawater-air boundary and propagates into the air., This phenomenon
provides the only means of obtaining radio communications over an extended range. The
antenna must be submerged to depths not greater than 10 feet since the attenuation in the
water would become excessive. Two distinct radiation patterns therefore exist for a sub-
merged antenna; one occurs totally in the water medium, and the second is produced by

the field penetrating the interface. Since the seawater-air propagation path is that used

to obtain an extended range for the system, the pattern in air is the more significant and

is normally the one considered in defining the pattern of a submerged antenna.
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The part of a wave front that penetrates the seawater-air boundary spreads out or
diverges from an angle of one degree width in the seawater to nearly 180 degrees in air.
The ratio of the energy density in air to that in water is defined as the refraction
coefficient (1). Refraction at the surface produces a change in the polarization of a wave
which has an influence on the pattern.

In considering the polarization effects on a pattern, the area over which the pattern
will be determined must be specified. The system considered here is concerned with
only that portion of the refracted energy which has its propagation path directed along the
surface. In practice this means the reception point would be located either on or beneath
the surface, rather than high above the surface. The pattern for this condition corresponds
to the horizontal pattern for antennas in air.

A radio wave emanating from a submerged horizontal-wire antenna is polarized in
the plane of the antenna. The part of this wave that propagates along an underwater path
nearly normal to the surface and then along the surface in air has a change in the direction
of propagation of nearly 90 degrees. There must also be a corresponding change in the
plane of polarization. Since the initial field in the seawater has the E vector in the direction
of the antenna, then the field that is refracted broadside to the antenna would be horizontally
polarized. The field that is refracted along the axis of the antenna would be vertically
polarized. Thus, the field strength pattern in air along the surface for the vertically
polarized wave would have a figure eight shape with the maxima in the direction coaxial to
the antenna. Vertically polarized elements of the wave front are of practical importance
since they propagate at the seawater surface with normal inverse distance attenuation while
the horizontally polarized wave attenutates more rapidly.

The total field at a distant point in air is composed of a vector summation of wave
elements emanating from the total length of the antenna. FEach of these wave elements
travels a slightly different path, causing a phase shift in the vector summation at the
reception point. This can be explained by Fig. 1 which shows that energy from point (A)
travels a very short distance along the antenna before it penetrates the surface where it
propagates in air the distanee (r) before reaching (P), the point of reception. Energy
from point (B) travels the full length of the antenna (y), before it penetrates the surface
where it propagates in air the distance (r') before reaching (P). The distance (d) that
each wave travels through the water is equal, and therefore, can be eliminated from this
analysis. The propagation constant for the antenna path differs from that in air by about
3 to 1. This difference produces a phase shift which can be expressed as:

® = ¢ -D, (1)
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where

® = phase shift o
2 = electrical length of antenna in seawater

D = electrical length of thedifference in paths in air.

AIR =]

4 SURFACE

d d
SEAWATER

= —

A B \
je——— 0 ——= N ANTENNA

Fig. 1 - Schematic showing difference in propagation path

As seen by Eq. (1), the magnitude of the phase shift is dependent on the antenna
length. Electrical lengths of 1/4 wavelength or less produce a small phase shift which
will not alter the figure eight pattern. For antenna lengths greater than 1/4 wavelength
the phase shift in the vector summationbecomes important, reaching 180 degrees at
points coaxial with the antenna for an antenna length of 3/4 wavelength. Thus, as the
antenna length approaches 3/4 wavelength a split occurs in the lobes of the figure-eight
pattern with a minimum field strength axial to the antenna.

The two factors, therefore, that influence the horizontal radiation pattern in air of
a submerged insulated-wire antenna are the refraction at the surface and the phase shift
between the air and antenna path. These factors apply equally to end-exposed or end-
sealed antennas. Although this discussion has been based on waves emanating from
submerged transmitting antennas, it can be shown that identical patterns exist in air
for submerged receiving antennas with a plane wave propagating over the surface.

EXPERIMENTAL MEASUREMENTS

Measurements were made to obtain experimental data on the horizontal radiation
patterns in air for submerged insulated-wire antennas. To provide controlled con-
ditions and simplicity in techniques, the experiments were made on a scaled-model
basis. An area to the south of the Naval Research Laboratory was selected as the site
for the model range.
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Installation

An isometric drawing of the model-range installation is shown in Fig. 2. Two tanks
(one 18 feet long, 30 inches wide, and 16 inches deep; the second 8 feet long, 30 inches
wide, and 16 inches deep) were included. A solution of ammonium chloride which pro-
duced a conductivity of 50 mhos per meter was contained in the tanks. Inasmuch as the
conductivity of seawater averages about 4 mhos per meter, the scaling factor of the model
range was approximately 12 to 1. A wire-mesh screen was employed to provide a con-
tinuous ground path between the solution in the tanks and ground. Shielded cubicles were
located at the end of each tank as a place for measurement equipment. A detailed descrip-
tion of the model range can be found in Ref. (1).

CONCENTRATED SALT SOLUTION
both tanks 3

Fig. 2 - Isometric drawing of scaled-model range

A Navy Model TBE transmitter was installed in the shielded cubicle at the 18-foot
tank. A short tube between the cubicle and the tank provided a shielded path for feed
lines to connect to the antenna.

Measurements in air of absolute field strength were made with an RCA 308-B field-
strength meter. An Electronic Instrument Corp. portable field-strength meter was used
to measure relative field strength.

SECRET
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Scaled-Model Antennas

Radiation patterns from a submerged insulated-wire antenna were measured, over [~
a frequency range, for various antenna lengths and for various ratios of over-all antenna oo
diameter to conductor diameter. The antenna length was varied in steps of 2 feet, from
16 to 2 feet for the end-exposed antenna and from 16 to 4 feet for the end-sealed antenna.
These lengths correspond to full-scale antennas varying in length from 192 to 24 feet.
Antennas of lengths less than this are inefficient because of a predominant loss resistance.

To obtain a variation in the ratio of the over-all diameter to the conductor diameter,
three different antennas were selected. The three antenna cables were made by strip-
ping back the vinyl covering and copper shield of RG-58/U, RG-5/U, and RG-63/U coaxial
transmission lines for the desired length. The physical constants of these three antenna
cables are listed in Table 1. The antennas selected for these experiments had sufficient
range in the ratio of over-all diameter to conductor diameter so that the significances of
the dielectric thickness could be determined.

TABLE 1
Dielectric and Conductor Diameters for
the Various Antennas

Type of .Conducto_r Over-AH. Ratio
Antenna | Diameter (in.) | Diameter (in.)

RG-5/U 0. 0508 0.185 3.64
RG-58/U 0. 0320 0.116 3.63
RG-63/U 0. 0254 0. 285 11. 20

A four-foot section of transmission line of the same type as that from which the
respective antennas were formed, and continuous with the antenna, was used as the feed
line. The outer conductor of the four-foot section was carefully grounded to the salt
solution to provide ground return.

Measurement Procedure

Measurements of three quantities were necessary to obtain the desired information
about the horizontal pattern in air from a submerged antenna. These quantities are:
(1) the input impedance of the submerged transmitting antenna, (2) the current feed into
the transmitting antenna, and (3) the horizontal pattern of the field in air around the
antenna. Measurements of these quantities were made at frequenciesof 1, 2, 4, 6, 8, and
10 Mc using the three antennas described in the previous section, both end-exposed and
end-sealed. Since variation in the depth of an antenna does not affect the pattern in air,
all measurements were made at a fixed depth of 1 inch.

The Navy Model TDE transmitter supplied energy to the antenna through the 4-foot
transmission line, When necessary, a series capacitor was used to permit proper loading
to the antenna. The r-f current into the 4-foot feed line was measured with calibrated
ammeters.

SECRET
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The input impedance was measured with a standard r-f bridge, General Radio Model
916-A. These measurements were made at the transmitter end of the feed line, the point
at which the current was measured. Power input was then calculated from the known cur-
rent and input resistance.

Field intensity measurements of the vertically polarized wave were made on a circular
path of 200-foot radius with the center at the mid-point of the antenna, The RCA 308-B
meter was used to obtain absolute values of field strength axial to the antenna. The
Electronic Instruments Corporation portable field intensity meter was used to obtain
relative values of field strength at fixed points along the circular path. These readings
were converted to absolute values based on the data recorded by the 308-B. Field strengths
were measured for only one fourth of the circular path since, by symmetry of pattern, the
data obtained in the remaining three quadrants would be identical. Measurements were
made at 0, 22, 45, 67, and 90 degrees at 200 feet.

Data and Results

The measured data of impedance, antenna r-f current and absolute field strength at
the 0-degree position are presented in Tables 2, 3, and 4 for RG-5/U, RG-58/U, and
RG-63/U antennas respectively. The power as calculated from the antenna current and
resistance is also shown in the three tables. Measurement difficulties caused by extreme
impedance values blocked efforts to obtain data under certain conditions corresponding to
the blank portions of the tables.

Before the absolute field strength values shown in the tables could be used to calculate
the field patterns these had to be standardized to constant power for each measurement.
One hundred watts was chosen arbitrarily as the standard and all data were corrected
accordingly.

Attenuation for a given depth and refraction at the interface are functions of fre-
quency (1). In order to analyze the pattern data only for effects caused by the antenna
and propagation conditions, the frequency effects of attenuation and refraction were cal-
culated and eliminated. It should be noted in the pattern graphs that the magnitude of the
field intensity is changed from microvolts per meter to volts per meter.

Another factor to consider is the effect of measuring current and impedance at the
end of the 4-foot feedline rather than directly at the antenna. Since the measurement
frequencies were 10 Mc or below and the line length involved was short, a correction was
made only for the action of the line as a perfect transformer.

On the basis of the corrected value of absolute field strength at the 0-degree position,
field patterns were calculated from the relative values measured by the Instruments
Corporation meter. In Appendix A, Figs. 3A to 22A, the corrected pattern data is shown
in polar plot at the various frequencies for which each antenna was measured.

A figure-eight radiation pattern was measured for all antennas of electrical length
less than 1/4 wavelength, either end-exposed or end-sealed. The ratio of the inner-
conductor diameter to the over-all diameter did not significantly alter the shape of the
pattern. The level of field intensity is a function of the antenna radiation efficiency (3).
This factor proportionately reduces the pattern but does not appreciably change ti:e shape.
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For frequencies at which the electrical length of the antenna exceeded 1/4 wavelength,
patterns were found to have a minimum axial with the antenna. These results are shown in
Appendix A, Figs. A-3, A-4, A-9, A-12, and A-17. In each case the antenna length was
approaching 1/2 wavelength, indicating that at this length the phase angle defined in the
theory section had become sufficiently large to influence the pattern. The scaled-model
range was not designed to permit measurements of 3/4-wavelength antennas for determining
maximum effect of phase angle. The data presented, however, are sufficient to verify the
existence of the phase-angle effect and to predict the resultant pattern.

CONCLUSIONS

For the vertically polarized wave in air, a figure-eight radiation pattern exists for
all submerged horizontal insulated-wire antennas if the length is no greater than 1/4 wave-
length. For frequencies or antenna physical lengths such that the electrical length of the
antenna is 1/2 wavelength or longer, the single lobes of the figure-eight pattern start to
split, resulting in reduced field strength in the direction of the antenna. Since a figure-
eight pattern represents gain in the direction coaxial with the antenna, the antenna length
in practice should not exceed 1/4 wavelength.

* ok Xk
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APPENDIX A
Antenna Radiation Patterns

Figures A-1 through A-20 show the horizontal radiation patterns of submerged hori-
zontal insulated-wire antennas as the patterns would appear in air above the antennas.
These patterns show the effect of variations in frequency, antenna length, and ratio of
over-all antenna diameter to conductor diameter. The data have been corrected for the

frequency effect of the conducting medium. All results were obtained on a scaled-model
basis.
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Fig. A-11. Twelve-Foot End-Exposed
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Fig, A-10. Sixteen-Foot End-Exposed
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Fig. A-16. Twelve-Foot End-Exposed
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Fig. A-18. Four-Foot End-Exposed
RG-63/U

Fig. A-17. Eight-Foot End-Exposed
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Fig. A-19. Sixteen-Foot End-Sealed

RG-63/0
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Fig. A-20. Twelve-Foot End-Sealed
RG-63/U







