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it was found that the electrod. antenna had at resonance (250 MHi) an impedance of 170 ohms,
a radiation resistance of 0.37 ohms, a power pin of -18 dBi into a 60 ohm load (-16.6 dBi Into a
170 ohm load), and a 3 dB paisband of about 140 MHz compared to the Lot antenna's properties of
-9.7 dBi static gain and 11.6 MHz pawband. At Incidence angles dose to vertical the frequency response
of the electrode antenna Is desclribed well by the expresslons deovloped in the text.

Reference mhterial Is cited to support the contention that the dynamical performance of the
electrode antenna (while In tow) cannot be accurately predicted on the basis of static measurelrrnts
alone. Nevertheless, besuse of the 7 dB advantage in static lain that the slot antenna exhibits over the
electrode antenna, it is unlikely that the electrode antenta will offer an advantage except when band.widths much greater thon 10 MHz am requird.
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EXPERIMENTAL DETERMINATION OF THE STATIC
PROPERTIES OF A TOWABLE VHF-UHF HORIZONTAL ELECTROBE ANTENNA

INTRODUCTION

Radio frequency transmissions in the VHF-UHF band that are of
practical interest to submarines fall in the frequency range of 150
to 400 M1lz. Short range comunications, not involving satellite
r~lays, are conducted over the entire range of 225 to 400 MHz.
Comunications relayed by satellites are conducted over the band of
250 to 300 MHz, and navigational information is radiated at 150 and
400 Mliz. A new navigation satellite system, the HAVSTAR Global
Positioning System (GPS) that will be operational by 1984, oill
transmit at 1228 and 1575 MHz. For reasons that will be apparent in
the following material, the GPS system is too high in frequency to

* be useful with a buoyant cable antenna system of the type described
in this report.

Communication to deeply submerged submarines in the 150 to 400
M band mast be conducted with an antenna that is deployed above or

within a few centimeters of the ocean surface because of the high
attenuation rate of RF power with depth (5.5 dB/cm at 250 MlHO). It
is unlikely that an information rate of 1/6 bit/sec can be main-
tained at 250 MHz below a depth of 5 cm at towing speeds of 2
meters/sec or greater with the types of antennas considered in this
report.

Although the highest data rate and greatest reliability are
obtained with the antenna above the surface, a submarine on a
strategic misaion must maintain its covertness by minimizing the

i •visibility of its communications antennas. This strategy may be
pushed to the point where the antenna is far-removed from the

* submarine by means of attachment to a long buoyant transmission line
or to a communications buoy towed by the submarine. T.e design of
the antenna element can be tailored so that the minimum visi'Aility
ia achieved consistent with a given performance requirement.

Candidate antennas for this application include:

(a) vertical, inclined, or horizontal elements intetoed
for use above the surface, and

Nt*: Manuscript submitted March 3, 1979.
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(b) horizontal elements designed for use at and below the
sur face.

Antennas of type (a) are usually monnted on the top surface of a
buoy that is towed just below the ocean surface. Small vertical
elements tapoke wheels) have also been used with moderate success at
the end of a buoyant transmission line. The less visible antennas
of type (b) include the horizontal eleetrode antenna and the slot
antenna.

Horizontal electrode antennas, al.o referred to as trailing wire
antennas, have been studied rather extensively in the past for use
at frequencies below 200 MHz. Basically, such an antenna consists
of a section of insulated conductor fed at one end by a coaxial
transmission line. The coaxial braid of the transmission line makes
electrical contact with the seawater at the feedpoint; the far end
of the insulated conductor can either remain insulated or be
terminated in the seawater with anothier electrode.

A slot antenna suitable for use near 250 MHz can be constructed
using an overlapping shell of copper foil wound on an insulating
core of about 1.6 cm diameter. A longitudinal slot is formed by
separating the two layers of foil in the overlap region by a thin
dielectric. Experimental slot antennas have been analysed,
constructed, and tested by the Massachusett. Institute of
Technology, Lincoln Laboratory, (MIT-LL) [l,2].

The purpose of this report is to determine the sensitivity
(static power gain), frequency response, and spatial patterns for
a horizontal electrode antenna that has been optimized for perfor-
mance at frequencies noar 250 MHz. These characteristics will then
be compared with those of a typical slot antenna in order to provide
a basis for the choice of antenna types for strategic submarine
communications. The static pr.,:erties of an antenna are not
sufficient to predict the comunication performance when the antenna
is towed, as is well exemplified in rIl. Therefore, complete
characterization of the dynamic characteristics of the horizontal
olectrode antenna requires an additional experimental program
involving measurements conducted with the antenna towed in an ocean "
environment.

The remainder of the report is grouped into a section that
discusses the characteristics of the horizontal electrode antenna,
including physical description, impedance, spatial pattern, power
gain, and frequency rcsponse; a section that discspsps moasurement
technique; and sections that present the results and conclusions.
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CPAtAMTBRISTICS OF Till[ ORIIONTAL MLECTRODE ANTVINA

Physical Description

A photograph of the antenna coistructed for the experiments is
shown in fig. 1. The components are identified sot

Ti RG-214 coaxial transmission line

at Ring-shaped metallic electrode that is electrically
connected to the shield of the transmission tine

It Dielectric insulating material (Emerson and Cuming C•COFOAM
FP closed cell polyurethane foam)

N: Coaxial nylon rod that extends inside the antenna to the
point 1.

The internal construction of the antenna is shown in Figs. 2 and 3,
which show the components assembled in one half of the aluminum mold
used to cast the polyurethane foam insulating jacket. Pem point A
(Fig. 2) to the ring electrode the nylon rod is reduced in diameter
from 1.27 cm to 0.95 cm and is covered with several layers of 0.005
cm thick copper foil, which is soldered to a splayed nest of wires
"from the strsnded center conductor of the transmission line. A
closer view of this area is given in Fig. 3. The spacers are made
from precast sheets of polyurethens foam A' the sam* composition as
used in the final cast. The overall length of the antenna is 76 cm,
the length of the inner copper foil element is 37.5 cm, and the
diameter of polyurethane foam jacket is 3.18 cm. The use of a
cylindrical shell conductor instead of a simple extension of the
central conductor of the transmission line results in a lower
antenna resistance (170 ohm) at resonance. Reduction of the
resistance at resonance to the vicinity of 50 to 75 ohms, a
desirable range from the standpoint of matching to transmission
lines and amplifiers, requires a substantial increase in diameter of
the inner copper foil element. No attempt was made to construct a
30 ohm antenna since there was an a priori decision to limit the
overall diameter to 3.18 ca. Decreasing the thickness of the
insulating foam Jacket in order to accommodate a !arger diamete. for
the inner element would have resulted in a lower antenna efficiency.

mlpedance

The input impedance of the horisontal electrode antenna can be
calculated by analyzing the antenna configuration as a losey coaxial
transmission line. The seawater, which acts as the outer coaxial
conductor, is characterised by a complex dielectric coastant that
can be calculated from the conductivity and relative dielectric
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constant of the medium. The analytical procedure is documented in
detail by Flath and Norgorden r3l and, in somewhat Its& detail, by
Fessenden and Cheng f44 , and 'envick and Weeks 151. Strictly
speaking, this procedure for calculating impedance is valid only
when the antenna is fully submerged in the water, but, as will be
seen from actual measurements presented under RESULTS (rigs. II and
12) is sufficiently accurate near the surface.

Scomputer program was vritten using the formulation of Flath and I
Horgorden to compute the frequency dependence of the impedance for

the horizontal electrode antenna. The results are shown in Fig. 4
using the physical dimensions previously given for the antenna, a
dielectric constant of 1.6 for the polyurethane foes. and a condt-c-
tivity of 4.2 mho/m for the water.

Spatial Pattern

Figure 5 shows the relationship of the perpendicular field
components % and go to the coordinate system used it, this report.
The S-field vector of a wave incident with plans polarisation can be
completely resolved into Eg and Acomponents. A hnrisontally
polarised wave will have only an component, ad a wave with
polarization in the plane of incidence (vertical plane polar-
ization) will have only an Ep component.

Mathematical expressions for the variation of the electric field
strength with distance and direction in the far field above the sea
surface have been derived by Biggs r6l and Biggs and Swarm t7l for a
submerged horisontal dipole of infinitesimal length. The expressions
for Ze and r. were integrated over the 37.5 ca antenna length using
the currentistribution given by Fenvick and Weeks [51 for an end-
fed antenna. The ititegrationu were carried out numerically on the
KRL ASC (Texas Instruments) computer using double precision arith-
metic (64 bit accuracy), These computations were used to determine
the gain patterns that are plotted along with the measured data
presented under RESULTS.

Numerical values of the theoretically calculated normalized
field constants Cr% /1 2 and r40/112 are presented in Table 1.
The magnitude (in volts/l) of E or produced by the antenna at a
distance r by a feedpoint current I is given by multiplying the
field ratio implied by a given entry in Table I by the value of l/r
(in amps/meter). An asymmetry exists for the % pattern in the

00, 1800 directions because the antenna is end-fed; tl'is
effect becomes more significant as the frequency is increased.

4



TABI.5 1 - &-FIZLD RADIATION CONSTANTS FOR ILKLCTROD ANTENHNA

S[rre/) 2 (ds//l Volt/Amp)

200 MNHa 250 MHz 400 M411.

* 0 (0-0) (4-180) (0-0) (0-180) (0-0) (00180)

0 14.40 14.40 21.06 21.06 7.78 7.68

15 14.25 14.44 20.74 21.23 4.36 11.37

30 14.00 14.39 20.31 21.26 6.94 13.76

45 13.68 14.22 19.78 21.13 8.65 15.11

66.4 13.01 13.73 18.06 20.62 10.23 15.63

85.7 9.68 10.46 15.14 17.05 6.67 11.75

r%/z2 (dE//i Volt/Amp)

200 1411: 250 MHz 400 1Hu

0 (0-90, 270) (0-90, 270) (0av90, 270)

0 14.40 21.06 7.68

15 14.11 20.77 7.30

30 13.19 19.65 6.32

45 11.49 18.15 4.57

66.4 6.64 13.32 -0.29

85.7 -7.81 -1.12 -14.72

Radiation Resistance

The radiation resistance Rr of the horizontal electrode
antenna was determined by integrating the 30 and o field constants
ovev 4 t steredians:

2" "7/2

I r *+;r 120"{Cr"(e(.o)/192 + rrE0 (O.0)/1]21snPd 0do (1)

0-0 0- ~2
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In Eq. (U) the ,ntenna is assumed to be lying on the ocean surface
so that the fields vanish over the lower half spisce. Recognition of
the factor of 120 " as the impedstce of free space is necessary to
obtain the dimensions of resistance. The validity of Eq. (1) can be
demonstrated by the following Iiie of reasoning. The total power W
radiated by the antenna with feedpoint current 11 is given by

substituting Eq. k!) into Eq. U) gives

Sr ~' E E�'s$n " d P d •r , 4r' (3)

where Z., is the impedance of freo space, the quantities with a bar
above represent averages over 4- steradians, and P is the power
flux densit ' . Hence, our definition of Rr in Ej. (1) produces the
correct and fundamental relationship P a W/.*- r, as required.

The integration implied in Eq. (1) was performed numerically on
a computer using 42 values cf F4 (evenlv spaced iTt. ft,'m'/ to 0C)
and 74 values oc% E : (evenly spaced in from 0 to'' for each
frequency consilered. The integration over Z from to : - is
identical to that from 0 to from saietvv and the integration
over " from 0 to " was ignored since a.- and L are assumed to
vanish, The computed valueA of radiation resistance are shown it
Table 2 and are acccmpanied by tabulations of the experimentally
determined resistance (primarily loss resistance R.) and reactance
X. The fact that the radiation resistance and the'antenna gain
maximize near :O MHz indicates that the best antenna performance
will be achieved in this region provided the characteristic
impedance of the transmission line matches the antenna impedance
of 170 ohms.

Power Gain and Frequency Response

We will define the power gain of the antenna as the quotient of
the directive Or lossle.ss gain Gd ,relative to isotropic) and
the loss factor L associated w.th the impedance mismatch of the
antenna and load

Gp' ,P 1 Gd(• ):,'L )

where

L R R K 1 .R a
L r

-F Rr L

I1' i



Gad AL if the load resietance, Xa is the antenna reactance, and
10 is any other residual reactarce (possibly introduced to provide
impedance matthinu) in the equivalent circuit of the antenna, trais-
mission line, and load. The lose factor L does not include any
losses incurred on the transmieslon line.

From reasoning similar to that used in consideration of
radiation resistance, it can be shown that the directive gain is
given by

Gd(Olo) -rke)/]/30 (6)

, Table 2 - IMPEDANCE AND RADIATION RESISTANCE .)F ELECT.ODE A"TtNIA

AM)IATION LOSS
FIRQUMHC¥ RESISTANCE t RESISTANCE * RKACTANCE *
(K2Na) (on--) (ohms) (ohms)

RV R x

150 .0158 28.3 25.0

175 .0e8 43.5 51.0

, 200 .0621 73.0 76.0

220 .173 130.0 58.0

250 .372 170.0 -2.5

265 .318 163.0 -71.0

280 .217 133.0 -82.0

310 .102 57.0 -63.0

340 .0605 42.0 -36.0

370 .0471 37.7 -10.0

400 W0487 40.5 5.0

SCA'CUIAT9D
* MEASURED

L i7



where the quantity in brackets has been deFined previously by a
field constant of the antenna. and values have been tabulated in
Tals 1. The poer gain of the antenna is then given by

CGp(0,0) - Crt[(0,0J)/112/3O RrL , (7)

The frequency dependence of G is calculated most easily on a
roint-to-point basis by inserting in Eq. (7) c'alculated values of
[rE/t], Rk, and L at diecrete frequencies. Thi power observed at
the load is proportional to the product of the power gain and the
maximum effective aperture of an isotropic anteatna X2/1- and

consequently exhibits a dependence of (froquency)" 2 in addition
to the frequency dependence implicit in Eq. (7).

IISUREKE•rS

Outdoor Keasuremant Range

The measurements of spatial pattern, power gain relative to
isotropic, and frequency response were conducted at the HilL Test
Facility located at Brandywine, Karyland. This facility consists
of a 305 meter diameter ground plane construcced from galvanized
hardware cloth, an underground building for instrumentat ion near the
center of the ground plane, and a 4.6 meter diameter platter that
can be rotated and lowered below groutnd level by a hydraulic system.
A 1.22 meter x 1.83 mcter 0.20 meter deep wooden tank with plastic
liner was placed at the center of the platter and a raised plywood
base covered with a hardware cloth ground screen was constructed
around the tank.

During the experimental measurements, the platter was lowered
mo that the water level in the tank and the ground screen over the
platter were in the same horizontal plane as the outer ground screen,
The tWO ground screens were electrically connected to each othet.
A photograph of this setup is shown in Fig. 6 with the horizontal
electrode antenna floating half submerged in the tank and an
AT-150/SRC broadband dipole, used for transmitting a test signal,
wscured to a telephone pole. This setup was used to measure the
pover lain and frequency response of the antenna in the tank with
the polerisation of thq incident radiation in the vertical plane.
The distance between the two antennae was 9.67 meters, the angle of
arrival of enerWy at the receiving antenna relative to the vertical
woo 66 degrees, and the axis of the AT-150 dipole was oriented
perpendicular to a straight line connecting the two antennas. The
ground screen was extended around the raised lip of the tank and
into the salt water (conductivity adjusted to approximately 4.2
mho/m) to assure proper electrical continuity to the composite
ground plane. The perturbation of the ground plane by the raised
lip of the tank may cause some distortion to the measured antenna
power gain, particulary at low angles relative to the horizontal.

8
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A similar setup is showm in Fig. 7 for measurement of the power
gain of a slot antenna borrowed from NIT-LL. The slot antenna is
oriented so that the incident K-field is perpendicular to the axis
of the slot am required for maximum sensitivity with polarization in
the vertical plane. An adjustable monopole antenna mounted on an
aluminum ground plane is shown just beyond the far side of the tank.
The monopole was adjusced to quarter wavelength (trimming was
performed by observing the impedance with a General Radio network
analyzer) at several frequencies to determine the the power gain of
the AT-150 transmitting dipole. The monopole and aluminum ground
plane were not present when measurements were made on the antenna in
the tank.

In Fig. 8 a picture is shown of the setup for making power gain
measurements on the slot antenna with the incident polarization in
the horizontal plane. The horizontal electrode antenna is oriented
900 relative to the slot antenna for similar measurements.

In order to determine the power gain of the horizontal electrode
and slot antennas at an arrival angle closer to normal incidence,
the AT-150 transmitting dipole was hoisted by a rope and pulley
suspended between two telephone poles to a position 16 degrees from
vertical at the center of the tank (see Fig. 9). The distance
between antennas was 17.7 meters, and the polarization was hori-
zontal.

The pattern measurements were made with the setup shown in Fig.
10. A rope line which moved on a pulley system was used to change
the position of a battery operatnd transmitting dipole from an
aspect of near grazing incidence uo directly overhead. The movable
rope line was inclined at approximately 450 and was supported
above in a pulley secured to a heavy rope line between two 18 meter
height telephone poles. The distance of closest and most distant
approach of the tr&nsmitting and receiving antennas were 8.5 and
12.0 meters, respectively.

The position of thi. transmitting antenna was determined by
measuring the elevation angle and bearing with a theodolite mounted
on a tripod. A computer program was used to convert the theodolite
readings into propagation distance and arrival angle at the
receiving antenna.

The portable transmitting dipole was constructed from two
aluminum mini-boxes that were modified to permit an electrically
insulated mounting on a rectangular bakelite block at the center
(feedpoint) and to accept 0.64 cm thick aluminum blocks at the
outside ends that had threaded holes to accept 1/4"-20 threaded
brass rods for adjustment of antenna length. One minibox contained
a battery pack, and the other contained the oscillator and driver

9
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electronics module (Hope Electronics model XO-lO/V724). When the
oscillator modules were changed to alter the frequency, new brass rod
antenna ends were installed to achieve approximate half-wavelength
antenna characteristics.

The range was calibrated by replacing the antenna under test by
the adjustable monopole antenna mounted on the large aluminum ground
plane previously shown in Fig. 7. The aluminum ground plane was cut
to fit snugly inside the tank aud to achieve good electrical contact
with the surrounding hardware cloth ground plane. The salt water
was removed from the tank for the calibration measurements. The
monopole was trimmed at each frequency to a quarter wavelength by
observation of its impedance with the network analyzer. The method
used to relate the gain of the antenna under test to the gain of an
isotropic antenna will be discussed subsequently.

Measurement Techniques

All RF measurements were made in the underground instrumenta-
tion room. A source substitution method was used to determine the
received RF carrier power level. A Scientific Atlanta receiver was
used to determine a relative indication cf RF power level from the
receiving antenna. This relative level was then determined abso-
lutely, immediately after each measurement point, by substituting
the signal with a matching output from a 50 ohm RF signal generator.
The output level of the RF signal generator was then determined with
a Boonton model 92AB RF millivoltmeter.

A difficulty encountered with this method was that the
Scientific Atlanta receiver did not exhibit a 50 ohm impedance at
all frequencies as had been initially assumed. Use of the network
analyzer at the input connector of the receiver showed that a VSWR
of 3:1 existed at some frequencies. The VSWR introduced by the
receiver mismatch to the RC-214 transmissicn line (connected to the
receiving antenna) and to the shorter, but more lossy, RG-58 trans-
mission line (connected to the substitution RF generator) caused
variations of a few dB from reading to reading as the frequency was
changed. This effect was reduced to an insignificant level by
inserting a precision coacial 10 dB attenuator between the transmis-
sion line and the input of the Scientific Atlanta receiver. The VSWR
measured at the 10 dB attenuator when connected to the receiver was
less than 1.2:1; hence the additional power loss on the cransmission
lines caused by the receiver VSWR was eliminated. Unfortunately,
this problem and its remedy were discovered after the measurements
were completed with the AT-150 transmitting dipole mounted on the
telephone pole (low aspect measurements, 0 a 66 degrees). The
measurements with the AT-150 dipole hoisted to a high aspect angle
(0 - 16 degrees) were made using the attenuator, and the reduction
in scatter of the data points taken every 5 MHz in frequency was
substantial.

10
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F The matched loss on each transmission line war determined by
meaouring the power loss between input and output of the line when
driven by a 50 ohm impedance RP signal generator. The additional
losa from impedance mismatch of the slot antenna, horizontal elc-
trode antenna, or AT-15O transmitting dipole was determined from

impedance measurements on the tranemission lines with the antenna of
A interest connected and placed in its intended position for range

Measurements. The VSWR at the generator (network analyser) was
calculated from (8]

vs - + ir_ ()

where
IN 2 (92

-(a+) +b (9)

and

a - 1 cos(LZ)/50
(10)

b - jZI ain(LZ)/50

and I ZI and LZ are the magnitude and phase angle of the romplex
impedance as read from the network analyzer. The factor of 50 in
Eq. (10) nortalizes the expressions to the 50 ohm characteristic
impedance of the transmission lines. The VSWR at the load end (at
the antenna) of the line was calculated from

vsn~ - R +RL

where Rg, the reflection coefficient at the generator, is given by

R W VSWR+ 1 (12)

I VSWR +1I

and L is the matched loss of the line. The total loss of the line
in dB was then calculated from

L 2- It 2

Lt(dB) - 10 log .. ] (13)

L(1-R 1)

where 1ý., the reflection coefficient at the load, is given by

VSWR -1
RLU .L (14)

VSWR4 + 1

i ~ ~11 1 •
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Determination of the power gain relative to isotropic Gi of
the antenna under test using the AT-150 dipole as a radiator was
determined as follows. The power received Fr on a 50 ohm load
directly at the terminals of the receiving antenna is given by

er ' "4,2 4(15)
4" r

where Po is the power delivered to the transmitting antenna, GD
is power gain of the transmitting antenna, r is the distance between
antennas in meters, A 2/4- is the maximum effective aperture of an
isotropic receiving antenna, I is the free space wavelength, and
Gi is the power gain of the receiving antenna relative to iso-
tropic. Solving Eq. (15) for Gi and expressing ) in terma offrequency gives !'

P, r 2 f 2 (M~z) 2
Gi - 4- (16

30'o "';D

Equation (16) can be related to the transmitted and received
power levels at the far end of the transmission line by

Pr = Pr+Lr)lO
(17)

o 10(P -Lt)/lO

where Pr is the power measured at the end of the receiving
transmission line with total loss Lr, and Pt is the power
delivered by the signal generator to the input of the driving

transmission line with total loss Lt. The quantities Pr, Lr,
Ptj and Lt are expressed in dB.

For the pattern measurements using the self-contained battery-
powered dipole radiator, the gain of the antenna under test was
determined by the following method. The gain of the antenna under
test at a given frequency, polarization, and incidence angle can be
determined by

Gi = Pi - Pm + Gm (18)
.4

(all quantities in dB) ,

where Pi is the power received by the antenna under test, P. is
the power received by a quarter wavelength monopole under identical
conditions and Gm is the gain of the monopole relative to isotropic.

12
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The procedure followed was to plot the power received by the

monopole antenna as a function of incidence angle at the receiving
antenna (see Figs. 19, 23, and 28 for actual data). These plots
show deviatic-%s from the response that would be obtained if there
were no perturbations to the range such as the raised lip of the
test tank. The distribution of power versus incidence angle that
would have been obtained in the absence of the perturbations to the
ground plane was calculated using antenna theory. As the trans-
mitting dipole is moved along the inclined rope line of the test
rangep the power received by the monopole will change because of the
changing aspect relative to both the transmitting and receiving
antennas and because of the changing separation between them.
Proper mathematical treatment of these variables will produce a
distribution of power versus incidence angle that is correct in a
relative sense but often inaccurate in an absolute sense; hence it
was necessary to scale the calculated distribution in power until
good agreement was obtained with the measured data (see Figs. 19,
23, and 28 for examples). The difference between the measured and
calculated distribution is the only means available for estimating
the deviation of the monopole gain from ideal.

In Eq. (18) one could use the actual measured values of Pm
with values of G. determined from the gain of an ideal monopole
with a correction factor that accounts for the deviation of monopole
gain from ideal. This factor will be a function of incidence angle.

A simpler and equivalent method (the method used by the authors) is
to use values of G. based on an ideal monopole without correction
factors and to use values of Pm as determined from the calculated
response scaled for best agreement with the measured data.

The reasoning given above may be restated as follows. The
relative shape of the gain pattern of the antenna under test is
determined from (a) the measurements of the power received on this
antenna as a function of incidence angle and (b) the calculation of
the relative distribution of power that would be received on an
ideal monopole antenna as a fucntion of incidence angle. The 7

absolute gain of the antenna under test is determined from
measurements on both antennas. Calculations had to be used to
eliminate the effect of ground plane perturbations on the gain
pattern of the monopole antenna; there was no alternative to this
procedure without a major restructuring of the test facility. 1

The values of Gi deterrined in this manner for the horizontal
electrode antenna are influenced by the perturbations to the ground

plane by the lip of the test tank. However, it should be realized
that the effect of imperfection of the ground plane will be different
for the electrode antenna than for the monopole because of the
greatly different current distributions involved.
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No corrections for additional loss from VSWR on the receiving
transmission line were used in these measurements because they were
intended primarily to measure the spatial pattern for which relative
measurements are sufficient. Absolute accuracy also suffered from 4

battery drift, substitution of new batteries between different
measurement runs, and the passage of time (days) between measurement
of ji and P.. Cenerally, the power gains determined from these
measurements support the measurements made with the more accurate
method using a signal generator to drive the AT-150 dipole via a
transmission line.

RESULTS #I
Impedance

The frequency dependence of the impedance of the electrode
antenna was measured in the laboratory in a fiberglass cylindrical
tank of 1.25 meters diameter and 0.76 meters height containing salt I
water having a conductivity of 4.12 mho/m. The impedances reported
have been transformed to correspond to the actual impedance at the
antenna end of the one meter length transmission line used to connect

to the probe of the network analyzer. The antenna was secured by
strings to hold it near the center of the tank during the measure- t

ments, and small movements about the tethered position did not
affect the measurements.

In Fig. 11 the impedance is shown as a function of frequency for I
the antenna submerged deeply in the water. The resonance occurs at
approximately 250 MHz with a resistance of 165 ohms. In Fig. 12 the
impedance is shown for the antenna floating horizontally on the
surface with approximately three fifths of the antenna cross-section
submerged. The impedance change between this state and the fully
submerged state is insignificant. The measured impedances in Figs.
11 and 12 are in excellent agreement in magnitude and frequency
dependence with the theoretical calculations presented previously in
Fig. 4.

The effect on impedance of antenna bobbing as it is (hypothetic-
ally) towed along a rough ocean surface is presented in Figs. 13 and
14. In Fig. 13 the antenna is tipped 5 degrees off the horizontal

such that half of the inner insulated conducting element is below
the surface and half is above, while the ring electrode is submerged.In this case the resonance has shifted upw&rd in frequency about I

MUi, and there is a small shift in the relative amplitude of the
•eactive maxima. In Fig. 14 the antenna is tipped 19 degrees off ,
the horizontal, again maintaining half of the inner conductive
element submerged and the remaining half above the surface. In this
case the resonance shifts upward almost 45 MHz. The corresponding
change in impedance at 250 KMz would result in a 3 dB decrease in
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I
sensitivity (neglecting any additional losses from VSWR) if the
receiving amplifier were matched to the 170 ohm impedance charac-
teristic of an untipped configuration.

Power Gain and Frequency Response

I The frequency response and power gain determined for the
horizontal electrode antenna and slot antenna (identified as antenna
No. 2, p. 78, reference [1]) for horizontal polarisation at an
incidence angle of 16 degrees with respect to the vertical are shown
in Fig. 15. The experimental setup was shown previously in Fig. 9,
and the experimental procedure was discudeed in the last section.

The static gain of the slot antenna was determined to be -9.4 dB
relative to isotropic (hereafter abbreviated dBi), in close agree-
ment with the value of -9.7 dBi reported in ( 1]. The maximum gain
of the horizontal electroda antenna was -18 dBi, but the bandwidth
of this antenna is at least ten times greater than that of the slot
antenna. The impedance of the horizontal electrode antenna (170
ohms at 250 M4Hz, see Fig. 12 or Table 2 for values at other frequen-
cies) was not matched to the 50 ohm characteristic impedance of the
transmission line; consequently, it is possible to improve the power
gain of this antenna by about 1.5 dB at a particular frequency by
use of a stub tuner or impedance transformer. Hence, at this angle
of incidence, the maximum power gain possible with the horizontal
electrode antenna is 7 dB worse than that acnieved with the slot
antenna.

The systematic undulation* of the data points% determined for

the horizontal electrode antenna are believed to be caused by the
combined effect of the frequency dependent impedance mismatch of the
antenna and the impedance transformation characteristics of the
11.03 meter length of transmission line. The effects of the matched
lose of the transmission line and the additional loss caused by
standing waves have been eliminated from the data in Fig. 15 by the
method described in the previous section.

The data points indicated by squares and connected by straight
line segments represent the variation of power gain calculated by
Sq. (7) at a few discrete frequencies. The agreement in magnitude
and frequency response between the measured and calculated data is
very eatisfactory.

The determination of power gain as a function of frequency at
an incidence angle of 660 (with respect to vertical) is shown in
Fig. 16 for polarization of the incident wave in the vertical
plane. Us discussed in the previous section, these measurements
show considerably more scatter from point to point because of an
additional impedance mismatch to the transmission line at the input

15



to the Scientific Atlanta receiver. Straight line segments have

been drawn between high-lying data points and also between low-lying

data points in order to facilitate visualixation of the frequency

dependence.

The maximum gain of the slot antenna at this aspect was

determined to be -8.8 dBi, which is 0.9 dB higher than the value

reported in (1]. The lower angle of incidence (closer to hori-

zontal) should result in about I dB decrease in gain (to about -10.7

dBi) according to the data on p. 36 of r I]. Hence, our measurement

of gain for the slot antenna shows about +1.9 dB disparity with the

value expected from the MIT-LL data.

Table I shows that theoretically the gain of the horizontal

electrode antenna should decrease about 2 dB as the angle of

incidence is changed from 160 to 660 for polarization in the

vertical plane. The measured value at 660 incidence is 2.8 dB

less than at 16" incidence giving reasonable agreement with

theory; however, many adjacent points lie considerably lower,

probably because of impedance mismatch with the Scientific Atlanta

receiver.

The agreement of the power gain calculated from Eq. (7) with

measured values is poor in comparison to that shown in Fig. 15

particularly in the vicinity of 340 MHz where a broad minimum

appears in the response. A plausible explanation for this effect,

which is reinforced by measurements of antenna pattern, is that a

reflection of the incident wave occurs at the edge of the salt water

tank and travels as a surface wave back to the antenna where it

reinforces or diminishes the direct wave.

This situation is shown in Fig. 17 in which the antenna is

indicated between points F and G and the perturbation of the ground

plane caused by the lips of the salt water tank is shown at points

R and Q. The possibility of producing a reflection at point Q

originates from the raised vertical conducting lip of the wall (3.8

cm high) and from the discontinuity in conductivity and dielectric

constant of the ground plane at the same point. Ray BQ is reflected

at point Q, and the reflected wave is asnsumed to propagate to the

antenna as a surface wave. Since the polarization is in the vertical

plane, negligible phase shift is expected at the reflection at point

Q. The surface wave propagates with the E vector tipped forward, so

that if the secondary path PQO is an integral number of wavelengths

the horisontal components ot the direct wave E and the reflected

wave E' at point 0 will interfere destructively. Constructive

interference arises when the path length PQO is an odd multiple of

half wavelengths.

1,
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The frequencies of maximum constructive or destructive interfer-ence can be predicted from the geometry of the setup. The length of

the path M, given by L (I + sinO ) where L is one half the distance
of iQp is computed in tors at fractional wavelength of the incident
wave. The frequencies at which extremes in the interference arise
are calculated from

f(M01) - 300 g/L (I sin e) (19)

where g is the fractional wavelength. Por the value of L - 0.914 m
appropriate to our measurements, interference extremes are located
as shown in Table 3.

Table 3

1.50 2.00 2.50

affect + - +

f(MOb) 257 342 429

!4

S1 constructive interference

-* destructive interference

The frequencies given in Table 3 are in qualitative agreement with
the anomolous behavior of the data of Fig. 16. The interference
minimum predicted at 342 Miz coincides with the minimum in the data;
the interference reinforcements which are predicted at 257 and 429
MH appear to occur in the data near 230 and 395 MHu.

Although the agreement between the predictions and the data is
not exact, it is close enough to add credence to the hypothesized
mechanism of interference. This hypothesis will be further
supported with regard to its effect on measured antenna patterns.

In Fig. 18 the power gain and frequency response are shown for
horizontal polarization at an incidence angle of 660. From the
NIT-LL data ri the maxium gain of the slot antenna is expected to
decrease to -17.7 dli, and we observe a value of -19.0 dBi. From
our pattern calculations, the gain of the horizontal electrode
antenna near 250 M•z should decrease about 7.2 dB to a value of
-25.6 dli; however, we observed a value of -30 dli, suggesting a
possible measurement error of -4.4 dB.
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Lines have been drawn rather arbitrarily between high-lying data
points and also between low-lying data points in order to facilitate
visualiaation of the frequency dependence of the date. While there
is again a rather large disparity between the measured points and
the theoretical response, the variation is not as pronounceA as in
Fij. 16. If an interference effect is present in this measurement,
it cannot be caused by a surface wave because it is unlikely that
one would be generated by a horizontally polarized incideout wave,
and the receiving antenna would be insensitive to it because of its
orientation.

Reflections from the tank lip in the form of nearly horizontally
traveling waves with horizontal polarization would be expected to
have less effect than in the vertical polarisation case because of
the much lower antenna gain near grasing incidence. Nevertheless,
if Eq. (19) is applied with L - 0.572 (appropriate to one half the
short dimension of the tank), a subtractive interference is pre-
dicted at 274 M1z and an additive interference at 411 M01z -- again
in qualitative agreement with the observations. Direct reflection
from the front lip at the tank would produce a eubtractive inter-
ference that would be rolatively independent of frequency over the
band of interest. However, a similar effect should exist in the
measurements of antenna pattern for horizontal polarization and
would produce a pattern depression near e a 900 at 250 M4la and a
pattern elevation near e a 750 at 400 MHz1. Since no anomulies
were observed in any of the horizontal pattoerna (date are pre-
sented subsequently), it is not very likely that interference from
reflections is the source of the discrepancy between theory and
measurement in Fig. 18.
Spatial Pattern

The physical setup for the pattern measurements and the method
used to determine the power gain were described in the last section.
Fig. 19 shows the power received at 257.5 MR& on a quarter-wave
monopole ured for calibration and the response curve (solid line)
calculated for the system on the basis of the relative positions and
textbook patterns of a transmitting dipole antenna and receiving
monopole antenna.

These data were applied to measurements of power received on the

horizontal electrode antenna to obtain the power gain pattern (Fig.
20) in a vertical plane coincident with the antenna axis (0 w 0).
The solid curve drawn through the data points is the pattern
calculated theoretically using the spatial field expressions given
in [6) and the current distribution given in [5), as discussed
briefly under CHARACTERISTICS OF TIH HORIZONTAL ELECTRObE ATENNA.
The agreement between the theoretical and measured pattern is
excellent except beyond 0 * 700 where more power is measured than

" ~I
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predicted. A possible explanation for this anomalous behavior is
the existence of interference between the incident wave and a
surface wave generated from a reflection of the incfdent wave at the
far edge of the salt water tank. This hypothesis has been discussed
previously in regard to Fig. 16.

If Sq. (19) is rearranged and used to solve for the angle 0 for
which the hypothesized interference either reinforces (g - 0.5) or
diminishes (g a 1.0) the direct vave, a reinforcement is predicted
at 0 w 760 and a diminishment at A w 180. It is unlikely that a
reflection with significant power will be produced at 0 " 160
because the angle of incidence is nearly vertical; correspondingly,
no effect in observed near 180 in Fig. 20. At an incidence angle
of 760 refle'tion at the edge of the tank is likely to be a
stronger effect, and indeed the measured p'nver levels exceeded the
theoretical estimates at 0 " 760. Since the fractional wavelength

parameter g increases from 1.5 1 at 760 to only 1.52 ) at 900,
the reinforcement effect nf the interference will be strong out to
0 g90o.

Figure 21 shove the power received an a horizontal halfways
dipole elevated 0.23 W above an aluminum ground plane in the test
tank. The polarization of the transmitting antenna was horizontal.
The solid curve is the distribtution calculated on the basis of the
relative positions of the antennas, a textbook dipole pattern for
the transmitting aetienna, and a pattern calculated for the elevated
dipole using the Freszul r#flection coefficients (p. 630 of [8]
for a good conductor.

These data were combined with measurements of power received

with horizontal polarization on the electrode antenna at 257.5 MHz
in a vertical plane perpendicular to the axis of the antenna
( 4 - 900). The result is shown in Fig. 22 and is in excellent
agreement vwith the theoretical calculation (solid curve). The power
gain at zero degrees incidence should be identical in Figs. 20 and
221 however, a measurement error of about 2 dB is noted.

Figures 23 to 25 show the results of measurements taken with
vertical polarization at 250 Mis. Again, the measured patterns ar
0 a 00 (Fig. 24) and 0 a 450 (Fig. 25) agree relatively well
with the theoretical pattern at incidence angles less than 700.
Above 700 the hypothesized interference effect may be responsible
for the excess measured power.

Figures 26 and 27 shoy the patterns for horizontal polarization
-at 250 4Ha at 0 - 900 and 0 - 45*, For these patterns, and for
all subsequent horianntol polarization pattern determination., an
elevated horizontal dipole was not used to calibrate the range
because of the cumbersome procedure of constructing a properly
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triimed and balanced antenna for each new frequenny. Instead, the
power incident at the electrode antenna was obtained by calcula-
tion based on the relative positions of the transmitting end
receiving antennas. The accuracy of this calculation procedure has
been shown to be in excellent agreement with measured date in Fig.

calibration from the elevated dipole teat antenna (or suitable

equivalent), only a relative scale is presented with the horizontal
patterns. The measured and theoretical patterns are again in good
agreement.

The power received by a quarter-wave monopole at 150 Its is
plotted in Flg. 28 along with the calculated distribution (solid

curve). The pattern determined for the electrode antenna for
vertical polarization atO u 00 is shown in Pig. 29, and the power
gain at 160 incidence is in good agreement with the value of -23
dS calculated from Sq. (7). At 130 NMa the hypothesised interference
effect predicts a decrease in Snin as • - 900 is approached, but
the effect of mAxiims subtractive interference (at S % 1) is never
achieved because g increases to a maximsum of 0.91 1 at 0 a 900.
This prediction is supported by the observations since there is a
tendency for the data to fell below the theoretical prediction for
large values of 0, whereas at frequencies near 250 MR&, the data
exceed the theoretical estimate.

The relative pattern for horizontal polarization at 0 u 900
is shown in Fig. 30 and is in good agreemuent witbi the theoretically
predicted distribution.

The data from measurements at 400 4Hz are showi in Figs. 31,
32, and 33. The large symetry in the vertical polarization
pattern at G - 00 and 0 - 1800 is shown in Fig. 32 by the solid
(theoretical) curves. The power gain of -23.2 dli indicated by the
theoretical curves at • - 00 was determined by Eq. (7). Data were
taken on the electrode antenna atO * 1800, and agreement with the
theoretical pattern is poor in the 400 to 800 region. The low
value of the measured gain in this region can be explained by the
interference hypothesis; however, it is necessary to assume that the
antenna is displaced 11 cm from the center of the tank -- a likely
possibility since no special effort was devoted to exact centering
of the antenna. Using a value of L - 0.80 in Eq. (19), a subtractive
interference maximum is predicted at 0 a 610 and negligible
interference whould occur near 90o as is observed in Fig. 32.

The data for horizontal polarization in Fig. 33 are in excellent
agreement with theory as has been the case at all other frequencies.

20
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CONCLUSIONS

A horiaontal electrode antenna designed for optimum performsace
near 250 Ni1. was tested to detemine its static properties of
impedance, spatial patterns, power gain, and frequency response.

SThese measurements wr* perfored as a first stop in detemining theS~potential of this typo of antenna for providing reliable reception

of low data rate messages when towed near the ocean surface.

It wae found that the complex impedance of the antenna can be
predicted accurately by theoretical expressions previously cited in
the literature, but that thtes expressions are complicated and are
best evaluated by a computer algorithu. The impedance of the
antenna at resonance iS about 17C ohms and consists primarily of
losa resistance, the radiation resistance being only about 0.37
ohms. Our deeigti simulations have shown that it is difficult to
reduce the loos resistance without constructing a fatter antenna.

Antenna patterns were measured for horisontal and vertical plane
polarization at frequencies of 150, 250, 25?.5, and 400 Me.. The
patterns of the slot antenna and electrode antenna at resonance (250
Moa fot electrode antenna, 255 M01. for the slot antenna) are nearly
identical. Far removed from resonance the pattern of the slot
antenna is inconsequential because the power gain diminishes
rapidly. However, since the power gain of the electrode antenna
remainS appreciable over the rarsa of frequencies indicated, pattern
measurements are of interest at various frequencies in the band.
Secauee the antenna is fed at one end, there in an asymmetry in the
a@ pattern measured in a vertical plane coinciding with the axis of
the antenna. The asymetry in small at and below resonance but
produces gain differences as great as 7 dB at 400 MIla.

A comparison of the power gain of the electrode antenna with a
elot antenna borrowed from MIT-LL was performed at incidence angles
of 160 and 660 with respect to the vertical. The slot antenna
was reported by XIT-LL to have a static gain in salt water of -9.7
dB relative to isotropic and 3 dB bandwidth of 11.5 1}1a [1]. Other
slot antennae have been constructed by MIT-LL with gains ranging
from -2 to -12 dB relative to isotropic depending on bandwidth (3 to
11 lHIs) and diameter of the flotation jacket. The particular slot
antenna borrowed from them for our comparison mteaurements is
believed to represent a good compromise in the design variables of
gain, bandwidth, and diameter of the flotation jacket (4 cu).

At an incidence angle of 160 from the vertical the electrode
antenna had a gain of about 8.5 dB lees then the slot antenna.
Accounting for an impedance uisuatch with the electrode antenna, s

S1.5 dB improvement is poesible; therefore, the power gain of the
electrode antenna will be at least 7 dB below that of the slot.

21
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Ac the more shallow angle of incidence (660 from vertical)
the experimental results were less definitive because of mismatch
problems with the receiver (see IMASUREMENTS and RESULTS) and a
suspected interference problem from reflections at the edge of the
salt water test tank. In brief, the power gain of the electrode
antenna was not improved relative to that of the slot antenna, and
no improvement is expected theoretically.

A semi-analytical method of computing the frequency response and
magnitude of the power gain of the electrode antenna using calculated
parameters or a mixture of calculated and measured parameters was
outlined. At an incidence angle of 160 from the vertical, the
calculated power gain agreed well in magnitude and frequency
response with that measured. At an incidence angle of 660 the
agreement was notably poorer because of the aforementioned mimatch
problem with the receiver and a suspected interference from
reflections produced at the edge of the salt water test tank.

The primary advantage of the electrode antenna for towed antenna
applications is its wide frequency bandwidth. At high angles of
incidence, appropriate to satellite coverage, the 3 dD paseband of
the antenna constructed for this study extends from 220 to 360 MIz,
greater than ten times the bandwidth achievable with a slot antenna.
The primary disadvantage is ets low power gain, at least 7 dB lower
than that of the slot antenna tested.

The qt'ality of performance of the electrode antenna for
receiving communication messages when towed near the ocean surtace
cannot be predicted accurately on the basis of static measurements
alone. The prediction of the performance of a communications system
with a towed antenna can be estimated only if dynamic gain character-
istics (average and standard deviation of the statistical gain
distribution) are determined for various towing speeds and sea
states. Thhe dynamic gain characteristics of the electrode antenna
must be determined by monitoring the power received from the antenna
while being towed in an ocean environment under carefully controlled
conditions of aspect (distance and angle) between the transmitting
and receiving antennas. Towing experiments of this nature have not
been conducted on the electrode antenna but would represent the next
logical phase of research.

The analytical concepts employed for determining the performance
of an antenna having significant gain fluctuations as a consequence
of its motion have been documented in [11, in which are estimated
the performance of several slot antennas for receiving satellite
communications with a repeated message format at 75 bits per second.
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Our extrapolation of the results cited in [ 1 indicate that the
ability of a slot antenna to receive a 150 to 30b bit communications
message with 951 confidence at a rate of tenths of bits per second
with a towing speed of 10 knots or greater is marginal. Since the
electrode antenna has a static gain at least 7 dB lower than a
typical slot antenna, its dynamic characteristics would have to be
much improved over the slot antenna (high average gain relative to
static, small standard deviation) in order to approach comparable

dynamical performance. Consequently, unless wideband reception is
¶ required, it is doubtful that the ilectrode antenna should be

considered as a comparable alternative to the slot antenna.
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