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Abstract - NEC 4.1 has been used to compute the responses of the antennas in a shipboard kigh frequency direction finding system which
employs the CIDF algorithm (o derive bearing estimates. This paper discusses the compwtational results as well as the performance of the

simulation in which the results were ufilized.

1. INTRODUCTION

1.1. Background

The reguirement to carry out high
frequency direction finding (HFDF)
from both shore stations and ships
arose during WWII. As recounted by
Price [1] and Redgment (2], [3], it
provided a means for countering the
German submarine threat to allied
merchant ship convoys. The anti-
submarine mission, as well as other
modern day missions, continue to make

shipboard HFDF an important
consideration in the design of
electromagnetic systems for many
ships.

Direction finding from a ship at high
frequencies (HF) is a challenging
problem because in the HF band,
antennas may interact strongly with
the ship’s superstructure and their
in-situ phase and amplitude responses
can deviate significantly from their
free space responses. The bearing
errors observed using simple systems
can be 10°-20° and in some cases,
error curves may even be multivalued
or discontinuous, as reported by
Crampton et al. [4], and Travers et
al. ([5]. As a result, direction
finding (DF) techniques which can be
utilized at higher freguencies do not
work well abocard ship at HF. At HF,
one must use a technique which
accounts for the interaction of the

antennas with the ship’'s
superstructure. One approach to
shipboard HFDF is to use the
correlation interferometry direction

finding (CIDF) algorithm described by
Saucier and Struckman [6]. This
algorithm will yield accurate bearing
estimates if a sufficiently robust
array is used. The algorithm is used
to compute the correlation between the
complex antenna voltages for an
inecoming plane wave, and the complex
antenna voltages stored in a data base
for discrete azimuth angles at the
same frequency. The angle of maximum
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correlation is used as the bearing
estimate.

Implementation of a CIDF system aboard
ship requires that the ship be
calibrated to create the required
database of complex receive antenna
voltages for frequencies over the
range of interest. This is not a
problem as a ship can be calibrated
after a DF system is installed.
Ships, however, are often reconfigured

as new systems are added and old
systems are removed or upgraded. The
effect of associated topside

modifications on the complex receive
antenna voltages is generally unknown.
If the voltages are perturbed,
however, DF system accuracy will be
degraded. The problem, is that one
does not know if topside modifications
will cause unacceptable bearing
errors.

1.2 Problem

At present, there is no quantitative
method for predicting the effect of
topside reconfiguration on the bearing
accuracy of a shipboard high frequency
direction finding system utilizing the
CIDF algorithm. One can recalibrate
with each reconfiguration, but this is
time consuming, expensive, and
wasteful of ship operating time. The
objective of the work described here
was to determine if state-of-the-art
hardware and software would support
development of a computer based
recalibration decision support system.

In general, one is interested in both
HF groundwave and skywave signals, and
therefore signals which may be
elliptically peolarized. However, when
HF signals are transmitted from ships
and submarines at sea, vertically
polarized groundwaves c¢an produce
useful signal levels at large
distances. To simplify the problem,
the scope of this initial
investigation was therefore limited to



vertically polarized ground waves.
1.3 Approach

A simulation of a high frequency CIDF
system was constructed using real ship
CIDF software to maintain high
fidelity. This software was modified
to produce output files containing
correlation and bearing estimate
values for signals tested against the
database. The required calibration
database was created by computing the
responses of the antennas in the DF
array using the Numerical
Electromagnetics Code (NEC), version
4.1 {7}. Wire grid models of DD963
Spruance Class destroyers with two
different topside configurations were
constructed for use with NEC. Oone
ship model had an Anti-Submarine
Rocket (ASROC) Launcher in front of
the deckhouse, and the other was one
where the ASROC launcher was removed
and replaced with a Vertical Launch
System (VLS). The ASROC launcher was
a large rectangular box which was
elevated above the deck, whereas the
VLS was recessed into the deck and had
a much lower profile. These two
configurations represented a situation
for which the change would raise the
recalibration question; a gquestion
which at present, cannot be
satisfactorily answered. In order to
interpret the large correlation and
bearing estimate data sets, several
programs were written to create 2 and
3-dimensional interactive displays of
correlation and bearing error on a
Silicon Graphics workstation.

NEC 4.1 was run on both a Silicon
Graphics Power Onyx workstation and a
CRAY J90 mini supercomputer with 4
processors and 128 MWords (1 GB) of
memery . Input and output files were
moved over the School’s network
between these machines and the Silicon
Graphics workstation on which the DF
system simulation was implemented.

Validation was an important aspect of
the work described here. Data for
validation were —collected in a
measurement program in which 1/48th
scale brass models of the DD963 were
used to measure the amplitude and
phase responses of each antenna in the
direction finding array. Data were
collected for both the ASROC and VLS
configurations at 20 frequencies over
the range 88.8-1172.64 MHz (1.85-24.43
MHz scaled by the factor 48}). Data
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were also collected for a single DF
antenna mounted on a metal box.

The outdoor measurement facility at
which the experimental data were
collected was located in San Diego,
CAa. The 11 foot (3.35 meter) long
DD963 models were placed on a lead
(o=5x10% §/m) turntable and illuminated
using a log periodic transmit antenna.
This antenna was located at a distance
of 79 feet (24.08 meters) from the
center of the turntable and was
mounted on an arch which permitted the
elevation angle to be wvaried. A
signal source and a vector receiver
were located in a control room
adjacent to the turntable. A sample
of the signal from the source was fed
to the receiver for use as a phase
reference. Amplitude measurements
were referenced to a Af4 monopole which
was used for calibration prior to
recording data. Data were collected

in 1° steps over the 360° azimuth
range.

2. Computation of DF Antenna
Responses

The antennas used in the DF array on
the 1/48th scale brass model of the
DD963 were semi—~loops with a 230 mil
(0.584 cm,) radius. These were
constructed from O0.085 inch (0.216
¢m), outside diameter, semi-rigid
coaxial cable. The feed was a 15 mil
{.38 mm.) slit cut in the outer
conductor of the coax at the center of
the semi-loop (highest point above the
mounting plate). At one. end of the
semi-loop, the coax was shorted to the
mounting plate, and at the other end,
the coax passed through the mounting
plate to provide an output line.

Accurate computation of the responses
of the antennas in the DF array was
the most critical element of the work
described here. Before computing the
response of many antennas arrayed on a
ship, the response of a single antenna
mounted on a metal box, situated on a
ground plane, was investigated.

2.1 Response of a Semi-loop Antenna
on a Metal Box

A single semi-loop antenna was mounted
on one face of a metal cube, midway
between its sides and 8 inches above a
ground plane. The metal cube was cone
foot on a side and the semi-loop was
contained in a vertical plane normal



to the face of the box on which it was
mounted. The semi-loop was therefore
responsive to theta polarized signals,
which includes the case of vertically
polarized ground waves which were of
interest in this study. A wire grid
computer model of the structure is
shown in Fig. 1, where it can be seen
that the semi-loop was modeled
numerically using § segments (the
center segment, #3, is the feed).
Measurements and computations were
carried out over the scaled frequency
range 96-1440 MHz (2-30 MHz unscaled)
and the numerical and experimental
data were compared. In each case, the
excitation was a theta polarized plane
wave, incident at an elevation angle
of 10 degrees. Fig. 2 shows the
amplitude and phase response at 96 MHz
where results obtained using NEC are
seen to be in good agreement with
experimental results. Note that the
pattern amplitude is plotted in dB on
a relative scale (maximum response = 0
dB). Also shown, are numerical
results obtained using the code PATCH
(8l. It should be noted that
measurements and computations were
made -for a range of elevation angles
with good agreement observed in all
cases. A more detailed discussion of
this structure, and the results
obtained appears in Ref. [¢}.
Obtaining successful numerical results
for a single semi-loop mounted on a
box gave confidence that the response
of the same antenna could be
successfully computed when located on
a ship.

2.2 Responses of the Semi-loop
Antennas in the Shipboard DF Array

The amplitude and phase responses of
semi-loop antennas in & shipboard DF

array were computed at four
frequencies, 1.85, 6.34, 9.25, and
20.075 MHz, and compared with

measurement data at the scaled values
of these frequencies (88.80, 304.32,
444,00, 963.60 MHz). Again, the
excitation was a theta polarized plane
wave, but for the ship, the elevation
angle was set at 5 degrees. An
elevation angle of 0 degrees could not
be used for measurements because the
measurement range employed a log
periodic dipole array which was
mounted on an arch and it could not be
lowered into the ground. ASROC and
VLS configurations of the DD963 with
identical 24 element DF arrays were
studied. The DF antennas were
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deployed around the periphery of the
ship, some on the edge of the deck,
and some on bulkheads, in
approximately mirror image port and
starboard leocations. Fig. 3a shows a
visualization of the numerical model
(ASROC configuration), and Fig. 3b
shows the 1/48th scale brass model
(VLS configuration}.

The numerical models of the DD963
consisted of approximately 4000 wires
and 7000 segments. Maximum segment
length was 1 meter, or 0.1\ at 30 MHz.
Some areas of the ship were meshed
using a 1 m® grid while other areas
such as the sides of the ship, were
represented using vertical wires
spaced by 1 nmeter. This was
considered acceptable since interest
here was focused on vertically
polarized signals incident over the
surface of the sea. For convenience,
and to minimize the number of segments
in the numerical model, the DF
antennas were modeled as 1 m* loops in
exactly the same locations as the
semi-loop antennas in the DF array on
the 1/48th scale brass model. The
outboard segment of each loop was used
as the feed. Although the scaled area
of the square loops was about 4 times
greater than the area of the semi-
loops, both were electrically small,
so the difference was of no
consequence. There were several
areas along the sides of the ship
(Fig. 3a) between the deck and the
waterline, however, where there were
openings as large as 15 meters. As
will be shown later, these areas
appear to have caused error in the
numerical results at the higher
frequencies.

Numerical and experimental values of
amplitude and phase were generated for
each of the 24 antennas in the DF
array at the four fregquencies
mentioned earlier. This resulted in
far more data than can be presented
here, so only representative results
will be shown. The discussion which
follows refers to specific antennas in
the DF array. The antennas are
numbered 1 through 12 going from bow
to stern and are designated as port
(P) or starboard (S).

To facilitate comparison of data, the
results have been displayed for port
and starboard antenna pairs, with
results for both ASROC and VLS
configurations shown on the same plot.



Pattern amplitudes have been
normalized (maximum response = 0 dB)
to make it easier to compare
differences between the

The phase reference
is arbitrary both numerically and
experimentally, and no attempt was
made to match the references. The
numerical model of the DD963 is
oriented along the x axis in a polar
spherical coordinate system. Azimuth
is determined by the angle ¢, which is
measured in the x-y plane, in the
counter-clockwise direction from the x
axis, in accordance with mathematical
convention. For measured data, angle
is measured clockwise from the bow in
accordance with nautical convention.
In each case, however, 0 degrees
corresponds to the bow of the ship,
and the antenna patterns relative to
the bow of the ship are correctly
depicted, with the port antenna on the
left and the starboard antenna on the
right. Thus numerical and
experimental patterns can be easily
compared and their spatial responses

configurations.

are correctly depicted. In the
following discussion, the term
"azimuth" means relative azimuth in

the nautical sense.

Antennas P-3 and S-3 are located on
the front of the deckhouse, just
behind the ASROC launcher (Fig. 3a).
Since these antennas are closest to
the ASROC launcher, it was anticipated
that they would be most affected by
its removal. The surfaces on which
these two antennas are mounted are
angled outboard by about 20 degrees.
Thus, these antennas "look"™ 20 degrees
to port and starboard of the bow,
respectively.

Figs. 4a and 4b show the numerical and
experimental patterns for antennas P-3
and S-3 at 1.85 MHz. Results for the
ASROC configuration appear as a solid
curve and results for the VLS
configuration appear as a dashed
curve. Because the curves are
reproduced here in black and white
rather than color, the twoe patterns
are indistinguishable in some cases.
In this case, the patterns for the two
configurations are the same,
indicating that the removal of the
ASROC launcher had little affect on
the patterns of these antennas at this
frequency. Both numerical and
experimental results show the patterns
are approximately omnidirectional with
a4 maximum response about 20 degrees
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off the bow.
good.

The agreement is quite

Figs. 5a and 5b show the numerical and
experimental phases for antennas P-3
and 5-3 at 1.85 MHz. BAgain, there is
essentially no difference between the
results for the ASROC and VLS
configurations. Phase 1is plotted
within a 360 degree range, so where

phase switching occurs, one must
visualize an n2w (n=integer)
translation which would create a
continuous curve. Also, when

comparing numerical and experimental
results, the fact that the phase
references are arbitrary, and
different, must be taken into account.
Thus, numerical and experimental
curves must be overlaid and shifted
vertically to achieve alignment so
they can be compared. This can bke

done easily at low fregquencies, as in
the case of Figs. 5, but wvisual
comparison is difficult at higher

frequencies where phase varies rapidly
and there are many 360 degree
discontinuities.

The numerical and experimental phase
responses shown in Figs. 5a and 5b are
in reasonable agreement. Numerically,
the total phase variation is about 175
degrees. Experimentally, it is about
135 degrees. Most of the phase change
which occurs for a DF antenna is due
to the offset of the antenna from the
center of rotation, which is the
center of the ship. Experimentally,
for example, when the ship is rotated
on the turntable, a given DF antenna
will move toward or away from the
source as the ship rotates. This will
cause phase to advance or retard
relative to a reference of fixed

phase. = Antennas P-3 and 8§-3, for
example, are located a full scale
distance of 3%.56 meters from the

center of rotation. Thus, the
distance of these antennas from the
source changes by 79.1 meters or 0.45%5)
at 1.85 MHz. This change in position
corresponds to a phase change of 175
degrees, which is in good agreement
with the numerical result.

The experimental results for P-3 and
8-3 are offset from one another by 180

degrees. The phase curve for P-3
starts at about 155 degrees, while
that for 85-3 starts at about 335

degrees. These results indicate that
on the brass model, antenna P-3 was
mounted upside down (rotated 180



degrees) with respect to S-3. This is
interesting, but has no effect on the
correlation and bearing error results
presented later. It would have an

impact, however, if numerical and
experimental results were  cross-
correlated.

Figs. 6a and €b show the numerical and
experimental patterns for DF antennas
P-3 and S-3 at 9.25 MH=z. At this
frequency, the numerical results show
the port antenna looking about 20
degrees to starboard and the starboard
antenna looking about 15 degrees to
port (the ship is not symmetric about
the keel). The experimental patterns
show some scalloping in these
directions and maxima to either side.
The numerical patterns show a lower
response in the stern sector than the
experimental patterns. The
experimental results show more
difference between the ASROC and VLS
configurations. The agreement between
numerical and experimental results at
this freguency is still reasonable,
although less satisfying than at 1.85
MHz, probably due to deterioriating
fidelity of the numerical model.

As a last example, Figs. 7a and 7b
show the patterns of DF antennas P-12
and s-12 at 20.075 MHz. These
antennas are mounted on the stern,
looking aft. At this fregquency, the
numerical and experimental patterns

for some antennas are still in
reasonable agreement, but for others
there is significant error. For P-12

and S=-12, the experimental results
show a maximum response at 180 degrees
relative azimuth, as one would expect,
and response in the bow sector is down
15-30 dB. The numerical results are
guite inaccurate for these antennas.
The reason for this, it is suspected,
is that the several large openings in
the side of the hull (d=A; see Fig. 3a)
resulted in excitation of a field
inside the hull at 20.075 MHz.

It is not possible to present all of
the numerical and experimental data
which were generated in the course of
this study, but those data which have
been presented above are
representative. Related results can
be found in Ref. [10}. The conclusion
reached, based on inspection of all
numerical and experimental results, is
that the numerical models of the DD963
produce good results up to about 9
MHz, but need improvement for use at

higher frequencies. The addition of
vertical wires to close the openings
in the sides of the hull would
probably result in significant
improvement and will be investigated.

3. Correlation and Bearing Error

Numerical and experimental DF antenna
amplitude and phase data were used in
the computer simulation of the DD963
DF system to study the impact of
topside configuration changes on
system performance. As mentioned
earlier, the specific configuration
change examined in the work described
here was the removal of an ASROC
launcher (located just in front of the
deckhouse) and its replacement with a
VLS.

The DF antenna responses (amplitude
and phase vs. azimuth) for the ASROC
configuration constitute a database
for that configuration. The DF
antenna responses for the VLS
configuration constitute a database
for that configuration, and also
represent the responses which would be
measured if a signal were incident on
the ship in that configuration. Thus,
if a signal vector (the set of complex
DF antenna responses for a given
azimuth) for the VLS configuration is
cross-correlated with signal vectors
for the ASROC configuration over all
azimuths, the result is a cCcross
correlation curve, the peak of which
may be used to derive an estimate of
the signal angle of arrival. This
procedure simulates the effect of
calibrating the ship in the ASROC
configuration, then changing
configuration to VLS, and using the
ASROC database to DF signals received
in the VLS configuration.

Numerical and experimental DF antenna
response data were used to create
databases for the ASROC and VLS
configurations of the DD963 at four

frequencies; 1.85, 6.34, 9.25, and
20.075 MH=z. The VLS databases were
cross-correlated with the ASROC

databases to determine the magnitude

of the complex cross—correlation
coefficient, derive a bearing
estimate, and compute bearing error.

These data were then used to generate
several displays which permitted the
results to be interpreted.
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3.1 Cross—-correlation Surfaces

Figs. 8a and 8b show the numerical and

experimental surfaces of cross-—-
correlation for 1.85 MH=z. The
vertical (z) axis is the magnitude of
the complex correlation coefficient

(05|R|51), the horizontal (x) axis is
the difference between the azimuth
angle, ¢, of the VLS signal and the
azimuth angle, ¢, of the ASROC
database signal (-180°=(¢-¢,)=<+180°),
and the axis receeding into the page
{y axis) is the azimuth angle of
arrival, ¢, of the VLS signal
(0°=¢=360°). If the DF system is
performing properly, the surface will

have low sidelobes, and a central
ridge near (¢-¢,)=0 with |R|=1. A
configuration change which causes

serious bearing errors will result in
a surface with maximum correlation at
TtTer locations (¢-¢,)#0, usually with
R|<1.

Although only 2D pictures can be
presented here, in the actual
simulation, the computer display of
the cross—correlation surface is

interactive and can be rotated about
any axis to examine its properties.
Figs. 8a and 8b show that simulation
results using numerical and
experimental DF antenna response data
for the ASROC and VLS configurations
agree quite well at 1.85 MH=z.

3.2 Cross-correlation vs. Azimuth

A cut through the cross-correlation
surface, perpendicular to the ¢ axis,
yields a cross-correlation curve for a
fixed signal angle of arrival, ¢. A
polar plot of this curve gives the
relative response of the DF array vs.
azimuth, in a format similar to that
of a normal antenna pattern. Figs. %a
and 9b, show cuts through the
numerical and experimental surfaces
(Figs. 8a and 8b) for a signal arrival
angle of 232 degrees, as indicated by
the radial cursor. The numerical and
experimental results both show peak
correlation near 232 degrees,
indicating little bearing error for
this angle of arrival.

Again, only a static 2D result can be
presented here, but in the actual
simulation, the radial cursor, which
indicates the angle of arrival on the
computer display, can be moved to any
azimuth using a mouse. As the cursor
moves on the computer screen, the
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cross-correlation curve is
Thus, a dynamic picture of
the array response vs. azimuth can be
quickly and easily obtained, and
sectors where bearing errors occur can
be easily identified.

proper
displayed.

3.3 Bearing Error vs. Azimuth

Figs. 10a and 10b show kearing error
vs. azimuth at 1.85 MHz as determined
from the simulatien using numerical
and experimental DF antenna responses.
The curves both show a worst case
bearing error of approximately *2.5°.
In particular, at 232°, both curves
show a small negative bearing error.
This negative error (bearing estimate
less than +true bearing) is also
evident in Figs. 9a and 9b where the
peak correlation can be seen tc occur
at a bearing slightly less than that
of the cursor which indicates the true
bearing.

The simulation can also be used to
create a display of the 3 dimensional
surface of bearing error vs. azimuth
and frequency from curves of the type
shown in Figs. 10. This surface makes
it possible to easily identify areas
of high bearing error over the entire
domain of azimuth and frequency.

3.4 RMS Bearing Error

The last display which can be created
using the simulation is one of RMS
bearing error vs. frequency. In this
display, the root mean square bearing
error is computed over all azimuth
angles at each frequency of interest.
This provides an integrated measure of
DF system performance. Table 1

Freq. 1.85  6.34 0.25 20.077

MHz -

Num. 1.11° 0.86° 2.80° 7.38°

Expt. 1.20° 0.3%° 1.51° 6.20°
Table 1. RMS Bearing Error Predicted
by the Simulation.

shows the results obtained using
numerical and experimental DF antenna
data at the four frequencies

investigated in this study.

As indicated earlier, the accuracy of
the numerical wvalues of DF antenna
response degraded with increasing
frequency due to (most probably
correctable) deficiencies in the wire



grid model of the DDS63. This
conclusion was reached by comparing
numerical and experimental results and
noting that the experimental antenna
patterns appeared as one would expect
based on fregquency and location while
the numerical patterns at the -higher
frequencies did not. That is, there
is no reason to suspect that any of
the experimental data is incorrect.
Thus, simulation results (correlation,
bearing error) based on numerical and
experimental data were also less
consistent at the higher freguencies.
This was expected as the simulation
output depended on the DF antenna
data. However, the data in Table 1
shows that even with this degradation,
the RMS bearing error results track
gquite well since this is a performance
measure which is integrated over
azimuth. One can therefore tenatively
conclude that the computer simulation
will correctly predict when bearing
error will be caused by a topside
change of configuration even at
frequencies where there is
considerable error in the computation
of some DF antenna responses.

4. Conclusions

This paper has presented the results
of a study to determine if computer
simulation could be used to build a
decision support system to determine
when topside changes in configuration
might require recalibration of a
ship’s CIDF based high frequency
direction finding system. A computer
simulation of the DF system was
constructed, DF antenna responses
required to create the system database
were computed, and measurements were
made for validation purposes.

The most critical aspect of this work
was the use of NEC 4.1 to compute the
DF antenna responses. satisfying
results were obtained at the lower
frequencies, but computed antenna
patterns became less accurate with
increasing frequency. This appears to
be due to ship numerical modeling
deficiencies which are believed to be
correctable. Thus, the approach seems
quite promising.

The need for additional work on
several enabling technologies quickly
pecame clear during the course of this
investigation. First, methods which
have previously been used to create
numerical models of complex structures
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are laborious and time consuming. For
a computer simulation such as that
described in this paper to be
realistically implemented, it must be
possible to create and modify
numerical models gquickly and easily.
Ideally, one would 1like to go
seamlessly from a ship CAD file to the
input file for a CEM code. Presently,
one must use software to mesh a
structure of interest, fix the result
manually, and then translate the
output to obtain an input file for the
CEM code. When the code is run,
errors will 1likely occur and again,
manual work will be required to fix
these. More work is needed here.

Good pre-processors and post-
processors for NEC (or any other code)
are also needed. There is a need to
be able to quickly and easily find
wires and segments identified in CEM
code error and warning messages and to
eliminate the conditions causing the
problems. Model wvisualization and
file editing capabilities are being
developed but have not reached the
point where this is a straight forward
task for a large file. Lastly,
additional work is needed on post
processor display capabilities. The
processor used for this work, for
example, did not permit digplay of
receive antenna amplitude and phase
data from the NEC output file, and it
was therefore necessary to develop
separate software for this purpose.

Lastly, difficulties were encountered
using NEC to determine the receiving
patterns of multiple antennas. For
this, one needs the antenna feedpoint

currents. To print only the 24
antenna feedpoint currents, it was
necessary to place the feedpoint

segments at the beginning of the file,
so they appeared in sequence and the
NEC print command (PT) could be used
to obtain all 24 currents in one run.
This required breaking up the input
file which is undesirable. It would
be much more desirable to be able to
reuse the PT command to force printing
of the current for each segment
desired in a given run.
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NEC model of the semi-loop antenna on a metal cube.

Figure 1.
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Figure 3a. Visualization of numerical model of DD963 in ASROC configuration.

Figure 3b. Brass (experimental) model of DD963 in VLS configuration.
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DD963: NEC4 Antenna RX Patterns
Frequency = 1.85 MHz
Eta=0Deg Theta=z85Deg Elevation=5Deg

LEGENDS
—— ASROC — VLS Antenna S3
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Ngrm. Factor 0.02658 0.02732 Nerm. Factor 0.02725 0.02799
Data Files...  asrocf185nc.dat visf185n.dat Data Files...  asrocf185rx.dal visf185mx.dat
Segment # [ & Segmant # E] s

Numerical patterns of DF antennas P-3 and S§-3 for ASROC and VLS

Figure 4a.
Elevation angle is 5 degrees, frequency is 1.85 MHz.

configurations of DD963.

DD$63 Brass Model: Measured Antenna RX Patterns
Freguency: 1.85 MHz
Elevation: 5 Deg
LEGENDS
Antenna P3 ——— ASROC  —a— VLS Antenna 53
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Norm. Fastar 45,07 —45.05 Nerm. Factor -45.45 —45.44

Data Files v619119.ant v1191319.ant Data Fiies vE313.ant vi313.ant
Figure 4b. Experimental patterns of DF antennas P-3 and S-~3 for ASROC and VLS
configurations of DD963. Elevation angle is 5 degrees, scaled frequency is
1.85 MH=z.
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DD963: NEC4 Antenna RX Patterns
Frequency: 1.85 MHz
Eta=0Deg Theta=850eg Elevation =5 Deg
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Numerical phase of DF antennas P-3 and S-3 for ASROC and VLS

Figﬁre S5a.
Elevation angle is 5 degrees, fregquency is 1.85 MHz.

configurations of DD963.

DDY63 Brass Model: Measured Antenna RX Patterns
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Figure Sb. Experimental phase of antennas P-3 and $-3 for ASROC and VLS
configurations of DD963. Elevation angle is 5 degrees, scaled frequency is

1.85 MH=z.
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DD963: NEC4 Arttenna RX Patterns
Frequency = 9.25 MHz
Etaz0Deg Thwta=85Deg Elevation=5 Deg

LEGENDS
Antenna P3 ASROC s Antenna S3
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Figure 6a. Numerical patterns of antennas P-3 and S-3 for ASROC and VLS
configurations of DD963. Elevation angle is 5 degrees, frequency is 9.25 MHz.

DD4963 Brass Model: Measured Antenna RX Patterms
Frequency: 9.25 MHz
Elevation: 5 Deg
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Figure €éb. Experimental patterns of antennas P-3 and 5-3 for ASROC and VLS
configurations of DD963. Elevation angle is 5 degrees, scaled fregquency is
9.25 MH=z.
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DDS63: NEC4 Antenna RX Patterns
Frequency = 20.07 MHz
Eta=0Deg Theta=850eg FElevation=50eg
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Figure 7a. Numerical patterns of DF antennas P-12 and §-12 for ASROC and VLS
configurations of DD963. Elevation angle is 5 degrees, frequency is 20.075

MHz.

DD963 Brass Model: Measured Antenna RX Patterns
Frequency: 20.07 MHz
Elevation: 5 Deg
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Figure 7b. Experimental patterns for DF antemnnas P-12 and S-12 for ASROC and
VLS configurations of DD963. Elevation angle is 5 degrees, scaled frequency

is 20.075 MH=z.
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Figure 8. Cross-correlation surface, VLS vs. ASROC configuration of DD963.
(a) Numerical result (top), 1.85 MHz, (b) Experimental result (bottom), 1.85
MHz scaled.
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Figure 9. Cross-correlation vs. azimuth, VLS vs. ASROC configuration of
DD963. Signal arrival angle is 232 degrees (indicated by cursor). (&)
Numerical result (top), 1.85 MHz, (Db) Experimental result (bottom), 1.85 MHz

scaled.
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Figure 10. Bearing error vs. azimuth, VLS vs. ASROC configuration of DD963.
{a} Numerical result (top), 1.85 MHz, (b} Experimental result (bottom}, 1.85
MHz scaled.
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