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I. INTRODUCTION

The parametric acoustic receiving array (PARRAY) exploits the
inherent nonlinearity in the pressure density relationship of water to
achieve directional reception of low frequency acoustic waves. It can
be characterized as a volumetric, virtual array synthesized in the water
column between two small high frequency transducers called the pump and
the hydrophone. The directional response characteristics of the PARRAY
are similar to those of a continuous end-fire array of length equivalent
to the distance between the pump and hydrophone. The maximum response
axis (MRA) of the synthesized array lies along the directed line segment
from the hydrophone to the pump.

The parametric reception concept was first proposed by Westervelt
and shortly thereafter it was demonstrated experimentally by Berktay.l’2
There followed a number of theoretical and experimental investigations,
most of which emphasized demonstrating the existence of the phenomenon
and developing and validating mathematical models to describe the basic
physics of the process.3-12 Beam patterns were obtained and the acoustic
pressures of the interaction components were measured. Typical of basic
measurements that use available laboratory equipment, the incoming low
frequency signals were relatively high amplitude signals to assure

adequate signal-to-noise ratios for reliable measurement.

It was recognized, however, that if the PARRAY were to progress
from the status of an academic novelty to a useful tool in underwater
acoustics, systematic methods would have to be developed to select
optimal parameters within the constraints of existing engineering
technology. Studies conducted at Applied Research Laboratories, The
University of Texas at Austin (ARL:UT), addressed this problem and
identified several areas of technology where there was significant

technical risk.13—16 Under sponsorship of Defense Advanced Research
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Projects Agency (DARPA), ARL:UT undertook development of the technology

to reduce the risk.

The program to develop an experimental, large aperture PARRAY at
ARL:UT was structured as an integrated program of analysis, experiments,
hardware design, fabrication, iake testing, and sea testing to be
conducted in three sequential stages. The first phase of the program was
accomplished in 1975 under Contract N00039-75-C-0207 with Naval Electronic
Systems Command (NAVELEX) as technical agents for DARPA. During this
exploratory phase, mission analysis and system definition studies were
performed, subsystem requirements were developed, and technical risk
areas were 1nvestigated.l7 Objectives of the first phase of the program
were achieved on schedule and, consequently, the scope of the program
was expanded to encompass the second phase of detailed design, fabrica-
tion, installation, and tests of the system at Lake Travis Test Station
(LTTS), ARL:UT. This report summarizes the results of the second phase
of the development program. Additional information is contained in
quarterly progress reports, technical reports, and papers presented at

scientific and technical meetings.18-31

A brief description of the parametric reception process and some
of the more important properties of the PARRAY are presented in

section II.

A number of experiments were performed at LTTS with a long baseline
340 m PARRAY and two short baseline 5 m and 11 m PARRAYs. These
experiments are described and the results obtained are presented in
section III.

State-of-the art advances were made in four major hardware areas:
high spectral purity pump signal generation; commensurate power ampli-
fication; high efficiency, high power transducer element and array
design; and detection of sideband signals with very small modulation

indices. These hardware developments are described in section IV.

2




!
'

; - Several analyses and design support studies were performed during

i the course of this work. Three of these are reviewed in section V.

The report is summarized and major conclusions are presented in

section VI.
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II. DESCRIPTION OF THE PARRAY

The PARRAY can be characterized as a volumetric, virtual array
that is synthesized in the water column between two high frequency trans-
ducers. The operation of the PARRAY is illustrated schematically in
Fig. 1. A continuous, high frequency acoustic wave, symbolized by the
closely spaced, concentric arcs, is projected from one of the trans-
ducers (pump) to the second transducer (hydrophone), which is located
a distance L from the pump. A low frequency acoustic wave, represented
by the widely spaced diagonal lines, propagates through the area and
interacts nonlinearly with the pump wave to generate modulation side-
bands of the pump signal. The phasing of this interaction process
is such that a continuous, end-fire array of length L is synthesized
in the interaction volume between the pump and hydrophone. The maximum
response of the synthesized end-fire array is in the direction of a line
extending from the hydrophone through the pump. It is this end-fire
array effect that provides the directivity of the PARRAY and hence
its ability to discriminate against the low frequency ambient noise
that otherwise masks the signal wave.

Ideally, the pump signal is a pure sinusoid of frequency f 3 however,
in practice, the characteristic spectrum of the pump signal is similar
to that shown in the box at the upper left. The level of the sideband
noise is dependent on the quality of the signal generation equipment,
i.e., on the spectral purity of the pump electronics. As a result of the
nonlinear mixing in the water, the pump signal spectrum is modulated by
the signal frequency spectrum and contains the signal frequency
information as the upper and lower sidebands (fptfs), illustrated in the
box at the lower right of Fig. 1.

5
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The directional response of the PARRAY, which is similar to that

of a continuous, end-fire array of length L, is given by5

(1-cos8) sin[(kL/2) (1-cos8)]
B (kL/2) (1-cosb)

Do) = &= 1)

where
8 is the plane angle measured from the line joining the pump and
hydrophone,
k is the acoustic wave number of the signal to be detected,
L is the pump-hydrophone separation, and
B is the coefficient of nonlinearity of the medium, approximately |
equal to 3.5 in sea water.
L The value of B is approximately 8% less in fresh water than in sea g
' water.32’33 E
i
The directional response of the PARRAY is symmetric about the line
joining the pump and hydrophone, i.e., the PARRAY has a conical beam
pattern, The half-power beamwidth of the PARRAY, in degrees, is given
approximately by

8 = 105 /A/ZL )

Gt e b i

where A is the acoustic wavelength of the signal to be detected. These
characteristi¢s are illustrated in Fig. 2, which shows the directional
response of the PARRAY for a kL of 33m. This would correspond, for

k example, to a frequency of 50 Hz and a pump~hydrophone separation of
500 m, or to a frequency of 500 Hz and a pump-hydrophone separation of
50 m. Since the directional response of the PARRAY is symmetric about
the line joining the pump and hydrophone, the beam pattern is the same

] . in both the vertical and horizontal planes.

The detection of low frequency signals from a distant source is
closely related to the ability of the acoustic sensor to discriminate

against low frequency ambient noise and thus to improve the signal-to-

noise ratio (S/N) compared to a simple, omnidirectional sensor. One
7
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A

measure of the S/N improvement of an acoustic sensor is spatial

processing gain (SPG). The SPG of an acoustic sensor is given by

s N(6,4)d

f b(8,4) N(6,6)dR
4n

. (3)

where b(6,¢) is the directional response function of the acoustic sensor,
N(6,¢) is the noise power per unit solid angle, and the integral is over
4m steradians. If N(6,¢) is a constant, i.e., if the noise is

isotropic, Eq. (3) reduces to the familiar expression for the DI of the

acoustic sensor,

DI = 10 log %)

4 ;
f b(8,6)dR
4

Although the ambient noise field is rarely isotropic, the DI is a
convenient and useful measure for first order comparisons of different
acoustic sensors. The DI of the PARRAY is given by

DI = 10 log[1.86 + 4L/A] ‘ (5)

The lower curve in Fig. 3 shows the DI of the PARRAY as a function of
the pump-hydrophone separation in wavelengths. For example, a pump-
hydrophone separation of 500 m is 10\ at a signal frequency of 30 Hz,
which yields a DI of 16 dB.

The front-to-back ratio (F/B) of the PARRAY is also a function
of the acoustic aperture. For kI>1, the ratio of the maximum response
of the PARRAY to the envelope of the back lobes is given by (in decibels)

F/B,., = 20 log(7kL/3) " (6)

dB

The F/B of the PARRAY is shown in the upper curve in Fig. 3. It should
be noted that both the DI and the F/B of the PARRAY are functions of the

acoustic aperture and hence do not depend upon the pump frequency.

|
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Summarized below are several desirable characteristics that derive
from the fact that the PARRAY is essentially a continuous, end-fire array
synthesized in the water, |

« Vertical Directivity - Since the directional response is
symmetric about the line joining the pump and hydrophone, the
PARRAY provides vertical as well as horizontal discrimination
against noise.

» No Grating Lobes - Grating lobes are not generated as the signal
frequency increases because the PARRAY is a continuous end~fire
array. I

« Good Sidelobe Behavior ~ The sidelobes are well behaved and %
decrease monotonically to a minimum on the back side of the
4 PARRAY. i

e High Front-to-Back Ratio - The PARRAY is relatively insensitive i
to signals arriving from the back side. !

*» Wide Bandwidth - The PARRAY is inherently wideband because the
heterodyne process translates the absolute bandwidth of the
high frequency transducers to the low frequency signal region. .

* Minimum Number of Transducers - Two relatively small high
frequency transducers are required to form the PARRAY because
the nonlinearity of the water is exploited to synthesize the
array in the region between the transducers.

11

A AT e A A N PO s




III. MEASUREMENTS ON PARRAY AT LAKE TRAVIS

Using both newly developed hardware and refurbished equipment,

extremely good data were obtained from PARRAY experiments at LTTS.
Experiments were performed on a long baseline (340 m) and two short
baseline (5 m and 11 m) PARRAY systems utilizing a pump frequency of
65 kHz.

A. Measurements With 340 m PARRAY

Experiments were performed on a 340 m PARRAY at LTTS yielding
results that agreed with performance predictions and indicating that
a PARRAY system could be built to provide a successful ocean demonstra-

tion. The 340 m PARRAY system was described in detail in previous
18-22

documentation; basically it consisted of a pump and hydrophone,
located at middepth in approximately 46 m of water and connected by
cables to the PARRAY electronics located on a nearby barge. The trans-
ducers were attached to two underwater towers separated by a distance
of 340 m. The signal source was located approximately 1500 m from the
PARRAY at middepth of a fairly constant depth contour of an old river
channel of Laée Travis. The signal source consisted of a stable source
driving a Naval Research Laboratory/Underwater Sound Reference Division
1 (NRL/USRD) Type J9 transducer which was suspended from a small boat
anchored in the water. The PARRAY pump was driven with a 65 kHz pump

signal at a source level of 218 dB re 1 yPa at 1 m.

‘ ; A brief description and a summary of the results of each of the

more significant experiments are included in this report.

13
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1. Lake Test Fixtures

The geometry of the experiment is shown in Fig. 4, which is
a topographic map of the lower portion of Lake Travis. Lake Travis is
formed by Mansfield Dam, a large concrete structure containing a hydro-
electric plant. Three turbine generators are located at the site labeled
"Powerhouse'" on the map, The elevation contours are labeled in feet
above mean sea level and, as noted on the figure, normal lake level is
681 ft (207.6 m). Lake level at the time of the experiment was constant
at 207.3 m. The PARRAY transducers are located on two towers, denoted
"West Tower" and "East Tower" in Fig. 4, separated by 340 m. The trans-
ducers are cabled back to the PARRAY electronics console located on the

NAVSEA Barge.

In these experiments, the PARRAY pump was located on the east
tower and the PARRAY hydrophone was mounted on the west tower, Thus, %
the MRA of the PARRAY was along the dashed line, denoted 'PARRAY Axis," !

from the west tower to the east tower at a bearing of 068° magnetic. The
towers are set in approximately 46 m of water with the PARRAY transducers
located 21 m below the water surface, or near middepth at those points.
Figure 5 shows the means of attaching the transducer .and control
mechanism to the tower. The small cables from the control units run to
a junction box, where they are attached to a large cable stretching
along the lake floor to the NAVSEA Barge where the PARRAY electronic

equipment is housed and the experiments are conducted.

Figure 6 is a closeup view of the transducer and control
mechanism. Each of the control units contains a control motor and a
position indicator to allow the transducer to be pointed for precise
alignment. The control is an open loop servo system; once the alignment
is made, no further adjustment of the transducers should be necessary
for the tests at this depth. The 21 m depth was chosen to minimize pos-

s8ible interferences from the bottom and the lake surface.

14
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FIGURE 5
TOWER TRANSDUCER CONTROL MECHANISM
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In addition to the PARRAY transducers, an omnidirectional
standard transducer was installed on the west tower to permit direct
comparison of the ambient noise both at the input and at the output of
the 340 m PARRAY, This allows a direct measurement of the spatial
processing gain of the PARRAY in the Lake Travis environment. The
ambient monitor, NRL/USRD Type F50, required a preamplifier and line

driver so that the transducer could be used on a long cable.

2. System Minimum Detectable Level

Tests were performed on the 340 m PARRAY to determine the
minimum detectable level (MDL) of the system under varying environ-
mental conditions. These tests are described in detail in section III.A.
of the Test Plan for Interim Lake Tests of the Parametric Acoustic
Receiving Array (PARRAY).23

The spectrum of the signal from an omnidirectional hydrophone
located near the PARRAY hydrophone is labeled LN(F50) in Fig. 7. The
large peak below 150 Hz is due to machinery noise from the nearby dam
even though the hydroelectric plant was not generating power at the
time these data were obtained. The spectrum level from the F50 over
the frequency range 150 to 800 Hz is shown to gradually taper from 63
to 55 dB re 1 pPa//Hz. The output of the 340 m PARRAY under the same
conditions is also illustrated in Fig. 7. The PARRAY output includes
the spatial processing gain of the PARRAY which, for an isotropic noise
field, is equivalent to the directivity index. The ambient noise levels
shown in Fig. 7 represent some of the lowest ambient noise levels
measured at Lake Travis. It is therefore enlightening to compare the
PARRAY output with ocean ambient noise levels. The curves labeled
"B Shipping - DI" and "SS2 - DI" represent the "B Shipping" and "sea
state 2" ambient noise levels from curves given in Fig. 8 reduced by the
directivity index of the 340 m PARRAY. Thus the 340 m PARRAY is not
self-noise limited for ambient noise levels as low as B Shipping and

sea state 2.

18
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In summary, these tests have demonstrated that the 340 m
PARRAY is ambient noise limited under the quietest conditions encountered
in Lake Travis. Furthermore, these tests verify that the predicted
spatial processing gain for the 340 m PARRAY is achieved over the fre-
quency range from 35 to 800 Hz.

s Low Frequency Sensitivity and Array Processing Gain

An experiment was conducted to examine the performance of
the PARRAY at very low frequencies. During this experiment a 71 Hz
acoustic reference signal was transmitted from the J9 transducer on
axis approximately 1500 m from the midpoint of the PARRAY. The data
obtained were analyzed using an 800 line spectrum analyzer over the base-
band frequency range to 160 Hz; the results are shown in Fig. 9. The
noise analysis bandwidth for these data is 0.2 Hz, which results in an
SPL 7 dB below spectrum level noise. Although the hydroelectric plant
was not generating power at the time these data were obtained, the
frequency region below 125 Hz contains a large amount of acoustic energy
due to the machinery in the dam. The improvement in signal-to-noise ratio
from the PARRAY over that of the F50 omnidirectional sensor is due to
the spatial processing gain of the PARRAY which includes the DI and

backside rejection.

Another set of data, illustrated in Fig. 10, was obtained
under the same experimental conditions, except that the signal frequency
was changed to 55 Hz. Again the PARRAY output background noise closely
follows the levels due to C Shipping minus the directivity index of
the PARRAY over the frequency range from 50 to 100 Hz. From 100 to
160 Hz the PARRAY output approaches that of sea state 2 minus the
directivity index of the PARRAY. Even with contaminating machinery noise,
the experimental 340 m PARRAY demonstrates a capability of detecting
signals from 35 to 45 dB re 1 pyPa for a processing bandwidth of 0.2 Hz

over the frequency range from 50 to 160 Hz.

—




VivVa LL82C- AVHHVd WOrE 40 LNdLNO ANV LNdNI 1LV 3SION LN3ISWV 40 NOSIHVIWNOD

AS-77-2173
DFR-0231-0

6 34NOId
ZH - A>u3nbauy
091 ol 02l 00l 08 09 ot 02 (1]
| | 1 1 | | | 1
s¢
4
[
3
.
L
- 10 - m:_.aa? st m
/ m
/I) 5
[ ]
s
1
P> —SS W
°
IndIng AVIYYd -y
5]
o
3 459 B
-
N
®
| K3
M & sz
1 1 |

S8




Vviva LL-L-€ - AVHHVYd W OvE 40 1NdLNO ANV LNdNI LV 3SION IN3ISWNV 40 NOSIHVJIWNOD

0zt 0ot
A

0oL 3HNOI4

ZH - Aduanbauay

08

09

091 ovi
1

T

10 - 2SS

I

IndIng AV3AVd

1q - butddiys-

ZH §S
Leubts
L3N0y

S€

Sb

S5

—S9

—~{SL

AS-77-2174
DFR-0231-0

(M8 ZH Z°0) od+ | o4 @p — |9Ae") @nssalg punog

23

s

il

e

cod




4, Measurement of Front~to-~Back Ratio

The front-to-back ratio (F/B) of the 340 m PARRAY has been
measured in the 70 to 80 Hz range using the high amplitude noise from
the Mansfield Dam hydroelectric plant, directly behind the PARRAY, as
background. Spectra of signals from the ambient monitor F50 hydro-
phone and the 340 m PARRAY, obtained while the hydroelectric plant was

generating, are given in Fig. 11. The low frequency peak from the F50

- hydrophone near 75 Hz in Fig. 11 is nearly 36 dB greater than the level
‘ in Fig. 7, whose measurements were obtained when the hydroelectric power
plant was not operating. The peak level from the F50, as illustrated
in Fig. 11, approaches 119 dB re 1 uPa/vHz at a frequency of 75 Hz,

{ whereas the corresponding peak from the PARRAY is approximately

75 dB re 1 yPa//Hz. Since the power plant is located almost directly
behind the PARRAY, the reduction in level is primarily due to the back-
side rejection capability of the PARRAY. This capability is expressed
theoretically by the equation

2
7 _kL
B ['5 sin(kL)] "

=

which follows from Eq. (1).

For a signal frequency of 75 Hz, this expression predicts
a F/B envelope of approximately 48 dB. The measured value of F/B

of 44 dB compares favorably with theory for such a complex radiating
source. A more complete investigation of the F/B of the PARRAY was con-

ducted as part of the measurements on the short baseline PARRAY.

5. Temporal and Phase Stability 1

Another experiment was performed to determine the temporal
stability of signals received by the 340 m PARRAY. A stable signal at
71.18 Hz was transmitted from the J9 transducer at a distance of 1500 m
on the PARRAY axis. The signal was analyzed with 0.01 Hz resolution

and the resulting spectrum is displayed in Fig. 12. For the 0.01 Hz
24
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resolution processing there was no loss in signal level but the background

noise level did correctly show a reduction of about 13 dB over that for
0.2 Hz processing bandwidth. However, as shown in Fig. 13, further pro-
cessing of the data to a resolution of 0,004 Hz did not show a corres-
ponding reduction in background noise. The same 71.18 Hz signal from
] the reference hydrophone (F50) was similarly processed with 0.01 Hz
| and 0.004 Hz resolution and the results are shown in Figs. 14 and 15,
respectively. The background noise level does show a proper reduction
in level commensurate with a reduction in bandwidth. Careful comparison
of Figs. 13 and 15 reveals that there is some additional spectral spread-
ing of the 71.18 Hz signal from the PARRAY for 0.004 Hz processing
3 resolution as compared to the same processing for the F50 data. This |
tends to indicate that the very slight spectral spreading from the
é PARRAY was not due to the medium, stability of the signal source, or
the processing procedure of the data acquisition and processing subsystem
(DAPS). For this experiment the data indicate the limit to further
processing resolution might be due to very small phase instabilities in
the receiving and demodulation process. These instabilities could be

eliminated by phase locking the demodulation reference oscillator to the

b received pump signal. %

In summary, low frequency signals were received by the PARRAY
and processed to a very narrow frequency resolution of 0.01 Hz with
proper processing gain and stability. Processing to 0.004 Hz resolution
did not provide additional signal-to-noise improvements with the

receiving electronics used in the experiment.

: 6. Effect of Transducer Motion on PARRAY

The effect of transducer motion on the 340 m PARRAY was
investigated experimentally by having divers vigorously shake the antenna
mast on which the PARRAY hydrophone was mounted. At frequencies above
approximately 80 Hz, the noise floor of the PARRAY was 1 to 2 dB higher
than the noise floor measured approximately 45 min earlier, before the

27
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divers entered the water. This change is less than the variability of

the background (ambient) noise over that time period. At frequencies
below approximately 70 Hz, there was an increase of as much as 9 dB in
the noise floor of the 340 m PARRAY when the divers hovered about 8 m
above the PARRAY hydrophone. This noise floor remained at the same level
while the divers were shaking the tower. During the time these measure-~
ments were being obtained, a 150 Hz acoustic signal was being received
with the 340 m PARRAY. The 150 Hz signal was phase modulated by the
vibrat¥on of the PARRAY hydrophone as shown in Fig. 16. A more detailed
inspection of the PARRAY upper sideband revealed several distinct modula-
tion‘components. The sidebands of the 150 Hz signal were found to be

150 +0.8 Hz, 150 *1.6 Hz, and 150 *2.4 Hz. The levels of these 150 Hz
sidgband signals were +6 dB, +2 dB, and -5.6 dB referred to the 150 Hz
signal level, respectively; the implication is that the signal at

150 Hz was phase modulated with a modulation index of about 1.9 at a
frequency of 0.8 Hz. This represents the divers shaking the tower at

a frequency of 0.8 Hz with a maximum displacement of 7 mm (14 mm peak-to-
peak). These displacements and frequencies of modulation correspond

to a peak acceleration of 0.018 g.

Although this level of acceleration is extremely high, the
PARRAY operation was not obliterated. To properly relate vibration
levels to the operation of the PARRAY, some analysis was performed
and is included in section V of this report. Since there are some mobile
platform applications for which the PARRAY concept could be useful,
further examination of the effect of vibration on the PARRAY was per-
formed in a more controlled experiment on a short baseline PARRAY,

described in section B.

7o Nearfield Noise Rejection

The nearfield noise rejection of the 340 m PARRAY was
investigated by transmitting a 10 Hz wide band of noise centered at
288 Hz from a transducer located approximately 10 m above the PARRAY

31
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hydrophone. An omnidirectional standard transducer was located besiie
the PARRAY hydrophone for reference; and an acoustic calibration source
at a frequency of 338 Hz was located on axis approximately 1500 m from
the center of the PARRAY. The spectrum of the signal from the omni-
directional standard F50 hydrophone is shown in Fig. 17, with the 338 Hz
acoustic calibration tone and the 10 Hz BW noise source labeled. Note
that the spectrum level of the noise source observed by the F50 is
approximately 23 dB greater than the level of the acoustic calibration
signal. The response of the 340 m PARRAY to both the calibration source
and the nearfield noise is shown in Fig. 18. The spectrum level of the
noise source observed by the PARRAY is approximately 19 dB less than

the level of the acoustic calibration signal. Since the F50 reference
hydrophone provides a measurement of the input signal-to-noise ratio
(S/N) of -23 dB to the PARRAY, the simultaneous response of the PARRAY
indicates the backside discrimination against the nearfield noise in

the form of an output S/N of +19 dB. The discrimination characteristics
of the PARRAY are found by subtracting the input S/N in decibels from
the output S/N in decibels, which for this example yields a difference
of +42 dB. The nearfield noise from the PARRAY was 35 to 45 dB lower
than the signal from the omnidirectional standard transducer for various
locations and frequencies. These experiments verify an important
characteristic of the PARRAY which will be useful in applications with

nearby machinery noise or platform noise.

8. Multitone Calibration of PARRAY

Tests were performed on the 340 m PARRAY over a three-day
period to determine the sensitivity of the PARRAY as a function of
frequency and to observe the statistical variation of the acoustic
calibration signals. Most of the data taken previously on the 340 m
PARRAY used a 150 Hz acoustic reference signal from an NRL/USRD Type J9
transducer positioned 1500 m from the PARRAY at a depth of approximately

21 m. The new data obtained are in the frequency range from 52 to 793 Hz.

The measurements were made using a J13 transducer with four tones

summed and transmitted simultaneously. Due to the relatively restricted
33
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boundary conditions for cw transmissions, some interference between

modes was expected in the calibration data. However, several data sets
were taken in order to obtain an average value of PARRAY sensitivity.
For comparison purposes the acoustic SPL was monitored by an omni-
directional hydrophone (F50) located near the PARRAY hydrophone. The
SPLs for each frequency as measured by the F50 reference hydrophone and

the 340 m PARRAY are plotted in Fig. 19.

In general the data varied a great deal over the frequency
range. However, for the 19 samples of data taken, four of which were
not observable on the F50, the mean value of all tones from the PARRAY
differed from the mean value from the F50 by approximately 2 dB. It had
been expected that the PARRAY data would have much smaller fluctuations
than the F50 since the PARRAY performs a volume integration over the
acoustic aperture of the PARRAY. However, for the measurements made,
the PARRAY data had a larger standard deviation than that of the F50

reference hydrophone.

In summary the experiment was very useful in obtaining a
statistical calibration of the PARRAY; however, more importantly, it
illustrates the problem of trying to calibrate the system with one
tone and then comparing that level to the known sensitivity of a
reference hydrophone at a single location. All data collected in the

future should have a multitone reference calibration.

9. PARRAY Near-Bottom Experiment

All previous testing of the 340 m PARRAY at ARL:UT had been
performed at near middepth locations (20 m). A new experiment was
desired which might closely approximate test conditions expected in the
future sea test configuration. Since the PARRAY transducers will be
mounted on tripods for the sea test, the centerline of the PARRAY beam

will be approximately 6 m above the bottom. |
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To accomplish this experiment, each of the transducers of the
PARRAY system was moved to a location 8 m from the bottom of the under-
water tower. However, as an intermediate test, data were obtained with
the pump transducer near the bottom and the PARRAY hydrophone at middepth.
This configuration formed a downward looking PARRAY beam approximately
3° below the horizontal. The response of the PARRAY operating with a
small downward look angle with single sources on axis at middepth
1500 m away is given in Fig. 20. The response of the reference hydro-
phone located at middepth is also included for comparison in Fig. 20.

There is reasonable agreement in the data from the slightly
downward looking PARRAY and the omnidirectional reference hydrophone
(F50) at middepth. For the lower frequency data the beam should be too
broad to see any effect on the response of the PARRAY. However, for
the higher frequency data the total half-power beamwidth becomes less
than 10°. For a tilt angle of approximately 3° some effect should be
observable. The data indicate a trend of a lower response from the
PARRAY compared to the F50 for the higher frequency data. These observa-
tions are not surprising since the reference hydrophone is at middepth
rather than near the bottom, or at the center of the PARRAY.

To complete the experiment the PARRAY hydrophone and the
F50 reference hydrophone were lowered to the same location as the pump
(8 m above the bottom). This near-bottom configuration closely approxi-
mates the expected operation of the sea test PARRAY system which will be
mounted on tripods. The response of the PARRAY for the near-bottom
configuration is shown in Fig. 21. The corresponding response of the
F50 reference hydrophone is also given in Fig. 21. The data from the
PARRAY show reasonable agreement with that of the F50 reference hydro-
phone. The data also exhibited good agreement with previous data taken
during the middepth PARRAY operation.

In summary there were no unusual effects on the PARRAY

response due to operation near the bottom. This indicates that the sea
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test configuration planned for the PARRAY, consisting of a tripod

bottom mounted unit, should not experience adverse operation.
B. 5 m PARRAY On a Column

In planning the test of the experimental PARRAY at LTTS, it was
recognized that the relatively small Lake Travis basin would preclude
direct measurement of beam patterns with the 340 m PARRAY. To circumvent
this problem we were able to exploit the fact that the beam pattern of
the PARRAY is determined by the acoustic aperture, kL, rather than being
a function of the pump-hydrophone separation only. Thus we implemented
a short PARRAY on a column located on the main barge to obtain beam
patterns by scaling the frequency of the signal to correspond to the
smaller pump-hydrophone separation. This is discussed in more detail in
the test plan for the interim lake tests.23 However, since the interim
lake tests on the 340 m PARRAY were so successful, the instrumentation of
the short PARRAY on the column was expanded to investigate the effects
of transducer vibration on the PARRAY. For this purpose a vibrator was
constructed to vibrate the PARRAY transducers in a controlled manner, and
accelerometers were developed for the specialized conditions of the
PARRAY. This vibrator and the accelerometers were installed on the PARRAY

transducers.

1. Tegt Fixtures

The special short baseline PARRAY consisted of a pump and
hydrophone mounted on a horizontal boom attached to a rotating ivertical
column., One of the purposes of this fixture was to obtain beam pattern
measurements by rotating the PARRAY instead of moving the sound source.
Since the pump-hydrophone separation is small, the PARRAY has good
directional characteristics (narrow beamwidth and high F/B) only at high
signal frequencies; however, the beam patterns obtained at high fre-
quencies on this short array are theoretically the same as would be

obtained with a longer array at lower frequencies. Because of this
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tradeoff between signal frequency and array length, both the frequency
and array length are scaled to make the experimental results applicable
to the long baseline PARRAY.

Since the frequencies to be used for the short baseline
experiments would be high compared to those used for the long baseline
LTTS experiments, small transducers were needed to reduce the shadowing
and reflection problems from the transducer housings. A pair of 4-element
arrays was fabricated for use in the scaled PARRAY experiments. These
4-element arrays were constructed using the same techniques developed
for the larger PARRAY transducers, which are discussed in section IV.D.
A significant problem was encountered in integrating the 4-element
transducers into a PARRAY. The problem was matching the high transducer
impedance to a power amplifier at high power levels. Series tuning the
transducer with two inductors reduced this impedance and lowered the

inductor dissipation somewhat.

Tests of the 5 m PARRAY using these transducers showed the
array noise floor to be dependent on the pump power level. This was
assumed to be due to transducer cavitation. Maximum projected sideband
noise-to-carrier ratio occurred at approximately 1.5 W pump power for
the shallow depth of 4.5 m. At this pump power level the PARRAY noise
floor was dominated by the 65 kHz ambient noise in the lake because of
the small DI of the 4-element arrays. This meant that either higher
pump levels or a more directional PARRAY hydrophone (or both) was needed
to maximize low frequency sensitivity of the 5 m PARRAY. However,
because of cavitation at the shallow operating depth, an increase in
pump source level required a larger pump transducer. Therefore, to
obtain higher pump source level and more directionality in the PARRAY
hydrophone, existing single ended, 19-element transducers were modified
for use with the 5 m PARRAY. A new housing design was developed to
allow a transformer to be mounted behind the transducer face. This
allowed the transducers to be driven from a balanced line transducer cable,

thus reducing line frequency pickup.
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The 19-element transducers were installed, aligned, and tuned
on the 5 m PARRAY, and provided an improved acoustic sensitivity and

a lower sensor noise floor.

2. Beam Patterns with Scaled PARRAY

Several preliminary beam patterns were obtained using the
scaled PARRAY at Lake Travis Test Station. These beam patterns were
made at relatively high frequencies; however, the short length of the
scaled PARRAY provides the proper scaling such that the results are
representative of patterns that would be obtained for normal frequencies
of interest and a much longer baseline PARRAY. For example, the beam
pattern of a 5 m PARRAY at a signal frequency of 2500 Hz would correspond
to the beam pattern of a 500 m PARRAY at a signal frequercy of 25 Hz;

this represents a scale factor of 100.

Data were obtained using a pump frequency of 65 kHz with the
19-element planar array. The output of the PARRAY hydrophone was coupled
into a band elimination receiver (BER-2) which suppressed the carrier
and amplified the near sideband information. This single sideband (SSB)
information was then translated to baseband and processed by an 800-line
spectrum analyzer in a 64-exponential average mode with 0.5 Hz resolution.
The output of the 2500 Hz frequency cell was then monitored by a PDP 11/04
processing system and plotted on a Zeta digital incremental plotter. The
signal source consisted of an NRL/USRD Type J13 transducer driven with
a cw signal of 2500 Hz. This source was at a depth of 4.57 m and a
range of approximately 18 m.

A representative beam pattern obtained under these conditions
is illustrated in Fig. 22. The major lobe structure is well defined and

is close to the expected pattern. The back lobe structure has some

asymmetry and deviates from that expected.
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An expression for the directional response of the PARRAY was

given in Eq. (1). A theoretical beam pattern for a PARRAY at a signal
frequency of 2500 Hz with a length of 5 m is shown in Fig. 23.

A comparison of beam patterns is shown in Fig. 24 for a
signal frequency of 2500 Hz, The major lobe and first minor lobes are
in good agreement; however, the back lobe structure on the experimental
pattern is larger and not well behaved. Further investigations using
pulsed data indicated that there were very strong reflections from the
flotation material supporting the barges at LTTS. A more isolated plat-
form would be desirable for more detailed observations of scaled PARRAY

operations.

5 Measurement of Vibration

Instrumenting the PARRAY transducers to measure transducer
vibration while the PARRAY was operating presented some unique problems.
First, commercially available accelerometers immersed in water are
quite sensitive to acoustic energy in the water. This makes it difficult
to distinguish the accelerometer output due to acoustic waves in the
water from the accelerometer output due to mechanical vibration of the
surface on which the accelerometer is mounted. Second, the vibration
levels which we desired to measure were much smaller than the vibration
levels in the .transducer housing generated by the high level 65 kHz

pump signal to which the accelerometers were quite sensitive.

The design approach to solving this problem was to isolate
the accelerometer from the 65 kHz vibration by means of a mechanical low
pass filter and to isolate the accelerometer from the waterborne acoustic
signals by enclosing the accelerometer and mechanical filter in an air
filled canister. A further constraint was that the accelerometer,
mechanical filter, and canister had to be small enough to mount on the

back of the PARRAY transducers without adversely affecting the operation
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of the ttansducqrs or changing the respaonse of the total assembly to the
vibrator. After several iterations, an acceptable combination was
developed, fabricated, and installed on the 19~element transducers for

measurements on the 5 m PARRAY.

Using this instrumentation, experiments were performed on the
5 m PARRAY to verify the response of the PARRAY to vibration of its
transducers. Results of these experiments were presented at the 1978
IEEE International Conference on Acoustics, Speech, and Signal Pro-
cessing.31 A copy of the paper is included in an ARL:UT technical report.16

A summary of the results is presented below.

The theory predicts that the PARRAY responds to both
vibration and acoustic inputs in a very similar manner. Since the
PARRAY is normally calibrated in terms of its acoustic sensitivity, it
is convenient to express the vibration input in terms of its equivalent
acoustic input. This permits the PARRAY acoustic calibration to be used

in vibration experiments.

The equivalence between vibration and on-axis acoustic signal

for the PARRAY is given by

P(f) = 164 - 40 log f - 20 log L + G(f) s (8)
where
P(f) = the pressure spectrum level in dB re 1 wPa/ iz,
f = frequency in hertz
L = PARRAY length in meters, and
G(f) = the vibration spectrum level in dB re 1 ug//Hz.

For the 5 m PARRAY this is

P(f) = 150 - 40 log f + G(f) .
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The experimental technique used to verify this relationship
was to measure the acceleration spectrum, convert the acceleration
spectrum to its equivalent spectrum SPL using Eq. (9), and compare the
resulting SPL spectrum with the SPL spectrum measured by the PARRAY
using its normal acoustic calibration. For this experiment the PARRAY
was set up for normal operation except that the hydrophone was instru-
mented with both a shaker and accelerometer so that vibration of the

hydrophone could be induced and accurately measured.

Figure 25 shows an acceleration spectrum measured with an
accelerometer mounted on the PARRAY hydrophone while the hydrophone was
being shaken at frequencies of 146 Hz and 292 Hz. Note the narrowband
acceleration spectral components at those frequencies. Figure 26 shows
the output of the PARRAY and the output of a reference hydrophone, both
measurements being made while the PARRAY hydrophone was being shaken.
From Fig. 26 it is apparent that the PARRAY tonal outputs at 146 and
292 Hz must be caused by the shaker because the reference hydrophone

shows that there are no acoustic signals at those frequencies.

These experimental data are compared with the theoretical
predictions, Eq. (9), by transforming the acceleration data of Fig. 25
to its acoustic equivalent, using Eq. (9), and comparing the result with
the measured acoustic data. This comparison is shown in Fig. 27. The
agreement at 146 Hz and 292 Hz of +2 dB is well within expected experi-

mental variation.

The same experiment was repeated several times at various
frequencies with similar results. Figure 28 shows the agreement between
measured and predicted response of the PARRAY to vibration at the various

frequencies. These differences are believed to be due primarily to

problems in accurately measuring the vibration levels. Nevertheless, the

results confirm the theoretical relationships developed for the PARRAY

vibration response.
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C.  Measurements with 11 m PARRAY on Submerged Rotator

The response of the PARRAY to platform noise is critical in mobile
sonar applicafions. A description of the distribution of contaminating
noise in both frequency and space would be very complex. Also, the
distribution of contaminating sources is unique to each platform.

However, a parameter common to most mobile applications is the distance
to interfering noise sources. The expected distance would be quite small,
especially for a submarine mounted PARRAY. Since the expected noise
sources would be in the nearfield of the PARRAY, an experiment was

performed to investigate the PARRAY response to nearfield noise sources.

1, System Description

An existing submerged rotator was refurbished and instrumented
with an 11 m PARRAY at LTTS. The PARRAY and the rotator are shown in
Fig. 29. When installed in the lake the rotator rests on a flotation
collar moored above the lake floor; after installation the rotator is
winched down and held at the desired depth, for the duration of the
experiment, by a 3-point moor. The 11 m PARRAY system, as shown in the
block diagram of Fig. 30, is basically the same as that used for the
340 m PARRAY, which has been explained in detail in previous reports.ls-z3
The transducers for the 11 m PARRAY were two 19-element transducers, the
same as had been 'used on the 5 m PARRAY (section III.C.) An omni- ‘
directional reference hydrophone (NRL/USRD Type F50) was installed on
the rotator directly below the PARRAY hydrophone to measure the ambient

noise.

During the experiment the upper and lower sidebands of the
receiver preprocessor and the output from the F50 were recorded on the
DAPS. Simultaneous realtime plots of the received spectrum were made
using the Sanders spectrum analyzer.
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2. Response of the PARRAY to Nearfield Noise

The response of the PARRAY to localized bandlimited noise was
measured using several sources at different locations. To measure the
envelope of the PARRAY response instead of the interference patterns
from a single tone, a bandlimited white noise generator was used to drive
an NRL/USRD Type J9 transducer as the source of the nearfield noise.

The J9 transducer was mounted in four different locations as indicated in
Fig. 31: (1) directly beneath the hydrophone (H); (2) midway between
the pump and hydrophone and 1 m below the PARRAY axis (M); (3) beneath
the pump (P); (4) and midway between the pump and hydrophone but near

the axis of the PARRAY (MT). Simultaneous with the nearfield measure-
ments, four acoustic reference tones were transmitted from a source in
the farfield and on the axis of the PARRAY. These tones serve as an
acoustic calibration between the PARRAY and the reference hydrophone F50.

The response of the PARRAY was measured with a 10 Hz bandlimited
source at several frequencies and at the four locations previously
described. As shown in Fig. 32, the 10 Hz bandlimited noise, centered
at a frequency of 165 Hz and at location H, produced an output from the
PARRAY that was much lower (-27 dB) than the value measured from the
reference hydrophone. The response of the PARRAY was again measured but
with a 10 Hz bandlimited noise centered at a frequency of 650 Hz, as
illustrated in Fig. 33. The response from the PARRAY was 34 dB below
that of the reference hydrophone. The acoustic reference tones in each
case showed reasonable agreement. The nearfield noise rejection for each
location as a function of frequency is given in Fig. 34. There are
several important observations that can be made from the experimental

measurements:

(1) the nearfield noise is rejected from 10 to 40 dB depending on
the location and frequency of the source,

(2) the nearfield noise is rejected more at higher frequencies than

at lower frequencies,
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(3) the nearfield noise is rejected more when the noise is in the
vicinity of the PARRAY hydrophone than when the source is in
the vicinity of the pump, and

(4) when the noise source is in the vicinity of the hydrophone
the nearfield noise is rejected from 25 to 40 dB for fre~-

quencies greater than 150 Hz,

In conclusion, measurements of the PARRAY response to some
localized nearfield noise sources were obtained. The level of rejection
was high in many cases. The trend in rejection was favorable for a
submarine mounted, forward looking PARRAY application. In this applica-
tion the higher noise levels from the platform would be near the hydro~
phone, which is the region of greatest rejection, whereas the quieter
levels near the bow would be close to the pump, which is the region of
least rejection. Hence the experimental measurements indicate that
the PARRAY has good rejection to nearfield noise and thus that inter-
ference from platform noise on the PARRAY operation should be greatly

reduced.

3. Effect of Reflecting Plate on PARRAY

For some mobile applications of the PARRAY, the hull of the
ship will be very near the axis of the PARRAY. This hull could cause
reflections of the pump beam that would interfere with the normal

operation of the PARRAY. Because an experimental PARRAY is to be

’
evaluated on a submarine, measurements were made which would indicate
the severity of the problem. Due to constraints of time and funds, only

very limited tests were performed.

An aluminum plate, as shown on the submerged rotator of Fig. 29,
was mounted approximately 1 m below the axis of the PARRAY. The aluminum
plate was 6.4 mm thick, 0.6 m wide, and approximately 11 m long, The
operation of the PARRAY was observed with this reflecting plate installed.
A reference hydrophone (F50), which was mounted just below the PARRAY
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