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ABSTRACT

A compact electromagnetic monopole source, requiring pressure equalization, was
evaluated at the Naval Underwater Systems Center at Lake Seneca during July 1992
by scientists from the Institute of Applied Physics of the Russian Academy of Sciences
(IAP RAS) and from the Woods Hole Oceanographic Institution and other American
organizations. The titanium source was developed at the IAP RAS. The source has a
mass of 123 kg and a diameter of 0.54 m. The source cannot be thought of as a single
unit; rather the characteristics of the transmitted signal depend on a transmission
system consisting of the source, the power amplifier, and a computer. The computer
and the amplifier send specially adapted signals to the source to produce the desired
acoustic signals. Measurements indicate the acoustic system has a center frequency of
225 Hz, a bandwidth of about 50 Hz, an associated pulse resolution of about 0.02 s, a
source level of about 198 dB re 1 yPa @ 1 m, with an efficiency of about 50%. The
system has an efficiency of about 67% near 225 Hz, the resonant frequency. The source
is suitable for mounting on autonomous ocean moorings for several years as part of a
system of monitoring climatic temperature changes over basin scales.

1. INTRODUCTION

It has been suggested that new acoustic technology will make it less expensive to
monitor temperatures in the interior of the global oceans than to monitor tempera-
tures in the global atmospheres at scales important for climate change; that is at the
largely unexplored scales between the meso and basin scales (Spiesberger, 1992,1993;
Spiesberger and Bowlin, 1993; Spiesberger and Metzger, 1992; Spiesberger et al., 1992).
The new technology is based on sources attached to autonomous moorings and receivers
dangled below freely drifting surface units. An important piece of this new technol-
ogy is an acoustic source developed in 1991 at the Institute of Applied Physics of the
Russian Academy of Sciences (IAP RAS). This report documents the testing of one of
these sources at Lake Seneca during July 1992 by IAP RAS and WHOL. Similar sources
have been used for more than ten years in scientific work in Russia (Bogolubov et al.,
1986; Slavinsky et al., 1992).

We found the sources to be suitable for monitoring climatic temperature changes
over basin scales in the ocean. In particular, they had a source level of about 198 dB
re 1 yPa @ 1 m, a bandwidth of about 50 Hz, a corresponding temporal resolution
of about 1/(50 Hz) = 0.02 s, and efficiencies of about 50%. These sources could be
adapted for autonomous operation on moorings for periods of two years with modest
sized battery packs.

According to the Agreement on Scientific and Technical Cooperation in the Field
of Investigating Global Climate Change using acoustic tomography between the IAP
RAS, Nizhny Novgorod, Russia, and WHOI, Woods Hole, MA, USA, joint tests of the
low - frequency hydroacoustic sources and driving equipment developed at the IAP
RAS were made in July, 1992. During the first stage, from 12 to 24 July, 1992, these
groups measured the characteristics of five sources in water of about 16 m depth from
the WHOI dock. During the second stage, from 26 to 30 July, 1992, the sources were



evaluated on the barge at Lake Seneca operated by the Naval Underwater System

Center (NUSC).
The participants at both stages were

1. From the IAP RAS:

(a) M. Slavinsky, Deputy Director of the Hydrophysics and Hydroacoustics De-
partment, Head of the Ocean Acoustics Division

(b) B. Bogolubov, Head 6f the Applied Hydroacoustics Laboratory of the Ocean
Acoustics Division

(c) L Alelekov, Research Associate of the Applied Hydroacoustics Laboratory
(d) K. Pigalov, Research Associate of the Applied Hydroacoustics Laboratory

(e) G. Maslakov, Leading production-process engineer of the Design and Tech-
nology Section of the Ocean Acoustics Division

2. From WHOI:

(a) J. Spiesberger, Associate Scientist

(b) P. Boutin’:?ﬁesearch Specialist

3. Other participants during the second stage were:

(a) K. Metzger, U. of Michigan

(b) B. McTaggart, Naval Underwater Warfare Center (NUWC)
(c) J. Lindberg, Naval Underwater System Center (NUSC)

(d) D. Webb, Webb Research Corporation

(e) L. Carlton, Director of NUSC Lake Seneca Facility



We thank the director of IAP, A. Gaponov-Grekhov, for faahtatmg the IAP
team’s time in the United States.

During the first stage, the work was financed through discretionary funds by the
director of WHOI, Craig Dorman, including the travel expenses from Russia to
USA and back, as well as the living expenses for the Russian participants. During
the second stage, the project was funded through the ONR contract N00014-92-
J-1222.

We express our profound thanks to the Director of WHOI, Dr. Craig Dorman,
whose support made this work possible, and to our WHOI collaborators, Lee E.
Freitag, Marguerite K. McElroy and many others who provided aid and devoted
time and effort to make the stay of the Russian scientists in the USA both pleasant
and productive. We thank Capt. Ed Pope (ONR) and the NUSC collaborators,
without whose help this work could have never been done.



2. OBJECTIVES AND TASKS OF THE TEST

We refer to the acoustic source, the amplifiers, and the computer controller as the
system. Optimum source level, bandwidth, efficiency, and acoustic waveform de-
pends on proper coordination and adaptation of the different system components.
The source cannot be evaluated without full consideration of the interactions in
the system.

The main objectives of the tests are as follows:

(a) Development of consistent methods that can be used in the future for testing
low-frequency hydroacoustic systems by the Russian and American special-
ists. '

(b) Calibration measurements of the characteristics of the system. Measure-
ments include source level, phase and frequency characteristics, efliciency,
etc.

(c) Investigation of the characteristics of the system by generation of M-sequence
codes that are used for studying global climate changes of temperature using
acoustic tomography. Cross-correlation techniques are used to estimate the
time resolution and bandwidth characteristics of the system.

(d) Investigation of the influence of the source’s hydrostatic pressure compensa-
tion system on the source’s output characteristics.

(e) Investigation of the effects of pressure imbalances between interior and ex-
terior pressure of the source.

(f) Investigation of starting the system at ambient water temperature; or the so
called “cold start” test.

Knowledge of these characteristics is important for evaluating the potential of
these systems for use in tomographic monitoring of global ocean temperatures.



3. DESCRIPTION OF THE TRANSMISSION SYSTEM

The transmission system includes:

(a) An electromagnetic hydroacoustic source.

(b) A thyristor power amplifier that produces current in the source electromag-
net coil. This amplifier is called an inverter in what follows.

(c) A computer with a input and output modules that provides the acquisition
of input signals and the formation of signals that are output to the inverter.

(d) Measuring instruments for electric and acoustic signals.

(e) A hydrostatic pressure compensation system that keeps the gas pressure in
the internal source cavity equal to the hydrostatic pressure at the source
location depth.

(f) Underwater and surface electric cables.

The transmission system is shown in Figure 1. The subwater part of this system
contains the source (1), measuring hydrophone (2) and compensator (3). The
field coil of the source is connected to the power output of inverter (4) by a
multiple-conductor cable (5) of CWD type with longitudinal hermetization. All
conductors in the cable are combined into two ones in order to decrease the
ohmic resistance. D.C. voltage is fed to the inverter from the power rectifier (8),
which is switched to the three-phase line. The IAP RAS hydrophone is connected
through the cable (6) to the input module built into the computer (7), to which
a signal proportional to the source coil current (source current) is also supplied.
The signal formed by the output module of the computer is fed to the inverter
input. All electric signals are measured by the computer and, independently, by
the measuring instruments listed below.

3.1 Source

A low-frequency hydroacoustic source of electromagnetic type was tested. A
sketch of this source is shown in Figure 2. The source has two round emitting
membranes (1) with a special profile to minimize the mechanical loads due to
bending, a case which supports the fixed part of the electromagnet core (3); each
of the two moving parts of the electromagnet core (4) are rigidly fixed to the

7
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center of the corresponding membrane. The membranes and the case are rigidly
integrated through the outer flange by bolts (5). The source is made of high
- resistant titanium alloys for high reliability and long - term operation in sea
water. The membrane oscillations are co - phased so that source behaves like
a monopole. The linear dimensions of the source (0.5 m) are much less than
the lengths of the acoustic waves it produces (6 - 7 m); therefore the directional
pattern of the emitted acoustic field is spherical with high accuracy provided,

r>>2d , (1)

where d is the maximum geometric dimension of the source, r is the distance from
the geometric center of the source to the point at which the field is measured. An
interesting feature of the electromagnetic emitters is that the force of attraction
between the electromagnet poles is proportional to the square of the current
supplied to the coil. Consequently, the frequency of forced vibrations of the
source is equal to twice the frequency of the coil current and the emitted power
is proportional to the coil current raised to the fourth power. On the other
hand, the total power of the Joule heat losses in the electromagnet coil and the
losses due to remagnetization of the core is proportional to not more than the
coil current squared. The above statements imply that the electromechanical
coupling coeflicient and efficiency of the electromagnetic sources are not constant
and increase with increasing source power. This occurs until the core is saturated.
After this the efficiency decreases abruptly.

3.2 Inverter

The input impedance of an electromagnetic source of small wave dimension is
mainly inductive. Typically, for matching the impedance of the source and the
output resistance of the amplifier, a capacitor is switched, either in parallel or
in series, to the electromagnet coil. The capacitance is chosen such that the res-
onance frequency of the resultant electric circuit is equal to half the resonance
frequency of the source. This matching makes the narrow frequency band still
narrower. The inverter ensures a better matching to the source. As the source
frequency is changed, the inverter is used to keep the radiation level constant by
increasing the source current. The stabilization effect is the stronger for high -
efficiency emitters. Automatic stabilization of the radiation level makes it pos-
sible to generate high-quality signals with frequency and phase modulation in a
frequency band much wider than the frequency band of the source. The source
power is controlled by commutation of the power supply in a manner similar
to pulse duration modulation. Let T's denote the time duration that the power
supply is switched to the inverter. As T's increases, the power from the source
increases. The inverter is fed from a D.C. power supply unit of voltage 250 -
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300V. An electric or storage battery, or a rectifier can be used. In this case we
used a three-phase rectifier with V = 220 V and f = 50 - 60Hz.

3.3 Computer

Operation and measurement of the transmitting system is controlled by use of
a PC/AT 386 computer (Fig. 3). The output module is used for conversion of
the frequency , phase and time T's codes to an electric pulsed signal which goes
to the input of the inverter. The input module amplifies the source coil current
signal and enhances and filters the hydrophone signal. From the input module
the signals arrive at a standard module PCL 718 of containing 12-bit analog-to-
digital converters (ADC). Before measurement, the amplification factors of the
programmable amplifiers of the input module are chosen automatically such that
the ADC ensure the maximum accuracy during the measurement.

The signal sample frequency is 1 - 2 kHz. During calibration of the source, the
sample frequencies are 10 and 40 kHz. The results of the signal measurements
are used to calculate various parameters such as the frequency dependence of
the radiation level, the effective current of the source field coil, the phase of
the emitted signal, the efficiency of the source and of the transmission system
as a whole, the average current of the power rectifier, etc. The results of the
measurements are shown on the computer display.

Digital Radiation Control

Code Impulses
COMPUTER [ ——m> > INVERTOR

oc
oA
cw
Ha
A

20

Digital Code

INPUT HYDROPHONE,
A DC - PCL-718 <] MODULE <—— INVERTOR
— : ~ Input Signals :
Analogue-Digital Filters, ~ Hydrophone voltage
Converters Amplifiers - Source current

Figure 3: Structural scheme of the computer complex.
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Table 1. Equipment used by the IAP.

Parameters Measurement Type of Device Accuracy of
Unit Measurement (%)

Power rectifier
voltage volt M 42100 1.5

Average consumption
current from

rectifier amp M2027 0.5

Average field coil
current of source amp M2027 0.5

A.C. voltage on

hydrophone volt V7 -27 0.5
Field coil inductance Impedance meter

of source mH IMF - 600 0.1

3.4 Measuring FEquipment

All electric signals are measured by the computer and, independently, by the mea-
suring equipment. The signals being measured and the types of the devices are given
in Table 1.

The American colleagues simultaneously measured electric quantities using their
own devices listed in Table 2.

The acoustic pressure was measured by three piezoceramic hydrophones, the char-
acteristics of which are given in Table 3.

3.5 Pressure Compensation System

When the source is submerged in water its membranes are bent under the action
of hydrostatic pressure, which, at a certain value, can make the source inoperative.
The hydrostatic pressure compensation system (PCS) is intended to keep the imbal-
ance between the hydrostatic pressure outside the source and the gas (or air) pressure
in the internal cavity of the source within admissible limits. IAP used the simplest
compensator of the so- called passive type, which is a thick-walled sphere of fiber-glass
reinforced plastic divided into two cavities by an elastic diaphragm (Fig. 4). One cavity
is connected through holes to the environment and the other cavity is connected to the
inner cavity of the source. Since the rigidity of the diaphragm is very small, the pres-
sure in the source is essentially the same as the hydrostatic pressure outside the source

12
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Table 2. Equipment used by the Americans.

Parameters Measurement Type of Device Accuracy of
Unit Measurement (%)

Power rectifier Handheld multimeter

voltage volt Hewlett-Packard E2373 0.7

Average consumption

current from True rms meter

rectifier amp Fluke 87 0.2

A.C. voltage on True rms meter

hydrophone volt Fluke 8506A 0.1

Table 3. Hydrophone calibrations.

Type of Serial # Sensitivity Produced by
Hydrophone (dB/Vrel pPa @1 m)

F37 280 -205.9 Naval Underwater Systems Center
Lake Seneca, NY. USA
G3303-M 14 -192.69 Institute of Applied Physics
Russian Academy of Sciences
Russia
F37 A62 -204.3 Naval Research Lab.

Orlando, FL. USA

14



until water forces the entire gas out of the compensator into the source. In order to in-
crease the depth of submergence, the source and the compensator can preliminarily be
pumped with gas (dry air can be used) to admissible pressure. Assume that Vs is the
volume of the inner cavity of the source, Ve is the volume of the compensator and Po
is the initial gas pressure in both volumes. Then the maximum depth of submergence
H (in meters) is, _

H =10(Po+ (Po+1)Vc/Vs) . (1)

In our case, Ve= 17 liters, V's = 6 liters, Po = 15 atm, H = 600 m. An important
parameter of the compensator is the time of pressure equalization, which should be less
than the characteristic time of variation of the source depth.

The source mass is 123 kg, the source’s diameter is 0.54 m, the PCS mass is 10 kg,
and the PCS diameter is 0.450 m. A match box is placed on the top of the source for
comparison of size. '

15



4. METHOD OF ACOUSTIC MEASUREMENT

The source was placed in the water using cranes on the NUSC barge. The power and
control apparatus of the transmission system were placed in the laboratory while the
source, the hydrostatic pressure compensation system and the monitoring.hydrophones
were submerged using a steel rope. The depth of submergence was measured from the
water surface by reading the counter mounted on the winch. Signal measurements were
made with Russian and American ammeters, voltmeters, calibrated hydrophones, and
data processing equipment. The tests were performed with the source at between 23
and 100 m depth.

The source was tested with and without the hydrostatic pressure compensation sys-
tem. The hydrological conditions in Lake Seneca were essentially unchanged throughout
the tests. Figure 5 shows the typical vertical sound speed profile, which was measured
by the NUSC facility at different times. These data were used for determining the
efficiency of the system.

100 ~ .

200

DEPTH (feet)

300 -

400 : : 1 1 i L | ] i
1400 1420 1440 1460 1480

SOUND SPEED (m/s)

Figure 5: Seneca Lake Sound Speed Profile
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Table 4. Check on the consistency of the calibrated hydrophones. Three
hydrophones listed in Table 3 are mounted as shown in Figure 6b, except at
a distance of 1.99 m instead of 2.03 m. The voltages were measured at the
cable terminations provided with each hydrophone. On the 28th of July,
voltages on the F37 hydrophones are measured on the U. of Michigan Fluke
voltmeter using the 2 V scale (model 8050A). On the 29th, voltages on the
F37 hydrophones are measured with the Fluke model 8506 A thermal rms
digital multimeter supplied by the facility at Lake Seneca (USN 015185,
serial number 4275008).

Type of Output 28 July Output 29 July
Hydrophone (dBV) Source Level (dBV) Source Level
(dB) (dB)

F37, #280 '

Seneca -12.54 199.36 | -12.73 199.17
N G3303-M #14

Russian - 198.61 - 198.51

F37, #£A62

Orlando -12.08 198.22 | -12.11 198.19

Provisional comparative tests of the hydrophones were performed using acoustic
tones. The results of two typical measurements are given in Table 4.

The largest scatter of values, 1.18 dB, was observed between hydrophones F37 No.
280 and F37 No. A62. Measurements using hydrophone G3303 No. 14 fall about half-
way between the American hydrophones. The general scatter of measured parameters,
about 1 dB, corresponds to the accuracy in calibration. The hydrophones were spaced
r > 2 m from the geometric center of the source, so that condition (1) was satisfied.

The distance between the source and the hydrophone was fixed by a rigid bar, to
one end of which the hydrophones were fastened and the other end was connected to
the source.

In the first version, the hydrophones were mounted on the end of a pinewood stick
(Fig. 6a). In the second version, a metal rod was used.

The hydrophones and the source were suspended from the ends of the rod (Fig. 6b).
These two versions yielded similar estimates of the transmission system.

Another desirable condition is that emission be made into open water away from
boundaries. This requirement is met if there is a small contribution to the acoustic
field from imaginary sources due to bottom and surface reflections. If the local depth
is H and the depth at which the source is submerged is h, then in the worst case the
influence of these reflections, can approximately be defined from the equation,

d = 100(r/2k + r/2(H - R)) (%) , (1)

17



for r << h and r << H — h (Appendix A). In our case, at r > 2 m, H = 130 m, and
h = 25 — 100 m, the maximum error in amplitude is d = 5% .

The measurement could be influenced by interactions with the barge and with other
transducers in the water during the test. Therefore, the measurement data obtained at
the maximum depths of submergence of the source should be considered more reliable
than the shallower measurements.

1 - Source.
2 - Hvdrophone F37 (USA).

2 - Hydrophone G3303 - M (RussiaY.

Figure 6: Changes of system configuration
(a) the first version, (b) the second version

18



5. CALIBRATION OF THE SOURCE

The objective of source calibration is to define the acoustic parameters of the
source and the parameters of the transmission system when different tones are
emitted. The calibration is controlled automatically with a computer. The cali-
bration matrix is formed from sequential steps in frequency - output level space.
The rows of the matrix indicate frequency and the columns of the matrix indi-
cate the source power parameterized by the commutation time, T's. The following
parameters are set in the computer before calibration :

fo, minimum source frequency

f1, maximum source frequency

df , the step in frequency

T'sy, minimum value of the parameter T's
T's;, maximum value of the parameter T's

dT's, the step in parameter T's.

The following parameters are also assigned: the distance between the source and
the hydrophone, the sensitivity of the hydrophone, the power supply voltage fed
to the inverter, the ohmic resistance of the power cable between the inverter and
the source, the sound speed at the depth of submergence, and the water density.
After the parameters of the next step are set automatically and the emission is
switched on, with a delay of 0.3 seconds, the time needed for the onset of steady
state of the source, the computer selects the gains of the input module amplifiers
during 60 - 90us. Thereafter during 0.2 s, the hydrophone is digitized at 10 kHz
and the average amplitude and phase of the acoustic pressure is calculated. In
the next 0.1 s, the hydrophone and the coil current signals are digitized at 40 kHz
and displayed. Also, they are used for calculation of the effective coil current and
the average consumption current. In the last period of time, the source radiation
is gradually decreased automatically and switched off.

Ten matrix calibrations were taken using different depths of submergence and
using the source with and without the pressure compensation system. The pa-
rameters for the calibrations and the main results are given in Table 5.

Calibration was performed between 205-240 Hz at a maximum radiation level
about 200 dB. Measurements 1-7 were performed without a pressure compensa-
tion system (PCS). Measurements 1-2 were conducted for debugging the transmis-
sion system and choosing the optimal range of taking the source characteristics.

19



Table 5. Calibration runs on the acoustic source (matrix tests). Run 1 was
done using the geometry given in Figure 6a. Runs 2 through 7 inclusive were
done using the geometry given in Figure 6b except with hydrophones at a
distance of 1.99 m from the center of the source. Runs 8 through 10 were
done using the geometry given in Figure 6b. The source depth is H, the min-
imum, maximum, and increment frequencies are fo, fi1, and df respectively.
The minimum, maximum, and increment pulse durations transmitted to the
source are T'sg, T's;, and dT's respectively. The source level at maximum
power is SL,, and occurs at the maximum pulse duration. The calculated
efficiencies of the source and of the entire transmission system are E, and E,
respectively. An asterisks indicates the pressure compensation system was
used.

# H fo h df Tsy Tsy dTs SL, E, E,
(m) (Hz) (Hz) (Hz) ps pus us (dB) at SL, atSL,

30 205 240 1 500 1300 50 196.5 0.567 0.514
23 205 240 500 1500 50 200.0 0.681 0.623
33 205 239 600 1500 100 200.3 0.835 0.765

34.8 205 239
36.6 205 239
3.2 205 239

7T 294 205 239
8" 451 205 239
9 75 205 239
10* 100 205 239

600 1500 100 199.8 0.810 0.743
600 1500 100 199.7 0.837  0.765
600 1500 100 200.2 0.858 0.784.
600 1500 100 200.4 0.797 0.725
600 1600 100 199.9 0.746 0.665
600 1600 100 199.8 0.749 0.667
600 1600 100 199.6 0.770 0.688

SOV WD~

DN DN NDNNNDND -

Measurements 3-7 were made for investigation of the influence of the imbalance
between the pressures inside and outside the source on its characteristics. In mea-
surements 8-10, the source with the PCS was used. The influence of the depth of
submergence on the system was investigated. Figures 7-16 show the results ob-
tained by processing the calibration matrix data on the computer corresponding
to line 5 of Table 5. Figure 7 shows the frequency dependence of the radiation
level at a constant T's. The radiation level is not sensitive to frequency thus the
emitted bandwidth is wide. At a level of -3 dB from the peak, the frequency
band of the source is greater than the frequency range of the calibration (over 35
Hz). Figure 8 shows the frequency dependence of the radiation level at a constant
value of coil current . The radiation band is narrower and is close to 12 Hz.

The conditions for measurement of the amplitude-frequency dependence at a con-
stant value of coil current approximately correspond to excitation of a mechanical
oscillation of the source by a constant force. Thus, Figure 8 shows the resonance
characteristics of the source. Figures 7 and 8 show the importance of adapting
the signal for the source to create a transmission with a wide bandwidth.

20
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Figure 9 displays the frequency dependence of the coil current at T's = constant
using the same conditions shown in Figure 7. The coil current increases when the
source is detuned from resonance while the radiation level changes little. Figures
10 and 11 exhibit the dependencies of the source radiation phase on frequency
and on T's, respectively. The curve in Figure 10 corresponds to the classical de-
pendence of the oscillator phase with frequency. The dependence of the radiation
phase on T's is weak (Fig. 11). Figures 12 and 13 present the dependencies of
the radiation level on T's and on coil current. Figures 14 and 15 show the depen-
dencies of the source efficiency on frequency and on T's respectively. Frequency
dependence of the efficiency of the system as a whole is demonstrated in Figure
16. It is seen from these figures that the source efficiency increases together with
the radiation level and decreases with the departure from resonance. The source
efficiency is calculated by,

Es=Wa/(Wp—-Wi—-Wc) , (4)

and the efficiency of the transmission system as a whole is calculated by,
Ec=Wa/Wp , (5)

where Wa is the acoustic power of the source, Wp is the power consumed from
the source, Wt is the power dissipated in the inverter, and We is the power lost
in the power cable.

Using the results of the calibration we can make a few generalizations about the
parameters of the transmission system at a radiation level about 200 dB:

Resonance frequency of the source 225 Hz
Acoustic bandwidth of the system > 35 Hz

Variation in the freq. response of the source
in the range 205 - 240 Hz <+15dB

Average efliciency of the source using IAP calibrations
at different depths = 75%

Average efficiency of the system using IAP calibrations
at different depths ' = 66%.

The characteristics of the calibration matrices remained almost unchanged when
the PCS was attached to the source. For example, the radiation level changes
little at resonance when the PCS is attached (Fig. 35).
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6. TRANSMISSION OF CODED SIGNALS FOR OCEAN
ACOUSTIC TOMOGRAPHY

A main feature of the transmission system is the transmission of coded signals.
M-sequences and frequency-modulated signals were emitted. With M-sequences,
the computer signals were formed by the algorithms developed at the IAP or were
formed using K. Metzger’s BCSG80 K. Metzger made an electronic unit which
converted the output of the BCSG80 to an output suitable for input to the IAP
inverter. :

During transmissions, the computer was not used to measure the coil current;
therefore the currents and power supply voltages were determined by reading the
instruments labelled A and V in Figure 1. Although the currents and voltages
were not stationary, the measurement was probably satisfactory thanks to the
fact that these instruments averaged over time.

Signals were transmitted with the following parameters:

Carrier frequency _ 225 Hz
M-sequence law 561g
Number of M-sequences in each transmission N=1 to 10
Number of digits in the M-sequences 255
Number of carrier frequency cycles per digit Q=3to16
Commutation time controlling source level Ts = 1400 to 1600 us
Modulation angle of the carrier phase 45° to 90°
Sample frequency at the A/D converters 1 to 2 kHz
Depth of submergence 23 t0 100 m

Tables 6a and 6b give the parameters of all M-sequence measurements. The source
was pre-pressurized at lake-level to about 2.5 atm and 3 atm for measurements
at 23 m and 33 m respectively.

It is difficult to obtain accurate estimates of the efficiency of the source and the
system (Appendix A).

Figures 17-20 show sections of the hydrophone signals, from M- sequences with the
parameters () = 10, 6, 4 and 3, respectively. Cross-correlation of the reference
and the hydrophone signals was done using IAP and K. Metzger’s equipment.
Correlation data is shown from K. Metzger’s equipment.

Figure 21 shows a family of pulses generated with a phase-only matched filter
(sharp-processing) with transmitted M-sequences having Q’s between 3 and 16.
There is a tail for Q’s of 3 and 4 (Figures 22 and 23). The tail is probably not
due to the reflection from the surface because this reflection arrives about 0.044
s after the main peak. The direct and surface-reflected signals are resolved when
the source is submerged to a depth of 100 m (Figure 24). When the source is
submerged to a depth of 100 m, the surface reflected signal should arrive about
2 % 100 m/1440 m s~ = 0.14 s later than the direct arrival.
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Figures 25 and 26 show the maximum value of the matched-filter output (phase-
only filtering) and the width of the correlation peak versus Q respectlvely The
signal quality is high for values of Q greater than or equal to 4.

The efficiency values shown in Tables 6a and 6b are averaged for each value
of Q for tests with and without the pressure compensation system (Figure 27).
This figure does not include the efliciency calculation of for hydrophone F37 at
a distance of 50 m because of the much larger uncertainty in that particular
measurement (Appendix A).

Transmitted signals were subject to linear frequency modulation with and without
amplitude tapers according to,

A = A0(t)sin(nt/T) , (6)

where T is the signal duration. The algorithm for synthesis of these signals is
more complicated than for M-sequences. The algorithm partitions the signal
into elementary tones to minimize the number of the emitted tones and it forms
each tone using data from the calibration matrix. For signals with a bandwidth
of 35 Hz we use the standard calibration matrices described in Section 5. The
parameters of the emitted signals are given in Table 7. Figures 28 and 29 show the
spectra of signals with linear frequency modulation with and without amplitude
modulation.

The tests demonstrate that coded signals can be synthesized with amplitude,
phase, and frequency modulations. Using a Q = 4, a temporal resolution of 22
ms is obtained. This resolution is better than the 50 ms resolution required to
resolve acoustic multipaths at basin-scales in the northeast Pacific (Spiesberger
and Metzger, 1991). The measurements indicate that efficiencies of about 50%
are achieved for the system.
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Table 6a. M-sequence measurements. The columns give the source depth,
the number of digits in the M-sequence (n), the number of M-sequence periods
transmitted (N), the number of cycles of carrier per digit of the M-sequence
(Q), the phase angle used to modulate the M-sequence, the source level of
the transmission relative to 1 uPa @ 1 m, and the fractional efficiency of the
source and the driving equipment (E.). The M-sequence law is 5615 according
to K. Metzger’s notation and law (8,4,3,2) according to the IAP notation.
The carrier frequency for all transmissions is 225 Hz. The geometry of the
test is shown in Figure 6b except the distance between the source and the
hydrophones is 1.99 m. Calculations for SL are taken from the average source
levels derived from the F37 hydrophones. E. is calculated from hydrophones
F37, serial # A62 and serial #280 respectively with voltages on hydrophone
outputs measured with the 8506A true rms meter. The average value of E,
is shown. Errors for the efficiency might be about 25 % (Appendix A).

# Depth n N Q Angle SL E, Notes

(m) _ (deg) (dB) F37 F37 avg
A62 280

1 23 255 1 10 86.42

2 23 31 1 10

3 23 31 1 10 90.00

4 23 31 1 10 45.00

) 23 31 1 10 45.00

6 23 255 5 10 86.417

7 23 255 2 10 86.417

8 23 255 1 10 90.00

9 23 31 5 10 90.00

10 23 255 5 8 86.417

11 23 255 5 6 86.417

12 23 235 5 4 86.417

13 23 255 5 3 86.417

14 23 255 5 4 90.000

15 23 255 5 4 86.417 197.40 0.40 0.54 0.45

16 23 255 5 8 86.417 198.00 0.45 0.58 0.52

17 23 255 5 8 86.417 197.50 0.57 0.73 0.65

18 23 255 S5 5 86.417 197.60 0.42 0.54 0.48

19 23 255 5 6 86.417 197.60 0.41 0.55 0.48

20 23 255 5 7 86.417 197.70 0.42 0.56 0.49

21 23 255 5 16 86.417 198.20 0.48 0.63 0.56

22 23 255 5 4 86.417 196.80 0.34 0.45 0.40

23 23 255 5 3 86.417 197.00 0.35 0.48 0.42
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Table 6b. Same as Table 6a. For tests 32 through 41, the geometry is
shown in Figure 6b and the SL are computed in part using hydrophone F37,
serial #280. PCS indicates a pressure compensation system is used. KMG
indicates K. Metzger’s BCSG80 M-sequence generator is used.

# Depth n N Q Angle SL . E. Notes

(m) (deg) (dB) F37 F37 avg

' . A62 280

24 33 255 2 16 86.417 198.50 0.60 0.77 0.69
25 33 255 2 10 86.417 198.40 0.59 0.77 0.68
26 33 255 2 8 86.417 198.20 0.55 0.75 0.65
27 33 255 5 6 86.417 198.00 0.44 0.61 0.53
28 33 255 5 5 86.417 197.80 0.42 0.57 0.50
29 33 255 5 4 86.417 19750 0.39 0.53 0.46
30 33 255 5 3 86.417 197.20 0.38 0.50 0.44
31 33 255 5 4 84375 197.60 0.41 0.57 0.49 KMG
32 45 255 5 4 86.417 197.90 0.47 PCS
33 45 255 5 8 86.417 198.50 0.55 PCS
34 45 255 5 8 84.375 198.60 0.56 KMG,PCS
35 45 255 5 4 84375 198.00 0.50 KMG,PCS
36 75 255 5 4 86.417 198.10 0.50 PCS
37 75 255 5 4 84.375 198.10 0.50 KMG,PCS
38 100 255 5 4 86.417 198.40 0.54 PCS
39 100 255 5 8 86.417 199.00 0.63 PCS
40 100 255 5 4 84.375 198.20 0.53 KMG,PCS
41 100 255 5 8 84.375 199.00 0.62 KMG,PCS

Table 7. Parameters used for signals generated with a linear frequency
modulation. See Equation (6) for a description of the variables describing
the frequency sweep.

fo f T Amplitude SL
(Hz) (Hz) (s) modulation (dB)

205 240 100 no 200
205 240 50 no 200
205 240 50 yes 200
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7. PRESSURE COMPENSATION SYSTEM AND COLD START
TEST -

Operation of the source with a compensator was investigated at a depth of up
to 100 m. The inductance of the source field coil was measured as a function
of depth (Fig. 30). The inductance indicates the extent to which internal and
external pressures are equalized at the source since the coil inductance is inversely
proportional to the core gap and the gap depends on the flexibility of the source
membranes. The inductance of the compensated source, measured in the air
together with a cable of length 200 m, was 45.1 mH. After this, the source was
connected to the compensator and pumped with gas (dry air could be used) to 4
atm. The inductance decreased to 27.5 mH. The inductance must increase to an
equilibrium value of 45.1 mH when the source is placed at a depth of 40 m. After
the source is brought to the depth where its internal pressure equals the external
pressure, the inductance can undergo slight oscillations.

The depth was quickly changed at 10 m steps. The time of inductance relaxation
was about 3 minutes (not shown). Figure 30 shows the dependence of the induc-
tance as a function of depth. When the source was submerged to a depth greater
than 40 m, slight inductance oscillations (£0.5 mH) were detected over a period
of about 3 minutes due to pressure dis-equilibrium (not shown). Therefore, a
sudden pressure differential of 1 atm relaxes to equilibrium in 3 minutes.

In order to estimate the accuracy to which the compensator sustained the pres-
sure difference the following experiment was performed. The inductance of the
un-pumped source on the deck (L = 39 mH) was measured. Then the source
without the PCS was pumped with air to pressure, P0, corresponding to the hy-
drostatic pressure at the depth of submergence. Thereafter we measured the coil
inductance at different depths as the source was submerged. The results of these
measurements are given in Figure 31. Pressure imbalances as great as 0.1 atm
lead to a change of inductance by 1 mH.

The coil inductance is within £0.5 mH of equilibrium when the pressure compen-
sator is used (Figure 30). Therefore, the accuracy in maintaining the pressure
difference by use of the compensator is +0.05 atm.

The transmission characteristics were investigated when the pressure inside the
source was not equal to the outside pressure. The source was calibrated without
the compensator at several depths from 29.4 m to 36.6 m, which corresponds to
a pressure differential of &+ 0.3 atm. The use of an un-compensated source, which
changes the core gap, means that the a higher or lower coil current is required to
force oscillation of the source membranes. In other words, dis-equilibrium leads to
changes in the dependence of source level with coil current. The input parameter
is T's rather than the current. The source (radiation) level does not change much
under the stabilizing action of the inverter which controls Ts. Consequently,
the dependence of the source level on frequency changes little at T's = constant
(Figures 32, 33, and 34). An inaccuracy in compensation of about 0.3 atm is
unessential to the source operation. The pressure difference at which these sources
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are serviceable is &+ 1 atm, and ‘the compensator sustains the pressure difference
+ 0.05 atm.

The ability of the system to transmit properly after a long break (“cold start”)
was tested. At the start of each working day on the NUSC barge, a calibra-
tion matrix was measured on the source which was left in the water overnight.
Measurements show that a break of about 15 hrs does not influence the source
radiation characteristics (not shown).
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8. CONCLUSIONS

The main results are:

(a)

(b)

(d)

()

The Russian and American specialists developed methods for testing low-
frequency hydroacoustic sources and emitting systems. In the course of fur-
ther collaboration in the field of the ocean acoustic tomography, these meth-
ods can be used as a basis for independent estimation of different sources.

The method and equipment for automated measurement of the calibration
matrices for determination of the main acoustic and electric characteristics
of the transmission system have been tested experimentally. In the range
205 - 240 Hz, the frequency response of the transmission system equipped
with a compensation system is flat ( £ 1.5 dB on the average). At resonance,
the efficiency of the transmission system with the PCS and the efficiency of

the source in this system is about 66% and 75% respectively at a source level
of about 200 dB.

A method of determining the characteristics of the hydrostatic pressure com-
pensation system and the influence of the compensator on the transmissions
was tested. The characteristics of the calibration matrices changed little
when the compensator was attached to the source. The rate of compensa-
tion of the internal and external hydrostatic pressure is approximately Ve
= 0.005 atm/s, and the pressure compensation accuracy, dP = 0.05 atm, is
high enough to ensure serviceability for uses on moorings.

The transmission system is insensitive to the starting condition, e.g. a “cold
start” condition.

Confirmation of the source’s reliability (~ 3 x 108 cycles) requires long-term
tests not performed in the summer of 1992. The total time that one of the
sources was used in the summer of 1992 was about 10 hours which is about
8.1 x 108 cycles of carrier at 225 Hz.

We verified that the IAP resonant low frequency sources, with dynamic
electric control, emit coded signals suitable for tomographically monitoring
climatic temperature changes over ocean basins. With a PCS at 198 dB,
and-a pulse resolution of 35.3 ms (Q=8) and 22.8 ms {Q=4), the system
has an average efficiency of about 59% and 50% respectively. The efficiency
measurements are difficult to make, so these efficiency estimates should not
be taken as definitive. Whatever the efficiency really is, it can be increased
by 6% by using a power cable shorter than we used at Lake Seneca (200 m).
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(g) The transmission system synthesizes a wide class of coded signals using am-
plitude, phase, and frequency modulations.
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APPENDIX A: EFFICIENCY ESTIMATES

It is difficult to obtain accurate estimates of the efficiency with which electrical en-
ergy is converted to acoustic energy. The following describe the challenges in obtaining
this estimate.

1. The U.S. Navy hydrophones (type F37) are calibrated to within about 1 dB. Let
the measured sound pressure level be D with error 6D in dB. The measurement
of acoustic intensity equals,

I = Iref100.1D100.15D AW cm-—2 , : (Al)
where I,.; = 1 pPa = 0.67x 1072 W cm™2 (Urick, 1983). The fractional change

in the intensity due to measurement error of the source level is,

‘—511 = (10%P —1) . (A2)

For 6D =1 dB, the fractional change in the intensity due to measurement error
of the source level is 0.26. In other words, a 1 dB error in calibration leads to an
output power change of 26%.

2. Assuming spherical spreading of acoustic energy, the intensity at distance r (m)
from the center of the source is related to the intensity at a distance of 1 m by,

I(r=1)=rI(r) . (A3)

The fractional change in inferred intensity at 1 m due to error, ér in the mea-
surement of the range is,

6I(1)  2é6r
I(1) o : (A4)
Figure 6 has r = 2 m. If §r = 0.05 m, the fractional change in inferred intensity

at 1 m1s 0.05.

3. Reflections from the surface, bottom, and underwater objects lead to aberrations
in the estimates of efficiency. We calculate the worse case interference between
the direct and reflected paths between the source and a hydrophone. Let the
direct and reflected paths have distances ry and r, respectively. Assuming spec-
ular reflection and assuming a reflection coefficient of unity, the pressure at the
hydrophone is proportional to the real part of,

1 ) 1 .
p = —exp(ikry) + —exp(ikr,) ,
T4 Ty

where the dependence on time is not indicated but is sinusoidal and where the
acoustic wavenumber is k. The intensity is,

, 1 1
p =—2+—"+

r: o r? o orgr,

cosk(rg—r,) ,
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which has maximum interference when k(rq — r.) = 0 or an integer multiple of =. The
percent error due to the interference is therefore,

1 2

2t s 2 ]
E = 1()()3_14'_ = 100( "d + r_g) . (A5)
4 Ty Tr
d

For r4 = 2 m and r, = 46 m (23 m from the surface), F = 9%. The aberration may be
worse if nearby objects are resonated by the acoustic transmissions. We do not have
any estimates for the magnitude of this effect. There was a large sphere in the vicinity
of the source. The diameter of the sphere is about 7 m and its point of closest approach
is about 18 m with the source at a depth of 30 m.

The overall accuracy of our efficiency estimates is unknown. At best, the ef-
ficiency estimates cannot be better than possible with a +1 dB uncertainty in
the hydrophone calibrations which implies an error in the output power of about
+26%.

Efficiency measurement at 50 m distance

A measurement of the source was made with the F37 serial #A62 hydrdphone at
a distance of about 50 m for test 40 in table 6b. This data is not shown in that
table

The F37 serial #A62 hydrophone was suspended at a depth of 50 m and the source
was suspended at a depth of 100 m. The horizontal separation between the cables
was 14.53 m at the surface. Assuming the cables hung vertically, the distance
between the source and the hydrophone is 52.07 m. The other hydrophone was
at a distance of 2.03 m from the source. The distance between the source and the
far hydrophone was independently measured to be 52.48 m from the arrival time
difference of the acoustic pulse at the near and far hydrophone. Using Equation
(A5), the percent error in the efficiency measurement from this hydrophone is

E = 76%.

After passing the signal from the far phone through the Ithaco amplifier at 45 dB
gain, the signal on the far hydrophone was 2.09 dBV, giving an inferred source
level of,

52.07 m

2.09 4 204.3 + 20log10 —45=195.72dB .

This is 333 watts acoustic or an efficiency of 30% since the input was 1121 watts.
If the distance is 52.48 m instead of 52.07 m, the source level is 195.79 dB at 1
m or 338 watts or still about 30% + 76%.

In this test, an Ithaco amplifier was used to boost the output of the F37 serial#62
by about 45 dB. We did not check the accuracy of this amplifier, but if the am-
plifier was in error by 0.5 dB, the output power is in error by 12%.
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