Approved for public release; distribution is unlimited.

The APL-UW Multiport Acoustic Projector System

by Rex K. Andrew

Technical Report
APL-UW TR 0902

December 2009

Applied Physics Laboratory University of Washington
1013 NE 40th Street Seattle, Washington 98105-6698

N00014-03-1-0181, NO0014-07-1-0743, and N0O0014-08-1-0843



UNIVERSITY OF WASHINGTON e APPLIED PHYSICS LABORATORY

ACKNOWLEDGMENTS

Thanks are extended to Dr. Jack Butler of ImageAcoustics, Wwho contributed help-
ful discussions during the development of the first tuner; Ban Lindberg of the Naval
Undersea Warfare Center Newport for the loan of the MP2004A8; and Dr. Jim Mercer
of APL-UW who negotiated to borrow the MP200/TR1446for ABW. This develop-

ment effort was funded under ONR Grants N0O0014-03-1-01810044-07-1-0743, and
N00014-08-1-0843.

TR 0902



UNIVERSITY OF WASHINGTON e APPLIED PHYSICS LABORATORY

ABSTRACT

The Applied Physics Laboratory of the University of Washomg(APL-UW) acquired
on loan an experimental device known as the multiport traced APL-UW developed, in
turn, a complete transmitter system that integrates tamsttucer, capable of wideband op-
eration (roughly 180-350 Hz) from near-surface depths poldegreater than 1000 m. The
system’s electrical components include an autotransfotamer, a battery power module,
and a fibre optic telemetry interface; mechanical companemiude a steel supporting
structure and a pressure-compensated tuner housing; &madldacoustical component
is a monitor hydrophone in a vibration isolation mount; arglgnal component involves
a lumped parameter SPICE circuit model approximation ofetim&e end-to-end system,
an associated C++ application to predict the time-domaustic far field from a standard
time-domain waveform input file, and a pre-equalizatioefilThe multiport system was a
key element in a 2009 at-sea ocean acoustics experimem¢dbicethe Philippine Sea and
provided many hours of high-quality pulsed transmissioresmearby vertical line array of
hydrophones.
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EXECUTIVE SUMMARY

The Applied Physics Laboratory of the University of Washomg(APL-UW) acquired
on loan an experimental device known as the multiport traced This device is a double
ported free-flooded tube resonator, with resonances at 2b0Hz and 320 Hz. APL-UW
developed, in turn, a complete transmitter system thagrates this transducer, which is
described in this report.

The inventor of the multiport transducer (Dr. Jack ButlerageAcoustics, Inc.) main-
tains a finite-element model of the transducer, but for thp@ses of the effort described
here, a simpler lumped parameter equivalent circuit wasldped that models the transfer
of input voltage to “output” fluid velocity at the openingstbe tubes. The system parame-
ters were determined based on electrical and acousticeldieastics measured during an
engineering test conducted by APL-UW in Lake WashingtonG0&

Transducers are usually mated to matching tuners, andadéurers were considered.
In addition to tuning out the impedance mismatch at variesaegquencies, the tuners also
served to step up the voltage into the transducer. This esdiln@ necessary voltage rating
on the drive cable.

All the signal conditioning components from the digitaldnalog converter to the
transducer were implemented as subcircuits in a SPICE n{8ttaulation Program with
Integrated Circuit Emphasis; [1]), and incorporated into+a+ application code that takes
an input file containing a time-domain waveform (encoded it2-bit digital-to-analog
words) and computes the time-domain far field pressure wavef Various uses of this
code are demonstrated: the RMS scaling difference betweadbide source level and an
endfire monitor sensor level, the wide band beam patternaanl source level calcula-
tions.

The transfer function into far field broadside pressuregsificantly not flat but double-
peaked, so there is a need to equalize the drive signal tgatetihe phase and amplitude
distortion produced by the transducer. A pre-equalizatilber was developed, and sim-
ulations demonstrate the efficacy of pre-equalizationgtbams the SPICE model transfer
function) on pulse-compressed m-sequences.

The multiport system was a key element in a 2009 at-sea ogEarstics experiment
in the Philippine Sea and provided many hours of high-qualitised transmissions to a
nearby vertical line array of hydrophones. A listing of thésansmissions is provided in
Appendix C.

TR 0902 «xi



UNIVERSITY OF WASHINGTON e APPLIED PHYSICS LABORATORY

xii TR 0902




UNIVERSITY OF WASHINGTON e APPLIED PHYSICS LABORATORY

1 Introduction

In 2005 the Applied Physics Laboratory of the University odsNington (APL-UW) ac-

quired on loan an experimental device known as the “multigcansducer from the Naval
Undersea Warfare Center Division Newport. This transdwees originally designed and
constructed by ImageAcoustics, Inc. [Cohasset, MA] andddd&oducts, Inc. [Hingham,
MA] under a Small Business Innovative Research (SBIR) granmageAcoustics, Inc.
from the Naval Undersea Warfare Center Division Newport.

APL-UW was subsequently funded by Code 3210A of the Office a¥dll Research
(ONR) to develop a deep-water ship-suspended system bes@ubdathe MP200/TR1446
for operations in the ONR-sponsored Philippine Sea exparismof 2009 and 2010. This
report summarizes that development effort. Section 2 desscthe development effort for
a simple circuit model suitable for routine system perfangecalculations. Some of these
results have been disseminated in previous notes; thelatdms regarding the transfor-
mation ratio are new. Chapter 3 describes the efforts madesign and build a tuner for
the transducer. Section 4 describes the entire multipateay as built and deployed by
APL-UW. Section 5 describes an entire system model of thdipaut system, including
the top-side electronics and the electro-opto-mechasieghension cable, and the prop-
agator to predict the far field time-domain radiated aceugtessure. This model was
incorporated for ease of use into a simulator code that takégout a time-domain “drive”
waveform in convenient standaravav file format. Section 6 discusses the implementation
of two different equalizers, necessary to compensate écdmsiderably non-flat response
of the transducer itself. Finally, section 7 provides aeevof the system in use during an
at-sea deployment on an acoustics experiment in the Piméea in 2009.

TR0902 1
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2 The Multiport Transducer

2.1 Introduction

The MP200/TR1446 is an experimental acoustic transdugented and designed by Image-
Acoustics, Inc. [Cohasset, MA] and built by Massa Produats, [Hingham, MA; Fig. 1].
The theory of operation is fully described in the originatgyd [2]. In brief, it is a dou-
ble ported free-flooded tube resonator, with resonancedsoait 210 Hz and 320 Hz. This
device does not require pressurization, and can be driveadiate at least 195 dB (nar-
rowband) at any depth.

ImageAcoustics, Inc., maintains a complete model for trasigducer, including a
finite-element component to model the acoustic field insidetubes. For the purposes
of the development of the APL-UW system, it was not necestauyilize their complete
model. A simpler approximate model was developed at APL-UY ia presented in this
section.

Figure 1: The MP200/TR1446. The orientation shown has tieabthe two tubes hori-
zontal. From Refs. [3], [4].
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Figure 2: Simple equivalent electrical circuit for the Mptirt Source. The “currents’,
andirap are defined in section 2.5.

2.2 Equivalent Electrical Circuit — Theory

Characterization of the equivalent electrical circuitgraeters follows the procedures of
Wilson [5], Stansfield [6], and Sherman and Butler [7]. Giaempower amplifier drive
voltage ofv(t) with Fourier transforn/( f) and a drive current(t) with Fourier transform
I(f), the admittance is

I(f) :
Y(f) ==L =G(f)+jB 1
(1) =y = G +IBW) (1)
whereG( f) is the conductance anf( f) is the susceptance, both in units of siemens, and
j =+/—1. The curves7(f), B(f) and the admittance locts( ) can be used to determine
various “raw” parameters, as described below, which ane tieaverted to the elements of

a simple equivalent circuit.

A simple but adequate equivalent circuit diagram (Fig. pyesents the blocked capac-
itance of the device with a shunt capacitor, and the two tob#®e device with two parallel
series RLC branches. There are two distinct resonances ietvice, each represented by
an RLC branch (Fig. 2), and these are far enough apart in éregyuspace that a sepa-
rate analysis is pursued for each. The raw parameters amadmeputation are described
below:

Low-Frequency Capacitance. The effective input admittance at low frequency goes as
B(w)/w asw goes to zero and is represented by the capacitapee

Motional Resonance. The motional resonance frequengyis determined by locating the
peak in the conductancg( f).

TR 0902 3
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Mechanical Q. The mechanical Q, denotég,,, is determined by the equation

fo
o=

wheref, is a resonance frequency, affd, f») are the frequencies where the conduc-
tance drops to half its maximum value at the resonance pdagserhalf-amplitude
frequencies were calculated using linear (inverse) imietpn aboutz = 0.5.

Qu = (2)

Parallel Resonance.The parallel resonance frequengy is determined by finding the
frequencyfr > fs where theY (f) locus meets the line from the origin to the point
(G(fs), B(fs)) in the admittance plane.

Once these parameters have been determined, the followmgt arameters can be
calculated:

Coupling Coefficient. The (squared) coupling coefficient is

Po1- 4 @

Mechanical Capacitance. The effective resonator mechanical capacitance, dengtét b
is roughly
C = k*Cir (4)

Resonance Inductance.The effective resonator mechanical inductaicis then related
to C' via the resonance frequency:

1

I =
wiC

(5)

Blocked Capacitance. The blocked admittance is assumed here to be purely capesita
and the capacitance is

Co=Cg—C (6)
Resonance Resistancelhe resistance at resonanges given roughly by

1
R=
wsCQum

(7)
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2.3 2006 Lake Washington Test Configuration

APL-UW tested the MP200/TR1446 over the side of the RBhdersorfor several days in
April 2006 in Lake Washington. The transducer was drivenbg@486 computer running
MS-DOS and the programt ocsam The drive signal from the computer was routed to
a Ling power amplifier and via the suspension cable to thesthacer. A custom circuit
internal to the Ling monitors the “top-of-the-cable” driveltage and current.

An ITC 6050C hydrophone was deployed over the side of thelRédersorto moni-
tor any acoustic emissions from the transducer. The hydnopkignal was routed into the
“Tennelec” amplifier box (approximately no gain) through eoKn—Hite filter (dialed to
pass 100 Hz to 400 Hz at 0 dB), through an HP 4436A attenuatbtd® dB attenuation),
and then into the “bare” signal input on the card cage chassis

The input signal was generated via the applicas@gsamand consisted of an m-
sequence with octal law 2033. The modulation angle was 82°2@ cycles per digit,
1023 digits. The carrier frequency was 250 Hz. As is custgmath ATOC (acoustic
thermometry of ocean climate) signals, the waveform wassaepled by a factor of 32,
so the sampling rate of the playback digital-analog boars &eHz.

The programat ocsamalso performs simultaneous analog-to-digital while strea
ing out through the digital-to-analog (D/A) converter sygiem. In normal operation,
five channels are captured: the 1 pulse/second line, powplifaandrive voltage moni-
tor, power amplifier drive current monitor, “bare” acoustiput, and IRIG-M. Due to the
high sampling rate, it was not possible to capture all fivencleds, and perform D/A, with
the computer power available. Therefore, only three chianmere captured: the voltage
monitor, the current monitor, and the bare acoustic line.

Each test measurement was 120 s in duration. The prograraraabtalias filters on
the filter/gain card were set to 384 Hz automaticallyabyocsam

2.4 Equivalent Circuit Characterization — Results

With the Ling power amplifier, the voltage monitor circuivatles the power amplifier drive
voltage by a factor of 1000, and the current monitor circoitverts the power amplifier
drive current to a voltage by 200 mV/A.

In practice,V (f) and(f) are computed using discrete Fourier transforms. In regions
outside the main band of the signal, these terms are largedenand therefore only the
admittance over the main frequency bghé | fmin, fmax Need be considered.

TR0902 5
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x10°
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frequency [Hz]

Figure 3:B(w)/w versus frequency, 2006 Lake Washington test. fFileest 01. dat .

In a 120-s transmission, there are 14 whole waveforms. Tdrexgo mitigate additive
system noise and increase the reliability of the admittastenates, the 14 m-sequence
waveforms were coherently averaged prior to the discretei€iotransform step.

Low Frequency Capacitance.The effective input admittance at low frequency goes as
B(w)/w asw goes to zero and is represented by the capacité@hee In practice,
the admittance loci were only calculated down to 100 Hz (bseasignal to noise
issues progressively contaminated the result at loweu@eges). Furthermore, to
moderate the effect of noise, the lowest five value®@b) /w were averaged. As an
example, see Fig. 3.

Motional Resonance. The motional resonance frequengyis determined by locating the
peak in the conductand&( f). (The function was represented by a tab listing sam-
pled at 122 mHz: here the frequency of the nearest frequemndypgint was used.)

Mechanical Q. The mechanical Q is determined by EqQ. 2, reproduced for coenee
below:
Jo

fo= fi

wheref, is a resonance frequency, affd, f») are the frequencies where the conduc-
tance drops to half its maximum value at the resonance pdagserhalf-amplitude
frequencies were calculated using linear (inverse) imiatpn abouts = 0.5.

Qu =
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Figure 4: Fourier transforms of drive signals, 2006 Lake Mfagton test. Top: drive signal
from file rp001. sam Middle: power amplifier drive voltage from filgpt est 15. sam
Bottom: P.A. drive current from filerpt est 15. sam The middle and bottom panels
utilize the first m-sequence in the file.

The Fourier transforms of the drive signal and the voltagkeamrent monitor channels
for one m-sequence are shown in Fig. 4. The MP200/TR1446wWmasesonances at ap-
proximately 200 and 300 Hz. Note that there is a smoothirgy fdfter the D/A prior to the
Ling to prevent high-frequency energy from entering the Eiep and this can be seen in
Fig. 4 causing an attenuation of the upper half of the maie kd the upper sidelobe in
the drive voltage transform. (This should have no effectt@nadmittance calculation be-
cause it causes an identical attenuation in both the dritag®and current, and therefore
cancels in their ratio.)

The computation of these parameters from an input admatéilcwas automated in
a Matlab function, and applied to all the admittance filesrirthe in-water 2006 Lake
Washington test (with the exception of files correspondimgitusable transmissions.)
Twenty-one transmissions were conducted. A summary of ealdéction is provided in
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x10°° SPICE simulation, average parameters

6 T T T T T
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Figure 5: Admittance locus, SPICE simulation.

Appendix A. Summaries of the measured raw and computed v#haeenselves are shown
in Tables 1 and 2.

The admittance locus produced by a SPICE simulation is showig. 5. It bears good
resemblance to the measured admittance loci (see Fig. 6pperdix A, for example).

2.5 Electro-Acoustic Transformation Ratio

To model the transducer from input voltage to output radiaeoustic field, a further re-
finement to the equivalent circuit model is needed. The stahdpproach is to utilize two
transformation elements, one to transform between thérigl@icand mechanical stages,
and the second to transform between the mechanical andtacsizgjes. The approach
taken here is much simpler: a single transformer is usednessbfrom the electrical stage
to the acoustic field. This simplification is motivated by thek (in this model) of internal
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Table 2: Corresponding equivalent circuit parameter \&gl2006 Lake Washington test. All units are Sl: farads, esnri

ohms.

file Qo QH Ly R, Qw Lo R, comment
mptestOl.daf 1.25E-006| 1.04E-007| 5.37| 126.70| 3.23E-008| 7.55 | 539.77| 150 ft
mptest02.daf] 1.25E-006| 1.06E-007| 5.30| 123.85| 2.73E-008| 8.90 | 634.97| 150 ft
mptest03.daf 1.25E-006| 1.07E-007| 5.23| 121.11| 2.93E-008| 8.30 | 582.66| 150 ft
mptestO4.daf 1.25E-006| 1.08E-007| 5.17| 119.52| 3.33E-008| 7.32 | 512.50| 150 ft
mptest05.daf] 1.25E-006| 1.10E-007| 5.11| 117.85| 2.93E-008| 8.31 | 583.04| 150 ft
mptest06.daf] 1.25E-006| 1.11E-007| 5.04| 116.33| 2.83E-008| 8.59 | 602.79| 150 ft
mptest07.daf 1.25E-006| 1.09E-007| 5.18 | 127.97| 2.34E-008| 10.46| 788.33| shallow
mptest08.daf] 1.26E-006| 1.03E-007| 5.44| 131.28| 2.95E-008| 8.32 | 604.89| shallow
mptestll.daf 1.24E-006| 1.11E-007| 5.05| 117.54| 2.84E-008| 8.62 | 616.62| shallow
mptestl2.daf] 1.25E-006| 1.07E-007| 5.27| 138.82| 2.84E-008| 8.65 | 793.15| 100ft
mptestl3.daf 1.25E-006| 1.07E-007| 5.26 | 136.75| 2.34E-008| 10.48| 921.15| 100 ft
mptestl4.daf 1.25E-006| 1.07E-007| 5.26 | 135.50| 2.24E-008| 10.96| 923.24| 100 ft
mptestl5.daf 1.25E-006| 1.09E-007| 5.19| 132.81| 2.34E-008| 10.49| 863.61| 100 ft
mptestl6.daf] 1.25E-006| 1.07E-007| 5.26| 133.77| 2.54E-008| 9.67 | 805.89| 100 ft

averages: || 1.25E-006| 1.08E-007| 5.22 |

127.13[ 2.74E-008] 9.04 | 698.04]
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vin

Figure 6: Electro-acoustic transformation element forithpedance analogy, converting
from voltage and current in the electrical stage to force\aldcity in the acoustic stage.
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Figure 7: The modified equivalent circuit involving the tsformation element.

mechanical and acoustic variables, and the need to onlyhmgiat voltage levels to mea-
sured output acoustic levels. This “electro-acousticdi@amer” is shown in Fig. 6. The
modeling goal will be to determine the transformation raticsometimes called the turns
ratio.

First consider the lumped impedance analogy circuit (Figwhich now includes the
electro-acoustic transformer. At the resonance frequehone of the branches, the ve-
locity « in the transformer secondary will be dominated by the véydéiowing” through
that branch. The problem is separated into two distinct lprab, one at each resonance
frequency. Using the standard rules for transformers, tineent and velocity are related
according to

u = SiRAD = OéSZ (8)

whereq is the proportion of that does not flow through the blocked capacitafigeThis
proportionality can be determined, e.g., from SPICE.

Next, consider the radiated acoustic field from one tube. ddwistic wavelength at
resonance is much greater than the radius of the openingofube. The far field can be
approximated to first order as if it originated from a “simptaurce” monopole located at
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that end of that tube. This is true for both tubes. Thus, let

eikr
par(r) = 2 )

Arr

be the radiated pressure due to a monopole, where- » andi = y/—1. The source
strengthll,, is related to the fluid velocity of the monopole via [8]

Iy = pckU (20)

wherek = w/c andU is the volume velocity of the source. For a simple source with
radiusa, the volume velocity idra?u,, whereu, is the radial velocity. A simple spherical
source is not conceptually accurate for the MP200/TR1446eteer model might use a
piston, with volume velocity/ = wa?u., whereu, is now the velocity of the fluid at the
opening of the tube, assumed constant over the opening ahtorthe opening. The fluid
velocity u,. or u, is provided by the SPICE model: the choice of simple sourggision
volume velocity is merely a matter of a constant of proparidy, but the choice must
be consistent with the propagator used to calculate thedht fsection 4). To maintain
fidelity with the physical model,

Iy, = 7m2,ock:uz (11)

The two ends of the tube form an ‘acoustic doublet, showressdtically in Fig. 8.
The total acoustic field at the field point is the superpositbthe contributions from both
sources. For measurements in the equatorial plane of tlee(ih,r = [y, 0,0]), the
two contributions are in-phase. Thusgzify > L (whereL is the length of the tube), the
measured acoustic pressure is

|PH($H)|2 ~ 4|PM(93H)|2 (12)

Hence, using Egs. 9, 11, and 12,

0l = ) (13)
T (e (kap
Equating Eqgs. 8 and 13, the far field pressure can be written as

pa(er)* = B|i]* (14)

i.e., the pressure is proportional to the drive current. @dwestant of proportionality, de-
noted here by3, consists of several factors:

a?(pc)?(ka)?a?S?

B? =
4a2,

(15)
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L/2

far field

L2 pressure

Figure 8: Acoustic doublet. A resonating tube or lenfthriented vertically is represented
by two in-phase equi-amplitude monopoles(@t0, +L/2) and (0,0, —L/2). The field
measurement is made at locati@n;, 0,0), wherezy > L.

If S were known from theoryB could be computed, and so too the far field pressure.
This would be a prediction. The approach here is to utilizpieical measurements of the
pressure and drive current to estimateEq. 14 gives

2
B % (16)

In principle, this is adequate to compute the pressure nugdatl one location({ 4, 0,0))
and at one frequency. This ratio is likely to be frequencgeatwent, and tabulatin@(f) as
a function of frequency is inconvenient. Rather, assuntiag is frequency-insensitive,
we therefore seek to determine it explicitly. Thus,

Az} pu(zn)?

S? =
a*a?(pe)(ka)?  [if?

(17)

To proceed further, it is required to estimate the drive entrdivider proportionality
factor o, the rangery, ka, the pressure magnitude at the field pdintry)|?, and the
corresponding drive current magnitude

2.5.1 The Parameterka

The dimensionless parameter, whereu is the radius of either tube, is shown in Table 3 for
both tubes. The full radius of the outer tube is used for threesponding: for simplicity,
although the radiating region is annular, and net. ka is less than unity in both cases.
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tube | diameter| resonance
length [m] [Hz] ka
long 0.26 212 0.31
short 0.39 320 0.59

Table 3: Values ofa for both tubes.

file peak bin| delay [ms]| range [m]
npt est 04. dat 172 21.5 30.7
npt est 05. dat 173 21.6 30.9
npt est 06. dat 172 215 30.7

Table 4: Slant ranges from transducer to monitor hydroph?®@6 Lake Washington test.
Based on cross-correlation peak. Peak time converted gerasing a typical freshwater
sound speed of 1430 m/s.

2.5.2 Current Divider Factor

Using the simple circuit (Fig. 2), the proportionality facte = |irap|/|i| can be com-
puted using SPICE. For the resonance frequencies 212 an#i820 is 0.98 and 0.54,
respectively.

2.5.3 Field Point Range

The m-sequence used to interrogate the transducer is d vsefiing signal. By simply
cross-correlating the drive voltage signal against theitoohydrophone signal, the direct
path arrival can be observed as the first prominent peak. Bamgple rate of 8000 Hz, the
sample period was 0.125 ms. Three transmissions from the 24l Washington exercise
were found to have acceptable drive current and monitorretladata. Table 4 shows the
ranges estimated for these three transmissions.

2.5.4 Field Pressure

The monitor channel data autospectra were estimated foraapesponding file using the
Matlab command

[Gf] = pwel ch(x, kai ser (8192), 0, 8192, 8000, ’ onesi ded’ ) ;
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Figure 9: An estimated monitor hydrophone autospectru62@ke Washington test, file
npt est 06. dat .

This routine provides an autospectral estimate in unitsuaingg/Hz. An example au-
tospectrum is shown in Fig. 9.

The ITC 6050C hydrophone had a terminal sensitivity-df78.2 dB V/uPa, and the
A/D converter was set to convert 5V into 2048 quanta, or 5B2qdanta/V. The total
channel had a transfer function ef126.0 dB quanta/Pa, and was essentially frequency
independent in the circuit passband. The levels of the srsmmpeaks were extracted and
converted to in-water face-of-phone units (Table 5).

pressure current
file G(212) | G,p(212) | G,(212) G;(212)
npt est 04. dat 12.8 138.7 20.1 —24.2
npt est 05. dat 12.9 138.9 20.2 —24.1
npt est 06. dat 12.6 138.6 20.3 —24.0
average 138.7 —24.1
amplitude 8.64 x10°uPa 6.24 x 1072 A
file Gu(320) [ G,p(320) [ G(320) G:(320)
npt est 04. dat —2.1 123.9 0.2 —44.0
npt est 05. dat —2.0 124.0 0.3 —44.0
npt est 06. dat —2.0 124.0 0.3 —44.0
average 123.4 —44.0
amplitude 1.58 x10%uPa 6.3 x 1072 A

Table 5: Radiated pressure and drive current magnituddbddhree transmissions, reso-
nances of 212 Hz and 320 Hz, Lake Washington 2006 test. Thiage®were computed in
decibel space. Units are dB re 1 quafti for G, (f), dB re 1uP&/Hz for G,,(f), and
dB re 1 A/Hz for G(f).
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level [dBre 1 quantalez]

0 50 100 150 200 250 300 350 400 450 500
frequency [Hz]

Figure 10: An estimated drive current autospectrum, 200keL\ashington test, file
npt est 06. dat .

resonance [Hz] S? S
212 5.70 x 10° | 7.55 x 10*
320 7.56 x 10° | 8.69 x 10*
“average” 8.12 x 10*

Table 6: Transformation ratios calculated from the 2006e_#kashington data. Density
was 1000 kg/my and sound speed was 1430 m/s. All other values given in xte te

2.5.5 Drive Current

The drive current data autospectra were similarly estichéde each corresponding file
using the Matlab command

[Gf] = pwel ch(x, kai ser(8192), 0, 8192, 8000, ' onesi ded’ ) ;
This routine provides an autospectral estimate in correits of quant&Hz. An example

autospectrum is shown in Fig. 10.

The current monitoring circuit had a calibration of 0.00&@fnta/A. The levels of the
autospectra at the resonance frequencies are also prawmidatle 5.

2.5.6 Incorporating the Transformation Ratio

Using the values of field pressure level, slant range, dniueeat level, the local sound
speed, and coarse estimates of density and simple souigeatdes for the transformation
ratio can be calculated at resonance frequencies of 2122hH23 (Table 6).

Using the electro-acoustic transformer, it is now posdibl&eflect” the two resonant
branches from the electrical equivalent circuit to the atioilstage. The “average” trans-
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element| initial value | transformed value
Cro 1.08 x 1077 712
Lio 5.22 7.92 x 10710
Rio 127 1.93 x 1078
CH[ 2.74 x 1078 181
Ly 9.04 1.37 x 107?
Rur 698 1.06 x 1077

Table 7: Lumped acoustical equivalent circuit values fermsonant branch components.

fl=-Sva| +

v i GDfl G@ el =Svin

Figure 11: SPICE representation of an ideal transformer tkéinsformation ratic.

formation ratio was used in this calculation. This reflecti® not necessary, but it makes
clear the separate functionality of the acoustic companéiite resulting equivalent circuit
is shown in Fig. 7 and the transformed circuit quantitiesabl€ 7.

SPICE provides a transformer element, but it is too realistiuse here. The proper
“ideal transformer” is shown in Fig. 11. The “secondary” simts of a voltage source
el equal toS times the primary voltage, and a “voltage sensat” The voltage sensor
supplies no additional voltage, but is a mechanism for nraagihe current out of the
secondary. The “primary” consists of a current soufdethat drives a curren$ times
that flowing out of the secondary. The formal SPICE circuiresponding to the modified
equivalent circuit Fig. 7 is shown in Fig. 12.
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Figure 12: The SPICE circuit corresponding to the circuifif. 7.
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3 Tuning

It is advantageous to add a tuner/transformer to a high-ppigeoceramic transducer for
two reasons:

1. The inductance of the tuner/transformer can be used tohntla¢ capacitance of the
piezoceramic itself, resulting in a better power factorha power amplifier, which
results in more efficient transfer of power to the transducer

2. The voltage on the suspension cable can be kept withid tatels by utilizing a
tuner/transformer at the underwater package that inclaggsp-up ratio.

An autotransformer is generally used in this applicati@tduse electrical isolation is
not required, and the autotransformer does not require asineea core as a conventional
transformer.

3.1 Single Resonance Theory

Consider an example circuit (Fig. 13). At the resonanceueegy, the untuned circuit has
a power factor of 0.55; the admittance loop is shown in Fig. Ad inductance value of
50 mH brings the power factor to 0.996: the resulting admd#aloop is also shown in
Fig. 14.

Using the equation
P(f)=SV)I(f) =W(f)+3Q(f) (18)
for the average complex power, a SPICE calculation at thenaasce frequency shows that
the ratio of real power delivered by the sourgg)(to total power P(f)| goes from 55% to

100%, corresponding to the power factor. Delivery of powie¢his frequency is optimized
by this inductor.

3.2 Multiple Resonance Theory and Wideband Signals

The conventional approach presented in the previous sestidefined for a system with
a single resonance at a single frequency. It is not obvioasgeker, how to extend those
results to a system with multiple resonances and wideb@mélsi.
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Drs. Birdsall and Metzger (University of Michigan) compytewer for the HX554
transducers fabricated under the ATOC program as followiserGtime-domain voltage
v(t) and current(t) at the driving point, the power is

T
W= / v(t)i(t) dt (29)
0
Based on the Schwarz inequality, the quantity
Wi

: : (20)
TR . i)

will always be less than or equal to unity. The value of unstpbtained ifv(¢) is linearly
related toi(¢). Furthermore, fow(t) = Vjcos(wt) andi(t) = Iy cos(wt + ¢), this ex-
pression yields the single frequency power factoc@fo. Eq. 20 is therefore a candidate
“broadband power factor.”

Consider a circuit (Fig. 15) involving two parallel branehe represent the two reso-
nances of the transducer. It includes a tuning indugtor Several values for this tuning
inductor are used: 220 mH, 300 mH, and 450 mH (see sectionBh&)additional values
provide coverage around the broadband power factor peak. tifite domain drive sig-
nal was an m-sequence with 1023 bits, a Q of 2, and carrieuémjes of 250, 275, and
300 Hz. These options span the likely values envisioned®ntultiport system. The drive
current was computed by inverse Fourier transformatioh@friput admittance product (as
computed by SPICE) and the drive signal transform (Table 8).

@
\|
o
HI_

vin 0

Figure 13: Tuning example circuit. The shunt inductgris added to compensate for the
reactance in the parallel combination of thigcapacitor and the seri&L-Cbranch. The
resistorRy is included to model the small resistance in the inductodirigs.C, = 10uF,

Cy = 0.1uF, Ry = 10082, andL; = 5 H. The tuning inductor ig.; = 50 mH, and
Rr = 0.1Q. The resonance frequency~s225 Hz.
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Figure 14: Admittance loops for the single resonance direvith and without the tuning
inductor.

Rp

Lp Ll% LZ%
1
v
() e L
ng RZ%
l

Figure 15: Simple electrical equivalent SPICE model of $thrcer with a parallel tuning
inductor. A resistor?, is included with the inductor to prevent a short circuit stypath at
DC in SPICE analysisR, is 1 (2.
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carrier frequency

L, 250 Hz| 275 Hz| 300 Hz
220mH || 09.0% | 08.7% | 08.2%
300mH || 11.6% | 11.1% | 10.4%
450 mH || 15.0% | 14.0% | 12.6%
600 mH | 16.5% | 15.1% | 13.2%
850mH | 17.3% | 15.4% | 13.2%
1000 mH| 17.3% | 15.4% | 13.1%
1250 mH| 17.2% | 15.1% | 12.8%

Table 8: “Broadband power factor” for the circuit of Fig. 1Bdaan m-sequence drive
signal.

Optimal tuning does not bring this measure near 100%, asheasase in the single fre-
guency example. Indeed, over the values of tuning induetased, there is little significant
change in this measure. If the broadband power factor weéeepireted asos ¢, then the
phase angle is generaliy° to at besB0°. Furthermore, there is a slight dependence on the
drive signal itself, a feature that complicates the desigthe optimal tuning inductance.
Alternatively, the measure is not strongly sensitive taséhdrive signals, so an approxi-
mate, albeit suboptimal, tuning inductance value coulddierthined using essentially any
signal from a given class of target signal types.

This multiple resonance example, unlike the single onewshbat it is neither simple
nor straightforward to optimally tune a system for a broambsignal, especially a system
with multiple resonances. (On a similar note, John WatsohRif-UW [9] advised that a
computer analysis be performed over the full band to gaugefficacy of a tuner.)

The electrical power calculated by Eq. 19 is all real, i.actlive” power, and does not
include reactive power.

3.3 The 1:2 Tuner

Dr. Jack Butler and Victoria Curtis at ImageAcoustics, Jreonsidered the equivalent
circuit of Fig. 15 and suggested optimal values for the pelraiductor L,, based on the
following argument. The curves of conductance and susoeptagainst frequency for the
untuned circuit (i.e., without a parallel inductor) are windn Fig. 16. Using a design goal
of achieving the greatest number of zero-crossings (or-marohings) of the susceptance
curve, they chose a parallel inductance value of 0.296 Hs tuves the susceptance curve
down until four points either touch or cross the axis: see Fig
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il
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Figure 16: Conductance and susceptance of the circuit,mogunductor.
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Figure 17: Conductance and susceptance of the circuihdgushunt inductor of 0.296H,
shunt resistance of 1 ohm.

As alternatives, two other shunt inductances were consitjetesigned to cancel the
susceptance at either of the two resonances, in accord hétkitpler single-resonance
problem.

The first autotransformer/tuner was therefore specifiedatee trshunt inductances of
220 mH, 300 mH, and 450 mH. The device was also specified to datep-up ratio of
primary to secondary voltages of 1:2.

The contract for this device was awarded to Coiltron, Inegdifd, OR]. Pictures of the
device when delivered are shown in Figs. 18 and 19 . Concegardeng heat build-up in
the device led APL-UW to provide two thermistors to Coiltrduring the winding process
to be inserted deep inside the windings, near the core, fontoring during operation.
Leads from these thermistors can be seen in the pictures.

The housing for the tuner was designed and fabricated at BRL{Figs. 20 and 21).
The housing was filled with oil to act as a convective heatdfar coolant during operation,
and also to compensate hydrostatic pressure. Concerrdnegahnermal expansion of the
oil when heated led to the addition of an oil exchange systam (22), which has tubing
to connect oil in the housing with two expansion tanks.
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Figure 19: End view of the first tuner.
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Figure 20: Housing for the tuner.

ol v
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Figure 21: Top view looking inside the tuner housing, witheuin place.
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Figure 22: Tuner and housing completely assembled. Noteitle&pansion system tubing
and expansion tanks. Also visible on top (protected with acket) is an over-pressure
relief valve.

3.4 The 1:3 Tuner

The 1:2 tuner did not provide enough output voltage (seam®ett3), so a 1:3 tuner was
designed. In the SPICE circuit for this tuner (Fig. 23), théo&ransformer is modeled as
two magnetically coupled inductors, with valuég, and L,,, respectively. There is an
additional resistance associated with each inductor fatetiog the resistive loss through
the windings. The magnetic coupling factor used in the datmns was 0.98.

The equations governing the autotransformer are as folldvie primary voltage,
and primary current; are related to the secondary voltageand secondary curreiy by

v = jwlp (i + i2) + jwMis (21)

Vo = jWLpﬂQ + jWLpl (21 -+ 22) —+ jWM’il (22)

whereM is the mutual inductance, defined according to the magnetipling factorkK as
M

K=——— (23)

VL Lyy

The simplest analysis assumes perfect coupling ({es 1, and thereford/ = /L, L,3)
and an open circuit secondary. In this case; 0 and the equations above become

vy = Jwlpin (24)
vy = Jwlyity + jw/LyiLys 1y (25)

26 TR 0902



UNIVERSITY OF WASHINGTON e APPLIED PHYSICS LABORATORY

C1 (o7

Figure 23: Simple electrical equivalent SPICE circuit ilwiag the autotransformer.

Solving for the output/input ratio, one obtains

2y | Le (26)

U1 Lpl

This approximation is valid when the inductive reactanceigh greater than the series
resistance in each winding, and the secondary load is langgared to the inductive reac-
tance seen across the entire secondary. This will in genetdde the case when operating
near the tuned frequency, but this approximation does geosiuseful crude formula to

verify the step-up ratio of the autotransformer.

(The choice of lower and upper inductance values — Hegfeand L,,, — to meet a
required step-up ratio and overall inductance involvesanmomplexity than is represented
in Eq. 26 [pers. comm., Richard Gettmann, 13 July 2009]. dfoee, Eq. 26 should be
interpreted as a rough guide for choosing the two inductaatees. It remains true that
Eq. 26 provides a good model for the output of the correspmn8PICE circuit.

The design goal was to achieve a step-up from the primaryetgd¢loondary of about a
factor of 3, and to adjust the susceptance curve about zere was done by trial-and-error
at each of the two resonance frequencies, thereby detewgnine “optimal” solution for
each. The middle option was devised as was done for the 1€2, iy determining those
values that caused four crossings or touchings of the stasuapcurve with the zero axis.
The resulting parameter values are shown in Table 9.

The admittance loops for these three cases are shown inZg25, and 26, and it
can be seen for the lower and upper resonances that the mlogee of autotransformer
inductors centers the corresponding admittance loop opdteaxis. The “middle” tuning
configuration centers neither on the zero axis.
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L, Ly

low freq | 50 mH | 210 mH
mid freq | 33 mH | 130 mH
hifreq | 22mH| 90 mH

Table 9: Upper and lower inductor values for tuning the dtrat three different frequen-
cies, 1:3 step-up.

The corresponding conductance and susceptance curvegs$erthree cases are shown
in Figs. 27, 28, and 29. The “middle” tuning can be verifiedehas that configuration that
causes four crossings or touchings.

As an additional verification, the tuner output (autotransfer secondary) is plotted
versus frequency for all three tuning configurations in F&®, 31, and 32. The input
voltage in all cases was uniform across all frequenciéstdij. These figures indicate that
the autotransformer secondary output is load dependetitdse load magnitudes, but that
the output—input ratio is close to the design value of 3 fbirafjuencies considered.
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Figure 24: Admittance loop, tuned for the lower (212 Hz) remace frequency.
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Figure 25: Admittance loop, tuned between the resonances.
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Figure 26: Admittance loop, tuned for the upper (320 Hz) neswe frequency.
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Figure 27: Conductance and susceptance curves, tunedeftovtier (212 Hz) resonance

frequency.
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Figure 28: Conductance and susceptance curves, tuneddretieeresonances.
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Figure 29: Conductance and susceptance curves, tunedefoptier (320 Hz) resonance

frequency.
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Figure 30: Tuner voltage across the secondary. The inptag@las unity. Circuit tuned
for the lower (212 Hz) resonance frequency.
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Figure 31: Voltage across the secondary. The input voltaage umity. Circuit tuned be-
tween the resonances.
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Figure 32: Voltage across the secondary. The input voltageumity. Circuit tuned for the
upper (320 Hz) resonance frequency.
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4 The Multiport System

An essential system block diagram of the APL-UW system (F8).shows the underwater
subsystem components:

o the MP200/TR1446 with the tuner

a monitor hydrophone

a custom telemetry bottle with a fibre-optic interface

a depth sensor

a SeaBattery

|

} signal shipboard components v |
! computer !
| GPS GPS :
1 : trackin }
| interface computer |
| unit power : |
| [ . |
| LPF amplifier fibre |
w interface :
| \ |
| winch 1
! |
! |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

monitor
hydrophone

underwater

telemetry tuner
subsystem

| |
| |
| |
| |
| |
| |
| |
| |
| |
! l
1 |
1 bottle !
|
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

[

Sea
Battery

transducer

tracking
interrogator

Figure 33: Block diagram of essential components for thegteta multiport system.
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The ship-side equipment consists of a signal delivery radkich includes a 80686
PC running Fedora Core 8 Linux, a Spectrum Instruments TMP& @ceiver, a custom
interface unit, and a Krohn—Hlite filter; a power amplifier;ustom winch; and a tracking
system. The original power amplifier was a Ling. An L50 amelfifivas procured from
Instruments, Inc., for the Philippine Sea experiments.

The underwater package is suspended from an “electrofoptranical” cable. Teleme-
try information utilizes the fibre, and transducer powelizgs the copper conductor. In
practice, the underwater package is deployed and recotgréok custom winch.

An ITC 6050C hydrophone will normally be

deployed on the transducer axis at a known, fixed suspension
distance (typically 20 m) above the acoustic cen- cable

ter of the main tube. The raw time-domain acous- SeaBattery

tic signal is digitized in the telemetry bottle, mul- & telemetry)

tiplexed onto the optical fibre, demultiplexed and |
reconstructed back to an analog signal within the
shipboard fibre interface, and supplied to the sig-
nal computer for recording. Initial measurements
of this channel (not including the hydrophone) in-
dicate that the channel has a passband levebos

dB between about 7 Hz and 5000 Hz.

tuner

Under the assumption that the acoustical per-
formance of the MP200/TR1446 itself would be
compromised if anything was attached to it, the
mechanical configuration hung the auxiliary com-
ponents (SeaBattery, telemetry bottle, and tuner)
above the MP200/TR1446 (Fig. 34). In this de-
sign, the MP200/TR1446 itself would be stowed
on-board deck horizontally.

Subsequently, in consultation with ImageArigure 34: Schematic of the initial
coustics, it was determined that the configuratigfechanical configuration.

in Fig. 34 would mass-load the fluid in the main
tube and alter the resonant and radiation properties
of the device. (It was also realized that the chain of
components may be extremely difficult to deploy.)

The mechanical design evolved so that the auxiliary compisngere relocated to the
equator of the MP200/TR1446 and placed on opposite sidebdiance (Fig. 35). An
auxiliary structure was designed that both supported thxdiaty components and also
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supported the MP200/TR1446 in an upright position while eckd Although massive, the

SeaBattery and the tuner were small relative to a wavelemgith therefore their modifi-

cation to the radiated acoustical field should be small ag Emthey are away from the
tube openings. The support structure itself was fabrichatad free-flooded steel tubing,

which also should have a negligible acoustical cross-@ectio modeling has been done
to quantify the effect of these auxiliary components on #diated acoustical field.

With the design complete, it was realized that the entirégesgsvould be too tall to be
lifted from the deck using a chain bridle attached to the bpés fixed into the top of the
main tube. A tentative plan was devised to lift from a harchpwielded onto the main tube
exactly at the top of the secondary tube, i.e., lifting therersystem from one “shoulder.”
This plan introduced a further problem: the system wouldyretran angle significantly off
vertical. Further calculations showed, however, thattmtfpoint located at the center of
a cross-bar bolted into the mouth of the main tube severdimeters down from the top
would provide enough clearance. The cross-bar width washrtess than a wavelength
and overall cross-sectional area much less than the arée ofiain tube opening, so this
bar is not expected to modify the resonant or radiation patseignificantly. In the final
analysis, the system was calculated to hang abétitoff vertical.
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Figure 35: Engineering drawings, MP200/TR1446 assembly.
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Figure 36: System fully assembled on the deck of the I88AHorse2009 Lake Washing-
ton test.
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Figure 37: Deck preparations, 2009 Lake Washington test.
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)
C]
-
-
-

Figure 38: Deployment from the M/\BeaHorse January 2009 Lake Washington test.
System fully assembled including sea battery, telemettifg@nd tuner. Deployment and
recovery utilized the barge’s main crane. The lifting stsapttached to a hard point on the
transducer; this was added based on an early lifting de€dgiee in the water, the system
is transferred to the “electro-opto-mechanical” suspmmsable, and is raised and lowered
in the water via the APL-UW winch and suspension cable. Ia phéture, the suspension
cable is only under mild tension. The block is also susperided the main crane. The
cable married for a short distance up the suspension catble )monitor hydrophone cable
(hydrophone not seen).
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5 System Model

5.1 Introduction

The simple equivalent circuit model (section 2), which medaaly the electrical character-
istics of the transducer, can be expanded to include akksysbmponents, from the input
data file to the output radiated far field pressure. This glesva complete end-to-end mod-
eling capacity. A block diagram of the system is shown in Big. Such a model requires
the additional “transformation ratio” in the equivalentatiit model to transform from the
electrical stage to the acoustical lumped equivalent ttircuaddition to elements for all
other circuit components, such as the computer D/A, the pawlifier, etc.

5.1.1 D/A Converter

The DI/A converter is one subsystem on the National Instrusnbih PCI 6071E DAQ
board. This is a 12-bit converter. The board uses the COMEDé&K version 7.76. The
conversion from input quanta to output voltage is set to 120¢¥8 quanta, or 4.88 mV per
quanta.

Modeling this element requires only a simple scaling openatvhere the scaling factor
is 4.88 mV/quanta. This can be achieved very simply in a SR$C&uit with a 2-port
network that drives a scaled version of the input “voltagethte output port (Fig. 40). In
this case, the input signal is not measured in volts but in @4anta.

b Q19 19 19 1@

tuner

far field
subroutine

D/A Converter
Krohn-Hite Filter
Power Amplifier

cable
transducer
acoustic radiation

o

Figure 39: Block diagram of the entire system. The individunponents are modeled as
SPICE “subcircuits.”
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Figure 40: SPICE model for an ideal D/A converter. For thistegn, scale factod is
4.88 mV/quanta. This is a generic model for all simple sigeahling” operations that do
not require fidelity of the input and output currents and idgreces.

drive voltage| output voltage
[V RMS] [V RMS] ratio
2.40 621 258.8
2.74 708 258.4
3.09 799 258.6
3.44 889 258.4

Table 10: Input and output measurements for a 300-Hz sine wastruments, Inc., L50
power amplifier. Source settingsltage sourcevith tap1200/5.4

5.1.2 Power Amplifier

For simplicity, the power amplifier is modeled as a simpldisgdactor, and therefore uses
the same circuit as shown in Fig. 40.

The target power amplifier for at-sea experiments was anumsnts, Inc., [San Diego,
CA] L50, modified for operation at low frequencies. The tf@ngunction of the amplifier
was measured at APL-UW using a sine wave generator for ioota500¢ resistor for
a dummy load. Input signal RMS level was measured on a muimamplifier output
voltage RMS level was measured by a custom monitoring d¢iréoia good approximation,
the amplifier acts as a signal scaling element with a scaterfat 258 (Table 10).

5.1.3 Low-Pass Filter

To avoid a 175-Hz 4-pole low-pass Bessel filter built into¢hstom interface unit, the raw
D/A output from the interface unit was used. This raw sigre@uires low-pass filtering
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Ay
/
0

Figure 41: Circuit model for the low-pass filter.

| element| value | comment

R, 1Q small, to minimize network los
Ch 31.8uF | to achieve a corner at 5000 Hg

U)

Table 11: Circuit parameters for the low pass filter model.

to smooth out the staircase waveform output from the D/AsMms accomplished with
a Krohn—Hite 3343 rack-mount filter. (A typical low-passédiltcorner setting is 600 Hz
on the Krohn—Hite filter.) A simple 1-polRC (resistor—capacitor) network was used to
crudely model the low-pass behavior of the filter (Fig. 41)ircdit element values are
provided in Table 11.

5.1.4 Cable

Fred Karig (APL-UW) provided the cable parameters (Tablg E2g. 42 shows the elec-
trical model for the suspension cable.

5.2 Acoustic Radiation: the “Double Doublet” Model

A simple model for the acoustic radiation from a single tusec{ion 2.5) models the tube
as an acoustic doublet. Extending this concept to the MAHZRID446 produces a “double
doublet” (Fig. 43). The radiation from each tube opening -e- piiston in the end of an
unflanged (or partially flanged) pipe — is idealized as a mof®m free space. Let the

| element| value | comment |

Reave | 3.15Q | 1.5€0/1000 ft from the manufacture
Ceaple | 10.5uF | 25 pF/ft, using RG-8 specificatior

=

Table 12: Circuit parameters for the cable. Cable lengti2GO4t.
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Figure 42: Circuit model for the cable.

acoustic particle velocity of the longer tube (lower freqey bew o and that from the
shorter tube (higher frequency) bg,. The Euclidean vector from the monopole to a field
pointisr omi+/—, Where the subscripted sign refers to the vertical posafdhe monopole.

The total far field pressure then utilizes the free spaceGigsction from each mono-
pole, and for a single frequency is given by

H eZkTLoJr H eZk’T’Hpr H ik — H eik’?”Lo, 27
p<r) N LO47TT‘|_Q+ +Hh 47T7’H|+ +Hh 47T7’H|_ + LO47TT‘|_O_ ( )

where the source level factors are given by (see Eq. 11)
Miow = 7WEO,|4||IOCI<5ULO,H| (28)

5.3 Model Implementation

The system model and the adjunct radiation routines werégwed into a C++ program.
The code generated the SPICE netlisting for the model, altidted a call to SPICE to
evaluate the circuit at multiple frequencies. A typicalliséis shown in Appendix B. The
code then parsed the resulting SPICE output file to retrieggransducer fluid velocities
u o anduy;. The code then used Egs. 27 and 28 to compute the complextacpres-
sure response at each frequency at the desired field poirg.cdde next multiplied the
input signal spectrum by the complex acoustic pressureoresgpat each frequency, and
inverse Fourier transformed the result to a real time-darsagnal. User-adjustable vari-
ables include the sound speed, the field péint, z) in a coordinate system centered at
the transducer, and the file name of the desired drive signalav format.

A variety of predictions can be made with this model and c&teme examples follow.
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5.4 Performance Validation

Because the RMS acoustic pressurgais, 0, 0] was used to relate o 1 to the transfor-
mation ratioS via Egs. 17 and 8 via Egs. 9 and 11 and a simplified version ofdbeble
doublet” propagation model, the reverse calculation makt:ha sinusoidal input at 212 Hz
should yield the measured RMS value at the field point. Thesomeal RMS pressure was
8.64 x 10° uPa at RMS input current @24 x 102 A (Table 5). (This current was measured
at the top of the cable, but this will not introduce a significarror.)

The SPICE netlisting was altered to introduce a currentisgieltage source between
the tuner and the transducer. Simple SPICE runs at the diregjeency 212 Hz showed
that a power amplifier factor of 8.83 produced the target RMi$ent for av;, input with
amplitude 100.

Next, the simulator code was modified to force the power dmepkcale factor to be
8.83, and the code exercised on an input file containing asidwf frequency 212 Hz and
amplitude 100 quanta. The output file at the field p¢#ot8, 0, 0] was a simple sinusoid,
and was read into Matlab where it was found to have an RMS wdlu®9 x 106, which is
in error of 1.7 dB. This is adequate verification, considgmtl the approximations made
in this simple transducer model.

5.4.1 Broadband Beampattern

The MP200/TR1446 is known to have a beampattern with notigielg deviations from
an omnidirectional pattern, particularly at the upper neswe frequency. An interesting
relevant broadband computation is therefore the “beampetfor an input m-sequence.
Input signal filen284. LW eq. wav was used for this calculation. This file contains an
m-sequence with law 2033, Q of 2, carrier of 284.1666661z, and a sample rate of
8525 Hz. The amplitude was 170 quanta. The signal had beeequaized using the
predicted equalizer filter (see section 6). A Matlab scripswsed to exercise the simulator
at angles from° (i.e., broadside) t60° (i.e., endfire) at a slant range of 100 m. At each
angle, the script read the output time-domain file (in unitg®a) and computed the RMS
value. The normalized beampattern is defined here as

B(6) = 201og,, (pp—:h:”;fo))) (29)

Results show a drop of only a 4 dB in the broadband RMS leveis firoadside to endfire
(Fig. 44).
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A
+z !  axial field
A o p(0,0,20 )
20m |
far field
| pressure
| p(xy.z)

Figure 43: Geometry for the acoustic field computation. Tddiated field is assumed to
be axially symmetric around the transducer long axis. Thal &irld position at(0, 0, 20)
represents the monitor phone attached to the suspensiten cab

\

I I I I I I
0 20 40 60 80

level [dB re broadside]
-2
L

angle off broadside [degree]

Figure 44: Theoretical broadband beampattern, based atrequalized Q=2 m-sequence
with carrier at~ 284 Hz.
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5.4.2 Transmit Response

The full system model can be used to compute a transmit regpgmilar to the standard
transmit voltage response (TVR) used in transducer desigihis case, the transfer func-
tion is from the input wav file (in units of “quanta”) to output far field radiated pressu
corrected back (via simple spherical spreading) to 1 m.

As an example, Fig. 45 shows the calculation for the entis¢esy model for a far field
broadside direction. This computation was performed usifdatlab script that looped
through all frequencies; at each frequency, the scripgdalprogram to make.anav file
with 5 s of amplitude 100 sinusoid at the target frequendiedahe simulator to propagate
the field to the positiori100, 0, 0], and then read the resulting output file (which was a
sinusoid in units ofuPa) and computed its range-corrected RMS value. The regpsns
this value normalized by the RMS amplitude of the input smdiswhich is 70.71 quanta.

160
|

response [dB re: 1 pPa/quantum @ 1 m]
120 130 140 150
| | | |

110
|

I I I I I
100 200 300 400 500

frequency [Hz]

Figure 45: Theoretical transmit response based on thersysiedel. Field location was
[100, 0, 0], i.e., 100 m at broadside. Input units are quanta, i.e.,xhete wav file values
supplied to the D/A converter.
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5.4.3 Broadside to Monitor Hydrophone Scaling

Transmit level monitoring during actual at-sea deployreesill have only the monitor
hydrophone available. Thus, it is desirable to devise diogiship between the broadband
level measured at the location of the monitor hydrophdfgd(21]) and the broadside
broadband source level corrected to 1 m. This is an easy datnuuto perform with
the model. As an example, using the input fi284. LW eq. wav and a sound speed
of 1480 m/s yields an RMS pressure ©3 x 10° pPa at[100,0,0] and2.89 x 107 at
[0,0,21]. The ratio100psield rmstO Pmon,rus(range-corrected field RMS value to monitor
RMS face-of-phone value) is 33.32, or 30.5 dB.
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6 Signal Equalization

6.1 Introduction

The far field transfer function of the system is not flat actbestwo resonances, and this
introduces considerable spectral shaping, typically simdkle, to any transmitted signal.
To ameliorate this undesirable shaping, an “equalizer” e@sstructed by engineers at
Massa Products, Inc. (Fig. 46). This unit was loaned to ARN-ld early 2008 under the
terms of the tuner design contract with ImageAcoustics, Inc

The transfer function of the Massa equalizer was measureth¢tP3589A spectrum
analyzer (Figs. 47 and 48). This measurement required #hefuan auxiliary 80486 DOS
machine configured with a National Instruments GPIB boahftture the trace to a DOS
ASCII file (Table 13). The Massa equalizer would typicallyibserted between the drive
signal computer and the power amplifier (Fig. 49).

The use of the Massa equalizer has the advantage of sirgpkcimpensation for the
spectral characteristics of the transducer is achievednyylyg adding a hardware compo-

Figure 46: The Massa equalizer disassembled.
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100 200 300 400 500

frequency [Hz]

Figure 47: Magnitude response of Massa equalizer as mehasuran HP3589 spectrum
analyzer. Resolution bandwidth 1.1 Hz.
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frequency [Hz]

Figure 48: Phase response of Massa equalizer as measuradHi?3&89 spectrum ana-
lyzer. Resolution bandwidth 1.1 Hz.

Massa
equalizer

power
amplifier
transducer

signal
generator

Figure 49: Schematic block diagram involving the Massa kzgra (Tuner not shown).
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command purpose

i bic starts the interactive session

ibdev 0 19 0 13 1 0 opens a device, connects to the analyzer
i bwt "Dl SP: RES D1" move trace in D1 register to trace A

i bwt "FORM DATA ASC, 7" | set data format to ASCII, 7 sig. digits

i bwrt "TRAC. DATA?" gueues trace A data for retrieval

i brdf "FOQO. DAT" transfers data from analyzer to DOS fjle

i bonl O closes the device

Table 13: AT-GPIB commands for retrieving trace data fromtiP3589A.

nent into the signal circuit. The drawback of this approacthat the model for the entire
system now requires a model for the Massa equalizer, whishnetprovided.

The alternative described below is to construct a “pre-kzer filter to pre-filter the
drive signal. This filter is implemented in the frequency @gam The advantage is that
the system model developed previously need not be modified], farther, that the filter
can be made to compensate nearly exactly for the hardwgrenss (when SNR is high.)
The disadvantage, primarily for the frequency domain filethat streaming operation of
an original waveform through the filter is not possible withcecourse to a more complex
signal processing algorithm (such as an overlap-and-satieadology).

6.2 Theory

The equalizer filter can be developed using concepts fronm&viiter theory, where a sig-
nal X, after possibly passing through some signal conditiorigwgceived in the presence
of additive noiseV (Fig. 50). Let the acoustic field at the receiver be

P(r) = XDGH (r). (30)
Therefore, the received signal is
Y(r)=P(r)K + NK. (31)

The optimal filter K. is chosen to minimize the expected error betw&gn) and P(r).
This gives

w _ _AIDP(HG() Sxx
" |DPIHG(r)[2Sxx + Syn
where Sy x Is the spectrum of the original input signaly v is the autospectrum of the
additive noise, andl is a user-adjustable scaling factor. Using sim§lyx — |X|? and

(32)
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Figure 50: Signal flow diagram for a typical post-processqgalizer filter.D represents
the D/A converter, the power amplifier, and the step-up ptti@tuner. H represents the
transducer, which is shown with two outputs, one for eachgfaiadiating tube openings.
G is the Green function from both pairs of openings to a fielchpok’ is a filter applied

to the data received at a sensor at the field pakts the input signal P is the acoustic
signal at the receivel/ is the ultimate equalized output signal.

Eq. 30, one obtains
_ ADP*(r)
|[P(r)[* + Snn

This is the equalizer transfer function.

K, (33)

In Wiener filter theory, K, is computed from actual measurementsdf) and Sy .
Because the filter may depend on direction, the choice ad the far field broadside di-
rection would be appropriate, but it was not expected thatsmeements at such a loca-
tion would be available during either calibration or actfiald exercises. Therefore, a
suboptimal approach was defined as follows. The qua#tiy) was computed using the
SPICE/C++ code, and the denominator in Eq. 33 was replaced by

|P(x)|* + Swn — [P(r)[*(1 + ) (34)

wheree is a frequency-independent value that determines theibation of the prediction

P(r) to the filter.e is essentially the ratio of the noise to the signal. &aruch greater than
1, the output is dominated by the additive noise, and the filtkigates the noise in the
output by strongly attenuating componentsiin For smalle, the output is dominated by
the signal, and the filter essentially deconvolves out thofab HG(r). The choice here
for e is arbitrary in this suboptimal case.

All the filters in Fig. 50 are linear operators, and thereftaa be applied in any order.
The equalizer filter is therefore moved from its “post-asgiion” position in Fig. 50 to a
position prior to the signal transmission equipment in Bify. An off-line implementation
of this arrangement is shown in Fig. 52.

To demonstrate the performance of the equalizer, a filterdeasloped for the system
model described previously: this filter is known as #g01. nc, with amplitude and
phase characteristics shown in Fig. 53, and1000. Note the two deep nulls at the two
transducer resonance frequencies, and the associateslquvesctions.
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noise
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Figure 51: Similar to Fig. 50, but with the equalizer filteapéd before the D/A converter.
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Figure 52: Off-line implementation of pre-equalizatioasked on Fig. 51.

An m-sequence with carrier frequency 300 Hz and a sampleof&600 Hz was pro-
cessed through the system simulator and projected to adaaaft[100, 0, 0], i.e., a broad-
side position at range 100 m. The signal at that location weésepcompressed using a
standard algorithm: the result is shown in the top panel gf &4. This procedure was re-
peated for the same m-sequence pre-filtered by the transfetidn in fileeq01. nc: the
resultis shown in the bottom panel of Fig. 54. Without eqaalon, the single pulse, which
would normally result from pulse compression, is distorted multiple trailing pulses, but
with equalization the pulse-compressed output contaitsghesprominent pulse.

Ideally, the best filter would use the actual drive signal aotlial field location mea-
surements.

5 T T T 200 T
— | L
g 100
S =)
o
g s
5 g 0
@ 10 g
“J’ o
g -100
= =15

-20 -200
100 200 300 400 500 100 200 300 400 500
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Figure 53: Equalizer transfer function, fig01. nc
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x 10
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Figure 54: Pulse-compressed output without and with egatadin. Simulated output at
location [100,0,0]: direct path propagation delay at 1489 isw 68 ms.
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Figure 55: Pulse compressed noise signatures, 2009 Lakieivgéen test, from monitor
hydrophone. Gain was code 5.

6.3 In-water Tests

The pulse-compressed signal from the monitor hydrophogaised during a 2009 Lake
Washington test is shown in Fig. 55. The record shows thecdpath arrival, and the
surface reflected path arrival. The MP200/TR1446 was at thaé$30 m. A comparison of
the acquired autospectrum and a predicted “signal-onlidspectrum is shown in Fig. 56:
this computation includes the surface reflected arrivaéréls reasonable correspondence
between the predicted spectral shape and that visible @hev®mckground ambient noise,
which was filled with harmonics from the ship’s generatorsoteNthat the nulls in the
predicted spectrum do not fall exactly on the nulls obsemete radiated spectrum. This
suggests that the equalizer based on the model is not quiteadie enough.

6.4 Summary

Pre-equalization based solely on the system model prodeestnable results during in-
water tests. Sharp resonant peaks are observed both in thel eral in the actual device;

the sharpness of these peaks, however, makes accuratergatpe difficult, as even a

slight mis-tuning will place spectral minima off actual o@ance. Such mis-tuning can be
seen in the actual radiated signals.

Nevertheless, for the m-sequences used here, the prezsgjuabduces strong, well-
shaped pulses (after pulse compression) with very low Gl
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Comparison: Real and Simulated Data Type=monitor
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Figure 56: Real and simulated radiated spectra, 2009 LalghMfton test from monitor
hydrophone.
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Pre-equalizing a very long original waveform, or a streagrsignal, would require a
much more advanced algorithm. For such a case a post-signataor hardware filter,
i.e., the Massa equalizer, is probably simpler.
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7 The Philippine Sea Engineering Test / Pilot Study

7.1 Summary

For several decades, the Office of Naval Research has spon@orinternational consor-
tium of scientists to investigate deterministic and staticaacoustic propagation at low
frequencies over long ranges in the deep ocean. Most of thase water” experiments
have been conducted in the central North Pacific, where oggaphic processes are rel-
atively benign. The natural progression for these studig¢e determine whether and to
what extent the models and predictions developed duringetie€forts apply in a region
with more vigorous oceanic processes.

This scientific consortium identified the Philippine Sea asasonable venue for this
effort. This region is bounded to the south by the North EguatCurrent (NEC) and to the
west by the Kuroshio. Mesoscale structures propagate \aesiwto the basin and collide
with eddies spun off from the Kuroshio, creating energetid @omplicated oceanography.

The primary scientific experiment is planned for 2010-2@i1 involves a consider-
able number of new systems. To mitigate the risk of deployiegy systems, the group
conducted a pilot study/engineering test in the same dpgratvironment in March—May
2009.

The geographical region of operations and the assets daplane shown in Fig. 57.
These include:

1. An autonomous transceiver mooring (T1). This unit wasafrex under refurbish-
ment for the 2010-2011 experiment, and was deployed at #igrdposition for the
T1 mooring.

2. Adistributed vertical line array (VLA). In 2009 this wa®&00-m partially populated
development version of a system targeted for the main exgert. This was located
at the design intersection of two transects between seaatahomous transceiver
moorings scheduled for the 2010-2011 experiment.

3. Ship-suspended stationary operations along the pattebatT1 and the VLA. Sta-
tionary operations listed herein occurred at ship stopS38d SS107.

The MP200/TR1446 was freighted to Kao-Hsiung, Taiwan, irrde2009, and lifted

aboard the R/MMelville for use during the ONR 2009 Philippine Sea engineering test /

pilot study.

56 TR 0902



UNIVERSITY OF WASHINGTON e APPLIED PHYSICS LABORATORY

124° 126° 128°

Figure 57: Geographical context for the Philippine Sea 20@9cise. APL-UW deployed
the MP200/TR1446 at ship stops SS45 and SS107.
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Figure 58: Dockside mobilization, Kao-Hsiung harbor, A@009. The MP200/TR1446
system was transported to Kao-hsiung in a softtop freightainer.

The APL-UW multiport system was deployed four times during 2009 exercise —
three times at station SS45 (no transmissions were cordldatéing one of those deploy-
ments) and once at station SS107. A summary of transmissigngvided in Appendix C.

Although the 2009 Philippine Sea exercise was an enging&st of equipment, APL-
UW also conducted an opportunistic program of high duty eyall power transmissions
to the Scripps VLA in between other activities. In total, ffegram netted 6.2 hours of
cumulative transmission time out of 9.5 hours at station55%d 32.2 hours out of 60
hours at station SS107. A comprehensive analysis of thassrissions is the subject of
future research.

7.2 System Limitations

How hard can the system be driven? Engineering measurendemtfied several con-
straints.
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Figure 59: The MP200/TR1446 and the HX554 on the fantail ef @V Melville prior
to departure from Kao-Hsiung harbor. The SeaBattery arehtelry bottle are not yet
attached to the MP200/TR1446.
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The MP200/TR1446 descending into the sea.
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Figure 62: Recovering the MP200/TR1446. Two hand lines amdlines attached to air
tuggers were used to control the system.

|

Figure 63: Attaching the monitor hydrophone and its bungyntimg frame to the suspen-
sion cable over the stern of the RMelville during deployment.
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1. Krohn—Hite Smoothing FilterBoth sides of the Krohn—Hite filter were found to clip
the positive side of an input waveform above about 8V, theatieg side was good to
—10V. This places an upper limit on the signal file amplitude aiwd500 quanta.

2. Instruments, Inc., AmplifierThe Instruments, Inc., L50 power amplifier was mod-
ified at APL-UW to convert 5 Vrms to 1200 Vrms on the voltage reeusetting
1200/5.4. This is the setting used to determine the cormerstale factor of 258
used in section 5. Using a maximum peak valug 260 x /2 or 1697 V and a
gain of 258, the maximum input peak voltage is 6.58 V, whichiesponds to a peak
signal file amplitude of 1348 quanta. This places a secordipae restrictive, limit
on the input signal amplitude.

3. MP20Q George Cavanagh of Massa advised, “The transducer sheulddx with
the equalizer provided to ensure you do not overdrive theatrthe high Q peaks
in the response. The Transmit Voltage Response (TVR) bettreepeaks appears
...to be about 130 dB. A Sound Pressure Level (SPL) of 195 dB dhimibbtained
at about 1800 V rms.” [pers. comm., 10 October 2008] Thisesponds to a peak
voltage of 2550 V. Given the step-up autotransformer/tamer the power amplifier
gain, this corresponds to the most restrictive limit on irgignal amplitude of 1011
quanta.

7.3 Lessons Learned

Several surprises were encountered with the multiporesysturing the Philippine Sea
exercise.

e The difference between the theoretical and measured gdaditween the monitor
hydrophone and the source level was larger than expected. thdoretical value
was given (section 5.4.3) as 30.4 dB, but the value measnoreakie Washington in
January 2009 was 35.3.

e The radiated source levels were generally around 188.0 diBédirst few transmis-
sions at station SS45 (see Appendix C), much less than peedi€he reason for the
discrepancy remains unknown.

e The transmission levels dropped by about half a dB after theféw transmissions
at station SS45, and remained there the rest of the stati@regson for this change
also remains unknown.

e The seawater intrusion into the tuner housing caused ragpadamage to the tuner
at station SS45. The work-around was to wire past the tundrgdave the multiport
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Figure 64: Pulse-compressed result, transmissiorl2l@9933870. sam as measured
on the monitor hydrophone.

transducer directly from the end of the EOM cable. This dostsappear to have
harmed the hardware. The loss of the 1:2 step-up tuner shewklcontributed to a
6 dB loss in radiated source level. Measurements based andh&or hydrophone
indicate that the levels were consistently about 182.5pbout5 dB lower. Again,
the discrepancy (here, of 1 dB) is not understood.

e The pulse-compressed waveforms from either the monitordpftbne (Fig. 64) or
from the vertical line array (not shown) suggest that theaéiger was not optimally
tuned.

As an example, consider the pulse-compressed output (B)gir@m the first full
power transmission from SS45. The data are from289933870. sam start
time UTC 107:02:04:11. The data were captured on the momytdrophone, located
vertically 21 m from the acoustic center of the MP200/TR144®e propagation
time over 21 m is approximately 14 ms: the pulse appears ieeaat about 16 ms,
so this is the direct path. There was no detectable pulseeimettord at the time
expected for a surface-reflected path. (The depth was ajpaitedy 1000 m.) The
pulse here has considerable trailing sidelobes, similantoot as prominent as those
in the uncompressed pulse example (Fig. 54).

Suboptimal tuning can also be inferred from Fig. 56, whicbvehresults from the
2009 Lake Washington test. In this figure, the nulls in the snead spectrum do
not align with those in the theoretical spectrum. The “mgjiwas not detected in
the 2009 Lake Washington data because any “tail” behind itleetdoath pulse was
obscured by the arrival of the surface-reflected pulse (gpéb.)

While there should exist some variation in the radiatedaligpectrum from broad-
side to endfire, this variation remains unlikely to be thenany reason for the trailing
sidelobes, and hence further refinements in the equalipeildbe investigated.
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It is no surprise that the performance predictions made thighsystem model were
not completely accurate. Many simplifying approximatiomsre made to establish the
system model. Nevertheless, the discrepancies were nertesesnsidering no full or even
moderate power calibration was conducted with the fullgagsed system. Without such a
calibration, the effects on acoustic parameters such asaese frequencies and broadside
radiated source level of various system-level mecharssalds, such as the tuner mass and
SeaBattery mass mounted at the transducer equator, remaiown.

In spite of all the engineering approximations, the multigystem provided many
hours of usable acoustic data during the 2009 Philippinee@egcise. Further refinements
are anticipated for future experiments.
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A 2006 Lake Washington Test Results

Twenty-one test measurements were conducted during the \Malshington test of 2006.
A summary of each collection is provided in Table 14.

Results of the admittance calculations for each transomsare shown only for the
frequencies in100, 400] Hz. The admittance estimates outside this range were tey twi
be useful. Occasional frequency points are annotated digines themselves. The name
of the data file is also provided in the figures.

file

start time (UTC)

depth

mptestOl.san
mptest02.san
mptest03.san
mptest04.san
mptest05.san
mptest06.san

1 Apr 11 23:26:52 2006
1 Apr 11 23:34:49 2006
1 Apr 11 23:41:59 2006
1 Apr 11 23:46:54 2006
1 Apr 11 23:58:51 2006
1 Apr 12 00:05:16 2006

Depth 150 ft
Depth 150 ft
Depth 150 ft
Depth 150 ft
Depth 150 ft
Depth 150 ft

mptestO7.san
mptest08.san
mptest09.san
mptest10.san
mptestll.san
mptest12.san
mptest13.san
mptestl4.san
mptestl5.san
mptest16.san
mptestl7.san
mptest18.san
mptest19.san
mptest20.san
mptest21.san

1 Apr 12 18:27:00 2006
1 Apr 12 18:34:31 2006
1 Apr 12 18:52:14 2006
1 Apr 12 18:59:51 2006
1 Apr 12 19:06:05 2006
1 Apr 12 20:14:12 2006
1 Apr 12 20:29:34 2006
1 Apr 12 20:35:14 2006
1 Apr 12 20:44:12 2006
1 Apr 12 20:48:33 2006
1 Apr 12 22:37:57 2006
1 Apr 12 22:43:55 2006
1 Apr 12 22:49:59 2006
1 Apr 12 23:09:36 2006
1 Apr 12 23:19:40 2006

Shallow
Shallow

Shallow, Law was 103, not used here
Shallow, Law was 103, not used here

Shallow
Depth 100 ft
Depth 100 ft
Depth 100 ft
Depth 100 ft
Depth 100 ft

Dockside, in air: garbage
Dockside, in air: garbage
Dockside, in air: garbage
Dockside, 1 m deep : not used here
Dockside, 1 m deep : not used here

Table 14: Summary of transmission collections, Lake Wagtioim 2006 test. Most trans-
missions used an RMS drive voltage of about 100 V.
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x107°

file: ../data/mptest01l.sam

susceptance [siemens]

-2 0 2 4 6 8 10
conductance [siemens] %107

Figure 65: 2006 Lake Washington admittance loop, MRTESTO1. DAT
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x107°

file: ../data/mptest02.sam

susceptance [siemens]

-4 -2 0 2 4 6 8 10
conductance [siemens] %107

Figure 66: 2006 Lake Washington admittance loop, MRITESTO02. DAT
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x107°

file: ../data/mptest03.sam

susceptance [siemens]

-2 0 2 4 6 8 10
conductance [siemens] %107

Figure 67: 2006 Lake Washington admittance loop, MRITESTO03. DAT
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x107°

file: ../data/mptestO4.sam

susceptance [siemens]

-3 I I I I I
-2 0 2 4 6 8 10

conductance [siemens] %107

Figure 68: 2006 Lake Washington admittance loop, MRITEST04. DAT
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x107°

file: ../data/mptest05.sam

susceptance [siemens]

-4 -2 0 2 4 6 8 10
conductance [siemens] %107

Figure 69: 2006 Lake Washington admittance loop, MRITESTO05. DAT
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x107°

file: ../data/mptest06.sam

susceptance [siemens]

-5 0 5 10
conductance [siemens] %107

Figure 70: 2006 Lake Washington admittance loop, MRTEST06. DAT
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x107°

file:-../data/mptest07.sam

susceptance [siemens]

-3 I I I I I I I I
-1 0 1 2 3 4 5 6 7 8

conductance [siemens] %107

Figure 71: 2006 Lake Washington admittance loop, MRTESTO7. DAT
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x107°

/data/mptest08.sam

susceptance [siemens]

conductance [siemens] %107

Figure 72: 2006 Lake Washington admittance loop, MRITESTO08. DAT
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-3

x 10

file: ../data/mptestll.sam

susceptance [siemens]

-2 0 2 4 6 8 10
conductance [siemens] %107

Figure 73: 2006 Lake Washington admittance loop, MRITEST11. DAT
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Figure 74: 2006 Lake Washington admittance loop, MRITEST12. DAT
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x107°

file: ../data/mptest13.sam

susceptance [siemens]
N
T

-1 0 1 2 3 4 5 6 7 8
conductance [siemens] %107

Figure 75: 2006 Lake Washington admittance loop, MRITEST13. DAT
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x107°

file: ../data/mptest14.sam

susceptance [siemens]
N
T

conductance [siemens] %107

Figure 76: 2006 Lake Washington admittance loop, MRTEST14. DAT
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x107°

file: ../data/mptest15.sam

susceptance [siemens]
N
T

conductance [siemens] %107

Figure 77: 2006 Lake Washington admittance loop, MRITEST15. DAT
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x107°

file: ../data/mptest16.sam

susceptance [siemens]
N
T

-2 -1 0 1 2 3 4 5 6 7 8
conductance [siemens] %107

Figure 78: 2006 Lake Washington admittance loop, MRITEST16. DAT
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B System SPICE Netlist

The following netlist is the version generated automalyday the simulator.

automatic netlist, follow ng TechMeno: 2009. 08. 01

khkkhkkkhkhkkhkhkhkhkhkkhkhkhkhkhhkkhkhkhhkikhkkhkhkh*k

khkkikkkhkhkkhkhhkhkhkkhkhhkhkhkhhkkhkikhkkkhkikkikhk*k

* D/ A subcircuit

. subckt DAconverter 1 2 3 4
rin 1 2 1e+06

eout 3 4 1 2 0.00488

. ends

* Krohn-Hite filter stand-in:
.subckt KrohnHiteFilter 1 2 3 4
rkH1 31

cKH 3 2 3.18e-05

. ends

R I IR b b b R I I R I R b b b R Ik I O
* L50 power anp:

. subckt Power AnpL50 1 2 3 4
rin 1l 2 1e+06

el 341 2 258

. ends

R I IR R b b b I R I I R I I R S R I Ik I I O
* cabl e:

. Subckt EOMcable 1 2 3 4

rl1 15 3.15

r2 53 3.15

cl 52 1.05e-05

. ends

R I IR R b b b I R I I R I e R b b R I I I I O
* tuner/ aut otransforner:

. Subckt CoiltronTuner 1 2 3

Ipl 3 50.15

rpl 511

Ip2 1 6 0.15

rpP2 6 21

kcoupling I pl | p2 0.98
. ends

kkhkkhkkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhhhkhkhkkkkhkkkhkhk*k

* transducer MP nodel, S = 8.12e4
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. subckt MPtransducer 1 2 3 4 5
cO 1 2 1.25e-06

fl1 1 2 vsensea -1.23e-05

el 6 51 2 1.23e-05

vsensea 6 7 dc O

clo 7 8 712

llo 8 9 7.92e-10

rlo 9 3 1.93e-08

chi 7 10 181

hi 10 11 1.37e-09

rhi 11 4 1.06e-07

. ends

R I Ik b b R I I R I S R b b R I I I I I
* circuit:

vin 1 0 ac 1.00 dc 0.0

x1 1 0 2 0 DAconverter

X2 2 0 3 0 KrohnHiteFilter
x3 3 0 4 0 Power AnpL50

x4 4 0 5 0 EOtabl e

x5 5 0 6 CoiltronTuner

X6 6 0 7 8 0 MPtransducer
vsenselo 7 0 dc O

vsensehi 8 0 dc O

R I IR R b b b I R I I R I R b b R I Ik I I O
.ac lin 12499 0.2 2499.8

. opti ons NOPAGE

.print ac i(vsensehi)

.end
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C 2009 Philippine Sea Transmissions

C.1 Background

Signals were transmitted during the 2009 ONR PhilippineFSkd Study/Engineering Test
at two “ship stops,” SS45 and SS107. The total number of paidtisystem transmissions
at stations SS45 and SS107 were 19 and 214, respectivelye3pective total transmission
times were 6.2 hours spanning 9.5 hours and 32.3 hours sgpé@ihours.

A transmission file was generated for each transmission.sfdretime is given in the
form YYY:HH:MM:SS where YYY is the yearday with January 1 bgi001, all in UTC.
The times listed below are the actual times of the first sea@drichnsmission, as decoded
from the IRIG channel. The marktime is 20 seconds later, azyllme different by 1 second
from the target marktime recorded in the file header. (Sembfer explanation.) The ramp
in all cases is 20 seconds.

C.2 Station SS45

There were three deployments of the MP200/TR1446 at SS45:

1. From 4/17 00:00Z to 4/18 00:00Z (day 107). Scheduled més&ons were inter-
rupted several times for heat build-up issues in the scigane Transmissions were
aborted due to shorting in the underwater package. This atas tletermined to
be due to seawater in the transformer housing (oil exparssistem tubing discon-
nected, possibly in going through the air—sea interfacérong currents. )

2. From 4/20 02:00Z to 4/20 08:00Z (day 110). The second tn&son was aborted
due to shorting in the underwater package. This was laterméted to be a leak in
the splice: there was also possible damage to the autobramest.

3. 4/24 (day 114). The MP200/TR1446 was deployed, and stbapabout 200 m for
a check, but it was determined that the underwater packageshated. It was re-
covered, and the autotransformer was found to be shortettaNsmissions resulted
from this deployment.

The signal file in all cases was®284. EQ wav, with parameters given in Table 15.
Transmissions are listed in Table 16.

The system time was observed to be drifting relative to tlvall&PS and ship NTP
time servers. The reason for the drift is unknown as it wasobserved in the laboratory
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carrier 284.166666 Hz
cycles/digit 2
digit length 7.04 ms
sequence length 1023
law 2033
filtering eg01.nc

Table 15: Signal parameters, 2009 Philippine Sea expetimen

at APL-UW. The two time servers did not differ by more than 108, generally much
less. The effect of this drift is that the actual transmisgime may be the second adjacent
to the desired start time: the transmission program (whiab reading the system clock)
triggered on the desired second as read from the system tlocthe hardware (which was
synchronized by the local GPS) was on a different secondpiased on cruise hindsight,
the GPS second was in fact the desired second, and the tichEeoeathe system clock was
incorrect. At no time during occasional checks and subs®dasting was it ever observed
that the GPS lost lock.

Table 16: Multiport transmissions for station SS45 in the
2009 Philippine Sea experiment. Duration includes ramp.

start time| duration| source
file name [UTC] [s] | level | comments
1239933870.sam 107:02:04:11] 3046.2| 188.1| off by 1 second
1239937038.sam 107:02:56:58 253.3| 188.0
1239937470.sam107:03:04:10 647.5| 188.1| Aborted
1239941070.sam 107:04:04:10 3047.2| 188.2
1239944238.sam 107:04:56:58 253.3| 187.8
1239951438.sam107:06:56:58 252.0| 190.9| Sample rate error
1239951870.sam107:07:04:10 3033.3| 190.9| Sample rate error
1239955038.sam 107:07:56:59 252.5| 187.7| off by 1 second
1239955470.sam107:08:04:11 3046.5| 187.8| off by 1 second
1239958638.sam107:08:56:59 252.5| 187.6| off by 1 second
1239959070.sam 107:09:04:11] 3046.2| 187.7| off by 1 second
1239962238.sam 107:09:56:59 253.2| 187.5] off by 1 second
1239962670.sam 107:10:04:10 3047.2| 187.8
1239965838.sam107:10:56:59 253.2| 187.7| off by 1 second
1239966270.sam 107:11:04:10 1381.0| 187.3| aborted
1240203438.sam 110:04:56:58 253.3| 187.5
1240203870.sam 110:05:04:11] 3046.2| 187.6| off by 1 second
continued on next pag
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start time| duration| source
file name [UTC] [s] | level | comments

1240207038.sam 110:05:56:59 252.5| 187.4| off by 1 second
1240207470.sam 110:06:04:11 3020.8| 187.5| off by 1 second, aborted

C.3 Station SS107

The MP200/TR1446 was deployed at station SS107 from ab@ut@4:30Z (day 117) to
about 4/29 16:00Z (day 119). The autotransformer was &adyr disconnected in the
underwater package, and the power amplifier signal was gslbedriven directly into the
MP200/TR1446.

Initial tests at depth indicated that the multiport itsetfwid only require about 1.6 A
rms at the maximum drive voltage, so we felt more confiderthieat build-up would not
be a problem. Therefore, we scheduled the source using éwe2d4. EQ wav on the
normal long/short schedule. This worked for about 2 howstiien we experienced two
failures. The first was a change in cable voltage and curatomg with a corresponding
increase in radiated power. This was likely due to a shift iA Digger clock frequency.
Both the time board and GPS were replaced by backup units. offfer problem was
sporadic fault conditions on the power amplifier. This pesbimight last only one period,
or many seconds. The only known corrective procedure airtieewas to give the cabinet
a shake and hope for the best. (This worked 3 times out of 3.)

Occasionally a transmission was aborted manually when ladame on. These are
noted below. Nevertheless, based on the notion that thaklie feere exacerbated by heat
build-up, the transmission schedule was changed to onerclosa 50% duty cycle. To
avoid complete transmission down time while the new scheesids being recalculated
and verified, several 10-minute transmissions were lauwhotenually. These are unlikely
to be synchronized to the original m-sequence schedule aendabeled “disparate” in
Table 17.

This new automatic schedule, utilizing 35 transmissionutea per hour, began around
10:00Z on day 117 (4/27). This schedule ran 10 min on 5 off,i16 off, 15 on 15 off per
hour. This schedule was used throughout the night.

At approximately 01:00Z on 118 (4/28) the schedule was medlifo add 150 seconds
of transmission data at the top of the hour. This was priméaoilget a burst of measure-
ments in the otherwise long gap starting about 48 minutes #fe hour.

Amplifier glitches were occasionally observed by watchdéas: these lasted from one
period to several seconds or more. The files have not beensedaf any consequent
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waveform interruptions, and the locations of such anoreakenain to be determined from
the files themselves.

Table 17: Multiport transmissions for station SS107 in the
2009 Philippine Sea experiment. Duration includes ramp.

start time| duration| source
file name [UTC] [s] | level | comments
1240804596.sam 117:03:56:1 253.3| 182.8
1240805028.sam 117:04:03:28 3047.3| 182.9
1240808196.sam 117:04:56:16 253.3| 182.7
1240808628.sam 117:05:03:28 3047.3| 182.9
1240811796.sam 117:05:56:16 251.2| 185.8| samplerate errof
1240812228.sam 117:06:03:28 3023.6| 185.8| samplerate error
1240815396.sam 117:06:56:16 251.2| 185.6| samplerate errof
1240815828.sam 117:07:03:28 765.8| 185.6| samplerate errot,

aborted?
ss107-disparateA.saml17:08:22:43 621.3| N/A | manual launch
ss107-disparateB.saml17:08:34:02 621.3| N/A | manual launch
1240822596.sam 117:08:56:16 253.3| 182.7
1240823028.sam 117:09:03:28 1271.8| 182.5| aborted
ss107-disparateC.saml17:09:27:27  621.3| N/A | manual launch
1240826628.sam 117:10:03:28§ 621.3| 182.7
1240827528.sam 117:10:18:2§ 621.3| 182.7
1240828428.sam 117:10:33:2§ 921.3| 182.7
1240830228.sam 117:11:03:2§ 621.3| 182.7
1240831128.sam 117:11:18:28§ 621.3| 182.7
1240832028.sam 117:11:33:28§ 921.3| 182.7
1240833828.sam 117:12:03:2§ 621.3| 182.7
1240834728.sam 117:12:18:28§ 621.3| 182.7
1240835628.sam 117:12:33:2§ 921.3| 182.7
1240837428.sam 117:13:03:28§ 621.3| 182.7
1240838328.sam 117:13:18:28§ 621.3| 182.7
1240839228.sam 117:13:33:28§ 921.3| 182.8
1240841028.sam 117:14:03:28 621.3| 182.6
1240841928.sam 117:14:18:28§ 621.3| 182.7
1240842828.sam 117:14:33:28§ 921.3| 182.7
1240844628.sam 117:15:03:28§ 621.3| 182.7
1240845528.sam 117:15:18:28§ 621.3| 182.7
1240846428.sam 117:15:33:2§ 921.3| 182.7
1240848228.sam 117:16:03:2§ 621.3| 182.7
continued on next page
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start time| duration| source
file name [UTC] [s] | level | comments
1240849128.sam 117:16:18:28 621.3| 182.7
1240850028.sam 117:16:33:28 921.3| 182.7
1240851828.sam 117:17:03:28 621.3| 182.6
1240852728.sam 117:17:18:28 621.3| 182.6
1240853628.sam 117:17:33:28 921.3| 182.6
1240855428.sam 117:18:03:28 621.3| 182.6
1240856328.sam 117:18:18:28 621.3| 182.6
1240857228.sam 117:18:33:28 921.3| 182.6
1240859028.sam 117:19:03:28 621.3| 182.6
1240859928.sam 117:19:18:28 621.3| 182.6
1240860828.sam 117:19:33:28 921.3| 182.7
1240862628.sam 117:20:03:28 621.3| 182.8
1240863528.sam 117:20:18:28 621.3| 182.7
1240864428.sam 117:20:33:28 921.3| 182.7
1240866228.sam 117:21:03:28 621.3| 182.7
1240867128.sam 117:21:18:28 621.3| 182.7
1240868028.sam 117:21:33:28 921.3| 182.8
1240869828.sam 117:22:03:28 621.3| 182.6
1240870728.sam 117:22:18:28 621.3| 1825
1240871628.sam 117:22:33:28 921.3| 1825
1240873428.sam 117:23:03:28 621.3| 1825
1240874328.sam 117:23:18:28 621.3| 182.6
1240875228.sam 117:23:33:28 921.3| 182.6
1240877028.sam 118:00:03:28 621.3| 1825
1240877928.sam 118:00:18:28 621.3| 1825
1240878828.sam 118:00:33:28 921.3| 182.6
1240880628.sam 118:01:03:28 621.3| 182.6
1240881528.sam 118:01:18:28 621.3| 182.6
1240882428.sam 118:01:33:28 921.3| 182.6
1240883796.sam 118:01:56:16 171.3| 182.2
1240884228.sam 118:02:03:28 621.3| 1825
1240885128.sam 118:02:18:28 921.3| 1825
1240886028.sam 118:02:33:28 621.3| 182.6
1240887396.sam 118:02:56:16 171.3| 182.3
1240887828.sam 118:03:03:28 921.3| 182.4
1240888728.sam 118:03:18:28 621.3| 182.6
1240889628.sam 118:03:33:28 621.3| 182.6
1240890996.sam 118:03:56:16 171.3| 182.2

continued on next page
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start time| duration| source
file name [UTC] [s] | level | comments
1240891428.sam 118:04:03:28 621.3| 182.5
1240892328.sam 118:04:18:28 621.3| 182.4
1240893228.sam 118:04:33:28 921.3| 182.5
1240894596.sam 118:04:56:16 171.3| 182.3
1240895028.sam 118:05:03:28 621.3| 182.5
1240895928.sam 118:05:18:28 621.3| 182.6
1240896828.sam 118:05:33:28 921.3| 182.6
1240898196.sam 118:05:56:16 171.3| 182.4
1240898628.sam 118:06:03:28 621.3| 182.5
1240899528.sam 118:06:18:28 621.3| 182.5
1240900428.sam 118:06:33:28 921.0| 182.5
1240901796.sam 118:06:56:16 171.3| 182.3
1240902228.sam 118:07:03:28 621.3| 182.5
1240903128.sam 118:07:18:28 621.0| 182.5
1240904028.sam 118:07:33:28 921.0| 182.6
1240905396.sam 118:07:56:16 171.0| 182.3
1240905828.sam 118:08:03:28 621.0| 182.5
1240906728.sam 118:08:18:28 621.0| 182.5
1240907628.sam 118:08:33:28 921.0| 182.5
1240908996.sam 118:08:56:16 171.0| 182.3
1240909428.sam 118:09:03:28 621.0| 182.5
1240910328.sam 118:09:18:28 621.0| 181.9
1240911228.sam 118:09:33:28 921.0| 182.5
1240912596.sam 118:09:56:16 171.0| 182.3
1240913028.sam 118:10:03:28 621.0| 182.4
1240913928.sam 118:10:18:28 621.0| 182.4
1240914828.sam 118:10:33:28 921.0| 182.5
1240916196.sam 118:10:56:16 171.0| 182.3
1240916628.sam 118:11:03:28 621.0| 182.5
1240917528.sam 118:11:18:28 621.0| 182.4
1240918428.sam 118:11:33:28 921.0| 182.4
1240919796.sam 118:11:56:16 171.0| 182.3
1240920228.sam 118:12:03:28 621.0| 182.2
1240921128.sam 118:12:18:28 621.0| 182.4
1240922028.sam 118:12:33:28 921.0| 182.4
1240923396.sam 118:12:56:16 171.0| 182.4
1240923828.sam 118:13:03:28 621.0| 182.5
1240924728.sam 118:13:18:28 621.0| 182.4

continued on next pag
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start time| duration| source
file name [UTC] [s] | level | comments
1240925628.sam 118:13:33:28 921.0| 182.4
1240926996.sam 118:13:56:16 171.0| 182.5
1240927428.sam 118:14:03:28 621.0| 182.4
1240928328.sam 118:14:18:28 621.0| 182.5
1240929228.sam 118:14:33:28 921.0| 182.4
1240930596.sam 118:14:56:16 171.0| 182.4
1240931028.sam 118:15:03:28 621.0| 182.2
1240931928.sam 118:15:18:28 621.0| 182.4
1240932828.sam 118:15:33:28 921.0| 182.4
1240934196.sam 118:15:56:16 171.0| 182.1
1240934628.sam 118:16:03:28 621.0| 182.3
1240935528.sam 118:16:18:28 621.0| 182.3
1240936428.sam 118:16:33:28 921.0| 182.4
1240937796.sam 118:16:56:16 171.0| 182.3
1240938228.sam 118:17:03:28 621.0| 182.4
1240939128.sam 118:17:18:28 621.0| 182.5
1240940028.sam 118:17:33:28 921.0| 182.2
1240941396.sam 118:17:56:16 171.0] 182.2
1240941828.sam 118:18:03:28 621.0| 182.5
1240942728.sam 118:18:18:28 621.0| 182.5
1240943628.sam 118:18:33:28 921.0| 182.5
1240944996.sam 118:18:56:16 171.0| 182.2
1240945428.sam 118:19:03:28 621.0| 182.4
1240946328.sam 118:19:18:28 621.0| 182.5
1240947228.sam 118:19:33:28 921.0| 182.4
1240948596.sam 118:19:56:16 171.0| 182.3
1240949028.sam 118:20:03:28 621.0| 182.4
1240949928.sam 118:20:18:28 621.0| 180.9
1240950828.sam 118:20:33:28 921.0| 182.5
1240952196.sam 118:20:56:16 171.0| 182.4
1240952628.sam 118:21:03:28 621.0| 182.5
1240953528.sam 118:21:18:28 621.0| 182.5
1240954428.sam 118:21:33:28 921.0| 182.7
1240955796.sam 118:21:56:16 171.0| 182.3
1240956228.sam 118:22:03:28 621.0| 182.5
1240957128.sam 118:22:18:28 621.0| 182.6
1240958028.sam 118:22:33:28 921.0| 182.5
1240959396.sam 118:22:56:16 171.0] 182.7
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start time| duration| source
file name [UTC] [s] | level | comments
1240959828.sam 118:23:03:28 621.0| 182.5
1240960728.sam 118:23:18:28 621.0| 182.4
1240961628.sam 118:23:33:28 921.0| 182.4
1240962996.sam 118:23:56:16 171.0| 182.3
1240963428.sam 119:00:03:28 621.0| 182.4
1240964328.sam 119:00:18:28 621.0| 182.5
1240965228.sam 119:00:33:28 921.0| 182.5
1240966596.sam 119:00:56:16 171.0| 182.4
1240967028.sam 119:01:03:28 621.0| 182.5
1240967928.sam 119:01:18:28 621.0] 181.7
1240968828.sam 119:01:33:28 921.0| 182.4
1240970628.sam 119:02:03:28 621.0| 182.4
1240971528.sam 119:02:18:28 241.0| 181.7| Aborted
1240972428.sam 119:02:33:28 921.0| 182.4
1240973796.sam 119:02:56:16 171.0| 182.3
1240974228.sam 119:03:03:28 621.0| 182.5
1240975128.sam 119:03:18:28 621.0| 182.4
1240976028.sam 119:03:33:28 921.0| 182.5
1240977396.sam 119:03:56:16 171.0| 182.2
1240977828.sam 119:04:03:28 621.0| 182.8
1240978728.sam 119:04:18:28 621.0| 182.4
1240979628.sam 119:04:33:28 921.0| 182.4
1240980996.sam 119:04:56:16 171.0] 182.2
1240981428.sam 119:05:03:28 621.0| 182.2
1240982328.sam 119:05:18:28 621.0| 182.2
1240983228.sam 119:05:33:28 921.0| 182.4
1240984596.sam 119:05:56:16 171.0] 182.2
1240985028.sam 119:06:03:28 621.0| 185.7
1240985928.sam 119:06:18:28 621.0| 183.0
1240986828.sam 119:06:33:28 921.0| 187.9
1240988196.sam 119:06:56:16 171.0| 182.4
1240988628.sam 119:07:03:28 621.0| 182.2
1240989528.sam 119:07:18:28 621.0| 182.2
1240990428.sam 119:07:33:28 921.0| 182.4
1240991796.sam 119:07:56:16 171.0| 182.1
1240992228.sam 119:08:03:28 621.0| 182.3
1240993128.sam 119:08:18:28 621.0| 182.4
1240994028.sam 119:08:33:28 921.0| 182.3
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start time| duration| source
file name [UTC] [s] | level | comments
1240995396.sam 119:08:56:16 171.0| 182.0
1240995828.sam 119:09:03:28 621.0| 182.2
1240996728.sam 119:09:18:28 621.0| 182.2
1240997628.sam 119:09:33:28 921.0| 182.3
1240998996.sam 119:09:56:16 171.0| 182.1
1240999428.sam 119:10:03:28 621.0| 182.3
1241000328.sam 119:10:18:28 621.0| 182.3
1241001228.sam 119:10:33:28 921.0| 182.4
1241002596.sam 119:10:56:16 171.0| 182.2
1241003028.sam 119:11:03:28 621.0| 182.3
1241003928.sam 119:11:18:28 621.0| 182.2
1241004828.sam 119:11:33:28 921.0| 182.2
1241006196.sam 119:11:56:16 171.0| 182.0
1241006628.sam 119:12:03:28 621.0] 182.2
1241007528.sam 119:12:18:28 621.0| 182.2
1241008428.sam 119:12:33:28 921.0| 182.3
1241009796.sam 119:12:56:16 171.0| 182.3
1241010228.sam 119:13:03:28 621.0] 182.2
1241011128.sam 119:13:18:28 621.0| 182.2
1241012028.sam 119:13:33:28 921.0| 182.2
1241013396.sam 119:13:56:16 171.0| 182.1
1241013828.sam 119:14:03:28 621.0| 182.4
1241014728.sam 119:14:18:28 621.0| 182.3
1241015628.sam 119:14:33:28 921.0| 184.3
1241016996.sam 119:14:56:16 171.0| 182.1
1241017428.sam 119:15:03:28 621.0| 182.1
1241018328.sam 119:15:18:28 621.0| 182.3
1241019228.sam 119:15:33:28 921.0| 183.2
1241020596.sam 119:15:56:16 171.0| 182.4
1241021028.sam 119:16:03:28 87.8| 165.4
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