NRL Report 7644

Expendable Hydrophone for Sonobuoy Appheahon

AD766786

R. W. TiMME, R. L. DAVIDSON, AND A. C. TiMS

Standards Branch
Underwater Sound Reference D! vision

17 September 1973

Reproduced by
NATIONAL TECANICAL
INFGRMATION SERVICE

US Department of Commerce
Springlield, VA, 22151

NAVAL RESEARCH LABORATORY
Underwater Scund Reference Division
P.O. Box 8337, Oriando, Fla. 32006

Approved for public release; disiribution urdimited.

DDC

SEP 25 1973

e

Oy
B




SEPTEMBER 1973

AD-766 786

EXPENDABLE HYDROPHONE FOR SONOBUOY APPLICATION

NAvAL RESEARCH LARORATORY

DISTRIBUTE

i

D BY:

(4

iamaleﬁmi!mrmatianeice
U. 8. DEPARTMENT OF COMMERGE

L fe gt

PN T
BN R T

e
L&

Er)

Skt i L

P - LN N 534




UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA-R&D

(Security classification of il body of abstract dind indexing aancteiion must be enlered when the overall report is classified)
1 ORIGINATING ACYIViITY (Corporafe authnt) 20, REFORT SECURITY CLASSIFICATION
Naval Reseaxch Laboratory Unclassified
Underwater Sound Reference Divis.on 2b. GROUP -
P, 0. Box 8337, Orlandc, Florida 32806

3 HEPORTYT TITLE

EYFINDABLE HYDROPHONE FOR SONOBUOY APPLICATION

4. DESCRIPYIVE NOTES (Type of report and inclusive dates)
A final report on one part of the problem.

5. AU THORI!ISI (Fitss aeme, middle initisl, last name)
R. W, Timme
R. L. Davidson

A, C. Tims
‘6- REPORY DATE 7d4. TOTAL NO. OF F’A?_ES 7b. NO. OF REFS
17 September. 1973 His3o [[) 7
8a. CONTRACT OR GRANT WO. 53 ORIGINATOR'S REPORT NUMBE R(S)
NRL Problem S02-30
b. PROJECT NO. NRL Report 7644
NOL P.O. 3-0025 (NASC Task No.
c. A370—5330/292C/2W21400000) 9b. g]}:i;QOTSPORT NO(S) (Any other numbers that may be assigned
d.

10. DISTRIBUTION STATEMENT

Approt 2ad for public release; distribution unlimited.

T SUPPLEMENTARY NOTES ‘\2. SPONSORING MILITARY ACTIVITY
Naval Air Systems Command

! Department of the Navy
Washington, D, C. 20361

13. ABSTRACT

A low-gost, low-noise, high-sensitivity hydrophone has been developed
for possible application in an expendable, air-deployable, passive sonar
array system. An acoustic element consisting of two Type III ceramic
radially poled cylinders was combined with a low-noise, high-gain preampli-
fiver to produc: a hydrophone with a sensitivity of =149 dB rxe 1 V/uPa,
operating frequency range of 10 Hz to 3 kHz, and depth capability of 4550 m.
In addition to a description of the hydrophone and its operating specifica-
tions, a discussion of design criteria and prototype selection ig included.

FORM
DD 31473 (ace &) /‘ UNCLASSIFIED
</N 0102-014-6600 Security Classification




'y

UNCLASSIFYIED
Security Clussification

4. KEY WORDS

LINK A

LINK 3 LINK C

ROLE

wT ROLE wWT ROLE wY

Hydrophones

Sonobuoys
Ferroelectric ceramics
Preamplifiers

Passive sonar

windlegs

L

(PAGE §)

DNCLASSIFIED

Sequrkty Classification




RS

05

CEn

b
:A
5
k .
b
,,'
]}
2
v
e
M

Contents

Abstract .« ¢« . v v v e v e e e e .
Probiem Status . . .« « .« « v . . .
Probiem Authorization . . . . . ..

Introduction . . . . . . . . .. ..
Design Considerations . . . .. . .

S12Z8 © v 4 v 4 e e e e e e e e e e
Sensitivity .« v ¢ v 4 o 4 s s o .
Operating Depth .+ . + « ¢« « « & »
Bandwidth . v v « v ¢ o o« o o o @
Directionality . . « ¢« « + « « + &
COSE v ¢ ¢ 4« « s o o s o s o o o @
Self NOISE o v« v o o o o o o o o
Reproducibility . . « « + « « o &
Phase Matching . « o « o « « « o »
Vibration Sensitivity . . + « « =
Output Impedance and d-c Offset .
M55 v « ¢ + ¢« 4 o ¢ v x ¢ e e o s
Operating Temperature . . . . . .
Summary of Design Criteria . . . .

Hydrophone Prototypes . . . . . ..

Preamplifier . « « « « o« « o« & o o
Ceramic Acoustic Element Type IIT
Lead Metaniobate Acoustic Element

SUIMAYY & v & & v o v ¢ v v o 0 w0 s
-Hydrophone Construction ., . . . ..
Future Development . . . . . . . ..

'riReferences e et e e ey e e e

};ff Appendix

A, Calculation of Sensitivity and Capacitance
-8, Calculation of Stresses due to Hydrostatic
Pressure . . . . v L L o v L e e e

C. Resonance Frequencies e v e e e
D. Hydrophone Self Noise . . . N
E. (U1l Balance Equivalent CalcuTations e

Preamplifier Design Calculations . . . . .

Figures

+ Schematic of hydrophone preamplifier . . . .

3
2. Pirst-stage preamplifier gain as
of feedback vesistor R} value .,

1

a fur tion

LI I ) LA S ]

¥

iii
iji
iii

A ' : :
OO W WWONIgWUHLHNDS N =

Tl
o ©

I OO R Nl
HOO @ s

[ 5]
b

24

26
29
31
33
35

1l

12




. ¢

°

.

[
N =t =l OO oo ~ oy 1 B G2

?CJ

.

F-1.

II.

III.

V.

VI.
VII,
VIII.
A"It

B-1.
B-II.

c-1.

Hydrcphene rms noise voltage spectral deasity
Average phase shift of preamplifier , . . . .
Preamplifier sensitivity to vibration in
lateral ang axial directions . . . . . . . .
Twin and triple stacks of Type III ceramic,
radially poled, capped cylinders . . . . . .
Vikr=tion sensitivity of a twin stack of

Type 1IT ceramic cylinders . . . . . . . . .
Vibration sensitivity of a triple stack of
Type III ceramic cylindexrs ., . . « « & o o &

Vibration sensitivity of a lead metanicbate disk

Preamplifier circuit board . . . « « + « . .
Asgsembly oS hydrophone . . + ¢ + o v « o o
Ocean acoustic noise pressure . . . + + « « «
Maximum acceptable rms cutput noise

voltage spectral density for hydrophone . . .
Thermal noise at preamplifier input from
theoretical calculation . « + « « « o 2 o o
Maximm acceptable FET self noise for
various acoustic elements . . . + o ¢ ¢ o o

Tables

Sensitivity and capacitance for varicus
acoustic element configurations . . . . . . .
Maximum compressive stresses (in megapascals)
contributing to depcolarization of a capped
c¢ylinder (b = 11.1 mm and P = 46 MPa) ., . . .
Decision on hydrophone application based on
liklihood of depolarization of element

under hydrogtatic pressure of 46 MPa . ., . .,
Approximate primary longitudinal and radial
rasonances for selected acoustic elemerts,
22,2 MR 0Dy v v v i v e e e e e e e e
Comparison of unit cost of selected ceramic
elements purchased in lots of 10,000 ., . . .
Summary of design criteria applied to
ceramic elements .« ¢ v . v e ot s e o4 b v o s
Preamplifier parts and cost list . . . . . .
Comparison of hydrophone models . . + « & + &
Piezoelectric congtants and dielectric
congtant for several ceramic materials . . .
Maximum allowable stress for poled ceramics ,
Compregsive strasses contributing to
depoiaziatlon . . . ¢ v e 0 v e s e s oa e
Selected parawmeters of Type III and

lead metandobate .+ & ¢ ¢ v v 4 e 4 e e 0 e

13
13

14
14
16
17
18
22
23
32
32
38

39

10
15
19

25
27

28

30




Abstract

A low-cost, low-noise, high-sensitivity hydro-
phone has been developed for possible application
in an expendable, air-deployable, passive sonar
array system. An acoustid element consisting of
two Type III ceramic radially poled cylinders was
combined with a low-noise, high-gain preamplifier
to produce a hydrophone with a sensitivity of -149
dB re 1 V/uPa, operating frequency range of 10 Hz
to 3 kHz, and depth capability of 4550 m. In ad-
dition to a description of the hydrophone and its
oyerating specifications, a discussion of design
critceria and prototype selection is included.

Problem Status

This is a final report on one part of the problem.

Probiem Authorization

NRL. Problem 802-36.402
NOL PO 3=~00, 5%

Manuseript submitted 2 July 1973.

*phe prime source of funds for the work reported
on here is the Naval Air Systoms Command under
Pask No, A370-5330/292C/2W21400000,




EXPENDABLE HYOROPHONE FOR SONOBUOY APPLICATION

Intro-duction

The objective of the work reported here has been to develop a hydro-
phone to satisfy guide specifications provided by the Naval Ordnance
Laboratory {(NOL) for a hydrophone that can be used in an expendable,
air-droppable, passive sonar array system. The result is a hydrophone
that has the advantages of low cost, low self noise, and high sensitivity.

The guide specifications provided by NOL are:

Sensitiviiy:
Bandwidth:
Directionality:

Operating depth:

Vibration sensitivity:
Reprodugibility:

Phage matching:

Self noise:

Qutput d-o offget,
Outpat impeaancas
Sizes -

MNasa:

Oparating temperature:
Co&t=‘

-149 @B re 1 V/uPa
10 Hz to 3 kHz

Omnidirectional to within 1 dB over a band-
width of 10 Hz to 2 kHz

Maximum of 4550 m, which is equivalent to
46 MpPa (6670 psi)

Less than 10 dB re ) V/g

Unit-to-unit variation shall be legs than
that raquired to pass a =40 a8 null balance
test over the reduced bandwidth of 10 Hz to
1 kHz and a ~30 dB null balance test over
the ramaining band of 1 kiz to 3 klz

Units shall track within $3° of each other
over the full bandwidth 10 Hz to 3 kHz
Noise power spactral densiby referved to
input acoustic power shall be 10 dB below
goa state goxo noise at all freguencies

Less than § V to ground

Typically. 50 ' '

Maxinum 2.54 om diameter by 7.6 ca long
250 g or less ‘ -
0 to 30°C

Ninimal

The orvder in which the items appoar in this specification should not bo
conatxiied as an indication of relative importance. Thore aze, in addi-
tion, other reguiremsnts that are not oxplicitly stated, but , nevartheloys
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are important. These requirements include such characteristics as long
shelf life, operational lifetime of at least 72 hours, and sufficient
ruggedness o withstand field use and air deployment.

Succeeding sections of the report will discuss how the guide speci-
fications can be met, discuss which guide specifications cannot be met
simultaneously because of inherent incompatibilities and describe
several hydrophone mcdels, describe the construction of the model that
most nearly satisfies all the guide specifications, and, finally, de-
scxibe an area for possible further development.

Design Considerations

The hydrophone actually consists of two well-defined components--the
acoustic element and the preamplifier. Among the decisions to be made
for the acoustic element are choices of material, configuration, dimen-~
sions, and polarization. For the preamplifier, selections include elec-
trical components, layout, gain, and self noise. The choices can he
made only after a thorough analysigs of the guide specifications thst have
been listed. This analysis is presented in the following paragraphs where
the various items are considered in the order in which a logical degign
concept proceeded by process of elimination rather than by relative
importance of the various agpects. Cost was considered a prime factor
throughout because this hydrophone derives its usefulness by being inex-
pensive and expendable.

Size

Size is aongidered first because it determines the conflguration and
dimensions and, to a large extent, the sensitivity of tha acovstie sla-
ment. The diameter dimension is considered eritical and sust net exceed
2,54 cm.  The mamimum length called for is 7.6 cm; howevor, this raquire-
ment can be relaxed by as much as a factor of two, if necessary.

Sengitivity

The required over-all sensitivity, ~149 4B re 1 V/pPa, can ba
achieved by a combination of preamplifier gain and piezooleoctric ceramie
sengitivity. 7The design philosophy in this case is that given a pro-
amplifier, the gain should be maximized with raspect to the ontput self
noisa, therxeby reducing the sensitivity required of the ceramic olement,
Typically, a gain of about 40 dB can be obtuined from a lowscost praan-~
plifiey while stil) saintaining a relatively low output aoise. Thus, a

ceramic element sensitivity of about -189 db re 1 V/uPa would be required.

A cholca exists as to the size, shape, and material of the acoustic
element, Table I summarizes the sonsitivity and capacitance for various
feasible agcoustic element configurations. The designations of Type I,

11, and ILII refer to covamig mateyrizls as doscribed in MIL-STD-1376(8HIPS)
{1]. the dimensions used in Table ¥ were derived by choosing the maxi~
pum eloment dimension so that when the element was covarad by a protecs
tive barrvier, the 2.54~cm size limitation would not be exceeded. The |
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other dimensions such as length, inside diameter, and thickness then
were chosen for optimum sensitivity and capacitance while reasonable
pressure~resistant qualitiss were maintained. The calculations for sen-
sitivity and —apacitance are shown in Appendix A.

Capped striped cylinders and lead metanicbate disks would appear to
be the only single elements with sufficient sensitivity; however, single
elements of lower sensitivity can be wired el :otrically in series for -
greater sengitivity but with a decrease in cazpacitance, For example,
two elements in series rasult in a semsitivity gain of 6 dB and 50% lower
capacitance; three in series oive a gain of 2.5 4B and a 67% lower capac-
itence. Thexrefore, a stack cof radially poisrized capped cylinders of
Type I, II, or III ceramic wired in series could be used with a resulting
sensitivity of about -189 dB re I Vv/uPa. The same is true for ceramic
spheres, except that three or four in series conflict with the size limi-

“tation and ara aot as uconomical as capped cylinders. '

It appears, then, that lead metaniobate diskg and Types I, II, and
I1Y ferroelectris ceramic capped cylinders, either radially or giroum~
ferentially polarized, would satisfy size and sensitivity requxzenants
fox the acoustic elemant,

Operating Depth

The maxiwug expected operating Jdepth of 4550 m (15,000 £t) in soa _
‘watey is eguivelent to 4G MPa (6670 usi), It would be proforred that the -
hydrophone be insengitiva to chanqag it hydrostatic pressure; howaver, '
the large hydrostatic pressure at depth ean cause the sensitivity of the
agoustic elemant to change and it literally will crush an voprotegted
proamplifier. For this reasoh, the pregsplifier pust bo protested by a
rigid prefsura vessoel ox eﬁt39¢ulitéﬁ ina x;g:d epaxv' Qoat cgﬁsiﬁé:a*
tiong SHQQcSE tha apoxy encaps ulatxon, n

Tha an&uﬁti; olomant conf xgurat;uns iisﬁed in Table I hsvao suifxczunt
- physical strongth to resist crushing. The pffect of oxcessivaly hagh
hydrostatic pressur: 5 to depolarize the vlesent, thereby predusing &
logs of its piosoclevtric charactoristics and its senuitivity.:

The caiculations for the stresses gunerated within the acoustic el
ment by the hydroststic pressure ave prasgnted in Appendix HB. | %he talces
laciohe indicated have been porformad for the acoustic elemwnis that have
baun considexed to be possibilities for hyvdrophone deval@p&@nt‘ Tha
values of the thyee components of compressive styvess sncountared by cap-
pad eylinders undor a hwdrostatic pregsure of 48 MPa are glwvdn ia Table
Y1. These values wire conmpared with the maximum allowable stresses in
Table 8~1, aad thes the range of acoustic eloment pcssib;lxtiua was Eur-
ther redused @ shown in Table YIX,

Band‘wmi:!z

The freavfxeié voeltuge sensitivity of a pieccelectric elemann is
indepenident of frequoncy at frequencies faxr below the primary resenance




Table II. Maximum compressive stresses (in mega-
pascals) contributing to depolarization of a capped
cylinder (b = 11.1 mm and P = 46 MPa).

[ ———

Polari- as= a= a=
zation Stress 6.35 mm 7.9 mm 9.5 mm
Radial T, T2 46 46
i r
T, 1. 190 360
L' *g ’
L C
A 95 160
. ' . b
Circum= Ty Tﬂ 137 190
ferential )
Tt 16 46
S
7 © B8 95
(%3
S T e s e e et ety

L _— ot s
T, o= Q at ¥ = 1 and iz a maximum &% ¥ = b,
T, is maximum at ¥ = 3 and mindmum at ¥ e b

S A, ds constant, inQGQQﬁﬁent of x.

Ky

fraquency. I¥ the resonance is-suffictently high, the specitisd band-
width, 10 Kz €5 3 kHz, can e s tisfmé - The primary rdgorances are
présented 40 Table IV fer the ¢ ani,ufatx@u% under considexation, Singe
a3l the vesshances ave well above the oparating bandwidth (10 Mz t» ¢
kiizl, ne prablem of ligited operation should be encomntered, The egqua-
- tions and appropriate cevamle eharactéristios dre giw‘ for the calewla~
"~ tion of the 9riﬁ&:y EQg0onaice traquenmxua in Appendix .. :

9iréctzgﬁaigty

A disk of cayped cyli nﬁ@r of tﬁc dimension. previcusly aiﬁgu&spi u;li
operate in a velume expander mode and will sppoar cenmidigectichal if the
maxizun eldmant dimension is much less than the wavelength of sound in
the medium ag the working frequency. At 3 Kie, the wavelength in wator
at 4°C ig approxivately 475 wa.  The maxirsun dinension of the disk or
capred oylinders under censidevation is the circumference, which ia
aboue 70 mn, Thus, these element oonfiguiations are expécted to be cni-
dir‘ctional within the frequency rangy frowm 10 Hy to 3 kitx.
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Table IV. Approximate primary longitudinal and radial
regonances for selected acoustic €lements, 22.2 mm 9.D.

Long. Rad.

res., res.

I.D. Length freq. freq.

Ceramic Configuration (nm) {mmj {kHz) {kdz)

Type III Cylinder,

radially poled 15.9 6.35 273 58

Cylinder, 15.9  63.5 22 M

circumf. pcled 12.7 63.5 27 78

Lead meta- Disk, axially 10.G 154 79

niobate poled 12.7 121 T
Cylinder, .

circumf. poled 15.%9 63.5 21 51

12,7 63.5 21 56

Cost

The total cost of the hydrophone comes primarily from the acoustic
eiement, preamplifier, and labor, and secondarily from epoxy, cylinder
end caps, cables, and other miscellanea. Most of these costs are essen-
tially fixed for a given preamplifier and assembly procedure. The major
devision lies in the choice of acoustic element. Table V is a cost
comparison of appropriate ceramic elements. It is based on vendor que-
tations and prices of similar items recently purchased. The prices are
also based on quantities of ten thousand. '

It is immediately obvious that lead metaniobate circumfexentially
polarized cylinders are too expensive for this application. The Type
III circumferentially polarized cylinders are much cheaper but are still
more expensive than the disks. There would also be extra labor costs
for the cylinders because of the necessity to wire the individual striped
segments in proper sequence. Thus, they are eliminated because of high
cost., Type III radially poled cylinders ave individually the cheapest,
but, because of their lower sensitivity, several mst be used in series
for each hydrophone. If three are wired in series, their total sensi-
tivity would be about equal to that of the lead metanicbate disks. The
material cost would be a little more than one half that of the lead meta-
niobate disks; however, there would be extra labor costs from konding
and wiring the elements together, which could make the radially poled
cylinders and the lead metaniobate disks comparable in cost.

Self Noise

Self noise is a product of the preamplifier only. Most of the self
woise originates at the input stage. The acoustic element does not

actively contribute to the self noise but does affect it by the amount of

7
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Table ¥. Compariso: of unit cost of selected ceramic elements
purchased in lots »f 10,0C0.

Capped cylinders, Striped capped o
radially poleé, cylinders, cir- =
Di ks, axially 22.2 mm 0.D., cumf. poled, %
poled, 22.2 mm 15.%9 mm I.D,, 22.2 o O.D.,
dizmeter 5.35 mm long 63.5 wm long

Thick- e
ness Unit I.D. Unit %
Ceramic {mm) cost Unit cost (mm) cost .

Type III $1.75 15.9  $11.25 a8
: 12.7 13.50

Lead meta- 10.0 $8.00 15.9 75.00 o5
niobate 12.7 $10.00 12.7 90.00

impedance loading on the input. In general, the higher the input load
capacitance, the quieter the preamplifier, This implies that the radially
polarized cylinder with its higher capacitance (see Table I) would result
in quieter operation than would the disk.

. P . . .
RN A L S T S
e s B e

24l

Although the actual self noise is of electronic origin, it often is
related to an equivalent acoustic noise pressure level. It is assumed
for the purpose of definition of this relation that the preamplifier is
noise free and the hydrophone detects a certain specified level of acous-
tic pressure. In this way, a more realistic lower limit on sensitivity
to true signal can be established.

R
PhEdr AN

The conversion between sea state noise and prezmplifier noise is X
discussed in more detail in Appendix D. When converted, the noise
specification calls for an output noise voltage of less than -69 dB re
1V, If the preamplifier gain is about 40 dB, then the critical input
stage must have components with a combined noise level balow -109 dB re
1v.

Reproducibility

S e W s S

A 40-dB null balance is equivalent to a 2% variation between hydro-
phones and a 30~dB null balance is equivalent to a 6% variation. Appen~
dix E gives the proof of equivalence. Such variation can arise in the
ceramic element or in the preamplifier., Careful design and construction
of the preamplifier can make the ceramic element the dominant factor.
The sensitivity of a ceramic element is due largely to the piezoelectric
constants g3; and g33 and, to & lesser extent, to the dielectric con-
stant €33, as seen in Appendix A. Hence, any variability in the sensi-
tivity can be traced to those constants. Unfortunately, the manufac-
ture of ceramics entails slightly different compositions and production

5 g

i

RS

GEbd

S A
R R R

®

e ron
. B




o TN B > M r e a v e a e SmpeRgrTee ST TR ST OSSN I

\
Bl SIS

technigues such that the characteristics of ceramics differ not only

y from one manufacturex to another but also from one batch to ancther by
* the same manufacturer {2]. Ceramic characteristics chance with age as
well and at different rates for different manufacturers. -

L N

It is not unrealistic to expect the sensitivity of ceramic elements ;
to vary by 15% over a long period of production by several manufagturers

[2].

The reproducibility specification can be met in several ways. One
is to obtain all elements from one manufacturer's single batch. Of
course, this may not be possible for very large quantities, but fewer
individual batches should result in a smallier variation. Individual
variabilities could be compensated by preamplifier gain adjustment or
capacitor “shading" of the element. Aged ceramic elements also could ;
be used to alleviate the problem. i

L Rl " A

P

Phase Matching !

In the frequency range from 10 Hz to 3 kHz, the sound wavelength is
much largexr than the element; therefore, a disk or capped cylindex
should respond to a sound wave of this leangth with no phase shift. Some

. phase difference may exist among preamplifiers, but, with proper design ,
and component tolerance, the difference should be less than the +3° ’ )
required in this frequency range.-

Vibration Sensitivity ' _ : o

, Vibration of the hydrophone while deployed in the ocean would come
from wave motion, suspension cable strumming by currents, antenna strum- i
; ming by wind, and other unknown factors. A hydrophone can be made less o
v sensitive to vibration by making it move massive (by Newton's second law, , §
a given force will produce less acceleration). Mass and size limita- ‘ ;
tions, however, eliminate this solution. Hydrophones can be made A i
ingensitive to vibration also by arranging an even number of acoustic :
elements symmetrically about the center of gravity. In this way, the
effects of acceleration upon elements on one side of the center of
gravity will be canceled by opposite effects of acceleration upon ele- ,
ments on the other side. The disadvantage of this approach is greater i
cost and size.

i The most satisfactory solution, in view of the other specifications,
is to decouple the nydrophone array from the cable suspension system,
thereby decreasing the amount of vibration to which the hydrophone
would be subjected.

Output Impedance and d-c Offset |

[ : A low output impedance is typical of preamplifiers and should present E
no problem. The output d~c ¢ffset voltage can be held to practically i
B zero by a blocking capacitor on the preamplifier output. ;




SR

Mass

4 small masc is compatible with the small size and cost and should
be no problem.

Operatirg Temperature

The hydrophone will experience temperatures from 0 to 30°C near the
ocean surface, depending upon the location of cperation, At any appre-
ciable depth, the operating temperature will be near 4°C. These tem~
peratures will produce no appreciable effect on the ceramic element or
the preamplifier.

Sumnary of besign Criteria

The design considerations discugsed above have been directed mrstly
toward the ceramic sensor element because this is where the alternatives
exist. Once an element configuration is found feasible, a suitable pre-
amplifier can be obtained by modifying a basic design to suit the
recuirements. The many possible acoustic element configurations have
been limited by the various guide specifications. Table VI summarizes
the elimination process. Lead metaniobate disks and the Type IIX
radially poled capped cylinders appear to be worthy of application in
this hydrophone development.

Hydrophone Prototypes
Several hydrophone models were designed, constructed, and tested.

The characteristics of the most promising ones will be discussed here,

The preamplifier was designed for compatibility with all of the acoustic
element configurations and will be described separately, because thez one
basic design was used with all acoustic elements.

Table VI. summary of design criteria applied to ceramic elements.

pe i der e R N R N SRR
Disks, axially Capped cylinders Spheres,
poled radially poled
radially poled circumf. poled
diam.xthick. )
(wm) ODxIDxlength
Ceramic (tmun)
Type 1 (
. Tnsufficient Pressure sensitive
type sensitivity JInsufficient
sensitivity
Type III 22.2%15.,9%6,35 nigh
Lead meta-  22.2x10.0 Insufficient cost
niobate 22.2x12.7 sensitivity
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acvustic element when the pressure increases as the hydrophone sinks to
operating depth, and also by the pyroelectric effect as the temperature
of the hydrephone changes to that of the surrounding water. The result-
ing voltage can rise to very appreciable levels and saturate the FET,
thereby preventing it from functioning and can, in fact, parmanently
damage it. There are several ways to dissipate the charge as it is gene~ i
rated, The resistive path to ground is used here. From the standpoint
of charge dissipation alone, it would be desirable that the resistive :
shunt be of low value; however, the sensitivity of the acoustic element o
to underwater sound is adversely affected by a low-resistance shunt : o
because the signal also is shunted. The input impedance of the preampli- : i
fier must be much larger than the low~frequency impedance of the acoustic
element to avoid a low-frequency sensitivity roll-off. Calculations of
the charge build-up are given in the first part of Appendix ¥, The

v H effect of the impedance on the sensitivity is shown in the second part
S of Appendix F.

N g0

o M 12V b

i 275 27k s ~§

] 2N3306 68 ] 2r3304 3

e .96k 8 K ":{
T LK 5

243687 »—W\-I!-i L ., 100 3
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8| a2 s | 5}—1 33 §l
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T €136 #402k 4.3 s w3906 3
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NQTE:ALL RESISTANCE VALUES IN OHMS, ALL, CAPACITANCE 1IN MICROFARADS, LXCFPT AS ROTED. ?:

& 1 % PREGISION RESISTOR %% 2% LOW NOISE RESISTOR 3

Rs 900K FOR A TYPE I CYLINDER SERIES ELEMENT, . E]

S5000MA FOR A LEAD METANIOBATE DISK ELEMENT, 1

. , §

Fig. 1. schematic of hydrophone preamplific:. 2

Preamplifier ' E
A line schematic of the preamplifier is shown in Fig. 1. It is '%
basically a straightforward design incoporating a low-noise field effect g
transistor (FET) input, two stages of amplification, and a bulanced low- b
impedance output. The preamplifier is approximately 57 mm long by 16 mm 3
wide by 12 mm thick with components mounted on both sides of the circuit o
board to conserve space. The circuit is potted in Eccobond 51 epoxy for -
protection from hydrostatic pressure. ' é
T™wo factors related to hydrophone application that affect the choice . ;

of input impedance are charge dissipation and low-frequency roll-off of é
sensitivity. Charge is generated by the piezoelectric effect in the %
y

T

§‘ The shunt resistor satisfies both the above considerations if a value
" . of 5000 MQ is used with the lead metaniobate acoustic element and 300 MR
with the Type III cylinder series elemant.
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The PEY and a 2N3906 transistor provide the first stage of amplifi-
cation with a gain of approximately 20 to 25 dB. The value of the pre-
cisicu resistor R; is set to give the vroper over-all gain as required
by the acoustic wlement. A graph of tlL. gain of the first stage as a
function of the reésistance is given in Fig. 2. The second stage of
amplificatius is derived from a 2N3904 transistor and a bootstrap between
the output and second stage input. A precision resistor of 40.2 ki in ;
the bootstrap produces a second stage gain of 20 dB.

The output is balanced and provided with a d-c blocking capacitor and i
~ 100-Q line resigtor. The blocking capacitor satisfies the specification
~ of less thar 5 V output d-~c offset. The output impedance of 100 & is
necessary to pvevent self oscillation.

. A three-conductor cable serves for preamplifier power, common ground,

and signal. It is"not considered good practice in low-noise hydrophones f
to use a coaxlal cable where both B+ voltage and a=-c signal are on a com- ﬁ
mon conductor.

; The wnoise appedring at the output terminals of the preamplifier is
primarily thé sum of the shunt resistor thermal noise and the FET self
noise multiplied by the preamplifier gain. The FET chesen is a Slliconex
2N3667, whish haes a satisfactory self noise and cost figure. The calcu~
lations dnvolved in selecting a FET with sufficiently low self noise are
presen.wd in the third part of Appendix F,

The total rms noise voltage spectral density for the preamplifier is
shown in Fig. 3, The data are based on noise weasurements made on three
"individual preanmplifiers with the appropriate capacitive and resistive ¥
loads and gains to simulate the desired acoustic elements, Internal :
varianceg of the different preamplifiers produced somewhat different
cutved under ldentical conditions; therefore, the noise voltage spectral d
density is represented by bands rather than by lines in Fig. 3. A com=
parison is made also to the maximum noise permitted by the guide speci-
fication, %he specification is exceeded by the preamplifier for the
lead metanicbute acoustic element at frequencies below 40 Hz.

{ o , N
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Fig. 3. Hydrophone rms noise voltage spectral density.

The dynamic range of the preamplifier is limited at the lower level
by the sum of the self noise and the sea state acoustic noise. The upper
level is limited by the inability of the preamplifier to pass a suffi-
ciently undistorted signal., This upper limit has been determined by meas-
uring the amplitude of the input sine wave that causes a 1% distortion
in the output wave form. The xms value of the input sigynal was -35:1 dB
re 1 V at all frequencies from 10 Hz to 3 kHz for the three preamplifiers.
For an acoustic element sensitivity of ~191 dB rxe 1 V/yPa, this value
wousd correspond to a sound-pressure level of approximately 156 4B re
1 ypa. The preamplifier will continue to operate at input levels as high
as =20 dB re 1 V. but with considerable distortion and deviations in gain
and phase caused oy saturation. Within the dynamic range of the pream-
plifier, the gain is constant to within £0.1 aB.

:-~¥\\~\\\~§-‘5wawwmwt»uenne Fig. 4. Average phase shift
of preamplifier,
0 1 | badot i) [N )

19 100 1000 400)
Frequincy ()

10

Prase wrgle {deg)

A phase shift dres occur between the input signal and preamplifiex
output, but the shift appears to be a design constant., The average
input~output phase shift of any individual preamplifier and the average
phase difference batween the outputs of any two preawplifiers are given
in Fig. 4. The spocifications of gain and phase matching are met,
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Fig. 5. Preamplifier sensitivity
Lateral to vibration in lateral and
e axial directions.
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The sensitivity of the preamplifier to vibration was measured in the
axial and lateral directions. As expected, the vibration sensitivity
is quite low in comparison with that of the acoustic elements. The re-
sults are shown in Fig. 5.

A list of preamplifier components and costs is given in Table VII.
The estimated costs are hased on quantities of ten thousand. Labor costs
for constructing the preamplifiers can be reduced considerably by pro-
duction line techniques to about equal that of the components.

Ceramic Acoustic Elemeni Type IFI

The Type III ceramic, radially poled, capped cylinder, discusged pre-
viously, is useful in this application only if several are wired in
series for greater sengitivity. A twin stack (two cylinders in series)
and a triple stack (three cylinders in seri~s) are illustrated in Fig. 6.
The dimensions of the cylinders are 22.2 mm O0.D. by 15.9 mm I.D. by 6.35
mm long. The end caps of alumina (AlSiMag 771 by American Lava Corp.)
are 22,2 mm in diameter by 4 mm thick.

The calculated sensitivity of one cylinder has be. given in Table I
as -199 4B yve 1 V/pPa. Two ¢ylinders in series should produce a sengi-
tivity of -193 dB re 1 V/uPa and three in series, a sensitivity of -189,5
dB re ) V/uPa. Actual measurements indicate sensitivities of -193.1 aB
re L V/ubPa for the twin stack and -189.8 dB re 1 V/uPa for the triple
atack. The sensitivity is independent of freguency between 10 Hz and
3 kHz except for the expected low~fredquenoy roll-off caused by the RO
combination of the preamplifier shunt resistor and the ceramic cylinder
capacitance. The extent of this roll-off at 10 Hz is 0.3 dB for the twin

F(!umm Tedity mummasmmasy t

Poting strection ‘{i?’!‘ow ot SSSESS ] | . . S
;L _ R B ) Fig. 6. wTwin and triple stacks
N o of Type IXI ceramic, radially

- - | poled, capped cylinders.
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Table VII,

LSRR

Preamplifier parts and cost list.

Compogent

Num-
her

Unit Total
cost cost

Resistors, precision:

Rs (200 M oxr 5000 MR, depend-
ing on acoustic element)
R; (exact value depends on gain)

19 @
1960 Q
40.2 k&

Resistors, nonprecision:

50 Q
100 @

1 ki
2,7 k@
4.3 k@
13 k&
17,8 kQ
27 kQ
62 kR

Capacgitors:
6.8 .
30 yF
56 uF
330 p¥
680 p¥
Transistors: -
 2N36B7
203904
2N3906

Diodes:

IN400L
Sensitized P.C. board

Total estimated cost

1 LS 0 ft Jet bt P e L ot ot s et

bt b o b K>

B B g

$§1.75
.15
.15
.15
»15

.03
.03
.03
.03
.03
.03
.03
.03
.03

.22
.24
.24
.09
+09

1.00
. .28
«29

A5

40

$1.75
.15
.15
.15
.15

.09
.03
.03
.03
.03
.03
.03
.09
.03

.88
.34
" el4
- .09

.09

l1.00
.56
.58

A0

§6.97

U
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stack, which has a measured capacitance of 560 pF, a: . 0.4 dB for the
triple stack with 400 pF, when the shunt resistor is 900 MR.

The sensitivity decreases approximately linearly with increasing
hydrostatic pressure by 1 dB between atmospheric pressure and 46 MPa,
The cylinder sensitivity is omnidirectional within 0.5 4B at all pres-
sures throughout the frequency range from 10 Hz to 3 kHz.

The measured sensitivities of supposedly identical cylinder stacks
were all within 0.2 dB of each other at atmospheric pressure when made
from ceramic elements of the same batch. As shown in Appendix E, this

reproducibility is equivalent to a ~40 dB null balance. At a hydrostatic

pressure of 46 MPa, the variation between stacks increased to 0.4 4B,

which is equivalent to a =33 dB null balance. This change with pressure

probably is due to differences in epoxy bonds between cylinders and end
caps and is largely unavoidable. Greater differences in sengitivities

existed when stacks were made of cylinders from different manufacturexs,

Differences of 1 dB in sensitivity between stacks were not uncommon.
This difference corresponds to a =25 dB null balance.

when the stacks were subjected to an acoustic sanal between 10 Hz
and 3 kHz, the electrical output tracked within 1° of each other.

The vibration sensitivities of the twin stack and triple stack are
shown in Figs. 7 and 8, respectively. For the complete hydrophone to
meet the specification of less than +10 dB ve 1 V/g, the vibration sen-
sitivity of the acoustic element must be less than the specification by

‘at least the preamplifiey gain. Thus, vibration sensitcivity levels of

about =34 dB xc 1 V/g for the twin svack and about -~31 dB re I V/g for

the triple stack are crxtieal. Both stacks excecd these levels at about

100 to 200 Huo

Trratiss soasitieity (i@ re § )

"“ R N T RN ITI R o
T W wN
: iw(n) -

'Fig 7. vibration sensitivity of a twin stack -
of Type 1II ceramic cylinders.
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Fig. 8. vibration sensitivity of a triple stack
of Type III ceraaic cylinders,

In quantities of ten thousand, a cylinder cests $1.75 and an aluming

end cap costs $0.045. Therefore, the material cost of a twin stack
should be about $3.60 and a triple stack about $5,35, These matexial
costs are based on wanufacturer's guotations [3 4]. The extent of the
laboy invelved is to solder leads to the proper eleotrodes and to cament
the cylinders and end caps together, An estimate of a reasonable pro-
duction line labor charge is $0.75 Prr the twin stack and $1.00 for the
triple stack, This brings the total cost of a twin stack to appiaxi
mately $4.35 and a triple stack to apprax;mately 56, 35.

Lead Netaniobate Acoustic Blement

The axislly polarized lead motanicbate @isk is a s;mglcr sansaz ala- .

mont than the capped cvlinder in that connections need be made only to

the electrodes to have a working sound detectox, Thw thagrotical sensi-
tivity of & 12.7-mm thick disk is equal to that of a txiple-cylindex:
stack., The primary disadvantage of lead metanicbate is its low dielec-

© trie constant., Tie disk capacitance is so low that quite ofton leakage
capacitance is largo encugh €0 cause an appréciable loss in sengitivity.
‘The caloulated sensitivities and capacitances of a 12.7-mR and a \0~ma-~

- thick disk ave given iw Table I. The seasured values are -193 dB o

-1 V/uPa and 100 pf for the 12.7-mm~thick disk and «193.5 4B xe 1 Y/uka

and 120 pP for the 10-mm-thick disk. The discrepancy betwaan calculited:
and measured sensitivities is in good covrelation with the differences in

caloulated and measured capscitances.

The sersitivity is canidirectional. There wis a gradual increase in
sensitivity #£0 top extent of 0.3 68 por decade of frequency betwaen 10 Kz

- and 3 kiz in addition to the expected low-frequency ¥oll-off, A S000-NR

bleed resistor wis used in the preamplifier input for the reasons dis-
cussed in Appendix P, The RC low-frequency roll-off at 10 Hz was 0.3 aB
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for the 12.7-mm~thick disk and 0.2 4B for the 1l0-mm-thick disk. The sen-
gitivity decreases approximately linearly with increasing hydmstatic
prasaure by 0.7 4B betuween atmospheric and 46 NPa.

The reproducibility of sensitivity for lead metariochate disks is ad-
varsely affaectad by tha inability to maintain stray capacitance within
acceptable limits, As little as 10 pP stray capacitance is typical and
amounts te 108 of the disk capacitance,; which changes the measuyed sen=-
aftivity by about 1 d8. %Thus ths mit-to-unit varzatim could pass s'mly

a -25 a8 null balance tast. o

The vibratio:. eensit:ivity of a 12.7-m-thick lead metanicbate disk is

- ghown in Fig., 9, A vibration gensitivity lovel of <3¢ dB re )} V/g e

critical for tha disk, if the complete hydrophone is to meet the guide
speeification. The disk exceeds this lavel between 20U and 300 Hz fox
vibration in the axial dirsction. - Sensitivity to vibration in the

lataral direction is guita low at all freguencies. The gise of the disk
- in auch that tha disk could be ordonted withiout vielation of the gver-all

size limitation so that the aamumu v;b::az;mn mesent would be in the
lateral direction,

Laad metaniobate disks. 10 mm aﬂd iz2. ? wa in thickness, cost §8.00
and $10,00, respactively, in quantities of ten thousand {5). nubor is

,mt a factor because the p.teanpllfia"‘ mput 1&&63 need ‘only be soldered - '

to the d:ssk elactmies

-'Sumary

Charactaristics of the three hydrophone models ave compared in “‘aﬁle

-an. ‘Honk of the three mect all of the specifications, although the

wmodel containing the Type IIT twin stack acoustic ¢legent oost nearly
dogs 80. The primary shortooking is in the sengitivity to vibration.

A hydrophoné could be built to mieet the vibration specification, but the
resulting size and cost would be much greater. The total hydrophone
cost given in Table VIII is scaewhat relative bacause eof the estimite of
labor costs that are associated primavily with the preamplifier. 'The
broad-band self noise of the hydrophone between 10 Lz and 3 Kiz is less

18




Table VIII. comparison of hydrophone models.
Type III ceramic Lead meta-
niobate
Twin Triple disk Specifi~-
Characteristic stack gtack {12.7 mm)  cation
Blement seng. (re 1 V/uPa) ~193.1 dB -189.8 @B ~193 dB
Reproducibility, null-
balance test:
at atwospheric pressure ~40.0 dB  -40.0 dB =25 48 ~40 a8
at 46 MPa . -33.04d8 -33.0 48 -25 dB -40 48
Change in sens. with pres~
sure, 0-46 MPa 1.04B 1.048 0.7 dv
Preamplifier gain required to ,
meat specification +44.1 ¢ +40.8 aB +d¢ ab -
Hydrophone meets bandwidth v -
requiremant? : yas yas vas 10~3000 Hx
Ganidirection to within 6.5d8 0.5 4m 0.5 ds 1 ds
Vibration sens, maximun
e I Vgl . S v s
axial made +14,0 48 +17.0 4y 18 a6 . +10 48
lateral mede . H22.0dB 20,048+ 48 410 4B
Phase matchad €0 IR 2L MR - 23"
Broadband self nodse (v 1) e
between 10 Hiz and 3 R «77.0 48 . -B1.0 48 - =70 48 ~GY &d
Dutpat d-¢ offset S 0.2V 0BV 0BV S§ Y
output lwpedance S 1o oasew SETETEE IV :
Size: - ' e I ) . -
diamatoy - 2.3 em 2.58 ow 2,54 am 2.54 ¢m -
length - 8.40 ow' | 9.00 ¢m 760 e .60 cm -
PASY : 109 g R LU 90 g IS0 e R
hydrophone cesk: | : -
- acoustic alément 44.3% §6.3% 0 S10.00 N
presmplifior - 6,97 L 9? PR 98- ¥ i
" omiscellaneous materials .28 .28 W23
labor {estimated) 7.30 .00 .90
total . §18.60 520, SQ $24.20 minimgl :
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for all three models than the ~vecification; however, this is because
the narrow-band noise is considerably below specification above 100 Rz,
Actually, the narrow-band noise for the lead-metaniobate hydrophone is
well above specification at frequencies below 50 Hz.

Hydrophone Construction

Mass production practices probably will differ considerably from the
laboratory technigues on which the following discussion is based, but
at least a basis that has procaced w.rking hydrophones is provided.

The hydrophone with the twin-cylinder stack acoustic element has
been shown to satisfy most nearly the guide specifications. A first step
in assembling the acoustic element is to bond the two cylinders together
endwise., Epon VI (Hyscl Epoxy Products) is a suitable bonding agent and
is applied according to manufacturer's instructions. A small compressive
force is applied during the cure to maintain alignment and to insure a
uniform bond. The two cylinders should have opposite polarity to facili-
tate hook-up; that is, one cylinder should be polarized with the positive
electrode on the inner diameter and the other with positive on the outer
diameter.

Two pogsibilities exist for wiring the twe cylinders together in
series, 1In either case the stack should be oriented with respect to the
preampl.fier so that the rositive slectrcde of the cylinder nearest the
preamplifier is connected to the preamplifier input. Thig insures the
outputs from all hydrophones are in phase.

a. The two cylinders can be wired as illustrated in Fig. 6. The
outer-diameter electrodes are either soldered together by a jump lead or
joined by a coat of conductive paint or epoxy which has a bulk resis-
tivity equal to or less than 0.001 Q~-cm. The positive in=er electrode
is cosiected to the preamplifier signal input and the inner negative
electrode to the preamplifier ground. The two leads pass through a hole
in the eud cap that must be hermetically sealed with Epon VI. The ad-
vantage of this arrangement is that the cylinder outer dimension defines
the hydropbone outey diameter cxcept for the protective over-all potting
compound. The dusadvantage of this approach is the extra labor involved
with the end-cap electrical feedthrough.

b. The itaer-diameter electrodes can be joined by soldering a lead
between them or by painting a conducting path over the bond joint. A
lead then is connected between the preamplifier signal input and the
positive outer-diametexr electrode of the cylinder ncarest the preampli~-
fier and a second lead between the preamplifier ground and the negative
outer~diameter electrode of the other cylinder. The advantages of this
method are that no feedthroughs are required in the end cap and the ele-
ment is easier to assemble. The disadvantage is that the leads must pass
between the oylinder and the maximum 2,.54~cm dimension. Care must be
taken that the leads are not exposed through the potting compound to the
hydrostatic pressure and that they de not short circuit the outer elec-
trodes of the cylinders.
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After the stack is wired, the end caps are bonded to the cylinders
with Bpon Vi. The connection: between the twin stack and the preampli-
fier then can be completed. Rext, the assembly is positioned in a mold
that describes the finished dimensions of the hydrophone and is encap-
sulated in a suitable compound like Eccobond 51 (Emerson & Cuming). The
potting forms the finished dimension of the hydrophone, seals the cable,
forms a watexproof barrier, and protects the preamplifier from the hydro-
static pressure.

Before the assembly is encapsulated, all surfaces of the cable, pre-
amplifier, and senscr element are cleaned of all flux and other contami-
nants.

The Eccobond 51 is mixed according to the manufacturer's recommen- .
dations. The container used for mixing is free of any coatings or other
contaminants and is of sufficient gsize for degassing the mix. After the
compound is thoroughly mixed with a glass or metal rod, it is degassed.
The initial evacuation stage must be gradual to prevent the froth from
overflowing the container. Evacuation sheuld continue until all major
bubbles stop forming and vacuum of zbout (.3 Torr pressure is maintained
for approximately 5 minutes.

After initial evacuation of the mix, it is poured into the mold with
care taken to entrap as little air as possible. The potted assembly then
is evacuated for 5 to 10 minutes until the major bubbles have been
removed.

The vacuum system used to degas the encapsulant should have suffi-
cient capacity to pump down to 1 Torr within 3 minutes. Such a system is
necessary to insure that the finished assembly be free of any entrapped
- gases or voids that could produce unwanted low-frequency rasonances.

The preampiifier circuit board and location of components are shown
in Fig. 10. Again, it should be commented that the preamplifier layout
is adequate but not necessarily optimum, Figure 11 is an illustration of
steps encountered in assembling the components into a working hydrophone,

Future Development

The part of the hydrophone that probably can undergo further develop-~
ment is the preamplifier. Integrated circuits may be more feasible for
large quantities with the result of reductions in cost and size. This
possibility should be investigated before any large procurement prcceeds.
It is conceivable that the preamplifier can be reduced to a size that can
be mounted on an end cap inside the ceramic cylinder stack. The total
hydrophone size then would be approximately 2.5 cm diameter by 2.5 cm
long after potting. '

References

[l] MIL-STD-1376 (SHIPS), *Piezoelectric Ceramic for Sonar Transducers,®
21 Dec 1970.

[2] R. W. Timme, "Low Electrical Field Characteristics of Piezoelectric
Ceramic Rings," NRL Report 7528, 5 Jan 1973 (AD-907 068L).
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[3] Type III cylinder quotation from Channel Industries, Santa Barbara,
California.

f4] Alumina end cap quotation from American Lava Corp.. Chattanocoga,
Tennessea.

" [5] Lezd metanichate disk quotation from Gulton Industries, Metuchen, New
Jersay.

Fig. 10. Preamplifier circuit boarad.
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Appendix A

Calculation of Sensitivity and Capacitance

Symbol Definition
M free-field voltage sensitivity
c capacitance
e open~circuit voltage
P incident sound pressure
933, 931 piezoelectric constants
£33 dielectric constant
t thickness between electroded surfaces
inner radius
outer radius
cross-sectional area of electroded surface

length of cylinder

2 = »p» U p

number of stripes

The free~field voltage sensitivity for a piezoelectric ceramic disk
or plate can be calcuiated from an expression that is derived from the
equation of state relating the electric field generated across the
ceramic element to the inc Jeat stress and strain:

M =e/p = (g33 + 2g31)t. (a-1)

The capacitance can be obtained from the simple relation for the paral-
lel plate capacitor:

C = e33h/t. (a-2)

The expression for the free-field voltage sensitivity of a capped
cylindrical ceramic tube has been derived by Langevin [a-1]:

l-a/b 2+ a/tb

M =Dbigss + g3 . (a-3)
1+ a/mb 1+ a/b
The capacitance is given by
2reg3k
C= ) (A"‘q)
in (b/a)
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Langevin's derivations were extended to striped tubes with circum-
ferential polarization. The sensitivity and capacitance are given by

1 21b { 2-a/b

M=— 931 + g33 (a-5)
N 1n(b/a)l l + a/b
and
Neg3®
C = In(b/a). (A-6)
a7

The free-field voltage sensitivity of a ceramic sphere has been
derived by Anan'eva [A~2]:

b h2+q-2 q2 +gq+4
933 =
q2+q+ll 2 2

M= g31|r where q = a/b. (A-7)

The capacitance of a sphere is given b,

4regsab
C = ———, (A-8)
b-a

The piezoelectric constants g33 and g3) and the dielectric constant
€33 for the ceramic Types I, II, III, and lead metaniobate have the
nominal values given in Table A-I.

Table A-I. Piezoelectric constants and dielectric con-
stant for several ceramic materials.
m%

933 931 €33
Material (vem~!pa=!)  (vem=!Pa~l) (Fem~lx10-8)

Type I 0.026 -0.0110 1.1

Type II 0.025 -0,0115% 1.5

Type III 0.022 -0.0090 0.9

Lead metaniobate 0.036 -0.0045 0.2
References

[a-1] R. A. Langevin, "The Electro-Acoustic Sensitivity of Cylimdrical
Ceramic Tubes," J. Acoust. Soc. Amer. &6, 421-427 (1954).

[a=2] A. A. Anan'eva, Ceramic Acoustic Detectore (Comsultants Bureau,
New York, 1965), p. 46.
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Appendix B

Calculation of Stresses due to Hydrostatic Pressure

Symbol Definition

Tr stress in radial direction of cylinder

Te stress in circumferential direction of cylinder
'rz stress in axial direction of cylinder

Tn stress parallel to direction of polarization

T) stress perpendicular to direction of polarization
P hydrostatic pressure

a inner radius of cylinder

b outer radius of cylinder

xr distance from center of cylinder along radius

The stresses in a capped cylinder as derived by Langevin [B-1] are:

bZ
~p———— (1 =~ a2/r?); (8-1)
b2 - a2

3
[}

b2
=P (1 + a2/x2); (B=2)

3
n

b2
T = -PT—-Z- . (B=3)
b - a

The maximum stress that a capped cylinder can experience without
undergoing depolarization depends on the direction of poling. A radially
polarized cylinder experiences a radla stress Tr parallel to the direc-

tion of poling and combined stresses of Te and Tz perpendicular to the

direction of poling. A striped cylinder is circumferentially polarized
and experiences a stress TG parallel to the direction of poling and bow-

bined stresses Tr and Tz perpendicular to the direction of poling.

Unfortunately, little work has been done to determine the compres-
sive stress limits for the different ceramic types and configurations.
Clevite [B~2] has determined fox ceramic Types I and II the compressive
stress at which the dielectric and plezoelectrin constants have clanged
several percent without recovery and this they have defined as the maxi-
mum allowable stress for Type IIX or lead metaniobate; however, one can
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infer from the high electrical field characteristics that Typs III and
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The values given in Table B-I are the result of one-dimensional
stress measurements. Because the stresses encountered within the capped
: cylinders are two~dimensional, the stresses parallel and perpendicular {
& to the poled direction should not be compared directly with those in
4 Table B-I, It is not well understood how the individual components of g

stress calculated from Eg¢s. (B-1,2,3) should be combined to represent !
the resultant stress leading to depolarization. Empirical data strongly 5
. suggest that ceramics are more resistant to depolarization by a two- ,
% dimensional stress than by a one-dimensional one. Until more definitive :
i work is done, the only recourse at this point is to obtain a relative,
order-of-magnitude comparison of the Table B-I data with the calculated !
values of Tr' Te, and Tz' assuming (incorrectly) that the stresses are

completely independent of each other. This is done in Table B-II.

The compressive stresses sustained by a sclid disk can be obtained
from Egs. (B-1,2,3) in the limit a = 0 and are just equal to the hydro-
e 8 static pressure P. The maximum compressive stress in this mode given by
B Clevite [3-2] is 345 MPa (50,000 psi) for Typz I and 138 MPa (20,000 psi)
i for Type 1I ceramic. Again, data are not available for Type III and lead
metaniobate, but again it is expected that Type III is better than Type I
and lead metaniobate is better than Type III.

Table B-I. Maximum allowable stress for poled ceramics.

7;. ' Lead
- 3 Stress Type I Type II Type II1 metaniobate
9 Ty (max) 83 Mpa 35 Mpa >Pype I  >Type III
(12,000 psi) (5,000 psi)
Ty (max) 55 MPa 14 MPa >'ype I >Type IIX

’.ii : (8,000 psi) (2,000 psi)

References
[B-1] R. A. Langevin, “The Electro-Acoustic Sensitivity of Cylindrical
Ceramic Tubes,® J. Acoust. So¢. Awer. 20, 421-427 (1954)

[B-2] Cluvite Corp., Piezoelectric Div., “"Piezoolectric Techiology Data
for Designexs" (Bedford, Ohio, 1965).

1 : [B-3] Gulton Industries, Inc., “Glennite Piezoceramics--Catalog H-700,"
3 . p. lo.
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Table B-II. Compressive stresses contributing to depolarization.

ap— ——em—

Congnon

multiplicative
Polarization Stress r=a r=>_b factor

B Radial Ty T, 0 1 - a2/p?

Circumferential  Ty; T 2 1 + a?/p? 1~ a2p?
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Appendix C

Resonance Frequencies

Symbol Definition

£ resonance frequency
p density

s?l s§3 elastic moduli at constant electrisc field

k33 electromechanical coupling factor

aE Poisson's ratio at constant electric field
n disk radial mode Bessel function
t,&,D thickness, length, and mean diameterx, respectively,

of element

The resonance frequencies are determined by the size and configura-
tion of the acoustic element, There are many possible modes of vibration,
but the ones of real concern here are the thiockness mode of a disk, the
radial mode of a disk, the longitudinal mode of a c¢ylindex, and the
radial mode of a cylinder., In the simplest case, only one mode of vibra-
tion wWill be excited at a time. This ocours when the dimension deteye
mining the resonance is much different from other dimensions, Whenever -
the simple exprossions indicate that yesonance fraguencies. in different
modes are similar or identical, there will be coupling of encrgy between
wodes and the simple expressions will not give correct results, However,
the simplified equations will provide information as to whethor resonance
ig far above the intended range of operation,

Equations for the resomrance fragquency have boen derived by Berlincourt

et ai. [t-1] for the following cases of interest., The values obtained
will be for the fundamental, oy prigary, resonance.

Axia; (thickness) mode

£ = a/2e)[os53 01 = k351 ' 1)
Radial wmode
N , Jy {wa/c)
£, = (/) (oot (1= 0927 ;0w 2-0f) (c-2)
Jg (wa/e)
Gulinder (radially polarized), radial wmode
ft = (llwo)(asf;)‘s , (C-3)
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Cylinder (circumferentially polarized), radial mode

£ = (1/m)lps53(1 - x33)])7" (c-4)

Cylinder (indspendent of polarizaticn), length mode

£ = (1/22) (pe5y) ™™ (C=5)

The parameters for use in these equations are given in Table C-I.
Only Type III and lead metaniobate are conaidered because the other types
already have been shown to be inadequate for this application.

Table C~I. selected parameters of
Type III and lead metaniobate.

Lead

Parameter  Type III . . .+ ohate
o (kg/md) 7500 5800

9§1 (m2/N) 11.1x10732 25,0x)0-12

s§3 (@e/N)  12.2x10712 21,3x10%12

ka3 ' 0.63 0.38
oF 0.37 0.27

-
>~ —

" ' 2,08 2,03

Reference
[c-1] p. Barlinceurt, D. Curzan, and H. Jaffe, "Plexcelectric and Piezo-

magnetic Materials, in Physioal Asousiios, Vol. I-A, W, P. Mason,
od. {(Academic Press, New York, 1564), pp. 221-231.,
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Appendix D
Hydrophone Self Noise

The guide specifications require an acoustic noise at least 10 4B
below the light shipping sea state zero composite curve of Urick [p-1].
The sea state zero curve is shown on Fig. D-1l. According to the "pink
noise tangent® printiple [D-2], this composite curve can be represented
by the pink noise slope (-10 dB per decade) indicated on Fig. D-1l., The

total noise pressure in the band between frequencies f) and £f) is given
by

p = pg Inv(£3/£y), (D~1)

where pg is the noise pressure at 1 Hz, For the frequency range from
10 Hz to 3 KkHiz, the noise pressure is

p = +90 4B re 1 V/uPa. {D=2)

‘the specification calls for an equivalent input noise pressure of 10 4B
below sea state zero; hence, the noiswe 'uust be

p £ 480 dB re 1 vpPa. (0~3)

If the hydrophone sensitivity is =149 4B re )} V/uPa, then the rms ocutput
noise voltage must ba '

'erms'f-‘"lqg d8 ra 1 W/uPa + 80 dD re 1 uba)
2 =69 dB re 1 V. ' (0-3)
For purposes of preamplificr design and testijny, it is convenient to plot

the total ris output hoise voltage as an ocugput noise spectrum o a log
voltage vé. log fraguency curve, This is done in Fig. D=2,

References

fo-1]) R, J. usick, Prireiples of tmderater Sound for Swyiwsers (MoGraw-
Hill, New York, 1967), p. 168.

[p-2] &. Smith and D. H. Sheingold, “Noise and Operational Amplifier
Circuits.” Analog Dialogue 3, 1-15 (1969).
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Appendix E
Null Balance Equivalent Calculations
- Symbol Definition
:( t& free-field voltage sengitivity of hydrophone A
- M;  free-field voltage sensitivity of hydrophone B
A null balance measurement (NBM) is made by determining the sum and
difference sensitivities of two hydrophones:
HA -
-NBM = 29 log ~————— {E-1)
Mt Mg |
If the two hydrophones have exacgtly the same gensitivity, then there
will be an infinite null, but this condition does not normally exist,
s _ Tha null balance regquiremeht can he expressed also as a legayithmic
o - variation (dB) or as a perxcentage variation, For example, let NEN < 40 db;
3 Na = My . .
20 log - £ ~40 a8 {E~-2)
. : H o+ Ry :
.
U3 ; I = ¥ /N, _ . S ‘
- L leg ——2Ro - © {8e3)
SR 1NN | - | S
s YN - |
. . 2.2 < 0.1 T
R W '
i’i 0,98 = 2% variation {E~5)
3 Ny ' '
. S 20 isg == > 20 log 0.98 * 0.2-db variation {8-6)
Lo : "
A second example can be solved in a similar mamne::
" 33
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NBM < -30 dB

== > 0.94 = §% variation

"

v

20 log i‘ig 20 log 0.94 =

"

s

0.5-dB variation.
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Appendix F

Preampiifier Design Calculaticns

1. vVsltage generaiion and dissipation as a result of chaages in hydro-
static pregsure and temparature.

The hydrophone will be dropped into the water and depioyed at some
The hydrestatic pressure and temperature change will generats
a charge and volitage at the preamplifier input. The effect of the tem
perature change could add or subtract from the effect of ithe pressure

'change, depending upon whether the temperature increased ov degrsased

and upon the alement configuration. Either condlition cowid be experi-~
.enced, so the worst cass should be expected; that is, that the effects

- add.

Iet:
" p= a%/dt, time rate of descent
B = 42/d%, rate of pressure change with depth

= de/dr, piezcelectric sensitivity of acoustic element ichange
in voltage with pressuxe)

F = 4T/38t, time rvate of temperature changse

"3 de/iT, pyroelectric sensitivity of acoustic element {change .

in voltage wnth temperature)

Than the rata of voltage increase due to charge generatign by the plezo-

“slectri¢ and py*oelectrtc efrects wxll be

= dafdt = MpD '+ NF, (F~1)
The acoustic element and resistive ghunt form a simple parallel RC ciz-
cuit relative to the preamplifier FEY., The veltage generated at the FET
will decrease wztn time as the charge leaks through the resistance to
mmmm. . . 7 -

~a/RC. : o R V o

de/dt = S {(F=2)

The voltage at ahy time t is givan by the difterentzal equatlon formed -

by combining Eqs. (F-1) and £F-2)

de/dt = & = o/KC. (F=3)

A solution ior Eq. (¥-3) for any time after the hydroyhoue touches
watar at ¢ = 0 15

6 = aRC[1 - exp{=t/RC) J0 (tg ~ t)

+ ARC[I-fexp(-to/RC)]{exp[-(§‘~t0)/ﬁc}}a<t-rto) (F=4)
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where tj is the time when the hydrophone reaches operating depth and
temperature and 8(t,tg) is a function such that its value is unity when
its arqument is positive and zero when its arqument is negative. It is
imperative that the generated voltage e not exceed some critical value
e' that would permanently damage the FET. Therefore, the first term of
Eq. (F-4) must satisfy the relation

ARC[1 - exp(-t/RC)] < e'. (F~5)

The maximum value occurs when tg >> RC.

_ Lim ARC'1 - exp(-t/RC)] -+ ARC. (F~6)
» t‘*’to>>RC
Thus,
ARC < e, ' ‘ F=7)

which places the restriction upon the shunt resistance that
& < e'/AC. : {r-8)
_ There exists a range of voltage hetween a satyration or blocking
voltaga ey, and the c¢ritical voltage e' such that the FET is "blocked,”
or inoperative, but nat pefmanently damaged. If ARC[i - exp(-ty/RT)) >

eb, then a period known ag the “dead" time must pass before the hydro-

rhone again is operational. 2 second term of Eq. {F-4) describes the
decay of the voltage aft.2r generation has ceased. Generally, if the con~
dition in Eg. (F-8) is:satisfied, the dead time will be minimal. For
this specific application, the following estimates have heen made:

D = 1wm/sec - ‘ -
¢ 0.01 MPa/m = 10% Pa/m’ |

x =192 dB re 1 V/uPa = 2,5x10™" v/Pa’

¢ 50°C/200 sec = 0.25%C/sec _

x 72 V/°C for a 3.2-mu-thick-walli Type III cylindex.

=% =\ R oW

From ¥q. (F-1),

| MED + NF S -
(2.5 + 18) V/sec

20.5 V/sev

A

#

f

e' = 50 V (for a Siliconex 2N3687}.

' Therefore, from Eg. (F-8),
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RC < 2.44 sec. (F-9)

The values of B, D, N, and F are based on estimates of conditions
possibly encountered, so it is appropriate that a safety factor be
included to further limit the value of RC:

RC < 0.6 sec. (F-10)

Maximum values of the bleed resistor at the preampiifier input now
can be calculated:
R < 6.7x10% @ for a lead metaniobate disk;
§,1.6XIO9 2 for three Type III cylinders in series;
5_1.1x109 § for two Type III cylinders in series. (F-11)

2. Sensitivity roll-off at low frequencies

The impedance of the acoustic element is an inverse function of fre-~
quency and must be much less than the bleed resistor to avoid an unac-
ceptable low-frequency roll-off (LFRO). The loss in sensitivity is
given by

LFRO = =20 log (1 + 1/uwRC). (F-12)

If an arbitrary limit of 0.5 dB at 10 Hz on sensitivity loss is
chosen, then the minimum values of the shunt resistance are established:

R _.3_3.0X109 ) for a lead netaniobate disk;

w

> 0,73x109 1 for three Type III cylinders in series;

i

> 0.49x10% Q for two Type III cylinders in series. (F=13)

3. 8elf noise at the input s:age

Thexrmal noise from the shunt resistor is a function of frequency as
given by Eq. (F-l4) because it is in parallel with the capacitive acous-
tic element: .

k] b

e = (2KkT/nC) (tan‘lngC - tan~lwRC) 7,

s (F-14)

where 2 s is the rms thermal noise voltage in a bandiwidth delined by

angular frequencies wy and wy; C is the capacitance of the acoustic ele-
ment, R is shunt resistance; k = 1,37x10"23J/K js Boltzmann's constant;
and T is temperature in kelvin. The thermal noise is plotted as a func-
tion of frequency in Fig. F-1 for the values of R and C for the lead
metanicbate and Type III ceramic elements:
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Liead metaniobate: R = 5000 MQ
C = 90 pF

Type III cylinders: R = 900 MQ
C = 550 pF (two in series)
C = 367 pF (three ia series)

To obtain a value for the acceptable FET self noise, the resistor therm-1
noise and preamplifier gain can be subtracted from the gquide specifica-
tion in Fig. D-2. The results are the three curves in Fig. F~2. There
is a separate curve for each of the different acoustic elements because
of the different capacitances, bleed resistors, and gainz. The cross-
hatched region in Fig. F-2 is a composite self noise curve representing
actual measured values for five Siliconex 2N3687 FET°s. COther FET's that
have a self noise as good or better and a comparable cost include the
Siliconex 2N3460 and 2N4338.

-130

5000 M2, 90 pf

L 900 K3, 367 pF
\ 900 Ka, 550 pF
160 }—

10—

Thermal nofse voltage Yevel (B re 1 V)

190 o1yl poorevrnd LN

[ 100 1000 4000
Frequency (Hz)

Fig. F-1. Thermal noise at preamplifier input
from theoretical calculation.
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Lead matanicbate element

Two Type I
in serd

Maximum acceptable FET self noise for
varicus acoustic elements.
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