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HOISE IN BROAD-BAND HYDROPHONES

SUMMARY

3
e
3
S The sources of aoise in undervater electro-acoustic hydruphones
are congidered with pavticuler raflerence (o plezoslectric piston-type
clepents. Expressions sre devived for the variocus contributions, and

their influence on hydrophone design for broad-band reception i

discussed.

It is shown that measuvement of ambient noise levels down to Sea
State 1/2 equivalent {s possible up to 70 kHz with a correctly designed
hydrophone and a low noise smpliifier with sufficlently high fnput
impedance. Measurements down to this lavel are more readily carried
out with a spherical hydrophone than wi{th a piston hvdropheone in a
baffl:z. The hydrophone parameters of grestest importance are the
resonance frequency, coupling coefficient, and hydrophone sensitivity.
It is {mportant slso to avoid mechanical resonances of the hydroghone

mounting.
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NOISE IN BHOAD-BAND HYDROPHONES

. IFRTRODUCTION

This raport discusses the varicus sourcas of ncise in the ocutput of
pressure hydrophones, and their iafluzuce on the performance and deaign

of brvad-band receivers. The coutributions cousidered include:

4. therwali noise
b. aubisnt gea ncise
¢. eamplifisy noisa

d. uoiss dus to mounting vibration

and thegs arve related to tha pressuye seusitivity of the hydrophone

elowsnt itaelf.

Conuidaration ia given mainly to low-frequency piston-type hydro-
phones ., of 2 balanced {"scceleration-cancelling'') design, but the
relarionships are also valid for unbalenced designs, and sisilar

principies apply to other forme of coagiruction.

I1. THERMAL NOISE

Any resistor at a finite tempararure has across it voltage fluctua-

cicas which are koown a8 thermal noise. A hydrophons imssrsed in the

Fa% cLAFWLLOT PTLA:D
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s Whia TesPOmU L0 pressure fluctustions in the eadiuws which arise

-

&
:

sizularly from thermsl agitation of the medivm ftself. Hell
g {fef 1; hea ashown that this therwal noise pressure in a 1 Kz band (p?)
is givea by
i G aKT o0
a
-3
where ¥ = 3oltipawn’s constaat {1.38 x 10 J/deg K}

v = dansity of the medium
¢ = speed of sound ia the mecium
A = wavelength of soun’ in the sedium at the relevant frequency {(f)

T = temperature in degrees Kelvin,

It e of interest to express this coise prassure level in terms of the
acise voltage oculput generated dy & hydsophone immwrsed in the ses and
subjected tc thess prmssure fluctustions. This reguires s knowledge of

tha hydrophone aenmitivity of the device, which may be devived as follows,

The acoustic presaure (p} at a point distant L from & small ceni-
directional source iz given by the expreasion for the total acoustic

poser:



i
whers ¥+ mesn sguars {npul curreal
3 « resistive component of the loput Ilmpedance
# = ejactyro-acoustic efficiency.

&4

Taus, the current projeccor sensitiviecy (§)) is given vy
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By the reciprocity theorem, the opan-circuit hydrophone sensivivicy (o}

iz velated to the projector sensitivity by

4
Thus , “rz 2 “’ro
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Therefore, the mean square output voltage {(in & 1 Kz band) from the
hydropbone ig
2 2 2
&y = Mg
.2
. Mea’  amkrpe
npe 2
X
- AKquea {6}

For mn 1deal hydrophone of 100% efficiency (i.e., Nea ™ 1), this

ooise voltage is equal to (Mst'm}}'f2

» witich 18 just the noise output to be
expacted from an electrical resiator of magnitude R, Thus, the slectrical

impedance of a lossiess hydrophone represeats corvectly the themmul noise

output as well as the acoustic impedsance dues to the medium-a result which

may have been expected or hoped for.

Convertiog the thermal noise pressure given by equation (1) to a

spectrum level {denoted by PT « 20 log pT), wa obtain

..
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= 115 ¢ 20 lJog P dB re 1 ub in Hz band (where F 18 the

frequency in kHz)
w -15 + 20 log ¥ 4B re luPa in 1 Hz band (hH

This topic has been discussed by various authors, (See e.g., RKef 2, 3, 5,
6); the above treatment 1z a slightly fuller version of part of an article
by Batchelder (Ref 2), who goes on to consider the effect of internal
loseas Ln the hydropheone. These losses lead to a reduced efficiency and
give rige to additiomal thermal noise. Bstchelder states {without preof)
that this added thermal noise dagrades the equivalent nolse pressure-
aquared of the real hydrophone to pTzln“‘, where e 18 the alectro-gcoustic

efficisacy. A derivation &nd discussion of this relstionmahip {s given
below,

The electrical characteriastica of an ideal piezoslectric hydrophone
(with no electrical losses) are often representad by the circuit shown in
igure 1{a). 3oth Cp and Rp depend on frequeacy, although for frequencies
weil below resonance Cp becomes almost independent of frequency. It is,
¢i course, also possible (though less usual) to represant the hydrophone
..sadance by the series circuit of figure 1(b). In these circuits, e

av & represent the sources of thermal noise voltsge, and the componsents
o

are velated by the equations: -

2 oo VPO T bR
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K = - vhere 8 = wG {8
s 1wl 2&92 148 P'p
2
- .}.'-tg.... \ o )
ca 5 } cp {93
8

= 4KTR {10)
L. ]

Note also that 8 = wC R = A
¢ p wC.il.

Now suppose that another resistor R, (with its own associated thermal
noise scurce °2) is connected in parallel with the hydrophone, to rapresent
the internal electrical losses, as in figure 2(s). After combining R, and
R, to form an effective parallel resistor Rp‘ - (RPRZ)I(RP+22). the

circuit may be converted to the form shown in figure 2(b), the components

baing given by squations similar to (8) and (9), viz.
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The opun circult noisme voltage is then giveu by

V2 = QKTR.
wr | 22!
I LSON
1+ 1 wC R st‘ Z
P P L
Rpﬂ'z J
3 6KTRP 1+ RP/Rz) (1la)

2. .2
(s ® /8)° + 8

4&’1’&2 {1+ RZIRP)

(11b)
2 2 2
(1+ RZIRP) + 8 (RZIRP)

This is the general expression for the thermal noise voltags from this
civcuit; we now coasider how R, depends on frequency. The variation
with frequancy of the admittance of an ideal (loasisus) hydrophone can
be cepresented by the squivalent circuit showm in figure 3 (in which

thae components avre assumad to be independant of frequency). This gives
seasouahle agreemsnt with messured admittances for frequenciez up to
iust over the rescnance frequency, provéded ths usual "lumped-mass”

appioximation 18 valid. For this circuit, the variation of Rp
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= ij{conductance)) isz given by

3
P

2

2
- Rn {1+ Qn 0 )

where Ru represents the mechanical loes resistance (in electrical terms)

™y

o “1
- ansba—— - ——
W w
i

1/2
= mechanical resonsnce {angular) frequency = (L C
".
1
= mechanical Q-factor = o C R
B ™

$ince the coupling coefficient of tha hydrophons (k‘) is defined by

and the low frequency capacitance cLF = C +C

we thus obtain

R
)

o m

7 2
1 n
- -:Q%—L—— (12a) ,
ke Crpln
2
]
- % 1___ (12b)
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Egasieon (4B s valid st [requencies Jar eoough from vesonance for

3
th2 comdition Quznl‘ >> 1 to be astisfied:; in practice, this seans fre-

R R R ML R e

quencies below tha "half-conductance’ (l/Qn) band-width saround rescuance.
Substirution of this axpression for Rp into equation (1ldb) would then

give the variation with frequency of the noiss voltage output,

It is, however, generally more useful to axpress the noise output in
ceres of the equivalent coise pressure. For this, we refer to tha

expression {equation (5)) for the hydrophone sensitivity.

io this expression. R {8 the resistive component of the total input

igpadance, f.a., R = R‘

we

n__ i {1+ RZIRPJ

L -1 nZ

(133
2 2 2
{1+ lekv) + 8 (Rzlxp)

Then, the squivalent noise pressure is given (using equations (1lb) and

{13} by

Hol

4xKTpc

e8
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which iz the expression quoted by Batchelder.
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In order to calculate the variation with the {requency of pzn, e
sow derive the variation of n , with frequency, using squation (12).
Assumes that therc are no internal mechanical losses in the hydrophoue:
i.e., that all the internal losses are electrical and are represented
by &, (which may itself be a function of fraquency) . {(The following
expressions would still reprwsent the variastion of Nea vith freguency {f
auy internal uwachanical loases were & counstant fraction of the vadiation

losses, wvhich would uvsually be a ressonable assumption.) Thus, we taks

1/R

"a T T TR

2
ﬁ*__l et At
1+ R;Tkz

- 1 ] (15)
1+ (1+Qm ny }

41k CLpRy

The equivalent therwzal ncise pressure is therafore

e 22
2, emree [, B% )
e T

1
2 !
\ wike CrauRy /
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2 2
for anl >> X,

¥ow, 1f Rz is effactively & constent resistor scross the hydrophone -

&.2., the input resistance of an ampli{fier - it is convenisnt to wrice

w

.
< Gt

e, o i{s the roll-off (angular) frequency of the hydrophone capacitaace
in parallel with kz Than,

2 w \
2 4kt | Q% 2
Pry e | Tt er e 18
{ s
"23 ¢ > 3 - f 3
Substituting the values K = 1.38 x 10 Jieg K, T = 2B0"K, p » 107 kg/m”,

c=1.5x 103 w/sec, this gives

L4 \
?ig - 3.24 x 10734 2 ( 1o m T 2 B T

3
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where all the freguencies ars in kHz {inszluding Fc, the roll-off frequeuncy

and ?1, tha resonance frequency).

Thus, the rms noise pressurs (in a 1 Hz band) {s given by

/ r 172
p;n - 1.8x107 ¥ S ?-"-f i,—‘i nlz\i (Pa) (20)
\ kg 1

At low frequancies, where F << Fy (so that ny = ~¥;/P), and also

Pz <<(Q‘/k.2) ?c?l, this aimplifiss further teo

I
mm) = 1.8 x 10“7(9-— ¥F ) 1/2 (Pa) (21)
[+]

k2 ¢l
. t

Thus, at low frequencies, Pex becomes indspendent of fraquencv. Con-

verting thess expressions to spectrum lzvels, we ohtain: -

r \ i
from aquation (2R}, P ™ ~15 + 20 log F + 10 log % 1+ 3!2 -f nlz g {22)

”
L]

dB re luPs in 1 Hz band.

irom equation (2i), (?TR)O 3 -15 4+ 10 log 1 =3 ?c?1$ (23)

o |°

dB ve luPa in 1 Hz band.
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Theza theinas noise pressure isvels ahould be cowpared wiith background
wolse levels lo the ses due to scurces other than thermal fluctuatices.
Por example, typical values of background levels in deep warer have been
siven by Enudsen. For sea astate O, Konudsen's values of smbient noise

spectrum levels (PN) are described spproximsately by

B, = 45 -17 log F 4B re luPs {n I Hz band. {24}

(P iu k3z).

These values are fairly well accepted for the range 0.8 to 20 kiz,
although with quite wide fluctuations, and are often extrapoleted towards

the tharmal noise limiting curve at higher fregquenciss

Pigures 4{a} and 4(b) show examples of noise levels derived from
thase squations. Knudsen's curve for deep sea state 0 18 shown, extra-
polatead towards 40 kHz. The line slopiag upwards tc the right shows tha
thermal noise pressure for a perfectly efficient hydrophone. The
reaaining curves {n figure 4(a) are examples for mere realigtic hydro-
phonas of how the equivalent noise pressure levels are affected by
values of Q‘ and the yoll-eff fragqueacy Yc' all for s hydrophomne resonant
at 100 kHx. Pigure 4(b) illuatrates siso the effect of varying the
rasonance frequency (Fl). These curves show how the thermal noise is
increaged by the affect of additional electrical losses, ko that it way
tecome impoasible to measure the sea background noise, particularly in

the 30-50 kHz range, if the system is badly designed.

g
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Equations (32) and {24} show that thermal noise will be lees than

amhisnt noise (for sea state 3) if

P
~15 4 20 log ¥+ 10 log | 1+ 7 % < 45 - 17 log F
| 1

(25}

In order to keep thermal noise below sea noise, it is therefore
desirable to keep Qa, Fc and Fl Jow, and to have & high value of ke.
21 5 . 6ppl-? 2
gure 5(a) shows a graph of 107/ ~¥" vs ¥, together with a nomogram
{figure 5(b)} for celculating Qn?cFlfk.z. For any set of values of these
transducer parameters, calculate ancpllkez' Sea state 0 noise levels

will theo be abova the thermal nolss background for freguencles up to

that at which this value of Q.?c’1’k.2 is agual to the plotted value of
w0’ - g,

The parallel resistance R2 is generally a combinatiocu of a resistor
representing the dismlectric loss in the ceramic and a resistor repre-
senting the impedance of any circuit connected to the hydrophona. In
the above equationg, Rz is assumed to be indepandent of frequency. How-
ever, if the input impedsnce of any circuit connected acrcoss the cerazmic

is high compared with the dielectric loss resistor, then R2 is better

representad by a resistor which varies with frequency to keep the dielectric

loss per cycle (tan ¥) constamt.

‘
i
i
i
5
E
i
i
,
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Por LRIz Ccase, W& A5ouns

R, = —o—yarg " oo » vritiog ten § =8 (26}

tThen, from equatioca (17),

. 2.,
2w ), i
Pry P i o 2§
17s
H A . 1
- 3.26x 2007 PP ) 1 e -i!‘—‘g- £ nlzg (Pa)? (27
ke“ 1 {? in kHz)
7, Aoy g 2
i.e P = 1.8x1077 FP {14+ B2 42 (Pa, in 1 (28)
TR i W 1 !
kM \ He band)
or .,
5 & _
Wb ¢ 2!
- - ¢ 2 i i »
Pog isf.,azogw+mmg§;+:—f ﬁnlg
&

{29)
d8 re luPa in 1 Hs band

Examples of the shape of some typical curves of this type are shown in
Iigurea 6{(a) and 6(b). For frequmacies well below resonsnce (Fl} , thase

curves become saymptotic to straight lines given by

&
(?m)o + 15 + 10 log F + 10 log ;—'2-' ?1 {30}



For tnis typs of loss, equations (247 ang (I3} ahow that (hermei Boise
wiil be less thap sea state O ambient poise if
&

i
-5 v 20 log P+ 10 log 1+ -5 1 r'sl.i"k.’)-l?log?
! Y 1 }

e, 1t & e < 10° - (31)
3

X, gt
Figure 7 shows & graph of (106,’?2‘?} ~ F: in this case, thermal
noise will be bslow sea noiss for frequanciss up to that at vhich this
piotted value becomss squal to Q‘A?l/k‘zc As before, the ramges over
which awblant 284 noiss can be mensured is incressed by making Q‘ and
?1 lowv and k. high. 1o this cass, ths electrical loss factor 4 (= tan &)

ehould alss e low.

Implications for Hydrophone Design

The sbove velationships lead to the following considerations for
hydrophones which are ictended for listening over a wide frequency dand
below resouance - {.s., in the ragiog vhers the ssnsitivity varies only
slowly with frequeancy. Thess considerations arve appliceble to sll the

usual forms of piszo-cevamic hydrophoues, vhatever their coastruction.

1f the dasized receiving band doms not sxtand above 30 kHz, the

reaonance frequancy of the hydrophoue unsed not be higher tham 50 kHz,
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and it ie thep cledr icoe figures & and & that thervakl woise can zamerally
va sppreacisbly below ses nolie (for deep sea wvtgre §). This reguires oaly
that the efficisuncy of {he hydrophooe at resonsncn is reasonsbly high, aod
that thermal nolss ix oot uaduly {ncressed By an excessively low value of
tha paraliel resistor F!:2 Thus, in this low {requency region, the hydro-~
phone sfficlency is oot of great significamce. {[The band for which this
is tyue extends to higher frequencisa {f Che criterion le the sessuresent
of poise in highar 88 atatas, but ve congider were oniy the aocr uscal
requirenent to meamure daEp sek atate 0. Cotversaly, the sowmewhiat lower

see noise levels sguotad by Wenz (Ref 7} would restrict the basd to lower

freguancies.

1f tha recsiving band sxtends sbove sbout 30 kHz, however, tharmsl
aoiwe will geterally bacoma significant, aven for a pecfectly efficient
nydrophons. 1o oprder tv minimiss the iacresse in therssl nolsa dus o
hydrophons inefficiency, C& atd ?1 abould be wade as low ar posaible,
and ke 18 hizgh &s poosible. If the lowses are prwdominantly dus to the
caramic, behaving a8 tan ¢ losses (i.e., losies proportional to freguency),
the cermuic should bsva 23 low a value of tan 6 as can be achieved
{aquation (19)}. If tha losses are primarily thoss assocfetsd with a
constant parallal resistor (Rz} , than the value of Rz should be mads high,
&0 that the roll-off fraguency (?ﬁk it lowv. {Equation (22}, Tha first
sonsidaration i{s thus to make the resocosuce fraquency as low &8 iz con-
siastent with the highes! massuring frequancy required. {Although thare is

iictla beomfit in reducing F, bulow about 4G kz from this sspect.)
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Typlcaily, & reacmancs fragquency 530X gtowe the high end of the frsquency

rangs will perwmit a3 rise in sensitivity of only 34 4B within the band.

It would sppear from squation (22) and figure & that the tharmal
noise kY slvays be reduced by making Fc lowmy, - i.e., by making 22
or CL? sufficiently high. There sre, howewer, practical difficulties
in incraasing the hydrophons cepacitance indefipitely for a given
regonance frequancy, and slso in making the isput impedance of an
wplifier indefinitely large. Of these two poasibilit{es, it ias
prefarable to incresse the input impedance z¢ wuch as 1s feasibls,
since increasing tha hydrophone capacizance is gapsrally associared
with reducing its sensitivity. This may than lead to difficulties
arising frow slectronic noiss in the smplifier, vhich has so far been

igaored, but wihich will be considered in the oext section.

111. NPLIFIER NOLSE

Noise originating i{n zny recaiving ampiifier has to be sdded to the
noise output from the hydrophone in determining the background lavel.
Suppose that the noise output of & pre-amplifisr is ssasured, with a
{noiselass) caparitor of the samu velue as the hydrophone capscitance
comnected across the input in piace of the bydrophons. Thia noise output
oay be refarred to the ioput by dividiag its level by the gain of the
pré~amplifier wessured by injecting & voltage in seriss with the

capacitoy. Let this rms nolse apectrum lavel, refarved to the input, bs
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- deniad by Vg- Than this way be compered with thes hvdreshope output,

both baing functions of frequency.

We have found it convenient a0 far o refer all noise levals to
their squivalent pressure levels st the hydrophone. In order te con-
ticoe with this approach, we therefore divide the smplifier nofse
voltagn by the hydrophome seusitivity, thus obtaining the rss equiva-

lent nolse preassure level (pg), or its corresponding eépectrum lavel

(?E = 20 log pg). It is evident that ambilent ses nolse will only be
measurable 1f the alectromic noige is sufficiently low and the hydro-
phone sensitivity sufficiently high. There are however practical limits
on both thase factors. Rijnja (Ratf 3) has cousidsred the questioo of
tuput {mpedsnce and nolse in hydrophoue ampglifiers, snd quotes a typical
nolse spectrum level for & good wuplifier as ~160 d8 re 1 vol' for the
range 10 Hr - 100 kHz.(or -170 d8 e 1 volt for s vary quiet asplifier).
This valus refere ©c the nolse weasursed with the input short-circuited -
i.2., that psrt of the noise nor savising from tha thersww]l solse of the

input reaistor, - and waz tass (o be ladepandant of frequency. Measure-

wents at AUWE on a low-poise pre-amplifier using &n FET {(Texuas Inszruments
Type B800G0/117; fzput have given the followlng typical noise spactrum

levela, referved to the input: -

Frequency (kHz) .5 1.0 2.0 4&.G 8.0 16 32

Noise spactrum lewval -187 169 -172 -373 -176¢ -179 182
{48 ve 1 volt in I Hz band)
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Thase values were derived frowm messurements of ons-third octave output
uoise levels, the zain of the complate seplifier baing 34 4B for all
frequancies in this range. It will be noted that the noise spactrum
level genarally ctises by 2-3 dB per cctave as frequency is reduced.
Thase f{igures reprasent sbout ths lowest noise lavals obtainad up to

the presunt at AWWE.

An axpression for the pressure saunsitivity of a hydrophons may be

durived as lollows. Consider firstly a balanced piaton-type hydro-

phone, as shown diagranmatically in figure 3. In this typa of
construction tha front piston mass (HP) is equal to the resay mass, mad
ths slament is supported at its "nodal' point haif-way slong the
sarvaxic stack, in orday to reducs tha output due to case accelorations.
Than, {or & design in which all the rings are slectrically {n paxallel,
the low-{requeacy pressure sensitivity (a) of the hydrophone is given

by

A
w vy 1‘5‘ 833 ¢ (32)

vhere A « area of front piston presentsd to ths water
A  cross-sectional arsa of plezo-ceramic stack
t = thickness of sach piszo-carsaic ring
833 = plezoelectric "g-constant’ for the caramic, assumed bare

to be used in the thicknass (ar "33") wmode.




‘1-‘8’!.78*

AR TR R LT

RSP AR T PO Tt

2508,

[P Tt 53 (33

whare ¢ L8 the abasolute free permittivity of the carssic (L.e., € = ctco} .

and 1 {s the number of riggs in the atack.

If the fromt znd pesr halves of the stack are comnscted slectrically
in sarics i{nstead of in parallel, the sensitivity is doubled and the
capacitance reducaed by & fector of four. Thue the faccor -zc renalins
coastant, aad this is true algo Zoy otbher changes in the sces basic stack
{u.g., dividing the stack 1oto & larger numbar of rioge). In fact, this
paramatar .IC is proportional to tha stored alectrical suergy for a
given incident scoustic field {znd to bhe maxizum powsr gutput from the

hydrophoue) ; frow squations (32) aad (33), it is givem by

A2 A
2 1 /£) PR c
®C ~ = |- &- £ &g = n
“ X 33 t
I Y3
. Ll 2 ,
Y \ ¢> &34 € Vc {34)

where Vc - Acnt « yolume of cayvamic stack.

Thus, for _=ometrically acalad stacks, haviog the same value of
3
{Ap/Ac) , tha paramster m C is proportional to the ceramic voluma. But

this is alwo relzzed to the resomance frequsncy of the hydrophooe, ths
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relationship being readily derived for hydrophooss satisfying the
"lumped mass” approxismatiom; - {.s., vhere the dimensions of all parts
of the element are smell compared vith the wavelength of sound in the
materizla concerned. For such conditions, we may write

Z EIAC

L3 =

t

whare w, - angular resonance frequency

aod E' « effective Young's wmodulus of tha stack (including joints etc.)

Then, substituting for Ac,

R
3332 e B R (348)

nzc 2 s 3
Bnpmt

We now use the approximate relatiouship for the mechanical Q-factor

(Q-) of a balanced slement,

Q * P (36)

vhere Rr = radiation resistance at resonance, ad wa naglect internal
machanical losses and any radiation reasctance. Further, we may write

the radiation resistance as

Rr - ocApX




waetet ¢, ¢ arc the density and speed of gound in water, and X ix &
factor which depends osuly ov the ratio of piston diamsetsr to wave- .

length of sound iu watar ai @ . Thus,

R A S B R T S0 BT 5

A

. A
. ‘. S S
wC B33 ¢ Kn épcIQnér (371

Approxisnts values may bé given to sowe of the constants in this

relationshiip, viz: -

[ By * 25 x 107 va

§
For lead } 12 -8
zirconatcs ¢ © g, 130C x 8.8% x 10 = 1.15 2 10 PF/m
titanate
(u.3. P2T-&)

k 2 s 6 x 10°C 8/m® (= 901 of Young's modulus for
ceranic, to allow for jouints etc.)
S R |
X4 3

Provided that the pizton dizmerar sxcoads C.44 at rescamnce, which is
oftan true, tham 0.6 < X < 1.3. Alao, typical veluwas of Q, its 1ia tha

range 10-20 for hydrophones with veasconsbly l{ght pistons. Thus, to aa

ordar of wmagnitude,

. A - ~
w8t = & x 10“10 §£ (V*F Pa 2) (33)
1

where © is in V/Pa, € is in Fearads, A? io in mz. and fl is the resocuance

frequency in Hz., Converting this to more convesiant units of
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2 4o u¥/Pa
¢ in p¥
Ap in -:2
I'l in kHz
§ wa obtain (m‘zc)1 = 8 x 105 ;i- 3(%)2 P’% {38a)

(R

{Hote slsoc that m in wW/Pa = (3 in uV/ub) x 10}

It will often be & design featurs that the pilstun disoster is appruxi-
mately a congtant factor of the wavsiangth st resonance. In that case, we

may write, to a still further degres of approximation,

1
K

A w {39)
P 2
51
whare K.is givean by
2 2 2
IS T 6( D
k' - X ( ) 1.77 x 10 ( ‘:) (398

in which D {s the piston dismetsr, and *r is the wavelength of sound in
water at 1'1. For designs satisfying this criterion, we find

s% = & x 1073¢ X (40)

I£ D/2_ = 0.5, then K'= 4.4 x 10° w's"?, md w%C > 3.4 x 1074/e,3

(12 D/3_ = 1, u’C = 0.14 x 19’2/f13, {.e. nJE'=0.0421"3’2 compared with

Rijnja's m /O = O.lfiﬁaiz)
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in more couvenient units, as sbove, equation {(40) hacomes

(méc). = 8 x 10° -5
1 3
Fy

(40a)

vhere m is in uV/Pa, C ig 40 Parade, F, iz in kHz, ¥ has the value used

1
in equation (39}, and Diir = $,5. Table I gives dara for ceveral AUWE
avdrophorss (using LZIT ceramic), showing the degrae of agreesent with the
ahove relationshipa. Zqustiouns (34) and {38a) give reasonable agreement

with practical values; agreswaat with values calculated for (D!Ar) - (.5

is predictably less good, but still well within an order of magnitude.

Equation (33) shows that, for elements satisfying the stated assump-
tions, the vsiue of asz{: depends o the piston arsa smd resocance fregusncy,
aud is indspendent of the number of rings and the volume of ceramic in the
stack. Thus, if the rescaance fraquency is speciifed, there iz no sdvan-
tage to be gained frow using a larger volume of ceramic. The fsctor nzc
ie meximised by reducing the resonance frequency as wich as possible, and
by making Ap a3 large as i cougiarvent with the required applicstion., In
Zensral, mzc is incressed by a factor of roughly (1!?13) as F, is reduced,
{48 1in equation (48),) Approximate valuss of (m2C)1 calcoulated from

aquation (38a) s:a indicated 1n figure 9.

We have thua determined spproximste values of azc for balstced platon-

type slemants. The senairivity of & hydrophone may be f{ncreased, in order
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ro wgise the rssponas to acoustic signals gbove theymal noise, but only at
the expense of lamering the capscitance (assuwming that Ap/Fl 1s as large
as possible). This reduction in capacitance may then bacome hsrmful for

{wo reasons . -

1. The roll-oif frequency (?c) will be ralaed, for a given input
1¢8istan~a, and this will cause increassed thormsl noise, a5 (llustrated

in figure 4.

2. Cable capacitance 1in parallel with the hydrophone causes soma
loss in sensitivity, which becowes spprecisble 1f the hydrophone capaci-
tance falls to & value cowuparable with that of tha cable. Excessive
loss is generaily avoided by keaping the hydrophone capacitsnce at least

squal to that of any necsssary cable (see Baf 3).

The relevance of (1) zbove to hydrophone design is tllustrated in
figura 10, Coumider & lesd zirconate titanate hydrophons of piston
diamezter D » 20 ma and rescnance freguency ?1 = 100 kEz. Then, from
figure 9, its value of m’C is approximately 2.5 x 10% (uv/Pa)?pr.
Suppose firstly that we divide the ceramic in such a way that it has g
capacitance of 1000 pF. Then its prasssure sensitivity m will be

(2.5 % 10544

» 50 uwV/Pa. The amplifiar noise levels may then be
convertsd to equivalest pressure levels, by dividing the neolse voltage
levels by che above sensitivity figure, The corresponding noise

gpecerizn lovels are plotted as the dashed line on figure 10 and are
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- wwgoly cquas To decp sea state L noise levels. Suppose alsc (hat the
resistance (Rz) affectively in parallel with the hydrophone is Q.5 wegohw.
Then F_ = 107 /25C, R, = 0.32 kz. Suppose further that tbe hydrophome
has {typical) values of Qn - 15, k‘ » 0.5; then
5 I’cFl - 1500
Using figurs 5Sa, we gee that thermal noise would be less than seas
stzte O noias up to adbout 30 kiiz, and the curve plotted in figure L0
for the above parameters shows that the hydrophone thermsl noise excesds
asbient sea noise by only a small margin even sbove 30 kHz. The total
bgckground would be obtained by combiniang the curves for amplifier woise
&ud thermal noise by adding the two power contriburions. 1o is evident
from figure 10 that this cholce of paramsters is such that sabient moise
for sea state 0 wiil be just about measurable from both hydrophome thermal
noise md amplifier noise aspacts over much of the fraquency band, although

ses state 1/7 noige would be more readily measursd over the wihole bmd.

Suppose, however, that we had chosen to maks the hydrophone capaci-
tanca 10,000 pF¥ (instead of 1,000 p¥). In that case, the pressure
sengitivity would be (2.5 x 102)1/2 = 15,8 uV/Pa, wad the smuplifier noiss
equivalent aspectrum levels would be jacreased by 10 dB, thus deing
significantly above the sea state O apectrum level (as shown in figure 10).

PC will be lower tham bafore, snd heunce hydrophone thermal noisa will be

even further peduced.




(a tne other hand, suppose that we hadi chosen to make the hydropnone
capacitance only 100 oF. In that case, the pressura sensitivity would be
incrsased by 10 dB, and the emplifier voise spectrum lavels correspondingly
reduced. (See figure 10,) Pc would, however, be increased to 3.2 kHz, and
this would causa a significant rise in background dua to thermal nolse
over the range 10-70 kHz. In fact, for this sxswpls the smplifier noise
is generally smaller than the thermal noise for all frequencies down to
1 kHz. The firat choice of C = 1000 pF 1is evidantly nesr the optimum if
sigunais down to sea state O are to be maasured st frequencies up to nearly
100 kBz. The low capacitance exsmple sbove could be ilwproved, of course,
by incraasiang the parallel resistor (RZ)' if that were possible {e.g., by
changing the pre-ameplifier design), and a wore likely 'optimum’ design
would therefore probebly hgve a capacitance of 3-500 pF snd require an

input fmpedance of the order of 10 megohms.
IV. SPHERICAL HYDROPHOWES

Corresponding relationahips may be derived for spherical hydrophones,
vaing formulae given in Referenca 4, For thin-walled spheres, the sensi-

tivicy (m') is given by: -

B, = - a.gy {41)

where 4 is the mean radius of the sphsre, and 831 is the appropriate

piesc~clectric g-coefficient. The low frequancy capacitance (Cs) is:

- i
el
e M e A M
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C = it (e = 423
. < G-ty (42}

vhere t s the wall thickness (t/s << 1). And the resonsnce frequeucy (fl)

is given by

/ E
1 2 i
1.7 fma \[ (z'i’-si 5—“*) (43)

wnere ¢ . 1s the density, and o the Polsson's ratio, of the ceramic. Taking

a typical vaiue of (1-t/a8) = 0.9, and material parsmeter valuss (for P2T-4)

of
£ = 1.15 x 1.0_8 Pl/u
10 2
By = g8 x 107 K/m
g = .3
N = 7.6 x 103 kg/aB
-3
gy = -11x10 /N
we obtain the relationship,
¥ -
8% € = 1.57 x 107M 2% (s unies) (64)
t
2 4 a“ i
or {m "C3y» =1,57 x 10 ==~ {(uV/Pe}” p¥ {44a)
8 8 i t

{where a and ¢ are in mm)
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xailarly, equation (43) -ecomes

£, o= 870 (uy) (45)
Thiss ,
.2 . 0.010 an /s 2 )
Ty Ca 3 (t/ \ "/Pg.} ¥ (%6}
1
whare 21 is {a Hz.
Writiug ?1 in kHz, aad converting to more convenient units as before,
13 2
2 . 1.0x10 a (_g_y_
. "Cely g 3 (t) n) pY (46a)

1
Por exssple, & spherical aydrophonz using PZT~4 ceramic of 22 mm

outside diemater and 2.5 ma wall thicloses has the typical values shown
below: -

Calculated

Expearivental
Roponance frequency (kHz) 84.9 85-90
Capscitance (pf) 8,600 8,500
Sanzicivity {(uV/Paj 1i0 100
.2 ? - 7
(m_ €} 11 x 10 8.5 x 10

Qﬁi
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Approximate values of (mezcs)i for thin-walled spheres are plotted
in figure li. Thie correspends to figure 9 for a piston-type tranaducer,
and can be used as described above to assess the noise background for
vericus cholices of =, and C’. For a spherical hydrophoge, the only
xrogle re-arvangements of the ceramic are to conneci the hemiagpheres
(frog which the sphere is generclly assembled) either in sevies or in
parsllisl, Apart froo the resonance frequency, the only other parameter
to vary is the wall thickness, tha valus of m‘ZCs baing increased as the
thickosss is decreasad {i.e., as &/t i& increased). A limit is vesually
determined by the presaure which the hydrophons has to survive, or by

gensral wechanical fragilicy.

V. ACCELERBATION SENSITIVITY

Another source of noisa arises from the zensitivity of a hydrophone
te vibrations of the mountingz. In order to consider thig, we again
envigage & hydrophone satlsfylag the 'lumped-tuss’ approximastion, and

vith & mechanical arrangement shown disgrammscically in figure 12.

In this diagram, ™, Tepresants the front pistom, w, the rear mass,

and @, any nass at the mounting peaition in the slement. K‘l i3 the

soiffness of the fromt portion of the ceramic stack, Kz the stiffness of

the rear sortion, and K3 the stiffosss cf the mounting arrangement, which s

attached to the transducer housing.

For example, By and K.J ARy represant

SN,



AT T W

T

the mass and gtiffness of a 'nodal plate’ support of a balanced element.

A calculation of the actual values of n, snd K3 for sny particular
structure may wot oe easy, but it is assurmd haye that the support may

be validly represented as shown, at least for the relevant frequency range.
The wechanical radiation jwpedance at the frout platom is represented by

21; all other losaes are neglected,

It is now ssaumed that the tramsducer housing is vibrated sinusvidally
(with angular frequency «} in an axial direction, the displacement of the
heusing baing denctad by Ry The resulting axisal displacemmnts of By Mg

snd @. are representsd (as shown) by Xyv Ky, and Xy, respectively, and the

coupressive forces in the sprinogs are deancted by Fl. F2’ and P3,

Then, the eguations of wotion ave: -

For ", ByXy ™ Fl -dlxl (472}

Por m,, m,x, « -¥, 7

For mo, DX, = 5 + EZ —Fl {a7¢)

Aiso, SI& Sl S € -xl) {488)
F. - X, (7&2 "Xs) A1)
T- - K. (X "X«) (""‘8:}
- 5 o

!

AR

Bt
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et xo " Xoejwt, xl - xlej.t.

sud XB ¢ .; be complex.

. - 2
Then, xl - ijl, x1 -~ xl. etc.

After some algebrs, we obtain: -

X, = xze ’ x3 - XBe

a
VA

Jut Jut

, whers KI' Xz,

x wm
;——3 - l..-—i.-.z‘.
-2 =2
x wzml wZ
k}
P
1 1 1
x K K
3 ‘ 2 1 2
o " Ky ) Kyt Ky + Ky -wmg - T A 7w
o 1 -w 1 + 1 | 2
FalE X
3 1 2
These may be simplified by writiang: -
4 2
w : , .2 , and n L (4Ga)
2 m 2 2
2 wy
K 2
w? = I R (43b)
m, 1 " 2
i
wé
R - (49¢)
1

e
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3 1 - n,

oo, S

Xy 1 - n12+32

3.5

Xy K MK, - wom, - N1 K,
1, 3 — - ;

l—nl +3iZ 1—n2

The compression of the front part of the stack is given by: -

xy - X . 1
Xy 1~n12+jz

2 2 2
z7-n, (1~~n1 )y + 3z

s 2

2.2
(1*&1 W+ 2

Similarly, the coupression of the rear part is given by: -

And the compression of the whole stack {s given by: -

SR

(bOD;

(50c)

{S51la;

{51b)
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2 2
N B, -, v 3o .
~ L 3 1 4

%y (1~n22) (l-n12 + 32)

PR ORI

rd
2 2,
3

{l-n 2)(n.z—n 2) + 27 + 32 (l-n
1 2 1 2 L
- -— - {51ic;

(1~n22) <<1-n12>2 + 2%

These expressions may now be related to the driving excitation X, apd

by using equation (50¢). To simplify the results, we write

D T B RS 1 0 05 e 0 PV S Wﬂm%
s
t
)

: K 2
: 2 3 2 w .
] - - 2
3 vy N and By 5 {52a)
% W
3
Ky K2
and also le = f; . K23 - E; (521}

Then, after some further algebra, we obtain the following results: -

2
*y 1-my 2 2 2 .
— & " | {(1-n,)A - Z°B} + 12 {(1l-n,“)B + A} {53)
x, A2+Z2B [ nl b | }
where A= (lwnlz)(1—n22)(1—u32)—nlz(1~n22)xl3 - nzz(l-nlz)x23 (54a8)
and B e (10, 00K), - 0,5, + (1ony?) (-n,D) (54b)

The compression of the front part is given by: -




i
2
g
: )
:
S Bl S (3,__1_) X
*o xo . X3 xo
2
{l-n,) _
- 5 22 5 { (-nIZA - 2°B) + 42 (A-nlzn)} (55)
{(AT#+2°8)

The compression of bhe vear part is given by: -

— - _2_2 2
- Tt [ 10,59 - 281 + 32 (arCin, Bim)]| (56)

If we now relate all the frequencies to Wy by writing

then

w -
B, = — = «—N n " N21 1 (1.e. 21-n2/n1) and n3 319 (57)

Thus, we obtsin,

2 22 2.2 2
A v enfy -yt B aeng fe Dot g Fe Dk

2
N1 1y 2a- -8y Dk Ky3 (58a)

- 2 2 2 2 2 2 2 2
B (1-N21 n, )1(134121 a, K23+(1-aﬁ B, )(1"'31 , ) {58b)
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A, {(1-N.. 5,

(Por fromt part) ;-’- - = 2% . [(-nle—lzB)ﬁz(A-anB)} (59
0 (A+2°8%)
5 N212“12 20, .2 2

{For rear part) e e N [ {(i-n1 YA-Z B}+jZ{A+(l-n1 )B}] {60}
o (A"+2°8%)

]
These aprings K1 and KZ represent the piezo-electric ceramic in the

hydrophone element, although the true ceramic parameters may need modffi-
cation to allow feor the effects of joints, nom-rigidity of the macses,
etc, The two parta are gensrally connected electrically (either in
sexries or parallel), and the quantity of interest is the total output
voltage. If the two parts are in parallel, the voltage is calculated by
adding together the plezo-electric chazges gemerated, and dividing by

the total capacitance. The charge gensrated in each part is given by the

relationship

Charge _ (61)
Forca e

wvhere de is the effective piezo-electric 'd-coefficient!. TFor the ewramic
itself, the coefficient d33 relates the charge per unit area to the applied

stress (in Coulombs/Hewtom).

Thus, the charge gensrated in the front part is proportionsal to the

longitudinal force in the fromt spring (F i.e., to

at’?
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And gimilarly the charge in the rear part is proportionsl te

Fae = K2 (x, - 13)

The total charge generated by the case accelerstion is then propoxrtional

to F = F _+ F | and the voltage output is
a af ar

d
L]
Va - Fﬂ < {6la)

where C is the total capscitance of the stack.

{For an accelerstion-cancelliong design, the connections sre such thac
the charge generated by & coupresgive force in the front part is oppogite

to that generated by a tensile force in the rear part.)

4
e
Thus, Va = F {Kl (x3 - xl) + Kz (xz - x3)}
de KZ
=T R () g (g - Xy
d K
e 23
-« — K, {{x x,) + === (x x.)}
C 1 3 1 K13 2 3
Vv d A. K a
a e } S¢ 2 r | )
te., 2 2 g ! £ 4 22 L 162)
x c 1 X, Kl3 X, ! N

The behaviour of the outpur voltage depends on the factor in brackets,

which we denote by

*s * 13 %
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I¢ is doscructive to comsider the behaviour of these sxpressions
{(59), {80) and {63)) for the acceleration outputs when there is no
powsr dissipation, 1.e., Z » 0; this would correspond approximately to

conditions when the hydrophone ia vibrated im air. PYor this case,

-4 -2
f.;i) s (1N ‘y 2)( mgL_>
\ %, a1’ T
a
2
n i
1 2 2
= a Gy
2 2
;A NZI
(&) - 23 )
°‘
a
and for the total output
2 2 2
4 n K N,,'n
/ey . ML 2 2. "3 "™ 2
k x| A Ny 771+ K, ry (1-0,%)

Tha outputl will become large whean A » 0,
2 2 2 2 2 2 2 2
i.e., wvhea (1-n;7)(1-K,, n, )(I-N31 8, )y (I-N21 8, K, 4

2_2 2

(64)

(65)

(66)

41,
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ror & balanced visment (haviog 521 -« ] and K13 - 23), this coneLiLon

bacombhs

2 2 2 2 2
{i~u, )((l—nl }(l—H31 ay )-n1 2113} =0

1.2., pesk output occurs when alz -1

2 z 2 2 -
or when (l-alo )(l—N3l LT )--n10 2K13 0 {67}

{writing %0 for this particular value cof nl)_

2

z 2 2,

2 (15,742 %40 & (140,742 X, ) AR ™) i

{.e., when No T T 3 (&ia)
Wy,

1/2

Unleas K3 >3 Kl, and the stack and mounting rasonances are approxi-
nately cqual {giving N21 = 1) {(i.e., provided only that 1+N312+2K13 »>
2N31), the value of By below the stack resonance wy may be written

aperoximately as

ag = T (68)

)
331 +1+2K13

it can readily be shown that this corresponds to the frequency at which
the total nass (m1+m2+m3) resonatss on the spring (3, & frequency at which
a pesk in the response would indead be axpacted. #han some dissipstion is

preésant, the peak is of course lowered and slightly displaced in frequency.
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»

The value of the radiation impedance factor Z in the squations above
wxy bs related to the more comvenieantl sschanical G-factor (Q‘). Re-~writing
squation (36) for the Q- of a balanced hydrophons,

i} wy 2!1
LI
Making the further approximation that the magnitude of 21 is equal to
ite resiative component, we obtain
-]
e B
Q 2,
Then,
wly
z = == (from squation {49¢c))
1
o W ldl
- 2. 2
o
28y
- (69)
U

This spproximste relationahip has been used in the following examples, sven

whers the element is not sxacily balanced.

Bt
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The behaviocur of af/xo, and 6r/x° cescribed by equations (59, (60),
and (63) is illustrated for verious conditions in figures 13-16. PFigure
13 shiows how the outputs from front and reay parts oppose each other to
give a total cutput reduced by over 20 4B in the aild-frequency region,
for a balanced elemernt with low damping (Q‘ = 100). Yor this example,

the value of Ba given by equation (68) is 0.035, and peaks iv the output

occur tear this value and o - 1.0. Por lowsr valuss of Q‘ {vhich would

B R TR T A A L S S T e R R

be more typical for a hydrophone in water), the degree of cancallationm is

lower, a8 Illustrated in figure 14 for an eleasnt having Q‘ = 10. This

arises, of course, hacause the radiation loading on one end disturbe the

balance.

The camceilation may alsmo be gpoilad by mechmamical umbslance of the

front and rear parts of the element. Por exsmple, unbalance of the end

masses gives N,, 4 1.0 {but with K4 123) and figure 15 shows the large
incraase in output caused by putting NZl = 1.1 (i.e., masses approximately

202 different) for a high—Qm element (Curves A and B}. Thare is, however,

& such less dramatic effect on the cutpur vhen the balance has already been
spoiled by the larger radiation loading for a lovtr--Qm alement (wee figure
16). Similar effects are caused also by an inequality of the stiffness

instaad of the masses (Curves C in figure 15 and 16). (In this case,
2 2 , } .
“212 .y /“2 - (kl/mi)/(Kzfnzj - K13/K23, 1f the nasses m; and m, are

egual.)
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Yor &4 balanced stack in which the dissipation is zero (i.e., Z = Q)
and the resonsncas of frout and rear portious are equal, {i.s,, NZi = 1%,

equaticn (66) for .he totel power ocutput bacomes

2
(e L P
\ xoj A

K
(1--n.12) (22 -1 (668
A K3

Thus, making the rescnances equal is not sufiicifent by itself to give
zero output. However, 1if the stiffnesses are also ejusl {and hence alsc
the masses), the axpression sbove becomss zero for all frequencies, and

the slement is then perfectly bglanced.

The valiues of Qm = 1060 and Qm = 10 are typical of values which might
be found for aluminium piston-type hydrophones in air and vater respectively.
The ganeral conclusjons for broad~band hydrophones to be drawn from the

results may be summarised as follows:

(a) A falr degree of cancelling of the output in sir dus to case
acceleraticns is possitble ovar a range of frequencies below resonance, by

ueisg & balanced elemant mounted at {ts mid-point.

{b} The efficacy of the cancelling is determined by the accuracy of
the balancing. Radistion loading at one end of the aiement may raduce

the canceliling to only sbout 3 dB in water (for Qn = 10). Unbalance of

Dywats
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the nasses or stifinesses of about 107 would then mske only small increases
in the sccelaration ocutput. Unbalance of the masses or stiffneases of
about 107 would cause rueadily perceptible effacts for elements with less

deping, and hence masles mweasyressuts in aly reasocably practicadle.

{¢} The acceleration response becomes large at a frequency which is
near to Lthe resonance of the total masaa of the slemsut on the compliance
of its mount. This usually vepressnts the low frequency limit of the
upetul band of the hydrophone, the elemant's resonsnce frequency (ml}
deterziniog the uppar limit. It ie therefore generally adviesble to wmake
the compiiance of the 'nodal' mount as large as practicsble. It will be
soen in the next section that undesirable affects occur zlso in the
eicaent’s gressure response in the vicinity of ths mounting resonzace.
For scme applications, other constraints such as smoochness of the piston
face in its case, or high ambient pressure, demand a relatively low
value of the complisnce of the mounting plate, and in such cases a

compromise must be reached batween the conflicting requirements.

V1. PRESSURE SEMSITIVITY

The vol:iage output due to accelerations should always be compared
with the voltage output dus to the desired pressure signal, since clearly

a higher acceleration sansitivity can be tolarated if the pressure sensi-

tivity is also high, In this section, sjuations are given fcxr the
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pressure ~easitivity of 4 hydrophone such as that shown diagrammatical.y
in figure 12. In this case, however, the wounting displacesent X is made
zerc, snd a force ?o sin wt i sppliec axf{ally (downwards) to the front
piston ("1}‘ This derivation is intended to investigate particularly

the frequency varistioz of the pressure sensitivity, taking into account
the sifect of the =modal wmounting, and its relationship te the sarlier

axpregsions (e.g,, equation {32)) will be discussed later.

In this case the esquatione of moti{on for sinuscidal displacements

are: ~

¥or . {Kl - By wz) 5y = 11 X - Fc {70}
for m,. (Kz - m, wz) x, = xz Xq (71
For u3, (Kl + K2 + K3 - my u2) x3 = KZ x; + KI x (72)

Thess simultaneous equations may be sclved as in the previous sectionm,

or by writing them &s: -~

, 2
K -mpdx s e Wl
(K2 - =, uz) x, —Kz Xy - 0
. 2
R T K, x, “(K P Ky + Ky mg wT) xy = 0

2

P
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Tic solutiem for x) is then given oy X, = lln, whars

2
Kl—mlw 0 -Zl
D = 0 Kz—ﬂzm -KZ
¥ X az—(K +., K. )
i 2 3 172"
and
¥ 0 X i
- 1
D, = 0 K,-n mz -K
1 272 2
0 K il (K K, +KL)
2 3 1772773

Simpiifying, we obtain: -
D= K1K2K3(K23n22(l—n12)+xl3n12(1—n22)-(l*nlz)(lﬂnzz)(1—n32)]

~ 2 ;
'hem nlﬂ - W ,mlz . n22 - wzlwzz . n33 - 2’,”32 .

Ky " K1/K3, Kyy ™ K2/K3. ss before.

(13

(74

(75)

o
| u.m..,nppab..knmﬁm;w

"
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Also, D1 - Fo KZKJ{(l-nz )(1—n3 )-K23n2 +K13(1--n2 3] {76;
; Similarly, X, « Dzlb, wvhere
K z -F -
1% S}
D, = 0 0 X,
0 20 (K, K, 4K )
Y 30 - (KKK,
= P KK (773
and x, = DBID, vhere
K uz 0 -F
1™
D, = 0 K 2 0
3 27w
K K, 0




The ¢ompresgion of the front apring is then given bLy: -

s...._...:i {¥

2 2 2 .
B ~(1-n,") (11, } (79

23%2

and the compression of the rear part by

- flf&f%i (80)
D

As before, the charge genarated plero-electrically in the fromt part

is proportional to the force in thes front spring (Fp i.e., to

o

TR A Bl
FO po
2 2 2
Ky30p ~(1-m,") {1-ny") (81)
K. 1ty ° (1om, 2)4K, oo, 2 (Lon, 2) = (10, 9) (1-8.%) (1-n.%)
23%2 IR TR 2 1 2 3 )
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Simtiarly, the force in the rear spring is: -
¥ * - f"z(l:"‘xz)
F F
o G
2
%2322 .
R W PN ) ) 3o (8%
K, 48, (1-n, )4, 40, (1-n, )-(l—n1 )(1—n2 )(1--n3 )
and the total output voltage ies proportional to ?p = pr + Ppr'
2 2 2
1.3.' to fR . 2K2392 {l nz }(1-n3 ) _ (83)

Fo Rygn,t(i-n )4k n (10, D -0y ) (1, (1n

These three equations describe the variation with frequency of the output
of the hydrophome. For low frequenciss, when n;, 0y, By + 0, the force in the

front spring ¥ . +~ Fo‘ apd Fpr + 0, as would be expected. An the frequency

34
is increased, the rear part makes a larger contribution. If tha element

is symsetrical, so that Wy ™ Wy and 113 - K23' then

7 2 (1-n,%) (1-0,2)
Fpe _ Ky tOmy 3

{84)

¥ SN N PR
) 2K13n1 (l-«n1 )--(1~-n1 ) (l-n3 )
2
| 3 K. .n
PY . 131 (85)
o 7, 0, 200 5010 H 000

e -

o

e
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2K13 nl -u-nl )(1-“03 }

F
F - Z 2 2 2 2
I'c: 2!13 5, (1--1:1 )-(lvnl )2(1-53 }

o —2 (86)

Thus, for a perfectiy halanced elemant, the total pressuve vesponse is
wall-behaved, rising smoothly to & peak at the elsmant's resonsncs fre-
quancy (&t 8 - 1), although the contributicas from the cersmic in fromt
of and behind the support have a more coumplicated varistion. This is

{liuatzated in figure 17.

However, any unbalsnce in the siemsent jmssdiately reveals in the
total output the sffect of the mounting spring. For exsaple, figure 18
shows the affewct of unbalanced end-passes for an element similar to that
considered for figure 16. An irregularity in the response again occurs

maar the mounting resonance given by equation (68) ({i.e., e " 0.035)
VII. RELATIONSHIP BETWEEN ACCELERATION AND PRESSURE RESPONSES

A high seaaitivity to csse acceleration ig not necessarily too
sericus, if the pressure seusitiviiy is also high. Thus, it i»
generally uvseful to sxpress the accelerstion response in terms of the

pressure which would cause an aqual output veltage. The resulvant factor,
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expressed in Pa.s’/m (or more commonly in ub/g) is cbtained by dividing
the acceleration response by the pressure seasirivity. It is worth
aoting here that the expressions given above are for the relationship
between voltage ocutput and the pressure at the tvansducer's active
surface. This is not exactly equal to the 'free-field hydrophone
sensitivity”, which relates the voltage ocutput to the pressure which
would have existed at the position of the transducer surface in the
sbsence of the transducer. For a hydrophone whick is small compared
with a vavelength, the difference betwean these two sensitivities is
small, but for a hydrophone (however small) in a large rigid baffle,
the free-field sansitivity may be twice the pressure gsensitivity. In
this note, we consider only the pressure sensitivity, and relate that

to the acceleration sensitivity messured in air.

Using equations (62) and (66), the voltage output for a case
vibration of ampiitude X is given by

c 1 \x
X o/

Thus, for vibration in aiyr,

v \
=t e nls)
dox'l 2 K



Tia wfcédieratioon ampiitude is given (for a sinusoildal vibratiou, Ly

Thus, the acceleration gensitivity {n air is: -

v d K 4
22l (o2, + B0 0 D) (87
x, W CA 13

This is relisted to the squivalent pressure by using equations (6la) and
2 2 2 2, 2 2 2
(83), remsmbering that A » (l—n1 )(l-n2 )(1—n3 );n1 (l—n2 }K13-n2 (l-nl )K23.

Thus, ths pressurs sensitivity is: -

v d A ¥
a(lr--}u E ] -n-‘-—-g 2-
Polhp c F
d A
P - 2 o A 2
T {(1-n,5(1 1, ) K,y qn, ) (88)

Equations (87) and (88) then give the accaleration sensitivity in terms

of its sgquivalant pressure (n.).
;¥ v
{ &
ik‘l; % - ‘;;"“) (‘ ‘)
. \xo /(’rjAp)

2 2 2 2
8, (“2 -1) + (K231R13)02 (1~n1 )
2

* {

w'A (l»nz )(1~n3 ) - 2K, 40,
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For & balanced element the factor In {ront of the bracksts is

approximately: --
K, Q_oeX 2m 2K 2K
1 m 1 1 1
—iim m pe———-  (uging R I e
mzAp 2wn1 Qm 1 Rl mlRl wlchA?

Here, Qm iz the mechanical G-factor which the hydrophone will have
in water, althouzh the acceleration sensitivity is measured in air.
Thus,

4

2 2 2
i Qpek (K23/K13)n2 (1~-n1 } - . (l—n2
By ° 2 { 2

2 2
Zmlal (l*n2 )(1—n3 ) - 2K23n2

3 (89a)

Inserting values for a typical exmmple (slightly unbalanced), as

before,

K,, = 300, N

13 = Kz ny/ny = 15,

i.e., Qm = 10, X = 1.0, K 3y = Nyfny

NZl = nzlnl = 1.1, Fl = 100 kHz, n, = 0.1,

1

. 2
we fiua w 7030 Ve 4%/
“

= 30 ub/g

= 29 dB re 1 ub/g



Tie response willi be a2 maxipuws when

(l-ﬂzz)(l~ﬁ32) - 2!’.23522 = 0 (90}

which for a balaaced element is again the same frequency as that given

by equation (68).

An axample of the behaviour of equatiocn (8%a) is shown in figure 195,
Experinental values of L obtainad for the hydrophones listed in table I
are given in table 1I. These examples are hydrophones in which some
accelsration cancelling has been delibarately incorporated, and much

nigher valuss of acceleration response may ba cbssrved for other designs.

It is also of interest to consider the queation of how low a value
of acceleration sensitivity ie necessary. Suppose that a ssall piston
hydrophone is mounted rigidly in a larre baffie which is vibrating normal
to its surface. If the samplitude of the normal velocity is Vor then the
amplitude of the pressura in the water near to the baffle is P, = PCv,.
The normal accelaration (;0) cf the baffle is related to {ts velocity

{for sinusoidal excitation) by ;o - v . Thus,

pO = W {51)

Values of presasure and acceleration for water are showm in figure 20,

A 2
Ap an ewesple, &t 1 kHr, an zecelerstionm of the baffle of 10 @/sac”

BAKERL L'ﬁ:gﬁ

pRTir,
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(= 1077 g) gives rise 2o a pressure of 2.4 x 10" Pa (= 0.24 ub) near

to the baffle. If the acceleration sensitivity of the hydrophons is L
then the voltage output dus to sccelsration of the baffle has an
equivalant pressure of 10‘6 L At this frequency, there is therefore
little point in reducing the output significsntly below that due to the
acoustic pressure in the water (2.4 x 1072 Pa): - i.e., m_ does not nsad
to be much less than 2.4 x 10-2l10.4 = 240 Pa.tzn (= 2.4 x 10“ ub/g),

In general, the conditfou is that the acceleration sensitivity nsed not

be reduced much below the level where

o & o
pex
I
- EBE
ji.e., m, - (92)

Values of L given by thig equation are shown in figure 21. There is
lictle virtue in attempting to make the scceleration sensitivity (measured
in air) lsss than say one-tenth of the value shown in figure 21 for the

appropriate frequency.
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VIII. CONCLUSION .

This report discuases various sources of noise in broad-band hydro-
phonas and their implications on hydrophone design. Thermal noise
{digcussed in Sectisn II) is reduced by making the electro-acoustic
efficiency high - i.e., by making the elemeat capacitance and mmplifier
input i{wpedance high. The effects of amplifier noise (Section 111) are
raduced by making the hydrophone pressure sensitivity high, and this
aften compstes with the previous requirement to make capacitance high.
Figure 10 illustrates the way in which the parameters may be chosen to
optimise the performance. Yor both cases, the resonance frequency should
be made as low as possible, and the coupling coefficient as high as

sossible,

Ancther common source of noise in hydrophone systems arises from
accelerations of the case, and expressions for the acceleration sensi-
tivity ¢f low freguency thickness-mode plezo-ceramic hydrophones are
derived in Sectiom V. Improvemsnts in acceleration sensitivity can be
achievad by 'balancing’' the elemant about its wounting, although there
iz 3 limit to what is feasible or worthwhile. After balancing, the main
feature to control is the resonance frequency of the slement on its

mouating compliance.

Section VI derives some corresponding expressions for the pressure

sensitivity of the hydrophone, and in Section VII the relatiomaehip

e



R o ST PRy

colwaen acce.eration and pressure sensitivities is discussed. Again,
there is & lirdt to the degree of acceleration cancelling which is

oacassary for a hydroplione mounted {n a baffle.

A hydrophone ‘s sccelerstion-cancelling performance is batter
appreciated by expressing its accelaration sensitiviry (in air; in
terms of its pressure regponse, and this is coneidered ir Sectiom VII.
Provided frequencies around asy resonsscez are avoided, an acceleration
senaitivity of tesg than 1 Pt.szla {= 100 ub/g) should be readily
achievable, and this should be sufficiently below the requirnd level
shown in figure 21 for acceleratious not to cause serious problems
when the bydrophone {s mounted in & rigid baffle. However, it should
not be deduced that the accelieratfon ‘cencalling' ia tharefore unneces-
sary, since exparience vith hydrophones used in isolation or mounted in
wore practical baffles suggests chat sone degres of scceleration

cancelling ic genarally advisable.

An Exasple

As an example, consider a hydrophone which 1is desired to raceive
signals with approximately conastant sensitivity over the band 0.1 to
70 kHz. We thus make the fundamemtsl stack resonsnce 100 kHz, and will
assume a typicsl Qm of 16. Ilead zirconate titanate will be used, in the

thickness mode, to achieve a high coupling coafficient (k¢ * 0.5). TFrom

59
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provided ?c < 0.1 kHz, and can & < 0.01. If the hydrophone i{s of the
balanced pistos cype, with a piston dismecer of 15 =e (= 1) at 100 kHz),
figure 9 shows that (mIC)1 = ]l.4 x 106 (quPa}zpF. Acoustic noise levels
squivalent to the smplifier noise valuag given carlier arze obiained by
dividing the amplifier nofse by the bydrophoane sensitivity, If messure-
maors down to low sesz states are wantad, & suitable cholce of parameters
appears to be C = 200 oF, m = 83.7 wW/Pa {i.8., 38.5 d8 ve L uV/Pa, = 18.5
dh re 1 uW/ub). Thea equivalent noisze levels arw always below deap sea
states 1/2. as shown in figure 22. In order to make ¥ < 0.1 kHz, the imput
registance of the smplifier must be st lesst £ wegohms {(from w, - IICLFRZ),
sad the thermal noise contribution is ther smail. The totel {(amplifier and
thermal) noise 18 below sea state 1/2 levels up to 50 kHz, and st least 6 4B

below ses state 1/2 up to 20 kHz.

Yor a spherical hydrophone having its resonance xt 100 kHz, the
value of (uZC}1 ias given by figure 1i a2 § x 107 (quPa}z pF for aft = 5.
Prom equation {(45), the radiuas of the sphere i 8.7 mm, and if the two
halves of the sphare are connected in seriss the senaitivity i{s approxi-
mately 190 »7/Pa (fi.e., 45.6 dB re 1 uV/Pa} mc .he capacitaace 1250 pF.
This semsitivity ls nigher tham for the pistes nydrophone example, and
the gquivalent amplifisr noise is thus further supprasssd, An ioput
Tegistance of only 1.3 megohm is now zequired to sive FC = (.1 klig, end

the resulting totsal noise leveal is shown as the heavy dashed curve in

gmh@
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figure 22, In this case, the improved value of mac permite measurements down
to sca state 1/2 over virtually the full range up to 70 kHz.

For the piston=type hydrophone, a balanced design to give a reasonable
degree of acceleration cancelling would usually be desirablae, For Qm =« 10,
balancing of the two halves to within 10% would generally be adequate. The

mounting resonance frequency of the element on its nodal support (given by
'equation (68)) should be below the low frequency edge of the measuring band
(i.c., below 0.1 kHz), in order to avoid unwanted effects in both acceleration

a..’ preasesure sensitivity curves,
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TABLE i
dywrvophone Type A B c 3
*iston Dispeter {wm) &.36 12.7 25.4 $3.5
Resonaiice Frequency Fl {kiiz) 160 80 60 18

J/Rr 0.42 0.68 1.0 0.76

A, (as) 317 127 507 1170
wepacitance (pdy 35 150 550 550

voi. of Cersmic, ¥V, (mz) 320 834 3400 3400

Ap/Ac 1.0 1.1 1.09 6.82
Pressure Sensitivity (exptl) 120 100 126 355

{(uV/Pa)

(%) (expri) (wv/pa)? o¥ a2xt0®  1.sxe®  s.7x10® 6.9x107
A . . oo 2 5 6 6 a7
(m u)l from eq. (343 (u¥/Pa)” pF 5.8x10 1.8x10 T.3x10 28x10
VN TS S 6 6 7
{m C)1 from eg. (38a) (uV/Pa) ™ pF 2,5%10 1.3x30 6.8x10 14x10
L2 i 2 5 b 6 7
W C)l from eq. (40a) (u¥/Pa)” pF 3.5x10 O.7x10 1.6x10 6x10

assuning D/lr = 0.5




TABLE 11

Hydrophoua Type A B < p
Piston Diamstar (o) 6.35 12.7 25.4 €3.5
fscnanca Prequency (kHz) 100 80 60 18
Accelaration Seusitivity (uVaazim} 200 700 - 2000
Prussure Sensicivity (uV/P&) 110 100 126 355
Accal/Presgure Response ma('i"a.czz'm) 1.8 7 ~ 5.6
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