Phase calibration of hydrophones

L. D. Luker and A. L. Van Buren

Underwater Sound Reference Detachment, Naval Research Laboratory, P.O. Box 8337, Orlando,

Florida 32856

(Received 26 February 1981; accepted for publication 30 April 1981)

In order to determine the waveform of an acoustic signal by analyzing the electrical output of the receiving
hydrophone, the phase angle as well as the amplitude of the receiving hydrophone sensitivity must be known
as a function of frequency. Unless the frequency is well below the lowest hydrophone resonance, this phase
angle varies considerably with frequency. This paper describes the extension of conventional amplitude
reciprocity calibration to include phase. It also describes a unique measurement configuration that eliminates
phase errors resulting from uncertainties in measurement distances and sound speed. Several hydrophones are
calibrated using the new procedure. Measured phase-angle results are in good agreement with theoretical

results based on diffraction-constant calculations.

PACS numbers: 43.30.Y]j, 43.30.5f, 43.88.Kb

INTRODUCTION

In order to determine the waveform of an acoustic
signal by analyzing the electrical output of the receiving
hydrophone, the sensitivity of the hydrophone must be
known as a function of frequency. Although the
receiving sensitivity is often treated as only an ampli-
tude, it also includes a phase angle. Unless the fre-
quency is well below the lowest hydrophone resonance,
this phase angle varies considerably (and nonlinearly)
with frequency. This results in a relative shifting in the
hydrophone output of the various frequency components
in the acoustic signal, thereby changing the shape of the
time waveform. The acoustic waveform can be re-
covered only if the phase shifts for each frequency
component are known.

The calibration of hydrophones rarely involves the
phase angle, possibly because of experimental diffi-
culties encountered in its determination.' One such
difficulty is accurately determining the distance between
transducers used in the calibration. A very small dis-
tance error at higher frequencies can produce a rela-
tively large phase error. Another difficulty encountered
is accurately determing the sound speed in the measure-
ment medium. Small errors in sound speed can also
lead to large phase errors.

We describe in this paper a new procedure for
accurately calibrating hydrophones. The procedure is
a combination of conventional three-transducer recipro-
city calibration® extended to include phase together with
a special experimental configuration. This experimental
configuration eliminates phase errors due to uncertain-
ties in both the measurement distances and the sound
speed. We also describe the successful phase calibra-
tion of several hydrophones using this procedure.

I. THEORY

The hydrophone calibration procedure described here
is an extension of conventional three-transducer recipro-
city calibration® to include phase. Use of this procedure
requires three transducers (a projector P, the hydro-
phone A to be calibrated, and a reciprocal transducer
T that can be used as both a hydrophone and a projec-
tor). A series of three projector-hydrophone measure-

516 J. Acoust. Soc. Am. 70(2), Aug. 1981

ments are made using either P or T as a projector aﬁ
H or T as a hydrophone. The measurements are mag
under free-field conditions with the hydrophone locate
in the farfield of the projector. The three experiment
setups are indicated in Fig. 1. The input current and
output voltage values are complex, i.e., they include
both amplitude and phase. The input currents in setu
1 and 2 are chosen to be identical. In this case i, doe
not appear in the final expression for the sensitivity
the hydrophone and need not be measured.

For setup 1 the farfield pressure pPH produced at H
which is located d, meters from P,

o <(ipSpdy/d, Yexpl jk(d,~d,)]

where SP is the transmitting current response of P and
d, is the reference distance, normally equal to 1 m,
which the transmitting pressure is specified in the
definition of Sp. The wavenumber k=w/c, where wis
the angular frequency in radians per second and ¢ is
the sound speed of the surrounding medium in meters
per second. The assumed time dependence exp( jwt)
has been suppressed for convenience. The open-circui
voltage produced by H is given by

' epy =Mybpy =(M 4ipSpd,/d,)expl jk(d, -d,)}, v
where M, is the receiving voltage sensitivity of H.
Similarly, we obtain for setup 2:
ey TPPT—(MTlpSpdo/d Yexpl jk(dy —d,)],

where M ; is the receiving voltage sensitivity of T. Com-
bining Egs. (2) and (3) yields
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FIG. 1. Measurement setups required for the three-trans-
transdy

ducer reciprocity calibration.
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o =(Mydy/Mpd,)exp| jR(d, —d,)]. (4)

isa reciprocal transducer, we have My = JST,
J is the complex spherical wave reciprocity
eter given by Beranek® as

wdo/ jwp)exp( jkdo) , (5)
is the density of the surrounding medium. From
p3we obtain

1 =Ml =(M i pSydo/ds) expl j(do—ds)]. (6)

bmlng Egs. (4) and (6) with the use of Eq. (5) pro-
ces the following expression for the receiving voltage
n51t1v1ty of the hydrophone H:

oty = [repy erudid) [ jopeinds)]
x expljlw/c)d, +ds —d,) ]} @

e difficulty in determining the phase of My using this
efhod lies inaccurately determiningboththe sound speed
he measurement distances d,, d,, and d;. For ex-
‘ple at 100 kHz in water an error of only 1 mm in any
e.of the distances gives a phase error of about 12°,

tde‘ wever, we can avoid this difficulty by positioning all
ee transducers P, H, and T in a straight line with &

etu
do:: kated petween P and 7. This assures that d, =d, +d;.
ty of en Eq. (7) simplifies to

My=[(4ne_ e dd, /(pre 22'd e, 8)

PH TH

nce the distances and sound speed no longer appear
plicitly in a phase term in Eq. (8), the accuracy of

e phase of M calculated using Eq. (8) is limited only
the accuracy of the phase measurements of the
ltages and current.

_EXPERIMENT

A special measurement framework was constructed
position the transducer P, hydrophone H, and reci-
ocal transducer T in a straight line as shown in Fig.
'The mounting hanger for H was designed so that it
uld be easily rotated or removed from the framework
en desired. We used USRD type F30 transducers®
both P and 7. This is a piston-type transducer
th‘an active rectangular area about 5.0x3.8 cm that

IT
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F-30 F-30

ns= G. 2, Measurement framework for supporting the three
ansducers in-line.
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is designed to operate .over a frequency range from

10 to 150 kHz. Both F30 transducers were mounted
facing toward H. The distances d, and d, are nominally
equal to 1 m. This assures that the hydrophone H is
well within the farfield of both F30 transducers at fre-
quencies up to 150 kHz.

A block diagram of the instrumentation used is
shown in Fig. 3. One channel of the digital oscillo-
scope monitored the frequency synthesizer output as a
reference signal. The other channel was connected to
an amplifier that monitored either the output voltage
or the input current via a current transformer. The
resulting digitized voltage or current waveform was
transferred to a desktop computer. Here a single-
point discrete Fourier transform (DFT) was performed
to determine the amplitude and phase angle relative to
the reference signal.

The logistics for making the measurements were as
follows:

(1) The transducers were mounted as shown in Fig. 2
with H facing toward P. The output voltage of H was
measured with P being driven (epy).

(2) The hydrophone H and its hanger were removed
from the framework. The output voltage of 7 was mea-
sured with P being driven (epg)-

(3) The hydrophone and its hanger were replaced in
the framework and positioned so that H faced toward T.
The output voltage of H was measured with T being
driven (egpg).

(4) The input current to T (i;) was measured.

After determining the four complex quantities epy,
epr, €7y, and ip by use of the DFT, the computer cal-
culated [from Eq. (8)] the desired amplitude and phase
angle of the hydrophone sensitivity. This procedure
yields the phase angle relative to the axis of rotation
of the hydrophone hanger. Because of this and the
presence of interference from unavoidable reflections
from the hydrophone hanger, the hydrophones should be
calibrated in the same hanger that will support it later
when it is beingused for measurements. The calibration
is representative of both the hydrophone and the hanger.

If the hydrophone being calibrated has front-to-back
symmetry, a modified procedure slightly different
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FIG. 3. Block diagram of electronic and computer instru-
mentation.
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from that described above may be used. The modifica-
tion involves measuring ey with the hydrophone facing
toward P instead of toward T. The received voltage

¢ ;4 is then due to a sound wave incident from the back
side of the hydrophone. Inthis case the phase angle of ery
combines withthat of epy in Eq. (8) to produce a resultant
phase angle for My that is relative to the center of the hy-
drophone rather than to the axis of rotation.

We used the procedure described above to calibrate
three hydrophones, a USRD type F42C, a USRD type
F42D, and a USRD type F61. The active elements of
the F42C and F42D are hollow piezoelectric ceramic
spheres with diameters of 2.54 and 1.28 cm, respec-
tively.® The active element of the F61 is a capped
piezoelectric ceramic cylinder 2-cm high with a diam-
eter of 2.60 cm (Ref. 6).

Figure 4 shows the resulting phase angle for the
F42C hydrophone. The results of two different sets of
measurements are given to indicate the repeatability
of the results. A series of several measurements
showed that the calibration results were repeatable to
within £+2°. The solid curve in Fig. 4 represents the
theoretical phase for an ideal, infinitely rigid, spheri-
‘cal hydrophone. Reciprocity relates this phase to that
of the transmitting voitage response which in turn is
simply related to the phase of the acoustic pressure
radiated by a uniformly vibrating sphere. We obtain
then from elementary radiation considerations the
theoretical phase angle ¢ =ka~tan~'(ka), where a is the
radius of the sphere. ‘

Figure 4 shows general agreement between the theo-
retical and measured values for frequencies below the
first mechanical resonance of the hydrophone. As the
frequency approaches resonance, however, the hydro-
phone no longer acts like an infinitely rigid sphere and
the theoretical model breaks down. The measured
resonance peak in the corresponding amplitude response
of this hydrophone eccurred at about 85 kHz. Although
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FIG. 4. Phase angle of the receiving voltage sensitivity of
the F42C hydrophone plotted as a function of frequency. Mea-
sured results are indicated by circles and triangles, theoreti-
cal values by solid curve.
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FIG. 5. Phase angle of the receiving voltage sensitivity o
F42D hydrophone plotted as a function of frequency. Meagy;,
results are indicated by circles and triangles, theoretica] va
ues by solid curve. b

the calibration procedure produced the amplitude of th
sensitivity in addition to the phase, we choose not to
present those results here. Reference 5 contains typi
sensitivity amplitude data for both the F42C and F42p
hydrophones. ‘

Figure 5 shows the results for the F42D. The pha:se, ~
for this hydrophone showed a greater variation from the
theoretical phase for frequencies below resonance t|
did the F42C. This may be due to the fact that the ac
spherical element in the small F42D hydrophone was
positioned closer to its hanger than was the case for the
F42C. Thus we expect the F42D to be more influenced:
by sound reflected from the hanger. When we changed
the mounting configuration of the F42D'hydrophone in
the hanger to test this hypothesis, the resulting phase.
curve changed noticeably, even at low frequencies. We
emphasize again that the hydrophone should be calibratg
in the same hanger that will support it later when it is:
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FIG. 6. Measured phase angle of the receiving voltage sensi”
tivity of the ¥61 hydrophone plotted as a function of frequenCY :
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. ysed for measurements.
g

e 6 ghows the results obtained for the F61 hydro-

iy The F61 was mounted so that the cylindrical axis
he'active element was oriented vertically and aligned

it e axis of rotation of the hanger. The phase

5 : »f the hydrophone’s sensitivity is then obtained

nglteive to the axis of the hydrophone. A simple theo-

?1? al gxpression which gives the phase angle for the

et:tce cylinder, similar to that of the sphere, is not

l:aﬂable for comparison to experiment.

I SUMMARY

We have described a procedure for accurately

Jlibrating hydrophones. Although the emphasis of

the description has been on determining the phase angle

f the receiving voltage sensitivity, the procedure also

roduces the amplitude. The procedure is a combination

fconventional three-transducer reciprocity calibra-

. extended to include phase together with a special

ﬁperimental configuration. The in-line arrangement

{ the transducers in this configuration eliminates

nase errors that would otherwise occur due to uncer-

sinties in both the measurement distances and the
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not to
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sound speed. We tested the procedure by successfully
calibrating several hydrophones.
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