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This paper describes the design and implementation of a low frequency hydrophone calibration system, using a
vibrating water column. The hydrophone to be calibrated is immersed in the water column and the position of the
transducer is kept constant while a hydrodynamic pressure field is generated in the water column by means of a
shaker (similar to what is described in IEC 60565). F. Schloss et al. used a vibrating water column for hydrophone
calibration in the frequency range from 10 Hz to 700 Hz.1 An interlaboratory comparison calibration was carried
out by the Russian Metrological Institute of Technical Physics and Radio Engineering (VNIIFTRI) and Hangzhou
Applied Acoustics Research Institute (HAARI) in the frequency range from 250 Hz to 1 kHz.2 The dimensions of
the test vessel are important for deciding the frequency range of operation. Simulations were carried out for the
selection of vessel material and dimension. To overcome limitations in the frequency range caused by resonance in
the water column, the principle of operation was modified from absolute calibration to calibration by comparison.
By using a single cylindrical vessel, the frequency range is extended to cover frequencies from less than 100 Hz
to 1 kHz. The calibrated reference hydrophone type Bruel & Kjaer (B&K) 8104 is used in this calibration. Some
results obtained from the use of the calibration system are also presented in this paper.

1

1. INTRODUCTION

There is an increasing requirement to perform measure-
ments of sound in the ocean for both environmental monitoring
and assessment. Most of the sound sources of environmental
concern, including marine species, emit much of their energy
in the 20 Hz to 1 kHz frequency range. Traceable calibrations
of the hydrophones used are required to support these mea-
surements. However, free field calibration of hydrophones in
laboratory test tanks is not possible at such frequencies (due to
limited tank dimensions), necessitating the use of calibration
methods such as the one described herein. This calibration
is fundamental for accurate measurements and to estimate the
characteristics of hydrophones. The most significant parameter
in specifying hydrophone performance is its free field sensitiv-
ity (MH ) expressed as a function of frequency. MH can be
expressed as a quotient of the voltage and sound pressure:1

MH =
v

p
; (1)

where v is the electrical output voltage from the hydrophone
and p is the acoustic pressure acting on the hydrophone.

In general, the sensitivity can be measured using compari-
son and reciprocity calibration methods in a free field environ-
ment (e.g. acoustical water tanks, ponds, and lakes). Free field
methods are limited with respect to the lowest frequency of op-
eration. If the calibration is carried out with a tone burst signal,
the received signals may be contaminated by transients. This is
due to the resonant behaviour of the transducers, which depend
on the Q factor. Further, the duration of the tone burst must be
limited in order to avoid interference between the direct signal
and signal reflections from the water surface and tank walls.

As the calibration frequency is decreased, the number of cy-
cles in the useable time window is reduced. This effect defines
a lower limiting frequency for measurements made using tone
burst signals.

As an alternative to free field calibration in an acousti-
cal water tank, a number of different methods for low fre-
quency calibration of hydrophones exist. These include cali-
bration by piezoelectric compensation,3 acoustic coupler reci-
procity calibration4 and calibration with a pistophone.5 In the
piezoelectric compensation method, the hydrophone is cali-
brated in an enclosed small water-filled chamber. This method,
which works only for frequencies with a wavelength suffi-
ciently larger than the largest dimension of the chamber,3 is
useful for calibration in the 1 Hz to 5 kHz frequency range.
For our required frequencies, more than one chamber is re-
quired in order to cover the full frequency range. Acoustic cou-
pler reciprocity calibration is an absolute calibration method
using the reciprocity principle.4 Though laboratory standard
hydrophones may be calibrated with the highest accuracy, the
coupler is not a good option to calibrate hydrophones that are
large or to calibrate hydrophones near the resonance frequency.
In a pistophone, a continuous sound pressure is generated in an
enclosed small air-filled chamber by a vibrating piston.5 This
technique may not be used at frequencies greater than the up-
per limiting frequency because of non-uniform pressure in the
chamber.

The benefit of using water versus air is that, due to different
propagation velocities in water and air, the wavelength in water
is much longer than that in air; therefore the useable frequency
range is expanded by the relation between the two velocities.
An absolute pressure calibration of the hydrophone can also be
performed at low frequencies by immersing the hydrophone in
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a column of liquid and oscillating the liquid column vertically.6

This can result in large pressure oscillations and eliminates
any possible response of the hydrophone to its own accelera-
tion. The hydrophone sensitivity is calculated from the acous-
tic pressure measured at a particular depth. Various limitations
on the procedure, such as those due to fluid motion around
the hydrophone and wave effects in the liquid column, are dis-
cussed.7 Strasberg et al. explained several advantages calibrat-
ing the pressure gradient hydrophones in a cylinder of liquid,
wherein they are subjected to axial vibration (as opposed to
horizontal orientation of the cylinder).4 In the vibrating water
column method, the hydrophone under calibration is immersed
in a water column; the position of the transducer is kept con-
stant while the fluid column is moved sinusoidally. Schloss et
al. used the vibrating water column method for the calibra-
tion of hydrophones, wherein the cylinder is placed over the
vibrating shaker and half the cylinder is filled with water.8 The
vibrating column method has also been used for interlabora-
tory comparison calibrations in the frequency range 250 Hz to
1 kHz by the VNIIFTRI and HAARI, China.2 Here the up and
down motion of the cylinder is driven by the vibrating shaker
and the hydrophone element is exposed to an oscillating pres-
sure fluctuation.

Bauer et al. developed the calibrator for pressure gradient
hydrophone by using a very rigid tank and testing in the fre-
quency range 3 Hz to 2.5 kHz.9 Here two calibrated pressure
hydrophones are lowered to the same depth as a pressure gra-
dient hydrophone, then the system is set into axial oscillation.
The difference in pressure is then measured by differential am-
plifier.

All of the above low frequency calibration techniques, ei-
ther in air or water, are pressure calibration methods. While
free field sensitivity is the significant performance parameter
for hydrophones, at such low frequencies the pressure sensi-
tivity and free field sensitivity are equivalent. Hence the vi-
brating water column based hydrophone calibration setup has
been taken up.

The objective of the current work was to establish a system
for calibration of hydrophones in the frequency range 100 Hz
to 1 kHz (calibration at higher frequencies is performed in the
acoustic tank by free field calibration method). Matjaz Prek
studied the sound propagation and resonance conditions for
different water filled pipe materials.10 An experimental study
of sound propagation in liquid-filled ducts has established the
utility of wall materials for sound attenuation.11 In a verti-
cal vibrating water column, the hydrophone is exposed to two
forces. Firstly, the gravitational force due to the small displace-
ment of the water column. Secondly it is exposed to an hydro-
dynamic force according to Newton’s second law F = m ∗ a
(where m is the mass of the vibrating water column above the
hydrophone and a is its acceleration).

Above a certain frequency the gravitational forces can be
neglected, and the acoustic pressure inside the water column
can be written as:

p = ρxhω2; (2)

where ρ is the density of the liquid, h is the height of the water
column above the acoustical center of the hydrophone, ω is the
angular frequency, and x is the peak amplitude of vibration.

The sensitivity of the hydrophone can be obtained from the
calculated pressure at the depth of the hydrophone and the
measured open circuit voltage.12 The sensitivity of the hy-
drophone (M ) is found as the ratio of the open circuit volt-
age (VO) and the pressure (p). The absolute calibration suffers

from limitations due to the resonant effects of the setup. To
overcome the influence of the resonant phenomena, a refer-
ence hydrophone is introduced to measure the actual acoustic
pressure.

2. METHODOLOGY

The vibrating water column method requires a test vessel
(often cylindrical), hydrophone fixtures, a vibration shaker,
and instrumentation for signal generation and signal acquisi-
tion. It is very important that the design of the hydrophone
fixtures is such that no external vibrations are picked up by
the hydrophone. The diameter of the test vessel must be large
and sufficient water must be around the hydrophone in order to
avoid the influence of the boundary effects. To choose the op-
timum test vessel, a simulation was carried out with different
materials and wall thicknesses.

2.1. Modelling and Simulation
The acoustic pressure of the water field and the vibration

of the structure around the water field are modelled and simu-
lated using the software COMSOL Multiphysics. The pressure
acoustics tool available in COMSOL Multiphysics is used to
model the isolated pressure within the water.13 Initially, cali-
bration using a water column as given in IEC 60565 was sim-
ulated. Then the behaviour of the pressure field in the water
for different dimensions and structure materials were modeled
and simulated. Finally the responses of the hydrophones with
different dimensions and different water column levels were
studied.

The acoustical impedance of water is high; hence, the shell
around the water column must be of such a nature that it can
be considered rigid.14, 15 If the shell is not sufficiently rigid it
will influence the water pressure and vice versa. Several ma-
terials such as Aluminum, Steel and, PVC (all with different
thickness) have been considered for the calibration vessel. It
was noticed that the frequency response of a PVC vessel has
several peaks, which makes it unsuitable for calibration pur-
poses. The resonance for all other materials is above 1 kHz.
Based on the simulation, it was found that an aluminium cylin-
der with 20 mm wall thickness, because of its reduced weight
when compared with a steel cylinder with the same dimen-
sions, would be the most feasible choice for the calibration
setup. The dimensions of the vessel were chosen to be small
enough to keep the pressure field uniform throughout the ves-
sel. During the study, different dimensions of the hydrophones
were simulated. The simulations showed that the resonances
can be shifted up in the frequency if the length of the water
column is shorter. The shortest water column length is consid-
ered the most desirable in order to shift resonant frequency as
high as possible. It is however expected that the hydrophone is
positioned at the center of the water column in order to avoid
the influence of boundary effects. As described in IEC 60565,
the vibrating water column method is an absolute calibration
with a very limited frequency range. The comparison calibra-
tion principle used here allows an extension of the frequency
range up to 1 kHz or more.

3. DESIGN CONSIDERATIONS

The establishment of the setup, including mechanical struc-
tures and instrumentation, was carried out by Brel & Kjr
(B&K), Denmark. The main elements of the calibration system
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Figure 1. Measurement Schematic.

include a cylindrical test vessel, vibration shaker, signal gener-
ator, power amplifier, data-acquisition system, accelerometer,
and hydrophone fixture arrangement. The developed system is
intended for the calibration of hydrophones in the frequency
range of 100 Hz to 1 kHz utilizing the vibrating water column
method. This method uses an open column of liquid sized such
that the wavelength is larger than the length of the column. The
cylindrical vessel with rigid walls that contains the liquid col-
umn is driven at the bottom by the shaker arrangement. Some
of the challenges overcome by this design were: the selection
of the vibration shaker (including static deflection of the shaker
head due to the static load of the test vessel with water), the hy-
drodynamic force rating, standing waves of the water column
(including mode shapes), and finally the selection of the vessel
material with the required dimensions. The upper frequency of
the calibration range depends on the dimensions of the device
under test and the total height of the water column. The upper
limit of the useful frequency range is smaller than a quarter of
the wavelength of the sound in the liquid. The test vessel is
an aluminium tube with 0.3 m diameter and 0.02 m wall thick-
ness. If the payload is being carried by the shaker itself, the
static payload from the water and vessel will result in a large
deflection of the shaker head. To avoid this static deflection,
the walls of the test vessel are made to rest on the foundation
via a trunnion arrangement and, further, the static load of the
water column is carried by the pressurized air.

Only the bottom of the test vessel is driven by the shaker
arrangement which oscillates the entire column of liquid verti-
cally. An arrangement of O-rings provides the sealing between
the walls of the test vessel and the vibrating bottom. A triaxial
piezoelectric accelerometer is used for the measurement of the
axial and transverse vibrations of the shaker with respect to the
pressure created in the water column.

4. MEASUREMENT METHOD

The implemented system uses calibration by comparison
and is a modification of an absolute method described in IEC
60565.1 A reference hydrophone (H) and the unit under test
(T) are placed in a hydrodynamic pressure field (water), with
the acoustical centers at the midpoint of the water column with
the accuracy of ±2 mm. The sensitivity of the hydrophone
under test is determined from the sensitivity of a known ref-
erence standard. The excitation signal is a sine/random signal
with bandwidth limitation. The auto-spectra for the frequency
response function (FRF) is measured by means of 1/24 octave
CPB filters in this method.

The voltage sensitivity of unknown hydrophone SVT can be
written as:

SVT = SVH ∗ [UT /UH ]; (3)

MT =MH + 20 log[UT /UH ]; (4)

where:
SVH – Voltage sensitivity of reference hydrophone;
UT – Output voltage of hydrophone T;
UH – Output voltage of hydrophone H;
MH – Sensitivity level of reference transducer

(dB re V/µPa);
MT – Sensitivity level of hydrophone T

(dB re V/µPa).

The values of MH for the reference hydrophone type, B&K
8104, are taken from the National Physical Laboratory (NPL),
UK calibration certificate, and at 1/24 octave frequencies con-
sidered by interpolation where needed.

The response as calculated above needs to be corrected for
(1) losses due to the capacitive load of the reference and de-
vice under test (2) filter and gain testings in the preamplifier,
amd (3) any narrow frequency range resonance phenomena in
the vessel. All these factors are considered by a number of
corrections as shown in the complete formula below.

MT =MH +H1GN + Cc + CL + CF + CV ; (5)

where:
MT – Receiving sensitivity of the hydrophone under

test as a function of frequency;
MH – Reference transducer sensitivity as a function

of frequency;
H1 – Transfer function between under test

hydrophone and the reference hydrophone
(UT /UH);

GN – Correction factor for preamplifier gain-if used;
CC – Correction for the capacitive load effect;
CL – Load error, caused by the resistive load for low

frequencies;
CF – Correction for the filter response (wherever

relevant);
CV – Vessel correction, a small correction for reso-

nances in the test vessel. This is small correc-
tion for standing waves and it is frequency
and hydrophone type dependent.

Each calibration may have its own individual set of correc-
tions. In general, corrections due to the gain of the preamplifier
(GN in dB) are the same for all the frequencies of operation.
However, for better accuracy one can calibrate the amplifier to
characterize the gain at each frequency point. The hydrophone
sensitivity and frequency response must be stated as open cir-
cuit values at the end of the hydrophone cable (i.e., the value
measured without any load). Hence, whenever the hydrophone
is connected with the rest of the circuit, which is attempting
to measure the output voltage, the capacitance due to the hy-
drophone and the extension cable must be corrected for. This
correction is called Cc and its value depends on the capacitance
of the load and the input capacitance of the measuring channel.

If both the transducers are considered identical, or nearly
identical, the correction will be zero or close to zero. For hy-
drophones with a relatively low capacitance (C < 4 nF), the
effect of CL should be corrected for. However, since both the
unknown and the reference have the same loading effect, the
transfer function (i.e., the ratio) is less influenced than a single
channel. In that case the vessel dimension and other circum-
stances cause small glitches in the response. A correction (CV )
can be used to correct these phenomena.
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Figure 2. Comparison of the responses for different cylinder materials.

Figure 3. Comparison of the response for different water column heights.

5. RESULTS AND DISCUSSION

COMSOL simulation demonstrated that the vibrating water
column principle described in IEC 60565 can be extended to
frequencies above c/(16 ∗ L) where c is the speed of sound in
water and L is the length of the vibrating water column. The
frequency range where this resonance gives a peak can be es-
timated based on dimensions and material constants. This is
because the wave speed can change according to the shell and
the exact water length. Figure 2 illustrates the simulation of the
pressure in a water column with a height of 0.3 m for steel, alu-
minium and PVC cylinder materials of thickness 0.02 m. The
graph for PVC shows that the first resonance occurs approx-
imately at 350 Hz and multiple peaks are observed. Hence,
PVC has not been considered for further modelling. Though
the steel cylinder performance is equally good compared with
the aluminium cylinder, steel has not been taken up due to its
weight.

The simulation is also carried out for an 0.3 m diameter alu-
minium cylinder of 0.02 m wall thickness with different water
column heights. If the water height is increased there is a shift
in the resonance frequencies. As the water column increases
the first resonant moves towards the low frequency. The re-
sponse for water column heights of 0.3 m and 0.6 m are shown
in Fig. 3.

Figure 4 shows the test vessel with the shaker beneath it.
Figures 5 and 6 show the measured receiving sensitivity for
hydrophones B&K type 8103 and Cetacean type C55, respec-
tively, in the frequency range of 100 Hz to 1 kHz. The values
are stated in dB re V/µPa.

The reference hydrophone type B&K 8104 (H) used in this
system was calibrated at NPL, UK and the calibration uncer-

Figure 4. Hydrophone calibration system.

Figure 5. Sensitivity of hydrophone Bruel & Kjaer type 8103.

Figure 6. Sensitivity of hydrophone CETACEAN type C55.

tainty is directly included as one element in the calibration
uncertainty. In NPL, UK, the low frequency range 25 Hz to
250 Hz was calibrated by the technique of air pistophone and
the upper frequency range up to 1 kHz is calibrated by three
transducer spherical wave reciprocity. The uncertainty bud-
get is made in accordance with the Guide to the Expression of
Uncertainty in Measurement (GUM).16 The sensitivity of the
unknown hydrophone is calculated by Eq. (5). The major un-
certainty is due to the reference hydrophone.

However, all major sources are considered for comput-
ing overall measurement uncertainty. The sources of uncer-
tainty are uncertainty due to reference hydrophone, uncertainty
for capacitive load correction, vessel correction, uncertainty
from filter (if used), and accuracy of the data acquisition sys-
tem(see Table 1). These uncertainty values are all dependent
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Table 1. List of sources of uncertainty and its values in dB (k = 2).

Sources of uncertainty Standard
uncertainty
(k = 2)

1 Uncertainty for reference hydrophone ±0.6 dB
2 Uncertainty for capacitive load correction ±0.2 dB
3 Capacitive load correction ±0.2 dB

(depends on the hydrophone)
4 Correction for resonances in the vessel ±0.2 dB
5 Uncertainty from filter (if used) ±0.05 dB
6 Accuracy of the data acquisition system ±0.03 dB

on the hydrophone and frequency. All relevant uncertainties
are summed using the root of summed squares for calculating
combined uncertainty. Then the expanded uncertainty is com-
puted from combined uncertainty (i.e., combined uncertainty
is multiplied with the coverage factor k = 2 to a confidence
level of 95%). The uncertainty table is given as below.

6. CONCLUSIONS

Simulations using COMSOL were carried out for different
water column heights and different vessel materials — such as
steel, aluminium, and PVC — of different thicknesses. The
simulation results demonstrated that the vibrating water col-
umn principle explained in IEC 60565 can be applied for cali-
bration of hydrophones with certain limitations (due to the res-
onance phenomena of the water column). To overcome these
limitations the principle of comparison calibration with a ref-
erence hydrophone was used in order to extend the frequency
range. After successful simulation, an aluminium vessel with
0.3 m diameter and 0.02 m wall thickness was manufactured
with the trunnion arrangement to avoid static load deflection.
The calibration procedure was prepared by considering all the
correction factors, such as the capacitive load effect of the hy-
drophone cable, resistive load, correction for resonances in the
test vessel, and correction for filter. The random signal with
the bandwidth of 1.6 kHz was given to the shaker. The fre-
quency response of the hydrophone under test and reference
hydrophone are acquired by the data acquisition system. The
sensitivity of the under test hydrophone was estimated from
transfer function (H1) along with corrections. Here the major
sources of uncertainty are due to the reference hydrophone un-
certainty. Though the calibration frequency range is 1 kHz, the
overall uncertainty can be minimized by increasing the wall
thickness of the vessel and decreasing the water column height
for smaller dimensional hydrophones, whereby the upper fre-
quency may be extended.

Further investigations and potential future improvements are
given below:

• Closer investigation of the useable frequency range in the
absolute mode.

• Use a set of very high input impedance hydrophone pre-
amplifiers in order to avoid some of the present correc-
tions; this can simplify the operation of the system.

• Investigation of the system performance at lower frequen-
cies, down to around 30 Hz is expected to be possible.
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