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a b s t r a c t

A primary reciprocity-based method for calibration of hydrophone magnitude and phase sensitivity is
proposed. The method starts determining the transmit transfer function of an auxiliary transducer, based
on the self-reciprocity method and using a stainless steel cylinder as reflecting target. Afterwards, the
hydrophone, to be calibrated, is positioned facing the auxiliary transducer. The pressure field waveform,
calculated at the hydrophone spot and based on the transmit transfer function of an auxiliary transducer,
is used together with the output end of cable voltage waveform signal from the hydrophone to yield the
calibrated hydrophone sensitivity. The method was tested with two similar membrane hydrophones, at
frequencies within the 1.0–7.0 MHz range, in steps of 1.0 MHz. Results for magnitude sensitivity agree,
within a confidence level of 95%, with those from previous calibration of same hydrophones at the
National Physical Laboratory, in the UK (Enor 6 1.0). Phase sensitivity results agree with literature
reported ones concerning the achieved uncertainty. Additionally, the phase sensitivities measured at
5.0 MHz for two similar hydrophones and employing two distinct auxiliary transducers presented no
statistical significant difference. The method yielded a relative expanded uncertainty (p = 0.95) for the
sensitivity magnitude ranging between 6.6 and 7.0%, and an expanded uncertainty (p = 0.95) ranging
between 12� and 17� for the phase sensitivity. The results obtained so far lead to conclude that the pro-
posed hydrophone calibration method is a validated alternative to the different existing methods.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Calibration of ultrasound hydrophones means determining
their sensitivity, i.e., their voltage response (output) to a dynamic
pressure (input) incident on its active element. The transducer
phase sensitivity is one of the fundamental quantities to be deter-
mined when its input waveform shape is of concern. If a distorted
ultrasonic pressure wave is to be quantified regarding its maxi-
mum or minimum peak of pressure, the output voltage signal must
be ‘‘corrected’’ to overcome the incidental phase shift inputted to
the time signal. The straightforward way to do that is rectifying
the (output) time signal, such as applying a deconvolution signal
processing, taking out the phase influences due the transducer
(hydrophone) phase response [1]. The deconvolution could be done

in the frequency domain, if the hydrophone phase response is
available. Calibration of hydrophone phase sensitivity plays a key
role in that approach.

Among hydrophone calibration methods, the reciprocity one is
traditional, long time validated and well known between ultra-
sound technicians [2–4], and standardized by the International
Electrotechnical Commission (IEC) [5]. The method comprises the
use of a reciprocal auxiliary transducer [6], with transfer functions
on transmission and reception related by a proportionality con-
stant named ‘‘reciprocity parameter’’ [7], which is related to the
wave type (spherical, plane, etc.), and the calibrations occur, typi-
cally, at discrete frequencies above 1 MHz [8]. The measurement
setup is relatively simple, as far as the reciprocity method
demands, basically, electrical measurements. Nevertheless, the
method requires an elaborated measurement of an open-circuit
voltage difference between the transducer terminals, when it is
operating as a receiver in the pulse-echo mode [9]. In general,
the ‘‘open circuit’’ measurement is actually a correction to the out-
put voltage measurement obtained with a post procedure of end-
of-cable short circuit measurement (detailed arrangement in [5];
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Section 3.1 and Eq. (32) further in the text detail the open circuit
voltage assessment).

The traditional reciprocity method provides only the sensitivity
magnitude of the calibrated hydrophone. Regarding sensitivity
phase calibration, the literature reports some approaches claiming
the merit of being able to disclose the sensitivity phase as well,
although the reported methods are mainly of comparison, instead
of absolute, i.e., there is a need of a calibrated device to depict the
hydrophone phase sensitivity. These approaches rely on time delay
spectrometry [10–16] or optical reference hydrophone [17–20].

Recently, another method was introduced to determine the
complex transfer function, for either transmission or reception, of
ultrasonic transducers [21]. This particular approach forms the
basis of the reciprocity-based method proposed in the present
work to determine the hydrophone complex sensitivity. The
approach disclosed in the present work employs an auxiliary trans-
ducer, as in the reciprocity calibration method, without the need
for self-sensitivity calibration prior to the hydrophone calibration.
Considering the so far standardized self-reciprocity calibration
method, the novelty of the present work relies on the complex
transfer function approach. With the procedure presented herein,
it is possible to determine the hydrophone phase response in a
primary reference measurement procedure. According to the Inter-
national Vocabulary of Metrology [22], a primary reference mea-
surement procedure demands the realization of a quantity
without relation to a measurement standard for a quantity of the
same kind (Section 2.8, p. 18 of [22]).

Regarding the paper where the complex transfer function of
ultrasonic transducers was presented [21], an effort was done in
this paper to not oversimplify the terms with phase contribution.
The reformulation and step-by-step theoretical development is
presented in Section 2, with relevant aspects for phase determina-
tion due diffraction and directivity (Sections 2.2.2 and 2.2.6) and
water propagation path (Sections 2.2.4 and 2.2.7). Finally, as an
innovative contribution, the transfer function theory was extended
and the experimental procedure redesigned to allow the primary
complex calibration of a hydrophone (1–7 MHz), what was not
proposed in the reviewed references so far.

2. Basic formulation

2.1. Hydrophone sensitivity

The starting point for the approach used in the present work
considers determining the complex transmit transfer function, Tt,
of an auxiliary ultrasonic transducer, based on the setup depicted
in Fig. 1 and defined in van Neer et al. [21] as:

TtxÞ ¼
ptxðxÞ
VðxÞ ; ð1Þ

with x = 2pf, f is the ultrasound frequency, ptx = the average
pressure generated on the emitting surface of the transducer when
excited with the electrical signal V.

Considering the auxiliary transducer to be a reciprocal flat
circularly symmetric piston, with effective radius a, and d1 the dis-
tance between transducer and reflector, then Tt becomes expressed
[20] by:

Ttðx;d1Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ixq0Vopenðx;d1Þ
8pd1ZðxÞVðxÞexp½�2aðxÞd1 �expð�i2kd1Þ½1�expð�ika2

=4d1Þ�DSttðx;d1ÞRðxÞ

s
;

ð2Þ

where q0 = the density of the medium between transducer and
reflector, Vopen = the output signal of the transducer, loaded by an
infinite electrical impedance, upon arrival of the echo from the
reflector, Z = the transducer electrical input impedance, a = the
acoustic wave attenuation coefficient of the medium between

transducer and reflector, expð�ik2d1Þ = the phase variation due to
the distance traveled by the wave front, with k ¼ 2p=k and
k = acoustic wavelength, DStt = the term related to diffraction, due
to the auxiliary transducer finite aperture during transmission,
and also to spatial averaging, due to the auxiliary transducer finite
aperture receiving a non-planar acoustic wave, and R(x) = the
reflection coefficient of the plane reflector. For general representa-
tion, R is a function of x, but in practice the magnitude and phase
influence of the reflection coefficient is considered frequency
independent.

Replacing the reflector replaced by a hydrophone positioned
aligned with the transducer axis of symmetry and distant d1 from
the transducer face, then the hydrophone electrical output signal,
Vh, is expressed [23] by:

Vhðx;d1Þ¼ ThðxÞ½VðxÞTtðx;d1Þexpð�ad1Þexpð�ikd1ÞDSthðx;d1Þ�;
ð3Þ

considering Th = the hydrophone receive transfer function and
DSth = the term related to diffraction, due to the finite aperture of
auxiliary transducer (transmitter) and to the spatial averaging
owing to a non-planar acoustic wave incident upon the hydrophone
finite aperture.

The hydrophone sensitivity, Mh, is defined as:

MhðxÞ ¼
Vhðx; d1Þ
pðx; d1Þ

; ð4Þ

with pðx;d1Þ = the average acoustic pressure incident upon the
hydrophone face, which is the term inside the brackets in (3).

Therefore, from (3) and (4) comes:

MhðxÞ ¼ ThðxÞ: ð5Þ

Combining (1)–(5) results in the expressions for magnitude,
jMhj, and phase, \Mh, of Mh in terms of parameters measured
experimentally or related to an experimental setup:

jMhðxÞj ¼
jVhðx; d1Þj

jVðxÞTtðx;d1Þ expð�ad1ÞDSthðx;d1Þj
ð6Þ

and

\MhðxÞ ¼ \Vhðx;d1Þ � \VðxÞ � \Ttðx;d1Þ � \ expðikd1Þ
� \DSthðx; d1Þ: ð7Þ

2.2. Practical considerations concerning some of the terms in equations
of Mhj j and \Mh

2.2.1. Effective transducer radius
One possible way to determine the effective radius of a trans-

ducer, modeled as a flat circularly symmetric piston, comes from
mapping the on-axis pressure distribution and determining the
last axial minimum, dm. In this case, the radius is determined
[24] by:

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kdm þ k2

q
: ð8Þ

In this paper, values of dm were experimentally determined
after a field mapping. It is worth to mention that the position of
a minimum is experimentally determined more accurately than
the position of a maximum. It occurs because the last minimum
is more ‘‘sharp’’ than the ‘‘flat’’ last maximum, so it is easier to
locate within an on axis pressure plot. That is the reason why Eq.
(8) was chosen.

2.2.2. Diffraction term DStt in the expression of Tt

The magnitude of DStt, DSttj j, is a factor that corrects the
pressure amplitude of the wave returning from the reflector and
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